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Series Foreword

The early decades of the twentieth century were a
period of intense research on constituents of food
essential for normal growth and development, and
saw the discovery of most of the vitamins, minerals,
amino acids and essential fatty acids. In 1941, a
group of leading physiologists, biochemists and
medical scientists recognised that the emerging
discipline of nutrition needed its own learned
society and the Nutrition Society was established.
Our mission was, and remains, ‘to advance the
scientific study of nutrition and its application to
the maintenance of human and animal health’ The
Nutrition Society is the largest learned society for
nutrition in Europe and we have over 2000 mem-
bers worldwide. You can find out more about the
Society and how to become a member by visiting our
website at www.nutsoc.org.uk.

The revolution in biology initiated by large-scale
genome mapping and facilitated by the development
of reliable, simple-to-use molecular biological tools
makes this a very exciting time to be working
in nutrition. We now have the opportunity to get a
much better understanding of how specific genes
interact with nutrient intake and other lifestyle
factors to influence gene expression in individual cells
and tissues and, ultimately, affect health. Knowledge of
the polymorphisms in key genes carried by an
individual will allow the prescription of more effective,
and safe, dietary treatments. At the population level,
molecular epidemiology is opening up much more
incisive approaches to understanding the role of par-
ticular dietary patterns in disease causation. This
excitement is reflected in the several scientific meetings
which the Nutrition Society, often in collaboration
with sister learned societies in Europe, Africa, Asia and
the USA, organise each year. We provide travel grants
and other assistance to encourage students and young
researchers to attend and to participate in these meetings.

Throughout its history a primary objective of the
Society has been to encourage nutrition research and

to disseminate the results of such research. Our first
journal, The Proceedings of the Nutrition Society,
recorded, as it still does, the scientific presentations
made to the Society. Shortly afterwards, The British
Journal of Nutrition was established to provide a
medium for the publication of primary research on
all aspects of human and animal nutrition by scien-
tists from around the world. Recognising the needs of
students and their teachers for authoritative reviews
on topical issues in nutrition, the Society began
publishing Nutrition Research Reviews in 1988. We
subsequently launched Public Health Nutrition, the
first international journal dedicated to this impor-
tant and growing area. These journals are available in
electronic and conventional paper form, and we are
exploring new opportunities to exploit the web to
make the outcomes of nutritional research more
quickly and readily accessible.

Just as in research, having the best possible tools
is an enormous advantage in teaching and learning.
This is the reasoning behind the initiative to launch
this series of human nutrition textbooks designed
for use worldwide. The Society is deeply indebted
to the founding Editor-in-Chief, Professor Michael
J Gibney (University College Dublin), for his fore-
sight and hard work in bringing the first editions of
this major publishing exercise to successful fruition
and for overseeing the production of the second edi-
tion of the Introduction to Nutrition textbook. We
are particularly grateful to Dr Susan A Lanham-New
(University of Surrey) for agreeing to take on
the challenge of being Editor-in-Chief for the
second editions of the other three textbooks
(Nutrition and Metabolism, Public Health Nutrition
and Clinical Nutrition) and for also having the
vision to add a fourth textbook, Sports and Exercise
Nutrition. Read, learn and enjoy.

Ian A Macdonald
President of the Nutrition Society



Preface

More than a decade has passed since the idea of a
Nutrition Society Textbook Series was first raised and
it has proved to be an enormously successful venture.
It is a great honour for me to be the new editor-
in-chief of the series and credit should go to the first
ever Editor-in-Chief, Professor Michael J Gibney
(University College Dublin) for his tremendous
vision and hard work in the early days of the Series’
development.

Nutrition and Metabolism 2e is the second of this
series of four textbooks: Introduction to Human
Nutrition 2e was published last year and launched at
the 2009 Nutrition Society Conference, held at the
University of Surrey, Guildford. It was seen very
much as an ‘introductory’ textbook and, as such, was
designed not only for students of nutritional sciences
but also for the many undergraduate and postgradu-
ate students who have aspects of nutrition in their
courses (e.g. medicine, pharmacy, nursing and food
science). Nutrition and Metabolism 2e is aimed at the
student (undergraduate and postgraduate) opting to
pursue nutrition as a main academic subject. This
textbook, as the title implies, has as its focus the phys-
iological and biochemical basis for the role of nutri-
ents in metabolism. The first seven chapters cover
some core areas, some traditional areas, such as the
integration of metabolic nutrition or areas related to
stages of growth, and also focuses on molecular
nutrition. This is an area of considerable growth and
development. Following on from this, the chapters
are organised in a slightly different manner, taking
the view that the role of individual nutrients should
be integrated into chapters on a ‘systems’ level rather
than a specific nutrient one.

Plans are well underway for the second edition of
Public Health Nutrition, and hence this topic is
avoided in Nutrition and Metabolism 2e. The second
edition of Clinical Nutrition Textbook will address the
diet—disease links on a system-by-system basis.

The first edition of Nutrition and Metabolism was
published in 2003 with Professor Ian A Macdonald (Uni-
versity of Nottingham) and Professor Helen M Roche

(University College Dublin) as the specific N&M
Textbook Editors, doing a splendid job. It has been
a great pleasure to have had the opportunity to
work with them again on the production of this
new edition, and I thank them sincerely for all their
hard work.

We have tried to minimise within-textbook overlap
and have cross-referenced chapters where possible.
However, some level of overlap across texts will
undoubtedly occur, but from different perspectives.
For example, Nutrition and Metabolism 2e introduces
an analysis of how nutrients influence risk factors for
coronary heart disease with a perspective on the meta-
bolic dimension. Much of this will again arise in both
Public Health Nutrition 2e and Clinical Nutrition 2e,
from a population and preventive approach and from
a patient and therapeutic approach, respectively.

Nutrition and Metabolism 2e is dedicated to
Professor Vernon Young, who contributed greatly to
the first edition and who sadly died in 2004. We
acknowledge the tremendous contribution that he
has made to our field of Nutritional Sciences.

There are plans for further titles in the Nutrition
Society Textbook Series, which is certainly a fast-
moving product, and it is a pleasure for me, as the
new Editor-in-Chief, to be driving them.

The Nutrition Society Textbook Series is hugely
indebted to Wiley-Blackwell, who have proved to be
extremely supportive publishers. Special mention
should go to Nigel Balmforth and Laura Price for
their commitment to this Series. The Society is also
indebted to Jennifer Norton, who is the new assistant
editor of the textbooks. Her hard work, focus and
organisation are first rate and we would certainly not
be pressing ahead with such pace and efficiency with-
out her input.

I hope that you will find the book of great use.
Please enjoy!

Dr Susan A Lanham-New
University of Surrey and Editor-in-Chief,
Nutrition Society Textbook Series
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1

Core Concepts of Nutrition

lan A Macdonald and Michael J Gibney

Key messages

* The change in body reserves or stores of a nutrient is the difference
between the intake of that nutrient and the body’s utilisation of
that nutrient. The time-frame necessary to assess the body's bal-
ance of a particular nutrient varies from one nutrient to another.
The concept of turnover can be applied at various levels within
the body (molecular, cellular, tissue/organs, whole body).

The flux of a nutrient through a metabolic pathway is a measure
of the rate of activity of the pathway. Flux is not necessarily
related to the size of the pool or pathway through which the
nutrient or metabolite flows.

1.1 Introduction

This textbook on nutrition and metabolism covers
macronutrient aspects of nutrition in an integrated
fashion. Thus, rather than considering the macronu-
trients separately, this book brings together informa-
tion on macronutrients and energy in relation to
specific states or topics (e.g. undernutrition, overnu-
trition, cardiovascular disease). Before considering
these topics in detail it is necessary to outline the core
concepts that underlie nutritional metabolism. The
core concepts to be covered in this chapter are nutri-
ent balance, turnover and flux, metabolic pools, and
adaptation to altered nutrient supply.

1.2 Balance

As discussed in Chapter 3, nutrient balance must be
considered separately from the concepts of metabolic
equilibrium or steady state. In this chapter, the concept
of balance is considered in the context of the classical
meaning of that term, the long-term sum of all the
forces of metabolic equilibrium for a given nutrient.

Nutrients and metabolites are present in several pools in the
body. The size of these metabolic pools varies substantially for
different nutrients/metabolites, and a knowledge of how these
pools are interconnected greatly helps us to understand nutrition
and metabolism.

Darwinian theory of evolution implies a capacity to adapt to
adverse conditions, including adverse dietary conditions. Many
such examples can be cited. Some allow for long-term adapta-
tion and others buy time until better conditions arrive.

The concept of nutrient balance essentially
restates the law of conservation of mass in terms of
nutrient exchange in the body. It has become com-
mon practice to refer to the content of the nutrient
within the body as a ‘store’ but in many cases this is
not appropriate and the term ‘reserve’ is better. Thus,
the idea of nutrient balance is summarised by the
equation:

[nutrient} 3 {nutrient } _ [change in body }

intake utilisation nutrient reserves

The above equation can have three outcomes:

e zero balance (or nutrient balance): intake matches
utilisation and reserves remain constant

e positive balance (or positive imbalance): intake
exceeds utilisation and reserves expand

e negative balance (or negative imbalance): utilisa-
tion exceeds intake and reserves become depleted.

In relation to macronutrient metabolism, the con-
cept of balance is most often applied to protein
(nitrogen) and to energy. However, many research

Nutrition and Metabolism, Second Edition, edited by S. A. Lanham-New, I. A. Macdonald and H. M. Roche. © 2011 The Nutrition Society.



2 Nutrition and Metabolism

studies now subdivide energy into the three
macronutrients and consider fat, carbohydrate and
protein balance separately. This separation of the
macronutrients is valuable in conditions of altered
dietary composition (e.g. low-carbohydrate diets)
where a state of energy balance might exist over a few
days but be the result of negative carbohydrate bal-
ance (using the body’s glycogen reserves to satisfy the
brain’s requirement for glucose) matched in energy
terms by positive fat balance.

Balance is a function not only of nutrient intake
but also of metabolically induced losses. Fat bal-
ance is generally driven by periods where energy
intake exceeds energy expenditure (positive energy
balance) and by periods when intakes are deliber-
ately maintained below energy expenditure, such
as in dieting (negative energy balance). However,
nutrient balance can also be driven by metabolic
regulators through hormones or cytokines. For
example, the dominance of growth hormone dur-
ing childhood ensures positive energy and nutri-
ent balance. In pregnancy, a wide range of
hormones lead to a positive balance of all nutri-
ents in the overall placental, foetal and maternal
tissues, although this may be associated with a
redistribution of some nutrient reserves from the
mother to the foetus (Chapter 6). By contrast,
severe trauma or illness will dramatically increase
energy and protein losses, an event unrelated to
eating patterns.

Balance is not something to be thought of in the
short term. Following each meal, there is either
storage of absorbed nutrients [triacylglycerol
(TAG) in adipose tissue or glucose in glycogen] or
a cessation of nutrient losses (breakdown of stored
TAG to non-esterified fatty acids or amino acid
conversion to glucose via gluconeogenesis). As the
period of post-prandial metabolism is extended,
the recently stored nutrients are drawn upon and
the catabolic state commences again. This is best
reflected in the high glucagon to insulin ratio in the
fasted state before the meal and the opposite high
insulin to glucagon ratio during the meal and
immediate post-prandial period. However, when
balance is measured over a sufficient period, which
varies from nutrient to nutrient, a stable pattern
can be seen: zero, positive or negative (Figure 1.1).
It is critically important with respect to obesity that

[Synthesis {S}] [Balance = +{S > D}|

/TBalance = 0 (S = DJ

Figure 1.1 Positive, zero and negative nutrient balance over time
with fluctuations upwards and downwards within that time.

the concept of balance is correctly considered.
While at some stage energy balance must have been
positive to reach an overweight or obese stage, once
attained most people sustain a stable weight over
quite long periods.

In the context of the present chapter, it is worth
reflecting on the reasons why the period to assess
energy balance correctly varies for different
nutrients.

Fat and adipose tissue (Chapter 5)

e There is a very large capacity to vary the body’s
pool of adipose tissue. One can double or halve the
level of the fat reserves in the body.

e The capacity to vary the level of TAG in blood en
route to and from adipose tissue can vary
considerably.

e Almost all of the TAG reserves in adipose tissue are
exchangeable.

Calcium and bone (Chapter 12)

e The human being must maintain a large skeleton
as the scaffold on which the musculature and
organs are held.

e There is a very strict limit to the level of calcium
that can be transported in blood. Excess or insuf-
ficient plasma calcium levels influence neural
function and muscle function, since calcium is also
centrally associated with both.
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e Only a small fraction (the miscible pool) of bone is
available for movement into plasma.

Because of these differences, calcium balance will
require months of equilibrium while fat balance
could be equilibrated in days or at most a few weeks.

1.3 Turnover

Although the composition of the body and of the
constituents of the blood may appear constant, this
does not mean that the component parts are static.
In fact, most metabolic substrates are continually
being utilised and replaced (i.e. they turn over).
This process of turnover is well illustrated by con-
sidering protein metabolism in the body. Daily
adult dietary protein intakes are in the region of
50-100g, and the rates of urinary excretion of
nitrogen match the protein intake. However, iso-
topically derived rates of protein degradation indi-
cate that approximately 350 g is broken down per
day. This is matched by an equivalent amount of
protein synthesis per day, with most of this synthesis
representing turnover of material (i.e. degradation
and resynthesis) rather than being derived de novo
from dietary protein (Chapter 4).

Similar metabolic turnover occurs with other
nutrients; glucose is a good example, with a rela-
tively constant blood glucose concentration arising
from a matching between production by the liver
and utilisation by the tissues (Chapter 3).

The concept of turnover can be applied at vari-
ous levels within the body (molecular, cellular, tis-
sue/organs, whole body). Thus, within a cell the
concentration of adenosine triphosphate (ATP)
remains relatively constant, with utilisation being
matched by synthesis. Within most tissues and
organs there is a continuous turnover of cells, with
death and degradation of some cells matched by
the production of new ones. Some cells, such as red
blood cells, have a long lifespan (c. 120 days), while
others, such as platelets, turn over in a matter of
1-2 days. In the case of proteins, those with very
short half-lives have amino acid sequences that
favour rapid proteolysis by the range of enzymes
designed to hydrolyse proteins. Equally, those with
longer half-lives have a more proteolytic-resistant
structure.

A major advantage of this process of turnover is
that the body is able to respond rapidly to a change
in metabolic state by altering both synthesis and
degradation to achieve the necessary response. One
consequence of this turnover is the high energy cost
of continuing synthesis. There is also the potential
for dysfunction if the rates of synthesis and degrada-
tion do not match.

The consequences of a reduction in substrate syn-
thesis will vary between the nutrients, depending on
the half-life of the nutrient. The half-life is the time
taken for half of the material to be used up, and is
dependent on the rate of utilisation of the nutrient.
Thus, if synthesis of a nutrient with a short half-life
is stopped, the level of that nutrient will fall quickly.
By contrast, a nutrient with a long half-life will dis-
appear more slowly. Since proteins have the most
complex of structures undergoing very significant
turnover, it is worth dwelling on the mechanism of
this turnover. Synthesis is fairly straightforward.
Each protein has its own gene and the extent to
which that gene is expressed will vary according to
metabolic needs. In contrast to synthesis, a reason-
ably small array of lysosomal enzymes is responsible
for protein degradation.

1.4 Flux

The flux of a nutrient through a metabolic path-
way is a measure of the role of activity of the path-
way. If one considers the flux of glucose from the
blood to the tissues, the rate of utilisation is
approximately 2 mg/kg body weight per minute at
rest. However, this does not normally lead to a fall
in blood glucose because it is balanced by an
equivalent rate of glucose production by the liver,
so the net flux is zero. This concept of flux can be
applied at the cellular, tissue/organ or whole body
level, and can also relate to the conversion of one
substrate/nutrient to another (i.e. the movement
between metabolic pathways). Flux is not neces-
sarily related to the size of the pool or pathway
through which the nutrient or metabolite flows.
For example, the membrane of a cell will have
several phospholipids present and each will have
some level of arachidonic acid. The rate at which
arachidonic acid enters one of the phospholipid
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pools and exits from that phospholipid pool is
often higher in the smaller pools.

1.5 Metabolic pools

An important aspect of metabolism is that the nutri-
ents and metabolites are present in several pools in
the body (Figure 1.2). At the simplest level, for a given
metabolite there are three pools, which will be illus-
trated using the role of dietary essential fatty acids in
eicosanoid synthesis.

In the functional pool, the nutrient/metabolite has
a direct involvement in one or more bodily functions.
In the chosen example, intracellular free arachidonic
acid, released from membrane-bound stores on stim-
ulation with some extracellular signal, is the func-
tional pool. It will be acted on by the key enzyme in
eicosanoid synthesis, cyclo-oxygenase.

The storage pool provides a buffer of material that
can be made available for the functional pool when
required. Membrane phospholipids store arachidonic
acid in the sn-2 position at quite high concentrations,
simply to release this fatty acid when prostaglandin
synthesis is needed. In the case of platelets, the eicosa-
noid thromboxane A, is synthesised from arachi-
donic acid released into the cytoplasm by stimuli
such as collagen.

The precursor pool provides the substrate from
which the nutrient/metabolite can be synthesised.
Linoleic acid represents a good example of a
precursor pool. It is elongated and desaturated in
the liver to yield arachidonic acid. Thus, the hepatic
pool of linoleic acid is the precursor pool in this
regard. Not all nutrient pools should be thought of
in the concept of the precursor, storage and func-
tional pool model outlined above. The essential
nutrients and the minerals and trace elements do
not have a precursor pool. Nevertheless, no nutri-

Precursor Functional Storage

pool pool pool

Figure 1.2 The pools in the body in which nutrients and metabolites
may exist.

ent exists in a single homogeneous pool and an
awareness of the existence of metabolic pools is
essential to an understanding of human metabo-
lism. For example, one might expect that a fasted
individual would show a fall in all essential nutri-
ent levels in the plasma pool. In many instances
this is not the case initially because of the existence
of storage pools, such as liver stores of iron or vita-
min A. In the case of folic acid, fasting causes a rise
in blood folic acid levels and this is explained by
the concept of metabolic pools. A considerable
amount of folic acid enters the gut via the bile duct
and is reabsorbed further down the digestive tract.
Thus there is an equilibrium between the blood
folate pool and the gut folate pool. Fasting stops
gallbladder contraction and thus the flow of folate
to the gut, and hence folate is redistributed from
one pool to another.

Another example of how an awareness of meta-
bolic pools helps us to understand nutrition and
metabolism is the intracellular free amino acid
pool. This is the functional pool from which pro-
tein is synthesised. As this pool is depleted in the
process of protein synthesis, it must be repleted,
otherwise protein synthesis stops. Moreover, it is
not just the intracellular pool of amino acids that
matters but the intracellular pool of essential
amino acids or, more precisely, the intracellular
pool of the most limiting essential amino acid.
Calculations show that if the pool of the most lim-
iting amino acid in mammalian cells was not
replenished, protein synthesis would cease in under
1 h. This highlights the need to transfer the limit-
ing amino acid across the cell membrane, which
raises the question of how that pool is repleted.
Effectively, it can only be repleted if there is a com-
parable rate of protein degradation to provide the
key amino acid, assuming the balance is zero. Thus
there are links between the protein pool of amino
acids and the extra- and intracellular pools of
amino acids.

The size of these various pools varies substantially
for different nutrients and metabolites. When study-
ing the activities of metabolic processes within the
body, it is often necessary to measure or estimate the
size of the various pools in order to derive quantita-
tive information about the overall rates of the proc-
esses. In addition, the actual situation may be more
complex than the simple three-pool model described
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above. Nutritional assessment often involves some
biochemical assessment of nutritional status. Blood
is frequently the pool that is sampled and even there,
blood can be separated into:

e crythrocytes, which have a long lifespan and are
frequently used to assess folic acid status

e cells of the immune system, which can be used to
measure zinc or ascorbic acid status

e plasma, which is used to ascertain the levels of
many biomarkers

e fractions of plasma, such as cholesteryl esters used
to ascertain long-term intake of polyunsaturated
fatty acids.

In addition to sampling blood, nutritionists may
take muscle or adipose tissue biopsies, or samples of
saliva, buccal cells, hair and even toenails. A knowl-
edge of how a nutrient behaves in different meta-
bolic pools is critically important in assessing
nutritional status. For example, the level of folic acid
in plasma is determined by the most recent intake
pattern and thus is subject to considerable fluctua-
tion. However, since erythrocytes remain in the cir-
culation for about 120 days, a sample of erythrocytes
will represent very recently synthesised cells right
through to erythrocytes ready for recycling through
the turnover mechanism previously described. As
erythrocytes do not have a nucleus, they cannot
switch on genes that might influence folate levels,
and so the cell retains the level of folate that pre-
vailed at the time of synthesis. Thus, erythrocyte
folate is a good marker of long-term intake. The free
form of many minerals and trace elements is poten-
tially toxic, and for this reason their level in the
plasma is strictly regulated. Hence, blood levels are
not used to assess long-term intake of selenium, but
toenail clippings can be used.

1.6 Adaptation to altered nutrient
supply

In many circumstances, the body is able to respond
to altered metabolic and nutritional states in order
to minimise the consequences of such alterations.
For example, the brain has an obligatory require-
ment for glucose as a substrate for energy and it
accounts for a significant part of resting energy
expenditure. During undernutrition, where glu-

cose input does not match glucose needs, the first
adaptation to the altered metabolic environment is
to increase the process of gluconeogenesis, which
involves the diversion of amino acids into glucose
synthesis. That means less amino acid entering the
protein synthesis cycle of protein turnover.
Inevitably, protein reserves begin to fall. Thus, two
further adaptations are made. The first is that the
brain begins to use less glucose for energy (replac-
ing it by ketones as an alternative metabolic fuel).
The second is that overall, resting energy expendi-
ture falls to help sustain a new balance if possible
(Chapter 8). Stunting in infants and children,
reflected in a low height for age, can be regarded as
an example of successful adaptation to chronic low
energy intake. If the period of energy deprivation is
not too long, the child will subsequently exhibit a
period of accelerated or catch-up growth
(Chapter 7). If it is protracted, the stunting will
lead to a permanent reprogramming of genetic bal-
ance. In many instances, the rate of absorption of
nutrients may be enhanced as an adaptive mecha-
nism to low intakes. Some adaptations appear to be
unsuccessful but work for a period, effectively buy-
ing time in the hope that normal intakes will be
resumed. In essential fatty acid deficiency the nor-
mal processes of elongation and desaturation of
fatty acids take place but the emphasis is on the
wrong fattyacid, thatis, the non-essential 18-carbon
monounsaturated fatty acid (oleic acid, C18:1 n-9)
rather than the deficient dietary essential 18-carbon
polyunsaturated fatty acid (linoleic acid, C18:2
n-6). The resultant 20-carbon fatty acid does not
produce a functional eicosanoid. However, the
body has significant reserves of linoleic acid which
are also used for eicosanoid synthesis and so the
machinery of this synthesis operates at a lower effi-
ciency than normal. Eventually, if the dietary defi-
ciency continues then pathological consequences
ensue. In effect, adaptation to adverse metabolic
and nutritional circumstances is a feature of sur-
vival until the crisis abates. The greater the capacity
to mount adaptations to adverse nutritional cir-
cumstances the greater the capacity to survive.

1.7 Perspectives on the future

These basic concepts of nutrition will remain forever
but they will be refined in detail by the emerging
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subject of nutrigenomics (Chapter 2). We will
develop a greater understanding of how changes in
the nutrient content of one pool will alter gene
expression to influence events in another pool and
how this influences the flux of nutrients between
pools. We will better understand how common sin-
gle nucleotide polymorphisms will determine the
level of nutrient intake to achieve nutrient balance in
different individuals.

Further reading

Frayn KN. Metabolic Regulation: a Human Perspective, 2nd edn.
Oxford: Blackwell Publishing, 2003.
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health.nih.gov/search.asp?category_id=29

http://themedicalbiochemistrypage.org/

www.nlm.nih.gov/medlineplus/foodnutritionandmetabolism.
html
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Molecular Aspects of Nutrition

Helen M Roche, Herman E Popeijus and Ronald P Mensink

Key messages

* The genome forms the information or blueprint to build up an
organism and contains the full complement of genes (genotype)
that when expressed determines the phenotype. The genome
determines nutritional requirements and metabolic responses.
Nutrients can modulate gene expression. These interactions
between nutrition and the genome are referred to as molecular
nutrition or nutrigenomics.

The specific order of nucleotides within DNA forms the basis of
genetic information. It is organised into chromosomes and every
cell contains the full complement of chromosomes.

Genetic variation can be the result of DNA alterations or damage
that lead to genetic mutations. Genetic polymorphisms are com-
mon forms of genetic heterogeneity whereby there are several
different forms of the sample allele in a population.

2.1 Introduction

Our genes determine every characteristic of life: gen-
der, physical characteristics, metabolic functions, life
stage and responses to external or environmental fac-
tors, which include nutrition. Nutrients have the abil-
ity to interact with the human genome to alter gene,
protein and metabolite expression, which in turn can
affect normal growth, health and disease. The human
genome project has provided an enormous amount of
genetic information and thus a greater understanding
of our genetic background. It is true that we are only
beginning to understand how nutrients interact with
the genome. This aspect of nutritional science is known
as molecular nutrition or nutrigenomics.

Molecular nutrition looks at the relationship
between the human genome and nutrition from two
perspectives. First, the genome determines every indi-
vidual’s genotype (or genetic background), which in
turn can determine their nutrient state, metabolic

* Gene expression refers to the process whereby information
encoded in the genes is converted into an observable phenotype.
* There are several tools to investigate molecular aspects of nutri-
tion: animal models, cell/tissue-culture models, molecular clon-
ing, gene expression analysis [polymerase chain reaction (PCR)
and DNA microarrays], protein analysis, stable isotopes and
metabolomics.
Genetic background or common polymorphisms can determine
nutrient requirements, the metabolic response to nutrients and/
or susceptibility to diet-related diseases.
Nutrients can interact with the genome and modulate gene
expression. Hence, it is possible that nutrients could be used to
manipulate an individual’s metabolic response or to reduce their
predisposition to diet-related diseases.

response and/or genetic predisposition to diet-related
disease. Secondly, nutrients have the ability to interact
with the genome and alter gene, protein or metabolite
expression. Gene expression is only the first stage of
the whole-body or metabolic response to a nutrient
and a number of post-translational events (e.g. enzyme
activity, protein half-life, co-activators, co-repressors),
but metabolomic events can also modify the ability of
nutrients to alter an individual’s phenotype. This
chapter will review the core concepts in molecular
biology, introduce the genome and discuss how we
can characterise the effect of nutrition on gene, pro-
tein and metabolite expression using state-of-the-art
transcriptomic, proteomic and metabolomic technol-
ogies, identifying some important research tools used
to investigate these molecular aspects of nutrition,
such as characterising how genetic background can
determine nutrition and health. Some examples of
how nutrients regulate gene, protein and metabolite
expression will also be explored.

Nutrition and Metabolism, Second Edition, edited by S. A. Lanham-New, I. A. Macdonald and H. M. Roche. © 2011 The Nutrition Society.
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Opverall the principal aim of nutrigenomics/molecular
nutrition is to understand how the genome interacts
with food, nutrients and non-nutrient food com-
ponents, within the context of nutrition-related
diseases. It attempts to determine nutrients that
enhance the expression of gene, protein and meta-
bolic pathways/networks that are associated with
health and suppress those that predispose to disease.
While it is unrealistic to assume that food intake and
good nutrition can overcome our genetic fate, good
nutrition can improve health and quality of life.
Therefore, it is essential that we extend our under-
standing of the molecular interplay between the
genome, food and nutrients; and therefore have a
greater understanding of the molecular relationship
between diet, health and disease.

2.2 Core concepts in molecular biology

The genome, DNA and the genetic code

The genome refers to the total genetic information
carried by a cell or an organism. In very simple terms
the genome (or DNA sequence) is the full comple-
ment of genes. The expression of each gene leads to
the formation of a protein, which, together with
many other proteins that are coded by other genes
form tissues, organs and systems, constitute the whole
organism. In complex multicellular organisms the
information carried within the genome gives rise to
multiple tissues (muscle, bone, adipose tissue, etc.).
The characteristics of each cell type and tissue are
dependent on differential gene expression by the
genome, whereby only those genes are expressed that
code for specific proteins to confer the individual
characteristics of the cells that constitute each organ.
For example, gene expression in muscle cells may
result in the formation of muscle-specific proteins
that are critical for the differentiation, development
and maintenance of muscle tissue, and these genes
are completely different from those expressed in oste-
oblasts, osteoclasts and osteocytes, which form bone.
These differentially expressed proteins can have a
wide variety of functions: as structural components
of the cell or as regulatory proteins, including
enzymes, hormones, receptors and intracellular sig-
nalling proteins that confer tissue specificity.

It is very important to understand the molecular
basis of cellular metabolism because incorrect

expression of genes at the cellular level can disrupt
whole-body metabolism and lead to disease. Aberrant
gene expression can lead to cellular disease when
proteins are produced in the wrong place, at the
wrong time, at abnormal levels or as a malfunction-
ing isoform that can compromise whole-body health.
Furthermore, different nutritional states and inter-
vention therapies can modulate the expression of
cellular genes and thereby the formation of proteins.
Therefore, the ultimate goal of molecular nutrition
is to understand how nutrients interact with the
genome and alter the expression of genes, and
the formation and function of proteins that play a
role in health and disease.

Deoxyribonucleic acid (DNA) is the most basic unit
of genetic information, as the DNA sequence codes for
the amino acids that form cellular proteins. Two indi-
vidual DNA molecules are packaged as the chromo-
somes within the nucleus of animal and plant cells.
The basic structure and composition of DNA are illus-
trated in Figure 2.1. DNA is composed of large poly-
mers, with a linear backbone composed of residues of
the five-carbon sugar residue deoxyribose, which are
successively linked by covalent phosphodiester bonds.
A nitrogenous base, either a purine [adenine (A) or
guanine (G)] or a pyrimidine [cytosine (C) or thymine
(T)], is attached to each deoxyribose. DNA forms a
double-stranded helical structure, in which the two
separate DNA polymers wind around each other. The
two strands of DNA run antiparallel, such that the
deoxyribose linkages of one strand runs in the 5-3
direction and the other strand in the opposite 3'-5
direction. The double helix is mainly maintained by
hydrogen bonds between nucleotide pairs. According
to the base-pair rules, adenine always binds to thymine
via two hydrogen bonds and guanine binds to cytosine
via three hydrogen bonds. This complementary base-
pair rule ensures that the sequence of one DNA strand
specifies the sequence of the other.

The nucleotide is the basic repeat unit of the DNA
strand and is composed of deoxyribose, a phosphate
group and a base. The 5-3" sequential arrangement
of the nucleotides in the polymeric chain of DNA
contains the genetic code for the arrangement of
amino acids in proteins. The genetic code is the uni-
versal language that translates the information stored
within the DNA of genes into proteins. It is universal
between species. The genetic code is read in groups of
three nucleotides. These three nucleotides, called a
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Table 2.1 The genetic code

Second base

First Third

base T C A G base

T TTT (Phe)  TCT (Ser) TAT (Tyr) TGT (Cys) T
TTC (Phe) ~ TCC(Ser)  TAC(Tyr) TGC(Cys) C
TTA (Leu)  TCA (Ser) TAA(Stop) TGA (Stop) A
TTG (Leu)  TCG (Ser)  TAG (Stop)  TGG (Trp) G

C CTT (Leu)  CCT (Pro)  CAT (His) CGT (Arg) T

Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys,
cysteine; GIn, glutamine; Glu, glutamic acid; Gly, glycine; His,
histidine; lle, isoleucine; Leu, leucine; Lys, lysine; Met, methionine;
Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp,
tryptophan; Tyr, tyrosine; Val, valine.

codon, are specific for one particular amino acid.
Table 2.1 shows the 64 possible codons, of which 61
specify for 22 different amino acids, while three
sequences (TAA, TAG, TGA) are stop codons (i.e. do
not code for an amino acid). Some amino acids are
coded for by more than one codon; this is referred to
as redundancy. For example, the amino acid isoleu-
cine may be coded by the DNA sequence ATT, ATC or
ATA. Each amino acid sequence of a protein always
begins with a methionine residue because the start
codon (ATG) codes for methionine. The three stop
codons signal the end of the coding region of a gene
and the resultant polypeptide sequence.

Chromosome (karyotype)

In eukaryotic cells, DNA is packaged as chromo-
somes and every cell contains a set of chromosomes
(Figure 2.2). Each chromosome has a narrow waist
known as the centromere, which divides each chro-
mosome into a short and a long arm, labelled p and
q, respectively. The tip of each chromosomal arm is
known as the telomere. DNA is packaged in a very
compact structure within the nucleus. Condensing of
DNA is essential because the human cell contains
approximately 4 x 10° nucleotide pairs, termed base
pairs (bp) of DNA, whose extended length would
approach more than 1 m. The most basic unit of the
chromosome is the nucleosome, which is composed
of a 145bp linear strand of double-stranded DNA
wound around a complex of histone proteins (H2a,
H2b, H3 and H4). Nucleosomes are linked together
by the histone protein H1 to form chromatin. During

(@)

» Short arms

Centromere

» Long arms

Fully
folded

Partially
folded

Figure 2.2 Structure of (a) a chromosome, (b) the nucleosome and (c)
chromatin. (Cox TM and Sinclair J, Molecular Biology in Medicine,
1997. Copyright © Wiley-Blackwell.)

cell division this is then further compacted with the
aid of non-histone chromosomal proteins to gener-
ate a chromosome. The structure of DNA in chroma-
tin is important because it has profound effects on
the ability of DNA to be transcribed.

The chromosomal complement or karyotype refers
to the number, size and shape of the chromosomes.
The human karyotype is composed of 22 pairs of
autosomes and a pair of sex chromosomes: XX in the
female and XY in the male. Most human cells contain
46 chromosomes, the diploid number. Chromosomal
disorders are characterised by abnormalities of chro-
mosomal number or structure. They may involve the
autosomes or the sex chromosomes and may be the
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result of a germ-cell mutation in the parent (or a
more distant ancestor) or a somatic mutation in
which only a proportion of cells will be affected
(mosaicism). The normal chromosome number is
an exact multiple of the haploid number (23) and is
referred to as the diploid number. A chromosomal
number that exceeds the diploid number (46) is
called polyploidy, and one that is not an exact multi-
ple number is aneuploidy. Aneuploidy usually occurs
when the pair of chromosomes fails to segregate
(non-disjunction) during meiosis, which results in
an extra copy of a chromosome (trisomy) or a miss-
ing copy of a chromosome (monosomy). Down’s
syndrome is a common example of trisomy, and is
due to the presence of three copies of chromosome
21 (trisomy 21).

Structural abnormalities of chromosomes also
occur. A translocation is the transfer of chromo-
somal material between chromosomes. Chronic
myeloid leukaemia results from the translocation of
genetic material between chromosome 8 and chro-
mosome 22. This results in an abnormal chromo-
some, known as the Philadelphia chromosome,
the expression of which results in leukaemia.
Chromosomal deletions arise from the loss of a por-
tion of the chromosome between two break points.
Inversions arise from two chromosomal breaks with
inversion through 180° of the chromosomal seg-
ment between the breaks.

Genotype, phenotype and allelic
expression

The genotype of an organism is the total number of
genes that make up a cell or organism. The term,
however, is also used to refer to alleles present at one
locus. Each diploid cell contains two copies of each
gene; the individual copies of the gene are called alle-
les. The definition of an allele is one of two (or more)
alternative forms of a gene located at the correspond-
ing site (locus) on homologous chromosomes. One
allele is inherited from the maternal gamete and the
other from the paternal gamete, therefore the cell can
contain the same or different alleles of every gene.
Homozygous individuals carry two identical alleles
of a particular gene. Heterozygotes have two different
alleles of a particular gene. The term haplotype
describes a cluster of alleles that occur together
on a DNA segment and/or are inherited together.
Genetic linkage is the tendency for alleles close

together to be transmitted together through meiosis
and hence be inherited together.

Genetic polymorphisms are different forms of the
same allele in the population. The ‘normal’ allele is
known as the wild-type allele, whereas the variant is
known as the polymorphic or mutant allele.
A polymorphism differs from a mutation because it
occurs in a population at a frequency greater than a
recurrent mutation. By convention, a polymorphic
locus is one at which there are at least two alleles,
each of which occurs with frequencies greater than
1%. Alleles with frequencies less than 1% are consid-
ered as a recurrent mutation. The alleles of the ABO
blood group system are examples of genetic poly-
morphisms. The acronym single nucleotide polymor-
phism (SNP) is a common pattern of inherited
genetic variation (or common mutation) that
involves a single base change in the DNA. More
recently copy number variation (CNV) has been iden-
tified as another common form of genetic variation,
it is estimated that about 0.4% of the human genome
differ with respect to CVN. As yet CNV has not been
associated with susceptibility or resistance diet-re-
lated diseases but it is possible that this type of
genetic variation may also be linked to nutrition and
health. The traditional way of identifying genetic
variants was as restriction fragment length polymor-
phism (RFLP). RFLPs result in different lengths of
DNA fragments when restriction enzymes cleave —
or do not cleave — DNA at specific target sites because
of nucleotide changes in the DNA sequence at the
site where the restriction enzyme would usually
cleave DNA.

Epigenetics is a relatively new field of research
which refers to changes in gene expression due to
mechanisms other than changes in the underlying
DNA sequence. The molecular basis of epigenetics
is complex; put simply it refers to altered DNA
structure. It involves modifications of the activa-
tion of certain genes, but not the basic DNA
sequence. For example, DNA methylation refers to
the addition of methyl groups to the DNA, which in
turn affects transcriptional activity. Folate status
can affect DNA methylation, which in turn can
affect gene expression through mechanisms that are
being actively researched.

There is a considerable amount of research investi-
gating the relationships between common genetic
polymorphisms and epigenetics with disease because
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certain genetic variations may predispose an individ-
ual to a greater risk of developing a disease. The effect
of genetic variation in response to dietary change is
also of great interest because some polymorphisms/
epigenetic states may determine an individual’s
response to dietary change. Hence, genetic variation
can determine the therapeutic efficacy of nutritional
therapy, which may in turn determine the outcome
of certain disease states. The interrelationship
between diet, disease and genetic variation will be
discussed in more detail in Section 2.5.

The phenotype is the observable biochemical,
physiological or morphological characteristics of a
cell or individual resulting from the expression of the
cell’s genotype, within the environment in which it is
expressed. Allelic variation and expression can affect
the phenotype of an organism. A dominant allele is
the allele of a gene that contributes to the phenotype
of a heterozygote. The non-expressing allele that
makes no contribution to the phenotype is known as
the recessive allele. The phenotype of the recessive
allele is only demonstrated in homozygotes who
carry both recessive alleles. Codominant alleles con-
tribute equally to the phenotype. The ABO blood
groups are an example of codominant alleles, where
both alleles are expressed in an individual. In the case
of partial dominance a combination of alleles is
expressed simultaneously and the phenotype of the
heterozygote is intermediate between that of the two
homozygotes. For example, in the case of the snap-
dragon, a cross between red and white alleles will
generate heterozygotes with pink flowers. Genetic
heterogeneity refers to the phenomenon whereby a
single phenotype can be caused by different allelic
variants.

DNA damage, genetic mutations and
heritability (monogenic and polygenic
disorders)

Many agents can cause DNA damage, including ion-
ising radiation, ultraviolet light, chemical mutagens
and viruses. DNA can also change spontaneously
under normal physiological conditions. For exam-
ple, adenine and cytosine can spontaneously
undergo deamination to produce hypoxanthine and
uracil residues. A change in the nucleotide sequence
is known as a mutation. A mutation may be defined
as a permanent transmissible change in the nucle-
otide sequence of a chromosome, usually in a single

gene, which may lead to loss or change of the nor-
mal function of the gene. A mutation can have a sig-
nificant effect on protein production or function
because it can alter the amino acid sequence of the
protein that is coded by the DNA sequence in a gene.
Point mutations include insertions, deletions, transi-
tions and transversions. Two types of events can
cause a point mutation: chemical modification of
DNA, which directly changes one base into another,
or a mistake during DNA replication that causes, for
instance, the insertion of the wrong base into the
polynucleotide during DNA synthesis. Transitions
are the most common type of point mutations and
result in the substitution of one pyrimidine (C-G)
or one purine (A-T) by the other. Transversions are
less common, where a purine is replaced by a pyri-
midine or vice versa.

The functional outcome of mutations can vary
very significantly. For example, a single-point muta-
tion can change the third nucleotide in a codon and
not change the amino acid that is translated, or it
may cause the incorporation of another amino acid
into the protein — this is known as a missense muta-
tion. The functional effect of a missense mutation
varies greatly depending on the site of the mutation
and the importance of the protein in relation to
health. A missense mutation can have no apparent
effect on health or it can result in a serious medical
condition. For example, sickle cell anaemia is due to
amissense mutation of the B-globin gene: a glutamine
is changed to valine in the amino acid sequence of
the protein. This has drastic effects on the structure
and function of the B-globin protein, which causes
aggregation of deoxygenated haemoglobin and
deformation of the red blood cell. A nucleotide
change can also result in the generation of a stop
codon (nonsense mutation) and no functional pro-
tein will be produced. Frameshift mutations refer to
small deletions or insertions of bases that alter the
reading frame of the nucleotide sequence; hence, the
different codon sequence will affect the expression of
amino acids in the peptide sequence.

Heritability refers to how much a disease can be
ascribed to genetic rather than environmental fac-
tors. It is expressed as a percentage, a high value
indicating that the genetic component is important
in the aetiology of the disease. Genetic disorders can
simply be classified as monogenic (or single-gene
disorders) or polygenic diseases (multifactorial
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diseases). In general, we have a far greater under-
standing of the single-gene disorders because they are
due to one or more mutant alleles at a single locus
and most follow simple Mendelian inheritance.
Examples of such disorders are:

e autosomal dominant: familial hypercholestrolae-
mia, von Willebrand’s disease, achondroplasia

e autosomal recessive: cystic fibrosis, phenylk-
etonuria, haemochromatosis, o-thalassaemia,
B-thalassaemia

e X-linked dominant: vitamin D-resistant rickets

e X-linked recessive: Duchenne muscular dystrophy,
haemophilia A, haemophilia B, glucose-6-
phosphate dehydrogenase deficiency.

Some single-gene disorders show non-Mendelian
patterns of inheritance, which are explained by dif-
ferent degrees of penetrance and variable gene
expression. Penetrance means that a genetic lesion is
expressed in some individuals but not in others. For
example, people carrying a gene with high penetrance
have a high probability of developing any associated
disease. A low-penetrance gene will result in only a
slight increase in disease risk. Variable expression
occurs when a genetic mutation produces a range of
phenotypes. Anticipation refers to the situation when
a Mendelian trait manifests as a phenotype with
decreasing age of onset and often with greater sever-
ity as it is inherited through subsequent generations
(e.g. Huntington’s chorea, myotonic dystrophy).
Imprinting refers to the differential expression of a
chromosome or allele depending on whether the
allele has been inherited from the male or female
gamete. This is due to selective inactivation of genes
according to the paternal or maternal origin of the
chromosomes. Although there are only a few exam-
ples of diseases that arise as a result of imprinting
(e.g. Prader—Willi and Angelman’s syndromes), it is
thought that this form of gene inactivation may be
more important than previously realised.

Polygenic (or multifactorial) diseases are those due
to a number of genes (e.g. cancer, coronary heart
disease, diabetes and obesity). Even though poly-
genic disorders are more common than monogenic
disorders, we still do not understand the full genetic
basis of any of these conditions. This reflects the fact
that there is interaction between many candidate
genes, that is, those genes that are thought to play
an aetiological role in multifactorial conditions.

Furthermore, in polygenic inheritance, a trait is in
general determined by a combination of both the
gene and the environment.

The Human Genome Project

The Human Genome Project (HGP) is an important
source of genetic information that will be a resource
to molecular nutrition, especially in terms of under-
standing the interaction between nutrition and the
human genome. The working draft sequence of
the human genome was published in February 2001.
The project showed that the size of the human genome
is 30 times greater than that of the fruit fly and
250 times larger than yeast. Only 3% of the DNA in
the human genome constitutes coding regions.
Compared with the fruit fly, the human genome has
much more non-coding or intronic regions. Although
these intronic regions do not code for genes they may
have a functional role, and these functional effects
could, for example, include important promoter and/
or repressor regions. The number of genes coded by
the human genome was much less than expected. The
human genome codes for approximately 25000 genes.
Indeed, a human has only two to three times as many
genes as a fruit fly. The two- to three-fold difference
between humans and fruit flies may largely be
accounted for by the greater number of control genes
(e.g. transcription factors) in the human genome.

In the future, we will have a greater understanding
of the human genome and how it interacts with the
environment. The HGP showed that humans are very
alike: it estimated that humans are 99.8% genetically
similar. Nevertheless, the implications of the HGP in
relation to molecular nutrition are immense. The
challenge is to identify the proportion of that genetic
variation that is relevant to nutrition. The term ‘gene
mining’ refers to the process that will identify the new
genes involved in nutrition, health and disease. At the
most basic level we already know that the human
genome determines nutrient requirements, for exam-
ple gender determines iron requirements — the iron
requirement of menstruating women is greater than
that of men of the same age. In the case of folate,
research would suggest that the methylenetetrahy-
drofolate reductase (MTHFR) polymorphism could
determine an individual’s folate requirements. Since
there are fewer genes than anticipated, it has been
proposed that different isoforms of the same gene
with different functionality are important. Already
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there are examples of this (e.g. the three isoforms of
the apolipoprotein E (Apo E) gene determine the
magnitude of postprandial triacylglycerol metabo-
lism). Furthermore, it has been proposed that the
interaction between the human genome and the
environment is an important determinant of within-
and between-individual variation. Within the context
of molecular nutrition we will have to determine how
nutrients alter gene expression and determine the
functional consequences of genetic polymorphisms.
With the information generated from the HGP we
will have a more complete understanding and infor-
mation in relation to the relevance of genetic varia-
tion, and how alterations in nutrient intake or
nutritional status affect gene expression in a way that
is relevant to human health and disease processes. In
essence, the challenge is to bridge the gap between
the genome sequence and whole-organism biology,
nutritional status and intervention.

2.3 Gene expression: transcription
and translation

Gene expression

Gene expression refers to the process whereby the
information encoded in the DNA of a gene is converted
into a protein, which confers the observable phenotype
upon the cell. A gene may be defined as the nucleic acid
sequence that is necessary for the synthesis of a func-
tional peptide or protein in a temporal and tissue-spe-
cific manner. However, a gene is not directly translated
into a protein; it is expressed via a nucleic acid inter-
mediary called messenger RNA (mRNA). The tran-
scriptional unit of every gene is the sequence of DNA
transcribed into a single mRNA molecule, starting at
the promoter and ending at the terminator regions.
The essential features of a gene and mRNA are pre-
sented in Figure 2.3. The DNA sequence of a gene
comprises two non-coding (or untranslated) regions
at the beginning and end of the gene coding region.
The non-coding promoter and terminator regions of
the DNA are partially transcribed, but not translated
and therefore form the 5" and 3" untranslated regions
(UTR) of mRNA. Although the non-coding regions of
a gene and mRNA are not translated into the protein
product of the gene, they contain critical parts of the
genetic information involved in regulation of gene
expression and the characteristics of the protein pro-

duction. The promoter region is located immediately
upstream of the gene coding region; it contains DNA
sequences, known as the TATA and CAAT boxes, which
define the DNA binding sites at which transcription
starts and regulate the rate of gene expression. The
TATA box is an AT-rich sequence that occurs about
30bp (=30bp) upstream from the transcriptional start
site. The CAAT box contains this short DNA sequence
about 80bp upstream (—80bp) of the start site. These
sequences, together with binding sites for other tran-
scription factors, regulate the rate of tissue-specific gene
expression. Transcription starts at the CAP site, so-
called because following transcription the 5" end of the
mRNA molecule is capped at this site by the attach-
ment of a specialised nucleotide (7-methyl guanosine).
The CAP site is followed by the initiation, or start codon
(ATG), which specifies the start of translation; hence,
according to the genetic code every polypeptide begins
with methionine. The DNA coding sequence for a gene
in eukaryotes is not contiguous or uninterrupted. Each
gene contains DNA sequences that code for the amino
acid sequence of the protein, which are called exons.
These exons are interrupted by non-coding DNA
sequences, which are called introns. The last exon ends
with a stop codon (TAA, TAG or TGA), which repre-
sents the end of the gene-coding region and it is fol-
lowed by the terminator sequence in the DNA sequence
that defines the end of the gene-coding region. The 3
UTR of the mRNA molecule includes a poly(A) signal
(AATAAA) that is added to the mRNA molecule fol-
lowing transcription.

Ribonucleic acid

RNA, like DNA, carries genetic information. The
composition of RNA is very similar to DNA, and it
plays a key role in all stages of gene expression. RNA
is also a linear polynucleotide, but it differs from
DNA in that it is single stranded and composed of
polymers of ribose rather than deoxyribose, the pyri-
midine base uracil (U) replaces thymine (T), and it is
relatively unstable when compared to DNA. There
are at least five different types of RNA in eukaryotic
cells and all are involved in gene expression:

e Messenger RNA (mRNA) molecules are long, linear,
single-stranded polynucleotides that are direct copies
of DNA. mRNA is formed by transcription of DNA.

e Small nuclear RNA (snRNA) is a short, +150 nucle-
otide (nt) RNA molecule that forms, together with
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Figure 2.3 Essential features of the gene.

a protein, the small nuclear ribonucleoprotein
(snRNP). Several of these snRNPs form with other
proteins the splisosoom that facilitates the removal
of introns from the precursor mRNA.

e Ribosomal RNA (rRNA) is a structural and func-
tional component of ribosomes. Ribosomes, the
cytoplasmic machines that synthesise mRNA into
amino acid polypeptides, are present in the cyto-
plasm of the cell and are composed of rRNA and
ribosomal proteins.

e Transfer RNA (tRNA) is a small RNA molecule
that donates amino acids during translation or
protein synthesis.

e A group of small RNAs such as microRNAs
(miRNA), small interfering RNAs (siRNAs), Piwi-
interacting RNAs (piRNAs) and repeat-associated
siRNAs (rasiRNAs). These small RNA molecules
have various functions at the transcriptional and/
or post-transcriptional level, including the break-
down of mRNA, repression of transcription and
chromatin remodelling.

RNA is about 10 times more abundant than DNA
in eukaryotic cells; 80% is rRNA, 15% is tRNA and
5% is mRNA. In the cell mRNA is normally found
associated with protein complexes called messenger
ribonucleoprotein (mRNP), which package mRNA
and aid its transport into the cytoplasm, where it is
decoded into a protein.

Transcription

RNA transcription, which is the process whereby the
genetic information encoded in DNA is transferred
into mRNA, is the first step in the process of gene
expression and occurs in the nucleus of the cell.
It can be divided into four stages: template
recognition, initiation, elongation and termination.

| Terminator region

Coding region

RNA polymerase

DNA double helix

Sense DNA strand

-

RNA chain grows longer

Figure 2.4 RNA polymerase Il transcribes the information in DNA into
RNA.

Transcription is catalysed by DNA-dependent RNA
polymerase enzymes (Figure 2.4). In eukaryotic cells
RNA polymerase II synthesises mRNA, while RNA
polymerase I and RNA polymerase III synthesise
tRNA and rRNA. RNA polymerase II is a complex
12-subunit enzyme and is associated with several
transcription factors (TFs), including TFIIA, TFIIB,
TFIIC, TFIID, TFIIE, TFIIF, TFIIH and TFIIJ. The
strand of DNA that directs synthesis of mRNA via
complementary base pairing is called the template
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Figure 2.5 Transcription and processing of mRNA.

or antisense strand. The other DNA strand that
bears the same nucleotide sequence is called the
coding or sense strand. Therefore, RNA represents a
copy of DNA. Transcription is a multistep process,
initiated by the assembly of an initiation complex
(TFIID, TFIIA, TFIIB, TFIIF, TFIIE, TFIIH) at the
promoter, to which RNA polymerase II binds.
TFIID recognises the promoter and binds to the
TATA box at the start of the gene. TFIIH unwinds
double-stranded DNA to expose the unpaired DNA
nucleotide and the DNA sequence is used as a tem-
plate from which RNA is synthesised. TFIIE and
TFIIH are required for promoter clearance, allow-
ing RNA polymerase II to commence movement
away from the promoter. Initiation describes the
synthesis of the first nine nucleotides of the RNA
transcript. Elongation describes the phase during
which RNA polymerase moves along the DNA and
extends the growing RNA molecule. The RNA mol-
ecule is synthesised by adding nucleotides to the
free 3’-OH end of the growing RNA chain. As only
at this free 3’-OH end new nucleotides can be
attached, RNA synthesis takes always place in the
5’-3” direction. Growing of the RNA chain is ended
by a process called termination, which involves rec-
ognition of the terminator sequence that signals the
dissociation of the polymerase complex.

Post-transcriptional processing of RNA

After transcription of DNA into RNA, the newly
synthesised RNA is modified. This process is called
post-transcriptional processing of RNA (Figure 2.5).
The primary RNA transcript synthesised by RNA
polymerase II from genomic DNA is often called
heterogeneous nuclear RNA (hnRNA) because of its
considerable variation in size. Instead of hnRNA
often the term precursor mRNA (pre-mRNA) is used
to designate that it refers to unprocessed RNA. The
primary transcript is an RNA molecule that repre-
sents a full copy of the gene extending from the pro-
moter to the terminator region of the gene, and
includes introns and exons. While still in the nucleus,
the newly synthesised RNA is capped, polyadenylated
and spliced. Capping refers to the addition of a mod-
ified guanine (G) nucleotide (7-methylguanosine) at
the 5" end of the mRNA. This 7-methylguanosine
cap has three functions: it protects the synthesised
RNA from enzymic attack, it aids pre-mRNA splic-
ing and it enhances translation of the mRNA.
Polyadenylation involves the addition of a string of
adenosine (A) residues (a poly-A tail) to the 3" end of
the pre-mRNA. Then the pre-mRNA is spliced,
which is performed by the splicosome. This RNA-
protein complex recognises the consensus sequences
at each end of the intron (5-GU and AG-3’) and
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Figure 2.6 Alternative RNA splice variants of the peroxisome proliferator activator receptor-gamma (PPARy) gene.

excises the introns so that the remaining exons are
spliced together to form the mature mRNA mole-
cule. After capping, polyadenylation and splicing,
the mRNA is transported from the nucleus to the
cytoplasm for translation.

Alternative splicing describes the process whereby
other, alternative, splice recognition sites leads to the
removal of certain exons, thereby generating differ-
ent mature mRNA molecules and ultimately differ-
ent proteins. As illustrated in Figure 2.6, one primary
RNA transcript can be spliced in three different ways,
leading to three mRNA isoforms, one with five exons
or two with four exons. Upon translation the differ-
ent mRNA isoforms will give rise to different iso-
forms of the protein product of the gene. This is a
relatively common phenomenon and although the
physiological or metabolic relevance of the different
isoforms of many proteins is not fully understood it
may be relevant to molecular nutrition. For example,
the peroxisome proliferator activator receptor-
gamma (PPARy) gene can produce three different
isoforms of mRNA (PPARy,, PPARy,, PPARy,) as a
result of different promoters and alternative splicing.
It would seem that the PPARy, mRNA isoform is
responsive to nutritional states. PPARy, mRNA
expression is increased in the fed state; its expression
is positively related to adiposity and is reduced on
weight loss. Therefore, PPARy, mRNA may be the
isoform that mediates nutrient regulation of gene
expression. Besides alternative splicing, a peculiar
way of splicing exists that occurs with introns that
form a ribozyme. These special introns are RNA mol-
ecules that function as enzymes and catalyse their
own excision, which is referred to as self-splicing.

RNA editing is another way in which the primary
RNA transcript can be modified. Editing involves the
binding of proteins or short RNA templates to specific
regions of the primary transcript and subsequent
alteration or editing of the RNA sequence, either by
insertion of one or more different nucleotides or by
base changes. This mechanism allows the production
of different proteins from a single gene under different
physiological conditions. The two isoforms of apo B
are examples of RNA editing. In this case, RNA editing
allows for tissue-specific expression of the apo B gene,
such that the full protein apo B100 is produced in the
liver and secreted on VLDL. By contrast, in the intes-
tine the apo B48 isoform is produced because a pre-
mature stop codon is inserted so that transcription of
the protein is halted and the resultant apoprotein is
only 48% of that of the full-length apo B100 protein.

Control of gene expression
and transcription

All individual cells of an organism contain the com-
plete genetic blueprint of the organism. Therefore, it
is of critical importance that the right genes are
expressed in the correct tissue, at the proper level
and at the correct time. Temporal and tissue-specific
gene expression in eukaryotic cells is mostly con-
trolled at the level of transcription initiation. Two
types of factors regulate gene expression: cis-acting
control elements and trans-acting factors. Cis-acting
elements do not encode proteins; they influence
gene transcription by acting as binding sites for pro-
teins that regulate transcription. These DNA
sequences are usually organised in clusters, located
in the promoter region of the gene, that influence
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the transcription of genes. The TATA and CAAT
boxes are examples of cis-acting elements.

The trans-acting factors are known as transcrip-
tion factors or DNA binding proteins. Transcription
factors are proteins that are encoded for by other
genes, and include steroid hormone receptor com-
plexes, vitamin-receptor proteins and mineral—
protein complexes. These transcription factors bind
to specific DNA sequences in the promoter region
of the target gene and promote gene transcription.
The precise mechanism(s) of how transcription fac-
tors influence gene transcription is not fully under-
stood. However, transcription factors in general
share some properties. They often have amino acid
domains that contain one or more zinc ions, so-
called zinc fingers that enable binding to DNA in a
sequence-specific manner. Another type of domain
contains predominantly the amino acid leucine, the
leucine zipper, and has a function in binding (‘zip-
ping’) to similar domains in other proteins based on
the charge of the individual amino acids. Beside
these domains, transcription factors often contain a
nuclear localisation signal to direct the protein from
the cytoplasm to the nucleus and specific amino
acids that can be modified by, for instance,
phosphorylation, ubiquitinylation or acetylation
and thereby get activated or inactivated. These mod-
ifications enable fine-tuning of the action of tran-
scription factors.

As mentioned, transcription factors play a key role
in temporal and tissue-specific gene expression. On
binding they are able to influence the transcription of
usually more than one gene. There is ample evidence
that transcription factors can remodel the chromatin
structure in such a way that certain parts of the
genome become available for transcription, while
other parts of the chromosomes become tightly
packed and inaccessible for transcription. For exam-
ple, the genes for the enzymes of gluconeogenesis can
be turned on in the hepatocyte, but not in the adi-
pocyte. This is because the hepatocyte expresses the
transcription factors that are required to initiate the
expression of the gluconeogenic enzymes.

Master regulatory proteins regulate the expression
of many genes of a single metabolic pathway. For
example, in the lipogenic pathway the fatty acid syn-
thase complex codes for seven distinct genes that
have to be coordinately expressed to form the enzymes
required for fatty acid synthesis. This ensures that
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Figure 2.7 Three phases of translation. (a) Initiation: first codon
methionine; (b) elongation: translation continues elongating the
nascent peptide; (c) termination: translation ends on recognition of
the stop codon.

sufficient levels of all of the enzymes of this meta-
bolic pathway are available simultaneously.

RNA translation: protein synthesis

Translation is the process by which the genetic infor-
mation coded in mRNA is converted into an amino
acid sequence (polypeptide) through reading the
mRNA coding sequence as a continuous, non-
overlapping, tri-letter code (Figure 2.7). This three
letter- or trinucleotide code (triplets or codons) can
thus be read in three possible reading frames within a
single-strand mRNA molecule. The five forms of
RNA play an inherent role in this translation process.
Small RNAs modulate the various processes, small
nuclear RNAs help to remove the introns, mRNA
represents the template from which the protein is
synthesised, rRNA is the cytoplasmic machine that
synthesises the protein product of the gene and tRNA
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donates the amino acids that are incorporated into
the polypeptide during protein synthesis. The tRNA
molecule has a very distinct structure that is used to
deliver the amino acids of the nascent polypeptide.
Protein synthesis occurs on the ribosome in the cyto-
plasm or on ribosomes attached to cytoplasmatic side
of the rough endoplasmatic reticulum membrane.
Ribosomes consist of two subunits, a 40S (small) and
60S (large), which combine to form the 80S particle.
Protein synthesis begins by the formation of a com-
plex involving a 40S ribosomal subunit carrying a
methionine tRNA, which base pairs with the initia-
tion codon AUG on the mRNA molecule. Translation
is largely regulated by controlling the formation of
the initiation complex, which is the 40S ribosomal
subunit, the mRNA and specific regulatory proteins.
The structure of the 5 UTR is critical for determin-
ing whether mRNA is translated or sequestered in the
untranslated ribonucleoprotein complex. Initiation
of translation is also dependent on the presence of
the 5" cap structure and secondary structure of the
mRNA next to the initiation codon. Secondary struc-
tures such as stem loops in the 5" end of the mRNA
inhibit the initiation of translation. Some of the
translation regulatory proteins are cell specific and
mRNA specific, allowing precise post-transcriptional
control over the synthesis of specific proteins. The
poly(A) tail also modulates translation. Although it is
not essential for translation to occur, mRNA lacking
the poly(A) tail is less efficiently translated.

Once the initiation complex has formed, synthesis
of the polypeptide chain is driven by the interaction
between elongation factors (elFs), the ribosome and
tRNA along the length of the mRNA molecule. At
each codon the ribosome and elFs promote the inter-
action between mRNA and tRNA. tRNA donates an
amino acid, which is added to the newly synthesised
polypeptide that corresponds to the codon in the
mRNA. The tRNA achieves this because it bears a tri-
plet of bases (anti-codon) that are complementary to
the mRNA codon, and there is an amino acid attached
to the acceptor arm of the tRNA that corresponds to
the codon in the mRNA. When the anticodon of the
tRNA matches the codon or trinucleotide sequence
in the mRNA, the tRNA donates the amino acid to
the newly synthesised polypeptide. For example, the
first tRNA that carries methionine has the anticodon
UAG; it recognises the methionine codon AUG on
mRNA. Similarly, the anticodon AAC recognises the

leucine codon TTG on the mRNA. This process con-
tinues until the ribosome reaches a termination
codon (UAA, UAG, UGA) and then the completed
polypeptide is released from the ribosomal units.

Post-translational modification

Post-translational modification refers to the process
that converts the pre-mature polypeptide into the
mature protein product of the gene. The nascent
polypeptide may start to form the complex structure
of the protein as it is being synthesised directly in the
cytoplasm or at the membrane of the rough endoplas-
mic reticulum. When formed at the ribosomes
attached to the rough endosplasmatic membrane, the
pre-mature polypeptide chain is likely to be trans-
ported to the Golgi body for further processing. The
polypeptide may be modified further by hydroxyla-
tion, phosphorylation, glycosylation, or by proteolytic
activities, which will confer functional characteristics
to the protein. For example, the phosphorylation sta-
tus of a protein can determine whether it is active or
inactive.

2.4 Research tools to investigate molecular
aspects of nutrition

For many reasons, it is not always possible to examine
the molecular aspects of nutrition in humans. Such
studies may be too expensive, while in many cases it
is simply not possible to obtain the tissues or cells of
interest. Another pragmatic problem is that responses
to dietary interventions may vary widely between
individuals owing to differences in genetic back-
ground and exposures to environmental factors. To
overcome these problems, various approaches, such
as animal and cell studies, are used to gain a better
understanding of the effects of diet or specific dietary
constituents at the cellular and molecular level.
Although such approaches are valuable, it should
always be kept in mind that each one has its strengths
and limitations. Extrapolation to the human situa-
tion will always be a problem and questions that can
be tackled in humans should therefore be addressed
in humans.

Animal models

Dietary studies with animals have been carried out
for many decades. One advantage of such studies is
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that they can be done in a highly controlled way.
Food intake can easily be monitored and manipu-
lated, while factors such as temperature, humidity
and the stage of the disease can be controlled for. In
addition, tissues and cells can be obtained that can-
not be readily sampled in humans. It should be
appreciated that each animal model has specific
advantages and disadvantages, therefore many fac-
tors need to be considered before a model is chosen,
including animal size, the time needed for breeding,
litter size, costs of animal housing and the feasibility
of performing blood sampling and vivisection. Then,
as with human studies, it is possible to use techniques
from the fields of genetics and molecular biology.

An important advantage of animal studies is that
the effect of a nutrient can be investigated in animals
with a similar genetic background. In this way, varia-
tion in responses between animals due to genetic het-
erogeneity is excluded. Genetic homogeneity can be
obtained by inbreeding. For this, genetically related
animals, such as brothers and sisters, are mated for
many generations. The overall result will be that het-
erozygosity between animals will reduce and that in
the end an inbred strain is obtained with a similar
genetic, homozygous background. Genetic homoge-
neity, however, is not always an advantage. If, for
example, the mode of action of a food component is
not known or if the main purpose is to test the safety
of nutrients or drugs, genetic heterogeneity may be
preferable because it increases the extrapolation of
results. In addition, differences in responses between
various strains can be helpful for elucidating the
responses at the molecular level. Thus, it is evident
that a clear research question is needed before the
choice of animal model can be made.

Using molecular tools applied to the germ cells of
animals, it is possible to insert an isolated (foreign)
gene sequence into an animal’s genomic material.
The resultant animals that carry such a foreign gene
are called transgenic animals and have traits coded by
these genes. Another approach is to knock out a cer-
tain endogenous gene. With this technique, a specific
gene is modified, which results in a loss of function
of that specific gene. With these approaches it is pos-
sible to test candidate genes for their effects on the
parameters of interest. Transgenic and knockout ani-
mals are valuable models for nutrition research. For
example, mice have been generated that express human
Apo Al In this way, it was possible to examine in

detail the role of this apolipoprotein in atherogenesis.
By inserting or knocking out genes, the importance
of specific genes on the genesis of disease and on
complex biological pathways in various tissues can be
addressed. Finally, by interbreeding mouse strains
with different genetic backgrounds, the interaction
between genes and the relative contribution of genes
and diet on phenotype can be unravelled.

Another tool involves the generation of transgenic
mice with tissue-specific expression of a particular
gene. This can be accomplished in several ways. It is,
for example, possible to insert a tissue-specific pro-
moter before the foreign gene of interest. This DNA
construct can then be used to create a transgenic ani-
mal. It is possible to make genes whose expression is
dependent on the presence or absence of dietary
components, such as tetracycline. In this way, it is
even possible to switch on the expression of a gene in
a specific tissue at any stage of the disease just by tak-
ing away tetracycline from (or adding it to) the diet.
Alternatively, the so-called Cre-Lox recombination
system is widely used to control tissue-specific expres-
sion of knockout of genes. In this system, the enzyme
Cre-recombinase is used to recognise specific DNA
sequences, the so-called LoxP sites. When two LoxP
sites flank a certain DNA code, this DNA code is
removed by the Cre-recombinase. Using this system,
tissue-specific expression, knockout or even replace-
ment of the gene of interest can be achieved by cross-
ing animals that contain a LoxP cassette with animals
that express Cre-recombinase in a tissue-specific
manner. Alternatively, the Cre-recombinase mRNA
can be delivered by injection or using viruses to the
animal. Other ways to manipulate gene expression in
the intact animal can also be manipulated by DNA
electroporation or with adenovirus-mediated gene
delivery. With these methods, DNA can also be
inserted into a specific tissue. This results in increased
levels of mRNA expression and subsequent protein
synthesis from the gene of interest. Another way to
study the function of specific genes is through the use
of tissue or cell transplantation. For example, apoE
gene expression in macrophages, which are made by
bone marrow, can be studied in vivo by bone-marrow
transplantation. For these experiments two strains of
inbred mice with similar genetic background are
used: one strain has no functional apoE gene locus
(apoE knockout mice) but the other strain has. After
lethal irradiation of the bone marrow of the apoE
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knockout mice, a bone-marrow cell suspension from
the wild-type animal is injected. Within about
4 weeks, the knockout animals are completely recon-
stituted with the bone marrow from the wild-type
animals. As a consequence, their macrophages do not
contain apoE and the specific effects of macrophage
apoE production can be studied.

Tissue cultures

In vitro studies with intact tissues or isolated cells are
an alternative to in vivo human and animal studies. If
conditions are optimal, cells survive, multiply and
may even differentiate after isolation. Tissue cultures
can be divided into two categories: organ cultures
and cell cultures. An organ culture is composed of a
complete or a small part of an intact organ or tissue
that is brought into the culture medium. The advan-
tage is that, at least to some extent, the normal bio-
chemical and morphological differentiation and
communication routes between the various cell types
of a tissue are maintained. Furthermore, it is possible
to mimic closely the physiological environment. The
survival time of organ cultures, however, is limited
and generally not more than 24h. In addition, it is
not possible to culture the cells further and fresh
material is needed for each set of experiments.

Cell suspensions are different to tissue cultures in
that the extracellular matrix and intercellular junc-
tions between cells are disrupted. For this, tissues are
first treated with proteolytic enzymes and with com-
ponents that bind calcium. The proteolytic enzymes
cut the proteins that hold together the tissue in which
the cells are embedded whereas chelating agents, like
EDTA, capture di- and tri-cationic metal ions like
calcium to prevent cadherin binding between cells.
The tissue is then mechanically dispersed into single
cells. By doing this, a suspension is obtained that is
composed of various cell types. If necessary, it is pos-
sible to isolate further one specific cell type that can
be used for experiments or serve as starting material
for a cell culture.

Cell cultures prepared directly from the organs or
tissues of an organism are referred to as primary cul-
tures. These cells may still have the potential to divide
and in this way secondary and tertiary cell cultures
are obtained. Depending on the type of cell and
technique used, these cells can be cultured in a sus-
pension or as a monolayer. As for tissue cultures,
survival time is limited. However, cell lines can be

Table 2.2 Common tissue-culture models

Cell line  Organism Tissue Morphology

HUVEC  Human Umbilical vein, Epithelial
vascular endothelium

HepG2  Human Liver, hepatocellular Epithelial
carcinoma

Caco-2  Human Colon, colorectal Epithelial
adenocarcinoma

Cv-1 African green  Kidney Fibroblast

monkey

293 Human Kidney Epithelial

Hela Human Cervical adenocarcinoma Epithelial

THP-1 Human Monocyte, acute monocytic ~ Suspension
leukaemia culture

used that have obtained the ability to replicate indef-
initely. Such cells are frequently derived from cancer-
ous tissue and are all derived from the same stem
cell, therefore they have a similar genetic make-up. It
should be emphasised, however, that after each cell
passage these cells lose some of their biochemical
and morphological characteristics: the older they
are, the more differences can exist from the original
stem cell. However, it is feasible to freeze cells after
each passage. After thawing properly, these cells can
be cultured further from the point where they were
frozen, which makes it possible to go back to a previ-
ous passage.

Studies with isolated tissue or cell models are very
useful for mechanistical studies. Table 2.2 details
common tissue-culture models. The effects of adding
nutrients or combinations of nutrients can be stud-
ied in detail. The responses of cells to these stimuli
can be examined under the microscope or biochemi-
cally. It is also possible to examine the effects on
mRNA or protein expression, and interactions
between two or more different cell types. Finally, it is
possible to insert isolated (foreign) gene sequences
into the cells or to down-regulate gene expression of
specific genes using RNA interference. However,
extrapolation of the results to the intact animal or to
the human situation is always a problem.

Molecular cloning

Molecular cloning refers to the process of making
copies of a DNA segment, which is not necessarily
the entire gene. This segment can be a piece of
genomic DNA, but also complementary DNA
(cDNA) derived from mRNA. After isolating the
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DNA fragment, it is inserted into a plasmid that
serves as a vector. A plasmid is a circular double-
stranded, relatively small (1-1000 kb) DNA molecule
that can replicate independently of the bacterial
chromosome. The vector with its piece of foreign
DNA is subsequently inserted into bacterial cells. As a
vector has the capability to replicate autonomously
in its host and the host itself can also be grown indef-
initely in the laboratory, huge amounts of the plas-
mids containing the DNA segment of interest can be
obtained. Many vectors are available and the selec-
tion of the vector depends, among other things, on
the size of the DNA fragment, whether it is genomic
DNA or cDNA, and on the host to be used. The pur-
pose of cloning is to generate sufficient amounts of a
particular DNA sequence for further study.

Molecular cloning has important applications in a
number of areas of molecular nutrition. For exam-
ple, this method could be used to test the functional-
ity of an SNP and determine whether or not the SNP
is differentially affected by a nutrient. In this case,
two DNA constructs could be made, one with and
the other without the SNP. Each construct can be
inserted into a vector that can be used to transfect a
cell line of interest. After exposure of these cells
to different nutritional interventions, it is, for inst-
ance, possible to determine whether dietary effects
on mRNA or protein expression are affected by this
particular SNP.

DNA libraries have been generated to facilitate
faster gene research. These libraries, which are widely
available nowadays, are collections of bacterial or
fungal clones in which each individual clone contains
a vector with a piece of foreign DNA inserted. To
construct a genomic library, the genomic DNA is first
partially digested with restriction enzymes, as the
genomic DNA as a whole is too large to be inserted
into a vector. These so-formed DNA fragments are
then inserted into the proper vector and cloned by a
suitable host (e.g. Escherichia coli). An efficient way
to limit the total number of clones is first to isolate
the chromosomes and then to construct a library for
that particular chromosome. Similarly, cDNA librar-
ies have been constructed. Such libraries are con-
structed from the mRNA population present within
a particular cell at the exact moment of mRNA isola-
tion. A potential advantage of a cDNA library over a
genomic library is that the cloned material does not
contain the non-coding regions and the introns as

present in the genomic DNA. Furthermore, it is pos-
sible to make cDNA libraries from specific tissues or
cells. In this way, cDNA libraries can be constructed
that are enriched with clones for genes that are
expressed preferentially in a certain tissue, or during
a specific disease or state of development.

Quantification of gene expression:
single-gene mRNA expression

Single-gene expression is measured by quantification
of the mRNA transcripts of a specific gene. It mainly
gives information on the effects of, for example,
nutrients at the transcriptional level. mRNA quanti-
fication can also provide a good estimate of the level
of protein present in a sample, at least when produc-
tion of the protein is transcriptionally regulated.
Since only very small amounts of mRNA are present
and mRNA is relatively unstable, mRNA samples are
first translated into ¢cDNA with the reverse tran-
scriptase (RT) enzyme. To make detection possible,
c¢DNA molecules corresponding to the transcribed
gene of interest need to be amplified by the polymer-
ase chain reaction (PCR). To control for experimen-
tal variation in the RT and the PCR step, an internal
control RNA can be used in the entire RT-PCR or a
DNA competitor in the PCR only. The total proce-
dure is then called competitive RT-PCR or, when a
DNA competitor is used, RT-competitive-PCR. For
mRNA analyses, several procedures are available to
extract RNA from lysed cells. With most methods,
total RNA is isolated that consists of rRNA, mRNA
and tRNA. Only approximately 5% of total RNA is
mRNA. As eukaryotic cells contain natural RNAses,
which are liberated during cell lysis, it is important to
ensure that activity of these RNAses is minimised in
order to avoid digestion of the isolated RNA.
Therefore, it is essential to use RNAse inhibitors dur-
ing RNA extraction and the following analytical
steps. Glassware and plasticware should be RNAse
free or be treated with RNAse inhibitors. After isola-
tion, concentrations of RNA can be determined by
measuring the optical density at 260 nm.

After RNA isolation, cDNA is synthesised from
mRNA with the RT step. As described previously,
cDNA differs from genomic DNA in that it only con-
tains the exons from DNA. RT or first strand synthe-
sis can be done by several protocols. One possibility is
to use random hexamers. These hexamers bind at
many places to the RNA, while the gaps in between
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are filled with nucleotides by the enzyme reverse
transcriptase. It is also possible to make use of the
poly(A) tail, which is present on the 3 UTR of nearly
all mRNA molecules. With both procedures, all
mRNA present in the sample is copied into cDNA. It
is also possible to make only cDNA for one gene in
particular during the RT reaction. In this case, the
first strand synthesis can be performed by the use of
a primer that is specific for this particular gene.

The RT step has variable reproducibility and qual-
ity control for this step is crucial. Each difference in
RT efficiency is augmented in the following expo-
nential PCR. To overcome these problems, a known
amount of a competitive RNA template can be added
to the RNA sample as an internal control. The size of
the internal standard is in general 20-30bp longer or
shorter than the gene of interest. This RNA standard
is also copied into cDNA during the RT step with the
same efficiency as the normal RNA transcripts
present in the RNA sample. Both the standard derived
cDNA and the mRNA derived cDNA are amplified in
the following PCR. Separation, however, is always
possible, as the two RT-PCR products differ in size.

After the RT step, specific cDNA molecules are
amplified by Taq DNA polymerase. For this reaction
two primers are used, which are complementary to
both ends of the targeted product. The primers are
the starting points for the Taq DNA polymerase
enzyme. The Taq polymerase reads the cDNA strand
from the 3" side to 5, thus forming a complementary
strand from 5’ to 3" by incorporating the four avail-
able nucleotides A, T, G and C. This process of ampli-
fication requires a specific-temperature programme,
which is referred to as a PCR cycle. First, the double-
stranded cDNA is denaturated at 95°C. The temper-
ature is then decreased to the annealing temperature,
which is the temperature at which the primers bind
to the individual strands, normally at about 60°C.
Next, the temperature is increased to 72°C, the opti-
mum temperature for Taq polymerase to incorpo-
rate nucleotides at the 3’-OH end of the growing
DNA sequence using the complementary strand as
template. This is called extension. Thus, during one
PCR cycle the number of the targeted product is
doubled. This means that after n cycles the number
of copies of only one cDNA molecule is 2". After 25
cycles 2% (33x10°) copies are formed from each
c¢DNA molecule. Such a quantity can be visualised
using a detection system.

If an internal control is used during the RT-PCR,
the original number of mRNA molecules can be cal-
culated by comparing the intensity of the PCR prod-
uct of the mRNA of interest with the intensity of the
PCR product from the internal control. Since the ini-
tial amount of the internal standard is known, the
unknown amount of mRNA can be calculated.

If no internal control is used, expression of a gene
is related to the expression of a constitutive gene such
as B-actin or GAPDH. These housekeeping genes are
always expressed to the same extent and can therefore
be used as a measure for the amount of RNA used in
the reaction as well as for cDNA synthesis. The PCR
for the housekeeping genes needs to be performed
from the same cDNA as that for the gene of interest.

Detection of the PCR products formed is carried
out by different methods. A frequently used method
in the past was separation of the multiplied DNA
fragments by gel electrophoresis followed by visualis-
ing the fragments with ethidium bromide staining
using ultraviolet (UV) light. Several other stains can
be used, such as cybr green or gelstar. The intensities
of the bands on the gels are analysed by densitome-
try, which is proportional to the concentration.
Alternatively, it is also possible to use a labelled (radi-
oactive, biotin or digoxigenin) probe, which is com-
plementary to the amplified gene of interest. After gel
electrophoresis, blotting and denaturation these
probes hybridise with the PCR product, which can be
visualised and quantified.

Currently, most methods make use of intercalating
agents (like cyber green) of fluorescent-labelled
primers during the PCR in conjunction with PCR
equipment with an optical detection system. When
the fluorochromes in the labelled primers are excited
using light with the proper wavelength, they emit
light that can be quantified using a light-sensitive
sensor. The amount of fluorescent signal emitted
correlates linearly with the amount of product
formed in the RT-PCR reaction. Therefore this
method is also referred to as quantitative PCR
(Q-PCR) or real-time PCR (RT-PCR). Here Q-PCR
is preferred as RT-PCR might introduce some confu-
sion with reverse transcriptase PCR. Q-PCR enables
continued measurement of the newly formed PCR
product in each cycle. The advantage of this way of
quantifying the amount of PCR product is that it is
more reliable and much more sensitive than PCR
endpoint measurements using densiometry.
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(Q-)PCR techniques are particularly useful for
the quantification of mRNAs that are present at low
concentrations. At higher concentrations, mRNA
can also be identified by a technique called Northern
blotting. For this, RNA or purified mRNA is first
separated according to size by electrophoresis, trans-
ferred to a filter and denaturated. This filter is then
incubated with a labelled probe, which specifically
binds to the mRNAs of interest. After washing to
remove the non-hybridised probe, the specific RNA
transcript can be detected. When the probe hybrid-
ises with more than one transcript (e.g. splice vari-
ants), more bands will appear on the filter. Today,
Northern blotting is still used to determine the
existence of various mRNA splice-variants, but for
standard quantifications Q-PCR has become the
standard method.

Quantification of gene expression:
multiple-gene mRNA expression

In general, the expression of large numbers of genes
(i.e. an expression profile) changes when environ-
mental conditions, such as nutrient exposure or
nutritional status, are altered. For example, dietary
interventions known to up-regulate the expression of
the low-density lipoprotein (LDL) receptor may also
change the expression of genes coding for choles-
terol-synthesising enzymes. Furthermore, expression
profiles may vary between tissues, and also it is known
that not all individuals respond in a similar way to
changing conditions. This may be due to differences
in genetic background and variables such gender, age,
amount of physical activity or state of the disease.
DNA microarrays are useful to understand better the
interactions between a large number of genes and to
examine events at a transcriptional level.

DNA microarrays or chips are used as a tool to
detect differences in the expression level of a large
number of genes between two or more samples in a
single assay. The concept behind this technique is
comparable to that underlying Northern blotting.
First, gene-specific oligonucleotides are individually
spotted or printed on a flat solid support at desig-
nated places. These polynucleotides, which may be
from known and unknown genes, are then probed
with cDNA from both the test and reference material.
These two sources of cDNA, which each has its own
specific label, compete for binding on the array. The
intensity of the signal from the label can now be

measured and gives a global indication of the amount
of cDNA present in the test sample relative to that in
the reference sample. For example, the test material
can be fluorescence labelled with a red tag and the
control material with a green tag. If expression of a
certain gene is similar in the test and reference sam-
ples, a yellow signal will appear. The final step is to
interpret the expression profiles for which computer
software is available. Likewise, arrays exist that meas-
ure gene expression levels of one sample at a time.

In principle, it is possible to obtain with DNA
microarrays information on the expression profiles
of numerous known and unknown genes at the same
time in different tissues at various stages of a disease.
Such studies will give an enormous amount of data,
which need to be analysed in a meaningful way. For
this, use is made of bioinformatics tools, such as clus-
tering analysis and principal component analysis,
which integrate multiple gene expression profiles.
Bioinformatic approaches that look at the effect of
nutrients on metabolic/biochemical pathways and
networks are also of use, as they allow the integration
of genes that are functionally related to each other.
These approaches facilitate characterisation of a
‘transcriptomic signature’ that describes the effect of
a nutrient or metabolic state of a cell/tissue.

Quantification of protein synthesis

Proteins fulfil a very diverse role, which varies from
being structural and contractile components to being
essential regulatory elements in many cellular proc-
esses in the form of enzymes or hormones. Although
mRNA serves as a template for protein, it is impor-
tant to realise that the amount of mRNA is not neces-
sarily correlated with the amount of protein. For
example, mRNA can be degraded without being
translated. In addition, proteins can be modified after
translation in such a way that their half-life, func-
tions or activities are altered. Finally, genetic varia-
tion may also result in different molecular forms of
the protein. It is therefore important to obtain infor-
mation not only on gene expression, but also on pro-
tein synthesis, modification and activity.

Various techniques are used for protein analysis.
The most sensitive techniques are a combination of
one or two methods that make use of differences in
molecular weight, electric charge, size, shape or inter-
actions with specific antibodies. A frequently used
technique is Western blotting in combination with
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specific protein detection using antibodies. Proteins
are first isolated from a tissue or cell extract and then
separated according to size by electrophoresis.
Proteins are transferred and permanently bound to a
filter, which is subsequently incubated with one or
two antibodies. At least one antibody is raised against
this protein. This first or second antibody that recog-
nises the first antibody is tagged with a detectable
component, which makes it possible to quantify the
amount of protein present in the sample. It is also
possible to detect and quantify amounts of protein
using enzyme-linked immunosorbent assays (ELISAs)
or radioimmunoassays (RIAs). These techniques are
mainly based on immunoreactivity and can detect
many proteins at physiological concentrations.
However, they do not make use of differences in
molecular weight, as with Western blotting, and may
therefore be less specific for determining post-
translational modification of proteins. Furthermore,
unknown proteins may also be present on a Western
blot that shows changes in expression profile using
general protein staining [e.g. silver or Coomassie
Brilliant Blue (CBB) staining). The most direct
approach to identify these unknown proteins is to
determine the amino acid sequence. Typically, a puri-
fied protein is first cleaved into a number of large
peptide fragments, which are isolated. The next step is
to determine the amino acid sequence of each frag-
ment. If a part of or the total amino sequence is
known, this amino acid sequence is compared to a
library of known protein stretches to identify the pro-
tein. Alternatively, the amino acid sequence can be
reverse translated to the mRNA and the exon sequence
of the corresponding gene can be generated as infor-
mation on the amino acid sequence provides infor-
mation on the nucleotide sequence. This can then be
used to synthesise probes to build libraries or to syn-
thesise these proteins on a large scale for further stud-
ies or for the production of drugs such as insulin.

Cleavage of the protein into fragments and then
into amino acids is also helpful to determine those
parts of the protein that are transformed after trans-
lation. In this way, for example, it is possible to iden-
tify sides and the degree of phosphorylation or
glycosylation. Comparable to DNA microarrays,
arrays have also been developed for protein profil-
ing. Instead of gene-specific polynucleotides, anti-
bodies raised against proteins are spotted on a flat
solid support.

Stable isotopes: a tool to integrate

cellular metabolism and whole-body
physiology

With DNA arrays and protein arrays it is possible to
obtain information on the expression and forma-
tion of many genes and proteins, respectively. This
provides valuable information for delineating how
patterns are influenced by internal and external
stimuli. It does not, however, provide information
on enzyme activity or quantify metabolic events
in vivo. For example, an increase in the synthesis of
a certain protein for gluconeogenesis does not nec-
essarily mean that glucose production is also
increases. Glucose production is very complex and
controlled at many levels. To address such issues,
stable isotope technology is helpful, with which
quantitative information can be obtained in humans
on in vivo rates of synthesis, degradation, turnover,
fluxes between cells and tissues, and so on.

Stable isotopes are molecules that differ slightly in
weight owing to differences in the number of neu-
trons of one or more atoms. For example, '*C and *C
refer to carbon atoms with atomic masses of 12 and
13, respectively, which behave similarly metabolically.
In nature, about 99% of carbon atoms are ?C and
only 1% C. As "*C atoms are non-radioactive, they
can be used safely in human experiments. In contrast,
radioactive isotopes are frequently used in animal or
cell studies.

These characteristics make stable isotopes useful
tools to integrate cellular metabolism and whole-
body physiology. With the appropriate analytical
techniques, it is possible to separate atoms and mol-
ecules based on differences in mass. Experiments are
based on the low natural abundance of one of the
isotopes. To use a very simplistic example, if one is
interested in the rate of appearance in breath of
CO, from the oxidation of an oral dose of glucose,
BC-labelled glucose (which is prepared on a com-
mercial scale) can be given. The expired air will
become enriched with *CO,, which can be meas-
ured. One now has the certainty that this “CO, is
derived from C-labelled glucose. Ultimately, this
gives information on the rate, proportion and
amount of glucose oxidised. Such an approach is
instrumental in increasing our understanding of
the metabolic consequences of the effects found at
the cellular and molecular level.
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Metabolomics: the most recent tool for
nutrigenomics

Metabolomics represents the newest ‘omics’ technol-
ogy being applied within molecular nutrition and
nutrigenomics. It utilises analytical chemistry tech-
nologies such as nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS) to capture
complete data on the low molecular weight metabo-
lites, nutrients and other compounds in various
human biofluids, cells and tissues. This chemical
fingerprint/small molecule metabolite profile that
reflects cellular processes is referred to as the metabo-
lome. The metabolome is viewed as the functional
outcome of all metabolites that are the end product
of gene and protein expression. The opportunities
and challenges associated with the application of
metabolomics in nutrition research is the subject of a
recent review (Gibney et al., 2005). The main oppor-
tunity is that metabolomics may provide the com-
prehensive biomarker of multiple metabolites to
assess nutrient status, metabolic responses, disease
predisposition, etc. Although the metabolome can be
readily defined, it is not possible to analyse the entire
range of metabolites by a single analytical method. In
addressing this limitation the Human Metabolome
Database has been established wherein more than
2500 metabolites, 1200 drugs and 3500 food com-
ponents that can found in the human body are
documented. The biological interpretation of
metabolomic data is also a great challenge within the
context of human nutrition. It can be difficult to
directly relate metabolites to specific biomarkers of
nutritional status.

2.5 Genetic variability: determinants
of health and response to nutrients

Nutrigenetics is a common term which describes how
genetic variation determines an individual’s risk of a
diet-related disease, their nutrient requirement and
metabolic response, as well as responsiveness to a
bioactive dietary component or nutritional inter-
vention. Genetic polymorphisms may affect meta-
bolic responses to diet by influencing the production,
composition and/or activity of proteins. A consider-
ableamount of research has therefore been conducted
on the effects of common genetic polymorphisms
on the response to nutrients. This is of great interest

for at least two reasons. First, such studies provide
information on specific molecular process underly-
ing dietary responsiveness. Secondly, if a common
genetic polymorphism determines the dietary
response, then people can be identified who will, or
will not, benefit from specific dietary recommenda-
tions. This personalised nutrition approach allows
targeted dietary treatment for specific metabolic
aberrations and ultimately the outcome of certain
disease states.

Several general criteria can be formulated to assess
the impact of the results of genetic association studies
which attempt to link genetic variation and dietary
responses. First of all, the polymorphism should
affect the metabolic response by influencing the pro-
duction, composition and/or activity of the protein.
Mutations/polymorphisms in the promoter region
will not necessarily affect the composition of the pro-
tein, but may affect its production. In contrast, muta-
tions in an exon may not affect the production, but
can change the composition and consequently the
structure or activity of a protein. However, it is also
possible that mutations in introns are associated with
dietary responses. In such cases, it is very likely that
this mutation is in linkage disequilibrium or associ-
ated with another functional genetic variation that is
directly responsible for the effect observed. Essentially
there should be pronounced, biologically relevant,
effects of the polymorphism on dietary responses. In
terms of the practical applicability of a gene-nutrient
interaction, it is important that sufficient subjects in
the population carry the variant, for example >10%.
Finally, there should be a plausible biological mecha-
nism or, ideally, well-characterised functional studies
to explain the association and demonstrate the gene—
nutrient interaction.

To date most studies have focused on single genetic
variants (SNPs) in individual genes, examples of
which are described below. The challenge will be to
identify the other candidate genes involved in each
diet-related disease (obesity, the metabolic syndrome,
T2DM, CVD, cancers, etc.). This is not easy given the
complex polygenetic nature of these disorders, which
involve perturbations in multiple metabolic pathways.
Also, within any pathway there might be several genes
involved, for example there are more than 50 involved
in lipid metabolism. Genome wide association studies
(GWAS) is a new approach that attempts to screen
the whole genome to identify new genetic variants
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associated with disease. This approach identified a
new candidate gene, TCF7L2, associated with greater
risk of type 2 diabetes. There is no doubt that this
approach will identify new candidates for diet-related
diseases in the future.

Common polymorphisms and disease:
the cholesteryl ester transfer protein Taq
IB polymorphism
Cholesteryl ester transfer protein (CETP) is an
important protein that regulates cholesterol metabo-
lism, therefore genetic and nutritional factors that
affect this protein are important with respect to coro-
nary heart disease. In human plasma CETP facilitates
the transfer of cholesteryl ester from high-density
lipoprotein (HDL) to apo B-containing lipoproteins
such as LDL and very low-density lipoproteins
(VLDL). As high LDL and VLDL cholesterol concen-
tration and low HDL cholesterol concentrations are
related to increased cardiovascular risk, CETP could
be regarded as a potentially atherogenic factor.
Worldwide, a few people have been identified with
no CETP activity. From in vitro studies it appeared
that these subjects have a defect in the transfer of
cholesteryl ester from HDL to LDL or VLDL. These
patients also have increased HDL cholesterol and
lowered HDL triacylglycerol levels. Animals with no
plasma CETP activity are relatively resistant to
atherosclerosis, while CETP transgenic mice have
decreased HDL cholesterol levels. Specific CETP
inhibitors increase HDL cholesterol and slow down
the progression of atherosclerosis in rabbits. All of
these findings are in agreement with the predicted
metabolic and functional effects of CETP in vivo.
The primary structure of human plasma CETP is
known. The initial studies used a human liver library,
in which CETP ¢DNA was identified, isolated and
cloned using a partial amino acid sequence from
purified CETP. Further studies demonstrated that
the gene is located on chromosome 16. Several DNA
polymorphisms for the CETP gene have been
described. One of these polymorphisms, the Taq IB,
has been identified in intron 1 by the restriction
enzyme Taq 1. The presence of this DNA variation is
frequently referred to as B1 and its absence as B2. The
B1 allele frequency varies between populations, but is
in general somewhere between 0.4 and 0.6. This
means that 16-36% of the population has the CETP
Taq 1B-1/1 genotype. Cross-sectional epidemiological

studies in various population groups have shown
that the presence of the B2 allele is associated
with decreased CETP activity and increased HDL
cholesterol levels. Furthermore, it has been reported
that subjects with the B2 allele have a lower
cardiovascular risk.

Although this CETP polymorphism determines
HDL cholesterol levels, effects on dietary responses
are less evident. Several studies did not see any effect
at all, but other studies have suggested that this poly-
morphism modulates the HDL or LDL cholesterol
response to alcohol and fat intake. Effects, however,
are small and not found in all studies. Furthermore,
it should be realised that the CETP Taq IB mutation
is situated in intron 1 and it is not very likely that this
mutation is functional. This suggests that this muta-
tion in the CETP gene is a marker for a mutation in
another part of the same gene or in another gene
involved in lipid metabolism. Indeed, it has been
found that the Taq IB mutation is in linkage disequi-
librium with a functional mutation in the CETP pro-
moter region.

Gly972Arg polymorphism in insulin
receptor substrate-1

Insulin is well known for its role in glucose and lipid
metabolism. After binding of insulin to the insulin
receptor, insulin receptor substrate-1 (IRS-1) is acti-
vated by phosphorylation. In this way, the signal from
plasma insulin is mediated in a variety of insulin-
responsive cells and tissues, through the insulin
receptor at the cell surface, towards intracellular
enzymes. Because of this central role in the signal
transduction pathway, IRS-1 may be involved in the
decreased insulin sensitivity observed in patients
with non-insulin-dependent diabetes mellitus.

The IRS-1 gene was cloned from a human male
placenta library and found to be located on chromo-
some 2. Mice with no functional IRS-1 gene have
been bred. These animals have a clustering of meta-
bolic abnormalities characteristic for diabetic sub-
jects. The sensitivity of IRS-1-deficient cells for
insulin could be partially restored by transfecting
these cells with IRS-1. Such studies clearly demon-
strate the importance of IRS-1 in the insulin signal-
ling cascade and insulin secretion pathways. However,
disruption of the IRS-1 gene is not lethal in mice,
which suggests that other pathways exist that can pass
the signal of plasma insulin.
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There are several amino acid polymorphisms in
IRS-1, one of which, a glycine to arginine substitu-
tion at amino acid 972 (Gly972Arg mutation), is
quite common. In the heterozygous form, the codon-
972 variant of IRS-1 is present in about 10% of the
population, but may be more prevalent in subjects
with non-insulin-dependent diabetes mellitus or
dyslipi-demia. Carriers of the Gly972Arg allele have
lower fasting insulin concentrations and a less
favourable plasma lipoprotein profile than non-
carriers. Furthermore, cultured cells transfected with
either wild-type human IRS-1 or the Gly972Arg var-
iant showed that this mutation impaired insulin-
stimulated signalling. From these studies, it appears
that this polymorphism may contribute to insulin
resistance.

More interestingly from a nutritional point of
view, an interaction between this Gly972Arg muta-
tion of IRS-1 and body mass has been suggested. The
already increased frequency of the Gly972Arg muta-
tion in patients with coronary heart disease was even
further increased in obese subjects. The results of the
intravenous glucose tolerance test were less favoura-
ble in moderately overweight heterozygous carriers
of this polymorphism than in wild-type subjects.
These findings suggest that only overweight subjects
with this Gly972Arg variant would benefit from
weight loss with respect to improved insulin sensi-
tivity. It should be noted that this interaction with
obesity has not been observed in all studies.

677C-T polymorphism of methylene-
tetrahydrofolate reductase

Increased levels of plasma homocysteine, a sulphur-
containing amino acid, are associated with an
increased risk of various disorders such as neural tube
defects, thrombotic disease and vascular disease.
These associations do not prove a causal role for
homocysteine in these diseases, but they do indicate
that homocysteine plays an important role in many
physiological processes. In homocysteine metabolism,
a crucial role is fulfiled by the enzyme methylene-
tetrahydrofolate reductase (MTHFR). The MTHFR
gene is located on chromosome 1. Some subjects with
MTHER deficiency have been identified and they all
have increased homocysteine levels. To study the
in vivo pathogenetic and metabolic consequences of
MTHER deficiency, an MTHFR knockout mouse

model has been generated. Homocysteine levels are
slightly elevated in heterozygous animals and are
increased 10-fold in homozygous knockout mice. The
homozygous animals show similar diseases to human
MTHER patients, supporting a causal role of hyper-
homocystinaemia in these diseases. Nevertheless,
extrapolation from animal studies to the human situ-
ation remains a problem.

A common DNA polymorphism in the MTHFR
gene is a C-to-T substitution at nucleotide 677, which
results in the replacement of alanine for valine. The
allelic frequency of the 677C-T genotype, which can
be identified with the restriction enzyme Hinfl, is as
high as 35% in some populations, but the allelic fre-
quency of the 677C-T polymorphism varies widely
between populations. Substitution of the alanine for
valine results in a reduced enzyme activity and indi-
viduals homozygous for this polymorphism have
significantly increased plasma homocysteine concen-
trations. Thus, the 677C-T mutation may have func-
tional consequences. An increased frequency of the
677T allele in patients with pre-eclampsia, neural
tube defects and cardiovascular disease has been
claimed by some studies, but refuted by others.

It has been hypothesised that the lack of associa-
tion between MTHFR polymorphisms and disease in
certain populations may be due to differences in die-
tary status. Homocysteine metabolism requires the
participation of folate and vitamin B .. In the plasma,
a negative relationship exists between homocysteine
levels and those of folate and vitamin B, ,. Moreover,
supplementation with folate in particular, but also
with vitamin B, reduced fasting homocysteine lev-
els. In this respect, subjects carrying the 677C-T
mutation were more responsive. Thus, a daily low-
dose supplement of folic acid will reduce, and in
many cases normalise, slightly increased homo-
cysteine levels, which is explained by a possible effect
on the stability of folate on MTHFR. Whether this
will result in a reduced disease risk or whether certain
population groups are more responsive to folate
intervention needs to be established.

Methyl-malonic aciduria cbIB type:
result from GWAS

In genome-wide association studies (GWAS), large
numbers of genetic markers such as SNPs are screened
that cover (alarge part of) the total genome (‘genome
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wide’) of a species. The aim of this approach is to
discover a group of genetic markers that are associ-
ated with a certain trait, for example the risk of devel-
oping type 2 diabetes, blood pressure, weight gain, or
abnormalities in serum lipid and lipoprotein concen-
trations. Groups of markers that associate with the
trait can then be investigated further. Ultimately,
results should be used to predict long-term outcomes
early in life and to enable personal (nutritional)
advice to prevent possible adverse effects.

Using GWAS it has been found that SNPs within
the gene methyl-malonic aciduria cbIB type (MMAB)
are associated with serum lipid and lipoprotein con-
centrations. This gene encodes a protein that cataly-
ses the final step in the conversion of vitamin B12
into adenosylcobalamin. Adenosylcobalamin is an
active form of vitamin B12 and is a cofactor for the
enzyme methylmalonyl-CoA mutase. Mutations in
the MMAB gene could result in diminished adeno-
sylcobalamin levels and causes accumulation of
methyl-malonic acid. Consequently, patients with a
defect in the gene MMARB are prone to life-threatening
acidosis. MMAB defects are treated by vitamin B12
supplementation, although this is successful in only
one-third of MMAB patients.

Why SNPs within the MMAB gene were related to
abnormalities in serum lipid and lipoprotein con-
centrations is currently unknown. What is known is
that these SNPs together with several other SNPs are
associated with higher LDL cholesterol and lower
HDL cholesterol concentrations on a carbohydrate-
rich diet even when corrected for differences in fat
and protein intake. However, to determine whether
these relationships are truly causal requires further
study. For instance, in a GWAS using a Japanese
genetic SNP database no associations were found
between MMAB with serum lipoprotein concentra-
tions. This may suggests that ethnic background may
modulate the outcome of such studies. Another
explanation is of course that — as GWAS only reveal
associations — the observed relationships were due to
chance. Thus, it is evident that associations found
using GWAS always need to be verified using other
approaches.

Conclusions

Results of studies on the effects of genetic polymor-
phisms on the response to dietary interventions are

often inconsistent. Several explanations can be
offered for this. First of all, many of the earlier, pio-
neering studies were carried out in retrospect. This
means that genotyping was performed after the study
had ended and that groups were not well balanced.
For example, if a study is carried out with 150 subjects
and the allele frequency of a certain mutation is 10%,
then the expected number of subjects homozygous
or even heterozygous for that mutation will be too
low. As a consequence, groups will be small and it will
be difficult to find any differences between the groups
with respect to differences in responses to the diets,
simply because of a lack of statistical power. Another
explanation is that the effects of the polymorphism
of interest depend on the make-up of other genes
(gene—gene interaction). Human studies on gene—
gene interaction are even more difficult to design.
Suppose that the frequency of a certain polymor-
phism is 10% and that of another is 20%. Such val-
ues are not uncommon, but it means that only 2%
of the subjects may have the combination of the two
mutations of interest. Thus, one needs to screen
many subjects to find appropriate numbers.
Similarly, effects may depend on gender, age or other
factors, such as body mass index, smoking or state of
the disease. Without doubt, studies on gene—gene or
environment—gene interaction will expand our
knowledge of the effects of the genetic code on the
response to nutrients. Finally, it is possible that in a
certain population the polymorphism is a marker
for another, unknown, genetic defect. Ideally, results
should therefore always be confirmed in different,
independent populations with different genetic
backgrounds.

As already mentioned, one of the rationales for
studies on genetic polymorphisms in relation to die-
tary responses is that people can be identified who
will, or will not, benefit from specific dietary recom-
mendations — often referred to as personalised nutri-
tion. However it has become clear that dietary
responses are a complex combination of genetic and
environmental factors. In general, the known rela-
tionships between responses to diet with genetic pol-
ymorphisms are not very strong and different
combinations of genetic and environmental factors
may ultimately lead to a similar response. To address
such issues, cell and animal studies are also relevant.
Another approach is to make a complete inventory of
differences in gene expression or protein synthesis in
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a particular organ or cell type after changing dietary
intake. For this, microarray analyses can be useful. It
is clear that there is still a long way to go, but studies
on specific molecular processes underlying dietary
responsiveness remain a major challenge.

2.6 Nutrient regulation of gene
expression

While nutritional recommendations strive to pro-
mote good health through good nutrition, it is clear
that such population-based strategies do not account
for variations in an individual’s nutritional require-
ments. These variations are due to our genetic back-
ground and environmental factors, including
nutrition. The previous section showed how different
genetic variations or polymorphisms can alter an
individual’s nutritional responses to diet. This sec-
tion will examine how nutrients affect gene, protein
and metabolite expression. The expression of a gene
that results in an active protein can be regulated at
any number of points between transcription and the
synthesis of the final protein product. While the proc-
ess of gene expression is well understood, as detailed
in Section 2.3, relatively little is known about how
nutrients affect gene expression at the level of mRNA,
protein and/or metabolite. Nevertheless, there are a
few examples of nutrients that affect gene expression
to alter mRNA and/or active protein levels by inter-
acting with transcriptional, post-transcriptional and
post-translational events. The effect of nutrients on
gene expression is a very intensive area of research. In
light of the technological advances in molecular biol-
ogy, as detailed in Section 2.4, the number of exam-
ples of nutrient regulation of gene expression will
expand rapidly over the next few years. Ultimately, it
is important not only to understand the concept of
nutrient regulation of gene expression (at the mRNA,
protein and metabolite level), but also to know how
changes at the level of the gene relate to whole-body
metabolism and health.

Nutrient regulation of gene transcription

Theoretically, gene expression can be regulated at
many points between the conversion of a gene
sequence into mRNA and into protein. For most
genes, the control of transcription is stronger than
that of translation. As reviewed in Section 2.3, this is

Table 2.3 Effect of nutrients on gene transcription

Nutrient Gene Transcriptional effect
Glucose Glucokinase Increase
Retinoic acid Retinoic acid receptor Increase
Vitamin B, Steroid hormone receptor ~ Decrease
Zinc Zinc-dependent enzymes Increase
Vitamin C Procollagen Increase
Cholesterol HMG CoA reductase Decrease
Fatty acids SREBP Increase

HMG CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; SREBP, sterol
regulatory response element binding protein.

achieved by specific regulatory sequences, known as
cis-acting control elements, in the promoter region
of the gene, and trans-acting factors, known as tran-
scription factors or DNA-binding proteins, that
interact with the promoter region of genes and mod-
ulate gene expression. Nutrients can alter the tran-
scription of target genes; some examples of this are
detailed in Table 2.3.

Direct and indirect nutrient regulation
of gene transcription

Certain dietary constituents can influence gene
expression by direct interaction with regulatory
elements in the genome, altering the transcription of
a given gene. Examples include retinoic acid,
vitamin D, fatty acids and zinc. However, nutrients
can also have an indirect effect on gene transcription.
It is often difficult to discern whether a gene—nutrient
interaction is a direct effect of a particular nutrient,
or an indirect effect of a metabolite or a secondary
mediator such as a hormone, eicosanoid or a second-
ary cell message that alters transcription. For exam-
ple, many genes involved in fat and carbohydrate
metabolism have genes that have an insulin response
element in their promoter region. Hence, a particular
fatty acid or carbohydrate could mediate its effect via
insulin. The indirect route may be particularly impor-
tant for the more complex dietary components
because they have a number of bioactive constitu-
ents. For example, part of dietary fibre is metabolised
by the colonic flora to produce butyric acid. Butyric
acid, in turn, may affect gene expression by selective
effects on G-proteins (which are intracellular mes-
sengers) or by direct interactions with DNA regula-
tory sequences.
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Nutrient regulation of transcription
factors

Nutrients can also regulate transcription factor activ-
ity and thereby alter gene expression. The peroxisome
proliferator activated receptors (PPARs) are a good
example of trans-acting transcription factors that can
be modulated by nutritional factors. PPARs are mem-
bers of the nuclear hormone receptor superfamily
and these regulate the expression of many genes
involved in cellular differentiation, proliferation,
apoptosis, fatty acid metabolism, lipoprotein metab-
olism and inflammation. PPARs are ligand-dependent
transcription factors, which are activated by a number
of compounds, including fatty acids. There are sev-
eral members of the PPAR family, PPARa, PPARy
and PPARS (), each with multiple isoforms. PPARo
is primarily expressed in the liver, PPARy in adipose
tissue and PPARS (B) is ubiquitously expressed.
When activated by fatty acids (or eicosanoids and
pharmacological PPAR agonists) the PPARs dimerise
with the retinoid X receptor (RXR). This PPAR-RXR
heterodimer binds to a PPAR response element
(PPRE) in the promoter region of the target gene and
induces transcription of the target gene. Many genes
involved in lipid and glucose metabolism have PPRE,
some of which are listed in Table 2.4. Therefore, the
PPARs represent an example of how nutrients can
regulate gene expression through transcription fac-
tors. Sterol regulatory response element binding pro-
teins (SREBPs) are another group of transcription
factors that mediate the effects of dietary fatty acids
on gene expression. There are two forms of SREBP:
SREBP-1 regulates fatty acid and triacylglycerol syn-
thesis, whereas SREBP-2 regulates the genes involved
in cholesterol metabolism. Therefore, the SREBPs
modulate the expression of the genes involved in

Table 2.4 PPAR-responsive genes and their metabolic effect

PPAR target genes Target cell Metabolic effect
aP2 Adipocyte Adipogenesis
FABP, ACS Adipocyte Fatty acid synthesis
Apo ClII, LPL Hepatocyte VLDL metabolism
Apo Al, Apo All Hepatocyte HDL metabolism

PPAR, peroxisome proliferator activator receptor; VLDL, very low-
density lipoprotein; HDL, high-density lipoprotein; FABP, fatty acid
binding protein; ACS, acyl-CoA synthetase; LPL, lipoprotein lipase.

cholesterol and fatty acid metabolism, in response to
different fatty acid treatments.

Nutrients and post-transcriptional
control of gene expression

It is generally accepted that the initiation of tran-
scription is the primary mode of regulating gene
expression, and there are good examples of differ-
ent nutrients increasing and decreasing mRNA
expression. However, there is increasing evidence
that the response of gene expression to nutrients
involves control of post-transcriptional events.
Much of the evidence for post-transcriptional con-
trol comes from observed discrepancies between
mRNA abundance and transcriptional rates (altered
mRNA abundance associated with unchanged gene
transcription implies altered mRNA stability). In
addition, mRNA abundance is not necessarily cor-
related to protein concentration (altered protein
concentration in the absence of any changes in
mRNA abundance implies either altered translation
of the mRNA or changes in the proteolytic break-
down of the protein). Since nutrients can regulate
mRNA translation and stability, mRNA abundance
may not reflect amounts of protein or rates of syn-
thesis. Therefore, it is incorrect to assume that if a
nutrient alters the level of mRNA then there is a
concomitant change in protein levels. To assess with
confidence the effect of a nutrient on gene expres-
sion, mRNA analysis should be accompanied by
measurements of the protein product.

Some examples of post-transcriptional control of
gene—nutrient interactions are presented in Table 2.5.

Table 2.5 Nutrient regulation of gene expression: post-transcriptional
control

Nutritional Control Regulatory

Gene factor point element

Ferritin Iron Translation 5" UTR

Transferrin Iron Stability 3’UTR
receptor

Glutathione Selenium Translation 3’ UTR
peroxidase

Glucose Fed/fasted Translation 5" UTR
transporter-1 state

Lipoprotein Fatty acid Translation 3" UTR
lipase supply

Apolipoprotein Hyperlipidaemia ~ Unknown 3’ UTR
(d]]}
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Low iron status
— IRP binds to IRE and prevents

Transferrin receptor mMRNA IRP mMRNA degradation
5" UTR Coding region 3'UTR
IRE
mRNA
Adequate iron status
— IRP does not bind to IRE leading to mRNA
destabilisation, degradation and reduced
translation of transferrin receptor
Low iron status
Ferritin — IRP binds to IRE and
represses translation
IRP
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[ [we ] |
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of ferritin continues to promote storage of iron

Figure 2.8 Iron regulates its own metabolism through post-transcriptional regulation of transferrin and ferritin.

It is important to note that often the non-coding
region of the gene may play a key role in the regula-
tion of gene expression whereby nutrients interact
with regulatory elements located in the 5" and the 3’
UTRs of a range of target genes, mediating the effect
of nutrients on gene expression.

Iron is a classical example of how a nutrient reg-
ulates the expression of the genes involved in its
metabolism (Figure 2.8). Transferrin and ferritin
are key proteins involved in iron metabolism, and
the expression of each is determined by the non-
coding region of transferrin and ferritin mRNA.
The transferrin receptor is required for the uptake
of iron in cells. Transferrin receptor has five regula-
tory sequences, known as the iron response ele-
ments (IREs) in the 3” UTR. In the absence of iron,
trans-acting transcription repressor proteins, the
iron regulatory proteins (IRPs), bind to the IRE and
protect the mRNA from degradation. In the pres-
ence of iron, the IRPs are removed from the trans-
ferrin receptor mRNA, leading to mRNA
destabilisation, decreased translation of mRNA and
decreased transferrin receptor synthesis. This
mechanism therefore prevents excessive amounts of
iron being taken up by a cell.

Ferritin is required for the storage of iron. It
sequesters cellular iron, which would otherwise be
toxic. The expression of ferritin is also regulated
post-transcriptionally. This controls the supply of
free iron within the cell according to cellular iron
levels. Ferritin has an IRE in the 5" UTR that regu-
lates transcription. When cellular iron levels are
low the IRP binds the IRE and represses translation
of ferritin, thus supplying free iron as required for
cell metabolism. In the presence of iron the IRP
does not bind the IRE and ferritin translation is
increased to allow storage of iron. The presence of
similar IREs in the transferrin receptor and ferritin
mRNA is important because it allows coordinated
regulation of the synthesis of the two proteins
according to different cellular levels and require-
ments for protein.

Nutrient regulation of translation and
post-translational protein modification

Hypothetically, a nutrient could regulate the trans-
lation of mRNA into protein. However, to date there
are no examples of a direct effect of a nutrient on
protein translation that is independent of altera-
tions in mRNA. Similarly, there is little information
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on the effects of nutrients on post-translational
protein modification. Vitamin K is one of the very
few examples of nutrient regulation of post-
translational protein modification, and it has this
effect by regulating the activation of prothrombin.
Prothrombin is an essential protein involved in the
coagulation system. It is the proenzyme for
thrombin, which is an inherent component of the
clot. Prothrombin cannot function correctly unless
its glutamic acid residues are carboxylated.
Carboxylation of prothrombin allows it to bind to
calcium, and prothrombin can only participate in
the clotting process if it can bind to calcium. This
post-translational modification means that the nas-
cent prothrombin protein is dependent on the sup-
ply of vitamin K. Apart from the effect of overt
vitamin K deficiency on coagulation, the extent to
which an individual’s vitamin K status affects clot-
ting is unknown. Further research that specifically
addresses whether and/or how nutrients modulate
protein expression is required to gain a greater
understanding of this aspect of molecular
nutrition.

Metabolomic signatures of nutritional
intervention

Nutritional metabolomics attempts to characterise
the metabolome that reflects a certain nutritional
status/sensitivity at the whole organism, tissue, cel-
lular and biochemical process levels. It needs to be
appreciated that an individual metabolomic profile
represents highly complex regulation of many simul-
taneous biochemical pathways in different organs. As
a consequence inter-individual metabolomic varia-
tion is very high, therefore nutritional metabolomics
needs to account for the multifactorial nature of an
individual’s metabolomic phenotype. For example,
the gut microflora can have a huge impact on indi-
vidual metabolomic profiles. Consequently it is
advised that within dietary intervention trials to
characterise the nutritional metabolome the subjects
should consume a defined diet with/without the
nutritional intervention to exclude the effect of other
non-diet-related complex interactions. To date there
are very few studies that have employed metabo-
lomics to characterise the human metabolic pheno-
type. However, there is no doubt that there will be a
wealth of data generated in the near future character-
ising the nutritional metabolome.
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Figure 2.9 Molecular interactions between nutrients and non-
nutrient food components with the genome, transcriptome,
proteome and metabolome as predictors of nutrition and health.
(Roche HM. Nutrigenomics — new approaches for human nutrition
research, J Sci Food Agri 2006; 86: 1156-63. Copyright ©
Wiley—Blackwell.)

2.7 Perspectives on the future

Molecular nutrition and nutrigenomics represent a
new phase of nutrition research that will provide a
much greater understanding of the interactions
between nutrients and the human genome. This
chapter has explored the technological opportuni-
ties in molecular biology that can be applied to
nutrition research. These rapidly advancing tech-
nologies present tremendous opportunities for
improving our understanding of nutritional sci-
ence. The Human Genome Project will undoubt-
edly improve our understanding of genetic
background and diversity. From the perspective of
nutrition, we should be able to develop a greater
understanding of how nutrients interact with
genetic destiny, alter disease processes and promote
health. Within the context of human nutrition,
probably the greatest challenge is to develop experi-
mental models that mimic the in vivo response and
whole-body metabolism. These models are needed
in order to maximise the potential of the novel
molecular technologies that then can investigate the
molecular and cellular effects of nutrients wherein
the results can be extrapolated and applied to
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human health. No doubt the next decade will be
very exciting in terms of applying the novel molec-
ular technologies in an intelligent and meaningful
way to nutrition research. One of the greatest chal-
lenges for nutrigenomics will be to characterise the
nutritional phenotype. This will require a systems
biology and functional genomics approach to inte-
grate genetic, transcriptomic, proteomic and
metabolomic information to give a more complete
picture of human nutrition and health (Figure 2.9).
It is hoped that the next phase of molecular nutri-
tion research will generate a more comprehensive
understanding of the cellular and molecular effects
of nutrients and improve our understanding of
whether and how nutrients modulate disease proc-
esses. In the future this personalised nutrition
approach might provide the ability to define scien-
tifically sound, evidence-based and effective nutri-
tional strategies to promote health.
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Integration of Metabolism 1: Energy

Xavier M Leverve

Key messages

* Energy metabolism refers to the ways in which the body obtains

and spends energy from food. In terms of energy transduction,

part of nutrient energy is converted into chemical, mechanical,

electrical or osmotic forms of energy.

The steady state refers to when the production of final metabo-

lites equals the consumption of the initial precursors: exactly the

same amount of matter enters and leaves the system.

The mitochondrion is the key cellular organelle involved in

energy metabolism. The mitochondrion is also involved in other

key cellular processes, including apoptosis, calcium signalling

and reactive oxygen species production.

* The chemical energy in nutrients (redox energy) is converted
into adenosine triphosphate (ATP). ATP is the universal

3.1 Introduction

From an energy point of view, life is a succession of
transfers that obey the second law of thermodynam-
ics, which states that the entropy of the universe is
steadily increasing. But, when considering living
organisms as isolated systems, they appear to be a
kind of exception to this principle since. By defini-
tion, a biosynthetic pathway would decrease the
entropy of the newly synthesised biomolecules, at
the expense of the universe free energy, through
catabolism of nutrients. Unlike plants, animals,
including humans, are unable to use light directly as
a source of energy. Hence, these living organisms
must use another source of energy, provided from
the catabolism of nutrients, the synthesis of which is
directly or indirectly permitted via plant photosyn-
thesis. Our life is therefore indirectly but totally
dependent on sunlight, as the unique energy source

currency of cellular energy metabolism; it is formed from
adenosine diphosphate (ADP), essentially by oxidative phos-
phorylation.

At a given cellular level, ATP can be synthesised aerobically or
anaerobically, that is in the presence or absence of oxygen.
When considering the whole organism, interorgan aerobic
and anaerobic energy metabolism must be complementary
and steady-state energy metabolism must be completely
aerobic.

Energy metabolism for the whole body is primarily due to
resting energy expenditure. The thermic effects of food and
physical activity are also important components of energy
expenditure.

for plants, and on the complex, but highly regulated,
pathways that link nutrient degradation to adenos-
ine triphosphate (ATP) synthesis.

All kinds of biochemical reactions are linked to
energy transfer, therefore each physiological func-
tion, as well as each pathological disorder or therapy,
must have a consequence for biological energy. It is
probable that further investigation of energy disor-
ders in pathological states will lead to a better under-
standing of the underlying pathophysiological
mechanisms and to new therapeutic tools. Living sys-
tems must be efficient in situations of both abun-
dance and penury, therefore two distinct classes of
diseases can be proposed. On the one hand are dis-
eases of excess nutrients. For example, excess energy
intake is associated with obesity, diabetes, hyperlipi-
daemia and atherosclerosis. On the other hand, dis-
eases related to a deficit of nutrients can occur at the
level of the whole body, individual organs or discrete

Nutrition and Metabolism, Second Edition, edited by S. A. Lanham-New, I. A. Macdonald and H. M. Roche. © 2011 The Nutrition Society.
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cells. Diseases of scarcity include anorexia, cachexia,
shock, hypoxia and ischaemia, which can lead to
acute or chronic nutrient imbalance.

The last introductory remark concerning energy
metabolism is related to the fact that there is a peril to
life related to respiratory chain activity. Indeed,
energy metabolism is mainly based on redox reac-
tions involving molecular oxygen as the final electron
acceptor, and reactive oxygen species (ROS) repre-
sent a major danger to many biomolecules and there-
fore to life. ROS are probably one of the major
determinants of the process of ageing. In this view,
understanding the mechanisms for sensing and
transducing the surrounding oxygen concentrations,
based on the flux of ROS production, represents a
major field of research for possible applications ori-
ented towards new therapies for several diseases such
as anoxia, ischaemia, diabetes, atherosclerosis, cancer
and degenerative pathologies.

3.2 Energy metabolism at the
cellular level

Thermodynamics

Energy is a property of the matter permitting it to be
transformed, either as the result of work or as achiev-
ing work. The common use of terms such as ‘energy
consumption’ or ‘energy production’ is not proper.
Indeed, in accordance with the first law of thermo-
dynamics the amount of energy in the universe
remains constant, so it is only possible to convert
energy from one form to another, but not to produce
or to consume it. This is known as energy transduc-
tion. Hence, humans transform nutrient-contained
energy into chemical, mechanical, electrical or
osmotic forms of energy. The second law of thermo-
dynamic indicates that the transformation of energy
is always in the direction of continuous increased
universe entropy, which is the ultimate form of
energy that cannot be used for any further work. In
simple terms entropy can be viewed as the degree of
disorder of matter; it is a kind of waste after a work
achievement. Whatever biochemical reactions are,
fast or not, probable or not, reversible or not, they
must always follow energy transfers and the general
direction of metabolism always obeys the laws of
thermodynamics.

‘Our world is the location of permanent energy exchanges
between systems, which have different potentials. These energy
exchanges are performed in strict accordance with two principles
called thermodynamic laws.” This statement, proposed by the
French scientist Carnot more than a century ago, was never really
demonstrated but so far it has never failed! The first law states
that the total energy of the universe is constant: ‘Rien ne se
perd, rien ne se crée, tout se transforme’, while the sec-
ond gives the direction of the exchanges: universe entropy must
always increase.

The consequences of the second law may be illus-
trated by a simple example. According to this second
law, entropy can never decrease. However, when a litre
of water freezes, the degree of organisation of its con-
stitutive molecules increases and therefore entropy
decreases. To achieve this result, the freezer produces
heat in such a way that the overall result (water in and
freezer out) is increased entropy according to the sec-
ond law. Life can be compared to this: although it
leads to the organisation of molecules, thus decreas-
ing their own entropy, the degradation of nutrients
initially produced from the energy of the light of the
sun results in an increased entropy of the universe.

Equilibrium, steady state, metabolic
control and metabolic regulation

One of the main features of any living system is repre-
sented by the achievement of real steady states.
Metabolic reactions are completed close to or far from
the equilibrium, leading to the definition of two dif-
ferent fields of thermodynamics: equilibrium ther-
modynamics and non-equilibrium thermodynamics.
It is therefore important to realise that the actual
meaning of equilibrium is often misused. Equilibrium
means that both forward and reverse reactions are
strictly equal in such a way that the net flux is equal to
zero and reactant concentrations are constant. Such a
state is incompatible with life and might be viewed as
a definition of death: no change, no past, no future,
but only an endless stable state. In the state of equilib-
rium, every event is completely reversible, leading to a
total lack of evolution. In living organisms many of
the biochemical reactions are not really at equilib-
rium but occur close to it. In terms of energy metabo-
lism, this near state of equilibrium is often referred to
as energy balance. However, it is important to realise
that energy balance is not a state of equilibrium but is
a steady state. Indeed, maintaining the energy content
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of the body depends on energy intake (in) and energy
dissipation (out), so strictly speaking body composi-
tion (or its energy content) is maintained constant
but at the expense of substrate supply and product
removal, which is the definition of a steady state. In
these near-equilibrium reactions both forward and
reverse reactions are of large magnitude, but one of
them is slightly greater than the other. This permits a
real net flux to be achieved, while reactant concentra-
tions are quickly equilibrated after any change in
the concentration of the others. Thermodynamic
strengths impose the direction of the reactions accord-
ing to the second law of thermodynamics.

e Equilibrium equals death: no net flux, no work and definitive
immobility.

* Steady state: constant renewal, characteristics of life, but exog-
enous systems are required for sustaining it with both input
(nutrients and oxygen entering the system) and exit (wastage).

In any living system, the maintenance of a single
metabolic parameter (blood glucose, cellular ATP,
oxygen concentration, etc.) at a constant level can be
referred to as substrate balance. It is important to
appreciate that this is a limited part of a metabolic
pathway, within the context of whole-body metabo-
lism, which in turn has its metabolic steady state. The
metabolic ‘steady state’ is also often referred to as
‘metabolic balance’. For examples of this relating to
fat and carbohydrate metabolism, refer to Chapter 5.
Such a metabolic state can be defined as a peculiar
condition where both net resulting flux and related
intermediates are constant, meaning that production
of final metabolite(s) equals consumption of initial
precursor(s) (Figure 3.1). In this view, the ‘milieu
intérieur, as denominated by Bernard more than a
century ago, is the result of the metabolism of every
cell from every organ in a whole organism. Its steady-
state composition can be viewed as the best compro-
mise between cell priorities and needs for cellular or
interorgan cooperation. Hence, each cell can theo-
retically interfere with the metabolism of every cell.
The transition between different steady states is initi-
ated by changes in intermediates and/or fluxes (pre-
steady states) allowing the new steady state to be
reached, as a consequence of the new physiological
(i.e. fed versus fasted, sleep, physical activity, preg-
nancy, growth, etc.) or pathological states. The meta-

bolic fluxes (e.g. ATP synthesis, oxygen consumption,
gluconeogenesis, glycolysis, B-oxidation) are depend-
ent on two different kinds of parameter:

e one pertaining to the thermodynamic strengths,
which is the energetic result of reactant concentra-
tions (i.e. substrates versus products) pushing the
conversion of a precursor into a product.

o the second pertaining to kinetic constraints, which
might be viewed as the ability of a metabolic
machinery (e.g. enzyme, carrier) to achieve the con-
version (transport) of a substrate into a product.

When a system is in a steady state, any change in a
given kinetic parameter (e.g. increase in enzymic
activity or supply of a nutrient) will affect the entire
network, causing it to achieve a new steady state. The
information as to the ‘new’ rules of the system result-
ing from the change in one parameter can be relayed
in two separate, but not mutually exclusive, ways.

First, any change in one of the kinetic constraints
of the system will in turn affect the different interme-
diates, upstream and/or downstream, of the modi-
fied step (Figure 3.2). The magnitude of the
transmitted effect on the different intermediates
depends on the characteristics of each step. This
parameter is called elasticity. This form of informa-
tion transmitted by the changes in intermediate con-
centrations is called metabolic control.

Secondly, a given change in one of the intermedi-
ates can trigger a signal (e.g. hormonal or cellular
signalling), which in turn affects the kinetics of one
or more step(s) of the pathway. Such a mechanism is
referred to as metabolic regulation.

* Metabolic control: a modification occurring on a step of a given
pathway can be transmitted by adjacent modifications of all
reactants involved in the pathway in order to affect the whole
pathway.

* Metabolic regulation: a modification occurring on a step of a
pathway can be transmitted to an effector, external to the sys-
tem (any kind of signalling), which in turn can affect one or
more step(s) of the pathway or of other pathways.

Cellular and mitochondrial aerobic
energy metabolism

The transformation of a part of the energy contained
in nutrients into a form that can be used by the cells
for different types of work can be divided into two
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Figure 3.1 Examples of living energy transducing systems. (a) Anaerobic system: the energy source is provided by organic nutrients (i.e. made by
a living system) converted through a pathway (fermentation), resulting in ATP generation (phosphate potential or ATP/ADP - Pi ratio). The plasma
membrane ATPase (Na*/K*-ATPase) allows the conversion of this phosphate potential into a membrane potential (Ap) because of the electrogenic
exchange of 3Na* with 2K* and permits the cell to generate some work. The erythrocyte represents a good example of a completely anaerobic
cell, where the unique source of energy is glucose and the unique energy wastage is lactate, with a stoichiometry of 2 moles of ATP for 1 mole of
glucose. (b) Phototrophic system: the energy source is light, which enables the extraction of hydrogen from water. The transduction of energy into
ATP and then into membrane potential is similar to the anaerobic system except that Na*/K+-ATPase is replaced by a proton ATPase. (c) Aerobic
system: the source of energy is the redox power contained in the nutrients (carbohydrates or lipids), electrons from hydrogen finally being
transferred to oxygen, permitting the formation of water. The successive energy transduction processes are similar to those of the anaerobic
system (a), but the production of ATP is much higher. The stoichiometry of ATP synthesis depends on the substrates used, and the waste products
are water and carbon dioxide.

successive steps. First, the chemical energy contained
in the nutrient must be converted into a redox form
and then this redox potential must be transduced as a
phosphate potential [ATP/(ADP - Pi, where ADP is
adenosine diphosphate and Pi is inorganic phos-
phate)] by ATP synthesis.

From macronutrient to redox potential

The macronutrients, carbohydrates (glucose), amino
acids and fatty acids are catabolised by different path-
ways, including glycolysis, B-oxidation and amino

acid pathways. However, all of them converge towards
a common intermediate: acetyl-coenzyme A (acetyl-
CoA). Glycolysis is the only energy-yielding pathway
capable of producing ATP independently of the mito-
chondrion and without oxygen. This process is
referred to as anaerobic metabolism (see later sec-
tion). In the mitochondrial matrix, the tricarboxylic
acid cycle, also known as the Krebs cycle, leads to a
complete oxidation of acetyl-CoA, resulting in the
formation of reducing equivalents (three NADH, H*
and one FADH,) and carbon dioxide (CO,). The
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Figure 3.2 Metabolic regulation, metabolic control and steady state:
a schematic view. Capital letters (A, B, C, D, E) represent intermediates,

€, €&, &, g are enzymes and J means flux. (a, b) Schematic

representations of metabolic regulation and metabolic control,
respectively; (c) metabolic characteristics of a steady state. In this view
any metabolic intermediate (glucose, lactate, ATP, etc.) could be
viewed as the intermediate B and ¢, is a part of the downstream
pathway (glycolysis, gluconeogenesis, ATPase, etc.).

main result of the Krebs cycle activity is to provide
reducing power to the respiratory chain in the form
of NADH/NAD* or FADH,/FAD, rather than ATP
formation. (NAD" is nicotinamide adenine dinucle-
otide, NADH its reduced form and NAD* its oxidised
form; FAD is flavin adenine dinucleotide.) Only one
ATP, or guanosine triphosphate (GTP), is formed per
mole of oxidised acetyl-CoA, compared with 14 ATP
molecules that can result from reducing equivalent
reoxidation.! Oxygen is not directly involved in this
part of the pathway. However, the dehydrogenases
that oxidise acetyl-CoA work at near-equilibrium
and the accumulation of NADH, due to lack of oxy-
gen, inhibits the net flux of acetyl-CoA through the
Krebs cycle. Hence, although not directly involved,
oxygen plays a crucial role in the Krebs cycle activity
by maintaining adequate reducing potential.

From redox potential to ATP synthesis
Mitochondrial energy is supplied by proton oxida-

tion, oxygen being the final electron acceptor:

4H* + 4e+ O, — 2H,0 + energy

A potential is the amount of a given form of energy that can be
potentially used for work. On top of a mountain, a litre of water
represents a given amount of energy. If this water falls from the
top of the mountain through a waterfall, a part of this energy is
progressively converted into kinetic potential during the fall. At
the bottom of the waterfall, when the water crashes on a rock, the
kinetic potential is then converted to heat, that is to entropy. In
this case some of the initial potential is directly converted to heat.
If the waterfall is equipped with a turbine, some of the kinetic
energy can be converted to electrical energy: this is an example of
coupling machinery. But when the electrical energy is converted
to light, it will result in an increase in entropy. In this case the
potential energy is also finally converted to heat, but on the way
it also provides light.

* Redox potential [(NADH* X H*)/NAD*]: the amount of energy
that can be released when one (or often two) electron(s)
jump(s) from one compound (which will be oxidised) to another
(which will be reduced).

* Phosphate potential [ATP/(ADP - Pi)]: the amount of energy that
can be released when ATP is converted to ADP and Pi.

This reaction leads to a large release of energy,
which is normally dissipated as heat, pressure or an
increase in volume. The unique property of the
mitochondrial respiratory chain is to convert, with
high efficiency, energy towards ADP phosphoryla-
tion. As first proposed by Mitchell, and now gener-
ally accepted, energy release during oxidation in
the respiratory chain results in active proton trans-
port outside the mitochondrial matrix. Hence,
owing to the sequence of the respiratory chain
complexes, the redox energy is converted into
another form of potential: the mitochondrial inner
membrane potential or proton-motive force. The
next step in the oxidative phosphorylation pathway
is to use this proton-motive force for ATP synthe-
sis. The enzymic complex of mitochondrial ATP
synthase (Figure 3.3) achieves this. It is important
to note that oxidation (also known as respiration)
and phosphorylation (or ATP synthesis) are connected
through a common intermediate, the proton-
motive force.
This proton-motive force depends on:

e the activity of the respiratory chain by pumping
protons out of the matrix

e the ATPase by transferring protons back in the
matrix when ATP is synthesised

e the properties of the inner membrane, creating a
barrier that is impermeable to protons.
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Figure 3.3 Regulation of oxidative phosphorylation flux. The control
of oxidative phosphorylation is exerted by two different factors:
kinetic parameters (i.e. kinetic properties of the different enzymes)
and thermodynamic factors (i.e. forces exerted on the system).
A dramatic change in the flux without a large change in either redox
potential or phosphate potential implies subtle co-ordinated
mechanisms, as is done, for instance, by calcium or fatty acids, which
affect the oxidative phosphorylation pathway simultaneously
upstream and downstream.

Practical assessment of oxidative
phosphorylation

Although it is relatively simple to investigate the oxi-
dative phosphorylation pathway in isolated mito-
chondria, this is much more difficult in an intact
system or in vivo. The whole pathway of oxidative
phosphorylation can be divided schematically into
several steps:

(1) Cytosolic pathways that result in cytosolic redox
potential.

(2) Mitochondrial oxidation of acetyl-CoA (Krebs
cycle), which results in mitochondrial redox
potential.

(3) Respiratory chain activity and its resultant pro-
ton-motive force.

(4) ATP synthesis and resultant mitochondrial phos-
phate potential.

(5) Electrogenic ATP-ADP exchanges across the
mitochondrial inner membrane (adenine nucle-
otide translocator) and resultant cytosolic phos-
phate potential.

The electrochemical potential across the inner mito-
chondrial membrane is of crucial importance for
each of these steps. Therefore, any phenomenon that
could affect it (e.g. proton leak, see below) would
affect the complete pathway of ATP synthesis.

Cytosolic lactate dehydrogenase and mitochondrial
3-hydroxybutyrate dehydrogenase work at near-
equilibrium state, therefore the cytosolic and mito-
chondrial redox state can be evaluated by measuring
lactate-to-pyruvate and 3-hydroxybutyrate-to-ace-
toacetate ratios.” These measurements are useful
tools that can be used to evaluate any defects in the
oxidative pathway in vivo. The activity of the respira-
tory chain can be assessed by measuring the rate of
oxygen consumption either at the level of the whole
body or in an isolated organ, cell(s) or mitochon-
drion. The most difficult parameters of oxidative
phosphorylation to assess are phosphate potential,
ATP synthesis (or turnover rate) and the yield of ATP
synthesis, that is of oxidative pathway. Indeed, if ATP
concentration could be calculated in vivo by nuclear
magnetic resonance (NMR), then phosphate poten-
tial could be determined if the concentration of ADP
was known. However, ADP concentration cannot be
obtained directly. Moreover, since adenine nucle-
otides are highly compartmentalised in the cell (see
below), average values for intracellular or tissue ATP
levels are of limited interest.

Regulation of the flux through oxidative
phosphorylation

Although much is known concerning the regulation
of the different enzymes of the oxidative phosphor-
ylation pathway, the actual regulation of mitochon-
drial respiration and the rate of ATP synthesis are not
fully understood. The sophisticated machinery of
this pathway can be simplified as a single step catalys-
ing the following reaction:

2NADH + 2H* + O, + 6ADP + 6Pi
— 2NAD* + 2H 0O + 6ATP

As for any biochemical reaction, its rate is dependent
on kinetic and thermodynamic parameters: the
activity and affinity of enzymes and resulting ther-
modynamic strength applied to the system (i.e. the
difference between upstream and downstream
potentials). In the case of oxidative phosphorylation,
redox potential (NADH/NAD) represents upstream
potential and pushes the flux; while downstream,
opposed to the redox potential and limiting the flux,
is the phosphate potential (ATP/ADP - Pi) (Figure
3.3). Thus, an increased NADH/NAD ratio and/or a
decreased ATP/ADP - Pi ratio will increase the flux.
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Conversely, a decrease in NADH/NAD and/or an
increased ATP/ADP - Pi ratio will reduce oxidative
phosphorylation flux. The mitochondrial redox
potential depends on several factors. These include
Krebs cycle activity, leading to NADH production,
and phosphate potential, which depends on ATP
hydrolysis (i.e. the cellular work). From these con-
siderations it appears that a large change in flux of
ATP synthesis must be accompanied by a large
change in the related forces, resulting in a paradox: a
high flux of ATP synthesis can be achieved only if
mitochondrial ATP concentration is very low. The
regulation of oxidative phosphorylation is much
subtler and achieves a very large change in ATP syn-
thesis at nearly constant forces. As an example, dur-
ing myofibrillar contraction increased calcium
concentration promotes energy dissipation by simul-
taneously activating several dehydrogenases, partic-
ularly those involved in the Krebs cycle. Hence, the
increase in calcium results in coordinated changes
affecting energy metabolism via a simultaneous
increase in both the NADH supply system (Krebs
cycle) and the ATP consuming processes (muscle
contraction). With this mechanism of a simultane-
ous push and pull, a large change in the oxygen con-
sumption—ATP synthesis pathway is possible without
a major change in the related forces: redox or phos-
phate potentials.

Yield of ATP synthesis (ATP/O ratio)

The vyield of oxidative phosphorylation can be
expressed as the ratio between ATP synthesis rate and
the number of atoms of oxygen consumed (ATP/O).
This ratio is of major importance to life and it can be
modified by several parameters, therefore its regula-
tion is finely tuned. Three main mechanisms modify
the fluxes of oxidation and phosphorylation.
Although both oxidation and phosphorylation are
considered as one pathway, they can be independ-
ently and differentially regulated by:

e the number of coupling sites at the level of the res-
piratory chain

e the stoichiometry of the coupling process at the
level of the proton pumps (slipping)

e the proton permeability across the mitochondrial
inner membrane (proton leak).

The number of coupling sites located on the electron
pathway towards molecular oxygen depends on the

nature of the redox carrier (NADH or FADH,). For
NADH three coupling sites are successively involved
(complexes 1, 3 and 4), while there are only two cou-
pling sites for FADH, (complexes 3 and 4). Hence,
the yield of ATP synthesis is roughly 30% lower when
FADH, is oxidised, compared with NADH. The gly-
colytic pathway results in NADH formation, while
the fatty acid B-oxidation results in equimolar for-
mation of NADH and FADH.. Hence, the stoichiom-
etry of ATP synthesis to oxygen consumption is lower
when lipids are oxidised, compared with carbohy-
drates.” Since the mitochondrial inner membrane is
impermeable to NADH, cytoplasmic NADH donates
reducing equivalents to the mitochondrial electron
transport chain through two shuttle systems, the
malate/aspartateshuttleand the glycerol-3-phosphate/
dihydroxyacetone-phosphate shuttle. Although the
first one gives electrons to complex I (i.e. as NADH),
the second shuttle gives electrons directly to complex
I1. Subsequently, by tuning the respective proportion
of flux through the two shuttles, the yield of oxidative
phosphorylation can be regulated. This target is one
of the major effects of thyroid hormones on mito-
chondrial energy metabolism. These hormones affect
the transcription of mitochondrial glycerol-3-
phosphate dehydrogenase, which regulates the flux
through the glycerol-3-phosphate/dihydroxyacetone-
phosphate shuttle.

The modulation of the coupling between proton
transport (proton pump slipping) and redox reac-
tion (respiratory chain) or ATP synthesis (ATP syn-
thase) is another possibility to adjust the flux of
oxidation and phosphorylation. The coupling
between the two vectorial reactions (proton trans-
port and oxidation or phosphorylation) is not fixed
and several experiments have shown some variations
in this coupling. For example, general anaesthetics or
the lipid composition of the mitochondrial mem-
brane can alter this.

The inner mitochondrial membrane is not com-
pletely impermeable to protons, and proton leak
results in uncoupling between respiratory rate and
phosphorylation. This energy is dissipated as heat.
This phenomenon, first described in brown adipose
tissue, is probably a general feature of all kinds of
mitochondria. It results in slight disconnection
between the rate of oxidation and phosphorylation,
and therefore alters the yield of oxidative phosphor-
ylation. This mechanism should not be viewed as a
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negative event leading to less efficient ATP synthesis.
It allows independent adaptation of oxygen con-
sumption/reoxidation of reducing equivalents and
ATP synthesis. Indeed, the discovery of this function
in brown adipose tissue in mammals, which is related
to an uncoupling protein (UCP), has opened a new
era in our understanding of the regulation of oxida-
tive phosphorylation by describing a physiological
role for energy wastage. Several other UCPs have
been described recently, and UCP1 mediates this
effect in brown adipose tissue. Homologues, includ-
ing UCP2 and UCP3, are expressed in most tissues,
including white adipose tissue, muscle, macrophages,
spleen, thymus and Kupffer’s cells. However, their
role in energy metabolism is less defined than that for
UCP1. The complementary DNA (cDNA) encoding
brain mitochondrial carrier protein has also been
cloned. This protein (BMCP1) is also homologous to
the UCPs; when expressed in yeast it is a potent
uncoupler, so it could be a new member of the UCP
family. The physiological function of UCP1 in brown
fat is well recognised as a heat-producing mecha-
nism. The presence of homologous uncoupling pro-
teins (UCP2 and UCP3) in white adipose tissue and
skeletal muscle suggests that they may also influence
whole-body energy metabolism and may play a role
in the pathogenesis of obesity. However, not all stud-
ies support this hypothesis. For example, overexpres-
sion of UCP3 in skeletal muscle reduces white adipose
tissue mass, but adipose tissue is not altered in UCP2
and UCP3 knockout mice. It has also been proposed
that mitochondrial uncoupling regulates mitochon-
drial ROS production. Moreover, it is becoming clear
that the mitochondrial membrane potential plays a
role in the regulation of many important cellular
functions, including calcium signalling, permeability
of the transitional mitochondrial pore [permeability
transition pore (PTP)], fatty acid oxidation and
apoptosis. It is therefore likely that the role of mito-
chondrial uncoupling in cellular homeostasis is not
limited to energy metabolism. It has recently been
proposed that efficiency mitochondrial oxidative
phosphorylation plays a key role in insulin secretion
by pancreatic B-cell islets.

ATP distribution: cellular energy circuits

It is not yet known how ATP distribution among
the different cellular sites of energy dissipation

(e.g. biosynthetic pathways, muscle contraction,
metabolite transport and membrane potential
maintenance, gene transcription and translation,
protein synthesis and degradation) is regulated.
Indeed, all of these processes compete with each
other, and a very precise regulation of energy dis-
tribution is mandatory. In many textbooks it is
tacitly supposed that ATP and ADP simply diffuse
in the cell, except for crossing intracellular mem-
branes where specific carriers are involved. Such a
simple view cannot hold when considering that a
simple diffusion through the cytoplasm would not
be compatible with a specific energy supply to a
given step. Several experimental studies have
addressed this problem and investigated the role of
the phosphocreatine/creatine shuttle in the trans-
fer of energy in muscle and cardiac cells. It was
proposed that cytosolic and mitochondrial creat-
ine kinases act as an energy shuttle (see Figure 3.4),
permitting the channelling of energy from one cel-
lular location (a part of the mitochondrion mem-
brane) to a precise site of energy utilisation
(myofibrillar ATPase, Na*/K*-ATPase, endoplas-
mic reticulum ATPase, biosynthetic pathway, etc.).
In such a view the ‘energy-rich bond’ is transported
rather than ATP or creatine phosphate molecules
per se. Hence, by playing with the location of crea-
tine kinase (e.g. by the transcription of different
isoforms), the cell can build several tracks for
energy channelling that can be used according to
the cellular priorities for energy. This feature of
cellular energy channelling and compartmentation
has been recently conceptualised as IntraCellular
Energy Units (ICEU).

Mitochondrial metabolism
and cell signalling

Mitochondria have many specific functions related
to some peculiar enzymic equipment. For instance,
they play a major role in fatty acid B-oxidation, as
well as in urea synthesis and gluconeogenesis.
Recently, the role of mitochondria in cellular calcium
homeostasis has been extended by the discovery of
transitional permeability, mediated by the PTP, which
mediates calcium uptake across the inner mitochon-
drial membrane. This phenomenon, which is blocked
specifically by cyclosporin A, appears to be involved
in the trigger of cellular death pathways, necrosis or
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Figure 3.4 Channelling of energy in a cardiac cell. The pathway for intracellular energy transport and the corresponding feedback signal
conduction in muscle, brain and many other types of cells (but excluding liver cells) is the phosphocreatine pathway (energy circuit or energy
shuttle). This channelling enables a wave of energy to be transferred from a precise location in the mitochondrial membrane to a precise site of
dissipation (myofibrils, Ca?* ATPase in the sarcoplasmic reticulum, sodium ATPase, etc.). Conversely, the signal given by a rise in ADP, due to
mechanical work for instance, is channelled to the mitochondrial matrix without effective transportation of the ADP molecule. From this picture it
is clear that the meaning of an average cellular ATP or ADP concentration becomes limited. (With kind permission from Springer Science+Business
Media: Molecular and cellular biochemistry, metabolic compartmentation and substrate channelling in muscle, Sak VA. 133 (1994) 155-192.)

apoptosis. Mitochondria regulate cell death, or apop-
tosis, by releasing cytochrome c into the cytosol when
mitochondria swell after PTP opening. Mitochondria
also play a major role in cellular calcium homeosta-
sis, by a mechanism called calcium uptake—calcium
release. Mitochondria achieve this because they
are able to take up free calcium from the cytoplasm,
owing to their specific channels and very high
membrane potential, and to release it when the
PTP opens.

The mitochondrion has other effects on cellular
signalling. It is a major site for ROS formation.
Indeed, two specific complexes of the respiratory
chain are largely recognised as sites for ROS
production: complex 1 or NADH reductase and
complex 3 or bc -complex, with the latter being

quantitatively the most important site. The produc-
tion of mitochondrial ROS seems to represent not
only a negative event leading to irreversible mito-
chondrial DNA damage and to ageing, but also a
main signalling pathway both in physiology (oxy-
gen and substrate sensing) and pathology. The sub-
tle mechanism of cellular oxygen sensing (see
below) is based on superoxide production by mem-
brane-bound NADPH-oxidase and involves a cyto-
plasmic dimerisation of specific transcriptional
factors ([Hypoxia Inducible Factor] HIF-1 ocand B),
which are subsequently translocated into the
nucleus. The combination of superoxide and nitric
oxide results in peroxinitrite formation, which rep-
resents another example of ROS-based signalling
pathway.
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Cellular anaerobic metabolism

In the absence of oxygen, there are in principle three
possibilities for ATP synthesis:

e adenylate kinase
e creatine kinase
e lactate production from glucose.

Although the first two possibilities are qualitatively
important as ATP synthetic pathways, their signifi-
cance is quantitatively very limited and could only
meet the energy needs for a few seconds or minutes.
Conversely, glycolysis is a more powerful and sus-
tained pathway for ATP synthesis in the absence of
oxygen when substrate supply (glucose) and wastage
disposal (reducing equivalent and proton) as lactate
are sufficient. In this pathway, two ATPs are pro-
duced from one glucose molecule, whereas three
ATPs are formed when glucose is provided from
glycogen stores. The net result of glycolysis is the
formation of pyruvate, ATP, NADH and H*. The
pool of NAD*-NADH is very small, so the mainte-
nance of a sustained glycolytic flux even in the pres-
ence of sufficient amounts of glucose is possible only
when NAD" is regenerated from NADH reoxidation.
Since in the absence of oxygen this cannot be
achieved by mitochondrial metabolism, the unique
way to remove the excess of reducing equivalents, in
lactic organisms, is to convert pyruvate into lactate
(yeast can produce ethanol or glycerol for the same
purpose). Lactic acid production allows the release
of reducing potential, together with protons and car-
bons. Hence, ATP production by anaerobic glycoly-
sis is mainly controlled by:

o the phosphate potential [ATP/(ADP - Pi)]

e the pH

e the level of cytosolic redox state (NADH/NAD
ratio).

Adaptation to energy deficit

The consequences of cellular energy deficit and the
mechanisms underlying adaptation to this situation
can be understood from the results of numerous
studies, in both hypoxia and ischaemia. Such adap-
tation must rely on a permanent adjustment
between energy demand and ATP synthesis. When
oxygen and ATP are decreasing, energy-dissipating
processes must also be reduced to the same extent
and according to several priorities. Therefore, energy

demand has to adapt to match oxygen supply and
ATP production capacity. This needs a sensitive
oxygen-sensing system, associated with the possi-
bility of a cellular metabolic conformance to oxy-
gen disposal. Oxygen conformance means that cells
can anticipate any possible lack or excess of oxygen
by sensing the oxygen tension in the surroundings.
The pathway of cellular oxygen signalling is now
understood, especially the role of ROS production
on gene expression via HIF. The adaptive changes
related to hypoxia or energy deficit have been
divided into defence and rescue phases. The defence
phase occurs immediately after a decline in oxygen
and consists of channel arrest, decreased Na'/
K*-ATPase activity, urea synthesis, gluconeogenesis,
protein synthesis and proteolysis (a highly ATP-
consuming process), in such a way that ATP demand
equals ATP production. Then, the rescue phase
involves transcriptional effects, particularly involv-
ing HIF, wherein HIF-mediated activation of genes
is required for sustained survival at low ATP turno-
ver (increased glycolytic enzymes, decreased
enzymes involved in aerobic-linked metabolism)
and, finally, production of tertiary cell signalling
messengers (fos and jun).

3.3 Energy metabolism in the body
as a whole

General considerations

Energy in the body is mainly utilised for active trans-
port across cellular membranes, synthesis of new
molecules and contraction of contractile fibres.
Whole-body energy metabolism is expressed as rest-
ing energy expenditure (REE), which is much easier
to determine than the classical basal energy expendi-
ture (BEE). In healthy adults, it is estimated as 40 kcal
h™ m™, the body surface being determined as
follows:

S (m2) = 71.84 x H*(cm) X W*23(kg)

As shown in Table 3.1, REE is predominantly related
to the metabolism of four main organs: liver, brain,
heart and kidneys. Although these organs represent
only 5.5% of total body mass, they account for almost
60% of total body energy expenditure. REE is influ-
enced by many factors, such as age (55kcal h™ m™
for the newborn versus 35kcal h™' m™ in the elderly),
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Table 3.1 Respective contribution of the different
organs to oxygen consumption and body mass

Oxygen

consumption (%) Mass (%)
Liver 20 2.5
Brain 20 2.0
Heart 10 0.5
Kidneys 10 0.5
Muscles 20 40.0
Others 20 54.5

gender (10% higher in males as compared to females),
food intake, pregnancy and several diseases.

Energy metabolism can be investigated by several
means. The most common way to determine energy
expenditure is based on measurements by indirect
calorimetry that assess energy dissipation from oxy-
gen consumption (Vo,). Moreover, by determining
the respiratory quotient (RQ=Vco,/Vo,, where Vco,
is carbon dioxide production) and the excretion of
urea, it is possible to determine the nature of the oxi-
dised substrates (carbohydrates versus lipids).* As
described above, energy metabolism (i.e. the trans-
duction of energy contained in nutrients to ATP syn-
thesis) involves many steps, and some of them can be
investigated in clinical practice by measuring lactate/
pyruvate or [-hydroxybutyrate/acetoacetate ratios
and oxygen consumption. The other methods are
limited to clinical research. Examples of these include
intracellular ATP by NMR or by biopsy, infrared
spectroscopy for in situ redox potential determina-
tion and doubly labelled water.

Interplay between aerobic
and anaerobic energy metabolism

The amount of ATP produced from nutrients by
mitochondrial oxidative phosphorylation is far
higher than that occurring in anaerobic conditions.
A healthy adult human produces, and therefore con-
sumes, a mass of ATP approximately equivalent to
his or her body mass every day. Total ATP body con-
tent is about 100-200 g. Assuming for simplification
that ATP synthesis is achieved only from glucose
metabolism, 650 g of glucose is required for the aer-
obic synthesis of 70kg of ATP. In comparison, 13kg
of glucose would be necessary to produce the same
quantity of ATP by the anaerobic pathway. But,
besides the indisputable quantitative advantages of

aerobic metabolism, the anaerobic pathway is quali-
tatively of great importance.

Tissue anaerobic metabolism

In several tissues anaerobic energy metabolism is
predominant even in the presence of sufficient oxy-
gen concentration. This is the case in red blood cells,
which completely lack mitochondria. It is interesting
to consider that although these cells contain probably
the highest amount of oxygen, their energy needs are
completely met anaerobically. Erythrocyte anaerobic
energy metabolism is not marginal, when consider-
ing that red blood cells represent a completely anaer-
obic organ of almost 2.5kg (=40 g of glucose-lactate/
day, i.e. 20% of total glucose turnover). Epithelial
cells of the cornea are also dependent on anaerobic
glycolysis as their unique energy source. The kidney
medulla is another example of a physiological advan-
tage of anaerobic energy production despite the low
rate of ATP synthesis. In this tissue a very high
osmotic pressure is maintained in the extracellular
fluid as the result of tubular cell activity of ion trans-
port. A rich vascularisation would lead to a high
energetic cost to maintain such a gradient because of
efficient exchanges between cells and plasma.
However, owing to the poor blood supply to these
cells, their energy metabolism is achieved mainly via
the anaerobic pathway occurring from the glucose
present in the tubular ultrafiltrate.

Energy metabolism is compartmentalised in the
cell. Glycolytic ATP resulting in lactate formation
even in fully aerobic experimental conditions proba-
bly predominantly supports the plasma membrane-
linked ATPase activities. Hence, in cardiac cells, which
are fully aerobic in physiological conditions, lactate
release is very low or absent, but a specific role of gly-
colytic ATP meets the energy requirements of plasma
membrane active transport, while the energy required
for contraction comes from mitochondrial oxidative
phosphorylation. This example illustrates the com-
plementary aspects of aerobic and anaerobic energy
metabolism even in a well-oxygenated organ.

Energy metabolism in the brain:
neurone astrocyte cooperation

The brain is very sensitive to hypoxia because of its
high metabolic rate. A moderate degree of hypoxia
results in brain lactate accumulation. Some recent
experimental data lead to a very fascinating hypothesis,
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known as the activity-dependent astrocyte—neurone
lactate shuttle. It is proposed that the main energy
substrate for neurones is not glucose but lactate, pro-
vided by astrocyte anaerobic glycolysis. In astrocytes,
ATP provided by glycolysis is functionally linked to
the plasma membrane Na-ATPase. After glutamate
activation, the reuptake of glutamate by astrocytes is
associated with sodium, and the active pumping of
sodium out of the cell is then linked to glycolysis acti-
vation. The lactate produced is used as the energy
substrate for activated neurones. In this view there is
a functional coupling between astrocyte and neurone
energy metabolism. The upper part of glucose oxida-
tion (i.e. from glucose to lactate) occurs in astrocytes,
while the lower part (i.e. pyruvate oxidation) occurs
in neurones, in such a way that brain metabolism as a
whole is permitted by complete glucose oxidation
into water and carbon dioxide. A similar feature of
glucose-lactate cooperation in tissue energy metabo-
lism has been also shown in other coordinated cell
metabolism, such as Sertoli’s cells and spermatozoa,
Henle’s and proximal tubular cells in the kidney and
probably in many other situations.

Aerobic-anaerobic metabolism: perspectives

in whole-body integrated metabolism

Except for the initial substrates (nutrients, oxygen)
and the final waste products (water, carbon dioxide,
urea, etc.), every metabolite is a substrate for some
cells, while it is a product for others. Hence, although
anaerobic ATP production is a reality at cellular level,
this is not the case when the whole-body integrated
metabolism is considered at steady state. In this latter
case, energy metabolism is always purely aerobic.
Indeed, anaerobic metabolism implies that the end-
product of glycolysis must be excreted as lactate in
human cells, or as ethanol or glycerol in yeast, for
instance. This can be the case for isolated cells or
organs, but since lactate excretion from the body is
negligible, lactate is ultimately metabolised or oxi-
dised. Therefore, when considering the body as a
whole, energy metabolism is fully aerobic and lactate
is not a waste end-product, but a metabolite that is an
alternative substrate and product. When lactate accu-
mulates in the body, such as during a short bout of
high-intensity exercise, anaerobic metabolism con-
tributes to net ATP synthesis. However, during the
recovery process, lactate is metabolised and disap-
pears from the body without significant net excre-
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Figure 3.5 Combination of anaerobic and aerobic pathways results
in a fully aerobic life. The glucose recycled via lactate creates a futile
cycle between three- and six-carbon compounds. On the one hand
this dissipates directly two-thirds of the energy as heat (since six ATP
are needed to build one glucose from two lactate, whereas only two
ATP are produced when splitting glucose into lactate), but on the
other hand the source of energy in liver mainly comes from fatty acid
oxidation. Hence, glucose recycling provides ‘glycolytic ATP' to several
peripheral cells (e.g. erythrocytes) while this ATP is formed from
energy coming from lipid oxidation. In other words, one can say that
‘the liver respires for anaerobic tissues like erythrocytes'.

tion. Accordingly, when considering both exercise
and recovery periods, energy metabolism is com-
pletely aerobic. Similarly, in pathological diseases, if
blood lactate concentration is stable, whatever its
concentration, energy metabolism is fully aerobic.

All metabolism is ultimately aerobic, and anaerobic metabolism
exists in certain tissues and in certain metabolic states for defined
and logical reasons.

The glucose—lactate cycle, initially described by Cori
as substrate recycling between erythrocytes and the
liver, can be extended to nearly all organs and cells.
This recycling has important metabolic implications
for both qualitative and quantitative aspects of whole-
body energy homeostasis. On the one hand, only
2moles of ATP result from the fermentation of 1 mole
of glucose, whereas 6 moles of ATP are needed to give
back 1 mole of glucose (Figure 3.5). Hence, when con-
sidering the overall yield® of glucoselactate cycling,
one-third of the ATP synthesised aerobically in the
liver is used anaerobically in the erythrocytes. On the
other hand, glycolysis provides glycolytic ATP to cells,
whereas glucose is built with an energy source pro-
vided by fatty-acid aerobic oxidation, since this source
is largely predominant, if not exclusive, in the liver.
Hence, the metabolic result of glucose—lactate
recycling is the transfer of aerobically synthesised
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ATP from lipid oxidation in the liver to anaerobic
glycolytic ATP in peripheral cells. This is achieved by
a decrease in efficiency (but see note 5), which is
compensated for by qualitative metabolic advan-
tages. The large mass of lipid stores compared with
the limited amount of carbohydrates or the meta-
bolic cost of the use of gluconeogenic amino acids
provided from protein breakdown might represent
one of these advantages. A second advantage is
related to the possibility of sharing between organs
or cells a part of the aerobic energy metabolism
pathway. For example, erythrocyte energy metabo-
lism is entirely anaerobic owing to the lack of mito-
chondria, but since lactate is further metabolised by
the liver, the erythrocyte and liver work as a fully
aerobic system. Hence, the liver respires for red blood
cells and, except for the situation when lactate is
accumulating or excreted, energy metabolism is
entirely aerobic whatever the lactate concentration.
Therefore, lactate plays a pivotal role not only in
anaerobic metabolism but also in aerobic metabo-
lism by providing reduced substrates from one cell
to the respiratory chain of another. Lactate—pyruvate
interconversion may also be viewed as a shuttle for
transporting reducing equivalents from one organ to
another or from one cell to another, as it has been
described during prolonged submaximal exercise.
Such redox shuttle is not limited to interorgan
exchanges but also concerns intraorgan metabolism,
that is, intercellular shuttle (Figure 3.6), and any
reduced compound released by one cell and taken up
by another can play the role of a redox shuttle. A
large increase in the interconversion of lactate to
pyruvate and pyruvate to lactate has been recently
reported in type 2 diabetes. Such a phenomenon
could explain a regional lactate production and uti-
lisation in critically ill patients.

Role of lactate in ischaemia-reperfusion injury

The succession of aerobic—anaerobic phases that
results in deleterious events is known as ischaemia—
reperfusion injury. This occurs in various cell types,
but some, including the brain, are especially sensitive
to this kind of injury. In experimental conditions, as
well as in clinical practice, an increased brain lactate
is always interpreted as proof of brain hypoxia. It is
believed that lactate is not only a marker of hypoxia
but also a causal pejorative event. Lactic acid is inter-
preted as a toxic metabolite for neurons. This leads to
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Figure 3.6 Role of lactate/pyruvate interconversion as a reducing
equivalent shuttle. Lactate-to-pyruvate exchange and vice versa could
be viewed as a reducing equivalent shuttle (a) from one organ to
another or (b) from one cell to another, depending on the oxygen
tension in the immediate cell vicinity. This mechanism enables the
oxidative energy metabolism to be shared between cells, one cell
being able to respire for another.

the acceptance that hyperglycaemia exacerbates the
brain ischaemia—reperfusion injury. It was recently
proposed that lactate is in fact an adequate substrate
for aerobic energy production during the initial stage
of recovery after transient ischaemia or hypoxia.
Monocarboxylate anions (i.e. lactate or ketones) pre-
vent cerebral dysfunction during hypoglycaemia and
the protective effect of lactate is also present in
patients with insulin-dependent diabetes.

3.4 Perspectives on the future

Several key questions regarding cellular energy meta-
bolism are still poorly understood as yet and further
investigations are mandatory for a better understand-
ing of the pathogenesis of several diseases. So far, our
view of the mechanisms and the consequences of the
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metabolic compartmentation is very limited. It is
probable that this field of investigation will explode
in the future. The relationship between cellular death
and mitochondrial metabolism represents a new
direction that might lead to significant therapeutic
advances. Nevertheless, it is clear that the most diffi-
cult achievement is to obtain a real integrative view
of the energy metabolism. How are the hierarchy and
priorities of the different ATP-utilising pathways
defined? Shall we be able to manipulate this hierarchy
using new drugs in the future?

Notes

1 The complete oxidation of one acetyl-CoA in the Krebs cycle
results in three NADH, H* and one FADH,, leading to the for-
mation of (3x3 ATP) + 2 ATP =11 ATP; since pyruvate oxida-
tion results in the formation of one NADH, H* (=3 ATP) the
net result of pyruvate oxidation is 14 ATP, while glycolysis pro-
duces 4 NADH, H* (=12 ATP). Hence, the result of the com-
plete oxidation of one glucose molecule is (2x14)+12+2
(produced at the levels of the Kreb’s cycle). Hence, the ATP
actually produced at the level of the Krebs cycle represents
only 2/38, that is 5%, of total ATP. It must be realised that these
calculations require a fixed stoichiometry of ATP synthesis
from respiration, which is not completely true (see below).

2 Plasma lactate/pyruvate and 3-hydroxybutyrate/acetoacetate
ratios reflect schematically cytoplasmic and mitochondrial
redox states, respectively. They can be used to assess disorders
in the redox pathway: lactate/pyruval increase may indicate a
deficit in oxidation and 3-hydroxybutyrate/acetoacetate a
deficit in liver mitochondrial function, since the liver plays a
major role in ketone metabolism. However, it must be kept in
mind that these parameters in the blood reflect an averaged
value between several tissues, organs, cells and mitochondria
(see milieu intérieur) and therefore one value may hide the
opposite change in the various organs.

3 When a fatty acid is oxidised through mitochondrial 3-oxida-
tion (1 NADH, H* and 1 FADH, =5 ATP) and acetyl-CoA in the
Krebs cycle (1141 ATP) it leads to the formation of 17 ATP per
two-carbon fragment, but since fatty acids require an activation

(ATP — AMP) it represents a cost equivalent to 2 ATP per chain
of fatty acid. This explains why the actual yield of ATP produc-
tion is dependent on the length of the chain (see note 1).

4 The actual metabolic reflect of the respiratory quotient is lim-
ited by the fact that the kinetics of the changes are not of the
same order of magnitude between oxygen and carbon dioxide.
Indeed, oxygen storage is very limited in the body and any met-
abolic change at the level of cellular respiration is reflected by
the body respiratory exchanges. By contrast, regarding carbon
dioxide, owing to extremely broad storage, mainly as bicarbo-
nate, there is latency between the changes occurring at the cel-
lular level and the total body respiratory exchanges. Therefore,
any statement concerning non-steady state conditions must be
interpreted with extreme caution. This is the reason why some
authors propose calling the parameter the respiratory exchange
ratio (RER) rather than the respiratory quotient (RQ).

5 The notion of yield in this sense is not really proper. Indeed,
sensu stricto yield means the proportion of energy converted
from one form to another. For example, one can speak of the
yield of mechanical work, which is the percentage of energy
converted to work, the difference being heat loss in this exam-
ple. Concerning the body as a whole in steady state, if no net
mechanical or biological (pregnancy, lactation, growth,
increase in body weight, etc.) work is achieved, the actual yield
is always zero: the entirety of energy is dissipated as heat. In the
case of glucose-lactate cycling, yield is taken as the sense of
metabolic efficiency: only one-third of the energy derived from
aerobic ATP synthesis is ultimately used in erythrocyte
metabolism.
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Integration of Metabolism 2: Macronutrients

Keith N Frayn and Abayomi O Akanji

Key messages

» We take in carbohydrate, fat and protein; ultimately (if we are
not growing) we oxidise them, liberating energy, but they may
be directed to storage pools before this happens.

* The metabolism of each of these macronutrients is highly regu-
lated, partly by direct metabolic interactions between them, but
largely through the secretion of hormones.

* In particular, the metabolic fates of fat and carbohydrate are
intimately related: when one is predominant, the other tends

4.1 Introduction: fuel intake
and fuel utilisation

The human body as a machine

The human body is a type of machine. It takes in fuel
(chemical energy in food) and converts this to useful
forms of energy: heat, physical work and other forms
of chemical energy, including biosynthesis and pump-
ing of substances across membranes. The chemical
energy is liberated from the fuels by oxidation.

The fuels that we take in are the macronutrients:
carbohydrate, fat and protein. Each of these may be
burned in a bomb calorimeter. The products are
carbon dioxide, water and oxides of nitrogen from
the nitrogen content of the protein. Their combus-
tion also liberates heat. Similarly, after their oxida-
tion in the body, waste products are excreted. These
are essentially carbon dioxide, water and urea
(which contain the nitrogen from the protein).
Within the body these macronutrients may be par-
tially oxidised (e.g. glucose to pyruvic acid) or con-
verted to other substances, but essentially in the end
they are either oxidised completely in the body or
stored: humans do not excrete significant amounts

to be minimised. This is achieved both by hormonal effects
(e.g. insulin suppresses fat mobilisation) and by metabolic
interaction (e.g. fatty acids tend to inhibit glucose oxidation in
muscle).

* The interplay of these various regulatory systems in different tis-
sues enables humans, as intact organisms, to adapt to a wide
variety of metabolic demands: starvation, overfeeding or a sud-
den increase in energy expenditure during exercise.

of lactate, ketone bodies, amino acids or other
products of their metabolism. It is often useful to
maintain this ‘global’ view of the body’s metabolic
activities (Figure 4.1).

The pattern of energy intake is sporadic: people
usually take in regular, discrete meals, which are
digested and absorbed into the circulation over
discrete periods. Even though the pattern of food
consumption in developed countries may be
approaching one of continuous ‘grazing, the pat-
tern of energy intake is not geared in general to the
pattern of energy expenditure. Therefore, the body
must be able to take in fuels (macronutrients),
store them as necessary and oxidise them when
required. This clearly requires control mechanisms
that are similar to the throttle that determines when
gasoline (petrol) is used from the storage tank in a
car. The situation is more complex than the flow of
gasoline, however. In the car there is just one engine
demanding fuel. In the human body there are multi-
ple organs, each with its own requirements that vary
with time on an individual basis. Furthermore,
whereas we fill up our car tank with just one fuel, as
humans we take in the three macronutrients. Each

Nutrition and Metabolism, Second Edition, edited by S. A. Lanham-New, |. A. Macdonald and H. M. Roche. © 2011 The Nutrition Society.
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Fat 100 g/day
Carbohydrate 300 g/day
Protein 100 g/day

0O, 500 I/day

CO, 450 I/day
Urea, NH3: ~15 g N/day
H,0 320 g/day

Figure 4.1 Global view of the body's macronutrient utilisation. Figures are approximate and refer to a 70kg person. Note that, ultimately,
combustion of the dietary macronutrients is complete except for the conversion of protein—nitrogen to urea and ammonia.

Table 4.1 The body's macronutrient stores in relation to daily intake

Total amount in Energy equivalent Days' supply if the only Daily intake Daily intake as
Macronutrient body (kg) (M) energy source ()] % of store
Carbohydrate 0.5 8.5 <1 300 60
Fat 12-18 550 56 100 0.7
Protein 12 200 (20) 100 0.8

These are very much typical, round figures. Days' supply is the length of time this store would last if it were the only fuel for
oxidation at an energy expenditure of 10 MJ/day: the figure for protein is given in parentheses since protein does not fulfil the

role of energy store in this way.

of the body’s organs has its own particular require-
ments for these macronutrients, and so the flow of
individual substrates into and out of storage pools
must be regulated in a complex, highly coordinated
way. This regulated flow of ‘energy substrates’, and
the way in which it is achieved, is the theme of this
chapter.

Macronutrient stores
and the daily flow of fuel

The body’s macronutrient stores are summarised in
Table 4.1. Also summarised are the daily intakes (in
very round figures) of the macronutrients, for com-
parison. It will immediately be obvious that the store
of carbohydrate, glycogen, is very limited in relation
to the daily turnover. In comparison, most people
have vast stores of fat and protein.

The concept of energy balance was introduced in
Chapters 1 and 3. Here, the concept of substrate bal-
ance is introduced (Figure 4.2). It is less clear-cut
than that of energy balance because of potential
interconversion of substrates. However, if someone is
in a steady state of body weight, then the amount of
each macronutrient completely disposed of each day
must equal that ingested (on average: there will be
fluctuations from day to day).

Image not available in this electronic edition

Figure 4.2 Concept of macronutrient balance. As with energy
balance, what goes in must come out, with the exception of what is
stored. In the case of macronutrients, however, some interconversions
are possible. (Reprinted by permission from Macmillan Publishers Ltd:
[Nature] Frayn KN. Physiological regulation of macronutrient balance.
Int J Obes 1995; 19 (Suppl 5): S4-510. Permission conveyed through
the Copyright Clearance Center, Inc.)

It is useful here to think of the body’s ‘strategy’ in
using its fuel stores. The term ‘strategy’ has to be
interpreted carefully. It does not imply that someone
is directing substrate flows, rather that these are the
patterns that have evolved because they have survival
benefits. Some important organs can, under normal
circumstances, only use carbohydrate as a fuel source.
The brain is the best example. The adult brain requires
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Table 4.2 Fat and carbohydrate as fuel stores

Energy liberated Water Energy stored
on oxidation associated (MJ)/kg
(k)/g) (9/g of fuel) carried
Carbohydrate 17 3 43
Fat 37 0.2 31

Carbohydrate (glycogen) is stored with about three times its own
weight of water; fat with only a small amount of adipocyte cytoplasm.

about 100g glucose per day, close to the amount of
glycogen stored in the liver. (As we will see, glycogen
stored in skeletal muscles has a local role as a fuel
source for the muscles themselves.) Therefore, the
glycogen store may be regarded more as a daily buffer
than as a long-term fuel reserve. Although there
appears to be plenty of protein, there is no specific
storage form of protein. All proteins in the body have
a defined role: structural, enzymic and so on.
Therefore, to use protein as a fuel involves some loss
of bodily function. Hence, it is not surprising that
protein is relatively well protected and the body’s pro-
tein is not, in general, used as a fuel for energy beyond
an amount equivalent to the daily intake. In contrast,
the body’s fat stores are there primarily as a source of
energy. There is a very clear reason why fat (triacylg-
lycerol, TAG) is the major energy store in mammals.
Because TAG molecules are hydrophobic, they coa-
lesce into lipid droplets that are stored, in adipocytes,
with only a small amount of cytoplasm. The efficiency
of energy storage in terms of kilojoules stored per
gram is around eight times that for carbohydrate
(Table 4.2). Protein is similar to carbohydrate,
although some proteins may be less heavily hydrated.
During starvation, the body’s strategy is to minimise
the use of carbohydrate and protein, and to obtain as
much energy as possible from fat stores.

4.2 Regulatory mechanisms

The body needs mechanisms for regulating the flow
of individual macronutrients in and out of storage
pools. There are various ways in which this regula-
tion is achieved.

It is useful to think of short-term and longer-term
mechanisms. Short-term means minutes or hours
and covers what might happen in between meals or

during a bout of exercise. Longer term is taken to
mean a period of several hours or days.

Short-term regulation
of macronutrient flux

In the short term, some regulation is achieved simply
by substrate availability affecting rates of reaction by
‘mass action’ effects. There is an old observation that
if an unusual excess of protein is ingested, it will be
oxidised over the next 24h or so. Krebs investigated
the means by which this is achieved and concluded
that it reflects the kinetic properties of the initial
enzymes of amino acid degradation, including the
aminotransferases (transaminases), which have a
high K (typically several mmol/l, but for alanine
aminotransferase 34 mmol/l). A high K_ means that
the higher the concentration of substrate, the faster
will be the reaction. Similarly, the first steps in glu-
cose uptake and metabolism in the liver, transport
across the cell membrane by the facilitated trans-
porter GLUT2 and phosphorylation by hexokinase
IV (glucokinase), are both characterised by a high K _
and high capacity. Therefore, glucose will be taken up
and enter metabolic pathways in the liver according
to its extracellular concentration. As glucose is
absorbed from the small intestine and reaches the
liver via the hepatic portal vein, so it will be taken out
of the bloodstream (thus helping to minimise fluc-
tuations in blood glucose concentration). Another
example is that of ethanol: the first enzyme in the
metabolism of ethanol has a low K_ but high capac-
ity, and ethanol will be oxidised at a constant rate
when it is available from the diet.

Beyond that, many pathways are regulated by the
effects of pathway products or intermediates on the
enzymes of that pathway. Often this is achieved by
binding of substrates to enzymes, causing allosteric
effects that regulate enzyme activity. One example is
that of phosphofructokinase in the pathway of glyco-
lysis. The activity of this enzyme is regulated by a
number of compounds related to the pathway,
including activation by adenosine monophosphate
(AMP) and inhibition by adenosine triphosphate
(ATP) and citrate. It is also activated by the com-
pound fructose-2,6-bisphosphate, a by-product of
the pathway of glycolysis (note that fructose-1,6-bi-
sphosphate is the product of phosphofructokinase),
generated by a separate enzyme apparently purely for
regulatory purposes.
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Table 4.3 Some response elements in the promoter regions of genes regulating macronutrient metabolism that are affected by dietary

macronutrients

Response element

Examples of genes with this element

Notes

Carbohydrate response element Pyruvate kinase (glycolysis)

Pyruvate dehydrogenase E1 subunit

Fatty acid synthase

Hexokinase Il (+ve)
Acetyl-CoA carboxylase (+ve)
Glucose-6-phosphatase (—ve)

Insulin response element

The transcription factor is ChREBP. It is activated by
a product of glucose metabolism, possibly
xylulose 5-phosphate (pentose phosphate
pathway).

May be positive (stimulates transcription) or
negative (suppresses transcription)

Carnitine palmitoyltransferase (—ve)

PPAR-response element
oxidation in liver

B or &: Enzymes for fatty acid oxidation in

muscle

o Enzymes of peroxisomal fatty acid

There are three major isoforms of the transcription
factor PPAR: o, (B or 8) and . The ligand for
PPAR is a fatty acid or a lipid derivative, perhaps
an eicosanoid

v: Factors leading to adipocyte proliferation

Sterol regulatory element LDL receptor

HMG-CoA reductase (cholesterol synthesis)

The transcription factor is SREBP; it is activated by
a low cellular cholesterol concentration

ChREBP, carbohydrate response element binding protein; PPAR, peroxisome proliferator-activated receptor; acetyl-CoA, acetyl-coenzyme A;
LDL, low-density lipoprotein; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; SREBP, sterol regulatory element binding protein.

These examples help to explain the regulation of
pathways within cells. When considering the regula-
tion of macronutrient-derived substrates in the body,
one often has to think of effects that involve more
than one tissue. For instance, the use of fatty acids as
a fuel by skeletal muscle during exercise requires that
adipocytes increase the release of fatty acids as mus-
cle uses them. Such inter-tissue coordination is
brought about largely through the nervous and hor-
monal systems. Hormones are released from the
endocrine glands in response to a signal, transmitted
either through the blood (e.g. an increase in the blood
glucose concentration stimulates insulin secretion
from the pancreas) or through the nervous system
[e.g. release of epinephrine (adrenaline) from the
adrenal medulla is brought about by nerve stimula-
tion]. The hormone travels through the circulation
to transmit a signal to another tissue, by binding to a
specific receptor (a protein), which may be on the cell
surface (this is the case for epinephrine, and for pep-
tide hormones such as insulin and glucagon) or
within the cell (steroid hormones, thyroid hor-
mones). Binding of hormone to receptor brings
about changes in signal transduction pathways, often
involving reversible phosphorylation of proteins (see
Table 4.3), and ultimately changes in enzyme activity.
Short-term changes in enzyme activity are themselves
often the result of reversible phosphorylation or

dephosphorylation (e.g. epinephrine stimulates fatty
acid release from adipocytes by phosphorylation of
the enzyme hormone-sensitive lipase, causing its
activity to increase many-fold).

Longer-term regulation
of macronutrient flux

In the longer term, regulation is achieved in many
cases by alteration of gene expression, usually
increased or decreased transcription, but sometimes
via alterations in the stability of messenger RNA
(mRNA). This would be the case, for instance, if some-
one switches from a high-fat to a high-carbohydrate
diet. Adaptation, through alterations of gene expres-
sion, will occur over a period of days. This form of
regulation will also operate during a normal day —
for instance, the expression of the lipoprotein lipase
gene alters during the day in response to fasting over-
night and feeding during the day — but usually the
acute effects of hormones are more dominant over
this period.

Alterations in gene expression can be brought
about by both substrates and hormones. This is a
field where knowledge has expanded rapidly in
recent years. It is now recognised that the genes for
many enzymes concerned with energy metabolism
have specific promoter sequences that recognise the
availability of carbohydrate, fatty acids and related
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hormones (e.g. insulin-response elements). Some
of these response elements are listed in Table 4.3.
See also Tables 2.3 to 2.5 in Chapter 2 for more
information.

4.3 Hormones that regulate
macronutrient metabolism

Pancreatic hormones

The pancreas is mainly an exocrine organ, producing
digestive juices that are discharged into the small
intestine. Only 1-2% of the volume of the pancreas is
occupied by endocrine (hormone-producing) cells,
arranged in groups (the islets of Langerhans) sur-
rounded by exocrine tissue. Nevertheless, the prod-
ucts of these endocrine cells are of enormous
importance for the regulation of macronutrient
metabolism according to nutritional state. Each islet
is supplied with blood through a small arterial vessel,
and drained by veins that lead to the hepatic portal
vein. The islet cells can therefore respond to changing
concentrations of substrates in the blood (e.g. blood
glucose) and the hormones they release act first on
the liver. The liver extracts a large proportion (40—
50%) of insulin and glucagon, so other tissues are
exposed to lower concentrations.

Insulin

Insulin is produced by the B-cells of the pancreatic
islets. The insulin molecule is synthesised as one
polypeptide chain, but during processing in the 3-cell
it is cleaved to produce two peptide chains linked by
disulphide bonds. Although the B-cell responds to
concentrations of various macronutrients in the
blood (Table 4.4), the major factor regulating insulin
secretion under most circumstances is the blood glu-
cose concentration. Thus, insulin responds to nutri-
tional state: in the fed state, since most meals contain
carbohydrate, insulin secretion is stimulated, and
during fasting, when glucose concentrations fall,
insulin secretion is low. It is now recognised that insu-
lin secretion after a meal that contains carbohydrate is
potentiated by hormones released from the gut called
‘incretins. They are described in more detail below.
Insulin exerts its effects on other tissues by binding
to specific receptors in the plasma membrane. These
receptors are composed of four protein subunits, two
o- and two B-subunits. (The a- and B-subunits are

Table 4.4 Macronutrients in the circulation and their effects on
insulin and glucagon secretion

Insulin Glucagon ~ Comments

Glucose Stimulates Inhibits

Amino acids  Stimulates Stimulates  Some amino
acids are
more
potent than
others

Non-esterified ~ Short-term: No effect

fatty acids potentiates glucose

stimulation

Long-term: inhibits
glucose stimulation

synthesised initially as one polypeptide chain.) When
insulin binds to the cytoplasmic face of the insulin
receptor, the intracellular domains become activated
and initiate phosphorylation of tyrosine residues,
both in themselves and in other proteins. Among
these other proteins are a family known as insulin
receptor substrate (IRS) proteins, particularly IRS-1
and IRS-2. This initiates a chain of events, which for
metabolic signals includes activation of the enzyme
phosphatidylinositide-3-kinase. The signal passes via
other steps to the enzyme to be regulated. Enzymes
are regulated in the short term by insulin, usually by
dephosphorylation. Insulin also brings about longer
term regulation by alteration of gene transcription.
Some of the important effects of insulin on macro-
nutrient metabolism are summarised in Table 4.5.
Opverall, the metabolic effects of insulin may be sum-
marised as anabolic. It brings about a net deposition of
glycogen in liver and muscle, a net storage of fat in adi-
pose tissue and a net synthesis of protein, especially in
skeletal muscle. Note that these effects are brought
about at least as much by inhibition of breakdown as
by stimulation of synthesis: in the case of muscle pro-
tein, this is probably the major mechanism for the ana-
bolic effect of insulin. Patients with untreated type I
diabetes mellitus, who lack insulin, display marked
wasting, which is reversed when insulin is given.

Glucagon

Glucagon is a single polypeptide chain of 29 amino
acids, secreted from the a-cells of the islets. Its main
metabolic effects are on the liver: in fact, it is debata-
ble whether glucagon has metabolic effects outside
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Table 4.5 Major metabolic effects of insulin

Tissue

Pathway/enzyme

Short or long term?

Key enzyme

Comments

Liver

Skeletal muscle

Adipose tissue

Stimulation of glycogen
synthesis/suppression of
glycogen breakdown

Stimulation of glycolysis/
suppression of
gluconeogenesis

Stimulation of de novo
lipogenesis

Stimulation of triacylglycerol
synthesis

Stimulation of cholesterol
synthesis

Suppression of fatty acid
oxidation/ketogenesis

Stimulation of glucose uptake

Stimulation of glycogen
synthesis
Net protein anabolic effect

Stimulation of triacylglycerol
removal from plasma

Stimulation of triacylglycerol
synthesis

Suppression of fat mobilization

Short

Short and long

Short and long

Short and long

Short and long
Short

Short

Short

Short

Short and medium

Short and long

Short

Glycogen synthase/glycogen
phosphorylase

Short term mainly via
fructose
2,6-bisphosphate

Long term via altered
expression of a number
of enzymes

Acetyl-CoA carboxylase

Phosphatidic acid
phosphohydrolase,
diacylglycerol
acyltransferase (and
others)

3-Hydroxy-3-methyl-
glutaryl-CoA reductase

Carnitine palmitoyl
transferase-1

Glucose transporter GLUT4

Glycogen synthase

Not clear

Lipoprotein lipase

Phosphatidic acid
phosphohydrolase,
diacylglycerol
acyltransferase (and
others)

Hormone-sensitive lipase

Regulates glucose storage in liver

Regulates hepatic glucose output

De novo lipogenesis does not
(under most circumstances
tested) make a major
contribution to triacylglycerol
synthesis in liver, but this
pathway is important for
regulation of fatty acid
oxidation

Via malonyl-CoA (product of
acetyl-CoA carboxylase)

Regulates glucose uptake by
muscle (GLUT4 is translocated
to the cell membrane upon
stimulation by insulin)

Insulin may suppress protein
breakdown more than
stimulation of protein synthesis

‘Medium term’ is during periods
between meals, by increased
transcription plus altered
intracellular processing

Suppresses release of non-
esterified fatty acids

the liver. Its major role is to maintain glucose output
during fasting, and its secretion is stimulated when
the plasma glucose concentration falls. In many
respects hepatic glucose output is regulated by the

ratio of insulin to glucagon (insulin/glucagon high,
glucose output suppressed; insulin/glucagon low,
glucose output increased). Glucagon secretion is also
stimulated by amino acids (Table 4.4). It has been
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suggested that this is important if a meal of pure pro-
tein is eaten (as might have been the case after a hunt,
for our hunter—gatherer ancestors), as glucagon
would then prevent hypoglycaemia caused by amino
acids stimulating insulin secretion.

Incretins

Incretin is a term used to describe a peptide hormone
released from the gut that potentiates the secretion of
insulin after a meal containing carbohydrate. It has
long been recognised that if glucose is given by mouth,
the insulin response is considerably greater than if the
same amount of glucose is given intravenously. That
led to the discovery of the incretins. There are two
major incretins in humans: glucagon-like peptide-1
(GLP-1) and gastric inhibitory polypeptide (GIP) (also
known as glucose-dependent insulinotrophic polypep-
tide). GLP-1 is a fragment of a larger prohormone,
actually proglucagon, the precursor of pancreatic
glucagon (see above). Cleavage of proglucagon in the
enteroendocrine cells of the intestine gives rise to two
active products, known as GLP-1 and GLP-2. (They
get their name because they are similar in sequence
to glucagon.) The incretin system is of interest
because it is the target of novel treatments for type 2
diabetes. GLP-1 itself will improve insulin secretion
if given by injection, but its half-life in blood is very
short because it is degraded by a specific peptidase.
New treatments include analogues of GLP-1 that are
resistant to degradation, which have to be injected,
and small molecular-weight inhibitors of the pepti-
dase, which prolong the action of the body’s own
GLP-1 and can be given by mouth.

Catecholamines

The catecholamines that are relevant to macronutri-
ent metabolism are epinephrine (adrenaline) and
norepinephrine (noradrenaline). Epinephrine is a
hormone released from the central part (medulla) of
the adrenal glands, which sit over the kidneys. Its
release is initiated by nervous signals that come from
the hypothalamus, the integrating centre of the brain.
Stimuli for epinephrine release include stress and
anxiety, exercise, a fall in the blood glucose concentra-
tion and a loss of blood. Epinephrine acts on tissues
through adrenergic receptors (sometimes called
adrenoceptors) in cell membranes. These receptors
are again proteins. The family of adrenergic receptors
is summarised in Table 4.6. They are linked with

Table 4.6 Adrenergic receptors

Receptor subtype
B o, o,

Second Adenylate Phospholipase C/ Inhibition of
messenger  cyclase/cAMP intracellular [Ca?*]  adenylate
system cyclase

Metabolic Glycogen Glycogen Inhibition of
effects breakdown breakdown lipolysis

Fat mobilisation

There are at least three subtypes of B-adrenergic receptor, not
distinguished here.
Based on Frayn (2010).

metabolic processes through a signal chain. For cer-
tain types of adrenergic receptor, the first step is the
interaction of the receptor with a trimeric protein that
can bind guanosine triphosphate, called a G-protein.
There are inhibitory and stimulatory G-proteins,
named for their effects on the next step in the sequence,
the enzyme adenylate cyclase. Adenylate cyclase pro-
duces cyclic 3’,5’-adenosine monophosphate (cAMP),
which then acts on the cAMP-dependent protein
kinase (protein kinase A) to bring about phosphoryla-
tion of key proteins, including glycogen phosphory-
lase and hormone-sensitive lipase. (In the case of
glycogen phosphorylase, there is another step, protein
kinase A phosphorylates phosphorylase kinase, which
then acts on glycogen phosphorylase.) Therefore,
epinephrine acting on B-receptors will cause mobili-
sation of stored fuels, glycogen and TAG, raising
plasma concentrations of glucose and non-esterified
fatty acids (NEFA). This was termed by the American
physiologist Walter Cannon in 1915 the ‘fight or flight’
response, implying that epinephrine, released in
response to stress or anxiety, produces fuels that may
be used to run away or stand up to an aggressor.

The inhibitory effects of epinephrine, mediated by
a.,-adrenergic receptors, may be seen as moderating
the effects of overstimulation via B-receptors. For
instance, adipocytes have both - and a.,-adrenergic
receptors, the latter presumably opposing excessive
lipolysis that might be brought about by high con-
centrations of (nor)epinephrine.

Norepinephrine is not strictly a hormone, at least
under normal circumstances. It is a neurotransmit-
ter. It is released at the ends of sympathetic nerves
(nerve terminals) in tissues. It acts on adrenergic
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receptors, which are identical to those acted on by
epinephrine and listed in Table 4.6. The stimuli for
norepinephrine release are similar to those for
epinephrine, and in many cases it is not clear which
exerts the more important effect. Most of the nore-
pinephrine released from sympathetic nerve termi-
nals is taken up again by the nerve ending for
degradation or resecretion, but some always escapes
or spills over, and may reach the plasma. Plasma
concentrations of norepinephrine are usually higher
than those of epinephrine, and when norepine-
phrine is present at elevated concentrations (e.g.
during strenuous exercise) it is believed to act as a
hormone as well.

Cortisol

Cortisol is a steroid hormone, released from the outer
layer (cortex) of the adrenal glands. It responds to
stress in a similar way to epinephrine. Its secretion is
stimulated by another hormone, adrenocortico-
trophic hormone (ACTH), which in turn is released
from the pituitary gland at the base of the brain.
About 95% of circulating cortisol is bound to plasma
proteins, especially cortisol binding globulin (CBG
or transcortin). Thus, only a relatively small fraction
(~5%) circulates free; however, it is this free fraction
that is the physiologically active form. As will be dis-
cussed in further detail later, in relation to thyroid
hormones, the highly significant protein binding of
cortisol has important implications.

Cortisol acts on receptors, but these are not in the
cell membrane: they are within the cell, and once
cortisol is bound, they migrate and bind to the chro-
mosomes where they regulate gene transcription.
Therefore, the metabolic effects of cortisol are all
long term, mediated by increased gene expression.
Its metabolic effects are generally catabolic, includ-
ing increased fat mobilisation, stimulation of gluco-
neogenesis and increased breakdown of muscle
protein.

Growth hormone and insulin-like
growth factors

Growth hormone is a peptide hormone released
from the pituitary gland, and has some direct meta-
bolic effects on tissues. These include increased fat
mobilisation and stimulation of hepatic glucose
output. Its secretion is stimulated by stress, includ-

ing a fall in the plasma glucose concentration.
However, the main effect of growth hormone, as its
name suggests, is an anabolic one, promoting
growth, especially through increased cartilage syn-
thesis, an important aspect of longitudinal growth
(lengthening of bones). It was shown in the 1960s
that this is not a direct effect; rather growth hor-
mone acts on the liver to stimulate production of
further peptide hormones, the insulin-like growth
factors (IGF-1 and IGF-2) that directly mediate
these effects. IGF-1 and -2 have structural similari-
ties to insulin, as their name suggests, and they act
via similar (but specific) receptors. However, it has
been proposed that when insulin is present at abnor-
mally high concentrations, it can bind to and acti-
vate IGF receptors, and vice versa.

Thyroid hormones

The thyroid hormones, thyroxine (also known as T,
since it contains four atoms of iodine per molecule)
and triiodothyronine (T,), are produced by the thy-
roid gland in the neck, responding in turn to the
peptide hormone thyroid-stimulating hormone
(TSH) released from the pituitary. Most (about
80%) of the circulating T, concentration is derived
from deiodination of T, in peripheral tissues, espe-
cially the liver and the kidney. T, is a significantly
more potent thyroid hormone than T ; many would
indeed consider T, as only a prohormone for T,.
Deiodination may also produce another thyroid
hormone, called reverse triiodothyronine (rT,); this
hormone is essentially metabolically inactive. Its
levels increase particularly during stressful situa-
tions, for example major surgery, starvation and
severe sepsis. Increased production of 1T, in these
situations may be considered part of the adaptive
energy-conserving response to stress.

More than 99% of the circulating thyroid hor-
mones, T, and T, is bound to plasma proteins, espe-
cially thyroxine binding globulin (TBG), thyroxine
binding prealbumin (TBPA) and albumin. Only a
tiny fraction (<1%) circulates free; however, it is this
free fraction, designated as free T, or free T, that is
the physiologically active form that promotes thyroid
hormone activity at the peripheral tissues. The highly
significant protein binding of the thyroid hormones
(as with cortisol) has two important implications:
(1) variations in plasma protein concentrations will
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affect the plasma levels of these hormones, for exam-
ple the hypoproteinaemia of severe protein malnutri-
tion is associated with low total thyroid hormone
levels, but free hormones are retained at normal levels
by the action of pituitary TSH, and (2) certain impor-
tant drugs such as salicylates and phenytoin can dis-
place thyroid hormones from binding sites on plasma
proteins; this may also reduce the total but not free
hormone levels.

The action of free thyroid hormones on other tis-
sues is mediated via nuclear receptors, as described
for cortisol, and therefore again thyroid hormones
have long-term rather than short-term effects. Their
effects are again mainly catabolic, and include net
breakdown of muscle protein. However, their most
important metabolic effect is stimulation of energy
expenditure. People with elevated thyroid hormone
concentrations have elevated metabolic rate and may
become thin, whereas people deficient in thyroid
hormone concentrations have a low metabolic rate
and easily gain weight. It should be added here that
alterations in thyroid function are not considered to
be responsible for the vast majority of cases of human
obesity, and treatment with thyroid hormones is not
useful in weight reduction (unless there is a defi-
ciency) as the system is highly regulated and admin-
istration of thyroid hormones simply leads the
thyroid gland to produce less.

The metabolic explanation for the increased energy
expenditure brought about by thyroid hormones is
not entirely clear, but is usually considered to

Adipose tissue
K p \

represent some effect on the efficiency of coupling
respiration with ATP synthesis in mitochondria.

Leptin and other peptides secreted
by adipose tissue

The peptide hormone leptin was only discovered at the
end of 1994, although its existence had been postulated
much earlier. It is produced almost exclusively by adi-
pocytes in white adipose tissue. Traces are produced in
other tissues, including placenta and stomach, but their
function is not clear and they do not appear to contrib-
ute significantly to plasma concentrations. It is secreted
in amounts that correspond to the degree of fat storage
in the adipocyte: bigger fat cells secrete more leptin. It
acts on receptors that are present in a number of tis-
sues, although probably the most important are in the
brain, particularly the hypothalamus. A short isoform
of theleptin receptor is expressed in the choroid plexus,
the region that governs the blood—brain barrier and is
believed to transport leptin into the brain.

In the brain, leptin signals a decrease in appetite
and, in small animals, an increase in energy expendi-
ture. The latter does not seem to be true in humans.
This constitutes an important system for regulation of
energy stores. When fat stores are low, leptin levels are
low and this alters signals in the hypothalamus with
the net result of an increase in appetite. When fat
stores are high, leptin levels are increased and the
hypothalamic signals tend to lead to a net reduction in
food intake. The system is summarised in Figure 4.3.

Weight loss Weight gain
Leptin V Leptin A Figure 4.3 Leptin system and energy balance.
Hypothalamus Hypothalamus Well-filled adipocytes secrete leptin, which signals

Responses to starvation
¥ X ¥

Food intake A Energy exp. *

Reproduction x

Responses to obesity

Food intake W Energy exp. A

Reproduction J

to the hypothalamus to decrease food intake and
increase energy expenditure (the latter only in
rodents, not humans). They also signal to the
reproductive system that energy reserves are
sufficient. (Reprinted by permission from Macmillan
Publishers Ltd: [Nature] Friedman JM. The alphabet
of Weight Control, 1997; 385: 119-120.)



58 Nutrition and Metabolism

The power of this system is seen when it is dis-
turbed. It was discovered through genetic work on
the ob/ob mouse, a mutant mouse with spontaneous
high food intake, low energy expenditure and mas-
sive obesity that leads to diabetes. This mouse is
homozygous for a mutation in the ob gene, now
known to code for the protein leptin. Treatment of
ob/ob mice with synthetic leptin leads to a reduction
in body weight through decreased food intake and
increased energy expenditure. The db/db (diabetic)
mouse is another mutant with identical phenotype:
it has a mutation in the leptin receptor and cannot
be treated with synthetic leptin. A small number of
people have been found with mutations in either the
leptin gene or the leptin receptor. They all display
massive obesity, associated with an intense drive to
eat. Some people with mutations in the leptin gene
have now been treated with synthetic leptin and
have shown reductions in weight for the first time in
their lives. However, the vast majority of obese
humans have a normal leptin gene and leptin secre-
tion that appears to be operating normally, in that
they have high levels of leptin in the blood. It has
been postulated that these people suffer from ‘leptin
resistance’, implying that there is some problem with
access of leptin to the brain or with its function
within the brain. In one sense this must be true, but
a precise molecular explanation has not yet been
found. It seems that in humans, low or absent leptin
levels are a potent stimulus for appetite, whereas
high levels have less effect: the system operates to
protect against starvation rather than against over-
consumption.

The leptin system also has an important role in
reproduction. The ob/ob mouse is sterile, and people
with mutations in leptin or its receptor have delayed
sexual maturity. Leptin seems to be a signal from adi-
pose tissue to the reproductive organs, relaying that
there are sufficient energy reserves to begin the
energy-demanding processes of reproduction and
nurturing children (Figure 4.3). Leptin also affects
the immune system. Leptin-deficient humans treated
with leptin have shown improvements in reproduc-
tive and immune function.

It is now recognised that adipose tissue secretes a
number of peptides other than leptin. These are
known as ‘adipokines’ Some are secreted by the adi-
pocytes themselves, some by other cells in the tissue,
for instance macrophages. Adiponectin is a protein

secreted from adipocytes, which appears to confer
protection against insulin resistance and cardiovas-
cular disease. It is unusual in that, as adipocytes grow
larger, they secrete less adiponectin. Therefore, in
general, plasma adiponectin concentrations are
higher in lean than in overweight people. Other adi-
pokines have been suggested to be associated with,
and perhaps causes of, insulin resistance and meta-
bolic disturbances associated with adipose tissue
accumulation. These include resistin, retinol binding
protein 4 and some inflammation-related cytokines
such as tumour necrosis factor-alpha (TNF-a) and
interleukin-6.

4.4 Macronutrient metabolism in
the major organs and tissues

As mentioned in the introduction, different tissues
have their own characteristic requirements, or pref-
erences, for metabolic fuels, and their demand for
fuel may vary from time to time. Some of the major
consumers of metabolic energy will be discussed in
this section. Many of these tissues or organs also play
roles in energy metabolism other than simply con-
suming fuel. Often they need energy derived from
oxidative metabolism to support these activities.

Brain

The brain is a large organ (1.5kg in an adult) and has
a high requirement for oxidative metabolism to sup-
port its continuous electrical activity. This is usually
met almost entirely by glucose. Fatty acids cannot
cross the blood-brain barrier in significant amounts
for use as an energy substrate, although the brain
also has a large need for fatty acids for structural
purposes, especially during development. Brain glu-
cose consumption has been estimated by drawing
blood from the carotid artery (supplying the brain)
and the jugular vein (draining the brain). It is around
100-120g/day. In the overnight fasted state the liver
produces about 2mg glucose/kg body weight per
minute which, for a 70kg person, is equivalent to
about 200g/24h. Thus, the brain would consume
about half of the liver’s glucose output after an over-
night fast.

The brain can use other water-soluble fuels, nota-
bly the ketone bodies, 3-hydroxybutyrate and acetoa-
cetate. When their concentration rises during
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starvation, they displace glucose as a fuel and can
sustain about two-thirds of the brain’s oxidative fuel
requirement during prolonged starvation.

Within the hypothalamus, the blood-brain barrier
operates differently, and signals from blood may
enter and play regulatory roles. For instance, although
insulin does not regulate brain glucose utilisation to
any significant extent, there are insulin receptors in
the hypothalamus which regulate appetite and energy
metabolism. There are also sites where fatty acids are
oxidised, again leading to regulation of energy
metabolism in the whole-body.

Liver

The adult human liver weighs about 1.5kg and is a
highly active organ in the regulation of carbohydrate,
fat and amino acid metabolism. To support its meta-
bolic activities, it has a large requirement for oxida-
tive fuel metabolism (its oxygen consumption is
about 20% of the whole body’s at rest, the largest of
any single organ or tissue, excluding skeletal muscle
during exercise). The fuels used by the liver are amino
acids, fatty acids and glucose, usually in that order
of importance.

However, the liver’s importance in energy metab-
olism is more as a regulatory organ, controlling the
uptake and release of compounds to maintain
homeostasis. The best example is that of blood glu-
cose. When the glucose concentration in the blood
is high, the liver takes up glucose and phosphor-
ylates it to glucose-6-phosphate. The fate of that
glucose-6-phosphate is determined by hormones,
particularly the balance of insulin and glucagon,
which stimulate glycogen synthesis and degrada-
tion, respectively. When the glucose concentration
is low, the liver will release glucose, formed from
glycogen breakdown and from gluconeogenesis.
The liver is the major organ releasing glucose into
the blood, although the kidney plays an increasing
role during starvation. Thus, the liver plays a major
role in keeping blood glucose concentrations rela-
tively constant throughout the day. Major control
points for glucose metabolism in the liver are illus-
trated in Figure 4.4.

The liver is a major site for fatty acid oxidation. It
derives fatty acids from plasma NEFA (released from
adipose tissue) and from the uptake of lipoprotein
particles that carry TAG and cholesteryl esters. Fatty

Glycogen
Glucagon + + Insulin
Insulin Fatty acids
Glucose # Glucose 6-phosphate T
Insulin + |1~ Insulin Malonyl-CoA
+ Glucagon
Insulin +| ACC
Pyruvate

Acetyl-CoA

Insulin + | PDH

Acetyl-CoA

:

CO,

Mitochondrion

Figure 4.4 Regulation of glucose metabolism by the liver. When blood
glucose concentrations are elevated, the liver extracts glucose from the
circulation and phosphorylates it to glucose-6-phosphate. The
metabolic fate of glucose-6-phosphate is determined by the balance of
insulin and glucagon. Conversely, when blood glucose levels fall, the
liver releases glucose from stored glycogen or from gluconeogenesis.
PDH, pyruvate dehydrogenase; ACC, acetyl-coenzyme A carboxylase.

acid oxidation leads directly to production of acetyl-
coenzyme A (acetyl-CoA), but in the liver this may be
converted to ketone bodies, 3-hydroxybutyrate and
acetoacetate. The liver is the only organ producing
ketone bodies, which, as mentioned above, are an
important fuel for the brain during starvation. The
alternative fate for fatty acids in the liver is esterifica-
tion, especially to form TAG. The balance between
fatty acid oxidation and esterification is regulated by
the mechanism shown in Figure 4.5. This mecha-
nism, involving malonyl-CoA, is central to the inte-
gration of carbohydrate and fat metabolism in liver
and skeletal muscle.

The liver is the only site of urea production. Amino
acids derived from dietary protein, and from protein
breakdown in peripheral tissues, are oxidised and
their nitrogen is transferred to the urea cycle. As well
as providing a route for disposal of excess amino
acids and their nitrogen content, this provides the
major source of oxidative fuel for the liver under
most circumstances. The rate of amino acid oxida-
tion is largely determined by amino acid availability,
as mentioned earlier. See Chapter 5 for more infor-
mation on amino acid metabolism in the liver.
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Figure 4.5 Regulation of fatty acid oxidation in liver and other tissues
by malonyl-coenzyme A (CoA). Insulin stimulates synthesis of malonyl-
CoA (see Figure 5.4) and this inhibits fatty acid entry into the
mitochondrion for oxidation. In tissues other than liver (e.g. skeletal
muscle) this system operates to regulate fatty acid oxidation, although
the later part of the pathway of fatty acid synthesis (beyond malonyl-
CoA) is absent. ACC, acetyl-CoA carboxylase; CPT-1, carnitine-palmitoyl
transferase-1 (sometimes called carnitine-acyl transferase-1).

Kidneys

Each kidney, weighing about 150g in an adult, is
composed of many cell types. However, a broad dis-
tinction can be made between the outer layer, or cor-
tex, and the inner part, or medulla. Most of the
metabolic activity involved in pumping substances
back from the tubules after filtration goes on in the
cortex. The cortex, therefore, has a larger require-
ment for oxidative fuel, and appears able to oxidise
most fuels (fatty acids, ketone bodies, glucose). It has
a correspondingly high blood flow and oxygen con-
sumption: the oxygen consumption of the two kid-
neys is about 10% of the whole body’s at rest. The
major role of the renal cortex in energy metabolism
in the body is as a relatively large consumer. The
medulla, in contrast, has a rather poor blood supply
and an anaerobic pattern of metabolism.

The kidneys also play a specific role in amino acid
metabolism. Glutamine is used by the kidney, especially
during starvation, and ammonia is liberated during its
metabolism and excreted into the renal tubules (see

Chapter 5, Figure 5.10). This can be an important means
of reducing an acid load in the circulation which, as
shown later, is a potential problem during starvation.

Adipose tissue

There are two types of adipose tissue, white and brown.
The metabolic function of brown adipose tissue is to
generate heat, largely by oxidation of fatty acids. It is
important in small animals, especially the newborn,
and in animals that hibernate. Until recently, brown
adipose tissue was considered unimportant in adult
humans. However, this view has recently been chal-
lenged. ‘Hot spots’ of metabolism in the neck region in
some people, visualised using the technique of positron-
emission tomography (PET), which detects regions
with a high rate of glucose utilisation, have been shown
to represent brown fat depots. They become activated
especially when the person is exposed to cold. Their sig-
nificance for energy balance is, however, not yet clear.
This section will concentrate on white adipose tis-
sue, the major site for storage of excess dietary energy
in the form of TAG. The amount of TAG stored within
each adipocyte is large in comparison to daily turno-
ver, so the half-life for turning over adipocyte TAG
stores is around 1 year. This, coupled with the fact
that the requirement of white adipose tissue for oxi-
dative fuel consumption is very low, led to the view
that white adipose tissue is rather inert metabolically.
It has been recognised in recent years, however, that
white adipose tissue has a highly active pattern of
metabolism. Adipose tissue is the only site of release
into the circulation of NEFA, a major metabolic fuel
for many tissues, and it controls the flow of NEFA on
a minute-by-minute basis. To match this, it is also
responsible for a large proportion of the uptake of
dietary fatty acids via the enzyme lipoprotein lipase
(LPL), situated in adipose tissue capillaries, and the
pathway of TAG synthesis within adipocytes. All this
is achieved with a very small consumption of fuel,
which in white adipose tissue appears to be mainly
glucose. Regulation of the major pathways of fat
mobilisation and storage is shown in Figure 4.6.

Skeletal muscle

Skeletal muscle constitutes typically 40% of body
weight. Resting muscle has a rather low blood flow
and metabolic activity, but because of its bulk it
makes a significant contribution to whole-body
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Figure 4.6 Regulation of the major pathways of fat mobilisation and
storage in white adipose tissue. + denotes stimulation. Of the three
enzymes that sequentially bring about complete hydrolysis of stored
TAG, HSL is subject to short-term regulation as shown. The activity of
ATGL s also regulated, although mechanisms are not yet clear. Insulin
and catecholamines also affect the phosphorylation of proteins,
including perilipin, that coat the lipid droplet in the cell, and this may
regulate the access of the lipases. ATGL, adipose triglyceride lipase;
FA, fatty acids; HSL, hormone-sensitive lipase; LPL, lipoprotein lipase;
MGL, monoacylglycerol lipase; NEFA, non-esterified fatty acids; TAG,
triacylglycerol; VLDL, very low-density lipoprotein particles.

fluxes of the macronutrients. During exercise, how-
ever, the metabolic activity of skeletal muscle can
increase 1000-fold, and it may dominate the body’s
metabolic activities.

Skeletal muscle is composed of fibres, or multinu-
cleate cells. There are different types of fibre, adapted
for either short-duration, rapid contractions, using
fuels present within the fibre, or slower, rhythmic
contractions that can be continued for long periods,
largely using fuels and oxygen supplied from the
blood. The differences between these fibre types are
summarised in Table 4.7.

The oxidative fuels used by skeletal muscle are
mainly fatty acids and glucose. Amino acid oxidation
typically accounts for around 15% of muscle fuel oxi-
dation, similar to the whole body, and this figure does
not increase appreciably with exercise. Skeletal mus-
cle plays important roles in whole-body macronutri-
ent metabolism, both as a consumer (glucose, fatty
acids, amino acids) and as a supplier (lactate, particu-
lar amino acids, especially glutamine and alanine).

The main factors regulating muscle fuel utilisation
are nutritional state (feeding and fasting) and exercise.
In the fed state, insulin stimulates glucose uptake and
utilisation, by recruitment of the insulin-regulated
glucose transporter GLUT4 to the cell membrane and
by activation of glycolysis and glycogen synthesis.

Table 4.7 Metabolic characteristics of different muscle fibre types

Type | Type lla Type Ilb
Red White White
Fast-twitch
oxidative/  Fast-twitch
Slow-twitch glycolytic  glycolytic
Other names oxidative (S0) (FOG) (FG)
Speed of contraction Slow Fast Fast
Myoglobin content High Low Low
Capillary density High Low Low
Mitochondrial High Low Low
(oxidative) enzyme
activity
Triacylglycerol content  High Low Low
Myofibrillar ATPase Low High High
activity
Glycogenolytic enzyme  Low High High
activity

When fatty acids are available at high concentrations
(e.g. during fasting, when insulin concentrations will
also be low), they will be used as the preferred fuel.
The reciprocal utilisation of glucose and fatty acids by
muscle is therefore determined partly by extracellular
factors (substrate availability, insulin), but also by
mechanisms within the cell. Oxidation of fatty acids,
when available, will suppress glucose oxidation, but a
high rate of glucose utilisation (and high insulin) will
suppress fatty acid oxidation via the malonyl-CoA/
CPT-1 system, which operates in both muscle and
liver (see the section on the liver, above).

The store of glycogen in muscle is large, typically
300-500 g in the whole body, compared with 100g or so
in the liver. However, because muscle lacks the enzyme
glucose-6-phosphatase, this cannot be delivered as glu-
cose into the blood. It cannot therefore be used as a fuel
by the brain, except by conversion to lactate and export
to the liver, where lactate can be converted to glucose. It
seems to be present primarily as a fuel for local utilisa-
tion, especially in fast-twitch (type II) fibres.

There are different patterns of macronutrient uti-
lisation in skeletal muscle during brief, intense exer-
cise (anaerobic exercise, involving mainly type II
fibres) and during sustained exercise (aerobic exer-
cise, involving mainly type I fibres). In either case the
primary requirement of metabolism is to generate
ATP, which fuels the sliding of myosin along actin
filaments, which underlies muscle contraction.
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Aerobic metabolism (e.g. oxidation of glucose or
fatty acids) is efficient: about 30 ATP molecules are
produced per molecule of glucose completely oxi-
dised. In contrast, anaerobic metabolism is inefficient
(3 molecules of ATP per molecule of glucose from
glycogen). One might imagine that skeletal muscle
would only use the former, but aerobic metabolism
requires the diffusion of substrates and oxygen from
the blood into the muscle fibres, and the diffusion of
carbon dioxide back to the blood. The rates of these
diffusion processes are low in comparison with the
need to generate ATP during intense exercise.
Therefore, during brief, intense (anaerobic) exercise
(e.g. weight-lifting, high-jumping, sprinting 100 m),
ATP is generated by anaerobic metabolism of
glucose-6-phosphate derived from intracellular gly-
cogen. The stimulus for glycogen breakdown is not
initially hormonal (that would also require time for
movement through the blood), instead the processes
of muscle contraction and glycogen breakdown are
coordinated. The mechanism is release of Ca** from
the sarcoplasmic reticulum, which initiates muscle
contraction and also activates glycogen breakdown.
At the same time, allosteric mechanisms activate gly-
colysis and the net flux through this pathway may
increase 1000-fold within a few seconds.

Despite the rapid utilisation of ATP during intense
exercise, the concentration of ATP in muscle only falls
slightly. This is because of the existence of a reservoir
of energy in the form of creatine phosphate (also
called phosphocreatine). There is about four times as
much creatine phosphate as ATP in skeletal muscle. As
ATP is hydrolysed, so it is re-formed from creatine
phosphate (with the formation of creatine). The activ-
ity of the enzyme concerned, creatine kinase, is high
and it operates close to equilibrium. At rest, creatine
phosphate is re-formed from creatine and ATP.
Gradual non-enzymic breakdown of creatine forms
creatinine, which is excreted in the urine at a remark-
ably constant rate, proportional to muscle mass.

During sustained exercise, blood-borne fuels and
oxygen are used to regenerate ATP through aerobic
metabolism. This requires coordinated adjustments in
other tissues (e.g. adipose tissue must increase fatty
acid release; the heart must deliver more blood) and
this is brought about by the hormonal and nervous
systems. Fatty acids predominate as the oxidative fuel
in low- or moderate-intensity sustained exercise, but
carbohydrate is the predominant fuel for high-inten-

sity exercise (e.g. elitelong-distance running). Although
most of the fuel is blood-borne, still the intramuscular
glycogen store seems essential for maximal energy out-
put, and when this is depleted the athlete feels a sensa-
tion of sudden intense fatigue or ‘hitting the wall’
Dietary preparation to maximise muscle glycogen
stores before an event is now common practice.

Gut

The primary role of the intestinal tract in macronutri-
ent metabolism is to ensure the uptake of dietary
nutrients into the body. However, the intestinal tract
has its own requirements for energy. There is a high
rate of cell turnover, especially in the small intestine,
and this requires a supply of amino acids to act as sub-
strates for protein synthesis and for purine and pyri-
midine synthesis (to make DNA and RNA). In addition,
there are active transport mechanisms (e.g. for glucose
absorption) that require energy. A major metabolic
fuel for the small intestine appears to be the amino
acid glutamine. This can be partially oxidised to pro-
duce ATP, and at the same time acts as a precursor for
purine and pyrimidine synthesis. In fact, glutamine
appears to be a major fuel for most tissues that have
the capacity for rapid rates of cell division (e.g. lym-
phocytes and other cells of the immune system).

In the colon the situation is somewhat different.
Bacterial fermentation of non-starch polysaccharides
and resistant starch in the colon produces the short-
chain fatty acids, acetic, propionic and butyric acids.
Acetic and propionic acids are absorbed and used by
tissues in the body (propionic mainly in the liver),
but a large proportion of the butyric acid is used as
an oxidative fuel by the colonocytes. The supply of
butyric acid to the colonocytes appears to protect
them against neoplastic change.

4.5 Substrate fluxes in the
overnight fasting state

The nutritional state of the human body typically
cycles through feeding and fasting over each 24h
period. The macronutrients of the three or more
meals eaten during the day enter the system over a
period of several hours, and are either oxidised or
sent into stores. By about 8 h after a meal (variable,
depending on the size and the nature of the meal) the
macronutrients have been fully absorbed from the
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Figure 4.7 Glucose metabolism after an overnight fast. Numbers are approximate values in milligrams per minute for a typical person.

From Frayn (2010).

gastrointestinal tract and the body enters the postab-
sorptive state. This lasts until a further meal is eaten
or, if no further food is forthcoming, the body gradu-
ally enters a state of early starvation. Many studies of
nutritional physiology are conducted after an over-
night fast (typically around 10h after last eating),
when there is a relatively steady metabolic state.

The regulation of macronutrient flux through the
circulation during these different periods of the 24-h
cycle is brought about by a number of mechanisms, as
outlined in Section 4.2. After an overnight fast, the
concentration of insulin will be relatively low, and the
glucagon/insulin ratio reaching the liver will be high.

Carbohydrate metabolism
after an overnight fast

After an overnight fast, no new dietary glucose is
entering the circulation, and yet the glucose in the
blood is turning over at a rate of about 2 mg/min per
kilogram of body weight (equivalent to around
200g/24h, see Section 4.4). The concentration will be

steady at about 5mmol/l. New glucose is coming
almost entirely from the liver, partly from glycogen
breakdown (stimulated by the high glucagon/insulin
ratio reaching the liver) and partly from gluconeo-
genesis. Substrates for the latter will include lactate
and pyruvate coming from blood cells and from
peripheral tissues (muscle, adipose tissue), the amino
acid alanine released from muscle and adipose
tissue, and glycerol, released from adipose tissue as a
product of lipolysis. A major consumer of glucose at
this time will be the brain, with skeletal muscle, renal
medulla and blood cells also using significant
amounts. (Skeletal muscle glucose utilisation after an
overnight fast, at rest, is low per gram of muscle, but
because of its large mass this becomes significant.)
The pattern of glucose metabolism is illustrated in
Figure 4.7.

Note that, of the tissues using glucose, only those
carrying out complete oxidation lead to irreversible
loss of glucose from the body. In other tissues a pro-
portion (muscle, kidney) or all (red blood cells) of
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Figure 4.8 Summary of regulation of pyruvate dehydrogenase (PDH).
PDH is a multienzyme complex associated with the inner mitochondrial
membrane. The dehydrogenase subunit is subject to both allosteric and
covalent regulation in accordance with nutritional state. Covalent
modification is brought about by reversible phosphorylation, catalysed
by the enzyme PDH kinase. PDH is inactivated by phosphorylation by
PDH kinase, which occurs when cellular energy status is high (e.g. during
rapid oxidation of fatty acids). PDH is activated by dephosphorylation,
brought about by a specific PDH phosphatase, stimulated by insulin.

the glucose is released again as three-carbon com-
pounds (mainly lactate) and can be taken up by the
liver for gluconeogenesis. This gives the enzyme
pyruvate dehydrogenase (PDH) a key role in regulat-
ing loss of glucose from the body. Not surprisingly
perhaps, PDH is controlled by many factors reflect-
ing the nutritional state of the body, including insu-
lin, which activates it (Figure 4.8).

There is a potential metabolic cycle between
peripheral tissues and the liver: muscle, for instance,
releases lactate, the liver converts it to glucose, muscle
can take this up and produce lactate. This is known as
the Cori cycle, after its discoverer. It will be discussed
again and illustrated below.

Fat metabolism after an overnight fast

Fatty acids in the circulation are present in a number
of forms: NEFA, TAG, phospholipids and cholesteryl
esters. In all cases these molecules are hydrophobic or
at most somewhat amphipathic (having both hydro-
phobic and hydrophilic qualities), therefore they
cannot circulate in solution in the blood plasma.
NEFAs are carried bound to albumin. Each mole-
cule of albumin has around three high-affinity binding
sites for fatty acids. Albumin, in a partially delipidated
state, arrives in the capillaries of adipose tissue, and
picks up NEFA released from adipocytes. It arrives in

the capillaries of another tissue (e.g. skeletal muscle or
liver) and, because of a concentration gradient between
plasma and tissue, fatty acids tend to leave it and dif-
fuse into the tissue. A typical plasma albumin concen-
tration is 40g/l; with a relative molecular mass of
66kDa, that is about 0.6 mmol/l. There is therefore an
upper limit under many physiological conditions of
about 2mmol/l for NEFA. After an overnight fast their
concentration is typically 0.5-1.0 mmol/l. They enter
the circulation only from adipose tissue, where fat
mobilisation is stimulated after overnight fast mainly,
it seems, by the fall in insulin concentration compared
with the fed state. Catecholamines and other hor-
mones, such as growth hormone and cortisol, may
exert short- or longer term stimulatory effects.

NEFA are removed from the circulation by tissues
that can use them as an energy source, such as liver
and skeletal muscle. Fatty acid utilisation in these tis-
sues is stimulated after an overnight fast (compared
with the fed state) by the increased NEFA concentra-
tion in plasma. Within the tissues, fatty acid oxida-
tion is stimulated by the low insulin concentration
and low glucose utilisation, leading to a low intracel-
lular malonyl-CoA concentration, so that fatty acids
enter mitochondria for oxidation (see Figure 4.5).

The other forms of fatty acids in the circulation,
TAG, phospholipids and cholesteryl esters, are trans-
ported in specialised macromolecular aggregates,
known as ‘lipoprotein particles. Phospholipids are also
carried as components of blood cell membranes. The
lipoprotein particles are like droplets in an emulsion.
They consist of a core of hydrophobic lipid (TAG and
cholesteryl esters) stabilised by an outer shell, which is
a monolayer of phospholipid molecules with their
polar head groups facing outwards into the aqueous
plasma and their tails pointing into the hydrophobic
core. There are various classes of lipoprotein particle. A
detailed description is outside the scope of this chapter
but important characteristics are given in Table 4.8.
Phospholipids and cholesteryl esters will not be dis-
cussed further because they are not directly relevant to
macronutrient metabolism, although cholesteryl esters
are highly relevant to cardiovascular disease.

In the overnight fasted state most TAG are carried in
the very low-density lipoprotein (VLDL) particles
secreted from the liver. A typical concentration would be
0.5-1.5mmol/l in plasma, but this is very variable from
person to person. Since each TAG molecule contains
three fatty acids, this is potentially a much greater source
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Table 4.8 Major lipoprotein fractions in plasma

Density range (g/ml) Major lipids Function, comments
Chylomicrons <0.950 Dietary TAG Transport dietary TAG from small intestine to
peripheral tissues
Very-low-density lipoproteins (VLDL) 0.950-1.006 Endogenous TAG Transport hepatic TAG to peripheral tissues
Low-density lipoproteins (LDL) 1.019-1.063 Cholesterol/ Remnants remaining after removal of TAG from
cholesteryl VLDL: main carriers of cholesterol in the circulation;
esters elevated levels are a risk factor for atherosclerosis
High-density lipoproteins (HDL) 1.063-1.210 Cholesteryl Transport of excess cholesterol from peripheral
esters/ tissues back to liver for excretion (protective

phospholipids

against atherosclerosis)

TAG, triacylglycerol.

of energy than the plasma NEFA pool (TAG-fatty acid
concentration 1.5—4.5 mmol/l). However, the turnover is
slower, and in practice plasma NEFA is the predominant
substrate for fatty acid oxidation in tissues.

VLDL-TAG derives within the liver from a number
of sources: plasma NEFA taken up by the hepato-
cytes, plasma cholesteryl esters and TAG taken up by
the hepatocytes, and TAG stored within the cells. In
the fasting state, plasma NEFA is the major source,
although they are processed through a pool of TAG
within the hepatocyte.

VLDL particles give up their TAG-fatty acids to
tissues through the action of the enzyme LPL. LPL is
expressed in many extrahepatic tissues, especially
muscle, adipose tissue and mammary gland, where
it is increased enormously during lactation. Within
these tissues it is bound to the luminal aspect of the
capillary endothelium. Here it can interact with the
VLDL particles as they pass through the capillaries,
hydrolyzing their TAG and releasing fatty acids that
diffuse into the tissues down a concentration gradi-
ent. This concentration gradient is generated by the
binding of fatty acids to intracellular fatty acid bind-
ing proteins, and then their subsequent metabolism.
After hydrolysis of some of its core TAG, the VLDL
particle may recirculate a number of times through
capillary beds, losing TAG until it has a core com-
posed almost entirely of cholesteryl esters. Then it is
called a low-density lipoprotein (LDL) particle.

The distribution of TAG-fatty acids to tissues is
regulated by the tissue-specific regulation of LPL
expression in the capillaries. In turn, this is achieved
through effects on gene transcription (mRNA abun-
dance) and on intracellular, post-translational

processing of the immature enzyme. In adipocytes in
particular, a significant proportion of LPL molecules
is degraded without reaching the capillary endothe-
lium, and nutritional regulation of adipose tissue
LPL expression largely involves switching between
these pathways. A summary of tissue-specific regula-
tion of LPL is given in Figure 4.9. It is relatively inac-
tive in adipose tissue after an overnight fast, which
makes good sense because in that state adipose tissue
is a net exporter of NEFA and has no need to take up
additional fatty acids.

Amino acid metabolism
after an overnight fast

There is a complex pattern of flow of amino acids into
and out of the circulation, covered in detail in Chapter 5.
Some general points are relevant here. As shown in
Figure 5.9, glutamine and alanine predominate
amongst the amino acids released from skeletal mus-
cle after an overnight fast, much more than would be
predicted from their abundance in muscle protein.
This shows that other amino acids ‘donate’ their
amino groups to form glutamine and alanine, which
are exported from the muscle. Similarly, the uptake of
amino acids across the abdominal tissues (liver and
gut) shows almost the exact counterpart: the greatest
removal is of glutamine and alanine. Hence, muscles
and probably other tissue, including adipose tissue,
are using glutamine and alanine as ‘export vehicles’
for their amino acid nitrogen, sending it to the liver,
where urea can be formed.

The pathway whereby alanine comes to play such a
prominent role will be outlined here, since it is
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relatively well understood. Alanine is formed by
transamination of pyruvate (Figure 4.10). Hence,
other amino acids can donate their amino group to
pyruvate, a substantial proportion of which is formed
from the pathway of glycolysis. The remaining carbon
skeleton can be oxidised in the muscle. The branched-
chain amino acids (leucine, isoleucine, valine) play a

Figure 4.9 Tissue-specific regulation of lipoprotein
lipase (LPL) according to the needs of the tissue for
fatty acids. LPL, lipoprotein lipase; TAG, triacylglycerol;
VLDL, very low-density lipoprotein. (Gurr MI et al.
Lipid Biochemistry: An Introduction, 5th edn. Copyright
© Wiley-Blackwell.)

predominant role in skeletal muscle amino acid metab-
olism. Their corresponding carbon skeletons, the
branched-chain 2-oxo acids, are oxidised by an enzyme,
the branched-chain 2-oxo acid dehydrogenase, which is
similar in many ways to PDH (which is also a 2-oxo
acid dehydrogenase). Thus, they contribute to oxida-
tive fuel metabolism in muscle.

The production of alanine by transamination of
pyruvate gives rise to a metabolic cycle that has been
termed the glucose—alanine cycle. It operates in par-
allel with the Cori cycle, as illustrated in Figure 4.11.

4.6 Postprandial substrate disposal

This section examines how the relatively steady met-
abolic state after an overnight fast is disturbed when
macronutrients are ingested and enter the circulation.
This will demonstrate clearly some of the ways in
which the metabolism of the different macronutri-
ents is coordinated. It is unusual to eat a meal that



Integration of Metabolism 2: Macronutrients 67

Glucose

~~~~~~~~~~~~~~~ Pyruvate, ¢
Lactate

Alanine

Figure 4.11 The glucose—alanine and Cori cycles operate in parallel.
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adipose tissue). [Reproduced from Frayn (2010).]

contains only fat, and since both glucose and amino
acids will stimulate the secretion of insulin, this is an
important signal of the transition from postabsorp-
tive to fed, or postprandial, state.

Impact on endogenous metabolism

Among the most rapid changes detectable in macro-
nutrient metabolism following ingestion of a meal is
the suppression of mobilisation of endogenous fuels.
The production of glucose by the liver is switched off,
as is the release of NEFA from adipose tissue.
Therefore, the body preserves its endogenous macro-
nutrient stores, and switches to using incoming
macronutrients and storing any excess.

Glucose

Glucose enters the circulation through the hepatic
portal vein. Hence, it reaches the liver in high concen-
trations: concentrations of almost 10 mmol/l have
been measured in the portal vein when the systemic
concentration is still only 4-5mmol/l. Glucose will
enter hepatocytes and be phosphorylated, as described
in Section 4.4. Nevertheless, despite a high capacity of
the liver for soaking up glucose, much will still pass
though into the systemic circulation, otherwise there
would be no rise in glucose concentration and no
stimulation of insulin secretion. Within the liver, the
rise in insulin/glucagon ratio switches oft gluconeo-
genesis and glycogenolysis, and stimulates glycogen
synthesis. Until recently these were considered as ‘on-
off’ switches: either gluconeogenesis or glycolysis
operated; glycogen synthesis and glycogen breakdown

operated at different times. Now it is recognised that
the system is more fluid; there appears always to be
some glycogen synthesis and breakdown, so there is
cycling between glycogen and glucose-6-phosphate.
The nutritional state determines which pathway pre-
dominates. Similarly, it is now recognised that gluco-
neogenesis must continue in the postprandial period.
Studies with isotopic tracers show that a significant
proportion of liver glycogen laid down in the period
following a meal is not synthesised directly from
blood glucose. Instead, the glucose is first converted
to three-carbon compounds (lactate, pyruvate,
alanine) and then, via pyruvate, converted by the glu-
coneogenic pathway to glycogen. The latter is known
as the indirect pathway for glycogen synthesis and,
depending on the experimental design, accounts for
around 25-40% of liver glycogen synthesis.

Skeletal muscle will also take up glucose, insulin
activating the glucose transporter GLUT4 (recruiting
it to the plasma membrane) and, within the cell,
insulin stimulating both glycogen synthesis and
glucose oxidation. This is aided by the fall in plasma
NEFA concentration (see below), so removing com-
petition for oxidative disposal. There is no indirect
glycogen synthesis in muscle since the gluconeogenic
pathway does not operate. Other insulin-responsive
tissues such as adipose tissue also increase their glu-
cose uptake: although this does not make a major
contribution to glucose disposal from the plasma, it
has important effects within the adipocytes (Section
4.3). The brain, and the red blood cells, continue to
use glucose at the same rate as before, since their glu-
cose uptake is not regulated by insulin.

Lipids

NEFA release from adipose tissue is suppressed very
effectively by insulin. Thus, the body’s fat stores are
‘spared’ at a time when there are plenty of dietary
nutrients available. This suppression is brought
about by the mechanisms shown in Figure 4.6.
Because the flux of NEFA to muscle is reduced, com-
petition for glucose uptake is removed. The reduced
delivery of NEFA to the liver will tend to suppress
the secretion of VLDL-TAG. In addition, insulin
seems to suppress this directly. However, the short-
term regulation of VLDL-TAG secretion is not clearly
understood in vivo; it has been studied mainly in iso-
lated hepatocytes.

Dietary TAG is absorbed into the enterocytes, and
packaged into large, TAG-rich lipoprotein particles,
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the chylomicrons. These enter the circulation rela-
tively slowly (peak concentrations after a meal are
typically reached at 3—4h) and give the plasma a
turbid appearance (postprandial lipaemia). It seems
beneficial for the body to be able to remove
chylomicron-TAG from the circulation quickly; there
is considerable evidence that delayed removal of chy-
lomicrons is associated with an increased risk of
developing coronary heart disease. Rapid removal is
achieved by insulin activation of adipose tissue LPL.
Chylomicrons and VLDL compete for clearance by
LPL, but chylomicrons are the preferred substrate,
perhaps because their larger size enables them to
interact with a larger number of LPL molecules at
once. Nevertheless, it would make good physiological
sense if VLDL-TAG secretion were suppressed after a
meal, as discussed above, to minimise competition
and allow rapid clearance of chylomicron-TAG.
Because of the tissue-specific activation of LPL by
insulin (Figure 4.9), adipose tissue plays an impor-
tant role in clearance of chylomicron-TAG, although
muscle, because of its sheer mass, is also important;
and in a physically trained person, muscle LPL will
itself be up-regulated (compared with a sedentary
person), so making a greater contribution to mini-
mising postprandial lipaemia.

Within adipose tissue, the fatty acids released
from chylomicron-TAG by LPL in the capillaries
diffuse into the adipocytes: this is aided by the sup-
pression of intracellular lipolysis, reducing intracel-
lular NEFA concentrations. Insulin also acts to
stimulate the pathway of TAG synthesis from fatty
acids and glycerol phosphate. The precise steps at
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Figure 4.12 Most direct pathway
for storage of dietary fat as
adipose tissue triacylglycerol
(TAG). Skeletal muscle is also
shown as this will be the
destination of some of the dietary
fat. HSL, hormone-sensitive lipase;
LPL, lipoprotein lipase; NEFA,
non-esterified fatty acids.

which insulin acts are not entirely clear, but it may
be that a number of enzymes of fatty acid esterifica-
tion are activated. In addition, increased glucose
uptake will produce more glycerol-3-phosphate
(from dihydroxyacetone phosphate, an intermediate
in glycolysis), and this itself will stimulate TAG syn-
thesis. Thus, dietary fatty acids can be stored as adi-
pose tissue TAG by a short and energy-efficient
pathway (Figure 4.12).

Amino acids

Again, the pattern of amino acid metabolism is com-
plex (with 20 different amino acids, each having its
own pathways), but some generalisations can be
drawn. Further detail is given in Chapter 5. The small
intestine itself may remove some amino acids such as
glutamine for use as a metabolic fuel. A further selec-
tion of amino acids is removed by the liver, and the
mixture of amino acids entering the systemic circula-
tion is depleted of glutamine and enriched in the
branched-chain amino acids. These will be taken up
largely by muscle, where they play a special role in
oxidative metabolism. Amino acids are secretagogues
for (i.e. they stimulate secretion of) both insulin and
glucagon (Table 4.4).

The rate of protein synthesis in muscle, the largest
single reservoir of protein in the body, is regulated by
many factors, including anabolic hormones (andro-
gens, growth hormone), physical activity of the mus-
cle and catabolic hormones (e.g. thyroid hormones,
cortisol). In the short term, insulin also has a net ana-
bolic effect. Measurements made using isotopic trac-
ers suggest that this reflects not so much a stimulation
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of muscle protein synthesis as an inhibition of mus-
cle protein breakdown. Nevertheless, the net effect is
an increased sequestration of amino acids in muscle
in the fed state.

Cardiovascular changes

The regulation of the metabolic disposal of the
macronutrients in the period following a meal was
discussed above. It is important to realise that eating
a meal leads to a series of coordinated changes. As
well as the purely metabolic responses, there are
changes in the cardiovascular system. Cardiac output
will rise (slightly, this a relatively small effect com-
pared with physical exercise) and the distribution of
blood flow to different tissues will change. There is an
increase in blood flow to the abdominal viscera to
help in the process of absorption and transport of
nutrients into the circulation. The blood flow through
certain tissues also increases: skeletal muscle blood
flow is stimulated by insulin (there is some debate
about the physiological relevance of this, although it
is certainly seen when insulin is infused at high con-
centrations) and adipose tissue blood flow rises after
a meal. These changes may help to deliver substrates
to the tissues where they will be used.

4.7 Short-term and longer-term
starvation

Starvation: general aspects

Earlier, the postabsorptive state was defined as that in
which the absorption of nutrients from the gastroin-
testinal tract is essentially complete and the body is in
a relatively stable metabolic state (typically, after an
overnight fast in humans). In addition, the events
were described that occur when this state is inter-
rupted, as it usually is, by ingestion of a meal. Another
possible outcome is that no meal is forthcoming, per-
haps because of food shortage or for therapeutic rea-
sons (to achieve rapid weight loss or in preparation
for surgery), or perhaps because the individual
chooses not to eat, for instance for religious reasons.
In that case the body gradually enters a state of early
starvation, progressing eventually to a relatively
steady metabolic state of complete starvation, which
can last for a matter of several weeks. Some initially
obese people, starved under close medical supervi-
sion and with supplementation with vitamins and

minerals, have survived several months of starvation.
The ability of the human body to cope with long
periods of starvation illustrates perfectly the interac-
tion and coordination of metabolism in different
organs and tissues.

Starvation may be total or partial (when energy
intake is not sufficient to maintain a steady body
mass). Our understanding of complete starvation
largely comes from detailed studies carried out in
the 1960s on obese women fasting under medical
supervision to lose weight. There is a worry that the
responses observed may not be typical because the
excess initial fat stores of the subjects may have pro-
duced a different set of responses from those of ini-
tially slimmer people. There are some observations
of normal-weight people starved for various reasons:
during periods of famine in Europe in World War II,
during periods of famine elsewhere in the world
today and people who have chosen to starve them-
selves, for instance for political reasons. Tragic
though these cases are, the observations that have
been made help us to understand the adaptations of
the body to deprivation and may in the future help
those whose access to food, or ability to consume it,
is limited. Our understanding of partial starvation
was increased enormously by studies carried out in
Minnesota, USA, during World War II, by the cele-
brated nutritionist Ancel Keys (1904—-2004). The vol-
unteers were conscientious objectors. They were fed
for a period of 24 weeks on about 40% of their esti-
mated energy requirements and they were carefully
monitored during this time. Noticeable features of
starvation were lethargy and depression. These were
rapidly reversed when full feeding was resumed. The
data from these studies were published in full and
papers are still being written on them today. The
responses to partial starvation seem essentially to be
similar to those to total starvation, albeit somewhat
less marked.

If no carbohydrate is entering the body from the
gut, then the body’s limited carbohydrate reserves
(Table 4.1) become very precious, and much of the
metabolic pattern in starvation can be understood in
terms of preservation of carbohydrate. Some tissues
have a continual need for glucose. If the glucose is
oxidised, specifically if its carbon atoms in the form
of pyruvic acid go through the PDH reaction, then it
is irreversibly lost to the body. Glucose can then be
generated de novo only from non-carbohydrate
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precursors: glycerol from lipolysis and the carbon
skeletons of some amino acids. While TAG stores
may be used without detriment to the organism, all
the body’s protein, as discussed earlier, has some spe-
cific function other than as a fuel for oxidation. As
discussed later, the pattern of metabolism adapts to
starvation in such a way that protein oxidation is
minimised, so far as possible, and as much energy as
possible derived from fat.

Short-term starvation

A rapid response to starvation is loss of the liver gly-
cogen store: this is virtually completely depleted
within 24 h. At this stage there is still a need for gen-
eration of glucose at a high rate for oxidation in the
brain. Net protein breakdown may be relatively rapid.
This is sometimes called the gluconeogenic phase.
Because of the lack of incoming glucose, plasma glu-
cose concentrations will fall slightly, insulin concen-
trations will fall and glucagon secretion will increase.
These changes reduce glucose utilisation by tissues
such as skeletal muscle, which can use fatty acids
instead, and in particular suppression of PDH activ-
ity in tissues that are responsive to insulin will reduce
irreversible disposal of glucose. There will be stimu-
lation of lipolysis in adipose tissue, and of hepatic
glucose production through gluconeogenesis. At this
stage gluconeogenesis is largely proceeding at the
expense of muscle protein. This phase may last for
3—4 days.

Longer term starvation

At around 1 week, short-term starvation merges
into a period when glucose and insulin concentra-
tions fall further, lipolysis increases still further and
a sparing of protein breakdown is observed. This
sparing of protein oxidation is reflected in a gradual
decrease in the excretion of nitrogen in the urine. It
is understandable in terms of the body’s need to
protect its protein, but the mechanism is not fully
clear. Some features of this phase are clear. Increased
lipolysis leads to increased delivery of NEFA and
glycerol from adipose tissue. Since glycerol is a glu-
coneogenic precursor, the need for amino acids is
reduced. Furthermore, the oxidation of fatty acids
within the liver is increased by the high glucagon/
insulin ratio, and ketone bodies are produced in
high concentrations in the circulation. Although the
brain cannot use NEFA, it can use the water-soluble

ketone bodies that are derived from them. In the
phase of adapted starvation, say from 2-3 weeks of
starvation onwards, ketone bodies reach a relatively
steady concentration around 7-9 mmol/l (compared
with less than 0.2 mmol/l typically after an overnight
fast) and largely replace glucose as the oxidative fuel
for the brain: they have been shown to meet about
two-thirds of brain oxidative fuel requirements. The
need for protein breakdown to feed gluconeogenesis
is therefore again reduced. Because of the inactiva-
tion of pyruvate dehydrogenase (by the low insulin
concentration), much of the glucose that is used by
tissues outside the brain is only partially broken
down, to pyruvate and lactate, which can then be
recycled in the liver through gluconeogenesis.
Thus, red blood cells, for instance, which have an
obligatory requirement for glucose, are not deplet-
ing the body of glucose.

Although this shows how the need for protein oxi-
dation is reduced, the cellular mechanism by which
this is achieved also needs to be understood. There are
several suggestions. Energy expenditure (metabolic
rate) falls during starvation, sparing the body’s fuel
stores for as long as possible. The main mechanism is
a fall in concentration of the active thyroid hormone,
T, (with increased production of the inactive form,
1'T; see Section 4.3). The reduction in protein break-
down has been suggested simply to reflect this overall
slowing of metabolism. Since thyroid hormones have
a catabolic effect on muscle protein, the fall in their
concentration may in itself spare muscle protein. In
addition, it has been suggested that the high concen-
trations of ketone bodies exert a protein-sparing
effect, possibly through suppression of the activity of
the branched-chain 2-oxo acid dehydrogenase in skel-
etal muscle that is responsible for irreversible break-
down of the branched-chain amino acids.

The high concentrations of NEFA and ketone bod-
ies (note that both 3-hydroxybutyric acid and ace-
toacetic acid are acids) might cause a metabolic
acidosis (low blood pH), but this is corrected in part
by the mechanism described -earlier, whereby
glutamine is metabolised in the kidney, releasing
ammonia that is excreted along with H* ions. Urinary
nitrogen excretion is normally largely in the form of
urea, but during starvation the relative amount of
ammonia increases, as does the contribution of the
kidney to gluconeogenesis (the carbon skeleton of
glutamine will contribute to this).
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Ultimately, the body’s fat store limits the length of
survival. It appears that once the fat store is essen-
tially depleted, then there is a phase of rapid protein
breakdown that leads quickly to death. Thus, fatness
is a useful adaptation when food is plentiful, if there
are likely to be long periods of famine. In present-day
industrialised societies, the latter is not a feature of
life, but it may explain why there is such a strong ten-
dency for people to become obese.

4.8 Perspectives on the future

The Human Genome Project has now sequenced the
entire human genome. It encodes about 25000
genes, each of which may lead to several different
protein products by differential splicing and post-
translational modifications. The function of most of
these proteins is unknown. A major challenge for
the next few decades will be to bridge the gap
between molecular biology and whole-body func-
tion. Many new techniques will be required. For
instance, proteomics is the determination of the
proteins expressed in any one cell or tissue: the pro-
teome is the protein equivalent of the genome.
No-one has yet deciphered the proteome of any
human cell. Once this has been done, it will be an
enormous task to determine how all these proteins
interact within one cell to produce the mixture of
metabolites that we now call the metabolome. Then
we will still need to determine how cells interact
within tissues and how tissues and organs interact in

the whole body. The science of integrative physiol-
ogy, well known in the early to middle part of the
twentieth century, will have to be resurrected to
make this possible.

Nutrition is a prime example of a science in which
an integrated approach is necessary. We can study the
nutritional needs of a single cell, but most cells
require a constant supply of nutrients to keep them
alive in cell-culture systems. They will die within a
day or two if nutrients are not provided. A human
being, in contrast, can survive for perhaps 2 months
without food because of the coordination that occurs
between different cells. This chapter has described
metabolism at the level of the cell, the tissues and
organs, and the whole body. It is hoped that this
approach will help the reader to see the grander pic-
ture of life: there is more to it than molecules!
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Integration of Metabolism 3: Protein

and Amino Acids

Margaret E Brosnan, John T Brosnan and Vernon R Young

Key messages

* Protein and amino acid metabolism are large-scale, dynamic and
regulated processes that accomplish a variety of physiological
functions. Their measurement, in living animals, requires the
application of sophisticated methodology involving isotopic trac-
ers. In a healthy adult human, some 3009 of protein are synthe-
sised and degraded each day; some 1009 of amino acids are
consumed, as dietary protein, on a typical Western diet.

* Protein synthesis and degradation (or turnover) play a critical role
in determining the levels of the many proteins in organisms, for
example enzymes, contractile proteins, membrane proteins,
plasma proteins, peptide hormones and regulatory proteins.
Protein synthesis and turnover are, therefore, of the most funda-
mental importance.

* The synthesis of different proteins may be regulated both by the
expression of individual genes and also by a variety of other
regulatory processes, especially at the initiation of messenger
RNA translation.

* Protein breakdown is a stochastic process, such that newly syn-
thesised proteins are as likely to be degraded as older proteins.
Protein degradation has the additional function of promptly
removing damaged or mutant proteins. The rate of protein turno-
ver is heterogeneous, thus different proteins are degraded at
varying rates, from a half-life in minutes for ornithine decarboxy-
lase to a half-life of years for mature collagen.

5.1 Introduction

This chapter is concerned with the integration of
amino acid and protein metabolism within the
organism. Chapter 4 of the first volume of this series
(Introduction to Human Nutrition) deals, in large
part, with the dietary requirement for protein and
amino acids, determination of their requirements,
as well as the means of meeting them. The present

* Muscle, the largest protein mass in the body, plays an important
role as a source of amino acids in a number of situations, for
example as a source of amino acids for gluconeogenesis during
starvation and for the synthesis of defence proteins (acute phase
proteins, immunoglobulins) during catabolic illness.

* Amino acids are the most versatile of nutrients. In addition to
their primary role as precursors for protein synthesis, they play a
variety of other roles such as serving as neurotransmitters
(e.g. glutamate and glycine) and precursors for neurotransmitters
(e.g. serotonin and dopamine), for signalling molecules (e.g.
nitric oxide and epinephrine) and for the synthesis of a variety of
small molecules (e.g. creatine and glutathione). Methionine plays
a major role in the provision of methyl groups for methylation
reactions. The metabolic disposal of dietary amino acids and, in
particular, of the nutritionally indispensable (or essential) amino
acids, is tightly regulated.

* There is a considerable flux of amino acids between tissues. This
interorgan metabolism is facilitated by amino acid transporters
and accomplishes a variety of physiological roles such as supply-
ing amino acids to the liver for gluconeogenesis, to the kidney for
acid—base balance, and the synthesis of dispensable amino
acids. This interorgan amino acid metabolism can vary during
development and between species and in different metabolic
states.

chapter builds on these themes and examines the
functions, mechanisms and regulation of protein
and amino acid metabolism that underlie their
nutritional requirements. It also attempts to inte-
grate this metabolism so as to provide an under-
standing of the roles played by different tissues in
different circumstances.

Proteins are major functional molecules of cells
and it follows that normal body function depends, in
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a profound way, on the expression of a myriad of spe-
cific proteins. Although current estimates of the
human genome suggest a gene complement of about
26000, it is estimated that we express as many as
100000 different proteins because of such mecha-
nisms as differentially spliced RNAs. The precise
quantity of each protein in a cell depends on its rate
of synthesis and degradation. Accordingly, the mech-
anisms and regulation of protein synthesis and turn-
over are major topics in this chapter. Furthermore, it
is clear that although the outlines of these processes
are common from tissue to tissue, their regulation
occurs in a tissue-specific and protein-specific man-
ner. Thus, during catabolic illnesses there is a net loss
of muscle protein; at the same time, there is an
increased hepatic synthesis of a set of defence mole-
cules, known as positive acute-phase proteins.
Decreased availability of a specific amino acid will
result in a generalised decrease in protein synthesis,
although the synthesis of the specific amino acid
transporter that imports this amino acid into cells
may be enhanced. Indeed, an appreciation of the dif-
ferences between the metabolism of amino acids and
proteins in different tissues is the key to an under-
standing of the integration of this process within the
body. Amino acid metabolism provides one of the
best examples of an interorgan process in which
events in different tissues combine and collaborate to
bring about overall physiological goals. Thus, the
concentrations of amino acids circulating in the
blood are normally maintained within certain limits,
and this ensures a supply of these key substrates for
protein synthesis to all tissues and organs. The syn-
thesis of individual amino acids is the responsibility
of specific tissues. During starvation, many amino
acids released as a result of muscle proteolysis are
converted to glucose in the liver and thus provide a
key energy fuel to the brain. The earlier view of the
role of the intestine in amino acid metabolism has
been transformed from an organ that is involved only
in digestion and absorption to one that obtains a
substantial fraction of its metabolic energy from the
catabolism of dietary amino acids and undertakes a
significant metabolic processing of absorbed amino
acids before their entry into the portal circulation.
The liver is the major organ for the catabolism of
amino acids and as such it plays a major role in deter-
mining dietary amino acid requirements. The fact
that the rate of amino acid catabolism is never zero is

one of the principal reasons why adults require a
continuous supply of dietary nitrogen and of indis-
pensable (essential) amino acids.

This chapter provides the reader with an under-
standing of the nature and regulation of protein syn-
thesis and turnover, and an appreciation of how these
occur in a tissue-specific manner. It will also discuss
the techniques that are available to determine the
rates of protein synthesis, protein turnover and
amino acid oxidation, both on a whole-body basis
and in some individual organs, and give an apprecia-
tion of the magnitude of these fluxes. The regulation
of amino acid metabolism will be discussed, in par-
ticular amino acid catabolism and the many meta-
bolic roles played by amino acids. By the end of this
chapter you should have an understanding of how
these different processes occur in an organ-specific
manner (including amino acid fluxes between
organs) and appreciate the integration of amino acid
and protein metabolism, both under physiological
situations (e.g. fed versus fasted states) and during
pathological challenges (e.g. catabolic illnesses and
genetic diseases of amino acid transport).

5.2 Protein and amino acid turnover

The proteins of cells and organs and those in the cir-
culation play various roles (Table 5.1); they are the
‘workhorses’ and serve in such roles as biological
catalysts (enzymes), regulators of gene expression
and components of molecular structures, such as the
cell membrane, endoplasmic reticulum, the contrac-
tile apparatus of smooth, striated and cardiac muscle
and the multifunctional proteolytic complex (pro-
teasome) that is responsible for a major fraction of
cellular protein breakdown. In most cells and tissues,
proteins are being continually synthesised and
degraded. The overall process of synthesis and degra-
dation, or of anabolism and catabolism, is referred to
as protein turnover. Each component of turnover
consists of a complex organisation of proteins and
other molecules that are subject to regulation. Hence,
rates of synthesis and degradation of proteins may
vary depending on the intracellular and extracellular
environmental conditions. These include the availa-
bility and balance of nutrients to which cells are
exposed, and the hormones and other peptide factors
that bind to receptors on cell surfaces or within the
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Table 5.1 Some functions of proteins

Function Examples

Enzymic catalysis
Plasma transport

Branched-chain ketoacid dehydrogenase

Vitamin B,, binding proteins,
ceruloplasmin, apolipoproteins,
albumin

Na*/K*-ATPase, glucose transporters

Insulin, growth hormone

Kinesin, actin

Collagens, elastin

Chaperonins

Ferritin (for iron), metallothionein

Membrane transport
Messengers/signals
Movement

Structure

Protein folding
Storage/sequestration

(for zinc)
Immunity Antibodies, tumour necrosis factor,
interleukins
Growth, differentiation, Peptide growth factors, transcription
gene expression factors

cell, causing changes in turnover. This continuous,
variable-rate, cycle of protein synthesis and break-
down permits the organism to:

e adjust to changes in the internal environment

e remodel tissues during growth or repair

e remove mutant, damaged and misfolded proteins
selectively.

About 30% or more of protein production is faulty
and these defective products are removed by the mech-
anisms described below. Turnover serves a critical role
in multiple cell functions, including cell cycle progres-
sion, oncogenesis, apoptosis (programmed cell death),
regulation of gene expression, inflammation and
immune surveillance, and the regulation of metabolic
pathways. It is hardly surprising, therefore, that mal-
functions in protein turnover are associated with
human diseases, including neurodegenerative disorders
and cancer. The magnitude of the apoptotic process
may be readily appreciated by imagining the outcome if
apoptosis were prevented owing to a defect in the turn-
over of one or more of the many enzyme proteins
involved in this process, such as the caspases (a group of
cysteine proteases that are one of the main effectors of
apoptosis), but mitosis (cell division) proceeded at a
normal rate. It has been estimated that an 80-year-old
person would have 2 tonnes of bone marrow and lymph
nodes and a gut that was about 16km long!

The amino acids serve as the currency of protein
metabolism. In addition to serving as the building
blocks for proteins they meet many other functions,

some of which will be considered later in this chapter.
However, at this stage it is important to appreciate
that there is an intimate relationship between the
rates of protein synthesis and breakdown and the sta-
tus of cellular and organ amino acid metabolism,
making it somewhat difficult to separate a discussion
of each of these major components of the nitrogen
economy of the organism. Nevertheless, the mecha-
nisms of protein synthesis and degradation or break-
down will be considered first. An examination of how
these processes are regulated will follow, before turn-
ing to the metabolism of amino acids. Subsequently,
those factors of nutritional importance that influ-
ence the rates of protein synthesis and breakdown,
the mechanisms involved, the organs affected and the
impact of these factors on and interactions with
amino acid metabolism will be considered.

5.3 Protein synthesis

In a healthy adult human, about 300 g of new protein
is synthesised per day and, for a maintenance condi-
tion, an equivalent amount of protein is degraded to
its amino acids. The synthesis of proteins consists of
many different patterns and amounts depending on
the type of cell and its condition at that time. The
production of proteins follows the synthesis of mes-
senger RNA (mRNA) via the process of transcription
of a gene’s nucleotide sequence, which involves sev-
eral steps. The first are transcription initiation and
elongation. These steps are followed by RNA-
processing reactions such as capping, splicing and
transcription termination. Transcription and its con-
trol are discussed in Chapter 2 of this volume.

With the appearance of the mRNA in the cytosol
the translational phase of protein synthesis takes place,
although it should be noted that about 23 proteins are
made within the mitochondrion. All mammalian
organisms initially construct proteins from a set of 20
amino acids (the only known variants being formyl-
methionine in mitochondria and selenocysteine) via
the translation of mRNA that codes for a predeter-
mined sequence of amino acids in the polypeptide
chain. The major stages of translation are:

(1) initiation

(2) elongation

(3) termination

(4) ribosome recycling.
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subunit, with the formation of a 43S preinitia-

(met-tRNAi), 40S and 60S ribosomal subunits are ~ (2) binding of the 43S complex to mRNA, which

assembled, with the aid of eukaryotic initiation fac-
tors (elFs), into an 80S ribosome at the initiation
codon of the mRNA (Figure 5.1). There are several

linked stages involved in this process:

(1) selection of met-tRNAi from the pool of tRNAs
by eukaryotic initiation factor eIF2 and bind-
ing of an eIF2/GTP/Met-tRNAi ternary com-

the mRNA

has been activated by binding of eIF4F to the
m7G cap at the mRNA 5’-terminus and poly A
binding protein (PABP) to the poly(A) tail of

(3) ATP-dependent scanning of the mRNA-bound

ribosomal complex along the 5-non-translated
region (5'NTR) from its initial binding site to the
initiation codon (AUG), to form a 48S initiation
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complex, where the initiation codon is base-
paired to the anticodon of met-tRNAI,

(4) displacement of factors from the 48S complex
and the joining of the 60S ribosomal subunit to
form an 80S initiation complex, leaving met-
tRNAI in the ribosomal P site. This process may
be seen in Figure 5.1 and further information is
available in Sonenberg and Hinnebusch (2009).

Elongation

The elongation phase proceeds following the forma-
tion of the initiation complex. It involves three dis-
tinct steps that are repeated many times during the
formation of a polypeptide. These include:

(1) transfer of an appropriate aminoacyl-tRNA from
cytoplasm to the A-site of the ribosome

(2) covalent linkage of a new amino acid to the
growing polypeptide chain, or peptidyl transfer

(3) movement of tRNA from the A-site to P-site and
with simultaneous translocation of mRNA by
three nucleotides.

The formation of the aminoacyl-tRNA involves the
hydrolysis of high-energy phosphate bonds and the
cycle is repeated and proceeds at a rate of about 18-20
amino acids incorporated per second. The binding of
the aminoacyl-tRNA to the ribosome and the trans-
location of the peptidyl-tRNA require energy that is
obtained via the hydrolysis of two guanosine tri-
sphosphates (GTPs) per cycle.

Termination

Two release factors, eRF1 and eRF3, and one GTP are
required. When one of the stop codons (UAA, UAG
or UGA) enters the A site of the ribosome, GTP is
hydrolysed and eRF1.eRF3 catalyse peptidyl-tRNA
cleavage.

Ribosome recycling

When translation stops, mRNA and deacylated tRNA
are still associated with the ribosome. At least two
factors, eIF3 and eIF1, are required to split off the 60S
ribosomal subunit and to dissociate the deacylated
tRNA and mRNA from the 40S subunit. This inte-
grated process of initiation, elongation, termination
and ribosome recycling is the translational phase of
protein synthesis. More detailed reviews may be
found in the reading list.

5.4 Regulation of the translation phase
of protein synthesis

Our bodies are composed of more than 200 distinct
types of differentiated cells and, with few exceptions,
all cells contain identical genetic information. Thus,
at the most basic level, the pattern and content of the
different proteins in cells are determined by their
patterns of gene expression, by regulation of tran-
scription. However, an important site of regulation
may occur at the level of mRNA translation in some
tissues and/or for some proteins.

The rate-limiting step in translation is usually, but
not always, located within the initiation phase, with
the intrinsic activity or strength of most mRNAs
determined by:

o the accessibility of the capped 5’-terminus and
poly(A) tail to initiation factors

o the ability of the 40S ribosomal subunit to bind
and scan the mRNA distally

o the frequency of recognition of the initiator codon
and surrounding context.

A major mechanism of control of global protein
synthesis is via phosphorylation/dephosphorylation
of the translation components, primarily of initia-
tion and elongation factors. Phosphorylation of the
o-subunit of elF2 may cause a repression of protein
synthesis by decreasing formation of the ternary
complex (Figure 5.1). Alternatively, phosphoryla-
tion of 4E-BP by mTOR in response to insulin or
amino acids will increase binding of eIF-4F to the
cap structure which recognises the mRNA 5" cap,
thus increasing the rate of translational initiation.
The kinase, mTOR, is also involved in phosphoryla-
tion of other factors which increase translation,
including eIF4G, S6 kinase and eEF-2 kinase. Thus,
a complex set of interactions, some redundant or
overlapping, serve to link the rate of translation to
the overall metabolic needs and state of the cell.
More detailed reviews of this topic may be found in
Sonenberg and Hinnebusch (2009).

In addition to the more general regulation of
translation, important regulators of specific mRNA
translation are the large family of miRNAs, ~22nt
non-coding RNAs which bind to proteins (Apo,
GW182) to form an miRNP (miRNA-induced silenc-
ing complex or miRISC) that binds to specific sites in
the 3’ UTR of mRNAs. Such binding promotes
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repression of mRNA translation and, in some cases,
also activates mRNA degradation. More detailed
information may be found in Carthew and
Sontheimer (2009).

5.5 Post-translational events

While the process of polypeptide synthesis, as out-
lined above, is limited essentially to the incorpora-
tion of the common 20 amino acids, chemical analysis
of proteins for their constituent amino acids often
reveals many more than just these 20 amino acids.
Although it is impossible to propose a precise number
of amino acids and their derivatives actually present
in proteins in the biosphere, the number may be quite
high. There are about 1000 amino acids or more in
nature, although not all of these occur as protein-
bound amino acids. Furthermore, the final polypep-
tide produced may differ from that specified by the
gene through modifications of the number of pep-
tide bonds. Shortening of the polypeptide chain by
proteolytic cleavage or, in other cases, lengthening of
the chain by addition of one or more amino acids to
the carboxyl- (C-) or amino- (N-) terminal ends may
occur. For example, the initiator methionyl residue is
often removed from the amino terminal of newly
synthesised proteins.

The secondary, or derived, amino acids found in
proteins arise by chemical modification of the primary
amino acid during, or after, its gene-specified inser-
tion into the polypeptide. This process is termed the
‘post-translational’ phase and it has been estimated
that 50-90% of proteins are modified in this way.
Some of the more common enzyme-catalysed post-
translational modifications are listed in Table 5.2.
A few protein modifications can occur spontane-
ously, as in the addition of glucose residues to give
glycosylated haemoglobin (HbA ); this is especially
marked when blood glucose concentration is elevated
in diabetes mellitus.

Post-translational modifications add versatility
to the genome. Such changes may affect protein—
protein interactions, protein—nucleic acid interac-
tions, protein stability, subcellular location of some
proteins, enzymatic activity of modified proteins
and protein function. Post-translational events can
often carry the same significance for production of
functional proteins as do the transcriptional and

Table 5.2 Examples of common enzyme-catalysed post-translational
modifications

Example of
Modification® Residue modified modified protein
Glycosylation Asparagine Integrin
Hydroxylation Proline, lysine Collagen
Phosphorylation Serine elF-2o
Methylation Lysine Histone H4
Acylation N-terminal glycine Glutamate cysteine

ligase

Acetylation Lysine Histone H3
ADP ribosylation Arginine Tubulin
Ubiquitination® Lysine Histone H2

2 These modifications are mediated by specific enzymes, which for the
sake of clarity are omitted from this table.

P There are a number of proteins in the ubiquitin protein family
(e.g., ubiquitin, Sumo, Nedd8).

translational phases that are responsible for the
formation of proteins in the first instance.

5.6 Protein degradation

As already implied, the breakdown of tissue and
organ proteins is an extensive, continuous and regu-
lated process. In association with protein synthesis,
the degradation or breakdown of proteins determines
the qualitative and quantitative nature of the cellular
protein profile.

In mammalian cells, there are separate lysosomal
and non-lysosomal mechanisms that are involved in
different aspects of protein degradation; proteins
that enter the cell from the extracellular milieu (such
as via receptor-mediated endocytosis and pinocyto-
sis) are degraded in lysosomes. Lysosomal degrada-
tion of intracellular protein occurs mostly under
stressed conditions, such as in starvation; this process
is activated by glucocorticoids and suppressed by
insulin or by a dietary protein deficiency.

Non-lysosomal mechanisms are responsible for
the selective turnover of intracellular proteins that
occurs under basal metabolic conditions and for
many of the changes that occur in response to diet
and hormones. The proteolytic system that degrades
the bulk of cell proteins, including rapidly eliminated
abnormal proteins and short-lived regulatory
polypeptides, is non-lysosomal and ATP-dependent.
It occurs in a large multiple-protein complex, the 265
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proteasome, consisting at a minimum of two copies
each of 33 distinct subunits, which in total might
account for as much as 1% of the total cell protein
(Figure 5.2a). Proteins are degraded within the cen-
tral core of the proteasome, the 20S particle, which
contains different proteolytic activities (chymot-
rypsin-like, trypsin-like and caspase-like active sites).
Proteasomes hydrolyse most peptide bonds and gen-
erate peptides that are typically 3-22 amino acids
long. These peptides are then released from the 20S
core and are hydrolysed to amino acids by peptidases
in the cytoplasm.

An initial step in the hydrolysis of most such pro-
teins is a ‘marking’ reaction involving their covalent
conjugation by the 76-residue polypeptide ubiquitin,
via a multistep process; the C-terminus of ubiquitin
becomes attached by an isopeptide bond to €-amino
groups on lysine residues or in some cases to the free
amino group on the N-terminal of the protein sub-
strate. Much of the selectivity for proteolysis resides
in this conjugation step, which requires ATP as well
as ubiquitin activating enzyme (E1), ubiquitin car-
rier protein (E2) and ubiquitin-protein ligase (E3).
Figure 5.2b shows a proposed sequence of events in
the conjugation and degradation of protein via this
system. The proteasome also recognises and degrades
some non-ubiquitinylated proteins such as ornithine
decarboxylase, which is presented to the proteasome
by another protein (antizyme). In addition to lyso-
somal proteolysis and the proteasome, there are two

cytoplasmic proteolytic systems, neither of which
requires ATP. The calpain system involves Ca**-
activated cysteine proteases. It appears to be impor-
tant as cellular calcium concentration varies, for
example during the cell cycle, cell fusion, signal trans-
duction and apoptosis. Caspases are also cysteine
proteases but they specifically cleave proteins after
aspartyl residues and they do not require calcium for
activation; rather they are zymogens, which must be
activated by limited proteolysis. They appear to be
most important in the activation of proinflamma-
tory cytokines and in promotion of apoptosis.

5.7 Selectivity of protein turnover

The proteins of a single tissue (e.g. skeletal muscle,
liver and kidney) turn over at different rates. This
general characteristic of protein metabolism is illus-
trated for the liver in Table 5.3. Not only do the cyto-
plasmic proteins in a liver cell turn over at vastly
different rates, by as much as 2000-fold difference,
but also the proteins of the mitochondrion have dif-
ferential rates of turnover. Half-lives of some enzymes
can vary markedly, depending on conditions in the
cell. For example, cortisol causes a lengthening of the
half-life for tyrosine aminotransferase in liver, befit-
ting its role in gluconeogenesis.

Based on their turnover, as measured most often
by tracer techniques, proteins have been classified as
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Table 5.3 Half-lives of selected proteins in liver

Protein type Name EC number Half-life (h)

Cytoplasmic Ornithine decarboxylase 41.1.17 0.2
Tyrosine aminotransferase 2.6.1.5 2.0
HMG-CoA reductase 1.1.133.0
Arginase 3.5.3.1 96
Lactate dehydrogenase (isoenzyme 5) 1.1.1.27 144

Nuclear RNA polymerase | 2.1.7.6 1.3
RNA polymerase Il 2.7.1.6 12
Histone 432

Mitochondrial 8-Aminolevulinate synthetase (matrix) 2.3.1.37 1.1
Ornithine oxo-acid aminotransferase (matrix) 2.6.1.13 19
Glutamate dehydrogenase (matrix) 1.4.1.3 24
Pyruvate carboxylase (matrix) 6.4.1.1 110
Pyruvate dehydrogenase (matrix) 1.2.4.1 194

Data taken from Jennissen (1995). HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A.

short-lived proteins (half-life of minutes to a few
hours) and long-lived proteins (half-life of many
hours). Furthermore, the different subunits of a
functional protein can turn over at different rates.
For example, the light chain of myosin turns over
about three times as rapidly as the myosin heavy
chain. Finally, the mature collagen in skin does not
reveal a turnover but is lost from the body by shed-
ding of cells from the surface.

5.8 An integration of these processes
of turnover with respect to amino acid
metabolism

The metabolism of the amino acids that are released
into the body pools during the process of protein
breakdown, as well as those coming from the diet, is
determined by, and also in turn affects, the status of
protein synthesis and breakdown. The metabolism of
amino acids differs from that of lipid and carbohy-
drate macromolecules in two important ways, both
of which determine the overall pattern of amino acid
metabolism. The first is that the body has no specific
store for amino acids, in contrast to its ability, albeit
limited, to store carbohydrate as glycogen and the
considerable capacity to store fatty acids as triacylg-
lycerol. It is true that, in certain circumstances, prote-
olysis in the liver and musculature can make amino
acids available for particular purposes (e.g. acute-
phase protein synthesis or gluconeogenesis), but

these liver and muscle proteins, together with all
other body proteins (with the possible exception of
some milk proteins), are primarily synthesised for
their specific physiological function and not as a
nutritional store of amino acids.

Protein synthesis requires that all amino acids
must be available to tissues simultaneously; this is the
basis for dietary protein complementation (see
Chapter 5 in Introduction to Human Nutrition in this
series). The corollary of this is that tissue amino acids
in excess of the capacity and requirements for protein
synthesis are very rapidly oxidised. The need for rapid
metabolism of dietary protein can also be argued
simply on osmotic grounds. A typical North American
adult ingests about 100 g of protein per day. On diges-
tion and absorption, this amounts to about
1000 mmoles of amino acids. This quantity of amino
acids, if distributed evenly throughout body water
(about 421 in a 70kg person), would increase the
osmotic pressure by about 24 mOsm, hence the need
to remove these amino acids rapidly by catabolising
those that are not required for protein synthesis.

The second way in which the metabolism of amino
acids differs from that of carbohydrate or of fat is in
the nature of its end-products. In addition to carbon
dioxide and water, amino acid catabolism produces
nitrogen-containing end-products (principally urea
and ammonia) and sulphur-containing end-products
(principally sulphate). These, too, have important
implications for shaping amino acid catabolism.
Since ammonia is a potent neurotoxin, its blood
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concentration must be kept low (about 30 umol/l in
humans). Ammonia detoxification via urea synthesis
is confined to the liver, therefore much of amino acid
disposal occurs in the liver. When amino acid metab-
olism occurs in the periphery, mechanisms exist for
transporting the nitrogen to the liver in a form that
avoids elevation of the blood ammonia concentra-
tion. There are also important acid—base conse-
quences to the catabolism of the sulphur amino acids
as this involves the production of a strong metabolic
acid. The elimination of this acid is also accomplished
via amino acid metabolism.

5.9 Regulation of amino acid
metabolism

As for the case of protein synthesis and breakdown,
there is a fine regulation of amino acid metabolism,
particularly in reference to the metabolism of the
indispensable amino acids. Thus, a variety of mecha-
nisms, both short and long term, come into play.
These include enzyme induction and turnover, cova-
lent modification of enzymes and control by K . For
example, glucagon secretion is increased on ingestion
of a high-protein meal. This response plays two roles.
First, a high-protein intake also stimulates insulin
secretion. Insulin promotes protein synthesis from
the ingested amino acids, but will also increase glu-
cose utilisation. This latter action, if unopposed,
could result in hypoglycaemia after the ingestion of a
high-protein, low-carbohydrate meal. The increased
glucagon levels prevent this by increasing hepatic
glucose production. The second action of glucagon is
to stimulate amino acid catabolism. That glucagon
plays a major role in the catabolism of many amino
acids is evident from the generalised hypoammino-
acidaemia in patients with a glucagonoma.

e Glucagon activates phenylalanine hydroxylase by
an adenosine 3’5’-cyclic monophosphate (cAMP)-
dependent mechanism.

e Glucagon activates glutaminase and the glycine
cleavage enzyme, although the mechanism of these
effects remains obscure.

e Glucagon and glucocorticoids induce the synthesis
of a number of amino acid catabolising enzymes.

In addition to hormones that stimulate the catabo-
lism of a variety of amino acids, there must be mech-

anisms specific to individual amino acids that can
accommodate appropriate amino acid oxidation in
the face of varying amounts of different amino acids.
The most obvious of these is control by K_. Many
enzymes that initiate amino acid degradation have
quite high K_ values for their amino acid substrates,
relative to the tissue concentrations of the amino
acids. Thus, these enzymes can automatically respond
to increased postprandial tissue levels of amino acids
with increased catabolism. The corollary of this is that
as tissue concentrations of amino acids decrease, so
will their catabolism. However, it is clear that control
by K_ is not sufficient to protect indispensable amino
acids from excessive catabolism, and a number of
other mechanisms have evolved. A particularly effec-
tive mechanism is that of rapid enzyme induction and
degradation. Many of the hepatic enzymes that initi-
ate amino acid catabolism, particularly the catabolism
of the indispensable amino acids, are highly inducible.
Increased dietary protein brings about increased syn-
thesis of these enzymes; these effects are often hormo-
nally mediated. Furthermore, many of these enzymes
have quite short half-lives, as already noted above.
The combination of these factors means that there are
quite large amplitude changes (as much as 10-fold) in
the hepatic activities of enzymes such as tyrosine ami-
notransferase, ornithine aminotransferase, tryp-
tophan dioxygenase, serine dehydratase and histidase.
The physiological significance of these effects is clear.
The induction of the enzymes can facilitate increased
catabolism when the amino acid supply is high, while
the virtual disappearance of some of these enzymes
when the amino acid supply is low serves to conserve
these indispensable amino acids.

Finally, some of the key enzymes of amino acid
catabolism are regulated by covalent modification.
The branched-chain o-ketoacid dehydrogenase
(BCKADH) is the controlling enzyme in the catabo-
lism of the three branched-chain amino acids (valine,
leucine and isoleucine). Existing as a multienzyme
complex, similar to that of pyruvate dehydrogenase,
the BCKADH complex contains a protein kinase and
a protein phosphatase that can regulate its activity by
reversible phosphorylation (Figure 5.3). The enzyme
is inhibited by phosphorylation. The BCKADH kinase
is inhibited by the branched-chain a-ketoacids (most
potently by a-ketoisocaproate, the a-ketoacid derived
from leucine), which results in a dephosphorylation,
and hence activation, of the BCKADH. Another
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Figure 5.3 Regulation of the branched-chain o-keto acid (BCKA)
dehydrogenase.

striking regulatory mechanism is found in the catab-
olism of phenylalanine. Phenylalanine hydroxylase,
the controlling enzyme in the conversion of phenyla-
lanine to tyrosine, is regulated by its amino acid sub-
strate and by phosphorylation/dephosphorylation.
Glucagon can activate the enzyme via a cAMP-
dependent phosphorylation. However, the enzyme can
also exist in two forms, dimeric and tetrameric, and
can be converted to the more active tetrameric form
in the presence of phenylalanine. These two forms of
activation appear to be synergistic in that phenyla-
lanine also increases the rate of phosphorylation by
glucagon. Tyrosine, the product of phenylalanine
hydroxylase, is generally considered to be dispensable
since it can be synthesised by humans. If both pheny-
lalanine and tyrosine are present in excess the limiting
enzyme for their degradation, tyrosine aminotrans-
ferase, can be induced and the half-life can be length-
ened (as mentioned previously) to markedly increase
the amount of enzyme present. Thus, these enzymes
are activated by increased substrate concentrations,
providing elegant mechanisms whereby these amino
acids are readily catabolised when their supply is high
and conserved when supply is low.

5.10 Amino acid synthesis: the
dispensable amino acids

Nutritionists pay great attention to the indispensa-
ble (essential) amino acids. It can be argued, how-
ever, that the retention, during evolution, of the

synthetic pathways for the dispensable (non-essential)
amino acids speaks of their importance in
metabolism.

The synthesis of many of these amino acids is
fairly simple, for example alanine is synthesised in a
single transamination reaction, in which glutamate
provides the amino group and the carbon skeleton,
pyruvate, is readily available from glycolysis.
However, for other amino acids the situation is more
complex. Arginine (a conditionally indispensable
amino acid) provides an excellent example of a com-
plex synthetic pathway in which there are both devel-
opmental variations and important interspecies
differences.

In many adult mammals, including humans,
arginine is synthesised by a pathway that involves the
small intestine and the kidney (Figure 5.4). In brief,
citrulline produced in the enterocytes is added to the
blood and removed by the kidneys, which convert it
to arginine. This arginine is then released in the renal
vein. Citrulline is produced, in the intestine, in two
ways. A major portion arises from the metabolism of
glutamine. A key enzyme in this pathway is pyrroline-
5-carboxylate synthetase, which is found only in
these cells. Proline can also be a source of citrulline
(Figure 5.4). Citrulline is taken up by the kidneys,
where it is converted to arginine, in cells of the proxi-
mal tubule, by the combined action of argininosuc-
cinate synthetase and argininosuccinate lyase (Figure
5.4). The importance of this intestinal/renal axis for
arginine synthesis is evident from the arginine defi-
ciency that occurs when intestinal citrulline synthesis
is inhibited or after massive surgical resection of the
small intestine. A similar situation occurs in strict
carnivores, such as cats and ferrets, whose intestines
synthesise almost no citrulline owing to low activities
of pyrroline-5-carboxylate synthetase and ornithine
aminotransferase. In these animals, ingestion of a
single arginine-free meal can result in hyperammo-
naemia, convulsions and even death. Finally, the
entire pathway for arginine synthesis is expressed in
enterocytes from newborn animals and newly syn-
thesised arginine is released into the hepatic portal
vein. However, such intestinal arginine synthesis is
strictly a neonatal event, as it declines within a few
days of birth (in piglets), and intestinal citrulline
production is evident a few days after weaning.

The synthesis of dispensable amino acids such as
arginine, as described above, glutamine, glycine and
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Figure 5.4 Intestinal-renal axis for endogenous arginine synthesis.

proline normally proceeds at rates commensurate
with metabolic needs. However, under certain con-
ditions, such as in prematurity or in catabolic stress,
their synthesis may not proceed at rates sufficient to
meet the metabolic requirement. In this case a
dietary source of the amino acid is required and in
this context these amino acids are classified as
being ‘conditionally indispensable’ or ‘conditionally
essential’

5.11 In vivo aspects of protein
and amino acid turnover

Techniques for measurement of protein
turnover

Various tracer techniques have been used to estimate
amino acid fluxes and protein kinetics at the whole-
body level and in individual tissues and organs (Table
5.4). The different whole-body approaches may be
classified into one of two major categories:

e methods involving the use of "N and measure-
ment of the label in end-products of nitrogen
metabolism (end-product method)

e methods involving administration of specifically
labelled amino acids and measurement of the
tracer in body fluids, such as plasma or urine
(plasma or precursor method).

Table 5.4 Methods of measuring protein turnover in vivo: whole-
body, region and specific proteins

Example of tracer

Whole body
End-product (EP) methods ["*N]glycine
Precursor methods ["*Clleucine/["*CIKIC
Specific proteins
Bolus/constant infusion [*Clleucine, [*H,]phenylalanine
tracer protocols
Region
Constant infusion/biopsy [?H,]phenylalanine
Arteriovenous difference ["*N-1-"3C]leucine
tracer studies
Multiple isotope (iv/ig- [?H,]leucine (iv), [1-"C]leucine (ig)
splanchnic)

iv, intravenous; ig, intragastric.

>N end-product methods

The principle behind "N end-product approaches
for the measurement of protein (nitrogen) turnover
in the whole body is depicted in Figure 5.5; it involves
administration of a N-labelled precursor (often
[°N]-glycine) as a continuous infusion or as a single
bolus and measurement of the appearance of the
isotope in urine, either as ammonia or total nitro-
gen. In its simplest form the metabolic nitrogen pool
is depicted as a single homogeneous pool into which
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nitrogen enters from protein breakdown and from
the diet. Nitrogen leaves via protein synthesis and by
pathways of nitrogen excretion. This model, or mod-
ifications of it, has been used extensively by many
investigators since it was first used more than 50
years ago by Schoenheimer at Columbia University
in New York.

The isotopic data generated from 'N-labelled
tracer administration may be evaluated using a com-
partmental modelling approach or by applying a sto-
chastic model in which the overall flow of nitrogen
into and out of the metabolic pool is of interest,
rather than the movement of nitrogen within and
among the intermediate pools. The stochastic method
gives less information than the compartmental mod-
elling approach, but is obtained more easily; this
might be an advantage in studies dealing with protein

[13N] Tracer (e g. 15N-glycine)

Protein
synthe3|s
Diet —» BOdY
protein
Proteln
breakdown

Excretion

13NH3
[13N] urea

Figure 5.5 Schematic of the '*N-end-product model for determination
of whole-body protein turnover.

and amino acid turnover that are conducted under
demanding experimental conditions such as in vari-
ous clinical settings or even in the field. Additional
details, problems and limitations of this approach are
to be found by consulting the further reading list.

Precursor, plasma or substrate-specific

methods

Under this general category an isotopically-labelled
amino acid is administered, most often by continu-
ous intravenous infusion, often immediately pre-
ceded by a priming dose to help to achieve a rapid
approach to a plateau of isotopic enrichment within
the sampled compartment. In human studies, the lat-
ter is most often the venous blood circulation,
although urine could be sampled as a basis for the
non-invasive determination of the isotopic enrich-
ment in the free amino acid pool. Alternative proce-
dures within this class of methods include giving the
isotope tracer(s) by bolus intravenous injection or by
oral administration or by both, where simultaneous
doses of different specific labelled tracers of an amino
acid are given via these routes.

The basic features of the precursor procedure are
depicted in Figure 5.6, where enrichment of the tracer
is measured in the plasma and, if appropriate, the
appearance of the label in expired carbon dioxide is
also monitored. Using simple dilution principles, the
flux of the amino acid in the sampled compartment
can be determined. Under steady-state metabolic and
isotopic conditions, when a nutritionally indispensa-
ble amino acid is used as a tracer, estimates can be
made of the rate of disappearance of the tracer via
non-oxidative metabolism, assumed to be a measure
of protein synthesis, and of the rate of appearance of

L-[1-13C] Leucine
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outflow
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‘_
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inflow

Leucine oxidation
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Intracellular
leucine

Protein
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o
4_

Body

protein

Protein
breakdown Figure 5.6 Schematic of the plasma
precursor model, using "*C-leucine as
the example tracer, for determination

of whole-body protein turnover.
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Table 5.5 Some issues and questions related to precursor or ‘plasma’
approach for measurement of amino acid fluxes and whole-body and
organ/tissue protein turnover

1. What model and why?
(@) for whole-body protein turnover
(b) for measurement of organ (regional) protein and amino
acid metabolism
(c) for study of specific amino acid metabolism; its conversions
and interconversions and metabolic fate
(d) for studying the carbon and/or nitrogen moiety and/or
functional groups of the molecule
2. What is the isotopic enrichment of the ‘precursor’ amino acid
pool(s) for accurate measurement of whole-body flux and
oxidation rates?
3. What is the appropriate amount of tracer and length of infusion
period, and is there a problem of recycling of label?
4. Are infusion and sampling sites important? Which are best?
5. For measurement of components of flux, what is the retention of
13C0,?

the tracer into the compartment via protein break-
down. The most widely used tracer protocol in stud-
ies of human whole-body protein turnover has been
L-[1-"C] leucine, given as a primed continuous
intravenous infusion. The isotopic enrichment of
o-ketoisocaproate in plasma reflects its isotopic
enrichment in cells and may be used as a surrogate
for the intracellular isotopic enrichment of leucine.
Several technical and modelling issues need to be
considered when using the plasma or precursor
approach for measurement of amino acid fluxes and
for estimation of whole-body protein dynamics. For
summary purposes, Table 5.5 lists some of the ques-
tions that must be answered when attempting to esti-
mate the whole-body amino acid flux and rate of
protein synthesis in the body as a whole. A particu-
larly important problem is that of determining iso-
topic enrichment of the precursor of interest in order
to estimate whole-body amino acid fluxes, rates of
protein synthesis or rates of synthesis of specific pro-
teins. Since in most clinical investigations it would be
difficult, or unethical, to sample the tissue or organ
pools of interest, the problem might be overcome, at
least in part, by measuring in blood the enrichment
of a metabolite derived from the intracellular metab-
olism of the tracer and which is in rapid equilibrium
with the extracellular compartment. In this context
the transamination product of leucine, o.-ketoisoc-
aproate (KIC), is often used to predict intracellular
leucine labelling and various studies have generally

supported the validity of this approach. However,
other approaches have been used for specific pur-
poses, and that of mass isotopomer distribution
analysis (MIDA) is particularly powerful; this involves
quantifying precursor—product events from the dis-
tribution of mass isotopomer patterns in the labelled
precursor and product.

The flooding-dose technique

Finally, mention should be made of the flooding-
dose method, which has been used in both experi-
mental animals and humans to determine rates of
synthesis of muscle proteins and of various blood
proteins, such as albumin in humans. This approach
involves giving the tracer (e.g. [1-"C]-leucine or
[*H,]-phenylalanine) together with a large amount
of unlabelled amino acid to create a similar isotopic
enrichment in the extracellular and intracellular
compartments, including the pool supplying amino
acids for tRNA charging and thus protein synthesis.
The idea and approach is highly attractive, particu-
larly since it involves a relatively brief study period
for any one experimental subject and, therefore, is
potentially applicable in complex clinical settings.
Estimates of albumin synthesis obtained by this
method are in general agreement with those derived
from the constant tracer infusion approach, but con-
cern has been raised about the appropriateness of the
technique for estimating synthesis rates of muscle
proteins. The flooding-dose approach is particularly
suited to measurements made on tissues that can be
taken during surgery.

5.12 In vivo rates of protein turnover

Whole body

The various methods summarised above have pro-
vided a picture of human protein metabolism where,
for example, protein synthesis rates are high in the
newborn and, per unit of body weight, these rates
decline with progressive growth and development
(Table 5.6). Three points emerge from the values
shown in this table. Firstly, not only is the higher rate
of protein synthesis in the young, compared with that
for the adult, related to the net protein deposition
that occurs during growth, but also there is a high
rate of total protein turnover (synthesis and break-
down) related, in part, to tissue remodelling. Hence,
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Table 5.6 Some representative estimates of whole-body protein
synthesis rates, in humans at various ages compared with dietary
protein allowances

Protein synthesis Protein allowance

Age group (g/kg per day) (g/kg per day)
Infant (premature) 113,14 ~3.0

Child (15 months) 6.3 13

Child (2-8 years) 3.9 ~1.1
Adolescent (~13 years) ~5 ~1.0

Young adult (~20 ~4.6 0.75

years)

Data compiled from Young et al. (1985), where references to the
original studies are given.

protein synthesis in the premature infant is about
twice as high as in the preschool child and approxi-
mately three or four times as high as in the adult.
Secondly, at all ages, the rates of whole-body protein
synthesis and breakdown are considerably greater
than the intakes of dietary protein apparently neces-
sary to meet the needs for maintenance or for the
support of growth. It follows, therefore, that there is
an extensive reutilisation within the body of the
amino acids entering tissue pools during the course
of protein breakdown. Thirdly, there is a general
relationship between the age- and developmental-
associated changes in protein turnover and the die-
tary protein needs for each specific age group. This
implies that when rates of synthesis and breakdown
of body proteins change in response to various stim-
uli, such as infection and trauma, the dietary require-
ment for nitrogen and specific amino acids intakes
will change. This prediction is consistent with the
increased total protein (nitrogen) needs of patients
following severe trauma.

Organs and tissues

Although whole-body rates of protein turnover
change with different physiological and pathologi-
cal states, these measurements do not provide infor-
mation on the status of protein turnover in different
tissues and organs. Hence, estimates of protein
turnover by individual organs and tissues have also
been made and a summary of some of these is
presented in Table 5.7. The fractional rates of syn-
thesis differ among the organs, with those for liver
being about 10 times the value for skeletal muscle.
However, because of the size of the musculature it

Table 5.7 Some estimates of tissue protein synthesis in
adult humans

Tissue/organ Fractional synthesis rate (%/day)
Skeletal muscle 2
Stomach 43
Oesophagus 30
Colon 9
Liver 21
Heart 5
Lymphocytes 6

Data compiled from Garlick et al. (1994).

Table 5.8 Effects of various nutritional and pathological states
on muscle and liver protein synthesis in young rats or mice

Protein synthesis (% of control)

Treatment Liver Muscle
Starvation (2 days) n 47
Protein-free diet 70 27
(9 days)
Diabetes 51 41
Malaria infection 66 49
Turpentine injection 116 66
Interleukin-13 145 68
Cancer 126 56

Data compiled from Garlick and McNurlan (1994), where
references to original sources of the data are given.

accounts for about 20% of whole-body protein
synthesis or about the same as that for the liver.

It should now be clear that there are major differ-
ences among the various tissues and organs in their
rates of protein turnover. As might be expected,
therefore, the responses of different organs to nutri-
tional and pathological stimuli also differ, and this
can be with respect to the direction of change and the
extent of change. To illustrate this point, Table 5.8
summarises the responses of the liver and muscle of
young rats to a variety of nutritional and pathologi-
cal treatments. As shown here, the rates of protein
synthesis in these rat tissues change in the same direc-
tion during nutrient deprivation, but they respond
differently to various disease states. Although the
available data are more limited in humans, similar
differences in the pattern of response appear to apply.
Thus, the higher rate of whole-body protein turnover
in severely traumatised patients is associated with
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Figure 5.7 mTORC1 activation by nutrients and growth factors. (Reproduced with permission from Shaw, 2008).

higher rates of muscle protein breakdown and also
higher rates of liver protein and immune cell protein
synthesis. For example, in severely burned adult
patients, rates of whole-body protein synthesis might
be as much as double those for healthy subjects. It has
been estimated that in response to infection acute-
phase protein synthesis might account for an addi-
tional 1g protein synthesis/kg body weight per day,
which is six times the normal rate of albumin synthe-
sis in adult humans.

5.13 Mechanisms and factors
responsible for alterations in protein
turnover

Protein synthesis

As is already evident, rates of protein synthesis and
breakdown are not constant but change in response
to different pathophysiological conditions. Among

the important factors responsible for alterations in
protein synthesis rates is the availability of amino
acids. They regulate the expression of a number of
genes involved in growth, cellular function and amino
acid metabolism. The finer details of the mechanisms
involved are only now being revealed.

An increase in amino acid availability can up-
regulate the translational phase of protein synthesis via
an effect on translation initiation by activation of the
kinase mTOR (Figure 5.7). Rag proteins (a subfamily
of Ras small GTPases) interact with amino acids and
mTORCI (the mTOR complex with Raptor) to cause
redistribution of mTORCI1 to vesicles containing
Rheb, which activates mTOR. Phosphorylated targets
in response to mTOR include 4E-BP1, which is inhib-
ited, permitting the cap complex to form (Figure 5.1)
and S6 Kinase, which phosphorylates several targets
to increase translation. Insulin and several growth
factors also activate mTORC1 through the PI3 Kinase/
PK-B pathway, which results in Rheb activation. Thus
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amino acids and insulin/growth factors work syner-
gistically to activate translation. A second mechanism
has been proposed to explain the down-regulation of
translation as a result of amino acid starvation. In
this case, free tRNA accumulates when amino acids
are lacking and activates the kinase GCN2, which
phosphorylates EIF2a, thus inhibiting formation of
the preinitiation complex (Figure 5.1). There is still
more to be learned about how the cell senses changes
in amino acid availability, the basis for the specificity
of the response to particular amino acids, and the
nature and extent of the cooperativity between amino
acids and growth-promoting hormones in the regu-
lation of protein synthesis.

Protein breakdown

A profound loss of muscle mass may occur under
various experimental conditions, such as following
glucorticoid treatment, denervation, immobilisation,
microgravity and fasting. A similar loss also occurs in
patients suffering from major trauma, including burn
injury, sepsis and cancer. This erosion of muscle pro-
tein is due, in part, to enhanced rates of protein break-
down or proteolysis,and the contractile or myofibrillar
proteins may be particularly affected. In models of
muscle wasting there are various changes that indi-
cate an activation of the proteasome—ubiquitin-
dependent pathway. The increases in mRNA levels for
ubiquitin, for certain proteasome subunits and for
specific ubiquitination enzymes, suggest a coordi-
nated series of biochemical adaptations in the atro-
phying muscle that enhance the activity and capacity
of this pathway, leading to muscle wasting. It is now
thought that activation of FoxO transcription factors
leads to activation of both lysosomal proteolysis and
the proteasomal system to result in a marked increase
in proteolysis of muscle proteins (Figure 5.8).

In contrast to the stimulation of muscle break-
down, there are other conditions that favour conser-
vation of muscle cell protein. Thus, after a meal, when
insulin is increased, protein turnover in muscle is
reduced. Insulin activates Akt, which inhibits FoxO3
(Figure 5.8), leading to a reduced capacity to degrade
proteins, associated with a suppression of the ubiqui-
tin-dependent proteasome pathway as well as a
reduction in the activity of the lysosomal pathway.

Such adaptations to protein inadequacy are seen in
humans in prolonged starvation or malnutrition,
where physiological mechanisms have evolved that

Image not available in this electronic edition

Figure 5.8 Schematic of FoxO3 regulation of lysosomal and
proteasomal proteolysis leading to muscle atrophy. Insulin would
oppose muscle atrophy by activating AKT which inhibits Fox03 and
activates mTOR, leading to increased muscle protein synthesis.
(Reprinted from Cell Metabolism, Vol 6, Fox03 Coordinately Activates
Protein Degradation by the Autophagic/lysosomal and Proteasomal
Pathways in Atrophying Muscle Cells. pp. 472483, (2007) Copyright
© Elsevier.)

permit survival to continue with little or no energy
and protein intake for relatively long periods.
However, a continued and sustained loss of cell pro-
teins is lethal and so the capacity to mobilise protein
from cells as a source of energy is limited. In the ini-
tial days of a fast or catabolic illness, muscle and skin
proteins are mobilised and amino acids are metabo-
lised for energy and/or used to meet the amino acid
needs for protein synthesis in the splanchnic region
and by the immune system. After several days of food
deprivation, that catabolic response ceases and other
mechanisms are activated to suppress muscle protein
breakdown and amino acid oxidation. The conserva-
tion of muscle protein occurs concomitantly with a
reduction in oxygen consumption and metabolic
rate, and the overall rates of protein breakdown vary
with changes in nutrient supply and endocrine fac-
tors. Thus, muscle proteolysis is controlled by several
hormones, especially insulin and glucocorticoids.
The turnover of proteins and their response to
changes in the internal and external environments
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occur in the context of the movement of amino acids
among organs and within tissues. This aspect of the
integration of protein and amino acid metabolism
will be discussed in the following section.

5.14 Interorgan amino acid metabolism

Fed and fasted states

There is considerable amino acid traffic between the
various organs of the body. The principal vehicles for
this transport are the free amino acids themselves.
However, distribution via proteins and peptides
should also be considered. The liver is the site of syn-
thesis of a number of plasma proteins, of which albu-
min is quantitatively the most important. In a
well-nourished healthy adult, approximately 20g of
albumin is synthesised by the liver per day and
catabolised in the periphery. Albumin synthesis is
sensitive to nutritional and pathological conditions,
increasing with the feeding of protein-rich meals and
decreasing in kwashiorkor, for example. Albumin
degradation occurs in many tissues of the body,
including skin, muscle, kidneys and even in the liver
itself; it seems that fibroblasts in these tissues are par-
ticularly active. In terms of amino acid traffic, it can
be estimated that some 20g of amino acids per day
are normally made available to peripheral tissues as a
result of albumin catabolism.

Peptides have also been suggested as a vehicle for
interorgan amino acid traffic. Certainly, some pep-
tides that arise physiologically, such as the C-peptide
of proinsulin or peptide products of angiotensinogen
proteolysis, are very rapidly catabolised. The kidney
has a high capacity for such peptide catabolism. It has
also been suggested that peptides can play a major
role in interorgan amino acid metabolism. However,
the situation is far from clear as the evidence for the
existence of a significant circulating peptide pool is
controversial.

The principal technique for the study of interor-
gan amino acid metabolism is that of arteriovenous
(or A-V) difference. When combined with simulta-
neously measured rates of blood flow, such A-V dif-
ferences provide quantitative data on the net uptake
or output of amino acids across different organs.
There are two important points to appreciate about
this technique. First, it measures net metabolic
exchanges. It is entirely possible that there may be

simultaneous utilisation and production of an
amino acid across an organ (e.g. glutamine utilisa-
tion in periportal hepatocytes and glutamine syn-
thesis in perivenous hepatocytes). Delineation of
these individual processes requires the application
of isotopic techniques, in addition to that of the A-V
difference approach. Secondly, A-V differences are,
almost always, small differences between two large
numbers. As such, they require great analytical pre-
cision and it can be assumed that many small,
although physiologically important, differences
escape detection.

Major A-V differences for amino acids have been
found across many tissues. Across the fed intestine,
there is a net outflow of amino acids into the hepatic
portal vein as proteins are digested and amino acids
are absorbed, but in addition there is an uptake of
glutamine and an output of alanine and citrulline.
The carbon skeleton of alanine arises from glycolyti-
cally derived pyruvate, while the nitrogen arises from
glutamine metabolism. Kidneys remove citrulline and
convert it to arginine, which is released (Figure 5.4).
They also remove glycine and produce serine. Kidneys
take up glutamine, for acid—base homeostasis, and this
uptake increases dramatically in metabolic acidosis
(e.g. diabetic ketoacidosis) or during ingestion of a
high-protein diet when increased quantities of sul-
phuric acid are produced from methionine and
cysteine oxidation. Skeletal muscle oxidises an impor-
tant proportion of dietary branched-chain amino
acids. It also releases substantial quantities of alanine
and glutamine. Alanine is synthesised via alanine ami-
notransferase; its nitrogen comes from the branched-
chain amino acids and its carbon from glucose by
glycolysis. This alanine is taken up by the liver and
converted to glucose (the glucose—alanine cycle). Thus,
alanine serves as an innocuous means of transferring
nitrogen to the liver without increasing blood ammo-
nia concentrations. In the fed state, more glutamine
than alanine is released by muscle. The nitrogen for
glutamine synthesis is derived from all three of the
branched chain amino acids, but the carbon skeleton
can only be provided from isoleucine and valine.

During starvation there is marked muscle proteoly-
sis to provide amino acids to the liver for gluconeo-
genesis. However, the pattern of amino acids released
by the liver does not correspond to the amino acid
composition of muscle protein, in that alanine and
glutamine comprise at least 50% of the amino acids
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Figure 5.9 Splanchnic and leg exchange of amino acids in humans after an overnight fast. (Printed, with permission, from the Annual Review of
Biochemistry, Vol.44 © 1975 by Annual Reviews http://www.annualreviews.org.)

released. Much of the alanine arises via the glucose—
alanine cycle. The carbon skeletons for glutamine syn-
thesis are derived from the intramuscular metabolism
of glutamate, aspartate, asparagine, valine and isoleu-
cine. The concordance is between the pattern of amino
acids released from skeletal muscle after an overnight
fast (shown in white in Figure 5.9) and the pattern of
amino acids taken up by splanchnic tissues after an
overnight fast (shown in grey in Figure 5.9).

5.15 Amino acid and peptide transport

Amino acid pools

Free amino acids comprise a very small portion of
total body amino acids, whereas about 99% are
found in proteins. However, the free amino acid
pools are, metabolically, very dynamic. The extracel-
lular pool is the major vehicle for interorgan amino

acid exchange. Cellular amino acid pools are hetero-
geneous, both between cell types and within intrac-
ellular compartments. Thus, the brain contains
particularly high concentrations of glutamate, an
important neurotransmitter, while muscle contains
the great bulk of the body’s free glutamine. Cellular
amino acid pools are crucial for the specific meta-
bolic functions of individual cell types (e.g. the role
of arginine, ornithine and citrulline in the liver’s
urea cycle) as well as, more generally, being the
immediate pool of amino acids from which proteins
are synthesised and to which amino acids are
returned by intracellular proteolysis. Table 5.9 gives
the concentrations of free amino acids in human
plasma and within human muscle cells. It is appar-
ent that there is considerable variability in the intra-
cellular/extracellular gradients for different amino
acids. These gradients are largely determined by
amino acid transport mechanisms.
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Table 5.9 Concentrations of free amino acids in human
muscle and plasma

Plasma Intracellular
Amino acid (mm) muscle (mm)
Citrulline 0.03 0.04
Phenylalanine 0.05 0.07
Tyrosine 0.05 0.10
Methionine 0.02 0.11
Isoleucine 0.06 0.11
Leucine 0.12 0.15
Cysteine 0.1 0.18
Valine 0.22 0.26
Ornithine 0.06 0.30
Histidine 0.08 0.37
Asparagine 0.05 0.47
Arginine 0.08 0.51
Proline 0.17 0.83
Serine 0.12 0.9
Threonine 0.15 1.03
Lysine 0.18 1.15
Glycine 0.21 1.33
Alanine 0.33 2.34
Glutamate 0.06 4.38
Glutamine 0.57 19.45
Taurine 0.07 15.44

Compiled from Bergstrom et al. (1974).

Amino acid transporters

Since the early 1990s enormous progress has been
made in this field as many amino acid transporters
have been identified, cloned and studied in detail.
This new knowledge has complemented and
expanded our earlier understanding, which was
almost entirely derived from kinetic studies and
genetic defects. Most cells contain systems A, ASC, L,
y" N, y'L and X, (Figure 5.10 and Table 5.10), as
well as tissue-specific transport systems. From these
new molecular studies it is now appreciated that there
are many individual transporters within these differ-
ent systems. Each transport protein is given a name,
as is the gene that codes for the protein (Table 5.10).
A common feature of these transporters is that, gen-
erally, they transport a number of amino acids that
share common structural features.

Amino acid transporters differ in their preferred
substrates and in the thermodynamic driving forces
they use. Systems A, ASC and L transport neutral
amino acids; systems A and ASC mediate transport
of amino acids with small side-chains, whereas sys-
tem L prefers amino acids with bulky side-chains (i.e.

branched and aromatic groups). Alanine, serine and
glutamine are preferred substrates for system A, and
alanine, serine and cysteine for system ASC. Transport
via systems A and ASC is in symport with sodium
ions and uses sodium entry down its electrochemical
gradient as a driving force. System L is not sodium
linked and may, in many circumstances, mediate
amino acid efflux from cells. System y* mediates
high-affinity sodium-independent transport of cati-
onic amino acids as well as sodium-dependent trans-
port of neutral amino acids. System X, .~ transports
glutamate or aspartate together with sodium into the
cell and potassium out of the cell. For a more com-
plete review, see Hyde et al. (2003).

In addition to these fairly ubiquitous transporters,
mention should be made of system B° (ASCT2,
SLC1AS5) and related systems, which are found on the
apical poles of epithelial cells, such as in the intestine
and kidney. These effect the sodium-dependent accu-
mulation of a broad range of neutral amino acids,
including those transported, in other cells, by system
L. Transport of glutamine, asparagine and histidine
occurs via a sodium-dependent system N in hepato-
cytes and system N™ in skeletal muscle. It is thought
that the massive loss of glutamine from skeletal mus-
cle during catabolic illness occurs via system N™. It
should be emphasised that the amino acid transport-
ers are described in general terms and represent only
a fraction of those that have been identified. In addi-
tion, with the continuing application of molecular
techniques many more of these transporters may be
discovered. Chapter 8 of this volume deals in greater
detail with amino acid transporters of importance to
brain function.

Peptide transporters

Peptide transporters have been identified that trans-
port dipeptides and tripeptides in intestinal and renal
epithelia. PEPT1 is expressed in the intestine and, to
a lesser degree, in the kidney. PEPT2 is found only in
the kidney. These transporters have quite broad spe-
cificity with respect to the amino acid composition of
the dipeptides and tripeptides transported, but they
will not transport amino acids or tetrapeptides. The
peptide transport occurs together with a hydrogen
ion; the driving force for peptide accumulation is the
transmembrane electrochemical H* gradient. These
peptides are hydrolysed to amino acids within renal
and intestinal cells. The peptide transporters are also
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Table 5.10 Some major amino acid transport systems in mammalian
cells

System Protein Gene Substrate

A SAT1-3 SLC38A1,2,4 Small neutral

ASC ASCT1,2 SLC1A4,5 ASC

N SN1,2 SLC38A3,5 QNH

L LAT1,2 SLC7A5,8 Large hydrophobic
Y+ Cat1,2,3,4 SLC7A1-4 RKH

X EAAT1-5 SLC1A1-3,6,7 ED

Y*L Y*LAT1,2 SLC7A6,7 KRQHML

of considerable pharmacological importance as they
transport a number of drugs, including cepha-
losporins and penicillins, which contain peptide-like
structures.

Physiological function and regulation
of amino acid and peptide transport

The most obvious function of the amino acid and
peptide transporters is in the absorption of amino

acids from the intestine, the reabsorption of filtered
amino acids in the kidney, and the cellular uptake
and interorgan metabolism of amino acids. Amino
acid transporters also play important roles in the
maintenance of cell volume. Transepithelial amino
acid transport (e.g. in the intestine and kidney)
requires two amino acid transporters, one on the api-
cal (brush-border) membrane and the other on the
basolateral membrane. These two transporters are,
invariably, distinct. In the intestine, the combination
of amino acid and peptide transporters is responsible
for the absorption of about 160 g of amino acids per
day, comprising about 100g of dietary protein and
about 60g from intestinal secretions and sloughed
cells. In the intestine, the peptide transporters are
quantitatively more important than the amino acid
transporters.

The total plasma amino acid concentration is
about 2.5mmol/], and the glomerular filtration rate,
in humans, is about 1801/day. Therefore, it can be
calculated that the renal amino acid transporters
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reabsorb about 450 mmoles of amino acids per day
(equivalent to the amino acids in about 45g of pro-
tein). In the absence of reliable data on the plasma
concentrations of dipeptides and tripeptides a simi-
lar calculation cannot be made for the amount of
peptide transport in the kidney, but it is believed to
be much less than amino acid transport. It should be
noted that the brush-border membranes of the cells
of the proximal tubule contain highly active pepti-
dases that can attack larger peptides and small filtered
proteins, and that these processes will make addi-
tional dipeptides and tripeptides available to the pep-
tide transporters, but it is difficult to quantify this
activity. However, it is clear that the renal peptide
transport systems will play a major role in the hydrol-
ysis of peptides provided in parenteral nutrition.

In addition to facilitating amino acid uptake and
output by cells, amino acid transporters may exercise
control on such amino acid traffic. It has already been
indicated that the loss of glutamine from skeletal
muscle during catabolic illness is attributable to the
system N™ transporter. The hepatic uptake of alanine
may be limited by its transport. Competition between
large neutral amino acids limits their uptake into the
brain (Chapter 8). The capacity of many of these
transport systems is also controlled. Perhaps the best
examples come from system A, whose activity, in a
variety of tissues, can be made to vary markedly. For
example, hepatic system A activity is up-regulated in
diabetes and during starvation as well as by the
administration of glucorticoids and interleukin-6
(IL-6), and by both glucagon and insulin. Its expres-
sion is decreased by growth hormone.

There are three well-described situations where
system A is markedly up-regulated in almost all cells:
adaptive regulation, hypertonicity and cell prolifera-
tion. In each of these situations the up-regulation
requires protein synthesis. Adaptive regulation refers
to the increase in system A activity that becomes
apparent when cells are placed in a medium lacking
system A substrates. (Conversely, system A activity is
down-regulated when cells are transferred to an
amino acid-rich medium.) This mechanism relates
to the fundamental nutritional needs of cells as the
up-regulation helps cells to cope with a limited extra-
cellular availability of amino acids. System A also
shows remarkable sensitivity to osmotic pressure.
Cells shrink when placed in a hypertonic medium
but, after some time, exhibit a regulatory volume

increase in which up-regulation of system A and the
expansion of the amino acid pool play a key role in
the restoration of cell volume. System A can also reg-
ulate cell volume during isotonic conditions. In par-
ticular,increased system A activity hasbeen implicated
in the increased cell volume associated with cell pro-
liferation. System A is up-regulated as cells leave the
G, phase and enter the cell cycle, while the marked
increase in cell volume in the G, and S phases is
attributable to increased accumulation of potassium
and amino acids. These effects expand the role of
amino acid transporters, from the simplest one of
supplying cells with amino acid substrates for metab-
olism and protein synthesis, to a more complex and
fundamental role in osmoregulation. The signalling
pathway whereby system A is enhanced in these con-
ditions is, currently, a highly active research field.

Genetic diseases of plasma amino acid
transport

Various amino acid transport disorders are known.
These have provided valuable knowledge about the
transport process as well as providing nutritional
challenges for patient care. Cystinuria is an auto-
somal recessive disease, often associated with
increased urinary loss of cationic amino acids that
share a transporter with cystine. The intestinal trans-
port mechanisms for the absorption of cystine and
the cationic amino acids are also often defective in
cystinuria; however, this appears to have no nutri-
tional consequences owing to alternative uptake
mechanisms. Hartnup disorder is an autosomal
recessive impairment of neutral amino acid reab-
sorption in the kidney. Defective transport is also
evident in the intestine. Lysinuric protein intolerance
is an autosomal recessive disease associated with
greatly increased urinary excretion of lysine, arginine
and ornithine. These amino acids are also poorly
absorbed in the intestine. The transport defect is
localised in the basolateral membrane of these epi-
thelia. The condition is associated with intolerance
and rejection of high-protein food as well as hyper-
ammonaemia, which has been attributed to impaired
urea synthesis. Other amino acid transporter defects
include aminoaciduria, characterised by increased
urinary excretion of glycine, proline and hydroxy-
proline, and dicarboxylate aminoaciduria, character-
ised by massive urinary excretion of glutamate and
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aspartate. It is obvious that most of these genetic
transporter diseases have been discovered as a result
of increased urinary amino acid excretion. It may
be assumed that comparable defects occur in which
the lesion is exclusively expressed in internal organs
but which have not yet been discovered because
of the lack of so convenient a means for their
identification.

5.16 Disposal of dietary amino acids
and roles of specific organs

With the continuous turnover of proteins and move-
ment of amino acids between organs there is an inev-
itable and irreversible loss of indispensable amino
acids and of end-products of nitrogen metabolism.
Hence, a dietary supply of indispensable amino acids
in adequate amounts and proportions, together with
suitable carbon and nitrogen sources that can be used
to synthesise dispensable and conditionally indispen-
sable amino acids, is needed to maintain this dynamic
state of protein turnover and cell and organ function.
It is necessary, therefore, to consider here the metab-
olism of amino acids entering from the diet.

Events in the intestine

The digestion and absorption of dietary protein is
dealt with in detail in Chapter 10. In terms of quanti-
tation, it is important to appreciate that, although an
adult may ingest some 100g of protein per day, the
quantity digested and absorbed is much greater than
this. It is estimated that approximately another 70 g
arises in the intestine as a result of the sloughing of
mucosal cells and the protein content of secreted
juices. Since faecal nitrogen is equivalent to some 10 g
of protein daily, it follows that about 160 g of protein
might be available for digestion and absorption per
day. However, it is not known at this time how the
enteric microbiota would influence this calculation.
It is now apparent that the small intestine is a
major site of amino acid catabolism and, in the fed
state, can obtain a significant amount of its energy
requirements from this process. As much as 90% of
dietary glutamate and aspartate and much glutamine
are catabolised within the small intestinal mucosa in
the first pass. In addition, appreciable quantities of
indispensable amino acids (isoleucine, leucine, valine,
lysine, methionineand phenylalanine) are catabolised.

There is also substantial metabolism of threonine,
but this may be due largely to mucin synthesis (a
threonine-rich protein) rather than catabolism. In
the case of many of these amino acids, as much as
30-50% does not enter the hepatic portal circulation,
so that intestinal metabolism is a major determinant
of whole-body amino acid requirements. In addition,
this phenomenon has important implications for
amino acid nutrition during parenteral feeding, as
the elimination of first pass intestinal metabolism
means that indispensable amino acid requirements
will be decreased.

Finally, it should be noted that intestinal amino
acid catabolism is often not complete, and products
released into the hepatic portal vein include other
amino acids such as alanine, citrulline and proline. It
is clear that first-pass intestinal metabolism substan-
tially modifies the pattern of amino acids that are
available to the rest of the body.

Role of the liver

The liver has long been recognised as the principal
organ that metabolises dietary amino acids. It is the
only organ that contains the enzymic capacity to
catabolise all of the amino acids, although its ability
to metabolise branched-chain amino acids is limited.
It also contains the urea cycle, so that ammonia aris-
ing from amino acid catabolism can be readily detoxi-
fied. Indeed, the ammonia concentration in the
hepatic venous blood that exits the liver is much
lower than in the blood that enters via the hepatic
portal vein, which is enriched in ammonia partly as a
result of bacterial activity in the intestine. However,
ammonia detoxification cannot be entirely attributed
to urea synthesis. It is now apparent that there are
two hepatic processes that remove ammonia: urea
synthesis and glutamine synthesis. Furthermore,
these two processes do not occur in the same liver
cells. The enzymes of the urea cycle are found in the
periportal and central hepatocytes, whereas glutamine
synthetase is restricted to the perivenous hepatocytes,
where it can serve to scavenge ammonia that escapes
detoxification in the earlier part of the hepatic acinus
(Figure 5.11). As the K of glutamine synthetase for
ammonia is much lower than that of carbamylphos-
phate synthetase 1, the hepatic ammonia detoxifica-
tion system can be thought of as a low-affinity,
high-capacity system (urea synthesis) in series with
a high-affinity, low-capacity system (glutamine
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Figure 5.11 The intercellular hepatic glutamine cycle. Urea synthesis
in periportal cells and glutamine synthesis in perivenous cells provide
an in-series (fail-safe) system for ammonia removal by liver.

synthesis). These two systems, together, are responsi-
ble for the very low levels of ammonia that are nor-
mally found in the systemic circulation.

The capacity of the liver for urea synthesis is very
high, so that it can readily respond to increased sub-
strate supply. In addition, there are important acute
and long-term controls that act on this process (see
also Chapter 4 of Introduction to Human Nutrition in
this series). The principal acute regulation occurs via
changes in the concentration of N-acetylglutamate,
an obligatory activator of carbamylphosphate syn-
thetase-1, the first enzyme of urea synthesis. Levels of
N-acetylglutamate can change very rapidly and are
very responsive to protein intake. The mechanism by
which N-acetylglutamate increases rapidly in
response to a high-protein meal is not clear, but it is
known that glucagon can rapidly increase the hepatic
concentration of this regulator. Long-term regula-
tion of the urea cycle occurs via alterations in the
activities of its enzymes in response to changes in
habitual protein intake or to endogenous protein
catabolism. These enzymes are not known to be reg-
ulated by covalent modification and changes in their
activities are due to corresponding changes in the
amounts of the enzyme proteins. A variety of mecha-
nisms underlies these alterations in enzyme activity.
Certainly, altered rates of gene transcription (medi-
ated by glucagon and glucocorticoids) play a major
role, but other mechanisms, such as alterations in
mRNA translation and protein stability, may also
be important.

Traditionally, urea was thought of as a classical
end-product. It is now apparent, however, that there
is appreciable recycling of urea nitrogen. Urea diffuses
into the intestinal lumen and is also a constituent of

pancreatic and biliary secretions. This urea is hydro-
lysed by urease-containing gut bacteria and much of
the ammonia is returned to the body in the hepatic
portal vein. It is estimated that approximately 25% of
total hepatic urea production is recycled in this way.
As discussed in Chapter 4 of Introduction to Human
Nutrition, the extent to which this recycled nitrogen
contributes to nitrogen retention is still unclear.

Amino acid oxidation provides a substantial frac-
tion of the body’s energy. The oxidation of the
amino acids in 100g of protein requires the con-
sumption of about 5moles of oxygen. This com-
pares with a consumption of approximately 3 moles
of oxygen per day by the typical adult liver. Clearly,
the traditional textbook description of amino acid
oxidation, that dietary amino acids are almost com-
pletely oxidised in the liver, cannot be true. Even if
the dietary amino acids were the liver’s only fuel,
their oxidation would require more oxygen than the
liver actually consumes and would produce more
ATP than the liver could use. The solution to this
conundrum is two-fold. First, there is substantial
extrahepatic amino acid oxidation and, secondly,
many of the amino acids metabolised by the liver are
only partially oxidised there; their carbon chains are
converted to glucose or to the ketone bodies that are
released and may be oxidised by other tissues. The
principal extrahepatic tissues for amino acid catab-
olism are the small intestine (see above), skeletal
muscle and kidney.

The liver removes about two-thirds of the absorbed
amino acids. Of these, perhaps as much as two-thirds
are metabolised and one-third is used for protein
synthesis, of both plasma proteins and hepatic pro-
tein, which undergoes a temporary post-prandial
increase. About one-third of the absorbed amino
acids, enriched in the branched-chain amino acids,
reach the peripheral tissues.

Skeletal muscle and kidney

Skeletal muscle plays a crucial role in branched-chain
amino acid catabolism. The first two enzymes in their
catabolism (the branched-chain aminotransferase
and the branched-chain a-keto acid dehydrogenase)
are common to the catabolism of each of the three
branched-chain amino acids. The liver has very low
activities of the aminotransferase, so that almost all
dietary branched-chain amino acids are delivered to
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the systemic circulation. Skeletal muscle, which has
substantial activities of both enzymes, is the major
catabolic organ for these amino acids. The nitroge-
nous end-products are glutamine and alanine, which
are released from muscle. In some animals (e.g. the
rat) many of the branched-chain keto acids produced
by transamination are released from the muscle and
metabolised in the liver. However, it is evident that in
humans the bulk of these o-keto acids are metabo-
lised within the muscle.

The kidney uses amino acid metabolism to main-
tain acid-base status. The two sulphur-containing
amino acids, methionine and cysteine, generate sul-
phuric acid on oxidation (equations 5.1 and 5.2).

2C,O,NH ;S (methionine) + 150, — (NH,),CO
(urea) +9CO, + 7H,0 + 4H* + 250 (5.1)

2C,0,NH_S (cysteine) + 90, — (NH,),CO
(urea) + 5CO, + 3H,0 + 4H* + 250, (5.2)

In an individual ingesting 100 g of protein a day these
reactions can amount to some 60-70mmoles of
hydrogen ions per day. This production of acid can-
not be considered in isolation, as it will be offset by
any base produced from other dietary constituents,
such as from the oxidation of alkali salts of carboxylic
acids, which are abundant in fruits. Most individuals
on a typical Western diet will have a net daily genera-
tion of about 30 mmoles of hydrogen ions. Significant
concentrations of hydrogen ions are not allowed to
accumulate; they are promptly neutralised by the
blood bicarbonate buffer system (equation 5.3).

H*+HCO, <> H,CO,«<>H0+CO, (53)

However, the buffering of 30 mmoles of hydrogen
ions amounts to a daily bicarbonate loss of similar
magnitude. A process that can regenerate bicarbo-
nate is necessary. Such a process, involving amino
acid metabolism, is found in the kidney (Figure 5.12).
The principle behind the process is simple. The kid-
ney does not contain a urea cycle, so amino acid
nitrogen gives rise to ammonium. Metabolism of a
neutral amino acid to a neutral end-product (e.g.
carbon dioxide or glucose) will produce, as end-
products, NH," and HCO, . Transport processes
within the renal tubules effect the separation of NH *
from HCO," such that NH," is excreted in the urine
while HCO,™ is returned to the body via the renal
vein (Figure 5.12). This regenerates the bicarbonate

Tubular fluid Renal cell Blood
Glutamine
NH; +—— NHj HCO; —— HCO3;
Glucose

Figure 5.12 Renal glutamine uptake, ammonium excretion and
bicarbonate regeneration.

that was lost when hydrogen ions were buffered. In
addition to glutamine, glycine is used as a source of
NH,* and HCO,". However, glutamine is the pre-
dominant substrate in situations where there is mas-
sive acid production, such as diabetic ketoacidosis. In
human kidneys, the carbon skeleton of glutamine is
converted to glucose via renal gluconeogenesis.

5.17 Catabolic illnesses

As mentioned above, patients suffering from burn
injuries, cancer, trauma or sepsis, or who have under-
gone major surgery frequently have greatly increased
rates of protein turnover and catabolism. The origins
of these catabolic states are complex and anorexia
may play a role. However, if so, anorexia only plays a
minor role since the provision of nutrients by way of
intravenous nutrition does not arrest the catabolism.
These pathological catabolic conditions are clearly
different from the physiological response to starva-
tion, where lipid oxidation provides the bulk of the
energyand protein catabolismis somewhatrestrained.
The pathological catabolic states are characterised by
massive loss of lean body mass (muscle protein
catabolism) as well as high rates of lipolysis and fat
oxidation. They are also often accompanied by hyper-
metabolism (increased resting energy expenditure).
Circulating levels of cortisol, glucagon, epinephrine
and tumour necrosis factor (TNFa) are invariably
elevated and many of the features of the muscle pro-
tein catabolism can be reproduced by infusions of
these hormones. Of these hormones, cortisol appears
to be an important contributor to the catabolic state,
with the protein imbalance being further increased
by a decreased concentration or responsiveness to
various anabolic hormones, such as growth hormone
or insulin-like growth factor 1.
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Thus, a high rate of protein and amino acid turno-
ver in catabolic illness inevitably means a relatively
high requirement for nitrogen and for specific amino
acids. Indeed, rates of turnover (or flux) of nitrogen
and indispensable amino acids as well as their oxida-
tion rates in patients suffering from burn injury, for
example, are generally much higher than in healthy
adults. The turnover of protein amounts to about
7.3 g protein/kg per day in severely burned patients,
in comparison with the healthy adult where turnover
approximates 4 g protein/kg per day.

Another relationship of both metabolic and nutri-
tional interest is that between energy metabolism and
the rate of whole-body protein turnover. As men-
tioned earlier, protein synthesis, amino acid trans-
portand protein breakdown are all energy-dependent
processes. While their energy requirements differ, it
can be estimated that in normal adults amino acid
transport and protein synthesis alone appear to
account for at least 20% of basal energy metabolism.
It follows, once again, that major changes in body
protein turnover due, for example, to severe infection
or major trauma affect not only the protein and
amino acid utilisation and requirements but also the
status of body energy expenditure and requirements.
In adult burn patients, the increased rate of protein
turnover has also been estimated to account for about
20% of the increased metabolic rate characteristic of
this stressful condition.

One of the most remarkable features of muscle
metabolism in these conditions is the massive loss of
free glutamine. Glutamine is the most abundant free
amino acid in human skeletal muscle, being present at
concentrations of about 20-25umol/l (Table 5.9).
During these catabolic illnesses it can decrease to as
little as 8—10 mmol. This is quite specific for glutamine;
the other free amino acid pools of muscle are not
comparably decreased. The importance of glutamine
depletion relates to evidence, from in vitro studies
with rat muscle, that intracellular glutamine may
exert some control of protein synthesis and degrada-
tion. High glutamine concentrations favour net pro-
tein accretion and lower concentrations favour net
proteolysis. The mechanism whereby glutamine may
bring this about is uncertain, but it may be related to
osmotically induced changes in cell volume.

The increased muscle protein catabolism and
glutamine efflux seen in these catabolic conditions
serve functions that are designed to improve the

organism’s survival. Glutamine is directed to the liver
where, with other amino acids, it serves as a gluco-
neogenic precursor, and to rapidly dividing cells, cells
of the immune system and wounded tissue, where it
is used as a metabolic fuel and a precursor for nucle-
otide synthesis. The increased gluconeogenesis seen
in these situations often leads to hyperglycaemia,
which may serve the physiological role of increasing
the delivery of glucose to poorly perfused wounded
tissue, since glucose is the preferred fuel of tissues
with limiting oxygen delivery. The hyperglycaemia
may also maintain glucose delivery to the brain in
situations where its perfusion is decreased due to
shock. Arginine delivery to macrophages will be used
for the synthesis of nitric oxide, which is used by
these cells as a bacteriocidal agent. In addition, these
amino acids will be used for repair of damaged tissue
and by the liver for increased synthesis of acute-phase
proteins. Despite these beneficial functions of muscle
protein catabolism, it is apparent that when the
catabolism is excessive it can contribute to increased
mortality and morbidity. For this reason, many stud-
ies have provided substantial amounts of glutamine
(either as free glutamine or in peptide form) to such
patients in attempts to replace muscle glutamine and
to arrest or reverse the loss of lean body mass.
Beneficial results, such as improved nitrogen balance
and gut integrity and reduced rates of infection while
in hospital, have been reported.

Another point to note, of particular interest in sur-
gical metabolism and nutrition, relates to the post-
translational modifications of protein mentioned
earlier. Thus, there is a methylation of histidine resi-
dues within actin and myosin, the major fibrillar pro-
teins in skeletal muscle. Since the 3-methylhistidine
released during the degradation of myosin and actin
is not further metabolised to any extent or reabsorbed
by the renal tubule, it is largely excreted via the urine
unchanged. Hence, its rate of output serves as an
index of the approximate rate of muscle myofibrillar
protein degradation. This technique offers a relatively
simple in vivo, non-invasive index of protein break-
down that can be used to provide an understanding
of the in vivo regulation of muscle protein degrada-
tion and its response to nutritional and pharmaco-
logical treatment. In addition, methylated derivatives
of arginine occur in many proteins and they are also
excreted in urine when the proteins are degraded. In
particular, it has been shown that asymmetric
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(NSN9-dimethyl-L-arginine (ADMA), another prod-
uct of proteolysis, can be produced in quantities that
inhibit nitric oxide synthase. Nitric oxide is one of
the major endothelium-derived vasoactive media-
tors. Excess ADMA has been reported to occur in
patients with hypertension and with chronic heart
failure. Thus these two examples of modified amino
acids further illustrate the intimate relationship
between protein turnover, amino acid metabolism
and function in chronic illness.

5.18 Non-proteinogenic metabolic
functions of amino acids

In addition to their roles as substrates for protein
synthesis and as regulators of protein turnover,amino
acids display more functional diversity than any of
the other major nutrients. They are extraordinarily
important in the brain as neurotransmitters (gluta-
mate, glycine) and as neurotransmitter precursors
(tyrosine, tryptophan, histidine, glutamate, cysteine).
These issues are discussed in Chapter 8 of this vol-
ume. In the other tissues of the body, amino acids
also play crucial roles in metabolism and biosynthe-
sis (Table 5.11).

Many of the dispensable amino acids are involved
in high-capacity metabolic fluxes. For example, the
malate—aspartate shuttle is the principal means of
oxidising NADH generated in the cytoplasm during
glycolysis and, therefore, is involved in the oxidation
of some 200-400g of carbohydrate per day, in most
adults. Glutamate is involved in the transamination
of almost all of the amino acids and, thus, in the met-
abolic disposal of about 100g of protein per day (on
a typical Western diet). Alanine is the major vehicle
for shuttling nitrogen to the liver after amino acid
catabolism in muscle or intestine. There is a very high
rate of glutamine synthesis and degradation (40-80 g/
day in adults), which is only partly explained by the
fact that glutamine is a major fuel for intestinal cells
and for cells of the immune system. Arginine is
involved in the synthesis of some 30 g of urea per day
(on a typical Western diet). Aspartate is the immedi-
ate source of half of the nitrogen in urea. It could be
argued that the magnitude of the fluxes involved in
these processes obliged the retention of pathways for
the synthesis of these amino acids. However, both
dispensable and indispensable amino acids play key

Table 5.11 Some biochemical functions of amino acids

Amino acid  Functions

Alanine
Arginine

Nitrogen transport in blood

Urea cycle intermediate

Substrate for nitric oxide synthesis

Substrate for creatine synthesis

Substrate for polyamine synthesis

Nitrogen donor for urea synthesis

Substrate for purine and pyrimidine synthesis

Substrate for glutathione synthesis

Substrate for taurine synthesis

Partner in transamination reactions

Neurotransmitter

Substrate for glutathione synthesis

Precursor for GABA synthesis

Agonist for umami taste receptor

Nitrogen donor for purine, pyrimidine and amino
sugar synthesis

Acid-base balance: source of urinary ammonia

Metabolic fuel for enterocytes and cells of the immune
system

Nitrogen transport in blood

Substrate for citrulline and arginine synthesis in gut

Bile salt synthesis

Substrate for haem synthesis

Neurotransmitter

Source of methylene groups for one-carbon pool

Substrate for creatine synthesis

Precursor of histamine

Major methyl donor via S-adenosylmethionine

Substrate for polyamine synthesis via decarboxylated
S-adenosylmethionine

Source of hydroxymethylene groups for the
one-carbon pool

Precursor in phospholipid and sphingosine
biosynthesis

Precursor for serotonin synthesis

Precursor for epinephrine (adrenaline), norepinephrine
(noradrenaline) and dopamine synthesis

Aspartate
Cysteine

Glutamate

Glutamine

Glycine

Histidine
Methionine

Serine

Tryptophan
Tyrosine

roles in many lower flux pathways. Some of these are
given in Table 5.11. Three aspects of amino acids that
are of particular interest are selected here. These are
the role of methionine as a methyl donor, the biosyn-
thesis of creatine, and the synthesis and function of
glutathione.

Methionine metabolism
The metabolism of methionine provides an excellent
example of:

e a key amino acid function (methylation)
o the crucial involvement of vitamin-derived cofactors
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o the adaptation of metabolic fluxes to nutritional
conditions

o the influence of a common genetic polymorphism
on metabolism.

It also provides insight into factors that affect the pro-
duction of homocysteine, which has been identified as
an important risk factor for cardiovascular disease.
Figure 5.13 shows an outline of the major pathways of
methionine metabolism. In fact, Figure 5.13 depicts
two separate pathways: the catabolism of methionine
via the transsulphuration pathway and the methionine
cycle. Probably all cells have the methionine cycle,
while the transsulphuration pathway, which converts
homocysteine to cysteine, is most active in the liver but
is also found in the kidney, intestine and pancreas.
The methionine cycle describes the reactions
whereby the methyl group of methionine is used in

methylation reactions and then regenerated, while
preserving the carbon skeleton of this indispensable
amino acid. The reactions involve the conversion
of methionine to S-adenosylmethionine, which
serves as a universal methylating agent in more than
50 different methyltransferases. Examples of such
methyltransferases are found in the synthesis of
epinephrine, creatine and phosphatidylcholine, and
in the methylation of DNA, RNA and protein.
S-adenosylhomocysteine, produced in these methyl-
ation reactions, is hydrolysed to adenosine and
homocysteine. To complete the cycle, homocysteine
is remethylated to methionine by one of two enzymes:
either by the ubiquitously distributed methionine
synthase, which wuses 5-methyltetrahydrofolate
(5-methyl THF) as the methyl donor, or by betaine
methyltransferase, which is restricted to the liver and
the kidney. Betaine arises from the catabolism of
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choline. The transsulphuration pathway affects the
catabolism of methionine. Homocysteine is removed
from the cycle and converted to cysteine by the suc-
cessive actions of cystathionine 3-synthase and cys-
tathionine y-lyase. An important feature of these
pathways is the role of vitamin-derived cofactors.
Methionine synthase has methylcobalamin as its
cofactor; both cystathionine -synthase and cystath-
ionine y-lyase contain pyridoxal phosphate. In addi-
tion, methionine synthase utilises a methyl group
from the folic acid—one-carbon pool.

In Figure 5.13 it can be seen that homocysteine sits
at a metabolic crossroads as it may be reconverted to
methionine or catabolised to cysteine. Careful bal-
ance data and isotopic measurements of methionine’s
fate in both humans and rats show that the partition-
ing of homocysteine between remethylation and
transsulphuration depends on the dietary supply of
methyl groups. When methionine and choline intake
is low, homocysteine is predominantly remethylated.
However, when dietary methyl groups, in the form of
methionine and choline, are abundant, remethyla-
tion is decreased and flux through the transsulphura-
tion pathway is increased.

Since the early 1990s, convincing epidemiological
evidence has accumulated to support the proposition
that elevated plasma homocysteine is an important
risk factor for cardiovascular disease. This has stimu-
lated a great deal of interest in factors that affect the
plasma level of homocysteine. Deficiencies in the B
vitamins important in methionine metabolism (folic
acid, vitamin B,, and pyridoxal) are all associated
with elevated plasma homocysteine. Of these, it is
apparent that folic acid deficiency is the most impor-
tant contributor to hyperhomocystinaemia. Indeed,
the US ‘national’ plasma homocysteine level has
decreased by some 5-10% since the advent of folic
acid fortification.

Finally, the metabolism of methionine and
homocysteine provides a remarkable example of the
influence of common genetic polymorphisms.
Methylenetetrahydrofolate  reductase (MTHEFR)
reduces 5,10-methylene THF to 5-methyl THF, which
is used by methionine synthase to remethylate homo-
cysteine to methionine (Figure 5.13). An MTHFR
polymorphism (C677T), in which alanine-222 is
replaced by valine, is remarkably common. Indeed, in
most populations that have been examined, homozy-
gosity for this polymorphism varies from 4 to 24%.

Individuals with this variant tend to have an increased
folate requirement, as well as increased plasma homo-
cysteine because of impaired provision of 5-methyl
THF for methionine synthase. Whether or not this
genetic polymorphism is a risk factor for cardiovas-
cular disease is controversial, but there is no question
that the C677T polymorphism predisposes to neural
tube defects.

Creatine synthesis

Creatine synthesis provides an excellent example of
amino acids as biosynthetic precursors. It is also a
pathway that consumes substantial amounts of
arginine and methyl groups. An adult human loses
some 1-2g of creatinine per day in the urine. This
creatinine arises from the spontaneous breakdown of
both creatine and phosphocreatine. Creatine synthe-
sis (which replaces the loss) involves three different
amino acids, but only two enzymes. The first step
(equation 5.4) is catalysed by arginine, glycine
amidinotransferase:

glycine + arginine — guanidinoacetate

+ ornithine (5.4)

The second reaction is catalysed by guanidinoacetate
methyltransferase (equation 4.5):

guanidinoacetate + S-adenosylmethionine

— creatine + S-adenosylhomocysteine  (5.5)

These two enzymes occur in different tissues: the
amidinotransferase is most abundant in the kidney
and absent from the liver, while the methyltransferase
is largely restricted to the liver. Thus, creatine synthe-
sis is an interorgan process in which guanidinoacetate
is released by the kidney and taken up by the liver.
Creatine synthesis makes major demands on arginine
and on methyl groups. It can be calculated that an
18-29-year-old male requires about 2.5g of arginine
per day for creatine synthesis. This is about 50% of
dietary arginine if he ingests 100g protein/day.
Creatine synthesis is also a major consumer of methyl
groups. Indeed, the methylation of guanidinoacetate
uses approximately 40% of physiologically labile
methyl groups.

Glutathione

Glutathione provides an excellent example of a key
amino acid-derived molecule whose synthesis may
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be restricted, in certain nutritional and pathological
conditions, by the availability of its amino acid con-
stituents and whose function is determined by an
inorganic micronutrient, selenium. Glutathione is a
tripeptide  (rL-y-glutamyl-L-cysteinylglycine) com-
posed of three amino acids in which the glutamate is
joined to cysteine by an unusual iso-peptide linkage.
It plays a number of roles within cells in such diverse
areas as:

e conjugation and elimination of xenobiotics

e covalent modification of protein via gluta-
thionylation

o transfer of nitric oxide as S-nitrosoglutathione.

Glutathione is also the major low molecular weight
thiol in animal cells and, as such, serves both as a
redox buffer and as an agent for the detoxification of
reactive oxygen species (ROS). The key to glutath-
ione’s function in these processes lies in its ability to
undergo oxidation. Glutathione with a free thiol
(GSH) can be oxidised to glutathione disulphide
(GSSG). In cells most of the glutathione exists as
GSH owing to the action of glutathione reductase
(equation 5.6):

NADPH + H* + GSSG — NADP*+ 2GSH  (5.6)

The NADPH is provided by the pentose phosphate
pathway. Glutathione plays a major role in the
destruction of hydrogen peroxide (equation 5.7) and
a variety of organic hydroperoxides (equation 5.8)
via the action of glutathione peroxidase:

2GSH + H,0, — GSSG + 2H,0 (5.7)

2GSH + ROOH — GSSG+H,O0+ROH  (5.8)

Hydrogen peroxide arises from a variety of reactions,
including the scavenging of superoxide radicals by
superoxide dismutase. Organic hydroperoxides arise
from lipid peroxidation of polyunsaturated fatty
acids. Thus, glutathione can deal with a variety of
ROS. It can also prevent lipid peroxidation because
of its ability to scavenge free radicals, such as those
that propagate lipid peroxidation. Glutathione, there-
fore, is part of the cell’s defence against oxidative
stress. Depletion of glutathione or excessive produc-
tion of ROS is associated with peroxidative cell dam-
age in a variety of pathological conditions.
Glutathione peroxidase contains selenium in the
form of an unusual amino acid, selenocysteine. The

selenium replaces the sulphur atom of cysteine.
Synthesis of selenocysteine occurs on its cognate
tRNA and it is incorporated into selenoproteins dur-
ing their synthesis. The activity of glutathione per-
oxidase is therefore greatly reduced in selenium
deficiency, with a consequent increased susceptibility
to an oxidative challenge. Recent work has examined
red blood cell glutathione synthesis in humans. This
is quite sensitive to sulphur amino acid availability.
Patients infected with human immunodeficiency
virus (HIV) have quite low erythrocyte GSH levels
because of decreased erythrocyte cysteine concentra-
tions: cysteine supplementation leads to an increased
rate of GSH synthesis and an increase in the erythro-
cyte GSH concentration. Thus, precursor amino acid
availability can determine the concentration of this
key molecule.

5.19 Perspectives on the future

Protein synthesis, protein turnover and amino acid
metabolism play major roles in the bodily economy.
Isotopic and other techniques have revealed the mag-
nitude of these fluxes. In a healthy adult human,
some 300g of new protein is synthesised each day
and a comparable quantity of protein is catabolised.
This compares with approximately 100g of protein
consumed per day on a typical Western diet. Protein
synthesis and turnover are major components of
resting energy expenditure. Such a high metabolic
price underlies important functions, including
adjusting to changes in the internal environment, tis-
sue remodelling and the removal of mutant or dam-
aged proteins. A crucial feature of these processes is
their physiological selectivity, with regard to both
individual proteins (rates of turnover of individual
proteins vary by factors of over 1000) and individual
tissues (e.g. catabolic illnesses are associated with a
marked loss of muscle protein but with net increases
in the rates of protein synthesis in cells of the immune
system). Both protein synthesis and degradation are
regulated, in complex ways, by amino acid availabil-
ity and by hormones.

Amino acids serve as the building blocks of pro-
teins and they also serve other functions. Thus, amino
acid metabolism is an intimate component of the
protein and nitrogen economy of the body. The
catabolism of dietary amino acids is finely regulated
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by a variety of mechanisms. This is critical as the rate
of amino acid catabolism is an important determi-
nant of amino acid requirements. Gluconeogenesis,
from muscle-derived amino acids, is a major compo-
nent of the physiological response to starvation.
Certain tissues have a specific requirement for certain
amino acids. For example, intestinal cells and cells of
the immune system require glutamine as an energy
substrate; kidney requires glutamine for acid-base
homeostasis; cells that produce nitric oxide, such as
endothelial cells and macrophages, require arginine;
the brain requires amino acids as neurotransmitter
precursors; the kidney and liver combine to produce
creatine from glycine, arginine and methionine; glu-
tathione serves as a defence against ROS. Interorgan
amino acid metabolism integrates these different tis-
sue amino acid requirements. These interorgan amino
acid fluxes are facilitated, and in some cases regulated,
by specific amino acid transporters.

The study of proteins and amino acids continues to
provide novel insights and stimulation for the nutri-
tionist. Scarcely a year goes by without some major
discovery that forces us to look at things in a new light.
One of the most extraordinary of discoveries has been
that of the production of nitric oxide from arginine
and its many biological functions. It is now also under-
stood that a retrovirus (the murine leukaemia virus)
uses the y* amino acid transport system as its cell-sur-
face receptor. Recently, it has been discovered that the
brain contains a serine racemase that converts L-serine
to D-serine, which may be used as a coagonist of the
N-methyl-p-aspartate receptor. Hydrogen sulphide
(H,S), derived from the metabolism of the sulphur-
containing amino acids, has recently been proposed to
be a physiological cell regulator. It is a certainty that
there will be more surprises. The sequencing of the
human genome and that of other organisms has accel-
erated the pace of discovery and there can be no doubt
that we will uncover spectacular new vistas in the field
of amino acid and protein nutrition. There is also the
possibility of genetic engineering. Will mammals or
species of agricultural importance always require the
same spectrum of indispensable amino acids? Genes
that encode for threonine synthesis in bacteria have
already been introduced into mouse cells such that
these cells, in culture, no longer require exogenous

threonine. Could a similar approach be taken with
intact animals, say with poultry, so that they could be
fed a lower quality protein ration? Such approaches
may be limited more by ethical and regulatory con-
straints than by technical ones.
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Pregnancy and Lactation

Joop MA van Raaij and Lisette CPGM de Groot

Key messages

Pregnancy

* There is growing evidence that foetus and young infants are pro-
tected from deficiencies in diets of their mothers.

e Critical periods during prenatal development have been identi-
fied in which specific nutrients, such as iodine, DHA, choline and
folate, are required for optimal development. There are likely to
be many more such critical nutrients

* Common genetic variations may influence nutrient requirements
in pregnancy during critical periods. Single nucleotide polymor-
phisms (SNPs) have been shown to exist in pathways for the
biosynthesis of DHA and of choline. Many more SNPs must influ-
ence metabolism and should be characterised.

 The approach to nutritional needs in pregnancy is mainly focused
on the amount and composition of the pregnancy weight gain,
on increased metabolism and on improved absorption rates.

* If the energy costs of pregnancy are to be covered solely by
increased food intake, the mother should eat about 15% more
than she did before her pregnancy. However, in observational
studies, none or very small increments in food intake are
observed. Whether this depends on the level of maternal nutri-
tional status remains to be clarified.

* Since mothers have several options to meet the energy and nutri-
ent needs of pregnancy, for example by increasing intakes, by

6.1 Pregnancy

Introduction

Nutrition before and during pregnancy, and during
lactation, can have significant effects on the short-
and long-term health of mothers and their children.
The potential impact of nutrition is greater at this
time than during any other stage of life. Insufficient
preconceptional energy stores may negatively affect
ovulation and menses, and challenge the beginning of
pregnancy. On the other hand, excessive fat stores may
also make conceiving difficult by affecting ovulation
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decreasing physical activity or by limiting storage, there are good
arguments against setting one specific recommendation for
increased intake for all pregnant women.

Lactation
* Maintenance of milk production appears to be under feedback
control by a substance called ‘the feedback inhibitor of lactation’,
a polypeptide that is present in breast milk and enables women
to adjust milk synthesis to the amount withdrawn by their
infants.
Breast milk changes in consistency during time. Initially,
colostrum is produced, low in macronutrients but high
in immunoglobulins. The concentrations of fat and lactose
increase over time with transitional milk and mature breast
milk.
Breast-feeding confers several benefits on infants and is consid-
ered the perfect food for the normal infant, as long as the mater-
nal system can sustain lactation and as long as there are no
contraindications, such as the use of alcohol or certain medica-
tions by the mother.
* In well-nourished women, little relationship exists between
maternal diet and milk production: Mothers appear to protect
breast-feeding through the depletion of their own body stores.

because of insensitivity to insulin, an excess of male
sex hormones and the overproduction of leptin.
A woman who enters pregnancy with an inadequate
nutritional status risks having inadequate pregnancy
performance, depleting her body’s own stores of
nutrients and of commencing lactation in a state of
suboptimal nutrition, which may deteriorate further
as lactation progresses. Similarly, women who enter
pregnancy in an overweight or obese state have an
increased risk of maternal complications during preg-
nancy, such as gestational hypertension, gestational
diabetes, caesarean delivery, macrosomia and certain
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birth defects. Infants who are undernourished in the
womb are at risk of a variety of adverse outcomes,
ranging from low birth weight to severe mental and
physical retardation, and even death. Foetal under-
nourishment has also been linked to an increased
prevalence of coronary heart disease, raised lipids,
obesity and decreased glucose tolerance in adult life.
Similarly, if the weight or fat mass increments of a
foetus are too high, there may be short- and long-
term adverse effects.

The effects of under- and overnutrition before and
during pregnancy and lactation depend on the nutri-
ent or nutrients involved and the stage at which
under- or overnutrition occurs. Each stage of this
part of the life cycle has specific tissue needs for
nutrients, and shortcomings or surplus in the tissue
supply of these nutrients may have undesirable con-
sequences. The success of pregnancy and lactation
involves other factors, such as the mother’s age, the
intake of substances such as alcohol, nicotine and
drugs, the physical and emotional stresses to which
she is subjected, and the presence of any infections or
other diseases. This chapter, however, will concen-
trate mainly on aspects of nutrition.

Physiological stages of pregnancy
and their nutritional demands

Pregnancy can be divided into three main physiolog-
ical stages: implantation, organogenesis and growth.

Implantation

The implantation stage includes the first 2 weeks of
gestation, when the fertilised ovum becomes embed-
ded in the wall of the uterus. The nutrients provided
by the secretions of the uterine gland pass directly
into the fertilised ovum and developing embryo.
Specific nutritional needs are undoubtedly required
at this stage but, quantitatively speaking, these
demands will be negligible.

Organogenesis

The next 6 weeks of pregnancy are known as the
period of organogenesis or embryogenesis. During
this stage, the cells of the embryo begin to differentiate
into distinct tissues and functional units that later
become organs, such as heart, lungs and liver. The
development of the skeleton also begins at this time.
During organogenesis, the foetus obtains nourishment
mainly from the mother’s blood. When organogenesis

is complete, the foetus weighs approximately 6 g and
is less than 3 cm long.

Evidence from animal studies indicates that the
presence of particular nutrients at specific times is
crucial for the normal development of various tissues.
There are critical periods of organogenesis during
which the absence of certain nutrients can cause spe-
cific congenital abnormalities. For example, ribofla-
vin deficiency during a critical period has been
associated with poor skeletal formation, pyridoxine
and manganese deficiencies with neuromotor prob-
lems, and vitamin B, ,, vitamin A, niacin and folate
deficiencies with defects in the central nervous sys-
tem. Not surprisingly, little information is known on
nutrient deficiencies and critical periods of organo-
genesis in humans. Recently, it has become clear that
folate is important for the prevention of neural tube
defects (NTD). NTDs occur when the brain and skull
and/or the spinal cord and their protective spinal col-
umn do not develop properly within the first 4 weeks
after conception. It has been shown that ample folate
intake before and in early pregnancy may significantly
reduce the risk of this form of foetal abnormality and
so nowadays an extra folate intake as a supplement,
or in the form of fortified foods at a level of 400 pg/day
of folic acid, is recommended for at least 1 month
before and 3 months after conception, in addition to
consuming food folate from a varied diet.

Growth

The remaining 7 months of pregnancy are known as
the growth period. Most of the nutrients for growth
are delivered through the placenta. Blood does not
flow directly from the mother’s circulation to the foe-
tal circulation. Altogether, about 10-11 m? of surface
area are available for the transfer of materials between
the placental and the foetal circulation. Free fatty
acids and cholesterol can be transferred across the
placenta by simple diffusion: carbohydrates (mainly
glucose) cross by facilitated diffusion (diffusion
assisted by the presence of a protein embedded in the
membrane) and amino acids by active transport
(transport against a concentration gradient powered
by the release of cellular energy). Most water-soluble
vitamins are present in the foetal circulation at higher
concentrations than in the maternal circulation and
so presumably enter the foetus by active transport.
Fat-soluble vitamins are present at lower concentra-
tions in the foetus than in the mother and probably
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enter the foetus by passive diffusion. Both calcium
and iron cross the placenta by active transport, via
mechanisms that are not well understood.

During the period of growth, the tissues and organs
formed during organogenesis continue to grow and
mature. Growth of the foetus occurs in three phases.
During the first phase, known as hyperplasia, there is
a rapid increase in the number of cells. The large
numbers of cell divisions involved require sufficient
supplies of folate and vitamin B,,. In the next phase,
when cells are growing in size, cellular replication
continues with hypertrophy. This requires sufficient
supplies of amino acids and vitamin B,. In the final
phase of growth, hypertrophy or cellular growth pre-
dominates, whereas cellular division ceases.

Just as with the phase of organogenesis, little is
known of the consequences of specific nutritional
deficiencies in humans during the growth phase. What
we do know is that inadequate nutrition during the
growth phase may cause intra-uterine growth retarda-
tion (JuGR) and a low birth weight, but at this stage it
will not cause the more serious abnormalities associ-
ated with deficiencies at earlier times. This is certainly
not to say that IuGR can be considered to be a prob-
lem of minor importance. On the contrary, it should
be clearly recognised that infants with low birth
weights (i) show higher rates of morbidity and mor-
tality, probably due to infectious diseases and impaired
immunity, and (ii) are at increased risk of growth fail-
ure and abnormal cognitive development as infants. It
should be noted, however, that a depression of growth
during a temporary period of undernutrition is often
compensated for by increased growth when nutrition
becomes adequate again. This means that nutritional
interventions in pregnancy during the growth phase
of the foetus may still have beneficial effects on the
growth performance of the foetus.

In summary, variations in the nutritional demands
throughout pregnancy are evident. Inadequate food
intakes in pregnancy, quantitatively and/or qualita-
tively, have obvious effects on pregnancy perform-
ance, in terms of weight gain and pregnancy outcome,
but little is known of the consequences regarding
deficiencies of individual nutrients.

Principles for estimating nutritional
needs in pregnancy

Since little is known on the role of individual nutri-
ents, it is not surprising that in the approach to nutri-

tional needs in pregnancy attention is focused on the
amount and composition of pregnancy weight gain
and altered metabolism. This so-called ‘factorial
approach’ implies that due consideration must be
made of the following fact: that the extra energy and
nutrient needs imposed by pregnancy are over and
above the baseline needs for non-pregnant, non-
lactating women.

If recommendations are already in place, then a deci-
sion must be reached on what is considered an appro-
priate, or desirable, pregnancy weight gain. A desirable
weight gain should result in a desirable pregnancy out-
come, for example a full-term birth weight between 3
and 4kg. However, the size of the desirable weight
gain will also depend on the woman’s weight before
pregnancy. For a woman who is clearly underweight,
a higher desirable weight gain should be projected
than for an overweight woman of the same height.

In the remainder of this chapter, the energy con-
tent of the pregnancy weight gain and the increased
energy metabolism in pregnancy will be discussed in
this chapter.

Energy content of reference weight gain over
pregnancy

In well-nourished women from affluent countries,
with a pre-pregnant body weight between 60 and
65kg, an average weight gain during pregnancy of
12.5kg, and an average infant birth weight of 3.4kg,
is observed. The components of weight gain can be
divided into three categories: (i) the products of con-
ception, that is the foetus, amniotic fluid and pla-
centa, (ii) the increased amounts of maternal tissues
other than fat, that is extracellular fluid, uterus,
breasts and blood, and (iii) the increased amount of
fat stores. A representative proportion of the total
weight gain during pregnancy that can be attributed
to each of the components is shown in Table 6.1. The
distribution of the total weight gain of 12500g over
the four quarters of pregnancy is calculated on 650,
3350, 4500 and 4000 g, respectively.

This typical pregnancy weight gain, and compo-
sition of weight gain, was first described in the
1960s by Hytten and Leitch, who derived theoretical
estimates of the extra nutritional needs from this
outline. Since then, many national and interna-
tional bodies have adopted this as a ‘reference preg-
nancy’ for developing recommended intakes in
pregnancy.
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Table 6.1 Components of weight gain over pregnancy

Products of conception 48509
Foetus 34009
Amniotic fluid 800¢g
Placenta 6509
Maternal tissues (excluding fat stores) 4305¢g
Extracellular fluid 16809
Uterus and breasts 1375¢
Blood 12509
Maternal fat stores 3345¢
Fat stores 3345¢g
Total weight gain 125009

The energy equivalent of the reference weight
gain is about 200 M]J for the 9-month period and is
composed of two components: the energy depos-
ited in fat stores, which is about 150 MJ (154 M]J
based on 3345 g fat, at an energy cost of 46 k]J/g fat),
and the energy deposited in other tissues such as
foetus, placenta, uterus, breasts, amniotic fluid and
blood, which is about 50 MJ (47 M] based on 440¢g
fat and 925g protein, at an energy cost of 46k]J/g
and 29Kk]/g).

Energy needs for maintaining the new
metabolism

An increase in the maintenance of metabolism during
pregnancy is approached by studying basal metabolic
rate (BMR) throughout pregnancy. Measurements
are made under standardised conditions (rest, post-
absorption and thermoneutrality). Any increase in
the maintenance of metabolism is calculated as the
cumulative area under the curve, represented by the
rise in a mother’s BMR above the pre-pregnancy
baseline metabolic rate.

Between populations, a wide variation was
observed relating to accumulative increases in met-
abolic maintenance during pregnancy, for example
+210M]J in Swedish women to —45 M]J in unsupple-
mented Gambian women. When results from all
available studies are combined, a good correlation
appears between pregnancy weight gain and the
cumulative increase of metabolic maintenance dur-
ing pregnancy. For the reference weight gain of
12.5kg, the increase in BMR is estimated to be
about 160 M]J, which is very close to the estimate
based on theoretical calculations by Hytten & Leitch
(150M]J), so for a reference pregnancy a total energy
cost has been projected of approximately 360 MJ

(200 M]J energy content of weight gain plus 150 MJ
for increased metabolism).

Physiological adjustments that may
affect the energy and nutrient
needs of pregnancy

Energy metabolism

Many studies have investigated whether basal metab-
olism, diet-induced thermogenesis (which refers to
the increase in energy expenditure above basal
metabolism after food ingestion) or the performance
of physical exercise may be more efficient and ener-
getic during pregnancy. There is, however, no con-
vincingevidence for such‘energy-saving’ mechanisms.
Rather, it would appear that savings in energy
expenditure are mainly realised by changes in the
lowered pattern and pace of daily activity, and not by
improvements in energy metabolism.

Protein metabolism

Shifts in protein metabolism are complex and
change gradually throughout gestation so that nitro-
gen conservation for foetal growth achieves full
potential during the last quarter of pregnancy.
Studies of nitrogen balance in pregnant and non-
pregnant women have revealed that there is no evi-
dence to suggest that nitrogen deposit in early
pregnancy will mobilised later. However, nitrogen
retention is increased in late pregnancy and is due to
areduction in urinary nitrogen excretion. A decrease
in urea synthesis seems to account for this reduction
in urinary urea nitrogen and suggests that amino
acids are conserved for tissue synthesis. As there is
no evidence to suggest that pregnant women store
protein in early pregnancy for later foetal demands,
the increased requirements of late pregnancy might,
at least in part, be met by physiological adjustments
that enhance dietary protein utilisation. If the die-
tary supply is low, greater physiological adjustments
are required to meet foetal needs than if the dietary
intake is liberal. However, the extent to which low
intakes of dietary protein may affect urea synthesis
or circulating concentrations of amino acids is yet
to be established in pregnant women. Presumably,
maternal protein status at conception also influ-
ences the physiological adjustments made in nitro-
gen metabolism. Further research is needed into the
study of nutrient metabolic adjustments in women
who consume a marginal to adequate diet in order
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to fully understand the interactions between physi-
ology of pregnancy, nutrient metabolism and mater-
nal nutritional status.

Micronutrient metabolism

Although foetal demand for nutrients occurs pri-
marily during the latter half of gestation when
more than 90% of foetal growth occurs, adjust-
ments in nutrient metabolism are apparent within
the first weeks of pregnancy. There is an increase in
the concentration of serum lipids during preg-
nancy, while circulating concentrations of most
other nutrients have decreased by the end of the
first 10 weeks of gestation, and remain lower than
non-pregnant values until term. The decrease starts
before there is an increase in plasma volume, and
the reduction in later stages is less than the change
in plasma volume. Thus, the total amount of vita-
mins and minerals in circulation increases during
pregnancy.

For many nutrients, an increased absorption rate
in pregnancy has been found, although the underlying
mechanisms are yet to be clarified. These absorption
rates will be taken into consideration when suggest-
ing recommendations. Total plasma calcium levels
fall very early in pregnancy, mediated by a fall in
plasma albumin, as part of the process of haemodilu-
tion. However, ionised calcium and phosphate levels
remain normal throughout. Plasma levels of
1,25-dihydroxy-D, are elevated early in pregnancy
and remain elevated throughout. Intestinal calcium
absorption doubles in pregnancy, probably owing to
the changes in vitamin D status. The earliest study of
calcium absorption was conducted at 12 weeks and
even at this early stage the very dramatic rise in cal-
cium absorption was noted. The observed elevation
in 1,25-dihydroxy-D, is associated with an observed
rise in calcium binding protein . -D. Given that foetal
need for calcium does not arrive until later in preg-
nancy, it is possible that the increased calcium flow
from the gut leads to storage in the skeletal pool.
Indeed, increased bone density has been observed in
animal models.

It is important that the fall in serum nutrient con-
centration caused by haemodilution should not be
interpreted as a sign of nutritional deficiency. It is
therefore essential that, in order to achieve a valid
assessment of a pregnant woman’s micronutrient sta-
tus, appropriate pregnancy standards are used.

Ways in which mothers may deal with the
energy and nutrient needs of pregnancy

Mothers have several behavioural options when deal-
ing with the energy and nutrient needs of pregnancy:
They may eat more and/or eat other types of food
products, they may consume supplements or they
may become less active.

Amount of food consumed

To cover the energy costs of pregnancy solely by
increased food intake, the mother should eat 10-15%
more than she did before her pregnancy. However,
most studies in well-nourished women revealed
either no change or only minor increases in the
amount of energy and nutrients consumed in preg-
nancy; where an increased intake was found, hen
the observed level of increment only partly covered
the energy cost of pregnancy. An analysis of availa-
ble data, from longitudinal studies in populations
with average birth weights >3kg, has revealed a
cumulative intake of only 85M] during the whole
pregnancy, or only 0.3 MJ/day, which equates to only
25% of the estimated needs.

Food choice

In addition to eating more, the diet of the pregnant
mother should be well balanced and fully in line with
dietary guidelines. Beliefs about pre-natal diets and
food cravings (strong desires to eat particular foods)
or food aversions (strong desires to avoid particular
foods) may influence food choices in pregnant
women. Food cravings and aversions do not neces-
sarily have a deleterious effect on the quality of the
diet. Cravings and aversions that arise during preg-
nancy are most likely due to hormone-induced
changes in sensitivity to taste and smell, and do not
seem to reflect real physiological needs.

Use of supplements

In general, pregnant women are encouraged to obtain
their nutrients from a well-balanced, varied diet, rather
than from vitamin or mineral supplements. In situa-
tions where a well-balanced, varied diet cannot be
realised and for specific risk groups, dietary supple-
ments might be an option. There is a paucity of data
concerning the use of dietary supplements during
pregnancy and lactation. Demographic, sociologic and
economic factors seem to influence supplement use,
and recent data suggest that individuals with possibly
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the greatest risk of having inadequate diets are the least
likely to take a supplement. If we are going to supple-
ment diets, we need to know much more about the
risk of over-indulging a critical nutrient, which will
then help to identify the proper balance of both bene-
fits and risks (benefit-risk analysis).

Level of physical activity

The energy costs for a person’s daily physical activity
depend on (i) the time—activity pattern (amount of
time spent on various activities), (ii) the pace or
intensity of performing the various activities and
(iii) the person’s body weight.

Since body weight increases during pregnancy, an
increase in energy costs might be expected, at least
for weight-bearing activities. However, a mother
may compensate for this by reducing the pace or
intensity with which the activity is performed. A
pregnant woman may also choose to change her
activity pattern and, for example, reduce the amount
of time spent on weight-bearing activities. However,
this assumes that mothers will be more or less free
to change their daily activities, or to change the pace
or intensity of the work performed. This might be
the case for many women from affluent societies,
but is certainly not applicable to all societies. For
example, low-income women from developing
countries often have to continue their strenuous
activity pattern until delivery, and so for them the
option to save energy by reducing physical activity
is not available. Also, for mothers who enter preg-
nancy with a light, daily activity pattern (not
uncommon in affluent societies), the possibilities to
save energy, by reducing physical activity, are lim-
ited. This is especially true for those mothers who
already have the daily care of younger children. It
should also be realised that, even if women volun-
tarily decrease their pace and consequently the
energy expenditure per minute, the energy cost to
complete a task may be unchanged, or even
increased, since the performance of the task will
take more time.

Women who had a high level of recreational exer-
cise before pregnancy, and continued to do so dur-
ing pregnancy, tended to gain less weight and to
deliver smaller babies. There is little information
from good-quality studies to suggest whether active
women have better pregnancy outcomes than less
active women.

Dietary recommendations for pregnancy

The increased demands of pregnancy may be met in
a variety of ways. Some mothers will meet the
demands by increasing intake, others by decreasing
the level of physical activity or by limiting storage
(e.g. fat storage), and still others by a combination of
these options. It is not possible to advise women
before pregnancy on the most appropriate strategies
to balance intake and expenditure. With respect to
the option of increasing food intake, it is clear that
adequate and appropriate foods must be available to
and accessible by women. With respect to the option
of changing the physical activity level, it should be
recognised that activity levels are sometimes already
very low and that in situations where the levels might
be high, women do not always have the social or eco-
nomic freedom to reduce that level. Finally, the
option of limiting storage clearly depends on the pre-
pregnant nutritional status of the mother. Mothers
with no low reserves or no reserves at all should be
able to build up an appropriate reserve to enter lacta-
tion in an appropriate nutritional status, and moth-
ers who already have ample reserves before pregnancy
probably do not need to create an additional reserve.

Thus, there are good arguments against setting a
specific recommendation regarding increased intake
for all pregnant women. It may be good policy to per-
mit considerable freedom regarding recommendations
of food intake on the basis of individual preferences
and to monitor weight gain carefully; adjustments in
food intake can then be made only in response to devi-
ations from the normal pattern of gain.

To estimate energy and nutrient needs during
pregnancy the ‘factorial approach’is commonly used.
This means that the extra energy and nutrient needs
imposed by pregnancy are added to the baseline esti-
mates for non-pregnant, non-lactating women.
Table 6.2 shows the dietary reference values on vitamins
and minerals for pregnant as well as non-pregnant
and non-lactating women.

Energy

The reference pregnancy, based on an increase in
maternal fat stores of 2.0-2.5kg and a protein depo-
sition of 925g, takes an extra 290-310 MJ approxi-
mately over the whole pregnancy. The average extra
requirement is nil in the first trimester, 1.4 MJ/day in
the second trimester and 1.9MJ/day in the third
trimester.
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Table 6.2 Nutrient reference values of vitamins and minerals for pregnant women (from Nutrient
Reference Values for Australia and New Zealand, 2006)

Women, 19-50 years

Non-pregnant, non-lactating Pregnant

EAR RDI EAR RDI
Water-soluble vitamins
Thiamin (mg/day) 0.9 1.1 1.2 1.4
Riboflavin (mg/day) 0.9 1.1 1.2 1.4
Niacin (mg/day) 11 14 14 18
Vitamin B, (mg/day) 1.1 1.3 1.6 1.9
Vitamin B,, (ug/day) 2 2.4 2.2 2.6
Folate (ug/day) 320 400 520 600
Pantothenic acid (mg/day) 4.0° 5.0°
Biotin (ig/day) 252 30°
Vitamin C (mg/day) 30 45 40 60
Fat-soluble vitamins
Vitamin A (ug/day) 500 700 550 800
Vitamin D (ug/day) 50 5
Vitamin E (mg/day) 7 7
Vitamin K (ug/day) 60° 60°
Choline (mg/day) 4252 440°
Minerals
Calcium (mg/day) 840 1000 840 1000
Phosphorus (mg/day) 580 1000 580 1000
Zinc (mg/day) 6.5 8 9 "
Iron (mg/day) 8 18 22 27
Magnesium (mg/day) 255/265 310/320 290/350 300/360
lodine (ug/day) 100 150 160 220
Selenium (ug/day) 50 60 55 65
Molybdenum (ug/day) 34 45 40 50
Copper (mg/day) 1.22 1.3
Chromium (ug/day) 252 30°
Manganese (mg/day) 5.0° 5.0°
Fluoride (mg/day) 3.0° 3.0°
Sodium (mg/day) 460/920 460/920
Potassium (mg/day) 2800 2800

2 Alin stead of RDI. EAR, estimated average requirement; RDI, recommended dietary intake.

Protein

No additional requirement is set for the first trimes-
ter, as there is little additional weight gain during this
period. The recommendations are for the second and
third trimesters, and are based on the estimated 925 ¢
of protein deposited during pregnancy in the foetal,
placental and maternal tissues, and on the observed
efficiency of utilisation. The increase in body weight
requires an additional 0.2g of protein/kg/day. The
estimated average requirement (EAR) for non-
pregnant and non-lactating (NPNL) women of
19-50 years is 0.6 g/kg/day and for pregnant women

is 0.8g/kg/day. The recommended dietary intake
(RDI; RDI=EAR+2SD,, ) is 0.25 g/kg/day higher in
pregnancy: 0.75g/kg/day for NPNL-women and
1.00 g/kg/day for pregnant women..

Essential fatty acids

Transplacental transfer of essential fatty acids is of
crucial importance for foetal development, particu-
larly membrane formation and cellular development
in the brain. Demand for n-6 and n-3 fatty acids for
placental and foetal tissue must be met from mater-
nal stores or by increased dietary intake. The Als



Pregnancy and Lactation 109

(adequate intakes) for pregnancy are based on those
for NPNL women, with an additional amount based
on increased body weight (25% higher). For preg-
nant women the amounts are 10g/day for linoleic
acid, 1.0g/day for o-linolenic acid and 115mg/day
for the total of long-chain n-3 fatty acids.
Docosahexaenoic acid (DHA) is the major omega-3
fatty acid needed to build foetal brain and is there-
fore important in pregnancy. To make more DHA
available for brain development, the maternal diet
could include more fish. Where that is not possible, a
supplement could be used.

For pregnant women, there are no other specific rec-
ommendations with respect to fat. This is also the case
for carbohydrates. Thereisalso no evidence for increased
metabolic needs for dietary fibre in pregnancy, but the
Alis increased in relation to the increased energy needs:
28g/day versus 25g/day for NPNL women. Pregnant
women are recommended to abstain from alcohol.

Fat-soluble vitamins

Although it is well established that adaptive mecha-
nisms improve the body’s use of minerals during
pregnancy, there is less evidence of similar mecha-
nisms for adapting to vitamin requirements. Dietary
reference values for pregnancy include a small
increase for vitamin A, and no increments for vita-
mins D, E and K.

Little is known about the need for vitamin A dur-
ing human pregnancy. However, if the mother is
adequately nourished, her infant will be born with a
reserve of vitamin A in the liver, even if the mother
did not increase her vitamin A intake during preg-
nancy. The extra requirement is based on the desired
accumulation of vitamin A in the liver of the foetus.
It is important to note that high intakes of vitamin A
can be damaging for the developing foetus and
should be avoided.

Active forms of vitamin D readily cross the pla-
centa to play an active role in the metabolism of cal-
cium in the foetus. However, the amounts required
are too small to affect the mother’s vitamin D require-
ment, particularly since serum calcitriol is increased
and there is an improvement in calcium resorption
duringlate pregnancy. Mothers who consume enough
milk to meet calcium requirements do not need an
additional source of vitamin D. For women who have
little access to sunlight, a supplement of 10 pg/day
would not be excessive.

Water-soluble vitamins

The requirement for most B vitamins is increased by
10-50% in pregnancy, based on maternal and foetal
growth, and increase in energy use. Folate require-
ments increase substantially in pregnancy (by
60-70%). This recommendation does not include
consideration of additional needs to prevent neural
tube defects, as the neural tube is formed before most
women are aware of their pregnancy.

Choline

Choline also belongs to the nutrients for which there
is limited capacity for endogenous biosynthesis and
therefore it is conditionally required in the diet.
Choline is required for membrane synthesis, meth-
ylation reactions and neurotransmitter synthesis, and
is metabolically inter-related to folate. The Al for
pregnancy is based on the foetal and placental accu-
mulation of choline, plus turnover in the mother.

Minerals

Mineral requirements in pregnancy are estimated
from the amounts transferred to the foetus. These
amounts might come from the mother’s stores, an
increased consumption or an increased absorption
rate. The extent to which these various options
may contribute probably depends on maternal pre-
pregnancy nutritional status and the mother’s access
to food. Calcium, iron, zinc and iodine are the main
minerals of interest during pregnancy. Recommended
dietary intakes for these minerals during pregnancy
are given in Table 6.2.

The mother transfers about 30g of calcium to her
infant before birth, most of it during the last trimester
of gestation. A well-nourished woman has more than
1000 g of stored calcium from which she might draw.
However, recent findings suggest that the maternal
skeleton is not used for the calcium needs of the foe-
tus. Available data suggest that there is no need for
additional dietary intake in pregnancy, as maternal
adaptive mechanisms, including enhanced efficiency
of absorption, more than meet additional require-
ments in the last trimester. This means that the nor-
mal calcium intake is sufficient to meet calcium
requirements during pregnancy. Infants are born with
a supply of iron stored in the liver, sufficient to last for
3-6 months. To achieve this storage, the mother must
transfer about 200-400 mg of iron to the foetus dur-
ing gestation. In addition, the pregnant woman
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requires additional iron for the formation of the pla-
centa, for the haemoglobin (required by the expan-
sion of blood volume) and to compensate for the loss
of blood during delivery. Once this is taken into
account, the total requirement for iron over the
course of pregnancy amounts to 800-900 mg, there-
fore approximately 3 mg of iron must be supplied
each day from the diet or maternal iron stores.
However, many young women enter pregnancy with
practically no reserves of iron. Fortunately, the effi-
ciency of iron absorption may increase from 10 to
30% during the second half of pregnancy. Taking all
this into consideration, the EAR for pregnancy is
22 mg/day, which is 14 mg/day more than for non-
pregnant women.

As stated before, the amount of iron that must be
absorbed by pregnant women, or supplied by mater-
nal stores, amounts to 3 mg/day. This figure is sub-
stantially more than the amount of iron that must be
absorbed by menstruating women. Menstrual iron
losses vary greatly among women, but they usually
amount to about 0.5-1 mg/day, when averaged over
the whole menstrual cycle. Thus, the cessation of
menstrual iron losses can contribute between one-
sixth and one-third of the iron requirements in
pregnancy.

The EAR for zinc is 2.5 mg/day, at an absorption
rate of about 30%, and is based on the needs of the
additional maternal and foetal tissues. As absorption
is higher from animal foods than plant sources, veg-
etarians will need to increase their intake of the set
value by 50% or more. This is also true for iron
recommendations.

The EAR for iodine is based on the thyroid content
of newborns, iodine balance studies and iodine sup-
plementation studies in pregnancy, and is estimated
as 160 pg/day, 60% more than for non-pregnant
women.

Perspectives on the future

There is growing evidence that the foetus and the
young infant are not protected from the inadequate
diets of their mothers. Periods during perinatal devel-
opment have been identified in which specific nutri-
ents are required for optimal development, such as
iodine, DHA, choline and folate. There are likely to
be many more critical nutrients. However, a trend
appears to emerge whereby the search is made for
nutrients that have a wide range of dietary intake and

whose pathways for biosynthesis are either a mar-
ginal or non-existent, or they are needed to divide
progenitor cells.

We also need to know more on how common
genetic variations influence nutrient requirements
during these periods. Single nucleotide polymor-
phisms (SNPs) have been shown to exist in pathways
for the biosynthesis of DHA and of choline. Many
more SNPs must influence metabolism and should
be characterised. As soon as our knowledge of SNPs
increases, we will be able to identify women who
appear to be consuming enough of a nutrient, but
who need to consume more because of a metabolic
inefficiency.

DRVs might be used for designing appropriate
intervention strategies in pregnancy. Further stud-
ies should be performed to establish whether such
strategies indeed result in more optimal health
outcomes for mother and baby. In general, pre-
gnant women are encouraged to obtain their nutri-
ents from a well-balanced, varied diet, rather than
from vitamin and mineral supplements. In some
situations, dietary supplements might be required.
If supplements are used, we need to know much
more about the risk of over-indulging the critical
nutrients, and attention should be given to the
benefit-risk-analyses of the supplements or fortified
foods.

Different ethnic groups have been shown to vary
widely in their energy requirements during preg-
nancy. Observational studies on the relationship
between pregnancy, body mass index (BMI) and
maternal energy needs, in a variety of ecological and
ethnic settings, are necessary to explain this variabil-
ity. In addition, further work would be valuable in
assessing the causes and consequences of extremes of
weight gain in pregnancy. Dietary studies would be
useful in looking at the influences of diet on the prev-
alence of low birth weight. It is clear that many
women gain excessive weight during pregnancy and
yet there is still an occurrence of low infant birth
weight in this group.

Many physiological adaptations occur during
pregnancy to supply the growing foetus with its
increasing demand for macro- and micronutrients.
This increase in nutrient bioavailability, manifested
by an increase in gastrointestinal absorption, has
not been fully elucidated and work is required in
this area.
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Table 6.3 Concentrations of selected immunological factors in several human phases of lactation

2-3 days 1 month 6 months 1 year
Lactoferrin (ng/ml) 53=+12.9 1.9+0.3 1.4+04 1.0+0.2
Lysosyme (ng/ml) 0.09 +0.03 0.02+0.03 0.25+0.12 0.2+0.1
Serum immunoglobulin A (ng/ml) 2+25 1+0.3 0.5=0.1 1.0+03
19A (%) 90 87
19G (%) 2 3
1gM (%) 8 10

Data are shown as mean = standard deviation.

Reproduced with kind permission from Springer Science+Business Media: ] Mammary Gland Biolog Neoplasia,
12(4), Immune components of Colostrum and milk — A Historical Perspective, Wheeler T.T. et al, 237-247 (2007).

6.2 Lactation

Regulation of milk production

Lactation is an integral part of the reproductive cycle.
During pregnancy, the alveolar system of the mam-
mary gland develops (mammogenesis) under the
combined action of oestrogen and progesterone, and
is supplemented by greatly increased amounts of
prolactin from the mother’s anterior pituitary gland.
Oestrogens and progesterone in the circulation during
pregnancy inhibit prolactin from being effective.
Following delivery of the infant and placenta, a sharp
fall in the levels of maternal oestrogen and progester-
one occurs, prolactin is released and the flow of breast
milk begins. Suckling from the infant induces a variety
of hormonal responses. In the mother, it stimulates the
continued production of prolactin by the anterior lobe
of the pituitary gland and induces the release of oxy-
tocin from the posterior lobe. Oxytocin is essential for
the milk letdown reflex. This reflex initiates the release
of milk from the alveoli into the ducts and to the nip-
ple. Milk is then withdrawn by the infant’s suckling.

Following the birth of the infant, the prolactin
level starts to return to the non-pregnant level, and it
remains one of the two major hormones involved in
initiating and sustaining milk secretion. Each time
the mother nurses the infant, nerve impulses from
the nipples to the hypothalamus increase the release
of prolactin-releasing hormone, resulting in a 10-
fold increase in prolactin secretion by the anterior
pituitary, which lasts for about an hour. Concurrently,
the oxytocin response is transient and intermittent,
rather than sustained. Plasma levels often return to
basal between milk ejections, even though suckling
continues.

Maintenance of milk production appears to be
under feedback control by a polypeptide substance
called the feedback inhibitor of lactation (FIL), which
is present in breast milk and enables women to adjust
milk synthesis to the amount withdrawn by their
infants. Key factors in the regulation of milk synthe-
sis are the frequency and thorough removal of milk.
Thus, it is essential for mothers to be adequately
instructed on the art of breast-feeding. The most
common causes of poor lactational performance are
the infant’s lack of access to the breast or inappropri-
ate suckling behaviour.

Colostrum, transitional and mature milk

In the first 2-3 days after birth, the mammary glands
secrete around 30-40ml/day of fluid called colos-
trum. This volume increases following suckling-
induced milk production, which also stimulates the
synthesis of lactose and attracts water osmotically.
Although colostrum contains relatively little water,
lactose and fat, it contains a larger percentage of pro-
tein, minerals and fat-soluble vitamins than later
milk. Moreover it is rich in constituents that enhance
the neonate’s immune system and protects the infant
during the first few months of life (Table 6.3). During
the colostral period, concentrations of fat and lactose
increase, while those of protein and minerals decrease.
Thus, colostrum serves adequately until the appear-
ance of transitional milk (days 7-14 postpartum),
which gradually changes to become mature over the
first 2 weeks of breast-feeding.

Protective aspects of human milk

Breast milk contains a complex system of bioactive
factors that augment the infant’s immature systems
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and provide protection against infection. These
include:

e antibodies such as secretory immunoglobulin A
(IgA, and to some extent serum IgG), which pre-
vent binding and proliferation of pathogens and
may actively prime the newborn’s immune
system

e white blood cells, which can kill micro-organisms

e whey proteins, for example lactoferrin, an iron-
binding protein that inhibits proliferation of iron-
requiring bacteria, and lysosyme, an enzyme that
attacks microbial pathogens

e oligosaccharides, which inhibit binding of certain
bacterial pathogensto epithelial cells,and N-acetyl-p-
glucosamine-containing oligosaccharides (bifidus
factor), which promote growth of beneficial lacto-
bacilli and bifidobacteria in the lower intestinal
tract and create an environment of pH 5, which
discourages growth of potential pathogens

e antioxidants, which are important for the integrity
of epithelial surfaces

e epidermal growth factor, which stimulates matu-
ration of the lining of the infant’s intestine to
receive the nutrients in milk

e anti-inflammatory agents, antiviral lipids and anti-
protozoan factors.

Such protection is most valuable during the first year,
when the infant’s immune system is not fully pre-
pared to mount a response to infection. The defend-
ing role of other components of breast milk, such as
hormones, growth promoting factors, cytokines and
prostaglandins, is not fully understood, but it may
go beyond infection to protection against non-
communicable diseases of later life.

Breast-feeding confers several benefits to the
infant and is considered the perfect food for the
normal infant, provided the maternal system can
sustain lactation and as long as there are no con-
traindications, such as the use of certain drugs by
the mother. Thus, for normal full-term infants,
breast-feeding is generally considered the preferred
method of feeding for the first 6 months of life, not
only because human breast milk provides all of the
nutrients needed by the infant, but also because of
its short- and long-term benefits for the child.
Evidence for these benefits has emerged in relation
to reducing mortality, diarrhoea, pneumonia, acute
infections, long-term diseases with an immunologi-

cal basis, obesity, risks to cardiovascular health and
improved intelligence. In March 2001, a WHO
expert consultation on the optimal duration for
exclusive breast-feeding recommended a 6-month
period, recognising that some mothers are unable
to, or choose not to, follow this recommendation
(WHO, 2001). These mothers should also be sup-
ported to optimise their infants’ nutrition. Despite
the numerous recognised advantages of breast-
feeding, no more than an estimated 35% of the
world’s infant population are exclusively breast-fed
between 0 and 4 months of age (WHO Global Data
Bank on Breastfeeding, 2001). Between 1996 and
2006, there have been improvements in this situa-
tion, for example in Europe exclusive breast-feeding
rates increased from 10 to 19%. As a substitute for
breast milk, cow’s milk is considered inadequate,
owing to its high contents of protein, sodium, cal-
cium, phosphate and chloride, and low concentra-
tions of iron and copper Based on the current
knowledge of infant requirements and the composi-
tion of breast milk, industries have modified the
composition of cow’s milk and put a variety of for-
mula milks on the market. Recommendations on
the compositional requirements for a standard
infant formula have been developed by an interna-
tional expert group, which concluded that infant
formulae should specifically contain, in acceptable
amounts, only those components that serve a nutri-
tional purpose or provide another benefit, in order
to maximise the support of the infant’s normal
growth and development. Thus, nutritional safety
and adequacy should be scientifically underpinned
(Koletzko et al., 2005).

Maternal nutrition and lactational
performance

Milk volume

In well-nourished women, little relationship exists
between maternal diet and milk production.
Longitudinal studies indicate that during exclusive
breast-feeding, human milk production rates gradu-
ally increase from approximately 700 to 850 g/day at
6 months. Actual measurements of milk yield, from
groups of women belonging to a wide range of nutri-
tional and cultural conditions, revealed that breast-
milk output was remarkably similar in early lactation
(Figure 6.1). Thus, even underprivileged women
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Figure 6.1 Average milk production rates (g/day) in developed and developing countries. (Source: Butte, Lopez-Alarcon and Garza. Nutrient
adequacy of exclusive breast feeding for the term infant during the first six months of life. WHO, Geneva 2002.)

from developing countries are able to produce about
600 to 800ml of breast milk/day early in lactation,
provided they are not actually starving. Milk produc-
tion for the partially breast-fed compares well to
these latter values.

From the age of 6 months onwards, when infants are
partially breast-fed, milk production tends to fall to
approximately 550g/day in full breast-feeders and to
50% of this amount in partial breast-feeders. Although
the mother’s milk yield appears to be relatively robust,
the quality of the mother’s diet can influence the secre-
tion of specific components of breast milk.

Energy and macronutrient content

of breast milk

As in the case of milk volume, the macronutrient
content of human breast milk (Table 6.4) appears
rather insensitive to differences in maternal nutrition.
Estimates of the gross energy content of milk vary
from 2.5 to 3.0k]J/g, with 2.80k]/g as a compromise.

Protein

Compared with the milk of other mammals, human
milk contains a very low concentration of protein. It
declines from 20-30g/1 at 1-5 days of lactation to
8-9¢/l at 1 month and to about 7g/l at 3.5-6.5
months of lactation. Human milk proteins consist
mainly of whey proteins (60%, mostly a-lactalbumin)
and caseins (40%). Proteins in human milk have
multiple functions:

o they supply the essential amino acids
e they protect against infection (sIgA, lactoferrin
and lysosyme)

Table 6.4 Estimates of the mean concentration of nutrients
per litre of mature human milk

Nutrient Amount Unit
Lactose 67 g
Protein 9 g
Fat 37-40 g
Minerals

Calcium 200-250 mg
Phosphorus 120-140 mg
Magnesium 30-35 mg
Iron 0.3-0.9 mg
Zinc 1-3 mg
Copper 0.2-04 mg
Vitamins

A 0.3-0.6 mg
E 3-8 mg
D 0.33 ug
K 2-3 ug
C 100 mg
Thiamin 200 ug
Riboflavin 400-600 ug
Niacin 1.8-6.0 mg
B, 0.9-1.1 mg
Folate 80-140 ug
B, 0.5-1.0 ug

Reprinted from Pediatric Clinics of North America, volume 48,
M. Picciano, Appendix: Representative values of constituents
of human milk (2001) © with permission from Elsevier.

e they are components of lactose synthesis within
the mammary gland
o they carry metals (calcium, zinc and magnesium).

The exact functions of non-protein nitrogen in
human milk are mostly unknown. These compounds



114 Nutrition and Metabolism

contribute about 25% to total nitrogen and include
nitrogen-containing oligosaccharides (‘bifidus fac-
tor’). Together with lactose, the principal carbohydrate
(80%) in human milk, they enhance colonisation of
the intestine with Lactobacillus bifidus. In established
lactation, the concentrations of lactose (70-74g/1)
and oligosaccharides (about 12 g/1) are high.

Fat

By concentration, lipids are the second largest com-
ponent of breast milk. The lipid fraction not only
contributes to the energy content of human milk,
but also serves as a carrier of fat-soluble vitamins
and certain fat-soluble hormones. In well-nourished
women, milk fat averages about 37-40g/1. A positive
correlation exists between the concentration of milk
fat and the mother’s measured body fat. More impor-
tantly, the nature of the fat consumed by the mother
influences the fatty acid composition of milk, which
provides the essential fatty acids linoleic acid (C18:
2n-6) and linolenic acid (C18: 3n-3). From these,
long-chain (20- and 22-carbon) polyunsaturated
metabolites (LCPUFAs, e.g. eicosapentaenoic acid
(EPA: C20: 5n-3) and docosahexaenoic acid (DHA:
C22: 6n-3)) can be derived. These LCPUFAs have
profound biological activity and, as structural com-
ponents of membranes, they may affect cognitive
development and visual acuity. Although human
milk contains small amounts of LCPUFAs, these may
benefit the psychomotor and visual development of
the infant (see Chapter 9), therefore the current con-
sensus is that lactating women should aim to achieve
an average daily intake of at least 200mg DHA
(Koletzko et al., 2007).

Vitamins and minerals

The water-soluble vitamins in milk are all linked to
the current dietary intake of the mother. Thus, they
respond quickly to supplementation of the mother’s
diet. Fat-soluble vitamins are less responsive, since
maternal stores and carrier proteins are able to
buffer the effects of inadequate postpartum intakes.
Also, breast-milk concentrations of iron, zinc, chro-
mium, copper, sodium, calcium and magnesium do
not appear to be related to dietary intake. In general,
it seems that levels of milk nutrients are well pro-
tected, if necessary, through depletion of the moth-
er’s own body stores. Yet growing evidence places
increased dietary importance on specific nutrients

during pregnancy and lactation, for example for
choline, folate and iodine, which are needed by
dividing progenitor cells, there is a wide range of
dietary intake, but marginal or no pathways for bio-
synthesis. Awaiting better understanding of how, for
example, common genetic variations influence the
mother’s requirements, lactating women are encour-
aged to obtain their nutrients from a well-balanced,
varied diet.

Recommended intakes during lactation

The total amount of nutrients secreted in milk is
directly related to the extent and duration of lacta-
tion. Thus, nutrient needs during lactation depend
primarily on the volume and composition of milk
produced and on the mother’s initial nutrient needs
and nutritional status. There may be some variation
in milk composition related to maternal nutrition,
but the main factors that influence the needs of lac-
tating women are the breast-feeding practices and the
duration of exclusive breast-feeding. Micronutrient
intakes that might be of concern to lactating women
include vitamin A (in developing countries), calcium,
iodine, zing, folate, and vitamins E, D and B..

Energy

Ideally, women are well nourished throughout preg-
nancy and maintain adequate nutritional intakes
with appropriate weight gain that may act as an
energy substrate to cover part of the additional energy
costs during lactation.

There is a wide range of variability in breast-milk
volume among women. This may vary from about
550g/day to over 1000g/day. Accordingly, energy
needs can vary considerably between women. The
average energy costs of lactation can be calculated as
the sum of:

e maternal requirements, including non-pregnant,
non-lactating requirements + changes in activity;
any effects of possible changes in physical activity
are thus included in the maternal requirements

e breast milk volume X energy density X conversion
efficiency

e + changes in body fat.

Table 6.5 summarises supplemental requirements,
assuming:

e energy density of milk to be 2.8k]/g
e a dietary milk energy conversion efficiency of 80%
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Table 6.5 Energy cost of human milk production by women who
practice exclusive breastfeeding

Energy requirement (kJ/day)

Milk volume  Energy cost of
Period: month  (g/day) milk production  Allowing for
1 699 2569 1849
2 731 2686 1966
3 751 2760 2040
4 780 2867 2147
5 796 2925 2205
6 854 3138 2418
Mean 769 2824 2104

With kind permission from the Food and Agriculture Organisation of
the United Nations. Report on human energy requirements, 2004 ©
FAO.

e an allowance for fat loss of 0.8kg/month up to 6
months postpartum
e no changes in maternal physical activity.

The average additional requirement may be taken
as an extra 2824k]J/day as full costs or as 2104 kJ/day
allowing for fat loss. There is little evidence of energy-
sparing adaptations in BMR, or dietary-induced
thermogenesis, which have been suggested to com-
pensate for part of the energy demand of lactation.

Lactating women predominantly meet the energy
costs of lactation by increasing their energy intake.
Some studies show that next to mobilisation of body
fat, they tend to decrease their physical activity. The
fat-loss allowance is not considered obligatory,
depending on the initial stores of the mother. In
overweight women, weight losses of approximately
2kg/month do not seem to affect milk production or
infant growth adversely. For undernourished, stressed
women, the fat-loss allowance should probably not
be assumed, particularly when pregnancy fat gain has
been minimal. To their personal energy demands
these women should add the full 2.8 M]J/day during
the first semester of lactation.

Protein

Additional protein requirement during lactation
amounts to 21.2 g/day (Food and Nutrition Board and
Institute of Medicine, 2002). Taking the non-protein
fraction of human milk into account, the additional
requirement is about 17 g/day. As yet, there is no clear
evidence that low maternal protein intake compro-

mises milk volume, although some short-term studies
suggest an impact on the milk nitrogen fraction.

Vitamin A

Estimates of vitamin A requirements during lacta-
tion have been based on calculations of how much
would be needed to replace that which is excreted
daily in breast milk (Table 6.6). Consequently, the
vitamin A content of human milk depends on mater-
nal vitamin A status. There is a relatively wide range
of recommended daily allowances, from 850 pg/day
(WHO/FAO, 2004) to 1500pg/day (German
Nutrition society et al., 2000), related to the extent of
inadequate vitamin A status, vitamin A availability
and the socioeconomic constraints of the commu-
nity. Useful specific guidelines for supplementation
have been published by WHO (2009). In industrial-
ised countries, there is no need for vitamin A sup-
plementation. In areas of endemic vitamin A
deficiency caution should be applied regarding vita-
min A supplementation, given the potential risk of
teratogenesis. The upper level of vitamin A intake has
been set at 2800 pg/day (14—18 years) or 3000 pg/day
(19-50 years). After the infant reaches the age of 6
months, or when solid foods are introduced, there is
less maternal need for additional vitamin A.

Folate

The folate concentration of human milk remains
relatively constant. The average daily amount secreted
in human milk is estimated to be 85 pug/l. The addi-
tional dietary intake needed to provide this amount
is 133 pg/day. Women who are only partially breast-
feeding have less demand. There may be a profound
effect on offspring if either a deficiency or an excess
of methyl donors, such as folate, is experienced. It is
therefore considered best to limit supplementation —
if any — to levels that are within the range of popula-
tion intakes.

Vitamin D and calcium

Available data indicate that vitamin D requirements
are not increased during lactation. Concentrations
of vitamin D in breast milk are low, between 12 and
601U/1. Although the milk 25-hydroxy-vitamin D
(25(0OH)D) concentration correlates with maternal
25(OH)D concentration and maternal vitamin D
intake, infant 25(OH)D concentrations do not cor-
relate with milk 25(OH)D wunless the mother
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Table 6.6 Recommended levels for micronutrient intake during lactation

Commonwealth of Australia (2006) National Health and Medical ~ WHO (2004)
Research Council*
Micronutrient EAR RDA RNI (or RDA)
Thiamin (mg/day) 1.2 1.4 1.5
Riboflavin (mg/day) 1.3 1.6 1.6
Niacin (mg/day) 13 17 17
Vitamin B, (mg/day) 1.7 2.0 2.0
Folate (ug/day) 450 500 500
Vitamin B,, (ug/day) 2.4 2.8 2.8
Pantothenic acid (mg/day)? 6 7.0
Biotin (ug/day)® 35 35
Choline (mg/day)? 550
Iron (mg/day) 7 (6.5) 14-18 years 10 (9) 1418 years 10-30 (15-5% bioavailability)

Calcium (mg/day)
Phosphorus (mg/day)
Magnesium (mg/day)
Vitamin D (ug/day)?
Fluoride (mg/day)
Vitamin A (ug/day)

Vitamin K (ug/day)?
Vitamin C (mg/day)

(19-50 years)

1050 (840) 14-18 years
(19-50 years)

1055 (580) 14-18 years
(19-50 years)

300 (255, 265) 14-18 years
(19-30 years, 31-50 years)

3.0
780 (800) 14-18 years
(19-50 years)

58 (60) up to 18 years

(19-50 years)

(19-50 years)
Vitamin E (o-tocopherol) (mg/day)?
Selenium (ug/day) 65
lodine (ug/day) 190

1300 (1000) 1418 years 1000
(19-50 years)
1250 (1000) 14-18 years
(19-50 years)
360 (310, 320) 14-18 years 270
(19-30 years, 31-50 years)
5
1100 850
60 55
80 (85) up to 18 years 70
(19-50 years)
" -
75 35 (42) 0-6 months (7—12 months)
270

Recommendations from the US/Canada, UK, Germany and the EU.

2 Al, adequate intake; to replace RDA if sufficient scientific evidence is not available. EAR, estimated average requirement; RNI, reference nutrient
intake, two standard deviations above EAR; RDA, recommended dietary allowance, two standard deviations above EAR. Safe level is the upper

end of normal storage requirement.

receives high doses of supplemental vitamin D (e.g.
40001U/day). Within 8 weeks of delivery, vitamin
D stores are depleted in vitamin D-replete mothers.
When maternal vitamin D status is poor, vitamin D
should be administered to newborns just after
birth, as this can easily achieve vitamin D suffi-
ciency. Dietary guidance for lactating women
should ensure good nutrition and exposure to sun-
shine. Daily supplementation with 10 pg/day should
be considered for mothers who avoid milk, eggs
and fish, as well as for populations with limited
sunshine exposure.

As is the case in pregnancy, lactation is a period of
high calcium requirement. If milk products are not a
major part of the diet, it is difficult for many lactating

women to consume the recommended amount.
During lactation, physiological adaptive processes
ensure that calcium is provided for milk production.
Thus, although there are wide differences among
women, the concentration of calcium in breast milk
is not influenced by the calcium intake of the mother
during the breast-feeding period. Furthermore, cal-
cium nutrition does not influence the changes in
bone mineral status, calcium and bone metabolism,
and these changes are not responsive to an increase in
calcium intake by breast-feeding women. This evi-
dence supports the view that calcium increments are
no longer necessary in lactation, despite the current
poor understanding of mechanisms involved in cal-
cium regulation during lactation.
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lodine

Universal salt iodisation (USI) is recommended as a
safe, cost-effective and sustainable strategy to ensure
sufficient iodine intakes by all individuals worldwide.
Asuniversal implementation of salt iodisation appears
not to be feasible, iodine supplementation has been
proposed for pregnant and lactating women who
have insufficient access to iodised salt (WHO, UNICEF
2007). Dosages amount to 250 pug/day or a single
annual dose of an iodised oil supplement of 400 pg.

Energy and nutrient inadequacies

In general, lactating women are considered at high
risk of energy and nutrient inadequacies. Selected
groups of lactating women may need special nutri-
tional attention, including:

groups with restricted eating patterns

complete vegetarians

women who diet to lose weight

women who avoid dairy products

women on a low income

women with HIV infections

women using substances which penetrate into
breastmilk, for example alcohol, nicotine.

Vegetarian mothers

In vegetarian women, vitamin D and calcium status
may be low and vitamin B, deficiency has been
reported in their offspring. Given sufficient sunlight
exposure, supplemental vitamin D does not appear
to be necessary and the low calcium intake in vege-
tarian women does not result in a lower milk calcium
content. One of the major nutritional concerns for
vegetarian women is vitamin B,,, a lack of which
leads to elevated methyl malonic acid levels in both
mothers and infants.

Mothers with insulin-dependent diabetes
mellitus

The goal for the treatment of insulin-dependent dia-
betes mellitus (IDDM) during lactation is to decrease
infant mortality and morbidity, as well as the seque-
lae of the disease in the mother. The extra needs of
lactation must be recognised, and both energy and
insulin dose adjusted to meet those needs. To ensure
adequate infant nutrition, mothers with IDDM
should receive lactation counselling, addressing all
factors that may influence the success of lactation:

hyperglycaemia, hypoglycaemia, method of delivery,
feeding frequency, foetal condition, gestational age,
incidence of mastitis, metabolic control and mater-
nal dietary intake.

Maternal caloric restriction and exercise

during lactation

Following lactation many women in affluent popula-
tions are eager to return to their pre-pregnancy
weight. To achieve this goal, they may restrict energy
intake or increase exercise. For women with adequate
reserves, milk energy output is maintained, even if
they are losing weight at a rate of up to 0.5kg/week.
Only when women with low energy reserves are in
negative energy balance does milk energy output
decrease. The threshold at which low energy reserves
and negative energy balance affect milk energy out-
put has, however, yet to be identified.

HIV infections

Mothers with HIV infections can transmit the virus
to their infants through breast milk, especially during
the early months of breast-feeding. To prevent the
mother-to-child transmission of HIV, WHO and
Unicef urge mothers in specific areas not to breast-
feed and to find suitable feeding alternatives.

Alcohol and smoking

Both alcohol and smoking interfere with breast-
feeding. They hinder milk production, enter breast
milk and alter its flavour, so that the infants drink less.
In this way, infant development may be impaired.

6.4 Perspectives on the future

Research is needed to identify the threshold of nutri-
tional status at which mothers can no longer sustain
lactation. Further clarification is required in cross-
cultural comparisons, which suggest that lactational
performance is remarkably unaffected by environ-
mental factors, since many possible confounding dif-
ferences may exist between cultures. More research is
required to define whether low nutrient intakes
before or during pregnancy can have deleterious
effects on lactational performance.

To confirm the ecological studies in well- and under-
nourished mothers, additional studies are needed to
explore the impact of supplementation practices on
lactational performance and infant development.
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Supplementation studies should also aim to examine
growth, body composition and bone mineralisation,
visual and cognitive development, and effects on
immune outcomes and cardiovascular function.

Future research should consider the short- and
long-term effects of LCPUFA status, prior to and
during pregnancy, lactation and infancy, according to
inter-individual differences, such as genetic variation
in fatty acid desaturase activities or gender.

Studies addressing sub-groups with potential
specific needs and benefits, such as women with at-
risk pregnancies, restricted dietary intakes, or short--
term intervals between pregnancies, are to be
encouraged.
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Key messages

* Growth provides an indication of nutritional status in pre-adult
years.

Changes in body composition and anthropometry reflect changes
in growth and thus nutritional status.

Nutritional needs change in accordance with the demands of
growth throughout the different stages of life.

The interplay of genetic and environmental factors determines
growth outcomes and disease risk.

Inadequate nutrition during the early years of life can drastically
impair growth, and can affect stature and health outcomes in
later life.

‘Catch-up growth’ is a phenomenon that compensates for devia-
tions in growth from the genetic trajectory.

Maximum height may not be equivalent to ‘optimal’ height with
respect to positive health outcomes.

7.1 Introduction

Nutrition plays an important role in human growth
and development throughout life. Infancy and
childhood are important times for nutrition and
growth, as they strongly predict health outcomes
later in life. Nutrition once again plays an impor-
tant role in later life, when prevention of chronic
disease and system 