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Abstract

Background: Temporomandibular disorders (TMD) are common, particularly in
females of reproductive age, but it remains unclear if TMD and female reproductive
traits directly influence each other. Previous studies have suggested links between
reproductive factors, such as the menstrual cycle and menopause, and TMD, yet any
causal link is unconfirmed. This study seeks to delineate the reciprocal causal interplay
between female reproductive traits and TMD. Methods: A bidirectional Mendelian
randomization (MR) approach was applied to assess five reproductive traits—age at
menarche, first sexual intercourse, first birth, last birth, and menopause—considering
TMD as the outcome in one analysis and the exposure in the reverse. Statistical
methods, including the inverse variance-weighted method, MR Egger, MR Pleiotropy
Residual Sum and Outlier (MR-PRESSO), Cochran’s Q test, and leave-one-out analyses,
were used to examine pleiotropy and heterogeneity. Results: Later age at first sexual
intercourse (odds ratio (OR) = 0.51, 95% confidence intervals (CI) 0.37-0.71, p = 6.46
x 1079), first birth (OR = 0.86, 95% CI 0.78-0.95, p = 0.003), and last birth (OR =
0.37, 95% CI 0.17-0.78, p = 0.009) were identified to be protective against TMD. No
significant associations emerged for age at menarche or menopause. However, TMD
onset may contribute to delayed menarche (Beta = 0.04, 95% CI 0.01-0.06, p = 0.035)
without affecting other reproductive traits. Conclusions: Genetically determined later
timing of first sexual intercourse, first birth, and last birth may protect against TMD,
while TMD onset may delay menarche, suggesting a bidirectional relationship between
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reproductive timing and TMD.
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1. Introduction

Temporomandibular disorders (TMD) encompass a spectrum
of jaw-joint and orofacial irregularities, often involving limited
oral mobility, muscle aches and audible clicks or pops in the
jaw region [1]. Approximately 5-12% of adults are affected,
with a notably higher incidence among younger populations
and in women—particularly those of reproductive age—who
experience TMD at roughly four times the rate observed in men
[2—4]. Moreover, the United States bears an annual economic
burden exceeding 100 billion dollars solely attributable to
TMD [5, 6]. Consequently, a thorough investigation into the
etiology of TMD and the identification of gender-specific risk
factors in females are imperative.

The etiology of TMD is complex, involving biological, envi-
ronmental, social, emotional, and cognitive triggers frequently
cited as contributing factors [7]. Recently, there has been
increased interest in understanding how women’s reproduc-

tive traits may affect the incidence of TMD [8—12]. Current
research indicates associations between the menstrual cycle
[12], pregnancy [8] and menopause [9, 1 1] with the onset and
severity of TMD symptoms. Although these findings suggest a
connection between reproductive factors and TMD, the causal
relationships remain unclear.

Mendelian randomization (MR) constitutes a causal infer-
ence methodology employing germline genetic variants as
natural experiments, where single-nucleotide polymorphisms
(SNPs) meeting genome-wide significance thresholds serve
as instrumental variables (IVs) to estimate etiological effects
between modifiable exposures and clinical endpoints through
two-sample variance-weighted estimators [ 13, 14]. Traditional
observational studies often struggle to establish causality due
to confounding influences, reverse causation, and measure-
ment inconsistencies, even when statistical correlations exist.
MR offers an alternative framework to address these limi-
tations by leveraging genetic predisposition as a proxy for
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exposure, thereby strengthening causal inference.

Despite its potential, no existing bidirectional MR inves-
tigation has examined how female reproductive traits may
be linked to TMD, nor has any randomized controlled trial
specifically targeted this reciprocal relationship. Accordingly,
the objective of this study is to explore the causal relation-
ship between women’s reproductive timeline traits and TMD
using a bidirectional MR design.

2. Material and methods

2.1 Investigation design

Our investigation harnessed SNPs sourced from aggregated
genome-wide association studies (GWAS) meta-registers as
IVs. IVs must satisfy three fundamental conditions: exhibit
a robust association with the exposure, remain independent
of potential confounding factors, and influence the outcome
exclusively through the exposure pathway [15]. The inves-
tigation was structured in two phases. Initially, the potential
causal link between female reproductive parameters and TMD
was explored. Subsequently, the analysis was reversed to
evaluate whether a genetic predisposition for TMD correlates
with variations in reproductive characteristics.

2.2 GWAS summary statistics on women's
reproductive traits and TMD

GWAS summary datasets for five female reproductive
metrics—age at menarche (AAM), age at first sexual
intercourse (AFS), age at first live birth (AFB), age at last
live birth (ALB), and age at natural menopause (ANM)—
were harnessed from prominent genetic consortia accessible
through public databases such as PubMed and Integrative
Epidemiology Unit (IEU) platform (Table 1).

GWAS data for AAM were obtained from publicly available
data provided by Po-Ru Loh, comprising 279,470 women
of European descent. The largest meta-analysis for AFB
was carried out by Mills ef al. [16], integrating information
from 36 European studies and involving 418,758 women, with
AFB treated as a continuous measure among mothers. For
AFS, genetic variants were identified in an extensive GWAS
comprising 214,547 European females, with data drawn from
the UK Biobank. Additionally, data for ALB and ANM were
derived from records provided by Ben Elsworth, encompassing

170,248 and 143,819 individuals of European ancestry, respec-
tively.

To avoid duplication, as the majority of GWAS data for
female reproductive traits derive from the UK Biobank, the
TMD dataset was sourced from the recent FinnGen project
[17]. TMD cases in FinnGen (R10, December 2023) were
identified using International Classification of Diseases (ICD)
10 code KO07.6, which includes conditions such as Costen
syndrome, temporomandibular joint derangement, snapping
jaw, and temporomandibular joint-pain-dysfunction syndrome
[18]. All diagnoses were sourced from nationwide electronic
health records (hospital and specialist clinic registries), in
accordance with FinnGen’s endpoint definition. Notably, in-
dividuals with jaw dislocation, sprain or chronic pain in the
back, neck, head, or limbs were excluded from the control
group. The R10 dataset included 6314 TMD cases and 222,498
controls, with 5067 females in the TMD case group.

2.3 Screening for IVs

A stringent selection process was implemented to identify
appropriate genetic variants as instrumental proxies for both
exposures and outcomes. First, we screened the available
GWAS for each exposure trait to find SNPs that exhibited a ro-
bust association with the exposure, defined as reaching the con-
ventional genome-wide significance threshold of p < 5 x 1078,
To ensure that selected variants were independent and not in
linkage disequilibrium (LD) with each other, we applied a
clumping procedure with parameters set at 7> < 0.001 and
a clumping distance of 10,000 kb. This process retained
the most strongly associated variant within each LD block
and removed all others in LD with it, thereby ensuring the
independence of selected instruments. Next, any variants
significantly associated with the outcomes (p < 5 x 107%) were
excluded. To further ensure robust exposure associations, only
variants with an F statistic greater than 10 were retained—
calculated as F = R%/(1 — R?) x (N — K — 1)/K, where R?
was defined as R? = 2 x minor allele frequency (MAF) x
(1 — MAF) x Beta?. Furthermore, reverse-complementary
variants displaying uncertain allele distributions were excluded
to ensure a uniform effect direction. Finally, to secure a
sufficient number of proxies for TMD, variants meeting a
genome-wide significance threshold of p < 5 x 107 were
included.

TABLE 1. Genomic repositories utilized in the MR study.

Phenotype ID
ebi-a-GCST90029036
ebi-a-GCST90000045
ebi-a-GCST90000048
ukb-b-8727
ukb-b-17422

Age at menarche

Age at first sexual intercourse
Age at first live birth

Age at last live birth

Age at natural menopause

finngen R10. TEMPOR

Temporomandibular disorders OMANDIB

SNPs: single-nucleotide polymorphisms,; ID: identity document.

Sample size Number of SNPs Type of trait
279,470 11,971,701 Continuous
214,547 16,426,473 Continuous
418,758 10,766,720 Continuous
170,248 9,851,867 Continuous
143,819 9,851,867 Continuous
228,812

(6314 cases and 21,298,670 Binary

222,498 controls)



2.4 Statistical analysis

Causality was chiefly determined by employing the inverse
variance weighted (IVW) technique. Complementary anal-
yses incorporated both the MR Egger and weighted median
(WM) approaches. To examine heterogeneity, Cochran’s Q
(from the IVW model) and Rucker’s Q (from the MR Egger
approach) were applied. Detection of horizontal pleiotropy
was achieved through the MR Egger intercept test and a global
assessment via MR-PRESSO, which also features a distortion
test to determine the influence of outliers. When outliers were
identified, the analysis was repeated following their removal.
The overall stability of the findings was further examined
using a leave-one-out sensitivity analysis. All computations
were executed with the TwoSampleMR package in R (version
4.3.1). To adjust for multiple comparisons, a Bonferroni-
corrected significance level of p < 0.01 (i.e., p < 0.05/5)
was applied, with p-values between 0.01 and 0.05 regarded as
suggestive.

3. Results

3.1 Screening for IVs

Following a rigorous selection process to pinpoint exposure-
related SNPs and eliminate those in linkage disequilibrium,
a total of 243, 73, 65, 6, 114 and 15 SNPs were retained for
AAM, AFS, AFB, ALB, ANM and TMD, respectively. Aside
from the snoring variant, all selected instruments exhibited F-
statistic values greater than 10, thereby satisfying the strong
relevance requirement for MR analyses. Supplementary ma-
terial provides detailed information about all SNPs.

For the female reproductive exposures, SNP filtering
was performed as follows. For AAM, one SNP was
missing in the TMD dataset and 11 palindromic variants
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(rs12926791, rs1327942, rs17089911, rs1874984, rs2725405,
rs35999162, rs4818008, rs566465, rs57149692, rs815715,
1s9945304) were excluded, leaving 231 SNPs for analysis.
For AFS, 4 SNPs were absent and 7 palindromic variants
(rs11076963, 1511627661,  rs1226414,  rs12541633,
rs62166484, rs66632973, 1s7942078) were removed, resulting
in 62 SNPs. In the case of AFB, 3 SNPs were not present and
11 palindromic SNPs (rs10111950, rs10445366, rs13319205,
rs1590949, rs1950404, rs3096695, rs4799950, rs6079581,
rs7931884, rs7958796, rs9814726) were discarded, yielding
51 SNPs. No palindromic variants were identified for ALB.
For ANM, 4 SNPs were absent and 4 palindromic variants
(rs1020622, rs394448, 15728900, rs8045589) were eliminated,
leaving 106 SNPs for further analysis.

When TMD served as the exposure, the selection process
differed by outcome. For AAM, ALB and ANM, one palin-
dromic variant (rs1811546) was detected, yielding a final set
of 14 SNPs. In contrast, for AFS and AFB, one SNP was
missing from the summary data, and two palindromic variants
(rs117730127 and rs1811546) were excluded, resulting in 12
SNPs being retained for analysis.

3.2 Causal impact of women's reproductive
traits on TMD

Table 2 presents the outcomes of the MR investigation, where
female reproductive parameters were treated as the exposures
and TMD as the endpoint.

Regarding AAM, none of the three analytical approaches—
IVW (OR = 1.03, 95% CI 0.95-1.11, p = 0.470), MR Egger
(OR=1.05,95% C10.86—1.29, p =0.606), or weighted median
(OR=1.02,95% C10.90-1.14, p = 0.791)—revealed a signif-
icant association with TMD risk. Although heterogeneity was
initially detected, the exclusion of outlier SNPs (rs12926791,

TABLE 2. The causal effects of women’s reproductive traits on temporomandibular disorders.

Exposure Outcome nSNP  Methods
231 IVW
Temporomandibular
Age at menarche disorders 231 MR Egger
231 WM
62 IVW
Age at first sexual Tempo'romandlbular 62 MR Egger
intercourse disorders
62 WM
51 IVW
Age at first sexual Tempo.romandlbular 51 MR Egger
intercourse disorders

51 WM

OR |
(95% CI) p-value Heterogeneity
MR Egger IVW
Q_pval  Q_pval
1.03
(0.95-1.11) 0.47
1.05
(0.86-1.29) 0.606 0.003  0.003
1.02
(0.90-1.14) 0.791
0.51 .
0.37-071) 84610
0.67
(0.14-3.25) 0.622 0.002  0.002
0.60
(0.41-0.88) 0.009
0.86
(0.78-0.95) 0.003
0.76
(0.48-121) 0.258 0.009  0.011
.80 0.016

(0.75-0.97)

Pleiotropy
pval

0.790

0.734

0.593
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TABLE 2. Continued.

Exposure Outcome nSNP  Methods
6 VW
Age at last live Temporomandibular
birth disorders 6 MR Egger
6 WM
106 VW
Age at natural Temporomandlbular 106 MR Egger
menopause disorders
106 WM

OR -value Heterogeneit
(95% CI) p geneity
MR Egger VW
Q pval  Q_pval
0.37
(0.17-0.78) 0.009
1.07
(0.042822) 71 0.829  0.860
0.44
(0.17-1.14) 0.091
0.99
(0.88-1.11) 0.899
1.10
(0.85-1.41) 0.476 0.061  0.062
1.01
(0.85-1.19) 0.952

IVW: Inverse variance weighted; WM: Weighted median; MR: Mendelian randomization;, nSNP: number of single nucleotide
polymorphisms; OR: odds ratio; CI: confidence intervals; Q pval: Cochran'’s Q-test p value; pval: p value. Bold format

represents p < 0.05 considered statistically different.

rs1327942, rs17089911, rs1874984, rs2725405, rs35999162,
rs4818008, rs566465, rs57149692, rs815715, 1s9945304) did
not change the null findings. Heterogeneity was identified in
the inconsistency analysis. After eliminating the origin of het-
erogeneity (1s12926791, rs1327942, rs17089911, rs1874984,
rs2725405, 135999162, rs4818008, rs566465, rs57149692,
rs815715, rs9945304), AAM continued to exhibit no associ-
ation to TMD (Supplementary Table 1). Additionally, the
analysis did not uncover evidence of horizontal pleiotropy.
The corresponding sensitivity assessment framework was il-
lustrated in Supplementary Fig. 1.

Regarding AFS, both the IVW and WM methods showed
that a later AFS conferred a protective effect against TMD
(IVW: OR = 0.51, 95% CI 0.37-0.71, p = 6.46 x 107°;
WM: OR = 0.60, 95% CI 0.41-0.88, p = 0.009). In con-
trast, the MR Egger approach did not yield a statistically
significant association (OR = 0.67, 95% CI 0.14-3.25, p =
0.622). Although initial tests detected heterogeneity, the ex-
clusion of outlier SNPs (rs11076963, rs11627661, rs1226414,
rs12541633, 1s62166484, rs66632973, rs7942078) did not al-
ter the results (Supplementary Table 1). Additionally, no hor-
izontal pleiotropy was observed, and leave-one-out sensitivity
analyses confirmed that the overall IVW estimate remained
consistent when any single SNP was omitted (Fig. 1).

Regarding AFB, both the IVW and WM analyses revealed
that a later AFB was linked to a diminished susceptibility
to TMD (IVW: OR = 0.86, 95% CI 0.78-0.95, p = 0.003;
WM: OR = 0.86, 95% CI 0.75-0.97, p = 0.016). In contrast,
the MR Egger model did not yield a statistically significant
estimate (OR = 0.76, 95% CI 0.48-1.21, p = 0.258).
Although initial heterogeneity was detected, removing outlier
SNPs (rs10111950, rs10445366, rs13319205, rs1590949,
rs1950404, 153096695, rs4799950, rs6079581, rs7931884,
rs7958796, 1s9814726) did not change the overall findings
(Supplementary Table 1). Additionally, no horizontal
pleiotropy was detected, and sensitivity tests confirmed that

removing any single SNP did not materially affect the overall
estimate (Fig. 2).

Regarding ALB, the IVW approach revealed that a later age
at last live birth significantly reduced the risk of TMD (OR
= 0.37, 95% CI 0.17-0.78, p = 0.009). In contrast, neither
the MR Egger (OR = 1.07, 95% CI 0.04-28.22, p = 0.971)
nor the WM methods (OR = 0.44, 95% CI 0.17-1.14, p =
0.091) produced statistically significant results. There was no
indication of heterogeneity or horizontal pleiotropy, and the
sensitivity test confirmed the stability of these findings (Fig. 3).

Regarding AAM, all three analytical strategies consistently
showed that genetically determined ANM bears no association
with TMD risk IVW: OR=0.99, 95% CI1 0.88-1.11, p=0.899;
MR Egger: OR = 1.10, 95% CI 0.85-1.41, p = 0.476; WM:
OR = 1.01, 95% CI 0.85-1.19, p = 0.952). No heterogeneity
or evidence of unintended genetic effects was observed, and
additional diagnostic visualizations are provided in Supple-
mentary Fig. 2.

3.3 Causal impact of TMD on women's
reproductive traits

Table 3 summarizes the MR findings, with TMD serving as
the exposure variable and female reproductive traits as the out-
comes. The IVW approach revealed no overall effect of TMD
on these reproductive markers. However, heterogeneity was
noted for AAM and ANM. Once the sources of variability were
removed (Supplementary Table 2), the analysis indicated that
TMD may delay AAM (IVW: Beta = 0.04, 95% CI 0.01-0.06,
p = 0.035), while no significant association was detected for
ANM (IVW: Beta = 0.02, 95% CI —0.01-0.04, p = 0.137).
Supplementary Figs. 3,4,5,6,7 provide further details through
leave-one-out, funnel and scatter plots.

Pleiotropy
pval

0.546

0.387
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B SNP effect on exposure

FIGURE 1. Leave-one-out plots, funnel plots, and scatter plots for AFS as exposure and TMD as outcome. MR:
Mendelian randomization; SNP: single-nucleotide polymorphism; SE;y : standard error of instrumental variable estimate; 57y :
instrumental variable estimate of the causal effect.
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riance weighted ~ Weighted median

1/sE;
SNP effect on outcome

e
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B SNP effect on exposure

FIGURE 2. Leave-one-out plots, funnel plots, and scatter plots for AFB as exposure and TMD as outcome. MR:
Mendelian randomization; SNP: single-nucleotide polymorphism; SE;y : standard error of instrumental variable estimate; 55y :
instrumental variable estimate of the causal effect.

MR Method MR Test
Inverse variance weighted jariance weighted ~ Weighted median

MR Egger /e

1/sE,
SNP effect on outcome

o 050 0075 0400
Py SNP effect on exposure

FIGURE 3. Leave-one-out plots, funnel plots, and scatter plots for ALB as exposure and TMD as outcome. MR:
Mendelian randomization; SNP: single-nucleotide polymorphism; SE;y : standard error of instrumental variable estimate; 57y :
instrumental variable estimate of the causal effect.

4. Discussion demonstrated that genetically predicted later AFS, AFB and
ALB were linked to a reduced risk of TMD. Notably, each
additional year delay in AFS correlated with an approximately
49% reduction in the likelihood of developing TMD (OR: 0.51;
95% CI: 0.37-0.71), highlighting a substantial protective bene-
fit. Similarly, postponing AFB by one year was associated with
a moderate but meaningful 14% reduction in TMD risk (OR:
0.86; 95% CI: 0.78-0.95), while delaying ALB demonstrated

This investigation marked the inaugural application of MR
to probe the genetic-level causal associations between female
reproductive traits and TMD. Extensive genomic data from Eu-
ropean cohorts were utilized to evaluate several reproductive
markers—specifically, AAM, AFS, AFB, ALB, and ANM—to
uncover potential causal relationships with TMD. The findings
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TABLE 3. The causal effects of temporomandibular disorders on women’s reproductive traits.

Exposure Outcome nSNP  Methods

14 IVvw
Temporomandibular
disorders Age at menarche 14 MR Egger

14 WM

12 VW
T.emporomandlbular Agct at first sexual 12 MR Egger
disorders intercourse

12 WM

12 IVvw
T‘emporomandlbular Age. at first sexual 12 MR Egger
disorders intercourse

12 WM

14 VW
Temporomandibular Age at last live
disorders birth 14 MR Egger

14 WM

14 VW
T.emporomandlbular Age at natural 14 MR Egger
disorders menopause

14 WM

OR/Beta p-value Heterogeneity
(95% CI)
MR Egger IVW
Q_pval  Q_pval
(—o.gi()—zo.06) 0.195
(—0.(())2(13().09) 0.260 0.001  0.001
(0.0(()){)3.06) 0.047
(—o.gi(ilo.oz) 0.196
(—0.8;)—10.03) 0.599 0.868  0.907
(—o.gio—lo.m) 0.480
(—o](;i)(joz) 0.195
(70.(())'7(130.13) 0.609 0310 0.176
(—0.?)%%.07) 0.871
(—0.(()).5_0—00.02) 0.960
(—0.8&).04) 0.380 0.792 0.758
(70.82(1%03) 0.913
(—0.82(110.04) 0.436
(o.o(ii)g.og) 0.026 0.068 0.004
(—0.(())i0—%).05) 0.100

IVW: Inverse variance weighted;, WM: Weighted median;, MR: Mendelian randomization; nSNP: number of single nucleotide
polymorphisms; OR: odds ratio; CI: confidence intervals; Q pval: Cochran’s Q-test p value; p-val: p value. Bold format

represents p < 0.05 considered statistically different.

an even stronger protective effect, associated with roughly a
63% lower risk (OR: 0.37; 95% CI: 0.17-0.78). For the reverse
direction, TMD appeared to delay the onset of menarche, while
other reproductive characteristics remained unaffected. For
example, a genetic predisposition to TMD slightly delayed the
onset of menarche by about 0.04 years (approximately two
weeks). This effect size is small, implying minimal clinical
impact on an individual’s pubertal timing. Overall, our results
suggest a bidirectional link between certain reproductive traits
and TMD: later reproductive events confer protection against
TMD, and TMD in turn may slightly influence the timing
of menarche. Our findings carry several implications for
clinical and public health practice regarding TMD in women.
Recognizing reproductive history as a factor influencing TMD
risk may help clinicians better stratify risk and potentially tailor
preventive or early intervention strategies for women with
early reproductive milestones.

Menstruation and childbirth represent significant milestones

in a woman’s life. Prior research on women’s reproductive
traits has identified causal links between female reproduction
and psychiatric disorders, ovarian cysts, breast cancer and
other diseases [19-23]. In this study, we found no evidence
of a causal link between AAM and TMD, aligning with a large
cross-sectional study that similarly reported no significant as-
sociation between a girl’s age at first menstruation and her like-
lihood of developing TMD later in life [24]. Our findings sug-
gest that, although the reverse causal effect of TMD on AAM is
minimal, this subtle influence hints at an intriguing biological
connection: genetic factors predisposing an individual to TMD
may intersect with the pathways regulating pubertal timing.
Previous research indicates that chronic illness or malnutrition
during adolescence can delay menarche [25]. TMD may im-
pair chewing function [26], which in turn can affect nutritional
intake [27]. Additionally, we observed no correlation between
ANM and the onset of TMD. Nonetheless, prior studies have
suggested a higher TMD prevalence among postmenopausal

Pleiotropy
p-val

0.628

0.735

0.113

0.278

0.027



women relative to premenopausal counterparts, with post-
menopausal TMD patients typically experiencing more severe
symptoms [9, 10]. Discrepancies in findings might stem from
cross-sectional study limitations, which cannot fully rule out
confounding or age-related biases. Postmenopausal women
are generally older, and age or related health factors could
explain higher TMD rates. Conversely, our study utilized the
MR approach, revealing no elevated TMD risk associated with
ANM.

Moreover, our investigation revealed that AFB and
ALB serve as protective factors against TMD. In other
words, women who delay childbirth may experience a
decreased likelihood of TMD development. While the
precise mechanisms remain elusive, hormonal fluctuations,
particularly alterations in estrogen and progesterone levels
during pregnancy, could be contributing factors.  The
association between estrogen levels and TMD remains
contentious, with potential discrepancies in the impacts of
endogenous and exogenous estrogen. Two studies propose a
positive correlation between elevated estrogen levels and TMD
prevalence [28, 29]. Endogenous estrogen may influence the
temporomandibular joint’s bone, cartilage, and associated
structures, potentially causing internal derangements [30—32].
Furthermore, this hormone can trigger distinct inflammatory
reactions within the joint [33]. Exogenous estrogen use
may potentially elevate the risk of TMD [34]. Nevertheless,
certain studies suggest that estrogen replacement therapy
does not heighten the risk of TMD development [32, 35].
These discrepancies may relate to varying estrogen levels:
perimenopausal or postmenopausal women generally start
from a lower baseline, so even with supplemental estrogen,
their levels might remain within a “safe” threshold for TMD.
Thus, excessive estrogen levels indeed elevate the risk of
TMD. This impact of childbirth on TMD might stem from the
higher estrogen levels typically seen in younger individuals
compared to older ones. An animal study suggests that the
peak levels of estradiol in aged pregnant macaques during
pregnancy are lower than those in younger pregnant macaques,
indicating that the increase in estrogen levels during pregnancy
is restricted in older mothers [36]. Pregnancy exacerbates
estrogen levels, yet when pregnancy occurs later in life,
although estrogen levels rise, they stay within a safe threshold.
This milder hormonal environment may reduce the risk of
TMD triggered by pregnancy. Overall, delaying pregnancy
is considered to potentially help reduce the adverse effects
of dramatic hormonal fluctuations on the temporomandibular
joint. Moreover, progesterone, a hormone that substantially
rises during pregnancy, might confer a protective effect
against TMD. Although some studies reported no disparity
in progesterone levels between TMD patients and controls,
two larger studies suggested lower progesterone levels in
TMD patients [28, 37, 38]. Progesterone’s protective effect
against TMD may stem from its capacity to ameliorate
temporomandibular joint inflammation by inhibiting the
Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB) pathway and modulating the trigeminal
ganglion Navl.7 [39, 40]. Progesterone supplementation
can alleviate TMD pain [41-43].  Correspondingly, as
women age, the levels of progesterone in their bodies start
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to decrease. Therefore, a woman who becomes pregnant
later in life might benefit from the anti-inflammatory effects
of progesterone at an age when her estrogen levels are
relatively tempered, collectively contributing to a lower risk
of TMD. These hormonal explanations remain speculative, as
TMD pathophysiology is multifactorial and demands further
research to clarify the precise mechanisms. Nonetheless, the
protective causal effect of later AFB and ALB observed in
our study provides a new piece of evidence supporting the
idea that the timing of reproductive events can influence a
woman’s musculoskeletal health in the jaw region.

Beyond biological mechanisms, there may also be social
or behavioral factors tied to reproductive timing that impact
TMD risk. Women who have children earlier might experience
different stress levels and lifestyle patterns—such as sleep
disruption or nutritional challenges during early motherhood—
compared to those who give birth later [44, 45]. Chronic stress,
whether physical or emotional, can exacerbate muscle tension
and pain, thereby contributing to TMD [46, 47]. Therefore,
some risks associated with early childbirth or early sexual
activity may be mediated by these socio-psychological factors.
However, since our MR design accounts for many confounding
factors, the direct genetic evidence for causality suggests that,
even if these mediators are at play, reproductive timing itself
remains an independent factor in the etiology of TMD.

Women in their childbearing years face a markedly elevated
risk of developing TMD compared to other age groups and
men. Thus, they must take preventive measures against TMD.
Doing so can potentially reduce the additional time and fi-
nancial burden often associated with treatment. Our findings
indicate that postponing sexual intercourse and childbirth may
decrease the risk of TMD development. In other words,
women who engage in sexual intercourse and childbearing at
younger ages should be vigilant about preventing TMD.

This investigation offers several notable advantages. First,
its internal validity is primarily attributable to the use of MR
design, a widely adopted statistical method that leverages ran-
domly allocated genetic variants (SNPs) at conception to ap-
proximate a natural randomization process [48—52]. Since ge-
netic variants are generally unaffected by subsequent lifestyle
or environmental factors, MR significantly reduces confound-
ing arising from socioeconomic status, diet, and healthcare
behaviors, which often complicate observational studies [53].
Moreover, MR effectively addresses reverse causation, as ge-
netic variants are established before disease onset, ensuring
that any link between reproductive traits and TMD reflect
genuine causal relationships rather than the reverse. Addi-
tionally, we conducted multiple sensitivity analyses to verify
the robustness of our causal estimates and detect any potential
pleiotropy or outliers, thereby strengthening the reliability of
our inferences. Second, the large sample size and comprehen-
sive dataset on reproductive variables enabled estimate effects
that closely approximate reality. We also included five distinct
reproductive traits (AAM, AFS, AFB, ALB, and ANM) to
comprehensively depict and complement reproductive charac-
teristics. Nonetheless, several methodological considerations
warrant attention. Primarily, the aggregated GWAS datasets
exclusively comprised European-ancestry cohorts, potentially
constraining the applicability of causal estimates to popula-
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tions with divergent linkage disequilibrium patterns or so-
cioenvironmental contexts. Second, heterogeneity observed in
some analyses might introduce bias into the causal estimates;
however, leave-one-out evaluations suggested that the risk
estimates were consistent. Lastly, the reliance on self-reported
reproductive traits raises concerns regarding recall bias and
measurement errors, possibly diminishing statistical power to
a slight degree.

5. Conclusions

This investigation represented the inaugural application of MR
analysis to explore the genetic-level links between female
reproductive traits and TMD. The results indicated that later
AFS, AFB and ALB were associated with a lower risk of devel-
oping TMD. Furthermore, TMD appeared to postpone ANM,
while other reproductive measures remained unaffected. These
effects may be caused by hormonal changes, and future studies
are needed to further explore the mediating role of hormones.
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