Metabolic ControlSchneditz, March 13, 2001page 1 of 21Metabolism of glucoseD-glucose (dextrose), C6H12O6, Mw=180g

6O Glucose 6CO 6HO 2870kJ

2 2 2

+ fi + +

DG0=-2870 kJ/Mol (exergon)10g/h (resting), RQ=1Nutritioncarbohydrates (CHO) mono-saccharides, di-saccharrides, poly-saccharrides (starch,glycogen, cellulose)80% glucosecommon glucose poolAlimentary tractSalivary and pancreatic amylases (cleavage of a1-4 glycoside bonds) maltose,maltotriose, dextrinsresorption in the small intestine (jejunum)Plasma glucose80-90 mg/100ml (4.5-5 mM)Portal circulationcharacteristics of portal blood & circulation

Metabolic ControlSchneditz, March 13, 2001page 2 of 21Transporttoo big (and polar) for efficient diffusion across cell membraneglucose-transporters (GLUT)Transport against concentration gradientUptake of glucose into epithelial cells, GLUT-I (co-transport with Na+), osmoticeffects, resorption of waterre-absorption of filtered glucose in the proximal renal tubulus, threshold (»250mg/min)Transport with concentration gradientGLUT-II (liver, membrane bound and thus insulin-independent)GLUT-IV (muscle & adipose tissue, insulin-dependent) cycled between cytoplasma(endosomial vesicles) and cell membrane

Metabolic ControlSchneditz, March 13, 2001page 3 of 21Intracellular pathsPhosphorylation at C6glucokinase (Km»10mM, liver, specific for glucose, insulin controlled)hexokinase (Km»100�M, muscle)clearance of excess glucose, buffer function of the liverKm (Michaelis constant, substrate concentration at half-maximum reaction rate)Glu-6-P; activation, trapping of polar molecule in the cellGlucose-6-phosphatase (liver, activated by glucagon, epinephrine)Glycolysis (Gluconeogenesis)Gycogenesis (Glycogenolysis)

Metabolic ControlSchneditz, March 13, 2001page 4 of 21Enzyme kineticsRate of reaction (v), turnover of substance per time (�Mol/min)

E S ES E P

E k E S k k ES

S k E S k ES

E S k E S k k ES

P k ES

k

k

k k

+

�fi�

‹�

�fi�+

[ ]

=-

[ ][ ]

+ +

( )

[ ]

[ ] =-_{[ ][ ]}+_{[ ]}

[ ]

=

[ ][ ]

- + ( )_{[ ]}

[ ] =_{[ ]}

+

-

+

-

-

-

1

1

2

1 1 2

1 1

1 1 2

2

2

˙

˙

˙

˙

˙ rate limiting step (Michealis)

S

E S

v v S

K S

K S

K k

k

E S

ES

v

m

m

v

m

[ ]

=

-

[ ]

=

=

[ ]

+_{[ ]}

=_{[ ]}

= =

[ ][ ]

[ ]

=

-

+

0

0

2

1

1

" quasi stationary" hypothesis (Briggs & Haldane) :

Michaelis constant

dissociation const. of ES

maximum speed of the reaction

˙

;

;

max

max

max

Metabolic ControlSchneditz, March 13, 2001page 5 of 21Anabolic/katabolic pathwaysanabolic pathways: storage of fuel substrates (insulin)catabolic pathways: brake-down of fuel stores (glucagon, epinephrine, andªcounter-regulatory� hormones)• glycogenolysis• lipolysis• gluconeogenesis• ketogenesis (alternate fuel source for the brain in absence of glucose)producing glucose, amino acids, free fatty acidsrunning fast for 5 min or starving for a week triggers a different hormonal mixinsulin/glucagon ratio switches from storage to utilization of energy

Metabolic ControlSchneditz, March 13, 2001page 6 of 21Endocrine Pancreas106 islets of Langerhans, »1000 endocrine cells per islet, interspersed among theacinar tissue and ducts that make up the exocrine pancreas.a-cells (rim, glucagon), b-cells (center, sole source of insulin), and d-cells (scatteredin-between, somatostatin) form a syncytium (tight junctions), permit for cross-talkbetween cells (paracrine effects); glucagon and somatostatin are also synthesizedby endocrine cells in the gutinsulin secretion into portal blood, liver as first target, cleared by the liversystematic higher concentration of exogenous insulin, possible cause of long termcomplications such as arteriosclerosis, hypertensionno direct relationship to a- and d-cells (fine tuning)

Metabolic ControlSchneditz, March 13, 2001page 7 of 21Insulin, "the anabolic hormone"ER (pre-proinsulin)->Golgi (proinsulin, formation of —S—S— bonds)->secretorygranules (cleavage of connecting peptide, C-peptide, no biological function but slowclearance from blood, surrogate for insulin secretion)->secretion into portal blood firstprotein with known AA sequence (Sanger 1953)

Metabolic ControlSchneditz, March 13, 2001page 8 of 21Control of insulin secretionglucose, and anything increasing [Glu], (+)intracellular glucose increases ATP levelsATP used for Na/K-ATPaseexcess intracellular ATP inhibits K+-channel thereby depolarizing the celldepolarization opens Ca2+-channelcAMP releases intracellular Ca2+ storesCa2+ promotes fusion of secretory granules with cell membranesecretion of insulinaminoacids (+)GIP, glucose dependent insulinotropic hormonesmall intestine hormone secreted with carbohydrate loadglucagon (+)specific glucagon receptorcatecholamines

2-receptors (inhibitory) primary effect

-receptors (stimulating) secondary effect (

-blockers usually do not worsenhypoglycemia but suppress important symptoms such as tachycardia, palpitations)

- , fl , flfl

, ›fl, ››

Metabolic ControlSchneditz, March 13, 2001page 12 of 21Counterregulatory hormonesAnabolic metabolism is essentially controlled by a single hormone (insulin) whereasan array of hormones defends the body against hypoglycemia.Catabolic metabolism is controlled by a decrease in insulin concentration and by fivemain counter-regulatory hormones• glucagon, epinehprine (primary)• cortisol, growth hormone (secondary)• placental lactogen (fetal protection)• (somatostatin, thyroid hormone, estrogen, progesterone)glucose receptors in the hypothalamusa) sympathetic activation (epinephrine), stimulation of a-cells, glucagon release,inhibiting hypoglycemiab) hypophysis, STH & ACTH secretion, cortisol (gluco-corticoid, adrenal glands),gluconeogenesisthe counter-regulatory system is also compromised in the diabetic patient (paracrineeffect of b-cells on a- and d-cells)Glucagonliver (exclusively)glycogenolysis (+), gluconeogenesis (+), b-oxidation (+)glycolysis (-), glycogenesis (-), FA-synthesis (-)

Metabolic ControlSchneditz, March 13, 2001page 13 of 21Hypoglycemia (abundance of insulin)tumor (insulinome), excessive insulin dosagelow blood sugar (arterial, venous, capillary blood)symptoms depend on time course, no clear thresholdautonomic symptoms (sympathetic activation: sweating, tachycardia, anxiety,palpitations, mydriasis)neuroglycopenic symptoms (dizziness, blurred vision, difficulty thinking, cramps,unconsciousness)treat with glucose (often significant amounts)

Metabolic ControlSchneditz, March 13, 2001page 14 of 21Hyperglycemia (lack of insulin)osmotic diuresis & glucosuria = diabetes mellitusglucose tolerance test: 75-100g of glucose, elevated basal glucose concentration,elevated peak concentration, prolonged elevationAcute symptomslack of appetite, nausea,vomitinghyperglycemia (insulinresistance)diabetic ketoacidosis(metabolic acidosis)ketogenesis (acetonebreath)Kussmaul respiration (deepventilation, at timesreduced frequency, tocompensate for acidosis)volume loss (diuresis)polyuriacomahyperosmolar coma(complication, extremehyperglycemia 55 mmol/L,no ketone formation, 50%mortality) volume effects onthe braintreat with volume, insulin,electrolytes, HCO3-Long term complicationscardiovascular system, microcirculation, eye, kidney, peripheral nervous systemarteriosclerosis (oxidized LDL)arterial occlusionshypertension

Metabolic ControlSchneditz, March 13, 2001page 15 of 21Diabetes mellitusType 1 diabetes (IDDM)destruction of islet cells (in young patients with complete lack of insulin), most likelyan autoimmune disorderrelated to antibodies against certain viruses, BSA from cow milk, glutamic aciddecarboxylase (GAD)similarities between the GAD gene and of viral genes apparently leads to cross-reactions in some patients with certain major histocompatibility complex (MHC)genesType 2 diabetes (NIDDM)defective insulin secretion, peripheral insulin resistance (after the age of 40, in obeseindividuals with normal or high levels of insulin)§-cell exhaustionamyloid depositsglucose toxicityadvanced glycosylation end products (AGE)activation of sorbitol pathway, sorbitol accumulation (cataract)Classification Of Diabetes MellitusPRIMARYAutoimmune (type 1) diabetes mellitusNon-insulin-dependent diabetes mellitus (type 1 NIDDM�transient)Insulin-dependent diabetes mellitus (type 1 IDDM)Non-autoimmune (type 2) diabetes mellitusInsulin-dependent diabetes mellitus (type 2 IDDM�transient)Non-insulin-dependent diabetes mellitus (type 2 NIDDM)Maturity-onset diabetes of the young (MODY)SECONDARYDiabetes caused by pancreatic diseaseDiabetes caused by hormonal abnormalitiesDrug- or chemical-induced diabetesDiabetes caused by insulin receptor abnormalitiesDiabetes associated with genetic syndromesDiabetes of other causes

Metabolic ControlSchneditz, March 13, 2001page 16 of 21Model of glucose controlStolwijk, JE and JD Hardy. Regulation and control in physiology. In: MedicalPhysiology, 13th ed. (edited by VB Mountcastle). CV Mosby, St. Louis, 1974; pp.1343-1358AssumptionsPlasma volume and interstitial fluid volume are represented in a single compartment(»3L+12L, in the normal adult) with constant volume

Metabolic ControlSchneditz, March 13, 2001page 17 of 21The steady state concentration of glucose in this compartment is x (in mg/mL)Glucose enters through absorption from the GI tract or through production from theliver at the rate QL (in mg/h)Glucose is eliminated from the single compartment by three major pathways:When x is elevated beyond a certain threshold (

), glucose is excreted by thekidneys

r r = -( ) > = £ m q q , ,0

Glucose leaves the extracellular volume to enter the cells to be metabolized and/orstored.In insulin independent tissue the rate of glucose utilization (Qii) depends only on theextracellular to intracellular glucose gradient. The intracellular concentration isignored.

Glucose uptake in insulin dependent tissue is facilitated by insulin concentration (y).Therefore, the rate of insulin dependent glucose utilization (Qid) is given as

QxxyxQxxyxxl =+ £=++-( ) >l n ql n m q q, , QxQxxi = £=-( ) >0 , , fbf f

Qyicl =a

y xyx x= £=-^{( ) >}0, fbaf f

Metabolic ControlSchneditz, March 13, 2001page 18 of 21Aside from the threshold nonlinearity, the insulin response to glucose is basicallylinear.The steady state level of glucose and insulin in the blood under a given set ofconditions can be predicted from solving these equations simultaneously.The following values were assumed for the model:ParameterUnit

mg/mL2.5 mL/h7200 mL/h2470

1/(mU h)139000 mg/mL0.51 mU mL/(mg h)1430 mL/h7600Qlmg/h8400ExerciseCalculate steady state concentrations (glucose and insulin) for the normal case, for80%

-cell destruction, and for the case when

-cell sensitivity is reduced to 20% ofnormal.

Metabolic ControlSchneditz, March 13, 2001page 19 of 21Steady state, normal

0.000.050.100.150.200.00

Steady state, 80% §-cell destruction

0.000.050.100.150.200.000.400.801.201.602.00

Steady state, 80% insulin resistance

Metabolic ControlSchneditz, March 13, 2001page 20 of 21Glucose tolerance test (normal) 0

5678

001Run 1: 160000 steps in 4.3 seconds

Metabolic ControlSchneditz, March 13, 2001page 21 of 21Glucose tolerance test (reduced §-cell secretion) 0345 0 Run 1: 40000 steps in 0.217 seconds