Supplementary Materials
for
Simulating Metabolic Pathways to Enhance Interpretations of Metabolome Genome-Wide Association Studies

Shun Kodate1,2,†, Mitsuharu Sato1,†, Eiji Hishinuma1,3, Kaname Kojima1, Ikuko N Motoike1,4, ToMMo Study Group, Seizo Koshiba1,3, Masayuki Yamamoto1,3, Kazunori D Yamada2,4, and Kengo Kinoshita1,3,4,*
1 Tohoku Medical Megabank Organization, Tohoku University, Sendai, Miyagi 980-8573, Japan
2 Unprecedented-scale Data Analytics Center, Tohoku University, Sendai, Miyagi 980-0845, Japan
3 Advanced Research Center for Innovations in Next-Generation Medicine, Tohoku University, Sendai, Miyagi 980-8573, Japan
4 Graduate School of Information Sciences, Tohoku University, Sendai, Miyagi 980-8579, Japan
† co-first author
* Correspondence should be addressed to Kengo Kinoshita,
Tohoku Medical Megabank Organization, Tohoku University, 2-1, Seiryo-machi, Aoba-ku, Sendai, Miyagi 980-8573, Japan
E-mail: kengo@tohoku.ac.jp



The following tables display the changes of metabolite concentration for each enzyme when the reaction rate is decreased by 50% in our simulations, alongside corresponding results from MGWAS. For the MGWAS data, we have included the variant with the Reference SNP (rs) number with the smallest -value for each enzyme. Rows are sorted by the -value in ascending order. Values for enzymes not included in MGWAS are omitted.

Changes of metabolite concentrations by altered AICART (MGWAS: rs549721282_*, gene: ATIC).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Sarcosine
	0
	-5.24 × 10-2
	1.69 × 10-3

	Formate
	0
	-4.58 × 10-3
	2.00 × 10-1

	Glycine
	0
	-3.84 × 10-3
	2.70 × 10-1

	Methionine
	0
	-2.40 × 10-3
	3.10 × 10-1

	Serine
	0
	+1.69 × 10-3
	3.90 × 10-1

	Homocysteine
	0
	-2.88 × 10-3
	7.77 × 10-1

	N, N-dimethylglycine
	0
	+1.02 × 10-3
	9.10 × 10-1




Changes of metabolite concentrations by altered BHMT (MGWAS: rs686764_T, gene: BHMT).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	N, N-dimethylglycine
	−4.53 × 101
	-3.06 × 10-2
	5.30 × 10-94

	Serine
	−1.33 × 100
	-1.07 × 10-3
	9.10 × 10-2

	Glycine
	+3.97 × 10−1
	-6.64 × 10-4
	2.80 × 10-1

	Formate
	+1.93 × 100
	-5.60 × 10-4
	5.10 × 10-1

	Homocysteine
	+1.11 × 101
	-1.12 × 10-3
	6.86 × 10-1

	Sarcosine
	−2.93 × 101
	+1.60 × 10-3
	7.26 × 10-1

	Methionine
	−1.29 × 101
	+1.36 × 10-5
	9.90 × 10-1




Changes of metabolite concentrations by altered CBS (MGWAS: rs1788466_A, gene: CBS).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Homocysteine
	+6.79 × 101
	+1.35 × 10-2
	7.76 × 10-5

	Glycine
	+1.34 × 10−1
	-1.60 × 10-3
	5.60 × 10-2

	Serine
	+3.57 × 10−2
	-1.55 × 10-3
	6.30 × 10-2

	Methionine
	+1.09 × 101
	-1.34 × 10-3
	7.40 × 10-2

	Sarcosine
	+3.82 × 101
	+3.62 × 10-3
	5.22 × 10-1

	Formate
	−1.18 × 101
	-7.52 × 10-4
	7.90 × 10-1

	N, N-dimethylglycine
	+4.72 × 101
	+6.39 × 10-4
	8.00 × 10-1




Changes of metabolite concentrations by altered DHFR (MGWAS: rs59832549_TACACAC, gene: DHFR).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	N, N-dimethylglycine
	+6.31 × 10−2
	-8.49 × 10-3
	3.90 × 10-3

	Serine
	+3.26 × 10−2
	-8.83 × 10-4
	3.60 × 10-1

	Glycine
	−3.13 × 10−2
	-3.40 × 10-4
	3.90 × 10-1

	Sarcosine
	+7.35 × 10−2
	-6.74 × 10-3
	4.82 × 10-1

	Formate
	+3.29 × 10−2
	-1.75 × 10-3
	5.50 × 10-1

	Methionine
	−1.17 × 10−2
	+5.95 × 10-4
	6.30 × 10-1

	Homocysteine
	+3.02 × 10−2
	+1.28 × 10-4
	9.83 × 10-1




Changes of metabolite concentrations by altered DNMT (MGWAS: rs79495599 _A, gene: DNMT1).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Methionine
	−1.26 × 101
	+5.56 × 10-3
	1.80 × 10-4

	N, N-dimethylglycine
	−8.43 × 100
	+9.55 × 10-3
	5.50 × 10-3

	Sarcosine
	+3.35 × 101
	+1.59 × 10-2
	1.61 × 10-1

	Formate
	−1.16 × 101
	+3.94 × 10-3
	2.10 × 10-1

	Serine
	−1.82 × 100
	+1.42 × 10-3
	2.10 × 10-1

	Glycine
	−2.06 × 100
	-7.44 × 10-4
	6.30 × 10-1

	Homocysteine
	−2.40 × 100
	-1.64 × 10-3
	8.09 × 10-1





Changes of metabolite concentrations by altered FTS (MGWAS: rs1256145_C, gene: MTHFD1).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Formate
	+1.32 × 102
	-4.62 × 10-3
	1.70 × 10-4

	Glycine
	+1.19 × 100
	+1.10 × 10-3
	1.70 × 10-1

	Sarcosine
	+4.39 × 100
	-6.14 × 10-3
	1.94 × 10-1

	Methionine
	-1.18 × 10-1
	-5.28 × 10-4
	4.40 × 10-1

	Homocysteine
	+2.71 × 10-1
	-2.11 × 10-3
	4.60 × 10-1

	N, N-dimethylglycine
	+4.15 × 100
	-1.01 × 10-3
	4.90 × 10-1

	Serine
	+4.82 × 10-1
	-1.84 × 10-4
	6.50 × 10-1



Changes of metabolite concentrations by altered GNMT (MGWAS: rs9471978_C, gene: GNMT).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Sarcosine
	-1.81 × 101
	-2.52 × 10-2
	3.11 × 10-6

	Glycine
	+1.95 × 100
	-2.32 × 10-3
	2.40 × 10-2

	Methionine
	-8.92 × 100
	-1.38 × 10-3
	5.60 × 10-2

	Formate
	-1.06 × 101
	+2.48 × 10-3
	8.80 × 10-2

	Serine
	-1.43 × 100
	-5.43 × 10-4
	4.90 × 10-1

	N, N-dimethylglycine
	-6.69 × 100
	+6.05 × 10-4
	7.40 × 10-1

	Homocysteine
	-2.07 × 100
	+4.07 × 10-4
	9.02 × 10-1





Changes of metabolite concentrations by altered MAT-I　(MGWAS: rs150325987_*, gene: MAT2B).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	N, N-dimethylglycine
	−1.24 × 101
	-8.88 × 10-3
	5.10 × 10-4

	Methionine
	+5.47 × 101
	-2.03 × 10-3
	4.10 × 10-2

	Homocysteine
	−1.79 × 101
	-4.32 × 10-3
	3.36 × 10-1

	Serine
	+3.78 × 100
	-4.32 × 10-5
	7.70 × 10-1

	Glycine
	+9.63 × 10−2
	+5.64 × 10-4
	7.80 × 10-1

	Sarcosine
	−2.27 × 101
	+1.26 × 10-3
	8.66 × 10-1

	Formate
	+2.83 × 101
	-2.03 × 10-4
	9.00 × 10-1




Changes of metabolite concentrations by altered MAT-III (MGWAS: rs150325987_*, gene: MAT2B).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	N, N-dimethylglycine
	-6.13 × 100
	-8.88 × 10-3
	5.10 × 10-4

	Methionine
	+2.59 × 101
	-2.03 × 10-3
	4.10 × 10-2

	Homocysteine
	-8.96 × 100
	-4.32 × 10-3
	3.36 × 10-1

	Serine
	+1.69 × 100
	-4.32 × 10-5
	7.70 × 10-1

	Glycine
	+1.30 × 10-1
	+5.64 × 10-4
	7.80 × 10-1

	Sarcosine
	-1.13 × 101
	+1.26 × 10-3
	8.66 × 10-1

	Formate
	+9.62 × 100
	-2.03 × 10-4
	9.00 × 10-1





Changes of metabolite concentrations by altered MS (MGWAS: rs12037527_C, gene: MTR).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Homocysteine
	-3.90 × 10-1
	+1.11 × 10-2
	2.61 × 10-3

	Serine
	+2.45 × 100
	-1.39 × 10-3
	1.10 × 10-1

	N, N-dimethylglycine
	-4.37 × 10-1
	+3.32 × 10-3
	2.50 × 10-1

	Methionine
	-1.02 × 101
	+7.80 × 10-4
	3.20 × 10-1

	Sarcosine
	-1.25 × 101
	-4.48 × 10-3
	4.68 × 10-1

	Formate
	+4.54 × 101
	+1.35 × 10-3
	4.70 × 10-1

	Glycine
	-1.41 × 100
	-1.69 × 10-3
	6.30 × 10-1




Changes of metabolite concentrations by altered MTD (MGWAS: rs1256145_C, gene: MTHFD1).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Formate
	+1.09 × 10−3
	-4.62 × 10-3
	1.70 × 10-4

	Glycine
	+2.41 × 10−2
	+1.10 × 10-3
	1.70 × 10-1

	Sarcosine
	+7.36 × 10−2
	-6.14 × 10-3
	1.94 × 10-1

	Methionine
	−2.72 × 10−3
	-5.28 × 10-4
	4.40 × 10-1

	Homocysteine
	+5.83 × 10−2
	-2.11 × 10-3
	4.60 × 10-1

	N, N-dimethylglycine
	+6.68 × 10−2
	-1.01 × 10-3
	4.90 × 10-1

	Serine
	−2.37 × 10−2
	-1.84 × 10-4
	6.50 × 10-1





Changes of metabolite concentrations by altered MTCH (MGWAS: rs1256145_C, gene: MTHFD1).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Formate
	-3.11 × 10-1
	-4.62 × 10-3
	1.70 × 10-4

	Glycine
	+5.95 × 10-1
	+1.10 × 10-3
	1.70 × 10-1

	Sarcosine
	+1.70 × 100
	-6.14 × 10-3
	1.94 × 10-1

	Methionine
	-5.87 × 10-2
	-5.28 × 10-4
	4.40 × 10-1

	Homocysteine
	+1.37 × 100
	-2.11 × 10-3
	4.60 × 10-1

	N, N-dimethylglycine
	+1.53 × 100
	-1.01 × 10-3
	4.90 × 10-1

	Serine
	-5.89 × 10-1
	-1.84 × 10-4
	6.50 × 10-1




Changes of metabolite concentrations by altered PGT (MGWAS: rs74838149_G, gene: GART).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Methionine
	-5.05 × 10-1
	+3.34 × 10-3
	1.30 × 10-2

	Sarcosine
	-3.15 × 100
	+1.25 × 10-2
	2.16 × 10-1

	Homocysteine
	-4.76 × 100
	+5.10 × 10-3
	4.00 × 10-1

	Formate
	+3.86 × 101
	-2.46 × 10-3
	5.40 × 10-1

	Serine
	+5.31 × 100
	+4.64 × 10-4
	6.80 × 10-1

	Glycine
	-5.07 × 100
	+1.09 × 10-3
	8.10 × 10-1

	N, N-dimethylglycine
	-3.10 × 100
	+6.70 × 10-4
	8.70 × 10-1





Changes of metabolite concentrations by altered SAAH (MGWAS: rs75334389_*, gene: AHCY).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Homocysteine
	-2.00 × 100
	+1.88 × 10-2
	3.13 × 10-3

	Methionine
	-2.21 × 100
	-2.82 × 10-3
	4.30 × 10-2

	N, N-dimethylglycine
	-3.36 × 100
	-5.91 × 10-3
	5.90 × 10-2

	Formate
	-1.45 × 100
	-3.47 × 10-3
	1.40 × 10-1

	Sarcosine
	-2.19 × 100
	+2.43 × 10-3
	8.15 × 10-1

	Serine
	-2.62 × 10-1
	+1.70 × 10-4
	9.30 × 10-1

	Glycine
	+1.15 × 10-1
	+1.39 × 10-3
	9.70 × 10-1




Changes of metabolite concentrations by altered SHMT (MGWAS: rs2688030_G, gene: SHMT1).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Formate
	−5.34 × 10−1
	-7.38 × 10-3
	9.00 × 10-9

	Glycine
	−2.48 × 10−1
	+1.99 × 10-3
	5.90 × 10-2

	Methionine
	−5.26 × 10−2
	-5.00 × 10-4
	3.80 × 10-1

	Sarcosine
	+1.16 × 10−1
	-2.56 × 10-3
	5.64 × 10-1

	N, N-dimethylglycine
	+8.20 × 10−2
	-3.86 × 10-4
	6.10 × 10-1

	Serine
	+2.11 × 10−1
	+1.82 × 10-4
	7.40 × 10-1

	Homocysteine
	+2.42 × 10−2
	-4.93 × 10-4
	8.54 × 10-1





Changes of metabolite concentrations by altered TS (MGWAS: rs150960666_T, gene: TYMS).
	Metabolite
	Change of 
concentrations (%)
	MGWAS 
	MGWAS p

	Formate
	+7.90 × 100
	-1.00 × 10-2
	3.50 × 10-3

	Methionine
	-1.11 × 10-1
	-1.60 × 10-3
	3.20 × 10-1

	N, N-dimethylglycine
	-2.22 × 100
	-3.50 × 10-3
	4.20 × 10-1

	Homocysteine
	-2.47 × 100
	+5.83 × 10-3
	4.84 × 10-1

	Serine
	+2.00 × 100
	-1.22 × 10-3
	5.10 × 10-1

	Sarcosine
	-2.34 × 100
	+8.61 × 10-3
	5.31 × 10-1

	Glycine
	-1.99 × 100
	-1.85 × 10-3
	5.90 × 10-1





In the systematic analysis of enzyme-metabolite relationships, we examined cases where the enzyme reaction rate was reduced from 100% to 10% (Figure 2A). Additionally, we analyzed cases where the reaction rate was increased from 100% to 200% in 10% increments (Figure S1). The overall results remained consistent: the trends of metabolites, whether their concentrations were noticeably affected or unaffected by changes in enzyme reaction rates, remained unchanged (Figure S2).



[image: ]Figure S1. The interactions between all enzymes (represented by columns) and all metabolites (represented by rows) within the cytosol compartment of the model. Each panel depicts the changes in metabolite concentration resulting from alterations in the corresponding enzyme’s reaction rate, which was adjusted from 100% to 200% in increments of 10%. The intensity of the color in each point correlates with the magnitude of fluctuation, with a deeper blue denoting a larger change. The order of enzymes is the same as in Figure 2A.
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Figure S2. Scatter plot illustrating the trend in metabolite concentration changes in response to variations in enzyme reaction rates. Each point represents an enzyme, with the X-axis indicating the mean metabolite concentration change at a reaction rate of 50%, and the Y-axis indicating the mean metabolite concentration change at a reaction rate of 150%.
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