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                                                      Metabolism 

 

* Introduction: 
         

         Most of the foods and drinks people ingest are complex materials that 

the body must break down into simpler substances. This process may involve 

several steps. The simpler substances are then used as building blocks, 

which are assembled into the materials the body needs to sustain life. The 

process of creating these materials may also require several steps. The major 

building blocks are carbohydrates, proteins, and fats (lipids). This complicated 

process of breaking down and converting the substances ingested is called 

metabolism. 

The metabolic pathways fall into three categories: (1) Anabolic 

pathways are those involved in the synthesis of compounds. Protein 

synthesis is such a pathway, as is the synthesis of fuel reserves of 

triacylglycerol and glycogen. Anabolic pathways are endergonic. (2) 

Catabolic pathways are involved in the breakdown of larger molecules, 

commonly involving oxidative reactions; they are exergonic . (3) Amphibolic 

pathways occur at the "crossroads" of metabolism, acting as links between 

the anabolic and catabolic pathways, eg, the citric acid cycle. 

Metabolism is carried out by chemical substances called enzymes, which are 

made by the body. If a genetic abnormality affects the function of an enzyme 

or causes it to be deficient or missing altogether, various disorders can occur.  

Carbohydrate Metabolism 
 

Objectives  

•  study utilization of glucose and other carbohydrates in the body  

•  study the various mechanisms and fate of glucose in the body  

•  study the energetics of the various mechanisms 
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*Fates of dietary glucose 

       The major source of dietary carbohydrate for humans is starch from 

consumed plant materials. This is supplemented with a small amount of 

glycogen from animal tissue, disaccharides such as sucrose from products 

containing refined sugar and lactose in milk.  

Digestion in the gut converts all carbohydrate to monosaccharides which are 

transported to the liver and converted to glucose. The liver has a central role 

in the storage and distribution within the body of all fuels, including glucose. 

 

Glucose in the body undergoes one of three metabolic fates :  

 1- It is catabolised to produce ATP  

This occurs in all peripheral tissues, particularly in brain, muscle and kidney.  

 2- It is stored as glycogen  

This storage occurs in liver and muscle.  

 3- It is converted to fatty acids  

Once converted to fatty acids, these are stored in adipose tissue as 

triglycerides.  

 

 

Digestion of Carbohydrates  

Dietary carbohydrates principally consist of the 

polysaccharides: starch and glycogen. It also contains 

disaccharides: sucrose,  lactose, maltose and in small amounts 

monosaccharides like fructose and pentoses. Liquid food materials 

like milk, soup, fruit juice escape digestion in mouth as they are 

swallowed, but solid foodstuffs are masticated thoroughly before 

http://www.unisanet.unisa.edu.au/08365/h&p1bmol.htm#polysacch
http://www.unisanet.unisa.edu.au/08365/h&p1bmol.htm#polysacch
http://www.unisanet.unisa.edu.au/08365/h&p1bmol.htm#disacch
http://www.unisanet.unisa.edu.au/08365/h&p1ener.htm#atp
http://www.unisanet.unisa.edu.au/08365/h&p1bmol.htm#lipid
http://www.unisanet.unisa.edu.au/08365/h&p1bmol.htm#trig
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they are swallowed. 

1. Digestion in Mouth  

Digestion of carbohydrates starts at the mouth, where they 

come in contact with saliva during mastication. Saliva contains a 

carbohydrate splitting enzyme called salivary amylase (ptyalin). 

Action of ptyalin (salivary amylase)  

It is α - amylase, requires Cl- ion for activation and optimum 

pH 6-7. The enzyme hydrolyzes α-(1,4) glycosidic linkage at 

random, from molecules like starch, glycogen and dextrins, 

producing smaller molecules maltose, glucose and disaccharides 

maltotriose. Ptyalin action stops in stomach when pH falls to 3.0 

                                        

Starch or glycogen   Glucose, Maltose  

                                                                         and Maltotriose 

2. Digestion in Stomach  

No carbohydrate splitting enzymes are available in gastric juice. 

HCl may hydrolyze some dietary sucrose to equal amounts of 

glucose and fructose. 

3. Digestion in Duodenum  

Food reaches the duodenum from stomach where it meets the 

pancreatic juice. Pancreatic juice contains a carbohydrate-splitting 

enzyme pancreatic amylase. 
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Action of pancreatic Amylase  

It is also an  α - amylase, optimum pH 7.1. Like ptyalin it also 

requires Cl- for activity. The enzyme hydrolyzes  α-(1,4) glycosidic 

linkage situated well inside polysaccharide molecule. Other criteria 

and end products of action are similar of ptyalin. 

1.  Digestion in Small Intestine   

Action of Intestinal Juice   

    a. pancreatic amylase:  

It hydrolyzes terminal  α-(1,4), glycosidic linkage in polysaccharides 

and Oligosaccharide molecules liberating free glucose molecules.  

    b. Lactase  

It is a  β- glycosidase, its pH range is 5.4 to 6.0. Lactose is 

hydrolyzed to glucose and galactose. 

Lactose     Glucose + Galactose 

Lactose Intolerance  

Lactose is hydrolyzed to galactose and glucose by lactase in 

humans (by  β- Galactosidase in Bacteria).Some adults do not have 

lactase.Such adults cannot digest the sugar.It remains in the 

intestines and gets fermented by the bacteria. The condition is called 

as Lactose intolerance.  

Such patients suffer from watery diarrhea, abnormal intestinal 
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flow and chloeic pain. They are advised to avoid the consumption of 

Lactose containing foods like Milk. 

C. Maltase  

The enzyme hydrolyzes the  α -(1,4) glycosidic linkage between 

glucose units in maltose molecule liberating two glucose molecules. 

Its pH range is 5.8 to 6.2. 

Maltose       Glucose + Glucose 

D. Sucrase  

PH ranges 5.0 to 7.0. It hydrolyzes sucrose molecule to form glucose 

and fructose. 

Sucrose    Glucose + fructose 

 Absorption of Carbohydrates   

Products of digestion of dietary carbohydrates are practically 

completely absorbed almost entirely from the small intestine.   

Absorption from proximal jejunum is three times grater than that 

of distal ileum. It is also proved that some disaccharides, which 

escape digestion, may enter the cells of the intestinal lumen by 

“pinocytosis” and are hydrolyzed within these cells. No carbohydrates 

higher than the monosaccharides can be absorbed directly in to the 

blood stream.   
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Mechanism of Absorption: Two mechanisms are involved:   

1. Simple Diffusion  

This is dependent on sugar concentration gradients between the 

intestinal lumen. Mucosal cells and blood plasma. All the 

monosaccharides are probably absorbed to some extent by simple 

‘passive’ diffusion. 

2. “Active “Transport Mechanisms  

•  Glucose and galactose are absorbed very rapidly and hence it has 

been suggested that they are absorbed actively and it requires 

energy.  

•  Fructose absorption is also rapid but not so much as compared to 

glucose and galactose but it is definitely faster than pentoses. Hence 

fructose is not absorbed by simple diffusion alone and it is suggested 

that some mechanism facilitates its transport, called as” facilitated 

transport”. 

Glucose catabolism 

Glucose will be oxidized by all tissues to synthesis ATP. The 

first pathway which begins the complete oxidation of glucose is 

called glycolysis.  

Glycolysis 

This pathway cleaves the six carbon glucose molecule 

(C6H12O6) into two molecules of the three carbon compound 

pyruvate (C3H3O3
-). This oxidation is coupled to the net production 

of two molecules of ATP/glucose.  

The diagram below shows an outline of glycolysis. 
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One oxidation reaction occurs in the latter part of the pathway. 

It uses NAD as the electron acceptor. This cofactor is present only 

in limited amounts and once reduced to NADH, as in this reaction, 

it must be re-oxidized to NAD to permit continuation of the 

pathway.  

This re-oxidation occurs by one of two methods : 

Anaerobic glycolysis  

 pyruvate is reduced to a compound called lactate  

This single reaction occurs in the absence of oxygen 

(anaerobically) and is ideally suited to utilization in heavily 

exercising muscle where oxygen supply is often insufficient to 

meet the demands of aerobic metabolism. The reduction of 

pyruvate to lactate is coupled to the oxidation of NADH to NAD. 

 * Aerobic metabolism of glucose 

 pyruvate is transported inside mitochondria and oxidized to 
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a compound called acetyl coenzyme A (abbreviated to 

"acetyl CoA"). This is an oxidation reaction and uses NAD as 

an electron acceptor. 

By a further series of reactions collectively called the citric 

acid cycle, acetyl CoA is oxidized ultimately to CO2. These 

reactions are coupled to a process known as the electron 

transport chain which has the role of harnessing chemical bond 

energy from a series of oxidation/reduction reactions to the 

synthesis of ATP and simultaneously re-oxidizing NADH to NAD. 

 

http://www.unisanet.unisa.edu.au/08366/h&p2intr.htm#oxid
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Fast twitch muscle fibers utilize the first of the two 

mechanisms described above almost exclusively. Very heavily 

exercising muscle can use this pathway as the sole source of ATP 

synthesis for a short period of time. This probably evolved in 

humans as a defense mechanism, but is now used by athletes in 

sprint events.  

The formation of lactate as an end product from glucose 

extracts only a relatively small amount of the bond energy 

contained in glucose. Accumulation of lactate (actually lactic acid) 

also causes a reduction in intracellular pH.  

The lactate formed is removed to other tissues and dealt with 

by one of two mechanisms :  

 1- It is converted back to pyruvate  

The pyruvate then proceeds to be further oxidized by the second 

mechanism described above, finally producing a large amount of 

ATP.  

 2- It is converted back to glucose in the liver.  
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Gluconeogenesis 

The process of conversion of lactate to glucose is called 

gluconeogenesis, uses some of the reactions of glycolysis (but in 

the reverse direction) and some reactions unique to this pathway 

to re-synthesis glucose. This pathway requires an energy input (as 

ATP) but has the role of maintaining a circulating glucose 

concentration in the bloodstream (even in the absence of dietary 

supply) and also maintaining a glucose supply to fast twitch muscle 

fibers.  

   

Cori cycle 

It can be shown by a complex calculation of energy yields that 

this process of partially oxidizing glucose to lactate in muscle, 

transporting it to the liver for conversion back to glucose and then 

re-supplying it to muscle, actually has a much higher energy yield 

than the 2 ATP/glucose produced by glycolysis alone. This co-

operative cycle utilizing both the muscle and liver tissue is called 

the Cori cycle. The process is shown in a diagram below.  
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Both of these mechanisms illustrate the interdependence of tissues 

on each other and the co-operative activities between organs 

which make up the total of the body's metabolic activities.  

 

  

Glycogen and glucose interconversion 

Glycogen is a highly branched polymer of glucose. 

The high degree of branching (about every twelve 

glucose residues) produces a molecule which is 
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compact and thus can be efficiently stored in the limited 

space available in liver and muscle tissue. 

Even though the branching is designed to make the 

molecule compact, it is still a polar molecule and thus 

must be stored with associated water. It is stored as 

aggregates of glycogen molecules within cells (visible 

microscopically as glycogen granules) with up to 70% of 

the aggregate being water.  

  

Glycogen stores 

  Organ mass Glycogen (g/kg tissue) Total glucose 

Liver 1.6 kg 65 ~100 g 

Muscle 28 kg 14 ~400 g 

  

The amount of glycogen in muscle changes 

substantially between the fed state and following heavy 

exercise. The amount of glycogen stored in the liver is 

more constant and only falls substantially after 

prolonged starvation.  

In both muscle and liver there is interconversion 

between the monomer glucose and the polymer 

glycogen. This has the potential to be a futile cycle 

wasting energy if the interconversion occurred 

continuously; thus it is controlled to meet the body's 

glucose requirements at a particular time.  
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Hormonal control of glycogen metabolism 

The control which operates is via different enzymes 

catalyzing the synthesis and breakdown (degradation) of 

glycogen. The activity of these enzymes is controlled 

such that only one is active at any one time and thus the 

pathway can proceed in only one direction - either 

towards glycogen synthesis or towards glycogen 

breakdown and mobilization of free glucose.  

The control is exerted by hormones acting to control 

the activity of the key enzymes. There are some 

differences in the hormone action in liver and muscle.  

  

HORMONE Source Target tissue  Action 

Glucagon Pancreas Liver Stimulates glycogen breakdown 

Adrenaline Adrenals Muscle Stimulates glycogen breakdown 

Insulin Pancreas Liver and Muscle Stimulates glycogen synthesis 

  

 

Utilization of glucose in the fed and fasting states 

  

Glucose utilization after a meal  

A high circulating glucose concentration is present 

after a meal. Carbohydrate is digested and the glucose 

absorbed into the blood stream. Insulin is secreted in 

response.  

http://www.unisanet.unisa.edu.au/08365/h&pchre.htm#enzymes
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Insulin :  

 stimulates uptake of glucose into both muscle and liver  

 stimulates increased glycogen synthesis in both muscle and liver  

This is achieved by activation of the key synthesis enzymes.  

The amount of glycogen which can be stored in these two tissues 

is limited and once the stores are saturated, excess glucose will 

be diverted to the synthesis of fats . 

  

Maintenance of blood glucose between meals  

When there is no dietary glucose intake (between meals), 

circulating glucose concentration must be maintained.  

The pancreas secretes more glucagon and less insulin.  

The glucagon :  

 stops liver glycogen synthesis (by deactivating the synthesis 

enzymes)  

 increases liver glycogen breakdown (by activating the degradation 

enzymes)  

 stimulates gluconeogenesis in the liver to further increase the 

circulating blood glucose concentration  

These mechanisms maintain an appropriate circulating blood 
glucose to supply tissues such as the brain which are major 
glucose consumers but do not store glycogen.  

  

Supply of glucose to exercising muscle 

Increasing muscle activity requires adequate fuel supply for ATP 
synthesis by muscle.  

When muscle activity is anticipated, the adrenal glands secrete 
adrenaline.  

Adrenaline increases muscle glycogen degradation (by activating 
the breakdown enzymes and de-activating the synthesis 
enzymes).  
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When muscle activity ceases, adrenaline secretion is switched off. 
When glucose becomes available again after a meal glycogen 
stores in muscle are replenished. Glucose can only be supplied to 
muscle cells either by utilizing stored muscle glycogen or supply 
from the liver via the bloodstream.  

Muscle does not carry out gluconeogenesis.  

 

Glycogen metabolism in liver and muscle 

Energy yield from glycogen breakdown 

The energy yield from the hydrolysis of stored glycogen and the 
subsequent oxidation of the released glucose is the same in 
muscle and liver.  

When glycogen is hydrolyzed, the product is glucose 1-
phosphate. This is easily converted to glucose 6-phosphate (these 
are molecules with the phosphate group attached to different 
carbon atoms on the glucose). Glucose 6-phosphate is the first 
product in the glycolysis pathway and its formation from glucose 
requires the expenditure of 1 ATP molecule/glucose.  

As glucose 6-phosphate is formed directly from glycogen 
hydrolysis, glucose that is derived from glycogen and enters the 
glycolysis pathway (rather than starting as monomeric glucose) 
yields a net production of 3 ATP/glucose rather than just 2. This is 
a 50% increase in yield.  

  

Role of glucose 6-phosphatase 

Muscle and liver have different metabolic needs. Liver supplies 
other organs with glucose so must be able to export glucose 
released from glycogen hydrolysis. Muscle is a major consumer of 
glucose and thus does not export glucose.  

Glucose 6-phosphate formed as described in the previous section 
is highly polar and cannot cross the cell's cytoplasmic membrane. 
To leave the cell it must be converted to glucose. This reaction is 
catalyzed by an enzyme, glucose 6-phosphatase.  

glucose 6-phosphate  glucose + phosphate  
glucose 6-phosphatase  

Liver possesses this enzyme, so glucose released from liver 
glycogen can be exported to other tissues.  

It is very important to be aware that muscle does not possess 
glucose 6-phosphatase so it does not export glucose released 
from its glycogen stores, but rather uses it as a fuel to power 
muscle contraction.  

 

Conversion of excess glucose to fat 

Sustained high glucose intake in the diet leads to increased fat 
synthesis.  
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If glucose intake continues after muscle and liver glycogen stores 
are saturated, the glucose is not excreted or wasted. It is 
converted to a fuel storage form which has an unlimited capacity 
i.e. triglycerides stored in adipose tissue.  

Glucose is converted to pyruvate by glycolysis. The pyruvate is 
converted to acetyl CoA, which is the starting material for the 
synthesis of fatty acids. This synthesis occurs in the liver followed 
by conversion of the fatty acids to triglycerides (also in the liver) 
and then transport to adipose tissue for storage. Triglycerides (fat) 
form the major energy store in the body. The mechanism of fatty 
acid synthesis will be discussed under the heading of fat 
metabolism.  

 

 

 

 

 

 

 

Summary of carbohydrate metabolism 

The pathways used in carbohydrate metabolism are shown in the following 
diagram.  

http://www.unisanet.unisa.edu.au/08365/h&p1bmol.htm#trig
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