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Preface to the eighth edition

Recent research in the field of animal science has focused on advances in molecular
biology, particularly in the study of gene expression, epigenetics and gene editing,
and exciting advances have been made. However, knowledge of animal biochemistry
and nutrition is still essential if we are to understand the significance and efficient
application of these new findings to further improve animal production, health and
welfare. The application of research and advice in animal nutrition continues to be at
the centre of efficient animal production. Research in dog and cat nutrition has also
progressed since the last edition and information in this area has been expanded in
this new edition.

We have retained the early chapters on basic food chemistry and animal bio-
chemistry to provide a quick reference to questions pertaining to the discipline of
nutrition chemistry in later parts of the book. We have also taken the opportunity to
introduce nutritional topics related to molecular biology and the environment. Each
chapter now has a set of questions to assist with revision of the chapter topic and the
Appendix tables have been revised where new data are available.

Three significant events have occurred since the last edition. In 2016, the British
Society of Animal Science recognised the 50th anniversary of the publication of the
first edition of Animal Nutrition by awarding framed certificates of congratulation to
the original three authors, Peter McDonald, James Greenhalgh and Alun Edwards.
Then, in 2018, came the sad news that Peter McDonald had died and in 2021 that
Alun Edwards, too, had died. Although Peter and Alun had not been actively involved
in the production of recent editions of the book, they had always shown great interest
in its progress. Fittingly, Peter’s funeral service was conducted by another eminent
animal nutritionist, Rev. Dr Neville Suttle.

The production of this edition was assisted by comments and suggestions received
from reviewers and we welcome comments from readers. As with previous editions,
we are grateful to colleagues for their helpful discussions.

C A Morgan, L A Sinclair, R G Wilkinson and J F D Greenhalgh
2022



PART 1

The components of foods

This part describes the chemistry of foods and the components that supply nutrients to the
animal.

Chapter 1 is concerned with the analysis of foods, from the early chemical analysis developed in
the 1800s to categorise chemical and nutrient groups, through to the sophisticated physical and
chemical methods used today to identify individual molecular components.

Chapters 2, 3 and 4 describe the major components of foods that supply energy and amino acids,
i.e. the carbohydrates and lipids, and the proteins.

Chapters 5 and 6 give details of the nutrients required in smaller amounts, the vitamins and
minerals which, nevertheless, are essential for the normal functions of the body and efficient
animal production.






The animal and its food

1.1 Water
1.2 Dry matter and its components
1.3 Analysis and composition of foods

Food is material that, after ingestion by animals, is capable of being digested, absorbed
and utilised. In a more general sense, we use the term ‘food’ to describe edible mate-
rial. Grass and hay, for example, are described as foods, but not all their components
are digestible. Where the term ‘food’ is used in the general sense, as in this text, those
components capable of being utilised by animals are described as nutrients.

The animals associated with human beings cover the spectrum from herbivores — the
plant eaters (ruminants, horses and small animals such as rabbits and guinea pigs); through
omnivores, which eat all types of food (pigs and poultry); to carnivores, which eat chiefly
meat (cats). Under the control of human beings, these major classes of animal still pertain,
but the range of foods that animals are now offered is far greater than they might normally
consume in the wild (for example, ruminants are given plant by-products of various human
food industries and some dog foods contain appreciable amounts of cereals). Nevertheless,
plants and plant products form the major source of nutrients in animal nutrition.

The diet of farm animals in particular consists of plants and plant products, although
some foods of animal origin, such as fishmeal and milk, are used in limited amounts.
Animals depend upon plants for their existence and consequently a study of animal
nutrition must necessarily begin with the plant itself.

Plants are able to synthesise complex materials from simple substances, such as carbon
dioxide from the air, and water and inorganic elements from the soil. By means of pho-
tosynthesis, energy from sunlight is trapped and used in these synthetic processes. The
greater part of the energy, however, is stored as chemical energy within the plant itself
and it is this energy that is used by the animal for the maintenance of life and synthesis
of its own body tissues. Plants and animals contain similar types of chemical substances,
and we can group these into classes according to constitution, properties and function.
The main components of foods, plants and animals are:

Carbohydrates
Lipids

Proteins

Food Organic Nucleic acids
Organic acids
Vitamins

Water

Dry matter
Inorganic Minerals



Chapter 1 The animal and its food

1.1

WATER

The water content of the animal body varies with age. The newborn animal contains
750-800 g/kg water, but this falls to about 500 g/kg in the mature fat animal. It is
vital to the life of the organism that the water content of the body be maintained:
an animal will die more rapidly if deprived of water than if deprived of food. Water
functions in the body as a solvent in which nutrients are transported about the body
and in which waste products are excreted. Many of the chemical reactions brought
about by enzymes take place in solution and involve hydrolysis. Because of the high
specific heat of water, large changes in heat production can take place within the
animal with very little alteration in body temperature. Water also has a high latent
heat of evaporation, and its evaporation from the lungs and skin gives it a further
role in the regulation of body temperature.

The animal obtains its water from three sources: drinking water, water present in its
food and metabolic water, this last being formed during metabolism by the oxidation of
hydrogen-containing organic nutrients. The water content of foods is variable and can
range from as little as 60 g/kg in concentrates to over 900 g/kg in some root crops. Because
of this great variation in water content, the composition of foods is often expressed on a
dry matter basis, which allows a more valid comparison of nutrient content. This is illus-
trated in Table 1.1, which lists a few examples of plant and animal products.

The water content of growing plants is related to the stage of growth, being
greater in younger plants than in older plants. In temperate climates, the acquisition
of drinking water is not usually a problem and animals are provided with a continu-
ous supply. There is no evidence that under normal conditions an excess of drinking
water is harmful, and animals normally drink what they require.

Table 1.1 Composition of some plant and animal products expressed on a fresh
basis and a dry matter basis

Water Carbohydrate Lipid Protein Ash
Fresh basis (g/kg)
Turnips 910 70 2 11 7
Grass (young) 800 137 8 35 20
Barley grain 140 730 15 93 22
Groundnuts 60 201 449 268 22
Dairy cow 570 2 206 172 50
Milk 876 47 36 33 8
Muscle 720 6 44 215 15
Egg 667 8 100 118 107
Dry matter basis (g/kg)
Turnips 0 778 22 122 78
Grass (young) 0 685 40 175 100
Barley grain 0 849 17 108 26
Groundnuts 0 214 478 285 23
Dairy cow 0 5 479 400 116
Milk 0 379 290 266 65
Muscle 0 21 157 768 54
Egg 0 24 300 355 321

2
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1.2

1.3

Analysis and composition of foods

DRY MATTER AND ITS COMPONENTS

The dry matter (DM) of foods is conveniently divided into organic and inorganic
material, although in living organisms there is no such sharp distinction. Many
organic compounds contain mineral elements as structural components. Proteins, for
example, contain sulphur, and many lipids and carbohydrates contain phosphorus.

It can be seen from Table 1.1 that the main component of the DM of pasture grass
is carbohydrate, and this is true of all plants and many seeds. The oilseeds, such as
groundnuts, are exceptional in containing large amounts of protein and lipid material.
In contrast, the carbohydrate content of the animal body is very low. One of the main
reasons for the difference between plants and animals is that, whereas the cell walls
of plants consist of carbohydrate material, mainly cellulose, the walls of animal cells
are composed almost entirely of lipid and protein. Furthermore, plants store energy
largely in the form of carbohydrates such as starch and fructans, whereas an animal’s
main energy store is in the form of lipid.

The lipid content of the animal body is variable and is related to age, the older ani-
mal containing a much greater proportion than the young animal. The lipid content of
living plants is relatively low — that of pasture grass, for example, being 40-50 g/kg DM.

In both plants and animals, proteins are the major nitrogen-containing compounds.
In plants, in which most of the protein is present as enzymes, the concentration is
high in the young growing plant and falls as the plant matures. In animals, the muscle,
skin, hair, feathers, wool and nails consist mainly of protein.

Like proteins, nucleic acids are also nitrogen-containing compounds and they play
a basic role in the synthesis of proteins in all living organisms. They also carry the
genetic information of the living cell.

The organic acids that occur in plants and animals include citric, malic, fumaric,
succinic and pyruvic acids. Although these are normally present in small quantities,
they nevertheless play an important role as intermediates in the general metabolism
of the cell. Other organic acids occur as fermentation products in the rumen, or in
silage, and these include acetic, propionic, butyric and lactic acids.

Vitamins are present in plants and animals in minute amounts, and many of them
are important as components of enzyme systems. An important difference between
plants and animals is that, whereas the former can synthesise all the vitamins they
require for metabolism, animals cannot, or have very limited powers of synthesis,
and are dependent upon an external supply.

The inorganic matter contains all those elements present in plants and animals
other than carbon, hydrogen, oxygen and nitrogen. Calcium and phosphorus are the
major inorganic components of animals, whereas potassium and silicon are the main
inorganic elements in plants.

ANALYSIS AND COMPOSITION OF FOODS

Originally, the most extensive information about the composition of foods was based
on a system of analysis described as the proximate analysis of foods, which was
devised in the 19th century by two German scientists, Henneberg and Stohmann.
More recently, new analytical techniques have been introduced, and the information
about food composition is rapidly expanding (see the ‘Modern analytical methods’

=\
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Chapter 1 The animal and its food

section). However, the system of proximate analysis still forms the basis for the
statutory declaration of the composition of foods in Europe.

Proximate analysis of foods

This system of analysis divides the food into six fractions: moisture, ash, crude pro-
tein, ether extract, crude fibre and nitrogen-free extractives.

The moisture content is determined as the loss in weight that results from drying
a known weight of food to constant weight at 100 °C. This method is satisfactory
for most foods, but with a few (such as silage), significant losses of volatile material
(short-chain fatty acids and alcohols) may take place. Therefore, for silages, the mois-
ture content can be determined directly by distilling the water from the sample under
toluene. The distillate is measured and corrected for the presence of fermentation
acids and alcohols. An estimate of the ‘corrected’ dry matter (g/kg) can be calculated
from the oven dry matter (ODM g/kg) using a relationship such as that published by
the Agriculture and Food Research Council:

Corrected DM = 0.99 ODM + 18.9

The ash content is determined by ignition of a known weight of the food at 550 °C
until all carbon has been removed. The residue is the ash and is taken to represent the
inorganic constituents of the food. The major component of ash is silica but ash may,
however, contain material of organic origin such as sulphur and phosphorus from
proteins, and some loss of volatile material in the form of sodium, chloride, potas-
sium, phosphorus and sulphur will take place during ignition. The ash content is thus
not truly representative of the inorganic material in the food, either qualitatively or
quantitatively. Animals do not have a requirement for ash per se but require the indi-
vidual mineral elements that it contains and are determined by methods such as atomic
absorption spectrometry or inductively coupled plasma spectroscopy (see p. 11).

The crude protein (CP) content is calculated from the nitrogen content of the food,
determined by a modification of a technique originally devised by Kjeldahl over
100 years ago. In this method, the food is digested with sulphuric acid, which con-
verts all nitrogen present, except that in the form of nitrate and nitrite, to ammonium
sulphate. The ammonia is liberated by adding sodium hydroxide to the digest, dis-
tilled off and collected in standard acid, and the quantity collected is determined by
titration or by an automated colorimetric method. It is assumed that the nitrogen is
derived from protein containing 16 per cent nitrogen, and by multiplying the nitro-
gen figure by 6.25 (i.e. 100/16) an approximate protein value is obtained. This is not
‘true protein’, since the method determines nitrogen from sources other than protein,
such as free amino acids, amines and nucleic acids, and the fraction is therefore des-
ignated ‘crude protein’. Also, the nitrogen content of the protein varies according to
its amino acid composition and 16 per cent is an average value.

The ether extract (EE) fraction is determined by subjecting the food to a con-
tinuous extraction with petroleum ether for a defined period. The residue, after
evaporation of the solvent, is the ether extract. As well as lipids it contains organic
acids, alcohol and pigments. This procedure is referred to as method A. In the current
official method, the extraction with ether is preceded by hydrolysis of the sample
with hydrochloric acid and the resultant residue is the acid ether extract (method B).

zlﬁ‘ ;‘;:3 books.com



Analysis and composition of foods

The carbohydrate of the food is contained in two fractions, the crude fibre (CF)
and the nitrogen-free extractives (NFE). The former is determined by subjecting the
residual food from ether extraction to successive treatments with boiling acid and
alkali of defined concentration; the organic residue is the crude fibre.

When the sum of the amounts of moisture, ash, crude protein, ether extract and
crude fibre (expressed in g/kg) is subtracted from 1,000, the difference is designated
the nitrogen-free extractives. The nitrogen-free extractives fraction is a heteroge-
neous mixture of all those components not determined in the other fractions. The
crude fibre fraction contains cellulose, lignin (an indigestible component of plant
fibre) and hemicelluloses, but not necessarily the whole amounts of these that are
present in the food: a variable proportion of the cell wall material, depending upon
the species and stage of growth of the plant material, is dissolved during the crude
fibre extraction and thus is contained in the nitrogen-free extractives. This leads to
an underestimation of the fibre and an overestimation of the starch and sugars. Thus,
the nitrogen-free extractive fraction includes starch, sugars, fructans, pectins, organic
acids and pigments, in addition to those components mentioned above.

Modern analytical methods

In recent years the proximate analysis procedure has been severely criticised by
many nutritionists as being archaic and imprecise, and in the majority of laboratories
it has been partially replaced by other analytical procedures. Most criticism has been
focused on the crude fibre, ash and nitrogen-free extractives fractions for the reasons
described above. The newer methods have been developed to characterise foods in
terms of the methods used to express nutrient requirements. In this way, an attempt
is made to use the analytical techniques to quantify the potential supply of nutrients
from the food. For example, for ruminants, analytical methods are being developed
that describe the supply of nutrients for the rumen microbes and the host digestive
enzyme system (Fig. 1.1).

Starch and sugars

Inadequacies in the nitrogen-free extractives fraction have been addressed by the
development of methods to quantify the non-structural carbohydrates, which are
mainly starches and sugars. Sugars can be determined colorimetrically after combi-
nation with a reagent such as anthrone. The official EC method involves extraction
of sugars with dilute ethanol; the solution is then clarified and the ethanol removed.
The sugars are then quantified before and after inversion (giving reducing and total
sugars, respectively) by the Luff-Schoorl method. Starch is determined by dilute
acid hydrolysis of the sample followed by polarimetric determination of the released
sugars. This gives a figure for total sugars (i.e. those originating from the hydrolysed
starch plus the simple sugars in the food). Sugars per se are determined by extracting
the sample with ethanol, acidifying the filtrate and taking a second polarimeter read-
ing. The starch content is calculated from the difference between the two readings
multiplied by a known factor for the starch source. Starch can also be determined
enzymically. For example, in cereals starch is converted to glucose using a-amylase
followed by amyloglucosidase and then the glucose is measured using the glucose
oxidase-peroxidase reagent.
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Food measurements Rumen parameters Absorbed nutrients
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Fig. 1.1 Proposed model for characterisation of foods for ruminants.

AA = amino acids, ADIN = acid detergent insoluble nitrogen, DUP = digestible undegradable
protein, ERDN = effective rumen degradable nitrogen, LCFA = long-chain fatty acids,

ME = metabolisable energy, MP = metabolisable protein, N = nitrogen, NF = nitrogen fraction,
NFF = non-fermentable fraction, PFF = potentially fermentable fraction, UDN = undegradable
nitrogen, VFA = volatile fatty acids, WSC = water-soluble carbohydrates.

From Agricultural and Food Research Council 1998 Technical Committee on Responses to Nutrients,
report no. 11, Wallingford, CABI.

Fibre

Alternative procedures for fibre have been developed by Van Soest (Table 1.2).
The neutral-detergent fibre (NDF), which is the residue after extraction with boil-
ing neutral solutions of sodium lauryl sulphate and ethylenediamine tetraacetic acid
(EDTA), consists mainly of lignin, cellulose and hemicellulose and can be regarded
as a measure of the plant cell wall material. The analytical method for determining
NDF was originally devised for forages, but it can also be used for starch-containing
foods provided that an amylase treatment is included in the procedure. By analogy
with the nitrogen-free extractives fraction discussed above, the term non-structural
carbohydrate (NSC) is sometimes used for the fraction obtained by subtracting the
sum of the amounts (g/kg) of CP, EE, ash and NDF from 1,000.

The acid-detergent fibre (ADF) is the residue after refluxing with 0.5 M sulphuric
acid and cetyltrimethyl-ammonium bromide, and represents the crude lignin and
cellulose fractions of plant material but also includes silica.

The determination of ADF is particularly useful for forages as there is a good
statistical correlation between it and the extent to which the food is digested (digest-
ibility). In the UK, the ADF method has been modified slightly by altering the dura-
tion of boiling and acid strength. The term modified acid-detergent fibre (MADF) is
used to describe this determination.
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Table 1.2 Classification of forage fractions using the detergent methods of
Van Soest

Fraction Components

Cell contents (soluble in neutral detergent) Lipids

Sugars, organic acids and
water-soluble matter

Pectin, starch
Non-protein nitrogen
Soluble protein

Cell wall constituents (fibre insoluble
in neutral detergent)

Soluble in acid detergent Hemicelluloses
Fibre-bound protein
Acid-detergent fibre Cellulose
Lignin
Lignified nitrogen

Silica

After Van Soest P J 1967 Journal of Animal Science 26: 119.

The acid-detergent lignin determination involves the preparation of acid-detergent
fibre as the preparatory step. The ADF is treated with 72 per cent sulphuric acid,
which dissolves cellulose. Ashing the residue determines crude lignin, including cutin.

The Van Soest methods of fibre analysis and other standard techniques are used
for fractionation of food carbohydrates for ruminants in the Cornell net carbohydrate
and protein system (CNCPS) to derive the following fractions:

1. Total carbohydrate = 100 — (crude protein + fat + ash)

2. Non-structural carbohydrate (NSC) = 100 — (crude protein + fat +
(NDF — NDF protein) + ash)

3. Sugar as a proportion of NSC

4. Starch, pectins, B-glucans, volatile fatty acids = NSC — sugar

5. Lignin

The carbohydrates are then classified according to their degradation rate by rumen
microbes: fraction A — fast (comprising the sugars); fraction B1 — intermediate (starch,
pectins, B-glucans); fraction B2 — slow (available cell wall material represented by
lignin-free NDF); and fraction C - indigestible (unavailable cell wall in the form of
lignin).

In monogastric, and particularly human, nutrition the term dietary fibre is often
used and attention has been focused on its importance in relation to health. Dietary
fibre (DF) was defined as lignin plus those polysaccharides that cannot be digested
by monogastric endogenous enzymes. Initially, epidemiological studies linked a lack
of DF to constipation, gut and bowel disorders, cardiovascular disease and type 2
diabetes; however, the causes of such diseases are multifactorial and in some cases

9
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it is not just DF per se that has the beneficial effects but other aspects of the diet
also (e.g. antioxidants). Nevertheless, DF is a major component related to health in
human beings and it has equally important effects in animals.

The definition of DF has proved difficult, with definitions ranging through physi-
ological/botanical (derived from cell walls of plants, which are poorly digested),
chemical/botanical (non-starch polysaccharides (NSP) of plant cell walls), chemical
(NSP and lignin) and nutritional/physiological (NSP not digested in the small intes-
tine). The common features of DF definitions are carbohydrates (polysaccharides,
oligosaccharides and lignin) resistant to digestion in the small intestine but that may
be fermented in the large intestine and promote beneficial physiological effects. By
virtue of its definition, DF is difficult to determine in the laboratory. The NSP in most
foods, along with lignin, are considered to represent the major components of cell
walls. Methods for measurement of NSP fall into two categories (with slight varia-
tions in the second category, depending on the research laboratory):

m Enzymic-gravimetric methods, which measure a variety of components and give
no details of polysaccharide type. In the method of the Association of Official
Analytical Chemists for total dietary fibre, samples are gelatinised by heating
and treated with enzymes to remove starch and proteins. The total dietary fibre
is precipitated with ethanol and the residue is dried and weighed.

®m Enzymic-chromatographic methods, which identify the individual carbohydrates
in the dietary NSP. The Englyst method can be used to determine total, soluble
and insoluble dietary fibre. Measurement of NSP by this method involves removal
of starch with the enzymes pullulanase and a-amylase. After precipitation with
ethanol, the NSP residue is then hydrolysed with 12 M sulphuric acid. The individ-
ual monomeric neutral sugar constituents are determined by gas-liquid chroma-
tography (see later) with separate determination of uronic acids. Alternatively, the
total sugars are determined colorimetrically after reaction with dinitrosalicylate
solution. Total NSP and insoluble NSP are determined directly by analysis of
separate subsamples and the soluble NSP are calculated by difference. The major
constituents of NSP are rhamnose, arabinose, xylose, glucose, galactose, mannose
and glucuronic and galacturonic acids. Cellulose is the major source of glucose,
and hemicellulose provides xylose, mannans and galactose. The degradation of
pectins releases arabinose, galactose and uronic acids. Following the adoption
of methods to determine NSP, it became apparent that non-digestible oligosac-
charides and resistant starch also contributed to DF based on their physiological
behaviour. In recognition of this, enzymic procedures have been developed to
determine these components.

In recent years, attention has focused on the importance of both the soluble and
insoluble forms of fibrous material in the human diet. Water-soluble NSP is known
to lower serum cholesterol, and insoluble NSP increases faecal bulk and speeds up
the rate of colonic transit. This last effect is thought to be beneficial in preventing a
number of diseases, including cancer of the bowel.

The NSP of foods may be degraded in the gut of pigs by microbial fermentation,
yielding volatile fatty acids, which are absorbed and contribute to the energy supply.
A further benefit relates to the volatile fatty acid butyric acid, which is reported to be
an important source of energy for the growth of cells in the epithelium of the colon;
thus, the presence of this acid will promote development of the cells and enhance
absorption. The extent of degradation depends on the conformation of the polymers
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and their structural association with non-carbohydrate components, such as lignin.
In addition, the physical properties of the NSP, such as water-holding capacity and
ion exchange properties, can influence the extent of fermentation. The gel-forming
NSPs, such as B-glucans. influence the viscosity of digesta and thereby reduce the
absorption of other nutrients from the small intestine and depress digestibility and
adversely affect faecal consistency in pigs and poultry (see the section on enzymes
in Chapter 24). On a positive note, the water-holding properties lead to beneficial
effects on the behaviour of pregnant sows by increasing time spent eating and rest-
ing, owing to increased gut fill, and by reducing inappropriate behaviour, such as
bar chewing.

Minerals

A simple ash determination provides very little information about the exact mineral
make-up of the food and, when this is required, analytical techniques involving
spectroscopy are generally used. In atomic absorption spectroscopy, an acid solu-
tion of the sample is heated in a flame and the vaporised atoms absorb energy,
which brings about transitions from the ground state to higher energy levels. The
source of energy for this transition is a cathode lamp, containing the element to
be determined, which emits radiation at a characteristic wavelength. The radiation
absorbed by the atoms in the flame is proportional to the concentration of the
element in the food sample.

Flame emission spectroscopy measures the radiation from solutions of the sample
heated in air/acetylene or oxygen/acetylene flames. Each element emits radiation
at specific wavelengths and there are published tables of flame emission spectra.
Atomic absorption and flame emission spectrometry are being replaced by induc-
tively coupled plasma emission spectroscopy, as this has a greater sensitivity for the
relatively inert elements and can be used to determine several elements simultane-
ously or sequentially. Energy from the inductively coupled plasma source is absorbed
by argon ions and elements to form a conducting gaseous mixture at temperatures
up to 10,000 °C. The electromagnetic radiation emitted from atoms and ions within
the plasma is then measured. Alternatively, the ions can be separated and detected
using a mass spectrometer.

Just as with other nutrients, a measure of the concentration of the element alone
is not sufficient to describe its usefulness to the animal. Attempts have been made to
assess the availability of minerals using chemical methods, such as solubility in water
or dilute acids, but these have had little success. At present, animal experiments are
the only reliable way to measure mineral availability (see Chapter 10).

Amino acids, fatty acids and sugars

As an alternative to the standard Kjeldahl method for the determination of nitrogen
(crude protein) described above, the Dumas method is also now used. In this method
the sample is combusted in pure oxygen; the products are carbon dioxide, water,
oxides of nitrogen and nitrogen. The carbon dioxide and water are absorbed on
columns and the oxides of nitrogen are converted to nitrogen with a column packed
with copper; the resulting total nitrogen is determined in a thermal conductivity
detector. This method, although expensive in equipment, is rapid and does not rely
on hazardous chemicals.

Knowledge of the crude protein content of a food is not a sufficient measure of its
usefulness for non-ruminants. The amino acid composition of the protein is required
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in order to assess how a food can meet the essential amino acid requirements (see
Chapter 4). Similarly, the total ether extract content does not give sufficient infor-
mation on this fraction since it is important to know its fatty acid composition. In
non-ruminants, this has large effects on the composition of body fat and, if soft fat
is to be avoided, the level of unsaturated fatty acids in the diet must be controlled.
In ruminants, a high proportion of unsaturates will depress fibre digestion in the
rumen. When detailed information on the amino acid composition of protein, the
fatty acid composition of fat or the individual sugars in NSP is required, then tech-
niques involving chromatographic separation can be used. In gas-liquid chromato-
graphy, the stationary phase is a liquid held in a porous solid, usually a resin, and the
mobile phase is a gas. Volatile substances partition between the liquid and the vapour
and can be effectively isolated. This form of chromatography is, however, usually a
slow process; in order to speed up the separation procedure, high-performance liquid
chromatography has been developed. In this technique, pressure is used to force a
solution, containing the compounds to be separated, rapidly through the resin held in
a strong metal column. In addition to speeding up the process, high resolution is also
obtained. Gas-liquid chromatography and high-performance liquid chromatography
can also be used for the determination of certain vitamins (e.g. A, E, B¢, K), but the
measurement of available vitamins requires biological methods.

An example of the application of high-performance liquid chromatography is seen
with food proteins, which are hydrolysed with acid and the released amino acids are
then determined using one of the following methods:

m lon-exchange chromatography — by which the amino acids are separated on the
column, and then mixed with a derivatisation agent, which reacts to give a com-
plex that is detected by a spectrophotometer or fluorimeter.

m Reverse-phase chromatography — in which the amino acids react with the reagent
to form fluorescent or ultraviolet-absorbing derivatives, which are then separated
using a more polar mobile phase (e.g. acetate buffer with a gradient of acetonitrile)
and a less polar stationary phase (e.g. octadecyl-bonded silica). The availability of
amino acids to the animal can be estimated by chemical methods. For example, for
lysine there are colorimetric methods that depend on the formation of compounds
between lysine and dyes (see Chapter 13).

Measurement of protein in foods for ruminants

The new methods of expressing the protein requirements of ruminants (see
Chapter 13) require more information than just the crude protein (nitrogen) content
of the food. The unavailable nitrogen is measured as acid detergent insoluble nitro-
gen. Information on the rate of degradation in the rumen of the available nitrogen
is also required and this can be estimated by biological methods. In the Cornell
net carbohydrate and protein system, the neutral and acid detergent extractions of
Van Soest, described previously, are used in combination with extraction with a
borate—phosphate buffer and trichloracetic acid solution to derive several protein
fractions. These fractions describe the components that are degraded in the rumen
or digested in the small intestine (see Chapter 13).

Spectroscopy

It is now common for laboratories to use near-infrared reflectance spectroscopy
(NIRS) to estimate the composition of foods. The basis of this methodology lies
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in the absorption of energy by hydrogen-containing functional groups in organic
compounds present in the food (C-H, O-H, N-H and S-H). The reflected energy
from the sample provides information on its composition but, unlike normal spec-
troscopy, is not related directly to concentration since the sample is heterogenous.
Therefore, empirical relationships are derived by calibrating the reflected spec-
trum with samples of known composition, as determined by standard methods. In
practice, energy in the wavelength range 1,100-2,500 nm is directed on to a cell
containing the dried milled sample, and the diffuse reflected energy is measured
across the spectrum. The spectral data are then related to the known chemical com-
position of the standard samples by multiple linear regression. The relationships are
then validated with a second set of samples of known composition. Once satisfac-
tory relationships have been derived, they can be applied to the spectra of sam-
ples of unknown composition. The technique has been extended to the analysis of
fresh silage samples, eliminating the need to dry and mill the sample. NIRS has the
advantages that it is rapid with minimal sample preparation, it gives instantaneous
results and is non-destructive of the sample, it allows simultaneous measurement of
several parameters with high precision, and it allows a high throughput of samples
at low cost per sample. Nevertheless, it should be recognised that, as the technique
is dependent on chemical or physical calibrations, it cannot be more accurate than
the chemically determined values used to derive the calibration. NIRS is particularly
useful in the context of compound food manufacture, where rapid analysis of raw
materials and finished product is required for efficient mixing and quality control
standards. With forages, particularly grass and cereal silages, NIRS is now routinely
used to determine not only chemical composition but also a range of food character-
istics, including those that are the resultant of a number of nutrient concentrations
such as digestibility, metabolisable energy and nitrogen degradability in the rumen
and potential silage intake (see Chapters 12, 13 and 17). Hand-held NIRS devices
are now available for on-farm analysis of forages. Mineral elements do not have
absorptions in the NIR spectral region and cannot be determined directly by NIRS.
However, minerals can be measured when they are combined in organic complexes
or chelates, or indirectly by their effects on hydrogen bonds. Accuracy of estimation
depends on there being a close degree of correlation between the mineral and the
organic compounds.

Nuclear magnetic resonance spectroscopy is a complex technique that is used to
determine the constituents of foods. This method makes use of the fact that some
compounds contain certain atomic nuclei that can be identified from a nuclear mag-
netic resonance spectrum, which measures variations in frequency of electromagnetic
radiation absorbed. It provides more specific and detailed information of the con-
formational structure of compounds than, for example, NIRS but is more costly and
requires more time and skill on the part of the operator. For these reasons, it is more
suited to research work and for cases in which the results from simpler spectroscopy
techniques require further investigation. Nuclear magnetic resonance spectroscopy
has been useful in the investigation of the soluble and structural components of
forages.
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SUMMARY

1. Water is an important component of
animal foods. It contributes to the water
requirements of animals and dilutes the
nutrient content of foods. Water content
varies widely between foods.

2. The constituents of dry matter comprise
carbohydrates (sugars, starches, fibres),
nitrogen-containing compounds (proteins,
amino acids, non-protein nitrogen
compounds), lipids (fatty acids, glycerides),
minerals and vitamins.

3. Analytical techniques have been developed
from simple chemical/gravimetric
determinations.

4. Modern analytical techniques attempt to
measure nutrients in foods in terms of the
nutrient requirements of the animal.

5. Starch is determined by polarimetry.

QUESTIONS

. Fibrous constituents can be determined

by application of detergent solutions and
weighing the residue, or by the use of
enzymes followed by weighing or gas-liquid
chromatography.

. Individual mineral elements are measured

by atomic absorption spectroscopy, flame
photometry or inductively coupled plasma
emission spectroscopy.

. Gas-liquid chromatography is used to

determine individual amino acids, fatty acids
and certain vitamins.

. Near-infrared reflectance spectroscopy is used

routinely to determine food characteristics
and to predict nutritive value. Nuclear
magnetic resonance spectroscopy is a research
technique for determining the chemical
structure of food components.

1.1 What are the major components of food dry matter? (p. 3)
1.2 What are the three major components of the organic matter of foods? (p. 5)

1.3 Grass has a dry matter content of 200 g/kg and 137 g carbohydrate/kg. What is

the concentration of carbohydrate in the dry matter?

1.4 Barley grain has a dry matter content of 860 g/kg and 108 g protein/kg DM.

What is the concentration of protein in the fresh matter?

1.5 What are the six fractions quantified by the proximate system of analysis of

foods? (p. 6)

1.6 What is the usually assumed nitrogen content of crude protein?

1.7 What do the following abbreviations mean: NDF, ADF, WSC, NSP, NSC?

(p- 8)

1.8 What is near infrared reflectance spectroscopy and how is it used to determine

the composition of a food? (p. 12)
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2.1

Carbohydrates

2.1 Classification of carbohydrates
2.2 Monosaccharides

2.3 Monosaccharide derivatives
2.4 Oligosaccharides

2.5 Polysaccharides

2.6 Lignin

In general, carbohydrates are neutral chemical compounds containing the elements
carbon, hydrogen and oxygen and have the empirical formula (CH,0),, where n is 3 or
more. However, some compounds with general properties of the carbohydrates also
contain phosphorus, nitrogen or sulphur; and others, e.g. deoxyribose (CsH;(0,4), do not
have hydrogen and oxygen in the same ratio as that found in water. The carbohydrate
group contains polyhydroxy aldehydes, ketones, alcohols and acids, their simple
derivatives, and any compound that may be hydrolysed to these.

CLASSIFICATION OF CARBOHYDRATES

The carbohydrates may be classified as shown in Fig. 2.1. The simplest sugars are
the monosaccharides, which are divided into subgroups — trioses (C3HgO3), tetroses
(C4HgO,), pentoses (CsHq(Os), hexoses (C¢H1,04) and heptoses (C;H407) —
depending on the number of carbon atoms present in the molecule. The trioses
and tetroses occur as intermediates in the metabolism of other carbohydrates and
their importance will be considered in Chapter 9. Monosaccharides may be linked
together, with the elimination of one molecule of water at each linkage, to produce
di-, tri-, tetra- or polysaccharides, containing, respectively, two, three, four or larger
numbers of monosaccharide units.

The term sugar is generally restricted to those carbohydrates containing fewer
than ten monosaccharide residues, while the name oligosaccharides (from the Greek
oligos, a few) is frequently used to include all sugars other than the monosaccharides.

Polysaccharides, also called glycans, are polymers of monosaccharide units. They
are classified into two groups, the homoglycans, which contain only a single type
of monosaccharide unit, and the heteroglycans, which on hydrolysis yield mixtures



Classification of carbohydrates

_ﬁlyceraldehyde
| Dihydroxyacetone

Tetroses (C4HgOy) —@ythrose

[Trioses (C3HgO3)

[ Arabinose
Xylose
Monosaccharides—{Pentoses (CsH1905) — Xylulose
Ribose

| Ribulose

[ Glucose
Hexoses (C¢H120¢) Galactose
" | Mannose
| Fructose

Eeptoses (C7H1407) _@doheptulose

Sugars

[Sucrose
[Disaccharides Lactose
" | Maltose
| Cellobiose

[ Raffinose
| Kestose

(Oligosaccharides Trisaccharides —

|Tetrasaccharides —{ Stachyose

[Arabinans

Xylans

[Starch
Dextrins
Glucans — Glycogen
Cellulose
[Homoglycans _| | Callose

Fructans _[Tnulin
Galactans | Levan
[Polysaccharides — Mannans

| Glucosamines

Pectic substances

Hemicelluloses
|Heteroglycans Exudate gums
Non-sugars— Acidic mucilages
Hyaluronic acid
Chondroitin

Glycolipids
Complex
[carbohydrates

Glycoproteins

Fig. 2.1 Classification of carbohydrates.
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2.2

of monosaccharides and derived products. The molecular weight of polysaccharides
varies from as little as about 8,000 daltons (Da) in some plant fructans to as high as
100 million in the amylopectin component of starch. Hydrolysis of these polymers
to their constituent sugars can be affected by the action of either specific enzymes
or acids.

The complex carbohydrates are an ill-defined group of compounds that contain
carbohydrates in combination with non-carbohydrate molecules. They include the
glycolipids and glycoproteins. The structure and biological importance of these two
groups of compounds are discussed in Chapters 3 and 4, respectively.

MONOSACCHARIDES

Structure

The monosaccharide sugars occur in a number of isomeric forms. Thus, glucose and
fructose (both hexoses) are structural isomers, glucose having an aldehyde group
and fructose having a ketone group. Both of these sugars occur in two mirror-image,
stereoisomeric forms, dextro and laevo (D- and L-), according to the orientation of
the OH group at carbon atom 5. Biologically, the D-forms are the more important.

'CHO CHO TCH,0H CH,OH
HZéOH HOICH 2|c=o |c=o
HO3|CH H|COH Ho3~|:H H|COH
H4|COH HOICH H4|COH HO|CH
H5éOH HOICH HSéOH HO|CH
6CH,OH lCHZOH 6|CHZOH |CH20H
D-Glucose L-Glucose D-Fructose L-Fructose

Under physiological conditions, sugars exist mainly in another isomeric form, as
ring or cyclic structures rather than straight chains. For example, in solution, glucose
and fructose exist mainly as a pyranose ring. However, in the biologically important
molecules of which it is a part, fructose most commonly forms a furanose ring, as
seen with the pentoses (e.g. ribose). Each ring structure can occur in two isomeric
forms, designated a and B. Starch and glycogen are polymers of the a-form, while
cellulose is a polymer of the B-form.

Properties of the monosaccharides

Because of the presence of an active aldehyde (CHO) or ketone (C=0) grouping,
the monosaccharides act as reducing substances. The reducing properties of these
sugars are usually demonstrated by their ability to reduce certain metal ions, notably
copper or silver, in alkaline solution. The aldehyde and ketone groups may also be
reduced chemically, or enzymatically, to yield the corresponding sugar alcohols.
Examples of oxidation and reduction products are given in the section dealing with
monosaccharide derivatives (see the later section).
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The most important members of this group of simple sugars are the aldoses
L-arabinose, D-xylose and D-ribose, and the ketoses D-xylulose and D-ribulose.

H H
HOH,C\] H

H OH

a-L-Arabinose

H
H H
H
OH H
OH OH
H OH
«a-D-Xylose

HOH,C O_ H

H H
H OH

OH OH
a-D-Ribose

L-Arabinose occurs as pentosans in arabinans. It is a component of hemicelluloses
and it is found in silage as a result of their hydrolysis. It is also a component of gum
arabic and other gums. D-Xylose also occurs as pentosans in xylans. These com-
pounds form the main chain in grass hemicelluloses. Xylose, along with arabinose,
is produced in considerable quantities when herbage is hydrolysed with normal sul-
phuric acid. D-Ribose is present in all living cells as a constituent of ribonucleic acid
(RNA), and it is also a component of several vitamins and coenzymes.

CH,OH CH,OH
=0 =0
HO|CH H(IZOH
H|COH H|COH
|CH20H |CHZOH
p-Xylulose p-Ribulose

The phosphate derivatives of D-xylulose and D-ribulose occur as intermediates in
the pentose phosphate metabolic pathway (see p. 211).
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2.3

Hexoses

Glucose and fructose are the most important naturally occurring hexose sugars,
while mannose and galactose occur in plants in a polymerised form as mannans and
galactans.

D-Glucose (grape sugar or dextrose) exists in the free state as well as in combined
form. The sugar occurs free in plants, fruits, honey, blood, lymph and cerebrospinal
fluid, and it is the sole or major component of many oligosaccharides, polysaccha-
rides and glucosides. In the pure state, glucose is a white crystalline solid and, like
all sugars, is soluble in water.

D-Fructose (fruit sugar or laevulose) occurs free in green leaves, fruits and honey.
It also occurs in the disaccharide sucrose and in fructans. Green leafy crops usually
contain appreciable amounts of this sugar, both free and in polymerised form. The
free sugar is a white crystalline solid and has a sweeter taste than sucrose. The excep-
tionally sweet taste of honey is due to this sugar.

D-Mannose does not occur free in nature but exists in polymerised form as man-
nan and also as a component of glycoproteins. Mannans are found widely distributed
in yeasts, moulds and bacteria.

D-Galactose does not occur free in nature except as a breakdown product during
fermentation. It is present as a constituent of the disaccharide lactose, which occurs
in milk. Galactose also occurs as a component of the anthocyanin pigments, galac-
tolipids, gums and mucilages.

Heptoses

D-Sedoheptulose is an important example of a monosaccharide containing seven car-
bon atoms and occurs, as the phosphate, as an intermediate in the pentose phosphate
metabolic pathway (see p. 211).

CH,OH

c=o0
I

HOCH

HCOH

HCOH

HCOH

CH,OH

p-Sedoheptulose

MONOSACCHARIDE DERIVATIVES

Phosphoric acid esters

The phosphoric acid esters of sugars play an important role in a wide variety of
metabolic reactions in living organisms (see Chapter 9). The most commonly occur-
ring derivatives are those formed from glucose, the esterification occurring at either
carbon atoms 1 or 6, or both.



Monosaccharide derivatives

/OH
CHon CHZO—P\= (0]
o o OH
H H H H

H H

OH
OH H / OH H

OH O—P=0 OH (0]
\

OH

H OH H OH
a-D-Glucose 1-phosphate a-D-Glucose 6-phosphate

Amino sugars

If the hydroxyl group on carbon atom 2 of an aldohexose is replaced by an amino
group (—NH,), the resulting compound is an amino sugar. Two such naturally occur-
ring important compounds are D-glucosamine, a major component of chitin (see
p- 28), and D-galactosamine, a component of the polysaccharide of cartilage.

CH,0OH CH,O0H
() (o}
H OH HO OH
H H
OH H OH H
HO H H H
H NH, H NH,
B-p-Glucosamine B-p-Galactosamine

Deoxy sugars

Replacement of a hydroxyl group by hydrogen yields a deoxy sugar. The derivative
of ribose, deoxyribose, is a component of deoxyribonucleic acid (DNA). Similarly,
deoxy derivatives of the two hexoses, galactose and mannose, occur as fucose and
rhamnose respectively, these being components of certain heteropolysaccharides.

H
(0]
HOH,C o H
2 HO OH
CH3
H H H H
H OH
H H
OH H OH OH
a-D-Deoxyribose a-L-Rhamnose
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Sugar acids

The aldoses can be oxidised to produce a number of acids, of which the most impor-
tant are illustrated here.

COOH COOH CHO

(ICHOH),, (ICHOH),, (ICHOH),,

ICHZOH |COOH ICOOH
Aldonic acids Aldaric acids Uronic acids

In the case of glucose, the derivatives corresponding to these formulae are glu-
conic, glucaric and glucuronic acids respectively. Of these compounds, the uronic
acids, particularly those derived from glucose and galactose, are important compo-
nents of a number of heteropolysaccharides.

Sugar alcohols

Simple sugars can be reduced to polyhydric alcohols; for example, glucose yields
sorbitol, galactose yields dulcitol, and both mannose and fructose yield mannitol.
Mannitol occurs in grass silage and is formed by the action of certain anaerobic bac-
teria on the fructose present in the grass.

CH,OH |CHZOH CHO

I I

c=o0 HOCH HOCH

I I I
HOCH HOCH HOCH

+2H +2H
I e I -
HCOH HCOH HCOH

HCOH HCOH HCOH
I I I
CH,OH CH,OH CH,OH
p-Fructose p-Mannitol p-Mannose
Glycosides

If the hydrogen of the hydroxyl group attached to the carbon 1 atom of glucose is
replaced by esterification, or by condensation, with an alcohol (including a sugar
molecule) or a phenol, the derivative so produced is termed a glucoside. Similarly,
galactose forms galactosides and fructose forms fructosides. The general term gly-
coside is used collectively to describe these derivatives and the linkage is described
as a ‘glycosidic bond’.

Oligosaccharides and polysaccharides are classed as glycosides, and these com-
pounds yield sugars or sugar derivatives on hydrolysis. Certain naturally occurring
glycosides contain non-sugar residues. For example, the nucleosides contain a sugar
combined with a heterocyclic nitrogenous base (see Chapter 4).

=\
¢ Vet-ebooks.com



2.4

Oligosaccharides

Table 2.1 Some important naturally occurring cyanogenetic glycosides

Name Source Hydrolytic products in
addition to glucose and
hydrogen cyanide

Linamarin Linseed (Linum usitatissimum), Acetone
(phaseolunatin) Java beans (Phaseolus lunatus),
Cassava (Manihot esculenta)

Vicianin Seeds of wild vetch Arabinose, benzaldehyde
(Vicia angustifolia)

Amygdalin Bitter almonds, kernels of Benzaldehyde
peach, cherries, plums, apples
and fruits of Rosaceae

Dhurrin Leaves of the great millet p-Hydroxy-benzaldehyde
(Sorghum vulgare)

Lotaustralin Trefoil (Lotus australis), Methylethyl ketone
White clover (Trifolium repens)

The cyanogenetic glycosides liberate hydrogen cyanide (HCN) on hydrolysis;
because of the toxic nature of this compound, plants containing this type of glyco-
side are potentially dangerous to animals. The glycoside itself is not toxic and must
be hydrolysed before poisoning occurs. However, the glycoside is easily broken
down to its components by means of an enzyme that is usually present in the plant.
An example of a cyanogenetic glycoside is linamarin (also called phaseolunatin),
which occurs in linseed, Java beans and cassava. If wet mashes or gruels containing
these foods are given to animals, it is advisable to boil them when mixing in order
to inactivate any enzyme present. On hydrolysis, linamarin yields glucose, acetone
and hydrogen cyanide. Examples of other cyanogenetic glycosides and their sources
are shown in Table 2.1.

OLIGOSACCHARIDES

Disaccharides

A large number of disaccharide compounds are theoretically possible, depending
upon the monosaccharides present and the manner in which they are linked. The
most nutritionally important disaccharides are sucrose, maltose, lactose and cellobi-
ose, which on hydrolysis yield two molecules of hexoses:

C12H2,041 + H,O — 2C4H1,04

Sucrose is formed from one molecule of a-D-glucose and one molecule of B-D-
fructose joined together through an oxygen bridge between their respective carbon
atoms 1 and 2. As a consequence, sucrose has no active reducing group.

23
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CH,OH

CH,OH

Sucrose

Sucrose is the most ubiquitous and abundantly occurring disaccharide in plants,
where it is the main transport form of carbon. This disaccharide is found in high
concentration in sugar cane (200 g/kg) and in sugar beet (150-200 g/kg); it is also
present in other roots such as mangels and carrots, and it occurs in many fruits.
Sucrose is easily hydrolysed by the enzyme sucrase or by dilute acids. When heated
to a temperature of 160 °C it forms barley sugar and at a temperature of 200 °C it
forms caramel.

Lactose, or milk sugar, is a product of the mammary gland. Cow’s milk contains
43-48 g/kg lactose. It is not as soluble as sucrose and is less sweet, imparting only
a faint sweet taste to milk. Lactose is formed from one molecule of B-D-glucose
joined to one of B-D-galactose in a B-(1:4)-linkage and has one active reducing
group.

CH,OH CH,OH

Lactose

Lactose readily undergoes fermentation by a number of organisms, including
Streptococcus lactis. This organism is responsible for souring milk by converting the
lactose into lactic acid (CH;.CHOH.COOH). If lactose is heated to 150 °C it turns
yellow; at a temperature of 175 °C the sugar is changed into a brown compound,
lactocaramel. On hydrolysis, lactose produces one molecule of glucose and one mol-
ecule of galactose.

Maltose, or malt sugar, is produced during the hydrolysis of starch and glycogen
by dilute acids or enzymes. It is produced from starch during the germination of
barley by the action of the enzyme amylase. The barley, after controlled germina-
tion and drying, is known as malt and is used in the manufacture of beer and Scotch
malt whisky. Maltose is water-soluble, but it is not as sweet as sucrose. Structurally
it consists of two a-D-glucose residues linked in the a-1,4 positions; it has one active
reducing group.




Oligosaccharides

CH,OH CH,O0H

Maltose

Cellobiose does not exist naturally as a free sugar, but it is the basic repeat-
ing unit of cellulose. It is composed of two B-D-glucose residues linked through a
B-(1:4)-bond. This linkage cannot be split by mammalian digestive enzymes. It can,
however, be split by microbial enzymes (see Chapter 8). Like maltose, cellobiose
has one active reducing group.

CH,OH H OH
0
H 0— H
H OH H
OH H H
HO H H OH

(6]

H OH CH,OH

Cellobiose

Trisaccharides

Raffinose and kestose are two important naturally occurring trisaccharides. They
are both non-reducing and on hydrolysis produce three molecules of hexose sugars:

C18H32016 + 2H20_)3C6H1206

Raffinose is the most common member of the group, occurring almost as widely as
sucrose in plants. It exists in small amounts in sugar beet and accumulates in molasses
during the commercial preparation of sucrose. Cotton seed contains about 80 g/kg
of raffinose. On hydrolysis, this sugar produces glucose, fructose and galactose.

Kestose and its isomer isokestose occur in the vegetative parts and seeds of grasses.
These two trisaccharides consist of a fructose residue attached to a sucrose molecule.

Tetrasaccharides

Tetrasaccharides are made up of four monosaccharide residues. Stachyose, a member
of this group, is almost as ubiquitous as raffinose in higher plants and has been iso-
lated from about 165 species. It is a non-reducing sugar and on hydrolysis produces
two molecules of galactose, one molecule of glucose and one of fructose:

C24H420,1 + 3H,0 — 4C4H;,04
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2.5

POLYSACCHARIDES

Homoglycans

These carbohydrates are very different from the sugars. The majority are of high
molecular weight, being composed of large numbers of pentose or hexose residues.
Homoglycans do not give the various sugar reactions characteristic of the aldoses
and ketoses. Many of them occur in plants either as reserve food materials, such as
starch, or as structural materials such as cellulose.

Arabinans and xylans

These are polymers of arabinose and xylose respectively. Although homoglycans
based on these two pentoses are known, they are more commonly found in combina-
tion with other sugars as constituents of heteroglycans.

Glucans

Starch is a glucan and is present in many plants as a reserve carbohydrate. It is most
abundant in seeds, fruits, tubers and roots. Starch occurs naturally in the form of
granules, whose size and shape vary in different plants. The granules are built up
in concentric layers, and although glucan is the main component of the granules,
they also contain minor constituents such as protein, fatty acids and phosphorus
compounds, which may influence their properties.

Starches differ in their chemical composition and, except in rare instances, are
mixtures of two structurally different polysaccharides — amylose and amylopec-
tin. The proportions of these present in natural starches depend upon the source,
although in most starches amylopectin is the main component, amounting to about
70-80 per cent of the total. An important qualitative test for starch is its reaction
with iodine: amylose produces a deep blue colour and amylopectin solutions produce
a blue—violet or purple colour.

Amylose is mainly linear in structure, the a-D-glucose residues being linked
between carbon atom 1 of one molecule and carbon atom 4 of the adjacent mol-
ecule. A small proportion of a-(1:6) linkages may also be present. Amylopectin
has a bush-like structure containing primarily «-(1:4) linkages, but it also has an
appreciable number of a-(1:6) linkages. The ratio of amylose to amylopectin varies
with the source of the starch and a high amylose content is associated with a lower
digestibility.

6CH,OH 6CH,OH 6CH,OH

Part of amylose molecule showing 1,4 linkages
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Polysaccharides

Starch granules are insoluble in cold water, but when a suspension in water is
heated the granules swell and eventually gelatinise. On gelatinisation, potato starch
granules swell greatly and then burst open; cereal starches swell but tend not to burst.
Animals consume large quantities of starch in cereal grains, cereal by-products and
tubers.

Glycogen is a term used to describe a group of highly branched polysaccharides
isolated from animals or microorganisms. The molecules can be hydrolysed rapidly
in conditions requiring the mobilisation of glucose, such as exercise and stress. Gly-
cogens occur in liver, muscle and other animal tissues. They are glucans, analogous
to amylopectin in structure, and have been referred to as ‘animal starches’. Glycogen
is the main carbohydrate storage product in the animal body and plays an essential
role in energy metabolism.

The molecular weights of glycogen molecules vary considerably according to the
animal species, the type of tissue and the physiological state of the animal. The
glycogen of rat liver, for example, has molecular weights in the range 1-5 X 108,
whereas that from rat muscle has a rather lower molecular weight of about 5 X 10°.

Dextrins are intermediate products of the hydrolysis of starch and glycogen:

Starch

Dextrins — maltose — glucose

Glycogen

Dextrins are soluble in water and produce gum-like solutions. The higher mem-
bers of these transitional products produce a red colour with iodine, while the lower
members do not give a colour. The presence of dextrins gives a characteristic flavour
to bread crust, toast and partly charred cereal foods.

Cellulose is the most abundant single polymer in the plant kingdom, forming the
fundamental structure of plant cell walls. It is also found in a nearly pure form in cot-
ton. Pure cellulose is a homoglycan of high molecular weight in which the repeating
unit is cellobiose. Here the B-glucose residues are 1,4-linked.

CH,OH

Cellulose
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In the plant, cellulose chains are formed in an ordered manner to produce compact
aggregates (microfibrils), which are held together by both inter- and intramolecular
hydrogen bonding. In the plant cell wall, cellulose is closely associated, physically
and chemically, with other components — especially hemicelluloses and lignin.

Callose is a collective term for a group of polysaccharides consisting of B-(1,3)-
and frequently 8-(1,4)-linked glucose residues. These 3-glucans occur in higher plants
as components of special walls appearing at particular stages of development. A large
part of the endosperm cell wall of cereal grains is composed of B-glucans of this type.
They are also deposited by higher plants in response to wounding and infection.

Fructans

These occur as reserve material in roots, stems, leaves and seeds of a variety of
plants, but particularly in the Compositae and Gramineae. In the Gramineae, fructans
are found only in temperate species. These polysaccharides are soluble in cold water
and are of a relatively low molecular weight. All known fructans contain 3-D-fructose
residues joined by 2,6 or 2,1 linkages. They can be divided into three groups: (1)
the levan group, characterised by 2,6 linkages; (2) the inulin group, containing 2,1
linkages; and (3) a group of highly branched fructans found, for example, in couch
grass (Agropyron repens) and in wheat endosperm. This group contains both types
of linkage.

Most fructans on hydrolysis yield, in addition to D-fructose, a small amount of
D-glucose, which is derived from the terminal sucrose unit in the fructan molecule.
The structure of a typical grass fructan is depicted here:

CH,OH
CH,OH _ _
(6]
0, O0— |CH, O o— |cH, O o OH
H
OH H
H H H H H H
H © CHon H © CHon H © CHon H H
OH H OH H H H OH
- — 130
Grass fructan (Sucrose residue)

Galactans and mannans

These are polymers of galactose and mannose, respectively, and occur in the cell walls
of plants. A mannan is the main component of the cell walls of palm seeds, where it
occurs as a food reserve and disappears during germination. A rich source of man-
nan is the endosperm of nuts from the South American tagua palm tree (Phytelephas
macrocarpa); the hard endosperm of this nut is known as ‘vegetable ivory’. The seeds
of many legumes, including clovers, trefoil and lucerne, contain galactans.

Glucosaminans

Chitin (CgH1305N),, is the only known example of a homoglycan containing glucosa-
mine, being a linear polymer of acetyl-D-glucosamine. Chitin is of widespread occur-
rence in lower animals and is particularly abundant in the exoskeleton of arthropods
such as crustacea and insects, in fungi and in some green algae. Chitin forms a




Polysaccharides

crystalline structure similar to cellulose but, unlike cellulose, chitin can be degraded
in some mammals via the enzyme chitinase, although it is generally assumed that
bacterial or fungal fermentation is required. After cellulose, it is the most abundant
polysaccharide of nature.

Heteroglycans
Pectic substances

Pectic substances are a group of closely associated polysaccharides that are soluble in
hot water and occur as constituents of primary cell walls and intercellular regions of
higher plants. They are particularly abundant in soft tissues such as the peel of citrus
fruits and sugar beet pulp. Pectin, the main member of this group, consists of a linear
chain of D-galacturonic acid units in which varying proportions of the acid groups
are present as methyl esters. The chains are interrupted at intervals by the insertion
of L-rhamnose residues. Other constituent sugars, e.g. D-galactose, L-arabinose and
D-xylose, are attached as side chains. Pectic acid is another member of this class of
compounds; it is similar in structure to pectin but is devoid of ester groups. Pectic
substances possess considerable gelling properties and are used commercially in jam
making.

Hemicelluloses

Hemicelluloses are defined as alkali-soluble cell wall polysaccharides that are closely
associated with cellulose. The name hemicellulose is misleading and implies errone-
ously that the material is destined for conversion to cellulose. Structurally, hemicel-
luloses are composed mainly of D-glucose, D-galactose, D-mannose, D-xylose and
L-arabinose units joined together in different combinations and by various glycosidic
linkages. They may also contain uronic acids.

Hemicelluloses from grasses contain a main chain of xylan made up of B-(1:4)-
linked D-xylose units with side chains containing methylglucuronic acid and, fre-
quently, glucose, galactose and arabinose.

Exudate gums and acid mucilages

Exudate gums are often produced from wounds in plants, although they may arise
as natural exudations from bark and leaves. The gums occur naturally as salts, espe-
cially of calcium and magnesium, and in some cases a proportion of the hydroxyl
groups are esterified, usually as acetates. Gum arabic (acacia gum) has long been a
familiar substance; on hydrolysis it yields arabinose, galactose, rhamnose and glucu-
ronic acid. Acidic mucilages are obtained from the bark, roots, leaves and seeds of a
variety of plants. Linseed mucilage is a well-known example that produces arabinose,
galactose, rhamnose and galacturonic acid on hydrolysis.

Hyaluronic acid and chondroitin

These two polysaccharides have a repeating unit consisting of an amino sugar and
D-glucuronic acid. Hyaluronic acid, which contains acetyl-D-glucosamine, is present
in the skin, the synovial fluid and the umbilical cord. Solutions of this acid are vis-
cous and play an important part in the lubrication of joints. Chondroitin is chemi-
cally similar to hyaluronic acid but contains galactosamine in place of glucosamine.
Sulphate esters of chondroitin are major structural components of cartilage, tendons
and bones.
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2.6

SUMMARY

LIGNIN

Lignin, which is not a carbohydrate but is closely associated with this group of com-
pounds, confers chemical and biological resistance to the cell wall, and mechanical
strength to the plant. Strictly speaking the term ‘lignin’ does not refer to a single,
well-defined compound but is a collective term that embraces a whole series of
closely related compounds.

Lignin is a polymer that originates from three derivatives of phenylpropane: cou-
maryl alcohol, coniferyl alcohol and sinapyl alcohol. The lignin molecule is made
up of many phenylpropanoid units associated in a complex cross-linked structure:

CH==CH.CH,OH

R Ry

OH

(1) Coumaryl alcohol, where R=R; =H
(2) Coniferyl alcohol, where R = H, Ry = OCH3;
(3) Sinapyl alcohol, where R =Ry = OCH;

Lignin is of particular interest in animal nutrition because of its high resistance to
chemical degradation. Physical incrustation of plant fibres by lignin renders them inacces-
sible to enzymes that would normally digest them. There is evidence that strong chemical
bonds exist between lignin and many plant polysaccharides and cell wall proteins, which
render these compounds unavailable during digestion. Wood products, mature hays and
straws are rich in lignin and consequently are poorly digested unless treated chemically
to break the bonds between lignin and other carbohydrates (see p. 261).

Carbohydrates are compounds containing car-
bon, hydrogen and oxygen, with the last two

elements present in the same proportions as in
water, and are found especially in plant foods.

They range from the simple sugar molecules
(monosaccharides) with between three and
seven carbon atoms, to combinations of

two, three or four molecules (di-, tri- and
tetrasaccharides) and finally to complex polymers
of the sugar molecules (polysaccharides).

The monosaccharides have an active
aldehyde or ketone group and can take the
mirror image p- or L-formation.

Under physiological conditions the
monosaccharides exist mainly in cyclic forms,
which can be a- or B-isomers.

The carbohydrate group also contains
molecules derived from sugars that

also contain phosphorus, nitrogen and
sulphur and other derivatives that feature
in intermediary metabolism, nucleic

acid structure and substances such as
cyanogenetic glucosides.

The main carbohydrates occurring in foods
include: the monosaccharides glucose, fructose,
arabinose, xylose and ribose; the disaccharides
sucrose and maltose; and the polysaccharides
starch, hemicellulose and cellulose. The
disaccharide lactose occurs in milk.

Lignin, although not itself a carbohydrate,
is associated with carbohydrates in plant cell
walls.



Further reading

QUESTIONS

2.1 What is the general chemical formula for carbohydrates? (p. 16)

2.2 What are the main isomeric forms of monosaccharides? (p. 18)

2.3 Name examples of pentoses, hexoses and disaccharides. (p. 19, 20 and 23)

2.4 What is the structural difference between the molecular arrangement of starch
and cellulose and what are the implications for digestion in animals? (p. 26 and
27 and Chapter 8)
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3.1

Lipids

3.1 Classification of lipids
3.2 Fats

3.3 Glycolipids

3.4 Phospholipids

3.5 Waxes

3.6 Steroids

3.7 Terpenes

CLASSIFICATION OF LIPIDS

The lipids are a group of substances found in plant and animal tissues. They are
insoluble in water but soluble in common organic solvents such as benzene, ether
and chloroform. They act as electron carriers, as substrate carriers in enzymic reac-
tions, as components of biological membranes and as sources and stores of energy.
In the proximate analysis of foods, they are included in the ether extract fraction.
They may be classified as shown in Fig. 3.1.

Plant lipids are of two main types: structural and storage. The structural lipids
are present as constituents of various membranes and protective surface layers, and
make up about 7 per cent of the leaves of higher plants. The surface lipids are mainly
waxes, with relatively minor contributions from long-chain hydrocarbons, fatty acids
and cutin. The membrane lipids, present in mitochondria, the endoplasmic reticulum
and the plasma membranes are mainly glycolipids (40-50 per cent) and phospho-
glycerides. Plant storage lipids occur in fruits and seeds and are, predominantly,
triacylglycerols. Over 300 different fatty acids have been isolated from plant tissues
but only about seven are of common occurrence. The most abundant is linoleic acid;
the most common saturated acid is palmitic and the most common monounsaturated
acid is oleic.

In animals, lipids are the major form of energy storage, mainly as fat, which
may constitute up to 97 per cent of the adipose tissue of obese animals. The yield
of energy from the complete oxidation of fat is about 39 MJ/kg DM, compared
with about 17 MJ/kg DM from glycogen — the major carbohydrate form of stored



3.2

Fats

Lipids
|

[ I
Glycerol-based Non-glycerol-based
|

[ I
Simple Compound
|

[ I
Glycolipids Phosphoglycerides

Sphingomyelins
Cerebrosides
Waxes
Steroids
Terpenes

Fats Glucolipids Galactolipids Lecithins Cephalins  Eicosanoids

Fig. 3.1 Classification of the lipids.

energy. In addition, stored fat is almost anhydrous, whereas stored glycogen is highly
hydrated. Weight for weight, fat is, therefore, about six times as effective as glycogen
as a stored energy source.

The structural lipids of animal tissues, mainly phosphoglycerides, constitute
between 5 and 10 g/kg of muscle and adipose tissue; the concentration in the liver
is usually between 20 and 30 g/kg. The most important non-glyceride, neutral lipid
fraction of animal tissue, is made up of cholesterol and its esters, which together
make up 0.6 to 0.9 g/kg of muscle and adipose tissue.

FATS

Fats and oils are constituents of both plants and animals, and are important sources
of stored energy. Both have the same general structure but have different physical
and chemical properties. The melting points of the oils are such that at ordinary
room temperatures they are liquid and they tend to be more chemically reactive
than the more solid fats. The term ‘fat’ is frequently used in a general sense to
include both groups. As well as its major function of supplying energy, stored fat is
important as a thermal insulator and, in some warm-blooded animals, as a source
of heat for maintaining body temperature. This is especially important in animals
that are born hairless, those that hibernate and those that are cold-adapted. Such
animals have special deposits of ‘brown fat’ in which oxidation is uncoupled from
ATP production (Chapter 14) and all the energy is liberated as heat. Palmitate
oxidised to produce ATP would yield about 13 MJ/kg as heat, compared with the
uncoupled yield of 39 MJ/kg. In these tissues, the mitochondria are liberally sup-
plied with respiratory electron carriers, particularly cytochromes, which accounts
for their brown colour.
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Structure of fats

Fats are esters of fatty acids with the trihydric alcohol glycerol, and are also referred
to as glycerides or acylglycerols. When all three alcohol groups are esterified by fatty
acids, the compound is a triacylglycerol (triglyceride).

sn-1CH,OH sn-1CH,.0.CO.R

sN2CH OH + 3R.COOH ——» S"2CH.0.COR  + 3H,0
I I

sn-3CH,0H sn-3CH,.0.CO.R

Glycerol Fatty acid Triacylglycerol

It is important to appreciate that, in stereochemical terms, the positions occupied
by the acid chains are not identical. Under the stereospecific numbering system, the
positions are designated sn-1, sn-2 and sn-3, as shown. They are readily distinguished
by enzymes and this may lead to preferential reactivity at one or more of the posi-
tions. Phosphorylation, for example, always takes place at carbon atom sn-3 rather
than carbon atom sn-1. Although triacylglycerols are predominant, mono- and dia-
cylglycerols do occur naturally but in much smaller amounts.

Triacylglycerols differ in type according to the nature and position of the fatty acid
residues. Those with three residues of the same fatty acid are termed simple triacyl-
glycerols, as illustrated previously. When more than one fatty acid is concerned in
the esterification, then a mixed triacylglycerol results:

CH,.0.CO.R;

CH.0.CO.R,

CH,.0.CO.R3

Mixed triacylglycerol

R4, R, and Rj represent the chains of different fatty acids. Naturally occurring
fats and oils are mixtures of such mixed triacylglycerols. Soyabean oil has been esti-
mated to contain about 79 per cent of mixed triacylglycerols compared with about
21 per cent of the simple type. Comparable figures for linseed oil are 75 and 25 per
cent, respectively. Triacylglycerols with residues of one fatty acid only do occur
naturally; laurel oil, for example, contains about 31 per cent of the triacylglycerol
of lauric acid.

Most of the naturally occurring fatty acids have an even number of carbon atoms,
which is to be expected in view of their mode of formation (Chapter 9). The major-
ity contain a single carboxyl group and an unbranched carbon chain, which may be
saturated or unsaturated. The unsaturated acids contain either one (monoenoic),
two (dienoic), three (trienoic) or many (polyenoic) double bonds. Fatty acids with
more than one double bond are frequently referred to as polyunsaturated fatty acids
(PUFA). The unsaturated acids possess different physical and chemical properties
from the saturated: they have lower melting points and are more chemically reactive.

The presence of a double bond in a fatty acid molecule means that the acid can
exist in two forms depending upon the spatial arrangement of the hydrogen atoms
attached to the carbon atoms of the double bond. When the hydrogen atoms lie on
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the same side of the double bond, the acid is said to be in the cis form, whereas it is
said to be in the trans form when they lie on opposite sides, as shown in the following
illustration.

H CH5)7.COOH H CH5)7.COOH
N /( 2)7 \/( 27

c
I I

C C
VRN VRN
H R R H

Cis Trans

Most naturally occurring fatty acids have the cis configuration.

The fatty acids are named by replacing the final -e of the name of the parent
hydrocarbon with the suffix -oic. Thus, a saturated 18-carbon acid would be named
octadecanoic after the parent octadecane. An 18-carbon acid with one double bond
would be octadecenoic after octadecene. The position of the double bond is indicated
by reference to the carboxyl carbon atom (carbon atom 1). Thus, 9-octadecenoic
acid would have 18 carbon atoms and a double bond between carbon atoms 9
and 10. Similarly, 9,12,15-octadecatrienoic acid would have 18 carbon atoms and
double bonds between carbon atoms 9 and 10, 12 and 13, and 15 and 16. The
names may be abbreviated by stating the number of carbon atoms followed by
a colon, followed by the number of double bonds (A), the positions of which are
stated as a superscript. Thus, octadecatrienoic acid would be designated 18:34%1215,
Alternatively it may be written 9,12,15-18:3. Carbon atoms 2 and 3 are designated
alpha (o) and beta (B), respectively, and the methyl carbon at the distal end of the
chain as the omega (w) carbon atom. In nutritional work, the unsaturated acids are
frequently named in relation to the terminal methyl as carbon atom 1. Under this
system, 9,12,15-octadecatrienoic acid would become w-3,6,9@octadecatrienoic acid,
since carbon atoms 3, 6 and 9 correspond to carbon atoms 16, 13 and 10 under the
former system. The abbreviated designation would be »-3,6,9-18:3. It has become
common practice to use 7 instead of w, and we then have 1-3,6,9-18:3 and frequently
18:3(n-3). In addition, the configuration of the double bonds is indicated by the
use of the prefixes cis and trans. Thus, a-linolenic acid would be all c¢is-9,12,15-
octadecatrienoic, or more simply, all cis 9,12,15-18:3, or 18:3 cis-9, cis-12, cis-15.

For certain purposes, the PUFA are grouped into families based on oleic (18:1n-
9), linoleic (18:2n-6) and a-linolenic (18:3n-3) as precursors. The families are called
omega-9 (w-9) omega-6 (w-6) and omega-3 (w-3), referring to the positions of the
double bonds nearest to the omega carbon atom in these acids. Again, n is fre-
quently substituted for w. Some of the nutritionally important fatty acids are shown
in Table 3.1.

Two low-molecular weight, saturated fatty acids, namely butyric (C3H;.COOH)
and caproic (C4H;(.COOH), are found in significant amounts in the milk fats of
ruminants, and caproic along with caprylic acid is present in a few oils, such as palm
kernel and coconut. Other fatty acids containing two carboxyl groups, odd numbers
of carbon atoms and branched chains have been isolated from natural fats. They are
not considered to be of great importance in vegetable sources, but odd and branch
chain fatty acids may contribute around 20 per cent of the fatty acid content of
rumen microbes.
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Table 3.1 Common fatty acids of natural fats and oils

Acid Formula Melting point (°C)

Saturated
Caprylic (octanoic) C,H,5.COOH 16.3
Capric (decanoic) CyH19.COOH 31.2
Lauric (dodecanoic) C,1H,3.COOH 43.9
Myristic (tetradecanoic) C43H,7.COOH 54.1
Palmitic (hexadecanoic) C45H3,.COOH 62.7
Stearic (octadecanoic) C,7H35.COOH 69.6

Unsaturated
Palmitoleic (9-hexadecenoic) (9-16:1 or 16:1n-7) C45H,9.COOH 0
Oleic (octadecenoic) (9-18:1 or 18:11-9) C,7H33.COOH 13
Linoleic (octadecadienoic) (9,12-18:2 or 18:2n-6) C47H3,.COOH -5
«-Linolenic (9,12,15-octadecatrienoic) (9,12,15-18:3 or 18:3n-3)  C;7H,9.COOH -14.5
Arachidonic (eicosatetraenoic) (5,8,11,14-20:4 or 20:4n-6) C,9H3,.COOH —49.5

Timnodonic (eicosapentaenoic) (5,8,11,14,17-20:5 or 20:5n-3)
Docosahexaenoic (5,8,11,14,17,20-22:6 or 22:6n-3)

Cy9H,0.COOH
Cy1H36.COOH
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Triacylglycerols are named according to the fatty acids they contain, for example:

CH,.0.CO.Cq7H33

CH.0.CO.Cy7H33

CH,.0.C0O.Cy5H3

CH.0.CO.Cy7H33

CH,.0.C0O.Cq7H33 CH,.0.CO.Cq7H3s

Trioleoylglycerol (triolein) 1-Palmitoyl 2-oleoyl 3-stearoylglycerol (palmito-oleostearin)

The fatty acid residues are not randomly distributed between the alcohol groups
of the parent glycerol. Thus, in cows’ milk fat, for example, the short-chain acids are
concentrated at position 3. In human milk fat, the unsaturated acids are predomi-
nantly at position 1 and the saturated at position 2. Animal depot fats tend to have
saturated acids at position 1, and unsaturated and short-chain acids at position 2;
PUFA tend to accumulate at position 3.

There is evidence that the configuration of the constituent triacylglycerols of
fats can influence the extent to which they are digested. Thus, palmitate (hexade-
canoate) randomly distributed throughout the 1, 2 and 3 positions was found to be
less digestible than that which occupied position 2, the favoured position for attack
by pancreatic lipase.

The fatty acid composition of the triacylglycerols determines their physical nature.
Those with a high proportion of low-molecular-weight (short-chain) acids and unsatu-
rated acids have low melting points. Thus, tristearin is solid at body temperature,
whereas triolein is liquid.
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Composition of fats

It is frequently important in nutritional investigations to assess the quality of the fat
being produced under a certain treatment. When the effect of the diet is consider-
able, the results may be obvious in a softening or hardening of the fat. Less obvious
changes may occur, and for these a more objective assessment is necessary. Differ-
ences between fats are a function of their fatty acid composition, since glycerol is
common to all fats. The logical method of following changes in fats is, therefore, to
measure their fatty acid constitution. Analysis of fats for individual fatty acids has
presented great problems in the past, but the introduction of techniques such as gas
chromatography and high-performance liquid chromatography has allowed deter-
minations to be made more easily and accurately. As well as its major role as an
energy source, fat has a vital role in providing individual fatty acids that have specific
nutritional roles within the animal body. Information on fatty acid composition is,
therefore, a prerequisite in the evaluation of fats in this context.

Some typical values for a number of important fats and oils are given in Table 3.2.

In general, plant and marine oils, especially those of fish, are more highly unsatu-
rated than those of mammalian origin. This is because of the presence of varying
amounts of linoleic and linolenic acids in addition to the monounsaturated oleic (cis-
9-octadecenoic), which is quantitatively the major fatty acid in most natural fats. In
addition, the fish oils have significant concentrations of highly unsaturated C,, and
C,, acids. In mammalian depot fat, the proportion of the more unsaturated acids
is lower and there is a higher proportion of high-molecular-weight saturated acids,

Table 3.2 Fatty acid composition (9/100 g) of some common fats and oils

Rape seed Soya bean Rye grass Cocks foot Linseed Butter fat Lard Beef tallow Men haden Cod liver

4:0 - - - - - 3 - - - -
6:0 - - - - - 2 - - - -
8:0 - - - - - 1 - - - -
10:0 - - - - - 3 - - - -
12:0 - - - - - 4 - - -
14:0 Tr Tr 2 2 Tr 12 Tr 3 8
16:0 4 10 21 21 6 31 32 26 22 19
18:0 1 4 5 3 3 10 8 19 3 5
20:0 1 Tr - - - - - - -
22:0 Tr Tr - - - - - - -
16:1 2 Tr 1 1 - 2 6 11 4
18:1n-9 54 25 5 3 17 23 48 40 21 15
20:1n-9 - - - - - - - - 2 10
22:1n-9 - - - - - - - - 2 2
18:2n-6 23 52 13 15 13 2 11 5 2 2
18:3n-3 10 7 52 53 55 Tr Tr - - -
20:4n-6 - - - - - - - - 2 1
20:5n-3 - - - - - - - - 14 6
22:6n-3 - - - - - 10 27
Others 5 2 1 2 6 1 1 4 1 2
37
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such as palmitic and stearic, with smaller but significant contributions from lauric
(dodecanoic) and myristic (tetradecanoic) acids. For this reason, fats such as pig lard
and beef and mutton tallow are firm and hard, whereas fish and plant oils are softer
and frequently are ‘oils’ in the true sense.

Within individual animals, subcutaneous fats contain a higher proportion of unsat-
urated acids and are thus softer than deep-body fat. The physical nature of fat varies
between animals, marine mammals having softer body fat than land mammals. The
reason in both cases is that animal fat has to maintain a degree of malleability at
the temperature of the tissue, which is influenced by ambient temperatures. Thus,
the fats of the feet and ears, which are inclined to be colder than the interior of the
body, tend to be unsaturated.

Ruminant milk fats are characterised by their high content of low-molecular-
weight fatty acids, these sometimes forming as much as 20 per cent of the total acids
present. As a result, they are softer than the depot fats of the respective animals but
not as soft as fats of vegetable and marine origin, being semi-solid at ordinary tem-
peratures. Milk fats of non-ruminants resemble the depot fat of the particular animal.

In most commercially important edible plant oils, the dominant fatty acids are
oleic, linoleic and linolenic. Coconut oil is an exception in having the saturated 12:0
lauric acid as its major acid. Families of plants tend to produce characteristic oils that
frequently contain unusual fatty acids. Examples are: the erucic acid of rapeseed;
ricinoleic, the 18-carbon, monoenoic, hydroxy acid of the castor bean; and vernolic,
the 18-carbon, trienoic, epoxy acid of the Compositae.

Essential fatty acids

Early work demonstrated that linoleic (cis-9, cis-12-octadecadienoic) acid was effec-
tive in preventing the development of certain conditions in rats given diets almost
devoid of fat. These animals showed a scaly appearance of the skin and subopti-
mal performance in growth, reproduction and lactation; eventually they died. More
recent work has demonstrated a wide range of symptoms in a variety of animals,
including some in human beings under certain circumstances (Table 3.3).

Table 3.3 Symptoms associated with essential fatty acid deficiencies

Growth retardation

Increased permeability to water and increased water consumption
Increased susceptibility to bacterial infections

Sterility

Less stable biomembranes

Capillary fragility

Kidney damage, haematuria and hypertension

Decreased visual acuity

e NSk WD

Decreased myocardial contractility

=
e

Decreased ATP synthesis in liver and heart

=
=

Decreased nitrogen retention
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Arachidonic (20:4 cis-5, cis-8, cis-11, cis-14) acid has been shown to have
equivalent or even greater activity than linoleic, and a-linolenic (18:3 cis-9, cis-12,
cis-15) is about 1.5 times as effective as linoleic. Mammals cannot synthesise fatty
acids with double bonds closer than carbon atom 9 from the terminal methyl group.
Such acids have to be supplied in the diet. Linoleic acid (18:27-6) and linolenic
acid (18:3n-3) are thus dietary essentials. Arachidonic acid can be synthesised
in the body from linoleic acid. However, one of the steps in the synthesis, a A-6
desaturation, is rate-limiting and production may be slow and an exogenous supply
advantageous. Linoleic and a-linolenic acids are referred to as the essential fatty
acids (EFA). Like other polyunsaturated acids, they form part of various membranes
and play a part in lipid transport and certain lipoprotein enzymes. In addition,
they are the source materials for the synthesis of the eicosanoids. These include
the prostaglandins, thromboxanes and leukotrienes — hormone-like substances that
regulate many functions including blood clotting, blood pressure, smooth muscle
contraction and the immune response. They are, also, the source of other important
Cyg acids in the form of eicosapentaenoic (EPA), hydroxy-eicosatrienoic (HETrR)
and docosahexaenoic (DHA) acids. All are involved in maintaining the fluidity of
mammalian cell membranes. EPA is the precursor of the 3-series of prostaglandins
and thromboxanes, and the 5-series of leukotrienes. DHA is thought to play an
important role in brain and retinal function, and EPA and HETrR have a modulating
effect on the production of eicosanoids from arachidonic acid. The relationship
between the essential fatty acids and the eicosanoids is illustrated in Fig. 3.2.

The 1- and 3-series prostaglandins are anti-inflammatory and inhibit platelet
aggregation, whereas the 2-series are pro-inflammatory and pro-aggregatory. The
1- and 3-series thromboxanes mildly stimulate platelet aggregation and stimulate
the contraction of respiratory, intestinal and vascular smooth muscle, as do the
leukotrienes. The 2-series thromboxanes have a much more powerful action in this
respect.

As a general rule, mammals are considered to have an EFA requirement of 3 per
cent of the energy requirement (3en%) as linoleic acid, although estimates have
ranged from 1 to 15 per cent. Estimates for individual species have been more

a-Linolenic acid

Linoleic acid

y-Linolenic acid

| Dihomo-y-Linolenic acid |—| Arachidonic acid | | Eicosapentenoic acid
1-Series 2-Series S;Zifcfslandins
prostaglandins and prostaglandins, P 9 ’

prostacyclins and
thromboxanes
3-Series leukotrienes

thromboxanes prostacyclins and
3-Series leukotrienes thromboxanes

Fig. 3.2 Relationship between the essential fatty acids and the eicosanoids.
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BOX 3.1 Implications
Long chain fatty acid metabolism in cats

Unlike other mammals, cats have a limited A6 desaturase activity. This enzyme is necessary
in the conversion of linoleic and a-linolenic acid into other physiologically important PUFA
such as arachidonic acid, EPA and DHA. The provision of diets deficient in preformed long-
chain PUFA but containing linoleic and «-linolenic acid results in symptoms such as dry coats,
changes in platelet aggregation and enlarged fatty livers. The limited A6 desaturase activity
can be sufficient for maintenance and conception in adult cats, but for gestation, lactation and
growth a dietary supply of preformed n-6 and n-3 long-chain PUFAs, particularly arachidonic
acid, is required.
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specific. Thus, for pigs under 30 kg liveweight it has traditionally been recommended
to supply 3en% as linoleic acid or 2en% as arachidonic acid. For pigs of 30-90 kg,
the figures are 1.5en% as linoleic and len% as arachidonic. More recent research
indicates that keeping the ratio of w-6 to w-3 in pigs below 10:1 is optimal.

The oilseeds are generally rich sources of linoleic acid, and linseed is a particularly
good source of a-linolenic acid. Pigs and poultry, which normally have considerable
quantities of oilseed residues in their diets, will, therefore, receive an adequate sup-
ply of the essential fatty acids.

Ruminant animals are largely dependent on grasses and forages for their nutritional
needs and are thereby supplied with liberal quantities of linoleic and «-linolenic
acids. Although considerable hydrogenation of unsaturated acids to saturated takes
place in the rumen, with consequent overall reduction of EFA supply (on average
85-95 per cent is lost between the mouth and the small intestine), the possibility
of ruminants suffering from a deficiency is remote. A certain proportion of dietary
EFA escapes hydrogenation (approximately 5-15 per cent of dietary intake) and this,
allied to very efficient utilisation and conservation of EFA by ruminants, is enough
to ensure adequacy under normal conditions. EFA deficiency is rare in human beings
although, under certain conditions, it does occur in infants and the elderly, or in those
taking drugs that inhibit lipid absorption.

Properties of fats
Hydrolysis
Fats may be hydrolysed by boiling with alkalis to give glycerol and soaps:

CH,.0.CO.R CH,OH

CH.O0.CO.R + 3KOH —> CHOH + 3R.COOK

|
CH,.0.CO.R CH,OH

Fat Glycerol Soap

2
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Such a hydrolysis is termed saponification since it produces soaps, which are
sodium and potassium salts of the fatty acids. The process of fat breakdown may take
place naturally under the influence of enzymes, collectively known as lipases, when
it is termed lipolysis. The enzymes may have a certain specificity and preferentially
catalyse hydrolysis at particular positions in the molecule. Removal of the fatty acid
residue attached to carbon atom 2 of an acylglycerol is more difficult than those at
positions 1 and 3. Under natural conditions, the products of lipolysis are usually
mixtures of mono- and diacylglycerols with free fatty acids. Most of these acids are
odourless and tasteless but some of the lower ones, particularly butyric and caproic,
have extremely powerful tastes and smells; when such a breakdown takes place in an
edible fat it may frequently be rendered completely unacceptable to the consumer.
The lipases are mostly derived from bacteria and moulds, which are chiefly respon-
sible for this type of spoilage, commonly referred to as rancidity. Extensive lipolysis
of dietary fats takes place in the duodenum and during their absorption from the
small intestine. Lipolysis also precedes the hydrogenation of fats in the rumen, and
the oxidation of fats in the body.

Oxidation

The unsaturated fatty acids readily undergo oxidation at the carbon atom adjacent
to the double bond to form hydroperoxides:

—— CH,.CH:CH.CH,.CH,.
o

- CHz.CHZCH.CHz.CHz.

OOH

These break down to give shorter-chain products, including free radicals, which
then attack other fatty acids much more readily than does the original oxygen. More
free radicals are produced, with the result that the speed of the oxidation increases
exponentially. Eventually, the concentration of free radicals becomes such that they
react with each other and the reaction is terminated. Such a reaction, in which the
products catalyse the reaction, is described as autocatalytic. This particular reaction
is an autoxidation. The formation of the free radicals is catalysed by ultraviolet light
and certain metal ions, particularly copper, and the presence of either increases the
rate of oxidation dramatically.

The products of oxidation include shorter-chain fatty acids, fatty acid polymers,
aldehydes (alkanals), ketones (alkanones), epoxides and hydrocarbons. The acids and
alkanals are major contributors to the smells and flavours associated with oxidised
fat, and significantly reduce its palatability. The potency of these compounds is typi-
fied by deca-2,4 dienal, which is detectable in water at concentrations of as little as
1 in 10,000 million.

Oxidation of saturated fatty acids results in the development of a sweet, heavy
taste and smell, commonly known as ketonic rancidity. This is due to the presence
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of the methyl ketones resulting from the oxidation, which may be represented as

follows:

CH3 CH3 CH3

o, oo

|CH2 + 0O —> (|ZH2 — |CH2 + CO,
(|ZH2 (|Z:O (|Z:O

o, o b

|COOH |COOH

Caproic acid Pentanone

Similar reactions following mould-induced lipolysis are responsible for the char-
acteristic flavours of various soft and blue cheeses.

Antioxidants

Natural fats possess a certain degree of resistance to oxidation, owing to the pres-
ence of compounds termed antioxidants. These prevent the oxidation of unsaturated
fats until they themselves have been transformed into inert products. A number of
compounds have this antioxidant property, including phenols, quinones, tocopherols,
gallic acid and gallates. In the UK and the European Union, propyl gallate, butyl-
ated hydroxyanisole, butylated hydroxytoluene and ethoxyquin may be added to
edible oils as antioxidants in amounts specified in the EC Community Register of
Feed Additives 2020. Other substances such as synthetic a-,y- and 3-tocopherols and
various derivatives of ascorbic acid may be used without limit.

The most important naturally occurring antioxidant is vitamin E, which protects
fat by preferential acceptance of free radicals. The possible effects of fat oxidation in
diets in which vitamin E levels are marginal are of considerable importance.

Hydrogenation

This is the process whereby hydrogen is added to the double bonds of the unsatu-
rated acids of a fat, thereby converting them to their saturated analogues. Oleic acid,
for example, yields stearic acid as shown:

CH,

|

(CHy)7

| CH;
CH + H I

Il |  —— (CH1e
CH

| COOH
(|CH2)7

COOH

Oleic acid Stearic acid

The process (hardening) is important commercially for producing firm hard fats
from vegetable and fish oils in the manufacture of margarine. The hardening results
from the higher melting points of the saturated acids. For the rate of reaction to be
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Glycolipids

practicable, a catalyst has to be used — usually finely divided nickel. Hardening has
the added advantage of improving the keeping quality of the fat, since removal of
the double bonds eliminates the chief centres of reactivity in the material.

Dietary fats consumed by ruminants first undergo hydrolysis in the rumen and this is
followed by progressive hydrogenation of the unsaturated free fatty acids (mainly 18:2
and 18:3 acids) to stearic acid. This helps to explain the apparent anomaly that, whereas
their dietary fats are highly unsaturated, the body fats of ruminants are highly saturated.

Hydrogenation results in the production not only of saturated acids but also of
trans acids. In addition, a redistribution of double bonds within the fatty acid chain
takes place, accounting for the presence in ruminant fats of vaccenic (18:1 trans-11)
and elaidic (18:1 trans-9) acids. A similar transformation occurs in the industrial
hydrogenation of plant and fish oils. Partially hydrogenated vegetable oils, for exam-
ple, commonly contain 3-5 g trans acids/100g of the total fatty acids, and partially
hydrogenated fish oils about 20 g.

Digestion, absorption and metabolism of the trans acids is comparable with that
of their counterparts. They have higher melting points than their cis analogues and
their incorporation into ruminant body fats contributes to the hardness of the latter.
Trans acids do not possess essential fatty acid activity but there is evidence that some
may enter pathways leading to eicosanoid formation and give rise to substances of
unknown physiological effects. There is evidence, too, that they decrease the activ-
ity of the desaturases involved in EFA metabolism. However, it would appear that,
as long as EFA intake is adequate and trans acids intake is not excessive, they do
not have any significant effect on EFA status. Trans fatty acids, particularly those
produced from the partial hydrogenation of vegetable oils (PHVO), have also been
associated with an increased risk of cardiovascular disease, cancer, inflammation
and type II diabetes. This has led in the USA to the requirement for the frans fatty
acid content of food to be included on the labelling, with a view to eliminating trans
fatty acids from the human diet. The profile of trans fatty acids in ruminant products
is, however, quite different from that of PHVO, and there is evidence that some of
these, such as trans-11, 18:1 (vaccenic acid) and cis-9,¢rans-11 conjugated linoleic
acid (rumenic acid), which are found in ruminant milk and meat, have beneficial
effects on reducing diseases such as cancer and atherosclerosis.

GLYCOLIPIDS

In these compounds, two of the alcohol groups of the glycerol are esterified by fatty
acids and the other is linked to a sugar residue. The lipids of grasses and clovers,
which form the major part of the dietary fat of ruminants, are predominantly (about
60 per cent) galactolipids. Here, the sugar is galactose and we have:

CH,OH
O
o) O—CH,
CHOCOR
OH |
CH,OCOR
OH
Galactolipid
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Galactolipids

The galactolipids of grasses are mainly of the monogalactosyl type illustrated previ-
ously, but smaller quantities of the digalactosyl compounds are also present. These
have two galactose residues at the first carbon atom. The fatty acids of the galacto-
sides of grasses and clovers consist largely of linoleic and a-linolenic acids, as shown
in Table 3.4.

Rumen microorganisms are able to break down the galactolipids to give galactose,
fatty acids and glycerol. Preliminary lipolysis appears to be a prerequisite for the
galactosyl glycerides to be hydrolysed by the microbial galactosidases.

In animal tissues, glycolipids are present mainly in the brain and nerve fibres. The
glycerol of the plant glycolipids is here replaced as the basic unit by the nitrogenous
base sphingosine:

OHNH,
CHs.(CH5)15.CH:CH.CH.CH.CH,OH
Sphingosine
In their simplest form (the cerebrosides), the glycolipids have the amino group

of the sphingosine linked to the carboxyl group of a long-chain fatty acid and the
terminal alcohol group to a sugar residue, usually galactose. The typical structure is:

Acid
OHNH—CO.R 10)
||
CHs.(CH3)12.CH:CH.CH.CH.CH,— O
Sphingosine Galactose

More complex substances, the gangliosides, are found in the brain. They have the
terminal alcohol group linked to a branched chain of sugars with sialic acid as the
terminal residue of at least one of the chains.

Table 3.4 Fatty acid composition of some forage lipids (g/100 g)

Perennial ryegrass Cocksfoot Red clover White clover Pasture
14:0 2.0 2.0 1.0 1.1 1.7
16:0 20.9 20.8 15.4 16.8 19.7
16:1 1.0 1.0 0.1 0.2 0.8
18:0 4.4 31 2.3 1.9 3.5
18:1 51 2.6 2.3 21 4.0
18:2 13.2 15.0 20.8 19.6 153
18:3 51.6 52.8 59.5 59.7 54.1
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Phospholipids

PHOSPHOLIPIDS

The role of the phospholipids is primarily as constituents of the lipoprotein complexes
of biological membranes. They are widely distributed, being particularly abundant
in the heart, kidneys and nervous tissues. Myelin of the nerve axons, for example,
contains up to 55 per cent of phospholipid. Eggs are one of the best animal sources
and, among the plants, soya beans contain relatively large amounts. The phospho-
lipids contain phosphorus in addition to carbon, hydrogen and oxygen.

Phosphoglycerides

These are esters of glycerol in which only two of the alcohol groups are esterified
by fatty acids, with the third esterified by phosphoric acid. The parent compound
of the phosphoglycerides is, thus, phosphatidic acid, which may be regarded as the
simplest phosphoglyceride.

CH,.0.CO.R;

CH.0.CO.Ry
o)

CH,.0.P.OH
OH

Phosphatidic acid

Phosphoglycerides are commonly referred to as phosphatides. In the major bio-
logically important compounds, the phosphate group is esterified by one of several
alcohols, the commonest of which are serine, choline, glycerol, inositol and ethan-
olamine. The chief fatty acids present are the 16-carbon saturated and the 18-carbon
saturated and monoenoic, although others with 14-24 carbon atoms do occur. The
most commonly occurring phosphoglycerides in higher plants and animals are the
lecithins and the cephalins.

Lecithins

Lecithins have the phosphoric acid esterified by the nitrogenous base choline and
are more correctly termed phosphatidylcholines. A typical example would have the
formula:

CH5.0.C0O.Cy5H3;

|
CH.0.CO.Cy7H33
|

CH5.0. PO3.CH,.CH5.N*(CH3)3

Lecithin

The fatty acid residues at sn-1 are mostly palmitic (16:0) or stearic (18:0). At sn-2
they are primarily oleic (18:1), linoleic (18:2) or a-linolenic (18:3) acid.
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Cephalins

Cephalins differ from the lecithins in having ethanolamine instead of choline and
are correctly termed phosphatidylethanolamines. Ethanolamine has the following
formula:

NH,

CH,.CH,0H

The fatty acids at sn-1 are the same as in lecithin but those at sn-2 are unsaturated,
mainly linoleic, eicosatetraenoic and docosahexaenoic.

Phosphoglycerides are white waxy solids that turn brown when exposed to the air
owing to oxidation followed by polymerisation. When placed in water, the phospho-
glycerides appear to dissolve. However, the true solubility is very low, the apparent
solubility being due to the formation of micelles.

Phosphoglycerides are hydrolysed by naturally occurring enzymes, the phospho-
lipases, which specifically cleave certain bonds within the molecule to release fatty
acids, the phosphate ester, the alcohol and glycerol. The release of choline, when
followed by a further oxidative breakdown, has been considered to be responsible
for the development of fishy taints by the release of the trimethyl amine group or
its oxide; currently, these taints are considered to be the result of fat oxidation and
not of lecithin breakdown.

The phosphoglycerides combine within the same molecule both the hydrophilic
(water-loving) phosphate ester groups and the hydrophobic fatty acid chains. They
are therefore surface-active and play a role as emulsifying agents in biological sys-
tems — for example, in the duodenum. Their surface-active nature also explains their
function as constituents of various biological membranes.

Sphingomyelins

Sphingomyelins belong to a large group, the sphingolipids, which have sphingosine
instead of glycerol as the parent material. They differ from the cerebrosides in having
the terminal hydroxyl group linked to phosphoric acid instead of a sugar residue. The
phosphoric acid is esterified by either choline or ethanolamine. The sphingomyelins
also have the amino group linked to the carboxyl group of a long-chain fatty acid by
means of a peptide linkage:

Sphingosine Phosphoryl choline

CH3.(CH,)12.CH:CH.CHOH.CH.CH,.0.PO3™.CH5.CH.N*(CH3)3
NH.CO.R

Sphingomyelin

Like the lecithins and cephalins, the sphingomyelins are surface-active and are
important as components of membranes, particularly in nervous tissue. They may
constitute up to 25 per cent of the total lipid in the myelin sheath that protects the
nerve cells, but are absent from, or present in very low concentrations only in,
energy-generating tissue.
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3.5

Waxes

Ether phospholipids

Ether phospholipids are glycerol based but have an alkyl rather than an acyl group at
carbon atom 1, as is the case in the glycerides. Typical are the plasmologens, which
have a vinyl ether grouping as shown:

CH,.0.CH:CH.R

I
CH.0.CO.R

CH,.0.PO3™.CH,.CH,.NH3*

Such compounds may form up to 50 per cent of the phospholipids of heart tissue
but their function is unclear. An ether phospholipid called a platelet-activating factor
is a highly potent aggregator of blood platelets.

WAXES

Waxes are simple, relatively non-polar lipids consisting of a long-chain fatty acid
combined with a monohydric alcohol of high molecular weight. They are usually
solid at ordinary temperatures. The fatty acids present in waxes are those found in
fats, although acids lower than lauric are very rare; higher acids such as carnaubic
(C,3H47.COOH) and mellissic (C3gHg;.COOH) may also be present. The most com-
mon alcohols found in waxes are carnaubyl (C,4H49.0OH) and cetyl (C;4H330H).

Natural waxes are usually mixtures of a number of esters. Beeswax is known to
consist of at least five esters, the main one being myricyl palmitate:

C15H31.COOH + C31H63OH_) C15H31.COOC31H63 + Hzo

Waxes are widely distributed in plants and animals, where they often have a
protective function. The hydrophobic nature of the wax coating reduces water losses
caused by transpiration in plants, and provides wool and feathers with waterproof-
ing in animals. Among better-known animal waxes are lanolin, obtained from wool,
and spermaceti, a product of marine animals. In plants, waxes are usually included
in the cuticular fraction, where they form a matrix in which cutin and suberin are
embedded. The term ‘wax’ is used here in the collective sense and, although true
waxes are always present, the major part is made up of a complex mixture of sub-
stances. Alkanes (from C,q to Cs7) make up a large proportion of the whole, with
odd-chain compounds predominating. Branched-chain hydrocarbons, aldehydes,
free fatty acids (from C;, to Cs¢) and various ketols commonly occur though minor
constituents. Free alcohols are usually of minor importance but may form up to half
of some waxes.

Cutin is a mixture of polymers of Cis and C;g monomers, commonly
16-hydroxypalmitic and 10,16-dihydroxypalmitic acids. Phenolic constituents
such as para-coumaric and ferulic acids are usually present but in small amounts
only. Suberin is found in the surfaces of the underground parts of plants and on
healed wound surfaces. The major aliphatic constituents are w-hydroxy acids, the
corresponding dicarboxylic acids and very-long-chain acids and alcohols. There are,
also, substantial amounts of phenolic substances, mainly p-coumaric acid, which form
a phenolic core to which the acids are attached. Both cutin and suberin are highly
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3.6

resistant to breakdown and are not of any significant nutritional value. The waxes,
too, are resistant to breakdown and are poorly utilised by animals. Their presence
in foods in large amounts leads to high ether extract figures and may result in the
nutritive value being overestimated.

STEROIDS

The steroids include such biologically important compounds as the sterols, the bile
acids, the adrenal hormones and the sex hormones. They have a common structural
unit of a phenanthrene nucleus linked to a cyclopentane ring (Fig. 3.3).

The individual compounds differ in the number and positions of their double
bonds and in the nature of the side chain at carbon atom 17.

Sterols

These have eight to ten carbon atoms in the side chain, an alcohol group at carbon
atom 3, but no carbonyl or carboxyl groups. They may be classified into:

m the phytosterols of plant origin;
m the mycosterols of fungal origin;
m the zoosterols of animal origin.

The phytosterols and the mycosterols are not absorbed from the gut and are not
found in animal tissues.

Cholesterol

Cholesterol is a zoosterol that is present in all animal cells. It has a low solubility in
water, about 0.2 mg/100ml. It is the major sterol in human beings and is important
as a constituent of various biological membranes. It is particularly important in the
myelinated structures of the brain and central nervous system and may constitute
up to 170 g/kg. It is the precursor of the steroid hormones. It is also the precursor
of the bile acids.

Normal concentrations in the blood plasma range from 1,200 to 2,200 mg/litre.
Some 30 per cent of this is in the free state, the remainder being bound to lipoproteins.
These are complexes of proteins and lipids held together by non-covalent bonds.
Each has a characteristic size, molecular weight, chemical composition and density.

Phenanthrene Cyclopentane
nucleus ring

Fig. 3.3 Basic steroid structural unit.
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Steroids

They are classified on the basis of their density. The five classes, of which one, the
chylomicrons, occurs only in the post-absorptive state, are shown in Table 3.5.

In the plasma, the lipoproteins exist as spherical structures with a core of triacyl
glycerols and cholesterol esters. This is surrounded by a shell, about 20 A thick, con-
taining proteins, unesterified cholesterol and phosphatidyl cholines. Since they have
a greater surface-to-volume ratio, the smaller particles have a higher protein-to-lipid
ratio and are more dense. Thus, the HDLP fraction has about 45 per cent protein
and 55 per cent lipid, whereas the VLDLP fraction has about 10 per cent protein and
90 per cent lipid. Cholesterol is very insoluble, and prolonged high levels in blood
result in its deposition on the walls of the blood vessels. These deposits eventually
harden to produce an atherosclerotic plaque. This narrows the blood vessel and serves
as a site for clot formation and may precipitate myocardial infarction or heart attack.

There is strong evidence that the risk of coronary heart disease is directly related
to the plasma concentration of LDL-cholesterol and inversely related to that of HDL-
cholesterol, and that the risk is reduced significantly by lowering elevated serum
cholesterol levels. It has been known for many years that one of the most important
dietary factors regulating serum cholesterol levels is the ratio of polyunsaturated
(PUFA) to saturated fatty acids (SFA). The SFA increase and the PUFA decrease
cholesterol levels, except for the trans PUFA, which have a similar effect to the
SFA. A ratio of 0.5-0.9 SFA:PUFA is considered to be satisfactory. It is important
to appreciate that the different families of PUFA affect lipid metabolism in different
ways. Thus, the »-6 acids significantly decrease serum cholesterol levels and have a
minor effect only on triacylglycerol levels, whereas the »-3 acids have a minor effect
on serum cholesterol but significantly lower triacyl-glycerol levels. This is impor-
tant in the light of recent evidence that high serum triacylglycerol level per se is an
important risk factor in coronary heart disease. The w-3 acids are the precursors of
the 3-series of prostaglandins and thromboxanes. The former strongly inhibit platelet
aggregation and the latter are weakly pro-aggregating. The w-6 acids are precursors
of the series-2 prostaglandins and thromboxanes, the former being strongly pro-
aggregating and the latter weakly anti-aggregating. On balance, from this point of
view, the »-3 acids may be regarded as having a more beneficial effect than the w-6
acids. They have a further beneficial effect in that they inhibit the transformation of
the w-6 acids to their eicosanoid products.

Table 3.5 Density-based classes of lipoproteins

Class Density (g/ml)  Molecular weight Diameter (A)
(daltons)

High-density lipoproteins 1.063-1.210 4-2 x 10° 50-130 (HDLP)
Low-density lipoproteins 1.019-1.063 2 X 10° 200-280(LDLP)
Intermediate-density

lipoproteins (IDLP) 1.006-1.019 4.5 x 10° 250
Very low-density

lipoproteins (VLDLP) 0.95-1.006 5 X 10°-107 250-750
Chylomicrons <0.95 10°-101° 103-10*
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7-Dehydrocholesterol

This substance, which is derived from cholesterol, is important as the precursor
of vitamin D3, which is produced when the sterol is exposed to ultraviolet light
(Fig. 3.4).

CgHq7 CgHq7
CH3 CH3
CH3 CH,
— |
AN
OH OH
7-Dehydrocholesterol Cholecalciferol
(vitamin Ds)

Fig. 3.4 Formation of vitamin Ds.

This is a good illustration of how relatively small changes in chemical structure
may bring about radical changes in physiological activity.

Ergosterol

This phytosterol is widely distributed in brown algae, bacteria and higher plants. It is
important as the precursor of ergocalciferol or vitamin D,, into which it is converted
by ultraviolet irradiation. The change is the same as that which takes place in the
formation of vitamin D3 from 7-dehydrocholesterol and involves opening of the
second phenanthrene ring.

Bile acids

The bile acids have a five-carbon side chain at carbon atom 17, which terminates in
a carboxyl group bound by an amide linkage to glycine or taurine (Fig. 3.5).

The bile acids are synthesised from cholesterol and this constitutes the major end
point of cholesterol metabolism. Under physiological conditions the acids exist as

CH; OH

I Il
OH  CH.(CH,);.C.N.CH,.COOH

CH;

OH OH

Fig. 3.5 Glycocholic acid.

zlﬁ‘ ;‘;:3 books.com



3.7

SUMMARY

Summary

salts. They are produced in the liver, stored in the gall bladder and secreted into the
upper small intestine. They are important in several ways:

m They provide the major excretory pathway for cholesterol, which cannot be cata-
bolised to carbon dioxide and water by mammals. Bile contains high concentrations
of free cholesterol, about 390 mg/100 ml.

m The bile salts assist, along with the detergent action of phospholipids, in prevent-
ing the cholesterol in the bile fluid from crystallising out of solution.

m They act as emulsifying agents in preparing dietary triacylglycerols for hydrolysis,
by pancreatic lipase, in the process of digestion.

m They may have a role in activating pancreatic lipase.

m They facilitate the absorption, from the digestive tract, of the fat-soluble vitamins.

Steroid hormones

These include the female sex hormones (oestrogens), the male sex hormones (andro-
gens) and progesterone, as well as cortisol, aldosterone and corticosterone, which
are produced in the adrenal cortex. The adrenal hormones have an important role
in the control of glucose and fat metabolism.

TERPENES

Terpenes are made up of a number of isoprene units linked together to form chains
or cyclic structures. Isoprene is a five-carbon compound with the following structure:

CHZCCHCHZ
|
CH;

Isoprene

Many terpenes found in plants have strong, characteristic odours and flavours, and
are components of essential oils such as lemon or camphor oil. The word ‘essential’
is used to indicate the occurrence of the oils in essences and not to imply that they
are required by animals. Among the more important plant terpenes are the phytol
moiety of chlorophyll, the carotenoid pigments, plant hormones such as giberellic
acid and vitamins A, E and K. In animals, some of the coenzymes, including those of
the coenzyme Q group, are terpenes.

1. Lipids are a group of substances, insoluble 2. Fats and oils are major sources of stored
in water but soluble in common organic energy in both plants and animals. They
solvents. They include the fats and oils, are esters of fatty acids with glycerol.
the glycolipids, the phospholipids, the Their physical and chemical nature is
lipoproteins, the steroids and the terpenes. determined by their fatty acid composition:
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high-molecular-weight saturated acids confer
chemical stability and physical hardness,
whereas unsaturated acids confer chemical
reactivity and physical softness.

Linoleic and a-linolenic acids are termed
essential fatty acids. They are the source
materials of the eicosanoids, which include
the prostaglandins, the thromboxanes and
the leukotrienes.

Phospholipids are phosphorus-containing
compounds based on fatty acids esterified
with glycerol or a nitrogenous base. They are
important as constituents of the lipoprotein
complexes of biological membranes.

. Waxes are mixtures of esters of high-

molecular-weight fatty acids with high-
molecular-weight alcohols. They are
chemically inert, have little or no nutritive
value, and are mainly protective in function.

QUESTIONS

3.1 Discuss how the structure of an individual fatty acid affects its function within

6.

8.

The steroids have a basic structural unit

of a phenanthrene nucleus linked to a
cyclopentane ring. They include the sterols, the
bile acids and the adrenal and sex hormones.

Cholesterol is the precursor of many

sterols. It is present in all animal cells and

is particularly important in the myelinated
structures of the brain and nervous tissue.
There is strong evidence that the risk of
coronary heart disease is directly related to
the concentration of low-density lipoprotein
cholesterol in the blood.

7-Dehydrocholesterol and ergosterol are
important as the precursors of vitamins D3
and D,, respectively.

The lipids in the form of triacylglycerols,
cholesterol esters, low-density lipoproteins and
the lipid-derived eicosanoids are intimately
involved in the aetiology of heart disease.

the body of domesticated animals. (p. 34-43)

3.2 Discuss the difference in structure and function between triglycerides, phospho-

glycerides and sphingomyelins in animal tissues. (p. 43-47)

3.3 Discuss why the diet of ruminants is generally high in polyunsaturated fatty
acids, yet ruminant meat and milk are generally low in polyunsaturated fatty

acids and high in saturated fatty acids. (p. 42-43)

3.4 Discuss the role and function of steroids in the body of domesticated animals.

(p. 48-51)
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PROTEINS

Proteins are complex organic compounds of high molecular weight and consist of long
chains of amino acids. In common with carbohydrates and fats, they contain carbon,
hydrogen and oxygen, but in addition they all contain nitrogen and sometimes sulphur.

Proteins are found in all living cells, where they are intimately connected with all
phases of activity that constitute the life of the cell. Each species has its own specific
proteins, and a single organism has many different proteins in its cells and tissues. It
follows, therefore, that a large number of proteins occur in nature.

AMINO ACIDS

Amino acids are produced when proteins are hydrolysed by enzymes, acids or alka-
lis. Although over 200 amino acids have been isolated from biological materials, only
20 of these are commonly found as components of proteins.

Amino acids are characterised by having a basic nitrogenous group, generally an
amino group (—NH,), and an acidic carboxyl unit (—COOH). Most amino acids occur-
ring naturally in proteins are of the « type, having the amino group attached to the car-
bon atom adjacent to the carboxyl group, and can be represented by the general formula:

NH;
I
R—C—H
I

COOH
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The exception is proline, which has an imino (—NH) instead of an amino group.
The nature of the R group, which is referred to as the side chain, varies in different
amino acids. It may simply be a hydrogen atom, as in glycine, or it may be a more
complex radical containing, for example, a phenyl group.

The chemical structures of the 20 amino acids commonly found in natural proteins
are shown in Table 4.1.

Special amino acids

Some proteins contain special amino acids that are derivatives of common amino
acids. For example, collagen, the fibrous protein of connective tissue, contains
hydroxyproline and hydroxylysine, which are the hydroxylated derivatives of pro-
line and lysine, respectively.

CH,NH,
CHOH
I
HO—|CH—|CH2 |CHz
CH, _ CH— COOH CH,
TNH |
NH,CHCOOH
Hydroxyproline Hydroxylysine

Two iodine derivatives of tyrosine, triiodothyronine and tetraiodothyronine (thy-
roxine), act as important hormones in the body and are also amino acid components
of the protein thyroglobulin (see p. 130).

H
|
HO (o} CH,— C—COOH
|
NH,
I
Trilodothyronine
| |
H
|
HO (o} CH,— C—COOH
|
NH,

Tetraiodothyronine (thyroxine)
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Amino acids

Table 4.1 Amino acids commonly found in proteins

Monoamino-monocarboxylic acids

Glycine

CH3

Alanine NH,CHCOOH

CH3\ /CH3
CH

Valine NH,CHCOOH

CH CH
3. 0
CH

I
CH,
Leucine NH,CHCOOH

Sulpur-containing amino acids

CH,SH

Cysteine NH,CHCOOH

NH,CH,COOH

Serine

Threonine

Isoleucine

Methionine

CH,OH

NH,CHCOOH

CHs3

HCOH

NH,CHCOOH

CH3

\
CHZ\ /CH3
CH

NH,CHCOOH

CHs

I
S

CH,

CH;

NH,CHCOOH

Monoamino-dicarboxylic acids and their amine derivatives

COOH

CH,

Aspartic acid  NH,CHCOOH

Ico—NH2

CH,

Asparagine NH,CHCOOH

=\
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COOH

CH,

CH,

Glutamic acid NH,CHCOOH

Glutamine

CO—NH,
-
-
NH2|CHCOOH
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Table 4.1 Continued

Basic amino acids

CH,NH,

HC—N
| AN
CH, CH
| /
|CHz C—NH
I
CH, CH,
Lysine NH,CHCOOH Histidine NH,CHCOOH
NH,
I
N=NH
|
NH
|
(CH)3
Arginine NH,CHCOOH
Aromatic and heterocyclic amino acids
OH
CH, CH,
Phenylalanine  NH,CHCOOH Tyrosine NH,CHCOOH
PN
HC? C C— CH,— CH— COOH
| || | |
HC _C _-CH NH,
Sch” N
Tryptophan H
CH, CH,

|
CHZ\ N/CH—COOH
Proline H




Amino acids

A derivative of glutamic acid, y-carboxyglutamic acid is an amino acid present in
the protein thrombin. This amino acid is capable of binding calcium ions and plays
an important role in blood clotting (see p. 86).

HOOC COOH
N7
CH

CH,
NH,CHCOOH

y-Carboxyglutamic acic

The amino acid y-aminobutyric acid functions in the body as a neurotransmitter.
It is also found in silage as a fermentation product of glutamic acid (see p. 524).

NH,CH>CH5CH,COOH

y-Aminobutyric acid

The sulphur-containing amino acid cysteine also requires special mention. It may
occur in protein in two forms, either as itself or as cystine. Cysteine is unstable in
solution and is readily oxidised to cystine, in which two cysteine molecules are joined
together by a disulphide bridge:

CH;—S—S—CH;,

|
NH,CHCOOH NH,CHCOOH

Cystine

Thus, in a nutritional context, the term ‘sulfur amino acids’ usually refers to
methionine plus cystine.

Properties of amino acids

Because of the presence of an amino group and a carboxyl group, amino acids are
amphoteric — that is, they have both basic and acidic properties. Molecules such as
these, with basic and acidic groups, may exist as uncharged molecules, or as dipolar
ions with opposite ionic charges, or as a mixture of these. Amino acids in aqueous
solution exist as dipolar ions or zwitter ions (from the German Zwitter, meaning a
hermaphrodite):

NH3*

|
R—C—H

I

[qolon

In a strongly acid solution, an amino acid exists largely as a cation, while in alka-
line solution it occurs mainly as an anion. There is a pH value for a given amino acid
at which it is electrically neutral; this value is known as the isoelectric point. Because
of their amphoteric nature, amino acids act as buffers, resisting changes in pH.
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All the a-amino acids except glycine are optically active. As with the carbohy-
drates (see Chapter 2), amino acids can take two mirror image forms, D- and L-.

COOH COOH
H—|C—NH2 NH2—|C—H
: :
p-Amino acid L-Amino acid

All the amino acids involved in protein structure have an L-configuration of the
carbon atom. If supplied in the D-form, some amino acids can be converted to the
L-form by deamination of the amino acid to the keto acid and reamination to the
L-form (see Chapter 9).

Essential amino acids

Plants and many microorganisms are able to synthesise proteins from simple nitrog-
enous compounds such as nitrates. Animals cannot synthesise the amino group, and
in order to build up body proteins they must have a dietary source of amino acids.
Certain amino acids can be produced from others by a process known as transami-
nation (see Chapter 9), but the carbon skeletons of a number of amino acids cannot
be synthesised in the animal body; these are referred to as essential or indispensible
amino acids.

Most of the early work in determining which amino acids could be classed as
essential was carried out with rats fed on purified diets. The following ten essential
amino acids are required for growth in the rat:

Arginine Methionine
Histidine Phenylalanine
Isoleucine Threonine
Leucine Tryptophan
Lysine Valine

A chick requires a dietary supply of the ten amino acids listed, but in addition
needs a dietary source of glycine as its capacity to synthesise this amino acid is not
adequate to meet the needs of rapid growth. Birds require arginine because their
metabolism does not include the urea cycle (see Chapter 9), which would normally
supply this amino acid. The list of essential amino acids required by the pig is simi-
lar to that for the rat, with the exception of arginine, which can be synthesised by
the pig. It has been reported that rapidly growing animals may respond to arginine
because the very active metabolism of the liver results in little of the amino acid
being available to the general circulation. Cats require a dietary supply of argi-
nine, owing to their limited ability to synthesise ornithine from glutamate, and a
deficiency of arginine results in the accumulation of ammonia in the blood from
denatured amino acids (see Chapter 9, Box 9.2). Cats also require the B-sulphonic
amino acid taurine in their diet as they are unable to synthesise this from cysteine.
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4.3

Peptides

Taurine is required for bile acid conjugation (see p. 50 and Chapter 8). Poultry have
a limited capacity to synthesise proline. Lysine is the first limiting amino acid in most
horse diets and threonine is generally considered to be the second limiting, although
this is the subject of current research. The actual dietary requirement of certain essen-
tial amino acids is dependent upon the presence of other amino acids. For example,
methionine can be converted to cysteine and thus the requirement for methionine
is partially dependent on the cysteine content of the diet (see p. 324). A similar
situation applies to phenylalanine and tyrosine, the former being converted to the
latter. Tyrosine is the precursor of melanin compounds responsible for hair colour.
In some animals, such as certain breeds of dogs and cats, consistency in coat colour is
considered to be desirable and it is important to ensure a sufficient dietary supply of
phenylalanine and tyrosine to achieve this. The requirement of the two amino acids
for ensuring maximum black colour, for example, is higher than that for growth.

In the case of the ruminant, all the essential amino acids can be synthesised by the
rumen microorganisms, which theoretically makes this class of animal independent
of a dietary source once the rumen microorganisms have become established. How-
ever, the supply of amino acids from microbial protein is limiting in quantity and
sometimes quality for maximum rates of growth in young animals and for maximum
milk production. For maximum productivity, the microbial protein must be supple-
mented with a supply of dietary amino acids, from foods or synthetic amino acids,
in a suitable form that is protected from degradation by the microorganisms in the
rumen (see Chapter 8).

PEPTIDES

Peptides are built up from amino acids by means of a linkage between the a-carboxyl
of one amino acid and the a-amino group of another acid, as shown here:

H R O H Ry O

H—N—C—C—OH + H—N—C—C—OH

H H

H R O H R O
I | O
H—N—C—C—N—C—C—OH + H0
| |

H H

This type of linkage is known as the peptide linkage; in the example shown, a
dipeptide has been produced from two amino acids. Large numbers of amino acids
can be joined together by this means, with the elimination of one molecule of water
at each linkage, to produce polypeptides.
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4.4

Besides being important building blocks in the construction of proteins, some
peptides possess their own biological activity. Milk, in particular, is a source of many
biologically active peptides. The enzymatic hydrolysis of the milk protein casein
releases opioid peptides, which have pharmacological activities such as analgesia and
sleep-inducing effects. Other peptides derived from casein are involved in calcium
flow in tissues and modification of the immune system response. Other milk peptides
stimulate growth of desirable bacteria and suppress harmful bacteria, and some act
as growth factors for intestinal cells.

Other peptides, including bombesin, enterostatin, glucagon and leptin, are impor-
tant in the control of food intake.

Peptides play an important role in the flavour and sensory properties of foods
such as yeast extract, cheese and fruit juices.

STRUCTURE OF PROTEINS

For convenience, the structure of proteins can be considered under four basic
headings.

Primary structure

The sequence of amino acids along the polypeptide chain of a protein, as described
previously, is called the ‘primary structure’ of the protein.

Secondary structure

The ‘secondary structure’ of proteins refers to the conformation of the chain of
amino acids resulting from the formation of hydrogen bonds between the imino and
carbonyl groups of adjacent amino acids, as shown in Fig. 4.1.

The secondary structure may be regular, in which case the polypeptide chains
exist in the form of an a-helix or a B-pleated sheet, or it may be irregular and exist
as, for example, a random coil.

Z—I---0=n

Fig. 4.1 Configuration of polypeptide chain. Dotted lines represent possible
hydrogen bonds.



4.5

Properties of proteins

Tertiary structure

The ‘tertiary structure’ describes how the chains of the secondary structure further
interact through the R groups of the amino acid residues. This interaction causes fold-
ing and bending of the polypeptide chain, the specific manner of the folding giving
each protein its characteristic biological activity.

Quaternary structure

Proteins possess ‘quaternary structure’ if they contain more than one polypeptide
chain. The forces that stabilise these aggregates are hydrogen bonds and electrostatic
or salt bonds formed between residues on the surfaces of the polypeptide chains.

As can be seen from the four levels described, the structure of a given protein is
governed by the amino acid chain which, in turn, is genetically determined by the
cell’s DNA (see Chapter 9). The structure and hence shape of a protein molecule is
critically important for it to carry out its function. The action of an enzyme or coen-
zyme depends on its shape — for example, in holding the reacting molecules in the
correct position so that the reactive parts are brought together, enabling the reaction
to proceed. Similarly, the shape of protein messenger molecules (such as hormones)
must be precise in order to fit into the designated receptor on the cell surface. Errors
in the DNA sequence or in its transcription may result in a change in the shape of
the protein molecule, resulting in it not functioning.

PROPERTIES OF PROTEINS

All proteins have colloidal properties; they differ in their solubility in water, ranging
from insoluble keratin to albumins, which are highly soluble. Soluble proteins can be
precipitated from solution by the addition of certain salts such as sodium chloride or
ammonium sulphate. This is a physical effect and the properties of the proteins are
not altered. On dilution the proteins can easily be redissolved.

Although the amino and carboxyl groups in the peptide linkage are non-functional
in acid-base reactions, all proteins contain a number of free amino and carboxyl
groups, either as terminal units or in the side chain of amino acid residues. Like
amino acids, proteins are therefore amphoteric. They exhibit characteristic isoelectric
points and have buffering properties.

All proteins can be denatured or changed from their natural state. Denaturation
has been defined by Neurath and coworkers as ‘any non-proteolytic modification of
the unique structure of a native protein, giving rise to definite changes in chemical,
physical or biological properties’. Products of protein hydrolysis are not included
under this term. Several agents can bring about denaturation of proteins; these
include heat, acids, alkalis, alcohols, urea and salts of heavy metals. The effect of heat
on proteins is of special interest in nutrition as this results in new linkages within and
between peptide chains. Some of these new linkages resist hydrolysis by proteases
produced in the digestive tract and impede their access to adjacent peptide bonds.

Susceptibility of proteins to heat damage is increased in the presence of various
carbohydrates, owing to the occurrence of Maillard-type reactions, which initially
involve a condensation between the carbonyl group of a reducing sugar with the free
amino group of an amino acid or protein. Lysine is particularly susceptible. With
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increasing severity of heat treatment, further reactions involving protein side chains
can occur and result in the browning of foods. The dark coloration of overheated
hays and silages is symptomatic of these types of reaction.

CLASSIFICATION OF PROTEINS

Proteins may be classified into two main groups: simple proteins and conjugated
proteins.

Simple proteins

These proteins produce only amino acids on hydrolysis. They are subdivided into
two groups, fibrous and globular proteins, according to shape, solubility and chemi-
cal composition.

Fibrous proteins

These proteins, which in most cases have structural roles in animal cells and tissues,
are insoluble and are very resistant to animal digestive enzymes. They are composed
of elongated filamentous chains joined together by cross-linkages. The group includes
collagens, elastin and keratins.

Collagens are the main proteins of connective tissues and constitute about 30 per
cent of the total proteins in the mammalian body. As mentioned earlier (p. 54), the
amino acid hydroxyproline is an important component of collagen. Hydroxylation
of proline to hydroxyproline involves vitamin C; if this vitamin is deficient, collagen
fibres are weakened and may give rise to gum and skin lesions (see p. 100). The
indispensable amino acid tryptophan is not found in these proteins.

Elastin is the protein found in elastic tissues such as tendons and arteries. The
polypeptide chain of elastin is rich in alanine and glycine and is very flexible. It
contains cross-links involving lysine side chains, which prevent the protein from
extending excessively under tension and allow it to return to its normal length when
tension is removed.

Keratins are classified into two types. The a-keratinss are the main proteins of
wool and hair. The B-keratinss occur in feathers, skin, beaks and scales of most
birds and reptiles. These proteins are very rich in the sulphur-containing amino acid
cysteine; wool protein, for example, contains about 40 g sulphur/kg (see p. 391).

Globular proteins

Globular proteins are so called because their polypeptide chains are folded into com-
pact structures. The group includes all the enzymes, antigens and those hormones
that are proteins. Its first subgroup, albumins, are water-soluble and heat-coagulable
and occur in milk, the blood, eggs and many plants. Histones are basic proteins that
occur in cell nuclei, where they are associated with DNA (see p. 65). They are soluble
in salt solutions, are not heat-coagulable, and on hydrolysis yield large quantities
of arginine and lysine. Protamines are basic proteins of relatively low molecular
weight, which are associated with nucleic acids and are found in large quantities in
the mature male germ cells of vertebrates. Protamines are rich in arginine but contain
no tyrosine, tryptophan or sulphur-containing amino acids. Globulins occur in milk,
eggs and blood, and are the main reserve protein in many seeds.

=\
¢ Vet-ebooks.com



4.7

Nucleic acids

Conjugated proteins

Conjugated proteins contain, in addition to amino acids, a non-protein moiety termed
a prosthetic group. Some important examples of conjugated proteins are glycopro-
teins, lipoproteins, phosphoproteins and chromoproteins.

Glycoproteins are proteins with one or more heteroglycans as prosthetic groups.
In most glycoproteins the heteroglycans contain a hexosamine, either glucosamine
or galactosamine or both; in addition, galactose and mannose may also be present.
Glycoproteins are components of mucous secretions, which act as lubricants in many
parts of the body. The storage protein in egg white, ovalbumin, is a glycoprotein.

Lipoproteins, which are proteins conjugated with lipids such as triacylglycerols
and cholesterol, are the main components of cell membranes and are also the form
in which lipids are transported in the bloodstream to tissues, either for oxidation
or for energy storage. They can be classified into five main categories in increasing
order of density: chylomicrons; very-low-density lipoproteins (VLDL); low-density
lipoproteins (LDL); intermediate-density lipoproteins (IDL); and high-density lipo-
proteins (HDL) (see Chapter 3).

Phosphoproteins, which contain phosphoric acid as the prosthetic group, include
the caseins of milk (see p. 427) and phosvitin in egg yolk.

Chromoproteins contain a pigment as the prosthetic group. Examples are hae-
moglobin and cytochromes, in which the prosthetic group is the iron-containing
compound haem, and flavoproteins, which contain flavins (see p. 90).

NUCLEIC ACIDS

Nucleic acids are high-molecular-weight compounds that play a fundamental role in
living organisms as a store of genetic information; they are the means by which this
information is utilised in the synthesis of proteins. On hydrolysis, nucleic acids yield a
mixture of basic nitrogenous compounds (purines and pyrimidines), a pentose (ribose
or deoxyribose) and phosphoric acid.

The main pyrimidines found in nucleic acids are cytosine, thymine and uracil.
The relationships between these compounds and the parent material, pyrimidine,
are illustrated:

N Z ‘
N
N
Pyrimidine
NH, o) o)
CHs3
NT | HN ‘ HN ‘
o)\ N o)\ N o)\ N
H H H
Cytosine Thymine Uracil
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Adenine and guanine are the principal purine bases present in nucleic acids:

NH,
N7 NW N7 Nm
I BV N
N N

Purine Adenine

Guanine

The compound formed by linking one of the above nitrogenous compounds to a
pentose is termed a nucleoside. For example:

C N

| |

OH OH
CH,OH _O
lc( \Hc
I\ L/
H |C (|: H

OH OH
Adenine p-Ribose Adenosine

If nucleosides such as adenosine are esterified with phosphoric acid they form
nucleotides, e.g. adenosine monophosphate (AMP), as illustrated:

NH,
N
NT | W
N N
N
H203POCHZ/O\
C_H H™>C
RN vl
o
OH OH

Nucleic acids are polynucleotides of very high molecular weight, generally meas-
ured in several millions. A nucleotide containing ribose is termed ribonucleic acid
(RNA), while one containing deoxyribose is referred to as deoxyribonucleic acid
(DNA).
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Nucleic acids

The nucleotides are arranged in a certain pattern; DNA normally consists of a
double-strand spiral or helix (Fig. 4.2). Each strand consists of alternate units of the
deoxyribose and phosphate groups. Attached to each sugar group is one of the four
bases, cytosine, thymine, adenine or guanine. The bases on the two strands of the
spiral are joined in pairs by hydrogen bonds, the thymine on one strand always being
paired with the adenine on the other and the cytosine with the guanine. The sequence
of bases along these strands carries the genetic information of the living cell (see
p- 228). DNA is found in the nuclei of cells as part of the chromosome structure, with
small amounts found in the mitochondria and in the chloroplasts of plants.

There are several distinct types of ribonucleic acid, which are defined in terms of
molecular size, base composition and functional properties. They differ from DNA
in the nature of their sugar moiety and also in the types of nitrogenous base present.
RNA contains the pyrimidine uracil in place of thymine. There is evidence to indicate
that, unlike DNA, most RNA molecules exist in the form of single, folded chains
arranged spirally. There are three main forms of RNA, termed messenger RNA,

Fig. 4.2 Diagrammatic representation of part of the ladder-like DNA molecule,
showing the two strands of alternate phosphate (P) and deoxyribose (D)
molecules. The horizontal rods represent the pairs of bases held by hydrogen
bonds (represented by dotted lines).

A = adenine, T = thymine, C = cytosine, G = guanine.
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ribosomal RNA and transfer RNA. The functions of these three forms of RNA are
dealt with in the protein synthesis section of Chapter 9.

Apart from their importance in the structure of nucleic acids, nucleotides exist free
as monomers and many play an important role in cellular metabolism.

Although nucleotides are synthesised de novo it appears that this synthesis is not
always adequate. In such cases (such as abrupt early weaning of piglets and times
of disease challenge) a dietary supply augments the natural synthesis and enhances
immune function and the proliferation of cells.

Reference has been made previously to the phosphorylation of adenosine to form
adenosine monophosphate (AMP). Successive additions of phosphate residues give
adenosine diphosphate (ADP) and then the triphosphate (ATP). The importance of
ATP in energy transformations is described in Chapter 9.

OTHER IMPORTANT NITROGENOUS COMPOUNDS

A considerable variety of nitrogen-containing compounds, other than proteins and
nucleic acids, occur in plants and animals. In plants, free amino acids are usually
present; those in greatest amount include glutamic acid, aspartic acid, alanine, ser-
ine, glycine and proline. Other compounds are nitrogenous lipids, amines, amides,
purines, pyrimidines, nitrates and alkaloids. In addition, most members of the vita-
min B complex contain nitrogen in their structure.

It is impossible to deal with these compounds in any detail here, and only some
of the important ones not previously mentioned will be discussed.

Amines

Amines are basic compounds present in small amounts in most plant and animal tis-
sues. Many occur as decomposition products in decaying organic matter and have
toxic properties.

A number of microorganisms are capable of producing amines by decarboxylation
of amino acids (Table 4.2). These may be produced in the rumen under certain condi-
tions and can occur in fermented foods such as cheese, wine and sauerkraut. They are
termed biogenic amines and may give rise to physiological symptoms; histamine, for
example, is an amine formed from the amino acid histidine and in cases of anaphylac-
tic shock is found in the blood in relatively large amounts. Histamine has also been

Table 4.2 Some important amines and their parent

amino acids

Amino acid Amine

Arginine Putrescine
Histidine Histamine

Lysine Cadaverine
Phenylalanine Phenylethylamine
Tyrosine Tyramine
Tryptophan Tryptamine




Other important nitrogenous compounds

implicated in dietary-induced migraine. Silages in which clostridia have dominated
the fermentation usually contain appreciable amounts of amines (see Chapter 19).

In contrast to the harmful biogenic amines, the polyamines putrescene, spermi-
dine and spermine are necessary for optimal growth and function of cells. They are
involved in DNA, RNA and protein synthesis, regulation of gene expression, enzyme
activity, cell proliferation and cell signalling.

Several metabolic pathways (e.g. lipid metabolism, creatine and carnitine syn-
thesis) require methyl groups and these can be supplied by choline or methionine.
During the process of transmethylation, betaine (a tertiary amine) is formed by the
oxidation of choline. Betaine can be added to the diet to act as a more direct supply
of methyl groups, thus sparing choline for its other functions of lecithin and acetyl-
choline formation, and methionine for protein synthesis. Betaine occurs in sugar beet,
and the young leaves may contain about 25 g/kg; it is this amine that is responsible
for the fishy aroma frequently associated with the commercial extraction of sugar
from beet. In the animal body, betaine may be transformed into trimethylamine, and
it is this that gives the fishy taint to milk produced by cows that have been given
excessive amounts of sugar beet by-products.

Amides

The principal difference in structure between amines and amides is that amides con-
tain a carbonyl group (C=0) attached to the nitrogen molecule. Asparagine and glu-
tamine are important amide derivatives of the amino acids aspartic acid and glutamic
acid. These two amides are also classed as amino acids (see Table 4.1) and occur as
components of proteins. They also occur as free amides and play an important role
in transamination reactions.

Urea is an amide that is the main end product of nitrogen metabolism in mam-
mals, but it also occurs in many plants and has been detected in wheat, soya bean,
potato and cabbage.

NH,
o—c’
“NH,

Urea

In human beings and other primates, uric acid is the end product of purine metab-
olism and is found in the urine. In subprimate mammals, the uric acid is oxidised to
allantoin before being excreted.

In birds, uric acid is the principal end product of nitrogen metabolism and thus
corresponds, in its function, to urea in mammals.

0
H

+ Onp N

N H>N C
)\ | >:O T )\ /‘\ >:o
fe) N N O N m

H H H H
Uric acid Allantoin
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4.9 NITRATES
Nitrates may be present in plant materials and, whereas nitrate itself may not be
toxic to animals, it is reduced readily under favourable conditions, as in the rumen,
to nitrite, which is toxic (see p. 511). Oat hay poisoning is attributed to the relatively
large amounts of nitrate present in green oats.
Quite high levels of nitrate have been reported in herbage given heavy dressings
of nitrogenous fertilisers (see Chapter 18).
4.10 ALKALOIDS
These compounds are of particular interest since many of them have poisonous
properties. In plants, their presence is restricted to a few orders of the dicotyledons.
A number of the more important alkaloids, with their sources, are listed in Table 4.3.
The alkaloid in ragwort, for example, attacks the liver and much of this organ can
be destroyed before symptoms appear. Another nutritionally significant source of
alkaloids is the fungus ergot, which grows on cereal grains (see Chapter 22).
Table 4.3 Some important alkaloids occurring in plants
Name Source
Coniine Hemlock
Nicotine Tobacco
Ricinine Castor plant seeds
Atropine Deadly nightshade
Cocaine Leaves of coca plant
Jacobine Ragwort
Quinine Cinchona bark
Strychnine Seeds of Nuxvomica
Morphine Dried latex of opium poppy
Solanine Unripe potatoes and potato sprouts
SUMMARY

1.

Proteins are complex organic compounds of
high molecular weight containing carbon,
hydrogen, oxygen, nitrogen and sometimes
sulphur.

Proteins are made up from a pool of
20 amino acids, about 10 of which are
essential (indispensable) for non-ruminants.

. Amino acids are joined together by a peptide

linkage between the a-carboxyl group of one
acid and the a-amino group of another.

. The primary structure of a protein refers

to the sequence of amino acids in the
polypeptide chain; the conformation of the
chain as a result of hydrogen bonding is the




secondary structure; folding of the chain
gives the tertiary structure; the quaternary
structure refers to the configuration of those
proteins with more than one polypeptide
chain. The shape and function of the protein
molecule is determined by the sequence of
amino acids, which, in turn, is genetically
determined by the cell’s DNA.

Proteins have colloidal properties and can
be denatured by heat, creating new linkages
between the chains, some of which are
resistant to hydrolysis.

Proteins may be simple, either fibrous or
globular, or conjugated to a non-protein
molecule.

QUESTIONS

10.

11.

Further reading

. Nucleic acids act as a store of genetic

information when arranged to form DNA
and RNA.

. Amines are derivatives of amino acids and

some possess physiological activity.

. Urea is an important member of the amide

group of compounds.

Nitrate is converted to the toxic nitrite in the
rumen.

Alkaloids are poisonous nitrogen-containing
compounds formed by some plants and
fungi.

4.1 What is the general chemical formula for an amino acid? (p. 53)
4.2 What is meant by the term ‘essential amino acid’? Name five amino acids essen-

tial for the pig. (p. 58)

4.3 Why is taurine an essential amino acid for the cat? (p. 58)
4.4 Why is arginine an essential amino acid for poultry? (p. 58)

4.5 Describe a peptide bond. (p. 59)

4.6 Describe the four structural classifications of proteins. (p. 60 and 61)

4.7 What are the main a) pyrimidines and b) purines found in DNA? (p. 63 and 64)

4.8 Give an example of each of the following amino acid derivatives: biogenic
amine, amide and alkaloid. (p. 66, 67 and 68)
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5.1

Vitamins

5.1 Introduction

5.2 Fat-soluble vitamins

5.3 The vitamin B complex

5.4 Vitamin C

5.5 Hypervitaminosis

5.6 Vitamins and gene expression

INTRODUCTION

Discovery of vitamins

The discovery and isolation of many of the vitamins were originally achieved through
work on rats given diets of purified proteins, fats, carbohydrates and inorganic salts.
Using this technique, Hopkins in 1912 showed that a synthetic diet of this type was
inadequate for the normal growth of rats, but that when a small quantity of milk was
added to the diet the animals developed normally. This proved that there was some
essential factor, or factors, lacking in the pure diet.

About this time the term ‘vitamines’, derived from ‘vital amines’, was coined by
Funk to describe these accessory food factors, which he thought contained amino-
nitrogen. It is now known that only a few of these substances contain amino-nitrogen
and the word has been shortened to vitamins, a term that has been generally accepted
as a group name.

Although the discovery of vitamins dates from the beginning of the twentieth
century, the association of certain diseases with dietary deficiencies had been
recognised much earlier. In 1753 Lind, a British naval physician, published a
treatise on scurvy, proving that this disease could be prevented in human beings
by including salads and summer fruits in their diet. The action of lemon juice in
curing and preventing scurvy had been known, however, since the beginning of the
seventeenth century. The use of cod-liver oil in preventing rickets has long been
appreciated, and Eijkmann knew at the end of the nineteenth century that beri-beri,
a disease common in the Far East, could be cured by giving the patients brown rice
grain rather than polished rice.



Introduction

Vitamins and biochemistry

Vitamins are usually defined as organic compounds that are required in small amounts
for normal growth and maintenance of animal life. But this definition ignores the
important part that these substances play in plants and their importance generally in
the metabolism of all living organisms. Unlike the nutrients covered in Chapters 24,
vitamins are not merely building blocks or energy-yielding compounds but are
involved in, or are mediators of, the biochemical pathways (Fig. 5.1). For example,
many of the B vitamins act as cofactors in enzyme systems but it is not always clear
how the symptoms of deficiency are related to the failure of the metabolic pathway.

In addition to avoiding explicit vitamin-deficiency symptoms or a general depres-
sion in production due to a subclinical deficiency, some vitamins are added to the
diet at higher levels in order to: (1) enhance the quality of the animal product — for
example, vitamin D for eggshell strength and vitamin E for prolonging the shelf life

BOX 5.1 Implication
Vitamin supplementation of diets

Most food mixes prepared as supplements for ruminants and horses, or as complete and complemen-
tary foods for pigs, poultry, dogs and cats, are supplemented with vitamins. With other nutrients,
such as energy and protein, it is possible to demonstrate a response to increments in intake, which
can be evaluated against the cost of the increment. This is not possible with vitamins, for which
the cost is relatively small in relation to the consequences of deficiency. Therefore, vitamins are
usually supplied at levels greater than those shown to be required under experimental conditions.
This oversupply allows for uncertainties met under practical conditions (such as variable vitamin
content and availability in foods, loss of vitamin potency in storage, range of management practices,
quality of the environment, health status or extra requirements due to stress). This is not to say
that such safety margins should be excessive, since this would be wasteful; in addition, an excess of
one vitamin may increase the requirement for another. For example, the fat-soluble vitamins share
absorption mechanisms and compete with each other; thus, an excess of vitamin A will increase the
dietary requirements of vitamins E; D and K.

Originally, vitamins for supplements were isolated from plant products. However, yields from
such sources are low and the vitamins can be expensive. Yields can be increased when vitamins
are produced from microorganisms by fermentation. Nowadays, many vitamins are produced in
multi-stage chemical processes that are controllable and the yield is predictable.

For ease of handling in the feed mill, the vitamin supplement needs to (1) be free-flowing, (2)
not be dusty and (3) mix homogeneously with other diet ingredients (vitamins are added in minute
amounts but must be thoroughly dispersed throughout the mix). The vitamin must remain stable and
yet be biologically available when consumed by the animal. Some of these criteria are incompatible
and a compromise has to be reached. Oily vitamins are absorbed onto silica; others are coated or
micro-encapsulated and antioxidants are added to prevent breakdown of those vitamins that are
susceptible to oxidation. The manufacturers also make use of stable derivatives of vitamins (e.g.
the acetate form of a-tocopherol as opposed to the alcohol form).

Maintenance of vitamin activity in the supplement is affected by temperature, humidity, acidity/
alkalinity, oxygen, ultraviolet light, the presence of some trace minerals (dietary supplements are
usually combinations of vitamins, minerals and trace elements), physical factors such as hammer
milling and the length of time the supplement is stored. For example, choline chloride can destroy
other vitamins during storage.
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Introduction

of carcasses; or (2) improve health — for example, vitamin A to improve the health
status of the mammary gland in dairy cows.

Vitamins are required by animals in very small amounts compared with other
nutrients; for example, the vitamin B; (thiamin) requirement of a 50 kg pig is only
about 3 mg/day. Nevertheless, a continuous deficiency in the diet results in disor-
dered metabolism and eventually disease.

Some compounds function as vitamins only after undergoing a chemical change;
such compounds, which include B-carotene and certain sterols, are described as pro-
vitamins or vitamin precursors.

Many vitamins are destroyed by oxidation, a process speeded up by the action of
heat, light and certain metals such as iron. This fact is important since the conditions
under which a food is stored will affect the final vitamin potency. Some commercial
vitamin preparations are dispersed in wax or gelatin, which act as a protective layer
against oxidation (for further details of vitamin supplementation of diets, see Box 5.1).

The system of naming the vitamins by letters of the alphabet was most convenient
and was generally accepted before the discovery of their chemical nature. Although this
system of nomenclature is still widely used with some vitamins, the modern tendency
is to use the chemical name, particularly in describing members of the B complex.

At least 14 vitamins have been accepted as essential food factors, and a few others
have been proposed. Only those that are of nutritional importance are dealt with in
this chapter.

It is convenient to divide the vitamins into two main groups: fat-soluble and
water-soluble. Table 5.1 lists the important members of these two groups.

Table 5.1 Vitamins important in animal nutrition

Vitamin Chemical name

Fat-soluble vitamins

A Retinol
D, Ergocalciferol
D; Cholecalciferol
E Tocopherol?
K Phylloquinone®
Water-soluble vitamins
B complex
B4 Thiamin
B, Riboflavin
Nicotinamide
B¢ Pyridoxine
Pantothenic acid
Biotin
Folic acid
Choline
B1z Cyanocobalamin
C Ascorbic acid

3A number of tocopherols have vitamin E activity.
bSeveral naphthoquinone derivatives possessing vitamin K activity are known.
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FAT-SOLUBLE VITAMINS

Vitamin A
Chemical nature

Vitamin A (C,0H,9OH), known chemically as retinol, is an unsaturated monohydric
alcohol with the following structural formula:

CH3 CH;
CH;

S g NN

HsC
CH,O0H

CH;
Vitamin A (all-trans form)

The vitamin is a pale yellow crystalline solid, insoluble in water but soluble in fat
and various fat solvents. It is readily destroyed by oxidation on exposure to air and
light. A related compound with the formula C,,H,,OH, originally found in fish, has
been designated dehydroretinol, or vitamin A,.

Sources

Vitamin A accumulates in the liver and this organ is likely to be a good source; the
amount present varies with species of animal and diet. Table 5.2 shows some typical
liver reserves of vitamin A in different species, although these values vary widely
within each species.

The oils from livers of certain fish, especially cod and halibut, have long been used
as an important dietary source of the vitamin. Egg yolk and milk fat also usually are
rich sources, although the vitamin content of these depends to a large extent upon
the diet of the animal from which it has been produced.

Vitamin A is manufactured synthetically and can be obtained in a pure form.

Table 5.2 Some typical values for liver reserves of vitamin A in different species?

Species Vitamin A (ng/g liver)
Pig* 115
Cattle* 41
Rat 75
Man 90
Sheep 180
Horse 180
Chicken* 56
Codfish 600
Halibut 3000
Polar bear 6000
Soup-fin shark 15000

In every species, wide individual variations are to be expected.

Adapted from Moore T 1969 In: Morton R A (ed.) Fat Soluble Vitamins, Oxford, Pergamon
Press, p. 233.

*Retinol equivalents: Adapted from Majchrzak et al. 2006 Food Chemistry 98:704-710.
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Fat-soluble vitamins

Provitamins

Vitamin A does not exist as such in plants, but it is present as precursors or provi-
tamins in the form of certain carotenoids, which can be converted into the vitamin.
At least 600 naturally occurring carotenoids are known, but only a few of these are
precursors of the vitamin.

In plants, carotenoids have yellow, orange or red colours, but their colours are
frequently masked by the green colour of chlorophyll. When ingested, they are
responsible for many of the varied and natural colours that occur in crustaceans,
insects, birds and fish. They are also found in egg yolk, butterfat and the body fat
of cattle and horses, but not in sheep or pigs. Carotenoids may be divided into two
main categories: carotenes and xanthophylls. The latter include a wide range of
compounds, for example lutein, cryptoxanthin and zeaxanthin, most of which can-
not be converted into vitamin A. Of the carotenes, B-carotene is the most important
member and this compound forms the main source of vitamin A in the diets of farm
animals. Its structure is shown here:

HsC
CH; CH3
HsC CH;

HsC CHs
CHs CH3
CHs

B-Carotene

The long unsaturated hydrocarbon chains in carotenes (and vitamin A) are eas-
ily oxidised to by-products that have no vitamin potency. Oxidation is increased
by heat, light, moisture and the presence of heavy metals. Consequently, foods
exposed to air and sunlight rapidly lose their vitamin A potency, so that large losses
can occur during the sun-drying of crops. For example, lucerne hay has around 15
mg B-carotene/kg, but artificially dried lucerne and grass meals have 95 mg/kg and
155 mg/kg, respectively. Fresh grass is an excellent source (250 mg/kg DM), but this
is halved during ensilage.

Carotenoids and supplemental vitamin A are prone to destruction in the rumen,
especially with high-concentrate diets. Recent studies indicate that naturally occur-
ring carotenoids in forages may not be degraded to the same extent as purified
products used as supplements. The gelatin preparations of vitamin A, with sta-
bilising agents, are intended to protect the vitamin from this destruction but still
remain available to be absorbed from the duodenum. In monogastrics the avail-
ability varies between foods. In human beings it has been found that oil solutions
of carotenoids are more available than those naturally occurring in foods. This is
reflected in the fact that the efficiency of absorption is largely dependent on the
quality and quantity of fat in the diet. The measurement of availability of carot-
enoids in foods and factors that affect it are currently an active area of research in
animals and human beings.

Conversion of carotene into vitamin A can occur in the liver but usually takes
place in the intestinal mucosa. It is apparent from the structure of B-carotene that,
theoretically, hydrolysis of one molecule of the Cy4y compound should yield two
molecules of the C,, compound retinol. Although central cleavage of this type does
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occur, facilitated by the enzyme carotene dioxygenase, this enzyme has limited activ-
ity. B-carotene is also split asymmetrically to produce two molecules with differing
lengths of the side chain and on one of these the side chain is reduced in length
from one end of the chain by step-wise oxidation, until only one molecule of the
C,o compound retinol remains. Although the maximum conversion measured in the
rat is 2 mg B-carotene into 1 mg retinol, the differing methods of cleavage and the
limited absorption of carotenoids result in lower conversion rates and authorities
differ regarding the conversion efficiency in other animals, with ranges from 3:1 to
12:1. Ruminants convert about 6 mg of B-carotene into 1 mg of retinol. The cor-
responding conversion efficiency for pigs and poultry is usually taken as 11:1 and
3:1, respectively. Cats do not have the enzyme to convert carotene to vitamin A.
Since their diet comprises meat, which usually contains sufficient vitamin A and low
levels of carotenoids, the conversion pathway is redundant. The vitamin A values of
foods are often stated in terms of international units (iu), one iu of vitamin A being
defined as the activity of 0.3 pg of crystalline retinol.

Metabolism

Vitamin A appears to play two different roles in the body according to whether it is
acting in the eye or in the general system.

In the retinal cells of the eye, vitamin A (all-trans-retinol) is converted into the
11-cis-isomer, which is then oxidised to 11-cis-retinaldehde. In the dark, the latter
then combines with the protein opsin to form rhodopsin (visual purple), which is the
photoreceptor for vision at low-light intensities. When light falls on the retina, the
cis-retinaldehyde molecule is converted back into the all-trans form and is released
from the opsin. This conversion results in the transmission of an impulse up the optic
nerve. The all-frans-retinaldehyde is converted to all-frans-retinol, which re-enters
the cycle, thus continually renewing the light sensitivity of the retina (Fig. 5.2).

» All-trans-retinol

11-Cis-retinol

11-Cis-retinal
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Fig. 5.2 The role of vitamin A (retinol) in the visual cycle.
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In its second role, in the regulation of cellular differentiation, vitamin A is
involved in the formation and protection of epithelial tissues and mucous mem-
branes. In this way it has particular importance in growth, reproduction and immune
response. Vitamin A is important in the resistance to disease and promotion of heal-
ing through its effect on the immune system and epithelial integrity. In addition,
it acts, along with vitamins E and C and B-carotene, as a scavenger of free radicals
(see Box 5.2, p. 83).

The placental transfer of vitamin A to the foetus is limited and the neonate has low
stores of the vitamin and relies on consumption of colostrum to establish adequate
tissue stores.

Deficiency symptoms

Ability to see in dim light depends upon the rate of resynthesis of rhodopsin; when
vitamin A is deficient, rhodopsin formation is impaired. One of the earliest symptoms
of a deficiency of vitamin A in all animals is a lessened ability to see in dim light,
commonly known as ‘night blindness’.

It has long been realised that vitamin A plays an important role in combating
infection, and it has been termed the ‘anti-infective vitamin’. In several species,
vitamin A deficiency has been shown to be accompanied by low levels of immu-
noglobulins, although the exact function of the vitamin in the formation of these
important proteins is uncertain.

In adult cattle, a mild deficiency of vitamin A is associated with roughened hair
and scaly skin. If it is prolonged then the eyes are affected, leading to excessive
watering, softening and cloudiness of the cornea and development of xerophthalmia,
which is characterised by a drying of the conjunctiva. Constriction of the optic nerve
canal may cause blindness in calves. In breeding animals, a deficiency may lead to
infertility; and in pregnant animals, deficiency may lead to failure of embryo growth,
disrupted organ development, abortion, short gestation, retained placenta or the pro-
duction of dead, weak or blind calves. Less-severe deficiencies may result in metritis
and dermatitis and calves born with low reserves of the vitamin; it is then imperative
that colostrum, rich in antibodies and vitamin A, should be given at birth, otherwise
the susceptibility of such animals to infection leads to scours and, if the deficiency is
not rectified, they frequently die of pneumonia. In recognition of the role of vitamin
A in stimulating cell-mediated immunity and in increasing disease resistance and
of the potential ruminal destruction of the vitamin with high-concentrate diets, the
National Research Council of the United States increased the recommended allow-
ance for dairy cows. Supplements of vitamin A or carotene reduced the incidence of
mammary gland infections and mastitis.

In practice, severe deficiency symptoms are unlikely to occur in adult animals
except after prolonged deprivation. Grazing animals generally obtain more than
adequate amounts of provitamin from pasture grass and normally build up liver
reserves. If cattle are fed on silage or well-preserved hay during the winter months,
deficiencies are unlikely to occur. Cases of vitamin A deficiency have been reported
among cattle fed indoors on high cereal rations, and under these conditions a high
vitamin supplement is recommended.

In ewes, in addition to night blindness, severe cases of deficiency may result in
lambs being born weak or dead. A deficiency is not common in sheep, however,
because of adequate dietary intakes on pasture.
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In pigs, eye disorders such as xerophthalmia and blindness may occur. A defi-
ciency in pregnant animals may result in the production of weak, blind, dead or
deformed litters. In view of the apparent importance of vitamin A in preventing
reproductive disorders in pigs, it has been suggested that the retinoids may have a
role in embryo development (cell differentation, gene transcription). Alternatively,
they may regulate ovarian steroid production and influence the establishment and
maintenance of pregnancy. In less-severe cases of deficiency, appetite is impaired
and growth retarded. Where pigs are reared out of doors and have access to green
food, deficiencies are unlikely to occur, except possibly during the winter. However,
pigs kept indoors on concentrates may not receive adequate amounts of vitamin A
in the diet and supplements may be required.

In poultry consuming a diet deficient in vitamin A, the mortality rate is usually
high. Early symptoms include retarded growth, weakness, ruffled plumage and a
staggering gait. In mature birds, egg production and hatchability are reduced. Since
most concentrated foods present in the diets of poultry are low or lacking in vitamin
A or its precursors, vitamin A deficiency may be a problem unless precautions are
taken. Yellow maize, dried grass or other green food, or alternatively cod- or other
fish-liver oils or vitamin A concentrate can be added to the diet.

In horses, the signs of deficiency include the catalogue of symptoms seen in other
farm animals: night blindness, keratinisation of the skin and cornea, susceptibility to
infection and infertility.

Dogs and cats show similar symptoms. In addition, dogs have ataxia and anorexia
and cats have reproductive and developmental disorders.

It has been suggested that, in addition to vitamin A, some species may have a
dietary requirement for B-carotene per se. The ovaries of bovine species are known
to contain high concentrations of B-carotene during the luteal phase — indeed, it is
an integral component of the mucosal membrane of luteal cells — and it has been
postulated that certain fertility disorders in dairy cattle, such as retarded ovulation
and early embryonic mortality, may be caused by a deficiency of the provitamin in
the diet. In sows, injections of B-carotene have reduced embryonic mortality and
increased litter sizes. It is suggested that it influences steroidogenesis and, through
its antioxidant properties, it may protect the highly active ovarian cells from dam-
age by free radicals. Supplementation of the diet of dogs with B-carotene resulted in
increased plasma progesterone concentration.

Vitamin D
Chemical nature

A number of forms of vitamin D are known, although not all of these are naturally
occurring compounds. The two most important forms are ergocalciferol (D,) and
cholecalciferol (D). The term D, was originally suggested by earlier workers for an
activated sterol, which was found later to be impure and to consist mainly of ergoc-
alciferol, which had already been designated D,. The result of this confusion is that
in the group of D vitamins, the term vitamin D4 has been abolished. The structures
of vitamins D, and Dj are illustrated:
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Vitamin D3 (cholecalciferol)

The D vitamins are insoluble in water but soluble in fats and fat solvents. The
sulphate derivative of vitamin D present in milk is a water-soluble-form of the vita-
min. Both D, and D3 are more resistant to oxidation than vitamin A — D3 being more
stable than D,.

Sources

The D vitamins are limited in distribution. They rarely occur in plants except in
sun-dried roughages and the dead leaves of growing plants. In the animal kingdom,
vitamin D3 occurs in small amounts in certain tissues and is abundant only in some
fishes. Halibut-liver and cod-liver oils are rich sources of vitamin D3. Egg yolk is
also a good source, but cow’s milk is normally a poor source, although summer milk
tends to be richer than winter milk. Colostrum usually contains six to ten times the
amount present in ordinary milk.

Clinical manifestations of avitaminosis D, and other vitamin deficiencies, are fre-
quently treated by injection of the vitamin into the animal.

Provitamins

Reference has been made (p. 50) to two sterols, ergosterol and 7-dehydrocholesterol,
as being precursors of vitamins D, and Dg, respectively. The provitamins, as such,
have no vitamin value and must be converted into calciferols before they are of any
use to the animal. For this conversion it is necessary to impart a definite quantity of
energy to the sterol molecule, and this can be brought about by the ultraviolet light
present in sunlight, by artificially produced radiant energy or by certain kinds of phys-
ical treatment. Under natural conditions, activation is brought about by irradiation
from the sun. The activation occurs most efficiently with light of wavelength 290-315
nm, so that the range capable of vitamin formation is small. The amount of ultravio-
let radiation that reaches the earth’s surface depends upon latitude and atmospheric
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conditions: the presence of clouds, smoke and dust reduces the radiation. Ultraviolet
radiation is greater in the tropics than in the temperate regions, and the amount reach-
ing the more northern areas in winter may be slight. Since ultraviolet light cannot pass
through ordinary window glass, animals housed indoors receive little, if any, suitable
radiation for the production of the vitamin. Irradiation is apparently more effective in
animals with light-coloured skins. If irradiation is continued for a prolonged period,
then the vitamin may be altered to compounds that can be toxic.

The chemical transformation occurs in the skin and also in the skin secretions,
which are known to contain the precursor. Absorption of the vitamin can take place
from the skin, since deficiency can be treated successfully by rubbing cod-liver oil
into the skin.

Vitamin D requirements are often expressed in terms of international units (iu).
One iu of vitamin D is defined as the vitamin D activity of 0.025 pg of crystalline
vitamin Ds.

Metabolism

Dietary vitamins D, and D3 are absorbed from the small intestine and are transported
in the blood to the liver, where they are converted into 25-hydroxycholecalciferol.
The latter is then transported to the kidney, where it is converted into
1,25-dihydroxycholecalciferol, the most biologically active form of the vitamin. This
compound is then transported in the blood to the various target tissues, the intestine,
bones and the eggshell gland in birds. The compound 1,25-dihydroxycholecalciferol acts
in a similar way to a steroid hormone, regulating DNA transcription in the intestinal
microvilli, inducing the synthesis of specific messenger RNA (see Chapter 9), which is
responsible for the production of calcium-binding protein. This protein is involved in the
absorption of calcium from the intestinal lumen. The various pathways involved in these
transformations are summarised in Fig. 5.3. Cats do not obtain vitamin D by exposure to

Food Skin

Cholecalciferol 7-Dehydrocholesterol

\ / (Ultraviolet radiation)

Cholecalciferol

Y Liver

25-Hydroxycholecalciferol

Y Kidney

1,25-Dihydroxycholecalciferol

|

Target tissues

Fig. 5.3 Metabolic pathway showing production of the hormonally active form
of vitamin D.
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sunlight; the natural diet of the cat contains adequate amounts of vitamin D to meet their
requirements. Their metabolism has become adapted such that 7-dehydroxycholesterol
is converted to cholesterol and is not available for vitamin D synthesis.

The amount of 1,25-dihydroxycholecalciferol produced by the kidney is con-
trolled by parathyroid hormone. When the level of calcium in the blood is low
(hypocalcaemia), the parathyroid gland is stimulated to secrete more parathyroid
hormone, which induces the kidney to produce more 1,25-dihydroxycholecalciferol,
which in turn enhances the intestinal absorption of calcium.

In addition to increasing intestinal absorption of calcium, 1,25-dihydroxycholecal-
ciferol increases the absorption of phosphorus from the intestine and also enhances
calcium and phosphorus reabsorption from the kidney and bone.

As described previously, 1,25-dihydroxycholecalciferol regulates the expression of
genes and the activity of cells associated with the immune system. Research also suggests
that vitamin D can affect the sensitivity to insulin and improve glucose homeostasis.

Deficiency symptoms

A deficiency of vitamin D in the young animal results in rickets, a disease of growing
bones in which the deposition of calcium and phosphorus is disturbed; as a result,
the bones are weak and easily broken and the legs may be bowed. In young cattle
the symptoms include swollen knees and hocks and arching of the back. In pigs the
symptoms are usually enlarged joints, broken bones, stiffness of the joints and occa-
sionally paralysis. The growth rate is generally adversely affected. The term ‘rickets’
is confined to young growing animals; in older animals, vitamin D deficiency causes
osteomalacia, in which there is reabsorption of bone already laid down. Osteomalacia
due to vitamin D deficiency is not common in farm animals, although a similar condi-
tion can occur in pregnant and lactating animals, which requires increased amounts
of calcium and phosphorus. Rickets and osteomalacia are not specific diseases neces-
sarily caused by vitamin D deficiency; they can also be caused by lack of calcium or
phosphorus, or an imbalance between these two elements.

In poultry, a deficiency of vitamin D causes the bones and beak to become soft
and rubbery; growth is usually retarded and the legs become weak. Egg production
is reduced and eggshell quality deteriorates. Most foods of pigs and poultry, with
the possible exception of fishmeal, contain little or no vitamin D, and the vitamin is
generally supplied to these animals, if reared indoors, in the form of fish-liver oils
or synthetic preparations.

The need for supplementing the diets of cattle and sheep with vitamin D is gener-
ally not so great as that for pigs and poultry. Adult ruminants can receive adequate
amounts of the vitamin from hay in the winter months, and from irradiation while
grazing. However, since the vitamin D content of hays is extremely variable, it is pos-
sible that vitamin D supplementation may be desirable, especially with young grow-
ing animals or pregnant animals, while on winter diets. There is a considerable lack
of information about the vitamin D needs of farm animals under practical conditions.

For cattle, sheep and pigs, vitamins D, and D3 have the same potency, but for
poultry vitamin D, has only about 10 per cent of the potency of Dj.

Certain foods, such as fresh green cereals and yeast, have been shown to have
rachitogenic (rickets-causing) properties for mammals, and raw liver and isolated soya
bean protein have a similar effect on poultry. In one study it was shown that in order
to overcome the rachitogenic activity of whole raw soya bean meal, a tenfold increase
in vitamin D supplement was necessary. Heating destroys the rachitogenic activity.
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Vitamin E
Chemical nature

Vitamin E is a group that includes a number of closely related active compounds.
Eight naturally occurring forms of the vitamin are known, and these can be divided
into two groups according to whether the side chain of the molecule, as shown in the
illustration, is saturated or unsaturated.

The four saturated vitamins are designated a-, 8-, y- and 6-tocopherol. Of these,
the a-form is the most biologically active and most widely distributed.

CHs3

CH; CH;
HsC o)
CHy(CH,— CHy— CH— CH,)3H

HO
CH;

a-Tocopherol

The B-, y- and 6-forms have only about 45, 13 and 0.4 per cent of the activity of
the a-form, respectively. The unsaturated forms of the vitamin have been designated
a-, B-, y- and 8-tocotrienols. Of these, only the a-form appears to have any significant
vitamin E activity, and then only about 13 per cent of its saturated counterpart.

The a-tocopherol molecule has three centres where stereoisomers can occur. The
naturally occurring molecule is the D-a-tocopherol (or RRR-a-tocopherol) configu-
ration and has the highest vitamin activity. Synthetic DL-a-tocopherol acetate (also
called all racemic a-tocopherol acetate) is used as a vitamin E supplement and com-
prises all eight possible stereoisomers; only one molecule in eight is in the RRR form.
The vitamin activity of the four stereoisomers in the L forms is considerably lower
than the four that make up the D forms; in the latter the RRR form is the most active.

Sources

Vitamin E, unlike vitamin A, is not stored in the animal body in large amounts for
any length of time and consequently a regular dietary source is important. Fortu-
nately, the vitamin is widely distributed in foods. Green fodders are good sources
of a-tocopherol, young grass being a better source than mature herbage. The leaves
contain 20-30 times as much vitamin E as the stems. Losses during haymaking can
be as high as 90 per cent, but losses during ensilage or artificial drying are low.

Cereal grains are also good sources of the vitamin, but the tocopherol composi-
tion varies with species. Wheat and barley grain resemble grass in containing mainly
a-tocopherol, but maize contains, in addition to a-tocopherol, appreciable quantities
of y-tocopherol. During the storage of moist grain in silos, the vitamin E activity can
decline markedly. Reduction in the concentration of the vitamin from 9 to 1 mg/kg
DM has been reported in moist barley stored for 12 weeks.

Animal products are relatively poor sources of the vitamin, although the amount
present is related to the level of vitamin E in the diet.

The vitamin E values of foods are often stated in terms of international units, one
iu of vitamin E being defined as the specific activity of 1 mg of synthetic all-racemic
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a-tocopherol acetate. It is generally accepted that 1 mg of RRR-a-tocopherol is equiv-
alent to 1.49 iu vitamin E and 1 mg RRR-a-tocopherol acetate is equivalent to 1.36
iu vitamin E. However, evidence suggests that the equivalence of all-racemic to RRR
forms is related to species, age and the criteria used to assess them and that it may
be as high as 2:1.

Metabolism

Vitamin E functions in the animal mainly as a biological antioxidant; in association
with the selenium-containing enzyme glutathione peroxidase and other vitamins and
trace-element-containing enzymes, it protects cells against oxidative damage caused
by free radicals. Free radicals are formed during cellular metabolism and, as they are
capable of damaging cell membranes, enzymes and cell nuclear material, they must
be converted into less-reactive substances if the animal is to survive. This protec-
tion is particularly important in preventing oxidation of polyunsaturated fatty acids,
which function as primary constituents of subcellular membranes and precursors
of prostaglandins. Oxidation of unsaturated fatty acids produces hydroperoxides,
which also damage cell tissues, and more lipid free radicals, so that prevention of
such oxidation is of vital importance in maintaining the health of the living animal.
The animal has complementary methods of protecting itself against oxidative dam-
age: scavenging of radicals by vitamin E and destruction of any peroxides formed by
glutathione peroxidase (see Box 5.2).

Vitamin E also plays an important role in the development and function of the
immune system. Supplements of vitamin E pre-partum in cows improved the function

BOX 5.2 Implication
Free radicals and antioxidants

Antioxidants are required to protect the animal’s cells from damage due to the presence of free radi-
cals. These are highly reactive molecules containing one or more unpaired electrons and can exist
independently (e.g. superoxide, O,*", and hydroxyl, OH*). Their high reactivity is a result of their
trying to lose or gain an electron to achieve stability. Within cells, hydrogen peroxide (H,0,) can
easily break down, especially in the presence of transition ions (e.g. Fe**), to produce the hydroxyl
radical, which is the most reactive and damaging of the free radicals:

H,0, + Fe?* — OH* + OH™ + Fe3"

Free radicals are generated during normal cellular metabolism owing to leakage from the elec-
tron transport chain in mitochondria and leakage from peroxidation of polyunsaturated fatty acids
in the pathway of conversion of arachidonic acid to prostaglandins and related compounds. Also,
O,*” plays an essential role in the extracellular killing of microorganisms by activated phagocytes,
and activation of this system can lead to further leakage.

All classes of biological molecules are vulnerable to free radical damage, but especially lipids,
proteins and DNA. Cell membranes are an important target because of the enzyme systems con-
tained within them. Lipids are the most susceptible; oxidative destruction of polyunsaturated fatty
acids can be extremely damaging, since it proceeds as a self-perpetuating chain reaction. The more
active cells, such as muscle cells, are at greatest risk of damage because they depend on the utilisa-
tion of lipids as energy sources.

(Continued)
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To maintain cell integrity, the animal’s cells require protection mechanisms and these are pro-
vided by the antioxidant system, which consists of a combination of vitamins and enzymes, con-
taining trace elements, working in a complementary fashion. Vitamin E breaks the oxidative chain
reaction by scavenging peroxyl radicals and thus interferes with the propagation steps in the lipid
peroxidation process. Whereas vitamin E is the main antioxidant, the carotenoids, vitamin A and
vitamin C are also involved. In mammalian cells, vitamin E is located in the cell mitochondria and
endoplasmic reticulum. It donates a hydrogen atom to the free radical to from a stable molecule,
thereby breaking the chain. The amount of vitamin E in the cell membranes is low and it must be
regenerated so that there is sufficient to act against other radicals. The regeneration is carried out
by reaction with vitamin C, which, in turn, is regenerated by the NADPH-dependent glutathione
peroxidase/reductase system (Fig 5.4). The NADPH is derived mainly from the pentose phosphate
pathway (see p. 211). It has been reported that vitamin C also acts as an antioxidant in intracellular
fluid, where it operates as a scavenger preventing the initiation of lipid peroxidation. It contributes
up to one-quarter of the total antioxidant activity in plasma.

The enzymes that contribute to the antioxidant system are superoxide dismutase (containing copper),
glutathione peroxidases (containing selenium) and catalase. Superoxide dismutase eliminates superoxide
radicals formed in the cell and prevents the reaction of the radical with biological membranes or their
participation in the production of more powerful radicals. Glutathione peroxidase, in addition to its role
in vitamin E metabolism described previously, detoxifies lipid hydroperoxides that are formed in the
membrane during lipid peroxidation. Catalase can also break down hydrogen peroxide.

NAD(P)H
a-Tocopheroxyl TRXO
radical GSSG Reductases
Vitamin E . NAD(P)
Thiol cycle
cycle
ROOH,
ROH d
a-Tocopherol Ascorbate TRX'®
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Fig. 5.4 The regeneration of vitamin E.

After Rooke J A, Robinson J J and Arthur J R 2004 Journal of Agricultural Science 142: 253-62.
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of neutrophils and macrophages, and in clinical studies supplemental vitamin E
reduced the incidence of mammary gland infections and mastitis. In recognition of
this, the National Research Council increased requirements for dairy cows. In stud-
ies with several species, supplementation of diets with the vitamin provided some
protection against infection with pathogenic organisms.

Research indicates that vitamin E is also involved in the regulation of cell signal-
ling and gene expression (see later).

Based on measurements of vitamin E in the plasma of neonatal piglets and lambs, it
had been assumed that, like vitamin A, the transfer of the vitamin across the placenta
was limited and the neonate relies on colostrum to meet its requirements. However,
later work with ewes given dietary supplements of vitamin E has shown that, although
the plasma concentration of vitamin E was undetectable, the levels in the brain and
muscle of their neonatal lambs were increased. Thus, there is evidence that placental
transfer of vitamin E does occur and this has been shown to give benefits in lamb
vigour and performance, but further work is required to confirm this in other species.
Nonetheless, colostrum is a very important source of vitamin E for the newborn.

Deficiency symptoms

The most frequent and, from a diagnostic point of view, the most important mani-
festation of vitamin E deficiency in farm animals is muscle degeneration (myopathy).
Nutritional myopathy, also known as muscular dystrophy, frequently occurs in cattle,
particularly calves, when they are turned out onto spring pasture. It is associated
with low vitamin E and selenium intakes during the in-wintering period and possibly
the relatively high concentration of polyunsaturated fatty acids in the young grass
lipids. The requirement for the vitamin increases with increasing concentrations of
polyunsaturated fatty acids in the diet. The myopathy primarily affects the skeletal
muscles, and the affected animals have weak leg muscles — a condition manifested
by difficulty in standing and, after standing, a trembling and staggering gait. Eventu-
ally, the animals are unable to rise, and weakness of the neck muscles prevents them
from raising the head. A popular descriptive name for this condition is ‘white muscle
disease’, owing to the presence of pale patches or white streaks in the muscles. The
heart muscle may also be affected and death may result. The enzymes creatine phos-
phokinase and glutamic oxaloacetic transaminase are released from damaged cells
and the levels in the serum are elevated in animals deficient in vitamin E.

Nutritional myopathy also occurs in lambs, with similar symptoms to those of
calves. The condition is frequently referred to as ‘stiff lamb disease’. Dietary supple-
ments of vitamin E given to pregnant ewes have resulted in increased birth weight
and improved vigour and viability of neonatal lambs through quicker times to stand
and suck. The National Research Council has recently increased the dietary recom-
mendation for vitamin E several-fold owing to its beneficial effects on prolonging
the shelf life of lamb at retail.

In pigs, the two main diseases associated with vitamin E and selenium deficiency
are myopathy and cardiac disease. Nutritional myopathy affects, in particular, young
fast-growing pigs, but it may occur at any age. The pigs demonstrate an uncoordi-
nated staggering gait or are unable to rise. In contrast to other animals, it is the pig’s
heart muscle that is more often affected. Sudden cardiac failure occurs; on post-
mortem examination, large amounts of fluid are found around the heart and lungs
and the lesions of the cardiac muscles are seen as haemorrhagic and pale areas. This
condition is commonly known as ‘mulberry heart disease’. Sometimes the liver is also
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affected and it becomes enlarged and mottled. Supplemental vitamin E has improved
litter size in pigs, probably through its antioxidant properties protecting arachidonic
acid and maintaining the functional integrity of the reproductive organs.

Vitamin E deficiency in chicks may lead to a number of distinct diseases: myopa-
thy, encephalomalacia and exudative diathesis. In nutritional myopathy, the main
muscles affected are the pectorals, although the leg muscles also may be involved.
Nutritional encephalomalacia, or ‘crazy chick disease’, is a condition in which the
chick is unable to walk or stand and is accompanied by haemorrhages and necrosis
of brain cells. Exudative diathesis is a vascular disease of chicks characterised by
a generalised oedema of the subcutaneous fatty tissues, associated with an abnor-
mal permeability of the capillary walls. Both selenium and vitamin E appear to be
involved in nutritional myopathy and in exudative diathesis, but the element does
not seem to be important in nutritional encephalomacia. It should be stressed that
selenium itself is a very toxic element and care is required in its use as a dietary
additive. (The toxic nature of selenium is discussed in Chapter 6.)

In horses, vitamin E deficiency results in the previously mentioned problems of
lameness and muscle rigidity (‘tying up’) associated with skeletal and heart muscles.
The red blood cells become fragile and the release of myoglobin from damaged
muscle cells gives rise to coffee-coloured urine.

Vitamin K

Vitamin K was discovered in 1935 to be an essential factor in the prevention of
haemorrhagic symptoms in chicks. The discovery was made by a group of Danish
scientists, who gave the name ‘koagulation factor’ to the vitamin, which became
shortened to the K factor, and eventually to vitamin K.

Chemical nature

A number of forms of vitamin K are known to exist. All compounds exhibiting
vitamin K activity possess a 2-methyl-1,4-naphthoquinone ring (menadione), which
animals are unable to synthesise but plants and bacteria can.

(0]

Menadione (2-methyl-1,4-naphthoquinone)

The form of the vitamin present in plants is 2-methyl-3-phytyl-1,4-naphthoquinone,
generally referred to as phylloquinone or vitamin Kj.

The compound originally isolated from putrified fishmeal and designated vitamin
K, is now known to be only one of a series of K vitamins with unsaturated side chains
synthesised by bacteria and referred to as menaquinones. The predominant vitamins of
the menaquinone series contain six to ten isoprenoid (CH,:CCHjs: CH:CH,) side-chain
units. Menadione is the synthetic form of the vitamin and is designated as vitamin Kj.




5.3

The vitamin B complex

Vitamins K are relatively stable at ordinary temperatures but are rapidly destroyed
on exposure to sunlight.

Sources

Phylloquinone is present in most green leafy materials, with lucerne, cabbage and
kale being good sources. The amounts present in foods of animal origin are usually
related to the diet, but egg yolk, liver and fishmeal are generally good sources.
Menaquinones are synthesised by bacteria in the digestive tract of animals.

Metabolism

Vitamin K is necessary for the synthesis of prothrombin in the liver. In the blood-
clotting process, prothrombin is the inactive precursor of thrombin — an enzyme that
converts the protein fibrinogen in blood plasma into fibrin, the insoluble fibrous
protein that holds blood clots together. Prothrombin normally must bind to cal-
cium ions before it can be activated. If the supply of vitamin K is inadequate, then
the prothrombin molecule is deficient in y-carboxyglutamic acid, a specific amino
acid responsible for calcium binding. Proteins containing y-carboxyglutamic acid,
dependent on vitamin K for their formation, are also present in bone, kidney and
other tissues.

Deficiency symptoms

Symptoms of vitamin K deficiency have not been reported in ruminants, horses and
pigs under normal conditions, and it is generally considered that bacterial synthesis
in the digestive tract supplies sufficient vitamin for the animal’s needs. This is also
usually the case with dogs and cats. A number of microorganisms are known to
synthesise vitamin K, including Escherichia coli. Medicines that affect the bacteria
in the gut may depress the production of vitamin K and in such incidences a dietary
supplement of the vitamin may be required. A disease of cattle called ‘sweet clo-
ver disease’ is associated with vitamin K. Sweet clover (Melilotus albus) naturally
contains compounds called coumarins which, when the crop is preserved as hay
or silage, may be converted by a variety of fungi, such as the Aspergillus species,
to dicoumarol. This compound lowers the prothrombin content of the blood and
thereby impairs the blood-clotting process. The disease can be overcome by admin-
istering vitamin K to the animals. For this reason, dicoumarol is sometimes referred
to as an ‘anti-vitamin’.

The symptoms of vitamin K deficiency in chicks are anaemia and a delayed clot-
ting time of the blood; birds are easily injured and may bleed to death. It is doubtful
whether, in birds, microbially synthesised vitamin K is available by direct absorp-
tion from the digestive tract, because the site of its formation is too distal to permit
absorption of adequate amounts except by ingestion of faecal material (coprophagy).

THE VITAMIN B COMPLEX
The vitamins included under this heading are all soluble in water and most of them
are components of coenzymes (see Table 5.3). Although the mechanism of action in

this role is known, the connection between the observed deficiency symptoms and
the failure of the metabolic pathways is not always clear.
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Table 5.3 Some coenzymes and enzyme prosthetic groups involving the B vitamins

Vitamin Coenzyme or prosthetic group Enzyme or other function
Thiamin Thiamin pyrophosphate (TPP) Oxidative decarboxylation
Riboflavin Flavin mononucleotide (FMN) Hydrogen carrier
Riboflavin Flavin adenine dinucleotide Hydrogen carrier
(FAD)
Nicotinamide Nicotinamide adenine Hydrogen carrier
dinucleotide (NAD)
Nicotinamide Nicotinamide adenine dinucleotide Hydrogen carrier
phosphate (NADP)
Pyridoxine Pyridoxal phosphate Transaminases,
decarboxylases
Pantothenic acid Coenzyme A (CoA) Acyl transfer
Folic acid Tetrahydrofolic acid One carbon transfer
Biotin Biotin Carbon dioxide transfer
Cyanocobalamin =~ Methylcobalamin, Isomerases, methyl transfer,
5'-deoxyadenosylcobalamin mutases

Unlike the fat-soluble vitamins, members of the vitamin B complex, with the
exception of cyanocobalamin, are not stored in the tissues in appreciable amounts and
a regular exogenous supply is essential. In ruminants, all the vitamins in this group
can be synthesised by microbial action in the rumen and generally this will provide
satisfactory amounts for normal metabolism in the host and secretion of adequate
quantities into milk. For example, it has been estimated that the amount of thiamin
synthesised in the rumen is equal to the thiamin requirement. However, under certain
conditions, deficiencies of thiamin and cyanocobalamin can occur in ruminants. In
horses, the B vitamins synthesised by the microbial population of the gut, plus those
vitamins occurring in the food, can meet the requirements of most adult animals.

Thiamin
Chemical nature

Thiamin (vitamin B;) is a complex nitrogenous base containing a pyrimidine ring
joined to a thiazole ring. Because of the presence of a hydroxyl group at the end of
the side chain, thiamin can form esters. The main form of thiamin in animal tissues is
the diphosphate ester, commonly known as thiamin pyrophosphate (TPP). The vita-
min is very soluble in water and is fairly stable in mildly acidic solution but readily
decomposes in neutral solutions.

7/ TNHZ ( YCHzCHzOH
CH, —N
CI

Thiamin chloride
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The vitamin B complex

Sources

Thiamin is widely distributed in foods. It is concentrated in the outer layers of seeds,
the germ, and in the growing areas of roots, leaves and shoots. Fermentation prod-
ucts, such as brewer’s yeast, are rich sources. Animal products rich in thiamin include
egg yolk, liver, kidney and pork muscle. The synthetic vitamin is available, usually
marketed as the hydrochloride.

Metabolism

Thiamin pyrophosphate (or thiamin diphosphate) is a coenzyme involved in: (1) the
oxidative decarboxylation of pyruvate to acetyl coenzyme A (enzyme: pyruvate
dehydrogenase); (2) the oxidative decarboxylation of a-ketoglutarate to succinyl
coenzyme A (a-ketoglutarate dehydrogenase) in the tricarboxylic acid cycle; (3) the
pentose phosphate pathway (transketolase); and (4) the synthesis of branched-chain
amino acids such as valine (branched-chain ketoacid dehydrogenase) in bacteria,
yeasts and plants.

Thiamin triphosphate is involved in the activation of the chloride ion channel in
the membranes of nerves, possibly by phosphorylation of the channel protein.

Deficiency symptoms

Early signs of thiamin deficiency in most species include loss of appetite, emaciation,
muscular weakness and a progressive dysfunction of the nervous system. In pigs,
appetite and growth are adversely affected and the animals may vomit and have
respiratory troubles.

Chicks reared on thiamin-deficient diets have poor appetites and consequently are
emaciated. After about 10 days they develop polyneuritis, which is characterised by
head retraction, nerve degeneration and paralysis.

Many of these deficiency conditions in animals can be explained in terms of the
role of TPP in the oxidative decarboxylation of pyruvic acid. On a thiamin-deficient
diet, animals accumulate pyruvic acid and its reduction product lactic acid in their
tissues, which leads to muscular weakness. Nerve cells are particularly dependent on
the utilisation of carbohydrate, and for this reason a deficiency of the vitamin has a
particularly serious effect on nervous tissue. Since acetyl coenzyme A is an important
metabolite in the synthesis of fatty acids (see p. 232), lipogenesis is reduced. The
pentose phosphate pathway is also impaired by a deficiency of thiamin, but there is
little effect on the activity of the citric acid cycle.

Because thiamin is fairly widely distributed in foods and, in particular, because
cereal grains are rich sources of the vitamin, pigs and poultry are in practice unlikely
to suffer from thiamin deficiency.

In ruminants, microbial synthesis of the vitamin in the digestive tract, together
with that present in the diet, will normally provide adequate amounts of thiamin
to satisfy the animal’s requirements. However, under certain conditions, bacterial
thiaminases can be produced in the rumen, which destroy the vitamin, thereby caus-
ing the deficiency condition known as cerebrocortical necrosis (CCN). This condi-
tion is characterised by circling movements, head pressing, blindness and muscular
tremors. There are two types of thiaminase: one splits the molecule in two and
the other substitutes an N-containing ring for the thiazole ring. The resulting com-
pound is absorbed and blocks the reactions involving thiamin. It has been suggested
that lactic acidosis caused by feeding with rapidly fermentable foods may be an
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important factor in the production of thiaminases. Young animals appear to be the
most susceptible.

Thiaminase is present in bracken (Pteridium aquilinum), and thiamin deficiency
symptoms have been reported in horses consuming this material. Raw fish also con-
tains the enzyme, which destroys the thiamin in foods with which the fish is mixed.
The activity of the thiaminase is, however, destroyed by cooking.

Riboflavin
Chemical nature

Riboflavin (vitamin B,) consists of a dimethyl-isoalloxazine nucleus combined with
ribitol. Its structure is shown here:

HO OH OH

[
CH,— C— C— C—— CH,OH

H H H
CH3 N N 0
| = \{
= NH
CH; N
(6]
Riboflavin

It is a yellow crystalline compound, which has a yellowish-green fluorescence in
aqueous solutions. Riboflavin is only sparingly soluble in water; it is heat-stable in
acid or neutral solutions, but it is destroyed by alkali. It is unstable to light, particu-
larly ultraviolet light.

Sources

Riboflavin occurs in all biological materials. The vitamin can be synthesised by all
green plants, yeasts, fungi and most bacteria, although the lactobacilli are a notable
exception and require an exogenous source. Rich sources are yeast, liver, milk (espe-
cially whey) and green leafy crops. Cereal grains are poor sources.

Metabolism

Riboflavin is an important constituent of the flavoproteins. The prosthetic group of
these compound proteins contains riboflavin in the form of the phosphate (flavin
mononucleotide, FMN), or in a more complex form as flavin adenine dinucleotide
(FAD). There are several flavoproteins that function in the animal body; they are
all concerned with chemical reactions involving the transport of hydrogen. Further
details of the importance of flavoproteins in carbohydrate and amino acid metabo-
lism are discussed in Chapter 9. Flavin adenine dinucleotide plays a role in the oxida-
tive phosphorylation system (see Fig. 9.2 on p. 205) and forms the prosthetic group
of the enzyme succinic dehydrogenase, which converts succinic acid to fumaric acid
in the citric acid cycle. It is also the coenzyme for acyl-CoA dehydrogenase.
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Deficiency symptoms

In pigs, deficiency symptoms include poor appetite, with consequent retardation in
growth, vomiting, skin eruptions and eye abnormalities. Riboflavin is essential in
the diet of sows to maintain normal oestrus activity and prevent premature parturi-
tion. Chicks reared on a riboflavin-deficient diet grow slowly and develop ‘curled
toe paralysis’, a specific symptom caused by peripheral nerve degeneration in which
the chicks walk on their hocks with the toes curled inwards. In breeding hens, a
deficiency reduces hatchability. Embryonic abnormalities occur, including the char-
acteristic ‘clubbed down’ condition in which the down feather continues to grow
inside the follicle, resulting in a coiled feather.

The vitamin is synthesised in the rumen and deficiencies in animals with functional
rumens are unlikely to occur. However, riboflavin deficiencies have been demon-
strated in young calves and lambs. Symptoms include loss of appetite, diarrhoea and
lesions in the corners of the mouth.

Nicotinamide
Chemical nature

Another member of the B vitamin complex, nicotinamide is the amide derivative
of nicotinic acid (pyridine 3-carboxylic acid) and is the form in which it functions in
the body. The relationship between nicotinic acid, nicotinamide and the amino acid
tryptophan, which can act as a precursor, is shown here:

@COOH @cowz 7 CH,— CH— COOH
. | | P ) N | L
H

Nicotinic acid Nicotinamide Tryptophan

Nicotinamide is a stable vitamin and is not easily destroyed by heat, acids, alkalis
or oxidation.

Sources

Nicotinic acid can be synthesised from tryptophan in the body tissues; since animals
can convert the acid to the amide-containing coenzyme (see later), it follows that
if the diet is adequately supplied with proteins rich in tryptophan, then the dietary
requirement for the vitamin itself should be low. However, the efficiency of conver-
sion of tryptophan into nicotinamide is poor. Studies with chicks have shown that
the amino acid was converted into the vitamin at a ratio of only 45:1 on a weight
basis, and with some foods, such as soya bean meal, the conversion ratio may be
even greater. Because of this it is generally considered that an exogenous source of
the vitamin is also necessary. Although cats possess the enzymes for the conversion
of tryptophan to nicotinic acid, the activity of an enzyme in a competing pathway is
very high and no nicotinic acid is synthesised. However, cats do not need to produce
nicotinic acid because their natural diet is well-supplied with NAD and NADH. Rich
sources of the vitamin are liver, yeast, groundnut and sunflower meals. Although
cereal grains contain the vitamin, much of it is present in a bound form that is not
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readily available to pigs and poultry. Milk and eggs are almost devoid of the vitamin,
although they contain the precursor tryptophan.

Metabolism

Nicotinamide functions in the animal body as the active group of two important
coenzymes: nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine
dinucleotide phosphate (NADP). These coenzymes are involved in the mechanism
of hydrogen transfer in living cells (see Chapter 9): NAD is involved in the oxida-
tive phosphorylation system, the tricarboxylic acid (TCA) cycle and the metabolism
of many molecules, including pyruvate, acetate, B-hydroxy-butyrate, glycerol, fatty
acids and glutamate; NADPH is the hydrogen acceptor in the pentose phosphate
pathway and is involved in the synthesis of fatty acids.

Deficiency symptoms

In pigs, deficiency symptoms include poor growth, anorexia, enteritis, vomiting and
dermatitis. In fowls, a deficiency of the vitamin causes bone disorders, feathering
abnormalities and inflammation of the mouth and upper part of the oesophagus.

Deficiency symptoms are particularly likely in pigs and poultry if diets with a
high maize content are used, since maize contains very little of the vitamin, or of
tryptophan.

It has been suggested that through its effects on (1) rumen fermentation (some
experiments have shown increased microbial growth and increased propionic acid
production) and (2) cell metabolism (increased utilisation of carbohydrate and
reduced lipid mobilisation), nicotinic acid may be a useful supplement to dairy cows,
particularly in situations of subclinical ketosis. However, the experimental evidence
is not consistent. Nicotinic acid does not always give positive responses in the rumen
and increases in blood concentrations were not observed in all experiments. Current
recommendations do not advocate the supplementation of dairy cow diets in order
to increase milk yield and composition.

Vitamin Bg

Chemical nature

The vitamin exists in three forms, which are interconvertible in the body tissues. The
parent substance is known as pyridoxine, the corresponding aldehyde derivative as

pyridoxal and the amine as pyridoxamine. The term vitamin By is generally used to
describe all three forms.

CH,OH CHO CH,NH,
HO CH,OH HO CH,0OH HO CH,OH
X I X 2
P Vs v
HsC N HsC N HsC N
Pyridoxine Pyridoxal Pyridoxamine

The amine and aldehyde derivatives are less stable than pyridoxine and are
destroyed by heat.




The vitamin B complex

Sources

The vitamin is present in plants as pyridoxine, whereas animal products may also
contain pyridoxal and pyridoxamine. Pyridoxine and its derivatives are widely dis-
tributed: yeast, pulses, cereal grains, liver and milk are rich sources.

Metabolism

Of the three related compounds, the most actively functioning is pyridoxal in the
form of the phosphate. Pyridoxal phosphate plays a central role as a coenzyme
in the reactions by which a cell transforms nutrient amino acids into mixtures of
amino acids and other nitrogenous compounds required for its own metabolism.
These reactions involve the activities of transaminases and decarboxylases (see
p- 220), and over 50 pyridoxal phosphate-dependent enzymes have been identified.
In transamination, pyridoxal phosphate accepts the a-amino group of the amino acid
to form pyridoxamine phosphate and a keto acid. The amino group of pyridoxamine
phosphate can be transferred to another keto acid, regenerating pyridoxal phos-
phate. The vitamin is believed to play a role in the absorption of amino acids from
the intestine. Pyridoxal phosphate can also influence the cell’s response to steroid
hormones by reacting with the receptor site of the hormone, resulting in a structural
change of the receptor molecule and causing release of the hormone from the site.
This affects the expression of the gene that is activated by the hormone. When there
is a deficiency of the vitamin there is increased uptake of the hormone in target tis-
sues and an enhanced response. Conversely, elevated levels of pyridoxal phosphate
result in a decrease in the transcription response to the hormone — for example, the
production of cytosolic aspartate aminotransferase in response to glucocorticoids is
reduced by the administration of the vitamin.

Deficiency symptoms

Because of the numerous enzymes requiring pyridoxal phosphate, a large variety
of biochemical lesions are associated with vitamin B¢ deficiency. These lesions are
concerned primarily with amino acid metabolism, and a deficiency affects the ani-
mal’s growth rate. Convulsions may also occur, possibly because a reduction in the
activity of glutamic acid decarboxylase results in an accumulation of glutamic acid.
In addition, pigs reduce their food intake and may develop anaemia. Chicks on a
deficient diet show jerky movements; in adult birds, hatchability and egg production
are adversely affected. In practice, vitamin B¢ deficiency is unlikely to occur in farm
animals because of the vitamin’s wide distribution.

Pantothenic acid
Chemical nature

Pantothenic acid, another member of the vitamin B complex, is an amide of pantoic
acid and B-alanine and has the following formula:

CH3 OH
|
HOCH,— C— CH— CONHCH,CH,COOH
CH;

Pantothenic acid
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Sources

The vitamin is widely distributed; indeed, the name is derived from the Greek pan-
tothen (‘from everywhere’), indicating its ubiquitous distribution. Rich sources are
liver, egg yolk, groundnuts, peas, yeast and molasses. Cereal grains and potatoes are
also good sources of the vitamin. The free acid is unstable. The synthetically prepared
calcium pantothenate is the most commonly used product commercially.

Metabolism

Pantothenic acid is a constituent of coenzyme A, which is the important coenzyme
in fatty acid oxidation, acetate metabolism, and cholesterol and steroid synthesis. It
forms the prosthetic group of acyl carrier protein in fatty acid synthesis. Chemically,
coenzyme A is 3-phospho-adenosine-5-diphospho-pantotheine. The importance of
this coenzyme in metabolism is discussed in Chapter 9.
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Coenzyme A
Deficiency symptoms

Deficiency of pantothenic acid in pigs causes slow growth, diarrhoea, loss of hair,
scaliness of the skin and a characteristic ‘goose-stepping’ gait; in severe cases, animals
are unable to stand. In the chick, growth is retarded and dermatitis occurs. In mature
birds, hatchability is reduced. Pantothenic acid, like all the B complex vitamins, can
be synthesised by rumen microorganisms; Escherichia coli, for example, is known
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to produce this vitamin. Pantothenic acid deficiencies are considered to be rare in
practice because of the wide distribution of the vitamin, although deficiency symp-
toms have been reported in commercial herds of Landrace pigs.

Folic acid
Chemical nature

This B complex vitamin was first discovered in the 1930s when it was found that
a certain type of anaemia in human beings could be cured by treatment with yeast
or liver extracts. The active component in the extracts, which was also shown to be
essential for the growth of chicks, was found to be present in large quantities in green
leaves and was named folic acid (Latin folium, a leaf).

The chemical name for folic acid is pteroylmonoglutamic acid. It is made up of
three moieties: p-aminobenzoic acid, glutamic acid and a pteridine nucleus.

NH, N N
Y™
N > CHZ—NH—Q—CONHCHCHZCHZCOOH
N
OH

Pteroylmonoglutamic acid

Several active derivatives of the vitamin are known to occur, these containing
up to 11 glutamate residues in the molecule. The monoglutamate form is readily
absorbed from the digestive tract, but the polyglutamates must be degraded by
enzymes to the monoglutamate form before they can be absorbed.

Sources

Folic acid is widely distributed in nature: green leafy materials, cereals and extracted
oilseed meals are good sources of the vitamin. Folic acid is reasonably stable in foods
stored under dry conditions, but it is readily degraded by moisture, particularly at
high temperatures. It is also destroyed by ultraviolet light.

Metabolism

After absorption into the cell, folic acid is converted into tetrahydrofolic acid, which
functions as a coenzyme in the mobilisation and utilisation of single-carbon groups
(e.g. formyl, methyl) that are added to, or removed from, such metabolites as histi-
dine, serine, glycine, methionine and purines. It is involved in the synthesis of RNA,
DNA and neurotransmitters.

Deficiency symptoms

A variety of deficiency symptoms in chicks and young turkeys have been reported,
including poor growth, anaemia, poor bone development and poor egg hatchability.
Folic acid deficiency symptoms rarely occur in other farm animals because of synthe-
sis by intestinal bacteria. Injections of folic acid in sows has increased litter size. In
one experiment, dietary supplements resulted in higher foetal survival, thought to be
related to prostaglandin activity, but the response has not been substantiated in other
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experiments, possibly because of the variable content of folic acid in foods. Its role
in nucleic acid metabolism concurs with the view that supplements are beneficial at
times of growth and differentiation of embryonic tissue. An adequate supply of folic
acid is important in human maternal nutrition around the time of conception for the
prevention of neural tube defects in the foetus. For this reason, the supplementation
of cereal-based foods is mandatory in some countries.

Biotin
Chemical nature

A part of the vitamin B complex, biotin is chemically 2-keto-3,4-imidazolido-2-
tetrahydrothiophene-n-valeric acid. Its structure is:

O

I

C
HNT O NH
HC

|
H,C \S/CH—(CH2)4—COOH

CH

Biotin

Sources

Biotin is widely distributed in foods: liver, milk, yeast, oilseeds and vegetables
are rich sources. However, in some foods, much of the bound vitamin may not be
released during digestion and hence may be unavailable. Studies with chicks and pigs
have shown that the availability of biotin in barley and wheat is very low, whereas
the biotin in maize and certain oilseed meals, such as soya bean meal, is completely
available.

Metabolism

Biotin serves as the prosthetic group of several enzymes that catalyse the transfer
of carbon dioxide from one substrate to another. In animals there are three biotin-
dependent enzymes of particular importance: pyruvate carboxylase (carbohydrate
synthesis from lactate), acetyl coenzyme A carboxylase (fatty acid synthesis) and
propionyl coenzyme A carboxylase (the pathway of conversion of propionate to
succinyl-CoA). The specific role of these enzymes in metabolism is discussed in
Chapter 9.

Deficiency symptoms
In pigs, biotin deficiency causes foot lesions, alopecia (hair loss) and dry scaly skin.
In growing pigs, both growth rate and food utilisation are adversely affected. In
breeding sows, a deficiency of the vitamin can adversely influence reproductive
performance.

In poultry, biotin deficiency causes reduced growth, dermatitis, leg bone abnor-
malities, cracked feet, poor feathering and fatty liver and kidney syndrome (FLKS).
This last condition, which mainly affects 2- to 5-week-old chicks, is characterised by
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a lethargic state, with death frequently following within a few hours. On autopsy, the
liver and kidneys, which are pale and swollen, contain abnormal depositions of lipid.

Although ruminants and horses do not have a requirement for dietary biotin,
microbial production in the gut normally being adequate, feeding biotin has shown
to improve hoof structure and strength.

Biotin deficiency can be induced by giving animals avidin, a protein present in
the raw white of eggs, which combines with the vitamin and prevents its absorption
from the intestine. Certain bacteria of the Streptomyces spp. that are present in soil
and manure produce streptavidin and stravidin, which have a similar action to the
egg white protein. Heating inactivates these antagonist proteins.

Choline
Chemical nature

The chemical structure of choline is:

CH;
+|
CH3— N— CH,CH,0H

CH;

Choline

Sources

Green leafy materials, yeast, egg yolk and cereals are rich sources of choline.

Metabolism

Unlike the other B vitamins, choline is not a metabolic catalyst but forms an essen-
tial structural component of body tissues. It is a component of lecithins, which play
a vital role in cellular structure and activity. It also plays an important part in lipid
metabolism in the liver, where it converts excess fat into lecithin or increases the
utilisation of fatty acids, thereby preventing the accumulation of fat in the liver.
Choline is a component of acetylcholine, which is responsible for the transmission
of nerve impulses. Finally, choline serves as a donor of methyl groups in transmeth-
ylation reactions that involve folic acid or vitamin B4,. Although other compounds,
such as methionine and betaine, can also act as methyl donors, they cannot replace
choline in its other functions.

Choline can be synthesised in the liver from methionine; the exogenous
requirement for this vitamin is therefore influenced by the level of methionine in
the diet.

Deficiency symptoms

Deficiency symptoms, including slow growth and fatty infiltration of the liver, have
been produced in chicks and pigs. Choline is also concerned with the prevention of
perosis or slipped tendon in chicks. The choline requirement of animals is unusually
large for a vitamin but, in spite of this, deficiency symptoms are not common in farm
animals because of its wide distribution and its high concentrations in foods, and
because it can be readily derived from methionine. In recognition of the destruc-
tion of the choline in foods by the rumen microbes, commercial products containing
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rumen-protected choline are often used in transition diets for dairy cows. The aim
is to improve the metabolism of mobilised fatty acids in the liver and reduce the
incidence of ketosis.

Vitamin B4,
Chemical nature

Vitamin Bq, has the most complex structure of all the vitamins. The basic unit is a
corrin nucleus, which consists of a ring structure comprising four five-membered
rings containing nitrogen. In the active centre of the nucleus is a cobalt atom. A cyano
group is usually attached to the cobalt as an artefact of isolation and, as this is the
most stable form of the vitamin, it is the form in which the vitamin is commercially
produced.

CONH,
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Vitamin B4, (cyanocobalamin)

In the animal, the cyanide ion is replaced by a variety of ions, e.g. hydroxyl
(hydroxocobalamin), methyl (methylcobalamin) and 5-deoxyadenosyl (5-deoxyadeno
sylcobalamin), the last two forms acting as coenzymes in animal metabolism.
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Sources

Vitamin B, is considered to be synthesised exclusively by microorganisms and its
presence in foods is thought to be ultimately of microbial origin. The main natural
sources of the vitamin are foods of animal origin, liver being a particularly rich
source.

Metabolism

Before vitamin Bq, can be absorbed from the intestine it must be bound to a highly
specific glycoprotein, termed the intrinsic factor, which is secreted by the gastric
mucosa. In human beings, the intrinsic factor may be lacking, which leads to poor
absorption of the vitamin and results in a condition known as pernicious anaemia.

The coenzymic forms of vitamin B4, function in several important enzyme
systems. Methanocobalamin is a cofactor for the enzymes involved in the
biosynthesis of methionine from homocysteine. Of special interest in ruminant
nutrition is the role of vitamin B, in the metabolism of propionic acid into succinic
acid. In this pathway, the vitamin in the form of 5'-deoxyadenosylcobalamin is
necessary for the conversion of methylmalonyl coenzyme A into succinyl coenzyme
A (see p. 212).

Deficiency symptoms
Adult animals are generally less affected by a vitamin By, deficiency than are young
growing animals, in which growth is severely retarded and mortality high.

In poultry, in addition to the effect on growth, feathering is poor and kidney
damage may occur. Hens deprived of the vitamin remain healthy, but hatchability
is adversely affected.

On vitamin Bq,-deficient diets, baby pigs grow poorly and show lack of coordina-
tion of the hind legs. In older pigs, dermatitis, a rough coat and suboptimal growth
result. Intestinal synthesis of the vitamin occurs in pigs and poultry. Organisms that
synthesise vitamin B, have been isolated from poultry excreta; this fact has an
important practical bearing on poultry housed with access to litter, where a majority,
if not all, of the vitamin requirements can be obtained from the litter.

Vitamin B4, and a number of biologically inactive vitamin B, analogues are
synthesised by microorganisms in the rumen and, in spite of poor absorption of the
vitamin from the intestine, the ruminant normally obtains an adequate amount of
the vitamin from this source. However, if levels of cobalt in the diet are low, a defi-
ciency of the vitamin can arise and cause reduced appetite, emaciation and anaemia
(see p. 128). If cobalt levels are adequate then, except with very young ruminant
animals, a dietary source of the vitamin is not essential. Horses also are supplied
with sufficient B4, from microbial fermentation when sufficient cobalt is supplied.
Parasitised horses have responded to vitamin B;, supplementation, presumably as a
result of impaired digestive activity.

Other growth factors included in the vitamin B complex

A number of other chemical substances of an organic nature have been included in
the vitamin B complex. These include inositol, orotic acid, lipoic acid, rutin, carnitine
and pangamic acid, but it is doubtful whether these compounds have much signifi-
cance in the practical nutrition of farm animals.
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VITAMIN C

Chemical nature

Vitamin C is chemically known as L-ascorbic acid and has the following formula:

°=
HO—C
I o
HO—C
|
H—C
|
HO— C—H
|
CH,OH

L-Ascorbic acid

The vitamin is a colourless, crystalline, water-soluble compound with acidic and
strong reducing properties. It is heat-stable in acid solution but is readily decomposed
in the presence of alkali. The destruction of the vitamin is accelerated by exposure
to light.

Sources

Well-known sources of this vitamin are citrus fruits and green leafy vegetables.
Synthetic ascorbic acid is available commercially.

Metabolism

Ascorbic acid plays an important part in various oxidation-reduction mechanisms in
living cells. The vitamin is necessary for the maintenance of normal collagen metabo-
lism. It also plays an important role in the transport of iron ions from transferrin,
found in the plasma, to ferritin, which acts as a store of iron in the bone marrow,
liver and spleen. As an antioxidant, ascorbic acid works in conjunction with vitamin
E in protecting cells against oxidative damage caused by free radicals (see Box 5.2).
The vitamin is required in the diet of only a few vertebrates — human beings, other
primates, guinea pigs, the red-vented bulbul bird and the fruit-eating bat (both native
to India) and certain fishes. Some insects and other invertebrates also require a
dietary source of vitamin C. Other species synthesise the vitamin from glucose, via
glucuronic acid and gulonic acid lactone; the enzyme L-gulonolactone oxidase is
required for the synthesis, and species requiring ascorbic acid are genetically defi-
cient in this enzyme.

Deficiency symptoms

The classic condition in human beings arising from a deficiency of vitamin C is
scurvy, ch