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Glycogenolysis/glycolysis
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Dietary sources of glucose
 • Varied– Fruits, vegetables,
 cereals, grains
 • All sources of dietary carbohydrate– Converted to glucose
 in liver
 • Stored in cells as glycogen

Page 3
						
						

• Normal blood glucose– 100 mg/dl or 5.5
 mM– Necessary for
 central nervous system, brain and RBC function
 – Makes up bulk of diet (60-70%)
 – During ex. Liver helps to maintain blood glucose
 • Muscle glucose uptake rises many fold
 • Hypoglycemia (<3.5 mM) assoc with fatigue
 Blood glucose during rest and exercise
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How do we maintain blood glucose levels?
 1) Diet
 2) Liver glycogen– Glucose
 taken up from blood converted to glycogen
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Glycogen synthesis• Glycogen can be
 synthesized from 3-C precursors– Lactate, amino
 acids, glycerol– Indirect glycogen
 synthesis– Allows for lactate
 production during exercise and reconversion following
 – Important in keeping liver glycogen and thus, blood glucose steady
 GK
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Importance of blood glucose
 • Note lower blood glucose at rest in fasting condition• Note earlier onset of fatigue• Blood glucose is an important energy source!
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Importance of Blood Glucose
 • Source of cellular energy
 • Sources– Liver– Diet
 • Use– Necessary for glycolysis– Necessary for liver/muscle glycogen stores
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Glycolysis
 • Pathway of glucose breakdown
 • 11-12 step pathway
 • Each step catalyzed by a specific enzyme
 • Occurs in almost all organisms and cells

Page 9
						
						


Page 10
						
						

Glycolysis• The breakdown of glucose to pyruvate• Sometimes described as two pathways
 – Fast (anaerobic)• Where pyruvate is converted to lactate as an end
 product
 – Slow (aerobic)• Where pyruvate is shuttled into the mitochondria for
 complete oxidation
 • Misnomer– Still only one pathway of glycolysis– Fate of pyruvate determines the “Speed”
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Glycolysis
 • Term “anaerobic” refers to bacteria (like yeast)– In mammalian
 systems• Cells are never
 anaerobic• Lactate is produced in
 proportion to work rate, even when oxygen is present
 • Lactate is produced even at rest
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Glycolysis: Speed control• Both slow (a) and fast (b) rates of glycolysis• Speed is determined by metabolic rate• NAD+ molecule needed to keep glycolysis running at fast
 rate
 SLOW
 FAST
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Nicotinamide adenine dinucleotide: NAD• Can exist in oxidized or
 reduced form• Oxidized: lacking an
 electron and H+ (NAD+)– This form is necessary to keep
 glycolysis running• Reduced: having all the
 electron fields filled and accompanying H+ (NADH)
 • NADH: either – shuttled to mitochondria to
 provide “reducing equivalents” (H+) to the electron transport chain
 – or oxidized to keep glycolysis running at high rate
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NADH: role during fast glycolysis• NAD+ (oxidized form) needed for the 6th step in glycolysis• So, during high rates of energy turnover, NAD+ must be
 formed via the conversion of pyruvate to lactate to keep glycolysis running
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NADH: Role during slow glycolysis• NADH (reduced form) must be “shuttled” into the
 mitochondria (electron transport chain)• NAD+ is recycled during the shuttling process• This provides enough NAD+ to maintain glycolysis at
 slower rates of energy turnover
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NADH: Transport into mitochondria (slow glycolysis)
 • NADH must be shuttled into mitochondria
 • This allows NAD+ to remain in cytosol to keep glycolysis running
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Lactate formation (fast glycolysis)• One six carbon molecule
 (glucose) split into two 3C molecules (Pyruvate)
 • Converted to lactate when energy turnover is high by lactate dehydrogenase (LDH)
 • Pyruvate + NADH + H+ ↔ Lactate + NAD+
 • Any pyruvate that doesn’t enter the mitochondria is converted to lactate to keep glycolysis running
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Control of glycolysis• Glucose-6-phosphate: central to glycolytic control
 – Feed-forward: Gross control; factors that increase G-6-P levels
 – Feed-back: Fine tuning; changes in metabolites of glycolysis
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Phosphofructokinase• Catalyzes the third
 step of glycolysis• Can be allosterically
 modified• Modulators:
 – ADP, Pi, ↑pH (stimulate)
 – ATP, PCr, citrate (inhibit)
 • Major control site for feedback control of the rate of glycolysis
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Lactate dehydrogenase• Allows the interconversion of lactate and pyruvate• Control by Lactate dehydrogenase (LDH)
 – Two basic types:• M: muscle• H: Heart
 – Whether they produce lactate or convert it to pyruvate depends upon the concentration of both molecules
 – M type has higher affinity for pyruvate– H type lower affinity
 • Thus, LDH allows glycolysis to keep running by – Keeping pyruvate from building up
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• Pyruvate dehydrogenase (PDH)– Keeps pyruvate low by shuttling pyruvate into mitochondria
 • Control by Redox potential (NADH/NAD+)– Glyceraldehyde 3-phosphate dehydrogenase requires NADH as
 co-factor to keep glycolysis running• So ↑NADH/NAD+ slows and ↓NADH/NAD+ speeds glycolysis• WHY?
 • Control by glycogenolysis– Glycogen depletion can reduce the rate of glycolysis– Glycogen broken down to Glucose-6-phosphate– Thus, glycogen depletion increases the dependence upon blood
 glucose and blood glucose is very limited– So, what happens?
 Further glycolytic control
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Blood glucoseHexokinase
 *Following page shows how Phosphorylase is activated
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Control of glycogenolysis• Phosphorylase kinase
 – Adds Phosphate
 – Activates phosphorylase
 – Requires ATP
 • Phosphorylase phosphatase– Removes phosphate
 – Inactivates phosphorylase
 • Calcium– Released by sarcoplasmic
 reticulum during contractions
 – Speeds glycogenolysis
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Lactate shuttle• Cell-to-cell
 – Lactate produced in glycolytic fibers oxidized in oxidative fibers
 – Lactate released into blood
 • Taken up by oxidative tissue and utilized
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Gluconeogenesis• Making of new
 glucose– Mostly in liver– Lactate and
 pyruvate (usu. In the form of alanine) and glycerol can be used by the liver to produce glucose

Page 27
						
						

Gluconeogenesis
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Glucose/glycogen use during exercise• Note how glucose use goes up with intensity • Training does not affect glucose use at the same
 relative intensity• Similar results in men and women
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• Note: similarity in substrate utilization at same relative intensity following training
 • Note that blood glucose use is low, sparing glucose for brain, CNS and RBCs
 • Thus, lactate and glycogen must provide the bulk of muscle CHO needs during exercise
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Blood lactate: training effects• Note lower blood lactate levels following training• Why?
 Pre: 45%
 Post: 65%
 Post: pre-65% workload
 Pre: 65%
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Blood lactate: Training effectsDue to increased oxidation of lactate, not reduced production and appearance in blood
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Chapter 6: Oxidation of pyruvate and lactate

Page 34
						
						

Mitochondrial structure• Oxidation takes place in
 the mitochondria– Pyruvate, lactate, and
 products of lipid and amino acid metabolism
 – Where oxygen is consumed and bulk of ATP produced
 • Location– Subsarcolemmal (just
 adjacent to muscle cell membrane)
 – Intermyofibrillar (deep, near the contractile apparatus)
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• Mitochondria– Likely not
 discrete units– Most likely
 form a reticulum
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• Note that you can see fiber and capillaries in first
 • Mitochondria in the 2cd
 • Details of mitochondria in 3rd
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Mitochondrial structure and function1) Outer membrane:
 – Barrier: keeps certain things in (NADH) and some out (pyruvate)– Also has transporters
 • GP and Malate-aspartate, lactate
 2) Intermembrane space– Enzymes related to transport function
 3) Inner membrane– Transport function– Prevents protons (H+) from entering– 3B) Cristae: where oxidative phosphorylation occurs; F complex is actual site
 4) Matrix: LDH and krebs cycle enzymes5) F complex: Where ATP synthesis takes place
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Krebs cycle
 • Also called– Citric acid
 cycle (1st product)
 – TCA cycle (citris acid is a tricarboxylic acid)
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Krebs cycle
 • First step– Pyruvate
 dehydrogenase (PDH)
 • Converts pyruvate to acetyl-CoA
 • Main purpose of TCA cycle– Production of
 reducing equivalents (NADH, FADH2)
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Regulation

Page 41
						
						

Regulation• Pyruvate dehydrogenase (PDH)
 – Phosphorylation state• PDH Kinase: Inactivates
 • PDH phosphatase: Activates
 – TPP and FAD necessary as co-factors• Where do these come from?
 – PDH activation Inhibited by• High ATP/ADP
 • High Acetyl CoA/CoA
 • High NADH/NAD+
 • Determines rate of glycolysis, lactate production and carbohydrate supply for mitochondrial oxidation
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Acetyl-CoA
 • Product of PDH– Can enter krebs
 cycle– With Oxaloacetate
 forms citrate– Formed from CHO,
 fats and proteins– Common metabolic
 intermediate
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TCA cycle regulation
 • isocitrate dehydrogenase– Stimulated by
 ADP, Ca2+ and low redox (NADH/NAD+)
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Electron transport chain

Page 45
						
						

Electron transport chain
 • Two functions– Oxidation
 • NADH and FADH2
 • Electron transport• Development of ion
 gradient
 – Phosphorylation• Formation of ATP
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Oxidative phosphorylation• Chemiosmotic theory of
 oxidative phosphorylation– Peter Mitchell (Nobel prize)– Chemical gradient created by
 proton pumping– Allows H+ to come back in
 through the F0-F1 ATPase– This powers ATP formation– ETC control
 • ADP stimulates, ATP inhibits• Cr- also stimulates
 1) Muscle contraction and ATP breakdown
 2) ATP resynthesized by CK (Myofibrillar)
 3) Creatine phosphate resynthesized by CK (mito)
 4) ATP synthesized by F1-ATPase
 1
 2
 3
 4
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ATP yield of glycolysis
 • Glycolysis itself– 4 ATP produced– 2 ATP required
 • Net yield: 2 ATP– Aerobic ATP yield from
 NADH oxidation• 6 ATP is malate-
 aspartate (2 NADH; 3 ATP per)
 • 4 ATP if glycerol-phosphate (2 FADH2; 2 ATP per)
 – Thus, small ATP yield, but the energy conversion is rather efficient (30-50%)
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Total ATP yield for glycolysis• So, glycolysis itself produces
 – 2 ATP
 – 2 NADH
 – 2 Pyruvate
 • Each NADH produces 3 ATP when oxidized in mitochondria
 • Each Pyruvate produces 15 ATP when oxidized– 1 NADH (PDH)
 – 3 NADH (Kreb’s cycle)
 – FADH (Kreb’s cycle)• 2 ATP when oxidized
 – 1 ATP (Kreb’s cycle)
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