Lecture 1:  Introduction to Metabolism
· Metabolism is all of the chemical transformations a molecule undergoes when in a cell.
· A metabolon is a collection of enzymes in a metabolic pathway.  A metabolone is all the metabolites in a given organism.  Metabolimics is the study of large collections of data related to metabolism or metabolic disease.  Metabolic syndrome is a condition in which someone one has several of: abdominal obesity, lipid disorder, hypertension, insulin resistance, etc.
· BMI = weight in kg / (height in meters)2  BMI<20 is thin, 20-25 is normal, 25-30 is overweight, and 30-35 is obese, 35+ is morbidly obese.  
· Basic Metabolic Rate: metabolism in the absence of the influence of food or work. (1760 Kcal/day in males, 1440 in females).

· Energy balance equation:  Energy Requirement/day = BMR + Activity Increment
· Anabolic reactions are biosynthetic and require energy (endergonic).  They are used to build up energy storage molecules, functional proteins, and structural elements, and they utilize lots of small molecule metabolites.   
· Catabolic reactions are the opposite (exergonic).  Degradation pathways not only provide energy for driving anabolic processes, but they also produce the molecules necessary for biosynthesis (like pyruvate and acetyl coA).  CoA is just a long chain attached to an ADP.  The energy the reactions provide may be in immediate energy forms (such as ATP) or reducing equivalents (like NADH).
· Metabolic fuels, whether as part of our diets or stored in our bodies for later use, have physiological fuel values.  Fat is the highest at around 9 Kcal/g, with carbohydrates and proteins around 4. 

· The liver controls a lot of metabolism, and operates with adipose and muscle tissues to constantly fuel essential organs (most importantly the brain and heart).  
· The different metabolic states you can be in include:  Fed, Overnight Fast, Fasted (1-2 days), Prolonged Fast (longer than 2 days), and Diabetic/Pathological.  All except “fed” are different levels of stress on your body.  Blood glucose must be maintained to supply the brain.  When you’re fed you use glucose from carbs in your diet.  Overnight Fasting causes use of glycogen stores.  In the fasted state, you break down muscle into Alanine which is a precursor for glucose; you also break down some fat to make ketones that will fuel the heart, kidney and muscle.  In prolonged fasting, you start conserving muscle and you use mostly fat to produce glucose and ketones to fuel the brain.  
· Acetyl-CoA is involved in the catabolic and anabolic pathways for many different pathways.

· On the cellular level, you can break metabolism down into three stages.  1 is the commitment of a molecule to be broken down, 2 is its actual breakdown and production of reducing equivalents, 3 is the use of those in the mitochondria for electron transport and ATP production.

· The hepatic portal vein carries blood directly from the pancreas to the liver, enhancing the efficiency of insulin/glucagon signaling.

· PET scans uses radiolabeled glucose and detects levels of tissue activity by levels of glucose (measured as intensity of positron emission and resulting photons from annihilation with an electron).   

· The thermodynamics of each step in a metabolic pathway do not need to be favorable, as long as very favorable ones pull the equilibrium in the right direction making the overall process very favorable.  

· Metabolic processes can be regulated by hormones (primary control), second messengers (secondary control), and feedback mechanisms and levels of products, and ATP levels all contribute.

· Inborn errors of metabolism are often detected by an accumulation of molecules upstream of the defect, and often the presence of these molecules in the urine.  Therapies may include enzyme/protein replacement or gene replacement (though this is not really safe to use at this point).

Lecture 2:  Nutritional Aspects of Metabolism
· Dehdryogenase vitamins:  Niacin (B3), riboflavin (B2).  One Carbon Handling Vitamins: Thiamin (B1), Biotin(B7), Folic Acid (B9), Vit. B12.  P-Vitamins: Pyridoxine (B6), Pantothenic Acid (B5).

· Almost 500 million people in the world suffer from malnutrition.  Most enzymes’ active sites use nutritional factors that participate directly in the catalysis.  
· An enzyme (holoenzyme) consists of an apoenzyme (protein) and a cofactor, coenzyme, or prosthetic group.  Metals are often called cofactors and vitamin B analogs prosthetic groups, but we’ll use the terms interchangeably.  

· Aside from Ca, K and Na, the metals we need are required in enzymes.  Many metals are only used by a couple enzymes, but they are often essential to our functioning.  

· Metals may bind the enzyme to its substrate (Mg does this for ATPases), transfer electrons (Cu and Fe in the ETC), withdraw electrons (Zn in carbonic anhydrase), or maintain enzyme conformation.

· Acrodermititus Enteropathia:  a fatal defect in absorbing Zn in the intestine.  Wilson’s disease:  Cu can’t get out of cells and it is identified primarily by a brown ring around the cornea (non-lethal).  Menke’s disease:  Cu can’t get into cells, sometimes called “kinky hair syndrome.  Menke’s may be treated with copper chelating agents.  
· Vitamin B complex vitamins are most important in enzyme catalyzed reactions.  Fat soluble vitamins (A,D,E,K) and vitamin C are not as important for this.  The more we need of a vitamin, the more enzymes in our bodies use them.

· Niacin enters the body and is added to an ADP + ribose (which helps it bind to the enzyme surface) to make the active forms NAD+/NADH or NADP+/NADPH.  It catalyzes very common dehydrogenation reactions, often converting an alcohol like lactate into a ketone like pyruvate (via lactate dehydrogenase).  It uses its ring system and resonance to accept an H-.  NAD+ + 2H → NADH + H+
· Niacin deficiency results in pellagra.  It is characterized by dermatitis, diarrhea, dementia and death.

· Riboflavin also has a conjugated isoalloxazine ring structure that helps it catalyze dehydrogenation reactions.  In the body, it can be added to just a phosphate (FMN) or to an ADP (FAD).  The ADP can help it bind to enzyme surfaces.  These molecules catalyze dehydrogenation reactions from C-C single bonds to C=C double bonds, as in the conversion of succinate to fumarate.  Riboflavin is covalently attached to the succinate dehydrogenase enzyme active site.  
· Riboflavin deficiency results in fissures and sores in the mouth.  Riboflavin and niacin are very widespread in the diet, so problems are rather uncommon.

· Thiamin has a pyrophosphate added to it to help it bind to enzymes and form TPPi.  It decarboxylates α-keto carboxylic acids, eliminating a 1 carbon unit (carbon dioxide).        Ex:  pyruvate → acetaldehyde, via the enzyme pyruvate decarboxylase.  
· A thiamin deficiency leads to beriberi.  This is characterized by pitted edema (where you push in on the leg and it stays indented), an enlarged liver, and nervous system breakdown.  It was first discovered in chickens.  Thiamin is in rice, pork, seeds, green vegetables and fruits.  

· Biotin is attached to lysine residues to make biocytin in the body.  It carboxylates molecules, adding carbon dioxide to them (the opposite of thiamin).  Ex: pyruvate carboxylase catalyzes pyruvate → oxalacetate in gluconeogenesis.  Biotin is made by intestinal bacteria, so deficiency is unusual.  Avidin, a protein in egg whites, can bind biotin, so if consumed in excess it can lead to biotin deficiency.
· Folic acid has a pteridine ring, and when ingested you add 4 Hs to it to get tetrahydrofolic acid (FH4).  It carries methyl groups for addition or removal from substrates.  It is important for RBC synthesis, so a deficiency can result in megoblastic anemia. 

· Vitamin B12, aka cobalamine because it contains cobalt, had its structure determined by Dorothy Hodgkin.  It can either carry a methyl group or deoxyadenosyl group.  As a methyl carrier, it functions for methyl transfer between molecules.  As a deoxyadenosyl carrier, it catalyzes hydride shifts which switch atoms attached to adjacent carbons.  

· Vitamin B12 deficiency results in pernicious anemia, and the mechanism is unknown.
· Pyridoxine can be modified into several different forms, with pyridoxal phosphate being the most common.  It is used for transamination reactions, in which it switches a carbonyl into an amino group.  Deficiency in this isn’t a big deal.  The mechanism involves a Schiff Base Intermediate, where the amino group and carbonyl react the same way they would in peptide bond formation.  Then, a water is added back in to switch the amino and carbonyl.
· Pantothenic acid has ADP added at one end and β-mercaptoethylamine at the other to form CoA.  It catalyzes acyl group transfers by carrying 2 carbon units, and it very widely distributed in food and abundantly utilized in metabolism.  Deficiency can result in burning-feet syndrome.  
Lecture 3:  The Mitochondrial Respiratory Chain

· Mitochondria are obviously really important for ATP production, but are also involved with apoptosis.  A working person uses ~1500 moles of ATP/day.  

· High energy phosphate bonds are basically just bonds with big, negative ∆Gs at standard conditions.  We’ll say anything more negative than -7.5 Kcal/mol qualifies as high energy.  With this definition, ATP has two high energy bonds.  Enzymes (nucleotide diphosphokinases) can transfer the bonds from ATP to CTP/GTP/TTP which are useful for various specific processes.  

· The NADH produced from catabolism gives its electrons to the ETC and leaves its hydrogens in the mitochondrial matrix, which eventually both reduce oxygen to water.  Oxidative phosphorylation involves electron transport, energy conservation in the form of the hydrogen gradient and high energy phosphate bonds, ion transport to get ADP/P in and ATP out of the mitochondria, and dehydration of ADP/P to actually get ATP.  

· Oxidative phosphorylation produces about 3 ATPs per oxygen.  Or, 3 ATPs for every electron pair that goes through the ETC, pumps hydrogen and joins with an oxygen to make water.

· With detergents and centrifuging, you can separate mitochondrial compartments and find that oxidative phosphorylation occurs in the inner membrane.  When you break mitochondrial membranes, they vesiculate inside-out.  So, the ATP synthase is really located on the inner part of the inner membrane, but it showed up on the outside here.
· They found the TCA cycle enzymes to be in the matrix, the ATP synthase and ETC to be on the inner membrane, ATP/ADP/AMP (adenylate kinase) equilibrating enzymes in the intermembrane space, and transport/apoptosis mediators in the outer membrane.  

· In the electron transport chain, the electrons are really just going between the prosthetic groups of the proteins until they get to oxygen.  

· The ETC:  Complex I (NADH dehydrogenase) is a very complicated integral membrane protein that pumps hydrogens as it moves electrons.  Complex II (succinate dehydrogenase) is a mutually exclusive pathway from complex I, and it does not pump hydrogens.  Both complex I and II then pass electrons to Coenzyme Q (a simple lipid).  This feeds into Complex III (cytochrome bc1 complex), another integral membrane protein that pumps hydrogen.  Electrons next go to Cytochrome C (a peripheral membrane protein with a heme ring), then finally on to Complex IV (cytochrome oxidase or cytochrome aa3) which is another hydrogen pumping integral membrane protein.  After this, electrons go to oxygen.
· Mechanisms for electron and hydrogen movement are not well characterized.  

· The electron carriers are in order of increasing standard reduction potential, meaning each will want to take (be reduced) the electrons more than the carrier previous to it.  The ∆E for the hydrogen pumping complex (I,III,IV) is enough to provide the free energy to synthesize an ATP, based on:  ∆Go’ = -nF∆Eo’.  The ∆G necessary to produce ATP is ~7.5 Kcal/mole, and correlates to about ∆E = -.16 V.  

· This can be shown experimentally by blocking parts of the chain and measuring the ATP formed and oxygen consumed downstream of it when you artificially add hydrogens just downstream of what you blocked.  If you block complex IV (with cyanide) you get no ATP.  If you block at complex III (with antimycin A) and add electrons downstream with ascorbic acid, you see that complex IV makes ~1 ATP/O.  If you block at complex I (with rotenone) and add electrons downstream with succinate, you see that complexes III and IV make ~2 ATP/O.  
· Normally, the P/O ratio is ~3.  

· Like most processes, this is tightly controlled.  ATP production is stimulated by the presence of ADP.  If the cell is just resting, even if NADH is present, there will be a very low level of respiration (measured as oxygen consumption).  This resting state is called state IV.  When you add ADP, it will begin to respire and consume oxygen more quickly.  This active state is called state III.  The acceptor control ratio (ACR) is a measure of how well mitochondria respond to the environment and control their respiration.  
· ACR = State III Rate / State IV Rate.

Lecture 4:  ATP Synthesis by Oxidative Phosphorylation
· Lehninger discovered that mitochondria are impermeable to NADH, but by diluting the solution so that the mitochondria swell and becomes permeable, you could get NADH in to do P/O experiments.  
· People first thought mitochondria made ATP by a chemical mechanism.  They thought that when things get oxidized, they form a high energy intermediate bound to some inhibitor “I” that would eventually for a high energy phosphate intermediate, which would eventually add the phosphate to ADP.  

· Inhibitors oligomycin and DNP were interpreted in this framework: [image: image1.png]ATP Formation ATPase Activity
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· DNP was thought to work this way by Le Chatlier’s principle (affecting the equilibrium).

· They found the FoF1 ATPase, and saw that it was inhibited by oligomycin.  F1 or “Factor 1” was found to be the ATPase part.  Fo or “Factor Zero” was the oligomycin-sensitivity conferring peptide (OSCP), as F1 alone is not affected by the drug.  This fit with the chemical hypothesis, but they couldn’t find the link with DNP (an uncoupler).  
· They did more work on its structure and subunits.  They found it to be very conserved in evolution.
· Racker took vesicles of inner membrane and showed that they did electron transport and oxidative phosphorylation.  Trypsin degradation of the ATP synthase showed that the membranes could still do electron transport, but not make ATP.  Then adding Fo and F1 back showed that this was really doing oxidative phosphorylation.
· The mystery was still how DNP stimulates ATPase activity.  Peter Mitchell (who had little expertise in mitochondria) said there is no high-energy chemical intermediate, rather an electrochemical gradient.  He thought this because a closed membrane system was required for oxidative phosphorylation.  He faced a lot of opposition from the field, as he had almost no evidence of his hypothesis.  

· He suggested a mechanism of moving hydrogen ions and electrons in the ETC to make a gradient.  His mechanism was wrong, though its principle was right.  

· Mitchell finally did an experiment, and he showed that pulsing oxygen into the medium with mitochondria and substrate for donating e- causes them to release protons.  By adding substrates (ascorbate, succinate, or BOH) that enter the ETC at different places, you get different amounts of protons pumped out.  Showed that you get 2 Hs/O by adding ascorbate (goes through complex IV), 4 Hs/O with succinate (through complexes III and IV), and 6 Hs/O with BOH.  He also showed that DNP increased hydrogen permeability of the membrane.  

· For definitive proof, Hinkle took a vesicle and inhibited electron transport.  He added a weak acid to the inside, then put it in an alkaline bath to create an artificial pH gradient.  Adding ADP and P showed that it would make ATP and would be sensitive to DNP and oligomycin.  

· We now know that the ATP synthase will make ATP with an equilibrium constant of 1, and the energy of the hydrogen ion gradient is needed to release the ATP.  Boyer later looked at the structure and suggested that the γ subunit acted as a rotor.  Yoshida did the experiment fusing the ATPase to an actin and proved this to be the case.  The nanomotor makes 3 ATPs per rotation, because the enzyme has 3 αβ subunits.  
· The enzyme is really a double nanomotor, with a proton gradient motor and an ATP hydrolysis motor in the separate subunits.  

· Mitochondria consume more oxygen that any other organelle, but they also consequently generate the most free radicals.  Some electrons inevitably leave the ETC and interact with oxygen to form reactive oxygen species.  These can go and damage tons of things.  

Lecture 5:  Hormonal Regulation of Blood Glucose Concentration

· The brain uses mostly glucose and occasionally ketones for fuel, and RBCs use glucose exclusively.  So, blood glucose homeostasis is essential.  It is usually 70-120 mg/dl.  “Starved” states can refer to a lack of dietary intake, a low carbohydrate diet, or a lack of insulin to take up sugar.  

· The blood glucose level is hormonally controlled and should stay quite constant except maybe right after you eat.  

· On the Atkin’s diet, you lack sugars.  So, you have to make lots of ketone bodies, but there is a threshold beyond which you begin dumping them out in the urine, losing energetic metabolites.  
· Only the liver and kidney have glucose-6-phosphatase, so they are the only organs that can contribute glucose into the bloodstream.  They are also the two organs that do gluconeogenesis (mostly liver).

· Glycogen breakdown in muscle is strictly for use by that muscle (since there is no glucose-6-phosphatase to get it out), and it’s stimulated by epinephrine or Ca.  Glycogen breakdown in the liver is stimulated by glucagon or epi.  
· Muscle has no glucagon receptors, so will not respond to glucagon!!!
· In lipogenesis, the liver makes fatty acids from glucose, and the adipocytes turn that into triglycerides.  

· Hexokinase has a high affinity (low Km) so will always absorb as much glucose as it can in muscle and fat.  Muscle hexokinase is also inhibited by its product, Glucose-6-phosphate as a regulatory mechanism.  Glucokinase, specific for the liver and pancreas, has a lower affinity (higher Km), so it is more responses to changes in the physiological glucose concentrations.  

· Epi is from chromaffin cells of the adrenal medulla.  Its release is stimulated by neurons from the brain.  Glucocorticoids are made and stored in the adrenal cortex, and are released by CRH → ACTH → glucocorticoids.  Glucocorticoids promote gluconeogenesis by stimulating muscle breakdown, synthesis of gluconeogenic enzymes in the liver and kidney, and synthesis of enzymes needed for fatty acid use.  Glucagon is synthesized and stored in the α cells of the islets of langerhans in the pancreas.  All three act similarly (glycogen breakdown, gluconeogenesis, etc).    

· Insulin is synthesized and stored in the β cells of the pancreas.  It is made of an A and B chain, which together form a C peptide.  

· cAMP mediates tons of cellular processes, but gets specificity from compartmentalization and having different substrates present in different cells. 

· Insulin modifies glucose transport by upregulating glucokinase in the liver to increase glucose trapping, and also by increasing the exocytosis of vesicles with GLUT-4 in muscle and adipose tissue.  
· The insulin receptor is an α2β2 tetramer with tyrosine kinase activity.  

Lecture 6:  The Glycolytic Pathway

· Regulatory mechanisms commonly used in metabolism include allostery, covalent modification, substrate availability and enzyme expression.  
· Glycolysis is the anaerobic breakdown of glucose into two pyruvates.  It happens in the cytoplasm of all cells, and though it doesn’t require oxygen, it if affected by a lack of oxygen.  It’s messed up in lots of cancers/diseases, and it is highly regulated (reciprocally with gluconeogenesis).  

· Glycolysis can be broken into a preparatory phase and payoff phase, yielding 2 ATP and 2 NADH overall.  It’s regulated at HK/GK, PFK-1, and PK.  These steps are regulated by energy charge (ATP vs. ADP/AMP) and hormones.  

· The major regulated steps are those with large, negative changes in free energy.  These reactions will be spontaneous, and their rates can be well controlled with catalysts.  But, because of their thermodynamics, the reverse reaction will require tremendous energy and the reactions will be essentially irreversible.  

· Hexokinase:  catalyzes glucose → glucose-6-phophate.  This traps the glucose molecule in a cell.  It is driven thermodynamically by ATP hydrolysis.  When glucose binds HK, there is an induced fit that allows ATP to bind and react properly.  In the absence of glucose, ATP won’t bind and hydrolyze.  HK has a low KM and is easily saturated; it is also inhibited by Glucose-6-phosphate.  Glucokinase, the isoform in the liver/pancreas, has a high Km and will have variable activity over the physiological range of [glucose].  The expression of glucokinase is inducible with insulin.
· Glucose transporters also contribute to the regulation of this step by affecting substrate availability.  

· Pyruvate Kinase:  Catalyzes phosphoenol pyruvate + ADP → pyruvate + ATP.  PK is activated by AMP (you need more glycolysis/energy if you’re low in energy), F-1,6-bisphophate and PEP (upstream glycolysis intermediates).  PK is inhibited by acetyl-CoA, long chain fatty acids, and ATP (indicating that energy is present and you shouldn’t need glycolysis).  

· In the liver, PK is inactivated by PKA/cAMP (since epi/glucagon activate PKA, and you want gluconeogenesis, not glycolysis, in the liver if you’re starved).  It can be reactivated by a phosphatase.  Likewise, it is activated by insulin, stimulating glycolysis instead of gluconeogenesis when sugar is abundant.
· The major regulatory step of glycolysis is PFK-1, which catalyzes Fructose-6-P → Fructose-1,6-Bisphosphate.  PFK is a tetramer, and is activated by AMP and inactivated by ATP.  ATP acts as both a substrate and allosteric inhibitor.  AMP binds allosterically at the same site.  Normally after PFK-1 is active for a while, ATP buildup causes it to slow down, but this can be stopped by adding AMP.  Citrate enhances ATPs inhibition of PFK-1.  
· Both PFK-1 and PFK-2 have FBPase activity, meaning that they catalyze both the forward and reverse reactions between fru-6-p and fru-1,6/2,6-bp.  

· PFK-2 catalyzes fructose-6-phosphate → fructose-2,6-bisphosphate.  In the liver only, F2,6BP promotes glycolysis by activating PFK-1 and inhibiting FBPase-1.  When PKA is activated by epi/glucagon to stimulate gluconeogenesis, PFK-2 activity is inhibited and FBPase-2 activity is increased to reduce the amount of F2,6BP activating glycolysis.  
· PKA as a result of glucagon/epi phosphorylates all of these things to PK and PFK-2 and FBPase-2, but insulin stimulates a phophatase that removes these to have the antagonistic effect.  

· Oxygen deprivation results in an increased rate of glycolysis, since you don’t get ATP from aerobic respiration.  This is the Pasteur Effect.  As you go to anaerobic processes, there is an increase in AMP.  That increases PFK-1 activity and decreases FBPase-1 activity, really increasing the rate of glycolysis.

· The GLUT transporters regulate substrate availability.  GLUT-2 is in the liver and pancreas (where glucokinase is), and GLUT-2 is constitutively expressed and has a high Km so it too can act as a glucose sensor.  GLUT-4 in muscle and adipocytes has a smaller Km and is exocytosed in response to insulin. 
· Glucokinase is more regulated, being upregulated with insulin and downregulated at the membrane during starvation.  It is absent in diabetic animals.  
· The Warburg effect is a shift in energy production from oxidative phosphorylation to glycolysis in the presence of oxygen.  More glycolysis with more oxygen.  It’s not known how this happens.

· Glycolysis requires NAD+, which must be replenished during extended anaerobic glycolysis.  We use two shuttle systems to accomplish this, and to simultaneously transfer the reducing equivalents to the mitochondria.
· 1,3 BPG (a glycolytic intermediate) can be converted to 2,3 BPG, which reduces the Hb affinity for oxygen and is important at high elevations and during late pregnancy.  This occurs in RBCs.  
· Other sugars feed into glycolysis.  Fructose can be converted to F-6-P by hexokinase.  Or in the liver, fructose is phosphorylated into fructose-1-phosphosphate, broken into glyceraldehyde and dihydroxyacetone phosphate, then picking up an extra phosphate from a triose phosphate.  Lactose is broken into glucose and galactose.  Galactose is converted to glucose-1-P eventually.  Mannose can enter as fructose-6-P.  The main point is that other sugars can enter at other places in glycolysis.  
· Aggressive tumors often exceed the rate of vascularization and oxygen supply, and may depend on anaerobic glycolysis for energy.  

Lecture 7:  Glycogen Metabolism

· Glycogen is the short-term energy store of the body and the only metabolically significant stored form of sugars.  It is mainly present in the liver and muscle.  Both make glycogen in response to insulin.  Muscle breaks glycogen down for use within the muscle in response to epi or muscular excitation, whereas the liver breaks it down to generate glucose for maintenance of blood [glucose].  The liver expresses glu-6-phosphatase, which is key to its ability to secrete glucose.

· In the “fed” state, glycogen synthesis is on in the liver, but so is glycolysis for the generation of acetyl-coA for fatty acid biosynthesis.

· Historic work on glycogen included its discovery, regulation by protein kinases, the distinction necessary between anabolic/catabolic pathways, reversible enzyme activation by phosphorylation, second messengers, and G-proteins.

· Glycogen is a highly branched, hydrophilic, very hydrated glucose polymer.  These help it be made and mobilized quickly, but make it big and heavy (limiting storage capacity).  Obese people have about the same amount of glycogen stored, just more triglycerides.  

· The one reducing end of glycogen is attached to the protein glycogenin.  Glucoses are polymerized by α1,4 linkages, with short chains occasionally being removed and added back as α1,6 linkages for branching.  This creates lots and lots of non-reducing ends.

· Glucose-6-phosphate is a crossroads of metabolism, involved in glycogenesis, glycogenolysis, glycolysis, gluconeogenesis and the pentose phosphate pathway.  In glycogen synthesis, G-6-P is first isomerized to G-1-P, then reacted with UTP to form UDP-glucose.  This is then acted on by glycogen synthase.  

· Glycogen levels fluctuate quite a bit in response to various stimuli, showing that its levels are tightly regulated to meet an organism’s needs.  

· Glycogen “phosphorylase a” is the phosphorylated form and is in the relaxed/active state.  Phosphorylase b is not phosphorylated, and is usually in the T (inactive) state, though it is subject to allosteric regulation.  
· In muscle, phosphorylase a (with phosphate) is always relaxed.  But, phosphorylase b (without phosphate) may be shifted into the relaxed state and activated by the presence of AMP.  ATP or Glu-6-P will tend to keep phosphorylase b in the tight, inactive conformation.

· In the liver, glycogen phosphorylase is not sensitive to ATP/AMP, since there’s usually lots of ATP in the liver.  Here, phosphorylase a is allosterically regulated.  Phosphorylase a (usually relaxed and active) is allosterically inactivated by glucose.  

· Glycogen phosphorylase is regulated by phosphorylase kinase.  Phosphorylase kinase requires activation by PKA (from glucagon or epi via β-adrenergic receptors) and Ca++ (from muscle contraction or epi via α-adrenergic receptors, which activate PLC to get Ca++ and DAG) to be fully active.  

· Phosphorylase kinase and phosphorylase are also regulated by PP1, phosphatase that inactivates them.  It antagonizes the effects of PKA.  But, active PKA will add a phosphate to the Rgl subunit that keeps PP1 at glycogen.  This causes PP1 to leave and stop dephosphorylating and inactivating phosphorylase and phosphorylase kinase.  Additionally, PKA phosphorylates an inhibitor that will bind to the now free PP1 and keep it off of the glycogen.  
· In the liver, you can turn off glycogenolysis by:  having high [glucose] inhibit glycogen phosphorylase a; GTPase, less glucagon and phosphodiesterase activity deacreasing [cAMP]; insulin activating a protein kinase that activates PP1; insulin inhibiting the kinase that had been inactivating glycogen synthase.

· In the muscle, you can turn off glycogenolysis by: having decreased activity increase the ATP/AMP ratio and have G-6-P levels rise to inhibit phosphorylase b; having decreased activity cause [Ca] to fall and inactivate phosphorylase kinase; PP1 converts phosphorylase a to inactive phosphorylase b.
Lecture 8:  Pyruvate Crossroads

· During anaerobic glycolysis, you need to reduce pyruvate to lactate to replenish the supply of NAD+ for glycolysis.  The lactate may go back to the liver for conversion to pyruvate and gluconeogenesis to glucose.  If this goes back to the muscle for energy, it completes the Cori Cycle.  
· The glucose-alanine cycle is basically just like the Cori cycle, except here there is a mechanism for getting rid of NH4 as urea.  
· The pyruvate dehydrogenation complex is located in the mitochondria matrix and catalyzes an oxidative decarboxylation.  It is a key regulator of pyruvate metabolism.  It generates acetyl CoA for TCA cycle, and also regulates gluconeogenesis and metabolism of pyruvate to lactic acid.  

· PDH uses 3 enzymes (E1, E2, E3) and 5 coenzymes/cofactors.  E1 is pyruvate dehydrogenase (a decarboxylase, ironically).  E2 is dihydrolipoyl transacetylase.  E3 is dihydrolipoyl dehydrogenase.  The coenzymes involved include TPP, lipoic acid, coA, FAD and NAD.  These are all dietary, except lipoic acid which is made de novo.  

· Medical conditions associated with PDH include dietary thiamin deficiency (beriberi, nervous disorders), genetic PDH deficiency (chronic lactic acidosis, elevated serum pyruvate), and treatment for tissue hypoxia can inhibit PDH kinase. 
· Lecture 9:  TCA Cycle and Pentose Phosphate Pathway (Hexose Monophosphate Shunt)

· The TCA cycle is regulated at citrate synthase, isocitrate dehydrogenase, and α-ketoglutarate dehydrogenase, as well by PDH.  
· If you use oxaloacetate and malate for gluconeogenesis, you need reactions called anaplerotic reactions to refill the TCA cycle intermediates.  These include: pyruvate carboxylase catalyzing pyruvate → OAA; PEP carboxykinase catalyzing phosphoenolpyruvate → OAA + GTP; PEP carboxylase catalyzing the same reaction but with Pi; malic enzyme catalyzing pyruvate + bicarbonate + NADH → malate + NAD.

· The TCA cycle overlaps with lots of metabolic pathways, and many of its intermediates go on in other anabolic pathways.  

· The Pentose Phosphate Pathway supplies NADPH for electrons in reductive anabolic processes.  It also supplies ribose-5-phosphate used in all nucleotide and nucleic acid biosynthesis.  It also gives phosphorylated glycosyl units used in metabolic pathways.  

· This pathways is responsible for 30-60% of glucose catabolism!!

· NADPH is used for biosynthesis of DNA, fatty acids and cholesterol, and is also important for photosynthesis.  It also uses redox to regulate transcription, disulfide bonds and antioxidant defenses.  

· The PPP occurs in two phases, the oxidate and non-oxidative phases.  It is very active in liver and adipose cells, and is responsible for a significant fraction of glucose oxidation in cells.  

· NADPH is needed to reduce glutathione in RBC membranes so that they can eliminate peroxides.  A Glu-6-P Dehydrogenase deficiency leads to a lack of NADPH and compromises the integrity of RBC membranes.  You also end up with peroxides around and get oxidative damage and anemias.  In some people, drugs that stimulate peroxide formation can cause problems.  
Lecture 10:  Gluconeogenesis

· Gluconeogenesis uses pyruvate/lactate, amino acids, or glycerol as the building blocks for new glucose molecules.  After you use up the glucose form your food and then the glycogen reserves in the liver, you supply glucose by gluconeogenesis.  You only carry about 1 day’s worth of glycogen.  

· The four conditions that promote gluconeogenesis are fasting, low carb diets, prolonged exercise or diabetes.  Basically stuff that makes your body think your blood sugar is low. 
· The glucose is mainly needed to supply the brain and RBCs.  As glucagon/glucocorticoid signaling depletes glycogen, adipocytes mobilize free fatty acids via Hormone Sensitive Lipase and muscles activate proteases to produce amino acids.  These provide the glycerol and AA substrates for gluconeogenesis.  All AAs except leucine and lysine can go into gluconeogenesis (as pyruvate or OAA).

· Gluconeogenesis occurs mostly in the liver, a little in the kidneys.  It’s like the reverse of glycolysis, but differs at the regulated, irreversible steps from glycolysis.  Controls of the pathways are reciprocal so they aren’t on at the same time.  

· The confusing part:  Glycolysis tends to be turned off when ATP/energy is abundant, and turned on when ATP is scarce.  But, we know that gluconeogensis is turned on when blood glucose is low (like when you’re fasting).  They shouldn’t both be on when energy charge is low.  They aren’t, because in the liver there is lots of NADH, ATP and Acetyl CoA due to β-oxidation of the fatty acids when you are fasting and blood glucose is low.  So in the liver, energy charge is high and you can do gluconeogenesis.  At the same time, the rest of the body is low on ATP and would be trying to do glycolysis.  

· The biggest difference in the energy stores of a normal and obese person is in the fat storage.  Glycogen, protein, etc are about the same, but obese people have much more fat.

· Gluconeogenesis is like the reverse of glycolysis, and it can use most of the same enzymes/reactions in reverse.  But, the highly regulated reactions in glycolysis with big, negative changes in free energy cannot simply be undone.  So you need new mechanisms for these in gluconeogenesis.  Gluconeogenesis also costs 6 ATP as a result.
· Once pyruvate carboxylase generates oxaloacetate, OAA can’t get out of the mitochondria.  So it must be reduced to malate, the opposite of what happens in TCA cycle.  The reaction only ran in the TCA cycle because it was coupled to the citrate synthase reaction, but now the high [NADH] from fatty acid oxidation and the energetics of the reaction make the production of malate favorable.  

· The steps in glycolysis that hydrolyzed ATP to add a phosphate (HK and PFK-1) are easily reversed by just hydrolyzing the phosphate and not regenerating the ATP.  

· REGULATION:  A bigger glucagon/insulin ratio or glucocorticoids enhances transcription of key gluconeogenic enzymes, including PEPCK which is the rate limiting reaction.  Ex: G6Pase in the liver is transcribed more, and liver GK is transcribed less.  Gluconeogenesis also causes G6P to accumulate for more substrate availability.  PFK-1 and PKL are also transcribed less.  
· The β-oxidation of the fatty acids makes acetyl-coA and lots of NADH, stimulating gluconeogenesis (stimulates pyruvate carboxylase, increasing the OAA → malate reaction) and inhibiting glycolysis (at PDH, at citrate synthase, pyruvate kinase).  Glucagon signaling also stimulates cAMP/PKA to decrease F2,6bisP.  
· Fatty acids cannot be converted to glucose.  They can only go as far as acetyl-coA.  

· Gluconeogenesis is an important part of the Cori and Glucose-Alanine Cycles.  

Lecture 11:  Mobilization of Lipid Reserves and Beta Oxidation of Fatty Acis

· Triglycerides are consumed and broken down into 2-monoglyceride and two fatty acids, then upon absorption they are resynthesized into TGs and enter into the circulation as chylomicrons.  These circulate, and at the different tissues, TGs are hydrolyzed to fatty acids and taken up into tissues.  In most tissues, they’ll just get used.  If they go into adipocytes, they may get resynthesized again.  

· To release fatty acids from adipocytes, the enzyme Hormone-sensitive lipase (HSL) removes 1 or 2 of the three fatty acids on the glycerol backbone.  HSL is activated by phosphorylation from PKA (from glucagon/epi).  The presence of insulin will inactivate HSL with a phosphatase, and insulin will also activate a phoshpodiesterase to get rid of cAMP.  HSL is thought to be the rate determining step in fatty acid release.  Then MG lipase removes the last fatty acid from glycerol.  The glycerol goes directly to liver and muscle, while the fatty acids are carried there by serum albumin.
· Lipolytic hormones include glucagon, epi, nor-epi, and ACTH.  The anti-lipolytic hormone is insulin.   

· Beta oxidation of fatty acids occurs in the muscle and liver.  The produced acetyl-CoA can be used for energy in the TCA cycle or for ketone bodies when you need glucose.  In the liver, the produced acetyl-CoA activates pyruvate carboxylase for gluconeogenesis and inhibits stuff in the TCA cycle.  The produced NADH and FADH2 go into the ETC for energy.  
· Beta oxidation removes carbons two at a time.  

· Fatty acids must be activated to an acyl adenylate, then acyl-CoA, which requires two ATP equivalents.  PPi hydrolysis drives the reaction.  This happens in the cytosol, after which acyl-CoA must enter the mitochondria matrix, where beta oxidation occurs.  

· The transport of fatty acids into the mitochondria for beta oxidation is inhibited by malonyl-CoA, a byproduct of fatty acid synthesis.  If you’re making fatty acids, you don’t want to put them in the matrix for oxidation.
· If you mutate the MCAD (medium chain length acyl Co-A dehydrogenase) you get lipolytic stress.  It is characterized by hypoglycemia and hypoketemia when under metabolic stress, urinary excretion of free fatty acids and fatty acyl-carnitine, and muscular weakness.  

This is because FFAs are the major fuel source for muscles, and on top of that it lacks the signal for the liver to undergo gluconeogenesis (acetyl-CoA and NADH).  Similar effects are seen with carnitine uptake or carnitine-palmitoyl tranferase mutations.

· In the fed state, the liver makes free fatty acids and sends them to adipocytes.  Adipocytes also take up glucose (for glycerol) and use these to make and store triglycerides.  

· In type I diabetes, there is continual lipolysis generating FAs and glycerol.  So even when you are fed, you keep doing this and waste your energy stores away.  Uncontrolled type I diabetes shows 500 mg/dl glucose (usually 100), high free fatty acids in the serum and very high serum triglyceride.  

Lecture 12:  Ketone Bodies

· After you’ve been breaking down fat and muscle for a while for fatty acid oxidation and gluconeogenesis, eventually you’ll reach a point where you don’t want to keep degrading so much muscle to make glucose.  Then, you kick in ketogenesis so you can supply the brain with ketones instead of glucose.  

· Ketone bodies include acetoacetate, β-hydroxybutyrate, and acetone.  

· Ketogenesis occurs in the mitochondria of the liver only.  It is promoted by fasting, a high-fat diet, or diabetes.  

· The starting substrate for ketogenesis is acetyl-CoA, which comes from β-oxidation of fatty acids and ketogenic amino acids.  As a result, when you are fasted long enough to start ketogenesis, you have pretty high fatty acid concentrations in your blood.  

· Acetyl-CoA and acetoacetate CANNOT be converted into glucose, so must either go through the TCA cycle, or be converted to ketones/fatty acids.  

· REGULATION:  The [Acetyl-CoA] / [CoA] ratio is very important.  Since NADH is used in the conversion of acetoacetate to β-hydroxybutyrate, the more NADH you have the more β-hydroxybutyrate you get compared to acetoacetate.  

· Diabetes mellitus:  Type 1 is insulin dependent, and results from an autoimmune destruction of β-cells in the pancreas.  It begins in childhood and usually stems from a complete insulin deficiency and an excessive secretion of glucagon.  Most of the 1 million cases in the US can be treated with insulin.  Type 2 is non-insulin dependent, and stems from insulin resistance.  It is usually due to a post-insulin binding defect, so insulin only treats 20-30% of patients.  Its progression is gradual and heavily influenced by environmental factors like diet and obesity.  Type 2 diabetes occurs in older adults, with about 15 million cases in the US.  You can also have gestational diabetes or secondary diabetes.  Gestational diabetes is when you get some glucose intolerance during pregnancy.  It usually goes away after delivery, but can increase perinatal morbidity/mortality.  Lots of other genetic defects can cause diabetes mellitus.  

· Because cells have low glucose, they stimulate processes like fatty acid breakdown and gluconeogensis as though you’re starving.  Hence, “starvation in times of plenty.”  You get the expected mobilization of AAs from muscle, gluconeogenesis, mobilization of fatty acids, and high levels of ketone bodies.  As the negatively charged ketones are secreted, cations accompany them as well as water.  You get diuresis (water loss) and hyperosmolar syndrome, and you are at risk for impaired renal function.  

· The high concentrations of acidic ketones can cause metabolic acidosis if untreated.  This can result in the Bohr effect and reduce the affinity of oxygen for hemoglobin.  

· You can also get ketosis as a result of a low carb diet.  It works by not having much glucose around, so requiring ketogenesis.  Ketone levels probably get high enough so that some spills into the urine and you lose some energy this way.  

· But overall, meaningful weight loss depends on caloric intake vs. expenditure.  It’s basically:  intake – BMR – activity expended – ketones spilled.

Lecture 13:  Fatty Acid Biosynthesis

· Occurs in the cytosol and requires NADPH.

· You need to make fatty acids for insertion into the membranes, for energy storage (good cuz it holds way less water than glycogen), for protein modifications, and for precursors to signaling molecules (DAG, arachadonic acid derivatives). 

· Fatty acid biosynthesis occurs in adipose tissue (storage), liver (transport to other tissues) and mammary tissue.  
· The two main enzymes involved are Acetyl CoA Carboxylase and Fatty Acid Synthase (many subunits for different reactions).  The fatty acid synthase may actually act as a dimer, with the enzymatic activity occurring in trans.  The advantages of having all of these enzymes in 1 polypeptide is that they create very high local substrate concentrations and allow you to up/downregulate all of the enzymes together.  
· Arachidonate, a product of essential fatty acids that must be consumed, is a precursor for eicosanoid lipids (prostaglandins, leukotrienes, and thrombonxanes).  These are signaling molecules for pain, inflammation, etc.  Aspirin and NSAIDS block their synthesis. 

· ω3 fatty acids are metabolized into resolvins and lipoxins, which may have anti-arrythmogenic and anti-inflammatory actions.  Aspirin facilitates their synthesis. 

· Fatty acid biosynthesis is very energetically expensive, but provides an efficient way of storing energy.  

· There’s a lot of evidence that changes in body weight lead to compensatory changes in energy intake and expenditure.  So if your body weight goes up, you spend more and tend to intake less energy.  Appetite and expenditure are largely controlled by the hypothalamus, but peripheral/cognitive/emotional factors also play a large role.  

· Ob/ob and db/db mice, as well as fa/fa rats show obesity, type II diabetes and a low BMR.

· Ob/ob mice have a defect in the leptin gene.  Db/db mice have a defective receptor.  Leptin is a satiety signal that acts on the hypothalamus to decrease appetite.  As a result, parabiosis experiments where they join animals’ circulatory systems will rescue ob/ob, but not db/db mice.  Lots of other molecules are involved in regulating appetite and energy expenditure.  Endocannabinoid antagonists were recently approved in Europe as appetite suppressants.  

Lecture 14:  Cholesterol Biosynthesis

· Cholesterol in the membrane and cholesterol esters inside are key components of lipoproteins that carry cholesterol in the blood.  High levels of LDL are associated with atherosclerosis, formation of cholesterol clefts and the presence of foam cells (macrophages full of cholesterol).  
· Cholesterol is also important for steroid hormone/bile salt/vitamin D synthesis and as a structural component of membranes.  It comes from both diet and de novo synthesis (in the liver and steroid hormone producing glands).  

· Activated isoprenes (isopentenyl phyrophosphate) can turn into many, many things.  They include vitamins A, E, and K, plant hormones, farnesylation groups to modify proteins, carotenoids, cholesterol, rubber, chlorophyll chains, dolichols for N-linked glycosylation of proteins, coenzyme Q, or isoprene.
· Many of the intermediates in the cholesterol synthesis pathway are very hydrophobic, so must be bound to a sterol carrier protein to remain soluble.  
· Cholesterol biosynthesis occurs in the cytosol and also the smooth ER. 

· Only animals make cholesterol, but plants and fungi and other organisms make similar compounds.  

· Cholesterol is the starting reagent for steroid hormones, including cortisol and mineralocorticoids from the adrenal cortex, as well as sex steroids from the gonads.  

· Lipoproteins vary in size, lipid composition and protein composition.  They range from huge chylomicrons to big VLDL, small LDL and very small HDL.  Know that ApoB-100 is the protein associated with LDL while others are associated with the other different compartments. 

· Familial hypercholesterolemia is a defect in the LDLR pathway.  It manifests early in life and can be due to defective receptor synthesis, trafficking, LDL binding or internalization.  It is inherited as an autosomal dominant condition, and patients present with high cholesterol, xanthomas, and/or coronary heart disease.  To treat it, you block bile salt reabsorption with cholestyramine and you inhibit synthesis by blocking HMG-CoA reductase with a statin drug (HMG-coA analogs).  

Lecture 15:  Amino Acids and the Urea Cycle

· Ammonium is toxic at high levels, so most nitrogen is in the form of proteins and AAs.  But because of their functions, proteins aren’t stored and utilized quite like other energetic storage molecules.  Proteins are turned over at a relatively high rate, for example 70% of liver proteins in 4-5 days.  

· There are essential and non-essential amino acids, and they are required in bulk.  A deficiency in any one will decrease protein production.  We need lots of amino acids in the right proportions, known as principle of protein complementarity.  

· Normally we are in nitrogen balance, where our intake matches our excretion.  You have a positive N balance during growth, pregnancy, lactation and recovery from stress/infection/trauma.  You may have a negative N balance (loss of N) with a dietary insufficiency or during stress/infection/trauma.  

· Alanine and glutamine are the primary nitrogen carriers.  You avoid ammonia toxicity by using them instead of ammonium itself, as well as excretion.  

· To absorb AAs, pepsinogin (stimulated by gastrin and HCl) beraks down protein in the stomach.  Secretin in the duodenum neutralizes the lumen, then CCK causes the release of pancreatic protease zymogens.  Enteropeptidase cleaves trypsinogen, which cleaves the other proteases.  To absorb them, specific transport systems for different classes of amino acids are used. 

· The amino acids all provide various substrates/intermediates for the TCA cycle.  May require some metabolism, but they can get there.
· Tyrosine is synthesized from phenylalanine by phenylalanine hydroxylase, the enzyme defective in PKU.  

· The liver can use amino acids for gluconeogenesis when you’re on a no-carb diet or when you’re fasting.  It may also do this in diabetes, since the liver thinks there’s no glucose even when you’re fed.
· Insulin promotes protein synthesis, and glucocorticoids or low insulin promote protein breakdown.  Muscles convert amino acids to alanine, which goes to liver and gets turned into pyruvate.  You also transport a lot of amino groups as glutamine.  

Lecture 16:  Porphyrins and Pyrimidines/Purines

· Porphyrins are cofactors composed of a planar tetrapyrrole ring that binds to a metal.  The most important of these is the heme ring that binds iron in Hb.  

· Porphyrin synthesis consists of 4 cytosolic and 4 mitochondrial reactions.  It is a COMMITTED, dedicated pathway from which there are no branch points once you enter.  The committed step (as well as the regulated and rate limiting step) is ALA Synthase.  
· Porphyrin synthesis occurs in all cells, but really it’s mostly in the erythopoietic tissues (70-80%) for Hb and the liver (15%) for Hb and many other proteins.

· Pb poisoning works by blocking heme synthesis. 

· Heme = porphyrin ring with Fe+2.  Hemin = Fe+3 with Cl-.  Hematin = Fe+3 with OH-.

· Porphyrins are important for things like Hb, and defects in porphyrin synthesis result in porphyrias.  Lead poisoning also affects this pathway.  Jaundice is a defect in heme degradation.  Because it is a committed pathway, its toxic intermediates are good chemotherapy agents since they don’t get siphoned off into other pathways. 

· Porphyrias are defects in porphyrin synthesis.  Ex:  Acute intermittent porphyria.  The pathway gets blocked, and you accumulate ALA.  But, because you get no heme to inhibit ALA Synthase, ALAS is upregulated and you get even more ALA.  This makes it worse.  May be treated by consuming a lot of heme to get that inhibition back.
· Jaundice, a defect in heme degradation, can be one of three types.  Prehepatic is when you make too much billirubin for the liver to conjugate.  Hepatic is when you have a defect in the liver’s uptake or conjugation of billirubin.  And posthepatic is when you can’t eliminate the conjugated billirubin.  

· Defects in purine catabolism (adenine deaminase) lead to Lesch-Nyhan or SCID, which is what kid in the bubble boy movie had.  

· Purines (A,G) have 2 ring, pyrimidines (U,T,C) have 1.  The base with a sugar is a nucleoside, if you add a phosphate it’s a nucleotide.  

· Gout occurs when you have uric acid that exceeds what you can excrete.  It build up as crystals in joints and is extremely painful.  

Lecture 17:  Lipoproteins

· Coronary heart disease is the major cause of morbidity and mortality in the US.  The Johns Hopkins Precursor Study looked at a cohort of medical students and found that early cholesterol levels are good predictors of later coronary heart disease risk by promoting atherosclerosis.  
· Liproproteins consist of a polar coat (phospholipid and cholesterol) with apolipoproteins, a nonpolar lipid core (cholesterol esters and triglycerides).  They may be classified as:  Chylomicrons (mostly TG, from intestine to peripheral tissue and liver).  VLDL (65% TG, from liver).  LDL (the primary cholesterol carrier in the body, rich in cholesterol esters and free cholesterol).  HDL (very protein dense, some cholesterol ester and free cholesterol).  
· High levels of LDL and/or low levels of HDL are risk factors for coronary heart disease.  

· Chylomicrons may be catabolized to smaller/denser chylomicron remnants.  VLDLs may be catabolized to IDL (intermediate).  Bigger particles are less dense.  The big triglycerides in chylomicrons and VLDLs are hydrolyzed, leaving smaller denser LDLs and HDLs with mostly cholesterol in the lipid core.  

· Apoproteins function to solubilize lipids, secrete lipoproteins (chylomicrons from intestine or VLDLs from liver), bind cellular receptors, and regulate lipoprotein metabolism (ex: ApoC-II is a cofactor for lipoprotein lipase - LPL - that hydrolyzes triglycerides).  Chylomicrons have ApoB48, VLDLs/LDLs have ApoB100, and HDLs have ApoA1.  Chylomicrons and VLDLs have ApoC-II, the cofactor for LPL to hydrolyze their triglycerides.  

· A special lipoprotein, Lipoprotein a, is like an LDL with ApoB100, but also has an Apo-a molecule attached to it by disulfide bonds.  Apo-a protein is homologous to plasminogen, a clotting factor, and has its characteristic Kringle-4 repeat sequences.  So this particle is both atherogenic and thrombogenic.  
· Diseases producing elevated LDL:  Familial ligand-defective ApoB (mutant ApoB so it doesn’t bind to receptor).  Familial hypercholesterolemia (mutant LDL receptor).  Autosomal recessive hypercholesterolemia (mutated adapter protein linking receptor to endocytic machinery).  Sitosterolemia (mutated ABC transporters that make you absorb more plant sterols, leading to inhibition of LDL receptor synthesis).

· You can get other syndromes as a result of high levels of triglycerides and lots of small, dense LDLs.  These come from the liver making VLDLs really high in triglycerides.  As the triglycerides get exchanged for cholesterol esters via CETP, the LDLs have those triglycerides hydrolyzed by HL and you’re left with small, dense LDLs.  You get the same thing with HDL, and smaller HDLs get taken up quickly by the kidneys. 
· Low HDL can be caused by defects in ABCA-1 (transporter of cholesterol out of macrophages), ApoA-1 (its apoprotein), or LCAT (which esterifies cholesterol).  

· In Tangier disease, you lack ABCA-1, so you make hardly any HDL.  

· A family in Italy with low HDL but no coronary heart disease was found to have a mutation “ApoA-1 Milano.”  This supposedly keeps it from making a lot of HDL, but may also interact with other proteins that affect atherosclerosis.  In a trial, the Apo-A1 Milano was shown to be anti-atherogenic.  

· Familial LCAT deficiency is not associated with atherosclerosis, but does show more foam cells in some tissues, corneal opacities, anemia, etc.  

· Drugs:  Bile acid sequesterants and Cholesterol absorption inhibitors are good, but if given alone, the body will sense low cholesterol and upregulate LDL receptor and HMG-coA reductase.  Increasing LDLR is good to get LDL out of the bloodstream, but more synthesis is bad.  Statins block HMG-CoA reductase, so are an effective complement to these therapies.  Niacin lowers levels of free fatty acids, and consequently VLDLs and LDLs.  Fibric acid derivatives induce the LPL gene for breaking down triglycerides, and also inhibit ApoC-III (an inhibitor of LPL).  
Lecture 18:  Metabolic Strategies in Cancer

· Next to heart disease, cancer is the leading cause of death in the US.  

· Warburg (1920s) found that many cancers show a high rate of glucose metabolism and glycolysis (seen as high concentrations of lactic acid).  Could be due to a defect in respiration.  In the 60s – 80s, they found that more genetic mutations are present in faster growing tumors.  Furthermore, the faster the tumors seemed to grow, the more glycolysis they undergo and lactate they produce, even in the presence of oxygen (Warburg effect).  

· Faster growing tumors tend to also have more glycolytic enzymes, DNA/RNA synthesis enzymes, and fatty acid synthesis enzymes.  Fast growing tumors also show increased cholesterol synthesis from loss of feedback inhibition by cholesterol on HMG CoA reductase.  More PPP too.  These tumors show fewer gluconeogenesis, nucleotide degradation, and fatty acid degradation enzymes (with low rates of ketogenesis too).  

· Basically, tumor cells have genes to grow fast, and not break things down as much.  Mitochondria still function, as we’d expect for the cell to survive.  It makes sense that cancer cells would want to use glucose, since the body does a lot to keep a constant supply of it for the brain and RBCs. 
· As shown by Vogelstein, you need a lot of mutations to get a cancer.  They often use PET scans to detect cancers clinically.  In this technique, they use a labeled and modified glucose that gets metabolized to glu-6-P but doesn’t get metabolized past that.  So, it accumulates radiolabled stuff in a tissue that’s using a lot of glucose. 
· Pederson set out to elucidate the mechanism that produced the high glycolytic levels in tumor cells, and hopefully find an effective treatment agent.  
· He looked at hepatic cells which usually have very little lactate production, but the cancerous ones had lots.  They saw that using galactose (which enters the pathway at   glu-6-P)  prevented a lot of the glycolysis, so figured hexokinase played an important role.  

· Normal cells express a lot of HK type I, and the liver/kidney express GK.  But, the tumor cells had a lot of type II HK bound to the mitochondria, as do tumor cells in general.  This type II HK causes production of proteins that stay in the cell, rather than being exported as usual.  You get lots of protein synthesis as a result, and increase transcription of enzymes for lots of processes.  HK type II also inhibits Bax mediated apoptosis to keep the tumor cell alive, so it promotes growth and prevents death.
· HK type II also increases its own expression, and by binding to the mitochondria it avoids much of the feedback inhibition that usually keeps levels of HK low.  Mitochondrial localization also gives it a lot of access to ATP (substrate). 

· Presently used chemotherapeutic agents against liver cancer, like platinol, only work for a while at best.  His lab identified 3-bromopyruvate as a potent inhibitor of glycolysis and mitochondrial ATP synthesis exclusively in tumor cells.  It’s a lactate analog, and is proposed to get into the cell through a lactate channel.  Once in the cell, it’ll inhibit the HK type II and inhibit mitochondrial activity too.  This effectively takes out cancer cells.  
· Injection of 3-bromopyruvate killed 70% of cancer cells in a rabbit model.  Direct injection into the tumor in mice models eliminated cancer cells in 100% of treated mice.   

