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Bacterial lipopolysaccharide (LPS) is one of the most potent inducers of various cytokines and
other proinflammatory mediators .in macrophages. Although pathophysiological consequences
of LPS-induced responses are well established, the mechanisms through which LPS-generated
signals are transduced remain unclear. In the present study, we attempted to determine early
intracellular events after LPS binding which transduced the signal for the induction of ara-
chidonic acid metabolism in rat alveolar macrophages. While H-7, a protein kinase C (PKC)
inhibitor, did not affect LPS-stimulated prostaglandin synthesis, staurosporine enhanced ar-
chidonic acid metabolism in macrophages treated with LPS. Phorbol-12-myristate-13 acetate
(PMA) significantly inhibited the action of LPS. In high glucose media, macrophages were less
sensitive to LPS compared with control group. PMA and H-7 did not alter the effect of glu-
cose. Pertussis toxin did not show any effect, thus pertussis toxin sensitive G-protein pathway
appears not to play a role in this experimental system. Genistein and tyrphostin 25, protein
tyrosine kinase (PTK) inhibitors, markedly inhibited prostaglandin synthesis in macrophages
stimulated with LPS. These data suggest the roles of PKC and PTK activation in endotoxin sig-
nal transduction events leading to increased macrophage arachidonic acid metabolism.
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INTRODUCTION

Lipopolysaccharide (LPS), a major component of
the cell wall of gram negative bacteria, elicits various
pathophysiologic responses including hypotension,
disseminated intravascular coagulation, multiple or-
gan failure, etc. (Morrison, 1987). While the action of
LPS appears to have serious clinical implications, the
path of signal transduction between the interaction of
LPS with cell membrane and the synthesis and
release of the mediators is yet poorly understood. The
best charcterized mechanism of LPS induced cell ac-
tivation is a soluble LPS receptor system. LPS binding
protein (LBP) and CD14 exert a crucial role in trigg-
ering cellular responses induced by LPS (Gallay et af,
1993). The routes along which LPS stimulates various
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cellular responses are not all understood, but it
would appear that signaling is not identical for all
LPS responsive cells. Furthermore, individual cell
types may respond through more than one signaling
pathway (Waga et al, 1993; Weinhold et al, 1991;
Matsunaga et al., 1990).

Recently, we and others reported that LPS selec-
tively induced the expression of prostaglandin H syn-
thase-2 (PGHS-2) in rat alveolar macrophages by
which it markedly enhanced prostaglandin synthesis
(Lee et al, 1992). Although several putative re-
gulators have been presented, the specific cellular
and molecular mechanisms leading to induction of
PGHS-2 expression in response to endotoxin and en-
dotoxin priming are not fully elucidated. In the
present study, we attempted to determine the early in-
tracellular signal transduction pathway after LPS bind-
ing that induces the expression of PGHS-2 in rat al-
veolar macrophages.
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MATERIALS AND METHODS

Materials

Lipopolysaccharide from £scherichia coli (0111:B4),
genistein, staurosporine, H-7, pertussis toxin, phorbol-
12-myristate-13-acetate (PMA) and tyrphostin 25
were purchased from Sigma Chemical Co. (St. Louis,
MO). Medium RPMI 1640 and heat inactivated fetal
calf serum were obtained from GIBCO (Grand Island,
NY). ['H]-thromboxane B, was from DuPont NEN
(Boston, MA). Other reagents were of reagent grade.

Isolation of macrophages

Sprague-Dawley rats, weighing 160-180 g, were
supplied by experimental animal center of Seoul Na-
tional University. Alveolar macrophages were col-
lected by bronchoalveolar lavage as described by
Chandler and Fulmer (1987). Cell viability as det-
ermined by trypan blue dye exclusion was greater
than 90%. More than 95% of lavaged cells were ma-
crophages as determined by differential counting.
Cells in RPM! 1640 media (GIBCO) were allowed to
attach to 24 well plates (NUNC) for 24 hours (37°C,
5% CO,).

Assay for PGH synthase activity

Cells were allowed to adhere in the presence of as-
pirin (500 M) in RPMI 1640 media for 2 hours. Cells
were washed twice with cold phosphate buffered sa-
line and incubated in RPMI 1640 containing 3% fetal
calf serum with indicated treatment for 16 hours oth-
erwise mentioned. Spent medium was stored at -20°C
and cells were incubated in the fresh medium con-
taining arachidonic acid (30 M) for 10 min to de-
termine PGH synthase activity as described by Fu et
al (1990). Levels of TXB, were determined by ra-
dioimmunoassay.

Statistical analysis

Fach result represents the mean+SEM and sta-
tistical analysis was performed by an analysis of vari-
ance and subsequent Duncan's Multiple Range Tests.

RESULTS AND DISCUSSION

Bacterial lipopolysaccharide triggers a variety of cel-
lular and extracellular host responses including pro-
duction and release of mediators such as cytokines
and arachidonic acid, which are believed to be
responsible for the pathogenesis of septic shock
(Morrison, 1987). Mechanism by which LPS activates
macrophages and other cells to induce gene ex-
pression are now being explored. The best charac-
terized mechanisms of LPS mediated cellular events
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Fig. 1. Effects of protein kinase C (PKC) regulators on TXB,
synthesis and PGHS activity in alveolar macrophages stimu-
lated with LPS. Isolated macrophages were incubated with
H-7 (50 pM), staurosporine (St, 50 nM) or phorbol-12-
myristate-13-acetate (PMA, 50 nM) in RPMI 1640 media
containing LPS (10 pg/ml) for 2 hrs. And then, cells were
washed with cold phosphate buffered saline twice and furth-
er incubated in the same media without PKC regulators for
14 hrs. Accumulated levels of TXB, synthesized from en-
dogenous arachidonic acid were determined from spent
media (). After removal of the spent media, cells were in-
cubated with arachidonic acid (30 uM) for 10 min, and the
levels of TXB, were measured by radicimmunoassay (7).
Results represent mean+SEM of triplicate samples. *p<0.01
vs LPS treated control

are LPS-binding protein (LBP) and CD14 molecule
system (Gallay et al, 1993). The interaction of LPS-
LBP complex and membrane associated CD14 results
in increased expression of several cytokines through
effects on the rate of transcription and mRNA stability.
However, the early intracellular events after LPS bind-
ing that cause LPS-mediated gene expression have
not been characterized in detail.

It has been suggested that activation of protein ki-
nase C (PKC) play a role in endotoxin stimulated ara-
chidonic acid metabolism (Matsunaga et a/, 1990;
Weinhold et al, 1991; Geisel et al, 1991). But their
works were primarily on the priming effects of LPS
and they did not correlated these results with specific
enzymatic steps involved in eicosanoid metabolism.
Thus, we examined the effects of PKC inhibitors and
stimulator on LPS-induced arachidonic acid meta-
bolism in relation to PGHS activity in rat alveolar ma-
crophages. As shown in Fig. 1, PMA, a PKC stimu-
lator, significantly inhibited the prostaglandin syn-
thesis stimulated by LPS regardless of treating time.
But PMA alone could not stimulate the prostaglandin
synthesis (data are not shown, Kim, 1995). This result
coincides with other reports in which PMA increased
arachidonic acid metabolism in peritoneal ma-
crophages but this was not the case in alveolar ma-
crophage (Marc et al, 1990). In contrast, stau-
rosporine, a PKC inhibitor, stimulated thromboxane
synthesis in macrophages activated with LPS and it
enhanced the activity of PGHS (Fig. 1). But because
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staurosporine induced the expression of PGHS-2
even in the absence of LPS (Moon et al, 1995), it
could not be addressed whether these effects were
specifically due to the inhibtion of PKC. H-7, another
type of PKC inhibitor, showed minimal effects, if any,
on thromboxane synthesis and PGHS activity in the
same system (Fig. 1). In our preliminary study, the ad-
dition of glucose to the culture media decreased LPS-
stimulated prostaglandin synthesis in a dose de-
pendent manner in rat alveolar macrophages (data
are not shown, Kim, 1995). It is well known that PKC
could be activated by the elevation of glucose con-
centration (Lee et al, 1989). Thus, these data im-
plicated glucose sensitive PKC isozyme might have re-
gulatory role in LPS elicited responses, especially, the
increase of arachidonic acid metabolism. PMA and H-
7 did not alter the effect of glucose on prostaglandin
synthesis and the activity of PGHS in this particular
system (Fig. 2). Taken together, it could be concluded
that H-7 insensitive, glucose sensitive PKC isozyme(s)
is somehow involved in the regulation of LPS-in-
duced arachidonic acid metabolism, but detailed na-
ture of responsible PKC(s) remains to be elucidated.
The G-protein serves as signal transducers, linking
extracellularly oriented receptors to membrane bound
effectors. Activation of certain cell types by LPS is de-
pendent upon specific binding sites on cellular mem-
brane. Moreover, the mechanism underlying the cel-
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Fig. 2. Effects of PMA and H-7 on TXB, synthesis and
PGHS activity in alveolar macrophages incubated in high
glucose medium in the presence of LPS. lIsolated ma-
crophages were incubated with phorbol-12-myristate-13 -
acetate (PMA, 50 nM) or H-7 (50 pM) in the presence of
LPS (10 pg/ml) in RPMI 1640 containing 8 mg/ml glucose
(G8) for 2 hrs. And then, cells were washed with cold phos-
phate buffered saline twice and further incubated in the
same media without PMA or H-7 for 14 hrs. Accumulated
levels of TXB, synthesized from endogenous arachidonic
acid were determined from spent media (). After removal
of the spent media, cells were incubated with arachidonic
acid (30 M) for 10 min, and the levels of TXB, were measur-
ed by radioimmunoassay (@). Results represent mean + SEM
of triplicate samples. *p<0.05 vs 2 mg/ml glucose treated
group (G2).
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lular action of LPS on macrophages involves ac-
tivation of GTP-binding protein (G-protein) that is sen-
sitive to pertussis toxin inhibition (Coffee, 1990).
Therefore, in order to explore the possible in-
volvement of G-protein in LPS mediated pros-
taglandin sysnthesis, the effects of pertussis toxin
were examined. Pertussis toxin did not showed any
noticeable effect on prostaglandin synthesis and the
activity of PGHS under our experimental system (Fig.
3). Our data did not coincide with other reports.
(Wang et al., 1988) suggested that LPS-induced PGE,
sysnthesis in rat glomerular mesengial cells was medi-
ated through G-protein coupled phospholipase A, ac-
tivation. And also, it was reported that pertussis toxin
inhibited TXB, synthesis in mice peritoneal ma-
crophages stimulated with LPS and cholera toxin, a
Gs-protein activator, showed opposite result (Coffee
et al, 1990). These apparent discrepancies may be
explained by differences in experimental conditions.
It has been suggested that LPS exerts differential ef-
fects depending on the cell types. Alveolar ma-
crophages are usually insensitive to phorbol ester, but
peritoneal macrophages increase arachidonic acid
metabolism upon stimulation of PMA (Marc er al,
1990). The dosage of LPS is another factor to be con-
sidered. We used somewhat high cocentration of LPS
(10 ug/ml), on the other hand, others used low doses
(10-100 ng/ml) to stimulate cells. Usually LPS re-
quires soluble binding proteins to elicit biological
responses. However, very high concentration of LPS
(more than 1 pg/ml) could stimulate cytokine pro-
duction in the absence of LBP or CD14 (Raetz et al,
1991). Anyhow, pertussis toxin sensitive G protein ap-
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Fig. 3. Effects of pertussis toxin on TXB, synthesis and
PGHS activity in alveolar macrophages stimulated with LPS.
Isolated macrophages were incubated with pertussis toxin
(PT, 2 pg/ml) in the presence or absence of LPS (10 pg/ml)
for 16 hrs. Accumulated levels of TXB, synthesized from en-
dogenous arachidonic acid were determined from spent
media (C). After removal of the spent media, cells were in-
cubated with arachidonic acid (30 uM) for 10 min, and the
levels of TXB, were measured by radioimmunoassay ().
Results represent mean=+SEM of triplicate samples. *p<0.05
vs control.
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Fig. 4. Effects of genistein and tyrphostin 25 on TXB, syn-
thesis in alveolar macrophages stimulated with LPS. Iso-
lated macrophages were incubated with genistein (Gen, 100
UM) or tyrphostin 25 (Tyr25, 100 M) in the presence or ab-
sence of LPS (10 ug/ml) for 16 hrs. Accumulated levels of
TXB, synthesized from endogenous arachidonic acid were
determined from spent media. Results represent mean+
SEM of triplicate samples. *p<0.01 vs control

parently have no role in LPS-stimulated prostaglandin
synthesis in rat alveolar macrophages under our ex-
perimental conditions.

Recently, it has been demonstrated that LPS in-
creases protein tyrosine phosphorylation and protein
tyrosine kinase (PTK) activity in macrophages
(Weinstein et al, 1992; Boulet ef al, 1992). Protein
tyrosine phosphorylation is required for the induction
of NF-kB which has important regulatory roles in the
induction of cytokine gene expression by LPS (Geng
et al, 1993). However, the protein kinases that are
responsible for the LPS induction of cytokine genes in
macrophages have not been identified and it is not
clear which macrophage functional responses to LPS
are associated with the activation of PTK. In the
present study, we attempted to determine whether
PTK is involved in the induction of arachidonic acid
metabolism by LPS. Genistein and tyrphostin are well
known inhibitors of PTK. Both of them markedly in-
hibited thromboxane synthesis and the activity of
PGHS in LPS-stimulated macrophages under our ex-
perimental conditions (Fig. 4, Fig. 5). In a separate ex-
periment, they did not show cytotoxic activity against
alveolar macrophages in concentration range used in
this experiment (data are not shown, Kim, 1995). Our
result is supported by other report that tyrphostin
dose-dependently inhibited PGE, synthesis in per-
itoneal macrophages primed with LPS (Glaser et al,
1993). It is generally accepted that PTK is required
for LPS induction of broad spectrum of cytokines and
NF-kB activation in monocytes (Geng et al, 1993).
Recent evidences also support the role of mitogen ac-
tivated protein (MAP) kinases in LPS induced cellular
responses (Han et al, 1994, Cordle et al, 1993). In
our experimental system, LPS selectively induces
PGHS-2 gene expression by which it enhances the
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Fig. 5. Effects of genistein and tyrphostin 25 on PGHS ac-
tivity in alveolar macrophages stimulated with LPS. Isolated
macrophages were incubated with genistein (Gen, 100 uM)
or tyrphostin 25 (Tyr25, 100 uM) in the presence or ab-
sence of LPS (10 ug/ml) for 16 hrs. After removal of the
spent media, cells were incubated with arachidonic acid (30
uM) for 10 min, and the levels of TXB, were measured by
radioimmunoassay. Results represent mean4SEM of tri-
plicate samples. *p< 0.01 vs control.

prostaglandin synthesis (Lee et a/., 1992). Simmons et
al. showed that putative NF-xB binding element is lo-
cated at the promotor region of PGHS-2 gene
(Simmons et al, 1993). Therefore, it is conceivable
that LPS activates NF-xB through stimulating PTK
such as MAP kinase cascade, by which it induces the
expression of PGHS-2.

In summary, PTK appears to be essential in ma-
crophage activation responses to LPS including in-
duction of arachidonic acid metabolism. On the oth-
er hand, pertussis toxin sensitive G-protein pathway
seems not to play a role in signal transduction in this
particular experimental system. Protein kinase C ap-
pears to be involved in the regulation of pros-
taglandin synthesis in alveolar macrophages stimu-
lated with LPS, but detailed nature of its role remains
to be elucidated.
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