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Biochem lecture 10
Integration of
metabolism questions

Ahmed Salem, MD, MSc, PhD, FRCR
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1. Which of the following is not an effect
of insulin on glucose metabolism?

A. Increased number of glucose transporters on the muscle and fat cell
membranes

B. Increased glucose uptake by muscles and adipose tissue cells
C. Enhanced glycolysis & glycogenesis and inhibited glycogenolysis &
gluconeogenesis

(inhibition)
D. Suppression of HMP pathway
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Oxidative phase
* |s controlled by the level of NADP+

* The first reaction (catalyzed by G6PD) is a rate limiting step and is inhibited by T
NADPH

Induction:

 CHO feeding = 1 insulin = induction of synthesis of both dehydrogenases
leading to activation of HMP Shunt

* Fasting 2 { insulin = repression of synthesis of both dehydrogenases, so HMP
is inhibited



Glycogen

Regulation of glycogen metabolism

e Covalent modification
— Glycogen synthase: active in dephosphorylated form
— Glycogen phosphorylase: active in phosphorylated form

— Covalent modification of these enzymes is through hormones that act through the 2nd
messenger cAMP

— Glycogen synthase exists in 2 forms (interconverted by specific enzyme):

— Less active phosphorylated form (glycogen synthase b)
— More active dephosphorylated form (glycogen synthase a)

— Glycogen phosphorylase exists in 2 forms:

— Less active dephosphorylated form (phosphorylase b)
— More active phosphorylated form (phosphorylase a)



Glycogen

During fed state

* |Insulin dephosphorylates both glycogen synthase and glycogen
phosphorylase via 2 mechanisms:

* Activation of phosphodiesterase enzyme - inactivates cAMP to AMP -
inhibits protein kinase

 Activation of phosphatase enzyme which removes P:
» Dephosphorylation of glycogen synthase = its activation > GLYCOGENESIS

» Dephosphorylation of glycogen phosphorylase = its inactivation = inhibition of
glycogenolysis



2. Which of the following is not an effect
of glucagon on metabolism?

A. Enhanced glycogenolysis and gluconeogenesis in the liver
B. Enhanced lipolysis
C. Activated glycogenolysis in muscles

D. Inhibited glycolysis and glycogenesis
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During fasting state

* Glucagon (in liver) & epinephrine (in liver & muscle):

 Activate a membrane receptor (G protein) = activates adenyl cyclase (a membrane
linked enzyme) - converts ATP to cAMP

* cAMP activates cAMP dependent protein kinase = phosphorylates (inactivates)
glycogen synthase =2 inhibits glycogensis

— Activation of protein kinase = activate phosphorylase kinase enzyme = stimulation of
glycogen phosphorylase - glycogenolysis



Glycolysis

Regulation of Glycolysis:

Regulation of the 3 irreversible reactions

a) Glucokinase (GK) or (Hexokinase, HK)

b)Phosphofructokinase (PFK) which is the rate limiting Enzyme &
most important regulatory site of glcolysis.

c) Pyruvate kinase (PK)

Regulation of glycolysis according to the
feeding status




Glycolysis

Regulation of the 3 irreversible reactions

%= Induction and Repression of the key enzymes: Insulin induces (increases) the synthesis of these
enzymes, while glucagon and adrenaline inhibit their synthesis

% Allosteric regulation:

* GK (Glucokinase): No regulation
* Hexokinase is allosterically inhibited by G-6-P.

N.B. hexokinase is present in all cells except liver and pancreatic islets/ glucokinase is present only in
liver and pancreatic islets.

 PFK (Phosphofructokinase): Fructose-2, 6-Bisphosphate: [F-2, 6—
- Allosterically activated by fructose-2,6-bis-phosphate, AMP& ADP BP] is formed by phosphorylation of
- Allosterically inhibited by ATP & Citrate and low pH F-6-P by the enzyme

phosphofructokinase—2 (PFK-2)

* PK (Pyruvate kinase):
-Allosterically activated by Fructose-1,6- bis-phosphate, AMP
-Allosterically inhibited by ATP




Glycolysis

# Covalent modification:

The pyruvate kinase (PK) is regulated by covalent
modification (phosphorylation / dephosphorylation)

* Phosphorylated pyruvate kinase is inactive and inhibits
glycolysis

* Insulin 1 its’ activity by dephosphorylation

* Dephosphorylated pyruvate kinase is active leading to stimulation of
glycolysis

* Glucagon { its’ activity by phosphorylation through
action of cAMP



Glycolysis

Regulation of glycolysis according to the feeding
status

e Carbohydrates feeding:

Intake of carbohydrates stimulates insulin secretion which leads to:

* Increase glucose uptake by tissues

. Gcljgcose transporter-4 (GluT4) transports glucose from the extracellular fluid to muscle cells and
adipocytes

* Increase synthesis of GK, PFK & PK.
* Increase PK by dephosphorylation. So, carbohydrates feeding stimulate Glycolysis.

 Fasting (starvation): It leads to:
1Decrease insulin and decrease glucose uptake by tissues

2-Increase glucagon and adrenaline leads to:

* Decrease synthesis of GK, PFK &PK.
* Decrease PK by phosphorylation. So, fasting inhibits glycolysis.



Table 9.3. Regulatory enzymes of glycolysis

Enzyme Activation Inhibition

HK G-6-P

GK Insulin Glucagon

PFK Insulin, AMP Glucagon, ATP
F-6-P, PFK-2 Citrate, Low pH
F2,6-BP Cyclic AMP

PK Insulin, F1,6-BP Glucagon, ATP

Cyclic AMP
PDH CoA,NAD Acetyl CoA, NADH

Glycolysis



3. Which of the following pathways is least
expected to be active during fasting?

A. TCA cycle
B. Lipolysis
C. Gluconeogensis

D. HMP pathway
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4. In the fed state, all tissues produce
energy by oxidation of?

A. Glucose
B. Fatty acids
C. Ketone bodies

D. Lactic acid
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TABLE 8.3: Major fuels In different organs

Brain Skeletal Cardiac Adipose
muscle muscle tissue

Afterameal Glucose  Glucose, Glucose, Fatty aclds;
Fattyacilds pyruvate  glucose

Fasting Glucose  Fattyaclds Fattyacids Fattyacids
(short-term)
Fasting Glucose;  Ketone Ketone Fatty aclds;
(long-term)  ketone bodies; bodies ketone
bodies Branched bodies
chain aa
Exercise Glycogen  Fattyacids
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5. In the fasting state, the liver uses less
glucose than in the fed state thanks to

A. Lack of insulin facilitation of glucose uptake
B. High km of glucokinase
C. Increased formation of acetyl coA

D. Inhibition of TCA cycle
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Step 1: Phosphorylation of glucose Giycolyss

* |nitiates glycolysis & intracellular trapping of intermediates

e Reaction is irreversible

Catalyzed by hexokinase (present in all cells) or glucokinase (in liver)*

* Requires Mg2+ as true substrate of enzyme is Mg2+-ATP complex

L | H
O=P=10=C

OH H
OH OH

ADP & .

++

Cllloea r— > Glucose-6-phosphate *Differ in catalytic and regulatory properties



Hexokinase Glucokinase
Occurrence In all tissues Only in liver
Kmvalue 102 mmol/L 20 mmol/L
Affinity to High Low
substrate
Specificity Acts on glucose, Acts only on
fructose and glucose
mannose
Induction Not induced Induced by insulin
and glucose
Function Even when blood Acts only when

sugar level is low,
glucose is utilized
by body cells

blood glucose
level is more than
100 mg/dl; then
Glucose is taken up
by liver cells for
glycogen synthesis

Glycolysis



6. Excess acetyl coA from fatty acid
oxidation in the liver cells during fasting

A. |s converted to ketone bodies
B. Activates pyruvate carboxylase, thus activating gluconeogenesis
C. Inhibits glycolysis

D. All of the above
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PK = pyruvate Kinase; LDH = lactate dehydrogenase; ALT = alanine
amino transferase; PDH = pyruvate dehydrogenase; PC = pyruvate
carboxylase, MDH = malate dehydrogenase; AST = aspartate

amino transferase: PEPCK = phosphoenol pyruvate carboxy kKinase |




Table 9.3. Regulatory enzymes of glycolysis

Enzyme Activation Inhibition

HK G-6-P

GK Insulin Glucagon

PFK Insulin, AMP Glucagon, ATP
F-6-P, PFK-2 Citrate, Low pH
F2,6-BP Cyclic AMP

PK Insulin, F1,6-BP Glucagon, ATP

Cyclic AMP
PDH CoA,NAD Acetyl CoA, NADH

Glycolysis



Third Stage: Lipolysis

The prevailing state of high glucagon-insulin ratio stimulates
cAMP-mediated lipolysis by increasing the activity of
hormone sensitive lipase. Then skeletal muscle. heart and
kidney will shut down their glucose utilization: and will
depend mainly on fatty acids for energy needs (glucose
fatty acid cycle). Inactivation of pyruvate dehydrogenase by
phosphorylation is the basis of this change. The stimulation
of the activity of CAT by glucagon favors increased rate
of beta oxidation. The increased rate of lipolysis and beta
oxidation provides an alternate source of fuel as acetyl CoA
and subsequently ketone bodies. Ketone bodies provide
fuel for tissues like heart muscle. skeletal muscle and to
some extent the brain.




gluconeogenesis

Regulation of gluconeogenesis

* Gluconeogenesis and glycolysis are reciprocally regulated
* Inhibition of glycolysis = stimulation of gluconeogenesis

* 4 key enzymes of gluconeogenesis:

* Pyruvate carboxylase (PC)

* Phosphoenolpyruvate carboxykinase (PEPCK)

* Fructose 1, 6 —Bisphosphatase (F-1, 6-BPtase; the key enzyme)
* Glucose-6-phosphatase (G-6-Ptase)

* Types of regulation

* Allosteric regulation
 Hormonal regulation



gluconeogenesis

Allosteric regulation: Pyruvate carboxylase

* Allosterically activated by acetyl coA according to different conditions:

* Low energy status of cell 2 important to replenish oxaloacetate for directing TCA to
provide ATP

* Hypoglycaemia = acetyl coA produced from lipolysis & B oxidation of FAs:
* Promotes oxaloacetate synthesis (gluconeogenesis)
* Inhibits pyruvate dehydrogenase = blocks consumption of pyruvate

* High energy status of cells (excess CHO) = 1 acetyl coA - 1 in oxaloacetate (via
stimulation of pyruvate carboxylase) - to form citrate > enables FAsynthesis



gluconeogenesis

Allosteric regulation: fructose 1,6 biphosphatase

* The key enzyme of gluconeogenesis: F-1, 6-Bisphosphatase
which is allosterically inhibited by F-2, 6-BP

* Fructose-2, 6-Bisphosphate: [F-2, 6—BP] is formed by
phosphorylation of F-6-P by the enzyme
phosphofructokinase—2 (PFK-2)



gluconeogenesis

* Fructose-2, 6-Bisphosphate plays an important role in
regulation of glycolysis and gluconeogenesis.

* CHO feeding —T7T F-2, 6-BP —
— it allosterically stimulates PFK-1 and

— inhibits F-1, 6-BPtase — stimulates Glycolysis and inhibits
Gluconeogenesis

— So, glycolysis and Gluconeogenesis can’t occur at the same
time.



gluconeogenesis

Frudose-16-




gluconeogenesis

Hormonal regulation

* Glucagon, epinephrine & glucocorticoids 1 gluconeogenesis:
* Induce synthesis of 4 key gluconeogenic enzymes

» Pyruvate carboxylase, PEPC, G-6- phosphatase, F 1,6 bisphophatase
» Repression/ inhibition of 3 key glycolytic enzymes (pyruvate kinase, PFK-1, glucokinase)
« Promote lipolysis - 1 fee FA > 1 acetyl coA - activates pyruvate carboxylase

* Release of glycerol - gives glucose in liver

* Glucocorticoids:
« promotes proteolysis of muscle protein - release of free AA - oxidation of AA - intermediates for gluconeogenesis
* Induces transaminases

 Insulin = inhibits gluconeogenesis
» Repressor of gluconeogenic enzymes
 Inducer of glycolytic enzymes



Fructose-6-phosphate
* (+) Citrate (+) AMP AR
Fructose-1, 6-bis- (+) F-2, 6-P PFK
phosphatase ] (-) AMP () ,(\:Tpt
S F- -) Citrate
H,0 (-) F-2, 6-P (-) Ci ADP

Fructose-1, 6-bisphosphate

gluconeogenesis

Table 9.8. Regulatory enzymes of
gluconeogenesis (compare with Table 9.3)

Fig. 9.32. Reciprocal regulation of PFK (glycolytic
enzyme) and Fructose-1,6-bisphosphatase
(gluconeogenic enzyme)

Enzyme Activation Inhibition

PC Cortisol, Glucagon Insulin, ADP
Adrenalin, Acetyl CoA

PEPCK do Insulin

F-1,6-bis-1 do F-1,6-BP,

phosphatase AMP

F-2,6-BP
G-6-phos- do Insulin

phatase



/. During fasting, fat cells oxidise

A. Fatty acids
B. Glycerol
C. Glucose

D. All of the above
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TABLE 8.3: Major fuels In different organs

Brain Skeletal Cardiac Adipose
muscle muscle tissue

Afterameal Glucose  Glucose, Glucose, Fatty acids;
Fatty acids pyruvate  glucose

Fasting Glucose  Fattyaclds Fattyacids Fattyacids
(short-term)
Fasting Glucose;  Ketone Ketone Fatty acids;
(long-term)  ketone bodies; bodies ketone
bodies Branched bodies
chain aa

Exercise Glycogen  Fattyacids




8. During long-term fasting, the rate of
gluconeogenesis is controlled by

A. cAMP in liver cells
B. Insulin : glucagon ratio
C. Availability of alanine in the blood

D. Availability of free fatty acids
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Gluconeogenesis: Definition

* Metabolic process by which glucose in synthesised from non-

carbohydrate precursors:

* Lactate
* Glucogenic amino acids (major source of glucose after glycogen is depleted)

* Glycerol (part of TAG)
* Odd chain fatty acids (rare); Propionyl coA (minor source)




Glucose-Alanine cycle

* Alanine is transported from muscle to liver,
transaminated = pyruvate = glucose

Glucose

* Glucose can enter glycolytic pathway to form
pyruvate which is transaminated = alanine

/ (2) Urea gluconeogenesis

(2) -NH,* (2) Pyruvate
* Glucose-alanine cycle is of primary importance in
conditions of starvation

glutamate

\ ™ 2-oxoglutarate

(2) Alanine -

* Importance

* Transfer if 3C of pyruvate to the liver to give glucose

* Transfer of NH3 in non-toxic form from muscle to liver to be
converted to urea

* Related to Cori cycle

Hepatocyte Muscle cell



Second Stage: Gluconeogenesis

Even before the glycogen stores are depleted. gluco-
neogenesis 1s accelerated (Figs 8.3 and 8.4). The amino
acids released from muscle form the major substrate for
gluconeogenesis. The amino nitrogen is transferred from
other amino acids to pyruvate to form alanine. Thus
the amino group reaches the liver as alanine where it is
transaminated to give pyruvate for gluconeogenesis. This
glucose alanine cycle (see Fig. 9.30) serves to transport the
amino nitrogen of other amino acids to liver in a harmless
form. Glutamic acid also serves as an important mode of
transport of amino acids to liver (see Chapter 15).

The branched chain amino acids liberated by muscle
protein catabolism especially leucine and isoleucine
are utilized by the muscle to give energy. Brain can
preferentially take up the glucogenic valine from the
bloodstream. The plasma level of branched chain amino
acids reaches a peak by 5th day of starvation.



9a. All of the following tissuesare capable of
using ketone bodies except

A. Brain
B. Heart
C. RBCs

D. Skeletal muscle
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9b. Which of the following can use glucose,
fatty acids and ketone bodies as fuel?
A. Brain

B. Liver
C. RBCs

D. Muscle
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TABLE 8.3: Major fuels In different organs

Skeletal
muscle

After a meal

Fasting

(short-term)

Fasting
(long-term)

Exerclse

Brain

Glucose

Glucose

Glucose;
ketone

bodies

Glucose,
Fatty acids

Fatty acids

Ketone
bodies;

Branched
chain aa

Glycogen

Cardiac
muscle

Glucose,
pyruvate

Fatty acids

Ketone
bodies

Fatty acids

Adipose
tissue

Fatty acids;
glucose

Fatty acids

Fatty acids;
ketone

bodies




10. The rate of muscle proteolysis
decreases by long term fasting due to

A. Utilization of ketone bodies by the brain and decreased need for
gluconeogenesis

B. Saturation of the urea cycle
C. Inability to get rid of glutamine

D. Availability of fatty acids as an energy source
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vi. Brain and starvation: During starvation. a significant
part (60—70%) of the energy requirement of the brain
1s met by ketone bodies (Fig. 8.1).

In long-term starvation, a major site of glutamine metabolism is the kidney, since the
excretion of ketone bodies requires as a counterion formed from ammonia produced
by glutaminase. The resulting glutamate is utilized for renal gluconeogenesis, the
activity of which is quantitatively equivalent to that of liver.
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