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Abstract

Objective. Periodontal ligament (PDL) cells produce IL-6 upon stimulation with inflammation
promoters, but the signaling pathways involved have not been characterized. Here, we
investigate underlying mechanisms behind regulation of PDL cell IL-6 production by E. coli
and P. gingivalis LPS. Material and methods. Human PDL cells, endothelial cells and
monocytes were stimulated with E. coli or P. gingivalis LPS in the presence or absence of
pharmacological agents in order to disclose pathways involved in LPS signaling. Gene
expression and cellular protein levels were assessed by quantitative real-time PCR and
ELISA, respectively. Results. Stimulation with LPS from E. coli (1 µg/ml) for 24 h enhanced
PDL cell IL-6 expression several fold demonstrated both on transcript and protein levels but
P. gingivalis LPS (1-5 µg/ml) had no effect. TLR2 mRNA was more highly expressed than
TLR4 transcript in PDL cells. Treatment with the non-selective nitric oxide synthase inhibitor
L-NAME (100 µM) reduced E. coli LPS-induced PDL cell IL-6 by 30%, while neither
aminoguanidine (10 µM), an inhibitor of inducible nitric oxide synthase, nor estrogen (17βestradiol, 100 nM) influenced IL-6. Treatment with the glucocorticoid dexamethasone (1 µM)
totally prevented the E. coli LPS-induced PDL cell IL-6. In endothelial cells, neither E. coli
LPS nor P. gingivalis LPS promoted IL-6 production. In monocytes, serving as positive
control, both E. coli and P. gingivalis LPS stimulated IL-6. Conclusions. E. coli LPS but not
P. gingivalis LPS stimulates PDL cell IL-6 production through a glucocorticoid-sensitive
mechanism involving nitric oxide formation probably via endothelial nitric oxide synthase.
Key Words: cytokine, LPS, nitric oxide, periodontitis, PDL cells
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Introduction

The periodontopathogen Porphyromonas gingivalis (P. gingivalis) is regarded as a major
etiologic factor in periodontitis leading to production of cytokines/chemokines, such as
interleukin-6 (IL-6), associated with the progression of the disease [1,2]. In the periodontium,
not only classical inflammatory cells, such as white blood cells and macrophages, but also
periodontal ligament

(PDL) cells

and

gingival

fibroblasts

respond

to

bacterial

lipopolysaccharide (LPS) by producing cytokines and chemokines, although the exact
mechanisms have not been identified [3]. Endothelial cells and gingival epithelial cells have
also been reported to produce cytokines in response to LPS stimulation, suggesting that these
cell types may contribute to the cytokine/chemokine load in periodontal inflammation [4-6].
LPS is thought to promote cytokine/chemokine expression by binding to Toll-like receptors
(TLRs), which through either a myeloid differentiation factor (MyD88)-dependent or a
MyD88-independent pathway activates the transcription factor nuclear factor-κB (NF-κB)
causing transcription of cytokine/chemokine genes, but still the mechanisms are not fully
understood [7]. LPS primarily acts through TLR4 but LPS from some bacterial species also
activates cells via TLR2 [7]. Interestingly, P. gingivalis LPS has been reported to act as an
agonist for TLR2 but as an antagonist for TLR4 [8].

Estrogen has been shown to influence mechanisms involved in the inflammatory reaction,
however its role in inflammation is complex involving both anti- and pro-inflammatory
actions [9]. The biologically most active estrogen, 17β-estradiol (E2), has been reported to
modulate LPS-induced cytokine and chemokine expression in human PDL cells, suggesting
that estrogen modulates periodontal inflammation by controlling PDL cell production of
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cytokines

and

chemokines

[10,11].

Estrogen-induced

regulation

of

PDL

cell

cytokine/chemokine production is probably mediated via estrogen receptor β (ERβ), since this
ER subtype is highly expressed in PDL cells, but we cannot completely rule out that also ERα
is involved [12,13]. Nitric oxide (NO) is formed in an enzymatic reaction using the amino
acid arginine as substrate, and NO regulates many important physiological and
pathophysiological processes such as blood pressure and inflammation [14]. This reaction is
catalyzed by three isoforms of nitric oxide synthase (NOS) named endothelial NOS (eNOS),
neuronal NOS (nNOS) and inducible NOS (iNOS) [14]. Interestingly, inhibition of NOS has
been shown to prevent alveolar bone loss in experimental periodontitis, suggesting that NO
modulates inflammation and bone metabolism/catabolism in periodontitis [15,16].

Although PDL cells are recognized producing cytokines in response to stimulation with
inflammation promoters such as LPS, the mechanisms involved have not been fully explored.
The objective of the present study was to characterize signaling mechanisms involved in LPSinduced stimulation of PDL cell IL-6 production. We show that LPS from Escherichia coli
(E. coli) is a much more powerful stimulator of PDL cell IL-6 production than LPS from P.
gingivalis. The involvement of estrogen, glucocorticoids and NO in LPS-induced IL-6
production is assessed using a pharmacological approach. We disclose that inhibition of NO
production and treatment with glucocorticoids reduces E. coli LPS-induced IL-6 production.
Furthermore, we show that both P. gingivalis and E. coli LPS stimulate monocyte IL-6
production, while they have no effect on IL-6 in endothelial cells, suggesting a cell type
specific effect.
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Material and methods

Cells and cell culture
PDL cells were obtained from premolars extracted for orthodontic reasons. The patients and
their parents were informed and the parents gave written consent. The study was approved by
the Human Ethical Committee at Lund University, Lund, Sweden. The periodontal ligament
was gently scraped off from the middle third of the root surface and then washed in phosphate
buffered saline (PBS) in order to avoid contamination from the gingival and apical tissues.
Tissue explants from four premolars in two subjects (one boy and one girl 14 years of age)
were seeded providing eight batches of PDL cells. These eight batches of cells responded
identically to treatment with the different drugs specified below. Previous studies confirm that
PDL cells obtained from teeth extracted for orthodontic reasons in young individuals show
identical morphology and functional characteristics irrespective of donor [12,17]. The tissue
explants were transferred to cell culture flasks containing Dulbecco's modified Eagle's
medium supplemented with antibiotics (penicillin 100 U/ml, streptomycin 100 μg/ml),
glutamine (1.16 g/l) and 10% fetal calf serum. The flasks were placed in a water-jacketed
cell/tissue incubator with 5% CO2 in air. The cells were allowed to migrate from the explants
and after reaching confluence the cells were trypsinized (0.25% trypsin) and reseeded at a
density of 80,000 cells/ml. Human umbilical vein endothelial cells (HUVECs) were
purchased from Lonza (Lonza, Walkersville, MD, USA) and cultured in endothelial cell
culture medium as recommended by the manufacturer. Human THP-1 monocytes (ATCC,
Manassas, VA, USA) were cultured in RPMI 1640 medium as recommended. Experiments
were performed in sub-confluent cells in passages 2–5.
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Experimental procedure
Before experiments the normal culture medium was exchanged for phenol red-free culture
medium containing dextran-coated charcoal stripped fetal calf serum to remove the estrogenlike activity of phenol red and estrogens derived from the serum. The phenol red-free culture
medium with charcoal stripped fetal calf serum was used throughout the experiment. After 2 h
pre-treatment with or without 17β-estradiol, E2 (100 nM, Sigma Chemicals, St. Louis, MO,
USA), dexamethasone (1 µM, Sigma), NG-nitro-L-arginine methyl ester (L-NAME, 100 µM,
Sigma) or aminoguanidine (10 µM, Sigma), the cells were treated with or without E. coli
0111:B4 LPS (1 μg/ml, Sigma) or P. gingivalis LPS (1-5 µg/ml, InvivoGen, San Diego, CA,
USA) for 24-72 h in the continuous presence of E2, L-NAME, dexamethasone or
aminoguanidine. In order to detect any possible effect of estrogen we used a physiologically
high concentration (100 nM) of E2. The pre-ovulatory plasma concentration of E2 is around
2 nM but increases in pregnancy several fold to about the same concentration as used by us in
the present study [18]. L-NAME, at 100 µM, inhibits all three isoforms of nitric oxide
synthase (NOS), i.e. eNOS, iNOS and nNOS, while aminoguanidine selectively reduces iNOS
with an IC50 of about 10 µM [19]. E2 and dexamethasone were dissolved in dimethylsulfoxide
(DMSO), while L-NAME and aminoguanidine were dissolved in PBS. Controls received
vehicle as appropriate.

Quantitative real-time PCR
Cells were washed carefully in PBS and then total RNA was extracted and purified using
RNeasy Mini Kit (Qiagen, Valencia, CA, USA). Concentration and purity of RNA was
measured at 260/280 nm in a NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA). One-step quantitative real-time PCR measurements were performed
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using QuantiFast SYBR Green RT-PCR kit (Qiagen) and QuantiTect primer assays (Qiagen)
on a Step One Plus Thermal Cycler (Applied Biosystems, Foster City, CA, USA). Each
sample was analyzed in duplicate. IL-6, monocyte chemoattractant protein-1 (MCP-1), TLR2
and TLR4 gene expression was calculated using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as reference gene as described by Pfaffl [20]. The PCR primers (QuantiTect Primer
Assays) for IL-6 (Hs_IL6_1_SG), MCP-1 (Hs_CCL2_1_SG), TLR2 (Hs_TLR2_1_SG),
TLR4 (Hs_TLR4_2_SG) and GAPDH (Hs_GAPDH_2_SG) were purchased from Qiagen.

ELISA
The cells were washed carefully in PBS and scraped off the culture dishes using cell scrapers
(Sarstedt, Newton, NC, USA). Then the cells were sonicated 2 x 10 s on ice and centrifuged at
1700 x g at 4 °C for 5 min. The IL-6 protein was determined in the cell supernatant using
enzyme-linked immunosorbent assay (ELISA) kits (R&D systems, Minneapolis, MN, USA).
IL-6 protein level was determined according to instructions by the manufacturer. Each sample
was analyzed in duplicate. The IL-6 level was normalized to the total protein concentration
determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA).

Statistics
Values are presented as means ± S.E.M. Statistical significance was calculated using ANOVA
and Student’s two-tailed t-test for unpaired comparisons with Bonferroni correction for post
hoc analysis as appropriate. P values less than 0.05 were regarded to denote statistical
significance.
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Results

Effects of E. coli and P. gingivalis LPS on IL-6 production in PDL cells
Stimulation with E. coli LPS (1 µg/ml) for 24 h increased mRNA for IL-6 by 4 to 5 times,
while, on the other hand, P. gingivalis LPS, administered at the same concentration (1 µg/ml),
had no effect on PDL cell IL-6 mRNA expression (Fig. 1A). A similar pattern was observed
for another important cytokine, the chemokine monocyte chemoattractant protein-1 (MCP-1)
as well, i.e. stimulation with E. coli LPS (1 µg/ml) for 24 h increased MCP-1 mRNA by about
4 times, while P. gingivalis LPS (1 µg/ml) had no effect (Fig. 1B). Treatment with 1 µg/ml E.
coli LPS for 24 h increased IL-6 protein concentration by about 30 times in PDL cells (Fig.
2), while, on the contrary, P. gingivalis LPS (1 µg/ml) had no effect on PDL cell IL-6
production confirming the mRNA data (Fig. 2). Treatment with E. coli LPS (1 µg/ml) for a
longer time period (72 h) also increased IL-6 protein production, while treatment with P.
gingivalis LPS (5 µg/ml) had no effect (Fig. 3).

The E. coli LPS-induced (1 µg/ml) increase in PDL cell IL-6 protein production at 24 h was
attenuated by about 30% by the non-selective NOS blocker L-NAME (100 µM), while, on the
other hand, E2, administered in a high but still physiological concentration (100 nM), had no
effect (Fig. 2). The selective iNOS blocker aminoguanidine (10µM) had no effect on E. coli
LPS-induced IL-6 (Fig. 2). The glucocorticoid dexamethasone (1 µM) completely abolished
the PDL cell IL-6 production induced by 1 µg/ml E. coli LPS (Fig. 4).

Expression of TLR2 and TLR4 in PDL cells
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E. coli LPS acts via TLR4, while P. gingivalis LPS is reported to act as an agonist for TLR2
and antagonist for TLR4 [7,8]. In order to assess if the effects of E. coli and P. gingivalis LPS
on IL-6 correlate with differences in TLR2 and TLR4 expression, quantitative real-time PCR
for TLR2 and TLR4 was performed in PDL cells using primers with identical efficiency. We
show that PDL cells express about 12 times higher levels of TLR2 mRNA than TLR4 mRNA
(Fig. 5). The expression levels of TLR2 and TLR4 were not affected by 24 h treatment with
either E. coli or P. gingivalis LPS (1 µg/ml for both types of LPS, data not shown).

Effects of E. coli and P. gingivalis LPS on IL-6 production in HUVEC endothelial cells
Treatment with E. coli LPS (1 µg/ml) for 24 h had no effect on IL-6 concentration in human
HUVEC umbilical vein endothelial cells (0.019±0.002 pg/µg protein in LPS-treated cells vs.
0.012±0.002 pg/µg protein in control cells, n=4 in each group). Stimulation with P. gingivalis
LPS for 24 h had no effect on HUVEC IL-6 protein concentration neither at 1 (0.078±0.005
pg/µg protein in LPS-treated vs. 0.086±0.006 pg/µg protein in control cells, n=4 in each
group) nor at 5 µg/ml (0.082±0.003 pg/µg protein in LPS-treated vs. 0.086±0.006 pg/µg
protein in control cells, n=4 in each group). Treatment with P. gingivalis LPS (1 and 5 µg/ml)
for a longer time period (72 h) had no effect on IL-6 (data not shown).

Effects of E. coli and P. gingivalis LPS on IL-6 production in THP-1 monocytes
Effects of E. coli and P. gingivalis LPS on IL-6 production in human THP-1 monocytes were
determined for positive control. Treatment with 1 µg/ml E. coli LPS or 1 µg/ml P. gingivalis
LPS for 24 h increased IL-6 protein by about 80 and 6 times, respectively (Fig. 6), showing
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that monocytes produce IL-6 in response to stimulation with E. coli LPS as well as P.
gingivalis LPS.
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Discussion

Here we show that E. coli LPS stimulates IL-6 production several fold in human PDL cells.
On the other hand, LPS from P. gingivalis has no effect on PDL cell IL-6 production,
suggesting that LPS derived from E. coli is a more powerful stimulator of PDL cell IL-6
production than LPS from P. gingivalis. Our data confirm those by Jones et al. [21] showing
that E. coli LPS causes a much more powerful stimulation of IL-6 than P. gingivalis LPS in
mouse gingival fibroblast cell line ESK-1 cells. Interestingly, Morandini et al. [22] show
recently that stimulation with P. gingivalis LPS (the same LPS, from InvivoGen, as the one
used by us in the present study), administered in the same concentration (1 µg/ml) and for the
same time (1-24 h) as in our study, has no effect on IL-6 expression, neither on mRNA nor on
protein levels, in PDL cells and gingival fibroblasts from the same donors. Indeed, Morandini
et al. [22] demontrate that a high concentration (10 µg/ml) of P. gingivalis LPS promotes
PDL cell IL-6 expression but only on the protein level and not on the mRNA level. Taken
together these data strongly suggest that P. gingivalis LPS is a weak stimulator of IL-6
production both in PDL cells and gingival fibroblasts. E. coli LPS acts via TLR4, while P.
gingivalis LPS is reported to act as an agonist for TLR2 and antagonist for TLR4 [7,8]. Here,
we show that PDL cells express much higher levels of TLR2 than TLR4 mRNA, suggesting
that the mechanism behind the differential effects of E. coli and P. gingivalis LPS is not
associated with differences in TLR subtype expression but involves mechanisms down-stream
of the TLRs. However, we cannot rule out the possibility that the differential response to E.
coli and P. gingivalis LPS may involve differences in receptor-affinity for these two types of
LPS.
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Furthermore, our data show that E. coli LPS stimulates IL-6 production in PDL cells but not
in HUVEC endothelial cells, suggesting that E. coli LPS acts in a cell type specific manner.
HUVEC endothelial cells are widely used studying human endothelial cell physiology and
pathophysiology. Indeed, Makó et al. [23] have recently shown that LPS is a poor stimulator
of IL-6 in HUVECs probably due to the cellular localization of TLR4. These authors show
that endothelial cell TLR4 is mainly localized to the Golgi apparatus. We used human THP-1
monocytes for positive control showing that both E. coli LPS and P. gingivalis LPS stimulate
IL-6 production in these cells. Thus, the periodontopathogen P. gingivalis stimulates
production of IL-6 by monocytes but not by PDL cells or endothelial cells.

We show in the present study that the NOS blocker L-NAME, blocking all three isoforms of
NOS, but not the selective iNOS blocker aminoguanidine, reduces partially E. coli LPSinduced IL-6 production in PDL cells, suggesting that the signaling pathway involves NO
formed via eNOS and/or nNOS rather than via iNOS. L-NAME was used in a concentration
(100 µM) that inhibits all NOS isoforms and aminoguanidine in a concentration (10 µM) that
is equivalent to its IC50 concentration for iNOS [19]. Our results suggesting that eNOS but not
iNOS may be involved in E. coli LPS-induced PDL cell IL-6 production are supported by
findings by Kikuiri et al. [24] showing that human PDL cells express eNOS but not iNOS as
demonstrated both on mRNA and protein levels. The nNOS isoform is primarily expressed in
neuronal tissues making it less likely that this NOS isoform is involved [14]. Here, we show
that the attenuation of PDL cell IL-6 production by L-NAME is small compared to that of the
glucocorticoid dexamethasone which totally prevents E. coli LPS-induced IL-6. Indeed,
Jönsson et al. [25] have previously observed that E. coli LPS-induced GROα chemokine
production is abolished by dexamethasone in PDL cells. Taken together, these data suggest
that both IL- 6 and GROα chemokine expression in PDL cells is sensitive to glucocorticoid
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treatment. Glucocorticoids are supposed to exert their anti-inflammatory effects by inhibiting
NF-κB transcriptional effects [26]. Thus, it is reasonable to conclude that transcription of the
IL-6 gene in PDL cells stimulated by E. coli LPS involves NF-κB since dexamethasone fully
prevents E. coli LPS-induced IL-6.

Estrogen (17β-estradiol, E2) has been reported to modulate inflammation and immune
responses [9]. In the present study E2 failed to prevent E. coli LPS-induced IL-6 in PDL cells,
suggesting that estrogen modulates inflammation via another mechanism. In order to detect
any possible effect of E2 we used a high but still physiological concentration of E2, i.e. 100
nM [18]. The lack of effect of E2 on E. coli-induced IL-6 observed in the present study
confirms data reported by Jönsson et al. [27] showing that both acute (24 h) and chronic (72
h) treatment with 100 nM E2 has no effect on IL-6 production in human PDL cells stimulated
by E. coli LPS.

In conclusion, we show that E. coli LPS, but not P. gingivalis LPS, is a powerful stimulator of
PDL cell IL-6 production through a glucocorticoid-sensitive pathway, and that combined
treatment with E. coli LPS and the non-selective NOS blocker L-NAME reduces E. coli LPSinduced IL-6, suggesting that E. coli LPS acts, at least partially, through stimulation of NO
formation. Furthermore, we show that both P. gingivalis and E. coli LPS enhance IL-6
production several fold in monocytes, while they have no effect on IL-6 in endothelial cells,
suggesting a cell type specific mechanism.
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Figure legends

Fig. 1. Stimulation with E. coli LPS (1 µg/ml) but not P. gingivalis (PG) LPS (1 µg/ml) for 24
h increases mRNA for (A) IL-6 and (B) MCP-1 in human PDL cells. Values are means ±
S.E.M. of 6 observations in each group. * and *** represent P<0.05 and P<0.001. N.S. = not
significant.

Fig. 2. E. coli LPS-induced PDL cell IL-6 protein production is reduced by the non-selective
NO synthase blocker L-NAME. Human PDL cells were stimulated for 24 h with E. coli or P.
gingivalis (PG) LPS (1 µg/ml) in the absence or presence of L-NAME (100µM), 17βestradiol (E2, 100 nM) or the inducible NO synthase blocker aminoguanidine (AG, 10µM).
IL-6 content was normalized to total protein concentration in each sample. Values are means
± S.E.M. of 4-12 observations in each group. * and *** represent P<0.05 and 0.001,
respectively. N.S. = not significant.

Fig. 3. Treatment with 1 µg/ml E. coli LPS but not 5 µg/ml P. gingivalis (PG) LPS for 72 h
increases IL-6 protein production in human PDL cells. IL-6 content was normalized to total
protein concentration in each sample. Values are means ± S.E.M. of 4 observations in each
group. ** represents P<0.01. N.S. = not significant.

Fig. 4. The glucocorticoid dexamethasone (Dexa, 1 µM) abolishes completely PDL cell IL-6
protein production induced by 1 µg/ml E. coli LPS at 24 h. IL-6 content was normalized to
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total protein concentration in each sample. Values are means ± S.E.M. of 5 observations in
each group. ** and *** represent P<0.01 and P<0.001, respectively. N.S. = not significant.

Fig. 5. Human PDL cells express about 12 times higher levels of TLR2 mRNA than TLR4
mRNA. Values are means ± S.E.M. of 6 observations in each group. *** represents P<0.001.

Fig. 6. Stimulation with E. coli or P. gingivalis (PG) LPS (1 µg/ml for both E. coli and P.
gingivalis LPS) for 24 h enhances IL-6 protein production by about 80 and 6 times,
respectively in human THP-1 monocytes used for positive control. IL-6 content was
normalized to total protein concentration in each sample. Values are means ± S.E.M. of 5
observations in each group. * and *** represent P<0.05 and P<0.001, respectively.
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