
Glucose-6P

Glucose 1P

UDP-Glucose
ADP-Glucose
GDP-Glucose

Glycogen

Fructose-6P

Fructose-1,6-BP

Glyceraldehyde-3P

1,3-Diphosphoglycerate

3-Phosphoglycerate

2-Phosphoglycerate

PEP

Pyruvate

Glucose

Fructosamine

Inositol -3P

6-Phosphoglucono-g- 
lactone

Glucosamine -6P

Sorbitol-6P

DHAPGlycerol-3 
Phosphate

Fructose-1P

Glyceraldehyde

6-Deoxygalactose

2,3-Diphosphoglycerate - Hb binding 
in RBC, or marker of anerobic 

glycolysis

3-deoxyribose-P

OAA

OAA

Pyruvate

Preparative Phase
6 Carbon sugars

ATP, NAD+ utilization

Payoff Phase
3 Carbon Metabolites
ATP, NAD+ Production

Glycolipid Synthesis
glycerol metaboilism

Xylulose-5P

Erythrose-4P

Citramalate

threo-MethylAspartate Glutamate

Glu

Ala

a-KG

NAD+NADHNAD+ NADH

Lactate

ADP

ATP

ADP

ATP

ADP

ATP

NAD+

NADH

NAD+ NADH

ADP

ATP

myo-Inositol Streptomycin 
Synthesis

Phospholipids

Acetyl-CoA

Glycerol-3 
Phosphate

DHAP

G3P Shuttle

ETC
Oxidative Phosphorylation

GOT1

GPDH1

GDPH2

Glu, ATP, Ala
ROS

PGM

HK2

PGI
PHI

GO

G6PD

PFK1,2

ALDO

TPI

GAPDH

PGK

PGM

ENO
PEPCK  

RLS
Biotin

PKM2

CS

ALTLDHA

GTP

GDP

Gluconeogenesis

MethylGlyoxal
S-Lactoyl-GSH

GSH

Glu Gln

Glucoasamine

RLS  Hexosamine 
Synthesis

NOS

Glycerate
(Glyceric Acid)

Sucrose-6P

N-AcetylGlucosamine

N-AcetylGlucosamine-6P

Glucosamine-1P

N-Acetyl 
Glucosamine-1P

Glucosaminic Acid

S-Lactate-GSH

UDP-glucosamine

GluconoLactone

Gluconic 
Acid

P-HydroxyPyruvate

Folate Metabolism

Serine

Phosphopyruvate
PhosphoSerine

Galactose-1-Phosphate

Pgm2
Pgm3
Pgm5
Pgm1

Ugp2
UDP-Glucose

UDP-Glucuronate

Conjugation

Ugdh

Glucose
Sorbitol

GLUT1,3

NADHNAD+

FAD

FADH2
2 ATP

PHGDH

PLP

Glycine

Trehalose-6-Phosphate

Sucrose

Glycerol-3 
Phosphate

Acyl-Glycerol-3-Phosphate

2-O-(b-glucosyl) Glycerol

6-deoxyGalactose Phosphate

Glycerol-2-Phosphate Glycerol

UDP-N-Acetyl-glucosamine

Inositol-2-Phosphate

Mannose

Mannose-6-phosphateMannosamine Mannosamine-6-Phosphate

Glu Gln

Neuraminic acid

N-Acetyl-Neuraminic 
Acid (NANA)

CMP-NANA

GlycoProtein 
Conjugation N-Acetyl Muramic Acid

(Bacterial)

PEP DAHP Quinic Acid

Glucose 
Sensor

Glucose 
Sensor

6-Phospho-glucono-g-lactone 6-Phospho-gluconate

NADP+ NADPH NADP+

NADPH

Ribulose-5-Phosphate

Glucuronate Shunt

Oxidative Branch
Unidirectional

Production NADPH
REDOX homeostasis

Glyceraldehyde-3-Phosphate

X5P

E4P

Ribose - 5-Phosphate
Ribose - 1 Phosphate ADP-RIbose

Ribulose-1,5-bisphosphate

S7P

GSSG GSH

TKT

TKT

TALDO

FAS

DNA repair
Cell SIgnaling

Oxidative Stress

Oxidative Stress
Reversible

Viral infections
ER Stress

Non-Oxidative
Bidirectional

Conversion to
R5P for 

Amino acid
Nucleic acid synthesis

Sugar Interconversions

5C Ribose Synthesis

Lipogenesis

Sedo-1.7-BiP

Xylose (Vit C salvage)

6PGDH

GPGLG6PDH

RPI

Glyclysis independent
Intro into PPP
Sugar, Bactera

Tryptophan N-Formyl-Kynurenine 3-Hydroxy-KYN

Kynurenic Acid

3-Hydroxy-Anthranic 
Acid

QuinolinicAcidKynurenine KYN

Xanthurenic Acid glutaryl-CoAPicolinic AcidAnthranillic Acid

Alanine Gluconeogenesis

IDO/TDO

Kynurenine Pathway

Neuroprotecitve

NeurotoxicTKO

Glutaric Acid

Glutaconic Acid

Cystathione

Homocysteine
hCys

Ser

CBS

3-Phospho Hydroxy 
pyruvate

0-Acetyl Ser

O-Acetyl Ser

PEP - EC glucose 
sensor, cytosolic 

calcium regulation, 
NFAT regulation

Pyruvate

Acetyl-CoA

CoA

Citrate

cis-Aconitate

iso-Citrate

Oxalosuccinate

a-Ketoglutarate
aKG (2-OG)

Succinyl-CoA

Succinate

Formate

Malate

OAA

2-Hydroxyglutarate 
2-HG

NAD+

NADH

Citrate

Citriconoate

Itaconoate

Acetyl-CoA

Malonyl-CoA Fatty Acid

3-Hydroxybutyrate
3-HB

Protein
Histone

Acetylattion

Ketone Body 
Formation with 
high Acetyl-CoA 

and low TCA

Electron Transport 
Chain
ETC

NAD+

NADH

NAD+NADH

5-AminoLevulinate
5-ALA

Porphyrin Synthesis

GTP

GDP

Electron Transport 
Chain
ETC

ADP

ATP

PayOff
Phase

Commitement Phase
6C to 4C

FAD

FADH2

NAD+ NADH

Urea Cycle

Electron Transport 
Chain
ETC

Electron Transport 
Chain
ETC

OAA

aKG

Asp

Glu

Pro -Inflammatory
Response

Oxidative
Phosphorylation

ADP/ATP ratio promotes (high ADP) repiration
Citrate syn. inhibited by ATP NADH Acetyl-CoA Succ-CoA

aKG syn activated by ADP, inhibited by ATP NADH
aKG transformation inhibited by succ CoA NADH

Sugars, Fat
Oxidation

Catabolism

Phe Tyr

Ile Met Val Thr

Arg Gln Glu
His Pro

Ala Lys Gly
Thr Trp Ser

Glucogenic AA

Glucogenic AA

Glucogenic AA

Asp, AsnGlucogenic 
AA

Glucogenic 
AA

Propionyl-CoA

Odd Chain FA
C15 C17 C19

Methylmalonyl-CoA

Propionyl-CoA

Methylmalonyl-CoA

Glycoxylate

Glycolic Acid

Succinic 
Acid

Malic Acid

Malate

OAA Asp

H2O2

O2

Gln

2-oxoglutaramate

Glu

Glucosamine 
Phosphate

NH3

GABA

Succinate 
Semialdehyde (SSA)

2-OG

Glu

NAD+

NADH

CS

ACO2

ACO2

IDH3

OGDH

SUCLG1

SDHC

FUM1

MDH1

ACOD1

Alanine

Glutaric Acid

Irg2

Itaconyl-CoA

CoEnz B12

Citramalyl-CoA

SDH

End product FAO

NADH

NAD+

Malate - 
Aspartate

Shuttle

MDH22HGDH

FAD

FADH2
IDH2

NADPH

NADP+

Oncometabolite
Immunometabolite

Hypoxia, ROS

PC / Biotin
Gluconeogenesis

PCC / Biotin PCC / Biotin

ACC / Biotin

Phosphoglycolic Acid

aKG sensor for Commitment Phase
Succinate sensor of payoff phase

Low Succ /Formate 
promotes oxphos

High Succ / Formate 
promotes glycolysis

a,b-dihydroxyisovalerate

a-Ketoisovalerate

Valine

a-Ketopantoate Pantoate

Aspartic Acid

beta-Alanine

Pantothenate
 (Vit B5)

4'-Phosphopantothenate

4'-Phosphopantetheine

Dephospho-CoA

5,10-mTHF 4HTHF NADPH NADP+

PANK

PPCS

Cysteine

CTP

CMP

PPAT
ATP

DPCK
ATP

ADP

FAS/FAO

Gamma FAO of MCFA 
produces succinic aid 

in the smooth ER

Beta FAO of LC and 
VLCFA produces 

Acetyl-CoA in 
mitochondria

LCFAs
HDL

LCFA/VLCFA

Acyl-Glycerol

FA-CoAAcyl-CAR

Fatty Acid
Beta

Oxidation

5,10-Methyl 
THF

Folic Acid

Glutamine

Pantothenate
 (Vit B5)

ACLY

GLUD

SIRT4

GOT2

GOT1

Lactate

MCT

IL-4

MYC

PHGDH

PDHSRC

Malate

NADP+ NADPH

Glutamic acid Glutamine, Proline 
Arginine

Erythrose-4P

Phe, Trp , Tyr

Val, Leu

Histidine

Asn
Met, Thr,  Ile, Lys

GS GSK3

G-6P

Fructose-2,6-BP

GLS

CD36
FATPs

LDL

LDLR

HMG-CoA Steroid Synthesis Cholesterol

T-Cell Activation

mTOR

5-Methyl-THFTHF

hCysMet

Dimethylglycine Betaine

One 
Carbon 

Metabolism

Amino Acid 
Synthesis

Glycolysis

Cholesterol 
Synthesis

Lipolysis

Fatty Acid 
Synthesis

Linolenic Acid / Oleic Acid
MCFAs

Odd Chain Fatty Acids
C9 C11 C13 C15 C17

Fatty Acid 
Gamma

Oxidation

OXPHOS

ROS 
Regulation

Tryptophan
Metabolism

Lipid 
Synthesis

Glucose 
Metabolism

Glutamine
metabolism

DNA / RNA 
Synthesis

ATP  

AMP  

Adenosine

A2 Receptors

CD39

CD73

Adenosine signaling has emerged 
as a key metabolic pathway that 

regulates tumor immunity

NH4+

Carbamoyl Phosphate

N-Ac-Glu (NAG)

CoA

Ac-CoA
Glu

Ornithine Citrulline

Ornithine Citrulline

Arginosuccinate

Arginine

Ornithine

Putrescine

ATP

ASP

AMP

Fumaric 
acid

Agamatine

NO

2-oxoarginine

5-Amino oxoarginine

Urea

N-MethylArginine 
MMA

ADMA

SDMA

NO Regulation

Guanidino Succinate
GSA

g-Guanidino Butyrate
GBA

Guanidino Glutarate
GGA Guanidino Ethanesulfonate

GES

Guanidino Propionate
beta-GPA

HomoArginine

Guanidino Acetate
GAA

Creatine

Creatinine Methyl Guanidine

PhosphoCreatine
pCr

NO

Urea

Arginine Ethyl Ester

Spermidine

Spermine

N-Acetyl Putrescine

N8-Acetyl Spermidine

N-Acetyl Spermine

Di-Acetyl Spermidine

N-Acetyl Ornithine

4-Acetyl Butanamide

GABA
4-aminobutric 

acid

Homocarnosine

Sarcosine

1-Pyrroline
5-carboxylate (P5C)

Proline

4-Guanidino-butanal

4-Guanidino-butanoate

4-aminobutanoate

4-Aminobutanal

OAA

TCA Cycle

Mitochondira

Urea Cycle

Degradation Pathway

Polyamine Synthesis

N-methylhydantoin

NH3

Glutamate

CO2

2-OG

Glu

2-OG

Glu

Glu-5-semialdehyde

Glu-5-Semialdehyde
2-OGGlu

Succinate 
Semialdehyde (SSA)

2-OGGlu

4-Hydroxybutyrate

4,5-dihydroxyhexanoate

Succinate

ARG1

CPS1

OTC

ASS1

ASL

speA

GATM

GAMT

CreA
CKB

CodA

non-enzymatic

beta-Alanine

Urea

S-Nitroso-GSH

oxidative shunt

Ala-Pro Metab.

Thiocyanate

Homocitrulline

Diaminopropane (DAP)

Alanine

4-oxoproline

ATP - ADP
Shuttle

Muscle Contraction

Arginine

Arginosuccinate
ASA

Guanidino Succinate
GSA

ASA/GSA ratio Biomarker   Oxidative Stress    Peroxide/radicals
ASA lysis can be inhibited by urea - GSA is oxidative degradation of ASA when 

under ROS - hence ASA reduced while GSA increases with ROS

2-Hydroxyputrescine

N-Acetyl-GABA

OrnithinoSuccinate

Succinyl-Glutamate-5- 
semialdehyde

Succinyl glutamate

Succinate / Glutamate

N-Methyl Putrescine

4-Methylamino butanal

Nicotine

Nicotinic Acid

Vitamin B3

N-Acetyl Glutamate 
Key regulator Urea 
cycle, Arg synthesis

Uremic Toxin
Kidney disease

From Glutamate and 
N-Ac Ornithine or from 

Glutamate and 
Acetyl-CoA

Hypusine
Lys

Cysteine

beta-Alanine

DHPSLysine

4-amino-butyl-Lys1,3-diamino propane

4-amino-2-Hydroxy-butyl-Lys
(Hypusine)

DHMO

Hypusine only in 
eIF5A-1

Cell Proliferation 
Factor RNA translation

Urea cycle major hub nitrogen recycling
Primary functions of Urea Cycle

1. Removal ammonia formation urea
2. Generation fumarate shunt to TCA cycle
3. Fumarate also generates ASP and aKG - 

amino acid synthesis
4. Asp and CP also contribute to pyrimidine 

synthesis
5. Synthesis of polyamines, GABA

ODC

SSAT

SSAT

Exit Cell

DENSp

H2O2

H2O2

H2O2

NH4+

Cystathione degradation
Amino Acid catabolism
Nucleic Acid catabolism

Biogenic Amine degradation

Myostatin Autophagy

Keto Acids

Glutamate

2-OG/Glu

Amino Acids

Glutamine

Glutamate

AT

GS

GHD

Hyperammonemia
ATP  HCO3-1 Gln

Carbamoyl-Phosphate

ADP Glu

Carbamoyl-Aspartate

Aspartic 
Acid

ATcase

CAD

Pyrimidine Synthesis
Anti Oxidative 

Response
Cell Proliferation

SMO

PMO

GuanidinoAcetic Acid

OleoTaurine

AIF

Guanidino Acetate
GAA / Cretaine  growth and 

development

NOS

AGAT

NOS MMA> ADMA >>SDMA 
(NOS inhibition)

low NO : 
Vascular Dilation
Cancer Initiation / 

progression
Angiogenesis

Epithelial-to-Mesenchymal 
Transition (EMT)

High NO
DNA Damage

Glu-g-Semialdehyde

Glu

2-OG

Fumaric 
acid

CAT1   Arg 
transporter

PRPP Nucleic 
Acid Synthesis

Cell Growth
Osmolyte

Anti Oxidant
Collagen syn.

ARG

ARG2

PRODH
POX

cMYC

p53
AMPK

HIF-1a

ROS
Cys-Fe

Cell Membrane syn.
Cancer Initiation

Cancer Progression
Cell Growth

Epithelial-to-Mesenchymal 
Transition (EMT)

Nucleic Acid Synthesis
Caner Cell Proliferation SLC25A1

SLC25A11
SLC1A3

JMJ/LSD/TET
Demethylases

Malate

MDH1

NAD+

NADH

SIRT deacylases
Protein Activity

SLC1A5
CD98

ASCT2

Methionine
uptake

Methionine

SLC1A5
SLC7A5/6
SLC38A2
SLC43A2

SAM

SAH

homocysteine

MTA

MTII

MTS
SAHH

BHMT

CH3

Cysteine

GSH

THF

5-Me-THF

MTR

Purine
Pyrimidine 
Synthesis

DNA 
synthesis

Proliferation

Polyamine
Synthesis

RNA structure
Protein Synthesis
Cell Proliferation
Ion Channel Flux

Methylation

DNA/RNA
Histone

One 
Carbon 

Metabolism

Calcium Flux
MAPK 

signaling

N-Acetyl-Asp-Glu 
(NAAG)

N-Acetyl-Asp 
(NAA)

Acetyl-CoA

GCPII

Ribose - 1 Phosphate ADP-RIbose DNA repair
Cell SIgnaling

Uridine
Glucose sensor
Leading to G3P

UPPI

Inosine
Glucose sensor
Leading to G3P

UMP

XMP

RNA
Synthesis

GTP GMPGDP XMP IMP
Adenyl

Succinic Acid
ASA

AMP ADP ATP

R5P PRPP AICAR 3'-5'-ADP AP4A 3'-5'-cAMP

RNA
Synthesis

DNA
Synthesis

dGTP dGDP
dADP dATP DNA

Synthesis

2-deoxyguanosine dGMP Guanosine Xanthosine Inosine adenosine

adenine 3'-AMP dAMP

Salvage
Recycling

3'GMP Guanine Xanthine Hypoxanthine

2'-3'-GMP 1-Methylguanosine

Uric Acid 2-deoxyinosine 1-MethylAdenosine 2'-3'-cAMP 2-deoxyadenosine

Allontoin 2-deoxyribose-Phosphate

G-3-P

cAMP

cGMP

de Novo Purine 
Synthesis

cIMP

Glycolytic 
pathway

Formate

TCA 
Cycle

Pentose 
Phosphate 
Pathway

H2O2

XO

IIMPDHguaA

PurA PurE

AdK

cyaA

CpdP

ntpRnrdA

AK9

adK

SurEcpd3

CpdB

PurA

5-NTAPRT

5-NT

PurA

HGPRT

5-NT

PurA

ade
XDH

GuaD

PurA

5-NT

cpdB

nrdAnrdD

ndA

Dgt

7,8-DihydroneopterinFolate SynthesisInfection
Macrophage 
Response

R1P

ADP-Ribose

DNA Repair
Folate PAthway

PCreatine Creatine

Nrf2
Anti-oxidant

Cytoprotective

7-Methylguanine

Xanthosine

Zeatin

Ru5P

Uric acid accounts for 50% 
of the antioxidant potential 

in blood stream.

SAICAR

5-Methylguanosine

Allonoic Acid Glyceric Acid

Adenosine

UPPI

UPPI

Adenosine 
Deaminase

ADA

CD26

Hypoxanthine

Hypoxanthine

DeoxyAdenosine

Deoxyinosine Deoxyguanosine

Adenosine 
Deaminase

ADA

Early Stage T Cell 
Activation

Late Stage T Cell 
inhibition of 

Ribonucleotide 
Reductase (RNR)

Text

- Resting T cells largely depended on oxidative phosphorylation 
(OXPHOS), i.e, TCA to drive ETC and ATP synthesis. 

- T cells use different metabolic pathways based on their differentiation and 
memory status. 

- Following activation, naïve T cells shift from mostly oxidizing glutamine 
to lactate (75% of lactate produced from glutamine oxidation) through 

OXPHOS towards mostly using anaerobic glycolysis and partial glutamine 
oxidation (67% of all lactate from glucose metabolism, and 33% from 

glutamine), without significantly changing their ATP production. As effectors 
they shift towards the use of amino acids as well as glucose, both required 

for their proliferation and cytolytic activity. 
- Two key enzymes in the anaerobic glycolysis pathway?  GAPDH and 
LDHA? are critical in regulating cytokine production in T effector cells. 
- In contrast to preventing the direct protein translation of cytokines by 

GAPDH in CD4+ T cells, CD8+ T cells instead utilize lactate dehydrogenase 
(LDHA), the key enzyme in the conversion of pyruvate into lactate for 
anaerobic glycolysis, to enforce effector gene expression via histone 

acetylation. Although glucose is a critical metabolite for T cell function, the 
enzymes involved in anaerobic glycolysis are also tightly coupled to effector 

function in T cells.  
- Citrate is shuttled from the mitochondria where it is converted into 

acetyl-coA by the action of cytosolic ATP Citrate Lyase (ACL). ACL is an 
enzyme that is upregulated in effector T cells that can translocate from the 
cytoplasm to the nucleus and has the ability to directly acetylate histones of 

effector gene promoters. Thus, glycolysis regulates effector T cell 
functionality; while GAPDH regulates cytokine translation and T effector 
cells use acetyl co-A to regulate histone acetylation of effector genes. 

- Resting T cells shift from OXPHOS to glycolysis and amino acid 
consumption upon TCR-mediated recognition of antigen. 

- Activated T cells demonstrate higher glycolysis, increase glutamine intake, 
increase methionine intake and increase FFA intake with increase in FAS 

and FAO.

Lactate

MCT1/4

Effector T Cells
Cytokine Translation

75% from Gln in Naive 
cells

67% from Glucose in 
Activated Cells

Histone Acetylation
Epigenetic Regulation

Effector Cells
Histone Modifications
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