ICU3 Lecture 21: Pancreatic islets
1. The pancreas has two separate functions: an exocrine activity performed by the acinar cells which manufacture and secrete digestive enzymes into the gut, and an endocrine activity of the islet cells which manufacture and release several peptide hormones into the portal vein.
2. The four principal peptide hormones are insulin, glucagon, somatostatin and amylin, of which insulin is the most important. There are many other minor products. 
3. Insulin and amylin are both manufactured by the  cells, and primarily released in response to raised blood glucose, although there are many other stimuli.

4. Insulin reduces glucose output from the liver, and promotes glucose uptake and metabolism by most tissues other than brain and red cells, thereby returning blood glucose to the target value near 5mM. It has numerous other actions on fat and protein metabolism.
5. Amylin acts on the brain to regulate appetite and body weight. This is discussed in lecture 26.

6. Glucagon is produced by the  cells and is secreted in response to low blood glucose. The sensor is in the  cells. It has widespread anti-insulin effects, but it is not a complete opposite. Somatostatin from the  cells is also produced by the pituitary and is discussed in lecture 24.
7. The  cells contain a glucose sensing system, which requires glucose to be metabolised. Islet cells have a membrane potential. They are excitable and communicate with one another.
8. Insulin release is biphasic – there is a rapid release of stored product, followed by a second slower peak when new hormone has been synthesised. Amylin is released at the same time. The C-peptide generated during insulin manufacture is also released, and its absence from the circulation can distinguish injected from endogenous insulin.
9. The ATP concentration in most cells is high and constant, and it is very difficult to detect any variations. Glucose metabolism in  cells is inefficient, so that ATP levels in  cells depend on glucose availability. This is an important part of the sensing mechanism.

10. Glucose entry into  cells uses low-affinity transporters, so that the uptake rate varies with the blood glucose concentration. Intracellular glucose concentration tracks the external supply.

Plasmalemma glucose porters

	Porter
	Type
	Km
	Location
	Tissues
	Features

	GLUT-1
	passive porters:
no role for Na+
	20 mM
	-
	brain, red cells, endothelium,  cells
	constitutive

	GLUT-2
	
	42 mM
	mobile
	kidney, ileum, liver, pancreatic  cells
	low-affinity 

	GLUT-3
	
	10 mM
	apical
	neurones, placenta (trophoectoderm)
	high-affinity 

	GLUT-4
	
	2 - 10 mM
	mobile (vesicles)
	skeletal muscle, heart, adipocytes
	insulin-responsive

	GLUT-5
	
	-
	both
	widely distributed
	fructose 

	SGLT-1
	Na+ symport
	high affinity
	apical  brush border
	small intestine, kidney tubules
	high affinity 

	SGLT-2
	
	low affinity
	
	kidney proximal tubule
	high capacity 


11. Glucose phosphorylation in  cells uses low-affinity glucokinase. The enzyme is not saturated with its substrate. The phosphorylation rate varies with intracellular glucose concentration, so in  cells the glycolytic rate ultimately depends on the glucose concentration in arterial blood.
12. Glucose starvation affects the mitochondrial fuel supply, so in  cells (but NOT in most other tissues) the ATP concentration increases when blood glucose is high.
13. Potassium efflux channels in  cells are inhibited by ATP. The channels close as ATP rises, thereby depolarising and activating the cells. (These channels are widely distributed in other excitable cells: in most tissues they are permanently closed at normal ATP levels, and open only rarely during adverse conditions, hyperpolarising and protecting the cells.) 

14. Depolarisation activates voltage-dependent calcium channels (VDCCs), triggering calcium spikes and action potentials. This leads to exocytosis and insulin release from stored secretory granules.

15. Islet tissue is also controlled by the autonomic nervous system. Many other compounds affect insulin release, using various signaling pathways. Local gut hormones that stimulate insulin release are known as incretins.
16. Several amino acids are insulin secretagogues. Leucine raises ATP through metabolism, but alanine and arginine directly depolarise the cells.
17. Acetylcholine and cholecystokinin stimulate via phospholipase C, diacyl glycerol and IP3.
18. Glucagon, GLP and GIP stimulate through G-proteins, adenyl cyclase and cyclic AMP.

19. Catecholamines signal via -receptors, G-proteins and adenyl cyclase, but inhibit the storage granule docking system via -receptors. The inhibitory effect normally prevails.
20. Free fatty acids have a biphasic action: a short term stimulation of insulin release through ATP generation, followed by a long-term inhibitory effect.
21. Glucose and 2-keto acids also stimulate through potassium channel independent routes.

INSULIN ACTIONS (see website animations for details)
22. Insulin binds to a plasmalemma receptor in target tissues, which auto-phosphorylates itself on a tyrosine residue. This activates a protein kinase cascade, with many complex effects.

23. High affinity glucose carriers GLUT4 move quickly from storage vesicles to plasmalemma, increasing glucose uptake. (This does NOT happen in liver cells, which lack GLUT4.)

24. Glycogen synthase is quickly activated in most tissues, increasing glucose storage.

25. The glycolytic and lipogenic pathways are also activated, converting glucose into fat.

26. Mitogen activated protein kinase (MAPK) moves into the nucleus, phosphorylating DNA binding proteins, and causing widespread changes in gene expression in about 24 hours.

27. Type 1 or “juvenile onset” diabetes is caused by autoimmune destruction of the islet cells. It is an acute life-threatening condition that always requires insulin injections. Untreated patients have virtually no insulin in their bodies. Crystallised or zinc insulin is used to delay absorption, because the half-life of free insulin in plasma is only a few minutes.
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28. Type 2 or “maturity onset” diabetes is the most common endocrine disease. It is associated with abdominal obesity, chronic low-grade inflammation, dislipidaemia, hypertension and cardiovascular disease. It is due to insulin resistance in the target tissues: some patients may have very high insulin levels. Symptoms may be milder than type 1 diabetes, but it still causes many deaths. Type 2 diabetes is now appearing in obese children. It may require insulin, but is often treated by diet, exercise and possibly oral hypoglycaemic drugs.
29. Sulphonylureas such as tolbutamide and glibenclamide close the ATP-sensitive potassium channel by binding to a sulphonylurea receptor (SUR) closely associated with the channel.

30. Biguanides such as metformin sensitise tissues to insulin. They activate the enzyme AMPK (see next lecture) with consequential effects on peroxisome proliferator activated receptor gamma (PPAR-). This family of drugs reduce hepatic and intestinal glucose output, and stimulate glucose uptake by muscle. 
31. Thiazolidinediones (TZDs) such as pioglitazone also activate AMPK with consequential effects on PPAR-. They alter patterns of gene expression and improve insulin sensitivity.

32. Acarbose belongs to a fourth class of oral hypoglycaemic drugs which inhibit -glycosidase in the gut and delay carbohydrate absorption.

ICU3 Lecture 22: Differentiated tissues
1. Differentiated tissues have specialised biochemical functions. Individual enzyme activities may be markedly raised or lowered in particular organs, or coded by tissue-specific genes with unique regulatory properties.

2. Differentiated tissues cooperate with one another, but this may involve doing opposite things at the same time: e.g. Cori cycle between liver and skeletal muscles, ketone metabolism, amino acid metabolism in starvation.

3. Differentiated tissues deliver coordinated metabolic responses to major life events including: feeding / starving; waking / sleeping; exercise / rest;  pregnancy / lactation; infection; trauma; environmental stress. There is more on this in subsequent lectures.

	Metabolites
	Fasting state
	Fed state

	
	From
	To
	From
	To

	glucose
	liver
	brain (mainly)
	intestines (from diet)
	most tissues

	alanine
	muscle
	liver
	
	

	glutamine
	muscle
	intestine
	
	

	other AAs
	very little available
	not applicable
	
	

	triglycerides
	liver (limited output)
	most tissues
	intestines (lots) + liver
	

	lactate
	red cells, type 2B muscle
	liver
	red cells, type 2B muscle
	liver, heart

	NEFA
	adipocytes
	most tissues
	very little available
	not applicable

	glycerol
	adipocytes
	liver
	
	

	ketones
	liver
	most tissues
	
	


Some key points:

· we store very little carbohydrate 

· most dietary carbohydrate is converted into fat 

· fat oxidation accounts for 70% of our energy needs 

· we can't convert fats to carbohydrate (except for glycerol) 

· we don't store protein above our immediate requirements 

· most dietary protein is oxidised, or converted into fat 

· lactate is mostly recycled into blood glucose (Cori cycle) 

· when fasting, glycerol is converted into blood glucose 

· when fasting, body proteins are converted into blood glucose 

· ketone bodies supply energy to brain and muscle during fasting 

4. AMP-activated protein kinase  (AMPK) - the cellular fuel gauge. 
There are two different kinds of AMP, which is confusing for students because they are both involved in signalling. AMPK is activated by linear 5' AMP and must not be confused with PKA, or protein kinase A, activated by 3'5' cyclic AMP 

5. The first kind of AMP is ordinary linear 5' AMP which is formed through the myokinase reaction in the mitochondrial inter-membrane space. 

ADP + ADP  ATP + AMP 

ATP is actively exported from the mitochondrial matrix by the adenine nucleotide carrier, which is driven by the mitochondrial membrane potential, so ATP:ADP is normally at least 200:1 in the inter-membrane space. Myokinase (also known as adenylate kinase) is freely reversible and the equilibrium constant is close to 1.0 so that cytosolic [AMP] is normally very small, but increases with the square of [ADP] if anything goes wrong with the power supply. 

	 

	 [ATP] x [AMP] 

	 


	Keq = 

	

	 = 1


	 

	 [ADP] x [ADP] 

	 



	
	 
	 

 [ADP] x [ADP] 

[AMP] = 



 

[ATP]




This makes 5' AMP the ideal cellular emergency signal, indicating an emerging threat to the ATP supply long before serious trouble has developed. When 5' AMP rises, cells abandon all activities that are not essential for survival, and concentrate on restoring ATP production by switching on glycogen breakdown, and glycolysis. 

Both glycogen phosphorylase and phosphofructokinase are powerfully and directly activated by 5' AMP. This emergency switch over-rides numerous other factors that regulate these important enzymes. 

In addition, 5' AMP binds to the protein kinase AMPK, favouring its activation by a variety of upstream kinases including the tumour suppressor gene LKB1. This is currently the subject of intense research activity, since it appears that LKB1 plays an important role in apoptosis and is required for the action of the oral hypoglycaemic drug metformin. AMPK is also involved in obesity and weight regulation, and is activated by the adipocyte hormone adiponectin described below. 

6. AMPK controls the overall balance between energy production and energy utilisation in all eukaryotic cells. AMPK activation tilts the balance towards energy production. Among many other enzymes, it inactivates HMG-CoA reductase and acetyl CoA carboxylase (described below). This shuts down cholesterol synthesis and fat synthesis, and promotes fat oxidation.
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7. The second kind of AMP is 3'5' cyclic AMP, which is formed by adenyl cyclase in the plasmalemma under the control of G proteins. 

ATP  3'5' cyclic AMP + pyrophosphate 

Cyclic AMP works through protein kinase A (PKA). It is massively involved in many kinds of hormone actions all over the body and is much more than a pure emergency signal. Some of this will be discussed in the next lecture.
8. Examples of key regulatory enzymes – the list is endless and changes with expanding knowledge, but the following are plainly important: glycogen synthase / glycogen phosphorylase; phosphofructokinase / fructose bisphosphatase; pyruvate kinase / PEPCK; pyruvate dehydrogenase; pyruvate carboxylase; glutamate dehydrogenase; acetyl CoA carboxylase; HMG CoA reductase.

9. Examples of key DNA binding proteins with pleiotropic effects. Tissue selective gene expression, and the selective responses to cytokines depend on specific DNA binding proteins which regulate gene expression. There may be literally thousands of these proteins, which are themselves expressed in a tissue selective fashion. We only have time to mention a few representative examples. PPAR-, PPAR-, CREB, NRF1 and PGC1 act in a combinatorial manner and have particular significance for intermediary metabolism You will not find much in text books, but you can find more information very easily by searching OMIM.

10. PPAR- stimulates transcription of fatty acid oxidation genes in mitochondria, peroxisomes and microsomes. It is the nuclear receptor for fibrates, an important class of lipid-lowering drugs that are used to treat hypercholesterolaemia.

11. PPAR- is necessary and sufficient for adipocyte differentiation from fibroblasts, but it also has roles in muscle and macrophages. It is the nuclear receptor for thiazolidinediones, a new class of oral anti-diabetic drugs.

12. CREB can be phosphorylated by cAMP-dependent protein kinase, after which it binds to an 8-nucleotide sequence termed the c-AMP response element (CRE) switching on transcription of gluconeogenic enzymes and PGC1. See subsequent lectures for CREB and PEPCK.

13. Liver has a special role in the regulation of blood glucose. It has a volatile glycogen store and it can switch rapidly between glycolysis to gluconeogenesis. Glucose readily crosses the liver cell plasmalemma in either direction. 

14. Most tissues cannot export glucose, and only allow glucose entry in the presence of insulin. The only other tissues that export glucose to the bloodstream are the absorptive cells lining the kidney tubules and the gut.

15. Liver is the major site for amino acid catabolism and urea synthesis.

16. Liver is a major location for steroid production, and for cholesterol disposal via the bile.

17. Liver is the source of very low density lipoproteins (VLDL) which are converted into low density lipoproteins (LDL) and deliver triglycerides and cholesterol to other parts of the body.

18. Liver mitochondria convert free fatty acids into ketone bodies in juvenile onset diabetics, and in healthy people during fasting. Ketone bodies are an important source of energy for the heart and brain, but when present in excess (called “ketoacidosis”) they escape into the urine, causing life-threatening disturbance to salt and water balance.

19. Adipose tissue provides a sink for surplus blood glucose after meals and a long term energy store. It secretes several important cytokines, including leptin, TNF- and adiponectin. Leptin advertises the size of the fat reserves and is detected by the hypothalamus. TNF- is a pro-inflammatory cytokine involved in the metabolic syndrome – see lecture 26. Adiponectin is anti-inflammatory, activates AMPK and enhances the effects of insulin. 
20. Striated muscle: distinguish between the fibre types. It is a source of amino acids during starvation. Muscle can partially degrade amino acids to Krebs cycle intermediates, but has no urea cycle, so it must transaminate the end products and tends to export alanine and glutamine to the blood. These two amino acids are particularly good substrates for gluconeogenesis in liver. Muscles need insulin to use glucose at low work loads, but the requirement is relaxed during vigorous exercise.

21. Cardiac muscle is specialised for long term sustained energy production from a wide range of substrates. Highly aerobic. Mitochondria may occupy 40% of the cell volume. Heart muscle can oxidise ketones and lactate, but it needs insulin to use glucose at low work loads.

22. Type 1 skeletal muscle or slow oxidative fibres have a slow contraction speed and a low myosin ATPase activity. Continuously active and fatigue resistant. Used for basal activities. They are rich in mitochondria and myoglobin which gives them a red colour (e.g. chicken leg meat). They are built for aerobic metabolism and prefer to use fat as a source of energy.
23. Type 2A skeletal muscle or fast oxidative-glycolytic fibres have a fast contraction speed and a high myosin ATPase activity. They are progressively recruited when additional effort is required, but are still very resistant to fatigue. They are rich in mitochondria and myoglobin which gives them a red colour. They are built for aerobic metabolism and can use either glucose or fats as a source of energy. They can utilise glucose without needing insulin when working under heavy loads. These are general purpose muscle fibres which give the edge in athletic performance, but they are more “expensive” to operate than type 1.
24. Type 2B skeletal muscle or fast glycolytic fibres have a fast contraction speed and a high myosin ATPase activity. They are only recruited for brief maximal efforts and are easily fatigued. They have few mitochondria and little myoglobin, resulting in a white colour (e.g. chicken breast meat). They generate ATP by the anaerobic fermentation of glucose to lactic acid. These are sprinter's muscle fibres, no use for sustained performance.
25. Brain – largely dependent on glucose, but can use ketones instead. It is mechanically difficult to get fats across the blood – brain barrier, because the chylomicrons are too big, and free fatty acids are stuck onto serum albumin.

Visit our website at http://www.bmb.leeds.ac.uk/teaching/icu3/lecture/21/index.htm


