
Glucose 

1) phosphorylation 

Hexokinase
Or glucokinase

ADPATP

Glucose-6-p 

Phosphoglucose 
Isomerase

Fructose-6-p 

2) isomerization 

Fructose 1,6-bisphosphate

3) phosphorylation 

ADPATP

Phosphofructokinase

!! First Committed step

Glyceraldehyde 3-p 
(GA3P)

Dihydroxyacetone 
phosphate(DHAP)4) cleavage 

Aldolase 5) isomerization 
Triose phosphate 

isomerase

6) oxidation-reduction 

GA3P dehydrogenase 

NAD+ NADHP

1,3-Bisphosphoglycerate
(1,3-BPG)

7) phosphorylation 

Glycerate kinase

3-phosphoglycerate

*2 *2

2-phosphoglycerate

Phosphoglycerate 
mutase 

8) isomerization
(Transfer of P group)

ADP ATP*2

9) Dehydration 

Enolase

Phosphenolpyruvate

10) phosphorylation
Pyruvate kinase

pyruvate

AD
P

ATP
*2

*2

*2

2,3-Bisphosphoglycerate
(2,3-BPG)

Mutase enzyme
Phosphatase enzyme

Pyruvate decarboxylase

Alcohol dehydrogenase Lactate dehydrogenase 

Glucokinase
+ glucose
— Fruc 6-P

+ fructose 2,6-bisphosphate
+ AMP
— citrate
— ATP
— H+

+ fructose 1,6-bisphosphate
— ATP
— alanine
— trivalent arsenic (Arsenite)

*2*2Glucagon(glucose-gone) [—]
Insulin [+] Glucagon(glucose-gone) [—]

Insulin [+]

Glucagon(glucose-gone) [—]
Insulin [+]

— fluoride 

C6H12O6 + 6 O2 —> 6 CO2 + 6 H2O + ATP 

Pyruvate transporter

Pyruvate—>acetyl CoA
           PDH

E1~> decarboxylase(TPP is it’s coenzyme)
E2 ~> dihydrolipoyl transacetylase(covalently bound to 
lipoic acid)
E3 ~> dihydrolipoyl dehydrogenase

— pentavalent arsenic 
(arsenate)

Pyruvate dehydrogenase 

Acetyl-CoA 

Pyruvate

Fatty acids Ketogenic amino acids

Fats(triaglycerol)
Glycerol
Can be used in 
glycolysis and 
gluconeogenesis 

Produce
Produce

Fatty acids
Cholesterol(steroid hormones)

Produce

Ketone bodies

Oxidation 
in 

TCA cycle

Acetyl-CoA 

CO2

OxaloAcetate 
Citrate

CoA

Citrate synthase

IsoCitrate

Aconitase

α-ketoglutarate 

CO2

IsoCitrate 
dehydrogenase 

NAD+

NADH

α-ketoglutarate 
dehydrogenase 

complex

CO2

NAD+NADH

Succinyl CoA

Succinate 
thiokinase 

Fumarate 

Malate 

CoA
Succinate 

CoA

GDP
GTP

Succinate 
dehydrogenase 

FA
D

FA
DH

2

Fumarase

Malate 
dehydrogenase 

NAD+

NADH

In the inner mt 
membrane!!

It could exit to 
cytosol(excess 
citrate)

Acetyl-CoA 
Fatty acids 
synthesis 

Citrate—> —
ATP—> —
NADH—> —
Succinyl-CoA—> —
ADP—> +

Fatty acids—> —
ATP—> —
NADH—> —
Acetyl CoA—> —
AMP—> +
Pyruvate—> +
NAD+—> +
Ca+2 —> +
CoA —> +

ATP—> —
NADH—> —
Ca+2—> +
ADP—> +

Fluroacetate (rat poison)—> —
Non-competitive 

Arsenite—> —non-competitive 
GTP—> —
NADH—> —
Succinyl-CoA—> —
Ca+2 —> +

High-energy 
thioester bond

Substrate level 
phosphorylation 

ADP

ATP

Nucleoside 
diphosphate kinase

H2O

ΔG(+)
Irreversible 

Irreversible 

-7.7 kcal

+1.5 kcal

-5.3 kcal

- 8 kcal

- 0.7 kcal

+7.1 kcal

1 ATP 
3 NADH
1 FADH2

2 ATP 
2 NADH
2 pyruvate

What Happens When Carbohydrates are Limited?
In conditions of low carbohydrate availability (e.g., fasting, low-carb diets, or diabetes):

Reduced OAA Levels:
Without carbohydrate metabolism, OAA levels decrease because less pyruvate is available.
Accumulation of Acetyl-CoA:
Acetyl-CoA from beta-oxidation cannot be fully utilized in the TCA cycle due to insufficient OAA.
Shift to Ketogenesis:
Excess acetyl-CoA is diverted to form ketone bodies in the liver as an alternative energy source.

Amino acids synthesis  
Glutamine —> from skeletal 
muscle to other tissues for 
protein synthesis
Neurotransmitter synthesis 
(glutamate )—> used as 
excitatory NT
&&
(GABA)—>inhibitory NT

Glycine Amino acids 
synthesis 

Gluconeogenesis 

Amino acids synthesis +
Gluconeogenesis 

Pyruvate carboxylase

Fatty acid synthesis—>  cytosol
Fatty acid degradation—>mitochondria

Malonate—> —
competitive 

NADH—>  —

Types of electron transfer:-
1)reduction of Fe+3 to Fe+2  in heme groups of 
heme proteins
**Cytochromes are heme proteins(complex III 
& complex IV)
2) transfer of hydrogen atom(H+ & e-) in 
FADH2 and transfer of hydride ion in NADH
**complex I &II have iron sulfur cluster

NADH

NADH

FADH2

Flavoproteins

Flavoproteins are proteins that contain a flavin molecule, such as 
FAD (flavin adenine dinucleotide) or FMN (flavin mononucleotide),

NADH-Q oxidoreductase
ETFP-CoQ oxidoreductase

Q-cytochrome c oxidoreductase

25 polypeptide chain

11 subunits

Heme bL
Heme bH

Heme c

2 CoQ 
binding sites

2 copper sites 

Oxygen binding 
site

Cyt c(reduced)+ O2 + 4H+   +4e- —> Cyt c(oxidized)+2H2O

High affinity, lower Km than 
hemoglobin and myoglobin

Eْ O2 > E ْ a3 > E ْa > Eْ  cyt c > Eْ cyt c1 > E ْ cyt b > Eْ  CoQ >Eْ FeS >Eْ FAD >Eْ FMN >E ْ NAD+

🚫

rotenone&amytal

🚫

antimycin

🚫

N3-, CN-&CO

NADH pumps 10 H+ for each (2e- )
FADH2 pumps 6 H+ for each (2e- )

F1:-
α ~ structural 
β ~ binding 
γ ~ rotation
——————————-
F2:-
a ~ entry or exit
c ~ rotates

🚫

oligomycin(antibiotic)

Glycerol 3- phosphate shuttle:-irreversible
In skeletal muscles & brain

Malate-Aspartate shuttle:-reversible

In liver, kidney & heart

MDH
AST

MDH
AST

ATP matrix+ ADP cytoplasm —> ATP cytoplasm + ADP matrix

14% of IMM

Inhibition of coupling
Used to produce heat rather than ATP

UCP1 —> highly expressed in brown 
adipose tissue, non-shivering 
thermogenesis
UCP2 —> most cells
UCP3 —> skeletal muscle 
UCP4& UCP5 —> brain
🚫🚫

 mutation in UCPs associated 
with cardiometabolic disease(mutation 
includes over reactivity of UCP)

2,4-dinitrophenol (DNP)
Binds to protons in the intermediate space and return them to 
the mitochondrial matrix across the inner membrane 
The return is not associated with any ATP synthesis
**dissipation of proton motive force(PMF),reduction or loss of the 
electrochemical gradient of protons (H⁺) across the inner mitochondrial 
membrane (in case of IMM becomes more permeable to H+)

Mutations

Mitochondrial DNA 

- small ,circular & double stranded
- encodes 13 subunits (7 of I, 1 of III,3 of IV and 2 Fْ   )
- replicative segregation( يئاوشع رركتم لصف ، seen in many 
daughter cells) && heteroplasmy (mutation concentrated 
at one daughter cell)
- Mutation rate 10 times more than nuclear DNA

Nuclear DNA 

- encoding 1000 proteins for function of mitochondrial ox-ph
(35 of I, 4 of II,10 of III,10 of IV and 14 Fْ   )
- autosomal recessive inheritance(2 copies of gene must be 
defective)
- Affecting many types of cells and tissues
- Affect cells with high ATP demand more than low demand 
cellsLHON سبو  disease(I)

Sporadic myopathy,anemia(III,IV)
Encephalomyopathy (IV)
NARP(V)

Leigh syndrome(I)
Leigh syndrome(II)
Leigh syndrome (IV)

Single nucleotide binding site

NADH

CoQ CoQ

Pyruvate

PEP

Acetyl CoA

PDH

OAA Citrate

IsoCitrate

α ketoglutarate

Succinyl CoA

Succinate

Fumarate

Malate

Pyruvate 
carboxylase

OAA

Malate 
dehydrogenase 

Malate 
dehydrogenase 

CO2

CO2

Malate

PEPCK 

2-phosphoglycerate

3-phosphoglycerate

1,3-bisphosphoglycerate

Enolase

Phosphoglycerate mutase

Glycerate kinase

Glyceraldehyde 3-phosphate Dihydroxyacetone

GA3P dehydrogenase 

Triose phosphate isomerase

Fructose-1,6 bisphosphate

Fructose 6-phosphate

Aldolase

Fructose 1,6-bisphosphatase

Glucose 6-phosphate

Phosphoglucose isomerase

AMP —
 Fructose 2,6-bisphosphate —
Citrate +

Glucose

Glucose-6-phosphatase
AMP —
 Fructose 2,6-bisphosphate —

Soluble protein in ER lumen

ATP

ADP

GTPGDP

ATP

ADP

Glucagon activates gluconeogenesis:-
**Glucagon lowers hepatic fructose 2,6-
bisphosphate
**Glucagon increases transcription of 
the gene for PEPCK 
** stimulates the conversion of hepatic 
PK to its inactive (phosphorylated) form

ADP

ADP

4 ATP 
2 NADH
2 GTP

NADH

NAD+

Glycerol

Glycerol 3-phosphate 
dehydrogenase 

Lactate
Lactate 
dehydrogenase 

Amino acids

Non-reducing end

Phosphoglucomutase

Minor degradative pathway:-
α(1-4)glucosidase (acid maltase) 
—> a lysosomal enzyme A deficiency leads to pompe disease

Debranching enzymes

Phosphoglucomutase

Glucose-1-p UTP

UDP-glucose pyrophosphorylase

UDP-Glucose

PPi 
Pyrophosphatase

H2O 2Pi 

Glycogenin

Glycogen synthase
UDP 

Glycogenin Glucose Glucose Glucose

(4,6-transferase)
Glycogenin Glucose Glucose

Glucose

Glucose +ATP+UTP+Glycogen(n) —> ADP+UDP+glucogen (n+1) 

Von Gierke disease

Hepatomegaly fatty liver

Renal disease

Growth retardation
Normal glycogen (accumulation)

 Glucose—> —(in liver)
Glucose 6-p—> —
ATP—> —
ADP—> +

Glucose 6-p—> +

In muscles:-
Ca+2 —> +
AMP—> +

Glucagon (liver)—> cAMP—> pkA —> phosphorylation of (glycogen phosphorylase & glycogen 
phosphorylase kinase) < stimulation of degradation of a glycogen >
—> phosphorylation of glycogen synthase inhibiting it
Insulin—> degradation of cAMP into 5’AMP(using phosphodiesterase)
—> PP1 dephosphorylate glycogen phosphorylase & glycogen phosphorylase kinase < inhibition of 
degradation of a glycogen >
Epinephrine —>  activate phospholipase C (degradation of phospholipids to IP3&PIP2),IP3 stimulates 
releasing of Ca+2 from ER 
Ca+2-calmodulin activates phosphorylase kinase(stimulates glycogen degradation)

In liver

Limit dextrin

Fructose
Fructose

Specific 
Non-Specific 

Fructokinase

Fructose 1-p

Aldolase B

AD
P

ATP

Glyceraldehyde DHAP

Hexokinase

Fructose 6-p

Phosphofructokinase

Fructose 1,6-bispho

AD
P

ATP

Aldolase B

GA3P DHAP

Aldolase A

Found in liver, kidneys, 
small intestine

Essential fructosuria A deficiency leads to

Hereditary fructose intolerance 
(Fructose poisoning)

A deficiency leads to-hypoglycemia, lacticacidemia(lactic acidosis)
-hyperuricemia(

⬆

AMP)
-hepatic failure (

⬇

ATP,

⬇

Pi,

⬆

fructose 1-p)

Glucose

Sorbitol(polyalcohol)

Fructose

Aldolase reductase

Sorbitol dehydrogenase 

Liver, retina,lens, Schwan 
cells,kidney, ovaries and seminal 
vesicle

Liver, ovaries and seminal vesicle

Chronic hyperglycemia 

NADPH

NADP+

NADP+

NADPH

⏫⏫⏫

 sorbitol
⏫⏫

 H2O

Triokinase

GA3P

Alcohol 
dehydrogenase

Glycerol

Glycerol-P

Glycerol 
kinase

Triaglycerols

dehydrogenase

Galactose Galactose 1-p
Galactokinase

ADPATP

UDP-glucose

Glucose 1-pUDP-galactose 

Transferase GALT

Synthesis…
-Lactose
-Glycolipids
-Glycoproteins
-GAGs

Epimerase

UDP-glucose 

UTP

Phosphoglucomutase

Glucose 6-p

Glucose 6-phosphatase

Glycolysis 
Glucose

Galactitol

Aldolase reductase

Deficiency

Galactitol accumulation
Galactosemia
Galactosuria

Classic Galactosemia
Galactose and galactose 1-p 
accumulation causes cataract ,liver 
damage and mental retardation

Glucose-6-p Glucose-1-p UDP Glucose

UDP-glucose pyrophosphorylasePhosphoglucomutase

UDP Glucuronic acid

UDP-glucose dehydrogenase 

GAGs synthesis

Supply PPP

Glucose

Lactose synthase

UDPLactose
β(1-4)

Protein A
Galactosyl transferase 
Enzyme part

Protein B
α lactalbumin
Not enzyme 
Ensuring 

انأ لاإ ريخب يش لك هنا

In any other cells..

N-acetyl glucosamine +UDP-Galactose —> N-acetyllactosamine
Protein A

Stimulated by prolactin 

Hexokinase
— glucose 6-p

With p is inactive

With p is active

7 2ATP for each cytosolic NADH

🚫

Cyanoglycosides such as 
amygdalin(misnomer B17)

N
AD

+

N
AD

H

Metabolism of monosaccharides 
and disaccharides 

Glycogen metabolism 

Glycolysis 

Gluconeogenesis 

TCA cycle

Oxidative phosphorylation 


