Integrated mendelian randomization and multi-omics reveal pharmacological function of acetoacetate in atherosclerosis
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Introduction Atherosclerosis is a leading cause of mortality and reduced quality of life among the elderly worldwide, driven by factors including hypertension, diabetes, hypercholesterolemia, and genetic predisposition. Therapeutic strategies for atherosclerosis are currently limited, mainly consisting of surgical interventions, pharmacological treatments, and lifestyle modifications1. The ketogenic diet elevates circulating levels of acetoacetate in humans, which is a ketone body that has been epidemiologically associated with atherosclerosis2. However, the causal relationship and the pharmacological potential of acetoacetate in treating atherosclerosis remain unclear.
Aims This study aims to elucidate the causal relationships, molecular mechanisms and therapeutic effects of acetoacetate in atherosclerosis progression.
Methods Two genome-wide association study (GWAS) database (met-d-Acetoacetate and ukb-d-I9_CORATHER) were utilized for two sample mendelian randomized (MR) to decipher the biological causality between acetoacetate and atherosclerosis. Additionally, the atherosclerotic transcriptome databases (GSE43292 and GSE100927) and a single cell-RNA dataset (GSE159677) were analyzed to preform Lasso-Cox regression, signaling enrichment, immune infiltration, and CellChat analyses. The key therapeutic targets of acetoacetate in atherosclerosis, identified through integrated MR and multi-omics screening, were further validated in an atherosclerosis mouse model by qPCR.
Results MR analysis indicated that acetoacetate levels were inversely associated with atherosclerosis risk, suggesting potential therapeutic efficacy. A total of 129 acetoacetate-associated single nucleotide polymorphisms (SNPs) were identified, corresponding to 17 candidate genes. Through machine learning-based feature selection, four key genes (GALNT2, CTSB, PCSK7, and XKR6) were prioritized to construct a prognostic model (Score = -2.032GALNT2 + 0.449CTSB + 1.233PCSK7 + 0.312XKR6), which demonstrated high predictive performance in GSE43292 (AUC: 0.863) and was externally validated in GSE100927 (AUC: 0.899). Stratification of patients according to the prognostic model identified 500 differentially expressed genes (DEGs) between high- and low-score groups. Pathway enrichment analysis of these DEGs enriched 51 signaling pathways, with the PPAR signaling pathway emerging as a potential molecular mechanism through which acetoacetate exerts its therapeutic effects in atherosclerosis. Experimental validation by qPCR in an atherosclerosis mouse model corroborated these gene expression patterns. Furthermore, integrative immune infiltration and single-cell RNA-seq analyses demonstrated that acetoacetate modulates macrophages, dendritic cells, and monocytes, supporting its therapeutic role in atherosclerosis via regulation of immune cell composition and function.
Discussion Our study reveals a causal role of acetoacetate in atherosclerosis and supports its potential as a therapeutic agent to slow or reverse disease progression, highlighting its promise for future clinical translation.
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