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Preface

The new edition of this popular text continues to present
homeostasis as a dynamic concept that provides the basis for
understanding health and well-being. It also recognizes how
failure to respond to homeostatic disturbances results in home-
ostatic imbalances responsible for the signs and symptoms of
ill health, and how health carers seek to reverse those imbal-
ances by acting as external agents of homeostatic control.

Why homeostasiss The concept of homeostasis typically is
one of a constant performance or environment, but in physiol-
ogy such an interpretation is not strictly correct because there
must be scope for adaptation to allow people to achieve devel-
opmental milestones, or to change performance level accord-
ing to need — for example, when we perform exercise, when a
woman becomes pregnant, when we respond to infection, or
when we are recovering from an operation. Homeostasis in the
physiological sense therefore represents a dynamism that is
central to human functioning. Nevertheless, the concept remains
about control; few processes in the body occur by chance, and
those that do promote corrective or adaptive responses.

This book is especially concerned with identifying the adap-
tive responses illustrated in health, the maladaptive processes
that are illustrated during ill health, and how the healthcare
professional utilises this knowledge in restoring a person’s
health status or improving the quality of life until death. The
intention is to utilize homeostasis as a framework to aid learn-
ing and so help the healthcare student to appreciate the physi-
ological rationale of practice.

The education of the healthcare professional places empha-
sis on producing students and staff knowledgeable about the
‘holistic’ (physiological, psychological, sociological and spiri-
tual) requirements of health. The integration of physiological
functioning into this model has provided difficult in health-
care education, and the need to describe and explain body
functioning in the context of an interactive framework
prompted the writing of previous editions of this book, as well
as many subsequent articles on the theme of homeostasis.

This third edition builds on the successful format, providing
nature—nurture interactions as a basis of this interactive frame-
work. The book gives an integrated explanation of body func-
tioning, with descriptions of related anatomy in health, illness
and health care. This exciting new edition has been updated
and extended to provides the following new material:

® Overview of microbiology and principles of infection man-
agement.

* Extended information on pharmacological principles and
actions of the major classes of drugs.

* Extended application of physiological functions in relation
to specific pathologies, and examples of health care.

® Updates on how the Human Genome Project is beginning
to impact on health care.

® More case studies to illustrate the health carer’s role as an
external agent of homeostatic control.

® New, improved colour design.

* Photographs of common clinical conditions.

® An accompanying website www.hodderplus.co.uk/physio
logyandanatomy

The book is divided into six major sections:

o Section I: An introduction to the human body. This introduc-
tory section considers the construction of the human body
and what is meant by cell function. The basic principles of
homeostasis are explored in depth. Although each chapter
can be read individually, the reader is strongly encouraged to
read Chapter 1 first since the principles discussed, and in
particular the inclusion of a simple but unique aid to learn-
ing — the homeostatic graph — are the foundations for what
follows in the other chapters.

o Section II: The need for regulation. This second section iden-
tifies the fundamentals of human body functioning, includ-
ing the composition of the body, its chemical reactions
(metabolism) and the physiological rationale underlying a
healthy diet.

o Section III: Sensing change and coordinating responses. This
third section explains how the internal (and external) envi-
ronment is identified by individual or sense organ receptors,
and how adaptive responses are enabled and coordinated by
the nervous and endocrine systems.

o Section IV: Effectors of homeostasis. This section considers fur-
ther systems of the human body that are themselves capable
of bringing about change, and so provide the means of cor-
recting homeostatic disturbances of excess and deficits.

o Section V: Influences on homeostasis. The penultimate section
considers some of the vital interactive components that pro-
mote variation in the human body. It discusses the influence
of genes and environmental factors in human development
and ageing, and the nature—nurture interactions associated
with the perception of pain and distress, and in the control
of bodily rhythms over the 24-hour period.

o Section VI: Healthcare practice: A homeostatic approach. This
final section provides numerous examples of case studies that
illustrate homeostatic principles in relation to healthcare
problems and how healthcare practitioner may be consid-
ered to be an external agent of homeostatic control.

Each chapter provides frequent cross-referencing to other
chapters in a manner that can only provide the reader with a
greater understanding of the integrated functioning of the
human body in health and illness.

Although the book assumes some knowledge of physiology,
it identifies and explains the main aspects of function that in
turn relate to homeostasis, homeostatic disturbance and home-



ostatic imbalances. Application Boxes are used throughout to
reinforce how healthcare practitioners act as external agents of
homeostatic control to minimise, or reverse, functional distur-
bance in their patients. Activities and reflective questions are
included within the text and illustrations of each chapter to
test the reader’s understanding.

The authors between them have over 50 years’ experience of
teaching physiology to healthcare practitioners, and they
understand what an overwhelming subject the student is faced
with when studying physiology and anatomy. Their objective
is not for the reader to memorise the contents of each chapter
(that would be truly remarkable!), but merely to grasp a
general understanding of homeostasis in action, since the book

can always be referred to for further reference when needed.
Finally, we hope you enjoy reading the book, and that it will

contribute to a better understanding of your role as a health-

care practitioner and of your patients, to the ultimate benefit

of both.

John Clancy
Andrew McVicar
October 2008

PS. We would value comments on the value of this book so
that the next edition will evolve!
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Chapter 1

INTRODUCTION TO PHYSIOLOGY
AND HOMEOSTASIS

Introduction to the human body, its organization, 3
and the homeostatic basis of body functions
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Homeostasis and ill health 15

Nature—nurture: an individualized approach to 16

health and health care

INTRODUCTION TO THE HUMAN BODY, ITS
ORGANIZATION, AND THE HOMEOSTATIC
BASIS OF BODY FUNCTIONS

You are about to begin the study of the human body. This
book will enable you to learn how your body is organized
structurally, and how it functions. The study of the human
body involves several branches of science: biology, chemistry,
physics, mathematics, psychology and sociology. Each con-
tributes an understanding of how the body functions in health,
during times of exercise, illness, pain, distress, trauma and sur-
gery. Thus, an understanding of these sciences to varying
degrees, and how they link together, is of paramount impor-
tance to healthcare professionals, who need to view each
patient as an individual. However, it must be stressed at the
onset that human beings are biological organisms. We may live
in highly sophisticated societies, and have very complex behav-
iours and different cognitive abilities, but healthcare profes-
sionals should not lose sight of the fact that ultimately our
‘health’ depends upon the functioning of biological structures.

The two branches of science covered in this book that will
help you understand the human body are anatomy and physi-
ology. Identifiable within these is the central concept referred
to as homeostasis.

Definitions

Human anatomy refers to the study of the structure of the
body. Physiology is concerned with the mechanisms of human
bodily function. In this book you will see how the structure of
the body is custom-built to perform particular functions in
health (a sense of well-being). It follows, therefore, that abnor-
mal structure leads to the abnormal functioning associated
with ill health. This structural and functional relationship is
referred to by biologists as the ‘principle of complementarity’.

Homeostasis refers to the automatic, self-regulating
processes necessary to maintain the ‘normal’ state of the body’s

Integrated approaches to health and health care 17

Health care within a homeostasis framework 20
Conclusion 20
Summary 21
Acknowledgement 21
References 21
Further reading 21

environment, despite changes in the environment outside that
body. Collectively, anatomical structure, physiological func-
tion and the maintenance of homeostasis enable the body to
attain the basic needs necessary for health and a ‘normal’ life.
This aspect is considered later in this chapter: before contem-
plating these basic needs, the reader should become familiar
with how the body is organized.

Anatomical organization

The outside of the human body has a definite and recognizable
shape. The inside has organs, which are located in specific
positions relative to one another. The anatomical position of
the body provides a reference point when studying or describ-
ing the position of body structures. This position is when the
person stands erect and faces forward, with arms at his/her side
with palms facing forwards. For example, organs such as the
heart are drawn according to this convention; features on, say,
the left side appear on the right, as though the observer is look-
ing into someone’s chest.

A set of standard anatomical terms is used to describe each
part of the body, the position of body structures, and their geo-
graphical relationships with each other. Many of these regional
terms are illustrated in Figure 1.1. The main terms used relate
to ‘planes of the body’, ‘relative positioning of organs” and

‘body cavity’.
Planes of the body

Body structures can be described in relation to three planes or
imaginary lines — median (mid-sagittal), transverse (horizon-
tal) and coronal (frontal) — which run through the body
(Figure 1.2). The median plane passes directly along the mid-
line of the body, dividing the body into perfectly symmetrical
right and left halves. The transverse plane passes horizontally
through the body, dividing it into upper and lower portions.
The coronal plane divides the body into front and back
portions.
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Figure 1.1 Anatomical position. The common names and anatomical terms (in brackets) are indicated for many of the regions of the human body. (a) Anterior view;

(b) posterior view

Terms of relative position

Directional terms are also used to describe the position of
structures relative to each other (Figure 1.2). For example,
‘anterior’ and ‘ventral’ are used interchangeably and refer to
the front surface of the body. They also have a broader mean-
ing in the sense of a structure being closer to the front of the
body. Examples are ‘anterior abdominal wall’ or ‘the heart is
anterior to the spine’. In the same way, ‘posterior’ may refer to
the back surface of the body, or it may mean a structure is
nearer to the back of the body. Examples are ‘the posterior sur-
face of the arm’ or the ‘oesophagus (food pipe) is posterior to
the heart’.
‘medial’ indicates that a structure is towards the midline of the

‘Dorsal’ is linked similarly to posterior. Similarly,

body, whereas ‘lateral’ designates that a structure is away from
the midline of the body. ‘Proximal’ indicates that the structure
concerned is nearer the attached end of a limb, and thus the

trunk of the body, while a ‘distal’ structure is further away
from the attached end of a limb and/or the trunk. As an exam-
ple, the shoulder is proximal to the elbow, whereas the elbow
is distal to the shoulder.

In the clinical environment, healthcare professionals need to
be familiar with these terms so they are all speaking the same
language to avoid mistakes being made.

Initially, anatomical terminology may seem unfamiliar and
difficult to understand. However, once you have mastered an
understanding of basic words, including prefixes (the begin-
ning of a word), roots (the main body of the word) and suffixes

Use a biological dictionary to find out what the following terms mean:
afferent, efferent, peripheral, deep, superficial, internal, external.
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Figure 1.2 Planes through the body. (a) Medial (mid-sagittal) plane; (b) transverse plane; (c) coronal (frontal) plane

Q Which plane divides the body into (1) anterior and posterior parts, (2) right and left parts that are mirror images of each other, and (3) superior and inferior portions?

Q Is the hip proximal or distal to the knee?

(the end of a word), you will discover the logical and helpful
method in which structures are named. For example, once you
understand that the prefix ‘electro-” means electrical, the root
‘cardiac’ refers to the heart, and the suffix -gram’ means
recording, then the meaning of the term ‘electrocardiogram’
becomes apparent.

Body cavities

The body can be divided into cavities produced by the bony
skeleton (Figure 1.3). These cavities contain the internal
organs (viscera). The main body cavities are:

® The cranial cavity: the bones of the skull enclose this cavity,
which accommodates and protects the brain.

Using Appendix C, try to learn 10 common prefixes and suffixes every
weekday. When you are satisfied that you know most of the common

prefixes and suffixes, learn 20 commonly used roots of the words. This
will help you to understand the unfamiliar terminology associated with
the clinical area.

® The spinal cavity: this is formed by a hole (foramen = ‘win-
dow’) running through the vertebral column. This is called
the vertebral canal, and it accommodates and protects the
spinal cord.
The thoracic cavity: this is the upper cavity of the trunk of the
body. Its confines are the breastbone (sternum), ribs and
associated intercostal muscles (‘inter-’ = between, ‘-cost’ =
rib) and cartilage, vertebral column, diaphragm, and the
structures below the neck. The cavity contains the windpipe
(trachea), two lungs, the heart and its great vessels, the food
pipe (oesophagus), and associated nerves and lymphatic sup-
ply. The space between the lungs, occupied by the heart, is
called the mediastinum.
o The abdominal cavity: this is the large lower portion of the
trunk. It is confined by the diaphragm, pelvic cavity, spine,
abdominal muscles and lower ribs. It accommodates the

organs concerned with digestion and absorption of nutri-
ents, and other organs associated with these functions, such
as the gall bladder, liver, spleen and pancreas. The kidneys,
ureters and adrenal glands are also located in this region.

® The pelvic cavity: this is the lowest portion of the trunk, and
is a continuation of the abdominal cavity. Its boundaries are
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Diaphragm

(a) Right lateral view

Figure 1.3 Lateral and anterior views of the human body showing major cavities

Cranial cavity

p—
Spinal cavity

Thoracic cavity

Abdominal cavity

P

elvic cavity

(b) Anterior view

Q What are the confines of (1) the thoracic cavity, (2) the abdominal cavity, and (3) the pelvic cavity?

the bony pelvis, sacrum and muscles of the pelvic floor. It
contains the female reproductive structures, or some of the
male reproductive structures (lower ureters, bladder and ure-
thra). Other pelvic organs include the small intestine and the
last part of the colon, the rectum and anal canal. It also
includes the openings for the urethra, vagina and anus.

Blood vessels, lymphatic nodes and associated nerves are
located in all the cavities. Sometimes it is necessary to be much
more precise in locating organs of the body. A good example of
this is the quadrants and the nine regions associated with the
abdomen and pelvic areas (Figure 1.4). A surgeon requires
such precision when a surgical incision has to be made.

Using appropriate terminology, describe the anatomical
location of the organs of the thoracic and pelvic cavities of the
body in relation to each other. Also, look up the prefixes asso-
ciated with each major organ within the five major cavities of

the body.

The basic needs of the human body
The basic needs of the living body identified by biologists as

the characteristics of life are:

1 Feeding or nutrition: this encompasses the intake of raw mate-
rials to maintain life processes such as growth, repair and the
maintenance of a normal environment inside the body.



Introduction to the human body

Right | Epigastric | Left
hypochondriac |  region hypochondriac

Right | Left | region region
upper | upper \ / \
quadrant | quadrant Right [ Umbillical | Left
lumbar |  region lumbar
egion region
Right | Left Right |Hypogastric | Left

lower | lower

quadrant | quadrant iliac | region iliac

region region

Figure 1.4 Anatomical subdivisions: (a) Quadrants of the abdomen; (b) The nine regions of the abdominal and pelvic regions.
Q Which quadrant confines the stomach?

Q Which region confines the appendix?

BOX 1.1 SURFACE ANATOMICAL LANDMARKS AND SOME MEDICAL TERMS

Surface anatomy is the study of external structures and their relation to e Cardiology: the heart and its diseases
deeper structures. For example, the breastbone (sternum) and parts of * Endocrinology: glands that release hormones and hormone disorders

the ribs can be seen and felt (palpated) on the anterior aspects of the « Gastroenterology: the stomach and intestines and their disorders

chest. These structures can be used as landmarks to identify regions of ) )
the heart and points on the chest at which certain heart sounds can be * Gynascology: disorders of the female urinary tract and female repro-

heard using a stethoscope (a process called auscultation). The normal ductive organs
‘lub-dup’ sounds of the heart reflect normal structure and functioning of * Haematology: blood and blood disorders
the heart valves. A deviation of this sound to the trained ear reflects * Immunology: mechanisms by which the body resists disease
abnormal structure and hence functioning. * Neurology: the nervous system and its disorders
Anatomical imaging involves the use of X-rays, ultrasound, computed « Obstetrics: pregnancy and childbirth

tomography scans, and other technologies to create pictures of internal
structures. Both surface anatomy and anatomical imaging provide
important information in diagnosing disease. Healthcare professionals

 Oncology: cancer
© Ophthalmology: eye disorders

will become familiar with such techniques during their training. * Otorhinolaryngology: ear, nose and throat
The following terms are used to apply anatomy and physiology to * Pathology: diagnosis of disease based on changes in cells and tissues

some specialties in medical science (you may need to look up the suffix « Proctology: disease of the colon, rectum and anus
"-ology’): * Toxicology: poisons
* Allergy: diagnosis and treatment of allergic conditions * Urology: disorders of the urinary tract and male reproductive organs

2 Movement: this is a characteristic in that people, or some and the breakdown of food (internal respiration) inside the
parts of them, are capable of changing position. cells of the body.

3 Respiration: this refers to the processes concerned with the 4 Excretion: this is the removal from the body of waste prod-
production of the energy (and related ideal body tempera- ucts of chemical reactions, and excesses of certain dietary
ture and pH) necessary to maintain life processes and move- substances (e.g. water).

ment. In humans it involves breathing (external respiration) 5 Sensitivity and responsiveness: these are the processes
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BOX 1.2 ACTIVITIES OF DAILY LIVING

To help nurses direct care to the basic needs of the body, Roper et al. in
the 1980s devised a nursing model called the Activities of Daily Living
(ADL) (Table 1.1).

Table 1.1 Activities of Daily Living (ADLS)

Breathing*

Eating and drinking*
Elimination*

Mobilizing*

Controlling body temperature
Maintaining a safe environment
Sleeping

Personal cleaning and dressing
Working and playing
Communication

Expressing sexuality*

Dying

*Based on basic needs of life. Others relate to further human needs. Table after
Roper et al. (1990)

There is an underpinning assumption that the foundations of the earlier
ADL models postulated by Roper et al. were adapted to the characteris-
tics of life identified previously by biologists.

Human beings therefore are self-reproducing systems capable of
growing and of maintaining their integrity by the expenditure of energy.
They are, however, complex organisms, having cellular, tissue, organ
and organ system levels of organization (Figure 1.5).

concerned with monitoring, detecting and responding to
changes in the environment inside and outside the human
body.

6 Growth: this generally implies an increase in size and com-
plexity. It also includes repair of body parts which have
undergone damage or need to be replaced.

7 Reproduction: this is necessary for the continuation of the
species.

LEVELS OF ORGANIZATION

Cellular level

The human body is composed of trillions of microscopic cells.
Each cell is regarded as a basic unit of life, since it is the small-
est component capable of performing most, if not all, of the
characteristics of life (or basic needs). Cells can digest food,
generate energy, move, respond to stimuli, grow, excrete and
reproduce. To support these activities, cells contain organelles
that perform these specific functions (see Figure 2.3, p.24 and
Table 2.1 p.25). To facilitate cell function throughout the
body, the body contains many distinct kinds of cells, each spe-
cialized to perform specific functions. Examples include blood
cells, muscle cells and bone cells. Each has a unique structure
related to its function (see Figures 1.5 and 2.2, p.24).
Receptors on the cell membrane or inside the cell inform genes
of the desired function of the cell at any one moment in time.
Genes are the controllers of all the cell’s chemical reactions
(collectively called metabolism), and these act indirectly

through their role in enzyme production. Enzymes are there-
fore of fundamental importance in the human body since they
directly speed up chemical reactions so that they are compati-
ble with a healthy life (Figure 1.6), but optimal enzyme action
requires a microenvironment of ideal acidity and temperature.
Genes are commonly referred to as the ‘code of life’ and
enzymes as the ‘key chemicals of life’. Adenosine triphosphate
(abbreviated as ATP) is also another key chemical of life since
this chemical is the cell’s energy store, which is required to
drive metabolic reactions at a rate that is harmonious with
health (Figure 1.6). The chemical level of organization regard-
ing cell structure and function is discussed in Chapter 5 under
the umbrella term ‘chemicals of life’.

Tissue level

A tissue is defined as a collection of similar cells and their com-
ponent parts that perform specialized functions. There are
many different types of tissues, so it follows that there must be
different cell types that comprise these tissues. However, the
entire body consists of just four primary tissues: epithelial or
lining tissues, binding or connective tissues, muscular tissues,
and nervous tissues (see Chapter 2, pp.52-8).

Organ and organ system levels

An organ is an orderly grouping of tissues that give it discrete
function. Examples of organs are the heart, spleen, ovary and
skin. Most organs contain all four primary tissues. In the stom-
ach, for example, the inside epithelial lining performs func-
tions of secretion of gastric juice and absorption of some
chemicals such as alcohol. The wall of the stomach, however,
also contains muscle tissue (for contraction of the stomach) to
help with the breakdown of food, nervous tissue (for regula-
tion), and connective tissue (to bind the other tissues
together).

An organ system is a group of organs that act together to
perform a specific body function, e.g. the respiratory system
maintains the levels of oxygen and carbon dioxide in the
blood. These systems work with each other in a coordinated
way to maintain the functions of the body. The concepts of
tubular (hollow) organs and compact (parenchymal) organs
are introduced in Chapter 2, pp.58-9. The details associated
with each organ are dealt with in their respective chapters, but
the integration of organ function is important to note in this
introductory chapter.

Each level of organization is instrumental in sustaining the
functions of life for the human body. Table 1.2 illustrates each
organ system’s involvement in the regulation of the basic needs
of the individual.

The basic needs are related to, and interdependent on, each
other. For example, we must take in the raw materials of food
and oxygen (both metabolites) in order to provide sufficient
energy (ATP) to maintain normal body function (Figure 1.6).
This energy is needed to support chemical reactions, such as
those involved in growth and the muscle contraction necessary
for movement. Consequently, these raw materials can be
viewed as being the ‘chemicals of life’ (see Chapter 5).



Levels of organization

Organizational

Interacting Components

level
Electrolytes Sodium (Na™*) Hydrogen (H+) Chloride (CI) Potassium (K*)
Atoms Carbon (C) Hydrogen (H) Oxygen (0)
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(polymers)
I Plasma membrane Chromosomes
Large — - - .
A S Lipid bilayer with proteins Nucleic acid (DNA)
HEREa

., 4

Organelles

Q . . &
o e @% A

Tissues

AN ot AT .ot
‘ Golgi complex Mitochondria Lysosomes Endoplasmic reticulum
Cells D %
‘ Muscle Nerve Epithelia

., 4

Organs

4

Organ systems

Skeletal
Circulatory

Figure 1.5 The hierarchy of organizational levels of the human organism indicates that specific interactions at each simpler level produce the more complex level

above it.
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products

Figure 1.6 Involvement of organ systems in the regulation of intracellular homeostasis

Q Suggest why the following statements are used in physiology: (1) genes, ‘the code of life’; (2) enzymes, ‘the key chemicals of life’.

Table 1.2 Organ system involvement in maintaining the basic needs of the
human body. The table demonstrates that all the organ systems are involved in
maintaining the normal environment needed by the cells of the body, to enable
them to perform the basic needs of the individual during health

Basic need Organ systems involved

Intake of raw material

Food Digestive
Oxygen Respiratory
Internal transportation Circulatory, lymphatic

Excretion
Sensitivity and irritability
Environment outside the body

Urinary, respiratory, the skin

Special senses, nervous,
skeletomuscular
Environment inside the body Nervous, endocrine
Defence
Environment outside the body
Environment inside the body

Movement within the environment

Skin, special senses

Immune, digestive, endocrine

Skeletal, muscular, nervous,
special senses

Reproduction Reproductive, endocrine

Chemical reactions also produce waste products; these must be
removed from the body to prevent cellular disturbances.

The interdependence of the basic needs means that a failure
of one function leads to a deterioration of others (emphasizing
further the ‘principle of complementary’). For example, mal-
nutrition (‘mal-’ = bad or poor) results in the retardation of
growth and development, lethargy, poor tissue maintenance, a
reduced capacity to avoid infection, and a general failure to
thrive.

Disorders arise at a cellular level, and, because of the inter-
dependence of the components of the body, this means that a
failure of one function leads to a deterioration of others. This
is reflected in the diverse signs and symptoms of ill health that
require clinical intervention to restore health (or homeostasis).
For example, a patient who has had a heart condition may dis-
play signs and symptoms that reflect poor functioning of not
only the heart, but also lungs and kidneys.

BOX 1.3 ILLNESS — A CELLULAR IMBALANCE

Since health is dependent upon optimal functioning of cellular compo-
nents — receptors, genes, enzymes — and the cell’s microenvironment
being ideally suitable for this optimal functioning, it follows that ulti-
mately every illness originates from a functional disturbance arising
from the cellular components (i.e. receptors and/or genes and/or
enzymes) and/or the microenvironment at the cellular level. Arguably,
cellular respiration is the most important chemical reaction in the human
body, since its end products (ATP, heat and acidity) are essential in the
provision of this ideal environment for optimal cellular metabolism (see
Figure 2.11, p.36 and Box 2.1, p.22).

In the context of this introductory chapter, it seems logical
to establish the basis for optimum (ideal) biological function-
ing. The main topic reviewed in the remainder of this chapter
is homeostasis.

HOMEQOSTASIS: THE LINK WITH HEALTH

An introduction to homeostatic control theory

The word ‘homeostasis’ literally translates as ‘same standing’,
and is usually taken to indicate constancy or balance. Those
students who have entered health care in recent years, having
taken courses that have had a significant human biology com-
ponent, are likely to have come across the term, since it is an
important concept, especially in physiological studies.

The idea that a constancy of the internal environment of the
human body is essential to life can be traced back to the views
of the eminent French physiologist Claude Bernard, in the
mid-nineteenth century. The turn of the twentieth century
produced many important discoveries of how the body is reg-
ulated by hormonal and neural mechanisms.

In order to perform the basic functions of life successfully,
there must be a ‘consistency’ within the body, and in particu-
lar in the environment inside cells, called the intracellular fluid
(‘intra-’ = inside). The regulation of the composition and



volume of fluids that surround cells, which collectively are
called the extracellular fluids, helps to keep this environment
constant. The main components of these fluids are discussed in
detail in Chapter 6. Briefly, they are:

e Tissue fluid: the fluid in which body cells are bathed. It acts
as an intermediary between the cells and blood.

® Plasma: the cell-free component of blood. Together with
blood cells, it circulates through the heart and blood vessels,
supplying nutritive materials to cells and removing waste
products from them.

Two processes by which the composition of these fluids is
kept constant are:

e the intake of raw materials;

® the removal (excretion) of waste products of chemical reac-
tions from the body, or the removal of excess chemicals that
cannot be stored, destroyed or transferred to other sub-
stances inside the body.

Conventionally, homeostasis is therefore frequently consid-
ered to represent a balance or equilibrium between these two
processes.

The modern view is that homeostasis is dependent upon an
integration of physiological functions, since essentially all the
organs of the body perform functions that help to maintain
these constant conditions. The authors share the view that all
the organ systems are homeostatic controllers that regulate the
environment within cells throughout the body (Figure 1.6).
This book concentrates on the homeostatic principles of
human physiology, emphasizing in particular the role of each
system in the maintenance of an optimal cellular environment
(i.e. cellular homeostasis). It also discusses the influence of
homeostatic control failure in producing some of the more
common illnesses (i.e. homeostatic imbalances) that nurses,
midwives and other healthcare practitioners are likely to
encounter during their careers. In addition, the principles of
healthcare intervention are mentioned in relation to the re-
establishment of homeostasis and ‘health’ for the individual.

Principles of homeostasis

Cannon (1932), who introduced the term ‘homeostasis’,
defined homeostasis as ‘a condition, which may vary, but

»
»

Norm
Mean

Arbitrary units

(homeostatic
range) 95%

Homeostasis: the link with health

remains relatively constant’. It was this definition, together
with experience gained working alongside nurses and mid-
wives using clinical laboratory values (Table 1.3), that inspired
the authors to design the homeostatic graph (Figure 1.7). This
is a simplified model to aid the understanding of a patient’s
physiological and biochemical parameters in health and
disease.

Readers of this textbook are strongly recommended to
familiarize themselves with this figure before dipping into
other chapters, since variants of it are used throughout this
book as a model to explain:

® homeostatic principles;

® how components of homeostasis (receptors, genes and
enzymes) control cellular and hence body function;

® how the microenvironment (ATP, pH, temperature, com-
position) of the cell must be tightly controlled to optimize
the production of the above homeostatic components and
their functioning;

* how failure of the homeostatic components and/or changes
to the microenvironment results in illness, and even death;

e an individualized approach to care, in which healthcare
interventions are used to re-establish homeostasis for the
patient, or to provide palliative care in symptom control to
improve the quality of life for the dying patient.

The homeostatic range

The variations in parameter values provide a range within
which the parameter can be considered to be regulated.
Parameters within the body include: the concentration of
chemicals within the body fluids (e.g. blood glucose), an
expression of a function of an organ (e.g. heart rate), or the
number of a particular cell type (e.g. red blood cell). The fluc-
tuation in parameter values within their normal (or homeosta-
tic) ranges provides the optimal condition in the body (Table
1.3 and Figure 1.7). The range reflects:

o The precision by which a parameter is regulated: some param-
eters, such as body temperature, have a very narrow range
(adult values = 36.2-37.7°C), while others, for example
blood volume, have a relatively larger range (male adult val-
ues = 52-83 mL/kg).

Figure 1.7 Principles of homeostatic
control. (a,—,) Homeostatic dynamism:
values fluctuating within the homeostatic
range, reflecting individual variation within
the population (see text for details). (b)
Homeostatic disturbance. (c) Homeostatic
control mechanisms restore homeostasis.
(d) Homeostasis re-established

100%

v

Time

Q Suggest how the homeostatic range
accounts for every individual in the
population.
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Table 1.3 Normal laboratory blood values*

Clinical chemistry Normal adult value (homeostatic range)

Sodium 136148 mmol/L
Potassium 3.8-5.0 mmol/L
Bicarbonate 24-32 mmol/L
Urea 2.6-6.5 mmol/L
Creatinine 60-120 mmol/L
Glucose Random, 3.0-9.4 mmol/L
CSF glucose 2.5-5.6 mmol/L
Total protein 62-82 g/L
Albumin 36-52 g/L
Globulin 20-37 g/L
Calcium 2.2-2.6 mmol/L
Transaminase Up to 35 IU/L

pH 7.35-7.45

PCO, 4.7-6.0 kPa

PO, 11.3-14.0 kPa

CSF, cerebrospinal fluid; PCO,, partial pressure of carbon dioxide; PO,, partial
pressure of oxygen.

*Note values are guides for judging health and disease. These ranges have proved to
be clinically useful for judging health, disease and recovery in hospital wards and
clinics

Q Describe in scientific terms what is meant by the term ‘normal range’ when
equated with the values expressed in clinical laboratory tables.

Obtain from your clinical directorate a biochemistry (‘U&ES’) report and
note the normal values.

Individual variation of values within the population: one per-
son’s normal levels could fluctuate just above the minimum
values of the range (Figure 1.7, a ), while another person’s
optimal range could fluctuate close to the maximum values
(Figure 1.7, a)). It is also considered normal for some indi-
viduals to deviate on either side of the mean (or average)
value (Figure 1.7, a,). To account for all individual varia-
tions within the population, it is also possible for some indi-
viduals to ‘bounce’ between the minimum, mean and
maximum values (Figure 1.7, a,).

Variation of values within each person according to the chang-
ing metabolic demands: it is quite usual for the maximum and
minimum values of some parameters to vary within the indi-
vidual as the person passes through the different develop-
mental stages of the lifespan (Table 1.3 and Boxes 1.5 and
1.6). The dashed lines associated with the maximum, mean
and minimum values in Figure 1.7 indicate the dynamic
nature of these values (i.e. for some parameters the maxi-
mum value may increase). It is generally well known, for
example, that blood pressure increases with the age of an
individual, while most other parameter values decrease with
adult age (e.g. muscle strength, visual acuity; see Chapter 19,
pp-549-33).

° Variation within each person occurring during times of illness:
(see the case studies in Section VI and the boxes in Chapters

BOX 1.4 PREGNANCY AS AN ALTERED STATE OF HEALTH

Midwives often refer to pregnancy as an ‘altered state of health’. That is,
variations of the homeostatic values of physiological parameters in preg-
nancy are considered quite normal and necessary for the development
of the unborn baby. For example, the hormones oestrogen and proges-
terone surpass levels experienced in the non-pregnant state. This varia-
tion is necessary if implantation and placentation are to ensure
structural and functional development of the unborn baby. The new
homeostatic range has been adapted to meet the changing anatomi-
cal/physiological requirements associated with the developmental
stage, pregnancy.

1-18, 21 and 22). Variations also need to account for the
changes associated with the individual’s sleep—wake activities
(circadian patterns, ‘circa-’ = about, ‘-dies’ = day; see Section

VI).

The maintenance of a constant arterial blood pressure is fre-
quently cited in textbooks as an illustration of a homeostatic
process at work. However, it is important that this pressure is
increased naturally during exercise as it increases blood flow
through the exercising muscle, ensuring that the oxygen sup-
ply to the muscle supports the increased demand. The eleva-
tion of blood pressure in exercise is itself a homeostatic
adaptive process. It acts to provide the appropriate environ-
ment for the changing chemical needs of muscle, and this
highlights the most important feature of homeostasis: physio-

BOX 1.5 CLINICAL NORMAL AND ABNORMAL VALUES

In scientific research the term ‘normal’ means conforming to the usual
healthy pattern. The normal (homeostatic) range in statistical terms
defines values of parameters expected for 95% of the healthy population
(e.g. the normal range of blood pH is 7.35-7.45; Table 1.3). Statistically,
this means that 95% of the population (i.e. 95 out of 100 people) has a
pH that falls in this range. Thus, the homeostatic range of a parameter is
useful in making judgement regarding the health status of an individual.
It must, however, be emphasized that each person is unique, and statis-
tically it is expected that 5% of the ‘healthy or so-called normal’ popula-
tion (i.e. 5 out of 100 people) naturally fall outside the normal range.
These values reflect minor deviations from the homeostatic range, and
are considered to be ‘normal and acceptable’ in clinical practice, and so
need no clinical adjustments.

Alternatively, values that reflect large and sudden or long-term devi-
ations from the homeostatic range which cannot be corrected naturally
by body mechanisms are termed homeostatic ‘imbalance’ (i.e. signs and
symptoms and/or illness), in which healthcare intervention may be not
only desirable but essential to sustain ‘normality’ for the patient (Box
1.6).

Homeostasis, then, is about the provision of an internal environment
that is optimal for cell function at any moment in time, despite the level
of activity of the individual. Health occurs when bodily function is able to
provide the appropriate environment. This usually entails an integration
of the functioning of physiological systems, and its outcome is observed
as physical well-being and psychological equilibrium. In order for home-
ostasis to be maintained, the body must have a means of detecting dis-
turbances (or deviations) to homeostasis; assessing the magnitude of
the deviation; and promoting an appropriate response to redress home-
ostasis (a process known as feedback). Feedback processes also pro-
vide the means of assessing the effectiveness of the response.



BOX 1.6 HEALTHCARE PROFESSIONALS - EXTERNAL
AGENTS OF HOMEOSTATIC CONTROL

Homeostasis represents the processes necessary for the maintenance
of conditions under which cells, and hence the tissues, organ systems
and the body, can function optimally. For example, even small changes
in a cell’s environment, such as fluctuations in temperature, pH, ATP
provision or hydration can disrupt the functioning of receptors, genes
and enzymes within a cell and may even kil it. The disruptions to home-
ostasis, if not carefully monitored and controlled by the healthcare pro-
fessional, could, in the extreme, be lethal for the patient, or at least delay
recovery. In summary, health care is aimed at redressing (where possi-
ble) homeostasis for the patient. Health promotion and health education
in their role of disease prevention are directed at sustaining homeosta-
sis for individuals within the population. Thus healthcare professionals
perhaps could be considered as external agents of homeostatic control
(see ‘Health care within a homeostasis framework’ p.20 and case stud-
ies in Section VI which take this approach).

logical processes provide an optimal environment for bodily
function which varies from one moment in time to another.
While this may involve a near-constancy of some aspects of the
environment (e.g. brain temperature), other functions may
require a controlled change. The authors share the view that an
increase in the white blood cell count, as occurs in response to
an infection, and the increase in certain hormones (e.g. adren-
aline, noradrenaline, cortisol), as occurs in response to stress,
are further examples of homeostatic adaptive process rather
than homeostatic imbalances.

Receptors and control centres

The initial disturbance in a physiological parameter is detected
by receptors, sometimes referred to as monitors or error detec-
tors. The function of these receptors is to relay information
about the deviation to homeostatic control centres (analysers
or interpreters). These centres interpret the disturbance as
being above or below the homeostatic range, and determine
the magnitude of the deviation. As a result, they stimulate
appropriate responses via effectors that bring about the correc-
tion of the disturbance in order to restore homeostasis. Once
the parameter has been normalized, the response will cease

(Figure 1.8a, b).

Homeostatic controls

Occasionally, only one homeostatic control mechanism is nec-
essary to redress the balance. For example, when the distur-
bance of blood glucose concentration exceeds its homeostatic
range (hyperglycaemia; ‘hyper-’ = over or above, ‘glyc-’ = glu-
cose, ‘-aemia’ = blood) the hormone insulin is released, which
promotes glucose removal from blood. More frequently, a
number of controls are involved. For example, blood pressure
is controlled by a number of neural and hormonal mechanisms

Identify the homeostatic controllers and effectors of metabolism within
cells.

Homeostasis: the link with health

Briefly identify the three homeostatic regulators of acidity in the blood.

(see Figure 12.27, p.346). Another example is when blood
acidity exceeds its homeostatic range (a condition referred to as
an acidosis), three controls act to reduce the acidity values
within the normal range (Clancy and McVicar, 2007a):

® Buffers: these chemicals act to neutralize the excess acidity
(see Equations 5-9 in Chapter 6, p.130-2).

® Respiratory mechanisms: if the buffers are insufficient in
removing the acidosis, then the rate and depth of breathing
will increase in order to excrete more carbon dioxide, (a
potential source of acid in body fluids).

® Urinary mechanisms: if the increased rate and depth of
breathing are insufficient to remove the acidosis, then the
kidneys will produce a more acidic urine and so reduce the

acidity of body fluids.

These corrective responses are time dependent; some
respond quickly to the disturbance, but if they should fail to
re-establish homeostasis this prompts other control mecha-
nisms to correct the deviation. The body therefore has short-
term, intermediate and long-term homeostatic control
mechanisms. Each controlling mechanism, however, has a
limit or capacity on how much they can reverse the distur-
bance (Figure 1.8¢c). In the above example, these are the
buffers, respiratory and urinary mechanisms, respectively.

Homeostatic feedback mechanisms
Negative feedback

Most homeostatic control mechanisms operate on the princi-
ple of negative feedback (i.e. when a homeostatic disturbance
occurs, then in-built and self-adjusting mechanisms come into
effect, which reverse the deviation). The regulation of blood
sugar demonstrates the principle of negative feedback control.
An increase in blood glucose concentration above its homeo-
static range sets into motion processes that reduce it.
Conversely, a blood glucose concentration below its homeosta-
tic range (hypoglycaemia) promotes processes that will increase
it. In both situations, the result is that the level of blood sugar
is kept relatively constant over periods of time.

Positive feedback

Positive feedback occurs when the disturbance to a parameter
results in an enhancement of this disturbance, that is, to
promote a value above the homeostatic range rather than
returning the value within the homeostatic range (via negative

Using the information in this chapter, you should be able to identify the

in-built self-adjusting homeostatic mechanisms that are responsible for
reversing elevated blood glucose concentration and acidity.
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Figure 1.8 Homeostasis. Control, clinical intervention in iliness and healthcare management systems. (a,b) General schemes demonstrating the roles of receptors,
homeostatic control centres, and effectors via negative feedback in a control process. (a) Homeostatic dynamism reflecting individual variability. SR, Sensory
receptors detect disturbance or deviations from the homeostatic range. HCC, Homeostatic control centres analyse the disturbance and its magnitude of change. ER,
Effector response correcting the disturbance, usually by negative feedback. (¢) Clinical intervention following homeostatic control system failure. a, Failure of
receptors and/or short-term homeostatic control system and/or effectors in re-establishing homeostasis (note that there is some reversal of the homeostatic
disturbance; however, the limit of these components has been exceeded and the disturbance is enhanced). b, Failure of receptors and/or intermediate homeostatic
control system in re-establishing homeostasis (note these mechanisms initially reverse the disturbance; however, the capacity for the reversal is limited hence the
disturbance is enhanced). c, Failure of receptors and/or long-term homeostatic control system and/or effectors in re-establishing homeostasis (note these
mechanisms demonstrate some reversal of the homeostatic disturbance, but their capacity is exceeded; however, hence the disturbance is still present: i.e. illness
arises). d, Healthcare intervention to re-establish patient homeostasis. e, Patient’s re-established homeostatic status restored. f, Healthcare intervention is
unsuccessful in re-establishing the patient homeostatic status. g,, Palliative care improves quality of life via symptom control without re-establishing homeostasis. g,,
Health care cannot improve controls symptoms, and the disturbance is enhanced. h, Death occurs as a result of the inability to survive the homeostatic imbalance(s).
[a, Represents boxes a,—a, in Figure 1.7, p.11, reflecting the individual variability in the homeostatic range. The blue area represents the norm (homeostatic range) 95%]

Q Describe the function of the components of homeostatic control when there is a deviation in a parameter being monitored.

Q ‘Healthcare professionals may be described as external agents of homeostatic control.’ Discuss.



‘Positive feedback is usually regarded as a homeostatic failure.” Discuss
this statement.

feedback); positive feedback then results in a further increase,
which causes a further increase, and so on. An example is
observed during the menstrual cycle just before the release of
the ‘egg’ (ovulation). The high levels of the hormone oestrogen
at this part of the cycle reverse its normal inhibition regarding
the secretion of luteinizing hormone (LH; release of this hor-
mone is essential for ovulation to take place); the positive feed-
back now stimulates a surge of LH release, triggering
ovulation. Since positive feedback induces change, the effects
tend to be transient; most physiological systems utilize nega-
tive feedback mechanisms as a means of maintaining stability.
An inability to promote change when necessary can, however,
cause a change in health. For example, a failure to produce the
surge of LH will result in sterility.

HOMEQOSTASIS AND ILL HEALTH

If homeostasis and the functioning of homeostatic compo-
nents provide a basis for health, then ill health will arise when
there is a failure of the normal functioning of the components
(Figure 1.8¢, d). Imprecise functional mechanisms include:

® receptors fail to respond adequately to disturbances in the
environment; and/or

homeostatic control centres fail to analyse sensory receptor
information, and/or analyse the information incorrectly,
and/or send incorrect information to the effectors; and/or

effectors fail to respond to corrective directions from the
control centres.

All disorders are characterized by a primary disturbance of
intracellular homeostasis within tissues somewhere in the
body. The disease may be classed according to the primary dis-
order, such as a respiratory problem, a degenerative disorder, a

BOX 1.7 HOMEOSTATIC RANGE FLUCTUATIONS

The capacity to modify the homeostatic range is essential in certain cir-
cumstances (e.g. pregnancy, see Box 1.4) and is of benefit in other situ-
ations (e.g. exercise). Variations in homeostatic ranges and in positive
feedback responses provide flexibility to homeostatic processes. As in
positive-feedback responses, many of the changes promoted by set-
point alteration relate to a specific situation and are short lived. Some
resettings are permanent, however, and so promote long-term change.
These responses are vital to the process of human development during
the individual’s lifespan. They allow for growth, functional maturation
during fetal development and childhood, puberty changes during adoles-
cence, and changes associated with becoming an adult. However, los-
ing this regulation is associated with old age. Thus, because of the
changing or dynamic nature of the parameters in health, the term
‘homeostatic’ (meaning ‘same standing’) may now be a little outdated,
and in future years it maybe replaced by the more appropriate term
‘homeodynamic’ (meaning parameter variation). For the purpose of this
text the homeostasis term is used.

Homeostasis and ill health

tumour of a particular tissue, or as being caused by immune
system dysfunction or infection. However, all will have conse-
quences for extracellular homeostasis, hence the functioning of
cells and tissues other than those involved in the primary dis-
turbance. Thus, health care may be directed at symptoms
apparently removed from the primary problem (e.g. relieving
constipation in a patient with a breast tumour).

Homeostatic principles in clinical practice

The signs and symptoms of an illness will be related to the cel-
lular homeostatic imbalances induced. For example, people
with diabetes are classed as type 1 or insulin-dependent dia-
betes mellitus (IDDM) or as type 2 or non-insulin-dependent
diabetes mellitus (NIDDM). Although not all people can be
classified easily, as a general rule IDDM reflects a homeostatic
failure of the pancreatic cells to produce the hormone insulin,
and NIDDM reflects an imbalance in the target cells that
respond to the insulin. The multiple organ system signs and
symptoms of diabetes mellitus (see p.635), such as glucose in
the urine (glucosuria) and vascular problems caused by fat
deposits in the blood vessels (atherosclerosis), reflect a com-
mon failure in both types of diabetes in blood sugar manage-
ment. They, therefore, are the result of a cellular imbalance, as
are all illnesses. Furthermore, since cells only produce chemi-
cals then it follows that all illnesses could be referred to as
chemical imbalances (Box 1.8).

Clinical intervention in illness and disease is concerned with

correcting underlying problems associated with homeostatic

BOX 1.8 GENERAL PRINCIPLES OF PHARMACOLOGY:
ANTAGONISTIC AND AGONISTIC DRUGS

Since all illnesses are homeostatic imbalances of either an excess or defi-
ciency of a product of cellular metabolism, drug companies have been
successful in producing drugs that address the excess or deficiency.

Many are broadly classified as antagonistic and agonistic drugs.
Generally, antagonistic drugs operate by decreasing the excess product.
Conversely, agonists enhance the production of the product that is defi-
cient. How do they do this? Drugs target the specific cellular homeosta-
tic components that are at fault. For example, antagonistic drugs operate
by blocking:

« the cellular receptor; and/or
* the gene; and/or
* the enzyme, which is responsible for producing the excess chemical.

Conversely, agonists operate by enhancing receptor activation, and/or
the expression of the gene, and/or the enzyme action to increase the cel-
lular product which is deficient.

The drug dosage required for correcting imbalance is dependent on
the magnitude of the excess or deficiency (i.e. mild, moderate or severe
imbalance) of the chemical products.

Other drugs target the endproducts of cell respiration, i.e. inhibitors or
stimulants of ATP, which will slow or increase metabolism, respectively.
Drugs may restore normal body temperature (e.g. antipyretics) and pH
(e.g. antacids) so as to ensure the microenvironment is ideal for a
‘healthy’ metabolism via optimizing enzyme action (see Box 2.5, p.32).

The success of the human genomic and proteomics projects will only
enhance the number of pharmacological products, which will be tailor-
made to the individual’s needs; they may also unravel the mysteries of
how complementary and alternative therapies work at the cellular level.
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imbalances (i.e. managing the symptoms) and enabling the
patient to come to terms with the ‘disorder’. In other words,
clinical practice is concerned with restoring, as effectively as
possible, the homeostatic status of the patient at a cellular level
(see Figure 1.8 and Box 1.6, p.13; Clancy and McVicar, 1996,
2007a). Using the above example, people with IDDM are
treated with insulin injections, whereas diet (and perhaps hypo-
glycaemic drugs, such as gliclazide, glipizide and metformin)
may be sufficient to control the problem in people with
NIDDM, since the levels of insulin may be comparable to those
of people without diabetes. By promoting normality, health-
care professionals are therefore acting as extrinsic homeostatic
mechanisms. Some illnesses, however, such as terminal cancers,
are not responsive to therapeutic intervention and, conse-
quently, the imbalance results in long-term malfunction and
eventually death. The healthcare professional in these circum-
stances provides palliative care to improve symptom manage-
ment and hence the patient’s quality of life (Figure 1.8, labels
cf,g and Box 1.6, p.13). There are times, of course, when the
healthcare practitioner can do nothing to prevent the death of
a patient; for example, patients who suffer a massive blood loss
either through trauma following a road traffic accident, or dur-
ing a major operation, may die from hypovolaemic shock.

Homeostasis is usually considered to pertain to physiologi-
cal or biochemical processes, and for the bulk of this text we
will apply these principles. We also intend to introduce (in this
chapter and expand on in later chapters in relation to human
development, stress, pain and circadian rhythms), homeostasis
pertaining to psychophysiological consistency within the
body. Not separating the mind (‘psychological’) from bodily
(‘physiological’) functions is important because the cells mak-
ing up the human brain are no different in their basic charac-
teristics from any other cells in the body. Thinking, emotions,
behaviour and memories are all subject to the same physical
and chemical laws of other functions of the body, and so to
understand health fully it is necessary to be familiar with the
psychophysiological processes that account for individual dif-
ferences, as well as with the principles of homeostasis. In sum-
mary, individual differences are determined by a person’s
genes (i.e. nature), which are modified by environmental (i.e.
nurture) factors. The person and his/her environment are
therefore inseparable. Thus, it is necessary that the
nature—nurture implications of a person’s health and ill healch
should be recognized since these interactions provide the foun-
dations of health care. Thus, the authors encourage healthcare
professionals to take a transactional (or interactionist) view
regarding the patient’s condition.

NATURE-NURTURE: AN INDIVIDUALIZED
APPROACH TO HEALTH AND HEALTH CARE

Recent approaches to health care:

® recognize that people are individuals. Providing health care
that is based solely on common biological change is unlikely
to be fully effective for all patients, partly because people

vary biologically, but also because psychological and socio-
logical variations can be profound and so will have an impact
on the therapies;

® place an increased emphasis on the psychosocial influences
on human behaviour and health. The focus has moved
towards understanding how the environment acts on the
individual, and hence how this interaction can be manipu-
lated. The biological disturbances produced by such interac-
tions will also be important here.

These are principles embraced by holism. Human beings are
complex, so it could be argued that considering aspects of
biopsychosocial well-being is itself being divisive, but in prac-
tical terms providing effective care requires the healthcare pro-
fessional to have the appropriate psychological, sociological
and biological information necessary to make decisions.
Clearly, all three disciplines will underpin the care given
(Figure 1.9).

In trying to explain the biological aspects of health, this
book will use a systematic format to identify how body systems
are constructed and how they function. In doing so, it will
identify how changes in one system can induce profound alter-
ations in the functioning of others, and how psychosocial per-
spectives may also have an impact on biological functioning.
This latter interactional approach to health (and health care) is
expanded upon here as an introduction and in more detail in
the Chapters 20-22, which consider biological functioning in
a more holistic framework.

The Individual

Psychology \

Physiology

Sociology

Figure 1.9 A simplistic model of holism

Q What does the term ‘holism’ mean to you?
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BOX 1.9 SMOKING AS AN EXAMPLE OF AN INTERACTIONAL APPROACH TO HEALTH

Smoking frequently commences as a social or psychosocial pastime, but
it is a habit that has been known for over 40 years to be associated with
long-term health risks. Nicotine in tobacco smoke is a drug that acts as
both a stimulant and a sedative. Its stimulant properties arise from the
release of adrenaline and through the actions of nicotine on the central
nervous system. They include:

e raising heart rate by 10-20 beats/minute;

e raising arterial blood pressure by 5-10 mmHg (07-1.3 kPa);

* raising the concentrations of blood glucose and free fatty acids;
* enhancing memory and alertness;

© improving cognition.

Its sedative properties also relate to its actions on the central nervous
system:

e reducing stress perceptions;
* reducing aggressive responses to stressful situations;
© suppressing appetite.

Nicotine is also addictive. Smoking is a widespread behaviour, but it
is considered to be the single most important, preventable health risk.
Cigarette smoke contains over 2000 chemicals, and the risk to health is
multisystemic. Smoking has been shown to substantially raise the risk of
developing:

e cancer (lung, laryngeal, oral, oesophageal, bladder, kidney and pan-
creas): cigarette smoke contains more than 20 known carcinogens,
collectively referred to as ‘tar’;

INTEGRATED APPROACHES TO HEALTH AND
HEALTH CARE

Nature or nurture?

Discussions on the relative importance of biological (i.c.
genetic or nature) and environmental (i.e. nurture) aspects
have, for many years, provoked heated academic debates, espe-
cially in relation to human development. This is particularly
the case when considering the factors that influence cognitive
and behavioural changes, since both genetic and environmen-
tal contributions to psychological development are well recog-

Homeostatic imbalance
(signs and symptoms

e chronic lung disease (chronic bronchitis, emphysema): this probably
results from adaptive responses to the long-term presence of irritants
from the smoke. Responses include increased numbers of goblet cells
in the airways, increased mucus secretion (see Figure 2.26¢, p.53),
and loss of the hair-like processes called cilia that normally produce
the ‘mucus staircase’ that removes mucus from the airways. The
mucus provides a medium for bacterial growth;

e coronary heart disease (atherosclerosis): the causative factors are
unknown, but there is suggestion that the main cause is the deposition
of cholesterol in the walls of blood vessels of the heart (see Box 5.3,
p.110 and Figures 12.7¢,d, p.313 and 12.13, p.324). The presence of
substantial amounts of carbon monoxide in cigarette smoke (and in
the blood of frequent smokers) is also thought to have a role through
its effect on the carriage of oxygen by blood;

e stroke, possibly linked to long-term cardiovascular adaptations
(e.g. high blood pressure or hypertension), but may also be linked
to cholesterol deposition in the walls of the blood vessels in the
brain.

Smoking by pregnant women increases the risk of underweight babies
and premature delivery. In such cases, the placental size is usually
smaller than usual. Placental blood flow is likely to be reduced, hence
poor fetal growth.

Changes in skin tone are also apparent in frequent smokers, often
resulting in excessive facial wrinkling.

nized. The discussion should also extend to physical factors,
since lifestyle interactions undoubtedly induce homeostatic
disturbance/imbalance (e.g. see Box 1.9 and Figure 1.10). The
exact means by which the environment can influence psycho-
logical and physical functions are increasingly the subject of
research, and there is now greater emphasis on prevention
through health education.

The human genome was published in 2003. One surprise is
that there seem to be just 30 000 or so genes in human cells.
This is far fewer than the original estimates of 100 000 plus.
Early estimates assumed a principle of one gene—one protein;
as the number of genes is actually much lower, this suggests

Homeostatic imbalance
(signs and symptoms

Figure 1.10 Homeostasis and homeostatic
disturbance/imbalance/illness: a nature-nurture
approach. Homeostasis, hence health, occurs through
acquiring healthy nature-nurture interactions.
Homeostatic imbalance(s), hence illness, occurs by
inheriting the iliness gene (nature), which is then
exposed to environmental risk factors (nurture). [The
blue area represents the norm (homeostatic range) 95%)]

Nature T »
of ill health)
,,,,,,,,,,,,,,,,,, Nurtare
I — F__________*_Homeostasis
Nurture (= health)
 Nature — 5 » Homeostat
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Various models of care have been developed during the last 40-50
years. Many of these take an ‘interactional’ stance, and the viewpoints

expressed in this chapter are a development of those expressed in the
Roy Adaptation Model. Interested readers are directed towards the work
of Andrews and Roy (1991).

that there are as yet unrecognized ways by which the genetic
blueprint is manipulated in cells to produce the diversity
required in the human body. It has also stimulated further
debate on the role of environmental interactions, particularly
in such complex areas as human behaviour (see p.539 for fur-
ther information regarding the Human Genome Project).

From the healthcare point of view, it is the interactions with
the immediate environment that are of particular relevance,
although the influences of the economic and political climates
on that environment are also recognized as sources of illness.
The application of this model, however, requires a definition
of ‘environment’. If we take a broad definition, then an indi-
vidual’s environment consists of the physical, chemical, social,
emotional and spiritual circumstances in which the individual
lives.

Interactions and psychological functions

Childhood and adolescence are viewed as being the main
formative periods of our lives, as indicated by the complexity
of psychophysiological development during these periods,
although behaviour and personality remain labile throughout
life.

Our mental faculties have a biological basis, since there are
sites within the brain that have roles in, for example, emotion,
aggression, sexual behaviour, cognitive functions and memory.
The functioning of synapses (i.e. gaps between neurons)
requires the activation of appropriate genes within brain neu-
rons, not only for the existence of the neural components of
the brain but also to promote neuronal growth and to enable a
cell to produce the features necessary for neurochemical trans-
mission at synapses. The observable characteristics produced
by the activities of such genes in neural cells might be behav-
ioural or cognitive, so there is a genetic basis to all aspects of
psychological function. For example, ‘intelligence’ is currently
considered to be primarily genetic, with 60-80% being
accounted for by heredity. The remaining proportion identi-
fies the importance of psychosocial interactions on brain devel-
opment.

A genetic component helps to explain the apparent familial
occurrence of some psychological disorders. By implication,
gene mutation should be capable of inducing behavioural dis-
turbance by altering neurological structure and functioning.
Putative genes have been identified, but the situation is com-
plicated by the likelihood that behavioural traits are character-
istics that involve numerous genes, which increases the
complexity of investigation.

Genetic involvement could also help to explain how behav-

ioural disorders are associated with specific neurochemical
imbalances, such as an underactivity of neural pathways that
utilize the neurotransmitters serotonin and noradrenaline in
depressive behaviour (Box 1.10). Pharmacological therapies
target this ‘nature’ component of behavioural disorders, and
are an important tool.

Nevertheless, current pharmacological therapies might not
reverse a disorder or may only provide a means of managing it.
Psychotherapy is an alternative method that uses the lability of
neural connections (referred to as ‘neuroplasticity’) in order to
promote appropriate pathways and thus modify behaviour.
How such ‘environmental” interactions influence the expres-
sion of genes and behaviour has not been elucidated. It is clear,
however, that to consider only the relative contributions of
either genes or environment on psychological function is to
take too narrow a perspective. Much of the brain function
reflects an interaction of both, and this is reflected in clinical
approaches to disorders of mental health (see Box 1.10, and
the mental health case studies in Section VI).

BOX 1.10 DEPRESSION AS AN EXAMPLE OF AN
INTERACTIONAL APPROACH TO HEALTH CARE

Psychological and sociological studies have made a considerable impact
on the understanding of behaviour, yet the continued use of pharmaco-
logical therapies, whether as primary or secondary interventions, pro-
vides a reminder that the brain is a biological structure. The lack of
psychological equilibrium in depression represents a disturbance of the
internal environment of the brain, and the promotion of an optimal neu-
ral environment has failed. Clinical intervention aims to reverse the dis-
turbance; this is illustrated by the therapeutic approaches used in the
treatment of depression.

Depression is characterized in its extreme by a dysphoric mood, or a
loss of interest or pleasure. The majority of studies indicate that the
activities of monoamine neurotransmitters (noradrenaline and serotonin
in particular) are reduced in depressive states, resulting in a functional
imbalance between certain neural pathways of the brain. The aim of
clinical intervention is to either artificially correct the neurochemical
imbalance by using drugs or reverse the neurological change that
resulted in the imbalance by using psychotherapy to re-establish neuro-
logical balance.

Pharmacological therapies largely involve the administration of drugs
that either inhibit the uptake of neurotransmitter from the synapse, and
so prolong its action (tricyclic antidepressants and serotonin-reuptake
inhibitors), or maintain the presence of neurotransmitter for longer by
preventing its breakdown by enzymes (monoamine oxidase inhibitors).
The efficacy of these drugs in acute care is well established, but they do
not remove the psychosocial cause of the disturbance. Drug companies
still invest in producing drugs that activate or inactivate the components
of the homeostatic theory (see Figure 1.8, p.14), in an attempt to provide
a ‘quick fix” to the patient’s problems.

Life events and a lack of social support have long been known to act
as precipitating factors in the aetiology of depression. Cognitive behav-
ioural therapy has been found to be as effective as pharmacological
intervention for acute treatment, and may even be associated with lower
rates of relapse.

Both treatments are therefore concerned with re-establishing neuro-
logical homeostasis, and an integrated approach should be taken that
utilizes the best of each.
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BOX 1.11 DYSPNOEA AS AN EXAMPLE OF AN INTERACTIONAL APPROACH TO HEALTH CARE

A balance between lung ventilation and lung perfusion is essential for
health (see Box 14.22, p.413). Chronic cardiopulmonary disorders there-
fore frequently arise from heart disease, such as cardiomyopathies or
myocardial infarction, or from lung diseases, such as chronic obstructive
airway disease or pneumonia. These might be considered to be the pri-
mary problems. A common cause of heart disease is the presence of
cholesterol-led atheromatous plaques within the coronary circulation,
and that of lung disease is infection or environmental pollutants, such as
cigarette smoke. In both cases, there are strong lifestyle or environmen-
tal links. Interactional influences on well-being can be framed within
systems theory, by placing the individual in the context of component
(internal) sub-systems, and wider, external supra-systems (see Figure
1.11). Important features of systems theory is the ‘permeability’ of
boundaries between the various levels indicative of influencing factors
between them, and the way in which the different levels are resistant to
change in face of those factors — homeostasis could be considered an
example of this. Acute pulmonary disorders are also possible, especially
with regard to asthma or pneumonia. Once again, both usually have
environmental risk factors.

Poor lung ventilation and/or perfusion causes dyspnoea (poor blood
oxygenation and difficulties with breathing) and results in difficulty in
maintaining the normal gas composition of arterial blood, and hence of
the tissues elsewhere in the body. The management of dyspnoea
includes some or all of the following:

Interactions and physical functions

The success of heath education programmes to reduce physical
disorder also indicates that the environment (i.e. lifestyle) has
an influence on genetic expression throughout the body. Some
of these influences, such as diet, exercise and drug abuse, are
well documented. Others are only poorly understood

» Pharmacological methods, including the administration of bron-
chodilators to improve ventilation, steroids to reduce inflammation,
mucolytics to loosen mucus secretions, and anti-anxiety drugs to
reduce the work of breathing and to reduce the risk of bronchospasm.

» Physical techniques, including:

— positioning of the patient: a semi-prone position uses gravity to
reduce pressure from the abdomen on the diaphragm, and hence
on the lungs;

— ‘pursed-lip’ breathing, to maintain alveolar expansion during
breathing out, or ‘diaphragmatic breathing’ to reduce the work of
breathing and to reduce air trapping as a consequence of airway
compression during forced exhalation;

— chest physiotherapy, to remove secretions (and suctioning to facil-
itate expectoration if necessary);

— cough control, to facilitate removal of secretions.

o Psychosocial therapies, including relaxation and meditation to reduce
anxiety and the work of breathing. Reduced anxiety will improve the
disposition of the patient, and may also reduce the need for other
interventions.

» Oxygen therapy, to facilitate oxygenation of alveolar gases; this is a
clear example of environmental change that affects physiological
parameters.

Thus, the aetiology of disorders that promote dyspnoea often has an
environmental component, and the clinical interventions used to allevi-
ate dyspnoea include both biological and environmental factors.

(although the situation is changing rapidly), e.g. the extrinsic
factors involved in the development of many cancers. Health
education programmes are less apparent in such instances but
scientists increasingly recognize causative or modulating
agents, and so preventive approaches may eventually be
available.

The interactional approach to health and health care in the
context of physical functioning is illustrated in Box 1.11.

Internal environment
(Subsystems)

+ Intracellular environment

—— Extracellular fluids

External environment

(Suprasystems)

- Local culture/work/peers/family

National culture

International culture

Figure 1.11 Systems theory and health. The
individual represents a system with identifiable
subsystems, which relate to intracellular and
extracellular environments. The sociocultural
environment, in which the individual lives,

provides a number of suprasystems. Note the

interactions across boundaries between the
suprasystems and subsystems. These will
influence the health of the individual

4_

Interactions between
systems and subsystems
across 'boundaries'

Q Which structures within the human body form
our link to the environment?
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BOX 1.12 HOMEOSTASIS AND THE HEALTHCARE PROCESS

Homeostatic principles are readily discerned within the stages of any
healthcare process (compare Figure 1.8b and d, p.14).

o Assessment and diagnosis. The assessment of the health deficit and
the biological, psychological, social and spiritual needs of the individ-
ual correspond to the detection and assessment of change by the
receptors of the homeostatic control mechanism.

e Planning. The planning of health care, based on the assessment and
diagnosis stage, is comparable to the ways by which homeostatic
controls analyse and determine the responses needed to correct the
disturbance. Furthermore, just as the body has specific homeostatic
controls for different parameters, the healthcare practitioner needs
to plan care according to the individual’s needs. This can be illus-
trated using the simple example of dietary needs: a small amount of
food, presented pleasantly, may be vital to encourage eating in the
elderly patient who has a depressed appetite, whereas an energetic
young patient will require a bulkier dietary intake, while a patient

HEALTH CARE WITHIN A HOMEQOSTASIS
FRAMEWORK

Interactions between the individual and the external environ-
ment act to change the internal environment of that individ-
ual, which is why intrinsic homeostatic processes are so
important, since they prevent those changes from becoming
destabilizing and causing biochemical change incompatible
with well-being. In acting to prevent or reverse the effects of
extrinsic influences on the internal environment, healthcare
professionals are also demonstrating homeostasis in action
(Box 1.12).

Homeostasis therefore provides a working framework for
health and health care. Placing holism into a conceptual frame-
work does not mean losing the sense of person, but presents us
with the means of viewing the health—ill health continuum.

The impact of extrinsic factors on the internal environment
of an individual may be influenced by the degree to which they
act upon the individual, and the degree to which the individ-
ual is capable of responding to the imposed change. In other
words, the impact of extrinsic factors on health will depend
partly on the properties of the factors themselves, but also
partly on the individual’s innate capacity to respond to them.
It is therefore also important to note that our ability to main-
tain psychophysiological equilibrium in the face of environ-
mental stressors will be highly subjective because of genetic
variation, the developmental stage of the individual, and indi-
vidual sociocultural circumstances.

The interactional aspects of health, and the subjectivity
that may be observed, are explored further in Chapters 20-22.

with a learning disability may need reminding of what and when to
eat.

« Implementation. In the healthcare process, implementation refers to
putting into action the interventions planned in the previous stage. In a
homeostatic perspective, this is analogous to the activation of effec-
tors to produce the appropriate response.

» Evaluation. The effectiveness of care is assessed in this stage, much
as feedback processes provide a means of evaluating a psychophysi-
ological response. For example, has the injection been given to pre-
vent the patient’s pain?

» Reassessment. The cyclical nature of the healthcare process is
emphasized by this stage, in which the patient is reassessed and new
interventions considered if necessary. The dynamism of this process is
also observed in homeostatic mechanisms described in this book;
parameters fluctuate constantly within their normal ranges, and such
changes must, therefore, be constantly reassessed.

CONCLUSION

Homeostasis is a concept used throughout this book to explain
how the internal environment is maintained at a level con-
ducive to healthy functioning within the body compartments.
Homeostatic control relies mainly upon negative feedback
mechanisms that act to reverse disturbances and regulate
parameters close to their optimal values. Prevention of param-
eter variation can be detrimental under some circumstances.
The promotion of change via positive feedback mechanisms,
or through resetting of homeostatic setpoints, is then of bene-
fit. Failure of negative feedback processes, appropriate positive
feedback responses, or setpoint resetting or a reduction in their
efficiency, leads to homeostatic imbalance labelled illness.
Homeostasis based on nature-nurture interactions therefore
provides a working framework for health and health care
whereby the health carer perhaps could be considered as an
external agent of homeostatic control. Healthcare processes
involving assessment, diagnosis, planning, implementing care
and reassessment of care are analogous with the natural com-
ponents of homeostasis and as such are concerned largely with
supplementing normal anatomical, biochemical and hence
physiological processes in order to re-establish the homeostatic
status (where possible) for the patient. It is with this frame-
work that case studies in Section VI have been written. Chapter
2 emphasises that cells and their chemical products are the
basic unit of health, illness and hence healthcare intervention.
Most other chapters take a systemic approach to understand-
ing the human body in health and illness emphasizing the
homeostatic theme, while, finally, Chapters 19-22 focus more
on the nature—nurture interaction in the understanding of
human development, pain, stress and circadian rhythms.
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SUMMARY

1 Humans are biological beings. The biological construction (anatomy
and physiology) of the individual provides the basis for identifying how
interactions with the external environment influence the psychophysi-
ological health of the individual.

2 The maintenance of bodily functions regulates appropriate cellular
activities, which are determined by enzymes, the products of gene
expression, provided that genes receive the appropriate information
from receptors.

3 The composition of the intracellular environment will influence the effi-
ciency at which cells operate, and, accordingly, it is regulated so as to
be optimal.

4 The concept of homeostasis helps to explain the importance to health
of maintaining an optimal environment within which cells must func-
tion. ‘Optimal’ does not necessarily equate with constancy. It also
relates to the control of change observed during daily activities of liv-
ing, times of stress, illness and postoperative recovery, and during the
developmental phases of the lifespan.

5 Homeostatic control relies mainly upon negative feedback mecha-
nisms that act to reverse changes and regulate parameters close to
the optimal value.

6 Prevention of parameter variation can be detrimental under some cir-
cumstances. The promotion of change via positive feedback mecha-
nisms or through a resetting of homeostatic setpoints is then of
benefit.

7 1l health arises when there is a failure to maintain homeostatic func-
tions, either at tissue or organ levels of organization. The interdepend-
ency of tissue functions means those homeostatic disturbances and
associated signs and symptoms will also arise secondarily to the pri-
mary disorder.

8 Healthcare practices are related to homeostasis since they provide the
extrinsic effectors that act to restore homeostasis in patient.

9 Homeostasis provides an interactional framework that gives structure
to nature-nurture considerations on the basis of well-being and
healthcare practices.

ACKNOWLEDGEMENT

An extended version of the material presented in this chapter is
available in Clancy and McVicar (1998).

REFERENCES

Andrews, H.A. and Roy, C. (1991) Essentials of the Roy Adaptation
Model. In: Roy, C. and Andrews, H.A. (eds) The Roy Adaptation Model:
the Definitive Statement. Norwalk, CT: Appleton-Lange.

Cannon, W.B. (1932) The Wisdom of the Body. New York: Norton.

Clancy, J. and McVicar, A. (1996) Homeostasis. The key concept in
physiological control. British Journal of Theatre Nursing 6(2): 17-24.

Clancy, J. and McVicar, A. (1998) Chapter 6. Homeostasis and
nature—nurture interactions: a framework for integrating the life
sciences. In: Hinchliff, S.M., Norman, S.E. and Schober, J.E. (eds)
Nursing Practice and Health, 3rd edn. London: Arnold, 122-48.

Clancy, J. and McVicar, A.J. (2007a) Short-term regulation of acid—base
homeostasis. British Journal of Nursing 16(16): 604—7.

Clancy, J. and McVicar, A.]. (2007b) Intermediate and long-term
regulation of acid—base homeostasis. British Journal of Nursing 16(17):
1016-19.

Roper, N., Logan, W.W. and Tierney, A. (1990) The Elements of
Nursing, 3rd edn. Edinburgh: Churchill Livingstone.

FURTHER READING

Clancy, J. McVicar, A.]. and Baird, N. (2002) Perioperative practice.
Fundamentals of Homeostasis. London: Routledge.

Hagedorm, M.LE. and Gardner, S.L. (1999) Newborn care:
hypoglycemia in the newborn. Part I: pathophysiology and nursing
management. Mother Baby Journal 4(1): 15-24.

McVicar, A, J. and Clancy, J. (1998) Homeostasis. a framework for
integrating the life sciences. British Journal of Nursing 7(10): 601-7.

2]



Cellular level of organization 23

Cellular anatomy and physiology 25

Homeostatic mechanisms by which substances are 28
transported across the cell membrane

Cell organelles 32

Genes and cell division 42

The structure of the body can be described on four levels of
organization: the chemical level (see Chapter 4), the cellular
and tissue levels (both levels described in this chapter), and the
organ system levels (see Chapters 7-18).

As discussed in Chapter 1, human physiology is concerned
with the ‘correct’ interdependent functioning of the organ sys-
tems, so throughout this book each system is considered as a
‘homeostatic control system’. Each has a role to play in main-
taining the equilibrium within cells, and hence tissues, organs
and organ systems because of the interdependency of these dif-
ferent levels of organizations (see Figure 1.5, p.9). For exam-
ple, the respiratory system is concerned primarily with
maintaining the homeostatic equilibrium of the gases oxygen
and carbon dioxide in the blood. This is produced, principally,
by way of breathing movements and gaseous exchange
between the tiny air sacs in the lungs (called alveoli) and local
blood vessels (called pulmonary capillaries). However, the sys-
tem is ultimately concerned with ensuring that aerobic respira-
tion (‘aerobic’ = presence of oxygen, ‘respiration’ = process of
producing energy) by cells occurs within its homeostatic range,
providing sufficient energy in the form of adenosine triphos-
phate (ATP) to drive chemical reactions within their normal
physiological parameters. In addition to ATP carbon dioxide
and water are other products of cellular respiration, and if reg-
ulated within their homeostatic range produce the ideal pH for
enzymes to function at their optimum. Heat is also another
endproduct and if this is within its homeostatic range it opti-
mizes enzyme reactions in the cells. The respiratory system is
also important in maintaining the acid—base balance of body
fluids — it acts as an intermediate homeostatic control of body

Before continuing, you should be able to list the basic body needs

(characteristics) of life. Refer to Chapter 1 if you are having trouble in
remembering.
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pH (Clancy and McVicar 2007a,b, see details in Chapter 6,
p-132). The regulation of pH is a necessity since excessive acid-
ity or alkalinity (basicity) threatens cell functions and life.
Organ systems cannot operate in isolation. Each works inter-
dependently with others to ensure that the level of chemicals
inside cells is maintained, enabling cells to perform the basic
characteristics of life. Thus, the respiratory system supports all
tissues and organs of the body, primarily by maintaining its
component cells.

The focus on cells makes it essential that cell activities are
understood by the health care practitioner if the physiological
basis of health, the pathophysiological basis of illness and the
physiological rationale of health care are to be appreciated. The
concept of cells being the ‘basic unit of life’ was introduced in
the first chapter (pp.8-10). In this chapter, the structure and
function of the cell will be described in more detail.

BOX 2.1 THE IMPORTANCE OF

OLOGY IN HEALTH
AND ILLNESS

A knowledge of the structure, function and needs of human cells in
healthcare curricula is centred on understanding how tissue and organ
dysfunction results in ill health, and so provides the rationale for clinical
intervention. For example, the condition obstructive respiratory disease
induces hypoxaemia (insufficient oxygen in the blood) and hypercapnia
(excess carbon dioxide in the blood), and may result in cell death (necro-
sis) in the patient. The body attempts to correct disturbances through
natural homeostatic regulatory components. That is, receptors detect
the hypoxaemia and hypercapnia, and send the information to the respi-
ratory homeostatic control centre in the brain. This centre analyses the
disturbances and their magnitude before sending information to the
effectors (i.e. muscles of respiration), which reverse the disturbance via
increasing the rate and depth of breathing. A failure of any of these reg-
ulatory devices (i.e. receptors, and/or homeostatic controls, and/or
effectors) to re-establish gaseous homeostasis makes healthcare inter-
vention necessary to remove the homeostatic imbalance and restore the
‘health’ of the individual. That is, the healthcare practitioner is acting as
an external agent in homeostatic control when they restore the patient’s
homeostatic status of blood gases (see Box 1.6, p.13).




CELLULAR LEVEL OF ORGANIZATION

The study of cells is called cytology (‘cyt-’ = cell, “-logy’ =
study). This branch of biology investigates how cells are organ-
ized in terms of the structure of their component parts, how
intracellular homeostasis is maintained, and how they repro-
duce.

The cells are the basic building blocks, since the body is
composed of them and their substances. Just as the body has
organs to perform specialized homeostatic functions, cells have
component parts called organelles (‘little organs’) that have
specific homeostatic roles within the cell. Their structures are
dependent upon the chemical components, such as proteins,
lipids and lipoproteins, from which they are made. These

BOX 2.2 THE CELL — THE BEGINNINGS OF LIFE

It is usually argued that human life begins as a single cell (zygote) that
results from a fusion of the female’s egg (ovum) and the male’s sperma-
tozoa. The zygote undergoes cell division, producing stem cells, which
then give rise ultimately to the trillions of cells that undergo differentia-
tion and specialization into the specific tissues and organ systems of the
human body. The potential benefits of stem cell research are explored in
Chapter 19.

Cellular level of organization

structures in turn are dependent upon their constituent parts:
amino acids, fatty acids, and lipids and proteins, respectively
(see Figure 1.5, p.9). These substances are thus referred to as
being part of the ‘chemical basis of life’, which are covered in
detail in Chapter 3, and ultimately come from the diet, hence
the adage, “We are what we eat.” This, of course, is not strictly
correct, since we would be extremely overweight and some
dietary components cannot be digested or utilized, and there-
fore they are removed from the body.

Overview of cellular anatomy and physiology
Cell size, shape and structure

Most cells are microscopic, with the average size ranging from
10 to 30 pm (micrometers, i.e. 10-30 thousandths of a mil-
limetre) in diameter. The largest cell in the body is the female
ovum, which is approximately 500 pm in diameter and is just
visible to the naked eye (Figure 2.1). The erythrocyte (‘ery-
thro-” = red, ‘-cyte’ = cell) of blood is the smallest cell, being
about 7.5 pm in diameter. The longest cell, which can measure
up to 1 m in length, is the neuron (‘neur-” = nerve), but even
these are microscopically thin.

Cellular anatomy varies because cells perform different func-
tions to maintain body homeostasis (Figure 2.2). A ‘typical’ or

Adult human Human egg Bacteria Proteins
Nerve cell Mitochondria Amino acids
Red Viruses Atoms
blood cell l l
v l A / v
3 ¥ @ @)
®© 3 4 B

| | | | |
Tm 100 mm 1 mm |100um 10 um

Visible by:
Human eye
Light microscope

Electron microscope

\4 \/

v
| | | | |
1T um 100 nm 10 nm

Figure 2.1 Comparison of cell sizes and their components. Note: m, metre; um, micrometre; nm, nanometre. 1 m = 1000 mm; 1 mm = 1000 um; 1 um = 1000 nm
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Familiarize yourself with the following units. Those units less than 1 mm
are not used widely outside science and so may be unfamiliar.
im =100 cm =1000 mm = 39.37 inches
(metre)  (centimetres)  (millimetres)
1cm =10 mm = 0.39 inches
1mm =0.1cm =1000 pm
(micrometers)
1um =1000 nm
(nanometres)

‘generalized’ cell is shown in Figure 2.3. This is a composite of
many types of cells, and will share features with most cells
within the body without being identical to any of them.
Generally, cells have five principal parts:

1 Cell membrane: this is the outer boundary of the cell. It sep-
arates the intracellular (‘intra-’ = inside) and extracellular
(‘extra-” = outside) environments.

2 Cytoplasm: this is the ground material (or cellular fluid)
between the nuclear and the cell membranes that suspends
the cell’s organelles and inclusions.

3 Organelles: these structural components have highly special-
ized intracellular roles that contribute to homeostasis within
and outside the cell.

4 Inclusions: these include the secretory and storage chemicals
of cells.

Microvillus
Function: Increase
surface area

Centrosome
Function: Cell division

Plasma membrane
Function: Regulate

entry/exit of a'
substances ~
Lysosome B y}
Function: Intracellular \ =

“
,

digestion
Autolysis

Smooth endoplasmic
reticulum
Function: Lipid synthesis

Mitochondrion

Function: Energy production
pH regulator
Thermoregulator

Blood cells
Erythrocytes Function: oxygen transport

Leucocytes Function: defence

@ @

Monocyte  Lymphocyte

Neutrophil

Muscle cells Function: contraction

Smooth
(involuntary)

Striated
(voluntary)

‘Ovum’

Sperm

Figure 2.2 Types of cell. The variety of cellular structure reflects their different
functions (principle of complementary structure and function)

Nucleus
Function: Contains genes —
regulate metabolism

Glycogen granules
Function: Storage

Cytoplasm

Function: Site of most
chemical
reactions

Rough (granular)
endoplasmic
reticulum

Ribosome
Function: Protein
synthesis

Golgi complex
Function: Packaging

Figure 2.3 Structure and function of a ‘typical’ cell and its components. Modified with permission from Tortora and Grabowski, Principles of Anatomy and Physiology,

Ninth edition. John Wiley and Sons, Inc, New York. 1999



5 Nucleus: this contains the ground material (or nucleoplasm)
that suspends the ‘vehicles of heredity’ (i.e. genes), which are
the homeostatic controllers of the cell since they code for all
chemical reactions (called metabolism) and are, therefore,
responsible for regulating intracellular homeostasis via their
role in enzyme production. Genes are composed of deoxyri-

bonucleic acid (DNA).

The homeostatic functions of these cellular components are

Table 2.1 Role of cellular components in homeostasis

Component

Appearance

Description

Cellular anatomy and physiology

summarized in Figure 2.3 and Table 2.1, and are considered in
detail in the next section.

CELLULAR ANATOMY AND PHYSIOLOGY

Cell membrane

The cell membrane (also known as the plasma membrane)
provides a selective barrier between intracellular and extracel-

Homeostatic functions
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Plasma membrane

Plasma
membrane

Outer boundary of the cell.

Composed mainly of lipids/proteins

as lipoprotein complexes. Also contains
carbohydrates as glycoproteins

and steroids

Cytoplasm Cytoplasm Semi-fluid composition enclosed
within the plasma membrane
Endoplasmic Ribosomes A network of membranes
reticulum throughout the cytoplasm
(ER) Hﬁ; Rough ER
Smooth ER
Golgi body o Flattened stack of disc-like
(apparatus) O O(ﬁ)o membranes (called cisternae)
o ©
Lysosome Membranous sacs of
digestive enzymes
Mitochondrion Large, double-membraned
organelle, enclosing important
respiratory enzymes
Cytoskeleton Microtubules
Microfilaments
Centrosome Centralized structure contains
(centrioles) centrioles (bundles of
microtubules)
Nucleus Enclosed by a nuclear membrane

Regulates entry/exit of substances.
Limits cell size
Important in cell recognition

Dissolves reactants necessary for
chemical reactions

Houses inclusions (contain
storage/secretory products)

Rough ER — protein synthesis.
Smooth ER - lipid, carbohydrate,
and steroid synthesis

ER — segregation of the
cytoplasm into different areas

of biochemical activity

Combines large chemicals, e.g.
lipoproteins, for organelle
synthesis and packaging of
materials for export

Intracellular digestion, autolysis,
and destruction of worn-out
parts of the cell

Production of a large proportion
of the cell’s energy (A TP)
requirements. Site for aerobic
respiration

Mechanical support for cellular
components (e.g. cilia, centrosomes)
maintaining their shape. Aids
movement of

(i) cellular components (e.g. form
spindle for movement of

chromosomes during cell division);

(ii) substances across the cell’s surface
(i.e. cilia)

Cell division

Maintains intracellular homeostasis
via expression and non-expression
of genes by enzyme production and
inhibition respectively. Contains
store of hereditary information
(chromosomes)
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lular compartments (i.e. it determines what chemicals enter or
leave the cell). Both compartments are aqueous (i.e. water
based) and so the membrane cannot be composed of water-sol-
uble chemicals, since it would dissolve. It must have structure
and composition that does not allow entry and exit of all
water-soluble substances, as this would prevent the regulation
of their intracellular and extracellular concentrations.

One of the earliest attempts at describing a generalized
membrane substructure was by Davson in 1969 (Davson,
1970). Their ‘lipid bilayer model referred to the cell mem-
brane as a ‘unit’ membrane, since all membrane-bound
organelles have the same structure. The main biochemical
components are lipids and proteins. Structurally, this model
assumed that proteins were associated rigidly with a lipid
bilayer. The ‘fluid mosaic model’ proposed by Singer and
Nicolson (1972) suggested a more dynamic structure in which
proteins and other molecules could be inserted or removed
according to the cells’ requirements. The main lipids present
are phospholipids and cholesterol. Phospholipids are polarized
chemicals, having hydrophilic (‘hydro-" = water, -philic’ = lik-
ing or attracting) and hydrophobic (‘-phobic’ = fearing or
repellent) ends. Each phospholipid is positioned at right angles
to the cell membrane’s internal and external surfaces. The
hydrophilic heads are exposed to the fluid outside the cell (tis-
sue fluid), and the hydrophobic tails are found inside the
membrane; thus water or water-soluble substances (including
drugs) cannot enter this region (Figure 2.4).

Glycoprotein

Carbohydrate
L 4 chain

Glycolipid

Hydrophilic head

Pore (allows entry and exit of small
water-soluble substances)

Use a dictionary to define ‘lipid’, ‘protein’ and ‘carbohydrate’.

According to the fluid mosaic model, the proteins embed-
ded in the cell membrane are like ‘icebergs floating in a sea of
lipid’. Membrane proteins are broadly classed as integral and
peripheral proteins. Integral proteins completely span the
membrane and peripheral proteins only partially span it.
Membrane proteins have the following specialized functions:

* Some integral proteins have selective transport properties.
They form ‘pores’ or channels extending through the mem-
brane that allow the passage of water, water-soluble sub-
stances and specific electrolytes into and out of the cell
without having to cross through the lipid layer (Figure 2.4).
Other proteins form ‘carriers’, by which substances can be
transported through the membrane (Figure 2.5).

® Some peripheral proteins are ‘markers’ (called antigens) of
specialized cells, hence are important in cell recognition (e.g.
ABO blood groupings; see Figure 11.19, p.229) and immu-
nity (e.g. antigens or immunogens; see Figure 13.2a, p.361).
The cell membrane also contains carbohydrate chemicals
that have been joined (or conjugated) with proteins or lipids,
called glycoproteins and glycolipids, respectively (Figure
2.4). These are also important in cell recognition.

Peripheral
protein

Phospholipid bilayer
(allows entry and exit
of lipid-soluble
substances)

Integral proteins

Figure 2.4 The fluid mosaic model of
membrane structure



® Some proteins act as receptor sites, or targets, for some hor-
mones (e.g. glucagon, adrenaline and thyroxine; see Figure
9.1, p.208).

* Some proteins are enzymes (e.g. peptidase; see Figure 10.14,
p-234) and hence are controllers of chemical (metabolic)
reactions within, or associated with, the cell membrane.

The structural components of the cell membrane are thus of
fundamental importance in sustaining cellular homeostasis,
because of their interaction with chemicals inside and outside
the cell, and because they provide the means of controlling
entry and exit of substances.

The fluid mosaic model stresses that the cell membrane is
constantly changing its shape, since proteins and carbohy-
drates are mobile within and on the membrane lipids, and
because portions of the membrane are continually being
removed, recycled and replaced. Membranes also change their

Table 2.2 Processes involved in movement of substances in and out of cells

Process Description
Passive Substances move down their concentration
processes gradients. No cell energy (ATP) required

Simple diffusion Net movement of chemicals from regions of a
high concentration to regions of a low

concentration, until they are distributed evenly

Facilitated diffusion Plasma membrane integral protein carriers allow

passage through protein channels (Figure 2.5)

Osmosis Water or solvent chemicals move from regions
of a high concentration of water or solvent
chemicals through a selectively permeable
membrane (Figure 2.6)

Filtration Hydrostatic pressure forces water and small

chemicals through selectively permeable
membranes from areas of high pressure to
areas of low pressure (see Figure 6.2, p.124)

Active processes Cell energy (ATP) expenditure allows movement

of substances against their concentration gradients

Active transport Plasma membrane protein carriers transport ions,
chemicals from regions of a low concentration to

regions of a high concentration (Figure 2.7)

Exocytosis Cytoplasmic vesicles fuse with the plasma
membrane and expel particles from the cell

(Figure 2.10)

Endocytosis Membrane-bound vesicles enclose large chemicals,

take them into the cytoplasm, and release them

1 Phagocytosis ‘Cell eating’. Ingestion of solid particles.

Phagosomes formed (Figure 2.8a)

2 Pinocytosis ‘Cell drinking’. Ingestion of fluid droplets and their
dissolved substances. Pinosomes release contents

into cytoplasm (Figure 2.8b)

3 Receptor-mediated
endocytosis

Specific plasma membrane receptors bind with
chemicals, forming ligands, and take them into
the cell’s cytoplasm via endosomes.

Cellular anatomy and physiology

shape and surface area when they are taking substances into the
cell by enveloping fluid and contents in a process called endo-
cytosis, or secreting substances out of the cell by similar means
(exocytosis). The cell must secrete substances that cannot be
destroyed, stored or transferred into other substances, since
these chemical are surplus to cellular requirements and, as
such, are creating a homeostatic disturbance and therefore
must be secreted along with ‘waste’ products of metabolism to
sustain intracellular homeostasis. Various factors determine
how rapidly such substances are transported, and their mode
of transport across the cell membrane.

Factors influencing the transport of substances across the
cell membrane

The passage of substances across the cell membrane may be
free, restricted or refused. The membrane is, therefore,
described as being selectively permeable, and the distribution

Factors affecting rate

1 Size of chemical

2 Lipid solubility of chemical
3 Charge of chemical

4 Size of gradient

5 Surface area available

In addition to the above,
availability of carrier

1 Concentration gradients (i.e.
osmotic pressure gradients)

2 Hydrostatic pressure (can act
against osmosis)

Amount of pressure, size of
pores

Availability of carrier chemicals,
transported substance, and ATP

Availability of ATP

Availability of ATP

Availability of ATP

Availability of ATP

Examples in body

Movement of oxygen from lung to
blood, from blood to tissue fluid,
and from tissue fluid to cells. Vice
versa for carbon dioxide

Movement of glucose and amino
acids into all cells

Water moves into red blood cells
from a hypotonic (weak; high
water content) tissue fluid

Capillary exchange when blood
pressure is greater than in tissue
fluid. Ultrafiltration in the kidney
nephron

Sodium, potassium, magnesium,
calcium in all cases

Neurotransmitter release and
secretion of mucus

Phagocytes (white blood cells)

ingest foreign bodies (e.g. bacteria)

Kidney cells take in nephron fluid
containing amino acids

Intestinal epithelial cells take up
large molecules.

Q List the passive and active homeostatic transport mechanisms of the cell.
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of chemicals on either side of the membrane is thus very differ-
ent. However, the membrane may respond to varying environ-
mental conditions, or intracellular homeostatic requirements,
by allowing substances to enter and leave the cell by diffusing
through it, or by crossing it by way of pores or carrier mecha-
nisms. Factors affecting the passage of chemicals across the
membrane are:

® Chemical size: large chemicals enter and leave the cell more
slowly than small chemicals.

Chemical solubility: ol or oil-soluble substances pass through
the membrane more quickly than water-soluble substances
because of the arrangement of the membrane phospholipids.
The oils probably dissolve through the lipid layer of the
membrane; this property provides a useful means of admin-
istering those drugs that can be dissolved in oils, or conju-

gated with them, and so can be applied to skin as a cream,
for example steroids and antihistamine preparations.

Chemical charge: uncharged particles enter more readily than
electrically charged ones. Anions (negatively charged parti-
cles, e.g. chloride, CI") enter more readily than cations (posi-
tively charged particles, e.g. sodium, Na*). This is because the
outer surface of the membrane carries a positive charge, and
like charges repel each other and opposite charges attract.

Temperature: an increase in temperature increases the ran-
dom movement of chemicals and hence promotes the pas-
sage of substances across membranes.

The passage of substances across the membrane is a dynamic
process, however, and the direction in which they can move
across it depends upon their mode of transport. That is, sub-
stances move passively by diffusion, or actively by active trans-
port, pinocytosis or phagocytosis. All of these mechanisms play
a role in ensuring that biochemical homeostasis in body fluids
is maintained. The active and passive mechanisms involved in
transporting substances across membranes are summarized in
Table 2.2 and are explained further in the next section.

HOMEOSTATIC MECHANISMS BY WHICH
SUBSTANCES ARE TRANSPORTED ACROSS
THE CELL MEMBRANE

Passive processes
Diffusion

Diffusion is the passage of chemicals from regions of high
(strong) concentration to regions of low (weak) concentration
of that substance, resulting eventually in its uniform (equal)
distribution. Diffusion also acts as a transport mechanism
within the cell. For a common domestic example of diffusion,
let us consider making a diluted orange drink. If we put water
into the tumbler first, and then add the concentrated orange
juice, the orange particles diffuse outwards from their point of
entry. Initially, the colour is lighter further away from the
juice’s entry point. Later, the orange solution has a uniform
colour because the orange chemicals have moved down their
concentration gradient until an even distribution is achieved.

In considering the diffusion of chemicals across a membrane,
the process can be subdivided into that of simple diffusion and
that of facilitated diffusion because of the restricted nature of
the membrane for some substances.

Simple diffusion

Small, uncharged, lipid-soluble substances pass readily across
the cell membrane. Diffusion of these chemicals is in both
directions, occurring between the intracellular and extracellu-
lar compartments. The net passage of the substance depends
upon the direction of the concentration gradient. For example,
the movement of oxygen from blood to intracellular fluid is
necessary to produce energy from the breakdown of food. The
movement of carbon dioxide is in the reverse direction to pre-
vent its accumulation inside the cell. Such diffusion move-
ments will be essential since changes in the rate could be
disastrous for metabolism and hence for the maintenance of
intracellular homeostasis.

Other substances that undergo diffusion include:

® lipid-soluble materials, such as steroid hormones, oestrogens
and progesterones;

small charged particles that are not lipid soluble, such as
sodium (Na*), potassium (K*) and chloride (CI7), but that
can diffuse through the membrane through channels pro-
vided by integral proteins within it;

chemicals such as urea, ethanol and water that have a weak
charge polarity. Urea and ethanol are fat soluble, and so dif-
fuse through the lipid part of the membrane. Water moves
across membranes by osmosis (a special form of diffusion).

Rate of diffusion

Diffusion across the cell membrane is quicker when the fol-
lowing conditions occur:

® A greater surface area is available. In certain areas of the
body, the surface area of cells is increased by the presence of
finger-like processes called villi and microvilli (see Figure
10.13, p.250). The development of villi and microvilli could
be regarded as an evolutionary adaptation by multicellular
organisms to ensure a greater rate of absorption of digested
foods to maintain their increased metabolic demands.

® There is a greater permeability of the membrane to specific
substances. For example, the resting membrane of nerve cells
is approximately 20 times more permeable to potassium than
to sodium. Consequently, potassium exit from the cell is more
rapid than sodium entry. The concentration gradients for
potassium and sodium are sustained by an intracellular pump
mechanism, called the sodium/potassium ATPase pump (see
Figures 8.21, p.188, and 8.22, p.189). Nevertheless, the con-
stant leak of potassium is responsible for the positive electrical
charge on the surface of the cell membrane.

® Increased concentration gradients.

Facilitated diffusion

Facilitated diffusion is a quicker mechanism than simple diffu-
sion. The process involves carrier chemicals, usually integral
proteins, in the membrane. Carriers transport relatively large
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Figure 2.5 Model of facilitated diffusion. A solute chemical (e.g. glucose) is
transported across the cell membrane by a carrier protein. Stage 1: carrier
chemical binds with the solute, which then changes its shape (stage 2), so that
a channel is opened and the solute can pass into the cell’s cytoplasm. The
process does not use metabolic energy; solute chemicals pass down a
concentration gradient

chemicals (e.g. glucose and amino acids) across the membrane,
thus releasing these substances into the cytoplasm (Figure 2.5).

Rate of facilitated diffusion

In addition to those factors noted above that increase the rate
of simple diffusion, another important factor in controlling
the rate of facilitated diffusion is the amount and availability of
carrier chemicals. Some carrier-mediated mechanisms are
influenced by hormonal actions (see Figure 9.1, p.208). For
example, insulin is a hormone (i.e. chemical messenger) that
lowers blood glucose concentration and is secreted when the
concentration is above its homeostatic range. Insulin enhances
the carrier mechanism of glucose, and so facilitates the diffu-
sion of glucose into its target tissues, thereby increasing its uti-
lization inside the cell. The homeostatic regulation of blood
glucose concentration is described in detail in Chapter 9,

pp-207-8.

Osmosis

Osmosis is the flow of solvent (in most circumstances, water)
across a selectively permeable membrane from a dilute to a
more concentrated solution. Osmosis is thus a special case of
diffusion. Membranes provide little resistance to the move-
ment of water. Therefore, provided that the dissolved sub-
stance (called the solute) cannot pass through the cell
membrane, then the net effect of osmosis is that more water
will move to areas of lower solvent concentrations (= higher
solute concentration) than in the opposite direction (Figure
2.6). This continues until the pressure of the increasing vol-

BOX 2.3 REHYDRATION THERAPY: A FACILITATED
PROCESS

The administration of the solution made up of one tablespoon sugar and
one tablespoon salt added to 1 L water (known as rehydration therapy)
is an example of facilitated diffusion in action. The sugar facilitates the
absorption of salt, hence speeding up diffusion.

Homeostatic mechanisms of transport

ume of the solution on one side of the membrane counterbal-
ances the movement.

The osmotic pressure of a solution therefore is the force
required to stop the net flow of water across a selectively per-
meable membrane when the membrane separates solutions of
different concentrations. The cell membrane maintains differ-
ent fluid compositions inside the cell relative to outside it.
However, there is usually no osmotic pressure difference, as
osmosis relates to a difference in the total concentration of all
solutes, sometimes referred to as the osmotic potential, and
this is the same on each side of the membrane. Changes in the
total concentration on one side of the membrane can occur.
For example, if an individual solute becomes more concen-
trated, this will subject the membrane to osmotic effects. It is
important, therefore, that cells have relatively constant internal
and external osmotic pressures to maintain intracellular and
extracellular water balance. This principle can be demon-
strated by suspending erythrocytes (red blood cells) in a solu-
tion, such as 0.9% sodium chloride, which is isotonic (‘iso-’ =

(a) isotonic solution

‘1
- >
<! -

(b) hypertonic solution

~_ "'

(c) hypotonic solution

Figure 2.6 Osmosis and red blood cells. (a) Isotonic solution; (b) hypertonic
solution and crenation; (c) hypotonic solution and potential lysis

Q Explain why osmosis is referred to as a special case of diffusion.
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BOX 2.4 INTRAVENOUS INFUSION OF NORMAL SALINE

Cells must maintain their isotonic interdependence, otherwise changes in
fluid balance, and the resultant effects on solute concentrations, will dis-
turb intracellular homeostasis. Fluids administered intravenously for clin-
ical reasons are normally isotonic to prevent disturbance to intracellular
fluid, and hence a potential imbalance. A common fluid used in clinical
practice is ‘normal’ (isotonic) saline (¢. 0.9%, which means that 0.9 g
NaCl is dissolved in every 100 mL of solution) administered as an
infusion.

equal, “-tonic’ = pressure, strength) to the intracellular fluid. In
such an environment there will be random movement of water
into and out of cells, but with the absence of an osmotic gradi-
ent the volume moved in either direction will be equal.
Consequently, there will be no net movement, and the cell vol-
ume is unchanged (Figure 2.6a).

When extracellular environments are hypertonic (‘hyper-’ =
strong, above normal), however, water moves out of the cell by
osmosis and causes a decrease in cell volume, with the mem-
brane becoming wrinkled or crenated (Figure 2.6b). This
process occurs in the homeostatic imbalance of dehydration.
Alternatively, when extracellular environments are hypotonic
(‘hypo-" = weak, below normal), water moves into the cell by
osmosis and causes an increase in cell volume. If the extracellu-
lar environments are sufficiently hypotonic (i.e. very diluted),
water continues to enter until the intracellular pressure exerted
on the cell membrane causes the cell to lyse or burst. The lysis
of erythrocytes is termed ‘haemolysis’ (Figure 2.6¢).

Filtration

The filtration process forces small chemicals through pores
within the membranes of small blood vessels (called capillaries)
with the aid of water pressure (referred to as hydrostatic pres-
sure). Movement is from regions of high to low hydrostatic
pressures. Chemicals such as proteins in blood are too large to
pass through the filter pores and so remain within the vessel.
Details of the capillary exchange mechanism, and its modifica-
tion in the formation of urine by the kidneys, are described in
Chapters 6, pp.124-5 and 15, pp.425-8 respectively.

Active processes

Active processes require energy expenditure. The energy is
released from an energy storage chemical called ATP produced
from the breakdown of food inside the cell (i.e. in the process
of cellular respiration; see Figure 2.11). The energy is liberated

from ATP breakdown, i.e.
ATP | ADP + P + energy

The difference between active and passive processes is that
in passive processes, chemicals move down their concentration
gradient (‘downhill’), and in active processes, chemicals can
move from low to high concentration (i.e. against their con-
centration gradients or ‘uphill’). Active processes include:

® active transport
® endocytosis and exocytosis

® phagocytosis
® pinocytosis
* receptor-mediated endocytosis.

Active transport

Active transport involves transporting substances across the
cell membrane, usually by integral proteins using the energy
released from ATP breakdown as its driving force (Figure 2.7).
Active transport carriers are often referred to as ‘pumps’. An
example is the sodium/potassium ATPase pump; ATPase is an
enzyme that releases energy from ATP. This active pump com-
pensates for the diffusion exchange of sodium and potassium.
The exchange is a consequence of higher potassium concentra-
tion in intracellular fluid and higher sodium concentration in
extracellular fluid, and would drastically affect the intracellular
environment if the pump was not available to reverse the ion
movements. Other examples of pumps are the calcium pumps
in muscle cells (see Chapter 17, pp.468-71), and pumps of
various cell types that transport amino acids, some simple sug-
ars, iron, hydrogen and iodine.

Endocytosis and exocytosis

These active processes transport large chemicals (collectively
called macrochemicals; ‘macro-" = large), such as proteins and
lipids, that would be difficult to move by diffusion or conven-
tional active transport. The process also moves small amounts
of fluid into or out of certain cells. Endocytosis involves
enclosing the material to be ingested inside a portion of the cell
membrane to form a small vesicle, and then bringing the sub-
stance into the cell (‘endo-’ = inside). The reverse of this
process, exocytosis (‘exo-’ = outside), is an important mecha-
nism by which cells secrete substances. For example, digestive
cells secrete enzymes, endocrine cells secrete hormones and
nerve cells secrete neurotransmitter secretions using exocytosis.

Exocytosis is an important transport mechanism for all cells.
It is necessary for the elimination of waste products of metab-
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Figure 2.7 Active transport. Phosphorylation (i.e. the addition of phosphate) of
carrier chemicals increases their affinity for the specific solute to be transported.
Removal of the phosphate from the carrier decreases its affinity for the solute,
and it is passed into the cytoplasm. Note use of energy (and phosphate) from
ATP, which permits transport of solute against diffusion gradient. ADP,
adenosine diphosphate; Pi, inorganic phosphate



olism and for the removal of surplus chemicals that cannot be
stored, destroyed or transferred into other materials that the
cell can use. The cell organelle known as the Golgi complex is
important in exocytosis, and is described later.

Endocytosis and exocytosis are therefore instrumental in
maintaining intracellular and extracellular homeostatic ranges
of metabolites.

Phagocytosis

This is a form of endocytosis. Phagocytosis literally means ‘cell
eating’, and enables some cells to ingest relatively large particles.
An example is the white blood cells, which have a defensive role
to ingest foreign particles such as bacteria that have entered the
body (see Figure 13.10, p.378). The process begins when the
cell membrane encircles the particle by membrane distensions
called pseudopodia (‘pseudo-’ = false, ‘-podia’ = feet). The
membrane then folds inwards to form a vesicle called a phago-
some, which leaves the cell membrane and enters the cyto-
plasm. The contents of the phagosome then undergo digestion
by enzymes collectively called lysozymes (Figure 2.8a).

Pinocytosis

Another from of endocytosis, pinocytosis literally means ‘cell
drinking’. In this process, tiny droplets of fluid and their dis-
solved components stick to the cell membrane, which then
invaginates to form a vesicle called a pinosome. This structure
separates from the membrane and enters the cytoplasm, and

the pinosome contents may then undergo lysozymal digestion
(Figure 2.8b).

Receptor-mediated endocytosis

This mechanism involves cell membrane receptors that recog-
nize and bind to specific extracellular chemicals to form chem-
ical-receptor complexes. This area of the cell membrane then
invaginates to form a cytoplasmic vesicle called an endosome.
The receptors separate and are returned to the cell membrane.

Outpushings of the Particle contained in an

Food cytoplasm intracellular vacuole
particle (pseudopodia) (phagosome)
/o) 5 1

—> —> S~ _
@) h
Fluid Invagination of the
droplets membrane

| / -
¥ "
—> —> &«
Fluid contained in a

(b) vesicle (pinosome)

Homeostatic mechanisms of transport

The ingested chemicals may be broken down by lysozymes but
may also influence cell functions. For example, the hormone
thyroxine enters the cell by this process (see Figure 9.1b,
p.208).

Transport across the placenta

Transport across the selectively permeable placenta is via pas-
sive and active processes.

Passive transport

Most substances pass through the placenta by passive transport
— either by simple or facilitated diffusion. Both types of passive
diffusion can only take place ‘downhill’, i.e. along an electro-
chemical gradient. Simple diffusion depends on a difference in
concentrations of substances, such as oxygen, in the maternal
and fetal blood. The speed of transfer varies on the gradient
and properties of the substance as well as on the resistance of
the membrane.

Facilitated diffusion depends on a concentration difference,
but the facilitated diffusion of certain substances, such as glu-
cose, is aided by a carrier protein. These large proteins in the
cell membranes speed up the rate of transfer.

Active transport

Active transport (see earlier) takes place against an electro-
chemical gradient, and energy expenditure is required by the
placenta in order for transport to take place ‘uphill’.
Pinocytosis is used for the transport of even more complex
molecules. Material, for example iron, makes contact with the
syncytiotrophoblast, which then invaginates to surround it,
thus forming a vesicle that discharges its contents onto the fetal
side. Iron is found in both the fetal and maternal blood either
unbound or bound to transferrin, a protein. Iron concentra-
tions in the fetus are two to three times higher than in the
mother. An example of transfer by pinocytosis is of unbound
iron through the placenta.

Lysosome
intracellular
digestion

(see Figure 2.10)

Figure 2.8 (a) Phagocytosis; (b) pinocytosis. SR,
sensory receptor; HCC, homeostatic control
centre; ER, effector response. (In the graph, box
arepresents a,—a, in Figure 1.7, p.11,
reflecting the individual variability in the
homeostatic range)
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BOX 2.5 DRUG INTERACTION AT A CELLULAR LEVEL

Since health is dependent upon the correct functioning of the compo-
nents of homeostasis (i.e. receptors, genes, enzymes, ATP) and the opti-
mal conditions (temperature, pH) for enzymes, then it follows that
illnesses are a result of cellular, hence chemical homeostatic imbal-
ances. Therefore, drugs to correct imbalances are aimed at altering alter
cellular function by targeting membrane or intracellular receptors, car-
rier chemicals, chemical pumps, genes, enzymes, product of metabo-
lism, and ATP (Figure 2.9).

It is frequently argued that knowledge regarding drugs is the concern
of the medical team. However, the expansion of the role of some health
carers (nurses and paramedics) now involves the training that gives
them the responsibility to become independent prescribers. The authors
would argue that all healthcare practitioners should have a knowledge
base, and more so the carer is administering drugs since they must be
aware of their site of action in order to state that they are competent for
such an administration.

* Receptors: some drugs can deceive membrane receptors because they
have a shape similar to the natural chemical receptors they usually
complex with. For example, diamorphine provides analgesia relief by
interacting with the same receptor sites as the body’s natural pain
killer, the endorphins (see Figure 20.6, p.569 for site of action). Other,
lipid-soluble, drugs enter the cell and bind to intracellular receptors,
thereby altering cell function by changing gene activity and hence
enzyme synthesis. For example, breast cancer is often linked with a
homeostatic imbalance of excess of oestrogen, which causes an
excess of oestrogen-receptor binding, which is indicated as a factor
that causes rapid cell division in breast cancer. Tamoxifen, a drug used
in the treatment of breast cancer binds to oestrogen receptors, thus
blocking some oestrogen—receptor binding and thereby reducing cell
division (see the case study on breast cancer in Section VI, pp.631-2).

Drugs classified as partial agonists operate as agonists or antagonists
(see Box 1.8, p.15) depending on the predominant chemical conditions
in the body. Clinically, hyaluronidase is used to render the tissues more
easily permeable to injected fluids, and is especially useful in some older
people since they will have lost receptors as a consequence of the age-
ing process.

e Carrier chemicals. some types of drugs inhibit carrier functioning (e.g.
the tricyclic antidepressants such as clomipramine prevent the uptake
of certain neurotransmitters associated with depression: see the case
study of a woman with depression, Section VI, p.644). Furosemide, a
diuretic (used to increase urine production), prevents the movement of
ions in the kidney tubule. Alternatively, drugs may also enhance car-
rier efficiency, e.g. amphetamines (commonly known as ‘speed’) enter
cells to instigate the secretion of noradrenaline in the brain.

CELL ORGANELLES

Organelles have specific roles to play in maintaining the home-
ostasis of the cell. Their structure helps to maintain the basic
needs of the cell. For convenience, they are considered individ-
ually in this section, but it should be remembered that they
function interdependently, just as organ systems work interde-
pendently to maintain the homeostasis of the body.

Endoplasmic reticulum

The endoplasmic reticulum (ER) is a membrane system that
forms an extensive parallel network of cavities called cisternae.
Structure and extent vary from cell to cell depending upon the

Noradrenaline is responsible for the effects (heightened awareness,

loss of appetite, etc.) of using these drugs.
* Pump mechanisms: local anaesthetics, such as lidocaine and pro-
caine, block the pain impulse by interfering with sodium channels in
the membrane, and so prevent nerve cells transmitting the impulse
(see ‘action potential’; see Chapter 8, p.187). Calcium antagonists,
such as nifedipine, are used in the treatment of angina and hyperten-
sion, and prevent uptake of calcium ions across the cell membrane of
muscle cells of the blood vessels and heart. Calcium is the trigger for
muscle contraction, so inhibiting its entry into the muscle cells of the
blood vessels causes their relaxation, while heart cells become less
contractile, and this decreases blood pressure. See Chapter 17,
p.468—71 for details of calcium action in muscle, and the case study
of a woman with myocardial infarction, Section VI, p.654. Calcium
agonists (such as digitalis) strengthen the heartbeat, and are given to
patients with heart failure. Digitalis causes a slight increase in calcium
inside the muscle cells of the heart, and so enhances the force of con-
traction and strengthens the heartbeat (see Box 12.14, p.337).
Genes: the Human Genome Project identified the structure of all the
genes within the human being and hence there is now a huge poten-
tial for developing drugs for the individual which will cause expression
and non-expression of genes to remove homeostatic imbalances of
deficiency and excess of chemicals, respectively (see Box 19.8, p.539)
Enzymes: some drugs competitively inhibit normal enzyme action by
blocking the active site of the enzyme (see Figure 4.7, p.99). For
example, aspirin is given to provide relief from certain types of pain.
This drug inhibits the enzyme prostaglandin synthetase, thereby
inhibiting the production and secretion of prostaglandin, the most
potent pain-producing substance in the body. Other forms of pain
relief, such as transcutaneous electrical nerve stimulation, acupunc-
ture, acupressure, touch therapy, Bowen technique, massage,
imagery, relaxation and even placebo therapies, also operate at a cel-
lular level. You should be able to understand the site of cellular action
of these methods of pain relief after reading Chapter 20 and assimilat-
ing Figure 20.6, p.569. Since the completion the Human Genome
Project the UK Government have diverted funding to the Proteomics
Project, which is basically the identification of enzymes (i.e. the prod-
uct of gene expression). Once the structure of an enzyme is identified,
its active sites can be blocked by drugs designed for the purpose (i.e.
in homeostatic imbalances of excess). Alternatively, it may become
possible for the enzyme itself to be given as a drug to enhance the pro-
duction of a chemical (i.e. in homeostatic imbalances of deficiency).
Again, this will be very important in developing drugs for the individual.
* Metabolic inhibitors: these are drugs that operate by reducing the

amount of ATP available in order to reduce metabolism.

activity of the cell. ER functions associated with cellular
homeostasis are:

® The ER provides passageways through which materials are
transported within the cell. The organelle makes definite
connections with the nuclear and cell membranes, and thus

Take a breather from your studies. Then reflect on your understanding

of the following transport mechanisms used by the cell to control the
entry and exit of chemicals to maintain intracellular homeostasis: diffu-
sion, osmosis, active transport, phagocytosis and pinocytosis.
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Figure 2.9 Clinical cytology provides a rationale for clinical intervention

may be a link between these two structures, and between
adjacent cells (Figure 2.10).

® The ER segregates the cytoplasm into areas of different bio-
chemical activity.

® The ER increases the surface area available for a variety of
enzymatic reactions.

® The cisternae of the ER act as temporary storage sites for spe-
cific chemicals, such as lipids, proteins and glycogen (a car-
bohydrate storage chemical), which have been produced by
the cell.

There are two types of ER, classified according to whether
the membrane is associated with ribosomes (small structures
concerned with protein synthesis). Both types are often
continuous with one another and are interchangeable depend-
ing upon the metabolic requirements of the cell.

Rough endoplasmic reticulum

Rough (granular) ER is studded with ribosomes on its outer
surface. Ribosomes are involved in protein synthesis; therefore

Re-familiarize yourself with the basic needs of the body (see Table 1.2,
p.10), because these needs are met by the organelles of the cell.

rough ER is found in all cells since enzymes belong to the pro-
tein family of chemicals. Enzymes are necessary to all cells
because they catalyse (speed up) chemical reactions, ensuring
that the rate of metabolism is compatible with life processes.
The rough ER is an extremely important organelle that con-
tributes to maintenance of intracellular homeostasis. It is more
abundant in cells that are most actively engaged in protein syn-
thesis (e.g. those that produce hormones and those that pro-
duce digestive enzymes).

BOX 2.6 DRUGS AFFECT ENDOPLASMIC RETICULUM
FUNCTIONING

Some carcinogens (chemicals that produce cancer) detach ribosomes
from the ER, resulting in unusual sites of enzymatic activity, thereby
changing the protein synthetic activities of the cell.

Barbiturates (a group of drugs that reduce the activity of the central
nervous system) are classified according to their pharmacological
actions. Some are general anaesthetics (e.g. thiopentone sodium), and
others have hypnotic and sedative actions (e.g. phenobarbitone). Other
drugs have tranquillizing properties (e.g. diazepam). All these drugs
increase the amount of smooth ER and influence the activity of its
enzymes. Some of these enzymes in turn inactivate the effects of barbi-
turates, which results in barbiturate tolerance and the need for
increased dosages of these drugs for them to exert their effects.
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Figure 2.10 The homeostatic roles of the lysosome, Golgi complex and the endoplasmic reticulum. Lysosome: (a) phagosome produced from phagocytosis;

(b) lysosome moves toward phagosome; (c) lysosome moves toward ‘worn-out’ organelle (e.g. mitochondrion); (d) intracellular digestion of particle and organelle;
(e) useful products absorbed into the cytoplasm; (f) vacuole contains useless (residual) products; (g) exocytosis (egestion) of the residual products. Golgi complex:
(i) protein from rough endoplasmic reticulum; (ii) lipid from smooth endoplasmic reticulum; (iii) conjugated lipoprotein complex in vacuole from the Golgi complex;
(iv) conjugated lipoprotein complex secreted from cell; (v) conjugated lipoprotein complex used in cellular metabolism (e.g. production of organelle membrane)

Q Give a reason why the following statements are used in physiology: (1) cell, the ‘basic unit of life’; (2) enzymes and ATP, the ‘key chemicals of life’; (3) Golgi
complex, the ‘packaging factory of the cell’; (4) lysosomes, the ‘suicide bags of the cell’; (5) genes, the ‘vehicles of heredity’.



Smooth endoplasmic reticulum

The smooth (agranular) ER is smooth in appearance because of
the absence of ribosomes. The smooth ER is concerned with
the synthesis of non-protein substances, which vary from cell
to cell. For example, the smooth ER of the adrenal glands and
testes produces steroid hormones, while in liver cells cholesterol
may be synthesized. The smooth ER of muscle cells is involved
in calcium storage (remember calcium is the important trigger
for muscle contraction). In addition, the smooth ER of liver
cells is important in detoxifying potentially harmful substances,
such as drugs and carcinogens.

Golgi complex

The Golgi complex (also known as the Golgi body or Golgi
apparatus) is found in all cells except erythrocytes. It is struc-
turally and functionally connected to the ER and consists of
four to eight flattened membranous sacs, similar to the smooth
ER except that the sacs resemble a stack of dinner plates. The
sacs are called cisternae, as they are part of the cavity structures
of the ER. The Golgi complex is usually located near the
nucleus, facing the cell membrane, from which the contents of
the cisternae may be discharged.

Homeostatic roles of the Golgi complex

The principal roles of the complex are to process, sort and
deliver chemicals — mainly proteins but also lipids and carbo-
hydrates — to various parts of the cell that need them. In addi-
tion, it is responsible for the packaging of secretory products
before exocytosis. Thus, secretory cells, such as neurotransmit-
ter-secreting neurons (see Figure 8.23, p.190), cells that pro-
duce digestive enzymes (see Table 10.6, p.248), and endocrine
cells of the pancreas (see Table 9.2, p.222), have an abundance
of Golgi complexes.

Some Golgi complexes remain inside the cytoplasm to per-
form intracellular roles, such as the regeneration of membranes
of organelles and their enzymes so as to replace damaged ones

(Figure 2.10).

Lysosomes

These organelles originate from the Golgi complexes.
Lysosomes have a thicker membrane than the rest of the
organelles because they contain about 40 different ‘digestive’
enzymes, which must be isolated from the rest of the cell. These
are capable of breaking down all the chemical components of
the cell, such as the nucleic acids (by enzymes called nucleases),
lipids (lipases), proteins (proteases), and carbohydrates (carbo-
hydrases). Collectively, the enzymes are called lysozymes.
These enzymes, like most proteins, are synthesized in the rough
ER and are transported to the Golgi complex for processing
into lysosomal vesicles after leaving the Golgi complex (Figure
2.10). Lysosomes are found in most cells, especially in those tis-
sues that experience rapid changes, such as liver cells (see Figure
10.20, p.261), spleen cells, white blood cells (see Figure
13.10a, p.378), and bone cells.

Cell organelles

Homeostatic roles of lysosomes

Lysosome functions include:

o Intracellular digestion. Any substance that has been ingested
by phagocytosis or pinocytosis is taken into the cytoplasm in
a membrane-lined vesicle (phagosome or pinosome). The
vesicle coalesces with lysosomes, and lysozymes are released
into the sac and break down the substance, mainly into sub-
stances that the cell can use. These useful products are
absorbed into the cytoplasm and may be: (1) added to the
pool of these chemicals in the cell, if required, to maintain
their homeostatic ranges; (2) stored in more complex forms;
or (3) transferred into other chemicals that can be used. The
residue materials that cannot be used are secreted from the
cell to prevent a surplus homeostatic disturbance/imbalance
occurring (Figure 2.10).

® Destruction of worn-out parts of the cell. Defective or damaged
organelles are treated in the same manner as above so as not
to compromise intracellular homeostasis (Figure 2.10).
Sometimes the organelle is referred to as the ‘digestive body’
or ‘dissolving body’ of the cell because of these breakdown
activities.

® Autolysis. For most tissues, cell death during our lifetime is
inevitable. Cell death is associated with the release of
lysozymes into the cytoplasm, and a process of ‘self-destruc-
tion” called autolysis. This process accounts for the rapid
deterioration of many cells following their death. It also
ensures that some material (such as the membrane’s lipopro-
teins, enzymes, etc.) from the dead cells can be reused in the
general metabolism. Autolysis therefore has a role in main-
taining homeostatic levels of chemicals in the body.
Lysosomes are often called the ‘suicide bags’ of the cell
because of this autolytic function.

BOX 2.7 INCREASED LYSOSOMAL ACTION - A CAUSE
OF DISEASE

Inappropriate action of lysosomes is problematic. For example, most of
us will have experienced the painful effects of sunburn that partly are
caused by the effects of ultraviolet light to disrupt lysosomes in skin
cells. The consequences are worse in some disease states.

Degenerative diseases (e.g. rheumatoid arthritis) are generally
thought to be associated with an increased lysozymal, autolytic activity
of specialized white blood cells known as macrophages. Cortisone and
hydrocortisone injections are well known for their anti-inflammatory
properties. They have a stabilizing effect on lysosomal membranes that
reduces this destructive activity of lysosomes. These steroid drugs also
suppress the body’s immune system. Therefore, they are considered
valuable clinical drugs used in the treatment of arthritis, severe allergies,
eczema, some cancers and autoimmune diseases, since these condi-
tions become worse if the immune system is activated. However, a low
dosage over a short time is advisable since long-term use makes the
patient vulnerable to other infections.

Tay—Sachs disease is an inherited condition characterized by protein
build-up due to the absence of lysozymes in nerve cells. Children with
this condition experience seizures and muscle rigidity because their
nerve cells become inefficient.
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The lifespan of cells varies enormously. Some cells, such as
those of the skin and those lining the gut, have a very quick
turnover rate, perhaps just a day or two. Red blood cells live for
between 100 and 120 days (see Figure 11.7, p.279), while nerve
cells may persist through an individual’s life. Some cell materi-
als, such as the protein keratin, found in hair and nails, persist
after the death of the cell. Dead cells must be replaced to sus-
tain the structural and functional integrity of the human body.

Mitochondria

The size, shape and number of mitochondria vary from cell to
cell depending upon their level and type of activity. Different
cell types, however, show the same basic mitochondria struc-
ture of a double-membrane organelle (Figure 2.11a). The
smooth outer membrane encloses the mitochondria contents,
and the inner membrane is arranged in a series of shelf-like
projections, almost at right-angles to the longitudinal axis of
this comparatively large organelle. The function of these folds
(called cristae) is to increase the surface area for the enzymatic
reactions involved in cellular respiration (Figure 2.11b).

Homeostatic role of mitochondria

Mitochondria are concerned with aerobic respiration, i.e. the
energy-producing process involving the breakdown of fuel
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membranes
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(food) chemicals in the presence of oxygen. Some of the energy
produced is stored as chemical-bond energy in ATP. This
bond energy is simply released as required by the breakdown of
ATP (Figure 2.11c). Owing to their energy-producing func-
tion, mitochondria are often referred to as the ‘power houses of
the cell’. They provide about 78% of the cell’s energy, the
remaining 22% coming from reactions occurring in the cyto-
plasm; hence, this organelle is of vital importance in prolong-
ing the life of a cell (Box 2.8). Energy from respiration is also
liberated as heat (Figure 2.11c¢). Thus, respiration is an impor-
tant contributor to the homeostatic regulation of body tem-
perature within the body, and hence optimal enzymatic
function. Carbon dioxide and water are also products of respi-
ration, and are important in controlling the acid—base balance
of body fluids and also optimal enzymatic function (see

Chapter 6, p.128).

Cytoskeleton

Within the cytoplasm of most cells, there are various-sized
filaments that form a flexible framework known as the cyto-
skeleton that provides structural support for the organelles
inside a cell. There are four types of filaments: microfilaments
(the thinnest), intermediate filaments, thick filaments and
microtubules (the thickest).
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(chemical energy)

Oxygen
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embranes Inner
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Heat of the chemical
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and hence enzyme activity

Adenosine triphosphate (ATP), important energy
carrier, drives metabolic reactions, therefore
considered a key 'chemical of life' necessary

for intracellular homeostasis, i.e. ATP —>ADP + Pi +
kinetic energy (energy that drives metabolic reactions)

Figure 2.11 (a) Mitochondrion; (b) magnified view of a crista; (c) internal (aerobic) respiration. Pi, inorganic phosphate

Q Suggest why the mitochondria are referred to as the ‘powerhouse of the cell’.
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BOX 2.8 THE PRESENCE OF MITOCHONDRIA INDICATES THE LEVEL OF ACTIVITY OF CELLS

The number of mitochondria present in a cell is determined during the
processes of differentiation and specialization of cells that occur during
embryological development. Inactive cells can have as few as 100 mito-
chondria, whereas active cells, such as liver, muscle and kidney tubule
cells, can contain thousands of mitochondria. The organelles may be
scattered throughout the cytoplasm or located at a specialized site in
some cells. For example, thousands of mitochondria are contained in the
mid-piece of a sperm cell, and this region acts as the energy generator
for the propulsion of the sperm tail (see Figure 18.12, p.502). Many
mitochondria are found at the junctions (called synapses) between nerve
cells, so chemical messengers (neurotransmitters) can be released
actively. There are also numerous mitochondria close to cell membranes
involved in active transport (e.g. in the cells of the intestines and kidney).

Mitochondrial enzymes are involved in the respiration process, and a
decrease in their production and/or activity has been implicated in caus-
ing psychophysiological decline in old people.

Biologists have suggested that it may be that this organelle was once
an independent particle, perhaps similar to viruses, which invaded cells
and evolved a mutual (or symbiotic) relationship within them.

Homeostatic roles of the cytoskeleton

Microfilaments are composed of a contractile protein called
actin. This substance provides mechanical support for various
cell structures, and is thought to be responsible for many cell
movements.

Intermediate filaments consist of proteins that vary depend-
ing upon the cell type, such as keratin found in epithelial cells
(i.e. cells that line organs) and neurofilaments found in nerve
cells. These filaments help maintain the shape of the cell and
the spatial organization of organelles.

Thick fibres are found only in muscle cells. They consist of
the contractile protein myosin where it interacts with actin to
produce muscle contraction (see Figure 17.6, p.471). Non-fil-
ament myosin is found in most cells, however, where its func-
tion is to produce local forces and movement.

Microtubules are located in most cells, and are composed of
the protein tubulin. These filaments help to support the shape
of the cell, and are thought to be an important part of the cell’s
transporting system, particularly in nerve cells. Microtubules
are also components of cilia and flagella, and so are involved in
cell movements, and of the centriole, which is involved in the
movement of chromosomes during cellular division.

Opverall, cytoskeletal structures have important roles in sup-
porting the position of organelles, in cellular movement, and
as binding sites for specific enzymes.

Centrosome and centrioles

As its name suggests, the centrosome is an organelle that is
located close to the centre of the cell. It is a specialized
region of the cytoplasm near to the nucleus, within which are
found two small protein structures called the centrioles, posi-
tioned at right-angles to each another. Each centriole is com-
posed of a bundle of microtubules (see Figure 2.3, p.24).
Each bundle consists of a cluster of microtubules, arranged in
a circular pattern, with a central pair isolated from the rest.

Mitochondria contain small amounts of DNA and ribosomes, and as a
result they can replicate independently and produce their own enzymes.
It is thought that the replication process occurs as a homeostatic
response to an increased cellular need for ATP, in times of high meta-
bolic demand, e.g. during:

« times of infection and iliness, when there is an increased production of
white blood cells (leucocytes) to fight off the infection or illness;

* the postoperative period, when the body is in the process of repair and
regeneration of body tissues lost or damaged in the surgical procedure;

* times of distress, when there is an increased production of hormones
associated with the stress response. Mitochondria play an unexpect-
edly important role in cell survival in the face of stress, according to a
paper in The Scientist by Phillips in 2007. The paper suggests that the
physiology of the mitochondria is critical for determining whether a
cell lives or dies. Several authors have suggested that cells have an
extremely neat mechanism to preserve mitochondrial and hence
energy levels within the cell in order to prevent cells from undergoing
a programmed cell death (called apoptosis; see later).

Homeostatic role of the centrioles

During cell division, the centrioles move to the opposite sides
(poles) of the cell and produce a system of microtubules, called
the spindle, which radiates to the equator of the cell (see Figure
2.15c, p.43). Chromosomes become attached to the spindle’s
equator before migrating to the poles of the cell, seemingly
connected to the microtubules (see later). Failure to form a
spindle prevents normal cell replication (see Box 2.14, p.44).

Cilia and flagella

These are fundamentally similar structures, differing only in
size and their modes of action. The more numerous cilia are
generally shorter, often cover the whole surface of the cell and
generally are used for moving fluids along channels or ducts.
The larger flagella are often found singly, or in small groups,
and generally are used to move the whole cell, e.g. sperm cell
(Figure 2.12c¢(ii)).

Both organelles, together with microvilli, are extensions of
the cell membrane. They contain microtubules along their
length, and in cross-section they show a ‘9 + 2’ pattern (Figure
2.12b(i)). That is, there are nine groups of two tubules
arranged in a circle, plus an isolated pair in the centre of the
circle. At the base of these organelles is the basal body. This
controls the activity of the organelle, and is probably impor-
tant in their formation. Below the basal body there is a struc-
ture similar to that of the centriole; it is thought that the
centriole produces the flagella of some cells.

The longitudinal contractile protein filaments that make up
these organelles have ATPase activity (i.e. ATP is broken down
to provide the energy for the different modes of beating of cilia
and flagella).

The beating of cilia is intermittent, not continuous. It has
two phases or strokes, called the active (effective) stroke, which
produces movement, and the recovery stroke (Figure 2.12c(i)).
Ciliary movement is parallel to their surface of attachment.
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Figure 2.12 (a) Structure of a cilium. (b) Transverse sections of a cilium. (c) Mode of action of cilia and flagella

Q How are cilia, flagella and centrioles related to one another?

Q Give examples of where you would find ciliated cells. Name the male’s flagellated cell.

Cilia have a greater density than flagella. This translates the
intermittent motion of a single cilium into continuous
motion, by ensuring that each cilium begins its cycle of motion
slightly before the cilium next to it. Thus, a wave of effective
strokes passes across the surface of the cell (like wind over a
field of wheat). This movement is referred to as a metachromal
rthythm. Flagella are longer, and each can contain several waves
of contraction at any one time. They therefore produce contin-
uous effective movement. The movement is at right-angles to
the surface of attachment. Flagella are also capable of the
active-recovery movements of cilia.

Cytoplasmic inclusions

In addition to organelles, the cytoplasm also contains inclu-
sions. These are a diverse group of chemical substances that are
usually food or stored products of metabolism. Thus, inclu-

sions are not permanent cytoplasmic components, as they are
continually being destroyed and replaced. Examples of inclu-
sions, and their homeostatic roles, are:

® melanin: a pigment present in the outer layer of skin (epider-
mis). Increasing the deposits of melanin causes tanning of
the skin, and occurs as an adaptive protection mechanism
against the sun’s ultraviolet radiation. The pigment is also
found in the hair and the eyes;

® haemaoglobin: a pigment present in erythrocytes. The princi-
pal role of haemoglobin is to transport oxygen in the blood
(see Figure 14.12, p.416). It also transports carbon dioxide
and so helps regulate the acid—base balance of body fluids
(see Chapter 6, p.128);

® glycogen: a storage carbohydrate found in liver, fat cells
(called adipocytes) and skeletal muscle cells. It is produced



You may want to reflect on the reasons why enzymes are referred to as
‘biological catalysts’ before reading the next section.

from glucose whenever the homeostatic range of blood glu-
cose is superseded;

lipids: stored in adipocytes (‘adip-’ = fat) whenever the
homeostatic ranges of the constituent chemicals, fatty acids

and glycerol in blood have been superseded;

mucus: produced in secretory cells that line some organs. Its
functions are to lubricate the cells (epithelia) lining these
organs, and to contribute to the external defence mecha-
nisms of the body. For example, the mucus produced by the
lining of the respiratory system has a protective function
against atmospheric microbes that have entered the airways.

Nucleus

Most mature cells possess one nucleus (Box 2.9). The nucleus
is the homeostatic control centre for cellular operations. It has
two principal roles:

® To store heredity information (genes), and to transfer this
information from one generation of cells to the next, and
from one family generation to the next.

* To maintain intracellular homeostasis by directing chemical
reactions (metabolism). It does this by expressing specific
genes in order for the cell to produce appropriate enzymes
that ensure that the chemicals inside the cell are within their
homeostatic ranges. In addition, since all components out-
side the cell (i.e. in tissue fluid and blood) are ultimately of
cellular origin, genes also regulate these components within
their homeostatic ranges.

Mature erythrocytes lack a nucleus and hence genetic mate-
rial; therefore they cannot duplicate or produce enzymes. They

BOX 2.9 GENES - THE LINK WITH METABOLISM AND
ILLNESS

The nucleus of each human cell, except gametes, contains the chromo-
somes that comprise our genetic make-up (genotype) that encodes the
observable and measurable characteristics (called phenotypes) that we
inherit from our biological parents. These phenotypic characteristics
emerge during embryological development as the genes on the chromo-
somes are expressed to control metabolism of the cell. It is still uncer-
tain how genes are expressed in humans to enable cells to differentiate
into a diverse range with specialized functions (skeletal, digestive, renal,
etc.) and at a specific time of embryological development (see Figure
19.4, p.526). However, it is generally thought that many environmental
factors are the initiators of gene expression. The advances in the human
genome and proteonomic projects may unravel these environmental
factors (see Chapter 19, pp.554-7).

Chromosomes contain the necessary information to maintain homeo-
stasis of all cells, and hence the functional equilibrium of tissues, organs
and organ systems. Interference with this information by cells being
infected by viruses, or altered by carcinogens or ultraviolet and ionizing
radiation, may lead to homeostatic imbalances, resulting in the malfunc-
tioning of organ systems.

Cell organelles

have a low rate of metabolism and so remain functional in
blood storage banks.

The shape and location of nuclei can vary, but they are
mainly spherical, and are usually positioned near the centre of
the cell. A porous double nuclear membrane or envelope
encloses the nucleus. Hence the fluid of the nucleus, called
nucleoplasm, is in communication with the cytoplasm.

The nuclear membrane is continuous with the ER, which is
also attached to the cell membrane. As a result, the nucleus
may also be in communication with the tissue fluid (see Figure
2.10, p.34).

Prominent structures enclosed within the nucleus are:

® nucleoplasm: a gel-like ground substance that occupies most
of the nucleus;

® nucleolus: there may be one or two nucleoli present. These
membrane-bound organelles consist of protein and nucleic
acids (deoxyribonucleic acid, DNA, and ribonucleic acid,
RNA). Nucleoli are involved in cell division and are also
thought to be involved in the initial metabolic reactions
involved in the production of ribosomes. Final stages of
ribosomal synthesis occur in the cytoplasm;

® genetic material: chromosomes store the heredity informa-
tion in segments of DNA called genes. Humans have 46
chromosomes in their body (or somatic) cells. Sex cells (or
gametes) contain only 23 chromosomes to ensure that at fer-
tilization of the male and female gametes, the first cell asso-
ciated with life (the zygote) has the full complement of 46
chromosomes.

Genes and protein synthesis

Genes are segments of DNA that contain the instructions for
the manufacture of proteins. There are a huge variety of pro-
teins, and it is this diversity that determines the physical and
chemical characteristics (phenotype) of cells and, therefore, the
human body. Genes control intracellular homeostasis by regu-
lating the production of the enzymes (specialized proteins)
necessary for metabolic processes. Since enzymes are the medi-
ators of metabolism, they are often referred to as the ‘key
chemicals of life’. Human cells contain about 30 000 genes and
these are responsible for the correct numbering, sequencing
and arranging of the ‘building block’ molecules of amino acids
in the required enzyme.

Most DNA is found in the cell nucleus, but a small amount
is located in the mitochondria. The nuclear DNA is too large
to pass through the nuclear pores. A gene therefore has to be
transcribed, or copied, into a smaller nucleic acid called mes-
senger RNA (mRNA). The mRNA can move freely between
the nucleus and the cytoplasm.

Protein (enzyme) synthesis also requires the involvement of
another form of RNA, transfer RNA (tRNA). This chemical is
responsible for the translation of the original DNA message
carried by the mRNA (see below). Actual protein synthesis
occurs at the ribosomes, which are mostly attached to ER,
although small clusters called polyribosomes (‘poly-’ = many)
are free in the cytoplasm of the cell.
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Structure of DNA

In 1953, Watson and Crick were awarded the Nobel Prize for
the discovery that genes were composed of the chemical DNA,
which in turn was composed of relatively few types of mole-
cules called nucleotides. DNA consists of two polynucleotide
chains (i.e. each consisting of many nucleotides) coiled around
each another as a double helix (Figure 2.13a). Each nucleotide
consists of (Figure 2.13b):

1 one of the four organic bases: adenine (A), guanine (G),
cytosine (C) or thymine (T);
2 sugar (deoxyribose, hence the name deoxyribonucleic acid);

3 phosphate.

The two strands of DNA are arranged so that one is comple-
mentary to the other through specific base pairing. Adenine of
one strand pairs specifically with thymine in the other strand,
and cytosine always pairs with guanine (Figure 2.13b). In dis-
cussions of the genetic code the bases are normally referred to

by their abbreviations (C, T, A or G).

Bases — centre of
the spiral (steps)
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/
/
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N
N
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A sequence of just three of these base pairs provides the code
for an amino acid. Since the mRNA that conveys this code to
the ribosomes is a copy of only one of the strands of DNA,
only the three bases on this strand form that code. This group
of three bases is referred to as a triplet (or codon), and the
sequencing of triplets along a portion of DNA that code for a
particular protein is termed a gene (Figure 2.14a). Smaller
genes code for polypeptides, which are the subunits of pro-
teins. A typical gene contains a sequence of approximately
20000 base pairs, although there is considerable variability
between genes. The segment of copied DNA is called the
cistron or the sense strand.

Proteins are made up of a large number of amino acids.
There are 20 different amino acids available and, since the four

BOX 2.10 EVOLUTION, AND GENE THERAPIES

The genetic ‘blueprint’ or code in the form of base ‘triplets’ is used by all
organisms and always relates to the same amino acids. It is the metab-
olism of these amino acids that varies between different organisms,
leading to their diversity. This commonality supports the view that all
organisms evolved from a common ancestry. This also helps to explain
why viruses can replicate in human cells by incorporating their nucleic
acid into our own. Similarly, gene therapies under development largely
depend upon this process as a mean of inserting genes into defective
cells (Munro, 1999) (see Box 19.18, p.556).

Polynucleotide

Figure 2.13 (a) The double-helical structure of DNA. (b) Magnified view of DNA components. S, sugar (deoxyribose); P, phosphate; T, thymine; A, adenine;

C, cytosine; G, guanine
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Figure 2.14 Protein synthesis. (a) Transcription: messenger RMA (mRNA)
synthesis alongside the DNA strand in the nucleus. Note the gene is composed
of the triplets from *to* on the sense strand. (b) mRNA passes out of the nucleus
to become attached to ribosomes. (c) Translation: transfer RNA (tRNA) brings the
amino acids to the ribosome. E, energy from the breakdown of ATP into ADP +
P, + energy. Note that tRNA anticodons are the original triplets on the sense
strand of DNA, which code for the specific amino acids. Pi inorganic phosphate

Q With the aid of this diagram, explain how proteins are synthesized using the
following terms: DNA, mRNA, tRNA, codons, sense strand, antisense strand,
cistrons, anticodons, transcription, translation, amino acids, proteins, nucleus,
ribosomes, polyribosomes, endoplasmic reticulum, cytoplasm, peptide bonds,
energy and ATP.

bases can be arranged in 64 different triplet combinations (4 x
4 X 4 = 64), some triplets must code for the same amino acid
(Table 2.3). For example, the triplets CCA, CCG and CCC all

code for the amino acid glycine.

Structure of RNA

RNA consists of a single polynucleotide strand. Each
nucleotide within this strand is composed of:

1 one of the four organic bases: adenine (A), guanine (G),
cytosine (C) or uracil (U) (uracil has a similar structure to
thymine);

Cell organelles

Table 2.3 The mRNA codons for amino acids

UUU} e UOU AUl uGU } os
uuc ucc | . UAC UGC
UUA} ou UCA UAA ‘stop’ UGA  ‘stop’
uuG ucG UAG UGG  trp
cuu ceu cAU | CGU

OUC [ o COC | o OAC cac | arg
CUA CCA ol CGA

cuG CCaG cag | ¢ CGG

AUU ACU ol AGU } sor
AUC | e AGC

AUA ACA AAA s AGA } arg
AUG ~ met  ACG AAG AGG

GUU GCU oAU o GGU

auc | o 6cc [ . GAC 66C [ gy
GUA GCA GAA } " GGA

GUG GCG GAG GGG

Key: ala, alanine; arg, arginine; asn, asparagine; asp, aspartic acid; cys, cysteine; gin,
glutamine; glu, glutamic acid; gly, glycine; his, histidine; ile, isoleucine; leu, leucine;
lys, lysine; met, methionine; phe, phenylalanine; pro, proline; ser, serine; thr,
threonine; trp, trytophan; tyr, tyrosine; val, valine.

Q Identify the potential mRNA codons that code for the tripeptide comprised of the
following amino acids: alanine, histidine, valine and tyrosine.

Q List the corresponding DNA triplets that code for this codon and tRNA anticodon.

2 sugar (deoxyribose, hence the name ‘ribonucleic acid’; see
Figure 2.13b);
3 phosphate.

Transcription of the gene code

Transcription is the first stage in protein synthesis; it occurs in
the nucleus. The process involves copying the sequence of
bases encoded in the DNA chemical into the sequenced
nucleotides of mRNA using the enzyme RNA polymerase.
The single strand of nucleotides in RNA differs from DNA in
that it contains the organic base uracil rather than thymine
found in DNA, but the two chemicals are very similar.
Consequently, during transcription the adenine of DNA is
complementary for uracil.

For example, A DNA template with the base sequence of
TAG, CAC, TTT, ACG, TAT, ACC would be transcribed
into the complementary strand of RNA as AUC, GUG, AAA,
UGC, AUA, UGG (Figure 2.14a). Apart from the insertion of
uracil, this sequencing is identical to the complementary
strand of DNA (ATC, GTG, etc.).

The template strand of DNA that is copied is called the
sense strand, and the one not being transcribed is the antisense
stand, since it complements the sense strand.

Translation

Once mRNA has been transcribed from DNA, the DNA reas-
sumes its double-helical structure. The mRNA leaves the
nucleus to become attached to the ribosome (Figure 2.14b,c),
and its genetic message is translated. Translation occurs in a
number of steps:
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1 The process begins when the ‘front’ end of mRNA has

attached itself to a ribosome and begins to move across it
(Figure 2.14c). In doing so, the ribosome decodes the mes-
sage by reading the triplets (codons). The first codon acts as
a ‘start’ code; subsequent codons code for specific amino
acids. The term ‘initiation’ refers to the process of position-
ing the first amino acid at the appropriate mRNA codon site
on the ribosome.

2 tRNA chemicals in the cytoplasm are anticodons that are a
complementary match for the codons on mRNA. Each
tRNA chemical combines with a specific amino acid in the
cytoplasm and adds it to the growing chain on the ribosome,
according to the sequencing required by the arrangement of
codons on the mRNA.

For example, the mRNA codon for the amino acid glycine
is GGU, GGC, GGA or GGG, and the respective tRNA
anticodons are CCA, CCG, CCU and CCC (Table 2.3).
The tRNA that carries glycine from the cytoplasm for incor-
poration into the growing protein will have one of these
anticodons; the tRNA itself will bond only to glycine and to
no other amino acid. Note that tRNA anticodons are analo-
gous to the original DNA triplets (except that tRNA has
uracil in place of thymine).

3 Following initiation, elongation of the amino acid chain
begins with the mRNA moving across the ribosome, one
codon at a time. The codon is read by the ribosome, and the
corresponding tRNA anticodon brings the specific amino
acid and joins it to the previous one. A bond is formed
between adjacent amino acids, using energy liberated from
ATP catabolism. Further amino acids are added until a ter-
minal ‘stop’ codon that stops the process is formed (Figure
2.14c¢). In this way, a polypeptide (‘poly-’ = many) is pro-
duced. Post-translational processing will incorporate this
into a final protein molecule.

BOX 2.11 NEONATAL SCREENING IDENTIFIES

MUTATIONS

Sickle cell anaemia is a life-threatening condition instigated by a change
of just one DNA base pairing. This results in an abnormal gene. The
change in base sequencing is called a genetic mutation, and it is respon-
sible for the signs and symptoms of multiple organ system imbalances
in the individual. Lees et al. (2001) suggested that early treatment
(before symptoms develop) could improve both morbidity and mortality.
Screening for the condition in the neonatal period would enable early
diagnosis and therefore early treatment. Phenylketonuria (PKU) is
another disease in which a genetic mutation has occurred. The presence
of this abnormal gene means that people with PKU cannot produce an
enzyme called phenyl hydroxylase, which is essential for converting the
amino acid phenylalanine into tyrosine. Consequently, phenylalanine
accumulates in the blood, tissues and central nervous system, resulting
in brain damage leading to diminished mental development. Newborns
are screened for PKU by the neonatal screening test (previously called
the Guthrie heel-prick blood test). Babies identified as having PKU must
be given a restricted phenylalanine diet to protect against the effects of
the condition (Poustie and Rutler, 2001). Neonatal testing may also
screen for hypothyroidism and cystic fibrosis.

GENES AND CELL DIVISION

All cells originate from the division of the zygote. Cell division,
an important basic characteristic of life, is necessary to main-
tain cellular homeostasis. It ensures that:

1 the genetic material (the ‘blueprint’ for homeostatic func-
tion) is transmitted from one cell to another, and from one
generation to the next;

2 the development of the organism through cell differentiation
and specialization occurs;

3 growth of organisms takes place in specific stages of human
development (e.g. neonate to infant to young child);

4 dying, diseased, worn-out and damaged cells are replaced to
maintain the structural integrity of the human body, hence
ensuring adequate organ system functioning;

5 optimal cell size is not exceeded, since this would lead to
intracellular homeostatic imbalances.

Optimal cell size depends on an ideal surface area/volume
ratio being achieved, since surface area relates to entry and exit
of substances, and volume relates to utilization of the sub-
stances. The surface area is the cell’s available cell membrane.
This regulates the entry and exit of substances and, therefore,
accommodates intracellular requirements. As cells grow, the
surface area increases at a slower rate when compared with the
change in cell volume. This is because the surface area increases
with the square of the cell radius, whereas the volume increases
with the cube of the radius. If the cell membrane cannot sup-
port the increase in volume, then intracellular disturbances and
potential imbalances will occur (i.e. there will be insufficient
nutrients available and a build-up of waste products of chemi-
cal reactions will occur). Cells therefore probably have inbuilt
mechanisms that register the point at which cellular function is
impaired and cause cell division to preserve the homeostatic
status of cells. The components of homeostasis are involved, i.c.
intracellular receptors detect the impairment and send the
information to the homeostatic control of the cell (gene). The
gene produces the enzyme DNA polymerase, which causes cell
division to re-establish the surface area/volume ratio compati-
ble for preserving homeostatic function.

There are two types of cell division: somatic (body) cell divi-
sion (mitosis) and reproductive cell division (meiosis). In each
case, the dividing ‘parent’ cells produce ‘daughter’ cells.

Mitosis

Mitosis ensures that the daughter cells have the same number
of chromosomes (hence genes) as the parent cell, and identical
DNA. For this to occur, the DNA of the parent cell must first
be duplicated so that one copy can be passed into each daugh-
ter cell. Mitosis is therefore sometimes referred to as duplica-
tion division. The occurrence of mitosis completes one cell
cycle and initiates the next one.

The cell cycle

The cell cycle is the sequence of events by which a cell dupli-
cates its contents and divides into two (Figure 2.15a). The cell
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cycle consists of two major stages: the interphase, during which
a cell is not dividing, and the mitotic stage, during which the
cell is dividing (Figure 2.15b).

Interphase

The cell does most of its growing in preparation for cell divi-
sion during the interphase. It is nor a ‘resting stage, as
described in some textbooks. The interphase has presumably
been referred to as the resting stage because a physical charac-

Genes and cell division

() TWO IDENTICAL
DAUGHTER CELLS
PRODUCED

Figure 2.15 (a) Cell division: simple scheme demonstrating that the dividing
parent cell produces two identical daughter cells with the same number of
chromosomes. (b) Stages and phases associated with the cell cycle. (c)
Diagrammatic representation of the various phases of the mitotic stage of
cell division (the cell goes progressively through the phases 1-4). Prophase:
chromatin shortens and coils into chromosomes (chromatids), nucleoli and
nuclear membrane become less distinctive, and centrioles separate and
move to the opposite poles of the cell. The mitotic spindle appears.
Metaphase: centromeres of chromatid pairs line up on the cell’s equator to
form the chromosomal microtubules and attach to centrioles. Anaphase:
centromeres divide, and identical chromosomes move to opposite ends of
the cell. Telophase: nuclear membrane reappears and encloses
chromosomes, chromosomes resume chromatin formation, nucleoli
reappear, mitotic spindle disappears, and centrioles duplicate. Cleavage
furrow forms around equatorial plane, progressing inwards and separates
the cytoplasm into two separate and equal portions

teristic of the phase is the absence of visible chromosomes.
DNA appears as a thread-like mass of material within the cell
nucleus, and is referred to as chromatin. There are three dis-
tinctive phases to the interphase: G, S and G, (Figure 2.15b);
‘S’ stands for ‘synthesis’ of DNA, and ‘G’ stands for ‘gaps’ in
DNA synthesis.

The G, phase occurs immediately following the mitotic
phase (i.e. after a new cell has been produced). During G, the
cell is actively duplicating its organelles and other cellular
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components, but not its DNA. The centrosome begins to
replicate in this phase but does not end until G,.

The S phase occurs between the G, and G, phases. During
the S phase, the DNA replicates to ensure that the daughter
cells formed will have identical genetic material to the parent
cell. During DNA replication, its helical structure partly
uncoils, and the two strands separate where hydrogen bonds
connect the base pairings (Figure 2.16). Each exposed base
(known as the template nucleotide) picks up a complementary
base nucleotide (with its associated sugar and phosphate).

BOX 2.14 THE CELL CYCLE AND CHROMOSOMAL DAMAGE
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Hydrogen-bonding site

OLD STRAND

Figure 2.16 Replication of DNA

Uncoiling and complementary base pairing continue until
each of the two original DNA strands is joined completely to a
newly formed complementary DNA strand. The original
DNA has now become two identical DNA molecules.

During the G, phase, the cell continues to grow, and
enzymes and other proteins are synthesized in preparation for
cell division; before mitosis can begin, the cell needs to double
its mass and contents. The replication of the centrosome is
completed in this stage. Once a cell has completed the G,
phase, the mitotic stage begins.

A ‘typical’ body cell with a cell cycle time of 25 hours has a G, phase
lasting 5-10 hours, an S phase of 6-8 hours and a G, phase of 3-6
hours. The duration of these phases is quite variable according to the
ability of the specialized cells to repair, regenerate and divide and so are
simply illustrative (see Figure 11.11, p.287). Some specialized cells (e.g.
most nerve cells) remain in the G, phase for a very long time, and may
never divide again. These are said to be in the G, state (see Figure
2.15b). However, most cells enter the S phase and thus are committed
to cell division. Division is limited in skeletal muscle cells and neurons
after specialization because of their complexity.

Although DNA duplication should conserve the genetic make-up of a
cell, errors can occur during mitosis, with the consequence that daugh-
ter cells may exhibit chromosomal abnormalities such as additional
chromosomes. Depending on the extent of the abnormality, such errors
during cell division in the adult may not affect bodily function because
this reflects the net effect of many thousands of cells. An accumulation
of errors with age may, however, contribute to declining function with
age, or even to the incidence of certain diseases such as cancers. In the

embryo and fetus, however, when cells are specializing, differentiating
and growing, errors in cell division can have a pronounced influence on
tissue development and function.

An extra chromosome present in the zygote is called a trisomy (‘tri-’ =
three, ‘-somy’ = bodies). Trisomy may have a devastating effect, since all
the cells derived from the zygote will have an extra chromosome (hence
extra genes), causing the signs and symptoms that are used to diagnose
the syndrome. The best known example is trisomy 21, previously known
as Down syndrome, in which the trisomy occurs as an error during meio-
sis of the female gametes (hence the condition is also known as a mater-
nal syndrome). The range and severity of symptoms in the person with
Down syndrome will vary depending upon how many novel detrimental
genes associated with their extra inherited genes are expressed. That is,
very few signs and symptoms exist if the extra genes inherited only
involve the expression of only a small number of novel genes, while signs
and symptoms may be severe if the extra genes inherited involve the
expression of a large number of novel detrimental genes. (See Figure
19.21, p.543).



BOX 2.15 TUMOURS AND CANCER

Genes and cell division

All disorders involve a disturbance of cell function somewhere within the
body. Many examples are provided throughout this book; this section will
concentrate only on disorders of cell division.

A tumour is a swelling produced by an abnormally accelerated period
of growth and reproduction of cells (called neoplasm). Tumours are clas-
sified as benign or malignant. Benign (non-cancerous) tumour cells are
localized and encapsulated. These cells develop singly, or occasionally
in small groups, and usually pose no threat to life. They are deemed safe
as long as the tumour does not produce symptoms through pressure on
vital tissues or become unsightly. Only a small percentage of benign
tumours lead to ‘secondary’ growths (or metastases). These are referred
to as ‘innocent’ tumours and may not necessarily be removed. However,
if the size or position of the tumour impairs tissue or organ function, then
surgical removal is required. This procedure is straightforward since
benign tumours are encapsulated. Post-surgery, there is no danger of
secondary tumours and little chance of recurrence.

Malignant (cancerous) tumour cells leave the original tumour site and
infiltrate other tissues and organs. This spread (metastasis) is dangerous
and difficult to control. This is because at their new sites metastatic cells
divide mitotically and produce secondary tumours that will affect the
functional capacity of the newly affected tissues or organs (Figure 2.17).

The term ‘cancer’ refers to a variety of illnesses, many of which are
characterized by the appearance of tumours. Cancers are classified
according to the type of tissue involved:

e carcinoma: malignancy of epithelial cells. Epithelial cells line hollow
tubes and organs throughout the body;

* leukaemia: malignancy of certain white blood cells;

e sarcoma: malignancy of other body cells.

The functions of cancer cells differ from normal cells. The cells are
abnormally large or small, and many have chromosomal abnormalities.
Cell division is accelerated, and changes in function are largely irre-
versible. As the number of cancer cells increases, organ function
becomes abnormal, and homeostatic imbalances associated with that
system and the interdependent organ systems become apparent. Also,
cancer cells compete with normal cells for nutrients, thus compromising
the function of localized cells.

Aetiology of cancer

Cancer research has yet to demonstrate fully why certain cancer cells
behave in the way they do. Nevertheless, much is known about the pre-
disposing factors (Table 2.4). In addition, many environmental carcino-
gens have been identified, including plant poisons, microbial and animal
toxins, tar (benzpyrene) in cigarette smoke, food additives, and deficien-
cies of vital nutrients such as vitamin A.

Table 2.4 Summary of ‘cancer inducers’

Specificity is also observed, since most carcinogens affect only those
cells capable of responding to them, and very few carcinogens, such as
radiation, affect cells generally throughout the body. In general, cells
normally capable of rapid division record a high incidence of cancer,
since they are more likely to respond to chemical or radiation carcino-
gens. Consequently, the incidence of epithelial tissue and stem cell
(immature cells prone to rapid division) cancers are very high, while the
rates of muscle and nervous tissue cancers are comparatively low.

Principles of correction

Because of the incurable nature of some cancers, prevention is para-
mount and this obviously involves avoiding exposure to known carcino-
gens. Should a tumour grow, however, then the odds of survival are
markedly increased if the cancer is detected early, especially before it
undergoes metastasis. Treatment of malignant tumours must be accom-
plished by one of the following:

* Killing the cancer cells: the treatment for early accessible tumours is
surgical removal, accompanied by dissection of the related lymph
glands, which may contain some migrating cancer cells. Deep X-ray
radiation (radiotherapy), heating and freezing of cells are particularly
effective treatments before metastasis. Radiotherapy prevents cell
division by using ionizing radiation to break down the chemicals in
chromatin and the cytoplasm. Radiation can be directed specifically at
the tumour, but other parts of the patient’s (and therapist’s) body must
be protected. The lead aprons worn in X-ray departments protect
against these damaging particles.

* Preventing replication of cancer cells: cytotoxic drugs (chemotherapy)
kill cancerous tissue by preventing mitotic divisions (Moran, 2000). For
example, the drugs vinblastine and vincristine prevent mitotic activity
of the cancer cells by blocking the assembly of the mitotic spindle. The
problem is that these drugs are non-specific in their effects.
Consequently, other mitotically active cells, such as those of the gas-
trointestinal tract, bone marrow and hair, are affected, which explains
the side-effects of these drugs, including sore mouth, gastrointestinal
tract disturbances, anaemia and hair loss.

The most effective therapies often involve a combination of proce-
dures, such as radiation plus chemotherapy or surgery followed by radi-
ation plus chemotherapy.

At present, tumour cells cannot be poisoned without harming healthy
cells. Immunotherapy involves administering substances that enable the
immune system to recognize and attack just the cancerous cells, and
recent advances in ‘designer’ drugs also raise the possibility of specific
treatments in the future (see Chapter 19, p.556).

Hereditary predisposition
Inherited characteristics make the individual more susceptible.
Approximately 19 forms of inherited cancers have been identified to date.

Radiation exposure

The governmental health safety standards protect against harmful levels
of carcinogenic substances. The problem is that not all the environmental
‘pollutants’ have been tested for their potential carcinogenicity.

Sex
Certain cancers are frequently associated with one particular sex.
For example, breast cancer is more common in females.

Carcinogen/mutagen factors
Many carcinogens are mutagens, since they cause chromosomal
changes, e.g. insecticides.

Chronic tissue damage

Injuries, instead of repairing or regenerating the cells affected, can produce
cancer cells. For example, skin cancers due to overexposure to ultraviolet
radiation (sunlight).

Age

Gene activity changes throughout life, and thus one’s susceptibility to
certain cancers changes. For example, colonic cancers are more
common in people over 40.

Viruses
There are increasing numbers of viruses being linked to certain cancers,
e.g. the papillomavirus that is responsible for cervical cancer.
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Figure 2.17 (a) The pathogenesis of metastases; (b) patient exhibiting right breast cancer; (c) patient receiving
radiotherapy for right breast mastectomy area; (d) patient exhibiting lymphoedema of left arm owing to left
breast malignancy; () patient exhibiting secondary metastasis in index finger of the left hand, from primary
breast cancer site. Figures (b), (c) and (e) reproduced with the kind permission of the Medical lllustration
Department, Norfolk and Norwich University Hospital NHS Trust. Figure (d) reproduced with the kind
permission of Abrahams et al. from /lllustrated Clinical Anatomy, Hodder, London



Mitotic stage

This stage lasts for about 1 hour. It consists of nuclear division
(mitosis; i.e. when the nucleus and its chromosomes divide)
and cytoplasmic division (cytogenesis). These events are visible
to the microscope.

Biologists divide mitosis into four phases: prophase,
metaphase, anaphase and telophase. See Figure 2.15¢ for a
summary of the events associated with each stage.

Meiosis

Meiosis is referred to as ‘reduction division’, since it ensures
that the daughter cells have only half of the chromosome com-
plement, i.e. the cells will have only 23 chromosomes (the hap-
loid number, ‘hapl-’ = half) in contrast to the 46 chromosomes
(the diploid number, ‘dipl-’ = double) of the parent cell.
Reduction division occurs in the male and female sex organs
(gonads) during the production of the male and female sex
cells (gametes; spermatozoa and ova, respectively) (see Figures
18.11, p.501 and 18.13, p.504). Meiosis is necessary so that
the ‘normal’ chromosomal number is restored in the zygote

after fertilization, and if it fails it has major implications for
inheritance (see Box 19.10, p.544 and Figure 19.19a, p.543).

The role of genes in cell homeostasis

Many cellular reactions occur in specialized organelles and dis-
tinctive areas of the cytoplasm. All metabolic activities directly
involve enzymes, and thus are controlled indirectly by the
nuclear DNA, since genes are responsible for enzyme produc-
tion. The availability of enzymes therefore controls biochemi-
cal/physiological and psychological activities to ensure
homeostasis. The chemical nature of these reactions means,
however, that regulating the availability of raw materials (reac-
tants or substrates) and/or products provides another means of
controlling metabolic activities. For example, if we restrict the
oxygen supply to cells, ATP levels decrease, even though there
may be adequate levels of glucose for cell respiration to occur.
A decrease in ATP will affect cellular metabolism generally,
since it is involved in many chemical reactions. If the levels of
oxygen are restored, then (providing glucose levels are ade-
quate) ATP levels will be restored and normal cellular activity
will be resumed.

How are genes controlled?

While enzymes provide the link between genes and metabolic
activity, the question arises as to how gene activity is expressed
at the appropriate time. Various models of control have been
proposed. These are based mainly on work with bacteria, and
they suggest ways by which genes (DNA) control enzyme syn-
thesis in response to the presence of substrates (reactants), end-
products and/or external regulatory mechanisms. We will
discuss only one model here, since it is outside the scope of this
book to explore the variety of models that exists.

The operon theory of genetic expression

One way to maintain the intracellular homeostasis is to modu-
late enzyme production according to the changing micro-

Genes and cell division

environment inside the cell. For example, when the concentra-
tion of the endproduct of a reaction is above its homeostatic
range, enzymes involved in its production could be inhibited
and so prevent further increase (i.e. negative feedback; see
Figure 1.8, p.14). The converse is true for an excess of reac-
tants (Figure 2.18), i.e. enzymes are produced to remove the
excess, usually by storing, transferring or destroying the chem-
ical in excess. If neither of these mechanisms is possible, then
the excess is secreted from the cell to maintain intracellular
homeostasis of that chemical (see later). There are many theo-
ries of the gene expression to explain the regulation of enzyme
synthesis; only one will be discussed — the operon theory —
since it is outside the scope of the textbook to discuss other
theories.

Jacob and Monod (1961), the proposers of the operon the-
ory, worked with the bacterium Escherichia coli. They reported
that they could produce two enzymes on demand if the cul-
tured medium of E. coli was changed from the monosaccharide
glucose to a disaccharide, lactose, made of glucose and galac-
tose. When grown on a glucose medium, E. coli was able to use
glucose directly in cellular respiration (Figure 2.19a). When
grown on a lactose medium, however, the following enzymes
were produced:

® Permease: produced to make the membrane more permeable
(hence the enzyme’s name) to lactose, which is a larger
chemical than glucose. Remember, large molecules move
across the cell membrane at a slower rate than small mole-
cules.

® Beta-galactosidase: produced to convert lactose into its con-
stituents, glucose and galactose (Figure 2.19b).

Jacob and Monod explained enzyme production, or induc-
tion, by way of the operon theory. They argued that there was
a linear segment of DNA called the operon that controlled
enzyme (protein) synthesis. In this case, the operon was com-
posed of three genes — two structural and one operator (or pro-
moter):

® Structural gene: contains the code necessary for the produc-
tion of the enzyme. In this case, two structural genes are
involved: the permease gene and the beta-galactosidase gene.

® Operator gene: controls the transcription of the structural
gene necessary for protein synthesis.

Another gene called the regulator (or repressor) gene is
involved in operon activity. This gene codes for the produc-
tion of a regulatory or repressor protein (enzyme) that regu-
lates the activity of other genes within the operon (Figure
2.19¢).

The genes and their transcribed proteins therefore interact
to provide control over the operon. The overall effects of this
interaction are to ‘switch on’, or express, the structural gene
when needed, and to ‘switch off’, or repress, the structural gene
when enzyme production is not needed.

When an enzyme is required, such as when there is an excess
of the substrate (reactant), the structural gene is expressed to
reduce the substrate level to within its homeostatic range (see
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Figure 2.18 Intracellular metabolic homeostasis via enzyme production and inhibition. The reaction goes to the right when there is excess substrate (S) and a
deficiency of the product (P). This is controlled by producing enzyme A (E,), and by stopping the production of enzyme B (E;). The reaction goes to the left when there
is an excess of P and a deficiency of S. This is controlled by producing E, and by stopping the production of E,. The reaction stops when the homeostatic ranges of S

and P are achieved

Figure 2.18). Enzyme production may be repressed, for
example when there is an excess of the product, or when there
is a low level of the substrate specific for that particular
enzyme. Using the example above, when E. coli is grown on a
glucose medium, there is no suitable substrate (i.e. lactose), so
there is no need to express the permease or beta-galactosidase
structural genes. Consequently, the repressor protein blocks
the operator and so represses transcription of the structural
gene. This repression prevents the wasteful production of
enzymes, a factor that is important in controlling intracellular
homeostatic levels of enzymes.

Conversely, when E. coli is grown on a lactose medium, per-
mease is produced to allow faster movement of lactose into the
cell (a build-up of the substrate thus occurs). It then becomes
necessary to express the beta-galactosidase gene to enzymati-
cally convert lactose into its constituent monosaccharides
(Figure 2.19b,¢).

Gene expression: the link with intracellular
homeostasis, health, ill health and development

Enzyme induction and inhibition are directly responsible for
maintaining intracellular homeostasis. According to the
operon theory, enzyme production involves the activation of
the operator gene necessary for synthesis of that enzyme. As

outlined earlier, enzyme synthesis may be promoted by the fol-
lowing situations:

1 The availability of the enzyme is below its homeostatic range
(see Figure 1.7, p.11).

BOX 2.16 THE p53 TUMOUR SUPPRESSOR GENE

The gene p53 (on chromosome 17) regulates mitosis by acting as an
inhibitor and as such is a tumour suppressor gene, i.e., its activity stops
the formation of tumours. Mutations in p53 are found in many tumours,
and so play a part in the complicated set of connections that lead to the
development of many tumours. If a child inherits only one functional
copy of the p53 gene rather that the usual two from their parents, they
are more susceptible to developing cancer.

In the cell, p53 protein binds DNA, which in turn activates another
gene to an enzyme, which produces a protein called p21 that interacts
with a cell division-stimulating protein (cdk2). In the combined form the
cell cannot pass through to the next stage of cell division. Mutant p53 no
longer binds DNA in an effective way and, as a consequence, the p21
protein is not made accessible to perform as the ‘stop signal’ for mito-
sis. Thus cells divide non-stop, and form tumours.

While p53 has an important role in the pathogenesis of human can-
cers, it is only one factor of a network of events that terminate in tumour
formation.

Drug companies are currently trying to develop drugs to modulate
such genes or their proteins.
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Figure 2.19 The Jacob—Monod operon theory. (a) Escherichia coli grown on a
glucose medium; (b) E. coli grown on a lactose medium; (c) Enzyme induction
and inhibition. R, repressor (or regulator gene); 0, operator gene; P, permease;
G, beta-galactosidase genes (structural genes); RPr, repressor (or regulator)
protein; +, enzyme induction; X, enzyme inhibition. Summary: there is enzyme
induction when grown on a lactose medium and enzyme inhibition when grown
on a glucose medium

Q Using the principles applied to the operon theory, describe how: (1) the levels
of intracellular metabolites are controlled; (2) cell specialization occurs; (3)
overexposure to ultravoilet light may cause skin cancers; (4) drugs may be used
to correct homeostatic imbalances.

Genes and cell division

BOX 2.17 HYPOTHYROIDISM

A failure to increase enzyme production will result in deficient substrate
utilization. For example, in hypothyroidism there is a deficiency of thy-
roid hormone production. This deficiency means that the synthesis of
enzymes involved in the conversion of glucose into energy is compro-
mised, since thyroxine controls the rate of enzyme production. Cell
metabolism is therefore depressed, resulting in symptoms such as apa-
thy, slow thought processes, and a slowed pulse rate (for further infor-
mation see the case study on hypothyroidism in Section VI, p.646).

2 The substrate (metabolite) is beyond its homeostatic range.
The excess material must be removed, using further enzymes
to remove the homeostatic disturbance hence potential
imbalance. For example, in health excesses may be removed
in various ways:

(i) The substance may be stored in a related form, e.g.
excess intracellular glucose is stored as glycogen by the
production of the enzyme glycogen synthetase.

(ii) The substance may be converted into another form; for
example some amino acids in excess may be transferred
(transaminated) into others if needed (i.e. if their home-
ostatic levels are compromised). Alternatively, excess of
other amino acids may be broken down (deaminated)
into energy-producing chemicals (keto acids) and urea.
Keto acids are fed into the cellular respiratory pathway;
urea is a metabolic waste product that is usually
excreted. Transamination and deamination processes
are instigated by the synthesis of enzymes known as
transaminases and deaminases, respectively.

(iii) Toxic substances (e.g. alcohol), administered substances
(e.g. drugs) and circulating substances (e.g. hormones)
are converted to less active forms or are destroyed.
Failure to produce the enzymes involved will result in
prolonged activities of these substances. This is one of
the complications of cirrhosis of the liver, in which liver
function is severely disrupted. Transamination and
deamination occur in the liver. A raised serum transam-
inase level is indicative of liver disorders.

3 ‘Old’ or defective organelles must be broken down, and new
organelles must replace the loss, to ensure intracellular
homeostasis. The metabolic reactions involved require enzy-
matic synthesis and action.

4 Ultimately, a patient’s illness (homeostatic imbalance) is a
result of an environmentally induced gene expression or
repression. Healthcare interventions seek to redress the
patient’s homeostasis. Interventions operate at a cellular level
either blocking or enhancing the gene activating receptors,
and/or directly by switching genes on or off, and/or indi-
rectly by modulating gene expression, thus affecting enzyme
production or their activities (see Box 2.5, p.32 for further
information).

5 The subjective perceptions of pain, stress, and the ‘time’
inside your body (circadian rhythms)
gene—enzyme interactions (these topics are discussed in

Chapters 20-22).

also involves
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BOX 2.20 GENE INVOLVEMENT IN DISEASES THERAPIES

Gene expression is vital to the integrity of metabolic activity in cells. Loss
of genes by a mutation (called a deletion) will produce significant alter-
ations to cell metabolism, some of which may be sufficient to induce a
disease state (e.g. cri du chat syndrome, p.529). Most disorders that
arise from the inheritance of single defective genes have now been iden-
tified; most are evident at birth. The most common example in the UK is
cystic fibrosis (CF). In up to 90% of patients with CF, pancreatic insuffi-
ciency necessitates the use of pancreatic enzyme replacement therapy,
but there are concerns about the self-administration of inappropriately
high dosages of enzymes (Basketter et al., 2000).

Recent years have also provided increasing evidence for genetic
involvement in diseases of adulthood. These disorders seem likely to
involve mutations in many genes, or altered gene expression, but the
promoting mechanisms are incompletely understood. Some mutations
may be inherited, while others are accumulated during life. For example,
colorectal cancer tends to occur in middle to late adulthood, and its inci-
dence is greatest in countries with high socio-economic standards. The
onset of colorectal cancer is related to prolonged contact between the
faecal mass and colon mucosa. A diet low in dietary fibre and high in fats
increases the risk of developing the cancer because of the accumulation
of substances made by colonic bacteria that mutate DNA. The develop-
ment of colorectal cancer appears to result from genetic deletions from
various chromosomes (Department of Health, 1995). Clearly, an individ-
ual who inherits some of these deletions will be at increased risk of
accumulating the remaining deletions during life. This helps to explain
the occurrence of cancer primarily as a disease of adulthood. Some
genes seem to be more crucial in this than others; e.g. people who
inherit an altered dominant gene on chromosome 5 exhibit familial ade-
nomatous polyposis coli. These people have a high incidence of polyps
(@ tumour within the mucous membranes) within the colon, and are
more likely to develop colorectal cancer at an earlier age then those peo-
ple who do not have the gene.

Note the role of diet and lifestyle in this disorder. The aetiology of the
cancer is one of gene inheritance (i.e. nature) combined with environ-
mental influences on genes and gene expression (i.e. nurture). The
recognition of environmental modification of genes and/or gene expres-
sion will result in health education in the not-too-distant future for the
prevention of many common disorders, including heart disease and
insulin-independent diabetes mellitus. Information obtained from the
Human Genome Project has implications for clinical research, and
healthcare and nursing practice. The project will revise our understand-
ing of an individual’s susceptibility to disease from a nature—nurture per-
spective. Consequently, innovative clinical tests and gene therapies will
evolve to benefit patient care (Munro, 1999).

Cellular injury and death

Cells adapt to their exposure to ‘stressors’ via changes in their
structure (anatomy) and function (physiology). Cellular adap-
tation is necessary for the cell to survive. Nevertheless, if the
stressors are too powerful, or are long-lasting, the cell’s ability
to adapt diminishes, resulting in injury and/or death (Figure
2.20). Stressors such as ischaemia can be overcome, as long as
it is not too overwhelming and is not long-lasting. Other stres-
sors such as radiation, oxidative stress, chemicals with extreme
pH and pathogens can cause injury, followed by cellular death,
if the injury is too powerful.

Once the cell has adapted it cannot return to its normal
state. Damage to cells beyond the cell’s ability of recovery
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Figure 2.20 Cellular response to stressors. Redrawn with permission from
(Rubin, E. et al. Rubin’s Pathology. Fourth edition (2004) Lippincott, Williams and
Wilkins)

result in cell death. The two main ways in which cells die are
apoptosis and necrosis.

Apoptosis

Apoptosis is often referred to as ‘cellular suicide’. It may be a
physiological and pathophysiological cell response to cell sig-
nals. It is a programmed cell death, instigated by a genetic sig-
nal, and is an ingenious way to replace cells that cannot restore
homeostasis with new cells. Cell death arises because enzyme-
led chemical reactions change the function of the cell’s
organelles and other compounds. Stressors which bring about
programmed death include: mutagens (i.e. factors that change
genetic material), carcinogens and factors which promote age-
ing and trauma.

Physiological apoptosis occurs naturally in embryological
development, when the cells grow, differentiate and specialize
into well-defined tissues, organs and organ systems. For exam-
ple, embryonic hands begin their developments as outgrowths
in the shape of ‘buds’; these differentiate into webbed shapes
by approximately the fifth week of embryological develop-
ment. Cartilage and bone development is followed by bone
ossification during the seventh week, in association with the
transformation of the hand into digits through the process of
physiological apoptosis by the eighth week of embryological
development. Failure to do this results in a pathological apop-
tosis, called syndactylism (i.e. the webbing of fingers due to the
incomplete separation of soft tissue — see Figure 2.21). It is
thought that autoimmune diseases, such as rheumaroid arthri-
tis and diabetes type I, are examples of pathological apoptosis
occurring,
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Figure 2.21 Syndactylism of the right thumb (digit 1) and digit 2 finger.
Reproduced with kind permission of the Medical lllustration Department, Norfolk
and Norwich University Hospital NHS Trust

Necrosis

Cell death by necrosis is a disorderly process related to cellular
injury and inflammation. Accompanying cell injury is the
depletion of the cell’s energy storage component (ATP), and
organelles. The cell dies if there is irreparable damage to the
mitochondria, since sufficient quantities of ATP cannot be
produced to sustain metabolism. Lysozymes are released from
lysosomes, resulting in cellular component destruction in a
process called autolysis (Figure 2.10). The breakdown of the
cell membrane barrier results in the loss of the cell contents.
Phagocytes are chemically attracted (via the process of chemo-
taxis) to the area and these cells digest the cellular debris in the
process of phagocytosis (see Figures 2.8a, p.31 and 13.10,
p-378). The result is local inflammation and death (necrosis)
of cells (Figure 2.22).

Causes of cellular injury and death

Cells can be damaged in many ways that result in injury or
death. Physical injury from pathogenic chemicals (e.g. bacter-
ial toxins), mechanical harm (e.g. sports injury) or thermal
wounds can cause damage to the cell’s anatomy and hence its
physiology. A common toxin is alcohol, which can cause
injury to the liver if the exposure is prolonged. Cellular dam-
age can result from ‘deficit injury’, in which cells are deprived
of vital metabolites (e.g. oxygen, water, nutrients). This deficit
injury is found in conditions of ischaemia, eating disorders
such as anorexia nervosa (see the case studies on myocardial
infarction, in Section VI, p.654).

Oxidative stress involves exposing cells to active free radicals
that are formed by the reaction between oxygen and water dur-
ing mitochondrial (aerobic) respiration. An example of a free
radical is hydrogen peroxide. Damage to cells can occur from

Figure 2.22 Diabetic foot with necrosis of the digits
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Figure 2.23 Cell response to oxidative stress: (a) cell adapts through appropriate
gene expression, i.e. enzymes produced to inhibit free radicals (FR); (b) cell is
damaged by inappropriate gene expression i.e. enzymes not produced to inhibit
FRs. Redrawn with permission from (Rubin, E. et al. Rubin’s Pathology. Fourth
edition (2004) Lippincott, Williams and Wilkins)

excessive exposure to free radicals (which often cause damage
to cells by targeting the genes) or an insufficient availability of
enzymes, which convert the radical to less harmful substances,
hence limiting the cell damage. Free radical injury is impli-
cated in many conditions, for example diabetes, cancer, heart
disease, infection, inflammation, through the ageing process
and the use of drugs and chemicals (Figure 2.23).
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BOX 2.21 EMBRYONIC GERM LAYER DIFFERENTIATION

Each cell type differentiates during embryonic development from the
three embryonic germ layers (endoderm, mesoderm and ectoderm; see
Table 19.1, p.527). The expression and non-expression of developmen-
tal genes (see the earlier discussion on the operon theory) effected by
microenvironmental triggers control the process of specialization, e.g. a
muscle cell is formed by the expression of genes concerned with the
structural and functional development of this cell type, and by the non-
expression of other developmental genes such as blood cell genes.
Functional specialization is necessary, as each cell type has an
important homeostatic role to play in the person. There is a ‘division of
labour’, so that the individual can carry out the characteristics of life
described in Chapter 1, p.68. For example, muscle tissues enable the
individual to move, skeletal tissue supports the body, glandular tissues
act as secretory cells that release enzymes or hormones, and vascular
tissues are involved in the defence of the body. Once they have special-
ized, some cells lose their ability to perform other functions. For exam-
ple, the mature red blood cell is concerned with the transport and
exchange of respiratory gases, but as a result of this specialization it
loses its capacity to divide, since it has no nucleus or nuclear compo-
nents. Nerve and muscle cells generally also lose this replication func-
tion once they become specialized, with the consequence that if such
tissues are damaged they are capable of only limited regeneration.

TISSUES AND TISSUE FUNCTION

A tissue is defined as a collection of similar cells and their com-
ponent parts that perform specialized homeostatic functions.
The entire body is composed of only four primary tissue types
— epithelial tissues, connective tissues, muscular tissues and
nervous tissues — each having many subtypes with different
roles.

The study of tissues is called histology (‘histo-” = tissue).
Histology is concerned with the broader patterns of cellular
organization, the structure of tissues, and how this structure is
important in determining the tissue’s homeostatic functions in
the organization of the whole person. Tissues are a good exam-
ple of the complementary interplay between anatomy and
physiology. Biopsy involves using laboratory techniques to
examine tissue samples for abnormalities. This is known as
histopathology (‘patho-" = disease).

The body also contains a number of membranes formed
from epithelial cells supported by connective tissue. This chap-
ter is concerned with epithelial and connective tissues, and the
types of membrane found in the body. Nervous tissue, skeletal
muscle tissue, muscle tissue types, and specialized connective
tissues, such as bone and the vascular (blood) tissues, are
described in later chaprters.

Epithelial tissues
There are three types of epithelia:

e simple epithelia, which are just one cell thick;
* compound epithelia, which are more than one cell thick;
e glandular epithelia, which produce the secretions of the

body.

All are derived from the embryonic germ layers, and since
they have different structures, they have different functions.

Homeostatic functions of epithelia

® Protection: simple (to a limited extent) and compound
epithelia protect the underlying tissues from pathogenic
invasion, desiccation (drying out) and harmful environmen-
tal factors, such as ultraviolet radiation.

® Transport: simple epithelia have important roles in control-
ling the transport of substances across membranous surfaces.

® Lining: simple, compound and glandular epithelia line inter-

nal cavities and tubes of the body, such as the respiratory and

digestive tracts.

Secretory: glandular epithelia are responsible for producing a

variety of substances (sebum, sweat, tears, etc.) that have par-

ticular homeostatic functions; for example, the production
and secretion of sweat are important thermoregulatory
mechanisms.

Epithelial tissues consist of flat sheets of cells. All epithelia
have a basement membrane, which is a thin layer of ‘cement-
ing’ material on the underside of the tissue that holds the cells
together.

Simple epithelia
Simple (covering and lining) epithelial cells are arranged as a
single layer. These tissues are located in areas where they can

carry out their roles of absorption or filtration (e.g. the respira-
tory surfaces of the lung).

Pavement epithelia

The side view in Figure 2.24 demonstrates that this tissue is
made up of very thin, flat cells. Squamous epithelia are not
found in areas where there is wear and tear, but will be located
in areas that are adapted for the homeostatic functions of rapid
diffusion, osmosis and filtration, such as in the alveoli of the
lungs, the double-membranous Bowman’s capsule of the kid-
ney nephrons, the internal lining of the blood vessels and the
inner surface of the heart, the lining of lymphatic capillaries,
and the serous membranes of the body. These epithelia gener-
ally have fluid on one side and blood vessels on the other, so
transport can occur between the two. They permit frictionless
flow of fluids across their surfaces
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Figure 2.24 Side view of squamous (pavement) epithelium
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Figure 2.25 Side view of cuboidal epithelium

Cuboidal epithelia

Figure 2.25 is a side view of a cuboidal epithelium; it shows the
cubic shape of the cells. These cells are slightly thicker than the
pavement tissues, but they are still thin enough for substances
to pass through them. This type of tissue is typically concerned
with absorption and secretory functions, and is found in, for
example, the thyroid gland, sweat glands, germinating layer of
the epidermis of the skin, anterior surface of the lens of the eye,
surface of the ovaries, and the proximal tubules of the kidneys.
In these tubules, the epithelium bears microvilli, which
increase the surface area for absorption of water. The nuclei of
both squamous and cuboidal epithelia are centralized, and are
either round or oval in shape.

Columnar epithelia

Figure 2.26a is a side view of a columnar epithelium; it shows
that these cells are taller or thicker than cuboidal cells. The
nuclei are oval, and are situated near the base of the cell.
Examples of location are the lining of the digestive tract from
the small intestine to the anus, and the lining of the gall blad-
der. The functions of columnar epithelia are varied. They pro-
vide a smooth area over which food can pass without friction,
protect underlying tissues, and aid food absorption (i.e. the
cells in the ileum possess microvilli that increases their surface
area; Figure 2.26b). Some intestinal cells are modified colum-
nar cells, called goblet or mucus-secreting cells (Figure 2.26¢);
their secretions lubricate or moisturize food to aid its passage
and the physical and chemical digestive processes.

Some columnar and cuboidal cells have cilia on their free
surfaces (Figure 2.26¢), which facilitate the movement of
materials along the duct. Examples of ciliated epithelia are the
linings of the airways, where ciliated cells move inhaled dust
particles and microbes from the trachea and areas beyond to
the oesophagus, so that they can be swallowed, and the lining
of the Fallopian tubes, where the cells move the female gamete
to the site of fertilization, and the zygote and developing
embryo to the site of implantation.

Compound epithelia

Compound (or stratified) epithelial tissue consists of two or
more layers of cells. Only the basal layer lies in contact with a
basement membrane. Cells of the other layers are derived from
this layer. Compound epithelia are found wherever mechanical
stresses are present, such as at the surface of the skin. One of
their functions is to protect underlying tissues; others produce
secretions, such as those lining the mouth and the anus.

Tissues and tissue function
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Figure 2.26 Columnar epithelium. (a) Side view. (b) Bearing microvilli. (c)
Containing goblet cells bearing cilia: (i) goblet cell producing vacuole of mucus;
(ii) vacuole moves towards the surface of the epithelium, which bears the cilia;
(iii) secretion of mucus across the surface of the epithelium

Identify the type of cell division associated with basal cells.

Stratified epithelia are named according to the shape of the
surface cells.

Stratified squamous epithelia

These epithelia are found wherever mechanical stresses are
severe. The basal cuboidal, or columnar cells are in contact
with the basement membrane, and are actively dividing.
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The new daughter cells go through a series of changes before
attaining the squamous shape of the most superficial cells.
These cells are sloughed off during times of friction. Locations
include the lining of the mouth, tongue, oesophagus and
vagina (i.e. wet areas that are subjected to wear and tear).

Keratinized stratified squamous epithelia

This is a particular form of squamous epithelium in which the
cells contain the waterproofing protein keratin. This enhances
the barrier properties of the tissue, making it resistant to fric-
tion and aiding the prevention of pathogenic invasion. The
epidermis of the skin is an example of this type of epithelium.

Stratified cuboidal epithelium

The role of this tissue is mainly protective. It is located in sweat
glands, the pharynx and the epiglottis.

Stratified columnar epithelia

The functions of this tissue are protection and secretion. It is
located in the male urethra, and in the lactiferous ducts of the
mammary glands.

Transitional epithelia

This is usually made of three or four layers of cells, and is a tis-
sue capable of being stretched. Before stretching, it has a
cuboidal shape; when stretched, the cells have a squamous
appearance (Figure 2.27). Its expansion properties help pre-
vent rupture of the organ in which it is found (e.g. the lining

of the urinary bladder).

Pseudostratified epithelium

This tissue appears to be an epithelium of several layers of
columnar or cuboidal cells. It is, in fact, a simple epithelium as

Stretch

Basement
membrane

Figure 2.27 Side view of transitional epithelium.

Basement
membrane

Figure 2.28 Side view of pseudostratified epithelium
Q How are epithelial tissues classified?

Q Where would you expect to find the following tissues: (1) simple cuboidal
epithelium with microvilli; (2) simple squamous epithelium; (3) pseudostratified
epithelium; (4) transitional epithelium?

all the cells have direct contact with the basement membrane
(Figure 2.28). Examples of location are the lining of the larger
excretory ducts of many glands, and parts of the auditory
(Eustachian) tube, which connects the middle ear with the
throat (or pharynx).

Glandular epithelia

This type of epithelium secretes various substances from glan-
dular cells, which either cover a lining epithelium or lie deep in
a covering epithelium. The production and secretion of sub-
stances requires energy expenditure; therefore the cells have a
high mitochondrial content. In addition, they usually have an
abundance of ER and Golgi complex, which are responsible
for the production and packaging of the secretions.

Glands are classified as either exocrine or endocrine. Their
embryological development is summarized in Figure 2.29.

Exocrine glands

Exocrine glands secrete their substances into ducts (either as
simple or compound exocrine glands) or directly on to a free
surface (Figure 2.30). Secretions from exocrine glands, which
are watery, are referred to as serous secretions. In contrast,
mucus glands produce viscous (mucous) secretions.

Most glands in the body are exocrine, including:

® sweat glands: secrete sweat or perspire to cool the skin. Sweat
also contains excretory products such as urea;

® digestive glands: the secretions from these glands break down
food materials, providing blood and hence body cells with
their nutrient requirements;

® ceruminous glands: secrete earwax (cerumen), which adheres
to atmospheric dust particles and microbes that have entered
the outer ear canal, thus preventing their entry into the deli-
cate organs of the inner ear;
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Figure 2.29 Development of (a) exocrine and (b) endocrine glands
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Figure 2.30 Structural types of multicellular exocrine glands. The secretory portions of the glands are indicated in green. The red areas represent the ducts of the

glands

® Jachrymal glands: moisturize and cleanse the surface of the
eye by secreting tears. They also contain antibodies, thus act
as an external defence mechanism.

Exocrine glands are classified according to the complexity of
their ducts, e.g. simple or compound glands, the shape of their
secretory structure, e.g. simple or compound tubular (Figure
2.30), or how the gland releases its secretion (Figure 2.31).
The mode of secretion is referred to as holocrine, apocrine or
merocrine:

® Holocrine (‘holos-’ = entire) glands: secretion from these
glands occurs after the entire cell has become packed with
secretions causing them finally to lyse or burst, thus releasing
these secretions (Figure 2.31a). Future secretions from this
tissue depend upon the lysed cell being replaced by the
mitotic division of stem cells. An example is the skin’s seba-
ceous (oil) gland cells.

® Apocrine (‘apo-’ = off) glands: the secretory products accumu-
late at the margin of the cell’s membrane (Figure 2.31b).
This portion, together with the surrounding cytoplasm,
pinches off from the rest of the cell to form the secretion.
Further secretions require a period of anabolic reconstruc-
tion of the secretory products. An example is the mammary
(lactiferous) glands.

® Merocrine (‘meros-" = part) glands: these cells provide their
secretory products in vesicles, which are then exocytosed

(Figure 2.31c). Salivary glands are examples of merocrine
tissue.

Endocrine glands

Endocrine glands do not have ducts, and therefore are some-
times referred to as ductless glands. These glands secrete their
products (i.e. hormones) directly into the circulatory system,
which takes them to a site of action in their target tissues. The
endocrine system, together with the nervous system, coordi-
nates all bodily activities in order to provide overall homeosta-
tic functions. The main endocrine glands are illustrated in
Figure 9.3, p.212

Mixed glands

Mixed glands contain a mixture of exocrine and endocrine
glandular tissue. The pancreas is an example, secreting a vari-
ety of hormones (see Table 9.1, p.211) from its endocrine
glandular tissue and a host of digestive enzymes (see Table
10.6, p.248) from its exocrine tissue. The male gonads, the
testes, are another example.

Refer to Chapter 18, p.486—7 to identify the exocrine and endocrine
secretions of the testes.
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Figure 2.31 Mechanisms of glandular secretion. (a) Holocrine secretion occurs
when superficial gland cells break apart. (b) Apocrine secretion involves the loss
of cytoplasm. Inclusions, secretory vesicles and other cytoplasmic components
may be shed in the process. (c) In merocrine secretion, secretory vesicles are
discharged at the surface of the gland cell through exocytosis

Q How do apocrine, merocrine and holocrine glands differ from each another?

Connective tissues

Connective tissues are the most common tissue type in the
body. Their general functions are to:

e protect the delicate organs that they surround;

® provide a structural framework for the body;

® support and bind other interconnecting tissue types within
organs;

® transport substances from one region to another;

® protect against potential pathogenic invaders;

® store energy reserves.

The binding and supportive connective tissues are highly
vascular. An exception is cartilaginous connective tissues,
which are avascular (‘a-” = absence), and as a consequence
repair is not perfect following damage. These various tissues
have distinct diverse appearances, but all have three common

characteristics: they all possess a fluid, jelly-like or solid ground
substance called a matrix, various cell types responsible for
secretion of the matrix and various protein fibres.

Connective tissues can be subdivided into the ‘true’ (proper)
connective tissues, and those that are specialized for particular
functions (Figure 2.32).

True connective tissues

These contain a viscous matrix and two types of cell:

o Fixed (immobile) cells: some of these cells have homeostatic
repair functions (e.g. stem cells, fibroblasts or fibrocytes),
whereas others have homeostatic defence functions (e.g.
phagocytes) or storage functions (e.g. adipocytes,
melanocytes).

Wandering cells: these cells have varying properties. Mobile
defence phagocytic cells (called macrophages) and mast cells

go to sites of injury. The former performs phagocytosis and
the latter produce and secrete substances such as histamine
and heparin at the site, which have local circulatory effects.
T- and B-lymphocytes are wandering cells responsible for
the cellular and humoral immune responses (see Chapter 13,

p-376-8).

Three different kinds of protein fibres are associated with
connective tissues. Collagen fibres are long, straight, stiff and
strong, and provide tensile strength. Reticular fibres, made of
reticulin, are interwoven between the collagen fibres, adding
flexibility to the properties provided by the collagen. Elastic
fibres, made of elastin, are branched and stretchable, and give
the tissue some elastic properties.

There are four types of true connective tissue: white fibrous
tissue, yellow elastic tissue, loose areolar connective tissue, and
adipose connective tissue (Figure 2.33).

White fibrous tissue

This tissue may also be termed dense collagen tissue because of
the large numbers of these closely packed fibres. There is less
matrix associated with this tissue compared with loose connec-
tive tissue. The fibres are produced by types of fibrocytes
located between the fibres, and are usually arranged in parallel
bundles. The tissue appears white or silvery, and is tough but
pliable. It is found in tendons, which attach muscles to bone,
and in ligaments, which strengthen joints between bones.
Less frequently, the fibres are arranged in an irregular fash-
ion. These tissues form the fascia of muscles, the dermis of the
skin, the periosteum (external lining) of bone, and the sup-
portive capsules around organs such as the kidneys and testes.

Yellow elastic tissue

This connective tissue is composed of elastin fibres produced
by another type of fibrocyte. These fibres make a loose branch-
ing network, and are capable of stretching and returning to
their original position. Much more matrix is present than in
white fibrous tissue. Examples of location are in those liga-
ments that must provide more elasticity than collagen liga-
ments, the trachea, bronchial tubes, true vocal cords, lungs,
and the walls of arteries.
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Figure 2.33 True connective tissue classification

Loose areolar connective tissue

This tissue contains the three different types of connective tis-
sue fibres — collagen, elastin and reticulin — and thus has the
properties of all three. Cell types present depend upon loca-
tion, but include macrophages, plasma cells (antibody-produc-
ing cells derived from B-lymphocytes), melanocytes
(melanin-producing cells) and adipocytes (fat-storing cells).
Consequently, this tissue has defence, protective and energy-
storage homeostatic functions. Loose connective tissue is
found throughout the body. Examples are the mucous mem-
branes, the outer layers of blood vessels and nerves, the choroid
layer of the eye, the covering of muscles, the mesenteries of the
gut, and the subcutaneous layer of the skin.

The collagen fibres of the subcutaneous layer of the skin
firmly fix the skin to the muscle underneath, although the
elastin fibres allow some stretching of the skin and allow the
skin to recoil immediately, while the reticulin fibres add flex-
ibility. A thick viscous matrix of hyaluronic acid is present,

and the (which  breaks

hyaluronic acid) may be added to hypodermic injections, as

enzyme hyaluronidase down
this changes the constitution of the matrix into a water con-
sistency and so aids the transportation of drugs, reduces ten-
sion and eases the pain of injection. Some bacteria,
macrophages and sperm cells also use this enzyme to increase

their penetrative capacity.
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BOX 2.22 LIPOSUCTION

Suction lipectomy, or liposuction, is the removal of subcutaneous fat
(‘lipo-’ = fat, ‘-ectomy’ = removal of) from certain areas of the body,
such as the buttocks, thighs, breast and abdomen. This treatment
results in only temporary removal of fat, however, and is not used to
treat obesity. It is usually performed for cosmetic reasons.

Adipose connective tissue

This tissue is concerned with the storage of fat. It contains
large, fat-containing cells, or adipocytes, but has little matrix
and few fibres. It is located subcutaneously (as the fat of the
skin) around vital organs, such as the kidneys, at the base and
the surface of the heart, and in the marrow of long bones. Its
homeostatic functions are the storage and provision of energy
(mobilized fatty acids can be utilized by the mitochondria of
most cells), insulation to reduce heat loss, and protection of
organs against injury.

Other types of connective tissues

These include skeletal connective tissue (see Chapter 3,
pp-61-4) and vascular (blood) connective tissue (see Chapter
11, pp.270-1).

Epithelial membranes

Epithelial membranes are not to be confused with epithelial
tissue: they are a combination of an epithelium and its under-
lying connective tissue. They can be subdivided into serous
membranes, mucous membranes and cutaneous membranes.
Synovial membranes are also found around skeletal joints, but
these are not epithelial membranes as they have no epithelia;
instead, they are composed of loose connective tissue, elastic
fibres, and fat. Synovial joints are considered in detail in

Chapter 3, p.84-7.

Serous membranes

Serous membranes (or serosa) cover the surface of organs and
consist of a loose connective tissue and a layer of mesothelium,
which is an epithelial layer of cells similar to simple squamous
epithelium. They are single-membranous structures, but they
fold back on themselves, leaving a small space between the
‘outer’ and ‘inner’ portions; they therefore appear as a double
membrane. The inner, or visceral, membrane covers the sur-
face of the organ and the outer, or parietal, layer attaches it to
the wall of the cavity in which the organ lies (e.g. the vis-
ceral/parietal pleurae around the lungs and the visceral/parietal
pericardia around the heart). The peritoneum, which lines the
abdominal and pelvic organs, and body wall, is the largest
serous membrane in the body.

Mucous membranes

Unlike serous membranes, mucous membranes (or mucosa)
line cavities that open directly to the exterior (i.e. the digestive,
respiratory and reproductive tracts). The mucosa has an
epithelial layer that secretes mucus. The functions of mucus
are to prevent cavities from drying out, to prevent dust and

BOX 2.23 WOUND HEALING

Damage to tissue instigates homeostatic adaptive changes (wound heal-
ing) to repair and regenerate the tissue’s structure and function so as not
to compromise the function within the body. For details, see Chapter 11,
p.287-96).

potential pathogenic organisms from passing down the air-
ways, and to lubricate food in the digestive tract so as to ease
the passage through the tract and to aid the processes of diges-
tion and absorption.

The structure of the membrane varies according to location
and function. For example, in the oesophagus and the anal
canal the epithelial layer is stratified, as there is much wear and
tear. In the intestine, a simple columnar epithelium aids the
absorption of nutrients.

Cutaneous membrane

Finally, the cutaneous membrane (skin) is a complex structure
involving a variety of tissues. Its anatomy and function are

considered in detail in Chapter 16, p.446-7.

Distinguish between serous and mucous membranes.

ORGANS

An organ is an orderly grouping of tissues with a discrete func-
tion. Organs can be tubular (hollow) or compact (parenchy-
mal).

Tubular organs

During embryological development, the body may be visual-
ized as a large tube containing several inner tubes, such as the
respiratory system, cardiovascular system, digestive system,
reproductive system and urinary system. Each of these internal
tubes has various functions, but structurally they are very sim-
ilar to each other in that they are all formed of layers of tissues
superimposed on one another in a specific way.
Each tubular organ has three basic layers:

® an inner lining tissue, or epithelium, and its underlying
binding or connective tissue;

¢ a middle layer, consisting of alternating layers of muscle and
connective tissue;

® an external layer, consisting of connected tissue and an
epithelium.

Compact organs

Compact organs may be large (e.g. the liver) or small (e.g. the
ovaries). Compact organs also have a common structure. A
connective tissue capsule usually encloses the organ. If the
organ is suspended in a body cavity, such as the thoracic cav-
ity, it will be surrounded by a serous membrane. One side of



the organ has a thicker area of connective tissue that penetrates
the organ, forming the hilus. Compact organs have an exten-
sive framework of connected tissue, or stroma. Strands of con-
nected tissue, called septac (or trabeculae), extend into the
organ from the capsule and hilus, sometimes dividing the
organ into complete sections called lobules. Compact organs
consist of functional cells (parenchymal) that predominantly
occur in masses, chords, strands or tubules, depending on the
specific organ. Parenchyma may be divided into functional
distinctive regions, such as an outer cortex and an inner or
deeper medulla.

References

ORGAN SYSTEMS

An organ system is a group of organs that perform a specific
body function; for example, the respiratory system maintains
the levels of oxygen and carbon dioxide in the blood. The
major organ systems of the human body are summarized in
Table 1.2, p.10. These systems work in a coordinated way to
maintain the homeostatic functions of the body. The details
associated with each organ are dealt with in their respective
chapters.

SUMMARY

1 Cells vary in size, shape and function. The shape of a cell is related
closely to its function, a phenomenon referred to as the principle of
complementary structure and function.

2 ‘Cells: the basic unit of health, illness, healthcare intervention and
death’.

3 ‘Receptors, genes, enzymes and ATP’: ‘the key to understanding the
role of healthcare professionals as external agents of homeostatic
control’.

4 Each organ system is an indirect homeostatic regulator of cellular
metabolism.

5 ‘Systemic integration is fundamental in the maintenance of intracel-
lular metabolic homeostasis’.

6 The cell’s passive and active transporting mechanisms are homeo-
static control processes, since they help to determine the concentra-
tion of intracellular metabolites so that the characteristics of life can
be performed.

7 Cellular components — organelles — have precise homeostatic func-
tions that are essential in maintaining intracellular homeostasis.

8 The control of organelle function depends on the production of
enzymes, the synthesis of which is genetically controlled and envi-
ronmentally modified, perhaps according to the principles underpin-
ning the operon theory.

9 Homeostatic failures arises through nature—nurture interactions and
may result from: inborn or inherited errors of metabolism; inappropri-
ate numbers of chromosomes; the effects of environmental agents
(e.g. overexposure to ultraviolet radiation can produce skin cancer)
and the ageing process.

10 Clinical intervention is often based upon correcting the functioning of
the components of homeostasis, for example genetic failure. This

can be direct (e.g. chemotherapy or genetic engineering), or indirect
(e.g. through medical or surgical intervention) or by adapting one’s
lifestyle to avoid harmful environmental agents.

11 Exposure to powerful stressors or prolonged exposure results in
adaptation in cell function in order to survive, or cellular injury or cell
death.

12 The two main ways in which cells die are apoptosis and necrosis.

13 Tissues perform specialized homeostatic functions essential for the
maintenance of overall body homeostasis.

14 There are four principal tissues: epithelial, connective, nervous and
muscle tissues. Membranes are composites of epithelial and con-
nective tissue.

15 The principal tissues are classified according to the number of cell
layers they possess, their structure and their function.

16 The principle of complementary structure and function predestines
the tissue’s location. Epithelial tissues, for example, may possess
specialized structures such as microvilli, which increase their sur-
face area — these are present in areas concerned with absorption.

17 Glandular epithelia may be simple or multicellular. Their secretions
are defined as apocrine, holocrine or merocrine according to how
they are released from the cell.

18 Connective tissues possess cells and their products (i.e. fibres and a
matrix). They are classified according to the fibre distribution (loose
or dense), and usually by the type of fibre they possess (elastin, reti-
culin and collagen). The exception is adipose connective tissue,
which is named after its specialized fat-storage cells, adipocytes.

19 Membranes may be serous, mucous, cutaneous or synovial, the last
being the only membrane that does not contain an epithelium and so
is not an epithelial membrane.
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INTRODUCTION

A common image from films is that a skeleton is a collection of
oddly shaped, dry and dead bones. While there is no doubt
that bones are oddly shaped, the reality is that our skeleton is
comprised of a dynamic living tissue that is continually remod-
elled throughout life.

The skeleton and its associated muscles provide support
against gravity, and movement, and together comprise a ‘skele-
tomuscular system’. Nevertheless, the skeleton is an organ sys-
tem in its own right and has the following roles:

* Body support: this is essential if we are to maintain a position
of our body, and body parts, against gravity: the so-called
‘soft’ tissues of the body are well named as such as they pro-
vide little of such support.

Strength and protection: bone makes the body resilient to
impact, while the bony ‘box” of the skull and the cage-like
structure of the ribs provide protection for vital underlying

organs.

Calcium phosphate store: the body contains a relatively large
amount of calcium phosphate, the bulk of which is found in
bone mineral. The skeleton therefore provides a reservoir of
calcium and phosphate ions that can be accessed by the body
should blood become deficient in them, or that can be added
to if there is excess in blood (see chapter 6, p.127).

Synthesis of blood cells: although not strictly speaking a role of
bone, this is a role of the skeleton as bone marrow provides
the main site of blood cell production (see Figure 11.3,

p.273).

This chapter is concerned with the ways by which bone
structure and the skeleton generally provide support and pro-
tection for the body. A completely rigid skeleton would pro-
vide the best anti-gravity support but movement would be
almost impossible. Accordingly, joints between bones are an
essential feature of the skeleton, together with associated struc-
tures such as joint capsules that encase the joint area. However,
their presence provides potential weak points and accordingly
reinforcement of the joint by ligaments and muscles are

Chapter 3

87
87

Summary
References

marked features that help to explain some of the irregular
shapes that bones must have to accommodate these attach-
ments. Joints are also considered in this chapter, whereas the
ways by which skeletal muscles regulate posture and move-
ment are explored in Chapter 17.

This chapter therefore commences by describing the struc-
ture of bone, and interactions between the various bone cells in
bone growth and shaping. It then continues by providing an
overview of the construction of the skeleton and its joints, and
also highlights aspects of skeletal structure that facilitate the
maintenance of an upright posture, and the absorption of
stresses produced during movement.

BONE, BONE CELLS AND BONE HEALING
What is bone?

Bone essentially is composed of a connective tissue; there are
various types that provide a degree of support internally (see
Figures 2.32, 2.33, p.57 and associated text) but bone is a spe-
cific type that it is mineralized by the deposition of mineral
salts (a mixture of calcium phosphate and calcium carbonate

called hydroxyapatite). A common characteristic of connective
tissues is that cells produce around them a matrix of protein. In
bone this is largely collagen but there are others including a
specific bone protein called ossein, and these are secreted by
specialized cells called osteocytes (‘osteo-’ = bone; ‘-cyte’ =
cell). The proteins impart a certain degree of flexibility to
bones, which is important as it enables bones to act as a shock
absorber during impacts, for example walking. Some proteins,
such as osteocalcin, have a role in calcification of the matrix.

Bone tdssue has two main forms. The main strength of
bone arises from dense mineralized tissue called compact
bone, which is relatively heavy, and internally they have
reduced density through the presence of ‘spongy’ bone tissue
(called cancellous or trabecular bone), and by cavities. The
cavities may be filled with marrow tissue, adipose tissue, or
even air in the facial sinuses. Bone, therefore, is lighter than
might be anticipated, but it retains its strength through the
structure of trabecular bone.
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Compact bone

Compact bone is the very hard and dense material that people
normally associate with bone. Close examination of a cross-
section reveals it to have a complex structure and it actually
consists of minute cylindrical structures (< 0.5 mm in diame-
ter) called osteons or Haversian systems (Figure 3.1). Osteons
are composed of concentric layers, or lamellae, of bone that
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enclose a central, or Haversian, canal. This canal runs along
the axis of the bone, and conveys blood vessels, lymphatic ves-
sels (see Chapter 13) and neurons (see Chapter 8) into the
bone tissue of the osteon. Side canals radiate into the lamellae
and so enable blood to perfuse much of the compact bone
structure. Other smaller channels, called canaliculi, branch
from these side canals and penetrate the compact bone; expan-
sions of the canaliculi (called lacunae) contain the bone cells.
The canaliculi are too small to permit the passage of blood ves-
sels and are filled with tissue fluid. Nutrients must diffuse
from vessels within the side canals, along the canaliculi to the
osteocytes.

The blood vessels in the osteons originate from the outer
covering of bone which is a fibrous membrane called the
periosteum (see below). The layer of compact bone is usually
perforated at points by ‘nutrient foramina’ (= windows) that
permit blood vessels to enter and leave the tissue. These vessels
also supply the underlying trabecular bone, and the marrow
within the bone cavity.

Trabecular (cancellous, or spongy) bone

Trabeculae are calcified ‘beams’ that produce a rigid mesh-
work that give this type of bone the appearance of a sponge,
hence the term ‘spongy’ bone (Figure 3.1). The minute ‘arch-
ways” and ‘beams’ provide considerable strength as the mesh-
work is constructed along the lines of greatest pressure exerted
on the bone.

Figure 3.1 Bone tissue: (a) longitudinal section of a long bone; (b) a magnified
view of compact bone

Q How does the structure of compact and spongy bone differ?
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BOX 3.1 BONE INFECTION AND ABSCESSES

The infection of bone can be blood-borne (see ‘Osteomyelitis’ in Box 3.8,
p.71) but is more likely to arise in open or compound fractures where
there is tissue injury. Bone infections may lead to the formation of a
fluid-filled area of necrotic tissue called an abscess.

An abscess is a swelling which contains pus, that is detritus from
dead cells and perhaps microorganisms. Abscesses are problematic
even in soft tissues but at least these tissues provide the possibility of
drainage without causing too much structural damage. Those in bone
are more difficult to treat:

* They are very painful. Soft tissues expand to accommodate the accu-
mulation of pus but the hard structure of bone prevents this and so
pressure builds up.

* Draining an abscess will often necessitate damaging the bone in order
to gain access to the area.

* The absence even in healthy tissue of a blood supply through canali-
culi means that microorganisms present within the lacuni are not eas-
ily accessed by the immune system cells. Similarly, the delivery of
blood-borne agents such as antibodies will be less effective. For this
reason bone infections will be treated aggressively with quite high
doses of antibiotic.

The loss of bone may be extensive leading to a prolonged period of
immobility. This also has implications for the individual (see Box 3.5,
p.68).

Figure 3.2 Young child with rickets. Reproduced with the kind permission of the
Medical lllustration Department, Norfolk and Norwich University Hospital NHS
Trust

Bone marrow

Bone marrow occupies the spaces within spongy bone and a
cavity at the centre of the bone. It too is a connective tissue but
is soft unlike the surrounding bone. Protein fibres support adi-
pose (fat) cells and cells involved in blood cell production: all
marrow is red at birth because of the synthesis of red blood
cells (and white, in lower numbers) that occurs there. By

Bone, bone cells and bone healing

BOX 3.2 DEMINERALIZATION OF BONE: OSTEOPOROSIS
AND OSTEOMALACIA

Osteoporosis

In this condition the bone retains its general structure, but its strength is
reduced as a consequence of loss of bone mass (Rosen, 2000). Spongy
bone seems to be most affected, but the site of loss can be local or more
general.

The loss of bone mineral is normal during the lifespan, commencing
when we are in our 40s. As mineral is lost, the anti-gravity support of
bone is compromised and this brings with it a substantial increase in the
risk of fracture and loss of mobility. Compression fractures of the verte-
brae, and fractures of the neck of femur, are frequent consequences of
the loss of bone strength (Pountney, 2007; Walker, 2008).

Osteoporosis is a common problem in older people. It occurs in both
men and women, though its consequences are most frequently
observed in the latter (Gardiner et al., 2007). This is because men on
average have stronger (i.e. more calcified) bones than women, and
because the hormonal changes that occur around the menopause accel-
erate mineral loss in women. Sex steroid hormones influence bone min-
eralization during puberty and this action of the hormones seems to be
important in maintaining bone density. The withdrawal of oestrogen
after the menopause makes women particularly vulnerable and the inci-
dence of fractures is much higher in elderly women than in age-matched
men. There is also evidence for a role of vitamin K in maintaining bone,
through its role in promoting the production of bone matrix proteins
involved in calcification (Booth et al., 2000). Health education is aimed at
encouraging people to maintain as high a bone density as possible in
earlier years, through physical activity and adequate diet (Borer, 2005).
The former is a direct reference to the effects that physical stress has on
the activities of bone cells.

Osteomalacia

This is a rare condition in Western countries. Its cause usually is a defi-
ciency of vitamin D. This vitamin (now viewed as being a hormone) has
a vital role in maintaining the calcium ion concentration in blood plasma
through its actions to promote calcium uptake from the bowel (see
Figure 9.10, p.217 for an explanation of the interplay of hormones
involved in calcium balance). Its deficiency means that less calcium is
available for bone mineralization. Osteomalacia differs from osteoporo-
sis in that the bone maintains a relatively normal protein matrix and so
the ratio of mineral to protein declines, making the bones softer and less
supportive. This may not necessarily be caused by inadequate dietary
source of the vitamin (or synthesized source: inactive vitamin D is also
made in the skin from a precursor) but could also occur as a conse-
quence of malabsorption of the vitamin or through a failure of the liver to
activate it. The problem may also be secondary to certain tumours that
secrete parathyroid hormone and so promote excessive calcium resorp-
tion from bone.

The consequences of having a poorly supportive skeleton is illustrated
in children who have the related condition rickets (Figure 3.2), in which
the increased pliancy of the bones results in a bowing of the long bones
of the legs due to the effects of gravity.

around 2 years of age red marrow becomes restricted to the
ends of the long bones, the vertebrae and the flat bones of the
skull, pelvis, sternum and clavicle. Elsewhere, adipose tissue
dominates, and the marrow becomes ‘yellow’ and fatty and
plays little role in the production of blood.
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BOX 3.3 FAT EMBOLISM

The yellow marrow that predominates in many bones can be problem-
atic following bone trauma or surgery. This is because bone damage
may result in fat leakage into the circulation. As a consequence, the
arrival of fat globules in the coronary, cerebral or pulmonary circulations
can act as emboli, and so obstruct the vessels. This is clearly a danger-
ous occurrence for the person concerned and may even be fatal.

Periosteum

The periosteum is a sleeve of tough, dense connective tissue
that covers the surface of bone (‘peri-’ = surrounding). The
outer layer is continuous with tendons (that attach muscle to
bone) and ligaments (that reinforce skeletal joints) and so
makes a strong junction. Some fibres penetrate into the com-
pact bone, which reinforces the structure and helps to transfer
forces from the moving muscles into the bone itself. The inner
layer of the periosteum contains osteogenic cells, that is, cells
that can be activated to transform into types of bone cells
according to need, for example following a bone fracture (‘gen-
esis’ = creation).

Endosteum (‘endo-’ = inner)

This is a layer of osteogenic cells that lines all canals within
bone, and bone cavities. The transformation of these cells into
active bone cells also has an important role in bone repair,
including bone remodelling (see next section).

Bone cells

Bone cells are of various types according to their role.

® Osteocytes: these are the main cells of fully developed bone.
They maintain the protein/mineral matrix.

® Osteoblasts: these cells produce new bone, including calcium
deposition, and will lay down new bone following injury.

® Osteoclasts: these cells are capable of removing mineral from
the protein matrix. They are especially responsible for bone
resorption during bone remodelling (see below).

® Osteogenic cells: these cells are found in the periosteum and
endosteum. They are ‘stem’ cells capable of differentiating
into osteoblasts or osteoclasts during times of mechanical
stress or injury.

Bone growth

The process of bone growth is illustrated by the changes
observed in a long bone such as the femur. At birth, such
‘bones’ are largely made of cartilage (Figures 3.3 and 3.4).
There are, however, two areas in which the process of mineral-
ization (called ossification) is occurring. One of these is within
the shaft of the bone, the other within the ends, or epiphyses
(singular: epiphysis). The benefit of having a structure that is
largely cartilaginous is that it can grow much more rapidly
than one that is ossified. The disadvantage is that the ‘bone’ is
poor at weight bearing until much of the shaft has been ossi-
fied. Thus, in an older child the ‘bone’ must be a composite in

BOX 3.4 BONE GROWTH AND GROWTH PATTERNS

Bone growth

The rapid rate of growth observed during childhood occurs largely
because of the activity of growth hormone, which stimulates the epi-
physial plate to produce more cartilage. During puberty, the growth rate
speeds up still further because of the stimulatory action of sex hor-
mones. These hormones, however, are also ultimately responsible for
causing bone growth to cease. Thus, not only do they stimulate the epi-
physial plate, but they also promote ossification within the shaft and also
within the mineralising centre of the epiphysis itself. Eventually the rate
of ossification outstrips that of new cartilage growth and the epiphysis
becomes ossified and continuous with the shaft. The only remaining sign
of the cartilage is a lining of the tip of the bone, as part of the anatomy
of the skeletal joint.

Growth hormone is secreted from the pituitary gland and normally is
regulated. The hormone especially promotes the growth of long bones;
its deficiency in children is not compensated for by the sex hormones,
and the individual exhibits dwarfism as growth ceases during puberty. In
contrast, excessive secretion of growth hormone in children results in
gigantism, in which the long bones are excessively long. If excessive
secretion continues into adulthood, the impact of the hormone on other
bones becomes apparent, namely the hands, feet and jaws, producing
signs of acromegaly (see Figure 9.6, p.215).

Growth pattern
The general pattern of body growth is similar between individuals,
although there is variation in the ages at which patterns change. There
are slight sex differences in growth rate with girls tending to grow faster
during middle childhood years, but boys exceeding girls during later
childhood. Both sexes exhibit a pronounced increase in limb length rel-
ative to trunk length, and a broadening of the shoulders, chest and trunk.
Growth charts are widely used to document growth rates in children
as slow rates have been linked to problems (Wells, 2002). Variation
between children is acknowledged but the charts allow for this by pro-
viding the expected range for both boys and girls. Where they must be
used with caution, however, is in relation to a multi-ethnic population
since cultural variations occur that are not allowed for by such standard-
ised charts. The monitoring of growth rates is usually performed within
community-based care and in particular is one of the roles of community
nurses.

Standardized growth charts utilize ‘percentiles’. What does this mean?

which the shaft is largely bone, for weight bearing, but the epi-
physis continues to be cartilaginous, apart from the centre
where mineralization is still occurring, to facilitate continued
growth.

Much of the growth takes place between the epiphysis and
the bony shaft in an area called the epiphysial plate. Here car-
tilage-producing cells are arranged in columns that extend
from the epiphysis into the shaft. The cells at the epiphysial
end of these columns are rapidly reproducing, hence the
growth, but those below are maturing, and below them they
are becoming encased in mineral by the activity of
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Figure 3.4 Ossification of the long bones and skull of a fetus. The ossification of
the shaft of long bones is clear, but the secondary ossification centres in the
epiphyses are not. Note that the wrist, elbow, shoulder, knee and hip joints are
still cartilaginous. Reproduced with the kind permission of Abrahams et al. from
Illustrated Clinical Anatomy, Hodder, London

osteoblasts. Other cells (osteoclasts) will also be active by
removing internal minerals, so helping to extend the marrow
cavity as the shaft grows in length. Thus, mineralization of
the shaft is in a process of ‘catch-up’ with the cartilage of the
epiphysial plate.

Bone diameter of course also increases as a bone grows in
length. This is caused by the activity of osteoblasts, which lay
down layers of new bone beneath the periosteum.

Bone remodelling

Bone is a dynamic tissue that continues to be altered through-
out life:

¢ Calcium salts are deposited or removed as required by the
body (e.g. in the regulation of plasma calcium ion concentra-
tion; see Figure 9.10, p.217).

® There is selective deposition of mineral that results in
changes in bone shape that are observed during growth.

® Bone is replaced as ‘old’ bone is renewed, or the bone has
been injured.

The last two processes involve the removal of mineral from
one part of the bone and deposition in another. Removal of
mineral normally precedes deposition, and so osteoclast cells
are active for a period, followed then by osteoblast cell activity.

Physical stress placed on bone is an important stimulus to
promote bone remodelling, with calcium deposition in the
‘stressed’ areas being favoured to increase density. This process
ensures maximum strength at the most load-bearing points

within the skeleton, such as the femur head, but the process is
more likely to be effective in a young adult than in an older
person because the activity of these bone cells is greatest in a
younger individual and slows during middle age. Nevertheless,
the osteoclasts and osteoblasts continually act to renew bone
throughout life.

The control of bone density and shape is little understood.
Certainly the hormones parathyroid hormone, calcitonin and
vitamin D have an influence on bone mineral (see Chapter 9),
but their release and actions primarily relate to the homeosta-
tic control of plasma calcium concentration (Chapter 15) and
not to modelling and remodelling of bone. Growth hormone
and the sex steroids also have an influence during childhood
and puberty but much remains to be discovered.

Bone healing

Fractures or breaks in bone are caused when the forces applied
exceed the capacity of the bone to resist them. This may result
from accidental application of excessive physical stress on a
bone, but can also arise during normal activity if bone density
and/or flexibility are severely compromised, for example in
osteoporosis. The different types of fracture and examples of
healing are shown in Figures 3.5, 3.6 and 3.7.

The main processes involved in wound healing are
explained in Chapter 11 (p.287). Healing of bone follows this
usual pattern, but there are some subtle differences since body
support depends upon a strong skeletal structure. The tissue is
actually very good at reorganizing itself, as it simply has to step
up the mechanisms involved in remodelling.

The fracture and resultant inflammatory response activate
macrophages and other leucocytes, and these instigate debris
removal, the activation of fibrocytes and granulation, as part of
normal healing processes (see Figure 11.17, p.295). The main
difference in bone healing is that the new bone matrix will
have to be laid down, mineralized and then the entire structure
reorganized so that compact bone and spongy bone is formed.
Thus, the activities of the various types of bone cells must fol-
low a pattern so that bone structure is returned to how it was
prior to fracture:

* Osteogenic cells in the periosteum/endosteum are converted
to osteoblasts.

® The osteoblasts then begin to produce new bone in the frac-
ture area. The activity of these cells is usually to form a hard-
ened mass around the fracture site, called a callus. This
provides strength to the fracture area and enables the bone to
be brought back into (tentative) use.

® Osteoclast activity then gradually removes the callus, and
further osteoblasts will redeposit calcium according to the
required bone shape and structure.

® The bone will eventually regain its full structure, though the
process may take several months for completion. Once a
bone has basically healed after injury, the individual should
be encouraged to undertake light exercise, because this
stresses the bone slightly and so promotes an increase in

bone density.
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Direction of fracture
Type of fracture Features
Transverse Across the bone
Oblique At an oblique angle to
the longitudinal axis of
the bone /
Spiral Fracture forms spiral

twist'encircling bone;

<

Open fracture/displaced (b) Comminuted fracture produced by rotatory
i.e. skin broken and i.e. bone broken in 2 or more force
fragments separated. places. Fragmented.
Linear Parallel to the longitudinal

axis of the bone

According to deforming force

Type of fracture Features

Compression Adpcent cancellous bones
compacted;usually heals
rapidly due to minimal soft
tissue injry caused by
deforming force

Avulsion Bone pulled apart;
ligaments remain intact

Stress Undisplaced microfracture
caused by repetitive stress

) Greenstick fracture d) Impacted fracture.
i.e. fracture extends only

part way through the bone.

Usually in children.

M @ Figure 3.5 Types of bone fracture

e) Potts fracture. f) Colles'fracture. Q Name the osteocytes involved in bone healing.
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Figure 3.6 Examples of fractures. (a) X-ray of fractured clavicle, (b) photo and
X-ray of Colles’ fracture. Reproduced with the kind permission of Abrahams et
al., lllustrated Clinical Anatomy, Hodder, London

()

Figure 3.7 Fracture healing. (a) X-ray of a healing fracture of the humerus. Note
the callus around the fracture site. (b) Fracture of humerus fixed by an
intermedullary nail (arrow indicates bone erosion — this is a pathological fracture
through a cancerous process). Reproduced with the kind permission of
Abrahams et al., lllustrated Clinical Anatomy, Hodder, London

BOX 3.5 POSSIBLE CONSEQUENCES OF BONE TRAUMA

The supportive role of bone frequently cannot be utilized following bone
trauma, especially of those bones that help to support the body against
gravity. Immobility has the following risks:

e Joint stiffness and contractures. This could reflect muscle contracture
or possible fibrosis of the joint capsule. Physiotherapy and the mainte-
nance of limb movement is essential to prevent this complication and
has led to the concept of ‘passive exercise’. Although exercise cannot
really be considered to be passive, the term reflects the use of extrin-
sic manipulation of the limb to flex and extend the joint (see Box 17.8,
p.474).

Deep vein thrombosis (see Figure 12.18e, p.328). Blood clotting is
promoted if blood flow is compromised, either because of localized
hypoxia or because trauma has stimulated it. Inmobility increases the
risk of thrombosis in the legs because the use of muscle to return
blood to the heart is compromised and so blood flow is poor. Limb
pain, especially during muscle use, may be an indicator of thrombosis,
particularly if it is accompanied by tenderness and swelling. Deep
breathing and limb exercise will facilitate blood returning to the heart,
as will compression stockings (since these reduce the capacity of the
limb veins). Early mobilization will also help to reduce the risk.
Decubitus ulcers (pressure sores). Immobility can restrict blood flow to
the skin, and induce hypoxia (= poor tissue oxygenation), since weight
compresses the tissue against the bed. Frequent turning, or ripple
mattresses, will help to prevent hypoxia. Skin hygiene will help to
reduce the incidence of infection, but will also facilitate regular
assessment of skin condition.

Other possible complications of bone trauma are:

Fat embolism. The release of fats from adipose tissue within yellow
bone marrow may lead to blockage within coronary or pulmonary ves-
sels producing symptoms such as tachycardia or hypoxia.

Necrosis of bone. Bone cells, especially those within compact bone,
receive little or no blood even in health. They depend upon diffusion of
nutrients from vessels within the vicinity. Bone trauma can remove
blood flow completely, leading to cell death. Decisions on mobilizing
must consider this possibility since pressure applied to the wound
could compromise blood supply still further.

Infection. This is of particular concern if the skin has been broken.
Pain, swelling, pus, and pyrexia are indicators. Bone infections are dif-
ficult to treat once they become established because of the poor blood
supply to bone cells (see Box 3.1, p.63).

Bone shape and external features

Bones are present in various shapes and sizes according to
function, but some generalizations can be made:

® Long bones: bone length is greater than bone width. Long
bones are found in the limbs and provide a wide scope for
body movement, but also help to absorb the stresses of body
weight.

® Short bones: these bones are of nearly equal width and length.
They are generally not strong but when collected together
produce flexible structures, such as the wrist and ankle.

® Flat bones: these are thin, plate-like bones. Their roles are to
provide protection (e.g. the skull) and to provide an exten-
sive surface area for the attachment of large muscles (e.g. the
shoulder blade or scapula).
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BOX 3.6 MANAGEMENT OF FRACTURES

There is no single plan for the management of fractures since the sever-
ity of injury, involvement of soft tissue and age of the patient are all vari-
ables. The objectives of management are:

* To use manipulation and/or traction to regain the correct position/
alignment of the bones and to restore bone fragments to their normal
position.

* To immobilize, as necessary (see below).

 To observe for the presence of neuropathy, or of respiratory or mental
distress (perhaps indicative of fat emboli; see Box 3.3, p.64), or of
shock (due to bleeding).

* To rehabilitate using mobility/load-bearing exercises (see Box 17.1,
p.464).

Immobilizing
Immobilizing usually utilizes either plaster casting, fixation of the frac-
ture with a metal pin or plate, or traction. External fixation devices may
also be used.

Casting

Casts are made from layers of bandage impregnated with plaster, resin
or fibreglass. They are used to immobilize a joint and to hold bone frag-
ments in alignment. The type of cast used depends upon the joint to be
fixated. Care includes observing for signs of nerve or circulatory prob-
lems such as cool extremity, pain, discoloration, tingling/numbness,
weak pulse, paralysis or necrosis. Depending upon the fracture, there
may also be risks of fat emboli from the bone marrow, or shock as a con-
sequence of haemorrhage.

Fixation with pins, wires or plates

Where bone fragmentation is extensive the pieces may be held together
with internal fixation. The pins, etc. will often be removed as healing pro-
gresses but may be left in situ either because removal is not feasible or
in order to strengthen the resultant new bone.

® [rregular bones: these are bones which have complex shapes
that are related to their functions, for example the bones of
the backbone or vertebral column.

® Sesamoid bones: the kneecap, or patella, is the main example
of this type of bone. Sesamoid bones strengthen tendons.

Bones also have many irregular external features, arising
because of the need for muscle/ligament attachment, for artic-
ulating joints between bones, and (sometimes) for the passage
of blood vessels, nerves, and lymphatic vessels. These features
tend to make the nomenclature of bone anatomy very com-
plex. However, some generalizations can be made:

® Protrusions that serve primarily for muscle attachment are
referred to either as processes, tubercles (tuberosities) or
trochanters.

® Protrusions that form an articulating surface with other
bones, and so have a smooth area lined with joint cartilage,
are called condyles.

* Some bones, particularly the flat bones, are strengthened by
ridges of bone called crests or spines.

* In some bones the passage of vessels/nerves is facilitated by a
notch or groove on the bone.

Traction

Traction (and casting, pins, etc.) aids realignment of broken bones and
ensures immobilization of the joint/body part. Traction is used in com-
plex situations. Not only does it immobilize a joint, it also encourages
blood supply/healing in the damaged area and helps to prevent contrac-
tures from developing.

e Skin traction: force (i.e. weights) is applied to the skin, for example via
a foam rubber strip.

» Skeletal traction: force is applied directly to the skeleton via pins or
wires implanted at strategic points.

In each case the amount of force applied will require monitoring and
perhaps adjusting, and skin care will be important. With skeletal traction,
care must also be taken to prevent infection around the inserted pins
(Patterson, 2005).

External fixation devices

These are useful to support a complex fracture where fragment move-
ment is possible even with casting or traction. The devices are especially
useful where there is an open wound as they permit wound care. Such
devices may also be used to realign bones if there is a congenital abnor-
mality in young children. In this instance the devices encourage appro-
priate growth.

Note though that immobilization can be counterproductive if a synovial
joint is involved. This is because contractures may develop, and shorten-
ing of ligaments occur, leaving the individual with a highly restricted move-
ment when the fracture has healed. Sometimes this will respond to
physiotherapy, but sometimes movement may not fully return to normal-
ity. Accordingly some fractures are not completely immobilized, for exam-
ple fractures of the shoulder or elbow, but may be held only within a sling.
Once pain has subsided the individual will be encouraged to use the limb
in a recommended series of exercises, with the aim of reducing any con-
tracture that has already occurred and prevention of further problems.

ANATOMY OF THE SKELETON

The skeleton is comprised of 206 bones, and can be divided
into two parts: the axial and appendicular skeletons. The axial
skeleton forms the vertical axis of the body, and the appendic-
ular skeleton is so named because these bones are ‘appended’
onto the axial skeleton (Figure 3.8).

Axial skeleton

The axial skeleton consists of the skull, vertebral column
(backbone), ribs and sternum (breastbone) and the hyoid bone
(Figures 3.8 and 3.9).

The skull

The skull consists of 8 bones of the cranium and 14 facial
bones.

The cranium basically forms a bony ‘box” which surrounds
and protects the brain. The bones are smooth on the outside
but uneven internally as a consequence of brain shape and the
presence of blood vessels; brain shape produce three distinct
‘bulges’, called fossae, on the bones of the cranium. Blood ves-
sels and nerves gain access to the cranial cavity via openings in
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Figure 3.8 The two major divisions of the skeletal system: the axial and appendicular skeletons. The axial skeleton is highlighted

Q List the bones associated with each division of the skeletal system.



Figure 3.9 Anterior chest wall showing the relative position of the ribs and
sternum. Reproduced with the kind permission of Abrahams et al. from
Illustrated Clinical Anatomy, Hodder, London

the skull; for example the spinal cord enters via the foramen
magnum at the base of the skull (Figure 3.10).

The facial bones provide attachment for facial muscles, form
the mandible (lower jaw), protect cavities such as those of the
nose, eyes and sinuses, and form the palate of the mouth. The
nomenclature of facial bones is complex, sometimes referring
to associated tissues (e.g. the nasolachrymal ducts, which con-
duct tears from the eye orbit to the nasopharynx, pass through
the lachrymal bones of the orbit), but usually referring to the
classical names of facial anatomy (e.g. the zygomatic bones
form the prominences of the cheeks or zygoma).

The major bones of the skull are identified in Figure 3.10.
Most of the joints between them are fixed (i.e. they are held
tightly by cartilage and dense connective tissue and do not per-
form any kind of movement). These are the sutures of the cra-
nium, and the fused joints between many facial bones. Cranial
sutures do not fully form until some time after birth.

In contrast to the fixed joints of the skull, the mandibular
joint between the mandible and the temporal bone of the

BOX 3.7 THE FETAL SKULL

Head size at birth is large relative to that of the trunk (Figure 3.11) and
the brain at birth weighs about 25% of its final adult weight. The brain
grows rapidly, and this is facilitated by the incomplete jointing of cranial
bones, which results in the presence in the infant of membrane-covered
spaces called fontanelles. Most fontanelles close during the first few
months but the anterior fontanelle is not fully closed for 18—24 months.
The actual joints, or sutures, do not form until after 5 years of age, by
which time growth of the brain and cranium has slowed considerably.

Anatomy of the skeleton

cranium allows a wide range of movement, such as mouth
opening, closing, protrusion, retraction and side-to-side move-
ment. The range of articulation is essential because it aids food
chewing and communication through facial expression.

The sinuses are air-filled cavities within the frontal, maxil-
lary, ethmoid and sphenoid facial bones (Figure 3.12, p.74).
The cavities help to lighten the bone and their association with
the nose gives resonance to the voice. Secretions into the
sinuses drain into the nasal cavities.

The vertebral column

The vertebral column supports the upright posture of the
body, and protects the spinal cord running vertically inside it,
but also provides flexibility of movement. Individual vertebral
joints between the individual bones provide only limited
movement, and are very supportive, but the structure and
arrangement of the vertebrae collectively provides the column
with a high degree of flexibility in bending forwards — sideways

and backward movements remain limited.

BOX 3.8 OSTEITIS, OSTEOMYELITIS AND SINUSITIS

Remember that the suffix ‘-itis’ normally infers that inflammation is
present. This often results from the presence of infection but there are
other factors.

* Osteitis deformans (Paget disease): a condition of unknown cause in
which osteoblasts and osteoclasts are excessively active. Bone char-
acteristics change, becoming coarser. The bone increases in size, and
any new bone tends to be poorly mineralized. Bones of the axial skele-
ton are usually involved and the condition results in deformity,
extreme pain, fractures and nerve compression. There is normally
increased blood flow through the bones as the marrow becomes
highly vascular. Treatment is usually by use of drugs such as a biphos-
phonate like disodium etidronate (Didronel), or perhaps the mineraliz-
ing hormone calcitonin (see Chapter 9, p.217) to stabilize the activity
of bone cells and so reduce the turnover of mineral.

e Osteomyelitis: a condition in which the bone is infected, usually by
bacteria. Staphylococcus aureus is the most common agent involved
and infection is via blood-borne bacteria entering the bone marrow.
Children are most susceptible to the condition. The infection is often
difficult to eradicate because the lacunae of compact bone are not
directly perfused with blood (see text; also Venugopalan et al., 2007)
so bacteria that find their way into them are not accessible to the
immune system cells, and antibiotics might not access them in a ther-
apeutic concentration. The bone responds to the infection by
increased activity of osteoclasts, which resorb bone and increase the
size of the lacunae. The consequence is bone weakening in the area of
the infection, and the delay in producing new bone can result in
abscess formation (see Box 3.1, p.63). Blood vessels in bone also
appear to be sensitive to bacterial toxins and there is also risk of bone
ischaemia and hence necrosis.

 Sinusitis: an infection, usually bacterial, of the air-filled spaces within
the facial skeleton. If drainage from the sinuses is disrupted, the build-
up of exudate can cause considerable pain. This is exacerbated by the
surrounding bone, which being very hard cannot expand to accommo-
date the volume. As a consequence, the fluid pressure rises within the
sinus.
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Figure 3.10 The principal bones of the adult skull: (a) lateral view, (b) posterior view and (c) inferior view (this also includes the larger foraminal features)
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Coronal suture

(b)
Figure 3.11 The fetal skull: (a) fetal skull size relative to that of the trunk and (b) the skull of an infant in detail, side view and view from above

Q How does the fetal skull differ from that of an adult (shown in Figure 3.10)
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Figure 3.12 The paranasal sinuses, anterior view

Q Are the frontal sinuses medial or lateral to the maxillary sinuses?

The column consists of 33 individual bones (Figure 3.13):

e four cervical (i.e. of the neck);

® twelve thoracic (i.e. of the upper trunk or thorax);

e five lumbar (i.e. of the lower trunk or abdomen);

e five sacral (i.e. of the sacrum, a component of the pelvis);
® four coccygeal (i.e. of the coccyx or ‘tail’).

The individual bones of the sacrum and coccyx are usually
fused together, although the coccyx articulates with the
sacrum.

A large central cavity within the cervical, thoracic and lum-
bar bones, called the vertebral foramen (‘foramen’ = window),
accommodates the spinal cord, while spaces between adjacent
bones, called the intervertebral foramina, allow entry/exit for
blood vessels and spinal nerves.

The structure of the cervical, thoracic and lumbar vertebrae
exhibit differences in size and proportions but generally is sim-
ilar (Figure 3.13). The main variation is in the first two cervi-
cal bones. These (abbreviated C1 and C2) are modified to
form a joint with the base of the skull. C1 (also called the atlas)
has articulating surfaces on the upper aspect that allow forward
and backward movement of the head. C2 (also called the axis)
has an upper vertical peg-like feature, the odontoid process,
which projects from the body of the bone into the modified
vertebral foramen of the atlas, and this allows rotational move-
ment of the head (Figure 3.13). The remaining bones in these

Sphenoidal

Frontal
sinus

Posterior
ethmoidal
‘cells’
Anterior
ethmoidal

‘cells’
Middle
ethmoidal

‘cells'

Ethmoidal
sinus

sinus

Maxillary
sinus

sections of the vertebral column each has a ‘body” and three
bony processes:

® The main body, or centrum, of a vertebral bone provides
strength and acts as a shock absorber during postural
changes. The size and shape of the centrum varies with posi-
tion in the vertebral column: the largest centrum is found in
the lumbar vertebrae since the lower back is close to the cen-
tre of gravity of the body on standing and reinforcement is
necessary here. The centrum of a vertebral bone is separated
from that of its neighbour by an intervertebral disc, which is
comprised of an outer fibrocartilage layer and an inner semi-
solid core. The discs contribute to vertebral column flexibil-
ity, and also help in absorbing shock during movement. Too
severe a shock can, however, cause a herniation of the core
through the outer layer, producing a ‘slipped disc’.

® Two lateral processes articulate with those of their neigh-
bours and provide some muscle and ligament attachment
points.

® The spinous process on the posterior of the bone also provides
attachment for muscles and ligaments. Between them the
spinous and lateral processes, and the connecting bars of
bone, form a structure called the vertebral arch (as it arches
over the spinal cord).

The thoracic vertebrae also have articular surfaces which
form joints with the ribs.
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Figure 3.13 The vertebrae: (a) cervical vertebrae, (b) thoracic vertebrae (continued overleal

Q How many vertebrae are there in each region of the vertebral column?
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Figure 3.13 (continued) The vertebrae: (c) thoracic vertebrae and (d) lumbar vertebrae

Q How many vertebrae are there in each region of the vertebral column?



BOX 3.9 CURVATURE OF THE VERTEBRAL COLUMN

The vertebral column has a distinct S-shape in side view (Figure 3.14)
and the curvatures are referred to as the cervical, thoracic, lumbar and
sacrococcygeal curvatures according to the position in the vertebral col-
umn. They result from contraction of the muscles of the back and a
tightening of ligaments.

Although babies are born with thoracic and sacrococcygeal curva-
tures, the cervical and lumbar curvatures must develop later. The devel-
opment of the cervical curvature after about 3 months is necessary if the
head is to be held erect, while the development of the lumbar curvature
during the latter part of the first year is necessary if the baby is to sit up
and eventually stand.

The vertebral curvatures also help ensure that the body’s ‘centre of
gravity’ (i.e. the point in the body through which most of the weight acts)
lies over the pelvis when we are standing. The lumbar curve is especially
important in this respect, and its curvature may increase if weight distri-
bution in the body alters, for example during pregnancy.

The curvatures of the vertebral column also provide a spring-like
structure that helps to absorb the forces applied to the skeleton during
walking/running. The intervertebral discs also facilitate this role.

Abnormal spinal curvature
The influence of gravity on spinal curvatures is apparent where there is
persistent asymmetry of muscle tone and posture:

® Lordosis: an exaggerated lumbar curvature. The increased lumbar
curvature observed in pregnant women is an example of a temporary
lordosis.

* Kyphosis. an exaggerated thoracic curvature. It is generally observed
in older people, often in association with osteoporosis of the spinal
column.

e Scoliosis: a lateral curvature (i.e. one that is not usually present). It is
most commonly found in the thoracic region of the spinal column, and
is frequently seen in young children, and can lead to long-term prob-
lems if left untreated. Its presence indicates asymmetric contraction of
the lateral muscles of the back often because of unequal skeletal
anatomy or muscle physiology.

Physiotherapy can be used to effect in treating abnormal spinal cur-
vatures, especially in children. There are also surgical procedures that
can be used to stabilize the spinal column, including fusing vertebrae
using bone grafts, or spinal implants such as metallic rods and screws.

BOX 3.10 BACK PAIN

Back pain has three general causes: muscle/ligament strain, disc prob-
lems and vertebral problems.

* Muscle strains and ligament strains occur when muscles are over-
stretched or if a joint is forcibly moved against its natural direction of
movement. Muscle problems are discussed in Chapter 17 but it is rel-
evant to note here that the increased lumbar curve that is observed in
pregnancy places additional stresses on the ligaments of the vertebral
column and is largely responsible for the lower back pain that is fre-
quently experienced.

 Should the tough outer layer of a vertebral disc rupture, then the vis-
cous core distends through the fissure and exerts pressure on nearby
spinal nerves, or irritates the dura mater, producing pain. This is a
‘slipped’ or prolapsed disc. Disc degeneration may also be observed,
which seems to be age-linked but its cause is poorly understood.

e \ertebral problems include spondylolysis, spondylolisthesis, spinal

Anatomy of the skeleton

~ Cervical curve

\ ~ Thoracic curve

~ Lumbar curve

Sacrococcygeal
curve

Figure 3.14 The curvatures of the vertebral column

Q How do these curves help to maintain an upright posture?

stenosis and spondylitis. In spondylolysis there is a structural weaken-
ing of the vertebral arch of the vertebral bone, leading to increased risk
of the facets of vertebrae moving forward through the occurrence of
‘microfractures’. The problem is usually hereditary. Spondylolisthesis
is a slipping forward of one vertebra over another. If severe then sur-
gery will be required. Spinal stenosis occurs when a nerve root, or sev-
eral roots, becomes entrapped. It is usually an acquired problem and
may require decompression treatment. Inflammation specifically of
the vertebral joints is called spondylitis, and ossification of the joint tis-
sue is referred to as ankylosing spondylitis. Both conditions reduce
vertebral flexibility and restrict mobility.

People working in environments in which they regularly lift heavy
loads are especially at risk of developing chronic back pain. This is an
important consideration when using lifting and handling methods in
health care (Finucane, 2006).
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Ribs and sternum

The sternum is a flat, dagger-shaped bone situated in the ante-
rior midline of the chest (Figures 3.9, p.71 and 3.15). There
are three parts to it, called the manubrium, the body and the
xiphisternum, and these articulate and facilitate chest expan-
sion during breathing. The manubrium and body have pairs of
articular surfaces that form joints with the rib bones, and the
manubrium also has surfaces that articulate with the clavicles
(or “collar bones’). The xiphisternum provides attachments for
some abdominal muscles and for the diaphragm. It is cartilagi-
nous until well into adulthood, when it ossifies.

The 12 pairs of ribs together form a ‘rib cage’ that provides
protection for the underlying organs of the chest (lungs, heart
and associated vessels), provides attachment for postural and
respiratory muscles and helps support the shoulder girdle of
bones.

Seven pairs of ribs articulate directly with the sternum via
cartilages (Figure 3.15); these are referred to as ‘true’ ribs. Five
pairs are not attached directly to the sternum, and so are
referred to as ‘false’ ribs. Of the ‘false’ ribs, three pairs are
attached to the cartilage of the last true rib and two pairs have
no individual sternal attachment; these latter are the ‘floating’
ribs and are attached to the last of the previous ‘false’ ribs. The
‘floating’ ribs extend far enough down the back to provide
some protection for the kidneys.

Hyoid

The hyoid is a U-shaped bone found at the base of the tongue
(see Figure 3.10, p.72). It does not articulate with any other
bone or cartilage, but forms an attachment for several muscles
involved in chewing and swallowing.

Appendicular skeleton

The appendicular skeleton consists of the limb bones and the
bones of the limb girdles.

Shoulder, arm and hand

The shoulder or pectoral girdle consists of the two collar bones
and shoulder blades, called clavicles and scapulae, respectively
(Figure 3.16). The clavicle is a slender bone that articulates
with the sternum at one end and the scapula at the other, pro-
vides a site for muscle attachment, and helps to brace the
shoulder.

The scapulae are large, flat triangular bones. The blade is
strengthened by a ridge or spine on its posterior surface.
Although a large bone, the blade articulates at just one end,
with the clavicle and humerus of the arm, and much of it is
held in place by many muscle attachments and ligaments. Its
structure facilitates movement of the shoulder by sliding across
the body surface as the shoulder rotates.
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Figure 3.15 The ribs and sternum (anterior view)

Q Why are ribs classified as either true, false or floating ribs?

Ribs 1-7 = true ribs
8-12 = false ribs
(11, 12 = 'floating' ribs)
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Neither the clavicle nor scapula has a direct connection with the vertebral
column. The bones are largely held in place by muscles and ligaments,
coupled with the joint between the slender clavicle and the sternum. Such
an arrangement gives the shoulder a high mobility — the scapula slides
over the posterior surface of the ribs as the joint is rotated — but relatively
poor weight bearing. Compare the diagram of the shoulder in Figure 3.16
with that of the pelvis in Figure 3.18. Note how powerful the skeletal
structure of the pelvis is compared with that of the shoulder, and the mas-
sive muscle attachment areas provided by the pelvis.

Inferior angle
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Clavicle

Superior border
Spine

Glenoid cavity

Humerus

Figure 3.16 The pectoral girdle and shoulder joint: (a) anterior view, (b) posterior
view and (c) the scapula in lateral view

Q Name the bones of the pectoral girdle.

Q Why is it easier to dislocate the shoulder than the pelvis?

The bones of the arm consist of the humerus of the upper
arm, and the ulna and radius of the forearm. The humerus is a
long bone that articulates with the scapula at the shoulder and
with the radius and ulna at the elbow (Figure 3.17). The joint
with the scapula is a ‘ball and socket” joint (see p.85) and pro-
vides a wide range of movement. At its distal end, at the elbow,
the humerus is flattened to form articular surfaces with the
ulna and radius. The bone is strengthened at this point by
condyles, one of which (the medial epicondyle) is crossed by
the ulnar nerve. It is this nerve that is pinched against the
humerus (i.e. the ‘funny bone’) when the elbow is knocked.

The radius bone of the forearm is found on the outer, or lat-
eral, side, while the ulna is found on the inner forearm, or
medial side. The radius is the more substantial of the two and
the two bones are held together along their length by connec-
tive tissue.

The two bones of the forearm produce a complex system of
joints that enable the mobility of the forearm:

® The ulna forms a ‘hinge’ joint (see later) with the humerus
and this permits the elbow to be flexed; the end of the ulna
is extended as the olecranon process, which forms the ‘elbow
bone’ that fits into a groove at the end of the humerus and
helps to prevent overextension of the arm when the elbow is
straightened.

® The radius forms a pivotal joint with the humerus and this
allows the forearm to rotate. Note however that the radius
rotates around the ulna — the hinge joint of the latter cannot
rotate.
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® Both bones form joints (called ellipsoidal joints — see later)
with the bones of the wrist thus allowing a high degree of
flexibility of the wrist, but the radius forms a more substan-
tial wrist joint than does the ulna.

The wrist bones are called carpals, of which there are eight
in each wrist (Figure 3.17). They are short bones arranged
roughly in two rows, and are connected by ligaments. The first
row articulates with the radius and ulna, while the other artic-
ulates with the five metacarpal bones of the palm. The latter in
turn articulate with the finger bones, or phalanges; there are
three phalanges in each finger and two in the thumb. The
ellipsoidal joints between the phalanges facilitate the hand-grip
movement.

Pelvis, leg and foot

The pelvic or hip girdle is the site of the body’s centre of grav-
ity and not surprisingly is an extremely robust structure. It is
strengthened by fusion of its composite bones and by inflexible
joints with the vertebral column (Figure 3.18). The bones also
provide large attachment areas for the major postural muscles
of the back, buttocks and thigh. Such substantial actachments
are essential because the muscles must act to prevent flexing of
the hips due to the effects of gravity.

Figure 3.17 Bones of the right forearm (radius and
ulna, with detail) and hand

Q Is the radial pulse palpated on the medial or lateral
aspect of the wrist?

The pelvic girdle consists of a pair of large ‘innominate
bones’ and the sacral bones of the vertebral column. Each
‘innominate bone’ is actually comprised of three individual
bones called the ilium, ischium and pubis, which are fused
together to form a strong bowl-shaped structure (Figure 3.18).
The junction of the three bones near the lower aspect of the
pelvis forms a deep depression called the acetabulum, and this
acts as a receptacle for the head of the thigh bone or femur.

The ilium is the larger of the three bones and it is the crest
of this bone that can be felt at the hip. It is a large, flattened
bone, strengthened by bony ridges or spines, and forms attach-
ments with the large postural muscles of the thigh and but-
tock. It is joined to the sacrum by ligaments and connective
tissue and movement is therefore very restricted. The ischium
is also a substantial bone, and supports the weight of the body
when sitting. The pubis extends to the front of the lower
abdomen; the right and left pubic bones unite at a normally
inflexible joint called the symphysis pubis; this joint can
become more flexible in women during pregnancy owing to
the action of progesterone. The bowl-shaped structure pro-
vided by these bones protects the organs of the lower or infe-
rior abdomen, including the reproductive tract.

The femur is a strong, long bone that articulates at the hip
and at the knee. The large, rounded head of the femur fits into
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Figure 3.18 The pelvic girdle: (a) lateral view of
the right side to show the component bones and

lliac crest acetabulum; (b) anterior view of the male pelvis
and the female pelvis
Q How does the female pelvic girdle differ from
that of the male?
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BOX 3.11 THE PELVIS IN MEN AND WOMEN

Coccyx

Symphysis pubis

There are noticeable gender differences in the shape of the pelvis. In
men the angle subtended by the pubic arch at the point of junction
between the two pubic bones is less than 90°, while in the women it is
greater than 90°. The reason for this is that the pelvic inlet (the aperture
formed by the two halves of the pelvis) must be wider in women to allow
passage of a baby, and this widens the pelvis and flattens it slightly
(Figure 3.18).

The joint between the pubic bones (symphysis pubis) also exhibits a
gender difference in that this joint, which ordinarily has very limited
movement, becomes lax in women prior to childbirth as a consequence
of the actions of the hormone relaxin. This again is clearly an adaptation
that facilitates childbirth.
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the acetabulum (socket) of the hip to form a ‘ball and socket’
joint, and this provides a large degree of rotational and abduc-
tional movement. The femur has a distinctive inner curvature
(Figure 3.19) that is more pronounced in women because the
acetabulum is even further from the body midline than it is in
men as a consequence of the wider female pelvis. When stand-
ing, the curvature brings the knee joint, shin bones and foot
close to the vertical axis of the body and so almost in line with
the centre of gravity. This facilitates weight bearing, and
means that the centre of gravity is not thrown widely out of
position during walking, and so helps maintain balance. The
femur curvature also provides a spring-like action and this
enables it to absorb some of the forces applied to it during
walking. This helps to reduce the farring’ effect on the pelvis
and vertebral column.

Bony protrusions at the knee end of the femur (called the
medial and lateral condyles) provide attachments for the mus-
cles of the lower leg. Processes also articulate with the kneecap,
or patella, and with the tibia of the lower leg. The patella is
secured in position by extensive cartilages and ligaments (see
Figure 3.25, p.86). Such features make the joint very substan-
tial. This is not surprising, as the knee not only has to be strong

Greater
trochanter

Lesser
trochanter

Medial curvature

Lateral

epicondyle Medial

epicondyle

Patellar
surface

Figure 3.19 The femur

Q How do the ball and socket joints of the pelvis and shoulder compare?

to support the weight of the body, but must also receive and
withstand forces applied to it in squatting or kneeling.

The two bones of the lower leg are called the tibia and
fibula. The tibia forms the shin bone (the prominent crest run-
ning along the front of the bone can easily be felt), and articu-
lates with the femur at the knee and with the bones of the
ankle (Figure 3.21). The fibula is a more slender bone (it is not
weight bearing but does provide some muscle attachments)
and articulates with the tibia at the knee end and with ankle
bones.

There are seven ankle and heel bones collectively called
tarsals, the two largest ones being the talus of the ankle joint
and the calcaneus, which forms the heel bone itself (Figures

Fibula
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for femur ‘

Apex
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Figure 3.20 Bones of the upper leg and kneecap (patella): (a) the femur, anterior
view; (b) the right patella: left, anterior view, right, posterior view
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Figure 3.21 Bones of the lower leg and foot: (a) tibia and fibula, anterior view; (b) the foot

Q Compare the bone structure of the foot with that of the hand (Figure 3.17).

3.21 and 3.22). The instep of the foot is formed from five
longer, more slender bones called metatarsals, and these in
turn articulate with the proximal bones of the toes (like the fin-
gers, these too are called phalanges). There are three phalanges
in each toe, except for the big toe, which has only two.

The metatarsals and associated heel/ankle bones form the
foot arches (Figure 3.22). The first three form the high arch,
called the medial longitudinal arch, on the inside of the foot,
while metatarsals IV and V form the lower arch, called the lat-
eral longitudinal arch, on the outside of the foot. The arched
structures are maintained by ligaments and by attached mus-
cles. The main ligament is called the plantar calcaneonavicular
ligament (i.e. it is on the underside of the foot, and it attaches
to the calcaneus and to the navicular bone of the ankle). A
weakening of this ligament causes a failure to maintain the rel-
ative positions of these bones and therefore of the high arch,
and causes a ‘fallen arch’ or ‘flat foot’.

The foot skeleton during standing and walking

On standing, our body weight is exerted on each ankle, and
the weight is then distributed between the heel bone (calca-
neus) and the metatarsal bones. The relatively large size of the
calcaneus was noted earlier; this is a strong bone, and it also
provides a site of attachment for the large calf muscles via the

Tarsus (= ankle)

arch

Transverse
arch

Figure 3.22 The arches of the foot
Q What happens to the foot arches on taking a step?

Achilles tendon running vertically up the back of the ankle.
The articulation between the tibia/fibula bones of the lower leg
and the main bone of the ankle (the talus) is most stable in the
standing position or, especially, when the foot is flexed in the
crouching position. Extending the foot, for example if we
stand on tip-toe, causes the articulation to occur with the
narrower part of the talus; this is a weaker arrangement hence
our difficulty in maintaining that stance.
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During walking the strength of the calcaneus enables it to
withstand the initial impact of the heel with the ground. The
body weight is then quickly distributed to the lateral border of
the foot along the metatarsals, and eventually across the heads
of the metatarsals to that of the first metatarsal bone at the base
of the big toe (= the ‘ball’ of the foot). By this time the heel will
have left the ground. Running increases the forces applied dur-
ing the impact on the ground, and the distal heads of the
metatarsals then distribute the weight more evenly. The roles
of the toes during walking/running are to provide stability at
the point of contact with the ground, but also to impart a for-
ward thrust that facilitates the movement.

The arches also absorb forces applied to the foot, especially
during walking/running. Thus they flatten slightly during
impact of the foot on the ground and, being highly elastic,
release the energy again as they spring back into shape once the
foot is lifted. In this way a momentum is imparted onto the
movement, raising the energy efficiency of the process. The
arches also help to prevent blood vessels and nerves in the foot
from being crushed.

Joints

Strictly speaking, a joint is simply the point of contact between
bones or between cartilage and bone. Its presence therefore
does not always imply movement, though many do. Joints are
divided into three categories:

® those between bones which provide little or no movement
are called fixed joints;

® those between bone and cartilage are called cartilaginous
joints;

® joints that allow movement are called synovial joints and it is
the range of types of these joints that enables the body to
have a wide diversity of movement.

Fixed and cartilaginous joints

Fixed joints include the sutures of the skull, in which a thin
layer of dense fibrous connective tissue unites the bones (dur-
ing life some sutures become replaced by bone so that there is
complete fusion). The joint between the shafts of the ulna and
radius of the forearm, and that between the tibia and fibula
near the ankle, are other examples of fixed joints, and in these
instances provide stability at these points of stress. These latter,
however, have more loose and elastic connective tissue than is
found in sutures and help the joints to absorb the shock of
movement.

Cartilaginous joints include the symphysis pubis between
the anterior surfaces of the pubis bones of the pelvic girdle and
the discs between the bodies of vertebrae. They differ from

Compare the bones of the arm and hand with those of the leg and foot.

Note the similarity in terms of bone number and arrangement, but note
also how they are adapted to accommodate the respective limb
function.

fixed joints in that the fibrocartilage present makes the joint
slightly more moveable. Such flexibility enables the symphysis
to move slightly during birth, and the vertebral column to be
flexible and to absorb forces during walking. The joint
between the cartilaginous tip of a growing bone, called the epi-
physis, and the underlying bone matrix is also a cartilaginous
joint, though the presence of bone mineral makes this joint

fixed.

Synovial joints

Synovial joints are characterized by the presence of a joint cav-
ity (Figure 3.23). The cavity contains synovial fluid, enclosed
within a tough fibrous capsule. The fluid is viscous because of
the presence of hyaluronic acid (a normal constituent of carti-
lage) and is produced as a secretion from the blood plasma. Its
role is to provide lubrication, and to provide nutrients for car-
tilage cells within the joint. An important property of the fluid
is that the viscosity reduces as the joint is used, thus increasing
the lubricative effects during exercise, much as lubricant oil
does in a car engine! Phagocytic cells within the fluid keep the
joint free of debris.

The capsule consists of a tough, but flexible, outer layer of
dense connective tissue which unites the articulating bones
and helps prevent dislocation of the bones. Some of the con-
nective tissue fibres of the capsule are arranged in parallel bun-
dles, which are oriented to provide maximal strength to the
joint. Such bundles are called ligaments. The inner layer of the

BOX 3.12 DEGENERATIVE CONDITIONS OF SYNOVIAL
JOINTS: ARTHRITIS

Inflammatory conditions of synovial joints are referred to collectively as
arthritis (‘arthro-’ = joint).

e QOsteoarthritis: this is a degenerative (but non-inflammatory in its
cause) condition of synovial joints. The causes can be secondary to
joint trauma/stresses and congenital factors, or can be idiopathic (i.e.
‘primary’). Idiopathic causes are more common and seem to be linked
to ageing, perhaps through ‘wear and tear’ and/or expression of age-
related genes. The disorder involves the breakdown of cartilage by
enzymes, which results in the flaking and cracking and eventual loss
of joint cartilage. As the cartilage thins there is frictional contact
between bones, which causes bone erosion, inflammatory responses,
and induces pain through the release of pain-producing substances
that act on nerve endings (see Figure 20.1, p.562). The problem may
be exacerbated over time by calcification of the joint capsule and pro-
duction of bony outgrowths called osteophytes. Joint flexibility may
then be very much reduced.

® Rheumatoid arthritis (or rheumatoid disease): this is an autoimmune
disorder of connective tissue and is primarily an inflammatory disease
of the joint capsule, articular cartilage and ligaments. There is joint
deformity, swelling and pain (Figure 3.24). The cause of the response
is obscure, with probably a combination of factors involved, such as
genetic susceptibility, hormonal and reproductive factors. (See also
the case of a woman with rheumatoid arthritis in Section VI, p.632.)

With extensive damage, correction of a degenerated joint may involve
a reconstruction of the joint structure (called arthroplasty) using bone
grafts and implants (Gaffo et al., 2006). Total joint replacement with arti-
ficial joints may be necessary in advanced inflammatory disease.
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Figure 3.23 A general synovial joint

Q What other types of skeletal joint are there?

Figure 3.24 Rheumatoid arthritis. Reproduced with the kind permission of the
Medical lllustration Department, Norfolk and Norwich University Hospital NHS
Trust

capsule consists of loose connective tissue, elastin, and adipose
tissue. This is the synovial membrane and it is this that secretes
the synovial fluid.

The joint surface of the articulating bones is smoothed by a
covering of hyaline cartilage. Additional cartilaginous discs (or
menisci) may be present to ensure a tight fit between joint sur-
faces of very different shapes, for example within the knee
(Figure 3.25).

Although the general structure of synovial joints is similar,
there are wide variations in the movement they facilitate.
Various subtypes of joint are recognized (Figure 3.26) as fol-
lows:

® Ball and socket: this consists of a ball-shaped surface on one
bone fitted into a cup-like socket in another. The advantage
of this type of joint is that it permits movement in three
planes, including rotation. Examples are the shoulder and
hip joints, although the need to maintain posture against
gravity means that the hip has less freedom of movement
than the shoulder.

Anatomy of the skeleton

BOX 3.13 SPRAINS

Joints subjected to physical stresses must be reinforced if they are not to
be dislocated. Those joints which have to support the body weight are
reinforced with substantial ligaments and cartilage, and are associated
with powerful muscles. For example, the structure of the knee joint
(which is actually an aggregate of three joints) is shown in Figure 3.25.
Note the presence of extensive ligaments and muscle tendons, and also
how the orientation of the fibres of these connective tissues stabilize the
joint. Cruciate ligaments (‘crux-" = cross) within the joint capsule between
the tibia and the femur help to reduce any twisting motion of the knee.

A sprain is an injury to ligaments, produced by a wrenching or twist-
ing movement. There is rapid swelling, worsening with time, and severe
pain on movement of the joint. Treatment includes:

e A cold compress applied intermittently for up to 36 hours to suppress
pain and swelling.

* Analgesia.

e |f necessary, elevate the affected limb to help reduce swelling.

* Mild heat later to improve blood flow and so promote wound healing.

* Immobilization of the joint, usually by splint or elastic dressing.

* Repositioning of the anatomical location of the ligaments, for example
through Bowen therapy.

* Teaching the patient to regain use of the joint only gradually, with rest
periods.

The joint should also be observed for signs of continuing problems, for
example bone necrosis through poor blood supply, or instability that may
make repeat dislocation likely.

® Hinge: in hinge joints a convex surface of one bone fits into
the concave surface of another. This structure provides
movement in one plane only. Examples are the elbow, knee
and ankle.

® Pivot joint: in this joint a protrusion from one bone articu-
lates within a ring (partly of bone, partly ligament) structure
on another. The joint provides rotational movement.
Examples include the joint between the first two cervical ver-
tebrae (atlas and axis) which allows rotation of the head, and
between the proximal ends of the ulna and radius of the fore-
arm, which allows rotation of the forearm and hence of the
hands.

® Ellipsoidal joints: in these joints an oval-shaped condyle on
one bone articulates with an elliptically shaped cavity on
another. The structure gives more movement than is possi-
ble with a normal hinge joint, by permitting both up/down
and back and forth movement. Saddle joints are modified
ellipsoidal joints that allow an even greater range of move-
ment in the two planes, though unlike the ball and socket
joint do not allow rotation. An example is the joint between
the radius and the carpal bones of the wrist.

® Gliding joint. in these joints the articulating surfaces are flat
and permit movement from side to side and back and forth.
Although twisting and rotation might be expected to be
possible by this structure, they are normally prevented by lig-
aments, or by adjacent bones. Examples are those between
the carpals of the hand, between the tarsals of the foot,
between the sternum and clavicle, and between the scapula
and clavicle.
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Figure 3.25 The knee joint: () anterior view; (b) posterior view. In (c) flexed views are shown to illustrate the cruciate ligaments and menisci cartilages within the joint

Q What is a menisectomy?

Joint dislocation results in joint deformity and loss of nor-
mal movement, and pain (Box 3.14). Dislocation also carries
with it a risk that blood vessels may also have been damaged.
Treatment is to provide analgesia, X-ray to assess the extent of
damage, realignment of the joint and immobilization. Surgery
may be required if damage is extensive, involving suturing of

Place the tips of your fingers over the joints identified as examples in

this section on synovial joints. Can you feel how the skeletal structures
are moving according to the differing joint structures?

the torn ligaments and (in the knee) possibly removal of
meniscus cartilage. This latter procedure is referred to as a
‘menisectomy’ and is often performed using an arthroscope to
visualize the interior of the joint capsule.

BOX 3.14 JOINT DISLOCATION

Dislocation is when bones in a joint move from their normal position,
with the consequence that the articular surfaces are no longer in con-
tact. The problem may be congenital because a joint has not fully formed
or matured, it may be pathological as a result of joint degeneration, or it
may be traumatic due to forced movement in an inappropriate plane.
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Figure 3.26 Subtypes of synovial joints and their movements

Bursae

Where skin, tendons or muscle rub on the surface of bone as a
joint moves, small sacs of fluid called bursae (singular: bursa)
prevent friction. These sacs are made of synovial membrane
and the fluid is of similar composition to that of synovial fluid.

References
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Ellipsoidal

BOX 3.15 TENDINITIS AND BURSITIS

These are painful inflammatory problems, typically produced by exces-
sive use of a joint, or compression of the joint area. Intervention is to
encourage resting the joint until the problem subsides.

SUMMARY

1 Bone tissue is a type of connective tissue, mineralized to give it a
supporting role. A bone is composed of two types of bone tissue:
compact bone and cancellous (also called spongy or trabecular)
bone.

2 Compact bone is a hard and dense tissue composed of tiny cylindri-
cal structures called osteons in which blood vessels and nerves are
located within a central canal. Bone cells are found within fluid-filled
pockets called lacunae into which nutrients must diffuse from the
canals.

3 Cancellous bone consists of little arches of bone that give it a spongy
appearance. The structure is still supportive but it also lightens the
bone and provides spaces for bone marrow.

4 Bone marrow is red or yellow. Redness is related to blood cell syn-
thesis. Yellow marrow consists mainly of adipose tissue.

5 The shape of bones depends upon their role in the skeleton; for
example the major limb bones are long and relatively narrow.

6 The mineral matrix of bone is secreted by specialized cells called
osteoblasts. The process continues throughout life as other cells
called osteoclasts remove mineral and release it into body fluids.
Bone mineral therefore reflects a balance between osteoblast and
osteoclast activity.

7 The laying down of new bone mineral is called ossification and is
most apparent as cartilage is replaced as bone grows in length.

8 Bone healing also involves ossification but this time not of cartilage.
Cells in the connective tissue that covers bone (i.e. the periosteum)
transform into osteoblasts and ossify the connective tissue in the
area of injury to form a callus. This provides strength to the damaged
area but will gradually be replaced as osteoblasts and osteoclasts
remodel the tissue.

9 The skeleton consists of axial and appendicular components.

10 The axial component is comprised of the skull, hyoid, sternum, ribs
and vertebrae.

11 The appendicular component is comprised of the shoulder and pelvic
girdles, the arms and legs, hands and feet.

12 The skeleton provides support for the body but also has features,
such as curvatures, that enable it to absorb physical stresses associ-
ated with standing and walking.

13 Joints are a feature of the skeleton. Some are immovable but others
called synovial joints facilitate movement according to their structure
and the activities of associated muscles.

14 Synovial joints are reinforced with ligaments and muscle tendons,
especially where they have to support the body against gravity.

15 Synovial joints are found in a variety of forms according to the move-
ment they facilitate.
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INTRODUCTION

‘Metabolism’ is a generic term that refers to the complex array
of chemical reactions that take place during the day-to-day
activities of cells. In essence, metabolism is the basis of cell
function and understanding the processes involved helps us to
understand better the needs of cells, the necessity for the sys-
temic functions of the body to meet those needs, and the foun-
dations of healthcare interventions required to support those
systems. Readers may find it useful to refer back to Chapter 1
and remind themselves of the features of integration of cellular
homeostasis.

A simple way to consider the basic principles of metabolism
is to consider that it encompasses those reactions in which new
molecules are produced and used by the body. This entails
reactions in which there is a joining together of atoms and
molecules, and those in which molecules are broken down into
smaller constituent units. ‘Anabolism’ is a general term for the
synthetic processes and ‘catabolism’ is a term applied to the
breaking-down processes. These processes underpin much of
the chemistry that is described in this chapter. However, in
order to understand this material it is important first to gain an
awareness of what atoms and molecules are. Accordingly, the
next section provides an explanation of fundamental aspects of
chemistry.

OVERVIEW OF BASIC CHEMISTRY

All living and non-living things consist of matter, in gaseous,
liquid or solid form, and all matter is made up of a limited
number of chemical ‘elements’ combined together in ways
which ultimately produce the huge diversity of substances that
make up the natural world. Chemistry is essentially about the
properties and behaviours of these elements and their combi-
nations. In biology, the main interest is in the chemistry of liv-
ing matter, and so is referred to as ‘biochemistry’.

Elements

Chemical elements are the basic building units of matter: they
are substances that cannot be broken down into simpler sub-
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stances by ordinary chemical reactions. Ninety-two different
elements occur naturally but a dozen or so others too unstable
to occur naturally are known to science (for example pluto-
nium). The elements are designated abbreviations, or symbols,
mostly based on the first one or two letters of the name of the
element although this can appear confusing if it refers to the
‘Classical’ rather than English, name. For example, symbols of
elements abundant in the body are C (carbon), O (oxygen), H
(hydrogen), N (nitrogen), Na (= natrium = sodium), K (=
kalium = potassium), Ca (calcium), P (phosphorus) and Fe (=
ferrum = iron).

The diversity of cell structure and function is made possible
because many chemical elements will combine with others to
form a myriad of different substances, the properties of which
result in the extensive range of chemical reactions that occur
from moment to moment within a cell.

Atoms

Each element consists of atoms; needless to say they are
minute, of the order of 1/100 millionth of a centimetre in
diameter! Some natural substances, such as diamond (a form of
carbon) and gold (symbol Au), may be almost entirely com-
prised of one kind of element. Usually, though, matter consists
of two or more different elements combined together in vari-
ous proportions. An example is the sugar glucose, which is
comprised of carbon, oxygen and hydrogen in defined propor-
tions (i.e. C.H ,O, — see later).

The structure of atoms exhibit two main features: the
nucleus and its ‘cloud’ of surrounding particles called electrons
(Figure 4.1a). Physicists have identified a number of different
particles and subparticles within the nucleus but the major
ones are called neutrons and protons and these are compara-
tively large and heavy in relation to electrons. Protons and elec-
trons are electrically charged: by convention protons carry a
positive charge, electrons a negative one. Atoms have the same
number of each and so overall are electrically neutral.
Neutrons are uncharged.

The structure of the atoms of one element is different from
that of others. All atoms of a given element will have identical
numbers of protons (and electrons), and it is differences in the
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Figure 4.1 Schematic representation of atoms and ions. In (a), an argon atom is
depicted as an example of an inert element. Note how the electron orbits around
the nucleus contain a full complement of electrons. In (b), a chlorine atom is
shown. In this atom the outer electron orbit is unfilled; in gaining an additional
electron the orbit is now filled but the excess electron causes the atom to
become negatively charged. This is now a chloride ion. In (c), a sodium atom
must lose an electron to ensure that the outer electron orbit is full, thus giving
the atom a positive charge; this is a sodium ion

Q Where would the additional electron come from that the chlorine atom
requires to form the chloride ion?
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numbers present that produce the range of different elements.
For example, hydrogen atoms are the smallest atoms and have
only one proton and one electron, whereas the biggest natu-
rally occurring atoms, those of uranium, have 92 of each.
Despite these differences some elements do have related prop-
erties, for example chlorine, bromine and iodine. For conven-
ience chemists arrange elements within these related groups in
a ‘Periodic Table’ (Figure 4.2), in order of the number of pro-
tons they have in their atoms; this is called the atomic number,
and in Figure 4.2 is depicted above the symbol for each ele-
ment.

The Periodic Table also shows the atomic mass of an ele-
ment, as the number below each symbol. The mass (i.c.
weight) of an atom reflects the number of protons and neu-
trons present; electrons are so small that their mass is insignifi-
cant in comparison. It is, of course, a miniscule value unless
there are trillions and trillions of them, in which case the col-
lective weight can be taken (for example, the weight of a dia-
mond). However, as mass relates to atomic size, it would be
erroneous to assume that 1 g of, say, hydrogen will contain the
same number of atoms as 1 g of a heavier element such as gold.
Hydrogen is the smallest and lightest element and is given a
standardized mass of 1. Gold has an atomic mass of 197, that
is, its atoms are 197 times heavier than those of hydrogen.
Thus, just 1 g of hydrogen will contain the same number of
atoms as 197 g of gold. Being aware of these differences in rel-
ative mass enables biochemists to compare the number of
atoms in substances of different weights, which is important
because chemical activity relates to molecule concentration,
not weight; it would be erroneous to assume that 250 pg of,
say, paracetamol, will contain the same number of active
paracetamol drug molecules as 250 pg of a paracetamol/
codeine combination.

Isotopes

Although the nuclei of atoms of one element have a given
number of protons, it is possible for them to vary in their num-
ber of neutrons. This does not influence the chemical activity
of the atom but it does slightly alter its mass. The forms of
atoms of a single element with different numbers of neutrons
are called isotopes.

In some instances the accumulation of extra neutrons can
destabilize an atom, with the result that the nucleus fragments
and neutrons are emitted as ‘radiation’. Such isotopes are
called radioisotopes (Box 14.1). For example, carbon atoms
(atomic number = 6) usually have six protons and six neutrons
(i.e. the atomic mass is 6 + 6 = 12). Another form of carbon
exists which has eight neutrons in its nucleus (i.e. the atomic
mass is now 6 + 8 = 14). This form of carbon is referred to as
carbon-14 to distinguish it from the usual carbon-12. Both
forms are chemically identical but the atomic nuclei of carbon-
14 are less stable and emit the excess neutrons as radiation
causing them to change to the more stable carbon-12.
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The relative atomic mass of an element whose isotopic composition is variable is shown in parenthesis.
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Elements marked with * are those which do not occur naturally on earth.

Figure 4.2 The Periodic Table of elements. Ninety-nine per cent of the human body is composed of those highlighted

Q Carbon, hydrogen, oxygen and nitrogen are the most prevalent elements in the body, and hence in our diets. In which dietary constituents would you expect to find

these?

BOX 4.1 RADIOISOTOPES: CLINICAL IMPLICATIONS

Radioisotopes have a number of implications for medicine and health
care:

* |odine is a normal constituent of thyroid hormones and the uptake of a
radioisotope of iodine by the gland may be used to assess production
of thyroid hormones.

* If the energy of the radiation is large enough then the impact between
radiated particles and other atomic nuclei can be used to displace
some of the latter’s nuclear particles. This is the basis of treating can-
cer by radiotherapy, the principle of which is to change the chemical
structure of the genetic material of tumour cells and so destroy them.

 Conversely, excessive irradiation of normal cells can also make them
cancerous, as gene changes cause a loss of control of cell division.
Chapter 2 identified how the rate of cell division is regulated through
the activities of certain genes: the proto-oncogenes are those that are
potentially capable of causing a cell to divide out of control should they
be expressed uncontrollably, whereas tumour suppressor genes are
those that place a brake on the process. Mutation of the latter in par-
ticular is linked to cancer.

* In more recent developments, imaging the activity of parts of the brain
has become possible by administering the sugar glucose that has
been produced so that it contains a radioisotope of carbon.

Electrolytes (ions)

While atoms are electrically neutral, some can lose or gain elec-
trons and so disturb the balance between positive and negative
charges. The atom is then called an ion. The loss of electrons
gives the ion a net positive charge since the protons will now be
in excess of the electrons, while a gain of electrons gives it a net
negative charge, as the number of electrons will now exceed the
number of protons. The charge means that a solution of ions
will now carry an electric current and so another term for them
is electrolytes: this is the term most widely used in clinical
practice.

Electrolytes arise for those elements that have electrons
unevenly distributed around the nucleus. Electrons spin in a
series of orbits around the nucleus that for convenience can be
visualized as a series of concentric circles (see Figure 4.1a); the
orbits actually equate to energy levels or ‘shells’ around the
nucleus. The number of orbits depends upon the number of
electrons that the atom has, and hence may vary between ele-
ments. Each orbit has a maximum number of electrons that it
can contain: the first orbit at most holds only 2, the second
orbit 8, and the third 8 (in smaller atoms) or up to 18 (in large
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atoms). Whichever is the outermost orbit of the atom, its sta-
bility is determined according to whether or not the orbit has
its maximum quota of electrons.

If the number is submaximal this confers the atom with its
chemical property, as the atom will tend to interact with oth-
ers to fill that outermost orbit. This is the basis of atoms com-
bining to form molecules; for example oxygen gas is a molecule
of two oxygen atoms (see below). An alternative is for the atom
to fill the outer orbit by gaining electrons from another atom,
but without combining with it. Another possibility is to lose
electrons and remove that orbit entirely, thus making the (full)
preceding one the new outer orbit. In gaining or losing elec-
trons the electrical balance between protons and electrons will
then have changed leading to an overall electrical charge; the
atom will have become an ion. For example:

¢ Chlorine (symbol Cl) atoms have the atomic number 17
(Figure 4.2) and so normally have 17 protons and 17 elec-
trons. This means that their will be three electron orbits, but
the outermost one will only contain seven electrons (2 + 8 +
7; see Figure 4.1b). For maximum stability the orbit must be
filled by accepting one more electron (note: the alternative of
losing as many as seven electrons is not feasible). The ‘atom’
will now have 17 protons and 18 electrons, giving it a net
negative charge: this is the chlorine (or chloride as it is usu-
ally called) ion; it is given the symbol CI™. The extra electron
is taken from another atom, for example sodium, which
would then also become an ion.

Sodium (atomic number 11) normally would have 11 pro-
tons and 11 electrons, with just one of the latter in an outer

orbit (2 + 8 +1; see Figure 4.1¢). To achieve maximum sta-
bility the atom would have to lose that electron and so lose
that orbit (note: the alternative of acquiring another seven
electrons to fill the outer orbit is not feasible). This leaves the
‘atom’ with 11 protons and 10 electrons, and hence a net
positive charge; this is the sodium ion; it is given the symbol
Na'. The lost electron could contribute to another ion, for
example the chloride ion mentioned above.

If an electric current is passed through a solution containing
chloride ions, the ions move towards the positive electrode,
called the anode; negative charged ions are often referred to as
‘anions’ for this reason. Similarly, an electric current passed
through a solution of positive ions causes the ions to move
towards the negative electrode (the cathode), and so these ions
are often referred to as ‘cations’. This principle is used in, for
example, electro-plating base metal with silver.

In combination, a cation and an anion make a ‘salt’; for
example sodium chloride (NaCl = common or table salt) is a
combination of sodium and chloride ions. This salt is a solid
white crystal and must be dissolved in water for the ions to be
separated:

Salts and ions are readily available from our diets, and our
body fluids contain a considerable number of types of ion in a
range of concentrations (see Chapter 6). The presence of an
electrical charge makes ions chemically active and most have
important physiological actions, and so the concentrations of

Refer to the discussion to explain why sodium ions have one electrical

charge, zinc ions two, and aluminium ions three. Why are these ions
positively charged rather than negative?

ions dissolved in our body fluids must be closely controlled.
Much is now understood of those processes but little is known
about the regulation of some, such as zinc (Zn?*) and alu-
minium (AI?*), which are found in such low concentrations
that they are referred to as ‘trace’ elements.

In contrast, the atoms of some elements, such as helium
(symbol He), have just the right number of electrons to fill
their orbits and therefore do not have to lose or gain electrons
for stability. These are called ‘inert’ elements as that stability
means that they do not readily take part in chemical reactions.
This makes helium (a gas) useful in clinical evaluations of lung
function as it can be breathed in without physiological conse-
quence (see Chapter14, p.409).

Combining atoms to produce molecules

When two or more atoms combine in a chemical reaction the
resultant substance is considered to be a ‘molecule’. If the mol-
ecule contains atoms of different elements it may be referred to
as a ‘compound’, although the term ‘molecule’ tends to be
used generically.

Various forms of chemical bonds are recognized.

lonic bonds

Salts (see previous section) are molecules in which the attrac-
tion of opposing electrical charges produces an ‘ionic’ bond
that holds the ions together.

Covalent bonds

Other bonds are more common in biological systems, espe-
cially those called covalent bonds in which atoms are bonded
together through the sharing of electrons.

For example, an atom of oxygen (atomic number 8) has
eight electrons and so has only six in its outer orbit (2 + 6; see
Figure 4.3a). For maximum stability an oxygen atom therefore
must gain two electrons in order to fill the outer orbit. In this
instance the atom does not usually become an ion but instead
it shares electrons with another atom, such as another oxygen
atom. Between them they will still only have 12 electrons in
their outer orbits (6 + 6) but by sharing there will be brief
moments when each atom will have a full complement of elec-
trons (eight) in its orbit. The time spent without a full comple-
ment becomes negligible and so in effect the two atoms have
attained stability.

The oxygen atom could, of course, share electrons with
atoms of other elements, and this is illustrated in Figure 4.3b
in which an oxygen atom is sharing electrons with two hydro-
gen atoms. Hydrogen (atomic number 1) has only one elec-
tron in its outer orbit (remember that this is the first orbit and
can maximally hold two electrons) and by sharing electrons
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Figure 4.3 Bonding between atoms. In (a) oxygen atoms have formed covalent bonds with another oxygen atom to form an oxygen molecule (i.e. 0,) or with two
hydrogen atoms to form a molecule of water (H,0). In (b), the uneven distribution of electrical charge within a water molecule means that the molecule can act as a
solvent of atoms/molecules that also have a charge. This is how, for example, table salt (sodium chloride) dissolves in water (see text)

with oxygen the hydrogen atoms will also each ‘gain’ for peri-
ods the extra electron they need for stability. Such covalent
bonds are essential to life; they are relatively easy to form, but
are stable and are not expensive in terms of the energy
required.

In these examples the molecule consisting of two oxygen
atoms is given the symbol O, (the subscript number denotes
the presence of two atoms) and is the form in which oxygen is
found in the atmosphere. The molecule or compound consist-
ing of an oxygen atom and two hydrogen atoms is given the
symbol H,O (i.e. water). Note how the change in constituents
alters the properties of the substance. Oxygen and water mole-
cules are relatively simple as they involve just a few atoms.
Some atoms have a capacity to share many more electrons and
so more complex molecules are possible. For example, a carbon
atom (atomic number 6) has four electrons in its outer orbit (2
+ 4; see Figure 4.4). To ‘gain’ the four electrons it requires to
fill the outer orbit a carbon atom may, perhaps, share electrons
with four hydrogen atoms to produce the molecule CH,
(called methane, a gas), or perhaps with atoms that include
another carbon atom. This latter carbon atom may, of course,
combine with yet more atoms to gain the additional three elec-
trons it now requires for stability, and so the process may con-

tinue. Potentially such molecules may involve hundreds of
atoms and are said to be ‘macromolecules’ (‘macro-’ = large)
and there are many examples of these in cells, for example car-
bohydrates, proteins and fats.

The capacity of carbon atoms to combine with so many oth-
ers makes it a particularly versatile element. It is perhaps not
surprising, therefore, to find that carbon-based compounds
form the chemical basis of all living organisms. The chemistry
of carbon and its compounds is referred to as ‘organic’ chem-
istry to distinguish it from the chemistry of other elements
(called ‘inorganic’ chemistry).

Hydrogen bonds

A further type of bond is that referred to as a ‘hydrogen bond’.
This again entails attraction between opposite electrical
charges but is different from an ionic bond because there is no
donation or loss of any electrons. The charge on a hydrogen
atom comes about because of disproportionate sizes of atoms
within the structure of a molecule. Remember that atom size is
especially related to the number of positively charged protons
in its nucleus. Hydrogen is the smallest of atoms, with just one
proton, so any other elements it is joined to within a molecule
will have bigger atoms. Thus, if hydrogen forms a covalent
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Figure 4.4 The versatility of carbon: the building of simple or complex organic
molecules

Q Look closely at the diagram of the carbon atom. How many electrons does it
have in its outer orbitHow many can it contain when fullHow many electrons
could it share with other atoms?

bond, the sharing of electrons tends to be unequal; the shared
electrons will spend most of their time around the bigger
nucleus, leaving the hydrogen atom deficient for much of the
time and the other atom in surplus (for example the oxygen
within a water molecule). This disproportionate sharing causes
the hydrogen atom to have a weak positive charge and the asso-
ciated atom a slight negative charge. A hydrogen bond forms
when the molecule is electrically attracted to other charged
molecules. These bonds take little energy to form and require
little to break them, and are widespread in the body. For exam-

ple:

® The charged hydrogen atoms in amino acids cause different
ones in a protein molecule to interact with each other, thus
producing the three-dimensional shape vital to its role.

® Hydrogen bonds between the constituent molecules of

DNA help to hold the two chains of the DNA molecule

together. The two chains must be separated during the
processes of DNA replication or RNA transcription (see
Chapter 2, p.41), and the presence of hydrogen bonds
means that this is done easily and efficiently.

® Hydrogen bonds between water molecules and electrolytes
in solution help to keep the electrolytes apart and prevent
them recombining with each other through ionic bonding
(see Figure 4.3b). This property helps to explain why water
is such a good solvent and hence why body fluids can con-
tain so many different ions (see Chapter 6). In contrast,
those substances such as lipids that do not carry a charge are
poorly soluble in water. This too is important for us because
it makes the (uncharged) lipid-based cell membrane insolu-
ble in body fluids, and so it can form an effective barrier
between the aqueous environments inside and outside cells.
This enables cells to maintain a composition of fluid inside
them that is quite different from that of the fluids outside.

[somers

Isomers are molecules that have the same chemical formula but
the constituent atoms are arranged slightly differently, giving
the molecules different properties. Examples of important bio-
chemical isomers are the sugars glucose, fructose and galactose.
These are the major ‘simple’ sugars that we obtain from our
diets (see Chapter 5, p.107) but all have the formula C.H,,O,.
Their molecule shape is essentially a ring made from the six
carbon atoms, with oxygen and/or hydrogen attached to each
of these. However, the arrangement of the hydrogen and oxy-
gen atoms is slightly different in the three sugars and this is suf-
ficient to change their properties (e.g. fructose tastes much
sweeter than the others). The differences also mean that bio-
chemical pathways that utilize glucose to yield energy cannot
do the same with fructose and galactose, much of which has to
first be converted to glucose in the liver (though some cells can
utilize them directly using different pathways, for example
spermatozoa).

Even just one type of sugar can exist in slightly different
form. For example, glucose can have a sequence of oxygen and
hydrogen atoms that are designated a ‘right-handed’ forma-
tion, or a sequence that is a mirror-image (‘left-handed’ config-
uration). The ‘right-handed’ form is referred to as D-glucose
(as opposed to L-glucose) and, in clinical terminology, as
dextrose.

OVERVIEW OF METABOLISM

It was noted at the start of this chapter how the term metabo-
lism relates to all chemical interactions in the body. Indeed,
much of the discipline of biochemistry is concerned with this,
so this book can at best provide only an insight into those
processes that are especially important to understanding phys-
iological functioning,.

The formation of chemical bonds (i.e. anabolic reactions)
between atoms or molecules clearly requires the constituent
atoms or molecules (called the reaction substrates) to be pres-
ent in adequate amounts, together with the input of sufficient



energy for the bonds to be made (Figure 4.5). The substrates
generally are provided by three possible sources:

® Digestion of food: taking glucose as an example, this is
released by the breakdown of complex dietary carbohydrates.
Breakdown of substances and mobilization of stores: this is
illustrated by the release from the liver of glucose from the

breakdown of the storage carbohydrate glycogen (a process
called glycogenolysis).

Conversion from other substances: for example, glucose can be
generated by conversion of other non-carbohydrate sources,
such as amino acids and fatty acids, in a process called gluco-
neogenesis.

The energy required to form chemical bonds is provided by
its release from bonds between atoms in other molecules. This
process of breakdown of molecules is generally referred to as
catabolism. Thus, catabolism and anabolism are closely inter-
related in cell functions (Figure 4.5). The first critical stage in
providing cells with adequate energy is to break down ‘fuels’
(i.e. mainly glucose but also amino acids and fatty acids — see
Chapter 5) in those specific catabolic processes called respira-
tion, which are explained in more detail in a later section.
Within cells, most respiration takes place within the mito-
chondria. This basically presents the cell with two problems:

® How to harness the energy so that it is not lost as heat.
* How to transfer the energy to other parts of the cell.

The solution is to incorporate the energy into further chem-
ical bonds in a small molecule that is much more readily avail-
able to cell processes. That molecule is adenosine triphosphate
(or ATP), and is discussed in Chapter 2 (p.30; see also
Box 4.4). Thus, at points within a cell the ATP is broken
down again to its constituents (adenosine diphosphate and

CATABOLISM ANABOLISM
Molecules Larger molecules
Enzymes
'¢— Enzymes + —P>
energy*
v
Products

i Small molecules
i.e. smaller molecules

.

Figure 4.5 Relationship between catabolic and anabolic processes. Some
products of catabolism (and perhaps anabolism) may not be useful to cells and
so will be removed from the cell and excreted. Note that the energy required for
anabolism will be provided by the catabolism of fuels (e.g. glucose molecules)

Excretion?
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phosphate; ADP + P) to release the bond energy once more.
The ADP and P are recycled in forming more ATP.

Less than 50% of the energy released by cellular respiration
is actually harnessed. Similarly, energy is also lost as heat when
it is released from ATP. Overall, the efficiency is normally only
of the order of 20-25%, and even athletic training will not
raise this by more than just a few per cent. In other words,
some 70-80% of the energy released is lost as heat. Much of
this must be dissipated from cells because excess heat breaks
the weak hydrogen bonds that act to hold together many mol-
ecules. However, not all heat is immediately lost from the body
since maintaining a core temperature of about 37°C is also
necessary (see Chapter 16, p.454). Some of the heat produced
by metabolism is therefore conserved to maintain the core
temperature.

Substrate and energy provision therefore facilitates cell func-
tioning, but within cells the appropriate catabolic and anabolic
reactions must also proceed in an appropriate way, and at a
rate conducive to the demands placed on the cell. This is
largely ensured by the presence of chemicals called enzymes
that act as catalysts: they accelerate a specific chemical reaction
but do not actually take part in it themselves and so are not
changed by it. These chemicals were also identified in Chapter
2 (p.47) as they are key chemicals in the regulation of cell
chemistry, and hence cell structure and function. They are dis-
cussed in more detail in the following section.

Enzymes

By promoting a specific reaction, perhaps just one of thou-
sands of reactions occurring within a cell, enzymes increase the
rate at which that reaction proceeds. This will be vital if that
biochemical process is to be compatible with life.

In chemical terms, enzymes are polypeptides or proteins
(proteins are made of polypeptides combined together), that is
to say, they are large molecules composed of lots of amino
acids. Cells produce a huge variety of enzymes and the nomen-
clature for them used by biochemists and clinicians can be
bewildering:

* Some enzymes have generic names according to the chemi-
cal group on which they act. For example, a ‘protease’ is an
enzyme that breaks down proteins; the digestive enzyme,
pepsin, is one of these.

* The name of an enzyme can be more specific. For example,
‘sucrase’ is a digestive enzyme that breaks down dietary
sucrose into its constituent simple sugar units of glucose and
fructose.

® Sometimes an enzyme is named after its chemical action, for
example a ‘dehydrogenase’ enzyme is one which dehydro-
genates (i.e. removes a hydrogen atom from) a molecule, a
‘hydroxylase’ enzyme adds a hydroxyl group (-OH) to the
molecule, and a ‘transaminase’ is involved in the conversion
of one amino acid into another type. Box 4.2 provides
examples.

Note that enzyme names usually end in the suffix “-ase’.
Enzymes may also contain a non-protein cofactor without
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BOX 4.2 ENZYME SPECIFICITY: CARDIAC AND LIVER
ENZYMES

Enzymes produced by a cell are normally for its own use, and in addition
to those enzymes common to processes in all cells, such as those
involved in respiration, they will also include enzymes that relate to the
role of that particular cell type. These enzymes may become detectable
in blood if the cells are damaged and so may be isolated and used for
diagnostic purposes. For example, the appearance in blood of the
enzymes LDH (lactic dehydrogenase), HBD (hydroxybutyrate dehydroge-
nase), GOT (glutamate oxaloacetate transaminase) and GPT (glutamate
pyruvate transaminase) is used as an indicator of myocardial infarction
or liver damage (see also Box 10.28, p.264, and Box 10.29, p.266).

which it will not function. These cofactors may be ions, such
as calcium and magnesium, or complex molecules called coen-
zymes, such as some B-group vitamins.

It is the structure of the enzyme that enables it to have a spe-
cific role as a catalyst. Like all proteins, the enzyme molecule is
mainly composed of a large number of smaller constituent
molecules called amino acids, of which there are only 20 differ-
ent types. The synthesis of an enzyme within a cell commences
with various amino acids being joined together in a sequence
that ultimately is determined by the ‘genetic code’ provided by
DNA (see Figure 2.14, p.41); this is referred to as its ‘primary
structure’ (Figure 4.6). The actual sequencing is important
because some amino acids then interact with others along the
chain, by forming hydrogen bonds, (see carlier) that cause the
structure to coil (= secondary structure) and bend (= tertiary
structure) (Figure 4.6) eventually producing a complex three-
dimensional shape. Bearing in mind that the molecule might
be up to several hundred amino acids in length, the number of
possible combinations and permutations of 20 different types
of amino acid is colossal, and so there is tremendous scope for
variety in protein size and shape. The shape produced is of par-
ticular significance for enzymes and for proteins that con-
tribute to cell structures.

The significance of shape to enzyme action can be illustrated
by applying a ‘lock and key’ model (Figure 4.7). This model
suggests that the enzyme (= the ‘lock’; see ‘E’ in Figure 4.7)
accepts a molecule which has a complementary shape (= the
‘key’; see ‘A’ in the diagram) to form an enzyme—substrate com-
plex. The three-dimensional structure of the enzyme molecule
means that only substance A will fit into it. In this example, the
enzyme’s action promotes the separation of the compound
into two of its constituent compounds; let us call these ‘B’ and
‘C’. However, it is also clear from Figure 4.7 that substances B
and C could also individually fit into the enzyme shape, and so
the enzyme might also promote bonding between them, and
hence the reforming of substance A. This is an important fea-
ture of a catalyst: reactions that involve enzymes are reversible.
The question therefore arises as to which substance(s) a cell
would produce using this enzyme: A or (B + C). Generally this
is determined by the relative amount of either A or (B + C)
present since the predominant substrate is more likely to gain
access to the enzyme’s active site. Thus if A is in excess of (B +

(@
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Figure 4.6 Primary, secondary and tertiary structure of enzymes. (a) Primary
structure: an amino acid chain determined by the genetic code of the cell. (b)
Secondary structure produced by folding and coiling of the amino acid chain. (c)
Tertiary structure: a three-dimensional structure produced by further coiling and
folding. Note that (b) and (c) arise from interactions between certain amino acids
in the primary structure, producing a final structure that is characteristic and
specific to that enzyme

Q Why is the three-dimensional structure of an enzyme important?

C) then this is more likely to attach to the enzyme, generating
further B and C; if (B + C) is in excess then the reaction is
likely to generate A. This is referred to as competitive binding,
and has a number of applications (Box 4.3).

Following on from this example, if B and C are used in
some capacity within the cell, or they are secreted from it, then
there will be fewer to compete with A for the binding sites on
the enzyme. Thus, provided that there is an adequate amount
of A around then production of (B + C) will increase. In this
way, increased utilization of B and/or C is matched by
increased production and so cell homeostasis is maintained.

From this discussion it should be obvious that a lack of a
particular enzyme will prevent a certain reaction from occur-
ring, while a surfeit of the enzyme could cause the reaction to
proceed too quickly. The control of the enzyme is achieved by
regulating its synthesis or by interfering with its availability
(see Figure 2.18, p.48). Other enzymes will also be involved in
these processes: this is a classic example of the inter-relation-
ships that operate in living organisms and contribute to home-
ostasis.
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Figure 4.7 Enzyme—substrate reactions. Note how a single enzyme can promote
the production of products from a certain substrate, but can also promote
reformation of the substrate from those same products

Q Refer to the text. What determines whether the enzyme will form products or
Substrate?

DETAILS OF CELLULAR RESPIRATION

Energy production by cells 1: cellular respiration
and the generation of ATP

As noted earlier, cellular respiration (sometimes referred to as
internal respiration) is the process of breaking chemical bonds
to release energy essential for cell activities. Oxygen must be
available for it to be efficient: this, and the production of car-
bon dioxide as a waste product, means that the term ‘respira-
tion” is also applied to lung function where the gases are
exchanged (sometimes referred to as external respiration), and
the lungs comprise the respiratory system (see Chapter 14).

Cellular respiration is a very complex process, involving glu-
cose, fatty acids or amino acids as fuels. Mostly, it entails the
release of energy from chemical bonds within glucose mole-
cules. It commences with the uptake of glucose by a cell which
then enters a sequence of conversions, catalysed by a battery of
enzymes, that ultimately generates a net 38 molecules of ATP
from a single molecule of glucose:

The first eight molecules of ATP are produced in the cell
cytoplasm by reactions that do not use oxygen; this is referred
to as anaerobic respiration (‘an-’ = without, ‘aer-’ = air).

The remaining 30 are produced using oxygen in a process
referred to as aerobic respiration, which takes place within the
mitochondria of the cell.

The next sections consider the aerobic and anaerobic
processes in more detail.

Energy production by cells 2: aerobic respiration
Aerobic respiration of glucose

You should read this section in conjunction with Figure 4.8.
Glucose is a relatively large molecule (C;H,O,), insoluble
in lipid and unable to diffuse directly into the cell. It therefore

Details of cellular respiration

BOX 4.3 COMPETITIVE BINDING

Competitive binding will apply wherever substances have to compete for
a spot on a protein.

An example is the action of the enzyme carbonic anhydrase that is
found in red blood cells. In the tissues this enzyme promotes the forma-
tion of bicarbonate ions from carbon dioxide (see Chapter 6, p.130),
which is present in relatively high concentrations. Within the lungs the
carbon dioxide concentration falls as the gas is excreted. Competitive
binding then favours the conversion of bicarbonate ions to more of the
gas which can then also be excreted.

In another example, phenylketonuria (PKU) is an inherited condition in
which the amino acid phenylalanine is not fully utilized. As a conse-
quence, its concentration in the blood rises and it begins to compete
more effectively for the protein-carrier process that transports amino
acids into the brain. Thus, the developing brain of a child, which has a
large demand for all types of amino acid, can become deprived as
uptake is dominated by phenylalanine transport. Intervention is aimed at
reducing the phenylalanine concentration by restricting its presence in
the diet. Control has to be instigated early — PKU is normally tested for by
midwives within 7-10 days of birth.

Some drugs also use competitive binding; they compete for binding
sites of hormones or other biological messengers such as neurotrans-
mitters. In doing so they prevent the actions of that chemical (i.e. they
are antagonistic drugs); for example, salbutamol (Ventolin) is an antago-
nist of adrenaline and is used to reduce the actions of adrenaline on lung
airways during an asthma episode.

BOX 4.4 METABOLIC RATE

The text identifies how cellular respiration is the initial, critical step in the
provision of energy required for other chemical processes within cells.
Cellular respiration therefore is equated to the ‘metabolic rate’ of the
cell. As most of the ATP (3038 molecules per molecule of glucose) pro-
duced by respiration involves utilizing oxygen, measuring how much
oxygen someone uses per minute provides a useful means of measuring
the metabolic rate of the entire body.

In considering an individual’s metabolic rate it is necessary to con-
sider two aspects: the basal metabolic rate (BMR) and the increment
caused by activity.

The BMR relates to the basic processes that keep us alive, including
cell division during tissue repair (or growth in children or in the pregnant
woman). It will vary between individuals primarily because of differences
in gender, age and body size, and so is normally expressed as a value
that has been standardized. The BMR of an individual normally varies
only slightly (until age-related factors come into play). Clinically, how-
ever, it is elevated:

* in metabolic disorders such as hyperthyroidism (‘hyper-’ = greater
than normal) in which an excessive production of thyroid hormones
raises the rate above the normal range;

* in a fever (pyrexia) when substances (pyrogens) released from infec-
tious organisms, or white blood cells produced in response to their
presence, act to reset the homeostatic set point for body temperature;

e after surgery or trauma through the activities of the stress hormone,
cortisol.

The increment in metabolic rate that is observed from activity relates to:

e physical activities;
* mental activities;
e digestion and assimilatory activities after eating a meal.

Physical activity level makes the most important contribution and so
is a factor in dietary recommendations (see Chapter 5, p.112).
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Figure 4.8 Glucose metabolism (or cellular respiration). Note that this is a very
simplified diagram of the processes involved. Once glucose has entered a cell, it
undergoes many conversions, promoted by numerous enzymes. The ATP that is
produced in the cytoplasm does not require oxygen (i.e. this is anaerobic
respiration). That produced in the mitochondria occurs in a process that utilizes
oxygen (i.e. this is aerobic respiration). Each molecule of glucose generates a
net 38 molecules of ATP. Overall the equation for the reaction is: C;H,,0, + 60,
— 6C0, + 6H,0

Q How many molecules of ATP are gained from a molecule of glucose by
anaerobic and aerobic respiration@Which process is the more efficient of the
two?

enters cells through facilitated diffusion, via carrier proteins
that ‘flip’ the sugar across the cell membrane. The molecule is
then converted within the cytoplasm, via a series of enzymati-
cally driven reactions that do not utilize oxygen, to a substance
called pyruvate. By not involving oxygen this is actually an
anaerobic stage (see below), referred to as glycolysis, but is
integral to the whole process of aerobic respiration of glucose.
As already noted, above, it generates eight molecules of ATP
from one molecule of glucose. The pyruvate then enters the
cell’s mitochondria where it is converted using another enzyme
into a substance called acetyl coenzyme A, the significance of
which is explained later. Acetyl coenzyme A enters yet another
complex series of enzymatically controlled reactions called the

tricarboxylic acid (TCA, or Krebs) cycle. This cycle of reac-
tions is important because the stepwise reactions release energy
in a slow, controlled fashion that makes the harnessing of the
energy as ATP much more efficient, hence the 30 molecules of
ATP produced per molecule of glucose that enters the original
process. The TCA cycle involves the use of oxygen, and so is
the actual aerobic stage.

One feature of the aerobic stage is that electrons are released
from atoms during the reactions and these are then transferred
along a series of further chemicals found in the membranes of
mitochondria. This is the actual process that requires oxygen
and is the main source of energy release and ATP generation.
The chemicals concerned are called cytochromes (otherwise
referred to as the electron transport chain). One important
cytochrome is derived from the B vitamin niacin and so this
must be present in our diet. Some substances, such as cyanide,
are highly toxic to this stage of respiration, effectively prevent-
ing generation of adequate ATP and hence are potentially
lethal.

The aerobic metabolism of glucose via the TCA cycle pro-
duces ‘waste’ products in the form of carbon dioxide and
water, the excesses of which are removed from the body via the
lungs/kidneys (see acid—base homeostasis in Chapter 6).
Homeostatic regulation of the functioning of these organs
ensures that the removal is sufficient to prevent a build-up of
these wastes.

BOX 4.5 ORAL GLUCOSE/ELECTROLYTE THERAPY

The means by which glucose enters into cells is an example of facilitated
diffusion, which was described in Chapter 2. The process is made more
efficient by utilizing the concentration gradient for sodium, which is
greater than that of glucose, to drive the carriage. To do this, sodium
ions must also combine with the carrier protein. Glucose uptake by cells
of the small intestine operates in the same way, and this is one reason
why electrolytes are incorporated into oral rehydration solutions used to
counteract the consequences of diarrhoea.

Aerobic metabolism of fatty acids and amino acids

You should read this section in conjunction with Figure 4.9.

Cells also have the enzymes necessary for the respiration of
fatty acids (from fat) and certain amino acids (from protein).
While glucose ordinarily is the main ‘fuel’ for respiration,
some fatty acid metabolism occurs continuously alongside that
of glucose and normally accounts for about a third of energy
production. Amino acids normally contribute some 15% to
the basal metabolic rate.

Within cells, the fatty acids or amino acids are converted
into the intermediary substance acetyl coenzyme A identified
earlier in the metabolism of glucose. In so doing they can now
enter the same TCA cycle (Figure 4.9) and generate ATP.
Some amino acids, and the glycerol released from the
breakdown of stored fats, can also be converted to pyruvate
and enter the TCA cycle, or alternatively the pyruvate may be
converted to glucose for use elsewhere in the body.
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Figure 4.9 Aerobic metabolism of fats and proteins. Note that certain amino
acids, and glycerol from fats, may be converted to pyruvate and so may be used
to generate new glucose molecules (gluconeogenesis). Note also that the
metabolism also produces ketones as byproducts, unlike the carbon dioxide and
water produced by glucose metabolism (see Figure 4.8)

Q Undernourishment, or altered metabolism in diabetes mellitus, tends to favour
the metabolism of fats and proteins. The excessive amount of ketones produced
may then become a problem. Why?

This complex interplay is useful for two main reasons:

1 Glucose, fatty acids, glycerol and some amino acids can all
be converted to acetyl coenzyme A and so all are sources of
energy via the TCA cycle in mitochondria. Under normal
circumstances, therefore, it is highly unlikely that cells will
be starved of metabolic fuels.

2 The capacity of cells to convert glycerol or some amino acids
to glucose means that the availability of glucose can be
increased to support tissue repair in damaged tissues, or to
support muscles during exercise. The process of producing
glucose from non-carbohydrate sources is referred to as glu-
coneogenesis (which translates as the ‘creation of new glu-
cose’) and is stimulated by the hormones cortisol (in wound
healing) and adrenaline (in exercise).

Details of cellular respiration

Upon entering the TCA cycle, the metabolism of acetyl
coenzyme A will lead to the production of carbon dioxide
and water, as noted in the metabolism of glucose. However,
converting fatty acids and amino acids to acetyl coenzyme A
in the first instance also produces substances called ketones.
These may be excreted in urine or reused by some tissues for
energy, for example cardiac muscle, but there is a limit to the
effectiveness of such processes. For example, the extent of the
increased fatty acid and amino acid metabolism that is
observed in the disorder diabetes mellitus, when it is poorly
controlled, means that ketone production is excessive.
Ketones:

® Are detectable as a pear-drop smell on the individual’s
breath, a situation referred to as ketosis.

® May appear in blood as ketoacids, and if in excess of what
can be excreted in urine will induce an acidosis (i.e. excessive

acidity; see Chapter 6, p.132).

Energy production by cells 3: anaerobic
metabolism

Although most energy (and hence ATP) that is produced by
cells involves the use of oxygen, the sections above also noted
that an anaerobic stage is integral to the overall process of res-
piration involving glucose. It was also noted that the anaerobic
process is considerably less productive of ATP than is the aer-
obic stage. Nevertheless, that ATP production makes an
important contribution, though it is insufficient on its own to
sustain cell functioning for very long. In addition, the process
produces lactic acid. This is highly toxic to cells and so has to
be removed or at least deactivated; lactic acid is taken up from
blood by the liver where it is detoxified.

During sharp bursts of exercise, or during prolonged and
severe exercise, the oxygen supply to muscles may not be suffi-
cient to maintain the aerobic stage. Some muscle cells do have
an interim oxygen store, the pigment myoglobin (similar to
the blood pigment haemoglobin), but this source is soon
depleted and so anaerobic metabolism must play a more signif-
icant role. The reduced production of ATP and increased gen-
eration of lactic acid can limit exercise capacity (for example in
producing a ‘stitch’), and the consequential build-up of lactic
acid after exercise has finished must be metabolized. The
deoxygenated myoglobin must also be replenished with oxy-
gen. The metabolism of lactic acid by the liver after exercise
involves oxygen and, together with the reloading of myoglo-
bin, means that oxygen consumption will have to be greater
than is usual at rest; this extra is called the ‘oxygen debt” and
explains why people breathe heavily after exercise even though
they have stopped the activity.

Clinically, circulatory disorders such as coronary arterial dis-
ease may also compromise the blood supply, and hence deliv-
ery of oxygen, to tissues, causing them to become hypoxic.
Anaerobic respiration then becomes a more important contrib-
utor to cell function; the effects of hypoxia can range from
fatigue/reduced tissue functioning to cell death.
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BOX 4.6 APPLICATION: HYPOXIA

If oxygen supply to a tissue cannot match cellular requirements then
aerobic metabolism declines and the production of lactic acid increases
as anaerobic metabolism begins to dominate. The tissue is said to be
hypoxic (‘hypo’ = less than normal; ‘oxia’ = oxygenation). The inefficient
production of ATP by anaerobic metabolism means that ATP production
will soon become inadequate, while the excessive production of lactic
acid may also disrupt cell structures and their functions.
Hypoxia has three main causes:

1 Inadequate oxygenation of blood by the lungs. This is referred to as
‘hypoxic hypoxia’ since it arises from hypoxic lungs. This could occur
because of:

(i) reduced atmospheric oxygen pressure at high altitude;

(ii) poor lung ventilation because of lung disorder;

(iii) poor distribution of air breathed into the lungs because of lung
disorder.

For the last two causes, therapy includes supporting lung function,

perhaps even by using ventilation procedures (see Chapter 14).

2 Inadequate capacity of blood to transport oxygen. This may be caused
by anaemia arising from insufficient amounts of haemoglobin in blood,
or from the effects of toxic chemicals such as carbon monoxide pre-

REGULATION OF METABOLISM

This chapter has described how metabolism is determined by a
number of factors, not least the supply of substrates to cells,
the entry of substrates into cell structures, and the produc-
tion/activities of appropriate enzymes that will catalyse reac-
tions. The means of control are therefore going to be varied;
much of it is controlled by hormones, but any physiological
disorder could be expected to disrupt metabolism somewhere
in the body. Some hormones are considered specifically as
mediators of metabolism because they directly influence the
concentrations of fuel molecules in blood, or their utilization
by cells. This section focuses on the actions of these particular
hormones, the disorders related to which are classed in clinical
circles as ‘disorders of metabolism’.

Various hormones are instrumental in regulating the glu-
cose content of blood and its utilization by cells (see also
Chapter 9, p.222):

® Insulin promotes glucose uptake by cells when blood glucose
concentration is increased following absorption of a meal
that contains carbohydrate. Cellular respiration will there-
fore increase (which is why we feel warm after a large meal)
but the uptake of glucose by the liver will also will lead to the
production of a glucose store (glycogen), or even to its con-
version to fatty acids and perhaps amino acids. Insulin is the
only hormone that acts to reduce blood glucose concentra-
tion and a failure to produce insulin, or a failure of cells to
respond to it, results in the condition diabetes mellitus,
which is characterized by a persistent increase in blood glu-
cose concentration (= hyperglycaemia; Box 4.7).

® Glucagon acts in an opposite fashion to insulin, and elevates
blood glucose concentration when it falls below the homeo-

venting normal oxygenation. Therapy aimed at improving lung ventila-
tion will have little effect in these circumstances since the haemoglo-
bin available in the blood will already be saturated with oxygen (see
Chapter 14).

3 Inadequate perfusion of tissues with blood. This is referred to as ‘stag-
nant hypoxia’ as the blood present in the tissue becomes depleted of
oxygen. This could be local as blood supply to an area is compromised
or widespread as in circulatory shock. The aim of therapy is to restore
blood perfusion as soon as possible.

In severe hypoxia (for example in shock) or in anoxia (i.e. when no
oxygen is present) it is important to note that there is a point at which the
effects of oxygen lack are irreversible; from then on the cells will die
even if oxygenation is restored. For an active tissue like the brain this is
of the order of 3—4 minutes, but for a less active tissue such as the hand
this might be 30-40 minutes. Cooling the tissue reduces its metabolic
rate and this explains why individuals who are hypothermic (i.e. too low
a body temperature) can sometimes survive lengthy periods in cold seas
or cold air temperatures. It is also a principle that is widely used in the
transportation of transplant tissue.

static range (for example, between meals or during stressful
episodes such as serious illness or major surgery). It does so
by mobilizing glucose from glycogen stores, and by promot-
ing gluconeogenesis from fatty acids and amino acids.
Adrenaline and cortisol also promote gluconeogenesis in
times of stress and provide additional metabolic support by
mobilizing glucose, fatty acids and amino acids, and so
increase their input into cell respiration. Examples of this are
seen in the stress response (see Chapter 21, p.598).

Growth hormone modulates the mobilization of metabolic
fuels, primarily amino acids and fatty acids essential in sus-
taining childhood growth. Its normal activities also include a
‘diabetogenic’ action in that it acts to cause insulin resistance
in some tissues, thus raising blood glucose concentration and
potentially making glucose more available to others.
Chronically high levels of the hormone exacerbate this action
and will eventually cause insulin production to decrease.
Thyroid hormones act as regulators of the basal metabolic
rate, rather than as mediators of fuel availability. A defi-
ciency in their production or actions can have profound
effects on child development, especially mental develop-
ment. In adults a deficiency of thyroid hormones (hypothy-
roidism) leads to a depressed basal metabolic rate, with
symptoms of lethargy, fatigue, feeling cold and lowered
pulse rate (see Box 9.7, p.217). Hyperthyroidism, when
excess thyroid hormones are produced, causes the opposite —
increased basal metabolic rate, hyperactivity, feeling hot and
a rapid pulse rate.

Leptins are produced by adipose tissue and are thought to
act within the hypothalamus to promote a reduction in food
intake, and feeling of satiety (see Box 4.8 and Chapter 5,
p-119).



BOX 4.7 METABOLISM IN DIABETES MELLITUS

Regulation of metabolism

Normal ranges for ‘fasting’ glucose concentration in blood plasma:

Newborn = 2.2-3.3 mmol/L (at 1 day)
Child = 3.3-5.5 mmol/L
Adult = 3.9-5.8 mmol/L

Diabetes mellitus produces medium and long-term symptoms related
to an increased blood glucose concentration arising from inadequate pro-
duction of, or responses to, the hormone insulin. The medium term relates
to the increased production of urine and the risk of urinary tract infections
as a consequence of the presence of glucose in the urine (glycosuria). The
presence of ketosis is also likely to occur at or around this time, that is the
concentration of ketones in blood will increase and the ‘pear-drop’ odour
of a type of ketone, called acetone, will be noticeable on the person’s
breath. In addition, there is a continual risk that inadequate dietary and
insulin control may result in episodes when blood glucose concentration is
too low (referred to as hypoglycaemia: ‘hypo’ = less than normal; ‘glyc-" =
glucose; ‘-aemia’ = of the blood). Brain cells in particular are sensitive to
this and behavioural changes including aggression may be observed, and
the problem may even progress to coma and perhaps death.

In addition, hyperglycaemia (‘hyper-" = greater than normal; ‘glyc-’ =

BOX 4.8 METABOLISM AND OBESITY

glucose; ‘-aemia’ = of the blood) in diabetes also influences cell func-
tion, particularly of sensory nerve cells and cells in the walls of small
blood vessels. Long-term control is aimed at facilitating glucose utiliza-
tion by cells, thus reducing the occurrence hyperglycaemia, and the pro-
duction of ketoacids from ketones. Long-term problems are largely
related to the slow deterioration of nerve cell function and the microcir-
culation, particularly in the feet, kidneys and eyes, arising from the
actions of glucose on these tissues. The rise in fatty acid concentrations
in blood also increases the risk of heart disease.

The risks of coma and damage to tissues have resulted in aggressive
therapeutic approaches to control the individual’s blood glucose concen-
tration. Much of this, however, involves a self-care regime and patient
education is therefore essential. One of the difficulties associated with
diabetes care is that people will often report feeling well — the damage
arising from the increased glucose is insidious — and lapses in control
may occur as a consequence. In addition, imposing rigorous control may
also be perceived by the individual as being too demanding, and of plac-
ing unacceptable restrictions on their lifestyle.

See the case study of a child with insulin-dependent diabetes Section
VI, p.634.

Fatty acids make a substantial contribution to cellular respiration, and it
is noted in Chapter 5 just how useful fat stores are to us. Obesity repre-
sents excessive fat storage and is a health risk for the following reasons:

* The emphasis on fat means that there is usually hyperlipidaemia
(‘hyper-" = excess; ‘-aemia’ = in blood). This raises the risk of lipid
deposits, or atheroma, in blood vessels and hence of coronary heart
disease, hypertension and stroke.

* The excessive body weight makes it harder for muscles to move the
body, raising the effort required. The stress placed on the heart to main-
tain circulation even under normal circumstances is therefore increased.

* Obesity is often associated with a resistance to the actions of the hor-
mone insulin, raising blood glucose concentrations. It is thought that
this effect predisposes the individual to insulin-independent diabetes
mellitus.

Obesity represents an imbalance in which either the individual is

predisposed to storing (and synthesizing) fat, or there is a level of energy
utilization (i.e. activity) that is inadequate for the level of fat intake. In the
latter, this illustrates the biological importance of energy stores: the body
does not excrete excess metabolic fuels but stores them, presumably in
case of lack of food. Sedentary lifestyles are of concern in the developed
world and are thought to be an important factor in the increasing inci-
dence of obesity in the UK.

Predisposition to obesity is also likely in some individuals. Recent
interest has focused on the genes involved in the production and actions
of adipose hormones called leptins. Their elevation in blood with obesity
has led to suggestions that they may be involved in the genesis of this
condition. A strain of obese mouse that has a defect in leptin function is
known, and these mice respond well to injections of the hormone.
However, most common forms of human obesity are not related to the
specific gene defect that is observed in this mouse and so the role of lep-
tins in obesity, though likely, remains unclear.

BOX 4.9 APPLICATION: METABOLIC RESPONSES TO SURGERY

Surgery promotes metabolic responses that represent a resetting of
homeostatic means as a consequence of the release of metabolic hor-
mones in response to the surgical trauma (including pain). Their actions
to promote metabolism, are those associated with a ‘stress’ response.
As such they should be viewed as an adaptive process to the situation
that helps to promote survival. Readers should refer to Chapter 21 and to
Clancy et al. (2002) since these explain the stages of their release in
relation to stress theory.

The hormones adrenaline, cortisol and growth hormone are involved,
and promote the breakdown of glycogen and fat stores and so mobilize
glucose and fatty acids. A raised blood glucose concentration (or hyper-

glycaemia) is observed that favours the functioning of tissues, especially
the brain. Many tissues will also generate energy from the released fatty
acids. The significance of increased mobilization of metabolic fuels is
that cell division and tissue growth and repair are facilitated.

The availability of metabolic fuel is also facilitated by glucose synthe-
sis prompted by the actions of cortisol to induce protein breakdown and
the conversion of the amino acids to glucose by the liver. Protein synthe-
sis is also decreased, exacerbating the reduction in protein, and muscle
loss may be observed. The persistence of protein depletion may hinder
long-term wound healing and have implications for the general welfare
of patients.
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SUMMARY

1 Metabolism encompasses those chemical reactions that lead to syn-
thesis (i.e. anabolism) or breakdown (i.e. catabolism) of substances
by cells.

2 Atoms of elements provide the basic units of which chemical mole-
cules are comprised.

3 lons, or electrolytes, are formed when certain atoms lose or gain
electrons in order to improve the stability of their atomic structure.
These are positively or negatively charged according to whether they
lose or gain electrons. The presence of an electrical charge makes
ions chemically and physiologically active. lons are constituents of
body fluids.

4 Molecules are formed when two or more atoms bond together. This
may entail electrical attraction (e.g. hydrogen bonds) or a sharing of
electrons (i.e. covalent bonds). Both types of bond are relatively easy
to form. Covalent bonds in particular are involved in anabolism and
catabolism. Forming bonds in anabolic processes requires an input
of energy and so metabolic rate equates with the energy production
by cells to facilitate this.

5 Enzymes are proteins that act as catalysts and so promote anabolism
or catabolism according to the relative availability of substrates (this
is referred to as ‘competitive binding’). Their role depends upon their
precise three-dimensional structure arising from the sequence of
amino acids of which they are composed. This sequence is deter-
mined by DNA and hence explains how genes determine cell struc-
ture and functions.

6 Cellular respiration describes the processes by which enzymes
cause the release of energy by breaking molecular bonds.
Respiration provides an intermediary chemical, ATP, and this trans-
fers energy from these energy-producing processes to all areas of
the cell for utilization.

7 Glucose is the main substrate for respiration. One molecule of glu-
cose generates 38 molecules of ATP. Eight of these molecules are
produced in the cytoplasm by processes that do not require oxygen;
this is referred to as anaerobic respiration. The remaining 30 mole-
cules of ATP are produced within mitochondria by aerobic respira-
tion, that is, using oxygen.

8 Aerobic respiration of glucose entails a gradual change to the glu-
cose molecule and the harnessing of energy as it is released. One of
the substances produced during this process is called pyruvate and
this can also be produced by cells using fatty acids and some amino
acids. In this way cells can utilize these fuels in addition to glucose.

9 Aerobic respiration of glucose generates carbon dioxide and water as
waste substances. Carbon dioxide is a source of acid and so must be
excreted via the lungs.

10 Aerobic metabolism of fatty acids and amino acids generates
ketones, a source of ketoacids. These must also be removed, this
time by the kidneys and liver.

11 Anaerobic processes generate lactic acid; this too is removed by the
liver and kidneys.

FURTHER READING

Texts on metabolism and biochemistry abound. Readers
might find the following useful in relation to some of the spe-
cific points raised in this chapter regarding metabolism in sur-

gery, diabetes mellitus and obesity.

Clancy, J., McVicar, A. and Baird, N. (2002) Chapter 7: Anaesthesia,
stress and surgery. In: Fundamentals of Physiology for Perioperative
Practitioners. London: Routledge, pp.212-36.

Dominiczak, M.H. (2007) Flesh and Bones of Metabolism. Edinburgh:
Mosby.

Williams, G. and Pickup, J.C. (2004) Handbook of Diabetes, 3rd edn.
Oxford: Blackwell Science.
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of nutrients

INTRODUCTION

The biology of nutrition pays scant regard to how good food
tastes but is concerned with what nutrients it supplies. Our
diet has to provide all of the chemicals that are necessary for
cell metabolism, for the production of cell structures, and for
the body fluids within and outside cells. In recognition of this
a German philosopher, Ludwig Feuerbach (1804-1872), once

quipped
‘Man ist was man isst (‘one is what one eats’).

Although not technically correct, the quip is not far from
the truth. For example, plant proteins are very different from
those in the human body, but they provide the building blocks
for our cells to make proteins that are essential for us.

However, eating is not simply a biological function; it is also
a psychosocial phenomenon. Some issues to be considered by
practitioners include:

® The individual’s need for independence, if possible.

® Privacy while eating may be desirable, or social communica-
tion may also be preferred.

® Ward routines may disturb eating behaviours.

e Individuals have distinct dietary habits.

® Specific groups have specific dietary needs (e.g. cultural
aspects or developmental stage).

 Age and gender influence the preferred diet.

® DPositioning and use of utensils may be influencing factors for
patients requiring help with eating.

e Sick people may have poor appetites: observe the amounts
eaten and observe for signs of under-nutrition.

® Poor mouth care may affect eating behaviours.

* Financial constraints may prevent the eating of an ideal diet
and so dietary recommendations must be flexible enough to
be cost-effective for the individual.

* A working knowledge of the functioning of the gastrointesti-
nal tract should improve the understanding of dietary factors
in individuals with disordered functions.

All of these can affect an individual who requires the sup-
port of health and social care services. Additional practices
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BOX 5.1 ENTERAL AND PARENTERAL NUTRITION

The normal means of feeding is not always possible in various disorders
and so food must be delivered directly into the digestive system (enteral
nutrition) or into the circulatory system (parenteral nutrition).

e Enteral feeding entails the delivery of foodstuffs in a semi-liquid state
into the stomach, or possibly even the intestine, using a tube that has
been inserted via the oesophagus (Bourgault et al., 2007). This is
clearly an unpleasant procedure for a patient, and may not always be
effective if bowel dysfunction prevents digestion and/or absorption of
nutrients.

e In parenteral feeding, sterile food solutions are administered intra-
venously via a catheter placed in a convenient vein. Parenteral nutrition
supplies the range of constituents of a normal diet, other than nucleic
acids and fibre. Feeds are available in a range of compositions or for-
mulae, and if necessary can be made up in pharmacy according to
dietetic advice. The intention is to maintain organ function and
fluid/electrolyte balance until enteral or oral feeding becomes possible.

relate to the care of people for whom eating independently is
not possible and so alternative modes of delivery of nutrients
have to be applied (Box 5.1). For this text, however, the focus
is the nutrition requirements of a healthy diet, and some of the
health issues related to these.

NUTRIENTS AND THEIR DIETARY SOURCES

Introduction: a balanced diet

Approximately 95% of the mass of the human body is com-
prised of the elements carbon, hydrogen, oxygen and nitrogen
in various combinations to form carbohydrates, proteins, lipids
and water. Another 4% (mainly bone) is made up of phospho-
rus and calcium, while the remaining 1% consists of about 18
other elements, such as potassium and sodium. Our diets
should therefore contain the same elements but will also have
to contain ‘fibre’ (not really a nutrient) to aid the function of
the bowel in digesting food; digestion is essential because many
of the foods we eat contain the elements in complex molecules
and these must be reduced to simpler ones if they are to be
absorbed into the body. Dietary composition also has to be
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considered in relation to its energy content (also considered a
‘nutrient’), since the diet must meet the energy requirements
of cells. It is important that all individuals have the appropri-
ate amount of each type of nutrient; this is then referred to as
a balanced diet. A person’s illness, or surgery, or life stage may
result in recommended changes to their diet, but this is usually
related to palatability of the food, or to alterations to the food
composition, in order to meet any specific needs.

This section identifies the constituents that should be
present in a normal diet in health, and how this is influenced
by life stage. To obtain the necessary range of nutrients, the
Government  (Food  Standards  Agency 2007  see
http:/fwww.food.gov.uk/healthiereating) recommends that a
balanced diet contains:

® plenty of starch-containing foods;

® at least five portions of a variety of fruits and vegetables per
day;

® some protein-rich foods (plant and/or animal);

® dairy products, but choosing reduced-fat versions (or small
amounts of full-fat versions);

e small amounts of saturated fat, salt (sodium chloride) and
sugar.

There are recommendations regarding the intake of almost
all nutrients. Recommended intakes of nutrients are calculated
from their rates of utilization, storage or excretion and are con-
tinually under review. The aim of such recommendations is to
ensure that everyone receives sufficient amounts of each nutri-
ent, although there are difficulties in establishing a standard for
all as the needs of the body change according to the individ-
ual’s age and stage of development, and there are individual
differences in the rates at which nutrients are absorbed from
the bowel: as an illustration, someone who absorbs a nutrient
at half the rate of another individual must eat twice as much to
obtain the same amount. A number of indices (collectively
called Dietary Reference Values; Department of Health, 1991;
see also the British Nutrition Foundation for additional refer-
ence values: http://www.nutrition.org.uk) have been devel-
oped that meet the needs of almost everyone. Readers may also
be aware of data provided on food packaging which relates to
the recommended daily allowance (RDA), based on estimated
average requirements.

The principal nutrients within a healthy diet are:

1 carbohydrates (other than ‘fibre’)

2 proteins

3 lipids (including fats)

4 energy (not a chemical but considered a dietary constituent)
5 fibre (mainly forms of carbohydrate)

6 vitamins

7 minerals

8 nucleic acids

9 water.

Carbohydrates, proteins and fat comprise the bulk of our
food but all of the above constituents are necessary for the
maintenance of growth and health.

BOX 5.2 ANOREXIA NERVOSA, BULIMIA AND OBESITY

Anorexia is a condition that is characterized by a body weight that is at
least 15% below the minimum standard for age, gender and stature.
Anorexia nervosa is an emaciated state arising from psychological cause
that produces complex symptoms related to general nutrient deficiency.
It is a complex disorder, found most commonly in adolescent women,
and appears to arise from concern over changes in body weight during
puberty. Hunger and appetite are suppressed, although individuals may
also resort to laxative abuse, enemas and self-induced vomiting.

Bulimia and obesity are conditions in which food volume in excess of
body requirements is eaten. This usually arises from socio-psychologi-
cal disturbances, although there is also some evidence for an inherited
propensity to obesity.

* Bulimia is a condition whereby an individual impulsively consumes a
large amount of food in a short space of time. Self-induced vomiting,
or even laxative abuse, is then used in an attempt to prevent weight
gain or perhaps promote weight loss. Many people with bulimia have
a normal body weight or are only slightly overweight.

e Obesity (Figure 5.1) is a condition in which body weight is at least 20%
above the ‘ideal’. Excess weight is a consequence of excessive fat
deposits and results from a prolonged intake of energy in excess of
body requirements. The most widely applied index to evaluate excess
weight is the body mass index or BMI, and is calculated as
weight/height2. A BMI of 2025 is considered healthy, and 30+ indi-
cates obesity. However, BMI is influenced by muscle bulk too, and
body build in general, and so its use has been criticized. Intra-abdom-
inal fat has been known for some time to present the greatest health
risk (Donahue and Abbott, 1987) and consequently new measures for
monitoring obesity have been proposed, notably waist circumference
and sagittal (i.e. cross-sectional) abdominal diameter. (See the case of
an obese boy, Section VI, p.636.)

Correction of anorexia, bulimia and obesity generally requires an under-
standing of the psychological cause of the disturbed physiological
homeostasis (Wiedeman and Pryor, 2000).

Figure 5.1 Obesity in a child of 18 months. Reproduced with the kind
permission of the Medical Illustration Department, Norfolk and Norwich
University Hospital NHS Trust



Carbohydrates

Carbohydrates are widespread in nature, being important
energy stores in plants and animals. Their chemical molecules
contain atoms of carbon (‘carbo-’), hydrogen (‘hydr-’) and
oxygen (indicated by ‘-ate’), and have various functions in
cells:

e they are the primary energy source;

* they may act as energy reserves;

® they may be incorporated into, or combined with, other
molecules;

they may have roles in membrane functions or are structural
components of those membranes;

some may be converted into other substances, such as the
constituents of proteins and lipids, and so supplement these.

Carbohydrates, then, are very versatile. There are a number
that we obtain from our diets, and they can be divided into
three main subgroups: monosaccharides, disaccharides and
polysaccharides.

Monosaccharides (‘mono-’ = single; ‘saccharide’ = sugar)
are ‘simple sugars’ that contain from three to seven carbon
atoms in their molecules and are highly soluble in water.
Important dietary examples are:

® Pentoses (‘penta-’ = five; they have five carbon atoms in their
molecule): for example, ribose is a constituent of nucleic
acids (hence deoxyribonucleic acid; DNA).

® Hexoses (‘hexa-" = six; they have six carbon atoms in the mol-
ecule): for example, glucose is the most important source of
energy in cells. Other examples are galactose and fructose.

Disaccharides (‘di-" = two) consist of two monosaccharide
molecules joined together. Important ones in our diets are:

® Sucrose (cane, beet or table sugar): a common example of a
disaccharide, and is formed by combination of the monosac-
charides glucose and fructose.

® Lactose (milk sugar): a combination of glucose and galactose.

® Maltose (malt sugar): a combination of two glucose mole-
cules (Figure 5.2a); maltose in our diet is mostly commer-
cially produced.

Table 5.1 Common carbohydrate constituents (excluding fibre) of a Western diet

Carbohydrate class Examples Source
Polysaccharides Starch Plant tissues
Glycogen Animal tissues, especially liver
Disaccharides Sucrose Sugar cane/beet
Maltose ‘Malted’ foods (from starch)
Lactose Milk
Monosaccharides Glucose Fruits, honey, vegetables
Fructose Fruits, honey, vegetables
Galactose Digestion product of lactose
Sugar alcohols Sorbitol Fruits, and manufactured from glucose
Inositol

Cereal brans, and manufactured from glucose

Nutrients and their dietary sources

Polysaccharides (‘poly-" = many) consist of numerous
monosaccharide molecules joined together, and may be very
large molecules. Unlike monosaccharides and disaccharides
they are usually poorly soluble in water, and so form important
components of cell membranes, and the means of storing car-
bohydrates within cells. Dietary important ones include the
following:

e Starch is found in plants, is made from numerous glucose
molecules, and is an important dietary source of that sugar.
On average, starch comprises 60% or more of the carbohy-
drate in our diet, and large quantities are stored in the stems,
roots, tubers and seeds of food plants.

® Glycogen is the animal equivalent of starch, and also is com-
posed of glucose molecules. It forms a convenient means of
storing that sugar in cells, primarily in the liver and in skele-
tal muscle, but the glycogen content of animal tissues gener-
ally is low and so it is not a significant dietary source of
glucose.

® Cellulose, dextrin and lignin are found in plants and are
composed of glucose molecules, but they are constructed dif-
ferently from starch and cannot be broken down by our
digestive system to release the constituent sugars. However,
they are important in our diets because they provide fibre.

Simple (monosaccharide) sugars can be absorbed directly
from the bowel, but polysaccharides (other than fibre) and dis-
accharides must be digested to yield their ‘simple’ sugar con-
stituents (Table 5.1). From the above it is clear that glucose
molecules are the predominant simple sugars within the com-
position of dietary carbohydrates — this is our most important
‘fuel’ and even other hexose sugars from our diets, such as fruc-
tose and galactose, are largely converted to glucose in the liver.
Eating carbohydrates therefore causes the concentration of glu-
cose in blood to rise. The rate of change has implications for the
release of the hormone insulin, which acts to enhance utiliza-
tion of the glucose (see Chapter 9, p.222) and consequently
blood glucose homeostasis. A diet that regularly induces rapid
increases in blood glucose after a meal is currently thought to be
a risk for the eventual development of insulin insensitivity (per-
haps leading to diabetes mellitus) and other long-term meta-

Products

Digested to glucose
Digested to glucose

Digested to glucose and fructose
Digested to glucose
Digested to glucose and galactose

Absorbed and utilized as glucose
Absorbed and utilized as fructose
or converted to glucose
Converted to glucose in liver

Converted to fructose in liver
Inositol is inert
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Figure 5.2 Outline of the structure of the main food groups: (a) polysaccharides, (b) polypeptide (protein) and (c) triglyceride (fat; a form of lipid). Note how each is an
example of a macromolecule (‘macro-’ = large) but each has distinctive molecular subunits (simple sugars, amino acids and fatty acids, respectively) that form the

‘building blocks’ of the macromolecule



bolic
Carbohydrates that promote a rapid change in blood glucose
are accorded a ‘high glycaemic index (GI)’ score (70+), while
those that produce a moderate rate of change are accorded a
‘low GI score (55 or less). Low GI foods are therefore consid-
ered better for us and include sources low in glucose or those

consequences such as coronary heart disease.

with very complex carbohydrates that are digested slowly, such
as most fruits and vegetables, wholegrains, beans and lentils.
High GI foods include sources in which the carbohydrates are
less complex, or in which glucose is present, such as processed
foods and beer. However, the GI score can be surprisingly high
in some fruits (e.g. watermelon) and vegetables (e.g. potatoes):
there are databases of GI ratings for readers interested in this
topic, for example http://www.glycaemicindex.com.
Carbohydrates are so widely available in our foods, for
example in potatoes, pasta and rice, that in the UK dietary
excess is a greater problem than deficiency. Excessive carbohy-
drate intake contributes to obesity through the conversion of
glucose to glycerol, a constituent of fats. Deficiency results in
weight loss but the widespread availability of carbohydrate
means that it usually arises through conscious abstention, for
example in weight-reducing diets or in the condition anorexia
nervosa (Box 5.2). Metabolic deficiency, as distinct from
dietary deficiency, arises when there may be adequate simple
sugars in body fluids but they cannot enter cells in sufficient
amounts to maintain metabolism. For example, in diabetes
mellitus cells literally are ‘starved’ of glucose and in galac-
tosaemia the liver is unable to take up galactose from blood.
The deficiency affects normal metabolism, but the resultant
excess in blood also has a consequence for health, for example
in promoting neuropathy and renal failure (in diabetes) and
neurological problems (in galactosaemia; especially in infants).

Lipids (including fats)

The group of substances collectively referred to as lipids are
present in various forms within the body. A normal diet will
contain a range of lipids, but most will be animal fats and veg-
etable oils since they provide animals and plants with impor-
tant energy stores. Like carbohydrates, lipids are composed of
the elements carbon, hydrogen and oxygen but they have a
very different molecular structure, which makes them poorly
soluble in water. The basic constituents of lipids are small mol-
ecules called fatty acids, which collectively may be part of large,
complex molecules (fats and oils), or may occur individually,

though modified:

e Fats (and oils): consist of molecules in which fatty acids are
combined with a molecule of glycerol (Figure 5.2¢); they are
sometimes referred to as triglycerides, diglycerides or mono-
glycerides because respectively the fat molecule contains
three, two or just one fatty acid.

® Cholesterol: a modified fatty acid that is biologically impor-
tant because it is used to make cell membranes (see Chapter
2 and Box 5.3).

® Phospholipids (e.g. steroid hormones and prostaglandins; see

Nutrients and their dietary sources

Chapter 9, p.206): these are modified fatty acids that
contain an atom of phosphorus in their molecule.

* Glycolipids: modified fatty acids in that they have been com-
bined with a carbohydrate molecule. They are found on the
surface of cell membranes where they provide marker sites,
for example the antigens responsible for blood groups (see
Chapter 11, p.296).

* Lipoproteins: lipids that have been combined with protein
molecules. Important examples are high-density lipoprotein
(HDL) and low-density lipoprotein (LDL), two means by
which cholesterol is carried in blood (Box 5.3). The combi-
nation of protein with cholesterol makes the molecule solu-
ble in water. Other important lipoproteins are found in the
bowel where they aid the solubility of lipids for digestion
(see Chapter 10, p.254).

Dietary lipid provides us with about 40 different naturally
occurring fatty acids. These differ in two main ways. First, they
differ in the number of carbon atoms that form the chemical
‘backbone’ of the molecule; for example long-chain fatty acids
have 14-25 carbon atoms. Second, they differ in the ‘satura-
tion’ of the constituent carbon atoms with hydrogen atoms; in
this context, fatty acids (or the fat molecule containing them)
are themselves frequently referred to as saturated or unsatu-
rated.

A carbon atom has the capacity to form four individual
chemical bonds through the sharing of four of its electrons (see
Chapter 4 for atom structures). In a facty acid, two of those
bonds are taken up by one atom bonding with two other car-
bon atoms — this is the basis of forming the chain of carbon
atoms typically found in the molecular structure of a fatty acid.
If the two remaining bonds are taken up by two hydrogen
atoms, then the carbon atom is now bound to a total of four
other atoms: the two carbons and the two hydrogens. It cannot
form further bonds unless one or more of the adjacent atoms
are replaced; the carbon atom therefore is said to be ‘saturated’.
In a saturated fatty acid (or fat) all of the carbon atoms are in
this state. Alternatively, the carbon atom might share all four
of its electrons with the two adjacent carbon atoms, in other
words it is now only bound to two molecules: the two carbons.
Such bonds are referred to as a ‘double’ bond, in recognition
that each takes up two potential bonding sites. Its significance
is that a carbon atom may free up a site to bond with a further
atom, yet still remain bound to its adjacent carbon atom, in
much the same way as saturated carbon atoms have. In a
monounsaturated fatty acid there is just one double bond
within its molecule, whilst in a polyunsaturated fatty acid there
may be several.

All of this seems somewhat esoteric for healthcare practices
but the distinction is important. Saturated fatty acids can be
converted by the liver into cholesterol, and while cholesterol is
crucial to us in making cells, its excess poses significant health
risks (Box 5.3). Unsaturated, especially polyunsaturated, facty
acids are of less risk and so the dietary recommendation is that
most fat intake is unsaturated (see the section on ‘Energy’

below).
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The overall fat content of food, and its saturated/
unsaturated composition, varies depending upon the source:

® Beef, lamb, and pork are rich sources of fats, even when vis-
ible fat is removed. “White” meat of poultry is low in fat but
duck and goose may contain as much fat as beef. Animal fats
may be saturated or unsaturated and the cholesterol content
varies; for example, egg yolk and dairy fats are high in cho-
lesterol.

Fat in fresh fish varies according to species. Thus, cod and
haddock have low fat contents while that of mackerel is quite
high. The fat in fish is usually unsaturated, and the choles-
terol content is normally low.

Most vegetable fats are polyunsaturated, with the exception
of olive oil (which is monounsaturated) and palm and

coconut oils (which are saturated). Plants do not synthesize
cholesterol.

A deficiency of fatty acids is rare as our metabolism can uti-
lize a wide range, non-specifically. However, some individual
polyunsaturated fatty acids are considered essential for life.
These are commonly referred to as omega-3 and omega-6 fatty
acids; they all have a number of unsaturated carbon atoms in
their molecules but there is commonality at the third or sixth
position in the two groups respectively.

Omega-3 fatty acids are important for normal growth, and
have been implicated in the maintenance of cell membranes;
for example, they have been linked to neurological improve-
ments in children with learning problems, and to coronary
blood vessel health, though some of the evidence for these
actions remains speculative at this time. Fish oil is a good

BOX 5.3 CHOLESTEROL

source of omega-3 fatty acids, but some vegetable oils may
contain them.

Omega-6 fatty acids are also involved in growth, and are
also associated with healthy tissue integrity for example of the
skin and kidneys. In addition, one (arachidonic acid) is the
precursor for the synthesis of eicosanoid hormones, that is
prostaglandins, thromboxanes and leukotrienes (see Chapter
9). Vegetable oils are the main dietary source of omega-6 fatty
acids, especially from nuts.

A degree of interconversions between fatty acids is possible,
and there are just three ‘essential’ fatty acids that should be
present in our diet: one omega-3 (alpha-linolenic acid) and
two omega-6 (linoleic and arachidonic acids). For this reason,
synthetic fatty or oily foods, for example margarine, often con-
tain added essential fatty acids.

Proteins

Protein is available as animal or vegetable protein. In an aver-
age Western diet about one-third of dietary protein comes
from plant sources and two-thirds from animal sources.
Animal sources are meat and fish (i.e. primarily from muscle)
and dairy products. The main plant sources are seeds including
cereals, peas, beans and nuts. Root vegetables and green veg-
etables generally are poor sources, although potatoes contain
significant amounts.

Protein molecules are largely composed of carbon, hydrogen
and oxygen, but also contain nitrogen, while sulphur and
phosphorus are also frequently present. The basic building
units of proteins are called amino acids (see Figure 5.2b).
Digestion of food in the bowel (see Chapter 10) releases the

Normal ranges for (total) cholesterol concentration in blood:

Child = 3.11-5.18 mmol/L
Adult = 3.63-8.03 mmol/L
(note: this range exceeds the recommended upper limit; see below)

Cholesterol is the basic ingredient of cell membranes, and a precur-
sor for the synthesis of steroid hormones. Although it is essential to
health, plasma concentrations of cholesterol above 5.0 mmol/L are
associated with an increased risk of cardiovascular disease; there are
suggestions that the target should be even less than this (Pottle, 2007).
Some authorities suggest that it is important to also consider which form
the cholesterol is in. To be transported in blood lipids are normally com-
bined with another molecule (usually a protein to make a lipoprotein), in
order to make them soluble. A high concentration of cholesterol as low-
density lipoprotein (LDL; see text) is thought to predispose to the forma-
tion of fatty plaques within blood vessels because it is in this form that
the lipid is deposited in the tissues. Excess lipid is then removed from
the tissues as high-density lipoprotein (HDL) and this returns to the liver
where the excess is broken down or passed into bile.

An ideal ratio of HDL:LDL in blood is 2:1, that is, it favours removal of
excess cholesterol from tissues. Factors have been recognized that
reduce LDL, though it is also suggested that the means of raising HDL
should also be explored (Safeer and Cornell, 2000). Factors that promote
a favourable ratio are:

e Qestrogens: women have an advantage up to the menopause, but

the incidence of heart disease rises rapidly after menopause at least
partly because of increased formation of atheroma.
* Exercise: active people have a better lipid profile.

Negative factors are:

e Lack of exercise: causes a fall in HDL and hence a fall in the HDL:LDL
ratio.

© Smoking: also causes a decrease in HDL.

e Excessive cholesterol in the diet. increases LDL concentrations.

o Excessive saturated fat in the diet: this is converted in the liver to cho-
lesterol, promoting high concentrations of LDL.

© Familial hypercholesterolaemia: this is an inherited condition in which
a gene mutation prevents uptake of excess cholesterol by the liver,
and hence prevents metabolism of excess lipid.

Dietary cholesterol is not necessarily an indicator of the likely level in
blood, because our liver can convert saturated fatty acids to cholesterol.
This is the reason why dietary recommendations are that both choles-
terol and saturated fat content of the diet should be limited. Soluble fibre
in the diet reduces the uptake of cholesterol from the bowel and so helps
to reduce blood cholesterol (see ‘Fibre’ section). Cholesterol levels in
blood may also be reduced using cholesterol-lowering drugs, particu-
larly if the hypercholesterolaemia is resistant to dietary control. For
example, the most effective drugs that lower LDL-cholesterol in blood
are those classed as statins, which inhibit cholesterol synthesis by the
liver.



constituent amino acids from protein, which are then absorbed
and utilized, primarily in the process of protein synthesis
within our cells, thus converting food protein to our (human)
protein. There are 20 naturally occurring amino acids and our
cells require the whole range to be available. Although our
diets should provide the complete range some amino acids can
be synthesized from others by the liver in a process called
transamination, and this can compensate for any shortfall, at
least transiently. However, there are 10 amino acids (12 in
infants) that cannot be synthesized in this way. These are
called the ‘essential’ amino acids, and must be provided in our
diets. They are: arginine, histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, tryptophan and valine.

Animal and plant proteins differ in their essential amino
acid content: most animal proteins have the full range of
amino acids and so are ‘complete’ proteins, but vegetable pro-
teins may not always contain adequate amounts of all essential
amino acids. Thus, wheat protein is deficient in lysine, but
some bean proteins are rich in this. In contrast, wheat protein
is a rich source of cysteine, which is lacking in bean protein.
Wheat and beans therefore contain ‘complementary proteins’
in that, if eaten together, they will provide the range of amino
acids necessary for a balanced diet.

Protein is widely available in our foods, but tends to repre-
sent a more expensive component than other nutrients.
Consequently, protein excess is rare, and deficiency is more
common, either through malnutrition or because of metabolic
changes (Box 5.4). Kwashiorkor is an example of protein defi-
ciency arising from malnutrition. It is very rare in the UK, but
more common in the tropical regions. When it is observed it is
more likely to involve a child since children need relatively
large protein intakes to maintain normal growth. Kwashiorkor
has a complex array of symptoms, some of which have also
been related to inadequate vitamin and mineral intake. Muscle
wasting, growth failure and a general ‘failure to thrive’ are
characteristic. A deficiency in plasma protein concentration
(referred to as hypoproteinaemia) is also observed, contribut-
ing to the development of oedema, as the forces that regulate
the exchange of fluid within the extracellular body fluid

Nutrients and their dietary sources

compartments  (see Chapter 6) become unbalanced.
Hypoproteinaemia is also observed secondary to the loss of
protein in urine in some renal conditions (e.g. nephrotic syn-
drome), or in liver failure (e.g. cirrhosis); oedema is also a com-

plication of those disorders.

Energy

Although not exactly a nutrient, energy is required by the body
to maintain the basal activities of cells and to sustain an
increase in those activities when required, and so it is consid-
ered to be an integral part of our diet. Energy is derived from
metabolizing carbohydrate, lipid and proteins and so dietary
provision is usually expressed in relation to the intake of these
‘fuels’. Carbohydrates form the main source of energy but the
ideal proportion of carbohydrate, relative to fats and protein
remains the subject of debate. It is currently considered that:

* Carbohydrates should comprise about 50% of energy intake.
In view of the association of certain sugars, such as sucrose,
with dental caries, it is considered that only 10% of energy
requirements (i.e. only about one-fifth of total carbohydrate
intake) should come from this source (referred to as extrinsic
sugars).

® Dietary fats should contribute about 35% of our energy
needs, but the type of fatty acid present must also be taken
into account. Only 10% of energy should be supplied by sat-
urated fatty acids, because of their association with choles-
terol deposition in blood vessels.

® Dietary protein provides about 15% of energy needs.

Food packaging usually identifies the total energy content of
the food, and still frequently gives it in (kilo)calories, which
represents the energy released when chemical bonds are broken
during metabolism, Thus, 1 g of carbohydrate (or protein)
produces approximately 4 kcal of energy during metabolism,
while 1 g of fat produces around 9 kcal. Clearly, fats are a
much richer source of energy, weight for weight, than carbohy-
drate. However, although we have the capacity to metabolize
fatty acids, most cellular energy is derived from carbohydrate
metabolism (indeed, we can also convert some fatty acids to

BOX 5.4 EXCESSIVE PROTEIN CATABOLISM

Protein normally forms only a relatively small resource for energy pro-
duction, and most energy is derived from the metabolism of carbohy-
drate and fat. Consequently, it is not surprising to find that the body does
not store protein in the same sense, but rather resorts to breaking down
muscle protein, or perhaps depleting plasma proteins, to supply amino
acids as necessary. Protein utilization is increased when there is a deficit
of carbohydrate and fatty acids for metabolism, for example:

e In starvation. Even when fully replenished the glycogen stores of the
body can only support a supply of carbohydrate for 12 hours or so, and
so starvation quickly begins to promote the mobilization of fatty acids
from fat stores, both as fuel and for their conversion to glucose via a
process referred to as gluconeogenesis (see Chapter 10, p.263). As fat
stores deplete then protein is increasingly broken down to provide
amino acids for the same purposes.

e In uncontrolled diabetes mellitus. In this condition glucose cannot

enter cells in sufficient quantities to maintain normal energy metabo-
lism. As in starvation, fats and proteins are mobilized to provide alter-
native fuels.

o After major surgery. Several hours after surgery the individual enters a
‘flow’ phase characterized by the mobilization of metabolic fuel (see
Box 21.7, p.601, also Clancy et al., 2002), which supports cell division,
tissue growth and repair. Glucose and fatty acids are released, and
gluconeogenesis takes place. If nutrition does not meet these extra
demands, there is a risk that muscle breakdown will then occur to pro-
vide amino acids for energy, which in extreme circumstances may
lead to muscle wasting. Protein depletion appears to slow a patient’s
recovery from surgery and so is best avoided.

Protein metabolism can be monitored through the urinary excretion of
the waste products urea and 3-methylhistidine, a substance strongly
indicative of muscle protein loss.
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carbohydrate), and this explains the greater dietary require-
ment for carbohydrate than fats. In contrast, storing energy as
fat makes much more sense; being overweight by, say, 8 kg
owing to excess fat stores would be equivalent to an excess 18
kg if the same energy had been stored as carbohydrate!

By definition a calorie is the amount of heat required to raise
the temperature of 1 g of water (i.e. 1 mL) by 1°C; it is not an
empirical unit (there are other forms of energy). The calorie
has now largely been superseded by the joule and one calorie is
equivalent to 4.2 joules (i.e. 1 kcal = 4.2 kJ). Foods may show
energy content in both units but the calorie value is likely to
disappear eventually.

The amount of energy required by an individual is depend-
ent upon two factors: the basal metabolic rate (BMR) which
cells exhibit in terms of basic functioning, cell division etc. and
the individual’s physical activity level (PAL) (see Box 4.4, p.99).
As the name implies, BMR is the overall energy utilization when
the body is totally at rest and no additional influences such as
a recent meal or recent exercise are imposed. Its value in adults
is around 7000 kJ/day (approximately 1700 kcal/day). The
physical activity level is a factor used to convert the BMR to an
energy intake recommendation. For little or moderate activity,
the PAL value is around 1.3 in women and 1.4 in men and so
the daily energy required would be approximately:

In women: 7000 X 1.3 = 9100 kJ (2167 kcal) per day.
In men: 7000 X 1.4 = 9800 kJ (2333 kcal) per day.

With very heavy exercise, the respective PAL values are
about 1.8 and 1.9, and the energy requirement per day there-
fore will alter accordingly to over 13000 k] (3000+ kcal) per
day.

An energy intake that exceeds our energy requirement will
mean that the excess is stored: our body conserves rather than
excretes excess fuels, presumably as a measure to ensure a sup-
ply should food supplies dwindle. Being overweight, or obese,
therefore is more common in Western countries than is under-
nutrition, and is an increasing health problem: for example, in
England the proportion of men who were overweight or obese
increased from 6% to 66% between 1982 and 2002, while in
women there has been a corresponding increase from 8% to
57% (Health Survey for England 2002). Reducing the inci-
dence of obesity is now a priority for the National Health
Service in the UK. To lose weight it is essential to reduce
energy intake so that energy consumption is now in excess of
energy intake. Most authorities advocate moderate control of
dietary energy intake, but an increase in physical activity as
well. ‘Reducing diets’ mainly seek to reduce energy intake,
sometimes very rapidly, but this usually leaves the individual
feeling very hungry and so compliance with the diet becomes
burdensome and more likely to fail. Some diets aim to resolve
this by including soluble fibre (see below) to absorb water and
hence ‘bulk up’ the food, increasing the sense of being full.
Others have sought to change the way in which energy metab-
olism occurs. A good example of this is the ‘Atkins diet’, which
is carefully constructed with the intention of favouring fat

metabolism, while supporting it with some carbohydrate
metabolism as well. New pharmaceutical preparations are also
likely to appear — a drug that will promote rapid weight loss for
minimal effort will be very popular!

Fibre

Dietary fibre is mainly the carbohydrate component of
ingested plant material that cannot be fully digested. Strictly
speaking, fibre is not a nutrient because it does not contribute
to body chemistry, but it is nevertheless an important dietary
constituent that appears to have a number of beneficial effects
(Blackwood ez al., 2000; Aman, 2006). Fibre is classed accord-
ing to whether or not it is soluble. Cereal bran is an important
source of insoluble fibre, and beans, oat bran and cabbage-type
vegetables are rich sources of soluble fibre.
Insoluble fibre (e.g. uncooked cellulose):

e absorbs water, rather than dissolving in it. This helps to
increase the water content of faecal stools, thus making them
easier to pass, and so helping to prevent constipation and
complications such as haemorrhoids (‘piles’);

* promotes muscle movements of the bowel (called peristalsis;
see Chapter 10, p.239). This reduces the transit time
required for faecal matter to pass through it, and so reduces
the time available for microorganisms present to produce a
substance called deoxycholate, a known carcinogen, from
bile salts secreted into the bowel from the gall bladder.
Dietary fibre therefore may help to reduce the risk of bowel

cancer.

Soluble fibre (e.g. hemicellulose, pectin, gum) interferes
with the absorption of fatty acids and of bile salts, which are
produced from cholesterol, leading to further cholesterol and
fatty acid utilization in the body, so helping to reduce blood
lipid concentrations and helping to reduce the risk of
atheroma plaques forming within blood vessels.

Excess fibre in itself is not harmful as it is not digested
within the bowel or absorbed into the body tissues. However,
its effect on transit time, which might be heightened because
of the irritation it might cause of the walls of the bowel, greatly
increases faecal frequency, may cause soreness in the anal area
as a consequence, and may produce general feelings of bloating
and bowel discomfort.

Deficiency of fibre is associated with constipation as the
stools become hardened and less easily passed.

Vitamins

Vitamins are a diverse group of substances, the majority of
which cannot be synthesized by our cells and so must be pres-
ent in the diet, although in only small quantities, to sustain
growth and metabolism. Some act as coenzymes: that is, they
work in conjunction with certain proteins within cell bio-
chemistry.

Thirteen vitamins are currently known to be essential for
life (Tables 5.2 and 5.3). Historically, their nomenclature is
largely based on letters of the alphabet, though revisions have
over time produced a confusing, seemingly incomplete list.



Table 5.2 Fat-soluble vitamins

Homeostatic
functions

Vitamin Source Storage

in body

Nutrients and their dietary sources

Effects of
deficiency

Effects of excess

A Liver, green leafy In liver Maintains epithelia
vegetables
Synthesized in gut from
betacarotene
Provides visual pigment
Bone/tooth growth
D Synthesized as provitamin ~ Slight at most ~ Absorption of calcium

D, in skin using ultraviolet
light. Also in fish liver, fish
oils, egg yolk, milk

and phosphate from gut

Atrophy of epithelia, e.g. dry
skin and cornea, increased
susceptibility to respiratory/
urinary/digestive tract
infection, skin sores

‘Night blindness’

Slow bone/tooth growth

Anorexia, dry skin, sparse hair,
raised intracranial pressure in
children; blurred vision, enlarged
liver in adults

Demineralization of bone
(rickets in children,
osteomalacia in adults)

Excess calcium absorption from gut
Calcium deposition in soft tissues

Abnormal organelle/plasma
membranes. Oxidation of
polyunsaturated fatty acids

Toxic build-up unlikely

Delayed blood clotting Haemolysis and increased bilirubin

E Nuts, wheatgerm, In liver, Inhibits catabolism of
seed oils, green leafy adipose tissue  membrane lipids
vegetables and muscle Promotes wound

healing and neural
function

K Produced by intestinal In liver and Synthesis of blood
bacteria. Also in spinach, spleen clotting factors

cauliflower, cabbage
and liver

in blood in children; otherwise toxic
build-up unlikely

Thus, the one identified as vitamin ‘B’ was found to consist of
a group of substances each with individual actions, and so
numbers (e.g. B, B,) were introduced, while others were even-
tually found not to be true vitamins at all and so were deleted
from the series (e.g. there is no vitamin B, or vitamin G).
Matters were also complicated when some were found to have
existing names, for example vitamin B, was found to be nico-
tinic acid that had already been identified as being vital to
health.

Vitamins are also classified according to whether they are
soluble in water or fat. Thus, vitamins A, D, E and K are
classed as fat-soluble vitamins, while vitamins of the ‘B’ com-
plex and vitamin C are classed as water-soluble vitamins:

® Fat-soluble vitamins (Table 5.2) require the presence of fatty
acids in the bowel for their absorption, and also may be stored
in fat (adipose) tissue and in the liver to a limited degree.

® Water-soluble vitamins (Table 5.3) are excreted rapidly and
so little is stored. The exception is vitamin B ,;
tains sufficient vitamin B, for a 2-3 year supply.

the liver con-

As the body has limited stores of vitamins, deficiencies
rather than excesses are more likely to occur. Deficiency is
avoidable with a balanced diet and large build-ups of vitamins
are unlikely from normal dietary intakes, though they are pos-
sible if vitamin preparations, currently popular, are taken.
Recommended doses from supplements should be adhered to
since vitamin excess, especially of fat-soluble vitamins, can
raise stores to toxic levels. Thus, excess vitamin D promotes
excessive uptake of calcium from the bowel with the conse-
quence that the mineral begins to be deposited in soft tissues,
while an accumulation of vitamin A within the liver can cause
liver damage.

Vitamins have a wide range of functions, and are found in a
variety of foodstuffs that are only summarized in Tables 5.2
and 5.3, since it is outside the scope of this textbook to discuss
their value in detail. However, such information does not
emphasize the criticality of vitamin actions and the reader is
introduced here to the functions of vitamin K, as an example
of the importance of vitamins in a healthy metabolism.

The main role ascribed to vitamin K is as a coenzyme essen-
tial for the production of various blood clotting factors (II,
VII, IX and X; see Chapter 11) but recent research indicates
that it also has a role in the normal calcification of bone.
Vitamin K is produced by bacteria living in the intestines and
so deficiency is extremely rare, though immature intestinal
function and flora make infants more susceptible. In adults,
deficiency may occur if the intestines are badly damaged, or if
there is a problem in the absorption processes: this is a fat-sol-
uble vitamin so people with impaired lipid absorption (e.g.
coliac disease, Crohn’s disease, ulcerative colitis and chronic
pancreatitis) may become deficient in vitamin K. In such mal-
absorption syndromes an oral preparation (menadiol sodium
phosphate) is administered which facilitates absorption of the
vitamin. Dietary deficiency may also occur in malnourished
patients (e.g. alcoholic disorders and patients undergoing long-
term parenteral nutrition that is deficient in the vitamin).
Miscellaneous causes include patients who have received mas-
sive blood transfusion, disseminated intravascular coagulation
nephrotic syndrome, cystic fibrosis and leukaemia.

Vitamin K deficiency causes:

® Bleeding, especially in response to minor or trivial trauma, as a
consequence of reduced synthesis of clotting proteins. Clinical
manifestations in adults are only evident if serum thrombin
concentration is severely reduced (hypoprothrombinaemia). In
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Table 5.3 Water-soluble vitamins

Vitamin

Storage

in body

Homeostatic
functions

Effects of
deficiency

Effects of
excess

B, (thiamin) Whole grain, eggs, pork, Not stored  Coenzyme in carbohydrate
liver, yeast metabolism
Essential for acetylcholine
(neurotransmitter) synthesis
B, (riboflavin) Small quantities produced  Not stored ~ Component of coenzymes in
by gut bacteria carbohydrate and protein
Also in yeast, liver, beef, metabolism, especially in eye,
lamb, eggs, whole grain, blood, skin, intestinal mucosa
peas, peanuts
B, (niacin Yeast, meats, liver, fish, Not stored  Component of coenzyme NAD
or whole grain, peas, beans in intracellular respiration
nicotinamide) Also synthesized from Assists breakdown of
amino acid tryptophan cholesterol
By, (pyridoxine)  Salmon, yeast, tomatoes, Inliverand  Coenzyme in fat and amino
maize, spinach, whole muscle acid metabolism
grain, liver, yoghurt
Some synthesized by
gut bacteria
B, (cyano- Liver, kidney, milk, eggs, In liver Coenzyme for haemoglobin
cobalamin) cheese, meats synthesis and amino acid
Not found in vegetables metabolism
Requires intrinsic factor
from stomach for
absorption
Folate (folic Synthesized by gut Not stored  Synthesis of nucleotides
acid, folacin) bacteria Red/white blood cell production
Also in green leafy
vegetables and liver
Pantothenic Liver, kidney, yeast, In liver Constituent of coenzyme A in
acid cereals, green vegetables and kidney  carbohydrate metabolism,
gluconeogenesis and steroid
synthesis
Biotin Synthesized by gut Not stored  Component of coenzymes for
bacteria pyruvic acid utilization in
Also yeast, liver, egg, cellular respiration
yolk, kidney
C (ascorbic Citrus fruits, tomatoes, Alittle in Promotes protein metabolism
acid) green vegetables plasma Promotes formation of
connective tissue
Detoxifier

Promotes wound healing

Build-up of pyruvic/lactic acids
Energy deficient
Partial paralysis of digestive

tract/skeletal muscle (i.e. beri-beri)

Degeneration of myelin sheath
(polyneuritis)

Blurred vision, cataracts
Lesions of intestinal mucosa
Dermatitis

Anaemia

Hard, rough, blackish skin
Dermatitis, diarrhoea (pellagra)
Psychological disturbance

Dermatosis of eye, nose, mouth
Nausea
Retarded growth

Pernicious anaemia
Nerve axon degeneration

Macrocytic anaemia due to
abnormally large red blood cells

Fatigue
Muscle spasms
Lack of some steroid hormones

Mental depression
Muscular pain
Dermatitis

Fatigue

Nausea

Retardation of growth

Poor connective tissue
repair/growth (scurvy), including
swollen gums, tooth loosening,
fragile blood vessels

Poor wound healing

Toxic build-up unlikely

Toxic build-up unlikely

Burning sensation in
hands/face, cardiac
arrhythmias, increased
glycogen utilization

Toxic build-up unlikely

Toxic build-up unlikely

Toxic build-up unlikely

Toxic build-up unlikely

Toxic build-up unlikely

Not toxic
Note: no evidence for
effect to prevent infection

infants the bleeding may be especially serious, including
intracranial and retroperitoneal bleeding, and can present as
carly as 1-7 days, and as late as 3 months, postpartum. It is
clinically recommended, with the consent of the mother, that
all newborn babies should be given vitamin K (as phytomena-
dione) to prevent vitamin K deficiency bleeding (called haem-
orrhagic disease of the newborn). For breast-fed babies, further

doses may be administered at 1 week and again at 4-6 weeks of

age.

e Altered calcium metabolism. Calcification of arteries and
other soft tissue may occur with, for example, damage to the
cardiovascular system leading to cardiac valve replacement or
coronary arterial bypass surgery. Deficiency of vitamin K
may also result in abnormal accumulation of calcium in the
brain, with potential impact on cognition. The kidneys and
pineal gland are also vulnerable to excess calcium infiltration.
In contrast the skeleton is a compromised by a deficiency
in calcium (thus promoting osteoporosis; see Chapter 3).



In infants, birth defects may be observed, such as underde-
velopment of the nose, face, bones and fingers, linked to
vitamin K deficiency.

¢ Symptoms similar to Type 2 diabetes mellitus. Vitamin K
levels are abundant in the pancreas and may be important in
the production of insulin.

Other risk factors associated with in vitamin K deficiency
include:

® Over-anticoagulation with oral coumarin drugs, e.g. war-
farin, which act by interfering with vitamin K metabolism in
the liver cells and so are used to reduce the synthesis of clot-
ting proteins. Their effects can be antagonized by giving
vitamin K.

® Exacerbation of diseases involving endogenously produced
coagulation inhibitors (e.g. lupus).

* Biliary tract disease, e.g. common duct destruction, primary
biliary cirrhosis, leading to decreased fat absorption, and
hence deficiency of fat-soluble vitamins.

® Exacerbation of some drug actions, for example of salicylates
and barbiturates.

Table 5.4 Dietary sources and functions of selected minerals

Formation of bones/teeth
Blood clotting, muscle contraction

Nutrients and their dietary sources

Minerals

Minerals and mineral salts such as sodium chloride (table salt)
and sodium bicarbonate (baking powder) have the property
that they dissociate into their constituent ions when dissolved
in water. Body fluids contain a variety of ions, and changes in
this ionic environment through dietary intake could poten-
tially have adverse effects on cell function (Table 5.4). The
concentrations of most ions in body fluids therefore must be
regulated if homeostasis is to be maintained (see Chapters 6:
Body fluids, and 15: The kidneys and urinary tract).

Minerals are also important structural constituents (but not
in a storage capacity, except calcium and iron). For example,
sulphur is an essential constituent of many proteins (it is found
in certain amino acids such as cysteine), iron is a constituent of
the blood pigment haemoglobin and calcium and phosphorus
are constituents of bone. Some minerals, for example copper,
selenium, zinc, aluminium, iodide and fluoride, are required in
such small amounts that they are considered ‘trace’ elements,
but they have important roles. For example, iodine is a con-
stituent of thyroid hormone, fluoride is a component of bone

Effects of deficiency

Loss of bone density, e.g.
osteomalacia/ rickets

Muscle/nerve action potentials
Endo- and exocytosis

Formation of bones/teeth

Deficiency rare
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Muscle contraction/nerve activity

Component of ATP, DNA, RNA and many enzymes

Action potential of muscle/nerve cells

Mineral Source Function
Calcium Milk, egg yolk, shellfish, green leafy
vegetables

Cell division
Phosphorus Milk, meat, fish, poultry, nuts

Buffer chemical
Potassium Widespread; ‘Lo-salt’
Sodium Widespread; table salt

Chlorine (chloride)

Magnesium

Trace minerals
Iron

lodine (iodide)

Fluorine (fluoride)

Zinc

Copper

Chromium

Non-processed foods; usually found with
sodium, e.g. table salt

Beans, peanuts, bananas

Widespread but especially meats, liver,
beans, fruits, nuts, legumes

Seafood, cod-liver oil, iodized table salt

Tea, coffee, fluoridated water

Widespread, but especially meats

Eggs, wholewheat flour, liver, fish, spinach

Yeast, beer, beef

Major osmotic solute of extracellular fluids
Action potential of muscle/nerve cells

Involved in acid—base balance
Major osmotic solute of extracellular fluids
Formation of gastric acid

Constituent of many coenzymes
Role in bone formation and muscle/nerve cell
functions

Component of haemoglobin

Component of chemicals involved in cell respiration

Component of thyroid hormones

Component of bones/teeth

Component of some enzymes
Promotes normal growth, spermatogenesis
Involved in taste and appetite

Haemoglobin synthesis

Component of some enzymes, or acts as cofactor

Involved in insulin synthesis
Maintains HDL concentrations in plasma

Neuromuscular depression

Hypovolaemia

Deficiency usually occurs with
sodium

Muscle weakness
Convulsions
Hypertension

Anaemia

Thyroid hormone deficiency
(induces thyroid goitre)

Decreased bone/teeth density

Dermatitis
Growth retardation
Diarrhoea

Retarded growth
Cerebral degeneration

Rare — may be involved with
diabetes mellitus

HDL, high-density lipotrotein.
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and tooth mineral, and zinc and selenium are important
enzyme cofactors.

Minerals generally are found dissolved in body fluids and so
are not stored to any degree (calcium and phosphorus are sig-
nificant exceptions as most of the body content of these min-
erals occurs in bone). Since most minerals are not stored,
deficiency may arise if dietary intake does not match mineral
excretion. Most minerals are abundant in foodstuffs but defi-
ciencies of trace minerals may arise as their sources are more
restricted. Dietary supplements are widely available but exces-
sive intake of some trace minerals can be detrimental if the
minerals are actually stored. For example, excessive iodine has
toxic effects on the thyroid gland (causing thyrotoxicosis) while
excessive iron is a cause of poisoning in young children.
Excessive fluoride causes mottled teeth and porous, brittle
bones.

Nucleic acids

Nucleic acids form the genetic material of cells. There are two
types of nucleic acid (see Chapter 2): DNA and ribonucleic
acid (RNA). Both are very large molecules, comprising a ‘back-
bone’ of molecules of the sugar ribose and of phosphate mole-
cules, to which are attached sequences of molecules called
purines and pyrimidines, often referred to as ‘bases’ (but not to
be confused with ‘bases’ involved in acid-base regulation in
the body).

As cells die some of their nucleic acid constituents will be
reused, but some is broken down to uric acid and excreted in
urine. The constituents required by cells to synthesize nucleic
acids must therefore be obtained in part from the nucleic acids
ingested in our diets, following their digestion and absorption
in the gut. The structure of nucleic acids is similar in all organ-
isms and so they are readily available in natural foods.
However, processed foods tend to be low in nucleic acids.

Water

Water is familiar to us in our everyday life, and makes up a
substantial proportion of our body volume: 50-70% depend-
ing upon the proportion of fat, which is relatively deficient in
water. However, it would be wrong to regard it as being a sim-
ple space-filler in our tissues. It was noted in Chapter 4 that the
distribution of electrical charges in water molecules (viz.
hydrogen bonds; see p.95) make it an excellent solvent for
other charged particles, for example ions, collectively referred
to as ‘solutes’. The presence of an electrical charge also means
that water molecules may take part in some metabolic reac-
tions, or are themselves produced by chemical reactions.

An excess of water can be viewed in two different ways.
First, over-hydration from over-drinking is a rare phenome-
non as the body regulates body water content very efficiently,
and these processes are unlikely to be overwhelmed by exces-
sive ingestion of water over a very short time because there are
conscious ‘brakes’ on our desire to do so. However, the latter
may be overcome if that desire is reduced, for example through
cognitive depression induced by drugs, or through excessive
anxiety. Second, water in the body is compartmentalized into

body fluids of particular volume and composition (see Chapter
6). Redistribution of water can result in relative excess within
the compartments, even when total body content is normal,
for example oedema occurring as a consequence of excessive
extracellular fluid.

We must excrete water, either as sweat or urine, or in fae-
ces, and so it has to be replenished from our diets, mainly as
the fluids we drink but note that even the driest of foods con-
tain a significant amount of water; for example, breakfast
cereals contain about 10% water by weight. Dehydration is
not unusual, although the kidneys are normally so good at
conserving water that we can manage by drinking around a
litre per day, but urine concentration will be strong and there
may be urinary tract irritation, and possibly even deposition
of salts (e.g. calcium as renal stones) in the long term. There
are suggestions that adults should drink 2-2.5 L/day to main-
tain a good state of hydration.

LIFESPAN INFLUENCES ON RECOMMENDED
DAILY INTAKES OF NUTRIENTS

Notions of a balanced diet must also take into account the dif-
fering needs of the body at different stages of human develop-
ment. This section provides only an overview of additional
dietary considerations; further details are available from guide-
lines published by the UK Department of Health (1991, 1997
and 1998) and available from the British Nutrition
Foundation (http://www.nutrition.org.uk).

Newborn to infant

There are two nutritional considerations during this period of
life: the requirements of the nursing mother and those of the
baby, who is entirely dependent at this time.

Human milk is highly varied in composition, and changes
even between feeds. In general, 100 g of breast milk provides
about 290 kJ (70 kcal) of energy and the energy cost to the
mother during lactation will be of the order of 2000 k] (or 500
kcal) per day. Some of this energy is supplied from fat deposits
stored by the mother during pregnancy but much must be sup-
plied by the mother’s diet. The energy costs will also increase
with time as the growth of the baby accelerates. In proportion-
ate terms the energy needs of the baby during the first 6
months of life are higher than at any other time of life
(Figure 5.3).

The birth weight of the infant will double during the first
year of life and nutritional requirements will change periodi-
cally. Provision of all nutrients remains important but particu-
larly important nutrients during this time are protein (for
growth), iron (for blood), vitamin D (to promote calcium
uptake by the bowel), calcium and fluoride (for bone and teeth
development, even before teeth have erupted). If breast-feed-
ing, the nursing mother must increase her intake of these
nutrients. The dietary needs for iron usually increase only after

the first 5-6 months as the baby’s stores are normally quite
high at birth.



Lifespan influences on recommended daily intakes of nutrients
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Figure 5.3 Energy requirements standardized for body weight in boys and girls
up to the age of 18 years

Not all infants are breast-fed initially and infant formulas
are commercially treated to modify their composition.
Although nutritionally adequate, these formulas will be defi-
cient in other constituents of breast milk, especially antibodies.
Cow’s milk is an unsuitable alternative (Box 5.5).

Babies are developmentally unready for solid food until
about 4 months of age, although cultural practices may result
in weaning babies before or after this. In particular, they have
difficulty in moving food to the back of the mouth for swal-
lowing and they have difficulty digesting cereals. Delay in
weaning runs the risk of inducing protein deficiency as the

BOX 5.5 BREAST MILK VERSUS COW'’S MILK

Substituting cows’ milk for breast milk is not recommended:

« there is less lactose in cows’ milk;

« the protein of cows’ milk, mainly casein, is harder to digest (although
human milk also contains a little casein);

« the absorption of iron from breast milk is also considerably more effi-
cient than from cow’s milk;

e cow’s milk contains more sodium, which places a greater demand on
the infants’ kidneys to excrete the load;

* the range of free amino acids contained in breast milk is beneficial as
there are more ‘essential’ dietary amino acids for infants than adults
(12 rather than 10);

e the vitamin content of cow’s milk is very different from that of breast
milk;

* the baby may also respond to allergens present in cow’s milk.

Infant formulas are used widely as substitutes for breast milk. The UK

Department of Health (1996, 2008) has published guidelines on these,
and issues on infant feeding generally.

growth of the baby accelerates. It is also important to note that
infants are less able to synthesize amino acids in their livers as
older children and adults are, and there are 12 essential amino
acids, not 10, in this age group.

Growing child and adolescent

Growth during childhood accelerates as the child enters
puberty. This is therefore a critical period for nutrition and
recommended intakes of all nutrients increase sharply. For
example, protein intake might increase almost threefold
between the ages of 3 and 14 years. Energy requirements rela-
tive to body size are much higher in children and adolescents
than in adults in order to support the rate of growth and the
high levels of physical activity exhibited by this group. The
energy intake might almost double between 3 and 14 years of
age.

Adults: 18-50 years

Growth effectively ends between the ages of 19 and 22 years
and nutrition then largely becomes a case of maintenance.
Energy requirements of this age group are particularly influ-
enced by levels of physical activity, but on average are about
8.5 MJ/day (2000 kcal/day) in women and 10.5 MJ/day
(2500 keal/day) in men. Dietary considerations of a balanced
diet should apply to this age group, as outlined throughout
much of this chapter.

Pregnancy

The diet of a pregnant woman must support the increased tis-
sue mass produced by an increased uterus size, the fetus and
placenta, an expanded blood volume and extra fat deposits,
and maintain the increased metabolic activity related to that
increased mass (Box 5.6). The third trimester is particularly
important in this respect and this suggests that additional
energy intake (of about 800 kJ/day or 200 kcal/day) is most
important during that period.

Many women report a change in their sense of smell and
taste during pregnancy, and develop food cravings for a while.
Some surveys indicate that craving salty and/or sweet foods is
most common, leading to a view that cravings possibly repre-
sent an underlying desire to obtain specific nutrients, for
example sodium chloride or energy. Sometimes the craving
may be for inorganic material; one theory is that this represents
a desire for minerals. However, the evidence for a craving
linked to actual need is weak. In most instances the craving
arises even though there is not an actual deficiency. It remains
a poorly understood phenomenon.

Adults: 50-75 years

The ageing process is most noticeable after about the age of 50
years when physical activity may decline, basal metabolism
diminishes, digestive activity is reduced, secretions (e.g. of
saliva) are less pronounced, perceptions of taste and smell
change and lifestyles alter. However, nutrient requirements are
generally the same as at 30 years old, except that less energy is

needed.
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BOX 5.6 NUTRITIONAL REQUIREMENTS IN PREGNANCY

Most nutritional requirements are increased during pregnancy but these
often can be obtained through a well-balanced diet. The following are
considered to require specific attention:

e Carbohydrates: in line with fetal growth, carbohydrate requirement
increases during pregnancy but to reduce the risk of maternal tooth
decay it is better to obtain this from polysaccharides, i.e. from bread,
potatoes, rice rather than from ‘extrinsic’ sugars in sweets, cakes etc.

* Proteins: similarly, requirement for protein increases during preg-
nancy and lactation. About 39 g/day is required during pregnancy
(compared with about 36 g/day in a non-pregnant adult woman), and
46 g/day during lactation. However, excessive intake may impair fetal
growth, and dietary intake in the UK is usually sufficient.

e Lipids: lipid requirement also increases slightly during pregnancy but
dietary intake in the UK is usually sufficient.

e Fibre: the requirement for fibre increases during pregnancy in order to aid
maternal bowel functions. The recommended daily amount (RDA) is 30 g
but it should be noted that too much can inhibit absorption of iron from
food.

e Vitamins:

— Vitamin A. Recommended daily amount in pregnancy rises from
about 2000 to 2500 IU (i.e. International Units; see Appendix A:
Units of measurement) but the use of vitamin supplements should

Adults: 75+ years

Most people over 75 years of age show a decrease in activity
levels compared with a 50-60-year-old, although there is a
wide variation. BMR is appreciably decreased above 75 years
of age. Appetite therefore diminishes and this can have an
implication for nutritional homeostasis (see next section).

Food requirements, and hence appetite, generally diminish
over the age of 75 years as metabolism slows, but there is a risk
that the low food intakes observed in inactive elderly people
may not provide adequate amounts of other nutrients for
health. It is therefore especially important that food is pre-
sented in a palatable and appetizing way, and that the food
eaten is of adequate quality. Sadly, caring institutions some-
times fail to meet these criteria and carers should be aware of
what food, if any, is eaten by elderly people, either at home, in
the community or in hospital.

REGULATION OF NUTRITION

The obesity ‘epidemic’ in Western countries, noted earlier,
provides evidence that body weight is at best only poorly regu-
lated by physiological mechanisms; nutrition on the whole is
poorly regulated, and controlling the intake of most individual
nutrients is coarse and imprecise. Nevertheless, some physio-
logical ‘drives’ have been identified and are referred to here.

Of course, people also eat for pleasure and for social purposes,
and this is a powerful influence on what they eat, how much
they eat, and even how often they eat. Accordingly, health pro-
motion and education measures in this context are strong, and
the UK Government has established a Scientific Committee to
advise on this issue (Department of Health, 1999).

be avoided as high levels have been found to influence birth
defects.

— Folic acid. Deficiency of folic acid (a B vitamin) is associated with
neural tube defects (NTDs) in embryos (see Box 19.3, p.529). A sup-
plement (0.4 mg/day) is therefore recommended before and during
the first trimester of pregnancy. If there is a previous history of NTD
then daily supplementation of 5 mg is recommended.

— Vitamin E. The requirement increases in pregnancy and helps to
prevent premature delivery, spontaneous abortion and stillbirth.
However, dietary intake in the UK is usually sufficient and supple-
ments are recommended only for those at high risk.

© Minerals:

— Iron. The requirement for iron increases during pregnancy but rou-
tine supplements are no longer recommended in the UK since
dietary intake (and maternal storage) is usually sufficient.

— Calcium. The requirement for calcium increases in pregnancy and
is thought to help prevent premature labour. However, dietary
intake in the UK is usually sufficient and supplements are recom-
mended only for those at high risk.

— Zinc. This is the most important mineral for successful pregnancy
outcome. Requirements increase by 30% in pregnancy and 40%
during lactation. The RDA is 20 mg but in the UK this is usually met
by dietary intake.

Energy (carbohydrate, lipids and proteins)

We have a drive to obtain high-energy foods, storing those
‘fuels’ that are in excess of body needs at the time. They there-
fore tend to be very popular with people, but not for their spe-
cific nutrient content, or even for the source of energy. Thus,
while carbohydrates, lipids and proteins form the bulk of our
diets, their general intake is non-specifically related to the drive
for energy, and there are public health concerns that (in the
UK) average diets contain energy in excess of requirement, and
in the form of excessive saturated fat and carbohydrate.
Nevertheless, there are physiological processes that have an
identifiable role in regulating food intake. In that context, two
aspects must be considered (Woods, 2005):

What determines the interval before the drive to eat reap-
pears? Brain nuclei within the hypothalamus have been impli-
cated in providing the drive to eat. Increased local
concentrations of metabolic fuels, that is, glucose and fatty
acids, within the hypothalamus, seem to be influences, but
more important signals come from the secretion of the hor-
mones insulin (from the pancreas) and leptin (from adipose
tissue, especially in the abdomen). Both are secreted into blood
in proportion to the amount of fat that is stored in the body,
and act on the hypothalamus to influence food intake. Thus,
increased adiposity raises the level of secretion of leptin, which
then acts to reduce food intake, while weight loss increases its
secretion and so stimulates food intake. Administering these
hormones directly into the brain has also been shown to reduce
food intake and body weight.

What determines how much we eat during a meal (satiety)?
There is evidence that various substances/hormones, secreted
from the gastrointestinal tract in response to the presence of
food and/or digested food products, may act as controllers. For



example, the secretion of the hormone cholecystokinin (CCK;
released from the ileum and pancreas) is low before food is
consumed, but increases when fat products are present in the
small intestine (see Chapter 10, p.250), and its actions are
rapid enough to have an impact during the timeframe of a
meal. Experimentally, the administration of CCK has also
been found to decrease meal size, while providing an antago-
nist of its actions increases meal size. Conversely, the secretion
of ghrelin, a hormone secreted from the wall of the stomach,
increases between meals but decreases when food is consumed,
and experimental administration of ghrelin increases the size of
meal consumed.

There is evidence that obesity may arise when there is resist-
ance to many of these various factors, especially to leptin. The
implication is that hormones and secretions, together with sen-
sory nerve activity from the gastrointestinal tract, act together
to regulate hunger perception, and meal size. The picture is
very complex, however, as there is a range of different secre-
tions from the bowel that may influence food intake, including
by altering the sensitivity to others. Nevertheless, the evidence
sheds some light on the mechanisms for regulating food
intake, and hence of body weight. One difficulty we have,
though, is that eating is not simply related to biological need:
in Western countries it is rare for the desire to eat to arise from
biological deficit or need, and psychosocial factors are signifi-
cant. The current obesity ‘epidemic’ in the UK indicates that
the biological control of energy intake, and body weight, can
readily be overcome.

Water balance

Provided that drinking water is available, the water content of
our body does not normally deviate more than + 2% from

Regulation of nutrition

normal. Regulation is via the monitoring of the total concen-
tration of solutes in blood plasma; if we begin to dehydrate this
rises and draws water out of cells by the process of osmosis, in
turn raising solute concentration within the cells, and reducing
cell volume. Specialized nerve cells within the hypothalamus
act as receptors of this change, giving us a perception of thirst
the kidneys.
Overhydration promotes opposite changes and responses.
Details can be found in Chapter 6.

and promoting water conservation by

Minerals and vitamins

Eating a range of natural foods will normally ensure the provi-
sion of adequate amounts of these nutrients. Perhaps as a con-
sequence of this, we do not have a ‘drive’ to seek them out. The
exception is sodium chloride. This salt is the main contributor
to the solute concentration that determines water balance
(above) and so the two processes are inextricably linked. Thus,
a deficit of sodium chloride will be interpreted by the body as
over-hydration (viz. the salt appears to have become diluted)
and so water is excreted. Most sodium chloride is found in the
extracellular fluids, including blood plasma, and a decreased
blood volume raises our preference for salty foods and promotes
sodium chloride conservation by the kidneys (see Chapter 6).

Fibre

Many natural foods provide a rich source of fibre, but
processed foods are often deficient. Modern diets therefore
may cause constipation as the stimulation of peristaltic move-
ments of the bowel are reduced. The discomfort of this can act
to promote greater intake of fibre-containing foods. While this
should not be viewed as a biological regulator, the mechanism
can be related to homeostatic theory!

SUMMARY

1 Nutrients provide the substrates for all body structures, and the con-
stituents of body fluids.

2 A balanced diet contains adequate daily amounts of all nutrients.

3 Carbohydrates include complex polysaccharides, smaller disaccha-
rides and simple sugars, or monosaccharides. Dietary carbohydrates
are digested to their monosaccharide components, of which glucose
is the most prevalent.

4 Proteins are composed of amino acids. Some amino acids, having
been ingested with proteins, may be converted to different ones
within the liver but 10 (12 in infants) cannot: these are ‘essential’
amino acids and must be present in the diet.

5 Lipids are composed of fatty acids, perhaps modified or combined
with glycerol to form glycerides or fats. Fatty acids are saturated or
have degrees of unsaturation; that is, their chemical structure has
bonds that can be opened to accept other atoms or molecules.

6 Saturated fatty acids may be converted within the liver to cholesterol,
an example of a modified lipid. This is an important lipid in the body,
but potentially can have detrimental effects on blood vessels.

7 ‘Energy’ is considered to be a nutrient: on average, 50% of energy
intake should be as carbohydrates, 35% as lipids and 15% as pro-
tein. Energy requirements relate to the BMR and to physical activity
levels.

8 Fibre is not digested in the conventional way, if at all, but has bene-
ficial effects on the bowel.

9 Vitamins are a complex group of chemicals that have a range of func-
tions. Small quantities of each are required but they are central to liv-
ing processes. Some are fat-soluble, others water-soluble.
Fat-soluble vitamins may be stored to a limited degree but this
makes toxic levels a possibility, although an unlikely one, on normal
diets. Vitamin deficiency is more likely to be a problem.

10 Minerals range from some that are very abundant to those that are
trace elements. Most are not stored to any degree and so a regular
intake is necessary. This means that trace element deficiency is pos-
sible.

11 Nucleic acids, that is DNA and RNA, must also be synthesized by
dividing cells. While components are reusable some are metabolized
and so nucleic acids must be present in the diet. Growth requires
additional nucleic acid.

12 Water is often taken for granted but is a vital component of body
chemistry, as a solvent and as a determinant of volume.

12 Nutrient requirements change during life, primarily as a conse-
quence of growth during childhood, and declining metabolic rates in
later adulthood. Pregnancy and lactation have further implications for
maternal dietary requirements.
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INTRODUCTION

Fluids within the body provide the environment in which bio-
chemical reactions take place, and contain an extensive range
of substances, a reflection of the range of metabolic processes
that take place. However, when considering the physiology of
body fluids it is usual to focus on water and also electrolytes
(ions) since minerals are among the most abundant con-
stituents. Minerals were introduced in Chapter 5 within the
context of nutrition, and this chapter describes their role in cell
function. It also provides an overview of body fluid homeosta-
sis, though most details on this are provided in a later chapter
in relation to kidney functioning (see Chapter 15). Before
reading this chapter, readers may find it helpful to first revisit
the sections on atoms, electrolytes and water in Chapter 4.

BODY FLUID COMPARTMENTS

Essentially our body fluids are composed of water with sub-
stances dissolved within it. Some of that water is found within
cells, while the rest occupies the various spaces and cavities, for
example within blood vessels, the abdomen and around the
brain. That within cells is referred to as the intracellular fluid
compartment, that outside as the extracellular fluid compart-
ment. The adult body contains some 40—45 L of water (Figure
6.1), equivalent to about two-thirds of our body weight.
Approximately 25 L of this is intracellular fluid, and 18 L or so
comprises the extracellular fluid.

All body fluids contain minerals of various types; these are
electrically charged and, consequently, they are often referred
to as electrolytes, or ions. The presence of the electrical charge
makes them chemically active and their physiological activities
are discussed in the next sections.

Extracellular fluids
The fluid that bathes cells is not a continuous, single compart-

ment but is subdivided into:

® interstitial or tissue fluid: this is the component that bathes
most of our cells; approximately 12 L in volume in adults;
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Intracellular fluid 25 L
(includes blood cells 2 L)

Extracellular fluid
48 L

Interstitial fluid
2L

Plasma 3 L
Transcellular fluids 43 L

Figure 6.1 Body fluid compartments. Strictly speaking, transcellular fluids are
part of the extracellular compartment but they have compositions very different
from that of plasma and interstitial fluid, and so are usually considered
separately (Tables 6.1 and 6.2)

Q Give four examples of a transcellular fluid.

BOX 6.1 FLUID COMPARTMENTS IN INFANTS

Infants have a higher percentage of total body water compared with
older children and adults. In addition, the daily exchange of extracellular
fluid through secretion and reabsorption occurring within the gastroin-
testinal tract is relatively much higher, and may be equivalent to as
much as 45% of total body weight per day. Such differences in infants
are attributed to relative differences in body and organ sizes, and the
immaturity of physiological processes concerned with fluid balance. As
a consequence impairment of fluid intake can rapidly alter the level of
hydration, for example in persistent vomiting.

® blood plasma: this is approximately 3 L in adults; note that
the blood cells come under the intracellular compartment;

® transcellular fluids: (‘trans-’ = across) these specialized fluids
occupy distinct, specific spaces, and are secreted into them
by the epithelial cells that line them. An example is the
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BOX 6.2 'THIRD COMPARTMENT” SYNDROME

The body has two major fluid compartments: the extracellular and intra-
cellular fluids. ‘Third compartment’ syndrome occurs if the volume of
fluid in a location suddenly becomes excessive. The additional fluid
derives from the blood plasma and tissue fluids and so promotes a redis-
tribution of these fluids, leading potentially to circulatory collapse.

The commonest causes of ‘third compartment’ syndrome are surgery
and peritonitis:

e Surgery can cause a cessation of gastrointestinal activity, including
peristaltic contractions. Fluid secretion in the stomach and duodenum
(which is normally quite high but much is reabsorbed again later in the
intestines) continues but without peristalsis does not pass along the
bowel to the absorptive sites. Consequently, the fluid content of the
bowel may become excessive.

e Peritonitis can cause ‘third compartment’ syndrome because the peri-
toneum membrane that lines the abdomen becomes much more per-
meable to fluids and proteins, leading to an accumulation of fluid
within the abdomen, referred to as peritoneal oedema, or ascites. As
with the bowel fluids, the accumulation of peritoneal fluid can occur
quite quickly, hence the (apparent) occurrence of a significant ‘third
compartment’.

cerebrospinal fluid around the brain and spinal cord. Because
they are secreted, each has its own particular composition
that may be very different from the rest of the extracellular
fluids. Collectively the volume is about 1-3 L in adults.

Interstitial (tissue) fluid and blood plasma

Cellular function requires substances to be transported to and
from the cells but, close though the microscopic blood vessels
or capillaries may be, they remain separated from the cells by
the interstitial fluid that bathes them. Substances could, and
do, simply diffuse across between the two types of fluid, but
this is very slow and inefficient, and a better system is used in
which the substances are actually ‘carried’ by fluid movement
to and from the cells.

Fluid movement entails the passage of water, with its dis-

solved solutes, out of the plasma through microscopic pores in
the blood vessel walls into the interstitial fluid, and thence
back into the plasma again. Thus the two fluids are continuous
and so the electrolyte compositions of blood plasma and inter-
stitial fluid are almost identical (Table 6.1). One requirement
for the movement of fluid in this way is that the pores in the
blood vessel walls must be highly permeable to water and
solutes. However, pore size is not large enough to permit a sig-
nificant passage of large molecules, such as proteins, and so the
plasma has a considerably higher protein concentration than
does the interstitial fluid. The protein concentration gradient
between plasma and interstitial fluid is one of the main factors
in causing the exchange of fluid, which is explained in a later
section.

The main electrolytes present are sodium, potassium, chlo-
ride, calcium, bicarbonate and phosphate. Of these, sodium
and chloride are by far the most abundant (Table 6.1), while
potassium, calcium and phosphate ions are present in relatively
low concentrations. In considering electrolyte composition of
plasma it is also important to be aware that ‘free” calcium and
‘total” calcium concentrations will be different. This is because
only about half of plasma calcium content is in the free, chem-
ically active form; the remainder is chemically bound to
plasma proteins and so will not directly influence cell function.
However, the ‘free’ concentration will change rapidly should
the bound calcium be released. Binding is influenced by the
acidity of the blood, and the release of bound calcium does not
normally occur because the plasma is kept slightly alkaline.
Hydrogen ions (i.e. acid) produced by metabolism are held at
a low concentration (i.e. they have been ‘buffered’) by also
being bound to other substances, primarily bicarbonate ions in
blood plasma (see later). Reference to Table 6.1 shows that the
concentration of bicarbonate ions is relatively high in both
plasma and interstitial fluid, though nowhere near that of
sodium or chloride. Phosphate ions present can also act to
‘buffer’ hydrogen but the concentration of phosphate must be
kept very low (Box 6.3) and so that action is less important.

Table 6.1 Concentrations of main ionic constituents of intracellular and extracellular fluids

Extracellular fluid

Intracellular fluid

Constituent Blood plasma Interstitial Skeletal muscle
(mmol/L) fluid (mmol/L) cell (mmol/L)
Cations
Sodium (Na*) 142 145* 12
Potassium (K*) 4.3 4.4 150
Calcium (Ca*) 1.2%* 1.2%* 4
Anions
Chloride (CI) 104 117* 4
Bicarbonate (HCO,) 24 27* 12
Phosphate (HPO,, H,PO0,) 2 2 40
Proteins (g) 70 Approximately 0 25
pH 7.4 7.4 7.0

*Slight differences in plasma result from negative charge on plasma proteins.
**lonized calcium. Total calcium concentration in plasma is about twice this.



BOX 6.3 CALCIUM AND ARTERIOSCLEROSIS

Calcium salts, such as calcium phosphate, have a relatively low solubil-
ity in water, evidenced by deposits found in kettles and central heating
systems in ‘hard’ water areas. In the body, this can be useful because it
aids the deposition of calcium and phosphate in bone. Elsewhere in the
body the calcification of tissues is normally detrimental, for example the
calcification of brain tissue in some neurological disorders.
Arteriosclerosis is a ‘hardening’ of the arteries as a consequence of cal-
cification of the blood vessel walls, often secondary to scarring. It is irre-
versible and is a causative factor in high blood pressure (hypertension)
and in thrombosis (the occlusion or partial occlusion of a blood vessel by
a blood clot). Many factors might contribute to the problem but one risk
factor is the local concentration of calcium and phosphate ions. In
plasma and interstitial fluid the concentration of calcium and phosphate
ions, and associated ions such as those of hydrogen phosphate (HP0,2),
is close to that at which the salts will start to precipitate out of solution.
Arteriosclerosis is normally avoided because the low concentrations of
these ions is closely regulated.

Transcellular fluids

The transcellular fluids are separated from blood plasma by a
continuous layer of cells (i.e. by an epithelium) and are pro-
duced as secretions of those cells. They include

e cerebrospinal fluid around the brain and spinal cord;

e gastric fluid in our stomachs;

e intestinal fluid;

® intraocular fluid in our eyes;

® synovial fluid within (synovial) skeletal joints;

e secretions such as saliva, semen, cervical fluid and sweat.

The total volume of transcellular fluid is variable, particu-
larly because of changes in the secretion of gastric and intes-
tinal fluids after a meal, but in general amounts to some 1-3
litres. Their composition may be kept near constant, as in the
cerebrospinal fluid, or may vary according to the circum-
stances at the time, as in gastric fluid. The solutes found in
these fluids are of the same types as found in other extracellu-
lar fluid but their respective concentrations are different from
that of the blood plasma and the interstitial fluid (compare
Tables 6.1 and 6.2). This is because the cells that secrete them
exert some control on the composition of the resultant fluid.

Body fluid compartments

Intracellular fluids

Tissues have widely differing functions so it is not surprising to
find that there is variation in the composition of intracellular
fluid, depending upon which tissue is studied. Some general-
izations can be made, however, and the composition of fluid
from muscle cells, as shown in Table 6.1, gives a general
impression.

The fluids inside and outside a cell are of course separated
by the cell membrane, which is largely lipid and not very per-
meable to solutes unless there are pores. There are indeed pores
but they are ‘selective’ and consequently intracellular fluids
have a very different composition from that of the interstitial
fluid that bathes the cells. The situation is complicated by the
presence in cell membranes of ion-transporting processes such
as the sodium/potassium exchange pump (see Chapter 2)
which actively transports sodium ions from the intracellular
fluid and releases them into the extracellular fluid while potas-
sium is transported in the opposite direction. Thus, intracellu-
lar fluids contain high concentrations of potassium but
relatively low concentrations of sodium (see Table 6.1); in gen-
eral terms this is the opposite situation to that found in the
extracellular fluids.

Calcium ions take part in many reactions within the cell, for
example by acting as cofactors that aid the actions of certain
enzymes. It may seem surprising therefore that the intracellu-
lar concentrations of calcium ions are similar or even lower
than they are outside the cell (see Table 6.1). However, the
availability of calcium ions is a factor in the control of many
biochemical reactions, for example in muscle contraction (see
Chapter 17, p.468). To control availability, a large proportion
of the calcium content of a cell will be bound to proteins and
released from them as required. The total calcium content
(ionized + bound) of cells, therefore, will be more than the
ionized component indicates.

Phosphate is abundant within cells, while bicarbonate ion
concentration is considerably lower than that found in extra-
cellular fluids. These ions act as buffers, an important role con-
sidering the continual production of hydrogen ions by
metabolism (see ‘Acid-base homeostasis’, later). Phosphate
ions are also an integral part of cellular metabolic processes.
For example, phosphate-based compounds such as ATP act as
energy transporters within the cell (see Chapters 2 and 4).

Table 6.2 Mean ionic concentrations of some transcellular fluids

Na+ K* Cl- HCO3~

(mmol/L) (mmol/L) (mmol/L) (mmol/L)
Saliva 33 20 34 0 6.6
Gastric juice 60 9 84 0 3.0
Bile 149 5 101 45 8.0
Pancreatic juice 141 5 77 92 7.7
Cerebrospinal fluid 141 3 127 23 7.5
Sweat 45 5 58 0 5.2
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Movement of water and solutes within and between
compartments

Within compartments

Fluid compartments are not static since water, with its con-
stituents, is constantly on the move:

® Within the intracellular compartment, fluid movement
occurs as cytoplasmic streaming.

® Within the extracellular compartment, fluid movement is a
process of bulk flow and also an exchange between the blood
plasma and the interstitial fluid.

® There is exchange between the interstitial fluid and intracel-

lular fluid.

Cytoplasmic streaming

This circulation of fluid within a cell occurs as a consequence
of a combination of random motion of molecules, small diffu-
sional gradients and small thermal gradients operating across
the cell. This flowing of the fluid helps to move substances
around the cell, a process that is more efficient than if diffusion
alone was the only mechanism.

Net pressure
£ -COP
3525
=0 mmHg
. a positive net filtration pressure
.. fluid moves out of capillary

P 35 mmHg
COP 25 mmHg

Bulk flow

Bulk flow provides the means of transporting substances on a
large scale and in the shortest possible time. Examples are the
propulsion of foodstuff and fluid through the digestive tract,
and the flow of blood through the cardiovascular system.

Exchange between the plasma and interstitium

An exchange of fluid and solutes between the plasma and the
interstitial fluid is essential in order to transfer substances from
the plasma through the interstitial fluid to the cells at a rate
that is conducive to normal cell function. The exchange of
fluid occurs in tissues, where capillary blood vessels come into
the proximity of cells. Capillary exchange occurs as a result of:

® having the wall of the capillary fully permeable to water and
most solutes, although not to most large molecules such as
proteins; and

e the interplay of physical forces that promote such move-
ments.

The forces involved in capillary exchange are illustrated in
Figure 6.2. Basically, the relatively high hydrostatic or fluid

Arteriole

—=

IS

Capillary —>
Lymphatic vessels return small
amounts of exudate to the blood.
(Note:net pressure favouring
Nit_g'(’)essure filtration is slightly greater than
net pressure favouring fluid
—
4725 P=47 mmHg return to capillary so the return
=8 mmHg COP 25 mmHg < of excess fluid is essential)
. a negative net filtration pressure
.. fluid moves into capillary
— Venule
Blood flow

Figure 6.2 Fluid exchange between plasma and interstitial fluid across the capillary wall. The net movement of fluid into or out of the capillary will largely depend
upon the difference between the pressure favouring outward movement (the hydrostatic or blood pressure in the capillary, P) and that favouring inward movement
(the osmotic pressure caused by plasma proteins, called the colloid osmotic pressure, COP)

Q Why don’t the electrolytes in plasma contribute to the osmotic pressure component of capillary exchange?



Body fluid compartments

BOX 6.4 OEDEMA

This box should be read in association with Figure 6.2.

Oedema is an accumulation of fluid in the interstitial compartment as
the consequence of a disturbance in the capillary exchange of fluids. It
may have a number of causes:

* Elevated capillary hydrostatic pressure as a consequence of:
— dilation of blood vessels entering the tissue, as occurs in inflamma-
tion or during hot weather; or
— increased backpressure from veins as occurs in congestive heart
failure; or
— (in legs) as a consequence of gravity following standing for a long
while, especially if the valves of leg veins are ineffectual.
 Decreased colloid osmotic pressure (caused by hypoproteinaemia;
‘hypo-" = lower than normal; ‘-aemia’ = blood) as a consequence of
loss of plasma proteins via the urine, or reduced synthesis of plasma
proteins, as occurs in various liver conditions or in malnutrition, or of
plasma dilution resulting from fluid overload.
* Blocked drainage of interstitial fluid by lymphatic vessels, perhaps
caused by a tumour, parasitic organisms or by tissue damage.

Oedema may form:

e peripherally, either locally or generalized. Local oedema might be
gravitational (e.g. of the ankle) or perhaps might be caused by
obstruction of tissue drainage during surgery or because of positioning

pressure within the capillary tends to force fluid out from
blood plasma and into the interstitial fluid, but this force is
opposed by osmosis induced by the plasma proteins that are
retained in the capillary: specifically referred to as the colloid
osmotic pressure, or oncotic pressure. Where blood enters a
tissue, the net pressure favours movement of fluid out of the
blood vessel. However, this loss of fluid means that the hydro-
static pressure diminishes along the capillary. Thus, towards
the other end of the capillary a point will be reached when the
colloid osmotic pressure now exceeds the hydrostatic pressure,
and so fluid will then be drawn back into the vessel. As a result,
there is virtually no difference in the volume of blood that
enters a tissue in an artery and leaves it in a vein.

The prevention of protein leaking into the interstitial fluid
is essential to this process, otherwise the colloid osmotic pres-
sure would also decrease along the capillary. In reality, small
quantities of protein do penetrate the interstitium and this
slight alteration in the balance of forces acting across the capil-
lary wall results in a small net loss of fluid from the plasma.
The leaked proteins, and the accumulated interstitial fluid, are
returned to the circulatory system via the lymphatic system

(see Chapter 13).

Exchcmge between interstitial and intracellular fluids

In Chapter 2 it was described how water may pass through a
selectively permeable membrane, such as the cell membrane, by
a process of osmosis. Thus, movement of water across the cell
membrane will occur if the solution on one side of the mem-
brane has a higher solute concentration than the solution on the
other side. There are a number of solutes present in body fluids,

of an immobile patient. Generalized oedema is more likely to involve
an elevated central venous pressure (e.g. in congestive heart failure)
or hypoproteinaemia (e.g. owing to urinary loss of protein in nephrotic
syndrome);

* in the abdomen (peritoneal oedema, or ascites) as a consequence of
increased fluid secretion across the peritoneum (e.g. in liver failure
where the reduced circulation of blood through the liver raises the
pressure in the hepatic portal vein);

¢ in the lungs (pulmonary oedema) as a consequence of increased
secretion of fluid out of the pulmonary capillaries (e.g. elevated pul-
monary capillary pressure as a consequence of left-sided heart fail-
ure).

Although treatment must aim to correct the underlying cause, some-
times a degree of relief may be provided simply by using gravity to
reduce the capillary hydrostatic pressure. This may simply involve sitting
the individual up to help relieve pulmonary oedema, but could also
require tilting the bed or suspending limbs, depending upon the site of
the oedema.

Drugs (diuretics, for example furosemide) may be also be used to pro-
mote urinary sodium and water excretion and so reduce extracellular
fluid volume and oedema. Alternatively, treatment may be aimed at
reversing a reduced plasma protein concentration by the infusion of
plasma extracts or synthetic protein.

including various ions and substances such as glucose, proteins
and urea, and so the potential osmotic effects of these fluids is
determined by the net effect of the concentration gradients of
these individual solutes. The term normally used to denote the
osmotic potential of a solution is the ‘osmolality’ and is meas-
ured by the effect that solutes have to depress the freezing point
of water (Box 6.5). Note that the osmolality gives no informa-
tion as to the variety or types of solute present or of their indi-
vidual concentrations, only their net effect.

BOX 6.5 OSMOTIC PRESSURE, OSMOTIC POTENTIAL AND
OSMOLALITY

Osmosis is referred to in various ways, depending upon its context:

e ‘Osmotic pressure’ relates to the notion that water movement across a
selectively permeable membrane could be prevented if a pressure is
applied to the opposite side of the membrane. The amount of pressure
to be applied will be directly related to the extent of osmosis, and so
enables scientists to quantify the osmosis. The concept of osmotic
pressure is most important in relation to fluid exchange across a blood
capillary (Figure 6.2) since here blood pressure is counteracted by the
osmotic pressure exerted by the plasma proteins.

e ‘Osmotic potential’ is a qualitative term that is usually used when solu-
tions are compared; for example ‘normal’ saline (see later) is consid-
ered as having the same osmotic potential as body fluids even though
their compositions are different.

 ‘Osmolality’ converts osmotic potential (and osmotic pressure) into a
value that is based on the effects of solutes to lower the freezing point
of water. Normal body fluids have an osmolality of about 285 millios-
moles (mOsm)/L. The measurement enables comparisons to be made
more readily than by using osmotic pressure, and is the way osmotic
content of blood and urine are recorded.
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Since water moves so easily across cell membranes it is
unlikely that a difference of osmotic potential between intra-
cellular and extracellular fluids will last for long because equili-
bration will soon occur and make the total osmotic potential of
the two compartments very similar. One consequence of this is
that:

® Should the individual become dehydrated, water is first lost
from the extracellular fluid, which increases the solute con-
centration. This will osmotically remove water from cells
and so also result in cellular dehydration.

Over-hydration through excessive water intake produces
opposite events, leading to over-hydration of cells and dilu-
tion of solutes. Over-hydration should not be confused with
oedema (see Box 6.4), since it results in an increase in cell

volume and a dilution of body fluids, whereas oedema is an
accumulation of extracellular fluid only, without dilution.

Obvious external signs of dehydration are a dry oral mucosa
and ‘hollowing’ of tissue around the eyes, and a loss of skin tur-
gor. However, both dehydration and over-hydration usually
affects the whole body, and hence the function of all cells,
since a near-constant intracellular environment is necessary for
optimal functioning. Symptoms of neurological dysfunction
are initially the most noticeable if the change in water balance
becomes moderate to severe, with individuals experiencing
headaches or, if the imbalance is even more severe, lethargy,
personality changes, mental confusion, or even coma and

death.

ACTIONS OF WATER AND ELECTROLYTES
AND PRINCIPLES OF BODY FLUID
HOMEOSTASIS

Water and ions are continually added to our body fluids
through our diets; most ions ingested in our foods are absorbed
from the bowel and this is the case whether we are deficient in
them or not. Our diets normally contain more than adequate

amounts of the major ions and the ionic constitution of our
body fluids is mainly determined by the rate at which they are
excreted, especially in the urine. In order to regulate the ionic
contents of our body fluids the rate of addition and the rate of
excretion must be kept equal (i.e. we must remain in a state of
ionic balance, a classic example of homeostasis).

If normal regulatory processes are operating, then fluctua-
tions in the electrolyte content of body fluids occur when there
is a mismatch between intake and excretion, and are most
likely to occur in those fluids that exchange substances with
our external environment, in other words in the extracellular
fluid (Figure 6.3). The homeostatic mechanisms that regulate
body fluid composition are stimulated by such changes. The
detection of change in the extracellular fluid involves special-
ized receptor cells. Body fluid homeostasis is enlarged upon in
Chapter 15, when kidney function is described in detail, but to
put much of the present chapter into a healthcare perspective,
it is useful at this point to consider the actions of the con-
stituents of body fluids and how they relate to those processes.

Water

As noted previously, water is the solvent in which most of the
chemical reactions that comprise metabolism take place.
Clearly, the concentrations of solutes dissolved in that water
will change according to the rate of addition and removal of
those solutes, but they can also be altered by adding or remov-
ing water since this will dilute or concentrate the fluids (and
will also alter their volume). Thus changes in water balance
could be expected to alter cell functions and so water home-
ostasis is essential.

The body is normally able to regulate water balance very
effectively. For example, as already noted, dehydration will
cause the movement of water out of cells by osmosis, thereby
concentrating the intracellular fluid. This causes the receptor
cells (called ‘osmoreceptors’ — see Chapter 15) to initiate
changes in water intake and excretion, by influencing our per-
ception of thirst and promoting a reduction in urine volume.
Over-hydration will have opposite effects on the osmotic pres-
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sure of plasma, and will suppress thirst and promote the pro-
duction of a large volume of dilute urine. The intention is to
remove excess water and so restore the balance state.

Sodium and chloride (Na*; CI)

Sodium and chloride ions are the most abundant electrolytes
in extracellular fluid, and are usually considered together. They
have two areas of activity:

® The ions influence cell membrane processes:

— Sodium ions aid the carriage of large molecules, such as
glucose and amino acids, into cells by combining with their
protein carrier molecule in the cell membrane; the concen-
tration gradient for sodium causes diffusion into the cell.

— Chloride ions, being negatively charged, may interfere
with the movement of positive ions. For example in parts
of the central nervous system chloride ions suppress the
electrical changes that occur when the nerve cells are stim-
ulated by interfering with the diffusion of sodium or
potassium ions, and so provides a physiological means of
inhibiting nerve transmission (see Chapter 8, p.188).

® Being so abundant, these ions are the main contributors to
the osmotic potential of extracellular fluid, and so have a role
in the distribution by osmosis of water between the extra-
and intracellular compartments.

The means of controlling sodium chloride balance relates to
the osmotic activities of the ions. An increased sodium chlo-
ride intake (e.g. in salty food) will raise the sodium chloride
concentration of extracellular fluid, promote osmosis from
cells, and cause thirst and renal water retention; in other
words, the responses that are normally associated with dehy-
dration (above). However, unlike the control of water balance
alone, the changes here are induced by the intake of the salt —
the person may already have been in a state of water balance
and so the volume change induced by the responses would be
in excess of normal. The excretion of sodium (and the excess
water) by the kidneys is stimulated by the resultant increase in
blood volume, detected by stretch receptors located within the
circulatory system.

Potassium (K*)

The concentration gradient for potassium across cell mem-
branes is mainly responsible for the electrical status of the cell
membrane (remember that the concentration of potassium

BOX 6.6 HYPERNATRAEMIA AND HYPONATRAEMIA

Hypernatraemia (‘hyper’ = greater than normal, ‘natrium-’ = sodium,
‘-aemia’ = of blood) occurs when blood sodium concentration is persist-
ently greater than normal values. It usually results from an inability to
regulate sodium concentration, for example in renal failure, or from
dehydration. Hyponatraemia (‘hypo’ = less than normal) often reflects
excessive hydration of the extracellular fluids but can arise if there is
excessive loss of the ion, for example with vomiting.

Therapy must relate to the underlying cause, depending upon
whether or not there is a change in water balance. This will usually entail
assessment of how salt and water input and output compares.

Electrolytes and body fluid homeostasis

BOX 6.7 HYPERKALAEMIA AND HYPOKALAEMIA

When blood potassium concentration is increased to above the normal
range this is referred to as hyperkalaemia (‘hyper-" = greater than nor-
mal, ‘kalium’ = potassium, ‘-aemia’ = of the blood). Although some
adaptation by cells is possible, the elevated potassium may cause
nerves and muscles to become overexcited, most noticeable as an
increased heart rate. Hyperkalaemia may be caused by an inability to
excrete potassium adequately, as in renal failure or a dysfunctional
adrenal gland. Excessive hyperkalaemia can cause death, and clearly
this has to be considered if potassium infusions are administered.

Hypokalaemia (‘hypo-’ = less than normal) will have the opposite
effect making heart cells more difficult to excite, leading to a decreased
pulse rate. Hypokalaemia can be induced by excessive use of those
diuretic drugs that promote potassium excretion, or again by a dysfunc-
tional adrenal gland. Regular observations of pulse rates are important in
these settings.

Therapy for hyperkalaemia includes treating underlying factors, such
as acidosis in which hydrogen ions enter cells and are exchanged for
potassium ions, and improving excretion of the ion (e.g. by use of oral or
rectal ion exchange resins). Treatment for hypokalaemia will usually
entail oral potassium supplements; potassium infusions are normally
only used when considered necessary because of the potential for over-
infusion leading to hyperkalaemia.

inside the cell is much greater than that outside). This is
referred to as the ‘resting membrane potential’ and variations
in the potassium gradient will change it slightly, making it
approach or deviate further from the threshold value at which
nerve and muscle cells becomes activated (for details, see
Chapter 8, p.187). Thus, an increase in extracellular potassium
concentration makes the membrane easier to stimulate, and a
decrease in makes the cell more difficult, perhaps even impos-
sible, to stimulate using physiological stimuli.

Since the plasma potassium ion concentration can have such
a profound effect on excitable cells it is not surprising that the
plasma concentration is monitored directly, and an increase in
concentration alters the excretion of potassium in urine.

Calcium (Ca?)

Calcium has two major areas of activity:

® Intracellular actions. Many hormones act by stimulating the
release of calcium ions from stores within target cells, and
these promote the actions of certain enzymes in the cell. In
muscle cells the ions are necessary for the contractile process
(see Chapter 17), though smooth and cardiac muscle cells
have little calcium storage and so it is necessary for these cells
to take up calcium ions from the extracellular fluid; follow-
ing contraction these cells then pump the ions back out
again. Drugs classed as ‘calcium antagonists” interfere with
this process and help to prolong muscle contraction in the
heart.

® The threshold membrane potential at which excitable cells
are stimulated is influenced by the calcium ion concentra-
tion of extracellular fluids. For example, a reduction in cal-
cium ion concentration reduces the threshold with the result
that the cell is more easily stimulated.
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BOX 6.8 HYPERCALCAEMIA AND HYPOCALCAEMIA

Hypercalcaemia (‘hyper-" = greater than normal, ‘-aemia’ = of blood) is
a persistent elevation of blood calcium ion concentration above the nor-
mal range. It occurs usually either as a consequence of a failure of reg-
ulating the transfer of the ion into and out of bone (usually because of a
hormone imbalance, especially of parathyroid hormone), or because of
excessive acidity in blood (which releases calcium from that bound to
plasma protein). The short-term consequence is a reduction in the activ-
ity of nerve and muscle cells; for example constipation arising from
diminished bowel movements may be observed.

Hypocalcaemia (‘hypo-’ = less than normal) may arise because of
inadequate uptake from the gut, excessive transfer to bone or excessive
renal losses. The problem is frequently caused by hormone deficiency
but may also be induced by alkalosis due to sudden depletion of hydro-
gen ion concentration in blood, for example in excessive breathing dur-
ing anxiety (which removes too much carbon dioxide, a source of
acidity). Muscle spasms may be observed as nerve and muscle cells
become over-excitable: carpopedal spasm (of the hand) is an observa-
tion frequently seen in anxiety-induced hypocalcaemia.

Therapy for hypercalcaemia involves treating the underlying cause
but may also entail promoting the loss of calcium in urine by enhancing
renal losses (e.g. using saline infusion to promote urine production and
electrolyte loss). Treatment for hypocalcaemia may be by oral supple-
ment but calcium gluconate infusion may be used if severe.

The pronounced effects that calcium ions exert on excitable
cells means that the calcium ion concentration of extracellular
fluid must be closely monitored. However, responses to a
change in plasma calcium ion concentration are complex as
calcium balance involves the level of transfer between plasma
and bone, the rate of uptake from the bowel and the rate of
excretion in the urine (see Figure 9.10, p.217).

Bicarbonate and phosphate (HCO,~; HPO %)

Bicarbonate and phosphate ions are the main ions that buffer
acidity produced by hydrogen ions generated through meta-
bolic processes. An excess or deficiency of buffers alters the
concentration of hydrogen ions present, thus compromising
the regulation of acidity (see next section).

The concentration of bicarbonate ions in blood plasma is
therefore regulated by responses to acidity changes (see the fol-
lowing section) through alterations in its production (from
carbon dioxide) and excretion (as carbon dioxide in the lungs,
as bicarbonate in urine). Phosphate excretion in urine is also
affected by the regulation of acidity, but it is also linked to that
of calcium. When combined with calcium, phosphate ions
contribute to the main mineral component of bone. Bone is
continuously resorbed and reformed, and so there is a contin-
ual release and uptake, respectively, of phosphate to and from
the extracellular fluid. It is therefore not surprising to find that
regulation of the concentration of phosphate ions in blood
plasma is linked to the control of calcium.

Hydrogen

Although these ions are present in only very small concentra-
tions, the importance of hydrogen ions in pathology makes it
worthy of mention here, but is explored in more detail in the

next section. Hydrogen ions have a potent damaging effect on
protein structure and function and so their concentration must
be regulated very closely; it is directly monitored. Increased
acidity stimulates the removal of carbon dioxide, a source of
acidity, via the lungs. Alternatively, an increased acidity of
blood passing through the kidneys promotes the urinary excre-
tion of hydrogen ions. By a related mechanism the kidney may
also alter the buffering (neutralizing) capacity of plasma by
changing the excretion bicarbonate ions.

ACID-BASE HOMEQOSTASIS

The preceding discussion on bicarbonate and hydrogen ions
identifies their links to the regulation of body fluid acidity.
The regulation of this is complex, not least because hydrogen
ions are generated from metabolic sources and not simply
obtained from diet. The term ‘acid—base homeostasis refers to
those processes that act together to regulate the hydrogen ion
concentration of body fluids. Hydrogen ions are highly reac-
tive, and readily influence the weak bonds that are responsible
for the three-dimensional shape of protein molecules. Those
proteins that are enzymes are catalysts that accelerate chemical
reactions within the body so that they are compatible with life,
and loss of their structural integrity will compromise that func-
tion and may even become life threatening. The following
describes the background chemistry to acids and alkalis, the
sources of hydrogen ions and the regulation of hydrogen ion
concentration in fluids. This discussion is available in extended
form in Clancy and McVicar (2007a,b).

Acids and alkalis

In body fluids, those chemical molecules called acids separate
into positively charged hydrogen ions (H*) and the negative
ions that they had been associated with. ‘Strong’ acids ionize
completely and so release all their hydrogen ions (see Equation
la), but weak acids do not ionise completely and so do not
release all their hydrogen ions (see Equation 1b).

Equation 1a: strong acid, e.g.

HCI = H* + Cl-
Hydrochloric Hydrogen Chloride
acid ion ion

Equation 1b: weak acid, e.g.

H,CO, = H* + HCO, -
Carbonic Hydrogen Bicarbonate
acid ions ions

Note: The symbol < signifies that the reaction is reversible. In
these equations, the acid separates (dissociates) when the reac-
tion moves to the right. For strong acids, any tendency for the
reaction to move towards the left, and hence reform acid, is inef-
fective because the reformed acid molecule will reionize imme-
diately (i.e. the reaction to the right is always favoured so that at
any one time there will be more ions than acid). For a weak acid,
the acid reforms when the reaction moves to the left but the



tendency for the acid to dissociate is weak, and so at any one
time the reaction will provide more acid molecules than ions.
In these examples, the negatively charged ions are either
chloride or bicarbonate. In Equation 1b, the latter recombines
with H* to form undissociated acid molecules, and so they are
given a distinct collective term, ‘bases’. There are other chemi-
cals that produce negatively charged ions that also may act as
bases if hydrogen ions are present from another source, yet do
not produce hydrogen ions when they dissociate. For example:

Equation 2:
NaOH - Na* + OH-
Sodium Sodium Hydroxyl
hydroxide ions ions
Potentially:
H* + OH- - H,0
Hydrogen Hydroxyl Water
ion ion

In doing so, they are in effect neutralizing the acidity produced
by the source of H*. The sodium hydroxide in this example is
referred to as an ‘alkali’.

To summarize:

® An acid produces hydrogen ions when it breaks down (disso-
ciates) making a solution acidic. Some acids dissociate very
readily and are therefore referred to as ‘strong’ acids. Others
do so less readily and so are ‘weak’ acids.

® A base is a negative ion that is also produced by the break-
down of a weak acid and may recombine with hydrogen ions
to reform the acid molecule. The breakdown of strong acids
does not produce effective bases because any tendency for
the acid to reform is counteracted by the stronger tendency
for the acid to immediately break down again.

® An alkali does not produce hydrogen ions when it dissoci-
ates, but it does produce negative ions that are capable of
combining with hydrogen ions should they be present from
another source; this may be a weak or a strong acid, thus
neutralizing the acidity and making a solution alkaline.

® Note that because bases also remove hydrogen ions, effec-
tively neutralizing the acidity, they too can make a solution
alkaline if they are in excess.

BOX 6.9 GASTRIC ACID: A SOURCE OF HYDROCHLORIC
ACID IN THE BODY

Although acids have a variety of uses in the body, the reactivity of strong
acids is such that roles for this type of acid are very limited. For exam-
ple, you are probably aware that fluid in the stomach is acidic, some-
times highly so. The acid present is hydrochloric acid and has important
roles in destroying microorganisms in food we eat, and in providing the
environment necessary to activate the digestive enzyme pepsin. The
corrosive nature of this strong acid is immediately apparent by the burn-
ing sensation produced if some is refluxed into the oesophagus, or dur-
ing a bout of indigestion. The need for a thick protective mucus lining in
the stomach is clear, yet cells of the stomach wall still may only survive
for a day or two even in health. Excessive erosion of the stomach lining
produces a gastric ulcer.

Acid-base homeostasis

The pH scale and pH of body fluids

pH values, measured using a pH meter, relate to the concen-
tration of hydrogen ions in a solution. The unit of measure-
ment for the concentration of ions in is the ‘mole’ where 1
mole represents the number of ions that would weigh 1 g. The
concentration of ions in body fluids is normally in a range
indicated in millimoles per litre (mmol/L) where 1 mmol is
1/1000 of a mole (see Table 6.1). However, the hydrogen ion
concentration in body fluids is much less than even this, and is
converted into a micro-unit of measurement (called
nanomoles per litre, nmol/L, where 1 mmol =1 000 000
nmol). The pH (= ‘potential of Hydrogen’) provides a more
convenient means of expressing such low concentrations.

Solutions have a pH of 1-14, in which a value of 7 is neu-
tral and equates to that of pure water in which hydrogen (H")
ions and alkali ions (OH") are present in very small quantities
but are equal e.g.:

Equation 3:
H,0 = H* + OH-
Water Hydrogen Hydroxyl
ion ion

This therefore provides a reference point for the acidity/
alkalinity of solutions. Acidic solutions have a pH value of less
than 7; the greater the excess of hydrogen ions, the more acidic
the solution becomes, and hence the lower the pH value.
Alkaline solutions have pH values of above 7; the more
alkali/base ions there are relative to hydrogen ions, the higher
the pH values. pH therefore is a reflection of the balance
between the presence of acids, and of alkalis/bases. One impor-
tant aspect to note, however, is that pH is not a linear scale,
and a change in just one pH unit corresponds to a 10-fold
change in hydrogen ion concentration (Box 6.10).

BOX 6.10 pH AND HYDROGEN ION CONCENTRATION

The pH of blood averages 7.4 in health though a value between 7.35 and
7.45 is considered normal. A pH of 7.4 actually represents a concentra-
tion of hydrogen ions of 40 nmol/L, which is slightly less than that of
‘neutral’ water in which the hydrogen ion concentration is 100 nmol/L.
Thus, blood is slightly alkaline.

Decreased pH values reflect an increased hydrogen ion concen-
tration, and increased pH represents a decreased hydrogen ion
concentration. The pH scale is an example of a logarithmic scale: this
means that a change in a single pH unit represents a 10-fold change in
hydrogen ion concentration. Thus, a pH of 8 represents a hydrogen ion
concentration only one-tenth of that at neutral pH 7, while a pH of 6 rep-
resents a 10-fold increase. When acidity in the stomach is about pH 3
during digestion this represents a concentration of hydrogen ions of 1
million nanomoles per litre (i.e. 1 mmol/L). To put this into context, pH 3
represents a 25 000-fold greater increase in hydrogen ion concentration
than is present in blood at pH 7.4, yet the pH has changed by only 4.4
units. This relationship between pH and hydrogen ion concentration
must be borne in mind when interpreting blood analysis data, and some
clinicians even advocate using hydrogen ion concentration data rather
than pH.
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Intracellular fluids

Arguably, the most important chemical reaction in the body is
intracellular respiration, since its endproducts include the
energy required for life processes. Food (usually glucose) is
broken down initially without oxygen in the cytoplasm of
cells, and finally with oxygen within the mitochondria. These
processes were described in Chapter 4 but in the context of this
section, it is useful to summarize:

Equation 4 — a summary of cellular respiration:

CH, 0, + 60, — 6C0, + 6H,0 + Energy
Glucose Oxygen Carbon Water (as ATP
dioxide and heat)

Note: The single arrow to the right indicates that this reaction
is unidirectional (i.e. glucose molecules cannot reform in this
reaction so carbon dioxide is a ‘waste” product to be excreted).

The carbon dioxide generated may combine chemically
with water to form carbonic acid, the weak acid identified in
Equation 1b earlier. If this acid ionizes it will produce H* ions
and bicarbonate ions (HCO;") also noted in Equation 1b.
Together the reactions can be represented as:

Equation 5:
€0, + HO < HCO, & H* + HCO,
Carbon Water Carbonic Hydrogen  Bicarbonate
dioxide acid ion ion

Thus, an increased generation of carbon dioxide when
metabolism is increased could be anticipated to generate more
hydrogen ions, and hence promote an increase in acidity
(decreased pH), for example accompanying:

® the stress response since there is an increased production of
stress hormones in an attempt to adapt to stress;

e an infection because there is an increased number of white
blood cells in an attempt to fight off pathogens;

® trauma since there is an increased cellular division as part of
the repair and regeneration process;

® strenuous exercise as there is an increased frequency and pro-
longation of muscle contraction.

Other acids also generate hydrogen ions, for example sul-
phuric acid from the metabolism of amino acids, and ketoacids
from the metabolism of amino acids and fatty acids. If pH
homeostasis within the cell fails then the resultant increased
acidity (referred to as ‘acidosis’; see Box 6.12) will affect health
by impairing enzyme activity, if it is prolonged. Excess hydro-
gen ions must be secreted from cells into extracellular fluid,
raising the potential that the pH of those fluids (viz. of blood)
will change as a consequence.

Extracellular fluids: pH of arterial blood
The normal range for pH of arterial blood is 7.35-7.45; the

range indicates close regulation — if it was not then it would
impact on the release of excess hydrogen ions from within cells,
and influence protein function in blood itself. It becomes impos-

sible to sustain life when arterial pH is below 6.8 or above 7.8
(Lynes, 2003), though the individual will be seriously ill even
before pH has changed to those extreme values. Blood contains
a number of sources of acidity but as with intracellular fluids the
main one is from carbon dioxide (namely, carbonic acid).

pH regu|0tion

The control of pH is concerned with ensuring an adequate bal-
ance of hydrogen ions and bases. It is achieved through three
mechanisms:

1. Through the action of bases to ‘buffer’ body fluids, that is,
acting to prevent an increase in acidity when hydrogen ion
generation is increased.

2. Through excretion of carbon dioxide, the source of carbonic
acid. This is achieved through gas exchange by the lungs.

3.Through excretion of hydrogen ions in urine.

Buffer mechanisms

Buffer mechanisms are chemical reactions that occur moment-
by-moment and so provide us with a rapid, short-term regula-
tion of pH. Two types of buffers exist:

® Acid buffers: these chemicals are bases that act like sponges to
‘mop up’ H* ions if the body fluid has H* ions that exceed
the homeostatic requirements. In Equation 6, Buffer X (=
B") is an ‘acid buffer’ since it will promote combination with
H* producing, in this illustration, ‘HB’.

® Alkaline buffers: these chemicals are acids that donate (or
release) H* ions if the body fluid is deficient in them. In
Equation 6, Buffer Y (= HB) is an alkaline buffer since a rise
in its concentration will promote its break down to H* and
B~ ions.

Equation 6:

H* + B~ & HB
Buffer X Buffer Y

The activities of these two types of buffer are illustrated by
considering the carbonic acid-bicarbonate system, the princi-
pal buffer system of the extracellular body fluids, including
arterial blood. If there is an excess of hydrogen ions then this
will tend to drive the reactions shown in Equation 1b towards
the left, thus generating carbonic acid molecules from H* and
HCO,". Carbonic acid (H,CO,) is a weak acid and much of
this newly generated carbonic acid will not instantly dissociate
again — in effect, free hydrogen ions have been removed, and so
the pH value is maintained. Thus, the bicarbonate ions have
acted as an acid buffer.

There is a risk that this action of bicarbonate ions may
become excessive and take the buffering too far, leading to a
rise in pH as the blood becomes more alkaline. However, as
bicarbonate ions are used up, a shift in the equilibrium of
Equation 1b occurs so that the reaction to the right is
favoured. Carbonic acid breakdown begins to increase, releas-
ing hydrogen ions as it does so. Again, the pH value is main-
tained. Thus, the carbonic acid has acted as an alkaline buffer.
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Figure 6.4 Influence on pH of adding acid (i.e. hydrogen ions) to either a solution
that is unbuffered (dotted line) or one that contains a buffer chemical (solid line).
Note the plateau region where pH is held almost constant by the buffer

Q The near-constancy of pH in the plateau region indicates that the added
hydrogen ions have not affected the acidity of the solution. What has happened
to them?

Note how a strong acid cannot operate in this fashion; in
the example in Equation 1a, any tendency for chloride ions to
‘mop up’ hydrogen ions must fail as the hydrochloric acid mol-
ecules (HCI) that would form will immediately dissociate and
so hydrogen ions will, almost instantly, become ‘free’ once
more. Only weak acids can provide buffers, and they effec-
tively maintain the pH of fluids within a relatively narrow
range — see Figure 6.4. The effectiveness can be overwhelmed,
however, if hydrogen ion production exceeds the capacity of
the fluid to buffer it (Box 6.10).

Buffer systems also operate within cells. Here the carbonic
acid-bicarbonate system operates but it is of lesser importance
relative to the situation in blood, as bicarbonate ions generally
are in much lower concentration. Other bases are present,
especially phosphates and proteins (e.g. haemoglobin).
Phosphate in cells is found in two forms: hydrogen phosphate
(HPO,*) and dihydrogen phosphate (H,PO,"). Note the dif-
ference in the number of negative charges: hydrogen phos-
phate has two and so can combine with H* to form
dihydrogen phosphate ions, which now will only have one

charge:
Equation 7:
HPO,> + H* = H,P0,”
Hydrogen Excess Dihydrogen

phosphate ion hydrogen ion phosphate ion
Thus, hydrogen phosphate acts as an acid buffer, mopping up
excess hydrogen ions.

Dihydrogen phosphate is also sometimes referred to as ‘acid
phosphate’ because like bicarbonate ions, above, hydrogen

ions may be released (producing hydrogen phosphate once

Acid-base homeostasis

BOX 6.11 SHORT-TERM REGULATION OF ACID-BASE
HOMEOSTASIS: BUFFERING CAPACITY

Buffers operate constantly as the equilibrium of chemical reactions,
such as those in Equation 5, shift towards one side or the other, promot-
ing the breakdown of a weak acid, or the reformation of that acid.

Nevertheless, the effectiveness of the system can only be maintained
according to the amount of buffer present (referred to as the ‘buffering
capacity’). For example, imagine a situation where the base concentra-
tion is far in excess of H*:

10H* + 20B- — 10BH + 10B-

In this example, 10 excess hydrogen ions produced by metabolism are
removed by 10 of the 20 available acid buffers (B~), leaving a lot of buffer
still available. Fluid pH has been buffered.

Now consider a further increase in the generation of H*:

20H* + 20B- — 20BH

In this example, 20 excess hydrogen ions have now been removed by
the base. pH continues to be controlled but at the expense of reaching
the maximum buffering capacity.

Now consider even further addition of H*:

30H* + 20B- — 20BH + 10H*

Metabolism has produced an excess of 30 hydrogen ions of which 20
are removed by the individual’s buffering capacity. However 10 free
hydrogen ions are still present, and hence the pH will not be fully
restored to normal; the buffering capacity has been exceeded.

Raising the buffering capacity of body fluids

Patients in critical care often suffer from disease, the shock of trauma,
or metabolic responses that have arisen through surgery, and this places
them at risk of developing an acid—base imbalance, usually an acidosis,
because the buffering capacity of blood is inadequate for the level of
acid production (Coombs, 2001). Historically, bicarbonate ions were
administered to patients with signs of acidosis in order to increase the
buffering capacity of body fluids. For infusions, however, bicarbonate is
not now normally present as a constituent of an infusate as it carries a
risk of converting the acidosis into an alkalosis if excessive. An alterna-
tive source may be provided through incorporating lactate into the
infusate; this is converted only gradually to bicarbonate by the liver.

more) if pH has to be lowered. Thus it may also act as an alka-
line buffer.

For proteins, each constituent amino acid molecule has the
following basic formula:

H
!

NH, — C — COOH
!
R

where R simply represents atoms that vary according to the
amino acid in question. As amino acids are joined together in
a protein the presence of the NH,™ (called an amine group) at
one end of the growing molecule, and the COOH (called a
carboxyl group) at the other is retained. In the slightly alkaline
conditions that normally occur, the carboxyl end loses its
hydrogen atom thus becoming a negative ion (referred to as
proteinate anion). This allows proteins to behave as acid
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buffers, since they can ‘mop up’ hydrogen ions, if they are in
€XCess:
Equation 8:
NH,-Protein-C00~  + H* < NH,-Protein-COOH
Proteinate Excess Uncharged
anion hydrogen ion protein

The protein molecule is now uncharged but if further H* ions
are present the amine group may now also pick up a hydrogen
ion; thus the protein becomes overall positively charged (called
a proteinate cation):

Equation 9:
NH,-Protein-COOH  + H* < NH,*-Protein-COOH
Uncharged Excess Proteinate
protein hydrogen ion cation

Each protein molecule therefore potentially can pick up two
excess hydrogen ions, making it an important acid buffer. The
chemical reactions are reversible and so the hydrogen ions can
be released once more should hydrogen ions begin to be defi-
cient and so proteins can also act as alkaline buffers.

Respiratory mechanisms

Referring back to Equation 5, it was noted how there is a com-
plex relationship between carbon dioxide, carbonic acid and
hydrogen/bicarbonate ions. The direction in which the reac-
tion is likely to proceed is influenced by the relative concentra-
tions of the different components. An increase in carbon
dioxide concentration in body fluids therefore tends to
increase hydrogen ion concentration and lower the pH value.
Conversely, if hydrogen/bicarbonate ions are increased the
buffering and reformation of carbonic acid increases, and the
reaction may be driven towards the dissociation of the acid to
carbon dioxide and water. That part of the equation depends
upon the presence of an enzyme, carbonic anhydrase, to catal-
yse it. In cells and tissues, conditions and the enzyme favour
the incorporation of carbon dioxide into carbonic acid, and
hence towards the generation of hydrogen ions and bicarbon-
ate ions. In the lungs the opposite is promoted — the carbonic
acid forms carbon dioxide, which is then eliminated via expira-
tion from the lungs. Note how bicarbonate ions in extracellu-
lar fluid also provide the means of conveying carbon dioxide
from the tissues to the lungs; no wonder there is so much
bicarbonate in plasma.

The change in excretion of carbon dioxide can be rapid as
acidity of blood is one of the ways by which the body indirectly
monitors carbon dioxide concentration. However, such
responses tend to be short-lived as detection of the subsequently
reduced carbon dioxide content of blood acts to reverse the
response. In established acid-base disturbances, for example
ketoacidosis in uncontrolled diabetes mellitus, it is not unusual
to observe this increased lung ventilation because a tolerance to
the reduction in carbon dioxide content has taken place
through the resetting of homeostatic set points (see Chapter 14,

p-419), a process that takes several days to occur. This is
referred to as ‘respiratory compensation’ (Box 6.11).

Renal mechanisms

Our kidneys play an essential role in acid—base homeostasis,
since many buffer ions and hydrogen ions can be directly
removed from the body in urine (Woodrow, 2004). The kid-
neys may increase the excretion of hydrogen ions by replacing
other positive ions in urine, such as sodium (Na*), thus mak-
ing the urine more acidic. The excess hydrogen ions may also
be excreted in combination with other molecules, for example
dihydrogen phosphate (see earlier). In excreting more hydro-
gen ions, the kidneys also absorb more bicarbonate ions, thus
recycling this important acid buffer (Woodrow, 2004). The
processes are described in more detail in Chapter 15. The
increased excretion of hydrogen ions in urine is an adaptation
that takes several hours or more to become effective, and so
‘renal compensation’ mechanisms are intermediate or longer-
term regulators of acid-base balance.

Acidosis and alkalosis

The normal pH values of body fluids reflect the integrated
activities of the three regulatory mechanisms (above). One
simple way to view the process is that the continual production
of acids, and hence hydrogen ions, by metabolism is prevented
from disturbing pH values by buffering, but the acids or
hydrogen ions must at some point be excreted otherwise that
mechanism will become overwhelmed. A failure of one or
more of these regulatory mechanisms will produce a disorder:

o If there is excess acidity, this is referred to as an ‘acidosis’
(Box 6.12). Acidosis is a set of signs and symptoms including
headache, blurred vision, fatigue, weakness, possibly tremors
and delirium.

e If there is an acid deficiency then this is referred to as an
‘alkalosis” (Box 6.13). Symptoms include irritability, weak-
ness, muscle cramps, dizziness, carpopedal spasm and
paraesthesia. The promotion of neuromuscular symptoms
relates to the influence that the pH change has on the con-
centration of free calcium concentration (see earlier), which
in alkalosis lowers the threshold sensitivity for activation of
nerves and muscles.

Boxes 6.12 and 6.13 identify that acid-base disturbances
can have a metabolic or respiratory cause. Diagnosis includes
analysis of arterial blood gas composition and associated elec-
trolytes particularly bicarbonate (and chloride, which changes
if bicarbonate ions are in excess or deficient), which informs of
a patient’s oxygenation, ventilation and acid-base homeosta-
sis, and the possible causes of respiratory or metabolic dysfunc-
tion. Practitioners should be fully aware of the principles of
acid—base homeostasis since they are frequently members of
the clinical team to receive the arterial blood gas measure-
ments. The reader is directed to an article by Allen (2004),
which identifies a simple four-step approach that enables arte-
rial blood gas interpretation even when all the complexities



BOX 6.12 ACIDOSIS

Acid-base homeostasis

Understanding a patient’s blood pH aids the assessment, diagnostics,
planning and implementation of health care, and in re-evaluating a
healthcare intervention.

Acidosis is observed when there is an excessive acidity of body fluids,
producing an arterial blood pH of < 7.35. There are two origins of this
condition (Figure 6.5):

* Metabolic acidosis: in metabolic acidosis, hydrogen ions are usually pro-
duced somewhere in the body in excess of the normal regulatory
processes, for example ketoacidosis in a patient with diabetes mellitus,
or lactic acidosis in a person performing strenuous exercise. Alternatively
a metabolic acidosis arises through excessive hydrogen ion retention, for
example in a patient experiencing kidney failure, or through excessive
loss of bicarbonate from the body, for example in diarrhoea.

© Respiratory acidosis: this arises because the respiratory mechanisms
are not excreting enough carbon dioxide, for example in patients who
have obstructive and/or restrictive airway diseases.

Compensatory processes occur. In chronic metabolic acidosis, the respi-
ratory rate and depth of respiration both increase and this response
increases CO, excretion, and hence reduces this source of acidity.

BOX 6.13 ALKALOSIS

Unless it is the cause of the disturbance, then the renal system excretes
more hydrogen ions, thus lowering the pH of urine, and retains more
bicarbonate ions, thus increasing the buffering capacity of the blood.

Base excess

It is not unusual for bicarbonate ion concentration to be higher than nor-
mal in a respiratory acidosis because carbon dioxide generates bicar-
bonate as well as hydrogen ions (see Equation 5); consequently carbon
dioxide retention appears to paradoxically elevate plasma bicarbonate
concentration in addition to promoting an acidosis. However, the incre-
ment can be estimated and the actual concentration compared with this
to give an indication of any further bicarbonate retention as a result of
renal compensation. ‘Base excess’ is a term used by doctors to estimate
the extent of the compensatory response to an acidosis. This value is
important because raising the buffering capacity of blood may be part of
the therapy to reduce an acidosis, and the base excess makes it more
likely that over-correction may occur.

However, whatever the cause, if the acidosis is chronic in nature then
these intermediate and long-term homeostatic pH regulators can only be
considered to be partly effective and a degree of acidosis will persist.

Alkalosis indicates a deficiency of hydrogen ions in body fluids, indicated
by an arterial blood pH of > 7.45. Again there are two origins of this con-
dition (Figure 6.5):

* Metabolic alkalosis. This is observed when there is bicarbonate ion
retention, for example because drugs have promoted renal reabsorp-
tion of the ion, or because over-secretion of steroid hormones (e.g.
Cushing’s disease) has done the same. The buffering of hydrogen ions
in blood is then excessive.

* Respiratory alkalosis. This is caused by an over-excretion of carbon
dioxide through hyperventilation, for example that experienced in
extreme anxiety states. In that example the state is normally only tran-
sient (i.e. acute respiratory alkalosis). Chronic respiratory alkalosis is
extremely rare.

It is unlikely that compensatory mechanisms will be alerted in acute
respiratory alkalosis, as these are slow to be established. In order to
readdress acid—base homeostasis quickly the patient who is hyperventi-
lating can breathe in and out of a paper bag, therefore breathing in
‘exhaled carbon dioxide’ (an indirect source of hydrogen ions) that would
then reverse the respiratory alkalosis.

In chronic alkalosis, the compensatory responses will be the opposite
to the mechanisms that operates in chronic respiratory and metabolic
acidosis, in that they act either to retain carbon dioxide, thus increasing
this source of acidity, or to increase bicarbonate excretion in urine, thus
decreasing the bicarbonate concentration of the blood, thereby reducing
its buffering capacity.

Key:

a, = Alkaline buffers attempt to donate hydrogen ions in order to decrease

the pH, in an attempt to re-establish pH homeostasis

a, = Acid buffers attempt to ‘mop up’ hydrogen ions to increase pH, in an

attempt to re-establish pH homeostasis. (Note: Both buffers are short-
term regulators of body fluid pH and the graph demonstrates that the
buffering capacity is being exceeded, since homeostatic disturbances of
body fluid pH are still evident [b,/b,])

b,/b, = The intermediate regulators of breathing are alerted in an attempt to
re-establish pH homeostasis. See text for details. For example, in the
case of b2 (a potential acidosis), both the rate and depth of breathing
are increased to remove more carbon dioxide (a source of acid) from
the body to correct the potential acidosis. (Note: The graph
demonstrates that the re-establishment of body fluid pH is beyond
the capabilities of the intermediate regulators, since homeostatic

disturbances of body fluid pH are still evident [c,/c,])

PH of Acidbase . ¢,/c, = The long-term regulators of the renal system are alerted in an attempt
body homeostatic to re-establish pH homeostasis. See text for details. For example, in
fluids range the case of b, (a potential acidosis) the rate of excretion of hydrogen

ions by the kidneys is increased in an attempt to re-establish pH
homeostasis. [Note: The graph demonstrates that the re-
establishment of body fluid pH is beyond the capabilities of the renal
regulators, since homeostatic imbalances of body fluid pH are still
evident (d,/d,)]

d, = Alkalosis

d, = Acidosis

e,/e, = Clinical intervention to re-establish the patient’s pH homeostasis of
body fluids

- f./f, = Death due to uncontrolled extreme alkalosis and acidosis

Time v

Figure 6.5 Summary of the regulators of acid-base homeostasis. Note that acid-base homeostatic range corresponds to the normal variation in hydrogen ion
concentration that reflects the pH range necessary for optimal enzyme activity in a healthy individual. Reproduced, with permission, from J. Clancy and A.J. McVicar
(2007), Intermediate and long term regulation of acid—base homeostasis, British Journal of Nursing 16(17): 1076-9



134

BODY FLUIDS

discussed in this article are not fully understood. The following
key points are an extraction from that paper:

e Large increase in PCO, (partial pressure, approximately
4.5-6 kPa) makes the patient acidotic through the genera-
tion of carbonic acid.

® Insufficient PCO, makes the patient alkalotic through a
deficiency of carbonic acid.

® Large increase in HCO;~ (normally approximately 22-26
mmol/L) makes the patient alkalotic through an excess of
buffer.

* Insufficient HCO,~ makes the patient acidotic through a
deficiency of buffer.

® If the level of PCO, is causing the problem, it is respiratory
in nature.

* If the level of HCO, is causing the problem, it is metabolic
in nature.

USE OF INFUSATES IN PRACTICE TO
SUPPORT BODY FLUID COMPARTMENTS

The infusates used to support body fluids can be divided into
those that are colloids, those that are crystalloids, and those
that are blood cell preparations. Blood cell preparations are not
considered here; their uses are self-explanatory and are noted
in Chapter 11. This section only provides an overview of the
common colloidal and crystalloid infusates, primarily to relate
their use to the discussion in this Chapter.

See the case study of a 25-year-old man undergoing emer-
gency surgery, Section VI, p.639.

Colloidal infusates: plasma expanders

A colloid is a substance that forms a viscous consistency with
water. Colloidal infusates may be of protein (e.g. Gelofusine) or
carbohydrate (e.g. dextran). Both types can be used to replace
plasma protein when it is very deficient and this will restore to
normal the osmotic pressure owing to colloids in plasma. This
helps to restore fluid exchange in the tissues while the produc-
tion of plasma proteins recovers, and the use of colloid infusions,
therefore, is to support the plasma subcompartment of the extra-
cellular fluids. Protein infusions are more effective than dextrans
but carry a higher risk of inducing an immune response.

Crystalloid infusates

These infusates dissolve in water and are used to support the
extracellular and/or intracellular fluids, according to need,
including the level of osmotic potential required:

o [sotonic infusates: remember that osmosis relates to a concen-
tration gradient and not upon individual types of solute:
solutions may have the same overall solute concentration and
so have the same osmotic properties. The osmotic potential
of these solutions is the same as that of the body fluids them-
selves. Cells suspended in any of them will not show a change
in their state of hydration, at least not initially (dextrose is the
exception as cell hydration will gradually increase when the
glucose is utilized — see below). Thus, the solutions noted are

BOX 6.14 INTRAVENOUS THERAPY

Access to the vascular compartment must be made aseptically to prevent
the introduction of infectious agents. The access is normally through:

e Peripheral venepuncture in which a needle is inserted through the skin
into a superficial vein, often in the hand or arm, and connected to a
catheter tubing. A ‘butterfly’ needle is often used because the flanges
can be taped to the skin and so keep the needle in situ. The purpose
of the catheter is to facilitate regular blood sampling, to infuse a med-
ication, to commence fluid therapy or to administer radio-opaque/
radioactive material.

* Insertion of a large-bore catheter into a major vein, normally a subcla-
vian vein, internal jugular vein or femoral vein. Such catheters enable
the measurement of central venous pressure or to deliver large vol-
umes of fluids or viscous fluids as are used in total parenteral nutrition.

Infusates may be administered using a bag/drip feed method in which
gravity and blood flow at the needle tip encourage the addition of fluid to
blood at the needle tip, or via a pump (syringe driver).

Complications (see Biswas, 2007) may arise from:

e Phlebitis, which is a redness and swelling of skin at the site of
venepuncture. Irritation or pain is usually present. The inflammation
represents a defence response to infection, the chemicals being deliv-
ered into the vein or to the needle/catheter material. Apart from being
unpleasant for the patient, phlebitis also raises the risk of blood clotting
(thrombophlebitis) at the needle tip sufficient to cause an embolus.

e Extravasation because the needle tip has exited through the wall of the
vein, leading to infusate delivery into the surrounding tissue, resulting
in swelling (i.e. oedema) and pallor as blood flow to the area is com-
promised.

* Blockage, either at the tip of the needle (protein deposition, blood clot or
compression of tissue against it) or through a kink in the catheter tubing.

said to be isotonic (‘iso-’ = same) to body fluids.

® Hypertonic infusates: these solutions have an osmotic potential
that is greater than that of body fluids. Thus, cells suspended
in them will shrink as water is lost by osmosis. Such infusates
are not as widely used as isotonic ones but do have a value in
practice where there is excessive intracellular hydration, or to
promote water movement from a transcellular fluid.

® Hypotonic infusates: hypotonic infusates are rarely used
because these infusates have an osmotic potential less than
that of body fluids and so cells will take in water rapidly by
osmosis, resulting in cell swelling, and even lysis. A 5% dex-
trose solution provides a means of slowly improving cell
hydration and so reduces the risks of cell swelling, and is a
preferred means of promoting cell hydration (see below).

Various solutions are used as infusates in practice (see also

Table 6.3).

Saline (sodium chloride solution)

Sodium chloride is found predominantly within the extra-
cellular fluid, and so this infusate largely supports that
compartment. The most widely used saline is ‘normal’ or
‘isotonic’ saline (0.85% sodium chloride solution; i.e. 0.85 g
per 100 mL). This has an osmotic pressure similar to that of
body fluids and so water in the infusion will not move into
cells in any quantity. In some circumstances ‘hypertonic’ saline



Table 6.3 Composition of crystalloid infusates (in mmol/L)

Use of infusates to support body fluids

5% dextrose 0 0
0.9% saline 153 153
Hartmann’s (lactated Ringer’s) solution 131 111

0 0 0
0 0 0
5 2 29

may be used (e.g. 2.5% sodium chloride solution) to raise the
osmotic pressure of extracellular fluids and so cause the with-
drawal of water out of cells by osmosis.

Dextrose

This is a solution of glucose. It is usually administered as an iso-
tonic solution (5%; i.e. 5 g per 100 mL) and so might not be
expected to promote water movement in or out of cells.
However, unlike saline, the glucose will gradually be taken up
by cells and utilized, effectively leaving water behind. The loss
of solute means that water can now pass into cells by osmosis,
thus helping to hydrate the intracellular fluid. Nevertheless, 5%
dextrose should be viewed essentially as an isotonic infusate.

Dextrose/saline

This isotonic infusate combines the advantages of both saline
and dextrose in that cell hydration is slowly promoted (by the
dextrose component) but the saline component also helps to
ensure that some of the infusion remains within the extracellu-
lar compartment.

Hartmann’s solution

Hartmann’s solution provides a more comprehensive support
for extracellular fluid than just saline alone. It is sometimes

referred to as a ‘lactated Ringer’s’ solution. A Ringer’s solution
is one that is isotonic and has an electrolyte composition that
closely matches extracellular fluid: Hartmann’s solution
approximates to human extracellular fluid except that it con-
tains lactate rather than bicarbonate ions. The lactate ions are
converted to bicarbonate by the liver and so bicarbonate is
added to blood, but it is added at a much slower rate than if it
was in the infusate. This helps to reduce the likelihood of
bicarbonate overload.

Potassium

Potassium chloride solution may occasionally be infused to
quickly increase the potassium concentration in blood plasma.
However, infusion runs the risk of inducing potassium over-
load if it is administered quickly, and so this infusate is not
widely used in general settings. If it is required, potassium sup-
port is usually provided by the potassium in Hartmann’s solu-
tion, or by potassium in combination with saline or glucose, in
which the potassium concentration is close to the normal val-
ues for extracellular fluid and onset of hyperkalaemia therefore
unlikely. Injections of a bolus of solution that has a high con-
centration of potassium chloride may be used in cardiac units
in order to stimulate the heart.

SUMMARY

1 Body fluids are subdivided into the extracellular and intracellular
compartments.

2 The extracellular fluid is composed of blood plasma, the interstitial
fluid and transcellular fluids. Transcellular fluids are secreted by spe-
cialized epithelia and therefore have a different ionic composition
from that of the rest of the extracellular fluid.

3 Blood plasma and interstitial fluid have very similar compositions
because interstitial fluid is continually being formed from plasma,
and returned to it, in the capillary beds of tissues. Pores in the blood
vessels are sufficiently large to allow passage of water and the
majority of solutes, except plasma proteins.

4 Normal cell function, appropriate for the tissue in which it is found,
requires the rigorous regulation of all the processes that take place. lons
play a central role in determining cell function and part of homeostatic
regulation requires a control of the intracellular ionic environment.

5 Intracellular fluids and the interstitial fluid are separated by the cell
membrane. The properties of this lipid membrane enable cells to
have different ionic compositions from the surrounding fluid.

6 Although the maintenance of cell membrane functions helps to regu-
late intracellular fluid composition, the intracellular environment, and
cellular volume are also influenced by the extracellular fluid composi-
tion. The regulation of extracellular fluid composition and volume helps
to stabilize cell membrane activities, and is also necessary to ensure
that chemical processes occurring in this fluid progress efficiently.

7 An important aspect of water and ionic regulation is that a balance
between input and output (excretion) is maintained. Much of the
regulatory process involves the control of urinary excretion of ions
and water. Detection of an imbalance involves specialized receptors
that respond to aspects specific to the actions of the electrolyte
concerned.

8 The input—output equation becomes more complex when the sub-
stance concerned is produced by the body itself. The regulation of
body fluid acidity and alkalinity (pH) is a complicated interaction
between the production of hydrogen ions by metabolism, the removal
of these ions out of solution by ‘buffer’ chemicals’ and ultimately the
excretion of the hydrogen ions by the kidneys, or excretion of a major
source of hydrogen ions, carbon dioxide, by the lungs.

9 Disturbances in fluid and electrolyte balance are commonplace, both
in day-to-day living (relatively minor since diets and homeostatic
changes in renal function rapidly correct the imbalance) and clinically
(potentially severe).

10 Clinical therapies frequently entail the infusion of fluids to support
body fluid volume and composition.

11 Infusates include blood cells, plasma, crystalloids (e.g. saline or
glucose) and colloids (to support plasma volume). There is a variety
of crystalloid infusates, and the choice is determined by the distur-
bance and, in particular, to the fluid compartment that requires most
support.
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INTRODUCTION

Chapter 1 identified that homeostasis is a concept that was
derived in relation to the maintenance of the internal environ-
ment of the body, and how that is important to health and
well-being, but also acknowledged the dynamic nature of the
processes involved because that environment is under continu-

ous challenge from the external environment. For homeostasis
to be effective, therefore, the body must be able to detect inter-
nal and external changes if there is to be a corrective or adap-
tive response. In other words there must be a ‘sensory system’
that is able to detect the diverse range of stimuli that have an
impact on the body, and ‘control’ and ‘effector systems’ that
can produce a breadth of responses necessary to ensure that the
internal environment remains optimal.

Sense or perception?

Strictly speaking, the body receives information regarding its
internal and external environments via our ‘senses’. This term

BOX 7.1 CONSCIOUSNESS

Arousal, say from sleep, commences when neural activity from the
brainstem ‘wakes up’ the rest of the brain, especially the cerebral cortex
(see Chapter 8, p.194). Consciousness, however, implies something
beyond this: a capacity of the brain to make us ‘aware’. The fundamen-
tal need for neurological interpretation of sensory information if an indi-
vidual is to be ‘conscious’ has implications during surgery when
consciousness and arousal are inhibited by general anaesthesia or brain
injury.

From a sensory viewpoint, ‘consciousness’ means that we can con-
sciously perceive our environment and interpret it in @ meaningful way.
How this interpretation of sensory information occurs continues to elude
science, and provides a distinction between physiology and psychology.
The use of radioactively labelled markers, such as glucose, is now pro-
viding insight into the neurological changes that accompany ‘thinking’,
but how a pattern of neural activity is translated into a mental image
remains unknown.

Coma appears to represent a failure of consciousness; comatose indi-
viduals show no apparent recognition of sensory input (although input
from, say, the lungs that does not entail ‘awareness’ may still be opera-
tive). Interestingly, triggering memory through the use of familiar sounds
or voices has sometimes been successful in reversing the coma.

Chapter 7
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is often equated with ‘sensation’ or ‘perception’, for example
that of sound or touch, but it is important to note that these
terms refer to our capacity to be consciously aware of a change
to some aspect of our environment whereas this is not the case
for all of our senses. While a sense such as pain must be per-
ceived to provide us with the information that tissues have
been damaged or are threatened, being continually aware of
what is happening to body fluid composition, blood pressure
or body temperature would not be practical in normal life,
except when the changes are extreme and require conscious
action.

Our senses require the presence of receptors. These are
found throughout the body, and range in structure from com-
plex cells, such as those of the retina of the eye, to ‘simple’ sur-
face molecules such as are found on the cell membrane within
synapses at nerve cell junctions, or on cells that are the targets
for hormones. Synapses, and hormone actions, are described in
Chapters 8 and 9. Similarly, receptors that support many of
the self-regulating processes involved in homeostasis are also
considered elsewhere; for example the role of receptors in
maintaining water homeostasis is recognized in Chapters 6 and
15. Consequently, this chapter only explains some of the gen-
eral principles involved, and the classification used, but does

BOX 7.2 THE SENSES IN HOLISTIC PRINCIPLES OF HEALTH

The task of incorporating physiological processes into a framework
based on holistic principles of health can at times present a challenge
(see Chapter 1, p.10). This is especially the case when attempting to
place systemic functioning into the context of psychosocial interaction.
Understanding the senses can provide insights into the holistic nature of
health (and health care) since it is our senses that provide us with the
image of our world. This image is constructed by the brain according to
the information it receives, but if we consider those senses that are
‘translated’ into a mental, conscious perception then the image will also
be influenced by the context in which it was received. Our senses pro-
vide the links with our environment, especially the social environment,
and so the contextualization of stimuli, based on experiences, is an
important aspect of subjectivity and individuality. Recognizing this pro-
vides the means by which the psychosocial and physical aspects of
health can be integrated and applied to individualized care (see Chapter
20 onwards).
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The individuality of perceptions is sometimes difficult to comprehend;
for example, we all ‘know’ what colour is. However, as a simple exer-
cise, try explaining to a friend what the colour red is. In doing so note
how often you need to resort to the use of examples, rather than identi-
fying exactly what the colour is. How can you be sure that your image of
a red bus is exactly the same as that of your friend? How might you
explain to someone who has never seen the colour red before just what
it is (this is a hypothetical situation but an interesting exercise nonethe-
less!)?

not explore the physiology of these senses any further. Much of
the chapter encompasses those senses referred to as the ‘special
senses’, the functions of which mainly relate to the monitoring
of the external environment.

RECEPTORS AND THEIR ROLES

Sense receptors and sensory modalities

The sensing of environmental change normally requires the
presence of specialized receptor cells sensitive to a specific stim-
ulus. For example, dehydration causes a rise in the osmotic
pressure of plasma and this is detected by cells that are sensitive
to the resultant change in volume of fluid within them.
Dehydration is unlikely to be a localized occurrence — in this
example the detected change would be indicative of an alter-
ation in osmotic pressure throughout the body. The receptors
therefore need only be located in an appropriate position;
osmotic receptors are located within the hypothalamus, close
to the pituitary gland that secretes the hormone responsible for
altering kidney function when we are dehydrated. In contrast,
sensing touch at the fingertips conveys absolutely no informa-
tion of, for example, what is happening to our feet! Touch
receptors therefore must be distributed about the body.

The specific type of stimulus detected by a receptor is called
its modality (= mode or kind), for example touch, pressure or
temperature. Many of our receptors are unimodal (‘uni-’ =
one), that is, they are so specific that they are able to detect an
individual modality, such as osmotic pressure, and their
responses, therefore, only relate to the intensity of stimulation.
Some receptors are bimodal; for example the joint receptors
involved in movement control can detect the degree of move-
ment of the joint (an intensity mode) and the rate of change of
that movement (i.e. its acceleration). Other receptors are
referred to as being polymodal (‘poly-’ = many) and can detect
very complex stimuli. For example:

® vision involves the detection of the intensity of light (bright-
ness) and also its wavelength (colour vision);

® hearing involves the detection of sound intensity (loudness)
and also frequency (tones);

® both smell and taste involve the detection of chemical inten-
sity (concentration) and also type (for example, pungent, flo-
ral or acrid smells, and sweet, sour or salty tastes).

These senses are accorded the term ‘special’ senses. Their
complexity is such that their receptors are organized into
anatomical features recognizable as sense organs: the eye, ear,
nose and tongue. Pain, too, is polymodal in that it has qualities
of both intensity and type (throbbing, aching or stabbing,
sharp), and some texts include this as a ‘special” sense, although
there are no specific sense ‘organs’ as such for pain. In recogni-
tion of the particular relevance of pain to healthcare profes-
sions, this ‘sense’ has been placed into a separate chapter
(Chapter 20) and only brief mention of it will be made in this
one.

The special senses provide another contrast to other senses
in that most receptors can only provide information of the
occurrence of an event (a change to the body) while the special
senses provide a predictive capability. For example, touch indi-
cates contact, while the stimulation of osmotic receptors men-
tioned earlier indicates that a change in water balance has
already occurred. However, receptors for vision, hearing and
smell all provide information on circumstances or changes that
may be operative some distance from the body, and so enable
a cognitive assessment as to their likely impact on the body
before the event. Similarly, perceiving an unpleasant taste
allows us to reject a substance from our mouth that could per-
haps be injurious to the body, and pain provides us with a
warning that further tissue damage will ensue unless we
respond to its cause. Thus, the information provided by our
special senses enable us to take measures if necessary and so
either prevent a disturbance in homeostasis, or at least mini-
mize it — or perhaps even to encourage it if it is likely to be
desirable!

General characteristics of receptors
Transduction

Receptors associated with the sensory nervous system are trans-
ducers: they convert the stimulus into an alternative form by
altering the electrical properties of the cell membrane of the
receptor. This is achieved by an alteration in the distribution
of electrolytes between the intracellular and extracellular fluids.
The distribution of some types of ions across cell membranes is
not equal and, consequently, there is ordinarily a slight differ-
ence in the number of negative and positive charges on each
side of cell membranes causing them to exhibit a voltage differ-
ence (called a resting electrical potential), with the inside of the
cell being negative with respect to the outside (see Chapter 8,
p-186 for more details). Receptor cells and other excitable
cells, such as nerve and muscle cells, have the capacity to
change the permeability of their membranes to certain ions
(usually sodium or potassium), leading to their movement into
or out of the cell, and a subsequent change in the voltage. Such
changes are called generator potentials and their rate of pro-
duction relates to the degree of stimulation.

Generator potentials occur extremely rapidly and, when
added together (called ‘summation’), may meet or exceed a
‘threshold’ level and trigger events within the receptor cell.
Depending upon the type of receptor, these may, for example,



BOX 7.3 FACTORS THAT INFLUENCE RECEPTOR
SENSITIVITY

The threshold of stimulation that is required to stimulate receptors, and
hence determines their sensitivity to stimuli, alters with age and some
conditions that affect peripheral nerve cells, such as diabetes mellitus.
In these instances the sensory nervous system is less efficient at detect-
ing change in the internal or external environment, leading to increased
homeostatic disturbance. For example, diminished receptor sensitivity
(and receptor number) probably has a role in the reduced efficiency of
the regulation of blood pressure in elderly people, and in the reduced
tactile senses in people with diabetes.

promote the release of a hormone by a gland cell, or perhaps
generate further electrical changes (called action potentials) in
sensory nerve cells associated with the receptor, for example a
touch receptor in the skin. The threshold level for a specific
stimulus determines the sensitivity of the receptor and so is a
factor in the efficiency of homeostatic control. Thus, receptors
will have a low threshold in the homeostatic regulation of
those parameters that have narrow homeostatic ranges.

Receptor fields

Sensory receptors may be discrete cells (e.g. in the retina of the
eye) or nerve endings (e.g. touch receptors in the skin). Those
that are nerve endings may be extensively branched and extend
over an area called a receptor field. Some receptor fields are
large, others small: the smaller the field the greater our ability
to ‘place’ the stimulus (Figure 7.1). For example, the points of
a pair of compasses applied to the fingertips can be discerned as
two distinct points even when they are only about 1.5 mm
apart. This is because the fingertips have a high receptor den-
sity with small receptor fields in which the stimulus is detected
by more than one receptor even when the points are close
together. On the back, however, the two points are only sepa-
rately discerned when some 35-40 mm apart. This is because
the receptor density is less and the field for each receptor is
large, and so when the two points are close together they actu-
ally stimulate nerve endings from the same nerve cell (i.e. just
the one receptor) and so cannot be discerned as two stimuli.

Adaptation

Receptors of many senses exhibit a decreasing sensitivity in
response to continued stimulation, even though the stimulus is
still present. Touch is a typical example: life would be very
unpleasant if we were to be constantly distracted by being
aware of contact with our clothes, with chairs, with the
ground, or with spectacles, etc. In these instances, once the
stimulus has been received, and perhaps acted upon, it
becomes more important to detect a new change rather than to
remain aware of the ‘safe’ old one. Thus, these types of recep-
tors adapt to the new stimulus and so can respond again if the
stimulus changes.

Receptors may be ‘slow-adapting’ (referred to as tonic) or
‘rapid-adapting’ (or phasic). The former tend to be those
receptors that provide information regarding relatively steady
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Figure 7.1 Two-point discrimination. In (a) the two points are in contact with two
receptor fields and so will be detected by each of the two neurons. In (b) the
points are too close together to be discriminated as both are in contact with the
same receptor field, and hence neuron. In (c) the overlapping receptor fields
helps to discriminate two points even when the contacts are close together as
both neurons are activated but one possibly more than the other

Q Give an example where two-point discrimination is (1) excellent; (2) poor.

states of the body, such as blood composition and body posi-
tion, which change relatively slowly. Rapidly adapting recep-
tors are important if states can change rapidly since they may
convey moment-to-moment information regarding changes in
the stimulus. For example, receptors in our skeletal joints not
only provide information that the joint has been flexed but
also how rapidly it was flexed (i.e. its velocity). This is essential
if movement is to be controlled (see Chapter 17).
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Overview of the types of receptor in the body

Receptors are sometimes referred to according to their loca-
tion. This is usually a collective term, however, and does not
distinguish receptor type. For example ‘cutaneous’ receptors
are those found in the skin, while ‘visceroreceptors’ are those
found in the viscera or internal organs of the body. A more
usual means of classification relates to the kind of stimulus the
receptors detect.

Mechanoreceptors

Mechanoreceptors are sensitive to mechanical deformation
and include receptors of touch, pressure, vibration and stretch.
They are relatively simple in structure consisting of the termi-
nals of sensory nerve cells, which are either ‘free’ or are encap-
sulated.  These include
proprioreceptors and auditory receptors.

receptors touch  receptors,

Touch receptors

® Merkel’s discs: disc-like arrangements of ‘free’ nerve terminals in
contact with epidermal cells in the skin, that respond to touch.
Meissner’s capsules are egg-shaped structures in the dermis of

the skin (i.e. deeper than Merkel’s discs) containing nerve
terminals that also respond to touch.

Pacinian corpuscles are oval structures distinguished by their
concentric onion-like layers of connective tissue. Nerve ter-

minals are found within the layers. They are pressure recep-
tors (from sustained touch) and are located in deep
subcutaneous tissues, in submucosa tissue, in tissue around
joints and in mammary glands.

Root hair plexus: ‘free’ nerve endings are wrapped around the
base of a hair root and respond to deformation induced by
movement of the hair shaft when it is touched or if there is a
breeze.

Proprioreceptors

Proprioreceptors are a group of various receptors involved in
the control of posture and movement (‘proprio-’ = position).

® Muscle spindles: stretch receptors that contain nerve endings
in contact with modified skeletal muscle fibres. They
respond to changes in muscle length and have a crucial role
in the control of muscle contraction (see Chapter 17, p.476).

Golgi tendon organs: also stretch receptors within the tendons
and monitor the tension induced when the attached muscle
contracts. They seem to have a protective role and cause
muscle contraction to suddenly cease (i.e. ‘give way’) if the
tension threatens injury.

® Joint receptors: provide information about the position of the
joint and also about how rapidly the position is changing
during movement. They consist of nerve endings associated
with connective tissue within the joint.

The vestibular apparatus of the inner ear: includes three semi-
circular canals attached to a distended structure called the
vestibule (Figure 7.2). The base of each canal connects with
the vestibule via a distended region called an ampulla within
which are found the receptor cells, the hair-like cilia of
which are embedded in a gel projection called the cupula.
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Figure 7.2 The vestibular apparatus of the inner ear. (a) Relative position within
the head. (b) The vestibular structures — utricle, saccule and semicircular
canals; an enlarged crista is shown. Details of the utricle and saccule are shown
in (c). See text for explanation

Q The receptor cells are often referred to as hair cells. Why?

Movement of the head causes fluid to low within the canals,
and this deflects the cupulae and so stimulates the receptor
cells, thus providing information that the head has moved.
The vestibule itself contains two sac-like areas called the utri-
cle and saccule (Figure 7.2), both of which also contain
receptor cells. These also have hair-like cilia projecting into a
membrane; on the surface of this gel-like membrane lie small
crystals of calcium carbonate called otoliths (‘oto-’ = ear,
“liths” = stones) which slide over the surface of the mem-
brane when the head is moved. This distorts the projections
of the receptor cells and stimulates them.

Auditory receptors

These are described later, but basically respond to a distortion
produced by pressure waves in the fluid of the inner ear.

Thermoreceptors

Thermoreceptors are ‘free’ nerve endings that have properties
that enable them to respond to fluctuations in temperature.
There are ‘hot’” and ‘cold’ receptors that respond to different



temperature ranges, although the ranges overlap. Together
they provide information over a range of skin temperatures.

Chemoreceptors

Chemoreceptors are sensitive to changes in the concentration
of chemicals within the body fluids. This is a diverse range of
receptors, where the cells have surface chemicals that specifi-
cally interact with the substance to be monitored. When acti-
vated these sensory cells may:

® be sensory nerve cells, that are stimulated directly by the sub-
stance(s) concerned — taste and smell (described later) are
examples;

promote electrical activity in sensory nerve cells that are asso-
ciated with the receptor cell, as in the detection of increased
blood acidity by the carotid bodies;

promote the release of a hormone from the receptor cell

itself, which therefore is a gland cell, as in the release of
aldosterone from the adrenal cortex when blood potassium is
elevated, or the release of insulin from pancreatic beta-cells
when blood glucose concentration is elevated.

Nocireceptors

Nocireceptors (or nociceptors) are responsive to noxious stim-
uli. Nociceptors are usually referred to in relation to pain, and
are still not fully understood. They seem to be free nerve end-
ings, some of which at least are sensitive to chemicals released
from damaged cells in the vicinity. However, others appear to
be those of other senses, such as touch or temperature, which
convey an unpleasant sensation when stimulated excessively.

Photoreceptors

Photoreceptors are sensitive to light. These are cells of the
retina of the eye and their details are provided in a later section.

Interpretation of receptor activity
Overview

Electrical activity generated by receptors associated with sen-
sory nerves is conducted to the central nervous system (i.e.
spinal cord and brain). Within the brain, it is integrated, coor-
dinated and, if appropriate, interpreted as a conscious percep-
tion of the stimulus. The pathway along which sensory
information travels is generally:

Receptor ——— Transmission ——— Interpretation

(sensory nerve/ (cerebral cortex
thalamus of brain) of brain)

This plan is very simplistic, however, and other pathways
involve other parts of the brain before activity enters the thala-
mus. Similarly, information may be transmitted to parts of the
brain other than the cerebral cortex, such as the cerebellum
(involved in movement control; see Chapter 17), and may not
always involve transmission through the thalamus, although
this usually is the case. Even processing may not involve the
brain, with the information being integrated by the spinal
cord. Details of some of the major sensory pathways are pro-
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vided in the next subsection. The reader may find it useful to
cross-reference with anatomical details of the central nervous
system provided in Chapter 8, especially of the thalamus, cere-
bral cortex and cerebellum.

Sensory pathways

Sensory activity from peripheral receptors enters the grey mat-
ter within the spinal cord via the ‘dorsal roots’ of the spinal
nerves (Figure 7.3). There some of the nerve cells synapse
(interact) with others that ascend the cord to the brain. Some
of these ascending nerve cells are found in the lateral (side) and
anterior (front) aspects of the spinal cord and pass directly to
the thalamus within the brain. Accordingly these pathways are
called the lateral and anterior spinothalamic tracts, respec-
tively. The tracts carry discrete sensory information: in general
the lateral tract conveys information from nociceptors and
thermoreceptors, while the anterior tracts carry information
from touch and pressure receptors in the skin. One feature of
these tracts is that the neurons within the cord that are stimu-
lated by incoming sensory nerve cells actually cross over to the
other side of the cord before passing to the thalamus. In this
way, information from receptors on one side of the body passes
to the opposite side of the brain.

In contrast, those sensory nerve cells that carry activity from
touch receptors in deeper tissues, and from proprioreceptors
(especially those in joints), do not synapse immediately within
the cord. Rather they turn and ascend the spinal cord them-
selves, passing up the posterior (rear) aspects of the cord
(Figure 7.3; note that a sensory nerve cell passing from our toes
to the brain must therefore have a length of about 1.5-2 m).
Accordingly, these pathways involve posterior spinothalamic
tracts; these are actually observable as surface features on the
cord and are called dorsal columns. The nerve cells eventually
interact with clusters of nerve cells within the brainstem, called
the dorsal column nuclei, the fibres of which then cross over to
the other side and then pass to the thalamus, and thence to
other brain areas, particularly the cerebral cortex. As with the
other spinothalamic tracts, the crossing over of neurons within
the brainstem means that the left side of the brain receives
information from the right side of the body and vice versa.

Proprioreceptor activity from muscles may also ascend via
the posterior spinocerebellar tract (which therefore lies in a
posterior aspect and passes to the cerebellum at the back of the
brain) of the spinal cord. The role of these receptors and the
cerebellum in relation to the control of posture and movement
are discussed in Chapter 17.

BOX 7.4 SPINAL CORD NERVE BLOCKS

The ascending sensory nerve tracts in the spinal cord are relatively
superficial, and the sensory nerve cells within them clustered together.
For nociceptors (pain) this arrangement is very useful because epidural
or intraspinal analgesic drugs can be administered very close to their
position in the lateral spinothalamic tracts of the spinal cord, producing
effective nerve block and hence preventing onward transmission of pain
signals to the brain (see Figure 20.1, p.562).
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BOX 7.5 CROSSOVER OF NERVE TRACTS

The text identifies the major sensory tracts of nerve cells within the
spinal cord: the lateral and anterior spinothalamic tracts and the poste-
rior spinothalamic tracts, or dorsal columns. A feature of these is that all
are paired tracts, with one passing up one side of the cord, one the
other. Another feature is that all ‘cross over’ at some stage to the oppo-
site side of the brain. Similarly, ‘motor’ nerve cells (that activate tissues
such as muscles and glandular tissues) also pass down the cord in
tracts, again crossing over. Thus, one side of the brain receives informa-
tion from the opposite side of the body, and sends nerve activity to that
side. This is the reason why a severe stroke localized to one side of the
brain can produce profound effects on muscle activity on one side of the
body, whilst the other is little affected.

The special senses of vision, hearing, smell and taste are in
the head and so electrical activity does not pass via the spinal
cord but goes direct into brain tissue via cranial nerves. The
activity either passes directly to the thalamus, and thence to the
cerebral cortex, or passes via other parts of the brain particu-
larly within the brainstem and hypothalamus, and so may miss
out the thalamus entirely.

THE SPECIAL SENSES

This section considers in detail the anatomy and physiology of
the ‘special’ senses of vision, hearing, taste and smell. The pre-

Dorsal columns
(fasciculus gracilis and
f. cunneatus)

Anterolateral
spinothalamic
tracts

Figure 7.3 Routes of transmission from sensory
receptors to the sensory cortex: the spinothalamic
tracts

dictive element of the special senses was described earlier and
has obvious advantages in the course and planning of actions,
the consequences of which are that the internal environment is
more likely to be optimal if challenging or threatening situa-
tions can be avoided. The special senses facilitate our capacity
to operate in the range of environments with which we come
into contact each day, and help us to maintain independence
of our actions. In so doing it could also be said that these senses
play a role in our social and psychological well-being, in addi-
tion to the maintenance of physiological homeostasis.
Vision
Overview
Vision requires the detection of light; the receptor cells of the
eye contain chemicals — referred to as visual pigments — which
absorb light and consequently break down into component
molecules that activate the cell membrane of the receptor, and
in turn stimulates action potentials in associated sensory nerve
cells. The pigment chemical then reforms. In intense light the
pigment quickly breaks down again, repeating the process.
The ratio of undissociated to dissociated pigment provides a
means of monitoring light intensity (brightness), while having
different pigments that respond optimally to certain wave-
lengths provide a means of detecting colour. Light receptors
therefore respond to light within the relatively narrow range of
wavelengths determined by the pigments present. This is why



we cannot see light at the extreme ends of the spectrum
(infrared or ultraviolet light) without the use of aids to convert
it into the visible range (e.g. night-vision monitors).

The process of vision is summarized thus:

Light — Receptor — Associated — Transmission — Interpretation

(retina) nerve cell (optic nerve/ (cerebral
thalamus cortex
of brain) of brain)

General anatomy and of the eye

The eye is basically a sense organ that focuses light waves onto
the receptor cells, but with the capacity to adjust the amount
of light incident on the receptor region. Its anatomy is related
to these functions.

The eye is approximately spherical, with a white-coloured,
fibrous, protective and supportive layer called the sclera. At the
front of the eye the sclera is considerably thinner and becomes
the delicate and transparent cornea. A thin layer of modified
skin, the conjunctiva, extends from the eyelids to the sclera
surrounding the cornea (Figure 7.4a) and this helps to protect
the lining within the socket. Laterally the sclera is attached to
the bone of the orbit of the skull by six extrinsic muscles that
produce lateral and vertical movement of the eye upon their
contraction or relaxation. The muscles are controlled by the
oculomotor and trochlear nerves (cranial nerves IIT and I'V: see
Figure 8.5, p.167). The optic nerve carries sensory activity
from the retina, and exits the rear of the eye where the nerve
sheath fuses with the sclera.

Lubrication of the sclera and, in particular, the cornea is
provided by secretions from the lachrymal or tear gland found
at the top outer area of each eye. Secretions drain into the nasal
cavity via the lachrymal duct that originates at the inner corner
of each eye, and explains why our noses seem to fill when we
are tearful. Tears also provide a means of irrigating the eye
when an irritant is present.

Below the sclera lies a vascular layer called the choroid,
which provides it with nutrients. The choroid extends from

BOX 7.6 STRABISMUS AND NYSTAGMUS

Strabismus is a condition in which an eye drifts from position when the
gaze is focused on an object. Often referred to as ‘lazy eye’ it arises
because of an imbalance in control of the ocular muscles. The eye must
be trained by covering the normal eye at times, making the other eye
dominate the vision.

Nystagmus is a rhythmic movement of the eyes, producing a flicker-
ing effect. Nystagmus may be caused by an incorrect conditioning of this
reflex, in which case it is usually present from childhood. However, nys-
tagmus can also suggest the occurrence of neurological disturbance or
drug abuse.

A flicking movement can also be stimulated by a sudden change in
the stimulation of the vestibular or balance apparatus of the ear (called a
vestibular—ocular reflex). This is thought normally to operate when the
head is turned suddenly, thus keeping the eyes facing forward.
However, excessive stimulation, such as that produced by a revolving
chair or a fairground ride, may cause a rhythmic flickering to occur. This
can look alarming but is not harmful and lasts for only a few seconds.

The special senses

BOX 7.7. CONJUNCTIVITIS

Conjunctivitis is an inflammation of the conjunctiva caused by an infec-
tion or by the presence of irritants (Mead, 2000). Antibiotic creams may
be administered. Eyewashes might also be used, although the possibil-
ity of cross-infection to other individuals, or to the other eye, means that
they must be used with caution.

the rear of the eye to the ciliary body, which in turn forms the
iris (Figure 7.4b). The lens is suspended from the ciliary body
by the suspensory ligaments, and the ciliary body also contains
smooth muscle cells capable of altering the shape of the lens.
Lying within the choroid are nerves of the parasympathetic
and sympathetic branches of the nervous system that control
lens shape (for focusing) and enter the iris to alter the aperture
(to increase or decrease the amount of light entering the eye).
The inner coat of much of the eye consists of the light-sen-
sitive retina. This extends from the ciliary body around the
inner surface of the rear of the eye and it is in this layer that the
light receptor cells — the rods and cones — are found. The retina
also has its own nerve cells associated with the receptor cells,
and aid in processing of the information before it is passed on
into the optic nerve. The receptors are considered in more
detail below. Two features worth mentioning here are that the
inner surface of the retina contains the blood vessels that main-
tain the layer, and that the exit point of the optic nerve (called
the optic disc) is devoid of receptors, and so is called the blind
spot. The presence of blood vessels on the retina surface clearly
does not affect our capacity to see, but is useful clinically as it
allows the vessels to be observed (Box 7.8) for signs of disorder.
Ideally, light must not be focused on the optic disc as the lack
of receptors there will impair vision. Not surprisingly the
‘blind spot’ is off-centre and incident light largely avoids it. In
addition, the light from an object that does fall onto the blind
spot in one eye will fall elsewhere on the retina of the other eye.

BOX 7.8 OBSERVING THE RETINA

Observing the retinal blood vessels, using an ophthalmoscope, is an
important clinical aid in the diagnosis of, for example, cerebral hyperten-
sion. This is because any distension of a blood vessel produced by a
higher than normal blood pressure within the eye will compress any ves-
sels passing immediately below it. Such compressions can be observed.
Diabetes mellitus also has an adverse effect on retinal blood vessels
(Watkinson and Seewoodhary, 2008). Early signs of deterioration can be
detected by observing the vessels.

Use of the ophthalmoscope entails shining a thin beam of light into
the eye and peering through a lens arrangement that allows an image of
the retina to be seen (Figure 7.5). This normally means that the practi-
tioner must hold the ophthalmoscope very close to the eye, which can be
a somewhat disconcerting experience for some people.

The pupillary constriction that would be anticipated by use of the light,
and which would prevent observation of the retina, is prevented by the
use of a drug that blocks the parasympathetic nerve endings responsi-
ble for causing the contraction of the pupil. Thus, a drug such as
atropine is administered in eye-drops a short time before the investiga-
tion. Unfortunately, the effect lasts for a few hours and so patients
should avoid bright lights and ideally be escorted home.
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Figure 7.4 (a) General features and visual axis of the eye. (b) Enlargement to show detail of the iris, ciliary body, and the circulation of the aqueous humour

Q What is glaucoma?

In this way the brain can also compare the images from both
eyes and remove any perception of a blind spot.

The lens of the eye divides the eyeball into two fluid-filled
compartments (Figure 7.4a). The anterior compartment con-
tains aqueous humour, which is a thin, watery fluid that is con-
stantly being formed by the ciliary body and then reabsorbed

by the canal of Schlemm at the base of the ciliary body. This
circulation of fluid is important because the cornea and iris are
devoid of blood vessels and so rely on the fluid for nutrients.
The compartment behind the lens is filled with vitreous
humour (literally ‘glass-like’), a colourless fluid made jelly-like
by the presence of small amounts of mucoprotein. This is the
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Figure 7.6 Cataract; note the milky opacity of the lens behind the pupil.
Reproduced with the kind permission of Abrahams et al., from /llustrated Clinical
Anatomy, Hodder, London.
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Figure 7.5 The normal retina as viewed using an
ophthalmoscope. Reproduced with the kind permission of
the Medical lllustration Department, Norfolk and Norwich
University Hospital NHS Trust. See also Figure 7.9, p.151

largest compartment and the fluid, once formed, cannot be
replaced even if lost by injury. It facilitates light transmission
without diffracting (‘bending’) it excessively, or diffusing it,
and provides pressure within the eye that helps maintain its
shape.

Light enters the eye through the cornea, passes through the
lens and ultimately arrives at the receptor cells of the retina.
Although widespread in the retina, the receptor cells are partic-
ularly dense at the ‘yellow spot” or fovea, an area lying in line
behind the lens that is devoid of blood vessels. The fovea is
packed with cone receptors, which convey colour vision,
although small numbers of these will also be found in other
areas of the retina. Some rods will also be present in the fovea
but they are mainly found outside it. Thus, the image of what-
ever is the centre of our attention is focused onto the fovea for
high definition, colour analysis and clarity