






































Online Supplemental Figure S4 

 

 

 

Figure S4. Akt phosphorylation levels in livers from HF and HF-B mice.  

Mice were sacrificed after an overnight fast or after an overnight fast and a 6h refeeding 

period.  Protein extracts were analyzed by western blotting with antibodies against 

phosphorylated Akt and total Akt (Cell Signaling, 4051 and 9272, respectively).  Band 

intensities are summarized as mean ± SEM. *p<0.05. 
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Online Supplemental Figure S5 

 

 

Figure S5. Effect of betaine supplementation in the liver of 60% kcal fat diet fed mice. 

(A) Frozen liver tissue sections were stained for Oil Red O. (B) Hepatic triglyceride content 

was measured in liver samples obtained after an overnight fast. (C) Hepatic content of betaine 

and related one-carbon metabolites were analyzed. (D) Gene expression of genes linked to 1-

carbon metabolism, lipid oxidation, and lipogenesis, as measured by qRT-PCR. (E) 

GSSG/GSH ratio was determined in liver from overnight-fasted mice. Data are mean ± SEM, 

n=10. *p<0.05;  **p<0.01, ***p<0.001. 
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Online Supplemental Figure S6 

 

 

Figure S6. Levels of Fgf21, ß-klotho (Klb) and Fgfr1 in iWAT and BAT. 

mRNA for the indicated genes was analyzed in iWAT and BAT from HF (white bars) and HF-

B mice (black bars). Data are mean ± SEM from n=6 mice per group.  *, p<0.05 
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Figure S5. mRNA levels of Fgf21, Klb and Fgfr1 in inguinal WAT and BAT from HF (white bars) and HF-B mice (black 
bars) were measured. Data are mean sem from n=6.  *, p<0.05 
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Online Supplemental Figure S7 

 

 

            

Figure S7. Hepatic inflammatory gene expression in KO and KO-B mice. 

Fgf21-/- mice were fed a high-fat diet either with no supplement (KO, white bars) or with 1% 

betaine supplementation (KO-B, black bars) for 16 weeks. Hepatic mRNA levels for the 

indicated genes were determined. Data are mean ± SEM, n=6-7 mice per group. *, p<0.05. 
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Figure S3. Hepatic inflammatory gene expression in KO and KO-B mice. 
Fgf21-/- mice were fed a high-fat diet either with no supplement (KO, white bars) or 
with 1% betaine supplementation (KO-B, black bars) for 16 weeks. Hepatic mRNA 
levels for the indicated genes were determine. Data are mean ± SEM, n=6-7 mice 
per group. *, p<0.05. 
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Online Supplemental Table S1 

 

Gene Symbol Gene ID Description 
Angptl3 30924 angiopoietin-like 3  
Angptl4 57875 angiopoietin-like 4 
Angptl6 (Agf) 70726 angiopoietin-like 6  
Bhmt 12116 betaine-homocysteine methyltransferase  
Ccl2 (Mcp-1) 20296 chemokine (C-C motif) ligand 2  
Cidea 12683 cell death-inducing DNA fragmentation factor, 

alpha subunit-like effector A  
Dmgdh 74129 dimethylglycine dehydrogenase precursor 
Enho 69638 energy homeostasis associated 
Fgf21 56636 fibroblast growth factor 21 
Fgfr1 14182 fibroblast growth factor receptor 1  
Hgf 15234 hepatocyte growth factor  
Igf1 16000 insulin-like growth factor 1  
Klb 83379 klotho beta  
Ppargc1a (Pgc-1a) 19017 peroxisome proliferative activated receptor, 

gamma, coactivator 1 alpha 
Prdm16 70673 PR domain containing 16  
Saa2 20209 serum amyloid A 2  
Sepp1 20363 selenoprotein P, plasma, 1  
Tlr4 21898 toll-like receptor 4 
Tnf (Tnf-alpha) 21926 tumor necrosis factor 
Ucp1 22227 uncoupling protein 1  

 

Table S1.  Gene symbol and corresponding description for genes from the study.  

Gene ID refers to mus musculus species. 
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Data file S1.  Metabolite levels in insulin sensitive and insulin resistant human subjects.

Metabolite Name

Mean IS 

(Log2)

Mean IR 

(Log2)

p 

value FDR

Corr.with 

Log SI

p value 

corr.

FDR  

corr.

betaine 20.2 20.0 0.005 0.093 0.550 0.000 0.048

erythrose 16.5 16.7 0.014 0.159 -0.528 0.001 0.048

3-methyl-2-oxovalerate 18.2 18.4 0.002 0.073 -0.504 0.001 0.048

glutamate 18.4 18.8 0.066 0.267 -0.502 0.001 0.048

4-methyl-2-oxopentanoate 19.0 19.2 0.002 0.073 -0.498 0.001 0.048

glucose 24.8 24.9 0.008 0.115 -0.476 0.002 0.061

stachydrine 19.8 17.7 0.001 0.073 0.481 0.002 0.062

3-methylhistidine 14.9 14.2 0.027 0.208 0.566 0.003 0.078

myo-inositol 19.5 19.3 0.026 0.208 0.417 0.007 0.140

pyridoxate 13.4 12.9 0.001 0.069 0.447 0.008 0.140

3-methyl-2-oxobutyrate 17.1 17.3 0.031 0.222 -0.409 0.009 0.140

stearate (18:0) 20.9 21.0 0.065 0.267 -0.414 0.009 0.140

pentadecanoate (15:0) 15.6 16.5 0.005 0.093 -0.405 0.009 0.140

2-hydroxybutyrate (AHB) 20.1 20.4 0.043 0.242 -0.401 0.010 0.143

1-oleoylglycerophosphocholine 21.3 20.9 0.031 0.222 0.401 0.011 0.147

3-(4-hydroxyphenyl)lactate 14.1 14.3 0.139 0.400 -0.387 0.014 0.163

bilirubin 16.2 15.4 0.000 0.051 0.371 0.019 0.201

indolepropionate 16.7 16.1 0.058 0.262 0.380 0.019 0.201

tyrosine 22.2 22.4 0.039 0.231 -0.364 0.021 0.201

myristate (14:0) 19.6 20.2 0.005 0.093 -0.359 0.023 0.201

dihomo-linolenate (20:2n6) 17.4 17.8 0.026 0.208 -0.364 0.023 0.201

gamma-tocopherol* 16.8 17.4 0.087 0.312 -0.471 0.023 0.201

proline 21.8 22.0 0.066 0.267 -0.360 0.024 0.201

2-oleoylglycerophosphocholine* 16.6 16.0 0.036 0.230 0.408 0.025 0.201

3-hydroxybutyrate (BHBA) 18.9 19.5 0.017 0.180 -0.360 0.027 0.201

fructose 19.3 19.4 0.058 0.262 -0.359 0.027 0.201

mannitol 15.6 15.1 0.056 0.262 0.462 0.031 0.218

pantothenate 15.4 14.9 0.022 0.204 0.333 0.036 0.246

10-heptadecenoate (17:1n7) 17.2 17.9 0.005 0.093 -0.331 0.037 0.246

palmitate (16:0) 22.7 23.1 0.003 0.093 -0.333 0.039 0.248

trans-4-hydroxyproline 18.1 18.3 0.193 0.461 -0.329 0.041 0.255

myristoleate (14:1n5) 16.7 17.4 0.021 0.202 -0.324 0.044 0.267

gamma-glutamylleucine 16.1 16.3 0.104 0.347 -0.322 0.046 0.267

valine 23.6 23.7 0.088 0.312 -0.322 0.048 0.274

oleate(18:1(n-9)) 20.3 20.7 0.040 0.231 -0.308 0.053 0.293

tryptophan 23.3 23.1 0.039 0.231 0.303 0.057 0.306

10-nonadecenoate (19:1n9) 15.6 16.3 0.007 0.114 -0.300 0.060 0.306

1-linoleoylglycerophosphocholine 22.0 21.6 0.019 0.190 0.299 0.061 0.306

isoleucine 22.9 23.0 0.045 0.247 -0.301 0.063 0.306

pipecolate 17.3 17.1 0.175 0.441 0.308 0.063 0.306
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1-heptadecanoylglycerophosphocholine 16.0 15.7 0.075 0.289 0.305 0.066 0.306

isobutyrylcarnitine 17.1 16.7 0.034 0.224 0.334 0.067 0.306

deoxycholate 15.9 16.4 0.126 0.380 -0.312 0.068 0.306

chenodeoxycholate 14.3 14.0 0.198 0.461 0.332 0.073 0.319

palmitoleate (16:1n7) 20.3 21.0 0.010 0.125 -0.283 0.081 0.343

iminodiacetate (IDA) 19.1 19.3 0.119 0.364 -0.286 0.082 0.343

butyrylcarnitine 16.9 17.0 0.411 0.667 -0.295 0.086 0.352

biliverdin 13.8 13.4 0.061 0.266 0.288 0.089 0.353

epiandrosterone sulfate 17.3 16.6 0.010 0.122 0.271 0.091 0.353

2-palmitoylglycerophosphocholine* 18.2 17.7 0.048 0.250 0.278 0.092 0.353

lactate 24.4 24.3 0.690 0.829 -0.266 0.102 0.383

allantoin 13.2 13.4 0.234 0.506 -0.341 0.103 0.383

2-stearoylglycerophosphocholine* 17.2 16.8 0.066 0.267 0.258 0.109 0.395

leucine 23.5 23.6 0.181 0.446 -0.257 0.114 0.406

phosphate 26.1 26.1 0.357 0.630 -0.254 0.119 0.409

eicosenoate (20:1n9 or 11) 17.5 17.8 0.108 0.348 -0.257 0.119 0.409

pyruvate 16.9 16.8 0.970 0.973 -0.259 0.122 0.409

glycerol 3-phosphate (G3P) 16.9 16.7 0.051 0.250 0.248 0.123 0.409

mannose 20.7 20.8 0.338 0.619 -0.243 0.137 0.447

ursodeoxycholate 12.9 13.3 0.107 0.348 -0.308 0.143 0.461

glycodeoxycholate 15.4 15.3 0.858 0.914 0.312 0.147 0.464

N-acetylornithine 15.9 15.5 0.093 0.321 0.264 0.151 0.468

glycerol 21.1 21.2 0.242 0.513 -0.237 0.159 0.468

cis-vaccenate (18:1n7) 17.5 18.3 0.048 0.250 -0.243 0.159 0.468

margarate (17:0) 17.1 17.5 0.050 0.250 -0.229 0.162 0.468

1-methyladenosine 16.0 16.0 0.381 0.651 0.230 0.165 0.468

glycine 22.1 21.9 0.089 0.312 0.227 0.165 0.468

threonine 18.2 18.6 0.004 0.093 -0.221 0.165 0.468

pyroglutamate (5-oxoproline) 18.5 18.6 0.099 0.335 -0.223 0.167 0.468

creatinine 18.9 18.8 0.033 0.224 0.224 0.170 0.470

3-phenylpropionate (hydrocinnamate) 13.8 13.0 0.008 0.115 0.287 0.174 0.473

linoleate (18:2n6) 23.0 23.3 0.055 0.262 -0.214 0.180 0.481

dehydroisoandrosterone sulfate (DHEA-

S) 19.8 19.3 0.073 0.287 0.215 0.183 0.483

caffeine 18.2 19.0 0.154 0.418 -0.219 0.186 0.486

2-hydroxystearate 15.8 15.7 0.504 0.762 0.211 0.192 0.495

paraxanthine 17.8 18.7 0.079 0.293 -0.232 0.200 0.509

urate 20.1 20.1 0.569 0.776 -0.201 0.212 0.533

hypoxanthine 15.7 15.9 0.283 0.545 -0.202 0.231 0.569

cysteine 17.1 17.2 0.557 0.773 -0.204 0.233 0.569

serotonin (5HT) 16.2 16.1 0.611 0.803 0.208 0.238 0.573

10-undecenoate (11:1n1) 13.9 14.0 0.344 0.620 -0.193 0.240 0.573

hexanoylcarnitine 15.5 15.7 0.302 0.572 -0.190 0.246 0.579
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hippurate 19.0 18.5 0.176 0.441 0.184 0.261 0.602

1-stearoylglycerophosphocholine 21.0 20.8 0.162 0.422 0.182 0.262 0.602

cholesterol 23.5 23.5 0.910 0.938 -0.175 0.280 0.628

theobromine 18.1 18.7 0.225 0.498 -0.185 0.280 0.628

oleamide 18.2 18.2 0.852 0.914 -0.171 0.299 0.663

2-aminobutyrate 16.9 17.1 0.161 0.422 -0.166 0.313 0.675

choline 18.4 18.2 0.114 0.359 0.160 0.323 0.675

citrate 21.9 22.0 0.405 0.662 -0.162 0.325 0.675

cortisone 15.5 15.3 0.153 0.418 0.161 0.327 0.675

5-dodecenoate (12:1n7) 14.4 14.6 0.116 0.362 -0.160 0.330 0.675

1- 18.3 18.1 0.175 0.441 0.159 0.333 0.675

p-cresol sulfate* 19.8 20.3 0.148 0.413 -0.155 0.333 0.675

phenylalanine 23.2 23.3 0.260 0.519 -0.159 0.334 0.675

1-hexadecylglycerophosphocholine 16.5 16.2 0.132 0.391 0.158 0.336 0.675

maltotriose 16.1 16.5 0.201 0.461 -0.193 0.345 0.684

acetylcarnitine 20.4 20.4 0.673 0.827 -0.152 0.350 0.684

laurate (12:0) 18.1 18.3 0.156 0.418 -0.151 0.353 0.684

androsterone sulfate 18.2 17.9 0.258 0.519 0.152 0.354 0.684

arginine 15.5 15.5 0.553 0.773 0.150 0.376 0.708

trigonelline (N'-methylnicotinate) 15.9 15.8 0.690 0.829 0.161 0.378 0.708

decanoylcarnitine 17.1 16.9 0.514 0.762 0.141 0.384 0.708

1-palmitoylglycerophosphocholine 22.5 22.3 0.239 0.512 0.143 0.385 0.708

malate 15.3 15.2 0.750 0.852 -0.152 0.385 0.708

1-palmitoleoylglycerophosphocholine* 18.1 17.9 0.332 0.616 0.140 0.389 0.708

isovalerate 13.4 13.4 0.894 0.932 0.148 0.395 0.713

histidine 17.7 17.7 0.229 0.502 -0.135 0.401 0.716

glycerophosphorylcholine (GPC) 17.0 16.9 0.261 0.519 0.133 0.418 0.740

indolelactate 16.5 16.5 0.862 0.914 -0.137 0.433 0.760

adenosine 5'-monophosphate (AMP) 14.2 14.2 0.895 0.932 0.126 0.450 0.782

piperine 17.5 16.9 0.215 0.482 0.126 0.457 0.787

glycocholate 15.8 15.8 0.799 0.878 0.127 0.462 0.788

alpha-hydroxyisovalerate 16.2 16.3 0.401 0.661 -0.118 0.469 0.794

caprate (10:0) 17.4 17.5 0.247 0.518 -0.116 0.477 0.796

methionine 15.0 15.1 0.077 0.293 -0.117 0.484 0.796

EDTA* 19.6 19.6 0.973 0.973 -0.117 0.489 0.796

maltotetraose 13.4 13.5 0.703 0.837 -0.152 0.490 0.796

adrenate (22:4n6) 17.7 17.8 0.635 0.812 -0.120 0.491 0.796

1-octadecanol 14.8 14.7 0.482 0.744 0.134 0.497 0.799

gamma-glutamyltyrosine 14.8 14.8 0.711 0.842 -0.117 0.504 0.804

creatine 19.1 19.0 0.751 0.852 -0.109 0.508 0.804

quinate 15.9 15.7 0.747 0.852 0.131 0.531 0.813

urea 24.5 24.5 0.827 0.897 -0.102 0.531 0.813

acetylphosphate 19.2 19.2 0.584 0.788 -0.102 0.535 0.813
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2-methylbutyroylcarnitine* 14.9 15.0 0.783 0.873 -0.120 0.536 0.813

1-arachidonoylglycerophosphocholine* 20.2 20.0 0.250 0.519 0.100 0.539 0.813

carnitine 20.8 20.7 0.498 0.762 -0.100 0.543 0.813

cortisol 17.8 17.9 0.397 0.660 -0.099 0.544 0.813

isovalerylcarnitine 16.7 16.7 0.798 0.878 -0.099 0.553 0.821

1-eicosatrienoylglycerophosphocholine* 18.4 18.2 0.139 0.400 0.093 0.566 0.832

threonate 18.2 18.0 0.340 0.619 0.093 0.569 0.832

theophylline 14.3 14.5 0.456 0.728 0.125 0.579 0.840

uridine 14.9 14.7 0.027 0.208 0.089 0.584 0.840

phenylacetylglutamine 17.6 17.9 0.360 0.630 -0.089 0.589 0.841

oleoylcarnitine 16.0 16.1 0.810 0.884 0.088 0.596 0.846

asparagine 16.6 16.6 0.801 0.878 0.091 0.604 0.848

alanine 22.5 22.5 0.852 0.914 -0.084 0.610 0.848

ornithine 15.8 16.0 0.182 0.446 -0.087 0.610 0.848

erythronate* 16.5 16.5 0.542 0.764 -0.080 0.617 0.851

glycochenodeoxycholate 16.5 16.9 0.255 0.519 -0.086 0.622 0.851

lysine 15.7 15.7 0.622 0.806 0.080 0.632 0.859

caproate (6:0) 16.1 16.1 0.966 0.973 0.076 0.648 0.874

glutamine 20.4 20.5 0.477 0.743 -0.071 0.671 0.899

alpha-tocopherol 19.2 19.1 0.389 0.653 0.068 0.680 0.905

docosapentaenoate (n3 DPA; 22:5n3) 17.4 17.4 0.898 0.932 -0.066 0.692 0.914

cholate 13.5 13.8 0.622 0.806 -0.073 0.711 0.934

gamma-glutamylglutamine 15.9 15.6 0.187 0.450 0.063 0.722 0.939

3-indoxyl sulfate 18.3 18.2 0.272 0.535 0.059 0.726 0.939

acetoacetate 14.2 14.5 0.320 0.600 -0.071 0.730 0.939

propionylcarnitine 18.2 18.1 0.510 0.762 -0.054 0.749 0.953

phenol sulfate 17.4 17.2 0.464 0.734 0.052 0.756 0.953

gammaglutamylphenylalanine 15.4 15.5 0.601 0.800 -0.048 0.764 0.953

erythritol 17.0 16.9 0.386 0.653 0.049 0.766 0.953

beta-hydroxyisovalerate 14.5 14.6 0.722 0.849 -0.048 0.781 0.953

octanoylcarnitine 16.6 16.6 0.955 0.970 -0.045 0.788 0.953

1-palmitoylglycerol 15.4 15.4 0.767 0.864 -0.052 0.790 0.953

caprylate (8:0) 15.7 15.8 0.535 0.764 -0.043 0.793 0.953

arachidonate (20:4n6) 20.2 20.2 0.884 0.932 0.041 0.803 0.953

conjugated linoleate (18:2n7; 9Z,11E) 14.0 14.2 0.200 0.461 -0.051 0.803 0.953

kynurenine 18.2 18.2 0.739 0.852 -0.040 0.805 0.953

eicosapentaenoate (EPA; 20:5n3) 17.6 17.2 0.145 0.411 0.042 0.815 0.953

maltose 16.5 16.7 0.627 0.807 0.051 0.820 0.953

3-carboxy-4-methyl-5-propyl-2-

furanpropanoate (CMPF) 16.0 15.8 0.691 0.829 -0.040 0.821 0.953
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1-myristoylglycerophosphocholine* 16.4 16.2 0.426 0.684 0.035 0.832 0.953

pro-hydroxy-pro 16.2 16.2 0.914 0.938 0.030 0.855 0.953

lathosterol 13.9 13.8 0.692 0.829 0.039 0.857 0.953

glycerate 17.8 17.7 0.279 0.544 -0.031 0.858 0.953

taurodeoxycholate 14.5 14.7 0.605 0.800 -0.041 0.860 0.953

docosahexaenoate (DHA; 22:6n3) 19.3 19.4 0.650 0.812 -0.028 0.865 0.953

bradykinin, hydroxy-pro(3) 15.5 15.7 0.571 0.776 0.034 0.868 0.953

pyroglutamine* 16.4 16.5 0.473 0.743 -0.026 0.871 0.953

levulinate (4-oxovalerate) 15.1 15.1 0.646 0.812 -0.026 0.873 0.953

heptanoate (7:0) 14.3 14.4 0.656 0.812 -0.026 0.874 0.953

3-dehydrocarnitine* 17.5 17.4 0.373 0.642 0.026 0.875 0.953

1,5-anhydroglucitol (1,5-AG) 17.0 16.9 0.521 0.764 0.025 0.881 0.953

indoleacetate 15.6 15.7 0.656 0.812 0.024 0.885 0.953

pseudouridine 16.8 16.7 0.294 0.562 0.023 0.887 0.953

HWESASXX* 15.3 15.3 0.942 0.962 0.029 0.894 0.953

citrulline 17.9 18.0 0.727 0.849 -0.022 0.894 0.953

bradykinin, des-arg(9) 16.8 17.3 0.357 0.630 0.025 0.897 0.953

palmitoylcarnitine 15.4 15.6 0.211 0.479 -0.022 0.899 0.953

A - 2358 19.3 19.3 0.538 0.764 0.019 0.909 0.958

serine 20.0 20.0 0.730 0.849 0.016 0.922 0.962

bradykinin 16.8 17.0 0.648 0.812 0.018 0.927 0.962

nicotinamide 15.9 16.0 0.512 0.762 0.015 0.927 0.962

pelargonate (9:0) 19.4 19.4 0.362 0.630 0.010 0.952 0.980

dihomo-alpha-linolenate (20:3n3) 18.2 18.3 0.595 0.798 0.009 0.955 0.980

linolenate [alpha or gamma; (18:3n3 or 

6)] 19.9 20.0 0.541 0.764 0.007 0.967 0.986

adenosine 5'-diphosphate (ADP) 14.5 14.7 0.560 0.773 0.006 0.971 0.986

1-stearoylglycerol 14.8 14.7 0.770 0.864 0.005 0.981 0.987

heme* 15.3 15.7 0.525 0.764 -0.005 0.981 0.987

undecanoate (11:0) 14.5 14.6 0.542 0.764 -0.001 0.997 0.997
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