Overview:
During  prolonged  fasting (10-18 hours)  , glycogen stores are  depleted  and  some  organs (e.g. Brain , RBC , kidney medulla ) require  a continuous  supply  of  glucose  and  for  that  reason  ,  glucose  is  formed  from   a  pathway  known as  Gluconeogenesis .
· Glucose precursors are :  lactate , pyruvate  , glycerol , α-ketoacids ,and ( all intermediates of glycolysis and citric acid cycle)  .
· Gluconeogenesis occurs 90% in the liver and 10% in the kidneys “during  an  overnight  fast “ .

· During prolonged fasting :  60% in the liver and 40% in the kidneys .

Substrates for gluconeogenesis:
A.Glycerol :
· Glycerol   is  released  from adipose  tissue  by  hydrolysis  of   triacylglycerol  .
· Glycerol  is  phosphorylated  to  glycerol phosphate  by  glycerol  kinase  “adipocytes lack this enzyme”
· Glycerol phosphate is oxidized to dihydroxyaceton phosphate by glycerol phosphate dehydrogenase  .

B.Lactate :

· Lactate is released from exercising skeletal muscles and cells that lack mitochondria (e.g. RBC ) .
· Lactate is captured and reconverted to glucose by the liver and then released back into the circulation .
C.Aminoacids:

· Aminoacids derived from tissue protein are the major source of glucose during a fast .
· α – ketoacids derived from glucogenic amino acids give rise to oxaloacetate (direct precursor of phosphoenolpyruvate )  →  give rise to glucose

· Acetyl CoA - and compounds that give rise to it e.g. Acetoacetate , leucine , lysine  -  cannot give rise to glucose .                                             Because the reaction which converts pyruvate to acetyl CoA by pyruvate dehydrogenase  is irreversible .                                                                                                                                                             and instead these compounds give rise to ketone bodies  .
Reactions unique to gluconeogenesis :

· 7 glycolytic reactions are reversible and 3 are irreversible and must be circumvented by 4 reactions unique to gluconeogenesis which are :

A.Carboxylation of pyruvate:

· Pyruvate is carboxylated to oxaloacetate by pyruvate carboxylase .
· OAA is converted to PEP by PEP carboxykinase .
· Pyruvate carboxylase require biotin which is covalently bound to the enzyme through ε-amino group of lysine this form of biotin is called biocytin .
· Cleavage of ATP drives the formation of enzyme-biotin-CO2 intermediate which carboxylate pyruvate to OAA .                     
and this reaction occurs in the mitochondria of liver and kidney and it has 2 purposes : 
1-Provide substrate for gluconeogenesis .
2-Replenish TCA cycle .
Muscle also uses this reaction but for the 2nd purpose ONLY “muscle don’t  synthesize glucose” .
· Hepatic pyruvate carboxylase is allosterically activated by Acetyle CoA .
B.Transport of oxaloacetate to the cytosol :

· OAA formed in the mitochondria must go to the cytosol , but it cannot cross the mitochondrial inner membrane 
so it is reduced to malate by MITOCHONDRIAL malate dehydrogenase .
· Malate crosses the mitochondrial membrane to the cytosol where it is reoxidized to OAA by CYTOSOLIC malate dehydrogenase .
C.Decarboxylation of cytosolic OAA :
· OAA is decarboxylated and phophorylated to PEP in the cytosol by PEP-carboxykinase  “also known as PEPCK” .
This reaction is driven by hydrolysis of GTP .
· PEP is then acted on by the reactions of glycolysis in the reverse direction until it reaches fructose 1,6-bisphosphate .

D.Dephosphorylation of fructose 1,6-bisphosphate :

· Hydrolysis of fructose 1,6-bisphosphate to fructose 6-phosphate by fructose 1,6-bisphosphatase 
bypass the PFK-1 reaction .

· Fructose 1,6-bisphosphatase is regulated by :
1-Energy level within the cell : AMP → inhibition   ,  ATP → stimulation  .
2-Fuctose 2,6bisphosphate  : in liver and kidney  ,  fructose 2,6bisphosphate → inhibition 
recall that fructose 2,6bisphosphat activates PFK-1 and its level is influenced by glucagon .
E.Dephosphorylation of glucose 6-phosphate :

· Hydrolysis of glucose 6-phosphate to glucose by glucose 6-phosphatase bypass the hexokinase reaction .

· Liver and kidney are the ONLY organs that can release glucose from glucose 6-phosphate , this process requires:
1- Glucose 6-phpsphate translocase : transport glucose 6-phosphate across the ER membrane .
2- Glucose 6-phosphatase : an ER enzyme found ONLY in gluconeogenic cells which removes phosphate forming free glucose .

· Glucose 6-phpsphate translocase & Glucose 6-phosphatase are also required for the final step in glycogenolysis .
Type la glycogen storage disease result from deficiency in these enzymes .

F.Summary of  the reactions of glycolysis and gluconeogenesis :

· 11 Reactions to convert pyruvate to glucose .

· 7 are reversible glycolytic reactions .

· 3 irreversible glycolytic reactions circumvented by 4 gluconeogenic reactions :
1-Hexokinase reaction : circumvented by glucose 6-phosphatase .
2-PFK-1 reaction : circumvented by fructose 1,6-bisphosphatase .
3-Pyruvate kinase reaction : circumvented by pyruvate carboxylase/PEP carboxykinase .
· The conversion of 2 Pyruvate molecules into 1 molecule of glucose couples :
1-Cleavage of 6 high-energy phosphate bonds (4 from 4 ATP & 2 from 2GTP) .
2-Oxidation of 2 NADH molecules .
Regulation of gluconeogenesis :

· Moment to moment regulation by :
1- Glucagon .
2-Avilibilaty of substrates .

· Slow adaptive changes in enzymes activity result from alteration of :
Rate of synthesis , degradation (or both) of the enzymes .

A.Glucagon: stimulates gluconeogenesis by 3 mechanisms :
1- Glucagon lowers the levels of fructos2,6-bisphosphatase resulting in :
Activation of fructose 1,6-bisphosphatase , and inhibition  of PFK-1 .
2-Glucagon phosphorylate pyruvate kinase and there for it becomes inhibited .
3-Glucagon increases the transcription of the PEP carboxykinase  gene .
Insulin causes decreased transcription . 

B.Substrate Availability : 

· Availability of gluconeogenic precursors (glucogenic amino acids particularly ) influence the rate of hepatic gluconeogenesis .

· Decreased insulin levels also favors gluconeogenesis .

C.Allosteric activation by acetyl CoA :

· During fasting , Acetyl CoA levels increase → activates hepatic pyruvate carboxylase .

· Acetyl CoA also inhibits pyruvate dehydrogenase (which converts acetyl CoA into pyruvate) .
D.Allosteric inhibition by AMP :

·  Fructose 1,6-bisphosphatase is inhibited by AMP (AMP activates PFK-1) .
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