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We conducted two-sample Mendelian randomization (MR) to investigate whether circulating proteins contributing to the PPS may exert causal effects on frailty. Within this framework, germline genetic variants that influence protein concentrations are used as proxies for long-term biological exposure, helping to reduce residual confounding and reverse causation bias that may affect observational associations.
Genetic instruments for circulating proteins were obtained from the large proteome-wide genome-wide association study reported by Ferkingstad et al., which included 35,559 participants1. For each protein, we extracted cis-acting variants located near the encoding gene that were associated with protein levels at genome-wide significance (P < 5×10⁻⁸). Restricting instruments to cis pQTLs was intended to reduce the likelihood that variants influence frailty through biological pathways unrelated to the protein under investigation. Summary statistics for the frailty index (FI) were obtained from the genome-wide association meta-analysis by Atkins et al., involving 175,226 individuals of European ancestry. FI was defined using a validated accumulation-of-deficits approach2. Only variants present in both datasets and passing study-specific quality control procedures were retained.
Exposure and outcome datasets were harmonized to ensure that genetic effects referred to the same effect allele, and variants with ambiguous strand alignment were excluded. To avoid potential inflation of precision due to correlated instruments, we pruned variants for linkage disequilibrium using a European ancestry reference panel, retaining a single representative variant within each correlated locus. This process yielded a set of independent instruments for each protein.
The primary causal estimates were obtained using inverse-variance weighted MR under a random-effects framework. Where sufficient instruments were available, complementary MR estimators were applied to examine robustness to potential horizontal pleiotropy. Instrument strength was evaluated using F statistics, and heterogeneity across instruments was examined. We also assessed causal direction using Steiger testing to ensure that the genetic variants explained more variance in the protein than in the FI. Protein–frailty associations that showed weak instruments or incorrect directionality were not considered interpretable.
To account for proteome-wide testing, P values from the primary MR analyses were corrected using the false discovery rate. A protein was considered to display evidence consistent with a causal effect on frailty when the MR estimate remained statistically significant after FDR correction, the instruments demonstrated adequate strength, and the inferred direction was compatible with protein influencing frailty rather than the reverse. Associations that achieved nominal statistical significance but did not simultaneously satisfy all validity criteria were regarded as exploratory.
All analyses were implemented in R using established Mendelian randomization software and standard workflows. The analytical code is available from the authors upon reasonable request.
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