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!'_ Glucose metabolism



Metabolism
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o Most pathways can be classified into:
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Catabolism: degrade complex molecules (proteins,
carbohydrate and triglycerides) to few simple products (CO,,
NH; and H,0). Capture chemical energy to form ATP.
Considered a convergent process (large no. of substances
are degraded to few common end products).

Anabolism: synthesize complex end products from simple
precursors. Requires energy which is provided by the
breakdown of ATP. Considered a divergent process (few
starting precursors produce wide variety of complex
substances)




Catabolism
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Regulation of metabolism s s s
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o Signals from within the cell (intracellular) (gt o) LA

The rate of a metabolic pathway may be influenced by the
o availability of substrates, product inhibition, or alterations in
J ;’:;f;j“’w the levels of allosteric activators or inhibitors.

i a Communication between cells (intercellular)
23los (s ;g}s;. Can be mediated by surface-to-surface contact, hormones
oo and, in some tissues, by formation of gap junctions

Ll
o  Second messenger systems

wil sl e o TWO Of the most widely recognized second messenger

Bya dygilal L3yl -
oo systems are:

o (The calcium/phosphatidylinositol system: sss.i bastss/ssisi s
a  The adenylyl cyclase system S Syl ol




Communication between cells

Synaptic signaling

JU mghasiy! @3 neurotransmitters J! !
Target cell J! e receptors

Jb ablisl @3 blood J! s« hormones JW:s!
Target cell J! Ll receptor

" Blood vessel

lng.:on . o
oe signal ) yale J& . ooy coo s
gap junction J! gub
Signaling T
celi colls




Regulation of metabolism

Adenylyl cyclase

ﬁ glucagon hormon, adrenaline or noradrenaline is an example for neurotransmitter
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2. Protein kinases: phosphorylates different proteins and enzymes
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3, Dephosphorylation of proteins: Phosphatases reverse the effect of
kinases.
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1. let's say that the hormone is bending to the receptor (7 alpha helices)
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Transport of glucose to cells

0 Glucose cannot diffuse directly into cells, but
enters by one of two transport mechanisms:

o Na-independent, facilitated diffusion transport
system

GLUT-3 35Skl 18U oo 1.
dpanll LS B Ll

GLUT-1 pll L3S 3 suds
absaa wSlg (¢ laallg el sasl

N

3.
GLUT-4 (dwaall donuddl
LISl OMasllg). slsj
o 9ol dailgs lasae

4,

A8 8) GLUT-2 ossiosd oS

J85 (alasSdl (B Ly ks ISl

gz of L3Isdl oda )] La] 39S slal

Pl 8 3aSsladl Oyl Lo lig

In facilitated diffusion, glucose movement
follows a concentration gradient
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Tissue specificity of GLUT gene expression: (‘;ﬁﬁy s il g0

GLUT-3 is the primary glucose transporter in

neurons

GLUT-1 is abundant in erythrocytes and
brain, but is low in adult muscle

GLUT-4 (in adipose tissue and skeletal
muscle). Their number is increased by
insulin

GLUT-2 (in the liver, kidney, and p cells of
the pancreas? can either transport glucose
into these cells or from it depending on
blood glucose levels
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Transport of glucose to cells

GLUT-5 gwwasdly @841 eloadl 8 59558l wludll JBLI g0
SLUT (il 01 _3 Grl{cLIJ-’Ic-hg |tse tlt"nee primary transporter for fructose in the small intestine
3sSslal) alsall y33) bnszy \ 9 estes o _

all s s ss5ell 05w (IGEUTSZ gln the liver and other gluconeogenic tissues) mediates
Aesdlsidl glucose flux across the endoplasmic reticular membrane.

e 0 2 Na-monosaccharide cotransporter system: is an energy-

00 syl Ol Sl

wan wsane  FeQUiring process that transports glucose against a conc.
sz sl gradient
Blibles e 00 2l lag - This system is a carrier-mediated process in which the movement
3&;95#:% b*:;j; . of glucose is coupled to the conc. gradient of Na, which is
Tsul s saen  trasported into the cell at the same time.

L soms @ IT0cecurs in the epithelial cells of the intestine, renal tubules, and
1olS) Culi¥lg 2loodl Choroid plexus.

Anpdall byzlls = This system is mediated by a family of fourteen glucose
o e sy, trAnsporters in cell membranes (GLUT-1 to GLUT-14)

Fosssebsbuee il w - They exist in the membrane in two conformational states. _
Toma e Extracellular glucose binds to the transporter, which then alters its
‘ conformation, transporting glucose across the cell membrane.
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Glycolysis

anaerobic

a
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Glycolysis occurs in the cytosol of all tissues and cells

Defined as ‘oxidation of glucose to pyruvic acid (in the presence
of O,, Aerobic) and to lactic acid (in the absence of O,,
anaeroblc) (naSH 3529 B) Loyl jaas | 3sSsladl 8aus «ly B30
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The catabolism of 1 mol of glucose (6 C) produces 2 moles of
pyruvate or lactate (3 C) —
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Lactate is produced only in:
o RBC: as there is no mitochondria s e ciswizi e
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o Exercising muscles: lack of O, S| o syl e




il for any phosphorylation reaction | need kinase
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glucokinase: lower affinity for glucose than hexokinase and higher Km
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Phosphorylation of glucose s

Phosphorylated sugar molecules do not readil netrate cell
membranes (no carriers, too polar to cross)

all over the body

Hexokinase has broad substrate specificity and it is inhibited
by the reaction product, glucose 6-phosphate -

It has a low Km (high affinity) for glucose. And low Vmax
Vmax a8 plasily GsSolad) (dle dall) Km dad plassly jeazs

Glucokinase (similar broad specificity): In liver parenchymal
cells and islet cells of the pancreas . . i o s oh) sessso
LSl 8 udlaysd yi Ll s gl 4l
In B cells, glucokinase functions as the glucose sensor,
determining the threshold for insulin secretion. In the liver,
the enzyme facilitates glucose phosphorylation during
hyperglycemia. 51581 i s 36Solnd) yirua SSeSoladl Jasy dio Lols o
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Glucokinase functions only when the intracellular
concentration of glucose in the hepatocyte is elevated, such
as during the brief period following consumption of a
carbohy rate- rich meal 365 oladl 3555 165y Loase 1add 3leSeSoladl Jasy
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Steps of glycolysis
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téa Step 1: glucose is phosphorylated to glucose-6-phosphate.
The reaction is irreversible and is catalyzed by either

o glucokinase (GK) in liver cells and -hexokinase (HK) in other
s tiSSUES. T
e a Step 2: glucose-6-phosphate is isomerized to fructose-6-
el e phosphate by isomerase enzyme o ==

... ¢—10 Step 3: fructose-6-phosphate is phosphorylated to F-1,6-
diphosphate. The reaction is catalyzed by phosphofructo-
yawd) +3 bglasdl k|nase (PFK)_ ireversible rate limiting step Jelad! de yus sasy @al 3330 ia
S Ol gs-6-39:558

e ss165s5s g Step 41 'F-1,6-bP is split by aldolase into two trioses

dalgy Jeladl lia 3amg

(PFK) S1S5:5sbiass (Glyceraldehyde-3-P and dehydroxyacetone phosphate)
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Steps of glycolysis
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Step 5: DHAP is isomerized to' G-3-P which is catalyzed by
isomerase
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G-3-P is oxidized phosphorylated forming @1,3- "0 e ot sapes st
biphosphoglycerate (1,3-BPG) and NADH which is catalyzed by
glyceraldehyde 3-P dehydrogenase. NADH produces 2.5 ATP in
ETC.

Step7: 1,3-BPG gives its high energy phosphate to ADP to form
ATP converting to 3-PG. This is catalyzed by phosphoglycerate

k|nase_ dephosphorylation ex9 phosphorylation oy e lasl Jeiy

Step 8: 3-PG is converted to 2-phosphoglycerate by mutase
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Steps of glycolysis

fluoride J inhibition «/yeas (PEP) &gy Joulsbwgd-2 BoSo PG-2 auba 3¥sdl a3l pody 19 okl
o Step 9:Enolase enzyme dehydrates 2-PG forming 2-
phosphoenol pyruvate (PEP)

o Step 10:PEP is dephosphorylated giving its P to ADP to form
ATP and converted to pyruvate. Rxn is irreversible and catalyzed
by pyruvate kinase. Jo>09 ATP (295 ADP )l @0 ol P ey las PEP (po Slawgall dl3| @y 110 gkasil

SlsS Slgsa il ojamag uSall LB ye Jeladl Dloyn I
o Step 11: in RBC's and under anaerobic conditions NADH formed
e in step 6 is oxidized to give hydrogen and pyruvate which
fromsep10) - converts into lactate by/lactate dehydrogenase
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Schematic representation

Aerobic hexokinase or glucokinase
B glycolysis
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Energy gain in aerobic glcolysis

Step 1 Glucokinase (GK) -1 ATP
Step 3 Phosphofructokinase (PFK) -1 ATP
Step 7 Phosphoglycerate kinase + 2 ATP
Step 10 Pyruvate kinase (PK) + 2 ATP
Step 6 2 NADH + 5 ATP
Net gain + 7 ATP




Anaerobic glycolysis

Step 1 Glucokinase (GK) -1 ATP
Step 3 Phosphofructokinase (PFK) -1 ATP
Step 7 Phosphoglycerate kinase + 2 ATP
Step 10 Pyruvate kinase (PK) + 2 ATP
Net gain + 2 ATP
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Hormonal regulation of Glycolysis
|

Glucose
I
o (GK (or HK), PFK and PK are the key enzymes of SrRgnese g‘“” %
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o During fasting: blood glucose level decreases, Phosphoenolpyruvate
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glucagon, adrenaline and corticosteroid which i IS Glucagon |
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insulin — dephosphorylation - activation
glucagon — phosphorylation - inhibition

Hormonal regulation of Glycolysis

activation of glucagon < oL}l

Activation of many enzymes i cyclase 'g

1 High insulin/glucagon ratio causes 3ia i
decreased cAMP and reduced lovels of Y
active protein kinase A. Active profein kinase A

B
v

Fructose 6-phosphate ) Fructose 6-phosphate
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Decreased protein kinase A activity
favors dephosphoryiation of
PFK-2/FBP-2complex.

2 6-bisphosphate

s ey |

Elevated concentration of fructose 2,6-bisphosphate activates
PFK-1, which leads to an increased rate of glycolysis.

3

Dephosphorylated PFK-2 is active,
whereas FBP-2 is inactive; this favors
formation of fructose 2,6-bisphosphate.

ATP  CAMP + PP,

!

Active protein kinase A
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& phadl
1. T Glucagon
2.T cAMP
3.1 Protein Kinase A (PKA)
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In-vitro inhibition of glycolysis

a Flouride inhibits enolase enzyme (step 8) @7 = ine
/

o It is used in toothpastes as it inhibits glycolysis in mouth bacterial
flora. gsadll LSl 8 3sSsladl Mo bty 63 Ll erlae 5 pasiad |

o Itis also used as anticoagulant for blood samples to estimate its
glucose content. -
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Fate of pyruvic acid

o Formation of acetyl CoA

o Formation of oxaloacetic acid
o ‘Formation of lactate ...

o Formation of ethanol (in yeast

and some M.O)
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ETHANOL SYNTHESIS

= Occurs in yeast and ‘!
some bacteria (including |
intestinal fiora).

« Thiamine pyrophosphate-

== py

NAD™

Ethanol

NADH + H*
Acetaldehyde Lactate

PYRUVATE

Oxa etate Acetyl Co

PYRUVATE
DEHYDROGENASE
COMPLEX
* Inhibited by

acetyl CoA.

= Source of acetyl
CoA for TCA and
fatty acid synthesis.

* An irreversible
reaction.

PYRUVATE
CARBOXYLASE

* Activated by acetyl CoA.

* Repienishes intermediates
of the TCA cycle.

* Provides substrates for
gluconeogenesis.

* An irreversible reaction.

-




Aerobic phase of glucose oxidation
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Pyruvic acid formed by glycolysis enters the mitochondria
where:

= it will be metabolized to acetyl-CoA by oxidative decarboxylation
and

= then Acetyl-CoA is oxidized in Kreb’s cycle
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Thiao-Ester
N "High Ene gy
‘%E;DH //,[.IIE B nd
C=0 + CoA-SH CHe-C-5-Cod
|
CHz / \
MNA D+ MNA DH
Kreb’s cycle

32 in total ATP

2 CO, + 10 ATP



A-Oxidative decarboxylation of pyruvic
acid

o Occurs in mitochondria

o Irreversible

(PDH) Slgyedl oz gsiud deil oSye |zl

o Needs pyruvate dehydrogenase (PDH) complex

o}
o Requires 5 coenzymes gH?
o Thiamine pyrophosphate | — By
o 2-lipoic acid «— CoA
n COA-SH, e
dehydrogenase A
a FAD o NAD
Acetyl COA wee> ©
a NAD* . — NADH  wems> Cco,




§ &Ss pyruvate dehydrogenase enzyme J activation Jazy b s ¢ il o
1. protein kinase

2. phospho-protein phosphatase
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Regulation of pyruvate dehydrogenase

contraction for muscle
Jl e Sou oS (o0
phospho-protein

Jazy L phosphatase
dephosphorylation

protein J! ue oS>0 Joao o0 b zxed o)

pJl degaza apay L kinase
(phosphorylation ) (
pyruvate dehydrogenase! ¢ udso

z» inhibition for protein kinase sbe 131 s
activation for pyruvate dehydrogenase s«




cribs cycle citric acid cycle

Tricarboxylic acid cycle

Occurs in the mitochondria of
each cell

&l IS LyaigSene (B Do

Does not occur in RBCs (no_
mitochondria) ' 2=

(LosisSsase s 55 ¥) el el

Considered the final common
pathway for the complete

oXidation of acetyl-CoA |
obtained from partial oxidation ‘
of CHO, lipids and proteins. |
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Malate Isocitrate
I beo,
Fumarate a-Ketoglutarate
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Succinate Succinyl CoA
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Steps of TCA

irreversible

o Step 1: condensation of acetyl-CoA and
oxaloacetic acid to form citric acid.
Catalyzed by citrate synthase.

Oyl Yl 03a5y eyl joas (365 Lzl JluS oYl oasg COA- Jutswl g5 1 8glasl

o Step 2: Citric acid is converted by isocitrate
by aconitase.

<l yzdl sla> JJS}J o 2 dglasdl
Olyzawgiol S 3led oSl dal gy

o Step 3: Isocitrate is oxidized to a-
ketoglutarate by isocitrate dehydrogenase.
NADH is produced and CO2 is released.
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Steps of TCA

o Step 4: a-ketoglutarate is converted to . gHz-&—%‘
succinyl CoA. CO, is released and NADH is m o
produced. The reaction is catalyzed by a- i
ketoglutarate dehydrogenase complex. It ik o

also requires 5 coenzymes (thiamine |
u-Keloglutarate

pyrophosphate, lipoic acids, CoA-SH, FAD | G#eagenass

co.
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I complex
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. c O CH,-C-0O°
a Step 5: the high-energy, thioester bond of | Con-b-ct,
succinyl-CoA is cleaved providing energy | Succinyl CoA
for the synthesis of GTP fro GDP and Pi. | GDP + P,
Succinate is formed and the reaction is S <
catalyzed succinate thiokinase. | \ GTP
' v CoA
I
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Steps of TCA

o Step 6: succinate is oxidized to fumarate
by succinate dehydrogenase. FAD is

FADH2 | FAD 133! gt . OlaSidl e gyaud de3l dawlgy Olslagd | OlnSdl ausley 16 gl

Q

reduced to FADH2. 15ar

Step 7: fumarate is hydrated to form

malate by fumarase.

Malate is oxidized to oxaloacetate by
malate dehydrogenase. NAD is reduced to

NADH.

Oxaloacetate will reinitiate the cycle again.
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one glucose is going to need two citric acid cycle

Energy gain in Kreb’s cycle

Isocitrate DH 1 NADH 2.5 ATP
a-ketoglutarate 1 NADH 2.5 ATP
Succinate thiokinase 1 GTP 1 ATP

Succinate DH 1 FADH2 1.5 ATP
Malate DH 1 NADH 2.5 ATP
Net gain 10 ATP




The overall energy gain of glucose
oxidation

o Glycolysis --------- 7 ATP + 2 pyruvate
o 2 pyruvate -------- 2 acetyl-coA + 2 NADH ----- 5 ATP
o 2 acetyl CoA --------- 20 ATP

o The net ATP produced by the oxidation of 1 mol of glucose = 32
ATP



Defects in Glycolysis

o Pyruvate dehydrogenase deficiency: leads to congenital
|aCtIC aC|dOS|S. sl (o lasdl JI easy 1oyl e g3au de3U ol

o This enzyme deficiency results in an inability to convert
pyruvate to acetyl CoA, causing pyruvate to be shunted to lactic
acid via lactate dehydrogenase. syl Jusm e 358 pae el ol 13 e i

N Syl Jagos S s oo sl 3850 L L
LS e 93340 de)l yee deSWI s

o This causes particular problems for the brain, which relies on
the TCA cycle for most of its energy, and is particularly sensitive
to acidosis.
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RBCs and brain cannot use fats as source of
energy so they must always use glucose

Gluconeogenesis
When and where does it occ
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o During prolonged fast and depletion of

o During overnight fast, liver is responsible
for the majority of gluconeogenesis (90%)

hepatic glycogen
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and the rest in the kidney .

SIS 3

o During prolonged fast, kidney produces
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about 40% of glucose production.
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o Glucose is formed from precursors as

lactate, pyruvate, glycerol and ketoacids
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| can't store proteins but there is something
called amino acids pool which has amino
acids that | use for protein synthesis

Glucose used, g/hr

40 -

Olelis 4 Loy y85
Ingested glucose
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Substrates for gluconeogenesis
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Those include all the intermediates of glycolysis and the citric acid
cycle.

Glycerol: released during the hydrolysis of triglycerols in adipose
tissue and delivered to the liver. Glycerol is phosphorylated by
glycerol kinase to glycerol 3-phosphate, which is oxidized by
glycerol 3-phosphate dehydrogenase to dihydroxyacetone
phosphate which is an intermediate of glycolysis.
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Lactate: released by exercising muscles and RBC's. This is
transferred to the liver and reconverted to glucose.
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Amino acids: hydrolysis of tissue proteins are the major source of
glucose. a-ketoacids (oxaloacetate and a-ketoglutarate are
derived from the metabolism of glucogenic aa which can enter
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Reactions unique to gluconesasracic
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o Seven of the glycolysis reactions are
reversible and are used for gluconeogensis
while three of them are irreversible (Pyruvate
kinase, phosphofructokinase and hexokinase)
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1. Pyruvate carboxylase: Pyruvate is converted
to ‘phosphoenolpyruvate (PEP) by pyruvate
..., carboxylase and PEP caboxykinase

3330 L‘Ame

el (8 u»s)j
Sloyn B

Alagyg MeuSgyylS
Jo>d ATPg CO2
S Olgsl

a2 g3 Oligul glusS ]
LS LyaigSena S
ool ggins LSl
Sldgy e Loyl
alasciad uSe &
o> 893 8 OAA
byl

Biotin: covalently bound to the N of lysine in
the pyruvate carboxylase, requires CO, and
ATP for the convertion of pyruvate to
oxaloacetate. It occurs in mitochondria of liver
and kidney. Muscles contain also pyruvate
carboxylase for the use of OAA in TCA.

Allosteric regulation: it is allosterically
activated by Acetyl COA. Lt v o s
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Reactions unique to gluconeogenesis

2. Transport of oxaloacetate to the cytosol: oxaloacetate can't cross
the mitochondrial membrane so it is reduced to malate by malate
dehydrogenase that can cross. In cytosol malate is reoxidized to
oxaloacetate by cytosolic malate dehydrogenase.
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3. Oxaloacetate is decarboxylated and phosphorylated in the cytosol by
PEP carboxykinase which utilize 1 GTP. PEP will continue in the

reverse of glycolysis until reach fructose 1,6- biphosphate.
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4. Dephosphorylation of frucose 1,6- biphosphate by frucose 1,6~
biphosphatase to produce fructose 6-phosphate will bypass the
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irreversible PFK reaction. S AR
The enzyme is inhibited by high levels of AMP and fructose 2,6-
biphosphate, while high level of ATP and low AMP stimulate
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Reactions unique to gluconeogenesis

5. Dephosphorylation of glucose 6-phosphate: occurs by glucose 6-
phosphatase. This occurs only in liver and kidney. Two enzymes
are required (glucose 6-phosphate translocase to transfer
glucose 6-phosphate to ER and glucose 6-phosphatase)
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Type 1a glycogen storage disease results from inherited diffeciency
of one of them which has the following symptoms:

o Hypoglycemia «— B 50 1 gl on oo sl 52553 o3 i

o Hepatomegaly and liver problems |_—
o Lactic acidosis |_— e
o Growth failure — S i 20 g
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Pyruvate carboxylase
, |

; Pyruvate carboxylase Acetyl CoA
(with covalently é

CO, is activated and transferred to pyruvate
by pyruvate carboxylase producing oxaloacetate.
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In the cytosol, malate
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acetate, which is
converted to phospho-

enolpyruvate by PEP
carboxykinase.




Pyruvate
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Carboxylase Step in Gluconeogenesis

HEFRUTCYN-V-N | I £ K0
1 Pyruvate + CO; + ATP —» Oxaloacetate
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(Malate dehydrogenase)
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€D Pyruvate carboxylase reaction

CoA
CO, is activated and transferred to pyruvate
by pyruvate carboxylase producing oxaloacetate.

] Malate — Oxaloacetate

(Malate dehydrogenase)

Pyruvate + COgz + ATP — Oxaloacetate + ADP + P, > > .
S : ) Oxaloacetate + GTP — PEP + CO, + GDP
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Regulation of gluconeogenesis
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1. Glucagon: stimulates gluconeogenesis in three mechanisms:
1. Change in allosteric effectors: it lowers level of fructose 2,6-

Sn iy i S sall b yeets

s s e sl s 26 305, DIPNOSPhate leading to activation of fructose 1,6-biphosphatase
g Jilhungdl JU5-1.6 39:5,5 and inhibition of phosphofructokinase.
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2.  Covalent modification of enzyme activity: it elevate cCAMP
S pieetl bl el Ll lagding to activation of CAMP-dependent protein kinase activity

IS Gdon iy las CAMP goso 28

sy 0sem s camMp L sl WHICh Wl phosphorylate pyruvate kinase to its inactive form.
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3. Induction of enzyme synthesis: it increases the transcription
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S uSsiylS PEP o of PEP carboxykinase gene.

Pl Jan 5351 8155 ) Substrate availability: like glucogenic amino acids
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wua ot w3 3. Allosteric activation of pyruvate carboxylase by acetyl coA.
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sl 050 4. Allosteric inhibition of fructose 1,6-bisphosphatase by AMP

ii’dwm Note: ATP and NADH are produced in large quantities during fasts
AMP 2.5 from fatty acid oxidation is required for gluconeogenesis.
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Regulation of Gluconeogenesis
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n Glucagon: stimulates gluconeogenesis in three mechanisms
(LT &3 jgSglanll Silaziul 3820 5=1Sgll)
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F-2,6-BP Change in allosteric effectors: it lowers level of fructose 2,6-bisphosphate
‘ [ e 8 leading to activation of fructose 1,6-bisphosphatase and inhibition of
fFBPase-l} PFK-1 phosphofructokinase.
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1 camp to activation of cAMP-dependent protein kinase activity which will
¥ phosphorylate pyruvate kinase to its inactive form.
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B Induction of enzyme synthesis: it increases the transcription
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Substrate availability: like glucogenic amino acids
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Allosteric activation of pyruvate carboxylase by acetyl CoA.
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Allosteric inhibition of fructose 1,6-bisphosphatase by AMP.
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