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Metabolism with Clinical Correlations 

CARBOHYDRATE METABOLISM 



DIGESTIVE MECHANISM FOR 

CARBOHYDRATES 

1. In the oral cavity - the salivary α-amylase  

- a single polypeptide chain, stabilized by calcium, activated 

by Cl-, optimum pH 6.8-7.1 

- endoamylase that acts on α-1,4-glycoside bond in dietary 

starch and glycogen resulting α-limit dextrines (branched 

polyglucides with lower molecular mass than the one of 

starch), maltose and a small amount of glucose. 

Dietary diglucides  (saccharose, lactose, trehalose of fungal 

origin) are not cleaved in the oral cavity 

 

2. In the stomach – salivary amylase is inactivated by the 

gastric juice acidic components 

 



DIGESTIVE MECHANISM FOR 

CARBOHYDRATES 
3. In the intestine –  

• Pancreatic α-amylase continues the hydrolysis of starch 
and glycogen to limit-dextrines and maltose  

• Pancreatic olygo-α-1,6-glucosidase hydrolyses the limit- 
dextrin to cleave the α-1,6-glucoside bonds (at branch 
points) 

• Intestinal olygosaccharidases and  

• Disaccharidases act in the intestinal wall: 

α-diglucosidases: maltase (maltose → 2 α-Glu) 

β-diglucosidases: galactosidase=lactase (lactose→ β-
Gal+α-Glu) 

The end product are monoses (glucose, fructose, galactose), 
uronic acids, aminoglucides, mannose, fucose, xylose (from 
glycoproteins and glycolipids), ribose and deoxyribose (from 
the nucleic acids) inositol (phosphatidylinositol) 



ABSORPTION OF MONOSES 

Secondary active mechanism, mediated by a special 

carrier, Na+ dependent 

Absorption rates differ: Gal is absorbed at the higher 

rate than Glu  

Intestinal wall → portal vein → liver → blood → 

tissues 



ABSORPTION OF MONOSES 

In the liver 

 

 

 

 

 

 

 

 

 

Major consumers of glucose are the liver, the brain, the 
muscles 

From absorbed glucose:  

– 65% used to generate energy,  

– 30% to synthesize fat and  

– 5% to synthesize glycogen 

Fructose + ATP

Glucose + ATP

Galactose + ATP

F-6-P

Gal-6-P

fructokinase

galactokinase

G-6-P
glucokinase

ADP

ADP

ADP
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H3PO4



NORMAL BLOOD GLUCOSE LEVEL 

(GLYCEMIA) 
Glycemia = 60-110mg/dl 

Rises after a meal and falls to fasting level  

If the level falls below 60 mg/dl = hypoglycemia 

 (danger for the brain cells and other cells depending on 

glucose for nourishment) 

If the level rises above 120mg/dl = hyperglycemia 

The liver is the key organ for regulating the glycemia. After 

the meal, glucose  

– can be converted to glycogen or triacylglycerides and steroids 

– can be catabolyzed to generate ATP and heat 

Glycemia represents the result of the balance between the 

cellular intake, storage and catabolism 

 



DISTURBANCES IN CARBOHYDRATE 

DIGESTION 
Congenital or aquired  

Intolerance to carbohydrates:  

– starch (deficiency of α-amylase),  

– maltose (maltase deficiency)  

– lactose (deficiency of lactase) when baby is breast fed 

and the ingested lactose exceeds the lactase ability to 

hydrolyze it; the lactose rested nonhydrolyzed causes 

intestinal disorders and favors the development of 

microflora; this deficiency may develop with age. 

 



THE CATABOLISM 

GLYCOLYSIS (EMBDEN-MEYERHOFF-PARNAS 

PATHWAY) 
The glycolysis or lactic acid fermentation is the anaerobic 
degradation of glucose to 2 molecules of lactic acid 

 

 

 

11 separate steps of glycolysis form a chain of functionally 
related enzymes (multienzymes functional system) in which 
the product of a reaction catalyzed by one enzyme serves 
as substrate for the enzyme in the next step 

The glycolytic enzymes exist outside the mitochondria, in a 
dissolved state or loosely bound to the endoplasmic 
reticulum membrane 

Exergonic process = the energy is accumulated in ATP 
phosphate bonds 

C6H12O6

anaerobic glycolysis
CH3 CH COOH

OH

2 + 2 ATP



GLYCOGENOLYSIS 

In mammalian cells the glycogen is a reserve carbohydrate, in the cytoplasm 
of cells, as granules of 10-40 nm diameter, containing enzymes necessary 
to synthesize and degrade the glycogen and regulate these processes. 

The degradation = glycogenolysis takes place in the liver 

Phosphorolysis of glycogen is catalysed by  
– glycogenphosphorylase or phosphorylase  (α and β) acts on α-1,4-

glycoside bond in the linear chain of glycogen, beginning at the 
nonreducing end, producing glucose-1-P and dextrin; 

– when 4 glucose units remain on a branch, a debranching enzyme moves 
the 3 outer units of the limit branch to the nonreducing end of another 
branch to be available for removal by glycogen phosphorylase; 

– the last glucose unit of the original branch is attached to glycogen through 
an α-1,6-glycosidic bond; the debranching enzyme hydrolyses this final 
glycosidic bond 

– G-1-P is conversed to G-6-P in the presence of phosphoglucomutase  

– G-6-P remains in the cell where it was created 

 in the muscle G-6-P enters in the glycolysis 

 in the liver, intestine and kidney G-6-P-ase removes the phosphate 
group generating glucose that can enter the blood for delivery to cells 
that need it 
Hydrolysis (amylolysis) proceeds under the action of amylase 



ANAEROBIC 

GLYCOLYSIS and 

GLYCOGENOLYSIS 
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ANAEROBIC  

GLYCOLYSIS and 

GLYCOGENOLYSIS 

ENERGY BALANCE 

Glycolysis:  
+ 4 ATP formed 
-  2 ATP used 
= 2 ATP/glucose 

Glycogenolysis: 
+ 4 ATP formed 
-  1 ATP used 
= 3 ATP/glucose 
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AEROBIC GLYCOLYSIS 
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ANAEROBIC STAGE 
Glucose + 2 ATP + 2 H3PO4 + 2 NAD+ →  

2 pyruvic acid + 4 ATP + 2 NADH+H+ 

 

AEROBIC STAGE 

1. Pyruvic acid + CoA-SH + NAD+→  

     acetyl-CoA + CO2 + NADH+H+ 

 
2. Tricarboxylic acid (TCA) cycle  = citric acid cycle 

= KREBS CYCLE:  
 integrative function (unifies carbohydrate, lipid 

and protein metabolic pathways) 
 amphibolic function (catabolism of acetyl CoA 

and anabolism of other materials) 
 energetic function (1 ATP per cycle) 
 hydrogen donating function (reduced 

coenzymes NADH+H+, FADH2) 



AEROBIC 

GLYCOLYSIS 

ENERGY BALANCE 

ANAEROBIC STAGE: 
-  2 ATP used 
+ 4 ATP generated 
+ 2 NADH+H+ formed 

AEROBIC STAGE 
2 NADH+H+ formed 
2 KREBS CYCLE – each cycle  
produce: 
    3 NADH+H+ 

    1 FADH2 

    1 GTP→ ATP 
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2 Pyruvic acid

AEROBIC GLICOLYSIS
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TISSUE RESPIRATION AND OXIDATIVE 

PHOSPHORILATION 

Hydrogen is the major fuel for energy generation 

In the mitochondria the flow of electrons from hydrogen is 

channeled towards the terminal acceptor, oxygen. This 

results in formation of water (the end product of tissue 

respiration) 

 

 

 

 

The general reaction of respiratory chain is: 

Reduced coenzyme (H2) → 2H+ + 2 e- + oxidized coenzyme 

½ O2 + 2 e- → ½ O2
2- 

2H+ + ½ O2
2- → H2O + Energy (ATP) 

 

S-H2 NADH+H
+

FADH2 CoQH2 cyt b cyt c1 cyt c cyt a+a3 1/2 O2
2-

H2 H2 H2 2e
- 2e

-
2e

- 2e
- 2e

-

2 H
+

H2O 1/2 O2
2-



The respiratory chain is made up of proton and electron 
carriers: 

1. Transport of hydrogen from reduced coenzymes 

– NADH+H+ formed by the action of NAD-dependent dehydrogenases 
on a substrate (isocitrate, 2-oxoglutarate, malate) or  

– FADH2 formed by the action of FAD dependent dehydrogenase on a 
substrate (succinate) 

– To Coenzyme Q (ubiquinone) 

 

 

 

 

 

     oxidized from (CoQ)     reduced form (CoQH2) 

2. Transport of electrons is performed by cytochromes b, c1, c, a and a3 
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OXIDATIVE PHOSPHORYLATION 

The mechanism for energy generation by transfer of electrons and 
protons from a substrate to oxygen 

It is the coupling of the respiratory chain with phosphorylation  

ADP + H3PO4 → ATP + H2O 

The P/O ratio (phosphorylation ratio) = number of ATP/number of O  

 is a measure for respiration-phosphorylation coupling. 

– P/O for NADH+H+    = 3/1 = 3 1 NADH+H+  = 3 ATP 

– P/O for FADH2    = 2/1 = 2 1 FADH2  = 2 ATP 
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AEROBIC GLYCOLYSIS ENERGY BALANCE 

ANAEROBIC STAGE: 

-  2 ATP used (-1 ATP) 

+ 4 ATP formed                         8 ATP (9 ATP) 

+ 2 NADH+H+ formed = 6 ATP 

AEROBIC STAGE 

2 NADH+H+ formed =   6 ATP 

2 KREBS CYCLE: 

    3 NADH+H+=3x3= 9 ATP 

    1 FADH2 = 2 ATP                     12 ATP/CYCLE x 2 = 24 ATP 

    1 GTP→ ATP 

 

TOTAL 38 ATP /molecule of glucose in aerobic glycolysis 

   (39 ATP /molecule of glucose in aerobic glycogenolysis) 



THE CENTRAL ROLE OF GLUCOSE  

IN THE CARBOHYDRATE METABOLISM 

Interrelated metabolic pathways designed to use glucose efficiently and  
to ensure an adequate supply in the blood stream 
Glycogen

Glucose-1-P
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Pentose-phosphates 
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THE ANABOLISM  

GLYCOGEN SYNTHESIS (GLYCOGENESIS) 

Occurs when glycemia is high, allowing the excess glucose 

to be stored: 

– Liver glycogen regulates the glucose in the blood 

– Muscle glycogen is the source for ATP synthesis, needed by the 

active muscles 

Steps: 

– The conversion of G to G-6-P (catalyzed by hexokinase)  

– Conversion of G-6-P to G-1-P (catalyzed by phospho-G-mutase) 

– G-1-P is activated by UTP (G-1-P-uridyltransferase) forming UDP-G 

– UDP-G is added at the C4 hydroxyl group of a nonreducing end of 

the glycogen molecule (containing at least 4 glucose units); the 

reaction is catayzed by glycogen-synthase  

– Branches (α-1,6 bonds) are added by the transfer of several glucose 

units to an interior glucose unit (α-1,4-glucan-branching enzyme) 



GLUCONEOGENESIS 

It is necessary to maintain the adequate glucose concentration 

in the blood,  

– when the diet is deficient in glucose or  

– the needs are increased (as during fasting) 

It takes place in the liver and kidney 

It is the synthesis of glucose from noncarbohydrate precursors: 

Lactate from the anaerobic glycolysis 

Most aminoacids from the dietary proteins 

Glycerol from triacylglycerides 

The pathways are: 

Lactate and  glucogenic aminoacids (all except leucine and lysine) are 

converted to either pyruvate or oxaloacetate 

Glycerol is converted to glycerol-3-P (by glycerol kinase) that is transformed 

in dihydroxyacetone-P by glycerol-3-P dehydrogenase which enter 

glycogenogenesis 



GLUCONEOGENESIS 

It is influenced by the ATP concentration in the cell: 
– Low ATP inhibits gluconeogenesis and stimulates the reaction of 

acetyl-CoA with oxaloacetate to form citrate (Krebs cycle) 

– High ATP stimulates gluconeogenesis, decreasing the Krebs cycle 
activity and alowing the oxaloacetate to be available for 
gluconeogenesis 

The first reaction, the conversion of pyruvate to oxaloacetate 
takes place in the mitochondria 

All the reaction except the first occur in the cytosol. 

4 reactions use enzymes unique to gluconeogenesis:  
– pyruvate carboxylase,  

– phosphoenolpyruvate carboxykinase,  

– F-1,6-bisphosphatase 

– G-6-P-ase 

the rest of the reactions are the reversal of glycolysis and use 
the same enzymes as glycolysis;  



GLUCONEOGENESIS 

1. The conversion of pyruvate to oxaloacetate by addition of CO2 is 

catalyzed by pyruvate carboxylase, in the mitochondria 

This is the rate-limiting step of gluconeogenesis 

Biotin (vitamin) is the cofactor and carries the activated CO2  

ATP is hydrolyzed to ADP and Pi 

Acetyl-CoA increases the enzyme activity 

2. Oxaloacetate is reduced to malate (by MDH) that can cross the 

mitochondrial membrane to the cytosol; it is reoxidized to oxaloacetate. 

3. Oxaloacetate is decarboxylated and phosphorylated to phospho-

enolpyruvate (PEP) by PEP carboxykinase using GTP as high energy 

phosphate donor (GDP and CO2 result) 

4. PEP follows the reverse reactions of glycolysis 

5. F-1,6-bisP is converted to F-6-P by F-1,6-bisP-ase (its activity is 

regulated by AMP, citrate, F-2,6-bisP) 

6. F-6-P is converted to G-6-P by isomerisation 

7. G-6-P is converted to G by the hydrolysis by G-6-P-ase (present only in 

liver and kidneys) 



GLUCONEOGENESIS 

Glycolysis and gluconeogenesis are coordinately regulated 

so that both processes do not operate simultaneously. They 

are controlled by regulation of their enzymes and 

concentration of the substrate in the blood 

– For glycolysis - glucose 

– For gluconeogenesis - lactate, aminoacids, pyruvate, oxaloacetate 

and glycerol 

In the liver, the conversion of lactate (product of the 

anaerobic glycolysis in the muscles) into glucose is called 

Cori cycle (glucose-lactate cycle): 

– Lactate is transported to the liver  

– Lactate is transformed to pyruvate 

– Pyruvate is converted to glucose by gluconeogenesis 

– Glucose is transported  in the blood to the muscles where it is 

oxidized to  produce energy for muscle contraction 


