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Inhibition of NF-xB/Rel by Paclitaxel in Mouse Macrophages
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We demonstrate that paclitaxel, an antitumor agent derived from yew tree, inhibits LPS- and IFN-y-
induced NF-«B/Rel activation in RAW 264.7 cells. Previously, paclitaxel (> 10 uM) has been known
to induce iINOS gene expression in macrophages. However, in the previous report we described that
the pretreatment of macrophages with low concentration of paclitaxel (0.1 pM) for 8 h inhibited LPS-
induced iINOS gene expression. Pretreatment of RAW 264.7 cells with paclitaxel significantly inhib-
ited NF-xB/Rel transcriptional activation. Electrophoretic mobility shift assay further confirmed that
pretreatment of macrophages with paclitaxel inhibited NF-xB/Rel DNA binding. Taxotere, a semisyn-
thetic analog of paclitaxel, also inhibited LPS- and IFN-y-induced iNOS gene expression. Collec-
tively, these series of experiments indicate that paclitaxel inhibits iNOS gene expression by blocking

NF-xB/Rel activation.
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INTRODUCTION

Lipopolysaccharide (LPS) is a potent immune system
activator which induces local inflammation, antibody
production in severe infectious diseases such as septic
shock (Rietschel and Brade, 1992). Macrophages play
a central role in a host’s defense against bacterial infec-
tion and are major cellular targets for LPS action. Stimu-
lation of murine macrophages by LPS results in the
expression of an iINOS, which catalyzes the production
of large amounts of nitric oxide (NO) from L-arginine
and molecular oxygen (Palmer ef al, 1988). NO, in
tum, participates in the inflammatory response of mac-
rophages (Hibbs ef al, 1987). The promoter of the
murine gene encoding iINOS contains two kB binding
sites, located at 55 and 971 bp upstream of the TATA
box, respectively (Lowenstein et al., 1993). It has been
reported that protein binding to the B site is neces-
sary to confer inducibility by LPS (Xie et al., 1994).

Paclitaxel, isolated from the bark of the yew tree, is
one of the more promising agents for treatment of
breast cancer (Rowinsky, 1994) and is shown to block
cells at the G,/M junction of the cell cycle (Blagosk-
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lonny et al., 1996). The primary mechanism of action of
paclitaxel is attributed to its ability to bind to microtu-
bules and to prevent their assembly. In addition to the
blockage of mitosis, paclitaxel also triggers cellular
responses that mimic those induced by a potent activa-
tor of the innate immune system, LPS, such as tyrosine
phosphorylation of mitogen-activated protein kinases,
translocation of NF-xB, and induction of gene expres-
sion (Perera et al, 1996; Das and White, 1997). In
murine macrophages, paclitaxel can induce the expres-
sion of a series of cytokines, such as IL-1a, IL-1B, TNF-
o, and INOS (Mantheny et al., 1992; Kim and Paik,
2005). However, in the previous report we described
that the pretreatment of macrophages with paclitaxel
(0.1 uM) for 8h inhibited LPS-induced iINOS gene
expression (Li ef al., 2006).

The objective of this study was to investigate the
mechanism by which paclitaxel inhibits INOS gene
expression in mouse macrophages. Since INOS gene
expression requires NF-xB/Rel activation, we analyzed
the effect of paclitaxel on the transcriptional activation
and DNA binding activity of NF-xB/Rel.

MATERIALS AND METHODS

Materials. Paclitaxel and LPS from Salmonella thy-
posa were purchased from Sigma (St Louis, MO,
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USA). Mouse recombinant IFN-y was purchased from
R&D systems (Minneapolis, MN, USA). Reagents used
for cell culture were purchased from Gibco BRL (Grand
Istand, NY, USA). Rabbit anti-mouse INOS antibody
was purchased from Upstate Biotechnology (Lake Placid,
NY, USA). Paclitaxel was dissolved in Dimethylsulfox-
ide (DMSO), and the final concentration of DMSO was
0.1%.

Cell culture. RAW 264.7 cells (murine macrophage
line) were purchased from American Type Culture Col-
lection (Bethesda, MD, USA). Cells were grown in
DMEM supplemented with 10% fetal bovine serum, 2
mM L-giutamine, 100 U/ml penicillin, and 100 ug/ml
streptomycin. Cells were then cuitured in the presence
of 5% CO, at 37°C.

Nitrite quantitation. NO, accumulation was used
as an indicator of NO production in the medium as pre-
viously described (Green et al, 1982). Cells were
plated at 5 x 10° cells/mi in 96-well culture plates and
treated with LPS and/or paclitaxel. The isolated super-
natants were mixed with an equal volume of Griess
reagent (1% sulfanilamide, 0.1% naphthylethylenedi-
amine dihydrochloride, and 2% phosphoric acid) and
incubated at room temperature for 10 min. Using NaNO,
to generate a standard curve, nitrite production was
measured by an O.D. reading at 550 nm.

Transient transfection of RAW 264.7 cells. \ector
constructions were performed as previously described
(Jeon et al., 1998). RAW 264.7 cells were transfected
using the DEAE-dextran method (Xie et al., 1993b),
diluted to 5x10°cells per 1 ml of complete media,
plated on 24 well plates, and then incubated in the
presence of 5% CO, at 37°C for 24 hr. The transfec-
tants were treated with LPS and radicicol. Eighteen
hours later the cells were lysed with lysis buffer (250
ul). The lysates were centrifuged (12,000 xg for 10 min
at 4°C), and the supernatant was assayed for the
expression of CAT enzyme using CAT ELISA kit (Roche
Molecular Biochemicals, Mannheim, Germany) accord-
ing to the manufacturer’s instructions.

Electrophoretic mobility shift assay (EMSA). Elec-
tropharetic mobifity shift assay (EMSA) was performed
as previously described (Jeon et al, 1996). Nuclear
extracts were prepared as previously described (Xie ef
al., 1993a). Treated and untreated RAW 264.7 cell line
was lysed with hypotonic buffer (10 mM HEPES, 1.5
mM MgCl,, pH 7.5) and nuclei were pelleted by centrif-
ugation at 3,000 xg for 5 min. Nuclear lysis was per-

formed using a hypertonic buffer (30 mM HEPES, 1.5
mM MgCl,, 450 mM KCI, 0.3 mM EDTA, 10% glycerol,
1 mM DTT, 1 mM PMSF, 1 pg/m! of aprotinin, and 1 pg/
ml of leupeptin). Following lysis, the samples were cen-
trifuged at 14,500 xg for 15 min, and supernatant was
retained for use in the DNA binding assay. The double-
stranded oligonucleotides were end-labeled with [y-*P}-
ATP. Nuclear extracts (5 ug) were incubated with poly
(di-dC) and the [*P}abeled DNA probe in binding
buffer (100 mM KCI, 30 mM HEPES, 1.5 mM MgCl,, 0.3
mM EDTA, 10% glycerol, 1 mM DTT, 1 mM PMSF, 1
ug/ml of aprotinin, and 1 pg/ml of leupeptin) for 10 min.
DNA binding activity was separated from free probe
using a 4% polyacrylamide gel in 0.5x TBE buffer. Fol-
lowing electrophoresis, the gel was dried and subjected
to autoradiography.

Western immunoblot analysis. Whole cell lysates
(20 pug) were separated by 10% SDS-PAGE and then
electro-transferred to nitrocellulose membranes (Amer-
sham International, Buckinghamshire, UK). The mem-
branes were preincubated for 1 h at room temperature
in Tris-buffered saline (TBS), pH 7.6 containing 0.05%
Tween-20 and 3% bovine serum albumin. The nitrocel-
lulose membranes were incubated with iINOS-specific
antibody. Immunoreactive bands were then detected by
incubation with conjugates of anti-rabbit IgG with horse-
radish peroxidase and enhanced chemiluminescence
reagents (Amersham).

Statistical analysis. The mean+SD was deter-
mined for each treatment group in a given experiment.
When significant differences occurred, treatment groups
were compared to the vehicle control using a Dunnett’s
two-tailed f test (Dunnett, 1955).

RESULTS

Inhibition of INOS gene expression by pre-treat-
ment with paclitaxel in macrophages. In the previ-
ous study, we demonstrate that iNOS protein production
was inhibited by paclitaxel treatment in a pre-incubation
time-dependent manner (Li et al., 2006). Since 8 h pre-
incubation strongly inhibited LPS-induced iINOS expres-
sion, we chose 8 h pre-treatment and assessed the
effect of paclitaxel pretreatment on LPS and/or IFN-y-
induced iINOS expression. We treated RAW 264.7 cells
with low dose of paclitaxel (0.01, 0.1, and 1 uM) for 8 h
before the treatment with LPS (200 ng/ml) for 24 h.
When culture supernatants were isolated and analyzed
for nitrite production, we found that pretreatement with
paclitaxel significantly inhibited LPS-induced nitrite gen-
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Fig. 1. Inhibition of nitrite production by paclitaxel in macrophages. RAW 264.7 cells (A) and mouse peritoneal macrophages
(B) were pretreated with paclitaxel (0.01, 0.1, and 1 uM) for 8 h before the treatment with LPS (200 ng/ml) for 24 h. Culture
supematants were subsequently isolated and analyzed for nitrite production. Each value shows the mean + S.D. of triplicate
determinations. *, response that is significantly different from the control group as determined by Dunnett’s two-tailed f test at

P <0.05. CON; control, PTX; paclitaxel.

eration (Fig. 1A). To confirm the effect of paclitaxel on
NO production, we isolated peritoneal macrophages
and treated with paclitaxel for 8 h before the treatment
with LPS for 24 h. The nitrite generation in peritoneal
macrophages was also significantly inhibited by the pre-
treatment with paclitaxel (Fig. 1B). These results indi-
cate that paclitaxel decreases the gene expression of
iNOS, which is involved in inflammation (Hibbs et al.,
1987).

Inhibition of NF-xB/Rel by pretreatment with pacli-
taxel in LPS-stimulated macrophages. To further
investigate the molecular mechanism of paclitaxel-medi-
ated inhibition of macrophage, we focused on the tran-
scription factors whose binding sites are in the promoter
of iINOS gene. Since it has been reported that protein
binding at the kB binding site is necessary to confer
inducibility by LPS of INOS (Xie et al, 1994), we
assessed the effect of paclitaxel on NF-xB/Rel using a
transient transfection assay. When RAW 264.7 cells
were transiently transfected with p(NF-kB/Rel),-CAT, the
CAT gene expressions were found to be induced by
LPS and IFN-y, (Fig. 2). Basal levels of CAT expres-
sion in unstimulated RAW 264.7 cells were <4 + 1.1 pg/
ml (mean + standard deviation, two experiment). On
LPS- and IFN-y-stimulation, CAT expression by RAW
264.7 cells increased by 10.1- and 4.9-fold, respec-
tively. Pretreatment of paclitaxel significantly inhibited
both LPS- and IFN-y-induced CAT expression. The syn-
ergism between LPS and IFN-y on CAT expression was
inhibited partially by paclitaxel.
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Fig. 2. Inhibition of NF-xB/Rel transcriptional activation by
paclitaxel in RAW 264.7 cells. RAW 264.7 cells were trans-
fected with p(NF-xB/Rel),-CAT by DEAE dextran method.
Twenty-four hours after transfection, cells were pretreated
with paclitaxel for 8 h before the treatment LPS (200 ng/ml),
IFN-y (100 ng/ml), and LPS plus IFN-y for 18 h. Cell extracts
were then prepared and analyzed for the expression of CAT
using CAT ELISA kit. *, response that is significantly differ-
ent from the control group as determined by Dunnett’s two-
tailed t test at P < 0.05. PTX; paclitaxel

We further assessed the effect of paclitaxel on the
NF-xB/Rel whose binding motif is in the promoter of
INOS gene using EMSA. LPS treatment of RAW 264.7
cells induced a marked increase in NF-kB/Rel binding
to its cognate site. And the induction of NF-kB/Rel bind-
ing was inhibited by paclitaxel pretreatment in a dose-



22 J. S. Lim et al.

A B
LPS {200 ng/ml)
+ PTX (uM)
1

T
CON 0 0.01 0.1 1

NF«xB .
/Rel

Free
probe

IFN-y (100 ng/ml)
+ PTX ( uM)

C
LPS /IFN-y

+ PTX ( uM)

CON 0 0.01 0.1

1 CON 0 0.01 0.1 1

Fig. 3. Inhibition of NF-xB/Rel DNA binding by paclitaxel in RAW 264.7 cells. Cells were pre-incubated with indicated concen-
trations of paclitaxel for 8 h before the treatment with LPS (200 ng/ml) (A), IFN-y (100 ng/ml) (B), and LPS plus IFN-y (C) for
2 h. Nuclear extracts were then isolated and analyzed for the activity of NF-kB/Rel. CON; control, PTX; paclitaxel.

related manner (Fig. 3A). IFN-y also induced NF-xB/Rel
binding, which was inhibited by paclitaxel pretreatment
in a dose-related manner (Fig. 3B). The synergism
between LPS and IFN-wy on NF-xB/Rel DNA binding
was inhibited partially by paclitaxel (Fig. 3C). The speci-
ficity of the retarded bands was confirmed by the addi-
tion of an excess of *P-unlabeled double-stranded «B
that competed for protein binding (data not shown).
These results indicate that paclitaxel decreases DNA
binding of NF-xB/Rel, which is important in the regula-
tion of INOS gene expression.

Inhibition of iINOS gene expression by pre-treat-
ment with taxotere in macrophages. To further
investigate the mechanism by which pretreatment with
paclitaxel inhibits INOS gene expression, we used pacli-
taxel analogue, taxotere. Taxotere, a semisynthetic
taxoid, is more potent than taxol as an inducer of micro-
tubule bundling, but does not activate mouse macroph-
ages (Manthey et al., 1993; Cassidy et al., 2002). RAW
264.7 cells were pretreated with taxotere (0.1 uM) for
8 h before the treatment with LPS (200 ng/ml) and/or
IFN-y (100 ng/ml) for 24 h. When culture supernatants
were isolated and analyzed for nitrite production, we
found that pretreatement with taxotere (0.1 pM) signifi-
cantly inhibited both LPS- and IFN-y-induced nitrite gen-
eration (Fig. 4A). The synergism between LPS and IFN-
v on nitrite generation was inhibited slightly by the pre-
treatment with taxotere. To analyze the effect of pre-
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Fig. 4. Inhibition of nitrite production by taxotere in RAW
264.7 cells. (A) Cells were pretreated with taxotere (0.1 pM)
for 8 h before the treatment with LPS (200 ng/ml) and/or IFN-
y {100 ng/ml} for 24 h. Culture supernatants were subse-
quently isolated and analyzed for nitrite production. Each
value shows the mean £ S.D. of triplicate determinations. (B),
Cells were pretreated with taxoterel (0.1 uM) for 8 h before
the treatment with LPS (200 ng/ml) and/or IFN-y (100 ng/ml)
for 16 h. Cell extracts were isolated and subjected to West-
em immunoblot assay using iINOS-and B-actin-specific anti-
body. *, response that is significantly different from the control
group as determined by Dunnett’'s two-tailed { test at P < 0.05.
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treatment with taxotere on INOS gene expression, we
treated RAW 264.7 cells with low dose of taxotere (0.1
uM) for 8 h before the treatment with LPS (200 ng/ml)
for 16 h. The expression level of INOS gene was moni-
tored by Western immunoblot analysis. As shown in
Fig. 4B, taxotere significantly inhibited iNOS protein pro-
duction by both LPS and IFN-y (100 ng/ml). Co-treat-
ment of LPS and IFN-y synergistically increased the
amount of INOS, which was reduced partially by taxo-
tere prefreatment (Fig. 4B). These results demonstrate
that paclitaxel and its analogue, taxotere, inhibits INOS
gene expression in mouse macrophages.

DISCUSSION

We demonstrate that paclitaxel treatment significantly
attenuates LPS-induced NO production and iNOS tran-
scription through the blocking of NF-kB/Rel pathway in
the macrophage cell line RAW 264.7. The effect of
paclitaxel on INOS immune cells is controversial. Ding
et al. (1990) described that paclitaxel induces the secre-
tion of tumor necrosis factor and down-regulation of
tumor necrosis factor receptors in murine macroph-
ages. Although the structure of paclitaxel is quite differ-
ent from that of LPS, paclitaxel has been shown to
possess many LPS-ike activities, such as tyrosine
phosphorylation of microtubule-associate protein kinases
(Manthey et al., 1992) and activation of NF-xB/Rel (Per-
rera et al, 1996). Paclitaxel also activates iINOS gene
expression in astrocytes (Cvetkovic et al., 2004) and
macrophages (Kim and Paik, 2005). However, our data
showed that pretreatment with paclitaxel for 8 h inhib-
ited LPS-induced iNOS gene expression and NF-xB/Rel
activation. Our data also demonstrated that pretreat-
ment with paclitaxel inhibited IFN-y-induced NF-xB/Rel
activation. This is the first report showing that paclitaxel
inhibits INOS gene expression through the blocking of
NF-kB/Rel in macrophage line RAW 264.7 cells. To fur-
ther investigate the mechanism by which pretreatment
with paclitaxel inhibits INOS gene expression, we used
paclitaxel analoge, taxotere. Since taxotere, which has
no LPS-mimic activity against mouse macrophages,
also inhibits INOS gene expression in macrophages, the
inhibition of macrophage by the pretreatment of pacli-
taxel may not be related to the activation mechanism.
The mechanism how paclitaxel causes macrophages to
hypo-responsive state to LPS, should be further studied.

Our study showed that NF-xB/Rel is positively regu-
lated by LPS for iNOS gene expression, and paclitaxel
pretreatment of RAW 264.7 cell significantly inhibited
both LPS- and IFN-y-induced NF-kB/Rel activity. The
NF-xB/Rel is pleiotropic regulator of many genes involved

in immune and inflammatory responses, including iINOS
(Xie et al., 1994). NF-kB/Rel exists in the cytoplasm of
unstimulated cells in a quiescent form bound to its
inhibitor, 1kB. Macrophage activation by certain external
stimuli results in the phosphorylation of kB, thus releas-
ing the active DNA-binding form of NF-kB/Rel to trans-
locate to the nucleus to bind kB motifs in the regulatory
region of a variety of genes. EMSA studies showed
strong induction by LPS of kB binding complexes at 2 h.
Paclitaxel inhibited activation of the B binding complex
(Fig. 3). Transient transfection assay also showed LPS
and IFN-y-induced transcriptional activation of NF-xB/
Rel was inhibited by paclitaxel pretreatment (Fig. 2).
However, the synergism between LPS and IFN-y on
CAT expression was inhibited partially by paclitaxel. One
possible mechanism for the synergism between LPS
and IFN-y is the production of cytokines including TNF-
a, which is a potent activator of NF-xB/Rel. No effect on
TNF-o. production by paclitaxel may be the reason why
paclitaxel only partially inhibited the synergistic induc-
tion of NF-«B/Rel activation by LPS and IFN-y. This
possibility remains to be tested.

In summary, these experiments demonstrate that
paclitaxel inhibits LPS-induced expression of iINOS gene
in RAW 264.7 cells. Based on our findings, the most
likely mechanism that can account for this biological
effect involves the inhibition of NF-k/Rel.
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