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Carbohydrates  

 Carbohydrates are polyhydroxy aldehydes or ketones and their derivatives. They have general 

molecular formula, Cn(H2O)n, hence the name carbohydrate since they contain hydrogen and 

oxygen in the same proportions as water,  they were originally thought to be hydrates of carbon 

hence the name CARBOHYDRATES. They are primarily produced by plants and form a very large 

group of naturally occurring organic substances. Some common examples are cane sugar, 

glucose, starch, etc. Carbohydrates are formed in the plants by photosynthesis from carbon 

dioxide and water in the presence of sunlight. 

   
 
 
 
 
                                       

Classification 

Carbohydrates are classified into following classes depending upon whether these undergo 
hydrolysis and if so on the number of products formed: 
Monosaccharides, Disaccharides, Trisaccharides, Oligosaccharides, Polysaccharides 

 Monosaccharides 

Molecules having only one sugar unit are called monosaccharides. They are simplest 
carbohydrates that cannot be hydrolyzed further into polyhydroxy aldehydes or ketone unit 
Sugars having aldehyde group are called aldoses and sugars with keto group are called ketoses. 
Monosaccharides can be classified further depending on the number of carbon atoms making up 
the units named as triose (C3), tetrose (C4), pentose (C5), hexose (C6), heptose (C7) and so 
on. 
Monosaccharide classifications based on the number of carbons 
  

Number of Carbons Category Name Examples 

3 Trioses  Hydroxyacetone, Glyceraldehyde  

4 Tetrose Erythrose, Threose, Erythrulose  
 

5 Pentose Arabinose, Ribose, Ribulose, 
Xylose, Xylulose, Lyxose 
 

6 Hexose Allose, Altrose, Fructose, 
Galactose, Glucose, Gulose, 
Idose, Mannose, Sorbose, Talose, 
Tagatose 
 

7 Heptose Sedoheptulose, Mannoheptulose 
 

 

                                                     Sunlight/Chlorophyll 
6CO2                   +     6H2O                     ⇌                              C6H12O6       +                6O2 

 Carbon                 Water Oxidation                   Glucose                  Oxygen 

 dioxide 
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Stereoisomerism  

Compounds having same structural formula but differing in spatial configuration (organization of 
groups of atoms in space) are known as stereoisomers. While writing the molecular formula of 
monosaccharides, the spatial arrangements of H and OH groups are important, since they contain 
asymmetric carbon atoms. Asymmetric carbon means four different groups are attached to the 
same carbon. The reference molecule is glyceraldehyde which has a single asymmetric carbon. 
 

 
 
The number of possible stereoisomers depends on the number of asymmetric carbon atoms by 
the formula 2n where n is the number of asymmetric carbon atoms. Most of the Isomers of the 
different monosaccharides are either stereo or functional Isomers.  

Reference carbon atom of sugars 

The configuration of H and OH at the second carbon of glyceraldehyde will form two mirror 
images, they are denoted as D and L varieties. All monosaccharides are molecules derived from 
glyceraldehyde by successive addition of carbon atoms. Therefore, the penultimate carbon atom 
is the reference carbon atom for naming the mirror images. This is also referred to as absolute 
configuration. 

Optical activity 

The presence of asymmetrical carbon atom causes optical activity. When a beam of plane 
polarized light is passed through a solution of carbohydrates, it will rotate the light either to right 
or to left. Depending on the rotation, molecules are called dextrorotatory (+) (d) or levorotatory 
(–). 

Racemic mixture 

Equimolecular mixture of optical isomers has no net rotation of plane polarized light and hence 
it is called as racemic mixture. 

Epimers 

When sugars are different from one another, only in configuration with regard to the single 
carbon atom, other than the reference carbon atom, they are called Epimers. Example Glucose 
and Mannose are an epimeric pair which differ only with respect to C2. Similarly, galactose is the 
fourth epimer of glucose 
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Anomers 

When D glucose is crystallized at room temperature and a fresh solution is prepared, its specific 
rotation of polarized light is +112°; but after 12-18 hours it changes to +52.5°. If initial 
crystallization is taking place at 98° C and then solubilized, the specific rotation is found to be 
+19°, which also changes to+52.5° within few hours. This change in rotation with time is called 
mutarotation. 
This is explained by the fact that D-glucose has two anomers, alpha and beta varieties. These 
anomers are produced by the spatial configuration with reference to the first carbon atom in 
aldoses and second carbon in ketoses. Hence these carbons are called anomeric carbon atoms. 
Thus α-D-glucose has specific rotation of +112° and β-D-glucose has specific rotation of +19°. 
Both undergo mutarotation and at equilibrium one-third molecules are alpha type and two-third 
are beta variety to get the specific rotation +52.5° 
 

 
Some monosaccharides of nutritional importance  

Ribose  

This is a simple sugar and carbohydrate with molecular formula C5H10O5 and the linear-form 
composition H−(C=O)−(CHOH)4−H. The naturally-occurring form, D-ribose, is a component of 
the ribonucleotides from which RNA is built, and so this compound is necessary 
for coding, decoding, regulation and expression of genes. It has a structural analog, deoxyribose, 
which is a similarly essential component of DNA.   
The ribonucleotides adenosine, cytidine, guanosine, and uridine are all derivatives of β-D 
ribofuranose. Metabolically-important species that include phosphorylated ribose 
include ADP, ATP, coenzyme A, and NADH. cAMP and cGMP serve as secondary messengers in 
some signaling pathways and are also ribose derivatives.  
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Glucose, Dextrose or Grape sugar 

Glucose is a simple sugar with the molecular formula C6H12O6. Its alternative name, dextrose, is 
derived from the Latin word dextra meaning ‘right’. If a beam of polarized light is passed through 
a solution of glucose its plane of polarization is rotated to the right. We need not trouble 
ourselves unduly about the nature of polarized light, it will be sufficient to regard it as light which 
has been such treated that the wave vibrations all occur in one plane, which is called the plane 
of polarization. Substances such as glucose which rotate the plane of polarization of polarized 
light in this way are said to be optically active, and glucose, which rotates it to the right, is said to 
be dextrorotatory. 
The effect of optically active substances on polarized light is a consequence of the precise spatial 
arrangement of groups of atoms in the molecule. 
Glucose is the most abundant monosaccharide in nature. It is found in grapes (up to 7 per cent) 

by weight and other sweet fruits. Onions and tomatoes also contain about 1–2 per cent glucose, 

but honey, which contains about 30 per cent by weight is the richest natural source of the sugar. 

Glucose is mainly made by plants and some algae during photosynthesis from water and carbon 

dioxide, using energy from sunlight. In animals, it is produced during digestion of starch and other 

carbohydrates and it is a normal component of the blood of living animals. Human blood contains 

about 80–120 mg/100 mL and it is the only sugar which plays a significant part in human 

metabolism. In energy metabolism, glucose is the most important source of energy in 

all organisms. Glucose for metabolism is partially stored as a polymer, in plants mainly 

as starch and amylopectin and in animals as glycogen. Glucose circulates in the blood of animals 

as blood sugar. The naturally occurring form of glucose is D-glucose, while L-glucose is produced 

synthetically in comparatively small amounts and is of lesser importance. Glucose is a 

monosaccharide containing six carbon atoms, an aldehyde group and is therefore referred to as 

an aldohexose. The glucose molecule can exist in an open-chain (acyclic) as well as ring (cyclic) 

form, the latter being the result of an intramolecular reaction between the aldehyde C atom and 

the C-5 hydroxyl group to form an intramolecular hemiacetal. In water solution both forms are 

in equilibrium and at pH 7 the cyclic one is the predominant. It is naturally occurring and is found 

in fruits and other parts of plants in its free state. In animals, glucose arises from the breakdown 

of glycogen in a process known as glycogenolysis. 
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Fructose, Laevulose or Fruit sugar   

Fructose, or fruit sugar, is a simple ketonic monosaccharide found in many plants, where it is 
often bonded to glucose to form the disaccharide sucrose. It is one of the three dietary 
monosaccharides, along with glucose and galactose, that are absorbed directly into blood 
during digestion. It is a laevorotatory sugar, which means that when a beam of polarized light is 
passed through a solution of fructose the plane of polarization is rotated to the left. This is the 
origin of its alternative name laevulose. Fructose was discovered by French chemist Augustin-
Pierre Dubrunfaut in 1847. The name "fructose" was coined in 1857 by the English 
chemist William Allen Miller. Pure, dry fructose is a sweet, white, odorless, crystalline solid, and 
is the most water-soluble of all the sugars. Fructose is found in honey, tree and vine fruits, 
flowers, berries, and most root vegetables. 

Commercially, fructose is derived from sugar cane, sugar beets, and maize. Crystalline fructose is 
the monosaccharide, dried, ground, and of high purity. High-fructose corn syrup is a mixture of 
glucose and fructose as monosaccharides. Sucrose is a compound with one molecule of glucose 
covalently linked to one molecule of fructose. All forms of fructose, including fruits and juices, 
are commonly added to foods and drinks for palatability and taste enhancement, and for 
browning of some foods, such as baked goods. Fructose is about twice as sweet as sucrose 
(ordinary table sugar) but it has the same energy value, about 17 kJ/g. This means that the same 
sweetening effect is produced by about half the weight of fructose if it is substituted for 
sucrose.About 240,000 tonnes of crystalline fructose are produced annually. Excessive 
consumption of fructose (especially from sugar-sweetened beverages) may contribute to insulin 
resistance, obesity, elevated LDL cholesterol and triglycerides, leading to metabolic syndrome.  
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Galactose 

Galactose (galacto- + -ose, "milk sugar") sometimes abbreviated Gal, is a monosaccharide that is 
about as sweet as glucose, and about 65% as sweet as sucrose. It is a C-4 epimer of glucose. A 
galactose linked with a glucose comprise lactose. 

Galactan is a polymeric form of galactose found in hemicellulose, and forming the core of the 
galactans, a class of natural polymeric carbohydrates.  

Galactose is found in dairy products, avocados, sugar beets, other gums and mucilages. It is 

also synthesized by the body, where it forms part of glycolipids and glycoproteins in 

several tissues; and is a by-product from the third-generation ethanol production process (from 

macroalgae) 

 

Properties of monosaccharides  

1. They are colorless crystalline solid substances  

2. They are readily soluble in water due to their possession of a number of polar – OH groups 

that enables them to interact with the polar water molecules  

3. Monosaccharides can supersaturate.  When dissolved in hot water, more sugars will dissolve 

than at normal room temperature and will remain in solution on cooling. Super saturated 

syrups are important in a number of food systems such as desserts, chocolates, hardboiled 

sweets, fudges etc 

4. They are sweet to taste  

5. Their solutions are optically active i.e. they deflect plane polarized light in different directions 

depending on their nature (dextrorotatory sugars deflect the plane to the right e.g. glucose 

by +52.50, galactose by +80.20 while leavorotatory sugars deflect the plane to the left eg 

fructose -92.40) 

6. When heated monosaccharides melt, caramelise with the colour changing from clear to 

yellow to light brown, dark brown and they finally carbonise giving off acrid fumes and leaving 

behind black coke.   
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7.  Monosaccharides react with amino acids in the Maillard reaction, a series of reactions that 

occurs while cooking food at high temperatures that produces brown coloured complex 

compounds and is important in determining the flavour of food.  

8. Monosaccharides in alkaline solutions produce enadiols which reduce copper II ions to copper 

I while they are oxidized to corresponding alcohols. All monosaccharides are reducing sugars 

because all monosaccharides have an aldehyde group (if they are aldoses) or can tautomerize 

in solution to form an aldehyde group (if they are ketoses) This is known as Benedicts reaction 

named after the inventor of the reagent Stanley Rossiter Benedict.  

 
9. Isomerism has been discussed before. Monosaccharides exhibit both functional and 

stereoisomerism. Due to possibility of presence of the carbonyl group on any carbon in the 

chain, monosaccharides can either be aldehydes or ketones (aldehydes with a terminal 

carbonyl group and ketones with a carbonyl group within the chain.) 

Stereoisomerism is the difference in spatial arrangement of the elements that make up an 

organic compound. Monosaccharides have asymmetric carbons (carbons with four different 

groups attached). This makes possible different arrangements about the carbon and hence a 

possibility of occurrence of different sugars with the same molecular formula.  

 
10. Monosaccharides undergo mutarotation. This is the gradual change in the rotation of the 

plane of polarised light observed in freshly prepared sugar solutions.  A freshly prepared 

solution of α-D-glucose has a specific rotation of +1120 which becomes +52.70 after several 
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hours.  Similarly, β-D-glucose has a specific rotation of 190 which gradually increases to 52.50. 

This is due to gradual conversion between the α and β forms of monosaccharides until a 

specific equilibrium is achieved.  

 
11.  When treated with reducing agents such as sodium amalgam, hydrogen can reduce sugars. 

Aldose yields corresponding alcohol.  But ketose forms two alcohols, because of appearance 

of a new asymmetric carbon atom in this process. Glucose is reduced to sorbitol; mannose to 

mannitol; while fructose becomes sorbitol and mannitol. Galactose is reduced to dulcitol and 

ribose to ribitol. Sorbitol, mannitol and dulcitol are used to identify bacterial colonies. 

Mannitol is also used to reduce intracranial tension by forced diuresis. The osmotic effect of 

sorbitol and dulcitol produces changes in tissues when they accumulate in abnormal 

amounts eg cataract of lenses  

12. Hydroxyl groups of sugars can be esterified to form acetates, propionates, benzoates, 

phosphates, etc. Sugar phosphates are of great biological importance. Metabolism of sugars 

inside the body starts with phosphorylation. Glucose-6-phosphate and glucose-1-phosphate 

are important intermediaries of glucose metabolism 

13. Two or more monosaccharides can combine through condensation reactions to form larger 

molecules such as disaccharides, oligosaccharides and polysaccharides   

Disaccharides  

Disaccharides are formed by the union of two monosaccharide molecules. with the loss of a 
molecule of water. This is known as a condensation reaction. It is not possible to prepare 
disaccharides from monosaccharides in the laboratory by this process despite its apparent 
simplicity. Nature, however, accomplishes it without difficulty. Disaccharides are easily split into 
their component monosaccharides by enzymes or by boiling with dilute acids. Many 
disaccharides are known, but the most important, and the only natural ones of interest in food 
science, are sucrose, maltose and lactose. 

Equilibrium Mixture 

of β-D and α-D 

varieties of glucose  

+ 52.70  
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Sucrose, cane sugar or beet sugar 

Ordinary sugar, whether obtained from sugar cane or sugar beet, is substantially pure sucrose. It 
is a white crystalline solid which dissolves in water to give a dextrorotatory solution. Sucrose is 
widely distributed in the vegetable kingdom in many fruits, grasses and roots and in the sap of 
certain trees. It is produced and consumed in far larger quantities than any other sugar.  
Sucrose can be hydrolysed by heating with dilute acid or by using the enzyme sucrase. When this 
is done, equal quantities of glucose and fructose are obtained because the sucrose molecule is 
composed of a glucose unit and a fructose unit combined. The fructose unit does not have a six-
membered ring but a five-membered ring.  
The mixture obtained on hydrolysis is called invert sugar and it is laevorotatory because fructose 
is more strongly laevorotatory than glucose is dextrorotatory. This change of sign of rotation is 
called an inversion, producing inversion products. 
The mixture of glucose and fructose produced by the inversion is called invert sugar and has been 
known in the form of honey for many centuries. 
Bees collect nectar, which is essentially sucrose, from flowers and it is inverted by enzymes during 
passage through their bodies. Honey is not pure invert sugar because it contains, in addition to 
glucose and fructose, some sucrose, about 20 per cent water and small quantities of extracted 
flavours peculiar to the flowers from which it was obtained. When sucrose is used in the 
preparation of acidic foodstuffs, a certain amount of inversion invariably takes place. For 
example, if sucrose is used for sweetening fruit drinks, it is completely inverted within a few 
hours. 
Jams and sweets also contain invert sugar. Sucrose is obtained commercially from sugar cane, 
which can only be grown in tropical countries, and sugar beet, which can be grown in any 
temperate climate. Whichever is used, the same product is obtained: there is no difference 
between the sugar obtained from sugar beet and that obtained from sugar cane. 
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Maltose, Malt Sugar 

Maltose, also known as maltobiose or malt sugar, is a disaccharide formed from two units 

of glucose joined with an α (1→4) bond. In the isomer isomaltose, the two glucose molecules are 

joined with an α (1→6) bond. Maltose is the two-unit member of the amylose homologous series, 

the key structural motif of starch. When beta-amylase/diastase breaks down starch, it removes 

two glucose units at a time, producing maltose. An example of this reaction is found 

in germinating seeds, which is why it was named after malt. Unlike sucrose, it is a reducing sugar.  

 

Lactose, Milk sugar 

Lactose is a disaccharide. It is a sugar composed of galactose and glucose subunits joined by a β-
1→4 glycosidic linkage and has the molecular formula C12H22O11. Lactose makes up around 2–8% 
of milk (by weight). The name comes from lac (gen. lactis), the Latin word for milk, plus the 
suffix -ose used to name sugars. The compound is a white crystalline, water-soluble, non-
hygroscopic solid with a mildly sweet taste. It is used in the food industry.  

 

Properties of disaccharides  

1. They are colorless crystalline solids  

2. They are readily soluble in water due to their possession of a number of polar – OH groups 

that enable them to interact with the polar water molecules  

3. Like monosaccharides, disaccharides can supersaturate.  When dissolved in hot water, 

more sugars will dissolve than at normal room temperature and will remain in solution 

on cooling. Super saturated syrups are important in a number of food systems such as 

desserts, chocolates, hardboiled sweets, fudges etc 

4. They are sweet to taste  

5. Their solutions are optically active i.e. they deflect plane polarized light to different levels 

depending on their nature e.g. D-Lactose +52.30, D-Sucrose +66.370, D-Maltose 130.50. 
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6. When heated disaccharides melt, caramelise with the colour changing from clear to 

yellow to light brown, dark brown and they finally carbonise giving off acrid fumes and 

leaving behind black coke.   

7.  Disaccharides react with amino acids in the Maillard reaction, a series of reactions that 

occurs while cooking food at high temperatures that produces brown coloured complex 

compounds and is important in determining the flavour of food.  

8. Maltose and lactose have free exposed carbonyl groups and reduce copper II ions to 

copper I ions. Sucrose on the other hand has all its carbonyl groups surrounded by other 

groups preventing them from taking part in reducing reactions hence it’s a non reducing 

sugar.  

Oligosaccharides 

Oligosaccharides are carbohydrates with 3 to 10 monosaccharide units joined together by 
glycosidic linkages. Oligosaccharides can be classified as di-, tri-, tetra etc. depending upon the 
number of monosaccharides present. Among these the most abundant and nutritionally 
important are the disaccharides, with two monosaccharide units. Examples are the trisaccharide 
raffinose (Gal-Glc-Fuc), maltotriose (Glu-Glu-Glu) and the tetrasaccharide stachyose (Gal-Gal-Glc-
Fuc), both found in legumes. Because of their non-digestibility in the small bowel, they provide 
substrates for bacterial fermentation in the large intestine and in particular gas formation 
(flatulence). Their most important property, which may be unique, is to selectively stimulate 
bifidobacterial growth while suppressing the growth of some other species such as Clostridium 
perfringens. Oligosaccharides can have many functions including cell recognition and cell 
binding.  

Polysaccharides 

These are polymerized products of many monosaccharide units. They may be 

Homoglycans  

These are composed of single kind of monosaccharides, e.g. starch, glycogen and 
cellulose. 

Heteroglycans  

are composed of two or more different monosaccharides, e.g. hyaluronic acid, chondroitin 
sulphate. 

Starch 

Starch is the chief energy and nutritional reserve of all higher plants and it is converted by the 
plant, as required, into sugars.  It may be stored in the stems, as in the sago palm, or in the tubers, 
as in potatoes and cassava, from which tapioca is made. Unripe fruits contain appreciable 
amounts of starch which is converted to glucose as the fruit ripens. It is especially abundant in 
seeds such as cereal grains and the pulses. On microscopic examination, starch from various plant 
sources is found to consist of small particles called granules, the shape and size of which are 
peculiar to the plant from which they have been obtained. Starch granules are very small and 
cannot be seen by the naked eye, but they are clearly visible on microscopic examination. They 
vary in size and the granules of a particular type of starch need not all be of one size. The granules 
of potato starch, for example, vary in size from 0.0015 cm to 0.01 cm: in other words, the largest 
granules are about seven times as big as the smallest. There are two distinct types of granules in 
starch obtained from cereal grains such as wheat, barley and rye. Larger granules, which are 
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lenticular in shape (i.e. shaped like lentils or double-convex lenses) and about four-millionths of 
a centimeter in diameter, are accompanied by smaller spherical granules which are only about a 
quarter as large. The smaller granules outnumber the larger ones by about ten to one, but only 
account for about 30 per cent of the weight of the starch. 
Uncooked starchy foods are not easy to digest because the starch granules are contained within 
the cell walls of the plant which the digestive juices cannot easily penetrate. Cooking softens the 
cell walls and allows water to enter the starch granules causing them to disintegrate and 
gelatinize. 

 
When starch is hydrolysed, α-D-glucose is the only monosaccharide obtained. It was once 
thought that starch was composed, like cellulose, of strings of connected glucose units, the only 
difference between the two being that the glucose units in cellulose were the β-isomer and in 
starch the α-isomer. It is now known, however, that starch is mainly composed of two substances 
called amylose and amylopectin. Both of these are polysaccharides and there is usually about 
three to four times as much amylopectin as amylose. 
When starch is treated with boiling water, 10-20% is solubilized; this part is called amylose. 
Amylose is made up of glucose units linked with alpha-1,4 glycosidic linkages forming an 
unbranched long chain with a molecular weight of about 400,000 D or more corresponding to 
about 70–350 glucose units. Amylose is responsible for the blue colour produced when starch 
reacts with iodine. It can be separated from amylopectin by formation of an insoluble complex 
with a suitable liquid such as butyl alcohol. The enzyme β-amylase, which is present in cereals, 
hydrolyses amylose almost completely to maltose.  

 
The insoluble part that results when starch is treated with boiling water absorbs water and forms 
paste like gel; this is called amylopectin. Amylopectin is also made up of glucose units, but is 
highly branched with molecular weight more than 1 million. Its straight chains are also made up 
of glucose units with alpha-1,4 glycosidic linkages while the branching points are made by alpha-
1,6 linkage (similar to isomaltose). 
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Amylopectin, gives a reddish-brown colour with iodine and only about half of it is converted into 
maltose by β-amylase (since β-amylase only breaks α-1-4 glycosidic linkages), the residue being 
referred to as a dextrins. Glucose syrup contains considerable quantities of dextrins, which are 
produced by incomplete hydrolysis of starchy materials. When dry starch is heated, so-called 
pyrodextrins are formed. These are brown in colour and soluble in water. Toast and bread-crust 
both derive some of their brown colour from pyrodextrins. 
 

 

 
Amylopectin has multiple branches  

Properties of starch  

i. It is an amorphous white solid 
ii. Starch is insoluble in cold water but will disperse in hot water to form a gel which 

separates into a gel and sol on cooling.  
iii. Starch is a non-reducing carbohydrate due to the absence of free exposed carbonyl 

groups.  
iv.  Starch produces a blue-black precipitate with iodine. This is a combination of the red 

produced by amylopectin and the blue formed by amylose.  
v. Starch has a bland taste 

vi. It yields glucose when completely hydrolised  

α-1-6 linkage 
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vii. When heated with dry heat, starch grains will burst and expose the starch polymers starch 
will brown, and disintegrate into dextrins (explain the mild sweetness of the crust of 
baked products), if heated further it starts to decompose giving off acrid fumes and 
leaving behind a black coke.  

viii. When heated with moist heat, starch will absorb moisture swell to about twice the dry 
volume. The starch grains will then burst realizing starch polymers which disperse in the 
cooking liquid making the cooking liquid thick.  

Glycogen 

The polysaccharide glycogen is the reserve carbohydrate in man and other animals. Because its 
function in animals parallels that of starch in plants it is sometimes referred to as animal starch. 
It is a very large molecule with a molecular weight of about 5 million, consisting of  α-D-glucose 
units joined by α-1,4 glycosidic links in the straight chains and α-1,6 glycosidic linkages at the 
branching points and its structure is very similar to that of amylopectin but with has shorter 
chains on average, about 18–20 glucose units compared with about 20–30 glucose units in 
amylopectin.  Glycogen is also more branched and more compact than amylopectin with an inner 
core made of a protein glycogenin. Glycogen is present in man and other animals in the muscles 
and in the liver; its function is to supply short-term local needs for glucose, for example during 
exercise. There may be several kilograms present in the body of a large animal such as a cow. 
Despite this, however, glycogen is not a normal constituent of the diet because it is mostly 
converted into lactic acid after an animal has been killed. In some special foods, e.g. fatty liver, 
in foie grass or pates and in fresh shellfish, there is significant glycogen present, which gives a 
sweet taste after hydrolysis in the mouth.  
 

 
 

Non-starch polysaccharides: dietary fiber 

Starch is the most important dietary polysaccharide, but other non-starch polysaccharides 

(referred to more conveniently as NSP) occur with starch in foods of plant origin. The NSP comes 

from the cell walls which form the structural support of the plant from which the food originated. 

Cell walls of a plant cell consist essentially of a rigid scaffolding of cellulose molecules embedded 

in a jelly-like matrix of water-soluble NSP composed of pectins, hemicelluloses and a diverse 

mixture of gums. 

The fact that cellulose is insoluble in water whereas the other NSP are water-soluble is a 
distinction which, as we shall see, is of some importance from the point of view of their behaviour 
in the digestive system. Non-carbohydrate, high molecular-weight materials such as lignin (a 
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constituent of wood) may also be present in food to a minor extent, but they are of little dietary 
significance. 
NSP are not broken down by the enzymes of the small intestine and they enter the large intestine, 
or bowel, unchanged. 
Non-starch polysaccharides were formerly referred to, somewhat vaguely, as dietary fibre and, 
earlier still, as roughage. The term dietary fibre was a considerable improvement on its 
predecessor, if only because it did not create an impression of intestinal abrasion associated with 
the term roughage. Nevertheless, it was a far from an ideal term dating to the times when these 
substances were considered metabolically inert. To begin with, there are other ‘fibrous’ 
components of food notably muscle fibre in proteins – which were not classified as dietary fibre 
because they are digested and absorbed. In addition, not all the dietary components regarded as 
dietary fibre were ‘fibrous’ in nature. Pectin, for example, is an amorphous substance which can 
hardly be regarded as fibrous. Even the cellulose component of dietary fibre is fibrous only at a 
molecular level and bears little physical resemblance to the cellulose fibres found, for example, 
in cotton wool. Foods rich in NSP are generally not noticeably fibrous in character: the presence 
of NSP does not confer coarseness or stringiness and it cannot normally be detected by the 
tongue. 
The most important reason for adopting the term NSP in place of the more familiar ‘dietary fibre’, 
however, is the fact that the latter term was used somewhat indiscriminately to describe almost 
any type of ‘indigestible’ food component. Attempts at clarification by the use of such terms as 
‘raw fibre’, ‘crude fibre’, ‘soluble fibre’ and ‘insoluble fibre’ did little to help. There was still an 
implication that their materials were inert. Many methods of analysis were used to determine 
how much of these various ill-defined types of dietary fibre was present in different foods and it 
became difficult to make meaningful comparisons of their dietary fibre content. 
About the only thing which can be said in favour of the term ‘dietary fibre’ is that was well 
accepted by the general public who will, no doubt, take less readily to the more cumbersome 
term ‘non-starch polysaccharides’. 
To ensure consistency in the use of the term NSP and comparability of the results of chemical 
analysis a standard method of analysis has been adopted in the UK. This is the analytical 
technique developed by Englyst and Cummings, which is capable of differentiating between 
soluble and insoluble NSP. In the USA a different method, which determines ‘total dietary fiber’ 
(TDF), is more widely used. Fortunately, for most vegetables and fruits and many unprocessed 
cereal foods, the two methods give almost identical results. The TDF values for heat-processed 
cereal foods, however, are higher than NSP values for the same foods. 

Effects of NSP/functions 

At one time it was believed that the presence of ‘roughage’ in the diet was of value only as a 
means of easing or preventing constipation. It certainly does this, and thereby probably helps to 
prevent colorectal cancer. Thus, the main selling-point for bran-rich breakfast cereals was their 
efficiency in promoting regular bowel movements. This is partly a physical consequence of the 
absorption of water by NSP in the small intestine leading to speedier transit of food through gut 
and the formation of softer and larger stools. The transit time’ for a typical British diet may be as 
long as 100 hours compared with as little as 35 hours or less if a diet with a high NSP content is 
eaten. 
The prevention of constipation may not be of considerable importance, except perhaps to a 
sufferer. Eating enough NSP has other, more important, beneficial effects, however, and there is 
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substantial evidence to show that it helps to prevent many bowel diseases. Appendicitis, 
diverticular disease (in which distended pockets are formed in the bowel walls) and 
haemorrhoids are all less likely to occur if the NSP content of the diet is high. 
Diets high in soluble NSP have also proved to be of value to sufferers from the disease diabetes 
mellitus in which the concentration of glucose and fats in the blood exceeds the normal levels. 
Diets with a high-fibre content and, in particular those rich in soluble NSP, are able to slow down 
the release of glucose to the bloodstream and in this way the metabolic consequences of the 
disease are minimized. 
Post-prandial blood lipids and glucose are reduced, so lowering the risk of coronary heart disease 
(CHD). 
Dietary NSP provides fuel for bacterial metabolism, so ‘high fibre’ diets increase colonic bacterial 
mass and lower the pH, both increasing bowel motility. 
Diets rich in water-soluble NSP help to lower blood-cholesterol levels. This may account for the 
statistical link which has been found to exist between diets rich in NSP and a lower incidence of 
CHD. However, NSP is only one, 
and a relatively minor factor in prevention of CHD. 
A valuable consequence of the action of NSP is that a high intake of soluble NSP allows people to 
eat diets light in carbohydrates and so lower in fat. Without soluble NSP, blood sugar and insulin 
tend to rise rapidly after eating. 
The NSP found in cereals, especially wheat, is associated with phytates and phytic acid which can 
form complexes with minerals present in the diet and interfere with their absorption. 
Thus, a diet with a high NSP content, especially unprocessed wheat bran, may lead to mineral 
deficiency in individuals, such as elderly people whose diet is only marginally adequate in 
minerals.  
Non-starch polysaccharide is unaffected by the enzymes of the digestive system and passes more 
– or – less unchanged to the large intestine. Once there, however, it is attacked and broken down 
by the harmless bacteria which inhabit the bowel and partly converted to short chain fatty acids, 
carbon dioxide, hydrogen and methane. The short chain fatty acids – mainly acetic, propionic and 
butyric (i.e. C2, C3 and C4 acids) are absorbed into the bloodstream and hence contribute to the 
body’s energy intake. 
The hydrogen formed when bacteria break down NSP in the bowel is absorbed and subsequently 
expired in the breath. The carbon dioxide and methane are not absorbed, however, and, although 
harmless, may be a source of embarrassment, but many who have switched to a diet high in NSP 
for weight reduction purposes have found over time, bacterial profiles adapt, so that gas 
production is less problematic. 

Dietary targets for NSP intake 

Non-starch polysaccharide is so varied in composition and individual reaction to it is so 
unpredictable that it is not practicable to give precise dietary reference values. It is possible, 
however, to set daily target figures. Daily intake (as measured by the Englyst and Cummings 
method) is about 11–13 g. In the 1991 Committee on Medical Aspects of Food Policy (COMA) 
Report on Dietary Reference Values it is proposed that the ‘target figure’ should be in the range 
of 12–24 g, with an average of about 18 g per day for adults and proportionately smaller amounts 
for children. This can be most readily achieved by eating a range of foods rich in NSP, namely 
cereals, fruit and vegetables and legumes. It is normal with Mediterranean diets. 
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Foods rich in NSP tend to be bulky and there is a small risk that children’s diets which contain 
excessive amounts of NSP may be inadequate in nutrient and energy content. Diets with a high 
NSP content may also have a high phytate content, if the NSP is derived largely from cereals, 
which may interfere with the absorption of minerals. 
Consequently, it is possible that people with marginally satisfactory diets may be under-provided 
with minerals if they consume too much NSP. This is unlikely to occur with a normal diet, but 
problems may arise if the NSP content of a diet is artificially increased by the addition of bran for 
slimming or laxative purposes. 
Some of the starch in the diet may behave like NSP by resisting enzymatic hydrolysis to glucose 
in the stomach and small intestine and passing through to the large intestine, or bowel, 
unchanged. Such resistant starch probably owes its ability to withstand the action of digestive 
enzymes to the presence of tough cell walls around the starch granules which have not been 
completely broken down during grinding of cereal grains or during chewing. Starch which has 
undergone retrogradation may also be resistant to enzymatic hydrolysis. 
Undigested starch which finds its way into the large intestine will be fermented in the same way 
as NSP and will contribute to the body’s energy intake via the short-chain fatty acids formed. 
 

Cellulose 

Cellulose is the supporting tissues of plants. Cellulose constitutes 99% of cotton, 50% of wood 
and is the most abundant organic material in nature. 
It is made up of glucose units combined with beta-1,4 linkages. It has a straight-line structure, 
with no branching points and a molecular weight in the order of 2 to 5 million. The absence of 
side chains allows cellulose molecules to lie close together and form rigid structures. 
Beta-1,4 glycosidic linkages are hydrolysed by the enzyme cellobiase (β-glucosidase). But this 
enzyme is absent in animal and human digestive system, and hence cellulose cannot be digested 
hence forming a large part of insoluble dietary fiber.  
Herbivorous animals have a large caecum, which harbor bacteria. These bacteria can hydrolyse 
cellulose to a mixture of β-D-glucose, short chain fatty acids, and alcohol which are absorbed to 
provide energy to the animals. White ants (termites) also digest cellulose with the help of 
intestinal bacteria. 
Cellulose may be modified in the laboratory by treating it with nitric acid (HNO3) to replace all 
the hydroxyl groups with nitrate groups (-ONO2) to produce cellulose nitrate (nitrocellulose or 
guncotton) which is an explosive component of smokeless powder. Partially nitrated cellulose, 
known as pyroxylin, is used in the manufacture of collodion, plastics, lacquers, and nail polish.  
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 Inulin 
Inulin, also known as fructan is a long chain homoglycan composed of D-fructose units with 
repeating beta-1,2 linkages and a terminal glucose. It is the reserve carbohydrate present in 
various bulbs and tubers such as chicory, dahlia, dandelion, onion, garlic. Oligofructose has the 
same structure as inulin, but the chains consist of 10 or fewer fructose units. Oligofructose has 
approximately 30 to 50 percent of the sweetness of table sugar.  
Inulin is less soluble than oligofructose and has a smooth creamy texture that provides a fatlike 
mouthfeel, it can be used in food processing to make foods feel creamier, this helps improve the 
taste of fat reduced foods. Inulin and oligofructose are nondigestible by human intestinal 
enzymes, but they are totally fermented by colonic microflora. The short-chain fatty acids and 
lactate produced by this fermentation contribute 1.5 kcal per gram of inulin or oligofructose. 
Inulin and oligofructose are used to replace fat or sugar and reduce the calories of foods like ice 
cream, dairy products, confections and baked goods. It is clinically used to find renal clearance 
value and glomerular filtration rate.  



Compiled by Bulungu JK  

 
Dextran 

These are highly branched homopolymers of glucose units with main chains are formed by α1-6 
glycosidic linkages, and the branches are attached α1-4 and α1-3 linkages. They are produced by 
oral microorganisms creating a film that adheres to the teeth called plaque. They have molecular 
weight 1 million to 4 million. It is also used commercially in confections, in lacquers, as food 
additives. Since they are a large molecule that will not easily go out of vascular compartment (too 
large to go through the capillary spaces), they are used for intravenous infusion as plasma 
volume expander for treatment of hypovolemic shock. It may be noted that dextrans are 
different from previously described dextrins. 

n 
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Chitin 

Chitin is an unbranched polymer of N-Acetyl-D-glucosamine. It is present in exoskeletons of 
crustacea e.g. crab, and shrimp shells and insects. It is composed of units of N-acetylglucosamine 
with beta-1,4 glycosidic linkages. It may be regarded as a derivative of cellulose, in which the 
hydroxyl groups of the second carbon of each glucose unit have been replaced with acetamido 
(–NH(C=O)CH3) groups. 
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HETEROGLYCANS 
Heteropolysaccarides contain two or more different kind of monosaccharides. Usually they 
provide extracellular support for organisms of all kingdoms: the bacteria cell envelope, or the 
matrix that holds individual cells together in animal tissues, and provides protection, shape and 
support to cells, tissues and organs. Heteropolysaccharides provide extracellular support to very 
different organisms, from bacteria to humans; together with fibrous proteins, like collagen, lastin, 
fibronectin, laminin and others, heteropolysaccharides are the most important components of 
the extracellular matrix. Hyaluronic acid, condroitin sulfates and dermatan sulfates are important 
heteropolysaccharides in the extracellular matrix. These heteropolysaccharides usually are 
formed by the repetition of a disaccharide unit of an amino sugar and an acid sugar. Other 
common constituents are sulfate groups linked to certain monosaccharides. 
Usually heteropolysaccharides are associated with proteins forming proteoglycans, 
glycosaminoglycans or mucopolysaccharides (since they are abundant in mucous secretions). As 
a group, they perform diverse functions: structural, water metabolism regulation (as a reservoir 
of water), cellular cement, biological sieve, biological lubricant, docking sites for growth factors, 
among other functions. 
 
Agar 
It is prepared from sea weeds. It contains galactose, glucose and other sugars. 
It is dissolved in water at 100°C, which upon cooling sets into a gel. Agar cannot be digested 
by bacteria and hence used widely as a supporting agent to culture bacterial colonies. 
Agar is used as a supporting medium for immuno-diffusion and immuno-electrophoresis. 
Agarose is made up of galactose combined with 3,6-anhydrogalactose units; it is used as 
matrix for electrophoresis. 

MUCOPOLYSACCHARIDES 

Mucopolysaccharides or glycosamino glycans (GAG) are heteropolysaccharides, containing 
uronic acid and amino sugars. Acetylated amino groups, sulfate and carboxyl groups are also 
generally present. Because of the presence of these charged groups, they attract water molecules 
and so they produce viscous solutions. Mucopolysaccharides in combination with proteins form 
mucoproteins. Examples of mucopolysaccharides are hyaluronic 
acid, heparin, chondroitin sulfate, dermatan sulfate and keratan sulfate.  

Hyaluronic Acid 

It is present in connective tissues, tendons and cartilages where it contributes to tensile strength 
and elasticity, synovial fluid and vitreous humor where it gives consistency. It serves as a lubricant 

in joint cavities. It is composed of repeating units of N-Acetyl-glucosamine → beta-1, 4-

Glucuronic acid → beta-1-3-N-Acetyl glucosamine and so on. 

Heparin 

It is an anticoagulant widely used when taking blood in vitro for clinical studies. It is also used 
in vivo in suspected thrombo-embolic conditions to prevent intravascular coagulation. It ctivates 
antithrombin III, which in turn inactivates thrombin, factor X and factor IX. Heparin is present in 
liver, lungs, spleen and monocytes. Commercial preparation of heparin is from animal lung 
tissues. 
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It contains repeating units of sulphated glucosamine → alpha-1, 4-L-iduronic acid → and so on. 
Idose is the 5th epimer of glucose. Iduronic acid is the oxidized form of idose. Sulphated heparin 
or heparan sulfate is also present in tissues. 

Chondroitin Sulphate 

It is present in ground substance of connective tissues widely distributed in cartilage where  it 
contributes to tensile strength and elasticity, bone, tendons, cornea, ligaments, walls of aorta 

and skin. It is composed of repeating units of glucuronic acid → beta-1,3-N-acetyl galactosamine 

sulphate → beta-1, 4 and so on  

Keratan Sulphate  

It is the only GAG which does not contain any uronic acid. The repeating units are galactose and 
N-acetyl glucosamine in beta linkage. It is found in cornea, cartilage, bone, tendons and a variety 
of other structures as nails and hair.  

Dermatan Sulphate  

It contains L-iduronic acid and N-acetyl galactosamine in beta -1, 3 linkages. It is found in skin, 
blood vessels and heart valves.  
 
Polysaccharide Repeating units 

 
Homoglycans 
Inulin 
Dextran 
Chitin 

 
D-fructose, beta-1,2 linkages 
Glucose, 1-6, 1-4, 1-3 linkages 
N-acetyl glucosamine; beta 1-4 links 

Heteroglycans 
Agar  
Agarose  
Hyaluronic acid  
Heparin  
Chondroitin 
Keratan  
Dermatan 

 
Galactose, glucose 
Galactose, anhydrogalactose 
N-acetyl glucosamine, glucuronic acid 
Sulphated glucosamine, L-iduronic acid 
S Glucuronic acid, Nacetyl galactosamine 
S Galactose, N-acetyl glucosamine 
S L-iduronic acid, N-acetyl galactosamine 

 

Digestion and absorption of carbohydrates 

All carbohydrates absorbed in the small intestine must be hydrolyzed to monosaccharides prior 
to absorption. The digestion of starch begins with the action of salivary alpha-amylase/ptyalin, 
although its activity is slight in comparison with that of pancreatic amylase in the small intestine. 
Amylase hydrolyzes starch to maltose and maltotriose.  
There is no carbohydrate digestion in the stomach since the acidification of food will denature all 
the amylase that came with the food from the mouth.  
The presence of acidic chyme in the duodenum stimulates the release of a hormone 
called secretin and cholecystokinin (CCK). Secretin stimulates the pancreas to produce alkaline 
bicarbonate solution and deliver it to the duodenum, CCK stimulates the pancreas to produce 
the requisite pancreatic juices, it also stimulates the gallbladder to release bile into the 
duodenum.  
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Pancreatic juice contains an enzyme pancreatic amylase which controls the hydrolysyis of starch 
to maltose. The products of digestion by alpha-amylase, along with dietary disaccharides are 
hydrolyzed to their corresponding monosaccharides by enzymes (maltase, isomaltase, sucrase 
and lactase) present in the brush border of ileum. 
In the typical Western diet, digestion and absorption of carbohydrates is fast and takes place 
usually in the upper small intestine. However, when the diet contains carbohydrates not easily 
digestible, digestion and absorption take place mainly in the ileal portion of the intestine. 
Digestion of food continues while simplest elements are absorbed. The absorption of most 
digested food occurs in the small intestine through the brush border of the epithelium covering 
the villi (small hair-like structure). It is not a simple diffusion of substances, but is active and 
requires energy use by the epithelial cells. 
During the phase of carbohydrate absorption, fructose is transported into the intestinal cell's 
cytosol, glucose and galactose competes with other nutrients for Na+ transporter required for 
operation. From the cytosol, monosaccharides pass into the capillaries by simple or facilitated 
diffusion. 
Carbohydrates that are not digested in the small intestine, including resistant starch foods such 
as potatoes, beans, oats, wheat flour, as well as several nonpolysaccharides oligosaccharides and 
starch, are digested in a variable when they reach the large intestine. The bacterial flora 
metabolize these compounds in the absence of oxygen. This produces gases (hydrogen, carbon 
dioxide and methane) and short-chain fatty acids (acetate, propionate, butyrate). The gases are 
absorbed and excreted by breathing or through the anus. Fatty acids are rapidly metabolized. 
Thus butyrate, used mainly in the colonic, is an important nutritional source for these cells and 
regulates their growth, acetate into the blood and taken up by the liver, muscle and other tissues, 
and propionate, which is an important precursor of glucose in animals but not humans. 

Other pathways in carbohydrate metabolism 

Glycolysis (Embden Meyerhof pathway) 

In the pathway of glycolysis, glucose is split into two 3-carbon pyruvate molecules under aerobic 

conditions; or lactate under anaerobic conditions, along with production of a small quantity of 

energy. Glycolysis is derived from the Greek words, glykys = sweet; and lysis = splitting. 

Significance of the Glycolysis Pathway 

1. It is the only pathway that is taking place in all the cells of the body. 
2. Glycolysis is the only source of energy in erythrocytes. 
3. In strenuous exercise, when muscle tissue lacks enough oxygen, anaerobic glycolysis 

forms the major source of energy for muscles. 
4. The glycolytic pathway may be considered as the preliminary step before complete 

oxidation. 
5. The glycolytic pathway provides carbon skeletons for synthesis of non-essential amino 

acids as well as glycerol part of fat. 
6. Most of the reactions of the glycolytic pathway are reversible, which are also used for 

gluconeogenesis. 

Step 1 of Glycolysis 

i. Glucose is phosphorylated to glucose-6-phosphate. 
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ii. The enzyme is hexokinase (HK), which splits the ATP into ADP, and the Pi is added on 
to the glucose. The energy released by the hydrolysis of ATP is utilized for the forward 
reaction. 

iii. Hexokinase is a key glycolytic enzyme. Hexokinase catalyses a regulatory step in 
glycolysis that is irreversible. But this irreversibility is circumvented by another enzyme 
glucose-6-phosphatase during gluconeogenesis. 

iv. Hexokinase and glucokinase may be considered as iso-enzymes; Glucokinase is under 
the influence of insulin; but hexokinase is not. 

v. The metabolic fates of glucose-6-phosphate are shown in Figure 9.6. The 
phosphorylation of glucose traps it within the cells. Once phosphorylated, glucose-6-
phosphate is trapped within the cell and has to be metabolized. 

 

 
Step 2 of Glycolysis 

Glucose-6-phosphate is isomerised to fructose-6- phosphate by phosphohexose isomerase. This 
is readily reversible. 

 

Step 3 of Glycolysis 

i. Fructose-6-phosphate is further phosphorylated to fructose1,6-bisphosphate. The 
enzyme is phosphofructokinase. 

ii. PFK is an allosteric, inducible, regulatory enzyme. It is an important key enzyme of 
thispathway. This is again an activation process; the energy being derived by hydrolysis 
of yet another molecule of ATP. This irreversible step is the rate limiting reaction in 
glycolysis. However, during gluconeogenesis, this step is circumvented by fructose-1,6-
bisphosphatase. 

iii. The steps 1,2 and 3 together are called as the preparatory phase. 
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NB: When two phosphate groups are linked together and then attached to a parent compound, 
it is called diphosphate, e.g. adenosine-di-phosphate (Fig. 5.3). But when phosphoric acid groups 
are present at two different sites of the compound, it is named as bisphosphate, e.g. fructose-1,6-
bisphosphate 

 
Step 4 of Glycolysis 

The 6-carbon fructose-1,6-bisphosphate is cleaved into two 3 carbon units; one glyceraldehyde-
3-phosphate and another molecule of dihydroxyacetone phosphate (DHAP) (Fig. 9.8). Since the 
backward reaction is an aldol condensation, the enzyme is called aldolase. This reaction is 
reversible. 

 
Step 4-A of Glycolysis 

Dihydroxy acetone phosphate is isomerised to glyceraldehyde-3-phosphate by the enzyme 
phosphotriose isomerase. Thus, net result is that glucose is now cleaved into 2 molecules of 
glyceraldehyde-3-phosphate. The steps 4 and 4-A are together called the splitting phase. 
Glycerol portion of the neutral fat can enter into glycolytic or gluconeogenic pathways at this 
point. Similarly, for neutral fat synthesis, glycerol is required which can be derived from glucose 
through DHAP. 
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Step 5 of Glycolysis 

Glyceraldehyde-3-phosphate is dehydrogenated and simultaneously phosphorylated to 1,3-
bisphospho glycerate (1,3-BPG) with the help of NAD+ The enzyme is glyceraldehyde-3- 
phosphate dehydrogenase. The product contains a high energy bond. This is a reversible 
reaction. 
The oxidation of the aldehyde is an exergonic reaction that drives the synthesis of the high energy 
compound, 1,3 bisphosphoglycerate with high phosphoryl group transfer potential. The enzyme 
has a cysteinyl SH group at the active center and is inhibited by iodoacetate. During this reaction, 
NAD+ is reduced to NADH. 

 
Step 6 of Glycolysis 

i. The energy of 1,3-BPG is trapped to synthesize one ATP molecule with the help of 
bisphospho glycerate kinase.  

ii. This is an example of substrate level phosphorylation, where energy is trapped directly from 
the substrate, without the help of the complicated electron transport chain reactions. 

iii. When energy is trapped by oxidation of reducing equivalents such as NADH, it is called 
oxidative phosphorylation. Step 6 is reversible. 

 
Step 7 of Glycolysis 

3-phospho glycerate is isomerized to 2-phospho glycerate by shifting the phosphate group from 
3rd to 2nd carbon atom. The enzyme is phosphogluco mutase. This is a readily reversible reaction. 

Step 8 of Glycolysis 

i. 2-phosphoglycerate is converted to phosphoenol pyruvate by the enzyme enolase. One 
water molecule is removed. 

i. Ahigh energy phosphate bond is produced. The reaction is reversible. 
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ii. Enolase requires Mg++, and by removing magnesium ions, fluoride will irreversibly inhibit 
this enzyme. Thus, fluoride will stop the whole glycolysis. So when taking blood for sugar 
estimation, fluoride is added to blood. If not, glucose is metabolized by the blood cells, so 
that lower blood glucose values are obtained. 

 
Step 9 of Glycolysis 

i. Phosphoenol pyruvate (PEP) is dephosphorylated to pyruvate, by pyruvate kinase. 
First PEP is made into a transient intermediary of enol pyruvate; which is 
spontaneously isomerized into keto pyruvate, the stable form of pyruvate. 

ii. One mole of ATP is generated during this reaction. This is again an example of 
substrate level phosphorylation. 

iii. The pyruvate kinase is a key glycolytic enzyme. This step is irreversible. The reversal, 
however, can be brought about in the body with the help of two enzymes (pyruvate 
kinase and phosphoenol pyruvate carboxy kinase) and hydrolysis of 2 ATP molecules. 

 

 
Step 10 of Glycolysis 

In anaerobic condition, pyruvate is reduced to lactate by lactate dehydrogenase (LDH). (Greek; 
an=not; aer=air; bios=life). LDH has 5 iso-enzymes.  
In aerobic conditions, the pyruvate enters the citric acid cycle for complete oxidation. The end 
product of anaerobic glycolysis is lactate. 
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Significance of Lactate Production 
Steps 5 and 10 are Coupled 
In the 5th step, for each molecule of glucose enteringin the pathway, two molecules of NAD+ are 
reduced to NADH. The availability of co-enzymes inside a cell is limited. Therefore, this step 
becomes a bottleneck in the whole reaction sequence. 
For smooth operation of the pathway, the NADH is to be reconverted to NAD+. This can be done 
by oxidative phosphorylation. However, during exercise, there is lack of oxygen. So this 
reconversion is not possible. Therefore, the cell has to couple some other reaction in which NAD+ 
is regenerated in the cytoplasm itself. Hence, pyruvate is reduced to lactate; the NAD+ thus 
generated is reutilised for uninterrupted operation of the pathway. 
In RBCs, there are no mitochondria. Hence RBCs derive energy only through glycolysis, where the 
end product is lactic acid. 
Energy Yield from Glycolysis 

i. During anaerobic (oxygen deficient) condition,when one molecule of glucose is 
converted to 2 molecules of lactate, there is a net yield of 2 molecules of ATP. 

ii. 4 molecules of ATP are synthesized by the 2 substrate level phosphorylations (steps 6 
and 9). But 2 molecules of ATP are used in the steps 1 and 3, hence the net yield is 
only 2 ATP. 

iii. The whole reaction is summarized as Glucose + 2 Pi + 2 ADP --> 2 Lactate + 2 ATP 
iv. But when oxygen is in plenty, the two NADH molecules, generated in the 

glyceraldehyde-3-phosphate dehydrogenase reaction, can enter the mitochondrial 
electron transport chain for complete oxidation. As each NADH provides 2.5 ATPs, this 
reaction generates 2.5 x 2 = 5 ATPs. Thus, when oxygen is available, the net gain of 
energy from the glycolysis pathway is 7 ATPs. 

v. Hence the ATP yield from glycolysis is different in anaerobic and aerobic conditions. 
vi. Pyruvate is later oxidatively decarboxylated to acetyl CoA (see below), which enters 

into the citric acid cycle. Complete oxidation of glucose through glycolysis plus citric 
acid cycle will yield a net 32 ATPs. 
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Citric Acid/Krebs Cycle  

This is the completion on the glucose degradation started by glycolysis to release energy and 
carbon dioxide. This cycle is named after Sir Hans Krebs who combined the oxidative reactions 
described by Car Martias, Fray Knoop and Albert Szent-Gyorgyi to come up with the complete 
cycle. Krebs originally named it TCA (tricarboxylic acid) cycle, because he was not sure whether 
citric acid is a member of the cycle. Later, Ogston (1948) showed that the tri-carboxylic acid in 
question is indeed citric acid, and so the name citric acid cycle was given later.  

Functions of the Citric Acid Cycle 

1. It is the final common oxidative pathway that oxidizes acetyl CoA to CO2. 
2. It is the source of reduced coenzymes that provide the substrate for the respiratory chain. 
3. It acts as a link between catabolic and anabolic pathways (amphibolic role). 
4. It provides precursors for synthesis of amino acids and nucleotides. 
5. Components of the cycle have a direct or indirect controlling effect on key enzymes of other 
pathways. 

Reactions of the Cycle 

Preparatory steps 

Acetyl CoA enters the cycle, and is completely oxidized. During this process, energy is trapped. 
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Pyruvate derived from glycolysis is oxidatively decarboxylated to acetyl CoA by pyruvate 
dehydrogenase. This is the link between the TCA cycle and glycolysis. The pyruvate 
dehydrogenase reaction occurs in the mitochondria. Pyruvate with the help of a carrier can enter 
the mitochondria from the cytoplasm. The acetyl CoA derived from beta oxidation is formed in 
the mitochondria itself. All the enzymes of citric acid cycle are located inside the mitochondria. 

 
1st Step: Formation of Citric Acid 

The 4 carbon, oxaloacetate condenses with 2 carbon, acetyl CoA to form a 6-carbon compound, 
the citrate (a tricarboxylic acid). The enzyme is citrate synthase. The hydrolysis of the thio-ester 
bond in acetyl CoA drives the reaction forward. This is an irreversible step. However, body can 
reverse this step by another enzyme, ATP-citrate lyase. 

2nd Step: Formation of Isocitrate 

Citrate is isomerized to isocitrate by aconitase. This reaction is a two-step process. At first, one 
water molecule is removed from citrate forming cis aconitate; a transient compound with a very 
short half-life. Immediately, one water molecule is added to aconitate to form isocitrate. Thus, 
the position of the hydroxyl group is shifted. 

3rd Step: Formation of Alpha Ketoglutarate 

i. This reaction is a two-step process, both catalyzed by the same enzyme, isocitrate 
dehydrogenase. In the first part of the reaction, isocitrate is dehyrogenated to form 
oxalosuccinate. It is an unstable compound which undergoes spontaneous decarboxylation 
to form alpha ketoglutarate. 

ii. The NADH generated in this step is later oxidized in electron transport chain (ETC) to 
generate ATPs. 

iii. Isocitrate (6 carbons) undergoes oxidative decarboxylation to form alpha ketoglutarate (5 
carbons). In this reaction, one molecule of CO2 is liberated. 

iv. The isocitrate dehydrogenase has isoenzymes; the mitochondrial form utilizes NAD+, while 
cytoplasmic enzyme is NADP+ dependent. 

4th Step: Formation of Succinyl CoA 

i. Next, alpha ketoglutarate is oxidatively decarboxylated to form succinyl CoA by the enzyme 
alpha ketoglutarate dehydrogenase ii. The NADH thus generated enters into ETC to 
generate ATPs. 



Compiled by Bulungu JK  

ii. Another molecule of CO2 is removed in this step. 
iii. This is the irreversible step in the whole reaction cycle. 
iv. The enzyme α-keto glutarate dehydrogenase is a multi-enzyme complex having 3 enzyme 

proteins and 5 coenzymes. This is similar to the pyruvate dehydrogenase reaction. The first 
two enzyme activities are similar to the corresponding components of Pyruvate 
dehydrogenase complex and the 3rd enzyme is the same in both complexes. 

5th Step: Generation of Succinate 

The next reaction involves a substrate level phosphorylation whereby a high energy phosphate 
is generated from the energy trapped in the thio-ester bond of succinyl CoA. The enzyme is 
succinate thiokinase. A molecule of GDP is phosphorylated to GTP and succinate is formed. The 
GTP can be converted to ATP by reacting with an ADP molecule: GTP + ADP → GDP + ATP. 

6th Step: Formation of Fumarate 

Succinate is dehydrogenated to fumarate, an unsaturated dicarboxylic acid, by succinate 
dehydrogenase. The hydrogen atoms are accepted by FAD. The FADH2 then enters into ETC to 
generate ATPs. The enzyme is a flavoprotein. The succinate dehydrogenase is competitively 
inhibited by malonate. 

7th Step: Formation of Malate 

The formation of malate from fumarate is catalyzed by fumarase. The reaction involves the 
addition of a water molecule. Only L-malate is formed. 

8th Step: Regeneration of Oxaloacetate 

Finally, malate is oxidized to oxaloacetate by malate dehydrogenase. The co-enzyme is NAD+. 
The NADH is generated in this step, which enters the electron transport chain, when ATPs are 
produced. The oxaloacetate can further condense with another acetyl CoA molecule and the 
cycle continues. 
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Biological Functions of Carbohydrates  
i. Carbohydrates are oxidized in our bodies to release energy. Carbohydrates are the primary 

energy nutrient of choice for most body cells and the only energy source for the brain cells. 
1 gram of glucose is oxidized to yield 4b Kilocalories or 16 Kilojoules of energy  

ii. Carbohydrates are also stored by the body as an energy reserve. The body stores some 
small amounts of Glycogen primarily in the liver and muscle with the liver containing 
approximately 100 grams of glycogen. These stored glucose molecules can be released into 
the blood to provide energy throughout the body and help maintain normal blood sugar 
levels between meals. 

iii. Unlike liver glycogen, the glycogen in your muscles can only be used by muscle cells. It is 
vital for use during long periods of high-intensity exercise. Muscle glycogen content varies 
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from person to person, but it’s approximately 500 grams. In circumstances in which you 
have all of the glucose your body needs and your glycogen stores are full, your body can 
convert excess carbohydrates into triglyceride molecules and store them as fat. 

iv. Carbohydrates exert a protein sparing effect in the body hence preserving muscle and free 
amino acids from being oxidized for energy provision. Glycogen storage is just one of 
several ways your body makes sure it has enough glucose for all of its functions. With 
diminished glucose reserves, muscle can also be broken down into amino acids and 
converted into glucose or other compounds to generate energy. Obviously, this isn’t an 
ideal scenario, since muscle cells are crucial for body movement. Severe losses of muscle 
mass have been associated with poor health and a higher risk of death. 

v. Insoluble Non starch polysaccharides help alleviate constipation by adding bulk to stools 
and improving gastric mobility. This reduces constipation and helps proper movement of 
food and digestion. Dietary NSP lowers the risk of diverticular disease, colon cancer and 
promotes general health of the intestinal tract.  

vi. Eating plenty of dietary fiber can also improve heart health and blood sugar levels control. 
Soluble non starch polysaccharides bind bile acids and preventing them from being 
reabsorbed. This stimulates the liver to make more bile acids from cholesterol hence 
reducing blood and body cholesterol levels and improving heart health. Studies suggest a 
9% risk reduction for heart disease for each additional 7 grams of dietary fiber people 
consumed per day. Non starch polysaccharides also reduce the rate of sugar adsorption and 
are helpful in improving glycemic control in individuals with type two diabetes. 

vii. Glucose is essential for proper functioning of nervous tissue. The brain does not store 
glucose and relies on a constant supply of dietary glucose for its energy needs. Prolonged 
low levels of glucose in the body may lead to irreversible brain damage. 

viii. The pentose sugar ribose is an important component of nucleotides which are the 
monomers of nucleic acids which are responsible for controlling protein synthesis and 
general control of all body metabolism. Mucopolysaccharides also are important signaling 
molecules that help in cell recognition, part of antibodies which help in immune responses 
and part of cell wall structures which helps in keeping invaders at bay.  

ix. Carbohydrates are satisfying. Since they are also generally cheap, they form the bulk of the 
diet in many parts of the world most especially in the poorest parts.  

Dietary sources of carbohydrates  

Carbohydrates are widely spread in nature. The commonest sources in the diet include  

i. Cereals such as Maize, rice, millet, sorghum, barley, wheat and many of their products 

such as bread, pasta etc. provide appreciable amounts of starch. If taken as whole 

grains they can also provide appreciable amounts of Non-Starch Polysaccharides/ 

Dietary fiber.  

ii. Tubers – these include root tubers such a potatoes, sugar beets and cassava and stem 

tubers such as Irish potatoes, yams, sago, sugar cane etc.  

iii. Fruits such as apples, berries, mangos citrus fruits, pineapples etc. and vegetables 

such as carrots contain appreciable amounts of sugar. All fruits and vegetables are 

good sources of dietary Non-Starch Polysaccharides (NSP) both soluble and insoluble.  
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Carbohydrate Deficiency 

Previously Nutritional scientists described carbohydrate deficiency as marasmus. Recent 

understanding however is that marasmus is not due to dietary deficiency in carbohydrates but 

rather energy. Since the body can get its energy from carbohydrates as well as fats and proteins, 

marasmus is now looked at as a deficiency of food (starvation) rather than carbohydrates in 

particular. Recent nutritional understanding has developed a new term that includes the two 

forms macro nutrient deficiency as Protein Energy Malnutrition (PEM). Both Marasmus and 

Kwashiorkor are different manifestations of PEM, where Kwashiorkor is considered as acute 

(quick and severe onset) PEM, while marasmus is considered as chronic (slow and gradual onset) 

PEM.  

Since Kwashiorkor has been discussed already under protein deficiency, we shall describe 

Marasmus here. 

The term “marasmus” comes from the Greek word which marasmos means withering or wasting.  

Marasmus is a form of severe malnutrition characterized by energy deficiency. It can occur in 

anyone with severe malnutrition but usually occurs in children. Body weight is reduced to less 

than 62% of the normal (expected) body weight for the age. It can be distinguished from 

kwashiorkor in that kwashiorkor is protein deficiency with adequate energy intake whereas 

marasmus is inadequate energy intake in all forms, including protein. This clear-cut separation of 

marasmus and kwashiorkor is however not always clinically evident as kwashiorkor is often seen 

in a context of insufficient caloric intake, and mixed clinical pictures, called marasmic 

kwashiorkor, are possible. Protein wasting in kwashiorkor generally leads to edema and ascites, 

while muscular wasting and loss of subcutaneous fat are the main clinical signs of marasmus.  

Signs of Marasmus  
i. Marasmus is commonly represented by a shrunken, wasted appearance, loss of muscle mass 

and subcutaneous fat mass. Buttocks and upper limb muscle groups are usually more affected 

than others.  

ii. Growth retardation 

iii. Absence of Oedema often seen in kwashiorkor and marasmic kwashiorkor. 

iv. Child presents with a high appetite  

v. The child is very alert  

vi. Baggy wrinkled skin 

Low body temperature than expected/normsl (hypothermia, pyrexia) 

vii. anemia 

dehydration (as characterized with consistent thirst and shrunken eyes) 

viii.  hypovolemic shock (weak radial pulse 

ix.  cold extremities 

x. old mans face /monkey like face 

xi. Absence of hair changes as seen in kwashiorkor  

xii.  Marasmus can also make children short-tempered and irritable 
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Management of Marasmus  

Both the causes and complications of the disorder must be treated, including infections, 

dehydration, and circulation disorders, which are frequently lethal and lead to high mortality if 

ignored.  

Initial treatment involves feeding the child dried skim milk that has been mixed with boiled water. 

Once the child tolerates the milk, a vegetable mix can be added including sesame, casein, and 

sugar. Refeeding must be done slowly to avoid storage of nutrients without raising the serum 

levels of minerals and proteins which may lead to pulmonary and cardiac failure and death. Once 

children start to recover, they should have more balanced diets which meet their nutritional 

needs. Children with marasmus commonly develop infections, and are consequently treated with 

antibiotics or other medications. Ultimately, marasmus can progress to the point of no return 

when the body's ability for protein synthesis is lost. At this point, attempts to correct the disorder 

by giving food or protein are futile. 

 

 

Community based strategies for management of Protein Energy Malnutrition 

(i) Encouraging and supporting exclusive breast feeding of babies at least for the first 6 months of life 

and supporting continued breast feeding for the first two years of life. Breast milk is the best food 

for babies and it also greatly reduces the risk of diarrhoeal diseases that stem from a lack of portable 

(clean) water and inadequate sanitation. 

(ii) Promoting education of all children and in particular girls. Literate mothers can easily gain 

information about child nutrition, basic hygiene and primary health care. This may not be 

the case with illiterate mothers. Educated parents also have more prospects of gainful 

employment and can hence be able to look after their children. 

(iii) Babies and children below 5 years should visit health care facilities regularly for growth 

monitoring. Mothers should also receive adequate and appropriate postpartum care. 

(iv) Promoting and implementing strategies to reduce poverty in general, for example protecting 

the rights of women to own means of production, skilling youths and girls that drop out of 

schools etc. Poor families are most likely to lack food and have their children suffering from 

malnutrition  
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(v) Encouraging growth and consumption of nutrient rich foods through encouraging backyard 

farming, community wide nutrition education etc.  

(vi) Ensuring sustained peace and stability to reduce the occurrence of armed conflict and wars 

that precipitate food shortages and famine  

(vii) Improving and promoting improved agriculture through irrigation farming, improved crop 

varieties etc. so as to improve on food production hence ensuring food availability.  

(viii) Implementing cross cutting public health strategies to prevent disease such as 

immunization, primary health education, proper postnatal care to all mothers and babies 

and nutrition education.  

 
 


