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1. Well fed state 

· energy requirements supplied by diet 

· high insulin/low glucagon 

· most nutrients flow to liver via portal vein,   lipids incorporated into chylomicra and go via lymphatic ducts to circulatory system bypassing the liver. 

· high insulin promotes glucose uptake by muscle and fat cells because of increased GluT4 glucose transporters in cell surface membranes 

· glucose in liver is used for glycogen deposition,  hexose monophosphate shunt (NADPH for biosynthesis) and glycolysis.  Pyruvate is used to synthesize fatty acids 

· much of glucose passes through liver for delivery to other organs:  brain and other tissues for oxidation to CO2; red blood cell to lactate and pyruvate (why not ot CO2?);  adipose tissue to fat;  muscle to glycogen as well as glycolysis and TCA cycle. 

· note: lactate and or pyruvate produced in tissues other than liver is not converted to glucose by liver (ie.  no Cori cycle under these conditions,  gluconeogensis not active in absence of glucagon) 

· glucose,  lactate,  pyruvate and amino acids support fatty acid synthesis by liver under well fed conditions.  These fatty acids are largely exported in the form of VLDL. 

· Protein:  hydrolysed to amino acids in intestine. 

· most amino acids pass through liver and are not catabolized in liver except when concentration is very high (ie in well fed state) due to high Km of catabolic enzymes. 

· amino acids used by liver and other organs for protein synthesis. 

· Excess amino acids catabolized by liver to yield urea.  Carbons used mainly for fatty acid synthesis 

· Dietary fatty acids delivered to adipose tissue in chylomicra,  lipases release FA that are taken up by fat cells and stored as TAGs. 

· high insulin promotes synthesis of TAGs
· availability of glucose promotes TAG synthesis by supplying glycerol phosphate  (ie.  DHAP converted to glycerol phosphate) 

2.  Early fasting  (stage ii) 

· glucagon increases/insulin decreases 

· lipogenesis reduced ( increased phosphorylation of acetylCoA carboxylase),   lipid mobilization in fat cells increased via PKA activation of TAG lipase 

· increase in glucagon favors gluconeogenesis and glycogenolysis in liver
· hepatic gluconeogensis increased and lactate,  pyruvate and amino acids otherwise used for fatty acid synthesis are diverted into gluconeogenesis. 

· Cori cycle operative 

· less amino acid catabolism because dietary source of amino acids no longer available 

· drop in insulin results in decrease in  glucose transporters from muscle and fat cell surfaces resulting in decreased glucose uptake and utilization by these tissues.  Muscle obtains more energy from fatty acid oxidation.  Results in glucose sparing. 

· 3 major factors contribute to glucose sparing at this stage: 

· mobilization of liver glycogen    

· mobilization of fat from adipose cells   

· shift of muscle cells  to increased  reliance on fatty acids for energy production 


  3. Fasting (stage iii) 

· glucagon increases/insulin decreases 

· no fuel entering gut and liver glycogen largely depleted 

· tissues requiring glucose are dependent on hepatic gluconeogenesis,  primarily from pyruvate,  lactate and alanine coming from other tissues 

· glycerol from lipid mobilization in fat cells an important source of carbon for gluconeogenesis in liver. 

· amino acids from protein breakdown in muscle cells provide majority of carbon for glucose synthesis and some ketone body synthesis by liver 

· liver obtains energy from fatty acids 

· OAA is diverted for gluconeogenesis and TCA cycle intermediates fall.  Decrease in citrate reduces FA synthesis (loss of activation of phosphorylated AcCoA carboxylase by citrate)  and enhanced FA oxidation (less inhibition of acylcarnitine transferase I because of decreased malonylCoA) 

· increased FA oxidation and amino acid catabolism leads to increase in ketone body formation. 

· N secretion in the urine shows transient increase during early stages (up to day 3),  as a result of increase in urea production and shunting of glutamine to kidney,   but then declines.  Decline related to glucose sparing effect of enhanced ketone body formation at later stages.

4.  Starvation (stage iv and v) 

· glycogen depleted 

· blood glucose level decreased by approx.  50%,  but this level maintained for months 

· first priroity:  maintain blood glucose - required for brain,  red blood cells 

· second priority:  spare protein 

· fuel shifted in large measure from carbohydrate to fatty acids and ketone bodies (derived largely from FA,  but also from amino acids) 

· muscle shifts almost entirely to FA (note:  increase in AcCoA inhibits pyruvate dehydrogenase activity preventing oxidation of pyruvate and favoring use of pyruvate,  lactate and alanine for gluconeogenesis by liver.) 

· major change after 3 days is increase in ketone body formation by liver and increased use of ketone bodies by brain (the brain continues to require a supply of glucose in addition to ketone bodies).  This has the effect of sparing protein (less required for gluconeogenic precursors) and protein breakdown actually decreases after several weeks of fasting.  (Note:  brain cannot use circulating fatty acids as fuel because they do not cross the blood brain barrier;  ketone bodies however do) 

· as long as ketone body levels are maintained by hepatic fatty acid oxidation,  there is less reuirement fort gluconeogenesis and glucogenic amino acids and therefore less need to breakdown muscle tissue. 

Table 1:  Changing metabolism during a fast 
    

PRIVATE
<tbody>

Amt consumed or produced per day (g)
Amt consumed or produced per day (g)

 
3rd day
40th day

A.   Fuel used by brain
 
 

glucose
100
40

ketone bodies
50
100

B. fuel mobilization
 
 

adipose lipids
180
180

muscle protein degraded
75
20

C.  fuel output by liver
 
 

glucose
150
80

ketone bodies
15
150

</tbody>

Table 2.  Serum levels of various components during fast

Hormone or substrate
Very well fed
postabsorptive

12 hr
fasting

3 days
starved

6 weeks

insulin uU/ml
40
15
8
6

glucagon pg/ml
80
100
150
120

ins/gluc
0.5
0.15
0.05
0.05

glucose (mM)
6.1
4.8
3.8
3.6

fatty acids (mM)
0.14
0.6
1.2
1.4

acetoacetate (mM)
0.04
0.05
0.4
1.3

hydroxy

butyrate (mM)
0.03
0.1
1.4
6.0

lactate (mM)
2.5
0.7
0.7
0.6

pyruvate (mM)
0.25
0.06
0.04
0.03

ATP equivalents (mM)
313
290
380
537
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Energy metabolism during fasting


(high glucagon,  low insulin)





ketone bodies





glucose





CO2 + H2O





Ac CoA





glucose





ketone bodies





FFA





glycerol





Muscle





Fat





Liver





TAGs





Amino acids





ketone bodies





Energy metabolism during diabetes (type 1)
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