
ALDH1A1,2 

 + Mo2
+ 

+ Zn2
+  

/ Mg2
+

a-KGDH 
+ TPP 
+ FAD 
+ LPA

Citrate

D-Isocitrate
Succinate

Fumarate

Malate

Citrulline

ASA

Arginine

Urea

Ornithine

CPS1

Alanine

Pyruvate

Acetyl-CoA

Succinyl-CoA

cis-Aconitate

Asparagine

P5C

Proline

PR
O

D
H

ALDH4A1 
+ Mg2+

Collagen 
Disorders 

hEDS
Arthritis 

PDH +  
FAD + 
TPP + 
LPA + 
Mg2+

ASS

AS
L

ARG1+ Mn

OTC

C
PS

1

NH3

AST  

+ P5P

A
LT

 +
P5

P

Lactate

MDH

Urea Cycle

Citric 
Acid 
Cycle

GABA Oxalosuccinate

AC  
+ 4Fe-4S + Mg2+

CS

IDH +
Mg2+

FS

NADH

NAD+

NAD+

NAD+

Prolyl  
Hydroxylases

PH
D

3,
 

PH
D

4

PH
D

2
HIF-1α 

Hydroxylation

PLD + Mn

Phenylacetate

Phenylacetylglutamine

H2O

Phenylbutyrate

Urine

Histone Acetyltransferase 
Acetyl-*

Acetate

Glycerol Phenylbutyrate

Pancreatic Lipases

AMP

IMP
ADSL

Putrescine

Spermidine

SSAL GDP

GTP

G
LN

α-Ketoglutarate

Glutamate

Glutamine

ADS

Purine
Nucleotide 

Cycle 
(Muscle) 

AMPD

ADSS

2 ATP 
+ 

2 Cre

CK

2 ATP

ADP

ATP,
Mg2+

PCB + 
Mn +

Biot
in

NADH

NAD+

GAD + P5P+ Mg2+

4ABT 
+ P5P

L-Methylmalonyl-CoA

M
M

C-
M

 +
 C

o

L-DOPA Tyrosine Phenylalanine

DHFTHF

TH  
+ Fe

Dopamine
Norepinephrine

AADC + P5P 

+ Mg2
+

DBH  
+ Cu + Vit C 

+ PQQ

PAH  
+ Fe

N
O

S 
+ 

H
em

e 
+ 

C
a

+ 
Zn

Pyridoxal

ALP + Zn2+ + Mg2+

Pyridoxamine

ALP + Zn2+ + Mg2+

Inner Cell Membrane

Pyridoxal 5'-Phosphate Pyridoxamine 5'-Phosphate

Extracellular Space

Pyridoxal Pyridoxamine

     P5P          PMP     

Pyridoxine

Pyridoxine 5'-Phosphate

PK PP
P 

 
+ 

M
g2+

PNPO 
+ FMN 

Pi Pi

H2O H2O

H2O2O2

PNPO 
+ FMN

O2, H2OH2O2, NH3

PNPO 
+ FMN

H2O2O2
PNPO 
+ FMN

O2, H2OH2O2, NH3

H2O

Pi

H2O

Pi

H2O

Pi

DHFR 

+ Mg2+

/ Mn2+

BH4 BH2

D-Methylmalonyl-CoA Propionyl-CoA

Catabolic Pathways - 
Valine 

Isoleucine 
Methionine 
Threonine 

Odd-Chain Fatty Acids 
Cholesterol 

PCC 
+ Biotin

M
M

C
-R

Cobalamin III Cobalamin II Cobalamin ICobalamin

MeCbl
MS +
Zn2+

Homocysteine Methionine

5-MTHF
+ + + +

DECREASED

INCREASED

Itaconate

IFN-a: LPS,  
ICL Pathogens,
Th1→Th2 Shift

DHMA DHMC

Metanephrine

VMA

ATP, 

Mg 2+

AMP, 

PPi 

NO

Pi

p-Cresol 

Autoimmune
Antibodies,

Fumarate, Na?

MAO-A

Normetanephrine MAO-A

NADH, H+NAD+

ALDH1A1,2 
 + Mo2++ Zn2+  

/ Mg2+

Tyramine AADC + P5P  
+ Mg2+

TA + Cu

C
YP2D

6

ATP +

ADK

   HPPA   

A
A

O
 + P5P

A
ST

+ P5P TA
T 

+ 
P5

PHGA

HPD + Fe3

MAA
HDG  

+ FeFAA MAAI

Aspartate

FAAS + Ca + Mg AAA

BHB

α-KG

Glut

TRANSAMINATION

THL

Oxidative
Stress

IDH +
Mg2+

Thyroid Pathway

Vitamin B6 Metabolism 

MTR

DOPAL DOPAC

HMPAL

HVA

MAO-A

ALDH1A1,2 
 + Mo2++ Zn2+ / Mg2+

MAO-B

NAD+ NADH, H+

Dopaquinone Leucodopachrome L-Dopachrome DHICA

MelaninDHI IQ
TA + Cu

DT + Zn

TA
 +

 C
u

TA + Cu

TA
 +

 C
u

Phenylalanine 
Biosynthesis 

Pathway

NAD+

LDH + Zn2+

ME1  
+ Mg / Mn

LDH + Zn2+

α-KG Glut
TRANSAMINATION

ALD
H5A

1

CuZnSOD, 
MnSOD, 

Vit C, Vit E, 
GSH, Se, 

Melatonin,
BH4,

Queuosine,
Cobalamin II,

CatalaseG
lu

t
α-

K
G

O
AT

  
+ 

P5
P

TR
AN

SA
M

IN
AT

IO
N

IF
 E

LE
VA

TE
D

OH-Glut OH-KG

OAA Glut

TRANSAMINATION

HOGA1

Glyoxylate Oxalate

LDH +
Zn2+

INCREASED

Glycine

AlaPyr
AGXT 
+ P5P

O2 + Vit C  
+ Si / Fe2+ + Zn2+  

M
IF

PH
T

TRANSAMINATION

ODC 
+ P5P

SAMe

Pi, PPi

ATP,  
Mg2+,  
H2O

SAMeASAMeD
+ PAL

Spermine

SP
D

S
SP

S

SAMeA

MTA

SAMeA

MTA

SAMeS
+ K

AST 
+ P5P

DAO + Cu

SSAT1

N-ASD

A
G

S 
+

M
n

High Cortisol,
Low Vitamin D, 

Stress
Immobilisation

(Rats), 
Splanchnic

Impulse

ADP,P
i

ATP,
HCO

3, Mg 2+

OXH

ACS
ATP, Mg2+ADP, Pi

PA
O

Blood Pressure,
Urine Volume,

Orthostatic
Intolerance

GABA

Red Blood Cell
Morphology -

Rouleaux Formation,
Hypoxia, 

Hypercapnia

+ Pi

AMP

P5P + TPP

5,10-MTHF

TS
dTMPdUMP

SAH

PKA
H+

PKA
H+

ADC +
P5P

Low / High
Histamine

(cell specific), 
cAMP-PKA,  

Ca, K, Li

VMAT2

H+

DAT

Na+ 
Cl-

VMAT2

H+

NET

Na+ 
Cl-

.

ATP,
Mg2+

ADP,
Pi

ATP,
Mg2+

ADP,
Pi

PK
ATP,
Mg2+

ADP,
Pi

PK

ALP + Zn2+ + Mg2+

Pyridoxine 5'-Phosphate

Pyridoxine

Pi

H2O

PKA
H+

Aspergillus
Niger

ICL

M.tuberculosis,
C.albicans, P. indigofera,

P. aeruginosa,
A.calcoaceticus,  

S. Typhimurium, B. suis,
Y. enterocolitica,  

Y. pseudotuberculosis,  
Y. pestis, R. equi, E. coli., 

H. pylori strains 
P12, G27, 26, 

695, Tx30a

Human Herpesviridae
- HSV-1, HSV2, VZV,

EBV, CMV, HHV-6A/B,
HHV-7, KSVH

OH-ENP

HPLA
4-HCA

Q

GTP
GDP

Pi

N-AS

GSA

GAT

A
G

AT

2 ADP 
+ 

2 PC

Creatine

SA
H

SA
M

e

Testosterone,
Growth Hormone,

Thyroxine

Oestrogen,
Creatine,
Ornithine

M
TH

FR

NADP 
+ FADH2

NADPH, H 
+ FAD

Betaine DMG
BHMT 
 + Zn2+

Sarcosine

CystathionineCBS + P5P

DMGDH

5,10-MTHF,  
FADH2

BH4,  
FAD

SADH

FADH2FAD

Formaldehyde

CGL + P5P
Serine H2O

Cysteine

H2S

CGL + P5P

α-KB

Pyr, NH3

N
A

D
P 

FA
D

H
2, 

FM
N

H
2, 

B
H

2

N
A

D
PH

 
FA

D
,  

FM
N

, 
B

H
4,

 O
2

Cysteinesulfinate

Cysteamine

Hypotaurine Taurine

CDO1  

+ Fe
2+ / Zn

2+

CSAD  
+ P5P FMO1 + FAD

Pantothenate

CoA

4-Phosphopantothenate

4-Phosphopantothenoylcysteine

Pantetheine

4'-Phosphopantetheine

3'-Dephospho-CoA

GSH

γ-Glutamylcysteine

GLS

GCS

α-KG

Glut

TR
AN

SA
M

IN
AT

IO
N

ADP, PiATP, Mg2+

ATP, 
Mg2+

ADP,  
Pi

PPCDC

PATK
VNN

PP
C

S

PP
AT

D
PC

K

EN
PP

PA
N

K

ATP, Mg2+ADP, Pi

AMP,
Pi

ATP,
Mg2+

CO2

ADP 

ATP, 
Mg2+

A
LP

Pi

EN
PP

5'
-A

M
P

ADP,
Pi

ATP,
Mg2+

PPi

ATP,
Mg2+

3'
 5

'-A
D

P

A
LP

Pi

GSSG

NADP

NADPH 

H2O2

H2O

G
PX

 +
 S

e

G
lu

ta
th

io
ne

 R
ed

ox

G
R

 +
 F

A
D

Cd,Cu,Pb

NADH2NAD+

NAD+

NADH

Succinyl AMP

H2O

ATP, 
Mg2+,  
NH3

ADP,
Pi

G
S 

+ 
 

M
g2+

/M
n2+

NH4

ATP, Mg2+ 
HCO3

NH3

ADP, Pi

Glycolate

FMN,  
O2

FMH2,  
H2O2

GOX

GOX

Testosterone, 
 DHT (Male) 

Estradiol (Female)

Glut
TRANSAM

INATION

α-KG

NH3, H2O2 
FADH2

O2, H2O, 
FAD

H2O
2 

FA
DH2

O2, 
H2O

, 
FA

D

H2O
2 

FA
DH2

O2, 
H2O

, 
FA

D PA
O

H2O
2 

FA
DH2

O2, 
H2O

, 
FA

D PA
O

ALDH9A1 
+ Zn2+  
+ Mg2+ 

H2O2 
FADH2

O2, H2O 
FAD

H2O
2 

FADH2

O2, H
2O

 

FAD

H2O2 
FADH2

O2, H2O 
FAD

H2O2 

FADH2

O2, H2O 

FAD

2 x AA 

SHMT + P5P +
Mn2+ / Mg2+

Glycine Serine

FADH2, 
QH2

FAD,  
Q

NADPH

NADP+

P5
C

R

  OH-P5C  4-Oxoproline

PH
C

D
H

OH-GlutSA

H2O H2O

FAD, Q

FADH2, QH2

BH2 BH4, O2

BH2 BH4, O2

Collagen

NAD(P)HNAD(P)+

Hydroxyproline OH-Collagen

PSP 
+ Cu  

+ Zn + BrH2O

A
g,

A
u,

H
g

Zn, pH <6

Zn, pH >7.3

Zn, pH <6

Zn, pH >7.3

P5P

IFN-γ → ROS →
Tissue Damage  

→ TGF-β1,
Hypothyroidism

SSAL GABA

4ABT 
+ P5P

TRANSAMINATION

Riboflavin

FMN

FAD

ATP, 
Mg2+ 

ADP,
Pi

ATP, 
Mg2+/ 

(Co2+/ Mn2+)

PPi

T3 (Se, I, Ca,
Heme, FAD)

R
K

 +
 Z

n2+
FA

D
S

Riboflavin Metabolism 

AdoCbl

Methylmalonate

Vitamin B12 Metabolism 

CblJ
CblF

CblD
CblC

mCblA

Methylation Cycle

Catecholamine
Metabolism 

Poly
am

ine
 M

eta
bo

lis
m 

Tryptophan

N-L-formylkynurenineKynurenine

3-Hydroxykynurenine 3-Hydroxyanthranilic Acid

ACMSQuinolinate

Nicotinic Acid Mononucleotide

Nicotinic Acid Dinucleotide NAD+                NADP               

Nicotinic Acid

Nicotinamide MononucleotideNicotinamide

ID
O

1

K
M

O
 +

 
FA

D
 +

Fe
2+

AFMID

KYNU

H
A

A
O

 
+ 

Fe
2+

<SPONTANEOUS>

Q
R

PT

NAPRT

NADSYN1 NADK

N
M

N
AT

1 
+ 

Zn
2+

 
N

M
N

AT
2/

3

Fe2+, O2, NADH  

Fe3+, NAD+H2OFormate

NADPH,  
H, O2

NADP  
P5P

H+, 
Ala, 
PMP

Oxidative
Stress

O2

Formate

NADP NADPH

NAD+

NADH, NH3 

G
DH

  
+ 

 
Zn

2+
,

M
n2+

 /

M
g2+

              NADPH              

N
A

D
PT

NADH

NAD+

Kynurenine Pathway

NAD+ Pathway

N
A

D
P 

ID
H

  
+ 

M
g2+

Isocitrate

α-KG

AT
P,

  M
g2+

PRPP

PPi

ATP, Mg2+

ADP, PPi

ADP, Pi

NAMPT

ATP, Mg2+, 
PRPP

ADP, 
PPi

ATP, Mg2+, 
H2O, NH3

AMP, Pi, 
Glut

ATP, Mg2+, 
PRPP

ADP, 
PPi

TNF-α, IFN-γ, 
(iNOS): IFN-α →

Arachidonic Acid. 
(eNOS, Burst):

Histamine H1/H2

Aspergillus

IFN-γ, 
IFN-α, 
TNF-a, 

Cortisol

    Glucose    

Glucose Metabolism

α-KG, Cholestyramine, 
Estradiol 

β-Sulfinylpyruvate

Pyr

Thiosulfate Sulfite

SP
O

N
TA

N
EO

U
S

α-KG
Glut

TRANSAMINATION

AST + P5P

Sulfate

SQ
R

TST

FAD, 
Q

FADH2, 
QH2

Cysteine Persulfide

Histamine Metabolism 

CDO1 + Fe2+ / Zn2+

NADPH? NADP?

α-KG, Cholestyramine 

TRANSAMINATION
α-KGGlut

AGXT 
+ P5P NADPH?

NADP?

Glucose 6-Phosphate

Fructose 6-Phosphate

Fructose 1,6-Biphosphate

Glyceraldehyde 3-Phosphate

1,3-Biphosphoglycerate

3-Phosphoglycerate

2-Phosphoglycerate

Phosphoenolpyruvate

F2,6BP

Glucose 1-Phosphate

UDP-Glucose Glycogen

Epinephrine

UT
P,

 M
g

2+

PP
i

GLYS

UDP

GLYP Pi

G
6P

as
e 

(L
iv

er
)

UG
Pa

seADP

ATP,
Mg2+ N

D
PK

cAMP->PKA

Glucagon
Insulin

Cortisol

Glycogenin
Glycogen 

Primer

PGM + Mg2+

Histamine

NH4, H2O2 O2, H2O

IIA
DAO + TPQ +
Cu2+ + Ca2+ 

N-Methylhistamine

H
N

M
T 

+
M

g2+

SAMe

SAH

4-MeIAA

H2O2 
FADH2

O2, H2O 
FAD

MAO-B

IAcA

4-MeIA

NADH, H+NAD+

ALDH3A1 + Mo2+  
+ Zn2+ / Mg2+

ALDH2 + Mo2+  
+ Zn2+ / Mg2+

Acetaldehyde

FIGLU

Histidine

H
D

C
  

+ 
P5

P 
 

+ 
B

io
tin

 
+ 

Zn
2+

 
+F

e2+

Acetaldehyde

Acetaldehyde N
A

D
H

, H
+

N
A

D
+

Urocanic Acid
NH3

U
R

O
C

IAL + P5P

Pyr, NH3,  
FormadideH2O

FIGLU-THF

FT

PT
P

B
H

4

NADH, H+NAD+

HAL

3-PHP3-PserSerine
NADH NAD+

PHGDH 

Pi H2O

PSPH + 
Mn2+ / Mg2+

PSAT1
+ P5P

Glut
TRANSAMINATION

α-KG

PKM2

Serine, K+,
Mg2+,  

T3, F1,6BP

PF
K

1 
+ 

Zn
2+

FB
Pa

se

ADP

PFK2
ATP,

M
g 2+

AT
P,

M
g2+

A
D

P

P
i

H
2O

H2
O

Pi
FB

Pa
se

2

PS

PS
S

CTP

CDP

CRH ACTH

FAD, 
Q

FADH2, 
QH2

Reactivation

          Ethanol          

     Acetaldehyde     

C
AT

 
+ 

H
em

e
N

A
D

PH
, 

H
2O

2
N

A
D

P,
 

H
2O

A
D

H
 

+ 
Zn

2+

N
A

D
+

N
A

D
H C
YP

2E
1 

+ 
H

em
e

N
A

D
PH

, H
+,

 
O

2

N
A

D
P,

 
2 

H
2O

N
A

D
H

Ethanol Metabolism 

Candida spp., Lactobacillus spp.,  
 Bacteroides spp., Clostridium spp.,
Enterococcus spp., Streptococcus

spp., K. pneumoniae, 
S. cerevisiae, E. coli, P. indigofera,  

A. calcoaceticus., [..] 

Lactobacillus spp., Aspergillus spp.,
Penicillium spp., C. albicans,  
S. mutans, E. coli, B. fragilis,  

K. pneumoniae, N. meningitidis,  
P. intermedia, P. gingivalis,  
R. dentocariosa, V. parvula,  

H. pylori, S. cerevisiae,  
P. aeruginosa, S. Typhimurium,  

Y. enterocolitica,  
Y. pseudotuberculosis, Y. pestis,  

B. wadsworthia [..] 

Acetate

A
LD

H
2 

+ 
Zn

2+
 

+ 
M

g2+
 

+ 
M

o2+
N

A
D

+

Si-Acetaldehyde

Si,
SiO2

v0.966

Acetaldehyde

AC 
+ 4Fe-4S + Mg2+

4 ATP, 
Mg2+ 

4 ADP,  
4 Pi

4-Pyridoxate
PNPO 
+ FMN

PP
P 

 
+ 

M
g2+

PP
P 

 
+ 

M
g2+

TRANSAMINATION
Asp OAA

PAMOAT  
 

+ Mg2+

H2O2O2, H2O

NADH, H+NAD+

ALDH2 + Mo2+ +
Mg2+ + Zn2+ 

AO 
+ Mo + FeS  

+ Heme + FAD

H2O2O2, H2O

Acetaldehyde

Kynurenate

G
lu

t
α-

K
G

TR
AN

SA
M

IN
AT

IO
N

K
AT

 +
  

P5
P

Fatty Acids

AT
P,

M
g2+

A
D

P

Taurine, 
Pantethine

Taurine, 
Pantethine

Taurine, 
Pantethine

Taurine, 
Pantethine

Taurine, 
Pantethine

ALDH4A1 
+ Mg2+

Acetaldehyde

Taurine, 
Pantethine

ADP, 
NADP+

ATP, 
NADPH

ALDH18A1 
+ Mg2+

NAD(P)+ NAD(P)H

MAS

A-CoA,  
H

2O

CoA

Acetaldehyde

NADH, 2H+

NAD+ AL
DH

7A
1 

+ 
M

o2
+   

+ 
M

n2
+

Acetaldehyde

Taurine, 
Pantethine

Betaine Aldehyde

Choline

C
H

D
HH+

Oxidative Stress,  
Pb, Gliotoxin, 
Phenylalanine

PG
A

M
1

AAC

Succ

Succ-CoASCOT

CoA

THP
NADH, H+NAD+

Acetylcholine

C
H

aT

A-CoA 

CoA 

Acetaldehyde

Morphine 
Biosynthesis  

Pathway

GHB

N
A

D
P

N
A

D
PH

NH3

2-Hydroxybutyrate

NADH + H

NAD+

2-
H

B
D

H
 / 

 L
D

H

5-HTP

Serotonin

A
A

D
C

+ 
P5

P 
+ 

M
g2+

 

N-Acetylserotonin

Melatonin

SAT + Heme

A
SM

T 
+ 

SA
M

e A-CoA

TP
H

 +
 F

e

Tryptophan Pathway

Tryptophan  
Biosynthesis 

Pathway

N
A

D
+

N
A

D
H

,  
H

+

3-
H

B
D

H
A

D
H

FE
1

2-
H

G

TR
AN

SA
M

IN
AT

IO
N

α-
K

G

Ph
os

ph
at

id
yl

ch
ol

in
e

4-
H

B
D

H

4-
H

B
D

H N
A

D
+

N
A

D
H

GOR

FMNH2,  
H2O2

FMN,  
O2

NAD(P)H2 NAD(P)+

B
H

2
B

H
4,

  
O

2

Serum Glucose

Taurine, 
Creatine, 
Insulin, 

Cr, V

TNF-α 

G
LU

T4

B
io

tin

Estradiol 

Testosterone

Testosterone

NADP, H2ONADPH, H+, O2

Pentose 
Phosphate 
Pathway

Triglyceride 
Biosynthesis 

Pathway

Phenylalanine 
Biosynthesis 

Pathway

PG
I

A
LD

G
A

PD
H

PG
K

EN
O

 
+ 

M
g2+

2 NAD+, 2 Pi

2 NADH, 2 H+ 2 H2O

2 Pi

2 H2O

2 PiADP

ATP

2 H2O

2 Pi

2 ATP 2 ADP, 2 H+

H2O

TPI

G6PDH

2,3-BPG

BPGM

BPGP

2 P
i

2 H
2O

A
D

P,
 P

i 

PEPCK  

+ Mn2
+ / M

g2
+

PEPC  

+ Mn2+ /

Mg2+ / C
o

HCO
3

P
i

E. coli, [..]

CO2

Cortisol

Insulin

Acetaldehyde 

Acetaldehyde 
Peroxynitrite 

Taurine? 
Pantethine?

G
K

 / 
H

K

CoA, H+

Cholesterol AMPK 

HTDH + Mo +
Heme

NAD+, H2O NADH, H+

NCS(?)

H2O

5-HIA5-HIAA
ALDH7A1,9A1 + Mo2+ + Mn2+

NAD+NADH, H+

M
A

O
-AH

2O
2 

FA
D

H
2

O
2,

 H
2O

 
FA

D

AcetaldehydeTaurine, 
Pantethine

4-MeI
4-MeIAase

FTCD + Mg 2+ + Zn 2+

BH
4, H

2O

GlutCarnosine Anserine

β-Alanine, 
ATP, Mg2+

ADP, Pi

C
N

S1
 +

 M
n2+

 / 
M

g2+

C
N

1 
+ 

Zn
2+

CNMT 1-Methylhistidine

β-Alanine, 
ATP, Mg2+

β-Alanine

H2O
CNDP1  
+ Mn2+

β-AlanineH2O

ADP, Pi
CNS1  

+ Mn2+  
/ Mg2+

Aspartate
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Figure 1.Pathway Diagram: The role of mitochondrial dysfunction in chronic disease and aging.
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