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Objectives: Periodontitis (PD) has been linked to arthritis in previous epidemiological
observational studies; however, the results are inconclusive. It remains unclear whether
the association between PD and arthritis is causal. The purpose of this study was to
investigate the causal association of PD with arthritis, including rheumatoid arthritis (RA)
and osteoarthritis (OA).

Methods: We performed a two-sample bidirectional Mendelian randomization (MR)
analysis using publicly released genome-wide association studies (GWAS) statistics.
The inverse-variance weighted (IVW) method was used as the primary analysis. We
applied four complementary methods, including weighted median, weighted mode, MR-
Egger regression and MR pleiotropy residual sum and outlier (MR-PRESSO) to detect and
correct for the effect of horizontal pleiotropy.

Results: Genetically determined PD did not have a causal effect on OA (OR = 1.06, 95%
CI: 0.99-1.15, P = 0.09) and RA (OR = 0.99, 95% CI: 0.87-1.13, P = 0.89). Furthermore,
we did not find a significant causal effect of arthritis on PD in the reverse MR analysis. The
results of MR-Egger regression, Weighted Median, and Weighted Mode methods were
consistent with those of the IVW method. Horizontal pleiotropy was unlikely to distort the
causal estimates according to the sensitivity analysis.

Conclusions: Our MR analysis reveals non-causal association of PD with arthritis,
despite observational studies reporting an association between PD and arthritis.

Keywords: periodontitis, osteoarthritis, rheumatoid arthritis, Mendelian randomization, causal relationship
INTRODUCTION

Arthritis is an acute or chronic inflammation of the joints that is typically accompanied by pain and
structural damage (1). The most frequent types of arthritis are rheumatoid arthritis (RA) and
osteoarthritis (OA), and they exhibit phenotypic similarities and overlapping molecular
characteristics in spite of different pathogeneses (2). RA is a multi-systemic autoimmune disease
org January 2022 | Volume 13 | Article 8088321
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characterized by inflammation of the synovial membrane which
imposes a tremendous burden on the individual and society (3).
RA has a prevalence of 0.5% to 1% and the interaction of genetic
predisposition, environmental and hormonal factors is
considered as the leading causes of RA (4). OA is a whole-joint
disease characterized by articular cartilage loss and alterations in
the subchondral bone (5). Emerging evidence suggested that
systemic inflammation may play a role in the development of OA
and synovium inflammation is implicated in the pathogenesis of
OA (6). OA is becoming more prevalent with the combined
effects of ageing and increasing obesity, and approximately 250
million individuals worldwide are currently affected by this
disease (7).

Periodontitis (PD) is an inflammatory illness of the oral cavity
caused by bacterial infection of the periodontal tissue, leading to
the resorption of alveolar bone and tooth loss eventually (8). PD
is one of the most common chronic inflammatory diseases which
affects 46% of the United States population according to the
National Health and Nutrition Examination Survey and severe
PD affect 10-15% of the population globally (9, 10). PD can be
classified as the Grade C periodontitis, known as aggressive
periodontitis (AgP) in 1999 classification and a slowly
progressive form of periodontitis which is formerly known as
chronic periodontitis (CP) (11). AgP is a severe and early-onset
form of PD with a high progression rate and a prevalence
of ~0.1% (12). CP is the more frequent phenotype, affecting an
older population with a slow disease progression. PD is reported
to be associated with several diseases, including stroke (13),
cardiovascular disease (14), and pneumonia (15).

It has long been recognized that there are significant parallels
between PD and arthritis. Inflammatory cytokines such as tumor
necrosis factor (TNF) and interleukin-6 (IL-6), as well as initial
activation of the innate immune system play a crucial role in
both disorders (16). Moreover, abundant evidence from
observational studies demonstrated that there is an association
between PD and arthritis. Results from several case-control
studies underlined that the prevalence of PD in RA patients is
higher than in healthy controls (17, 18). Kim et al. reported that
PD was linked to the occurrence and the severity of radiographic
knee OA (19). However, the causal relationship between PD and
arthritis has yet to be established, which is extremely important
and could improve our present understanding of PD and
arthritis pathogeneses.

Reverse causation, measurement error, and underlying bias
are all intrinsic limitations of observational studies. Therefore,
we employed Mendelian randomization (MR) analysis, which
incorporates germline genetic variants as instrumental variables
(IVs) for exposure, to study the causal relationship between
exposure phenotype and outcome phenotype (20). Three
assumptions of MR must be met in order to obtain impartial
results: (a) the genetic IVs should have a strong link to the
exposure; (b) the genetic IVs are not associated with confounders
linked to the chosen exposure and outcome; (c) the genetic IVs
influence the outcome only through the exposures and not via
other biological pathways (21). Here, we conducted two-sample
MR analysis to evaluate the causal connection between PD and
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the risk of arthritis. Moreover, we also conducted reverse MR to
look at the bidirectional causal effect of arthritis on PD.
METHODS

Data Sources
Summary statistics for PD were obtained from the latest meta-
analysis of GWAS of the Gene-Lifestyle Interaction in the Dental
Endpoints (GLIDE) Consortium, with the largest sample size to
date involving 17,353 clinically diagnosed cases and 28,210
controls (22). There were 12,289 cases and 22,326 controls
with European descent incorporated after excluding the
Hispanic Community Health Study/Study of Latinos (HCHS/
SOL) in the GLIDE consortium, as the participants were
recruited from Hispanic and Latino communities in the USA.
SNPs associated with AgP were derived from the discovery stage
of the GWAS in a sample of 851 cases and 6,580 controls from
Germany and The Netherlands (23). Thirteen lead SNPs
outperformed the predetermined selection criterion of the
GWAS in the discovery stage and were proposed as being
associated with AgP with a significant p-value < 1×10-5. SNPs
associated with CP were sourced from the genome-wide
association meta-analysis of the Study of Health in Pomerania
(SHIP) and SHIP-TREND cohorts, including 1,817 cases and
2,215 controls, where twenty-two SNPs with p-value < 1×10-5

were deemed to be related to CP and were used as IVs (24).
Genetic statistics for arthritis were derived from two separate

GWAS for RA and OA. Summary statistics for RA were derived
from a meta-analysis of GWAS, which included 14,361 cases and
43,923 controls of European ancestry (25). Summary-level
statistics for OA were obtained from the discovery cohort of
the GWAS, which included 10,083 hospital-diagnosed cases and
40,425 controls and were conducted using genotyping data from
the UK Biobank collection (26). In this GWAS, OA at any site
was clinically diagnosed based on ICD10 hospital-record codes.
To eliminate population stratification bias, all SNPs and their
accompanying summary data were retrieved from studies that
solely included populations of European ancestry.

Selection of the Genetic Instruments
To filter eligible genetic IVs that fulfill the three core MR
assumptions, we performed a set of quality control techniques.
Firstly, we selected independent SNPs that were strongly
associated with RA with p-value less than 5×10-8. Since there
were no SNPs with p-value less than 5×10-8 for PD and OA, we
broadened the threshold to 1×10-5 to select eligible instrumental
variables. Secondly, to exclude SNPs that were in strong linkage
disequilibrium (LD), we performed the clumping procedure with
R2 < 0.001 and a window size = 10,000 kb with the European
ancestral individuals from the 1000 Genomes Project (27). SNP
having a lower p value would be kept among SNP pairings with
an LD R2 greater than the stated threshold. Thirdly, SNPs with
minor allele frequency (MAF) of less than 0.01 were eliminated
as well. Fourthly, when the targeted SNPs were not found in the
outcome GWAS, proxy SNPs having high LD (R2 >0.8) with the
January 2022 | Volume 13 | Article 808832
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target SNPs would be screened for instead. Finally, to guarantee
that the effect alleles belong to the same allele, we harmonized the
exposure and outcome datasets to eliminate ambiguous SNPs
with non-concordant alleles and SNPs with intermediate allele
frequencies. We utilized these carefully chosen SNPs as the final
genetic IVs for the subsequent MR analysis.

Furthermore, we calculated the F statistics for each SNP solely
and cumulatively by the following equation: F=R2×(N - 2)/(1 - R2).
R2 denotes the variance of exposure explained by each IV. IVs with
F statistics of less than ten were considered weak instruments and
would be excluded for MR analysis (28).

Statistical Analysis
In this study, we applied multiple complementary approaches,
including the inverse variance weighted (IVW), the MR-Egger
regression, the Weighted Median, and the Weighted Mode
methods, to estimate the causal effects of exposures on
outcomes. The IVW method was used as the major analysis
method. We calculated the statistical power using the mRnd
website (https://shiny.cnsgenomics.com/mRnd/) (29).

The IVW method was primarily employed for fundamental
causal estimates, which would provide the most precise results
when all selected SNPs were valid IVs. The IVW method
calculates a weighted average of Wald ratio estimates (30).
Under the assumption of Instrument Strength Independent of
Direct Effect (InSIDE), the MR-Egger regression executes a
weighted linear regression and yields a consistent causal
estimate, even though the genetic IVs are all invalid (31).
However, it exhibits low precision and is susceptible to
outlying genetic variants. The Weighted Median regression
method, which does not demand the InSIDE hypothesis,
calculates a weighted median of the Wald ratio estimates and
is robust to horizontal pleiotropic bias (32). It is confirmed that
the Weighted Median method has some advantages over the
MR-Egger regression, as it provides lower type I error and higher
causal estimate power. Finally, the Weighted Mode method
estimates the causal effect of the subset with the largest
number of SNPs by clustering the SNPs into subsets resting on
the resemblance of causal effects (33).

Pleiotropy and Sensitivity Analysis
We conducted the MR-Egger regression to evaluate the
possibility of horizontal pleiotropy. The average pleiotropic
effect of the IVs is indicated by the intercept term of MR-
Egger regression (31). The asymmetry of the funnel plot can
also be considered as an indicator of horizontal pleiotropy (34).
The MR Pleiotropy REsidual Sum and Outlier (MR-PRESSO)
test was additionally conducted to evaluate whether pleiotropy
was present (35). Its functions include detecting horizontal
pleiotropy, correcting for horizontal pleiotropy by removing
outlier, and determining whether there are substantial
variations in the causal effects before and after outlier removal.
To find heterogeneity, we employed the IVW approach and MR-
Egger regression, the heterogeneities were quantified by
Cochran’s Q statistic. In addition, we utilized the leave-one-out
analysis to detect the robustness and consistency of the results.
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Multiple comparisons were corrected using the Bonferroni
method, and a p-value less than 0.006 (0.05/8) indicated
compelling evidence of causal relations. All analysis were
carried out using packages “TwoSampleMR” (34) and
“MRPRESSO” in R version 4.0.3.
RESULTS

Causal Effects of PD and Subtypes on
Arthritis
We incorporated 18, 13, and 22 independent SNPs with
significant p-value less than 1×10-5 as IV SNPs for PD, AgP
and CP. However, two PD-associated SNPs, one AgP-associated
SNP, and two CP-associated SNPs were not available in the
summary statistic of RA. Only one PD-associated SNP of the five
unavailable SNPs was replaced by proxy SNP rs4969455 with R2 >
0.8, and none of the genetic variants was palindromic with
intermediate allele frequencies. Of the IVs for PD and subtypes
mentioned above, one CP-associated SNP was not available in the
summary statistic of OA and so was excluded as there was no
suitable proxy SNP. The F-statistic values were all more than 10,
with average F-statistic values of 21.22, 21.69, and 21.52 for PD,
AgP and CP. Detailed information of IVs for PD and subtypes
was listed in Supplementary Table 1. The variance explained by
these IVs were 1% for PD, 3.8% for AgP and 12% for CP. Our MR
analysis yield sufficient power (above 90% to detect an OR of
1.20) to find moderate relationships between AgP, CP and
arthritis, but lower power in the study of CP’s effect on arthritis
(51% power to detect an OR of 1.20).

The MR estimates of different methods were presented in
Figure 1. Overall, there were no causal associations between
genetically predicted PD and arthritis risk. The primary results of
IVW showed that an increase in the risk of having PD was not
statistically related with an increased risk of having arthritis (RA:
OR=0.99, 95% CI: 0.87-1.13, P = 0.89; OA: OR=1.06, 95% CI:
0.99-1.15, P = 0.09). In addition, the MR-Egger, the Weighted
Median, and the Weighted Mode methods showed consistent
results. Furthermore, the MR estimates showed that the causal
effects of AgP and CP on arthritis were the same as those of PD.
The scatter plot for effect sizes of SNPs for PD and its subtypes
and those for arthritis were shown in Figures 2, 3. There was no
heterogeneity between the individual SNP according to the
heterogeneity test. Horizontal pleiotropy was unlikely to skew
the causality of PD with arthritis, according to the results of the
MR-Egger regression and MR-PRESSO global test (Table 1 and
Supplementary Table 4). Leave-one-out analysis indicated that
the causal estimates of PD and subtypes were not driven by any
single SNP. The leave-one-out analysis plots, forest plots, and
funnel plots were shown in Supplementary Figures S1–S6.

Causal Effects of Arthritis on PD
We incorporated 64 and 26 independent SNPs as IVs for RA and
OA. One RA-associated SNP was not available in the summary
statistic of PD and so was excluded as there was no suitable proxy
SNP to replace. The F-statistic values were all more than 10, with
January 2022 | Volume 13 | Article 808832
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average F-statistic values of 56.98 and 21.04 for RA and OA.
Detailed information of instrumental variables for arthritis was
listed in Supplementary Tables 2–3. The variance explained by
these IVs were 5.7% for RA and 1.1% for OA. Our MR analysis
yield sufficient power (above 90% to detect an OR of 1.20) to find
moderate association of RA and PD, but lower power in the
Frontiers in Immunology | www.frontiersin.org 4
study of the effect of OA on PD (42% power to detect an OR of
1.20). Based on the IVW method, there were no indication of
causal link between arthritis and the risk of PD (RA: OR=1.01,
95% CI: 0.97-1.06, P = 0.63; OA: OR=0.90, 95% CI: 0.81-1.00, P =
0.05) (Figure 1). No significant evidence of horizontal pleiotropy
was observed for IVs of arthritis (Table 1).
FIGURE 1 | Estimated causal effects between PD and arthritis using different MR methods. AgP, aggressive periodontitis; CI, confidence interval; CP, chronic
periodontitis; IVW, inverse variance weighted; N.SNPs, number of SNPs used in MR; OR, odds ratio; PD, periodontitis; RA, rheumatoid arthritis; OA, osteoarthritis.
January 2022 | Volume 13 | Article 808832
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DISCUSSION

This was the first study to investigate the bidirectional causal
association between PD and arthritis by conducting multiple
complementary MR methods. Our two-sample MR analysis did
not observe evidence supporting that genetically predicted PD
was associated with arthritis in individuals from European
descent. The reverse MR analysis similarly found no evidence
that genetic liability to arthritis was related to PD.

Previous epidemiological studies that noted a link between
PD and arthritis have been undertaken. Overall, a recent meta-
analysis reported that the risk of developing PD in patients with
RA was 1.13 times higher than in healthy controls (RR: 1.13; 95%
CI: 1.04, 1.23; P= 0.006) (36). Several case-control studies have
found that RA patients have a higher prevalence of PD than
healthy controls (37–39). Furthermore, a latest meta-analysis
comprising of 6 case-controls studies has reported that PD was
associated with substantially increased RA disease activity, with
an average of 0.74 DAS28 score increase compared to non-PD
patients (95%CI: 0.25, 1.24; P<0.001) (40). A case-control study
Frontiers in Immunology | www.frontiersin.org 5
that included participants from the Korean National Health and
Nutrition Examination Survey demonstrated that the incidence
and severity of radiographic knee OA were linked to PD (19). In
addition, PD was also reported to be associated with ankylosing
spondylitis (AS) and axial Spondyloarthritis (AxSpA) in several
case-control studies (41, 42).

However, not every study has drawn the same conclusion of
the association between arthritis and PD (43, 44). A case-control
study conducted by the Swedish Epidemiological Investigation of
RA (EIRA) found no evidence of an increased prevalence of PD
in established RA patients compared to healthy controls, and no
differences on the basis of anti-citrullinated protein antibody
(ACPA) or rheumatoid factor (RF) status among RA patients
(43). Therefore, it is difficult to sustain a causal relationship
between PD and RA based purely on observational studies.

There are several possible reasons that may explain the
association between PD and arthritis in observational studies.
Firstly, the oral microbiota may be a shared risk for both RA and
PD. It was reported that the periodontal pathogen Porphyromonas
gingivalis (P. gingivalis), which is gram-negative anaerobe bacteria
A B

C D

FIGURE 2 | Scatter plot of the causal relationships between RA and PD using different MR methods. (A) Causal estimates for PD on RA. (B) Causal estimates for
AgP on RA. (C) Causal estimates for CP on RA. (D) Causal estimates for RA on PD. The slope of each line corresponding to the causal estimates for each method.
Individual SNP-effect on the outcome (point and vertical line) against its effect on the exposure (point and horizontal line) was delineated in the background.
January 2022 | Volume 13 | Article 808832
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and is characterized by the expression of peptidylarginine
deiminase (PAD) and the process of citrullination, may interpret
the biological intersection between PD and RA (45). PAD enzyme
mediates the development of RA by catalyzing citrullination, and
Frontiers in Immunology | www.frontiersin.org 6
results in the generation of ACPA, which is generally known as
diagnostic biomarkers for RA patients (46, 47). Moreover, it has
been reported that an increased titer of antibody against
P.gingivalis was detected in the serum and synovial fluid of RA
TABLE 1 | MR estimates of assessing the causal association between PD and arthritis..

Exposure Outcome N. SNPs F-statistic IVW MR-Egger

OR (95%CI) P Q statistic Q_pval OR (95%CI) P Intercept Pinter

PD RA 17 21.22 0.99 (0.87, 1.13) 0.89 25.12 0.07 0.90 (0.67, 1.20) 0.48 0.015 0.47
OA 18 1.06 (0.99, 1.15) 0.09 14.90 0.60 1.00 (0.87, 1.15) 0.99 0.012 0.30

AgP RA 12 21.69 1.01 (0.96, 1.05) 0.78 10.92 0.45 0.87 (0.67, 1.14) 0.34 0.041 0.31
OA 13 0.98 (0.95, 1.02) 0.32 13.35 0.34 0.88 (0.71, 1.10) 0.28 0.031 0.35

CP RA 20 21.52 1.02 (0.99, 1.05) 0.27 13.86 0.79 0.99 (0.92, 1.07) 0.84 0.011 0.50
OA 21 1.00 (0.98, 1.02) 0.87 17.41 0.63 0.97 (0.93, 1.02) 0.27 0.013 0.24

RA PD 63 56.98 1.01 (0.97, 1.06) 0.63 73.98 0.14 0.99 (0.89, 1.10) 0.85 0.003 0.66
OA PD 26 21.04 0.90 (0.81, 1.00) 0.05 17.61 0.86 0.70 (0.53, 0.94) 0.03 0.026 0.09
January 2022
 | Volume
 13 | Article 80
AgP, aggressive periodontitis; CI, confidence interval; CP, chronic periodontitis; IVW, inverse variance weighted; N. SNPs, number of SNPs used in MR; OA, osteoarthritis; OR, odds ratio;
PD, periodontitis; RA, rheumatoid arthritis.
Pinter, P value for intercept test of multivariable MR Egger.
A B

C D

FIGURE 3 | Scatter plot of the causal relationships between OA and PD using different MR methods. (A) Causal estimates for PD on OA. (B) Causal estimates for
AgP on OA. (C) Causal estimates for CP on OA. (D) Causal estimates for OA on PD. The slope of each line corresponding to the causal estimates for each method.
Individual SNP-effect on the outcome (point and vertical line) against its effect on the exposure (point and horizontal line) was delineated in the background.
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patients (48). Periodontal pathogen Enterococcus faecalis was
found in knee joint tissues of OA patients undergoing knee
replacement and arthroplasty (49). More recently, the oral
pathogen Aggregatibacter actinomycetemcomitans (Aa) has been
suggested to play a role in RA. It could secrete leukotoxin A (LtxA)
and induce hypercitrullination at the neutrophil level. This
mechanism leads to the hypercitrullinated autoantigen release
and immunological response finally (50). Secondly, gut
microbiota has been considered as an environmental factor for
RA development and progression. Sato et al. found that the
modification of gut microbiota induced by P.gingivalis is
associated with aggravated collagen-induced arthritis (CIA), with
increased IL-17 levels in the serum, increased Th17 cell
proportions in the lymphocytes. Those results point to a unique
role of P.gingivalis in the link between PD and RA by affecting the
gut microbiota composition (51). Thirdly, some genetic variations
may be linked to the increased susceptibility to both PD and RA,
with the HLA-DRB1 alleles that code shared epitope (SE) being
the common genetic factor. Genetic factors account for 50% of the
risk to develop RA and the SE-coding HLA-DRB1 gene account
for more than 80% of joint destruction susceptibility (52). Marotte
et al. identified a significant association between SE positivity and
bone destruction in periodontal site with SE+ patients having a 2.2
times greater risk to have periodontal destruction compared to SE-
(53). Fourthly, the common risk factor of smoking may provide a
possible confounder in the association study between PD and
arthritis. Smoking was found to be a risk factor for both arthritis
(54, 55) and PD (56) in previous MR studies.

The current bidirectional MR study has several strengths. First,
this study further obtained the summary statistics of two subtypes
of PD to calculate the causal association with arthritis. Because of
the early-onset and lack of risk factors such as long-term smoking
or diabetes, it is thought that genetic liability plays a major role in
the development and progression of AgP (23). Negative results
from the causal association of MR analysis between AgP and
arthritis further confirmed the causal link between PD and
arthritis. Another strength is that the bidirectional analysis
guaranteed the inference of causality between PD and arthritis
in both directions. Meanwhile, there are several limitations in this
study. First, the study population included in the MR analysis was
European ancestry. Hence, whether the results can be
representative of the whole population remains to be verified.
Second, there were likely overlapping participants in the exposure
and outcome studies, but it is difficult to estimate the degree of
sample overlap. Fortunately, the usage of strong instruments (e.g.,
F statistic much greater than 10) in this study should minimize
Frontiers in Immunology | www.frontiersin.org 7
potential bias from sample overlap (57). Third, SNPs used as
genetic instruments were weakly associated with PD subtypes and
OA, with a threshold of P-value < 1×10-5. And limited SNPs were
selected as IVs, which may only explain a small proportion of the
variation of exposure and affect the statistical power of the
causal estimates.

In conclusion, the results of our study did not demonstrate a
causal effect of genetically predicted PD and subtypes on arthritis,
neither did genetically predicted arthritis on PD. Updated MR
analysis based on larger scale GWAS summary data and more
genetic instruments is required to verify the results of this study.
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Bustabad-Reyes S, Sanz M, et al. Association Between Severity of Periodontitis
and Clinical Activity in Rheumatoid Arthritis Patients: A Case-Control Study.
Arthritis Res Ther (2019) 21(1):27. doi: 10.1186/s13075-019-1808-z

19. Kim JW, Chung MK, Lee J, Kwok SK, KimWU, Park SH, et al. Association of
Periodontitis With Radiographic Knee Osteoarthritis. J Periodontol (2020) 91
(3):369–76. doi: 10.1002/jper.19-0068

20. Emdin CA, Khera AV, Kathiresan S. Mendelian Randomization. Jama (2017)
318(19):1925–6. doi: 10.1001/jama.2017.17219

21. Davies NM, Holmes MV, Davey Smith G. Reading Mendelian Randomisation
Studies: A Guide, Glossary, and Checklist for Clinicians. BMJ (2018) 362:k601.
doi: 10.1136/bmj.k601

22. Shungin D, Haworth S, Divaris K, Agler CS, Kamatani Y, Keun Lee M, et al.
Genome-Wide Analysis of Dental Caries and Periodontitis Combining
Clinical and Self-Reported Data. Nat Commun (2019) 10(1):2773.
doi: 10.1038/s41467-019-10630-1

23. Munz M, Willenborg C, Richter GM, Jockel-Schneider Y, Graetz C,
Staufenbiel I, et al. A Genome-Wide Association Study Identifies
Nucleotide Variants at SIGLEC5 and DEFA1A3 as Risk Loci for
Periodontitis. Hum Mol Genet (2018) 27(5):941–2. doi: 10.1093/hmg/ddy015

24. Teumer A, Holtfreter B, Völker U, Petersmann A, Nauck M, Biffar R, et al.
Genome-Wide Association Study of Chronic Periodontitis in a General
German Population. J Clin Periodontol (2013) 40(11):977–85. doi: 10.1111/
jcpe.12154

25. Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, et al. Genetics of
Rheumatoid Arthritis Contributes to Biology and Drug Discovery. Nature
(2014) 506(7488):376–81. doi: 10.1038/nature12873

26. Zengini E, Hatzikotoulas K, Tachmazidou I, Steinberg J, Hartwig FP, Southam
L, et al. Genome-Wide Analyses Using UK Biobank Data Provide Insights
Into the Genetic Architecture of Osteoarthritis. Nat Genet (2018) 50(4):549–
58. doi: 10.1038/s41588-018-0079-y

27. Abecasis GR, Altshuler D, Auton A, Brooks LD, Durbin RM, Gibbs RA, et al.
A Map of Human Genome Variation From Population-Scale Sequencing.
Nature (2010) 467(7319):1061–73. doi: 10.1038/nature09534
Frontiers in Immunology | www.frontiersin.org 8
28. Burgess S, Thompson SG. Avoiding Bias From Weak Instruments in
Mendelian Randomization Studies. Int J Epidemiol (2011) 40(3):755–64.
doi: 10.1093/ije/dyr036

29. Brion MJ, Shakhbazov K, Visscher PM. Calculating Statistical Power in
Mendelian Randomization Studies. Int J Epidemiol (2013) 42(5):1497–501.
doi: 10.1093/ije/dyt179

30. Burgess S, Butterworth A, Thompson SG. Mendelian Randomization Analysis
With Multiple Genetic Variants Using Summarized Data. Genet Epidemiol
(2013) 37(7):658–65. doi: 10.1002/gepi.21758

31. Bowden J, Davey Smith G, Burgess S. Mendelian Randomization With Invalid
Instruments: Effect Estimation and Bias Detection Through Egger Regression.
Int J Epidemiol (2015) 44(2):512–25. doi: 10.1093/ije/dyv080

32. Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent Estimation in
Mendelian Randomization With Some Invalid Instruments Using a Weighted
Median Estimator. Genet Epidemiol (2016) 40(4):304–14. doi: 10.1002/gepi.21965

33. Hartwig FP, Davey Smith G, Bowden J. Robust Inference in Summary Data
Mendelian Randomization via the Zero Modal Pleiotropy Assumption. Int J
Epidemiol (2017) 46(6):1985–98. doi: 10.1093/ije/dyx102

34. Hemani G, Zheng J, Elsworth B, Wade KH, Haberland V, Baird D, et al. The
MR-Base Platform Supports Systematic Causal Inference Across the Human
Phenome. Elife (2018) 7:e34408. doi: 10.7554/eLife.34408

35. Verbanck M, Chen CY, Neale B, Do R. Detection of Widespread Horizontal
Pleiotropy in Causal Relationships Inferred From Mendelian Randomization
Between Complex Traits and Diseases. Nat Genet (2018) 50(5):693–8.
doi: 10.1038/s41588-018-0099-7

36. Fuggle NR, Smith TO, Kaul A, Sofat N. Hand to Mouth: A Systematic Review
and Meta-Analysis of the Association Between Rheumatoid Arthritis and
Periodontitis. Front Immunol (2016) 7:80. doi: 10.3389/fimmu.2016.00080

37. Wolff B, Berger T, Frese C, Max R, Blank N, Lorenz HM, et al. Oral Status in
Patients With Early Rheumatoid Arthritis: A Prospective, Case-Control Study.
Rheumatology (Oxford) (2014) 53(3):526–31. doi: 10.1093/rheumatology/
ket362

38. Potikuri D, Dannana KC, Kanchinadam S, Agrawal S, Kancharla A,
Rajasekhar L, et al. Periodontal Disease Is Significantly Higher in Non-
Smoking Treatment-Naive Rheumatoid Arthritis Patients: Results From a
Case-Control Study. Ann Rheum Dis (2012) 71(9):1541–4. doi: 10.1136/
annrheumdis-2011-200380

39. Chen H-H, Huang N, Chen Y-M, Chen T-J, Chou P, Lee Y-L, et al.
Association Between a History of Periodontitis and the Risk of Rheumatoid
Arthritis: A Nationwide, Population-Based, Case-Control Study. Ann Rheum
Dis (2013) 72:1206–11. doi: 10.1136/annrheumdis-2012-201593

40. Hussain SB, Botelho J, Machado V, Zehra SA, Mendes JJ, Ciurtin C, et al. Is
There a Bidirectional Association Between Rheumatoid Arthritis and
Periodontitis? A Systematic Review and Meta-Analysis. Semin Arthritis
Rheum (2020) 50:414–22. doi: 10.1016/j.semarthrit.2020.01.009

41. Keller JJ, Kang J-H, Lin H-C. Association Between Ankylosing Spondylitis and
Chronic Periodontitis: A Population-Based Study. Arthritis Rheum (2013)
65:167–73. doi: 10.1002/art.37746

42. Bisanz JE, Suppiah P, Thomson WM, Milne T, Yeoh N, Nolan A, et al. The
Oral Microbiome of Patients With Axial Spondyloarthritis Compared to
Healthy Individuals. PeerJ (2016) 4:e2095. doi: 10.7717/peerj.2095

43. Eriksson K, Nise L, Kats A, Luttropp E, Catrina AI, Askling J, et al. Prevalence
of Periodontitis in Patients With Established Rheumatoid Arthritis: A Swedish
Population Based Case-Control Study. PloS One (2016) 11(5):e0155956.
doi: 10.1371/journal.pone.0155956

44. Arkema EV, Karlson EW, Costenbader KH. A Prospective Study of
Periodontal Disease and Risk of Rheumatoid Arthritis. J Rheumatol (2010)
37(9):1800–4. doi: 10.3899/jrheum.091398

45. Ogrendik M. Rheumatoid Arthritis Is Linked to Oral Bacteria: Etiological
Association. Mod Rheumatol (2009) 19(5):453–6. doi: 10.1007/s10165-009-
0194-9

46. Harvey GP, Fitzsimmons TR, Dhamarpatni AA, Marchant C, Haynes DR,
Bartold PM. Expression of Peptidylarginine Deiminase-2 and -4, Citrullinated
Proteins and Anti-Citrullinated Protein Antibodies in Human Gingiva.
J Periodontal Res (2013) 48(2):252–61. doi: 10.1111/jre.12002

47. Valesini G, Gerardi MC, Iannuccelli C, Pacucci VA, Pendolino M, Shoenfeld
Y. Citrullination and Autoimmunity. Autoimmun Rev (2015) 14(6):490–7.
doi: 10.1016/j.autrev.2015.01.013
January 2022 | Volume 13 | Article 808832

https://doi.org/10.1016/s0140-6736(19)30417-9
https://doi.org/10.1016/s0140-6736(19)31146-8
https://doi.org/10.1902/jop.2015.140520
https://doi.org/10.1902/jop.2015.140520
https://doi.org/10.1038/nrdp.2017.38
https://doi.org/10.1111/jcpe.12945
https://doi.org/10.1111/prd.12019
https://doi.org/10.1007/s10654-016-0170-6
https://doi.org/10.1007/s10654-016-0170-6
https://doi.org/10.5334/gh.400
https://doi.org/10.1007/s10096-012-1710-y
https://doi.org/10.1155/2013/503754
https://doi.org/10.1002/art.40394
https://doi.org/10.1186/s13075-019-1808-z
https://doi.org/10.1002/jper.19-0068
https://doi.org/10.1001/jama.2017.17219
https://doi.org/10.1136/bmj.k601
https://doi.org/10.1038/s41467-019-10630-1
https://doi.org/10.1093/hmg/ddy015
https://doi.org/10.1111/jcpe.12154
https://doi.org/10.1111/jcpe.12154
https://doi.org/10.1038/nature12873
https://doi.org/10.1038/s41588-018-0079-y
https://doi.org/10.1038/nature09534
https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1093/ije/dyt179
https://doi.org/10.1002/gepi.21758
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1002/gepi.21965
https://doi.org/10.1093/ije/dyx102
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1038/s41588-018-0099-7
https://doi.org/10.3389/fimmu.2016.00080
https://doi.org/10.1093/rheumatology/ket362
https://doi.org/10.1093/rheumatology/ket362
https://doi.org/10.1136/annrheumdis-2011-200380
https://doi.org/10.1136/annrheumdis-2011-200380
https://doi.org/10.1136/annrheumdis-2012-201593
https://doi.org/10.1016/j.semarthrit.2020.01.009
https://doi.org/10.1002/art.37746
https://doi.org/10.7717/peerj.2095
https://doi.org/10.1371/journal.pone.0155956
https://doi.org/10.3899/jrheum.091398
https://doi.org/10.1007/s10165-009-0194-9
https://doi.org/10.1007/s10165-009-0194-9
https://doi.org/10.1111/jre.12002
https://doi.org/10.1016/j.autrev.2015.01.013
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Yin et al. Arthritis, Periodontitis, Mendelian Randomization
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