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Abstract: Observational studies suggest a link between osteoarthritis (OA) and frailty, but the shared genetic architecture and causal
relationships remain unclear. We analyzed X-ray and ‘8F-FDG PET/CT images in frail and non-frail individuals and conducted genetic
correlation analyses using Linkage Disequilibrium Score Regression (LDSC) based on recent Genome-Wide Association Studies (GWAS)
for OA and frailty. We identified pleiotropic single-nucleotide polymorphisms (SNPs) through Cross-Phenotype Association (CPASSOC)
and Colocalization (COLOC) analyses and investigated genetic overlaps using Multi-marker Analysis of GenoMic Annotation (MAGMA).
Transcriptome-wide association studies (TWAS) were conducted to analyze pleiotropic gene expression, and Mendelian Randomization
(MR) was used to assess causal relationships between OA and frailty. Frail individuals showed more severe OA on X-ray (67% vs. 31%, P <
0.01) and higher SUVmax on 8F-FDG PET/CT (4.1 vs. 3.6, P < 0.05) compared to non-frail individuals. Genetic correlation between frailty
and OA was significant (rg = 0.532, P = 4.230E-88). Cross-trait analyses identified 42 genomic loci and 138 genes shared between the
conditions. COLOC analysis revealed 2 pleiotropic loci, while TWAS identified 27 significant shared genetic expressions in whole blood
and musculoskeletal tissue. Bidirectional MR indicated that OA increases the risk of frailty (IVW: beta: 0.13, P = 1.52E-08) and vice versa
(IVW: beta: 0.73, P = 1.66E-04). Frail individuals exhibit more severe imaging features of OA. The shared genetic basis between OA and

frailty suggests an intrinsic link, providing new insights into the relationship between these conditions.
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Introduction

Osteoarthritis (OA) is a chronic disease characterized by
degenerative changes in joint cartilage, affecting approxi-
mately 350 million people worldwide [1]. In the United
States, about 23% of adults are diagnosed with osteoar-
thritis, and the incidence increases significantly with age.
Frailty is a multisystem functional decline syndrome char-
acterized by increased vulnerability to stressors [2] and
the prevalence of frailty is about 10-15% in people aged
60 and above [3].

As a degenerative disease, OA can lead to a reduced abil-
ity to adapt to external stressors, resulting in adverse out-
comes such as organ damage and an increased risk of
death [4, 5]. In the United States, the treatment and care
of OA alone generates a financial expenditure of $27 bil-
lion [6]. Early prevention and treatment of OA, as well as
identifying patients at high risk of severe pain, are very
important. Epidemiological studies indicated that symp-
tomatic OA and other chronic pain are associated with an
increased risk of frailty. This connection is likely due to
common mechanisms including chronic inflammation,
neuroinflammation, and endocrine dysregulation [7]. On
the other hand, the condition arises from the chronic
pain, inflammation, and restricted activity associated with
OA, which in turn contribute to a reduction in physical

function and a heightened risk of frailty [8]. Despite
numerous studies supporting the association between OA
and frailty, some results remain inconsistent. In a cross-
sectional study, Song et al. found a significant association
between knee OA and frailty [9] and frailty were related to
the severity of pain of OA [10]. A UK Biobank analysis indi-
cated that those with OA had significantly higher relative
risk ratios for pre-frailty and frailty compared to those
without OA [11]. However, some studies have found no
link between musculoskeletal pain and frailty [12]. The
comorbidity rate of OA and frailty is higher in older popula-
tions, while this association may be less significant in
younger groups. What is more, research in older Chileans
found that frailty was significantly more prevalent among
women with OA than men [13]. Lifestyle factors like sed-
entary behavior can also been shown to increase the risk
of physical frailty [14]. Overall, the results of observational
studies are prone to confounding factors, and the true
association between the two still requires further ex-
ploration.

With the rapid progress of GWAS, the relationship bet-
ween genetic background and traits has gradually been
revealed. Previous studies using MR have found that frail-
ty increases the risk of developing mental disorders [15,
16]. But whether the related genetic variations affect the
occurrence and development of OA remains unknown.
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Figure 1. Overview of research of shared genetic architecture
between OA and frailty.

Given the importance of early diagnosis of OA, it is crucial
to identify potential modifiable risk factors. The frail popu-
lation, due to its prevalence and association with various
health outcomes, is increasingly being recognized as a
potential target. What is more, imaging plays a crucial role
in the diagnosis and management of OA. X-ray is the most
commonly used technique, capable of showing joint space
narrowing, osteophyte formation, subchondral bone scle-
rosis, and cystic changes, which provide important sup-
port for early diagnosis, disease progression assessment,
and treatment decision-making [17]. Additionally, 8F-FDG
positron emission tomography/computed tomography
(PET/CT) imaging was widely used, which offers high
image resolution and/or functional characterization at the
early disease stage [18].

Therefore, in this study we mainly used post-GWAS analy-
sis methods to investigate their genetic structure, includ-
ing: (1) we conducted a clinical cross-sectional study to
analyze X-ray and *8F-FDG PET-CT images of OA in frail and
non-frail individuals, observing the differences between
the two groups, (2) analyzing the genetic correlation
between OA and frailty using LDSC, (3) identifying shared
genetic loci and genes between OA and frailty through
cross-trait analysis, (4) examining the expression of
shared genes using TWAS, (5) analyzing the causal rela-
tionship between hypothyroidism and frailty using MR.

Methods

Data preparation

Frailty can be assessed clinically using the Frailty Index
Score (Fl) based on an individual’'s extensive health defi-
cits. The frailty assessment is conducted using a 32-item
frailty index (Fl), which includes various characteristics
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such as comorbidities, physical function, disability, de-
pression, and cognition. It is calculated by summing the
existing health deficits and dividing the result by 32.
Therefore, the Fl is a continuous variable ranging from O
to 1, with higher values indicating a greater degree of
frailty [19]. We conducted frailty index assessments
and collected corresponding imaging data for 31 frail and
34 non-frail patients with osteoarthritis at the Second
Xiangya Hospital of Central South University.

The OA X-ray grading is as follows: Grade O represents a
normal knee joint; Grade | indicates suspected joint space
narrowing with possible osteophyte formation; Grade Il
shows mild joint space narrowing with noticeable small
osteophytes; Grade lll is characterized by definitive joint
space narrowing with moderate osteophyte formation,
mild subchondral bone sclerosis, and possible knee joint
deformities such as varus, valgus, or flexion deformities;
and Grade IV involves severe joint space narrowing, exten-
sive osteophyte formation, significant subchondral bone
sclerosis, and pronounced knee joint deformities [20]. For
osteoarthritis classified as Grade Il or below, we labeled
it as mild with a value of O; for grades above I, it was
labeled as severe with a value of 1.

Inclusion criteria: (1) Patients diagnosed with both osteo-
arthritis and frailty; (2) Availability of comprehensive clini-
cal baseline data and frailty assessment scales; (3)
Availability of complete imaging data, including X-ray and
PET scans. Exclusion criteria: (1) Presence of severe
comorbidities such as end-stage heart disease, renal fail-
ure, or severe mental disorders; (2) Existence of other
joint diseases, such as rheumatoid arthritis (RA), gout, or
any other non-osteoarthritis-related joint conditions. All
participants provided written informed consent.

A recent meta-analysis of GWAS involving 175226
European individuals from the UK Biobank and Swedish
Twin Gene provided summary statistics for Fl. The sample
size forthe GWAS of OAincludes 77052 cases of European
ancestry and 378169 controls of European ancestry
(https://www.ebi.ac.uk/gwas/studies/GCSTO07093).
Both are derived from public databases. Based on the
European 1000 Genomes Project, we removed SNPs with
duplicate rsid numbers to ensure consistency in the major
alleles between the two sources (Figure 1).

Genetic correlation

Genetic correlation analysis was conducted using linkage
disequilibrium score regression (LDSC), which measures
the shared genetic effects across the genome for two
traits, represented by heritability (h?) [21] and genetic cor-
relation (rg) [22]. A p-value less than 0.05 indicates a sig-
nificant correlation between the two variables.

Cross-trait analysis

Cross-trait meta-analysis (CPASSOC) combines summary
data from multiple correlated traits obtained from GWAS
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Table 1. The comparison between frail and non-frail
individuals

Parameters Frail Non-Frail P

Age 79.27 £ 2.74 79.67 +2.90 0.31
Sex (M/F) 15/16 17/15 0.71

Fl 0.053 £ 0.027 0.024 +0.022 2.09E-06***
Severe OA 20 10 0.01*
Mild OA 11 22

SUVmax 4.1 (3.8,4.2) 3.6 (3.4,3.8) 0.03*

The severe OA is defined as the OA X-ray grading < Grade 2, and the
Mild OA is defined as the OA X-ray grading > Grade 2. *** presents P
< 0.001, * presents P < 0.050.

to identify genetic variants linked to at least one trait,
improving test efficacy and sample size [22]. Significant
pleiotropic SNPs showed genome-wide significance with
Pesassoc = OE-08 for paired traits and P, . . = 1E-03 for
single traits. This study proposed that meta-analysis sig-
nificance with P < 5E-08 and trait-specific significance
from 5E-08 to 1E-03 suggests novel shared loci between

two traits.

Further investigation is needed to determine if two traits
are caused by the same or different genetic variants in
close proximity. Colocalization analysis (COLOC) using a
Bayesian algorithm generated posterior probabilities for
five hypotheses about causal variants in a genomic region
[23]. Summary data for variations within 5 Mb of the index
SNP were analyzed to compute probabilities for H4 (PPH4)
and H3 (PPH3), with PPH4 greater than 70% indicating
significant genetic variation associated with both traits.

The functional mapping and annotation (FUMA) [24] tool
annotated pleiotropic SNPs based on their physical loca-
tion. The Multi-marker Analysis of GenoMic Annotation
(MAGMA) [25] tool was used for gene and gene-set analy-
sis, incorporating linkage disequilibrium between SNPs.
Genes within 500 kb of each candidate SNP were mapped
and prioritized if they were in linkage disequilibrium with
genome-wide significant SNPs. The intersection of genes
identified by MAGMA and CPASSOC was considered for
further analysis.

Functional analysis

Genetic variations affecting complex traits often regulate
gene expression, known as functional genes. The tran-
scriptome-wide association study (TWAS) [26] algorithm
utilizes these reference individuals to estimate gene
expression patterns. These patterns are then extrapolat-
ed to a larger population based on SNP genotypes.
Predictive models from musculoskeletal and whole blood
tissues associated with the musculoskeletal system
served as reference templates. TWAS enables the identi-
fication of key genetic factors that may influence complex
traits, enhancing our understanding of the genetic archi-
tecture of complex traits and diseases.
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Causality

Finally, we used in order to infer putative causal relation-
ships between OA and frailty. Mendelian Randomization
(MR) [27] is an epidemiological research method that
uses genetic variations as instrumental variables to
assess causal relationships. Because genetic variations
are randomly distributed in the general population and
remain unchanged throughout the life course, the MR
method is less likely to be biased by confounding factors
and reverse causality. To further investigate the causal
relationship between OA and frailty, we conducted a bidi-
rectional MR with the two traits separately as exposure
and outcome.

Statistical analysis

All statistical analysis was performed using SPSS statisti-
cal software version 26 (IBM Corporation, Armonk, New
York). Descriptive statistics were computed to summarize
the data. Non-normal variables were presented by medi-
ans with interquartile range, and categorical or ordinal
variables were presented as frequency (percentage).
Differences between the two groups were compared
using the Mann-Whitney U test for non-normally distrib-
uted continuous variables. The x? test was used for com-
paring groups for categorical variables. A 2-sided P value
< 0.05 was considered statistically significant.

Result
Clinical analysis

There was no significant difference in the number of mild
OA cases, age, or sex distribution between the two groups
(P =0.82 and P = 0.71, respectively). However, frail indi-
viduals had a significantly higher fatigue index (0.053 *
0.027) compared to non-frail individuals (0.024 + 0.022),
with a highly significant p-value (P = 2.09E-06**%*). In the
frail individuals, 67% (n = 20) frail individuals were diag-
nosed as severe OA, 33% (n = 11) frail individuals were
diagnosed as mild OA on the X-ray image. While, only 31%
(n = 10) non-frail patients were diagnosed as severe OA,
69% (n = 22) non-frail patients were diagnosed as mild
OA. Results showed that a significant difference existed
between frail and non-frail individuals on the X-ray image
(P = 0.01%). And the SUVmax of frail individuals was 4.1
(3.8, 4.2), which is higher than the non-frail individuals
[SUVmax: 3.6 (3.4, 3.8), P = 0.03*] (Table 1). The legend
of frail and non-frail individuals is shown in Figure 2.

Genetic correlation

The h? of OA was 0.046, and the h? of frailty is 0.108.
Individuals with frailty are more likely to develop OA. The
genetic correlation between OA and frailty was significant-
ly positive (rg = 0.532, P = 4.230E-88).
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A The X ray and PET/CT imaging of a frail patient.

Figure 2. Legend of X-ray and PET/CT images of frail and non-frail patients. A. The left lateral, right lateral and orthopantomograms on
X-ray and PET/CT images of a frail patient (male, 78 years old) defined as severe OA on X-ray images, with a high number of osteophyte
formations, severe joint space narrowing, significant subchondral osteosclerosis and significant bony deformities of the knee joint. The
18F-FDG uptake was significantly increased (the SUVmax of the right keen was 4.4); B. The left lateral, right lateral and orthopantomo-
grams on X-ray and PET/CT images of a non-frail patient (male, 74 years old) defined as mild OA, which showed bilateral tibial intercon-
dylar eminences becoming pointed, few osteophytes at the femoral condylar edges and patellar edges, and bilateral tibiofemoral joint
spaces becoming slightly narrower medially. The *¥F-FDG uptake was mildly increased (the SUVmax of the right keen was 3.3).

CPASSOC

Through meta-analysis, we identified a total of 178 pleio-
tropic SNPs. These SNPs satisfied the criteria of having P
< 0.001 in the GWAS of OA and frailty, as well as P < 5E-08
in the meta-analysis results (Supplementary Table 1). The
most significant SNP identified was rs17612712, located
on chromosome: position (chr: bp): 32615945, with a
P-value of 1.217E-19. The second most significant SNP
was rsb43993279, with a P-value of 1.987E-15. Addi-
tionally, the study discovered 23 novel SNPs associated
with OA and 123 novel SNPs in frailty (5E-08 < P < 0.001).

coLoc

We used the FUMA platform to annotate the CPASSOC
results, identifying 42 loci (Supplementary Table 2). Since
the CPASSOC algorithm primarily employs meta-analysis,
we conducted colocalization analysis and found that 2
loci had PPH4 > 70%. One of these loci had a topSNP of
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rs11599313, with P = 3.277E-10 and PPH4 = 0.978, cor-
responding to a total of 17 genes. The second locus had
a topSNP of rs34811474, with P = 2.28E-11 and PPH4 =
0.903, corresponding to 2 genes, including ZCCHC4 and
ANAPC4 (Table 2).

MAGMA

A total of 19246 genes were found in the MAGMA an-
alysis, among which 4929 genes showed significance in
both OA and frailty (Supplementary Table 3). Among
them, 138 genes overlapped with the annotated findings
from FUMA. After Bonferroni correction, there were 108
genes significantly shared with both OA and frailty
(Supplementary Table 4). With Ubiquinol-Cytochrome ¢
Reductase Complex Assembly Factor 1 (UQCC1) being
the most significant, which is located on chr: bp:
20:33840369~34049944 with a P-value of 5.05E-13. It
is a key mitochondrial protein involved in the assembly of
the ubiquinol-cytochrome ¢ reductase complex, essential
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Table 2. Results from colocalization analysis for each pleiotropic locus iden-

tified from CPASSOC

encodes secretory carrier-associated
membrane protein-2 [30]. The 64

GenomicRisk

Gene clumped TWAS-significant associations for frailty

loci TopSNP Chr  Start End  PPH4 . s locus were identified after FDR correction

11 rs11599313 3 49734229 50250837 0.98 MST1 and the strongest expression-trait
IPEK1 association was observed at CHP1 (P =
UBA7 2.89E-12, PFDR = 2.42E-08), which is
TRAIP related to inflammation and neuronal
RBM6 death [31]. The PPH4 value for the loci
RBMS which can mapped 6 genes was found
GNAT1 to be greater than 90% in COLOC stud-
MON1A ies. We also identified 12 TWAS-
l(\:/l/-\SMr?}\?/ significant genes shared between frail-
GMPPB ty and OA in the blood tissue (Table 3).
CDHR4
SEMA3F MR
El\’\/llllzelgg When OA was the exposure, based on
FAM212A the instrument variable selection crite-
CTD-2330K9.3 ria of P < BE-08 and after clumping

17 1s34811474 4 25342606 25408838 0.90 ZCCHC4 (clump_kb = 10000, clump_r* = 0.001),
ANAPC4 we obtained a total of 30 instrumental

for maintaining cellular energy metabolism and mitochon-
drial function [28]. RNA Binding Motif Protein 5 (RBM5)
was the second significant gene which an edited enzyme
responsible for the reversible interconversion of 17-
hydroxy and 17-ketosteroids. It is located on chr: bp:
6:33122419~33224608, with a P-value of 1.61E-19.
XK-related protein 6 (XKR6) plays a crucial role in the pro-
cess of apoptosis by regulating phospholipase activity
and promoting the externalization of phosphatidylserine,
which marks the occurrence of cell apoptosis. It is located
on chr: bp: 8 10703555~11108875, with a P-value of
1.61E-19.

TWAS

There were 83 TWAS-significant associations after
Benjamini-Hochberg FDR correction for frailty were identi-
fied in the musculoskeletal tissue, the strongest expres-
sion-trait association was observed at FAM212A (P =
6.20E-09, P_ . = 5.26E-05), which has previously been
identified as a pleiotropic gene for frailty and insomnia
[29]. 220 TWAS-significant associations for OA were iden-
tified after FDR correction in the musculoskeletal tissue
(Supplementary Table 5; Figure 3), the strongest expres-
sion-trait association was observed at UQCC1 (P = 2.89E-
12, P_,, = 2.42E-08), which was also the most significant
gene found at the genetic level to be associated with both
traits. We identified 15 TWAS-significant genes shared
between frailty and OA in the musculoskeletal tissue.
COLOC studies found that the PPH4 value of the loci which
7 genes located were greater than 90%. We also found
160 TWAS-significant genes for OA after FDR correction
(Supplementary Table 5; Figure 4) in whole blood tissue
and SCAMP2 (P = 1.140E-12, P_ _ = 8.92E-09) was the
gene most significantly expressed in the tissue, which
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variables. The IVW method showed that
genetically predicted higher OA was sig-
nificantly associated with a higher frailty index (IVW: beta:
0.13, 95% Cl: 1.09 to 1.20, P = 1.52E-08). The presence
of significant heterogeneity was indicated by Cochran’s Q
statistics (P = 0.002), leading to the use of the random-
effect IVW model to address this heterogeneity. Fur-
thermore, both the MR-Egger intercept test suggested
that horizontal pleiotropy was unlikely (P = 0.573).
Conversely, when frailty was the exposure, there were 8
instrumental variables. The IVW method indicated frailty
would increases the risk of developing OA (IVW: beta:
0.73, 95% CI: 1.42 to 3.05, P = 1.66E-04). We also used
a random effects model to address the issue of heteroge-
neity in the results and the P-value obtained from the
MR-Egger intercept test is greater than 0.05 (Table 4;
Figures 5, 6).

Discussion

In the clinical practice, we had observed that frail patients
seemed obtained more severe imaging characteristics.
Further studies confirmed that the characteristics of X-ray
and *¥F-FDG PET/CT in frail individuals were more severe
than non-frail individuals. To figure out the relationship
between OA and frailty, post-GWAS analysis methods
were used to investigate their genetic structure. This
study provides strong evidence that OA and frailty share
similar genetic variation mechanisms and exhibit signifi-
cant genetic correlation, consistent with the high comor-
bidity observed clinically. The results from cross-trait
meta-analysis suggest that the observational link may
largely be explained by potential pleiotropic variants
affecting both traits. In the SNP analysis results, most of
the pleiotropic SNPs shared between OA and frailty we
obtained were in the same direction. In genetic level anal-
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Figure 3. The Manhattan plot of the GWAS of OA. Results separately display the top ten significant genes detected by TWAS from OA and
frailty.
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Figure 4. The Manhattan plot of the GWAS of frailty. Results separately display the top ten significant genes detected by TWAS from OA
and frailty.

ysis, multiple methods indicate that MST1 and MST1R corresponding to a total of 19 genes, among which seven
gene variations are involved in the co-occurrence of both expression-trait associations were found. TWAS found
conditions. COLOC identified loci with significant results that MSTI is significantly expressed in musculoskeletal
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Frailty OA
'D Panel TWAS.Zx  TWAS.P.x TWAS.fdrPx  TWAS.Zy TWAS.Py  TWAS.fdr.Py
AMT GTExv8.EUR.Whole_Blood -3.64 2.68E-04 4.01E-02 -4.18 2.91E-05 4.55E-03
CACYBP 3.72 1.97E-04 3.27E-02 4.78 1.77E-06 7.69E-04
CRLF3 4.73 2.29E-06 1.81E-03 3.70 2.16E-04 1.82E-02
GMPPB 4.57 4.92E-06 3.25E-03 4.89 9.84E-07 4.88E-04
MST1 -4.21 2.58E-05 8.82E-03 -4.04 5.40E-05 6.89E-03
MST1R -4.37 1.25E-05 5.83E-03 -5.56 2.75E-08 4.30E-05
PABPC4 -3.86 1.14E-04 2.48E-02 -3.39 7.00E-04 4.00E-02
RBM6 -5.45 4.91E-08 1.95E-04 -6.15 7.97E-10 2.08E-06
SMG1P5 -3.54 3.95E-04 4.92E-02 -3.71 2.05E-04 1.78E-02
SUz12pP1 4.69 2.77E-06 2.00E-03 4.06 4.90E-05 6.65E-03
UBA7 -5.14 2.80E-07 4.24E-04 -5.45 5.05E-08 6.59E-05
ZCCHC4 3.56 3.74E-04 4.78E-02 3.82 1.33E-04 1.32E-02
CACNG4 GTExv8.EUR.Muscle_Skeletal -3.74 1.87E-04 2.83E-02 -3.25 1.14E-03 4.54E-02
CTD-2349P21.3 4.79 1.71E-06 9.07E-04 3.87 1.08E-04 9.14E-03
FAM212A 5.81 6.20E-09 5.26E-05 4.43 9.62E-06 1.67E-03
FOXP2 -3.54 3.93E-04 4.48E-02 -3.47 5.19E-04 2.59E-02
GMPPB 4.70 2.63E-06 1.24E-03 4.76 1.90E-06 4.68E-04
MDFIC -4.07 4.67E-05 1.00E-02 -3.36 7.67E-04 3.49E-02
MST1R 5.15 2.58E-07 2.74E-04 5.96 2.47E-09 4.14E-06
PPP1R13B -3.54 3.96E-04 4.48E-02 -3.91 9.09E-05 8.27E-03
RBM6 -5.54 3.05E-08 9.64E-05 -6.10 1.06E-09 2.49E-06
RHOA 3.84 1.24E-04 2.24E-02 4.99 5.91E-07 2.75E-04
RNF123 5.52 3.41E-08 9.64E-05 5.68 1.36E-08 1.27E-05
SuUz12pP1 4.79 1.70E-06 9.07E-04 3.87 1.10E-04 9.21E-03
UBA7 5.22 1.77E-07 2.14E-04 4.16 3.13E-05 4.01E-03
ZCCHC4 3.53 4.19E-04 4.68E-02 3.90 9.71E-05 8.47E-03
ATAD5S -4.50 6.83E-06 2.41E-03 -3.68 2.31E-04 1.43E-02
Table 4. MR results of causal effects between OA and frailty
Exposure Outcome Method nSNP b SE pval OR (95% ClI)
OA Frailty Weighted median 0.13 0.03 2.66E-06 1.13 (1.07 to 1.20)
OA Frailty Inverse variance weighted 0.13 0.02 1.52E-08 1.14 (1.09 to 1.20)
Frailty OA Weighted median 0.66 0.16 5.85E-05 1.93 (1.40 to 2.67)
Frailty OA Inverse variance weighted 0.73 0.19 1.66E-04 2.08 (1.42 to 3.05)

Cl, confidence interval; nSNP, n single nucleotide polymorphism; OR, Odds ratio.

tissues, while MST1 (mammalian sterile 20-like kinase 1)
and MST1R (macrophage stimulating 1 receptor) are sig-
nificantly expressed in blood. MST1 and MST1R genes
have been previously identified as associated with OA in
earlier studies. The MST1 gene is highly expressed in OA
patients. Inhibiting MST1 can suppress apoptosis, inflam-
mation, and ECM degradation by promoting Parkin-
mediated mitophagy and the Nrf2-NF-kB axis [32]. XMU-
MP-1 is a selective MST1/2 inhibitor that has protective
and therapeutic effects in a mouse OA model [33]. MST1
is involved in regulating glucose uptake and mitochondrial
function, thus, variations in this gene can lead to reduced
energy production and increased oxidative damage [34].
Metabolic dysregulation and mitochondrial dysfunction
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are significant contributors to frailty [35]. In addition,
MST1 is a kinase associated with oxidative stress which
can be activated under oxidative stress conditions and is
involved in regulating cellular stress responses and cell
death processes [36]. Oxidative stress contributes to cel-
lular aging and frailty by damaging cells and tissues [37].
MST1R influences macrophage activity and cytokine pro-
duction, playing a role in inflammatory responses, whose
dysregulation can exacerbate inflammatory conditions,
leading to tissue degeneration and frailty [38]. Further
research is needed to confirm the observed expression
patterns of MSTI and MST1R in musculoskeletal and
blood tissues especially the patient suffers from both OA
and frailty.
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Figure 5. Scatter plots for the causal association between OA and frailty.

Among the shared genes discovered in this study, aside
from some that have been previously identified as related
to OA and frailty, the other genes have not been found to
have a direct connection with these two traits. The rela-
tionship between the pathological processes they are
involved in and traits studied warrants further discussion.
The GMPPB gene encodes the enzyme guanosine diphos-
phate-mannose pyrophosphorylase B, which is crucial in
the biosynthesis of GDP-mannose, an essential precursor
for protein glycosylation [39]. Research has found that
D-mannose can protect OA chondrocytes by reducing
their sensitivity to ferroptosis, thereby slowing the pro-
gression of OA [40]. Its mutations result in decreased
enzymatic activity, which correlates with the severity of
muscle and neurological symptoms [41]. The UBA7 gene,
part of the UBA family, is involved in protein ubiquitination
[42], which is crucial for maintaining protein homeostasis
and function. Increasing research has found that various
compounds targeting ubiquitination can regulate the de-
velopment and progression of osteoarthritis [43]. Ubi-
quitination can also lead to a decreased stress response
in the human body by regulating the stability and activity
of inflammatory factors. We also found that RAM6 and
ZCCHC4 were shared genes between OA and frailty, and
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their expressions were significantly associated with the-
se traits, indicating underlying pathological mechanisms
that warrant further exploration in the future. In summary,
TWAS studies have identified pleiotropic genes that are
significantly expressed in both frailty and osteoarthritis.
These findings offer new insights into the development
of targeted interventions for specific genetic variants or
hereditary risk factors. Such interventions could include
pharmacological treatments, behavioral therapies, or a
combination of both, thereby laying the foundation for
precision medicine in the management of these
conditions.

FI is a comprehensive and multidimensional tool that
measures an individual’'s level of frailty by considering
health-related factors and functional abilities. Previous
research has mostly focused on the relationship between
FI and mood disorders. Elucidating its relationship with
OA can help healthcare professionals identify and under-
stand patient needs, and design targeted interventions
to improve their quality of life and overall well-being.

Therefore, this study conducted MR analyses on the two
traits and found that genetic variations in Fl increase the
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Figure 6. Leave-one-out for the causal association between OA and frailty.

risk of OA. This study’s results are consistent with those
of Huang et al. and show a more significant relationship
between genetically mediated OA and frailty, possibly
due to the larger GWAS sample size we included [44].
Additionally, Zhou et al. also used MR to find that hip and
knee OA were risk factors for frailty [45]. Compared to
their unidirectional study, this study used bidirectional
MR, which not only provides a more comprehensive per-
spective to increases the credibility of the results but also
considers the complex interactions between the two traits
simultaneously. Additionally, we conducted a study on the
shared genetic architecture of OA and frailty at the SNP
and gene levels. The finding of these pleiotropic variants
highlights the common etiology that underlies both OA
and frailty, in which individuals with OA are inherently at a
higher risk of supporting frailty the need for long-term,
regular monitoring of abnormal conditions such as a
decline in physical strength, fatigue, and weight loss in
these individuals. Changes in modern lifestyles, including
obesity, metabolic syndrome, alterations in dietary hab-
its, and reduced physical activity, have been associated
with the increased incidence of OA [46]. For instance,
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reducing sedentary behavior may help mitigate the risk of
frailty. Engaging in moderate physical activity and main-
taining healthy dietary habits can significantly reduce the
risk of both OA and frailty [14]. In the context of modern
living conditions, genetic factors may be insufficiently
adapted to these rapidly changing environmental condi-
tions. The interaction between environmental and genetic
factors warrants further investigation as more data be-
come available in the future.

The strength of this study lies in using the largest pub-
licly available GWAS database, which is limited to the
European population. Additionally, we analyzed the differ-
ences in OA imaging grades between frail and non-frail
individuals. The genetic relationship between OA and frail-
ty was explored systemically by employing multiple ana-
lytic frameworks. Finally, this study employed cross-trait
analysis, which helps identify effective genetic loci that
were previously overlooked in GWAS analyses. We ac-
knowledge that this study has its limitations. The clinical
data included in the study were limited. This is a prelimi-
nary exploration of the shared genetic architecture of OA
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and frailty. In the future, more detailed classifications of
OA, such as knee osteoarthritis and hip osteoarthritis,
can be conducted. This would allow for more personalized
detection schemes for populations with the same disease
affecting different sites.

Conclusion

Compared with non-frail patients, the characteristics of
X-ray and *8F-FDG PET/CT in frail individuals were more
severe. Additionally, our findings reveal shared genetic
architecture and causal links between OA and frailty,
which may underline the phenotypic relationship between
OA and frailty. Early screening and intervention for frailty
symptoms in OA populations can help reduce the risk and
progression of frailty and related symptoms.
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