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Periodontitis is a complex chronic

infectious disease that leads to destruc-

tion of the tooth- supporting tissues,

including alveolar bone, and may

eventually result in tooth loss. The

disease develops as a result of the host-

mediated inflammatory response to a

pathogenic microflora residing in perio-

dontal pockets (1,2).

Bacterial species that have been

associated with periodontitis include

Porphyromonas gingivalis, Tannerella

forsythia, Treponema denticola and

Aggregatibacter actinomycetemcomitans.

P. gingivalis is recognized as a major

etiologic agent (3–6); it is a gram-

negative anaerobic rod that possesses a

number of virulence factors, including
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Background and Objective: Porphyromonas gingivalis is an oral pathogen strongly

associated with destruction of the tooth-supporting tissues in human periodontitis.

Gingival fibroblasts (GF) and periodontal ligament fibroblasts (PDLF) are

functionally different cell types in the periodontium that can participate in the host

immune response in periodontitis. This study aimed to investigate the effects of

viable P. gingivalis on the expression of genes associated with inflammation and

bone degradation by these fibroblast subsets.

Material and Methods: Primary human GF and PDLF from six healthy donors

were challenged in vitro with viable P. gingivalis W83 for 6 h. Gene expression of

inflammatory cytokines in GF and PDLF was analyzed using real-time PCR, and

protein expression was analyzed using ELISA.

Results: Viable P. gingivalis induced a strong in vitro inflammatory response in

both GF and PDLF. We found increased gene expression of interleukin (IL)-1b,
IL-6, IL-8, tumor necrosis factor-a, monocyte chemotactic protein-1 and regulated

upon activation, normal T-cell expressed and secreted (RANTES). Macrophage

colony-stimulating factor was induced and the expression of osteoprotegerin was

decreased in GF, but not in PDLF. In nonchallenged cells, a higher level of

expression of IL-6 was observed in GF than in PDLF. Between individual donors

there was large heterogeneity in responsiveness to P. gingivalis. Also, in each

individual, either GF or PDLF was more responsive to P. gingivalis.

Conclusion: Considerable heterogeneity in responsiveness to P. gingivalis exists

both between GF and PDLF and between individuals, which may be crucial

determinants for the susceptibility to develop periodontitis.
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lipopolysaccharide, fimbriae, capsule

polysaccharide and cysteine proteases

(7). Besides the presence of P. gingivalis

or other periodontopathic bacteria,

also other factors play a role in the

onset and progression of perio-

dontitis; these include genetic sus-

ceptibility, systemic diseases and

environmental factors such as smoking

and stress (8).

Among the different cell types in the

periodontium that may be involved in

the host immune-response in perio-

dontitis are gingival fibroblasts (GF),

and periodontal ligament fibroblasts

(PDLF). Gingival fibroblasts are con-

nective-tissue cells that are located in

the gingiva apical to the gingival epi-

thelium. Periodontal ligament fibro-

blasts are present in the periodontal

ligament, the tissue that anchors the

teeth to the alveolar bone. They play

an important role in the homeostasis of

the periodontal ligament and in alveo-

lar bone remodelling (9–11). In perio-

dontitis, GF and PDLF may be

involved in the regulation of osteoclast

formation and activity by producing

osteoclast-stimulating and osteoclast-

inhibiting cytokines (12–15).

Although GF and PDLF are spa-

tially located not far apart and have a

similar spindle-shaped phenotype

in vitro, they belong to different perio-

dontal tissues and have distinct func-

tional characteristics. As shown by

Fujita and co-workers (16), the two cell

types have different gene expressions of

apolipoprotein D, and major histo-

compatibility complex-DR-a and -b
in vitro. Furthermore, PDLF, but not

GF, are known to express high levels

of the enzyme tissue nonspecific alka-

line phosphatase (ALP), an indicator

for the osteoblast-like nature of PDLF

(17). Differences have also been shown

at the transcriptional level by micro-

array analyses, which revealed different

gene-expression patterns in GF and

PDLF (18).

Also, GF and PDLF have been

suggested to play different roles in the

regulation of osteoclast formation. We

have previously shown (19) that GF

are more able to inhibit osteoclast

formation than PDLF, possibly

through the production of osteopro-

tegerin (OPG). This correlated well

with a study in which stimulation with

interleukin (IL)-1a caused a stronger

increase in OPG gene expression in GF

than in PDLF, and suggested that this

response was regulated by different

protein kinases in the two cell types

(20). In a study by Yashiro and

co-workers (21), GF expressed more

IL-11, a stimulator of osteoclast

formation in vitro (22), than PDLF

when stimulated with transforming

growth factor-b.
As GF and PDLF have different

functional characteristics, their role in

the inflammatory process in periodon-

titis may also be different. Both cell

types respond to P. gingivalis virulence

factors by increasing the expression of

IL-6, IL-1b, IL-8, RANKL, OPG,

tumor necrosis factor-a (TNF-a),
prostaglandin E2 and several matrix

metalloproteinases (23–29). Moreover,

GF can alter the expression of Toll-like

receptors on their cell surface in

response to P. gingivalis lipopoly-

saccharide (30). P. gingivalis can also

influence the viability of GF and

induce both pro-apoptotic and anti-

apoptotic genes in GF (31,32).

Although virulence factors of

P. gingivalis have been extensively

studied, the effect of viable P. gingiva-

lis cells on GF and PDLF remains

relatively unknown. In the in vivo sit-

uation, P. gingivalis express a whole

subset of virulence factors that may

interact with and stimulate host cells in

a different way than a single virulence

factor.

The present study therefore aimed to

compare cytokine responses by GF

and PDLF upon challenge by viable

P. gingivalis. We hypothesized that

viable P. gingivalis are potent stimula-

tors of host cells. We also hypothesized

that GF and PDLF would respond to

P. gingivalis by initiating an inflam-

matory response that might be differ-

ent between GF and PDLF. We

focussed on alterations in the gene

expression and in the production of

several cytokines involved in different

aspects of the regulation of bone

metabolism, namely: the pro-inflam-

matory cytokines IL-6, IL-1b, TNF-a,
RANKL and macrophage colony-

stimulating factor (M-CSF) that acti-

vate quiescent osteoclasts or induce

osteoclast differentiation; the chemo-

kines IL-8, monocyte chemotactic

protein-1(MCP-1) and regulated upon

activation, normal T-cell expressed and

secreted (RANTES) that can attract

osteoclast precursor cells; and OPG, an

inhibitor of osteoclast formation (15).

In the present paper we show that there

are functional differences between GF

and PDLF in their response to viable

P. gingivalis.

Material and methods

Bacterial strains and culture

P. gingivalis W83 was cultured anaer-

obically (80% N2, 10% H2, 10% CO2),

until log growth-phase was reached, in

brain–heart infusion broth enriched

with hemin (5 mg/L) and menadione

(1 mg/L). Bacterial cultures were

checked for purity by Gram staining.

Viable P. gingivalis were harvested

from liquid culture by centrifugation.

Bacterial pellets were washed twice in

sterile phosphate-buffered saline and

resuspended in antibiotic-free Dul-

becco�s minimal essential medium

(DMEM; Gibco BRL, Paisley, UK)

containing 10% fetal calf serum (FCS)

(HyClone, Logan, UT, USA). The

optical density was measured at

690 nm to establish the number of

colony-forming units. To obtain dead

bacteria, liquid cultures were heat

inactivated at 60�C for 1 h before

harvesting the bacteria. Heat-killed

bacteria did not grow on blood-agar

plates, but remained intact, as shown

with Gram staining.

Fibroblasts

The GF and PDLF were obtained

from erupted third molars extracted

from six healthy donors (one man, five

women, 16–31 years of age, mean age

22.5 years). One donor was a current

smoker and five donors had never

smoked. Donors had given written in-

formed consent, and the study was

approved by the VUmc Medical Ethi-

cal committee. Donors were perio-

dontally healthy and no alveolar bone

loss was observed on X-rays. Donors

did not suffer from systemic diseases

and female donors were not pregnant.
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The GF were recovered by collecting

free gingiva-remains from the tooth

using a scalpel. The PDLF were

recovered by scraping exclusively the

middle third of the root using a scalpel.

Tissue samples were washed twice in

DMEM supplemented with 10% FCS

and 2% antibiotics (100 U/mL of

penicillin, 100 lg/mL of streptomycin

and 250 ng/mL of amphotericin B;

Antibiotic antimycotic solution; Sig-

ma, St Louis, MO, USA), and cultured

in DMEM containing 10% FCS and

2% antibiotics, in a humidified atmo-

sphere with 5% CO2 at 37�C. Cells

were stored frozen in liquid nitrogen at

passage 4. Experiments were per-

formed with cells from passages 5–7.

As PDLF are known to express

higher levels of ALP than GF (17), we

analyzed the ALP expression in non-

challenged GF and PDLF from all

donors; in all donors the ALP levels

were higher in PDLF than in GF

(p = 0.0313).

Bacterial challenge

The GF and the PDLF were seeded

into 24-well plates and subsequently

grown until subconfluent in 0.5 mL of

antibiotic-free DMEM containing

10% FCS. Bacteria were added to

fibroblast cultures at concentrations of

1 · 106/mL (multiplicity of infection

50 : 1), 2 · 106/mL (100 : 1), 6 · 106/

mL (300 : 1), 1 · 107/mL (500 : 1),

2 · 107/mL (1000 : 1) and 2 · 108/mL

(10,000 : 1). Only DMEM with 10%

FCS was added to control GF and

PDLF (nonchallenged).

PCR analysis with primers specific

for P. gingivalis (33), modified for

Lightcycler� 480 (Roche Diagnostics,

Indianapolis, IN, USA), showed that

at concentrations of 2 · 107 and

2 · 108 bacteria/mL, about 10% of

bacteria were in contact with fibro-

blasts while the rest remained in the

supernatant. Infected GF and PDLF

cultures were incubated for 6 h in a

humidified aerobic atmosphere with

5% CO2 at 37�C. Hereafter, fibroblast

morphology was checked for abnor-

malities or cell detachment using

phase-contrast microscopy (Olympus

CK2; Olympus, Tokyo, Japan) (Fig.

S1A). Viability of fibroblasts was tes-

ted using the Trypan Blue exclusion

test of cell viability. The bacterial

challenge did not affect the viability of

the fibroblasts. Viability of bacteria

had not decreased after 6 h of anaer-

obic culture (Fig. S1B).

After bacterial challenge, fibroblast

cultures were placed on ice and the

supernatant (conditioned medium) was

harvested for protein assays and stored

at )20�C. Subsequently, fibroblasts

were immediately washed twice with

cold (4�C) Hank�s buffered saline

solution (Gibco BRL) and lysis buffer,

as supplied with the RNeasy Mini Kit

for RNA extraction (Buffer RLT;

Qiagen, Hilden, Germany), supple-

mented with b-mercaptoethanol, was

added to the fibroblasts. Then, RNA

was isolated. Experiments were per-

formed in quadruplicate.

mRNA expression

Fibroblast mRNA was isolated using

the Qiagen RNeasy Mini Kit for RNA

extraction. The mRNA concentration

was measured using a Nanodrop

spectrophotometer (NanoDrop Tech-

nologies; Thermo-Fischer Scientific,

Wilmington, DE, USA). mRNA was

reverse-transcribed to complementary

DNA (cDNA) using the MBI Fer-

mentas cDNA synthesis kit (Fermen-

tas, Vilnius, Lithuania) with both the

Oligo(dT)18 and the D(N)6 primers.

Real-time PCR primers for IL-1b,
IL-6, IL-8, TNF-a, MCP-1, RANTES,

M-CSF, OPG, RANKL and the

housekeeping genes b2-microglobulin

and porphobilinogen deaminase, were

designed using PRIMER EXPRESS soft-

ware, version 2.0 (Applied Biosystems,

Foster City, CA, USA) (Table 1) (19),

or ordered from Applied Biosystems

(RANKL; assay ID Hs00243522-m1).

To avoid amplification of genomic

DNA, each amplicon spanned at least

one intron. The external standard

curve used in the PCR reactions was a

mixture of bone extract cDNA,

peripheral blood mononuclear cell

cDNA, GF and PDLF cDNA, and the

quantitative PCR human reference

total RNA (Stratagene, La Jolla, CA,

USA). Real-time PCR was performed

Table 1. Real-time PCR primer sequences

Gene primer

sequences Gene ID ensembl

Primer sequences

5¢–3¢ Forward 5¢–3¢ Reverse

IL-1b 00000125538 CTTTGAAGCTGATGGCCCTAAA AGTGGTGGTCGGAGATTCGT

IL-6 00000136244 GGCACTGGCAGAAAACAACC GGCAAGTCTCCTCATTGAATCC

IL-8 00000169429 GGCAGCCTTCCTGATTTCTG CTGACATCTAAGTTCTTTAGCACTCCTT

TNF-a 00000206439 CCCAGGGACCTCTCTCTAATCA GCTTGAGGGTTTGCTACAACATG

MCP-1 00000108691 CAGCCAGATGCAATCAATGC TGCTGCTGGTGATTCTTCTATAGCT

RANTES 00000161570 CATCTGCCTCCCCATATTCCT TGCCACTGGTGTAGAAATACTCCTT

M-CSF 00000184371 CCGAGGAGGTGTCGGAGTAC AATTTGGCACGAGGTCTCCAT

OPG 00000164761 CTGCGCGCTCGTGTTTC ACAGCTGATGAGAGGTTTCTTCGT

ALP 00000162551 GCTTCAAACCGAGATACAAGCA GCTCGAAGAGACCCAATAGGTAGT

RANKL 1. 00000120659 CATCCCATCTGGTTCCCATAA GCCCAACCCCGATCATG

b2 microglobulin 00000166710 AAGATTCAGGTTTACTCACGTC TGATGCTGCTTACATGTCTCG

PBGD 00000149397 TGCAGTTTGAAATCATTGCTATGTC AACAGGCTTTTCTCTCCAATCTTAGA

ALP, alkaline phosphatase; IL, interleukin; MCP-1, monocyte chemotactic protein-1; M-CSF, macrophage colony-stimulating factor; OPG,

osteoprotegerin; PBGD, porphobilinogen deaminase; RANTES, regulated upon activation, normal T-cell expressed and secreted; TNF-a,
tumor necrosis factor-a.
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on the ABI PRISM 7000 (Applied

Biosystems). Reactions were per-

formed with 2 ng of cDNA in a total

volume of 8 lL containing SYBR

Green PCR Master Mix, consisting of

SYBR Green I Dye, AmpliTaq Gold

DNA polymerase, deoxyribonucleo-

tide triphosphates with deoxyuridine

triphosphate instead of deoxythymi-

dine triphosphate, passive reference

and buffer (Applied Biosystems) and

0.99 pM of each primer. After an

activation step with the AmpliTaq

Gold DNA polymerase for 10 min at

94�C, 40 cycles were run of a two-step

PCR consisting of a denaturation step

at 95�C for 30 s and an annealing and

extension step at 60�C for 1 min.

Subsequently, the PCR products were

subjected to melting curve analysis to

test if any nonspecific PCR products

were generated. The PCR reactions of

the different amplicons had equal

efficiencies. Samples were normalized

for the expression of the housekeep-

ing genes b2-microglobulin or por-

phobilinogen deaminase, which were

not affected by the experimental

conditions, by calculating the DCt
(Ct housekeeping gene ) Ct gene of interest),

and the expression of different genes

was expressed as 2)(DCt). Fold increase

in gene expression (induction) was

expressed as 2)(D DCt), wherein D
DCt = DCt challenged ) average Ct-va-

lue nonchallenged.

ELISA

ELISAs to determine the protein levels

of IL-6, IL-8, IL-1b and TNF-a were

performed using PeliKine ELISA kits

(Sanquin Blood Supply Foundation,

Amsterdam, the Netherlands), accord-

ing to the manufacturer�s protocol. Be-
fore the ELISAs, conditioned medium

from infected or control fibroblasts was

harvested and centrifuged to pellet any

bacterial remains present. Dilutions

were prepared in dilution buffer sup-

plied with the PeliKine kit. Experiments

were performed in duplicate with undi-

luted and 10 · diluted supernatants.

Statistical analysis

Gene induction was tested using the

Wilcoxon signed rank test (Fig. 1A).

Heterogeneity between donors and

P. gingivalis survival in aerobic culture

(Fig. S1B) were tested using one-way

analysis of variance. Differences be-

tween viable and dead P. gingivalis,

and between GF and PDLF within a

donor (Fig. 2), were tested using the

Student�s t-test; protein levels were

tested using the paired Student�s t-test

(Fig. 3). Differences between nonchal-

lenged GF and PDLF in the expression

of IL-6 (Fig. 1B), OPG and ALP were

tested using Wilcoxon�s matched pairs

test. Tests were performed using

GRAPHPAD PRISM software (version 4,

by MacKiev Software�). Correlations

(Table 2), were calculated using SPSS

15.0 software (SPSS Inc., Chicago, IL,

USA). Differences were considered

significant at p < 0.05.

Results

GF and PDLF respond to viable
P. gingivalis

An initial set of experiments was per-

formed to establish the optimal exper-

imental conditions for using to

challenge GF and PDLF with P. gin-

givalis. The GF and PDLF from two

donors (A and B) were challenged for

6 h with different concentrations of

viable P. gingivalis. P. gingivalis in-

duced an increase in the expression of

the IL-6 gene in GF and PDLF.

Induction of IL-6 gene expression by

P. gingivalis was dose-dependent, and

the responses were statistically signifi-

cant at 2 · 108 bacteria/mL in both

GF (donor A, p < 0.001; donor B,
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Fig. 1. (A) Gene induction of cytokines and chemokines in gingival fibroblasts (GF) (grey)

and in periodontal ligament fibroblasts (PDLF) (black) by Porphyromonas gingivalis at

2 · 108 bacteria/mL after a 6-h challenge. Interleukin (IL)-6, IL-8 and monocyte chemotactic

protein-1 (MCP-1) were significantly induced in both GF (p = 0.0156 for all three genes)

and PDLF (p = 0.0156 for all three genes). IL-1b and regulated upon activation, normal T-

cell expressed and secreted (RANTES) appear to be induced in GF and PDLF in four

donors, but induction was not significant, and in two donors a fold-increase could not be

calculated. In GF (n = 6), macrophage colony-stimulating factor (M-CSF) was slightly

induced (p = 0.0313) and osteoprotegerin (OPG) was down-regulated (p = 0.0156). Bars

represent the medians + interquartile range of the average induction levels of six donors

from two independent bacterial challenge experiments performed in duplicate. The asterisks

indicate significant induction by P. gingivalis. (B) mRNA expression of IL-6 (relative to the

housekeeping gene) in nonchallenged GF and PDLF. IL-6 is expressed more highly in

nonchallenged GF than in nonchallenged PDLF (p = 0.0313). The bars represent the means

of two independent experiments performed in duplicate.
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p < 0.001) and PDLF (donor A,

p < 0.05; donor B, p < 0.01).

To investigate whether viable bac-

teria are more potent stimulators of

fibroblasts than dead bacteria, GF

and PDLF from the same two donors

were challenged with viable or heat-

killed P. gingivalis. Viable P. gingiva-

lis appeared to induce higher

responses than heat-killed P. gingivalis

for IL-6 gene expression in GF (do-

nor A: 8-fold vs. 4-fold, p < 0.0035;

donor B: 45-fold vs.19-fold, p =

0.056), and for IL-8 gene expression

in GF (donor A: 256-fold vs. 38-fold,

p < 0.0001; donor B: 1700-fold vs.

400-fold, p = 0.0135) and in PDLF

(donor B: 690-fold vs. 51-fold,

p < 0.0001).

Gene expression in GF and PLDF

All GF and PDLF responded to

P. gingivalis challenge by increasing

the gene expression of most cytokines

measured (Fig. 1A), but the scale of

the responses varied greatly among the

six donors. For example, the induction

of IL-8 gene expression varied between

160-fold and 4000-fold in GF

(p < 0.0001) and between 100-fold

and 3100-fold in PDLF (p = 0.0017)

(Fig. 2B). Despite this heterogeneity,

several overall trends were observed.

Expression of the IL-6 gene was

clearly induced by P. gingivalis in GF

(40-fold, p = 0.0156) as well as in

PDLF (40-fold, p = 0.0156) (Fig. 1A).

Interestingly, expression of the IL-6

gene in nonchallenged fibroblasts was

higher in GF than in PDLF

(p = 0.0313) (Fig. 1B), whereas the

other cytokines were expressed at sim-

ilar levels in nonchallenged GF and

PDLF.

Gene expression of IL-8 was

strongly induced in GF (870-fold,

p = 0.0156) and in PDLF (1170-fold,

p = 0.0156), and MCP-1 was induced

in GF (18-fold, p = 0.0156) and in

PDLF (20-fold, p = 0.0156). IL-1b
and RANTES appeared to be induced,

but not significantly, in GF (18-fold

and 55-fold respectively) and in PDLF

(20-fold and 32-fold respectively) of

four donors (Fig. 1A), and in two

donors, RANTES and IL-1b mRNA

could only be detected after challenge.

The inductions were significant in each

donor when analyzed separately. M-

CSF was moderately induced in GF,

but not in PDLF, by about two-fold

(p = 0.0313). In both GF and PDLF,

RANKL was not detectable either

before or after challenge with P. gin-

givalis.

As IL-1b, IL-6 and IL-8 are induced

via a common pathway, indicating

activation of nuclear factor-kappaB

pathway (34), we analysed whether

their expression levels in challenged

and nonchallenged GF and PDLF

were correlated by calculating Pear-

son�s correlation coefficient. The

expression of all three genes was

strongly correlated in GF and PDLF,

with correlation coefficients close to 1

(Table 2). In both GF and PDLF,

correlation was strongest between IL-6

and IL-8.

In nonchallenged fibroblasts, OPG

tended to be expressed slightly more

highly in GF than in PDLF

(p = 0.0625). After bacterial chal-

lenge, OPG was down-regulated in

GF, but in PDLF no clear responses

could be measured (Fig. 1A). TNF-

aexpression was detectable only after

bacterial challenge in both GF and

PDLF, and not in nonchallenged cells

(data not shown).

GF and PDLF respond differently to
viable P. gingivalis

As the cytokine responses to P. gingi-

valis challenge varied in strength
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Fig. 2. (A) Interleukin (IL)-6 induction by Porphyromonas gingivalis (after a 6-h challenge)

in gingival fibroblasts (GF) and periodontal ligament fibroblasts (PDLF) from all donors

analyzed separately. (B) IL-8 induction by P. gingivalis (after a 6-h challenge) in GF and

PDLF from all donors analyzed separately. In all donors the responses between GF

and PDLF differed in strength; the asterisks indicate significant differences between GF and

PDLF; # indicates a trend (p = 0.0943). Bars represent the mean + standard error of the

mean of triplicate measurements from one of two independent experiments with similar

results.
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between fibroblasts from the six

donors, we also compared the

responses of fibroblasts from each

donor separately. It appeared that in

each donor, a substantial difference

existed between the IL-6 and IL-8

gene-expression responses in GF and

PDLF. Either GF or PDLF responded

more strongly upon stimulation with

P. gingivalis (Fig. 2A,B).

Protein secretion

To establish whether the altered gene

expression of cytokines also resulted in

increased protein secretion, culture

supernatants of challenged and non-

challengedGFandPDLFwereanalyzed

for the presence and level of IL-1b, IL-6,
IL-8 and TNF-a. The IL-1b protein

levels were elevated in P. gingivalis-

challenged GF compared with nonchal-

lenged GF (p = 0.0120) and PDLF

(p = 0.0212) (Fig. 3A). Surprisingly,

the IL-6 protein levels appeared to be

decreased in the supernatant of chal-

lenged cells (Fig. 3B). To investigate if

the decrease in IL-6 protein levels in

supernatants from challenged fibro-

blasts was caused by degradation by

viable P. gingivalis, we analyzed the

supernatants of GF and PDLF chal-

lenged with heat-killed bacteria for the

presence of IL-6. Dead P. gingivalis

induce IL-6 gene expression in GF and

PDLF, but bacteria-related release of

proteases does not occur (28). The IL-6

protein levels were higher in superna-

tants collected from GF stimulated

with dead P. gingivalis (p = 0.0495)

and appeared to be slightly incre-

ased in PDLF challenged with dead

P. gingivalis, indicating that IL-6 was

indeed degraded by viable P. gingivalis.

The IL-8 protein levels were elevated

in challenged PDLF (p = 0.0356) and

also somewhat, although not signifi-

cantly, in GF. Again, heterogeneity

existed between donors. Donors who

produced the strongest induction of the

IL-8 gene in response to P. gingivalis

also showed the highest elevations in

protein levels; induction values in IL-8

gene expression and secreted protein

levels strongly correlated in both GF

(Spearman�s rho 0.761, p = 0.004)

and PDLF (rho = 0.802, p = 0.002).

Corresponding with gene expression,

IL-6 protein levels were higher in non-

challenged GF than in PDLF

(p = 0.0147, Fig. 3B). TNF-a could

not be detected in challenged and non-

challenged fibroblasts using ELISA.

Discussion

The aim of this study was to investigate

responses of GF and PDLF to

P. gingivalis. To study these responses,
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Fig. 3. (A) The levels of secreted interleukin (IL)-1b, IL-6 and IL-8 in culture supernatant

from gingival fibroblasts (GF) and periodontal ligament fibroblasts (PDLF) challenged with

Porphyromonas gingivalis (Pg) for 6 h or nonchallenged. The levels of IL-1b were elevated

upon challenge with P. gingivalis in GF (p = 0.0120) and PDLF (p = 0.0212). The levels of

IL-6 protein were decreased in challenged comparedwith nonchallengedGF (p = 0.0003) and

PDLF (p = 0.0111). IL-8 was elevated in PDLF (p = 0.0356). Asterisks indicate significant

differences between challenged and nonchallenged cells. Nonchallenged GF secrete more IL-6

than nonchallenged PDLF (p = 0.0147). Bars represent the means + standard error of the

mean (SEM) of duplicate measurements in undiluted samples and 10 · diluted samples from

GF and PDLF (n = 6) in two experiments. (B) The levels of secreted IL-6 protein from

nonchallenged GF and PDLF, or from GF and PDLF challenged for 6 h with either viable

P. gingivalis or dead P. gingivalis. IL-6 levels were elevated upon challenge with dead

P. gingivalis in GF (p = 0.0495), and appeared to be slightly elevated in PDLF in comparison

with nonchallenged cells. Bars show means + SEM of duplicate measurements from GF and

PDLF from two donors in two experiments. Asterisks indicate significant differences.

Table 2. Correlation among interleukin (IL)-6, IL-8 and IL-1b gene expression between

gingival fibroblasts (GF) and periodontal ligament fibroblasts (PDLF)

Correlations IL-6 + IL-8 IL-6 + IL-1b IL-8 + IL-1b

GFa Pearson�s r 0.956 0.94 0.866

p-value < 0.001 < 0.001 < 0.001

PDLFa Pearson�s r 0.931 0.813 0.926

p-value 0.001 < 0.001 < 0.001

aCorrelations were calculated from the average gene-expression levels from nonchallenged

and challenged fibroblasts from six donors in at least duplicate measurements from two

independent experiments.
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we used an in vitro infection model in

which primary human GF and PDLF

were challenged with P. gingivalis

W83, which represents the virulent K1

serotype (35–37).

This study, and earlier work by

Zhou and co-workers (23), showed

that the scale of the responses of GF

and PDLF to P. gingivalis varies

strongly between individuals. Because

it is possible that heterogeneity is

caused by the host genetic background

of the cells, we compared GF and

PDLF that were collected from the

same donor.

To stimulate GF and PDLF we used

viable bacteria, hypothesizing that

viable bacteria are stronger stimulators

of host cells than dead bacteria.

Moreover, viable bacteria contain a

complete subset of virulence factors.

Previously it has been shown that

viable P. gingivalis induce cytokine

responses in monocytes and macro-

phages that are different from those

induced by purified lipopolysaccharide

or by the major fimbrial protein FimA

(38–40). In the present study, viable

P. gingivalis indeed induced stronger

IL-6 and IL-8 gene-expression re-

sponses in GF and PDLF than dead

bacteria. But even with viable P. gin-

givalis, a relatively high concentration

of bacteria was needed to elicit clear

responses in GF and PDLF. This may

be a result of the fact that only about

10% of bacteria were able to come into

contact with the fibroblasts in the

experimental set up used. Also,

P. gingivalis might not be a very potent

immunogen; A. actinomycetemcomi-

tans, for example, was recently shown

to be a stronger stimulator of dendritic

cells than P. gingivalis (41). Moreover,

GF and PDLF are not antigen-recog-

nizing cells such as macrophages or

dendritic cells.

A main clinical symptom of peri-

odontitis is resorption of the alveolar

bone. Therefore, we analyzed a series

of cytokines known to be involved in

osteoclastogenesis and bone resorp-

tion. In both GF and PDLF, gene

expression of IL-6, IL-8, TNF-a
and MCP-1 increased in response

to P. gingivalis, whereas OPG gene

expression decreased in GF. RANTES

and IL-1b gene expression also

appeared to be induced in all six do-

nors, but statistical significance was

not reached. These findings are in line

with previous data: not only have

P. gingivalis virulence factors been

shown to induce the expression of these

cytokines (25–30,42,43), but Yamam-

oto and co-workers (24) also showed

that viable P. gingivalis can induce IL-

1b, IL-6, IL-8 and TNF-a in PDLF.

The induction of chemokines (IL-8,

RANTES and MCP-1) and osteoclast-

stimulating cytokines (IL-1b, IL-6 and

TNF-a), and the decrease in OPG

expression in GF, strongly suggest that

this response to P. gingivalis can stim-

ulate osteoclast formation and activity.

However, we did not detect RANKL

gene expression in challenged or non-

challenged GF and PDLF, although

Belibasakis and co-workers (28)

showed that the culture supernatant of

P. gingivalis induced RANKL in both

GF and PDLF after 6 h of challenge.

Again, viable P. gingivalis may have a

different effect on host cells than their

excreted proteins alone.

The increase in gene expression of

IL-1b and IL-8 was also expressed by

the elevated secreted protein levels.

However, IL-6 was degraded, probably

by proteases produced by the viable

bacteria. It is likely that TNF-a was

also degraded, and that the protein

levels of IL-1b and IL-8 were under-

estimations, as these are also known to

be susceptible to degradation by

P. gingivalis (44–48). Similarly, Steffen

and co-workers (49) described lower

protein levels of IL-1b, IL-6 and IL-8

in supernatants from GF challenged

with viable bacteria in comparison to

dead P. gingivalis, and demonstrated

that this was the result of proteolytic

breakdown. Although recent research

shows that IL-8 can be degraded very

rapidly by viable P. gingivalis (50), we

found increased IL-8 protein levels

from challenged fibroblasts. However,

in that study (50), gingival epithelial

cells were challenged with P. gingivalis,

and subsequently the medium was re-

moved and viable P. gingivalis were

added to this medium, allowing for

proteolytic breakdown. In our set up

we measured IL-8 production after 6 h

of infection during which both IL-8

production by fibroblasts and IL-8

degradation by proteases can take

place at the same time. As the gene

expression of IL-8 was induced very

strongly by P. gingivalis, the produc-

tion of IL-8 protein was probably high

enough to result in increased protein

levels. Also, the extent of proteolytic

breakdown can be influenced by the

strain of P. gingivalis used, as noted by

Bodet et al. (47).

We not only observed differences

between individuals, but also differ-

ences between GF and PDLF. Non-

challenged GF expressed more IL-6

than PDLF at both mRNA and pro-

tein levels. This may indicate a more

activated state of GF than of PDLF, as

GF are more likely to encounter oral

pathogens.

Nonchallenged GF also expressed

slightly more OPG than PDLF, a find-

ing in line with earlier studies (19,20).

We previously showed that, possibly by

producing more OPG, GF were better

inhibitors of osteoclast formation than

PDLF (19). The OPG down-regulation

we found in GF could mean that upon

bacterial challenge, GF can lose the

ability to inhibit osteoclast formation

and bone resorption.

When donors were analyzed sepa-

rately, we found strong differences be-

tween responses in GF and PDLF in

the gene expression of IL-6 and IL-8.

In four donors, GF were more

responsive than PDLF to P. gingivalis;

and in two donors, PDLF were more

responsive than GF. Whether this dif-

ference in response has any implica-

tions for a person�s susceptibility to

periodontitis remains unclear. As GF

are more likely to encounter P. gingi-

valis or other periodontal bacteria than

PDLF, it seems of biological signifi-

cance that GF would be more respon-

sive. By attracting monocytes and

granulocytes through producing

RANTES and IL-8, they can initiate a

first line of defence. Because PDLF are

located more closely to the alveolar

bone and have an osteoblast-like nat-

ure, their inflammatory response might

affect the regulation of osteoclast for-

mation and activation more explicitly.

Our finding, that viable P. gingivalis

W83 induces inflammatory responses

in both GF and PDLF, suggests

that these cells can be involved in
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inflammation and stimulation of

osteoclast formation in periodontitis.

It is now widely accepted that fibro-

blasts can play important roles in

chronic infections leading to tissue

damage (51,52). Our results show that

considerable heterogeneity exists both

between GF and PDLF and between

individuals, which may be crucial

determinants for their susceptibility to

develop periodontitis.
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6 h challenge with P. gingivalis (middle
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cells was observed before or after chal-

lenge with P. gingivalis. GF and PDLF

from the two donors shown (donor C

and donor D) are representative for GF

and PDLF from all donors. B: Survival

of P. gingivalis after aerobic incubation

in DMEMwith 10% FCS. The number

of viable P. gingivalis (CFUs/mL) does

not decrease after 3 h or 6 h of aerobic

incubation in the same set-up as fibro-

blast challenge experiments. Dots rep-

resent the average CFUs/mL of two

independent experiments performed in

duplicate.
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