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Supplementary Material 

Supplementary table S1: Complete information about all the 146 considered metabolites  

Complete information about all the 146 considered metabolites, including the category, abbreviations and 

full name used. 

 

Supplementary table S2: Association of BMI with metabolites in the basic model 

Description: Association statistics for the association of BMI with metabolites in a linear regression model 

lm(BMI ~ metabolite + age + sex).  

 

Supplementary table S3: Association of BMI with metabolites in the full model 

Description: Association statistics for the association of BMI with metabolites in a linear regression model 

lm(BMI ~ metabolite + age + sex + physical activity + smoking + systolic blood pressure + HDL-C + 

triglyceride + fasting glucose). 

 

Supplementary table S4: Association of T2D with metabolites in the basic model 

Description: Association statistics for the association of T2D with metabolites in a logistic regression 

model glm(T2D ~ metabolite + age + sex + BMI).  

 

Supplementary table S5: Association of T2D with metabolites in the full model 

Description: Association statistics for the association of T2D with metabolites in a logistic regression 

model glm(T2D ~ metabolite + age + sex + BMI + physical activity + smoking + systolic blood pressure + 

HDL-C + triglyceride + fasting glucose). 

 

Supplementary table S6: Mediation test of metabolite residues from BMI to fasting glucose 

Description: Metabolite residue was calculated from a linear regression model lm (metabolite ~ age + sex 

+ physical activity + smoking + systolic blood pressure + HDL-C + triglyceride) and residue function 

lm$residuals. Mediation test statistics for residuals’ influence of BMI on fasting glucose in a 

mediation.test (metabolite residue, BMI, fasting glucose). 

 

Supplementary table S7: Mediation test of metabolite residues from BMI to HbA1c 

Description: Metabolite residue was calculated from a linear regression model lm (metabolite ~ age + sex 

+ physical activity + smoking + systolic blood pressure + HDL-C + triglyceride) and residue function 

lm$residuals. Mediation test statistics for residuals’ influence of BMI on fasting glucose in a 

mediation.test (metabolite residue, BMI, HbA1c). 

 

Sensitivity Analysis 

Sensitivity analysis was conducted by gender stratification. Female and male participants were separated 

to estimate the associations with BMI and T2D. The full statistics were shown in Supplementary Table S8-

S15. Metabolites like SM C16:1, SM C18:1 and PC aa C38:3 were significantly associated with BMI in both 

men and women individuals (basic and full models, Table S8-S11). SM C16:1 were significantly related to 



T2D in female participants, SM C18.1 was slightly associated with T2D (p-value = 0.075). Both SM C16:1 

and SM C18:1 were significantly related to T2D in male participants (basic model, Table S12-S13). Generally 

there is not much gender difference in finding metabolites.  

Supplementary table S8: Association of BMI with metabolites in the basic model for female 

individuals 

Description: Association statistics for the association of BMI with metabolites in a linear regression model 

lm(BMI ~ metabolite + age).  

 

Supplementary table S9: Association of BMI with metabolites in the basic model for male individuals 

Description: Association statistics for the association of BMI with metabolites in a linear regression model 

lm(BMI ~ metabolite + age).  

 

Supplementary table S10: Association of BMI with metabolites in the full model for female 

individuals 

Description: Association statistics for the association of BMI with metabolites in a linear regression model 

lm(BMI ~ metabolite + age + physical activity + smoking + systolic blood pressure + HDL-C + triglyceride 

+ fasting glucose). 

 

Supplementary table S11: Association of BMI with metabolites in the full model for male individuals 

Description: Association statistics for the association of BMI with metabolites in a linear regression model 

lm(BMI ~ metabolite + age + physical activity + smoking + systolic blood pressure + HDL-C + triglyceride 

+ fasting glucose). 

 

Supplementary table S12: Association of T2D with metabolites in the basic model for female 

individuals 

Description: Association statistics for the association of T2D with metabolites in a logistic regression 

model glm(T2D ~ metabolite + age + BMI).  

 

Supplementary table S13: Association of T2D with metabolites in the basic model for male 

individuals 

Description: Association statistics for the association of T2D with metabolites in a logistic regression 

model glm(T2D ~ metabolite + age + BMI).  

 

Supplementary table S14: Association of T2D with metabolites in the full model for female 

individuals 

Description: Association statistics for the association of T2D with metabolites in a logistic regression 

model glm(T2D ~ metabolite + age + BMI + physical activity + smoking + systolic blood pressure + HDL-C 

+ triglyceride + fasting glucose). 

 

Supplementary table S15: Association of T2D with metabolites in the full model for male individuals 

Description: Association statistics for the association of T2D with metabolites in a logistic regression 

model glm(T2D ~ metabolite + age + BMI + physical activity + smoking + systolic blood pressure + HDL-C 

+ triglyceride + fasting glucose). 

 



 

 

 

Gene expression analysis 

We employed the Genotype-Tissue Expression (GTEx) human database and the Mouse Genome 

Informatics (MGI) database to investigate the tissue-specific role of the identified genes CERS4, PDXDC1 

and FADS1-3. Human expression data presented were generated through a multi-gene query on the 

GTEx portal on 17/10/2022 from https://www.gtexportal.org/home/multiGeneQueryPage. Mice 

expression data was screened on the GXD portal and visualized using the Morpheus heat map and 

analysis tool created by the Broad Institute from http://www.informatics.jax.org/expression.shtml. While 

the functional role of a subset of these genes may be more global, others may imply specific pathways. 

For instance, in human tissues, CERS4, FADS1, FADS2 and PDXDC1 were predominantly expressed in 

the thyroid, adrenal, brain, and testis tissues. FADS3, showed more sporadic expression in relevant 

human tissues, in adipose and artery tissues. In mice, FADS1 and FADS2 were primarily expressed in the 

liver. FADS1-3 have been identified as genetic risk factors for obesity or T2D, preferentially associated 

with abnormal lipid levels like fatty acids, cholesterol and triglyceride [1,2]. 

 

Figure S1. Human tissue-specific gene expression and regulation. Human-seq data from GTEx showing the transcript 

per million (TPM) expression values for the genes encoding the proteins. Data is arranged into two clusters. 

 

 

 
Figure S2. Mice tissue-specific gene expression and regulation. RNA-Seq tissue specific gene expression and regulation 

in mice for the C57BL/6J strain from the MGI database. The expression values for the genes encoding the proteins are 

shown in transcript per million (TPM). Data is only shown for the available genes in the respective databases. 

https://www.gtexportal.org/home/multiGeneQueryPage
http://www.informatics.jax.org/expression.shtml


 

 

 

Identifying the tissue-specific role of SM C16:1, SM C18:1 and PC aa C38:3 associated gene using 

mouse databases  

Mouse orthologs were identified for the 5 genes (FADS1-3, CERS4 and PDXDC1) associated with SM 

C16:1, SM C18:1 and PC aa C38:3 using the Mouse Genome Database [3]. The reference mouse database 

was used to identify gene expression correlations with relevant obesity and T2D traits in mice adipose, 

liver, muscle and brain tissue: an F2 cross of the inbred ApoE−/− C57BL/6J and C3H/HeJ strains (n = 334 

mice that were fed with a high fat diet from 8 to 16 weeks of age and euthanized at 24 weeks of age) [4]. 

The adipose, liver, muscle and brain tissue expression data of the 334 F2 cross mice was accessed using the 

publicly available dataset Sage BioNetworks at https://www.synapse.org/#!Synapse:syn4497 [4]. 3 of the 

genes had mouse orthologs. The weight mild correlation coefficients (bicor) measures samples based on 

the median and are less sensitive to outliers, which provides a robust alternative to similarity metrics. 

WGCNA R package was used to calculate the bicor coefficients and the p values for the association of gene 

expression levels and the selected relevant traits [5]. We observed correlations between adipose, liver and 

muscle gene expression and numerous essential obesities and T2D traits, including weight, body fat 

composition, LDL, HDL, cholesterol, triglycerides, insulin, glucose, etc. We noticed FADS1 strong 

enrichment in muscle tissue, FADS2 in liver tissue and FADS3 in adipose and liver tissues for obesity and 

T2D traits. In general, FADS1-3 have strong correlations with obesity and T2D traits in adipose, liver and 

muscle tissues, which indicated these genes may regulate the pathways of obesity to T2D development. 
 

 

 

 

 

https://www.synapse.org/#!Synapse:syn4497


 

Figure S3. The F2 dataset which is a cross of the inbred ApoE−/− C57BL/6J and C3H/HeJ strains fed a high 

fat + cholesterol diet. The significance of the correlations R2 is as indicated (*** for p < 0.001, ** for p < 0.01 and * for 

p < 0.05) 
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