ICU3 Lecture 14: Introduction to metabolic regulation
Dr John Illingworth

The “purpose” of metabolism is to supply the energy and raw materials that the body needs to stay alive and reproduce. Not only must these systems operate efficiently in “ideal” situations, but they must also handle shortages and unexpected demands: fighting, natural disasters, pregnancy, lactation, famine, injury and disease. Metabolic control mechanisms are complex, but they normally work very well. They are essential for survival.
1) It is of central importance to keep blood glucose close to 5mM. This is essential for normal cerebral functions. The brain can and does use other fuels, such as ketones and amino acids, but only glucose can cross the blood-brain barrier in sufficient quantities to support normal activity. Confusion and coma supervene if blood glucose falls below 3mM, serious vascular damage follows through protein glycation if it exceeds 8mM for long periods.
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2) Circulating glucose at 5mM is only sufficient for a few minutes use. It is actively defended by the liver, “creaming off” when glucose goes too high, and “topping up” if it drops too low. Both the supply and the demand for glucose may vary more than 20-fold over a 24 hour period. Both can change suddenly and sometimes without warning.
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3) Liver both takes up and secretes glucose, depending on the circumstances. Internal hepatic glucose concentrations are similar to those in the blood. In contrast to this, most other tissues have a major barrier to glucose entry at the plasmalemma. Glucose is only allowed into these cells during intense metabolic activity, or when the hormone insulin is circulating in the blood. Liver, enterocytes and kidney tubule cells can all export glucose to the blood, but most other tissues cannot do this, so their glycogen reserves are strictly for internal use. 

4) Liver [and enterocytes] express a different gene for the glucose phosphorylation enzyme compared with most other tissues in the body. The liver enzyme (glucokinase) has a much higher Km for glucose than the hexokinase expressed in extra-hepatic tissues, reflecting the differing intracellular glucose concentrations in these different tissues.
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5) In order to hit the 5mM target, the body uses a variety of sensory mechanisms to monitor blood glucose levels and initiate corrective action. These systems “look ahead” whenever it is possible to do so. The primary glucose sensors are located in the pancreatic islets, and also in the carotid bodies, medulla and the hypothalamus. Inputs from the eyes, nose, taste buds and gut alert the control systems when food is on the way. Fear and worry about stressful situations help prepare the body to face difficult times ahead.
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6) The osmotic pressure of hydrolysed foodstuffs in the gut constrains the body to reassemble the monomeric digestion products into osmotically inactive polymers and fat globules as rapidly as possible. If it were not for this reassembly we would have to drink an impossibly large volume of water with every meal.
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7) Carbohydrates are a wet and bulky calorie store but fats pack in ten times more energy per gram. Most of our food reserves are stored as protein and triglyceride, with very limited carbohydrate stocks. This is the most efficient storage system, but it requires lipogenesis to dispose of surplus glucose after feeding, and gluconeogenesis to make new glucose during exercise, illness and starvation.

8) Medical students should be familiar with the following compounds circulating in the blood and understand why they are important: glucose, triglycerides, "free" (i.e. non-esterified) fatty acids, glycerol, lactate, alanine, glutamine and acetoacetate.
9) Most peripheral tissues (except the brain) require insulin or nervous stimulation before they are allowed to use blood glucose. Basal metabolic needs are largely met from fat metabolism.
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10) Successful blood glucose control depends on concerted action between several circulating hormones, including insulin, glucagon, cortisol, growth hormone and adrenalin, plus the operation of the autonomic nervous system.

11) Blood glucose homeostasis in inextricably bound up with the complex mechanisms that regulate the immune system, body temperature, feeding behaviour and body weight. A large number of cytokines and hormones are involved in these processes.
Contrasting hormonal effects on different areas of metabolism:

	hormonal effects on
	hormones and cytokines

	
	insulin
	glucagon / adrenalin
	growth hormone
	cortisol
	TNF-α

	sugars
	glycolysis
	gluconeogenesis
	gluconeogenesis
	gluconeogenesis
	glycolysis

	glycogen
	synthesis
	glycogenolysis
	synthesis
	redistribution
	glycogenolysis

	proteins
	synthesis
	proteolysis
	synthesis
	proteolysis
	proteolysis

	fats
	synthesis
	lipolysis
	lipolysis
	redistribution
	lipolysis


12) In order to achieve overall accuracy, the body uses a combination of short-term, medium-term and long-term control mechanisms. We use liver glycogen as the immediate short-term buffer for blood glucose, but rely on lipogenesis and gluconeogenesis and changes in gene expression for long term adaptation. 
13) Major deviations in any of the blood components are harmful and may lead to disease. Ingestion, absorption, utilisation and excretion are all regulated to achieve the overall goals. 

Urban myth (test your knowledge of basic hormonal regulation)
A young woman lay asleep, peacefully dreaming of a holiday abroad. Her bed was warm and comfortable but she stirred slightly in the small hours as the sky began to lighten and her stomach gently reminded her that it was almost time for breakfast... 

Suddenly she awakes and looks at the clock. "Oh ****!" she says, leaping from the bed and frantically pulling on her clothes. Skipping breakfast and her morning wash she races from her house and sprints desperately for the bus stop at the far end of the street. She makes the bus with seconds to spare and collapses panting on a seat to recover her breath. 

By the time she gets to work about 30 minutes later she has almost regained her composure. She puts her head round the bosses door: "I missed my breakfast, but have I got time to do my hair before the interview?" 

"It's okay" says the bosses secretary "he's rung in sick. You can get your breakfast in the staff canteen." 

By this stage she is really hungry, and orders poached eggs on toast with sausages and baked beans, washed down with a big mug of coffee, and then some more toast and marmalade. As she settles down to read the newspaper, she realises that she needs to visit the loo... 

Worse things happen at sea! Human beings regularly survive war zones and shipwrecks, major injuries and infectious disease. Our ability to live a free and independent life depends on the precision and reliability of our metabolic control systems. Over the next 20 years this young woman will travel widely, raise a family, and cope with all of life's vicissitudes while relying on survival strategies that started two thousand million years ago. 

Some self-directed learning (lectures 19-26):

[See chapter 18 in Tortora & Grabowski, chapters 18 & 19 in Kumar & Clark (6th ed.) and chapter 13 in Nelson & Cox]

· Which hormone was released in surges from her pituitary gland as she fell asleep, dreaming of her holiday abroad? [It acted mainly on her liver. Target cells released a second polypeptide hormone with both local and systemic effects.]

· Which hormone was released in larger quantities as dawn was breaking? Where did it come from and what did it do?

· Which hormone was released as she sprinted for the bus? Where did it come from and what did it do?

· How did she control her blood sugar as she recovered on the bus and prepared for her interview? Which hormones were active?

· Which systems were activated as she watched the sausages sizzling in the pan? How did they "know" what to expect?

· Which hormones were being released as she put the lid back on the marmalade? What did they do?

· How did she know how much to eat, and why did she need the loo?
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