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 PERIODONTAL DISEASE 
 Periodontal disease (PD) is the most common cause of bone 

loss and infectious inflammatory disease of mankind, with 

mild forms of the disease affecting the majority of popula-

tion and a more severe disease affecting 5 – 8 % . 1 – 3  PDs can be 

broadly classified as aggressive or chronic. The former affects 

younger patients and progresses rapidly, the latter, more com-

mon form, progresses relatively slowly and generally affects 

patients over 35 years of age. There are numerous subtle dif-

ferences in etiology and pathogenesis of the two forms. 4  In the 

main, this review describes studies of chronic periodontitis. 

The disease is clinically a readily accessed and visualized 

example of inflammation at a mucosal surface, which in a 

susceptible host leads to bone loss around the teeth and ulti-

mately tooth loss ( Figure 1 ). In addition, there is substantial 

evidence suggesting that patients with PD have between 1.2- 

and 6-fold increased risk of cardiovascular diseases, suggesting 

that inflammation at this mucosal surface has systemic con-

sequences. 5  This relationship shows a dose response, thus the 

greater the burden of PD, the greater the systemic impact. The 

microbial plaque biofilm is a necessary, but not a sufficient, 

cause of PD. Thus, variation in host response to the biofilm 

is believed to account for a significant proportion of the vari-

ation in disease susceptibility. 6 – 8  The microbiology of peri-

odontitis is complex, and most simplistically associated with 

a microbial community shift from a predominantly Gram-

positive, aerobic health-associated biofilm, to a dominance of 

Gram-negative anaerobes. Seminal molecular studies have 

identified complexes of different bacterial species associated 

with severe chronic periodontitis, in particular  Porphyromonas 

gingivalis ,  Tanerella forsythia , and  Treponema denticola . 9  More 

recently, sequencing studies unraveling the oral microbiome 

have served in part to confirm these findings and implicated 

other previously unidentified and highly fastidious species, 

such as  Filifactor alocis , which significantly associate with dis-

ease. 10   P. gingivalis  has long been identified as a  “ periodontal 

pathogen ” , as a species that is detected infrequently and in 

low numbers in health, and in greater frequency and larger 

numbers in destructive forms of the disease. 11  In animal mod-

els,  P. gingivalis  serves as a  “ keystone pathogen ”  capable of 

instructing the development of a pathogenic flora, ultimately 

remaining in the matured microbial community only in small 

numbers. 12   P. gingivalis  has an impressive armamentarium of 

virulence factors including fimbrae, degradative enzymes, 

exopolysaccharide capsule, and atypical lipopolysaccharide 

(reviewed in detail by Holt  et al.  13 ). A group of extracellu-

lar cysteine proteases with trypsin-like proteolytic activity, 

known as gingipains, are associated with tissue damage and 

immune disruption in PD. 14 – 16  Gingipains cleave host pro-

teins at arginine or lysine residues by means of arg-gingipain 

A (RgpA) or B (RgpB), and lys-gingipain (Kgp), respectively. 17  

These enzymes have a critical role in  P. gingivalis -mediated 

disease pathogenesis as evidenced by the attenuated virulence 

exhibited by gingipain knockout  P. gingivalis . 18  More recently, 
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 P. gingivalis  has been identified as the only human parasitic 

prokaryotic organism expressing a peptidylarginine deiminase 

(PAD) —  P. gingivalis  peptidylarginine deiminase (PPAD), and 

is therefore capable of citrullinating proteins. 19,20    

 RHEUMATOID ARTHRITIS 
 Rheumatoid arthritis (RA) is a systemic autoimmune disease 

encompassing breach of self-tolerance, chronic inflammation, 

and joint destruction. RA affects  ~ 1 %  of the population and is 

associated with debilitating joint destruction and significant 

comorbidities including significantly accelerated atheroscle-

rosis, psychological disease, and socioeconomic decline. 21  

Rheumatoid factor provides a serological indicator for RA, 

although offers only moderate disease sensitivity and specificity. 

The discovery of anti-citrullinated protein antibodies (ACPAs), 

as more sensitive and specific markers of RA, stemmed from 

observations that anti-keratin autoantibodies could be detected 

in 40 – 55 %  of RA patients, 22  of which 40 – 50 %  tested negative 

for serum rheumatoid factor. 23  These anti-keratin antibodies 

recognized an epitope containing citrulline, the deiminated 

form of arginine. 24  Assessing IgG antibodies directed against 

a synthetic peptide containing citrulline,  “ Cyclic Citrullinated 

Peptide ”  is superior to either anti-keratin antibody or rheuma-

toid factor for diagnosis of RA. 25  These ACPAs are present in 

70 %  of RA patients, are associated with disease progression, 

and may be detectable up to 10 years before the clinical onset 

of disease. 26 – 29  IgA ACPA have been described and perhaps 

incriminate mucosal tissues in the development of autoimmu-

nity. 30  The role of ACPA and the numerous other contributors 

to the pathogenesis of RA has been extensively and elegantly 

reviewed elsewhere. 30 – 32  RA disease associations with ACPAs 

have stimulated considerable interest in post-translationally 

modified proteins as sources of autoantigens. Citrullinated pro-

teins may be created by peptidyl arginine deiminase enzymes 

(PAD), which substitute an amine residue on arginine with an 

oxygen group to form citrulline. More recently, a role in arthritis 

has also been proposed for homocitrullination (or carbamyla-

tion), an enzyme-independent reaction substituting an amine 

group of lysine with an oxygen group. 33 – 35  In patients with 

erosive RA, carbamylated proteins and anti-carbamylated 

peptide antibodies are elevated compared with both healthy 

controls and non-erosive arthritis. 36,37  

 Periodontal destruction and the articular destruction of 

RA share common pathogenic mechanisms of host response-

driven hard tissue destruction arising from chronic dysregulated 

inflammation in adjacent tissues. There is evidence that these 

diseases influence each other, a relationship potentially medi-

ated by citrullination.   

 ASSOCIATIONS BETWEEN RA AND PD 
 The concept of a relationship between periodontitis and RA 

was first mooted nearly 50 years ago 38  and their common 

inflammatory mechanisms have been highlighted in numerous 

publications. 39  Several studies demonstrate an epidemiological 

association between RA and PD. Patients with PD seem to have 

an increased likelihood of suffering RA. 40 – 42  Conversely, RA 

patients show increased likelihood of PD, a relationship that 

could not be attributed simply to inadequate tooth cleaning in 

RA patients. 43 – 46  Analysis of the NHANES (National Health 

and Nutrition Examination Survey) showed that particular 

groups of RA patients were four times more likely to have PD 

than were those without RA. 47  In another group, when com-

pared with patients with osteoarthritis, RA patients also had 

significantly more PD. Moreover, in this group, ACPA titers 

correlated with PD severity. 48  Among others, a hypothesis was 

proposed that periodontitis and exposure to  P. gingivalis  and 

its PPAD could predispose to autoimmunity to citrullinated 

proteins. 49  

 There are associations between the humoral response to 

periodontal pathogens and RA. Compared with healthy con-

trols, RA patients demonstrated significantly elevated anti-

 P. gingivalis  IgG, and antibodies specific for other periodontal 

pathogens including  Prevotella intermedia ,  Prevotella melanino-

genica , and  Tannerella forsythia . Elevated anti- P. gingivalis  anti-

body titers were associated with higher serum concentrations 

of C-reactive protein and ACPA. 49 – 51  A comparison of ACPA 

positive non-RA relatives with ACPA-positive RA patients, 

found that anti- P. gingivalis  levels were significantly higher in 

the RA group. 51  However, such cross-sectional studies cannot 

determine whether  P. gingivalis  infection precedes develop-

ment of ACPA, and although there is convincing evidence of 

an ACPA –  P. gingivalis  association, in such studies,  P. gingivalis  

antibody titers may be a surrogate marker for an independent, 

co-colonizing periodontal pathogen(s) or simply an indica-

tion of generalized periodontal inflammation. Furthermore, 

a direct comparison of the results of these studies is hindered 

by a lack of consensus methodology for quantifying PD, 52  and 

it is tempting to speculate that the use of standardized peri-

odontal microbiological assessments combined with methods 

to estimate the surface area of inflamed, ulcerated periodontal 

pocket epithelium may help clarify these findings. 53  

 The associations revealed by the above studies, although 

intriguing, do not offer a cause and effect relationship. 

Nonetheless, there are experimental data suggesting that 

periodontitis and RA influence each other ’ s pathogenesis. 

  Figure 1             Aggressive periodontal disease causing bone loss around 
the teeth and loss of the upper front teeth in an otherwise healthy 
33-year-old patient with a good standard of tooth cleaning. Periodontal 
disease does not always simply reflect oral neglect, and the variable 
response to the microbial plaque biofilm causes marked individual 
variation in disease susceptibility.   
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 Three small clinical trials have evaluated the possible thera-

peutic effects of periodontal treatment on symptoms and clinical 

markers of RA. RA patients received either comprehensive peri-

odontal treatment, including removal of plaque biofilm from 

above and below the gum margin and oral hygiene instruction, 

or only basic periodontal treatment consisting of oral hygiene 

instruction and removal of plaque biofilm from above the gum 

only. Those receiving comprehensive treatment exhibited sig-

nificantly improved erythrocyte sedimentation rate and health 

assessment questionnaire scores compared with the control 

group of RA patients who received only basic periodontal 

treatment. 54  Periodontal treatment has been reported to lead 

to an improvement in disease activity scores (DAS28), 55  and 

in a reduction in serum tumor necrosis factor-alpha (TNF � ). 56  

Two small clinical studies have addressed the effects of treat-

ing arthritis on PD. Periodontal status was monitored in two 

groups of RA patients; one group received anti-TNF �  treat-

ment over the preceding 2 years, the other group was observed 

as anti-TNF �  treatment commenced. Anti-TNF �  treatment 

seemed to reduce bone destruction around the teeth. However, 

anti-TNF �  treatment intriguingly seemed to cause more local 

gingival inflammation, highlighting that in the periodontium, 

inflammation and local destruction are related but are separate 

components of PD. 57  A second study indicated that anti-TNF �  

treatment reduced both inflammation and local destruction. 58  

Although suggestive that reducing the inflammatory burden in 

the oral cavity is beneficial to patients with RA, and  vice versa , 

these are small studies, and do not offer any mechanistic expla-

nation of periodontal therapy ameliorating RA. Animal model 

studies have provided further detail and confirmation of these 

findings. 

 Rats challenged by subcutaneous implantation of sponges 

soaked with heat-killed  P. gingivalis  developed a more severe 

adjuvant-induced arthritis 59  than did controls. A more subtle 

approach was subsequently adopted in which experimental 

PD was induced in mice by oral infection with  P. gingivalis.  

Antibody-induced arthritis was then initiated, demonstrating 

that  P. gingivalis -induced PD significantly exacerbated joint 

inflammation and bone destruction. Moreover, antibody-

induced arthritis alone caused some periodontal destruction 

in the murine model, 60  findings that are mirrored in other 

rodent models. Histological analysis of the mandibles of col-

lagen-induced arthritis mice demonstrated severe periodontal 

destruction and alveolar bone loss. 61  Similarly, marked peri-

odontal destruction has been described in animals with anti-

gen-induced arthritis, 62  which was identified as dependent on 

TNF �  and the oral microbiota. Similar findings were implied 

by earlier studies in which matrix metalloproteinase inhibition 

in a rat model of adjuvant arthritis eliminated the associated 

periodontal destruction. 63  These  in vivo  studies suggest a pos-

sible bidirectional relationship between experimental arthritis 

and PD, suggesting that bone destruction in these models is not 

exclusive to synovial joints, and that the oral flora is required for 

the associated bone destruction. 

 Below, some potential mechanisms by which PD may influ-

ence arthritis are explored ( Figure 2 ). This can be viewed in 

many ways, and for ease of discussion, are broadly grouped here 

as (i) bacterial generation of autoantigens, (ii) local inflam-

mation generating autoantigens, (iii) direct bacterial insult, 

and (iv) systemic inflammatory effects of PD. These pathways 

exist against a backdrop-shared genetic, environmental, and 

behavioral risk factors, which are discussed separately. Clearly, 

the list is not exhaustive, and the pathways are not mutually 

exclusive.   

 BACTERIAL GENERATION OF AUTOANTIGENS  
 Citrullination by bacterial enzymes 
 As noted, the periodontal pathogen  P. gingivalis  is capable of 

citrullinating both its own and its host proteins.  P. gingivalis  

gingipains create substrate for PPAD by cleaving at arginine 

residues, suggesting a system integral to this species ’  metabo-

lism. The physiological role of PPAD remains uncertain, 

although it has been shown to inactivate hemagglutinins, 

possibly furnishing  P. gingivalis  with a continued supply of 

nutrients from the vascular system. 64  PPAD may assist with 

bacterial defenses against neutrophils and neutralize acidic 

environments through the production of ammonia. PPAD 

differs from human PAD in its structure, its ability to citrulli-

nate-free arginine and function independently of calcium 

concentration. 19,64   In vitro ,  P. gingivalis  gingipains degrade 

human fibrinogen and  � -enolase, which are then citrullinated 

by PPAD. 20  It has been proposed that  P. gingivalis  may have 

an indirect role in promoting human PAD activity by increas-

ing intracellular calcium concentrations through induction of 

defensive enzymatic activity. 64,65    

 Citrullinated bacterial proteins as autoantigens 
 In addition to citrullinating host proteins, bacterial citrulli-

nation of bacterial proteins provides a potential source of 

autoantigens. Bacterial  � -enolase is a candidate autoantigen, 

with significant homology between human and bacterial 

 � -enolase.  � -Enolase was found to be reactive with sera from 

25 %  of RA patients in a study of 255 very-early-disease-onset 

RA patients, and was predictive of severe radiological disease 

progression in this cohort. 66  Subsequent studies narrowed this 

reactivity to citrullinated  � -enolase 67  after which anti- � -eno-

lase antibodies were detected in ACPA-positive subgroups of 

three cohorts of Northern European RA patients (43 – 63 % ). 68  

Further investigation demonstrated significantly elevated 

levels of  � -enolase in the synovial joints of patients with RA and 
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  Figure 2             Schematic representation of mechanisms by which 
periodontal inflammation may affect rheumatoid arthritis. Each could 
hypothetically occur in isolation but more likely in combination, and 
always against a background of common risk factors.   
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spondylarthridities compared with the joints of osteoarthritis 

patients. Anti- � -enolase antibodies were not detected in the 

synovium of spondylarthridities patients, but were identified 

in 12 of the 20 RA patients. 69  Autoantibodies directed against 

citrullinated  � -enolase were predictive of RA, with 46 %  of RA 

sera recognizing the protein in its citrullinated form compared 

with 13 %  when non-citrullinated. 67  Immunological mapping 

using a library of cyclic citrullinated  � -enolase peptides led 

to the identification of a B cell-dominant epitope comprising 

amino acids 5 – 21 of  � -enolase ( 5 KIHAREIFDSRGNPTVE 21 ) 

where arginine-9 and arginine-15 are citrullinated. This pep-

tide,  “ citrullinated enolase peptide-1 ”  (CEP-1) is highly con-

served in prokaryotes and eukaryotes. Indeed, at the CEP-1 

region, human  � -enolase has an 82 %  sequence similarity with 

that of  P. gingivalis , whereas a 9 amino-acid span including 

arginine-15 of CEP-1 is 100 %  identical. 70,71  Immunization with 

citrullinated human and  P. gingivalis   � -enolase, 72  and citrulli-

nated fibrinogen 73  cause similar pathology in humanized DR4 

transgenic mice. These findings suggest that by mimicking 

the molecular structure of host-citrullinated proteins, PPAD-

citrullinated bacterial  � -enolase could trigger a loss of 

tolerance to structurally similar host proteins, resulting in 

expression of ACPA, and the development of RA.    

 LOCAL INFLAMMATION GENERATING AUTOANTIGENS 
 Neutrophil extracellular traps (NETs) are extracellular fibrous 

webs that bind Gram-negative bacteria, Gram-positive bacteria, 

and fungi. 74,75  NET formation requires histone citrullination 

for the decondensation and unfolding of chromatin, and the 

formation of the web-like structure of NETs. 76  Citrullination 

is necessary for NET formation and dependent on neutrophil-

derived PAD4, 76  confirmed by the lack of NET formation and 

deficiency in bacterial killing in PAD4 knockout mice. 77,78  

NET formation has been observed in PD, both by human 

studies and  in vitro  models, and these studies suggest that the 

entrapment and flushing of bacteria may be more important in 

NET activity than bacterial killing. 79  The bacterially infected 

periodontal tissues are infiltrated with activated neutrophils 

and are therefore likely to be exposed to higher concentra-

tions of neutrophil-expressed PAD4. Chronic PAD4 exposure 

may lead to increased host peptide citrullination and break-

down of immune tolerance in an RA-susceptible individual. 

As such, perhaps either singly or in combination, NET-related 

citrullination and PPAD activity could prime an autoimmune 

response in a susceptible individual. 

 The oral cavity is a potential source of homocitrullinated (car-

bamylated) proteins and there is compelling recent evidence of 

a key role for carbamylated host proteins in the pathology of 

RA. 36,37  Homocitrulline is generated from lysine in an enzyme-

independent reaction involving urea-derived cyanate, in which 

the amine group of lysine is substituted with an oxygen group. 

The normal physiological concentrations of urea and cyanate 

are considered too low to permit extensive homocitrullina-

tion of proteins. However, in inflammation, myeloperoxidase 

released from neutrophils may convert thiocyanate into cyanate 

and thus increase the potential for carbamylation of proteins. 80  

As a result of neutrophil infiltration, myeloperoxidase levels 

are increased in individuals with PD, correlate positively with 

disease severity, and decrease after successful clinical interven-

tion. 81 – 83  Hypothetically, myeloperoxidase-mediated increased 

conversion of salivary thiocyanate to cyanate may cause an 

increase in carbamylation of proteins. Although salivary 

and plasma thiocyanate levels are increased in smokers and 

inflammation, 80,84  studies investigating salivary thiocyanate or 

cyanate levels in PD sufferers were not identified at this time. 

Moreover, carbamylation of collagen readily occurred  in vivo  

after neutrophil activation 85  and is linked to matrix metallo-

proteinase release. 86  As such, in addition to bacteria-related cit-

rullination, the inflammation in the oral cavity resulting from 

periodontitis is a potential cause of post-translational protein 

modification and autoantigen generation.   

 DIRECT BACTERIAL INSULT 
  P. gingivalis  is invasive, with a capability to journey from one cell 

type to another. 87,88  In addition,  P. gingivalis , or its components, 

may translocate from the oral cavity to distant sites during bac-

teremias known to occur during eating and tooth cleaning. 89  

Therefore, theoretically bacteria and / or components may, by 

chance or sequestration, migrate to the joint and be processed 

by local antigen-presenting cells in the synovium.  P. gingiva-

lis  and other periodontopathic bacteria have been epidemio-

logically linked to various other systemic conditions including 

atherosclerosis. 90,91  Indeed,  P. gingivalis  DNA has been identi-

fied in atherosclerotic plaques and vessels. 91 – 94   P. gingivalis  DNA 

was detected in the synovial fluid of up to 80 %  of RA patients 

while being absent from that of healthy individuals. 95,96  Viable 

 P. gingivalis  has not been detected in the synovium. Original 

findings of  P. gingivalis  DNA in atherosclerotic plaques were 

only later extended by bacterial culture to reveal viable bacte-

ria, 97  although the strict growth requirements of these bacteria 

seem likely to preclude their colonization of an environment 

as foreign as the synovium. It remains unclear whether pre-

existing joint inflammation results in bacterial sequestration 

to the synovium or if bacterial products initiate inflammation 

in the joint and subsequent pathogenesis of RA. Irrespective, 

the inflamed synovium is likely to act as a non-specific trap for 

bacterial fragments, and these trapped fragments may in turn 

elicit an inflammatory response thus perpetuating the existing 

lesion. Activation of Toll-like receptors (TLRs) by pathogen-

associated molecular patterns has been implicated in the patho-

genesis of RA, 98  and expression of TLR2, TLR3, TLR4, TLR6, 

TLR7, and TLR9 has been demonstrated in the rheumatoid 

joint, on macrophages and fibroblast-like synoviocyte lineages. 

No association with TLR polymorphisms has been detected, 

but  in vivo  studies of gene knock-outs, in particular TLR2    −     /     −     

and TLR4    −     /     −    , clearly document their role in initiating and 

exacerbating arthritis (reviewed in the study by Drexler and 

Foxwell 99 ).  P. gingivalis  lipopolysaccharide is atypical in that it 

activates host innate immune responses through stimulation of 

TLR2 and TLR4, 100  and thus  P. gingivalis  sequestration in the 

inflamed synovium could further exacerbate inflammation in 

the joint through TLR2 and TLR4.  P. gingivalis  DNA mediates 
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TLR9-driven inflammatory cytokine production. 101  At this 

time, it is difficult to delineate the contribution of  P. gingivalis  

from other bacterial species and danger-associated molecular 

patterns that could elicit a similar response. It would be inter-

esting to explore pathogen-associated molecular pattern and 

 P. gingivalis  antigen expression in the joints of a cohort of PD /

 RA patients. In addition to bacterial agonists of TLRs, it could 

be hypothesized that PPAD-citrullinated  P. gingivalis  or self 

proteins may exacerbate pathology through TLR engagement 

leading to increased TNF- �  production. Citrullinated fibrino-

gen has been shown to increase TNF- �  production by synovial 

macrophages through co-stimulation of TLR-4 and Fc � R. 102  

The role of enolase and other citrullinated  P. gingivalis  proteins 

as inducers of TLR-driven TNF- �  production is an intriguing 

avenue for further studies investigating PD and RA. 

 PD lesions offer a reservoir of potentially autoantigenic-

citrullinated proteins, and components of  P. gingivalis  can 

translocate to the joint. Whether  P. gingivalis -citrullinated 

proteins can ultimately breach tolerance, either locally in the 

oral cavity, systemically, or localizing to the joint, has not been 

established.   

 SYSTEMIC INFLAMMATORY EFFECTS OF PERIODONTITS 
 Advanced and aggressive forms of PD demonstrate evidence 

of inflicting a systemic inflammatory burden, which can be 

reduced by periodontal treatment, as assessed by changes 

in serum C-reactive protein and interleukin-6. 103  Elevated 

interleukin-17A has been reported in serum of patients with 

aggressive periodontitis, 104  and although Th17 cells have been 

identified locally in the inflamed periodontium, 105  there is less 

certainty that circulating T-cell populations are influenced by 

PD. However, influences on other populations of circulating 

leukocytes are apparent.  P. gingivalis  may enter and remain via-

ble in circulating dendritic cells and promote a semi-matured, 

highly migratory phenotype. 88,106  A substantial (up to a five-

fold) increase in circulating CD19     +      CD5     +      B cells was observed 

in patients with periodontitis compared with healthy con-

trols. 107  Moreover, circulating B cells in patients with aggres-

sive PD demonstrated intriguing functional discrepancies, 

with an elevated proportion of B cells expressing TLR2, with 

a hyperresponsiveness to TLR2 and TLR4 ligands  in vitro . 108  

Therefore, PD could influence autoimmunity by creating a sys-

temic inflammatory milieu conducive to both development of 

autoimmunity and progression to clinical autoimmune disease 

in a susceptible individual. Given the success of T-cell, B-cell, 

and cytokine-targeted therapies in RA, 109  it seems intuitive that 

periodontal inflammation could at the very least exacerbate 

RA by fuelling these inflammatory pathways. Dissecting this 

generalized dysregulated inflammation is complicated by the 

multifactorial etiology and common risk factors of both PD 

and RA.   

 SHARED RISK FACTORS  
 Genetic 
 The  “ shared epitope ”  (SE) describes human leukocyte antigen 

(HLA) molecules including one of three amino-acid sequences 

at position 70 – 74 of the DR chain. This  “ shared epitope ”  signi-

ficantly predisposes to ACPA-positive RA (reviewed in the 

study by Bax  et al.  110 ). To date, evidence linking HLA-DR-SEs 

to periodontitis is less conclusive. However, there is a sugges-

tion of increased susceptibility to periodontitis in individu-

als expressing HLA-DR4, with this allele expressed in 80 %  of 

rapidly progressing periodontitis patients and 38 %  of healthy 

controls. 111  Some studies show associations with the HLA-

DRB1 * 04 haplotype, 112  in PD patients, 113 – 116  although others 

show no correlation. 117 – 119  Meta-analysis of numerous studies 

investigating HLA alleles in periodontitis suggested no signifi-

cant associations with HLA-DR4, or any other class II antigens, 

but associations with HLA-A19 and HLA-B15. 120  At present, 

larger studies would be required to draw conclusions about the 

relationship between HLA-DR4 and periodontitis.   

 Smoking – gene interactions 
 Smoking is a well-established risk factor for PD, with up to 

50 %  of cases attributable to current or former smoking and a 

clear dose – response relationship between disease severity and 

number of cigarettes smoked. 121  Moreover, smokers respond sig-

nificantly less favorably to periodontal treatment. 122   P. gingivalis  

has been found in significantly higher levels in the periodon-

tium of smokers compared with non-smokers 123,124  possibly as a 

result of the deleterious effect smoking has on the inflammatory 

capabilities of the periodontal tissues. 125  

 Smoking is a well-established risk factor for RA (reviewed 

in the study by Klareskog  et al.  126 ), and studies of the smok-

ing – RA relationship demonstrate a gene environment – behav-

ior interaction. Citrulline positivity was detected in 13.75 %  

of bronchoalveolar lavage cells of non-smokers compared 

with 28.5 %  in smokers, 127  with higher bronchial and alveolar 

PAD2 expression in smokers compared with non-smokers, 128  

therefore creating a source of citrullinated autoantigen. The 

Epidemiological Investigation of Rheumatoid Arthritis case –

 control study demonstrated an association between SE alleles 

and smoking. 129  Further studies confirmed a strong association 

between smoking and ACPA-positive RA, 127,130,131  whereas a 

similar relationship was not observed in ACPA-negative RA. 132  

The smoking – gene interaction demonstrated a dose-response 

gradient in some studies 133 – 135  with a 40-fold increased risk of 

disease in ACPA-positive heavy smokers who were homozygous 

for the SE. 134  However, there were contradictory results in an 

African-American cohort, which may reflect differences in both 

ethnicity and environmental exposures, which may mediate 

the association between ACPA-negative RA and smoking. 136  

Other studies found conflicting evidence of the influence of 

smoking on RA disease severity 137 – 139  and some have found 

little evidence of a strong gene – environment interaction in the 

development of RA. 140  Explanations for the discrepant find-

ings include variations in the procedures for recruiting controls 

and patients, differing methods of quantifying smoking habits, 

and existence of environmental exposures. 132  This last factor 

may prove the most intriguing. Air pollution was suggested as 

a potential confounder, which could cause increased lung PAD 

activity. To date, none of these studies have included periodontal 
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status or investigated  P. gingivalis  infection, and this may unravel 

some of these apparently discrepant findings. Regional variation 

in periodontal infection has been investigated by comparing the 

microbiota in periodontal pockets of groups of periodontitis 

subjects from Brazil, Chile, Sweden, USA, and Greece. After 

adjustment for age, PD severity, gender, and smoking, a three-

fold increase in the mean percentage of  P. gingivalis  DNA in 

the US sample was observed compared with the Swedish sam-

ple. 141  Furthermore, different clonal types of  P. gingivalis  were 

found in healthy and periodontitis subjects, highlighting that 

pathogens show strain diversity, which may result in a varia-

tion in expression of virulence factors, which may affect the 

local burden of citrullinated proteins. Therefore, it is possible 

variable rates of  P. gingivalis  infection as well as differences in 

the strains of  P. gingivalis  involved could further confound the 

smoking / RA studies. 

 Thus, long-term cigarette smoke exposure in the lungs results 

in a chronic inflammatory response, which in turn upregu-

lates peptidylarginine deiminase expression by macrophages 

within the pulmonary architecture, leading to increased PAD 

activity and citrullinated peptide production. Smoking causes 

an increase not just in pulmonary PAD2 activity but also in 

periodontal  P. gingivalis  colonization and, presumably, PPAD 

production, therefore potentially initiating two separate first 

 “ hits ”  in two different areas of the body.    

 THE  “ TWO-HIT ”  RA PATHOGENESIS MODEL — RA-SMOKING 
HYPOTHESIS 
 On the basis of the above findings in smokers, a  “ two-hit ”  

hypothesis was proposed to explain the development of RA 

in smokers. The first  “ hit ”  in this model is initiated by ciga-

rette smoking which, as described above, leads to increased 

citrullinated proteins. Loss of immune tolerance to citrulli-

nated peptides such as citrullinated fibrinogen, 142  vimentin, 143  

and type II collagen 144  in susceptible individuals results in the 

production of ACPA. Possibly years after this initial priming of 

the immune system, a second  “ hit ”  occurs. From this hypoth-

esis, it is unclear why autoimmunity to citrullinated peptides is 

associated with RA but not other organ-specific autoimmune 

conditions, although it has been observed that synovial joints 

are particularly sensitive to inflammatory stimuli. 145  An unde-

fined synovial inflammation could lead to synovial citrulli-

nated protein production, a subsequent autoimmune response, 

and finally RA. Arguably, PD may, similar to cigarette smoking, 

offer a  “ first hit. ”    

 CONCLUSION: HOW ARE PD AND RA RELATED? 
 The human cross-sectional studies allow a  “ snap shot ”  of the 

RA – PD association at one specific point in time and are there-

fore unable to provide reliable evidence on causality. The animal 

studies suggest that the diseases influence each other ’ s patho-

genesis. At present, it could be suggested that RA causes PD, 

PD causes RA, or neither disease causes the other, but both 

diseases are caused independently by a third factor. None of 

the evidence as yet substantially indicates that PD causes RA, 

although the proposed mechanisms that link the two diseases 

provide attractive explanations for many of the observations. 

In the authors ’  opinion, it will be key to identify how and when 

PD fits in the pathway to RA and whether this can be modu-

lated. Manipulations of the pathogenic bacteria and the host 

immune system during experimental disease models will offer 

significant insight and guide clinical studies. Combinations 

of human and animal studies will ultimately unravel whether 

systemic inflammation, direct bacterial insult, citullinated auto-

antigens, or other mechanisms mediate the PD – RA relationship. 

Assuming a causal relationship exists, it is improbable that only 

one of these mechanisms is solely responsible, and in an RA – PD 

patient, it is conceivable that two or more mechanisms combine 

to mediate the relationship. Nonetheless, understanding such a 

relationship seems a promising avenue to yield improved thera-

peutic strategies — potentially for both diseases independently 

and in combination.     
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