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INTRODUCTION

Lipopolysaccharide (LPS) is a major component of the
outer membranes of Gram-negative bacteria and has a
dominant role in the host response to bacterial
infection1). Macrophages, which are the cells in the front
line of host defense, play a pivotal role in the cellular
response to LPS2). Results from genetic and biochemical

studies showed that toll-like receptor 4 is the LPS recep-
tor and mediates LPS-induced activation of downstream
signaling pathways and expression of inflammatory tar-
get genes3). Stimulation of macrophages with LPS results
in the production of various cytokines such as tumor
necrosis factor-α, interleukin-1 and interleukin-6, and
pro-inflammatory lipid mediators such as prostagla-
ndins and leukotrienes4,5). In addition, one of the key
events in macrophage response to LPS stimuli is the
expression of inducible nitric oxide synthase (iNOS) and
the formation of NO, an important mediator involved in
many host defense action in macrophages. These
cytokines, lipid mediators, and NO participate in the
innate immune response and may also lead to a harmful
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host response to bacterial infection. However, given the
importance of iNOS in a variety of pathophysiological
conditions, control of its expression and signaling events
in response to LPS has been the subject of considerable
investigation6).

Protein kinase C (PKC) activation is one of the earliest
events in a cascade leading to iNOS expression7). PKC is
a family of phospholipids-dependent serine-threonine
kinases which is subdivided into three categories. The
classical calcium-dependent (PKC-α, βI/βII and γ) and
novel calcium-independent (PKC-δ, -θ, -ε, and -η) iso-
forms of PKC are dependent on phosphatidylserine and
diacylglycerol (DAG) for activation. PKCs have been
implicated in LPS-dependent signaling and iNOS expres-
sion, although their role is somewhat confounding due
to the potentially opposing effects of multiple PKC
isozymes in the same cell type, and conflicting data
resulting from alternate methods of inhibiting PKC activ-
ity8,9).  Several lines of evidence suggest that PKC
isozymes are involved in the LPS-induced iNOS expres-
sion. For example, using PKC isozyme specific antisense-
oligonucleotides, it was revealed that PKC plays a key
role in iNOS expression10). Macrophages treated with
PKC-specific inhibitors have been shown to significantly
lose their ability to make NO in response to LPS9,11).
Furthermore, PKC-δhas been shown to mediate upregu-
lation of iNOS expression in response to stimulation with
LPS12). Which PKC isozymes are involved in iNOS
expression and whether they play a positive or negative
role in that regulation is most likely cell dependent and
dependent on the complement of PKC isozymes present.
Although it is known that LPS generates NO through
iNOS during macrophage inflammatory response, the
mechanism of NO production by PKC isozymes in
macrophages remains to be further determined. 

MATERIALS AND METHODS

Reagents and antibodies

LPS (Escherichia. coli, 0111:B4) was obtained from
Sigma-Aldrich (St. Louis, MO); inhibitors of PKC
isozymes and SN-50 were from Calbiochem (La Jolla,
CA). For Western blot analysis, iNOS, IκBαand PKC-α
antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA); phospho-PKC-α/βII
antibody was from Cell Signaling Technology (Beverly,
MA); β-actin antibody was from Sigma-Aldrich (St.

Louis, MO). Peroxidase-conjugated anti-rabbit or anti-
mouse IgG antibody was used as secondary antibody.

Cell culture

The Raw264.7 macrophage cell line was obtained from
the American Type Culture Collection (Manassas, VA).
Cells were grown in RPMI 1640 Medium (Invitrogen,
Carlsbad, CA) containing 10% FBS, 2 μM L-glutamine, 10
U/ml penicillin, and 10 μg/ml streptomycin at 37 ℃ in a
humidified atmosphere under 5% CO2. Cells were treat-
ed with LPS for the various times. 

Western blot analysis

Macrophages were stimulated with LPS, washed twice
in cold phosphate-buffered saline, and then lysed on ice
with lysis solution (1% Triton X-100, 50 mM Tris (pH
8.0), 150 mM NaCl, 1 mM phenylmethylsulfonyl fluo-
ride, 1 mM Na3VO4, and protease inhibitor mixture).
Sample protein concentrations were determined using
the Bio-Rad protein assay. Proteins from the cell lysates
were boiled at 95 ℃ in Laemmli SDS loading buffer, sep-
arated on 8% SDS-PAGE, and electrotransferred to nitro-
cellulose membranes. Membranes were blocked for at
least 30 min at room temperature in Tris-buffered saline
plus 0.05% Tween-20 (TTBS) containing 5% non-fat dry
milk, and then incubated with TTBS containing primary
antibody. For immunoblotting, incubation was per-
formed for 4 h at room temperature. After five washes
for 30 min in TTBS, the membranes were incubated with
peroxidase-conjugated secondary antibody for 1 h, and
after five washes for 30 min with TTBS, blots were
detected by enhanced chemiluminescence using an
image analyzer LAS-3000 (Fujifilm, Japan).

Total RNA isolation and RT-PCR

Total RNA was isolated from LPS-stimulated
macrophages using Tri reagent according to the manu-
facturer’s instructions (Invitrogen, Carlsbad, CA), and
was then reverse transcribed using a GeneAmp RNA
PCR core kit (Applied Biosystems, Branchburg, NJ). The
PCR was performed using the following primers: iNOS
forward (5′-CCC TTC CGA AGT TTC TGG CAG CAG
C-3′) and reverse (5′-GGC TGT CAG AGC CTC GTG
GCT TTG G-3′, which generates a product of 497 bp),
and the housekeeping gene β-actin forward (5′-TCC TTC
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GTT GCC GGT CCA CA-3′) and reverse (5′-CGT CTC
CGG AGT CCA TCA CA-3′, which generates a product
of 509 bp).

Real-time RT-PCR

Assays for iNOS mRNA expression were done by real-
time PCR using a Light Cycler 1.5 (Roche Diagnostics,
Netherlands). Primers for murine iNOS were based on
the sequence of the gene (Entrez-PubMed); forward
primer, 5′-CAG CTG GGC TGT ACA AAC CTT-3′,
reverse primer, 5′-CAT TGG AAG TGA AGC GTT TCG-
3′. Synthesis of double-stranded DNA during PCR
cycles was monitored using SYBR Green I (Roche
Applied Science, Indianapolis, IN). The results of real-
time PCR are presented as iNOS induction fold, and
these were calculated using β-actin, which was amplified
under the same conditions, as an internal control.

PKC-ααoverexpression

Using Lipofectamine 2000, PKC-αcDNA subcloned
into the vector pMTH was transfected into macrophages
along with pCIneo for selection against G418 containing
medium. The parental vector pMTH/pCIneo was trans-
fected as a negative control. Next day, the cells were
moved in 400 μg/ml G418 containing medium for trans-
fectant selection. After 7-10 days of culture, individual
clones were isolated and examined for PKC-αexpression
by Western blotting. 

Establishment of stable cell line containing NF-κB
luciferase reporter construct

A promoter-reporter construct containing eight copies
of the NF-κB element was transfected into macrophages
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
After transfection, cells were incubated in complete
media for 24 h at 37 �C, and transfectants were selected
under 400 μg/ml of G418. Established cells were stimu-
lated with LPS for the indicated times at 37 �C. In some
experiments, cells were preincubated with a specific
inhibitor for 1 h at 37 �C prior to LPS stimulation. Cell
lysates were assayed for luciferase activity using
Promega buffer system (Promega, Madison, WI) and a
luminometer according to the manufacturer’s instruc-
tions. 

RESULTS

LPS-mediated iNOS induction in murine macro-
phage, Raw264.7 cells

We examined the effect of LPS on the induction of
iNOS in murine macrophage Raw264.7 cells.
Macrophages were exposed to the indicated doses
(1~1000 ng/ml) of LPS for 24 h and whole cell lysates
were prepared from those cells. Western blot analysis
showed that a concentration of LPS as low as 10 ng/ml
could induce iNOS expression and NO production (Fig.
1A). To determine the kinetics of iNOS induction, cells
were stimulated with LPS for various times. As shown in
Fig. 1B, the induction of iNOS protein was observed after
6 h of LPS stimulation. Taken together, we found that
macrophage stimulation with LPS caused iNOS induc-
tion, in a dose- and time-dependent manner. Next, the
level of iNOS mRNA in LPS-stimulated cells was
observed using RT-PCR to determine whether the induc-
tion of iNOS protein occurred after this transcriptional
up-regulation. Levels of iNOS mRNA were significantly
increased by LPS, which was consistent with the expres-
sion of iNOS protein, and its induction was also dose-
and time-dependently related to iNOS expression (Fig.
1C & 1D). These data confirm that in Raw264.7 cells,
iNOS gene expression is up-regulated by LPS at the tran-
scriptional as well as translational levels.

Effect of PKC isozyme-specific inhibitory peptide on
LPS-mediated iNOS induction

Since PKC isozymes are known to be involved in a
variety of cellular responses, we examined which PKC
isozymes are involved with LPS-induced iNOS expres-
sion. Prior to LPS stimulation, cells were pretreated with
inhibitory peptides specific for PKC-α/β, PKC-ε, PKC-η,
or PKC-ζ. Western blot analysis revealed that PKC-α/β
inhibitory peptide, which is a pseudosubstrate of PKC-α
/βstrongly reduced LPS-induced iNOS expression,
while PKC-εspecific peptide had mild inhibitory effect
(Fig. 2A). On the contrary, pretreatment with PKC-ζ
inhibitory peptides did not affect LPS-induced iNOS
expression. In addition, pretreatment of PKC-βinhibitory
peptide also did not affect LPS response (data not
shown). Interestingly, pretreatment with PKC-ηinhibito-
ry peptide increased LPS-induced iNOS expression.
Real-time PCR showed that these inhibitory peptides
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had similar effects on the transcriptional regulation of
the iNOS gene (Fig. 2B). PKC-α/βspecific inhibitory pep-
tide blocked the transcriptional up-regulation of LPS-
mediated iNOS gene induction, whereas PKC-ηinhibito-
ry peptide increased iNOS mRNA levels, which were as
same as the result of Western blot analysis. Therefore, we
decided to focus on PKC-αand its role in LPS-mediated
iNOS induction. Next, we examined LPS-mediated PKC-
αphosphorylation to confirm that LPS elicits PKC-αacti-
vation to leading iNOS expression. Whole cell lysates
from LPS-stimulated Raw264.7 cells for the indicated
times were subjected to Western blot analysis using anti-
phospho-PKC-αantibody. Phosphorylation of PKC-α
was detected as early as 10 min, peaked at 15 min, and
then declined to the baseline level (Fig. 3A). In addition,
we used another approach to test for the involvement of
PKC-αin LPS-stimulated iNOS induction by establishing
PKC-αoverexpressing Raw264.7 cells which were trans-
fected with PKC-αcDNA encoding plasmid and then
selected against G418 containing medium. Compared to
control cells, which were transfected with pMTH and
pCIneo plasmid only, PKC-αoverexpressing cells

Fig. 1. LPS stimulates iNOS protein and mRNA expression in a
dose- and time-dependent manner. A, Raw264.7 cells were cul-
tured in a 6-well plate, subjected to overnight serum starva-
tion, and stimulated with the indicated doses of LPS for 24 h.
Whole cell lysates were analyzed by Western blot using anti-
iNOS and anti-β-actin antibodies. B, Cells were stimulated
with 100 ng/ml LPS for the indicated times and lysates were
analyzed for iNOS and β-actin as in A. C & D, Total RNA was
isolated from LPS-stimulated cells as indicated, and subjected
to RT-PCR with specific primers for iNOS and β-actin.

Fig. 2. PKC-αspecific inhibitory peptide abolishes LPS-stimu-
lated iNOS expression. A, Raw264.7 cells were pretreated with
inhibitory peptides of each PKC isoform for 1 h and then stim-
ulated with 100 ng/ml LPS for 24 h. Whole cell lysates were
subjected to the Western blot analysis using anti-iNOS and an-
ti-β-actin antibodies. B, Cells were pretreated with inhibitory
peptides of each PKC isoform for 1 h and then stimulated with
100 ng/ml LPS for 6 h. Total RNA was isolated and subjected
to quantitative real-time RT-PCR to determine iNOS mRNA
levels calculated by normalizing versus β-actin. 
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showed substantially elevated iNOS expressions in
response to LPS treatment (Fig. 3B), indicating that PKC-
αis an important mediator of up-regulation of iNOS
expression.

Requirement of NF-κκB activation in LPS-induced
iNOS expression

Since NF-κB has been proposed to be a key transcrip-
tion factor in iNOS expression, we hypothesized that LPS
might activate NF-κB and result in the induction of iNOS
expression. To examine NF-κB activation by LPS, IκBα
degradation was observed by Western blot analysis
using Raw264.7 cells stimulated with LPS for the indicat-
ed times. As shown in Fig. 4A, IκBαphosphorylation and
degradation was observed after 20 min of LPS stimula-
tion and then paeked at 60 min. We also found that LPS-
induced an increase in NF-κB-dependent transactivation
as determined by NF-κB luciferase reporter assay.
Raw264.7 cells that had been stably transfected with
luciferase reporter construct containing eight consecutive
copies of NF-κB responsible elements were stimulated
with different concentrations of LPS as indicated.

Fig. 4. LPS-induced iNOS expression depends on NF-κB acti-
vation in macrophages. A, Cells were stimulated with LPS for
the indicated times. Whole cell lysates were applied to Western
blot analysis to detect IκBαdegradation. B, Cells stably trans-
fected with NF-κB luciferase reporter gene were stimulated
with the indicated doses of LPS for 5 h. Luciferase activity was
measured using whole cell lysates. C, Macrophages were pre-
treated with SN-50 for 1 h and stimulated with LPS for 18 h.
Whole cells were analyzed by Western blotting using anti-
iNOS and anti-β-actin antibodies. D, Cells were pretreated
with PKCα/βinhibitor for 1 h and then stimulated with LPS
for 30 min. Whole cells were analyzed by Western blotting us-
ing anti-IκBαand anti-β-actin antibodies.

Fig. 3. The activation of PKC-αmediates LPS-induced iNOS ex-
pression. A, Cells were treated with LPS for the indicated
times. To detect PKC-αphosphorylation, equals amount of cell
extracts were analyzed by Western blotting using phospho-
specific PKC-αantibody. As a loading control, the same blots
were re-probed with anti-PKC-αantibody. B, Vector-transfect-
ed control cells or PKC-αoverexpressing cells were stimulated
with LPS for 24 h. Whole cell lysates were subjected to Western
blotting using anti-iNOS and PKC-αantibodies.
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Luciferase activity at up to 200 ng/ml LPS was found to
increase in a dose-dependent manner (Fig. 4B). NF-κB
activation during LPS-stimulated iNOS induction was
further determined using NF-κB inhibitor SN-50.
Macrophages were preincubated with SN-50 and then
stimulated with LPS. Western blotting showed that pre-
treatment with SN-50 significantly reduced LPS-induced
iNOS expression at the translational levels (Fig. 4C), sug-
gesting that NF-κB activation is required for LPS-
induced iNOS expression. Since our data shows that LPS
elicits both PKC-αand NF-κB activation, we investigated
the possibility of a relationship between PKC-αand NF-κ
B, and found that PKC-αinhibition affected NF-κB acti-
vation. Macrophages were stimulated with LPS in the
absence or presence of PKC-αspecific inhibitory peptide.
Western blot analysis showed that LPS-induced IκBα
degradation was blocked by this pretreatment (Fig. 4D),
indicating that NF-κB is a downstream target of PKC-α.

DISCUSSION

The studies presented here indicate that the adminis-
tration of LPS increased iNOS expression in macropha-
ges. The results of the present study suggest that LPS
treatment increases the phosphorylation of PKC-αand
the activation of NF-κB in macrophages. This suggestion
is further supported by the finding that the effect of LPS
on iNOS expression is inhibited by pretreating cells with
selective PKC or NF-κB inhibitors. Taken together, these
results show that LPS treatment increases iNOS expres-
sion, and suggest that PKC-αhas a critical function in the
regulation of signaling pathways that mediate iNOS
expression and aspects of macrophage activation.

In the present study, we found that several kinds of
PKC, i.e., PKC-α/βII, -δ, and -ζ/ιare phosphorylated in
LPS-treated cells (data not shown). PKC belongs to a
group of serine/threonine kinases and is known to play
an integral role in many different signaling systems13).
Many studies have provided data implicating the
involvement of PKC in iNOS expression and NO release.
For example, PKC was found to be required for LPS- or
fMLP-induced iNOS expression and subsequent NO pro-
duction in macrophages9,14). Pham et al15). reported that
elevated serum NO levels in patients with inflammatory
arthritis are associated with the co-expressions of iNOS
and PKC-αin peripheral blood monocyte-derived
macrophages. In addition, the significance of PKC was
evident from the phenotype of PKC-α-/- mice, which

exhibit both deficient iNOS induction and macrophage
activation16). To address the involvement of PKC and
identify the PKC isoform(s) involved in LPS-induced
iNOS expression, we examined the effects of several
inhibitory peptides of the different PKC isozymes; these
inhibitory peptides are known to be highly specific and
to have low side effects. Western blot analysis and real-
time RT-PCR results showed that PKC-α/βinhibitory
peptide strongly blocked LPS-induced iNOS expression
and PKC-εinhibitory peptide had mild inhibitory effect,
while PKC-ζinhibitory peptides did not affect LPS-
induced iNOS expression. On the contrary, PKC-η
inhibitory peptide increased LPS-induced iNOS expres-
sion.

PKC regulates various inflammatory responses in an
isoenzyme-specific manner17,18). The regulation of cell sig-
naling events by one PKC isoenzyme have also been
shown to differ between cell types19). Distribution of PKC
isozymes is cell type-specific. Among them, PKC-α, -βI, -
βII, and PKC-δseem to be ubiquitous enzymes, and are
found in most cells including macrophages18). In the pre-
sent study, various PKC inhibitors with different PKC
isozyme profile were used to study the role of PKC,
especially PKC-α, in LPS-induced iNOS expression and
NO production in macrophages. The involvement of
PKC-αin LPS-induced iNOS expression was confirmed
by the observed overexpression of PKC-αin Raw264.7
cells. The induction of iNOS by LPS stimulation was
increased, which were established to determine the con-
stitutive expression of PKC-α. Consistent with this result,
the level of iNOS mRNA and protein were also found to
be increased in the same cells. Western blot analysis
revealed that overexpression of PKC-αincreased iNOS
induction in response to LPS stimulation, suggesting that
PKC-αis required for LPS-induced iNOS expression.
Studies directed at examining the PKC isozymes activat-
ed in response to various stimulants suggest that the pro-
file of PKC isozyme activation depends on tissue or cell
type. However, our study suggests that the LPS-stimulat-
ed activation of PKC-αmay play a critical role in the
mediation of iNOS induction in macrophages. 

We next investigated the events downstream of PKC-α
activation. The iNOS promoter region has been exten-
sively studied and is known to have several responsive
elements for various transcription factors, thus suggest-
ing that many factors may regulate iNOS expression.
Moreover, several studies have reported that the activa-
tion of NF-κB can mediate the transcription of iNOS, and
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that NF-κB comprises inducible transcription factors that
serve as important regulators in inflammation20). Since
two NF-κB binding sites have been identified in the
iNOS promoter region, we examined the possibility of
NF-κB involvement in the induction of iNOS gene
expression. In unstimulated cells, NF-κB is found as an
inactive heterodimer bound to its inhibitory protein, I?B.
Upon stimulation, IκB is phosphorylated on specific ser-
ine residues, which are targets for IκB degradation in an
ubiquitin-dependent manner. The liberated and activat-
ed NF-κB is then translocated to the nucleus for gene reg-
ulation21). To address NF-κB activation, we first examined
the phosphorylation and the following degradation of Iκ
Bβin LPS-stimulated Raw264.7 cells. Our finding that
LPS induces NF-κB activity under these conditions
makes the hypothesis that NF-κB regulates iNOS expres-
sion plausible, and concurs with previous studies22,23).
Ghosh and Karin24) demonstrate that NF-κB activation
and provide information about its phosphorylation sta-
tus. In conjunction with the results of NF-κB luciferase
activity and IκBβdegradation, the above results indicate
that NF-κB plays a critical role in the regulation of iNOS
induction in LPS-activated macrophages. Moreover, sta-
ble cells harboring NF-κB luciferase reporter construct
showed NF-κB dependent transactivation, and the
luciferase activities of LPS-stimulated Raw264.7 cells
were increased in dose-dependent manner. The NF-κB
inhibitor SN-50 also exerted a suppressive effect on LPS-
induced iNOS protein and mRNA expressions, confirm-
ing the requirement of NF-κB in the induction of iNOS
gene expression. Our next question was whether there
exists a relationship between PKC-αand NF-κB, since
both mediators are activated in response to LPS stimula-
tion. We found that pretreatment with the PKC-αspecific
inhibitor blocked LPS-induced IκBβdegradation, indicat-
ing that PKC-αis upstream module of NF-κB. 

In conclusion, the present study shows that LPS treat-
ment can result in the activation of PKC-αand subse-
quently induce NF-κB-dependent iNOS expression in
macrophage. This increase in iNOS is further associated
with macrophage activation to inflammatory responses.
Although PKC-αplays a central role in the iNOS regula-
tion, a number of PKC isozymes such as PKC-εand
PKC-ηmay be involved in LPS-induced iNOS expres-
sion. This finding is needed to be elucidated in further
study.
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