Essentials of Human
Nutrition,
SECOND EDITION

Jim Mann
A. Stewart Truswell
Editors

OXFORD
UNIVERSITY PRESS



Essentials of Human Nutrition
Second Edition



Oxford University Press makes no representation, express or implied, that the drug
dosages in this book are correct. Readers must therefore always check the product infor-
mation and clinical procedures with the most up-to-date published product information
and data sheets provided by the manufacturers and the most recent codes of conduct
and safety regulations. The authors and the publishers do not accept responsibility or
legal liability for any errors in the text or for the misuse or misapplication of material in
this work.



Essentials of Human
Nutrition

SECOND EDITION

Edited by
Jim Mann
Professor of Human Nutrition, University of Otago, New Zealand

A. Stewart Truswell

Professor of Human Nutrition, University of Sydney, Australia

OXTFORD

UNIVERSITY PRESS



OXFORD

UNIVERSITY PRESS

Great Clarendon Street, Oxford OX2 6DP

Oxford University Press is a department of the University of Oxford.
It furthers the University’s objective of excellence in research, scholarship,
and education by publishing worldwide in

Oxford New York

Auckland Bangkok Buenos Aires Cape Town

Chennai Dar es Salaam Delhi Hong Kong Istanbul

Karachi Kolkata Kuala Lumpur Madrid Melbourne Mexico City
Mumbai Nairobi Sdo Paulo Shanghai Taipei Tokyo Toronto

and an associated company in Berlin

Oxford is a registered trade mark of Oxford University Press
in the UK and in certain other countries

Published in the United States
by Oxford University Press Inc., New York

© Oxford University Press 2002
The moral rights of the author have been asserted
Database right Oxford University Press (maker)

First edition published 1998
Reprinted 1999 (with corrections), 2000 (twice)
Second edition published 2002

All rights reserved. No part of this publication may be reproduced, stored
in a retrieval system, or transmitted, in any form or by any means, without
the prior permission in writing of Oxford University Press, or as expressly
permitted by law, or under terms agreed with the appropriate
reprographics rights organization. Enquiries concerning reproduction
outside the scope of the above should be sent to the Rights Department,
Oxford University Press, at the address above

You must not circulate this book in any other binding or cover

and you must impose this same condition on any acquirer

A catalogue record for this title is available from the British Library.

Library of Congress Cataloging in Publication Data
(Data available)

ISBN 0 19 850861 1 (Pbk)
10987654321

Typeset by Newgen Imaging Systems (P) Ltd., Chennai, India
Printed in Great Britain
on acid-free paper by Biddles Ltd, Guildford & King’s Lynn



Preface to the Second Edition

We and our contributors are very pleased that Essentials of Human Nutrition has estab-
lished itself as a reliable and reader-friendly textbook for students embarking on courses
in human nutrition. It has been adopted as a human nutrition course textbook in sev-
eral countries, and has proven a useful reference work for medical students, doctors and
other health professionals requiring up-to-date, authoritative information on the role
of nutrition in human health.

Nutrition research and interpretations of it do not stand still. To ensure the infor-
mation remains as current as possible we and Oxford University Press have produced
this thoroughly revised and updated second edition, three years after the successful first
edition—something which is not possible with larger textbooks. All sections have been
revised and new chapters added, including one on the topical issue of Functional Foods.

This Second Edition has seven new contributors, with contributors coming from
Australia, Canada, Germany, The Netherlands, New Zealand, South Africa, and the
United Kingdom. We are very grateful to our contributors for their expertise and
cooperation.

Jim Mann

Stewart Truswell
November 2001
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Chapter 1

Introduction

Stewart Truswell and Jim Mann

1.1 Definition

This book is about what we consider the essentials of human nutrition.

The science of human nutrition deals with all the effects on people of any component
found in food. This starts with the physiological and biochemical processes involved
in nourishment—how substances in food provide energy or are converted into body
tissues, and the diseases that result from insufficiency or excess of essential nutrients
(malnutrition). The role of food components in the development of chronic degener-
ative disease like coronary heart disease, cancers, dental caries, etc., are major targets
of research activity nowadays. The scope of nutrition extends to any effect of food on
human function: fetal health and development, resistance to infection, mental function
and athletic performance. There is growing interaction between nutritional science and
molecular biology which may help to explain the action of food components at the
cellular level and the diversity of human biochemical responses.

Nutrition is also about why people choose to eat the foods they do, even if they have
been advised that doing so may be unhealthy. The study of food habits thus overlaps with
the social sciences of psychology, anthropology, sociology and economics. Dietetics and
community nutrition are the application of nutritional knowledge to promote health
and wellbeing. Dietitians advise people how to modify what they eat in order to maintain
or restore optimal health, and to help in the treatment of disease. People expect to
enjoy eating the foods that promote these things; and the production, preparation and
distribution of foods provides many people with employment.

A healthy diet means different things to different people. Those concerned with
children’s nutrition—parents, teachers and paediatricians—aim to promote healthy
growth and development. For adults in affluent communities nutrition research
has become focused on attaining optimal health and ‘preventing—which mostly
means delaying—chronic degenerative diseases of complex causation, especially obesity
(Chapter 16), cardiovascular diseases (Chapter 18), cancer (Chapter 19) and diabetes
(Chapter 20).

Apart from behavioural and sociological aspects of eating there are two broad groups
of questions in human nutrition; with appropriate methods for answering them:

First, what are the essential nutrients, the substances that are needed in the diet for
normal function of the human body? How do they work in the body and in which
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foods can we obtain each of them? Many of the answers to these questions have been
established.

Second, can we delay or even prevent the chronic degenerative diseases by modifying
what we usually eat? These diseases, like coronary heart disease, have multiple causes,
so nutrition can only be expected to make a contribution—causative or protective. The
answers to these questions are at best provisional; much still has to be disentangled and
confirmed.

1.2 Essential nutrients

Essential nutrients have been defined as chemical substances found in food that cannot
be synthesized at all or in sufficient amounts in the body, and are necessary for life,
growth and tissue repair. Water is the most important nutrient for survival. By the
end of the nineteenth century the essential amino acids in proteins had been mainly
identified, as well as the major inorganic nutrients such as calcium, potassium, iodine
and iron.

The period 1890-1940 saw the discovery of 13 vitamins, organic compounds essential
in small amounts. Each discovery was quite different; several are fascinating stories.
The research methods have been observations in poorly nourished humans, animal
experiments, chemical fractionation of foods, biochemical research with tissues in the
laboratory and human trials.

Animal experiments played a major role in discovering which fraction of a cura-
tive diet was the missing essential food factor and then how this fraction functions
biochemically inside the body. The laboratory white rat is widely used but is not suit-
able for experimental deficiency of all nutrients; the right animal model has to be
found. Lind had demonstrated as early as 1747, in a controlled trial on board HMS
Salisbury, that scurvy could be cured by a few oranges and lemons but progress towards
identifying vitamin C had to wait until the guinea pig was found, in 1907, to be sus-
ceptible to an illness like scurvy. Rats and other laboratory animals don’t become ill
on a diet lacking fruit and vegetables; they make their own vitamin C in the liver from
glucose.

For thiamin (vitamin B;) deficiency, birds provide good experimental models. The
first step in discovery of this vitamin was the chance observation in 1890 by Eijkman
in Java, while looking for what was expected to be a bacterial cause of beriberi, that
chickens became ill with polyneuritis on a diet of cooked polished rice but stayed well if
they were fed cheap unhusked rice. Human trials in Java, Malaysia and the Philippines
showed that beriberi could be prevented or cured with rice bran (or ‘polish’). A bird
that is unusually sensitive to thiamin deficiency, a type of rice bird, was used by Dutch
workers in Java to test the different fractions in rice polish. The antiberiberi vitamin was
first isolated in crystalline form in 1926. It took another 10 years of work before two
teams of chemists in the United States and Germany were able to synthesize vitamin B,
which was given the chemical name thiamin.
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To find the cause of pellagra, which was endemic among the rural poor in the
south-eastern states of the United States at the beginning of this century, Goldberger
gave restricted maize diets to healthy volunteers and some developed early signs of the
disease. But the missing substance, niacin, could not be identified until there was an
animal model, ‘black tongue’ in dogs.

In the 1920s linoleic and linolenic acids were identified as essential fatty acids. Then
followed the development of analytical techniques for determining micro amounts of
trace elements in foods and tissues. Thus emerged the other group of essential micro
nutrients, the trace elements such as copper, zinc, manganese, selenium, molybdenum,
fluoride, chromium.

There is an additional group of food components such as dietary fibre, carotenoids
and ultra trace elements, such as boron, which are not considered to be essential but
which are important for maintenance of health and possibly also for reducing the risk
of chronic disease.

1.3 Relation of diet to chronic diseases

The realization is more recent that environmental factors, including dietary factors, are
of importance in many of the chronic degenerative diseases that are major causes of
ill health and death in affluent societies. The nutritional component of these is more
difficult to study than is usually the case with classical nutrition deficiency diseases
because these diseases have multiple causes and take years to develop. The dietary factor
may be a ‘risk factor’ rather than a direct cause but for some of these diseases there
is sufficient evidence to show that dietary change can appreciably reduce the risk of
developing the condition. The scientific methods for investigating these conditions,
their causes, treatment and prevention, differ appreciably from those used for studying
adequacy of nutrient intakes.

Very often the first clue to the association between a food or nutrient and a dis-
ease comes from observing striking differences in disease incidence between countries
(or groups within a country) which correlate with differences in intake of dietary
components. Sometimes dietary changes over time in a single country have been found
to coincide with changes in disease rates. Such observations give rise to hypotheses
(i.e. theories) about possible diet—disease links rather than proof of causation because
many potential causative factors may change in parallel with dietary change and it is
impossible to disentangle separate effects.

Animal experiments, being usually short term, are not as useful for investigating
diet and chronic diseases and can be misleading. More information has come, and
is continuing to come, from well-designed (human) epidemiological studies which
record the relationship between dietary intake, or variables known to be related to
diet, and the chronic disease under question. Studies can either investigate subjects
after diagnosis of the disease (retrospective studies) or before diagnosis (prospective
studies).
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Retrospective or case-control studies are quicker and less expensive to carry out but are
less reliable than prospective studies. A series of people who have been diagnosed with
e.g. cancer of the large bowel, are asked what they usually eat, or what they ate before
they became ill. These are the ‘cases’ They are compared with at least an equal number of
‘controls’, people without bowel cancer but of the same age, gender and, if possible, social
conditions. Weaknesses of the method include the possibility that the disease may affect
food habits, that cases cannot recall their diet accurately before the cancer really started,
that controls may have some other disease (known or latent) that affects dietary habits,
or that food intakes are recorded from cases and controls in a different way (‘bias’).

Prospective or cohort studies avoid the biases involved in asking people to recall past
eating habits. Information about food intake and other characteristics are collected well
before onset of the disease. Large numbers of people must therefore be interviewed
and examined; they must be of an age at which bowel cancer (say) starts to be fairly
common (i.e. middle aged) and in a population which has a fairly high rate of this
disease. The healthy cohort thus examined and recorded is then followed up for five
or more years. Eventually, a proportion will be diagnosed with bowel cancer and the
original dietary details of those who develop cancer can be compared with the diets of
the majority who have not developed the disease. Usually a number of dietary and other
environmental factors are found to be more, or less, frequent in those who develop
the disease. These then are apparent risk factors, or protective factors. But they are
not necessarily the operative factor. Fruit consumption may appear to be protective
but perhaps in this cohort, smokers eat less fruit and smoking may be more directly
related. This ‘confounding’ has to be analysed by, in effect, analysing the data to see the
relationship of fruit to the disease at different levels of smoking.

Prospective studies usually provide stronger evidence of a diet—disease association
than case-control studies, and where several prospective studies produce similar findings
from different parts of the world this is impressive evidence of association (positive or
negative) but still not final proof of causation. If an association is deemed not due to
bias or confounding, is qualitatively strong, biologically credible, follows a plausible
time sequence, and especially if there is evidence of a dose-response relationship, it is
likely that the association is causal. However there are some negative issues with regard to
cohort studies. The prospective follow-up of large numbers of people (usually thousands
or tens of thousands) is a complicated and costly exercise. Furthermore assessing dietary
intake at one point in time may not provide a true reflection of usual intake. It is also
conceivable that a dietary factor operating before the study has started, perhaps even in
childhood, may be responsible for promoting a disease.

Definitive proof that a dietary characteristic is a direct causative or protective factor
requires one or more randomized controlled prevention trial(s). These involve either
the addition of a nutrient or other food component as a supplement to those in the
experimental group and a placebo (dummy) capsule or tablet taken by the control
group, or the prescription of a dietary regime to the experimental group while the
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controls continue to follow their usual diet. Disease (and death) outcomes in the two
groups are compared. Such trials have the advantage of being able to prove causality as
well as potential cost/benefit of the dietary change. However, they are costly to carry
out because, as is the case with prospective studies, it is usually necessary to study large
numbers of people over a prolonged period of time. Quite often a single trial or a single
prospective study does not in itself produce a definitive answer, but by combining the
results of all completed investigations in a meta-analysis more meaningful answers are
obtained. For example, a much clearer picture has emerged regarding the role of dietary
factors in the aetiology of coronary heart disease from meta-analyses of both prospective
studies and clinical trials.

In addition to epidemiological studies and trials, much research involving the role of
diet in chronic degenerative disease has centred around the effects of diet on modifying
risk factors rather than the disease itself. For many chronic diseases there are biochemical
markers of risk. High plasma cholesterol, for example, is an important risk factor
for coronary heart disease. Innumerable studies have examined the role of different
nutrients and foods on plasma cholesterol or other risk factors. Such studies are cheaper
and easier to undertake than epidemiological studies and randomized controlled trials
with disease outcome, since far fewer people are studied over a relatively short period
of time. They have helped to find which foods lower cholesterol and so should help
protect against coronary heart disease. It is this information which has formed the basis
of the public health messages that have undoubtedly contributed to the decline in the
incidence of coronary disease in most affluent societies over the last 40 years.

When considering the relationship between chronic disease and one or more dietary
factors it is important to establish whether the link is:

1. purely a suggestion or hypothesis (with no good epidemiological data)—this is
interesting speculation; or

2. based on one or two case-control epidemiological studies—the relationship is
possible; or

3. based on several prospective studies and other mostly supportive biological

data—the relationship is very probable; or

4. based on a lot of epidemiological data plus significant randomized controlled
trial(s)—the relationship is causative (or protective) until proved otherwise.

We should be sure of our ground before we advise individuals or populations to change
a diet to which they are accustomed. Food habits have strong cultural values.

1.4 Tools of the trade

As with any other science or profession, nutrition has its specialized techniques and
technical terms. Those which are frequently used in research and professional work are
introduced here. They are described in more detail further on in the book.

5



6 | ESSENTIALS OF HUMAN NUTRITION

1.4.1 Measuring food and drink intake

Which foods (and drinks) does a person or a group of people usually eat (and drink)
and how many grams of each per day? Unless the subject is confined in a special research
facility under constant observation the answer can never be 100% accurate. Information
on food intake is subjective and depends on memory; people do not always notice, or
know, the exact description of the foods they are given to eat (especially mixed dishes).
When asked to record what they eat they may alter their diet. People do not eat the same
every day so it is difficult to reach a profile of their usual diet.

The different techniques used are described in Chapter 25. One set of methods esti-
mates the amounts of food produced and sold in a whole country and divides these by
the estimated population. This is food disappearance or food moving into consumption.
Obviously some of this is wasted and some eaten by tourists and pets. The main value
of these data is to follow national trends and see if people appear to be eating too little
or too much of some foods.

The other set of methods captures the particular foods and amounts of them that
individuals say they actually ate. These methods either rely on subjects’ memory, or ask
them to write down everything they eat or drink for (usually) several days.

1.4.2 Food composition tables (see Chapter 24)

Ideally food tables would contain all the usual foods eaten in a country and show aver-
age numbers for the calories (food energy) and major essential nutrients and other
important food components (e.g. dietary fibre), measured by chemical analysis in each
food. In many smaller, less affluent countries there is no complete set of food compo-
sition data, so ‘borrowed’ data are used from one of the big Western countries (United
Kingdom, United States, Germany). Food tables are used to calculate people’s nutrient
intakes from their food intake estimates. Most food tables are also available as computer
software, which greatly speeds up a lot of computations (e.g. 20 subjects x 4 days x
80 foods or drinks x 35 nutrients—224 000 computations).

1.4.3 Dietary reference values and guidelines
(see Chapter 33)

Computer software packages for dietary analyses generate printouts which show what a
subject, or groups of individuals have eaten in terms of nutrients. This does not mean
anything unless one can compare with normative dietary reference values. Two sets are
used; they differ somewhat from country to country. For essential nutrients (e.g. protein,
vitamins, minerals), the reference is in a table of recommended nutrient intakes (dietary
reference intakes in the United States). For some nutrients which are not essential but
which may be related to disease risk (e.g. saturated fat which is related to risk of coronary
heart disease) the reference (i.e. advice regarding intake) is in recommendations called
dietary guidelines.
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1.4.4 Biochemical tests: biomarkers

If an individual (or group) is found to eat less than the recommended intake of
nutrient ‘A, they may not have any features of ‘A’ deficiency. The food intake may
have been under-reported or only temporarily less than usual, and there are large body
stores for some nutrients. Some people may have lower requirements than average.
On the other hand individuals can suffer deficiency of ‘A’ despite an acceptable intake
if they have an unusually high requirement, perhaps because of increased losses from
disease. For many nutrients biochemical tests, using blood or urine are available to
help estimate the amount of the nutrient functioning inside the body (see Chapter 26).
Furthermore biomarkers provide a more objective and often more economical method
for estimating intake of some food components (e.g. urinary sodium for salt) than food
intake measurement, and can also be used to check the reliability of subjects” histories
or records of food intake.

1.4.5 Human studies and trials

Most of the detailed knowledge in human nutrition comes from a range of different
types of human experiments. They may last from hours to years and include from two
or three subjects to thousands. The following are examples:

e Absorption studies. Some nutrients are poorly absorbed; absorption of nutrients
is better from some foods than others. Many studies have been done to measure
bioavailability, that is the percentage of the nutrient intake that is available to be used
inside the body. After a test meal the increase of some nutrients can be measured in
blood samples. Isotopes may be needed to label the nutrient.

e In metabolic studies, the diet is usually changed in one way only, and the result is
measured in a change in blood or excreta (urine and/or faeces). One type is the
balance experiment. This may measure, for example, the intake of calcium and its
excretion in urine and faeces. Because of the minor variability of urine production
and major variability of defaecation these measurements have to be made for a
metabolic period of several days each time any dietary change is made.

e Another example is the effect of a controlled (usually single) change of diet on
blood plasma cholesterol, a risk factor for coronary heart disease (see Chapter 18).
Such an effect is known to take 10-14 days if it is going to appear and the exper-
iment should include control periods before and after the dietary change being
examined.

Interpreting the results of such studies is a complex matter. There is individual
variation in the way people absorb and metabolize nutrients. There is also the pos-
sibility that changes observed over a short time period may not persist indefinitely as
humans may adapt to dietary change. Furthermore, when one component is added or
removed from the diet there are usually consequential changes to the rest of the diet
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as some other food is put in its place. An apparent effect of removing one food may
at least in part be due to the effect of its replacement or to the energy deficit which
will result if it is not replaced. Before recommending dietary change it is imperative
that nutritionists consider not only the role of individual nutrients as determinants
of health and disease, but also diet as a whole and the complex dynamics of dietary
change in order to ensure that overall benefit will accrue from any changes which
are made.

Further reading
1. Truswell, A.S. (2001) Levels & kinds of evidence for public health nutrition. Lancet, 357, 1061-2.
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Chapter 2

Carbohydrates

Janette Brand-Miller

Carbohydrates hold a special place in human nutrition. They provide the largest single
source of energy in the diet and satisfy our instinctual desire for sweetness. Glucose is
the essential fuel for the brain and growing fetus and is the main source of energy for
the muscles during strenuous exercise. Carbohydrates show a reciprocal relationship
with fat in the diet so that a high carbohydrate diet is also a low fat diet. Diets high
in carbohydrate are usually associated with lower prevalence of obesity, heart disease,
non-insulin-dependent diabetes and some types of cancer.

2.1 Dietary carbohydrate

Carbohydrates are substances having the empirical formula C, (H,0)y, e.g C¢(H,0)s =
glucose (Fig. 2.1). The basic building block of carbohydrates is a monosaccharide,
often glucose itself. Disaccharides are double sugars which contain two monosac-
charide units linked together (e.g. sucrose, C;;H,;0;;, is composed of glucose
and fructose). Oligosaccharides contain between 3 and 11 monosaccharide residues.
Polysaccharides are those with longer chains of monosaccharides. Sugar alcohols are
often referred to as carbohydrates too, although their empirical formula is slightly dif-
ferent. Carbohydrates that can be digested and absorbed in the human small intestine
are referred to as ‘glycaemic’ carbohydrates. Some plant polysaccharides in foods are
resistant to hydrolysis by human digestive enzymes and are referred to as ‘dietary fibre’
These polysaccharides and the group of oligosaccharides which are also not digested
and absorbed in the small intestine are described as ‘non-glycaemic’ carbohydrates. The
most important food carbohydrates are listed in Table 2.1.

2.1.1 Sugars (mono-, di- and oligosaccharides)

Free glucose and fructose (Fig. 2.1) are found in relatively small amounts in natural
foods; the main sources being fruit, vegetables and honey. Corn syrup (glucose syrup
produced by the hydrolysis of corn starch) and high fructose corn syrups (containing
mixtures of glucose and fructose) are used by the food industry.

Sucrose, the commonest disaccharide (Fig 2.1), is extracted from sugar beet or sugar
cane and is present in variable amounts in fruit and vegetables. It is hydrolyzed into
glucose and fructose. Lactose, found in milk and milk products, is hydrolyzed to
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Fig. 2.1 The structure of glucose, fructose, sucrose and sorbitol.

glucose and galactose. Maltose, a disaccharide comprising two molecules of glucose,
occurs in sprouted wheat and barley, malt extract being used for brewing and in malted
foods.

Raffinose, stachyose and verbascose are oligosaccharides made up of galactose, glucose
and fructose and are found in plant seeds, especially legumes. Fructo-oligosaccharides
consist of fructose residues attached to glucose. They are found naturally in cereals and
vegetables, and are also produced industrially.

Sugars have also been classified in ways which do not relate to their chemical structure.
For example, ‘intrinsic’ sugars are those which are incorporated within the intact plant

Table 2.1 Classification of carbohydrates in the diet (FAO/WHO 1998)

Glycaemic? Non-glycaemic?

Monosaccharides Oligosaccharides

e Glucose e Raffinose, stachyose, verbascose
e Fructose e Human milk oligosaccharides

e Fructo-oligosaccharides

Disaccharides
e Sucrose

e lactose

e Maltose

o Trehalose

Polysaccharides Non-starch polysaccharides
Starch? (main component of dietary fibre)
Cellulose (insoluble)
Hemicellulose (soluble and insoluble forms)
B-glucans (mainly soluble)
Fructans, e.g. inulin (these are not assayed by
Current methods)
Gums (soluble)
e Mucilages (soluble)
e Algal polysaccharides (soluble)

e Amylopectin
e Amylose
e Modified food starches

@ Glycaemic refers to ability to raise blood glucose levels after digestion and absorption.
Non-glycaemic carbohydrates pass through the small intestine mostly unchanged and are
fermented to varying degrees by bacteria in the large intestine.

b Some starch is not digested to glucose in the small intestine and is referred to as ‘resistant starch’.
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cell wall, as in unprocessed fruits and vegetables. Refined sucrose, fruit juices, honey and
milk are sources of ‘extrinsic’ sugars. Intrinsic sugars, together with milk sugars, are often
referred to as ‘naturally-occurring’ sugars and are regarded as ‘healthy’ sugars because
their absorption tends to be slowed or because they are accompanied by significant
amounts of essential nutrients. Other sugars described as ‘non-milk extrinsic, ‘refined’
or ‘added’ sugars are regarded as less desirable. Although these classifications may have
some merit it should be noted that there is no clear distinction between the rates
of digestion and absorption of ‘intrinsic’ and ‘extrinsic’ sugars. During mastication
and gastric processing, intrinsic sugars are rendered extrinsic and the body cannot
distinguish the source of sugars following absorption. Added sugars in the diet perform
several useful roles. They help to make bland carbohydrate foods more palatable and
may thereby help to keep the fat content in the diet down. They play a role in food
preservation, viscosity development, freezing point depression, osmotic balance and
flavour masking. The texture and structure of products like cakes and biscuits depends
upon the presence of added sugars.

2.1.2 Sugar alcohols

Sorbitol, the alcohol of glucose (Fig 2.1), occurs naturally in some fruit, and is made
commercially from glucose using the enzyme aldose reductase which converts the
aldehyde group of the glucose molecule to the alcohol. It is used without much jus-
tification as a replacement for sucrose in the diet of people with diabetes. Inositol
hexaphosphate (phytic acid) is present in cereal bran and may reduce absorption of iron
and calcium.

2.1.3 Polysaccharides

Foods containing large amounts of starch include cereals (e.g. wheat, rice, maize),
root vegetables (e.g. potato) and legumes (e.g. kidney beans, baked beans). There
is little starch in most fruits and vegetables, apart from bananas, roots and tubers.
Starch molecules in plants occur as granules in the form of amylose and amylopectin.
Amylose is a straight chain polymer of glucose linked by al,4-glucosidic bonds,
whereas amylopectin is a branched chain polymer of glucose having as well branches
of al,6-glucosidic bonds approximately every 25 units (Fig. 2.2). The proportion of
amylose to amylopectin is 1:3 in most starches but ‘waxy’ varieties of maize and rice
contain amylopectin only. The molecular weight of starch molecules varies from 10°
to 10%, amylopectin being larger. Glycogen, the storage form of carbohydrate in ani-
mals (including humans), has a molecule similar to amylopectin, but is more highly
branched.

The amylose and amylopectin in the starch granules are arranged in a crystalline
structure which makes them insoluble in water and difficult to digest. The crystallinity
is lost when starch is heated in the presence of water (gelatinization), enabling the
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Fig. 2.2 The structure of amylose and amylopectin.

amylose and amylopectin chains to be digested. Recrystallization or ‘retrogradation’ can
take place to a variable extent after cooling.

Starches are digested by a-amylases in saliva and pancreatic juice to smaller molecules:
maltose, malto-triose and a-dextrins (Fig. 2.3). Brush border a-glucosidases complete
the process of digestion to glucose. Starch may also be classified according to the rate of
digestion to glucose in controlled experimental conditions (Table 2.2) which probably
provides a good indication of their rate of digestion in the small intestine. The rate of
starch digestion is the major determinant of the rise in plasma glucose after the meal.

Table 2.2 Different types of starch defined according to speed of digestion

Speed of digestion Type of starch Food source examples

All glucose released Rapidly digestible starch (RDS) Cooked starchy cereals, potatoes,
in under 20 min still warm

Glucose released in Slowly digestible starch (SDS) Raw cereals
20-120min Pasta

Legumes

Starch not hydrolyzed  Resistant starch (RS) Cooked potato after cooling (small

after 120 min fraction, not all)

Underripe banana. Partly milled grains
Seeds
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The rate of starch digestion depends upon several factors: the size of the particle (small
particles in cereal flours result in full gelatinization of the starch during cooking), the
ratio of amylose to amylopectin (high amylose starches digest more slowly) and the
amount of dietary fibre, which can delay absorption. As much as 10-20% of dietary
starch in individual foods and mixed meals escapes absorption in the small bowel and
enters the large bowel. This resistant starch has important nutritional properties which
are discussed later.

2.1.4 Dietary fibre (non-starch polysaccharide)

Dietary fibre was previously defined as “plant polysaccharides and lignin which are resis-
tant to hydrolysis by the digestive enzymes of man”. This definition includes resistant
starch as part of dietary fibre. Nutrition researchers in the United Kingdom now
avoid the term dietary fibre and use instead ‘non-starchpolysaccharide’ which excludes
both resistant starch and lignin. Whether or not resistant starch is classed as dietary
fibre, the term dietary fibre includes many different types of compounds in varying
concentrations, depending on the food.

From a nutritional point of view the most important way of grouping the components
of dietary fibre is on the basis of their solubility in water. Insoluble fibre is mainly
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cellulose, with some hemicelluloses. The latter contain a variety of monosaccharide
residues such as glucose, galactose and xylose together with lignin (a polyphenolic
compound which is not a carbohydrate). These substances are particulate by nature
and individual particles can be seen with the naked eye. Soluble fibre includes pectins,
some hemicelluloses, B-glucans, mucilages and gums which often, but not always,
form a viscous solution in water. The particle size, viscosity and fermentability of the
different types of dietary fibre are determined by the structure of the compound and
the processing of the food and these in turn determine the physiological effects of fibre
in the body.

Several other definitions of dietary fibre have been proposed, one of the most recent
being that suggested by the Australia New Zealand Food Authority. This Authority has
proposed the following definition: ‘Dietary fibre is that fraction of the edible part of
plants or their extracts, or analogous carbohydrates, that are resistant to digestion and
absorption in the human small intestine, usually with complete or partial fermentation
in the large intestine. The term includes polysaccharides, oligosaccharides (DP > 2)
and lignins. Dietary fibre promotes one or more of these beneficial physiological effects:
laxation, reduction in blood cholesterol and/or modulation of blood glucose’

2.1.5 Synthetic carbohydrates

Polydextrose is an indigestible carbohydrate used in food as a substitute for fat. It
has a cream-like texture that mimics that of fat. It is produced industrially by high
temperature polymerization of glucose and contains a small amount of sorbitol and
citric acid. Humans are unable to break down the linkage formed so its use reduces the
energy content of the food.

Neosugar (raffinose) is a fructo-oligosaccharide, non-nondigestible sweetener. It is
manufactured readily from sucrose using a fungal fructosyltransferase. The resulting
product is about half as sweet as sucrose and behaves like sucrose in food processing
operations but is not digested by the enzymes of the small intestine. It is composed of
sucrose molecules that have been lengthened by addition to the fructose unit of one,
two or three molecules of fructose in a $-(2-1) glycosidic linkage.

Maltodextrins  are small oligosaccharide breakdown products (5-11 glucosyl residues)
from the industrial hydrolysis of starch. They are used in food as sweeteners and texture-
modifying agents and as fat substitutes. They are digested and absorbed normally, but
contain only 16 kJ/g versus 37 k]/g of fat.

2.2 Consumption patterns

Starch, sucrose and mixtures of glucose and fructose are the most common forms of
carbohydrate in human diets. Currently total carbohydrate intake in most relatively
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affluent countries averages about 40—44% energy or roughly 280 g/day for an adult
male and 240 g/day for an adult female. Approximately half of this is starch (20-22%
total energy). The remaining half comes from sugars—sucrose (40-80 g/day), lactose
(20 g/day), glucose (10-20 g/day), fructose (10-20 g/day)—and non-starch polysaccha-
ride (dietary fibre, 15-20 g/day). On the other hand a traditional-living African or Asian
might eat up to 400 g carbohydrate (i.e. 70-80% energy), the major part of which is
starch. As incomes rise in developing countries, the proportion of energy obtained from
carbohydrate falls while that from fat increases.

In western countries, the percentage of energy contributed by all sugars combined
averages 20-24%. Of this, about half comes from naturally-occurring sources such
as fruits, fruit juices, milk and vegetables. The other half comes from added sugars,
particularly refined sucrose, but also honey, molasses and other concentrated sugar
products. Adults eat 35-70 g/day of added sugars. Young children eat 40-50 g/day. In
the United States and Canada, a significant proportion of added sugars comes in the
form of corn syrup solids (hydrolyzed corn starch) and high fructose corn syrups, so
that per capita consumption of refined sucrose (but not added sugars) is lower than in
other developed nations. Many African and Asian nations, including Japan have low
intakes of added sugars (Table 2.3).

Table 2.3 Per capital consumption (kg/head per year)
of refined sucrose and estimates of numbers of
decayed, missing and filled teeth at 12 years of age

Year Sugar DMFT

consumption

(kg/head

per year)
Developed countries
Australia 1986 50 2.0
Canada 1988 42 4.3
Denmark 1988 48 1.6
France 1990 37 3.0
Iceland 1986 52 6.6
Italy 1985 31 3.0
Japan 1987 23 4.9
Netherlands 1988 54 2.5
Developing countries
Barbados 1983 63 4.4
China 1984 5 0.7
Indonesia 1982 13 2.3
Philippines 1982 24 2.2
Nigeria 1983 10 2.0

DMFT = Decayed, missing and filled teeth (per individual).
Note: per capita consumption overestimates true sugar
consumption by as much as 50-66%.
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It is difficult to quantify intakes of dietary fibre since many food tables give only
figures for ‘crude fibre’ which is based on an early method that grossly underestimates
total dietary fibre and non-starch polysaccharides. The newer ‘chemical’ methods are
time consuming but provide considerable information about the different chemical
components of dietary fibre. These should be used increasingly in the future. At
present enzymatic/‘gravimetric’ methods such as the AOAC are widely used for rou-
tine analysis because they are quicker. The assay also measures some, but not all,
resistant starch. Nutrition labelling in many countries is based on this method.
Using information based on this enzymatic/gravimetric technique the intake of total
dietary fibre in the western diet is estimated to be around 25 g/day for adult males
and 19g/day for women. The ratio of soluble to insoluble fibre is about 1:3.
Amongst vegetarians in western countries and in many developing countries the
intake of dietary fibre may be twice as high. The intake of non-starch polysac-
charide is lower in the United Kingdom and United States (estimated to be about
12-18 g/day).

2.3 Digestion and absorption of carbohydrates
2.3.1 Sugars and digestible starch

Carbohydrates which will be absorbed in the small intestine must be hydrolyzed to
their constituent monosaccharides before they can cross the intestinal wall. The enzyme
which hydrolyses starch is a-amylase which is present in saliva and pancreatic juice.
Salivary amylase is inhibited by the low pH in the stomach and makes a relatively small
contribution to starch digestion. a-amylase splits starch into maltose, maltotriose and
branched tri-, tetra- and penta-saccharides, producing only small amounts of glucose
(Fig. 2.3). Pancreatic a-amylase acts in the lumen of the jejunum and the process
is completed in the brush border of the small intestine as a result of the actions of
glucoamylase, sucrose and a-dextrinase. Disaccharides are hydrolyzed by disaccharidase
enzymes in the brush border: maltase, sucrase and lactase convert maltose, sucrose and
lactose to their constituent monosaccharides.

The efficacy of these enzymes is so high that the rate of digestion does not limit the
rate of absorption, with the exception of lactase. If too great a quantity of monosaccha-
ride is released into the gut lumen, water is drawn into the gut by osmotic action, with
subsequent diarrhoea. Glucose and galactose are absorbed rapidly with the help of spe-
cific carriers which are ATP-dependent. Fructose is absorbed more slowly by facilitated
diffusion and large amounts at any one time may overload the absorptive capacity of
the gut, resulting in diarrhoea. For example, young children who drink a lot of apple
juice whose sugar is mostly fructose (instead of milk or water) may suffer from ‘toddlers’
diarrhoea’. Fructose is absorbed better when ingested with glucose, either separately or
when combined with sucrose. In most adults consuming more than 50 g of fructose may
give rise to osmotic diarrhoea, whereas 250 g sucrose does not produce symptoms.
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2.3.2 Resistant starch and dietary fibre

Non-starch polysaccharides, resistant starch, from foods such as wheat flour, potatoes,
beans, oats and bananas, and most oligosaccharides which have escaped digestion and
absorption in the small intestine are fermented by microorganisms in the large bowel
to short-chain fatty acids (SCFA) and gases (Fig. 2.4). Soluble fibres (pectins, gums)
are largely fermented while insoluble fibres are more difficult to degrade. Only 5% of
cellulose is fermented. Finely divided bran is degraded more than coarse bran. Note
that starch that has escaped absorption in the small intestine is a major substrate for
fermentation in the colon.

A mixture of SCFA is produced—mainly acetate, propionate, butyrate in the molar
ratio of 57:22:21. The ratio varies slightly with the substrate. Lactic acid may
be produced too if the appropriate microorganisms are present. The ratio between
the individual SCFA changes with the substrate being fermented and the type of
microorganisms present. The gases CO,, H, and CH,4 are produced as well as
water. If 20 g fermentable carbohydrate reaches the colon daily, about 200 mmol
SCFA could be produced. Assuming 70% of these are absorbed, an additional 300 k]

Resistant Starch Oligosaccharides
NSP (fibre) Polydextrose

l

Large bowel

l

Microbial metabolism

— T

Gas +NH," SCFA
co, Microbial Acetate
growth
H, Propionate
CH, Butyrate
Flatus Faeces Blood
(breath)

Fig. 2.4 Fermentation of carbohydrates in the large bowel.
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(73 calories)/day are available. However, the amount of SCFA’s actually produced
varies from 220-720 mmol/day, suggesting that 20—-60 g of non-glycaemic carbohydrate
reaches the colon each day. Undigested starch and unabsorbable sugars must therefore
make a significant contribution to colonic fermentation.

SCFA are taken up by the colonic epithelial cells where butyrate is selectively used
for these cells’ nutrition, leaving mainly acetate and propionate to pass to the portal
vein and be taken up by the liver. A high butyrate supply is thought to be important
for the health of the large bowel epithelium. In the presence of nitrogen (as ammo-
nia from urea), carbohydrate in the large intestine provides the fuel for bacterial cell
multiplication and faecal mass is increased. But the production of acid lowers pH
and may inhibit bacterial types, numbers and metabolism. For example, if lactulose
(an indigestible disaccharide comprised of galactose and fructose) is consumed daily
for a week, breath H, declines, indicating reduced hydrogen formation from colonic
fermentation.

2.4 Glycaemic response to carbohydrate containing foods

After a meal containing carbohydrate, the plasma glucose rises, reaching a peak in about
15-45 min depending on the rate of digestion and absorption. The plasma glucose
returns to the fasting concentration within two to three hours. Plasma insulin concen-
tration mirrors that of glucose, stimulating both glucose oxidation and glycogen storage.
Glucose oxidation is stimulated for up to six hours after the meal.

For many years it was assumed that all starchy foods were digested slowly giving
rise to a flattened blood glucose and insulin response, but this assumption has been
proven to be incorrect. Some starchy foods, including (cooked) potatoes, bread and
many packaged breakfast cereals are digested and absorbed almost as quickly as an
equivalent load of maltose. Many sugar-containing foods including fruit, ice cream,
sweetened yoghurt, give low glycaemic responses. In general, carbohydrate-containing
foods which are high in rapidly digestible starches, free glucose and/or oligosaccharides
are rich sources of rapidly available glucose and produce a high glycaemic response. On
the other hand foods which are rich in slowly digestible starches, fructose or contain
substantial amounts of either insoluble fibre or fat produce a low glycaemic response.

In the early 1980s, the glycaemic index was introduced to express the relative ability
of different carbohydrates in foods to raise the level of glucose in the blood (Table 2.4).
Many studies since then indicate that the glycaemic index concept is a useful tool in
the dietary management of diabetes. Low glycaemic index foods improve blood glucose
control and sometimes plasma lipids. The glycaemic and insulin responses to sugars
and starches are also relevant to sports performance, satiety and serotonin-related phe-
nomena, such as sleepiness. When using the glycaemic index to give advice on choices of
carbohydrate-containing foods it is important to bear in mind that some low glycaemic
index foods may be high in fat.

The procedure for measuring the glycaemic index of a food is shown in Fig. 2.5.
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Table 2.4 Glycaemic index of foods (Glucose = 100)
Breakfast cereals Vegetables Rockmelon 65
AllBran 30 Beetroot 64 Sultanas 56
Cocopops 77 Carrots 49 Watermelon 72
Cornflakes 77 Sweet corn 48 Dairv Foods
Porridge (av) 50 Peas (green) 48 M'Iky hole (av) 7
Muesli — toasted* 43 Potato — baked (av) 85 e whole fav
Chocolate flavour 34
— untoasted 56 - new 65 | (av) 61
Rice Bubbles 89 — French fries* 75 Lcc)ev\f:;atm av 50
Weetbi 75 S t Potat 48
eetbix weet Fotato Yoghurt flav, low fat 33
Grains/Pasta Legumes Beverages
Rice — long grain white 50 Baked beans (av) 48 Aol ‘g‘ 2
— calrose 83 Haricot beans (av) 38 ofpne Juice 57
— Bismati 59 Butter beans (av) 31 S ?t dggjt;lce bonated 68
Noodles — instant 47 Chickpeas (av) 33 Ot drink, carbonate
Pasta — spaghetti (av) 41 Kidney beans (av) 27 Snack
Lentils (av) 28 Corn Chips 72
Bread Soya beans (av) 18 Popcorn 55
White bread (av) 70 ¥ p ft Crisps* 57
Wholemeal bread (av) 77 Fruit otato Lrisps
Heavy grain bread (av) 45 Apple (av) 36 Confectionery
Rye — pumpernickel 50 Apricot (dried) 43 Chocolate* 49
Rye — blackbread 76 Banana (av) 60 Jelly beans 80
Cherri 23 i
Crackers/crispbread erries Life Savers 70
: Grapefruit 25 Mars bars* 68
Puffed crispbread 81
. Grapes 43
Ryvita 69 AR Sugars
Kiwifruit 58
Watercracker 78 Honey 58
Mango 51 al 100
Sweet biscuits Orange (av) 43 ucose
Maltose 105
Arrowroot 69 Papaya (paw paw) 56 Fruch 20
Shortbread 64 Peach — canned in juice 30 ructose
Lactose 57
Oatmeal 55 — fresh 28 s cg
Shredded wheatmeal 62 Pear (av) 36 ucrose
Pi | 66
Cake ineapple
Appl i 44 Plum 24
pple muthin Raisins 64
Banana cake* 47
sponge cake 46

* Food with a high fat content. Gl Ranges: The figures form a continuum; but in general Low Gl foods may
be those below 55, Moderate between 55 and 70; and High more than 70; av = average.

Source: Foster-Powell K., Brand Miller J. International tables of glycemic index. Am J Clin Nutr 1995; 62(suppl):

8715-93S.

2.5 Metabolic fate of dietary carbohydrate

Absorption of carbohydrate produces a range of metabolic and hormonal responses
that help to limit the rise in plasma glucose levels to within an acceptable range. Levels
above 10 mmol/l (and in some people even lower) will result in glycosuria (glucose in
the urine) which is a waste of valuable energy. Insulin is the central hormone involved

in the metabolism of carbohydrate and a relative or absolute deficiency of insulin leads
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Glucose (reference food) Baked Potatoes (without fat)
Blood
sugar
levels
| | | |
1hr 2 hr 1hr 2hr
Glucose (reference food) Lentils
Blood
sugar
levels
] I ! )

1hr 2hr 1 hr 2hr
Fig. 2.5 Calculation of the glycaemic index of a food. Blood glucose levels are determined at
regular intervals after consumption of a 50 g carbohydrate portion of the test food. The area
under the blood glucose curve in calculated geometrically using the fasting level as baseline and
expressed as a percentage of that seen after consumption of 50 g pure glucose. In practice,
8-12 people are tested and the mean of the group is the glycaemic index of the test food.

to diabetes which is characterized by increased blood levels of glucose and glycosuria
(see Chapter 37). Dietary carbohydrate has several related metabolic fates.

2.5.1 Oxidation in tissues

After its absorption into the blood, glucose is transported into insulin-sensitive cells.
In the mitochondria of these cells glucose is metabolized to pyruvate by the pathway
of glycolysis (Fig. 2.6). Insulin is involved not only by enhancing glucose uptake into
cells, but also by stimulating several steps in the glycolytic pathway. Glycolysis can occur
in the absence of oxygen (anaerobic conditions) and under such conditions glucose
is converted as far as lactate. However, in the presence of oxygen, pyruvate is further
metabolized to acetyl CoA which can enter the citric acid cycle for complete oxidation to
carbon dioxide and water with liberation of free energy as ATP in the process of oxidative
phosphorylation. In this way glucose is the major source of energy for many tissues. The
glycolytic pathway is also involved in carbohydrate metabolism in the large bowel. When
oligosaccharides and polysaccharides which have not been digested and absorbed in the
small intestine reach the large bowel, they are first hydrolyzed into monosaccharides
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Fig. 2.6 Simplified overview of carbohydrate metabolism.

by membranous or extracellular enzymes secreted by the bacteria. Metabolism of the
monosaccharides continues within the bacterial cells involving the glycolytic pathway
to pyruvate which is immediately converted to SCFAs (acetate, propionate, butyrate)
and gases (carbon dioxide, methane, hydrogen).

2.5.2 Storage as glycogen

For several hours after a carbohydrate-containing meal, the amount of ingested carbo-
hydrate far exceeds the energy needs of the tissues. The excess is converted to glycogen
(glycogenesis) which is stored in liver and skeletal muscles for later use as an energy
source. The process through which glycogen stores are drawn upon to replenish glucose
in the blood in the post-absorptive state is known as glycogenolysis. The body’s glycogen
stores are relatively small (250-500 g in a 50-70 kg adult human), though the capacity
to store more can be developed by sports training and diet. Most of the stored glycogen
is released and oxidized within 12 h.

2.5.3 Storage as triglyceride

In rats and mice the conversion of carbohydrate to fat is an important pathway in the
liver and adipose tissue, but in humans this lipogenesis (the synthesis of fat from non-fat
precursors such as glucose) is quantitatively unimportant. Fatty acids may be synthesized
from acetyl CoA derived from carbohydrate. Triose phosphate (see Fig. 2.6) provides
the glycerol moiety of triglycerides. The pentose phosphate pathway, which arises from
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intermediates of glycolysis, is a source of reducing equivalents for the biosynthesis of
fatty acids.

In humans even a very large amount of carbohydrate (500-700 g) does not induce a net
gain in lipid. If overfeeding of carbohydrate continues for several days, glycogen stores
become saturated (at about 1000 g) and net conversion of carbohydrate to fat occurs,
but this represents an artificial situation, unlikely to occur outside the laboratory. In
everyday life, a high intake of carbohydrate increases satiety and subsequently intake is
decreased.

2.5.4 Conversion to amino acids

Conversion to amino acids is similarly a relatively unimportant fate of ingested carbo-
hydrate, though pyruvate and intermediates of the citric acid cycle provide the carbon
skeletons for the synthesis of amino acids.

2.5.5 Metabolism of fructose and galactose

When fructose reaches the liver, most of it is removed from the bloodstream and enters
the glycolytic pathway. Fructose is more rapidly metabolized by the liver than glucose
because it bypasses the first step in the glycolytic pathway. The formation of triglyceride
is greater after fructose than after glucose feeding because of ‘flooding’ of the pathways in
the liver. High intakes of fructose may lead to increased plasma levels of triglyceride and
lactate. Because of the rapid rate of metabolism only very small amounts of fructose are
detected in the blood even when measurements are made shortly after eating substantial
amounts of fruit or large quantities of sucrose.

Galactose is rapidly converted to glucose in the liver and unless ethanol (which inhibits
this conversion) is consumed simultaneously with galactose, only miniscule amounts
are detectable in the plasma.

2.6 Health issues relating to dietary carbohydrate

2.6.1 Lactose intolerance and inborn errors of
carbohydrate metabolism

The inability to hydrolyze some forms of dietary carbohydrate is well recognized, espe-
cially with reference to lactose. The signs and symptoms of lactose intolerance include
abdominal discomfort, borborygmi, flatulence and diarrhoea. In severe cases, the stools
may contain lactose, or have a low pH due to colonic fermentation of the lactose to
SCFA. Hydrogen gas is a by-product of colonic fermentation of carbohydrate and some
of it is absorbed into the portal vein and is excreted in the breath. Carbohydrate mal-
absorption can be detected by measuring breath hydrogen before and after giving a test
dose of the carbohydrate. A biopsy of the small intestinal epithelium can be carried out
to detect low lactase levels. Primary low lactase levels arise some time after weaning (two
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to three years) in over three quarters of the world’s human population (the exception
being most Caucasians) and most of the animal kingdom, including dogs and cats.

Secondary lactase insufficiency can arise as a result of disease of the intestinal tract (e.g.
protein-energy malnutrition, coeliac disease, intestinal infections and non-specific gas-
troenteritis.) Most individuals with low lactase activity can still tolerate small amounts
of milk (e.g. 100 ml, containing 5 g lactose) without symptoms. Fermented dairy prod-
ucts (e.g. commercial yoghurts) are better tolerated because the culture, viable in vivo,
hydrolyzes lactose in the lumen. There are other less frequent clinical disorders in
which digestion or absorption of sugars is disturbed and result in intolerance with
consequences similar to those of lactase deficiency. Most frequently they are seen in
children secondary to underlying gastrointestinal disease.

A range of inborn errors may occasionally affect metabolism of carbohydrates (see
Table 2.5).

2.6.2 Minimum requirements

Although glucose is the most common source of energy available to cells, it is essential
only in a few organs: the brain, the kidney (medulla) and the red blood cells. The adult
brain requires about 140 g glucose/day and the red cells about 40 g/day. In the absence
of dietary carbohydrate, the body is able to synthesize glucose from lactic acid, cer-
tain amino acids and glycerol via gluconeogenesis. Gluconeogenesis can supply about
2 mg/kg body weight per minute or 130 g/day. The difference between essential glucose
requirements and gluconeogenic supply is therefore 50 g/day (180 minus 130 g). In the
absence of a dietary source of carbohydrate, ketones are formed as a by-product of fatty
acid oxidation. In prolonged fasting or starvation, the brain adapts to the shortfall of car-
bohydrate and oxidizes ketone bodies for the remainder of its energy needs. The ketotic
state, however, is not desirable because judgement may be impaired and the fetus may be
adversely affected. Thus it could be said that the absolute minimum requirement for car-
bohydrate is about 50 g/day. In pregnancy and lactation, this figure is probably doubled.

Table 2.5 Inborn errors of carbohydrate metabolism

Inborn error Consequence

Absence of fructokinase Prevents fructose breakdown, fructosuria
Absence of fructose-I-phosphate Inhibition of glycogenolysis, hypoglycaemia
aldolase

Deficiency of galactokinase Galactose not phosphorylated, cataracts

Deficiency of glucose-6-phosphate  May result in red cell haemolysis and anaemia
dehydrogenase
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2.6.3 Energy value of carbohydrates

Dietary carbohydrate has traditionally been assigned an energy value of 4 kcal/g (17 kJ/g)
though when carbohydrates are expressed as monosaccharides the value of 3.75 kcal/g
(15.7Kk]J/g) is usually used. However, since resistant starch and some oligosaccharides are
not digested in the small intestine and the process of fermentation is less metabolically
efficient than when digestion and absorption are completed in the small intestine, it
is clear that these carbohydrates are providing the body with less energy. The energy
value of all carbohydrate requires reassessment, but until this has been carried out the
FAO/WHO consultation recommends that the energy value of carbohydrates which
reach the colon be set at 2 kcal/g (8 kJ/g).

2.6.4 Beneficial effects of diets high in carbohydrates

High carbohydrate diets, especially those also high in dietary fibre, are often associated
with low rates of obesity, perhaps because they are more satiating than high fat foods
and perhaps because synthesis of fat from carbohydrate is not an important pathway
in humans; excessive carbohydrate intake appears to be balanced by higher rates of car-
bohydrate oxidation. High carbohydrate diets are also often recommended for people
trying to achieve weight reduction. However, some authorities argue that a reduced
energy dietary prescription for weight loss may also comprise more moderate amounts
of carbohydrate with rather higher intakes of monounsaturated fatty acids expressed as
a percentage of total energy. This may especially apply if overweight individuals have
raised levels of triglycerides or reduced high-density lipoprotein (HDL).

Several strands of evidence suggest that diets high in dietary fibre may provide some
protection against coronary heart disease (CHD). Levels of low-density lipoprotein and
other cardiovascular risk factors are reduced, especially when the diet is rich in soluble
forms of dietary fibre (see Chapter 3). Diets high in carbohydrate and dietary fibre are
invariably also low in fat, and this further reduces risk. Longitudinal studies have shown
that those with the highest intake of dietary fibre or whole grain cereals have lower
rates of CHD, but there is always a possibility that the high intake of dietary fibre is
simply a surrogate for other dietary factors (e.g. a high intake of antioxidants) or other
characteristics of a healthy lifestyle (e.g. not smoking, physical activity) which also
protect against CHD.

Diets high in insoluble fibre (especially coarse wheat bran) speed up transit time
through the gut, increase stool weight and relieve constipation. They are also associated
with a reduced risk of diverticular disease and are of benefit in relieving at least some of
the symptoms in those with established diverticulosis.

High intakes of resistant starch and non-starch polysaccharides may also reduce the
risk of large bowel cancer. Fibre may bind the carcinogenic substances and speed their
transit through the gut. Fibre also increases the amount of water in the faeces, thereby
diluting the effect of any carcinogens. Fermentation of resistant starch and non-starch
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polysaccharides in the colon to SCFA especially butyrate may also play an important role
in maintaining the health of the colonic epithelial cell (see Chapter 19). The protective
role of resistant starch and non-starch polysaccharide remains to be confirmed in clinical
trials, and it is conceivable that the strong circumstantial evidence described here and
the confirming epidemiological evidence is also explained by the fact that diets rich in
fibre also contain plenty of fruit and vegetables which may have other anti-cancer effects
(e.g. indole compounds in brassica vegetables).

There is some evidence that high cereal fibre diets protect against diabetes. Diets high
in soluble fibre can help to improve glycaemic control as well as the dyslipidaemia of
both type 1 and type 2 diabetes. While many factors determine the glycaemic response
to foods and meals, the most practical way of achieving optimal glycaemic control is by
recommending foods with a low glycaemic index (Table 2.4).

2.6.5 Disadvantages of high carbohydrate diets

The most widely quoted deleterious effect of high carbohydrate diets is dental caries.
Individual carbohydrate-rich foods have different cariogenic potential. Sucrose, glucose
and fructose are amongst the most cariogenic, but starch is also fermentable by dental
plaque bacteria. The potential to cause caries is greatly influenced by the mode and
frequency of intake. Sticky foods (e.g. some confectionery and dried fruit) which have
a long residence time next to the teeth are more likely to produce decay than sugar
solutions such as soft drinks. Frequency of consumption is more important than amount
eaten. Fluoride in some water supplies and many toothpastes has dramatically reduced
the incidence of dental caries round the world. For this reason there is no longer a clear
relationship between total sugar intake and the number of decayed, missing and filled
teeth in children in developed countries (see Table 2.3).

Contrary to what was once believed it is now clear that intake of dietary sugars does
not increase the risk of diabetes or CHD though some authorities would argue that high
intakes may predispose to obesity and so indirectly influence diabetes and CHD. While
it is sensible to recommend a moderate intake of added sugars (<10-12% energy), it
must be conceded that there is also no direct evidence linking intake of sucrose and other
sugars to obesity. Most dietary recommendations for people with diabetes permit the
inclusion of modest intakes of added sugars for those who are not overweight, provided
the sugars are taken at meal times and incorporated as part of a dietary prescription
which is high in dietary fibre (see Chapter 20). High carbohydrate diets which are not
also high in dietary fibre may cause higher levels of fasting plasma triglyceride and
reduced levels of HDL. This appears to be the case particularly when diets are based
upon high glycaemic index foods.

Very high intakes of dietary fibre may have some adverse effects. Physical symptoms
include loose stools, increased bowel frequency and flatulence. These ‘inconvenient’
symptoms may prevent widespread acceptance of high fibre diets, but are usually neg-
ligible if intake of fibre is gradually increased. There is also a possibility that high fibre
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diets may decrease bioavailability of minerals such as iron, calcium and zinc, but there
is little evidence that deficiencies result in practice if the diet contains adequate amounts
of vitamins and minerals.

2.6.6 Dietary reference values for carbohydrate

Apart from the minimum requirements for carbohydrate described in Section 2.6.2 there
are few definitive recommendations regarding intake. Typically, energy from carbohy-
drate makes up the remainder when more precise recommendations have been given for
intake of fat and protein. However, British Dietary Reference Values suggest population
averages of 10% total energy for non-milk extrinsic sugars, 37% for starch and intrinsic
and milk sugars, making 47% of energy for total carbohydrate. (The terms extrinsic
and intrinsic sugars are no longer widely used.) The same source suggests a population
average of 18 g/day of non-starch polysaccharide (equivalent to approximately 25 g of
total dietary fibre) with the recommended individual minimum of 12 g (17 g total dietary
fibre) and an individual maximum of 24 g (35 g total dietary fibre). Obviously much
higher intakes can be compatible with good health since in many parts of the world a far
greater percentage of total energy is derived from carbohydrate. Indeed the FAO/WHO
Expert Consultation on Carbohydrates in Human Nutrition recommends that at least
55% of total energy be derived from a variety of carbohydrate sources. However, high
carbohydrate, high fibre diets are not recommended for infants and young children
since it may be difficult for them to obtain intakes of total energy sufficient for optimal
growth from such diets.
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Chapter 3

Lipids
Jim Mann and Murray Skeaff

Lipids are a group of compounds that dissolve in organic solvents such as petrol or
chloroform, but are usually insoluble in water. The most obvious lipids are oils which
are liquid at room temperature and fats which are solid at room temperature. Many
people in Western countries regard fats and oils as foods which should be avoided as far
as possible because of their perceived role in the development of obesity and coronary
heart disease. However, in addition to enhancing the flavour and palatability of food,
lipids make an important contribution to adequate nutrition. They are major sources of
energy; some are essential nutrients because they cannot be synthesized in the body yet
are required for a range of metabolic and physiological processes and to maintain the
structural and functional integrity of all cell membranes. Lipids are also the only form
in which the body can store energy for a prolonged period of time. These stored lipids
in adipose tissue also serve to provide insulation, help to control body temperature,
and afford some physical protection to internal organs. Lipids include the fat-soluble
vitamins. Triacylglycerols, usually referred to as triglycerides, make up the bulk of dietary
lipid with phospholipids and sterols making up nearly all the remainder.

3.1 Naturally occurring dietary lipids

Naturally occurring dietary lipids are derived from a wide variety of animal and plant
sources including animal adipose tissue (the visible fat on meat, lard and suet); milk
and products derived from milk fat (cream, butter, cheese, and yoghurt); vegetable
seeds, nuts, oils and products derived from them (e.g. margarines); eggs; fish oil and
plant leaves. Many sources of dietary lipid are visible and obvious, others are less so, for
example, those which are found in the muscle of lean meat, avocado, nuts and seeds,
as well as those in processed or home prepared foods such as pies, cakes, biscuits and
chocolates. In most Western countries, dietary lipid provides between 30-40% of total
dietary energy. In Asian countries and throughout the developing world, the proportion
of energy derived from dietary lipids is usually much lower.

3.1.1 Glycerides and fatty acids

Triglycerides make up about 95% of dietary lipids. A triglyceride molecule is formed
from a molecule of glycerol (a 3-carbon alcohol) with three fatty acids attached (Fig. 3.1).
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Fig. 3.1 Formation of a triglyceride molecule.

Fatty acids consist of an even numbered chain of carbon atoms with hydrogens attached,
a methyl group at one end and a carboxylic acid group at the other (Fig. 3.2). The
carbon atoms were classically numbered from the carboxyl carbon (carbon number 1).
The methyl end carbon is known as the # minus (n—) or omega (w) carbon atom. The
physical and biological properties of triglycerides are determined by the nature of the
constituent fatty acids. They float on water and do not dissolve in it.

Saturated fatty acids are those in which carbon—carbon bonds are fully saturated
with hydrogen atoms (i.e. 4 hydrogens per carbon—carbon bond). When 2 hydrogens
are absent, the carbons form double bonds with each other and monounsaturated
(single double bond) or polyunsaturated (two or more double bonds) fatty acids
result. Double bonds in polyunsaturated fatty acids are always separated by one CH,
(methylene group). Fatty acids can be described by their common name, their chemical
name, their full or simplified chemical structure, or a shorthand notation in which the
first number indicates the number of carbon atoms and the second the number of double
bonds (Fig. 3.2). For monounsaturated and polyunsaturated fatty acids, a third descrip-
tor indicates the position of the first double bond relative to and including the methyl
end. Inserting a double bond in a saturated fatty acid reduces its melting point. For this
reason fats (e.g. butter) containing a predominance of saturated fatty acids are usually
solid at room temperature while oils (e.g. soybean oil) containing a predominance of
polyunsaturated fatty acids are liquid at room temperature. The position of the unsatu-
rated bonds in mono- and polyunsaturated fatty acids has a profound influence on their
health effects and nutritional properties. The position of the first double bond relative
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Common name: stearic acid ~Chemical name: octadecanoic acid
Fatty acid notation: C18:0
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HIIC C C C C C C C C C C C—C—C—C—C—C—C\/
I o0
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//O
/\/\/\/\/\/\/\/\/C\ CH3(CH2)16COOH
CH; OH
Common name: oleic acid Chemical name: A%-octadecenoic acid
Fatty acid notation: C18:1n-9, or C18:1®9, or C18:1A°
HHHHHHHH HHHHHHH 0

HCCCCCCCCCCACCCCCCCC\

HHHHHHHHHHHHHHHHH OH
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CH;(CH,);CH=CH(CH,),COOH

Common name: linoleic acid Chemical name: A*!2-octadecadienoic acid
Fatty acid notation: C18:2n-6, or C18:2w6, or C18:2A%:12
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Common name: linolenic acid Chemical name: A%!215-octadecatrienoic acid
Fatty acid notation: C18:3n-3, or C18:3®3, or C18:3A%12.15
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Fig. 3.2 Names and structures of some common fatty acids.
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to the methyl end indicates the ‘family’ to which the unsaturated fatty acid belongs.
Polyunsaturated fatty acids, in which the first double bond is three carbon atoms from
the methyl end of the carbon chain, are called n — 3 or w3 fatty acids and those in which
the first double bond is next to the sixth carbon atom are n — 6 or w6 fatty acids. The
third important family is the n — 9 or w9 group in which the first double bond is next
to the ninth carbon atom from the methyl end. Fatty acids are sometimes referred to as
short (i.e. fewer than 8 carbons), medium (812 carbons), or long (14 or more carbons)
chain fatty acids. A list of the fatty acids of nutritional interest is given in Table 3.1.

Table 3.1 Fatty acid names and occurrence

Common name Nomenclature Occurrence

Saturated

Acetic 2:0 Vinegar

Butyric 4:0 Butter fat

Caproic 6:0

Caprylic 8:0 Palm kernel oil

Capric 10:0 Butter fat, coconut oil

Lauric 12:0 Coconut oil

Myristic 14:0 Butter fat, coconut oil

Palmitic 16:0 Most plant and animal fats

Stearic 18:0 Most plant and animal fats

Arachidic 20:0 Peanuts

Behenic 22:0 Small amount in animal fats

Lignoceric 24:0 Plant cutin

Monounsaturated

Palmitoleic 16: 107 Fish and animal fats

Oleic 18: 109 All plant and animal fats

cis-Vaccenic 18:1w7 Small amounts in animal fats

Eicosenoic 20:1w9 Rapeseed and animal fats

Gadoleic 20:1Tw11 Fish oils

Erucic 22:1w9 Rapeseed, animal tissue

Cetoleic 22:1w13 Fish oils

Nervonic 24:1w9 Animal tissue (brain)

Hexacosenoic 26: 109 Minute amounts in animal tissues

Polyunsaturated

Linoleic (LO) 18:2wb Plant oils: cottonseed, sunflower, soybean,
corn, safflower

a-Linolenic (LN) 18:3w3 Plant oils: soybean, mustard, walnut, linseed

y-Linolenic (GLA) 18:3wb Plant oils: evening primrose, borrage,
blackcurrant

Dihomo-y-linolenic acid (DGLA)  20:3w6 Small amounts in animal tissues

Arachidonic (AA) 20:4wb Small amounts in animal tissues

Adrenic 22 :4wb Small amounts in animal tissues

Eicosapentaenoic acid (EPA) 20:5w3 Fish, fish oils

Docosapentaenoic (DPA) 22:5w3 Fish, fish oils, animal tissues (brain)

Docosahexaenoic (DHA) 22 :6w3 Fish, fish oils, animal tissues (brain)
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A single triglyceride molecule may contain either three identical fatty acids or more
frequently a combination of different fatty acids. It is important to appreciate that while
one fatty acid, or class of fatty acids (e.g. saturated), might predominate in a particular
food, most foods contain a wide range of fatty acids. Occasionally in naturally occur-
ring glycerides, only one or two fatty acids are attached to a glycerol molecule. These
are called monoacylglycerols (monoglycerides) and diacylglycerols (diglycerides). The
major food sources of fatty acids and sources of triglycerides that contain them are
shown in Table 3.2, and the detailed fatty acid composition of some fats and oils is given
in Table 3.3.

3.1.2 Phospholipids

Phospholipids comprise a relatively small proportion of total dietary lipid. The four
major phospholipids comprise a diglyceride in which the third position of the glyc-
erol molecule is occupied by a phosphoric acid residue to which one of four different
base groups is attached (choline, inositol, serine, or ethanolamine). Along with sphin-
gomyelin these four phospholipids comprise more than 95% of phospholipids found
in the body and in foods. The structure of the most abundant phospholipid in nature,
phosphatidyl-choline (also known as lecithin), is shown in Fig. 3.3. Phospholipids occur
in virtually all animal and vegetable foods; liver, eggs, peanuts, soybeans and wheat-
germ are very rich sources. The base group endows the phospholipid with a polar
region soluble in water while the fatty acids constitute a non-polar region, insoluble in
water. This amphipathic nature—having both polar and non-polar characteristics—of
the phospholipid enables it to act at the interface between aqueous and lipid media so
they make excellent emulsifying agents. The structural integrity of all cell membranes
and lipoproteins is dependent, among other factors, on the amphipathic nature of the
constituent phospholipids. Phospholipids are also an important source of essential fatty
acids.
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/ Fig. 3.3 Structure of

Choline phosphatidylcholine.
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Table 3.2 Fat and cholesterol content of some common foods

Food item Common Total fat (g) SFA(g) MFA(g) PFA(g) Chol (mg)
serving size i _
per 100 g edible portion
Trim milk* 1 cup (260 g) 0.4 0.3 0.1 0.0 4
Yoghurt 1 carton (150 g) 2.4 1.5 0.6 0.1 8
Cottage cheese % cup (1209) 3.5 2.2 0.9 0.1 9
Whole milk 1 cup (2609) 4.0 2.4 1.1 0.1 12
Ice cream 1 cup (1439) 10.8 6.5 2.3 0.3 30
Cheddar cheese 1x2cmcube(22g) 352 22.3 8.4 0.8 107
Cream 1 thsp (159) 40.0 24.9 10.1 1.3 104
Wholemeal toast 1 slice (22 g) 1.7 0.4 0.4 0.6 1
Toasted muesli 1cup(1109) 16.6 7.7 5.0 2.9 0
Egg 1 medium (49 g) 11.6 3.4 4.6 1.2 412
Baked potato 1 potato (90 g) 0.2 0.0 0.0 0.1 0
Potato crisps 1 packet (50g) 33.4 14.3 13.8 3.8 1
Cauliflower 1 stem + flower (90g) 0.2 0.0 0.0 0.1 0
Lentils % cup (1009) 0.5 0.1 0.1 0.2 0
Peanuts % cup (509) 49.0 9.2 23.4 13.9 0
Cashew nuts 18 cashews (28 g) 51.0 8.3 25.4 15.1 0
Sole 1 fillet (51 g) 1.2 0.3 0.4 0.3 53
Mackerel 1 fillet (89 g) 2.9 0.8 0.8 0.9 53
Salmon (tinned) % cup (1209) 8.2 2.0 3.1 2.1 90
Sausage 1 serving (79 g) 25.2 11.3 10.8 1.2 48
Beef blade steak (lean) 1 steak (216g) 5.0 2.2 1.9 0.2 60
Beef mince % cup (1309) 13.8 5.7 5.4 0.5 68
Chicken breast 1 breast (192 g) 5.5 1.7 2.5 0.6 66
(lean, no skin)
Fried chicken 1 wing (37 9) 28.4 8.7 13.4 2.7 116
Pork loin steak (lean) 1 fillet (98 g) 2.3 0.9 0.9 0.2 68
Lamb midloin chop 1 chop (509) 5.7 2.5 2.0 0.2 66
Pizza 1 slice (57 g) 10.5 4.5 3.3 1.8 13
Hamburger 1 burger (204 g) 15.6 5.7 5.4 2.4 22
Muesli bar 1 bar (32 9) 19.4 9.1 7.2 1.9 1
Biscuit 1 biscuit (12 g) 30.0 19.2 6.2 1.2 98
Salad dressing 1 thsp (16 9) 48.3 7.0 1.1 28.1 0
Palm oil 1 thsp (14 9) 98.7 447 411 8.2 0
Olive ol 1 thsp (14 9) 99.6 16.6 65.3 11.8 0
Sunflower seed oil 1 tbsp (14 g) 99.7 1.7 21.1 61.9 0

* Trim milk is fat-reduced (0.4%) with added skim milk solids.

SFA, saturated fatty acids; MFA, monounsaturated fatty acids; PFS, polyunsaturated fatty acids; Chol, cholesterol.

Source: New Zealand Food Composition Database (OCNZ95). Palmerston North: Crop and Food Research Institute.
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Table 3.3 Fatty acid composition of plant and animal fats

2 e 2 9 2 2 o o S a4 3 3 & 2 2 a3
Fooditem =+ © ® = o =z © = 2 ® 2 2 g 2 & & 8 A8

Percentage of total acids
Plant fats
Olive —_ = = = = — 12 2 1 72 1N 1 _- - = = = -
Palm _ = = — 0 1 42 4 0 43 8 0 — - - — — —
Canola — = = = - — 5 1 2 5% 24 0 — — — — — —
Safflower — — @ — - -  — 8 3 0 13 76 1T - = - = - —
Sunflower — — — — — 0 6 6 0 33 53 0 — = - = - —
Avocado —_ - - — — 12 — 3 75 9 o 0 —_ = - = =
Soybean - — — — 0 0 10 4 0 25 52 7 — — — — — —
Coconut — — 8 7 48 16 9 2 — 7 2 - - - - - — —
Animal fats
Butter 4 2 1 3 3N 28 16 1 26 1 2 - - = = = —
Beef _ = = - — 3 28 13 7 43 2 1 1 _ = = = -
Chicken —_ = = = = 1 27 7 7 41 14 1 1 - = - = -
Lamb _ = = = — 6 25 22 1 40 3 3 - - - - — —
Pork —_ = = = = 2 27 13 4 4 8 1 1 _- = = - —
Salmon —_ = = = = 5 19 4 6 23 1 1 1 8 11 8 5 3
Trout _ = = = — 2 37 13 5 17 1 — — 3 1 2 2 2

Source: New Zealand Food Composition Database (OCNZ88).

3.1.3 Sterols

Sterols are also built up from carbon, hydrogen, and oxygen, but in these lipid com-
pounds, unlike triacylglycerols and phospholipids, the carbon, hydrogen, and oxygen
atoms are arranged in a series of four rings with a range of side chains. Cholesterol
is the principal sterol of animal tissues and is found only in animal foods, especially
eggs, meat, dairy products, fish, and poultry. Cholesterol in food often has a fatty acid
attached to it so it is cholesterol ester (Fig. 3.4). Approximate quantities of cholesterol
in some common foods are given in Table 3.2. The major sterols of plants (group name
phytosterols) are B-sitosterol, campesterol and stigmasterol. Cholesterol plays an impor-
tant structural role in membranes and lipoproteins, and functions as the precursor of

bile a

Fig. 3.

cids, steroid hormones, and vitamin D.
CH CH
N N
CH3 CH3 CH3 CH3
CH3 CH3
CH3 CH3
HO fatty acid _Ié -0
Cholesterol Cholesterol ester

4 Structure of cholesterol and cholesterol ester.
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3.1.4 Other constituents of dietary fat

Dietary fats may also contain small quantities of other lipids including fatty alco-
hols, gangliosides, sulphatides, and cerebrosides as well as vitamin E (tocopherols,
tocotrienols), carotenoids (a- and B-carotene, lycopene, and xanthophylls) and vitamins
A and D (see Chapters 11 and 14).

3.2 Dietary fats altered during food processing

The food industry incorporates fats and oils into margarines, biscuits, cakes, chocolates,
pies, sauces and other manufactured food products. In addition to using naturally
occurring lipids, food manufacturers use fats and oils which have been altered by the
process of hydrogenation, adding hydrogen atoms to the double bonds in mono- or
polyunsaturated fatty acids in order to increase the degree of saturation of the fatty
acids in the oil (i.e. reduce the number of double bonds) and consequently increase
the melting point of the fat. Through this process a polyunsaturated oil which is liquid
can be converted into a fat that is solid at room temperature. Hydrogenation of oils
is used by manufactures to produce a fat consistency appropriate to the texture of
the desired food. Margarines usually contain hydrogenated fats. Hydrogenation also
changes the configuration of some of the remaining double bonds from the natural cis-
configuration to a trans-configuration. Cis mono- and polyunsaturated fatty acids have
the two hydrogen atoms attached to the carbons on the same side of the double bond
and the molecule bends at the double bond. In trans-fatty acids the hydrogens are placed
on opposite sides of the double bond and the molecule stays straight at the double bond
(Fig. 3.5). Trans-unsaturated fatty acids behave biologically like saturated rather than
like cis-unsaturated fatty acids. The bulk of trans-fatty acids in hydrogenated fats are
monounsaturated (elaidic acid, C18: 1n-9 trans, is the trans, equivalent of oleic acid).

CH3 CH3
cH ot
Il I
C\H H C
COOH COOH

Fig. 3.5 Structure of a cis and )
a trans monounsaturated Oleic acid Elaidic acid

fatty acid. (C18:1n-9 cis) (C18:1n-9 trans)
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Small quantities of trans-fatty acids are found naturally in fats from ruminant animals
(e.g. cow and sheep) but most of the dietary intake of trans-fatty acids is derived from
margarine and other manufactured foods containing hydrogenated fats. Unfortunately,
food tables do not routinely contain information about the relative proportions of cis-
and trans-fatty acids so it is not possible at present to quantify the precise proportions of
these different forms of unsaturated fatty acids. Trans-fatty acids have in the past made
up 5-10% of fatty acids in soft margarines and are now being reduced by manufacturers.
Many soft margarines are now free of trans-fatty acids whereas hard margarines contain
up to 40-50% of fatty acids in the trans-form.

3.3 Digestion, absorption, and transport
3.3.1 Digestion (Fig. 3.6)

Triglycerides must be hydrolyzed to fatty acids and monoglycerides before they are
absorbed. In children and adults, the process starts in the stomach where the churning
action helps to create an emulsion. Fat entering the intestine is mixed with bile and
further emulsified so that lipids are reduced to small bile acid-coated droplets which
disperse in aqueous solutions and provide a sufficiently large surface area for the diges-
tive enzymes to act. Bile acids facilitate the process of emulsification because they are
amphipathic. Lipase enzymes secreted by the pancreas split by hydrolysis each triglyc-
eride molecule, removing the two outer fatty acids, which can be absorbed with the
remaining monoglyceride. Some monoglyceride (20%) is rearranged so that the lipase
enzymes remove the third fatty acid. Phospholipids are hydrolyzed by a phospholipase
and cholesterol ester by cholesterol ester hydrolase. In the newborn, the pancreatic
secretion of lipases is low and fat digestion is augmented by lingual lipase secreted from
the glands of the tongue and by a lipase present in human milk. The products of lipid
digestion, along with other minor dietary lipids, such as fat-soluble vitamins, coalesce
with bile acids into microscopic aggregates known as mixed micelles.

3.3.2 Absorption (Fig. 3.6)

Glycerol and fatty acids with a chain length of less than 12 carbon atoms can enter the
portal vein system directly by diffusing across the enterocytes (cells lining the wall of the
small intestine). On the other hand, monoglycerides, fatty acids, cholesterol, lysophos-
pholipids, and other dietary lipids diffuse from the mixed micelles into the enterocytes
of the small intestine where they are re-synthesized into triglycerides, phospholipids and
cholesterol esters in preparation for their incorporation into chylomicrons. In general,
absorption is efficient, with greater than 95% of dietary lipid absorbed (triglycerides,
phospholipids, and fat-soluble vitamins). Cholesterol, other sterols and f-carotene are
only partially absorbed (less than 30%).

Diseases which impair the secretion of bile (e.g. obstruction of the bile duct), reduce
secretion of lipase enzymes from the pancreas (e.g. pancreatitis or cystic fibrosis), or
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Fig. 3.6 Digestion and absorption of dietary lipids. (1) Dietary lipid leaves the stomach and
enters the upper region of the small intestine where bile acids, released from the gallbladder,
surround and coat droplets of fat to form emulsion particles. The emulsion particles provide the
surface area for the pancreatic enzymes to degrade the dietary lipids. (2) Phospholipase A;
(PLA;) breaks down each phospholipid (PL) into a free fatty acid (FFA) and a lyso-phospholipid
(LPL). (3) Pancreatic lipase (PLps) converts triglyceride (TG) into a monoglyceride (MG) and two
free fatty acids. (4) Cholesterol esterase (CEtrs) splits cholesterol ester (CE) into free cholesterol
(Chol) and a free fatty acid. (5) The products of lipid digestion coalesce with bile acids into
mixed micelles. (6) The mixed micelles move close to the mucosal cell surface where the lipids
diffuse down a concentration gradient into the mucosal cells. (7) Bile acids are not absorbed.
(8) Short- and medium-chain fatty acids move immediately into the portal circulation where
they are transported in the blood bound to albumin. (9) To maintain the concentration gradient
necessary for lipid diffusion the breakdown products of lipid digestion are resynthesized into
their parent lipids. (10) The lipids are combined with apolipoproteins, synthesized in the
mucosal cells, to form chylomicrons. (11) Chylomicrons leave the mucosal cell via the lymphatic
vessels.

damage the cell lining of the small intestine (e.g. coeliac disease) can lead to severe
malabsorption of fat. Under such circumstances, medium-chain triglycerides can be
better tolerated and are often used as part of the dietary treatment.
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3.3.3 Lipid transport (Fig. 3.7)

Since lipids are not soluble in water, it is necessary for them to be associated with specific
proteins, the apolipoproteins, to make water-miscible complexes. Free fatty acids make
up only about 2% of total plasma lipid and are transported in the blood as complexes

Diet Small Muscle and adipose tissue

intestine
Chylomicron
remnant

Chylomicron

Fat

HDL GC,CE,PL

>E @ Apo”C,E
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LDL-rec

Fatty

/) TG
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Il cE+ Chol
1
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Fig. 3.7 Lipid transport and lipoprotein metabolism. (1) Chylomicrons transport recently
ingested fats into the blood. (2) Upon entering the blood chylomicrons pick up

apolipoproteins C and E (apo C, E) from high-density lipoprotein (HDL). (3) Apolipoprotein C
activates lipoprotein lipase (LL) on the walls of the capillaries causing triglyceride to be broken
down to glycerol and three fatty acids. The fatty acids are taken up primarily by adipose and
muscle tissue. (4) During breakdown of triglyceride (TG) some cholesterol (C), cholesterol ester
(CE), and phospholipid (PL) along with apo C and E pinch off to form HDL. (5) Following
degradation of 70--80% of the chylomicron’s TG, the resulting chylomicron remnant binds to
receptors on the liver cells and is removed from the circulation. (6) Lipids synthesized in the liver
and those delivered to the liver by chylomicron remnants are packaged into very low-density
lipoproteins (VLDL) and secreted into the blood. (7) VLDL picks up apo C and E from HDL. (8) LL,
activated by apo C, breaks down VLDL TG and the fatty acids are transferred to peripheral tissue
(mainly muscle and adipose) resulting in the formation of intermediate-density lipoprotein (IDL).
(9) Nearly all of the TG is removed from IDL producing a cholesterol-rich LDL. (10) Cholesterol is
delivered to the tissue when LDL binds to LDL-receptors (LDL-rec) and is taken up into the
tissues. (11) Cholesterol ester transfer protein redistributes cholesterol esters from HDL to VLDL,
IDL, and LDL.
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Fig. 3.8 Structure of a plasma lipoprotein.

with albumin. The remainder of lipid in the plasma is carried as lipoprotein complexes
(lipid + protein = lipoprotein). The structure of a lipoprotein is given in Fig. 3.8.
They consist of a core of neutral lipid (triglyceride and cholesterol esters) surrounded
by a single surface layer of polar lipid (phospholipid and cholesterol). Coiled chains of
apolipoproteins extend over the surface. There are five classes of lipoproteins which are
identified according to their density (Table 3.4) and five major groups of apolipoproteins
(apo A, apo B, apo C, apo D, and apo E) which play important roles in determining the
functions of the lipoproteins. Each has distinct physiological roles (Table 3.5) and when
present in inappropriate amounts (too high or too low) has different adverse health
consequences.

Chylomicrons transport lipids of dietary origin so they consist predominantly of
triglycerides. Chylomicrons are abundant in the blood after eating food, particularly
fatty food, but are scarce in fasting blood. The fatty acid composition of the lipids in
chylomicrons is largely determined by the composition of the meal just eaten. Chylomi-
crons leave the enterocytes of the small intestine and enter the bloodstream via lymph
vessels. The enzyme lipoprotein lipase, located on the walls of capillary blood vessels,
hydrolyzes the triglycerides allowing the free fatty acids to move into muscle or heart
tissue where they can be used for energy, or into adipose tissue where they can be stored.
During its short life in the circulation (15-30 min), more than 90% of the triglyceride
in the chylomicron is removed. The resulting chylomicron remnant is cleared from the
circulation by the liver. The fat-soluble vitamins (A, D, E, and K) are delivered to the
liver as part of the chylomicron remnant.
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Table 3.4 Composition of human plasma lipoproteins

Class Density Composition  Percentage of total Major
(weight %) lipid (weight %) apoproteins

Protein Lipid TAG PL CE Chol FFA

Chylomicrons? < 0.95 2 98 88 8 3 1 — Al AlV,
B-48, Cs &
E from HDL
Very low-density 0.95-1.006 10 90 56 20 15 8 1 B-100,GCs &
lipoprotein, (VLDL)? E from HDL
Intermediate-density ~ 1.006-1.019 11 89 29 26 34 9 1 B-100, E
lipoprotein (IDL)¢
Low-density 1.019-1.063 21 79 13 28 48 10 1 B-100
lipoprotein (LDL)¢
Lipoprotein(a) (LP@@))* 1.05-1.12 31 69 10 29 48 11 1 B-100, apo(a)
High-density 1.063-1.125 33 68 16 43 31 10 —  As, Gs, E
lipoprotein (HDL,)?
High density 1.125-1.210 57 43 13 46 29 6 6 As, Cs, E

lipoprotein (HDL3)b’C
Albumin® >1.281 99 1 — S — 100  Albumin

@ Orgin: intestine.
b Orgin: liver.
¢ Orgin: very low-density lipoprotein.

TAG, triacylglycerol (triglyceride); PL, phospholipid; CE, cholesterol ester, Chol, cholesterol; FFA, free fatty acids.

Very low-density lipoproteins (VLDL) are large triglyceride-rich particles made in the
liver. They function as a vehicle for delivery of fatty acids to the heart, muscles and
adipose tissue, lipoprotein lipase again being needed for their liberation. Lipoprotein
lipase in the heart has a much stronger affinity for triglyceride than that in the adipose
tissue or muscle so when triglyceride concentration is low, triglyceride is preferentially
taken up by heart tissue. Following removal of much of the triglyceride from VLDL the
remaining remnant particles are intermediate-density lipoproteins (IDL) which are the
precursors of low density lipoprotein.

Low-density lipoprotein (LDL) is the end product of VLDL metabolism and its lipid
consists largely of cholesterol ester and cholesterol. Its surface has only one type of
apolipoprotein, apo B100. LDL carries about 70% of all cholesterol in the plasma. LDL
is taken up by the liver and other tissues by LDL receptors.
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Table 3.5 Functions of human plasma lipoproteins

Class Function
Chylomicrons® Transports dietary lipids from intestine to peripheral tissues
and liver

Very low-density lipoprotein (VLDL)P Transports lipids from liver to peripheral tissues

Intermediate-density lipoprotein (IDL)¢  Precursor of LDL

Low-density lipoprotein (LDL)? transports cholesterol to peripheral tissues and liver

Lipoprotein(a) (LP@a))P ?

High-density lipoprotein (HDL;)? Removes cholesterol from tissues and transfers it to the

High-density lipoprotein (HDL3)P liver or other lipoproteins

AlbuminP Transports free fatty acids from adipose tissue to peripheral
tissues

@ QOrgin: intestine.
b Orgin: liver.

¢ Orgin: very low-density lipoprotein.

High-density lipoprotein (HDL)  is synthesized and secreted both by the liver and intes-
tine. A major function of HDL is to transfer apolipoprotein C and E to chylomicrons so
that lipoprotein lipase can break down the triglycerides in the lipoproteins. HDL also
plays a key role in the reverse transport of cholesterol (i.e. the transfer of cholesterol
back from the tissues to the liver). HDL can be divided into two subfractions of different
densities: HDL, and HDL;.

Lipoprotein (a), (Lp(a)) is a complex of LDL with apolipoprotein (a).

3.3.4 Nutritional determinants of lipid and
lipoprotein levels in blood

The fact that plasma lipid and lipoprotein levels are important predictors of coronary
heart disease risk (discussed in Chapter 18) has led to a great deal of research into
nutritional and other lifestyle factors which interact with genetic factors to determine
their concentration in the blood (Table 3.6).

The chylomicron count and the fatty acid composition of chylomicron lipid are prin-
cipally determined by the amount and type of fat eaten in the preceding meal. VLDL
levels tend to be low in lean individuals and those who have regular physical activity.
Obesity and an excessive intake of alcohol are associated with higher than average VLDL
levels. An increased intake of carbohydrate is generally associated with an increase in
VLDL as a result of increased hepatic synthesis of triglycerides, although adaptation may
occur if the high carbohydrate intake is sustained over a prolonged period. Populations
with habitual high carbohydrate intakes (e.g. Asians or Africans consuming their tradi-
tional diets) do not have particularly high plasma VLDL concentrations. Consumption
of eicosapentaenoic (20 : 5w3) and docosahexaenoic (22 : 6w3) acids as fish or fish oils,
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Table 3.6 Nutritional determinants of lipoprotein levels
Nutritional factor VLDL LDL HDL Comments
Obesity t 0 {
Saturated fat
Lauric (12:0) — 0 4
Myristic (14 :0) — 1 4
Palmitic (16:0) — 1
Stearic (18:0) — — —
Monounsaturated fat
Oleic (18: 1cis) — { 4
Elaidic (18 : 1trans) — " 1
Polyunsaturated fat (»6) HDL may | if 18:2w6 is >10% of total energy
Linoleic (18: 2w6) - I 1)
Polyunsaturated fat (»3) 4 in LDL if initial LDL is high
a-Linolenic (18:3w3) s (@) )

Eicosapentaenoic (20:5w3) || 1) ) | in HDL if fed in large quantities
Docosahexaenoic (22 :6w3) || m W

4, |, increase or decrease; 11, ||, appreciable increase or decrease; VLDL, very low density lipoproteins; LDL,
low-density lipoproteins; HDL, high-density lipoproteins.

lowers plasma VLDL levels. In routine clinical work plasma triglyceride rather than
VLDL is measured since the bulk of triglyceride levels in blood taken from fasting
(10-12h) individuals tend to parallel levels of VLDL.

Levels of LDL and total plasma cholesterol are determined by an interaction of genetic
factors and dietary characteristics. High intakes of saturated fatty acids, especially
myristic and palmitic acids, and trans-fatty acids (e.g. elaidic acid) are associated with
raised LDL-cholesterol, while high intakes of linoleic acid, the major polyunsaturated
acid in foods, as well as cis-monounsaturated fatty acids, tend to reduce cholesterol levels.
The precise mechanism has not been established but high intakes of saturated fatty acids
appear to decrease the removal of plasma LDL by LDL-receptors whereas mono- and
polyunsaturated fatty acids are associated with increased LDL-receptor activity. Dietary
cholesterol seems to be an important determinant of plasma total and LDL-cholesterol
only when a high proportion of dietary lipid is saturated fatty acids (greater than 15% of
energy) and cholesterol intake exceeds 300 mg/day. It is less clear whether dietary choles-
terol is of great importance over the relatively low range of intakes now seen in many
countries and when saturated fatty acid intake is reduced. Plant sterols (e.g. B-sitosterol)
are very poorly absorbed and interfere with the absorption of cholesterol. This property
of plant sterols has been utilized by incorporating them into margarines. Consumption
of these margarines (25 g/day containing roughly 2 g plant sterols) can lower plasma
total and LDL-cholesterol concentrations.

The ability of soluble forms of dietary fibre to reduce total and LDL-cholesterol is
small by comparison with the effect of altering the nature of dietary fat. Dietary protein
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may also influence plasma lipids and lipoproteins: in particular soybean protein has
some cholesterol-lowering properties. Vegetarians have lower levels of total and LDL-
cholesterol in general than non-vegetarians but it is not clear which characteristic of the
vegetarian diet principally accounts for this effect.

Dietary factors do not have much effect on HDL-cholesterol concentration. However,
HDL-cholesterol can be slightly reduced by very high intakes of polyunsaturated fatty
acids (e.g. when the dietary polyunsaturated fat: saturated fat ratio is greater than 1), or
by increasing carbohydrate from more usual levels consumed (less than 45% of energy)
in affluent societies to 60% or more of total energy, or by increasing trans-unsaturated
fatty acids. The HDL-lowering effect of a high carbohydrate diet may be reduced or
prevented if the carbohydrate is high in soluble forms of non-starch polysaccharide. HDL
levels tend to be raised by diets relatively high in dietary cholesterol and saturated fatty
acids, although this potentially beneficial effect is offset by the larger increases in LDL-
cholesterol caused by such diets. Increasing cis-forms of monounsaturated fatty acids
appears to be a dietary means of maintaining HDL levels when reducing saturated fat
consumption. Most dietary studies have not included measurements of the subfractions
of HDL. HDL-cholesterol is raised in people who take substantial amounts of alcohol
(see Chapter 6).

3.4 Essentials of lipid metabolism
3.4.1 Biosynthesis of fatty acids

Saturated and monounsaturated fatty acids can be synthesized in the body from carbo-
hydrate and protein. This process of lipogenesis occurs especially in a well-fed person
whose diet contains a high proportion of carbohydrate in the presence of an adequate
energy intake. Insulin stimulates the biosynthesis of fatty acids. Lipogenesis is reduced
during energy restriction or when the diet is high in fat. Unsaturated fatty acids may be
further elongated or desaturated by various enzyme systems (Fig 3.9).

3.4.2 Essential fatty acids

Essential fatty acids are those that cannot be synthesized in the body and must be
supplied in the diet to avoid deficiency symptoms. They include members of the w6
(linoleic acid) and w3 (a-linolenic acid) families of fatty acids. When the diet is defi-
cient in linoleic acid, the most abundant unsaturated fatty acid in tissue, oleic acid, is
desaturated and elongated to eicosatrienoic acid (20 : 3w9) which is normally present in
trace amounts. Increased plasma levels of this 20 : 3w9 suggest a deficiency of essential
fatty acids. Essential fatty acid deficiency is rare except in those with severe, untreated fat
malabsorption or those suffering from famine. Symptoms include dry, cracked, scaly,
and bleeding skin, excessive thirst due to high water loss from the skin, and impaired
liver function resulting from the accumulation of lipid in the liver (i.e. fatty liver).
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Fig. 3.9 Desaturation and elongation of polyunsaturated fatty acids.

Linoleic acid and a-linolenic acid are not only required for the structural integrity
of all cell membranes, they are also elongated and desaturated into longer chain,
more polyunsaturated fatty acids that are the precursors to a group of hormone-like
eicosanoid compounds, prostaglandins, and leukotrienes (see Section 3.4.4). Linoleic
acid (18:2w6) is converted to arachidonic acid (20:4w6) while a-linolenic acid
(18:3w3) is converted to eicosapentaenoic (20:5w3) and docosahexaenoic (22:6w3)
acids. A high ratio of linolenic to a-linolenic acid in the diet tends to reduce
the amount of a-linolenic acid converted to eicosapentaenoic and docosahexaenoic
acids.

There is some question as to whether the arachidonic, eicosapentaenoic, and
docosahexaenoic acids incorporated into the body’s tissues come predominantly from
endogenous desaturation and elongation of dietary essential fatty acids or are obtained
from the diet as preformed fatty acids. Whatever the answer, the body appears to have
a capacity to desaturate and elongate essential fatty acids because individuals following
strict vegan diets (no animal foods) ingest plenty of linoleic and a-linolenic acids but
only negligible amounts of arachidonic, eicosapentaenoic, and docosahexaenoic acids,
yet have normal levels of these latter fatty acids in their blood.

47



48 | ESSENTIALS OF HUMAN NUTRITION

3.4.3 Membrane structure

Unsaturated fatty acids in membrane lipids play an important role in maintaining
fluidity. The critically important metabolic functions of membranes such as nutrient
transport, receptor function, and ion channels are affected by interactions between
proteins and lipids. For example, the phosphoinositide cycle which determines the
responses of many cells to hormones, neurotransmitters, and cell growth factors and
which controls processes of cell division, is influenced by the proportion of w6—w3 fatty
acids.

3.4.4 Eicosanoids

Eicosanoids are biologically active, oxygenated metabolites of arachidonic acid, eicos-
apentaenoic acid (EPA), or dihomo-y-linolenic acid (C20:3w6). They are produced
in virtually all cells in the body, act locally, have short life spans, and act as
modulators of numerous physiological processes including reproduction, blood
pressure, haemostasis, and inflammation. Eicosanoids are further categorized into
prostaglandins/thromboxanes and leukotrienes which are produced via the cyclooxy-
genase and lipoxygenase pathways, respectively (Fig 3.10). Considerable recent interest
has centred around the cardiovascular effects of eicosanoids, in particular the role
they play in thrombosis (i.e. vessel blockage). Thromboxane A, (TxA;), synthesized
in platelets from arachidonic acid, stimulates vasoconstriction and platelet aggregation
(i.e. clumping) while prostacyclin I, (PGI,), produced from arachidonic acid in the
endothelial cells of the vessel wall, has the opposing effects of stimulating vasodilation
and inhibiting platelet aggregation. The balance of these two counteracting eicosanoids
helps to determine the overall thrombotic tendency.

Research, initially based on the observation that the Inuit (Eskimo) people of
Greenland have very low rates of coronary heart disease, led to the demonstration
that a high dietary intake of EPA (usually in fish oil) can profoundly influence the
balance of thromboxanes and prostacyclins. Such diets lead to the substitution of EPA
for arachidonic acid in platelet membranes. Production of TxA, decreases, not only
because of lower levels of platelet arachidonic acid, but also because the increased levels
of EPA in platelets inhibit the conversion of arachidonic acid to TxA;. On the other
hand, PGI, production in the endothelial cells is only slightly reduced and there is
a sharp rise in the production of PGI; from EPA which has equal vasodilatory and
platelet-inhibiting properties. The overall changes in eicosanoid production contribute
to reduce thrombotic risk.

Leukotrienes are believed to be important in several diseases involving inflammatory
or hypersensitivity reactions including asthma, eczema, and rheumatoid arthritis. The
effect of EPA consumption on leukotriene synthesis is to shift production from the
more inflammatory 4 series leukotrienes, synthesized from arachidonic acid, to the less
inflammatory 5 series leukotrienes synthesized from EPA. This metabolic effect helps to
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Fig. 3.10 Formation of eicosanoids. (1) Dihomo-y-linolenic acid (DGLA), arachidonic acid (AA),
and eicosapentaenoic (EPA) acid, obtained ready-made in the diet or via desaturation and
elongation of their respective parent w6 (linolenic acid) or w3 (linolenic acid) essential fatty
acids, are incorporated into the phospholipids of cell membranes. (2) When cells are stimulated
by hormones or activating substances, phospholipase enzymes release DGLA, AA, and EPA into
the interior of the cell. (3) Once released from the cell membranes DGLA, AA, and EPA can be
converted via the cyclooxygenase pathway (CO) into prostaglandins (PG) and thromboxanes (Tx)
of the 1, 2, and 3 series, respectively; (4) or via the lipoxygenase pathway (LO) to leukotrienes
(LT) of the 3,4, and 5 series, respectively. (5) In platelets, AA is converted primarily to the 2 series
thromboxane (TxA;) which stimulates platelet clumping and increases blood pressure. (6) In the
endothelial cells lining arterial vessels, AA is converted into the 2 series prostacylin (PGl,) which
counters the action TxA; by inhibiting platelet clumping and decreasing blood pressure.

explain the improvements in some of the clinical symptoms experienced by rheumatoid
arthritis sufferers who consume significant quantities of fish (i.e. EPA).

3.4.5 Effects of fatty acids on other metabolic processes

Fatty acids influence a range of other metabolic processes that have been less well
studied in humans. Hydrolysis of some phospholipids results in the formation of biolog-
ically active compounds such as the platelet-activating agent (PAF) from 1-alkyl,2-acyl
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phosphatidylcholine. Different polyunsaturated fatty acids in the precursor phospho-
lipid can modify PAF formation. w3-Fatty acids influence the production of cytokines,
including the interleukins and tumour necrosis factors, which are involved in reg-
ulation of the immune system. An exciting area of current research is the study of
the effects of fatty acids on the expression of genes encoding for enzymes that are
involved in lipid metabolism, as well as the expression of genes involved in cell growth
regulation.

3.4.6 Oxidation of fatty acids

Those fatty acids not incorporated into tissues or used for synthesis of eicosanoids are
oxidized for energy. Oxidation of fatty acids occurs in the mitochondria of cells and
involves a multiple step process by which the fatty acid is gradually broken down to
molecules of acetyl CoA, which are available to enter the tricarboxylic acid cycle and so
to generate energy. The rate of oxidation of fatty acids is highest at times of low energy
intake and particularly during starvation. As the acetyl CoA splits off, ATP (adenosine
triphosphate) is generated which is also a source of energy. Fatty acids of different
chain lengths and degrees of saturation are oxidized via slightly different pathways
but the ultimate purpose of each is the production of acetyl CoA and the generation
of energy. Ketone bodies are produced during times of particularly rapid fatty acid
oxidation during the process of ketogenesis. An absolute insulin deficiency such as is
seen in severe uncontrolled insulin-dependent diabetes results in a very high rate of
production of ketones and acidosis results because of accumulation of acetoacetic and
p-OH butyric acids. In healthy individuals with a functioning pancreas, the ingestion
of glucose stimulates insulin secretion and thereby prevents or abolishes ketosis. This
can be achieved by as little as 50—100 g of glucose daily. In the normal fasting individual
a modest increase in level of ketone bodies stimulates insulin secretion. The insulin
inhibits further ketogenesis and enhances peripheral ketone body use so that ketone
body levels do not rise above 6-8 mol/l. (In severe diabetes levels may be twice as high
as this.) In prolonged starvation there is further ketone body formation and a moderate
degree of ketosis may result. However, ketoacidosis does not occur in the absence of
insulin deficiency.

3.4.7 Lipid storage

Energy intake in excess of requirements is converted to fat for storage. Stored fat in
adipose tissue provides the human body with a source of energy when energy sup-
plies are not immediately available from ingested carbohydrate, fat or glycogen stores.
Triacylglycerols are the main storage form of lipids and most stored lipids are found in
adipose tissue. The lipid is stored as single droplets in cells called adipocytes which can
expand as more fat needs to be stored. Most of the lipid in adipose tissue is derived from
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dietary lipid and the stored lipid reflects the composition of dietary fat. The triacylglyc-
erol stores of adipose tissue are not static but are continually undergoing lipolysis and
re-esterification.

3.4.8 Cholesterol synthesis and excretion

Cholesterol is present in tissues and in plasma lipoproteins as free cholesterol or com-
bined with a fatty acid as cholesterol ester. About half the cholesterol in the body comes
from synthesis and the remainder from the diet. It is synthesized in the body from acetyl
CoA via a long metabolic pathway. Cholesterol synthesis is regulated near the begin-
ning of the pathway, in the liver by the dietary cholesterol delivered by chylomicron
remnants. In the tissues, a cholesterol balance is maintained between factors causing a
gain of cholesterol (synthesis, uptake into cells, hydrolysis of stored cholesterol esters)
and factors causing loss of cholesterol (steroid hormone synthesis, cholesterol ester for-
mation, bile acid synthesis, and reverse transport via HDL). The specific binding sites
and receptors for LDL play a crucial role in cholesterol balance since they constitute the
principal means by which LDL-cholesterol enters the cells. These receptors are defective
in familial hypercholesterolaemia (Chapter 18.1.4). Excess cholesterol is excreted from
the liver in the bile either unchanged as cholesterol or converted to bile salts. A large
proportion of the bile salts that are excreted from the liver into the gastrointestinal tract
are absorbed back into the portal circulation and returned to the liver as part of the
enterohepatic circulation, but some pass on to the colon and are excreted as faecal bile
acids.

3.5 Health effects of dietary lipids

Most fatty acids can be made in the body, except for the essential fatty acids (EFA),
linoleic and a-linolenic acids, which must be obtained from the diet (see Section 3.4.2).
The fact that specific deficiencies resulting from inadequate intakes of EFAs are very
rare in adults, even in African and Asian countries where total dietary fat can provide
as little as 10% total energy, suggests that the minimum requirement is low. Among
adults, EFA deficiency has only been reported when linoleic acid (18 : 2w6) intakes are
less than 2—5 g/day or less than 1-2% of total energy. Most adult Western diets provide
at least 10 g/day of EFA and healthy people have a substantial reserve in adipose tissues.
Clinical manifestations of a-linolenic acid deficiency are rare in humans.

Among adults in Western countries the major health issues concerning intake of fat
centre around the role of excessive dietary fat in coronary heart disease (Chapter 18),
obesity (Chapter 16) and certain cancers (Chapter 19). There is concern too regarding
the optimal balance of w3 to w6 fatty acids with regard to risk of thrombosis and
consequent coronary heart disease risk as well as the effect this balance may have on
inflammatory and immunological responses.
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Human milk provides 6% of total energy as essential fatty acids (linoleic acid and
a-linolenic acids); it also contains small amounts of longer chain more polyunsaturated
fatty acids such as arachidonic acid, ARA (C20 : 4w6) and docosahexaenoic acid, DHA
(C22: 6w3). Commercial baby milk formulas contain comparable amounts of essential
fatty acids but only a few brands—in some countries—contain ARA and DHA. Infants
fed exclusively with formula without ARA and DHA have lower levels of these fatty acids
in their plasma and red blood cells in comparison to breast-fed infants. In premature
infants, these reduced levels of DHA may be associated with impaired and delayed visual
development (the retina and brain have high contents of DHA).

Concern has been expressed that the desire to reduce total fat intake by some health
conscious parents in affluent societies might result in a diet high in complex carbohy-
drate and dietary fibre and containing insufficient energy for growth and development
in childhood. These wide-ranging issues need to be taken into account when making
nutritional and dietary recommendations.

3.6 Recommendations concerning fat intake
3.6.1 Minimum desirable intakes

In adults, it is necessary to ensure that dietary intake is adequate to meet energy needs
and meet the requirements for EFAs and fat-soluble vitamins. Adequate intakes are
particularly important during pregnancy and lactation. Thus, for most adults, dietary
fat should provide at least 15% total energy, and 20% for women of reproductive age.
British recommendations suggest that at least 1% of total daily energy should be derived
from linoleic acid and 0.2% energy from a-linolenic acid. This level is rather arbitrary
and is based on the amounts required to cure EFA deficiency. In view of the divergent
and often opposing effects of the various eicosanoids derived from w3 and w6 fatty
acids, other recommendations have concentrated on the balance of the fatty acids in the
diet. It has been suggested that the ratio of linoleic to a-linolenic should be between
5:1and 10:1 (the range in human milk) and that those eating diets with a ratio greater
than 10: 1 should be encouraged to eat more w3 rich food such as green leafy vegetables,
legumes and fish. Particular attention must be paid to promoting adequate maternal
intakes of EFAs throughout pregnancy and lactation to meet the needs of the fetus and
young infant in laying down lipids in their growing brains (which have high contents of
DHA and arachidonic acids).

For infants and young children, the amount and type of dietary fat are equally impor-
tant. Breast milk fulfils all requirements (50-60% energy as fat, with appropriate balance
of nutrients) and during weaning it is important to ensure that dietary fat intake does
not fall too rapidly. At least until the age of two years, a child’s diet should contain
about 40% of energy from fat and provide similar levels of EFAs to breast milk. Infant
formulas with ARA and DHA added in proportions similar to those found in breast
milk are available in Australia, New Zealand, and some European and Asian countries.
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It is necessary to also take into account associated substances, in particular several
vitamins and antioxidants. These are considered in other chapters. In particular, vita-
min E (Chapter 13) in edible oils is required to stabilize the unsaturated fatty acids.
Foods high in polyunsaturated fatty acids should contain at least 0.6 mg a-tocopherol
equivalents per gram of polyunsaturated fatty acids. In countries where vitamin A defi-
ciency is a public health problem, the use of red palm oil should be encouraged wherever
it is available.

3.6.2 Upper limits of fat and oil intakes

In most Western countries, dietary recommendations concerning fat intake have focused
primarily around desirable upper limits of intake. The strongest reason for reduc-
ing intake of total fat from the typical Western intake of 35-40% total energy is the
widespread problem of obesity and the expectation that reducing fat intake to 30%
or less of total energy will help to reduce the near epidemic proportions of this prob-
lem (Chapter 16). Reducing total fat may also reduce the frequency of some cancers
(Chapter 19), but the evidence here is more tenuous and it may also be that the extent of
fat reduction required to reduce cancer risk (to around 20% total energy) is unlikely to
be achievable in most Western countries in the foreseeable future. The case for reducing
intake of saturated fatty acids in the expectation of reducing coronary heart disease rates
is very strong. The debate concerning the acceptable upper limits of intake are likely to
continue into the future. The use of high fat convenience foods is increasing in many
countries and powerful vested commercial interests are involved. From a pragmatic
point of view it seems appropriate for nutritional advice to focus on an appreciable
reduction of saturated fatty acids. This should facilitate a reduction in total fat intake.
These issues are discussed in some detail in Chapter 18.
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Chapter 4

Protein

Alan Jackson

4.1 Normal growth and the maintenance of health

To maintain normal weight, function and health in adults and growth in childhood
requires a constant intake of oxygen, water, energy and nutrients. In adults, this intake is
matched by an equivalent loss of elements as carbon dioxide, water and solutes in urine,
or solids in stool. In this way balance is achieved and body weight and composition are
maintained relatively constant over long periods of time. In childhood, there is positive
balance associated with the net deposition of new tissue. If intake is less than that needed
for normal function then there is loss of weight and function is compromised to a point
where it eventually impairs health; in childhood, growth is curtailed or stops.

Proteins are fundamental structural and functional elements within every cell and
undergo extensive metabolic interaction. This widespread metabolic interaction is inti-
mately linked to the metabolism of energy and other nutrients. Following water, protein
and fat are the next most abundant chemical compounds in the body in normal health.
All cells and tissues contain proteins. For an adult man who weighs 70 kg, about 16%
will be protein (i.e. about 11kg). A large proportion of this will be muscle, 43%, with
substantial proportions being present in skin, 15%, and blood 16%. Half of the total is
present in only four proteins; collagen, haemoglobin, myosin and actin, with collagen
comprising about 25% of the overall total. Proteins fulfill a range of functions and the
amount of protein does not, of itself, provide any indication of the importance or rele-
vance of the function. Indeed, some of the most important functionally active proteins
might only comprise a small proportion of the total present (e.g. peptide hormones
such as insulin, growth factors, or cytokines). The biochemical activity of proteins is an
attribute of their individual structure, shape and size. This in turn is determined by the
sequence of amino acids within polypeptide chains, the characteristics of the individ-
ual amino acids (size, charge, hydrophobicity or hydrophilicity) and the environment
which together determine the primary, secondary and tertiary structure of the protein.
The tertiary structure of the protein determines the nature of the biochemical reactions
in which the protein will engage.

Proteins taken in the diet are broken down in the upper gastrointestinal tract to
amino acids in the processes of digestion and absorption. Absorbed amino acids con-
tribute to the amino acid pool of the body, from which all proteins are synthesized.
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Fig. 4.1(A) There is a dynamic interchange of protein, amino acids and nitrogen in the body
which conceptually takes place through an amino acid pool. Amino acids are added to the pool
from the degradation of body proteins and also from dietary protein, following digestion and
absorption. There is the continuous breakdown of amino acids, with energy being made
available when the carbon skeleton is oxidized to water and CO,. The amino group goes to the
formation of urea. Although urea is an end-product of mammalian metabolism, a significant
proportion of the nitrogen is salvaged for further metabolic interaction following hydrolysis of
urea by the flora resident in the colon.
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Fig. 4.1(B) The quantitative relations of these exchanges in normal adults expressed as grams of
(amino) nitrogen (N) per day.

The proteins of the body exist in a ‘dynamic state’ as they are constantly turning over
through the processes of protein synthesis and degradation (Fig. 4.1). On average the
rates of synthesis and degradation are similar in adults, so that the amount of protein
in the body remains more or less constant over long periods of time. During growth,
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Box 4.1 The pattern of amino acids which form proteins
give them very different shapes, chemical and physical
properties, thereby enabling them to carry out a wide range
of functions within the body

Structural

Body: skeleton and supporting tissues, skin and epithelia

Tissue:  connective tissues and ground substance

Cell: cellular architecture

Protective

Barrier: non-specific defences/turnover keratins skin, tears, mucin
Inflammation: acute phase response

Immune response:  cellular and humoral

Transport/Communication

Plasma proteins: albumin, transferrin, apolipoproteins

Hormones: insulin, glucagon, growth hormone

Cell membrane and receptors: intracellular communications/second messenger

Enzymic

Extracellular: digestive, clotting; haemoglobin and O,, CO, transport;
acid base

Metabolic pathways:  glycolysis, protein synthesis, citric acid cycle, urea cycle

protein synthesis exceeds protein degradation, so there is net deposition of protein. The
process of turnover is obvious for some proteins (e.g. enzymes, skin or mucosa, digestive
juices), but is also true for plasma proteins such as albumin or y-globulins, and even
structural proteins such as muscle and bone. There are many hundreds of proteins in
the body, each of which is formed and degraded at a characteristic rate, which may vary
from minutes to days or even months. Each protein fulfils a specific function, which
might either be structural, protective, enzymatic, involved in transport or an aspect of
cellular communication (Box 4.1).

4.2 Protein status of the body

There is no single way in which the protein status of an individual can be determined.
Different approaches will provide information on different aspects. The amount of
protein contained in the body cannot be measured directly during life. However, most
of the nitrogen in the body is present as amino acids in protein, and most protein is
present as lean tissue. The nitrogen content of the body can be determined by in vivo
neutron activation analysis.
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On the assumption that the protein content of tissues remains fairly constant, the
determination of the lean body mass (which approximates the fat free mass), will also
give an index of the total protein content (see Chapter 25). Indirect measures of lean
body mass include assessment of total body water, total body potassium, underwater
weighing or fat fold thickness. Organ and tissue size can be determined by imaging tech-
niques. Muscle mass and changes in muscle content in clinical situations can be assessed
from the urinary excretion of creatinine or the girth of limbs, such as the mid-upper
arm circumference or thigh circumference. The determination of the concentration
of amino acids in plasma or the albumin concentration have been used as indirect
indices of body protein status. However, each of these can be difficult to interpret (see
below).

The assessment of the function of the metabolically active tissues has been used as an
index of protein status (e.g. muscle function tests, liver function tests, tests of immune
function). The content of the body is not static, and therefore measurements of the
rates at which proteins are formed and degraded in the body and the rate at which
nitrogen flows to the end-products of metabolism provide one important approach
to determining the mechanisms through which nitrogen equilibrium is maintained in
health, positive balance achieved during growth, or negative balance brought about
during wasting conditions.

4.3 Proteins, amino acids and other nitrogen-containing
compounds

The structure and function of all proteins is related to the amino acid composition;
the number and order of linkages, folding, intra-chain linkages, and the interaction
with other groups to induce chemical change (e.g. phosphorylation/dephosphorylation,
oxidation and reduction of sulphydryl group). The amino acids are linked in chains
through peptide bonds. The structure of individual amino acids and the patterns of
their linkages give the unique properties to an individual protein. Proteins may have
critical requirements for either a tight or loose association with micronutrients and
this is particularly likely for enzymes which might require the presence of co-factors or
prosthetic groups in close association with the active centres.

For each protein the amino acid composition is characteristic. For a protein to be
synthesized requires that all the amino acids needed are available at the point of synthe-
sis. If one amino acid is in short supply, this will limit the process of protein synthesis;
such an amino acid is defined as the ‘limiting amino acid’. There is no dietary require-
ment for protein per se, but dietary protein is important for the individual amino acids
it contains. There are 20 amino acids required for protein synthesis and these are all
‘metabolically essential’ (Box 4.2). Of the 20 amino acids found in protein, eight have
to be provided preformed in the diet for adults and are identified as being ‘indispens-
able’ or ‘essential’ (lysine, threonine, methionine, phenylalanine, tryptophan, leucine,
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Box 4.2 There are 20 amino acids which are found as the
constituents of proteins. All are ‘essential’ for metabolism,
but not all have to be provided preformed in the diet,
because they can be made in sufficient amounts from other
metabolic precursors. If the situation arises where the
formation in the body is not adequate to satisfy the metabolic
needs, the amino acids become conditionally essential

Indispensable Conditionally Dispensable
(essential) indispensable (essential) (non-essential)
amino acids amino acids amino acids
Leucine (Leu) Glutamic acid (Glu)
Isoleucine (Ile) Alanine (Ala)
Valine (Val) Aspartic acid (Asp)
Phenylalanine (Phe) Tyrosine (Tyr)
Threonine (Thr) Glycine (Gly)

Serine (Ser)
Methionine (Met) Cysteine (Cys)
Tryptophan (Trp)

Lysine (Lys)
Arginine (Arg)
Glutamine (Gln)
Asparagine (Asn)
Proline (Pro)
Histidine (His)

isoleucine, valine). The other amino acids do not have to be provided preformed in
the diet, provided that they can be formed in the body from appropriate precursors in
adequate amounts and are identified as being ‘dispensable’ or ‘non-essential’. The non-
essential amino acids are not necessarily of lesser biological importance. They have to be
synthesized in adequate amounts endogenously. Their provision in the diet appears to
spare additional quantities of other (essential) amino acids or sources of nitrogen which
would be required for their synthesis. In early childhood a number of amino acids,
which are not essential in adults cannot be formed in adequate amounts, either because
the demand is high, the pathways for their formation are not matured or the rate of
endogenous formation is not adequate or some combination. These amino acids have
been identified as being conditionally essential, because of the limited ability of their
endogenous formation relative to the magnitude of the demand (arginine, histidine,
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Box 4.3 Amino acids are the precursors for many other
metabolic intermediates and products with structural and
functional roles

Product/Function Examples

Nucleotides Formation of DNA, RNA, ATP, NAD

Energy transduction ATP, NAD, creatine

Neurotransmitters Serotonin, adrenaline, noradrenaline, acetylcholine
Membrane structures Head groups of phospholipids: choline, ethanolamine
Porphyrin Haem compounds, cytochromes

Cellular replication Polyamines

Fat digestion Taurine, glycine conjugated bile acids

Fat metabolism Carnitine

Hormones Thyroid, pituitary hormones

cysteine, glycine, tyrosine, glutamine, proline). There may be disease situations during
adult life whereby for one reason or another a particular amino acid, or group of amino
acids, becomes conditionally essential.

Although most of the amino acids are found in proteins, some amino acids also have
metabolic activities which are not directly related to the formation of proteins, or act
as the precursors for other important metabolically active compounds (Box 4.3). Not
all amino acids are found in proteins and there are metabolically important amino
acids which play no direct part in the formation of proteins (e.g. citrulline). There is
a relatively small pool of free amino acids in all tissues. This is the pool from which
amino acids for protein formation are derived and to which amino acids coming from
protein degradation contribute; therefore, the amino acid pools have a very high rate of
turnover.

There are many other nitrogen-containing compounds which are neither proteins,
polypeptides nor amino acids.

4.4 Dietary proteins, the amino acid pool and
the dynamic state of body proteins

Before proteins taken in the diet can be utilized, they have to be broken down to the
constituent amino acids through digestion. The catalytic breaking of the peptide bond
is achieved through enzymes, which act initially in the acid environment of the stomach
and the process is completed in the alkaline environment of the small intestine. A series
of proteolytic enzymes selectively attack specific bonds (Table 4.1). The products of
digestion are presented for absorption as individual amino acids, dipeptides or small
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Table 4.1 Human protein digestion

Organ Activation Enzyme Substrate Product

Stomach  pH <4 Pepsin Whole protein Very large polypeptides
with C-terminal tyr, phe,
trp, also leu, glu, gin

Pancreas  pH 7.5 Endopeptidases Bonds within
enterokinase peptide chain
secreted by
small intestinal
mucosa
Trypsin Peptides Peptide with basic
amino acid at
C-terminal, arg, lys
Chymotrypsin Peptides Peptide with
neutral amino
acid at C-terminal

Exopeptidases C-terminal bonds
Carboxypeptidase  Successive amino ~ Amino acids
acids at
carboxyterminal
Aminopeptidase Successive amino  Amino acids
acids at

amino terminal

Note: Enzymes that digest proteins are secreted as inactive precursors (e.g. pepsinogen, trypsinogen,
chymotrypsinogen, etc.) and are activated under appropriate conditions by the removal of a small peptide from the
parent molecule.

oligopeptides. Absorption takes place in the small intestine as an energy-dependent
process through specific transporters. There is evidence for the absorption of small
amounts of intact protein, which is unlikely to be of great nutritional significance but
may be of potential importance in the development of allergies. The extent of absorption
of whole proteins is not clear, nor whether this can take place through intact bowel, or
requires mucosal lesions.

The absorptive capacity of the bowel for amino acids has to be greatly in excess of the
dietary intake, because there is a considerable net daily secretion of proteins into the
bowel. This protein is contained in secretions associated with digestion and the enzymes
contained therein, mucins and sloughed cells. The amount varies, but estimates suggest
aminimum of 70 g protein/day, and possibly up to 200-300 g protein/day. The amounts
are thus at least as great as the dietary intake. Dietary amino acids mix with and are
diluted by endogenous amino acids. There is further dilution of the dietary intake
as the amino acids are taken up into the circulation and distributed to cells around
the body.
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4.5 Protein turnover

When dietary amino acids are labelled with either stable or radioactive isotopes, their
fate in the body can be determined. As a matter of course there is retention of the
labelled amino acids in the body, and the labelled amino acids can be recovered from
the proteins of most tissues. This approach can be used as the basis for measuring
the rate at which body proteins are synthesized and degraded. The relative rates of
protein synthesis and degradation determine the overall nitrogen balance. For nitrogen
balance to be achieved the rates of protein synthesis and protein degradation have
to be equal. If synthesis exceeds degradation then nitrogen balance is positive and if
degradation exceeds synthesis nitrogen balance is negative. The achievement of balance
itself provides no information on the absolute rates of either process because overall
balance is determined by the relative rates of synthesis and degradation. As shown in
Fig. 4.2, negative nitrogen balance can result from a range of patterns of change in
synthesis and degradation. As factors which act on or control synthesis are different
from those affecting degradation, interventions which are designed to modify balance,
or improve growth might act on one or the other process. On average, about 50% of
protein synthesis takes place in the visceral tissues, with liver predominating (25%), and
50% takes place in the carcass, with muscle predominating (25%). The mass of liver
is much less than the mass of muscle, so the intensity of turnover in liver (fractional
turnover, 100%/day) is much greater than that in muscle (fractional turnover, 18%/day).

450 —
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300

g protein/day

2501

200

150
Fig. 4.2 Proteins in the body are constantly turning over (i.e. they are being synthesized
and degraded). The net amount of protein is determined by the relative rates of synthesis and
degradation, not the absolute rate. When the rate of protein synthesis (OJ) is equal to the rate
of protein degradation (M) there is no change in the amount of protein (first column). Loss of
protein and negative nitrogen balance will result when the relative rate of protein degradation
exceeds the rate of protein synthesis. The five columns to the right show that this might be
achieved either through a decrease in protein synthesis, an increase in protein degradation or any
combination of the two, at either high or low absolute rates of protein synthesis and degradation.
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4.6 Protein synthesis and degradation

The dynamic state of proteins, constantly being synthesized and constantly being
degraded, represents a major and fundamental aspect of the metabolic function of the
body. Protein synthesis is an intracellular event and the amounts and pattern of proteins
being formed in a cell at any time is determined by the factors which control genomic
expression, the translation of the message and the control exerted upon the activity
of the synthetic machinery on ribosomes. Protein degradation is also an intracellular
event and is thought to take place through three major pathways, the calcium-protease,
ATP-ubiquitin, or lysosomal pathways.

In normal adults about 4 g protein/kg body weight are synthesized each day; about
300 g protein/day in men and 250 g protein/day in women. In newborn infants the rate
is about 12 g protein/kg, falling to about 6 g/kg by one year of age. Basal metabolic rate is
closely related to the size, shape and body composition of an individual and the same is
true for protein synthesis. In adults in a steady state, protein synthesis is matched by an
equivalent rate of protein degradation, but in infancy and childhood, protein synthesis
exceeds protein degradation because of the net tissue and protein deposition associated
with growth.

Dietary intake and the metabolic behaviour of the body show a diurnal rhythmicity.
Food is normally ingested during the daytime. There is a diurnal pattern of nitrogen
excretion in urine, which is more marked on higher protein intakes, with increased
excretion during daytime and reduced losses during the night. On average, over a 24-h
period, nitrogen equilibrium is maintained. However, as intake exceeds losses during
the day and losses exceed intake during the night, there is a diurnal pattern of nitrogen
balance, which is positive during the day and negative during the night. It is likely that
nitrogen is retained in a number of forms during the day. There is evidence that protein
deposition is most marked in the gastrointestinal tract, liver and other visceral tissues
with lesser deposition in muscle. There are equivalent losses of these relatively labile
pools of protein during the night. In situations of fasting or longer-term undernutri-
tion, the early losses of protein appear to be from the liver and gastrointestinal tract, but
after a short time the majority of the losses are borne by peripheral tissues such as muscle
and skin.

Despite the diurnal swings in protein turnover, the effect of protein intake on the
average whole body protein synthesis is relatively modest, provided the intake exceeds the
minimal dietary requirement. Below the minimal dietary requirement, about 0.6 g/kg
per day, there is a relative fall in protein synthesis during the fed period.

4.7 Energy cost of protein turnover

Both protein synthesis and protein degradation consume energy, 4kJ/g of protein
of average composition. Protein degradation takes place through ATP-dependent
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pathways, which are both lysosomal and non-lysosomal. At the level of the whole body
the biochemical cost of peptide bond formation for protein synthesis is estimated to be
about 15-20% of the resting energy expenditure. There are additional energy costs to
the body if protein turnover is to be sustained, as processes such as transport of amino
acids into cells require energy, etc. If the full energy costs of maintaining the system are
included, then the physiological cost is probably in the region of 33% of resting energy
expenditure.

There is a general interaction between the intake of dietary energy and nitrogen
balance. Thus, although nitrogen balance and protein synthesis appear to be protected
functions, modest increase in energy intake leads to positive nitrogen balance, and
decreasing energy intake results in a transient negative nitrogen balance. In general,
there is about 2 mg nitrogen retained or lost for a change in energy intake of 4 kJ
(1 keal).

In childhood, growth and net tissue deposition is a normal feature. During adulthood,
the demands for net tissue formation occurs under three important circumstances: in
women during pregnancy or lactation, or during recovery from some wasting condition.

4.8 Growth

Growth consists of a complex of processes and changes in the body. There is an increase
in stature and size and the proportions of the individual tissues change resulting in
changes in the composition of the body. These changes are related to the physiologi-
cal maturation of function which is an orderly series of changes in time. Maturation
of function underlies development in general and mental or intellectual development
in particular. The orderly sequence of neurological maturation is directly linked into
more complex behavioural changes which under normal circumstances involve social
interaction and the development of patterns of behaviour that are identified as social
development.

At the level of cells and tissues growth can be characterized as either an increase in
the number of cells (hyperplasia), or an increase in the size of cells (hypertrophy) or
a combination of the two processes (mixed hypertrophy and hyperplasia), which then
leads to differentiation and specialization of function.

Net protein deposition is required for growth to take place so protein synthesis must
exceed protein degradation. There is an increase in protein synthesis, but there is
also an increase in protein degradation, so that overall about 1.5-2.0g protein are
synthesized for every 1g of net deposition. The apparent inefficiency of the system
might be accounted for by:

1. ameasure of flexibility to allow remodelling;
2. transcriptional and translational errors; and

3. wear and tear on the protein synthetic machinery.
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4.9 Linear growth

Linear growth is a function of the growth and development of the long bones, the depo-
sition of a collagenous matrix (protein) within which the deposition of bone mineral
crystals can take place. Ultimate adult height is determined by the genetic make up of an
individual, but at every stage of development there are factors which might operate to
limit the extent to which this potential is achieved. Following an illness or deprivation
there may be recovery in height gain when the adverse influence is removed, but there
may be a loss of some of the capacity for achieving the full genetic potential.

The hormones, insulin, thyroid hormone, growth hormone and insulin-like growth
factors (IGFs) have all been shown to modulate linear growth within physiological
ranges. Calcification of bones is directly related to vitamin D hormones, parathormone
and osteocalcin.

An adequate intake of energy is an absolute requirement for growth, but is not of itself
sufficient to achieve optimal growth in height: an adequate intake of protein and other
nutrients is also required. Human and animal studies have identified a specific need
for dietary protein, which is thought to have a direct effect upon IGFs. Balance studies
indicate the need for adequate calcium, phosphorus, zinc and other micronutrients.

Adverse influences, such as infection, inflammation, psychological and social fac-
tors might act either directly, or indirectly through nutritional effects. Activity
is an important positive factor for the healthy development and calcification of
bones.

Stunting, or linear growth retardation, is the major nutritional problem across the
globe affecting the socially and economically disadvantaged within and between soci-
eties. There is clear evidence that stunted individuals have a higher death rate from
a variety of causes and increased number of illnesses. Stunted individuals have below
average physical work performance and impaired mental and intellectual function.

4.10 Protein turnover in muscle and its control

Muscle contains a large proportion of the protein in the body. Considerable interest has
been shown in the growth of muscle which is commercially important for the livestock
industry. Muscle is one tissue most affected by wasting, and being relatively accessible
has been the subject of more detailed study in vivo in humans than any other tissue. The
rate of muscle tissue deposition is determined by hormones, the availability of energy
and nutrients, and muscle activity (stretch).

Protein turnover in muscle is responsive to the hormonal state. Adrenal corticosteroids
produce a decrease in synthesis and an increase in degradation. Insulin and growth
hormone have an overall anabolic (tissue-building) effect, mainly through stimulating
protein synthesis. Thyroid hormones increase protein synthesis and degradation. At
normal physiological levels they have a greater effect on synthesis than on degradation
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and thus exert a net anabolic effect. At hyperthyroid levels the increase in degradation
exceeds the increase in synthesis, hence an overall catabolic effect. -Adrenergic anabolic
agents such as clenbuterol promote muscle growth by decreasing protein degradation.

People on bed-rest go into negative nitrogen balance and lose weight through wasting
of muscle. Activity is required to maintain muscle mass and the pull of contracting
muscles on bone serves to promote bone growth. Mechanical signals exert an effect
on cellular function through direct effect on the intracellular cytoskeleton, through
activated ion channels and through second messenger signal transduction processes.
Prostaglandins have a direct effect on muscle protein synthesis and degradation, with
PGF,, stimulating synthesis and PGE, stimulating degradation. The activity of phos-
pholipase A, (PLA;) makes arachidonic acid available for the synthesis of PGF,,
(blocked by indomethacin). The activity of PLA; is enhanced by stretch (activation
of calcium) or insulin (cyclic AMP), and inhibited by glucocorticoids. Lipopolysaccha-
ride exerts an influence on the release of arachidonic acid under the action of PLA,,
with the formation of PGE,, which increases protein degradation through increased
proteolysis within the lysosomes.

Stress, trauma or surgery all induce a negative nitrogen balance in rats and humans.
In wasted individuals or people on a low protein diet, a catabolic response, with negative
nitrogen balance may not be evident. Those who do not show the response are more
likely to die, giving the impression that the negative response is purposive and that
under these circumstances the catabolic response is more important than conserving
body protein.

4.11 Injury and trauma

Injury and trauma are characterized by an inflammatory, or acute-phase response. This
is a co-ordinated metabolic response by the body which appears to be designed to limit
damage, remove foreign material and repair damaged tissue. Under the influence of
cytokines there is a shift in the pattern of protein synthesis and degradation. Substrate
from endogenous sources is made available to support the activity of the immune system.
In muscle, protein synthesis falls and protein degradation might increase, resulting in
net loss of protein from muscle with wasting. The amino acids made available by muscle
wasting provide substrate for protein synthesis in liver and the immune system. In
the liver there is a shift in the pattern of proteins synthesized, with a reduction in the
formation of the usual secretory proteins, albumin, transferrin, retinol binding protein,
etc., and an increase in the formation of the acute-phase reactants, C-reactive protein,
o -acid glycoprotein, a;-macroglobulin, etc. In combination with a loss of appetite, the
changes in protein turnover in liver and muscle result in a negative nitrogen balance.
There is usually an increase in protein degradation overall, and the intensity of the
increase is determined by the magnitude of the trauma. Protein losses range from
5 g/day (or less) with uncomplicated elective surgery to more than 70 g/day with burn
injury at the upper end of the scale. The dietary intake appears to have an important
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influence upon the extent to which protein synthesis can be maintained and hence
the magnitude of the negative nitrogen balance and the severity of the consequent
wasting.

4.12 Amino acids

The habitual dietary intake of about 80 g protein/day in adults is only about a quarter
of the protein being formed in the body each day. The minimal dietary requirement
for protein, about 35 g protein in adult men, is approximately one-tenth of the protein
being formed in the body each day.

The pattern and amounts of amino acids required to support protein synthesis is
determined by the amount and pattern of proteins being formed. Although it has
been presumed that the overall pattern is dominated by proteins of mixed composition
similar to that seen in muscle, this is not necessarily true for all situations, especially
some pathological states. For example, the amino acid pattern of collagen is rich in
glycine and proline, but poor in leucine and the branched-chain amino acids. During
growth, where the demands for collagen formation are increased, the balance of amino
acids needed is therefore likely to be shifted towards the collagen pattern. During an
inflammatory response increased synthesis occurs of the antioxidant glutathione and
the zinc-binding protein metallothionein, which are particularly rich in cysteine. In
animals with fur, the need for extensive keratin formation places a heavy demand upon
sulphur-containing amino acids. The demand for the most appropriate pattern of amino
acids can vary with different situations. The nature of the demand may change from
one time to another, being determined by the physiological state: such as pregnancy,
lactation or growth: or the pathological state, such as infection, the response to trauma
or any other reason for an acute-phase response.

4.13 Amino acid turnover

The amino acid pool is the precursor pool from which all amino acids are drawn for
protein synthesis and other special pathways. It is helpful to identify the pool for each
amino acid individually and to consider the general factors which are of importance
(see Fig. 4.3). For any amino acid there are three inflows to the pool and three outflows.
The flows from the pool to protein synthesis and other metabolic pathways represent
the metabolic demand for the amino acid. Flow to amino acid oxidation is determined
either by the need to use amino acids as a source of energy, or as a degradative pathway
for amino acids in excess of what can be used effectively at the time.

This demand has to be satisfied from:

1. amino acids coming from protein degradation; or
2. de novo synthesis of amino acids; or

3. dietary amino acids.
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INFLOW OUTFLOW

Amino acid pool oxidation

dietary intake ——»
de novo synthesis —3» FLUX —— other pathways

protein degradation — 3. ——> protein synthesis

Fig. 4.3 The dynamic turnover of any amino acid in the body can be characterized by a model
in which there is a single pool of an amino acid. Inflows to the pool are from three potential
sources, protein degradation, the diet and de novo synthesis. There are three outflows from the
pool, to protein synthesis, other metabolic pathways and to oxidation with the breakdown of
the amino acid.

First, it might be expected that in a steady state amino acids coming from protein
would represent a perfect fit for the proteins which are being synthesized and hence there
should be no general need for amino acids to be added to the system. However, this is
not so. The amino acids released from protein degradation are different from those used
in protein synthesis, because some amino acids are altered during the time they are part
of a polypeptide chain. For example, amino acids might be methylated or carboxylated.
These post-translational modifications relate to the structure and function of the mature
protein. Lysine as part of a protein might be methylated to trimethyl-lysine. When the
protein is degraded, the released trimethyl lysine is of no value in future protein synthesis,
but it can act as a metabolic precursor for the synthesis of carnitine. Carnitine plays a
fundamental role in fatty acid metabolism (Chapter 3). The endogenous formation
of carnitine facilitates fatty acid oxidation and limits the need for a dietary source of
carnitine, but an additional source of lysine is still needed for protein synthesis to
be maintained. As lysine is an indispensable amino acid, and cannot be synthesized
endogenously, lysine has to be obtained preformed from the diet.

4.14 Amino acid formation and oxidation

The de novo synthesis of an amino acid requires that its carbon skeleton can be made
available from endogenous sources and this skeleton can then have an amino group
effectively added in the right position. The sulphur moiety also has to be added for the
sulphur amino acids. In mammalian metabolism there are some amino acids which
are readily formed from other metabolic intermediates, for example transaminating
amino acids: alanine, glutamic and aspartic acid derived from intermediates of the citric
acid cycle, a-ketoglutarate, pyruvate, oxaloacetate. These amino acids are important in
the movement of amino groups around the body and also in gluconeogenesis (e.g. the
glucose—alanine cycle between the liver and the periphery), or renal gluconeogenesis
from glutamine during fasting. Some dispensable amino acids derive directly from
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Fig. 4.4 The methionine cycle. Methionine has to be provided in the diet and like other amino
acids is required for protein synthesis. In addition, it has a number of other important functions.
Apart from acting as a signal for protein synthesis it is the precursor for cysteine and other
reactions in which methyl groups are made available to metabolism. In donating its methyl
group, methionine forms homocysteine which can be reformed to methionine using a single
carbon group, derived either from serine or betaine (a breakdown product of choline).
Homocysteine is a branch point in metabolism as it also has another important fate, the
formation of cysteine and taurine. In these pathways the sulphydryl group is transferred to the
carbon skeleton of serine. Thus, serine is used for the further metabolism of homocysteine,
down either pathway. Increased amounts of homocysteine in the circulation are associated with
increased risk of cardiovascular disease.

an indispensable amino acid (e.g. tyrosine from phenylalanine), and the endogenous
formation of the amino acid is determined by the availability of the indispensable
amino acid. Methionine and cysteine are amino acids which contain a sulphydryl group,
with considerable chemical activity. Although methionine can be formed in the body
from homocysteine, this is part of a cycle (methionine cycle) which generates methyl
groups for metabolism and in which there is no net gain of methionine (Fig. 4.4).
Homocysteine, has an alternative metabolic fate, towards the formation of cysteine.
In this pathway the sulphydryl group derived from methionine is made available to a
molecule of serine with the formation of cysteine: the carbon skeleton derived from
methionine is subsequently oxidized. Cysteine is the precursor for taurine which, with
glycine, is required for the formation of bile salts from bile acids. Thus, cysteine can
be formed in the body provided there is sufficient methionine and serine available.
However, the pathway for cysteine formation has not fully matured in the newborn,
making cysteine a conditionally essential amino acid at this time.
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Fig. 4.5 There is a complex system of inter-organ co-operation for many aspects of amino acid
metabolism, and the partitioning of different functions between organs is of critical importance
for effective metabolic control. Arginine is formed in significant amounts in both liver and
kidney, but that formed in the liver goes to urea formation in general, whereas that formed in
the kidney is exported and available for the needs of the rest of the body in, for example, the
generation of nitric oxide. Arginine is formed from citrulline in the kidney, with the citrulline
being derived from the gastrointestinal tract, where its formation is linked to the utilization of
glutamine. Glutamine itself is formed in large amounts in muscle, in part from the breakdown
of the branched-chain amino acids, leucine, isoleucine and valine. The branched-chain amino
acids coming from dietary protein are, as a group, handled in a special way: following
absorption they tend to pass through the liver without being metabolized and are preferentially
taken up by the muscles.

For some amino acids the pathway for their formation appears complex and tortuous
involving a complex pathway shared between a number of tissues. The renal formation
of arginine is an example (Fig. 4.5). Arginine is the precursor of nitric oxide which
has important metabolic functions as a neurotransmitter, in maintaining peripheral
vascular tone and one of several oxidative radicals formed during the oxidative burst
of leucocytes. Arginine is also the direct precursor of urea, the main form in which
nitrogen is excreted from the body. Arginine is formed in two main sites, kidney and
liver. Arginine formed in kidney is available for the rest of the body, whereas arginine
formed in liver is cleaved to urea and ornithine in the urea cycle (Fig. 4.6). In both
locations the arginine is made from citrulline, but whereas in liver the citrulline is gen-
erated locally in the mitochondria, in kidney it is imported. The imported citrulline has
been formed in the gastrointestinal tract, one of the end-products of the oxidation of
glutamine. The glutamine itself has been generated in muscle from the branched-chain
amino acids.
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Fig. 4.6 The urea cycle. Urea is formed in the liver in a cyclical process between the
mitochondrion and the cytosol. A molecule of ornithine and the synthesis of a molecule of
carbamyl phosphate, from ammonia and CO,, is the starting point with the ultimate formation
of arginine which is hydrolysed to reform ornithine and a molecule of urea. The cycle utilizes
three molecules of ATP for each revolution.

During the digestion and absorption of the amino acids taken in protein in a meal,
most of the amino acids are first taken up by liver, but more of the branched-chain amino
acids pass directly through the liver and are taken up preferentially by muscle, where they
give rise to glutamine. This complex pattern of metabolic interchange enables control
to be exerted, and in particular creates a mechanism through which two important
sets of metabolic interaction of arginine are separated and therefore can be controlled
independently.

There are other amino acids, such as glycine, which are required as the building
blocks for more complex compounds in relatively large amounts: haemoglobin and

71



72 | ESSENTIALS OF HUMAN NUTRITION

other porphyrins, creatine, bile salts and glutathione, but the pathways which enable
the formation of large quantities of the amino acid are not clear.

It has generally been considered that the carbon skeleton of the indispensable amino
acids cannot be formed at all in the body. However, the possibility exists that the colonic
bacteria synthesize these amino acids for their own use, and some may be made available
to the host, although in small amounts.

In a number of inborn errors of metabolism, an enzyme involved in the oxidation
of amino acids does not function normally and there is considerable accumulation of
an amino acid or its breakdown products. The extent to which the body can tolerate
an excess for any single amino acid might vary, but sustained, high increased levels of
amino acids in the body almost invariably exert toxic effects. Therefore, the body goes to
some lengths to maintain very low levels. The catabolic pathways for individual amino
acids are active, although the activity may decrease on very low protein intakes. For the
indispensable amino acids in particular, the amount of individual amino acids usually
found in diets is in excess of the normal requirements. This may be the reason why
the body has not selected to maintain the pathways for their formation. The dietary
requirement for the indispensable amino acids determines the minimal physiological
requirement for protein and has been used in the past for defining protein quality,
protein requirements and the recommendations for protein for populations. For the
dispensable amino acids the body is able to tolerate larger amounts of the amino acid, but
also control can be exerted at two levels, the rate of formation and the rate of oxidation,
making toxicity less likely. On a daily basis, for a person in balance an equivalent
amount of protein, or amino acids is oxidized as is taken in the diet. Therefore, for
a person consuming 80 g protein each day, an equivalent 80 g of amino acids will be
oxidized to provide energy with the amino group going to the formation of urea. Thus,
the proportion of total energy derived from protein each day is similar to the relative
contribution of protein to the energy in the diet.

4.15 Nitrogen balance

On average about 16% of protein is nitrogen, and therefore by measuring its nitro-
gen and multiplying by 6.25 the approximate protein content of a food or tissue can
be obtained. Nitrogen balance identifies the overall relationship between the nitrogen
removed from the environment for the body and the nitrogen returned to the environ-
ment. The intake is almost completely dietary, mainly as protein, but also in part as
other nitrogen-containing compounds, such as nucleic acids, and creatine in meat and
vitamins. Nitrogen can be lost from the body through a number of routes, but 85-90%
is lost in urine and 5-10% in stool, with skin and hair or other losses making up the
remainder. Nitrogen is lost as soluble molecules in urine as urea (85%), ammonia (5%),
creatinine (5%), uric acid (2-5%), and traces of individual amino acids or proteins.
There may be large losses of nitrogen through unusual routes in pathological situations
(e.g. through the skin in burns, as haemorrhage or via fistulae).
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The achievement of nitrogen balance in response to a change in either intake or losses
is brought about largely by a change in the rate at which urea is excreted in the urine.
A reduction in the dietary intake of protein is matched by an equivalent reduction in the
urinary excretion in urea, which returns nitrogen equilibrium within three to five days.
Faecal losses of nitrogen on habitual intakes are usually 1-2 g nitrogen/day, or about
one-tenth of the intake. However, faecal nitrogen may increase on diets which are rich
in dietary fibre. There is then a reduction in the excretion of urea in urine equivalent
to the increase in faecal nitrogen. Increased cutaneous loss, through excessive sweating,
exudation or burns, is associated with a proportionate decrease in urinary urea.

In a system that is constantly turning over, the retention of body protein is a necessary
condition for maintaining the integrity of the tissues and tissue protein. Any limitation
in the availability of energy or a specific nutrient will lead to a net loss of tissue, and
to negative nitrogen balance through increased losses of nitrogen. Thus, the major
control over the protein content of the body is established by modifications in the rate
at which nitrogen is lost from the body. Balance is re-established by a change in the rate
of nitrogen excretion, which for most part means a change in the rate at which urea is
excreted. So, it is important to consider the factors which might control or influence the
formation and excretion of urea.

4.16 Urea metabolism and the salvage of urea nitrogen

Urea is formed in the liver in a cyclical process on a molecule of ornithine (Fig. 4.6).
Within the mitochondria carbamyl phosphate, from ammonia and carbon dioxide,
condenses with ornithine to form citrulline. The citrulline passes to the cytosol where a
further amino group is donated from aspartic acids with the eventual formation of argi-
nine (which has three amino groups). It is hydrolysed with the formation of urea and the
regeneration of ornithine. Urea is lost to the body by excretion through the kidney. In
the kidney urea fulfils an important physiological role in helping to generate and main-
tain the concentrating mechanism in the counter-current system of the loops of Henle.
The rate of loss of urea through the kidney is influenced by the activity of the hormone,
vasopressin, on the collecting ducts. On low protein diets, urea is reabsorbed from urine
in the collecting duct of the kidney so nitrogen is potentially retained in the system. Nor-
mally, more urea is formed in the liver than is excreted in the kidney. About one-third
of the urea formed passes to the colon where it is hydrolyzed by the resident microflora.
About one-third of the nitrogen from urea released in this way is returned directly to
urea formation, but the other two-thirds is incorporated into the nitrogen pool of the
body presumably as amino acids. In other words urea-nitrogen has been salvaged.

In situations where the body is trying to economize on nitrogen the proportion
of urea-nitrogen lost in the urine is decreased, and the proportion salvaged through
the colon is increased. This happens when demand for nitrogen for protein synthesis
increases, as in growth, or when the supply of nitrogen is reduced, as on a low protein
diet. In situations of very rapid growth, in early infancy or during catch-up from wasting
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conditions, the salvage of urea-nitrogen may reach very high levels, compared with the
dietary intake. In normal adults increased salvage is seen as the intake falls from habitual
levels of intake (around 75-80 g protein/day) to a protein intake around the minimum
requirement (about 35-40 g/day). On the lower protein intake balance is maintained by
areduction in the rate of urea excretion and an increase in urea-nitrogen salvage. Below
this level of protein intake, nitrogen balance is not maintained, urea excretion increases
and salvage falls. Thus a central part of adapting to low protein diets is an enhancement
of the salvage of urea nitrogen. In this way nitrogen may be retained within the system
in a functionally useful form.

The optimal intake of protein is likely to be that which provides appropriate amounts
of the different amino acids to satisfy the needs of the system. There is no evidence
that the ingestion of large amounts of protein of itself confers any benefit. Indeed, the
system may be stressed by the need to catabolize the excess amino acids which cannot
be directed to synthetic pathways and have to be excreted as end-products. High protein
intakes increase renal blood flow and glomerular filtration rate. In individuals with
compromised renal function this may increase the risk of further renal damage.

The two clinical situations in which control of protein intake and metabolism is of
considerable importance are renal failure and hepatic failure. In hepatic failure, there
is a limitation of the liver’s ability to detoxify ammonia through the formation of urea.
In renal failure the ability to excrete effectively the urea formed is impaired. In each
situation reduction of the intake or modification of metabolism of protein or amino
acids is an important part of treatment.

4.17 The nature of protein in the diet

The majority of foods are made of cellular material and therefore in the natural state
contain protein. Processing of foods may alter the amounts and relative proportions
of some amino acids, for example, the Maillard reaction and browning reduces the
available lysine. The pattern of amino acids in animal cells is similar to the pattern
in human cells and therefore the match for animal protein foods is good. For plant
materials there may be very different patterns of amino acids. This difference has in the
past led to the concept of first and second class proteins, for animal and plant protein
foods respectively. However, diets are hardly ever made up of single foods. In most
diets, because different foods tend to complement each other in terms of the amino
acid content, any potential imbalance is likely to be more apparent than real for most
situations. Thus the mixture of amino acids provided in most diets matches the dietary
requirements of normal humans fairly well.

4.18 How much protein do we need?

The amount of dietary protein required to maintain nitrogen equilibrium in the absence
of any gain or loss of weight is about 0.6-0.7 g/kg per day at all ages. If the intake of
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protein is reduced below this level, without any change in the intake of energy and
other nutrients, then weight will be lost and nitrogen equilibrium will be established
once again when the protein intake is back around 0.6 g/kg per day. However, there is
an important interrelationship between energy intake and the level of dietary protein
to maintain nitrogen equilibrium. If the energy intake is increased at the same time
as the nitrogen intake is decreased, equilibrium might be established at lower levels
of nitrogen intake without any loss of weight. The mechanisms through which this
is achieved are not clear. For an adult male, who weighs 70 kg, with a total energy
expenditure of 10 000 kJ/day and maintenance dietary protein requirements of 42 g/day
the proportion of energy in the diet derived from protein would be 6.2%, and for a female
of 60 kg expending 8000 kJ/day and requiring 0.6 g dietary protein/kg per day, it would
be 7.2%.

For individuals in positive nitrogen balance (i.e. during normal growth, pregnancy or
lactation), protein intake needs to be above the maintenance level to achieve this positive
balance. The magnitude of the increase can be directly related to the rate and pattern
of tissue deposition, and the ‘quality’ of the protein in the diet. Quality of protein is a
statement about the pattern of amino acids in the tissue being deposited and the pattern
of amino acids available from the diet and endogenous formation. There is the need
for energy for the deposition of new tissue, and therefore a relationship can be drawn
between the energy intake required and the protein required for tissue deposition (see
below).

4.19 How much protein do we eat?

The amount of protein eaten each day is determined by the total food intake and the
protein content of the food. In general, the proportion of energy derived from protein
is between 11% and 15% of the total energy of the diet, which is generous for all normal
purposes.

Figure 4.7 shows the estimated average amount of protein available to different popula-
tions around the world. There is a twofold difference overall between the technologically
developed countries and the underdeveloped countries. The protein available from non-
meat sources was very similar for all countries, around 50 g protein/head per day, varying
by less than +10% for the extremes. In contrast, the protein available from meat sources
varied by 10-fold between the extremes. Virtually all of the difference in protein avail-
ability between different countries was determined by the availability of meat protein.
Within a population there are differences among individuals in the amount of protein
taken on average. To a very large extent this will be determined by the total food intake.
Figure 4.8 shows the relationship between protein intake and energy intake among a
group of young women vegetarians. The proportion of energy derived from protein was
similar for each individual. Those who were most active had the greatest intake of energy
and the highest protein intake. Those who were relatively sedentary had a protein intake
which approached the maintenance level.
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Fig. 4.7 The amount of protein available to the population can be assessed (g protein/head of
population/day) and divided into meat protein (OJ) and non-meat protein (M). For countries of
widely different characteristics the availability of non-meat protein falls within a narrow range
(within £10%), whereas the availability of meat protein varies widely, over a 10-fold range.
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Fig. 4.8 Under most normal circumstances the total food intake of a person is determined by
their energy expenditure which sets their energy requirement. The energy requirement consists
of a reasonably fixed component, basal metabolic rate (BMR), and a variable component which
is determined primarily by the level of physical activity. The protein content of most diets
provides between 10% and 15% of dietary energy, and therefore the total protein intake is
closely related to the total energy intake, and hence the level of physical activity. (MJ,
megajoule).

In young children, energy expenditure per unit body weight is high, and therefore
energy intake per unit body weight is high. In consequence, the dietary protein require-
ment for normal growth as a proportion of total energy is relatively low. For example, for
an infant weighing 10 kg at one year of age and growing at a normal rate, for an energy
intake of 95 kcal/kg per day and a protein requirement of 1.5 g/kg per day, the proportion
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of total energy coming from protein would be 6.3%. The highest relative requirement
for protein is in sedentary individuals. For example, for a 70-year-old woman who
weighs 80 kg, lying relatively immobile in bed, the proportion of total energy coming
from protein would have to be 20%, which is not readily achievable on a normal diet.

4.20 Dietary protein deficiency and protein deficient states

For the diets consumed by most populations the intake of protein is adequate pro-
vided that the overall intake of food is not limited (e.g. by inactivity or unavailability).
However, for some diets in which the density of protein to energy is low, and/or where
the quality of amino acids is low, there may be situations related to relative inactivity
when the ability to satisfy the protein intake is marginal.

Protein deficient states, where the content of protein in the body is reduced are
relatively much more common. These are most likely to be the result of:

(a) an increase in demand (e.g. in infection or stress);
(b) an increase in losses (e.g. with haemorrhage, burns or diarrhoea); or

(c) a failure of the conservation systems (e.g. with impairment of urea salvage in the
colon).

Protein energy malnutrition is described in Chapter 17.
In correcting the deficient state it is as important to remove the underlying cause, as
it is to provide adequate amounts of protein or amino acids in the diet.
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Chapter 5

Energy

Joop van Raalj

Consideration of energy in nutrition is primarily focused on the chemical energy of food,
the body’s energy need to perform work, the body’s energy stores, and the possibilities
for adaptation.

The chemical energy from food is the only source of energy for humans. This form
of energy may be used by the human body to perform mechanical work (muscular con-
traction), electrical work (maintaining ionic gradients across membranes) and chemical
work (synthesis of new macromolecules). If ingested food energy is not used for doing
work it will be stored as chemical energy (mainly as body fat). Adults who have a stable
body weight are in energy balance, which means that for them the energy available from
food equals needs of the body to perform work. In pregnant and lactating women and in
children the energy available from food should also sustain adequate pregnancy weight
gains, or allow sufficient milk production, or support adequate growth. There is still
little known about the individual’s capacities for adaptations in energy expenditure if
energy balance deteriorates.

In this chapter the International System of Units (SI units) will be used. The SI unit
of energy is the joule (J), which is the energy used when 1kilogram (kg) is moved
1 metre (m) by a force of 1 newton (N). Since 1] is a very small amount of energy, in
most uses in nutrition the kilojoule (kJ, i.e. 10*J) or the megajoule (M], i.e. 10°]) are
more convenient. The adoption of ST units in human nutrition has been slow, and many
texts still express energy in kilocalories (kcal). If the thermochemical calorie conversion
factor is used, then 1 kcal = 4.184kJ.

5.1 Energy value of foods
5.1.1 Chemical energy

The chemical energy of any food is determined by measurement in the laboratory of
the heat produced when its organic molecules are fully oxidized. This is done in a bomb
calorimeter. A sample of the food is placed inside a water jacket in a thick steel case
(the bomb). Oxygen is introduced and combustion is set off by an electric current.
The heat produced in the water is measured with a thermocouple.

This total chemical energy of a food is the heat of combustion or the gross energy.
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5.1.2 Metabolizable energy

Not all the chemical energy in food is available to the human that eats that food. First, not
all food eaten is absorbed from the digestive tract. That part of the chemical energy
of food that is actually absorbed (digestibility coefficient) is called digestible energy.
Second, in the body (unlike the bomb calorimeter) amino acids (the form in which
proteins are absorbed) are metabolized only as far as urea, not all the way to nitrogen
oxides which would be more toxic. Urea still has chemical energy, nearly a quarter of the
original chemical energy of a mixture of amino acids. For these two reasons the energy
losses through faeces and urine need to be subtracted from the gross energy of a food to
obtain the energy available to the body. This available energy is termed the metabolizable
energy of the food.

5.1.3 Measurement versus calculation of
metabolizable energy

Under experimental conditions the metabolizable energy that an individual obtains
from their diet can be measured by bomb calorimetry on duplicate portions of
the foods together with bomb calorimetry on samples of urine and faeces. These
duplicate portions and samples should be collected over an adequate period of time
(e.g. seven days). In Table 5.1 an example is given of measuring metabolizable energy of
a daily diet.

In theory, the metabolizable energy intake of an individual can also be calculated accu-
rately if the exact composition of the diet is known (amounts of various carbohydrates,
fatty acids, amino acids, alcohol) and if for each of these nutrients metabolizable energy
conversion factors are available. Usually, it is not done this way. Information on the

Table 5.1 Example of measuring metabolizable energy of a

daily diet

Subjects

e Young women

Given

e Collection over 7 days Bomb calorimetry*
e Duplicate portions of diet (a) 9900 kl/day
e Faeces (b) 710 kJ/day
e Urine (c) 420 kJ/day
Derived

e Gross energy of food (a) 9900 klJ/day

o Digestible energy (@ — b) 9190 kJ/day

e Digestibility coefficient [100(a — b)/a]  92.8%

Metabolizable energy (@ — b —¢) 8770 kJ/day

* See Section 24.2.5 for a description of this method.
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Table 5.2 Example of calculating metabolizable energy of a
daily diet

Subjects
e Young women

Given

e Food records over 7 days
e Food composition table
e Atwater factors:

— Carbohydrate 17 k/g (4 keal/g)

~ Fat 37 kJ/g (9 keal/g)

— Protein 17 k/g (4 keal/g)

— Alcohol 29 kJ/g (7 keal/g)
Derived
e Carbohydrate 245 g/day 4165 kJ/day
e Fat 90 g/day 3330 kJ/day
e Protein 75 g/day 1275 kl/day
e Alcohol 0 g/day 0kl/day
Metabolizable energy 8770 kJ/day

composition of the diet is obtained by use of food composition tables (with their limi-
tations) and the most common energy conversion factors used are the so-called Atwater
factors (named after W.O. Atwater who one century ago carried out the studies from
which these factors were derived). These are averages for categories of nutrients (carbo-
hydrate, fat, protein, and alcohol) and based on absorption rates as observed for typical
Western diets. In Table 5.2 an example is given of calculating the metabolizable energy
of a daily diet using these Atwater factors.

It should be noted that the energy values of foods as given in food composition tables
are not gross chemical energy values but metabolizable energy values, usually derived
from the chemical composition of foods multiplied by the Atwater factors.

5.2 Direct and indirect calorimetry: measurement of
energy expenditure

The term ‘metabolizable energy’ refers to food and is in fact a theoretical concept since it
indicates how much energy from the food may become available to the body if the food
were to be oxidized. In reality, not all the ingested and absorbed food is immediately
oxidized. Most nutrients will be stored for a shorter or longer period or might be
incorporated into essential body structures. The term ‘metabolized energy’ refers to the
actual oxidation of substrates within the body. In the short term (hours) the proportion
of the mixture of carbohydrates, fatty acids and amino acids that is actually oxidized
may not necessarily reflect the composition of the ingested meal, but in the long term
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(days) it will reflect the composition of the usual diet, unless the composition of the
body has changed.

The amount of metabolized energy is also referred to as expended energy. The classic
methods to study energy expenditure are based on direct and indirect calorimetry.

5.2.1 Direct calorimetry

Principle A direct calorimeter measures the heat production of a human subject over,
say, 24 h. This is a difficult and by no means routine experiment. The heat loss is mainly
sensible heat loss and evaporative heat loss. Direct calorimetry is based on the fact that
all the energy liberated in the substrate oxidation will eventually be released as heat
and as mechanical work performed in the outside environment. Direct calorimetry is
time-consuming with each measurement taking several hours. If changes in body heat
stores are not measured it has to be assumed that no heat is stored in or lost from the
body. Energy expenditure may be calculated from heat loss, from changes in heat stores,
and, if appropriate, from performed mechanical work. In Table 5.3 an example is given
of deriving energy expenditure from data collected by direct calorimetry.

Equipment Room-sized chambers designed to detect heat loss have been built for
human use. However, in practice, the construction and operation of such chambers
is technically difficult and expensive. One more recent approach has been to use a
water-cooled garment in which the subject can move more freely than in a calorimeter
chamber, but measurements remain technically difficult. There are very few work-
ing direct calorimeter chambers across the world and any increase in their number is
unlikely. The heat exchanging body suit is said to be uncomfortable and there has been
very little research reported of its use. Most measurements of energy expenditure are
made by techniques other than direct calorimetry.

Table 5.3 Example of direct calorimetry used to measure energy
expenditure over 24 h

Subjects

e Young women, sedentary activity pattern

Given

e Sensible heat loss 6650 kJ
e Evaporative heat loss 1540 kJ
e Heat loss through faeces/urine 60 kJ
e Performed mechanical work 520KkJ
e Heat storage (assumed to be 0)

Derived
e Energy expenditure = heat loss + performed mechanical work
= 8770k
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5.2.2 Indirect calorimetry

Principle Indirect calorimetry is the usual method of measuring energy expenditure.
It is easier to carry out than direct calorimetry and provides information about the
metabolic fuel that the body is using. It is based on measuring the respiratory gas
exchange. The most used fuel in the body is glucose, from starch, sugars, and glucogenic
amino acids. The equation for its complete oxidation is:

C6H1206 + 602 — 6C02 + 6H20 + heat
1 mol CHO (180 g) + (6 x 22.4)1 — (6 x 22.4)1 + (6 x 18) g + 2780k].

(The heat produced from one gram-molecule of glucose has been measured by bomb
calorimetry.) Hence,

11 of oxygen = 2780 =+ (6 x 22.4) k] = 20.7kJ.

If the subject is metabolizing only carbohydrate, then for every litre of oxygen used in
respiration 20.7 kJ of heat (or energy) is produced. Energy expenditure can be measured
from the oxygen utilization.

If the body is using fat for energy, whether from the diet or from stored adipose tissue
the equation is more complex because triglyceride molecules are larger and contain dif-
ferent fatty acids. A typical fatty acid molecule (e.g. palmitic acid, C;¢H340;), contains
a lower proportion of oxygen than glucose does. Fat metabolism requires more oxygen
than carbohydrate. Oxygen is used not only for production of carbon dioxide but also
for oxidation of hydrogen to water.

The ratio of CO, production to the oxygen consumption is the respiratory quotient
(RQ). For carbohydrates it is 1.00; when fat is being metabolized it approximates 0.70
(Table 5.4).

The energy production per litre of oxygen consumed is very similar whether carbo-
hydrate, fat or protein is being used as the fuel. Consequently a value, of 20.3 k] per litre

Table 5.4 Energy yields per gram of substrate and per litre of oxygen consumed

1 gram of: 0, C0, RQ Energy or heat Energy per
consumed produced developed 110,
(ml) (ml) (k) (k2)
Starch 830* 830 1.00 17.5 211
Fat 2020 1430 0.71 39.6 19.6
Protein 965 780 0.81 18.6 19.3

* 1 g starch produces on hydrolysis more than 1 g glucose for metabolism. The energy developed
from starch is therefore greater than the energy developed from glucose (15.6 kJ). RQ,
Respiratory quotient.

Source: Durnin JVGA, Passmore R. (1897) Energy, work, and leisure. Heinemann, London. 1967;
based on experiments by Zuntz.
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of oxygen consumed, based on the mixture of energy-yielding nutrients in an average
diet, can be used as a good approximation of the energy expenditure.

For greater accuracy from indirect calorimetry the actual energy equivalents per litre
oxygen should be used for the various nutrients. This means that the composition
of the mixture of carbohydrate, fat, and protein which is actually oxidized must be
known (the metabolic mixture). This information can be obtained if in addition to
oxygen consumption, carbon dioxide production and urinary nitrogen excretion are
also measured. The oxidation equations for carbohydrate, protein and fat show that the
molar ratio of carbon dioxide production to oxygen consumption (RQ) differs for each
nutrient. Mean values of RQ are close to 0.7 for fat and 1.0 for carbohydrate, with protein
having an intermediate value. So the value of the actual RQ can give us information
about the composition of the metabolic mixture. However, this is not enough. Since
amino acids are not completely oxidized, information on urinary nitrogen excretion is
also needed.

If oxygen consumption, carbon dioxide production and urinary excretion are all
measured it is possible to estimate the oxidation rates for carbohydrates, fats and protein.
In principle the first step is to estimate the protein oxidation. This is 6.25 times the
urinary nitrogen excretion (because average dietary proteins weigh 6.25 x their nitrogen
content). Taking the RQ for protein as 0.81 and data from metabolizable energy of pure
protein, the oxygen consumption and CO, production due to protein oxidation can
be calculated. These are subtracted from the measured (total) oxygen consumption
and CO, production. The ratio of the remaining O, and CO, give the non-protein
RQ. Oxidation of carbohydrates and fats can be calculated from the non-protein RQ,
non-protein O, consumption and CO, production. Nomograms and several published
formulae are available for this. Livesey and Elia (1988), however, point out that with fats
the RQ ranges from 0.70 to 0.74 depending on the fatty acid pattern and with proteins
including clinical nutrition products the RQ can range from 0.80 to 0.85.

For energy expenditure we have seen six different published equations, some of which
have along history. Differences between them in the coefficients for oxygen consumption
and CO, production are small but the differences in coefficients for protein urinary
nitrogen are larger. The equation recommended by Brockway (1987) is well reasoned:

Energy expenditure (k]) = 16.580, 4 4.51CO, — 5.90N

If it is not practicable to measure urinary nitrogen, for example, in short experiments
the equation can be simplified to:

k] =21VAOQO,

where V is the ventilation rate, and AO, is the difference in oxygen concentration
between inspired and expired air. Table 5.5 gives an example deriving energy expenditure
from data collected with indirect calorimetry.
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Table 5.5 Example of indirect calorimetry

Subjects

e Young women

Given

e Oxygen consumption 24 h (VO;): 435]
e Carbon dioxide production 24 h (VCO,): 3701
e Urinary nitrogen excretion 24 h (N): 129

Respiratory quotient
=VCO; () = VO, () =0.85

Metabolic mixture
Carbohydrate oxidation (g)

=4.706 VCO; (I) —3.340 VO, (I) — 2.714 N(g) =2569
Fat oxidation (g)

= 1.768 VO, (I) — 1.778 VCO, (I) — 2021 N(g) =87g
Protein oxidation (g) = 6.25 N(g) =759
Energy expenditure (kJ)

=16.489 VO, (I) + 4.628 VCO; () — 9.079 N(g) = 8776k
Energy expenditure (kJ) (assuming 15 energy % from protein)

=16.318 VO, (I) + 4.602 VCO; ()) =8801kl
Energy expenditure (kJ) (assuming 20.3 kJ/I oxygen)

=20.3V0; () =8831k

Equipment The classic method uses the Douglas bag (see Fig. 5.1). This is a large bag
impermeable to gas, usually of volume 100 1. The subject wears a nose clip and breathes
out into the bag via a tube containing a valve which separates inspired from expired air.
At the end of the experiment, which has to be short (up to 15 min) because of limited
capacity of the bag, the volume of expired air is measured with a gas meter. The oxygen
and CO, contents of a sample of the expired air are analysed. Oxygen consumption
is calculated from the difference between oxygen in ambient (inspired) and expired
air multiplied by the ventilation rate. This equipment is simple and inexpensive but
cumbersome and may interfere with the subject’s normal activity. The face mask may
be uncomfortable.

For short duration measurements during exercise the Kofrani—-Michaelis respirometer
(KM) (see Fig. 5.1) had been more widely used since it measures expired air volume as
it is produced, and therefore only a small sample of the expired air needs to be retained
for subsequent gas analysis. The KM respirometer is no longer being manufactured,
so a new generation of portable instruments have replaced it, such as the Oxylog and
the Cosmed K2. The Oxylog incorporates both a volume meter and oxygen sensors,
so there is no need for subsequent gas analysis. Electronic components calculate the
oxygen consumed. The Cosmed K2 has a device for transmitting data to a radio receiver
remote from the subject. The portable respirometers were developed for short-duration
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The Kofrani-Michaelis respirometer

Temperature

Pump
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Gas flow

&’
Microcomputer
A ventilated hood indirect calorimeter
Fig. 5.1 Most commonly used devices for indirect calorimetry.

Source: Garrow J.S. and James W.P.T. (eds). (1993) Human nutrition and dietetics (9th edition).
Churchill Livingstone, Edinburgh.

measurements at rest and during exercise in ‘field’ situations but can also be used in
laboratory settings.

Ventilated hood systems (see Fig. 5.1) avoid the discomfort of a face mask, etc. With
this equipment air flows at high rate over the subject’s head which is in a perspex
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hood while they lie or sit quietly. Samples of air from inside the hood can be drawn
directly to gas analysers. The system is suited to situations in which the subject’s
gas exchange is measured in the laboratory for periods of 30 min to 6 h. In whole-
body indirect calorimeters or respiration chambers the subject spends time, often
24h, in a small sealed room while it is ventilated with a constant supply of fresh
air. The subject’s respiratory gas exchanges are measured by continuous analysis of
well-mixed samples of air from the chamber. From differences in oxygen and CO,
content between the air going in and the air coming out the respiratory exchange is
calculated and from this the energy expenditure of the subject. Subjects can carry out
activities of a sedentary life inside the room—sitting, reading, watching TV, eating, a
period of controlled exercise and sleeping. Typical equipment in a respiration chamber
are a chair, desk, TV, video, radio, telephone, exercise equipment, and folding bed.
Food and drink are passed in through one airlock and urine and faeces out through
another. The temperature of the room is controlled and excessive humidity avoided.
There are respiration chambers at a number of nutrition research centres around the
world.

To measure energy expenditure in hospital patients (which is increased in some
diseases) a portable metabolic monitor, such as the Deltatrac™ II is used at the bedside.
It operates on a similar principle to the ventilated hood.

5.3 The body’s need for energy

Energy expenditure in health is made up of three different components, each of which
can be measured. These are: the energy required to maintain basal metabolism, the
energy released as a result of the thermic effect of food (TEF), and the energy required
for physical activity.

5.3.1 Basal metabolism

Definition The energy needed to maintain basal metabolism is the amount required
to sustain the basic essential metabolic processes involved in keeping the body alive and
healthy and, where applicable, growing at an appropriate rate. The energy required
to sustain basal metabolism is also known as the basal metabolic rate (BMR). In
most individuals the BMR is the largest single component of 24-h energy expenditure
(50-70% of daily energy expenditure).

Experimental approach  The BMR is measured under defined conditions. Itis measured
while the subjects are lying in bed or on a couch, immediately after awakening, in a state
of physical and emotional relaxation, and in a thermoneutral environment. They should
have fasted for the 12-14 h immediately before the measurement, and heavy physical
exercise should be avoided on the day before the measurement. Subjects should also be
free from disease and not suffer from fever. If any of the conditions for BMR are not
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met, the energy expenditure should be termed the resting metabolic rate (RMR) of the
subject.

BMR is most frequently measured using the Douglas bag or ventilated hood technique,
or sometimes using portable respirometers. BMR is measured in kJ/min, but often
extrapolated to 24 h and then expressed as MJ/day.

Factors affecting basal metabolism The BMR of a subject is influenced by many factors
such as body size, body composition, age, sex, nutritional, and physiological state.

Body size and body composition are major determinants of the BMR. For example,
adipose tissue has a lower metabolic rate than other tissues. Therefore BMR is usually
expressed per kg of body weight or, even better, per kg of fat-free mass. Age affects energy
expenditure in the sense that BMR/kg of body weight declines from birth to old age.
In children, an addition to the basal metabolism is required for growth. This is about
21KkJ/g of tissue gained and works out less than many parents suppose—only around
250 k]/day or 3% of energy expenditure at age 10 years—but it fluctuates considerably.
(Most of the relatively large energy intake in children is to match their high levels of
physical activity.) The decline in metabolic rate after early adulthood is largely explained
by the changes in body composition, usually a decline in fat-free mass and an increase
in adipose tissue. The generally lower energy expenditure in women than men is partly
because women are usually smaller, partly because a woman of the same weight as a
man has more fat and less muscle and muscle has a higher metabolic rate than adipose
tissue.

Sometimes it has been found that energy intakes above or below energy requirements
may lead to an increase or decrease in BMR, over and above what would be expected from
the change in body weight and body composition. Such changes in energy expenditure
are sometimes called ‘adaptive’ since they act to offset the energy surplus or deficit
(see below).

Extremes of climate can affect energy expenditure. It will be increased if heat pro-
duction is needed to maintain body temperature in a cold climate. In everyday life
situations cold-induced thermogenesis is, however, not an important factor of daily
energy expenditure because of our clothing and the indoor environmental temperature.
Conversely there are some reports that the BMR is reduced in hot climates. Whether
genetic differences exist in energy expenditure is still unclear. Other factors which can
affect BMR are hormonal state, pharmacological agents and disease (e.g. fever).

5.3.2 Thermic effect of food

Definition The TEF is the stimulation of metabolism that occurs for three to six hours
after a meal as a result of the processing of the food in the stomach and intestine and of
nutrients in the blood and body cells. The energy corresponding to the TEF includes the
energy costs of the absorption, metabolism, and storage of nutrients within the body.
The magnitude of the TEF over 24 h is about 10% of the total daily energy expenditure.
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This TEF was originally called the ‘specific dynamic effect of food” because the stimu-
lation of energy expenditure depends upon the composition of the diet. The TEF is also
called postprandial thermogenesis (PPT) or diet-induced thermogenesis (DIT).

Experimental approach The TEF or the thermic effect of a meal (TEM) is usually
measured over three to six hours after ingestion of the meal with measuring conditions
similar to those of measuring BMR. The postprandial energy expenditure (in kJ/min) is
continuously measured over this period and compared with the BMR (in k]/min) before
eating the meal. The cumulative increase above BMR is calculated as the TEF (expressed
in kJ or as percentage of the energy content of the meal). The thermic effect of meals
are usually measured using a ventilated hood system but sometimes also in respiration
chambers. Figure 5.2 shows the principle of calculating the TEM (DIT).

Factors affecting thermic effect of food  The TEF is greater in response to protein ingestion
than to the same energy intake in the form of carbohydrate or fat. There is some evidence
that the magnitude of the TEF as a whole is genetically determined.

The TEF has been subdivided into two components: (1) obligatory thermogenesis
and (2) facultative thermogenesis. The obligatory component is the unavoidable energy
cost associated with absorption and transport of nutrients and the synthesis of protein,
fat and carbohydrate required for the renewal of body tissues and the storage of energy.
Facultative thermogenesis is thought to be partially mediated by ‘futile’ heat-releasing
metabolic cycles and the activity of the nervous system. The magnitude of the facultative
TEF seems to depend on several factors, including the energy content of the meal
itself, how well-nourished a person is, and the composition of the diet they have been
following, but in fact there is little conclusive evidence.

Energy expenditure (kJ/min)

5
4 Diet-induced thermogenesis
3 -
2 |—
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testmeal Time (min)

Fig. 5.2 The principle of calculating diet induced thermogenesis.
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5.3.3 Physical activity

Definition Energy expenditure for physical activity is the increase in metabolic rate
above BMR and the TEFE. In affluent countries physical activity accounts for 20-40% of
total energy expenditure in most individuals. The energy expended in physical activity
depends on the nature and duration of the various activities carried out throughout
the day.

Experimental approach The energy expenditure of standardized activities such as
treadmill walking and cycling on a bicycle-ergometer is usually measured using the
Douglas bag or the ventilated hood technique. Everyday-life or ‘field’ activities are usu-
ally measured using portable respirometers. The energy costs of activities are usually
expressed in kJ/min, or as multiple of BMR (PAR, physical activity ratio). For example,
if an individual’s BMR is 4.5 kJ/min, and the energy cost for a task is estimated to be 3.0
times BMR (so, PAR-value is 3.0), then the estimated energy cost for that task will be
13.5kJ/min. If energy costs are expressed in kJ/min they are usually inclusive of basal
metabolism and TEFE. If they are expressed as multiple of BMR they are usually also
inclusive of the TEE

Factors affecting energy costs of physical activity  The energy cost of any particular activity
varies between individuals, depending on the size of the subject, the speed of the activity,
the time resting between movements, the skill with which the movements are made and
the efficiency of the muscles.

In Table 5.6 an overview is given of application options of measures of energy intake
and energy expenditure in nutritional research. Detailed examples can easily be found
in the literature (see also Further reading at end of this chapter).

Table 5.6 Application of measures of energy intake
and energy expenditure in nutritional research

Field of nutritional research
1. Metabolic and biological efficiency
2. Work efficiency and work capacity
3. Daily energy requirement

Measures of energy intake and energy expenditure
Digestibility [field 1]

Metabolizability [field 1]

24 h energy intake [field 3]

Basal metabolic rate [fields 1 and 3]

Thermic effect of meal [field 1]

Energy cost of standardized activity

e Weight-bearing (e.g. treadmill) [field 2]

e Non-weight-bearing (e.g. bicycle ergometer) [field 2]
Energy cost of common activities [field 3]

24 h energy expenditure [field 3], etc.
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5.4 Estimation of total energy needs

A person’s total energy needs comprise the energy required to maintain basal
metabolism, the energy required for the TEF and the energy required for activity. Over
the years many methods have been developed to measure total energy expenditure. The
classic methods based on direct or indirect calorimetry are the most accurate, but the
major disadvantage of both methods is that the subjects cannot perform all of their
habitual activities because of their confinement in a small chamber or the need for
them to wear a cumbersome apparatus. To overcome the disadvantage and because
the energy needed for activity is the most variable component in total energy needs,
various ‘field’ methods have been developed to measure total energy expenditure under
free-living conditions. These include factorial methods, food intake and energy balance
methods, heart rate monitoring, registration of body motion, and the doubly labelled
water technique.

5.4.1 Factorial methods

One factorial method for measuring total energy expenditure involves calculation of each
of the three categories of energy need: (1) basal metabolic need, (2) TEF, and (3) activity
need. The basal metabolic need is usually estimated from prediction equations based
on body weight, age, sex, and sometimes also height. The TEF is taken to be 10%
of the total energy expenditure. The energy required for activity can be derived from
published values on energy cost of activities (exclusive of basal metabolism and influence
of food) combined with a record of activities performed over a day or a number of days.
If values for energy cost of activities are used which already include BMR and the
TEF (i.e. physical activity ratio, PAR), then the factorial approach is, of course, more
simple.

A modified factorial approach (Table 5.7) is being introduced by the Food and Agricul-
ture Organization (FAO) and the World Health Organization (WHO). In this approach
the estimated BMR (derived from prediction equations) is multiplied by a so-called
BMR-factor. This multiple of the BMR should be representative for the person’s typical
level of activity. In the modified approach the BMR-factor covers both the activity need
and the TEE.

The main limitations of factorial methods concern the observations of activity. When
individuals are going about their normal lives, there are likely to be significant errors
in the reporting of time spent on each activity and how strenuously the activities were
pursued. In addition, one should work with integrated energy indices (IEI) instead of
with PAR values for activities. The term ‘IEI relates to the energy cost over the whole
period of time allocated to a task. It therefore includes the time taken for pauses between
the specific activity which characterizes work, household tasks or discretionary activities
(e.g. pauses between episodes of dancing, digging, playing football).
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Table 5.7 Example of modified factorial approach (FAO/WHO/UNU 1985)

Subjects

young housewives in affluent societies average BMR of 5520 kJ

In bed at 1.0 x BMR 8h 1820k
Occupational activities

e Extra housework at 2.7 x BMR 1h* 630k
Discretionary activities

e Socially desirable and household tasks at 3.0 x BMR 2h 1380k
e Cardiovascular and muscular maintenance at 6 x BMR 1h 460k
For residual time, energy needs at 1.4 x BMR 122h 4040k
Total = 1.51 x BMR 8330kJ

* The remaining household activities are included in maintenance (=1.4 x BMR).

5.4.2 Food intake and energy balance method

The food energy intake and energy balance method is based on comparison of total
energy intake over several days with the amount of energy required for any observational
change in body composition. If weight is gained some energy should be subtracted from
observed energy intake, if weight is lost then some energy should be added to observed
energy intake. The resulting figure can be considered as an estimate of total energy
needs.

The accuracy of this procedure obviously depends on the accuracy of the food intake
record (duration of trial, method used, problem of over- and under-reporting, failure to
keep accurate food records, etc.) and the accuracy of measurements of change in body
composition (duration of trial).

5.4.3 Heart rate monitoring

This method is based on the positive correlation between heart rate and oxygen con-
sumption. Continuous monitoring of heart rate is easy to perform under free-living
conditions with electronic portable equipment. Before undertaking such free-living
studies, however, the relationship between an individual’s heart rate and level of oxygen
consumption must be calibrated in laboratory trials in which heart rate and oxygen
consumption are both directly monitored while the subject undertakes a series of
increasingly strenuous activities. It is necessary to use a number of different activities to
establish this relationship, since heart rate and energy expenditure do not follow a simple
linear relationship. A mathematical equation describing the relationship between heart
rate and oxygen consumption can then be derived for each individual. This equation
allows an approximate level of oxygen consumption to be predicted for any heart rate.
Assuming a certain energy equivalent per litre of oxygen consumed, energy expenditure
rates can then be estimated.
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The correlation between heart rate and oxygen consumption is strong above a certain
level of activity. At lower rates of activity especially, other factors may confound the
relationship, so for daily activity patterns classified as very light or light this heart
rate monitoring method might be less appropriate. On the other hand, the method
is inexpensive and non-restrictive to the subject and it can therefore be used in large
numbers of subjects.

5.4.4 Registration of body movement

Various mechanical and electrical motion sensors have been developed for the recording
of body movement in humans. Ankle- or waist-mounted pedometers are used to count
the steps during walking or running. The number of steps in time is used as a measure
of physical activity. Pedometers were designed for walking and running activities, but
with another mechanical motion sensor, the actometer, it became possible to measure
and quantify body movements. The major drawbacks of mechanical motion sensors are
the low reliability and the complicated calibration of the instruments. Over the past two
decades various types of electronic accelerometers have been introduced. These sensors
measure both frequency and amplitude of accelerations produced during body move-
ment. Due to the current knowledge in miniature computer technology there is also the
opportunity to build very small and light instruments that can be worn for several days
or weeks. The use of body-fixed accelerometers is an attractive and frequently applied
method for the assessment of daily physical activity, but for translation of results to daily
energy expenditure rates some more information is still needed.

5.4.5 Doubly labelled water techniques

The doubly labelled water technique is based on the fact that hydrogen atoms of body
water leave the body via the usual routes of water loss—within urine, sweat and saliva,
and as evaporated water—while the oxygen atoms of body water leave the body by the
same routes but also via bicarbonate as carbon dioxide gas. Labelling a small proportion
of body water molecules with the stable, non-radioactive isotopes H and '*O (heavy
hydrogen and heavy oxygen) taken as a special drink of water, allows the respective
fates of hydrogen and oxygen atoms in the water to be monitored: 30 is lost at a
faster rate than H and the difference between the two disappearance rates in successive
urine (or blood) samples is proportional to the subject’s carbon dioxide production
(see Fig. 5.3) over a period of one to three weeks. The composition of the diet should be
estimated to give an estimate of RQ and hence, an estimate of the oxygen consumption.
Subsequently, energy expenditure can be calculated by the traditional formulae for
indirect calorimetry.

There are three main assumptions in the doubly labelled water method. One is an
assumption about fractionation of the heavier isotope (e.g. when water evaporates via
the lungs). A second assumption is that there is no net incorporation of 2H into body
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Fig. 5.3 Example of isotope disappearance curves from a typical adult subject (deuterium, 2H).
Source: Murgatroyd P.R. et al. (1993) Int J Obesity, 17, 549-68.

tissues (as would occur if the subject gained weight). A third assumption is that the
RQ can be adequately estimated for the whole one to three weeks experiment. This is
usually obtained from the proportions of carbohydrate, fat and protein in the subject’s
diet (the ‘food quotient’).

The doubly labelled water method for the first time permits researchers to estimate
objectively the energy expenditure of people going freely about their ordinary lives
over about two weeks. It has given nutritionists new insights (e.g. that obese people
under-report their energy intake). Disadvantages of doubly labelled water are that the
80 isotope is very expensive and that a high-tech mass spectrometer and experienced
operator are needed. It cannot be used to measure energy expenditure for shorter periods
(e.g. 24 h or the day-to-day variability of energy expenditure).

5.5 Adaptation in energy expenditure
5.5.1 Energy balance

Energy balance is usually defined as the difference between food energy intake
(metabolizable energy) and energy expenditure (metabolized energy). If an individual
is in a state of positive energy balance (i.e. if energy intake exceeds energy expenditure),
body tissues will be deposited and body weight will increase. Likewise, in a state of
negative energy balance body tissues will be mobilized and weight will decrease.
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5.5.2 Adaptation in energy balance

If an individual with a stable body weight (and body composition) and an established
daily activity pattern changes his/her habitual energy intake, he/she will get out of energy
balance. The disturbance in energy balance will be partly compensated for by the altered
contribution of dietary-induced thermogenesis. However, since thermogenesis amounts
to about 10% of energy intake, only 10% of the disturbance will be met by the altered
thermogenesis. In order to re-establish energy balance, 90% of the imbalance needs to
be covered by other means. In principle, three types of adaptation in energy expendi-
ture are conceivable: (1) biological adaptation, (2) social/behavioural adaptation, and
(3) metabolic adaptation.

Biological adaptation means a change in body weight (or body composition). Suppose
that the habitual intake of an individual has been reduced whereas their activity pattern
remains unaltered. Then body weight will diminish, and so will the individual’s basal
metabolism and their energy cost for physical activity (a smaller body to be moved!). In
this situation, body weight will decline until the reduced energy expenditure balances
the new level of habitual intake.

Social/behavioural adaptation means a modification in activity pattern (including
changes in pace of activities). An individual whose habitual intake has been reduced
might achieve energy balance without losing weight if he/she reduces energy expenditure
for physical activity by a lower activity pattern.

Metabolic adaptation includes mechanisms which might increase efficiency of energy
metabolism. Little is known about metabolic adaptation, and many scientists doubt its
existence. If metabolic adaptation really exists, it would mean that an individual whose
habitual energy intake has been changed might re-establish energy balance without
changes in body weight or in activity pattern.

It will be clear that with the various types of adaptation an individual may achieve
energy balance at different levels of energy intake. In this respect adaptation can be
considered as a process of moving from one energy balance level to another in response
to fluctuations in energy intake.

5.5.3 Prices attached to adaptation

The various types of adaptation have a ‘price’. In situations of reduced food intakes a new
state of energy balance can be achieved by lowering body weight (biological adaptation).
However, there will be a borderline for body weight under which a price is to be paid in
terms of deterioration of health status or in terms of inability to maintain economically
necessary and socially desirable physical activity. There will also be a borderline above
which such prices are to be paid. This holds for all groups within the community. There
will be borderlines for growth rates of infants and children, for weight gains over the
period of pregnancy, for birth weights, for breast milk production, and so on, beyond
which prices have to be paid in terms of economic and social function. The same
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is true for social/behavioural adaptations. Reducing levels of physical activity cannot
continue without limit. A certain level (borderline) of physical activity will be needed
for keeping good health and for allowing maintenance of economically necessary and
socially desirable activity. Metabolic adaptation, if it exists, is the only type of adaptation
which would be more or less without ‘price’

The WHO has defined the energy requirement of an adult as the level of energy
intake from food that will balance energy expenditure when the individual has a body
size and composition, and level of physical activity, consistent with long-term good
health; and that will allow for the maintenance of economically necessary and socially
desirable physical activity. As noted before, an individual may achieve energy balance at
different levels of energy intake. Whether a price has to be paid will depend upon how
energy balance is re-established and upon the borderlines passed. Unfortunately, such
borderlines have not been adequately mapped out. Until more is known about them, a
definition of energy requirement as given by WHO is of limited use. More research about
the borderlines of adaptation beyond which health status and level of economically and
socially desirable physical activity are reduced warrants priority and is a big challenge
for medical doctors, nutritionists, anthropologists, economists, and social scientists.

Further reading

1. Brockway, J.M. (1987) Derivation of formulae used to calculate energy expenditure in man. Human
nutrition. Clin Nutr, 41C, 463-71.

2. FAO/WHO/UNO (1985) Energy and protein requirements. Report of a joint expert consultation.
Technical Report Series No. 724. WHO, Geneva.

3. Durnin, J.V.G.A. and Passmore, R. (1967) Energy, work and leisure. Heinemann, London.

4. James, W.P.T. and Schofield, E.C. (1990) Human energy requirements. A manual for planners and
nutritionists. Oxford University Press, Oxford.

5. Livesey, G. and Elia, M. (1988) Estimation of energy expenditure, net carbohydrate utilization, and
net fat oxidation and synthesis by indirect calorimetry: evaluation of errors with special reference
to the detailed composition of fuels. Am J Clin Nutr, 47, 608-28.

6. Levise, J.A., Schleusner, S.J., and Jensen, M.D. (2000) Energy expenditure of nonexercise activity.
Am J Clin Nutr, 72, 1451-4.

7. McNeil, G. (1993) Energy. In Garrow, J.S. and James, W.P.T. (eds) Human nutrition and dietetics
(9th edition). Churchill Livingstone, Edinburgh and London, pp. 24-37.

8. Murgatroyd, P.R., Shetty, P.S., and Prentice, A.M. (1993) Techniques for the measurement of
human energy expenditure: a practical guide. Int J Obesity, 17, 549—68.

9. Scrimshaw, N.S., Waterlow, J.C., and Schiirch, B. (eds) (1996) Energy and protein requirements.
Eur J Clin Nutr, 50(suppl.), S1-197.

10. Weir, J.B. deV (1949) New methods for calculating metabolic rate with special reference to protein

metabolism. ] Physiol, 109, 1-9.



Chapter 6

Alcohol

Stewart Truswell

Alcohol is the only substance that is both a nutrient and a drug affecting brain function.
For chemists there are many alcohols but in day-to-day parlance, in the pub or bar, and in
this chapter, ‘alcohol’ is used to mean ethyl alcohol (ethanol), C;HsOH. Other nutrients
can have minor and subtle effects on brain function. A hungry person’s behaviour can
change after a satisfying meal without alcohol. Coffee contains the nutrient, niacin, but
the mental stimulant in coffee is another substance, caffeine.

Alcohol is normally consumed not pure (‘neat’) but in aqueous solution in alco-
holic beverages that were first developed thousands of years ago. Beer was first drunk
by the Sumerians and Babylonians, around 4000 BC and has been brewed ever since.
Wine is mentioned occasionally in the Old Testament (in Genesis 9, Noah planted a
vineyard and got drunk), and was important in the life of classical Greece and Rome.
It featured in Jesus’ first miracle at the marriage feast in Cana and at his last supper,
and passed into the central part of the Christian mass. Alcoholic beverages were also
developed in prehistoric times in East Asia, e.g. sake fermented from rice, and in Africa
beers from fermented millet or maize. Alcoholic beverages were thus independently
discovered in different parts of the world by prehistoric sedentary agriculturalists who
were growing barley, rice or grapes. But the indigenous peoples of Oceania (Polyne-
sians and Australian Aborigines) and of America (American Indians) did not know
alcohol until the arrival of the Europeans and had not established ways of using and
controlling it.

From the basic fermented beverages alcohol can be concentrated by the process of dis-
tillation (which was brought to Europe by the Arabs). Brandy and whisky first appeared
in the fifteenth century.

6.1 Production of alcoholic beverages

Alcohol is produced by alcoholic fermentation of glucose. The specific enzymes are
provided by certain yeasts, saccharomyces, which are unicellular fungi. The biochemical
pathway first follows the usual ten steps of anaerobic glycolysis to pyruvate, as in ani-
mal metabolism (Chapter 2). Yeast contains the enzyme, pyruvate decarboxylase, not
present in animals. This converts pyruvate to acetaldehyde, then alcohol dehydrogenase
(working in the opposite direction from its role in humans) converts acetaldehyde to



98 | ESSENTIALS OF HUMAN NUTRITION

ethanol. The overall reaction is:
C¢H 504 + co-factors + ATP — 2C,H;0H + 2CO,.

The co-factors include NADH, thiamin pyrophosphate and magnesium.

Grapes are unusual among fruits in containing a lot of sugar, nearly all glucose (around
16%), so providing an excellent substrate for alcoholic fermentation. Starch is a polymer
of glucose. Before it can ferment to alcohol it has to be hydrolyzed to its constituent
glucose units. Beers are made by malting the starch in barley. To do this the barley is
spread out, moist and warm, and allowed to germinate for several days. Enzymes are
generated in the sprouting grain that break down the stored starch into glucose. The
barley is then heated and dried. This kills the embryo which stops using sugar. For sake
a different process is used to break down the rice starch. It is first treated with a mould,
Aspergillus oryzae, that grows on the rice and secretes an amylase to hydrolyze the starch.

Beer contains around 5% alcohol (unless alcohol-reduced), wines contain around
10% alcohol (unless fortified) and spirits are about 30% alcohol. Alcoholic beverages
also contain variable amounts of unfermented sugars and dextrins (in beers), small
amounts of alcohols other than ethyl (e.g. propyl alcohol), moderate amounts of potas-
sium, almost no sodium, small amounts of riboflavin and niacin but no thiamin, and
sometimes vitamin C. They also contain a complex array of flavour compounds, colours
(e.g. in red wines), phenolic compounds, a preservative (e.g. sodium metabisulphite),
and sometimes additives. A standard drink (e.g. 1 pint of beer, see Table 6.3) provides
10 g of ethanol.

6.2 Metabolism of alcohol

Ethanol is readily absorbed unchanged from the jejunum; it is one of the few substances
that is also absorbed from the stomach. It is distributed throughout the total body water
(moving easily through cell membranes), so that after having one drink its 10 g of alcohol
is diluted in about 40 of water in an adult, giving a peak concentration of 0.025 g/dl in
the blood and in the rest of body water. For comparison, the permitted limit of blood
alcohol for driving in many countries is double this, 0.05g/dl (11 mmol/l) (Fig. 6.1).
Alcohol is nearly all metabolized in the liver but a small amount is already metabolized
as it passes through the stomach wall (first pass metabolism). A small amount of alcohol
passes unchanged into the urine and an even smaller (but diagnostically useful) amount
is excreted in the breath.

There are three possible pathways for alcohol metabolism in man. The major pathway
in most people starts with alcohol dehydrogenase (ADH), a zinc-containing enzyme in
the cytoplasm of the liver (Box 6.1). The ADH step is the rate-limiting step in alcohol
metabolism. ADH occurs in slightly different forms and some individuals have more
active ADH than others. It may seem surprising that humans naturally possess this
enzyme for dealing with beer and wine, to which our hunter—gatherer ancestors were
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Fig. 6.1 Blood alcohol concentrations in a healthy young Caucasian man who took 0.3 g pure

ethanol/kg body weight in orange juice, drunk rapidly and followed by a 4.4 MJ mixed meal.
(o and e are duplicate determinations.) Ethanol was measured by gas chromatography.

Box 6.1

CH,CH,OH+NAD — CH,CHO+NADH+H"
Ethanol ~ ADH  Acetaldehyde

not exposed. However, some alcohols are produced naturally inside the body by fermen-
tation in the large intestine (e.g. small amounts of methyl alcohol from pectin), and they
occur in over-ripe fruits. The next step is conversion of acetaldehyde to acetate by alde-
hyde dehydrogenases (ALDH), which are present in the cytoplasm, mitochondria and
microsomes (Box 6.2). In most people, there is no build up of acetaldehyde but nearly
50% of Chinese and Japanese people lack the mitochondrial ALDH, so after moderate
intake of ethanol, their blood acetaldehyde increases. This causes facial flushing and
headaches.

In long-term heavy drinkers the microsomal ethanol oxidizing system (MEOS) with
cytochrome P450 becomes a second important route for alcohol metabolism. The
microsomes proliferate (are induced) in heavy drinkers. As with ADH, ethanol is con-
verted to acetaldehyde. A third minor pathway for conversion of ethanol to acetaldehyde
is via catalase in peroxisomes.

On average, people can metabolize about 5 g of ethanol per hour (i.e. half a standard
drink). The rate varies about twofold between individuals. Alcohol absorption can be
slowed by having a meal, or even milk, in the stomach but there is no agent that increases
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Box 6.2
CH,CHO+NAD+H,O — CH,COOH+NADH+H"
Acetaldehyde ~ ALDH Acetic acid

the rate of alcohol metabolism. Smaller people are likely to have smaller livers and so
metabolize less alcohol per hour. Women on average have smaller livers than men, a
lower percentage of total body water (in which to distribute the alcohol) and also have
less first pass gastric alcohol dehydrogenase, so that they are less tolerant of alcohol than
men. East Asian people may suffer from headaches and flushing at quite low intakes of
alcohol because of acetaldehyde accumulation. This may limit their intake.

A drug used to control alcohol addiction, disulfiram (Antabuse) antagonizes ALDH.
People taking it experience unpleasant symptoms (headache, nausea, flushing) as a
result of acetaldehyde accumulation when they have a drink.

6.3 Effect of alcohol on the brain

Pharmacologists classify ethanol as a central nervous system depressant in the same
group as general anaesthetics. With increasing levels of blood alcohol people pass
through successive stages of alcohol intoxication (Table 6.1).

At the biochemical level alcohol affects a number of neurochemical processes simulta-
neously. Decreased levels of cyclic AMP and cyclic GMP, inhibition of voltage-sensitive
calcium channels, increased intracellular calcium, increased GABA (y-aminobutyric
acid) activity and decreased glutamate have all been reported. Ethanol increases cell
membrane fluidity.

Ingestion of alcohol has effects in other systems of the body. There is peripheral
vasodilation and increased heart rate. The imbiber may feel warm but be losing more

Table 6.1 Successive stages of acute alcohol intoxication

Blood alcohol Stage Effects

concentration (g/dl)

Up to 0.05 Feeling of well-being  Relaxed, talks a lot

0.05-0.08 Risky state Judgement and finer movements affected

0.08-0.15 Dangerous state Slow speech, balance affected, eyesight blurred,
wants to fall asleep, likely to vomit, needs help to
walk

0.2-0.4 Drunken stupor Dead drunk, no bladder control, heavy breathing,

unconscious (i.e. deep anaesthesia)
0.45-0.6 Death Shock and death
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heat than usual. Alcohol inhibits hypothalamic osmoreceptors, hence there is pituitary
antidiuretic hormone secretion so there is diuresis (an increased urine output) which
can lead to dehydration, especially after drinking spirits.

6.4 Energy value of ethanol

The gross chemical energy of ethanol can be measured outside the body in a bomb
calorimeter, and the value is between the energy value of carbohydrates and that of fat,
about 30 k] or 7.1 kcal/g.

However, in a metabolic ward, with food intakes strictly controlled, Lieber (1992)
replaced 50% of subjects’ energy (calorie) intake by isocaloric amounts of ethanol (they
had been accustomed to high alcohol intakes). Instead of gaining weight they lost weight.
Free-living heavy drinkers are not usually overweight. It appears that above a certain
intake ethanol provides less than 7 kcal/g. Alcohol increases the basal metabolic rate
(thermogenesis) and it is thought that metabolism of alcohol by liver microsomes yields
less energy than the ADH route.

In heavy drinkers, 10-30% (or more) of energy intake comes from alcohol, but
alcoholic beverages contain no protein and very few micronutrients, so this nutrient-
poor source of calories displaces other foods that normally provide essential nutrients.
Appetite may be suppressed in heavy drinkers, either by alcoholic gastritis or by associ-
ated smoking. Alcohol dependency is an important cause of conditioned (or secondary)
nutritional deficiency—the drinker may have access to enough foods and their nutri-
ents but is not eating them. Nutrients that are typically depleted in alcoholics include
thiamin, folate, niacin, and several inorganic nutrients (see below).

6.5 Direct consequences of alcohol intake
6.5.1 Acute intoxication

Acute intoxication can lead to road and other accidents, or domestic and other violence.
Intoxicated people can suffer a range of injuries. Occasionally people consume such a
large dose of alcohol that they die with lethal blood levels. The breathalyzer was devel-
oped to reduce road traffic accidents. In many countries, a driver stopped at random by
a police check who has a breathalyzer reading corresponding to a blood level of 0.05 g/dl
has his driver’s licence suspended. This measure has reduced traffic accidents and con-
tributed to the decline of alcohol consumption in a number of developed countries
(Box 6.3).

6.5.2 Hangovers

The excess intake of alcohol the night before may not yet have all been cleared from the
blood. Dehydration may be present from diuresis and, with some drinks (e.g. brandy),
toxic effects of higher alcohols contribute to the symptoms.
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Box 6.3 Different patterns of alcohol consumption

e The inexperienced drinker (e.g. an adolescent) who misjudges the dose and has
an accident.

e The person who doesn’t drink during the week but drinks to excess and gets
drunk on payday or Saturday night.

e The person who enjoys a controlled 1 or 2 drinks most days.

e The person who has too many drinks each day (most after work) but more or
less maintains their (increasingly inefficient) usual life.

e The person who goes on a binge or bender for weeks of heavy drinking.

6.5.3 Chronic alcoholism

Some people become dependent or addicted to alcohol and cannot face the world unless
they have some alcohol in their blood throughout the day. Thus they maintain an intake
of alcohol per day larger than their liver’s capacity to metabolize it.

6.5.4 Delirium tremens or alcohol withdrawal syndrome

This is the withdrawal syndrome in alcohol addicts, who have maintained some alcohol
in their blood continuously for weeks or longer. Because of an accident or an illness they
are abruptly removed from their alcohol supply and many experience severe agitation,
tremors and hallucinations—not always pink elephants! A severe case is a dangerous
medical condition.

6.5.5 Binge drinkers

One pattern of alcohol excess is that a person starts drinking heavily and cannot stop.
Consequently, as alcohol displaces much of the usual food intake there can be an acute
deficiency of a micronutrient with the smallest reserve in the body, usually thiamin (see
Wernicke—Korsakoff syndrome).

6.6 Medical consequences of excess consumption
6.6.1 Liver disease

Alcohol causes three types of liver damage. The least severe is fatty liver. Metabolism
of large amounts of ethanol in the liver produce an increased ratio of NADH/NAD,
this depresses the citric acid cycle and oxidation of fatty acids, and favours triglyceride
synthesis in the liver cells. It used to be thought that the fatty liver was due to an
associated nutritional deficiency but fatty liver has been observed (using needle biopsy
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of the liver) in volunteers who took a moderately large intake of alcohol but with all
nutrients provided under strictly controlled conditions in hospital. The symptoms of
fatty liver are not striking; on abdominal examination a doctor can feel that the liver is
somewhat enlarged.

Alcoholic hepatitis  (inflammation of the liver) is more serious. This type is not caused
by a virus but by prolonged excess alcohol intake. There is loss of appetite, fevers,
tender liver, jaundice and elevation in the plasma of enzymes produced in the liver (e.g.
aminotransferases (transaminases), glutamyl transpeptidase and alkaline phosphatase).

Alcoholic cirrhosis  may be associated with chronic alcoholism. When the liver has to
metabolize large amounts of alcohol over along time, membranes inside the cells become
disordered; mitochondria show ballooning. In its fully developed form, irregular strands
of fibrous tissue criss-cross the liver, replacing damaged liver parenchymal cells. These
effects may be due to acetaldehyde or to free radical generation by neutrophil polymorph
white cells in the liver. Cirrhosis seems to occur in people who have managed to consume
large amounts of alcohol over many years but carry on a reasonably regular life and were
able to eat and afford the alcohol. The amount of alcohol needed to cause cirrhosis is
difficult to establish exactly because many people understate their alcohol consumption,
especially heavy drinkers. It is greater than 40 g of ethanol in women and 50 g in men
over years, usually much more.

6.6.2 Metabolic effects

Moderate regular drinkers who are apparently well tend to have increased plasma triglyc-
erides (an overflow from the overproduction of fat in the liver). Plasma urate is raised
because of reduced renal excretion probably due to increased blood lactate, which follows
alcohol ingestion.

6.6.3 Fetal alcohol syndrome

Women who drink alcohol heavily during pregnancy can give birth to a baby with
an unusual facial appearance (small eyes, absent philtrum, thin upper lip), prena-
tal and postnatal growth impairment, central nervous system dysfunction and often
other physical abnormalities. Mothers of children with the fetal alcohol syndrome were
heavy drinkers during their pregnancy and most were socially deprived. More moderate
drinkers may have babies that are small for dates but otherwise normal. Some author-
ities insist that pregnant women should avoid all alcohol, but in a careful prospective
study in Dundee, Scotland, Florey’s group found that, after adjustment for the effect of
smoking, social class and mother’s size, there was no detectable effect on pregnancy of
alcohol consumption below 100 g/week (i.e. one standard drink a day).
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6.6.4 Wernicke-Korsakoff syndrome

In binge drinkers who consume large amounts of alcohol and virtually stop eating
for three or more weeks, brain function can be affected by acute thiamin deficiency.
Ethanol uses up thiamin for its metabolism, yet alcoholic beverages provide no thiamin;
there is no rich food source of thiamin and body stores are very small (Chapter 12).
In Wernicke’s encephalopathy the patient is quietly confused—not an easy state to
recognize in an alcoholic. The diagnostic feature, if the sufferer is brought to medical
attention, is that the eyes cannot move properly (ophthalmoplegia). When Wernicke’s
encephalopathy is treated with thiamin, the ophthalmoplegia and confusion clear but
the patient may be left with a loss of recent memory, the inability to recall what has
happened recently (Korsakoff’s psychosis). It has been suggested that when an alcoholic
has a partner who provides food, containing some thiamin, Wernicke’s encephalopathy
is less likely. The incidence has been high in Australia and as a preventive measure
bread has been fortified with thiamin since 1991, as it already is in the United States,
United Kingdom and most other developed countries. Korsakoff’s psychosis can be
permanent. It is one cause of alcohol-related brain damage. Wernicke’s encephalopathy
uncommonly occurs in people who have not taken alcohol (e.g. with persistent vomiting
of pregnancy, hyperemesis gravidarum).

6.6.5 Other nutritional deficiencies in alcoholics

In societies with adequate food supply, vitamin deficiencies are rare but do occur in
heavy drinkers. Chronic thiamin or other B-vitamin deficiency may be responsible for a
peripheral neuropathy in the legs, with reduced function of the motor and sensory nerves
and diminished ankle jerks. Folate metabolism is commonly impaired in alcoholics
and megaloblastic anaemia may be seen. Vitamin A metabolism is abnormal where
there is alcoholic liver disease: the liver does not store retinol normally or synthesize
retinol-binding protein adequately. There can, consequently, be reduced plasma retinol
and night blindness. Among inorganic nutrients, plasma magnesium and zinc can be
sub-normal in alcoholics.

6.6.6 Predisposition to some types of cancer

The risk of cancer of the mouth and pharynx is increased, especially when high alco-
hol intakes are combined with smoking. Other cancers associated with high alcohol
consumption are those of the oesophagus or liver (primary cancer of the liver is a com-
plication of cirrhosis), the rectum (in some beer drinkers) and possibly breast cancer.

6.6.7 Gastrointestinal complications

Chronic gastritis and gastric or duodenal ulcers may be associated with excessive alcohol
consumption. Acute pancreatitis is a severe complication.
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6.6.8 Hypertension

The prevalence of hypertension (raised arterial blood pressure) increases with usual
alcohol intakes above 3 or 4 drinks per day. Prompt falls of moderately elevated blood
pressures have been well documented in heavy drinkers admitted to hospital for detoxi-
cation. The mechanism for the hypertensive effect of chronic alcoholism is not yet clear.
Limiting alcohol consumption is standard part of lifestyle modification recommended
for people with hypertension.

6.7 Alcohol and coronary heart disease

Opposed to the deleterious effect of alcohol on blood pressure is its beneficial effect
in reducing the risk of coronary heart disease, the commonest single cause of death in
many countries. Over 20 large population studies, undertaken by leading epidemiol-
ogists in several countries, have all found that light to moderate alcohol consumption
appears to protect against coronary heart disease (CHD). At post-mortem examination
pathologists have long known to expect little or no atheroma in the arteries of people
dying of alcoholic complications. But the discovery that light to moderate drinking is
negatively associated with CHD emerged only in the 1980s. It was surprising to find a
major health benefit of alcohol drinking.

The longest established mechanism for this protective effect (known since 1969) is
that alcohol consumption increases plasma high-density lipoprotein (HDL) choles-
terol which is a well-established protective factor for CHD (Chapter 18). There
are two main fractions of HDL: less dense HDL, has a closer negative association
with CHD than the more dense HDL;. When subjects took moderate controlled
amounts of alcohol in short-term experiments, only HDL; was increased, but in
surveys of population samples HDL, cholesterol was also raised in people regularly
consuming moderate amounts of alcohol (i.e. the HDL fractions appear to respond
differently to long-term than to short-term alcohol intake). The increase of HDL
cholesterol in moderate drinkers is not sufficient to fully explain their lower risk
of CHD.

Two other mechanisms have been proposed. It seems likely that alcohol reduces
the tendency to thrombosis. It is not possible to test this directly but alcohol reduces
the aggregation of platelets on glass in response to collagen and ADP. A third mech-
anism is that polyphenolic compounds (e.g. catechins) are present in wines, and
they have antioxidant properties that may reduce oxidation of low-density lipopro-
tein (LDL) (Chapters 15 and 18). The evidence to support this is indirect. In
one experiment subjects consumed 400 ml red wine/day for two weeks: their blood
was taken, LDL extracted and shown in vitro to be less susceptible to oxida-
tion (by copper) than at the start of the experiment. It has been suggested that
the antioxidants in wine, especially red wine, might explain the French paradox
(Box 6.4).
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Box 6.4 The French paradox

e The death rate from coronary heart disease in France is apparently lower than in
any other developed country (see Fig. 18.2).

e However, French diet is considered to be rich in fat. National consumption
of butter and cheese are both high, and plasma cholesterols measured with
standardized techniques by WHO monitoring (MONICA) centres are much the
same in Strasbourg and Lille (France) as in Glasgow (Scotland), a city with a high
rate of CHD; percent above 6.5 mmol/l, are 46%, 49% and 43% respectively.

e It is suggested that France’s high alcohol consumption (highest in the world)
and anti-oxidants in vegetables and fruits or red wine might explain this French
paradox.

e Meanwhile, life expectancy at birth in 1993 was 77 years in Australia, Canada,
Israel, Italy, Netherlands and Norway, the same as in France, and the
French death rate from cirrhosis of the liver is about the highest in the
world.

6.8 Alcohol and all causes death rate: The J- or
U-shaped curve

Because of all the social and medical complications of excess alcohol intake we might
expect a graph of total mortality against alcohol consumption to be a straight line
upwards with the lowest rate in teetotallers. However, the results of at least 18 large
prospective studies in seven different countries in men and women all show that the
death rate in light to moderate drinkers is lower than in teetotallers.

This lower death rate atlight to moderate intakes is due to protection from CHD, which
is the commonest single cause of death. With higher intakes the death rate climbs to
exceed the teetotallers rate due to increasing rates of accidents, cirrhosis, hypertension,
strokes, some cancers, etc. But note that nearly all prospective studies have studied
people who were middle aged at entry (Table 6.2).

Whether moderate alcohol consumption is good for health overall depends on people’s
age and risk of CHD. For example, Scragg (1995) estimates that alcohol was responsible
for 20% of all deaths in 15 to 34-year-olds in New Zealand, mostly from road injuries.
In contrast, it is estimated to have prevented 0.5% of all deaths among 35 to 64-year-
olds and prevented 3.4% of all deaths among people over 65 years of age. Since young
people can expect to live longer than older people the number of person-years lost
among ages less than 35 years was greater than those saved in the older age group. Thus,
advantageous effects of alcohol are not widely recommended as a beneficial public health
measure.



ALCOHOL

Table 6.2 Relative risks of total mortality and mortality from coronary heart
disease (CHD) in 276 802 men in the United States (aged 40-59 years at entry)
in a 12-year follow-up

Drinks per day

0 <1 1 2 3 4 5 6+
Total deathrate  1.00 088 084 093 102 1.08 122 138
CHD death rate 1.00 0.86 0.79 0.80 0.83 0.74 0.85 0.92

Source: Boffetta P., Garfinkel L. (1990) Alcohol drinking and mortality among men enrolled in
an American Cancer Society Prospective Study. Epidemiology, 1, 342-8.

6.9 Recognition of the problem drinker

There are different types of alcohol abuse. An ‘alcoholic’ is a group term for any person
whose drinking is leading to harm. This harm may be alcohol dependence or physical
disease or social harm.

People drinking more than others or more than they feel they should are very likely to
underestimate their alcohol intake when asked. The spouse or other family member may
give a very different answer. Doctors are trained to suspect when someone is drinking
too much and researchers use tactfully drafted questionnaires. Alcohol can be smelt
on the breath and detected in the breath, blood or urine within hours of drinking.
If a person has not been recently drinking there are changes in the blood which are
suggestive of long-term excessive alcohol intake:

Increased red cell volume (mean corpuscular volume).

Increased y-glutamyl transferase (GGT) activity.

Increased plasma (fasting) triglycerides (i.e. very low-density lipoproteins).
Increased plasma urate.

Increased plasma transaminases (aminotransferases).

AN o

Increased plasma carbohydrate-deficient transferrin.
These vary in sensitivity and specificity. Enzymes (2) and (5) and proteins (3) and
(6) are produced in the liver. Increased urate is a result of increased plasma lactate.
Increased red cell volume is sometimes due to folate depletion; its cause in most cases is
not yet clear.

6.10 Is alcoholism a disease or the top end of
a normal distribution?

Alcoholism is a costly problem in most communities because of associated diseases, acci-
dents, loss of earning, medical expenses and social misery. There are two philosophical
approaches. One is the medical model which sees alcoholism as a disease which should
be treated by the health professions. The other is the society model: the more alcohol
sold and consumed, the larger will be the number of alcoholics. There are sections of
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Fig. 6.2 Hypothetical curve proposed by Ledermann (1956). In a homogeneous population
alcohol consumption is distributed in a logarithmic normal curve.

Source: From British Medical Journal (1982).

society (e.g. some occupations, deprived minorities) who are at increased risk and there
are social practices that contribute to alcohol abuse.

Ledermann (1956) put forward the hypothesis that in a homogeneous population the
distribution of alcohol consumption is a logarithmic normal curve and that the number
of people who drink a certain amount can be calculated if the average consumption
is known (Fig 6.2). This theory predicts that major complications of alcoholism in a
country will be related to average national consumption. Governments rely on this
principle in maintaining substantial taxes on alcohol, and other measures to reduce its
free availability.

6.11 Genetic liability to alcohol dependence?

Occurrence of alcoholism in families could be learnt behaviour rather than genetic. From
comparing monozygotic with dizygotic twins the heritability of amount and frequency
of alcohol drinking appears to be about 0.36 (i.e. one-third of the way along the scale
from purely environmental to purely genetic). But studies on twins cannot completely
exclude environmental effects. Adoption studies have shown that the sons of alcoholic
fathers are four times more likely to become alcoholics than the sons of fathers who
were not alcoholics. The search is on to find one or more variations of brain metabolism
which makes people more likely to become alcohol-dependent. There have been several
claims (e.g. abnormality of brain handling of dopamine or serotonin) but none has been
convincingly confirmed.
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Table 6.3 Volume of various alcoholic beverages providing approximately 10g

ethanol
Type of drink Usual % ethanol® Vol. that provides
v/v (by volume) approx. 10 g ethanol

Low alcohol beer 2-3% 568 ml = 1 (UK) pint
=200z

Average beer 4-5% 285ml = 1 (UK) pint
=100z

Average wineP 10% 120ml =40z

Fortified wine (e.g. sherry, port) 20% 60ml=2o0z

Spirits (e.g. whisky, gin, vodka, brandy) 40% 30ml=10z

@ Note: (1) That these are approximations. The exact percentage of alcohol should be on the label

of the bottle. (2) The specific gravity of ethanol is 0.790. To convert to g/100 ml multiply by 0.79
(or 0.8).
b Wine bottles usually contain 750 ml = 67 standard drinks.

6.12 Recommended intakes of alcohol

Nutritionists have been slow and reluctant to accept the accumulated evidence that
there are some health benefits for older people of moderate alcohol intake, along with
the undoubted costs of the many complications of excessive alcohol intake. The usual
way in which alcohol is mentioned in national sets of dietary guidelines (Chapter 32) is
‘drink alcohol in moderation, if at all’.

Because women have lower rates of metabolizing alcohol, advice on safe drinking
levels has to be different for men and women. Recommendations are expressed in
standard drinks that contain 10 g of pure alcohol. In men, two to three standard drinks
per day (20-30 g alcohol) (i.e. 140-210 g alcohol/week), are usually biologically safe,
but no more than two drinks before driving and a minority of men should not take
this much, or even any alcohol (e.g. people with liver disease, taking other sedative
drugs, with a history of alcohol dependence). In women, the biologically safe intake is
one to two drinks (10-20 g alcohol) per day (i.e. 70 to 140 g alcohol/week). As well as
the same contraindications as in men, intake should be one drink or less in pregnancy
or if a woman thinks she might be pregnant. Children should not take alcohol but in
some cultures they are offered a small amount of wine with the family’s main meal and
some believe this can be a good training in moderation in consumption of alcohol. The
quantities of various alcoholic beverages providing 10 g ethanol are shown in Table 6.3.

Further reading
1. Alcohol problems: ABC of alcohol; alcohol and alcoholism. London: The British Medical Journal,
1982.

2. Boffeta, P. and Garfinkel, L. (1990) Alcohol drinking and mortality among men enrolled in an
American Cancer Society prospective study. Epidemiology, 1, 342-8.

109



110

ESSENTIALS OF HUMAN NUTRITION

. Doll, R, Peto, R., Hall, E., Wheatley, K., and Gray, R. (1994) Mortality in relation to consumption

of alcohol: 13 years’ observations on male British doctors. BMJ, 309, 911-8.

. Frezza, M., di Padova, C,, Pozzato, G., Teroin, M., Baraona, E., and Lieber, C.S. (1990) High blood

alcohol levels in women. The role of decreased gastric alcohol dehydrogenase activity and first-pass
metabolism. N Engl ] Med, 322, 95-9.

. Feunekes, G.1.]., van’t Veer, P., van Staveren, W.A., and Kok, EJ. (1999) Alcohol intake assessment:

the sober facts. Am J Epidemiol, 150, 105-12.

6. Hall, W. and Zador, D. (1997) The alcohol withdrawl syndrome. Lancet, 349, 1897-900.
7. Holman, C.D.J., English, D.R., Milne, E., and Winter, M.G. (1996) Meta-analysis of alcohol and

all-cause mortality: a validation of NH & MRC recommendations. Med J Aust, 164, 141-5.

8. Ledermann, S. (1956) Alcool, alcoolism, alcoolisation. Paris: Presse Universitaires de France.
9. Lieber, C.S. (ed.). (1992) Medical and nutritional complications of alcoholism. Mechanisms and

10.

11.

12.

13.

14.

management. Plenum, New York and London.

Norton, R., Batey, R., Dwyer, T., and MacMahon, S. (1987) Alcohol consumption and the risk of
alcohol related cirrhosis in women. BMJ, 295, 80-2.

Rimm, E.B., Klasky, A., Grobbee, D., and Stampfer, M.J. (1996) Review of moderate alcohol
consumption and reduced risk of coronary heart disease: is the effect due to beer, wine, or spirits?
BMJ, 312, 731-6.

Rimm, E.B., Williams P., Fosher K., Giqui M., and Stampfer M.J. (1999) Moderate alcohol intake
and lower risk of coronary heart disease: meta-analysis of effects on lipids and haemostatic factors.
Br Med ], 319, 1523-8.

Sulaiman, N.D., Florey, C., du, V., Taylor, D.J., and Ogston, S.A. (1988) Alcohol consumption in
Dundee primigravidas and its effects on outcome of pregnancy. BM]J, 296, 1500-3.

Scragg, R. (1995) A quantification of alcohol-related mortality in New Zealand. Aust NZ ] Med,
25, 5-11.



Part 2

Organic and inorganic
essential nutrients



This page intentionally left blank



Chapter 7

Water, electrolytes and
acid—base balance

James Robinson

7.1 Body water
7.1.1 Importance of water

In 1913, Lawrence Henderson explained how peculiar properties resulting from its
hydrogen-bonded structure make water an essential constituent of all known forms of
life. It is, remarkably, liquid in the range of ‘ordinary’ temperatures at which biochemical
reactions can occur in solution or at active sites of enzymes in contact with water. Its high
specific heat moderates temperature gradients; high latent heats allow efficient cooling
by evaporation and protect against damage by frost. A dielectric constant large enough
to reduce by 80 times forces between charges immersed in it makes water a superb
solvent for ionic compounds. It is also a good solvent for most organic compounds
(apart from fats and hydrocarbons) and even when the active sites of enzymes are in
clefts which exclude water molecules, most reactants must arrive and most products
move away in aqueous solution.

7.1.2 Amount and distribution in the body

The extent to which freely diffusible substances (e.g. ethanol, urea, isotopic forms of
water) are diluted after being ingested or injected shows that adult persons contain about
35—451 of water, which makes up 50-70% of their body weight, depending on how fat
they are. The fat-free tissues contain 60-80% of water by weight, but fat stored in fat
cells contains none.

However, the body is not just a tracksuit-shaped bag, two-thirds full. The water is
in a large number of smaller compartments—in cells, body cavities, blood vessels, etc.
Dilution of solutes that do not cross cell membranes gives volumes outside the cells (in
extracellular fluid, ECF) between 12 and 201, the higher estimates being better than
older ones based on test solutes that failed to diffuse completely into dense tissues.
The volumes quoted are approximate. No two people are identical; different observers
and methods yield results which are similar but not the same. Hence books do not all
agree, but 421 for total body water (TBW), 23 | intracellular (IC), and 191 extracellular
(EC) water per 70 kg body weight are reasonable estimates. Of the ECF, 3.51 is plasma
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Fig. 7.1 Principal functions of water in the body.

circulating in the blood vessels. The rest bathes the cells—an overcrowded and somewhat
salty pond we carry with us for them to live in. In 1878, Claude Bernard called the ECF
the ‘internal environment’ of the cells; it nourishes them, supplies their needs and takes
away their waste products. The circulating blood keeps it stirred so that it can transport
heat and substances in solution from one cell to others, and between cells inside the
body and the external environment. The principal functions of water in the body are
summarized in Fig. 7.1.

7.1.3 Body fluids

The fluids in the body are not pure water. ICF and ECF are distinct solutions, with
different things dissolved in them. The ECF is like a diluted sea water, containing mainly
sodium salts, chiefly chloride, some bicarbonate, small but important concentrations of
potassium, calcium and magnesium. The ICF contains mainly potassium salts, mostly
organic phosphate and proteinate; small amounts of sodium, magnesium and bicar-
bonate; a little chloride and very little calcium (see Table 7.1). The cell membranes are
somewhat permeable to sodium and potassium, hence cells must use a large part of the
energy from their metabolism pumping out sodium that diffuses in and getting back
potassium that leaks out. Even at rest, the cells are very busy! They use about 40 kg
adenosine triphosphate (ATP) each day to supply the energy for maintenance; up to
0.5 kg per minute during maximal exertion!

The cell membranes are also permeable to water, so the total concentration
(osmolarity) is the same in the cells and in the ECE. The concentration of sodium
in the ECF is about 150 mmol/l, and the concentration of potassium in the cells is about
150 mmol/l of cell water. A very important consequence of this is that so long as osmo-
larity throughout the body water is kept constant (the kidneys and thirst together control
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Table 7.1 Muscle cell fluid and blood plasma as typical intracellular fluid
(ICF) and extracellular fluid (ECF)

Muscle cell fluid Plasma

(mmol/l water) (mmol/l water)

K+ 150 Org P~ 130 Na* 150 d~ 110

Na* 10 HCO3 10 K+ 5 HCO3 27

Mg+ 10 a- 5 Ca’* 2 Org” 5

Ca** 104 Prot'’” 2 Mg?+ 1 HPOy 2
Prot'”” 1

Reaction: pH 7.1 pH 7.4

Osmolarity: 285 mosmol/l cell water 285 mosmol/l plasma water

Note: Because only about 95% of plasma is water, laboratory results per litre of plasma
are lower than these. Average cell fluid is only about 80% water.

Source: Modified with permission from Bray, J.J., Cragg, P.A., Macknight, A.D.C,,
Mills, R.G., and Taylor, D.W. (1994) Lecture notes on human physiology. (3rd edition).
Blackwell, Oxford.

this), the volume of ECF is fixed by the amount of sodium in it (litres of ECF = mmol
of EC Na + 150 mmol/1), and the volume of the cells is likewise fixed by the amount of
intracellular potassium (mmol cell K/150 mmol/l).

Note that the kidneys, by adjusting the excretion of water to keep osmolarity constant
in the body fluids, set the stage both for the amount of sodium in the ECF to determine
its volume, and for the cells to determine their own volume by regulating the amount of
potassium they contain. This assumes an adequate supply of water; the kidneys cannot
make water but only regulate its loss.

7.1.4 Water balance

The fact that people keep very much the same weight implies that the amount of water
in the body is kept constant, gains being balanced against losses. Weighing is therefore
the best way to measure day-to-day changes in the amount of water in the body.

Regulation of water balance Loss of water makes body fluids more concentrated. All
the cells lose water and shrink as osmotic pressure of the ECF rises. Special cells in the
hypothalamus at the base of the brain respond to shrinking: (1) by sending messages
which excite the sensation of thirst, and (2) by releasing into the blood an antidiuretic
hormone (ADH) which allows the renal tubules to reabsorb water from dilute urine and
return it to the blood. If gains of water exceed losses, cells swell, the thirst message is
switched off, no more ADH is released and a flow of dilute urine, ‘water diuresis, quickly
gets rid of excess water. There are also nervous paths from receptors in the heart and
large central blood vessels that stimulate thirst and release of ADH when the volume of
blood shrinks, or stop the release of ADH when blood volume is restored.
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Orders of magnitude of gains and losses of water

Intake
1. ‘Solid’ food, 1.01/day.
2. Metabolic water (oxidation of hydrogen in metabolites), 0.3 I/day.

3. Beverages, 1.01/day or more, voluntary intakes may be much more!

Output
Note. Most of these are unavoidable losses from the body.

1. Evaporation of vapour from skin and lung surfaces, which must be moist to remain
flexible and to allow exchange of gases in solution. About 1.01/day at rest; much
more from the lungs with increased ventilation during exercise, especially at high
altitudes; more than 2.01/day above 6000 m. The first successful ascent of Mount
Everest depended partly on allowing for the magnitude of this loss.

2. Sweat: up 151/day may be secreted by sweat glands to get rid of heat.
Faeces: normally 0.1 1/day; with choleraic diarrhoeas may reach 10 or 121/day.

4. Urine: at least as much water as can carry the day’s soluble waste products in the
most concentrated urine the kidneys can make. With normal kidneys, and urine
four times as concentrated as plasma, this is about 0.61; it becomes 2.41 if kidneys
cannot make urine more concentrated than plasma, and may be more than 101 in
patients with diabetes insipidus who fail to produce ADH or whose kidneys do not
respond to it.

Wild animals (at greater risk from predators when they stand still to drink or urinate)
often seem to drink only enough to replace unavoidable losses. Many people drink more
and rely on water diuresis to match output to their voluntary intake.

Both excesses and deficiencies of body water can occur, and may threaten life.

7.1.5 Deficiency of body water

Simple dehydration from loss of water may be caused by reduced intake or increased
losses, or by a combination of both. Even when intake is zero, unavoidable losses
continue, and they may be increased, for example, from skin and lungs by activity
and fever, from the gut by diarrhoea or vomiting; the continuous aspiration of stomach
contents to prevent vomiting can also make the mouth a channel of loss instead of intake.

If water is lost, first from the ECE which is in contact with the external environment,
and is not replaced, the osmolarity of all the body fluids and the concentration of sodium
in the plasma increase. Osmotic pressure could be corrected by excreting sodium, but
this does not happen in man. Instead, sodium disappears from the urine and is avidly
retained in the body. Its concentration in sweat, intestinal and other secretions is also
reduced as more aldosterone is secreted from the adrenal cortex in response to the lower
volumes of plasma and ECE This ‘dehydration reaction’ has survival value—the high
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osmotic pressure maintains thirst and the output of ADH, minimizing urinary loss and
keeping up the search for water. Increased extracellular osmolarity also withdraws water
from cells and helps to sustain the volumes of ECF and circulating blood which are
essential to the search for water and take precedence over the regulation of osmolarity.
In rats, rabbits, sheep and dogs, an initial increase in the excretion of sodium may
precede the onset of this dehydration reaction.

Symptoms The cardinal manifestation of primary deficiency of water is thirst, which
can dominate what remains of a disordered consciousness (‘My thirst was the tallest
tree in a forest of pain, Admiral Byrd). Loss of 20% or more by American men in
the desert may leave the dry skin cracking and oozing blood (‘blood sweat’) as the
men become senseless automata scratching in the sand for water until they die, from
respiratory failure. See Box 7.1 for information on effects of water loss in open country
in New Zealand.

Fresh water may be as unavailable at sea as in deserts; the dry mouth, swollen tongue,
and delirium with hallucinations were admirably described in 1798 by Samuel Taylor
Coleridge, in The Rime of the Ancient Mariner.

And every tongue through utter drought, Was withered at the root;

We could not speak, no more than if We had been choked with soot.
With throats unslaked, with black lips baked, =~ We could not laugh nor wail;
Through utter drought all dumb we stood! I bit my arm, I suck’d the blood,

And cried, ‘A sail! a sail”’

R.A. McCance, Professor of Experimental Medicine at Cambridge (England), during
World War II was chairman of a subcommittee of the British Admiralty concerned
with safeguarding the lives of hundreds of men cast adrift in lifeboats or rafts after

Box 7.1 Survival without water in New Zealand

Amount of body water lost:

e 1-5% body weight: thirst; vague discomfort; economy of movement; no appetite;
flushed skin; impatience; increased pulse rate; nausea.

e 6-10% body weight: dizziness; headache; laboured breathing; tingling in limbs;
absence of saliva; blue body (cyanosis); indistinct speech; inability to walk.

e 11-12% body weight: delirium; twitching; swollen tongue; inability to swallow;
deafness; dim vision; shrivelled skin; numb skin.

‘A man can exist for days without food, but only for 2-5 days without water.

Source: Hildreth B. (1979) How to survive in the bush, on the coast, in the mountains

of New Zealand. Government Printer, Wellington.
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their ships were sunk by enemy action. He studied volunteers in life rafts in temperate,
arctic and tropical seas, and came to the firm conclusion that sea water could not be
used to supplement limited supplies of fresh water. Reports of survivors showed that
those who drank sea water became more delirious and were liable to disappear over the
side. Sea water has a higher salt concentration than human kidneys can achieve; hence
drinking it actually removes water from the body and makes dehydration worse. Any
temporary improvement in circulation and feeling when water is withdrawn from cells
is overshadowed by shortened survival. It is of no ultimate advantage to feel better on
Monday and die on Tuesday if it happens that your party is not going to be rescued until
Wednesday.

Treatment The remedy for primary water deficiency is water, as the predominant
symptom of thirst indicates. It is important to realize that this kind of dehydration is
not confined to oceans and deserts; it can even turn up in hospital wards if thirst fails
or cannot be satisfied. Unconscious patients do not experience thirst; others may be too
confused or too weak to drink water set beside them. Alexander Leaf once remarked:
‘These people are in great danger, for their osmostat is in their physician’s head. A full
jug and glass on the bedside locker does not guarantee there is enough water in the
patient.

Summing up In primary dehydration from simple lack of water, the cells share the
loss with the ECF; and hence arouse thirst, which normally indicates what is needed for
treatment. Old people and their caregivers need to bear in mind that thirst, water diuresis
and the response to ADH tend to become attenuated with advancing years; hence these
people are increasingly at risk of dehydration, with the possibility of a vicious circle if
chronically high osmolarity further impairs their awareness of thirst and the need for
water.

7.1.6 Excess of body water

An excessive amount of water in the body is rarer than deficiency, for water diuresis
protects against excess, and normal kidneys can excrete water as fast as the gut can
absorb it. But water diuresis can fail:

1. in anuria: with absence of renal function the kidneys cannot respond to absence of
ADH; and
2. with inappropriate release of ADH: e.g. after trauma, including surgery, head injury,

or antidiuretic substances from some tumours.

If patients in these conditions are given much more than about 11 per day, which they
need to replace unavoidable losses, EC osmolarity and sodium concentration fall, so
that water goes into cells, which swell. Weakness and cramps appear. Swelling of brain
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cells leads to water intoxication in which disturbances of consciousness and behaviour
may progress to convulsions and death.

Low osmolarity and low plasma sodium concentration (hyponatremia) can occur
without an excess of total body water (e.g. if the water, but not the salt, lost in profuse
sweating is replaced). Muscle cramps are then the chief feature—once known as miners’
cramps and stokers’ cramps, common in English coal mines and ships. J.B.S. Haldane
showed in 1928 that extra salt prevents or cures these cramps, and miners in hot mines
commonly added salt to their beer.

7.2 Sodium and extracellular fluid
7.2.1 Significance and functions of sodium

Salt has long been a valuable commodity and part of the fabric of human life and
culture. We pay salaries, the salarium being the allowance for a Roman soldier to buy
salt; and we still question whether a man is worth his salt. Salt mines are traditional sites
of strenuous, unpleasant but essential labour. Some animals in arid regions trek vast
distances to salt licks to get the sodium they need in order to excrete potassium from
their high potassium vegetable diet.

Common salt is sodium chloride, NaCl; each gram contains 17.1 mmol of sodium,
which is the principal cation in most extracellular fluids and is responsible for 95%
of their osmolarity. Its concentration, regulated at 150 mmol/l in man and most ani-
mals, helps to stabilize the potassium/sodium ratio which determines the membrane
potentials of most cells and the action potentials underlying the transmission of nerve
impulses and the contraction of muscles. It is responsible for maintaining the volume
(at 11 for every 150 mmol, or 9 g NaCl) of the extracellular fluids that the cells live in.

7.2.2 Amount and distribution of sodium in the body

Adult persons contain about 5600 mmol of sodium (325g NaCl). About half,
2800 mmol, is dissolved in the extracellular fluids, with 300 in cells and 2500 in bone
mineral. Half of the sodium in the bones is exchangeable with isotopically labelled Na,
the rest deeper and less accessible; hence classical analyses of dissolved bodies found
more sodium than modern measurements based upon isotopic dilution during life.

7.2.3 Sodium balance

Intake
Diet: 70-250 mmol/day; very variable with habit, taste and custom.

1. Natural foods contain 0.1-3.0 mmol Na per 100 g; fruits 0.1 mmol/g; vegetables
0.3 mmol/g; meat, fish and eggs about 3.0 mmol/100 g.
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2. Processed foods contain far more; bread around 20mmol/100g; cheese
30mmol/100g; salted butter 40mmol/100g; raw lean bacon as much as
80 mmol/100 g.
People add widely varying amounts of salt in cooking or at the table. Nevertheless,
discretionary salt taken is usually much lower than that obtained from manufactured
and processed food products.

Output

1. Faeces: normally 5-10 mmol/day.

2. Sweat: 20-80 mmol/day; extremely variable, see Section 7.2.4 below.
3. Urine: variable; normally somewhat less than dietary intake.

The kidneys are capable of excreting between 1 and 500 mmol/day; they normally
keep the amount in the body constant by excreting the excess of intake over the sum of
other losses. Homer Smith’s one-time remark that the composition of the body depends
‘not on what the mouth takes in but on what the kidneys keep’ aptly sums up their
control of sodium balance.

The rate of excretion of sodium depends on the balance between glomerular filtration
rate (GFR x [Na]) and tubular reabsorption. When blood and ECF volumes fall, GFR is
reduced by constriction of glomerular vessels, and reabsorption is increased by several
factors. A major factor is aldosterone, secreted from the adrenal cortex. When blood
pressure or volume is reduced and sympathetic nerves are activated, renin is released
from the kidney; this is an enzyme which forms angiotensin-I from a precursor in
the plasma. Another enzyme in blood and some tissues converts this to angiotenisn-
IT which stimulates the adrenal cortex. When blood volume increases these conserving
mechanisms are turned off, GFR increases, and renal nerves inhibit instead of promoting
tubular reabsorption; reabsorption is also inhibited by a natriuretic peptide from the
heart and by other hormones which keep being discovered!

7.2.4 Sodium depletion

Deficiency of sodium is not caused simply by a deficient intake, for the kidneys can
make the urine almost salt-free. Abnormal losses causing depletion may be in:

1. Sweat, up to even 151/day. Sweat is hypotonic, but if its sodium concentration
is 50 mmol/l, this takes as much salt as in 51 of normal ECF, so that even after
osmolarity is corrected by replacing water, the volume of the ECF will be reduced
by 51.

2. Intestinal fluid. 101/day of intestinal secretions are normally reabsorbed; but with
diarrhoea absorption is depressed and intestinal fluid secretion often increased;
losses may reach 181/day in cholera, and the fluid lost is almost isotonic, equivalent
to its own volume of ECFE.
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3. Urine. The kidneys normally act to guard the body’s stores of sodium, but in
Addison’s disease the adrenal cortex fails to produce aldosterone, and the kidneys fail
to conserve sodium. The kidneys may also lose sodium in some types of renal failure.
Diuretic drugs, and osmotic diuresis (e.g. with the load of glucose and ketone acids
in diabetes), may remove large amounts of sodium in the urine.

Provided that osmolarity is maintained, 11 of water is lost with every 150 mmol of
sodium; the result used to be called ‘dehydration secondary to loss of salt’ but ‘saline
depletion’ is a better description. It is important to realize that all the water that is lost
comes from the extracellular fluid, which bears the brunt of the dehydration. Without
loss from the cells, there are only weaker, non-osmotic, stimuli to release antidiuretic
hormone (ADH), so that the urine may not be extremely scanty and concentrated; thirst
is also less pronounced than after the loss of a similar amount of water without salt, but
the threat to survival through the reductions in the volumes of blood and ECF is much
more severe.

Symptoms The cardinal manifestation is peripheral circulatory failure, which may
be sudden and unexpected if premonitory signs are missed: dry mouth and tongue,
shrunken skin lacking turgor, sunken eyes with low pressure, rapid weak pulse, low
blood pressure. Packed cell volume (PCV), the concentrations of haemoglobin and
plasma albumin, and blood viscosity all increase as the volume of plasma falls along
with that of the ECE. When oxygen transport to tissues is badly impaired, cells swell
taking up sodium and water; this further reduces the volume of ECF and may set up
a vicious circle leading rapidly to a disastrous collapse of the circulation—a short of
‘medical shock’

Treatment Salt as well as water is required to treat this desperate state. Water given
alone or by infusing glucose solutions will disappear into the cells with the risk of water
intoxication. Isotonic saline supplies sodium and water in the proportions in which they
are deficient.

7.2.5 Experimental human salt deficiency

R.A. McCance subjected himself and a few other healthy people to forced sweating
for two hours each day while they ate a low salt diet and drank only distilled water.
They lost about 1kg/day for three or four days, while plasma sodium concentrations
remained normal. After that the loss of sodium continued, but not the loss of weight;
plasma sodium concentration fell and water moved into the cells. Their faces shrank;
they lost appetite and sense of taste, and became very weak, weary and muddleheaded,
with a general sense of exhaustion, little initiative, delayed excretion of water loads, and
almost continuous muscle cramps. Many of McCance’s symptoms resembled those of
severe Addison’s disease, though the adrenal glands were presumably overactive! They
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endured these miseries for a week or two, and then enjoyed a rapid cure by eating salty
fried herrings and licking the salt out of the frypan. McCance’s fascinating description in
the third of his Goulstonian Lectures (Lancet 1936) is a precious medical and nutritional
classic.

7.2.6 Excess of body sodium

An increased intake of salt does not usually increase the amount in the body, because
the kidneys normally excrete the extra sodium and keep the volume of ECF constant.
But they can be misdirected or malfunction, and retain too much sodium. Examples
(with some contributory factors) include:

1. Congestive heart failure. Raised capillary pressure displaces fluid from plasma to
interstitial spaces and the congested liver fails to destroy aldosterone normally.

2. Deficiency of plasma albumin (e.g. from loss in the urine in nephrotic syn-
dromes), or from failure of production in hepatic failure or severe malnutrition,
famine oedema. The lowered plasma volume reduces GFR and releases renin
which stimulates secretion of aldosterone. But the plasma volume is not always
low, indicating that there are other factors involved; these are incompletely
understood.

3. Failure of the kidneys to respond to natriuretic hormones (hormones stimulating
sodium loss) released when plasma volume increases.

Retained sodium first increases osmolarity in the ECF, provoking thirst and release
of ADH. Water is taken in, and retained to accompany the retained salt. With normal
osmoregulation, 11 of water is retained with each 150 mmol of sodium (9 g NaCl).
If the extra saline is not held in the capillaries (e.g. if capillary pressure is raised or
colloid osmotic pressure low from lack of albumin), it escapes into the tissues; hence
blood volume is not expanded and signals to retain sodium are not turned off. The
excess saline accumulates as ECF outside the circulation, body weight increases, and
accumulation of more than 41 shows up as oedema.

Treatment Extremely low salt diets are unpalatable, and attempts to restrict salt may be
counter-productive by provoking increased secretion of aldosterone. Patients are more
compliant when dietary salt intake is reduced less rigorously, and renal excretion is
increased with diuretics which inhibit reabsorption of sodium by the renal tubules. See
Table 7.2 for a summary of disturbances in the water content of the body.

7.3 Potassium
7.3.1 Significance and functions of potassium

According to a luminous phrase attributed to Wallace Fenn: ‘Potassium is of the soil
and not of the sea; it is of the cell and not of the sap.’ Just as sodium belongs typically
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Table 7.2 Summary of disturbances of the amount of water in the body

Disturbance Cause Osmotic pressure  Volume change Manifestation
(Plasma [Nal])
Excess water Water only  Reduced ICF1  ECF4 Water intoxication
Excess Na Normal ECF ¢ Oedema
Dehydration ~ Water loss  Increased ICFy ECF| Thirst
Na loss Normal ECF | Circulatory failure

to seas and extracellular fluids, potassium is the predominant cation in the cells of both
animals and plants. Its salts, mainly organic, are responsible for most of the osmolarity
of animal cells and determine their volume. The cells’ enzymes have evolved to require
an environment rich in potassium. The hydrated potassium ion is smaller than that of
sodium, and the cell membranes are much more permeable to it. Hence, the ratio of
the IC to the EC concentration of potassium largely determines the resting potentials
of cells and the transient action potentials which transmit messages and activate nerve
cells and muscle fibres.

Anincrease in the small EC concentration of potassium lowers the concentration ratio
of IC to EC potassium; this depolarizes membranes and blocks transmission, whereas a
decrease in EC potassium concentration increases the ratio, hyperpolarizes membranes
and raises the threshold for excitation. Consequently, the small concentration of potas-
sium in the extracellular fluid is critically important; large (two- to threefold) increases
or decreases can paralyse muscles and stop the heart.

The larger concentration of potassium in the cells is not so critical. Up to a third of body
potassium can be lost without dramatic symptoms. A colleague in McCance’s laboratory
(Paul Fourman) depleted himself experimentally by ingesting ion exchange resins which
prevented the absorption of potassium from his alimentary tract. He delayed analysing
his stools until after a walking holiday, and then found that he had gone away without
a fifth of his body’s store of potassium. The IC and EC concentrations had presumably
been reduced without dangerously disturbing the critical ratio. Had the cells suddenly
recovered their lost potassium, the EC concentration would have fallen to zero and he
would have died.

7.3.2 Amount and distribution in the body

An average human adult’s body contains about 3800 mmol of potassium; most of this,
about 3200 mmol, is in the cells. Indeed, a total body count of the natural isotope,
40K, can yield an estimate of cell mass. About 300 mmol is contained in the skeleton,
and only 80 mmol is in solution in the EC fluids. Hence if the cells increased their
content by only 1.25% (40 mmol) at the expense of the ECEF, the external concentration
would be halved, with potentially serious consequences for neuromuscular and cardiac
function.
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7.3.3 Potassium balance

Intake
Diet: around 100 mmol/day.

1. Meat is animal muscle and vegetables contain plant cells, hence all foods contain
potassium. No foods are exceptionally rich or poor, and there are no large differences
between natural and processed foods, as there are for sodium.

Wholemeal flour, meats and fish supply 7-9 mmol/100 g.
Common vegetables, 5-9 mmol/100 g.

Milk, eggs and cheese 4-6 mmol/100 g.

AN

Fruit 5-8 mmol/100 g; oranges 5 mmol/100 g, making orange juice a useful source
of potassium.

Thelowest values are for salted butter 0.5 mmol/100 g, and eating apples 0.3 mmol/100 g.
Hence, ordinary mixed and vegetarian diets contain adequate amounts of potassium. It
is difficult to devise a diet which is deficient.

Output
1. Faeces: about 10 mmol/day;
2. Urine: 90 mmol/day.

This can be varied widely to match alterations in intake. The kidneys hold the balance by
adjusting the amount in the urine. They can excrete potassium rapidly if EC potassium
concentration rises, and can conserve it when scarce, though not so avidly or so briskly
as sodium. Their priority seems to be to keep the critically important concentration of
potassium in the ECF within its normal range of 4-5 mmol/I.

7.3.4 Regulation of extracellular concentration
The most important factors are:

1. Active uptake by cells. This is maintained by ongoing metabolism and promoted
by insulin. Potassium must be supplied to prevent a lethal fall in EC potassium
concentration when patients with diabetic ketoacidosis treated with insulin and
glucose begin to rebuild the severely depleted stores of glycogen and potassium in
their muscles.

2. Excretion by the kidneys. The bulk of the potassium in the glomerular filtrate is
reabsorbed from proximal tubules; what appears in the urine is mostly secreted by
distal tubules. The rate of tubular secretion is increased by:

e increased EC potassium concentration. This helps to avoid a dangerous increase
in EC concentration when potassium escapes from cells; but the potassium is
lost from the body in the process;

o aldosterone;



WATER, ELECTROLYTES AND ACID-BASE BALANCE | 125

e faster flow through distal tubules; the secretory mechanism seems to set the con-
centration of potassium in the tubular fluid, so that the rate of loss is proportional
to the flow;

e an increased concentration of sodium in distal tubular fluid, for potassium is
secreted partly in exchange for reabsorbed sodium.

7.3.5 Potassium depletion

This implies a lack of potassium out of proportion to other body constituents. Small
children and people who have lost weight are not considered potassium-depleted; their
IC and EC concentrations are normal.

Deficiency of potassium is rarely caused by an inadequate intake alone; it requires also
a failure of renal conservation, or abnormal losses, or both.

1. The alimentary tract can become a source of zero intake or even of loss through
vomiting, aspiration of stomach contents, or diarrhoea, when lost fluid often con-
tains more potassium than normal intestinal secretions. Abuse of purgatives can
cause potassium depletion.

2. The kidneys may excrete instead of conserving potassium under the influence of
adrenal steroids, diuretic drugs or acidosis. In diabetic ketoacidosis, deranged
metabolism leads to loss of potassium from cells to ECF; increased renal excre-
tion is driven by the high EC concentration and the osmotic diuresis provoked by
large amounts of ketone acids and sodium in distal tubular fluid.

3. Most disturbances of acid—base balance increase the rate of excretion of potassium.
Acidosis brings potassium out of cells, raising EC(K), so potassium removed from
cells is excreted and lost. Alkalosis promotes uptake of potassium from plasma into
cells including renal tubular cells, which pass it on into the urine. Thus, alkalosis
as well as acidosis can deplete the body of potassium. Paradoxically, potassium
depletion ultimately leaves distal tubular cells low in potassium so that they tend
to secrete hydrogen ions instead of potassium, make the urine acid, and add extra
bicarbonate to the plasma, thus creating a state of alkalosis in the plasma, while cells
and urine are abnormally acid.

Symptoms The symptoms of potassium deficiency are mild, vague and non-specific:
fatigue, ill-defined malaise with weak skeletal, cardiac and intestinal muscles; the kidneys
cannot concentrate the urine maximally. These are not obvious; there are no dramatic
effects if cells and ECF lose potassium in proportion. Physicians must therefore antic-
ipate when deficiency is likely to occur, and test for it. The electrocardiogram offers a
readily available biological assay, using the patient’s own heart, and may give an early
warning to seek laboratory confirmation.
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Treatment  After causes ofloss have been removed, replacement is usually by the mouth;
best as food. Infusions, when needed, must be slow and not concentrated, to avoid the
danger of high EC potassium concentrations.

7.3.6 Excess of body potassium

Potassium is not stored in the body; there is no over-stocking of cells corresponding to

oedema. Localized excesses in the form of high concentrations of potassium in ECF are

dangerous, but these are rare in the absence of renal damage. The kidneys may fail to

protect against excessive concentrations:

1. In shock; cells deprived of oxygen cannot retain potassium, and kidneys without
adequate blood flow cannot excrete it.

2. In crush injuries; crushed muscles release potassium and also muscle haemoglobin
which damages the kidneys by blocking the tubules.

3. In anuria (no production of urine) from any cause, excretion is impossible, and an
increasing concentration of potassium in the plasma as cells break down may be
a more pressing indication of the need for dialysis than a rising concentration of
blood urea.

4. In Addison’s disease, when adrenal cortical secretion is lacking, EC potassium con-
centration may be moderately increased without an increase in body potassium
because the kidneys fail to conserve sodium but retain potassium.

7.4 Acid-base balance
7.4.1 Regulation

The maintenance of acid—base balance implies keeping the body fluids ‘blandly alkaline’
(i.e. plasma and other ECFs at pH 7.35-7.45; cells about pH 7.1; note that pH 6.8 is
neutral at body temperature). This alkalinity is essential for cells in ‘irritable’ tissues—
nerves, muscles and heart. It is achieved by:

1. controlling excretion of weakly acid carbon dioxide by the lungs (about
13 000 mmol/day); and

2. excretion of smaller amounts of non-volatile acid (hydrogen ions) or alkali
(bicarbonate) by the kidneys.

The kidneys control the numerator, lungs the denominator of the Henderson—
Hasselbalch Equation:

[HCO;] < kidneys

pH=6.1+1log =
0.03Pco, <« lungs and respiratory system
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Normally, [bicarbonate] is kept near 24 mmol/l and partial pressure of carbon dioxide
near 40 mmHg; hence pH must be 6.1 4 log(24/(0.03 x 40)) = 6.1 + log(24/1.2) =
6.14+10g20) =6.14+13=74.

Respiratory and renal diseases can disturb acid—base balance. Considering only dietary
factors, it has been known for more than a 100 years that meat diets leave excess acid
and vegetarian diets excess alkali in the body to be dealt with. Claude Bernard (1865)
noticed that rabbits that happened to be starved produced acid urine instead of the usual
alkaline urine characteristic of herbivorous animals. He deduced that starvation made
them temporarily carnivorous, living on their own flesh, and found that he could make
their urine alkaline or acid at will by giving them grass or meat to eat. He did the same
with a horse.

7.4.2 Dietary considerations

Meat diets yield sulphuric acid from S-amino acids, and phosphoric acid from nucleo-
proteins and phospholipids. Mixed diets leave about 70 mmol/day of hydrogen ions to
be excreted. Food faddists may call sour fruits, etc. ‘acid foods’, but the organic acids
they contain are either not absorbed or mostly oxidized to water and carbon dioxide.
Most of this is breathed out, although a little remains in the body as bicarbonate; hence
these acids taken in as potassium salts leave an excess of potassium bicarbonate which
tends to make the blood more alkaline! Table 7.3 gives examples of food acids and their
metabolic fates.

Hence these dietary acids pose no threat to the body’s ‘bland alkalinity’. Organic acids
that can pose threats are:

1. Acetoacetic and other keto acids, particularly produced in diabetic ketoacidosis;
smaller, less important amounts during fasting.

2. Lactic acid produced in severe muscular exercise or from tissues inadequately
supplied with oxygen (e.g. in shock when blood pressure is very low).

Table 7.3 Acids in fruits and their metabolic fate

Food source Acid Fate

Citrus, pineapples, tomatoes, summer fruits  Citric Oxidized to CO; and H,0
Apples, plums, tomatoes Malic Oxidized to CO; and H;O
Cranberries, bilberries Benzoic  Excreted as hippuric acid
Grapes Tartaric  Not absorbed

Strawberries, rhubarb, spinach Oxalic Not absorbed; forms calcium

oxalate in the gut

Source: Modified from Passmore, R. and Eastwood, M.A. (1988) Davidson and Passmore’s human
nutrition and dietetics, (8th edition). Churchill Livingstone, Edinburgh.
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7.4.3 The reaction of the urine

The reaction of the urine depends on the balance between the amounts of bicarbonate
in the glomerular filtrate and of hydrogen ion secreted by the renal tubules. Since
bicarbonate is formed as a by-product of the generation of hydrogen ions in the tubular
cells, one mmol of bicarbonate is added to the plasma for each mmol of hydrogen ions
secreted into the urine. The secreted hydrogen ion first destroys filtered bicarbonate,
but effects its ‘reabsorption’ by replacing it mmol for mmol by new bicarbonate in the
plasma. Further secreted hydrogen ions convert filtered buffers, especially phosphate,
into their acid forms in acid urine. Hydrogen ions are also excreted as ammonium, and
one mmol of additional bicarbonate is added to the plasma for every mmol of hydrogen
ion excreted as acid buffer or ammonium. In alkalosis the concentration of bicarbonate
in the plasma may be so high that there is more in the glomerular filtrate than the total
rate of hydrogen ion secretion can cope with; the excess bicarbonate then escapes in
alkaline urine, and lowers the concentration in the plasma.

Further reading
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Publications.
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Chapter 8

Major minerals: calcium and
magnesium

8.1 Calcium

Ailsa Goulding

Calcium (Ca) is a remarkable and fascinating mineral. It is an essential constituent of
all forms of life and is critically important for good health and human nutrition. The
skeleton contains 99% of the body calcium and we need adequate dietary calcium and
vitamin D to grow and keep healthy bones and teeth. Calcium is a divalent cation with
an atomic weight of 40 (40 mg Ca = 1 mmol Ca). Calcium is the fifth most abundant
element in our bodies. It is the main mineral in bone, being stored as hydroxyapatite,
Caj0(OH);,(POy)s. The skeleton protects the vital organs, and provides a ‘bank’ of min-
eral from which calcium and phosphorus may be continually withdrawn or deposited
according to physiological need. The total body calcium content differs widely between
individuals at all ages because some people grow better skeletons than others. This is
partly due to genetic factors and partly to environmental and nutritional influences.
In contrast, intracellular and extracellular calcium concentrations are tightly controlled
within narrow limits. This is essential because interactions of calcium ions with pro-
teins alter molecular activity. Ordered movement of ionic calcium plays a critical role
in regulating muscle contraction, nerve conductivity, ion transport, enzyme activation,
blood clotting, and the secretion of hormones and neurotransmitters.

Life without calcium is impossible and small variations in plasma calcium con-
centrations may have serious consequences. Hypocalcaemia and hypercalcaemia are
common medical emergencies. Low blood calcium (hypocalcaemia) may cause seizures
and tetany (musculoskeletal spasms and twitching, particularly in the fingers and face)
and tingling and numbness due to increased neuromuscular activity. High blood cal-
cium (hypercalcaemia) results in thirst, mild mental confusion and irritability, loss of
appetite, and general fatigue and weakness. Polyuria and constipation are common.
When concentrations of calcium are high, calcium salts may precipitate in soft tissues
and kidney stones may form.

8.1.1 Bone metabolism

There are two types of bone: dense cortical bone (80% of the skeleton) and spongy tra-
becular bone (20% of the skeleton). The skeleton undergoes constant renovation, rather
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like a building site. Old worn bits are being chiselled out or resorbed by multinucleate
cells called osteoclasts, while new teams of cells called osteoblasts busily rebuild excava-
tion holes with strong new bone. Bone cell activity affects biochemical markers: blood
levels of alkaline phosphatase and osteocalcin reflect formation; urinary hydroxypro-
line, deoxypyridinoline, and pyridinoline indicate resorption. Osteoblasts buried deep
in bone mineral are called osteocytes; they seem to sense weight-bearing and may help
to regulate bone remodelling responses to exercise. The different bone cells communi-
cate actively. A complex, exquisitely sensitive ‘internet’ of chemical messages appears to
control their differentiation and activity but we understand this bone language poorly.
When the activity of the osteoblasts and osteoclasts is matched, or coupled, bone mass
is stable. The amount of bone destroyed by osteoclasts is replaced by an equal amount
of new bone. When bone remodelling becomes uncoupled, and resorption exceeds for-
mation, bone is lost. Bone mass can be measured accurately in vivo using dual energy
X-ray absorptiometry (DEXA scanning) or computerized tomography (CT scanning).

8.1.2 Bone disorders

Children with vitamin D deficiency develop rickets, and adults, osteomalacia (see
Chapter 14.1). They do not calcify bone normally and their bones contain osteoid
(unmineralized bone). Because this bone is weak, children with rickets often show
bowed limbs. Rickets is still seen in developing countries but rarely in more affluent
societies.

In developed countries the bone disease seen most often is osteoporosis. This is caused
by substantial loss of bone. Although there is too little bone, what remains is normally
calcified. Osteoporotic bones are thin and break easily, especially in the wrist, spine, and
hip. The thinner the bone density, the higher the risk of fractures.

8.1.3 Calcium stores

Bone stores  When plump people are being weighed they sometimes say a little smugly
‘Tve got big bones. However, bones are strong rather than weighty. The bones of an
average adult constitute 14% of body weight, and bone mineral 4%. Men accumulate
more skeletal calcium (1200 g) than women (1000 g). Approximately one-fifth of this
(21%) is in the skull, half (51%) is in the arms, and legs and the remainder (28%) is in
the trunk (ribs 9%; pelvis 8%; spine 11%).

Peak bone mass The heaviest bone mass an individual achieves is called their peak
bone mass (PBM). This is generally reached by 18-20 years of age. To achieve average
PBM values men require a positive daily calcium gain of 160 mg, and women 130 mg,
for every single day of the first 20 years of their lives! Ethnic, family and twin studies
show that there are strong genetic influences on PBM. These may account for 80% of
the variability in adult bone density. The variance in PBM is wide, with values ranging
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between 20% higher and 20% lower than the average. The variance does not change in
the third and fourth decades of life, indicating that young adults with low density do
not catch up bone density over time. Thus if a good PBM is not attained by the mid
twenties, it is unlikely to be achieved at all.

Calcium in extraskeletal stores and body fluids These stores are small (15 g): teeth (7 g),
soft tissues (7 g), plasma and intracellular fluids (1 g). Cytoplasm concentrations are one
thousand times lower than those in plasma. Breast milk contains a high level of calcium
(350 mg/1 or 8.8 mmol/1) and a lactating mother transfers around 260 mg daily to her
baby. The plasma calcium concentration is 2.2-2.6 mmol/1 (8.8-10.4 mg/dl): half of this
is bound to protein (37% to albumin and 10% to globulin), 47% is free or ionized, and
6% is complexed to anions (phosphate, citrate, bicarbonate). The ionized calcium is
biologically active: levels are regulated by the parathyroid vitamin D axis and calcitonin.

Control of plasma calcium When ionized plasma calcium concentrations fall, parathy-
roid hormone (PTH) is secreted to increase calcium input from kidney, bone, and
gut (Fig. 8.1). In the kidney PTH augments the tubular reabsorption of calcium,

I A. Primary physiological need to raise calcium ‘ | B. Primary physiological need to raise phosphateJ

Low circulating Low circulating
plasma Ca2+ plasma phosphate
Parathyroid glands Kidney
PTH 4 25(0H)D; >1,25(0H),D4t

Kidney Bone Gut Bone
reabsorption Ca*
reabsorption P 4 release of Ca and P 4 absorption Ca and P 4 release of Ca and P
25(0H)D3->1,25(0H), Dt

l

Gut Kidney
suppression of PTH by rising Ca2+
PTH-mediated 1,25(0H);D3 increases tubular reabsorption of P
raises absorption of Ca and P and lowers tubular reabsorption Ca
Consequences Consequences
Normal plasma Ca2* restored Normal plasma phoshate restored
Excess P entering blood from bone and gut is Excess Ca entering blood from bone and gut is
eliminated in urine because of PTH-mediated eliminated in urine because of PTH-mediated
decrease in renal tubular reabsorption of P fall in renal tubular reabsorption of Ca

Key: Ca2* ionized calcium PTH parathyroid hormone 25(0H)D, =25-hydroxyvitamin Dj (liver
metabolite);  1,25(0H),D; 1.25-dihydrocholecalciferol or calcitriol (kidney metabolite)

Fig. 8.1 Co-ordinated actions of PTH and calcitriol in target organs regulate levels of calcium
and phosphate in plasma.
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decreases tubular reabsorption of phosphate and bicarbonate, and stimulates conversion
of 25(OH)D; to 1,25(0OH),D; (calcitriol). In bone PTH promotes release of calcium
and phosphate into blood. The effects of PTH on kidney and bone are direct and rapid
and are assisted by 1,25(OH),Ds; the ability of PTH to raise alimentary calcium and
phosphate absorption, is mediated solely by calcitriol. When normal plasma calcium
concentrations are restored PTH secretion decreases, the flow of calcium from bone
diminishes, urinary calcium rises and 1, 25(OH),Ds; synthesis is shut off. The system is
robust and PTH and calcitriol influence each other’s synthesis. The role of vitamin D is
discussed in Chapter 14.1.

Calcitonin, a hormone secreted by the thyroid gland, helps to fine-tune plasma cal-
cium regulation. It lowers calcium by inhibiting bone resorption. It is secreted when
ionized blood calcium levels rise above normal and probably helps to curb blood calcium
fluctuations after meals. Calcitonin plays a smaller role in plasma calcium homeostasis
than PTH and calcitriol, and patients who have had surgery on the thyroid gland main-
tain levels surprisingly well. In contrast, patients lacking either PTH or active vitamin D
metabolites develop hypocalcaemia. Magnesium deficiency also causes hypocalcaemia
because magnesium is a co-factor for PTH secretion. Restoring magnesium corrects
the problem in alcoholics and patients with steatorrhoea. Total plasma calcium rarely
falls below 1.25 mmol/1 (5 mg/dl) because calcium ions from bone mineral constantly
exchange with extracellular fluid.

Obligatory losses of calcium  Significant amounts of calcium inevitably leak from the
body. These are unavoidable dermal, faecal, and renal losses of calcium, called obligatory
losses. Dermal losses (epithelial cells and sweat) are generally less than 20 mg/day; faecal
losses (unabsorbed digestive juice calcium) are 80-120 mg/day; while the obligatory
urinary calcium loss varies between 40 and 200 mg/day, depending on how effectively
calcium is reabsorbed from the glomerular filtrate. The tubules reabsorb more than
98% of the 10 000 mg calcium filtered daily by the glomeruli of the kidney. Dietary salt
(NaCl), protein, and caffeine aggravate obligatory urinary calcium loss.

8.1.4 Calcium balance and absorption

If more calcium is retained than excreted a person is said to be in positive calcium
balance. Negative calcium balance occurs if more calcium is excreted than ingested and
zero calcium balance if the amount of calcium absorbed daily from food is matched
exactly by the amounts of calcium lost in the faeces, urine, and from the skin (Fig. 8.2).

Alimentary calcium absorption This is not as efficient as renal tubular calcium reab-
sorption. Absorption is normally less than 70% (and usually less than 30%) of the
calcium entering the gut. Net calcium absorption (the difference between calcium
ingested by mouth and calcium excreted in the faeces) can be determined by tradi-
tional metabolic balance techniques. To avoid negative calcium balance, net absorption
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Fig. 8.2 Diagram of calcium fluxes (mg/day) of subject in calcium balance (input = output).
ECF, extracellular fluid; a, total calcium ingested by mouth; b, dietary calcium absorbed;

¢, calcium in digestive secretions; d, reabsorbed endogenous calcium; e, unabsorbed dietary
calcium; f, endogenous faecal calcium excretion; g, calcium load filtered at glomerulus;

h, calcium reabsorbed from glomerular filtrate (>98%); i, losses only incurred in pregnancy
(full-term baby has 25-30 g calcium) or lactation (160-300 mg/day in breast milk).

must fully offset calcium losses from the urine and skin. However, measurement of net
calcium absorption considerably underestimates the total calcium absorbed from the
intestine into blood, because some faecal calcium (endogenous faecal) is derived from
calcium resecreted into the intestine in the digestive juices, rather than from unabsorbed
food calcium. True alimentary calcium absorption (amount actually absorbed from the
gut) is measured with radioisotopes or stable isotopes, ?Ca and **Ca.

Factors affecting the bioavailability of calcium in the intestine Variations in the effi-
ciency of absorption are mainly determined by vitamin D metabolites and the rate
of transit of gut contents through the intestine. Calcitriol improves calcium absorption
(see Section 14.1). However, some is absorbed even in vitamin D deficient states, because
some calcium is absorbed by passive concentration-dependent diffusion. The duode-
num absorbs calcium most avidly, but larger quantities of calcium are absorbed by the
ileum and jejunum because food spends longer there. Some calcium is also absorbed
from the colon and surgical resection can impair absorption. Carbohydrates, such as
lactose, improve calcium absorption by augmenting its passive diffusion across villous
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membranes. Diets rich in oxalate, fibre, and phytic acid are reputed to depress alimen-
tary absorption by complexing calcium in the gut. However, their overall effects seem
small, possibly because bacterial breakdown of uronic acid and phytates in the colon
frees calcium for absorption. Poor bioavailability of calcium from spinach is attributed
to the high oxalate content. Dietary phosphorus increases the endogenous secretion of
calcium into the gut. Lastly, calcium absorption diminishes in both sexes in the seventh
decade of life because of lower renal synthesis of calcitriol and intestinal resistance to
calcitriol, which contribute to the genesis of senile osteoporosis (see Section 8.1.6).

Factors influencing urinary calcium loss  Urinary excretion rises when the filtered load
of calcium increases or the tubular reabsorption of calcium decreases. Acidifying agents,
dietary sodium, protein, and caffeine raise excretion. Phosphorus, alkaline agents
(bicarbonate, citrate), and thiazide diuretics lower excretion. Variations in salt intake
explain much of the day-to-day fluctuation in urinary calcium. One teaspoonful of salt
(100 mmol NaCl) raises urinary calcium by 40 mg calcium/day, even on a low calcium
intake. Purified sulphur-containing amino acids (methionine and cysteine) cause sig-
nificant calciuria but phosphate in whole proteins mitigates their calciuric effect when
consumed in foods. Vegetarians with an alkaline urine excrete less urinary calcium than
meat-eaters, who have an acid urine.

8.1.5 Dietary calcium

Body calcium stores are built and maintained by extracting and retaining calcium from
food. Dietary needs vary with gender, ethnicity, age, and the magnitude of obligatory
calcium loss (Table 8.1). It is critically important at all stages of life to consume and
absorb enough dietary calcium to satisfy physiological calcium needs because some bone
will be mobilized to maintain blood calcium levels whenever losses of calcium exceed
alimentary calcium absorption (Fig. 8.3).

Maintainance of bone calcium is a dynamic phenomenon

Input ——— > Turnover ————— Output

Dietary supply Resorption/Formation Urinary

Faecal

Gastrointestinal Dermal
absorption Lactation

Loss of bone will ensue if:

Ca input does Bone resorption Obligatory Ca
not fully offset is greater than losses are not
Fig. 8.3 Ways in which bone Ca output bone formation ofgﬁe(t:gyi/n%l:ltse

loss is caused.
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Table 8.1 United States recommendations for dietary
allowances for calcium (RDA), and optimal calcium
intake (NIH Consensus Statement)

Group RDA 19892  Optimal daily
(mg/day) intakeP
(mg/day)

Infants

Birth—6 months 400 400

6 mths—1yr 600 600

Children

1-5yrs 800 800

6-10yrs 800 800-1200

Adolescents/Young adults

11-24yrs 1200 1200-1500

Men

25-65yrs 800 1000

Over 65yrs 800 1500

Women

25-50yrs 800 1000

Over 50yrs
(postmenopausal)

On oestrogens 800 1000

Not on oestrogens 800 1500

Over 65yrs 800 1500

Pregnant or lactating 1200 1200-1500

@ National Research Council (1989) Recommended dietary
allowances (10th edition). National Academy Press, Washington,
DC, 174-84.

b NIH Consensus Statement (1994) Optimal calcium intake, JAMA,
272, 1942-8.

Threshold concepts Few people consume too much calcium from natural foods. How-
ever, many eat too little: this may affect their skeletons detrimentally, especially in
childhood when skeletal needs are high, and in later life (>65 years) when alimen-
tary absorption of calcium deteriorates. There is a threshold intake for calcium below
which skeletal calcium accumulation is a function of intake, and above which skele-
tal accumulation does not further increase, irrespective of further increases in intake.
In other words ‘enough’ calcium is good, but ‘extra’ calcium will not increase bone
formation.

Recommended nutrient intake There is considerable controversy over the optimal daily
dietary intake of calcium for individuals to achieve PBM, to maintain adult bone mass
and to prevent loss of bone in later life. There may be ethnic and genetic differences in
calcium requirements. Experts who argue for lower intakes point out that large sections

135



136 | ESSENTIALS OF HUMAN NUTRITION

of the population manage to grow and maintain bone on calcium intakes well below
the current United States recommended dietary allowance (RDA) (Table 8.1). Many
consider the even higher intakes recently advocated by the NIH Consensus Group in
1994 are extreme. It is disturbing to note that recommendations are continuing to
climb. Many people find difficulty in consuming more than 1000 mg calcium daily
from natural foods. Evidence of bone benefit from high dietary intakes in older adults
seems insufficient to justify recommending calcium intakes exceeding the current United
States RDA. Higher calcium intakes would require widespread use of food fortification
or calcium supplementation by large sections of the population. A better way to boost
the calcium economy would be to lower dietary salt intake. This will reduce obligatory
loss of calcium and improve calcium balance. Moderate vitamin D supplementation
may be useful in the housebound elderly.

Food sources of calcium Foods vary greatly in their calcium content (Table 8.2). Milk
has an especially high calcium content and in Western countries dairy products supply
up to two-thirds of the total daily intake. Other excellent sources of calcium include
cheeses, yoghurt, and soymilk substitutes. Good sources of calcium include milky dairy
foods, nuts, canned fish with bones, leafy vegetables, and dried fruit. In some countries
foods are fortified with mineral calcium supplements.

Dietary advice to increase calcium intake while following nutritional guidelines for
lowering fat intake includes:

e have a serving of either yoghurt or milk daily for breakfast

e always have low fat milk available in the fridge

e choose low fat dairy products at the supermarket

e add cheese chunks or a sprinkling of nuts to salads/vegetables
e cat pieces of cheese, nuts or green vegetables as snacks

e add grated cheese or milk when serving soups and pasta

e use canned fish with bones in sandwich spreads

e try tofu chunks with salads and casseroles

e add alittle skim milk powder to recipes when baking

e serve vegetables in white sauces made with milk

e use yoghurt in place of cream with desserts.
Satisfactory intake of calcium may be sustained life-long when individuals choose

calcium-rich foods they like.

Calcium supplementation and food fortification Individuals who find it difficult to
eat enough calcium may benefit from mineral supplements. People with very low
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Table 8.2 Calcium content of some common foods

Calcium sources Serving size mg Ca/serving

Excellent sources

Milk, whole 1 cup 250 ml 295
Trim*, fat-reduced 1 cup 250 ml 375
Soymilk 1 cup 250 ml 255
Yoghurt 1 tub 1509 180
Cheddar cheese 1 slice 209 150
Good sources

Ice cream, vanilla  1scoop  85¢g 115
Cottage cheese 1 cup 120g 75
Nuts, peanuts 5 cup 80g 50
Almonds/walnuts 10 nuts 129/50g 30
Canned sardines 3 cup 509 270
Canned salmon 1 cup 1209 110
Leeks/broccoli 1 cup 1509 100
Cabbage/spinach 1 cup 1609 30-80
Dried apricots 1 cup 709 65
Dried figs 1 cup 1009 290

* Trim milk, is fat-reduced (0.4%) with added skim milk solids.

Source: Burlingame, B.A., Milligan, C.C., Apimenika, D.E.,

Arthur, J.M. (1994) Concise New Zealand food composition tables

(2nd edition). Insitute for Crop and Food Research, Palmerston

North, NZ.

calorie intakes, milk allergies or symptomatic lactose malabsorption may need to con-
sume foods fortified with calcium (soybean and citrus drinks, breakfast cereals) or

take supplements. These are absorbed as well as food calcium.

Calcium intoxication Ingestion of large amounts of alkaline calcium salts (more than
2.5 g Ca/day) can override the ability of the kidney to excrete unwanted calcium, causing
hypercalcaemia and metastatic calcification of the cornea, kidneys, and blood vessels.
People consuming huge quantities of calcium carbonate in antacids are prone to this
intoxication (milk alkali syndrome). Patients taking vitamin D, or its metabolites, may
suffer similar symptoms. Large amounts of vitamin D are poisonous, and are used
commercially to eliminate rodents!

8.1.6 Factors affecting bone growth and attrition

Normal growth Both boys and girls display similar linear gains in calcium up to the
age of about 10 years (Fig. 8.4). Their total body calcium then averages 400 g, indicating
a daily increment of 110 mg over this period. Skeletal growth accelerates at puberty.
Spinal density matures earlier in girls, who go through puberty earlier than boys. Total
body calcium doubles in girls between the ages of 10 and 15 years (an average gain of
200 mg daily). Boys have two extra years of prepubertal bone gain before their pubertal
growth spurt, when they deposit over 400 mg calcium daily in bone. Children do not
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Fig. 8.5 Total body calcium changes in 50 growing girls aged 3-15 years, in relation to age
(r = 0.92) and lean tissue mass (r = 0.97). Author’s data.

have higher calcium absorption than adults. Obligatory losses are also high and there
are concerns that many children consume too little calcium to meet their skeletal needs.
In teenagers, bone mass can be increased by supplementation. However, the gain may
be temporary and catch-up may occur in children who consume less calcium. It may
just take children longer to attain their skeletal potential on moderate calcium intakes,
than on very high intakes.

Environmental factors such as calcium intake, physical activity and sex steroid status
influence bone accrual. Cigarette smoking and excess alcohol affect bone mass adversely
whereas high physical activity, adequate dietary calcium, and sex steroids favour bone
accrual. Regular moderate exercise should be recommended for youngsters. Children
with good lean body mass have the best bone mass (Fig. 8.5). In teenagers with anorexia
nervosa and athletic amenorrhoea, low oestrogen status causes poor PBM. Girls who
recover from these conditions continue to show thin spinal bone years after plasma
oestrogen levels have returned to normal.
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Bone attrition Bone density declines after middle life. Falling levels of sex steroids
cause trabecular loss while calcium deprivation speeds cortical loss. Effects of oestrogen
deprivation are particularly sharp at menopause (Fig. 8.4). Bone losses are considerable:
from youth to old age, women lose half their trabecular bone and a third of their cortical
bone, while men lose a third of their trabecular bone and a fifth of their cortical bone.
Low bone mass in the elderly may be due to poor PBM, to subsequent excessive loss
of bone, or to both these factors. Bone density will fall below the fracture threshold
at a younger age in people with low PBM than in those with high PBM. Variations in
the genetic inheritance of factors affecting mineral metabolism and bone cells probably
affect PBM, rate of bone loss and susceptibility to bone fracture importantly. People
inheriting different polymorphisms of the vitamin D receptor (VDR) gene may differ
in their dietary requirements for calcium and vitamin D and in their bone density.
Adults with the bb genotype often have better spinal and hip density than those with
the BB genotype.

Bone fractures and osteoporosis Weak bones break more easily than strong ones. Thus
low bone density increases fracture risk, even in youth. In childhood up to a third of all
fractures affect the distal forearm. Fractures at this site are particularly common in early
puberty when bone is remodelling fast and calcium requirements are especially high.
Children who break their wrists have lower bone density than those without fractures.
Increasing calcium intake and physical activity during growth would help to strengthen
their skeletons and avoid fractures. Osteoporosis is a serious and expensive public health
problem, particularly in women. It causes significant pain and morbidity among elderly
people (see Section 3.1.2). The incidence of osteoporotic fractures is expected to increase
in future because people are living longer. In 1990, there were 1.66 million estimated
hip fractures world-wide. By the year 2025, it is projected that there will be 1.16 million
hip fractures in men and 2.78 million in women due to osteoporosis. At present, the
best way to avoid osteoporotic fractures in later life is to grow a good skeleton, achieve
optimal genetic skeletal mass, and then retain this as long as possible. Every effort
should therefore be made to ensure life-long consumption, absorption, and retention
of sufficient calcium to do this.

8.1.7 Other possible health effects of calcium

Hypertension and pre-eclampsia may be influenced by dietary calcium. High intakes are
considered protective. However, the emphasis should be on maintaining good overall
nutrition rather than on individual nutrients. Consumption of balanced meals that meet
the recommendations of national health organizations and provide adequate calcium,
potassium, and magnesium are recommended. The novel Dietary Approaches to Stop
Hypertension (DASH) trial showed that this approach quickly lowered blood pressure.
Bowel cancer risk may be lowered among subjects consuming a high calcium diet.
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More conclusive evidence is required to support this contention which is based on
epidemiological studies.

The consumption or absorption of other substances may be influenced by calcium
intakes. Milk products contain considerable fat. However, fat-reduced dairy products
are available for the cholesterol-conscious and those worried about obesity. There
are concerns that high dietary calcium may lower iron absorption but eating citrus
fruit, with its high vitamin C content, can prevent this. High levels of calcium also
aggravate the inhibitory effect of phytic acid on zinc absorption. Calcium binds gut
oxalate so supplements do not induce kidney stones. Calcium may lower absorption of
tetracyclines.

Population subgroups with special nutritional needs and who are vulnerable to cal-
cium deprivation should be targeted to improve calcium economy and safeguard bone
health. Such groups include:

e people with habitually low dietary calcium intakes

e individuals with food allergies or lactose malabsorption
e adolescents building maximal bone

e girls with anorexia nervosa or athletic amenorrhoea

e the calorie-conscious (slimmers often avoid dairy foods)
e people with very low dietary energy intakes

e pregnant women (last trimester) and lactating women

e people with high intakes of common salt

e people with heavy alcohol consumption

e patients with malabsorption syndromes

e patients taking corticosteroid medication

e patients with renal disease

e the elderly

e people confined indoors who get no vitamin D from sunlight

e individuals with the BB vitamin D receptor genotype.
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8.2 Magnesium

Marion Robinson

Ever since McCollum observed a deficiency of magnesium in both rats and dogs in
the early 1930s, magnesium has been an intriguing mineral. It has both physiological
and biochemical functions and important interrelationships, especially with the cations
calcium, potassium, and sodium. Magnesium is also involved with second messengers,
parathyroid hormone (PTH) secretion, vitamin D metabolism, and bone functions.

8.2.1 Distribution and functions

About 60-65% of the body content, 1 mol (25g) of magnesium in an adult person, is
found in the skeleton. Like calcium, it is an integral part of the inorganic structure of
bones and teeth. Unlike calcium, magnesium is the major divalent cation in the cells,
accounting for most of the remaining magnesium with 27% in the muscles and 7%
in the other cells. Intracellular magnesium is involved in energy metabolism, acting
mainly as a metal activator or co-factor for enzymes requiring adenosine triphosphate
(ATP), in the replication of DNA and the synthesis of RNA and protein; it appears
to be essential for all phosphate transferring systems. Several magnesium-activated
enzymes are inhibited by calcium while in others magnesium can be replaced by
manganese.

The remaining 1% of the body content of magnesium is in the extracellular fluids;
the plasma concentration is about 1 mmol/l of which, as with calcium, about one-
third is protein-bound. Magnesium and calcium have somewhat similar effects on the
excitability of muscle and nerve cells, but calcium has a further important function in
signalling, which requires its concentration in the cells to be kept extremely low.

8.2.2 Metabolism

Magnesium is absorbed primarily from the small intestine, both by a facilitated process
and by simple diffusion. Absorption can vary widely and on average about 40-60%
dietary intake is absorbed. Excretion is mainly through the kidneys, and increases with
dietary intake. The kidney is extremely efficient in conserving magnesium; when the
intake decreases, the urine can become almost magnesium-free. The intestinal and renal
conservation and excretory mechanisms in normal individuals permit homeostasis over
a wide range of intakes.
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8.2.3 Dietary sources of magnesium

Magnesium is present like potassium in both animal and plant cells and is also the min-
eral in chlorophyll. Green vegetables, cereals, legumes, and animal products are all good
sources. Unlike for calcium, dairy products tend to be low in magnesium, with cow’s
milk containing 120 mgMg/1 (5 mmol/l) compared with 1200 mg Ca/1 (30 mmol/l).
The calcium, phosphate, and protein in meat and other animal products reduce the
bioavailability of magnesium from these sources. Average magnesium intake is about
320 mg/day (13 mmol/day) for males and 230 mg/day (10 mmol/day) for females.

8.2.4 Magnesium deficiency

Since magnesium is the second most abundant cation in cells after potassium, dietary
deficiency is unlikely to occur in people eating a normal varied diet. Shils found it diffi-
cult to produce magnesium deficiency experimentally in his classical studies of the 1960s
using human volunteers. These studies showed the interrelationships between magne-
sium and the other principal cations calcium, potassium, and sodium. The plasma
concentration of magnesium decreased progressively as did serum potassium and cal-
cium, whereas the serum sodium remained normal even though sodium was being
retained (Table 8.3). Functional effects, including personality changes, abnormal neu-
romuscular function, and gastrointestinal symptoms, were restored to normal only by
repletion of magnesium. Plasma magnesium returned rapidly to normal levels but there
was a time delay before serum calcium regained baseline concentration.

Low levels of magnesium may occur in malabsorption, as part of the syndrome of
malnutrition regardless of the cause, in people taking diuretics, and occasionally in
other chronic conditions (e.g. inadequately controlled diabetes). Magnesium depletion
may increase the risk of cardiac arrythmias and cardiac arrest. A low level of magnesium
intake has been suggested as a risk factor in coronary heart disease but the evidence is
unimpressive.

8.2.5 Magnesium excess

Large dietary intakes of magnesium appear unharmful to humans with normal renal
function; hypermagnesaemia is almost impossible to achieve from food sources alone.
Large amounts of some magnesium salts (Epsom salts) have a cathartic effect.

Table 8.3 Magnesium depletion and accompanying changes

Blood chemistry Metabolic
balances
Magnesium Plasma Mg | Mg negative
Potassium Serum K |, K negative
Calcium Serum Ca | Ca positive

Sodium Serum Na no change Na positive
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8.2.6 Magnesium status

Serum magnesium concentration is the most frequently used index of magnesium status.
Plasma is not used because anticoagulants may be contaminated with magnesium.

8.2.7 Recommended nutrient intakes (RNIs)

These are based upon an estimated requirement of 4.5 mg/kg per day for Australian
children, adolescents, and adults: 320 mg/day (13 mmol/day) for men and 270 mg/day
(11 mmol/day) for women. The United Kingdom RNIs are almost identical at
300 mg/day and 270 mg/day for men and women, respectively.
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Chapter 9

Iron
Patrick MacPhail

Iron deficiency is the most frequently encountered nutritional deficiency in man. It
has been estimated that 500—-600 million people suffer from iron deficiency anaemia.
Many more have depleted iron stores and are at risk for the development of anaemia.
Paradoxically, iron overload is also a major clinical problem in some populations.
Hereditary (HLA-linked) haemochromatosis affects 1 in 300 people in populations
of Northern European origin. In rural Sub-Saharan Africa, up to 25% of the adult pop-
ulation are iron overloaded while in parts of Asia and the Mediterranean there is a high
prevalence of iron overload secondary to thalassaemia major. Both iron deficiency and
iron overload have serious consequences and are major causes of human morbidity.

Iron owes its importance in biology to its remarkable reactivity. Of paramount impor-
tance is the reversible one-electron oxidation-reduction reaction that allows iron to
shuttle between ferrous (Fe(Il)) and ferric forms (Fe(II)). This reaction is exploited
by most iron-dependent enzyme systems involving electron transport, oxygen carriage
and iron transport across cell membranes. It is also responsible for the toxicity seen in
acute and chronic iron overload. These contradictory properties are managed by highly
specialised and conserved proteins involved in the storage and transport of iron and in
regulating the concentration of intracellular iron.

9.1 Basic iron metabolism

The total body iron content is about 50 mg/kg. Over 60% is in the haemoglobin of red
blood cells and about 25% is in the form of stores, mainly in the liver. The remainder
is distributed between myoglobin in muscles (8%) and enzymes (5%). A small amount
(about 3mg) is in transit in the circulation bound to the plasma transport protein,
transferrin.

9.1.1 Iron absorption

The mechanism by which iron is absorbed from the gut is not clearly understood but
recent work has uncovered the existence of a number of genes coding for proteins
involved in the control of iron absorption and transport of iron across membranes.
Four phases are recognised. In the luminal phase, food iron is solubilized, largely by acid
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secreted by the stomach, and is presented to the duodenum and upper jejunum where
most iron absorption takes place. Factors which maintain the solubility of iron in the
face of rising pH, such as valency (ferrous iron is better absorbed), mucin secreted by the
cells lining the gut (mucosa) and chelators (ascorbic acid), appear to be important in this
phase. The second phase, mucosal uptake, depends on iron binding to the brush border
of the apical cells of the duodenal mucosa and transport of iron into the cell. In the
third intracellular phase, iron either enters a storage compartment in the storage protein
ferritin or is transported directly to the opposite side of the mucosal cell and released. In
the release phase iron is released from the mucosal cell into the portal circulation where
it is bound to the transport protein, transferrin. Both iron uptake and particularly iron
release by the mucosal cell are inversely related to the amount of iron stored in the
body. Recent discoveries have given us some insight into how this is achieved but many
questions have still to be answered. The HFE protein, the gene for which is mutated
in most cases of Hereditary Haemochromatosis, is expressed in the crypt cells of the
mucosa but is lost as the cell matures and moves to the apex where iron absorption takes
place. This protein, which is closely associated with the transferrin receptor on the cell
membrane, appears to be able to sense iron status and to programme the mucosal cell
to absorb more iron in the iron deficient state. This may be achieved, to some extent,
by increasing expression of the recently described Divalent Metal Transporter (DMT-1
also known as NRAMP-2) at the luminal surface of the cell. How iron is released from
the cell is still unclear but it is likely to involve a recently discovered copper containing
transmembrane carrier, called hephaestin, which is thought to oxidise the iron which
would facilitate binding to transferrin in the plasma.

9.1.2 Internal iron exchange

Once released from the mucosal cell iron enters the portal circulation where another
copper containing protein, caeruloplasmin, facilitates binding of iron to the transport
protein, transferrin, by oxidizing it to the ferric form (Fig. 9.1). Normally transferrin is
about 30% saturated with iron and most of the absorbed iron is transported directly to
the bone marrow where it is incorporated in haemoglobin. The mechanism of uptake by
the young red cells, and all active cells, involves a specific transferrin receptor expressed
on the surface of the cell. The iron-transferrin—receptor complex is taken into the cell
contained within a vesicle. A fall in the pH within the vesicle causes the iron to be
released from transferrin. The iron is then transported through the vesicle membrane
into the cell by DMT1. The transferrin—receptor complex, now devoid of iron, is cycled
back to the cell surface where the transferrin is released back into the circulation. At
the end of its life span the red cell is engulfed by cells of the reticuloendothelial system
(RES), located mainly in the liver and spleen. The iron is separated from haem and either
stored in ferritin or as haemosiderin, both in the RES and in hepatocytes, or released
back into the circulation where it is again picked up by transferrin.
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Fig. 9.1 The iron circuit. Iron is absorbed from the lumen of the small intestine (left), passes
through the 