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Abstract
Objective: Osteoarthritis (OA) is a common musculoskeletal disease and a signi�cant source of pain,
disability, and socioeconomic cost worldwide. Genetic factors play important roles in the development of
OA. However, the genetic basis of OA remains elusive now.

Methods: Utilizing recently released large-scale genome-wide association study (GWAS) summary
statistics of OA and 529 human blood metabolites, we explored the potential associations between OA
and human blood metabolites from three aspects. Firstly, linkage disequilibrium score regression (LDSC)
was applied to detect genetic correlations between OA and each of the 529 blood metabolites. Secondly,
Mendelian Randomization (MR) analysis was used to evaluate the causal relationship between OA and
signi�cant blood metabolites identi�ed by LDSC. Finally, mRNA expression and DNA methylation pro�les
of OA were used to detect the differentially expressed gene (DEG) and differentially methylated gene
(DMG) which related to the blood metabolites identi�ed by LDSC.

Results: LDSC analysis found 19 candidate human blood metabolites showing genetic correlation
signals with OA, such as citrate (genetic correlation coe�cient (rg) = -0.2285, P value = 0.0034), proline (rg

= 0.1777, P value = 0.0272), leucine (rg = 0.0891, P value = 0.0431), valine (rg = 0.1565, P value = 0.0405),
methylcysteine (rg = -0.2488, P value = 0.0391) and 1-palmitoylglycerophosphoinositol (rg =0.3514, P
value = 0.0434). MR analysis identi�ed a signi�cant causal relationship between OA and 1,6-
anhydroglucose (β = -1.755, SE = 0.7992, P = 0.0281). mRNA expression and DNA methylation analysis
identi�ed FMO3 was the DEG and the LIPC was the DMG, which were related to methylcysteine and 1-
palmitoylglycerophosphoinositol.

Conclusion: Our results provide novel clues for understanding the genetic mechanism of OA, focusing on
the possible roles of abnormal human blood metabolites in the pathogenesis of OA. 

Introduction
Osteoarthritis (OA) is a musculoskeletal disease occurring in many elderly individuals, which
characterizes as cartilage destruction and further destruction of subchondral bone [1]. This degenerative
joint disease causes bones to rub against each other and the formation of osteophytes, which leads to
symptoms such as pain, swelling, and limited joint mobility [2]. Sclerosis, cysts, and in�ammation of the
synovial manifest as the results of this condition. The disease is more prevalent in women than in men,
with the estimates 18.0% of women and 9.6% of men [3]. Between 1990 and 2013, OA was responsible
for a 75% increase in disability to 13 million and will continue to increase [4]. The high prevalence and
severe consequences of OA may bring enormous social and economic burdens to the government, so it is
essential to explore the pathogenesis of OA.

Human blood metabolites, the low-molecular-mass endogenous and exogenous chemical substances
that actively participate in the biochemical processes in the body of humans, are potential biomarkers for
OA. Metabolites, as intermediate or end products of metabolism, can capture dynamic snapshots of
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physiologic conditions and environmental exposures [5]. Changes in blood metabolites are sensitive to
pathophysiologic aberrations, such as OA [6, 7]. De Sousa EB et al. found the measurement of human
blood metabolites could be helpful in predicting OA progression and metabolomics seems to be a
promising tool for the investigation of a biomarker for diagnosis, strati�cation, and treatment of OA [7].

Genetic factor plays a vital role in the pathogenesis of OA. Some studies have shown that approximately
40–80% of OA could be explained by genetic effects [8, 9]. It has been reported that the estimated
heritability of generalized OA is 42% [10]. Genome-wide association studies (GWASs) of human blood
metabolic pro�ling have provided unprecedented insights into how genetic variation in�uences
metabolism and complex diseases [11]. However, the genetic correlations and causal relationships
between OA and human blood metabolites remains unclear. Linkage disequilibrium score regression
(LDSC) is a widely used methods to identify the genetic correlations among complex traits and
distinguish between bloated test statistics from confounding bias and polygenicity in GWAS [11].
Mendelian randomization (MR) analysis integrates genetic variants as instrumental variables (IVs) and
evaluates the association between exposure and outcome using summary-level data from observational
studies and has identi�ed reliable risk factors for various diseases [12, 13]. GEO2R is a tool in the Gene
Expression Omnibus (GEO) database that can screen out differentially expressed gene (DEG) and
differentially methylated gene (DMG) for complex diseases.

In this study, �rstly, LDSC was �rst applied to detect the genetic correlation between OA and each of the
529 blood metabolites. MR analysis was then used to evaluate the causal relationship between OA and
the candidate human blood metabolites identi�ed by LDSC. Finally, we compared the DEG and DMG of
OA identi�ed by GEO2R tool with the metabolites associated genes detected by previous study. Our study
may clarify the underlying genetic mechanisms between blood metabolites and OA.

Methods

The GWAS summary data of OA
The GWAS summary data of OA was download from a published study [14]. Brie�y, 452264 individuals
of white British individuals, including 37,782 patients with OA and 414,482 controls from the UK Biobank
participants were selected. UK Biobank participants were genotyped using the Affymetrix UK Bileve
AXIOM or UK Biobank AXIOM array and supplemented by approximately 90 million genetic variations
from the Haplotype Reference Consortium, 1000 genomes and the UK 10K project [14]. After �ltering, the
data set contains 9,113,133 attributed variants. Detailed information about samples characteristics,
genotyping, imputation and association analysis can be found in the published study [14].

The GWAS summary data of human blood metabolites
The GWAS summary data of human blood metabolites was obtained from the published study [15]. In
short, the study included a total of 529 metabolites from 7824 adults in two European populations. After
strict quality control, 2.1 million SNPs and 486 blood metabolites (including 309 known metabolites and
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177 unknown metabolites) were employed. These metabolites can be split into eight major categories:
carbohydrates, amino acids, nucleotides, cofactors and vitamins, lipids, peptides, energy products, and
xenobiotic metabolites [16]. The summary data of human blood metabolites can be found on a database
(http://metabolomics.helmholtz-muenchen.de/gwas/) [16]. Detailed descriptions of sample
characteristics, experimental design, quality control, and statistical analysis can be found in the
published study [15].

Genetic correlation analysis
The LDSC (https://github.com/bulik/ldsc) was applied to evaluate the genetic correlations between OA
and each of the human blood metabolites. LDSC is a powerful approach for genetic correlation analysis
of complex diseases or traits [11]. LDSC can distinguish between true polygene and mixed biases (such
as implicit association and demographic strati�cation) and is more effective than Genomic In�ation
Factor (GIF, λGC), especially in the case of a large sample size [11, 17]. If the genetic association is
statistically and quantitatively signi�cant, we can be sure that the overall phenotypic association is not
entirely attribute to environmental confounding factors [17]. In this study, we compared the relationships
between OA and 529 human blood metabolites. The signi�cant association thresholds should be P < 
9.45×10− 5 (0.05/529) after strict Bonferroni correction. P values between 9.45×10− 5 and 0.05 were
considered to be suggestive of signi�cance.

MR analysis
MR analysis refers to use genetic variants in observational epidemiology to infer the variable risk factors
of the disease and health-related outcomes [16]. In this study, MR analysis was used to evaluate the
causal relationship between OA (exposure) and the identi�ed human blood metabolites (outcome). We
have carried out the inverse variance weighted (IVW) methods. A total of 125 SNPs with p-value < 5×10− 8

of OA GWAS summary statistics were selected for MR analysis and 5 SNPs were included after �ltering
out SNPs whose distance within 10,000kb and r2 > 0.001(supplementary table 1). To test the validity of
our IVW results, we used weighted median estimation and MR-Egger regression to analyze the sensitivity.
The MR analysis performed through the MR base platform (http:// app.mrbase.org/). P values < 0.05 were
signi�cant.

The underlying genetic mechanisms between human blood
metabolites and OA
To clarify the underlying mechanisms between OA and the signi�cant metabolites identi�ed by LDSC, we
compared the DEG and DMG of OA by using the GEO2R tool with the metabolites associated genes
detected by previous study. Brie�y, the human blood metabolites related genes were obtained from the
published study [15]. This study included a total of 529 metabolites from 7824 adults studied in two
European populations and reported 299 SNP-metabolite associations of genome-wide signi�cance at 145
statistically independent SNPs [15].
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GEO2R tool implemented in the GEO database was used here to screen DEG and DMG for OA. GEO
database (https://www.ncbi.nlm.nih.gov/GEO/) is a public genomics data warehouse, which contains a
large number of gene expression data, chips, and microarrays. We found a dataset named GSE46750
which contains gene expression pro�le of 24 samples including in�ammatory synovial cells and normal
synovial cells from 12 knee OA patients at the time of total knee replacement [18]. We also found a
dataset named GSE48422 which contains genome-wide methylation pro�ling of 10 samples of
macroscopic arthritic and non-arthritic cartilage areas of the femoral condyle of 5 female OA patients
[19]. Detailed descriptions of sample characteristics, experimental design, quality control, and statistical
analysis can be found in the published study [18, 19]. The P values for DEG and DMG < 0.05 were
considered to be signi�cant.

Results

Genetic correlations between OA and human blood
metabolites
LDSC analysis identi�ed 19 candidate human blood metabolites showing suggestive association signals
with OA, such as gamma-glutamylleucine (rg = 0.2275, P value = 0.0238), X-11546 (rg = 0.3331, P value =
0.0310), X-13671 (rg = -0.1964, P value = 0.0382), leucine (rg = 0.0891, P value = 0.0431), citrate (rg =
-0.2285, P value = 0.0034), valine (rg = 0.1565, P value = 0.0405), proline (rg =0.1777, P value = 0.0272).
The full results were summarized in Table 1 and Figure 1. 

Table 1

 Genetic correlations between osteoarthritis and human blood metabolites
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Blood metabolites Genetic Correlation p values

leucine 0.0891 0.0431

citrate -0.2285 0.0034

valine 0.1565 0.0405

proline 0.1777 0.0272

gamma-glutamyltyrosine 0.1875 0.0055

carnitine 0.1418 0.0020

X-04498 0.2940 0.0104

gamma-glutamylleucine 0.2275 0.0238

1,6-anhydroglucose 0.4003 0.0283

X-11546 0.3331 0.0310

methylcysteine -0.2488 0.0391

gamma-glutamylphenylalanine 0.2707 0.0341

X-12094 0.3563 0.0471

N1-methyl-3-pyridone-4-carboxamide 0.2527 0.0012

gamma-glutamylisoleucine 0.1975 0.0496

X-13215 0.1554 0.0304

2-linoleoylglycerophosphocholine -0.3342 0.0085

1-palmitoylglycerophosphoinositol 0.3514 0.0434

X-13671 -0.1964 0.0382

Note:GWAS data for OA acquired from an European cohort study, including 37,782 OA
cases and 414,482 controls. GWAS data of human plasma proteins include a total of
3,622 human plasma proteins were quantified in 3,301 healthy participants from 25
centers across England. LD score regression software (https://github.com/bulik/ldsc)
was used here to evaluate the genetic correlation between OA and each of the human
plasma proteins.
GWAS: genome-wide association study; OA: osteoarthritis

Causal relationships between OA and human blood
metabolites
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We identi�ed the causal relationships between OA and candidate human blood metabolites by MR
analysis. The inverse causal relationship between OA and 1,6-anhydroglucose was identi�ed by IVW
method (β = -1.755, SE = 0.7992, P =0.0281). The MR Plots for the causal relationship between OA and
1,6-anhydroglucose were shown in Fig2. The MR-Egger regression test showed the MR results appeared
not to be prejudicial to directional pleiotropy (Intercept =0.004, P =0.71), and the MR-Egger study also
showed no causative relationship between OA and 1,6-anhydroglucose (β = -2.625, SE = 2.272, P =
0.3317). In addition, the weighted median method shows that there is no signi�cant causal relationship
between OA and human blood metabolites (β = -1.681, SE = 0.9839, P= 0.0875). Since the number of SNP
in the analysis is 5, we recommend using the results of the IVW model [20]. Through MR analysis, there
was no causal relationship between OA and the other 18 blood metabolites (Table 2).

Table 2

 MR analysis results of osteoarthritis (exposure) and human blood metabolites (outcome)
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Human blood metabolites Methods Beta SE P value

leucine MR Egger -0.0684 0.6324 0.9206

  Weighted median 0.1203 0.1688 0.4758

  IVW 0.1611 0.1719 0.3487

citrate MR Egger 1.3080 0.6025 0.1184

  Weighted median 0.0017 0.2738 0.9950

  IVW 0.1183 0.2225 0.5949

valine MR Egger -0.0116 0.5878 0.9855

  Weighted median 0.0655 0.1846 0.7227

  IVW 0.0735 0.1727 0.6702

proline MR Egger 1.0880 1.1430 0.4114

  Weighted median -0.1735 0.3008 0.5641

  IVW -0.2324 0.4021 0.5633

gamma-glutamyltyrosine MR Egger -0.8416 0.7932 0.3665

  Weighted median -0.4513 0.2629 0.0861

  IVW -0.1167 0.2627 0.6569

carnitine MR Egger -0.3387 0.4103 0.4695

  Weighted median 0.2187 0.1593 0.1696

  IVW 0.1945 0.1268 0.1250

X-04498 MR Egger -0.4723 1.0270 0.6769

  Weighted median -0.0385 0.3769 0.9184

  IVW -0.0426 0.3387 0.8997

gamma-glutamylleucine MR Egger -0.3693 0.8184 0.6824

  Weighted median -0.1390 0.2632 0.5975

  IVW 0.0030 0.2634 0.9909

1,6-anhydroglucose MR Egger -2.625 2.272 0.3317

  Weighted median -1.681 0.9839 0.0875

  IVW -1.755 0.7992 0.0281

X-11546 MR Egger 2.1770 3.6020 0.5882
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  Weighted median 2.0980 1.4860 0.1580

  IVW 2.0560 1.2230 0.0926

methylcysteine MR Egger -0.5936 1.7250 0.7535

  Weighted median 0.0725 0.7195 0.9197

  IVW 0.2672 0.5836 0.6471

gamma-glutamylphenylalanine MR Egger -0.4755 0.5856 0.4762

  Weighted median -0.3214 0.2511 0.2005

  IVW -0.1971 0.1975 0.3183

X-12094 MR Egger -0.0618 1.0980 0.9587

  Weighted median 0.3521 0.4440 0.4277

  IVW 0.3613 0.3868 0.3502

N1-methyl-3-pyridone-4-carboxamide MR Egger -1.390 0.8874 0.2151

  Weighted median 0.2738 0.3947 0.4878

  IVW 0.3621 0.3831 0.3831

gamma-glutamylisoleucine MR Egger -1.0990 1.8380 0.5922

  Weighted median -0.4897 0.4244 0.2485

  IVW -0.3781 0.5527 0.4939

X-13215 MR Egger 0.5929 0.6365 0.6365

  Weighted median 0.0796 0.0796 0.7749

  IVW -0.0367 0.2261 0.8707

2-linoleoylglycerophosphocholine MR Egger 1.4040 0.9155 0.2226

  Weighted median 0.5987 0.4081 0.1423

  IVW 0.1423 0.3246 0.1480

1-palmitoylglycerophosphoinositol MR Egger -0.9644 1.5500 0.5780

  Weighted median -0.0622 0.5480 0.9096

  IVW 0.0246 0.4771 0.9589

X-13671 MR Egger 0.4972 1.3790 0.7424

  Weighted median 0.2149 0.4084 0.5986

  IVW 0.5986 0.3997 0.3689
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Note: Tests were thought of statistically significant at P values <0.05. The MR base
platform (http:// app. mrbase. org/) was used for MR analyses.
OA: Osteoarthritis; MR analysis: Mendelian randomization analysis; IVW: Inverse
variance weighted

The underlying genetic mechanisms between human blood
metabolites and OA
We found some signi�cant genes associated with the candidate human blood metabolites identi�ed by
LDSC analysis, such as leucine has a genetic association with PPM1K (4q22.1), citrate has a genetic
association with ANKH (5p15.2), methyl cysteine has a genetic association with FMO3(1q24.3), 1-
palmitoylglycerophosphoinositol has a genetic association with LIPC (15q22.1). The metabolites’ related
genes were summarized in supplementary table 2.

After screening the DEGs and DMGs, the dataset of GSE48422 screened a total of 10602 genes with P <
0.05 and the data set of GSE46750 screened a total of 4039 genes with P < 0.05. After comparing with
human blood metabolites related genes, we found LIPC (P = 0.001) (associated with 1-
palmitoylglycerophosphoinositol) was the DMG associated with OA, and FMO3 (P = 0.045) (associated
with methyl cysteine) was the DEG associated with OA. 

Discussion
Our study aimed to evaluate the genetic correlation and causal relationship between OA and human
blood metabolites. Firstly, by using GWAS summary data of OA and 529 human blood metabolites, we
conducted an LDSC analysis. We found 19 human blood metabolites had genetic correlations with OA.
Secondly, we analyzed the causal relationship between the 19 human blood metabolites and OA by MR
analysis. We found 1,6-anhydroglucose had a causal relationship with OA. Thirdly, through using the
GEO2R tool, we screened FMO3 (associated with methylcysteine) as the DEG and the LIPC (associated
with 1-palmitoylglycerophosphoinositol) as the DMG associated with OA.

LDSC identi�ed 19 candidate human blood metabolites genetically correlated with OA, such as 1,6-
anhydroglucose, L-Carnitine, Citrate, Proline, methyl cysteine, 1-palmitoylglycerophosphoinositol, and
Gamma-glutamyl-leucine. MR analysis identi�ed a signi�cant causal relationship between OA and 1,6-
anhydroglucose. 1,6-anhydroglucose is a dehydrated form of glucose and it is the raw material for the
synthesis of glucosamine. Glucosamine is used for the biosynthesis of glycoproteins and
glycosaminoglycans. Glucosamine is a natural compound present in the majority of human tissues, with
the highest concentrations detected in cartilage [21]. A study showed that OA is associated with the
degradation of articular cartilage and the death of chondrocytes [21]. This study also found glucosamine
could promote the proliferation of chondrocytes via the Wnt/β-catenin signaling pathway [21]. Combined
with our results, we thought the pathogenesis of OA is related to the decrease of glucosamine in
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chondrocytes and cartilage. Another study showed the combination of glucosamine and chondroitin
sulfate might have some e�cacy in patients with moderate-to-severe symptoms of OA [22]. To sum up,
the pathogenesis of OA could lead to the decrease of 1,6-anhydroglucose and the speci�c pathogenesis
mechanisms need to be further studied.

L-Carnitine (LC) is the biologically active form of carnitine, synthesized from the essential amino acids
lysine and methionine [23]. The carnitine pool is mainly found in skeletal muscle [24]. LC is a potent
antioxidant molecule with an anti-in�ammatory effect shown in different experimental models [24]. Some
studies have found that LC has a protective effect through anti-in�ammatory and antioxidant
mechanisms [25, 26]. The nonsteroidal anti-in�ammatory drugs (NSAIDs) are frequently chosen as �st-
line therapy for OA [27]. In addition, LC can relieve pain at central and peripheral levels. A previous study
showed LC plus diclofenac sodium is more effective than diclofenac sodium alone in improving the
pathogenesis and symptoms of OA [28]. In summary, our study found a genetic correlation between OA
and LC, which provides new insight into the role of LC in the pathogenesis of OA.

Citrate, as a part of the citric acid cycle, is the most important metabolic pathway for energy supply [29].
A recent study on immune cells suggested that citrate can regulate the production of pro-in�ammatory
cytokines by modulating the transactivation of in�ammatory genes [30]. Furthermore, citrate can affect
the solubility of calcium crystals, and the deposition of calcium crystals in human articular cartilage is a
common phenomenon of OA [31, 32]. These crystals can stimulate articular chondrocytes to secrete
matrix metalloproteinase (MMP) proteins such as MMP-13, which are thought to be a signi�cant
contributor to the degenerative process during OA pathogenesis [33, 34]. These studies indicating the
calcium crystals have a direct pathogenic effect on OA. However, the relationship between OA and citrate
needs further research.

In the results of our study, proline also had a genetic correlation with OA. Proline is a structurally and
functionally unique imino acid among 20 natural proteinogenic amino acids. Therefore, proline is a
marker of important regions of protein structures and biological functions. A previous study showed the
proteins with a high content of proline and proline-containing peptides are some of the most important
proteins in the processes of metabolism, cell cycle, and intracellular signal transduction [35]. Tonachini L
et al. identi�ed chondrocyte proteins with poly-proline regions, which may be relevant to the late stage of
chondrocyte differentiation [36]. The occurrence and development of OA could attribute to the catabolism
and the state balance of cartilage and chondrocytes [37].

By using the GEO2R tool, a DEG was found which codes �avin-containing monooxygenase 3 (FMO3).
FMO3 can impair multiple aspects of cholesterol homeostasis [38]. Choi W-S et al. found cholesterol
plays a signi�cant role in the pathogenesis of OA, and the level of cholesterol increased in OA
chondrocytes [39]. The study also found CH25H or CYP7B1 regulated by cholesterol overexpressed in
mouse joint tissues can cause experimental OA, whereas knockout or knockdown of these hydroxylases
abrogated the pathogenesis of OA [40]. Combined with our results, these �ndings suggest FMO3 may
play roles in the pathogenesis of OA. A DMG encodes Hepatic lipase (HL) was also found by using the
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GEO2R tool. Previous studies had demonstrated that HL plays signi�cant biological roles in cholesterol
transporting and the metabolism, composition, and level of several lipoproteins [41]. The effect of
cholesterol on the pathogenesis of OA has been discussed in this study. So, there is a potential genetic
correlation between LIPC and OA through regulating cholesterol expression. In addition, HL also plays a
signi�cant role in the pathogenesis of OA through enhancing circulating monocyte chemotactic protein 1
(MCP1) levels and activation of stress-induced SAPK/JNK- and p38-MAPK pathways [41]. However, due
to the limited studies, the relationship between LIPC and OA needs further research.

By, using the latest GWAS summary data of OA and human blood metabolites, we observed multiple
genetic correlations between OA and human blood metabolites through LDSC and MR analysis [14, 15].
The large sample size of GWAS data ensures the accuracy of our research results, which is one strength
of our study. Then MR results identi�ed a signi�cant causal relationship between OA and 1,6-
anhydroglucose, making up for the lack of observational research. At last, we veri�ed whether human
blood metabolites related genes were DEG and DMG.

This study also has some limitations. Given the complexity of the pathogenesis of OA, we are unable to
determine the speci�c role of these identi�ed metabolites in the pathogenesis of OA. More mechanism-
based experiments are needed to further con�rm the biological rationality and clarify the biological
mechanism of the identi�ed metabolites, which expect to participate in the development of OA.

Conclusion
In summary, based on the GWAS summary data of OA and human blood metabolites, we identi�ed 19
candidate human blood metabolites genetically correlated with OA through LDSC analysis. In addition,
we explored the causal relationships between the 19 human blood metabolites and OA by MR analysis
and found 1,6-anhydroglucose had causal relationship with OA. Some of DEGs and DMGs related to the
human blood metabolites were associated with OA. Our study results provide novel clues for
understanding the genetic mechanism of OA, focusing on the possible roles of abnormal human blood
metabolites in the pathogenesis of OA.
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Figure 1

The scatter plot of genetic correlation analysis results between osteoarthritis and human blood
metabolites.

Note: The signi�cant human blood metabolites were marked in red dots in the �gure. They were leucine,
citrate, valine, proline, gamma-glutamyltyrosine, carnitine, X-04498, gamma-glutamylleucine, 1,6-
anhydroglucose, X-11546, methylcysteine, gamma-glutamylphenylalanine, X-12094, N1-methyl-3-
pyridone-4-carboxamide, gamma-glutamylisoleucine, X-13215, 2-linoleoylglycerophosphocholine, 1-
palmitoylglycerophosphoinositol, X-13671. Each dot represents a blood metabolite. The X axis represents
the blood metabolites, and the Y axis represents the negative logarithm of the P value.
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Figure 2

Mendelian Randomization (MR) Plots for the causal relationship between OA and 1,6-anhydroglucose

a: The causal effect of exposure on outcome is estimated using each SNP singly using the Wald ratio
and represented in a forest plot. The MR estimate using all SNPs using the MR Egger and IVW methods
are also shown. Formal estimates of heterogeneity are shown in the tables below. b: Mendelian
randomization analyses demonstrate a strong causal relationship between OA and 1,6-anhydroglucose.
Scatterplots showing association of single variants and slopes from IVW, MR Egger, and weighted
median analyses. c: Funnel plot assessing heterogeneity. Blue line represents the inverse-variance
weighted estimate, and dark blue line represents the MR-Egger estimate.

OA: osteoarthritis; MR: Mendelian randomization; IVW: IVW: Inverse Variance Weighted; SNP: single
nucleotide polymorphism; SE: standard error; IV: instrumental variable; βIV: β coe�cient.
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