Overview :
· The Pentose Phosphate pathway occurs in the CYTOSOL .
· No ATP is directly consumed or produced in the cycle .

· Two NADPH are produced for each glucose 6-phosphate that enter the oxidative portion .
(and carbon 1 is released as CO2 )

· This pathway provides the major portion of the body’s NADPH (a biochemical reductant) 
, and produces ribose 5-phosphate (required for biosynthesis of nucleotides ) .
Irreversible oxidative reactions :
· This oxidative portion of the pathway consists of 3 IRREVERSIBLE reactions that leads to the formation of :
1. Ribulose 5-phosphate (ribulose is different from ribose ) .
2. Tow molecules of NADPH .
3. CO2 .
for each molecule  of glucose 6-phosphate that enters this portion .

· This Portion is important in the liver , lactating mammary glands , adrenal cortex and erythrocytes .

A. Dehydrogenation of glucose 6-phosphate  :
· The pentose pathway is regulated primarily at this reaction .

· Glucose 6-phosphate is oxidized to 6-phosphogluconolactone by glucose 6-phosphate dehydrogenase (G6PD) 
(this enzyme requires NADP+ as a coenzyme , and it is competitively inhibited by NADPH) .
· The 1st NADPH is produced at this reaction .

· Insulin enhances the expression of the G6PD gene .

B. Formation of ribulose 5-phosphate  :

· 6-phosphogluconolactone is hydrolyzed to 6-phosphogluconate by 6-phosphogluconolactone hydrolase .
(the reaction is irreversible and NOT rate-limiting) .
·  Oxidative decarboxylation of 6-phosphogluconate by 6-phosphogluconate dehydrogenase produces
ribulose 5-phosphate , CO2 (from C1 of glucose) and the 2nd NADPH .
Reversible nonoxidative reactions  :

· This portion of the pathway occurs in all cell types synthesizing nucleotides and nucleic acids .
· Catalyzes the interconversion of 3- , 4- , 5-, 6-, and 7- carbon sugars .

· Permits the conversion of ribulose 5-phosphate to either ribose 5-phosphate (needed for nucleotide synthesis) , or to
intermediates of glycolysis  .
· Transketolase  transfers 2 carbon units and transaldolase transfers 3 carbon units .

· Ribose 5-phosphate can be synthesized from glycolysis intermediates using  the nonoxidative reactions , and in the absence of the oxidative steps .
Uses of NADPH :

· The steady state ratio of NADP+/NADPH in the cytosol of hepatocyte is 0.1 
(which favors the use of NADPH in reductive reactions) .
· The steady state ratio of NAD+/NADH in the cytosol of hepatocyte is 1000
(which favors the use of NAD+ in oxidative reactions) .

A. Reductive biosynthesis  :
· NADPH is a high energy molecule with its electrons distend for use in reductive biosynthesis .
· Part of the energy in glucose 6-phosphate is conserved in NADPH .

B. Reduction of hydrogen peroxide  :
· Hydrogen peroxide (H2O2) is one of the reactive oxygen species 
(which can cause serious damage to the cell and may result in its death) .
· Oxidative stress occurs when the levels of reactive oxygen species increases , or when the levels of antioxidants falls .
1. Enzymes that catalyze antioxidant reactions  :
· Reduced glutathione (a tripeptide) can detoxify hydrogen peroxide in a reaction catalyzed by the selenium requiring  glutathione peroxidase  forming oxidized glutathione (which no longer has protective properties ) .
· Reduced glutathione can be regenerated by glutathione reductase using NADPH as a source of reducing electrons .
· RBCs are totally dependent on the pentose phosphate pathway for their supply of NADPH .

·  If glucose 6-phosphate dehydrogenase is compromised , RBC lysis occurs. 
· Other enzymes such as superoxide dismutase and catalase , catalyze the conversion of other toxic oxygen intermediates into harmless products .

2. Antioxidant chemicals :
· Intracellular reducing agents such as ascorbate , vit.E  and β-carotene . 
· Consumption of foods rich in these substances reduces risk for some types of 
cancer  and other chronic  health problems .

· Clinical trials with antioxidants as dietary supplements have failed to show beneficial effects .

C. Cytochrome P450 monooxygenase system :
· In this system , NADPH provides the reducing equivalents required by this series of reactions .

1. Mitochondrial system :

· The function of this system is to participate in the hydroxylation of steroids
(making them more water soluble) .

· This system is used in :
a.Liver (for bile acid synthesis) .
b.Kidney (for hydroxylation of vit.D to its active form ) .
c.Steroid hormone producing tissues 
(for hydroxylation of intermediates in the conversion of cholesterol to steroid hormones).
2. Microsomal system :
· This system is associated with the membranes of the smooth ER in the liver .

· It detoxify foreign compounds (e.g. drugs , petroleum products and carcinogens) by hydroxylating them using NADPH as the source of reducing equivalents .

· The purpose of these modifications is 2 folds :
1. It may activate or inactivate a drug .
2. It makes a toxic compound more soluble (facilitating its excretion through urine or feces) .
D. Phagocytosis by white blood cells : 
· It is the ingestion by receptor mediated endocytosis .
· Neutrophils  and monocytes are equipped with 2 mechanisms for killing bacteria :
1. Oxygen-dependant mechanism 
(which includes myeloperoxidase “MPO” system & a system which generates oxygen-derived free radicals) .
2.Oxygen-independent mechanism (which uses pH changes to kill pathogens) .
· MPO system is the most potent bactericidal mechanism .
· NADPH oxidase (located on the membrane of WBCs) converts O2 into superoxide . 
· NADPH oxidase is a complex enzyme with subunits containing a cytochrome , a flavin coenzyme group 
, and any genetic deficiencies in this enzyme cause chronic granulomatosis .
· Superoxide is converted spontaneously into hydrogen peroxide 
(if the superoxide escapes the phagolysosome , it is also converted to hydrogen peroxide by superoxide dismutase “sod ” , and then hydrogen peroxide can be neutralized by catalase or glutathione peroxidase )  .

· In the presence of MPO (a lysosomal enzyme present in the phagolysosome ) , hydrogen peroxide plus chloride ions are converted into hypochloros acid which kills bacteria .

E. Synthesis of nitric oxide (NO) :

· NO is the endothelium-derived relaxing factor (causes vasodilation ) .
· NO also acts as a neurotransmitter( in the brain) , prevents platelets aggregation
 (by activating the cGMP pathway) ,and plays a role in macrophage function. 
· NO has a very short half-life (3-10 sec) .
1. Synthesis of NO :

· It is synthesized from arginine , O2 and NADPH by the cytosolic NO synthase .
(this enzyme requires FMN , FAD , heme and tetrahydrobiopterin as coenzymes) .

· The reaction produces NO and citrullin .

· Three NO synthase have been identified  :
i. Tow are  constitutive (synthesized at a constant rate) , and are Ca2+-calmodulin dependant enzymes  
  ,and they are found in endothelium (eNOS) and neural tissue (nNOS) .
ii. One is inducible , Ca2+-independent enzyme (iNOS) .

2. Actions of NO on vascular endothelium :
· NO (synthesized by eNOS) diffuses to vascular smooth muscle causing their relaxation .
· Guanylate cyclase (which converts GMP into cGMP ) is NOT membrane-associated like adenylate cyclase . 

3. Role of NO in mediating macrophage bacterial activity :
· In macrophages , iNOS activity is low , but synthesis of the enzyme is stimulated by bacterial lipopolysaccharide   and by γ-interferon release in response to infection .

· Activated macrophage produces superoxide radicals which combines with NO to from intermediates 
which decompose forming the bactericidal OH•- radical .
Glucose 6-phosphate dehydrogenase deficiency :
· An inherited X-Linked disease characterized by hemolytic anemia 
(caused by inability to detoxify oxidizing agents).

· It is the most common diseases producing enzyme abnormality .

· It is caused by 400 different mutation , but not all show clinical symptoms .

· G6PD deficiency shows an increase resistance to falciparum malaria in female carriers of the mutation .

A. Role of G6PD in RBCs :
· Diminished  G6PD activity impairs the ability to form NADPH( which is required to Keep glutathione reduced) .

· Glutathione detoxify free radicals and peroxides formed within the cell , 
and also help maintain the reduced form of sulfhydryl groups in proteins 
(oxidation of these groups leads to formation of denatured proteins that forms insoluble masses called Heinz bodies) .
· G6PD deficiency is most sever in erythrocytes because : 
1. They are totally dependent on this enzyme to form NADPH .
2. They don’t have a nucleus or ribosomes , so they can’t renew their supply of enzymes .

B. Precipitating factors in G6PD deficiency :
· Most individuals who inherited one of G6PD mutations do not show clinical manifestations  .
· Some patients show hemolytic anemia if they are :
i. Treated with an oxidant drug .
ii. Ingest fava beans .
iii. Contract a severe infection .

1. Oxidant drugs :

· Commonly used drugs that cause hemolytic anemia in patients with G6PD deficiency are 
best remembered as AAA :
i. Antibiotics e.g. sulfamethoxazole ,  chloramphenicole .
ii. Antimalarials  e.g. primaquine BUT not quinine .
iii. Antipyretics e.g. acetanilid BUT not acetaminophen .   
2. Favism :
· It is the hemolytic effect of ingesting fava beans .
· It is not observed in all G6PD deficiency patients , but all patients with favism have G6PD deficiency.

3. Infection :
· It is the most common precipitating factor of hemolysis in G6PD deficiency.

4. Neonatal jaundice :

· Babies with G6PD deficiency may experience neonatal jaundice .

C. Properties of the variant enzymes :
· Almost all G6PD variants are caused by point mutations in the G6PD gene .

· Some mutations don’t disturb the activity of the enzyme while many other mutations produces 
enzymes with altered kinetic properties .

· G6PD A- is a prototype of a moderate form of the disease (Class III) .
· G6PD Mediterranean is a prototype of a more severe form of the disease (Class II) .
· Class I mutations are often associated with chronic nonspherocytic anemia
(occurs even in the absence of oxidative stress).
D. Molecular biology of G6PD :

· Most of the DNA changes in G6PD deficiency are missense point mutations .

· G6PD A- and G6PD Mediterranean represent mutant enzymes differing from the normal one by a single AA .
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