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Preface

The first edition of Metabolic Regulation: A Human Perspective appeared in 1996. (It was pink.)
When the second edition was published (in green) in 2003, it seemed that a revolution was tak-
ing place in metabolism. Tissues that we always thought were ‘doing metabolism’ turned out to
be secreting hormones, adipose tissue and leptin being the prime example. By 2010, when the
third (blue) edition was published, there were yet more changes in our understanding of metab-
olism and its regulation. The regulation of gene expression by nutrients (including, for instance,
the carbohydrate-response element binding protein) was much better understood than previ-
ously. The techniques of genetic manipulation had also increased our understanding of meta-
bolic pathways. In 1996, nobody could have guessed that a mouse without the adipose tissue
enzyme hormone-sensitive lipase would be viable, let alone relatively normal: that finding led to
the discovery of another enzyme of fat mobilisation, adipose triglyceride lipase. Similar studies
made us revise our ideas about other ‘well-established’ enzymes such as phosphoenolpyruvate
carboxykinase. Now, in 2018, we see more radical developments in the field. We always thought
that hormones were hormones and metabolites were metabolites — now we know that the dis-
tinction is far from clear, with many compounds we regard as metabolites signalling through
receptors as do ‘true hormones, thereby modulating metabolism. (We note in passing that the
late Derek Williamson — colleague to both of us, and mentor to one [RDE], would not have
been surprised: he had long predicted that the ketone bodies had a signalling role.)

We have always recognised that this textbook needed to be regarded as a complement to a
more conventional biochemistry textbook, which would give details of pathways rather than just
notes on their regulation. We have both taught metabolism to biochemistry and medical stu-
dents in Oxford, and for this edition decided to combine our areas of expertise and to add mate-
rial to the book that would enable it to be used more independently. Thus, in Chapter 1 of this
new edition, we have provided overviews of metabolic pathways that will then be described in
more detail in subsequent chapters. A particular emphasis of the later chapters, as in previous
editions, is the tissue-specificity of these metabolic pathways. We are aware that this textbook is
used by medical and nursing students and that has prompted us to include more material rele-
vant to metabolism in clinical situations such as cancer, sepsis, and trauma. We hope this mate-
rial will be of interest to all students, including those of nutrition and sports science, as it
illustrates how metabolism may be perturbed. The small revision to the title of the book reflects
these changes.

We thank Michael Goran, Fredrik Karpe, Denise Robertson and Garry Tan, who have helped
us by reading, and commenting on, sections of the book. Any errors remaining are our respon-
sibility. We are enormously grateful to Anne Clark, Mike Symonds and Roy Taylor for providing
pictures and data. We give special thanks to Professor Rui Fontes of the University of Porto who
translated edition 3 into Portuguese, and in so doing pointed out many errors, most of which
had persisted through all the editions. Jenny Seward and James Watson, and their editorial team
at Wiley, have been very helpful to us as we prepared this edition. Finally, we thank Theresa and
Helen for putting up with us during the hours we spent at the computer producing this new
edition.



Abbreviations

Some abbreviations used only within a figure, table or box, and defined there, are not included here.
Some abbreviations are given in the text not because the terms are used frequently, but because the sub-

stance in question is often better known by its abbreviation. In such cases, if the abbreviation only occurs
in one limited section, it will not be listed here.

ABC (G5, G8, etc.)
ACAT
ACC
ACCORD
ACE

ACS
ACSL
ACTH
ADH
ADP

AEE

AGE
AgRP
AIDS
ALT

AMP
AMPK
ANP

APOA, B, C, E, etc.

ARB
AST
ATGL
ATP
BAT
BCAA
BCAT
BCKD(C)
BMCP1
BMI
BMR
BNP
cAMP
CARS
CAT-1,2
CCK
CETP
cGMP
CHD
ChRE
ChREBP
CIM

ATP-binding cassette-containing protein-G5, G8 etc.
acyl-Coenzyme A: cholesterol acyltransferase
acetyl-CoA carboxylase

Action to Control Cardiovascular Risk in Diabetes
angiotensin-converting enzyme

acyl-CoA synthase

long-chain acyl-CoA synthase

adrenocorticotrophic hormone (corticotrophin)
antidiuretic hormone

adenosine 5’-diphosphate

activity energy expenditure

advanced glycation end-product

Agouti-related protein

Acquired ImmunoDeficiency Syndrome

alanine aminotransferase

adenosine 5’-monophosphate

AMP-activated protein kinase

atrial natriuretic peptide

apolipoprotein A,B,C,E, etc.

angiotensin receptor blocker

aspartate aminotransferase

adipose triacylglycerol (or triglyceride) lipase
adenosine 5'-trisphosphate

brown adipose tissue

branched chain amino acid

branched chain amino acid aminotransferase
branched chain 2-oxoacid (o-ketoacid) dehydrogenase (complex)
brain mitochondria carrier protein 1

body mass index

basal metabolic rate

brain natriuretic peptide

cyclic adenosine 3', 5'-monophosphate (cyclic AMP)
compensatory anti-inflammatory response syndrome
carnitine-acyl transferase-1, 2

cholecystokinin

cholesteryl ester transfer protein

cyclic guanosine 3’, 5'-monophosphate (cyclic GMP)
coronary heart disease

carbohydrate response element

carbohydrate response element binding protein
critical illness myopathy
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CIP
CNP
CNS
CoA
CoASH
CoQ10
CPT-1, 2
CSII
DHA
D-2HG
DIT
DPP
EDRF
EE

elF
eNOS
ER
ERK
FABP(Pm)
FAD
FADH,
FAT
FATP
FFM
FGF
FH

FIL
FoxO
FQ
FSH
FXR

G

G6-P
GDP
GH
GHSR
GIP

GK

GLP (1 and 2)
GLUT
GOAT

GPAT

GPCR
GPIHBP1

GR
GSK
GTP
HDAC

critical illness polyneuropathy

C-type natriuretic peptide

central nervous system

coenzyme A

coenzyme A reduced form

ubiquinone

carnitine-palmitoyl transferase-1, 2
continuous subcutaneous insulin infusion
docosahexaenoic acid (22:6 7-3)
D-2-hydroxyglutarate

diet-induced thermogenesis

Diabetes Prevention Program
endothelial-derived relaxing factor

energy expenditure

eukaryotic initiation factor

endothelial NO synthase

endoplasmic reticulum

extracellular signal-regulated kinase

fatty acid binding protein (plasma membrane isoform)
flavin adenine dinucleotide (oxidised form)
flavin adenine dinucleotide (reduced form)
fatty acid translocase

fatty acid transport protein

fat-free mass

fibroblast growth factor

familial hypercholesterolaecmia

feedback inhibitor of lactation

Forkhead box ‘Other’

food quotient

follicle-stimulating hormone

farnesoid X-receptor

Gibbs ‘free’ energy

glucose 6-phosphate

guanosine 5'-diphosphate

growth hormone

growth hormone secretagogue receptor

gastric inhibitory polypeptide, also known as glucose-dependent

insulinotrophic polypeptide
glucokinase

glucagon-like peptide-1 and -2
glucose transporter
ghrelin-O-acyltransferase

glycerol phosphate-acyl transferase
G protein-coupled receptor

glycosylphosphatidylinositol-anchored high density lipoprotein-binding

protein 1

glucocorticoid receptor

glycogen synthase kinase
guanosine 5’-trisphosphate
histone deacetylation/deacetylase



HDL
HIF-1

HIV

HK
HMG-CoA
hPL

HSL

5-HT
IDDM
IGF

IL

IMM

JAK

a

LADA

LCAD

LCAT

LDL

LH

LPL

LXR

MAPK

MET

MI

MODS
MODY

M}’

mRNA

MSH

mTOR

NAD*, NADH
NADP*, NADPH

NAFLD
Nam
Nampt
NEAT
NEFA
NHS DprP
NIDDM
NPCILI1
NPR-A
NPY
OMM
PAMPs
PCSK9
PDC
PDH
PDX1

Abbreviations / ix

high density lipoprotein

hypoxia-inducible factor-1

Human Immunodeficiency Virus

hexokinase

3-hydroxy-3-methylglutaryl-CoA

human placental lactogen

hormone-sensitive lipase

5-hydroxytryptamine

insulin-dependent diabetes mellitus
insulin-like growth factor

interleukin

inner mitochondrial membrane

originally Just Another Kinase; redesignated JAnus Kinase
dissociation constant for an acid

Michaelis constant

latent autoimmune diabetes in adults
long-chain acyl CoA dehydrogenase
lecithin-cholesterol acyltransferase

low-density lipoprotein

luteinising hormone

lipoprotein lipase

liver X-receptor

mitogen-activated protein kinase

(unit of work): 1 MET = resting metabolic rate
myocardial infarction

multiple organ dysfunction syndrome
maturity-onset diabetes of the young

relative molecular mass

messenger-RINA

melanocyte-stimulating hormone

mammalian (or mechanistic) Target Of Rapamycin
nicotinamide adenine dinucleotide (+, oxidised form; H, reduced form)
nicotinamide adenine dinucleotide phosphate (+, oxidised form; H, reduced
form)

non-alcoholic fatty liver disease

nicotinamide

nicotinamide phosphoribosyl transferase
non-exercise activity thermogenesis
non-esterified fatty acid

NHS Diabetes Prevention Programme
non-insulin-dependent diabetes mellitus
Niemann-Pick C1-like protein 1

natriuretic peptide-A receptor

neuropeptide Y

outer mitochondrial membrane
pathogen-associated molecular patterns
proprotein convertase subtilisin/kexin type 9
pyruvate dehydrogenase complex

pyruvate dehydrogenase

pancreatic and duodenal homeobox 1
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PET
PFK
PGC
Pi, PPi
PKA
PKC
PKG
POMC
PPAR
PPI
PTHrP
RAAS

RQ

RXR

SCN

SGLT

SIRS

SNP

SOS

SR

SREBP (-1c, -2)
STAT

T,

T,

TAG or TG
TCA (cycle)
TEE

TICE
TNFo

TNFR1, TNFRSF1A

TR

TSH

TTO (loop)
TZD
UCP1,2,3
UDP-GIcNAc
UKPDS
USF-1
VCO,
VLDL

Vmax

VO, (max)

positron emission tomography
phosphofructokinase

PPAR-y co-activator

inorganic phosphate, pyrophosphate

protein kinase-A (cAMP-dependent protein kinase)

protein kinase-C

protein kinase-G (cGMP-dependent protein kinase)

pro-opiomelanocortin

peroxisome proliferator-activated receptor
proton pump inhibitor

parathyroid hormone-related protein
renin-angiotensin-aldosterone system
receptor for advanced glycation end-products
renin-angiotensin system

resting energy expenditure

respiratory exchange ratio

reactive oxygen species

respiratory quotient

retinoid X receptor

suprachiasmatic nucleus

sodium-glucose cotransporter

systemic inflammatory response syndrome
single-nucleotide polymorphism

Swedish Obesity Study

scavenger receptor

sterol regulatory element binding protein (1c, 2)
Signal Transducer and Activator of Transcription
tri-iodothyronine

thyroxine

triacylglycerol

tricarboxylic acid (cycle)

total energy expenditure

trans-intestinal cholesterol efflux

tumour necrosis factor-o.

TNEF receptors

thyroid hormone receptor

thyroid stimulating hormone

transcription translation oscillating loop
thiazolidinedione

uncoupling protein 1, 2, 3

uridine diphosphate N-acetylglucosamine
United Kingdom Prospective Diabetes Study
upstream stimulatory factor-1

rate of CO, production

very-low-density lipoprotein

maximal velocity of a reaction

(maximal) rate of O, consumption
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CHAPTER 1

The underlying
principles of human
metabolism

0’“ Key learning points

* We eat food. We expend energy doing exercise, sleeping, just being. What happens
to the food between it entering our mouths and its being used for energy? That's
what metabolism (at least, so far as this book is concerned) is all about.

* In order to cover the periods when we are not eating, we need to store metabolic
fuels. We store fuel as fat (triacylglycerol) and as carbohydrate (glycogen). Fat
provides considerably more energy per gram stored. Proteins are not stored
specifically as energy reserves but they may be utilised as such under certain
conditions. We must regulate both the storage and mobilisation of energy to
match intake to expenditure. That is what we will refer to as metabolic regulation.

* Molecules involved in metabolism differ in an important property: polarity.
Polar molecules (those with some degree of electrical charge) mix with water
(which is also polar); non-polar molecules, which include most lipids (fatty
substances), usually don’'t mix with water. This has profound implications for
the way they are handled in the body. They also differ in the amount of energy
they contain, affecting their efficiency as fuels.

e Some molecules have both polar and non-polar aspects: they are said to be
amphipathic. They can form a bridge between polar and non-polar regions.
Amphipathic phospholipid molecules can group together to form membranes,
such as cell membranes.

e Energy is derived from metabolic substrates derived from food-stuffs
principally by oxidation, a chemical process involving electron transfer from
electron donor (reducing agent) to electron acceptor (oxidising agent), the final
electron acceptor being oxygen.

* The different organs in the body have their own characteristic patterns of
metabolism. Substrates flow between them in the bloodstream (circulation).
Larger blood vessels divide into fine vessels (capillaries) within the tissues,
so that the distances that molecules have to diffuse to or from the cells are
relatively small (more detail in Chapter 3).

(Continued)

Human Metabolism: A Regulatory Perspective, Fourth Edition. Keith N. Frayn and Rhys D. Evans.
© 2019 Keith N. Frayn and Rhys D. Evans. Published 2019 by John Wiley & Sons, Ltd.
Companion website: www.wiley.com/go/frayn
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o“‘ Key learning points (continued)

e The different classes of metabolic substrates have characteristic chemical properties; by
utilising all three types of metabolic substrates derived from the three major food energy
groups (carbohydrates, fats, and proteins) energy storage (anabolism) and release
(catabolism) in many physiological conditions is achieved.

* General features of metabolism include synthesis and breakdown of substrates, and complete
breakdown to release energy by oxidation. The tricarboxylic acid cycle (TCA cycle) is the
central cellular mechanism for substrate oxidation to H,O and CO,, with consumption of O,. It

operates within mitochondria.

e Carbohydrate metabolism centres around the sugar glucose. Carbohydrate metabolic
pathways include conversion to glycogen and its reverse, glucose breakdown and oxidation,
glucose conversion to lipid, and synthesis of glucose (gluconeogenesis).

¢ Lipid metabolism for energy centres on the interconversion of fatty acids and triacylglycerol.
Triacylglycerol synthesis involves esterification of fatty acids with glycerol; triacylglycerol
breakdown (lipolysis) involves liberation of fatty acids and glycerol from stored triacylglycerol.
The oxidation of fatty acids occurs through a pathway known as f-oxidation.

¢ Amino acid metabolism involves incorporation of amino acids into protein, and its reverse
(protein synthesis and breakdown), and further metabolism of the amino acids, either to
convert them to other substrates (e.g. lipids) or final oxidation. The nitrogen component of
amino acids is disposed of by conversion to urea in the liver.

1.1 Metabolism in perspective

To many students, metabolism sounds a dull sub-
ject. It involves learning pathways with intermedi-
ates with difficult names and even more difficult
formulae. Metabolic regulation may sound even
worse. It involves not just remembering the path-
ways, but remembering what the enzymes are
called, what affects them and how. This book is not
simply a repetition of the molecular details of met-
abolic pathways. Rather, it is an attempt to put
metabolism and metabolic regulation together into
a physiological context, to help the reader to see the
relevance of these subjects. Once their relevance to
everyday life becomes apparent, then the details will
become easier, and more interesting, to grasp.

This book is written from a human perspective
because, as humans, it is natural for us to find our
own metabolism interesting — and very important for
understanding human health and disease. Neverthe-
less, many aspects of metabolism and its regulation
that are discussed are common to other mammals.
Some mammals, such as ruminants, have rather spe-
cialised patterns of digestion and absorption of
energy; such aspects will not be covered in this book.

Metabolism might be defined as the biochem-
ical reactions involved in converting foodstuffs

into fuel. (There are other aspects, but we will con-
centrate on this one.) As we shall shortly see, that
is not a constant process: ‘flow” through the meta-
bolic pathways needs to change with time. An
important aspect of these pathways is therefore the
ability to direct metabolic products into storage,
then retrieve them from storage as appropriate. In
this chapter we shall give an overview of the major
pathways involved in carbohydrate, lipid, and pro-
tein metabolism. In later chapters we shall see that
these pathways operate within specific tissues — or
sometimes between tissues — and not all cells carry
out the same set of metabolic reactions. We intend
to give enough detail of metabolic pathways that a
student will be able to understand them, but inev-
itably a more detailed biochemistry textbook will
provide more. We shall concentrate upon under-
standing how these pathways operate in human
terms, and how they are regulated.

Now we have mentioned metabolic regulation,
so we should ask: why is it necessary? An analogy
here is with mechanical devices, which require an
input of energy, and convert this energy to a differ-
ent and more useful form. The waterwheel is a sim-
ple example. This device takes the potential energy
of water in a reservoir — the mill-pond — and
converts it into mechanical energy which can be
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used for turning machinery, for instance, to grind
corn. As long as the water flows, its energy is
extracted, and useful work is done. If the water
stops, the wheel stops. A motor vehicle has a dif-
ferent pattern of energy intake and energy output
(Figure 1.1). Energy is taken in very spasmodi-
cally — only when the driver stops at a filling sta-
tion. Energy is converted into useful work
(acceleration and motion) with an entirely differ-
ent pattern. A long journey might be undertaken
without any energy intake. Clearly, the difference
from the waterwheel lies in the presence of a stor-
age device — the fuel tank. But the fuel tank alone
is not sufficient: there must also be a control
mechanism to regulate the flow of energy from the
store to the useful-work-producing device (i.e. the
engine). In this case, the regulator is in part a
human brain deciding when to move, and in part
a mechanical system controlling the flow of fuel.

Underlying principles of human metabolism / 3

What does this have to do with metabolism?
The human body is also a device for taking in
energy (chemical energy, in the form of food) and
converting it to other forms. Most obviously, this
is in the form of physical work, such as lifting
heavy objects. However, it can also be in more
subtle forms, such as producing and nurturing off-
spring. Any activity requires energy. Again, this is
most obvious if we think about performing
mechanical work: lifting a heavy object from the
floor onto a shelf requires conversion of chemical
energy (ultimately derived from food) into poten-
tial energy of the object. But even maintaining life
involves work: the work of breathing, of pumping
blood around the vascular system, of chewing
food and digesting it. At a cellular level, there is
constant work performed in the pumping of ions
across membranes, and the synthesis and break-
down of the chemical constituents of cells.

amounts of fuel in the tank before and after.
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Figure 1.1 Rates of energy intake and output for a motor vehicle. The rate of intake (top panel) is zero
except for periods in a filling station, when it is suddenly very high. (Notice that the scales are different for
intake and output.) The rate of output is zero while the car is parked with the engine off; it increases as the car
is driven to the filling station, and is relatively high during a journey. When totalled up over a long period, the
areas under the two curves must be equal (energy intake = energy output) — except for any difference in the
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What is your pattern of energy intake in rela-
tion to energy output? For most of us, the major-
ity of energy intake occurs in three relatively short
periods during each 24 hours, whereas energy
expenditure is largely continuous (the resting
metabolism) with occasional extra bursts of exter-
nal work (Figure 1.2). It is clear that we, like the
motor vehicle, must have some way of storing
food energy and releasing it when required. As
with the motor vehicle, the human brain may also
be at the beginning of the regulatory mechanism,
although it is not the conscious part of the brain:
we do not have to think when we need to release
some energy from our fat stores, for instance.

Some of the important regulatory systems that
will be covered in this book lie outside the brain,
in organs which secrete hormones, particularly the
pancreas. But whatever the internal means for
achieving this regulation, we manage to store our
excess food energy and to release it just as we need.

This applies to the normal 24-hour period in
which we eat meals and go about our daily life. But
the body also has to cope with less well-organised
situations. In many parts of the world, there are
times when food is not that easily available, and
yet people are able to continue relatively normal
lives. Clearly, the body’s regulatory mechanisms
must recognise that food is not coming in and

Lunch .
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Figure 1.2 Rates of energy intake and output for a person during a typical day. The rate of energy
intake (top panel) is zero except when eating or drinking, when it may be very high. The rate of energy output
(heat + physical work) (lower panel) is at its lowest during sleep; it increases on waking and even more during
physical activity. As with the car, the pattern of energy intake may not resemble that of energy expenditure, but
over a long period the areas under the curves will balance — except for any difference in the amounts of energy
stored (mainly as body fat) before and after. Source: data for energy expenditure are for a person measured in
a calorimetry chamber and were kindly supplied by Prof Susan Jebb of Nuffield Department of Primary Care
Health Sciences, Oxford University.
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allow an appropriate rate of release of energy from
the internal stores. In other situations, the need
for energy may be suddenly increased. Strenuous
physical exercise may increase the total rate of
metabolism in the body to 20 times its resting
level. Something must recognise the fact that there
is a sudden need to release energy at a high rate
from the body’s stores. During severe illness, such
as infections, the rate of metabolism may also be
increased; this is manifested in part by the rise in
body temperature. Often the sufferer will not feel
like eating normally. Once again, the body must
have a way of recognising the situation, and regu-
lating the necessary release of stored energy.

What we are now discussing is, indeed, meta-
bolic regulation. Metabolic regulation in human
terms covers the means by which we take in nutri-
ents in discrete meals, and deliver energy as
required, varying from moment to moment and
from tissue to tissue, in a pattern which may have
no relationship at all to the pattern of intake. Met-
abolic regulation works ultimately at a molecular
level, mainly by modulation of the activities of
enzymes. But one should not lose sight of the fact
that these molecular mechanisms are there to ena-
ble us to lead normal lives despite fluctuations in
our intake and our expenditure of energy. In this
book, the emphasis will be on the systems within
the human body which sense the balance of energy
coming in and energy required, particularly the
endocrine (hormonal) and the nervous systems, and
which regulate the distribution and storage of
nutrients after meals, and their release from stores
and delivery to individual tissues as required.

The intention of this preamble is to illustrate
that, underlying our everyday lives, there are precise
and beautifully coordinated regulatory systems con-
trolling the flow of energy within our bodies. Met-
abolic regulation is not a dry, academic subject
thought up just to make biochemistry examinations
difficult; it is at the centre of human life and affects
each one of us every moment of our daily lives.

1.2 The chemistry of food — and
of bodies

Energy is taken into the body in the form of food.
The components of food may be classified as
macronutrients and micronutrients. Macronutri-
ents are those components present in a typical
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serving in amounts of grams rather than mil-
ligrams or less. They are the well-known carbohy-
drate, fat, and protein. Water is another important
component of many foods, although it is not usu-
ally considered a nutrient. Micronutrients are vita-
mins, minerals, and nucleic acids: they are not
oxidised to provide energy, but rather they are
used to facilitate biochemical mechanisms of the
body. Although these micronutrients play vital
roles in the metabolism of the macronutrients,
they will not be discussed in any detail in this
book, which is concerned with the broader aspects
of what is often called energy metabolism.

The links between nutrition and energy
metabolism are very close. We eat carbohydrates,
fats, and proteins. Within the body these rela-
tively large molecules are broken down to smaller
components, rearranged, stored, released from
stores, and further metabolised, but essentially
whether we are discussing food or metabolism the
same categories of carbohydrate, fat, and protein
can be distinguished. This is not surprising since
our food itself is of organic origin, whether plant
or animal.

In order to understand metabolism and meta-
bolic regulation, it is useful to have a clear idea of
some of the major chemical properties of these
components. This is not intended as a treatise in
physical or organic chemistry but as a starting
point for understanding some of the underlying
principles of metabolism. The discussion assumes
a basic understanding of the meaning of atoms
and molecules, of chemical reactions and catalysis,
and some understanding of chemical bonds (par-
ticularly the distinction between ionic and cova-

lent bonding).

1.2.1 Some important chemical
concepts

1.2.1.1 Polarity

Some aspects of metabolism are more easily under-
stood through an appreciation of the nature of
polarity of molecules. Polarity refers to the distri-
bution of electrical charge over the molecule. A
non-polar molecule has a very even distribution of
electrical charge over its surface and is electrically
neutral overall (the negative charge on the elec-
trons is balanced by the positive charge of the
nucleus). A polar molecule has an overall charge,
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or at least an uneven distribution of charge. The
most polar small particles are ions — that is, atoms
or molecules which have entirely lost or gained
one or more electrons. However, even completely
covalently bonded organic molecules may have a
sufficiently uneven distribution of electrical charge
to affect their behaviour. Polarity is not an all-or-
none phenomenon; there are gradations, from the
polar to the completely non-polar.

Polarity is not difficult to predict in the mole-
cules which are important in biochemistry. We will
contrast two simple molecules: water and methane.
Their relative molecular masses are similar — 18
for water, 16 for methane — yet their physical
properties are very different. Water is a liquid at
room temperature, not boiling until 100°C,
whereas methane is a gas (‘natural gas’) which only
liquifies when cooled to —161°C. We might
imagine that similar molecules of similar size
would have the same tendency to move from the
liquid to the gas phase, and that they would have
similar boiling points. The reason for their differ-
ent behaviours lies in their relative polarity. The
molecule of methane has the three-dimensional
structure shown in Figure 1.3a. The outer electron
‘cloud’ has a very even distribution over the four
hydrogen atoms, all of which have an equal ten-
dency to pull electrons their way. The molecule
has no distinct electrical poles — it is non-polar.
Because of this very even distribution of electrons,
molecules near each other have little tendency to
interact. In contrast, in the water molecule
(Figure 1.3b) the oxygen atom has a distinct ten-
dency to pull electrons its way, shifting the distri-
bution of the outer electron cloud so that it is
more dense over the oxygen atom, and corre-
spondingly less dense elsewhere. Therefore, the
molecule has a rather negatively charged region
around the central oxygen atom, and correspond-
ingly positively charged regions around the hydro-
gen atoms. Thus, it has distinct electrical poles — it
is a relatively polar molecule. It is easy to imagine
that water molecules near to each other will inter-
act. Like electrical charges repel each other, unlike
charges attract. This gives water molecules a ten-
dency to line up so that the positive regions of one
attract the negative region of an adjacent molecule
(Figure 1.3b). So, water molecules, unlike those of
methane, tend to ‘stick together’: the energy
needed to break them apart and form a gas is

much greater than for methane, and hence water
is a liquid while methane is a gas. The latent heat
of evaporation of water is 2.5 k] g~', whereas that
of methane is 0.6 kJ g™'. Note that the polarity of
the water molecule is not as extreme as that of an
ion — it is merely a rather uneven distribution of
electrons, but enough to affect its properties
considerably.

The contrast between water and methane may
be extended to larger molecules. Organic com-
pounds composed solely of carbon and hydrogen —
for instance, the alkanes or ‘paraffins’ — all have the
property of extreme non-polarity: the chemical
(covalent) bond between carbon and hydrogen
atoms leads to a very even distribution of elec-
trons, and the molecules have little interaction
with each other. A result is that polar molecules,
such as those of water, and non-polar molecules,
such as those of alkanes, do not mix well: the water
molecules tend to bond to each other and to
exclude the non-polar molecules, which can them-
selves pack together very closely because of the
lack of interaction between them. In fact, there is
an additional form of direct attraction between
non-polar molecules, the van der Waals forces.
Random fluctuations in the density of the electron
cloud surrounding a molecule lead to minor,
transient degrees of polarity; these induce an
opposite change in a neighbouring molecule,
with the result that there is a transient attraction
between them. These are very weak attractions,
however, and the effect of the exclusion by water
is considerably stronger. The non-polar molecules
are said to be hydrophobic (water fearing or water
hating).

A strong contrast is provided by an inorganic
ionic compound such as sodium chloride. The
sodium and chlorine atoms in sodium chloride are
completely ionised under almost all conditions.
They pack very regularly in crystals in a cubic
form. The strength of their attraction for each
other means that considerable energy is needed to
disrupt this regular packing — sodium chloride
does not melt until heated above 800°C. And yet
it dissolves very readily in water — that is, the indi-
vidual ions become separated from their close
packing arrangement rather as they would on
melting. Why? Because the water molecules, by
virtue of their polarity, are able to come between
the ions and reduce their attraction for each other.
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Methane

ature whereas the non-polar methane is a gas.

104.5°

(b) Water

“H Ho

Figure 1.3 (a) Three-dimensional structure of the methane molecule and (b) the molecular structure

of water. (a) The hydrogen atoms of methane (CH,) are arranged symmetrically in space, at the corners of

a tetrahedron. (b) The molecular structure of water. Top: view of the ‘electron cloud’ surrounding the mole-
cule; bottom, interactions between water molecules. The molecule has a degree of polarity, and this leads to
electrical interactions between neighbouring molecules by the formation of hydrogen bonds. These bonds are
not strong compared with covalent bonds, and are constantly being formed and broken. Nevertheless, they
provide sufficient attraction between the molecules to account for the fact that water is a liquid at room temper-

In fact, each of the charged sodium and chloride
ions will become surrounded by a ‘shell’ of water
molecules, shielding it from the attraction or
repulsion of other ions. Sodium chloride is said to
be hydrophilic — water loving. The terms polar and
hydrophilic are for the most part interchangeable.
Similarly, the terms non-polar and hydrophobic are
virtually synonymous.

Ionic compounds, the extreme examples of
polarity, are not confined to inorganic chemistry.
Organic molecules may include ionised groups.
These may be almost entirely ionised under nor-
mal conditions — for instance, the esters of
orthophosphoric acid (‘phosphate groups’), as in
the compounds AMP, ADP, and ATPE in

metabolites such as glucose 6-phosphate, and in
phospholipids. Most of the organic acids involved
in intermediary metabolism, such as lactic acid,
pyruvic acid, and the long-chain carboxylic acids
(fatty acids), are also largely ionised at physiologi-
cal hydrogen ion concentrations (Box 1.1). Thus,
generation of lactic acid during exercise raises the
hydrogen ion concentration (the acidity) both
within the cells where it is produced, and generally
within the body, since it is released into the
bloodstream.

As stated earlier, polarity is not difficult to pre-
dict in organic molecules. It relies upon the fact
that certain atoms always have electronegative
(electron withdrawing) properties in comparison
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with hydrogen. The most important of these
atoms biochemically are those of oxygen, phos-
phorus, and nitrogen. Therefore, certain func-
tional groups based around these atoms have polar
properties. These include the hydroxyl group (-OH),
the amino group (-NH,), and the orthophosphate
group (~OPO,*"). Compounds containing these
groups will have polar properties, whereas those
containing just carbon and hydrogen will have
much less polarity. The presence of an electroneg-
ative atom does not always give polarity to a
molecule — if it is part of a chain and balanced

by a similar atom this property may be lost. For
instance, the ester link in a triacylglycerol mole-
cule (discussed below) contains two oxygen atoms
but has no polar properties.

Examples of relatively polar (and thus water-
soluble) compounds, which will be frequent in this
book, are sugars (with many —OH groups), organic
acids such as lactic acid (with a COO™ group), and
most other small metabolites. Most amino acids
also fall into this category (with their amino and
carboxyl groups), although some fall into the
amphipathic (‘mixed’) category discussed below.

Box 1.1 lonisation state of some acids at normal hydrogen ion

concentrations

The normal pH in blood plasma is around 7.4.
(It may be somewhat lower within cells, down
to about 6.8.) This corresponds to a hydro-
gen ion concentration of 3.98 x 1078 mol |
(since — log,, of 3.98 x 1078 is 7.4).

The equation for ionisation of an acid HA is:

HA & H +A”

this equilibrium is described by the equation:
[HIAT_
[HA]

where K; is the dissociation or ionisation
constant and is a measure of the strength of
the acid: the higher the value of K, the stronger
(i.e. the more dissociated) the acid.

K in the equation above relates the concen-
trations expressed in molar terms (e.g. mol/l).
(Strictly, it is not the concentrations but the
‘effective ion concentrations’ or ion activities
which are related; these are not quite the same
as concentrations because of inter-ion attrac-
tions. In most biological systems, however, in
which the concentrations are relatively low, it is

Table 1.1.1

a close approximation to use concentrations. If
activities are used, then the symbol K, is used
for the dissociation constant of an acid.)

Some biological acids and their K, values are
listed in Table 1.1.1, together with a calculation of
the proportion ionised at typical pH (7.4).

The calculation is done as follows (using
acetic acid as an example):

_HAC]

K,=1.75x10"°
[HAC]

(where HAc represents undissociated acetic
acid, Ac™ represents the acetate ion). At pH 7.4,
[H*] = 3.98 x 1078 mol I"!. Therefore,

[Ac] 1.75x10°
[HAc] 3.98x10°®

=440

(i.e. the ratio of ionised to undissociated acid is
440:1; it is almost entirely ionised).
The percentage in the ionised form

_ 440 x 100% = 99.8%.

Acid

Acetic, CH,COOH

Lactic, CH,CHOHCOOH

Palmitic acid, CH,(CH,),,COOH

Glycine, CH,NH,COOH (carboxyl group)

K, % ionised at pH 7.4
1.75 x 107° 99.8
0.38 x 107* 99.9
1.58 x 107° 99.8
3.98 x 1078 100
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Another important point about polarity in
organic molecules is that within one molecule
there may be both polar and non-polar regions.
They are called amphipathic compounds. This
category includes phospholipids and long-chain
fatty acids (Figure 1.4). Cell membranes are made
up of a double layer of phospholipids, inter-
spersed with specific proteins such as transporter
molecules, ion channels and hormone receptors,
and molecules of the sterol, cholesterol
(Figure 1.5). The phospholipid bilayer presents its
polar faces — the polar ‘heads’ of the phospholipid
molecules — to the aqueous external environment
and to the aqueous internal environment; within
the thickness of the membrane is a non-polar,
hydrophobic region. The physicochemical nature
of such a membrane means that, in general, mol-
ecules cannot diffuse freely across it: non-polar
molecules would not cross the outer, polar face
and polar molecules would not cross the inner,
hydrophobic region. Means by which molecules
move through membranes are discussed in
Chapter 2 (Box 2.1).

The long-chain fatty acids fall into the amphi-
pathic category — they have a long, non-polar
hydrocarbon tail but a more polar carboxylic
group head (~COQO"). Another compound with
mixed properties is cholesterol (Figure 1.6); its
ring system is very non-polar, but its hydroxyl
group gives it some polar properties. However,
the long-chain fatty acids and cholesterol may
lose their polar aspects completely when they join
in ester links. An ester is a compound formed by
the condensation (elimination of a molecule of
water) of an alcohol (-OH) and an acid (e.g. a
carboxylic acid, -COQO"). Cholesterol (through
its ~OH group) may become esterified to a long-
chain fatty acid, forming a cholesteryl ester (e.g.
cholesteryl oleate, Figure 1.6). The cholesteryl
esters are extremely non-polar compounds. This
fact will be important when we consider the
metabolism of cholesterol in Chapter 10. The
long-chain fatty acids may also become esterified
with glycerol, forming triacylglycerols (Figure 1.4).
Again, the polar properties of both partners are
lost, and a very non-polar molecule is formed.
This fact underlies one of the most fundamental
aspects of mammalian metabolism — the use of
triacylglycerol as the major form for storage of
excess energy.
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Among amino acids, the branched-chain
amino acids, leucine, isoleucine, and valine, have
non-polar side chains and are thus amphipathic.
The aromatic amino acids phenylalanine and
tyrosine are relatively hydrophobic, and the amino
acid tryptophan is so non-polar that it is not
carried free in solution in the plasma.

The concept of the polarity or non-polarity of
molecules thus has a number of direct conse-
quences for the aspects of metabolism to be con-
sidered in later chapters. Some of these
consequences are the following:

(1) Lipid fuels — fatty acids and triacylglycerols —
are largely hydrophobic and are not soluble in
the blood plasma. There are specific routes for
their absorption from the intestine and specific
mechanisms by which they are transported
in blood.

(2) Carbohydrates are hydrophilic. When carbo-
hydrate is stored in cells it is stored in a
hydrated form, in association with water. In
contrast, fat is stored as a lipid droplet from
which water is excluded. Mainly because of
this lack of water, fat stores contain considera-
bly more energy per unit weight of store than
do carbohydrate stores.

(3) The entry of lipids into the circulation must be
coordinated with the availability of the specific
carrier mechanisms. In the rare situations in
which it arises, uncomplexed fat in the blood-
stream may have very adverse consequences.

1.2.1.2 Osmosis

The phenomenon of osmosis underlies some
aspects of metabolic strategy — it can be seen as
one reason why certain aspects of metabolism and
metabolic regulation have evolved in the way that
they have. It is outlined only briefly here to high-
light its relevance.

Osmosis is the way in which solutions of differ-
ent concentrations tend to even out when they are in
contact with one another via a semipermeable mem-
brane. In solutions, the solvent is the substance in
which things dissolve (e.g. water) and the so/ute the
substance which dissolves. A semipermeable mem-
brane allows molecules of solvent to pass through,
but not those of solute. Thus, it may allow mole-
cules of water but not those of sugar to pass through.
Cell membranes have specific protein channels
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Palmitic acid (C16:0), a saturated fatty acid
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Fatty acids: |
0
Oleic acid (C18:1), an unsaturated fatty acid
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Tripalmitoylglycerol, a triacylglycerol (non-polar)
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Figure 1.4 Chemical structures of some lipids. A typical saturated fatty acid (palmitic acid) is shown with

its polar carboxylic group and non-polar hydrocarbon tail. Glycerol is a hydrophilic alcohol. However, it is a
component of many lipids as its hydroxyl groups may form ester links with up to three fatty acids, as shown. The
resultant triacylglycerol has almost no polar qualities. The phospholipids are derived from phosphatidic acid
(diacylglycerol phosphate) with an additional polar group, usually a nitrogen-containing base such as choline
(as shown) or a polyalcohol derivative such as phosphoinositol. Phospholipids commonly have long-chain
unsaturated fatty acids on the 2-position; oleic acid (18:1 n-9) is shown.
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. Cholesterol
Aqueous (polar) environment molecules
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Figure 1.5 Structure of biological membranes in mammalian cells. Cell membranes and intracellular mem-
branes such as the endoplasmic reticulum are composed of bilayers of phospholipid molecules with their polar
head-groups facing the aqueous environment on either side and their non-polar ‘tails’ facing inwards, forming

a hydrophobic centre to the membrane. The membrane also contains intrinsic proteins such as hormone
receptors, ion channels, and sugar transporters, and molecules of cholesterol which reduce the ‘fluidity’ of the
membrane. Modern views of cell membrane structure emphasise that there are domains, known as ‘rafts,’ in
which functional proteins co-locate, enabling interactions between them. These lipid rafts are characterised by
high concentrations of cholesterol and of certain phospholipids (glycosphingolipids).
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Cholesterol
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Figure 1.6 Cholesterol and a typical cholesteryl ester (cholesteryl oleate). In the structure of cholesterol,
not all atoms are shown (for simplicity); each ‘corner’ represents a carbon atom, or else -CH or -CH,. Choles-
terol itself has amphipathic properties because of its hydroxyl group, but when esterified to a long-chain fatty
acid the molecule is very non-polar.
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(aquaporins, discussed in Section 2.2.2.6) to allow
water molecules to pass through; they are close
approximations to semipermeable membranes.

If solutions of unequal concentration — for
instance, a dilute and a concentrated solution of
sugar — are separated by a semipermeable mem-
brane, then molecules of solvent (in this case,
water) will tend to pass through the membrane
until the concentrations of the solutions have
become equal. In order to understand this intui-
tively, it is necessary to remember that the particles
(molecules or ions) of solute are not just moving
about freely in the solvent: each is surrounded by
molecules of solvent, attracted by virtue of the
polarity of the solute particles. (In the case of a
non-polar solute in a non-polar solvent, we would
have to say that the attraction is by virtue of the
non-polarity; it occurs through weaker forces such
as the van der Whaals.) In the more concentrated
solution, the proportion of solvent molecules
engaged in such attachment to the solute particles
is larger, and there is a net attraction for further
solvent molecules to join them, in comparison
with the more dilute solution. Solvent molecules
will tend to move from one solution to the other
until the proportion involved in such interactions
with the solute particles is equal.

‘The consequence of this in real situations is not
usually simply the dilution of a more concentrated
solution, and the concentration of a more dilute
one, until their concentrations are equal. Usually
there are physical constraints. This is simply seen if
we imagine a single cell, which has accumulated
within it, for instance, amino acid molecules taken
up from the outside fluid by a transport mecha-
nism which has made them more concentrated
inside than outside. Water will then tend to move
into the cell to even out this concentration differ-
ence. If water moves into the cell, the cell will
increase in volume. Cells can swell so much that
they burst under some conditions (usually not
encountered in the body, fortunately). For instance,
red blood cells placed in water will burst (/yse) from
just this effect: the relatively concentrated mixture
of dissolved organic molecules within the cell will
attract water from outside the cell, increasing the
volume of the cell until its membrane can stretch
no further and ruptures.

In the laboratory, we can avoid this by handling
cells in solutions which contain solute — usually

sodium chloride — at a total concentration of sol-
ute particles which matches that found within
cells. Solutions which match this osmolarity are
referred to as isotonic; a common laboratory exam-
ple is isotonic saline containing 9g of NaCl per litre
of water, with a molar concentration of
154 mmol I"". Since this will be fully ionised into
Na* and CI” ions, its particle concentration is
308 ‘milliparticles’ — sometimes called milliosmoles —
per litre. We refer to this as an osmolarity of
308 mmol 1!, but it is not 308 mmol NaCl per
litre. (Sometimes you may see the term osmolality,
which is very similar to osmolarity, but measured
in mmol per kg solvent.)

The phenomenon of osmosis has a number of
repercussions in metabolism. Most cells have a
number of different ‘pumps’ or active transporters
in their cell membranes which can be used to reg-
ulate intracellular osmolarity, and hence cell size.
This process requires energy and is one of the com-
ponents of basal energy expenditure. It may also
be important in metabolic regulation; there is
increasing evidence that changes in cell volume are
part of a signalling mechanism which brings about
changes in the activity of intracellular metabolic
pathways. The osmolarity of the plasma is main-
tained within narrow limits by specific mecha-
nisms within the kidney, regulating the loss of
water from the body via changes in the concentra-
tion of urine. Most importantly, potential prob-
lems posed by osmosis can be seen to underlie the
metabolic strategy of fuel storage, as will become
apparent in later sections.

1.2.1.3 Reduction-oxidation

Metabolic energy in living cells is released by the oxi-
dation of relatively large molecular weight substrates
containing substantial amounts of chemically avail-
able energy (Gibbs ‘free’ energy, G). This is a form
of combustion: energy-rich carbon-containing
fuel (metabolic substrate) is ‘burnt’ using oxygen,
producing water (H,0) and carbon dioxide (CO,)
as waste products, in the same way as carbon-based
domestic fuel (coal, wood) is burnt on a fire using
atmospheric oxygen, and releasing its contained
energy, with the same end-products. Clearly in
metabolism there is no flame, but that is because
the gradual release of the energy is controlled so
stringently and incrementally.
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The term ‘oxidation’ originally referred to the
gain of oxygen in a chemical reaction, and the
opposite process, ‘reduction,’ to the loss of oxygen
(e.g. when metal oxides are heated, they are
‘reduced’ to pure metal, with the loss of oxygen
and a reduction in the weight of the ore). How-
ever, these terms have now been broadened to
encapsulate the general principle of these types of
reaction — i.e. the mansfer of electrons. Oxidation
can be thought of as the process of losing elec-
trons, and reduction as gaining electrons (in an
analogous fashion to regarding acids as proton
(H*) donors and bases as proton acceptors). Implicit
in gaining an electron is gaining energy, hence
reduction actually involves achieving an enhanced
energy status. This may sound counter-intuitive
as the word ‘reduction’ implies diminution, but
if one considers that chemically it refers to gain-
ing a negatively charged entity (an electron, ¢")
then this aids understanding. Oxidation and
reduction occur simultaneously in a reaction as
an electron is transferred, and these reactions are
therefore called redox reactions. Following on
from this, oxidising agents are substances that are
relatively electron poor and can gain electrons
(indeed, they attract electrons) causing oxidation
(electron loss) in another substance, but becom-
ing themselves reduced, becoming electron-
enriched. The partner substance, a reducing
agent, is electron- (and hence energy-) rich and
donates an electron (to the electron accep-
tor — the oxidising agent) and hence reduces it,
becoming itself oxidised: see Box 1.2.

Oxygen is a powerful oxidising agent (the
word ‘oxidising’ derives from oxygen) and is used
in metabolism as an electron acceptor. Hydrogen
is the reducing agent in many biological reactions
and hence reduction could be termed ‘hydrogena-
tion’ although this term has a specific meaning in
chemistry, referring to the addition of hydrogen.

Oxidation and reduction are characterised by a
change in the oxidation state of the atoms involved.
The oxidation state is the (theoretical) charge (its
electron status or ‘count’) that an atom would
have if all its bonds were entirely ionic (not true in
practice due to covalent bonding) — hence oxida-
tion state denotes the degree of oxidation of an
atom; it may be positive, zero, or negative, and an
increase in oxidation state during a reaction
denotes oxidation of the atom, whilst a decrease

denotes reduction, both resulting from electron
transfer. The tendency of an atom to attract elec-
trons to itself (i.e. to act as an oxidising agent) is
denoted by its electronegativity, and is partly a
function of the distribution of its own (valence)
electrons; by contrast, the tendency of an atom to
donate electrons (i.e. to act as a reducing agent) is
denoted by its electropositivity.

The chemically usable energy in a biomolecule
which is a metabolic substrate is therefore present
in the form of electrons, and therefore electron-rich
molecules will be energy-rich and serve as good
energy sources for metabolism. All three major
metabolic substrate groups — carbohydrates, lipids,
and proteins — contain these electrons in associa-
tion with carbon-hydrogen (C-H) bonds. They
can all be thought of as reduced (electron-rich)
carbon (as found in wood, coal, house gas, and
heating oil). In energy-yielding metabolism they
act as reducing agents, donating these electrons to
an electron acceptor, and ultimately themselves
getting oxidised (the carbon ending up fully
oxidised as CO, and the hydrogen as H,0). The
ultimate electron acceptor (oxidising agent) is, of
course, oxygen.

e.g.
CH, 0, + 60, — 6CO, + 6H,0
glucose oxygen  carbon dioxide  water

This demonstrates the importance of oxygen in
metabolism: a strong electron acceptor is required
to permit adequate electron transfer (and energy
yield) from energy-rich substrates to occur, the
difference in free energy levels between the ten-
dency of the reducing agent to donate electrons
and of the oxidising agent to accept electrons
representing the energy yield of the overall pro-
cess. (This may be contrasted with fermentation
reactions which do not involve net reduction-
oxidation, for example glycolysis of glucose to
lactate: the energy yield is too small to sustain
mammalian energy requirements and the sub-
strate must be oxidised to maximise energy
yield.) It can also be seen that lipids (e.g. fatty
acids: CH;(CH,)n-COOH, where n is typically
12-16, Figure 1.4) are far more reduced (C-H
bond-rich; electron-rich) than carbohydrates
(e.g. glucose CH,,0,), in which the carbon
atoms are already partially oxidised, with fewer
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Box 1.2 Redox reactions

more energy

compound A = reduced
“reducing agent”

compound B gains electrons
= reduced

compound B = oxidised less energy compound A loses electrons
“oxidising agent” = oxidised
for example:
—8 electrons

T

CH;+2 0, —> CO, + 2 H,0O

L 4

+8 electrons

CH, (reducing agent) donates 8 electrons, becoming oxidised (to CO»);
O, (oxidising agent) accepts 8 electrons, becoming reduced (to Hy0);

C-H bonds and therefore fewer energy-rich
electrons to donate, and hence lipids contain far
more energy (per gram) than carbohydrates.
Amino acids are comparable to carbohydrates in
the state of reduction of their carbon atoms, and
hence of their energy content.

However, if electrons transferred
directly from substrate (e.g. glucose, fatty acid)

to oxygen, the large energy yield would be

were

uncontrollable. Therefore, a long series of inter-
mediary electron transfer (redox) reactions
occur in which energy-rich ¢ is transferred
sequentially and incrementally down a gradually

decreasing (free) energy gradient. This explains
why metabolic pathways are relatively long with
many steps: small amounts only of energy are
given off at each step. The energy (electron)
extracted is then conveyed by electron carriers.
Examples of electron carriers are NADT,
NADP*, and FAD. These are of course redox
compounds themselves, accepting electrons (in
the form of hydride ions H™, i.e. a hydrogen
atom with the extra, energy-carrying electron)
from the metabolic pathway (becoming
reduced — e.g. NADH; NADPH; FADH,) and

passing them on (becoming re-oxidised) to
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further carriers at sequentially lower energy lev-
els (electron transport chain redox proteins)
until ultimately oxygen accepts the electrons,
becoming itself reduced to water. It is for this
reason that many key energy-yielding reactions
in metabolic pathways are catalysed by dehydro-
genase enzymes linked to transfer of a hydride
ion H™ to the hydride acceptor NAD™:

energy-rich energy-poor
reduced df@g;;t;‘jc oxidised
intermediate-H(A) ——<™ 5 intermediate (B)
+ +

NAD* NADH

‘The redox state of a cell refers to the proportion
of these intermediary electron carriers that are in
the reduced (high energy) state compared to those
in the oxidised (low energy) form: the NAD™:
NADH ratio for example provides an estimate of
the energetic ‘charge’ (potential) contained within
the cell (in an analogous fashion to the phospho-
rylation potential denoting the amount of adenine
nucleotide in the form of ATP) — it is for this rea-
son that many metabolic pathways are regulated
not only by the phosphorylation potential ([ATP]:
[ADP] and [AMP]) but, as we are increasingly rec-
ognising, also by the redox potential (NAD™:
NADH; NADP":NADPH).

1.2.2 The chemical characteristics of
macronutrients

1.2.2.1 Carbohydrates

Simple carbohydrates have the empirical formula
C,(H,0),; complex carbohydrates have an
empirical formula which is similar to this (e.g.
C,(H,0),s.)- The name carbohydrate reflects the
idea, based on this empirical formula, that these
compounds are hydrates of carbon. It is not
strictly correct but illustrates an important point
about this group of compounds — the relative
abundance of hydrogen and oxygen, in propor-
tions similar to those in water, in their molecules.
From the discussion above, it will be apparent
that carbohydrates are mostly relatively polar
molecules, miscible with, or soluble in, water.
Carbohydrates in nature include the plant prod-
ucts starch and cellulose and the mammalian

storage carbohydrate glycogen (‘animal starch’),
as well as various simple sugars, of which glucose
is the most important from the point of view of
human metabolism. The main source of carbohy-
drate we eat is the starch in vegetables such as
potatoes, rice, and grains.

The chemical definition of a sugar is that its
molecules consist of carbon atoms, each bearing
one hydroxyl group (-OH), except that one car-
bon bears a carbonyl group (=O) rather than a
hydroxyl. In solution, the molecule exists in equi-
librium between a ‘straight-chain’ form and a ring
structure, but as the ring structure predominates
sugars are usually shown in this form (Figure 1.7).
Nevertheless, some of the chemical properties of
sugars can only be understood by remembering
that the straight-chain form exists. The basic car-
bohydrate unit is known as a monosaccharide.
Monosaccharides may have different numbers of
carbon atoms, and the terminology reflects this:
thus, a hexose has six carbon atoms in its mole-
cule, a pentose five, and so on. Pentoses and hex-
oses are the most important in terms of mammalian
metabolism. These sugars also have ‘common
names which often reflect their natural occur-
rence. The most abundant in our diet and in our
bodies are the hexoses glucose (grape sugar, named
from the Greek yAvkog [ghykys] sweet), fructose
(fruit sugar, from the Latin fructus for fruit), and
galactose (derived from lactose, milk sugar; from
the Greek yohotog [galakros], milk), and the pen-
tose ribose, a constituent of nucleic acids (the
name comes from the related sugar arabinose,
named from Gum arabic).

Complex carbohydrates are built up from the
monosaccharides by covalent links between sugar
molecules. The term disaccharide is used for a mol-
ecule composed of two monosaccharides (which
may or may not be the same), oligosaccharide for a
short chain of sugar units, and polysaccharide for
longer chains (>10 units), as found in starch and
glycogen. Disaccharides are abundant in the diet,
and again their common names often denote their
origin: sucrose (table sugar, named from the
French, sucre), which contains glucose and fruc-
tose (Figure 1.7); maltose (two glucose molecules)
from malt; lacrose (galactose and glucose) from
milk. The bonds between individual sugar units
are relatively strong at normal hydrogen ion
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Figure 1.7 Some simple sugars and disaccharides. Glucose and fructose are shown in their ‘ring’ form.
Even this representation ignores the true three-dimensional structure, which is ‘chair’ shaped: if the middle part
of the glucose ring is imagined flat, the left-hand end slopes down and the right-hand end up. Glucose forms a
six-membered ring and is described as a pyranose; fructose forms a five-membered ring and is described as

a furanose. In solution the o- and - forms are in equilibrium with each other and with a smaller amount of the
straight-chain form. The orientation of the oxygen on carbon atom 1 becomes fixed when glucose forms links
via this carbon to another sugar, as in sucrose; a- and B-links then have quite different properties (e.g. cellulose
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concentrations, and sucrose (for instance) does
not break down when it is boiled, although it is
steadily broken down in acidic solutions such as
cola drinks; but there are specific enzymes in the
intestine (described in Chapter 4) which hydro-
lyse these bonds to liberate the individual
monosaccharides.

Polysaccharides differ from one another in a
number of respects: their chain length, and the
nature (a- or B-) and position (e.g. ring carbons
1-4, 1-6) of the links between individual sugar
units. Cellulose consists mostly of B-1,4 linked
glucosyl units; these links give the compound a
close-packed structure which is not attacked by
mammalian enzymes. In humans, therefore, cellu-
lose largely passes intact through the small intes-
tine where other carbohydrates are digested and

absorbed. It is broken down by some bacterial
enzymes. Ruminants have complex alimentary
tracts in which large quantities of bacteria reside,
enabling the host to obtain energy from cellulose,
the main constituent of their diet of grass. In
humans there is some bacterial digestion in the
large intestine (Chapter 4, Box 4.3). Starch and
the small amount of glycogen in the diet are read-
ily digested (Chapter 4).

The structure of glycogen is illustrated in
Figure 1.8. It is a branched polysaccharide. Most
of the links between sugar units are of the o-1,4
variety but after every 9-10 residues there is an
a-1,6 link, creating a branch. Branching makes
the molecules more soluble, and also creates more
‘ends’ where the enzymes of glycogen synthesis
and breakdown operate. Glycogen is stored within
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(FASEB). Reproduced with permission of FASEB.

Glycogen Synthase

. % + Branching Enzyme

Glycogen Phosphorylase
+ Debranching Enzyme //{

System Proglycogen (M, 400,000)

Macroglycogen (M, 107)

Figure 1.8 Structure of glycogen. Left-hand side: each circle in the upper diagram represents a glucosyl
residue. Most of the links are of the a-1,4 variety. One of the branch points, an a-1,6 link, is enlarged below.
Amylopectin, a component of starch, has a similar structure. Amylose, the other component of starch, has a
linear a-1,4 structure. Right-hand side: glycogen is built upon a protein backbone, glycogenin. The first layer

of glycogen chains forms proglycogen, which is enlarged by addition of further glucosyl residues (by glycogen
synthase and a specific branching enzyme, that creates the o-1,6 branch-points), to form macroglycogen.
When glycogen is referred to in this book, it is the macroglycogen form that is involved. Source: pictures of
proglycogen and macroglycogen taken from Alonso, M. D., Lomako, J., Lomako, W. M., & Whelan, W. J. (1995).
FASEB Journal, 9:1126—1137. Copyright 1995 by Federation of American Societies for Experimental Biology

cells, not simply free in solution but in organised
structures which may be seen as granules on elec-
tron microscopy. Each glycogen molecule is syn-
thesised on a protein backbone, or primer,
glycogenin. Carbohydrate chains branch out from
glycogenin to give a relatively compact molecule
called proglycogen. The glycogen molecules that
participate in normal cellular metabolism are con-
siderably bigger (Figure 1.8), typically with molec-
ular weights of several million. The enzymes of
glycogen metabolism are intimately linked with
the glycogen granules.

The carbohydrates share the property of rela-
tively high polarity. Cellulose is not strictly water
soluble because of the tight packing between its
chains, but even cellulose can be made to mix with
water (as in paper pulp or wallpaper paste). The
polysaccharides tend to make ‘pasty’ mixtures with

water, whereas the small oligo-, di-, and monosac-
charides are completely soluble. These characteris-
tics important for the
metabolism of carbohydrates, some of which are

have consequences

as follows:

(1) Glucose and other monosaccharides circulate
freely in the blood and interstitial fluid, but
their entry into cells is facilitated by specific
carrier proteins.

(2) Perhaps because of the need for a specific

transporter for glucose to cross cell membranes

(thus making its entry into cells susceptible to

regulation), glucose is an important fuel for

many tissues, and an obligatory fuel for some.

Carbohydrate cannot be synthesised from the

more abundant store of fat within the body.

The body must therefore maintain a store of

carbohydrate.
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(3) Because of the water-soluble nature of sugars,
this store will be liable to osmotic influences: it
cannot, therefore, be in the form of simple
sugars or even oligosaccharides, because of the
osmotic problem this would cause to the cells.
This is overcome by the synthesis of the macro-
molecule glycogen, so that the osmotic effect is
reduced by a factor of many thousand com-
pared with monosaccharides. The synthesis of
such a polymer from glucose, and its break-
down, are brought about by enzyme systems
which are themselves regulated, thus giving
the opportunity for precise control of the
availability of glucose.

(4) Glycogen in an aqueous environment (as in
cells) is highly hydrated; in fact, it is always
associated with about three times its own
weight of water. Thus, storage of energy in the
form of glycogen carries a large weight penalty

(discussed further in Chapter 7).

1.2.2.2 Fats

Just as there are many different sugars and carbo-
hydrates built from them, so there are a variety of
types of fat. The term far comes from Anglo-Saxon
and is related to the filling of a container or vat.
The term /ipid, from Greek, is more useful in
chemical discussions since fat’ can have so many
shades of meaning. Lipid materials are those sub-
stances which can be extracted from tissues in
organic solvents such as petroleum or chloroform.
This immediately distinguishes them from the
largely water-soluble carbohydrates.

Among lipids there are a number of groups
(Figure 1.4). The most prevalent, in terms of
amount, are the #riacylglycerols or triglycerides,
referred to in older literature as ‘neutral fat’ since
they have no acidic or basic properties. These
compounds consist of three individual fatty
acids, each linked by an ester bond to a molecule
of glycerol. As discussed above, the triacylglycer-
ols are very non-polar, hydrophobic compounds.
The phospholipids are another important group
of lipids — constituents of membranes and also
of the lipoprotein particles which will be discussed
in Chapter 10. Steroids — compounds with the
same nucleus as cholesterol (Figure 1.6) — form
yet another important group and will be consid-
ered in later chapters, steroid hormones

in Chapter 6 and cholesterol metabolism in
Chapter 10.

Fatty acids are the building blocks of lipids,
analogous to the monosaccharides. The fatty acids
important in metabolism are mostly unbranched,
long-chain (12 carbon atoms or more) carboxylic
acids with an even number of carbon atoms. They
may contain no double bonds, in which case they
are referred to as saturated farty acids, one double
bond (mono-unsaturated fatty acids), or several
double bonds — the polyunsaturated farty acids.
Many individual fatty acids are named, like mono-
saccharides, according to the source from which
they were first isolated. Thus, lauric acid (C12, sat-
urated) comes from the laurel tree, myristic acid
(C14, saturated) from the Myristica or nutmeg
genus, palmitic acid (C16, saturated) from palm
oil, and stearic acid (C18, saturated) from suet, or
hard fat (Greek otéap [steatos)). Oleic acid (C18,
mono-unsaturated) comes from the olive (from
Latin: olea, olive, or oleum, oil). Linoleic acid (C18
with two double bonds) is a polyunsaturated acid
common in certain vegetable oils; it is obtained
from linseed (from the Latin /num for flax and
oleum for oil).

The fatty acids mostly found in the diet have
some common characteristics. They are composed
of even numbers of carbon atoms, and the most
abundant have 16 or 18 carbon atoms. There are
three major series or families of fatty acids,
grouped according to the distribution of their
double bonds (Box 1.3).

Differences in the metabolism of the different
fatty acids are not very important from the point
of view of their roles as fuels for energy metabo-
lism. When considering the release, transport and
uptake of fatty acids (not part of triacylglycerols),
the term non-esterified farty acids (NEFAs) will
therefore be used without reference to particular
molecular species. In a later section (Box 10.5)
some differences in their effects on the serum cho-
lesterol concentration and propensity to heart dis-
ease will be discussed.

It will be seen from Figures 1.4 and 1.9 that
saturated fatty acids, such as palmitic (16:0), have
a natural tendency to fit together in nice orderly
arrays. The unsaturated fatty acids, on the other
hand, have less regular shapes (Figure 1.9). This is
reflected in the melting points of the correspond-
ing triacylglycerols — saturated fats, such as beef
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Box 1.3 The structures and interrelationships of fatty acids

In the orthodox nomenclature, the position of
double bonds is counted from the carboxyl
end. Thus, a-linolenic acid (18 carbons, 3 dou-
ble bonds) may be represented as cis-9,12,
15-18:3, and its structure is:

CH, ~CH, ~CH=C"*H-CH, -CH =
C'™?H-CH, - CH = C°H— (CH,), - C'OOH

(where the superscripts denote the number-
ing of carbon atoms from the carboxyl end).
However, this is also known as an n-3 (or
sometimes as an ®-3) fatty acid, since its first
double bond counting from the non-carboxyl
(o) end is after the third carbon atom. On the
latter basis, unsaturated fatty acids can be
split into three main families, n-3, n-6, and n-9
(Table 1.3.1).

The saturated fatty acids can be synthe-
sised within the body. In addition, many
tissues possess the desaturase enzymes
to form cis-6 or cis-9 double bonds, and to
elongate the fatty acid chain (elongases) by
addition of two-carbon units at the carboxyl
end. (These steps are covered in more

detail in Box 5.4) But these processes do

not alter the position of the double bonds
relative to the o end, so fatty acids cannot
be converted from one family to another: an
n-3 fatty acid (for instance) remains an n-3
fatty acid. Oleic acid (cis-9-18:1, n-9 family)
can be synthesised in the human body, but
we cannot form n-6 or n-3 fatty acids. Since
the body has a need for fatty acids of these
families, they must be supplied in the diet

(in small quantities). The parent members of
these families that need to be supplied in the
diet are linoleic acid for the n-6 family and
o-linolenic acid for the n-3 family. These are
known as essential fatty acids. They can be
converted into other members of the same
family, although there seem to be health ben-
efits of consumption of other members of the
n-3 family, particularly 20:5 n-3 (eicosapenta-
enoic acid) and 22:6 n-3 (docosahexaenoic
acid), found in high concentrations in fish oils.
This is discussed further in Box 10.5. Some
patients receiving all their nutrition intrave-
nously have become deficient in essential
fatty acids. The problem may be cured by
rubbing sunflower oil into the skin!

Table 1.3.1

Family Source Typical member Simplified structure
Saturated Diet or synthesis Myristic 14:0
Palmitic 16:0
Stearic 18:0
n-9 Diet or synthesis Oleic 9-18:1
n-6 Diet Linoleic 9,12-18:2
n-3 Diet a-linolenic 9,12,15-18:3

suet with a high content of stearic acid (18:0), are
relatively solid at room temperature, whereas
unsaturated fats, such as olive oil, are liquid. This
feature may have an important role in metabolic
regulation, although its exact significance is not
yet clear. We know that cell membranes with a
high content of unsaturated fatty acids in their
phospholipids are more ‘fluid’ than those with
more saturated facty acids. This may make them
better able to regulate metabolic processes — for
instance, muscle cells with a higher content of

unsaturated fatty acids in their membranes
respond better to the hormone insulin, probably
because the response involves the movement of
proteins (insulin receptors, glucose transporters)
within the plane of the membrane (discussed in
Boxes 3.2, 3.4, and elsewhere), and this occurs
faster if the membrane is more fluid.

An important feature of the fatty acids is that,
as their name implies, they have within one mole-
cule both a hydrophobic tail and a polar carbox-
ylic acid group. Long-chain fatty acids (12 carbons
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Figure 1.9 Pictures of the molecular shapes of different fatty acids. (a) saturated fatty acid, stearic acid
(18:0), showing a straight chain; (b) mono-unsaturated fatty acid, oleic acid (18:1 n-9), showing a ‘bend’ in the
chain at the double bond. Source: from Gurr, M. I., Harwood, J. L., Frayn, K. N., Murphy, D. J., & Michell, R. H.
(2016). Lipids — Biochemistry, Biotechnology and Health. 6th edn. Oxford: Wiley.
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and more) are almost insoluble in water. They are
carried in the plasma loosely bound to the plasma
protein albumin. Nevertheless, they are more
water miscible than triacylglycerols, which are car-
ried in plasma in the complex structures known as
lipoproteins (discussed fully in Chapter 10). The
simpler transport of NEFAs is perhaps why they
serve within the body as the immediate carriers of
lipid energy from the stores to the sites of utilisa-
tion and oxidation; they can be released fairly rap-
idly from stores when required and their delivery
to tissues is regulated on a minute-to-minute basis.

But NEFAs would not be a good form in which
to store lipid fuels in any quantity. Their amphipa-
thic nature means that they aggregate in micelles
(small groups of molecules, formed with their tails
together and their heads facing the aqueous envi-
ronment); they would not easily aggregate in a very
condensed form for storage. They would also dis-
rupt structural lipids such as those found in mem-
branes. Triacylglycerols, on the other hand,
aggregate readily; these hydrophobic molecules
form uniform lipid droplets from which water is
completely excluded, and which are an extremely
efficient form in which to store energy (in terms of
kJ stored per gram weight). This is illustrated in

Figure 1.10. Thus, triacylglycerols are the form in
which fat is mostly stored in the human body, and
indeed in the bodies of other organisms; hence
they are the major form of fat in food. NEFAs, on
the other hand, are the form in which lipid energy
is transported in a highly regulated manner from
storage depots to sites of utilisation and oxidation.

1.2.2.3 Proteins

Proteins are chains of amino acids linked
through peptide bonds. Individual proteins are
distinguished by the number and order of amino
acids in the chain — the sequence, or primary
structure. Within its normal environment, the
chain of amino acids will assume a folded,
three-dimensional shape, representing the sec-
ondary structure (local folding into a-helix and
B-sheet) and tertiary structure (folding of the
complete chain on itself). Two or more such
folded peptide chains may then aggregate (qua-
ternary structure) to form a complete enzyme or
other functional protein.

In terms of energy metabolism, the first aspect
we shall consider is not how this beautiful and
complex arrangement is brought about; we shall
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than as glycogen.

Figure 1.10 Comparison of fat and carbohydrate as fuel sources. Raw potatoes (right) are hydrated to
almost exactly the same extent as glycogen in mammalian cells. Olive oil (left) is similar to the fat stored in
droplets in mature human adipocytes. The potatoes (1.05 kg) and olive oil (90 g) here each provide 3.3 MJ on
oxidation. This emphasises the advantage of storing most of our energy in the body as triacylglycerol rather

consider how it is destroyed. Protein in food is
usually denatured (its higher-order structures dis-
rupted) by cooking or other treatment, and then
within the intestinal tract the disrupted chains are
broken down to short lengths of amino acids
before absorption into the bloodstream. Within
the bloodstream and within tissues we shall be
concerned with the transport and distribution of
individual amino acids. These are mostly suffi-
ciently water soluble to circulate freely in the
aqueous environment of the plasma. Only trypto-
phan is sufficiently hydrophobic to require a trans-
porter; it is bound loosely (like the NEFAs) to
albumin. Amino acids, not surprisingly, do not
cross cell membranes by simple diffusion; there are
specific transporters, carrying particular groups of
amino acids (Chapter 2, Table 2.2).

Protein is often considered as the structural
material of the body, although it should not be
thought of as the only structural material; it can
only assume this function because of the com-
plex arrangements of other cellular constituents,
especially phospholipids forming cell mem-
branes. Nevertheless, apart from water, protein
is the largest single component in terms of mass
of most tissues." Within the body, the majority

! Two important exceptions are mature white adipose tissue,
in which triacylglycerol is the major constituent by weight,
and the brain, of which 50-60% of dry weight is lipid (mostly
phospholipid).

of protein is present in the skeletal muscles,
mainly because of their sheer weight (around
40% of the body weight) but also because each
muscle cell is well packed with the proteins
(actin and myosin) which constitute the con-
tractile apparatus. But it is important to remem-
ber that most proteins act in an aqueous
environment and are, therefore, associated with
water. This is relevant if we consider the body’s
protein reserves as a form of stored chemical
energy. Since protein is associated with water, it
suffers the same drawback as a form of energy
storage as does glycogen; with every gram of pro-
tein are associated about 3g of water. It is not an
energy-dense storage medium. Further, although
protein undoubtedly represents a large source of
energy that is drawn upon during starvation, it
should be remembered that there is, in animals,
no specific storage form of protein; all proteins
have some function other than storage of energy.
Thus, utilisation of protein as an energy source
involves loss of the substance of the body. In
evolutionary terms we might expect that this
will be minimised (i.e. the use of the specific
storage compounds glycogen and triacylglycerol
will be favoured) and, as we shall see in later
chapters, this is exactly the case.

The monomers from which proteins are made,
amino acids, have important chemical characteris-
tics which endow them with the properties that
make them ideal for assembling into a peptide
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Figure 1.11 Structure of an amino acid. At physiological pH (7.4) the carboxyl group is ionised to COO™ and
the amino group to NH,". The nature of the ‘R’ group, or side-chain, defines the particular amino acid: the 20

different amino acids which constitute proteins each have

o-carbon

carboxyl group

a different R group.

chain. They comprise a central (‘o) carbon, with
characteristic chemical groups attached to its four
valencies: an amino (NH,) group, a carboxyl
(COOH) group, a hydrogen atom, and finally a
variable (‘R’) group which defines the actual amino
acid species (for example, if R = a methyl group,
CH,, then the resulting amino acid is alanine),
illustrated in Figure 1.11. At acid pH, the amino
group is ionised (NH,") whilst at alkaline pH the
carboxyl group is ionised (COQO"); at physiological
pH (7.4) the amino acid is present as a Zwitter ion
(both amino and carboxyl groups ionised). Pro-
teins are assembled by adjacent amino acids form-
ing a peptide bond between the carboxyl group of
one and the amino group of another. This always
leaves a terminal amino group and a terminal car-
boxyl group on any protein, hence all proteins act
as buffers, able to gain or lose a proton. The carbon
‘backbone’ of individual amino acids is relatively
energy rich and can be oxidised to yield energy
once the amino group has been removed.

1.3 General overview of
metabolism

1.3.1 Human metabolic pathways

The body requires energy for chemical and
mechanical work in order to maintain homeosta-
sis; functions include maintenance of ionic gradi-
ents, transport, biosynthesis, heat generation and

muscle contraction. Metabolism describes the
series of biochemical reactions which provide the
body with the energy it requires to maintain these
biological functions. This energy must ultimately
be derived from food, and is sourced from three
groups of energy-rich substrates: carbohydrates,
lipids, and amino acids (proteins). Multiple groups
are utilised because they all have chemical and
thermodynamic advantages and disadvantages,
and together they provide energy under widely
varying conditions and demands. All three nutrient
groups exist in large, energy-rich macromolecular
storage forms, discussed further in Chapter 7;
they are all related to daily fluxes of energy sub-
strates in the body.

For energy mobilisation these are sequentially
broken down into less energy-rich metabolites,
the energy liberated being captured by interme-
diary reduction-oxidation molecules which carry
the energy to a common pathway of oxidation
linked to the phosphorylation of ADP to ATD.
Hence, the energy is used to synthesise ATT, the
common energy carrier to which most energy-
requiring biological processes are linked. At a
whole-body level this process is termed ‘catabo-
lism’ (from the Greek: xato, (kato) — ‘down’ and
Borro (ballo) — ‘throw’). Conversely, in energy-
rich energy intake
expenditure, these metabolic pathways can be

states when exceeds
reversed, whereby ingested nutrients from all
three groups are assembled into large storage

macromolecules (‘anabolism’; again, from the
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Figure 1.12 Catabolism and anabolism.

Greek: avo [ana] — ‘up’). The process of assem-
bling excess energy-rich substrate precursors into
complex energy storage molecules is termed
anabolism, whilst processes converting substrates
into energy-poor end-products to mobilise
biologically usable energy, are termed catabolism
(Figure 1.12 and Box 1.4). Imbalance of these
pathways leads to cachexia (wasting) or obesity,
with implications for both energy provision
and health. Tissues have specialised metabolic
functions — e.g. adipose tissue stores energy, mus-
cle oxidises substrate, lactating mammary gland
exports substrate. The liver is a metabolic ‘trans-
former’ that regulates substrate supply between
tissues, and pancreas is the principal afferent
detector, and signaller, of nutritional status.

The rate of energy production is measured
under basal conditions (no voluntary muscle con-
traction; thermoneutrality) — ‘basal metabolic rate’
(BMR), and is affected by many factors, including
muscle contraction, food ingestion, size, gender,
age, temperature, sepsis, and several hormones,
including thyroid hormones and catecholamines.
The metabolic rate can be estimated by measuring
the oxygen consumption (VO,; indirect calorime-
try). For carbohydrate metabolism the rate of
CO, production (VCO,) equals VO, (CH,,0, +

60, - 6CO, + 6H,0) and the ratio VCO,/VO,,
termed the respiratory quotient (RQ), is 6/6 = 1.
For lipid oxidation, however, this is not true (e.g.
tripalmitin: 2C;;H, O, + 1450, — 102CO, +
98H,0; RQ =102/145 = 0.70) and measurement
of RQ can provide useful information on substrate
selection and utilisation. This will be discussed
further in Chapter 11 (Box 11.2).

1.3.1.1 Energy transduction

Chemical energy transduction is the process of
transferring energy between different forms, and
involves two main biochemical energy carrier types:
(i) ATP (and also, less ubiquitously, GTP and cre-
atine phosphate) which carries energy in the form
of ‘high energy’ phosphate groups and (ii) NADH,
NADPH, and FADH,, which carry energy in the
form of an electron (actually, as discussed above, a
hydrogen atom with an extra electron — a hydride
ion: H™). The energy status of the cell may be
quantified with either of these systems — hence, (i)
the ‘energy charge’ (phosphorylation potential) of
the cell is an index of the degree of ATP phos-
phorylation (the amount of AMP that is phospho-
rylated to ADP and ATP: = [ATP] + [\2ADP] +
[ATP] + [ADP] + [AMP]), and (ii) the ‘redox
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Box 1.4 Anabolism and catabolism

The terms anabolism and catabolism are use-
ful but can be confusing and have frequently
been misused. They should be used to refer to
whole-body energy strategy:

Anabolism = energy >
intake
Catabolism = energy >

expenditure

Hence, in the postprandial state, after a meal,
we are entering an anabolic state, whereas in
the post-absorptive state, following absorption
and disposition of the meal, we are entering a
catabolic state. This is signalled by insulin.

Classic physiological catabolic states
include fasting/starvation (decreased energy
intake) and exercise (increased energy
expenditure). Diabetes mellitus is an exam-
ple of a pathological catabolic state (failure
of insulin signalling).

If the terms are applied to individual meta-
bolic pathways, or even individual steps, con-
fusion can arise. For example glycolysis may
be thought of as ‘catabolic’ in exercising mus-

potential’ of the cell denotes the degree of reduction
of NAD* (i.e. the NADH:NAD™" ratio) and

NADP* (NADPH:NADP*). Besides
energy ‘down’ (catabolism) or ‘up’ (anabolism) met-

carrying

abolic pathways (Figure 1.12), the energy charge/
phosphorylation potential and redox potential are
major regulators of metabolic pathways to ensure
appropriate energy provision.

1.3.1.2 Energy substrates

By utilising three, chemically diverse, fuel groups,
overall metabolic flexibility and hence efficiency are
achieved. Energy derived from these compounds is
all based on a reduced carbon atom i.e. the C-H
bond. Hence, the more C-H bonds, the more
reduced the molecule and the more energy it con-
tains, whereas oxidised or partially oxidised carbon
(C-O) lacks biochemically usable energy (see
Section 1.2.1.3). However, generally speaking, the
more reduced the substrate, the less water soluble it
is likely to be. This may be an advantage or a disad-
vantage, depending on the role of the substrate.

cle, breaking down glucose to provide energy
for contraction (net energy mobilisation), but
‘anabolic’ in liver in the well-fed postprandial
state, when absorbed glucose is converted to

energy — energy
expenditure storage
energy — energy
intake mobilisation

pyruvate, but the resulting acetyl-CoA under-
goes lipogenesis to fat for energy storage.
When analysing metabolism it is important to
consider the whole body (anabolic? cata-
bolic?) as well as individual tissues, as these
all have specialised metabolic profiles and
functions (see Chapter 5).

The body is subject to many catabolic
signals (e.g. ‘stress hormones, catechol-
amines, glucocorticoids, glucagon etc., but one
major anabolic signal — insulin. Insulin inhibits
catabolism, and therefore when it declines,
unopposed catabolism results. This is one rea-
son why insulin is such a crucial signal, and
diabetes such an important disease.

Carbohydrates are partially oxidised and hence
do not contain as much energy (17 kJ gﬁl) as the
highly reduced (-CH rich) lipids. However, car-
bohydrates are soluble, hence quickly mobilised
and utilised, and are relatively non-toxic. Further-
more, some energy can be derived from them
anaerobically during hypoxia or ischaemia. How-
ever, their water solubility means that in storage
form (glycogen) they retain significant water of
hydration (about three times their own weight),
lowering their energy density and efficiency as
energy stores (see Figure 1.10): only very limited
amounts are stored (hepatic glycogen ~ 100g
only), but since they can be converted to many
other substances, including lipids and intermedi-
ates of the tricarboxylic acid (TCA) cycle (also
known as the Krebs cycle — see Section 1.3.1.4),
they are therefore metabolically ‘flexible’ — carbo-
hydrates are able to supply intermediary metabo-
lites to maintain pathway integrity (anaplerosis,
again from the Greek avo. (ana), up, tknpo (plero),
to fill) in contrast to lipids, oxidation of which
leads to depletion of intermediary metabolites
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(cataplerosis): hence some carbohydrate is always
required for metabolism to proceed efficiently, as
captured in the old aphorism ‘fat burns in the fire
of carbohydrate.” This is discussed later (Box 5.3).

Fats are the most energy-dense metabolic fuels
(~37kJ g_l): lipids are highly reduced (energetic),
water-insoluble, and very energy-dense, hence
their function as the principal energy store for
free-living animals, and are major energy provid-
ers to most (oxidative) tissues. However, their
water-insolubility makes lipids problematic and
slow to mobilise, and unlike carbohydrates they
cannot yield energy anaerobically — they must be
oxidised, therefore cannot be used by red blood
cells (erythrocytes) and renal medulla. Because
they are more reduced, relatively more oxygen is
required to extract energy from lipids (2.8 ATP/
O,) compared to carbohydrates (3.7 ATP/O,)
and this may be critical in high work-load oxygen-
challenged tissues such as myocardium (and exer-
cising skeletal muscle). The storage form of lipids
for energy provision is triacylglycerol, which com-
prises three fatty acids esterified to a glycerol
backbone. Being highly hydrophobic and
reduced, triacylglycerols are very energy dense
and a highly efficient energy store. However, tri-
acylglycerols are relatively slow to mobilise, must
be oxidised to yield energy and cannot provide
energy anaerobically, and the NEFAs from which
they are assembled are amphipathic (detergent-
like) and hence potentially toxic in high concen-
trations, disrupting structural lipids especially in
the central nervous system: they cannot cross the
blood-brain barrier so also cannot be used by the
central nervous system (more detail in Section 5.6).
Furthermore, fatty acids cannot be converted into
carbohydrates or proteins, limiting their meta-
bolic flexibility.

Proteins (polymers of amino acids) have simi-
lar energy content to carbohydrates (~17 kJ g_l),
but each protein has a specific biological function
and they are not used as dedicated energy stores.
Amino acids (proteins) have similar energy yields
to carbohydrates i.e. they are partially oxidised to
about the same extent as carbohydrates, and over-
all have comparable solubility; since most can be
converted into glucose (‘glucogenic’), they have
similar metabolic flexibility to carbohydrates. In
catabolic states of carbohydrate depletion (e.g.
starvation), however, proteins are broken down to

their constituent amino acids for conversion into
glucose to supply glucose-dependent tissues such
as brain and erythrocytes for energy, and also to
provide general tissue anaplerosis — hence proteins
constitute a ‘virtual’ carbohydrate store in cata-
bolic states of carbohydrate exhaustion.

1.3.1.3 Metabolic strategy

Whole body metabolic strategy comprises break-
ing down large macronutrient storage molecules
(triacylglycerols, glycogen, protein — by lipolysis,
glycogenolysis, and proteolysis respectively) into
smaller energy-rich substrate molecules (NEFAs,
glucose, amino acids) with distinct characteristics
and roles. In the next stage of metabolism these
small substrates are converted into a common fuel,
acetyl-CoA (by B-oxidation, glycolysis and amino
acid metabolism respectively). In the final stage of
metabolism the acetyl-CoA is fully oxidised by the
TCA cycle into carbon dioxide within the mito-
chondria. The step-wise release of energy from
these pathways is carried as a hydride (H™) ion by
NAD™" and FAD as their reduced forms, NADH
and FADH,: these redox carriers are then reoxi-
dised by the electron transport chain, the energy
derived being used to phosphorylate ADP to ATP
(oxidative phosphorylation). By contrast, in anab-
olism these pathways are reversed, chemical energy
being used to synthesise complex energy-rich stor-
age macromolecules from simple precursor sub-
strates (Figure 1.12).

Three key features of metabolism impact met-
abolic strategy and energy provision:

m  Most energy stored in the body is in the form
of lipid (triacylglycerols);

m This lipid cannot be converted to carbohydrate;
and

m All tissues require some glucose for normal
metabolic functioning, and some tissues (glyc-
olytic, lacking mitochondria such as erythro-
cytes) have an absolute requirement for glucose
or cannot utilise NEFAs (brain).

Since very little carbohydrate is stored (~100 g
hepatic glycogen; <1 day if it was the sole fuel), in
catabolic states glucose is rapidly depleted and
alternative mechanisms are required to provide or
replace glucose: under these conditions break-
down of protein to amino acids, and then conver-
sion of these to glucose by gluconeogenesis,
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becomes an essential pathway. Indeed, the ability
of the body to divert protein from its primary (e.g.
contractile) function to a secondary function of
glucose provision has been the adaptation that has
allowed such limited stores of the energy density-
inefficient glycogen to be permitted. Another
mechanism is ketogenesis, whereby the liver con-
verts triacylglycerol-derived NEFAs into small,
soluble (non-amphipathic) ketone bodies, which
can be utilised by many tissues, including brain,
hence acting as a ‘glucose-sparing’ substrate.
During conditions of energy repletion,
energy in excess of current requirements is

stored in a tissue-specific manner (lipid as tri-
acylglycerols principally in adipose tissue; car-
bohydrate as glycogen in most tissues but
specifically in liver for glucose release to main-
tain blood glucose concentration; amino acids
‘virtually’ in labile, expendable proteins, e.g.
skeletal muscle contractile protein). In subse-
quent periods of limited energy ingestion
(postabsorptive, fasted) this substrate resource
can be mobilised in a regulated fashion and
directed to specific tissues according to their
metabolic requirement. These pathways are
illustrated schematically in Figure 1.13.

FATS

Triacylglycerols

2 3

non-esterified glucose
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Figure 1.13 Overall metabolic energy flux. The three
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energy groups (fats, carbohydrates, proteins) are

stored in macromolecular form and can be broken down into small, monomolecular units prior to conversion

to the common ‘fuel’ acetyl-CoA to be oxidised in the TCA (tricarboxylic acid) cycle — catabolism. At times of
energy excess, the smaller units are assembled into the larger storage molecules — anabolism. Crucially, the
conversion of pyruvate into acetyl-CoA (by pyruvate dehydrogenase) is irreversible, hence carbohydrates can
be converted into fats, but fats cannot be converted into carbohydrates. 1, esterification; 2, lipolysis; 3, glyco-
genesis; 4, glycogenolysis; 5, protein synthesis/proteolysis; 6, lipogenesis; 7, B-oxidation; 8, gluconeogenesis;
9, glycolysis; 10, pentose phosphate pathway. Coloured arrows indicate direction of anabolic and catabolic
flux, though glycolysis and gluconeogenesis do not always fit this paradigm, depending on nutritional state and
particular tissue.
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Overall metabolic strategy for energy provi-
sion depends on substrate fluxes within and
between the three major substrate groups (Figure
1.13). Catabolism is represented as downward
flux, anabolism as upward flux (though the situa-
tion is a little more complex than this, as we shall
see — gluconeogenesis is active in catabolism, and
glycolysis in anabolism. This is why the terms
anabolism and catabolism are best reserved for
the whole-body situation). Each group has a
‘storage’ macromolecule/polymer which can be
broken down to individual, relatively small mono-
meric units in the first stage of metabolism; in
the second stage of metabolism, these monomeric
units are all converted into a common fuel mole-
cule, acetyl-CoA; in the third stage of metabo-
lism, the acetyl-CoA is completely oxidised to
CO, + H,0O by the TCA cycle and electron trans-
port chain. In intermediary metabolism it is con-
venient to think in terms of numbers of carbons
rather than molecular weight, since carbon (C-H)
represents the energy source of the substrate. Glu-
cose (6 carbons) is stored as glycogen (hundreds
of thousands of carbons). NEFAs, or ‘free’ fatty
acids (typically 16 or 18 carbons) are esterified
with glycerol and stored as triacylglycerols (about
60 carbons). Amino acids (typically 3—6 carbons)
are not stored as an energy reserve as such but are
available in reserve as proteins (again, depending
on protein size, representing thousands of car-
bons). Acetyl-CoA comprises an acetyl group
(2 carbons: CH;-CO-) attached to a carrier mol-
ecule (Coenzyme A, CoA). Oxidation of acetyl-
CoA by the TCA cycle produces two CO,
molecules (i.e. the acetyl group is completely oxi-
dised). This is highly efficient but means that
acetyl-CoA cannot contribute to the dynamic
pool of TCA cycle intermediates i.e. it cannot
replete the intermediates of the TCA cycle as it is
completely oxidised with each turn of the
cycle — these must be derived from carbohydrate
(>3 carbon) units. Carbohydrate metabolism
yields pyruvate (3 carbons), which is next decar-
boxylated to acetyl-CoA (and CO,) by pyruvare
dehydrogenase (PDH). PDH is essentially irrevers-
ible (far from equilibrium): acetyl-CoA cannot be
converted back to pyruvate. For this reason, car-
bohydrates cannot be synthesised from the com-
mon fuel acetyl-CoA (Figure 1.13). Lipid

metabolism comprises lipolysis of triacylglycerols

to three NEFAs (+ the glycerol backbone),
followed by splitting the fatty acid chain into
2-carbon units: acetyl-CoA (B-oxidation). The
acetyl-CoA can be readily oxidised by the TCA
cycle to provide energy but it cannot be converted
to pyruvate, nor, therefore, to synthesise carbohy-
drates. The fatty acid chain represents an assem-
bly of 2-carbon (acetyl-CoA-equivalent) units,
and the pathway of lipogenesis utilises excess
acetyl-CoA (derived from glycolysis and PDH) to
synthesise fatty acids and hence triacylglycerol.
Indeed triacylglycerol-fatty acid simply represents
a storage form of excess acetyl-CoA (hence most
fatty acids have even numbers of carbons). This
means that whilst excess carbohydrate (glucose)
can be readily converted to lipid (through acetyl-
CoA), the reverse is not true. This is important
because most stored energy is in the form of
energy-dense lipid (triacylglycerol), with very lit-
tle stored as glycogen, (too inefficient; <1 day sup-
ply); however, certain tissues (brain, erythrocytes,
renal medulla) have an absolute requirement
for glucose, and in the face of limited glycogen
storage in starvation this is met by protein
catabolism.

Passage of carbohydrate carbon through PDH
represents an irreversible ‘gate’ through which the
carbon cannot gain re-entry, committing carbohy-
drate to energy provision, either by immediate
oxidation of acetyl-CoA, or by storage of the
acetyl-CoA as lipid (fatty acid, triacylglycerol) for
reconversion back to acetyl-CoA and oxidation at
a later date (e.g. in subsequent starvation); this is
the reason why PDH is such a highly regulated
enzyme — it represents the major control point
between carbohydrate and lipid metabolism
(Figure 1.13).

1.3.1.4 Tricarboxylic acid (TCA) cycle

Oxidation of the 2-carbon acetyl (CH,-CO-)
group of acetyl-CoA is achieved by the TCA cycle
within the mitochondrial matrix, with the energy
from the oxidation of one acetyl group released in
the form of electrons (associated with a hydrogen
atom as a hydride (H™ ion; see Section 1.2.1.3))
and carried by NAD™ (x3 per acetyl group, i.e. per
turn of the cycle) and FAD (x1) in their reduced
forms (NADH; FADH,). In addition, one step
involves a substrate-level phosphorylation — a
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chemical step which is directly linked to the phos-
phorylation of ADP (or GDP) to ATP (or GTP)
without the need for mitochondrial oxidative
phosphorylation — converting GDP into GTP (or
ADP into ATP in some cells).

In the TCA cycle (Box 1.5), the 2-carbon
acetyl group of acetyl-CoA combines with oxalo-
acetate (4 carbons) to form the 6-carbon com-
pound citrate (a TCA, hence the name of the
cycle; it is also referred to as the citrate cycle or
Krebs cycle). The citrate undergoes two decarbox-
ylation reactions, yielding both the two carbon
dioxides and 2 NADH (‘oxidative decarboxyla-
tion’ reactions), to form succinyl-CoA (4 carbons).
The remainder of the cycle concerns regenerating
oxaloacetate from the succinyl-CoA: this process
involves the (substrate-level) phosphorylation of
GDP to GTP and two further oxidations, yielding
the FADH, and the third NADH, together with
the oxaloacetate.

The stoichiometry is precise, such that both
the carbons of the acetyl group are oxidised
(though as shown by radiolabelling experiments,
not the actual two carbon atoms that entered the
cycle), hence all their useful energy is extracted,
resulting in two carbon dioxide molecules as
‘waste’ products. The NADH and FADH, will

subsequently be re-oxidised by passing on the elec-
tron(s) they carry down the redox proteins of the
electron transport chain, regenerating NAD" and
FAD in the process for further electron carriage;
by coupling this sequential oxidation-reduction to
phosphorylation of ADP to ATP (‘oxidative phos-
phorylation’), a common energy carrier for diverse
cellular functions (ATP) is synthesised (see below).

An important point about the TCA cycle is
that its intermediates are not specifically dedi-
cated to the cycle — they are also used for other
purposes in several other metabolic pathways (e.g.
amino acid metabolism; porphyrin synthesis;
purine nucleotide metabolism). Processes which
utilise TCA cycle intermediates and hence deplete
them are termed ‘cataplerotic’ whilst processes
which replenish them are termed ‘anaplerotic.” In
order for a substance to be anaplerotic it must
have more than two carbons (or equivalent):
acetyl groups cannot replenish the cycle because
both their carbons (equivalent) are oxidised by
the cycle (2 x CO,) and no net gain of carbon
occurs. Since fatty acids represent a chain of
2-carbon groups (they are, effectively, a storage
form of acetyl groups — hence their mostly even
numbers of carbons), when fatty acids are used
for energy (e.g. during starvation) they are broken

Box 1.5 Tricarboxylic acid cycle: overall scheme

acetyl-CoA
(CH3.CO-CoA)

(2 carbons, more reduced) l

——————————> 2xCO,

(2 carbons, more oxidised)

l electron (hydride ion H) transfer

NAD* l

NADH

FAD / ; FADH,

GDP

Acetyl-CoA is oxidised by losing electrons

(H™ ions) and ends up as CO,. The electrons
are captured by NAD* and FAD to become
their reduced forms, NADH and FADH, (and
they will in turn pass these electrons on to
other electron carriers in the electron transport
chain, becoming re-oxidised themselves and
ready for further electron carriage). This is

GTP

achieved in a step-wise fashion by the TCA or
Krebs cycle. In addition, as part of the con-
trolled release of energy, one of the steps of
the TCA cycle does not have sufficient energy
to reduce NAD* or FAD but does have suffi-
cient energy to phosphorylate GDP to GTP.
One acetyl-CoA molecule reduces one FAD
and three NAD" molecules.



Chapter 1: Underlying principles of human metabolism / 29

back down to 2-carbon acetyl groups (by B-oxida-
tion) and cannot therefore be anaplerotic — indeed
reliance on fatty acids for oxidation does lead to
cataplerosis: if a cell were to derive its energy
entirely from fatty acids, eventually cataplerotic
depletion of TCA cycle intermediates would
occur due to ongoing utilisation of the intermedi-
ates by other pathways, combined with the inabil-
ity of the fatty acids (acetyl groups) to ‘top up’ the
same cycle intermediates. The same applies for
ketone bodies (acetoacetate, 3-hydroxybutyrate)
which are 4-carbon compounds but effectively
represent two acetyl groups joined together — a
transport form of acetyl-CoA; their utilisation
first requires them to be converted back into
acetyl-CoA, and they cannot enter the TCA cycle
as 4-carbon compounds. Anaplerosis has to occur
from carbohydrates or (glucogenic) amino acids,
which can bypass the PDH step and insert 4-car-
bon intermediates (e.g. oxaloacetate; derived
from pyruvate) into the cycle. The importance of
these anaplerotic pathways, and the enzymes that
achieve them, to maintain cellular metabolic effi-
ciency is now well recognised. See later, Box 5.3,
for more information.

1.3.1.5 Electron transport chain

The final stage of energy production is the synthe-
sis of ATP by phosphorylation of ADP, coupled to
the re-oxidation of NADH and FADH, to permit
further electron carriage to occur (oxidative phos-
phorylation). The energy is now carried in the
phosphoanhydride bonds of the phosphate groups
of ATP; these are commonly called ‘high energy
bonds (see Box 1.6).

The energy for the phosphorylation is derived
from the electrons contained in the reduced forms
of the electron carriers. As the electron is passed
sequentially down a series of carriers, the released
energy is harnessed. The mechanism responsible is
the electron transport chain, located in the inner
mitochondrial membrane (IMM). The IMM is a
highly specialised membrane which is extremely
selectively impermeable. It comprises four protein
complexes (complex I, IL, III, IV) together with a
loosely associated cytochrome (cytochrome ¢) and
the (non-protein) quinone CoQ10 (ubiquinone).
All these components have variable redox states
and act as electron acceptors (oxidising agents)

Box 1.6 High-energy bonds

The term ‘high-energy bond’ is not strictly
accurate. They are not ‘special’ bonds, but
rather they release their free energy when
hydrolysed. They may be denoted ~, and it
can be seen that ADP can act as a source of
energy when its terminal phosphate group is
hydrolysed to AMP.

AMP: Ad-P
ADP: Ad-P-P
ATP: Ad-P~P-P

ADP has a special role in bioenergetics
because beside acting as a (limited) energy
source in its own right, its availability is
one factor that regulates the rate of ATP
synthesis.

A close structural analogue of adenosine
triphosphate (ATP) is guanosine triphos-
phate (GTP) which also carries energy.

The presence of these two forms of energy
carriage likely represents a form of metabolic
compartmentation, separating pathways by
their molecular preferences. GTP also has

a function in regulation, especially in signal
transduction involving G-proteins.

and electron donors (reducing agents); they can
function as electron carriers by shifting between
their reduced (electron containing) and oxidised
(electron deficient) forms. To facilitate this, the
proteins contain transition metals (Fe, Cu), com-
plexed in prosthetic groups (e.g. haem) or com-
plexed to sulphur (Fe-S centres) which are readily
capable of gaining or losing an electron. They are
organised in a sequential arrangement within the
IMM such that the electrons are passed down a
gradual incremental energy gradient. Complex I
oxidises NADH back to NAD™, whilst complex II
oxidises FADH, back to FAD, both passing elec-
trons (as pairs) to CoQ10, thence to complex III,
then cytochrome ¢, and eventually to complex IV.
Complex IV, the final redox protein in the chain,
combines the electrons it receives with molecular
oxygen (O,, the final electron acceptor), reducing
it to water. Complexes I, ITI, and IV use the energy
of electron transfer to pump protons (H*) out of
the mitochondrial matrix across the IMM and
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into the intermembrane space beyond. This cre-
ates an electrochemical gradient between the
inside and outside of the mitochondrion. The
energy of this H' gradient is finally utilised to
drive phosphorylation of ADP to ATP: the pro-
tons can only re-enter the mitochondrial matrix
by passing through ATP synthase (FolF, ATPase;
also called complex V although it is not a part of
the actual electron transport chain), another
IMM-spanning protein. Proton passage through
this large protein complex provides the energy for
ATP synthesis (the chemiosmotic process). Hence,
provided the IMM is otherwise impermeable to
protons, the oxidation of NADH/FADH, by
electron transport is tightly coupled to the phos-
phorylation of ADP to ATP. However, if protons
leak through the IMM back into the mitochon-
drial matrix, the gradient is dissipated (‘uncou-
pled’) and ATP synthesis cannot occur, leading to
mitochondrial inefficiency. The final step in
metabolism is the export of AT out of the mito-
chondrion and into the cytosol, and this is
achieved by an adenine nucleotide translocator
also spanning the IMM.

In the remainder of this chapter, we will out-
line the major metabolic pathways of ‘energy
metabolism’ that will be considered further in this
book, signposting the reader to where these are
discussed in more detail.

1.3.2 Carbohydrate metabolism

1.3.2.1 Pathways of glucose
metabolism

Carbohydrate metabolism centres around the hex-
ose sugar glucose (Figure 1.7). Glucose is a ubiqui-
tous sugar which may be derived from dietary
carbohydrate or synthesised in the body. It is
stored in polymeric form as glycogen: this removes
the osmotic problems that would arise if it were
stored in cells as free sugars (Section 1.2.2.1). Glu-
cose, as a polar molecule, cannot cross membranes
composed of phospholipid bilayers by diffusion,
and two families of glucose transporter proteins
(GLUTs, and sodium-glucose linked transporters,
SGLTs: see Chapter 2, Box 2.2), expressed in a
tissue-specific manner, facilitate its rapid move-
ment in and out of cells. The pathways of glucose
metabolism inside the cell are illustrated in

simplified form in Figure 1.14, which shows the
key steps of the various pathways responsible for
its utilisation, disposal and production. Glucose
can be stored as glycogen, used to provide
5-carbon sugars and NADPH for, e.g. nucleotide
synthesis, and lipogenesis, respectively, and split
into pyruvate for further metabolism. It can be
synthesised by gluconeogenesis, or by breaking
down glycogen.

1.3.2.1.1 Glucose phosphorylation

Following uptake into the cell by glucose trans-
porters, the first step of glucose metabolism
within cells is always phosphorylation to glucose
6-phosphate (G6-P), brought about by a member
of a family of enzymes (hexokinases) that use AT,
again expressed in a tissue-specific manner. The
form expressed in liver and pancreatic B-cells, hexo-
kinase Type IV, is generally known as gluco-
kinase; that expressed in skeletal muscle, Type 11,
is generally known simply as hexokinase. Phos-
phorylation ensures that the molecule does not
diffuse again out of the cell, locking it into the
cell, maintaining its inward concentration (and
augmenting further glucose influx), and activat-
ing the molecule for further metabolism. G6-P is
used by glycolysis (glucose breakdown, next sec-
tion) and glycogen synthesis as well as the pentose
phosphate pathway (Section 1.3.2.1.7 below); it
may also be derived from glycogen breakdown
(glycogenolysis) and gluconeogenesis (glucose
synthesis: Section 1.3.2.1.5 below) depending on
tissue and prevailing metabolic state. Thus, G6-P
may be seen as lying at a major crossroads in car-
bohydrate metabolism (Figure 1.14).

1.3.2.1.2 Glycolysis

Glucose (6 carbons: molecular formula C.H,,0/)
is broken down by the pathway of glycolysis to
pyruvate (3 carbons: C;H,O,, showing that H
has been lost relative to C and O; i.e. overall this
is a partial oxidation); the term glycolysis refers to
this splitting of the glucose molecule. A small
amount of ATP is generated by substrate-level
phosphorylation in glycolysis, hence some usable
energy is generated. Indeed, this is a cytosolic
pathway and occurs even in cells that lack mito-
chondria, such as red blood cells (it is their only
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Figure 1.14 Pathways of glucose metabolism inside the cell. The pathways of glucose (carbohydrate)
metabolism are shown with the key (regulatory and energy-yielding) steps marked. Glycolysis (splitting

of glucose) is the major top-to-bottom pathway, and it results in two pyruvate molecules: i.e. fructose
1,6-bisphosphate is split, and the products are doubled. G 6-P, glucose 6-phosphate; F 6-P, fructose
6-phosphate; F 1,6-BP, fructose 1,6-bisphosphate; PEP, phosphoenolpyruvate; OAA, oxaloacetate.

route for making ATP). Glycolysis ends at
pyruvate. This important intermediate can be
subsequently: 1, reduced to lactate (C;H,O;, so
exactly half a glucose molecule with no redox
changes — a true fermentation reaction); 2, oxi-
dised (and decarboxylated) to form acetyl-CoA;
3, carboxylated to form oxaloacetate (anaplero-
sis); or 4, transaminated to form the amino acid
alanine (see Section 1.3.4 below).

Glycolysis is a primitive but vital pathway
that occurs in the cytosol of all cells and comprises
an initial energy investment phase (priming —
phosphorylation) followed by splitting (6 carbons
into 2 X 3 carbons), and an energy generation
phase of oxido-reduction and phosphorylation.
During this phase NAD" is reduced to NADH
and ATP is produced by substrate-level phos-

phorylation. Glycolysis of one molecule of glucose
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therefore yields two molecules of pyruvate, 2 ATP
and 2 NADH without requiring oxygen. Glyco-
lysis is a vital pathway because of its multiple func-
tions. In muscle, glycolysis splits glucose in order
to provide energy, but in liver, excess glucose
remaining once glycogen stores have been repleted
is broken down by glycolysis to pyruvate, then
acetyl-CoA, for lipid synthesis.

1.3.2.1.3 Lactate and ethanol metabolism

The reduction of glycolysis-derived pyruvate to lac-
tate by the near-equilibrium (freely reversible)
enzyme lactate dehydrogenase is an important
mechanism to permit glycolysis to proceed. Glyco-
lysis involves one redox step that is linked to
NADH formation from NAD*. Normally, when
oxygen is present in the cell, the NADH is reoxi-
dised back to NAD" by the electron transport
chain within the mitochondria: this is vital because
the NAD™ is required for further electron capture

to permit glycolysis to proceed. In the absence of
oxygen however, (or, indeed, in the absence
of mitochondria, as in red blood cells), NADH
would accumulate and NAD* concentration
would fall too low. By converting pyruvate to lac-
tate and linking this to NAD, the NAD" is regen-
erated to permit glycolysis to proceed, but at the
cost of accumulating lactate (Figure 1.15a). When
oxygen becomes available, lactate dehydrogenase
can readily convert the lactate back to pyruvate
(and NADH) for oxidation (and red blood cells
export the lactate to the liver to be converted back
into pyruvate).

Yeast employ a different strategy to oxidise
NADH and regenerate NAD™. Instead of reduc-
ing pyruvate to lactate, they reduce pyruvate to
ethanol (CH;-CH,-OH) by the process of alco-
holic fermentation, shown in Figure 1.15b. Pyru-
vate is first decarboxylated to acetaldehyde
(CH,;-CHO) and carbon dioxide is produced

(anyone who has made their own wine by using
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Figure 1.15 Lactate and ethanol metabolism. Glycolysis produces NADH from NAD™. (a) In aerobic condi-
tions in mammals the NAD" is regenerated by the electron transport chain, but in anaerobic conditions NAD*
must be regenerated by lactate dehydrogenase, permitting glycolysis to continue, at the cost of accumulating
lactate. (b) In yeast, pyruvate is instead reduced to ethanol in order to regenerate NAD* and allow glycolysis to
proceed (brown arrows). When humans ingest alcohol, the ethanol is oxidised to acetyl-CoA via acetaldehyde,
providing a large influx of energy but also altering the NAD":NADH ratio.
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yeast to ferment the sugar in grape juice will be
familiar with the bubbles of CO, gas given off
during the fermentation). The acetaldehyde is
then reduced to ethanol by alcohol dehydrogenase,
reoxidising the NADH back to NAD* so that gly-
colysis can proceed. This process has the advantage
for yeasts that the ethanol is toxic to many organ-
isms, but yeast can tolerate ethanol in high con-
centrations, hence their ‘waste product’ inhibits
other, competing micro-organisms. When humans
ingest ethanol, it is converted back into acetalde-
hyde by our alcohol dehydrogenase (and the acet-
aldehyde is probably at least partly responsible for
the ‘hangover’ effects of excessive alcohol con-
sumption), and then on to acetate and ultimately
acetyl-CoA (Figure 1.15b). Acetyl-CoA can go on
to be oxidised by the TCA cycle or used for lipid
synthesis (see Section 1.3.3), in other words etha-
nol provides a large amount of ingested energy.
But in addition, metabolism of ethanol reduces
large amounts of NAD" to NADH, providing
more energy again, but also disrupting the
NAD":NADH ratio; this has the effect of inhibit-
ing gluconeogenesis (Section 1.3.2.1.5) and caus-
ing the hypoglycaemia that is probably the origin
of the stimulated appetite commonly seen follow-
ing alcohol consumption.

1.3.2.1.4 Pyruvate oxidation

Pyruvate can also enter mitochondria where itis a
substrate for the enzyme PDH (PDH is actually a
complex of three enzymes, sometimes called pyru-
vate dehydrogenase complex, PDC). PDC not only
further oxidises pyruvate, but also removes one
carbon, resulting in the formation of (2 carbon)
acetyl-CoA which, as described earlier, can be
fully oxidised in the TCA cycle. This reaction is
essentially irreversible. The importance of this
process is illustrated by looking at the energy
yield of these pathways: glycolysis yields 2 ATPs
by substrate-level phosphorylation, but much
energy remains within the pyruvate molecule; full
oxidation of pyruvate, via formation of acetyl-
CoA and oxidation in the TCA cycle, yields a fur-
ther 36 ATPs. This number is a theoretical
maximum and allowing for some inefficiency the
real figure is probably slightly lower than this, but
it illustrates how much energy can be derived
from oxidation, and hence how important

mitochondria (TCA cycle, electron transport
chain) are for producing ATP.

Breakdown of glucose as far as acetyl-CoA
can also be part of a synthetic process. Acetyl-
CoA produced from glucose is the starting point
for the pathways of lipid synthesis: lipogenesis,
which usually refers to the synthesis of fatty acids
from glucose, and cholesterol synthesis. These
pathways, like most biosynthetic pathways, are
cytosolic, and the acetyl-CoA must be transferred
out of the mitochondria (to be expanded
later — Box 5.4).

1.3.2.1.5 Gluconeogenesis

Gluconeogenesis, despite its name (synthesis of
new glucose), is a pathway typically active in cat-
abolic states, when there is a need to make glu-
cose from other fuels for organs that depend
upon it. The pathway of glucose synthesis, gluco-
neogenesis, occurs primarily in liver cells (and to
a lesser extent, in kidney) and is essentially a
reversal of glycolysis (many of whose steps are
freely reversible and shared by both pathways)
although with some specific steps, circumventing
the energy-yielding and largely irreversible steps of
glycolysis (Figure 1.14). Reversal of the last step of
glycolysis  (phosphoenolpyruvate —  pyruvate)
requires formation of oxaloacetate, and spans the
mitochondrion. The main regulatory enzyme of gly-
colysis, phosphofructokinase, must also be reversed,
and for this gluconeogenesis uses fructose-1,
6-bisphosphatase. Finally, if free glucose is to be
produced for export (liver), glucose 6-phosphate
must be dephosphorylated to glucose by glucose-6-
phosphatase — i.e. this is the final enzyme of both
gluconeogenesis and glycogenolysis, both path-
ways allowing liver to export glucose and maintain
blood glucose levels. The substrate
for gluconeogenesis is pyruvate; the major source
of this under most conditions is lactate. Amino

major

acids whose carbon skeletons can be converted
to pyruvate (e.g. alanine, during starvation, dis-
cussed later) can also contribute, and in addition
glycerol released from lipolysis of triacylglycerols
in adipose tissue can enter the gluconeogenic
pathway (and hence breakdown of storage lipids
does yield a small amount of carbohydrate). Note
that glucose is broken down to lactate (glycolysis)
in red blood cells, for instance, and in anaerobic
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cells such as renal medulla: the lactate is trans-
ferred via the bloodstream to the liver where it is
used to re-synthesise new glucose. This cycle is
sometimes called the Cori Cycle (discussed further
in Chapter 7). It does not result in irreversible loss
of glucose from the body. Irreversible loss of
glucose occurs after the action of PDH, as acetyl-
CoA can no longer be reconverted to glucose
(PDH is irreversible), and therefore acetyl-CoA is
not a substrate for glucose synthesis.

1.3.2.1.6 Glycogen metabolism

Carbohydrate is stored in limited amounts as cyto-
plasmic glycogen granules in most tissues as an
energy resource available within the tissue (and
hence independent of blood supply) for rapid uti-
lisation when required. Glycogen is a polymer of
glucose whose structure was described earlier
(Figure 1.8). Glycogen synthesis starts with glucose
6-phosphate (Figure 1.14) and involves sequential
polymerisation of glucose units on a glycogenin
protein backbone. Glucose units are added as
UDP-glucose (derived from glucose 6-phosphate)
to the enlarging glycogen molecule by the enzyme
glycogen synthase. Glycogen synthase assembles the
glucose units into a linear chain, but every 8-10
residues a branch point is introduced by a branch-
ing enzyme. This has the effect of producing a
highly branched tree-like structure with many free
(‘non-reducing’) ends (Figure 1.8). Glycogenolysis
involves the reverse: sequential removal of glucose
units. These multiple terminal glucose residues
enable rapid glucose release during glycogen deg-
radation, by the enzyme (glycogen) phosphorylase
(and a debranching enzyme). Glucose 1-phos-
phate is released, and is converted into
glucose 6-phosphate. In most tissues, which store
glycogen for their own utilisation (e.g. muscle),
the glucose 6-phosphate then enters the pathway
of glycolysis for energy production. In the liver
specifically (and to some extent in kidney, espe-
cially during starvation) the enzyme glucose
6-phosphatase is expressed (uniquely in these tis-
sues) and converts glucose 6-phosphate to free
glucose: thus, glucose derived from glycogenolysis
or produced by gluconeogenesis may be released
into the bloodstream to maintain blood glucose
concentrations in the postabsorptive or the fast-
ing state.

1.3.2.1.7 Pentose phosphate pathway

One further pathway of glucose metabolism will
be mentioned briefly: the pentose phosphate path-
way. Again, this pathway occurs in the cytosol.
This involves the metabolism of glucose 6-
phosphate through a complex series of reactions
that generate pentose sugars, used in nucleic acid
synthesis, and also reducing power in the form of
NADPH (Figure 1.14).

The pathway comprises two parts: an oxidative
(irreversible) stage, initiated by the enzyme
glucose-6-phosphate dehydrogenase, which generates
NADPH and the pentose (5-carbon) sugar ribu-
lose 5-phosphate, and then a non-oxidative
(reversible) stage which interconverts the pentose
sugar into a wide variety of 3 carbon (triose),
4 carbon (tetrose), 5 carbon (pentose), 6 carbon
(hexose), and 7 carbon (heptose) sugars. These
sugars are used for the synthesis of nucleotides
and aromatic amino acids, whilst NADPH pro-
vides energy for many reductive biosyntheses —
including lipogenesis and amination of 2-oxoacids
to amino acids (glutamate dehydrogenase — see
below); hence this is a pathway active in anabolic
states. NADPH also maintains the antioxidant
glutathione in its reduced (active) form (GSH).
Because the relative requirements for the two
products of the pentose phosphate pathway (pen-
tose sugars and NADPH) varies, when NADPH
demand exceeds pentose need, the sugar can be
reinserted into glycolysis (hence ‘pentose phos-
phate shunt’).

1.3.3 Lipid metabolism
1.3.3.1 Pathways of lipid metabolism

Carbohydrate metabolism centres on the sugar
molecule glucose, its interconversion with the car-
bohydrate storage form, glycogen, and its break-
down, ultimately by oxidation. Similarly, lipid
metabolism concerns the fatty acids as the central
carriers of energy, triacylglycerol as the storage
form, and pathways for oxidation of fatty acids.
(Here we will not discuss other forms of lipid such
as cholesterol and phospholipids. Cholesterol was
described in Section 1.2.1.1 and Figure 1.6 and
will be covered again in later chapters.) There are
four central pathways: (i) esterification of fatty
acids with glycerol to form triacylglycerol, and (ii)



Chapter 1:

the converse, hydrolysis of triacylglycerol to liber-
ate fatty acids and glycerol: lipolysis, (iii) oxidation
of fatty acids: B-oxidation, and (iv) synthesis of
fatty acids from other precursors, known as de
novo lipogenesis. These are shown in simplified
form in Figure 1.16, and transport and storage of
lipid in the body is represented in Figure 1.17.

Fatty acids are the lipids utilised for energy pro-
duction in oxidative tissues; however, since they are
amphipathic and detergent-like (Figure 1.4)
they are potentially toxic, and are stored as tri-
acylglycerol, mainly in specialised cells known as
adipocytes. Unlike carbohydrates such as glucose,
lipids are (by definition) not water-soluble. As dis-
cussed in Figure 1.4, triacylglycerol is very hydro-
phobic, making it a very dense and efficient energy
store. Whilst this is an advantage for energy stor-
age, it necessitates specialised forms of intracellu-
lar storage and mechanisms for transport through
the plasma.
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Triacylglycerol within cells is stored in the
form of lipid droplers, discrete droplets each
bounded — and stabilised — by a monolayer of
phospholipids, together with some specific pro-
teins (described in more detail later, Box 5.7). This
phospholipid coat is similar to the structure of a
cell membrane shown in Figure 1.5, but with just
the outer layer of phospholipids. In specialised
cells for fat storage, adipocytes, there may be just
one large lipid droplet, occupying much of the
volume of the cell (and discussed in more detail in
Chapter 5), but in most cells there are multiple,
small lipid droplets.

Plasma fatty acids themselves, not esterified to
glycerol, are known as NEFAs, sometimes called
free fatty acids (FFAs). In plasma they are mainly
bound loosely and non-specifically to the plasma
protein albumin. They dissociate from albumin to
enter cells. Triacylglycerol is also transported in
plasma, usually along with cholesterol. This is
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Figure 1.16 Pathways of lipid metabolism in the cell. Synthesis of fatty acids from acetyl-CoA (lipogene-
sis) is driven by NADPH (from the pentose phosphate pathway), whilst the opposite pathway, breakdown of
fatty acids to form acetyl-CoA (B-oxidation) also produces NADH (and FADH,). Esterification of fatty acids to
glycerol produces triacylglycerols; the glycerol is released when the triacylglycerol undergoes lipolysis. Hence
triacylglycerols are ‘storage’ forms of acetyl-CoA. Acetyl-CoA can be transported in the form of ketone bodies.




36 / Human Metabolism: A Regulatory Perspective

Dietary fat Enterocytes Plasma Cells
l Adipocytes: fat storage
(IJ\/\/\/\/\ Lip Est (IZ\/\/\/\/\ (II\/\/\/\/\ Lip Est (II\/\/\/\/\
Crnnan AN [GAVAVAVIVN CArn _ C A
) Lipoproteins Lip
Triacylglycerol Fatty acids CAAANA
NANANA
Fatty acids
NANANA Heart and skeletal muscle
Glycerol
CH,OH Fatty acid structure C\AAAA  Lip YV
CHOH o ¢
i O,,C\/\/\/\/\CH3 VYA —)
CH,OH Carnnn CAAAN
Oxidation

Figure 1.17 Lipid metabolism pathways. Importance of lipolysis and esterification pathways in lipid metab-
olism. Dietary fat, in the form of triacylglycerol, is hydrolysed in the intestinal lumen by pancreatic lipase and the
products taken up into enterocytes (more detail in Section 4.2.3.2.3). Within the enterocytes, the fatty acids are
re-esterified to glycerol [in fact some are taken up as monoacylglycerols and this is the basis for esterification —
see Section 4.3.3]. The triacylglycerol is exported into plasma in the form of large lipoprotein droplets, the chy-
lomicrons. Lipolysis of this circulating triacylglycerol by a lipase bound to endothelial cells (lipoprotein lipase)
allows fatty acids to be taken up into cells for further esterification (adipose tissue) or for oxidation (muscle and
other tissues). Triacylglycerol stored in adipocytes may be hydrolysed by intracellular lipases (further details

in Chapter 5, Figure 5.10) to release fatty acids, which can travel through plasma for delivery to other tissues
for oxidation. Most tissues also contain smaller amounts of triacylglycerol, formed by esterification of incoming
fatty acids. Lip, lipolysis step; Est, esterification step. Structures are shown very diagrammatically. Fatty acids
are represented by short wavy lines (more detail in box) but see Figures 1.4 and 1.9 for more detail.

achieved by formation of sub-microscopic lipid
droplets in which a core of triacylglycerol is stabi-
lised in the aqueous environment of the plasma by
a surface monolayer of phospholipids, like intra-
cellular lipid droplets. These droplets, or particles
as they are often known, are associated with spe-
cific proteins to guide them round the circulation.
The whole particle is then known as a lipoprotein.
Lipoprotein metabolism will be discussed exten-
sively in Chapter 10. Here we will briefly mention
two relevant classes of lipoprotein particles: the
chylomicrons and the very-low-density lipoproteins
(VLDLs) — the reasons for these names will be
explained in Chapter 10.

The reactions involved in interconversion
of fatty acids and triacylglycerol are central to

lipid metabolism. As shown in Figure 1.4, tri-
acylglycerols consist of three fatty acid mole-
cules esterified to one of glycerol (a trihydric

CH,OH-CHOH-CH,OH). These
ester bonds are hydrolysed by /ipase enzymes.

alcohol,

There are several families of lipases, which will
be mentioned where relevant in the text. The
reaction is identical to that used in the manu-
facture of soap, known as saponification. In
soap manufacture, a triacylglycerol (usually of
vegetable oil origin) is treated with caustic soda
(NaOH), resulting in the hydrolysis of ester
bonds and the liberation of glycerol and fatty
acids (in the form of their sodium salts). In
metabolism, however, the hydrolysis is achieved
by lipase enzymes (Figure 1.18).
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Figure 1.18 Parallel between soap manufacture (saponification) and fat mobilisation. In saponification,
an alkali (usually NaOH) is used to hydrolyse a source of triacylglycerol — animal fat or a vegetable oil. The
resultant sodium salts of fatty acids (together with glycerol) constitute soap. The hydrolysis of triacylglycerol
stored in adipocytes is similar, but brought about by enzymes (more details in Chapter 5, Figure 5.10), and
releases non-esterified fatty acids (NEFA) that may be used as a fuel in other tissues. However, in metabolism,
unlike in soap manufacture, the process is reversible:
new triacylglycerols (pathways are given in Chapter 4, Figure 4.8). This is the basis of the pathway by which

fatty acids can also be re-esterified with glycerol to make

Unlike the relationship between vegetable oils
and soap, however, in metabolism the process can
be reversed: fatty acids can be re-esterified with
glycerol to make new triacylglycerol. (The reaction
usually uses glycerol 3-phosphate and will be
described further in Chapter 5.) The fatty acids are
added in the form of their coenzyme A esters,
known as fatty acyl-CoA (i.e. fatty acid-CoA).
(Note that fatty acyl-CoA is different from acetyl-
CoA, although acetyl-CoA could be considered
the simplest of the family of acyl-CoAs.)

1.3.3.2 Fat deposition and mobilisation

Most dietary fat is in the form of triacylglycerol
(Table 4.1). Within the small intestine, dietary
triacylglycerol molecules are hydrolysed by intes-
tinal lipases and the products are absorbed into
the cells lining the intestines (mucosal or

epithelial cells, collectively known as enterocytes).
The products of lipolysis are recombined with the
enterocytes to form new triacylglycerol. These tri-
acylglycerols, composed of dietary fat, are liber-
ated into the circulation as lipoprotein particles:
in fact, the largest and most fat-enriched of the
lipoprotein particles, known as chylomicrons
(more detail in Chapters 4 and 10). At target tis-
sues, the triacylglycerol in the lipoprotein parti-
cles is hydrolysed by a lipase bound to the
endothelial cells lining the capillaries, known as
lipoprotein lipase. The resulting fatty acids are
taken up by cells, and have two potential fates: (i)
re-esterification with glycerol 3-phosphate to
make new triacylglycerol (and other lipids) — the
pathway of far deposition; or (ii) oxidation. The
former is the major route by which dietary fat is
laid down for storage in adipose tissue (Figure
1.17; Section 5.2.2.1).
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When the stored fat is required as a source of
energy, for instance during physical activity when
muscles will oxidise fatty acids, or during periods
between meals, then the stored triacylglycerol is
hydrolysed by a series of intracellular lipases to lib-
erate fatty acids and glycerol, which can be released
into the plasma. This is the process known as far
mobilisation. As noted earlier, these non-esterified
(‘free’) fatty acids are transported bound to albu-
min. Glycerol, which is freely soluble, will travel
mainly to the liver where it is a substrate for gluco-
neogenesis as described above (Section 1.3.2.1.5).
On average, in a mature adult who is weight-
stable, the amount of fat stored in a typical day
will equal the amount mobilised. Most tissues can
utilise NEFAs, but importantly fatty acids cannot
cross the blood-brain barrier and therefore cannot
be used as an energy source by the central nervous
system. Also, their oxidation requires mitochon-
dria, meaning that red blood cells (erythrocytes),
which lack mitochondria, are unable to use them.
However, fatty acids are a major fuel source for
muscle and kidney, and for the heart and liver
under certain conditions.

1.3.3.3 Fatty acid oxidation

Following uptake into cells, fatty acids are rap-
idly ‘activated’ by esterification to CoA, forming
facty acyl-CoA; this esterification (known as thio-
esterification because of the —-SH thio group of the
CoA molecule) also removes the amphipathic,
detergent-like character of the fatty acid, making
it less toxic in the membrane-rich cytosol. This
reaction requires ATP and releases inorganic
pyrophosphate, PP,. PP, is rapidly broken down to
P,, meaning that this step is essentially irreversible.
It therefore achieves the same end as glucose phos-
phorylation to glucose 6-phosphate on entering a
cell: it both traps the fatty acid within the cell, and
creates a concentration gradient to draw more
fatty acids into the cell. The enzymes concerned
are known as acyl-CoA synthases (ACSs): again
there is a family of these, suited for fatty acids of
different carbon chain lengths. The action of the
ACSs may be intimately linked to the process of
fatty acid transport into the cell, discussed further
in Chapter 2.

The fatty acyl moiety may then undergo B-
oxidation to vyield acetyl-CoA (together with

NADH and FADH,) for further oxidation and
ATP formation (Figure 1.16 and Box 1.7). This
process occurs in mitochondria (hence cells lacking
this organelle, such as red blood cells, are unable to
derive energy from fatty acids because they cannot
oxidise substrates). However, in order to get inside
the mitochondria, the fatty acyl-CoA must cross
the IMM on the carnitine shuttle (Box 1.7), and it
is the activity of the carnitine shuttle that regulates
the rate of supply of fatty acids to the mitochon-
dria, and hence of the rate of B-oxidation.

Although most B-oxidation occurs in mito-
chondria, some fatty acid oxidation also takes
place in organelles called peroxisomes. Peroxi-
somes seem to be particularly responsible for oxi-
dation of fatty acids of relatively unusual (or at
least, relatively rare) structure, especially very long
chain fatty acids (22 or more carbons) and
branched chain fatty acids, such as phytanic acid.
Peroxisomal B-oxidation of very long chain fatty
acids produces medium chain fatty acids which
can then be further oxidised in mitochondria (at
least in humans), but also produces hydrogen per-
oxide (H,0,), a reactive oxygen species which
must be reduced. Very long- and branched chain
fatty acids can only be metabolised in peroxi-
somes: congenital lack of peroxisomes, such as
occurs in Zellweger syndrome and infantile Ref-
sum’s disease, is associated with inability to oxidise
these fatty acids and consequent hepatic and neu-
rological dysfunction.

Whilst the above pathway predominates in
muscle, supplying large amounts of ATP for bio-
logical work such as contraction, in liver acetyl-
CoA derived from fatty acid B-oxidation is also
used for ketone body synthesis (ketogenesis).
Ketone bodies (acetoacetate, 3-hydroxybutyrate)
are 4-carbon compounds and represent a soluble
transport form of acetyl-CoA (effectively two
acetyl-CoA's joined together). This will be dis-
cussed further in Chapter 5. Acetoacetate under-
goes spontaneous decarboxylation to the 3-carbon
acetone: acetone probably has no physiological
function in humans but is volatile and excreted in
the breath with a characteristic sweet-smelling
odour. (There is some evidence that acetone is con-
verted into methylglyoxal and 1,2-propanediol,
which can both act as gluconeogenic substrates,
hence this is another [but also quantitatively
minor] mechanism for converting lipids into
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Box 1.7 Fatty acid oxidation

Once a fatty acid enters the cell it is rapidly
joined to Coenzyme A (CoASH) to form fatty
acyl-CoA, by the enzyme ACS — it has been
suggested that it may be linked with fatty acid
transport into the cell so that the intracellular
concentration of free fatty acids is kept very
low. The fatty acyl-CoA may undergo esterifica-
tion to triacylglycerol (for example, in adipose
tissue) or it may be oxidised for energy release,
by p-oxidation in the mitochondrion. However,
long chain fatty acyl-CoA cannot cross the
highly selective inner mitochondrial membrane
(IMM), therefore the fatty acid is transported
across on the carnitine shuttle. Carnitine is a
highly charged molecule ((CH,),N*CH,CH(OH)
CH,COO") and there is a specific translocase
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triacylglycerol
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fatty fatty ACS 1 ]
it - fatty acyl-CoA
plasma cytosol
I A
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_ad cytosol

for it to move (with and without esterified acyl
group) across the mitochondrial membranes.
The carnitine shuttle is initiated by carnitine
palmitoyl transferase-1 (CPT-1) on the outer
mitochondrial membrane (OMM), which trans-
fers the fatty acyl group from CoA to carnitine.
This compound can cross the IMM in association
with a translocase before being reconverted to
fatty acyl-CoA by carnitine palmitoyl transferase-2
(CPT-2). CPT-1 is strongly inhibited by malonyl-
CoA, the first intermediate of the ‘opposite’
pathway — lipogenesis — hence a reciprocal
regulatory mechanism prevents fatty acid deg-
radation (oxidation) and synthesis from occur-
ring simultaneously, which would represent an
inefficient futile cycle.
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Box 1.7 Fatty acid oxidation (continued)

The fatty acyl-CoA that results in the
mitochondrial matrix now undergoes f-oxi-
dation. p-oxidation is so called because the
B-carbon (second methyl carbon) of the FA
chain is attacked, in a reaction sequence
involving oxidation, hydration and thiolysis,
releasing the 2-carbon acetyl group, again
attached to CoA, all within mitochondria.
The process is cyclically repeated until
the entire FA chain has been broken down
to acetyl-CoA 2 carbon units. p-oxidation
occurs by a multienzyme trifunctional protein
complex which catalyses an oxidative cycle
generating acetyl-CoA, NADH and FADH,.
The acetyl-CoA undergoes further oxida-
tion to CO, in the TCA cycle (also within the
mitochondrial matrix), whilst the NADH and
FADH, (that derived both from oxidation of

carbohydrates.) Since brain cannot utilise fatty
acids, the liver converts NEFAs to ketone bodies,
which are exported to the brain (and other oxida-
tive tissues such as muscle) where they are readily
converted back into acetyl-CoA for oxidation in
the TCA cycle and ATP production. Ketone bod-
ies therefore constitute a major glucose-sparing
fuel. Ketogenesis occurs exclusively in the liver;
however, liver lacks the pathway for ketone body
utilisation  (ketolysis), preventing intracellular
substrate cycling.

1.3.3.4 Fatty acid synthesis

The body may acquire fatty acids either from die-
tary fats, or it may synthesise them de novo from
dietary non-lipid sources (lipogenesis). Acetyl-
CoA derived from excess carbohydrates and amino
acids surplus to current energy requirements is
assembled into long chain fatty acids in the cytosol
of lipogenic tissues such as liver and adipose tissue
(and then esterified to form triacylglycerol) for
energy storage. The initiating (first committed)
step involves generation of malonyl-CoA (the first
committed intermediate of lipogenesis, and
unique to this pathway) from acetyl-CoA and
bicarbonate (HCO;") by acetyl-CoA carboxylase,
and is highly regulated. The malonyl group is the

the acetyl-CoA by the TCA cycle and also
that derived from p-oxidation itself) are then
re-oxidised by the electron transport chain,
yielding ATP. Each cycle of B-oxidation
produces a theoretical maximum of 17 ATPs
(though due to some inherent inefficiencies
including some proton ‘leak’ across the IMM,
in practice ~14 ATP) — hence palmitate (16
carbons — 8 acetyl-CoA) yields a theoretical
maximum of 106 ATP. Odd number carbon
fatty acids (which are relatively rare) produce
the 3-carbon propionyl-CoA in their final
B-oxidation cycle; this can go on to produce
succinyl-CoA, an intermediate of the TCA
cycle, and hence an anaplerotic substrate —
an example of lipids potentially producing
carbohydrates, though limited by the relative
rarity of these fatty acids.

donor for fatty acid synthase, a multi-catalytic
polypeptide which elongates the growing fatty
acid chain by 2 carbons in a repeated cycle using
NADPH for energy. The fatty acid chain formed
can undergo several modifications, including
desaturation. The commonest fatty acids in human
metabolism are palmitic (16 carbons, saturated)
and oleic (18 carbons, one unsaturated bond).
(This is explored further in Chapter 5, see Box 5.4.)
Lipogenesis is the opposite pathway to B-oxidation,
but although the chemical processes are opposite
(B-oxidation: hydration, oxidation; lipogenesis:
dehydration, reduction), the pathways do not uti-
lise the same enzymes. Furthermore, lipogenesis
occurs in the cytosol, whilst B-oxidation occurs in
the mitochondrion, an example of intracellular
compartmentation preventing substrate (futile)
cycling of two opposing pathways.

The mature fatty acid is activated with CoA,
forming fatty acyl-CoA, the starting point for fur-
ther metabolism, by ACS (one of a family of
enzymes acting on different chain length fatty
acids). The primary end-point of mammalian fatty
acid synthesis is palmitic acid (see Box 1.3), a
16-carbon saturated fatty acid (16:0 using the
nomenclature of Box 1.3). For most cellular func-
tions, a wide range of fatty acids is required (e.g.
phospholipids formed entirely of saturated fatty
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acids would form very rigid membranes). Lipo-
genic tissues therefore also express elongase
enzymes (there is a family of these: they use acetyl-
CoA to add 2 carbons at a time to the carboxyl
end of a fatty acid), and desaturases, which can
remove hydrogen to form double-bonds. Thus, for
instance, palmitic acid (16:0) can be converted to
palmitoleic acid (16:1 7-7), stearic acid (18:0) and
oleic acid (18:1 #-9). More details will be given
later (Box 5.4).

Although the pathway of de novo lipogenesis,
primarily the synthesis of fatty acids from glucose,
is expressed and undoubtedly operates in human
cells (adipocytes and liver; Chapter 5), it contrib-
utes only a small proportion of the fat stored in
adipose tissue under most conditions — this will be
discussed further in Chapter 7 (Box 7.2).

1.3.4 Protein metabolism

1.3.4.1 Pathways of amino acid
metabolism

Amino acids may be synthesised, obtained from
the diet or derived from proteolysis (although no
dedicated protein exists whose sole function is
simply to supply amino acids for energy). ‘Non-
essential’ amino acids can be synthesised from
intermediary metabolites (or from other amino
acids); ‘essential’ amino acids cannot be synthe-
sised by humans and therefore must be obtained
from the diet. ‘Conditionally essential’ amino
acids can be synthesised in only limited amounts,
and this must be supplemented by the diet in
states of rapid protein synthesis (e.g. growth). Free
amino acids constitute a soluble amino acid sub-
strate pool; this is quantitatively small, but
dynamic, turning over rapidly. From this pool,
amino acids are used for biosynthetic functions as
well as degradation for energy production, their
carbon skeletons entering the common metabolic
pool of intermediary metabolites shared with car-
bohydrate and lipid metabolism. Dietary amino
acids surplus to synthetic requirements (for pro-
teins, nucleotides, hormones, neurotransmitters,
creatine, porphyrins etc.) are utilised directly for
energy production. Some tissues (e.g. liver, intes-
tine, leukocytes) preferentially oxidise amino acids
for energy. Amino acids contain approximately the
same energy as carbohydrates — about half that of

lipids. Amino acids may be used to provide meta-
bolic energy either (i) in the well-fed state, when
amino acid intake exceeds protein synthesis
requirement, in which case excess exogenous
amino acids are oxidised or stored as non-protein
energy reserve, or (ii) in starvation, when endoge-
nous amino acids derived from ‘dispensable’ pro-
tein are oxidised for energy.

Whilst amino acids are used to synthesise pro-
teins, most proteins are not inert but are con-
stantly broken down (proteolysis) to amino acids
and re-synthesised (prozein synthesis), this consti-
tuting the protein turnover rate: this cycling var-
ies between individual proteins. For a protein to
be useful as a source of amino acids for energy
production, its turnover rate must be relatively
high, and there must be a relatively large amount
of it in the body (and it must be, at least in part,
expendable). The rate of protein turnover depends
on the individual protein — generally, gastrointes-
tinal and hepatic proteins turn over rapidly
(5-15% per day) whilst skeletal muscle contrac-
tile protein turnover is relatively slow (2% per
day) (see Chapter 7 for more detail); however,
because of the large mass of skeletal muscle, and
the ability to maintain viability despite loss of
>50% of actin and myosin, this depot makes the
largest contribution to whole body protein turn-
over, and hence amino acid availability for metab-
olism and energy release.

Typical dietary protein intake is ~100 g d™'
(with the same amount excreted as nitrogen-
equivalent), whilst the ~10 kg of body protein is
turned over to ~100 g of free amino acids at a
turnover rate of ~300 g d™'. Dietary proteins are
digested in the small intestine and absorbed as free
amino acids and short peptides (see Chapter 4,
Section 4.3.2). Enterocytes of the small intestine
remove some amino acids, especially glutamine,
for use as an oxidative fuel (see Chapter 5.8). The
remaining products of digestion enter the portal
vein and then the liver, where further preferential
amino acid extraction occurs (most are extracted
by the liver). Amino acid oxidation is, under most
circumstances, the major oxidative pathway in the
liver — about 60% of incoming amino acids may
be directed into immediate oxidation. The rate of
hepatic protein synthesis is also high, and since
much of the protein is secreted (e.g. albumin), this
represents a net loss of amino acids from the liver



