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Abstract
Aim: To evaluate whether Porphyromonas gingivalis- induced periodontitis aggravates 
the antigen- induced arthritis (AIA) model, and whether this effect is dependent on the 
Th17/IL- 17 signalling pathway.
Materials and methods: Antigen- induced arthritis was triggered by local injection of 
methylated bovine serum albumin into the knee joint of previously immunized 
C57BL/6 wild- type (WT) and IL- 17 receptor A (IL- 17RA)- knockout mice. Periodontal 
disease in naïve or arthritic mice was induced by oral infection with P. gingivalis. 
Animals were sacrificed 7, 15 and 30 days after infection. Alveolar bone loss, joint 
histopathology, articular hyperalgesia and joint cytokine production were assessed, in 
addition to the proportion of Th17 and Treg cells isolated from the inguinal lymph 
nodes.
Results: No influence of experimentally- induced arthritis was found on the alveolar 
bone resorption induced by P. gingivalis. However, mice with experimentally- induced 
arthritis that were exposed to P. gingivalis presented higher joint damage and Th17 
frequencies when compared to non- infected mice. The aggravation of arthritis by peri-
odontitis was accompanied by increased TNF and IL- 17 production and articular neu-
trophil infiltration, whereas arthritis aggravation and changes in neutrophil infiltration 
were absent in IL- 17RA- deficient mice.
Conclusion: The effects of P. gingivalis-induced periodontitis on arthritis are depend-
ent on Th17 expansion and IL- 17RA signalling, which lead to increased neutrophil in-
filtration into the joints.
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1  | INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoimmune disease character-
ised by chronic inflammation of the joints, with subsequent cartilage 
and bone destruction. Articular damage involves massive leukocyte 

recruitment (neutrophils), which is mediated by cytokines includ-
ing tumour necrosis factor (TNF) and interleukin (IL)- 17 (Brennan & 
McInnes, 2008). The T helper (Th)- 17 cell subset plays an important 
role in articular inflammation during the early stage of RA, controlling 
the recruitment and activation of other inflammatory cells leading to 
increased production of IL- 17 (Miossec & Kolls, 2012). Indeed, IL- 17 re-
ceptor A (IL- 17RA) signalling mediates the production of chemokines, *Equally contributing authors
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proinflammatory cytokines and matrix metalloproteinases (MMPs), 
which are secreted into the joint space. Additionally, Th17/IL- 17 ac-
tivity plays a crucial role in osteoclastogenesis and bone resorption 
(van Hamburg et al., 2011; Miossec & Kolls, 2012). Moreover, it has 
been shown that the synergistic activity of TNF and IL- 17 aggravates 
articular damage via the upregulated expression of proinflammatory 
cytokines and MMPs (Koenders et al., 2011).

Even though the etiology of RA remains unknown, epidemiolog-
ical studies have reported an association between the development 
and progression of RA with exposure to environmental factors such 
as smoke and infections, like periodontitis (Leech & Bartold, 2015). 
Periodontitis is defined as the loss of attachment and bone destruc-
tion around the teeth, induced by a chronic immune inflammatory 
response to an infection to the periodontal biofilm. Porphyromonas 
gingivalis is the major periodontal pathogen involved in the develop-
ment and progression of chronic periodontitis (Holt, Ebersole, Felton, 
Brunsvold, & Kornman, 1988).

A growing body of evidence has implicated periodontal pathogens 
in the development and progression of RA (de Pablo, Chapple, Buckley, 
& Dietrich, 2009). Interestingly, increased antibody titers against P. 
gingivalis (Mikuls et al., 2009) and the DNA of oral bacterial, including 
P. gingivalis, have been detected in the serum and synovial fluid of RA 
patients (Martinez- Martinez et al., 2009; Moen et al., 2006; Reichert 
et al., 2013). Case- control studies found a more prevalent and se-
vere periodontal disease (PD) status in RA patients (Al- Shammari, Al- 
Khabbaz, Al- Ansari, Neiva, & Wang, 2005; Bozkurt, Yetkin Ay, Berker, 
Tepe, & Akkus, 2006), as well as a reduction in the clinical parameters 
of active RA following effective periodontal treatment and control of 
periodontal infection (Al- Katma, Bissada, Bordeaux, Sue, & Askari, 
2007;	Bıyıkoğlu	 et	al.,	 2013;	Ortiz	 et	al.,	 2009).	On	 the	 other	 hand,	
clinical parameters of periodontal disease were improved in RA pa-
tients under treatment with anti- B lymphocyte therapy (Coat et al., 
2015). However, it is remains unclear whether there is an etiological 
link between these two chronic inflammatory diseases, or whether the 
epidemiological results are due to statistical bias reinforced by the com-
mon risk factors (Farquharson, Butcher, & Culshaw, 2012). There are 
only few animal models available for preclinical investigations into this 
epidemiological link, and restrictions in clinical trial protocols repre-
sent major limitations for studies. Moreover, the potential association 
between these two diseases appears to be dependent on the experi-
mental conditions used in the study, such as the preclinical model and 
bacteria investigated. Animal studies in different experimental models 
have demonstrated that P. gingivalis influences arthritis onset and se-
verity at both the macroscopic and histological levels (Bartold, Marino, 
Cantley, & Haynes, 2010). Moreover, chronic inflammatory lesions in-
duced by subcutaneous injection of heat- killed P. gingivalis were found 
to accelerate the development of adjuvant arthritis in rats (Bartold 
et al., 2010). Similarly, P. gingivalis- induced periodontitis exacerbated 
the severity of collagen antibody- induced arthritis (Cantley, Haynes, 
Marino, & Bartold, 2011; Marchesan et al., 2013). However, the 
mechanism by which P. gingivalis- induced periodontitis modulates RA 
progression is not fully understood, and this warrants further mech-
anistic studies. Porphyromonas gingivalis produces virulence factors 

that could modulate the host’s adaptive immune response, which may 
contribute to the development of periodontitis and possibly RA aggra-
vation (Darveau et al., 2004; Monteiro et al., 2009). Indeed, we have 
recently demonstrated that P. gingivalis- induced periodontitis aggra-
vates collagen- induced arthritis (CIA) through modulation of the CD4+ 
T cell phenotype to favour Th17 balance. This effect was dependent 
on the presence of a pathogen- associated molecular pattern receptor, 
Toll- like receptor- 2 (TLR2) (de Aquino et al., 2014). Here, we evalu-
ated whether P. gingivalis- induced periodontitis aggravates an antigen- 
induced arthritis (AIA) model. We further investigated whether the 
Th17/IL- 17 signalling pathway represents a potential mechanism un-
derlying AIA aggravation by periodontitis, serving as a general mecha-
nism for arthritis aggravation by periodontitis.

2  | METHODS

2.1 | Animals

The experiments were performed on adult male C57BL/6 WT and 
IL- 17RA- knockout (KO) mice with a C57BL/6 genetic background, all 
weighting between 18–22 g. Mice were housed in the animal facility 
of the Department of Pharmacology, School of Medicine of Ribeirao 
Preto, University of São Paulo (USP), Brazil, and received water and 
food ad libitum. The study protocols were approved by the Ethical 
Committee for Animal Experimentation (CEEA) of the School of 
Dentistry, UNESP (process no. 21/2008), and all experiments were 
performed in accordance with the guidelines of the National Council 
for the Control of Animal Experimentation (CONCEA) and Animal 
Research: Reporting of In Vivo Experiments (ARRIVE).

2.2 | Experimental design

The C57BL/6 mice were randomly divided into four groups (n = 5 
in each): control (C) group including non- infected naïve mice that 

Clinical Relevance
Scientific rationale for the study: A growing epidemiologic evi-
dence has been stressed the potential association between 
periodontitis and rheumatoid arthritis. However, this pro-
cess is still largely unknown considering the controversial 
findings of mechanistic animal studies as well as the limita-
tions of clinical trials to support the current evidences.
Principal findings: IL- 17 receptor A activation is involved in 
the increased neutrophil recruitment into the joint and ag-
gravation of antigen- induced arthritits by P. gingivalis oral 
infection.
Practical implications: This study reinforces a Th17/IL17- 
dependent mechanism by which P. gingivalis can aggravate 
arthritis and highlights the importance of early periodontitis 
management in rheumatoid arthritis patients.
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received oral inoculations of 2% carboxymethylcellulose (CMC); ex-
perimental arthritis (AR) group including mice submitted to AIA with 
methylated bovine serum albumin (mBSA); periodontal disease (PD) 
group consisting of mice infected with P. gingivalis (oral inoculations 
of 108 colony- forming units (CFU) per day for 5 days, starting 1 day 
prior to the final immunisation); and the ARPD group which were sub-
mitted to AIA followed by P. gingivalis inoculation, starting 1 day be-
fore the final immunisation. Animals were sacrificed at day 7, 15, 30 
and 45 after baseline, as shown in the experimental design (Figure 1). 
Experiments evaluating neutrophil recruitment into the articular joint 
were performed up to day 7. For this, the WT and Il- 17RA- KO mice 
were divided into two groups (n = 5), AR and ARPD. Mice were sacri-
ficed 7 hr after an intra- articular challenge was performed with mBSA 
(detailed protocol below).

2.3 | Experimental induction of arthritis

Mice were immunised as previously described (Grespan et al., 2008). 
C57BL/6 mice were sensitised with a subcutaneous injection of 
500 μg of mBSA (Sigma- Aldrich, St. Louis, MO) dissolved in an emul-
sion containing 0.1 ml phosphate buffered saline (PBS) and 0.1 ml 
of complete Freund’s adjuvant (CFA; 1 mg/ml of Mycobacterium tu-
berculosis; Sigma- Aldrich). Booster injections of mBSA in incomplete 
Freund’s adjuvant (IFA; Sigma- Aldrich) were given 7 and 14 days 
after the first immunisation. Non- immunised (sham) mice received 
similar injections without mBSA. Arthritis was induced in immunised 
mice 21 days after the first immunisation by intra- articular injection 
of mBSA into the tibiofemoral joint at 10 or 30 μg/cavity dissolved 
in 10 μl of saline according to the specific analysis (10 μg for analy-
ses to measure articular hyperalgesia, joint cytokine production and 
the proportion of Th17 and Treg cells isolated from inguinal lymph 

nodes; and 30 μg for joint histopathological analysis, where a sec-
ond intra- articular injection was performed 4 days after the first 
challenge.

2.4 | Experimental induction of periodontitis

The bacterial culture and periodontal infection protocols were per-
formed as described previously (de Aquino et al., 2014). Experimental 
periodontitis was induced by oral inoculation with 1 × 108 CFU of P. 
gingivalis ATCC 33277 (anaerobically grown on supplemented blood 
agar) diluted in 75 μl of phosphate- buffered saline (PBS) with 2% 
CMC. A total of five oral inoculations were consecutively performed 
on alternate days, beginning 1 day prior to the last immunisation with 
mBSA. The control group consisted of non- infected mice that re-
ceived only 2% CMC on the same schedule.

2.5 | Assessment of periodontitis

The extent of alveolar bone loss was measured in the hemisected 
maxillae of animals sacrificed at days 30 and 45, which had been 
stained with methylene blue. Immediately after sacrifice, the max-
illae were collected and stored overnight in 3% hydrogen peroxide 
solution. The remaining soft tissue was mechanically defleshed. The 
palatal faces of the first and second molars were positioned perpen-
dicular to the microscope light path and photographed at 40× mag-
nification using a stereomicroscope (MZ6; Leica). All images were 
analysed by a single blinded examiner using Image J 1.34 software. 
The area between the cementoenamel junction (CEJ) and the alveolar 
bone crest (ABC) around the first and second molars, in addition to 
the furcation length of the first molar, were measured in arbitrary 
units of area (AUA).

F IGURE  1 Experimental design. 
Schematic representation of induction of 
experimental arthritis (AR), Porphyromonas 
gingivalis- induced periodontitis (PD) or 
concomitant experimental arthritis and 
periodontitis (AR+PD) and timeline of 
immunological and histological assessment. 
IM: AIA immunization; CH: intraarticular 
antigen challenge. Five oral inoculations 
were consecutively performed on alternate 
days with P. gingivalis, starting at day 0
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2.6 | Assessment of arthritis

2.6.1 | Histology

Knee joint inflammation was assessed histologically. Briefly, the en-
tire knee joints of the animals sacrificed at day 30 were collected, 
fixed for 48 hr in 4% paraformaldehyde (PFA), then decalcified in 10% 
ethylenediaminetetraacetic acid (EDTA) solution (pH 7.4 in PBS) and 
embedded in paraffin. Serial sagittal sections of 6 μm were stained 
with haematoxylin and eosin (H&E), then scored by a blinded exam-
iner on a scale from 0 to 3 according to the synovial thickness, inflam-
matory infiltrate and cartilage/bone erosion, as previously described 
(Dudler, Renggli- Zulliger, Busso, Lotz, & So, 2000; van Holten et al., 
2004). Proteoglycan depletion was also scored on safranin O- stained 
sections using a scale from 0 (weak) to 3 (strong) based on the staining 
intensity.

2.6.2 | Mechanical nociceptive paw test for articular 
hyperalgesia

Mechanical hyperalgesia of the tibiofemoral joint was evaluated as 
previously reported (Pinto et al.). In a quiet room, mice were placed 
in acrylic cages (12 × 10 cm, 17 cm high) with a wire grid floor 
15–30 min before testing. The test consisted of inducing a hindpaw 
flexion reflex with a handheld force transducer (electronic anesthesi-
ometer; IITC Life Science, Woodland Hills, CA) with a large polypro-
pylene tip (4.15 mm; IITC Life Science). The investigator applied the 
tip perpendicular to the central area of the plantar hindpaw, and the 
pressure was gradually increased to induce flexion of the tibiofemo-
ral joint followed by paw withdrawal. The intensity of the pressure 
applied was automatically recorded after paw withdraw using an 
electronic pressure meter, and the final value for the response was 
obtained by taking the average of three subsequent consistent meas-
urements. Considering that the nociceptive plateau is reached be-
tween 7 and 24 hr (based on previous data from our group), articular 
hyperalgesia was measured 7 hr after the challenge. Measurements 
obtained for the flexion- elicited mechanical threshold are expressed 
as grams (g).

2.6.3 | In vivo neutrophil infiltration into the joints

Neutrophil migration was assessed on day 7 after the intra- articular 
injection (challenge) of saline or mBSA (10 μg/cavity) in naïve or im-
munised mice with or without oral P. gingivalis infection, as described 
previously. Mice were sacrificed 7 hr after the challenge, and cells 
from the articular cavities were harvested by washing the cavity with 
PBS containing 1 mM EDTA. The content collected was further di-
luted for subsequent leucocyte migration analysis. Firstly, a total cell 
count was performed by diluting the samples in Turk’s solution then 
counting the cells using a Neubauer chamber. A differential cell count 
was then performed by light microscopy on Rosenfeld- stained slides 
prepared using a cytocentrifuge. Data are expressed as the number 
(mean ± SEM) of neutrophils per cavity for each experimental group.

2.6.4 | Production of cytokines in the joints

The levels of TNF, IL- 1β and IL- 17 in the tibiofemoral joint induced by 
the mBSA challenge were quantified by enzyme- linked immunosorb-
ent assay (ELISA). The cytokine levels were measured 7 hr after either 
mBSA injection (10 μg) or saline injection. Briefly, the knee joints from 
the injected and control sides of the animals were removed, then frozen 
with liquid nitrogen, triturated and homogenised in 300 μl of PBS. The 
homogenates were centrifuged at 10,000 g for 10 min, and the super-
natants were collected for cytokine analyses by ELISA using paired an-
tibodies (R&D Systems), as described previously (Pinto et al., 2010). The 
results are expressed as picograms per joint (pg/joint) for each cytokine.

2.6.5 | Flow cytometry analysis of T cell phenotype

After sacrifice on day 15, the inguinal lymph nodes from mice of all 
groups were isolated and disrupted for subsequent staining of Th17 
and Treg cells. Briefly, CD4+ T cells were stained with an anti- CD4- APC 
antibody, washed with FACS buffer (PBS including 1% BSA), then fixed 
in PBS containing 2% PFA. Cells were then stained with anti- IL- 17- PE 
and anti- forkhead box P3 (FoxP3) antibodies in FACS buffer. An appro-
priate isotype- matched control antibody was used for all FACS analy-
ses. All antibodies were purchased from BD Biosciences- Pharmingen. 
Cells were analysed by a FACS Canto II flow cytometer using FACS 
Diva and CellQuest software (BD Biosciences- Pharmingen).

2.7 | Statistical analysis

Data are presented as mean ± SEM, and are representative of two 
separate experiments. The means from different groups were com-
pared by ANOVA with Tukey or Bonferroni correction. Statistical sig-
nificance was set at p < .05. All statistical tests were performed using 
GraphPad Prism version 4.0 software (GraphPad Software Inc., San 
Diego, CA).

3  | RESULTS

3.1 | Experimental arthritis does not modulate 
Porphyromonas gingivalis- induced alveolar bone 
resorption

We initially investigated whether arthritis could influence the pro-
gression of experimental PD in vivo. For this purpose, we evalu-
ated the severity of PD induced by P. gingivalis in mice subjected to 
AIA. Hemisected maxillae stained with methylene blue were used 
to evaluate bone resorption at 30 (data not shown) and at 45 days 
after PD induction. As expected, the first and second molars of C 
and AR mice showed reduced alveolar bone loss than PD and ARPD 
mice (Figure 2a). The images and results for furcation length and the 
area between CEJ and ABC also suggest that the co- induction of AIA 
and PD did not increase alveolar bone loss compared to mice sub-
jected to PD alone at shorter (data not shown) and longer timepoints 
(Figure 2b,c).
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3.2 | Periodontitis induced by Porphyromonas 
gingivalis increases the severity of articular damage in 
an antigen- induced arthritis model

We evaluated histological changes in the joint induced by AIA in 
mice infected with P. gingivalis in order to further confirm that PD 
could influence the progression of experimentally- induced arthritis. 
Non- challenged mice (C) and PD mice did not present any evidence 
of synovial inflammation, bone erosion or proteoglycan loss, which 
were all observed in AR mice (Figure 3a–d). Importantly, the com-
bination of PD and AR induced more severe articular damage, sug-
gesting that P. gingivalis enhanced the severity of AR. Periodontal 
disease induced by P. gingivalis was associated with higher inflam-
matory (Figure 3a,c) and proteoglycan loss (Figure 3b,d) scores when 
compared to all other groups. The presence of periodontitis also 
increased the influx of inflammatory cells into the articular cavity, 
with a higher number of mononuclear cells accompanied by pannus 
formation (synovial hyperplasia) (Figure 3a). Thus, the histological 
findings further support the pathogenic role of P. gingivalis-induced 
PD on the disease severity of experimentally- induced arthritis.

3.3 | Periodontitis induced by Porphyromonas 
gingivalis increases IL- 17 secretion into the inflamed 
joints of mice with antigen- induced arthritis

It has previously been reported that an imbalance in Th17/Treg cells 
plays an important role in the immunopathological coordination of ar-
thritis inflammation (Cope, Schulze- Koops, & Aringer, 2007). In order 
to investigate whether the aggravation of arthritis by experimentally- 
induced periodontitis was mediated by changes in the T cell phe-
notype, analysis of the total T cells in draining lymph nodes was 

performed. While PD did not induce any change in the proportion of 
Th17 cells in the inguinal lymph nodes of naïve mice, AR mice showed 
a higher frequency of Th17 cells when they had been previously in-
fected with P. gingivalis (Figure 4a), supporting our observation of ag-
gravation of RA by PD. Interestingly, we did not observe any change 
in Treg frequencies in the draining lymph nodes as a result of peri-
odontitis (Figure 4b). However, increased levels of the proinflamma-
tory cytokines IL- 17 and TNF were observed in the articular tissues of 
mice with concomitant AIA and periodontitis (Figure 4c,d).

3.4 | Porphyromonas gingivalis- induced periodontitis 
increases neutrophil infiltration into the joints of 
mice with antigen- induced arthritis in an IL- 17RA- 
dependent manner

Our group has previously reported that IL- 17 production in inflamed 
joints is related to the induction of chemokines and recruitment of 
neutrophils into the articular tissue (Pinto et al., 2010). Articular 
damage is associated with neutrophil infiltration into the articu-
lar tissue in the early stages of arthritis, therefore, we evaluated 
whether the aggravation of arthritis by periodontitis was related to 
altered neutrophil migration into the joints. Among the mice with 
AIA, neutrophil infiltration into the articular cavity was found to be 
higher in mice with concomitant periodontitis than in non- infected 
mice (Figure 5a). This was followed by significantly increased ar-
ticular hyperalgesia in mice subjected to co- induction of arthritis 
and periodontitis compared to mice with arthritis only (Figure 5b). 
Interestingly, periodontitis did not induce increase neutrophil migra-
tion in the IL- 17RA- KO mice (Figure 5c), suggesting that aggravation 
of arthritis by P. gingivalis is dependent on functional IL- 17/IL- 17RA 
signalling.

F IGURE  2 Experimental arthritis does not modulate alveolar bone loss induced by Porphyromonas gingivalis. C57BL/6 mice were orally 
infected with P. gingivalis as described in the methods section. (a) Representative images of hemimaxilaes evaluated for quantification of alveolar 
bone loss by staining with methilene blue at 45 days after infection. (b) Histomorphometrical alveolar bone loss quantification by evaluation of 
CEJ- ABC distance in the furcation region of 1st maxillary molar in the palatal face of maxillary molars. (c) Histomorphometrical alveolar bone loss 
quantification by evaluation of CEJ- ABC area around 1st and 2nd maxillary molars in the palatal face of maxillary molars. Results are represented 
by mean ± SEM. *p < .05 as compared to control; #p < .05 as compared to experimental arthritis obtained by ANOVA followed by Bonferroni’s 
test, n = 5
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4  | DISCUSSION

In light of the emerging role of microbiota in autoimmune diseases, 
this study demonstrates that aggravation of arthritis induced by oral 

P. gingivalis infection is dependent on IL- 17RA activation and subse-
quent increased neutrophil infiltration into the joints. However, until 
now, the mechanisms involved in the connection between PD and 
RA is still not well understood and presents controversial findings. 

F IGURE  3 Porphyromonas gingivalis- induced PD enhances the severity of articular injury during experimental arthritis. (a, b) Representative 
histological images of femur- tibial joint of mice 30 days after P. gingivalis infection; upper panel shows H&E stained sections: stars and stealth 
arrows indicate inflammatory infiltrate and bone erosion, respectively; lower panel shows safranin O staining (red) and open arrows indicate 
proteoglican depletion. Representative scores of severity of inflammatory arthritis (c) and proteoglican depletion (d) – period of 30 days showing 
higher articular inflammatory scores and proteoglycan loss in mice subjected to co- induction of antigen- induced arthritis and P. gingivalis 
infection (ARPD group). The results are expressed as mean ± SEM and *p < .05 as compared to control (ANOVA followed by Tukey test), n = 5
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Previous studies on the potential role of P. gingivalis on RA have 
primarily focused on its ability to citrullinate proteins and generate 
potential autoantigens (Hitchon et al., 2010; Wegner et al., 2010). 
Herein, we have confirmed, using the AIA model, that the involve-
ment of Th17/IL- 17 signaling pathway is also a possible mechanism 
of arthritis aggravation by P. gingivalis. These results also corroborate 
previous studies, including one from our group, using CIA model (de 
Aquino et al., 2014; Marchesan et al., 2013). A recent study dem-
onstrated that the exacerbation of autoimmune arthritis in human 
leukocyte antigen- DR1 humanized C57Bl/6 mice under P. gingivalis 
infection was shown to be followed by a transitory increase of sys-
temic Th17 population and in cervical lymph nodes. This same study 
also suggested a complementary mechanism because they detected 

the production of anti- citrullinated protein antibodies (ACPAs) –
(Sandal et al., 2016); importantly, the generation of ACPAs was not 
detected in P. gingivalis-  infected wild type C57Bl/6 mice. In this 
context of controversies, the present study showed that PD- induced 
arthritis aggravation in an AIA model is dependent on IL- 17RA 
activation.

The AIA model is a relevant experimental model for studying ar-
thritis due to the similar pathophysiology and immune events as those 
observed in human RA, in addition to its reproducibility (Brackertz, 
Mitchell, & Mackay, 1977; Pinto et al., 2010). Moreover, the contri-
bution of antigen- specific CD4 + - derived mediators in triggering the 
inflammatory response in this model has been well described (Huber 
et al., 2006; Petrow, Thoss, Katenkamp, & Bräuer, 1996), and it is a 

F IGURE  4 Periodontitis induces increase of Th17 frequencies and intraarticular production of IL- 17 and TNF in mice with AR. (a) Flow 
cytometry analysis of Th17 (CD4+ IL+17 cells) frequencies in the inguinal draining lymph nodes at day 15 after infection. (b) Treg (CD4+ 
FOXP3+) frequencies in the inguinal draining lymph nodes at day 15 after infection. Cells were analyzed on a FACSCalibur flow cytometer using 
the CellQuest software (BD Biosciences- Pharmingen). (c and d) Intra- articular levels of the pro- inflammatory cytokines IL- 17 (c) and TNF (d) 
7 hr after antigen challenge (CH1 - 10 μg/cavity) at day 7 after infection. The results are expressed as mean ± SEM and *p < .05 as compared to 
control (ANOVA followed by Tukey test), n = 5

F IGURE  5 Periodontitis increase neutrophil infiltration into the joints of mice under experimental arthritis in IL- 17RA- dependent manner. (a) 
Number of neutrophils in articular lavage 7 hr after antigen challenge (CH1 – 10 μg/cavity) (at day 7 after oral infection). (b) Mechanical articular 
hyperalgesia 7 hr after CH1. (c) Number of neutrophils in articular lavage 7 hr after antigen challenge (CH1) in wild- type (WT) or IL- 17RA genetic 
deficient mice (Il- 17ra- /- ). (a- c). The results are expressed as mean ± SEM and *p < .05 as compared to control (ANOVA followed by Tukey test), 
n = 5
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useful model for investigating the T cell- mediated molecular and cellu-
lar pathways involved in the PD and RA connection. Indeed, we have 
demonstrated the involvement of the Th17/IL- 17 signalling path-
way as a possible mechanism of AIA aggravation by P. gingivalis using 
this model. Importantly, the use of different experimental models to 
confirm a hypothesis is necessary, considering that each model has 
specific limitations and distinct targets of the innate and/or adaptive 
response, which can contribute to discrepancies in the final outcomes 
(Asquith et al., 2009).

Some animal studies have confirmed the opposite to that re-
ported here, that periodontitis is exacerbated by experimentally- 
induced arthritis (Queiroz- Junior et al., 2012; Trombone et al., 
2010). Studies have also shown that despite increased PD severity, 
the course of pristane- induced arthritis (Trombone et al., 2010) or 
AIA (Queiroz- Junior et al., 2012) were not affected by PD, which 
is different to our findings. A possible reason for this discrepancy 
could be the use of a different periodontal pathogen to induce PD 
in the study by Queiroz- Junior et al. (2012), who used Agregatibacter 
Actinomycetemcomitans instead of P. gingivalis. This is supported by 
a study that found that the course of experimental PD and the sys-
temic immune response were altered by the presence of different 
strains of P. gingivalis (Marchesan et al., 2012). Recently, Corrêa 
et al. (2016) suggested that the induction of alveolar bone loss in 
mice subjected to AIA is only associated with changes in the oral 
microbiota (Corrêa et al., 2016). An additional explanation for these 
controversial findings is that the normal oral flora initially presented 
by the mice in these studies may have differed, which can influence 
the experimental PD outcome. It is also important to mention that 
other factors in the experimental design can vary between studies, 
including the immunisation protocol, challenge, dose of bacteria for 
oral inoculation and the bacterial strain, all of which can differ even 
if the same experimental model is used.

Importantly, in addition to the histopathological findings, we ob-
served that oral P. gingivalis infection induced increased neutrophil 
infiltration into the articular space. As mentioned previously, the pres-
ence of neutrophils in the articular cavity is strongly associated with 
articular damage and hypernociception, and this has been shown to 
be dependent on Il- 17 production in the inflamed joint (Lemos et al., 
2009; Pinto et al., 2010). It is well established that IL- 17 and TNF play 
a role in induction of the chemokine cascade that leads to neutro-
phil recruitment into the joint during arthritis (Lubberts et al., 2003). 
Consistent with this, we detected higher intra- articular levels of IL- 
17 and TNF in PD mice with AIA, in addition to increased neutrophil 
infiltration. Clinical data suggest that increased levels of TNF and IL- 
17 in RA patients are predictive of bone tissue destruction (Kirkham 
et al., 2006) as these cytokines play an important role in the neutro-
phil migration, induction of osteoclastogenesis and bone erosion char-
acteristic of RA. We hypothesise that PD increases the levels of the 
proinflammatory TNF and IL- 17 cytokines in the articular tissue at an 
earlier time point, due to the Th17 profile and aggravated RA observed 
in mice. Indeed, higher neutrophil infiltrate was detected in mice with 
AR and PD when compared to non- infected mice, a condition that was 
not present in IL- 17RA- deficient mice. This suggests that aggravation 

of arthritis by P. gingivalis is dependent on functional IL- 17/IL- 17RA 
signalling.

We also demonstrated that P. gingivalis-induced periodontitis en-
hances mechanical hyperalgesia in experimentally- induced arthritis. 
Previous studies from our group have also demonstrated the involve-
ment of TNF and IL- 17 in the generation of articular hyperalgesia in an 
AIA model (Pinto et al., 2010). Therefore, we can infer that P. gingivalis 
increases mechanical hyperalgesia through local induction of the pro-
nociceptive cytokines TNF and IL- 17.

In addition to the local increase in IL- 17 and neutrophil migration 
into joints, the frequency of Th17 cells was higher in the draining 
lymph nodes of ARPD mice, whereas Treg cell frequencies were not 
altered by P. gingivalis infection. Thus, we suggest that P. gingivalis-in-
duced periodontitis can skew T helper cell differentiation toward the 
Th17 profile. This is in line with previous reports that have shown 
an increased Th17 population under P. gingivalis stimuli in both mice 
and humans (Cheng, Hughes, & Taams, 2014; Monteiro et al., 2009; 
Moutsopoulos et al., 2012). Indeed, clinical studies have shown the 
presence of Th17 cells in inflamed tissue, as well as increased local and 
serum levels of IL- 17 during periodontitis (Adibrad et al., 2012; Awang 
et al., 2014; Cardoso et al., 2009). Moreover, local and systemic levels 
of IL- 17 and the number of Th17 cells are reduced under periodontal 
treatment (Giannopoulou, Cappuyns, Cancela, Cionca, & Mombelli, 
2012; Zhao et al., 2011). These data reinforce the influence of peri-
odontitis on modulation of the Th17/IL- 17 axis.

Maintenance of the chronic stimulus, as reported during chronic 
PD, may play a crucial role in the increased Th17 population and 
ultimately influence arthritis progression, as observed in our ex-
perimental model. In the current study, the effect of periodontal 
infection was probably not restricted to the oral cavity. It has been 
suggested that P. gingivalis and/or proinflammatory products from 
diseased sites may disseminate via blood or lymphatic circulation, 
leading to the priming or activation of distinct immune cells at dis-
tant sites (Hayashi, Gudino, Gibson, & Genco, 2010). We previously 
demonstrated that P. gingivalis activated bone marrow dendritic 
cells to produce T cells, affecting the secretion of proinflammatory 
cytokines in vitro (de Aquino et al., 2014). Therefore, it appears 
that the role of P. gingivalis in priming an innate immune response 
in dendritic cells (or other immune cells) may also contribute to T 
cell modulation and final aggravation of experimentally- induced ar-
thritis. Moreover, previous reports have shown that modulation of 
Th17 by the gut microbiota can favour the development of arthri-
tis in an experimental model (Abdollahi- Roodsaz et al., 2008; Wu 
et al., 2010). Interestingly, a recent study showed that oral P. gin-
givalis infection induces changes in the composition of the gut mi-
crobiota, an effect known to be associated with increased systemic 
inflammation (Arimatsu et al., 2014). Changes in the gut microbiota 
may represent an important mechanism by which P. gingivalis influ-
ences the host response at a distal site during systemic diseases. 
However, the effect of oral P. gingivalis infection (or other oral 
periodontal pathogens) on gut microbiota remains unclear, in addi-
tion to the other possible mechanisms by which P. gingivalis prime 
the host response at distal sites, affecting the arthritis outcome. 
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Additionally, further studies are necessary to elucidate whether P. 
gingivalis presents an arthritogenic antigen in addition to inducing 
a Th17 profile, and whether T cell cross- reactivity to P. gingivalis- 
derived epitopes and joint- derived antigens also participate in the 
aggravation of arthritis.

Taken together, our data demonstrate the pathogenic role of peri-
odontal infection with P. gingivalis on the aggravation of arthritis medi-
ated by increased Th17, articular production of IL- 17 and activation of 
IL- 17RA, which underlie the increase in neutrophil infiltration into the 
joints and ultimately affect arthritis progression.

These data support the importance of early periodontitis manage-
ment in RA patients, as well as reinforcing the role of modulation of the 
Th17/IL17 axis in the AIA model as a mechanism for the influence of 
P. gingivalis on disease progression. This contributes to a better under-
standing of the etiological link between periodontitis and RA.
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