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Some lipopolysaccharide (LPS) preparations from S- or R-form members of the family Enterobacteriaceae
and oral black-pigmented bacteria (Porphyromonas gingivalis and Prevotella intermedia) are known to activate
LPS-refractory C3H/HeJ macrophages. When contaminating proteins are removed from R-form LPS of Enterobacteriaceae by repurification, however, this ability is lost. In the present study, we investigated the capacity of
LPS from P. gingivalis, P. intermedia, Salmonella minnesota, and Salmonella abortusequi to induce production of
tumor necrosis factor (TNF) in gamma interferon-primed C3H/HeJ macrophages before and after repurification. P. abortusequi S-LPS was fractionated by centrifugal partition chromatography into two LPS forms:
SL-LPS, having homologous long O-polysaccharide chains, and SS-LPS having short oligosaccharide chains.
Prior to repurification, all LPS forms except SL-LPS induced TNF production in both C3H/HeJ and C3H/HeN
macrophages. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis showed that repurification removed
contaminating protein from the preparations, and repurified SS-LPS and S. minnesota Ra-LPS no longer
stimulated TNF production in C3H/HeJ macrophages, although C3H/HeN macrophages remained responsive.
In contrast, repurified oral bacterial LPS retained the capacity to induce TNF production in C3H/HeJ
macrophages. Oral bacterial LPS preparations also were not antagonized by excess inactive, repurified
SL-LPS; Ra-LPS; Rhodobacter sphaeroides lipid A, a competitive LPS antagonist, or paclitaxel, an LPS agonist,
and they were comparatively resistant to polymyxin B treatment. Nevertheless, oral bacterial LPS was less toxic
to D-galactosamine-treated C3H/HeN mice than was LPS from Salmonella. These findings indicate that the
active molecule(s) and mode of action of LPS from P. gingivalis and P. intermedia are quite different from those
of LPS from Salmonella.
gram-negative bacteria in the periodontal pockets of patients
with periodontitis, and they are considered to be the major
pathogens associated with periodontal diseases (38, 41). LPS
of P. gingivalis and P. intermedia has been suggested as a possible virulence factor, acting by stimulation of host cells to
induce production of proinflammatory mediators (28). Their
LPS possess unique chemical and biological properties different from those of LPS of Enterobacteriaceae (15–17, 27, 28).
The low endotoxic activity of P. gingivalis LPS has been suggested to be due to the unique chemical structure of its lipid A
(15, 27).
LPS from wild type (S-form) organisms of Enterobacteriaceae is a glycolipid complex composed of three distinct structural elements: an O-antigenic repeating polysaccharide, a core
oligosaccharide, and a lipophilic component designated lipid
A. Wild-type strains synthesize LPS with long polysaccharide
chains, the so-called S-form LPP. In R-form strains, biosynthesis of the O polysaccharide and, in some cases, the core
oligosaccharide is defective. Consequently, R-form strains synthesize LPS, generally termed R-chemotype or R-form LPS,
with shorter saccharide chains. As it happens, during cell wall
biosynthesis, S-form bacteria also produce incomplete, R-form
LPP. We previously showed that the native S-form LPS from
Salmonella abortusequi contains both S-form (SL-LPS) and Rform (SS-LPS) LPS which were separable by centrifugal par-

C3H/HeJ is a unique mutant mouse strain derived from
C3H/He mice. As a result of a genetic defect, they lack the
ability to respond to endotoxin or lipopolysaccharide (LPS)
derived from the cell walls of gram-negative bacteria or the
lipid A component thereof (reviewed in reference 25). A recent study demonstrated that the mutation of C3H/HeJ mice is
located in the Tlr4 gene (30). While C3H/HeJ cells are profoundly refractory to some highly purified LPS, however, the
cells remain responsive to other endotoxins (e.g., Boivin) in
which the endotoxin protein or lipid A-associated protein (35)
is known to be bioactive. In addition, LPS from Brucella abortus (21, 33), Pseudomonas aeruginosa (29), Porphyromonas (Bacteroides) gingivalis (5, 7), and Bacteroides fragilis (12)
are also known to activate C3H/HeJ cells. LPS isolated from
rough (R-form) mutant members of the family Enterobacteriaceae had also been thought capable of stimulating C3H/HeJ
cells, but Manthey and Vogel (19) clearly demonstrated that
the effect disappeared when protein associated with the LPS
was removed by repurification.
P. gingivalis and Prevotella intermedia are the dominant
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tition chromatography (CPC) and that their respective endotoxicities, as assessed by macrophage activation, were quite
different (34). In the present study, we set out to clarify whether SL- and SS-LPS are capable of inducing C3H/HeJ macrophages to produce tumor necrosis factor (TNF), and if so,
whether the active principle can be removed by repurification
by the method of Manthey and Vogel (19). We also determined whether LPS isolated from the oral bacteria P. gingivalis
and Prevotella intermedia retain the capacity to induce TNF
production in C3H/HeJ macrophages after repurification.
MATERIALS AND METHODS

TNF bioassay. Culture supernatants were assayed for TNF bioactivity in a
standard cytotoxicity assay using actinomycin D-treated L929 cells as described
previously (13).
Determination of LD50 for mice. Groups of C3H/HeN mice (four to eight per
group) were simultaneously injected i.p. with GalNac (18 mg/mouse) and LPS
(0.1 ng to 10 mg/mouse). Mortality was scored 72 h after injection, and the 50%
lethal dose (LD50) was calculated by the method of Reed and Muench.

RESULTS
SDS-PAGE following CPC fractionation and repurification
of S. abortusequi LPS. As expected, SDS-PAGE of Westphaltype LPS (40) prepared from wild-type S. abortusequi resolved
two distinct bands revealing the presence of two LPS molecules
(Fig. 1, left panel, lane 3): a relatively broad band with a higher
molecular weight (SL-LPS) and a relatively narrow band with
a lower molecular weight (SS-LPS). SL-LPS and SS-LPS were
subsequently separated by CPC (Fig. 1, left panel, lanes 4 and
6). S. minnesota Ra-LPS was extracted in phenol-chloroformpetroleum ether (9) and had a molecular weight comparable to
that of SS-LPS (Fig. 1, left panel, lane 1). Repurification of the
isolated Ra-LPS, SL-LPS, and SS-LPS using a modified phenol-water extraction procedure had no further effect on the
gels (Fig. 1, left panel, lanes 2, 5, and 7).
Another set of SDS-PAGE blots were stained with colloidal
gold in order to detect protein. As shown in the right panel of
Fig. 1, Ra-LPS possessed a major protein component with a
molecular mass of 41 kDa. After repurification, however, that
protein had disappeared. Other LPS species showed no trace
of proteins including the 41-kDa protein before or after repurification.
LPS-induced TNF production in C3H/HeJ macrophages.
C3H/HeJ macrophages are known to be refractory to S-form
LPS extracted by the phenol-water procedure (40), although if
cultured in the presence of IFN-g (1, 3), they may respond to
LPP. Indeed, we have at times observed that phenol-waterextracted S-form LPS stimulates TNF production in IFN-gprimed, C3H/HeJ macrophages. Therefore, six preparations of
commercially available phenol-water-extracted S-form LPS
from S. abortusequi were tested for the capacity to induce TNF
production in IFN-g-primed C3H/HeJ macrophages. At a concentration of 1 mg/ml, four of the LPS preparations elicited
marginal levels of TNF synthesis (,100 U/ml), whereas two of
the preparations were significantly more efficacious and elicited synthesis of .500-U/ml TNF.
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Mice. C3H/HeN and C3H/HeJ mice were bred and maintained in the Animal
Faculty of the Jichi Medical School under standard care. Female mice were used
at 8 to 12 weeks of age. In individual experiments, age-matched mice were used.
LPS. LPS from P. gingivalis 381 and P. intermedia ATCC 25611 were prepared
by using a hot phenol-water extraction procedure (40). LPS of Rhodobacter
sphaeroides ATCC 17023 (RsDPLA) was prepared as previously described (32).
Ra-chemotype LPS (Ra-LPS) from Salmonella minnesota R595 was kindly provided by K. Hisatsune, Josai University, Sakado, Japan. Ra-LPS from S. minnesota R60 was obtained from List Biological Laboratories, Inc., Campbell, Calif.
S-form LPS from Escherichia coli O111:B4, S. abortusequi, and wild-type S. minnesota were purchased from Sigma Chemical Co., St. Louis, Mo.
Reagents. Polymyxin B and paclitaxel (Taxol) were obtained from Sigma
Chemical Co. Murine recombinant gamma interferon (IFN-g) was provided by
Shionogi Pharmaceutical Co., Osaka, Japan.
Fractionation of wild-type LPS into LPS with and without O-polysaccharides.
LPS isolated from wild-type S. abortusequi is actually a mixture of two LPS forms:
SL-LPS, having homologous long O-polysaccharide chains, and SS-LPS, which,
like R-form LPS, lacks most O-saccharide chains. The two LPS preparations
were isolated from each other by CPC as previously described (34). Briefly, the
triethylamine (TEA) salt of LPS from S. abortusequi (10 mg) was applied to a
Sanki LLB-M CPC apparatus (Sanki Engineering, Kyoto, Japan) being used with
a solvent system consisting of 1-butanol–tetrahydrofuran–methanol–water (10/
7/1/20, vol/vol) at 25°C and 1,900 rpm. The fractions were then separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
visualized by silver staining. Fractions rich in SL- and SS-LPS were respectively
pooled and used for experiments as SL-LPS and SS-LPS. Dry-weight recoveries
for the pooled fractions were 45 and 17%, respectively.
Repurification of LPS using a modified phenol-water extraction procedure.
Ra-LPS, P. gingivalis LPS, P. intermedia LPS, SL-LPS, and SS-LPS were repurified by detergent-modified phenol-water extraction as described by Manthey
and Vogel (19). Briefly, LPS was suspended in H2O (5 mg of LPS/ml) containing
0.2% TEA and 0.5% sodium deoxycholate, and the sample (1 vol) was extracted
with an equal volume of a 9:1 (wt/wt) phenol-water solution. The phenol phase
was then re-extracted with 1 volume of H2O containing 0.2% TEA and 0.5%
sodium deoxycholate, and the aqueous phase was re-extracted with 1 volume of
9:1 (wt/wt) phenol-water. The aqueous phase was then adjusted to 75% ethanol
and 30 mM sodium acetate, and the LPS was allowed to precipitate at 220°C for
1 h. Recovery of Salmonella LPS in the aqueous phase was determined by
measuring 3-keto-3-deoxyocturonic acid.
Analysis of LPS and protein by SDS-PAGE. As described by Manthey and
Vogel (19), diluted samples were boiled for 5 min with 0.33 volume of 43 loading
buffer. LPS was then resolved by SDS–13% PAGE and visualized by silver
staining in accordance with the manufacturer’s (Bio-Rad Laboratories, Richmond, Calif.) instructions. The resolved proteins were blotted onto nitrocellulose
transfer membranes and stained in colloidal gold solution for 1 h (Bio-Rad
Laboratories). The molecular weights of the endotoxin proteins were determined
by comparison with known protein standards (Low Molecular Weight Range
Molecular Weight Markers; Bio-Rad Laboratories).
Macrophage isolation and culture. Murine peritoneal macrophages were isolated by peritoneal lavage 4 days after intraperitoneal (i.p.) injection of 1.5 ml of
3% Brewer thioglycolate broth (Difco Laboratories, Detroit, Mich.). The cells
were washed with serum-free RPMI 1640 medium (ICN Biomedicals, Costa
Mesa, Calif.) containing 4 mM L-glutamine, 100-U/ml penicillin, and 100-mg/ml
streptomycin and plated in 96-well plates (Nunc, Roskilde, Denmark) at a concentration of 2 3 105 cells/well. After the cells had been incubated for 2 h at 37°C
under an atmosphere of 95% air–5% CO2, they were washed with serum-free
RPMI 1640 medium to remove nonadherent cells. The remaining cells were
incubated for an additional 3.5 h in the presence of various doses of LPS in
200 ml of RPMI 1640 medium also containing (i) 2% heat-inactivated fetal
bovine serum (JRH Biosciences, Lenexa, Kans.) in the case of C3H/HeN macrophages or (ii) 2% heat-inactivated fetal bovine serum plus 20-U/ml murine
recombinant IFN-g in the case of C3H/HeJ macrophages. After the incubation
period, the culture supernatants were collected for TNF assay. Contaminating
endotoxin concentrations in culture media and serum was quantified by using a
modified Limulus amebocyte lysate test (Endospeci Test Kit; Seikagaku Corporation, Tokyo, Japan), and found to be 4.8 and 2.4 pg/ml, respectively.

FIG. 1. SDS-PAGE and Western blot analysis of P. minnesota Ra-LPS and
S. abortusequi LPS. S. abortusequi S-form LPS was fractionated into SL-LPS and
SS-LPS by CPC. Some preparations were repurified by a modified phenol-water
extraction procedure. The LPS were submitted to SDS–13% PAGE, and the gels
were visualized by silver staining (left panel). Proteins were blotted onto nitrocellulose and stained with colloidal gold (right panel). Lanes: 1, Ra-LPS (0.8 mg);
2, repurified Ra-LPS (0.8 mg); 3, S. abortusequi LPS (2.5 mg); 4, SL-LPS (1.5 mg);
5, repurified SL-LPS (1.5 mg); 6, SS-LPS (0.8 mg); 7, repurified SS-LPS (0.8 mg).
MW, molecular mass.
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Activation of C3H/HeJ macrophages by SS-LPS and SLLPS before and after repurification. One of the two aforementioned S. abortusequi LPS capable of activating IFN-g-primed
C3H/HeJ macrophages was fractionated into SS- and SL-LPS,
and samples of the respective fractions, as well as samples of
Ra-LPS, were then repurified by phenol-water extraction.
Their capacities to induce TNF production in IFN-g-primed
C3H/HeJ or unprimed C3H/HeN macrophages were then assessed. Prior to repurification, SS-LPS and Ra-LPS each stimulated IFN-g-primed C3H/HeJ macrophages, although that
capacity was lost when the LPS preparations were repurified
(Fig. 2A); SL-LPS lacked the ability to induce TNF production
both before or after repurification. In contrast, all three LPS
preparations induced TNF production in C3H/HeN macrophages, regardless of repurification (Fig. 2B).
Effect of repurification on SDS-PAGE and induction of TNF
by LPS from P. intermedia and P. gingivalis. LPS from some
strains of oral bacteria are known to activate C3H/HeJ and
C3H/HeN cells (5, 7). Prior to repurification, LPS obtained
from P. intermedia and P. gingivalis by phenol-water extraction
as well as Ra-LPS induced TNF production in both C3H/HeJ
and C3H/HeN macrophages (Fig. 3A and B). Moreover, all
but Ra-LPS remained active even after repurification, although TNF production induced by repurified P. gingivalis LPS
decreased slightly (Fig. 3B). With respect to C3H/HeJ macrophages, the capacity to elicit TNF production was retained by
repurified LPS from P. intermedia and P. gingivalis but was entirely absent from repurified Ra-LPS (Fig. 3A). SDS-PAGE
carried out before and after repurification revealed no remarkable changes in gels visualized with silver stain (data not shown).
On the other hand, gels stained with colloidal gold confirmed
that the protein component in Ra-LPS was lost during repurification (data not shown).
Antagonistic effect of repurified Ra-LPS and SS-LPS on
LPS-induced TNF production. Repurified Ra-LPS and SS-LPS

were incapable of eliciting TNF production in IFN-g-primed
C3H/HeJ macrophages, even at a concentration of 10 mg/ml.
We were interested to know, therefore, whether these repurified, inactive LPS would interfere with TNF production elicited by other active LPS in IFN-g-primed C3H/HeJ macrophages. We observed that repurified, inactive Ra-LPS (Fig.
4A) and SS-LPS (Fig. 4B) each dose dependently inhibited
TNF production elicited by their nonrepurified counterparts.
In contrast, the inactive LPS failed to inhibit TNF production
induced by P. intermedia LPS and P. gingivalis LPP.
Taken together, the data presented so far strongly suggest
that the active molecules present in LPS from oral bacteria
differ substantially from those present in Ra-LPS and SS-LPP.
Effect of RsDPLA and paclitaxel on TNF production induced by P. intermedia LPS, P. gingivalis LPS, Ra-LPS, and
SS-LPP. RsDPLA, an LPS from R. sphaeroides, is known to be
a specific LPS antagonist and has been shown to inhibit a variety of LPS-evoked responses in macrophages (18). For instance, LPS-induced TNF production in macrophages is specifically blocked by RsDPLA, as is the binding of 125I-labelled
LPS (13). Conversely, paclitaxel is an LPS-like agonist (6, 20):
it stimulates TNF production in murine macrophages but has
little effect on LPS-refractory C3H/HeJ macrophages. The present experiments were carried out to determine the effects of
RsDPLA and paclitaxel on TNF production elicited by P. intermedia LPS, P. gingivalis LPS, Ra-LPS, and SS-LPS in C3H/
HeN and IFN-g-primed C3H/HeJ macrophages. RsDPLA and
paclitaxel were each added to separate cultures 1 h before
LPP.
As shown in Fig. 5, TNF production elicited by LPS from
P. intermedia and P. gingivalis was not suppressed by RsDPLA,
whereas RsDPLA dose dependently inhibited the TNF pro-

FIG. 3. Effect of repurification of TNF production induced by P. intermedia
LPS, P. gingivalis LPS, and Ra-LPS. C3H/HeJ macrophages were pretreated with
IFN-g (20 U/ml) for 2 h. C3H/HeJ (A) and C3H/HeN (B) macrophages were
incubated for 4 h with the indicated doses of P. intermedia LPS, P. gingivalis LPS,
or Ra-LPS. TNF activity in the supernatants was then determined by cytotoxicity
assay using L929 cells. TNF secretion by unstimulated cells was below detectable
levels in all experiments. Filled circles indicate LPS without repurification, and
open circles indicate repurified LPS. The doses of repurified LPS are based on
the intensity of silver staining in SDS-PAGE. The yields of LPS during repurification were more than 80%. The data are from one of two independent experiments with similar results.
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FIG. 2. TNF production induced by SS-LPS and SL-LPS before and after
repurification in C3H/HeN and C3H/HeJ macrophages. C3H/HeJ macrophages
were pretreated with IFN-g (20 U/ml) for 2 h. C3H/HeJ (A) and C3H/HeN (B)
macrophages were then incubated with the indicated doses of SS-LPS, SL-LPS,
or Ra-LPS for 4 h in triplicate wells. TNF activity in the supernatants was determined by cytotoxicity assay using L929 cells. TNF secretion by unstimulated cells
was below detectable levels in all experiments. Filled circles indicate LPS without
repurification, and open circles indicate repurified LPS (assuming 100% recovery
of LPS after repurification). Each point represents the mean 6 the standard error. The data are from one of two independent experiments with similar results.
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DISCUSSION

FIG. 4. Inhibitory effect of repurified Ra-LPS and SS-LPS on LPS-induced
TNF production in IFN-g-primed C3H/HeJ macrophages. C3H/HeJ macrophages were pretreated with IFN-g (20 U/ml) for 2 h and then cultured for an
additional 2 h in the presence or absence of the indicated doses of repurified RaLPS (A) or SS-LPS (B). TNF production was then elicited by addition of 10-ng/
ml Ra-LPS, SS-LPS, or P. intermedia LPS or 100-ng/ml P. gingivalis LPS (open
circles) and incubation for 4 h. TNF activity in the supernatants was determined
by cytotoxicity assay using L929 cells. As a negative control (closed circles), some
cultures were exposed only to repurified Ra-LPS (A) or SS-LPS (B). TNF
secretion by unstimulated cells was below detectable levels in all experiments.
Each point represents the mean 6 the standard error of triplicate cultures. The
data are from one of two independent experiments with similar results.

duction elicited by Ra-LPS and SS-LPP. Paclitaxel had no
effect on LPS-induced TNF production in IFN-g-primed C3H/
HeJ macrophages, although higher doses of dimethyl sulfoxide, the vehicle used to dissolve paclitaxel, appeared to suppress TNF production somewhat (Fig. 6, open circles).
Sensitivity of P. intermedia LPS, P. gingivalis LPS, Ra-LPS,
and SS-LPS to polymyxin B. Polymyxin B neutralizes many of
the biological activities of LPS by binding to lipid A (22, 23).
We tested the sensitivity of repurified preparations of P. intermedia LPS, P. gingivalis LPS, and nonrepurified Ra-LPS and
SS-LPS to polymyxin B. High or low concentrations of these
preparations were incubated with various doses of polymyxin
B; the mixtures were then added to C3H/HeN or C3H/HeJ
macrophage cultures, and evoked TNF production was assessed (Fig. 7).
In C3H/HeN macrophage cultures, increasing doses of polymyxin B suppressed the TNF production elicited by both high
(100 ng/ml) and low (10 ng/ml) doses of Ra-LPS and SS-LPS
(Fig. 7B, left panels), as well as by low doses (10 ng/ml) of
P. intermedia LPS and P. gingivalis LPS (Fig. 7B, right panels).

In an earlier study (34), we used CPC to show that S-form
S. abortusequi LPS could be fractionated into SL-LPS having
long, S-form O-polysaccharide chains and SS-LPS having short,
R-form oligosaccharide chains. SL-LPS and SS-LPS also differed in the ability to induce TNF production in murine macrophage-like J774.1 cells: SS-LPS induced TNF production
in serum-free culture medium, whereas SL-LPS required the
presence of serum in the culture medium (34).
LPS-refractory C3H/HeJ and C57BL/10ScCr mice, as well as
the cells isolated from them, are known to be generally unresponsive to LPS from Enterobacteriaceae (e.g., E. coli and Salmonella), although they are sometimes responsive to R-form
LPS (reviewed in reference 25). In addition, macrophages
from Mycobacterium bovis BCG-infected C3H/HeJ mice (26)
and uninfected C3H/HeJ macrophages cultured in the presence of either IFN-g (1, 3) or the calcium ionophore A23187
(1, 26) are responsive to LPP. IFN-g enhances LPS-induced
TNF production by augmenting the transcription rate and stability of TNF mRNA (11). Priming of C3H/HeJ macrophages
with IFN-g also appears to facilitate the “decision” of macrophages to respond to LPS.
Manthey and Vogal (19) showed that the ability of LPS to
activate LPS-refractory mice and their cells disappeared when
the LPS was repurified and contaminating protein was removed. In the present study, although repurification did not
affect TNF induction in LPS-responsive C3H/HeN macrophages, it completely blocked the ability of SS-LPS and RaLPS to activate IFN-g-primed, LPS-refractory C3H/HeJ macrophages (Fig. 2A). Combined with the effect of repurification
on colloidal gold staining of SDS-PAGE gels (Fig. 1, right panel), these results strongly suggest that a protein associated with
SS-LPS and Ra-LPS is necessary for activation of IFN-gprimed C3H/HeJ macrophages; most likely, the active molecule is a lipid A-associated protein, as described by Manthey
and Vogel (19).
LPS from both P. gingivalis and P. fragilis, as well as lipid
A-associated protein, are known to activate cultured cells isolated from LPS-refractory C3H/HeJ and C57BL/10ScCr mice
(5, 7, 39), and evidence suggests that activation of LPS-refrac-
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On the other hand, polymyxin B did not attenuate the TNF
production induced by high doses of P. intermedia LPS and
P. gingivalis LPS (100 and 1,000 ng/ml, respectively; Fig. 7B,
right panels). Similar results were obtained with IFN-g-primed
C3H/HeJ macrophages, although the magnitude of the polymyxin B-evoked inhibition was somewhat smaller (Fig. 7A).
Thus, P. intermedia LPS and P. gingivalis LPS were apparently
substantially less sensitive to polymyxin B than were Ra-LPS
and SS-LPP.
Lethal toxicity of LPS from oral bacteria in GalNac-loaded
C3H/HeN mice. Since P. gingivalis LPS always appeared less
efficacious than P. intermedia LPS, we examined the toxicity of
repurified preparations of these LPS in GalN-loaded C3H/
HeN mice (8). Consistent with its greater ability to induce TNF
production, P. intermedia proved to be more toxic than P. gingivalis; indeed, P. gingivalis LPS was nontoxic (Table 1). Overall, we found the following toxicity order: Ra-LPS . P. intermedia LPS .. P. gingivalis LPP. Groups of C3H/HeN mice
(four to eight per group) were simultaneously injected i.p. with
GalN (18 mg/mouse) and various doses (0.01 ng to 10 mg/
mouse) of repurified LPP. Mortality was scored 72 h after the
challenge. The LD50s calculated by the method of Reed and
Muench were as follows: S. minnesota Ra-LPS, 1.15 ng; P. intermedia LPS, 14.5 ng; P. gingivalis LPS, .10,000 ng.
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tory C3H/HeJ mice by P. gingivalis LPS is specifically mediated
by the lipid A portion of LPS (37). We nonetheless observed
that LPS from P. gingivalis and P. intermedia were capable of
inducing TNF production in C3H/HeJ and C3H/HeN macrophages even after repurification and, presumably, removal
of lipid A-associated protein. The responses were somewhat
weakened, however, especially in the case of P. gingivalis LPS
(Fig. 3). LPS derived from P. gingivalis possesses chemical
constituents different from those derived from Enterobacteriaceae, including the core saccharide region of the LPS (16, 17),
as well as the lipid A portion (16, 27). The chemical structure
of the lipid A of P. gingivalis is characterized by the absence
of ester-linked phosphate at the 49 position of glucosamine
disaccharide and the presence of fatty acids possessing considerable lengths of acyl chains (16, 27). Thus, in contrast to
activation by Ra-LPS and SS-LPS, activation of C3H/HeJ macrophages by LPS from P. intermedia and P. gingivalis is apparently elicited by the LPS with unique structures themselves and
not by lipid A-associated protein. In other words, the chemical
configuration and/or the mode of action of the active entity in
P. intermedia and P. gingivalis LPS is quite different from that
of the active entity in Ra-LPS and SS-LPP. Furthermore, the
fact that Ra-LPS was more potent against C3H/HeN than
C3H/HeJ macrophages (Fig. 2) is consistent with the idea that
an impurity activates C3H/HeJ macrophages. Conversely, the
equipotency of P. intermedia and P. gingivalis LPS against C3H/
HeJ and C3H/HeN macrophages is consistent with the idea
that the LPS is the stimulant for both cells. These results also
support our conclusion that the active molecular part is the
lipid A portion of P. intermedia and P. gingivalis LPS and
that its mode of action against macrophages is apparently
different from those of Ra-LPS.
Unique aspects of the effect of P. intermedia and P. gingivalis
LPS on C3H/HeJ macrophages were also made manifest by
competitive binding experiments using repurified Ra-LPS, repurified SS-LPS, and RsDPLA. Repurified Ra-LPS and SSLPS did not antagonize the actions of LPS from P. intermedia

and P. gingivalis, although they competed with their nonrepurified counterparts (Fig. 4). Moreover, RsDPLA, which competitively antagonizes LPS receptor binding (10, 13, 14, 18, 31,
36), dose dependently inhibited TNF production elicited by
Ra-LPS and SS-LPS, but it did not antagonize the actions of
P. intermedia or P. gingivalis LPS (Fig. 5), suggesting that macrophage receptors for P. intermedia and P. gingivalis LPS are
different from those for RsDPLA, Ra-LPS, and SS-LPP.
The chemical structure of paclitaxel, which is clinically used

FIG. 6. Effect of paclitaxel on LPS-induced TNF production in IFN-gprimed C3H/HeJ macrophages. C3H/HeJ macrophages were pretreated for 2 h
with IFN-g (20 U/ml) and then incubated with the indicated doses of paclitaxel
for 1 h (filled circles). As a control, some cultures received equivalent amounts
of the vehicle (dimethyl sulfoxide; open circles). The macrophages were cultured
in the presence or absence of unrepurified Ra-LPS (10 ng/ml), SS-LPS (10
ng/ml), P. intermedia LPS (10 ng/ml), or P. gingivalis LPS (100 ng/ml) for 4 h, and
then TNF activity in the supernatants was determined by cytotoxicity assay. Each
point represents the mean 6 the standard error. The data are from one of two
independent experiments with similar results.
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FIG. 5. Antagonistic effect of RsDPLA on TNF production induced by Ra-LPS, SS-LPS, P. intermedia LPS, and P. gingivalis LPP. INF-g-primed C3H/HeJ (A) and
unprimed C3H/HeN (B) macrophages and were incubated with the indicated doses of RsDPLA for 1 h, and then Ra-LPS (10 ng/ml), SS-LPS (10 ng/ml), P. intermedia
LPS (10 ng/ml), and P. gingivalis LPS (100 ng/ml) were added to respective cultures, which were then incubated for 4 h. TNF activity in the supernatants was then
determined by cytotoxicity assay. Open bars, LPS without repurification; dotted bars, repurified LPP. Bars depict means 6 the standard errors of triplicate cultures.
The data are from one of two independent experiments with similar results.
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as an anticancer drug, is very much unlike that of LPP. Interestingly, paclitaxel induced RsDPLA-sensitive TNF production in C3H/HeN macrophages, yet 3H-labelled paclitaxel binding to macrophages was not inhibited by LPS or RsDPLA (13),
which suggests that the receptor for paclitaxel is different from
that for LPS but is located very close to the LPS receptor. The
findings of the present study are consistent with that notion,
since paclitaxel had little or no effect on the actions of Ra-LPS,
SS-LPS, P. intermedia LPS, and P. gingivalis LPS (Fig. 6).
Polymyxin B destroys the biological activity of LPS and lipid
A isolated from Enterobacteriaceae (e.g., E. coli and Salmonella
spp. [24]). We found that pretreating Ra-LPS or SS-LPS with
polymyxin B completely blocked their ability to elicit TNF production in either C3H/HeN or C3H/HeJ macrophages. By contrast, LPS from P. intermedia and P. gingivalis were relatively
resistant to polymyxin B (Fig. 7). The polysaccharides and fatty
acids of P. gingivalis LPS are certainly unlike those of LPS from
Enterobacteriaceae (reviewed in reference 5), and this likely underlies their resistance to polymyxin B. In addition, the observation that when LPS was present at higher concentrations it
was more resistant to polymyxin B than when it was present at
lower concentrations suggests that both polymyxin B-sensitive
and polymyxin B-resistant endotoxic molecules are present in
P. gingivalis LPS. If so, when a low dose of LPS containing a
lesser amount of a polymyxin B-resistant molecule is treated
with polymyxin B, the quantity of active endotoxic molecules
remaining might not be sufficient to elicit a peak response. On
the other hand, at the higher concentration, the number of
active molecules may be sufficient to elicit robust responses
even in the presence of polymyxin B. This hypothesis, however,
remains to be tested.
TNF production induced in C3H/HeN macrophages by oral
bacterial LPS was similar to that elicited by Ra-LPS (Fig. 3B).
TNF is thought to be one of the major causative factors in
endotoxic shock and death (23). However, the lethal toxicities
in GalNac-sensitized mice of the LPS examined in this study
were not consistent with that picture (see Results). Ra-LPS
was toxic, but P. intermedia LPS was substantially less so and

P. gingivalis LPS was nontoxic. Given their efficacy with respect
to induction of TNF synthesis, we do not know the reason why
injection of P. intermedia LPS or P. gingivalis LPS did not cause
endotoxic shock. However, shock is a complex phenomenon
entailing activation of complement, coagulation, fibrinolytic,
and kinin pathways and resulting in release of vasoactive peptides and an array of cytokine mediators, including TNF, interleukin-1 (IL-1), IL-6, IL-8, and nitric oxide from macrophages and other cell types (4, 23). The released mediators, in
turn, trigger the characteristic biological effects. Endotoxic shock
and death would, therefore, result from the integrated action
of all of these mediators rather than that of TNF alone (2).
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