
A Methionine Restricted Medium

gamma-aminobutyrate 
(GABA) 

pyroglutamine*

carboxyethyl-GABA 

N-acetylglutamine

glutamine

N-methyl-GABAN-acetyl-aspartyl-glutamate 
(NAAG) 

Glutamate 
Metabolism 

glutamate

N-acetylglutamate
glutamate, 

gamma-methyl 
ester betaine

serine

Glycine, 
Serine and 
Threonine 

Metabolism 

sarcosine

N-acetylglycine

dimethylglycine

threonine

N-acetylthreonine

glycine

N-acetylserine

5-aminovalerate

N2-acetyllysine/N6-acetyllysine 

N6,N6,N6-trimethyllysine 

5-hydroxylysine

lysine
alanine

creatine

3-sulfo-L-alanine guanidinoacetate

N-acetylaspartate 
(NAA) 

N-acetylalanine
Alanine 

and 
Aspartate 

Metabolism 

asparagine

aspartate

creatinine

N-acetylasparagine 

4-acetamidobutanoate 

Creatine 
Metabolism 

Polyamine 
Metabolism Amino 

Acid 

spermine
N(4)-acetylspermidine 

S-methylglutathione 

stearoylcarnitine
ophthalmate

acetylcarnitine

cysteine-glutathione 
disulfide 

thioproline

kynurenine

Tryptophan 
Metabolism 

tryptophan

indolelactate

C-glycosyltryptophan 
5-hydroxyindoleacetate 

3-(4-hydroxyphenyl)lactate 

glutarate 
(pentanedioate) 

Lysine 
Metabolism 

phenyllactate 
(PLA) 

pipecolate

2-aminoadipate

O-methyltyrosine

N-acetylphenylalanine 

3-methylglutaconate 

N-acetylvaline

2-methylbutyrylcarnitine 
(C5) 

3-hydroxyisobutyrate 
isobutyrylcarnitine

2-hydroxybutyrate/2-hydroxyisobutyrate 

N-acetylcysteine
N-acetylmethionine 

cystine

hypotaurine

N-acetylmethionine 
sulfoxide 

cysteine sulfinic 
acid 

Methionine, 
Cysteine, 
SAM and 
Taurine 

Metabolism 

taurine

S-adenosylmethionine 
(SAM) 

homocysteine

methionine 
sulfoxide 

methionine

cystathionine

methionine 
sulfone 

S-adenosylhomocysteine 
(SAH) 

2-aminobutyrate
cysteine

N-formylmethionine N-acetyltaurine

argininosuccinate

2-palmitoyl-GPC 
(16:0)* 1-oleoyl-GPG 

(18:1)* 

1-stearoyl-GPS 
(18:0)* 

1-oleoyl-GPS 
(18:1) 

dimethylarginine 
(SDMA + ADMA) 

1-palmitoyl-GPI 
(16:0)* 

1-arachidonoyl-GPE 
(20:4n6)* 

1-stearoyl-GPE 
(18:0) 

1-stearoyl-GPI 
(18:0) 

1-oleoyl-GPE 
(18:1) 

1-stearoyl-GPC 
(18:0) 

1-linoleoyl-GPE 
(18:2)* 

1-oleoyl-GPC 
(18:1) 

Lysolipid

1-oleoyl-GPI 
(18:1)* 

2-palmitoleoyl-GPC 
(16:1)* 

1-palmitoleoyl-GPC 
(16:1)* 

1-linoleoyl-GPC 
(18:2) 

1-palmitoyl-GPG 
(16:0)* 

1-palmitoyl-GPE 
(16:0) 

1-palmitoyl-GPS 
(16:0)* 

1-arachidonoyl-GPC 
(20:4n6)* 

2-stearoyl-GPE 
(18:0)* 

1-arachidonoyl-GPI 
(20:4)* 

beta-hydroxyisovaleroylcarnitine 

alpha-hydroxyisovalerate 

tiglylcarnitine

isovalerylcarnitine

ethylmalonate

leucine

alpha-hydroxyisocaproate 

2-methylbutyrylglycine 

2-hydroxy-3-methylvalerate 
1-methylhistidine

histidine
3-methylhistidine

spermidine
4-imidazoleacetate 

Histidine 
Metabolism 

1-methylimidazoleacetate 

imidazole lactate

N-acetylhistidine

homocitrulline

arginine

N-delta-acetylornithine 

N-monomethylarginine 

pro-hydroxy-pro

N-acetylarginine

ornithine

Urea cycle; 
Arginine 

and Proline 
Metabolism 

trans-4-hydroxyproline citrulline

cysteinylglycine

Glutathione 
Metabolism 

glutathione, 
oxidized (GSSG) glutathione, 

reduced (GSH) 

N-acetylputrescine

5-oxoproline

prolineN-methylproline

4-guanidinobutanoate 

Guanidino 
and 

Acetamido 
Metabolism 

tyrosine

Phenylalanine 
and 

Tyrosine 
Metabolism 

putrescine

imidazole 
propionate 

5-methylthioadenosine 
(MTA) 

phenylalanine

phenol sulfate

methylsuccinate

beta-hydroxyisovalerate 

3-methyl-2-oxobutyrate 
p-cresol sulfate

phenylacetylglycine 

Leucine, 
Isoleucine 
and Valine 
Metabolism 

isoleucine

valine

flavin 
mononucleotide 

(FMN) 

Folate 
Metabolism 

5-methyltetrahydrofolate 
(5MeTHF) Riboflavin 

Metabolism 

folate

flavin adenine 
dinucleotide 

(FAD) riboflavin (Vitamin 
B2) 

threonate
gulonic acid*

Ascorbate 
and 

Aldarate 
Metabolism 

Vitamin A 
Metabolism 

Cofactors 
and 

Vitamins 
Tocopherol 
Metabolism 

retinol (Vitamin A)

nicotinamide 
ribonucleotide 

(NMN) 

nicotinamide

nicotinamide 
adenine 

dinucleotide 
(NAD+) 

Nicotinate 
and 

Nicotinamide 
Metabolism 

nicotinamide 
riboside 

trigonelline 
(N'-methylnicotinate) 

adenosine 
5'-diphosphoribose 

(ADP-ribose) 

pantothenate

3’-dephospho-acetyl-coenzyme 
A 

Pantothenate 
and CoA 

Metabolism 

phosphopantetheine 3'-dephosphocoenzyme 
A 

coenzyme A

Thiamine 
Metabolism 

thiamin 
monophosphate 

alpha-tocopherol

thiamin (Vitamin 
B1) 

thiamin 
diphosphate 

pyridoxamine 
phosphate 

pyridoxamine

pyridoxine 
(Vitamin B6) 

Vitamin B6 
Metabolism 

pyridoxate
pyridoxal 

phosphate 

pyridoxal

lactoseDisaccharides 
and 

Oligosaccharides 

Fructose, 
Mannose 

and 
Galactose 

Metabolism 

glucose 
6-phosphate 

galactonate

glucose

fructose

mannitol/sorbitol

pyruvate

arabonate/xylonate 

mannose

Pentose 
Metabolism 

sedoheptulose

ribonate

Carbohydrate 

arabitol/xylitol

ribitol
ribulose/xylulose

ribose

5-methyluridine 
(ribothymidine) 

beta-alanine

uridine 
5'-monophosphate 

(UMP) 

methylphosphate

uridine

uracil

Pyrimidine 
Metabolism, 

Uracil 
containing 

pseudouridine
2'-deoxyuridine

uridine 
5'-diphosphate 

(UDP) 

N-acetyl-beta-alanine 

AICA 
ribonucleotide 

3-aminoisobutyrate 

guanosine 
3'-monophosphate 

(3'-GMP) 

Purine 
Metabolism, 

Guanine 
containing 

Pyrimidine 
Metabolism, 

Thymine 
containing 

hypoxanthine

7-methylguanine

2'-deoxyinosine

cytosine

Nucleotide 

cytidine 
diphosphate 

cytidine 
5'-monophosphate 

(5'-CMP) 

N1-methyladenosine 

2'-deoxycytidine 
5'-monophosphate 

cytidine 
3'-monophosphate 

(3'-CMP) 

adenosine 
3'-monophosphate 

(3'-AMP) 
N6-carbamoylthreonyladenosine 

adenosine 
5'-monophosphate 

(AMP) 

Purine and 
Pyrimidine 
Metabolism 

N4-acetylcytidine
5-methylcytidine

orotate

orotidine

Pyrimidine 
Metabolism, 

Cytidine 
containing 

cytidine

2'-deoxycytidine

Pyrimidine 
Metabolism, 

Orotate 
containing 

3-methylcytidine

palmitate (16:0)
eicosenoate (20:1)

3-hydroxybutyrate 
(BHBA) 

oleate/vaccenate 
(18:1) 

myristoleate 
(14:1n5) 

Long Chain 
Fatty Acid 

Fatty Acid, 
Branched 

17-methylstearate

palmitoylcholine

palmitoleate 
(16:1n7) 

myristoylcarnitine

3-hydroxybutyrylcarnitine 
(2) 

Fatty Acid 
Metabolism(Acyl 

Carnitine) 

oleoylcarnitine

palmitoylcarnitine

1-palmitoleoyl-3-oleoyl-glycerol 
(16:1/18:1)* 

palmitoleoylcarnitine* 

3-hydroxybutyrylcarnitine 
(1) 

1-palmitoyl-3-linoleoyl-glycerol 
(16:0/18:2)* 

myristate (14:0)erucate (22:1n9)

10-nonadecenoate 
(19:1n9) 

10-heptadecenoate 
(17:1n7) 

arachidate (20:0)

stearate (18:0)

docosapentaenoate 
(n6 DPA; 22:5n6) docosahexaenoate 

(DHA; 22:6n3) docosatrienoate 
(22:3n3) dihomo-linoleate 

(20:2n6) 

linolenate [alpha 
or gamma; 

(18:3n3 or 6)] 

linoleate (18:2n6)

adrenate (22:4n6)

arachidonate 
(20:4n6) docosadienoate 

(22:2n6) 

Polyunsaturated 
Fatty Acid 

(n3 and n6) 

docosapentaenoate 
(n3 DPA; 22:5n3) 

3-hydroxy-3-methylglutarate 

dihomo-linolenate 
(20:3n3 or n6) 

Inositol 
Metabolism 

malonate

mead acid 
(20:3n9) 

eicosapentaenoate 
(EPA; 20:5n3) 

myo-inositol

sphingomyelin 
(d18:1/17:0, 
d17:1/18:0, 
d19:1/16:0) 

N-palmitoyl-sphinganine 
(d18:0/16:0) 

sphingomyelin 
(d18:1/18:1, 
d18:2/18:0) 

glycosyl-N-stearoyl-sphingosine 

sphinganine
sphingomyelin 
(d18:1/15:0, 
d16:1/17:0)* 

sphingomyelin 
(d18:2/16:0, 
d18:1/16:1)* 

palmitoyl 
dihydrosphingomyelin 

(d18:0/16:0)* 

1-(1-enyl-palmitoyl)-GPE 
(P-16:0)* 

Lysoplasmalogen 

1-(1-enyl-palmitoyl)-GPC 
(P-16:0)* acetyl CoA

1-(1-enyl-stearoyl)-GPE 
(P-18:0)* 

Fatty Acid 
Metabolism Fatty Acid 

Metabolism 
(also BCAA 
Metabolism) 

myristoyl CoA
butyrylcarnitine

propionylcarnitine

sphingomyelin 
(d18:2/24:1, 
d18:1/24:2)* 

sphingomyelin 
(d18:1/22:1, 
d18:2/22:0, 
d16:1/24:1)* 

sphingomyelin 
(d18:1/20:1, 
d18:2/20:0)* 

tricosanoyl 
sphingomyelin 
(d18:1/23:0)* 
glycosyl-N-palmitoyl-sphingosine 

lactosyl-N-palmitoyl-sphingosine 

sphingomyelin 
(d18:1/20:0, 
d16:1/22:0)* 

sphingomyelin 
(d18:1/24:1, 
d18:2/24:0)* 

phytosphingosine

palmitoyl 
sphingomyelin 
(d18:1/16:0) 

sphingomyelin 
(d18:2/14:0, 
d18:1/14:1)* 

sphingomyelin 
(d18:2/23:0, 
d18:1/23:1, 
d17:1/24:1)* 

Sphingolipid 
Metabolism 

N-palmitoyl-sphingosine 
(d18:1/16:0) 

sphingosine

sphingomyelin 
(d18:1/21:0, 
d17:1/22:0, 
d16:1/23:0)* 

sphingomyelin 
(d18:1/14:0, 
d16:1/16:0)* 

behenoyl 
sphingomyelin 
(d18:1/22:0)* 

stearoyl 
sphingomyelin 
(d18:1/18:0) 

1-linoleoylglycerol 
(18:2) 

Monoacylglycerol 

1-oleoylglycerol 
(18:1) 1-palmitoylglycerol 

(16:0) 

2-palmitoylglycerol 
(16:0) 

2-palmitoleoylglycerol 
(16:1)* 

2-linoleoylglycerol 
(18:2) 

2-oleoylglycerol 
(18:1) 

1-arachidonylglycerol 
(20:4) 

2-arachidonoylglycerol 
(20:4) 

1-dihomo-linolenylglycerol 
(20:3) 

gamma-glutamylhistidine 

gamma-glutamylglutamate 

gamma-glutamylleucine 

gamma-glutamylvaline 

gamma-glutamyltryptophan 

Gamma-glutamyl 
Amino Acid 

gamma-glutamyl-epsilon-lysine 

PeptideDipeptide 
Derivative gamma-glutamylmethionine 

gamma-glutamylphenylalanine 

gamma-glutamylthreonine* 

carnosine

gamma-glutamylalanine 

gamma-glutamylisoleucine* 

guanine

guanosine

gamma-glutamyltyrosine 

gamma-glutamylglutamine 

gamma-glutamylglycine 

N2,N2-dimethylguanosine 

gamma-glutamylcysteine 

2'-deoxyguanosine 

glutaminylleucine

glycylleucine

histidylalanine

phenylalanylglycine 

leucylalanine

Dipeptide

leucylglycine

valylleucine

prolylglycine

alanylleucine

phenylalanylalanine 

valylglycine

valylglutamine

glycylvaline
glycylisoleucine

leucylglutamine*
tyrosylglycine

isoleucylglycine

stachydrine

N-glycolylneuraminate 

hippurate

catechol sulfate

homostachydrine*

inosine
xanthine

xanthosine

guanosine 5'- 
monophosphate 

(5'-GMP) 

Purine 
Metabolism, 

(Hypo)Xanthine/Inosine 
containing 

inosine 
5'-monophosphate 

(IMP) 

allantoin
urate

xanthosine 
5'-monophosphate 

(xmp) 

1,2-dioleoyl-GPE 
(18:1/18:1) 

1-palmitoleoyl-2-oleoyl-GPC 
(16:1/18:1)* 

1-palmitoyl-2-oleoyl-GPI 
(16:0/18:1)* 

1-stearoyl-2-oleoyl-GPC 
(18:0/18:1) 

1-palmitoyl-2-gamma-linolenoyl-GPC 
(16:0/18:3n6)* 

1,2-dioleoyl-GPI 
(18:1/18:1) 

1-palmitoyl-2-oleoyl-GPG 
(16:0/18:1) 

1-palmitoyl-2-arachidonoyl-GPC 
(16:0/20:4) 

1-palmitoyl-2-oleoyl-GPS 
(16:0/18:1) 

1-oleoyl-2-linoleoyl-GPC 
(18:1/18:2)* 

glycerophosphoethanolamine choline phosphate

cytidine 
5'-diphosphocholine 

1,2-dioleoyl-GPS 
(18:1/18:1) 

1,2-dipalmitoyl-GPC 
(16:0/16:0) 

1,2-dilinoleoyl-GPC 
(18:2/18:2) 

1-palmitoyl-2-oleoyl-GPE 
(16:0/18:1) 1-linoleoyl-2-arachidonoyl-GPE 

(18:2/20:4)* 

1,2-dilinoleoyl-GPE 
(18:2/18:2)* 1-stearoyl-2-arachidonoyl-GPI 

(18:0/20:4) 

oleoylcholine
cytidine-5'-diphosphoethanolamine 1,2-dioleoyl-GPC 

(18:1/18:1)* 

glycerophosphoinositol* 
1-stearoyl-2-arachidonoyl-GPE 

(18:0/20:4) 

glycerophosphorylcholine 
(GPC) 

1-linoleoyl-2-arachidonoyl-GPC 
(18:2/20:4n6)* 

1-stearoyl-2-arachidonoyl-GPC 
(18:0/20:4) 

1-palmitoyl-2-stearoyl-GPC 
(16:0/18:0) 

1-palmitoyl-2-oleoyl-GPC 
(16:0/18:1) 

1-stearoyl-2-oleoyl-GPE 
(18:0/18:1) 

1,2-dioleoyl-GPG 
(18:1/18:1) 

1-palmitoyl-2-linoleoyl-GPE 
(16:0/18:2) 

1-oleoyl-2-linoleoyl-GPE 
(18:1/18:2)* 

1-palmitoyl-2-alpha-linolenoyl-GPC 
(16:0/18:3n3)* 

palmitoloelycholine 

choline

trimethylamine 
N-oxide 

1,2-distearoyl-GPC 
(18:0/18:0) 

1-palmitoleoyl-2-linoleoyl-GPC 
(16:1/18:2)* 

1-palmitoyl-2-arachidonoyl-GPE 
(16:0/20:4)* 

1-palmitoyl-2-palmitoleoyl-GPC 
(16:0/16:1)* 

Phospholipid 
Metabolism 

1-palmitoyl-2-linoleoyl-GPC 
(16:0/18:2) 

1,2-distearoyl-GPG 
(18:0/18:0) 

Isobar: fructose 
1,6-diphosphate, 

glucose 
1,6-diphosphate, 
myo-inositol 1,4 

or 
1,3-diphosphate 

lactatedihydroxyacetone 
phosphate 

(DHAP) 

Glycolysis, 
Gluconeogenesis, 

and 
Pyruvate 

Metabolism 

phosphoenolpyruvate 
(PEP) glycerate

Aminosugar 
Metabolism 

3-phosphoglycerate 

Pentose 
Phosphate 
Pathway 

sedoheptulose-7-phosphate 

N-acetylglucosaminylasparagine 

adenosine 
3',5'-cyclic 

monophosphate 
(cAMP) 

adenine

adenylosuccinate
2'-deoxyadenosine 
5'-monophosphate 

adenosine 
5'-diphosphate 

(ADP) 

adenosine 
2'-monophosphate 

(2'-AMP) 

1-(1-enyl-palmitoyl)-2-linoleoyl-GPC 
(P-16:0/18:2)* 

1-palmitoleoylglycerol 
(16:1)* 

1-(1-enyl-stearoyl)-2-oleoyl-GPE 
(P-18:0/18:1) 

1-(1-enyl-palmitoyl)-2-palmitoyl-GPC 
(P-16:0/16:0)* 

1-(1-enyl-palmitoyl)-2-arachidonoyl-GPE 
(P-16:0/20:4)* 

1-(1-enyl-palmitoyl)-2-oleoyl-GPE 
(P-16:0/18:1)* 

ribulose/xylulose 
5-phosphate 

glucuronate

erythronate*
glucosamine-6-phosphate 

ribose 
1-phosphate 

2'-deoxyadenosine 

N6-succinyladenosine 

Purine 
Metabolism, 

Adenine 
containing 

thymidine

adenosine

N6,N6-dimethyladenosine 

beta-guanidinopropanoate 

benzoate

gluconate

Food 
Component/Plant 

Xenobiotics 

Benzoate 
Metabolism 

erythritol

UDP-N-acetylgalactosamine UDP-galactose

acetylphosphate

TCA Cycle 

citrate
Energy

cytidine 
5'-monophospho-N-acetylneuraminic 

acid 

Oxidative 
Phosphorylation 

alpha-ketoglutarate 

UDP-glucuronate

2-methylcitrate/homocitrate 

sulfate*

Drug

2-dimethylaminoethanol 

Chemical

penicillin G

O-sulfo-L-tyrosine

trizma acetate malate
phenol red

succinylcarnitine

fumarate

succinate

N-acetyl-glucosamine 
1-phosphate 

Nucleotide 
Sugar 

N-acetylneuraminate thymine

thymidine 
5'-monophosphate N-acetylglucosamine/N-acetylgalactosamine 

N-acetylglucosamine 
6-phosphate 

UDP-N-acetylglucosamine 

UDP-glucose

Fatty Acid 
Metabolism 

(Acyl 
Choline) 1-oleoyl-3-linoleoyl-glycerol 

(18:1/18:2) 

Diacylglycerol 

Ketone 
Bodies 

cholesterol glycerophosphoglycerol 

2-hydroxyadipate
1-lignoceroyl-GPC 

(24:0) maleate

stearoyl 
ethanolamide 

oleoyl 
ethanolamide 

Neurotransmitter 

Mevalonate 
Metabolism 

Fatty Acid 
Synthesis Carnitine 

Metabolism 

acetylcholine

carnitine

deoxycarnitine

Lipid
1-(1-enyl-oleoyl)-GPE 

(P-18:1)* 

1-(1-enyl-oleoyl)-2-oleoyl-GPE 
(P-18:1/18:1)* 

1-stearoyl-GPG 
(18:0) 

1-palmitoyl-GPC 
(16:0) 

1-(1-enyl-stearoyl)-2-arachidonoyl-GPE 
(P-18:0/20:4)* 1-(1-enyl-palmitoyl)-2-oleoyl-GPC 

(P-16:0/18:1)* 

1-(1-enyl-palmitoyl)-2-palmitoleoyl-GPC 
(P-16:0/16:1)* 

Plasmalogen 1-(1-enyl-palmitoyl)-2-arachidonoyl-GPC 
(P-16:0/20:4)* 

glycerol

2-hydroxyglutarate

glycerol 
3-phosphate 

Fatty Acid, 
Monohydroxy 

3-hydroxymyristate 

7-hydroxycholesterol 
(alpha or beta) 

4-hydroxybutyrate 
(GHB) 

Glycerolipid 
Metabolism 

1-stearoyl-2-oleoyl-GPS 
(18:0/18:1) 

3-hydroxylaurate

Fatty Acid, 
Dicarboxylate 

Endocannabinoid 

Phosphatidylserine 
(PS) 

Sterol

palmitoyl 
ethanolamide 

1-stearoyl-2-arachidonoyl-GPS 
(18:0/20:4) 

D E
WT mESCs KO mESCs

WT mEFs KO mEFs

BODIPY FL C5-Sphingomyelin

Sphingolipid 
metabolism

B

BODIPY FL C5-Ceramide

Sirt1 WT mESCs

Sirt1 KO mESCs

DAPI

Serine + palmitoyl CoA

3-Keto dihydrosphingosine

Complex 
glycosphingolipids (GSL)

Sphingosine

Sphingosine-1-P

Ceramide-1-P

SPT

KDSR

CERS

DEGS

CERT

UGCG GBA SGMS

SMPD

CDASE

SPHK SGPP

CERK

PPAP2A/B/C

Endoplasmic reticulum 

Golgi complex

Plasma membrane

SphingomyelinDihydroceramide

Dihydrosphingosine

Ceramide

Ceramide

Glucosyl ceramide

Sphingomyelin

Ceramide

C
WT   A7   B6   B7

SIRT1

ACTIN

Mel1 hESCs

SIRT1

DAPI

WT A7 B6 B7

115 kDa

49 kDa


