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Background: Fibromyalgia (FM) is a chronic pain disorder lacking reliable biomarkers. While metabolomic studies have suggested
associations with various metabolites, including carnitine, establishing causality remains a challenge. This study integrates clinical
metabolomic profiling with a Mendelian Randomization (MR) framework to investigate the potential causal influence of blood
metabolites on FM.

Methods: In this study, 96 patients with Fibromyalgia and normal controls were recruited, and the carnitine level in peripheral blood
was detected by ELISA method. And then, a two-sample Mendelian randomization (MR) method was used to test the potential causal
relationship between 1400 metabolite biomarkers, including the level of carnitine, and Fibromyalgia. Additionally, for those
metabolites demonstrating a causal link to Fibromyalgia in the initial MR analysis, a reverse Mendelian Randomization analysis
was conducted to further validate these findings.

Results: Carnitine levels were markedly decreased in patients with fibromyalgia compared with healthy controls. The MR analysis
identified 10 metabolites potentially causally linked to fibromyalgia. Among them, carnitine has a causal relationship with
Fibromyalgia and is a protective factor (OR 0.73, 95% CI: 0.59-0.91, p = 0.004). There are others, 4 metabolites showed protective
effects, whereas 5 were linked to an elevated risk of the condition. The results were consistent among various MR methods, suggesting
a strong correlation.

Conclusion: Our findings provide novel evidence supporting a potential causal, protective role of carnitine in FM pathogenesis,
alongside other implicated metabolites. These results highlight the promise of metabolic pathways as targets for intervention, but
future studies in larger, diverse populations are warranted to confirm these relationships.
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Introduction
Fibromyalgia (FM), characterized by chronic and widespread pain, remains an elusive condition in contemporary
medicine. The pathogenesis and etiology of FM are still largely unexplored, and its diagnosis is complicated by the
absence of specific biomarkers and significant symptomatic overlap with other disorders.' Recent advances in
metabolomics have opened new avenues for investigating the biological underpinnings of FM by profiling small
molecular metabolites in blood samples.®®

Plasma metabolomic studies have consistently identified alterations in amino acid, lipid, and energy metabolism in
FM patients.*!' Among the dysregulated pathways, mitochondrial function and fatty acid oxidation are frequently
implicated. Additionally, perturbations in the neuroendocrine and immune systems—such as dysregulated cortisol levels
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and inconsistent alterations in inflammatory markers including C-reactive protein (CRP)—have been documented, further
illustrating the systemic complexity of FM.'? Carnitine, a crucial metabolite for mitochondrial fatty acid transport, sits at

13715 coupled with

the nexus of these processes. Its recognized role in modulating oxidative stress and energy production.
preliminary clinical observations of its alteration in FM, made it a primary candidate for a causal investigation in this
study. The potential of metabolomics to shed light on the complex metabolic landscape of FM is immense. By offering
a dynamic snapshot of the body’s physiological state, metabolomics helps to uncover the disrupted biochemical pathways
that contribute to FM’s clinical manifestations.'®'”

To further elucidate the causal relationships between these metabolic abnormalities and FM, this study uses
a Mendelian Randomization (MR) approach.'®2° Using genetic variants as instrumental variables, MR allows for the
assessment of potential causal links between plasma metabolite levels and FM, while minimizing the confounding factors
inherent in observational studies. This innovative approach not only deepens our understanding of FM pathogenesis but

also lays the groundwork for future research into targeted metabolic interventions.

Materials and Methods

Study Population Recruitment and Ethical Approval

This study employed a two-phase, hierarchical design. In the first phase, we conducted a focused clinical investigation in
a well-phenotyped, modestly sized cohort comprising 96 fibromyalgia (FM) patients (diagnosed according to the 2016
American College of Rheumatology criteria)®' and 96 matched controls. The control group consisted of non-pregnant, non-
postpartum females recruited from health check-up centers, with all participants confirming no pregnancy for at least one year
prior to sample collection. All individuals underwent comprehensive screening, including laboratory assessments of thyroid,
renal, and hepatic function, and were free from medications known to affect carnitine metabolism (eg, valproic acid).
Specifically, patients with comorbid osteoarthritis were excluded, and the use of FM-specific medications (including
duloxetine) was prohibited for at least two weeks prior to enrollment. The principal aim of this clinical stage was to test the
specific hypothesis regarding carnitine levels in FM, which was quantitatively assessed using ELISA. In the second phase, this
clinically derived hypothesis was rigorously evaluated for causality within a two-sample MR framework. This MR approach
leveraged large-scale, independent GWAS datasets, which provide superior statistical power and minimize confounding
biases inherent in observational studies. The research was approved by the hospital’s ethical review board and conducted in
accordance with the ethical guidelines of the Helsinki Declaration. All participants were fully informed about the research
objectives and methods, and they provided written informed consent. All patients were free from major comorbidities (eg,
cardiovascular disease, diabetes, autoimmune disorders) and had not taken any medications that could affect metabolism in the
two weeks prior to enrollment. Inclusion criteria were ages 18—65, with the exclusion of other chronic pain or metabolic
disorders. Healthy controls were matched strictly to the patient group by age and gender, with the patient group having a mean
age of 45.3 £ 10.2 years and approximately 99.5% being female.

Plasma Carnitine Quantification (ELISA Method)
We used ELISA to quantify plasma carnitine levels (Coibo Biotechnology Cat#CB11833-Hu). Blood samples were first

collected and centrifuged to separate the plasma, which was then stored at —80°C. Following the manufacturer’s
instructions for the ELISA kit, the samples were incubated at 37°C, and a standard curve was generated using
a quadratic polynomial fit. Absorbance was measured at 450 nm, and carnitine concentrations were calculated based
on the standard curve. Each sample was assayed in triplicate.

Overview of Mendelian Randomization Methodology

Utilizing a two-sample MR technique, we investigated a potential causal relationship between 1091 blood metabolites
and 309 metabolite ratios and FM.?* In our data processing, we adopted a listwise deletion strategy for missing genetic
and phenotypic data. Given the minimal amount of missing data, this approach effectively avoids potential bias that may
be introduced by imputation, thereby ensuring the stability and reliability of subsequent analyses. In the context of MR,
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genetic variations serve as proxies for risk factors. To ensure a valid causal interpretation using instrumental variables
(IVs), three essential criteria must be met:

A direct correlation exists between genetic variation and exposure.

This genetic variation must be independent of any confounding factors that could influence the exposure-outcome
relationship.

Consequently, the outcome is exclusively determined by the exposure linked to genetic variation.

All included studies obtained the required ethical approvals, and informed consent was obtained from all participants.

Fibromyalgia GWAS Data Sources and Definitions
Summary statistics pertinent to FM was sourced from the GWAS database (https://gwas.mrcieu.ac.uk/). For FM, the
sample consisted of 168,378 individuals (737 cases and 167,641 controls), evaluating around 16,380,308 single nucleo-

tide polymorphisms (SNPs). The study’s population was composed of people of European descent. FM was defined using
endpoint definitions approved by the FinnGen study’s clinical expert groups, which included leading experts in their
respective medical fields (RRID: SCR_022254). The FinnGen study established a strong framework for defining medical

conditions, ensuring consistency and reliability in our diagnostic criteria.

GWAS Data Sources: 1091 Blood Metabolites and 309 Metabolite Ratios

The GWAS database (https://gwas.mrcieu.ac.uk/) provided summary statistics for a range of conditions (RRID:
SCR_012745). GWAS summary datasets for 1400 metabolites were detached from the study by Chen et al** which has
been the most comprehensive investigation of the genetic effects on human serum metabolism so far. The detailed names of

1400 metabolites are presented in Supplemental Table S1. The participants in the study were all of European ancestry.

Instrumental Variable (IV) Selection Criteria and Procedure

Guided by recent scientific findings, we set a significance level for IVs associated with each characteristic at 1 x 10~ > 2>
By utilizing the R package TwoSampleMR*>(RRID: SCR_019010), we optimized the selection of SNPs. The clumping
parameter was activated, with a secondary significance level set at 1 x 107>, We delineated a criterion for linkage
disequilibrium (LD) r* at 0.001 and demarcated a clumping proximity of 10,000 kb. To eliminate the bias induced by
poor instruments, we calculated R? and F statistics for each SNP. R* and F statistics are calculated as follows:

2
2p exposure eafexposure ( 1 - eafexposure)

RZ —
= 5 -
2ﬂ gxposureeafexposure ( I - eaﬂxpusz{re) +2s egxposuwsam[’ les lzeexposureeafexposure ( 1 - eaféxpusure)

R? (SampleSizeexposure - 2)

F:
1-R?

In these formulas:
* Bexposure T€Presents the beta coefficient of exposure.
* eafoyposure 18 the effect allele frequency of exposure.
* S€exposure 18 the standard error of exposure.
* samplesiz€cyposure 1 the sample size of the exposure group.
SNPs with F <10 were defined as poor genetic variants and were removed.

KEGG Pathway Enrichment Analysis
To further explore the potential biological roles of metabolites, we conducted KEGG pathway enrichment analysis using
the MetaboAnalyst online tool (https://www.metaboanalyst.ca). First, we uploaded the selected metabolite list to the

MetaboAnalyst platform and selected the KEGG database as the reference for the enrichment analysis.
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Statistical Analysis Methods

In this study, the R programming environment (version 4.3.1) was utilized for all evaluations. We investigated the causal
relationship between 1400 metabolites and FM using a range of statistical methods, primarily through the
TwoSampleMR package. These methods included inverse variance weighting (IVW),?® weighted median,” and mode-
based techniques,”® primarily through the TwoSampleMR package. To address heterogeneity among IVs, Cochran’s
Q statistic was employed. When significant heterogeneity was detected, a shift from a fixed-effects to a random-effects
IVW model was made. Additionally, the MR-Egger method was utilized to probe potential horizontal pleiotropy; the
presence of which was indicated by a significant intercept.”” The MR-PRESSO technique was also applied to refine the
analysis by identifying and excluding potential pleiotropic outliers.*® The robustness and consistency of the results were
further corroborated through funnel plots.

For the selection of blood metabolites potentially causing FM, we applied stringent criteria: (1) In this study, we
employ the conventional p-value threshold of < 0.05 as the criterion for statistical significance, a standard widely
acknowledged in the biomedical field. In the initial screening phase, we applied a more lenient P < 0.05 This choice was
made to increase sensitivity and reduce the likelihood of missing metabolites with small effect sizes that could still hold
biological relevance. Although this relaxed threshold may increase the risk of false positives, it allows us to retain signals
that may be biologically meaningful but have smaller effects.'® (2) results had to show consistent direction and
magnitude across all five MR methods, and (3) there should be no evidence of heterogeneity or horizontal pleiotropy
in the MR outcomes.

Furthermore, for metabolites identified as causally related to FM in the forward MR analysis, a reverse MR analysis
was conducted to strengthen the causal inference. The methodology and parameters for the reverse MR were aligned with
those used in the forward MR process.

Results
ELISA results

A standard curve for carnitine quantification was established with known concentrations, yielding a high degree of
linearity (R* =0.99037) across the concentration range of 0 to 360 pM. This curve facilitated the precise quantification of
carnitine levels in the serum samples (Figure 1A).
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Figure | Quantitative Analysis of Carnitine Concentrations in FM. (A) displays the ELISA standard curve for accurate carnitine quantification; (B) shows a box plot of
carnitine levels in FM patients compared to healthy controls.

7100 e Journal of Pain Research 2025:18



Hong et al

The average serum carnitine level in the control group (84.6 + 20.4 pg/mL) was significantly higher than that in the
FM group (46.2 + 16.8 pg/mL) (p < 0.001). The magnitude of this difference was very large, as indicated by Cohen’s d =
2.07 (95% CI: 1.66 to 2.47). The distribution of carnitine levels across both groups is illustrated in Figure 1B,
highlighting the marked decrease in the FM cohort. Statistical analysis employing an independent samples #-test
confirmed the significant difference in serum carnitine levels between the two groups (p < 0.001).

Probing the Impact of Metabolites on FM
Based on the predefined criteria for selecting [Vs, a comprehensive set of 33267 SNPs were employed as [Vs in this study.
Detailed information regarding these chosen SNPs and their characteristics can be found in Supplemental Table S2.

In a MR study, 11 metabolites were identified. Among these, five metabolites exhibited protective effects against FM,
while six metabolites were found to have potential pathogenic roles. The IVW analysis for these metabolites yielded an
aggregated score of Carnitine levels (OR 0.73, 95% CI: 0.59-0.91, p = 0.004), Iminodiacetate (IDA) levels (OR 1.59,
95% CI: 1.16-2.17, p = 0.004), Deoxycarnitine levels (OR 0.75, 95% CI: 0.61-0.92, p = 0.006), (R)-3-hydroxybutyr-
ylcarnitine levels (OR 0.62, 95% CI: 0.45-0.84, p = 0.002), 1-(1-enyl-palmitoyl)-2-arachidonoyl-GPE (p-16:0/20:4)
levels (OR 1.56, 95% CI: 1.17-2.08, p = 0.002), Oleoylcholine levels (OR 1.58, 95% CI: 1.14-2.19, p = 0.006), N-acetyl
leucine levels (OR 0.57, 95% CI: 0.40-0.83, p = 0.003), 3-ethylcatechol sulfate (1) levels (OR 1.67, 95% CI: 1.21-2.29,
p = 0.002), Metabolonic lactone sulfate levels (OR 0.84, 95% CI: 0.74-0.95, p = 0.005), Pentadecanoate (15:0) levels
(OR 1.54, 95% CI: 1.15-2.07, p = 0.003), Alpha-ketoglutarate to kynurenine ratio (OR 1.42, 95% CI: 1.12-1.79, p =
0.004). Notably, estimates derived from the IVW analysis were significant (p < 0.05), and the direction and magnitude of
the estimates were consistent across four other analytical methods. (Figures 2—4).

The results of the Cochran’s IVW Q test, detailed in Supplemental Table S3, indicated a lack of significant
heterogeneity in the IVs. Furthermore, the MR-Egger regression intercept analysis, as shown in Supplemental Table

S4, did not reveal any significant directional horizontal pleiotropy. Additionally, the MR-PRESSO global test (results in
Supplemental Table S5) failed to identify any significant outliers, suggesting a negligible presence of horizontal

pleiotropy in the association between the metabolites and FM.

In the reverse MR analysis, a suggestive but not definitive association was observed between FM and IDA levels
(IVW OR = 0.98, 95% CI: 0.954-0.998, P = 0.04), as detailed in Supplemental Tables S6 and S7. For other metabolites,
no significant causal relationships with FM were found. Furthermore, the Cochran’s IVW Q test results for FM Vs,

shown in Supplemental Table S8, indicated an absence of significant heterogeneity. The results of the MR-Egger

regression intercept item analysis (Supplemental Table S9) and MR-PRESSO analysis (Supplemental Table S10) also

supported the lack of significant horizontal pleiotropy in these findings.

KEGG pathway enrichment analysis revealed significant enrichment in the Lysine degradation pathway, suggesting
that this pathway may play a key role in the metabolic mechanisms underlying fibromyalgia. Detailed results can be
found in Supplemental Table S11.

Discussion
In this study, we integrated original clinical metabolomic data from a well-phenotyped FM cohort with a rigorous MR
design to investigate the causal effects of blood metabolites on FM. To our knowledge, this is one of the first studies to
apply such an integrated approach in FM research. We found that lower levels of metabolomic lactone sulfate,
deoxycarnitine, carnitine, (R)-3-hydroxybutyrylcarnitine, and N-acetyl leucine are associated with a lower risk of FM.
Conversely, a genetic predisposition to higher levels of 3-ethylcatechol sulfate, oleoylcholine, 1-(1-enyl-palmitoyl)
-2-arachidonoyl-GPE (p-16:0/20:4), pentadecanoate (15:0), and an increased alpha-ketoglutarate to kynurenine ratio is
linked to an elevated risk of FM. These findings offer a new perspective on the pathophysiology of FM, particularly
regarding the connection between metabolic pathways and disease risk. Notably, we observed significantly lower levels
of carnitine in peripheral blood samples from patients with FM compared to those from healthy individuals, offering
a comprehensive perspective from molecular mechanisms to clinical manifestations.

In our study, we observed results that align with previous research, particularly regarding the vital role of carnitine
and its derivatives in energy metabolism.>'® Carnitine, a crucial biomolecule, plays an essential role in the
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id.exposure nsnp method pval OR(95% Cl)
GCST90199621 25 MR Egger 0.059 '—'i—|‘ 0.692 (0.482 to 0.995)
25 Weighted median 0.051 —— 0.738 (0.544 to 1.002)
25 Inverse variance weighted 0.004 2 o] 0.731 (0.590 to 0.905)
25 Simple mode 0467 +——o—— 0.798 (0.439 to 1.452)
25 Weighted mode 0.081 — —i 0.755 (0.558 to 1.021)
GCST90199670 17 MR Egger 0.849 '—‘ — 1.070 (0.540 to 2.120)
17 Weighted median 0.047 »—0—» 1.546 (1.005 to 2.377)
17 Inverse variance weighted 0.004 —— 1.587 (1.161 to 2.170)
17 Simple mode 0.162 —_—— 1.697 (0.837 to 3.443)
17 Weighted mode 0.128 H— —_— 1.610 (0.900 to 2.879)
GCST90199813 36 MR Egger 0.142 —— 0.765 (0.540 to 1.085)
36 Weighted median 0.052 0.750 (0.561 to 1.002)
36 Inverse variance weighted 0.006 o 0.749 (0.611 t0 0.919)
36 Simple mode 0.154 v—.—-—' 0.626 (0.334 to 1.175)
36 Weighted mode 0.057 = % 0.737 (0.543 to 0.999)
GCST90199930 24 MR Egger 0895 +—o—— 0.951 (0.455 to 1.988)
24 Weighted median 0.037 >—0—< 0.642 (0.423 t0 0.973)
24 Inverse variance weighted 0.002 —o—i 0.616 (0.451 to 0.840)
24 Simple mode 0.286 <—0—-—o 0.643 (0.291 to 1.419)
24 Weighted mode 0288 +—o—i—i 0.653 (0.303 to 1.408)
GCST90200048 22 MR Egger 0.162 >—-— — 1.582 (0.851 to 2.939)
22 Weighted median 0.077 r—o—» 1.453 (0.960 to 2.198)
22 Inverse variance weighted 0.002 —e—> 1.560 (1.171 to 2.077)
22 Simple mode 0.278 »—.—0—» 1.451 (0.754 to 2.794)
22 Weighted mode 0.276 —_— 1.369 (0.789 to 2.376)
GCST90200084 19 MR Egger 0.327 —— 1.501 (0.682 to 3.305)
19 Weighted median 0.146 H——— 1.380 (0.894 to 2.129)
19 Inverse variance weighted 0.006 —— 1.584 (1.145 to 2.191)
19 Simple mode 0.805 0—0—» 1.097 (0.532 to 2.263)
19 Weighted mode 0.712 S 1.127 (0.605 to 2.097)
GCST90200204 17 MR Egger 0486 «—o——> 0.631 (0.178 to 2.232)
17 Weighted median 0163 +—e—— 0.688 (0.406 to 1.164)
17 Inverse variance weighted 0.003 +o— 0.573 (0.398 to 0.825)
17 Simple mode 0564 «——o———— 0.756 (0.298 to 1.917)
17 Weighted mode 0726 +—— -—< 0.864 (0.387 to 1.931)
GCST90200230 19 MR Egger 0.801 (. S 1.117 (0.479 to 2.604)
19 Weighted median 0.033 ——s 1.596 (1.040 to 2.449)
19 Inverse variance weighted 0.002 ——> 1.668 (1.213 to 2.295)
19 Simple mode 0.242 —_— 1.544 (0.763 to 3.122)
19 Weighted mode 0.164 r—-— S 1.571 (0.853 to 2.892)
GCST90200257 31 MR Egger 0.113 o4 0.867 (0.730 to 1.029)
31 Weighted median 0.122 »-0-1 0.874 (0.738 to 1.037)
31 Inverse variance weighted 0.005 m 0.838 (0.741 to 0.947)
31 Simple mode 0.052 —o— 0.737 (0.549 to 0.990)
31 Weighted mode 0.042 H -( 0.861 (0.749 to 0.989)
GCST90200457 22 MR Egger 0.008 —_ 2.521 (1.370 to 4.639)
22 Weighted median 0.422 >—-—0—| 1.197 (0.772 to 1.854)
22 Inverse variance weighted 0.003 —— 1.544 (1.154 to 2.067)
22 Simple mode 0.825 v——o—» 1.098 (0.483 to 2.497)
22 Weighted mode 0811 +—to— 1.108 (0.482 to 2.547)
GCST90200810 24 MR Egger 0.078 —— 1.499 (0.975 to 2.304)
24 Weighted median 0.019 l—0—> 1.491 (1.069 to 2.082)
24 Inverse variance weighted 0.004 —e— 1.416 (1.119 to 1.793)
24 Simple mode 0.140 l-—0—> 1.541 (0.885 to 2.681)
24 Weighted mode 0.071 —e— 1.510 (0.986 to 2.312)
L B

Figure 2 Forest plots showed the causal associations between metabolites on FM. Method: Mendelian randomization method applied. Bold values indicate statistical
significance (p < 0.05). An OR < | indicates a protective effect, while an OR > | indicates a risk factor.

Abbreviations: IVVY, inverse variance weighting; WM, weighted median; pval, P-value for the causal estimate; OR (95% CI), Odds ratio and 95% confidence interval; id.
exposure, Identifies the blood metabolite under investigation; nsnp, Number of single-nucleotide polymorphisms used as instrumental variables for each metabolite.
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Figure 3 Scatter plots for the causal association between metabolites and FM.
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Figure 4 Leave-one-out plots for the causal association between metabolites and FM.

transportation and metabolism of fatty acids, which is vital for maintaining cellular energy balance.*® In the context of
FM, this finding may indicate that abnormalities in energy metabolism play a key role in the disease’s progression.
Recent research has shown that FM is often linked to oxidative stress.>> Elevated levels of pro-oxidants, including nitric
oxide, lipid peroxidation, and mitochondrial autophagy, can contribute to heightened pain sensitivity in FM. Conversely,
carnitine acts as an antioxidant, helping to neutralize free radicals and mitigate cellular damage caused by oxidative
stress.*®” Thus, the antioxidant properties of carnitine may play a protective role in the development of FM. This
discovery offers new insights for further exploration into therapeutic approaches for FM.

Recent metabolomic studies have identified six key metabolites that play critical roles in chronic pain conditions.
Carnitine and its derivatives, including deoxycarnitine and (R)-3-hydroxybutyrylcarnitine, are frequently dysregulated,
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reflecting altered energy metabolism and impaired fatty acid B-oxidation.***° For example, in ME/CFS patients, reduced
acetylcarnitine levels accompanied by increased short-chain acylcarnitines indicate a hypometabolic state.*** Similarly,
disturbed carnitine profiles in rheumatoid arthritis underscore their role in immune-inflammatory regulation, with
emerging evidence supporting their use as diagnostic biomarkers and therapeutic targets.*® Additionally, alterations in
amino acid derivatives such as N-acetyl-leucine correlate with pain severity in FM, suggesting that imbalanced BCAA
metabolism may contribute to chronic pain via reduced energy supply and increased oxidative stress.*' Furthermore,
3-ethylcatechol sulfate—a gut microbiota-derived catechol metabolite—has been linked to oxidative stress and aberrant
neurotransmitter metabolism, while diminished oleoylcholine may impair the cholinergic anti-inflammatory pathway.*'**
Collectively, these findings point to convergent pathogenic mechanisms—including mitochondrial dysfunction, lipid and
amino acid metabolic imbalances, neuroinflammation, and autonomic dysregulation—that underpin various chronic pain
states and highlight the potential of these metabolites as biomarkers and therapeutic targets.

Reverse MR analysis revealed a borderline association between fibromyalgia and iminodiacetate (IDA) levels (IVW
OR = 0.98, 95% CI: 0.954-0.998; P = 0.04). Although IDA is biologically plausible given its roles in mitochondrial
function and inflammatory regulation, we cannot exclude potential bias from residual confounding or weak instrument
strength.*® Future studies should independently replicate this finding in larger, multi-ancestry cohorts using stronger
genetic instruments to confirm the validity of this reverse causal association.

A distinctive feature of our study was the utilization of comprehensive blood metabolite GWAS data, which is
relatively rare in previous FM research. Furthermore, our MR approach provided robust evidence for analyzing the
causal relationship between metabolites and FM. The application of this method not only deepened our understanding of
the disease but also offered new directions for future treatment strategies.

Our study has several limitations. First, the modest clinical sample size, while sufficient for detecting large effect
sizes as in the case of carnitine, limits the generalizability of our findings and the power to identify subtler associations.
Second, the unique source of our control group from a maternity center, despite strict exclusion criteria for pregnancy and
postpartum status, may affect the representativeness of the baseline carnitine levels and necessitates cautious interpreta-
tion. Third, the lack of systematically collected detailed clinical phenotypes, such as disease-specific symptom scores,
precluded deeper clinical correlation analyses. Finally, while the MR design strengthens causal inference, potential
residual confounding such as horizontal pleiotropy, coupled with the limited ancestral diversity of both our clinical and
GWAS cohorts, underscores the need for replication in larger, more diverse, and deeply phenotyped populations.

In summary, our research provides new insights into understanding the metabolic mechanisms of FM and may
indicate directions for future treatment strategies. Future studies should concentrate on confirming the role of these
metabolites in the onset of FM and investigating their potential therapeutic applications. Moreover, research efforts
should be broadened to include diverse populations and a wider array of metabolites to fully grasp the biological
underpinnings of this complex disease.

Conclusions
In conclusion, by integrating clinical and genetic data, our study provides novel evidence supporting a potential causal,
protective role of carnitine in FM pathogenesis. While these findings highlight the promise of targeting metabolic
pathways for FM management, they also necessitate confirmation through larger, multi-ancestry studies and ultimately,
interventional trials.
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