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Metabolomics by CE-TOFMS
Metabolomics using mouse liver tissue was carried out through a facility service at Human Metabolome Technology (HMT) Inc. (Tsuruoka, Japan).  Capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS) was carried out using an Agilent CE Capillary Electrophoresis System equipped with an Agilent 6210 Time of Flight mass spectrometer, Agilent 1100 isocratic HPLC pump, Agilent G1603A CE-MS adapter kit, and Agilent G1607A CE-ESI-MS sprayer kit (Agilent Technologies, Waldbronn, Germany).  The systems were controlled by Agilent G2201AA ChemStation software version B.03.01 for CE (Agilent Technologies, Waldbronn, Germany).  The metabolites were analyzed by using a fused silica capillary (50 μm i.d. × 80 cm total length) with commercial electrophoresis buffer (Solution ID: H3301-1001 for cation analysis and H3302-1021 for anion analysis, Human Metabolome Technologies) as the electrolyte.  The sample was injected at a pressure of 50 mbar for 10 sec (approximately 10 nL) in the cation analysis and 25 sec (approximately 25 nL) in the anion analysis.  The spectrometer was scanned from m/z 50 to 1,000.  Other conditions followed the methods as described previously. 1  Peaks were extracted using the automatic integration software MasterHands (Keio University, Tsuruoka, Japan) in order to obtain peak information including m/z, migration time for CE-TOFMS measurement and peak area. 2 Signal peaks corresponding to isotopomers, adduct ions, and other product ions of known metabolites were excluded, and remaining peaks were annotated with putative metabolites from the HMT metabolite database based on their migration times and m/z values determined by TOFMS.

Pathway Enrichment Analysis on Metabolites
Results from pathway analysis were shown in supplementary materials. The Total Metabo is the total number of metabolites in the pathway; the Hits is the actually matched number of metabolites. The Impact is the pathway impact value calculated from pathway topology analysis. Pathway topology analysis was performed using MetaboAnalyst, incorporating statistical significance (p-values) and topological measures (e.g., betweenness centrality) to calculate pathway impact values for metabolic pathways.3

RNA sequencing and Data Analysis
RNA sequencing analysis using mouse liver tissue was carried out through a facility service at Amelieff Inc. (Tokyo, Japan).
Library preparation for transcriptome sequencing
Sequencing libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for Illumina®(NEB, USA, Cat No. 7760) following manufacturer’s protocol 3 and index codes were added to attribute sequences to each sample. Finally, the resulting libraries were purified (AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 system.The purified libraries were sequenced on a Novaseq 6000 (Illumina) with a 150-base pair-end read setting. 

NGS read preprocessing and alignment
First, sequence quality was checked using FastQC 4 and MultiQC 5 with --export option. Next, Trimmomatic 6 was used to remove adapter sequences and PRINSEQ-lite 7 was used to remove the poly A/T tail, short sequence length reads, and trim low-quality bases at the extremity of the reads. Reads were aligned to the Mus musculus reference genome (mm39) using STAR 8.

Quantification of expression levels and differentially expressed genes (DEG) analysis
Gene expression levels were calculated using the featureCount function from the Subread 9, and differentially expressed genes (DEG) analysis were determined using the R package edgeR 10. In DEG analysis, gene expressions were normalized to cpm (counts per million), and genes expressed in less than 2 samples were removed Expression level after TMM normalization was used for DEG analysis.

Supplemental Table S1: Cardiometabolic Criteria for Adult
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We defined cardiometabolic criteria to 5 categories in this study. M: Male, F: Female.
OBE: obesity, GLC: glucose, HT: hypertension, TG: triglyceride


[bookmark: _Hlk165533983]Supplemental Table S2: Composition of experimental diets for mice.
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[bookmark: _Hlk173841982]AIN-93G: American Institute of Nutrition 1993 Growth, H-GST: high glycine, serine and threonine


[bookmark: _Hlk42689000]Supplemental Table S3: The comparison of FAAs in MASLD patients with or without insulin resistance.
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The homeostatic model assessment for IR (HOMA-IR) above 2.5 defined insulin resistance as positive. Data are presented as means ± SD. *<0.05vs. CC-SLD-

Supplemental Table S4: The difference of FAAs according to pathological features in liver of MASLD.
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Data are presented as means ± SD. *<0.05 	vs steatosis 1, vs inflammation 0-1, vs ballooning 0





Supplemental Table S5: The change of FAAs by progression in patients with MASH.
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Data are presented as means ± SD. *<0.05vs. MASLD
F0-1: fibrosis stage 0 and 1. F2, F3 and F4 were fibrosis stages 2, 3, and 4, respectively.




Supplemental Table S6: The imbalance of FAAs in liver induced by FFC diet.
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Fifty-week male C56Bl/6J wild type mice were fed each diet (NC, n = 5; FFC, n = 5) for 20 weeks. Eight-week male C56Bl/6J wild type mice were fed each diet (NC, n = 5; FFC, n = 5) for 20 or 2 weeks. Values were nmol / g (liver). Data are presented as means ± SD. *<0.05 between NC and FFC. NC: normal chow, FFC: high-fat, fructose and cholesterol


Supplemental Figure Legends

Supplemental Figure S1: Age and sex matching between MASLD and CC+SLD- or CC-SLD-.    
[image: ]
[bookmark: _Hlk163998158](A) Age distribution in CC+SLD-, CC-SLD- and MASLD before and after matching. The Vertical axis shows the percentage of the total number. The horizontal axis represents age in 10-year intervals. Numbers in parentheses indicate the number of cases. (B) Sex distribution in CC+SLD-, CC-SLD- and MASLD before and after matching. The Vertical axis shows the sex ratio, and horizontal axis shows the ratio of subject numbers among groups. Black tiles mean female and grey tiles mean male. 
MASLD: metabolic dysfunction-associated steatotic liver disease 
CC+SLD-: cardiometabolic criteria positive and steatotic liver disease negative
CC-SLD-: cardiometabolic criteria negative and steatotic liver disease negative

Supplemental Figure S2: Flow chart of the retrospective study.
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SLD: Steatotic liver disease, ALD: alcoholic liver disease
[bookmark: _Hlk173843974]MASLD: metabolic dysfunction-associated steatotic liver disease
MetALD: metabolic dysfunction and alcohol-associated liver disease
CC-SLD-: cardiometabolic criteria negative and steatotic liver disease negative
CC+SLD-: cardiometabolic criteria positive and steatotic liver disease negative
CC-SLD+: cardiometabolic criteria negative and steatotic liver disease positive
MASH: metabolic dysfunction-associated steatohepatitis
DILI: drug-induced liver injury

Supplemental Figure S3: The percentages of cardiometabolic abnormalities in CC+SLD-, MASLD, and ALD   
[image: ]
OBE, GLC, HT, TG and HDL were categories in cardiometabolic criteria (Supplementary Table S1). Numbers in parentheses indicate the number of cases. *<0.05vs. CC+SLD-
CC+SLD-: Cardiometabolic criteria positive and steatotic liver disease negative.
MASLD: metabolic dysfunction-associated steatotic liver disease
MetALD: metabolic dysfunction and alcohol-associated liver disease
OBE: obesity, GLC: glucose, HT: hypertension, TG: triglyceride

[bookmark: _Hlk165533796]Supplemental Figure S4: FFC diet induced mitochondrial dysfunction and the imbalance of FAAs in liver
[image: ダイアグラム

自動的に生成された説明]
[bookmark: _Hlk172032066](A) Schematic representation of the experimental. Fifty-week male C56BL/6J wild mice were fed each diet (NC, n = 5; FFC, n = 5) for 25 weeks. (B) liver weight (LW) to body weight (BE) ratio. ****p<0.0001 (C) Comparison of epididymal white adipose tissue (eWAT), intrascapular white adipose tissue (iWAT), tibialis anterior (TA), and gastrocnemius (GAS). **p<0.01,  ****p<0.0001. (D) Principal component analysis (PCA) between FFC diet and NC. 
NC: normal chow, WD: western diet, FFC: high-fat, fructose and cholesterol

Supplemental Figure S5: Dietary intervention by Gly, Ser and Tyr ameliorated the pathogenesis of MASLD model mice.
[image: ]
(A) Schematic representation of the experimental. Six-week male C56BL/6J ob/ob mice were fed each diet (AIN-93G, n = 7; H-GST, n = 7) for 3 weeks. (B) Comparison of epididymal white adipose tissue (eWAT), intrascapular white adipose tissue (iWAT), tibialis anterior (TA), and gastrocnemius (GAS). ns: not significant. (C) The comparison of fasting blood glucose, triglyceride, and cholesterol levels between AIN-93G and H-GST. FBG: fasting blood glucose, TG: triglyceride, T-cho: total cholesterol.
AIN-93G: American Institute of Nutrition 1993 Growth, H-GST: high glycine, serine and threonine
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image3.tiff
AAs insulin resistance
(nmol/mL) - (n=48) +(n=163)
Thr 134 £33 145 35 *
Ser 145 £28 149 +34
Asn 58 +11 58 +14
Glu 116 +106 113 463
GIn 551 +133 553 +130
Pro 175 167 190 +59
Gly 251 +49 238 62
Ala 408 +111 445 +106 *
Val 256 +59 283 66 *
Leu 139 £37 157 +41 *
lle 71 20 81 +24 *
Cys 44 £19 45 +20
Met 29 6 34 +11 *
Tyr 74 21 91 27 *
Phe 78 +19 83 +20
Oomn 99 32 109 #27 *
His 91 18 93 +18
Lys 212 43 227 +44 >
Trp 51 +12 57 +12 *
Arg 91 34 93 +46 *
Total 20AAs 3219 #466 3378 +470 *
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inflammation

AAs 1 3 01 2 3 0 1 2
(moliml)  (N=90)  (N=868) (N=13) (N=70)  (N=82) (N=19) (N=25  (N=93) (N=53)
Thr 153 38 146 32 128 21 * 149 £34 149 34 143 =43 138 25 151 #35 150 =38
Ser 157 41 143 28 * 136 %27 155 £37 149 237 137 £29 141 £27 149 32 156 46
Asn 58 #1655 12 55 14 56 +16 58 +14 565 211 56 59 57 #12 56 £19
Glu 120 £95 110 58 115 242 128 102 107 53 106 69 108 42 116 86 118 £79
GIn 530 £153 551 138 562 249 522 +153 564 £131 512 133 504 £80 560 136 482 155 *
Pro 188 49 192 69 198 52 196 £60 189 57 174 246 180 40 201 66 178 244
Gly 254 68 221 %43 * 225 %43 253 66 233 54 210 #41 * 234 £33 238 52 242 =79
Ala 443 £112 440 £103 481 185 468 120 427 296 * 437 88 438 187 447 107 446 116
Val 276 66 299 60 298 49 295 £56 285 64 266 81 269 47 296 67 280 61

Leu 150 38 166 =40 * 161 30 161 £35 156 242 147 38 146 =27 164 41 150 £37
lle 78 21 85 £24 83 19 84 21 81 224 77 21 73 #1286 £25 * 78 £20
Cys 43 22 48 19 45 £20 40 £22 48 £20 * 54 #17 * 48 214 49 £20 37 28 *
Met 34 #1233 10 29 5 34 x12 33 #11 32 8 28 s5  33:0 * 3614 *
Tyr 95 31 86 £22 88 14 90 28 93 #27 89 20 78 #2292 £23 * 7 £33 *
Phe 85223 79 +18 82 18 83 224 82 19 78 16 75 £18 82 #19 86 26
Om 113 £32 108 +26 107 £34 113 £33 110 29 106 25 111 £28 114 234 104 £23
His 97 £19 93 +18 94 #1100 £19 94 £16 84 £17 * 93 #1397 #19 94 19
Lys 228 +44 232 50 226 30 234 +47 226 244 222 43 216 £34 239 247 * 219 243
Trp 55 £18 57 12 60 9 57 £13 57 £13 55 11 52 #1257 #12 59 13

Arg 94 152 82 241 76 135 96 57 83 £40 80 £26 77 28 85 243 98 159
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AAs MASLD FO-1 F2 F3 F4

(nmol/mL) (N =27) (N =31) (N =43) (N =43) (N=26)

Thr 149 £35 135 21 154 140 152 £37 151 £36
Ser 146 £30 137 23 147 241 151 £33 172 45 %
Asn 55 18 55 111 54 112 54 12 67 23 *
Glu 126 £136 102 £56 117 65 117 61 113 76
Gin 535 +160 583 89 511 156 5565 127 519 163
Pro 195 158 184 168 200 153 192 158 177 51
Gly 248 48 230 44 231 62 236 64 253 74
Ala 455 £133 420 85 470 £115 439 78 433 £126
Val 276 52 290 59 309 157 287 166 260 175
Leu 152 £32 158 143 168 135 159 136 141 247
lle 78 17 84 28 88 £20 83 19 71 24
Cys 41 £21 49 16 45 £25 46 19 44 21
Met 30 8 31 8 33 x10 34 212 40 +14 *
Tyr 79 20 84 22 92 24 94 16 * 109 43 *
Phe 77 23 76 +18 82 120 83 18 93 28 *
Orn 116 £38 103 29 109 27 117 227 107 £32
His 100 £20 92 13 97 £20 93 16 96 21
Lys 227 44 224 43 245 50 229 40 214 46
Trp 50 14 55 11 60 14 * 59 10 * 57 11
Arg 82 45 81 x40 89 56 84 43 105 +48

Total 20 AAs 3218 1455 3177 364 3299 492 3263 +404 3222 1572

Fischer's ratio 3.35 0.7 3.39 0.7 3.36 0.7 3.03 0.6 2.46 07 *
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20 week (50) 20 week (8) 2 week (8)

AAs  NC (n=5) FFC (n=5) NC (n=5) FFC (n=5) NC (n=5) FFC (n=5)
Thr 636 147 439 45 * 1138 202 734 202 * 878 278 522 284
Ser 774 223 528 109 953 55 629 142 * 875 %319 406 188 *
Asn 359 104 259 43 419 46 278 £38  * 254 35 132 46 *
Glu 1775 368 1690 460 2115 #581 1057 #210 * 2012 #439 1805 %318
Gln 4525 432 3762 325 * 3626 £750 3392 523 2806 873 2605 461
Pro 257 132 138 29 448 61 221 67 * 473 £154 285 171
Gly 3525 %284 2014 %128 * 3178 #445 1945 293 * 3097 443 2221 £223 *
Ala 3647 424 2783 249 * 2961 301 2805 612 2828 842 2089 895
Val 899 £198 560 59 * 1450 £356 1009 +362 1139 #422 757 £362
Leu 1069 168 687 119 * 1345 232 878 £261 * 982 295 649 309
lle 532 #1156 329 47 * 769 #183 583 207 558 £231 399 2215
Cys 24 6 26 27 36 15 52 £28 10 £3 5 1 *

Met 276 68 173 £31  * 209 £32 145 24 * 154 44 114 =41
Tyr 411 £100 251 #40 * 534 156 365 74 * 327 87 197 =73 *
Phe 422 168 266 £39 * 453 56 267 39 * 315 66 237 78
Oom 454 98 298 £31 * 644 +103 380 £121 * 547 +131 423 200

His 593 53 554 31 820 £104 621 #138 * 785 £179 702 +160
Lys 834 178 542 51 * 1145 122 762 £253 * 1182 £335 881 =371
Trp 83 16 62 11 * 89 19 66 £12  * 64 =19 62 17

Arg 4 209 7 3 8 1.0 27 10 * 2 06 1 #1
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BMI = 23 kg/m? [Asia] OR WC > 94 cm (M) 80 cm (F)

Fasting serum glucose 2 5.6 mmol/L [100 mg/dL] OR HbAlc > 5.7% [39
mmol/L] OR type 2 diabetes OR treatment for type 2 diabetes

Blood pressure > 130/85 mmHg OR specific antihypertensive drug
treatment

Plasma triglycerides > 1.70 mmol/L [150 mg/dL] OR lipid lowering
treatment

Plasma HDL-cholesterol < 1.0 mmol/L [40 mg/dL] (M) and < 1.3 mmol/L
[50 mg/dL] (F) OR lipid lowering treatment
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AIN-93G H-GST

Total calories (per 100g) (kcal) 377 377

kcal %

Protein (%) 21 21

Carbohydrate (%) 71 71

Fat (%) 8 8

Amino acids (g / kg chow)

Thr 7.1 21.2

Ser 8.9 26.6

Asp 12.0 12.0

Glu 36.2 18.1

Pro 19.7 19.7

Gly 3.1 12.5

Ala 5.1 5.1

Val 11.5 5.8

Leu 16.0 8.0

Ile 9.2 4.6

Cys 0.8 0.8

Met 5.1 5.1

Tyr 9.5 4.8

Phe 8.7 8.7

His 5.1 5.1

Lys 17.1 17.1

Trp 2.1 2.1

Arg 6.3 6.3

Total 183.4 183.5


