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Background

Lichen planus (LP), an autoimmune disorder, remains incompletely understood in terms of its etiological mechanisms. This study aims to elucidate causal relationships among immune cell populations, plasma metabolites, and lichen planus using Mendelian randomization (MR) techniques.





Methods

Employing a two-sample, two-step MR approach, with single nucleotide polymorphisms (SNP) serving as genetic instruments for both exposures and mediators, this study minimizes biases from confounding and reverse causality. Leveraging summary statistics from genome-wide association studies (GWAS) involving 731 immune cell traits (N = 3757), 1091 plasma metabolite traits (N = 8299), and lichen planus (N = 367668), inverse variance weighting (IVW) is adopted as the primary MR analytical method. The total effect of immune cells traits on LP is decomposed into direct and indirect effects mediated by plasma metabolites.





Results

MR analysis reveals causal associations for 28 immune cell traits and 38 plasma metabolites with LP (PIVW < 0.05). Specifically, NK % lymphocyte shows a negatively correlated causal effect with LP (ORIVW = 0.952; 95% CI: [0.910, 0.995], PIVW= 0.030). Among mediators, Picolinate significantly contributes, explaining 16.4% (95% CI: [28.3%, 4.54%]) of the association between NK % lymphocyte and LP.





Conclusion

These findings support a potential protective causal effect of NK % lymphocyte on LP, partially mediated by Picolinate levels. Thus, interventions targeting Picolinate levels may mitigate LP burden attributed to low NK % lymphocyte counts. This study provides new evidence and insights into the pathogenesis of lichen planus, advancing our understanding of its underlying mechanisms.
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Introduction

Lichen planus (LP) is an idiopathic inflammatory skin disease of unknown etiology with unique disease characteristics. It is characterized by purplish-red flat papules on the skin, mucous membranes and external genitalia, often associated with itching and pain, which in severe cases can lead to skin breakdown, ulceration and scarring (1–3). The course of LP is usually characterized by chronicity and recurrence, which has a serious impact on the quality of life and psychological well-being of patients (4). Currently, there is a lack of specific diagnostic tools and effective therapeutic options for LP. Therefore, further investigation of the pathogenesis of lichen planus and searching for potential therapeutic targets are of great significance in improving the diagnostic accuracy and therapeutic efficacy of LP.

From an immunological perspective, LP is generally recognized as an autoimmune disease mediated by T cells, in which inflammatory cells such as T helper cells, T cytotoxic lymphocytes, natural killer cells and dendritic cells play a central role (1). Mana et al. showed that CXCR3 and CCR5-mediated signaling pathways initiated by T cells and keratinocytes promote LP pathogenesis (5). Of course, this association may be mediated by multiple risk factors, such as metabolite levels. Nevertheless, the metabolite level-mediated contribution of immune cells to the pathogenesis of LP has not been reported. A recent study by Li et al. suggests that certain plasma metabolite levels may influence the development of LP, and metabolites uridine, taurine, glutamate, citric acid and LysoPC (18:1) may suggest a malignant transformation of oral lichen planus (6). This was also demonstrated in wang et al. (7). These metabolites may be involved in immune cell regulatory activity and function, thereby affecting the condition and severity of LP. For instance, taurine has been shown to be closely associated with the immune system (8, 9). Understanding the mediating mechanisms in the association of immune cells with LP will provide important information for LP treatment, for example, by synergistically intervening with immune cells and intermediary targets to reduce the risk of LP due to immune cells. Our currently available knowledge of mediated pathways is largely based on traditional observational studies that are susceptible to confounding and reverse causation, making it difficult to establish causality. Therefore, it remains uncertain to what extent the associations between immune cells and LP and its intermediate variables are subject to confounding or reverse causation.

Mendelian randomization (MR) is a novel analytical method for epidemiological studies that uses single nucleotide polymorphisms (SNP) identified in genome-wide association studies (GWAS) that are strongly correlated with exposure levels as instrumental variables (IV) in MR analyses to assess causation (10, 11). MR-derived estimates of the relationship between exposure and outcome are unlikely to be biased by unobserved confounding provided a range of assumptions are met (12). Recent studies have used MR analysis to confirm a causal relationship between gut flora, schizophrenia, etc. and LP (13, 14).

In this study, we used MR technique to first select SNP associated with specific exposures as instrumental variables. This was followed by two-sample MR analyses to reveal causal links between immune cells, plasma metabolites, and LP. To deeply understand LP etiology, particularly the role of metabolites in mediating immune-metabolic interactions in LP pathogenesis, we used a two-step MR approach. This method systematically assesses the mediating effects of candidate metabolites in the causal chain between immune cells and LP and constructs a refined etiological network. In summary, this study aims to analyze the complex causal relationship between LP and related biomarkers using cutting-edge genetic epidemiological methods. It focuses on the pathological process of the synergistic interaction between immune regulation and metabolic disorders. The expected results will deepen the understanding of the direct etiology and indirect pathways of LP, improve the precision of the etiological evidence, and support the development of targeted prevention and treatment strategies, as well as the optimization of personalized medicine.





Methods




Study design

In this study, all data were sourced from publicly accessible GWAS summary data. We extracted SNPs associated with immune cell traits and plasma metabolites to use as IV. Firstly, two-sample MR analyses were taken to explore the causal relationship between immune cell traits and lichen planus. Secondly, a two-step MR analysis was used to determine whether plasma metabolites could mediate this causal relationship. The detailed plan is shown in Figure 1. For the IV used in the MR analysis three main assumptions had to be satisfied (15, 16): (1) relevance: IV was strongly associated with exposure; (2) exclusivity: it was associated with outcome only through exposure; (3) independence: IV was not associated with any confounding factors. Additionally, each publicly available GWAS used in this MR study received ethical approval from the relevant authorities. The STROBE-MR (Strengthening the Reporting of Observational Studies in Epidemiology using Mendelian Randomization) checklist was completed for this observational study (Supplementary Table S1) (12).




Figure 1 | Assumptions and design of two-sample and mediated Mendelian randomization (MR) analyses.







GWAS summary data sources

The summary statistics for immune cell characteristics were obtained from the GWAS Catalog (https://gwas.mrcieu.ac.uk/). The data were derived from 3757 Sardinians, a Mediterranean population with specific genetic traits that may influence immune system characteristics. The participants included both males and females, with an age range spanning from young adults to elderly individuals. Key demographic characteristics such as age, sex distribution, and body mass index (BMI) were recorded for all individuals, and additional factors like smoking status, physical activity, and health conditions (e.g., autoimmune diseases or chronic infections) were also considered as potential covariates in the analysis. The comprehensive study covered 731 immune cell characteristics across seven panels: Mature B cell, cDC, Maturation stages of T cell, Monocyte, Myeloid cell, TBNK, and Treg. It also included four types of immunological characteristics: median fluorescence intensity (MFI = 389), relative cellularity (RC = 192), absolute cellularity (AC = 118), and morphological parameters (MP = 32) (17).

The summary statistics for plasma metabolites were obtained from the GWAS Catalog (https://www.ebi.ac.uk/gwas/), including 1091 plasma metabolites for 8299 European subjects (18). The cohort consisted of individuals from diverse European populations, with age and sex distributions carefully recorded. The study included both healthy individuals and those with underlying conditions, such as metabolic disorders or cardiovascular disease, to explore the impact of disease status on metabolic profiles. Demographic variables, including age, sex, ethnicity, smoking, alcohol consumption, diet, and physical activity, were carefully controlled for, ensuring the robustness of the findings. This dataset also considered medication usage and potential confounders like the participants’ clinical history (e.g., previous diagnosis of obesity or diabetes). The plasma metabolites were categorized into molecules (N = 21) and unknown molecules (N = 220), classification into lipid (N = 395), amino acid (N = 210), xenobiotics (N = 130), nucleotides (N = 33), cofactors and vitamins (N = 31), carbohydrates (N = 22), peptides (N = 21), and energy (N = 8) fractions. The diversity in the population and the detailed demographic characteristics enhance the generalizability of the study’s findings.

The GWAS summary statistics related to lichen planus were obtained from FinnGen GWAS (https://r9.finngen.fi/) under the identifier finngen_R9_L12_LICHENPLANUS. In the FinnGen GWAS database, the diagnosis of lichen planus is typically based on ICD-10. The diagnosis of lichen planus was determined by the ICD-10 code L43 in the medical records. The dataset includes a sample of 3597 patients with lichen planus from the European population and 364071 controls. This dataset also includes demographic information such as age, sex, and ethnicity. Lifestyle factors, such as smoking, alcohol use, and physical activity, were also recorded for participants in both the case and control groups, as these factors can influence the clinical presentation of lichen planus. These data underwent rigorous quality control to ensure the reliability of the study results.





Instrumental variable selection

To ensure the stability and accuracy of the results, SNPs were quality-checked to obtain compliant IV. Genome-wide significance threshold-associated SNP (P < 5e-08) were selected as candidate IV. Unfortunately, the number of compliant IV was very low. Therefore, we set the filtering condition for immune cell characterization of SNP as IV to P < 1e-05 (19), and SNP in plasma metabolites to P < 1e-05 (20). More stringent p-values (P < 5e-08) were used to determine the IV for lichen planus. To avoid bias due to linkage disequilibrium (LD), we used a clumping method with r2 = 0.001 and a window size of 10000 kb to obtain independent SNP (21). The strength of the selected SNP was evaluated using the F-statistic, and SNP with an F value of less than 10 were removed to avoid the effects of weak instrumental variables on the MR analysis. The F-statistic formula used was F = [R2 × (n-k-1)]/[k × (1-R2)]. In this formula, R2 represents the proportion of variability explained by each SNP, n represents the size of the GWAS sample, and k represents the number of SNP (22).





Two-sample Mendelian randomization

MR methods were used to evaluate the causal relationships between immune cells, plasma metabolites, and lichen planus. For exposures containing multiple IV, causality was inferred using inverse variance-weighted (IVW) (23), Simple mode (24), MR-Egger (25), weighted median (26),and weighted mode (26) methods. IVW is considered to have the highest statistical efficacy (27). Therefore, the most accurate IVW method was used as the first choice (P < 0.05 was considered a significant association between exposure and outcome), and the remaining four methods were used as supplements. Meanwhile, MR-Egger also tests for pleiotropy. The intercept provides an estimate of the average pleiotropy of genetic variants (25). Additionally, the weighted median method can provide a valid causal estimate even if up to 50% of the IV are invalid (26). This study selects results with PIVW <0.05, where the other four methods are consistent with the IVW method, as potentially indicative of a significant causal association.

Sensitivity analysis was also performed to assess the stability of causal relationships. Horizontal pleiotropy was assessed using MR-Egger regression and MR-PRESSO (28). A non-zero intercept in the MR-Egger regression indicates directional pleiotropy (25). Cochran’s Q test was used to assess heterogeneity among IV. Additionally, leave-one-out sensitivity analyses were performed to assess whether individual SNP influenced the causal analysis (23). Ultimately, the results obtained from the MR analysis must also satisfy the sensitivity analysis.

Furthermore, to account for multiple testing in the IVW analysis, we applied the Bonferroni correction to adjust the significance threshold and control for type I errors (29). The adjusted significance level(Q) was calculated as: Q=0.05/N. where N represents the total number of independent causal tests performed. The P from the IVW analysis were compared against this adjusted threshold to determine statistical significance. Results with P below Q were considered statistically significant after correction, while results below the conventional threshold (P =0.05) but above Q were interpreted with caution. This study used R language version 4.3.1.





Reverse Mendelian randomization analysis

Reverse Mendelian randomization analysis was performed to investigate whether flat moss has a causal effect on identified immune cells. SNP associated with flat moss were screened as exposure IV, and identified immune cells were considered as endpoints. The reverse MR analysis followed a similar procedure to the previously described MR analysis.





Mediation analysis

Mediation analyses, which assess the pathway from exposure to outcome through a mediator, can help explore potential mechanisms underlying the effect of exposure on outcome (30). This study focused on plasma metabolites as mediators to explore whether they mediate a causal pathway from immune cells to LP. The causal relationships between immune cells and plasma metabolites were assessed using two-sample MR analysis to obtain β1, followed by an assessment of causal relationships between plasma metabolites and LP to obtain β2. The mediator effect was then calculated using a two-step MR: mediator effect = β1 × β2. The total effect was determined when assessing the causal relationship between exposure and outcome, and the direct effect was calculated as: direct effect = total effect - mediator effect. The mediated proportion was calculated using the formula: mediated proportion = (mediator effect/total effect) × 100%. The 95% confidence intervals (CI) for the mediating effect and the mediated proportion were estimated using the delta method (30).






Results




Selection of instrumental variables

According to the selection criteria for IV, we removed palindromic variants. After clumping and harmonization, we identified a total of 16959 SNP (immune cell signature, P<1e-05) and 27534 SNP (plasma metabolite signature, P<1e-05) as IV. These IV consistently had F-statistics greater than 10, and the number of SNP with immune cell signatures and plasma metabolite signatures was greater than or equal to three.





Total effect of immune cell traits on lichen planus

Through two-sample MR analysis, we identified 28 immune cells causally associated with LP (Supplementary Table S2). While other tests may not be statistically significant, the IVW method indicated that the immune cell types causally associated with LP were primarily involved in T cells, B cells, and NK cells (Figure 2). CD8br %leukocyte (OR = 1.659, 95% CI [1.100, 2.502], PIVW = 0.016), CD28 - CD8br AC (OR = 1.391, 95% CI [1.037, 1.864], PIVW= 0.027), IgD- CD24- AC (OR = 1.091, 95% CI [1.012, 1.176], PIVW= 0.023), CD25hi %Tcell (OR = 1.076, 95% CI [1.006, 1.150], PIVW = 0.032), CD25hi CD45RA- CD4 not Treg %T cell (OR = 1.035, 95% CI [1.003, 1.069], PIVW = 0.030), CD28- CD8br %CD8br (OR = 1.151, 95% CI [1.006, 1.316], PIVW = 0.040). Conversely, increasing immune cell types of IgD- CD38dim %lymphocyte (OR = 0.950, 95% CI [0.909, 0.993], PIVW = 0.023), IgD+ CD38dim AC (OR = 0.973 95% CI [0.947, 1.000], P IVW= 0.048), NK %lymphocyte (OR = 0.952, 95% CI [0.910, 0.995], PIVW= 0.030) may reduce the risk of LP disease. After applying the Bonferroni correction to account for multiple testing, none of the observed associations reached the adjusted significance threshold(Q=0.05/731). Cochran’s Q statistic showed no heterogeneity, and the MR-Egger intercept test and MR-PRESSO indicated no horizontal pleiotropy in this MR analysis (Supplementary Table S3). In addition, sensitivity analysis further validated the stability of the MR analysis (Supplementary Table S7). Conversely, reverse MR analysis showed no causality (P IVW > 0.05) of LP on 28 cell types (Supplementary Table S4).




Figure 2 | Forest plot of Mendelian randomization analysis showing the effect of immune cells on lichen planus. OR (odds ratio), P and 95% CI (Confidence Interval) are the results obtained from the IVW method. SNP: Single nucleotide polymorphism.







Effect of plasma metabolites on lichen planus

Using the IVW method, we identified 38 causal associations between plasma metabolites and lichen planus (PIVW < 0.05). There were 21 metabolites that had positive causality with LP, while 17 metabolites had negative causality with LP. (Figure 3). Increasing plasma metabolite levels of Taurocholic acid levels (OR = 1.261, 95% CI [1.098, 1.449], PIVW = 0.001), 2- methoxyhydroquinone sulfate (1) levels (OR = 1.233, 95% CI [1.059, 1.436], PIVW = 0.007), Picolinate levels (OR = 1.218, 95% CI [1.093, 1.357], PIVW < 0.001) were associated with an increased risk of LP. In contrast, increasing plasma metabolite levels of 3-(3-hydroxyphenyl) propionate sulfate levels (OR = 0.786, 95% CI [0.675, 0.916], PIVW = 0.002), 2,3-dihydroxy-2-methylbutyrate levels (OR = 0.815, 95% CI [0.669, 0.992], PIVW = 0.041), and 7-methylguanine levels (OR = 0.846, 95% CI [0.743, 0.963], PIVW = 0.011) were associated with a reduced risk of developing LP. Subsequently, after applying the Bonferroni correction to account for multiple testing, none of the observed associations reached the adjusted significance threshold(Q=0.05/1091). The MR-Egger intercept test and MR-PRESSO indicated absence of horizontal pleiotropy, Cochran’s Q statistic revealed no heterogeneity (Supplementary Table S5), and leave-one-out analyses demonstrated that removal of specific SNP did not alter the causal estimates (Supplementary Table S7).




Figure 3 | Forest plot of Mendelian randomization analysis showing the effect of plasma metabolites on lichen planus. OR (odds ratio), P and 95% CI (Confidence Interval) are the results obtained from the IVW method. SNP, Single nucleotide polymorphism.







Effect of NK %lymphocyte on Picolinate levels

Previously, our study identified 28 immune cell signatures and 38 plasma metabolite signatures causally associated with LP. Subsequently, we investigated the causal relationship between 28 immune cell traits and 38 plasma metabolites. MR analysis revealed that Picolinate levels act as a potential mediator in the relationship between immune cells and LP. Both NK% lymphocyte and CD127 on granulocyte may affect the occurrence of lichen planus mediated by Picolinate Levels, but NK% lymphocyte has a greater impact on LP. Specifically, NK %lymphocyte was found to have a significant effect on Picolinate levels (IVW, OR = 0.960, 95% CI [0.932, 0.988], P = 0.006), (Weighted median, OR = 0.948, 95% CI [0.912, 0.986], P = 0.008), (Weighted mode, OR = 0.956, 95% CI [0.920, 0.994], P = 0.030). Cochran’s Q statistic indicated no heterogeneity, and both the MR-Egger intercept test and MR-PRESSO indicated no horizontal pleiotropy in this MR analysis (Supplementary Table S6). Leave-one-out analysis shows that deleting specific SNPs does not change causal estimates (Supplementary Table S7).





A reverse MR analysis

We identified causal links between NK %lymphocyte and Picolinate levels, as well as between Picolinate levels and LP. To validate these causal links further, we conducted reverse MR analysis. The results showed that no causal effect of lichen planus on Picolinate levels was detected (IVW, OR = 0.996, 95% CI [0.941, 1.053], P = 0.876), and furthermore, no causal effect of Picolinate levels on NK %lymphocyte was found (IVW, OR = 1.028, 95% CI [0.933, 1.134], P = 0.576). At the same time, we did not find horizontal pleiotropy and heterogeneity in our analysis.





Mediator effect of NK %lymphocyte on LP is mediated by Picolinate levels

Mediation analyses assess the pathway from exposure to outcome through potential mediators, identifying effects of exposure on outcome. We examined the mediating effect of Picolinate levels on the relationship between NK %lymphocyte and LP. The mediation analysis revealed that Picolinate levels had a mediator effect of -0.00813, explaining 16.4% of the total effect (95% CI: [28.3%, 4.54%], P=0.007) (Figure 4).




Figure 4 | Forest plot of Mendelian randomization analysis showing Causal effect of NK %lymphocyte on Picolinate levels and causal effect of Picolinate levels on lichen planus. SNP, Single nucleotide polymorphism, OR (odds ratio), 95% CI (Confidence Interval).








Discussion

Previous studies have identified lichen planus as an autoimmune disease closely linked to immune cells. To investigate the causal relationship between immune cells and LP, we conducted a two-sample MR analysis, revealing significant causal associations of 28 immune cell types with LP. Extensive research on immune cells suggests that metabolites play a crucial role in mediating their biological effects (31, 32). To explore if these 28 immune cells influence LP through metabolite changes, we conducted a two-step MR analysis, finding that 21 metabolites were detrimental to LP, while 17 metabolites were protective. We then assessed the causal relationship between 28 immune cells and 38 plasma metabolites. Although these associations were not significant after adjustment, the trends observed are consistent with findings from previous studies and suggest a potential biological relationship. These trends may indicate pathways that warrant further attention. Results indicated a close association between NK %lymphocyte and Picolinate levels. Mediation analysis revealed Picolinate contributed significantly, explaining 16.4% (95% CI: [28.3%, 4.54%], P=0.007) of the association between NK %lymphocyte and LP, underscoring Picolinate’s role in linking NK %lymphocyte to LP.

In the past few decades, studies have found that NK cells are associated with the occurrence and development of various diseases (33, 34). In dermatology, Michal et al.’s experimental studies demonstrated NK cells enhance early cutaneous antimicrobial defense in an HIF-1α-dependent manner at multiple levels (35). NK cells have been hypothesized to be involved in the development of lichen planus, especially cutaneous lichen planus (36). NK cells may co-localize with DC cells (37), and can in turn exhibit cytotoxicity through perforin release, modulating DC and T cell activation and releasing cytokines such as TNF-α, IFN-γ and IL-22 (38). Other studies have also shown NK cells express CXCR3, CCR5, CCR6, and ChemR23, chemotactic protein receptors produced by vascular endothelial cells (39). They may provide early stimulatory signals for mobilizing T cells to sites of inflammation (40). Therefore, NK cells may serve as major effector cells in lichen planus. However, to date, no definitive studies have illustrated a causal link between NK lymphocytes and lichen planus. Our reverse MR analysis found no evidence of reverse causality between LP and NK lymphocytes, indicating the association is likely unidirectional.

Picolinate, also called picolinic acid, is an end product of tryptophan oxidative metabolism through the kynurenine pathway (KP) (41). Tryptophan catabolism primarily involves two enzymes: indoleamine 2,3-dioxygenase (IDO), mainly in inflammatory cells, and tryptophan 2,3-dioxygenase (TDO), primarily in the liver (41–43). Pro-inflammatory cytokines like IL-6 and IL-1β are known to influence KP metabolite production by activating specific KP enzymes (44–47). Research on picolinic acid has so far focused on its neuroprotective or immunomodulatory effects and on the fact that it has potent chelator properties (42, 48, 49). Johanna et al. showed that picolinic acid inhibits the proliferation and metabolic activity of CD4 T cells (50). In Bosco et al.’s study, picolinic acid triggered the expression of MIPs chemokines in macrophages, which in turn triggered T-cell aggregation and binding to T-cell products (e.g. IFN-γ) (51). In the context of skin diseases, picolinic acid remains underexplored and has only been reported in acne treatment (52). However, our study identified Picolinate levels as a potential high-risk factor for LP and a key modulator influencing NK %lymphocyte in LP pathogenesis.

In this study, we conducted MR analyses to investigate the causal impact of immune cells on LP and to assess the mediating role of plasma metabolites. In observational settings, this study mimics a randomized controlled trial with lower costs and reduced risk of reverse causation. However, Since the GWAS data of this study are derived from predominantly European populations, they may not fully reflect the genetic structure of other races or populations (53). Differences in genomic diversity and linkage disequilibrium patterns may affect the effectiveness of IV, thereby limiting the applicability of the research results worldwide. Although MR analysis reduces the impact of environmental confounding factors, specific environmental exposures (such as dietary habits, smoking, chronic inflammation, etc.) may change the strength of their association with the disease by regulating the expression or effect of SNP. This potential gene-environment interaction may not have been captured in this study. At the same time, our findings need to be further verified in other clinical trials and animal models. In the TBNK panel, the pathway from NK %lymphocyte to LP was partially mediated by Picolinate levels. However, the mediating effect accounted for only 16.4% of the total effect. Other potential mediators warrant further investigation. Nonetheless, our study evaluated the plasma metabolites-mediated causal impact of immune cells on LP and offered insights into immune cell-mediated LP pathogenesis. This provides a new avenue for exploring future therapeutic options for LP.





Conclusions

This study estimated the causal relationship between immune cells, plasma metabolites and lichen planus. Picolinate levels were identified as mediators in reducing the risk of lichen planus through NK %lymphocyte. Thus, interventions aimed at modulating Picolinate levels may alleviate the impact of low NK %lymphocyte on lichen planus. This study offers novel evidence and insights into the pathogenesis of lichen planus. It also contributes new insights into LP prevention and treatment.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.





Ethics statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

JC: Methodology, Software, Writing – original draft, Writing – review & editing. TD: Methodology, Writing – original draft. JL: Writing – original draft. BC: Writing – review & editing. XX: Writing – original draft. GZ: Writing – review & editing. JF: Funding acquisition, Writing – original draft, Writing – review & editing. TX: Funding acquisition, Project administration, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Sichuan Science and Technology Program, China (2024YFFK0356); the Luzhou City Southwest Medical University Joint Project Program, China (2023LZXNYDJ007); the Luzhou City Science and Technology Plan Project Program, China (2024JYJ030); the 2024 Open Research Project of the Sichuan Provincial Engineering Technology Research Center of Molecular Diagnosis of Clinical Diseases (24GCZXZD03) and the 2023 Open Fund Project of the Luzhou Key Laboratory of Molecular Diagnosis of Clinical Diseases (FZZD2023-01); the Scientific Research Program of Southwest Medical University, China (2022QN071); the Southwest Medical University 2023 Undergraduate Innovation and Entrepreneurship Training Program (Project Numbers: S202310632181; 2023378) and the Southwest Medical University 2024 Undergraduate Innovation and Entrepreneurship Training Program (Project Numbers: 202410632007; S202410632131; 2024386; 2024390).





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.2024.1464479/full#supplementary-material



Abbreviations

LP, Lichen planus; MR, Mendelian randomization; SNP, Single nucleotide polymorphisms; GWAS, Genome-wide association studies; IVW, Inverse variance weighting; IV, Instrumental variables; LD, Linkage disequilibrium; OR, Odds Ratio; CI, Confidence intervals; NK, Natural killer cell; KP, kynurenine pathway; IDO, Indoleamine 2,3-dioxygenase; TDO, Tryptophan 2,3-dioxygenase.




References

1. Gorouhi, F, Davari, P, and Fazel, N. Cutaneous and mucosal lichen planus: A comprehensive review of clinical subtypes, risk factors, diagnosis, and prognosis. ScientificWorldJournal. (2014) 2014:742826. doi: 10.1155/2014/742826

2. Crincoli, V, Di Bisceglie, MB, Scivetti, M, Lucchese, A, Tecco, S, and Festa, F. Oral lichen planus: update on etiopathogenesis, diagnosis and treatment. Immunopharmacol Immunotoxicol. (2011) 33:11–20. doi: 10.3109/08923973.2010.498014

3. Le Cleach, L, and Chosidow, O. Clinical practice. Lichen Planus N Engl J Med. (2012) 366:723–32. doi: 10.1056/NEJMcp1103641

4. Fan, R, Leasure, AC, and Cohen, JM. Association of autoimmune comorbidities with lichen planus: A United States-based case-control study in the all of us research program. J Am Acad Dermatol. (2022) 87:1451–3. doi: 10.1016/j.jaad.2022.07.037

5. Ichimura, M, Hiratsuka, K, Ogura, N, Utsunomiya, T, Sakamaki, H, Kondoh, T, et al. Expression profile of chemokines and chemokine receptors in epithelial cell layers of oral lichen planus. J Oral Pathol Med. (2006) 35:167–74. doi: 10.1111/j.1600-0714.2006.00402.x

6. Li, X, Liu, L, Li, N, Jia, Q, Wang, X, Zuo, L, et al. Metabolomics based plasma biomarkers for diagnosis of oral squamous cell carcinoma and oral erosive lichen planus. J Cancer. (2022) 13:76–87. doi: 10.7150/jca.59777

7. Wang, XS, Sun, Z, Liu, LW, Du, QZ, Liu, ZS, Yang, YJ, et al. Potential metabolic biomarkers for early detection of oral lichen planus, a precancerous lesion. Front Pharmacol. (2020) 11:603899. doi: 10.3389/fphar.2020.603899

8. Piao, J, Meng, F, Fang, H, Piao, F, Jin, B, Li, M, et al. Effect of taurine on thymus differentiation of dex-induced immunosuppressive mice. Adv Exp Med Biol. (2019) 1155:381–90. doi: 10.1007/978-981-13-8023-5_36

9. Cao, T, Zhang, W, Wang, Q, Wang, C, Ma, W, Zhang, C, et al. Cancer slc6a6-mediated taurine uptake transactivates immune checkpoint genes and induces exhaustion in Cd8(+) T cells. Cell. (2024) 187:2288-304.e27. doi: 10.1016/j.cell.2024.03.011

10. Emdin, CA, Khera, AV, and Kathiresan, S. Mendelian randomization. JAMA. (2017) 318:1925–6. doi: 10.1001/jama.2017.17219

11. Smith, GD, and Ebrahim, S. 'Mendelian randomization': can genetic epidemiology contribute to understanding environmental determinants of disease? Int J Epidemiol. (2003) 32:1–22. doi: 10.1093/ije/dyg070

12. 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

13. Chen, GY, Fu, LL, Ye, B, Ao, M, Yan, M, and Feng, HC. Correlations between schizophrenia and lichen planus: A two-sample bidirectional Mendelian randomization study. Front Psychiatry. (2023) 14:1243044. doi: 10.3389/fpsyt.2023.1243044

14. Yan, M, Ouyang, YL, Xiao, LY, Ao, M, Gosau, M, Friedrich, RE, et al. Correlations between gut microbiota and lichen planus: A two-sample Mendelian randomization study. Front Immunol. (2023) 14:1235982. doi: 10.3389/fimmu.2023.1235982

15. Lawlor, DA, Harbord, RM, Sterne, JA, Timpson, N, and Davey Smith, G. Mendelian randomization: using genes as instruments for making causal inferences in epidemiology. Stat Med. (2008) 27:1133–63. doi: 10.1002/sim.3034

16. Zheng, J, Baird, D, Borges, MC, Bowden, J, Hemani, G, Haycock, P, et al. Recent developments in Mendelian randomization studies. Curr Epidemiol Rep. (2017) 4:330–45. doi: 10.1007/s40471-017-0128-6

17. Orru, V, Steri, M, Sidore, C, Marongiu, M, Serra, V, Olla, S, et al. Complex genetic signatures in immune cells underlie autoimmunity and inform therapy. Nat Genet. (2020) 52:1036–45. doi: 10.1038/s41588-020-0684-4

18. 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

19. Wang, YX, Zhou, CP, Wang, DT, Ma, J, Sun, XH, Wang, Y, et al. Unraveling the causal role of immune cells in gastrointestinal tract cancers: insights from a Mendelian randomization study. Front Immunol. (2024) 15:1343512. doi: 10.3389/fimmu.2024.1343512

20. Li, Y, Wang, X, Zhang, Z, Shi, L, Cheng, L, and Zhang, X. Effect of the gut microbiome, plasma metabolome, peripheral cells, and inflammatory cytokines on obesity: A bidirectional two-sample mendelian randomization study and mediation analysis. Front Immunol. (2024) 15:1348347. doi: 10.3389/fimmu.2024.1348347

21. Yang, M, Xu, J, Zhang, F, Luo, P, Xu, K, Feng, R, et al. Large-scale genetic correlation analysis between spondyloarthritis and human blood metabolites. J Clin Med. (2023) 12:1201. doi: 10.3390/jcm12031201

22. Pierce, BL, Ahsan, H, and Vanderweele, TJ. Power and instrument strength requirements for Mendelian randomization studies using multiple genetic variants. Int J Epidemiol. (2011) 40:740–52. doi: 10.1093/ije/dyq151

23. 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

24. Hartwig, FP, Davey Smith, G, and Bowden, J. Robust inference in summary data mendelian randomization via the zero modal pleiotropy assumption. Int J Epidemiol. (2017) 46:1985–98. doi: 10.1093/ije/dyx102

25. Bowden, J, Davey Smith, G, and Burgess, S. Mendelian randomization with invalid instruments: effect estimation and bias detection through egger regression. Int J Epidemiol. (2015) 44:512–25. doi: 10.1093/ije/dyv080

26. Bowden, J, Davey Smith, G, Haycock, PC, and Burgess, S. Consistent estimation in Mendelian randomization with some invalid instruments using a weighted median estimator. Genet Epidemiol. (2016) 40:304–14. doi: 10.1002/gepi.21965

27. Hemani, G, Zheng, J, Elsworth, B, Wade, KH, Haberland, V, Baird, D, et al. The mr-base platform supports systematic causal inference across the human phenome. Elife. (2018) 7:e34408. doi: 10.7554/eLife.34408

28. Wang, C, Zhu, D, Zhang, D, Zuo, X, Yao, L, Liu, T, et al. Causal role of immune cells in Schizophrenia: Mendelian randomization (Mr) study. BMC Psychiatry. (2023) 23:590. doi: 10.1186/s12888-023-05081-4

29. Bland, JM, and Altman, DG. Multiple significance tests: the Bonferroni method. BMJ. (1995) 310:170. doi: 10.1136/bmj.310.6973.170

30. 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

31. Angelin, A, Gil-de-Gomez, L, Dahiya, S, Jiao, J, Guo, L, Levine, MH, et al. Foxp3 reprograms T cell metabolism to function in low-glucose, high-lactate environments. Cell Metab. (2017) 25:1282–93.e7. doi: 10.1016/j.cmet.2016.12.018

32. Han, S, Georgiev, P, Ringel, AE, Sharpe, AH, and Haigis, MC. Age-associated remodeling of T cell immunity and metabolism. Cell Metab. (2023) 35:36–55. doi: 10.1016/j.cmet.2022.11.005

33. Terren, I, Orrantia, A, Vitalle, J, Zenarruzabeitia, O, and Borrego, F. Nk cell metabolism and tumor microenvironment. Front Immunol. (2019) 10:2278. doi: 10.3389/fimmu.2019.02278

34. O'Brien, KL, and Finlay, DK. Immunometabolism and natural killer cell responses. Nat Rev Immunol. (2019) 19:282–90. doi: 10.1038/s41577-019-0139-2

35. Sobecki, M, Krzywinska, E, Nagarajan, S, Audige, A, Huynh, K, Zacharjasz, J, et al. Nk cells in hypoxic skin mediate a trade-off between wound healing and antibacterial defence. Nat Commun. (2021) 12:4700. doi: 10.1038/s41467-021-25065-w

36. Weber, B, Schlapbach, C, Stuck, M, Simon, HU, Borradori, L, Beltraminelli, H, et al. Distinct interferon-gamma and interleukin-9 expression in cutaneous and oral lichen planus. J Eur Acad Dermatol Venereol. (2017) 31:880–6. doi: 10.1111/jdv.13989

37. Leverkus, M, Yaar, M, and Gilchrest, BA. Fas/Fas ligand interaction contributes to uv-induced apoptosis in human keratinocytes. Exp Cell Res. (1997) 232:255–62. doi: 10.1006/excr.1997.3514

38. Conrad, C, Meller, S, and Gilliet, M. Plasmacytoid dendritic cells in the skin: to sense or not to sense nucleic acids. Semin Immunol. (2009) 21:101–9. doi: 10.1016/j.smim.2009.01.004

39. Carbone, T, Nasorri, F, Pennino, D, Donnarumma, M, Garcovich, S, Eyerich, K, et al. Cd56 highcd16 - Nk cell involvement in cutaneous lichen planus. Eur J Dermatol. (2010) 20:724–30. doi: 10.1684/ejd.2010.1096

40. Vicic, M, Hlaca, N, Kastelan, M, Brajac, I, Sotosek, V, and Prpic Massari, L. Comprehensive insight into lichen planus immunopathogenesis. Int J Mol Sci. (2023) 24:3038. doi: 10.3390/ijms24033038

41. Platten, M, Nollen, EAA, Rohrig, UF, Fallarino, F, and Opitz, CA. Tryptophan metabolism as a common therapeutic target in cancer, neurodegeneration and beyond. Nat Rev Drug Discovery. (2019) 18:379–401. doi: 10.1038/s41573-019-0016-5

42. Xue, C, Li, G, Zheng, Q, Gu, X, Shi, Q, Su, Y, et al. Tryptophan metabolism in health and disease. Cell Metab. (2023) 35:1304–26. doi: 10.1016/j.cmet.2023.06.004

43. Grant, RS, Coggan, SE, and Smythe, GA. The physiological action of picolinic acid in the human brain. Int J Tryptophan Res. (2009) 2:71–9. doi: 10.4137/ijtr.s2469

44. Kim, H, Chen, L, Lim, G, Sung, B, Wang, S, McCabe, MF, et al. Brain indoleamine 2,3-dioxygenase contributes to the comorbidity of pain and depression. J Clin Invest. (2012) 122:2940–54. doi: 10.1172/JCI61884

45. Mandi, Y, and Vecsei, L. The kynurenine system and immunoregulation. J Neural Transm (Vienna). (2012) 119:197–209. doi: 10.1007/s00702-011-0681-y

46. Schwieler, L, Larsson, MK, Skogh, E, Kegel, ME, Orhan, F, Abdelmoaty, S, et al. Increased levels of Il-6 in the cerebrospinal fluid of patients with chronic schizophrenia–significance for activation of the Kynurenine pathway. J Psychiatry Neurosci. (2015) 40:126–33. doi: 10.1503/jpn.140126

47. Urata, Y, Koga, K, Hirota, Y, Akiyama, I, Izumi, G, Takamura, M, et al. Il-1beta increases expression of tryptophan 2,3-dioxygenase and stimulates tryptophan catabolism in endometrioma stromal cells. Am J Reprod Immunol. (2014) 72:496–503. doi: 10.1111/aji.12282

48. Ding, K, McGee-Lawrence, ME, Kaiser, H, Sharma, AK, Pierce, JL, Irsik, DL, et al. Picolinic acid, a tryptophan oxidation product, does not impact bone mineral density but increases marrow adiposity. Exp Gerontol. (2020) 133:110885. doi: 10.1016/j.exger.2020.110885

49. Frumento, G, Rotondo, R, Tonetti, M, Damonte, G, Benatti, U, and Ferrara, GB. Tryptophan-derived catabolites are responsible for inhibition of T and natural killer cell proliferation induced by indoleamine 2,3-dioxygenase. J Exp Med. (2002) 196:459–68. doi: 10.1084/jem.20020121

50. Prodinger, J, Loacker, LJ, Schmidt, RL, Ratzinger, F, Greiner, G, Witzeneder, N, et al. The tryptophan metabolite picolinic acid suppresses proliferation and metabolic activity of Cd4+ T cells and inhibits C-Myc activation. J Leukoc Biol. (2016) 99:583–94. doi: 10.1189/jlb.3A0315-135R

51. Bosco, MC, Rapisarda, A, Massazza, S, Melillo, G, Young, H, and Varesio, L. The tryptophan catabolite picolinic acid selectively induces the chemokines macrophage inflammatory protein-1 alpha and -1 beta in macrophages. J Immunol. (2000) 164:3283–91. doi: 10.4049/jimmunol.164.6.3283

52. James, KA, Burkhart, CN, and Morrell, DS. Emerging drugs for acne. Expert Opin Emerg Drugs. (2009) 14:649–59. doi: 10.1517/14728210903251690

53. Davey Smith, G, and Hemani, G. Mendelian randomization: genetic anchors for causal inference in epidemiological studies. Hum Mol Genet. (2014) 23:R89–98. doi: 10.1093/hmg/ddu328




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 Cao, Du, Li, Chen, Xie, Zhang, Feng and Xu. 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-15-1464479-g003.jpg
Top Traits SNP  OR(95%CI) P

5-hydroxylysine levels 29 0.913 (0.835-0.998) 0.045
Homoarginine levels 29 1.117 (1.024-1.218) 0.012
1-oleoylglycerol (18:1) levels 28 1.174 (1.025-1.346) 0.021
7-methylguanine levels 22 0.846 (0.743-0.963) 0.011
1-stearoyl-GPG (18:0) levels 26 0.873 (0.770-0.990) 0.034
Octadecanedioate levels 25 0.856 (0.764-0.959) 0.007
Glycolithocholate sulfate levels 21 0.910 (0.854-0.970) 0.004
Hexanoylglutamine levels 22 0.884 (0.794-0.984) 0.024
Succinylcarnitine levels 28 1.112 (1.002-1.235) 0.046
4-cholesten—-3-one levels 23 1.130 (1.020-1.252) 0.019
Glycoursodeoxycholate levels 25 0.855 (0.763-0.959) 0.008
Prolylglycine levels 29 0.877 (0.783-0.981) 0.022
3-(3-hydroxyphenyl)propionate sulfate levels 18 0.786 (0.675-0.916) 0.002
Methyl glucopyranoside (alpha + beta) levels 25 1.091 (1.023-1.165) 0.008
Sphingomyelin (d18:1/22:2, d18:2/22:1, d16:1/24:2) levels 18 1.170 (1.002-1.365) 0.047
3beta—hydroxy-5-cholestenoate levels 27 1.148 (1.040-1.268) 0.006
1-palmitoyl-2-palmitoleoyl-gpc (16:0/16:1) levels 23 1.181 (1.043-1.338) 0.009
5-hydroxyindole sulfate levels 18 0.854 (0.747-0.976) 0.020
2,3-dihydroxy—-2-methylbutyrate levels 14 0.815 (0.669-0.992) 0.041
Glycosyl-N-tricosanoyl-sphingadienine (d18:2/23:0) levels 23 1.170 (1.048-1.307) 0.005
Glycosyl ceramide (d18:2/24:1, d18:1/24:2) levels 31 1.165 (1.040-1.304) 0.008
Dihomo-linolenoylcarnitine (C20:3n3 or 6) levels 31 1.104 (1.019-1.197) 0.015
3-carboxy-4-methyl-5-pentyl-2-furanpropionate (3-CMPFP) level25 1.126 (1.003-1.263) 0.044
N-acetyl-2-aminooctanoate levels 24 0.915 (0.840-0.996) 0.041
Glucuronide of piperine metabolite C17H21NO3 (5) levels 22 1.148 (1.018-1.294) 0.025
(S)—a—amino—omega-caprolactam levels 13 1.163 (1.022-1.325) 0.022
2-methoxyhydroquinone sulfate (1) levels ilt7 1.233 (1.059-1.436) 0.007
Picolinate levels 23 1.218 (1.093-1.357) <0.001
Oleoyl ethanolamide levels 26 0.890 (0.801-0.990) 0.031
Taurocholic acid levels 26 1.261 (1.098-1.449) 0.001
Arachidonate (20:4n6) levels 28 0.872 (0.793-0.959) 0.005
Creatinine levels 25 1.188 (1.060-1.330) 0.003
Inosine 5'-monophosphate (IMP) levels 22 0.889 (0.800-0.988) 0.029
Pyruvate levels 22 1.193 (1.036-1.375) 0.015
X-12026 levels 26 1.170 (1.032-1.326) 0.014
X-16087 levels 21 1.163 (1.049-1.291) 0.004
X-17354 levels 16 0.862 (0.751-0.989) 0.034

X-22771 levels 17 0.856 (0.744-0.985) 0.030






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Picolinate-mediated immunomodulation: insights from Mendelian randomization on the role of NK cell percentage in the pathogenesis of lichen planus

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Study design

          



          		

            GWAS summary data sources

          



          		

            Instrumental variable selection

          



          		

            Two-sample Mendelian randomization

          



          		

            Reverse Mendelian randomization analysis

          



          		

            Mediation analysis

          



        



        



        		

          Results

        

          		

            Selection of instrumental variables

          



          		

            Total effect of immune cell traits on lichen planus

          



          		

            Effect of plasma metabolites on lichen planus

          



          		

            Effect of NK %lymphocyte on Picolinate levels

          



          		

            A reverse MR analysis

          



          		

            Mediator effect of NK %lymphocyte on LP is mediated by Picolinate levels

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1464479-g001.jpg
Two-sample MR

(Instruments) (Exposure) - (Outcome)
Genetic variants - Immune cell - Lichen planus

Mediation Analysis

B1 (_’ Plasma metabolites jB 2
Total

effect





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1464479-g004.jpg
Exposure Outcome SNP Method P OR(95% Cl)
NK %lymphocyte Picolinate levels 27 MR Egger 0.067 ! 0.963 (0.927 to 1.001)
27 Weighted median 0.008 o 0.948 (0.912 to 0.986)
27 Inverse variance weighted 0.006 0 0.960 (0.932 to 0.988)
27 Simple mode 0.192 m 0.960 (0.903 to 1.019)
27 Weighted mode 0.030 o 0.956 (0.920 to 0.994)
Picolinate levels Lichen planus 23 MR Egger 0.023 '——0——» 1.293 (1.052 to 1.588)
23 Weighted median 0.115 n—o—t 1.136 (0.969 to 1.331)
23 Inverse variance weighted <0.001 o 1.218 (1.093 to 1.357)
23 Simple mode 0.730 e 1.045 (0.818 to 1.335)
23 Weighted mode 0.586 ——i 1.066 (0.849 to 1.338)
NK %lymphocyte Lichen planus 27 MR Egger 0.373 W 0.972 (0.915 to 1.033)
27 Weighted median 0.110 9 0.948 (0.888 to 1.012)
27 Inverse variance weighted 0.030 ‘1 0.952 (0.910 to 0.995)
27 Simple mode 0.257 '-OH 0.937 (0.840 to 1.046)
27 Weighted mode 0.127 o 0.949 (0.889 to 1.013)
T
1





OEBPS/Images/fimmu.2024.1464479_cover.jpg
& frontiers | Frontiers in Immunology

Picolinate-mediated immunomodulation:
insights from Mendelian randomization on
the role of NK cell percentage in the
pathogenesis of lichen planus





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





OEBPS/Images/fimmu-15-1464479-g002.jpg
Top Traits SNP
IgD+ CD38dim AC 24
IgD- CD24- AC 18
IgD- CD38dim %lymphocyte 23
CD25hi %T cell 17
CD25hi CD45RA- CD4 not Treg %T cell 28
TD CD8br %T cell 17
Lymphocyte %leukocyte 22
CD8br %leukocyte 15
NK %lymphocyte 27
CD28- CD8br %CD8br 22
CD28- CD8br AC 14
CD19 on IgD- CD38br 16
CD25 on IgD- CD38dim 19
CD25 on memory B cell 22
CD27 on IgD- CD38br 15
CD3 on TD CD4+ 21
CD3 on HLA DR+ CD4+ 25
CD3 on secreting Treg 20
CD3 on resting Treg 36
HVEM on EM CD4+ 20
CD86 on granulocyte 20
CD127 on granulocyte 31
CD25 on CD39+ CD4 Treg 17
FSC-A on granulocyte 20

HLA DR on CD14+ CD16- monocyte = 22
CX3CR1 on CD14+ CD16+ monocyte 33
HLA DR on CD33- HLA DR+ 12
HLA DR on B cell 21

OR(95%Cl)

0.973 (0.947-1.000)
1.091 (1.012-1.176)
0.950 (0.909-0.993)
1.076 (1.006-1.150)
1.035 (1.003-1.069)
1.067 (1.005-1.133)
1.059 (1.011-1.109)
1.659 (1.100-2.502)
0.952 (0.910-0.995)
1.151 (1.006-1.316)
1.391 (1.037-1.864)
0.887 (0.811-0.969)
0.924 (0.861-0.990)
1.060 (1.008-1.115)
1.137 (1.022-1.265)
0.940 (0.888-0.995)
0.935 (0.883-0.991)
0.951 (0.907-0.996)
1.054 (1.002-1.107)
1.123 (1.030-1.226)
0.882 (0.808-0.963)
0.934 (0.879-0.992)
1.121 (1.018-1.234)
0.941 (0.890-0.995)
1.152 (1.001-1.325)
0.952 (0.913-0.993)
0.915 (0.842-0.996)
0.843 (0.765-0.929)

P

0.048
0.023
0.023
0.032
0.030
0.034
0.016
0.016
0.030
0.040
0.027
0.008
0.026
0.023
0.019
0.032
0.022
0.035
0.040
0.009
0.005
0.026
0.020
0.034
0.048
0.021
0.040
<0.001

+

M o





