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Preface

We were delighted to be offered the opportunity to compile a
third edition of Medical Sciences. This book was envisaged as
a comprehensive introduction to medical studies, focussed on
explaining the scientific foundation of core facts that are important
to clinical medicine. It is unique in providing a text that integrates
information across the diverse branches of medical science, focussing
on body systems in health and linking to clinical phenomena.
Accompanying the system chapters are more broadly ranging chapters
that introduce the reader to concepts important to all students of
medicine: homeostasis; biochemistry and cell biology; energy and
metabolism; diet and nutrition; pharmacology; genetics; epidemiology
and statistics.

Many aspects of medical science have developed or changed
over the last few years and this new edition has provided us with
the opportunity to update the material. Some chapters have been

substantially rewritten. We have tried to avoid chemical formulae and
mathematical equations that many students will not require, while
maintaining an understanding of the processes that these relate to.

Some chapters include more clinical content than others, as clinical
and information boxes. This is because these areas relate to more
common, and therefore, important, clinical conditions. The student
must, however, never forget that uncommon or rare conditions do
exist and are, therefore, equally important.

It is never easy to get the balance right between basic and clinical
sciences. We therefore welcome your feedback. We sincerely hope
that you will enjoy reading this book and find it useful throughout
your studies.

Jeannette Naish
Denise Syndercombe Court
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Disease ensues when normal physiological mechanisms and
processes are disrupted. These processes take place in the basic
unit of living organisms: the cell. It is therefore essential that all
clinicians understand normal cellular and molecular mechanisms and
processes in order to understand disease. The following chapters
address specific mechanisms related to particular areas of human
function and systems of the body.

The basic science concepts that attempt to explain disease
processes cannot be undervalued. The best diagnostic and most
effective therapeutic decisions made by clinicians have to be

underpinned by sound scientific principles. The inclusion of all the

relevant basic sciences in one book will, hopefully, be useful.

CHAPTER 2 BIOCHEMISTR )

CELL BIOLOGY Fa\

This chapter gives an overview of the principles of mechanisms that
enable the body to work as a biochemical system. The functional
unit of the human organism is the cell (Ch. 2, Fig. 2.39). All cells
are surrounded by a cell membrane, also known as the plasma
membrane. Other cell components are contained in the cytoplasm
in which the cellular elements (organelles), including the nucleus, are
suspended in the cytosol (intracellular fluid (ICF) or cytoplasmic
matrix). Cells are suspended in fluid composed of water and a variety
of biologically active molecules. Movement of these molecules into
and out of cells, involving both active and passive transport, triggers
the physiological mechanisms that enable the cells to perform their
normal physiological functions. Examples include protein synthesis,
regulation of cell function (signalling), cell movement, metabolism
(glucose and respiration), cell division and death (apoptosis), skeletal
and cardiac muscle contraction, the transmission of signals along
nerve fibres, the digestion and absorption of nutrients in the alimentary
system, the synthesis and secretion of hormones by the endocrine
system, transport of oxygen and carbon dioxide by blood, the
exchange of respiratory gases and the important functions performed
by the renal system. These cells perform different functions, and
therefore possess different properties, described in detail in the

(A A N RN RN ERENRNESR-ESHSEHN!]

Introduction and homeostasis
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ensuing chapters on the systems of the body. Understanding cell
and molecular biology - the similarities and differences between cell
types, their components and functions - is essential to understanding
the clinical sciences because disease results from the disruption
of normal mechanisms. These principles underpin the development
of disease, therapeutics and, in particular, the understanding of
cancers and their treatment.

“CHAPTER 3 ENERGY AND
METABOLISM

Chapter 3 discusses the cellular mechanisms that enable human
beings to produce the energy needed to survive, maintain body
temperature and work. Most biological processes are driven by
energy in the form of adenosine triphosphate (ATP), produced through
metabolism of the food that we eat. The main metabolic fuels are
carbohydrate, protein and fat. The most important source of energy is
glucose, but the body has intricate and dynamic adaptive mechanisms
for using alternate fuels under particular physiological conditions.
Metabolism occurs in cells. It is tightly regulated by the actions of
enzymes, gene expression and transcription in response to changing
demands on the need for energy and by the action of hormones,
which may take place rapidly or gradually. Energy metabolism is
essential for life, and disturbances can lead to important diseases,
such as diabetes mellitus.

CHAPTER 4 PHARMACOLOGY

This chapter describes how drugs work (pharmacodynamics) and how
they are absorbed, distributed around the body (pharmacokinetics),
metabolised and then eliminated. Knowledge of cell and molecular
biology underpins the understanding of pharmacology and
therapeutics. The pharmacokinetics and pharmacodynamics of
synthetic drugs depend on their individual properties. Specific
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classes of drugs share common properties, but there are variations
between individual drugs. It is also important to remember that how
a drug performs in the laboratory (in vitro) is not necessarily how
it performs in the body (in vivo), which is important for the safety
and effectiveness of drugs. Generally, pharmacokinetics follows the
principles of cell biology. In pharmacodynamics, drugs work by
targeting cellular processes to either enhance or inhibit the process.
Examples include the targeting of enzymes, transport processes and
receptors on cell surfaces. Here, understanding of the autonomic
nervous system is essential because most drugs are designed to
target elements of this system.

CHAPTER 5 HUMAN GENETICS

The understanding of genetics dates back to Charles Darwin’s
(1809-1882) On the Origin of Species (1859), later further explained by
Gregor Mendel’s (1822-1884) principles of inheritance and mutations.
The most exciting modern development in genetics was the Human
Genome Project, which mapped the complete set of genetic codes
stored as DNA sequences in the whole 23 chromosomes of the
human cell nucleus and took place between 1990 and 2003. The
Human Genome Project published the working draft of the human
genome in 2000; the complete genome was published in 2003.

Taking advantage of the multiplexing capabilities of new
sequencing technologies, the 1000 Genomes Project ran from 2008
until 2015, targeting sequence variation in five continental regions. In
2015 Nature published this work, which mapped population genetic
variation from more than 2500 human genomes, providing publically
available data for research.

In the UK the 100,000 Genomes Project was launched by
Genomics England at the end of 2012. Its aim was to provide
sequence data from NHS patients diagnosed with cancer or a
rare disease with the aim of stimulating the UK genomics industry.
With its medicine-focussed approach the 100,000 Genomes Project
is currently planned to run until the end of 2018 and has been
expanded to include infectious disease. By mid-2017 the project
had sequenced more than 36,000 genomes, putting the UK at the
forefront of using genomic technology to transform patient care.
The importance of partnering with industry is crucial to the project
so that frontline clinicians of the future will be provided with the
necessary infrastructure to benefit from this exciting future so that
we can better understand disease processes and the development of
preventive measures, diagnosis, prognosis and therapeutic strategies
as genomic medicine moves into the mainstream.

CHAPTER 6 PATHOLOGY AND
IMMUNOLOGY

Pathology and immunology are essential for understanding disease
processes to enable the clinician to formulate sensible diagnostic and
therapeutic decisions. Infectious diseases and the body’s response to
them, immunology, are discussed. Disorders of the immune system,
including autoimmunity and hypersensitivity, are also discussed. In
these conditions, it is thought that there is a defect in the genetic
regulation of the immune response. The inflammatory response
underpins the body’s defence mechanisms and needs to be fully
understood. This is followed by the pathology of neoplasia; cancers,

which cause about 25% of all deaths in the UK. The pathology of
common degenerative diseases is discussed in the chapters on
systems of the body. Once again, molecular and cellular biology and
medical genomics form the basis for understanding these processes.

CHAPTER 7 EPIDEMIOLOGY

Chapter 7 is about the epidemiological principles that underpin the
discovery of patterns of diseases and their occurrence in populations,
and how the effectiveness of therapeutic interventions is evaluated. It
is, perhaps, unusual to consider this as a basic science. Epidemiology
and the epidemiological approach, however, is the science that
underpins the art of clinical medicine. Observational studies form
the cornerstone of clinical medicine.

For example, how do we know how to diagnose disease from
patient descriptions of symptoms? Our understanding of how disease
presents and progresses clinically is based on repeated, multiple
observations by many doctors and the sharing of their observations;
e.g. whooping cough, which starts like a common cold, before the
cough develops and continues for up to 100 days. The cough is
characteristic in being spasmodic and prolonged, often ending in
a sharp intake of breath — the ‘whoop’.

In the example of John Snow and the Broad Street Pump, Snow
found the association between the water from the Broad Street
Pump and the cholera epidemic. The actual cause of cholera, the
organism Vibrio cholerae, was not discovered until later by Filippo
Pacini, an ltalian anatomist, and was not widely known until published
by Robert Koch some 30 years thereafter. Until the comma-shaped
bacterium was identified, treatment and prevention could not be
formulated. Careful and systematic observation thus formed the
basis for further research into the cause of this disease.

Moreover, how do we select therapeutic interventions, whether
pharmacological or surgical? How do we know that this intervention is
effective, or more effective than another one? Here, the methodology
for experimental studies, e.g. randomised controlled trials, and the
statistical concepts that underpin the proof for the likelihood of
a positive effect need to be understood. The mathematics might
be daunting, but understanding the principles is essential. These
principles also apply to diagnostic and screening tests.

SYSTEMS OF THE BODY

The next eight chapters are about all the systems of the body and
discuss the cellular makeup of different organs, their functions,
normal metabolic processes in health and the biological basis for
disturbance leading to disease. Understanding these processes forms
the rationale for diagnostic and therapeutic decisions. Despite their
separation, the systems interconnect so that the body functions as a
whole. Rather than describe each chapter in detail, it might be more
helpful to think about the cellular mechanisms that ensure normal
physiological function. These basic mechanisms are common to all
living organisms, including Homo sapiens.

As mentioned previously, the basic unit of the human organism
is the cell. Normal biological functioning is determined by molecular
and cellular processes and controlled by human genomics and
epigenetic modification, as outlined in Chapter 5. The cells in each
system vary according to their physiological function. For example,



hepatic (liver) and muscle cells both store glycogen, but the primary
function of the liver is to release glucose converted from glycogen
(glycogenolysis) into the circulation when there is a shortage of
glucose, whereas muscle cells (myocytes) are primarily need to break
down the stored glycogen for generating ATP for muscle contraction.
Skeletal muscle lacks the enzyme glucose-6-phosphatase (G6Pase);
glucose-6-phosphate generated from muscle in glycogenolysis instead
enters the glycolytic pathway after glucose, preserving one of the
ATP molecules consumed at the start of glycolysis.

A more obvious example of the influence of genomics is sickle
cell disease (SCD). This is a condition where there is a mutation
in the haemoglobin gene (3-globin gene), leading to the red cells
assuming a sickle shape and becoming rigid. Sickle cells confer a
resistance to malarial infection, and the mutation arose historically
among populations in tropical and subtropical regions where malaria
is endemic. The disadvantage is that, under conditions of reduced
oxygenation, infection, cold or dehydration, the sickle haemoglobin
elongates and cannot flow smoothly through small blood vessels.
It sticks to the vessel lining, leading to occlusion of the vessels
and causing sickle cell crises, which may be life-threatening. An
understanding of molecular and cell biology and human genomics
for the cells in each system is therefore necessary for understanding
disease processes.

CHAPTER 16 DIET AND NUTRITION

Chapter 16 is about the nutritional needs for humans to stay alive
and, more importantly, the principles for assessing these needs in
health and disease. What makes a human being eat or not eat is
also addressed, with implications for dietary control of conditions
such as obesity and some therapeutic diets for chronic conditions
such as inflammatory bowel disease. The association between diet
and disease is also discussed. Nutritional support during severe
iliness, artificial nutrition, and associated complications are discussed.
Artificial nutrition includes enteral feeding, i.e. putting feeding liquid
directly into the stomach or small intestine, and parenteral nutrition,
which is intravenous feeding. The makeup of the feeding fluid will
depend on the nutritional needs of the patient. These principles
are important, especially during the foundation years. Inclusion of
nutrition as a basic science in this book is perhaps unusual, but
clinicians need to know about these principles for sustaining life.

HOMEOSTASIS

To maintain the normal physiological processes for sustaining life,
all living organisms and cells have to maintain a stable internal
environment in response to changes in external conditions.
Physiologists have called this function homeostasis, from the
Greek homeo meaning same or unchanging, and stasis meaning
standing still. When an attribute of the organism or cell (such as
pH or temperature) changes for any reason, this complex system
of processes adjusts the attribute back to the set constant level
needed for physiological functioning. Such an attribute is labelled
a variable, something that is changeable.

Homeostatic systems are multiple, dynamic mechanisms that are
regulated (or controlled) for making the adjustments necessary for a
stable internal environment; this is unlike simple dynamic equilibrium

Homeostasis 3

or steady states that are not regulated. Many examples of human
homeostasis are discussed in the following chapters. Disease ensues
when homeostatic mechanisms break down and the body exhibits
symptoms (what the patient experiences) and signs (what the clinician
finds on clinical examination).

Many physiological parameters, such as blood glucose level
(discussed in detail in Ch. 3, Energy and metabolism), water and
electrolyte (sodium, potassium, calcium, etc.) balance and body
temperature, are examples of precise control by homeostatic
mechanisms. Of the homeostatic mechanisms that control body
fluids, fluid balance (the control of fluid volumes) and acid-base
balance (the control of acidity [H" ions]) are important to understand.

Homeostatic regulation mechanisms

Homeostatic control mechanisms have three (sometimes more)

interdependent components for the variable being regulated.

1. A receptor that detects, monitors and responds to changes
(sometimes wide variation) in a variable in the external
environment; known as the sensor.

2. The sensor sends information to a control centre that sets
the physiological range for the variable, and determines the
necessary response for bringing the variable back to the set
point. In humans, the control centre is usually in the brain.
Many examples are discussed in Chapter 8.

3. The control centre sends signals to the tissues and organs,
known as the effectors, that have to effect, i.e. make the
adjustment, to changes in the relevant variable to bring it back
to its set point.

A simplistic analogy would be ambient temperature control in

air-conditioning systems, where the thermostat is the sensor

responding to changes in environmental temperature, set at a

comfortable level. It also acts as the control system that switches

heating or cooling systems on and off. The effector would be the
heating and cooling systems with their own, separate mechanisms.

Once the control centre receives the stimulus that a variable
has changed from the set point, it sends signals to effectors to
correct the change by:

* Negative feedback to depress the change if the variable level
has increased beyond the narrow, set range. This is the
commonest mechanism.

¢ Positive feedback to affect an increase or acceleration in the
output variable that has already been triggered. The result is
to push the level beyond the physiological range.

e Feedforward control to either depress or enhance the level of
a variable before the change is needed, i.e. anticipatory (or
open loop). Open-loop systems have no way to calibrate
against the set point and so always need an accompanying
closed-loop negative feedback to correct any over- or
underanticipation.

Negative feedback mechanisms can either increase or reduce the
activity of tissues or organs back to normal, set levels, and the system
is sometimes called a negative feedback loop (Fig. 1.1). Numerous
examples of negative feedback exist in the metabolic processes of
all physiological systems.

Homeostatic control of glucose metabolism

An example of a negative feedback system is the homeostatic control
of blood glucose. Among the tissues of the body, red blood cells
and the brain (under normal conditions) can only use glucose to
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generate the energy needed to drive metabolic processes. Glucose

essential to ensure an adequate supply of energy for the vital functions
performed by these and other tissues. Blood glucose concentration
(measured as fasting blood glucose) is therefore tightly maintained
within a narrow range (3.5-8.0 mmol/L) normally. Here, the sensor
is specialised pancreatic cells that receive blood from the portal
circulation. The control is the autonomic nervous system, and the
effectors are the o (secreting glucagon) and 3 (secreting insulin)
pancreatic cells in the islets of Langerhans. A simplified explanation

of glucose homeostasis is shown in Fig. 1.2.

* When blood glucose concentration is too high
(hyperglycaemia), e.g. following a high-carbohydrate meal or
the ingestion of excessive amounts of alcohol, increased
secretion of the hormone insulin causes increased uptake of
glucose into cells and inhibition of the glucagon-secreting o
cells, thus reducing blood glucose concentration towards

normal. These processes are described in detail in Chapters 3

and 16.
Control centre
(set point)
Effector Sensor
4 Increase ¥ Decrease
{ Decrease 4 Increase
Variable

Fig. 1.1 Negative feedback loop. An increase in the variable

produces an effector response to decrease it and a reduction in the

variable leads to an effector response to increase it with the aim of
returning to equilibrium.

is e When blood glucose concentration is abnormally low
(hypoglycaemia), as in prolonged fasting, glucagon is released
from the pancreas to trigger alternative metabolic pathways to
bring the level up: glycogenolysis, the process in which
glucose stored in the form of glycogen is broken down to
glucose; gluconeogenesis, in which, when glycogen stores are
depleted, other metabolic fuels such as fat and protein are
converted to glucose, and alternative fuels, such as fatty acids

and ketone bodies, are used for generating energy.

Thermoregulation

Another example of a physiological homeostatic negative feedback
system, addressed elsewhere in Chapter 8, is the control of body
temperature: thermoregulation. Ambient environmental temperature
can vary widely (-50°C to +50°C), but human body temperature has
to be set at about 37°C (range 36°C to 38°C) for normal physiological
functioning. For example, some mechanisms in glucose metabolism
require energy, and if body temperature falls below a certain level,
there will not be enough energy to drive the process. Fig. 1.3 shows the
mechanisms for controlling body temperature by negative feedback.
Body temperatures outside the normal range are defined as:
Hyperthermia, when core temperature rises above 40°C
Hypothermia, when core temperature falls below 35°C.
Prolonged and significant elevation (as in hyperthermia) or depression
(as in hypothermia) in core body temperature (see below) can have
fatal consequences.

Human body temperature (Clinical box 1.1)

As mentioned above, human body temperature is set at about 37°C.
This can be measured through different anatomical orifices, such as
the oral, rectal or vaginal orifice and the external auditory meatus.
These are measurements of peripheral temperature and will vary
between healthy subjects depending on where the measurement
is taken. The core temperature (or core body temperature) is the
temperature needed for normal physiological functions in deep
organs such as the liver or brain, and is different from peripheral

Rise in blood glucose
concentration
(hyperglycaemia)

”~

Normal blood glucose
concentration (normoglycaemia)

~

Fall in blood glucose
concentration
(hypoglycaemia)

Insulin release ‘

Glucagon
release

—

Increase:
« rate of glucose entry into
cells

« glycolysis
* glycogenesis

To decrease blood glucose

concentration
Normal blood
glucose
concentration
(normoglycaemia)
Increase:

* rate of glycogenolysis and
glucose release from liver

« rate of gluconeogenesis

* ketone bodies used as
alternative metabolic fuel

To increase blood glucose
concentration

Fig. 1.2 Simplified scheme for glucose homeostasis. Increased

blood glucose concentration leads to increased insulin secretion to lower

blood glucose concentration back to normal, and a reduction in blood glucose concentration leads to the release of glucagon to raise blood

glucose concentration to normal.



Sensors

Skin (peripheral)
Hypothalamus (central)

Raised Variable

A

Control centre

Body temperature Hypothalamus
Heat loss /
Effectors
Vasodilation
Sweati Smooth muscle in walls of
wealing blood vessels supplying skin
Sweat glands
Sensors
Skin (peripheral)
Hypothalamus (central)
Variable Control centre
Lowered
Hypothalamus
Body temperature
Heat gain

Effectors

Shivering

...~ Skeletal muscle
Vasoconstriction
Fat burning Smooth muscle in wa_1||s of_

blood vessels supplying skin

Insulation Brown and adipose tissue (brown fat)

Piloerection

Fig. 1.3 Control of body temperature by negative feedback.
(A) Responses to an increase in body temperature; (B) responses to
a decrease in body temperature.

Clinical box 1.1 Fever

The set point for temperature control is not always fixed. In infection,
toxins released from bacteria and chemicals produced by cells of the
immune system change the set point upwards (see Ch. 6). The normal
mechanisms to generate heat, such as shivering, are triggered, leading to
an increase in body temperature known as fever or pyrexia. The cause
for this fever is thought to be a mechanism to activate certain immune
cells and to limit bacterial growth. A higher rate of metabolism will also
produce a faster rate of healing and more rapid induction of defence
mechanisms. If the temperature becomes too high, however, the proteins
inside the cells may be damaged.

Homeostasis 5

temperatures. Core temperatures have to be measured by inserting
a deep probe, which is not always possible, so that rectal or vaginal
temperatures are taken as an accurate reflection of core temperature.

Body temperature also varies according to the time of day, known
as the circadian rhythm, an endogenous biological process driven by
light and darkness in the external environment. Rhythmic physiological
and behavioural patterns can be adjusted to follow the oscillations
in circadian rhythm, a phenomenon known as entrainment. Sleep
and wakefulness is an example (see Ch. 8). Core temperatures are
higher in the evenings and lower in the morning, with the lowest
temperature during the second half of sleep, about 2 hours before
waking.

Behavioural and environmental factors can affect body temperature
when homeostatic mechanisms will be called into play. For example,
eating, drinking and exercise can raise body temperature; jet lag
and shift work upsets circadian rhythm and thus the pattern of body
temperature. Ambient temperatures will affect body temperature.

Using the negative feedback loop:

e The main sensor of temperature is the skin
e The control centre for body temperature is the hypothalamus

(see Ch. 8 for details)

* The effectors for adjusting core temperature are the skin and
muscles.

Heat-loss mechanisms
The skin is responsive to peripheral temperature, where capillary
blood can be heated or cooled. When carried to the hypothalamus,
the temperature of this blood is measured as core temperature. The
hypothalamus then sends signals to the effector organs (see Fig. 1.3).
Heat loss through the skin occurs when blood flow through the
skin increases by vasodilation, and the skin becomes reddened
and ‘hot’. Heat is then lost through radiation to the atmosphere.
Sweat glands in the skin also promote heat loss. Increased sweating
increases water evaporation from the surface of the body and lowers
temperature through the latent heat of evaporation. This mechanism
is less effective in humid atmospheres. Also, excessive loss of water
through sweating can lead to dehydration. For example, the combined
effects of lack of drinking water and the hot, dry atmosphere in
deserts are well documented and can be fatal.

Heat-gain mechanisms

Falls in core temperature trigger heat-gain mechanisms. Physiological

adjustments include:

¢ In the skin, arteriolar vasoconstriction, leading to pallor and
even cyanosis, reduces blood flow to prevent heat loss.

e Sweating almost ceases so that minimal heat loss occurs
through water evaporation.

e Body hairs become erect through the action of erector pili
muscles in the skin. Known as piloerection, warm air is
trapped between the hairs to create an insulation effect.

® Increased muscular activity causes shivering to generate heat.

® The temperature in cells is raised by direct conversion of fat
stores to heat energy by mitochondria (see also Ch. 3). Brown
fat stores in infants are a form of fat specialised for conversion
to heat energy; they are also abundant in hibernating animals.

Their increased cellular fat droplets, mitochondria and

associated increased capillary bed serve to supply oxygen and

disperse heat faster.

Behavioural mechanisms can also operate; e.g. exercising to
generate heat, putting on more clothing to conserve body heat
and reduce heat loss, turning up the air-conditioning thermostat. In
furry animals, piloerection is equivalent to putting on clothes. The
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erect hairs trap air, providing insulation, and the warmed air helps
to conserve body heat.

Thermoneutral zones

In humans and other warm-blooded animals, the thermoneutral
zone (TNZ) is the range of body temperatures in which the organism
only needs to use a minimum amount of energy for maintaining
normal body temperature. Within the TNZ, vasomotor response
controls blood flow between the core and periphery to adjust for
the amount of heat loss or gain from the body surface. Organisms
use different mechanisms for adjusting body temperature within
the TNZ; for example by changing posture or going into the shade
to avoid heat, and into the sun for warmth. In humans, the TNZ is
about 27°C at rest, and energy is expended at temperatures above
and below this for maintaining body temperature.

Information box 1.1

Once triggered, some homeostatic mechanisms need to continue.
This continuation is known as positive feedback. Unlike negative
feedback, positive feedback has no set point, so the process can
continue indefinitely if unchecked. As the process proceeds, small
deviations from the original variable become amplified, and the
process becomes a cascade. The ‘brake’ is usually the desired
physiological outcome that ends the feedforward cascade, so this is
normally a self-limiting mechanism. Fig. 1.4 diagrammatically shows
a positive feedback loop. Uncontrolled feedforward leads to disease.

Information box 1.1 Some examples of
positive feedback

e The coagulation cascade is described in Chapter 12. A positive
feedback loop is triggered by tissue damage after injury, which initiates
the coagulation cascade to stop bleeding. Coagulation (blood clotting)
arrests the bleeding and then terminates the cascade.

e |n the menstrual cycle (see Ch. 10), the rise in oestrogen levels during
the follicular phase reaches a spike that triggers ovulation, after which
oestrogen levels fall, terminating the follicular phase.

e During childbirth, the rhythmic uterine contractions for expelling the
foetus are activated by the hormone oxytocin secreted by the pituitary
gland (triggered by the hypothalamus). The pressure of the foetal head
on the lower uterine segment continues to stimulate oxytocin release
until the baby is delivered, when oxytocin secretion stops.

e |n genetics, the production of gene transcription factors is accelerated
by feedforward loops (see Ch. 5) in which one transcription factor
regulates another, and they both regulate the target gene. The process
is normally self-limiting, as the loop terminates when transcription is
achieved.

e In cancer genetics (see Ch. 5), the proliferation of mutated cancer cells
can occur through feedforward mechanisms that are unchecked. For
example, in some forms of breast cancer the inflammation-associated
enzyme nitric oxide synthase (NOS) is upregulated in response to
factors such as hypoxia and exogenous NO production, consistent with
a feedforward regulation of NO in the tumour microenvironment and
associated with aggressive disease and poor prognosis.

e Production of the action potential is another example: the plasma
membrane ion channels of the neuron plasma membrane are closed at
the resting potential. Stimulated by chemical signals from the nerve
ending, the sodium ion channels open, leading to an inflow of sodium
that increases the membrane potential. This causes more ion channels
to open, causing a rapid increase in the membrane potential as sodium
jons pour in, resulting in a strong electrical signal. This continues until
all the channels are open (the membrane reaches a threshold potential
at which point the membrane polarity has reversed and the sodium
channels become inactivated, reversing the process).

Information box 1.2

Feedforward mechanisms trigger the change in a variable before
the change is needed; it anticipates the need for the change and
accelerates the change.

Water and electrolytes: homeostatic
control of body fluids

The functional unit of the human organism is the cell; the human
body is made up of some 10 trillion cells (10"). The structure of
the human cell is discussed in Chapter 2 (Biochemistry and cell
biology). Each cell contains fluid, which is a solution of electrolytes
and a variety of biochemical compounds and in which organelles,
including the nucleus, are suspended. Extracellular fluid (ECF)
compartments are separated from cells by the cell membrane.
The cells and extracellular compartments of different organs have
different components that perform biological processes that determine
their functions. Depending on the requirements for these biological
processes, the fluids, electrolytes and biochemical compounds are
constantly being transferred from one compartment to another. The
precise mechanisms for maintaining this balance are not yet fully
understood, so laboratory measurements of serum electrolytes can
only be a rough guide to the state of the internal environment.

The ensuing chapters describe the makeup of the various human
organs, their composition and functions. In particular, Chapter 4
(Pharmacology) discusses drug distribution through the body, the
mechanisms concerned with transferring compounds and metabolites
into and out of cells; and Chapter 16 (Diet and nutrition) discusses
the requirements for water and electrolytes, the balance of these
substances in healthy people and the processes that could disrupt
normal function.

Total body water in a healthy 70-kg adult male is between 40 and
45 litres. The amount of total body water is inversely related to body
fat (adipose tissue); therefore a higher proportion of fat leads to a
lower proportion of water.

Basically, there are two compartments of fluid in the human body
(Fig. 1.5): the ICF compartment, which is fluid within all the cells and
is the larger of the two, and the ECF compartment, which surrounds
the cells. The ICF compartment occupies about two-thirds of total
body water (40% body weight).

The ECF compartment is further divided into:

1. Interstitial fluid (ISF) between the cells, the larger of the ECF
compartments, occupies two-thirds of the ECF.

Control centre
(set point)

Effector Sensor

{ Decrease { Decrease

4 Increase 4 Increase

Variable

Fig. 1.4 Positive feedback loop. An increase in the variable
produces an effector response to increase it, and vice versa, until
the loop is terminated.



2. Intravascular fluid (IVF), which is mainly plasma, is contained
in blood vessels and comprises about 25% of the ECF. All
blood constituents, such as red and white blood cells,
platelets, plasma proteins, various nutrients and electrolytes,
are carried in plasma. Plasma makes up about 60% of blood
volume (see Ch. 12). The lymphatic system contains the
remainder of ECF.

Each compartment has a different ionic composition (see Ch.
2, Table 2.3). In healthy people, the distribution and constitution of
the fluid compartments are homeostatically controlled to enable
normal physiological function. Homeostatic imbalance leads to
disease (Information box 1.3).

There are other small, discrete, collections of ISF, discussed in
the systems of the body. Examples include the cerebrospinal fluid,
which bathes the brain, the fluid inside the eye (Ch. 8), fluid in joints
(Ch. 9) and fluid secreted into the intestines (Ch. 15).

Information box 1.2 Some examples of
feedforward control

Many examples of physiological feedforward control exist. Some examples

include:

e Salivation and increased stomach secretion in anticipation of food being
eaten, as discussed in Chapter 15 (The alimentary system).

e |n response to eating, a fast phase of insulin secretion by the 3 cells of
the pancreas is triggered even before blood glucose levels rise in the
portal circulation in anticipation of the requirement for insulin for
glucose metabolism. When blood glucose levels rise, a negative
feedback mechanism takes over for glucose homeostasis. This is
discussed in Chapters 3 (Energy and metabolism) and 10
(Endocrinology: Endocrine control of glucose metabolism).

e When blood glucose is plentiful, as in the fed state (Ch. 3), muscle and
fat cells express a glucose transporter (GLUT4, which is regulated by
insulin) in anticipation of the need to transport glucose into the cells for
storage.

¢ |n gene regulation, the sequence of events that activate transcription
factor genes may be seen as a feedforward control, where cell
differentiation is controlled by a network of factors, each activating the
next in sequence. This is discussed in Chapter 5 (Human genetics:
Genes and development).

e |n haematology (Ch. 12), the development of mature blood cells from
stem cells follows a haemopoietic cell lineage, which is a feedforward
mechanism.

e |n the motor system, fast movements are controlled by feedforward
mechanisms that anticipate what is required, based on learned,
pre-existing motor programmes, €.g. playing the piano (Ch. 8, The
nervous system: Motor control and pathways). Feedforward failure,
where feedforward commands to alternating agonist/antagonist
muscles cannot be properly timed, can lead to tremor, speech
impairment and other rapidly alternating movements. Negative
feedback, based on muscle stretch, is too slow. Training (practice) can
accelerate feedforward.

e In neural signalling, the mechanism behind long-term potentiation (LTP)
to continually strengthen synapses is still not well understood. It has
been suggested that it may be associated with variation in dendritic
spine length that can change over minutes or hours. This variation
alters electrical resistance and increases synapse strength in a
feedforward mechanism. LTP is associated with learning and memory
(see Ch. 8).

e During exercise, a neurological feedforward mechanism can be
triggered, where blood lactate levels rise in anticipation of the
increased need for glucose. Lactate is a precursor for glucose in
gluconeogenesis.
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Total body water (TBW)
60% of body weight = 42 litres

l

Intracellular fluid (ICF)
40% = 28 litres

Extracellular fluid (ECF)
20% = 14 litres

l Cell membrane
Blood Interstitial fluid (ISF)
plasma 15% = 10.5 litres
5% =
3.5 litres

Capillary endothelium

Fig. 1.5 Distribution of body fluid in compartments.
Approximate values in an adult weighing 70 kg, showing percentage
of total body water.

Information box 1.3 Some clinical effects of homeostatic
failure in fluid compartments:
intravascular volume

Dehydration occurs when there is insufficient fluid (water) in all the
compartments; some effects are described in Clinical box 1.5. Water
overload leads to fluid accumulation in the tissues, particularly in the
interstitial compartment, as described in Clinical box 1.6.

Homeostatic disturbance also occurs when there are abnormalities in
the intravascular compartment, principally in blood plasma, known as the
intravascular volume status:

e Fluid depletion in plasma is known as hypovolaemia. Hypovolaemia
may be related to overall fluid depletion through severe diarrhoea and
vomiting, or from renal or other extrarenal causes. Depending on
whether the fluid loss is primarily water or solutes, hypovolaemia may
be hyponatraemic, isonatraemic, or hypernatraemic, related to plasma
sodium (Na*) levels (see later). Plasma concentrations of Na*, K*, urea
and proteins will rise, as will the volume of red cells: packed cell
volume (PCV), also known as the haematocrit (see Ch. 12). The raised
haematocrit (and to a lesser extent plasma protein concentration)
increases blood viscosity so that blood flow through the vessels is
much slower. Red cells and other blood constituents, such as platelets,
tend to aggregate and stick together, increasing the risk of
intravascular coagulation. The increased plasma protein concentration,
particularly some proteins such as fibrinogen and immunoglobulins,
also increases red cell aggregation. When chronic, increased blood
viscosity is associated with the development of atheroma and coronary
heart and peripheral vascular diseases. When there is acute and severe
fluid or blood loss, as in dehydration or haemorrhage, hypovolaemic
shock may occur. The heart is no longer effective as a pump to supply
essential organs with blood, and multiple organ failure occurs. This is a
medical emergency, as the consequences could be fatal.

o Hypervolaemia occurs when there is fluid overload and is usually
associated with increased body sodium. The excess sodium causes an
increase in extracellular fluid volume, which in turn leads to the entry
of water into the intravascular compartment. The increase in sodium is
related to homeostatic failure in sodium handling, as in congestive
heart failure (CHF), renal failure or hepatic failure. Other causes include
excessive sodium intake, intravenous infusions of saline or blood and
some drugs.
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Information box 1.4 Anion gap - a diagnostic aid

The body fluids, serum, plasma or urine, contain positively charged ions
(cations), such as sodium and potassium, and negatively charged ions
(anions), such as chloride and bicarbonate. The anion gap is a value
calculated by subtracting the concentration of anions (CI~ and HCO")
from that of cations (Na* and K*). Note that potassium is often omitted
from the calculation, as the concentrations are very low. This value is
clinically useful as an aid to diagnosis.

The anion gap may be high, normal or low. A high anion gap
suggests metabolic acidosis. A low anion gap is rare and is due to the
presence of abnormal cations, as in multiple myeloma, or a low serum
albumin level. Some conditions leading to a high anion gap include renal
failure (decreased HCO5™ reabsorption and increased acid excretion), lactic
acidosis, diabetic ketoacidosis, toxic effects of some drugs and poisons.

The body fluid compartments are separated by semi-permeable
barriers.

e The intracellular compartment is separated from the
extracellular compartments by the cell membranes that allow
water to move in and out of cells, but restrict the movement of
the main extracellular ion, sodium, so that water can move
freely between the compartments but sodium cannot move
into cells except in disease conditions.

¢ In the extracellular compartment, ISF is separated from blood
plasma by the endothelium in blood vessels (see Ch. 11, The
cardiovascular system). In healthy people, the movement of
blood cells and proteins between the interstitial and
intravascular compartments is restricted. Water and ions can
move freely between the two compartments. There are many
ions in blood. The difference in the total number of positive
and negative ions is calculated in the anion gap (Information
box 1.4).

Movement of fluids between compartments

In healthy people, fluids constantly move between the different

compartments of the human body. The driving forces consist of:

e Pressure generated by the pumping of the heart (hydrostatic
pressure). Hydrostatic pressure in the circulation refers to the
pressure exerted by the volume of blood in a blood vessel

(see Ch. 11). Capillary hydrostatic pressure drives fluid out of

the capillary bed (also known as filtration). It is highest at the

arteriolar end and lowest at the venule end of the capillary
bed. Interstitial hydrostatic pressure, determined by ISF
volume and tissue compliance, opposes capillary hydrostatic
pressure.

e Osmotic pressure, exerted by substances in solution, prevents
the flow of water across a semi-permeable membrane, i.e. the
cell membrane. Osmosis is the passage of a solvent through a
semi-permeable membrane from a solution of higher
concentration of solute to one of a lower concentration, and
occurs when two solutions of different concentration are
separated by a membrane which will selectively allow some
solutes to move across. Thus, water osmotically moves from
more dilute to more concentrated solutions, and osmotic
pressure is pressure exerted by the solutes that must be
applied to the solution from outside to prevent osmosis from
occurring (Fig. 1.6).

Disturbance of either the efficiency of the heart as a pump or
the composition of body fluids as a consequence of disease would
lead to manifestations of disease as symptoms and signs. These
mechanisms are discussed in almost all the chapters on systems of
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Fig. 1.6 Osmotic movement of water across a membrane.

the body, particularly in Chapters 11 (The cardiovascular system),
13 (The respiratory system), 14 (The renal system) and 15 (The
alimentary system).

Properties of forces that drive fluid movement
between compartments

The movement of water between compartments is driven by
characteristics of the body fluids in the different compartments.
These are complicated mechanisms and are perhaps best understood
by considering the osmolarity and tonicity of the solutions.

Osmolarity

Osmolarity is a measure of the osmotic pressure exerted by a
solution across a perfect semi-permeable membrane which allows
free passage of water and completely prevents movement of solute.
Osmolarity depends on the number of particles in solution, but not
the nature of the particles. If two solutions contain the same number
of particles they are iso-osmotic (isosmotic) with each other. If
one solution has a greater osmolarity than another solution, it is
hyperosmotic compared to the weaker solution. If one solution has
a lower osmolarity than another solution then it is hypo-osmotic
(hyposmotic) compared to the stronger solution.

Tonicity (Clinical box 1.2)

Tonicity is a measure of the osmotic pressure that a substance exerts
across a semi-permeable membrane compared to blood plasma
(as opposed to water for osmolarity), and is almost the same as
osmolarity for substances that are impermeable to cell membranes.
Tonicity depends on the number of particles in solution and also the
nature of the solute. If a cell is suspended in a solution that exerts
no osmotic pressure, the solution is isotonic; therefore there is no
movement of water across the cell membrane. A solution containing
more osmotically active particles than the cell is hypertonic and
will draw water out of the cell, which shrinks. A solution with fewer
particles is hypotonic, causing water to move into the cell, which
swells and eventually bursts.

Clinical box 1.2 The effect of tonicity in disease

Uraemia (abnormally high levels of plasma urea) occurs in renal failure
(see Ch. 14). Cell membranes are permeable to urea, so high levels

in the extracellular compartment allow urea to enter the cell and the
concentration of urea becomes higher in the intracellular compartment.
Urea molecules are osmotically active, so the intracellular fluid becomes
hypertonic. Water is drawn into the cell, which swells and then bursts,
resulting in cell death. This can occur in any cell, but may be lethal in
the brain.



Effect of solutes on body fluids

Some ions (solutes) in solution can penetrate the cell membrane
while others cannot, so the three body fluid compartments contain
different solutes. For example, cell membranes are impermeable to
sodium (Na*) but permeable to potassium (K*); therefore Na* cannot
move into cells by simple diffusion, whereas K" can diffuse out.

Within cells, the intracellular ions are mainly K* (together with
phosphate and some large anions, e.g. proteins). Outside the cells,
extracellular ions are mainly Na*. These ions are moved in and out of
cells by Na™ and K* transporters, discussed in all the chapters about
the systems of the body, and particularly in Chapter 4 (Pharmacology),
where the action of drugs depends on their movement in and out
of cells.

In the extracellular compartment, the solutes in the ISF differ from
those in the IVF. While the ionic content of ISF and blood are the
same, proteins in blood are barred from the interstitial compartment
by the vascular endothelium. The higher hydrostatic pressure in
blood tends to push water out, but the proteins exert a colloid
osmotic pressure that opposes the blood hydrostatic pressure
so that excess fluid does not enter the ISF and blood volume is
maintained at a constant level.

The physiological processes that maintain life depend on the constant
movement of fluids and solutes in and out of cells and between
extracellular compartments. Fluids are also lost as urine and sweat
and through respiration. In healthy people, fluids in the different body
compartments have the same osmolarity (and tonicity). In disease
states, when there are changes in either the water or solute content
in the fluids, there will be a net movement of fluid between the
compartments. The fluid and solutes lost have to be replaced by
fluid intake and vice versa, so that the volume and composition of
body fluids in each compartment are maintained in status quo. This
is achieved through hormonal mechanisms. Human behaviour, such
as drinking fluids in response to fluid loss, also helps to maintain
fluid balance.

Hormonal control of fluid balance (Clinical box 1.3)

The renal system has a major role in the control of balancing fluid
intake with fluid loss, as discussed in Chapter 14 (The renal system).
The kidney forms urine in a process that filters fluid, retaining essential
nutrients (e.g. protein and glucose) but excreting waste products
of metabolism (e.g. urea), and some electrolytes (e.g. Na“) are lost.
These are complex processes that require hydrostatic pressure to
drive filtration, and changes in osmolarity (or tonicity) in the different
parts of the renal system for recovering water, small molecules,
sugars, amino acids and electrolytes from the primary filtrate. An
osmoreceptive complex in the hypothalamus that secretes vasopressin
(antidiuretic hormone, ADH) controls the mechanisms that balance
fluid intake with fluid loss is (see also Ch. 8, The nervous system).
Vasopressin is the hormone that regulates urine volume. It is released
from the posterior pituitary gland in response to small changes in
osmotic pressure. Failure of any part of these mechanisms would
lead to a failure in fluid balance.

Behavioural control of fluid balance

(Clinical box 1.4)

In healthy people, lost body fluid is replaced through drinking. Daily
fluid loss varies depending, in part, on environment and physical
activity. For example, fluid loss increases with sweating in hot climates
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Clinical box 1.3 Some examples of renal causes for
homeostatic failure in fluid balance

Disorders in the control of fluid balance related to renal mechanisms may
be central, as in failure of control by the brain, or peripheral, as in kidney
disease. Chapter 14 discusses these in detail.

Failure of central control

o Under-secretion or lack of vasopressin may occur due to hypothalamic
or posterior pituitary damage. There are a variety of causes, discussed
in Chapter 14, including tumours, trauma (head injury) and surgical
damage, among others. This results in the daily excretion of a high
volume of dilute urine (polyuria), accompanied by excessive drinking
of water (polydipsia), which is characteristic of a condition known as
diabetes insipidus. There is also a condition in which the receptors in
renal tubules become unresponsive to vasopressin.

e (Qver-secretion of vasopressin, known as the syndrome of inappropriate
ADH secretion, may be caused by low fluid intake or ectopic tumours
and others. This can also occur post-operatively.

Failure due to kidney disease

This is more common than failure of central control.

e |mpairment to filtration due to abnormal hydrostatic pressure may be
caused by failure of the heart as a pump or abnormality of the blood
vessel supplying the renal apparatus. Examples include heart failure,
hypertension (high blood pressure), damage to renal vasculature from
any cause, particularly atheroma/arteriosclerosis, and related conditions
such as diabetes mellitus.

e Disease of the renal apparatus responsible for producing urine which
could lead to disturbance in renal handing of either water, molecules
(e.g. protein, glucose) or electrolytes (e.g. Na*). This explains, in part,
the appearance of glucose and protein in the urine in conditions such
as diabetes mellitus. Significant conditions include acute or chronic
renal failure from any cause.

Clinical box 1.4 Some behavioural effects leading to
disturbance of fluid balance

Excessive drinking (polydipsia) may be driven by thirst or be psychogenic.
Polydipsia leads to a dilution of ECF, decreasing the osmolarity. The
hypothalamus responds to the reduced osmotic pressure with decreased
vasopressin secretion, leading to the passing of high volumes of dilute
urine (polyuria). In extreme cases, water intoxication may occur, when the
Na* concentration in ECF falls to the extent that water enters the cells,
causing them to swell. In the brain, this can lead to coma and convulsion
and may be lethal. Water overload may also occur through parenteral
nutrition (see Ch. 16, Diet and nutrition).

e Polydipsia may be caused by thirst as the side effect of some drugs,
e.g. phenothiazines, diuretics, anti-diabetic agents. It is also a
symptom associated with diabetes mellitus (see Ch. 3, Energy and
metabolism).

e Psychogenic polydipsia is associated with some mental illnesses, such
as schizophrenia, or some form of intellectual disability, but may also
be psychological, e.g. during a panic attack. This could lead to an
inaccurate diagnosis of diabetes insipidus.

(see previously, Heat-loss mechanisms) and during exercise (Clinical
box 1.5). The excretion of urea and salt (Na) is affected by dietary
intake; a high-protein, high-salt diet would lead to increased urea
and Na* excretion accompanied by increased urine output, whereas
a low-protein, low-salt diet has the opposite effect (Clinical box
1.6). This effect is utilised in some therapeutic diets, as discussed
in Chapter 16 (Diet and nutrition). Thirst is the sensation that drives
the behaviour of drinking water.
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Clinical box 1.5 Some clinical manifestations of fluid
imbalance. 1. Dehydration

Urine overproduction, excessive loss of body fluids or inadequate fluid
intake leads to dehydration. Dehydration occurs when water input is less
than water loss. Physiologically, it also involves the loss of electrolytes,
mainly Na*.

o |f electrolyte loss is the main problem, then it is known as
hyponatraemic or hypotonic dehydration.

o |f water is the primary loss, body fluids become hypertonic, i.e.
hypernatremia or hypertonic dehydration.

o |f water and Na* loss is balanced, then dehydration is isonatraemic or
isotonic.

These issues are important when considering fluid replacement
therapy (see Ch. 16, Diet and nutrition: Parenteral nutrition). Water moves
from the intravascular to the extravascular compartment in hypotonic
dehydration, which in turn affects intracellular osmolarity and, particularly
if brain cells are affected, may lead to seizures. In hypertonic dehydration,
the reverse occurs and may result in osmotic cerebral oedema if
rehydration is too rapid.

To compensate for the reduced plasma volume, the heart and
respiratory rates increase, leading to hypotension (low blood pressure).
Further complications of hypotension include reduced renal perfusion (low
hydrostatic pressure), which can cause renal failure. Body temperature
rises due to the shutdown of heat-loss mechanisms that involve water loss.
e Symptoms of mild dehydration include dry mouth and thirst. Signs

include decreased skin turgor (skin stays puckered if pinched gently)
and low urine output. Infants may have a sunken anterior fontanel.

e Moderate to severe dehydration leads to anuria (reduced or no urine
output). Symptoms of lethargy, delirium, seizures and orthostatic
hypotension (fainting) may also occur. Death may ensue with increasing
severity.

Dehydration may be caused by excessive fluid loss or inadequate
intake.

Excess loss of fluids

e |ncreased urine output, as in diabetes mellitus (see Ch. 3, Energy and
metabolism) and diabetes insipidus.

e | oss of other body fluids, as in severe vomiting and diarrhoea due to
gastrointestinal disease (see Ch. 15, The alimentary system) or
infection, such as cholera, and following surgical bowel resection (e.g.
colostomy).

e |oss of plasma, as in haemorrhage or burns, and following some
surgical procedures.

Inadequate fluid intake occurs

e |n malnutrition and fasting (see Ch. 16, Diet and nutrition).

e |n the elderly as a behavioural consequence and in infants due to
inadequate feeding.

Clinical box 1.6 Some clinical manifestations of fluid
imbalance. 2. Oedema

Underproduction of urine leads to water overload, resulting in the
accumulation of water in the tissues (oedema). Oedema may be a
symptom or a sign and is clinically important. Patients may complain of
facial puffiness or shoes feeling ‘tight’. Clinical examination may
demonstrate ‘pitting’ (@ dent in the skin on gentle pressure that persists
after pressure is released) over the ankles, shins or sacrum. There are
many causes for oedema, including:

e Failure of renal mechanisms or due to abnormalities in hydrostatic
pressure as a consequence of heart failure (see Ch. 11, The
cardiovascular system)

e Failure of renal clearance of water and electrolytes (see Ch. 14, The
renal system) or

e Failure of the lungs to clear CO, (see Ch. 13, The respiratory system).

To properly formulate diagnostic and therapeutic decisions, it is
important to distinguish which physiological mechanisms are disordered.

Oedema is commonly treated with diuretics (see Ch. 4, Pharmacology).

Thirst

Chapters 14 (The renal system) and 8 (The nervous system) describe
the osmoreceptors in the hypothalamus. These also cause the
sensation of thirst in response to stimulation by an increase in
plasma osmolarity, and, less so, by a fall in plasma volume. The
behavioural response to thirst is drinking. The presence of fluid in
the mouth and pharynx abolishes thirst before the restoration of
normal osmolarity and plasma volume.

Acid-base balance: homeostatic control
of hydrogen ions (Clinical box 1.7)

Acid-base balance is the regulation of hydrogen ion (H*) concentration
in body fluids. The concentration of free H, i.e. not bound to other
molecules such as proteins, determines the acidity of body fluids.
This is measured as the partial pressure of free H* in solution in body
fluids (pH). The partial pressure of a gas in solution is the pressure
that the gas would exert if it were the sole occupant of that volume
of fluid. Thus, the total pressure of a mixture of gases in solution is
the sum of the partial pressures of each gas.

The pH of body fluids determines the rate of activity of the
thousands of enzymes that control physiological processes. Enzymes
are biological molecules that catalyse (accelerate) chemical reactions
in cells at a rate sufficient to sustain life. Enzymes in general are
discussed in detail in Chapter 2 (Biochemistry and cell biology)
and also in almost all the systems. The various mechanisms for
maintaining acid-base balance are discussed in detail under various
headings in Chapters 3 (Energy and metabolism), 12 (Haematology),
13 (The respiratory system) and 14 (The renal system). Disturbances
of acid-base balance could lead to life-threatening conditions.

Partial pressure of hydrogen ions

The pH of a neutral solution such as water is 7. Increased H*
concentration lowers the pH, rendering the solution acid, whereas
reduced H" concentration raises the pH, making the solution alkaline.
In healthy people, the H* concentration in body fluids is regulated
within a narrow physiological range (see below). Homeostatic
failure, as the result of disease, leads to deviation of pH outside the

ﬂ Clinical box 1.7 Lactic acidosis

Cellular glucose metabolism is a two-stage process in which glucose is
finally broken down to water (H,0) and carbon dioxide (CO,) (see Ch. 3).
Put simply, glycolysis first breaks glucose down to pyruvate, which is then
oxidised in mitochondria to CO, and H,0. The second stage requires
oxygen. If there is inadequate oxygen, either due to lack of tissue

oxygen or a metabolic abnormality, the pyruvate is converted to

lactate, which is released into the blood stream and may accumulate
over time.

Lactic acidosis occurs when there is an accumulation of lactic acid,
and blood and tissue pH is very low (acidosis). This can occur during
conditions of extreme low blood pressure as in cardiogenic or septic
shock, when there is a reflex vasoconstriction to abdominal organs,
skin and other peripheral structures, leading to lack of oxygen. The
acidosis compromises cardiac function, causing further vasoconstriction,
oxygen lack and lactic acid production. This is potentially lethal if not
corrected.

Some other causes of lactic acidosis include extreme, severe exercise,
poisoning (e.g. ethylene glycol or anti-freeze), decreased lactate
metabolism by the liver and some drugs (such as the accumulation of
metformin in diabetics with chronic renal disease).



Table 1.1 pH values for some fluids

Solution pH
Hydrochloric acid (0.1 moles/L) 1.0
Gastric juice 1.0-2.5
Lemon juice 2.1
Tomato juice 4.1
Urine (average) 6.0
Saliva 6.8
Milk 6.9
Pure water (25°C) 7.0
Blood (average) 7.4
Sea water 7.9-8.3
Ammonia (NH;, 0.1 moles/L) 11.1

physiological range and gives rise to specific signs and symptoms.
These mechanisms are discussed in detail in Chapters 13 (The
respiratory system) and 14 (The renal system). Extreme deviations
outside of this range are incompatible with life.

The normal pH of blood is about pH 7.4. Arterial blood is slightly less
acidic (at pH 7.45) than venous blood (pH 7.35). Acidosis occurs
when blood pH falls below pH 7.35 and alkalosis is present at a
pH value of over 7.45. Death would ensue if blood pH falls below
pH 6.8 or rises above pH 8.0 for a significant period.

Some physiological process work best at pH values that are
different from blood pH. Table 1.1 shows the pH values for some
fluids. For example, muscle activity produces lactic acid, bringing
the pH in myocytes to between pH 6.8 and pH 7.0, and sometimes
below pH 6.4 (see Ch. 9).

Many intracellular chemical reactions need to perform within a narrow
range of pH, known as the optimal pH, at which they occur faster.
Generally, optimal pH is similar to blood pH. Depending on the
normal pH of the compartment in which the reaction takes place,
however, optimal pH can vary.

Chapter 8 (The nervous system) discusses the effects of changes
in pH on the brain and peripheral nerves. A reduction in pH (acidosis)
causes a reduction in excitability, especially in the brain, which
can lead to confusion and, in extreme cases, coma and death.
Conversely, an increase in pH (alkalosis) will produce unwanted
nervous activity in the peripheral and central nervous systems. Nerves
become hypersensitive and transmit signals in the absence of normal
stimuli, producing symptoms such as numbness and tingling, caused
by overactivity of sensory nerves. Overactivity in the nerves that excite
the muscles can cause muscle spasms, which in severe cases can
lead to paralysis of the muscles required for breathing. Excessive
nervous activity in the brain may lead to convulsions.

Chapter 13 (The respiratory system) discussed the mechanisms
for the respiratory control of blood pH, and the effects of pH changes
on respiration: known as respiratory acidosis or alkalosis. Chapter 14
(The renal system) discusses the renal control of acid-base balance
and the effects of homeostatic imbalance: known as metabolic
acidosis or alkalosis.
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% Table 1.2 Buffer capacity of the main buffer systems in
the blood

Buffer system Capacity (mmol H*/L)

Bicarbonate/carbon dioxide 18
Protein 1.7
Haemoglobin 8
Phosphate 0.3
Total 28

Acids are a by-product of metabolism. Carbon dioxide (CO,), essential
for the adjustment of pH, is a by-product of energy metabolism.
Metabolism of dietary fats and proteins produces acid and exercising
muscles release lactic acid. Chapters 3 (Energy and metabolism) and
16 (Diet and nutrition) discuss the breakdown of ingested food to
provide energy for metabolic processes. Chapter 15 (The alimentary
system) outlines the absorption and digestion of food, water and
minerals. Chapter 14 (The renal system) describes how the kidneys
produce acid.

Alkalis (bases) are not by-products of metabolic processes, but
are ingested in food (vegetables). The excess meat (protein and fat)
in Western diets may lead to an increased production of acid. In
health, this excess acid is dealt with by homeostatic mechanisms
to maintain acid-base balance:

e Chemical buffers act to limit the free H" concentration of body
fluids in the short term.

¢ Renal and respiratory homeostatic mechanisms increase the
excretion of CO, and H*.

A buffer system limits changes in free hydrogen ions [H*] in body
fluids. The H* (acid) combines with weak acids (bases) in free solution,
thus limiting any large changes in [H']. These systems consist of
buffer pairs, which are only partially dissociated at normal pH ranges
found in the body, so both acid and base are present. If hydrogen
ions are added to the system, they can bind to the base to prevent a
fall in pH. If hydrogen ions are removed, then more acid dissociates
to form H* so that the pH is unchanged. The amount of change
that can be prevented depends on the amount of the buffer pair
present. Three main buffer systems maintain a relatively constant
pH in body fluids:

e Bicarbonate/carbon dioxide

e Proteins, particularly haemoglobin

* Phosphate.

The amount of H* that each buffer system is able to buffer is known
as the buffer capacity (Table 1.2). Changes in pH are seen when
the buffer capacity is exceeded.

Blood contains all three buffer systems. In ISF, buffering is
done by the bicarbonate and phosphate systems because there
is very little protein in ISF. The intracellular compartments also use
all three systems, being rich in protein and phosphate, although
the bicarbonate concentration is lower than in ECF (see Ch. 2,
Table 2.3).

Bicarbonate/carbon dioxide

In blood, the bicarbonate/carbon dioxide buffer system performs
an important role in acid-base balance. It is the main buffering
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system in ECFs. It buffers H" from mechanisms that do not involve
either bicarbonate (HCO;") or CO,, e.g. falls in H in response to
lactate production in exercise or the use of fat as fuel substrate in
diabetes. These processes are discussed in Chapter 3 (Energy and
metabolism).

In aqueous solutions, CO, forms carbonic acid (H,COjz), which
dissociates into H* (acid) and HCO;™ (base):

CO, +H,0 = H,C0, = H* +HCO,"~

The rate at which acids dissociate is known as the dissociation
constant (K), referred to as the pK. A buffer is most effective when
its pK is close to the desired pH.

Protein buffers

The acidic and basic protein side-chains accept or donate H* to limit
changes in pH. Chapter 2 (Biochemistry and cell biology) discusses
the structure of proteins. The carboxyl and amino groups found at
the ends of each protein chain also accept H*. Proteins, e.g. albumin,
in plasma buffer significant amounts of H".

Haemoglobin buffer system

Haemoglobin, a protein in red cells, is discussed in detail in Chapter
12 (Haematology). Its main function is oxygen transport in the
circulation. Carbon dioxide, a waste product of metabolism, has
a complex transport system, but haemoglobin also has a role in
CO, transport. When CO, from tissues is taken up by haemoglobin,
it is converted by the enzyme carbonic anhydrase in red cells to
carbonic acid (H,COjy) that takes part in the bicarbonate/carbon
dioxide buffer system. Haemoglobin also absorbs H" when H*
combines with deoxyhaemoglobin (formed by the release of O,
from oxyhaemoglobin), which has a higher affinity for H" ions. The
movement of HCO;™ into plasma is counterbalanced by the chloride
shift of chloride ions (CI") into red cells (Fig. 1.7).

Bicarbonate diffuses back into the plasma to be transported by
the venous circulation to the lungs, where haemoglobin takes up
oxygen to form oxyhaemoglobin. Oxyhaemoglobin has a low affinity
for CO,, which is released and exhaled.

About 10% of CO, in haemoglobin is carried as car-
baminohaemoglobin, where the combination of CO, to the
haemoglobin molecule results in the release of further H* ions in
addition to those generated from carbonic acid. Not all the H* ions
are taken up by haemoglobin, so that venous blood is slightly more
acid than arterial blood (see Ch. 12).

COy
from tissues

Red blood cell

Blood plasma

80-90% £ COy + Hy0 —» HyCO3 —» H* + HCO3~

COz + Hb —» HbCOO™ + H*

5-15%

Y
In solution (5%)

CI~ HCO3™

Fig. 1.7 carriage of carbon dioxide in blood.

Chapter 13 (The respiratory system) discusses disturbances in
acid-base balance when lung function is compromised (metabolic
acidosis and alkalosis).

Phosphate buffer system

The phosphate buffer system is intracellular. It consists of dihydrogen
phosphate, an acid, which dissociates to hydrogen phosphate
and H".

H,P0,~ = HPO,* +H*

Phosphate buffering is an important mechanism for H* ion excretion
by the kidneys. This is discussed in detail in Chapter 14 (The renal
system). Whilst buffering systems control H* concentration, the
excess H' ions have to be excreted. This is a renal function, where
phosphate and ammonia are excreted and act as buffers for the
H* secreted into urine.

The control of acid-base homeostasis is performed by the lungs
and kidneys.

Respiratory control of pH (Clinical box 1.8)

The respiratory control of pH is dependent on the bicarbonate/
carbon dioxide buffer system, which has the highest capacity of all
the buffering systems. Chapter 13 (The respiratory system) discusses
the mechanisms in detail.

In essence, the removal of CO, by the lungs restricts the amount
of circulating free H" ions and thus the pH. If the pH falls, i.e. acidosis
occurs, respiration increases either in the rate or depth of breathing
to remove more CO,. The removal of CO, allows the pH to rise.
Conversely, if the pH rises (alkalosis), a compensatory decrease
in respiration takes place, CO; is retained and pH falls. Breathing
is therefore partly controlled by blood pH. Chronic lung diseases,
with or without impairment of the respiratory centre, could lead to
respiratory acidosis or alkalosis (Clinical box 1.8 and also see
Ch. 13).

Clinical box 1.8 Disturbance of acid-base balance
related to lung ventilation: respiratory
acidosis or alkalosis

Gas exchange in the lung relies on two mechanisms:

e The bellows, consisting of respiratory muscles, and the chest wall,
which pump the gases in and out of the lungs; and

e The lung structures, i.e. the airways, alveoli and blood vessels, which
are responsible for gas exchange.

If either or both are damaged, the take up of oxygen and the removal
of carbon dioxide is affected. The CO, content in blood is the main
determinant of acidity (pH) in respiratory acidosis or alkalosis.

Respiratory acidosis is caused by CO, retention, when the ability of
the lungs to remove CO, is reduced. Failure of any part of the gas
exchange mechanisms could do this. Some examples include:

e Disease of the airways: COPD, asthma, bronchial tumours

e Lung disease: emphysema

e |mpairment of bellows: neuromuscular disease, chest wall and/or spinal
deformities, interstitial fibrosis, disease of central respiratory control
mechanisms (depression of respiratory centre, narcotics overdose,
cardiopulmonary arrest).

Respiratory alkalosis is caused by abnormal, excessive removal of CO,
through hyperventilation, which may be caused by anxiety or hysteria, brain
injury or stroke, excessive mechanical ventilation and overdose of some drugs.



Renal control of pH (Clinical box 1.9)

The kidneys contribute to acid-base homeostasis by excreting H*
and HCO;™ in the urine. These are complex mechanisms and are
discussed in detail in Chapter 14 (The renal system). The renal
secretion of H" and reabsorption of bicarbonate are the functions
that control blood pH.

Renal H* excretion

Carbon dioxide diffuses into the kidney tubule cells, where carbonic
anhydrase converts CO, and H,O to H,CO;. H,CO; dissociates to
H* and HCO;7; HCO; is transported to blood and H* is excreted
in urine (Fig. 1.8). Nearly all the H* found in urine is secreted by the
kidneys. To prevent H* diffusing back into the tubules, urine is kept
at a pH not less than 4.5.

Renal bicarbonate reabsorption

Bicarbonate is indirectly reabsorbed from the renal tubules because
the cells lining the renal tubules are impermeable to HCO;™. The
HCO;s™ in tubules reacts with secreted H* to form H,CO; (Fig. 1.9). On

Homeostasis 13

Clinical box 1.9 Disturbance of acid-base balance
related to renal mechanisms: metabolic
acidosis and alkalosis

Disturbance in acid—base balance from renal causes, known as metabolic
acidosis or alkalosis, primarily affects the bicarbonate component of a
system (see also Ch. 14).
Some causes of metabolic acidosis include:
e Qverproduction of acid, as in lactic acidosis (see Clinical box 1.7)
e Chronic renal failure when renal H* excretion is reduced
e Diabetic ketoacidosis, where alternative metabolic fuels other than
glucose are used
e Bicarbonate loss from gastrointestinal disease
e Some drugs.
Some causes of metabolic alkalosis, although uncommon, include:
e Excessive acid loss, as in severe, prolonged vomiting of acid gastric
contents
e Renal disease
e Some drugs, such as diuretics.

Renal tubular lumen Renal tubule cell

Na* g Na* Na+ Na+

Filtered HPO,2~ H* H* K+ - K*
\ HCO;™ > HCO;™
| "
H,PO,~ H* + NH, H,CO3
Na+\ CA
NH,
y H,0 + CO, H,0 + CO,
NaH,PO, NH,*
Glutamate H,COs
/ Glutamine 1
Excreted Excreted /

H* + HCO5~

Fig. 1.8 Renal excretion of H* ions. H* combines with phosphate or ammonia before being excreted. CA, carbonic anhydrase.

Renal tubular lumen Renal tubule cell

Filtered NaHCO5~

Na* Na*

HCO,™ , H*

H+ K+
\ /, HCO,~ HCO;~

Na* > Na*

H,CO;4

fa

H,0 + CO,

4

Fig. 1.9 Renal reabsorption of bicarbonate. One molecule of HCO5™ is transferred from the tubular lumen to blood. CA, carbonic anhydrase.
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n Clinical box 1.10 An example of acid-base disturbance

Table 1.3 was constructed using data from patients with different respiratory
and metabolic acid—base disorders. This shows the range of changes in H*
and HCO,™ levels and pH values (Fig. 1.10). The table is used identify the
type of acid—base disorder. Serial measurements for individual patients in
graphic form are used to monitor the progress and effectiveness of treatment.
The arterial blood gases of an elderly man with emphysema showed the
following:
e pH=7.30
e pCO, =50 mmHg
e Standard [HCO5;7] = 32 mM
The pH value is below 7.35, so he has acidosis. The pCO, is greater than
45 mmHg, so the primary cause of the acidosis is respiratory. The standard
[HCO57] is greater than 28 mM, so he has respiratory acidosis with renal
compensation.

7.0

7.1 %(:J\§0

7.2+

7.3
7.4

7.5
7.6

pH

idosis
respiratory acidos

Arterial pCO, (mmHg)

Fig. 1.10 Acid base graphs showing H* and pCO, ranges
for acid-base disturbance. Normal range in red.

[ rable 13 Investigation of acig-base disturbance

1. Measure arterial pH (normal range pH 7.35-7.45)
pH < 7.35: acidosis

pH >7.45: alkalosis

2. Measure arterial pCO, and [HCO;] (standard bicarbonate). Normal values: pCO, 35-15 mmHg (4.8-6.1 kPa), [HCO;] 22-28 mM. The following

shows the values for the different types of acid-base disturbance

pCO, > 45 mmHg (6.1 kPa): [HCO;s] < 22 mM:
respiratory acidosis metabolic acidosis

3. Interpret the two measurements together

[HCO;] > 28 mM: pCO, < 35 mmHg (4.8 kPa):
respiratory acidosis with metabolic acidosis with
renal compensation respiratory compensation

the surface of the tubule cells, carbonic anhydrase converts H,CO;
to H,O and CO.,. The CO, diffuses freely into the tubule cells where
intracellular carbonic anhydrase catalyses the reverse reaction to
produce H,CO;. This then dissociates into HCO;™ and H*. The H*
is secreted into the urine and the HCO;™ diffuses into the blood.
The net result is the transfer of one molecule of HCO;™ from the
urine to the blood.

When a mechanism fails, for example in respiratory acidosis, a
compensatory renal mechanism may operate to retain bicarbonate

pCO, < 35 mmHg (4.8 kPa):
respiratory alkalosis

[HCO;] > 28 mM:
metabolic alkalosis

3. Interpret the two measurements together

pCO, > 45 mmHg (6.1 kPa):
metabolic acidosis with
respiratory compensation

[HCO;] < 22 mM: respiratory
alkalosis with renal compensation

and [H'] could return to normal. In respiratory alkalosis, when CO,
levels are persistently low a compensatory metabolic acidosis may
occur, although the response is usually slight (Clinical box 1.10
and Table 1.3).

Respiratory compensation of metabolic acidosis also occurs,
when respiration increases to ‘blow off’ CO, and allows [H'] to rise
in a respiratory alkalosis. There is usually a delay in this respiratory
compensatory mechanism. Similarly, respiratory compensation for
metabolic alkalosis, although slight, can occur.
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INTRODUCTION

Cell biology tells us about the structure and functions of the cell
and its organelles, whereas biochemistry addresses the chemical
basis of the composition of the human body, its structure and its
functions, and also the preservation and continuity of the structure
and function through generations. The body is an open system
and, thus, there are the interfaces with surroundings that are both
sensory and metabolic, the latter through nutrition and excretion
of metabolic products. The function of the organism may become
disrupted during both the lack of nutrients (starvation, malnutrition) and
their excessive intake (the diseases of excess: obesity, cardiovascular
disease and diabetes).

Central to metabolism and homeostasis is the energy flow:
metabolism includes reactions that are energy requiring (endergonic)

Biochemistry and cell biology
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