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Abstract
Objectives Periodontitis is a highly prevalent chronic inflammatory disease caused by periodontopathogens, such as Filifactor
alocis. This study sought to examine the matrix metalloproteinase (MMP)-1 synthesis by monocytic and fibroblastic cells in
response to F. alocis and to unravel the underlying cellular mechanisms.
Material and methods Gingival biopsies from periodontally healthy and periodontitis individuals were analyzed for the presence
of F. alocis and MMP-1 by RT-PCR. Human gingival fibroblastic (HGF-1) and monocytic (THP-1) cells were stimulated with
F. alocis in the presence and absence of a blocking toll-like receptor (TLR)2 antibody or specific inhibitors against MAPKs.
MMP-1 expression and protein levels were studied by RT-PCR and ELISA, respectively.
Results F. alocis was highly prevalent in biopsies from periodontitis patients but barely present in the healthy gingiva.
Significantly higher MMP-1 expression levels were found in the inflamed gingiva as compared with healthy biopsies.
F. alocis caused a significant and dose-dependent MMP-1 upregulation in both cells. The stimulatory effect of F. alocis on
MMP-1 was TLR2- and MAPK-dependent and more pronounced on THP-1 cells as compared with HGF-1 cells.
Conclusions Our results demonstrate that F. alocis and MMP-1 are more prevalent at periodontitis sites. Additionally, our study
provides original evidence that F. alocis can stimulate MMP-1 production by fibroblastic and monocytic cells, suggesting that
F. alocis may contribute to periodontal breakdown through MMP-1.
Clinical relevance F. alocis and MMP-1 are linked to each other and key players in periodontitis, which may have significant
implications for future diagnostic and treatment strategies.
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Introduction

Periodontitis is a highly prevalent chronic inflammatory dis-
ease driven by a dysbiotic oral microbiota present in the dental

biofilm [1]. It occurs as a result of complex interactions be-
tween the periodontopathic bacteria and the host response.
The pathogenic bacteria along with their components andmet-
abolic products activate the host immune system, resulting in
an increased synthesis and release of proinflammatory medi-
ators as well as tissue proteolytic enzymes such as matrix
metalloproteinases (MMPs). The presence and persistence of
this immunoinflammatory process in the periodontium leads
to the destruction of the tooth-supporting tissues due to irre-
versible degradation of extracellular matrix and resorption of
alveolar bone [1–3]. Periodontitis onset has been associated
with the “classical” periodontopathogens such as
Porphyromonas gingivalis, Tannerella forsythia, Treponema
denticola, Aggregatibacter actinomycetemcomitans, and
Fusobacterium nucleatum [4]. Filifactor alocis, a gram-
positive anaerobic bacterium, has been recognized as another
significant periodontopathogen [5]. F. alocis has been consid-
ered one of the most prevalent pathogens in periodontitis and
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mainly detected in the apical and middle thirds of the peri-
odontal pocket [6]. In addition to the dental biofilm, saliva of
periodontally diseased patients has also been demonstrated to
contain F. alocis [7–9]. F. alocis possesses great resistance to
oxidative stress, which facilitates survival and persistence of
this pathogen in periodontal diseases [5]. F. alocis has been
demonstrated to stimulate periodontal cells to release proin-
flammatory mediators [10, 11]. Moreover, F. alocis in combi-
nation with P. gingivalis has the ability to form a biofilm and
to invade epithelial cells [12]. MMPs are a group of protein-
ases responsible for tissue remodeling and degradation of ex-
tracellular matrix. These proteases also play a key part in
periodontal soft tissue degradation and hard tissue resorption
[13]. MMP-1 is a collagenase and, in addition to its role in
periodontal destruction, is also involved in many physiologi-
cal processes such as embryonic development, reproduction,
tissue remodeling, and pathophysiological conditions [14].
MMP-1 can degrade extracellular matrix such as types I and
III collagen fibers, which are the most common components
of the periodontal tissue matrix [14, 15]. Several studies have
demonstrated increased MMP-1 levels in gingival crevicular
fluid and gingival tissues of periodontitis patients as compared
with periodontally healthy individuals [15–17]. In addition,
MMP-1 levels are significantly reduced after periodontal treat-
ment [16, 18, 19], proving the critical role of this protease in
the etiopathogenesis of periodontal diseases. Although
F. alocis seems to be strongly associated with periodontitis,
it has yet to be elucidated whether this periodontopathogen
can induce the production of MMPs by professional and
accessory inflammatory cells in the periodontium.
Therefore, the aim of this study was to examine the
MMP-1 synthesis by monocytic and fibroblastic cells in
response to F. alocis and to unravel the underlying cellu-
lar mechanisms. A better understanding of the pathogenic
role and mechanisms of F. alocis could result in novel
diagnostic and treatment strategies.

Materials and methods

Culture and treatment of cells

The human gingival fibroblast cell line (HGF-1) (ATCC®
CRL-2014™) was purchased from LGC Standards (Wesel,
Germany). The cryovial containing frozen cells was quickly
thawed in a 37 °C water bath, and the cell suspension was
carefully transferred to a centrifuge tube containing 9.0 ml of
Dulbecco’s minimal essential medium (DMEM, Invitrogen,
Karlsruhe, Germany) supplemented with 10% fetal bovine
serum (FBS, Invitrogen), 100 units penicillin, and
100 μg/ml streptomycin (Invitrogen) and centrifuged at
125×g for 5 min at room temperature. After removal of the
supernatant, the cell pellet was resuspended with growth

medium and dispensed into a 75-cm2 culture flask. For exper-
iments, cells were seeded on 6-well cell culture plates (5 × 104

cells/well) and grown to 80% confluence.
The human acute monocytic leukemia cell line (THP-1)

was purchased from CLS Cell Lines Service (Eppelheim,
Germany). The cells from the cryovial were quickly
thawed in a 37 °C water bath and transferred to a centri-
fuge tube containing 8 ml of culture medium and centri-
fuged at 300×g for 3 min. Afterwards, the supernatant
was removed and the cell pellet was resuspended in
RPMI 1640 medium (Invitrogen, Karlsruhe, Germany)
supplemented with 10% FBS, 100 units penicillin, and
100 μg/ml streptomycin. For experiments, 1 × 106 cells/
ml were seeded to the culture plates.

Both types of cells were maintained in a humidified atmo-
sphere of 5% CO2 at 37 °C. The cell culture media was
changed every other day, and the FBS concentration was re-
duced to 1% 1 day prior to the experiments. Cells were stim-
ulated with the oral pathogenic bacterium F. alocis (ATCC
35896™), which was used as a lysate at different concentra-
tions (OD660 0.05, 0.1, and 0.2). Initially, the bacteria were
precultivated on Schaedler agar plates (Oxoid, Basingstoke,
UK) for 48 h in an anaerobic atmosphere and subsequently
suspended in phosphate-buffered saline (OD660nm = 1, equiv-
alent to 1.2 × 109 bacterial cells/ml). Finally, bacteria were
resuspended and lysed twice by ultrasonication (160 W for
15 min) resulting in complete bacterial killing. To unravel
the mechanisms underlying the stimulatory effect of
F. alocis on MMP-1 expression, cells were pretreated with a
blocking toll-like receptor (TLR)2 antibody (anti-human
TLR2 monoclonal antibody, eBioscience, San Diego, CA,
USA) in a concentration of 10 μg/ml 45 min prior to stimula-
tion with F. alocis. In further experiments, cells were preincu-
bated with specific inhibitors of different pathways
(MEK1/MEK2: U0126, 10 μM; p38: SB203580, 10 μM;
JNK: SP600125, 10 μM; all purchased from Calbiochem,
San Diego, CA, USA) 1 h prior to stimulation with F. alocis
in order to unravel the intracellular mechanisms underlying
the actions of F. alocis on MMP-1 regulation.

Human biopsies

The gingiva was obtained from 10 periodontally healthy do-
nors and 10 periodontitis patients duringwisdom tooth remov-
al and dental extraction for periodontal reasons, respectively,
in the Department of Oral Surgery at the University of Bonn
[20]. Exclusion criteria were the presence of systemic dis-
eases, use of medication as well as smoking. In order to dis-
tinguish between periodontal health and disease, gingival in-
dex (GI), probing pocket depth (PPD), clinical attachment
level (CAL), and radiographic bone loss were assessed.
When GI = 0 (no clinical inflammation), PPD ≤ 3 mm, no
CAL, and no radiographic bone loss were found, the site
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was categorized as periodontally healthy. Sites were classified
as periodontitis, when GI > 1, PD ≥ 5 mm, CAL ≥ 3 mm, and
radiographic bone loss were observed. Written informed con-
sent and approval of the Ethics Committee of the University of
Bonn were obtained (#043/11).

Hematoxylin and eosin staining

Gingival biopsies from both groups were fixed in 4%
paraformaldehyde (Sigma-Aldrich) for 2 days, followed
by hydration and dehydration in an ascending ethanol
series (AppliChem, Darmstadt, Germany), and subse-
quently embedded in paraffin (McCormick Scientific,
Richmond, IL, USA). Next, tissue sections of 2.5-μm
thickness were sliced, mounted on glass slides (Carl
Roth), and dried at 37 °C overnight. Then, all sections
were stained with hematoxylin and eosin (H&E) (Merck
Eurolab, Darmstadt, Germany), dehydrated, and mounted
with DePeX (SERVA Electrophoresis GmbH, Heidelberg,
Germany). Finally, stained tissue sections were used to
analyze the presence or absence of gingival inflammation
by using an Axioskop 2 microscope (Carl Zeiss, Jena,
Germany) with an AxioCam MRc camera and the
AxioVision 4.7 software (Carl Zeiss).

Endpoint polymerase chain reaction

Total RNA was isolated from all gingival biopsies using
the RNeasy Mini Kit (Qiagen, CA, USA) according to
manufacturer’s instructions. RNA concentration was de-
termined by a NanoDrop ND-2000 (Thermo Fisher
Scientific, Wilmington, DE, USA) spectrophotometer.
Five hundred nanograms of total RNA was reversely tran-
scribed, and cDNA was synthesized using the iScript™
Select cDNA Synthesis Kit (Bio-Rad Laboratories,
Munich, Germany) at 42 °C for 90 min followed by
85 °C for 5 min. Two biopsies from each group were used
for endpoint polymerase chain reaction (PCR) analysis,
which was performed with a specific primer for F. alocis
16S rDNA (forward, 5′-CAGGTGGTTTAACAAGTTAG
TGG-3′; reverse, 5′-CTAAGTTGTCCTTAGCTGTCTCG-
3′, Microsynth AG, Balgach, Switzerland) [21] using the
Maxima Hot Start Green PCR Master Mix K1061
(Thermo Scientific) following the manufacturer’s instruc-
tions. Human actin (forward, 5′-GTGGGGCGCCCAGG
CACCA-3′; reverse, 5′-CTCCTTAATGTCACGCACGA
TTTC-3′) was used as a control for tissue. Further, as
positive control, RNA extracted from F. alocis ATCC
35896 24-h culture was used. Reaction products were de-
tected and verified for size on a 2% agarose gel with size
markers (New England Biolabs, MA, USA) and stained
with ethidium bromide. The intensity of density area was

analyzed using the Quantity-One Program (Bio-Rad
Laboratories, CA, USA).

Real-time RT-PCR

Quantitative RT-PCR was used in order to analyze MMP-
1 mRNA expression and F. alocis in human gingival bi-
opsies and MMP-1 mRNA expression in the HGF-1 and
THP-1 cell lines in the presence and absence of F. alocis.
Total RNA was extracted and reversely transcribed as de-
scribed above. The gene expression of MMP-1 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as
housekeeping gene as well as F. alocis was evaluated by
quantitative RT-PCR using an iCycler iQ™ Real-Time
PCR Detection System (Bio-Rad) and specific primers
(QuantiTect Primer Assay, Qiagen). The 25-μl PCR reac-
tion mixture containing 1 μl of cDNA was amplified as a
template in 12.5 μl of SsoAdvanced™ Universal SYBR®
Green Supermix (Bio-Rad), 2.5 μl of primers, and RNase
free water. The PCR mixture was heated initially at 95 °C
for 5 min, followed by 40 cycles of denaturation at 95 °C
for 10 s and combined annealing/extension at 60 °C for
30 s. Gene expression data analysis was performed by
using the comparative threshold cycle (CT) method.

ELISA

The levels of MMP-1 in HGF-1 or THP-1 cell superna-
tants were determined by using a commercially available
enzyme-linked immunoassay (ELISA) detection kit (Ray-
Biotech, Norcross, GA, USA) according to the manufac-
turer’s instructions. The MMP-1 concentration was mea-
sured by spectrophotometry with a microplate reader
(PowerWave X, BioTek Instruments, Winooski, VT,
USA) at 450 nm with wavelength correction at 540 nm.
Data were normalized by total protein concentration using
Pierce BCA Protein Assay Kit (23227, Thermo Scientific,
Pierce Biotechnology, Rockford, USA).

Statistical analysis

The statistical analysis was performed with the IBM SPSS
Statistics 22 software. Mean values and standard errors of
the mean (SEM) were calculated. Parametric (ANOVA
followed by the post hoc Dunnett and Tukey’s tests) and
non-parametric (Wilcoxon and Mann-Whitney U tests) tests
were used for statistical analyses. Differences between groups
were considered significant at p value < 0.05.

Experiments were performed in triplicate and repeated at
least twice.
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Results

Presence of F. alocis and MMP-1 in human gingival
biopsies

First, we sought to determine the presence of F. alocis and
MMP-1 in gingival tissues from periodontally healthy
subjects and periodontitis patients. As shown in
Fig. 1a, b, gingival biopsies from periodontitis subjects
demonstrated a pronounced immunoinflammatory infil-
trate, as compared with the periodontally healthy gingiva.
As analyzed by endpoint RT-PCR, F. alocis was present in
gingiva samples from periodontitis patients. By contrast,

no signals for this pathogen could be detected in the
healthy gingiva (Fig. 1c). Further analysis by real-time
RT-PCR confirmed the high prevalence of F. alocis in
the inflamed gingiva (Fig. 1d). Although F. alocis was
also detected in the periodontally healthy gingiva by
real-time RT-PCR, the difference between the samples
from both groups was significant (p < 0.05). Next, we
studied the presence of MMP-1 in the gingival samples.
As demonstrated in Fig. 1e, MMP-1 was found in the
gingiva from both periodontally healthy and diseased sub-
jects. However, the MMP-1 expression in the biopsies
from periodontitis patients was significantly (p < 0.05) up-
regulated by 15-fold (Fig. 1e).

Fig. 1 Representative histological sections of gingival tissues stained
with H&E from periodontally healthy subjects (a) and periodontitis
patients (b). Presence or absence of F. alocis in gingival tissues of two
representative periodontally healthy subjects and two representative
periodontitis patients, as analyzed by endpoint RT-PCR (c). Levels of

F. alocis (d) and MMP-1 (e) in the gingiva from periodontally healthy
subjects (n = 10) and periodontitis patients (n = 10), as analyzed by real-
time RT-PCR. Mean ± SEM. *Significant (p < 0.05) difference between
groups
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Regulation of MMP-1 by F. alocis in HGF-1 cells

Then, we studied the expression of MMP-1 in the presence
and absence of the F. alocis in HGF-1 cells. F. alocis caused a
significant (p < 0.05) increase in the MMP-1 expression at 1
and 2 days, as analyzed by real-time RT-PCR (Fig. 2a).
Moreover, the stimulatory effect of F. alocis on the MMP-1
expression at 1 day was dose-dependent, with the highest
MMP-1 expression level at an OD660 of 0.1 (Fig. 2b). Our
findings at transcriptional level were paralleled at protein lev-
el, as demonstrated in Fig. 2c. The MMP1 protein levels were
significantly (p < 0.05) higher in supernatants from F. alocis–
stimulated HGF-1 cells as compared with those from untreat-
ed cells at 2 days, as examined by ELISA (Fig. 2c).

Regulation of MMP-1 by F. alocis in THP-1 cells

We also investigated theMMP-1 expression and protein levels
in response to F. alocis in THP-1 cells. Like in HGF-1 cells,
F. alocis caused a significant (p < 0.05) upregulation ofMMP-
1 in THP-1 cells at 1 and 2 days (Fig. 3a). However, the
stimulatory effect was more pronounced in comparison with
HGF-1 cells (Figs. 2a and 3a). Furthermore, the action of
F. alocis on the MMP-1 expression was dose-dependent at
1 day, with the highest MMP-1 expression at the highest
F. alocis concentration (Fig. 3b). Exposure of THP-1 cells to
F. alocis was also associated with significantly increased
MMP-1 protein levels in the supernatants at 2 days, as deter-
mined by ELISA (Fig. 3c).

Fig. 2 MMP-1 gene expression in the presence and absence of F. alocis
(OD660 0.1) in HGF-1 cells at 1 day and 2 days, as analyzed by real-time
RT-PCR (a). Mean ± SEM (n = 12). *Significant (p < 0.05) difference
between groups. MMP-1 gene expression in response to various concen-
trations of F. alocis (OD660 0.05, 0.1, and 0.2) in HGF-1 cells at 1 day, as
analyzed by real-time RT-PCR (b). Unstimulated cells served as the

control. Mean ± SEM (n = 3). *Significantly (p < 0.05) different from
the control. MMP-1 protein level in supernatants of HGF-1 cells in the
presence and absence of F. alocis (OD660 0.1) at 2 days, as analyzed by
ELISA (c). Mean ± SEM (n = 18). *Significant (p < 0.05) difference be-
tween groups
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Involvement of TLR2 and intracellular pathways
in the regulatory effects of F. alocis

First, we sought to clarify whether the effects of F. alocis on
MMP-1 are mediated through the TLR2. As demonstrated in
Fig. 4a, b, F. alocis caused a significant (p < 0.05) upregula-
tion of MMP-1 in both HGF-1 and THP-1 cells. Interestingly,
when both cell lines were preincubated with an anti-TLR2
blocking antibody, the stimulatory effect of F. alocis on
MMP-1 was completely suppressed (p < 0.05) for HGF-1
cells and also strongly abolished (p < 0.05) for THP-1 cells
at 1 day, as shown in Fig. 4a, b. Next, we studied the involve-
ment of classical intracellular pathways associated with in-
flammation. Preincubation of HGF-1 and THP-1 cells with
specific inhibitors for MEK1/MEK2 (U0126), p38

(SB203580), and JNK (SP600125) resulted in a significant
(p < 0.05) downregulation of the F. alocis–induced MMP-1
upregulation (Fig. 4c, d). The most pronounced inhibitory
effect on the F. alocis–stimulated MMP-1 expression was ob-
served for the MEK1/MEK2 inhibitor in HGF-1 and THP-1
cells and also for the JNK inhibitor in THP-1 cells (Fig. 4c, d).

Discussion

The present study demonstrates that the periodontopathogen
F. alocis and MMP-1 are more prevalent in the periodontally
diseased gingiva. Moreover, our study shows for the first time
that F. alocis is able to stimulate MMP-1 expression and pro-
tein synthesis in fibroblastic and monocytic cells, suggesting

Fig. 3 MMP-1 gene expression in the presence and absence of F. alocis
(OD660 0.1) in THP-1 cells at 1 day and 2 days, as analyzed by real-time
RT-PCR (a). Mean ± SEM (n = 6). *Significant (p < 0.05) difference be-
tween groups. MMP-1 gene expression in response to various concentra-
tions of F. alocis (OD660 0.05, 0.1, and 0.2) in THP-1 cells at 1 day, as
analyzed by real-time RT-PCR (b). Unstimulated cells served as the

control. Mean ± SEM (n = 18). *Significantly (p < 0.05) different from
the control. MMP-1 protein level in supernatants of THP-1 cells in the
presence and absence of F. alocis (OD660 0.1) at 2 days, as analyzed by
ELISA (c). Mean ± SEM (n = 18). *Significant (p < 0.05) difference be-
tween groups.
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that F. alocis may contribute to periodontal tissue destruction
through the increase in this protease. Furthermore, the stimu-
latory effect of F. alocis onMMP-1 is much stronger on THP-
1 cells as compared with HGF-1 cells.

The periodontopathogen F. alocis is a gram-positive,
asaccharolytic, anaerobic bacterium with a high prevalence in
periodontitis, which was confirmed in our study [5]. F. alocis
has a number of virulence factors, enabling this bacterium in
concert with other periodontopathogens to activate the host
response [22]. As a result, a great number of proinflammatory
mediators and proteases are released by professional and acces-
sory immunoinflammatory cells. These molecules are mainly
responsible for the soft tissue degradation and bone resorption
in periodontitis. Key molecules in the periodontal breakdown
are MMPs, such as MMP-1, which can degrade fibrillar colla-
gens, mainly types I and III, which are the most prevalent
extracellular matrix components in the gingiva and periodontal
ligament [15, 23]. In addition, MMP-1 is capable of activating
other proteases and cleaving chemokines such as monocyte
chemoattractant proteins [24]. Increased MMP-1 levels have

been measured in gingival crevicular fluid and the gingiva of
periodontitis patients [15–17]. In addition, MMP-1 levels are
decreased again after periodontal therapy [16, 18]. Our study
could confirm the elevated MMP-1 expression in gingival tis-
sues at sites of periodontitis, emphasizing the critical role of this
protease in the etiopathogenesis of periodontitis. Coexistence
of F. alocis and MMP-1 at sites of periodontitis prompted us to
investigate whether F. alocis would be able to induce the pro-
duction of MMP-1 in structural and infiltrating periodontal
cells. Therefore, we analyzed the regulatory effect of F. alocis
in fibroblastic (HGF-1) and monocytic (THP-1) cells, which
play an important role in periodontal health and disease. Our
experiments provide original evidence that F. alocis induces an
increased MMP-1 expression and protein synthesis in both
HGF-1 and THP-1 cells, suggesting that the upregulated
MMP-1 expression in inflamed gingiva of periodontitis pa-
tients is, at least partly, caused by this pathogen. Interestingly,
our results also revealed that the THP-1 cells, which mean the
professional inflammatory cells, can mount a stronger response
to F. alocis. Thus, this interesting observation may underline

Fig. 4 MMP-1 gene expression
in response to F. alocis (OD660

0.1) in the presence and absence
of an anti-TLR2 blocking
antibody in HGF-1 (a) and THP-1
(b) cells at 1 day, as analyzed by
real-time RT-PCR. Unstimulated
HGF-1 and THP-1 cells served as
the control. Mean ± SEM (n = 3).
*Significant (p < 0.05) difference
between groups. MMP-1 gene
expression in response to F. alocis
(OD660 0.1) in the presence of
specific inhibitors against
MEK1/MEK2 (U0126; 10 μM),
p38 (SB203580; 10 μM), and
JNK (SP600125; 10 μM) in
HGF-1 (c) and THP-1 (d) cells at
1 day, as analyzed by real-time
RT-PCR. F. alocis-stimulated
cells served as the control. Mean
± SEM (n = 3). *Significantly
(p < 0.05) different from the
control
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the critical role of professional inflammatory cells in periodon-
tal matrix destruction. Recently, it has been reported that
F. alocis possesses a collagenolytic activity as a virulence factor
[25]. Therefore, our data suggest that F. alocis can contribute to
the proteolytic activity of sites of periodontitis directly by its
own collagenolytic activity but also indirectly by stimulation of
periodontal cells to produce MMP-1.

In the present study, the high levels of MMP-1 detected in
F. alocis–stimulated HGF-1 and THP-1 cells were TLR2-de-
pendent, demonstrating that at least this TLR is involved in the
proteolytic actions of F. alocis. Unfortunately, the current
knowledge on cell wall components of F. alocis is limited.
Therefore, it can only be speculated that lipoteichoic acid
and/or peptidoglycan, like in other gram-positive bacteria,
may have interacted with TLR2 and thereby triggered the
observed effects ofF. alocis in our study.We then also focused
on the downstream events occurring after receptor engage-
ment. Interestingly, preincubation of HGF-1 and THP-1 cells
with specific blockers against MEK1/2, JNK, or p38 resulted
in inhibition of the F. alocis–upregulated MMP-1 expression,
suggesting that the MAPK signaling is strongly involved in
the stimulatory actions of F. alocis on MMP-1. However, oth-
er intracellular pathways might also have been used by
F. alocis and should be considered in further studies.
Recently, it has been shown that interaction of F. alocis with
TLR2 causes granule exocytosis along with a transient ERK1/
2 and sustained p38 MAPK activation in neutrophils, which
further supports our observation that F. alocis exploits TLR2
and MAPKs for its cellular actions [26].

F. alocis was selected for our experiments due to its impli-
cation in periodontal diseases. So far, little information on its
etiopathogenetic role and actions in periodontitis exist as com-
pared with the “classical” periodontopathogens, such as
P. gingivalis, T. forsythia, and T. denticola. In our study, end-
point RT-PCR was used to identify the presence of F. alocis.
However, culture technique would have been ideal to detect
F. alocis in gingival tissue samples. In our experiments, lysates
of bacteria were used. As mentioned above, lipoteichoic acid
and/or peptidoglycan could have been responsible for the ob-
served effects of F. alocis. However, other virulence factors of
F. alocis could also have been involved in the stimulatory ac-
tions of this pathogen on MMP-1. Moreover, periodontitis is a
polymicrobial disease. Therefore, future studies should also ex-
amine the combined effects of F. alocis with other
periodontopathogens on the production of MMP-1. In addition
to the MMP-1 expression and protein synthesis, such studies
could also focus on the activity of MMP-1 and its natural in-
hibitors. In our study, we analyzed the effects of F. alocis on
fibroblasts and monocytes, because they are among the first
cells encountered by the bacteria in periodontal diseases.
However, periodontopathogens also get into contact with other
structural and inflammatory cells of the gingiva, such as
keratinocytes, macrophages, dendritic cells, and lymphocytes.

In addition, periodontopathogens can also invade into deeper
layers of the periodontal tissues. Thus, future studies should
also focus on the effects of F. alocis on periodontal ligament
cells, cementoblast cells, and alveolar bone cells.

Conclusions

Our results demonstrate that F. alocis and MMP-1 are more
prevalent at sites of periodontitis. In addition, our study pro-
vides original evidence that F. alocis is able to induce MMP-1
expression and protein synthesis in fibroblastic and monocytic
cells, which suggests that F. alocis may contribute to peri-
odontal breakdown through activation of MMP-1 production.
Furthermore, the stimulatory effect of F. alocis on MMP-1 is
more pronounced on THP-1 cells in comparison with HGF-1
cells. Taken together, our study shows that F. alocis and
MMP-1 are linked to each other and key players in periodon-
titis, which may have significant implications for future diag-
nostic and treatment strategies.

Acknowledgments The authors would like to thank Prof. Werner Götz,
Ms. RamonaMenden, andMs. Silke van Dyck for their valuable support.

Authors’ contributions Defining the study aims: James Deschner; coor-
dination of collaboration: James Deschner; planning the experiments:
Marjan Nokhbehsaim, Anna Damanaki, Christina Piperi, Efthimia K.
Basdra, Athanasios G. Papavassiliou, and James Deschner; growing the
bacteria and preparing the bacterial lysate: Sigrun Eick; performing pre-
experiments: Andressa V. B. Nogueira and Anna Damanaki; performing
the experiments: Marjan Nokhbehsaim, Anna Damanaki, Georgia
Dalagiorgou, and Christos Adamopoulos; monitoring/supervising the ex-
periments: Christina Piperi, Efthimia K. Basdra, Athanasios G.
Papavassiliou, and James Deschner; analyzing and discussing the data:
Marjan Nokhbehsaim, Andressa V. B. Nogueira, Anna Damanaki,
Georgia Dalagiorgou, Christos Adamopoulos, and James Deschner;
discussing the data: Sigrun Eick, Christina Piperi, Efthimia K. Basdra,
and Athanasios G. Papavassiliou; creating the figures: Marjan
Nokhbehsaim, Andressa V. B. Nogueira, and James Deschner; all authors
contributed to the writing of themanuscript; all authors read and approved
the final manuscript.

Funding This study was supported by the Medical Faculty of the
University of Bonn.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Research involving human participants All procedures performed in
studies involving human participants were in accordance with the ethical
standards of the Ethics Committee of the University of Bonn (043/11) and
with the 1964 Helsinki declaration and its later amendments or compara-
ble ethical standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

Clin Oral Invest



References

1. Papapanou PN, SanzM, Buduneli N, Dietrich T, FeresM, FineDH,
Flemmig TF, Garcia R, Giannobile WV, Graziani F, Greenwell H,
Herrera D, Kao RT, Kebschull M, Kinane DF, Kirkwood KL,
Kocher T, Kornman KS, Kumar PS, Loos BG, Machtei E, Meng
H, Mombelli A, Needleman I, Offenbacher S, Seymour GJ, Teles
R, Tonetti MS (2018) Periodontitis: consensus report of workgroup
2 of the 2017 world workshop on the classification of periodontal
and peri-implant diseases and conditions. J Periodontol 89:S173–
S182. https://doi.org/10.1002/JPER.17-0721

2. Carvalho-Filho PC, Gomes-Filho IS, Meyer R, Olczak T, Xavier
MT, Trindade SC (2016) Role of Porphyromonas gingivalisHmuY
in immunopathogenesis of chronic periodontitis. Mediat Inflamm
2016:7465852. https://doi.org/10.1155/2016/7465852

3. Silva N, Abusleme L, Bravo D, Dutzan N, Garcia-Sesnich J, Vernal
R, Hernández M, Gamonal J (2015) Host response mechanisms in
periodontal diseases. J Appl Oral Sci 23:329–355. https://doi.org/
10.1590/1678-775720140259

4. Hajishengallis G, Lamont RJ (2012) Beyond the red complex and
into more complexity: the polymicrobial synergy and dysbiosis
(PSD) model of periodontal disease etiology. Mol Oral Microbiol
27:409–419. https://doi.org/10.1111/j.2041-1014.2012.00663.x

5. Aruni AW, Roy F, Fletcher HM (2011) Filifactor alocis has viru-
lence attributes that can enhance its persistence under oxidative
stress conditions and mediate invasion of epithelial cells by
Porphyromonas gingivalis. Infect Immun 79:3872–3886. https://
doi.org/10.1128/IAI.05631-11

6. Schlafer S, Riep B, Griffen AL, Petrich A, Hübner J, Berning M,
Friedmann A, Göbel UB, Moter A (2010) Filifactor alocis–in-
volvement in periodontal biofilms. BMC Microbiol 10:66. https://
doi.org/10.1186/1471-2180-10-66

7. Vieira Colombo AP, Magalhães CB, Hartenbach FA, Martins
do Souto R, Maciel d, SilvaBoghossian C (2016) Periodontal-
disease-associated biofilm: a reservoir for pathogens of medi-
cal importance. Microb Pathog 94:27–34. https://doi.org/10.
1016/j.micpath.2015.09.009

8. Oliveira RR, Fermiano D, Feres M, Figueiredo LC, Teles FR,
Soares GM, Faveri M (2016) Levels of candidate periodontal path-
ogens in subgingival biofilm. J Dent Res 95:711–718. https://doi.
org/10.1177/0022034516634619

9. Chen H, Liu Y, Zhang M, Wang G, Qi Z, Bridgewater L, Zhao L,
Tang Z, Pang X (2015) A Filifactor alocis-centered co-occurrence
group associates with periodontitis across different oral habitats. Sci
Rep 5(9053). https://doi.org/10.1038/srep09053

10. Wang Q, Jotwani R, Le J, Krauss JL, Potempa J, Coventry SC,
Uriarte SM, Lamont RJ (2014) Filifactor alocis infection and in-
flammatory responses in the mouse subcutaneous chamber model.
Infect Immun 82:1205–1212. https://doi.org/10.1128/IAI.01434-13

11. Moffatt CE, Whitmore SE, Griffen AL, Leys EJ, Lamont RJ
(2011) Filifactor alocis interactions with gingival epithelial
cells. Mol Oral Microbiol 26:365–373. https://doi.org/10.
1111/j.2041-1014.2011.00624.x

12. Aruni AW, Roy F, Sandberg L, Fletcher HM (2012) Proteome var-
iation among Filifactor alocis strains. Proteomics 12:3343–3364.
https://doi.org/10.1002/pmic.201200211

13. Sorsa T, Tjäderhane L, Konttinen YT, Lauhio A, Salo T, Lee HM,
Golub LM, Brown DL, Mäntylä P (2006)Matrix metalloproteinases:
contribution to pathogenesis, diagnosis and treatment of periodontal

inflammation. Ann Med 38:306–321. https://doi.org/10.1080/
07853890600800103

14. Hannas AR, Pereira JC, Granjeiro JM, Tjäderhane L (2007) The
role of matrix metalloproteinases in the oral environment. Acta
Odon t o l Sc and 65 : 1–13 . h t t p s : / / do i . o rg / 10 . 1080 /
00016350600963640

15. Wang J, Yang D, Li C, Shang S, Xiang J (2014) Expression of
extracellular matrix metalloproteinase inducer glycosylation and
caveolin-1 in healthy and inflamed human gingiva. J Periodontal
Res 49:197–204. https://doi.org/10.1111/jre.12095

16. Popat PR, Bhavsar NV, Popat PR (2014) Gingival crevicular fluid
levels of matrix metalloproteinase-1 (MMP-1) and tissue inhibitor
of metalloproteinase-1 (TIMP-1) in periodontal health and disease.
Singap Dent J 35:59–64. https://doi.org/10.1016/j.sdj.2014.07.003

17. Alfant B, Shaddox LM, Tobler J, Magnusson I, Aukhil I, Walker C
(2008) Matrix metalloproteinase levels in children with aggressive
periodontitis. J Periodontol 79:819–826. https://doi.org/10.1902/
jop.2008.070513

18. Ghodpage PS, Kolte RA, Kolte AP, Gupta M (2014) Influence of
phase I periodontal therapy on levels of matrix metalloproteinase 1
and tissue inhibitor of metalloproteinase 1. Saudi Dent J (The Saudi
Dental Journal) 26:171–175. https://doi.org/10.1016/j.sdentj.2014.
05.003

19. Tüter G, Kurtiş B, Serdar M (2002) Effects of phase I peri-
odontal treatment on gingival crevicular fluid levels of matrix
metalloproteinase-1 and tissue inhibitor of metalloproteinase1.
J Periodontol 73:487–493. https://doi.org/10.1902/jop.2002.
73.5.487

20. Damanaki A, Nokhbehsaim M, Eick S, Götz W, Winter J, Wahl G,
Jäger A, Jepsen S, Deschner J (2014) Regulation of NAMPT in
human gingival fibroblasts and biopsies. Mediat Inflamm 2014:
912821. https://doi.org/10.1155/2014/912821

21. Siqueira JF, Rôças IN (2004) Simultaneous detection of Dialister
pneumosintes and Filifactor alocis in endodontic infections by 16S
rDNA-directed multiplex PCR. J Endod 30:851–854

22. Aruni AW, Mishra A, Dou Y, Chioma O, Hamilton BN, Fletcher
HM (2015) Filifactor alocis-a new emerging periodontal pathogen.
Microbes Infect 17:517–530. https://doi.org/10.1016/j.micinf.2015.
03.011

23. Sorsa T, Tjäderhane L, Salo T (2004) Matrix metalloproteinase
(MMPs) in oral diseases. Oral Dis 10:311–318. https://doi.org/10.
1111/j.1601-0825.2004.01038.x

24. McQuibban GA, Gong JH, Wong JP, Wallace JL, Clark-Lewis I,
Overall CM (2002) Matrix metalloproteinase processing of mono-
cyte chemoattractant proteins generates CC chemokine receptor
antagonists with anti-inflammatory properties in vivo. Blood 100:
1160–1167

25. Chioma O, Aruni AW, Milford TA, Fletcher HM (2017) Filifactor
alocis collagenase can modulate apoptosis of normal oral
keratinocytes. Mol Oral Microbiol 32:166–177. https://doi.org/10.
1111/omi.12163

26. Armstrong CL, Miralda I, Neff AC, Tian S, Vashishta A, Perez L,
Le J, Lamont RJ, Uriarte SM (2016) Filifactor alocis promotes
neutrophil degranulation and chemotactic activity. Infect Immun
84:3423–3433. https://doi.org/10.1128/IAI.00496-16

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Clin Oral Invest

https://doi.org/10.1002/JPER.17-0721
https://doi.org/10.1155/2016/7465852
https://doi.org/10.1590/1678-775720140259
https://doi.org/10.1590/1678-775720140259
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1128/IAI.05631-11
https://doi.org/10.1128/IAI.05631-11
https://doi.org/10.1186/1471-2180-10-66
https://doi.org/10.1186/1471-2180-10-66
https://doi.org/10.1016/j.micpath.2015.09.009
https://doi.org/10.1016/j.micpath.2015.09.009
https://doi.org/10.1177/0022034516634619
https://doi.org/10.1177/0022034516634619
https://doi.org/10.1038/srep09053
https://doi.org/10.1128/IAI.01434-13
https://doi.org/10.1111/j.2041-1014.2011.00624.x
https://doi.org/10.1111/j.2041-1014.2011.00624.x
https://doi.org/10.1002/pmic.201200211
https://doi.org/10.1080/07853890600800103
https://doi.org/10.1080/07853890600800103
https://doi.org/10.1080/00016350600963640
https://doi.org/10.1080/00016350600963640
https://doi.org/10.1111/jre.12095
https://doi.org/10.1016/j.sdj.2014.07.003
https://doi.org/10.1902/jop.2008.070513
https://doi.org/10.1902/jop.2008.070513
https://doi.org/10.1016/j.sdentj.2014.05.003
https://doi.org/10.1016/j.sdentj.2014.05.003
https://doi.org/10.1902/jop.2002.73.5.487
https://doi.org/10.1902/jop.2002.73.5.487
https://doi.org/10.1155/2014/912821
https://doi.org/10.1016/j.micinf.2015.03.011
https://doi.org/10.1016/j.micinf.2015.03.011
https://doi.org/10.1111/j.1601-0825.2004.01038.x
https://doi.org/10.1111/j.1601-0825.2004.01038.x
https://doi.org/10.1111/omi.12163
https://doi.org/10.1111/omi.12163
https://doi.org/10.1128/IAI.00496-16

	Regulation of matrix metalloproteinase-1 by Filifactor alocis in human gingival and monocytic cells
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Culture and treatment of cells
	Human biopsies
	Hematoxylin and eosin staining
	Endpoint polymerase chain reaction
	Real-time RT-PCR
	ELISA
	Statistical analysis

	Results
	Presence of F.�alocis and MMP-1 in human gingival biopsies
	Regulation of MMP-1 by F.�alocis in HGF-1 cells
	Regulation of MMP-1 by F.�alocis in THP-1 cells
	Involvement of TLR2 and intracellular pathways in the regulatory effects of F.�alocis

	Discussion
	Conclusions
	References


