Supplementary Information
Metabolic Trait Selection and Factor Robustness
The main manuscript summarizes the staged construction of lipid and non-lipid metabolic factor GWAS. Full trait-level QC is provided in Supplementary Table S1. Briefly, 112 non-proportion traits from the primary EstBB-UKBB meta_EUR NMR metabolite GWAS [1,2] passed the univariate LDSC entry rule [4] (h2 Z > 4) and were used as the parent discovery universe. The lipid workflow reduced 94 lipid-related traits to a final eight-indicator panel through redundancy control, factor-loading stability, loading-gap support, and final model fit. The non-lipid workflow reduced 18 non-lipid traits to a final eight-indicator panel using analogous criteria, including compact-subset ESEM search favoring CFI >= 0.95 and SRMR < 0.08.
Q_SNP heterogeneity was treated as an annotation layer. The HDL-core and cholesteryl-ester/structural lipid factors showed little or no genome-wide significant Q_SNP burden, whereas the TG-rich/VLDL-remodeling and several non-lipid factors retained Q_SNP loci. These findings were not used to exclude factor GWAS because Genomic SEM Q_SNP [5] identifies loci that deviate from the common-factor model, not failure of the latent factor itself.
External Metabolite Validation
External validation used the Karjalainen et al. NMR metabolite GWAS resource [3], which is independent from the primary EstBB-UKBB meta_EUR construction resource. Because phenotype naming and trait availability were not identical between the two resources, external validation pairs were classified as exact matches, terminology/platform variants, size-specific proxies, or same-domain support traits. The external validation tables retain source ancestry-composition fields; no European-only external GWAS were regenerated from individual-level data.
The validation results supported the metabolic identity of the retained factor GWAS. The TG-rich/VLDL-remodeling axis aligned with external triglyceride-rich and VLDL-size traits, including triglycerides in medium HDL (rg = 0.792), monounsaturated fatty acids (rg = 0.858), and mean VLDL particle diameter (rg = 0.891). The HDL-core axis aligned most strongly with apolipoprotein A-I levels (rg = 0.874), with additional same-domain support from cholesterol esters in small HDL (rg = 0.282). The cholesteryl-ester/structural lipid axis aligned with free cholesterol in very small VLDL (rg = 0.853) and VLDL cholesteryl-ester traits. Among non-lipid factors, the ketone-body axis aligned with 3-hydroxybutyrate (rg = 0.859), the amino-acid axis aligned with leucine (rg = 0.884), valine (rg = 0.875), and phenylalanine (rg = 0.395), and the energy-bridge axis aligned inversely with glucose (raw rg = -0.412; aligned absolute rg = 0.412). These findings support the interpretation that the factor GWAS captured recognizable metabolic axes outside the construction dataset.
Complete Disease Screen
The main manuscript emphasizes the three FDR-significant factor-disease pairs: HDL-core axis with AD, ketone-body axis with PD, and TG-rich/VLDL-remodeling axis with PD. The full screen denominator is retained in Supplementary Table S23. The remaining 15 comparisons, including all LBD analyses, did not survive FDR correction and were not taken forward as manuscript-facing branches.
Targeted HDL-AD LDSC Check
During discussion-stage interpretation, the positive HDL-core-AD association was evaluated with targeted single-trait LDSC checks. ApoA1, HDL cholesteryl esters, total HDL cholesterol, and HDL cholesterol subfractions all showed positive genetic correlations with AD. These results are reported in Supplementary Table S24 and are intended to support the direction and coherence of the HDL-core branch.
Public Disease-State Summaries
In the PD transcriptomic meta-signature [7], all KNK-prioritized genes were present. LRPAP1 showed the strongest dysregulation score among prioritized genes (D.overall = 0.0968; rank = 962; expressed in all six source datasets), followed by GRK4 (D.overall = 0.0457; rank = 5,298), KNOP1 (D.overall = 0.0426; rank = 6,045), TMEM175 (D.overall = 0.0386; rank = 6,963), KANSL1 (D.overall = 0.0369; rank = 7,260), and PRMT7 (D.overall = 0.0344; rank = 8,019). DGKQ, LRRC37A2, ARL17B, and DUS2 were also present but lower ranked. These results provide supportive disease-state context for the PD-facing branches, particularly the ketone-body-PD and TG-rich/VLDL-remodeling-PD branches, but they do not establish causal expression mediation.
The public AD CSF proteomic resource [6] had limited coverage of prioritized genes. Only LRPAP1 was detected in the extracted AD proteomic tables, and its available comparisons were not significant in the BioFINDER-style pathology comparison (effect = -0.0232, P = 0.279, FDR = 0.474) or ADNI validation table (effect = -0.00935, P = 0.851, FDR = 0.963).
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