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Cytokines are hormone-like proteins which mediate and regulate inflammatory and immune responses. The
purpose of this study was to investigate the effect of lipopolysaccharide (LPS) and inflammatory cytokines on
regulation of interleukin-6 (IL-6) production by human gingival fibroblasts (HGF). The HGF cell lines used in
this study, H-CL and F-CL, were established by the explant technique from healthy gingival tissue. Cultured
cells were grown to confluency and incubated with various concentrations of LPS from Escherichia coli or
Porphyromonas gingivalis or with the recombinant human cytokine tumor necrosis factor alpha (TNF-a), IL-1a,
or IL-1b. Culture supernatants were collected at various times and assessed for IL-6 production by enzyme-
linked immunosorbent assay. Total RNA was isolated from the harvested cells and used to assess levels of IL-6
mRNA by the RNase protection assay. Both LPS preparations induced IL-6 production (1 to 4 ng of IL-6 per
ml) by both HGF cell lines. Although TNF-a stimulated IL-6 production by HGF, >10-fold-larger amounts
were induced with IL-1a and IL-1b. Furthermore, the addition of both IL-1a and TNF-a to cultured cells
resulted in approximately 600- to 800-fold-higher levels of IL-6 than seen in control cultures, suggesting that
these cytokines synergistically induced IL-6 production by HGF. IL-6 message in cultured cells was upregu-
lated 20-fold by TNF-a, 1,000-fold by IL-1a and IL-1b, and 1,400-fold by IL-1a plus TNF-a. IL-1a and TNF-a
alone upregulate IL-6 production in a dose- and time-dependent fashion. The addition of IL-1a and TNF-a to
cultured HGF cells resulted in a synergistic induction of IL-6 after 8 h of incubation and when greater than
10 pg of this combination per ml was used. Our studies show that inflammatory cytokines are hundreds of
times more potent than LPS in stimulating IL-6 production by HGF.

Both microbial factors and the host immune system have
been implicated in the etiology of the chronic oral inflamma-
tory disease periodontitis. The lipopolysaccharide (LPS) from
periodontal pathogens has been shown to stimulate host cells,
including macrophages and fibroblasts, to produce cytokines.
These cytokines can in turn act directly or indirectly on the
immune response via activation of host cells involved in in-
flammatory processes. The inflammatory cytokine interleu-
kin-6 (IL-6) is an endogenous pyrogen and has been shown to
regulate T- and B-cell functions and to induce acute-phase
response proteins and maturation of megakaryocytes (25). A
combination of IL-6 and soluble IL-6 receptor has been found
to induce osteoclast formation (17), which could be important
in the destruction of the periodontium. IL-6 is produced by
numerous cell types, including macrophages, monocytes, fibro-
blasts, endothelial cells, and smooth muscle cells. In vivo stud-
ies have shown low levels of constitutive IL-6 production by
fibroblasts of different origins, including dermal (5), liver
(myo) (24), duodenal (22), renal (15), foreskin (14), human
periodontal ligament (20, 27), oral fibrotic submucosal and
buccal mucosal (3), and normal human gingival (3, 11, 12, 19)
origins.

Human gingival fibroblasts (HGF) are the predominant cell
in periodontal tissue and are responsible for the synthesis and
degradation of connective tissue. These cells can be stimulated
to produce cytokines and factors which mediate inflammation
(21). For example, IL-6 production and IL-6 mRNA expres-

sion by fibroblasts can be stimulated by microbial factors such
as LPS as well as by cytokines such as IL-1 and tumor necrosis
factor alpha (TNF-a) (1, 15, 20, 22, 27). The combined effect
of IL-1 and TNF-a on IL-6 production by HGF cells has not
been investigated. Furthermore, the difference in the abilities
of microbial LPS and host cytokines to stimulate IL-6 produc-
tion by HGF have not been directly compared. Therefore, the
purpose of the present study was to determine if there were
differences in the abilities of LPS and the host cytokines IL-1a
and TNF-a to stimulate IL-6 production by HGF. The kinetics
of the effect of each stimulant on IL-6 production by HGF cell
lines was determined. Our findings show that the induction of
IL-6 production by each stimulant was dose and time depen-
dent. In addition, IL-1a plus TNF-a synergistically upregulates
IL-6 mRNA and protein production. The order of the abilities
of the stimulants to elevate IL-6 message and protein levels
produced by healthy HGF was IL-1 plus TNF-a . IL-1 .
TNF . LPS. Our results show that although LPS induced IL-6
production, cytokine stimulation of the IL-6 response by HGF
was much greater. This finding suggests that inflammatory
cytokines may be more effective factors than LPS in the HGF
response associated with periodontal disease.

(This work was done by Leigh W. Kent in partial fulfillment
of the requirements for a Ph.D. from The University of Ala-
bama at Birmingham.)

MATERIALS AND METHODS

Cytokines and LPS. Recombinant human IL-1a (rhIL-1a), rhIL-1b, rhIL-6,
and rhTNF-a were all purchased from R&D Systems, Inc. (Minneapolis, Minn.).
Escherichia coli K235 LPS was prepared by phenol-water extraction as previously
described (16). Porphyromonas gingivalis ATCC 33277 LPS was obtained by
hot-phenol extraction (18). Protein was not detected in the LPS preparations by
silver staining of samples electrophoretically resolved in polyacrylamide gels,
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electroblotted onto a nitrocellulose membrane, and stained with a solution of
colloidal gold (Enhanced Colloidal Gold Total Protein Detection Kit; Bio-Rad
Laboratories, Hercules, Calif.) or by spectrophotometric methods. Prior to use,
LPS diluted in pyrogen-free distilled H2O (1 mg/ml) was boiled for 30 min.

Fibroblast cell lines. HGF cell lines were established from explant donors
undergoing gingival surgery. Clinically, the tissue appeared firm, nonerythema-
tous, nonedematous, and nonbleeding. The method used for culture of gingival
fibroblasts has been reported previously (11, 13). Briefly, divided pieces of bi-
opsied tissue were allowed to attach to the walls of plastic culture flasks (Falcon,
Oxnard, Calif.) containing Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Grand Island, N.Y.) supplemented with sodium pyruvate (0.1 g/liter),
L-glutamine (1.16 g/liter), streptomycin sulfate (100 mg/liter), penicillin (100,000
U/liter), and 10% fetal calf serum (FCS) (complete DMEM). The medium was
tested for endotoxin activity with the Limulus amebocyte lysate assay as de-
scribed by the manufacturer (BioWhittaker, Walkersville, Md.), except half the
volume of assay reagents was used.

The spent medium was removed from the primary cultures for subculturing.
Fibroblasts were dissociated from the outgrowth by trypsinization and harvested
by centrifugation. For each passage, the cells were resuspended in DMEM
containing 10% FCS and seeded into plastic dishes at a ratio of 1:4. Stocks of
each passage were stored frozen at 270°C. Cells from passage 4 (P4) or P5 were
used in the present investigation based on previous studies which showed that
increasing passages of the cell line F-CL resulted in decreased production of IL-6
(11).

Culture conditions. HGF H-CL (P5) or HGF F-CL (P4) cells were grown to
confluency in T25 flasks, the supernatants were aspirated, and the cells were
washed twice with 5 ml of complete DMEM without FCS. Stimulants diluted in
complete DMEM without FCS were added to the flasks, and the cultures were
incubated for various periods of time. After incubation, the supernatants were
removed, aliquoted, and stored frozen (220°C) until analyzed for IL-6 levels.
The adherent cells in the flasks were washed twice with sterile phosphate-
buffered saline (PBS) in diethyl pyrocarbonate-treated water and frozen (270°C)
until RNA was isolated for analysis of IL-6 mRNA.

ELISA. An enzyme-linked immunosorbent assay (ELISA) was used for the
quantification of IL-6 as previously described (11). Two monoclonal antibodies
with specificity to different epitopes on each cytokine molecule of interest (Syn-

tex Laboratory, Palo Alto, Calif.) were used. The immunoassay has been shown
to be specific (10). The rhIL-6 standard used in the assays was purchased from
R&D Systems, Inc. Briefly, 96-well plates were coated with the first anti-IL-6
antibody, 7IL-6-H12A, diluted in PBS. Plates were incubated overnight at 4°C
and then were washed twice. Nonspecific binding sites were blocked by incubat-
ing the plates with 5% nonfat dry milk and 0.05% thimerosal in PBS (200 ml/well)
for 1.5 h at room temperature. The plates were washed three times with ELISA
wash buffer, and then twofold serial dilutions of the rhIL-6 standard or sample
(100 ml) were added to wells in duplicate. Plates were incubated for 2 h at room
temperature and washed, and then biotinylated monoclonal antibody 5IL6-H12
(50 ml) was added. Following a 2-h incubation at room temperature, the plates
were washed, and 100 ml of peroxidase-streptavidin (Zymed Laboratories, Inc.,
San Francisco, Calif. diluted 1:3,000 in bovine serum albumin buffer (1% bovine
serum albumin, 0.05% thimerosal, PBS) was added. Plates were incubated for 1 h
at room temperature and were washed four times with ELISA wash buffer. The
color which developed following the addition of the substrate (100 ml/well)
o-phenylenediamine, hydrogen peroxide, and citrate buffer (pH 4.9) was re-
corded with a Vmax microplate reader (Molecular Devices Corp., Menlo Park,
Calif.) at dual wavelengths: 450 nm (sample filter)/630 nm (reference filter). The
amount of cytokine in each sample, run simultaneously with the standard, was
determined by interpolation from the standard curve with a four-parameter
logistic algorithm (Softmax; Molecular Devices Corp.).

RNA isolation. Fibroblast cultures grown to confluency in T25 flasks from P5
were used for detection of IL-6 mRNA. Total RNA was isolated from fibroblast
cultures with the Ultraspec RNA Isolation System (Biotecx Laboratories, Hous-
ton, Tex.) according to the manufacturer’s instructions. Briefly, the cells were
lysed in the T25 flasks with Ultraspec RNA and transferred to a 1.5-ml Eppen-
dorf tube. The RNA was extracted by chloroform treatment and centrifugation.
Following extraction, RNA was precipitated from the aqueous phase with iso-
propanol. The precipitate was washed with 75% ethanol and vacuum dried in a
Speed Vac, and the pellet was dissolved in diethyl pyrocarbonate-treated distilled
water.

RPA. cDNA probes specific for hIL-6 (inserted in a pGEM-4z vector) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (inserted in a pAMP1
vector) were the generous gifts of E. N. Benveniste (Birmingham, Ala.). The
hIL-6-pGEM-4z was linearized with EcoRI, and the GAPDH-pAMP1 was lin-
earized with NcoI. Antisense probes, 408 and 230 nucleotides, respectively,
labeled with deoxy-[a-32P]CTP were generated by using a Riboprobe II Core
System T7 RNA Polymerase kit (Promega, Madison, Wis.) according to the
manufacturer’s instructions. The RNase protection assay (RPA) was performed
on 10 mg of total RNA with an RPA II kit (Ambion, Austin, Tex.) according to
the manufacturer’s instructions as previously described (4). Briefly, 10 mg of total
RNA from HGF cell line H-CL (P5) were hybridized with the labeled antisense
probes for hIL-6 and b-actin followed by digestion with RNase A/T1. The
protected sample fragments were then run on a 5% denaturing (8 N urea)
polyacrylamide gel and exposed to X-ray film. The gels were then scanned with
a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.) to quantitate the
intensities of the protected RNA fragments. The values for IL-6 were normalized
to that for GAPDH, and this ratio was demonstrated graphically.

Quantitative detection of mRNA by competitive RT-PCR. HGF cytokine
mRNA was detected by using a modification of the competitive reverse tran-
scription-PCR (RT-PCR) method previously described (8). Briefly, a general
cloning vector, pQPCR1, a modified pBluescript (Statagene), was used to gen-
erate the RNA competitor (pQPCR.HMPC1.2). This RNA competitor was con-
structed to contain the 39 and 59 cytokine primers of interest separated by an
identifying stuffer region and flanked by a T3 RNA polymerase initiation site,
spacer, and poly(A)1 tail. In vitro transcription with the T3 polymerase gener-
ated RNA competitors which were quantitated by trace labeling techniques.
Different known quantities of RNA competitor contained a unique identifying
stuffer, and these were added to the fibroblast guanidine lysates in the same tube.
After RNA isolation, the cDNA was reverse transcribed and then amplified by
PCR with the desired 39 and 59 primers. Therefore, the sample cytokine cDNA
(analyte) and the competitor cytokine containing the stuffer insert were ampli-
fied. Biotinylation of the 39 primer yielded PCR products which were captured on
avidin-coated enzyme immunoassay microtiter plates and detected by using a
digoxigenin-labeled oligonucleotide probe specific for the analyte cytokine or the
competitor stuffer insert. The oligonucleotide probe was then detected with an
alkaline phosphatase-conjugated antidigoxigenin antibody (Boerhinger Mann-
heim, Indianapolis, Ind.) and developed with p-nitrophenol phosphate (Sigma,
St. Louis, Mo.). The ratio of the optical density (OD) of the competitor to the
OD of the analyte was plotted against the known competitor mRNA copy
number in a log-log plot, and the number of copies of unknown cytokine mRNA
was determined at a 1:1 OD (405 nm) ratio to the competitor RNA. A compet-
itor RNA (pQPCR.GF01.2) for the GAPDH housekeeping gene (9) was used to
normalize the results between samples.

RESULTS

LPS induction of IL-6 in the HGF cell line H-CL. The
amount of IL-6 produced by the healthy HGF cell line H-CL
(P5) after stimulation with E. coli or P. gingivalis LPS was

FIG. 1. IL-6 levels in supernatants of stimulated H-CL (P5) fibroblast cul-
tures. E. coli LPS (1 mg/ml), P. gingivalis LPS (1 mg/ml), rhIL-6 (5 ng/ml),
rhTNF-a (5 ng/ml), rhIL-1a (100 pg/ml), rhIL-1b (5 ng/ml), or IL-1a (100 pg/ml)
plus TNF-a (5 ng/ml) was added to confluent HGF H-CL cultures and incubated
for 24 h, and supernatants were assayed for IL-6 levels by ELISA. Bars indicate
SDs.
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determined by ELISA. HGF H-CL (P5) fibroblasts were grown
to confluency, the cells were washed twice with complete
DMEM without FCS, and E. coli or P. gingivalis LPS (1 mg/ml)
was added to the cells. Supernatants from cultures incubated
with E. coli or P. gingivalis LPS for 24 h contained 3.13 (stan-
dard deviation [SD] 5 0.859) or 3.04 (SD 5 0.133) ng of IL-6

protein per ml, respectively (Fig. 1). These results are in agree-
ment with those of others who showed that P. gingivalis and E.
coli LPS stimulated approximately 3 ng of IL-6 secretion per
ml from periodontal ligament fibroblasts (27). An increase was
also seen in the amount of IL-6 mRNA in cells stimulated with
LPS from P. gingivalis (0.026 6 0.002 PhosphorImager units
[PIU]) or from E. coli (0.072 6 0.013 PIU) compared to non-
stimulated control cells (Fig. 2).

Cytokine induction of IL-6 in the HGF cell line H-CL. The
amount of IL-6 protein produced by the healthy HGF cell line
H-CL (P5) was also determined after stimulation with the
inflammatory cytokines rhIL-1b (5 ng/ml), rhIL-6 (5 ng/ml),
rhTNF-a (5 ng/ml), rhIL-1a (100 pg/ml), and rhIL-1a (100
pg/ml) plus rhTNF-a (5 ng/ml). Supernatants from cultures

FIG. 2. IL-6 mRNA levels in stimulated H-CL (P5) fibroblasts after stimu-
lation as determined by RPA. P. gingivalis LPS (1 mg/ml), E. coli LPS (1 mg/ml),
rhIL-6 (5 ng/ml), rhTNF-a (5 ng/ml), rhIL-1a (100 pg/ml), rhIL-1b (5 ng/ml), or
IL-1a (100 pg/ml) plus TNF-a (5 ng/ml) was added to confluent HGF H-CL
cultures and incubated for 24 h. (A) Total RNA was used to assess levels of IL-6
mRNA by RPA. (B) The RPA value was calculated by dividing the Phosphor-
Imager value for IL-6 by the sample’s PhosphoImager value for GAPDH ex-
pressed as PIU. Bars indicate SDs.

FIG. 3. Dose-response and time course analysis of IL-6 secretion by E. coli
LPS- or P. gingivalis LPS-stimulated F-CL (P4) fibroblasts. Various amounts (10
pg/ml [{] 1 ng/ml [E], 100 ng/ml [‚], 1 mg/ml [µ], and 10 mg/ml [{1]) of E. coli
or P. gingivalis LPS were added to confluent cultures of F-CL fibroblasts and
incubated for 4, 8, 24, or 48 h. IL-6 protein in the culture supernatant was
determined by ELISA. The values are the means of duplicate determinations.
The variation associated with each point is within 1 SD of the mean. h, control.
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incubated with rhTNF-a for 24 h contained 33 ng of IL-6
protein per ml, while 450 to 560 ng of IL-6 per ml was present
in supernatants of cultures incubated with rhIL-1a or rhIL-1b
(Fig. 1). When rhIL-1a and rhTNF-a were both added to
fibroblast cultures and left for 24 h, 775 ng of IL-6 per ml was
detected in the supernatants. The response was synergistic,
considering the level of IL-6 induced with each cytokine alone.
In order to establish that the IL-1a and TNF-a induced the
fibroblasts to produce IL-6 message in addition to IL-6 protein,
total RNA was isolated from the cells and used to assess levels
of IL-6 mRNA by RPA (Fig. 2A). The RPA value was calcu-
lated by dividing the PhosphorImager value for IL-6 by the
sample’s PhosphorImager value for GADPH expressed as
PIU. The IL-6 message was upregulated 20-fold by TNF-a
(0.251 6 0.067 PIU), 1,000-fold by IL-1a and IL-1b (1.027 and
0.992 PIU, respectively), and 1,400-fold by IL-1a plus TNF-a
(1.420 6 0.019 PIU) (Fig. 2B). Thus, costimulation with IL-1
plus TNF-a upregulated IL-6 protein and message in a syner-
gistic manner.

Dose- and time-dependent induction of IL-6. In order to
determine the kinetics of IL-6 induction, the healthy HGF cell
line F-CL (P4) was grown to confluency, and then various
amounts of E. coli or P. gingivalis LPS (10 pg to 10 mg/ml) or
of TNF-a or IL-1a (10 pg to 10 ng/ml) were added. At various
times (1 to 48 h), culture supernatants were collected and
assessed for IL-6 levels by ELISA. The F-CL cells, like the
H-CL fibroblasts, produced 1 to 4 ng of IL-6 per ml after
incubation with LPS (Fig. 3). A slight increase in IL-6 levels
was seen over time after stimulation with either LPS; however,
the response to LPS was not dose dependent.

Low concentrations of TNF-a (10 to 100 pg/ml) induced less
than a 10-fold increase of IL-6 production throughout a 48-h
incubation, whereas 1 ng of TNF-a per ml induced a 20-fold
increase (Fig. 4). Supernatants from cultures incubated with 10
ng of TNF-a per ml showed the greatest increase in IL-6

production, starting from a constitutive level of 0.5 ng/ml (with
no stimulant) to 30.15 ng/ml (a 60-fold increase) after a 48-h
incubation.

IL-1a induced larger amounts of IL-6 production than
TNF-a. A concentration of 10 pg of rhIL-1a per ml induced a
level of IL-6 in the supernatant of HGF F-CL cultures (Fig. 5)
similar to that induced by 10 ng of TNF-a per ml (Fig. 4). A
similar pattern of IL-6 induction was seen during the initial
24 h of stimulation with higher concentrations of rhIL-1a.
Furthermore, as with rhTNF-a, stimulation with rhIL-1a re-
sulted in increased levels of IL-6 with time. After 48 h of
stimulation with rhIL-1a, the amount of IL-6 in culture super-
natants was 200-fold higher with 100 pg of rhIL-1a per ml and
400-fold higher with 1 or 10 ng of rhIL-1a per ml than was seen
in control cultures incubated without added cytokines. The
increase in IL-6 levels was more rapid from 24 to 48 h than
from 0 to 24 h.

In our initial study with H-CL fibroblasts, it was observed
that the addition of IL-1a and TNF-a to the cultures resulted
in a synergistic induction of IL-6. Therefore, the next series of
experiments were designed to determine the dose of IL-1a
plus TNF-a and the time of incubation for optimal IL-6 induc-
tion by the HGF cell line F-CL. IL-6 levels increased rapidly
after 8 h of incubation with rhIL-1a plus rhTNF-a (Fig. 6). As
with rhIL-1a alone, 1 and 10 ng/ml induced comparable levels
(300 to 450 ng/ml) of IL-6, which were approximately 600- to
800-fold higher than the control levels. The amount of cyto-
kines inducing peak IL-6 production was 1 ng/ml after a 24-h

FIG. 4. Dose-response and time course analysis of IL-6 secretion by rhTNF-
a-stimulated F-CL fibroblasts. Various amounts of rhTNF-a were added to
confluent cultures of F-CL fibroblasts and incubated for 1, 2, 4, 8, 24, or 48 h.
IL-6 protein in the culture supernatant was determined by ELISA. The values
are the means of duplicate determinations. The variation associated with each
point is within 1 SD of the mean.

FIG. 5. Dose-response and time course analysis of IL-6 secretion by rhIL-
1a-stimulated F-CL fibroblasts. Various amounts (10 pg/ml [{], 100 pg/ml [E], 1
ng/ml [‚], and 10 ng/ml [µ]) of rhIL-1a were added to confluent cultures of
F-CL fibroblasts and incubated for 1, 2, 4, 8, 24, or 48 h. IL-6 protein in the
culture supernatant was determined by ELISA. h, control. The inset graph
shows the amount of IL-6 in the supernatants of cultures incubated with various
amounts of rhIL-1a for 48 h. The values are the means of duplicate determina-
tions. The variation associated with each point is within 1 SD of the mean.

VOL. 66, 1998 IL-6 PRODUCTION BY GINGIVAL FIBROBLASTS 611



incubation (Fig. 6, inset). The amount of IL-6 produced by
F-CL cells stimulated with both rhIL-1a and rhTNF-a was
higher than the sum of the amounts of IL-6 produced by
cultures incubated with either rhIL-1a or rhTNF-a (Fig. 7).
This synergistic effect occurred when more than 10 pg each of
rhIL-1a and rhTNF-a per ml was added to the culture and
after at least 8 h of incubation with the stimulant.

Total RNA was isolated from the F-CL cells at the optimal
doses of each stimulant for each time point and was used to
compare IL-6 mRNA copy numbers by the quantitative com-
petitive (QC)-RT-PCR. The control cells (no simulation)
showed a decreasing trend in the amount of IL-6 message over
time (10,228 to 185 mRNA copies) (Fig. 8). As with the other
healthy cell line, H-CL, TNF-a, IL-1a, and IL-1a in combina-
tion with TNF-a upregulated the levels of IL-6 message by 10-
to 1,000-fold in F-CL cells. The IL-6 mRNA levels increased
after only 1 h and remained high even after 48 h of stimulation.

Effect of IL-6 on IL-6 production. In order to determine if
IL-6 was acting in an autocrine manner, IL-6 was measured in
the supernatants after cultures of HGF were incubated with
rhIL-6. When 5 ng of rhIL-6 per ml was added to H-CL cells,
15.45 ng of IL-6 per ml was detected after 24 h, which repre-
sented a threefold increase of IL-6 (Fig. 1). When IL-6 pro-
duction by the cell line F-CL was assessed after incubation with
rhIL-6, the amount of rhIL-6 added to the cells was similar to

the amount of IL-6 detected by ELISA in the culture super-
natants, even after a 48-h incubation (Fig. 9).

DISCUSSION

HGF play an important role in the production and mainte-
nance of periodontal connective tissue. These resident cells
can also participate in periodontal disease by degrading the
extracellular matrix and secreting mediators of inflammation
such as IL-6. The present study compared the abilities of LPS,
IL-1, and TNF-a to regulate the induction of IL-6 mRNA and
protein production by two healthy human gingival cell lines.
The two HGF cell lines used in this study constitutively pro-
duced low levels of IL-6 message and protein. This finding was
in agreement with those obtained with fibroblasts of other
origins (5, 22, 24, 27). The two healthy HGF cell lines used in
the present study produced similar quantities of IL-6 after
stimulation with either LPS or inflammatory cytokines, indi-
cating that the findings were reflective of responses by this cell
type.

The E. coli and the P. gingivalis LPSs induced similar in-
creases in IL-6 production by the HGF cell lines, which oc-
curred after only 4 h of incubation with LPS. However, we
found that this IL-6 induction after LPS stimulation is not dose
or time dependent as it is with IL-1 and TNF-a stimulation.
This finding could be due to the unique signal transduction
mechanisms used for each stimulant. The ability of LPS to
stimulate gingival fibroblasts may be mediated through the
LPS receptor CD14. Watanabe and coworkers (26) reported
the presence of CD14 on HGF as determined by immunohis-
tochemical and Northern and Western blotting techniques.
Other studies, by Hayashi et al. (7), showed that soluble CD14
was necessary for stimulation of intercellular adhesion mole-

FIG. 6. Dose-response and time course analysis of IL-6 secretion by rhIL-1a
plus rhTNF-a-stimulated F-CL fibroblasts. Increasing amounts of rhIL-1a plus
rhTNF-a (each at 10 pg/ml [{], 100 pg/ml [E], 1 ng/ml [‚], or 10 ng/ml [µ]) was
added to confluent cultures of F-CL fibroblasts and incubated for 1, 2, 4, 8, 24,
or 48 h. IL-6 protein in the culture supernatant was determined by ELISA. The
inset graph is the amount of IL-6 in the supernatant of cultures incubated with
various amounts of rhIL-1a for 24 h. The values are the means of duplicate
determinations. The variation associated with each point is within 1 SD of the
mean.

FIG. 7. Comparison of the level of induction of IL-6 after the simultaneous
addition of IL-1a and TNF-a to cultures with the sum of IL-6 levels induced with
IL-1a alone and TNF-a alone after 48 h of incubation with 10 pg, 100 pg, 1 ng,
and 10 ng of stimulant per ml.
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cule 1 by HGF; however, CD14 mRNA could not be detected
by PCR. Although the mechanism by which LPS upregulates
IL-6 has not been determined, microbial LPS has been strongly
implicated in periodontal disease. In the present study, we
provide evidence that cytokines mediate a much greater re-
sponse than LPS. IL-1 and TNF-a stimulated hundreds of
times more IL-6 production than LPS. A recent study has
shown that P. gingivalis LPS increases proliferation, upregu-
lates TNF-a and IL-1 mRNA and protein levels, and increases
CD14 expression by mononuclear cells to a greater extent than
E. coli LPS (23). Thus, we propose a model in which LPS from
the periodontal pathogen P. gingivalis may stimulate produc-
tion of TNF-a and IL-1 by monocytes which in turn synergis-
tically upregulate the production of high levels of IL-6 by
HGF.

IL-1a was the strongest single stimulant of IL-6 production
by HGF. It was generally 20 to 30 times more effective than
TNF-a after 48 h of incubation, whereas previous studies with
other fibroblastic cell lines have generally found IL-1a to be
about 10-fold more effective than TNF-a (6, 15, 22). Our
dose-response and time course studies showed that IL-6 pro-
duction by healthy HGF cells is time and dose dependent for
each stimulant except LPS and IL-6 itself. The dose-response
studies showed that 1 ng/ml is an optimal dose of rhIL-1a and
rhIL-1a plus rhTNF-a for IL-6 stimulation.

The receptors and signal pathways used to induce IL-6 by
inflammatory cytokines and LPS are independent of each
other. IL-1 receptor I (IL-1RI) and IL-1RII make up the IL-1

receptor family, with IL-1RI being the important receptor for
signal transduction via IL-1. On the other hand, the ability of
LPS to stimulate cells is thought to be mainly through CD14,
and this has recently been associated with fibroblasts (7, 26).
Although the receptors used may be unique to each of these
stimulants, both IL-1a and LPS may induce transcription of
the IL-6 gene through a common transcription factor, NF-IL-6,
which has been shown to be inducible by IL-1, IL-6, TNF-a,
and LPS (2). However, since IL-1 and LPS stimulants do not
act synergistically but rather additively (unpublished data), the
ability of IL-1 to act synergistically with TNF-a and additively
with LPS may be regulated at the level of signal transduction.

From the time course studies, we found that IL-1a, TNF-a,
and IL-1a in combination with TNF-a upregulate IL-6 mRNA
levels 10- to 1,000-fold over control levels. The level of mes-
sage rapidly increased within only 1 h of stimulation and re-
mained higher than the control level even after 48 h. An
explanation for the mechanism of this persistently high level of
IL-6 mRNA may relate to the stability of the message. It has
been reported that the IL-6 message after stimulation of nor-
mal human lung fibroblasts with TNF-a and IL-1 increases due
to the IL-6 message becoming more stable rather than to an
increase in IL-6 gene transcription (6). The mechanism of IL-6
upregulation by these stimulants is not fully understood, and
further studies will be required. Blocking the HGF IL-1 recep-
tors may inhibit this upregulation of IL-6. When these recep-
tors are blocked with IL-1 receptor antagonist in other fibro-
blast types, they partially inhibit IL-6 production by diseased

FIG. 8. IL-6 mRNA copy numbers after stimulation as determined by QC-RT-PCR. rhTNF-a (1 ng/ml), rhIL-1a (1 ng/ml), or rhIL-1a (1 ng/ml) plus TNF-a (1
ng/ml) diluted in DMEM without FCS was added to confluent HGF F-CL cells and incubated for 1 to 48 h. Total isolated RNA was used to assess levels of IL-6 mRNA
by QC-RT-PCR. The values are means of duplicate determinations. The variation associated with each point is within 1 SD of the mean.
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and normal kidney fibroblasts but less significantly inhibit IL-6
production by foreskin fibroblasts (15).

Recent studies have shown that IL-1 synergizes with TNF-a
in stimulating IL-6 production by lung and duodenal fibro-
blasts (6, 22). However, the kinetics of this response had not
been determined. Our study demonstrated that at least 8 h of
incubation with greater than 10 pg of rhIL-1a plus rhTNF-a
per ml is necessary for synergistic IL-6 production by HGF.
Together, these results indicate that IL-1 and TNF-a are more
important in the regulation of IL-6 by HGF than the direct
effects of bacterial LPS. The action of LPS in mediating in-
flammatory responses may be via a direct effect on other cells
such as monocytes to produce the TNF-a and IL-1 which in
turn stimulate gingival fibroblast secretion of high levels of
IL-6.
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FIG. 9. Effect of rhIL-6 on IL-6 production by HGF F-CL cells. Various
amounts of IL-6 were added to confluent cultures of F-CL fibroblasts and
incubated for 1, 2, 4, 8, 24, or 48 h. IL-6 protein in the culture supernatant was
determined by ELISA. The values are the means of duplicate determinations.
The variation associated with each point is within 1 SD of the mean.
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