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Background

Venous thromboembolism (VTE) is the abnormal coagulation of blood in deep veins, which impairs venous return and includes deep vein thrombosis (DVT) and pulmonary embolism (PE). The incidence of VTE is increasing, leading to severe complications and sequelae. Despite the widespread application of multi-omics analyses in vascular disease research, identifying the specific links between various metabolic products, cytokines, and VTE, as well as their potential mediating roles, requires further validation due to confounding factors.





Methods

Summary statistics for 1,091 metabolites, 309 metabolite ratios (8,299 individuals), and 41 inflammatory cytokines (8,293 individuals) were obtained from the largest genome-wide association studies (GWAS). Summary statistics for VTE (21,021 cases, 391,160 controls), DVT (6,501 cases, 357,111 controls), and PE (10,046 cases, 401,128 controls) were derived from the FinnGen R10 dataset. We initially examined causal relationships using two-sample MR analysis, followed by Two-step Mendelian Randomization (TSMR) and Multivariable Mendelian Randomization (MVMR) to identify potential mediating mechanisms.





Results

We identified causal associations for 78 blood metabolites with VTE, 79 with DVT, and 81 with PE. Among all 41 inflammatory cytokines included, only platelet-derived growth factor BB (PDGF-BB) levels showed a causal relationship with increased risks of VTE, DVT, and PE. MVMR analysis revealed that the associations between glycocholate levels and VTE, DVT, and PE were mediated by PDGF-BB, accounting for 14.54% (p=2.84E-04), 17.10% (p=3.64E-05), and 10.44% (p=1.39E-02), respectively. Furthermore, the associations between dodecanedioate (C12:1-DC) levels and VTE and DVT were also mediated by PDGF-BB, accounting for 12.79% (p=6.10E-04) and 12.17% (p=2.13E-04), respectively.





Conclusion

This study reveals significant associations between specific blood metabolites and the risks of VTE, DVT, and PE, with some associations potentially mediated by PDGF-BB.
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Introduction

Venous thromboembolism (VTE), which includes deep vein thrombosis (DVT) and pulmonary embolism (PE), is a serious health issue affecting approximately 10 million people globally each year (1). Currently, VTE diagnosis relies on clinical judgment and ultrasound examinations, with D-dimer testing widely used for its sensitivity, though it lacks specificity (2). Existing antithrombotic treatments primarily target the coagulation system and platelets, but their long-term use significantly increases bleeding risks. Therefore, identifying new biomarkers and potential causal risk factors for VTE is crucial to improve diagnostic and treatment strategies.

Metabolomics studies have demonstrated that metabolites potentially associated with VTE include carnitine, glucose, phenylalanine, 3-hydroxybutyrate, lactate, tryptophan, various monounsaturated and polyunsaturated fatty acids, mainly involves major metabolic pathways such as carbohydrate metabolism, lipid metabolism, amino acid metabolism, and energy metabolism (3, 4). In a case-control study conducted by Jiang and colleagues (5), which included 240 cases and 6,963 control subjects, the results showed a significant association between C5 carnitine and the occurrence of acute VTE. However, the characteristics of metabolomic profiles are often influenced by factors such as age, gender, smoking status, BMI, experimental techniques, and various environmental conditions. Furthermore, observational studies have typically involved a limited range of metabolites and small sample sizes, making the results susceptible to various confounding factors and reverse causality. Consequently, the causal relationship between circulating metabolites and the risk of VTE remains unclear.

Inflammatory factors are thought to play a significant role in VTE. Some inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-8, and other inflammatory markers, have been extensively studied as predictive diagnostic tools for VTE (6, 7). Studies have shown that certain lipid metabolites significantly affect the function of inflammatory cells and the levels of cytokines in circulation. For example, omega-3 fatty acids, particularly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), exhibit anti-inflammatory properties. These effects are mediated by inhibiting the production of several inflammatory cytokines (such as TNF-α, IL-1β, and IL-6) in human endothelial cells and monocytes upon endotoxin stimulation. In contrast, omega-6 fatty acids, mainly represented by arachidonic acid, serve as precursors to various pro-inflammatory mediators and play a key role in promoting inflammatory responses (8, 9). Therefore, we hypothesize that there may be causal relationships between blood metabolites, inflammatory cytokines, and VTE.

Mendelian Randomization (MR) is an epidemiological method based on genome-wide association studies (GWAS) data that uses single nucleotide polymorphisms (SNPs) as instrumental variables (IVs) to assess the causal relationships between genetic variants and target outcomes. Due to the random allocation of genes, this method is less susceptible to confounding variables and measurement errors, and it avoids biases from reverse causation, thereby enhancing the accuracy of causal inference (10, 11). Recently, some MR studies have been limited to investigating the effects of fatty acids or phospholipid metabolites, which are subsets of lipids, on VTE. This study conducts a comprehensive MR analysis to examine the causal relationships between blood metabolites (including eight super pathways), inflammatory cytokines, and VTE, while further examining whether inflammatory cytokines mediate the association between metabolites and VTE.





Methods




Study design

The study comprises three main components: First, analyzing the causal impact of 1,091 blood metabolites and 309 metabolite ratios on VTE (including DVT and PE). Second, examining the causal effects of 41 inflammatory cytokines on VTE (including DVT and PE). Third, conducting mediation analysis using Two-step Mendelian Randomization (TSMR) and Multivariable Mendelian Randomization (MVMR). Before MR analysis, three fundamental assumptions must be addressed: (1) the relevance assumption, which requires genetic variants to exhibit strong and significant associations with the exposure variables; (2) the independence assumption, which mandates that IVs should be unrelated to any confounders; (3) the exclusion restriction assumption, which stipulates that genetic variants should affect the outcome solely through the exposure, without involvement in other pathways (Figure 1).




Figure 1 | Schematic diagram of the Mendelian randomization analyses. IVs, Instrumental Variables; VTE, Venous Thromboembolism; DVT, Deep Vein Thrombosis; PE, Pulmonary Embolism.







Data source

For blood metabolites, we sourced GWAS data from research by Yiheng Chen et al., which covered 1,091 metabolites and 309 metabolite ratios, involving 8,299 participants from the Canadian Longitudinal Study on Aging (CLSA) cohort, Of the 1,091 plasma metabolites tested, 850 had known identities across eight super pathways (i.e., lipid, amino acid, xenobiotics, nucleotide, cofactor and vitamins, carbohydrate, peptide, and energy). The remaining 241 were categorized as unknown or “partially” characterized molecules (12). To identify SNPs associated with inflammatory cytokines, we utilized data from the study conducted by Ahola-Olli et al., which included analyses of 41 inflammatory cytokines in a cohort of 8,293 individuals (13). Summary statistics for VTE involved data from 21,021 cases and 391,160 controls. For DVT, the data included 6,501 cases and 357,111 controls; for PE, the figures were 10,046 cases and 401,128 controls. These statistics were sourced from the publicly released GWAS data of the FinnGen consortium (Release 10, available at https://www.finngen.fi/en). In this dataset, the diagnoses of VTE, DVT, and PE must conform to ICD-9 or ICD-10 standards, with the overall median ages of the samples being 60.20 years, 58.86 years, and 65.50 years, respectively. All GWAS summary data focused on European populations.

This study is a secondary analysis of publicly available GWAS summary statistics. Each original GWAS study received ethical approval. As this analysis did not involve individual-level data, no new ethical review board approval was necessary.





Instrumental variable selection

For blood metabolites, SNPs were chosen with a threshold of p< 1 × 10-5 (14). To maximize the number of available SNPs for inflammatory cytokines, we selected those with a significance threshold of p< 5 × 10-6 (15). To minimize the impact of linkage disequilibrium (LD) on our analysis, we set threshold parameters at r2 = 0.001 and a distance criterion of 10,000 kb. To ensure a robust association between IVs and exposures, we calculated the explained variance (R2) and assessed the strength of each IV using the F-statistic, excluding any SNPs with an F-statistic below 10 (16). These calculations were based on several parameters: minor allele frequency (MAF), effect size on exposure (β), standard deviation (SD), sample size (N), and the number of IVs (k).

	

	

To enhance the reliability of our analysis by minimizing biases and confounding, we excluded palindromic SNPs with intermediate allele frequencies that could interfere with genotype-phenotype associations and compromise result accuracy (17). Additionally, we utilized PhenoScanner (www.phenoscanner.medschl.cam.ac.uk) to verify if the exposure SNPs were linked to potential risk factors (18).





Mendelian randomization analysis

Our study utilized five MR methods to investigate the causal relationships between blood metabolites, inflammatory cytokines, and VTE. These methods included the Inverse Variance Weighting (IVW), Median Weighted, MR-Egger, Weighted Mode, and Simple Mode. The IVW method, our primary analytical approach, if heterogeneity is present, utilize a random effects model. The IVW method assigns weights to each study’s effect estimate based on the inverse of its variance, thereby integrating these weighted estimates to produce a more precise composite effect estimate (19). Causal effects were assessed using Odds Ratios (OR) and their 95% Confidence Intervals (CI). To reduce the risk of false positives, multiple comparisons were adjusted using the Benjamini-Hochberg false discovery rate (FDR). An association is considered statistically significant if the FDR-adjusted p-value is less than 0.05. If the p-value is below 0.05 but higher than the FDR-adjusted p-value, the association is considered suggestive.





Mediation analysis

In the mediation analysis, we included factors within the blood metabolite -inflammatory cytokine -VTE pathway that demonstrated significant causal effects (p<0.05). The total effect of metabolites on VTE, DVT, and PE was defined as βEO. Initially, we explored potential mediation effects through TSMR. The TSMR method assumes no interaction between the exposure and the mediator (20). In this process, we conducted a two-step analysis: the first step was to determine the causal effect of the exposure (metabolites) on the mediator (inflammatory cytokines), denoted as βEM; the second step was to determine the causal effect of the mediator on the outcome (VTE/DVT/PE), denoted as βMO. Subsequently, we employed MVMR for a more in-depth validation of these relationships to confirm the mediation effects revealed by TSMR. MVMR also assumes no interaction between the exposure and the mediator and is particularly well-suited for studying causal relationships among multiple related exposures (21). In MVMR analysis, the effect of exposure on the outcome after adjusting for the mediator is defined as the direct effect β'EO the effect of the mediator on the outcome after adjusting for exposure is defined as the direct effect β'MO and the causal effect of exposure on the outcome via the mediator is defined as the mediated effect βEMO. The formula for calculating the mediated effect is: βEMO= βEM*βMO; The formula for calculating the standard error is:  ; The formula for calculating the mediation proportion is: βEMO/βEO.





Sensitivity analysis

For the sensitivity analysis, Cochran’s Q test was utilized to evaluate heterogeneity among individual SNPs. A p-value greater than 0.05 indicates no significant heterogeneity. The Mendelian Randomization Pleiotropy Residual Sum and Outlier (MR-PRESSO) test was employed to assess the presence of horizontal pleiotropy. MR-PRESSO not only automatically detects outliers in the IVW linear regression but also removes anomalous SNPs and provides corrected estimates to address the effects of horizontal pleiotropy (22). Additionally, a “leave-one-out” sensitivity analysis was conducted to ascertain whether the results were influenced by any individual SNP (19). All analyses in this study were performed using the “TwoSampleMR” package in R version 4.3.1.






Results




Selection of instrumental variables

In the analysis of the 1,091 metabolites and 309 metabolite ratios assessed, the number of SNPs used varied from 7 to 73, with F-statistics from 19.50 to 5308.35 (Supplementary Table 1). For the 41 inflammatory cytokines, the number of SNPs used as IVs ranged from 4 to 17, with F-statistics between 20.77 and 782.26 (Supplementary Table 8). All SNPs involved had F-statistics greater than 10, suggesting that our results are robust and unlikely to be affected by biases due to weak IVs.





Causal relationships between blood metabolites and VTE

After excluding SNPs closely associated with BMI and smoking, the MR analysis results for the causal impact of 1,091 metabolites and 309 metabolite ratios on VTE (including DVT and PE) are shown in Supplementary Tables 2–4. To avoid the influence of pleiotropic SNPs on MR analysis results, metabolites that no longer had a causal association with outcomes (p>0.05) after MR-PRESSO outlier correction were excluded. Initial IVW results indicated that 78 metabolites were associated with VTE, 79 with DVT, and 81 with PE (Figures 2–4 and Supplementary Tables 5–7). After FDR correction, 9 metabolites remained significantly associated with VTE risk, 5 with DVT, but no significant associations were found with PE (Table 1). Among these, only the levels of 1-palmitoyl-2-dihomo-linolenoyl-GPC (16:0/20:3n3 or 6) were negatively correlated with the risks of VTE (OR: 0.882; 95%CI: 0.839-0.928; p=9.61E-07) and DVT (OR: 0.820; 95%CI: 0.759-0.886; p=5.19E-07), while others showed a positive correlation with the risk of VTE and DVT. Cochran’s Q test indicated no significant heterogeneity in these associations (p > 0.05), and MR-PRESSO did not identify any outliers. Leave-one-out analysis, scatter plots, funnel plots, and forest plots of the MR analysis for the association between relevant metabolites and VTE and DVT are shown in Supplementary Figures 2–15.




Figure 2 | Mendelian randomization analysis of the causal effects of blood metabolites on venous thromboembolism. This figure presents the Odds Ratios estimated using three distinct Mendelian randomization methods: Inverse Variance Weighted, MR-Egger, and Weighted Median. Results have been truncated at P-Value< 0.05 following Inverse Variance Weighted method. IVW, Inverse Variance Weighted; OR, Odds Ratio; P, P-Value; VTE, Venous Thromboembolism.






Figure 3 | Mendelian randomization analysis of the causal effects of blood metabolites on deep vein thrombosis. This figure presents the Odds Ratios estimated using three distinct Mendelian randomization methods: Inverse Variance Weighted, MR-Egger, and Weighted Median. Results have been truncated at P-Value< 0.05 following Inverse Variance Weighted method. IVW, Inverse Variance Weighted; OR, Odds Ratio; P, P-Value; DVT, Deep Vein Thrombosis.






Figure 4 | Mendelian randomization analysis of the causal effects of blood metabolites on pulmonary embolism. This figure presents the Odds Ratios estimated using three distinct Mendelian randomization methods: Inverse Variance Weighted, MR-Egger, and Weighted Median. Results have been truncated at P-Value< 0.05 following Inverse Variance Weighted method. IVW, Inverse Variance Weighted; OR, Odds Ratio; P, P-Value; PE, Pulmonary Embolism.




Table 1 | Mendelian randomization analysis of the causal effects of blood metabolites on venous thromboembolism, deep vein thrombosis and pulmonary embolism after P-value adjusted for false discovery rate.







Causal relationships between inflammatory cytokines and VTE

The MR analysis evaluating the effect of 41 inflammatory cytokines on VTE (including DVT and PE) is detailed in Supplementary Figure 1 and Supplementary Tables 9–11. Utilizing the IVW method, elevated PDGF-BB levels were positively correlated with increased risks for VTE (OR: 1.108; 95% CI: 1.053-1.167; p=9.29E-05), DVT (OR: 1.211; 95% CI: 1.103-1.330; p=5.66E-05), and PE (OR: 1.091; 95% CI: 1.017-1.171; p=0.015). After adjustment for FDR, the p-value for VTE and DVT were revised to 0.004 and 0.002, respectively, indicating significant associations. However, the FDR q-value for PE was adjusted to 0.627, signifying a lack of statistical significance, all the results are presented in Table 2. Cochran’s Q test indicated no significant heterogeneity among these associations (p > 0.05), and MR-PRESSO identified no outliers. The findings from five distinct MR methods investigating the causal relationships between PDGF-BB and VTE (including DVT and PE) are illustrated in Figure 5. Further analyses, including leave-one-out, scatter plots, funnel plots, and forest plots, are presented in Supplementary Figures 16–18.


Table 2 | The impact of inflammatory cytokines on venous thromboembolism, deep vein thrombosis, and pulmonary embolism in Mendelian randomization analyses (Cutoff at p-value<0.05).






Figure 5 | Mendelian randomization analysis of the causal effects of PDGF-BB on venous thromboembolism, deep vein thrombosis and pulmonary embolism. VTE, Venous Thromboembolism; DVT, Deep Vein Thrombosis; PE, Pulmonary Embolism. ‘*’ indicates P-value ≤ 0.05, ‘**’ indicates P-value ≤ 0.01, ‘***’ indicates P-value ≤ 0.001, ‘****’ indicates P-value ≤ 0.0001.







Mediation analysis

To investigate whether PDGF-BB plays a mediating role in the associations between metabolites and VTE (including DVT and PE), 78 metabolites associated with VTE, 79 with DVT, and 81 with PE were used as exposure factors to explore their causal relationships with PDGF-BB. The results of the MR analysis are presented in Supplementary Tables 14–16. In the TSMR Analysis, the IVW results show that glycocholate levels mediate the association through PDGF-BB with VTE, as well as DVT and PE; dodecanedioate (C12:1-DC) levels mediate the association through PDGF-BB with VTE and DVT (Table 3). Further MVMR analysis reveals that after adjusting for glycocholate levels, the mediating role of PDGF-BB in the causal associations between glycocholate levels and VTE, DVT, and PE remains significant. The mediation effect for VTE is -0.009 (95%CI: -0.016, -0.001; p=2.84E-04), representing 14.538% of the mediation proportion; for DVT, it is -0.018 (95%CI: -0.034, -0.002; p=3.64E-05), representing 17.101% of the mediation proportion; for PE, it is -0.007 (95%CI: -0.015, 0.001; p=1.39E-02), representing 10.437% of the mediation proportion. After adjusting for dodecanedioate (C12:1-DC) levels, PDGF-BB’s mediating role in the causal associations between dodecanedioate levels and VTE and DVT remains significant. The mediation effect for VTE is 0.009 (95%CI: -0.001, 0.018; p=6.10E-04), representing 12.787% of the mediation proportion; for DVT, it is 0.017 (95%CI: -0.002, 0.035; p=2.13E-04), representing 12.170% of the mediation proportion (Table 4).


Table 3 | Two-step Mendelian randomization analyses of the causal effects between blood metabolites, inflammatory cytokines on venous thromboembolism, including deep vein thrombosis and pulmonary embolism.




Table 4 | Multivariable Mendelian randomization analyses of the causal effects between blood metabolites, inflammatory cytokines on venous thromboembolism, including deep vein thrombosis and pulmonary embolism.








Discussion

Traditional observational studies often face limitations in establishing causal relationships due to confounding factors and reverse causation. While randomized controlled trials (RCTs) are considered the gold standard for validating epidemiological hypotheses, their strict design and high costs often limit their feasibility (23). In recent years, MR studies have emerged as a valuable alternative to RCTs by leveraging the randomness of genetic variations and the independence of IVs to enhance causal inference accuracy (24). Using MR studies, we identified 78, 79, and 81 blood metabolites associated with the risks of VTE, DVT, and PE, respectively. Among these, 9 metabolites exhibited significant associations with VTE risk, while 5 metabolites showed significant associations with DVT risk. These associations primarily involved the phosphatidylcholine and tryptophan metabolism pathways. However, no significant associations were found between blood metabolites and PE risk. Among the 41 inflammatory cytokines analyzed, circulating levels of PDGF-BB were significantly positively correlated with the risks of VTE and DVT and suggestively positively correlated with the risk of PE. Further mechanistic exploration suggested that glycocholate levels might reduce the risks of VTE, DVT, and PE by decreasing circulating PDGF-BB levels, whereas dodecanedioate (C12:1-DC) levels might increase the risks of VTE and DVT by elevating circulating PDGF-BB levels.

Our research indicates that elevated levels of certain arachidonic acid-containing phosphatidylcholines are associated with an increased risk of VTE and its subtypes. In contrast, higher levels of metabolites containing linolenic acid residues are associated with a reduced risk of VTE and its subtypes. We infer that this is mainly due to differences in the length of their fatty acid chains, the number of double bonds, and their positions. The former contains arachidonic acid (20:4), a representative member of omega-6 fatty acids, which may increase the risk of thrombosis through pro-inflammatory and platelet aggregation-promoting effects. The latter contains dihomo-γ-linolenic acid (20:3), a member of the omega-3 fatty acids, which may reduce the risk of thrombosis through anti-inflammatory and platelet aggregation-inhibiting effects (25, 26). A recent MR analysis indicated that phosphatidylcholine acyl-alkyl C40:4 (PC ae C40:4) was negatively associated with VTE, whereas phosphatidylcholine diacyl C42:6 (PC aa C42:6) and phosphatidylcholine acyl-alkyl C36:4 (PC ae C36:4) were positively associated with PE. The causal relationship of phosphatidylcholine with different carbon chain lengths and numbers of double bonds on VTE and PE may vary in both positive and negative directions (27). Studies have shown that genetically predicted increased levels of alpha-linolenic acid (ALA) and linoleic acid (LA), as well as decreased levels of arachidonic acid, are associated with a reduced risk of VTE and DVT. Additionally, arachidonic acid is considered an independent marker for VTE (28, 29). Similarly, we have found that when these fatty acids are attached to larger molecular structures, they sometimes exhibit characteristics similar to the complete fatty acid molecules. Our analysis indicates that genetically predicted levels of kynurenine and 3-indoxyl sulfate, both metabolites in the tryptophan metabolism pathway, are significantly associated with an increased risk of VTE. A study found that elevated levels of kynurenine and indoxyl sulfate in murine blood are associated with an increased risk of cancer associated VTE. These tryptophan metabolites may function as ligands for the aryl hydrocarbon receptor (AHR), leading to the activation of the AHR-TF/PAI-1 axis, which upregulates the expression of tissue factor (TF) and plasminogen activator inhibitor-1 (PAI-1), thereby promoting thrombus formation and stabilization (30).

To explore whether inflammatory cytokines mediate the relationship between blood metabolites and VTE, we selected 41 effective genetic variations of inflammatory cytokines and used GWAS to investigate their causal relationships with VTE, DVT, and PE. Among all the inflammatory cytokines included, PDGF-BB was the only one found to have a causal relationship with VTE, DVT, and PE. Bruzelius et al. (31)conducted a high-throughput affinity plasma proteomics screening of approximately 400 proteins associated with VTE risk in 88 patients and 85 healthy controls from Sweden, identifying a significant association between the occurrence of VTE and plasma levels of PDGF-BB. Their findings were subsequently validated in an independent French sample repository (named FARIVE) comprising 580 cases and 589 controls. In a case-control study involving 40 DVT patients, researchers found significantly elevated PDGF-BB expression in both acute and chronic DVT patients compared to healthy controls. Furthermore, PDGF-BB exhibited higher specificity in detecting DVT compared to traditional D-dimer testing (32). Hu et al. (33) recently employed MR to investigate the causal relationships between 41 inflammatory cytokines and VTE. Their analysis indicated a suggestive association between stromal cell-derived factor-1α (SDF-1α) and a reduced risk of VTE and DVT, as well as a suggestive association between granulocyte colony-stimulating factor (G-CSF) and PE. While these suggestive associations demonstrate some level of statistical significance, they do not completely rule out the possibility of false positives. Therefore, larger-scale or more rigorous follow-up studies are needed to validate these findings. Likewise, we conducted an expanded MR analysis using the R10 data from FinnGen, which significantly increased the sample size. Our analysis revealed that PDGF-BB is associated with an increased risk of VTE, DVT, and PE. Notably, even after applying the most stringent Bonferroni correction, the associations between PDGF-BB and both VTE and DVT remained significant. To further validate the robustness of our research findings, this study utilized data from FinnGen R11 (https://www.finngen.fi/en/access_results) and the GWAS Catalog (https://www.ebi.ac.uk/gwas/home), employing five univariable MR methods for external data verification. All results were consistent with our analyses (Supplementary Table 12). Numerous observational studies have reported independent associations between VTE and some inflammatory cytokines, such as IL-4, IL-6, IL-8, and monocyte chemoattractant protein-1(MCP-1), which may contribute to a prothrombotic state by stimulating tissue factor expression. We conducted a reverse MR analysis of the causal relationships between inflammatory cytokines and VTE, DVT, and PE (Supplementary Table 13). The results indicate that VTE, DVT, and PE lead to alterations in the levels of various inflammatory cytokines, such as CTACK, IL-4, and IL-6. These alterations are likely downstream consequences of disease formation and progression, rather than risk factors that initiate the disease. Consequently, therapies targeting these cytokines may not be effective in halting disease progression at the early stages.

While our research has established a causal relationship between cytokines and VTE at a macro level, the detailed pathogenic mechanisms still require further investigation. The association between inflammatory cytokines and VTE may involve complex interactions among multiple genes, pathways, and immune cell types. The PDGFB gene encodes the PDGF-BB protein, which plays a role in angiogenesis and vascular remodeling. Its receptor, encoded by the PDGFRB gene, activates multiple downstream pathways such as PI3K/AKT and MAPK/ERK pathways upon ligand binding (34). These pathways promote cell survival, proliferation, and migration, potentially affecting vascular integrity and increasing the risk of thrombosis. Key immune cells, like macrophages, are recruited and activated by PDGF-BB to release pro-inflammatory cytokines, promoting thrombus formation and resolution. The function of T lymphocytes is also modulated by PDGF-BB during the inflammatory response. Platelets store PDGF-BB in their alpha granules and release it upon activation, directly participating in thrombosis (35).

To understand the complex interactions between genetic risk genes, inflammatory cytokines, and functional immune cell subgroups and their connection to diseases, Ma et al. (36) (37)introduced an innovative scPagwas method. This method combines single-cell RNA sequencing (scRNA-seq) data with GWAS summary statistics to precisely identify cell types associated with specific traits or diseases. Specifically, it utilizes pathway activation information from scRNA-seq and genetic signals from GWAS to uncover which cells play crucial roles in diseases at the molecular level. The integration of scRNA-seq with GWAS provides a new research approach for unveiling the associations between genes and diseases. By analyzing gene expression differences at the single-cell level, researchers can discover functional differences between cells, thereby better revealing the pathogenic mechanisms of specific diseases.

We discovered that glycocholate reduces the risk of VTE, DVT, and PE by decreasing the levels of PDGF-BB. glycocholate, the anionic form of glycocholic acid, is commonly found in the bile of mammals in the form of its sodium salt. This compound plays a critical role in emulsifying fats and facilitating their digestion and absorption. glycocholic acid is a bile acid synthesized through the conjugation of cholic acid and glycine (38). Previous research has demonstrated that sodium glycocholate can inhibit adenosine diphosphate (ADP) or collagen-induced platelet aggregation in vitro (39). Despite limited studies on the interplay among blood metabolites, inflammatory cytokines, and VTE, recent research has increasingly recognized the correlations between cytokines and metabolites. A study focusing on drug-induced liver injury revealed that the levels of numerous metabolites related to primary bile acid biosynthesis, α-linolenic acid metabolism, and phospholipid metabolism pathways were negatively correlated with the concentrations of pro-inflammatory cytokines (PDGF-BB, TNF-α, IP-10, and MIP-1b) and the anti-inflammatory cytokine (IL-1Rα) (40). These findings provide robust evidence for the interaction between metabolic pathways and immune status, offering insightful perspectives on the potential associations between blood metabolites, inflammatory cytokines, and thrombotic diseases.

Our study offers several advantages. Firstly, this is the inaugural comprehensive MR study that explores the relationships between blood metabolites, inflammatory cytokines, and VTE (including DVT and PE). It further probes the potential associations among them through mediation analysis. Secondly, it minimizes confounding factors, thereby establishing a more reliable causative relationship compared to observational studies. Thirdly, it utilizes the latest publicly available GWAS databases, providing a robust data foundation. Lastly, compared to time-consuming RCTs, it is more cost-effective, requiring fewer resources and less time.

However, this study also has certain limitations. Firstly, in the validation of mediation effects using MVMR, the 95% confidence interval for the association between PDGF-BB-mediated dodecanedioate (C12:1-DC) levels and VTE or DVT includes zero, it indicates that we do not have sufficient evidence to reject the hypothesis that the mediation effect is zero. Consequently, more data or further research is required to confirm this effect. Secondly, our study preliminarily explored the causal relationship between metabolites, inflammatory cytokines, and VTE. Although MR studies theoretically provide strong causal inference, there are currently relatively few laboratory and clinical studies on this association. Therefore, these preliminary findings still need to be validated through further clinical trials and mechanistic studies. Thirdly, this study primarily focuses on populations of European descent, which may introduce racial bias and limit the broad applicability of the research findings. Therefore, caution should be exercised when applying these findings to other ethnic groups.





Data availability statement

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





Author contributions

QL: Software, Validation, Visualization, Writing – review & editing. FL: Data curation, Methodology, Writing – original draft. FY: Conceptualization, Formal Analysis, Software, Writing – review & editing. KK: Data curation, Visualization, Writing – review & editing.





Funding

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





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1445790/full#supplementary-material.




References

1. Raskob, GE, Angchaisuksiri, P, Blanco, AN, Buller, H, Gallus, A, Hunt, BJ, et al. Day, Thrombosis: a major contributor to global disease burden. Arterioscler Thromb Vasc Biol. (2014) 34:2363–71. doi: 10.1161/ATVBAHA.114.304488

2. Cosmi, B, Legnani, C, Libra, A, and Palareti, G. D-Dimers in diagnosis and prevention of venous thrombosis: recent advances and their practical implications. Pol Arch Intern Med. (2023) 133:16604–14. doi: 10.20452/pamw.16604

3. Franczyk, B, Gluba-Brzozka, A, Lawinski, J, Rysz-Gorzynska, M, and Rysz, J. Metabolomic profile in venous thromboembolism (VTE). Metabolites. (2021) 11:495–513. doi: 10.3390/metabo11080495

4. Lee, J, Gilliland, T, Koyama, S, Nakao, T, Dron, J, Lannery, K, et al. Integrative metabolomics differentiate coronary artery disease, peripheral artery disease, and venous thromboembolism risks. medRxiv. (2023) 44:2108–17. doi: 10.1161/ATVBAHA.124.321282

5. Jiang, X, Zeleznik, OA, Lindstrom, S, Lasky-Su, J, Hagan, K, Clish, CB, et al. Metabolites associated with the risk of incident venous thromboembolism: A metabolomic analysis. J Am Heart Assoc. (2018) 7:e010317. doi: 10.1161/JAHA.118.010317

6. Mankame, AR, Sanders, KE, and Cardenas, JC. Time-dependent changes in proinflammatory mediators are associated with trauma-related venous thromboembolism. Shock. (2023) 60:637–45. doi: 10.1097/SHK.0000000000002216

7. De Caterina, R, D’Ugo, E, and Libby, P. Inflammation and thrombosis - testing the hypothesis with anti-inflammatory drug trials. Thromb Haemost. (2016) 116:1012–21. doi: 10.1160/TH16-03-0246

8. Calder, PC. Omega-3 fatty acids and inflammatory processes. Nutrients. (2010) 2:355–74. doi: 10.3390/nu2030355

9. Innes, JK, and Calder, PC. Omega-6 fatty acids and inflammation. Prostaglandins Leukot Essent Fatty Acids. (2018) 132:41–8. doi: 10.1016/j.plefa.2018.03.004

10. Birney, E. Mendelian randomization. Cold Spring Harb Perspect Med. (2022) 12:a041302. doi: 10.1101/cshperspect.a041302

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

12. Chen, Y, Lu, T, Pettersson-Kymmer, U, Stewart, ID, Butler-Laporte, G, Nakanishi, T, et al. Genomic atlas of the plasma metabolome prioritizes metabolites implicated in human diseases. Nat Genet. (2023) 55:44–53. doi: 10.1038/s41588-022-01270-1

13. Ahola-Olli, AV, Wurtz, P, Havulinna, AS, Aalto, K, Pitkanen, N, Lehtimaki, T, et al. Genome-wide association study identifies 27 loci influencing concentrations of circulating cytokines and growth factors. Am J Hum Genet. (2017) 100:40–50. doi: 10.1016/j.ajhg.2016.11.007

14. Gu, Y, Jin, Q, Hu, J, Wang, X, Yu, W, Wang, Z, et al. Causality of genetically determined metabolites and metabolic pathways on osteoarthritis: a two-sample mendelian randomization study. J Transl Med. (2023) 21:357. doi: 10.1186/s12967-023-04165-9

15. Xiang, M, Wang, Y, Gao, Z, Wang, J, Chen, Q, Sun, Z, et al. Exploring causal correlations between inflammatory cytokines and systemic lupus erythematosus: A Mendelian randomization. Front Immunol. (2022) 13:985729. doi: 10.3389/fimmu.2022.985729

16. Burgess, S, Thompson, SG, and C.C.G. Collaboration. Avoiding bias from weak instruments in Mendelian randomization studies. Int J Epidemiol. (2011) 40:755–64. doi: 10.1093/ije/dyr036

17. Hartwig, FP, Davies, NM, Hemani, G, and Davey Smith, G. Two-sample Mendelian randomization: avoiding the downsides of a powerful, widely applicable but potentially fallible technique. Int J Epidemiol. (2016) 45:1717–26. doi: 10.1093/ije/dyx028

18. Kamat, MA, Blackshaw, JA, Young, R, Surendran, P, Burgess, S, Danesh, J, et al. PhenoScanner V2: an expanded tool for searching human genotype-phenotype associations. Bioinformatics. (2019) 35:4851–3. doi: 10.1093/bioinformatics/btz469

19. Burgess, S, Butterworth, A, and Thompson, SG. Mendelian randomization analysis with multiple genetic variants using summarized data. Genet Epidemiol. (2013) 37:658–65. doi: 10.1002/gepi.21758

20. Carter, AR, Sanderson, E, Hammerton, G, Richmond, RC, Davey Smith, G, Heron, J, et al. Mendelian randomisation for mediation analysis: current methods and challenges for implementation. Eur J Epidemiol. (2021) 36:465–78. doi: 10.1007/s10654-021-00757-1

21. Sanderson, E. Multivariable mendelian randomization and mediation. Cold Spring Harb Perspect Med. (2021) 11:a038984. doi: 10.1101/cshperspect.a038984

22. Verbanck, M, Chen, CY, Neale, B, and Do, R. Detection of widespread horizontal pleiotropy in causal relationships inferred from Mendelian randomization between complex traits and diseases. Nat Genet. (2018) 50:693–8. doi: 10.1038/s41588-018-0099-7

23. Miao, L, Deng, GX, Yin, RX, Nie, RJ, Yang, S, Wang, Y, et al. No causal effects of plasma homocysteine levels on the risk of coronary heart disease or acute myocardial infarction: A Mendelian randomization study. Eur J Prev Cardiol. (2021) 28:227–34. doi: 10.1177/2047487319894679

24. Burgess, S. Re: “credible mendelian randomization studies: approaches for evaluating the instrumental variable assumptions. Am J Epidemiol. (2012) 176:456–7. doi: 10.1093/aje/kws249

25. Rukoyatkina, N, Shpakova, V, Panteleev, M, Kharazova, A, Gambaryan, S, and Geiger, J. Multifaceted effects of arachidonic acid and interaction with cyclic nucleotides in human platelets. Thromb Res. (2018) 171:22–30. doi: 10.1016/j.thromres.2018.09.047

26. Caligiuri, SPB, Parikh, M, Stamenkovic, A, Pierce, GN, and Aukema, HM. Dietary modulation of oxylipins in cardiovascular disease and aging. Am J Physiol Heart Circ Physiol. (2017) 313:H903–18. doi: 10.1152/ajpheart.00201.2017

27. Huang, W, Zou, Y, Zhang, K, Yao, S, Tang, SH, Wu, H, et al. Two-sample Mendelian randomization analysis reveals causal relationships between blood lipids and venous thromboembolism. Haematologica. (2024) 109:2978–87. doi: 10.3324/haematol.2023.284566

28. Yuan, S, Li, X, Morange, PE, Bruzelius, M, Larsson, SC, and C. On Behalf Of The Invent. Plasma phospholipid fatty acids and risk of venous thromboembolism: mendelian randomization investigation. Nutrients. (2022) 14:3354–64. doi: 10.3390/nu14163354

29. Hiki, M, Miyazaki, T, Shimada, K, Sugita, Y, Shimizu, M, Aikawa, T, et al. Significance of serum polyunsaturated fatty acid level imbalance in patients with acute venous thromboembolism. J Atheroscler Thromb. (2017) 24:1016–22. doi: 10.5551/jat.37424

30. Belghasem, M, Roth, D, Richards, S, Napolene, MA, Walker, J, Yin, W, et al. Metabolites in a mouse cancer model enhance venous thrombogenicity through the aryl hydrocarbon receptor-tissue factor axis. Blood. (2019) 134:2399–413. doi: 10.1182/blood.2019001675

31. Bruzelius, M, Iglesias, MJ, Hong, MG, Sanchez-Rivera, L, Gyorgy, B, Souto, JC, et al. PDGFB, a new candidate plasma biomarker for venous thromboembolism: results from the VEREMA affinity proteomics study. Blood. (2016) 128:e59–66. doi: 10.1182/blood-2016-05-711846

32. Alhabibi, AM, Eldewi, DM, Wahab, MAA, Farouk, N, El-Hagrasy, HA, and Saleh, OI. Platelet-derived growth factor-beta as a new marker of deep venous thrombosis. J Res Med Sci. (2019) 24:48. doi: 10.4103/jrms.JRMS_965_18

33. Hu, T, Su, P, Yang, F, Ying, J, Chen, Y, and Cui, H. Circulating cytokines and venous thromboembolism: A bidirectional two-sample mendelian randomization study. Thromb Haemost. (2024) 124:471–81. doi: 10.1055/s-0043-1777351

34. Sang, BT, Wang, CD, Liu, X, Guo, JQ, Lai, JY, and Wu, XM. PDGF-BB/PDGFRbeta induces tumour angiogenesis via enhancing PKM2 mediated by the PI3K/AKT pathway in Wilms’ tumour. Med Oncol. (2023) 40:240. doi: 10.1007/s12032-023-02115-5

35. Glassman, D, Bateman, NW, Lee, S, Zhao, L, Yao, J, Tan, Y, et al. Molecular correlates of venous thromboembolism (VTE) in ovarian cancer. Cancers (Basel). (2022) 14:1496–511. doi: 10.3390/cancers14061496

36. Ma, Y, Deng, C, Zhou, Y, Zhang, Y, Qiu, F, Jiang, D, et al. Polygenic regression uncovers trait-relevant cellular contexts through pathway activation transformation of single-cell RNA sequencing data. Cell Genom. (2023) 3:100383. doi: 10.1016/j.xgen.2023.100383

37. Ma, Y, Qiu, F, Deng, C, Li, J, Huang, Y, Wu, Z, et al. Integrating single-cell sequencing data with GWAS summary statistics reveals CD16+monocytes and memory CD8+T cells involved in severe COVID-19. Genome Med. (2022) 14:16. doi: 10.1186/s13073-022-01021-1

38. Chiang, JY. Bile acid metabolism and signaling. Compr Physiol. (2013) 3:1191–212. doi: 10.1002/cphy.c120023

39. Baele, G, Beke, R, and Barbier, F. In vitro inhibition of platelet aggregation by bile salts. Thromb Haemost. (1980) 44:62–4. doi: 10.1055/s-0038-1650084

40. Xie, Z, Chen, E, Ouyang, X, Xu, X, Ma, S, Ji, F, et al. Metabolomics and cytokine analysis for identification of severe drug-induced liver injury. J Proteome Res. (2019) 18:2514–24. doi: 10.1021/acs.jproteome.9b00047




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


Copyright © 2024 Liu, Yang, Kong and Lu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2024.1445790_cover.jpg
’ frontiers | Frontiersin Immunology

Potential causal relationships between
blood metabolites, inflammatory cytokines,
and venous thromboembolism





OEBPS/Images/fimmu-15-1445790-g005.jpg
® |Inverse variance weighted
® MR Egger

® Simple mode

® \Weighted median

@ Weighted mode

T
1.00 1.25 1.50 1.75
Odds Ratio





OEBPS/Images/M2.jpg





OEBPS/Images/fimmu-15-1445790-g002.jpg
N
& &
9 S&Ee L
\\Q > J 5 @ o & T o

\O'" fo@ QX 9 O L LTI Lo
O G 2 o SIS 83 ¢ 2
S e § sy st
; ' 2y
o W g Y &Y S S Lo 8
2@ ) F . S 2 gue§
) & N S o & & 3 ¢ 8
S £ &8 s e 58 53
& S & a9 £ X £ & 53 &8 9
/é\ N & 4 Q g 2 s g3

O S g g §5 &7 ¢
N </ N S E & > R B9
S ejo 5 o g5 23
NS & 3 ] %
N & ) § - 2
$ 3 £
g =
< £ :

/b <

>
3
Q
S
o
o
=
2
[}
~
o
'S
-
=)
i =
o]
E o
(S 3
E 2
= (o]
E g
(e}
z 2 5
“’u‘: g
3 2 g g
< 2 B o 3
E T 5 9 B
% % &8 B 28
> 2 5 o 3
5 o % 3 3 2
5 = = =
© 3 3
T 23 &
%ﬁmo

IVW_OR
[ |
0.5 15
MR_Egger_OR

[
0.5 15

Weighted_median_OR
0.5 15

Picolinate levels

Z,
XOZ\G%(}O‘A%@@
|N°"_/_%’®o/\<é
-43%*5*‘:)%
238 53z % 3
N 8 5 5 8 T 2 °
T2 38X % % 8 @
5’m\gg’¢L
g = 8 3 % % 03 g
S5 28 2% %K

> & © o\ A
m3<" 3
2% 5 8 0y %
T4 g ¢ 75 %
2 2 3 3 % ©
T ¥ 3 o 5 @
NB,A/L..
%% % % %
= % 2 & v B
5’/‘60, %
. 3 % 3
63% %
5 = 3
¢ 2
o
w

N—methylproline levels
2-palmitoleoyl-GPC (16:1) levels
X-13553 levels





OEBPS/Images/fimmu-15-1445790-g003.jpg
Isovalerylcarnitin - :
e (C5) levels-_

1-palmitoyl-2-arachidonoyl-gpc (16:0/20:4n6) Ievels-
Indoleacetylglutamine |evels-

asparagine evels
or 28 tevels

N-acety\

3-hydroxypyridine glucuronide levels

s|ans| sjeulweInaulkjeoe-N

SjoAd] UIU0I0IRS

HE

0.5 1.5
MR_Egger_OR

|

0.5 1.5
Weighted_median_OR

|

0.5 1.5
IVW_P

|

5e-07 0.05

s
s
NO of
e a0
0\%‘(\\‘\ 1\60\‘7’0'
a C
o o‘l\'G?
9“05\5 \“\o\e“
© o
IR
o ) \J\JL \ne
,‘,\ﬁ\‘\(’ 0)

X-26109 levels
Tryptophan betaine levels
X-18922 levels





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Potential causal relationships between blood metabolites, inflammatory cytokines, and venous thromboembolism

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Study design

          



          		

            Data source

          



          		

            Instrumental variable selection

          



          		

            Mendelian randomization analysis

          



          		

            Mediation analysis

          



          		

            Sensitivity analysis

          



        



        



        		

          Results

        

          		

            Selection of instrumental variables

          



          		

            Causal relationships between blood metabolites and VTE

          



          		

            Causal relationships between inflammatory cytokines and VTE

          



          		

            Mediation analysis

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Heterogeneity Heterogeneity  Pleiotropy

Exposure  Outcome OR (95% CI)  P_FDR (MR-Egger) (IVW) (MR-PRESSO)
PDGE-BB. VTE Inverse variance weighted 12 0,103, 0026 929E-05 1.108 (1.053-1.167) 0.004 0645 0369 0338
PDGEF-BB. DVT Inverse variance weighted 12 0192 0048 5.66E-05 1211 (1.103-1330) 0.002 0788 0308 0222
PDGE-BB PE Inverse variance weighted 12 0.087 0036 0015 1091 (1.017-1.171) 0627 0652 0732 0792

PDGE-BB, Platelet-Derived Growth Factor BB; VTE, Venous Thromboembolism; DV'T, Deep Vein Thrombosis; PE, Pulmonary Embolism; nSNP, the number of Single Nucleotide Polymorphisms; SE, Standard Error; P, P-Value; OR, Odds Ratio; C1, Confidence Interval;
P_EDR, P-value adjusted for False Discovery Rate; IVW, Inverse Variance Weighted; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlier





OEBPS/Images/table4.jpg
Direct effect Total effect Mediation effect

Mediated Mediated

Exposures iisdistor) Ot scones Bem B'mo B'eo Beo Bemo s P proportion  proportion (%)
(95%CI) (95%Cl) (95%ClI) (95%CI) (95%CI) Hae e
Gyeocholac leves FRorE Vi cormoms | Gonboe | oo | (onoon | aoeomy | ™ | “o o1 14538
Dnd“;‘gi;:v‘:ls(m - FOGEER vIE (o.ogff.as) (u.u;);,):)uz) ru.n':a‘.’l?ouz) (n.u?s‘.’?us) (rn.nzfang.mx) oms | L 12787
SlrencholateJersks FDGERR oy (0. 1231025) (u.u:xz B::zm ro.o:iﬂgoss) (70.1;:1'.‘?:032) (70,073‘:?,‘5 ooy | 008 3’:‘5& Lo LA
mdec‘l:;i::ls(m“ FDGEBE ovr (o.og:gr:m) (u.u:i?.zss) ro.n’f{z‘.}?:on 10.0;: 107.140) (ru.n:zn,l;.oss) oo | 2 o1 12170
PRV e B D A VT DT [0 [P 2 R e

PDGE-BB, Platelet-Derived Growth Factor BB; GWAS, Genome-Wide Association Study; VIE, Venous Thromboembolism; DV, Deep Vein Thrombosis; PE, Pulmonary Embolism; CI, Confidence Interval; Bea, The effect of exposure on mediator; Biyo, The effect of
‘mediator on the outcome after adjusting for the exposure; Bso, The effect of exposure on the outcome after adjusting for the mediator; Beo, The total effect of the exposure on the outcome; Besio, The effect o the exposure on the outcome through the mediator, representing
the mediation effect; SEgsio, The standard error of the exposure on the outcome through the mediator; Peao, The P-Value of the exposure on the outcome through the mediator. Beaio= Bese'B'vos SEenio = v/(8 w0 ) +(SEaar)® + (i) *(SE no Vs 95%CE: P +
1.96"SEeao; Mediated proportion: BeaoBro; Mediated proportion (%): (BesiorBro) *100%.






OEBPS/Images/table3.jpg
Exposure to Mediator Mediator to Outcome Exposure to Outcome

Exposures Mediator Outcomes
Bem(95%CI) SEem Pem Bmo (95%Cl) SEmo Pmo. Beo (95%Cl) SEeo Peo
Shieadlasions mep e (rn.ngﬂs'.ﬂ —907.026) e | waske © u;f %?m) bl e (ro.u-)‘:vf)rsg.om 0021 | 560E-03
@ff.‘.'fo"éf'ﬁ'vﬁs FDGEBE VIE (0.0\?;.)?)61897 il [ © usU xf?m) 002 | Sam0s (0.03‘?; 23) 0028 | 161E-02
Glycochole eves FRarEE ovr 0. |le -gg.ozs) 006 | a0 © u:s?f:zss; 0048 | Se6E0S (0. l%%.‘?(:oszy 0038 | 490E-03
(gr:ﬁ:g ilo:,l:l! FDGERE VY (n.nt;)i‘.}?)slss) il (. 0;)3??255) nosy AR (0»:;;7,240) 0052 | 8.60E-03
Slzocholae ey M = (01 s:o ?07.026) S | e 00 107?50253) e | e 0. 1;%?7&:,01 1 0030 | 203E-02

PDGE-BB, Platelet-Derived Growth Factor BB; GWAS, Genome-Wide Association Study; VTE, Venous Thromboembolism; DV, Deep Vein Thrombosis; PE, Pulmonary Embolism; C1, Confidence Interval; By, The effct of exposure on mediator; SEgy, The standard
error of exposure on mediator; Py, The P-Value of exposure on mediator; Po, The effect of the mediator on the outcome; SExo, The standard error of mediator on outcome; Pyyo, The P-Value of mediator on outcome; Bio, The effect of the exposure on the outcome;
SEzo, The standard error of exposure on outcome; Py, The P-Value of exposure on outcome.






OEBPS/Images/fimmu-15-1445790-g004.jpg
ng

0.5 15

o <
% o 1%
% 3 %9 MR_Egger_OR
K 2D
%6 § g 9 4 2 | A |
S F) = 28 o
b % 5% 2 § ¢ 0.5 15
%, % 2 ® T = e @ Weighted_median_OR
2 5 e %% 3 2 -
2, > o A 5 B = T s
4, @o\, 3, Y 30 % s 3 8 g
e, 2 @%i)rﬁéggg‘ 0.5 115
S, ) e & % 9 32 © = 8
7. ‘7/7% %, %, K %%%%%égég VWP
77, % 7 % 25 54%2isal
e/y, 28 % 06?®a°/6w<<50.0
3 %, %, % % 3 % 8 % 5 5 0 o o ge-05 ::]005
” \\ l. )
O
\\2\5 ) K'\B..Q\(
:qaxe\?' " e
W
'60*‘5\9\) . S ?Y\O\)
'b/\“ g\e\le <o 2\ . B \e\le\s
\I\,'L\'Z:% \ (O 0P 8 N .
B ae = A ;
/ i s’ _40oM'®
’ e B g ®
Ao % _arachidon®
/‘ - \m\\o‘i\\ 6) \evels
Cysteinyigiyci = ‘ -y L (160120 An
Yiglycine to taurine ratj - Z—amcmdonoy\ -
' 4-palmitoy!™
noate (22:3n3) levels

Docosatrie
1-arachidonoyl—-gpc (20:4n6) levels

o
—
By | ~ Serotonin levels

2-piperidinone levels

2-palmitoleoyl-GPC (16:1) levels

1-stearoyl—Z—linoleoyl-GPE (18:011 8:2) levels
cholate \evels

G\yc,odeox‘! ;
021 \evel® / 3~h
i . e ~ teafido " Glucy,
) ibi; 18:4p

(\0*\ & S 7 ‘V\ g 2 s /:f Z
a0 Q' AN 2 [9) o 2 o > D
S F & Ny EoSTe gL 1 1178 32 % 2 % % 3.
& q,/Q@o(;\e\,og’;Qgg’gaLgcié%%%‘e 2, Y%,
> & X QO & & L oL 22s 520 % & % CRC % 7S
X N S S ] 833 5 8 T B X O 2 % % %
o & &® F © T 5 § 558032853 % 2 % 2 9 % ® %
2 <] S S F 5 e 8 T 2 2% %% 3 % % < 0
O O 9 £ S 2 8§ 2 9 5 8 33 % 2 L ZH v % % < %
W & & F PSS SN IT T ST s e B w3 Y 8 % e
N\ S < S &5 N L o B T2 TR [ % e % N
& & & F X F 9 o x g e 235 w35 8 % % 5 B % S,
N L Q & S N = 5 2 1 2 9 L > Z, 2 % ) 2
&' X S & & g C2gav 88 s % 2 8
NS & $ & & s 2888 %% % ¢ ’
& & & o 5 3 g 5 5 = { % 5 o %
AN & & ¢ 8 8 g ® 2 8 b 2 5 %
IS b T 2 ) % 2 %
& N S < c [ \ %
S 2 F & g g 3 2 Y e B %
p £ 5 = b5 & L Z e %
& NS S8 & 8 Q g o =
3¢ D @ % )
& 3 5 33 : %
X O
‘\\’ S T = “T f=} k)
\00 & o o) DS
o & 2 ) 3
< ] m L)
S 2 5 3
4 B ° z
3 \
9 > > 3
N ) ® @
N ) 2
X 3 o
& s -
o £
2
.
»





OEBPS/Images/fimmu-15-1445790-g001.jpg
1

1

I .

1 (2))( ______ s

I 7 | U E—

Step1 . :

: / 1 7

: e M : Inflammatory _____ 5

! Inflammatory _7: G tokimes

: Cytokines 1

o rpmi s S e o et et o i i e
1
l ————

______________ P

i 1

| i Step3

Step2 I IVs for Blood ) : Blood

: Metabolites ————>1  Mfetabolites

! (Y

L - -G e - - - s






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/im1.jpg





OEBPS/Images/M1.jpg
L.

RY=2 x (1 - MAF) x MAF x &





OEBPS/Images/table1.jpg
Metabolic OR Heterogeneity Heterogeneity Pleiotropy
Exposures Outcomes  Method nSNP Beta SE o P_FDR
P Pathway (95% ClI) = (MR-Egger) (VW) (MR-PRESSO)
Lmyristoyl-2- Inverse L1t
arachidonoyl-GPC | Phosphatidylcholine variance 2 0132 0024 482E-08 (1088, 674E-05 0311 0127 0110
(14:0/20:4) levels ‘weighted 1.196)
L-arachidonoyl-gpe Inyene e
VP Lysophospholipid variance 2 0092 0018 249E-07 (1059, 175E-04 0272 0.161 0215
(20:406) levels
weighted 1135)
— Inverse 1120
Kynurenine levels DYPIOpER variance 2 014 0023 S11E-07 (o7, 378E-04 0197 0095 0.099
Metabolism
weighted 1172)
1-palmitoyl-2-dihomo- Inverse 082
linolenoyl-GPC (160/ | Phosphatidylcholine variance 2 0125 0026 961E-07 (0839, 336E-04 0814 0176 0109
20303 or 6) levels weighted 0928)
L-linoleoyl-2- Inverse L0t
arachidonoyl-GPC | Phosphatidylch VIE variance 2 0099 0021 L83E-06 (1060, 5.13E-04 0353 0219 0.103
(18:2/20:4n6) levels weighted 1.150)
L-palmitoyl-2- Inverse 1076
arachidonoyl-gpe (160/ | Phosphatidylcholine variance 2% 0073 0016 438E-06 (1083, 102E-03 0120 0.105 0127
20:4n6) levels weighted L11)
Inverse 1099
X17357 levels Unknown variance 25 0095 0027 417E-04 (1013, 449E-02 0461 0501 052
weighted 1158)
Arachidonate (20:4n6) Inverse 1097
to oleate to vaccenate variance 19 0092 0026 440E-04 (1042, 440E-02 0071 0011 0082
(18:) ratio weighted 1155)
Sevptobian Inverse L1
3-indoxyl sulfate levels yptop variance 15 0132 0038 547E-04 (1059, 4.79E-02 0359 0.434 0.469
Metabolism
weighted 1229)
L-arachidonoyl Imeree List
"B Lysophospholipi variance 2 0126 0032 9.59E-05 (1064, 269E-02 0290 0116 0201
(20:406) levels
weighted 1.208)
1-palmitoyl-2-dihomo- Inverse 0820
linolenoyl-GPC (160/ | Phosphatidylcholine VT variance 2 0199 0040 519E-07 (0759, 727E-04 0995 0931 0833
20303 or 6) levels weighted 0:886)
L-myristol-2- Inverse 1156
arachidonoyl-GPC | Phosphatidylcholine variance 2 o5 0036 66705 (1076, 23302 0931 0574 0318
(14:0/20:4) levels weighted 1241)
Arachidonate (20:4n6) Inverse 1190
t0 oleate to vaccenate variance 19 0174 0038 417E-06 (1105, 194E-03 0.146 0184 0218
(18:1) ratio weighted 1281)
—— Inverse L183
Kynurenine levels apee variance 2 0168 0034 998E07 (1106, 699E-04 0.466 0434 0.402
Metabolism
weighted 1.265)

VTE, Venous Thromboembolism; DV'T, Deep Vein Thrombosis; nSNP, the number of Single Nucleotide Polymorphisms; SE, Standard Error; P, P-Value; O, Odds Rati
Weighted; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and Outlie.

I, Confidence Interval; P_FDR, P-value adjusted for False Discovery Rate; IVW, Inverse Variance





