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Background: The role of autoimmune diseases (ADs) in temporomandibular
disorders (TMDs) has been emphasized in observational studies. However,
whether the causation exists is unclear, and controversy remains about which
specific disorder is destructive in TMDs. This Mendelian randomization (MR) study
aims to estimate the causal effect of common ADs on TMDs.

Methods: Genetic data from published genome-wide association studies for
fourteen common ADs, specifically multiple sclerosis (MS, N = 15,283),
ankylosing spondylitis (AS, N = 22,647), asthma (N = 408,422), celiac disease
(N =15,283), Graves' disease (N = 458,620), Hashimoto thyroiditis (N = 395,640),
primary biliary cirrhosis (PBC, N = 11,375), primary sclerosing cholangitis (PSC, N
= 14,890), psoriasis vulgaris (N = 483,174), rheumatoid arthritis (RA, N = 417,256),
systemic lupus erythematosus (SLE, N = 23,210), Type 1 diabetes (T1D, N =
520,580), inflammatory bowel disease (IBD, N = 34,652), and Sjogren’s syndrome
(SS, N = 407,746) were collected. Additionally, the latest summary-level data for
TMDs (N = 228,812) were extracted from the FinnGen database. The overall
effects of each immune traits were assessed via inverse-variance weighted (IVW),
weighted median, and MR-Egger methods, and performed extensive sensitivity
analyses. Finally, 731 immune cell phenotypes (N = 3,757) were analyzed for their
mediating role in the significant causality.

Results: Univariable MR analyses revealed that genetically predicted RA (IVW OR:
1.12, 95% CI: 1.05-1.19, p < 0.001) and MS (IVW OR: 1.06, 95% CI: 1.03-1.10, p =
0.001) were associated with increased risk of TMDs. Two out of 731 immune cell
phenotypes were identified as causal mediators in the associations of RA with
TMDs, including "CD25++ CD8+ T cell % CD8+ T cell" (mediation proportion:
6.2%) and "CD3 on activated CD4 regulatory T cell” (5.4%). Additionally, "CD127
on granulocyte” mediated 10.6% of the total effect of MS on TMDs. No reverse
directions, heterogeneity, and pleiotropy were detected in the analyses
(o > 0.05).

Conclusion: This MR study provides new evidence regarding the causal impact of
genetic predisposition to RA or MS on the increased risk of TMDs, potentially
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mediated by the modulation of immune cells. These findings highlight the
importance for clinicians to pay more attention to patients with RA or MS
when consulting for temporomandibular discomfort. The mediating role of
specific immune cells is proposed but needs further investigation.

KEYWORDS

autoimmune diseases, Mendelian randomization analysis, temporomandibular
disorders, mediation analysis, rheumatoid arthritis, multiple sclerosis

Introduction

Temporomandibular disorders (TMDs) are characterized by
craniofacial pain involving the temporomandibular joints (TM]J),
masticatory muscles, or surrounding tissues (1). Autoimmunity, as
one of the multifaceted etiologies of TMDs, plays an important role in
pain control, bone remolding, and the effectiveness of corticosteroids
treatment (1, 2). While higher prevalence rates of TMDs have been
observed in individuals with autoimmune diseases (ADs) (3-5), the
causality and underlying mechanism remain unclear.

ADs primarily involve the immune system mistakenly attacking
the body’s own tissues, leading to chronic inflammation that may
contribute to TMDs (6). Numerous studies have reported elevated
TMDs prevalence in patients with rheumatoid arthritis (RA),
ankylosing spondylitis (AS), systemic lupus erythematosus (SLE),
and multiple sclerosis (MS) compared with healthy individuals (7-
9). Notably, robust evidence, including meta-analysis, imaging
studies, and animal experiments, supports a strong association
between RA and TMDs (6, 10, 11). The involvement of the TM]
in RA patient may follow similar destruction patterns as in other
joints, such as synovial hyperemia, lymphocyte infiltration, bone
degeneration, and fibrous adhesion (12). This condition can lead to
various TMDs, presented with arthralgia, restricted jaw movements,
morning stiffness, and joint noises. TMJ radiographs in RA patients
may show abnormalities in cortical integrity, jaw asymmetry, and
joint space narrowing (13). Additionally, immunotherapy has
shown promise in alleviating TMDs symptoms in patients newly
diagnosed with RA or Sjogren’s syndrome (SS) (6). Biologically,
shared pathways between ADs and TMDs have been identified. For
instance, TMDs patients exhibit elevated levels of regulated upon

Abbreviations: TMDs, Temporomandibular disorders; TM]J, Temporomandibular
joints; ADs, Autoimmune disorders; RA, Rheumatoid arthritis; AS, Ankylosing
spondylitis; SLE, Systemic lupus erythematosus; MS, Multiple sclerosis; SS, Sjogren’s
syndrome; MR, Mendelian randomization; GWAS, Genome-wide association study;
PBC, Primary biliary cirrhosis; PSC, Primary sclerosing cholangitis; T1D, Type 1
diabetes; IBD, Inflammatory bowel disease; SNPs, Single nucleotide polymorphisms;
IVW, Inverse variance weighted; MV-IVW, Multivariable inverse variance weighted;
MR-PRESSO, Mendelian randomized polymorphism RESidual Sum and Outlier;
LOO, Leave-one-out.
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activation normal T cell expressed and secreted (RANTES) in TMJ
synovial fluid, promoting macrophage migration, osteoclast
formation, and bone resorption (14). Moreover, increased levels
of cytokines such as IL-1f, IL-17, and IL-22, which are associated
with joint pain and articular bone degeneration, have been observed
in patients with TMDs (15). Serum levels of RANTES chemokine
and inflammatory cytokines are also notably elevated in several
ADs, including autoimmune Addision disease, Graves’ disease, and
Pemphigus Vulgaris (16-18). Collectively, these studies suggest an
immune-related mechanism linking ADs to the pathogenesis of
TMDs. Conversely, TMDs-related pain and psychological distress
may exacerbate autoimmune conditions (19, 20), indicating a
bidirectional relationship. However, establishing causal
relationships between specific ADs, immune dysregulation, and
TMDs remains challenging due to limitations such as small sample
sizes and residual confounding (3-5),

Mendelian randomization (MR) is a powerful method used to
establish causal relationships by leveraging specific genetic
variations directly associated with a particular exposure (21).
During fertilization, the random distribution of genetic variants
mirrors the principles of randomized controlled trials (RCTs),
effectively reducing the likelihood of bias in causal inferences,
including confounding factors like age and sex (21). Furthermore,
since genotype formation precedes the onset of diseases and is
generally unaffected by disease progression, the potential for reverse
causality is significantly minimized (21). Additionally, multivariable
MR (MVMR) has emerged as a pivotal tool for estimating the
complex pathways through which an exposure influences the
outcome (22). Given the limited understanding of the
mechanisms underlying ADs and TMDs, recognizing the
influence of specific immune cell phenotypes is particularly crucial.

The availability of the latest genome-wide data for common
ADs, numerous immunophenotypes, and TMDs has provided
robust genetic instruments for MR analysis (23-25), effectively
addressing concerns regarding weak-instrument bias. Recent MR
investigations have consistently supported the causal link between
specific ADs and conditions such as osteoporosis, multisite chronic
pain, and Alzheimer’s disease (25-27). However, to date, no MR
studies have specifically focused on the causal effects of ADs on
TMDs. Thus, our primary aim was to examine the causal effects of
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14 common ADs on TMDs using comprehensive MR analysis.
Additionally, the potential mediating role of immune cells was
explored in our observed causality to gain deeper insights into the
underlying mechanisms.

Materials and methods
Study design

An overview of our study design is shown in Figure 1 (designed
by X. Chen and Q. Jiang). The genetic variants must satisfy the
following three assumptions (28): First, genetic variants are directly
related to exposure. Second, genetic variants are independent of any
confounding variables. Third, genetic variants influence outcomes
only through exposure. This MR analysis strictly follows the
Strengthening Epidemiological Observation Research Report
guidelines (29). As this MR study was based on the previously
collected and published data, no ethics approval was required.

Data resources

The targeted ADs include MS, AS, asthma, celiac disease,
Graves’ disease, Hashimoto thyroiditis, primary biliary cirrhosis
(PBC), primary sclerosing cholangitis (PSC), psoriasis vulgaris, RA,
SLE, Type 1 diabetes (T1D), inflammatory bowel disease (IBD), and
SS. Specifically, genetic instrumental variables (IVs) for asthma
(56,167 cases, 352,255 controls) and SS (372 cases, 407,374 controls)
were obtained from genome-wide association studies (GWAS) in

10.3389/fimmu.2024.1390516

the UK Biobank (30, 31), a large prospective study with over
500,000 participants aged 40-69 years. Additionally, genetic IVs
for MS (4,888 cases, 10,395 controls), AS (9,069 cases, 13,578
controls), celiac disease (4,533 cases, 10,750 controls), Grave’s
disease (1,678 cases, 456,942 controls), Hashimoto thyroiditis
(15,654 cases, 379,986 controls), psoriasis vulgaris (5,072 cases,
478,102 controls), RA (8,255 cases, 409,001 controls), SLE (7,219
cases, 15,991 controls), T1D (18,942 cases, 501,638 controls), and
IBD (12,882 cases, 21,770 controls) were sourced from the largest
GWAS meta-analyses for each respective disease (32-38). Summary
statistics of PBC were derived from the latest GWAS, including
2,861 cases from UK PBC Consortium and 8,514 controls from
British Birth Cohort and National Blood Service (39). Genetic data
of PSC were gathered from the International PSC Study Group
(2,871 cases, 12,019 controls) (40). Detailed diagnostic criteria for
each disease can be found in the original publications.

FinnGen, a large public-private partnership, has collected and
analyzed genome and health data from 500,000 Finnish biobank
donors to understand the genetic basis of diseases. The latest dataset
release for TMDs is from December 2023 (R10 version). The involved
conditions are mainly intra-articular TMDs, such as Costen complex or
syndrome, derangement of TMJ, snapping jaw, and temporomandibular
joint-pain-dysfunction syndrome (https://risteys.finngen.fi/endpoints/
TEMPOROMANDIB). Individuals with jaw dislocation, jaw sprain
and strain, and pain in limb, back, neck, and head were excluded. A
total of 6,314 cases of TMDs and 222,498 controls were acquired
from the GWAS data for this investigation. There was no sample
overlap between ADs and TMDs in this MR study.

A total of 731 immunophenotypes, including absolute cell
counts (n = 118), median fluorescence intensities reflecting (MFI)

(a)
-~ \
B
Multiple sclerosis ~ Rheumatoid arthritis
/ \ CD25++ CD8+ T cell % CD8+ T cell 1
CD127 on granulocytet
\ @ / CD3 on activated CD4 regulatory T cell ‘
TMDs
(b) () Total effect
e Insutument - MS, RA —_— TMDs
1 variables ~
N
Direct effect
bef T el
E MR analyses &
© ———> sensitivity Indirect effect
analyses
L > DULCOTS Mediator
TMDs 4

Stage 1: Evaluating the total causal effects of 14 common ADs on TMDs

FIGURE 1
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Stage 2: proportions

Overview of the present MR study. (A) Overview of this study, which comprises two stages of Mendelian randomization (MR) analyses; (B) The first
stage involves univariable MR (UVMR) to investigate the causal effects of 14 common autoimmune diseases (ADs) on temporomandibular disorders
(TMDs). Genetically predicted rheumatoid arthritis (RA) and multiple sclerosis (MS) have a causal effect on the onset of TMDs; (C) In the second
stage, we utilized a two-step MR approach to identify potential causal mediators, specifically 731 immune cell phenotypes, in the associations

between selected ADs and TMDs.

Frontiers in Immunology

03

frontiersin.org


https://risteys.finngen.fi/endpoints/TEMPOROMANDIB
https://risteys.finngen.fi/endpoints/TEMPOROMANDIB
https://doi.org/10.3389/fimmu.2024.1390516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

surface antigen level (n = 389), morphological parameters (n = 32),
and relative cell counts (n = 192) were included (N = 3,757) (23).
Specifically, MFI and relative counts comprised a range of immune
cells, such as B cells, dendritic cells, monocytes, myeloid cells,
TBNK, and Treg panels. Al GWAS analyses in this study were
exclusively conducted on populations of European descent,
ensuring that the necessary ethical approvals and participant
consents were diligently obtained. The details of the research
period, research consortium, sample size, and data source are
listed in Table 1. Data was collected by Z. Cheng and Z. Zhao.

TABLE 1 Details of the GWAS included in the Mendelian randomization.

10.3389/fimmu.2024.1390516

Selection of genetic instruments

For selecting single nucleotide polymorphisms (SNPs) in an MR
study, the following criteria are typically adopted to ensure robust
and reliable causal inferences (24, 25). Firstly, SNPs are chosen
based on their association with the exposure of interest at a genome-
wide significance level, typically p < 5x107%, to reduce the likelihood
of false-positive associations. Additionally, SNPs must be
independent of each other to avoid confounding due to linkage
disequilibrium (LD). This could be achieved through the LD

Sample
Research size
e Research Research
Phenotypes institution/ . A Total Ancestry Data source
location period
conductor (=M=
controls)
Exposure
22,647
https://gwas.mrcieu.ac.uk/datasets/
AS IGAS (33 Australi NA 9,069, E Bi
(3) ustratia (0.069/ uropean wnary ebi-a-GCST005529/
13,578)
408,422 .
UK . . . https://gwas.mrcieu.ac.uk/datasets/
Asth ted Kingd, 2006-201 ,167. E B
sthma Biobank (30) United Kingdom 006-2010 (56,167/ uropean inary ebi-a-GCSTI0014325/
352,255)
Andlauer 15,283 https://gwas.mrcieu.ac.uk/datasets/
{8l B Jrcieu.ac.u al S
MS Germany 2009-2016 (4,888/ European Binary ,P s
et al. (32) ebi-a-GCST003566/
10,395)
15,283
Duboi https: .mrcieu.ac.uk/dataset:
Celiac disease etl;l.oz;l) United Kingdom 2007-2010 (4,533/ European Binary ebf:./(/; gc“; 3;012)152116;1/% uk/datasets/
10,750)
Sakaue United Kingdom 498,620 https://gwas.mrcieu.ac.uk/datasets/
 di 2006-202 1,67 E Bi h . o
Graves’ disease etal. (35) & Finland 006-2020 (1,678/ uropean inary ebi-a-GCSTI0018847/
456,942)
) - 395,640 i
Hashimoto Sakaue United Kingdom 2006-2020 (15,654/ European Bina https://gwas.mrcieu.ac.uk/datasets/
thyroiditis et al. (35) & Finland ’ P vy ebi-a-GCST90018855/
379,986)
K-PB 11,37
v C i : 375 i https://gwas.mrcieu.ac.uk/datasets/
PBC Consortium United Kingdom 2007-2012 (2,861/ European Binary .
ebi-a-GCST005581/
(39) 8,514)
United Kingdom 14,890 https://gwas.mrcieu.ac.uk/datasets/
PSC IPSCSG (40) Inge 2010-2017 2871/ European  Binary Iups/gwas. ac
& Scandinavia ieu-a-1112/
12,019)
. . 483,174 .
Psoriasis valeari Sakaue United Kingdom 2006-2020 5072/ E Bi https://gwas.mrcieu.ac.uk/datasets/
SOTIAsts VIWEAMS ot al. (35) & Finland " X uropean mnary ebi-a-GCST90018907/
478,102)
Sak: United Kingd 417,256 https:// i k/datasets/
aue nite mngdom . ps://gwas.mrcieu.ac.u atasets,
RA 2006-2020 8,255, E B .
etal. (35) & Finland (8.295/ aropean wnary ebi-a-GCST90018910/
409,001)
Bentham Spain & Italy & Turkey 23,210 https://gwas.mrcieu.ac.uk/datasets/
o was.. .ac.
SLE NA 7,219, E Bi
et al. (36) & America (7.219/ uropean mary ebi-a-GCST003156/
15,991)
United Kingdom & 520,580
Chiou .m ec Singcom . https://gwas.mrcieu.ac.uk/datasets/
T1D Finland & Ireland 2001-2020 (18,942/ European Binary k
et al. (37) . ebi-a-GCST90014023/
& America 501,638)
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TABLE 1 Continued
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Sample
Research size
e Research Research Data
Phenotypes institution/ . . Total Ancestry Data source
location period type
conductor (cases/
controls)
Exposure
Norway & Sweden &
Denmark & Spain &
Italy &Canada &
America & Slovenia & 34,652 .
K K i https://gwas.mrcieu.ac.uk/datasets/
IBD IIBDGC (38) Lithuania & Germany & = NA (12,882/ European Binary . 31
leu-a-
Belgium & Netherlands 21,770)
& United Kingdom &
Australia &
New Zealand
407,746 .
UK i : i https://gwas.mrcieu.ac.uk/datasets/
SS United Kingds 2006-2015 372, E B
Biobank (31) futec Mngdom (872/ uropean Hmary ebi-a-GCST90013879/
407,374)
Outcome
e
-public-data-
TMDs FinnGen Finland 2017-2023 (6314/ | European | Binary sen-pu
222,498) summary_stats/
? finngen_R10_TEMPOROMANDIB.gz
Mediator
https://gwas.mrcieu.ac.uk/datasets/
bi-a-GCST90001391/ - https:
Immune cells Orru et al. (23) | TItaly 2001-2020 3,757 European Continuous | . / pbA//
gwas.mrcieu.ac.uk/datasets/ebi-
a-GCST90002121/

AS, ankylosing spondylitis; MS, multiple sclerosis; PBC, primary biliary cirrhosis; PSC, primary sclerosing cholangitis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; T1D, Type 1
diabetes; IBD, inflammatory bowel disease; SS, Sjogren’s syndrome; TMDs, temporomandibular disorders; IGAS, International Genetics of Ankylosing Spondylitis Consortium; IPSCSG,
International PSC Study Group; IIBDGC, International Inflammatory Bowel Disease Genetics Consortium; NA, not available.

clumping procedure (r* > 0.001, clumping window < 10,000 kb),
where the SNP with the strongest association remains. The selected
SNPs were then uploaded to the PhenoScanner V2 website (http://
www.phenoscanner.medschl.cam.ac.uk) to eliminate those
associated with potential confounders (smoking behavior, alcohol
consumption, painful and psychosocial conditions) and the
outcome (24). Furthermore, the F-statistics were calculated to
assess the instrumental strength, with F-statistics >10 set as the
threshold of strong IVs. SNPs with F-statistics < 10 were excluded.

Statistical analysis

The inverse variance weighted (IVW) method, the most
efficient analysis method when all genetic variants are valid IVs,
was selected a priori to estimate the causal effects (26). Given the
number of tests performed, the statistical significance level was
adjusted to 0.003 (0.05/14) to define the evidence of a causal effect.

Furthermore, a two-step MR method was adopted to investigate
the mediating effect of an intermediate risk factor in the causal
associations between ADs and TMDs. Briefly, the IVW method was
used to estimate the causal effects of selected autoimmune trait on
731 immune cell phenotypes, and reverse analysis was also
performed to rule out the presentation of bidirectionality.
Following that, multivariable IVW (MV-IVW) was applied to
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estimate the causal effect of the mediator on TMDs, adjusting for
the corresponding immune disorder. The association between the
ADs and the mediator, as well as the association between the
mediator and TMDs, should be in the same direction. Finally,
the Delta method was utilized to obtain the mediation proportion of
each mediator and the 95% confidence intervals (41).

MR sensitivity analysis

Several sensitivity analyses, such as MR Egger, weighted
median, and Mendelian randomized polymorphism RESidual
Sum and Outlier (MR-PRESSO) method, were conducted to
validate the robustness of the IVW results in the UVMR analysis
(24, 25). If any outlier SNPs identified by MR-PRESSO, the MR
analysis was restarted after removing outliers. Additionally,
MVMR-Egger, MVMR-median, and MVMR-Lasso methods were
applied to validate the robustness of the MV-IVW results in the
mediation analysis. The third assumption, generally referred to as
no pleiotropy, could be tested indirectly using various statistical
methods (24). Consequently, Cochran’s Q test was performed to
assess heterogeneity among different genetic variations, and the
MR-Egger intercept test was used for horizontal pleiotropy (27).
Finally, a leave-one-out analysis (LOO) was conducted to evaluate
whether the stability of the results was affected by a single SNP.
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All MR analyses were performed by Q. Wang and J. Xu, using R
software (version 4.3.0) through the TwoSampleMR package (version
0.5.6), MRPRESSO (version 1.0), MendelianRandomization (version
0.7.0) and MVMR (version 0.4.0).

Results
Instrumental variables selection

Detailed information on the SNPs associated with ADs,
including comprehensive characteristics after initial screening,
removal of confounding factors (such as smoking, pain, anxiety,
tension, depression, worry or nerve-related conditions), and data
harmonization, can be accessed in Supplementary Tables 1-3. A
total of 19 SNPs for RA, 38 SNPs for SLE, 19 SNPs for PBC, 9 SNPs
for Hashimoto thyroiditis, 11 SNPs for celiac disease, 57 SNPs for
asthma, 68 SNPs for T1D, 49 SNPs for IBD, 21 SNPs for Graves’
disease, 13 SNPs for PSC, 21 SNPs for MS, 7 SNPs for SS, 9 SNPs for
psoriasis vulgaris, and 22 SNPs for AS were adopted. The minimum

10.3389/fimmu.2024.1390516

calculated F-statistic was 27.3 (Supplementary Table 3), ensuring
the instrumental strength.

Causal effects of ADs on TMDs

Among the 14 common autoimmune phenotypes, genetically
predicted RA (IVW OR: 1.12, 95% CI: 1.05-1.19, p < 0.001) and MS
(IVW OR: 1.06, 95% CI: 1.03-1.10, p = 0.001) demonstrated a causal
effect on the onset of TMDs (Figure 2). Consistent estimates were
obtained through three other MR methods (Supplementary
Table 4). Furthermore, a suggestive association of Grave’s disease
(IVW OR: 1.06, 95% CI: 1.01-1.10, p = 0.012), psoriasis vulgaris
(IVW OR: 1.12, 95% CI: 1.03-1.22, p = 0.009), or AS (IVW OR: 1.18,
95% CI: 1.01-1.39, p = 0.039) with the risk of TMDs was observed.
No evidence of horizontal pleiotropy (all intercept p > 0.05),
heterogeneity, or any outlier was found throughout the analyses
(Table 2; Supplementary Figures 1, 2). LOO analyses confirmed that
no specific IVs significantly influenced causal inferences
(Supplementary Figure 3). Notably, reverse MR indicated that

FIGURE 2
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Forest plot depicting MR results for the association of genetically proxied autoimmune diseases with temporomandibular disorders. N. SNPs, number
of SNPs used in MR; OR, odds ratio; Cl, confidence intervals; IVW, inverse variance weighted; AS, ankylosing spondylitis; MS, multiple sclerosis; PBC,
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genetically predicted TMDs had no causality on each autoimmune
trait (Figure 3; Supplementary Table 5).

Mediating effects of immune cells in the
associations of RA, MS with TMDs

Among the 731 candidate mediators, a total of three immune
cell phenotypes met the criteria and were included in the calculation
of mediation proportions. Specifically, RA was causally linked to a
decreased level of CD3 on activated CD4 regulatory T cell (IVW
beta: -0.10, 95% CI: -0.18, -0.01, p = 0.021) and increased CD25++
CD8+ T cell % CD8+ T cell (IVW beta: 0.11, 95% CI: 0.03-0.19, p =
0.006), while genetically predicted MS was significantly associated
with higher expression of CD127 on granulocyte (IVW beta: 0.11,
95% CI: 0.04-0.17, p = 0.002) (Supplementary Table 6). No reverse
relationships were observed among these variables (Supplementary
Table 6). In the MVMR analyses, both CD3 on activated CD4
regulatory T cell (MV-IVW OR: 0.94, 95% CI: 0.90-0.98, p = 0.002)
and CD25++ CD8+ T cell % CD8+ T cell (MV-IVW OR: 1.07, 95%
CL: 1.01-1.13, p = 0.029) demonstrated evidence of a causal
association with TMDs even after adjusting for RA
(Supplementary Table 7). Similarly, CD127 on granulocyte had a
causal effect on the risk of TMDs after adjusting for MS (MV-IVW
OR: 1.06, 95% CI: 1.00-1.13, p = 0.043). Consistent associations
were found across various sensitivity analysis approaches
(Supplementary Table 7). Ranked by mediation proportion,
CD127 on granulocyte mediated 10.6% of the total effect of MS
on TMDs, followed by CD25++ CD8+ T cell % CD8+ T cell

10.3389/fimmu.2024.1390516

mediating the causal effect of RA on TMDs (6.2%), and CD3 on
activated CD4 regulatory T cell (5.4%) (Figure 4).

Discussion

The association between immunity and the risk of TMDs has
garnered increasing interest within the scientific community. To the
best of our knowledge, this is the first study to systematically
investigate potential causal relationships between ADs and TMDs
using MR approaches. Our findings suggest that genetically
predicted RA and MS exert a significant causal effect on TMDs
risk, while genetic susceptibility to Grave’s disease, psoriasis
vulgaris, and AS shows a suggestive association with elevated
TMDs risk. Furthermore, employing MVMR incorporating
immune cells revealed that the influence of RA and MS on TMDs
was partially mediated by certain relative cell counts and
antigen levels.

Research into the relationship between immune traits and
TMDs has a history spanning 70 years (6). The prevailing theory
posits that the inflammatory response and alterations in cellular
homeostasis may contribute to TMDs development (6). However,
evidence linking ADs to TMDs risk remains inconclusive due to a
dearth of high-quality RCTs and inconsistent findings in
observational epidemiological research (3, 4). RA, a chronic
autoimmune disease characterized by synovial joint inflammation,
has been linked to TM]J pain prevalence ranging widely from 8% to
70% in RA patients (7, 9). Another observational study concluded
that TMJ symptoms generally occurred within 5 years following the

TABLE 2 Sensitivity analysis for the associations between autoimmune diseases and temporomandibular disorders.

Cochran Q test MR-Egger MR-PRESSO
Exposure
Q value ? Intercept Global test. p
AS 15.097 0391 0.818 0.000 0.990 0.822
Asthma 59.866 0.065 0337 0.002 0.815 0413
MS 27.243 0.266 0.129 -0.001 0916 0.179
Celiac disease 13.259 0.246 0210 -0.009 0.765 0.200
Graves® disease 17.978 0.112 0.589 -0.010 0.496 0.650
Hashimoto thyroiditis 8.930 0.104 0348 -0.011 0576 0.197
PBC 21.591 0.166 0251 0.015 0.162 0.264
PSC 11.947 0.004 0.450 0.010 0542 0.472
Psoriasis vulgaris 10.233 0218 0.249 0.003 0.902 0.124
RA 23.809 0.244 0.161 0015 0.109 0.172
SLE 42.990 0.139 0230 -0.003 0.794 0277
TID 77.600 0.137 0.177 -0.001 0.857 0.190
IBD 51.961 0.076 0322 0.005 0.587 0.487
sS 9.987 0399 0.125 -0.027 0502 0.171

AS, ankylosing spondylitis; MS, multiple sclerosis; PBC, primary biliary cirrhosis; PSC, primary sclerosing cholangitis; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; T1D, Type 1
diabetes; IBD, inflammatory bowel disease; SS, Sjogren’s syndrome; MR-PRESSO, Mendelian randomized polymorphism RESidual Sum and Outlier.
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FIGURE 4

Two-step MR estimating proportions mediated by mediators in the
causal associations of MS or RA with temporomandibular disorders.
Histograms (bars) represent the mediation proportions (95% Cl). For
rheumatoid arthritis (RA), pink plots represent the proportions mediated
by CD25++ CD8+ T cell % CD8+ T cell and blue plots represent the
proportion mediated by CD3 on activated CD4 regulatory T cell; for
mulltiple sclerosis (MS), green plots represent the proportion mediated
by CD127 on granulocyte. Cl, confidence interval.

onset of RA (42). A recent systematic review consolidating data
from 34 observational studies established RA as a significant risk
factor for developing TMDs (6). However, Sem et al. reported a
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reduction in TMDs symptoms prevalence in newly diagnosed RA
patients over a 3-year follow-up, particularly in the initial years (43).
This discrepancy could be attributed to the efficacy of tailored
immunosuppressive treatments in alleviating inflammation and
enhancing various TMJ-associated outcomes (6).

Our study contributes significantly to existing literature in two
key areas. Firstly, a causal link between RA and TMDs occurrence
was established utilizing large-scale genetic data. Secondly, the
intermediary roles played by specific immune cell markers in this
association were observed. While B cells play a pivotal role in RA
pathogenesis by producing autoantibodies, studies in collagen
antibody-induced arthritis mice revealed no significant changes in
B cell numbers within the TMJ compared to control mice (11).
However, a notable increase in T cells was observed in TM] when
mechanical stress was applied to the mandibular condyle,
suggesting their potential involvement in RA-associated TMDs
(11). Our results suggest that the impact of RA on TMDs may be
mediated through reduced CD3 expression on CD4 T cells in serum
and an elevated percentage of CD25++ CD8+ T cells. These
findings align with observational studies on TMDs patients,
where chondrocytes and synovial fibroblasts secrete RANTES in
early TMDs stages, promoting the migration of T cells and
macrophages to the joints (14). IL-2, primarily derived from CD4
T cells and serving as the main CD25 ligand, could regulate T cell

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1390516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

proliferation bidirectionally (44). Observational evidence indicated
elevated levels of IL-2 in TM]J capsule fluid of TMDs patients (44)
and an increased number of peripheral CD8+ CD25+ T cells in RA
patients (45), suggesting a potential role for the IL-2 pathway in
mediating RA-associated TMDs. Theoretically, heightened
intercepts between CD25 and IL-2 could suppress proliferation
and initiate apoptosis of T cells (46). Although the specific
contribution of T cells to TM] pathology remains unclear, our
findings underscore the significance of functional imbalances in
CD4 and CD8 T cells in RA-related TMDs.

Multiple sclerosis (MS) is characterized by immune-mediated
attacks, primarily by T-helper lymphocytes Types 1 and 17, on the
nerve fiber myelin sheath, leading to demyelination (47). Despite
ongoing debates, recent meta-analysis findings by Minervini et al.
suggest a significantly higher risk of TMDs in MS patients
compared to healthy controls (RR: 2.10; 95% CI: 1.21-3.65) (5).
However, the limited sample sizes (< 120 individuals), lack of
follow-up, and various diagnostic criteria in these studies
necessitate further validation (5). Our MR study provides genetic
evidence supporting a causal link between MS and TMDs. The IL-
7R comprises o chain (CD127) and v chain subunits, the latter
sharing receptors with interleukins such as IL-2, IL-4, IL-9, and IL-
15 (48). Notably, IL-7Ra’s association ranks second only to major
histocompatibility complex polymorphisms in MS risk (47). In vivo
studies have demonstrated that downregulation of IL-7R induces
apoptosis in oligodendrocytes via the JAK/STAT pathway (49).
Moreover, elevated levels of inflammatory factors like IL-6, IL-7,
and IL-8 have been observed in the masseter muscles of TMD
patients, particularly during teeth clenching (50). These findings
suggest the involvement of the IL7/IL-7R pathway in both MS and
TMDs development, potentially contributing to their associations.
However, the impact of IL-7 on neutrophils remains uncertain due
to their minimal expression of IL-7R o chain, implying negligible
effects on their chemotactic and phagocytic functions (51). Our
mediation MR analysis indicates that MS may modulate the
expression of certain immune cell surface molecules, such as
increased CD127 on granulocytes, possibly activating the
neutrophil IL-7/IL-7R pathway and exacerbating the
inflammatory response around the TM]. Additionally, MS
patients commonly encounter symptoms of central nervous
system sensitivity (52), which could serve as significant triggers
for TMDs occurrence.

While some clinical studies have suggested a close association
between immune disorders like SLE, SS, and Hashimoto thyroiditis
and the prevalence of TMDs (4, 9, 53), this MR analysis did not find
evidence supporting a causal link between these three immune traits
and TMDs. Furthermore, the potential impacts of various
gastrointestinal immune conditions were explored, with
suggestive causality between PBC and TMDs. The weighted-
median method provides reliable estimates of causal effects when
fewer than half of the SNPs are invalid, whereas the MR-Egger
method can yield robust inferences even when all instruments are
invalid (24). In this MR study, all complementary methodologies
produced consistent results and indicated no signs of heterogeneity
or horizontal pleiotropy, underscoring the strength and reliability of
our findings.
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Effective management of both TMDs and ADs requires a
multidisciplinary approach (1). Our research offers valuable
insights into the prevention and treatment of TMDs, particularly
by identifying adults with RA or MS as a high-risk population.
Individuals with autoimmune conditions, already facing mobility or
dexterity challenges, may further experience compromised oral
function due to TMDs symptoms. Hence, regular follow-ups for
early TMDs detection and timely intervention in RA or MS patients
are crucial. Furthermore, a comprehensive evaluation of patients
seeking dental care revealed concerning findings. Among 1,458
participants diagnosed with immune-mediated rheumatic diseases,
58% had not been informed about the oral risks associated with
their immune condition by their dentist (54). Understanding how
their immune disorder can impact TMDs risk may empower
patients to actively participate in their healthcare, adhere to
treatment plans, and seek appropriate interventions when
experiencing symptoms related to jaw dysfunction. Additionally,
it is essential that dentists stay updated on the medications their
patient with RA or MS are receiving, along with possible side effects
and interactions with oral health. Moreover, studies have suggested
that concurrent treatment of immune diseases may alleviate
temporomandibular pain and dysfunction (6). Therefore,
collaborative efforts among dentists, immunologists, and other
healthcare professionals are essential to provide holistic care,
addressing the intricate relationship between immune diseases
and the development of TMDs.

However, it is essential to exercise caution when interpreting
our study findings due to several limitations. Firstly, the GWAS
populations analyzed were of European descent, potentially limiting
generalizability to other ethnicities. Secondly, inadequate control
over confounding variables could introduce bias or inaccuracies
into the results. Despite adjusting for some confounders in the
UVMR analysis, others like immunosuppressant and nonsteroidal
anti-inflammatory drug usage may have been overlooked. For
instance, patients with SLE are particularly vulnerable to TM]J
complications due to frequent glucocorticoid use (55). Thirdly,
TMDs were globally categorized in available GWAS, and the
specific causal relationship between immune disorders and
specific TMDs subtypes remains unclear.

This MR study proposes hypotheses rather than definitive
conclusions. Therefore, it is necessary to conduct large-scale,
multicenter longitudinal cohort studies in the future to monitor
the development and progression of TMDs in patients with RA or
MS, identifying early biomarkers and predictive factors for TMDs.
Additionally, the specific roles of CD4 regulatory T cells and
granulocytes in the pathogenesis of TMDs deserve further
research using techniques such as single-cell RNA sequencing and
flow cytometry.

Conclusion

Our MR estimates present compelling evidence regarding the
causal impact of genetic predisposition to RA or MS on the increased
risk of TMDs, potentially mediated by the modulation of immune
cells. These findings offer novel insights into the underlying
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mechanisms linking immunity and TMDs, highlighting the
importance for clinicians to pay more attention to patients with
RA or MS when consulting for temporomandibular discomfort.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

Ethics approval for the study involving humans was not required in
accordance with the local and institutional requirements because the
MR study was based on previously collected and published data

Author contributions

XC: Conceptualization, Writing — original draft. ZC: Data curation,
Resources, Software, Writing — review & editing. JX: Formal Analysis,
Methodology, Writing — review & editing. QW: Validation, Writing -
original draft, Writing - review & editing. ZZ: Resources, Software, Writing
- review & editing. QJ: Conceptualization, Writing - review & editing,

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

References

1. Gauer RL, Semidey MJ. Diagnosis and treatment of temporomandibular
disorders. Am Family physician. (2015) 91:378-86.

2. Shen X, Zhu W, Zhang P, Fu Y, Cheng J, Liu L, et al. Macrophage miR-149-5p
induction is a key driver and therapeutic target for BRON]J. JCI Insight. (2022) 7:
€159865. doi: 10.1172/jci.insight.159865

3. Gynther GW, Holmlund AB, Reinholt FP, Lindblad S. Temporomandibular joint
involvement in generalized osteoarthritis and rheumatoid arthritis: a clinical,
arthroscopic, histologic, and immunohistochemical study. Int J Oral Maxillofac Surg.
(1997) 26:10-6. doi: 10.1016/S0901-5027(97)80838-7

4. Grozdinska A, Hofmann E, Schmid M, Hirschfelder U. Prevalence of
temporomandibular disorders in patients with Hashimoto thyroiditis. J orofacial
orthopedics = Fortschr der Kieferorthopadie: Organ/official ] Deutsche Gesellschaft fur
Kieferorthopadie. (2018) 79:277-88. doi: 10.1007/s00056-018-0140-6

5. Minervini G, Mariani P, Fiorillo L, Cervino G, Ciccii M, Laino L. Prevalence of
temporomandibular disorders in people with multiple sclerosis: A systematic review
and meta-analysis. Cranio: J craniomandibular Pract. (2022) 31:1-9. doi: 10.1080/
08869634.2022.2137129

6. Hysa E, Lercara A, Cere A, Gotelli E, Gerli V, Paolino S, et al.
Temporomandibular disorders in immune-mediated rheumatic diseases of the adult:
A systematic review. Semin Arthritis rheumatism. (2023) 61:152215. doi: 10.1016/
j.semarthrit.2023.152215

7. Sadura-Sieklucka T, Gebicki J, Sokotowska B, Markowski P, Tarnacka B.
Temporomandibular joint disorders in patients with rheumatoid arthritis.
Reumatologia. (2021) 59:161-8. doi: 10.5114/reum.2021.107593

8. Huang YF, Chang CT, Muo CH, Chiu KM, Tsai CH, Liu SP. Bidirectional
relationship between temporomandibular disorder and ankylosing spondylitis: a

Frontiers in Immunology

10.3389/fimmu.2024.1390516

Acknowledgments

The authors thank and acknowledge the investigators of the
original GWAS studies for publishing summary data used in the
study. We would like to express our gratitude to Professor Qing
Cheng from the Department of Endodontics, Jiangyin People's
Hospital, for his invaluable assistance in polishing and refining
the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.
1390516/full#supplementary-material

population-based cohort study. Clin Oral investigations. (2021) 25:6377-84.
doi: 10.1007/s00784-021-03938-0

9. Aliko A, Ciancaglini R, Alushi A, Tafaj A, Ruci D. Temporomandibular joint
involvement in rheumatoid arthritis, systemic lupus erythematosus and systemic
sclerosis. Int ] Oral Maxillofac Surg. (2011) 40:704-9. doi: 10.1016/j.ijom.2011.02.026

10. Goupille P, Fouquet B, Cotty P, Goga D, Valat JP. Direct coronal computed
tomography of the temporomandibular joint in patients with rheumatoid arthritis. Br
Radiol. (1992) 65:955-60. doi: 10.1259/0007-1285-65-779-955

11. Nagai K, Ishii T, Ohno T, Nishii Y. Overload of the temporomandibular joints
accumulates ¥3 T cells in a mouse model of rheumatoid arthritis: A morphological and
histological evaluation. Front Immunol. (2022) 12:753754. doi: 10.3389/fimmu.2021.753754

12. Piancino MG, Rotolo R, Cannavale R, Cuomo G, Masini F, Dalmasso P, et al.
Cranial structure and condylar asymmetry of adult patients with rheumatoid arthritis.
BMC Oral Health. (2023) 23:269. doi: 10.1186/s12903-023-03001-2

13. Cordeiro PC, Guimaraes JP, de Souza VA, Dias IM, Silva JN, Devito KL, et al.
Temporomandibular joint involvement in rheumatoid arthritis patients: association
between clinical and tomographic data. Acta odontologica latinoamericana: AOL.
(2016) 29:123-9.

14. Feng SY, Lei J, Chen HM, Wang YX, Yap AU, Fu KY. Increased chemokine
RANTES in synovial fluid and its role in early-stage degenerative temporomandibular
joint disease. J Oral rehabilitation. (2020) 47:1150-60. doi: 10.1111/joor.13041

15. Monasterio G, Castillo F, Rojas L, Cafferata EA, Alvarez C, Carvajal P, et al. Th1/
Th17/Th22 immune response and their association with joint pain, imagenological
bone loss, RANKL expression and osteoclast activity in temporomandibular joint
osteoarthritis: A preliminary report. J Oral Rehabil. (2018) 45:589-97. doi: 10.1111/
joor.12649

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1390516/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1390516/full#supplementary-material
https://doi.org/10.1172/jci.insight.159865
https://doi.org/10.1016/S0901-5027(97)80838-7
https://doi.org/10.1007/s00056-018-0140-6
https://doi.org/10.1080/08869634.2022.2137129
https://doi.org/10.1080/08869634.2022.2137129
https://doi.org/10.1016/j.semarthrit.2023.152215
https://doi.org/10.1016/j.semarthrit.2023.152215
https://doi.org/10.5114/reum.2021.107593
https://doi.org/10.1007/s00784-021-03938-0
https://doi.org/10.1016/j.ijom.2011.02.026
https://doi.org/10.1259/0007-1285-65-779-955
https://doi.org/10.3389/fimmu.2021.753754
https://doi.org/10.1186/s12903-023-03001-2
https://doi.org/10.1111/joor.13041
https://doi.org/10.1111/joor.12649
https://doi.org/10.1111/joor.12649
https://doi.org/10.3389/fimmu.2024.1390516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chen et al.

16. Fichna M, Zurawek M, Budny B, Komarowska H, Niechciat E, Fichna P, et al.
Elevated serum RANTES chemokine levels in autoimmune Addison disease. Polish
Arch Internal Med. (2018) 128:216-21. doi: 10.20452/pamw.4221

17. Gianoukakis AG, Douglas RS, King CS, Cruikshank WW, Smith TJ.
Immunoglobulin G from patients with Graves' disease induces interleukin-16 and
RANTES expression in cultured human thyrocytes: a putative mechanism for T-cell
infiltration of the thyroid in autoimmune disease. Endocrinology. (2006) 147:1941-9.
doi: 10.1210/en.2005-1375

18. Timoteo RP, da Silva MV, Miguel CB, Silva DA, Catarino JD, Rodrigues Junior
V, et al. Th1/Th17-related cytokines and chemokines and their implications in the
pathogenesis of pemphigus vulgaris. Mediators Inflammation. (2017) 2017:7151285.
doi: 10.1155/2017/7151285

19. Wieckiewicz M, Jenca AJr., Seweryn P, Orzeszek S, Petrasova A, Grychowska N,
et al. Determination of pain intensity, pain-related disability, anxiety, depression, and
perceived stress in Polish adults with temporomandibular disorders: A prospective
cohort study. Front Integr Neurosci. (2022) 16:1026781. doi: 10.3389/
fnint.2022.1026781

20. Vriezekolk JE, van Lankveld WG, Geenen R, van den Ende CH. Longitudinal
association between coping and psychological distress in rheumatoid arthritis: a
systematic review. Ann rheumatic Dis. (2011) 70:1243-50. doi: 10.1136/
ard.2010.143271

21. Smith GD, Ebrahim S. 'Mendelian randomization': can genetic epidemiology
contribute to understanding environmental determinants of disease? Int J Epidemiol.
(2003) 32:1-22. doi: 10.1093/ije/dyg070

22. Carter AR, Sanderson E, Hammerton G, Richmond RC, Davey Smith G, Heron
J, et al. Mendelian randomisation for mediation analysis: current methods and
challenges for implementation. Eur ] Epidemiol. (2021) 36:465-78. doi: 10.1007/
510654-021-00757-1

23. Orru V, Steri M, Sidore C, Marongiu M, Serra V, Olla S, et al. Complex genetic
signatures in immune cells underlie autoimmunity and inform therapy. Nat Genet.
(2020) 52:1036-45. doi: 10.1038/541588-020-0684-4

24. Chen X, Xu J, Cheng Z, Wang Q, Zhao Z, Jiang Q. Causal relationship between
hypothyroidism and temporomandibular disorders: evidence from complementary
genetic methods. BMC Oral Health. (2024) 24:247. doi: 10.1186/s12903-024-03999-z

25. Tang Y, Liu W, Kong W, Zhang S, Zhu T. Multisite chronic pain and the risk of
autoimmune diseases: A Mendelian randomization study. Front Immunol. (2023)
14:1077088. doi: 10.3389/fimmu.2023.1077088

26. Cao RR, Yu XH, Xiong MF, Li XT, Deng FY, Lei SF. The immune factors have
complex causal regulation effects on bone mineral density. Front Immunol. (2022)
13:959417. doi: 10.3389/fimmu.2022.959417

27. Liao ], Zhang Y, Tang Z, Liu P, He L. Causal relationships between peripheral
immune cells and Alzheimer's disease: a two-sample Mendelian randomization study.
Neurological sciences: Off ] Ital Neurological Soc Ital Soc Clin Neurophysiol. (2024)
45:3117-24. doi: 10.1007/s10072-024-07324-y

28. Boef AG, Dekkers OM, le Cessie S. Mendelian randomization studies: a review of
the approaches used and the quality of reporting. Int ] Epidemiol. (2015) 44:496-511.
doi: 10.1093/ije/dyv071

29. Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM,
Swanson SA, et al. Strengthening the reporting of observational studies in
epidemiology using mendelian randomization: the STROBE-MR statement. Jama.
(2021) 326:1614-21. doi: 10.1001/jama.2021.18236

30. Valette K, Li Z, Bon-Baret V, Chignon A, Bérube JC, Eslami A, et al.
Prioritization of candidate causal genes for asthma in susceptibility loci derived from
UK Biobank. Commun Biol. (2021) 4:700. doi: 10.1038/s42003-021-02227-6

31. Mbatchou J, Barnard L, Backman J, Marcketta A, Kosmicki JA, Ziyatdinov A,
et al. Computationally efficient whole-genome regression for quantitative and binary
traits. Nat Genet. (2021) 53:1097-103. doi: 10.1038/s41588-021-00870-7

32. Andlauer TF, Buck D, Antony G, Bayas A, Bechmann L, Berthele A, et al. Novel
multiple sclerosis susceptibility loci implicated in epigenetic regulation. Sci Adv. (2016)
2:e1501678. doi: 10.1126/sciadv.1501678

33. Cortes A, Hadler J, Pointon JP, Robinson PC, Karaderi T, Leo P, et al.
Identification of multiple risk variants for ankylosing spondylitis through high-
density genotyping of immune-related loci. Nat Genet. (2013) 45:730-8.
doi: 10.1038/ng.2667

34. Dubois PC, Trynka G, Franke L, Hunt KA, Romanos J, Curtotti A, et al. Multiple
common variants for celiac disease influencing immune gene expression. Nat Genet.
(2010) 42:295-302. doi: 10.1038/ng.543

Frontiers in Immunology

11

10.3389/fimmu.2024.1390516

35. Sakaue S, Kanai M, Tanigawa Y, Karjalainen J, Kurki M, Koshiba S, et al. A cross-
population atlas of genetic associations for 220 human phenotypes. Nat Genet. (2021)
53:1415-24. doi: 10.1038/s41588-021-00931-x

36. Bentham ], Morris DL, Graham DSC, Pinder CL, Tombleson P, Behrens TW,
et al. Genetic association analyses implicate aberrant regulation of innate and adaptive
immunity genes in the pathogenesis of systemic lupus erythematosus. Nat Genet.
(2015) 47:1457-64. doi: 10.1038/ng.3434

37. Chiou J, Geusz RJ, Okino ML, Han JY, Miller M, Melton R, et al. Interpreting
type 1 diabetes risk with genetics and single-cell epigenomics. Nature. (2021) 594:398—
402. doi: 10.1038/s41586-021-03552-w

38. Liu JZ, van Sommeren S, Huang H, Ng SC, Alberts R, Takahashi A, et al.
Association analyses identify 38 susceptibility loci for inflammatory bowel disease and
highlight shared genetic risk across populations. Nat Genet. (2015) 47:979-86.
doi: 10.1038/ng.3359

39. Liu JZ, Almarri MA, Gaffney DJ, Mells GF, Jostins L, Cordell HJ, et al. Dense
fine-mapping study identifies new susceptibility loci for primary biliary cirrhosis. Nat
Genet. (2012) 44:1137-41. doi: 10.1038/ng.2395

40. Ji SG, Juran BD, Mucha S, Folseraas T, Jostins L, Melum E, et al. Genome-wide
association study of primary sclerosing cholangitis identifies new risk loci and
quantifies the genetic relationship with inflammatory bowel disease. Nat Genet.
(2017) 49:269-73. doi: 10.1038/ng.3745

41. MacKinnon DP, Fairchild AJ, Fritz MS. Mediation analysis. Annu Rev Psychol.
(2007) 58:593-614. doi: 10A1146/annurev.psych.58.110405.085542

42. Kroese JM, Kopp S, Lobbezoo F, Alstergren P. TMJ pain and crepitus occur early
whereas dysfunction develops over time in rheumatoid arthritis. J Oral facial Pain
headache. (2020) 34:398-405. doi: 10.11607/0fph.2718

43. Chin Jen Sem JP, van der Leeden M, Visscher CM, Britsemmer K, Turk SA,
Dekker J, et al. Prevalence, course, and associated factors of pain in the
temporomandibular joint in early rheumatoid arthritis: results of a longitudinal
cohort study. J Oral facial Pain headache. (2017) 31:233-9. doi: 10.11607/0fph.1606

44. Kim YK, Kim SG, Kim BS, Lee JY, Yun PY, Bae JH, et al. Analysis of the cytokine
profiles of the synovial fluid in a normal temporomandibular joint: preliminary study.
cranio-maxillo-facial surgery: Off Publ Eur Assoc Cranio-Maxillo-Facial Surg. (2012) 40:
€337-41. doi: 10.1016/j.jcms.2012.02.002

45. Wang LQ, Wang Y, Wang R, Zhao RX, Meng Y, Ren LL, et al. [Changes and
clinical significance of peripheral blood CD8(+)CD25(+)T cells in rheumatoid arthritis
patients]. Zhonghua yi xue za zhi. (2020) 100:1557-61. doi: 10.3760/cma.j.cn112137-
20190829-01920

46. Damoiseaux J. The IL-2 - IL-2 receptor pathway in health and disease: The role of the
soluble IL-2 receptor. Clin Immunol. (2020) 218:108515. doi: 10.1016/j.clim.2020.108515

47. Mazzucchelli RI, Riva A, Durum SK. The human IL-7 receptor gene: deletions,
polymorphisms and mutations. Sernin Immunol. (2012) 24:225-30. doi: 10.1016/j.smim.2012.02.007

48. van Roon JA, Lafeber FP. Role of interleukin-7 in degenerative and inflammatory
joint diseases. Arthritis Res Ther. (2008) 10:107. doi: 10.1186/ar2395

49. Lei X, Cai$S, Chen Y, Cui J, Wang Y, Li Z, et al. Down-regulation of interleukin 7
receptor (IL-7R) contributes to central nervous system demyelination. Oncotarget.
(2017) 8:28395-407. doi: 10.18632/oncotarget.v8il7

50. Louca Jounger S, Christidis N, Svensson P, List T, Ernberg M. Increased levels of
intramuscular cytokines in patients with jaw muscle pain. J headache Pain. (2017)
18:30. doi: 10.1186/s10194-017-0737-y

51. Girard D, Beaulieu AD. Absence of the IL-7 receptor component CDw127
indicates that gamma(c) expression alone is insufficient for IL-7 to modulate human
neutrophil responses. Clin Immunol immunopathology. (1997) 83:264-71. doi: 10.1006/
clin.1997.4341

52. Voet S, Prinz M, van Loo G. Micmglia in central nervous system inflammation
and multiple sclerosis pathology. Trends Mol Med. (2019) 25:112-23. doi: 10.1016/
j.molmed.2018.11.005

53. Crincoli V, Di Comite M, Guerrieri M, Rotolo RP, Limongelli L, Tempesta A,
et al. Orofacial manifestations and temporomandibular disorders of sjogren syndrome:
an observational study. Int ] Med Sci. (2018) 15:475-83. doi: 10.7150/ijms.23044

54. Rihab B, Lina EH, Noémie ST, Jean S, Marjolaine G. The experience of dry
mouth and screening for Sjogren's syndrome by the dentist: patient-reported
experiences. BMC Oral Health. (2023) 23:1010. doi: 10.1186/s12903-023-03727-z

55. Benli M, Batool F, Stutz C, Petit C, Jung S, Huck O. Orofacial manifestations and
dental management of systemic lupus erythematosus: A review. Oral Dis. (2021)
27:151-67. doi: 10.1111/0di.13271

frontiersin.org


https://doi.org/10.20452/pamw.4221
https://doi.org/10.1210/en.2005-1375
https://doi.org/10.1155/2017/7151285
https://doi.org/10.3389/fnint.2022.1026781
https://doi.org/10.3389/fnint.2022.1026781
https://doi.org/10.1136/ard.2010.143271
https://doi.org/10.1136/ard.2010.143271
https://doi.org/10.1093/ije/dyg070
https://doi.org/10.1007/s10654-021-00757-1
https://doi.org/10.1007/s10654-021-00757-1
https://doi.org/10.1038/s41588-020-0684-4
https://doi.org/10.1186/s12903-024-03999-z
https://doi.org/10.3389/fimmu.2023.1077088
https://doi.org/10.3389/fimmu.2022.959417
https://doi.org/10.1007/s10072-024-07324-y
https://doi.org/10.1093/ije/dyv071
https://doi.org/10.1001/jama.2021.18236
https://doi.org/10.1038/s42003-021-02227-6
https://doi.org/10.1038/s41588-021-00870-7
https://doi.org/10.1126/sciadv.1501678
https://doi.org/10.1038/ng.2667
https://doi.org/10.1038/ng.543
https://doi.org/10.1038/s41588-021-00931-x
https://doi.org/10.1038/ng.3434
https://doi.org/10.1038/s41586-021-03552-w
https://doi.org/10.1038/ng.3359
https://doi.org/10.1038/ng.2395
https://doi.org/10.1038/ng.3745
https://doi.org/10.1146/annurev.psych.58.110405.085542
https://doi.org/10.11607/ofph.2718
https://doi.org/10.11607/ofph.1606
https://doi.org/10.1016/j.jcms.2012.02.002
https://doi.org/10.3760/cma.j.cn112137-20190829-01920
https://doi.org/10.3760/cma.j.cn112137-20190829-01920
https://doi.org/10.1016/j.clim.2020.108515
https://doi.org/10.1016/j.smim.2012.02.007
https://doi.org/10.1186/ar2395
https://doi.org/10.18632/oncotarget.v8i17
https://doi.org/10.1186/s10194-017-0737-y
https://doi.org/10.1006/clin.1997.4341
https://doi.org/10.1006/clin.1997.4341
https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.1016/j.molmed.2018.11.005
https://doi.org/10.7150/ijms.23044
https://doi.org/10.1186/s12903-023-03727-z
https://doi.org/10.1111/odi.13271
https://doi.org/10.3389/fimmu.2024.1390516
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Causal effects of autoimmune diseases on temporomandibular disorders and the mediating pathways: a Mendelian randomization study
	Introduction
	Materials and methods
	Study design
	Data resources
	Selection of genetic instruments
	Statistical analysis
	MR sensitivity analysis

	Results
	Instrumental variables selection
	Causal effects of ADs on TMDs
	Mediating effects of immune cells in the associations of RA, MS with TMDs

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


