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PREFACE

Many students decide to follow a career path that is related to medicine,
for example Biomedical Sciences (Medical Technology in the USA), Clinical
Sciences, Clinical Physiology and Nursing. While there are a number of
textbooks for medical students and nurses as well as a number covering the
clinical biochemistry area, there did not seem to us to be a book that dealt with
disease from a more scientific standpoint. Such a book would cover a range
of disease conditions, their causes and diagnoses, and outline treatment but
set at an appropriate level. The idea of writing Biology of Disease arose from
discussions between ourselves and various colleagues and students over a
number of years regarding the absence of a single book, which summarized
most of the clinical material studied by first- and second-year Biomedical
Sciences and related-degree students. It was felt that such a textbook would
assist students during the first and second years of their degree programmes,
particularly if it covered aspects of the Biomedical Sciences appropriate
to courses accredited by the Institute of Biomedical Science of the UK and
similar courses elsewhere.

When writing Biology of Disease it was decided to include appropriate
background material, describing it in relatively simple terms. However, in
practice itwas not possible to cover all these aspects; hence some preknowledge
of biochemistry and cell and molecular biology has been assumed. Although
Biology of Disease is not primarily a medical textbook, we do think it could
also be of value to students participating in foundation courses for medical
schools. The areas and topics covered by the term biomedical sciences are vast
and we have had to curtail the number of topics included - modern medicine
and its ancillary subjects represent a huge body of knowledge.

The structure of the book aims to help students plan their learning and
navigate their way through complex topics. For example, all chapters begin
with clearly stated Objectives, followed by a short Introduction to set the scene
for the ensuing contents. The main body of text of all the chapters includes
‘Boxes’ of one or two pages length to highlight a medical or scientific aspect
we felt to be of special interest. Margin Notes emphasize material worth
highlighting and provide a little extra explanation to the text. Each chapter
has a concluding short Summary. Students (and staff) can test themselves
against the chapter material using the simple Case Studies and relevant
end-of-chapter questions provided. Each chapter is illustrated by simple line
diagrams, light and electron micrographs and tables, as well as molecular
models of compounds of interest.
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Units and drug nomenclature proved somewhat troublesome! For the sake
of consistency, we have generally tried to apply SI units whenever possible.
Within the UK, differing hospitals seem to apply units on a rather arbitrary
basis and, indeed, other countries, such as the USA, use differing units and
systems of nomenclature. Thus, for example, in the UK a serum cholesterol
concentration greater than 5 mmol dm™ is regarded as clinically dangerous
whereas the corresponding unit used in the US is 190 mg dL™. In such cases, we
have generally made somewhat arbitrary decisions and used whatever units
seemed best suited to the purpose. We have applied a similar ad hoc system
for naming some biological materials and drugs. Thus, for example in the
USA adrenaline and paracetamol are called epinephrine and acetaminophen
respectively. We have used UK nomenclature.

We are grateful to the many people who helped in producing Biology of Disease,
especially to our graphic artist, Mick Hoult of Manchester Metropolitan
University, who not only drew and re-drew all of the many figures in the text
and frequently improved upon our initial hazy notions and crude sketches. We
would like to thank the numerous colleagues who offered helpful advice and
suggestions, and to the many individuals who supplied illustrations. We are
also grateful to our reviewers; in particular, Dr David Holmes of the University
of Northumbria at Newcastle-upon-Tyne who commented on nearly every
chapter but also to the individual reviewers of each respective chapter. Thanks
must also go to the team at Taylor & Francis, especially editorial assistant
Chris Dixon and editor Liz Owen, for their constant encouragement, and to
our production editor Karin Henderson. However, the authors themselves
take responsibility for any errors and omissions as well as for those parts of
the text that are still not as clear or comprehensive as they might be. We hope
that you will write and tell us how we can still further improve the book for the
benefit of future editions.

Nessar Ahmed

Maureen Dawson

Chris Smith

School of Biology, Chemistry and Health Science,
Manchester Metropolitan University, UK

and

Ed Wood

School of Biochemistry and Microbiology,
University of Leeds, UK

List of reviewers
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GLOSSARY

Accuracy The ability of a test for an analyte to give
results comparable to the true value. Compare with
precision.

Achlorhydria Low or absent secretion of acid in the
stomach.

Acquired immunity The development of true immu-
nity arising from a specific immune response to an
immunogen.

Actinomycosis A fungal infection that may occur follow-
ing injuries to oral tissues and causes inflammation.

Acute Diseases or clinical events that have a rapid, often
severe onset, but of short duration (compare with
chronic).

Acute intravascular hemolysis Hemolysis that results
from an incompatible blood transfusion, particularly
involving the ABO blood group system.

Acute phase proteins A set of plasma proteins associated
with an acute phase response, for example C-reactive
protein and fibrinogen.

Acute phase response A systemic response involving
changes in the composition of the blood, including an
increased neutrophil count and increase in amount
of the acute phase proteins, which occur in certain
clinical conditions such as trauma, infections, necro-
sis, tumors and other inflammatory events.

Acute rejection of an allograft is one that occurs usually
within a few weeks following the transplant.

Agammaglobulinemia (Or hypogammaglobulinemia)
clinical conditions in which the y-class of immuno-
globulins is deficient.

Agglutination The clumping together of blood cells.

Aging Most widely understood to be the decrease in the
ability to survive on growing older.

Alleles Different forms of the same gene. Any one indi-
vidual will normally have two alleles for each gene,
one from each parent, since, in general, chromosomes
occur in matching or homologous pairs where each
member of a pair contains an allele.

Allergens These are immunogens that cause an allergy.

Allergy A term often used to describe a Type I hypersen-
sitivity, which results in inflammation on exposure to
an allergen.

Allogeneic Transplants that involve donors and recipients
who are genetically nonidentical (see also autologous
and syngeneic).

Allograft A transplant between two genetically dif-
ferent people (see also isograft and xenogeneic
transplants).

Allotopic expression A technique whereby a mitochon-
drial gene is inserted into the nucleus where it is
transcribed to produce a product that is imported
into the mitochondria where it alleviates the effects of
a mtDNA mutation.

Alternative pathway Activation of complement proteins
in the absence of antibody by cell wall components of
bacteria and yeasts.

Amenorrhea An absence or stopping of the men-
strual cycle. Compare with galactorrhea and
oligomenorrhea.

Analytes Substances that are measured to assist diagnosis

and monitor the treatment of disease.
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Analytical sensitivity The smallest quantity or concentra-
tion of an analyte that can be detected by an analyti-
cal method. Compare with analytical specificity.

Analytical specificity The ability of an analytical method
to detect only the analyte in question. Compare with
analytical sensitivity.

Anemia A reduced amount of hemoglobin in the blood
because of insufficient red cells or insufficient hemo-
globin in the cells.

Aneuploidy A situation in which the number of chromo-
somes is fewer or greater than an exact multiple of the
haploid number (see euploidy and polyploidy).

Aneurysm A bulge that usually develops in weak areas of
an arterial wall.

Anosmia Loss of the sense of smell.
Anoxia The absence of oxygen.

Antibiotics Drugs used to treat bacterial and other infec-
tious diseases, but which do not affect viruses. Most
antibiotics are derived from microorganisms.

Antibodies Glycoproteins produced by the immune sys-
tem that bind to antigens (see immunoglobulins).

Antigen A macromolecule (protein, lipopolysaccharide)
that provokes an immune response and binds specifi-
cally to an antibody.

Antigen presenting cells (APC) White blood cells that
take up an immunogen and process it to form a pep-
tide that can be recognized by T, cells resulting in its
activation.

Antinuclear factors Antibodies against nuclear compo-
nents that occur in some autoimmune conditions
such as rheumatoid arthritis and systemic lupus ery-
thematosus (see extractable nuclear antigens).

Anuria Failure to pass urine (compare with oliguria).

Apheresis Isolation and concentration of components of
the blood for clinical use (see plasmapheresis).

Apoptosis (programmed cell death) This is also called cell
suicide. A genetically programmed release of enzymes
and other proteins that eventually bring about the
death of a cell.

Arrhythmias Disturbances to the heart’s

contractions.

rhythmic

Arteriosclerosis See atherosclerosis.

Ascites An abnormal accumulation of fluid (“ascites
fluid”) in the abdomen.

Aspergilloma An infective mass of the fungus Aspergillus
fumigatus growing within an old wound within the
lungs.

Ataxia Inability to control muscular movements.

Atheroma A hard yellow plaque consisting of a necrotic
(dead) core, rich in cholesterol and surrounded by
fibrous tissue that gradually builds up on the inside of
medium-sized arteries (see atherosclerosis).

Atherosclerosis or arteriosclerosis The simultaneous
development of an atheroma in an artery wall and its
sclerosis (abnormal hardening or fibrosis).

Atrioventricular or AV node The node situated between
the atria and the ventricles of the heart which delays
the transmission of impulses from the sinoatrial node
to allow the atria to contract completely and the ven-
tricles to fill with as much blood as possible before
systole occurs.

Atrium (plural atria)
(see ventricle).

The upper chamber(s) of the heart

Autoimmune disease A situation in which the immune
system mounts an immune response against “self”
tissues.

Autologous stem cell transplants Use of the patient’s
own stem cells, which were harvested and stored prior
to a treatment, for example by radiation or high-dose
chemotherapy that destroys the patient’s own stem
cells (see also allogeneic and syngeneic).

Autosomes The non-sex chromosomes that comprise 22
homologous pairs of the 46 chromosomes found in
human diploid cells.

B lymphocytes Small lymphocytes that develop fully in
the bone marrow. On stimulation by an immunogen
they develop into antibody producing cells.

Bactericidal An antibiotic or other drug that kills its target
bacteria.

Bacteriostatic An antibiotic or other drug that prevents
its target bacteria replicating.

Balanced diet A diet that supplies adequate energy dis-
tributed appropriately between carbohydrates, lipids,
and proteins along with the necessary amounts of
vitamins, minerals, trace elements, water and non-
digestable fiber.

Basophil One of the three types of polymorphonuclear
leukocyte (see eosinophil and neutrophil).

Biopsy The removal of a piece of tissue from a patient for
clinical analysis.

Black Death The pandemic of bubonic plague that spread
across Asia and Europe in medieval times. So called
because of the black spots (buboes) that occurred on
the skin of patients.



Bleeding time The period of time following wounding
before the flow of blood stops (compare with clotting
time).

Body mass index (BMI) The generally accepted way to
assess the weight of a patient, where BMI = weight
(kg) /height (m)? (see also ideal body weight).

Bone resorption The release of Ca** from bone.
Bradycardia An abnormally low heart rate.

Broad-spectrum antibiotics Antibiotics that are effective
against Gram-positive and Gram-negative bacteria.

Bronchiectasis A condition in which the bronchi and
bronchioles are abnormally dilated.

Brushborder The microscopic extensions called microvilli
on the apical surfaces (i.e. luminal sides) of the plasma
membranes of enterocytes lining the intestine.

Bundle of His A group of modified cardiac muscle fibers,
called Purkinje fibers that carry electrical impulses in
the heart.

C3convertase A proteolyticenzyme consistingofactivated
complement proteins C4b2a that cleaves complement
protein C3 into two fragments: C3 and the larger C3b
molecule that is an opsonin. See opsonization.

C5 convertase A proteolytic enzyme consisting of com-
plement proteins C3b and C3 convertase involved in
the formation of the Membrane Attack Complex.

Cachexia Severe and prolonged muscle wastage (weight
loss) associated with a number of clinical conditions
including cancer.

Cancer A general term covering a number of diseases
in which the growth of certain body cells becomes
uncontrolled forming a tumor, which may be benign
or malignant.

Capsid The complex of proteins that forms a shell enclos-
ing the nucleic acid of a virus.

Carbuncle An amalgam of several abcesses or boils.

Carcinogens Environmental agents (compounds, radia-
tion) that cause cancers.

Carditis General inflammation of the heart.

Carriers (asymptomatic) Individuals who harbor a path-
ogen but are symptom free.

Cell cycle This is an orderly sequence of biochemical
and morphological events that constitute the growth
phases of a reproducing cell. See interphase, mitosis
and meijosis.

Cell-mediated immunity (CMI) Production of cells that
kill or recruit other cells to kill host cells that are
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infected by viruses or other intracellular parasitic
microorganisms (compare with humoral immunity).

Cerebrovascular accident See stroke.

Chemotactic The ability of substances secreted by cells to
attract other cells to the area.

Chloride shift The exchange of HCO; for CI" across the
membrane of the erythrocyte.

Cholelithiasis The formation of gallstones.

Cholestasis The failure of bile to reach the small
intestine.

Chromatid One of the pair constituting a condensed rep-
licated chromosome present at mitosis or meiosis.

Chronic Diseases or clinical events that develop gradually
over a relatively long time and persist (compare with
acute).

Chronic rejection of a transplantation Immunological
rejection that occurs over months or years by a com-
bination of cell-mediated and humoral immunity.

Chylomicron Large lipoprotein complexes that transport
triacylglycerols, phospholipids and lipid-soluble vita-
mins from the gastrointestinal tract to the lacteals of
the lymphatic system.

Chyme The watery mixture of gastric juice and partially
digested food released from the stomach into the
small intestine.

Classical pathway of complement activation The path-
way initiated when certain classes of antibody binds to
an immunogen (compare with alternative pathway).

Clinical audit A process whereby practices and proce-
dures involved in patient care are monitored and, if
necessary, revised to provide a more effective, efficient
and cost-effective service.

Clinical biochemistry The science concerned with inves-
tigating the biochemical changes associated with
diseases.

Clinical genetics The science concerned with the identifi-
cation of genetic abnormalities.

Clinical manifestations of disease These include the
signs and symptoms associated with the disease.

Clotting time The period required to seal a wound with
a clot that prevents further blood loss (usually 6 to 12
minutes). Compare with bleeding time.

Codons These are the three bases in a nucleic acid each
of which code for a single amino acid residue in a

polypeptide.
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Cofactor proteins Those that bind to zymogens and their
protease products and increase the specificity and
speed of the activation of the zymogen.

Colitis An inflammation of the colon.

Compensation In acid-base disorders, the physiologi-
cal mechanisms that attempt to return the pH of the
blood to values within the reference range.

Conjugate vaccines These are those formed when a rela-
tively poorly immunogenic material is attached to a
protein that is much more immunogenic.

Contact allergies Reactions produced by a number of
chemicals that directly affect the skin leading to a
delayed type hypersensitivity.

Control samples Samples that are identical in composi-
tion to test samples except that they contain known
concentrations of the test analyte.

Corneal arcus Opaque fatty deposits around the
periphery of the cornea that occur in familial
hypercholesterolemia.

Cretinism A congenital condition in which a child suffers
from mental retardation, muscle weakness, short stat-
ure, neurological signs and is often dumb and mute
because of the failure of the thyroid gland to develop
normally during embryonic growth.

Cytogenetics The microscopic study of chromosomes.

Cytokines A general name given to a large family of pro-
teins which resemble hormones in being secreted
by cells and stimulating activities in other cells after
binding to receptors on their surfaces.

Cytotoxic cells White blood cells that directly destroy
infected cells in cell-mediated immunity.

Cytotoxic T lymphocytes They develop from T_ cells,
which have been stimulated by an immunogen.

Debridement The surgical removal of infected or necrotic
tissue.

Degenerative diseases Diseases involving the progressive
loss of body tissues and impairment of their functions:
usually associated with aging.

Dehydration This occurs when water loss from the body
exceeds intake (compare with overhydrated).

Diarrhea The frequent passage of feces that are larger in
volume and more fluid than normal. It is not a dis-
ease but a symptom of an underlying condition that
increases intestinal movements, accelerating the pas-
sage of the contents through the gastrointestinal tract
leaving insufficient time for fluid reabsorption.

Diastole Relaxation of the heart’s ventricles.
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Dietary reference values Guidance values as to the
amounts of nutrients that should be ingested, rather
than exact recommendations.

Diploid The presence of pairs of chromosomes in a cell.
Normal human somatic (body) cells contain 23 pairs
of chromosomes (compare with haploid).

Dissection (with respect to arteries)
layers of the wall of an artery.

The separation of the

Dominant Genetically controlled factors that are express-
ed phenotypically in both the homozygous and het-
erozygous conditions (see recessive).

Dysmorphic Features that differ from the ones generally
accepted in appearance.

Dystonia A neurological disorder associated with muscu-
lar spasms.

Edema An excessive accumulation of water in the inter-
cellular spaces.

Electrocardiogram (ECG) The record of the electrical
potentials associated with the spread of depolariza-
tion and repolarization through the muscle mass of
the heart during its beat cycle.

Emesis See vomiting.

Endocardium The layer of smooth tissue lining the inside
of the chambers of the heart.

Endocrine diseases Diseases that arise from the over- or
under-production of hormones, or from resistance of
a target tissue to a particular hormone.

Endogenous A general term meaning originating from
within the body (compare with exogenous).

Envelope The lipid membrane that some viral particles
acquire as the viral particle leaves its host cell.

Enzyme immunohistochemistry The use of antibod-
ies labeled with an enzyme, such as horseradish
peroxidase or alkaline phosphatase. The binding of
the antibody to its antigen can be localized in cells
as the enzyme converts a colorless substrate into an
insoluble, colored compound that can be seen under
the microscope.

Eosinophil One of the three types of polymorphonuclear
leukocyte (see basophil and neutrophil).

Epitopes Small regions of immunogenic molecules that
are specifically recognized by components of the
immune system.

Erythrocytes Red blood cells; anucleate cells rich in
hemoglobin that transport oxygen around the body.

Essential Nutrients that the body cannot make from
other compounds and must therefore be supplied in



in the diet (see essential fatty acids, compare with
non-essential).

Essential fatty acids Fatty acids that must be supplied in
the diet since humans lack the enzymes necessary to
produce them.

Estimated average requirement (EAR) The mean daily
amount of nutrient (or energy) thought to be needed
by a population (compare with lower reference
nutrient intake, reference nutrient intake and safe
intake).

Euploidy The situation in which the number of chromo-
somes is an exact multiple of the haploid number (see
aneuploidy, polyploidy).

Exogenous A general term meaning originating outside
the body (compare with endogenous).

Exons Codingsequences of bases found within a gene that
are separated by intervening noncoding sequences
called introns.

Exophthalmos Protruding eyeballs.

Extended spectrum (-lactamases (ESBLs) Enzymes pro-
duced by certain bacteria, for example Klebsiella spp,
E. coli, that can hydrolyze extended spectrum cepha-
losporins (antibiotics).

Extractable nuclear antigens (ENA) Antigens that lead
to the formation of autoantibodies in certain diseases
such as rheumatoid arthritis and systemic lupus ery-
thematosus (see antinuclear factors).

Extravascular hemolysis The uptake and subsequent
destruction of antibody-coated erythrocytes in the
spleen and liver (see also immune adherence).

Fainting Common term for syncope.

Familial hypercholesterolemia An autosomal dominant
condition with a frequency of 1 in 500 that affects
heterozygotes; associated with defective receptors for
LDL on the liver cells.

Favism The hemolytic crisis brought on by the consump-
tion of fava or broad beans (Vicia fava) in persons
with G6PDH deficiency.

Fistula An abnormal passage from a cavity or tube to
another cavity or free surface.

Fluorosis The mottling of the teeth as they form in the
jaws caused by fluoride in drinking water at concen-
trations greater than 12 ppm.

Fragile sites Particular regions of chromosomes that are
susceptible to breakage when the cells are cultured in
the absence of certain chemicals such as folic acid.

Fulminant cholera The massive leakage of intracel-
lular water into the gastrointestinal tract and the
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subsequent diarrhea following infection with Vibrio
cholerae.

Galactorrhea An inappropriate secretion of milk. See also
amenorrhea and oligomenorrhea.

Gene mutation theory of aging This suggests that an
accumulation of mutations during the course of life
leads ultimately to tissue and organ malfunctions and
eventually death.

Genetic diseases Diseases that arise due to defects in the
genes or chromosomes.

Genetic imprinting A condition that depends upon
whether paternal or maternal inheritance of a trait
has occurred.

Genotype The genetic or hereditary constitution of an
individual. The term can also be applied to any par-
ticular pair of alleles that an individual possesses at
a specific locus on a chromosome (contrast with
phenotype).

Glossitis Inflammation of the tongue.

Graft versus host disease (GVHD) The condition associ-
ated with the transfusion of whole blood, blood prod-
ucts or bone marrow particularly to an immunode-
ficient patient, which contain residual lymphocytes.
The small lymphocytes present in the donated blood
recognize the immunogens of the recipient as foreign
and mount an immune response. The donor lym-
phocytes proliferate in the patient and attack tissues.

Gummas Tumor-like growths of a rubbery consistency
that some patients develop in benign late syphilis.

Gynecomastia The development of enlarged breasts in
males.

Haploid (N) The presence of half the diploid number of
chromosome (compare with diploid).

Health The state of physical, mental and social well-being;
not merely the absence of disease.

Heart attack See myocardial infarction.

Helminths Parasitic worms such as nematodes, cestodes
and trematodes.

Helper T lymphocytes See T, cells.
Hematemesis The presence of blood in vomit.
Hematology The study of blood and its disorders.

Hemoglobinopathies Clinical conditions that result from
mutations in the genes for globin molecules.

Hemolysis The rupture or lysis of erythrocytes and
release of their hemoglobin.
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Hemoptysis Coughing up of blood-containing fluid from
the lungs.

Hernia The protrusion of an organ or tissue out of the
body cavity in which it is normally found.

Heteroplasmy The condition in which a cell has a mixed
population of mitochondria containing normal
and mutant mitochondrial DNA (compare with
homoplasmy).

Heterozygous The condition in which the two alleles of a
gene are different (compare with homozygous).

Hirsutism The development of inappropriate increased
body hair on the face, chest, upper back and abdo-
men in females.

Histopathology laboratories Laboratories concerned
with the investigation of disease by examining speci-
mens of cells and tissues.

Homeostatic diseases Diseases that arise when mecha-
nisms for controlling homeostasis are disrupted or
defective.

Homoplasmy The condition in which every mitochon-
drial DNA molecule in a cell has the same mutation
(compare with heteroplasmy).

Homozygous The condition in which the two alleles are
identical (compare with heterozygous).

Hordeolums “Styes” that are caused by infections of
the eyelid generally involving the lid margins, eyelid
glands or follicles.

Human Herpes Viruses (HHV1-8) There are at least eight
herpes viruses that can infect humans and cause
clinical disease.

Humoral immunity The production of antibodies to pro-
tect against pathogens and parasites (compare with
cell-mediated immunity).

Huntingtin A protein from a single mutated gene that
accumulates in the nucleus rather than in the cyto-
plasm of cells in patients with Huntington’s disease.

Hybridomas or hybrid myelomas Antibody-producing
cells made by fusing cultured plasma cells with cells
derived from a myeloma (a plasma cell tumor) in
vivo. The resulting cell is immortal and produces a
monoclonal antibody.

Hyperacute rejection Failure of a graft within hours or
minutes of transplantation once the tissue has become
revascularized due to the presence of preformed anti-
bodies against graft antigens present in the plasma of
the recipient.

Hypercapnia A high partial pressure of CO, (PCO,) (com-
pare with hypocapnia).
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Hypersensitivity See immunological hypersensitivity.

Hypertension Blood pressure higher than that regarded
as normal.

Hypervitaminoses Clinical conditions caused by a
toxic excess of a given vitamin (compare with
hypovitaminoses).

Hypocapnia A low partial pressure of CO, (PCO,) (com-
pare with hypercapnia).

Hypogammaglobulinemia See agammaglobulinemia.

Hypogonadism (In males) testes small and soft, deficient
production of sperm and decreased testosterone; (in
females) impaired ovarian function; estrogen defi-
ciency and abnormalities of the menstrual cycle.

Hypovitaminoses Clinical conditions caused by an
inadequate dietary intake of a vitamin, its impaired
absorption, or insufficient utilization of an adequate
intake, increased dietary requirements, for example in
pregnancy, without a corresponding increased intake
or increased excretion of a vitamin (compare with
hypervitaminoses).

Hypovolemia A reduction in the volume of blood in the
body.

Hypoxemia A low partial pressure of O, (PO,).

Iatrogenic diseases Clinical conditions that arise as a
consequence of treatment.

Ideal body weight IBW) A way to assess the weight of
patients. For males of height 5 feet it is 106 pounds and
this increases by an additional 6 pounds for each inch
over the height of 5 feet. For females, the IBW at 5 feet
tall is 100 pounds and this increases by 5 extra pounds
for each additional inch. See body mass index.

Idiogram A diagrammatic representation or interpretive
drawing of the chromosomes based on the physical
features as seen in a karyogram (see also karyotype).

Idiopathic diseases Diseases of unknown cause.

Immune adherence The binding of antibody-coated
erythrocytes to receptors on monocytes and macro-
phages as the blood passes through the spleen and
liver (see also extravascular hemolysis).

Immune system The set of organs, tissues, cells and mol-
ecules that protect the body from diseases caused by
pathogens and parasites.

Immunoassay The use of antibodies to quantify the
amount of an analyte in a clinical sample.

Immunodeficiency diseases Conditions that occur due
to an inadequate immune system.



Immunofluorescence A type of immunohistochemistry
in which the antibody is labeled with a fluorescent
dye.

Immunogen Any molecule or organism that stimulates a
specific immune response.

Immunoglobulins (Igs) A collective name for the five
classes of antibodies.

Immunohistochemical techniques This refers to the
use of labeled antibodies to detect antigens on or in
cells.

Immunological diseases Clinical conditions that occur
when the immune system causes damage to the
body’s own tissues or when it is deficient and unable
to respond appropriately to pathogens and parasites.

Immunological hypersensitivity A state in which an
immune response, often to a seemingly innocuous
immunogen, results in tissue damage.

Immunological memory A molecular memory that allows
a rapid protective response on second or subsequent
contact with an immunogen.

Immunology The study of the immune system and how
it works.

Immunology laboratories Those involved in the study of
the immune system and its responses in both healthy
and diseased states.

Immunotherapy Treatmentsthat manipulate theimmune
system in order to improve its response against for
example a cancer.

Incidence rate The number of new cases of a disease in
a population occurring within a specified period of
time.

Incubation period The time that must elapse before a
disease becomes apparent following exposure to the
etiological agent.

Infarct A segment of tissue damaged by a disruption of its
blood supply (see infarction).

Infarction The death (necrosis) of a section of tissue
following a disruption to its blood supply (see also
infarct).

Infection The successful persistence and/or multiplica-
tion of a pathogen on or within the host.

Infectious diseases Diseases caused by pathogens, such
as viruses and microorganisms (bacteria, fungi, proto-
zoa and helminths).

Infective dose A measure of virulence, being the mini-
mum number of organisms or virus particles that can
cause an infectious disease.
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Inflammation The array of responses to infection and tis-
sue damage, such as localized pain, redness, swelling
and heat.

Interphase The period of the cell cycle between mitosis
or meiosis.

Intervention studies Studies aimed at changing diet and
lifestyle in order to attempt to reduce the incidence of
a disease associated with current activities.

Intrinsic factor A glycoprotein secreted by the gastric
parietal cells that binds vitamin B, in the stomach
and carries it to specific receptors on the mucosal
surface of the ileum.

Intron See exon.

Isograft A transplant of a piece of tissue from one site
to another on the same patient such as skin graft-
ing in burns (see also allograft and xenogeneic
transplants).

Isohemagglutinins Antibodies against blood group anti-
gens that cause the agglutination of erythrocytes.

Karyogram The photographic representation of an
individual’s chromosome complement stained and
arranged in order (see also idiogram and karyotype).

Karyotype The characteristic number, size and shape of
the chromosome complement of an individual or spe-
cies (see also idiogram and karyogram).

Kernicterus Brain damage caused by the accumulation of
bilirubin in the brain to concentrations of 200 pmol
dm™ and above.

Ketone bodies Acetoacetate, acetone, and B-hydroxybuty-
rate.

Ketonemia Accumulation of ketone bodies (e.g. acetoace-
tate, B-hydroxybutyrate) in the blood.

Ketonuria Excretion of ketone bodies in the urine.

Korotkoff sounds The clear characteristic sounds that
can be heard with a stethoscope due to the turbu-
lence generated as the blood flows through a partially
occluded artery, for example when measuring blood
pressure.

Kussmaul respiration Deep sighing breathing associated
with the hyperventilation of metabolic acidosis.

Kwashiorkor A protein-energy deficient nutritional con-
dition that develops in children typically 3-5 years
old who have been abruptly weaned when a new
sibling is born. Derived from one the Kwa languages
of Ghana meaning the one who is displaced. See also
marasmus.

Large granular lymphocytes Mononuclear leukocytes
involved in nonspecific immunity.



Latent period The time when an illness is developing but
overt signs and symptoms are not apparent.

Lectins Glycoproteins that bind to carbohydrate residues
on macromolecules or cell membranes.

Lesions Structural or functional abnormalities.

Leukocyte One of several types of white blood cell each
with its own function.

Leukocytosis Leukocyte count in excess of 20 x 10° dm™
compared with reference values of 4-11 x 10° dm™,

Leukodepletion Removal of leukocytes from blood by
filtering it through leukocyte-specific filters which
trap the leukocytes but not the smaller erythrocytes
or platelets, and reduces the leukocyte count to less
than 5 x 10° dm™,

Leukopheresis The removal of leukocytes from blood with
the resulting plasma and erythrocytes being returned
to the blood donor (see apheresis, plasmapheresis
and plateletpheresis).

Life expectancy The average length of life of individuals
in a population.

Lipofuscins Yellow-brown pigments produced by degen-
eration of cell membranes and organelles, probably
by the free radical peroxidation of membrane lipids.

Lipoprotein particles Complexes of cholesterol, triacyl-
glycerols and proteins involved in transport of these
lipids in the blood. They occur as high density lipopro-
tein (HDL), low density lipoprotein (LDL) and very low
density lipoprotein particles (VLDL). Chylomicrons
formed from fatty materials absorbed by the gastroin-
testinal tract are also lipoprotein particles.

Lower reference nutrient intake (LRNI) The amount of a
nutrient sufficient for the requirements of 2.5% of a
population (compare with estimated average require-
ment, reference nutrient intake and safe intake).

Lymphocytes Mononuclear leukocytes that occur in
the blood as large granular lymphocytes and small

lymphocytes.
Lymphoid stem cells Hemopoietic stem cells found in

bone marrow which can divide to produce the precur-
sors of small lymphocytes.

Lymphoma A tumor that arises from lymphoid tissue,
such as a lymph node.

Lymphopenia A reduced lymphocyte count.

Macrophages Immune cells that differentiate in solid tis-
sues from immature monocytes.

Major Histocompatibility Complex (MHC) A region of
the chromosome that encodes membrane proteins
which present antigenic peptides derived from pro-
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teins on the surfaces of antigen-presenting cells to T
lymphocytes.

Malignant tumor See cancer.
Mammography An X-ray examination of the breast.

Marasmus A chronic disorder that develops over a period
of months to years caused by an inadequate protein-
energy intake (see kwashiorkor).

Mast cell A type of granule-containing white blood cell
that resembles a basophil but which is found in solid
tissues.

Medical microbiology The science concerned with
the detection and identification of pathogenic
microorganisms.

Megakaryocytes Large precursor cells from the bone
marrow that eventually fragment to form platelets in
the blood.

Meiosis Reduction division. The type of cell division in
which the daughter cells receive only one of each type
of chromosome and which results in the formation of
haploid gametes (see mitosis).

Membrane Attack Complex (MAC) This is a large, cylin-
drical, hydrophobic structure constructed from single
complement protein molecules (C5b, C6, C7, C8)
along with several molecules of C9. It can insert itself
into a cell membrane leading to cell lysis.

Mesentery The double-layered, fan-shaped portion of
peritoneum that extends from the posterior abdomi-
nal wall and wraps around the small intestine and
returns to its origin and contains the blood and lym-
phatic vessels and nerves that supply the small intes-
tine (see also mesocolon).

Mesocolon The structure with similar functions to the
mesentery but which holds the large intestine.

Metabolic acid-base disorder This is the occurrence of an
abnormal blood pH because of a metabolic or renal
dysfunction (see respiratory acid-base disorder).

Metastasis The detachment of cells from a primary tumor
allowing it to spread and form secondary tumors.

Methemoglobin Oxidation of ferrous (Fe(Il)) iron in the
heme group of hemoglobin to Fe(IIl) iron produces
methemoglobin which is incapable of carrying

oxygen.

Mitogens Substances that stimulate cells to divide. See
mitosis.

Mitosis The type of cell division in which each of the
daughter cells receives a full complement of chromo-
somes (see meiosis).



Mixed acid-base disorder The situation in which a patient
presents with more than one acid-base disorder.

Monoclonal antibody An antibody that recognizes only a
single specific epitope on an antigen and which is pro-
duced by a clone of identical plasma cells. Compare
with polyclonal antibody.

Monocyte A type of mononuclear leukocyte that circu-
lates in the blood for about 72 hours before entering
solid tissues and developing into a macrophage.

Mononuclear leukocytes (MNs) One of the two main
groups of leukocytes, which can be distinguished
from the other polymorphonuclear leukocytes in
having a more rounded nucleus. They are subdivided
into monocytes, large granular lymphocytes and
small lymphocytes.

Morbidity The effects of a disease on the patient.

Mortality This describes the possibility of a disease caus-
ing death: usually expressed as a percentage.

Murmurs The characteristic sounds formed when abnor-
malities of the valves and heart structures cause a
turbulent blood flow.

Mutation A change in the genotype, which occurs as
a result of incorrect replication of DNA or from a
random change to it caused by physical or chemical
agents.

Myocardial infarction (“heart attack”) A medical emer-
gency that occurs when some or all of the blood sup-
ply to the heart muscle through the coronary arteries
is cut off.

Myocardium The cardiac muscle-rich wall of the heart.

Natural killer (NK) cells A type of large granular lym-
phocyte that kills virus-infected cells and some tumor
cells nonspecifically.

Neoplasm or neoplastic diseases Often used synony-
mously with cancer, means, literally, “new tumor” or
“new mass”.

Nephrons The functional units of the kidney: each is
composed of a tuft of capillaries called a glomerulus,
and a tubule.

Neutrophil One of the three types of polymorphonuclear
leukocyte (see basophil and eosinophil).

Nocosomial infections Those acquired in hospital.

Nonessential A nutrient that the body can make from
other nutrients and which does not need to be sup-
plied in the diet (compare with essential).

Nonhemolytic febrile transfusion reaction Transfusion
of leukocytes may lead to adverse reactions, such as
nonhemolytic febrile transfusion reactions. Such
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patients exhibit flushing, fever, rigors and hypoten-
sion. These may be caused by the reaction between
antibodies and leukocyte antigens in the recipient,
resulting in the lysis of donated leukocytes and release
of cytokines from them.

Nonself Used in immunology to signify macromolecules
or cells that are foreign to the body (compare with
self).

Nonspecific defences The first line of immunological
defence including responses such as inflammation
and the acute phase response.

Normal range See reference ranges.

Notifiable diseases Diseases for which clinicians are
legally required to supply details of all new cases to a
central register.

Nuclear envelope The outer and inner nuclear mem-
branes that separate the nucleus from the cytoplasm.

Nucleocytoplasmic transport The movement of materi-
als between the nucleus and cytoplasm of a cell.

Nutrition The study of food and nutrients and how they
are used by the body.

Nutritional diseases Diseases that result from an inap-
propriate intake of nutrients.

Oligomenorrhea Infrequent or irregular menstrua-
tion associated with a number of clinical disorders.
Compare amenorrhea and galactorrhea.

Oliguria Passing less than 400 cm® of urine per day (com-
pare with anuria).

Oncogenes One of the two major groups of genes linked to
cancer: they are mutated forms of normal genes called
proto-oncogenes (see tumor suppressor genes).

Oncology The branch of medicine involved with the study
of malignant tumors, their epidemiology, diagnosis
and treatment.

Opisthotonos An involuntary arching of the head, neck
and spine backwards.

Opportunistic infections Infections that occur when a
decline in the immunological functions of an indi-
vidual makes them susceptible to infections by micro-
organisms that are normally nonpathogenic.

Opportunistic pathogen A microorganism that causes
opportunistic infections.

Opsonization The process by which phagocytic cells bind
readily to bacterial cells coated with activated com-
plement protein, C3b, promoting phagocytosis of the
cells.
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Ototoxicity The loss of hearing or balance, tinnitus or
dizziness caused by drug or chemical damage to the
inner ear.

Overhydrated The accumulation of water in body com-
partments (compare with dehydrated).

Pacemaker See Sinoatrial or SA node.

Palpitations Abnormal or irregular heartbeats of such
severity that the patient is conscious of them.

Pandemic A disease epidemic that affects patients over a
wide geographical area.

Papules These are solid, limited, raised areas of skin about
5 mm in diameter whose shape and color may vary.

Paraparesis A progressive weakness of the legs.

Parasite An organism that lives at the expense of another:
often applied to viruses, protozoa and helminths.
The terms pathogen and parasite are virtually
interchangeable.

Paresthesia Abnormal sensations such as itching, prick-
ling, pins and needles anywhere in the body.

Pathogens These are organisms that cause disease. See
parasite.

Penicillin An antibiotic first discovered (in the mold
Penicillium notatum) in 1928 but only used clinically
since 1940.

Pericarditis An inflammation of the pericardium; can be
acute or chronic.

Peristalsis The rhythmic waves of smooth muscle con-
tractions that propel food along the gastrointestinal
tract.

Peritoneum The strong, transparent membrane with a
smooth surface that lines the abdomen and binds the
gastrointestinal tract and accessory organs to each
other and to the inner wall of the abdomen.

Petechial hemorrhages These are small, round, dark red
spots caused by bleedings under the skin.

Pharmacology The study of the effects of drugs in the pre-
vention, diagnosis, and treatment or cure of disease.

Phenotype The visible or measurable characteristics of
an individual, or indeed, any observable biological
trait (contrast with genotype).

Photoaging The characteristic fine and coarse wrinkling,
blotchy pigmentation and rough skin texture induced
by the ultraviolet light from the sun that is a major
factor contributing to the premature aging of skin.

Phototherapy The use of light in treating clinical condi-
tions, for example the repeated exposure for 36 h of
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full spectrum bright light to treat seasonally affective
disorder.

Plague A term originally applied to any widespread
disease causing great mortality but now confined to
bubonic plague, an infectious disease of animals and
humans caused by the bacterium Yersinia pestis.

Plasma The protein-rich fluid remaining when erythro-
cytes, leukocytes and platelets have been removed
from blood, but with an intact clotting system (see
serum).

Plasma cells Antibody-secreting cells that develop from
B lymphocytes under the influence of cytokines
released from T, cells.

Plasmapheresis The collection of plasma, with the return
of the erythrocytes and leukocytes to the blood donor
(see apheresis, leukopheresis and plateletpheresis).

Platelet aggregation This occurs upon wounding when
platelets extend pseudopodia and become sticky and
clump together when stimulated by ADP to form a
plug that prevents further blood loss.

Plateletpheresis The collection of platelets from blood
with all other components being returned to the
blood donor (see apheresis, leukopheresis and
plasmapheresis).

Platelets Vesicle-like, subcellular fragments about 3 pm
in diameter with a volume of 7 fdm?® (femtodecime-
ters® or femtoliters) formed by the fragmentation of

megakaryocytes.

Polyallelic The occurrence of many different alleles of
a gene, although any one individual can only posses
a maximum of two alleles at each locus, given that
chromosomes occur in pairs.

Polyclonal antibodies Each mature, differentiated B lym-
phocyte or plasma cell produces a single type of anti-
body. However, the response of the immune system
to a single immunogen yields hundreds of different
clones of B cells so that the response of the system is
polyclonal, resulting in the appearance of a heteroge-
neous array of antibodies in the blood. Compare with
monoclonal antibody.

Polydipsia Intense thirst.

Polymerase chain reaction An experimental, in vitro
method for duplicating in an exponential way short
strands of specific DNA fragments.

Polymorphonuclear leukocyte One of the two main
types of leukocytes that can be distinguished from
the other type (mononuclear leukocytes) in having
lobed nuclei and granular cytoplasm.

Polymorphonucleocyte See polymorphonuclear leuko-
cyte.



Polyploidy The situation in which the chromosome
number is an exact multiple of the haploid number
but exceeds the diploid number (see aneuploidy and
euploidy).

Polyps Benign tumors that arise in the nose or from the
endothelium of the gastrointestinal tract.

Polyuria The production of abnormally large volumes of
urine. Compare with anuria and oliguria.

Portals of entry
body.

Sites at which pathogens can enter the

Portals of exit Sites at which pathogens can leave the
body.

Precision The ability of a test for an analyte to give the
same result every time the same sample is analyzed.
Compare with accuracy.

Predisposing factors Conditions or situations that make
an individual more susceptible to disease: they include
age, sex, heredity and environmental factors.

Premalignant This refers to clinical conditions that
increase the risk of the patient developing a malignant
tumor.

Prevalence The prevalence of a disease refers to the pro-
portion of people in a population affected at a specific
time.

Primary immunodeficiency diseases (PID) Clinical con-
ditions that result from a genetic defect leading to a
failure of one or more components of the immune
system (see also secondary immunodeficiencies).

Primary tumor Malignant tissue growing in the site where
it initially started (compare with metastasis, second-
ary tumor).

Prognosis The likely outcome of a disease.

Programmed theory of aging Suggests that each spe-
cies has an inbuilt biological clock and that aging is a
genetically programmed series of events.

Proinflammatory Description of a number of cytokines,
which when secreted promote inflammation.

Prophylactic bilateral mastectomy The removal of appar-
ently healthy breasts to prevent the development of
breast cancer in genetically susceptible women.

Psychogenic diseases Clinical conditions that originate in
the mind.

Ptosis An inability to raise the eyelids.

Pulmonary circulation The circuit which the blood fol-
lows between the right side of the heart, the lungs and
the left atrium (compare with systemic circulation).

GLOSSARY

Pulse The bulging of the arteries that can be felt at a
number of sites in the body during systole.

Purified protein derivative (PPD) A mycobacterial extract
used in the Mantoux reaction to test if an individual is
already sensitized by infection or previous vaccination
to TB.

Purkinje fibers See bundle of His.

Pyogenic infections Infections with bacteria that cause
the formation of pus.

Recessive mutations Mutations that are only expressed in
an individual who is homozygous for the condition.

Recommended daily amount (RDA) This was originally
used by the UK Department of Health in 1979 to define
the amounts of certain nutrients needed by different
groups within the population.

Reference nutrient intake (RNI) An amount of a nutri-
ent that is greater than the dietary needs of 97.5%
of a population (compare with estimated average
requirement, lower reference nutrient intake and
safe intake).

Reference ranges Numerical reference limits based on the
mean value of an analyte plus or minus two standard
deviations against which test results can be compared.
The term normal range is still used synonymously
with reference range.

Reflux esophagitis A back flow of gastric juice from the
stomach into the lower end of the esophagus.

Regurgitation An imperfect closing of the heart valves
leading to leakage and backflow (compare with
stenosis).

Relapse A relapse occurs when, following a period of
apparent recovery, the symptoms of the disease
return.

Remission A period of good health with a reduction or
disappearance of symptoms following a disease; may
be permanent or temporary.

Respiratory acid-base disorder This is the occurrence of
an abnormal blood pH because of lung dysfunction.
Compare with metabolic acid-base disorder.

Reticulocytes The immediate precursors of erythrocytes,
which have nuclei and are still able to synthesize
hemoglobin.

Retinoids Name for a group of naturally occurring as well
as many synthetic forms of vitamin A (retinol).

Reversion This occurs in some patients who do not
develop an effective immune response to an attenu-
ated vaccine and the weakened microorganisms in it
become virulent.
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Rheumatoid factors (RFs) Autoantibodies present in the
plasma of patients with rheumatoid arthritis which
seem to be directed against the patient’s own IgG
molecules.

Risk factors Certain dietary, occupational or lifestyle
conditions that increase the chances of developing a
disease.

Safe intake The amount of a nutrient judged to be suf-
ficient for the needs of most people (compare with
estimated average requirement, lower reference
nutrient intake and reference nutrient intake).

Seasonally affective disorder (SAD) A condition charac-
terized by changes of mood and eating and sleeping
patterns in winter associated with an inappropriate
secretion of melatonin.

Secondary A term often used to refer to a condition
that arises from an existing disease. It is also used to
describe a stage of a disease.

Secondary immunodeficiency diseases (SIDs) These
arise as a consequence of other conditions (compare
with primary immunodeficiency diseases).

Secondary tumors These are formed when a primary
tumor metastasizes and spreads to other tissues and
organs. Often loosely referred to as “secondaries”.

Secretors Individuals who express the A, B and H blood
antigens on soluble proteins and secrete them into
saliva and other body fluids.

Self Used in immunology to refer to the components that
make up the body itself (compare with nonself).

Senescence The decline in the functions of almost all
parts of the body and at all levels of organization,
from cells to organ systems, seen on aging.

Sepsis The presence of the pathogens in the blood of a
patient.

Serum The clear straw-colored liquid remaining after the
blood has been allowed to clot and the clot and all the
cells have been removed.

Severe combined immunodeficiency (SCID) A life threat-
ening clinical condition involving deficient numbers
of both B and T lymphocytes.

Shock A patient goes into shock if the blood pressure falls
too low.

Sickle cell anemia A hemoglobinopathy characterized by
the presence of crescent-shaped erythrocytes.

Something the clinician specifically looks or feels for,
such as redness or swelling of the skin, when examin-
ing the patient.

Sign

Sinoatrial or SA node The “pacemaker” that generates
electrical impulses that regulate the rate of contrac-
tion of the heart.

Small lymphocytes Mononuclear leukocytes involved in
the specific immune response.

Specific immune response The response that allows the
development of true specific immunity against an
infectious agent.

Stenosis Failure of the heart valves to open appropriately
(compare with regurgitation, murmur).

Strabismus A squint or abnormal alignment of the eyes.

Stroke or cerebrovascular accident This occurs if the
blood supply to the brain is disrupted for sufficient
time that brain cells are permanently damaged or die
due to lack of oxygen. Strokes can be hemorrhagic
when a blood vessel bursts disrupting the normal
flow of blood and allowing it to leak into an area of
the brain and destroy it, or ischemic, which occurs
when the blood supply to part of the brain is cut off
either because of atherosclerosis or because a clot is
blocking a blood vessel.

Subclinical A stage at which a disease is established
even though any overt signs and symptoms are not
apparent.

Superantigens Toxins secreted by bacteria such as
Streptococcus pyogenes or Staphylococcus aureus that
stimulate the release of cytokines from immune cells
and produce an excessive inflammatory response
called systemic inflammatory response syndrome
(SIRS).

Symptom An indication that a disease is present and
something of which the patient complains, for exam-
ple, nausea, malaise or pain.

Syncope Fainting with a temporary loss of consciousness
resulting from a temporarily inadequate supply of
oxygen and nutrients to the brain.

Syndrome A term applied to describe certain diseases
that are characterized by multiple abnormalities and
features that form a distinct clinical picture.

Syngeneic stem cell transplants These involve donors
and recipients who are genetically identical, for exam-
ple between identical twins (see also allogeneic and
autologous).

Systemic circulation The flow of blood from the left ven-
tricle to all the tissues of the body with the exception
of the lungs and back to the right atrium (compare
with pulmonary circulation).

Systemic disease One that affects the whole body.



Systemic inflammatory response syndrome (SIRS) (see
superantigens).

Systole Contraction of the heart ventricles.

Tlymphocytes These are derived from small lymphocytes
that leave the bone marrow in an immature state and
mature into T or T, cells in the fetal thymus.

Tachycardia An inappropriately fast heartbeat.

T, cells Blood cells that develop into cytotoxic T lym-
phocytes when appropriately stimulated, and which
are capable of killing virus-infected cells.

T, cells or helper T lymphocytes Blood cells that develop
into cytokine-secreting T, cells when stimulated
by an immunogen, and which produce an array of
cytokines that control the activities of cells of the
immune system.

Thalassemias A large group of related hemoglobinopa-
thies of varying severity that originate from point
mutations or deletions in globin genes.

Toxic diseases Diseases caused by the ingestion of a
variety of poisons that may be encountered in the
environment.

Toxicology The study of the adverse effects of toxic chem-
icals on organisms.

Transgenic organisms Organisms that express genes
from a different species that have been inserted into
their cells.

Traumatic diseases Diseases caused by physical injury
including mechanical trauma.

Tumor suppressor genes One of two major groups of
genes whose mutated forms are linked to the forma-
tion of cancers (compare with oncogenes).

Uricolysis The degradation of urate (uric acid) to CO2 and
NH..
3

GLOSSARY

Vaccination The process of protecting people from infec-
tion by deliberately exposing them to parasite compo-
nents that initiate a protective immune response.

Vegetation An accumulation of bacteria and blood clots
on the valves of the heart.

Ventricle Lower chamber of the heart.

Virilism The development in females of inappropriate
male characteristics, for example hirsutism, increased
muscle mass, deepening of the voice and male psy-
chological characteristics.

Virulence factors Features of pathogens that allow them
to cause infectious diseases.

Vitamers A term applied to a group of closely related
compounds that all posses the activity of the named
vitamin.

Vomiting or emesis The forced expulsion of food from
the stomach (and sometimes duodenum) through the
esophagus and mouth.

Winter depression See seasonally affective disorder.

Xanthomas Yellowish deposits on the tendons that occur
in familial hypercholesterolemia.

Xenobiotic A substance that does not originate in the
body but is pharmacologically, endocrinologically or
toxicologically active.

Xenogeneic transplant The use of a graft from another
species (see also allograft).

Zoonoses Diseases that can be transmitted from animals
to humans.

Zymogens Precursor molecules that turn into active
proteases when subjected to a specific proteolytic
cleavage.
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chapter 1:

THE NATURE AND
INVESTIGATION OF
DISEASES

OBJECTIVES
After studying this chapter you should be able to:

m define appropriate terms associated with health and disease;
m give a simple classification of diseases;

m list the ways pathological investigations help in the diagnosis, treatment and
management of diseases;

m discuss the clinical and analytical evaluations of laboratory tests.

1.1 INTRODUCTION

Disease can be defined as any abnormality or failure of the body to function
properly and this may require medical treatment (Figure 1.1). The scientific
study of diseases is called pathology.

Every disease has a distinct set of features that include a cause, associated
clinical symptoms and a characteristic progression, with associated
morphological and functional changes in the patient. The presence of an
abnormality on its own, however, does not necessarily indicate disease since
the affected individual must also suffer from ill health. Health can be defined as
an absence of signs and symptoms associated with any disease. This definition
has limitations in that there are circumstances where individuals believe
they are ill even though detectable indications of disease are not present.
Conversely, there are individuals who believe they are healthy but on detailed
examination are found to suffer from a serious disease. For this reason, the
World Health Organization (WHO) devised the more appropriate definition
of health as a state of physical, mental and social well-being and not merely
the absence of disease. Currently there is considerable interest, particularly in
developed countries, in promoting health by improving lifestyle and reducing
mental and social factors associated with ill health.

Individuals differ in their physical appearance and also internally in the
composition of the biological materials of which they are made. Differences

Figure 1.1 A modern intensive care unit of a
hospital.
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Figure 1.2 Schematic of an adenovirus (diameter
about 70nm), which can cause respiratory
infections.

Figure 1.3 Electron micrograph of the bacterial
pathogen, Neisseria meningitidis, a causative
organism of meningitis (Chapters 2 and 3).
Courtesy of Dr A. Curry, Manchester Royal Infirmary,
UK.

between individuals are due to biological variation. Variation in values for
measurable body features or biological substances (analytes) occurs for a
number of reasons. Differences in the genotypes of individuals ensure that no
two individuals are the same (other than identical twins). Biological variation
arises due to differences in lifestyle, experiences, dietary and other factors as
well as genes. There are also differences in physiological processes arising from
bodily control mechanisms. For example, the concentration of blood glucose
varies between individuals with diet, time of day and physical activity.

1.2 CHARACTERISTIC FEATURES OF DISEASES

Every disease has a number of characteristic features. These features allow
diseases to be categorized and allow a better understanding of the disease, its
diagnosis and management. A correct diagnosis should mean that appropriate
treatment is given.

ETIOLOGY

Etiology refers to the cause of a disease. Etiological agents can be endogenous,
in other words originating from within the body, or exogenous, coming from
outside the body. Endogenous agents include genetic defects and endocrine
disorders, while exogenous agents include microorganisms such as viruses
(Figure 1.2), bacteria (Figure 1.3) and fungi that cause infections, chemicals,
physical trauma and radiation. Many diseases are said to be predictable and
arise as a direct consequence of exposure to the causative agent. Other diseases
are considered probable in that they may be a consequence of the causative
agent but the development of illness is not inevitable. An individual can be
infected with a pathogenic microorganism but the outcome of the disease
may depend on other factors such as the nutritional and immune status of
the affected person.

Some diseases have more than one etiological agent and may, indeed, be
caused by a range of factors. Such diseases are said to be multifactorial in
origin. Diabetes mellitus type 2, a disorder of carbohydrate, fat and protein
metabolism, is believed to have a multifactorial origin involving several genetic,
dietary and environmental factors (Chapter 7). Many diseases are of unknown
cause and are said to be idiopathic. An example of this is hypertension, where
more than 90% of cases are of unknown cause. The treatment of idiopathic
diseases is restricted to alleviating the symptoms. Some conditions are caused
by the effects of treatment and are called iatrogenic diseases (from the Greek
word iatros, doctor). The treatment of some cancers with cytotoxic drugs, for
example, can cause a severe iatrogenic anemia although they may be curing
the cancer.

Occasionally a disease of unknown etiology is more commonly found in
populations with certain dietary, occupational or lifestyle conditions called
risk factors. Smoking is a significant risk factor in the development of heart
disease and lung cancer (Chapters 14 and 17). Some risk factors may be
important in the development of the disease whereas others may make the
individual more susceptible to disease. Predisposing factors are conditions or
situations that make an individual more susceptible to disease. They include
age, sex, heredity and environmental factors. For example, the immune
system in a newborn is not fully developed and, as a consequence, babies
are more susceptible to infections. However, during aging the immune system
undergoes a progressive decline in function making the elderly also more
susceptible to infections. Sex may also be a predisposing factor: men are more
likely to suffer from gout than women whereas osteoporosis is more common
in the latter.



Some diseases increase the risk of developing others. Thus some conditions
increase theriskofsomeone developing cancer and are said to be premalignant.
This is seen in ulcerative colitis, an inflammatory condition affecting the
large intestine that increases the probability of developing bowel cancer in
sufferers. Some diseases predispose the patient to other conditions by allowing
infectious agents, not normally pathogenic, to cause disease. This is seen in
opportunistic infections where a decline in the immunological functions
of an individual makes them susceptible to infections by microorganisms
that are normally nonpathogenic. In acquired immunodeficiency syndrome
(AIDS), the individuals infected with the human immunodeficiency virus
(HIV), (Figure 1.4) have little resistance to infections by microorganisms,
such as those responsible for causing pneumonia, as well as microorganisms
such as the yeast Candida, which are part of the normal flora of the body
(Chapter 2).

Diseases are often described as being primary or secondary. Primary may
refer to a disease of unknown cause or idiopathic, whereas secondary is used
to refer to a condition that arises from an existing disease. However, these
terms are also often used to describe the stages of a disease. For example, in
cancer the primary tumor is the initial tumor whereas secondary tumors arise
following metastasis of the primary tumor to other tissues (Chapter 17).

PATHOGENESIS

Every disease has a pathogenesis that describes the development of the
disease or, more specifically, how the etiological agent(s) acts to produce
the clinical and pathological changes characteristic of that disease. Some
examples of how diseases undergo pathogenesis include inflammatory
reactions in response to harmful agents and carcinogenesis where the
formation of tumors occurs as a result of exposure to carcinogens (cancer-
inducing substances).

CHARACTERISTIC FEATURES OF DISEASES

Figure 1.4 Electron micrograph of HIV particles

escaping from a cultured human cell. Courtesy of
Dr. D. Robertson and Professor R.A. Weiss, Institute
for Cancer Research, Royal Cancer Hospital, UK.
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Diseases have ‘natural histories’ that describe the typical patterns of how
each disease usually progresses, its effects and its duration. The effects of the
disease on the patient are referred to as morbidity. Occasionally the morbidity
of a disease may cause disability that, in turn, may restrict the activities of
the patient. The mortality of a disease describes its possibility of causing
death. This is usually expressed as a percentage. Some diseases have a rapid,
often severe onset that is described as acute. However, other diseases have a
chronic onset and develop gradually over a relatively longer time. Thus acute
renal failure is characterized by rapid deterioration of kidney function over a
matter of days, while chronic renal failure develops over months or even years
(Chapter 8).

Diseases rarely occur immediately following exposure to an etiological agent.
In most cases, a period of time, the incubation period, must elapse before
the disease becomes apparent. In carcinogenesis, this period may last several
decades and is referred to as the latent period. With infectious diseases, the
time between exposure and development of the disease is often characteristic
of the infectious agent involved.

MANIFESTATIONS OF DISEASES

The etiology of a disease and its pathogenesis produce clinical manifestations
that include signs and symptoms of the disease. A symptom is an indication
that a disease is present and something of which the patient complains, for
example, nausea, malaise or pain (Table 1.1). A sign is something that the
clinician specifically looks or feels for, such as redness or swelling of the skin,
when examining the patient. Some diseases present with a subclinical stage
where these signs and symptoms are not apparent, even though the disease
is established and characteristic biochemical and cellular changes that are
detectable by laboratory analysis of, for example blood or urine have taken
place.

Clinical signs and symptoms are often accompanied by structural or functional
abnormalities, called lesions, in affected tissues that are responsible for
ill health and usually cause the signs and symptoms of disease. Lesions
may be biochemical in nature, such as defective hemoglobin in patients
with hemoglobinopathies (Chapter 13). Alternatively, a lesion may include
deposition of abnormal substances in cells, tissues and organs such as
deposition of amyloid in the brain in patients with Alzheimer’s disease (Chapter
18). Loss of healthy surface tissue, for example, in gastric ulceration, may also

Pain stimulation of nerve endings by trauma, chemicals and heat

Swelling increase in number or size of cells or an accumulation of tissue fluid

Fever actions of interleukin-1 and prostaglandins stimulate thermoregulatory center in the
brain

Weight loss decreased intake of food or a catabolic state stimulated by release of factors from
tumors

Diarrhea inadequate absorption of food by the GIT leads to an osmotic retention of water

and production of watery stools (Chapter 11)
Cough release of neuropeptides following irritation of the respiratory mucosa

Cyanosis reduced supply of oxygenated hemoglobin to the skin

Table 1.1 Disease symptoms and their causes




be a feature of some diseases. Diseases may involve functional abnormalities
such as an inappropriate secretion of hormones. Examples of these include
the excessive production of thyroid hormones in hyperthyroidism or the
inadequate secretion of insulin in type 1 diabetes mellitus. Other functional
defects might include impaired nerve conduction and muscular contraction.

The term syndrome is often applied to describe certain diseases that are
characterized by multiple abnormalities that form a distinct clinical picture.
For example, Cushing’s syndrome (Chapter 7) occurs when an excess of the
hormone cortisol produces a combination of clinical features that include
hirsutism (excessive growth of facial hair), obesity, hypertension and
characteristic facial and body features.

Some diseases frequently present with complications, that is, new or
separate processes secondary to, and a consequence of, the initial disease.
Diabetic cataracts, retinopathy and nephropathy are all chronic or long-term
complications of diabetes mellitus.

The manifestations of a disease in a given person are not static and are affected
by compensatory mechanisms in the body as well as by environmental
influences and responses to treatment. Diseases often have a range of
manifestations and their presence and severity may vary from patient to
patient. In addition to differences between individuals, differences occur
within an individual at different stages of development, from infancy to old
age. Figure 1.5 outlines the key features of some diseases in terms of their
etiology, pathogenesis and manifestations.

OUTCOME OF A DISEASE

The prognosis ofadiseaseisitslikely outcome. Prognoses can vary considerably
between different diseases and, of course, can be influenced by treatment.
Hence when giving a prognosis, it is necessary to clarify if the disease is
following its natural course or whether there is, or needs to be, medical or
surgical intervention. A viral disease such as German measles (rubella) will
normally resolve of its own accord, whereas a broken leg or a heart attack
needs treatment. With some diseases, especially some cancers, patients may
go through a period of good health with a reduction or disappearance of the
symptoms and the disease is said to be in remission. However, a relapse may
occur with a return of the disease symptoms following this period of apparent
recovery. Diseases with a tendency towards remission and relapse include
acute lymphoblastic leukemia and ulcerative colitis (Chapters 17 and 11).

il i) Complications

Etiology Pathogenesis  and functional
features and sequelae
Local skin .
infection Staphylococcus . acute tocal skin
(Chapters 2 aureus inflammation |nf_e§t|on
&3) visible
Neoplasms, metastases
for example smoking mutation tumor of the leading to
lung cancer (Chapter 15) lung secondary
(Chapter 17) tumors
Cirrhosis of immune
the liver hepatitis B reaction to cirrhosis of
(Chapters 2 virus virus-infected the liver
&12) cells
(Chapter 4)

CHARACTERISTIC FEATURES OF DISEASES

Figure 1.5 Characteristics of some diseases
showing relationship between etiology,
pathogenesis, morphological and functional
features and complications and sequelae.




Class of disease

Infectious
Immunological
Endocrine
Homeostatic
Nutritional
Toxic

Genetic
Congenital
Neoplastic
Traumatic
Degenerative
Psychogenic
latrogenic

Idiopathic

Table 1.2 A classification of diseases

Figure 1.6 Model of a dimer (two molecules) of
insulin. The represent disulfide bonds. PDB file

1ZEH.
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1.3 CLASSIFICATION OF DISEASES

Some diseases share common features and can be grouped together in a
classification system. One way of classifying diseases is on the basis of their
cause (Table 1.2). This is by no means perfect as some diseases have multiple
causes and there is likely to be an overlap between the different categories.

Infectious diseases are caused when microorganisms such as viruses, bacteria,
fungi, protozoa and helminths enter and spread within the body (Chapters 2
and 3).

Immunological diseases (Chapters 4 and 5) occur in circumstances in
which the immune system can cause damage to the body’s own tissues. In
autoimmune conditions, for example autoimmune thyroiditis, antibodies are
produced that attack the body’s own tissues. Alternatively, there are diseases
associated with immunodeficiency that increase the susceptibility of the
patient to infectious agents. This occurs in severe combined immunodeficiency
(SCID) and in AIDS.

Endocrine diseases arise from the over- or underproduction of hormones or
from resistance to a particular hormone perhaps because the cellular receptor
is absent as the result of a mutation (Chapter 7). Thus, for example, acromegaly
is caused by the overproduction of growth hormone in adults, whereas type 2
diabetes mellitus is a consequence of insulin resistance, when the appropriate
target cells fail to respond to the hormone (Figure 1.6).

Homeostatic diseases arise when mechanisms for controlling homeostasis
are disrupted. For example, in the syndrome of ‘inappropriate ADH secretion’
(Chapter 8) diminished urine production leads to an increase in body fluids.

Nutritional diseases result from an inadequate intake of nutrients, such as
proteins (which supply essential amino acids), carbohydrates, essential fatty
acids, vitamins or trace elements. Inadequate nutrition is a major cause of
disease, particularly in developing countries. Such deficiencies may be
generalized, as in protein-energy malnutrition (Chapter 10) where there
is simply not enough food, or there may be a lack of a specific nutrient, for
example, vitamin A (Figure 1.7) leading to several disorders including night
blindness. In contrast, in many developed countries an excessive intake of
energy combined with a lack of exercise is responsible for a worrying increase
in obesity.

Toxic diseases (Chapter 12) are caused by the ingestion of a variety of poisons
that may be encountered in the environment. Ingestion may be accidental or
deliberate. Carbon monoxide can be inhaled from car exhausts or faulty gas
fires or water heaters, causing tissue hypoxia and death.

Genetic diseases arise due to defects in the genes or chromosomes of
individuals (Chapter 15). A defective gene may result in the inadequate
production of a key enzyme, such as phenylalanine hydroxylase in
phenylketonuria. Down syndrome is an example of a disorder which arises
due to an abnormal chromosome complement. Some genetic disorders
are not inherited from parents and may arise from a new genetic mutation
in the offspring, as in the disease progeria. Congenital diseases are present
at birth and may or may not have been inherited. They may arise due to a
developmental defect of known or unknown cause. Thus, a newborn may
suffer from fetal alcohol syndrome, a congenital condition arising as a
consequence of excessive alcohol intake by the mother during pregnancy.

Neoplastic diseases are characterized by the uncontrolled and abnormal
growth of cells. These cells form benign or malignant tumors (Chapter 17).
Malignant neoplasms are a major cause of death in many developed countries.
Moreover, their incidence is increasing as people live longer.



Traumatic diseases are caused by physical injury and include mechanical
trauma, extremes of heat or cold, electrical shock and radiation. Apart from
the obvious problems caused by extensive damage to tissues, traumatic
diseases may render an individual more prone to infection by compromizing
the immune system (Chapter 4).

Degenerative diseases involve the progressive loss of body tissues and
impairment of their functions usually associated with aging (Chapter 18).
Examples include neurodegenerative diseases, such as the relatively common
Alzheimer’s disease and muscular dystrophy.

Psychogenic diseases originate in the mind. They may have a significant
psychological or emotional component as seen, for example, in
schizophrenia.

Iatrogenic diseases arise as a consequence of treatment. For example,
patients who are receiving drugs, such as thiazide diuretics to control their
blood pressure, may suffer from low serum K* (hypokalemia, see Chapter 8)
caused by an excessive renal loss. If untreated, hypokalemia may, in turn,
cause cardiac arrhythmias (Chapter 14). Finally, idiopathic diseases are those
of unknown cause.

1.4 EPIDEMIOLOGY OF DISEASE

Epidemiology is the study of how diseases spread in populations in relation
to their causal factors. Consequently, epidemiology is largely concerned with
the collection and interpretation of data about diseases in groups of people
rather than in individuals. The types of data collected in epidemiological
studies provide information about the etiology of the diseases, whether there
is a need for screening or the introduction of other preventative measures and
whether health care facilities are appropriate.

The prevalence of a disease refers to the proportion of people in a population
affected at a specific time. The incidence rate is the number of new cases of a
disease in a population occurring within a specified period of time.

Epidemiological studies can often provide information about the cause(s)
of diseases. Thus if a disease has a high incidence in a particular region or
population, then the disease may have a genetic origin or it may be caused
by environmental factors peculiar to that area. Epidemiological studies of
migrant populations are especially useful since they can provide valuable
information on the etiology of a disease. A case in point might be where a
migrant population has a high incidence of a particular disease and then
moves to another geographical area where the incidence of the same disease
is low. If the incidence of disease in the migrant population remains high, then
it is likely that the disease has a genetic basis. If, however, the incidence in
the migrant population decreases to the level of the new geographical region,
then environmental factors probably play a role in its etiology.

The data on the incidence of some diseases are very reliable. This is especially
so for some infectious diseases and cancers that are notifiable. Clinicians are
legally required to supply details of all new cases of diseases on the notifiable
list to a central register. However, obtaining data on the incidence of other
diseases can be difficult. For most diseases, the data obtained refer to mortality
rates for that disease based on the causes listed on death certificates. This
method of obtaining data has the major limitation of underestimating the
incidence if the disease does not have a fatal outcome.

The incidence of certain diseases changes with time and also can vary
considerably from one country to another and even within different regions
of the same country. These differences are particularly marked between

EPIDEMIOLOGY OF DISEASE

Figure 1.7 Computer generated model of vitamin
A (retinol).
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developing and developed countries. Infectious diseases and malnutrition are
still more prevalent in developing countries, while in the developed world, the
incidence of many infectious diseases has been reduced dramatically in the
last 100 years. The infant mortality rate is often used as a measure of health
related to socioeconomic status. In general, the infant mortality rate is higher
in developing compared with developed countries.

The decreased incidence of many diseases in developed countries may reflect
changes in exposure to causative agents as well as the effects of preventative
measures. For example, the reduction of diseases such as cholera is associated,
in a large part, with improved public health measures. Improvements in
sanitation, sewage and hygiene have had a considerable impact in reducing
the incidence of many infectious diseases. Mass immunization against
infectious diseases, such as polio, has had enormous beneficial effects in
reducing disease in the population as a whole. Unfortunately the reduction in
infectious diseases has been accompanied by an increasing incidence of other
diseases, such as cardiovascular diseases, diabetes, several types of cancers
and psychiatric diseases. All are associated with aging and, to a certain extent,
this may reflect the increased life expectancy in the developed countries:
people are not killed by infectious diseases and live longer. Some evidence
does suggest that the increased incidence of these diseases is also due to
changes in diet such as increased consumption of saturated fats and other
lifestyle factors, for instance a lack of exercise. Intervention studies aimed at
changing diet and lifestyle factors in an attempt to reduce the incidence of
these diseases are already proving beneficial.

Socioeconomic factors can also influence the incidence of many diseases.
Poverty tends to be associated with an increased incidence of malnutrition
and malnourished individuals are more susceptible to infectious diseases.
Overcrowding is known to promote the spread of infectious diseases resulting
in epidemics.

Some diseases have a high incidence in populations associated with
certain occupations. For example, coal workers have a high incidence of
pneumoconiosis caused by inhalation of coal dust and, in the past, workers
with asbestos faced a high risk of asbestosis, and of developing mesothelioma
of the lung. Occupational hazards need to be identified and minimized to
reduce the incidence of these diseases.

1.5 INVESTIGATING DISEASES

For the majority of diseases, the clinical outcome is likely to be improved if
treatment is started at an early stage. Consequently the proper investigation
of disease is necessary to ensure a rapid and accurate diagnosis and to allow
appropriate treatment to be initiated as soon as possible. The procedure for
investigating a disease is outlined in Figure 1.8. It starts with the affected
person presenting symptoms and visiting his or her physician when feeling
unwell or after a period of ill health. The examination usually begins with the
clinician asking the patient about his or her current and past medical histories,
current and previous medications, use of alcohol and tobacco, any family
history of disease and possibly occupational history. This is usually followed
by a clinical examination to look for signs of any abnormality. This may
involve visual examinations of the skin, eyes, tongue, throat, nails and hair to
detect abnormalities together with tests to assess cardiovascular, respiratory,
gastrointestinal, genitourinary, nervous and musculoskeletal functions.
Since diseases typically present with recognizable signs and symptoms, the
clinician may make a diagnosis of the disease based on the clinical history
and the examination and then initiate treatment. Sometimes this may not be
possible, given that many clinical symptoms and signs are not specific to any
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Figure 1.8 An outline of the steps involved in investigating diseases.

one disease. However, a range of diagnostic services is also available to the
clinician in modern health care systems. These include imaging techniques,
physiological function tests, radiographic examinations (X-rays) and pathology
laboratory investigations that can be applied to confirm, reject or distinguish
between the various provisional diagnoses. The clinician may only be able
to make a provisional diagnosis or a shortlist of possible diagnoses and then
request additional investigations that rely on the diagnostic services available
at the surgery, clinic or hospital.

1.6 TYPES OF PATHOLOGY LABORATORIES

The function of hospital pathology laboratories (Table 1.3) is to make scientific
investigations of disease. The typical pathology service offered by hospitals has
six main branches: medical microbiology, immunology, clinical biochemistry,
hematology, histopathology and clinical genetics.

Medical microbiologyis concerned primarilywith the detection and identifica-
tion of pathogenic microorganisms. For clinical purposes, these consist of
viruses, bacteria, protozoa, fungi and helminths (worms). Microorganisms
are detected directly in specimens obtained from the patient or on swabs (for
example throat, nasal) that are cultured in growth medium to increase the
number of microorganisms and allow their easier detection. The presence of
microorganisms may also be determined indirectly by detecting antibodies
produced by the patient in response to the infection. Medical microbiology
laboratories also investigate the responses of pathogenic microorganisms to
antibiotics.

Immunology laboratories are concerned with studying the body’s immune
response in both healthy and diseased states. Inmune responses are ‘cell-
mediated’ or ‘humoral’. The former involves T lymphocytes, the latter the
production of antibodies by specialized B lymphocytes. The presence or
absence of antibodies in plasma can be determined, for example, by serum
electrophoresis (Figure 1.9) to assess generalized immunodeficiencies and
other diseases. However, of more diagnostic value during the investigation

TYPES OF PATHOLOGY LABORATORIES

Types of pathology laboratories

Medical microbiology
Immunology

Clinical biochemistry
Hematology
Histopathology

Clinical genetics

Table 1.3 Types of pathology laboratories

Figure 1.9 Excessive immunoglobulin (Chapters
4 and 5) is produced in multiple myeloma, a
tumor of the B lymphocytes; the white blood
cells that produce immunoglobulins. The

proteins in samples of serum can be separated

by electrophoresis and stained with dye. Lane 1
shows the separated proteins from normal serum.
The most abundant protein is serum albumin
which shows as the strongly staining band near
the positive end. Lane 2 shows a myeloma serum
sample with a second dense band at the negative
end. This band shows the enormous amount of a
single type of immunoglobulin, produced by the
tumor. In multiple myeloma, the serum protein
concentration increases making the blood thick
and difficult to pump around, putting a strain

on the heart and kidneys. In addition, so much
effort is put into synthesizing one type of useless
antibody that the concentration of other antibody
molecules decreases and patients become prone
to infection.
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Figure 1.10 A typical automated analyzer in a
hospital clinical chemistry laboratory capable
of performing most of the major investigations.
Courtesy of the Department of Clinical Biochemistry,
Manchester Royal Infirmary, UK.

Figure 1.11 Blood film showing a single

white blood cell surrounded by erythrocytes
(Chapter 13). Courtesy of Dr L. Seal, School of
Biology, Chemistry and Health Science, Manchester
Metropolitan University, UK.
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of immune diseases may be the measurement of specific antibodies that are
produced in response to a particular antigen (which may be an infectious
agent or an autoantigen). The number of cells involved in immunity, such as
T-cells, B-cells, T-helper and T-suppressor cells, are often determined as this
can provide valuable information about the immune status of an individual.

Clinical biochemistry is concerned with investigating the biochemical
changes associated with diseases. A wide range of substances or analytes are
measured in clinical biochemistry laboratories. Some of these analyses are
carried out routinely on all samples (blood, urine) coming into the laboratory
using automated methods (Figure 1.10); others need to be requested specially.
Analyses include those for proteins, enzymes, hormones, lipids, tumor
markers, blood gases, sugars and inorganic ions to investigate a variety
of disorders, including those associated with abnormal renal, respiratory,
metabolic, bone and endocrine function. In addition, analytes are measured
during investigations of genetic disorders both to diagnose and to monitor the
effectiveness of therapies.

Hematology is concerned with the study of disorders of blood cells, including
blood clotting (coagulation) defects. Hematological investigations can involve
determining the concentrations of blood proteins, such as hemoglobin, to aid
in the diagnosis of diseases. The microscopic examination of blood films, thin
layers of blood spread out on a microscope slide and stained (Figure 1.11) and
marrow removed from bone cavities by aspiration (Figure 1.12) may also be
helpful. Some hematology laboratories may also be involved in the provision
of blood and blood products for transfusion services, but these are often run
as separate services.

Histopathology is concerned with the investigation of disease by examining
cells and tissues. This involves the macro- and microscopic investigation
of body tissues for the identification of disease. Amongst other things,
histopathology laboratories are usually involved in the diagnosis of
malignancies and can also provide information on how far a tumor has
progressed (‘staging’) and therefore can suggest a likely prognosis. In addition,
histopathology laboratories may also assist with investigation of a range of
infectious and inflammatory conditions affecting body tissues.

Clinical geneticsis a growingarea in the investigation of diseases. A major focus
of clinical genetics laboratories is the identification of genetic abnormalities
(Chapter 15). This could include, for example, identifying the number and
form of chromosomes (Figure 1.13) in blood films to identify any numerical
and structural abnormalities.

1.7 ROLE OF HOSPITAL LABORATORY TESTS

Tests performed by the pathology laboratory can assist clinicians in
investigating disease. The tests may only give a subjective assessment,
such as when a pathologist assesses the types of cells obtained from a fine
needle aspirate of a suspected breast tumor when investigating breast
cancer. However, tests may provide quantitative information, such as the
concentration of thyroid hormones in the serum, that can then be compared
with a normal value. Unfortunately, the term normal is often difficult to
define in clinical terms. To alleviate this problem, reference ranges have
been widely adopted. Numerical reference limits are based on the mean
value plus or minus two standard deviations against which test results can
be compared. The uses of reference ranges are explored more thoroughly
later in the chapter. The term normal range is still used synonymously with
reference range.

In general, the roles of laboratory tests include:



Figure 1.12 The bone marrow site is the site of blood cell formation. This light micrograph
shows its normal cells with a range of immature erythrocytes (smaller solid arrow) and
leukocytes (open arrow). The large proportion of mature erythrocytes (larger, solid arrow) in
the background is due to unavoidable contamination with peripheral blood during sample
collection. Courtesy of J. Overfield, School of Biology, Chemistry and Health Science, Manchester
Metropolitan University, UK.

¢ the diagnosis, to identify the disease;

* monitoring of treatment;

e screening and assessment of risk;

¢ the prognosis, to inform the physician and the patient of the likely outcome;
¢ detection of complications.

The results of laboratory investigations are used in conjunction with the
patient’s clinical history and examination to determine the nature of the
disease affecting the patient. Thus a low value for the concentration of glucose
in the blood of a patient can confirm hypoglycemia and the clinician can
start palliative treatment, even though the cause of the hypoglycemia may be
unknown at this stage.

Laboratory tests may be used to monitor the course of an illness or the effects
of its treatment. For example, the concentration of glycated hemoglobin
in erythrocytes is measured in diabetics on a regular basis. The higher the
concentration of glucose in the serum, the more readily the sugar reacts with
proteins in a nonenzymic reaction to form glycated hemoglobin, in which
sugar molecules are covalently attached to the protein. Thus the amount of
glycated hemoglobin is an indicator of average glycemia in such patients
over a period of days or months. Diabetics who are not complying with their
treatment by not taking their insulin regularly or giving themselves the wrong
dose, or whose treatment is ineffective, can be identified because poor control
of blood glucose gives rise to higher concentrations of glycated hemoglobin
than is normal or even found in well-controlled diabetics (Figure 1.14).

Laboratory tests may be used to detect a disease before it presents
clinically. This is referred to as screening. For example, the concentration
of phenylalanine in the serum of all newborn babies in the UK is measured
to detect phenylketonuria (Chapter 15). Affected children have a high
concentration of serum phenylalanine (hyperphenylalaninemia) and
metabolites of phenylalanine, such as phenylpyruvic acid are usually
present. If untreated, this condition leads to irreversible brain damage but
if caught early and treated by diet, individuals develop normally. Other
examples of screening tests include smears taken from the lining of the
uterine cervix (Margin Note 1.1 and Figure 1.15). Screening tests may also be

ROLE OF HOSPITAL LABORATORY TESTS

Figure 1.13 A spread of human chromosomes
from a female (Chapter 15).
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Figure 1.14 A chromatogram glycated
hemoglobin determined by HPLC. The results are
shown for (A) a normal person and (B) a patient
with diabetes mellitus. Courtesy of Department of
Clinical Biochemistry, Manchester Royal Infirmary, UK.




chapter I:
BOX 1.1 Clinical specificity and sensitivity

If a test for a particular disease gives a positive result in affected
patients, the result is referred to as a true positive (TP). However,
if a positive result is obtained in an individual who does not
have the disease, this is referred to as a false positive (FP). In
individuals without the disease, the test results should be a true
negative (TN) but occasionally a negative result is obtained in
a patient who has the disease and this is referred to as a false
negative (FN). The ability of a test to discriminate between dis-
eased and healthy states is described by its clinical specificity and
sensitivity.

The specificity of a test is the measure of the incidence of nega-
tive results in individuals free of the disease, and defined as:

Specificity = TN x 100/ TN + FP

A test with a specificity of 90% means that, on average, 90 out
of 100 individuals without the disease would give a negative test.
Conversely, 10 of these individuals would give a positive result
even though they do not have any disease.

The sensitivity of a clinical test is @ measure of the incidence of
positive results in individuals affected by the disease. Sensitivity
can be expressed as:

Sensitivity = TP x 100/ TP + FN

A test of 90% sensitivity means that, on average, 90% of indi-
viduals with the disease will give a positive test while the remain-
ing 10% of individuals with the disease would give a negative
result.

Ideally, a test should have 100% specificity and sensitivity, that
is, it should give a negative result in all individuals without dis-

Figure 1.15 (A) Light micrograph showing
normal squamous cells in a cervical smear from
the superficial layer of the cervix and are from
the layer of the cervical wall immediately below
that of the squamous cells. The cells are healthy
and have comparatively small nuclei. (B) Light
micrograph showing abnormal cells from a
different patient. Note the comparatively large
nuclei compared with the healthy cells. Courtesy
of H. Glencross, Manchester Cytology Centre,
Manchester Royal Infirmary, UK.
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ease and a positive result in all patients affected by the disease.
Such a test would discriminate completely between the diseased
and healthy states. Unfortunately, such perfection rarely occurs
and tests almost always have some degree of overlap (Figure
1.16(A)). Indeed, factors that increase the specificity of a test
often decrease its sensitivity and vice versa.

When using a clinical test, it should also be appreciated that its
ability to detect a disease is influenced by the prevalence of that
disease in the population being studied. This ability is described
by the predictive values of the test. The predictive value of a posi-
tive test is defined as:

Predictive value of positive test = TP x 100/ TP + FP

and of a negative test as:

Predictive value of negative test = TN x 100/ TN + FN

The range of values obtained for any test in healthy individu-
als usually overlaps with those obtained from patients with the
disease. Hence, some patients who are genuinely ill will give test
results that imply they are healthy (FN), whereas others who are
not ill appear to have the disease (FP). However, if extreme values
are used in the test for comparison, then the number of FN results
will be reduced or eliminated. The method will, however, detect
more FP results (Figure 1.16(B)). Thus the test will have a high
specificity but low sensitivity. If the cut-off value is reduced, then
the number of FP results would be reduced but at the expense
of increasing the number of FN results. Thus the test has a high
sensitivity but only by decreasing its specificity (Figure 1.16(C)).

Whether the sensitivity or the specificity of a test should be
increased depends on the disease under investigation and the
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consequences of making an incorrect diagnosis. Thus when )
screening for a disease with severe or fatal consequences, the
test must have a high sensitivity. This ensures it will detect all
results that are TP although some FP results will also be detected.
Patients with positive results can then be investigated further to
identify those with FP results. This test should also have a high
predictive value for a negative test so that affected individuals
are not missed when screening for the condition. Conversely, in
some circumstances, it might be more important to have a test
with high specificity. For example, if the purpose of the test is to < Reference —
identify and select patients for treatment with a new drug then TEImefE

it is necessary that the test has a high specificity. This will ensure

that individuals without the disease are not selected and treated. ®) . .
This type of test should have a high predictive value for a positive Diagnostic
result so that number of individuals with FP results are minimized cut-off /
and not subjected to any unnecessary treatment.

False
negatives

Values
in
health

Values
in
disease

Frequency

High specificity
low sensitivity

Frequency

Physicians have to be very careful when interpreting the results
of tests. It is obviously very unsatisfactory to tell a patient that
he or she is suffering from cancer when this is not the case and
vice versa. The wrong diagnosis may well lead to the wrong
treatment being given.

(©) Diagnostic
Figure 1.16 (A) The range of results for tests in a healthy and diseased population overlap cut-off
and so some patients with disease will have results within the reference range (false
negatives) whereas others without disease will fall outside the reference range (false
positives). (B) If the diagnostic cut-off value is set too high, then this will reduce false
positives but increase the number of false negatives, that is, the test will have high specificity
but low sensitivity. (C) If the diagnostic cut-off value is set too low then the number of false
positives increase whereas number of false negatives decrease, that is, the test has low
specificity and high sensitivity.

Low specificity
high sensitivity

Frequency

used in certain groups of people to assess occupational exposure to harmful
substances such as lead and radiation.

Laboratory tests can be used to indicate the risk of developing a disease. The risk
of developing coronary artery disease increases with increasing concentration
of blood cholesterol, more so if other risk factors, such as smoking, obesity or
diabetes, are present.

Tests in pathology laboratories can indicate the likely outcome of a disease.
Renal failure (Chapter 8) is a progressive disease that leads to a gradual build
up of creatinine in the serum (Figure 1.17). Measurements of serum creatinine
may therefore indicate end-stage renal disease when the patient may need
dialysis to survive.

Vital information regarding the development and complications in a particular
disease may be provided by laboratory tests. Urine is normally essentially free
of protein; hence the presence of 30 to 200 mg dm™ of serum albumin in the
urine (microalbuminuria) of diabetic patients may indicate the development
of nephropathy, a common secondary complication of diabetes.

13
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Margin Note 1.1 Cervical smear

@

Cervical smear (Figure 1.15) testing is
a screening that looks for abnormal
changes in cells of the cervix, that is
the neck of the uterus (Chapter 17).
Some of these abnormal cells can
develop into cancer over 10 or more
years. The commonest cervical cancer,
squamous cell carcinoma, is largely
preventable given that treatment of
the abnormal cells will remove them
in more than 90% of cases although
occasionally further treatment may
be needed. However, no screening is
100% reliable and some abnormalities
may go undetected, hence the
importance of regular tests every three
years if screening is to be effective in
preventing cancer. The development
of a precancerous state in the cervix is
described and illustrated more fully in
Chapter 17.

screening
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Figure 1.17 (A) Creatinine is formed from

(B) creatine phosphate by the body at a
relatively constant rate and excreted in urine.
It is produced in amounts that are essentially
proportional to muscle mass and so its
concentration in blood is commonly used as an
indicator of kidney function (Chapter 8).

1.8 HOSPITAL LABORATORY TESTS

Hospital laboratories routinely offer a wide range of clinical tests all of
which must undergo a thorough evaluation for both analytical and clinical
performance. The clinical demand for the test has to be established and its
clinical relevance is subject to review. In addition to thorough evaluation of
analytical methods, other aspects, such as the stability of samples, needs to be
considered. For example, some samples must be assayed immediately while
others can be stored at an appropriate temperature. All laboratory staff must
be appropriately trained to ensure high analytical standards and produce
valid data. This usually means that control urine and sera are run through the
analyzers at regular intervals to check that the methods are working properly
and reproducibly. Many of the companies that supply apparatus and reagents
also supply standard sera for example, which are tested in laboratories all
over the country, and the results are recorded in a nationwide database so
that comparisons can be made and laboratories can check that their methods
are all giving the same results.

Figure 1.181illustrates the overall procedure routinely followed when a clinician
requires a hospital test. Note that this procedure can be divided into a number
of distinct steps:

e request for the test ( a form; patient’s details recorded);
e specimen collection, labeling, transport and storage (instructions);
e analysis (obtaining the results);

e interpretation (the results are often printed out with the range of values to
help the doctor make an interpretation).

Prior to any test being requested, careful thought should be given as to
whether the test is necessary and how its results will affect the management
of the disease for the benefit of the patient. If this is not the case, then one has
to consider the value in requesting and performing the test. Unfortunately
clinicians sometimes request clinical tests that are unnecessary and will not
be of benefit in treating the patient. This problem often occurs when using
forms on which tests can be requested simply by ticking a box. Requesting
unnecessary tests poses a number of problems for the patients, clinicians,
the biomedical scientists (medical technologists in the USA) and the
hospital. The test means that the patient is put to an inconvenience, as extra
specimens are required. Unnecessary tests can be misleading and result in
poor patient management while imposing a financial burden on the hospital.
The increased workload for laboratory scientific staff may make the clinician
in question rather unpopular! However, set against this is the fact that many
of the machines used in the hospital for clinical analysis routinely test for
a number of analytes, whether they are asked to or not, since it is easier to
set up the machine in this way rather than to adjust them for individual
patients.

Specimens are collected in a variety of ways (Figure 1.19) from the collection
of blood using a simple thumbprick or, more usually a syringe, to surgery to
obtain a biopsy, where a small piece of tissue is taken from the patient.

Blood needs to be collected with care (Chapter 13). If too many erythrocytes
burst, this is known as hemolysis; the specimen will be unsuitable for the
determination of some analytes: for example, the value obtained for ‘serum
K" will not be a true value since potassium is released from hemolyzed blood
cells. Blood should not be collected from an arm that is receiving an infusion
as a drip, since this will dilute the blood. Often, in such cases, the measured
concentrations of electrolytes and glucose in the blood samples resemble
those of the infusion fluid.



For some analytes, the blood must be collected into a tube containing an
anticoagulant or preservative. Specimens of blood for glucose determination
must be collected into a tube containing fluoride ions (F) since this inhibits
glycolysis and prevents the utilization of serum glucose by blood cells.
Occasionally blood is collected into the wrong tube and then decanted into
the correct tube. This can cause a number of problems. For example, blood
collected into a tube containing ethylene diamine tetraacetate (EDTA) will be
unsuitable for the determination of serum Ca*, since EDTA is an anticoagulant,
works by chelating and removing available Ca?*.

The transport of specimens and their storage must be considered carefully
since an inappropriate environment can influence the values of clinical test
results. Swabs, for example, obtained during a microbiological investigation
of an affected site, contain only a small volume of specimen and dry easily.
They therefore need to be transported to the laboratory as quickly as possible
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Figure 1.18 Sequence of events involved in
obtaining a clinical test result.

Figure 1.19 Photograph of some tubes used in
the collection of clinical specimens. Courtesy of
BUPA Hospital, Manchester, UK.
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Margin Note 1.2 Mean, standard @

deviation and coefficient of
VEIE ]

The mean (X) is the arithmetic
average value of a particular group of
measurements. It can be calculated
from:

X = Xx/n

where n is the number of individual
measurements and X is the total of
individual values (x).

The standard deviation (SD) is a
measure of the dispersion of the
data. This is defined as the square
root of £ (x—x)?>/ n—1. Hence the
smaller the value of the SD relative to
that of the mean, the less dispersed
the data. It can be seen from Figure
1.20 that the X = SD include about
68% of the samples, the X = 25D will
include approximately 95% of the
samples.

The coefficient of variance (cv) is also
a measure of dispersion. It is related
to both the X and SD:

cv = 100.SD/X

Since both the mean and standard
deviation have the same units,

the coefficient of variance is a
percentage; the lower its value the
lower the dispersion.

Figure 1.20 Gaussian distribution for results of a
test in a healthy population. The reference range
encompasses 95% of these results within —2 and
+2 SD of the mean.
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to preserve the pathogens. Blood specimens that have been stored overnight
may show erroneously high concentrations of serum K', phosphate and
activities of erythrocyte enzymes because these all leak from the cells during
storage. To prevent this happening, the serum should be separated from
blood cells immediately following collection and stored separately if it is to
be analyzed the following day.

Certain samples require a timed collection, for example, the collection of
urine specimens over a 24-hour period for determination of creatinine
clearance values (Chapter 8) or the collection of stools over a three-day period
for fecal fat determination to assess malabsorption (Chapter 11). The results
obtained for such tests often lack accuracy because of the practical difficulties
in obtaining accurately timed specimens from the patient.

1.9 EVALUATION OF LABORATORY TESTS

The clinical tests used in hospital laboratories undergo thorough evaluation
prior to usage in a laboratory. A number of factors are assessed including
accuracy, precision, reliability, practicality, safety, ease of use, duration and
cost.

Accuracy refers to the ability of a method to give results that are close to the
true value of the substance (analyte) being measured. The results obtained
from laboratory tests may be based on subjective assessment as, for example,
following the microscopic examination of a tissue section obtained after
biopsy during the investigation of a possible malignancy. These types of
assessments rely heavily on the experience of the practitioner in recognizing
and identifying key changes. Many tests, however, provide quantitative data
such as blood glucose concentrations in diabetics, or the concentration of
thyroid stimulating hormone (TSH) in the serum of a patient with suspected
hypothyroidism. The interpretation of many clinical tests for analytes requires
referral to its reference range (see Section 1.9).

The precision of a method refers to its ability to provide the same result every
time it is used. Precision is assessed by repeatedly measuring samples taken
from a single specimen and from batches of samples. The variation in the
results may be assessed by calculating statistical parameters, such as standard
deviation (SD) or coefficient of variance (cv).

Frequency

68% of observations

2.5% of
observations

2.5% of
observations

t f f 1 t t

x-3SD X-2SD X-SD Mean (X) X+SD X+2SD  Xx+3SD



Often substances in biological materials are present in extremely low
concentrations and it may be necessary for the clinical test to detect such low
concentrations of analyte and, indeed, monitor changes in its concentration.
The analytical sensitivity of a method is its ability to detect small amounts of
the analyte under investigation. A related term is the limit of detection, which
is the smallest amount of a substance that can be distinguished from the zero
value. Biological material contains many components and some of these may
interfere with the test being used, giving rise to unreliable results. For this
reason, the analytical specificity of a test, that is, the ability of the method to
detect only the test substance, may be determined.

In addition to analytical variation, test results are subject to biological
variation. The discrimination between normal and abnormal results can be
influenced by a number of biological factors. These include the sex and age
of the patient, his or her diet, the time of collecting the sample, the posture
adopted, whether the patient is stressed or had been exercising, the menstrual
state of a female patient and whether she is pregnant, whether the person is
taking drugs (legal or illegal). All these influence the results of the test. Thus,
for example, plasma iron and urate values are higher in male than female
patients; the activity of serum alkaline phosphatase is greater in growing
children than in adults. Variations in diet may affect concentration of certain
analytes, such as cholesterol (Figure 1.21). The values of some analytes, such
as the concentration of cortisol in the plasma, show a diurnal variation. Blood
should be collected from a seated patient since differences in posture at the
time of blood collection can influence the concentrations of a number of
analytes including the concentration of plasma proteins. Stress influences the
release of a number of hormones, such as adrenaline and cortisol, while the
concentrations of serum analytes, like creatine kinase and lactate, increase
following exercise. The concentrations of ovarian hormones are strongly
influenced by the menstrual cycle and corticosterone is known to vary by as
much as 50% during different stages of the cycle. The nature and concentrations
of many hormones change during pregnancy. Lastly, some drugs can influence
results. For example, patients on estrogen-containing oral contraceptives
often have an increased concentration of total plasma protein.

Analytical methods need to satisfy certain criteria to ensure they are practical
and suitable for use in the laboratory. New methods are introduced into the
laboratory only if they offer significant advantages over existing methods. New
methods are assessed for their speed, that is, how many specimens can be
processed in a given time and how long it takes to produce a result. The time
a test takes may, of course, be vitally important in the care and treatment of a
patient when urgent intervention is necessary.

Hospital laboratories have witnessed an increasing workload in recent years,
and although they are helped by automation (Figure 1.10), they process very
large numbers of specimens on a daily basis. Like all organizations, they have
a finite budget and it is vital that the cost of tests is kept to a minimum. As
well as direct costs, such as those for reagents, equipment and labor, there are
indirect costs, such as the heating and lighting of laboratories. Safety is also
of importance and biological, chemical, mechanical and electrical hazards
associated with the method need to be assessed to ensure the safety of hospital
laboratory staff.

1.10 REFERENCE RANGES

Reference ranges were mentioned earlier (Section 1.7). The reference range for
any particular analyte can be obtained by measuring it in healthy individuals
from a representative sample of the local population. Most laboratories
use healthy blood donors. It may be important to know the normal range

REFERENCE RANGES

Figure 1.21 Computer generated model of
cholesterol.
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Margin Note 1.3 False negatives @

and false positives

It is clear that false negative or false
positive results from a test can have
serious consequences (and no test

is 100% reliable). This applies even
more to tests that patients can carry
out at home. One can imagine the
anguish or joy that a false positive in
a pregnancy test might cause. The
recent development of a quick home
test for HIV based on a saliva test is
perhaps a more severe example. This
HIV test, approved in the US, has
raised fears that people who find that
they are infected (or obtain a positive
result) may kill themselves.

in adults, children, males, females, particular ethnic groups, or pregnant
or postmenopausal women. However, since no analytical method is 100%
accurate and since individuals vary, care must be taken when establishing a
reference range. To determine the reference range, the values for the measured
analyte are plotted against their frequency in the selected population. In most
cases, the resultant graph shows a normal or Gaussian distribution with most
values clustered around the center as seen in Figure 1.20. The mean (X) and
standard deviation (SD) can be determined from these data.

In general, the reference range is taken to be between two standard deviations
either side of the mean. This will cover 95% of the values obtained for the
selected sample (provided the curve is Gaussian). The 95% reference range
was selected as this minimizes any overlap between the results for a healthy
population and those for a population with the disease. However, choosing
a 95% range is one of the major limitations of reference ranges, since 5% of
healthy individuals will, by definition, give results that are outside these values.
Thus a test result outside the reference range does not necessarily imply that
the individual is ill although it does indicate that there is a greater likelihood
of the presence of disease.

The profile of test results for some substances, for example serum bilirubin,
does not give a Gaussian curve but shows a skewed distribution. This skewed
distribution can be transformed mathematically to a Gaussian distribution
and a normalized reference range calculated.

The values of a number of analytes, such as serum iron and alkaline
phosphatase vary with the age or sex of the patient. In such cases, age- and
sex-matched reference ranges are required. When interpreting results for a
particular patient, the ideal reference value would be obtained from the same
patient before their illness and this is sometimes possible. For example, the
concentrations of electrolytes in serum can be measured in a patient before
an operation for comparison with those obtained postoperatively. However, in
most cases the results for the patient before they became ill are not available.

1.11 QUALITY OF TEST RESULTS AND CLINICAL AUDITING

The results of tests performed in pathology laboratories assist with diagnosis
of disease or the monitoring of treatment. Thus they can greatly influence the
management of patients, and it is essential to assure the quality of laboratory
results. Erroneous results have the potential to cause considerable harm (both
physical and psychological) to patients and must be avoided. All laboratories
have practices and procedures to ensure erroneous results are minimized
and that good quality results are provided. Errors can arise at the three
different stages of analysis, that is, preanalytical, analytical and postanalytical.
Preanalytical errors occur before the sample has been analyzed. Analytical
errors arise during the laboratory testing procedure. Postanalytical errors
arise after the specimen has been analyzed.

In general, preanalytical mistakes result from inappropriate methods
of collection or incorrect labeling, handling, transport or storage of the
specimen. Experimental mistakes that can give rise to analytical errors are
detected by introducing systems for each clinical test to warn when errors
occur. This is normally achieved by analyzing a control sample within each
batch of tests. A control sample is one that is identical in composition to the
test samples except that it contains a known concentration of the test analyte.
All samples, including the control sample, must be treated identically. For
example, if the concentration of glucose in serum is being determined, then
the control should be serum, not water, containing a known concentration of
glucose.



QUALITY OF TEST RESULTS AND CLINICAL AUDITING

The control sample is usually an aliquot from a larger sample for which the
mean and standard deviation have already been determined. The results
for control samples are usually recorded graphically so that changes in the
quality of the method are detected as soon as they arise. A common chart
used for quality control purposes is the Levey-Jennings chart (Figure 1.22)
in which the control limits are set at the mean + 2 SD and + 3 SD. If the
control values fall outside the + 2 SD limit, that is, there is drift away from the
accepted limits, there is only a 5% probability that the result lies in a normal
distribution around the mean and is still valid. Any results that lie outside
the 3 SD warning limit suggests that a problem is occurring with the method.
Problems could include unstable reagents in the analyzer, problems with
temperature control or contamination, all of which require investigation.
Occasionally there are gross (and usually very obvious) inaccuracies in the
value of a test result such that it bears no resemblance to values seen in health
or disease. These are referred to as ‘blunders’. Blunders usually arise because
of transcriptional errors in reporting the result. To reduce the number of
blunders, results should be checked thoroughly by senior staff before being
sent to clinicians.

Most laboratories have their own quality control samples and these are used
for internal quality assurance purposes. Many countries now participate
in external quality assurance, whereby quality control samples are sent
to participating laboratories from a central source to assess the analytical
performance of their methods for particular analytes. Furthermore, to ensure
quality of service provision, many laboratories follow a set of procedures
required for accreditation by external agencies. These procedures ensure
good laboratory practice (GLP) and cover all aspects of the laboratory that
are involved in the production of test results. These procedures ensure that all
laboratory staffare adequately trained and have clearly defined responsibilities.
The equipment used should be of adequate standard with a logbook showing
a full record of maintenance and faults. All methods used in the laboratory are
standardized, fully documented and appropriate for the analysis. Full details
of each method are provided as a standard operating procedure (SOP) that
includes details of specimen handling, the analytical method, equipment
used and quality control procedures.

To improve the quality of the services they provide, many laboratories
participate in some form of audit. Clinical audit (Figure 1.23) is a process
whereby practices and procedures involved in patient care are monitored and,
if necessary, revised to provide a more efficient and cost-effective service that
should ultimately benefit the patient. Audit is part of the process of ensuring

Figure 1.22 Levey-Jennings Chart used to assess
quality control of quantitative results of tests.
The values of controls are plotted as means + 2
and 3 SD. When results are plotted out like

this, any trend affecting quality of test can be
detected, for example the values for one control
(red) lie outside + 3 SD. Courtesy of Department of
Clinical Biochemistry, Manchester Royal Infirmary, UK.
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Figure 1.23 Outline of the five stages of a clinical
audit.

Observe and review
current practice(s)

Monitor revised

procedure(s) to Identify area(s)
_ assess any that could be
improvement improved
Implement
Ensure that the new procedure(s) to
procedure(s) are improve

implemented K/ identified area(s)

quality and is usually divided into five stages. The first is the observation and
review of current practice and procedures in the laboratory. The second stage
involves the identification of areas of concern that could be improved and
questions are asked as to whether the current service can be provided more
economically. Third, a series of changes are devised to rectify and improve
the identified area(s) of concern. Fourth, these changes are implemented and
steps taken to ensure compliance and, finally, at the fifth stage, the changes
are monitored and compared with previous procedures in order to assess
whether there is indeed any improvement in the service provided or whether
the revised procedures are actually more cost effective.

A clinical audit is usually followed by a re-audit after an appropriate period
of time. The audit may include several processes such as the initial stages of
test requesting, specimen collection and transport. The audit may wish to
investigate whether appropriate advice is available to clinicians requesting
tests, whether the test request forms are easy to use or whether appropriate
containers are provided for specimen collection. Other types of audit processes
may relate to the analytical service provided by the laboratory, such as whether
the repertoire of tests offered is appropriate to the needs of the clinical service.
A clinical audit may wish to investigate whether provision of the laboratory
service out of hours is efficient and cost-effective and whether test results are
being returned to the clinicians at the right place and within an appropriate
time.

CASE STUDY 1.1

The serum K' concentration of Emma, a 22-year-old Question

patient, about to undergo surgery was determined. The
laboratory sent a value of 35 mmol dm™ to the ward. The
reference range for serum K* is 3.5 to 5.0 mmol dm™.

20

What is the most likely explanation of this result? Discuss
its implications.



SUMMARY

CASE STUDY 1.2

A new test for the detection of prostate cancer has
been developed and is undergoing clinical evaluation
to determine how effective it is in the diagnosis of this
condition. The study included 100 healthy men and 100

Positive  Negative
Patients with prostate cancer 95 5
Healthy individuals 5 95

men with known prostate cancer. All were screened using
the new test, which involved the measurement of aserum Question

tumor marker. The patients were rated either positive  what are the sensitivity and specificity of the test? Discuss

or negative depending on whether the determined {he values.
concentration of the tumor marker was above or below

a certain cut-off value. The results obtained were as

follows:

1.12 SUMMARY

Health is a ‘state of physical, mental and social well-being, not merely the
absence of disease’. Disease refers to any abnormality or failure of the body
to function properly. For medical treatment to commence the disease needs
to be diagnosed and its etiology established. This also helps to define the
prognosis, that is, the likely course of the disease and its outcome. Diseases
have a number of possible causes. They may be exogenous, such as infections
or trauma (accidents) or they may be endogenous such as diabetes or cancer.
Some diseases may be caused by a range of factors and are called multifactorial
and, for some, the cause may be unknown and these are referred to as
idiopathic.

The pathogenesis describes how the etiological agent produces the clinical
signs and symptoms and the pathological changes characteristic of thatdisease.
This enables the physician to make a diagnosis and prescribe treatment. The
prognosis should also emerge at this stage.

Diseases may be classified into a number of types: genetic, infectious,
endocrine, traumatic, degenerative, immunological, nutritional, homeostatic,
neoplastic (cancer), toxic, psychogenic and iatrogenic (caused by the treatment
itself). Epidemiology is the study of how diseases spread in populations. This
is of importance in the control of diseases.

Various types of laboratories specialize in investigating the pathology of
diseases. A laboratory may measure the concentrations of analytes in blood
and urine, identify infectious agents such as bacteria and viruses, characterize
genetic diseases by looking at the patient’s chromosomes, or identify problems
with the blood, for example those involving defective hemoglobin or clotting
factors. The laboratories report their findings to the clinician in charge of
the patient to help in the process of diagnosis and in making decisions on
treatment and how well any treatment is working. Pathology laboratories
must work to high standards of accuracy, otherwise wrong treatments may be
given and patients may be misinformed about their disease and its prognosis.
Therefore pathology laboratories take steps to standardize and check their
procedures on a daily basis and investigate new tests exhaustively before they
are introduced.
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QUESTIONS

1. Which of the following terms best describes a test used to detect
disease before it presents clinically?
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a) diagnostic test;
b) sensitive test;
c)  screening test;
d) prognostic test;
e) specific test.
2. The term used to describe the cause of a disease is:
a) manifestation;
b) etiology;
c¢) pathogenesis;
d) mortality;
e) epidemiology.
3. A Na* solution of 10 mmol dm™ was measured by two methods X

and Y. The value obtained with method X was 11.8 mmol dm~ and
for method Y it was 9.7 mmol dm=. Which one of the following state-
ments is correct?

a) Method X is more accurate than method Y.
b) Method X is more precise than method Y.
c¢) Method Y is more accurate than method X.
d) Method Y is more precise than method X.
e) Method X is as accurate as method Y.
4. The concentration of Mg?* in the serum of an individual is 0.5 mmol

dm™. The reference range is 0.7 to 1.0 mmol dm™. Is it possible to be
100% certain that this individual has a deficiency of Mg?*? Explain
your answer.
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chapter 2:

PATHOGENS AND
VIRULENCE

OBJECTIVES
After studying this chapter you should be able to:

m define the terms pathogen, parasite and infection;
m list the types of parasites and pathogens;

m outline the types and effects of microbial virulence factors.

2.1 INTRODUCTION

The body is exposed to many pathogenic microorganisms and multicellular
parasites. Most microorganisms found associated with the body are harmless
and live as commensals or symbionts but others cause disease and are known
as pathogens. Infection, from the Latin ‘inficere’ (to put in), is the successful
persistence and/or multiplication of the pathogen on or within the host. In
this respect, pathogenesis may be defined as the molecular and biochemical
mechanisms that allow pathogens to cause diseases. Mummies preserved in
ancient Egypt and elsewhere display evidence that infectious diseases have
always been a threat. The emergence of new pathogens and the development
ofresistance to current treatments for existing pathogens means that infectious
diseases will probably always be with us.

Many antibiotic drugs (Chapter 3) are available to treat infectious diseases and,
inmany cases, will effecta cure.Itis, however, possible for them to exacerbate the
problem since the drug can remove commensals allowing antibiotic resistant
pathogens to flourish. Also, an adequate immune response is often necessary,
since drugs alone may fail to eliminate the infection. Thus all pathogens must
overcome the defense systems present in their hosts (Chapter 4).

Some pathogens regularly cause diseases while others do not. For example,
Pseudomonas aeruginosa (Figure 2.1) can cause overwhelming disease in
patients whose defense systems are compromized but not in those with
intact defenses. It is likely that any microorganism with the ability to live in
or on humans will sometimes become an opportunistic pathogen especially
if the balance between the usual microorganisms present and the immune

Figure 2.1 Electron micrograph of Pseudomonas
aeruginosa. Courtesy of Dr J. Carr, Public Health
Image Library, Centers for Disease Control and
Prevention, USA.

25



chopier P2l PATHOGENS AND VIRULENCE

Figure 2.2 Electron micrograph of dividing
Escherichia coli cells. Courtesy of Dr A. Curry,
Manchester Royal Infirmary, UK.

Margin Note 2.1 @

Communicable pathogens are
transmitted from host to host

and, in general, cannot live for
extended periods outside a host.
Noncommunicable pathogens
normally live in the abiotic envi-
ronment but may infect a host if
they are transmitted to him or her.
Contagious pathogens are those
that are easily transmitted. The
sources of pathogens can be abi-
otic: soil, water, or animals or other
humans.
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system is disturbed. Thus bacteria which are normally harmless, but which
are opportunistic pathogens, can cause infections under certain conditions.
For example, wounds can become badly infected with bacteria that normally
exist on the skin, and bacteria that normally live in the gut can cause serious
infections if peritonitis (Chapter 11) allows the gut contents to enter the
peritoneum. In general, these infections are not transferable to other healthy
humans.

The success of pathogenic microorganisms depends on their ability to
colonize host tissues and to counter the host’s defense mechanisms. Virulence
is measured by the infective dose and the severity of the disease caused. For
example, as few as 10 to 100 Shigella dysenteriae cells can cause shigellosis but
more than 10000 cells are needed of the less virulent salmonella or cholera
bacteria. True pathogens are equipped with a range of virulence factors. The
strains of some bacterial species, such as pathogenic forms of Escherichia coli
(Figure 2.2) can produce different virulence factors that cause, for example,
diarrhea, urinary tract infections or sepsis. Other strains, however, do not
produce virulence factors or do so to a lesser extent and are therefore not
pathogenic, except when they infect an immunocompromized host.

A pathogen must be transmitted from a source to the patient. Direct contact
between hosts is the most obvious form of transmission but coughs and
sneezes (aerosols), food, water and arthropod vectors are all used by various
pathogens. The long-term survival of pathogenic microorganisms also
depends on maintaining their infectivity during transmission from host
to host. Diseases that are transmitted from animals to humans are called
zoonoses, while humans who harbor a pathogen but are asymptomatic are
called carriers.

2.2 TYPES OF PATHOGENS

Infectious diseases are caused by pathogens that have the ability to infect
humans. They may be subcellular, such as prions and viruses, single-celled
prokaryotic bacteria, single-celled eukaryotic protozoa and vyeasts, or
multicellular organisms such as, fungi, certain worms, such as nematodes
and flukes (generally referred to as helminths) and arthropods, such as mites.
The term parasite, an organism that lives at the expense of another, is often
applied to viruses, protozoa and helminths, although the terms pathogen and
parasite are virtually interchangeable.

PRIONS

Spongiform encephalopathies or prion diseases (Chapter 15) are all fatal
diseases for which there is no cure. They include Creutzfeldt-Jacob disease
(CJD), Gerstmann-Straussler-Scheinker syndrome (GSS) and fatal familial
insomnia (FFI). These diseases generally develop slowly over 10 to 20 years
in older individuals. Prion diseases occur sporadically, or they can be familial,
that is genetic, or they can be acquired, that is, infectious.

Prions are degenerate host proteins. The normal form of the protein adopts a
largely o helical conformation that is harmless, but can refold to a 3 sheet-rich
form that is a pathological conformation. Such misfolded proteins aggregate
to form deposits in the brain leading to a lethal spongiform condition
where holes develop in the brain. A misfolded prion protein, in some poorly
understood way, induces a conformational change in a native o prion protein
to produce a B type conformation. This new misfolded protein, in turn, can
catalyze conformational changes in other native proteins, eventually forming
a chain reaction and produces deposits of prions in the brain. The sporadic
form of the disease occurs in individuals with mutations in the prion gene
that predisposes them to produce the misfolded form of the protein. Since



the diseases usually only occur after reproductive life is over, they can run
in families giving the familial form. If misfolded prions enter the body in the
diet, they resist digestion. They may also enter by iatrogenic means, through
surgery or blood transfusions for instance, and can initiate the infectious form
of the disease.

VIRUSES

Viruses are obligate intracellular parasites. They are complexes of proteins,
which form a capsid, and nucleic acid (RNA or DNA), comprising their
genome, that together form a viral particle or virion (Figure 2.3). Some viral
particles also have a lipid membrane or envelope acquired when the viral
particle leaves its host cell (Figures 1.4 and 2.7). Viruses must enter a target
or host cell to replicate. They bind to the target cell by attaching to specific
proteins or carbohydrates on the cell’s surface (Figure 2.4). For example, the
human immunodeficiency virus (HIV) attaches to a protein called CD4 found
on the surfaces of certain T lymphocytes and macrophages of the immune
system (Chapter 4). Other examples of viruses and the cellular receptors to
which they bind are shown in Table 2.1.

Once infected, the host cell then manufactures new viral particles. In some
cases, replication may include an inactive latent state. For example, the virus
Varicella zoster (Figure 2.5), which causes chicken pox, enters nerve cells and,
after the initial infection, remains dormant. If, however, the host immune
system becomes weakened, Varicella can reactivate and cause painful attacks
of shingles in the area served by that nerve.

In some cases the viral nucleic acid can be integrated into that of the host
and eventually lead to cell transformation and the formation of cancers
(Chapter 17). Thus, for example, hepatitis B virus can contribute to primary
hepatocellular carcinoma, while certain strains of the human papillomavirus
that cause genital warts may contribute to the development of cervical
carcinoma.

Cell membrane protein used as virus receptor

HIV CD4 (Chapter 4)

Human rhinovirus 91 ICAM (Intracellular adhesion molecule) |
Sindbis virus High density laminin receptor
Coxsackie A ICAM |

Human coronavirus 229E aminopeptidase N

Hepatitis B virus HBV Binding factor (a metalloprotease)

Table 2.1 Some cell membrane proteins used for viral attachment

Figure 2.5 Electron micrograph of Varicella
zoster. Courtesy of H. Cotterill, Manchester Royal
Infirmary, UK.
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Nucleic
acid

Figure 2.3 Schematic showing the structure of a
typical viral particle.

Figure 2.4 Electron micrographs showing (A) the

binding, (B) enveloping and (C) internalization
of an influenza virus. Courtesy of Dr J.J. Shekel,
National Institute for Medical Research, London.
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BOX 2.1 Infectious diseases in history
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The earliest human skeletons show evidence of a variety of
infectious diseases. Evidence from mummies preserved in ancient
Egypt 4000 years ago shows that the population suffered from
diseases such as tuberculosis, trachoma and dental caries. The
skeletons of monks buried in medieval Northern monasteries
show the characteristic signs of syphilis!

Perhaps the best known example of an infectious disease is
plague, a term originally applied to any widespread disease
causing great mortality. The name is now confined to bubonic
plague, an infectious disease of animals and humans caused by
the bacterium Yersinia pestis (Figure 2.6). This bacterium mainly
affects rodents but their fleas can transmit the bubonic form
of the disease to humans when they bite to feed on blood.
Transmission occurs readily in crowded urban areas with poor
hygiene. Infection usually results from a bite from a rodent
flea carrying the plague bacterium or by handling an infected
animal. Once humans are infected, they infect others very
rapidly. Plague causes fever and painful swellings of the lymph
glands called buboes, which is how the disease derives its name.
It also causes spots on the skin that are initially red but then
turn black. The coughing and sneezing of infected individuals
spreads pneumonic plague; a much more lethal form of the
disease. Bubonic plague is fatal in about 30% of cases but is
readily treatable with antibiotics. In contrast, pneumonic plague
is often fatal even with antibiotic therapy.

Bubonic plague has had a profound impact on humans
throughout recorded history. In AD 541, the first great plague
pandemic, that is a disease affecting patients over a wide
geographical area, spread throughout the world from its
origins in Egypt. It is thought to have killed between 50% and
60% of the population over four years, being spread by the
flea-infested rats that inhabited human homes and workplaces
and by human sufferers of the disease. In the early 1330s, a
second pandemic originated in China. At the time China was
one of the world’s busiest trading nations and the disease
rapidly spread to western Asia, the Middle East and Europe. It
entered Europe in October 1347 when several Italian merchant
ships, returning from a trip to the Black Sea (a key link in trade
with China) arrived in Sicily with many people on board already
dying of plague. Within days the disease spread to the city and
the surrounding countryside. In August the following year, the
plague had spread as far north as England, where people called
it the Black Death because of the black spots on the skins
of patients. Medieval medicine was ineffective in treating the
disease. However, in winter the disease declined simply because
the fleas that carried the bacteria were dormant. Each spring,
the plague returned. After five years more than 13 million
people in China and 20-30 million in Europe, one third of the
European population, were dead.

PATHOGENS AND VIRULENCE

Figure 2.6 (A) Light and (B) electron micrographs
of Yersinia pestis. The cells are 1 to 3 um in
length. Courtesy of Dr M.K. Khalid, Editor, Middle
East Journal of Emergency Medicine and Dr M.
Schneider, Kryptozoologie respectively.

In addition to the terrible fatalities, the Black Death produced
enormous social changes from which medieval society never
recovered. The resulting serious labor shortages all over Europe
led to a demand for higher wages by workers and peasant revolts
broke out in Belgium, England, France and Italy. The end of the
1300s saw the eventual collapse of the prevailing social system
of tied serfs.

Even when the Black Death pandemic ended, smaller outbreaks
of bubonic plague continued for centuries. The Great Plague
of London in 1664 to 1666 is estimated to have killed 70000
people out of a total population of 460000. In 1894, outbreaks
occurred in Canton and Hong Kong in which 80000 to 100000
died. Within 20 years the plague had spread and killed 10 million
people worldwide.

Advances in living conditions, public health and antibiotic therapy
make future pandemics of Yersinia pestis unlikely. However, if an
infected person is not treated promptly, the disease is likely to
cause severe illness or death. Outbreaks of plague still occur in
some rural communities or in some cities that are still associated
with infected rats and their fleas. The World Health Organization
reports 1000 to 3000 cases of plague annually. It is unlikely that
the disease will ever be completely eradicated because wild
animals hold a huge reservoir of the bacterium.



In more recent years, pandemics of a number of other diseases
have occurred. The most recent is associated with the human
immunodeficiency virus (HIV) virus (Figures 1.4 and 2.7 and
Chapter 4), although the most numerous are associated with
influenza (Figure 2.8). The influenza pandemic of 1918-1919,
named Spanish Flu though the name has little relevance, killed up
to 40 million people, many more than the nine million fatalities
of World War 1 (WW1). It was one of the most devastating
epidemics in history and is comparable with the Black Death
in sheer numbers of people killed. In two years, a fifth of the
world’s population was infected. The virus had a mortality rate
of 2.5% compared with the previous influenza epidemics of less
than 0.1%. Further, most deaths were of people aged 20 to 40
years, which is unusual given that influenza normally kills the
elderly and the very young. Indeed, the death rate for 15- to 34-
year-olds from the influenza and associated pneumonia were 20
times higher in 1918 than in previous years.

The origin of this influenza variant is uncertain but is thought to
have originated in China where mutations led to an influenza virus
with novel surface proteins making it relatively unrecognizable to
immune defense. The influenza pandemic swiftly followed trade
routes and shipping lines. The mass movement of people as a
result of WW!1 also enabled the virus to spread rapidly. Outbreaks
swept through North America, Europe, Asia, Africa, Brazil and
the South Pacific. The shortage of medical facilities created by
WW1 accentuated problems. As with the Black Death, social
problems occurred with shortages of coffins, morticians and
gravediggers so that bodies had to be stored in piles until they
could be buried.

The genes of all influenza viruses are maintained in wild aquatic
birds. Periodically these viruses are transmitted to other species.
Thus the potential for outbreaks of influenza is still present.
Influenza viruses mutate constantly but usually in such a way
that one year’s vaccine offers some protection against the next
year's strain. However, every 10 to 20 years, a major mutation
produces a particularly new virulent strain against which current
vaccines offer little protection. Such viruses are associated with
epidemics and pandemics like that of 1918 to 1919. Indeed, in
1997 epidemiologists and public health officials recognized a
new variety of influenza virus, known as subtype H5N1 from its
surface proteins. Given its lethal effects on poultry it was called
Chicken Ebola, but is now more commonly called 'bird flu'. When
it infected the human population of Hong Kong it killed six of the
first 18 confirmed cases. Fortunately the HSN1 subtype cannot
be transmitted through the air from one human host to another.
In Hong Kong, bird-to-human contact is relatively easy given the
often close proximity of the two and is believed to have been
the route of transmission and Hong Kong officials ordered the
slaughter of Hong Kong's entire poultry population in 1997.
However, by 2005/6, cases of bird flu were being reported in
diverse parts of the world.

TYPES OF PATHOGENS

Figure 2.7 HIV viral particles being released
from the surface of a human cell. Courtesy of H.
Cotterill, Manchester Royal Infirmary, UK.

Figure 2.8 Electron micrograph of influenza
viral particles. Courtesy of H. Cotterill, Manchester
Royal Infirmary, UK.
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Figure 2.9 Electron micrograph of bacterial cells.

Note the lighter staining nuclear material free in
the cytoplasm and not contained in a nucleus.
Courtesy of Dr 1.D.J. Burdett, National Institute for
Medical Research, London.
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BACTERIA

Bacteria are cellular microorganisms that do not have a discrete nucleus and are
described as prokaryotic (Figure2.9). They are responsible foralarge proportion
of all infectious diseases and although prokaryotes share considerable
biochemistry with eukaryotes, their metabolism differs in numerous ways,
making them susceptible to chemical agents that do not significantly damage
human cells. This is the basis of antibiotic therapy (Chapter 3). While most
species of pathogenic bacteria do not enter host cells and are described as
extracellular pathogens, some significant groups of bacteria are intracellular
parasites. Examples of the latter include Mycobacteria and Listeria.

PROTOZOA, FUNGI AND HELMINTHS

Protozoa, fungi and helminths are eukaryotic organisms. They therefore share
many biochemical features with humans. Also, they have many seemingly
sophisticated ways of countering the host immune system. This often makes
them difficult to eradicate when they cause disease. Fungi, protozoa and
helminth parasites are responsible for a large proportion of infective diseases,
particularly in the developing world.

Protozoa consist of single eukaryotic cells although in some species these may
group together as loose aggregates. Malaria, caused by species of Plasmodium,
is easily the most clinically important protozoal infection worldwide and
is responsible for many millions of deaths annually (Box 2.2). Protozoa are,
however, also the causative agents for a number of other infections including
amebiasis, giardiasis, leishmaniasis, toxoplasmosis, trichomoniasis and
trypanosomiasis.

Fungi are a heterogeneous group of organisms, ranging from unicellular
yeasts to elongated chains of cells, known as hyphae (Figure 2.10). Fungal
infections, or mycoses, are relatively common and may be superficial or
systemic. Fungi cause disease in humans by invading tissues, by being toxic
or by initiating an allergic response. Clinically important fungal infections
include those of Epidermophyton, Microsporum and Trichophyton species
that cause ringworm, athlete’s foot and nail infections (Figure 2.11).
Infections with yeasts and other fungi can result in, for example, candidiasis,

Figure 2.10 Electron micrograph of fungal hyphae.




aspergillosis and cryptococcosis. Systemic fungal infections are, in general,
much more common in immunocompromized individuals, for example those
with AIDS (Chapter 3), those undergoing cancer chemotherapy (Chapter 17)
or those being treated with immunosuppressive drugs to prevent rejection of
a transplant (Chapter 6).

The clinically important helminths (worms) can be divided into three main
groups: nematodes (roundworms), cestodes (flatworms) and trematodes
(flukes). Helminths often have complex life cycles that may involve other
hosts in addition to humans. In humans, they may infect the alimentary canal,
blood vessels, lymphatics or other tissues such as skeletal muscle. Helminths
are significant parasites in tropical climates. Examples of disease-causing
helminths are the pork tapeworm Taenia solium (Figure 2.12) that can live in
the gut and Schistosoma the cause of bilharzia.

ARTHROPODS AND VERTEBRATES

Arthropods may be directly parasitic, but many are also relevant to infectious
diseases as vectors of pathogens. The mite Sarcoptes scabiei lives in the
outer layers of the skin and can cause scabies while fleas (Pulex) and head
and pubic lice, Phthirus capitans and pubis respectively, are blood sucking
parasites (Figure 2.13). Houseflies and cockroaches are noted carriers of food
poisoning organisms. More specific vectors include ticks that transmit Borrelia
burgdorferi, the cause of Lyme disease. Yersinia pestis, the bubonic plague
organism is spread by the fleas on black rats (Box 2.1). Malarial parasites are
spread by female Anopheles mosquitos (Box 2.2) and tsetse flies are vectors for
Trypanosoma brucei which causes sleeping sickness. Several disease-causing
organisms use mammals as vectors with perhaps the best known being the
rabies virus.

Figure 2.11 Infections of the toenails (onychomycosis) with (A) Trichophyton tonsurans
and (B) Trichophyton rubrum with secondary infections with the fungus, Scopulariopsis
brevicaulis and the yeast, Candida guilliermondii. Courtesy of Dr Pavel Dubin, Israeli Board
Certified Dermatologist.

Figure 2.12 The 'head’ of the pork
tapeworm, Taenia solium. Note the
hooks and suckers that allow it to
remain attached to the intestine
wall. Courtesy of Public Health Image
Library, Centers for Disease Control and
Prevention, USA.

Figure 2.13 Drawings of (A) the scabies mite, (B) flea, (C) head and (D) pubic lice.

TYPES OF PATHOGENS
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BOX 2.2 Malaria — the bad air disease

Malaria infects hepatocytes and blood. It is named malaria A)
from the eighteenth-century Italian ‘mala aria’, meaning

bad air, from the belief the disease was caused by the
unwholesome air of swampy districts. Malaria is caused by

four main Plasmodium species, falciparum, malariae, ovale

and vivax, and is responsible for a significant proportion of
mortality and morbidity worldwide, particularly in tropical
climates.

The life cycle of Plasmodium (Figure 2.14) is complicated
by any standards! A feeding female Anopheles mosquito
infects a human with a haploid stage of the parasite called
a sporozoite. These infect liver cells, replicate and develop,
and when released as merozoites can infect other liver
cells or erythrocytes. Here the parasite, usually called a
trophozoite, also grows and divides leading to the eventual
lysis of the blood cell. The released trophozoites can invade
other erythrocytes in 48 h cycles of invasions and lyses that
cause the characteristic fevers and chills associated with
malaria. The symptoms of the disease are usuallymostsevere )

during the lysis of erythrocytes. However, eventually some Mosquito Human
trophozoites develop into male and female gametocytes

that can be ingested by a feeding mosquito. Within the Seffvarsy el P

insect gut, the gametocytes fuse forming a diploid zygote. 2

The zygote enters the gut wall forming a cyst. Within ﬁ Sporozoites

the cyst, the zygote develops and forms sporozoites that
migrate to the salivary gland. Thus the cycle of events can

. Oocysts
be repeated when the mosquito next feeds on a human.
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The symptoms of malaria may present after a variable /ﬂsr’mm“es
incubation period and include headaches, general malaise,
sweating, muscular pains and rigors and anorexia. The
clinical course and symptoms of different forms of malaria
are variable although infections are characterized by the
recurring attacks of chills and fevers described above.

Avariety of antimalarial drugs is available (Chapter 3). Some
prevent the hepatic forms of Plasmodium from invading
erythrocytes; others destroy the erythrocytic or gametocyte
forms of the parasite in the patient’s blood preventing
transmission of the parasite by the mosquito. Chloroquine
is the usual choice for treating malaria because it is cheap,
safe and normally effective. However, chloroquine-resistant
strains of Plasmodium falciparum are now endemic in sub-
Saharan Africa and elsewhere. Drugs available to treat
these resistant parasites include halofantrine, mefloquine,
quinine and quinidine and others. However, in many cases
the molecular mechanisms of action of antimalarial drugs
are not well understood.

S

Erythrocytes

y

Figure 2.14 (A) Drawing of an Anopheles mosquito. Courtesy of Public Health
The remarkably complicated life cycle of the malarial |mage Library, Centers for Disease Control and Prevention, USA. (B) Diagram
parasites with their prehepatic, hepatic, pre-erythrocyte showing the life cycle of Plasmodium. See text for details. The three inserts are
and erythrocyte stages, means there is a large choice of light micrographs showing from top left in a clockwise direction: cysts in the
antigenic targets to use for vaccine development (Chapter ~Anopheles gut, free trophozoites in the blood of a human patient and a young
3). Despite a number of efforts and trials to develop an P, falciparum trophozoite in an erythrocyte. Note its characteristic signet ring

offective malarial vaccine. to date none has been successful shape. Courtesy of J.R. 0'Kecha, Homerton University Hospital, London.
although the complete sequencing of its genome in 2005
should assist in this.
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2.3 VIRULENCE FACTORS

Evolution has provided pathogens and parasites with a wide range of factors
that allow them to invade and colonize their host while at the same time
avoiding and/or neutralizing host defense mechanisms. Many virulence
factors of pathogens have been identified; some are relatively nonspecific in
action: some microorganisms, for example, possess specialized iron uptake
systems. Microorganisms require iron for oxygen transport, mitochondrial
energy metabolism, electron transport, the synthesis of nucleic acids and
gene expression. However, although an essential element, iron is often only
available in limited quantities and microorganisms that possess a variety of
iron uptake systems are able to grow in regions of the host that would otherwise
be expected to be sterile since little iron is available. Other virulence factors
have rather more defined defensive or offensive actions.

DEFENSIVE VIRULENCE FACTORS

Numerous pathogens evade the host’s defenses by producing slime layers
or possessing polysaccharide capsules (Figure 2.15). Slime layers consist of
exopolysaccharides (EPSs) thatbind large quantities of water. Slime production
is particularly important in bacteria that form biofilms since it forms a
protective coat around the bacterial population. For example, the biofilm
formed by the opportunistic Pseudomonas aeruginosa in the respiratory tract
of cystic fibrosis patients protects it from the immune system and antibiotics.

Capsules generally consist of a single polysaccharide structure that also binds
considerable quantities of water and forms a protective layer around the
bacterial cell. The polysaccharide is often negatively charged which renders it
resistant to uptake by phagocytic cells. Capsules can also protect the bacterium
from attack by the immune system (Chapter 4). Some polysaccharide
capsules are molecular mimics of host cell surface structures. The capsule of
Escherichia coli K1 and the type B capsule of Neisseria meningitidis consists
of -2, 8-N-acetylneuraminic acid residues. This is identical to neuraminic
acid residues on the neuronal adhesion molecule N-CAM and other sialylated
molecules of the nervous system. Consequently host immune systems do not
recognize the bacteria as foreign and both pathogens can invade the CNS
causing meningitis.

Other examples of molecular mimicry are the many proteins of pathogenic
bacteria that are homologous to specific regions of host proteins. Yersinia
induces the production of antibodies that cross-react with part of a particular
variant of a host protein called HLA-B27 (Chapters 4 and 5). Cross-reactivity
between other bacterial species and HLA-B27 is thought to be involved in the
development of types of arthritis known as Reiter’s syndrome and ankylosing
spondylitis.

Some bacteria directly or indirectly activate or suppress actions of the immune
system by producing pathogenicity factors called modulins or microkines.
The P fimbriae of the uropathogenic Escherichia coli, for example, induces an
increase in the release of interleukin 4 (IL-4) by uroepithelial cells. Modulation
of cytokine production may lead to increased pathogenicity (Chapter 4).

A number of microorganisms prevent their hosts mounting an effective
immune response by changing their surface antigens. This can occur in a
number of ways. For example, several viruses, including influenza and HIV,
have genes coding for surface proteins that mutate at relatively fast rates. This
is referred to as hypermutability. Thus, the antigenic structure of these surface
proteins is prone to change at intervals, leaving a population that is no longer
immune to that virus. Other microorganisms that undergo antigenic variation
include the trypanosome that causes sleeping sickness. These regularly
change the structure of their surface glycoproteins during the course of an

VIRULENCE FACTORS

Figure 2.15 Light micrographs of Bacteroides
fragilis an obligately anaerobic bacterium that
is normally found in the gastrointestinal tract.

It is most frequently isolated from clinical
infections such as peritonitis (Chapter 11). Note
the prominent capsules surrounding each cell.
Courtesy of Dr S. Patrick, Queen’s University Belfast,
UK.
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Figure 2.16 Electron micrograph of an
Escherichia coli cell with numerous pili.

infection. The malarial parasites Plasmodium also express different surface
antigens during the infection process. Some parasitic worms, for example,
schistosomes, become coated with patient antigens, such as MHC molecules
and common blood group antigens, and so avoid recognition by the host.

OFFENSIVE VIRULENCE FACTORS

Bacterial offensive virulence factors include adhesins, invasins and toxins.
Adhesins are proteins found on the surfaces of microbial cells that bind to
specific sites on the cells of the host. The best studied are those in the pili
of, for example, certain strains of Escherichia coli and Vibrio cholerae. Pili
are fibers about 2 um long and 2 to 8 nm in diameter that extend from some
bacterial cells (Figure 2.16). They consist of about 1000 protein molecules
and include a type of adhesin that belongs to a group of biomolecules called
lectins. These are glycoproteins that bind specifically to certain sugars or the
glycosidic bonds found in some carbohydrates. In the case of Escherichia coli
and Vibrio cholerae, these are mannose and fucose sugar residues respectively
which may be found on the surfaces of host cells.

Invasins are also proteins. They allow pathogens that have bound to the
host to be internalized, that is, enter the host cell preventing it from being
removed by ciliary action or washing and ensuring that the pathogen is
protected from direct immune attack. Once internalized, the microorganisms
may remain in membrane-bound vesicles. Others escape into the cytosol
and so avoid the killing mechanisms associated with phagocytosis. Some
microorganisms are so adapted to intracellular life that they are unable
to reproduce outside the host cell. These include species of Chlamydia,
Rickettsia and some mycobacterial pathogens. These organisms are
therefore obligate intracellular parasites and may cause infectious diseases,
for example, Chlamydia pneumoniae, Rickettsia typhi and Mycobacterium
leprae. However, others, such as strains of Listeriae, Salmonellae, Shigellae
and Yersiniae, are facultative and can live outside their host cells.

Pathogenic microorganisms produce different types of toxin. They can be
classified into two types: cell-associated toxins, for example endotoxins, and
those secreted by the bacterium called exotoxins.



Endotoxins are produced by bacteria with Gram-negative cell walls and
are lipopolysaccharides embedded in the outer membrane of the cell
walls of Gram-negative bacteria. The toxic portion is called lipid A and the
damage it causes varies with the susceptibility of the host. Fever is common
because endotoxins stimulate host cells to release cytokines that affect the
thermoregulatory center of the hypothalamus. In serious cases, endotoxic
shock can result.

Exotoxins are proteins secreted by both Gram-positive and negative bacteria.
They may be subdivided into three groups: those that damage membranes,
those with specific host targets and superantigens.

Exotoxins that damage membranes cause the cell to lose water and ions,
disrupting ion gradients across the membrane. In high doses cell lysis occurs,
hence they are sometimes called hemolysins or cytolysins. A clinically
significant feature of such toxins in an infection is their antiphagocytic activity.
Some of the hemolysins and cytolysins of bacteria, such as Staphylococcus
aureus, Streptococcus pyogenes and Bordetella pertussis are polypeptides
that aggregate in the membranes of host cells forming pores. Thiol-activated
lysins are predominantly produced by Gram-positive bacteria. These toxins
are proteins that contain a large number of cysteine residues. They bind to
cholesterol molecules in the membranes of target cells in oligomers of 25
to 100 toxin molecules. These form large toxin-lined aqueous pores in the
membrane that constitute the lesions of membrane damage.

Phospholipases catalyze the hydrolysis of phospholipids in the membranes of
host cells. For example, the o toxin of Clostridium perfringens (Figure 2.17) is
a phospholipase C which catalyzes the following reaction:

Phospholipase C

Phosphotidylcholine + H,0 ———> phosphocholine + diacylglycerol

Similarly, the p hemolysin of Staphylococcus aureus is a sphingomyelinase C
that catalyzes the following reaction:

Sphingomyelinase C
Sphingomyelin + H.O ———> phosphocholine + ceramide

The degradation of membrane lipids, naturally, results in a loss of membrane
integrity and function. Exotoxins that target specific sites in the host do so
in a wide variety of ways, for example, they may act on cells to deregulate or
kill them or they may have an extracellular target. Gram-negative bacteria,
such as Enterobacteriaceae (Escherichia coli, Citrobacter freundii, Yersinia
enterocolitica), secrete heat-stable enterotoxins as small as M_2000 (Figure
2.18). These toxins bind to specific receptors that are part of a cyclic GMP-
dependent signal transduction system of enterocytes in the upper intestinal
epithelium. This system regulates the concentration of intracellular cyclic
GMP that, in turn, is involved in the activation of intracellular enzymes, for
example, protein kinase G (Chapter 7). The binding of the toxins interrupts
the secretion of Na'and Cl™ and this results in a watery diarrhea.

A number of exotoxins consist of two dissimilar polypeptides usually
referred to as the A and B subunits. The B subunit recognizes and binds
to specific target cells and facilitates entry of the A subunit which has an
intracellular toxicity. The tetanus and botulinum toxins are Zn-dependent
proteases (Figure 2.19) that act as neurotoxins. They catalyze the hydrolysis
of synaptobrevin 2, a protein involved in docking and fusion of vesicles
containing neurotransmitters. Thus their actions inhibit the release of
neurotransmitters. Following its internalization into neurons of the CNS, the
tetanus A subunit, tetanospasmin, migrates to peripheral nerve endings by

VIRULENCE FACTORS

Figure 2.17 Molecular model of the o toxin of
Clostridium perfringens. PDB file 1CA1.

Figure 2.18 Molecular model of the heat
stable enterotoxin of Escherichia coli. The bars
represent disulfide bonds. PDB file 1EHS.
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Figure 2.19 Molecular model of the botulinum
toxin. The red sphere represents a bound Zn. PDB
file 1SOF.

A)

B)

retrograde axonal transport. Here it is released by postsynaptic dendrites and
diffuses to the presynaptic neurons where its action prevents the release of
the inhibitory neurotransmitters, y-aminobutyric acid and glycine. This leads
to unchecked excitatory impulses with a continuous stimulation of muscles
and spastic paralysis. In contrast, botulinum toxin is absorbed from the
gastrointestinal tract and is transported to susceptible neuromuscular and
peripheral autonomic synapses where it inhibits the release of acetylcholine,
causing flaccid paralysis.

Some exotoxins are ADP ribosyl transferases. The cholera, pertussis and
diphtheria toxins (Figure 2.20) use NAD* as a donor substrate so that the
ADP ribosyl portion of NAD" is transferred to the target protein releasing
nicotinamide. Cholera and pertussis toxins attack G proteins and interfere with
signal transduction so that receptor-mediated signal transduction pathways
are activated or inhibited (Chapter 7).

ADP ribosylation by cholera toxin fixes the Go. protein in its active form. This
leads, in turn, to a long-lasting activation of adenylate cyclase and synthesis
of cyclic AMP and activation of protein kinase A. The net result is a long-
lived opening of the chloride channel of the cystic fibrosis transmembrane
conductance regulator, (CFTR, Chapter 16), that increases secretion of
hydrogen carbonate (HCO;) and CI into the intestinal lumen but which
inhibits the absorption of Na"and CI". The resulting osmotic effect causes
a massive leakage of intracellular water into the intestinal lumen and
subsequent diarrhea. This is called fulminant cholera.

9}

Figure 2.20 Molecular models of (A) cholera, (B) pertussis, with the bound ATP shown in red, and (C) diphtheria toxins. The structure of many
bacterial toxins are known, which helps in understanding how they function and in the design of antidotes. PDB files 1XTC, 1BCP and 1DDT

respectively.




Diphtheria toxin kills cells by blocking protein synthesis. The target of the
toxin is a single protein, elongation factor EF2, involved in protein synthesis.
Its activities are inhibited by ADP ribosylation. The Shiga family of toxins
produced by Shigella dysenteriae and Escherichia coli (Figure 2.21) also inhibit
protein synthesis but by a different mechanism. They are N glycosidases
that hydrolyze an N-glycosidic bond between specific adenine and ribose
residues of the 28S ribosomal RNA of the 60S ribosomal subunit.

Microorganisms secrete a number of toxins that are enzymes which degrade
components of the connective tissues. Staphylococci and Streptococci
secrete enzymes that degrade the extracellular matrix allowing them to
invade and colonize tissues. Clostridium perfringens secretes a variety of
carbohydrases and proteases that degrade connective tissues, allowing it to
colonize and spread through subcutaneous tissues. If the bacteria invade
the deeper muscles tissue they may cause necrosis and gas production from
anaerobic fermentations (gas gangrene). This type of infection is extremely
painful and can spread rapidly. Much of the direct damage is caused by the
o toxin described above. Other pathogens secrete proteases that hydrolyze
specific components of the immune defense, such as IgA or enzymes that
detoxify catalases and superoxidase dismutases (SODs) that are used by
some immune cells to kill microbial pathogens (Chapter 4).

Superantigens are polypeptides synthesized by Gram-positive pathogens,
such as some strains of Staphylococcus aureus and Streptococcus pyogenes.
They are extremely effective and potent stimulators of the immune
system because of their unique ability to stimulate large numbers of its
cells simultaneously. This leads to a massive release of molecules called
cytokines that activate numerous physiological systems, such as the
temperature regulatory system. The superantigen of Streptococcus pyogenes
is responsible for streptococcal toxic shock syndrome (STSS). The fever,
shock and tissue damage associated with STSS is thought to be the result of
an overproduction of the cytokines Tumor Necrosis Factor o, Interleukin 18
and Interleukin 6. The superantigen of Staphylococcus aureus, toxic shock
syndrome toxin 1 (Figure 2.22) causes symptoms that can lead to a rapid
failure of many body organs.

2.4 COURSE OF INFECTION

The course of an infection can be considered to follow up to four major stages
namely: adhesion, entry, localized infection and generalized infection.

A virulent pathogen is one that is well adapted to establish an infection. Most
pathogens are adapted to adhere to cells, usually epithelial, that line the site
of entry. Adherence is the first stage of infection, given that it prevents the
pathogen being swept away and eliminated from the body.

Pathogens enter the body through one of anumber of so-called portals of entry.
These include the skin and conjunctiva, respiratory tract, gastrointestinal
tract (GIT), urogenital system and, in the case of fetuses, the placenta. Once
entry has been gained, conditions for growth, such as temperature, nutrients,
must be favorable, but the pathogen must also be able to overcome the local
defenses. Pathogens are often adapted to enter their hosts through a single
portal of entry and do not cause infectious diseases if they enter through a
different portal.

Alocalized infection acts as a focus of infection and, indeed, many remain local
in nature or are prevented from spreading by host defenses. If the pathogenic
organisms penetrate tissues and reach the blood or lymphatic systems or
enter cells such as phagocytes, they can be distributed throughout the body
and infect other tissues and organs causing a generalized infection. Again,

COURSE OF INFECTION

Figure 2.21 Molecular model of a Shiga-like toxin

subunit. PDB file 1CZG.

Figure 2.22 Molecular model of TSST-1 from
Staphylococcus aureus. PDB file 2QIL.
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certain pathogens are particularly well adapted to infect specific target tissues
and organs. During infections, the pathogen multiplies and can be shed from
the host into the environment through portals of exit. In localized infections
these are the same as that of entry; in a generalized infection, other portals
are used. These may include loss from the skin in pus, scales and blood, from
the respiratory tract as droplets and aerosols of mucus and saliva, from the
GIT in feces and bile, from the urogenital system in urine, mucus and genital
secretions and, in pregnancy, from the placenta with direct transfer to the
fetus.

A pathogen may be eliminated at any stage of the infective process. In some
cases, the growth may be held in check but not eliminated. Such latent
infections can be activated later giving recurring infections. In some cases,
individuals can recover from a disease but the pathogen may remain in the
body for considerable periods. Such people are symptomless carriers and are
reservoirs of the disease.

Some viruses which exhibit latency, with or without sporadic reactivation are
shown in Table 2.2.

Microorganism Disease

Herpes simplex virus types 1 and 2 Oral and genital herpes
(HSV-1 and HSV-2)

Epstein-Barr virus Glandular fever
Hepatitis B virus Hepatitis
Hepatocellular carcinoma
Varicella zoster Chicken pox, shingles
Measles virus Measles, subacute sclerosing panencephalitis (SSPE)

Table 2.2 Some viruses that exhibit latency

CASE STUDY 2.1

A 38-year-old male, Brian was admitted into hospital two
weeks after spending a year working in several African
countries. Seven days before admission Brian had
developed coughing, muscular pains and recurrent chills
and fevers approximately three times daily. He was also
slightly jaundiced.

Questions

(a)
(b)

(©

What is the most likely disease affecting Brian?

Which organism(s) causes this disease? How could
this be confirmed?

How could this disease have been prevented?

2.5 SUMMARY

Organisms that cause diseases in humans are found in all microbial groups,
including viruses, bacteria as well as fungi and helminths. In addition,
prion proteins can cause infectious disease since these aberrant proteins
can be passed on, for example, in food. A number of microorganisms
are not normally pathogenic, but can become so when a new “niche’
becomes available to them, for example a burn wound, or when the host is
immunocompromized in some way. Pathogenic microorganisms display a
variety of virulence factors that aid entry into the host and which help them
to overcome host defenses. These virulence factors can have a generalized



action or be more specifically defensive or offensive in nature. An example of
the former is the possession of hypermutable genome that leads to changes
in the nature of the surface antigens of the microorganism and enables them
to escape the host’s immune system. Examples of offensive virulence factors
include the production of exotoxins.

QUESTIONS

1. To which class of pathogen or parasite do the following belong:

Trypanosoma brucei, HIV, Microsporum species Treponema pallidum,
Candida albicans?

2. Arrange the two following lists into their most appropriate pairings.
Clostridium perfringens shigellosis
Epstein-Barr virus sleeping sickness
HIV gas gangrene
Human rhinovirus 91 chicken pox
Microsporum spp, bubonic plague
Trichophyton species
Plasmodium cD4
Sarcoptes scabiei malaria
Shigellae dysenteriae glandular fever
Trypanosoma brucei scabies
Varicella zoster intracellular adhesion molecule
Yersinia pestis athlete’s foot
3. Compare and contrast the actions of endo- and exotoxins.
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chapter 3:

INFECTIOUS DISEASES
AND TREATMENTS

OBJECTIVES
After studying this chapter you should be able to:

m  describe the types and symptoms of some of the more common infectious
diseases;

m outline preventative measures for infectious diseases;
m list the general effects of antibiotics on infectious organisms;

m discuss some general aspects of the management and treatment of specific
infectious diseases.

3.1 INTRODUCTION

The presence of virulence factors, described in Chapter 2, allows pathogenic
microorganisms to infect specific body systems and cause a vast range of
diseases. A small number of such organisms are also able to cause systemic
disease, that is one affecting the whole body. A pathogen must be transmitted
from a source to the patient. Direct contact between hosts is the most obvious
form of transmission but coughs and sneezes (aerosols), food, water and
arthropod vectors are all used by various pathogens. The long-term survival
of pathogenic microorganisms also depends on them maintaining their
infectivity during transmission from host to host. The sources of pathogens
can be abiotic, soil, water for example, or animals or other humans. Diseases
that infect animals and humans are called zoonoses, while humans who
harbor a pathogen but are symptomless are called carriers.

In a text of this length, it is simply not possible to describe all diseases
caused by microorganisms. This chapter will concentrate on selected,
representative examples of infections of the major body systems and those
microorganisms that can produce a generalized infection. In addition, the
ways in which infectious diseases are prevented, investigated and treated
will be outlined.
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Figure 3.1 Propionibacterium acnes, a bacterium
associated with skin infections such as acne.
Courtesy of Dr S. Patrick, Queen’s University

Belfast, UK.

Figure 3.2 Electron micrograph of
Staphylococcus aureus. Courtesy of Dr A. Curry,
Manchester Royal Infirmary, UK.

3.2 INFECTIONS OF THE SKIN

The skin is a major element of the innate immune defense (Chapter 4). It is
normally colonized by a variety of microorganisms although the numbers and
types vary between different areas of the body. In normal circumstances it
forms an effective barrier to invading microorganisms.

Papillomaviruses can infect epidermal cells and stimulate their proliferation
to form warts. Numerous herpes viruses have been described and at least eight
of them, the Human Herpes Viruses (HHV1-8), infect humans and can cause
clinical disease. Largely due to historical reasons, they are also known by other
names (Table 3.1). For example, Herpes simplex viruses 1 and 2 may infect skin
of the genitalia causing Herpes labialis and Herpes genitalis respectively and
Varicella zoster (Figure 2.5) causes chickenpox and shingles.

Human herpes viruses Historical name

HHV1 Herpes simplex virus 1 (HSV1)
HHV2 Herpes simplex virus 2 (HSV2)
HHV3 Varicella zoster virus (VZV)
HHV4 Epstein Barr virus (EBV)

HHV5 Cytomegalovirus (CMV)

HHV6 B-lymphotropic virus (B-LV)
HHV7 T-lymphotropic virus (T-LV)
HHV8 Kaposi's sarcoma virus (KSV)

Table 3.1 Nomenclatures of the Herpes viruses 1-8

Bacterial skin infections normally occur only if the normal balance between
the skin environment and these organisms is disturbed. The outbreaks of
acne caused by Propionibacterium species (Figure 3.1) during the hormonal
changes associated with puberty are typical. Breaks in the skin from wounds or
surgery or lesions from insect bites or chickenpox may also lead to infections
of the skin by Staphylococcus aureus (Figure 3.2) and Streptococcus pyogenes.
In children especially, they may cause impetigo contagiosa, an extremely
contagious skin infection. Staphylococcus aureus can colonize hair follicles
leading to inflammations that can develop into abscesses (boils) or even, in
extreme cases, carbuncles: an amalgam of several abscesses. Enterobacteria,
Pseudomonas aeruginosa, Staphylococcus aureus and Streptococcus pyogenes,
are all associated with a variety of skin problems following weakening of the
patient, for example, by diabetes (Chapter 7), by a deficiency of the immune
system (Chapter 5), by nosocomial, or hospital acquired, infection of surgical
wounds or burning of the skin. Mycobacterium lepraeis the causative organism
of the dreaded disease leprosy, which, although now virtually eliminated in
developed countries, still affects many thousands in the developing world.

Fungi are associated with a variety of infections, particularly of the skin
(Chapter 2 and Figure 2.11).

3.3 INFECTIONS OF THE EYES, EARS AND CENTRAL NERVOUS
SYSTEM

Eyelid infections generally involve the lid margins, eyelid glands or follicles
causing styes or hordeolums. They are usually associated with Staphylococcus
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aureus infections. The conjunctiva is particularly susceptible to infection.
The epithelial surface enclosed by the eyelids is a warm moist enclosed
environment in which microorganisms can rapidly become established.
However, microorganisms must avoid being rinsed away by tears and some
pathogens, such as Chlamydia trachomatis (Figure 3.3), attach specifically
to conjunctival cells. An estimated 500 million people are infected with
different serotypes of Chlamydia trachomatis, making trachoma the most
significant eye infection worldwide. The disease blinds approximately
1% of infected individuals while many others suffer visual impairment.
Chlamydia trachomatis is transmitted by contact with contaminated flies,
fingers and towels although trachoma itself results from chronic repeated
infections. This is much more likely to occur in regions where restricted
access to water prevents regular washing of the hands and face. Chlamydia
is also a sexually transmitted disease (Section 3.6) and there is evidence that
untreated chlamydial infections can lead to premature delivery and babies
born to infected mothers can be infected in their eyes and respiratory tracts.
Chlamydia is a leading cause of early infant pneumonia and conjunctivitis
(pink eye) in the newborn.

A laboratory diagnosis of trachoma can be carried out using samples of
conjunctival fluid or scrapings. The usual treatment is with oral or topical
antibiotics, such as tetracycline or doxycycline (Section 3.11). Chlamydia
infections account for only a fifth of cases of conjunctivitis; others are caused
by bacteria such as Streptococcus pneumoniae and Leptospira spp.

Serious infections of the inner eye with Pseudomonas aeruginosa may
follow trauma or after invasion by the protozoan Toxoplasma gondii
causing chorioretinitis and possible blindness. This widespread protozoan
is not a serious threat unless acquired in utero or when an individual is
immunosuppressed, perhaps as a result of taking drugs to prevent transplant
rejection (Chapter 6). Infection occurs by swallowing oocysts released by
infected cats or by eating meat containing tissue cysts.

The eyes may also be infected by parasitic worms, for example, larval forms
of the tapeworm Echinococcus granulosus that is transmitted by eggs passed
from infected dogs. Infection by the larvae of the nematode Toxocara canis,
which occurs naturally in the intestine of dogs, is, however, more common. An
infection can lead to the detachment of the retina. River blindness in Africa and
Central America is caused by the helminth Onchocerca volvulus. Simulium flies
carrying larvae obtained from the skin of infected hosts transmit the infection.
These flies develop in rivers, hence the name of the disease. River blindness is
a serious infection with over 300000 people infected worldwide. The rates of
blindness, which is irreversible, may reach 40%. The usual treatment is with
anthelminthic drugs.

Infections of the outer ear may cause pain or irritation and are resistant to
some antibiotics. The middle ear can be colonized by viruses and bacteria
from the upper respiratory tract causing acute otitis media with swelling
and blockage of the Eustachian tube and may lead to deafness, though this
is generally temporary. Microorganisms that cause middle ear infections
include the virus that causes mumps. This may be followed by secondary
infections with Streptococcus pneumoniae and Haemophilus influenzae.
This is very common in children. Indeed, otitis media is the most frequent
illness diagnosed in young children. The general symptoms, apart from a
devastating earache, are fever, vomiting and diarrhea. The vesicles of the
tympanum become dilated, with bulging of the drum itself occurring in the
later stages of infection. If treatment is inadequate, then acute attacks may
eventually perforate the eardrum, produce chronic discharges and defective
hearing. The usual treatment is with oral antibiotics (Section 3.11), such as
ampicillin, amoxycillin, erythromycin and cefixime.

Figure 3.3 Light micrograph of Chlamydia
trachomatis, growing in cultured eukaryotic
cells, stained with iodine. Courtesy of School of
Biochemistry and Microbiology, University of Leeds,
UK.
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Margin Note 3.1 Haemophilus
influenzae type b

@

Haemophilus influenzae type b is the
cause of "Hib" meningitis. It is also
responsible for childhood epiglottitis,
causing the throat to swell alarmingly
and breathing difficulties as mucus
collects in the throat and fever.

The condition is life threatening.
Haemophilus influenzae type b can
also cause pneumonia and other
lower respiratory infections. The
health risks are mainly associated
with children under five years old
but adults whose resistance has
been weakened by sickle cell anemia
(Chapter 13), chronic disease of the
spleen, alcoholism (Chapter 12) or
some malignancies (Chapter 17) are
also at risk. In the developed world,
the introduction of an effective
vaccine in the 1980s eradicated

Hib disease. However, it is still a
problem with thousands of children
in sub-Saharan countries affected.

In 2005, it was reported that a five-
year Medical Research Council led
program, involving Sanofi Pasteur
and the World Health Organization
(WHO), of vaccinations against

Hib had successfully eliminated the
disease in children in the Gambia.
Hopefully, this will encourage other
countries to adopt a similar practice
of routine Hib immunization policies.

Figure 3.5 Electron micrograph of poliomyelitis
virus. Courtesy of H. Cotterill, Manchester Royal
Infirmary, UK.

Infections of the central nervous system (CNS) may affect the meninges,
the spinal cord or the brain causing meningitis, myelitis and encephalitis
respectively. More than one area may be infected simultaneously. Such
infections can also become systemic infections (Section 3.7). Pathogens can
enter these areas following head injuries, along the axons of neurons or
by breaching the blood-brain or blood-cerebrospinal fluid barriers (Figure
3.4). The most common causes of viral meningitis are enteroviruses, such
as ECHO-, Coxsackie- and, formerly, poliomyelitis viruses (Figure 3.5). Viral
meningitis is not usually a life-threatening condition. Bacterial meningitis,
in contrast, has a mortality greater than 10%. The principal causative
organisms are the capsulated bacteria, Neisseria meningitidis (Figure
1.3), Streptococcus pneumoniae and, before the introduction of a vaccine,
Haemophilus influenzae (Margin Note 3.1). Effective vaccines are also
available against some serogroups of Neisseria meningitidis and a vaccine
against Streptococcus pneumoniae is being tested.

Encephalomyelitis results from infections by a number of viruses or protozoa.
These include some poliovirus types, Herpes simplex, measles virus, HIV, toga
viruses, which are transmitted by arthropods, and the rabies virus that is
transmitted from infected mammals. The protozoan Toxoplasma gondii may
infect individuals with compromized immune systems while Trypanosoma
brucei is the causative organism of African sleeping sickness.

Capillary
lumen

Tight, impermeable junctions
connecting capillary
endothelial cells

Thick basement membrane
surrounding endothelial cells

Surrounding layer of
astrocytes

Figure 3.4 Schematic of the blood-brain barrier. Note the tightly associated endothelial cells
and thick basement membrane, which prevent materials in the blood entering the brain.

3.4 INFECTIONS OF THE RESPIRATORY SYSTEM

The respiratory system is constantly exposed to inhaled microorganisms but
is protected by extensive defenses. The nose filters out particles larger than 10
um although those smaller than 5 um may reach the bronchi and alveoli. In
addition, there is a host of immune defenses including alveolar macrophages,
secretory IgA antibodies, complement proteins, surfactant proteins, secreted
defensins and lactoferrin (Chapter 4). Despite this, infections of the respiratory
tract are frequent causes of illness. The World Health Organization (WHO) has
reported that many hundreds of millions of patients suffer acute infections
of the lower respiratory tract worldwide. Figure 3.6 indicates the sites of a
number of respiratory diseases.
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Figure 3.6 Selected infections associated with the head and respiratory system. See text for
discussions.

Respiratory viruses are transmitted directly by aerosols or indirectly from
contaminated surfaces. The first site of attack s, not surprisingly, the epithelium
of the nose and throat. Indeed, the hundreds of corona and rhinoviruses
that cause the common cold replicate at 32 to 33°C, the temperature of the
mucosal surface lining the nose. The influenza viruses (Figures 2.4 and 2.8)
infect and replicate in respiratory epithelial cells causing cellular damage.
The generalized symptoms that present, such as muscular aches, malaise and
anorexia, suggest the virus may spread systemically from the respiratory tract
but there is no conclusive evidence for this.

The loss of ciliated and mucus producing epithelial cells impairs clearance of
invading microbes and creates conditions for secondary bacterial infections
of staphylococci, streptococci or Haemophilus influenzae. Bacterial proteases,
for example the V8 protease of Staphylococcus aureus, can enhance the
infectiveness of the influenza virus by improving virus adhesion.

Corynebacterium diphtheriae (Figure 3.7) and Bordetella pertussis (Figure
3.8) are obligate bacterial pathogens. Corynebacterium diphtheriae infects
the nasopharynx and the tonsils and may lead to a lethal systemic infection
affecting the heart, liver and kidneys. Bordetella pertussis is the causative agent
of whooping cough. It adheres to the epithelial cells lining the trachea and
bronchi where it interferes with ciliary action and releases toxins (Chapter 2)
and substances that damage and kill cells and irritate the surface, causing the
characteristic cough. Effective vaccines are available against both organisms
although 40 million infections of whooping cough occur annually worldwide. In
contrast, Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus
aureus and Moraxella catarrhalis, make up to 60% of the normal bacterial
population of the nasopharyngeal mucous membrane in healthy individuals.
They can become opportunistic pathogens in immunosuppressed individuals

INFECTIONS OF THE RESPIRATORY SYSTEM

Figure 3.7 Light micrograph of Corynebacterium
diphtheriae. Courtesy of School of Biochemistry and

Microbiology, University of Leeds, UK.
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Figure 3.8 Characteristic small ‘metallic’ colonies
of Bordetella pertussis growing on agar enriched
with potato starch, glycerol and blood. Charcoal
has been added to this medium to absorb
bacterial metabolites that would inhibit the
growth of the pathogen. Courtesy of School of
Biochemistry and Microbiology, University of Leeds,
UK.

Figure 3.9 Light micrograph of Mycobacterium
tuberculosis in a specimen of sputum. Courtesy
of Public Health Image Library, Centers for Disease
Control and Prevention, USA.
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or following changes to the bacterium that render it increasingly virulent.
The commonest form of bacterial pneumonia is lobar pneumonia caused
by Streptococcus pneumoniae and results in a massive inflammation of one
lobe of the lung. Staphylococcus aureus may cause bronchopneumonia, while
Haemophilus influenzae can infect the epiglottis.

Mycobacterium tuberculosis (Figure 3.9) causes tuberculosis (TB) of the lung
and may be considered a rather special case of bacterial infection of the
lower respiratory tract. The bacteria enter the alveoli in inhaled air and are
phagocytozed by macrophages where they escape being killed and multiply
(Chapter 4). Mycobacteria can then enter the lymphatic system and invade
a neighboring lymph node. The healing of local lesions leads to calcification
of the lung tissues. In immunodeficient individuals, the lymph nodes and
tissues may be progressively affected until eventually the mycobacteria are
spread by the blood. Also with impaired immunity, dormant Mycobacterium
tuberculosis can be reactivated causing a severe form of pneumonia.

Atypical pneumonias can result from infections with Mpycoplasma
pneumoniae, Chlamydia pneumoniae and Legionella pneumophila. These
infections are associated with ‘flu-like' symptoms, such as high temperatures
and coughing, although bronchial secretions and sputum do not contain pus
as would be expected of a typical bacterial lobar pneumonia.

Generally, pathogenic fungi do not produce toxins but damage
tissues directly or disturb normal metabolic functions and can induce
hypersensitivity responses (Chapter 5). Fungi can cause respiratory
infections; Aspergillus fumigatus can invade the respiratory system and
lead to one of several types of diseases. It may simply grow in the mucus of
the bronchi and induce a hypersensitive state but may invade old wound
cavities of the lungs, such as those resulting from TB, and grow as a solid
mass called an aspergilloma. Aspergillosis may also result from an invasive
growth in the lungs and other tissues. Generally, the infective dose of
spores is extremely large although the invasive form may be secondary to
other systemic diseases. Similarly, Pneumocystis carinii can cause a serious
pneumonia (PCP) in AIDS compromized patients (Box 3.1). The yeast,
Candida albicans, is also an opportunistic agent in sufferers of AIDS.

3.5 |INFECTIONS OF THE GASTROINTESTINAL TRACT

All regions of the gastrointestinal tract (GIT) are subject to infection. Saliva
traps and removes many pathogens and these can also be killed by stomach
acid (Chapter 11). Unfortunately new ones are constantly introduced through
breathing and eating.

Infections of the oral cavity (Figure 3.6) differ in type and symptoms to those
of the stomach and intestines. Inflammation of oral tissues caused by fungal
infection, actinomycosis, often occurs following injuries, such as an accidental
bite to the lining of the mouth or fracture of the jaw. Immunosuppression
resulting from viral infections, AIDS, cancer treatment or treatment with
broad spectrum antibiotics can all allow the yeast Candida albicans (Figure
3.10) to invade and colonize the mucous membrane, eventually producing a
thick layer of yeast cells called candidiasis or thrush.

Some bacteria can resist removal by saliva and become immobilized by
binding to surface receptors of cells in the mouth, eventually forming biofilms
and microcolonies. Oral streptococci, such as Strepfococcus sanguis and
Streptococcus mutans (Figure 3.11), secrete glycosyltransferases that mediate
their adhesion to extracellular carbohydrates on tooth surfaces leading to
the formation of dental plaque, which is a complex mixture of bacteria and
extracellular materials. These bacteria, together with Actinomyces species, can



cause caries by forming plaque on the tooth enamel, where they catabolize
sugars to produce acid that demineralizes enamel and allows the dentine
to be eroded. Abscesses of the roots of teeth can also be caused by mixed
bacterial infections.

Periodontal (gum) diseases are inflammatory conditions that attack the
gums, bone, and other supporting structures of the teeth. The extent of the
inflammatory response depends upon the types of pathogens involved and
the effectiveness of the immune response. However, they are major causes of
tooth loss in adults. Gingivitis is the earliest form of periodontal disease and
occurs when plaque accumulates on the teeth near the gums, which become
inflamed and bleed easily. If detected and treated early, gingival tissues will
return to normal without long-lasting damage. Untreated gingivitis progresses
to periodontitis, which is also known as pyorrhea. Plaque hardens and extends
from the gum line to the tooth root causing the gums to detach from the
teeth and form pockets. Periodontal pockets create room for greater bacterial
activity, particularly of facultative and obligate anaerobic bacteria leading to
a progressive cycle of tissue damage until eventually the bone supporting the
teeth is destroyed resulting in their loss.

Stomach and intestinal infections are caused by viruses, bacteria, protozoa and
worms, all of which may be transmitted in food, contaminated drinking water
or by fecal-oral contact. The need for strict personal hygiene is emphasized
because these are the most frequent infections of children under five years
of age. Approximately 40% of cases of diarrhea (Chapter 11) in children are
caused by rotaviruses (Figure 3.12). In the very young this is potentially lethal
and the WHO has estimated that out of the nearly two billion annual diarrhea
diseases worldwide, three million end fatally.

Figure 3.13 indicates a number of pathogens that can infect the GIT. The
acidic environment and proteolytic enzymes of the stomach kill most
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Figure 3.10 Electron micrograph of Candida
albicans. Courtesy of H. Cotterill, Manchester Royal
Infirmary, UK.

Figure 3.11 Electron micrograph of Streptococcus
mutans. Courtesy of Professor J. Verran, School of
Biology, Chemistry and Health Science, Manchester
Metropolitan University, UK.

Figure 3.13 Some infectious organisms associated with the gastrointestinal tract. See text for
discussions.

Figure 3.12 Electron micrograph of rotavirus.
Courtesy of H. Cotterill, Manchester Royal Infirmary, UK.
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Figure 3.14 Schematic structure of Giardia
lamblia based on several light and electron
micrographs.

Figure 3.15 Electron micrograph of
Campylobacter jejuni. Courtesy of Dr A. Curry,
Manchester Royal Infirmary, UK.
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ingested microorganisms. However, the motile bacterium, Helicobacter
pylori (Chapter 11) has specific receptors enabling it to bind to the gastric
epithelium. It secretes urease, which catalyzes the hydrolysis of urea releasing
ammonia that neutralizes stomach acid, and cytotoxins that damage the cells.
This causes chronic inflammation of the gastric mucosal membrane and can
lead to stomach and duodenal ulcers (Chapter 11). The partially digested
food (chyme) in the stomach is made alkaline in the small intestine by
secretions of the gut and pancreas and by bile salts (Chapter 11). In the ileum
and jejunum, nonenveloped viruses, such as rotaviruses and adenoviruses,
may infect enterocytes (Chapter 11) and damage the intestinal mucous
membrane with disruption of water and electrolyte resorption. This can result
in intestinal cramps, vomiting, watery diarrhea and a raised temperature.
Enteropathogens, such as Vibrio cholerae and forms of Escherichia coli that
are enterotoxic (ETEC) or enteropathogenic (EPEC) all have similar effects.
The protozoan parasites Giardia lamblia and Cryptosporidium parvum are
water-borne parasites that can infect the GIT. Giardia lamblia (Figure 3.14)
frequently causes chronic disease, with watery diarrhea and, in some cases,
a subfebrile temperature leading to malnutrition in children as a result of
malabsorption. Cryptosporidium parvum can adhere to the epithelium of the
small intestine and cause a shortening of the villi, which may be the cause of
the diarrhea.

The lower portion of the ileum has areas of lymphoid tissue called Peyer’s
patches (Figure 3.13) composed of so-called M (microfold) cells, rather than
the usual enterocytes and goblet cells (Chapter 11). These cells are able
to translocate materials directly to the lymph follicles found beneath the
mucosal surface. Invasive bacteria such as Campylobacter jejuni (Figure 3.15),
Salmonellae and Yersiniae can use M cells to enter the submucosal area. Here
they can multiply and destroy the adjacent epithelium, form abscesses and
spread through the lymph and blood systems into the mesenteric lymph
nodes, spleen and liver. The infection can also spread into the colon, causing
inflammation of the colon or colitis. The ileum and colon can also be attacked
by the bacteria Yersinia enterocolitica, Salmonella enterica and Campylobacter
jejuni resulting in abdominal cramps, vomiting, watery, occasionally bloody;,
diarrhea and fever. Shigella dysenteriae and Escherichia coli pathotypes, EHEC
(enterohemorrhagic) and EIEC (enteroinvasive) can cause a hemorrhagic
colitis with bloody stools and subfebrile to febrile temperatures. The
pathogenic protozoan Entamoeba histolytica is thought to infect 50 million
people and kill about 100 000 per year worldwide due to amebic liver abscesses.
Lastly, Clostridium difficile, a normal inhabitant of the gut, is an opportunistic
pathogen. It is especially common in older people in hospitals and nursing
homes and has been implicated in iatrogenic infections following medical
interventions, such as antibiotic therapy. Infection with Clostridium difficile
is now recognized as the major causative agent of colitis and diarrhea, which
may occur following antibiotic intake and can be fatal in older patients.

3.6 INFECTIONS OF THE UROGENITAL SYSTEM

The urinary system and the genital systems are subject to infections by
specific respective pathogens (Figure 3.16). Urinary tract infections (UTIs) are
frequent in the developed world, with many millions of cases occurring each
year. A number of factors, including diabetes mellitus (Chapter 7), scarring,
kidney stones, use of catheters or anatomical peculiarities of the urinary tract
all predispose individuals to UTIs. These originate in the perianal area and
move up the urethra into the bladder causing a short-lived, acute infection
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Figure 3.16 Some infections associated with the urogenital system. See text for discussions.

called cystitis. Escherichia coli is the most common agent causing up to 80% of
the relatively uncomplicated UTIs, like cystitis. Women are more prone than
males to cystitis because of their relatively short urethra and the hormonal
changes associated with the menstrual cycle (Chapter 7). Cystitis is readily
treated by increasing the uptake of fluids, particularly of acid drinks like
cranberry juice, which causes increased flushing of the bladder, and by the
use of antibiotics. Unfortunately, reinfections are frequent.

Pseudomonas aeruginosa (Figure 2.1) has been known to cause UTIs following
hospitalization. Similarly, infections by Enterococcus faecalis and Klebsiella
pneumoniae have followed organ transplants (Chapter 6). Unfortunately,
these organisms often show multidrug resistance against antibiotics (Box 3.4).
Thrush in the bladder, caused by the yeast Candida albicans can also occur
following antibiotic treatment.

There has been a large increase in the incidence of sexually transmitted
diseases (STDs) in the UK in recent years. Sexually transmitted diseases can
affect the urinary system and the genital tract and are caused by a wide range
of different pathogens. Human papilloma virus (HPV) can cause anogenital
warts (condyloma acuminata). Strains 16 and 18 of HPV cause lesions in the
cervix that are involved in the development of cervical carcinoma. Infection
with Herpes simplex virus (HHV-2) can lead to genital herpes with painful
ulcers and vesicular lesions of the genital mucous membrane. Infection with
human immunodeficiency virus (Box 3.1) leads to acquired immunodeficiency
syndrome (AIDS).

Nessar Ahmed, Maureen Dawson, Chris Smith & Ed Wood
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In March 1981, physicians in New York reported eight cases of
the previously rare Kaposi's sarcoma (KS), in a form that was
markedly more aggressive than usual. All the affected were young
gay men. Also in 1981, the Communicable Disease Centers (CDC)
in Atlanta, Georgia, began to investigate an increase in requests
from New York and Los Angeles for pentamidine, a drug used to
treat Pneumocystis carinii pneumonia (PCP), an extremely serious
fungal infection. In addition to PCP and/or KS, patients suffered
a variety of opportunistic pathogens that eventually caused
their death. The combination of infections and KS appeared
to be the result of a total breakdown of the immune system
and became known as Acquired Immunodeficiency Syndrome
(AIDS). Subsequently, AIDS was seen in intravenous drug abusers
and in a number of recipients of blood transfusions, and a viral
cause was suspected.

In 1983, a virus, variously named Lymphadenopathy Virus
(LAV) and Human T cell Lymphotropic Virus Type lIl (HTLV IlI),
was isolated. Following international agreement the virus was
renamed Human Immunodeficiency Virus (HIV) (Figure 3.17)
in 1986. A number of strains of the virus have since emerged;
HIVs | and 2 are the most prevalent. HIV is a human retrovirus,
that is, its nucleic acid is RNA that on infection is transcribed
into DNA by the viral enzyme reverse transcriptase (Figure 3.18).
An electron micrograph of the virus and an illustration of its
replication cycle are shown in Figures 3.17 and 3. 19 respectively.
The virus infects the CD4+ Helper T lymphocyte, a key regulatory
cell of the immune system (Chapter 4), rendering the patient
susceptible to a whole range of infections with all microbial
groups, from dysentery and diarrhea to pneumonia. For example,
the protozoan Cryptosporidium parvum can cause a moderate to
severe diarrhea that would soon be resolved in healthy people.
In HIV infected patients, cryptosporidial diarrhea is among the
commonest clinical presentations during the transition to full-
blown AIDS, particularly in developed countries. The diarrhea
is severe, protracted and may become life threatening. Death
is commonly caused by pneumonia associated with the fungus
PCP among a host of opportunistic infections. A list of infections
common in AIDS patients is shown in Table 3.2.

Since the emergence of HIV, the virus has spread worldwide with
an estimated 38 million people, including 2.3 million children,
living with HIV/AIDS. It is thought that 25 million people have
died of AIDS up to the end of 2005. The virus has had devastat-
ing effects on communities, particularly in sub-Saharan Africa,
where about 8% of the adult population are estimated to be
living with HIV/AIDS.

There is no effective treatment that completely clears the body of
the virus. Drugs have been developed to inhibit replication of HIV
in positive individuals to prevent them developing AIDS. These
drugs target enzymes needed at different stages in the replica-
tion of the virus and include inhibitors of reverse transcriptase,
for example azidothymidine (AZT), and antiproteases, such
as amprenavir which prevent the virus from budding from an
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infected cell as shown in Figures 1.4 and 2.7. The combined use
of a number of drugs with different actions has been extremely
effective at preventing the development of AIDS but aggressive
therapy can lead to problems such as HAART (Margin Note 16.1).
Infected people can now expect to live relatively healthy lives
following initial infection. However, combination therapy has
to be taken for the remainder of the patient’s life. The drugs
have a number of side effects and are also extremely expensive.
There is evidence that some multiple drug resistance is emerging
amongst HIV strains. Since the virus was identified in 1983, the
search for a successful vaccine for HIV has been ongoing. All the
latest scientific technology has been used in this effort but, to
date, no vaccine has been successful.

Figure 3.17 Electron micrograph of a single HIV virion. E denotes the
envelope.

DR Caused by Infectious
agent

Pneumonia Pneumocystis carinii fungus
Tuberculosis Mycobacterium tuberculosis, bacteria
Mycobacterium avium
Kaposi's sarcoma Kaposi's sarcoma virus (HHV8)  virus
Lymphoma Epstein-Barr virus (HV4) virus
Mucocutaneous thrush Candida albicans yeast
Diarrhea and dysentery  Cryptosporidium protozoan
Shingles Varicella zoster (HHV3) virus
Cryptococcosis Cryptococcus fungus

Table 3.2 Some diseases associated with AIDS
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Figure 3.18 Molecular model of the HIV 2 reverse transcriptase. PDB file
1MU2.
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Figure 3.19 The replication cycle of HIV. See text for explanation.
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Some types of Chlamydia trachomatis are among the commonest causes of
STDs producing local inflammations of the urethra and cervix. In contrast,
other types are highly invasive and infiltrate the lymphatic system leading to
necrosis (lymphogranuloma venereum).

The most widely known STDs are probably gonorrhea and syphilis caused
by the bacteria Neisseria gonorrhoeae, a Gram-negative diplococcus, and
Treponema pallidum a spirochete (Figure 3.20 (A) and (B)) respectively.
Gonorrhea, a common STD, is a pelvic inflammatory disease whose
major symptoms include a purulent inflammation of the uterine cervix
and urethritis. In some women, however, the infection may be relatively
asymptomatic and may go unnoticed. Syphilis was thought to have
originated in the Americas and been brought to Europe by sailors on the
Columbian expeditions. More recent evidence suggests that it was present
in the Old World long before this. Treponema spirochetes can enter through
mucous membranes or minute abrasions in the skin during sexual acts.
The infection shows three stages of pathogenesis. Initially, an ulcer called
a chancre develops at the site of infection. The infection then spreads to
nearby lymph nodes causing them to swell and harden. Secondary syphilis
develops after one to three months. It is characterized by the presence of
highly infectious lesions on various parts of the body. The disease may lie
dormant for many years but, if not treated with antibiotics, will develop into
tertiary syphilis causing inflammations of the aorta and CNS. Dementia,
heart attacks and death can all result. Patients with tertiary syphilis cannot
infect others with the disease. Some patients may develop benign late
syphilis, which is usually rapid in onset but does respond well to treatment.
It usually begins three to 10 years after infection and is characterized by
the development of gummas. These are tumor-like growths of a rubbery
consistency that are most likely to affect the skin or long bones but can
also develop in the eyes, mucous membranes, throat, liver and stomach
lining. However, since the use of antibiotic treatments for syphilis they are
increasingly uncommon.

The protozoan Trichomonas vaginalis (Figure 3.21) is a frequent colonizer of
the mucosal membrane of the urogenital system. It is generally asymptomatic

Figure 3.20 Electron micrographs of (A) Neisseria gonorrhoea and (B) Treponema pallidum. (A)
Courtesy of Dr A. Curry, Manchester Royal Infirmary, UK and (B) Public Health Image Library, Centers
for Disease Control and Prevention, USA.




Figure 3.21 Electron micrograph of Trichomonas vaginalis. Courtesy of Dr A. Curry, Manchester
Royal Infirmary, UK.

but an inflammatory reaction, trichomoniasis vaginitis, may result in a frothy
cream-colored discharge.

A number of arthropods may be sexually transmitted. These include crab lice
and the scabies mite (Figure 2.14(A)).

3.7 SEPSIS AND SYSTEMIC INFECTIONS

A relatively small number of pathogens are able to enter the body in the
lymphatic or circulatory systems and produce a generalized or systemic
infection involving numerous body organs: brain, bone marrow, kidneys, liver,
lungs and spleen. Local skin infections, such as with Streptococcus pyogenes
or Staphylococcus aureus or infections of the GIT or urogenital system with
Enterobacteriaceae can unfortunately progress to acute generalized infections
within onlyafewdays, given appropriate conditions. Forexample, Streptococcus
pyogenes or Staphylococcus aureus secrete toxins called superantigens
(Chapters 2and 4) that stimulate the release of cytokines from immune cells and
produce an excessive inflammatory response called systemic inflammatory
response syndrome (SIRS) consisting of four characteristic stages. In stage I,
respiration, heart rate and body temperature all increase. The leukocyte count
may be increased or decreased. Stage II refers to the presence of the organism
in the blood of the patient; this is called sepsis. Normally less than 50% of
cases can be identified. Stage Il may be cured intrinsically by the immune
system or extrinsically by the administration of antibiotics. If unsuccessful,
the condition progresses to stage III: serious sepsis or multiorgan dysfunction
syndrome (MODS) characterized by lactic acidosis, falling blood pressure,
hypoxia and oliguria. If clinical measures fail to stabilize the patient, then
stage IV, septic shock, develops with irreversible organ failure and the death
of the patient in most cases.

In contrast to the possible acute developments of localized infections,
generalized infections may have incubation times of up to three weeks.
A classical example of such a systemic infection is typhoid fever caused by
Salmonella typhi (Figure 3.22). The pathogen may be ingested and can enter
the body through the tonsils in the throat and Peyer’s patches in the gut. The
bacterium is distributed to various organs in the lymph and blood, infects

SEPSIS AND SYSTEMIC INFECTIONS

Figure 3.22 Light micrograph of Salmonella
typhi. Courtesy of Public Health Image Library,
Centers for Disease Control and Prevention, USA.
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Margin Note 3.2 Sa/monella
typhimurium

Salmonella typhimurium (Figure
3.23), as its name suggests, causes

a lethal, systemic infection that
resembles typhoid fever in mice.
However, in humans it does not cause
as severe a disease as Salmonella
typhi although it is a major cause of
food poisoning. This rarely leads to
fatalities, other than in the elderly

or very young or in patients with
depressed immune systems who

are not treated with antibiotics. The
disease is characterized by symptoms
of nausea and vomiting, abdominal
cramps and diarrhea that generally
last up to seven days.

Figure 3.23 Electron micrograph of Salmonella
typhimurium. Courtesy of Dr A. Curry, Manchester
Royal Infirmary, UK.

Figure 3.24 Light micrograph of Brucella species.

Courtesy of L. Stauffer, Public Health Image Library,
Centers for Disease Control and Prevention, USA.

cells and grows intracellularly. The major symptoms are fevers of up to 40°C
and the development of abscesses in the intestine that may cause perforations
and a fatal peritonitis. Even when the patient recovers, a relapse may occur.
Salmonella typhi infects about 60 million patients annually, mainly in the
developing world. If untreated, it can be fatal. Some recovered patients retain
the pathogen in the gall bladder and excrete bacteria in their feces, becoming
carriers, although remaining healthy themselves.

The zoonosis, brucellosis, caused by various species of Brucella (Figure 3.24), is
also a primary systemic infection. This is a common infection of cattle (Brucella
abortus), sheep and goats (Brucella melitensis) and can infect humans if they
drink contaminated milk, if they inhale the bacteria into the lungs or if there
is direct contact through skin lesions. People who work in direct contact with
animals, such as farmers, veterinarians, shepherds, goatherds and abattoir
workers, are most at risk. The pathogen colonizes and grows in the main
abdominal organs and bone marrow producing periodic attacks of relapsing
fever over an extended period.

3.8 INVESTIGATING INFECTIOUS DISEASES

To diagnose an infectious disease, two criteria must be satisfied. First, signs
and symptoms compatible with the suspected infectious agent must be
apparent. Secondly, the pathogen must be recovered from the infected site of
the patient or there must be evidence of the pathogen being present at that
site.

Infectious diseases can affect any organ or system and can cause a wide variety
of symptoms and signs (Chapter 1). The clinical history and examination
should aim to identify the sites of infection and the causative organism. The
clinical history focuses on aspects relevant to infectious disease, such as
recent travel history, food and water intake, occupational exposure, sexual
activity and any use of intravenous drugs. The clinical examination involves
identifying fever, skin rashes, swollen lymph nodes (lymphadenopathy) and
investigations of the eyes, ears, mouth and throat. Fever is a typical symptom
of infection but not all patients with fever have an infection and not all
infectious diseases present with fever. Investigations of the vagina, rectum
and penis are necessary in sexually transmitted diseases.

The historyand clinical examination is often supported by tests to assess health
and identify the organs affected. These tests include imaging techniques such
as X-rays, ultrasound, computerized tomography (CT), magnetic resonance
imaging and blood tests (Chapters 18 and 13). The blood tests involve a full
blood count where eosinophilia is an important finding in parasitic infections
and lymphocytosis is usually found in viral infections. The erythrocyte
sedimentation rate and C-reactive protein (Chapter 4) levels are nonspecific
tests of value in monitoring the course of infectious diseases. Other tests
involve assessing liver and renal functions (Chapters 11 and 8), which may be
disrupted by an infection.

Microbiological tests to identify the infectious agents are especially helpful.
Specimens for microbiological investigations include blood, cerebrospinal
fluid (CSF), feces, pus, sputum and urine (Chapter 1). Microbiological
investigations use a variety of techniques, including culture, serological,
biochemical and molecular biological tests.

CULTURE

The suspected microorganism from the patient is grown outside the body
usually on or in growth media, such as nutrient agar or broth, or in selective
media which support the growth of particular microorganisms, until growth
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is detectable. In the case of bacteria, characterization is based on their
microscopic appearance and the shape, texture and color of colonies. To
some extent, bacteria can be identified by their ability to grow in specific
media, such as blood agar or Sabouraud’s agar. Indicator media that include
some substance that visibly changes as a result of the metabolic activities
of particular microorganisms are also of use in identification. Fungi and
mycoplasmas are cultured in similar ways to bacteria. However, they require
a greater use of microscopic and colonial morphology for identification.
Certain microorganisms, such as chlamydiae, and all human viruses, are
intracellular pathogens and their growth requires the inoculation of cultured
eukaryotic cells. When viruses infect and replicate within cultured cells,
pathological changes are produced that are characteristic of particular viruses
and can be used for identification purposes. Moreover, electron microscopy
of supernatants from these cultures, or even on patient samples, can show

the presence of particular viruses. For example, Norwalk virus (Figure 3.25),
which causes outbreaks of vomiting and diarrhea, has been identified in stool
samples of affected individuals. The diagnosis of parasitic infections, protozoa
and helminths, may involve growing them in culture. More frequently, parasites

Figure 3.25 Electron micrograph of Norwalk
virus. Courtesy of Public Health Image Library,
Centers for Disease Control and Prevention, USA.

are identified directly from specimens isolated from infected patients and/or

indirectly by examining the cysts or eggs of the parasite.

SEROLOGICAL TESTS

Serological tests involve identifying infectious agents indirectly by measuring
serum antibodies in the affected individual. Antibody levels against a pathogen
increase in the early stages of the disease and then fall during recovery. Such
tests are particularly useful in situations where it is impossible to isolate the
infectious agent and are used to make a diagnosis of, say, HIV infection. It is
preferable to take a blood sample early in the infection (acute serum) and
10-14 days later (convalescent serum). A fourfold or greater rise in antibody

The API system, named from the parent company Appareils et
Procédés d’ldentification, for identifying bacteria and yeasts
was first developed in the 1970s. Although the tests themselves
were not new, the system used standardized and miniaturized
versions of the existing biochemical tests on a single strip. Each
test strip contains a number of separate compartments that
contain the dehydrated reagents necessary for each specific
test. The test is typically performed by forming a homogeneous
suspension of the microorganism to be identified in 0.85% NaCl
solution. Samples of the suspension are then added to each of
the wells and this also rehydrates the reagents. The organisms
will produce some observable change in the wells, for example
color changes due to pH differences or enzyme activities or form
end products that can be identified. Any one well will, of course,
give a positive (+) or negative (-) result. A number of tests are

BOX 3.2 API strips

necessary to identify a species or strain and the tests on any
one API strip give a profile or numerical identifier that is the
sequence of positive and negative test results (Figure 3.26). The
organisms can then be named from a codebook that correlates
this sequence with the bacterial species or strain or, more usually,
identifications can be made with a computerized database.
Organisms can generally be identified accurately and reliably in
four to 48 h, depending upon the strips used and the species of
microorganism concerned.

API tests include 15 identification systems for almost all groups
of bacteria and over 600 different species. These include
Gram-negative and Gram-positive bacteria, such as species
and subspecies of Enterobacteriaceae, bacilli, Campylobacter,
Corynebacteria, enterococci, Listeria, micrococci, Staphylococci
and Streptococci and some anaerobic bacteria and yeasts.

Figure 3.26 A developed API strip showing positive (darker colored) and negative

(clear) results for each of the test wells.
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AP Ampicillin

C  Chloramphenicol
CO Colistin sulfate
K Kanamycin

NA Nalidixic acid

NI Nitrofurantoin

S Streptomycin

T Tetracycline

Figure 3.27 A multidisc containing a different
antibiotic in each lobe as indicated, which can
be used to assess the antibiotic susceptibility or
resistance of bacteria. The bacteria in this case
are a strain of Escherichia coli that cannot grow
in the area surrounding an antibiotic to which
they are susceptible.

titer in the second serum is diagnostic of an acute infection. Antibodies to
bacteria can be detected by their ability to agglutinate these microorganisms.
Alternatively, a variety of immunotechniques are available which are outlined
in Chapter 4.

BIOCHEMICAL AND MOLECULAR BIOLOGICAL TECHNIQUES

A variety of biochemical and molecular biological tests are available to help
identify microorganisms. The simple Gram stain can immediately eliminate
many possible bacteria. The abilities of some bacteria specifically to ferment
some carbohydrates, use different substrates, express restricted enzyme
activities or form specific products in enzyme catalyzed reactions can all aid in
identification. The susceptibility of bacteria to different antibiotics (Figure 3.27)
can also be useful and has the added utility of indicating possible therapy.

The GC ratio of the DNA of bacteria is generally expressed as a percentage
100G+ C) / (A+ T + G + C) and varies from 20 to nearly 80%. Any one
particular group of bacteria has a characteristic value. Specific genes from
pathogenic organisms have been cloned and sequenced. That for the 16S
ribosomal RNA has received considerable attention and, indeed, differences
in the sequences of this gene have allowed evolutionary relationships between
different groups of bacteria to be deduced. The entire genomes of a number
of viruses, pathogenic bacteria and parasitic protozoa have been sequenced
and the number is growing rapidly. Nucleic acid probes can be designed to
detect characteristic sequences of pathogens and identify the organism in
body fluids or tissues. This technique has been enhanced by the development
of the polymerase chain reaction.

The polymerase chain reaction

The polymerase chain reaction (PCR) was devised by Mullis in 1983. He was
awarded the Nobel Prize in Chemistry in 1993; the shortness of time between
the two dates is indicative of the perceived importance of PCR. Indeed, it is
hard to exaggerate the impact of PCR because it has revolutionized molecular
biological techniques. The PCR is an elegantly simple in vitro method for
increasing in an exponential manner the number of relatively short strands of
specific DNA fragments, normally of 500 to 5kbp, although longer lengths of
up to 40 kbp can also be amplified. These may be whole genes but are more
usually only a fragment of one. DNA consists of two polynucleotide strands
arranged together in the now familiar double helical structure. The strands
run in opposite directions: one in the 3’ — 5’ direction, the other witha 5" — 3’
orientation. The bases of the nucleotides of each strand associate together such
that they form complementary pairs, with an adenine (A) of one strand paired
with a thymine (T) of the other, and guanine (G) pairing with cytosine (C). The
base pairs, and therefore the polynucleotide strands, are held by hydrogen
bonds. It is the sequence of bases in the DNA strand(s) that is unique and
specific to a particular gene.

The PCR is used to replicate the original DNA sample (template DNA) using a
DNAdependent DNA polymerase, usuallyabbreviated to DNA polymerase. This
enzyme copies the template DNA to produce new strands with complementary
sequence. Some DNA polymerases can proofread, that is correct any mistakes
in the newly formed strand to ensure the fidelity of its sequence. Crucially,
DNA polymerases cannot begin the new strand de novo, but can only extend
an existing piece of DNA. Thus two primer molecules are required to initiate
the copying process. The primers are artificial oligonucleotides, short DNA
strands of fewer than 50 nucleotides that are complementary to regions that
flank the section of the template DNA of interest. Hence the primer determines
the beginning of the region to be amplified. Primers are usually made to order
by commercial suppliers who must, of course, be supplied with the required
sequence.



The PCR consists of a series of cycles, each of which consists of three identical
steps (Figure 3.28). First, the double-stranded DNA has to be heated to 90—
96°C to break the hydrogen bonds that connect the two strands and allow
them to separate. This denaturation is called melting. Prior to the first cycle,
the DNA is often heated for an extended time, called a ‘hot start’, of up to 5
to 10 min to ensure that the template DNA and the primers are fully melted.
In subsequent cycles, 30 s to 3 min at 94 to 96°C is normally sufficient for
melting. Placing a heated lid on top of the reaction tubes or a layer of oil
on the surfaces of the reaction mixtures prevents evaporation. The second
step is primer annealing at temperatures of 50 to 65°C for 30 to 60 s, during
which the primers bind to their complementary bases on the now single-
stranded DNA templates. The primers must be present in excess of the target
DNA otherwise its strands will simply rejoin. The design of the length of the
primers requires careful consideration. Primer melting temperature, which
must not be confused with that of the template DNA itself, increases with
the length of the primer. The optimum length for a primer is generally 20 to
40 nucleotides that have melting temperatures of 60 to 75°C, although this
depends upon their G/C content. If the primers are too short they will anneal
at random positions on the relatively long template and result in nonspecific
amplification. However, too long a primer and the melting temperature would
be so high, that is above 80°C, that the DNA polymerase would have reduced

I
5 — 3'
3|_5| I
I
94-96 l l
5 —— 3' —
+ +
3 e— ' — —
——— +
I I
I +
%) 60-75 —
~
g
S
2
o
o
Q.
€
i
50-65
I
+ -_—
e — Primer strands
Melting Annealing  Extension Melting
| | | | |
[ [ [ [ |
30s-3min 30s-Tmin  45s-2min 30s-3min
Duration

Figure 3.28 Outline of the steps associated with the cycles of the polymerase chain reaction.
See text for details.
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F|rst cycle

Second cycle

Thlrd cycle

1 Fourth cycle

16 copies

1 Fifth cycle

32 copies

= 30-40 cycles
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Figure 3.29 The amplification of DNA molecules
during cycles of the polymerase chain reaction.

Figure 3.30 A polyacrylamide gel electrophoresis
of the products of a polymerase chain reaction
experiment. Lane 1 shows the DNA sample of
size 390 bp (positive control) which has been
amplified by 10, 20, 25, 30, 35 and 40 cycles

of polymerase chain reactions in lanes 2 to 7.
Lane 8 shows the results of a negative control in
which the DNA sample was replaced by water
and amplification did not occur. Lane 10 shows
the separation of DNA molecules of known

sizes between 100 and 1000 bp as a calibration
marker. Courtesy of Dr Q. Wang, School of

Biology, Chemistry and Health Science, Manchester
Metropolitan University, UK.
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activity. The third step is the synthesis of DNA in reactions catalyzed by the
polymerase and which extend the primers using the complementary strands
as templates. This usually requires 45 to 120 s at 72°C. The extended portion of
DNA is a complement of the template strand. Given the high temperatures of
the reactions, DNA polymerases from thermophilic organisms are preferred.
The Tag polymerase from Thermus aquaticus is widely used although it has the
disadvantage of lacking proofreading capabilities and therefore of introducing
errors (mutations) of 1 in 400 to 500 nucleotides in the new DNA. Polymerases
such as Pwo or Pfu, obtained from Archea, have proofreading mechanisms
that significantly reduce mutations and are used in ‘long range’ PCR of up to
about 30 kbp.

The result of the first cycle is two helices that are usually overextensions of
the target sequences. Each is composed of one of the original strands plus
its newly assembled complementary strand and its associated primer, for
each of the original template DNA molecules. The cycle is usually repeated
20 to 30 times in identical conditions with a doubling of the amount of DNA
present for every cycle (Figure 3.29). Hence after 30 cycles the amount of DNA
in the original sample has increased over 2% (10° fold)! A PCR experiment
normally terminates with a 10 min incubation at 72°C to ensure that all of
the amplified DNA molecules are fully extended by the polymerase. Note that
extremely stringent conditions are necessary to prevent any unwanted DNA
contaminating PCR experiments, since this would also be amplified.

The great advantages of PCR are the increase in sensitivity and its automation.
Samples of DNA from even a single cell or from samples many years old
can be amplified and then analyzed. The PCR reaction is automated in a
thermocycler, which automatically heats and cools the reaction tubes to the
appropriate temperatures, for the desired times and the required numbers of
cycles.

The products of PCR are identified by determining their base sequences and/
or their sizes using agarose or polyacrylamide gel electrophoresis against a
known sample. The size of the product can be estimated by comparison with
the electrophoretic mobility of fragments of DNA of known size (Figure 3.30).

The biomedical sciences apply PCR in four main areas, which are the
identification of infectious disease organisms for diagnostic purpose, in the
detection of variations and mutations in hereditary diseases (Chapters 15 and
16), detecting acquired mutations that lead to cancers (Chapter 17) and in
tissue typing (Chapter 6). It is especially useful in diagnosing diseases caused
by organisms that are difficult or impossible to culture. Its ability to amplify
incredibly small amounts of DNA means that PCR-based tests can identify
sources of infection more accurately, reliably, rapidly and cheaply than previous
methods. For example, it can detect three different sexually transmitted

Lanes



disease agents, Herpes, papillomaviruses and Chlamydia on a single swab.
Polymerase chain reaction tests can even distinguish the specific strains of
papillomaviruses that predispose individuals to cervical cancer. Diagnostic
tests are also available for the viruses involved in AIDS, viral hepatitis and viral
meningitis. The PCR is the most sensitive and specific test for Helicobacter
pylori, the main cause of stomach ulcers (Chapter 11). In England and Wales,
47% of cases of meningococcal infections in 2002 were diagnosed using
PCR tests for meningococcal DNA in clinical samples. Bacterial infections in
middle ear fluid from children suffering otitis media are detectable by PCR,
indicating an active infection, even when standard culture methods fail. The
Lyme disease bacterium, Borrelia burgdorferi, is often difficult to diagnose
accurately on the basis of general symptoms but PCR can amplify its DNA in
body fluids.

3.9 PREVENTING INFECTIOUS DISEASES

Infections are the commonest cause of human morbidity and mortality.
In developing countries at the beginning of the last century diseases, such
as TB, pneumonia and bacterial infections secondary to influenza, were
major causes of death. However, in the developed world their impact has
been lessened by public health measures such as improved housing, better
sanitation and advanced social and economic conditions. Unfortunately, in
developing countries infectious diseases, such as malaria, TB, respiratory and
GIT infections, are still major causes of death, particularly in children.

The prevention of infectious disease is achieved by the use of vaccines
(Chapter 4). Vaccination works by stimulating the immune system to produce
antibodies against the pathogenic organism by introducing bacteria or viruses
that have been rendered ‘harmless’ in some way. The simplest, though not
necessarily the most effective, method of preparing vaccines is by killing
whole microorganisms. These are then injected into the host to induce an
immune response. An example of a ‘killed” vaccine is that used to protect
against whooping cough caused by Bordetella pertussis. In some instances the
immune response produced against dead organisms is insufficient to induce
good immunity. This is usually because killing the microorganism often
involves denaturing their proteins so while the immune response recognizes
the denatured proteins it does not react to the native proteins on the pathogen.
To overcome this problem, live but attenuated (weakened) microorganisms
may be used. These microorganisms are less virulent and, in most cases,
stimulate an effective immune response in the host. This type of approach is
used for the combined vaccine against measles, mumps and rubella (MMR)
and for the oral vaccine against poliomyelitis (Margin Note 3.4).

Some patients do not develop an effective immune response to these
weakened microorganisms and, unfortunately, the weakened microorganisms
can become virulent again, a phenomenon known as reversion. To overcome
this problem, selected proteins, from, for example, bacterial capsules or
viral envelopes, are extracted from the microorganism and used as vaccines.
These are known as subunit vaccines. Unfortunately, bacterial capsular
polysaccharideis often pooratstimulatingimmunityand arecentdevelopment
is to render the vaccine more immunogenic by attaching the polysaccharide
to an immunogenic protein. Such vaccines are known as conjugate vaccines:
examples include the most recent vaccines against Neisseria meningitidis
serogroup C, and Haemophilus influenzae.

Subunit vaccines against viral proteins can now be produced more cheaply by
employing recombinant DNA techniques. In such cases, nucleic acid coding
for the protein in question is isolated and cloned. This DNA is then transfected
into asuitable microorganism which can be cultured and induced to synthesize

PREVENTING INFECTIOUS DISEASES

The extreme sensitivity of PCR means
it can even diagnose the diseases on
old and therefore largely degraded
samples. The former USA vice
president and presidential candidate
Hubert H. Humphrey (1911-1978)
underwent tests for bladder cancer in
1967. However, these gave negative
results and, untreated, he died of
the disease. A urine sample taken in
1967 and a tissue sample from his
cancer-ridden bladder obtained in
1976 were analyzed retrospectively
with PCR amplification in 1994.

The DNA of both samples showed
identical mutations in the p53

gene (Chapter 17). This is a well-
established tumor suppressing gene.
Had it been possible to diagnose
the cancer in 1967, then Humphrey
could have received the benefits of
the then current treatments and his
life may have been extended. This is,
of course, only one of many examples
where advances in biomedical
sciences have greatly improved
clinical practice.

Margin Note 3.3 @
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Margin Note 3.4 Baby and @
childhood vaccination programmes

Most countries of the developed
world have baby and childhood
vaccination programmes that protect
against a variety of potentially life-
threatening conditions. In early 2006,
the UK government announced

it was amending its vaccination
programme for children less than two
years old by adding a new vaccine to
its programme that protects against
the Pneumococcus bacterium, which
causes ear infections, pneumonia
and meningitis. This would give the
UK a fairly typical baby vaccination
programme, as follows. At the age
of two months, the baby is given a
vaccine against Pneumococcus and

a five-in-one vaccine that protects
against Hib, diphtheria, polio,
tetanus and whooping cough.

At three months, a meningitis C
vaccine and a five-in-one booster are
administered. These are followed a
month later with another five-in-one
booster and boosters for meningitis C
and Pneumococcus. When the baby
is one year old, he or she receives a
combined Hib/meningitis C vaccine,
which is followed a month later

with the MMR (combined mumps,
measles and rubella) vaccine and
another Pneumococcal booster.

the protein in vitro. An example is the recombinant vaccine against Hepatitis
B produced in the yeast Saccharomyces cerevisiae that have been transfected
with a gene encoding the S (surface) protein of the virus. More recently, DNA
vaccines, which consist of viral genes transfected into bacterial plasmids and
injected directly into muscle, have been undergoing clinical trials, although,
as yet, none of these is routinely available.

For those infectious diseases where toxins (Chapter 2), rather than the
microorganism, are responsible for the disease, vaccines may be prepared
against chemically modified or heat inactivated toxins. These inactive toxins,
known as toxoids, are then used for vaccination purposes and, indeed, this is
the approach used for diphtheria and tetanus vaccines.

3.10 CONTROLLING THE SPREAD OF PATHOGENS

Controlling the spread of an infectious agent is a complex process, requiring
a number of interventions, some of which will depend on the microorganism
involved. Epidemiological investigations (Chapter 1) can help to pinpoint
the source of the infection. Strict hygiene precautions, for example thorough
cleaning and disinfection of contaminated materials, and hand washing, can
prevent the spread of pathogens between patients. The boiling of drinking
water may be necessary, depending on the source of the outbreak. Routine
microbiological investigations may be carried out to ensure that the microbe
is under control. For the patient, antibiotics or antiviral drugs (Section 3.11)
may be given, while patient contacts may be offered vaccination and/or drug
treatment. Examples of this multifactorial approach can be seen following
outbreaks of Neisseria meningitidis, in schools and colleges, where all contacts
with infected patients are offered antibiotics and vaccines, depending on the
serotype.

3.11 TREATMENT OF INFECTIOUS DISEASES

The treatment of infectious disease is almost entirely pharmacological
although nursing care is obviously necessary in many cases and surgery may
sometimes be used. The development and extensive uses of antibiotics and
other drugs over the last 60 years in particular has had an enormous impact in
reducing the number and effects of infectious diseases. Viruses and bacteria
are the most important causes of infectious diseases in developed countries,
while fungi, protozoa and helminths are of increased importance in the
tropical climates of developing countries.

ANTIVIRAL DRUGS

Viruses are acellular and can only replicate by utilizing the metabolic processes
of their host cell. It is difficult to target viruses inside host cells without
damaging both infected and normal host cells hence there are relatively few
effective antiviral agents. To be fully effective, antiviral drugs should ideally
inhibit viral replication but not affect the reproduction of the host cell.
Unfortunately, current antiviral drugs are not fully effective as all interfere to
some extent with reproduction of the host cell and so produce adverse effects.
Antiviral agents do not normally directly ‘kill’ the virus but, rather, inhibit
their replication. Therefore, they must be administered for sufficient time to
allow natural immune mechanisms to eradicate all the virions present. Thus
antiviral therapy may well fail in severely immunocompromized patients.

Most antiviral agents act by disrupting one of the steps in the replication
cycle of the target virus. They may prevent viral internalization into the host
cell. If the virion enters its host cell, other antiviral agents can interfere with



the release of the viral nucleic acid from the capsid. Some antiviral agents
prevent the synthesis of the viral nucleic acid or its proteins. Even if the virus
is successfully synthesized, agents that interfere with its release from the host
cell can prevent its dissemination. Lastly, some antivirals can help promote
a more effective immune response against viral infection. Table 3.3 lists
examples of each type of antiviral agents.

Prevent internalization

Inhibit uncoating

Prevent viral nucleic acid synthesis
Inhibit viral protein synthesis
Interfere with virion release

Promote immune response

y-globulin, zanamovir

p133

amantadine, gancyclovir, imantadine, vidarabine
indinavir, ritonavir, saquinavir
4-guanidino-Neu5Ac2en

a-interferon

Table 3.3 The mode of action of antiviral agents with selected examples

Viruses can become resistant to specific antiviral agents (Box 3.4). Hence a
therapy combining several agents, each of which acts at a different stage in the
replication cycle is likely to be a more effective treatment. For example, HIV
treatment is typically a combination of the antiHIV proteases (Figure 3.31)
amprenavir, ritonavir and the antiHIV reverse transcriptase inhibitor AZT,
which is a ribonucleoside analog (Figure 3.32 and Box 3.1).
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Figure 3.32 Structures of the ribonucleosides uridine and cytidine and the antiHIV drug, AZT.

ANTIBACTERIAL DRUGS

Drugs to treat bacterial diseases are generally called antibiotics. They are the
most significant in clinical practice because bacteria are responsible for the
greater proportion of infectious diseases. Most antibiotics are derived from
the products of the metabolism of microorganisms, such as certain bacteria
and fungi. Their actions usually rely on differences between microbial and
host cells. Ideally, antibiotic drugs should kill the target bacterium, that is, they
should be bactericidal. Bacteriostatic drugs prevent the bacteria replicating
and must be administered for sufficient time to allow the immune defenses of
the body to eliminate the pathogen.

TREATMENT OF INFECTIOUS DISEASES

Figure 3.31 Molecular model of HIV protease
with a bound inhibitor. PDB file 1HII.
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Figure 3.33 Molecular model of rifampicin (a
rifamycin antibiotic) shown in red, bound to
an RNA polymerase. The spheres represent
magnesium and zinc atoms. PDB file 116V.

Not all antibiotics are effective against all pathogenic bacteria. Some are only
effective against Gram-negative bacteria, whereas others are effective against
Gram-positive only (see later). Other antibiotics can be used to treat a range
of both Gram-positive and negative organisms and are referred to as broad
spectrum antibiotics. Antibacterial drugs generally act in one of four major
ways: they may inhibit the synthesis of the bacterial nucleic acid, proteins or
the cell wall or they may act in a variety of rather miscellaneous and, in some
cases, unknown mechanisms.

Many drugs inhibit both replication and transcription at several points.
These drugs fall into a number of general families. Sulphonamides inhibit
the formation of folate which is essential for the synthesis of precursors of
nucleic acids. Nitroimidazoles bind directly to DNA and denature its helical
structure such that it is no longer a substrate for DNA-binding proteins.
Clofazimine, a drug which is used to treat leprosy, also binds to DNA
preventing replication and transcription, though it is not a nitroimidazole.
Quinolones, nalidixic acid and norfloxin, and the synthetic antibiotic
ciprofloxacin, fluoroquinolones, offloxacin, norfloxacin and others, are
inhibitors of DNA topoisomerase II, an enzyme essential for the replication
and transcription of DNA. The rifamycins are inhibitors of RNA polymerases
(Figure 3.33) and suppress transcription.

Protein synthesis begins with the translation of messenger RNA molecules
by ribosomes to form polypeptides. Translation is broadly similar in both
bacterial and mammalian cells though there are some significant differences
between the two types of cells. For instance, bacterial ribosomes consist
of 30S and 50S subunits (Figure 3.34), whereas eukaryotic ones have larger
60S and 40S subunits. A number of the protein translation factors necessary
for translation also differ. These differences are exploited by a number of
antibacterial drugs.

The main antibacterial antibiotics that interfere with protein synthesis
are the aminoglycosides, lincosamides, macrolides and tetracyclines. The
streptogramin quinupristin-dalfopristin, a relatively newly introduced
drug, also interferes with protein synthesis. Aminoglycosides, such as
streptomycin and gentamicin, are bactericidal and have complex effects
following irreversible binding to specific proteins of the 30S subunit. They
inhibit protein synthesis by interfering with initiation, inhibiting an essential
checking step called proofreading performed by the ribosome so incorrect
amino acids are inserted into the polypeptide leading to the production of
nonfunctional or toxic peptides, inhibit elongation and prevent ribosomes
associating together as functional polyribosomes. Clindamycin and
lincomycin are lincosamides. These antibiotics can be bacteriostatic or
bactericidal. They interfere with the first and subsequent steps in translation
within the ribosome. Macrolides may be bacteriostatic or bactericidal.
Examples include the widely used erythromycin and azithromycin and
clarithromycin. They prevent translocation, that is, the movement of the
peptide-tRNA complex within the ribosome. The tetracyclines are a well
known group of drugs and include the parent tetracycline itself, as well
as other antibiotics, such as doxycycline and oxytetracycline. Their action
is bacteriostatic in that they inhibit the binding of the aminoacyl-tRNA
complex to the 30S subunit and so slow down translation. Streptogramins
type A and B (dalfopristin and quinupristin respectively), produced by
Streptomyces pristinaepiralis, are chemically modified to give the drug
quinupristin-dalfopristin. Quinupristin and dalfopristin alone each show
weak bacteriostatic activities, however, together their actions are synergistic
since they both target different site/actions of the 50S ribosome of bacteria,
inhibit protein synthesis and lead to the release of incomplete polypeptides.
Dalfopristin binds directly within the peptidyl transferase center of the
ribosome interfering with the binding of tRNA molecules and inhibiting



elongation of the polypeptide, while quinupristin blocks the exit tunnel of
the polypeptide from the ribosome. Quinupristin-dalfopristin was licensed
for use in the UK and USA in the late 1990s for treating severe infections with
Gram-positive organisms, including nosocomial pneumonia and infections
related to the use of intravascular catheters. It is particularly useful for treating
complicated skin infections with methicillin-resistant Staphylococcus aureus
and Streptococcus pyogenes and life-threatening infections of vancomycin-
resistant Enterococcus faecium (Box 3.4). Quinupristin-dalfopristin has poor
activity against Enterococcus faecalis compared with Enterococcus faecium.
The latter is generally a less serious pathogen and other treatments are
available, even though the former is the more prevalent clinically. However,
strains of Enterococcus faecium resistant to quinupristin-dalfopristin are
being found.

Several other antibiotics that interfere with protein synthesis are also in
clinical use. Fusidic acid, a bactericidal agent that is used only in the treatment
of gonorrhea, inhibits translocation. Chloramphenicol is a widely known
antibiotic although its action is bacteriostatic. It inhibits the formation of
peptide bonds by the ribosome. Lastly, spectinomycin, used in the treatment
of penicillin-resistant staphylococcal infections, prevents translocation.

Human cells, like all animal cells, lack a cell wall. This means that metabolic
processes in the bacterial cell concerned with wall synthesis are excellent
targets for specific antibacterial agents. The bacterial cell wall forms a
protective bag around each microbial cell that prevents osmotic lysis. The
wall contains layers of peptidoglycan, each of which consists of rows of amino
sugars linked together by short peptides. Gram-negative bacterial cell walls
have only a single layer of peptidoglycan. In contrast, those of Gram-positive
organisms may have as many as 40.

Bacterial growth involves cell division and entails the breakdown of the
cell wall by bacterial enzymes, followed by synthesis of new peptidoglycan.
Antibiotics, such as the B-lactams, that inhibit cell wall synthesis are almost
all bactericidal since their presence stops new peptidoglycan formation and
therefore affects cell wall synthesis while bacterial enzymes continue to break
down the existing cell wall. B-Lactams are the largest, most widely used class of
antibacterial antibiotics and contain the best known antibiotics, the penicillins
and cephalosporins. They are, of course, only active against growing bacterial
cells. All contain a chemical structure known as a B-lactam ring (Figure
3.35) responsible for their antibacterial effects. f-Lactams are irreversible
inhibitors of transpeptidase, the enzyme that catalyzes the cross-link between
the sugar residues and peptides in the peptidoglycan layer(s). A number of
non-f-lactam antibiotics also reduce the efficiency of bacterial cell wall
synthesis. They inhibit a number of different enzyme catalyzed steps in the
synthesis at a wide variety of sites; hence they have no common mechanism of
action. Examples of these drugs include cycloserine, vancomycin, fosfomycin
and isoniazid (Figure 10.29) among others.

A rather miscellaneous grouping of antibiotics includes the polymyxins,
nitrofurantoin, pyrazinamide and metronidazole. Polymyxins are effective
against Gram-negative bacteria where they disrupt the structure of the cell
membrane. Nitrofurantoin may be considered a prodrug given the need
for bacterial enzymes to metabolize it to an active form that is thought
to damage bacterial DNA. Pyrazinamide is used to treat TB and acts by an
unknown mechanism although TB treatment, in general, requires prolonged
therapy with a combination of antibiotics (see later). Metronidazole is an
effective drug against anaerobic bacteria and some protozoan parasites. The
unionized form of metronidazole is readily taken up by these organisms,
which possess electron transport systems able to reduce it to an active form
that disrupts the helical structure of DNA, inhibiting bacterial nucleic acid

TREATMENT OF INFECTIOUS DISEASES

Figure 3.34 Molecular models of the (A) small
and (B) large ribosomal subunits of Escherichia
coli. PDB files 1P87 and 1P86 respectively.
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Figure 3.35 Natural penicillin. The B-lactam ring
is shown in red.
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Margin Note 3.5 Fleming and @
penicillin

The antibacterial activity of penicillin
was discovered by Fleming (1881-
1955) in 1928 at St Mary's Hospital
in London. During this period,
Fleming went on holiday and left
some cultures of staphylococci

on agar plates unwashed. When

he returned, he noticed a fungal
contaminant growing on one of the
plates that was inhibiting the growth
of the bacteria around it. Fleming
realized that the mold was secreting
a substance into the agar which

was preventing the bacteria from
growing. He called this substance
penicillin after the contaminating
mold, Penicillium notatum (Figure
3.36). However, Fleming was unable
to isolate the substance and its
purification did not occur until

many years later following extensive
work by Chain and Florey in Oxford
during World War Il. The significance
of Fleming’s discovery of the first
antibiotic was quickly appreciated
and, among many honors, Fleming
was elected Fellow of the Royal
Society in 1943 and knighted in
1944. In 1945 Fleming, Chain and
Florey were jointly awarded the
Nobel Prize in Physiology or Medicine
for their discovery of penicillin and its
curative effects.

Figure 3.36 Penicillium mold growing on agar.

synthesis. Metronidazole is used alone or combined with other antibiotics to
treat abscesses in the liver, pelvis, abdomen and brain caused by susceptible
anaerobic bacteria and colon infections caused by Clostridium difficile,
Giardia infections of the small intestine, amebic liver abscesses and amebic
dysentery and Trichomonas vaginalis vaginal infections, and both male and
female carriers of trichomonas.

Despite their specificity, antibiotics can cause toxicity in humans including
allergicresponses to the penicillinsand sulphonamides, earand kidney damage
by aminoglycosides (Box 3.3), while chloramphenicol can show liver and bone
marrow toxicities causing serious hematological diseases, particularly aplastic
anemia. This can cause the death of rare susceptible individuals.

ANTIFUNGAL, ANTIPROTOZOAL AND ANTHELMINTHIC DRUGS

Fungi, protozoa and helminth parasites are responsible for many infections,
particularly in the developing world. Given that they are all eukaryotic, then
drugs to treat them are prone to act against host cells and they often have side
effects. These drugs may kill the parasite or simply inhibit its growth. In the
latter case, therapy must be continued for sufficient time to allow the host
immune system to eradicate the organism.

Most antifungal drugs are not fungistatic but are fungicidal. One fungistatic
drug, griseofulvin, inhibits intracellular transport and mitosis in fungi by
interfering with the functions of their microtubules. A comparatively large
number of fungicidal drugs suppress the synthesis of the essential cell
membrane constituent, ergosterol. These include the allylamine antifungals,
terbinafine and naftifine; the imidazoles, clotrimazole, econazole,
ketoconazole and miconazole and the triazoles fluconazole and itraconazole.
Ciclopiroxolamine inhibits the synthesis of fungal cell membrane proteins.
The polyene antifungals, amphotericin and nystatin insert into plasma
membranes of susceptible fungi. This increases the permeability of
the membranes, allowing water and ions to leak and kill the parasite.
Fluorocytosine inhibits the synthesis of fungal DNA.

In many cases, the precise biochemical mechanisms of antiprotozoal drugs
are not known in any great detail. However, atovaquone inhibits electron
transport in mitochondria. Pentamidine and isethionate interfere with the
synthesis of protozoal macromolecules, while metronidazole, nifurtimox
and tinidazole are thought to denature existing macromolecules. A number
of other antiprotozoal therapeutic drugs are in clinical use. These variously
affect protozoal enzymes, inhibit glycolysis and fatty acid oxidation or inhibit
the synthesis of precursors of nucleic acids.

In general, the therapeutic bases of anthelminthic drugs are poorly understood.
A number of commonly used drugs interfere with muscle contractions in the
worms producing flaccid or spastic paralysis. This kills the parasite or makes
it susceptible to attack by the host immune system. Paralysis is achieved by
several overlapping mechanisms. Metriphonate inhibits cholinesterase leading
to spastic paralysis while ivermectin potentiates inhibitory y aminobutyric acid
mediated peripheral neurotransmission and levamisole and pyrantel block
nerve transmission at the neuromuscular junction. Diethylcarbamazine and
piperazine cause hyperpolarization of muscle membranes. Praziquantel acts
directly on muscle cells and increases the permeability of muscle membranes
to Ca™.

Other anthelminthic agents act through different mechanisms. Oxamniquine
interacts with helminth DNA and disrupts its structure. Niclosamide
inhibits mitochondrial oxidative phosphorylation in helminth parasites. The
anthelminthic agents albendazole, mebendazole and thiabendazole disrupt
the microtubules of the cytoskeleton of the helminth.



BOX 3.3 Ototoxicity and Méniére's disease

Approximately 5-10% of patients treated with aminoglycosides,
of which the best known examples are streptomycin and
gentamicin, experience side effects, involving hearing, balance
and the renal functions. Ototoxicity, that is, drug or chemical
damage to the inner ear (Figure 3.37), can result in hearing loss
or tinnitus and can lead to a loss of balance and feelings of
dizziness. The extent of ototoxicity varies with the drug, its dose
and other clinical conditions. In the majority of cases the damage
is minor and reversible once medication ceases. In other cases,
the extent of damage is limited, for example high-frequency
hearing loss, where the damage to the ear makes it difficult to
hear high pitched musical notes, but does not affect the ability
to hear the spoken word or converse. In extreme cases, there may
be complete and permanent deafness.

Ototoxicity is obviously undesirable; however, the ear damage
associated with aminoglycosides can help some patients
who suffer from Meéniere's disease. Meéniere's disease is
named after the French physician Méniére (1799-1862).
In the 1860s he theorized that attacks of vertigo, tinnitus
and hearing loss arose from problems in the inner ear. The
disease is an idiopathic syndrome, although some patients can
identify triggers that can induce or aggravate symptoms, of
endolymphatic hydrops, a condition in which abnormally large
amounts of endolymph collect in the inner ear. Its symptoms
are recurring episodes of hearing loss, tinnitus, rotational
vertigo (a form of dizziness), nausea and a sense of pressure
in the middle ear. Méniere's disease affects adults from the
age of 20 years but is commonest in patients in their 40s
and 50s. Given its generalized symptoms, the criteria used in
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diagnosing Méniere’s disease are variable and estimating its
incidence is difficult, although it is thought to be 0.5 to 7.5
per 1000. The incidence varies by ethnic background and is
commoner in Britain and Sweden but it is known to affect
black and Oriental ethnic groups.

Betahistine may be used to control Méniere’s disease. Avoidance
of triggers can reduce the frequency and duration of symptoms
and episodes but not all episodes can be attributed to triggers.
Conservative treatments for Méniére's disease involve a reduced
sodium diet and diuretics to control water retention and
reduce inner ear fluid pressure, and medications to reduce the
vertigo, nausea/vomiting, or both during an episode. Vestibular
rehabilitation therapy to help retrain the body and brain to
process balance information can help with the poor balance that
afflicts patients between attacks. Devices that deliver a series of
low-pressure air pulses designed to displace inner ear fluid may
also be used. In 20-40% of patients, conservative treatments are
ineffective and a chemical labyrinthectomy may be performed
with ototoxic aminoglycosides to control the vertigo associated
with the affected ear but cause less damage to the hearing
mechanism than some traditional treatments. Gentamicin is
injected through the tympanic membrane into the middle ear
from where it can diffuse into the inner ear and destroy some or
all of the balance cells. In patients with Méniere’s disease of both
ears, streptomycin can be given intramuscularly and will have
an effect on both ears. About 10% of patients require surgery,
which can be used to relieve the pressure on the inner ear or to
block the transfer of information from the affected ear to the
brain.

Pinna
External
auditory canal
Tympanum
Middle ear Outer ear

Figure 3.37 Schematic showing structure of the ear with the outer, middle and inner parts

clearly separated.
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Margin Note 3.6 Necrotizing
fasciitis

The condition necrotizing fasciitis

is an infection with the so-called
‘flesh-eating bacteria’, for example
Group A Streptococci (GAS), most
commonly Streptococcus pyogenes.
The prevalence and incidence of this
condition are both extremely rare but
can begin after surgery, particularly
abdominal or gynecological
interventions. However, it may

also develop from complications

of childbirth, burns or following
relatively minor traumas, for example
bites and abscesses. The bacteria
produce extracellular enzymes

that attack soft tissues, often in

an extremity, destroying muscle,

fat and skin, causing an extensive
necrosis of subcutaneous tissue.

The lysosomal hydrolytic enzymes
(Chapter 16) released from damaged
cells of the patient may exacerbate
the bacterial damage. The condition
can be diagnosed by culturing the
bacteria from blood samples or
aspirations of pus from affected sites
although surgical exploration may be
necessary. Necrotizing fasciitis can
have such a sudden and rapid onset
that extent of destruction of soft
tissues may quickly kill the patient.
Hence an early diagnosis and prompt
medical and surgical interventions are
necessary to reduce the risk of death.
Treatment often includes intravenous
penicillin and clindamycin, along with
aggressive surgical debridement,
the removal of infected tissue, which
can be very extensive. For those

with severe illness, confinement in
an intensive care unit is needed.
Limb amputation may be necessary.
Unfortunately, approximately 20%
of patients who suffer necrotizing
fasciitis die of the condition.

COMBINATION THERAPY

Combination therapy is the treatment of infections with two or more
drugs usually to increase the clinical efficacy of the treatment, for example
as described above for quinupristin-dalfopristin, or to minimize the
development of resistant strains of the infective organism. Where the
infection is of unknown origin, then multiple therapies are advisable to fight
the most likely pathogens. With mixed infections involving two or more
known pathogens, it is desirable to target each microorganism with one or
more different antibiotics. Combination therapy may be used even if only
a single infective pathogen is present as using combinations of drugs can
prevent or delay the development of resistance to the drugs being used (Box
3.4). For example, some bacteria are resistant to -lactams because they
produce a B-lactamase that catalyzes the breakdown of the B-lactam ring.
Combining an inhibitor of -lactamase, such as clavulanic acid, with the -
lactam antibiotic helps preserve the drug in vivo. Other drugs commonly
combined in therapeutic use are sulphamethoxazole and trimethoprim that
synergistically inhibit the synthesis of folate by blocking different steps in its
synthesis. The cocktail of isoniazid, rifampicin and pyrazinamide is used in
the treatment of TB, while clofazimine, dapsone and rifampicin are used in
combination in the therapy of leprosy.

SURGERY

Most infectious diseases can be treated using drug therapies. However, surgical
intervention may be required in instances when the pathogen is resistant to
available treatments or where it is the only means to contain an infection that
is spreading to other areas of the body, as, for example, in gangrene caused
by Clostridium perfringens (Figure 3.38) or necrotizing fasciitis (Margin Note
3.6). In other cases, surgery might be desirable because access to the affected
site by the antimicrobial agents is limited, as in the case of some abscesses
or appendectomy where surgical drainage or removal of necrotic tissue
respectively can enhance the recovery process.

Figure 3.38 Light micrograph of Clostridium
perfringens growing in Schaedler’s broth.
Courtesy of D. Stalons, Public Health Image Library,
Centers for Disease Control and Prevention, USA.




Drug resistance refers to the loss of effectiveness of a
pharmacological agent against a pathogen. The pathogen or
parasite may, of course, be initially nonsusceptible to a particular
drug and this is referred to as primary resistance. Secondary or
acquired resistance is that which develops over a period of time
in a previously sensitive organism.

The development of secondary resistance by viruses following
the chronic use of antiviral drugs is common and is normally the
result of spontaneous mutations in viral genes. Many antiviral
drugs target the same viral enzyme. Hence a mutation in the gene
for that enzyme may render the virus resistant to several antiviral
agents. In other cases, resistance to two antivirals is acquired by
discrete mutations. The strain of virus that acquires resistance to
one specific drug may be more susceptible to another antiviral
agent. This is one reason why combination therapy involving
two or more antiviral drugs maximizes the therapeutic effects, as
for example, in the treatment of AIDS (Box 3.7). Unfortunately,
given time, viral strains resistant even to combinations of antiviral
drugs are likely to develop. Strains of the HIV virus resistant to the
commonly used zidovudine, lamivudine and ritonavir are now
present.

Like viruses, secondary or acquired resistance can also develop
in previously sensitive bacteria. Indeed, the development of
microorganisms that are resistant to drug treatment is well
illustrated in bacteria, a number of which are now resistant
to commonly used antibiotics. For example, sulphonamide
resistance can be caused by a single mutation in the gene
coding for dihydropterate synthase. Genes that confer
resistance against a particular drug may be acquired as a
result of spontaneous mutations. It may, however, occur by
acquiring new genetic material from other bacteria. This genetic
material may be chromosomal, most commonly transposons,
or extrachromosomal, usually plasmids. Plasmids are especially
significant in the transfer of antibiotic resistance between
resistant and nonresistant bacteria. Further, a single plasmid may
contain the genetic determinants for resistance to several drugs.

Antibiotic resistance in bacteria is achieved by four major
biochemical mechanisms. There may be a decrease in the
uptake or increase in the efflux of the drug by the bacterial cell.
Streptococci and some anaerobe bacteria, for example, lack the
electrochemical gradient across the cell membrane necessary to
allow aminoglycoside entry. Some bacteria develop enzymes that
are able to modify and inactivate certain drugs. The production
of B-lactamase by some bacteria that renders them resistant
to B-lactams has already been mentioned in the main text.
However, in the 1980s it was found that Klebsiella spp and in
some cases Escherichia coli were producing new [B-lactamases
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BOX 3.4 Development of antidrug resistance

that could hydrolyze the extended spectrum cephalosporins.
These enzymes were collectively named extended spectrum
B-lactamases (ESBLs).

When an antibiotic blocks a single reaction, for example, by
inhibiting an enzyme, then resistance may be acquired by the
bacterium acquiring mechanisms to bypass that reaction. This is
the principal mechanism of resistance to sulphonamides. Bacteria
may also acquire the ability to modify chemically the targets
of specific drugs. Examples of the target modification include
topoisomerase I, the pharmacological target of quinolones
and fluoroquinolones, and ribosomal proteins targeted by
aminoglycosides.

Bacteria may differ in the way they resist the actions of a drug
while, in some cases, they may use more than one way of nullifying
the effects of a single drug. Several clinically significant bacteria
are now resistant to a number of antibiotics and, unfortunately,
are sometimes spread to vulnerable patients within hospitals.
An example of such a bacterium is the methicillin-resistant
Staphylococcus aureus (MRSA). In addition to producing B-
lactamase, MRSA is resistant to more than 40 B-lactams in
clinical use because they contain a gene coding for an additional
penicillin binding protein (PBP) which has only low affinity for the
B-lactams. This allows MRSA to continue the synthesis of cell wall
material during treatment with B-lactam drugs.

Enterococci are normally found in the large intestine and
the female urogenital system. They can contaminate hands,
equipment and the patient care environment. The recovery of
enterococci from the hands of health care workers indicates that
fecal-hand contact may be a major means of transmission to
hospitalized patients with intravascular devices. This can lead
to life-threatening bloodstream infections. Vancomycin was the
drug of choice for treating such patients; however, vancomycin-
resistant enterococci (VRE) were isolated in 1994. These bacteria
are also resistant to many of the antibiotics previously used in
treatment and patients may be affected for many months. Not
surprisingly, VRE infections have become a serious health care
issue. The vancomycin-resistant gene of VRE can be transmitted
to other bacteria, for example Staphylococcus aureus and strains
of this organism partially resistant to vancomycin, vancomycin-
resistant Staphylococcus aureus (VRSA), were discovered in Japan
in 1996, and in the USA and France in 1997.

Antibiotic resistance can also, of course, develop in the eukaryotic
pathogens, fungi, protozoa and helminths. Resistance in the
malarial parasite has been mentioned in Chapter 2. In all cases,
the continual emergence of resistant strains of pathogens means
there is a need to keep developing new pharmacological agents
that are capable of treating infectious diseases.
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chapter 3:

CASE STUDY 3.1

Andrew, a 48-year-old male, presented at the Accident
and Emergency Department of his local hospital. He
told the examining doctor that the previous day he had
experienced pain on the side of his right calf. Within 6h,
the area was septic and pus could be expressed. Over
the day, the swelling and redness (inflammation) had
gradually extended to cover the area from the ankle to
the knee. Physical examination showed respiration,
pulse, blood pressure and temperature were all within
reference values. There was no obvious area of pus at
the site and pus did not drain on puncturing with a 20-
gauge needle. Andrew was treated with intramuscular
and oral ceftriaxone. Two days later, Andrew returned

CASE STUDY 3.2

Chris, a six-year-old boy, complained of a sore throat and
had a temperature of 38.6°C. His mother kept him home
from school and treated him with a proprietary pediatric
painkiller. He slept well but awoke with similar symptoms.
His mother took him to their family doctor. Physical
examination showed reddening of the nasopharyngeal
area and tonsils and a slight enlargement of the cervical
lymph nodes. The skin was clear.

CASE STUDY 3.3

After several days of recurring attacks of repeated severe
coughing that left her gasping for breath and which were
eventually associated with bouts of vomiting, Neha, a six-
week-old baby girl, was transferred to hospital. Physical
examination showed a normal trachea. A radiograph
showed the chest to be clear of infection. Clinical
examination showed the following data (reference values
in parentheses):

e  pulse of 155 min™' (normal 72 for adults, but higher
for babies and children)

° respiratory rate 71 min™ (18 for adults, rather
higher for babies and children)

INFECTIOUS DISEASES AND TREATMENTS

with increased pain and slightly increased temperature.
The center of inflammation showed an obvious pus-filled
area. Culture of the pus showed the presence of clusters
of Gram-positive cocci on nutrient agar and yellowish-
colored colonies on 5% sheep blood agar. The area was
removed by aspiration and the area excised and drained.

Questions
(a) Describe the history of this case.

(b) Why do you think antibiotic treatment alone was
insufficient and that Andrew required drainage and
excision at the site of infection?

Questions

(@) What are the most likely organisms causing this
disease?

(b) How could these organisms be detected?
(c) What treatment is desirable and why is this so?

° white blood cell count of 15000000 cm™ (4000000
to 12000000 cm™).

A nasopharyngeal swab was taken. Organisms did not
culture on standard media. Bacterial plaques with a
mercury-like appearance were visible when charcoal
blood agar was used as culture medium.

Questions

(@) Whatis Neha suffering from?

(b) What is the causative organism?



3.12 SUMMARY

Pathogenic microorganisms cause clinical conditions from infections of
single organs or systems to systemic disease. Infections of the skin may be
caused by viruses, such as papilloma and Herpes simplex types. Skin bacteria
cause boils and abscesses and severe and chronic conditions such as leprosy.
Fungi also cause a variety of skin infections, although these are not usually
severe, unless the patient is immunocompromized. Severe infections of the
eye include trachoma, a chlamydial disease that is the most common eye
infection worldwide. Helminths, such as Toxocara canis can cause blindness.
Viruses and bacteria may cause painful ear infections which, if recurrent,
may damage hearing. Both groups of organisms are capable of infecting
the CNS, sometimes resulting in encephalomyelitis by Herpes simplex or
meningitis by Neisseria menigitidis. A number of viruses and bacteria cause
significant respiratory infections, some of which, for example TB, are chronic.
All varieties of microorganisms can infect the GIT, causing illnesses ranging
from short-term gastroenteritis to stomach ulcers. An extensive number of
microorganisms can infect the genital tract or are transmitted sexually. Several
may cause systemic diseases.

The diagnosis of infectious disease involves a combination of laboratory tests
to identify the microorganism present in specimens typically by culturing
them. However, the presence of antibodies to the organisms in the patient may
be used for identification and to compare levels in acute and convalescent
patients. An increasing number of biochemical and molecular biological
techniques have been introduced, many of which rely on identifying bacterial
or viral nucleic acid in clinical specimens.

Infectious disease may be prevented by vaccination and public health measures
or treatment with drugs. Depending on the infectious agent, these may be
antiviral, antibacterial (antibiotics), antifungal or anthelminthic. Drugs may
be given singly, or in combinations, as, for example, in the treatment of HIV
patients.

QUESTIONS

1. Briefly review the causes of infections associated with the genital
tract.

2. List some of the methods used in the diagnosis of infectious diseases.

3. A 19-year-old student attended a barbecue to celebrate his brother’s

21st birthday. He ate a very rare steak. Two days late he began to
experience pains on defecation, and to suffer from persistent diarrhea
that rapidly increased in frequency and produced bloody stools. What
is the student suffering from? Suggest how this condition should be
treated.

4. Examine Figure 3.27. To which antibiotics is this strain of Escherichia
coli resistant?

5. Compare and contrast the actions of griseofulvin and albendazole.

6. In what ways may antibiotics prevent the growth of bacterial
pathogens?

7. In two words state a major way of delaying the development of

antidrug resistance in pathogens.

SUMMARY
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chapter 4:

THE IMMUNE SYSTEM

OBJECTIVES
After studying this chapter you should be able to:

m give an account of the role of the immune system in maintaining health;

m explain the difference between nonspecific and specific immune
defenses;

m describe the cells of the immune system and outline their roles in immune
defense;

m explain the roles of major proteins involved in immune defense;

m describe the major features of inflammation and the acute phase
response;

m describe the major features of humoral and cell-mediated specific
immunity;

m outline the use of antibodies for detecting and quantifying molecules of
biomedical significance.

4.1 INTRODUCTION

The immune system is a set of organs, tissues, cells and molecules that protect
the body from disease caused by microorganisms and multicellular parasites
(Chapter 2). Immunology is the study of the immune system and how it works.
Unraveling of the mechanisms of immune defense and the use of products of
the immune system in investigating and treating disease has revolutionized the
biomedical sciences in a way that is comparable to that of molecular biology
in recent years. This chapter describes the major components of the immune
system and explains how a coordinated immune response is produced against
infectious agents. In addition, the use of immunological techniques in the
biomedical sciences will be outlined.
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4.2 TYPES OF IMMUNE DEFENSE

The immune system has to distinguish between the cells and macromolecules
that make up the body that is, self, and those that are foreign or nonself.
Immunological defenses are usually classified as nonspecific and specific.
Nonspecific defenses constitute a first line of defense and are available
immediately any foreign material, including substances such as wood splinters
as well as microorganisms, enters the body. Nonspecific defenses include
responses such asinflammation, arapidimmediateresponse to tissue damage,
and the acute phase response, a relatively rapid response to infection. In
specificimmunological defense, cells of the immune system recognize not just
individual microorganisms, but also the particular proteins or glycoproteins
found on that microorganism. This type of defense may take several days to
become effective, depending on whether the immune system was previously
exposed to that specific microorganism but, once activated, results in a long-
lasting immunity to it. This immunity can be humoral, in that it involves the
production of antibodies and/or cell-mediated, which involves the production
of cells thatkill or recruit other cells to kill the infected cells. Humoral immunity
is effective against microorganisms that do not invade cells and this includes
most bacteria and multicellular parasites (Chapter 2). Cell-mediated immunity
is effective against intracellular parasites, including viruses and some bacteria.
However, these two types of specific immunity are not mutually exclusive and
usually both types are activated on exposure to the infectious agent.

4.3 NONSPECIFIC DEFENSES

Microorganisms are prevented from entering the body by structural barriers,
such as the skin and the mucosal membranes. These barriers are further
protected by chemical secretions, for example lactic acid in sebum and
hydrochloricacid secreted in the stomach. Furthermore, mucus, secreted by the
mucosal membranes that line the urogenital, respiratory and gastrointestinal
tracts, contains lysozyme, an antibacterial enzyme that catalyzes the hydrolysis
of the peptidoglycan wall of some types of bacteria. Should microorganisms
breach these barriers, other antimicrobial proteins such as complement and
interferons may be activated and/or produced. Finally, there are a number of
cells that have a role in the elimination of microorganisms. These cells may
be found in the blood, although a number are also found in the solid tissues.
Some blood cells move between the blood and the extravascular tissues,
particularly during an infection.

INTERFERONS

Interferons (IFNs) are families of inducible, secretory proteins produced by
eukaryotic cells in response to viral infections and other stimuli. They disrupt
viral replication in neighboring healthy cells by inducing those cells to produce
enzymes that inhibit replication of viral nucleic acid and the production of
viral proteins. There are three major families of interferons: IFNs o, B and y.
Interferons o and B are produced by cells that have been infected with a virus.
They are the predominant forms produced by leukocytes and fibroblasts
respectively, although both types are produced by other viral infected cells
in the body. Interferon v is produced by cells of the specific immune system
in response to any agent, whether bacterium, virus or foreign protein, which
stimulates that system.

Interferons belongto alarge family of proteins called cytokines, a general name
given to proteins secreted by cells that stimulate activities in other cells after
binding to receptors on their surfaces. Cytokines act at low concentrations and
may stimulate different activities depending on the type of target cell. Many



different cytokines are involved in the immune response and some are now
used therapeutically. Interferon o has been used to treat hairy cell leukemia
and Kaposi’s sarcoma (Chapter 5), while IFN f is used in the treatment of
multiple sclerosis and IFN y has been used to treat several immune deficiency
diseases (Chapter 5). Cytokines are also involved in the pathology of a number
of diseases, particularly inflammatory disorders, such as rheumatoid arthritis
(Chapter 5).

COMPLEMENT

Complement is the name given to a set of about 30 plasma proteins, some
of which are listed in Table 4.1 and which, when activated, can combat an
infection by lysing the invading microorganisms, stimulating inflammation
and promoting the uptake of the microbe by phagocytic cells. Activation of
complement can be achieved in one of several ways. The classical pathway
is initiated when antibody binds to the microorganism. This pathway may
therefore take several days to become effective if specific antibody is not
already present. The classical pathway for activation initially involves
complement proteins C1-C4 (Table 4.1). An alternative pathway can be
activated in the absence of antibody by cell wall components of bacteria, such
as lipopolysaccharide. This first line of defense against microorganisms uses
the complement proteins C3, and Factors B and D. Both pathways feed into a
common pathway involving complement proteins C5-C9 that results in lysis
of the target cell (Figure 4.1). Both pathways also result in the production of
small peptides that induce phagocytosis and inflammation. The classical and
alternative pathways are described in more detail in Chapter 6. Complement
is also activated by C-reactive protein (CRP), and mannose-binding lectin
(MBL), both of which are plasma proteins produced by the liver during the
early or acute stage of an infection. Mannose-binding lectin is, as its name
implies, a protein that binds to mannose residues on bacteria. This activates
an associated protease that, in turn, activates proteins of the classical pathway.
Thus, it provides a means of entering the classical pathway in the absence of
antibody.

Complement is essential for immunological defense. Indeed, a deficiency
of just a single complement protein can lead to increased susceptibility
to bacterial infections. Complement is also involved in the pathology of a
number of immunological disorders, including autoimmune diseases, such
as rheumatoid arthritis and autoimmune hemolytic anemias (Chapter 5).

NONSPECIFIC CELLS

Leukocytes are the white blood cells (Chapter 13) produced from precursor
stem cells present in the bone marrow. All have immunological roles. About
80% of them are involved in nonspecific immune defense but the small
lymphocytes (Section 4.5) are the cells of the specific immune system whose
products control the numbers and activities of the nonspecific cells and so the
two systems are interlinked.

Allleukocytes can be classified into one of two groups, the polymorphonuclear
leukocytes (PMN), which have lobed nuclei and granular cytoplasm, and
mononuclear leukocytes (MN) that have a more rounded nucleus (Figure
4.2). Polymorphonuclear leukocytes form approximately 65% of all blood
leukocytes. They are classified into three groups: neutrophils, basophils and
eosinophils.

Neutrophils, which make up around 60% of the blood leukocytes, are phagocytic
cells that ingest and kill bacteria. These cells have receptors for antibodies and
for the activated complement protein, C3b. Thus, neutrophils will bind readily
to bacteria coated with any of these proteins, and phagocytosis is promoted
(Figure 4.3). This phenomenon is known as opsonization. The killing of the
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Figure 4.2 Photomicrographs of blood Leukocytes

leukocytes. Courtesy of Drs L. Seal and S.J. Richards,

School of Biology, Chemistry and Health Science, ‘ ‘
Manchester Metropolitan University, UK.
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ingested bacteria is achieved through several different mechanisms, including
the use of lysosomal enzymes (Chapter 16), production of antibacterial
chemicals, such as hydrogen peroxide, hypochlorite and nitric oxide and the
use of cytoplasmic proteins known as defensins that attack the membranes of
the ingested microbe.

Basophils (Figure 4.2) are found in low numbers in the blood and usually form
less than 1% of the leukocytes present. Basophils promote inflammation.
They have prominent cytoplasmic granules which take up basic stains such
as toluidine blue, and contain an abundance of pharmacologically active
agents, such as histamine and heparin, and factors that are chemotactic for
other PMNs (Table 4.2). In addition, basophils have the capacity to synthesize
and secrete other mediators when appropriately stimulated. The primary,
that is granular, and secondary induced mediators are necessary to promote
and maintain inflammation and their inappropriate release can result in
immunological disorders such as hay fever and allergic asthma (Chapter 5).
Despite their relatively low numbers in the blood, basophils are essential
for initiating inflammation. However, a similar type of cell known as a mast
cell, which is found in solid tissues rather than blood, is of greater clinical
significance. Mast cells are found throughout the body but especially in the
skin, mucosal membranes and epithelia of the respiratory and gastrointestinal
tracts and in the connective tissue of a variety of internal organs. Mast cells

/ Bacterium are highly granular and contain similar mediators to the basophil although
C ) Obsonin the granular contents may vary according to location. Mast cells also secrete
W pso a number of cytokines, many of which are proinflammatory, that is they
Opsonin
Neutrophil Histamine dilates blood vessels, increases vascular permeability,
promotes contraction of smooth muscle cells
Heparin inhibits clotting of blood
Chemotactic factor for neutrophils (NCF-A) attracts neutrophils into inflammatory area
Chemotactic factor for eosinophils (ECF-A) attracts eosinophils into inflammatory area
Proteases degrades basement membrane of blood vessels,

promoting migration of cells associated with
inflammation into that area

Figure 4.3 The role of opsonin (from the Greek

word opsonion, meaning victual (food)) in Serotonin increases vascular permeability and promotes
triggering phagocytosis following the binding of contraction of smooth muscle

an opsonized bacterium to a neutrophil. See text

for details. Table 4.2 Some pharmacologically active chemicals in basophil granules
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promote inflammation. Both mast cells and basophils have receptors for a
particular class of antibody, known as immunoglobulin E (Section 4.4) and this
has significance in the pathology of some of the most common immunological
disorders, namely allergies (Chapter 5).

Like basophils, eosinophils are found in low numbers in the blood and
usually constitute less than 2% of white cells. They also have prominent
cytoplasmic granules but in this case they take up acidic stains, for example
eosin, because they contain highly basic proteins. Though capable of
phagocytosis, the major role of eosinophils is to assist in the elimination
of multicellular parasites such as tapeworms and nematodes (Chapter 2).
Eosinophils first bind to the surface of the helminth, often using antibodies
and then secrete their toxic granular proteins onto its surface. Eosinophils
can be attracted to areas of inflammation by chemotactic factors secreted by
basophils and mast cells.

MONONUCLEAR LEUKOCYTES

The mononuclear leukocytes comprise three distinct groups of cells:
monocytes and large granular lymphocytes (LGLs), which are nonspecific
cells, and small lymphocytes that are responsible for the specific immune
response.

Monocytes (Figure 4.2) make up approximately 5% of the blood leukocytes.
They have a characteristic indented, often horseshoe-shaped nucleus and
a granular cytoplasm. Monocytes are immature cells that circulate for
only a matter of hours before they enter the solid tissues and develop into
macrophages. The spleen, lungs, liver, lymph nodes and tonsils contain
especially high numbers of macrophages. Monocytes and macrophages are
phagocytic cells, clearing the blood and solid tissues of microbes as well
as dead or dying host cells, including neutrophils and erythrocytes. Their
numbers and generalized distribution ensure they effectively clear foreign
material. Macrophages have killing mechanisms similar to those found in
neutrophils and can be stimulated by target cells coated with antibodies and/or
complement proteins. Following phagocytosis of microorganisms, especially
bacteria, they secrete a range of cytokines, including interleukins 1 (IL-1), 6
(IL-6) and 8 (IL-8) and tumor necrosis factor alpha (TNF o). Interleukin 1, IL-
6 and TNF-o are proinflammatory and are responsible for initiating events in
the early or acute phase of infection, while IL-8 is a chemokine that attracts
neutrophils to its source.

Monocytes and macrophages also play significant roles in the specificimmune
response since they are able to ‘process’ foreign material and ‘present’ it to
certain types of small lymphocyte in a form they can recognize. As such, they
are known as antigen presenting cells (APC), although they are not the only
cells to carry out this activity.

Large granular lymphocytes (LGL) make up 5-10% of the blood leukocytes.
These cells have rounded nuclei and a granular cytoplasm (Figure
4.2). Functionally, LGL represent a mixed population of cells: some are
natural killer (NK) cells that kill virus-infected cells and some tumor cells
nonspecifically. Natural killer cells bind to the target cell and release proteins,
some of which perforate the target cell membrane while others induce a
genetically programmed cell death called apoptosis. Natural killer cells are
the first line of defense against viruses since they prevent their replication and
spread. They may also form a defense against potential tumors by destroying
some cancerous cells as they arise in the body (Chapter 17).

INFLAMMATION AND THE ACUTE PHASE RESPONSE

The term inflammation is sometimes used to describe a whole array of
responses to infection and tissue damage. Acute inflammation will be used

NONSPECIFIC DEFENSES

Chemokines are cytokines with
common structural and functional
features. They are all small
polypeptides that are chemotactic
for and/or activate different types of
leukocytes. Their structure consists of
70-90 amino acid residues with a M
between 8000 and 10 000. Nearly all
belong to one of two families with
four conserved cysteine residues.
These families differ in the presence
or absence of an amino acid between
the first two cysteine residues.

Margin Note 4.1 Chemokines @
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Figure 4.4 The relationship between
inflammation and the acute phase response. See
text for details.

here to describe the body’s immediate and localized response to tissue
damage. However, should an infection arise as a result of damage to tissue,
acute inflammation can merge with the acute phase response, which is a
whole body response that occurs within a few hours of an infection entering
the body. The acute phase response involves the production of a number of
chemical mediators that promote and prolonglocal inflammation. In addition,
chronic infection can lead to chronic inflammation together with a prolonged
acute phase response. This potentially confusing series of overlapping events
is clarified in Figure 4.4.

Inflammation is a rapid local response to tissue damage, as would happen, for
example, if the skin is scratched by a thorn. The response is characterized by
reddening and swelling of the skin as well as sensations of heat and pain at the
damaged site. Inflammation is initiated by the release of mediators, especially
histamine, from mast cells in the damaged area (Figure 4.5). Histamine
causes blood vessels to dilate and become leaky so that plasma escapes into
the damaged tissue where it dilutes any noxious agents that entered at the
damaged site, and helps to wash them away into the lymph (Section 4.5). If
bacteria enter the damaged area they activate complement to release proteins
that are chemotactic to neutrophils, encouraging them to move out of the
blood between the lining endothelial cells.

The acute phase response occurs within hours of exposure to microorganisms.
Thisis a systemicresponse involving the whole body and several organ systems.
The response is brought about by cytokines, including IL-1, IL-6 and TNF o
released by monocytes and macrophages. An acute phase response results in
changes in the composition of the blood, including an increased neutrophil
count and the appearance of, or increase in, a number of defense proteins
called acute phase proteins. The appearance in the blood of a particular
protein, C-reactive protein (CRP), which binds to bacteria and activates
complement, is often used as a marker of infection. The plasma concentration
of CRP prior to an acute phase response is so low as to be barely measurable;
thereafter its synthesis increases 100-1000 fold.

The acute phase response is a primary defense against infection, with
multiple beneficial effects. However, it has the potential to cause harm if an
infection is prolonged. For example, acute phase proteins are synthesized in
the liver from amino acids released by the enzyme catalyzed proteolysis of
muscle tissues. Following an acute infection, this muscle protein is rapidly
replaced. However, a chronic infection, such as tuberculosis, can result
in severe and prolonged muscle wastage, a condition known as cachexia
(Chapters 10 and 17). High body temperature, or fever, is another symptom
of the acute phase response. While elevated body temperatures may inhibit
the replication of bacteria, fever can be dangerous, especially in children, if
the temperature becomes too high.
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Figure 4.5 Acute inflammation as triggered by histamine release from mast cells. See text for details.




4.4 SPECIFIC IMMUNE RESPONSES

SPECIFIC IMMUNE RESPONSES

The specific immune response allows the development of true immunity to
an infectious agent. Since true immunity can only develop after exposure
to the virulent microorganism or a harmless vaccine derived from it, the
response is often called acquired immunity. For example, an individual who
has had measles is unlikely to suffer that disease again, even though exposure
to the virus may occur subsequently even after many years. Two major
features define a specific immune response. First, specific immunity is only
induced towards the agent, called the immunogen, which stimulated it and

The process of protecting people from infection by deliberately
exposing them to microbial components was initiated in modern
times by Jenner (1749-1823) in 1796, when he showed that
immunity to smallpox, which is caused by the Variola virus,
was induced by the introduction into the skin of material from
the crusts of cowpox lesions. This process became known as
vaccination, from the Latin vacca, a cow, a term which is still
used today. In this case, immunization with the cowpox virus
induced immunity that cross-reacted with the variola virus,
because the viruses share some molecular similarities. Cross-
reactions between vaccines are quite rare and most vaccines are
usually specific for only one type of microorganism.

Since Jenner's time, vaccination has been widely applied to
protect people from many serious infections. Vaccination against
smallpox became compulsory in several developed countries
from the 1900s to the 1940s and the WHO embarked on an
eradication program, using the cross-reacting Vaccinia virus
(Figure 4.6) as a vaccine. This program was deemed successful
in 1980, the last case of smallpox having been reported in 1977.
With this success, the WHO also embarked on a program to
eradicate polio by world-wide vaccination but this has not yet
been achieved.

Traditional vaccines to induce immunity to microorganisms
include the use of attenuated viruses, such as polio, measles,
mumps, killed bacteria, for example whooping cough, toxoids,
which are derived from bacterial toxins, for example those of
tetanus and diphtheria and bacterial cell wall polysaccharides
from, for example, Neisseria meningitidis serogroup A (Chapter
2). More recent developments include recombinant subunit
vaccines. Here the vaccine is a microbial protein that has
been produced by genetically engineered eukaryotic cells. An
example of this is the vaccine for hepatitis B, which consists
of a viral surface protein produced by the recombinant yeast,
Saccharomyces cerevisiae. Other recent developments in
vaccine production include polysaccharide conjugate vaccines in
which a bacterial polysaccharide is conjugated to a protein, in
order to stimulate a more potent immune response. Examples
of polysaccharide conjugate vaccines include those for
Haemophilus influenzae and Neisseria meningitidis serogroup
C. Where several strains of a microorganism are known to cause
disease, multivalent vaccines containing components from

BOX 4.1 Vaccination

a number of strains may be used. The newest development
in vaccine production is the DNA vaccine, which consists of
plasmid DNA containing a gene coding for the microbial
protein in question. This DNA is injected intramuscularly and is
taken up by the muscle cells. For a limited period the gene is
transcribed and translated to form the foreign protein, which
stimulates the immune response in situ. Several DNA vaccines
are currently in clinical trial.

At present there are no successful vaccines in routine use against
protozoa, including the malarial parasites (Chapter 2) that infect
300-500 million annually and kill two to three million people
worldwide each year. Such organisms have very complex life
cycles, often with secondary animal hosts and often accompanied
by distinct antigenic changes, which divert the immune system.
In 2005, a new vaccine against malaria was tested on a group
of over 2000 children in Mozambique. This vaccine is aimed at
the sporozoite form of the parasite, which is the form injected
into humans by mosquitoes, and has been shown to cut the risk
of developing severe malaria by 58%.

Figure 4.6 Electron micrograph of Vaccinia virus.
Courtesy of North West Regional Virus Laboratory,
Booth Hall Hospital, Manchester, UK.
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Margin Note 4.2 Haptens @

Some molecules, such as steroid
hormones, are too small to stimulate
a specific immune response.
However, if such molecules

are attached covalently to an
immunogenic protein they can be
recognized by the immune system
and an immune response will then
be mounted against them. In this
case, the small molecule is called a
hapten and the protein to which it is
attached the carrier. The ability of the
immune system to recognize small
molecules when they are presented
in the appropriate context has proved
extremely useful as it is possible to
produce antibodies to a wide range
of smaller molecules. The antibodies
can then be used in specific assays

to determine the presence and
concentration of the hapten in
biological samples (Box 4.2). For
example, assays for steroid hormones
use antibodies that have been
produced in animals by immunizing
them with the steroid linked to a
protein.

Albumin Globulins
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Figure 4.7 The order of separation of
serum proteins (albumin and globulins) by
electrophoresis (densitometric scan).
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secondly, the specific immune response is more rapid following subsequent
contacts with that same immunogen. It is the rapid secondary response that
prevents the development of disease in the immune individual. The ability
to produce a quicker response on second contact with an immunogen is
known as immunological memory. This process is mimicked by the use of
vaccines, where an attenuated or less virulent strain of the microorganism is
administered to induce immunity without causing the disease.

The body’s specific response to an infectious agent such as rubella virus,
the cause of German measles, is to respond with two types of immunity,
that is, humoral immunity and cell-mediated immunity. A specific immune
response is only stimulated by an immunogen, which may be the whole
microorganism but could merely be a protein, glycoprotein or lipoprotein. As
a general rule, proteins with a M_greater than 5000-10000 are immunogenic.
Polysaccharides are usually only weakly immunogenic, although they
generally become more immunogenic when conjugated to a protein.

Cells of the specific immune system do not recognize the whole immunogen
but, rather, small regions of immunogenic macromolecules known as epitopes.
Usually, epitopes are sequences of 5-7 amino acid residues on immunogenic
proteins, but they may also be short sequences of sugar residues in a
polysaccharide, lipopolysaccharide or glycoprotein. A large macromolecule
may have many epitopes that are recognized by the immune system. However,
a protein that has some similarities with our own proteins, for example bovine
serum albumin that has a similar size and structure to human albumin, will
have fewer nonself regions recognizable as epitopes.

The term antigen is often confused with an immunogen and, indeed, some
textbooks use the terms interchangeably. Here, an antigen is defined as
something that will bind to the product of an immune response, such as
an antibody. Nowadays the term is most commonly used when discussing
immunotechniques, where an antibody is used to detect an antigen or quantify
how much of it is present in a sample (Box 4.2).

ROLES OF HUMORAL AND CELL-MEDIATED IMMUNITY

Most immunogens stimulate both humoral and cell-mediated immunity.
Antibodies are found in body fluids, including blood and lymph, and have
access to extracellular organisms. They are therefore most effective at
eliminating microorganisms that live outside the cells of the host. Cell-
mediated immunity, on the other hand, is effective against intracellular
parasites, which includes all viruses and a number of intracellular bacteria,
such as Mycobacterium tuberculosis and Listeria monocytogenes. However,
antibodies are useful in protecting cells in the initial stages of a viral infection
and in preventing the spread of viruses from one cell to another.

HUMORAL IMMUNITY

In a humoral response, the immune system produces specific glycoproteins
called antibodies that are found in the blood plasma, mostly in the y globulin
fraction (Figure 4.7), in lymph and in body secretions such as saliva, tears,
mucus and milk. Antibodies have binding sites that are complementary to the
shape of an epitope. These sites allow antibodies to bind to the epitopes of the
immunogen and initiate its destruction by a variety of other agents, such as
complement, phagocytic cells and LGLs. Collectively, antibodies are known as
immunoglobulins (Igs) which are heterogeneous molecules indeed because
each antibody is specific for an individual epitope. Despite this heterogeneity,
they can be divided into one of five major classes or isotypes, IgG, IgM, IgA, IgE
and IgD, based on differences in their structures, and particularly in the amino
acid sequences of their largest polypeptide subunits which are known as heavy
chains (see below). Some of their properties are listed in Table 4.3.



SPECIFIC IMMUNE RESPONSES

Class M Heavy | Activates Crosses Opsonization | Triggers inflammation

chains | complement | placenta

IgM none 900 000 0 yes no no
IgG l9G, 146 000 v, yes yes yes
l9G, 145 000 v, yes yes =
I9G, 170 000 Y, yes yes yes
l9G, 146 000 Y, - yes yes
IgA I9A, 160000t0 o no no yes
IgA, 380 000 a, no no yes
IgE none 188 000 € no no no
IgD none 184 000 ) no no no

Table 4.3 Properties of immunoglobulin classes. Light chains are always either k or A.

indirectly via complement

indirectly via complement

no
no

directly by binding to € receptors on mast cells

no

Immunoglobulin G

Immunoglobulin G (IgG) is the most abundant antibody in the blood where it is
found at concentrations of approximately 13.5 mg cm™. It is evenly distributed
between the vascular and extravascular compartments. In humans, IgG occurs
as four subclasses, all with slightly different properties and roles in the body.
For example, all subclasses except IgG, can activate complement (Table 4.3).
Immunoglobulin G is produced after IgM on exposure to an immunogen and
is the predominant antibody produced on a second exposure, that is in the
secondary response. It is also the only antibody in humans that can cross the
placenta to allow maternal antibodies to protect the developing fetus from
infection. On some occasions, this may cause problems as, for example, when
the mother has become sensitized to fetal antigens or has an autoimmune
disease (Chapter 5).

Immunoglobulin G is a symmetrical molecule consisting of four polypeptide
chains joined by disulfide bonds as shown in Figure 4.8(A). The four chains
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Figure 4.8 The structure of IgG shown (A) diagrammatically, (B) molecular model PDB file
1HZH and (C) showing a bound antigen (black). (C) Courtesy of Dr R.S.H. Pumphrey, St Mary's
Hospital, Manchester, UK.
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Margin Note 4.3 Domains @

The domain substructure of
polypeptides is found in proteins
throughout the immune system,
indicating that these proteins share
a common evolutionary relationship.
Proteins with this domain structure
are members of the immunoglobulin
superfamily and include T cell
receptors, MHC molecules and cell
surface proteins such as Cluster of
Differentiation CD4 and CD8 (Section
4.5).

Figure 4.9 A schematic showing the domains
of an immunoglobulin molecule. The interchain
disulfide bonds have been omitted for clarity.

consist of two identical heavy chains each with a M of 50000 and two identical
light chains each with a M 0f25000. Both heavy and light chains have a domain
structure. A domain is a globular region made up of approximately 110 amino
acid residues and stabilized by an intrachain disulfide bond (Figure 4.9). The
heavy chain of IgG has four domains while the light chain has only two.
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The interchain disulfide links between the two heavy chains and between
the light and the heavy chains (Figure 4.8 (A)) produce two units, called the
Fab, or fragment antigen binding, part of which can recognize and bind to
an epitope (Figure 4.8 (C)). The remainder of the molecule, consisting only
of the carboxyl terminal halves of the heavy chains is known as the Fc, or
fragment crystallizable, portion. The Fc region is concerned with complement
activation, placental transfer and binding to LGL and phagocytes.

Immunoglobulin M

Immunoglobulin M (IgM) is the largest of the antibodies with a M_of about
900000. Its concentration in the plasma is roughly 1.5 mg cm™, which is
approximately 10% of the plasma immunoglobulins. Most IgM is vascular,
with little present in lymph or secretions. Inmunoglobulin M is always the
first antibody to be produced during an immune response and is also the
predominant one formed when an immunogen is encountered for the first
time, that is, during a primary response (Figure 4.10). The structure of IgM is
shown in Figure 4.11 (A). Four polypeptide chains form a structure somewhat
similar to that of IgG but this four-chain structure is repeated five times. The
five units are joined by their Fc portions by a J chain. Thus, each molecule of
IgM has ten binding sites, the largest number of any of the antibody classes.
Immunoglobulin M is efficient at agglutinating cells or clumping them
together, and is an effective activator of complement.

Immunoglobulin A

Immunoglobulin A (IgA) is found in plasma at concentrations between 0.5—
3.0 mg cm™ but is also the major antibody found in body secretions, including
mucus, saliva and tears. Thus, it protects mucosal surfaces. In humans,
most plasma IgA occurs in the familiar four chain structure, similar to IgG
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and with a M_of 160000. However, a proportion of plasma IgA also exists as
a dimer, in which IgA molecules are joined together by a protein called the
joining chain(s) (Figure 4.11 (B)). Secretory IgA exists in this dimeric form
but is protected from enzymic attack by an additional protein known as the
secretory component.

Immunoglobulin E

Immunoglobulin E (IgE) is found in plasma at a concentration of about 5x 107
mg cm™. Most IgE is found bound to the surface of blood basophils and tissue
mast cells, which possess a high affinity receptor for the heavy chain of this
immunoglobulin. Binding to these cells prolongs the half-life of IgE from two

A)
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Figure 4.10 The primary and secondary antibody
responses to an immunogen.

Figure 4.11 Schematics showing the structures of (A) IgM and (B) IgA molecules. J chain is the
joining chain, in each case.

J chain
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BOX 4.2 Immunoassay

As well as being molecules of major significance in protecting the
body from infection, antibodies are also powerful reagents for
detecting and quantifying antigens. The specificity of antibodies
allows biomedical scientists to measure the level of an analyte,
such as a steroid hormone, in biological fluids such as plasma,
which contain hundreds of other biomolecules, some of which
may be very similar to the analyte being measured. The use of
antibodies to quantify antigens is called immunoassay and
immunoassays are used in all branches of the biomedical sciences.
Some immunoassays are among the most sensitive assays known,
detecting antigens in the range of mg cm™ to pg cm™.

One of the earliest immunoassays developed is known as radial
immunodiffusion (RID). This method relies on the ability of
antibodies to precipitate soluble protein antigens. Antibody is
incorporated evenly into an agar gel and a measured volume
of antigen solution is added to wells cut into the agar. As the
antigen diffuses into the agar the reaction with antibody forms a
circle of precipitation (Figure 4.12). After allowing all the antigen
to diffuse, which takes about 72 h, the diameter of this precipitin
ring is measured. The antigen concentration is proportional to
the square of the diameter so that the concentration of the
unknown can be determined from a standard curve produced

using known antigen concentrations.

Radial immunodiffusion is a simple and reliable method, which
can be used, for example, to measure the concentrations of a
number of serum proteins. However, it is not a sensitive method,

days to several weeks. Despite its low plasma concentrations, IgE is a potent
stimulator of inflammation, since binding of epitopes to mast-cell bound
antibody can trigger degranulation of these cells. The proinflammatory nature
of IgE is seen in the elimination of multicellular parasites, such as tapeworms
and nematodes. However, in susceptible individuals, this antibody can also
trigger an inflammatory response to otherwise harmless immunogens, such
as pollen, resulting in allergic reactions (Chapter 5).

Immunoglobulin D

Immunoglobulin D (IgD) is found in plasma at a concentration of about 30
ug cm, Its role as a secreted antibody is uncertain. Hyperimmunoglobulin D
syndrome (HIDS), in which IgD levels are increased, is associated with periodic
fever and joint disease. However, IgD does have a role in the recognition of
epitopes by cells of the specific immune system (Section 4.6).

The concentration of immunoglobulins shown above for all the
immunoglobulins represents their mean plasma concentrations. During

suitable for determining concentrations in the ug cm to mg Figure 4.12 An outline of a radial immunodiffusion assay as described

cm range, and takes several days before the result can be read.
Nephelometry is another technique which detects precipitation,

in the text. Note that the diameters of the precipitin rings increase with
larger concentrations of antigen.
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infection, concentrations increase as humoral immunity is activated.
Levels significantly above the normal range for the appropriate age group
are associated with myeloma, a cancer of antibody-producing cells or with
infection with Epstein Barr virus. Concentrations significantly below the

normal range are associated with immunodeficiency disorders (Chapter 5).
Margin Note 4.4 Immunity and
CELL-MEDIATED IMMUNITY self damage

Cell-mediated immunity (CMI) involves the direct and indirect destruction of Both humoral and specific immunity
host cells infected by viruses or other intracellular parasitic microorganisms, protect the body from infection but,
such as rickettsias (Chapter 2). The direct destruction of infected cells is sometimes, these responses can lead to
brought about by the production of specific cytotoxic cells that are capable tissue damage as, for example, when
of killing any such infected cell that induced their formation. Indirect IgE causes allergic reactions (Chapter
destruction is brought about by the release of cytokines that promote 5) or when both forms of immunity
destruction by macrophages and LGLs. This type of immunity forms the help to bring about the destruction and
major defense against viral infections since the destruction of virus-infected rejection of a transplant (Chapter 6).
host cells prevents the replication and spread of the virus.

but in solution rather than in agar. It relies on the ability of the absorbance measured. There are many different adaptations
precipitates formed by an antibody reacting with a protein  of ELISA which allow the measurement of nonprotein antigens,
antigen to scatter a beam of light passed through it. Scattered  or which allow the sensitivity to be increased to that approaching
light is detected at right angles to the original light source. This  RIA.

method is much more rapid than RID, although optically clear
antibodies must be used. Other methods, which use ‘labeled’
reagents, are much more sensitive and can be used to measure
nonprotein antigens. In addition, results from these assays can be
obtained within hours rather than days. The first of these labeled
reagent techniques to be developed was radioimmunoassay (RIA),
which was devised in 1960, but is still used extensively. Radio-
immunoassay relies on the competition between radiolabeled
and unlabeled antigen for a limited amount of antibody. The
more unlabeled antigen (standard or unknown) there is in a

Otherlabels that can be used inimmunoassays include fluorescent
labels and bio- and chemiluminescent labels.

sample, the less radioactive antigen will bind to the antibody. OOQOQ@
Radioimmunoassays are extremely sensitive, measuring routinely

in the pg cm™ to ug cm™ range. O@

Enzyme immunoassays (EIA) rely on the use of an enzyme- OO@

labeled antibody to measure an antigen. The enzyme used is
one that will convert a colorless substrate into a colored soluble
product that can be measured spectrophotometrically. The most
frequently used enzyme labels are horseradish peroxidase and
alkaline phosphatase and the most common EIA is the enzyme-
linked immunosorbent assay (ELISA). The simplest ELISA format
is to allow a protein antigen to adsorb onto the wells of a plastic
microtiter plate (Figure 4.13). An enzyme labeled antibody is then
added which binds to the antigen in the wells. Wells containing
a large amount of antigen will contain more antibody, and
therefore more enzyme. The substrate for the enzyme is then
added and, after a limited period, the reaction is stopped and

Figure 4.13 The outcome of a typical ELISA assay using three sources of
antigen which have each been serially diluted across the rows of wells.

85



() loTOICIRZH THE IMMUNE SYSTEM

86

Lymphoid
stem cells

Pluripotent stem cells
in bone marrow

Small lymphocyte

precursors
Fetal
thymus
\
Mature Mature

T lymphocytes

B lymphocytes

Myeloid
stem cells

Figure 4.14 Schematic showing the development

of small (B and T) lymphocytes.

Figure 4.15 Schematic showing the recirculation
of small lymphocytes between the blood and

lymph systems.

4.5 SMALL LYMPHOCYTES

Small lymphocytes are the cells responsible for specific immunity (Figure
4.2). They make up approximately 20% of the blood leukocytes. There are two
populations of small lymphocytes that mature at different sites in the body
and have distinct functions (Figure 4.14).

The precursors of small lymphocytes originate in the bone marrow by
division of lymphoid stem cells. Some small lymphocytes remain in the
bone marrow where they mature into B lymphocytes. When maturation is
complete, B lymphocytes have antibodies on their surface that are receptors
for an individual epitope. Thus a single B lymphocyte is specific for an
epitope and is capable of clonal division and of making antibody to it when
stimulated appropriately by the immunogen. Thus they are responsible for
humoral immunity. The second population of small lymphocytes, known as
T lymphocytes, leave the bone marrow when immature and complete their
maturation in the fetal thymus, a bilobed organ situated just above the heart.
Duringtheir developmentin the thymus, T lymphocytes first acquire specificity
for an epitope, by producing a cell surface receptor. They then mature into
one of two T cell subsets. Cells of the first subset are known as cytotoxic
precursors or T_cells. When appropriately stimulated, T, cells develop into
cytotoxic T lymphocytes (CTL) that are capable of killing virus-infected cells.
Cells of the second subset of T cells are the helper T lymphocytes or T, cells.
When stimulated by an immunogen, T, cells develop into cytokine-secreting
T,, cells that produce an array of cytokines that control the activities of both
specific and nonspecific cells of the immune system. Thus T, cells have a
central role in the regulation of all immune responses.

When mature, both B and T lymphocytes are released into the circulation.
However, small lymphocytes are not confined to the blood and many move
into the lymphoid tissues: the spleen, lymph nodes, tonsils and the mucosa-
associated lymphoid tissues found in the respiratory, gastrointestinal
and urogenital tracts. Small lymphocytes constantly move between the
blood and the lymphoid systems, a phenomenon known as recirculation.
The route of this recirculatory process is shown in Figure 4.15. Lymph is
the fluid that drains from the tissues into small lymphatic vessels. These
merge with larger lymphatic vessels, the largest of which, the thoracic duct,
delivers the lymph to the blood at its junction with the left subclavian vein.
En route to the thoracic duct, lymph is filtered through many lymph nodes.
Small lymphocytes circulating in the blood are able to move between the

Small | hocyt
@ @ @ @ inmtfloo):imp %:
4
Junction of thoracic

duct and left
subclavian vein

Lymphocytes
cross blood
vessel wall to
enter
lymphoid
tissue

Lymphocytes
emerge in
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endothelial cells lining the blood vessels that supply the lymph nodes.
These blood vessels have a specialized endothelium which aids this process.
By crossing the blood vessel wall, the small lymphocytes enter the lymph
node and from this they enter the lymphatics and, eventually, return to the

blood.

4.6 PRODUCTION OF A SPECIFIC IMMUNE RESPONSE

All small lymphocytes are specific for a single epitope on an individual
immunogen. This means that they will respond only to that epitope and no
other. The basis of this specificity depends on lymphocyte membrane proteins
that act as receptors for individual epitopes. The receptors on B lymphocytes
are surface immunoglobulins that have the same specificity as the antibody
that the cells will subsequently secrete following appropriate stimulation. The
surface antibodies on a single cell may belong to more than one class, so, for
example, B lymphocytes may express both IgG and monomeric IgM, but these
will have identical specificities. The T cell receptor (TCR) is composed of two
polypeptide chains that form a single binding site. All the receptors on a single

T cell have the same specificity.

Although T and B cells have different types of receptor and are involved in
different aspects of the immune response, there are some similarities in
the way they are activated and respond to a specific epitope. For example
when both B and T lymphocytes are exposed to an appropriate epitope they
enter a series of cell divisions that result in the production of a clone of cells

eoee

Epitope of
immunogen

SeIectio;and p{:liferation
Memory
cells

of identical specificity (Figure 4.16). These cell divisions require cytokines
that are produced and secreted by T, lymphocytes once they have been

appropriately stimulated. Most of the cells in the clone of small lymphocytes
then differentiate into effector cells, the nature of which depends on the

Differentiation into
effector cells

type of small lymphocyte that was stimulated. Not all the cells in the clone

differentiate at this stage. Some remain as memory cells, awaiting the next
exposure to the same immunogen when a faster and quantitatively greater

response is produced.

In a standard stained blood smear, all small lymphocytes appear
similar and it is not possible to distinguish between B and T
lymphocytes, or between the T_and T, cells. However, these
cells can be distinguished by staining for marker proteins in the
membranes of these cells. Different markers that can be used to
distinguish T and B lymphocytes are shown in Table 4.4.

The marker molecules can be distinguished by
immunohistochemistry, in which a labeled antibody is
used to stain the cells. One of the commonest labels used is a
fluorescent molecule, such as fluorescein, which produces an
apple-green colored fluorescence when irradiated with light of
short wavelengths.

B lymphocytes can be stained with an anti-immunoglobulin
carrying a conjugated fluorescein label. This binds to the cell
surface immunoglobulin, so that the B lymphocyte fluoresces
when examined with a fluorescence microscope. All mature T
lymphocytes can be identified by the CD3 protein carried on
their surface. Staining usually involves an indirect method that

Figure 4.16 Schematic showing clonal selection
in lymphocyte activation. See text for details.

BOX 4.3 Distinguishing T and B lymphocytes

is a two-stage process. This involves incubating the lymphocytes
with an unconjugated anti-CD3 antibody, which is a monoclonal
antibody originating in mice (Box 4.4). This is then followed
by the second stage involving incubation with a fluorescein-
conjugated antibody to the mouse immunoglobulin bound to
the CD3 proteins on the T lymphocyte surface (Figure 4.17). The
cells can then be distinguished by their fluorescence. Similarly,
T, and T_cells can be stained and identified using anti-CD4 and
anti-CD8 antibodies respectively.

Fluorescent labeled antibody techniques, known as
immunofluorescence, have been in use since the 1950s. They
are easy to perform and reliable, although the preparations are
not permanent as the fluorescent label tends to bleach, and they
need to be examined soon after the test has been performed.
In addition, they require the use of fluorescence microscopes
although lymphocyte samples can also be quantified using a
flow cytometer, which is usually available in major laboratories
that deal with multiple samples on a regular basis.
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BOX 4.3 Distinguishing T and B lymphocytes

Labels otherthan fluorochromesare available, which
allow the production of permanent preparations
and the use of an ordinary light microscope. For
example, antibodies labeled with an enzyme, such
as horseradish peroxidase or alkaline phosphatase
can be located by their ability to convert a colorless
substrate into an insoluble colored compound
that can be seen when the cells are examined
microscopically. This technique is called enzyme
immunohistochemistry (Figure 4.18).

A) (+]
Represents the
fluorochrome, Fluorescein-
fluorescein conjugated
antimouse IgG

Mouse antiCD3

CD3

Surface immunoglobulin ~  epitope receptor

CD3 signal transduction following
binding of T cell
receptor to epitope

D4 coreceptor molecule

D8 coreceptor molecule

Table 4.4 Marker proteins for T and B lymphocytes

B lymphocytes

all mature T lymphocytes

helper T lymphocytes (T,)

cytotoxic T cell precursors (T ) and
cytotoxic T lymphocytes (CTL)

Figure 4.17 (A) Schematic showing the detection of cellular antigens, in this case CD3, by immunofluorescence as described in the text. (B) Computer
generated image showing the distribution of membrane antigens as detected by immunofluorescence.

Figure 4.18 Photomicrograph showing the detection of cytoplasmic
antigens following the production of a colored marker using enzyme
immunohistochemistry.
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The response of B lymphocytes to an immunogen is outlined in Figure 4.19.
Once the receptors on B lymphocyte bind to an epitope on the immunogen,
the lymphocyte is stimulated to divide and differentiate under the influence
of cytokines released from T lymphocytes, to form a clone of antibody-
secreting cells called plasma cells (Figure 4.20). Plasma cells are not found in
the blood of healthy individuals. Instead, they are present in the lymph nodes
and spleen, where they secrete antibodies until they die after a lifespan of a
few days to several months. Antibody secreted by plasma cells in lymph nodes
first appears in the lymph and then the blood, while antibody produced in the
spleen moves directly to the blood.

The class of antibody that is secreted depends, in part, on which B lymphocyte
was stimulated and on the cytokines that influenced its differentiation. Certain
cytokines are known to favor the production of antibodies of a particular class.
For example IL-4 promotes the production of IgE, and favors a response to
multicellular parasites. However, a predisposition to produce IgE may also
make that individual more susceptible to allergic reactions, such as hay fever
and allergic asthma, as will be discussed in Chapter 5.

Although Figure 4.19 illustrates a single B lymphocyte responding to a single
epitope on an immunogen to give rise to a single clone of plasma cells, in
reality an immunogen, such as a bacterium, contains numerous proteins each
of which may have hundreds of epitopes. Thus, a humoral immune response
involves the stimulation of many B lymphocytes, each of which can proliferate
into a clone. Although each clone produces only a single type of antibody,
called a monoclonal antibody, hundreds of clones are formed so that the
response of the system is polyclonal, resulting in a heterogeneous array of
antibodies appearing in the blood.

B lymphocyte
responds to
epitope on
immunogen

Selection
and

<« Cytokines
proliferation

IL-4,5 and 6

Clone of
plasma cells

Antibody secretion

PRODUCTION OF A SPECIFIC IMMUNE RESPONSE

Figure 4.19 Schematic illustrating the activation

of a B lymphocyte and its differentiation into a
plasma cell. Note that the plasma cell has more
cytoplasm, with extensive rough endoplasmic
reticulum synthesizing immunoglobulins.

Figure 4.20 An electron micrograph of a plasma
cell showing extensive rough endoplasmic
reticulum.
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BOX 4.4 Monoclonal antibodies

Each clone of plasma cells produces homogeneous or monoclonal
antibody that is specific for a single epitope. In 1975, Kohler and
Milstein, working at Cambridge, developed a technique whereby
plasma cells could be immortalized producing a specified
monoclonal antibody so that they could be cultured indefinitely.
The technique, outlined in Figure 4.217, involves immunizing
mice with the immunogen in question. After the required
immunization protocol, the mouse spleen containing antibody- Lymphocyte @
secreting plasma cells is removed and gently homogenized harvesting

to form a suspension of single cells. The plasma cells are then ® @
fused with cultured cells derived from a mouse myeloma, that is
a plasma cell tumor, the cells of which are immortal. The fusing Preselection of ©@
agent, or fusogen, is polyethylene glycol (PEG). The resulting cells B-lymphocyte ©©
are known as hybrid myelomas, or, more frequently hybridomas
and are, like their myeloma progenitor, essentially immortal
when grown in suspension. Since the fusogen is indiscriminate B-lymphocyte (@)
in its actions, the cell suspension also contains hybrids consisting  Myeloma cell

of plasma cell-plasma cell and myeloma—myeloma cell fusions. w

While the plasma—plasma cell fusions die within a short time Fusion

in culture, the myeloma—myeloma fusions and any unfused
myeloma cells have to be selectively removed, as they would
quickly outgrow the hybridomas. The commonest selection Hybrid selection
procedure involves using a myeloma cell lacking hypoxanthine (HAT medium)
guanine phosphoribosyl transferase (HGPRT) activity and
growing the resulting hybridomas in medium containing

Immunogen

hypoxanthine, aminopterin and thymidine (HAT medium) for a Saean T
period after hybridization. Aminopterin inhibits dihydrofolate antibody-producing
reductase (DHFR), which is essential for the synthesis of DNA. dess

Cells that possess HGPRT can overcome this block by using
HGPRT and thymidine kinase (TK), as long as they are supplied
with hypoxanthine and thymidine. Thus, hybridoma cells, which Subclone
have HGPRT, supplied by the plasma cells, and TK activities survive
in HAT medium but myeloma cells do not.

Grow in

A suspension of fused cells produced from a single mouse spleen "
issue culture

may contain millions of hybridoma cells derived from different

clones. To produce monoclonal antibodies, individual hybridoma l

cells need to be isolated and grown individually. Isolation is

achieved by diluting the cell suspension to such a degree that Hafveit . Faure 421 Schematic
there is a high degree of certainty that aliquots will contain only R sh%wing.the production of
a single hybridoma cell. Such aliquots can then be grown on l e A e es e

in culture to produce a clone, which will secrete a monoclonal the immunization of a mouse to

antibody. . Err‘?g(zﬁna the culture and storage of the
y cells hybridoma cells for future use.

Monoclonal antibodies have widespread uses in the diagnosis
and treatment of disease. They can be used in immunoassays (Box
4.2) to measure the concentrations of biomolecules in clinical Monoclonal antibodies have been used in clinical trials for
samples. For example, commercial monoclonal antibodies to ~ treating autoimmune diseases and a variety of malignancies.
hormones such as thyroxine, estrogen, and testosterone can be ~ Since most monoclonal antibodies are mouse immunoglobulins,
used to confirm suspected hormonal deficiencies (Chapter 7). In  they need to be 'humanized’ by linking the mouse Fab region to
addition, monoclonal antibodies to cancer associated antigens @ human Fc portion so that they are less likely to be recognized
can be used to screen for cancers or to monitor the treatment of ~ as foreign protein by the immune system when injected.
cancers. An example of such an antigen is the prostate-specific ~ The monoclonal antibody, MRA, is a humanized antibody to
antigen (PSA) which is elevated in the blood of patients with the human IL-6 receptor, which began clinical trials in 2005
benign hyperplasia of the prostate gland, prostatitis and tumors ~ for the treatment of systemic lupus erythematosus (SLE), an
of the prostate gland (Chapter 17). autoimmune disease (Chapter 5).
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Activation of T lymphocytes

The manner in which T lymphocytes recognize foreign epitopes is rather more
complex than that used by their B lymphocyte counterparts, as the receptors
on T cells are unable to bind to epitopes on ‘native’ proteins. Instead, peptides
derived from the foreign protein are ‘presented’ to them on the surfaces of
other host cells, bound to membrane proteins encoded by a genetic region
called the Major Histocompatibility Complex (MHC). In humans, this genetic
region is found on chromosome 6. The proteins encoded by the MHC include
two classes of membrane proteins. Class I proteins are found on all nucleated
cells in the body. They consist of a single polypeptide, the o chain, which is
associated with a smaller protein called B, microglobulin (3,M) that is not
encoded within the MHC. Class II proteins are found on only a few cell types
and are made up of two polypeptides, o and B, both encoded within the MHC.
Both Class I and II proteins have grooves that can bind a foreign peptide in an
extended form (Figures 4.22 and 4.23). The peptide-binding groove is formed
by the o, and o, domains of the Class I molecule and the o, and B, domains
of the Class II molecule, while these structures are supported, in the Class I
molecule by the o, domain and the ,M, and in the Class Il molecules by the
a, and B, domains.

The requirement to have foreign peptides presented by different MHC
molecules to T_and T, cells can be explained by looking at their roles in vivo.

Activation of TC cells

The role of T_ cells is, ultimately, to destroy virus-infected cells. Since all
nucleated cells are susceptible to such infections, MHC encoded Class I
molecules are required by these cells to present endogenously produced
viral peptides to T cells. Thus, viral protein produced within the cytoplasm
of an infected cell may be hydrolyzed to produce short peptides, about 8-12
amino acid residues in length. These peptides are then transported across the
endoplasmic reticulum where they become attached to Class I proteins and
the complex transported to the surface of the cell membrane in Golgi vesicles.

A) B)

o chain B chain

Membrane

Figure 4.23 Structure of an MHC Class

Il molecule shown (A) diagrammatically
and (B) molecular model showing bound
peptide (red) PDB file TMUJ.
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A)

o chain

B2 microglobulin

Membrane

B)

Figure 4.22 Structure of an MHC Class | molecule

shown (A) diagrammatically and (B) molecular
model showing a bound peptide (red) PDB file
T1KIV.
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TheT,_ cellis activated when the T cell receptor recognizes the complex of MHC
Class I protein with its bound virus derived peptide and binds to it (Figure 4.24
(A) and (B)). An accessory protein, CD8, is also involved in this interaction as
it also binds to the MHC protein. Once bound, the T, cell is stimulated into
a series of mitotic divisions to form a clone of cells, which then differentiate
into cytotoxic T lymphocytes (CTL). These cells resemble T cells but their
cytoplasm is more granular, owing to the presence of vesicles containing
cytotoxic proteins called granzymes and perforins. The CTL binds to a virus
infected cell using the same mechanism as the TC cell, and then releases these
cytotoxic proteins which destroy the target cell. Cytotoxic T lymphocytes also
release IL-2 and IFN y which stimulate NK cells and macrophages to kill virus
infected cells.

Virus infected cell

ane

Mern®

MHC class |

Viral peptide

Tc (CD8+)

Figure 4.24 (A) Molecular model showing the recognition of a MHC Class I-peptide complex by a T_cell receptor. PDB file 1NAM. (B) A
schematic showing the interactions between a virus-infected cell and a T_as described in the text. TCR, T cell receptor.
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Activation of T, cells

When stimulated by an immunogen, T, cells secrete cytokines required for
specific and nonspecific immune responses. Thus they are required for an
effective immune response to the whole range of infectious agents, from
viruses to multicellular parasites. In order to activate a T , cell, an immunogen
has to be taken up by an antigen presenting cell (APC). Here, its proteins are
hydrolyzed within endocytic vesicles and the resulting peptides of 12-19 amino
acid residues are attached to MHC encoded Class II proteins and transported



to the cell membrane. The MHC Class II protein and foreign peptide complex
is recognized and bound by a TCR (Figure 4.25). The coreceptor protein, CD4,
also binds to the MHC protein. Several different types of cells can act as APCs,
including monocytes, macrophages, dendritic cells in the lymphoid tissues
and Langerhans cells of skin. However, under certain conditions, other cells,
including epithelial cells, can be induced to express MHC Class II proteins
and it has been proposed that such cells may initiate autoimmune reactions
(Chapter 5).

When a T, cell is stimulated by the MHC class II protein-peptide complex
on the surface of an APC, it is stimulated to proliferate and differentiate
into cells that actively secrete cytokines. The cytokines include growth and
differentiation factors that stimulate B and T cells, hemopoietic factors, as
well as factors that stimulate mast cells, macrophages and eosinophils.

There are two subsets of T, cells, called T, and T, 2. They differ in the profile
of cytokines they secrete as shown in Table 4.5. Cytokines produced by T, 1
favor the development of cell-mediated immunity, which is used to destroy
intracellular parasites such as viruses. Those produced by T 2 cells stimulate
humoral immunity to extracellular parasites, including most bacteria and
helminth worms and flukes. In addition, cytokines produced by T 1 inhibit

T2 cells and vice versa.

Antigen presenting cell

MHC class Il

Foreign peptide

TH (CD4+)

PRODUCTION OF A SPECIFIC IMMUNE RESPONSE

Margin Note 4.5 Dendritic cells @

Dendritic cells are cells with
characteristic membrane processes
that resemble the dendrites of nerve
cells. The processes give the cells

a large surface area for presenting
antigens to T, cells. Dendritic cells
are found in the lymphoid tissues
and are highly efficient at antigen
presentation. Langerhans cells in skin
resemble dendritic cells in having
multiple processes. They are involved
in taking up antigens that have
entered the skin before migrating to
lymph nodes where they present the
antigen to T lymphocytes.

Figure 4.25 Schematic showing the activation
of a T, cell by an antigen presenting cell as
described in text. TCR, T cell receptor.
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IL-2 stimulates growth of T lymphocytes; T,1
increases activity of NK cells

IL-3 stimulates hemopoiesis T,land T2

IL-4 promotes growth and differentiation of T2
B lymphocytes;
promotes growth of T 2 cells;
growth factor for mast cells

IL-5 promotes growth and differentiation of T2
B lymphocytes and eosinophils

IL-6 promotes acute phase response; stimulates T2
differentiation of B lymphocytes

IL-9 activates mast cells T2
IL-10 inhibits production of T,1 cells T2
IL-13 growth and differentiation of B lymphocytes  T,2
IL-14 B cell growth factor
Interferon y activates macrophages and NK cells; T,
inhibits T 2 cells
TNF-B promotes acute phase response; cytotoxin T
Granulocyte-Monocyte stimulates hemopoiesis T, andT2
Colony Stimulating

Factor (GM-CSF)

Table 4.5 A range of T, cytokines

Margin Note 4.6 Superantigens @

Antigen presenting cell

. . prat®
Superantigens such as Toxic Shock Mer
Syndrome Toxin cause massive
stimulation of T, cells by linking the MHC class Il

T cell receptor to the MHC Class |l
protein outside the peptide binding
groove (Figure 4.26). Since this does
not depend on the TCR being specific
to the antigen, many more T cells are
stimulated than usual. The high level
of cytokine release leads to shock
with severe clinical consequences
(Chapter 3).

Superantigen

Memb’en
Figure 4.26 A schematic showing the linking N
of an MHC Class 1l molecule to a TCR by a
superantigen as described in text.

TH (CD4+)
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Maria is a 28-year-old biology teacher who suspected she
might be pregnant as it was now eight weeks since the
start of her last period. Her pregnancy was confirmed
when she carried out a home pregnancy test. Maria
and her partner were delighted and began to make
plans for the future. However, Maria became concerned
when, during the eighth week of her pregnancy, several
children in one of her classes developed German measles
(rubella). Maria knew that, if she developed rubella,
there was a high risk that the baby would be harmed.
Unfortunately, she could not remember if and when she
had ever been immunized against rubella. She consulted

SUMMARY

CASE STUDY 4.1

tested for antibodies. The test revealed that Maria’s blood
was positive for IgM antibodies specific for rubella but no
IgG antibodies specific for rubella were detected.

Questions
(@) What are the consequences of this result for the
unborn baby?

(b) Why would the consequences be different if IgG
antibodies specific for rubella had been detected?

(c) What counseling and/or advice would you
recommend to Maria?

her family doctor who took a blood sample and had it

CASE STUDY 4.2

Alfred is a 70-year-old man who is suspected of having a the plasma cell was producing IgG, suggest an assay
myeloma, that is a plasma cell tumor. Suggest tests which ~ which could be used to measure the level of IgG in his

could be carried out to confirm the diagnosis. Assuming blood.

4.7 SUMMARY

The basis of the actions of the immune system is its ability to distinguish self
from nonself. It defends the body in a variety of nonspecific and specific ways.
Nonspecific defenses include structural barriers and complement. Specific
defenses are the development of immune responses against infectious
agents. An effective immune response results from the complex interaction
of nonspecific and specific cells. The nonspecific cells include the monocytes,
large granular lymphocytes and polymorphonuclear leukocytes found in
the blood. The specific cells are the small lymphocytes found in the blood
and lymphoid tissues. Nonspecific responses include inflammation and the
acute phase response, while specific responses include the production of
antibodies, known as humoral immunity, and the production of cytotoxic
cells, in the process known as cell-mediated immunity. Humoral immunity
is effective at dealing with extracellular bacteria and multicellular parasites,
while cell-mediated immunity is effective at killing cells infected with a virus.
Small lymphocytes are highly specific since they bear cell surface receptors for
epitopes found on foreign proteins. Small lymphocytes belong to one of two
major subsets, the B lymphocytes responsible for humoral immunity and the
T lymphocytes, some of which, the T cells, can develop into cytotoxic cells,
while others, the T, cells, regulate immune responses through the secretion
of cytokines.

Antibodies are glycoproteins which are highly specific for epitopes. This
specificity has enabled them to be used in the detection and quantitation of
antigens, in highly sensitive techniques such as ELISA.



aoTOICTRZH  THE IMMUNE SYSTEM
QUESTIONS

1. Which of the following is NOT part of the nonspecific defense against
invading microorganisms?
a) skin;
b) mucus;
c) antibodies;
d) lysozyme;
e) lactic acid.

2. Which of the following is NOT found in the blood?

a) macrophage;

b)  monocyte;

c¢)  neutrophil;

d) small lymphocyte;

e) large granular lymphocyte.

3. Which of the following statements best describes complement?

a) adefense protein found in sweat;

b) a group of proteins which results in the lysis of bacteria;
c¢)  acytokine produced by macrophages;

d) an antibody which lyses bacteria;

e) a protein found in the cell wall of bacteria.

4. Pair up the cells in column one with the appropriate cell surface
molecule in column two.

Column 1 Column 2

a) All mature T lymphocytes 1) CD4

b) All B lymphocytes 2) CD8

c¢) Macrophages 3) CD3

d) Helper T lymphocytes 4) Surface immunoglobulin

e) Cytotoxic T lymphocytes 5) Receptors for complement
5. Which immunoglobulin class in each case best fits the following

description?

a) the only antibody that crosses the placenta;
b)  the most abundant antibody in the blood;
c¢) also known as the secretory antibody;

d) produced in response to parasitic worms;
e) the antibody with the largest M.

6. Why is it unnecessary for erythrocytes to have MHC encoded Class |
proteins?
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chapter 5:

DISORDERS OF THE
IMMUNE SYSTEM

OBJECTIVES
After studying this chapter you should be able to:

m describe the features and explain the clinical consequences of
immunodeficiency diseases;

m describe the features and explain the clinical consequences of autoimmune
diseases;

m describe the features and explain the clinical consequences of immunological
hypersensitivity;

m outline the ways in which immunological disorders are investigated and
treated.

5.1 INTRODUCTION

A fully functioning immune system is essential for maintaining health
(Chapter 4) but, like all body systems, the immune system itself is subject to
many clinical disorders. Immunological disease can occur for one of three
reasons. Firstly, immunodeficiency diseases occur in individuals whose
immune systems are inadequate, perhaps due to the absence or malfunction
of essential components, making them susceptible to infectious disease and
even to certain types of cancer. Secondly, autoimmune diseases can occur as
a result of the immune system mounting an immune response against ‘self’
components. Finally, immunological hypersensitivity occurs when immune
responses, often mounted against seemingly innocuous immunogens, result
in tissue damage. Indeed, immunological hypersensitivities are among the
commonest of immunological disorders. This chapter will examine the variety,
etiologies, diagnoses and treatments of these three groups of immunological
disorders.
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5.2 IMMUNODEFICIENCY DISEASES

Immunodeficiency diseases result from a failure of one or more components
of the immune system and may involve the absence or malfunction of organs,
cells or proteins of the immune system. Where the immunodeficiency results
from a direct defect within the immune system, the disease is classified as a
primary immunodeficiency (PID). All PIDs are inherited or have a genetic
component. Most, but not all, primary deficiencies are congenital, that is
are present from birth, although some do not manifest themselves until
later in life. Secondary immunodeficiencies (SIDs) arise as a consequence
of other conditions. For example, some viruses are associated with an
immunosuppression, which may be transient, as for example in measles, or
permanent, as in HIV infection. Conditions that can give rise to secondary
immunodeficiency are listed in Table 5.1. This chapter will concentrate on the
primary immunodeficiencies.

Malnutrition a proper functioning immune system requires a supply of
essential nutrients (Chapter 10)

Physical trauma for example extensive burns and surgery are associated with
an immunosuppression

Immunosuppressive drugs drugs given to prevent transplant rejection (Chapter 6);
chemotherapeutic therapy for cancer (Chapter 17)

Infectious diseases for example HIV (Chapter 2); measles; cytomegalovirus
Hematologic disease for example myeloma (Chapter 4); leukemia (Chapter 17)
Immaturity of immune system for example in premature infants

Aging of the immune system all body systems start to malfunction with aging, the immune

system is no different (Chapter 18)

Metabolic and hereditary disorders for example diabetes mellitus (Chapter 7)
Stress stress hormones, such as cortisol (Chapter 7) can be
immunosuppressive

Table 5.1 Some factors contributing to secondary immunodeficiency

Patients with immunodeficiency diseases invariably suffer infections
more frequently and with increased severity although the type of infection
depends to a large extent on the nature of the immune deficit. Some general
rules to guide diagnoses are given in Table 5.2. Other types of disorder may
also arise as a consequence of a PID. So, for example, deficiencies of some
complement proteins may lead to systemic lupus erythematosus (SLE), an
autoimmune disorder (Section 5.2). Certain types of cancer, such as non-
Hodgkins lymphoma, a tumor of the lymph glands, and Kaposi’s sarcoma, a
tumor derived from blood vessels and which frequently shows in the skin, are
also more frequent in the immunodeficient patient, because these tumors are
linked to infections with certain viruses (Chapter 17).

PRIMARY IMMUNODEFICIENCY DISEASE

Primary immunodeficiencies are classified according to the site of the
immunological defect. The 100 or so inherited PIDs were classified into
eight groups or tables (Table 5.3) at a meeting of the International Union of
Immunological Societies in 2003.



Deficiencies of: Consequences

T lymphocytes viral and fungal infections (for example herpes simplex; Pneumocystis carinii)
opportunistic infections such as Candida albicans
infections with intracellular bacteria, e.g. Mycobacteria
Kaposi's sarcoma (a tumor derived from blood vessels)

Antibodies bacterial infections causing recurrent chest infections and boils in the skin
Phagocytic cells bacterial infections causing boils and abscesses
Complement recurrent meningococcal meningitis

bacterial pneumonia , septicemia
systemic lupus erythematosus (SLE, an autoimmune disorder)

Table 5.2 Diseases associated with PIDs of different origins

o T

| T and B lymphocytes severe combined immunodeficiency (SCID)

I antibody deficiencies X-linked agammaglobulinemia

1} other well-defined immunodeficiency Wiskott Aldridge syndrome
syndromes DiGeorge anomaly
v diseases of immune dysregulation Chediak-Higashi syndrome
v congenital deficiencies of X-linked neutropenia/myelodysplasia
phagocyte numbers and/or function leukocyte adhesion deficiencies (LADs) types
land Il

chronic granulomatous disease

VI defects in innate immunity mannose binding lectin (MBL) deficiency
Vil autoinflammatory disorders hyper IgD syndrome
Vil complement deficiencies C4 deficiency

(2 deficiency
C1 inhibitor deficiency

* examples only, many more disorders are known

Table 5.3 Classification of PIDs

Combined T and B deficiencies

Deficiencies that affect both B and T lymphocyte (Chapter 4) numbers and/
or their functions are life threatening. Such deficiencies are termed severe
combined immunodeficiency (SCID). The term SCID represents a group
of disorders associated with more than 20 different mutations and with a
frequency of between one in 50000 and one in 500000 births. As some forms
of SCID are inherited in an X-linked fashion (Chapter 15), more boys than girls
are affected, with the male: female ratio of approximately 3:1.

Depending on the mutation involved, T and B cells may both be decreased (TB”
SCID) or B cells numbers may be normal or increased (T"B*SCID). In the latter,
the absence of T cells renders B cells functionally inactive, owing to the need
for the cytokines produced by T, cells for antibody production as described in
Chapter 4. In either case, the disorder becomes apparent in the first few weeks

IMMUNODEFICIENCY DISEASES
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BOX 5.1 Laboratory tests for lymphocyte function

It is theoretically easy to test for lymphocyte function in vivo by
immunizing a patient with immunogens known to stimulate cell-
mediated or humoral immunity and monitoring the response
of their immune systems. A test for humoral immunity would
involve measuring the levels of specific antibody in vitro.
Tests for cell-mediated immunity might involve injecting a
small amount of immunogen subcutaneously and looking for
delayed hypersensitivity (Section 5.4). However, such tests
are not necessarily appropriate or, indeed, ethical, especially
for sick babies. Fortunately, there are tests that can be used to
measure the function of lymphocytes in vitro. For example, small
lymphocytes can be incubated with antigens to which the patient

chopier BBl DISORDERS OF THE IMMUNE SYSTEM

test may not be sufficiently sensitive. However, some proteins
and other types of molecules, such as lipopolysaccharide, act
as mitogens and stimulate many lymphocytes to divide and
are known as polyclonal activators because they stimulate many
different clones of lymphocytes. Mitogens are examples of
lectins, which stimulate lymphocyte proliferation by binding to
carbohydrate residues on the lymphocyte membrane. Lectins are
frequently of plant origin (Table 5.4) although some are derived
from other groups of organisms. It is also possible to stimulate
lymphocytes to divide by incubating them with antibodies
directed at cell surface receptors. Thus, an antibody to CD3 will
stimulate all mature T lymphocytes to divide.

has been exposed. If the child is immune, the small lymphocytes
will respond by starting to proliferate. The amount of cell division
can be measured by determining the amount of radiolabeled
thymidine incorporated into the DNA of the dividing cells. Of
course, an antigen will only stimulate those cells which bear
specific receptors, perhaps only one in 100000 cells and so the

A typical response of T Iymphocytes to the lectin
phytohemagglutinin (PHA) from runner beans in a healthy
individual is shown in Figure 5.7. A failure to respond in this
way is indicative of a lymphocyte defect. In patients with SCID,
the proliferative response is less than 10% of control values.

Phytohemagglutinin (PHA) Phaseolus vulgaris T lymphocytes o

©
Concanavalin A (ConA) Canavalia ensiformis T lymphocytes '3_:
Poke weed mitogen (PWM) Phytolacha americana B lymphocytes
Lipopolysaccharide (LPS) Escherichia coli B lymphocytes
AntiCD3 monoclonal antibody T lymphocytes

originating from mice
0 3 7

Anti-immunoglobulin monoclonal antibody

originating from mice

B lymphocytes Time / days

Figure 5.1 The stimulation of T lymphocytes with
phytohemagglutinin (PHA), which stimulates all
T cells to divide as measured by the uptake of
tritiated thymidine (*H-TdR) into dividing cells.

Table 5.4 Polyclonal activators of small lymphocytes

or months of life with the mean age at diagnosis being 6.5 months. The disease
is characterized by chronic viral and fungal infections. Chronic diarrhea and
oral Candida infections are common and in the presence of other infections,
the child fails to thrive. Affected infants may suffer generalized viral infections
if given live viral vaccines, such as the MMR and polio vaccines. Laboratory
tests show fewer than 3000 per mm?® circulating lymphocytes (where the
reference range for an infant of six months is between 4000 and 13500 per
mm?®). The lymphocytes present are functionally inactive and do not respond
in vitro to known mitogens (Box 5.1). Chest X-rays show an abnormally small
or absent thymus.

Approximately 20% of T'B~ SCID arises from mutations in the gene encoding
adenosine deaminase (ADA). The absence of this enzyme results in the
accumulation of metabolites, such as ADP, GTP and dATP, which are toxic to
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small lymphocytes. A similar syndrome arises from deficiency of the purine
nucleoside phosphorylase (PNP) that results in an accumulation of dGTP.
Approximately 40% of cases of T B* SCID are X-linked and arise from mutations
in a polypeptide that forms part of the receptor for several interleukins (ILs),
so that affected lymphocytes are unable to respond to interleukin signals.

If not diagnosed early and treated appropriately, children with SCID usually
die from infections in the first few years of life. Management of this condition
includes administering antiviral, antibacterial and antifungal drugs and
measures must be taken to avoid infection. Keeping such infants in totally
aseptic conditions is neither feasible nor ethical, since this would preclude
direct contact with other humans. Their immune system may be restored
with a bone marrow transplant. This can lead to long-term survival but is not
without danger, chiefly graft versus host disease (GVHD; Chapter 6). Gene
therapy has been attempted with some ADA deficient patients and, in a few
cases, has been reported to be successful.

Antibody deficiencies

The normal concentration ranges for the five immunoglobulin classes,
IgM, IgG, IgA, IgE and IgD (Chapter 4), in adults are shown in Table 5.5.
Deficiencies involving immunoglobulins of all classes are commonly referred
to as agammaglobulinemias or hypogammaglobulinemias, depending on
the level of deficiency. However, with some disorders there may be a selective
deficiency of a single immunoglobulin class, as in selective IgA deficiency, or
a dysregulation, where some antibody classes are reduced while others are
increased.

Immunoglobulin Serum concentration in adults/g dm

IgM 0.5-2.0
IgG 7.2-19.0
IgA 0.8-5.0
IgD trace

IgE trace

Table 5.5 Normal adult levels of serum immunoglobulins

Transient hypogammaglobulinemia (TH) occurs when the start of production
of IgG in very young children is delayed. It possibly arises when the maturation
of helper T lymphocytes is itself delayed. During pregnancy, IgG is the only
immunoglobulin to cross the placenta from mother to fetus. Thus a newborn
baby has adult levels of IgG, most of which is maternally derived (Figure 5.2).

P
Maternal Baby / Transient hypogamma
U] /  globulinemia
>
o /
7 /
& /
/
/
3 6 12

Time / month

IMMUNODEFICIENCY DISEASES

Figure 5.2 Transient hypogammaglobulinemia
(TH). The production of 1gG in the baby normally
starts between three and six months of age by
which time the maternal 1gG in the baby has
almost disappeared. In TH, the production of IgG
by the baby is delayed.
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During the first three months postpartum, the maternally derived IgG is
catabolized and steadily disappears from the baby’s circulation. Between three
and six months, serum IgG levels may be quite low, after which the levels begin
to increase, and should normally attain ‘adult’ levels at about 12-18 months of
age. In infants with transient hypogammaglobulinemia, the production of IgG
is delayed considerably, sometimes for as long as two years. During this time
the child is susceptible to recurrent infections with pyogenic (pus producing)
bacteria and antibiotics must be administered. The incidence of TH has been
estimated as 23 to 61 per million births.

Common variable immunodeficiency (CVID) is the commonest primary
immunodeficiency involving all classes of antibody. It is a heterogeneous
group of disorders and includes a range of phenotypes. Many patients are
not diagnosed until early adulthood. Most patients show low levels of IgG and
IgA, with near normal or 50% of normal levels of IgM and normal lymphocyte
counts. The latter allows CVID to be distinguished from other antibody
deficiencies such as X-linked agammaglobulinemia (see below). Some patients
also have impaired cell-mediated immunity (Chapter 4). The incidence has
been estimated at one in 10000-50 000.

The etiology of CVID is unknown and the majority of cases are sporadic. The
B lymphocytes are immature and, when stimulated, do not differentiate into
antibody-secreting plasma cells following the binding of an antigen (Chapter
4), owing to defects in their cell surface receptors or signal transduction
mechanisms (Chapter 7). However, it is possible that in some patients there
may be other defects, such as mutations in immunoglobulin regulatory genes.
In addition, many CVID patients have defects in CD4+ T lymphocytes so that
the T and B cell interactions required for antibody production are impaired.

Patients with CVID present with recurrent pyogenic infections, especially
of the respiratory tract, commonly involving Streptococcus pneumoniae,
Staphylococcus aureus, Haemophilus influenzae and Moraxella catarrhalis.
This can lead to bronchiectasis, in which the bronchi and bronchioles are
abnormally dilated. Those patients who also have some impairment in cell-
mediated immunity also suffer infections with mycobacteria and the fungus
Pneumocystis carinii. Such patients also suffer recurrent severe infections with
herpes simplex and herpes zoster (Chapter 3), and may develop viral illness
when immunized with live viral vaccines.

The diagnosis of CVID relies on the measurement of immunoglobulins,
including specific antibodies to common vaccines, and ruling out other
immunodeficiencies, such as X-linked agammaglobulinemia. Its treatment
usually involves replacement therapy with pooled immunoglobulins obtained
from healthy donors. All pooled immunoglobulin preparations are treated to
inactivate viruses, such as hepatitis virus or HIV, which may be present. These
preparations are available commercially and need to be given intravenously
every three to four weeks to maintain plasma levels and protect against
infections. The dose depends on the weight of the patient and is usually
400-600 mg kg™. Alternatively, weekly subcutaneous administration of lower
doses, which can be done at home, may be more convenient. Intramuscular
injection, which allows a greater volume to be administered than can be
delivered subcutaneously, can also be given.

X-linked agammaglobulinemia (XLA) or Bruton’s disease is caused by
a deficiency in Bruton’s tyrosine kinase (Btk), which is required for the
maturation of preB cells in the bone marrow to form B lymphocytes. The
deficiency of Btk is due to one or more of 300 different mutations in the BTK
gene located on the X chromosome. B lymphocytes are therefore absent from
the circulation and plasma cells are not present in the spleen and lymph
nodes. Tonsils and adenoids may be absent, as demonstrated by radiography.
However, circulating T lymphocytes are normal. Serum immunoglobulin



levels are extremely low and all classes of immunoglobulin are affected.
This is a rare inherited disorder with an incidence of about one in 250000
males. Patients present with recurrent pyogenic infections, which occur from
around three to nine months of age, when maternally derived IgG is low.
Infections encountered may result in pneumonia, otitis media, meningitis
and diarrhea.

It is essential that patients with XLA are diagnosed as early as possible so that
replacement immunoglobulin therapy can begin. Infections are treated with
antibiotics. The prognosis for children diagnosed before the age of five years
is good, with patients often surviving to middle age. Tests for mutations of the
BTK gene are available, which allows for genetic counseling of affected females
and prenatal diagnosis of fetal cells obtained by chorionic villus sampling or
amniocentesis (Chapter 15), with the possibility of a therapeutic abortion.

Selective IgA deficiency, as its name implies, affects only a single class of
immunoglobulin. Many IgA deficient individuals are asymptomatic, with
the condition only being detected during investigation of other disorders. In
contrast, other patients with selective IgA deficiency suffer recurrentinfections,
typically ear infections, sinusitis and pneumonia. A high proportion of
sufferers also develop autoantibodies that are directed against a variety of self
antigens and approximately a third present with autoimmune diseases, such
as systemic lupus erythematosus (SLE) (Section 5.3). It is not known which
features determine the severity of the disease. Selective IgA deficiency is a
relatively common disorder with an incidence of one in 500 to 700 Caucasians,
although the frequency is much lower in other ethnic groups.

A patient who presents with a history of recurrent infection, chronic
diarrhea, and autoimmune disease should be suspected of having a
selective IgA deficiency. This can be confirmed by measuring serum
immunoglobulin concentrations. Values of IgA below 0.07 mg dm™, while
other immunoglobulins are normal, would confirm the deficiency. Treatment
of selective IgA deficiency normally involves using antibiotics to treat
bacterial infections and replacement therapy is not usually necessary. If the
disease presents with autoimmunity then anti-inflammatory drugs, such
as corticosteroids, may be given. The prognosis is good, with patients living
normal lifespans. However, approximately 10% of patients with a selective
IgA deficiency also have a deficiency of the IgG, subclass, which is usually
produced in response to polysaccharide antigens. Patients with both defects
suffer more severe bacterial infections, especially with encapsulated bacteria.
Immunoglobulin replacement therapy may be appropriate in these cases.

The DiGeorge anomaly and the Wiskott Aldridge syndrome

The third group of PIDs (Table 5.3) contains a number of well-defined
immunodeficiency syndromes, of which the DiGeorge anomaly and the
Wiskott Aldridge syndrome are well-known examples.

The DiGeorge anomaly (DGA) is a developmental disorder involving organs
that develop from the third and fourth pharyngeal pouches of the embryo. It
is associated with a deletion or partial monosomy of chromosome 22 (Chapter
15) that results in a range of defects. Several different patterns of inheritance
have been reported, including autosomal dominant and autosomal recessive.
Its incidence has been estimated to be between one in 20000 to 66000,
depending on the country.

The DGA is characterized by facial abnormalities, hypoparathyroidism and
hypocalcemia with symptoms of convulsions and tetany, congenital heart
disease that may be so severe as to be life threatening, and a small under-
developed or sometimes absent thymus that results in a profound immuno-
deficiency. Patients suffer severe and recurring viral and fungal infections.

IMMUNODEFICIENCY DISEASES
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Margin Note 5.1 Fluorescence @
in situ hybridization

Fluorescence in situ hybridization
(FISH) relies on the ability of
fluorochrome-labeled DNA probes to
hybridize with complementary DNA
in tissue sections. The hybridized
probe can be seen as fluorescent
‘spots’ in the nuclei of target
interphase cells and can be located to
specific chromosomes when applied
to cells in metaphase (Chapters 17
and 78).
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Indeed, the immunological defects are the second commonest cause, after
heart conditions, of death in DGA patients. The number of circulating T
lymphocytes is severely reduced leading to defects in cell-mediated immunity.
T cell proliferative responses to mitogens vary in DGA patients, such that they
can be classified either as partial or complete. In the former, proliferation is
reduced but in the latter it is completely absent. The absence of helper T
lymphocytes reduces antibody production, so that antibacterial immunity may
also be compromised, even though the number of circulating B lymphocytes is
normal.

A diagnosis of DGA is based on the cardiac malformations, hypopara-
thyroidism resulting in hypocalcemia and a small or absent thymus. T
lymphocytes in the circulation are reduced and the proliferative response
to mitogens is impaired. Fluorescence in situ hybridization (FISH) has
been used to detect deletions in chromosome 22 in the majority of patients
(Margin Note 5.1). Other syndromes, without any apparent genetic link,
but which have known environmental causes, bear some resemblance to
DGA. One example is fetal alcohol syndrome, which results from prolonged
exposure to alcohol during fetal development. Children with fetal alcohol
syndrome also show the characteristic facial features associated with DGA.

Attempts have been made to treat the immunological deficit in DGA with
thymus transplants, (Chapter 6) although results have been variable. The
associated hypocalcemia is treated with calcium and vitamin D supplements,
while cardiac malformations must be rectified surgically. The prognosis
for patients with DGA is variable and depends mostly on the degree of
cardiovascular abnormality. For patients with severe cardiac problems it is
poor, with a mortality rate of over 80% at the age of six months.

The Wiskott Aldridge syndrome (WAS) arises from mutation in the WAS gene,
which was identified on the short arm of the X chromosome in 1994. The
gene codes for the cytoskeletal protein sialophorin, found in lymphocytes and
platelets, that is involved in the assembly of actin filaments. The incidence of
WAS is approximately one per 250000 male births.

The syndrome is characterized by decreased levels of IgM but often with
increased production of IgE and IgA. In the early stages, T and B cell numbers
in the blood are normal. Since IgM is the prevalent antibody in immune
responses to bacterial polysaccharides, there is an increased incidence of
infections with encapsulated bacteria. Sufferers may also develop eczema.
Blood platelets are small, short-lived and reduced in number, leading to
thrombocytopenia and increased bleeding times which may prove fatal
(Chapter 13). As WAS progresses, there is a loss of both humoral and cell-
mediated immunity and, along with severe infections, there is also an increase
in leukemia and lymphoid tumors.

The treatment for WAS includes antibiotics for infections and platelet
transfusions to prevent bleeding. Immunoglobulin replacement therapy may
also be given to provide some protection against infection. Bone marrow
transplants (Chapter 6) have been successful in some cases. Unfortunately
the prognosis for WAS sufferers is poor, with death commonly occurring
before the age of four years usually from severe infection and bleeding.
Genetic counseling is recommended for women who have had a child with
WAS. Detection of the abnormal gene in cells obtained by chorionic villus
sampling or amniocentesis allows a prenatal diagnosis, with the possibility of
terminating the pregnancy if the fetus is found to be affected.

The Chediak-Higashi syndrome

Chediak-Higashi syndrome (CHS) is a rare autosomal recessive disorder
first described in 1943. It is sometimes classified as a phagocytic defect.



However, even though phagocytic cells, such as neutrophils and monocytes,
are defective, Natural Killer (NK) cells, which form the first line of defence
against viruses, are also abnormal. The syndrome arises from a mutated form
of the CHS1 gene located on chromosome 1. The gene product is involved in
the intracellular transport of proteins and the synthesis of storage granules
in certain cells. The mutation results in neutrophils with abnormally large or
‘giant’ lysosomes (Chapter 16) and platelets (Chapter 13) with abnormal dense
bodies. In addition, melanocytes, the pigment-producing cells of the skin,
contain larger than normal melanosomes; the pigment storing organelles.

Chediak-Higashi syndrome presents as an immune deficiency that leads to
recurrent bacterial infections, most commonly with Staphylococcus aureus,
Streptococcus pyogenes, and Pneumococcus spp and viral infections, such
as with Epstein-Barr virus, that frequently result in tumors of the lymph
nodes (lymphomas). Leukocyte counts reveal neutropenia and abnormal
neutrophils that do not respond to chemotactic molecules, for example
activated complement proteins, and which fail to kill ingested bacteria. Infants
suffer recurrent skin infections, which may result in ulcers and abscesses.
The abnormalities of melanocytes means that patients are deficient in skin
pigment and have blond hair and translucent blue eyes. Infants also bruise
very easily, due to defective platelets. In addition, they suffer progressive
neurological dysfunction, with abnormal gait, mental retardation and
peripheral neuropathy. If the child survives beyond the first decade this may
lead to Parkinsonism and/or dementia. Morbidity and mortality are high in
CHS, with infants frequently dying before the age of 10 years, usually from
overwhelming pyogenic infections attributable to poor neutrophil function.

The recommended treatment for children with CHS is a bone marrow transplant
to correct the immune deficit. However, success has been variable and this
treatment has no effect on the lack of pigmentation since melanocytes do not
arise from bone marrow. Antibiotics are given to treat bacterial infections and
antiviral drugs, such as acyclovir or interferon o, to limit infection with the
Epstein-Barr virus. Patients with lymphoma are given anticancer drugs, such as
vincristine.

Phagocytic defects

Phagocytic cells, such as monocytes, macrophages and neutrophils, form part
of the nonspecific immune defense. These cells kill ingested bacteria using
several different mechanisms as described in Chapter 4. A defect in any of these
mechanisms can lead to increased incidences of infections. Thus, patients may
be severely compromized by defective phagocytes, even if their B and T cell
populations and functions are normal. Some examples of phagocytic defects
are chronic granulomatous disease and leukocyte adhesion deficiency.

Chronic granulomatous disease (CGD) is named from the granulomatous
inflammatory nodules that present on the skin and in the gastrointestinal and
genitourinary tracts. Itis an inherited disorder of phagocytic cells characterized
by their inability to generate the reactive oxygen intermediates needed to
produce bactericidal compounds, such as hydrogen peroxide. The formation
of reactive oxygen intermediates is dependent on NADPH oxidase activity.
This enzyme is composed of four subunits and a defect in any one of them
can result in CGD. Approximately 65% of all CGD cases is due to a defect in
the CYBB gene located on the X chromosome which encodes cytochrome b, .
The genes for the other subunits are located on autosomal chromosomes and
females and males are equally affected. The incidence of CGD is estimated to
be about one in 200000 to 250 000.

Sufferers of CGD usually present before the age of five years. Skin infections,
pneumonia, gastroenteritis, perianal abscesses are common. Abscesses on
internal organs, such as the lungs, spleen and liver, may also be present. The
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Margin Note 5.2 Hyper IgD
syndrome

@

Hyper IgD and periodic fever
syndrome (HIDS) is a rare disease
which was first reported in 1984.
Patients suffer recurrent attacks of
fever and symptoms of inflammation
and an acute phase response from
about the age of one year. These
attacks may last up to six days and
may be triggered by surgery, trauma
or vaccination. Clinical findings
include, usually, elevated levels of
serum IgD sometimes with higher
levels of IgA. The disease is inherited
as an autosomal recessive trait and
sufferers have been shown to have

a defective gene for mevalonate
kinase. Most sufferers are of
Western European origin, with the
majority being Dutch or French. The
mevalonate kinase enzyme is involved
in the metabolism of cholesterol,
although how this deficiency is
related to the inflammatory condition
is not known.
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small amounts of hydrogen peroxide produced by CGD patients makes them
resistant to catalase negative bacteria. However, catalase positive bacteria,
by definition produce catalase, which catalyzes the degradation of hydrogen
peroxide; hence these types of bacteria give rise to infections in CGD sufferers.
Pneumonia is generally associated with fungal infections; and disseminated
fungal disease also occurs.

A diagnosis of CGD takes into account the recurrent infections of early
onset, granulomas, hepatosplenomegaly, that is enlarged liver and spleen,
and lymphadenopathy. Laboratory investigations include the nitroblue
tetrazolium (NBT) test to determine the activity of the NADPH oxidase. In
neutrophils with normal levels of enzyme, the pale yellow NBT is reduced
to a blue colored compound as NADPH is oxidized, and can be observed in
the cytoplasm. Patients with CGD are treated with high doses of antibiotics
over long periods of time. This treatment also helps to dispel the granulomas.
Abscesses may need to be drained. Bone marrow transplantation has been
used successfully to treat some patients.

Leukocyte adhesion deficiency (LAD) occurs in two forms, but both are caused
by the failure of leukocytes to express cell adhesion molecules essential for
their movement through blood vessel walls during inflammation. Thus
phagocytes are unable to enter inflamed tissues and remove bacteria. In LAD I,
patients do not express the integrin, CD18 on neutrophils, macrophages and
lymphocytes that allows them to bind to endothelial cells lining the blood
vessels. In addition, CD18 is the receptor for C3b, which is an opsonin for
phagocytic cells and crucial molecule of the complement pathway. Patients
suffer localized bacterial infections that may become life threatening. In LAD
IT leukocytes fail to express ligands for other cell adhesion molecules, namely
E and P selectins. Binding of leukocytes to these ligands allows them to roll
along the endothelial cell surfaces before crossing into the tissues. Both LAD
I and LAD II are autosomal recessive disorders. While LAD I affects all ethnic
groups, LAD II has only been reported in people of Middle Eastern origin.

Patients with LAD I suffer localized bacterial infections that may become
life threatening. Children do not usually survive beyond two years of age
unless they have a bone marrow transplant. Patients with LAD II also suffer
repeated infections as well as severe growth and mental retardations. Blood
counts from patients with either form of LAD show a leukocytosis, that is, a
white blood cell count in excess of 20 x 10° dm™ in the absence of infection,
compared to normal values of 4-11 x 10°dm™ (Chapter 13). Both diseases may
be diagnosed by flow cytometry, to assess the presence of the cell adhesion
molecule on blood leukocytes. Leukocyte adhesion deficiency I has been
treated successfully with bone marrow transplantation (Chapter 6).

Complement deficiencies

The role of complement in immune defense was outlined in Chapter 4. Here it
will be described in more detail. The activation of complement results in the:

° lysis of bacteria;

o stimulation of the inflammatory response;
o promotion of phagocytosis;

o clearance of immune complexes.

The value of these roles cannot be overestimated. Complement may be
activated by one of three pathways: the classical pathway, which is activated
by IgG or IgM, following binding to an antigen; the alternative pathway, which
is stimulated principally by components of the cell walls of bacteria and
yeasts; and the lectin pathway, which is initiated by the binding of mannose
binding lectin (MBL) to bacteria. Complement proteins C1, 2, 3 and 4 are
involved in classical activation, while Factors B, D, H, I and P are involved in



the alternative pathway activation. Activation of the lectin pathway requires
MBL, MBL-associated serine proteases (MASP) 1 and 2 and C2, C3 and C4. All
three pathways can lead to the production of membrane attack complexes
(MACs), which are composed of C5b, C6, C7, C8 and C9. These cause lysis of
the pathogen; in addition, fragments of activated complement proteins, such
as C3a, C4a, C5a, promote inflammation by binding to mast cells and causing
them to degranulate and release inflammatory chemicals, such as histamine
(Chapter 4). These chemicals may also promote the chemotaxis of neutrophils
out of the inflamed vessels. Other complement proteins, such as Clq, C3b
and C567 act as opsonins. The absence of any of these proteins can severely
compromise health. Complement is potentially very inflammatory once
activated and there are a number of regulatory molecules which either prevent
unregulated activation of complement, such as C1 inhibitor (C1INH), or which
prevent damage to innocent bystander cells, such as Decay Accelerating Factor
(DAF).

Inherited deficiencies of each complement protein have been described (Table
5.6). Deficiencies in several of the early classical pathway proteins result in
an increased incidence of immune complex disorders, showing the role of
complement in helping to remove immune complexes from the circulation.
Over 90% of patients with a homozygous C1q deficiency and 10% of patients
with a homozygous C2 deficiency develop SLE (Section 5.3). A deficiency of
MBL is associated with increased incidence of infections with, for example,
Pseudomonas aeruginosa. Newborn babies and infants are particularly at risk
from this deficiency, indicating the importance of this pathway in protecting
the young from infection.

Complement protein Effects reported

Clq, Clr, Cls autosomal increase in immune complex disorders, e.g. SLE;
recessive vasculitis*
increase in pyogenic infections (Gram positive)

(@) autosomal increase in immune complex disorders, e.g. SLE;
recessive vasculitis *
increase in pyogenic infections (Gram positive)

C2 autosomal increase in immune complex disorders, e.g. SLE;
recessive vasculitis *
increase in pyogenic infections (Gram positive)

a autosomal frequent and severe bacterial infections resulting
recessive in pneumonia, septicemia and meningitis
increase in immune complex disorders

C5, Cp, C7, C8 autosomal recurrent neisserial infections (meningitis,
recessive gonorrhea)

Q9 asymptomatic

Factor D, P recurrent neisserial infections (meningitis; gonorrhea)

C1INH autosomal hereditary angioedema
dominant

MBL autosomal increased susceptibility to a variety of extracellular
dominant or pathogens
recessive

Factor H autosomal leads to depletion of C3 and symptoms similar to
dominant (3 deficiency

*inflammation of blood vessels

Table 5.6 Some complement deficiencies
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Deficiencies in the classical and the alternative pathways can be detected in
the laboratory by carrying out the CH, and AP_ tests respectively. The CH,
test measures the ability of the patient’s serum to lyse antibody-coated sheep
erythrocytes, while the AP_ determines its ability to lyse these uncoated cells
in rabbits. Results are expressed in terms of the ability of the serum to induce
lysis of 50% of the target erythrocytes. Individual complement proteins can
be measured by immunoassay, using specific antibodies. Thus C3 and C4 can
be measured by nephelometry, single radial immunodiffusion or by ELISA
(Chapter 4).

Hereditary angioedema (HAE) results from faults in the activity of the
complement regulator, C1 inhibitor (C1INH). This protein normally functions
to prevent the overactivation of the first part of the classical pathway by
inhibiting C1r and Cls. The lack of the inhibitor leads to consumption of C4
and C2. Two types of HAE occur. Type I results from reduced levels of C1INH
while in Type II the inhibitor is present but nonfunctional. The condition is
an autosomal dominant disorder, which has an incidence of one in 50000 to
150000, with 85% of cases being Type L.

The disorder presents as noninflammatory and painless swellings of the
skin, especially that of the limbs, which is often precipitated by physical
trauma and anxiety. Abdominal pain is caused by the involvement of internal
organs, such as the stomach, bladder and intestines. Severe edema of the
larynx can cause death. Treatment during attacks is to administer fresh
frozen plasma or commercially available C1-INH. Prophylactic treatment
with danazol, an androgen, has been shown to stimulate the synthesis of
CI1-INH, but prolonged treatment may result in unpleasant side effects, such
as virilization in women and suppression of testosterone production in men
(Chapter 7).

5.3 AUTOIMMUNE DISORDERS

The macromolecules of the body are potentially highly immunogenic but,
fortunately, immune systems do not usually mount immune responses against
them. In fact, we are ‘tolerant’ to ‘self’ (Box 5.2). Whatever mechanisms lie
behind the induction and maintenance of tolerance, it is clear that a number
of disorders arise when these mechanisms fail and the immune system starts
to attack self antigens. Failures of immunological tolerance lie behind the
development of autoimmune disease. Autoimmune disease affects 5 to 7%
of the population and autoimmune disorders are debilitating, chronic and
painful.

CLASSIFICATION OF AUTOIMMUNE DISORDERS

Autoimmune disorders are often classified according to whether they are
organ-specific, affecting only one organ or are systemic that is, affecting
multiple organ systems (Table 5.7). In addition, destruction of cells and tissues
can be brought about by autoantibodies and/or cell-mediated immunity. For
example, inmultiple sclerosis (MS) patients produce antibodies against myelin,
the fatty material surrounding the axons of nerves. In addition, MS patients
have T, and T lymphocytes in their blood and cerebrospinal fluid, which are
specific for myelin protein. Thus, humoral and cell-mediated autoimmunity
may contribute to the demyelination of nerves in MS patients. In some
instances, autoantibodies can block or stimulate a cell receptor. Myasthenia
gravis is an example of the former, while Graves disease (Chapter 7) is an
example of the latter. Like most classification schemes, that of autoimmune
disorders is not perfect. For example, Goodpasture’s syndrome directly affects
both kidneys and lungs while MS exerts systemic effects by attacking one type
of tissue only.
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Type of disorder m Effect of disorder Autoantibodies present Autoreactive T cells

Organ specific

Systemic disease

autoimmune
hemolytic anemia
autoimmune thyroiditis

Addison’s disease

type 1 diabetes mellitus

Goodpasture's syndrome

Graves disease

myasthenia gravis

pernicious anemia

rheumatoid arthritis (RA)

systemic lupus

erythematosus (SLE)

multiple sclerosis (MS)

destruction of erythrocytes
(Chapter 13)

hypothyroidism
(Chapter 7)

adrenal insufficiency
(Chapter 7)

destruction of insulin-producing
cells in pancreas; serious
metabolic disturbances

progressive kidney and lung
damage

hyperthyroidism
(Chapter 7)

progressive muscle weakness

failure to absorb vitamin B,
in the stomach
(Chapters 11 and 13)

inflammatory disorder affecting
joints, skin and internal organs

inflammatory disorder affecting
multiple organ systems

inflammatory disorder

antibodies to erythrocyte
antigens

antibodies to thyroglobulin and
thyroid peroxidase

antibodies to cytoplasmic antigens
of cells of adrenal cortex

antibodies to islet cells found in
classical juvenile form

antibodies to basement membrane
antigens of kidney and lung

antibodies to thyroid stimulating
hormone receptors

antibodies to acetyl choline
receptors on muscle cells

antibodies to intrinsic factor

antibodies to 19G (rheumatoid
factor)

antibodies to DNA, chromatin
and histones;

rheumatoid factor in some
individuals

antibodies to myelin basic protein

affecting central nervous system

Table 5.7 Some examples of autoimmune disease

TH1.ceIIs specific for thyroid
antigens

infiltration of adrenal cortex with
autoreactive T cells

infiltration of pancreas with
autoreactive T cells

destruction of thyroid cells by
autoreactive T lymphocytes

infiltration of joints with
autoreactive T lymphocytes

evidence of T cell reactivity in
some of the many organs affected

destruction of myelin membrane
by autoreactive T lymphocytes

Many, but not all, autoimmune disorders, affect a preponderance of female
patients, with three times as many females as males presenting with
autoimmune diseases. The reasons for this gender bias are unclear but may be
related to sex hormone levels. Many autoimmune disorders show a link with
the type of MHC antigens that are present on cells. In humans, the MHC is
known as the HLA system. The links between HLA type and different diseases
is described in Chapter 6. So, for example, patients with Goodpasture’s
syndrome have a higher incidence of HLA-DR2 than the healthy population.

AUTOIMMUNE DISORDERS AFFECTING ENDOCRINE GLANDS

Autoimmune disorders of the thyroid gland are among the most common
autoimmune disorders. Some will be discussed in Chapter 7. Autoimmune
thyroiditis, also known as Hashimoto’s thyroiditis, results in hypothyroidism
and myxedema. The disease presents, typically, in women of middle age
who are overweight, lethargic, constantly feel cold, are constipated and have
coarse, dry hair and skin. The thyroid is swollen with a generally painless
goiter, but which has a rubbery consistency when palpated. A biopsy of
the thyroid shows infiltration with both CD8+ and CD4+ T lymphocytes
that progressively destroy the thyroid gland. Patients also have antibodies
to thyroglobulin and to thyroid peroxidase, which can be determined by

m
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BOX 5.2 How to recognize self

There are a number of theories to explain the development Immature T lymphocyte
of immunological tolerance and it may indeed be that several
different mechanisms are involved. It has been shown in
experimental systems that rodents become tolerant to potential
immunogens if they were exposed to them during fetal

Immature T lymphocyte

T lymphocyte

development. Thus mice exposed to foreign proteins in utero At Death
do not mount immune responses against these immunogens specificities  °F Si!f'
when adults. The suggestion that lymphocytes exposed to (maturation) ;eggulsv

epitopes, including self epitopes, during fetal development are
selectively removed or deleted from the immune system explains
the experimental induction of tolerance, and there is certainly
evidence that this happens to developing T lymphocytes in
the thymus (Figure 5.3). However, this does not explain the
development of tolerance to immunogens which are not
present in the fetus but which are expressed in the adult. It
may be that some immunogens are kept anatomically separate
from the immune system during life, to avoid potentially
immunogenic self proteins inducing an immune response. For
instance, it has been shown that when rabbits are injected with
lens protein they make antibodies that then bind to the lenses T
of their own eyes. Another example is seen in vasectomized
men who may start to make antisperm antibodies, presumably
because the sperm they continue to produce become exposed

CD4+ and CD8+ _|

TH/ \Tc

(CD4+) (CD8+)

Tc

(CD4+) (CD8+)

to their immune systems following the operation. Finally, there [[] cortex of thymic lobule

is evidence that some types of T lymphocytes can suppress [] Medulla of thymic lobule
immune responses against self antigens. These T lymphocytes

have, in the past, been called suppressor T lymphocytes and Figure 5.3 Schematic showing the development of

T lymphocytes. Immature T lymphocytes enter the

were thought to belong to the CD8+ subset. However, it i U i e et e

has been shown that both CD8+ and CD4+ cells can have the thymic lobule into helper and cytotoxic subsets.

suppressor activity by producing inhibitory cytokines, such as In the cortex, cells that recognize self epitopes are
IFN vy and IL-10 respectively. deleted.

ELISA (Chapter 4). Immunohistochemical techniques (Chapter 4) can show
the patient’s serum to have antibodies that bind to microsomal antigens in
sections of normal thyroid (Figure 5.4). Patients may be given thyroxine to
treat the myxedema, and thyroidectomy may be required. The prognosis for
patients with Hashimoto’s thyroiditis is good.

In Graves disease, patients suffer symptoms of thyrotoxicosis: are thin, have a
highresting pulse rate, constantly feel hot, have bulging eyes, or exophthalmos,
due to growth of tissue around the orbit of the eye and may suffer diarrhea and
general agitation. They have nodules in the thyroid that are foci of infiltrating
T lymphocytes. Low levels of antibodies to thyroid microsomal antigens are
seen in the plasma. However, more than 90% of patients have antibodies to
the thyroid stimulating hormone (TSH) receptor on the surface of thyroid
cells. These antibodies bind to the receptor and stimulate the production of
thyroid hormone (Figure 5.5). This production is not regulated by the usual
negative feedback mechanisms (Chapter 7) leading to the disease symptoms.
Graves disease may be treated successfully by destruction of thyroid tissue.
This can be achieved by its surgical removal or by giving the patient radioactive
iodine that becomes concentrated in the thyroid. When women with Graves
disease are pregnant, autoantibodies to TSH cross the placenta and the baby
is born with thyrotoxicosis. Urgent treatment is required but, in time, the baby
recovers as its levels of maternally derived antibodies drop.
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Both insulin dependent diabetes mellitus Type 1 and Addison’s disease are
discussed extensively in Chapter 7. The former is caused by an autoimmune
destruction of the insulin-producing cells in the pancreas; the latter by
autoimmune damage to the adrenal cortex. Both diseases are fatal unless
treated by replacing the missing hormones.

ANTIGLOMERULAR BASEMENT MEMBRANE DISEASE

Antiglomerular basement membrane diseases are characterized by
autoantibodies to the glomerular basement membrane (antiGBM). They
include Goodpasture’s syndrome and Goodpasture’s disease. The former
disorder shows glomerulonephritis, pulmonary hemorrhage and the presence
of circulating antibodies to glomerular basement membrane; the latter is
similar, but without the lung involvement. Both diseases are now included
under the more general heading of antiGBM disease. Tissue damage is caused
by antiGBM antibodies binding to the glomerular basement membrane and
activating complement. Complement-mediated inflammation then ensues.
The symptoms of glomerulonephritis include proteinuria and hematuria and
erythrocyte casts (Margin Note 5.3) are seen.

The binding of antibodies to alveolar membranes causes hemoptysis, that is,
the coughing up of blood from the lungs and about 40% of patients experience
chest pain. Hemorrhaging from the lungs may eventually lead to respiratory
failure. There is some suggestion that the binding of antibodies to the alveolar
basement membranes is facilitated by exposure to organic solvents, which
increase the permeability of the alveolar capillaries. The incidence of antiGBM
disease is rare, of the order of 0.5 cases per million in the UK. Unlike most

AUTOIMMUNE DISORDERS

Figure 5.4 Immunofluorescence in autoimmune
thyroiditis. (A) Schematic showing the basis

of indirect immunofluorescence staining of
thyroid antigens by a patient’s serum; (B)
Photomicrograph showing thyroid microsomal
antigens stained with a patient’s serum by
indirect immunofluorescence. Courtesy of
EUROIMMUN AG, Germany.
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Figure 5.5 Schematic showing how the binding
of an autoantibody to the TSH receptor leads
to Graves disease (right-hand side). The left-
hand side shows how the production of thyroid
hormone is normally regulated by a feedback
mechanism.
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Margin Note 5.3 Erythrocyte @
casts

Erythrocyte casts are produced in
the kidney when the cells become
trapped in hyaline, which deposits
around the kidney tubules. Healthy
individuals will have a few plain
hyaline casts in their urine, but
finding casts containing erythrocytes
or leukocytes is indicative of kidney
disease.

autoimmune disease, it shows a predominance in males, with younger males
generally presenting with both lung and kidney involvement.

Antiglomerular basement membrane disease can be diagnosed from
linear deposits of antiGBM antibodies, which can be visualized by
immunofluorescence on a kidney biopsy. An early diagnosis is essential and
treatment must be started immediately. Therapy involves removal of circulating
antibodies by plasmapheresis and the administration of immunosuppressive
drugs (Chapter 6). The mortality rate for antiGBM disease is improving, and is
currently at 10%, although most patients develop end stage renal disease. In
the past, the disease was invariably fatal.

MYASTHENIA GRAVIS

Myasthenia gravis (MG) is an autoimmune disorder in which patients produce
antibodies to acetylcholine receptors at the neuromuscular junction of striated
muscle. The antibodies block the receptors so that they fail to respond to
acetylcholine (Figure 5.6). This results in intermittent but progressive weakness
of skeletal muscles, including those for breathing and the facial muscles
involved in chewing, swallowing, talking and eye movements. The latter can
lead to double vision and an inability to raise the eyelids, a condition known
as ptosis. Difficulty with respiration may lead to inadequate intake of air and
an inability to clear secretions from the respiratory tract. The incidence of
pneumonia is increased in these patients. Approximately 75% of patients with
MG also have thymic abnormalities such as hyperplasia and thymoma. The
incidence of MG has been quoted as up to 14 in 100 000, with a female to male
ratio of about 3:2.

The problems associated with movement of eye muscles are often the first
sign of MG. The presence of autoantibodies may be confirmed by indirect
immunofluorescence tests and the levels are a useful measure of disease
progression. However, autoantibodies may not be detected in patients
where the disease is confined to the facial muscles. Patients are treated
with immunosuppressive drugs and cholinesterase inhibitors and with
plasmapheresis (Chapter 6) to remove the autoantibodies. The condition is
improved in the majority of patients by thymectomy. The mortality rate in
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Figure 5.6 Schematics showing (A) the normal stimulation of muscle cells by the binding of
acetylcholine to receptors on muscle cells and (B) the blocking of acetylcholine receptors by
autoantibodies, which leads to myasthenia gravis.




MG patients is currently around 10%, which is a significant improvement on
previous decades.

RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is a chronic, painful and debilitating condition
characterized by symmetrical arthritis and radiological changes to the
bone. The revised classification of rheumatoid arthritis (1988) is shown in
Table 5.8. Autoantibodies are present in the plasma of patients with RA. The
commonest, occurring in 70% of cases, is an IgM class antibody directed
against IgG, called rheumatoid factor (RF). However, RFs belonging to the
IgA and IgG classes have also been detected. The presence of RF causes large
amounts of immune complexes to be formed, since IgG is present at relatively
high concentrations in the blood. The complexes may adhere to blood vessel
walls, activating complement and initiating an inflammatory reaction. While
a minority of patients suffer a single episode of joint inflammation with long-
term remission, most have a progressive illness characterized by intermittent
‘flares’. In periods of active joint inflammation, the affected joints (Figure
5.7) are painful, swollen, red and warm to the touch; all characteristics of the
inflammation within them. The presence of RF and subsequent inflammatory
disease does not, however, adequately explain the pathogenesis of RA. Cell-
mediated immunity is known to be heavily involved in joint destruction. The
synovial membranes of affected joints are infiltrated with small lymphocytes,
especially T 1 cells, monocytes and macrophages so that the membranes
themselves become thickened. Activated macrophages within the synovial
fluid produce cytokines, such as IL-1 and tumor necrosis factor o (TNF o),
which mediate erosion of bone. The accumulation of inflammatory
neutrophils within the synovial fluid also contributes to the damage to the
cartilage. Patients may also suffer inflammation of blood vessels or vasculitis
and about 20% have subcutaneous rheumatoid nodules, often on the elbows
and forearms but which may also occur in internal organs. The nodules
consist of a mass of monocytes, lymphocytes and plasma cells surrounding a
necrotic core, and probably represent the progression of vasculitis.

The etiology of RA remains unknown, despite numerous infectious agents
having been implicated over the years. However, RA remains one of the most
common autoimmune disorders, with an incidence of one to two per 100. The
female to male ratio is approximately 3:1 and the disease manifests maximally
between the ages of 40 and 60, although juvenile forms also exist.

Rheumatoid factor can be detected in plasma or serum by using the Rose-
Waaler test, which determines the ability of the serum to agglutinate sheep

A) B)

Joint capsule

Cartilage
Synovial fluid

Synovial membrane

AUTOIMMUNE DISORDERS

Criteria for diagnosis

1. Stiffness of the joints in the morning
2. Avrthritis in three or more joints

3. Arthritis of the joints in the hand

4. Symmetrical arthritis

5. Rheumatoid nodules

6. Serum rheumatoid factor

7. Radiological changes to the bone

Table 5.8 1988 Revised dlassification for rheumatoid
arthritis. To be diagnosed with RA, the patient must
have four or more of these symptoms and symptoms
one to four for at least six weeks.

Joint swelling

Worn cartilage

Inflammatory cells

Invasion of the bone
by the synovial
capsule

Figure 5.7 Schematics showing (A) a normal synovial joint and (B) the characteristic changes associated with rheumatoid arthritis.
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erythrocytes sensitized with specific IgG antisheep erythrocyte antibody
(Figure 5.8). Alternatively, latex particles nonspecifically coated with IgG can
be used. A smaller proportion of individuals, around 40%, with RA also have
antinuclear factors and these are also seen in patients with systemic lupus
erythematosus (see below). Treatment of RA is with immunosuppressive agents
such as methotrexate (Chapter 6) and anti-inflammatory drugs, including
steroidal anti-inflammatory drugs (SAIDs), such as corticosteroids, and the
nonsteroidal anti-inflammatory drugs, for example aspirin. New treatments
aimed atblocking the effect of TNF o have been trialled. These involve either the
infusion of a monoclonal antibody to TNF «, or the administration of soluble
receptors for TNF o. In the latter case, the soluble receptors bind to TNF and
prevent this inflammatory cytokine from binding to receptors on cells. The
prognosis for patients with very severe disease is poor in terms of five-year
survival. However, even with less severe disease, the condition is painful and
debilitating, particularly during periods of active disease. The long-term use of
immunosuppressive drugs leads to an increased susceptibility to infection.

Agglutination

Figure 5.8 (A) A schematic illustrating the Rose-Waaler test for rheumatoid factor, which
measures the ability of a patient’s serum to agglutinate sensitized sheep red blood cells
(SRBCs) as described in the text. (B) Shows the result of the test on several sera. Patients 1,
3 and 5 show positive agglutination at high dilutions, indicating the presence of rheumatoid

factor.
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SYSTEMIC LUPUS ERYTHEMATOSUS

Systemic lupus erythematosus (SLE) is an autoimmune disease in which
about 95% of patients have antinuclear antibodies (ANAs) in their plasma.
The deposition of immune complexes leads to widespread inflammation that
affects many organs systems within the body. Clinical features of the disease
are summarized in Table 5.9, the commonest presentations are arthritis and
skin rash, particularly the butterfly rash of the face (Figure 5.9). Renal disease
occurs in approximately half of affected individuals, with nephritis developing
early on in the disease. Although the etiology of SLE is uncertain, the systemic
nature of the disease is linked to the type of autoantibodies present. The
disease primarily affects women of reproductive age, although much younger
and much older patients have been seen. The female to male ratio is about
4:1, although in younger patients this gender bias does not occur.

Unfortunately different patients have different patterns of symptoms
and their variety in this multisystem disorder has, in the past, presented



Symmetrical arthritis involving any joint

Arthralgia (bone pain)

Erythematous rash; butterfly rash on face (Figure 5.9)

Mucosal ulcerations

Pleurisy

Pericarditis

Renal involvement

Fever

Nervous system involvement (psychosis, depression, convulsions, migraine)
Heart disease

Eye involvement (retinal vasculitis; corneal ulceration)

Gastrointestinal ulcers

Pancreatitis

Hepatitis

Sjogren’s disease (involving autoimmune destruction of lacrimal and salivary glands)

Hemolytic anemia

Table 5.9 Clinical manifestations of SLE

difficulties with diagnosis, so it must take full account of the range of
presentations. Diagnosis can be helped by demonstrating the presence of
ANAs in samples of plasma, using indirect immunofluorescence on cultured
Hep-2 cells. The commonest pattern seen is a diffuse staining throughout
the nucleus due to antibodies against chromatin. It is also possible to detect
different patterns of fluorescence which are indicative of antibodies to
different nuclear antigens and which can help in diagnosis or in assessing
prognosis (Table 5.10). Autoantibodies against extractable nuclear antigens
(ENA) can also be detected by RIA or ELISA (Chapter 4). Positive tests for
ANAs require further investigations, for example with tests for antidouble-
stranded dsDNA (dsDNA) antibodies. The presence in the blood of so-called
LE cells, which are neutrophils containing phagocytozed nuclei and resemble
large multinucleate cells, is also indicative of SLE. Other laboratory tests
used in the diagnosis of SLE include those listed in Table 5.11. Rheumatoid

Pattern of staining by indirect | Target antigen

immunofluorescence (IDID)

Homogeneous ANA chromatin screening but present in some normals
double specific for SLE
strandedDNA

Speckled ANA (coarse) Sm* specific for SLE

Speckled ANA (coarse) U1-RNP found in SLE and mixed connective

tissue disease

*Antibodies to the Sm (Smith) antigen were first discovered in the serum of a patient with SLE called Stephanie Smith.
Antibodies to the Sm antigen bind to molecules in the nucleus called small nuclear riboproteins.

Table 5.10 Antinuclear antibodies in SLE

AUTOIMMUNE DISORDERS

Figure 5.9 Schematic illustrating the area of
face typically covered with a ‘butterfly’ rash in
systemic lupus erythematosus.
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Margin Note 5.4 Atopy @

People who suffer Type |
hypersensitivities are frequently
referred to as being atopic. The term
atopy refers to an inherited tendency
to develop an allergic condition
typified by rhinitis, asthma and
eczema, that is Type | hypersensitivity.
There is a definite genetic
predisposition to atopy, with different
members of the families sometimes
showing different manifestations.
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Full blood counts to detect anemia, low platelet counts (Chapter 13)
Creatinine and electrolytes to detect damage to kidneys (Chapter 8)
Erythrocyte sedimentation rate (Chapter 13) increases in SLE

Urine tests to detect proteinuria (Chapter 8)

Complement levels C2 or C4 deficiency predisposes to SLE;

inflammatory process in active SLE lowers
complement levels

Table 5.11 Some laboratory tests for SLE

factor and the presence of antibodies against cardiolipin may also be present,
although these are not specific for SLE.

Systemic lupus erythematosus is treated with immunosuppressive drugs, such
as azathioprine or cyclosporine (Chapter 6) although the use of such drugs
in patients prone to kidney disease needs careful monitoring. In addition,
patients maintained on immunotherapy are more susceptible to infectious
diseases. The prognosis for sufferers of SLE has improved greatly over the last
50 years because the disease is now diagnosed earlier. For example, in the
1950s, most patients died within 10 years of diagnosis, whereas today around
90% are alive 10 years after diagnosis.

5.4 IMMUNOLOGICAL HYPERSENSITIVITY

Immunological hypersensitivities are disorders in which the immune
response to a foreign immunogen results in tissue damage. The term allergy,
which originally meant ‘altered reactivity’, is sometimes used synonymously
with hypersensitivity. In fact, allergies are only some specific types of
hypersensitivity. Although the word hypersensitivity implies an overreaction,
in fact, there is nothing essentially abnormal about the immune response in
these cases. It may simply be the extent and nature of the exposure to the
immunogen that results in the damage. Indeed, immunogens that provoke
hypersensitivities are often ‘harmless’ in that they are not necessarily infectious
agents. Immunological hypersensitivities represent the most common group
of immunological disorders and, collectively, affect approximately 10% of the
population.

In 1963, Gell and Coombs classified hypersensitivities into four ‘types’ based
on the part of the immune system that caused the tissue damage (Table 5.12).
This classification scheme is still used today, although not all hypersensitivities
belong exclusively to one type. For example, immunological reactions to drugs
can be both Types I and I1I, while intrinsic allergic alveolitis has components of
Types III and IV. In addition, expansion of the classification to include further
types has been suggested. This chapter retains the original classification.

TYPE | HYPERSENSITIVITY

Type I hypersensitivity is also referred to as immediate, because its effects
are apparent within eight h of exposure to an immunogen. The effects can be
fairly trivial, as in hay fever, or life threatening, as in atopic (Margin Note 5.4)
or allergic asthma or anaphylactic shock. The term allergy is often used for
Type I, although this is also used for some of the other types. Inmunogens
that cause allergies are often referred to as allergens and this is the term that
will be used here.



Type Examples of disorder Immune system
component involved

immediate; anaphylactic  hay fever; allergic asthma;
food allergies; anaphylactic
shock

transfusion reactions;
hemolytic disease of the
newborn (HDN)

I cytotoxic IgM, 1gG and complement

1} complex-mediated intrinsic allergic alveolitis; antigen/antibody complexes

serum sickness (usually 19G )
IV delayed-type Mantoux reaction; contact sensitized CD4+
hypersensitivity (DTH) hypersensitivity T lymphocytes

Table 5.12 The Gell and Coombs classification of immunological hypersensitivity

The different manifestations (Table 5.13) of Type I depend on the degree of
previous exposure to the allergen and also on the route of exposure. The
underlying cause is the production of IgE in response to an allergen. This type
of antibody stimulates inflammatory responses that are aimed at eliminating
parasitic worms. Atopic individuals produce IgE in response to allergens
that, in nonallergic individuals, would stimulate the production of IgG. The
tissue mast cells and blood basophils have receptors for the Fc region of
IgE, so that IgE binds to the surface of these cells. The more sensitized an
individual, the more their mast cells are coated with IgE. Further exposure to
the same allergen results in the cross-linking of mast-cell bound IgE by the
allergen (Figure 5.10). This triggers an explosive degranulation of the mast
cell that releases pharmacologically active mediators, including histamine,
which causes vasodilation, smooth muscle contraction and mucus secretion,
depending on where they are released. In addition the subsequent release
of further mediators, for example leukotrienes and prostaglandins, which
are synthesized at the mast cell membrane potentiate inflammation and
smooth muscle contraction. This response which evolved as a defense
against multicellular parasites, causes the characteristic symptoms of the
hypersensitivity.

Allergic rhinitis (hay fever) seen in upper respiratory tract; excess mucus; sneezing and

wheezing

Atopic eczema extensive and very itchy rash in skin; a common manifestation
in atopic children

Food allergies skin rash (hives); gastrointestinal ‘cramps’ and diarrhea; may
sometimes result in anaphylactic shock

IMMUNOLOGICAL HYPERSENSITIVITY

O Exposure to
.7 allergen

IgE binds to receptors on
mast cells and basophils

\W\ /7

Subsequent
exposure to
allergen

Allergen
cross-links
IgE
molecules

mast cells and

Degranulation of
l basophils

Release of mediators of

Allergic asthma severe inflammation in respiratory tract; severe respiratory . .
; inflammation
distress
. . ) . : Figure 5.10 Schematic illustrating how exposure
Anaphylactic shock sudden drop in blood pressure; respiratory distress; skin rash; 9 9 p

to an allergen can lead to degranulation of mast

gastrointestinal ‘cramps’ and diarrhea; may result in death cells and basophils and Type | hypersensitivity.

within an hour of exposure

Drug allergies, e.g. penicillin, may be trivial (as in skin rash) or severe, as in anaphylactic
sulphonamides, salicylates shock

Table 5.13 Manifestations of Type | hypersensitivity
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Type I hypersensitivity is the most common form of the immunological
hypersensitivities and is estimated to affect between one in 5-10 individuals,
with conditions, such as allergic rhinitis, allergic asthma and food allergies.

Allergic rhinitis

Allergicrhinitis or hay fever is extremely common and its effects are well known.
Seasonal allergic rhinitis typically presents in the spring and summer and is
generally brought on by pollen to which the individual has been sensitized.
Some individuals show sensitivity to many types of pollen (Figure 5.11),
including well-known ‘culprits’ such as ragweed, while others are allergic to a
single type of tree pollen. Individuals who suffer allergic rhinitis all year round
are most likely to be allergic to other types of allergens, such as the dead skin
cells sloughed from household pets, or the feces of house dust mites (Figure
5.12) which thrive in warm, carpeted dwellings. Although allergic rhinitis is
not life threatening, it can be very debilitating.

Allergic asthma

Allergic asthma is a serious and potentially life-threatening condition brought
on by air-borne allergens, such as those which trigger hay fever. In patients
with allergic asthma, sensitization to a range of air-borne allergens stimulates
inflammation in the respiratory tract, narrowing the airways and eventually
leading to hyperreactivity of the muscles of the bronchial tree. The condition
is very distressing particularly during an asthmatic attack, when severe
respiratory distress may require emergency treatment. The incidence of
asthma is increasing in children for which various explanations have been put
forward. For example, it may be that increasing air pollution is predisposing
patients to more frequent asthmatic attacks by increasing the hyperreactivity
of the bronchial muscles.

Food allergies

Allergies to food are also seen in atopic individuals. Normally, the allergy will
present as a skin rash, possibly with diarrhea, within an hour of consumption
of the particular food involved. Foods known to cause allergies include eggs,
shellfish, mushrooms and strawberries. Recently, much attention has focused
on the extent of severe allergic reactions to nuts, especially peanuts. This
may be due to the increased use of peanut paste as a thickening agent in the
preparation of processed foods. Individuals who are allergic to peanuts may

Figure 5.11 Photographs showing the release suffer rapid and life-threatening allergic reactions and are advised to avoid
of pollen grains from (A) hazel, Corylus avellana processed food unless the ingredients are clearly labeled. It has also been
and (B) Timothy grass, Phleum pratense. known for individuals to suffer severe reactions to certain fruits, such as

papaya, though this is rare.

BOX 5.3 Anaphylactic shock

Anaphylactic shock is a life-threatening reaction to an allergen in anaphylactic shock. Typically, those affected suffer extreme
that may begin within minutes of exposure. Anaphylactic shock  respiratory distress accompanied by hypotension and may also
is often due to intramuscular or intravenous exposure to an  develop a skin rash (urticaria) and diarrhea. The condition arises
immunogen as, for example, in a penicillin sensitive individual ~ from a systemic release of mast cell mediators. The extensive
who has been given intramuscular or intravenous penicillin to  vasodilation causes a sudden massive drop in blood pressure.
treat a bacterial infection. People who are highly sensitized to bee  The effects of mediators, in particular leukotrienes, on respiratory
venom may also develop anaphylactic shock following a beesting.  muscles also lead to breathing difficulties. Anaphylactic shock is
Anaphylactic shock may also be brought about by sensitization a medical emergency and must be treated immediately with, for
to latex found, for example, in rubber gloves used in hospitals, example, rapid intramuscular injection of adrenalin to relax the
and this appears to be an increasing problem. In addition, smooth muscle tissues.

food allergies in highly sensitized individuals occasionally result
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The most appropriate strategy for treating Type I hypersensitivity is to identify
the allergen and to avoid it. Laboratory tests to identify the allergen in question
may involve skin testing (Box 11.5). Extracts of common allergens are injected
intradermally. In sensitive individuals, the causative allergen will produce a
‘wheal and flare’ skin reaction within 20 min. The ‘wheal’ is a raised red lump,
while the flare is the red inflamed area that surrounds it. Investigations of Type
I hypersensitivity include the radioallergosorbent test (RAST) which measures
thelevel of allergen-specific IgE in the blood. This involves incubating samples
of serum from a patient with the potential allergen immobilized on a solid
support, any IgE that becomes bound to the allergen is then detected by the
addition of '*I-labeled anti-IgE antibodies.

When complete avoidance of the allergen is not feasible, drugs may be
used to control the symptoms. These include antihistamines, such as
brompheniramine maleate and loratadine, anti-inflammatory drugs, such as
corticosteroids, and ‘Intal’ which prevents mast cell degranulation.

TYPE Il HYPERSENSITIVITY

Type Il or cytotoxic hypersensitivity refers to those situations in which antibody
activates complement causing tissue damage. Examples include transfusion
reactions to mismatched blood, and hemolytic disease of the newborn
(HDN). In addition, autoimmune reactions that involve lysis of cells can be
included here. Autoimmune diseases have already been discussed above and
transfusion and HDN are described in Chapter 6, hence only a brief discussion
of the causes and consequences of the transfusion of ABO incompatible blood
will be given here.

Transfusion reactions

The ABO blood group system contains four blood groups: A, B, AB, or O,
according to the types of antigens found on erythrocyte membranes (Chapter
6). In the plasma, there are also antibodies to the blood group antigens that
are not present on the erythrocyte membranes. Thus, individuals with blood
group A have anti-B antibodies in their plasma, while those of blood group B
have anti-A (Figure 5.13). These antibodies are known as isohemagglutinins,
and usually belong to the IgM class, which are efficient activators of
complement. If a blood group A individual is transfused with group B blood,
then antibodies from the donated blood will bind to recipient erythrocytes,
activate complement and cause their lysis. Similarly, antibodies in the
recipient will lyse the donated erythrocytes. The sudden and simultaneous
lysis of cells leads to kidney failure and death.

TYPE Il HYPERSENSITIVITY

Type III or complex-mediated hypersensitivity is brought about by immune
complexes that usually involve antibodies to soluble antigens. Immune
complexes can be harmful because they activate complement, triggering
inflammation and the influx of neutrophils into an area. Over a period of time,
this can cause tissue damage, principally due to lytic enzymes released by
dying neutrophils. As the size of immune complexes varies, depending on the
relative proportions of antigen and antibody, the clinical consequences may
vary. For example, in autoimmune diseases such as RA (Section 5.3) immune
complexes between rheumatoid factor and IgG are produced in antigen excess.
These complexes are small and soluble and travel in the circulation. They
may adhere to the insides of blood vessels, triggering vasculitis, or terminate
in the kidney and cause nephritis. In intrinsic allergic alveolitis, immune
complexes produced in the alveoli are large, and precipitate in the lungs,
causing alveolitis. The name ‘intrinsic allergic alveolitis’ covers a number of

IMMUNOLOGICAL HYPERSENSITIVITY

Figure 5.12 The house dust mite.

Group  Antigens on Antibodies

red cells in plasma
Recipient A A Anti B
Donor B B X Anti A
Recipient  AB Aand B Neither
Donor (o] Neither AntiA + B

Figure 5.13 The antigens and antibodies of the
ABO blood group system. The results of only
two incompatible transfusions are highlighted,
with the thickness of the arrows indicating the
relative amounts of agglutination (Chapter 6).
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Exposure to fungal
spores

High circulating (IgG)
Subsequent exposure

Immune precipitates
in alveoli

Activation of
complement

Infiltration of neutrophils
into alveoli

Figure 5.14 A long-term exposure to spores can
cause the production of high levels of circulating
antibody (IgG) which can precipitate spore
antigens in the alveoli and activate complement
leading to Farmer’s lung.

Sensitized
individual

Skin test

————> Tcells (CD4+) antigens

Cytokines

Cascade of reactions

Stimulates
infiltration of
test region
with T cells
and monocytes

Figure 5.15 The Mantoux test for Type IV
hypersensitivity. See text for details.
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occupational diseases, inwhich workers are exposed to air-borne immunogens.
A typical example of this disorder is Farmer’s lung (Figure 5.14). This disorder
typically begins in winter time, when the farmer develops a cough. Since this
is not an unusual occurrence, the disease may go unrecognized for several
years. However, the disease is progressive and, if untreated, will progress to
emphysema. The disease is related to the farmer moving hay to feed livestock
during the winter. Ascomycete fungi grow well in the warm damp conditions
at the center of a haystack, and a cloud of spores are released when the hay is
moved. The farmer inhales the spores and, over months and years, develops
high levels of circulating IgG to immunogenic molecules which have been
leached from the spores. With high levels of IgG in the blood supply to the
alveoli, further exposure to spore antigens causes large immune complexes to
precipitate in the lungs, setting up inflammation in the alveoli.

Successive winters may result in immune complex-mediated damage to the
lungs, with fibrosis and loss of gas exchange capacity. Although Farmer’s lung
is classified as an antibody-mediated hypersensitivity, it is now recognized
that cell-mediated immunity is also involved and that damage caused by
specific T cells also contributes to the disease. It is essential that Farmer’s lung
be diagnosed early to avoid permanent damage to lung tissue. Treatment
in the early stages may simply involve avoidance of the antigen, although
corticosteroids may also be used to treat the inflammatory reaction.

TYPE IV DELAYED TYPE HYPERSENSITIVITY

Delayed-type hypersensitivity (DTH) requires more than 18 h after exposure
to an immunogen for the symptoms to become apparent. This type of
hypersensitivity is caused by T lymphocytes rather than antibody. The DTH
reaction is typified by the Mantoux reaction. The vaccine to protect against
tuberculosis (TB) consists of an attenuated form of Bacillus Calmette
Guérin (BCG) which is a strain of Mycobacterium bovis (Chapter 2). Before
being given the vaccine, individuals are skin tested to see if they are already
sensitized by infection or previous vaccination. This involves injecting
an extract of mycobacteria, called purified protein derivative (PPD)
intradermally. If an individual is sensitized, then after about 18-24 h, the
injection site becomes swollen and red. The swelling increases for around
48 h then subsides slowly so that this ‘positive’ reaction is still visible after
several weeks. An individual who gives a positive Mantoux test may then be
investigated to ensure that the positive result was due to prior sensitization
rather than active disease.

The swelling is caused by small lymphocytes and monocytes infiltrating
into the area. Initially, sensitized CD4+ T cells respond to PPD by releasing
cytokines (Figure 5.15) that attract and retain monocytes at the site and induce
inflammation, allowing the entry of more CD4+ cells. Thus a cascade reaction
occurs, producing a slow but progressive swelling at the site of the injection.
The reaction subsides once the phagocytic monocytes have removed all the
PPD.

Delayed type hypersensitivity is also seen in contact allergies to a number
of chemicals, including certain biological stains, some hair dyes, nickel salts
in cheap jewellery, mercuric salts in some tattoo dyes, fluorodinitrobenzene
and some plant biochemicals, such as urushiol in poison ivy. Typically, once
sensitized, an individual will develop dermatitis approximately 18 to 24 h after
further skin contact with the same chemical. Skin sensitizing chemicals are
not typical immunogens, since they are neither proteins nor large molecules.
However, it appears that sensitization involves their chemical binding to skin
proteins to form a hapten-protein conjugate (Chapter 4). Langerhans cells,
which are antigen presenting cells in the skin, process the new’ antigen and
present it to helper T lymphocytes, which become sensitized. Once this has



happened, any further contact with the chemical will promote cytokine release
from T cells, producing a cascade similar to that of the Mantoux reaction.

Laboratory workers need to be aware of the skin sensitizing nature of many of
the chemicals used in biomedical science and to conduct risk assessments for
their use, since sensitization, once induced, is irreversible. The only treatment
for Type IV hypersensitivy is to avoid the allergen, although corticosteroid
creams may give some relief during an episode of dermatitis.

CASE STUDY 5.1

SUMMARY

George is a nine-month-old boy who has suffered Questions

repeated bouts of upper respiratory tract infections since  (3) What diagnoses might plausibly be suggested?

the age of four months. He was admitted to hospital with

bacterial pneumonia. A routine examination of his throat (b) How could these suggestions be confirmed?

showed his tonsils to be much smaller than usual inboys  (¢) If confirmed, what types of treatment would be

of his age, especially those who have had numerous beneficial?

throat infections. George has no siblings.

CASE STUDY 5.2

Peter is a teacher at a primary school. In his spare time collapsed with obvious severe breathing problems and a

he keeps bees and sells the honey he produces at local generalized rash.

country fairs. At one such fair he was allowing potential

customers to sample his honey. The stall became very Questions

attractive to some nearby wasps, and, in trying to keep (@ What is the most likely cause of Peter’s collapse?

the wasps away, Peter was stung. With a few minutes he (b) How should he be treated?

CASE STUDY 5.3

Jane is a 24-year-old student studying for a PhD. Her
first two years went well and she was hard-working and
dedicated. In the last year, however, her attendance at
university declined and her work suffered. Her supervisor
was worried about her constant tiredness and weight

advised her to consult her physician who notices that
Jane has a goiter.

Questions
(@) What is the likely cause of Jane’s tiredness?

gain, and, although the university is well heated, Jane

was always complaining about the cold. Her supervisor (b) What clinical tests are appropriate to Jane?

5.5 SUMMARY

Disorders of the immune system include immunodeficiencies, autoimmune
diseases and hypersensitivities. The lack of a component of the immune
system renders the sufferer much more susceptible to infectious disease and
some forms of cancer. These diseases may be treated by giving antibiotics and
antiviral drugs to treat infections and, where possible, to replace the missing
component by administration of antibodies or by a bone marrow transplant.
Autoimmune diseases occur when the mechanisms for preventing self-
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reactivity fail. These diseases can be organ specific or systemic. They can be
treated with immunosuppressive drugs, although this renders the individual
more susceptible to infection. Hypersensitivities are classified into four types
depending on the underlying cause. They are best treated by avoiding contact
with the immunogen to which the individual is sensitized.

QUESTIONS
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1.

3)

Which one of the following statements is CORRECT?

a)

b)
<)
d)

e)

Rheumatoid factor is only present in patients with rheumatoid
arthritis.

All patients with rheumatoid arthritis have rheumatoid factor.
Antibodies to double stranded DNA are diagnostic for SLE.

Graves disease is characterized by antibodies to the acetylcholine
receptor.

Goodpasture’s disease is a systemic disorder.

State whether the following statements are TRUE or are FALSE.

a)
b)
9]

d)
e)

Bruton’s agammaglobulinemia is an autosomal recessive condition.
Complement deficiencies result in increased neisserial infections.

Deficiencies in T cells cause an increased susceptibility to viral
infections.

T cell deficiencies are corrected with infusions of plasma.
Immunodeficiency may lead to increased risk of some cancers.

Which of the following statements is INCORRECT?

a)

b)

<)
d)

e)

In autoimmune disease generally, more women than men are
affected.

Transient hypogammaglobulinemia refers to a brief antibody
deficiency in pregnant women.

Deficiencies of C9 are asymptomatic.

The classical pathway for complement action depends on the
presence of antibodies.

In SCID, B lymphocyte levels may be normal or decreased.

List three ways in which the body prevents autoimmune reactions.

Arrange the following two lists into their most appropriate pairings

Selective IgA deficiency Is due to IgE

Farmer’s lung Is caused by T lymphocytes

Chediak Higashi disease

May be asymptomatic

Anaphylactic shock Affects melanocytes

Delayed hypersensitivity

Is caused by immune complexes
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chapter 6:

TRANSFUSION AND
TRANSPLANTATION

OBJECTIVES
After studying this chapter you should be able to:

m outline the role of the biomedical scientist in the transfusion of blood and
blood products;

m describe how blood group systems are named;

m  describe the characteristics of the ABO and Rh blood group systems;
m outline the ways in which blood groups are determined;

m discuss some of the adverse effects of transfusion;

m outline how tissue typing is carried out in the laboratory;

m outline the role of the immune system in the rejection of transplants;

m discuss the significance of MHC antigens in determining the rejection of a
transplant;

m outline the uses of some of the drugs used in immunosuppression;
m describe situations that give rise to graft versus host reactions;

m explain the uses of bone marrow and stem cell transplants.

6.1 INTRODUCTION

Blood transfusion is the transfer of blood or blood products into the blood-
stream of a patient who has lost blood due to injury, disease or an operation.
The amount and type of blood or component transfused depends on the
needs of the patient. Transfusions of blood and blood products are routine
and are generally safe therapeutic procedures that are rarely associated with
adverse reactions. However, it is only in the last hundred or so years that
the foundations of these procedures have been established. Similarly, the
transplantation of organs and solid tissues from one individual to another to
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replace diseased or nonfunctional tissue is now well established. However,
it is little more than 50 years since the first successful clinical transplant
of a kidney in 1954 paved the way for the range of tissue transplants cur-
rently available. Advances in the transplantation of bone marrow and stem
cells have brought the two fields of transfusion and transplantation closer
together.

This chapter will explain the role of the transfusion scientist and will discuss
the biochemical and genetic bases of a number of blood group systems and
the methods used to determine blood groups. In addition, the adverse reac-
tions of transfusion and the consequences to a fetus of antibodies against fetal
erythrocytes being transmitted across the placenta will also be outlined. The
evidence for the immunological basis for the rejection of tissue transplants
will also be examined, together with the genetics of the HLA system, a series
of genes encoding proteins that stimulate rejection of tissues (Chapter 4).
The chapter will also consider how the rejection of tissues can be prevented
by immunosuppressive therapy and will review the set of circumstances
which result in graft versus host disease (GVHD), as well as considering the
consequences of GVHD for the relatively new treatments which involve
the transplantation of stem cells.

6.2 BLOOD AND BLOOD PRODUCTS FOR TRANSFUSION

The role of the biomedical scientist in the transfusion laboratory is to ensure
that the blood and blood products being transfused into a patient are safe.
To ensure safety, the blood is tested to determine its blood group and to
check that it is not contaminated with harmful microorganisms. In addition,
checks are made to ensure that the transfused blood does not contain anti-
bodies that will destroy the erythrocytes of the recipient and cause death.

Blood transfusions are required to replace blood lost as a result of accident
or surgery. Surgical procedures which require transfusions include the trans-
plantation of organs, such as the liver and heart, where significant bleeding
may occur. Blood may also be given to treat certain diseases, such as anemia.
Plasma may also be transfused to treat badly burned patients who have lost
significant amounts of fluid or in the treatment of bleeding disorders. Plasma
products, such as Factor VIII, to treat hemophilia (Chapter 13), or immu-
noglobulins, to treat certain immunodeficiency disorders (Chapter 5), may
also be given. Platelet concentrates are also used to treat bleeding disorders
(Figure 6.1).

In the UK, blood containing leukocytes is no longer transfused for a number
of reasons, as shown in Table 6.1. Sensitization to Major Histocompatibility
Complex (MHC) antigens, which are present on blood leukocytes but not
erythrocytes, may have consequences if the recipient later requires a trans-
plant (Section 6.11) and GVHD may have a fatal outcome in immunosup-
pressed individuals. As a consequence, leukocytes are removed from blood,
usually within a few hours of collection. This involves filtering the blood
through leukocyte-specific filters, which trap the leukocytes but not the
smaller erythrocytes or platelets. Such a process is called leukodepletion and
it reduces the leukocyte count to less than 5 x 10 dm™. The number of leu-
kocytes left in blood can be assessed by counting in a hemocytometer, or by
using a flow cytometer (Box 6.1).



Possibility of transmitting infectious agents in leukocytes human immunodeficiency virus (HIV)
cytomegalovirus (CMV)
prion proteins responsible for variant
Creutzfeldt-Jakob disease (vCJD)*

Possibility of inmunizing against leukocyte antigens sensitization to major histocompatibility
antigens

Increased risk of graft versus host disease (GVHD) with in immunosuppressed or immunodeficient

whole blood individuals

Possibility of inducing febrile reactions post-transfusion caused by cytokines released from

(nonhemolytic febrile reactions) leukocytes in storage

*In 2003 a recipient of blood taken from a healthy donor who developed vCID, also died of vCID 6 years after
transfusion. Other evidence since that time suggests that it is possible to transmit vCJD with leukocytes (see also
Chapters 2 and 15).

Table 6.1 Reasons for leukodepleting blood before transfusion

6.3 THE DISCOVERY OF THE BLOOD GROUP SYSTEMS

It has been known since the seventeenth century that the transfusion of blood
between individuals could have rapid and fatal consequences. Fortunately, in
1900 Landsteiner (1868-1943) discovered that individuals could be classified
into different groups depending on the characteristics of their erythrocytes
and the presence of specific antibodies in their plasma to erythrocyte anti-
gens. These discoveries laid the foundations for the routine and safe therapeu-
tic transfusion of blood. Landsteiner drew blood from a number of individuals
and separated the erythrocytes from the plasma. He then mixed together all
possible combinations of erythrocytes and plasma from these individuals
together and showed that only certain combinations resulted in the clump-
ing or agglutination of the erythrocytes (Figure 6.2). These patterns of agglu-
tination showed that there were different blood groups, which Landsteiner
named A, B and O. In 1902 von Decastelo (1872-1960) and Sturli (1873-1964)
discovered a fourth blood group which he called AB. It became clear that fatal
blood transfusions resulted from incompatible blood being transfused and

Figure 6.2 The agglutination of erythrocytes by
antierythrocyte antibodies.

THE DISCOVERY OF THE BLOOD GROUP SYSTEMS

Figure 6.1 Some blood products: (A) plasma
(B) erythrocytes and (C) platelets. Courtesy of the
Manchester Blood Transfusion Service, UK.
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BOX 6.1 The flow cytometer

The flow cytometer (Figure 6.3) is an instrument that can analyze

several properties of cells simultaneously in mixed populations.

The cells to be analyzed are passed as single cells in a stream

past a laser light source. This is usually achieved by having a

sheath of fluid passing through an orifice of 50-300 um. The

sample is injected into the sheath fluid as it passes through the

orifice. With the right sheath fluid flow rate, the sample and the

fluid do not mix (Figure 6.4). As the cells are illuminated by the

laser beam some of the light is scattered. The scattered light is

detected simultaneously by two detectors. One measures side

scatter, that is the light deflected 90° from the incident beam.

The other detects the light scattered in a forward direction up

to 10° from the incident beam. This is the forward scatter. The

intensity of the forward and side scatters are related to the size

and shape of t.he. cells. The forward scatt.er = senSIt!ve to the SU™ " Figure 6.3 A flow cytometer. Obtained from http://flowcyt.cyto.purdue.edu/
face characteristics of the cell, whereas side scatter is more sensi-  flowcyt/educate/photos/flowware/fwarepre.htm

tive to the granularity of a cell. Thus a mixed population of cells
can be analyzed on the basis of these measurements. In addition

Injector tip

Fluorescence
and
scatter signals

Figure 6.4 Schematic of a Flow Cell. See main text for details.

that these procedures were successful when the blood transfused was of an
identical blood group. The discovery of the ABO blood group system led to
Landsteiner receiving the Nobel Prize for Physiology and Medicine in 1930.
Landsteiner later discovered other blood group systems, including the Rh sys-
tem. Since then, numerous other systems have been discovered, as shown in
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to forward and side scatter, cells can be stained with fluorescent
antibodies to proteins that are characteristic of a cell popula-
tion. For example, in a mixed population of lymphocytes, the
T lymphocytes (Chapter 4) could be stained with a fluorescent
antibody to the CD3 marker. This would allow T lymphocytes to
be distinguished from B lymphocytes, which do not have this
protein. As the cells are illuminated in the laser beam the T lym-
phocytes will fluoresce, and this fluorescence is picked up by
further detectors, using appropriate filters. The intensity of the
fluorescence is related to the amount of CD3 on the surface of
the cell (Figure 6.5).

It is also possible to distinguish different populations simulta-
neously if they are stained with antibodies to unique marker
proteins and if the antibodies are conjugated to different fluo-
rescent molecules. Thus, helper T lymphocytes (T, cells) can be
stained with a fluorochrome labeled antibody to CD4. At the
same time all the T cells can be stained with an antibody to
CD3 which is conjugated to a different fluorochrome. Analysis
by flow cytometry would reveal four populations of small lym-
phocytes: those which are CD3- and CD4-, presumably B_
lymphocytes, those that are CD3+ and CD4-, presumably T
lymphocytes, those that are CD3— and CD4+, a very minor
population, and those that are CD3+ and CD4+, that is, the
T, cells (Figure 6.6).

The flow cytometer is used in many aspects of pathology sci-
ence. In transfusion it can be used, for example, to measure the
number of fetal erythrocytes in the maternal circulation follow-
ing a placental bleed. In transplantation it may be used to evalu-
ate the results of a cross match (Section 6.77).

THE DISCOVERY OF THE BLOOD GROUP SYSTEMS

Number

CD3 FITC

Figure 6.5 Diagram to show how T and B lymphocytes can be
distinguished in a flow cytometer.
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Figure 6.6 Schematic to show how the double staining of lymphocytes
can be used to distinguish several populations of cells in the flow
cytometer. The cells are represented by the ‘dots’ on the diagram. See
main text for details.

Table 6.2. These blood groups systems have been assigned numbers by the
International Society for Blood Transfusion (ISBT) and these, together with
the conventional abbreviations, are shown. There is insufficient space in this
chapter to discuss all blood groups and only those of greatest clinical signifi-

cance will be discussed.
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001 ABO ABO
002 MNS MNS
003 P P
004 Rh RH
005 Lutheran LU
006 Kell KEL
007 Lewis LE
008 Duffy FY
009 Kidd JK
010 Diego DI
011 Cartwright YT
012 XG XG
013 Scianna SC
014 Dombrock DO
015 Colton Co
016 Landsteiner-Weiner LW
017 Chido/Rodgers CH/RG
018 Hh H
019 Kx XK
020 Gerbich GE
021 Cromer CROM
022 Knops KN
023 Indian IN
024 0k (0]
025 Raph RAPH
026 John Milton Hagen JMH

Table 6.2 ISBT Human blood group systems

6.4 THE ABO BLOOD GROUP SYSTEM (ISBT 001)

The ABO blood group system classifies people into one of four major blood
groups: A, B, AB and O, according to the different type of antigen present on
the surfaces of their erythrocytes. The frequencies of these blood groups vary
between different populations (Table 6.3).
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A A 44 24 27 43

B B 9 38 19 9
AB Aand B 3 15 3 3
0 H 44 22 49 45

Table 6.3 Frequency (as %) of A, B, AB and O blood groups in different ethnic groups and populations

THE ANTIGENS OF THE ABO SYSTEM

The antigens that determine ABO blood groups are oligosaccharide constit-
uents of cell surface glycolipids and glycoprotein. These sugars are added to
an existing chain of oligosaccharides which protrudes from the erythrocyte
membrane (Figure 6.7). The H gene, located on chromosome 19, encodes an
enzyme, L-fucosyl transferase, which adds L-fucose to the terminal galactose,
to form the H antigen. In blood group O individuals, the H antigen is found
on their erythrocytes and also on a variety of other cells. People of blood
group A and AB possess the A gene, encoded on chromosome 9. This gene
encodes N-acetylgalactosaminyl transferase which adds N-acetylgalactos-
amine to the terminal galactose of the H antigen, to form the A antigen. This
antigen is found on the erythrocytes of individuals of blood group A and AB.
The B gene, which is allelic to the A gene, encodes D-galactosyl transferase
which adds p-galactose to the terminal galactose of the H antigen, to form
the B antigen. This antigen is found on the erythrocytes of blood groups B
and AB individuals. The O gene, also allelic to the A and B genes, does not
appear to produce a protein, that is, it is a silent gene. The A, B and O genes
are inherited in a Mendelian fashion (Chapter 15) and A and B are codo-
minant. The genotypes that determine the different phenotypes in the ABO
system are shown in Table 6.4.

Genotype | Comment Blood Group

(phenotype)

AA The gene encoding the ‘A’ glycosyl transferase is present on both A
copies of chromosome 9

AO The gene encoding the A glycosyl transferase is presentonlyon A
a single copy of chromosome 9

BB The gene encoding the ‘B’ glycosyl transferase is present on each B
copy of chromosome 9

BO The gene encoding the ‘B’ glycosyl transferase is present on only B
a single copy of chromosome 9

AB One copy of chromosome 9 has the gene encoding the ‘A AB
enzyme while the other has the gene encoding the ‘B’ enzyme

00 Neither the ‘A" gene nor the ‘B’ gene is present on either 0
chromosome 9

Table 6.4 Genotypes and phenotypes of the ABO system

THE ABO BLOOD GROUP SYSTEM (ISBT 001)

Precursor
substance

H(O)

feieieders

Remainder of precursor chain
N-acetylglucosamine

‘ t-fucose (H determining)

N-acetyl-p-galactosamine
(A determining)

. p-galactose (B determining)

Figure 6.7 Schematic of the antigens of the ABO
blood group system. See main text for details.
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Approximately 75% of Caucasians attach A, B and H antigens (depending on
their blood group) to soluble proteins and secrete them into saliva and other
body fluids, and are known as secretors. Secretor status is dependent on the
expression of a fucosyl transferase, which is encoded by the SECRETOR gene
on chromosome 19. In the past, the presence or absence of secreted ABH anti-
gens has been used in forensic science for the purpose of identification.

ANTIBODIES OF THE ABO BLOOD GROUP SYSTEM

Transfusion of ABO incompatible blood causes problems because individuals
possess plasma antibodies to the complementary antigens. Thus, people of
blood group A have antibodies to the B antigen, those with blood group B
have antibodies to the A antigen (Table 6.5). People of blood group AB have
neither antibody, while those of blood group O possess both. These antibodies
will agglutinate erythrocytes of the complementary group. The pattern of
agglutination when serum and erythrocytes of different ABO types are mixed
in vitro is shown in Table 6.6.

Blood group Antibodies in plasma

A anti-B

B anti-A

AB neither anti-A nor anti-B
0 anti-A and anti-B

Table 6.5 Antibodies of the ABO system

Serum

A negative positive negative positive
B positive negative negative positive
AB positive positive negative positive
0 negative negative negative negative

Table 6.6 Patterns of hemagglutination when sera and cells of different ABO types are mixed

Antibodies directed against the ABO antigens generally belong to the IgM
class though IgG antibodies (Chapter 4) may also be found. IgM antibodies are
pentameric molecules, which are efficient agglutinators of cells and activa-
tors of complement. These antibodies, which are sometimes called isohemag-
glutinins because they agglutinate erythrocytes, are sometimes also termed
‘natural antibodies’ because they are present even though people have never
been ‘immunized’ with blood of an inappropriate group. In fact, the blood
group antigens are also found on some common bacteria and the antibodies
that are produced following infection are capable of cross-reacting with blood
group antigens. Of course, people do not make antibodies to antigens that
they themselves express, because of immunological tolerance (Chapter 5).

CONSEQUENCES OF ABO INCOMPATIBLE TRANSFUSIONS

An example of an incompatible blood transfusion would be when a patient
of blood group A, the recipient, is given blood from a donor who is blood
group B. In this case the anti-B antibodies present in the plasma of the



recipient bind to the donated erythrocytes and activate complement. This
results in the simultaneous lysis of billions of erythrocytes in the donated
blood. At the same time, the limited amount of anti-A antibodies in the
donated blood binds to the recipient’s erythrocytes and hemolyzes those
too. The lysis of so many erythrocytes, called acute intravascular hemolysis,
releases so much hemoglobin that acute renal failure and shock result. This
has serious clinical consequences and, indeed, is fatal in approximately 10%
of cases. In addition to the problems caused by the release of hemoglobin, the
fragments of erythrocyte membrane released may also initiate the blood clot-
ting systems, leading to disseminated intravascular coagulation (DIC). The
consequences of an incompatible transfusion may vary according to the blood
group involved. For example, antibodies to some of the other blood group
systems may result in a delayed, extravascular hemolysis. Slower destruction
of the donated cells may lead to a decreasing hemoglobin concentration, with
the patient suffering a fever and general malaise.

The administration of an incompatible donation is most often due to errors
postdonation, and is rarely due to mismatching of bloods.

6.5 THE Rh BLOOD GROUP SYSTEM (ISBT 004)

The Rh blood group system divides people into Rh positive and Rh negative
groups depending on whether or not their erythrocytes carry the Rh anti-
gen. Landsteiner and Wiener discovered this system in 1940. They showed
that antisera raised in guinea pigs against erythrocytes from rhesus monkeys
reacted with 85% of Caucasian blood donors in New York. The Rh system of
blood group antigens is often described as if it is a single antigen. However,
it consists of a complex series of antigens, which are specified by two genes:
RHD and RHCE. The former encodes the RhD protein which expresses the D
antigen while the latter encodes the RhCcEe protein which carries either the
C or c antigen together with the E or e antigen. At one time it was thought that
another antigen, termed the ‘d’ antigen, was present when the D antigen was
absent. It is now recognized that the d antigen does not exist. However the
term is still used to indicate the D negative phenotype.

An individual person inherits a set of genes from each parent, with the pos-
sible haplotypes (haploid genotypes) being shown in Table 6.7, where the
symbol ‘d’ is used to express a lack of the RHD gene. Under the Fisher sys-
tem for nomenclature, each Rh haplotype is assigned a code. The commonest
genotypes are shown in Table 6.8. If an individual has the D antigen, they are
said to be RhD positive. Thus, amongst the most common genotypes the only

Haplotype Fisher system code

DCe R1
DcE R2
DCE Rz
Dce Ro
dcCe r’
dcE r’’
dcCE Y
dce r

Table 6.7 Haplotypes of the Rh blood group system

THE Rh BLOOD GROUP SYSTEM (ISBT 004)
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Genotype Frequency in Caucasians / % m

DCe/dce 33 positive
DcE/dce 1 positive
Dce/dce 2 positive
DCe/DCe 18 positive
DcE/DcE 2 positive
DCe/DcE 14 positive
DCe/Dce 2 positive
dce/dce 15 negative

Table 6.8 Most common genotypes of the Rh blood group system (in Caucasians)

individuals who are RhD negative are those with the genotype dce/dce (or rr
using the Fisher code) and these constitute 15% of Caucasians. RhD nega-
tive individuals do not normally have antibodies to the D antigen. However,
they can become sensitized if transfused with blood from an Rh positive indi-
vidual. For example, a person with the genotype dce/dce who is transfused
with blood from a DCE/DCE individual may make antibodies to C, D and E
antigens, although anti-D antibodies are the most common.

HEMOLYTIC DISEASE OF THE NEWBORN

Hemolytic disease of the newborn (HDN) is a serious disease characterized
by anemia, splenomegaly, hepatomegaly and edema. The condition is caused
by the transfer of maternal anti-erythrocyte antibodies across the placenta.
The condition may arise in the offspring of women who are RhD negative.
Such women may become sensitized to RhD antigen when they give birth
to an RhD positive child. At birth, some of the baby’s blood can enter the
maternal circulation and the mother will respond by making anti-D antibod-
ies. This does not have any clinical consequence for the child itself, but may
cause problems during a subsequent pregnancy, if that fetus is RhD posi-
tive. Antibodies to Rh antigens are clinically significant during pregnancy
because they are of the IgG class. Thus they can cross the placenta and bind
to the fetal erythrocytes. Although Rh antibodies are IgG, they do not appear
to activate complement. Instead, the antibody-coated erythrocytes bind to
receptors for the Fc portion of IgG (Chapter 4) on monocytes and macro-
phages, a phenomenon known as immune adherence. This occurs when
blood is traveling through the spleen and liver. The uptake and subsequent
destruction of antibody-coated erythrocytes in these organs is known as
extravascular hemolysis.

The consequences for the second or subsequent child depend on the extent
of maternal sensitization and, hence, the amount of circulating antibody.
Destruction of fetal erythrocytes in utero may lead to fetal anemia and
hyperbilirubinemia, an excess of bilirubin in the blood (Chapter 13). The
concentrations of serum bilirubin indicate the degree of hemolysis. Babies
born with significant levels of bilirubin will suffer kernicterus or brain
damage due to the build up of the lipid soluble bilirubin in the brain. The
baby will need phototherapy, which helps to breakdown the bilirubin
(Chapters 11 and 13).

If the anemia is severe, the fetus may die of heart failure or hydrops fetalis,
which is an extreme edema of the entire body of the fetus. This may lead to



spontaneous abortion. A longer term child may be stillborn. The considerably
enlarged spleen and liver in a child born alive with HDN is associated with
erythrocyte destruction in these organs. The baby may also have a facial rash
indicative of hemorrhages due to impaired platelet function.

The commonest cause of HDN is antibody to the RhD antigen although it may
also be caused by antibodies to other blood group antigens, for example, anti-
bodies to blood group A or B antigens, if the antibodies are of the IgG class. In
addition, antibodies to the Rhc antigen, and to the Kell blood group antigen
(Section 6.6), may also be involved.

All pregnant women in the UK and other developed countries now have
their ABO and Rh status checked at their initial hospital booking, which is
usually at 12-16 weeks of pregnancy. They are also checked for anti-D, anti-c
or anti-Kell (Section 6.6) and, if these are present, the concentrations will be
monitored regularly throughout the second trimester of pregnancy. If the
levels of clinically significant antibodies start to rise, clinical intervention
may be necessary. Concentrations of anti-D below 4 international units (IU)
cm are unlikely to cause HDN, those between 4-15 IU cm™ have a moder-
ate risk of HDN, while values above 15 IU cm™ are associated with a high
risk of HDN.

HDN prophylaxis

Since the 1970s, a prophylactic treatment to prevent Rh sensitization has
been available which has greatly reduced the incidence of HDN due to RhD
sensitization. The treatment involves the intramuscular injection of at least
500 IU of anti-D immunoglobulin within 72 h of the birth of a RhD positive
baby. The administered antibodies bind to any erythrocytes from the baby
which have entered the maternal circulation and destroy them, preventing
the mother from making antibodies.

In 2002, the National Institute for Clinical Excellence (NICE) in the UK recom-
mended that antenatal anti-D prophylaxis should be routinely offered to any
pregnant Rh negative woman who has not made anti-D antibodies to prevent
sensitization predelivery caused by, for example, a placental bleed.

Direct antiglobulin testing and Kleihauer testing

The direct antiglobulin test (DAT), formerly known as the Direct Coombs
test, is undertaken to see if maternal antibodies are present on the baby’s
erythrocytes. If they are present, then a sample of the erythrocytes from the
baby will be agglutinated by an antibody to IgG, known as antihuman globu-
lin (Figure 6.8).

The Kleihauer test uses the Kleihauer-Betke stain and is a method of assess-
ing the volume of fetal blood that has entered the maternal circulation. In
most cases the volume that has entered will be less than 4 cm?, and 500 IU of
Anti-D is sufficient to remove the erythrocytes in this volume. However, for
less than 1% of women, the volume of fetal blood is larger and the mother
consequently needs more than this amount of anti-D. The Kleihauer test is
carried out on a sample of maternal blood 2 h after delivery. The principle
of the test is that the hemoglobin in adult erythrocytes can be eluted with
acid, whereas the hemoglobin of fetal erythrocytes is resistant to acid elu-
tion. A smear of maternal blood is placed in a solution of hematoxylin and
hydrochloric acid, pH 1.5, and then is counterstained with eosin. The mater-
nal red cells appear as pale ‘ghosts’ whereas the fetal erythrocytes stain pink
with eosin, while the leukocytes stain blue (Figure 6.9). The ratio of fetal to
maternal cells is an indicator of the volume of blood that has entered the
circulation. This test can also be carried out during pregnancy if a placental
bleed is suspected.

THE Rh BLOOD GROUP SYSTEM (ISBT 004)

Margin Note 6.1 HDN and the
ABO system
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Hemolytic disease of the newborn
does not occur within the ABO
system if Anti-A and Anti-B are of the
IgM class. This is because IgM does
not cross the placenta. In addition,

a woman who is blood group A,

RhD negative, is unlikely to become
sensitized to a fetus who is blood
group B, RhD positive because,

when the fetal red cells enter her
circulation following the birth, her
anti-B antibodies will destroy the fetal
erythrocytes before sensitization to
RhD can occur.
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Figure 6.8 Schematic to show the direct
antiglobulin test. See main text for details.
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Figure 6.9 Results of Kleihauer test. The
darker staining erythrocytes are fetal cells.

6.6 OTHER BLOOD GROUP SYSTEMS

The Lewis blood group system (ISBT 007, symbol Le) is related the Lewis
antigens Le* and Le® present on erythrocytes. However, these antigens are
not integral parts of the membrane but are soluble plasma proteins which
become reversibly adsorbed onto erythrocyte membranes. The levels of
bound antigens therefore vary, although the erythrocytes of children 2 years
old and above have approximately adult levels.

The Le® and Le® antigens are not the products of different forms of a single
gene, but arise from different actions of a fucosyl transferase that attaches
fucose residues to an oligosaccharide known as type-1 precursor oligosac-
charide. If the fucose is added to a subterminal position it produces the Le*
antigen, whereas attachment to the terminal position gives the Le" antigen.
Approximately 72% of white populations are Le(a—b+), that is, they lack the
Le® but have the Le®, 22% are Le(a+b-), and 6% lack both antigens. Antibodies
to the Le antigens are usually of the IgM class and, as such, do not cause HDN
since they do not cross the placenta.

The Duffy system of blood group antigens (ISBT 008, symbol FY) is comprised
of six antigens, of which Fy* and Fy® are the most significant in transfusion
reactions. These antigens are expressed on an erythrocyte membrane glyco-
protein and also form the site of attachment for malarial parasites (Chapter 2).
Thus a Fy(a-b-) individual, who does not express the blood group antigens,
has a selective advantage in a malarial area. Indeed, 68% of blacks of African
descent are of this phenotype, which is rare in whites. Antibodies to Duffy
antigens belong to the IgG class and may cause HDN.

The Kidd antigens (ISBT 009, symbol JK) are expressed on a membrane glyco-
protein, which is associated with urea transport. The Jk* and Jk" antigens
result from the expression of a codominant pair of genes. Approximately 27%
of whites, and 57% of blacks are Jk(a+ b-) while 50% of whites and 34% of
blacks are Jk(a+ b+). The Jk(a-b+) phenotype is found in 23% of whites and



only 9% of blacks, while the Jk(a—b-) phenotype is rare in both populations.
Antibodies to Jk* and Jk® belong to the IgM or the IgG class and may cause a
mild form of HDN.

The Kell blood group system (ISBT 006, symbol KEL) is formed from 24 anti-
gens expressed on a glycoprotein of the erythrocyte membrane. The antigen
K (formerly Kell) is highly immunogenic and IgM or IgG antibodies to it are
common in transfused patients. Similarly, antibodies to its allele, designated
k (formerly Cellano), can also cause HDN, although specific antibodies are
rare in transfused patients.

6.7 LABORATORY DETERMINATION OF BLOOD GROUPS

Traditional methods for determining blood groups rely on the agglutina-
tion of erythrocytes by antibodies, usually referred to as hemagglutination.
Hemagglutination can be carried out on glass microscopy slides or in micro-
titer plates in which agglutination patterns are easily distinguished from the
settling of erythrocytes. Recent years have seen increasing use of the Diamed
typing system to detect hemagglutination. This is a system which uses mono-
clonal typing antibodies, distributed in a gel, contained in individual tubes
set in plastic ‘cards’. Cells are added to the antibodies and the cards are cen-
trifuged. Where agglutination has occurred, the agglutinates remain on top
of the gel, whereas nonagglutinated cells settle through the gel to the bottom
(Figure 6.10). Most transfusion laboratories now use gel technology for blood
grouping and compatibility testing.

Whichever technique is used, a blood group, such as the ABO grouping, is
determined by incubating the individual’s erythrocytes with antibodies to
known antigens (anti-A and anti-B in this case) and also mixing the indi-
vidual’s plasma with erythrocytes of known A, B, AB or O blood groups. The
pattern of hemagglutination shown will enable the determination of the blood

group.

Hemagglutination occurs when antibodies to an erythrocyte antigen cross-
link the cells, forming visible aggregates. The extent of hemagglutination
depends on the temperature, pH and the ionic strength of the medium.
Agglutination is favored in low ionic strength saline (LISS). Erythrocytes have
a net electronegative charge and repulsive forces normally keep them about
20 nm apart. When antibodies bind to the erythrocyte, the reduced surface
charge allows the cells to agglutinate. This is most effectively achieved with
IgM antibodies, which can cause direct agglutination of erythrocytes. To
obtain a direct agglutination with IgG antibodies, it is usually necessary to
include bovine serum albumin in the medium, which masks the charges on
the erythrocytes and allows them to come closer together. Another method
of reducing the negative charge is to use proteolytic enzymes to remove sur-
face proteins that carry the charge. The enzyme can be added to the eryth-
rocytes prior to the addition of the antibody, or all the components can be
added together. Polycationic polymers such as polybrene will also reduce
the negative charge on erythrocytes.

The antiglobulin test (Section 6.5) uses the ability of antihuman globulin
(AHG) to agglutinate erythrocytes coated with nonagglutinating erythrocyte-
specific IgG. This can be used to detect erythrocytes already coated with anti-
erythrocyte IgG in the direct antiglobulin test (DAT), or can be used on cells
which have been incubated with antibody in vitro (see Figure 6.8).

LABORATORY DETERMINATION OF BLOOD GROUPS
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7 I T

Figure 6.10 The Diamed gel card system for
determination of blood group. Agglutinated
cells do not penetrate the gel. The blood group
indicated here is A Rh+, as indicated by the first
three tubes where agglutination has occurred

in tubes 1 and 3. AHG is antihuman globulin
(Section 6.5).
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Heads

Figure 6.11 A diagram of the C1q molecule
to show the six sites (‘heads’), each of which
can bind to an Fc region of an IgG or an IgM
molecule.
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6.8 ROLE OF COMPLEMENT IN TRANSFUSION REACTIONS

In Chapter 4, the ‘beneficial’ role of complement in eliminating immuno-
gens was discussed. The activation of complement is also involved in some
forms of immunological hypersensitivity and can cause some of the prob-
lems associated with autoimmune disease (Chapter 5). However, given that
it amplifies the actions of antibodies, complement can cause many of the
problems associated with transfusion reactions. Thus, complement causes
lysis of sensitized erythrocytes, that is, erythrocytes coated with anti-
erythrocyte antibodies.

The classical pathway for complement activation is initiated when IgG or IgM
binds to an epitope, in this case on the erythrocyte’s membrane. The antibody
could be IgM, as is usually the case with Anti-A or Anti-B, or IgG, as is the
case with antibodies to Rh antigens. The binding of antibody to the epitope
induces a conformational change in the Fc region of IgG or IgM, allowing the
binding of C1 protein. The C1 is comprised of three loosely associated pro-
teins called C1q, Clr and Cls. The Clq is a large protein and has several bind-
ing sites allowing it to bind to multiple Fc regions of antibodies (Figure 6.11).
It requires at least two of these sites to bind to adjacent Fc regions on the sur-
face of a cell to activate complement. For this reason IgM, which has several
Fc regions per molecule, is more efficient than IgG at activating complement.
Indeed, a single molecule of IgM can activate complement, whereas it takes
about 1000 molecules of IgG to achieve the density required for activation. The
binding of Clq activates Clr and this, in turn, activates Cls which acquires
proteolytic activity (Figure 6.12). Cls has two substrates: C4 and C2 each of
which are hydrolyzed to two fragments: C4a, C4b and C2a and C2b respec-
tively. Proteins C4b and C2a are the larger fragments in each case and they
combine to form a new proteolytic enzyme, C4b2a. A single enzyme molecule
can generate a number of product molecules. Thus for a limited number of
antibody molecules, many molecules of C4b2a are formed, because enzymic
steps allow amplification to occur. C4b2a is the classical pathway C3 conver-
tase (Chapter 4) which cleaves C3 into two fragments: a larger C3b molecule
and a C3a. The former binds to the target cell membrane where it may bind
a molecule of the C3 convertase to form a C5 convertase, which catalyzes
the hydrolysis of C5 into C5a and C5b. C5b binds to the cell membrane and
forms a site for the build up of the Membrane Attack Complex (MAC). This is
a large, cylindrical, hydrophobic structure constructed from single molecules
of C5b, C6, C7, C8 and several molecules of C9. When it inserts into the mem-
brane it forms a pore of approximately 10 nm diameter. Since amplification
has occurred at each enzymic step, the target cell membrane may be covered
with MACs (Figure 6.13). The MACs allow small ions to equilibrate across the
cell membrane, increasing the osmotic pressure within the cell so that water
moves across the membrane into the cell causing it to lyze. In vitro this can
be seen as a sudden clearing of the cloudy suspension of erythrocytes. In
vivo, several regulatory proteins may prevent direct lysis of the erythrocytes.
Instead, the cells are lyzed by phagocytic cells that have receptors for C3b and
other complement proteins on their membranes. Table 6.9 lists some of the
receptors involved in the clearance of sensitized erythrocytes. In the transfu-
sion laboratory it is much easier to look for complement proteins on erythro-
cytes than to look for antibodies, since a small amount of antibody may result
in large amounts of complement on the cells. Thus, the presence of comple-
ment proteins on cells is used as an indicator of the presence of complement
binding antibodies.

It is essential for the transfusion scientist to be able to detect hemolytic anti-
bodies. Such antibodies may be present due to transfusion reactions, to HDN
or they may be autoantibodies to erythrocytes, as happens in autoimmune
hemolytic anemia. The presence of relevant antibodies may be detected in



Receptor Distribution on cells involved in clear- | Protein bound

ance of sensitized erythrocytes

CR1 erythrocytes, neutrophils, eosinophils, C3h, C4b, C3bi (an inactive form
monocytes, macrophages of C3b)

CR3 neutrophils, large granular lymphocytes, C3bi
macrophages

CR4 neutrophils, monocytes, macrophages C3bi

Table 6.9 Complement receptors

samples of serum by hemolysis in vitro using the complement activity in the
serum or they may be detected by examining the surface of erythrocytes for
activated complement proteins. The presence of complement in serum dimin-
ishes with storage, therefore it is recommended that samples of sera should be
stored at —20°C to retain activity if they are to be used for hemolysis deter-
mination. Further, some anticoagulants, such as EDTA, inhibit complement,
which may be significant if plasma rather than serum is available. Other sera
may have ‘anticomplementary’ activity due to the presence of a denatured
form of complement known as complementoid.

Receptors for C3b are found on all the major types of phagocytic cells and also
on erythrocytes themselves, so that even these cells have a role in the clear-
ance of immune complexes from the blood. Antigen-antibody complexes
coated in C3b bind to erythrocytes and are removed by macrophages in the
spleen and liver.

In vivo, other complement proteins trigger inflammatory reactions. For exam-
ple, C3a, C4a and C5a cause blood basophils and tissue mast cells to degranu-
late. The mediators released stimulate inflammation (Chapter 4), which may
have consequences in a patient who has anti-erythrocyte antibodies. In addi-
tion, both C3a and Cb5a are chemotactic factors for neutrophils and promote a
build up of these cells, which may itself lead to clinical problems.

The alternative pathway for complement activation is a positive feedback
loop which is usually initiated by microorganisms such as bacteria and yeasts.
However, feedback may utilize C3b, produced in the classical pathway, and
amplify the amount of C3b produced. The positive feedback loop is control-
led to prevent an overproduction of C3b. One regulatory step binds C3b to a
plasma protein called Factor H and in the bound form is inactivated by Factor
I, which converts it to C3bi, a form that can no longer enter the amplification
loop. C3b may then be degraded into smaller fragments, C3dg and C3d, which
may remain bound to the erythrocyte membrane. The presence of natural
regulators means that many antibodies that are potentially able to lyze eryth-
rocytes are unable to do so in vitro and the transfusion scientist may look for
the presence of C3d on erythrocytes to determine whether antibodies to them
are present.

6.9 HAZARDS OF TRANSFUSION

One hazard of transfusion is a hemolytic transfusion reaction (HTR) if preex-
isting antibodies are present in the recipient. This may result in acute intra-
vascular hemolysis, as in ABO incompatibility, or in delayed extravascular
hemolysis, as with several of the other blood group systems. Acute intravas-
cular hemolysis has serious clinical consequences and, indeed, may be fatal.
With delayed extravascular hemolysis the patient may suffer fever and general
malaise as the donated erythrocytes are destroyed and the hemoglobin levels

HAZARDS OF TRANSFUSION
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Figure 6.12 The classical pathway for
complement activation. See main text for details.

Figure 6.13 Schematic to show an erythrocyte
covered with membrane attack complexes
(MAGs) inserted into the cell membrane.
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Margin Note 6.2 The Serious @
Hazards of Transfusion group

In the UK, adverse reactions to trans-
fusion are reported to the Serious
Hazards of Transfusion (SHOT) group
based at the Manchester Blood
Centre. Here, the data are collected
and an annual report is produced.
This process enables trends to be
recognized, and recommendations
on safe practice in transfusion to be
made.
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fall. To prevent either occurrence, the recipient should be screened before the
transfusion for the presence of anti-erythrocyte antibodies.

The transfusion of leukocytes may also lead to adverse reactions, such as
nonhemolytic febrile transfusion reactions. Such patients exhibit flushing,
fever, rigors and hypotension. These may be caused by the reaction between
antibodies and leukocyte antigens in the recipient, resulting in the lysis of
donated leukocytes and release of cytokines from them. In addition, activated
complement proteins cause the release of histamine from basophils, trigger-
ing inflammatory reactions. As all blood is leukodepleted before transfusion,
such reactions are rare.

TRANSFUSION RELATED ACUTE LUNG INJURY

Transfusion related acute lung injury (TRALI) is a life-threatening complica-
tion of transfusion. It presents as a rapidly progressing and severe respiratory
failure with diffuse damage to alveolar cells and the filling of alveolar spaces
with fluid. Histological examinations reveal an infiltration of the alveoli with
neutrophils and monocytes, indicative of an acute inflammatory reaction.

The symptoms of TRALI include dyspnea, cyanosis, hypotension, fever and
pulmonary edema, which usually occur within 6 h of transfusion. The con-
dition is thought to arise from the interaction of leukocytes and specific
antileukocyte antibodies, usually in the donor plasma, though occasionally
in that of the recipient. The most likely antibodies are those to the Major
Histocompatibility (MHC) antigens, which are commonest in women who
have had multiple pregnancies (Section 6.11) and in males and females who
have received multiple transfusions. In addition, antibodies to neutrophil
antigens have also been implicated.

TRALI has been reported to occur after transfusion of fresh frozen plasma,
platelets, whole blood and concentrated erythrocytes. In the UK in 2003, 36
cases of suspected TRALI were reported to SHOT. Nine patients died, seven
possibly, and one definitely due to transfusion. Plasma-rich components were
implicated in 20/21 cases in which there was proven leukocyte incompat-
ibility between the patients and the donor. In 2004, however, 23 suspected
cases were reported in the UK. Of these, 13 were highly likely to be TRALI and
were linked to fresh frozen plasma, in six cases, platelets in four, erythrocytes
in two and whole blood in one. The incidence of TRALI has since decreased
in the UK, due to the processing of fresh frozen plasma from untransfused
male donors who have tested negative for antileukocyte antibodies.

IRON OVERLOAD

Patients who receive many transfusions over a long period of time may
develop iron overload. The excess of iron, for which there is no excretory
route, from transfused blood may cause tissue damage, especially to the
liver, heart and endocrine glands. Signs of iron overload can be detected
after 10-20 transfusions and the condition may be fatal if left untreated.
Patients should be treated with a chelating agent such as deferrioxamine
mesylate to remove unwanted iron (Chapter 13).

ALLOIMMUNIZATION

Patients who receive regular erythrocyte transfusions may become immu-
nized to other blood group antigens present on the ABO compatible cells.
This may have consequences for future transfusions. If patients receive whole
blood, rather than leukodepleted blood, they may become immunized to the
MHC antigens on the foreign leukocytes. This may become clinically signifi-
cant if in the future they require an organ transplant (Section 6.11). However,



the increasing use of leukodepleted blood, in which the leukocytes have been
removed prior to transfusion, prevents the immunization of recipient to these
antigens.

GRAFT VERSUS HOST DISEASE

Graft versus host disease (GVHD) is a potentially fatal condition which is
associated with the transfusion of whole blood or blood products, such as
packed erythrocytes or platelets, which contain residual lymphocytes. It
usually results from the transfusion of leukocytes into an immunodeficient
patient or when blood is transfused into neonates or premature babies.
The small lymphocytes present in the donated blood recognize the anti-
gens of the recipient as foreign and mount an immune response against
them. The donor lymphocytes proliferate in the patient and attack tissues,
causing enlargement of the spleen and liver, diarrhea and an extensive
skin rash. Acute GVHD may be fatal and for this reason it is recommended
that products such as packed erythrocytes be irradiated prior to use to pre-
vent residual small lymphocytes from reacting to the host antigens. Graft
versus host reaction can also be a consequence of bone marrow transplan-
tation (Section 6.14). Frozen plasma is safe in this respect, since freezing
destroys leukocytes. Transfusion associated GVHD is not usually linked to
AIDS.

INFECTIONS

One potential hazard of transfusion is infection with microorganisms present
in the donor. In the past, blood transfusions have spread infections such as
HIV (Chapter 4) and hepatitis C (Chapter 11) to the patient. For this reason
there is now extensive screening of blood donors (Section 6.10).

6.10 SCREENING OF BLOOD DONORS

Transfusion scientists must be assured that the process of transfusing blood
poses minimal risk to the patient and donor alike. Aside from the obvious
need for blood to be carefully matched to avoid a possibly fatal transfusion
reaction, it is essential that donors are carefully screened to avoid those who
are ill or who may be harmed by giving blood, or whose blood poses a health
risk because, for example, it is contaminated with certain viruses even though
the donor shows no signs of ill health.

In the UK, blood is taken from healthy donors aged between 17 and 70 and
is a voluntary and unpaid activity. Potential donors who are excluded from
donation include individuals with HIV or hepatitis viral infections, as well as
individuals who are at risk of becoming HIV and/or hepatitis virus positive,
for example prostitutes, drug abusers who inject themselves with drugs, and
individuals who have had sex with men or women living in Africa (Table 6.10).
In addition, people with low hemoglobin levels (below 135 g dm™ and 125 g
dm™ for men and women respectively), those who have had infectious dis-
eases such as a cold or sore throat within the last seven days or viral infections
such as measles, mumps, rubella, chickenpox, shingles or herpes simplex
cold sores within the last three weeks. Other reasons for exclusion include the
recent use of therapeutic drugs, for example aspirin, antibiotics, antihista-
mines and antidepressants.

All donated blood is screened for a variety of infectious agent as shown in
Table 6.11. Some tests are mandatory while others are optional. Optional tests
such as those for cytomegalovirus (CMV) are used when the blood is to be
transfused into immunocompromized individuals.

SCREENING OF BLOOD DONORS

Margin Note 6.3 Plasmapheresis
and leukapheresis

@

Different components of the blood
can be isolated as the donation

is occurring by sending the blood
through a cell separator. A catheter
is first inserted into the vein of the
donor. Blood entering the catheter

is transferred to the cell separator
where it is centrifuged at a speed
necessary to collect the required
component. The blood, minus the
component that has been removed,
is returned to the donor via a cath-
eter inserted into a vein in the other
arm. Plasmapheresis is the collec-
tion of plasma, with the return of the
erythrocytes and leukocytes to the
donor. Leukapheresis is the collec-
tion of leukocytes, with plasma and
erythrocytes being returned. Similarly,
plateletpheresis involves the col-
lection of platelets, with all other
components being returned. The term
apheresis is a general term that cov-
ers the collection of specific blood
components in this way.
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Recent history of clinical

intervention

Donor is currently unwell

Donor has recently been unwell/

is unwell

Donor is in a high risk category
for HIV and/or hepatitis viruses

had a minor operation within the last month

had a major operation within the last six months

had a child or a miscarriage within the last 12 months

had a local anesthetic for dental treatment within the last two days
had a general anesthetic for dental treatment within the last month
is currently receiving medical treatment or under medical
investigation

has a hemoglobin level below 135 g dm~ (male) or 125 g dm=
(female)

is currently taking aspirin or has taken antibiotics, antihistamines or
antidepressants within the last seven days

recently had chicken pox, shingles, measles, mumps, rubella,
herpes simplex cold sores within the last three weeks

had a sore throat, cold, cough in the last seven days

is known to be infected with HIV or hepatitis viruses

has injected recreational drugs at any time since 1977
had sex with men or women living in Africa at any time since 1977
is a prostitute

Table 6.10 Reasons for exclusion from donating blood

Mandatory tests

Hepatitis B virus (HBV)

Hepatitis C virus (HCV)

cytomegalovirus (CMV)

malaria (Chapter 3)

Human immunodeficiency viruses (Chapter 3)

Syphilis (Chapter 3)

Table 6.11 Mandatory and optional tests for infectious agents in donated blood

BOX 6.2 Artificial blood

The potential risks arising from the transfusion of blood have led
to research into the development of an artificial blood or blood
substitute that would alleviate these risks. In addition, the supply
of blood in some regions of the world is too small to make its
availability reliable. For an artificial material to be a ‘good’ blood
substitute it should contain a material that will carry appropriate
amounts of oxygen around the body. In addition, the fluid carrier
must be isotonic to prevent cell lysis due to osmotic differences.
It must also be able to withstand sterilization to prevent the risk
of infection. Two classes of artificial blood substitute have been
investigated. One is based on the use of solutions of modified
hemoglobin, the other has involved the use of products based
on perfluorocarbons.
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MODIFIED HEMOGLOBINS

Originally, these substitutes were based on free hemoglobin
extracted from erythrocytes. However, it became apparent that
free hemoglobin is associated with renal toxicity. Hemoglobin
inside the erythrocyte forms tetrameric molecules whereas out-
side the erythrocyte it forms toxic dimers. Cross-linking the
tetramers or processing them to polymers prevents dimer for-
mation. However, success has been limited. The use of hemo-
globin-based solutions has been hampered by severe side effects
including hypertension and vasoconstriction. One cross-linked
hemoglobin product was withdrawn from a phase Il clinical
trial in 1998 because of unacceptably high mortality compared
with standard treatments. However, other attempts may prove
to be more useful.



TRANSPLANTATION OF SOLID TISSUES AND ORGANS

6.11 TRANSPLANTATION OF SOLID TISSUES AND ORGANS

The transplantation of solid tissues from one individual to another for thera-
peutic purposes is a fairly routine medical procedure. Interest in transplanta-
tion mainly arose during the Second World War during attempts to treat badly
burned airmen using skin grafts from unrelated donors. Indeed, it was from
experiments with skin grafting in rodents that the role of the immune system
in the rejection of transplants was identified. Moreover, once this role was
recognized, the search for drugs that could prevent rejection became more
focused. The first successful kidney transplant was performed by Murray
(1919-) in 1954 while the first human heart transplant, by Barnard (1922-
2001), was performed in 1967.

Once technical problems associated with the transplantation of whole organs
were overcome, the major problem associated with transplanting organs was,
and remains, rejection. This is caused by the immune system of the recipi-
ent recognizing the cells of the donated organ as foreign and mounting an
immune response against them. Unless steps are taken to prevent it, trans-
plant rejection is inevitable, unless the donor and the recipient are identical
twins. However, organ transplantation is now remarkably advanced compared
with initial attempts. Indeed, a range of transplants are routinely performed
(Table 6.12).

IMMUNOLOGICAL REJECTION OF TRANSPLANTS

The rejection of a transplant is due to the immune system of the recipient
recognizing the donated cells as foreign, that is nonself. Thus, the greater
the genetic disparity between the donor and recipient, the greater the
chances of rejection. The commonest type of clinical transplant is called
an allograft, that is, a graft between two genetically nonidentical people.
However, isografts, in which pieces of tissue are transplanted from one site
to another on the same individual are also routinely undertaken, for exam-
ple in skin grafting to treat burns. Isografts are not rejected since the donor
and recipient are, of course, genetically identical. Occasionally, the graft
may come from another species, such as those occasions when a baboon
heart has been transplanted into a human. Such grafts are known as xeno-
geneic transplants. Xenogeneic transplants are also subject to rejection,

In 2003, trials at the Karolinska hospital in Stockholm used an
artificial blood to treat patients. The product was said to trans-
port oxygen through the body ‘better than real blood’. It is
thought that the substitute was based on hemoglobin solutions.
In October 2005, the American Food and Drug Administration
(FDA) was reported to be conducting a trial with patients in
Kansas. Patients traveling by emergency ambulance to hospitals
in four counties in the state were being given an artificial blood
substitute called PolyHeme, rather than saline, to treat severe
bleeding.

PERFLUOROCARBON-BASED SOLUTIONS
Perfluorocarbons (PCFs) are compounds in which fluoride and

bromide atoms are attached to an inert carbon chain. They
are able to dissolve large quantities of oxygen and have been
shown to improve the oxygenation of tissues, even at low
doses. However, PCFs are immiscible with water and must be
administered as emulsions. They have been investigated over
a considerable period. In 1966 mice were found to survive a
10-min immersion in an oxygen saturated PCF liquid and were
able to breathe atmospheric oxygen when removed from the
trial. Several products based on PCFs have been the subjects of
clinical trials, although patients also have to breathe 70-100%
oxygen and flu-like symptoms have been reported. The use of
PFCs to enhance artificially the performance of athletes has also
been reported.
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Tissue organ transplanted | Examples of clinical conditions

Bone marrow immune deficiency; in treatment of leukemia
Cornea types of blindness

Heart heart failure

Heart and lungs cystic fibrosis

Kidney end-stage renal failure

Liver cirrhosis

Pancreas type 1 diabetes mellitus

Skin treatment of burns

Table 6.12 Tissue and organ transplants

owing to the increased genetic disparity between the donor and the recipi-
ent. Other more common examples of xenogeneic grafts involve the use of
porcine and bovine heart valves to replace diseased human ones. In the lat-
ter case the valves are treated with glutaraldehyde to stiffen them and to
mask their antigenic determinants, and these are often referred to as bio-
prosthetic valves. There is much debate about proposals to breed geneti-
cally engineered transgenic pigs to carry some human antigens on their
cells to provide transplants for humans. Apart from the ethics of breeding
animals purely to supply organs for humans, there is also the risk of the
transfer of an unknown virus from pigs to humans, with possible disastrous
consequences.

CAUSES OF GRAFT REJECTION

The transplanted cells of an allograft carry histocompatibility antigens on
their membranes, which are recognized as foreign by the cells of the immune
system. These histocompatibility antigens are found on proteins that are
encoded by the Major Histocompatibility Complex (MHC) which, in humans,
is also known as the Human Leukocyte Antigen (HLA) complex (Chapter 4).
The MHC complex is a genetic region that encodes several classes of proteins,
some of which are membrane proteins. Class [ MHC proteins (MHCI) are found
on the membranes of all nucleated cells and are involved in the recognition
of virus-infected cells by the precursors of cytotoxic T lymphocytes (T, cells).
Class II MHC proteins (MHC 1II) are found on the membranes of antigen
presenting cells such as macrophages and are involved in the recognition by
T, lymphocytes of foreign proteins on the surface of antigen presenting cells.
It is relatively minor differences between the amino acid sequences of the
MHC molecules of the donor and of the recipient that lead to the rejection of
the transplanted tissue.

The rejection of an allograft usually takes place a few weeks after the trans-
plant unless immunosuppressive treatments are given. Small lymphocytes
recognize the transplanted cells as foreign. An acute rejection is caused by
T lymphocytes that infiltrate the graft. The presence of T lymphocytes and
monocytes in the infiltrate is a strong indicator of cell-mediated immunity.
Both T, and T cells are involved in graft rejection. The T, cells develop into
cytotoxic T lymphocytes directed against the foreign histocompatibility anti-
gens of the grafted cells and are able to destroy cells of the grafts directly, or
indirectly by producing cytokines that attract monocytes and macrophages.
The T, lymphocytes respond by producing cytokines that activate a variety of
nonspecific cells to attack the graft.



Sometimes rejection may take place within hours or minutes of transplanta-
tion, once the tissue has become revascularized. This is known as hypera-
cute rejection and is due to antibodies against graft antigens being already
present in the plasma of the recipient. These antibodies bind to the graft
cells and activate complement leading to the rapid destruction of donor
cells. Hyperacute rejection can also be brought about if the recipient already
has antibody to MHC antigens present on the graft. These antibodies may
be present for a number of reasons. For example, women who have had a
number of pregnancies often have antibodies to the MHC antigens on the
fetus, which were inherited from the father. Secondly, patients who have had
a number of blood transfusions may become immunized to the MHC anti-
gens on residual leukocytes present in the transfusion. Thirdly, patients who
have had a previous transplant and rejected it will almost certainly have anti-
bodies to any foreign MHC antigens that were present on that graft. Finally,
antibodies to blood group antigens can also cause hyperacute rejection if
they are already present in the recipient. For example, the blood group A, B
and H antigens are present on the endothelial cells lining blood vessels. If a
recipient of blood group A is given a transplant, for example a kidney from a
person of blood group B, the anti-B antibodies in the plasma of the recipient
will attack the endothelial cells of the graft and activate complement caus-
ing destruction of the graft. For this reason, transplants are no longer carried
out against a major blood group barrier. Given that pre-existing antibodies
can cause a rapid rejection of a graft it is essential to know which potential
recipients have such antibodies. Hence, a cross match is performed in which
serum from the recipient is incubated with cells from the donor. If the donor
cells are killed in the presence of recipient serum and complement, the trans-
plant will not be undertaken and another potential recipient will be sought.

A chronic rejection takes place months or years after transplantation and is
brought about by a combination of cell-mediated and humoral mechanisms.

6.12 THE HLA SYSTEM

The HLA system of genes is found on the short arm of chromosome 6. This
region encodes MHC proteins. The structures of MHC I and II were discussed
in Chapter 4 in the context of their roles in the immune response. Here their
involvement in triggering rejection will be emphasized. Molecules of MHC 1
consist of a single polypeptide encoded by the MHC that is always associated
with a smaller protein, BZM, encoded outside the MHC. However, MHC II pro-
teins consist of two polypeptides, o and B, both of which are encoded by the
MHC region.

Figure 6.14 illustrates the structure of the HLA-region although it has been
greatly simplified to aid understanding. The HLA complex contains a number
of genetic loci, including those that encode different types of Class I proteins.
Thus, the HLA-A, B and C regions contain genes that encode HLA-A, B and C
proteins respectively. These are all found on nucleated cells and are distinct
types of proteins and not allelic forms of each other. However, there are allelic
forms of each of the HLA-A, B and C genes, and these encode HLA proteins,
each of which have small differences in their amino acid sequences. Each of
the Class I genes is polyallelic, which means that many different alleles exist
although, of course, each individual only expresses a maximum of two alleles
at each locus, given chromosomes occur in pairs (Chapter 15). Moreover, the
alleles are codominant so that each nucleated cell expresses two different alle-
les of the HLA-A gene, as well as two different forms of the HLA-B and of the
HLA-C gene. A large number of allelic forms of each gene exist (Table 6.13).

The HLA complex in humans is one of the most highly polymorphic systems
known. Given that each individual has two of each of these alleles, and that the
allelic forms are codominant, it can be seen that the chances of two unrelated

THE HLA SYSTEM
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Figure 6.14 Schematic to show the structure of the HLA system on chromosome six.

individuals having the same ‘set’ of HLA genes is very small, making the pos-
sibility of finding ‘good’ transplant matches, other than identical twins, low.

In the HLA complex, the Class II region is located nearest to the centromere,
which contains the DB, DQ and DR loci. Within each of these loci there are
genes encoding the o and P chains of the class II molecules. The situation is
rather more complex than for Class I because each locus may contain more
than one gene that encodes the o and B chains. For example, the HLA-DR
region contains three or four genes for the HLA-§ chain. All of the § gene
products may be expressed in a single cell, making the degree of variation
much higher than that of class I proteins. Like Class I, the Class II region also
displays a high degree of polymorphism (7able 6.14).

HLA TYPING

Human Leukocyte Antigen typing is the process whereby the HLA antigens
present on the cells of the recipient and the potential donor are determined.
By determining the HLA types of potential transplant recipients, and storing
these details on computer databases it is possible to match the donor organ,
when one becomes available, to the most appropriate recipient. The degree

Number of alleles Number of proteins

HLA-A 372 348
HLA-B 661 580
HLA-C 190 153

Table 6.13 Genes and alleles of Class | genes of the HLA complex

HLA-DRB B chain of HLA-DR 249
HLA-DQAT o chain of HLA-DQ 20
HLA-DQB1 B chain of HLA-DQ 36
HLA-DPA1 o chain of HLA-DP 13
HLA-DPB1 B chain of HLA-DP 82

Table 6.14 Alleles of the Class Il HLA genes




of match required depends on the organ being transplanted, and is much
more stringent for bone marrow transplants than for solid organ transplants.
The transplantation of bone marrow is used to treat a number of condi-
tions, including immunodeficiency and some kinds of cancer (Chapter 17).
Transplantation of bone marrow presents particular difficulties because bone
marrow contains immunocompetent cells that can lead to fatal GVHD.

The traditional method for HLA typing is a serological technique that uses
antibodies to known HLA antigens. This method is still used but is being
superseded by molecular biological techniques. The serological method is
the lymphocytotoxicity assay. In this assay, the cells to be typed are peripheral
blood mononuclear cells (PBMC) that are readily obtained from whole blood.
For typing Class II HLA antigens it is necessary to use purified B lymphocytes,
since resting T lymphocytes do not express Class II molecules. Aliquots of the
cells to be typed are pipetted into the wells of 96-well trays, known as Teresaki
plates, after the inventor of this test. Antibodies to individual HLA antigens
are added to each well and will bind to the lymphocytes if they express the
appropriate antigen. The addition of complement to all the wells results in
the death of cells with bound antibody. Viability stains, such as the fluores-
cent acridine orange and ethidium bromide are then used to reveal wells
containing dead cells. Acridine orange enters living cells and stains the nuclei
green, while ethidium bromide enters dead cells and stains the nuclei red
(Figure 6.15). The anti-HLA antibodies used in these tests may be obtained
from people already sensitized to HLA antigens or they may be monoclonal
antibodies with specificities for known HLA antigens. Rabbit serum is used
as a source of complement. A test is scored as strongly positive when more
than 50% of the cells in a well are killed.

Molecular biology techniques

The main molecular biological technique used in histocompatibility testing
is the polymerase chain reaction (PCR; Chapter 3) in which samples of DNA
from the individual being typed is amplified many times over. Methods that
use PCR require very little DNA and do not require living cells. For example,
they can be carried out on whole blood that has been stored frozen. In the
sequence specific primer (SSP) assay the primers used in the PCR are those
specific for individual HLA alleles. The DNA will only be amplified in those
mixtures that contain a probe complementary to that of the DNA being typed
(Figure 6.16). Another method, called a sequence specific oligonucleotide
probe (SSOP) assay, amplifies all the DNA by PCR and then uses sequence
specific oligonucleotide probes to identify the products. In some laboratories
the oligonucleotide probes are attached to microspheres. Incubation of the
microspheres with the PCR product allows the latter to bind to any comple-
mentary HLA sequence. The microspheres, with bound DNA, are then ana-
lyzed in a flow cytometer to identify target HLA sequences.

The serological cross match

A serological cross match is carried out in order to detect the presence of anti-
bodies to graft antigens in the serum of a potential recipient. Serum from the
potential recipient is added to PBMC from the donor. Complement is added
and the viability of the cells tested as previously. If donor cells are killed then

Figure 6.16 Sequence Specific Primer Assay to determine HLA type. The specific band shows
that the individual being typed is positive for that specific HLA gene. The controls ensure that
the individual's DNA has been amplified correctly. The numbers down the right-hand side are
reference values to indicate the appropriate sizes of the bands. Courtesy of the Transplantation
Laboratory, Manchester Royal Infirmary, UK.

THE HLA SYSTEM

Figure 6.15 Serological test to determine HLA
type. (A) A negative result, that is, no cell death
and (B) a positive result in which cells have
been killed as indicated by different flourescent
colors. Courtesy of the Transplantation Laboratory,
Manchester Royal Infirmary, UK.
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it is probable that the recipient already has antibodies against graft antigens
and the donor is unlikely to be a suitable match.

Matching donor and recipient

Individuals inherit a set of HLA genes from each parent. Thus, siblings are
more likely to have a closer match than unrelated donors and, occasionally,
people have donated a healthy kidney to a sibling with renal failure. Other
sources of kidneys for transplantation include cadavers, often people who
have been killed in accidents. The HLA types of potential recipients are stored
in computer databases so that when a kidney donor becomes available, they
can be HLA typed and the kidneys given to those recipients whose HLA anti-
gens match as closely as possible.

Retrospective studies on the outcome of kidney transplantation have shown
that matching the donor to the recipient improves graft survival. Thus, in
the most favorable match, that is no mismatches of the HLA-DR, HLA-A and
HLA-B alleles graft survival is superior to those with no mismatch of HLA-
DR and only one mismatch of HLA-A and/or HLA-B alleles. These also gave
significantly better graft survival than any other mismatched graft.

6.13 IMMUNOSUPPRESSION

All patients who receive an allograft are liable to reject the transplant, even
if the recipient and host are closely matched for histocompatibility antigens.
This is because relatively few of the HLA antigens are tested for, and complete
matches are rare. Thus, all patients who receive an allograft have to take immu-
nosuppressive drugs to prevent rejection resulting from an immune response.
Immunosuppressive treatments fall into a number of categories. The first gen-
eration of immunosuppressive drugs were used to prevent lymphocytes from
proliferating (Table 6.15). As these drugs act by inhibiting cell division, they
are also used in the treatment of cancer. Their actions are described in more
detail in Chapter 17. Corticosteroids, such as cortisol, are also immunosup-
pressive agents but act principally by suppressing inflammation. They are still
used, often in combination with other drugs such as methotrexate. All the first
generation drugs produce a ‘blanket’ immunosuppression and prevent all
immune responses. This makes the patient more susceptible to infections of
all kinds, but especially to opportunistic infections caused by such organisms
as Candida albicans. Immunosuppressed patients are also more susceptible
to the types of cancers associated with viruses, including lymphoma, associ-
ated with the Epstein-Barr virus (EBV) and Kaposi’s sarcoma, associated with
the Kaposi’s sarcoma associated herpes virus (KSV). First generation immu-
nosuppressive treatments also have significant toxicity, because they affect all
dividing cells, including those of the bone marrow and of the GIT. Some, such
as methotrexate, also show liver toxicity.

Type of treatment | Mechanisms of action m

Purine analogs incorporated into DNA during the process of DNA azathioprine;
synthesis; prevent further DNA elongation mercaptopurine

Folic acid antagonists prevent the action of dehydrofolate reductase, an methotrexate;
enzyme required for the synthesis of purines and aminopterin
pyrimidines

Alkylating agents become incorporated into developing DNA and cross-  cyclophosphamide

links DNA strands, preventing further replication

Table 6.15 First generation immunosuppressive drugs




IMMUNOSUPPRESSION

The second generation of immunosuppressive treatments target T lym-
phocytes rather than B cells. These included the use of antilymphocyte
globulin, an antibody raised against human T lymphocytes. The third gen-
eration of immunosuppressive treatments are much more selective in their
action and target only those T cells which have been activated by an antigen.
Cyclosporin A, a cyclic peptide (Figure 6.17) derived from the soil fungus
Tolypocladium inflatum gams, is most commonly used. The peptide shows
considerable immunosuppressive action, without the bone marrow toxic-
ity demonstrated by other drugs. Tacrolimus, a macrolide antibiotic (Figure
6.18) derived from Streptomyces tsukubaensis, is similar to cyclosporin A in
action. It is more powerful than cyclosporin A but also has more side effects.
Mycophenolate mofetil is an example of a prodrug, which is converted in the
body to mycophenolic acid, another powerful immunosuppressive agent.

Figure 6.17 Cyclosporin A.

Figure 6.18 Tacrolimus.
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Margin Note 6.4 Bone marrow @
databases

Potential bone marrow donors are
always required to increase the
number of HLA types available. The
National Marrow Donor Program in
the USA maintains an international
registry of stem cell donors. Similarly,
in the UK the two main bone marrow
registries are the British Bone Marrow
registry and the Anthony Nolan Bone
Marrow registry.
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6.14 HEMOPOIETIC STEM CELL TRANSPLANTATION

The transplantation of hemopoietic stem cells is used to correct some immu-
nodeficiency diseases (Chapter 5) and during the treatment for some types of
cancer, such as leukemias and lymphomas (Chapter 17). Patients with total
bone marrow failure, such as in aplastic anemia, or partial failure, as seen in
some of the hemoglobinopathies, may also benefit from a stem cell transplant
(SCT).

Hemopoietic stem cells for transplantation may be derived from bone mar-
row, from peripheral blood, and from umbilical cord blood and SCTs may be
autologous, syngeneic or allogeneic. In an autologous transplant the patient’s
own stem cells are harvested prior to a treatment in which their own stem
cells are destroyed, as, for example, in patients who receive radiation treat-
ment or high dose chemotherapy to treat leukemia. The stem cells are stored
in liquid nitrogen until the transplant can take place, when they are thawed
and reinfused.

A SCT between identical twins is called a syngeneic transplant. In contrast, an
allogeneic SCT involves donors and recipients who are genetically nonidenti-
cal. The donor could be a sibling or a potential donor identified in a bone mar-
row registry (Margin Note 6.4). Donors who are related to the recipient are more
likely to be compatible. There is a much greater need for close HLA matching
of the donor and recipient involved in bone marrow transplants (BMTs), as
GVHD can be a major hazard of this type of transplantation and can occur
between seven and 30 days post-transplantation. In the acute form of GVHD
epithelial cells in the skin and those lining the intestine are attacked by the sen-
sitized T cells originating in the graft. Patients present with a severe maculopa-
pular skin rash and sloughing of the intestinal epithelium may lead to diarrhea.
Splenomegaly and hepatomegaly occur, as these organs become attacked by
T lymphocytes and the patient may become jaundiced. Acute GVHD is fre-
quently fatal. A chronic form with similar symptoms may occur over a longer
time frame. The patients may suffer frequent secondary infections.

One method of avoiding GVHD is to remove T lymphocytes from SCTs prior
to giving the graft. This process, known as T cell depletion involves the use of
an antibody to T cells. Once GVHD develops it must be treated with immuno-
suppressive drugs.

BONE MARROW TRANSPLANTATION

The first successful bone marrow transplant (BMT) was achieved in 1968.
Bone marrow contains the hemopoietic stem cells that give rise to all the
formed elements of the blood (Chapter 13). In bone marrow transplantation
(BMT), the donor receives a general or local anesthetic and the marrow is
harvested using a needle inserted through the skin over the pelvic bone and
into the bone cavity. The process takes approximately one hour to harvest suf-
ficient quantity; usually a minimum of 3 x 10® nucleated bone marrow cells
containing approximately 2 x 10° stem cells per kilogram of recipient body
weight is required. At this stage the marrow may be infused into the recipient
or it may require further processing. The marrow is treated to remove blood
and plasma, especially if there is a disparity between the ABO blood group of
the donor and the recipient. Fragments of bone are removed and the mar-
row may also be depleted of T cells to reduce the risk of GVHD prior to intra-
venous transfusion into the recipient. The recipient may be given antibiotics
because, until the marrow is engrafted and starts to produce blood cells, the
patient is at risk of infection. They may also be given platelet and erythrocyte
transfusions to prevent bleeding and anemia. A patient receiving a bone mar-
row transplant may show adverse side effects, such as nausea, fatigue, hair
loss and loss of appetite.



PERIPHERAL BLOOD STEM CELL TRANSPLANTATION

Peripheral blood stem cell transplantation (PBSCT) is the most common form
of SCT. Collection of stem cells from peripheral blood is easier both for the
collector and the donor. In addition, engraftment of PBSCT is often more
rapid than with bone marrow. The donor is treated with granulocyte colony
stimulating factor (G-CSF) to increase the number of stem cells in the blood.
The stem cells are then obtained from the donor by leukapheresis (Margin
Note 6.3). Leukapheresis may take several hours to complete and more than
one session may be needed, with stem cells being stored frozen between
donations.

UMBILICAL CORD STEM CELL TRANSPLANTATION

Stem cells may also be obtained from umbilical cord blood, of course with
the permission of the family involved. Following birth, blood derived from the
baby is obtained from the umbilical cord and the placenta. Since only a small
amount of blood is retrieved in this way, the collected stem cells are typically
used to treat children.

IDENTIFICATION OF HEMOPOIETIC STEM CELLS

Hemopoietic stem cells have a marker protein called CD34 that may be used
in their identification. Thus, the numbers of CD34 positive cells in a prepa-
ration can be assessed if a sample is stained with a fluorescent antibody to
CD34. The cells can be estimated either by using a fluorescence microscope
or by flow cytometry (Box 6.1 and Figure 6.19). Both peripheral and cord blood
may be further processed to obtain the stem cells. For example, an anti-CD34
antibody linked to magnetic particles will bind to CD34+ cells, which can then
be purified using a magnet.

Storage of transplant material

Harvested stem cells may be stored for 2-3 days in a refrigerator at 4°C. This
may be required, for example, if more than one harvesting procedure is needed
or if a patient has to undergo radiation or chemotherapy for cancer treatment
(Chapter 17) prior to receiving the graft. If longer term storage is required, the
stem cells may be stored in liquid nitrogen vapour at —176°C. Prior to storage,
the cryopreservative dimethylsulfoxide (DMSO) is added to prevent ice crys-
tal formation, which would destroy the cells. A programmed freezer allows
the cells to be cooled at the optimum rate for cell survival, which is normally
approximately 1°C per min.
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HEMOPOIETIC STEM CELL TRANSPLANTATION

Figure 6.19 Flow cytometric characterization of

CD34+ stem cells, shown in the gated Section B,

in cord blood. Courtesy of Dr T.F. Carr, Royal
Manchester Children’s Hospital, UK.
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Post-transplant support

Patients who have just undergone BMT or PBSCT transplantation are highly
susceptible to infections. If transfusions of blood products are required, for
example for anemia, these products should be free of CMV, a virus which is
a latent infection in some individuals. In an immunosuppressed individual,
CMV can cause serious illness.

CASE STUDY 6.1

Marie is a 31-year-old florist who is blood group O RhD  Questions

negative and is seven months pregnant. The father of (3) What are the chances of her baby developing
her baby is blood group A RhD positive. Marie is wor- hemolytic disease of the newborn?

ried about the pregnancy, as she had several miscar- o o

riages, each of which occurred before three months of (b) Is Marie likely to become sensitized to the D
gestation. Despite these miscarriages, Marie has never antigen after the birth of this child?

become sensitized to the D and has no anti-D antibod-

ies in her circulation.

CASE STUDY 6.2

John is a 50-year-old school teacher who has recently Questions

been treated for acute myeloid leukemia. His consultant  (3) What would be the best approach to treating
has recommended that he receives aggressive chemo- John?

therapy followed by a stem cell transplant. John is likely

to die without this treatment. He has no living siblings () Is a bone marrow transplant feasible?

who could donate bone marrow and both his parents

are dead.

CASE STUDY 6.3

Michael is a patient who was taken to the accident and and a temperature of 39.5°C. Examination of the chest
emergency unit of his local hospital following a stabbing showed signs of fluid in his lungs.

incident. Michael had lost a lot of blood and required

an immediate transfusion. He was given compatible Question

leukodepleted blood and fresh frozen plasma. However,
he suffered acute respiratory distress approximately 4 h
after the transfusion. He had hypotension and cyanosis

What is the likely cause of Michael’s respiratory
problems?

6.15 SUMMARY

Transfusion of blood and blood products is a routine and safe clinical proce-
dure, which rarely causes harm. Transfusion has been greatly facilitated by
knowledge of the range of blood group antigens and the conditions under
which antibodies to blood group antigens can cause problems. The screen-
ing of donors, for example for HIV or hepatitis viruses, has also increased the
safety of the procedure. The transfusion of incompatible blood can cause the
death of a recipient but this is a rare occurrence. Transfusion laboratories
are involved in ensuring that compatible blood is given to patients and that
all aspects of this procedure are safe. In addition, laboratories monitor the
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presence of antibodies in pregnant women that might cause problems for a
developing fetus.

Transplantation of solid tissue has progressed considerably since the first
successful kidney transplant and a wide range of tissues and organs are now
transplanted routinely. The rejection of transplants is minimized by a careful
matching of donor and recipient and by the administration of immunosup-
pressive drugs. Bone marrow and other forms of stem cell transplant carry the
risk of GVHD, although this is decreased if good HLA matches are achieved
and if the patients are carefully monitored post-transplant.

1. Which of the following combinations of plasma and erythrocytes
would result in agglutination?
a)  Group A erythrocytes and group B plasma;
b)  Group O erythrocytes and group O plasma;
c¢)  Group B erythrocytes and group O plasma;
d)  Group B erythrocytes and group B plasma;
e)  Group AB erythrocytes and group A plasma.

2. Which of the following statement(s) is (are) TRUE?

a)  MHCII proteins are found on all nucleated cells.
b) MHCI proteins are found on antigen presenting cells.
c¢) Complement is a protein complex which lyses bacteria.

d) The classical pathway for complement activation is initiated
by IgA.

e) An ABO incompatible transfusion may be fatal.

3. Which of the following conditions would mean that a blood donor
should be removed from the register of donors?
a) previous infection with hepatitis virus;
b) current infection with HIV;
Cc)  pregnancy;
d) donor aged 78 years;
e) intravenous drug abuse.

4. List the possible causes of a potential transplant patient having
anti-HLA antibodies in their plasma.

5. Give one reason why PBSCT is preferable to bone marrow transplanta-
tion.
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chapter 7:

DISORDERS OF THE
ENDOCRINE SYSTEM

OBJECTIVES
After studying this chapter you should be able to:

m list the different types of hormones and give examples;

m outline the structure and roles of the endocrine system;

m describe general mechanisms underlying hormone actions;
m explain how disorders of the endocrine system occur;

m discuss the causes, investigation and management of some endocrine
disorders.

7.1 INTRODUCTION

The endocrine system is one of two major control systems in the body, the
other being the nervous system, that help control the activities of the body. It
consists of a number of ductless glands (Figure 7.1) that produce hormones.
Hormones are molecules that circulate in the blood and excite or inhibit the
metabolic activity of target tissues or organs. These responses maintain and
regulate body functions, such as growth and development, responses to stress
and injury, reproduction, homeostasis and energy metabolism (Figure 7.2).

Hormones can be divided into three chemical groups: amines, peptides and
proteins, and steroids (Table 7.1). Many amine hormones, such as adrenaline
(epinephrine) and those produced by the thyroid gland, are derivatives of
tyrosine. The majority of hormones are peptides and proteins, examples being
insulin and growth hormone. A number of protein hormones, for example
thyroid stimulating hormone, are glycoproteins in that they have carbohydrate
groups covalently attached to them. All steroid hormones are derivatives of
cholesterol and include cortisol and testosterone. Figure 7.3 shows examples
of each type of hormones.

Class Associated

glands

Amines adrenaline adrenal medulla
noradrenaline
thyroid hormones  thyroid gland

T,and T,
Peptides insulin, islets of
and proteins Langerhans
growth hormone anterior
pituitary
Steroids cortisol adrenal cortex
aldosterone
testosterone

Table 7.1 A structural classification of hormones with
selected examples
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Figure 7.1 The major endocrine glands of the body.
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Figure 7.3 Examples of hormones.
(A) adrenaline (epinephrine), (B) insulin and (C)
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7.2 HORMONE PRODUCTION

Amine hormones include adrenaline, noradrenaline (also called epinephrine
and norepinephrine respectively) and thyroid hormones. Their synthesis
involves a series of enzyme-catalyzed reactions in the cytoplasm of
endocrine cells. For example, thyroid hormones (Section 7.7) are synthesized
by iodination of tyrosine residues in the protein thyroglobulin found in
the thyroid. Most peptide hormones are synthesized as large inactive
prohormones, which are subsequently cleaved by enzymes to produce the
active hormone. Sometimes a number of hormones may be derived from
the same prohormone. Steroid hormones are synthesized by a sequence of
enzymatic reactions using cholesterol as a common precursor. The enzymes
responsible for conversion of cholesterol to hormone are located in the
smooth endoplasmic reticulum and mitochondria of cells. The presence
or absence of particular enzymes determines the type of steroid hormone
synthesized by that specific cell.

Amine hormones, such as adrenaline and noradrenaline, are stored in
secretory granules within the cytoplasm, but thyroid hormones are stored
within the thyroid follicles as components of thyroglobulin. Peptide hormones
are usually stored in membrane-bound vesicles within the cytoplasm of the
endocrine cell. Steroid hormones are not usually stored but are released upon
synthesis. However, lipid droplets may be found in the cytoplasm containing
precursor material for these hormones.

Hormones are released in response to nervous, hormonal or metabolic stimuli.
Hormones stored in granules are released when the granules move and fuse
with the plasma membrane. Some hormones, for example thyroxine, are
released continuously whereas others show diurnal variation and their release
varies during the day. For example, cortisol shows diurnal variation with levels
being high in the morning but low at night. The concentrations of hormones
in the plasma must be kept within narrow ranges for optimum function. A
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chapter 7:
BOX 7.1 The pineal gland

The pineal gland or body is an appendage of the posterior end
of the roof of the third ventricle in the brain (Figure 7.4). It is
shaped like a pinecone, hence its name, weighs 100 to 150
mg and is only 8 to 10 mm long. It is composed largely of
pinealocytes and glial cells. In older animals, the pineal often
contains calcium deposits, sometimes referred to as brain sand!
Descartes (1596-1650) regarded the pineal gland as ‘the seat
of the soul’, because he believed it was unique in the human
brain in being the only structure not duplicated on the right and
left sides. This observation is not strictly true, however, since it is
finely divided into two hemispheres that can be observed with
a microscope.

The physiological function of the pineal gland in humans is
poorly understood. However, pinealocytes are known to produce
the hormone, melatonin (5-methoxy-N-acetyltryptamine), from
tryptophan by acetylating serotonin (Figure 7.5). Melatonin has
a relatively simple structure yet communicates information about
environmental lighting to physiological systems of the body. This
light-transducing ability has led some to call the pineal gland
the “third eye’. Melatonin, therefore, helps regulate the internal
‘clock’ of the body affecting biological rhythms and, in particular,
patterns of sleeping and waking and possibly the onset of
puberty. It may also function as a free radical scavenger and
reduce oxidative damage. Most melatonin is synthesized during
the night and can be secreted directly into the blood because the
capillaries of the pineal gland are permeable and do not form
part of the normal blood-brain barrier (Figure 3.4). In a normal
environment in healthy humans the release of melatonin usually
starts at 21.00 to 22.00 h and ends between 07.00 to 09.00 h,
with peak levels of 60 to 70 pg cm™ occurring in the plasma of
adults between 02.00 and 04.00 h. The activity of the usual rate-
limiting enzyme, serotonin-N-acetyltransferase (NAT), increases

Pituitary gland

Figure 7.4 Schematic showing the location and
structure of the pineal gland.
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7-150 fold during peak production. In daylight the activity of
NAT, and therefore melatonin production, is reduced. The rhythm
is endogenously synchronized to 24 h by the suprachiasmatic
nucleus of the hypothalamus, an area of the brain known to
coordinate biological clock signals, but can be entrained to values
between 23 and 27 h primarily by the environmental light-dark
cycle acting through the retina. When the retina is exposed
to light, nervous impulses are relayed to the suprachiasmatic
nucleus. Nerve fibers from the hypothalamus descend to the
spinal cord, from where postganglionic fibers ascend back to
the pineal gland. Thus the pineal gland can measure day length
and adjust its secretion of melatonin appropriately.

Small cysts are commonly seen within the pineal region
although their discovery is frequently incidental to radiographic
investigations. However, they are benign and nonprogressive and
should be treated conservatively. The pineal gland is also subject
to numerous types of malignant tumors, for example teratomas,
germinomas, choriocarcinomas, endodermal sinus tumors,
mixed germ cell tumors, pineoblastoma and pineocytoma,
and gliomas. Fortunately, all are rare and collectively account
for less than 1% of intracranial space-occupying lesions. With
the exception of parenchymal cell tumors, pineoblastoma and
pineocytoma, they occur mainly in patients below the age of 20
years. Germinomas and teratomas occur predominantly in males.
The commonest symptoms are secondary to hydrocephalus,
such as headaches, vomiting, and drowsiness, with visual
problems, diabetes insipidus, and reproductive abnormalities. In
children, pineal tumors of the region are often associated with
abnormal pubertal development. Some evidence suggests that
precocious puberty is due to the production of human chorionic
gonadotrophin (hCG) by germ cell tumors of the pineal gland.
Delayed puberty has also been associated with pineal tumors.

Hypothalamus
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BOX 7.1 continued
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Pineal tumors can be diagnosed from the symptoms, physical
examination and tests for tumor markers in samples of
cerebrospinal fluid (CSF), such as o fetoprotein and hCG,
together with CSF cytology. Computer aided tomography (CAT)
or magnetic resonance imaging (MRI) (Chapter 18) can aid in
differential diagnosis. Germinomas respond well to radiation
therapy, whereas surgery is usually the choice for other types.
There have been significant improvements in prognosis, with
62% surviving germinomas for over five years, although survival
is only 14% for other malignant tumors.

Given that melatonin affects normal sleep patterns, thereis interest
in using it, possibly combined with phototherapy, to treat sleep
disorders. Phototherapy, more properly called full spectrum bright
light therapy, is a repeated exposure to 3 to 6 h of artificial light
that is as bright as sunlight. The use of melatonin in shift workers,
who often find it difficult to adjust to working at night and sleeping
during the day, unfortunately has not shown promise. Melatonin
therapy does not appear to help their condition and appears not
to be as effective as phototherapy. However, melatonin therapy
appears to be modestly beneficial in elderly insomniacs who have
lower concentrations compared with matched noninsomniacs.
Jet lag also involves the disruption of circadian rhythms where
melatonin therapy seems to be of use. During long distance air
travel, taking melatonin close to the bedtime of the destination
appears to reduce the symptoms associated with jet lag. The
greatest benefits occur when jet lag would be expected to be
greatest, that is, on journeys that cross many time zones.

The production and secretion of melatonin is related to the
length of the night: the longer the night, the more produced
over a longer secretion time. Also, melatonin profiles show a
seasonal phase, with an earlier secretion in summer than in
winter. The condition seasonally affective disorder (SAD) or
winter depression is characterized by changes of moods and
eating and sleeping patterns. It appears to develop in people
living at high latitudes in winter when sunlight is lacking. The
increased release of melatonin in winter has been suggested as
a possible cause of SAD but at present there is no consensus
as to its causes. The assumption that melatonin duration is a
seasonal signal in humans led to the treatment of SAD with
bright light in an attempt to induce advancement of the
melatonin rhythm. It appears to be somewhat more efficient
when given in the morning, although there is a large placebo
effect. However, other mechanisms are also possible; indeed,
many pharmacological antidepressant treatments stimulate
melatonin secretion.

Figure 7.5 The synthesis of melatonin.
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Figure 7.6 (A) Molecular model of human growth
hormone (red) bound to the extracellular portion
of its receptor (black). PDB file 3HHR. The gray
bar represents the surface of the target cell.

(B) Molecular model of a dimer of the steroid
hormone progesterone (red) bound to its
intracellular receptor. PDB file 1A28.
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number of factors control hormone production by the endocrine glands. The
secretion of pituitary hormones is under the influence of peptides released
from the hypothalamus and, this in turn, is influenced by signals from the
central nervous system (CNS). Most hormones released from endocrine glands
are controlled by a negative feedback effect, such as for thyroid hormones
(Section 7.7) and cortisol (Section 7.9). Finally, changes in the amounts of
materials regulated by hormones themselves may influence the release of that
hormone, as is the case for insulin. Target cells and the liver contain enzymes
that degrade hormones. Hormones of low M are removed from the circulation
by the kidneys and excreted in urine.

The half-lives of hormones vary from a few seconds to weeks. Many small
or water insoluble hormones form complexes with large plasma transport
proteins. The kidneys cannot filter out these large complexes and so their
rapid loss is prevented. In addition, these complexes protect the hormone
from degradation by enzymes and release the hormone slowly. The bound
and free hormones are in equilibrium and it is only the free fraction that is
biologically active.

7.3 MECHANISMS OF HORMONAL ACTION

Hormones act by binding to specific receptors of target cells to form a
complex (Figure 7.6) that elicits a cellular response. Only the target tissue
will express the receptor for a given hormone and be able to respond to it.
Hormone receptors may be located on the surface of the cell or within the
cell respectively. Hormones that bind to the former function through what
are called second messenger systems, the hormone being the primary or first
messenger. Second messengers are small M water-soluble molecules and ions
that are generally able to move freely throughout the cell. The most common
secondary messengers are cyclic adenosine monophosphate (cAMP), the
structurally related cyclic guanosine monophosphate (cGMP), Ca*, inositol
triphosphate (IP,), and diacylglycerol (DAG) whose structures are shown in
Figure 7.7.

Extracellular receptors are transmembrane proteins that have an extracellular
and an intracellular portion joined by a transmembrane domain. Binding of
the hormone to the extracellular portion changes the conformation or shape
of the complex, such that the intracellular part can catalyze changes to the
concentration of the second messenger in the cytosol and amplify the initial
signal, that is the binding of the hormone, to produce marked changes in the
activities of existing proteins in the target cell.

Amine and peptide and protein hormones are water soluble and cannot easily
cross the lipid layer of the plasma membrane. These hormones bind to surface
receptors on the plasma membrane (Figure 7.8). G-protein-coupled receptors
are the most common cell surface receptors and binding to these results
in the activation of adenylate kinase, through a number of proteins whose
conformations are changed in turn. Activated adenylate kinase catalyzes the
conversion of ATP to the secondary messenger cAMP, whose concentration in
the cytoplasm therefore increases.

ATP + H,0 —» cAMP + PP,

Cyclic AMP, in turn, stimulates protein kinase which then catalyzes the
phosphorylation of specific enzymes in the cytosol. Depending on the
enzyme, phosphorylation can cause an increase or decrease in activity. A
phosphodiesterase inactivates cCAMP by hydrolyzing it to AMP and prevents
its accumulation in the cytoplasm.

Hormones that recognize intracellular receptors function in an entirely
different fashion. Such hormones are able directly to enter the cell where
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Figure 7.7 Examples of hormone secondary messengers. (A) cAMP, (B) cGMP, (C) a hydrated
Ca’*, (D) inositol triphosphate (IP,) and (E) a diacylglycerol (DAG).
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Margin Note 7.1 G proteins @

G proteins are so called because
they bind the guanyl nucleotides,
GDP and GTP. They are a diverse
group, ranging from small soluble
monomers to large multisubunit
membrane proteins. Their functions
are also wide ranging, from the
activities associated with numerous
hormones, to sense perception and
the nucleocytoplasmic transport
described in Chapter 16. However, all
are GTPases that can hydrolyze their
bound GTP to GDP

GTP protein
+
H,0

GDP protein®
+
P.

The GDP portion can be exchanged
for a GTP. This alteration of the
nucleotide between the GTP-GDP
forms allows the protein to switch
between two conformations (Figure
7.9). The form with a bound GTP
is active (functional); the other has
GDP bound and is nonactive. Thus
G proteins provide on—off switches
in physiological systems as they
oscillate between the two forms.

*indicates a change in the conformation of the
protein (see also Figure 7.9)
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Figure 7.9 A small soluble G protein with bound (A) GDP and (B) GTP. In both cases the
nucleotide is shown in red. Note the difference in conformation between the two forms. PDB
files 101V and 10IW respectively.

they regulate the synthesis of proteins. For example, steroid hormones are
hydrophobic and lipid soluble and so diffuse directly through the plasma
membrane into the cytoplasm of target cells. Thyroid hormones enter their
target cells by facilitated diffusion. In the cytoplasm, steroid and thyroid
hormones bind to intracellular receptors forming hormone-receptor
complexes (Figure 7.10). The complex then interacts with the DNA of specific
genes in the nucleus to switch their transcription on or off, allowing or
preventing the production of appropriate mRNA molecules respectively. Thus
the cell’s production of proteins, such as enzymes, is regulated to produce a
physiological response to the hormone.

7.4 CAUSES OF ENDOCRINE DISORDERS

Endocrine disorders arise because a disruption to the endocrine system
causes decreased (hypofunction) or increased (hyperfunction) hormonal
activity or resistance to hormone action. There may be defects in synthesis
of the hormone due to an inherited deficiency of an enzyme required for
its synthesis. Inappropriate stimuli may impair the release of the hormone
or certain drugs may stimulate hormone release. Defects in the negative
feedback mechanism may cause abnormal hormone secretion. Faulty
inactivation or excretion of hormones in liver or renal diseases respectively
can increase hormone levels. Excessive hormone secretion can occur
ectopically from a nonendocrine source, such as a tumor. Even if correctly
synthesized and released, the target tissues may not recognize the hormone
because of a lack of receptors or because the receptors themselves are
nonfunctional. Disorders will also occur if the target cells do recognize the
hormone but there is a defect in the secondary messenger system responsible
for converting the hormonal signal to a physiological action.

In some autoimmune diseases (Chapter 5), antibodies are produced that
stimulate or destroy endocrine glands, as in Grave’s disease and autoimmune
thyroiditis respectively. The various causes underlying endocrine disorders
are summarized in Figure 7.11. A considerable number of endocrine disorders
have been described including disorders associated with the pituitary, thyroid,
pancreas, adrenal glands and the reproductive systems.
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7.5 THE PITUITARY GLAND

The pituitary gland is often referred to as ‘the master gland’ given that its
secretions regulate the activities of many of the other hormone-producing
glands. Despite its crucial role, it weighs only about 0.5 g. The pituitary is found
in a bony cavity at the base of the skull and is connected to the hypothalamus
by a pituitary stalk composed of blood vessels and nerve fibers. It is composed
oftwo lobes, an anterior pituitary or adenohypophysis and a posterior pituitary
or neurohypophysis (Figure 7.12).

The anterior pituitary secretes a number of hormones (Figure 7.13) that are
regulated by the release of peptides from the hypothalamus with stimulatory or
inhibitory effects on the anterior pituitary. The principal peptides released by
the hypothalamus reach the anterior pituitary by a portal blood circulation.
These peptides include thyrotrophin releasing hormone (TRH), growth
hormone releasing hormone (GHRH), gonadotrophin releasing hormone
(GnRH), corticotrophin releasing hormone (CRH) and dopamine. With
the exception of dopamine, all are stimulatory, controlling the release
of thyroid stimulating hormone (TSH), growth hormone (GH), follicle
stimulating hormone (FSH) together with luteinizing hormone (LH) and
adrenocorticotrophic hormone (ACTH) respectively. Thyroid stimulating
hormone targets the thyroid gland causing it to release thyroid hormones.

THE PITUITARY GLAND

Figure 7.10 Mechanism of action of a hormone
that binds to an intracellular receptor. See text for
details.
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Figure 7.11 Overview of the causes of endocrine Abnormal Stimulus
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Figure 7.12 Structure of the pituitary gland, with
the secreted hormones indicated.
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THE PITUITARY GLAND

Hypothalamus Figure 7.13 Hypothalamic factors that regulate

CRH Dopamine anterior pituitary function.
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Growth hormone acts on general body tissues to promote growth and
development. Follicle stimulating hormone and LH, collectively referred
to as gonadotrophins, act on the testes and ovaries and are essential for
reproduction. Adrenocorticotrophic hormone acts on the adrenal cortex and
stimulates release of cortisol. Prolactin stimulates the female mammary glands
to control lactation. The release of prolactin is inhibited by dopamine.

The posterior pituitary is composed of a collection of nerve fibers originating
in the hypothalamus. It secretes two main hormones, antidiuretic hormone
(ADH) or vasopressin, and oxytocin although both are made in the
hypothalamus and reach the posterior pituitary in the nerve fibers of the stalk.
The former stimulates the kidneys to conserve water (Chapter 8), whereas the
latter promotes uterine contractions during childbirth and stimulates the
release of milk in breast feeding.

DISORDERS OF PITUITARY FUNCTION

The majority of disorders in pituitary function are caused by tumors of the
gland although some pituitary diseases can lead to underproduction of its
hormones. Approximately 80% of pituitary tumors are functional, that is
they cause an excessive secretion of hormones. The most common secrete
prolactin, and account for 50% of functional tumors. The incidence of
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tumors affecting other hormones is 15% GH, 10% ACTH, 4% FSH/LH with
less than 1% promoting TSH secretion. Large pituitary tumors may also exert
pressure on nerves, causing headaches and visual disturbances. Radiological
investigations such as X-rays, computer-aided tomography (CAT) scans and
magnetic resonance imaging (MRI), outlined in Chapter 18, are important in
locating tumors and estimating their sizes.

Prolactin secreting tumors, prolactinomas, cause hyperprolactinemia that, in
turn, can lead to infertility in both males and females. Nonprolactin secreting
tumors or pituitary stalk section by surgery, which block the dopaminergic
inhibition of prolactin secretion, also result in hyperprolactinemia.
Hyperprolactinemia abolishes menstruation (amenorrhea) and causes an
inappropriate release of breast milk (galactorrhea) and impotence and breast
development (gynecomastia) in males. Other causes of hyperprolactinemia
include drugs, for example phenothiazines, that block dopamine receptors, or
methyldopa that reduces the level of dopamine in the brain.

Investigating a patient with a possible prolactinoma includes assessing the
concentrations of prolactin in the plasma (Table 7.2) following stimulation with
TRH, although this test is not commonly used in most hospitals. In addition
to TRH, prolactin is also secreted in response to stress and estrogens. Patients
with a prolactinoma have plasma prolactin concentrations in excess of 2000
mU dm™. These high values are generally not affected by TRH stimulation in
individuals with prolactinomas. The first line of treatment is with a dopamine
antagonist, such as bromocriptine, although surgical removal of the tumor
may be necessary in cases which do not respond to drug therapy.

Disorders of oxytocin are uncommon and have little clinical significance.
However, ADH release is essential for life and disorders of its release are
well recognized. The release of ADH is stimulated by increased osmolality
of the plasma and a decrease in blood volume detected by hypothalamic
osmoreceptors and cardiac baroreceptors respectively. The role of ADH in
fluid regulation is outlined in Chapter 8. A decreased output of ADH gives rise
to diabetes insipidus, characterized by excessive production of dilute urine
(polyuria). Patients are constantly thirsty (polydipsia), have hypernatremia
and a plasma osmolality in excess of 295 mmol kg™.

[Prolactin] / mU dm™3 Interpretation

Males < 381 normal

Females < 629 normal

Males 381-1000 repeat test; does not usually indicate a serious problem
Females 629-1000 repeat test; does not usually indicate a serious problem
1000-2000 repeat test; the increased [prolactin] may be secondary to

stress, drug use, hypothalamic disorders, acromegaly, primary
hyperthyroidism or chronic renal failure

2000-4000 possible microprolactinoma or a hypothalamic disorder

4000-6000 prolactinoma probably present, although the possibilities of a
hypothalamic disorder or pregnancy should be investigated

> 6000 virtually always indicates the presence of a macroprolactinoma

Table 7.2 Interpretation of serum prolactin concentrations in the diagnosis of hyperprolactinemia
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Cranial diabetes insipidus may be caused by brain tumors, meningitis, trauma
and following surgery, but can be idiopathic. Nephrogenic diabetes insipidus
occurs when the kidneys fail to respond to ADH. The lack of response may be
caused by drugs, such as lithium, chronic renal disease, hypercalcemia or it
may be congenital. Patients with suspected diabetes insipidus are investigated
by performing a fluid deprivation test in which the patient is deprived of fluid
intake for a period of 8 h. In normal individuals, this results in concentrated
urine with a plasma osmolality below 295 mmol kg™. However, in patients with
diabetes insipidus, the urine does not become concentrated and the plasma
osmolality increases. At the end of the 8 h period, the patient is allowed to
drink water and given desmopressin, a synthetic analog of ADH, after which
the urine is collected hourly for a further 4 h. In cranial diabetes insipidus
the urine becomes concentrated, but with nephrogenic diabetes insipidus
this does not occur as the kidneys are insensitive to ADH (or desmopressin
in this case). Hence the test discriminates between cranial and nephrogenic
diabetes insipidus.

Patients suffering from diabetes insipidus require access to rehydrating
fluids but, in each case, the underlying cause must be treated. Patients with
cranial diabetes insipidus are often given desmopressin in a nasal spray or
chloropropamide which increases renal sensitivity to ADH. The use of the
latter drug requires careful monitoring since it can lead to hypoglycemia.
Individuals with nephrogenic diabetes insipidus do not respond to analogs of
ADH and often there is no suitable treatment. Especial attention to adequate
water intake is essential.

A number of patients present with hypopituitarism, which is a failure
to secrete one or more pituitary hormones, although this is a relatively
uncommon complaint. Hypopituitarism may result from a tumor, infarction,
infections, trauma affecting the pituitary or may be secondary to disorders
of the hypothalamus. The clinical presentation of hypopituitarism often
depends on the age of the affected individual. A decreased release of
GH is often an early feature, leading to dwarfism in children (Section
7.6). Inadequate secretion of gonadotrophins may cause amenorrhea
(see above) and infertility in adult females, and loss of secondary sexual
characteristics in males. Elderly patients with hypopituitarism may complain
of symptoms, such as hypoglycemia and hypothermia, relating to ACTH
and TSH deficiencies respectively. In most cases, GH and gonadotrophin
deficiencies tend to present before that of ACTH. Hyposecretion is assessed
by stimulatory tests where the ability of the anterior pituitary to secrete the
hormone in question is assessed following stimulation of the patient with
the hypothalamic peptide or its analog. A failure to respond would suggest
hypopituitarism.

7.6 GROWTH HORMONE DISORDERS

Growth hormone (GH) or somatotrophin promotes linear growth and the
maintenance of tissues by stimulating the uptake of amino acids by cells,
protein synthesis, increasing blood glucose concentration and fat metabolism
and promoting epiphyseal bone growth. These effects are mediated by locally
acting effectors called somatomedins that are synthesized by many tissues
but particularly liver. Somatomedins stimulate cell proliferation and/or
differentiation. They include insulin-like growth factors-I and II (IGF-I and
IGF-II). Insulin-like growth factor-I is the most significant physiologically and,
indeed, its concentration correlates with that of GH.

Growth hormone is a polypeptide 191 amino acid residues long (Figure 7.14
(A)). Approximately 70% of plasma GH is bound to growth hormone binding
protein. Growth hormone is synthesized in the anterior pituitary gland in

GROWTH HORMONE DISORDERS
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Figure 7.14 (A) Structure of human growth
hormone. PDB file 1HGU. (B) The regulation of

the secretion of GH.
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an inactive form called preprogrowth hormone that is hydrolyzed in several
enzyme-catalyzed reactions to give active GH prior to its secretion. A number
of factors, such as sleep, amino acids, exercise and stress stimulate GHRH
release from the hypothalamus and that, in turn, stimulates GH secretion.
Hyperglycemia stimulates the secretion of somatostatin from the hypo-
thalamus and this inhibits the secretion of GH. Increasing concentrations of
serum GH and IGF-I exert a negative feedback effect that prevents further
release of GH (Figure 7.14 (B)). The rate of adult secretion varies but is
generally about 1.4 mg daily and occurs in pulses with the largest amounts
being released during sleep.

The clinical features resulting from an excess or deficiency of GH depend on
the age of the person. A deficiency during childhood leads to a stunted growth
called dwarfism (Figure 7.15 (A)) and therefore requires early detection.
However, GH deficiency is a rare cause of dwarfism and other causes, for
example thyroid deficiency or inadequate nutrition, need to be excluded first.
The commonest causes of GH deficiency are nonendocrine tumors that affect
the pituitary gland or hypothalamus. Growth hormone deficiency may also be
a consequence of generalized pituitary disease or a congenital defect leading
to a deficient production of GHRH. Whatever the cause, the major clinical
feature is stunted growth, well below that expected for a child of comparable
age, with a shortheight, immature face and skeleton as revealed by radiological
investigations. Clinical signs of other anterior pituitary hormone deficiencies
may be evident.

The most common cause of excessive GH release is a GH secreting pituitary
tumor or adenoma (Chapter 17). Although these are benign, they are not
subject to normal control and continually release large amounts of GH. The

Figure 7.15 Photographs showing one of the authors beside (A) a dwarf
and (B) a person with combined gigantism and acromegaly.




causes of these tumors are unknown but a genetic basis has been suggested.
Ectopic GH secretion is extremely rare but has been reported in patients with
bronchial carcinoma.

Excessive GH release causes gigantism in children and acromegaly in adults.
Children with GH excess grow as much as 6 inches per year to abnormal
heights, often in excess of 8 feet. Muscle weakness is seen in longstanding cases.
Acromegaly has an insidious onset and may take years for its clinical features,
enlargement of bones of hands, feet and face, thickening of soft tissues causing
coarse facial features, enlarged tongue and lips, prognathism or protruding
jaw, increased sweating and enlargement of internal organs, such as liver,
spleen and heart, to become apparent. Additionally, acromegalics suffer from
paresthesia of the hands and feet due to entrapment of nerves by thickened
bone and subcutaneous tissue, headaches/vision disorders due to the growing
pituitary tumor and sensory nerve entrapment, impaired glucose tolerance
or diabetes mellitus and increased incidences of coronary heart disease and
stroke (Chapter 14). Individuals affected by excessive GH secretion throughout
life show features of both gigantism and acromegaly (Figure 7.15 (B)).
The prognosis for both gigantism and acromegaly depends on how far the
disorder has advanced. Gigantism is rarely life threatening and prognosis is
usually good. However, an individual with advanced acromegaly will develop
serious complications, such as coronary heart disease, cerebrovascular disease
and diabetes mellitus.

DIAGNOSIS AND TREATMENT OF GROWTH HORMONE DISORDERS

A variety of tests are used to assess GH deficiency. Random measurements
of serum GH are of limited value due to fluctuations in plasma GH levels in
normal individuals. Urinary GH excretion is low in deficiency but obtaining
an accurately timed collection of urine is difficult. Most tests rely on
demonstrating that the hormone does not increase in concentration following
a stimulus. Growth hormone increases after exercise and this has been used
as a preliminary screening test. In the exercise test, the patient is subjected
to hard physical exercise until they have a pulse rate greater than 150 beats
per min (Chapter 14). Blood is collected at 0, 2 and 20 min after stopping
exercise. In normal individuals, the plasma concentration of GH increases by
20 mU dm™ above the initial value. Growth hormone release increases during
sleep, hence high values in a nocturnal sample may exclude deficiency. Blood
samples are collected using a venous catheter at 30 min intervals for 3to 4 h
after the onset of sleep. A peak of at least 10 mU dm™ occurs in normal
individuals but not in patients with GH deficiency. Clonidine is a potent
stimulator of GH secretion and is used in a definitive test for GH deficiency.
Growth hormone from genetically engineered sources is used in treatment
but must be continued until longitudinal growth is completed. In cases where
deficiency is due to low levels of GHRH, analogs of this peptide, for example
hexarelin, have been used.

A diagnosis of excess GH is made on clinical grounds supported by biochemical
andradiological investigations. Photographs taken of the patient when younger
are particularly useful when making a diagnosis. Basal serum concentrations
of GH are increased in GH excess but, because release is influenced by so
many factors, the result of a single sample is unreliable.

The concentration of IGF-I in serum is raised in patients with acromegaly and
is of diagnostic significance. The oral glucose tolerance test (OGTT) is used
to confirm a diagnosis of acromegaly and is similar to that used for diagnosis
of diabetes mellitus (Section 7.8) except that levels of plasma GH are also
determined. In a healthy individual, the glucose load suppresses GH release
to below 2 mU dm™ by stimulating the release of somatostatin. In patients
with acromegaly, this suppression is not seen.

GROWTH HORMONE DISORDERS
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Figure 7.16 The histological structure of the
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Figure 7.17 The major thyroid hormones (A) T,,
(B) T, and (C) the regulation of the secretion of T
and T, by a negative feedback mechanism.
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The management of GH excess cannot reverse any clinical changes that have
taken place prior to treatment. However, management is important because
it improves survival and reduces deaths due to heart disease or stroke. Growth
hormone secreting tumors are treated in one of three ways, the clinical decision
depending on severity of disease, the age of the patient and the response
to treatment. Surgical removal of the pituitary tumor may be attempted
depending on its size and location with steps taken to minimize damage to
the anterior pituitary. If GH levels do not normalize, other treatments must
be considered. Radiotherapy is usually performed over a 4-6 week period by
external irradiation using a cobalt source. Its effects are slow and, in some
cases, hyposecretion of other pituitary hormones may occur. Drugs, such as
bromocriptine, suppress GH release in acromegalics and are often used in
patients too old to undergo surgery or radiotherapy. Somatostatin analogs, for
example octeotride, have also been used to inhibit GH release. Some patients
require all three modes of treatment but are not always successfully treated. To
detect recurrence, serum IGF-I needs to be monitored at regular intervals.

7.7 THYROID HORMONE DISORDERS

The thyroid gland is the largest endocrine gland in the body, weighing about
20 g. It is a bilobular organ that consists of microscopic spherical follicles
with secretory cells (Figure 7.16) that synthesize the thyroid hormones.
Thyroid hormones (Figure 7.17 (A) and (B)) consist of triiodothyronine (T,)
and thyroxine (T,). Triiodothyronine is the most active, four times that of T,,
and has a half-life of 1.5 days compared with 9 days for T,. However in most
tissues, particular the liver, T, can be readily converted to T,. More than 99% of
T,andT, are transported in the serum as complexes: 70% to thyroxine binding
globulin (TBG) and about 20% to albumin and around 10% to prealbumin.
The remaining small free portion is the metabolically active fraction.
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The effects of thyroid hormones are to increase heat production, oxygen
consumption, the metabolism of proteins, fats and carbohydrates and to
promote normal growth. They are also necessary for the normal functioning
of the CNS. Levels of plasma T, and T, are regulated by the release of thyroid
stimulating hormone (TSH) from the anterior pituitary that, in turn, is
controlled by the release of thyrotrophin releasing hormone (TRH) from the
hypothalamus. Increasing concentrations of free T, and T, inhibit further
release of TSH and TRH by a negative feedback effect (Figure 7.17 (C)).

The most serious disorder of thyroid function is hyperthyroidism caused by
an excessive production of thyroid hormones. The clinical syndrome resulting
from hyperthyroidism is thyrotoxicosis (Figure 7.18). Its clinical features are
weight loss, sweating, heat intolerance, anxiety, hyperkinesis, increased
appetite, osteoporosis, menorrhagia, tachycardia and pretibial edema.

The commonest cause of hyperthyroidism is Grave’s disease, which can occur
at any age but particularly in 20- to 40-year-old females. Patients with Grave’s
disease suffer from exophthalmos or protrusion of the eyeballs, in addition to
clinical features of hyperthyroidism. It is an autoimmune disease (Chapter 5),
characterized by the presence of thyroid stimulating antibodies in the blood
that bind to TSH receptors in thyroid cells and stimulate them in a similar
manner to TSH. Toxic nodules are the second main cause of hyperthyroidism
and tend to be found in elderly patients. They may occur singly or as multiples
in a nodular goiter and are autonomous (self-governing) secretors of thyroid
hormones. An excessive intake of thyroxine in individuals who are treated for
hypothyroidism can cause hyperthyroidism. Rare causes of hyperthyroidism
include ectopic thyroid tissue and tumors that secrete TSH although the latter
are very uncommon.
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THYROID HORMONE DISORDERS

Figure 7.18 Schematic to show the clinical
features of thyrotoxicosis.
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Hypothyroidism (myxodema) is most common in women of 30-60 years of
age (Figure 7.19). Its clinical features include psychosis, diminished sweating,
hypokinesis, weight gain, muscle weakness, constipation, dry, cold skin and
dry hair, ischemic heart disease, bradycardia and menstrual irregularities.
The primary cause of hypothyroidism is a defect in the secretion of thyroid
hormones by the thyroid gland. In, for example, Hashimoto’s thyroiditis, an
autoimmune disease, there is destruction of thyroid tissue by antibodies
(Chapters 4 and 5) produced against the thyroid. Hypothyroidism may
also occur after surgery (postthyroidectomy) and following treatment with
antithyroid drugs. Congenital hypothyroidism occurs because of the failure of
the thyroid gland to develop normally during embryonic growth. If untreated,
this condition results in cretinism where the child suffers from mental
retardation, muscle weakness, short stature, neurological signs and is often
dumb and mute. Hypothyroidism may also arise due to iodine deficiency in
certain parts of the world. Secondary causes of hypothyroidism are linked to
the pituitary or the hypothalamus with defective secretions of TSH and TRH
respectively.
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DIAGNOSIS AND TREATMENT OF THYROID DISORDERS

Investigating thyroid abnormalities involves measurements of serum
TSH as a first line test for thyroid function. Some laboratories also include
measurement of free T, and/or free or total T, in their first line screen.
Sensitive assays for measurement of TSH are readily available. Thyroid
stimulating hormone levels are increased in primary hypothyroidism,
normal in euthyroid individuals (those without thyroid disease) and low or
undetectable in hyperthyroidism.

174



Total T,and T, measurements were once used widely in pathology laboratories
but have the disadvantage that their values are dependent on plasma TBG
levels, which can give misleading results. When TBG levels increase, for
example in pregnancy or in females receiving estrogen-containing oral
contraceptives, then total T, and total T, are also increased even though the
individual is not hyperthyroid. Decreases in TBG concentrations occur in
malnutrition, protein loss, severe illness and malabsorption (Chapters 10 and
11) and causes a reduction in total T,and T,. There has been some controversy
on the validity of free thyroid hormone measurements, but most laboratories
now determine free T, and T,, rather than the total concentration. Free T, and
particularly free T, are usually increased in hyperthyroidism. Free T, is low in
hypothyroidism and is the preferred measurement for its detection because
free T, can be normal in hypothyroidism due to an increase in its peripheral
formation from T,. In a few patients with hyperthyroidism, free T, is within the
reference range but free T, is increased and TSH is nearly always undetectable.
This form of hyperthyroidism is referred to as T, toxicosis.

In any systemic illness, such as myocardial infarction, fever or liver disease,
the normal metabolism of thyroid hormones is disturbed, reducing the
concentrations of T, and T, in the plasma because T, is converted to an
inactive isomer called reverse T, or r'T, (Figure 7.20) and T, is not replenished
from T,. Thyroid stimulating hormone levels may be normal or reduced and
concentrations of TBG, albumin and prealbumin may also decline. Patients
may have reduced T,, T, and TSH, although there is no thyroid dysfunction.
For this reason, thyroid function tests should not be performed on sick
patients until they recover. Table 7.3 outlines the results of tests used in
thyroid disorders. The TRH test is rarely used now in the diagnosis of thyroid
disease. It is almost exclusively used in the diagnosis of patients with pituitary
disease and to assess the capacity of the pituitary to secrete TSH. The patient
is given 200 ug of TRH intravenously and the serum TSH is measured after
0, 20 and 60 min. A normal response involves a three- to fivefold increase in
TSH above the basal level. A slow rise in TSH (where the 60-min concentration
is greater than the one at 20 min) together with low basal levels of TSH and
thyroid hormones suggests hypothalamic disease, while a lack of response is
suggestive of pituitary hypothyroidism or hyperthyroidism (Figure 7.21).

HO 0 CH, — CH — COOH

THYROID HORMONE DISORDERS

NH, Figure 7.20 Reverse T, (rT,). Compare its

structure with those shown in Figure 7.17.

Nonthyroidal illness

Test Hyperthyroidism Hypothyroidism Developing T, toxicosis
hypothyroidism

TSH decreased increased increased increased

Free T, increased decreased normal normal

Free T, considerable increase decreased or normal decreased or normal considerable increase

Table 7.3 Interpretation of results for thyroid function tests

decreased or normal
decreased

decreased
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Figure 7.21 Potential results from a TRH test. See
text for details.
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Other techniques for investigating thyroid function include administration of
isotopes, such as " Tc-pertechnetate, and determining their distribution using
a camera that detects y radiation. This technique distinguishes between active
and inactive thyroid nodules and can distinguish between Grave’s disease,
multinodular goiter or an adenoma affecting the thyroid gland. A thyroid
biopsy involves aspirating tissue from the affected region of the thyroid using
a syringe and fine needle. The collected cells are examined microscopically
for evidence of thyroid nodules. Often thyroid disease has an autoimmune
basis and measurement of antibodies can aid diagnosis. Antiperoxidase and
antithyroglobulin antibodies are found in patients affected by Hashimoto’s
thyroiditis and often in those with Grave’s disease. However, the detection of
antibodies is not always diagnostic, as low levels of these antibodies can occur
in older people who are euthyroid.

The management of hyperthyroidism includes using antithyroid drugs, for
example, carbimazole. This is useful in young patients and acts by reducing
the production of thyroid hormones. Other forms of treatment include
radioiodine therapy with **'I, although this is normally used in older patients,
and partial or complete surgical removal of the thyroid gland (thyroidectomy).
Some patients develop hypothyroidism, often as a consequence of treatment,
and may have to be placed on thyroxine therapy. In this regard it is important
to monitor TSH levels to detect developing hypothyroidism. Management
of hypothyroidism involves replacement therapy with thyroxine, often for
life. Thyroxine is readily available, safe and inexpensive. The treatment is
monitored at regular intervals by measurement of serum concentrations of
TSH to ensure they are kept within its reference range.



7.8 REGULATION OF BLOOD GLUCOSE

Adequate concentrations of glucose in the blood are necessary for brain cells
as they cannot metabolize substances other than glucose and ketone bodies
as energy sources nor can they store or synthesize glucose. After a meal, any
released glucose is absorbed by the gastrointestinal tract (Chapter 11) enters
the bloodstream and is delivered to the peripheral tissues where it may be
metabolized to allow ATP production. Surplus glucose is converted to glycogen
and stored in the liver and skeletal muscles or converted to triacylglycerols
and stored in adipose tissue. During fasting, the liver produces glucose by
glycogenolysis or gluconeogenesis and this is used to maintain blood glucose
concentration (Figure 7.22).

The concentration of glucose in plasma is regulated by the hormones insulin
and glucagon. Insulin is synthesized as preproinsulin in the B cells of the
islets of Langerhans in the pancreas but during its secretion is enzymatically
converted to active insulin (Figures 7.3 (B) and 7.23). Insulin has a number of
functions. It inhibits glycogenolysis, gluconeogenesis, lipolysis, ketogenesis
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Margin Note 7.2 Sanger and @

sequences

Sanger determined the complete
sequences of the amino acid
residues, the primary structures, of
both chains of insulin in the early
1950s. This was the first unequivocal
demonstration that proteins have
strictly defined primary structures.
With the techniques of chemistry
and molecular biology available at
that time, this was an incredible
achievement and Sanger was
awarded the 1958 Nobel Prize in
Chemistry. Nowadays, sequencing a
protein as small as insulin would be a
trivial task. The sequences of smallish
peptides are easily determined by
mass spectrometry and it is relatively
easy to determine the base sequence
of a gene (DNA) and then interpret

it in terms of the amino acid order

of the encoded protein. Indeed,
complete genome sequences of
numerous organisms, including those
of human beings and a number of
human pathogens and parasites,

are known and are widely available
in various websites. Incredibly, the
major method for sequencing DNA,
the dideoxy method, was also devised
by Sanger in 1977, when he and
coworkers published the complete
sequence of the genome of the virus,
@X174. Sanger was awarded the
Nobel Prize in Chemistry in 1980 for
this work. Sanger thus belongs to
the tiny elite group of people to have
received two Nobel Prizes.

Figure 7.22 Overview of glucose homeostasis.
See text for details.
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and proteolysis and stimulates glucose uptake by muscle and adipose tissues,
glycolysis, glycogenesis, protein synthesis and uptake of K* and P,. Glucagon
is released by the o cells of the pancreas. Its effects are antagonistic to those
of insulin. An increase in blood glucose stimulates the pancreas to produce
insulin which, in turn, promotes the uptake and utilization of glucose by cells
lowering its concentration. A reduction in blood glucose stimulates release of
glucagon that promotes glycogenolysis in the liver thereby increasing blood
glucose levels (Figure 7.24). Disorders of insulin release or activity can cause
an increase in blood glucose, hyperglycemia, or its reduction, hypoglycemia.

DIABETES MELLITUS

Diabetes mellitus is a syndrome characterized by hyperglycemia due to an
absolute or relative deficiency of, and/or resistance to, insulin. This is the
commonest endocrine disorder, affecting about 2% of the world’s population.
Diabetes can be primary when caused directly by malfunction of one or more
of the systems regulating blood glucose concentration, or secondary as a result
of another disease. Primary diabetes is divided into types 1 and 2. In type 1
diabetes, also known as insulin dependent diabetes mellitus IDDM), there is
a decrease or absence of insulin production. It occurs in 15% of all diabetics
and typically presents acutely during childhood or adolescence, although it
can occur at any age. Patients have marked weight loss and ketoacidosis (see
below) can occur readily. Type 1 diabetes mellitus is an autoimmune disease
(Chapter 5) and antibodies that react with 3 cells of the islets of Langerhans
in the pancreas have been demonstrated in over 90% of patients. It also has
a strong association with certain histocompatibility antigens such as HLA-
DR3, DR4 and certain DQ alleles (Chapters 4 and 6). Many cases of type 1
diabetes may develop after a viral infection, such as with Coxsackie B, which
initiates an autoimmune reaction that destroys the B cells of the pancreas.
Type 2 diabetes is also known as noninsulin dependent diabetes mellitus
(NIDDM), where insulin secretion tends to be normal or even elevated. It
accounts for about 85% of all cases of diabetes, has a gradual onset and tends
to occur in middle-aged and elderly individuals. Patients are less likely to
develop ketoacidosis. The etiology of type 2 diabetes is still unclear but has a
strong association with obesity. The disease may arise because an abnormal
insulin, not recognized by its receptor, is produced, lack of insulin receptors,
the presence of defective receptors or by a defective secondary messenger
system linking the insulin receptor to the glucose transporter in the plasma
membrane. Type 2 diabetes has a strong familial incidence. For example, if
an identical twin develops type 2 diabetes there is a strong likelihood that the
other twin will become diabetic.

Secondary diabetes mellitus is uncommon and is a consequence of other
disorders that involve excess secretion of hormones antagonistic to insulin,
such as cortisol in Cushing’s syndrome and GH in acromegaly. Damage to the
pancreas following, for example, chronic pancreatitis or pancreatic surgery,
may result in secondary diabetes.

Patients with diabetes mellitus suffer from a number of symptoms, including
polydipsia, the production of large volumes of urine (polyuria), unexplained
weight loss, blurred vision, tiredness and an increased susceptibility to
infections. Diabetic patients are also susceptible to acute and chronic
complications.

Acute complications of diabetes mellitus include diabetic ketoacidosis
(DKA), hyperosmolar nonketotic (HONK) coma and hypoglycemia. Diabetic
ketoacidosis occurs most commonly in patients with uncontrolled type 1
diabetes mellitus as a result of their failure to comply with insulin therapy
or it can also be precipitated by infections, such as the common cold, when
the body responds by releasing more glucose into the bloodstream and by



reducing the action of insulin. The pathogenesis of DKA is outlined in Figure
7.25. In DKA, glucose uptake by cells decreases whereas gluconeogenesis
and glycogenolysis are both stimulated, causing severe hyperglycemia.
Increased breakdown of proteins occurs and the released amino acids enter
gluconeogenesis or are degraded to form urea. As a result of insulin deficiency,
there is a shift of both K* and P, from the intracellular to the extracellular
compartments causing hyperkalemia and hyperphosphatemia respectively
(Chapter 8). The insulin deficiency also stimulates lipolysis producing free fatty
acids (FFAs) and glycerol. In the liver, FFAs are converted to acetyl CoA which
is then converted to acetoacetate and finally acetone and pB-hydroxybutyrate.
Acetoacetate, acetone and B-hydroxybutyrate are called ketone bodies even
though B-hydroxybutyrate is not a ketone. The liver cannot utilize ketone
bodies and they accumulate in the blood (ketonemia) and may be excreted in
the urine (ketonuria). The ketone bodies in the blood are moderately strong
acids, H'Ketone", and react with buffers, such as NaHCO, (Chapter 9),

H'Ketone” + NaHCO, —— > Na'Ketone~ + H,CO,

decreasing the concentration of hydrogen carbonate but increasing that of
carbonic acid producing an acidosis. The carbonic acid dissociates to CO,and
H,O and the blood PCO, increases. Thus the lung ventilation rate increases
as the body attempts to remove the excess CO,. The ketonemia is believed to
be responsible for the abdominal pain, vomiting and acidosis associated with
DKA. Severe hyperglycemia in DKA exerts a high osmotic pressure causing
water to move out of the cells leading to cellular dehydration. Blood volume
rises and the kidneys respond with polyuria. If blood glucose levels exceed
the renal threshold, glucose is lost in the urine causing glycosuria. Eventually
an osmotic diuresis may occur with loss of water and electrolytes. The blood
volume therefore declines further (hypovolemia) reducing the glomerular
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Figure 7.25 An overview of the factors causing
diabetic ketoacidosis (DKA). See text for details.
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filtration rate (GFR) and causing uremia. Dehydration and hypovolemia may
stimulate the thirst center and the patient may suffer polydipsia.

Diabetic ketoacidosis is a medical emergency and is fatal in about 10% of
adults and 5% of children if untreated. Death in untreated cases of DKA is due
to poor tissue perfusion, acidosis and cardiovascular failure. The following
approaches are taken to correct the metabolic disturbance. Isotonic saline
and insulin are administered to correct the dehydration and hyperglycemia
respectively. Following administration of insulin, K* enters the cells and
this may cause hypokalemia therefore it may be necessary to administer K*
supplements. In the past, severe cases of acidosis were treated by infusion
of hydrogen carbonate although this approach is rarely adopted nowadays.
Finally, if the DKA was precipitated by an infection, then it is necessary to
identify and treat this infection.

Patients with uncontrolled type 2 diabetes mellitus may enter a HONK coma.
This tends to occur in the elderly and develops over a period of days or even
weeks. In these patients, the levels of insulin are sufficient to prevent ketosis
but they often have severe hyperglycemia, characterized by blood glucose
concentration above 35 and often in excess of 50 mmol dm, together with
severe dehydration and high serum osmolality. A HONK coma is usually
precipitated by severe illness, diuretics, dehydration and glucocorticoid
therapy. Its treatment is similar to that for DKA, except that the patient is
rehydrated at a slower rate and insulin requirements are lower than those for
a patient with DKA.

The chronic complications of diabetes mellitus include retinopathy, cataract,
atherosclerosis, nephropathy and neuropathy. Diabetics with poor blood
glucose control are most susceptible to these chronic complications. It is
generally accepted that increased protein glycation and the accumulation
of tissue advanced glycation end products (Chapter 18) are involved in the
pathogenesis of chronic complications.

Diagnosis and treatment of diabetes mellitus

Investigation of diabetes is made on the basis of clinical features and
laboratory investigations. A preliminary screening test may identify the
presence of urinary glucose, although this is not diagnostic of diabetes
mellitus. A patient presenting with symptoms of diabetes mellitus must have
a venous blood specimen taken and its glucose concentration determined. A
patient is diagnosed as diabetic if the fasting plasma glucose concentration is
equal to or greater than 7.0 or the random concentration is greater than 11.1
mmol dm™. Diabetes mellitus is excluded if the fasting or random plasma
glucose concentrations are less than 6.1 or 7.8 mmol dm™ respectively. If
the individual under investigation lacks the typical symptoms of diabetes
then diagnosis cannot be confirmed by a single glucose determination
but reconfirmed by at least one additional positive test on another day or
investigated using the oral glucose tolerance test (OGTT). During the OGTT,
the patient is kept on a normal diet for three days prior to the test and then
fasts overnight prior to the test. A basal (fasting) venous blood sample is taken
for glucose determination before the patient drinks 75 g of anhydrous glucose
dissolved in a small volume of water. Blood specimens are collected after one
and two hours and plasma glucose determined. Plasma glucose values greater
than or equal to 7.0 mmol dm™ for the basal sample or 11.1 mmol dm™ for
the 2 h samples are diagnostic of diabetes mellitus. Individuals with plasma
glucose concentrations less than 7.0 for the basal sample or between 7.8 and
11.1 mmol dm for the 2h samples are categorized as having impaired glucose
tolerance (IGT). This group has an increased risk of developing cardiovascular
disease (Chapter 14). Patients with plasma glucose concentrations of 6.1 to
7.0 mmol dm™ for the basal samples or less than 7.8 mmol dm™ for the 2 h



samples are categorized as having impaired fasting glucose (IFG) and are at
risk of developing diabetes. The values given relate to venous plasma samples
and are different from those for whole blood samples.

The management of diabetes mellitus aims to provide relief from symptoms
and reduce the chances of developing acute and chronic complications. This
includes educating the patient that diabetes is a life-long disease and affected
individuals must be responsible for their own treatment. Regular clinical and
laboratory assessment of the patient is required to ensure that treatment is
effective, to detect early signs of treatable complications so as to reduce their
progression and ensure compliance with treatment. Management involves
the dietary restriction of simple sugars and of saturated fats and cholesterol
and the use of complex carbohydrate and fibers. Dietary control is often
accompanied by use of injected insulin or oral hypoglycemic drugs, such
as sulfonylureas, in patients with type 1 and type 2 diabetes respectively.
Occasionally, it may be necessary to use insulin in patients with type 2
diabetes to control blood glucose effectively. Hypoglycemic drugs act by
increasing the sensitivity of 8 cells to glucose therefore stimulating insulin
release or by increasing sensitivity of target cells to insulin. Both effects will
reduce blood glucose levels. Some hypoglycemic drugs act to reduce the
absorption of glucose by the GIT or reduce glycogenolysis in the liver. Diabetic
patients on treatment are monitored regularly to ensure that blood glucose
is kept in control. Most patients measure their own blood glucose at home
regularly using kit methods based on reagent strips and a portable glucose
meter (Figure 7.26) and adjust insulin dosage according to needs, perhaps
following a change in diet, during illness or after exercise. The amount of
glycated hemoglobin (Figure 1.14) in a patient is determined regularly to
assess therapy compliance because its presence is an indicator of average
glycemia over the previous 6-8 weeks. The amount of glycated hemoglobin
tends to be less than 6% in nondiabetics but may exceed 10% in uncontrolled
diabetes. Diabetic patients with high values have poor blood glucose control
and their treatment or compliance must be reviewed.

HYPOGLYCEMIA

Hypoglycemia is defined as a blood glucose concentration less than 2.2
mmol dm™ in a random specimen collected into a tube containing an
inhibitor of glycolysis. Hypoglycemia occurs because of an imbalance
between glucose intake, endogenous glucose production and glucose
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Figure 7.26 A blood glucose meter.
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utilization. Its clinical features are mainly due to abnormal function of the
CNS (neuroglycopenia) and can be acute or chronic. Acute features include
tiredness, confusion, hunger, dizziness, blurred vision, convulsions, coma,
anxiety, profuse sweating and tachycardia. The typical signs and symptoms
are more likely to occur if blood glucose falls rapidly: in children and young
adults the symptoms often present when the glucose concentration is less
than 2.2 whereas neonates develop symptoms only when it is less than
1.5 mmol dm™. Acute hypoglycemia is usually associated with diabetics
who have taken too much insulin. Its chronic features include personality
changes, memory loss and dementia and are generally observed in patients
with insulin secreting tumors.

Most cases of hypoglycemia occur in patients with type 1 diabetes mellitus
because of insufficient carbohydrate, too high a dose of insulin, inappropriate
use of hypoglycemic drugs, excessive alcohol intake and strenuous exercise.
Hypoglycemia can occur during fasting if the individual has an insulin
secreting tumor or insulinoma which is a primary tumor of the 3 cells of the
islets of Langerhans. These tumors produce excessive amounts of insulin
or secrete insulin when it is not required. Nonpancreatic tumors, especially
carcinomas of the liver and sarcomas, may cause hypoglycemia by increasing
cellular uptake of glucose but this is unlikely to be the sole cause. Many of
these tumors secrete IGF-II which has insulin-like effects and is capable of
causing hypoglycemia.

Hypoglycemia in children is particularly dangerous because of the high risk of
permanent brain damage. Its diagnosis is especially necessary in the first few
months oflife. A fetus exposed to maternal hyperglycemia will have pancreatic
islet cell hyperplasia and elevated insulin levels. Following birth, the neonate
has hyperinsulinism and may develop hypoglycemia now the high glucose
supply from the mother has been removed. In addition, these babies are larger
than average in size since insulin promotes growth.

Diagnosis and treatment of hypoglycemia

An initial assessment of a patient with frequent episodes of hypoglycemia
involves a thorough clinical evaluation with an emphasis on the patient’s drug
history, relationship of symptoms to meals, presence/history of endocrine
disease and an investigation of a possible nonpancreatic tumor. Laboratory
tests can confirm the diagnosis of hypoglycemia by demonstrating a low
blood glucose concentration. To confirm that the clinical features are due
to hypoglycemia, the patient can be given glucose by mouth or parenterally
as appropriate. Symptoms that are due to acute neuroglycopenia resolve
immediately whereas those due to chronic neuroglycopenia often persist.
Measurement of plasma insulin concentration can help in the diagnosis or
exclusion of an insulinoma. An insulinoma is likely if the patient has fasting
hypoglycemia together with high serum insulin levels that are greater than
10 mU dm™ and raised C-peptide levels (Figure 7.23). Insulin secretion in an
insulin-treated diabetic cannot be determined for obvious reasons. However,
insulin and the C-peptide are secreted by islet cells in equimolar amounts and
therefore a measurement of C-peptide together with insulin can differentiate
between hypoglycemia due to an insulinoma, which will have a high C-peptide
concentration, from that due to exogenous insulin, which will have relatively
low amounts of C-peptide.

Hypoglycemia can be fatal and patients must be treated urgently. The aim in
comatose patients is to rapidly correct the hypoglycemia using intravenous
dextrose or intramuscular glucagon. If a patient is conscious and can swallow,
then they are given sweet drinks, sweets or glucose tablets. The underlying
cause of hypoglycemia needs to be identified and rectified; an insulinoma, for
example, requires surgical removal.



7.9 DISORDERS OF THE ADRENAL CORTEX

Adrenal glands each weigh about 5 g and are found on the upper surfaces
of the kidneys. They consist of an outer cortex and an inner medulla. The
cortex consists of three layers: the zona glomerulosa, zona fasciculata and
zona reticularis (Figure 7.27). The adrenal cortex is essential for life since it
produces three groups of steroid hormones. The glucocorticoids, such as
cortisol, and adrenal androgens, for example testosterone, are produced
by the zona reticularis and zona fasciculata and mineralocorticoids, such
as aldosterone, from the zona glomerulosa. Adrenal cortex cells have many
low density lipoprotein receptors on their surfaces enabling them to take up
precursor cholesterol rapidly from the plasma.

Cortisol (Figure 7.28 (A)) is released in response to adrenocorticotrophic
hormone (ACTH) from the anterior pituitary that, in turn, is controlled by
the release of corticotrophin releasing factor (CRF) from the hypothalamus.
Cortisol exerts a negative feedback effect on the anterior pituitary and
hypothalamus (Figure 7.28 (B)). The secretion of cortisol shows a diurnal
variation: highest in the morning, lowest at night. Cortisol stimulates an
increase in protein catabolism, hepatic glycogenolysis and gluconeogenesis
and a redistribution of adipose tissue but suppresses inflammation. About
90% of blood cortisol is bound to a cortisol binding globulin called transcortin
whilst the remaining 10% is free.

The major mineralocorticoid, aldosterone (Figure 7.29 (A)), is released in
response to hypotension, Na* depletion or hyperkalemia (Chapter 8). A group
of cellsin the kidneys called juxtaglomerular cells detect a fall in blood pressure
and secrete renin which circulates in the blood and catalyzes the conversion
of the plasma protein angiotensinogen to angiotensin I. A converting enzyme
in the lungs converts angiotensin I to angiotensin II that stimulates the release
of aldosterone from the adrenal cortex and ADH from the posterior pituitary
(Figure 7.29 (B)). Aldosterone stimulates the retention of Na* in exchange
for K and H" in the kidney tubules increasing the osmolality of the ECF and
the retention of water raising the blood pressure or the ECF volume back to
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Figure 7.27 The histological structure of the adrenal cortex.
Courtesy of Dr A.L. Bell, University of New England, College of
Osteopathic Medicine, USA.
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physiological values. Angiotensin I also stimulates thirst that helps to increase
blood pressure. The adrenal cortex secretes androgens, such as testosterone,
dehydroepiandrosterone sulfate (DHEAS) and androstenedione. Testosterone
is the hormone that stimulates the growth and development of the male
characteristics (Section 7.10).

ADDISON'S DISEASE

Adrenal hypofunction or Addison’s disease is a rare condition but is simple
to treat once diagnosed. It can arise from one of a number of causes: an
autoimmune destruction of the adrenal cortex, as a response to tuberculosis
(TB), amyloidosis, hemochromatosis, following adrenalectomy or hypo-
thalamic or pituitary diseases referred to as secondary adrenal insufficiency.
Addison’s disease is characterized by a deficiency of glucocorticoids and
mineralocorticoids. Its clinical features include weakness, lethargy, anorexia,
nausea, vomiting, weight loss, hypotension, skin pigmentation, hypoglycemia
and depression (Figure 7.30). In the first few months, symptoms are usually
vague with only lethargy, weakness and weight loss presenting as a result of
glucocorticoid deficiency. Later, patients start to vomit and have abdominal
pain. The lack of mineralocorticoids leads to an excessive loss of Na* and
therefore hypotension is common in these patients. Plasma ACTH is increased
because of pituitary response to low levels of cortisol given the lack of a
negative feedback mechanism. Adrenocorticotrophic hormone can stimulate
melanocytes in skin to produce the melanin, hence pigmentation is a common
feature in Addison’s disease.

Diagnosis and treatment of Addison’s disease

A clinical suspicion of Addison’s disease can be confirmed by demonstrating
hyperkalemia with hyponatremia (Chapter 8). The plasma cortisol is usually,
but not always, low in these patients. A high concentration of ACTH coupled
with a low concentration of cortisol is indicative of Addison’s disease
whereas low cortisol and ACTH values are suggestive of secondary adrenal
insufficiency. The situation can be resolved using complex biochemical
tests with the analog of ACTH, synacthen. The short synacthen test involves
an intramuscular injection of 0.25 mg of synacthen. The concentration of
plasma cortisol is measured within 30 min. If it rises by at least 200 or to a
value greater than 550 nmol dm™, then Addison’s disease is unlikely. If this
is not the case, then it is appropriate to proceed to the long synacthen test
which involves an intramuscular injection of 1 mg of ACTH daily for three
days. On the fourth day, the short synacthen test is performed and the serum
concentration of cortisol is measured. If this is less than 200 nmol dm™ with
no increase following administration of synacthen there is primary adrenal
failure and the patient is suffering from Addison’s disease. If, however, there
is an incremental increase of at least 200 nmol dm™ above the baseline, then
the decreased output of cortisol from adrenal gland is secondary and due to
a deficiency of ACTH caused by a hypothalamic or pituitary disorder. Once
Addison’s disease is diagnosed, it is necessary to ascertain its cause. A number
oflaboratories test for the presence of antibodies against the adrenal glands to
see if there is an autoimmune cause. A plain abdominal X-ray may be useful in
that it can detect calcification of adrenal glands as a result of TB (Chapter 3).

The conventional therapy for Addison’s disease involves treatment with
steroids, such as hydrocortisone and fludrocortisone, which possess
glucocorticoid and mineralocorticoid activities respectively. If a patient is left
untreated he or she will eventually experience an adrenal crisis precipitated
by stress, bacterial infection, trauma or surgery, which is a medical emergency.
Typical clinical features of a crisis are abdominal pain, vomiting, hypotension
together with hyponatremia, hypoglycemia and hyperkalemia. Its treatment
involves administering saline infusions to correct the hypotension, fluid



and salt losses and intravenous steroids to correct glucocorticoid and
mineralocorticoid deficiencies. The precipitating factors, such as bacterial
infections, require identification and appropriate treatment.

CUSHING'S SYNDROME

Adrenal hyperfunction can cause Cushing’s syndrome and arise from a
number of causes. The commonest cause is a pituitary lesion secreting high
levels of ACTH (referred to as Cushing’s disease). Other causes include ectopic
production of ACTH from a carcinoma of the lungs, or excessive production
of cortisol from an adrenal adenoma or carcinoma and iatrogenic causes,
such as corticosteroid or ACTH treatment. The major clinical features (Figure
7.31) include truncal obesity, thinning of skin, excessive bruising, poor wound
healing, purple striae on the abdomen and thighs, muscle weakness and
wasting, hirsutism, the development of increased body hair on the face, chest
upper back and abdomen in females (especially in adrenal carcinoma), hyper-
tension, amenorrhea and psychiatric disturbances. Excess of cortisol has a
mineralocorticoid effect leading to the retention of Na* and water producing
hypertension. Hypokalemia may also occur because of an excessive loss of K*
(Chapter 8). Excess cortisol increases blood glucose levels and some of these
patients may have diabetes mellitus. The clinical features are due to increased
cortisol production and, partly, to excessive androgen release.
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Figure 7.30 Schematic to show the clinical features

of Addison’s disease. Figure 7.31 Schematic to show the clinical features of Cushing's syndrome.

185



chop’rer Al DISORDERS OF THE ENDOCRINE SYSTEM

186

Diagnosis and treatment of Cushing’s syndrome

A clinical suspicion of the syndrome is supported by hypokalemia and
alkalosis, high urinary free cortisol, which is normally less than 300 nmol per
24 h, and loss of the usual diurnal rhythm of cortisol secretion. Initial screening
criteria are followed by tests using the cortisol analog, dexamethasone, which
is not detected by the usual methods of measuring cortisol. Dexamethasone,
however, suppresses ACTH production and cortisol secretion in normal people.
The low dose dexamethasone test involves giving 1 mg of dexamethasone
at night. A blood specimen is taken for cortisol measurement the following
morning. A failure of dexamethasone to suppress cortisol release is suggestive
of Cushing’s syndrome or disease. To distinguish between the two, a high dose
dexamethasone test may be used or the concentration of ACTH in plasma
measured. The high dose dexamethasone test consists of administering
2 mg of dexamethasone every 6 h for a period of 48 h. The concentration of
cortisol in the plasma is then measured at 09.00 h on the morning following
the last dose. In Cushing’s syndrome, due to excessive secretion of cortisol by
an adrenal tumor or in response to an ectopic source of ACTH, suppression
of cortisol does not occur. In Cushing’s disease, caused by a pituitary lesion
secreting ACTH, the concentration of cortisol is suppressed to less than 50%
of its value prior to the test. Plasma ACTH levels are raised in patients with
Cushing’s disease and ectopic ACTH production, but are low in patients who
have an adrenal tumor that secretes cortisol.

The management and treatment of Cushing’s syndrome depends upon its
cause. Drugs, such as metyrapone, that inhibit the synthesis of cortisol may
be used. Tumors can be removed surgically.

CONGENITAL ADRENAL HYPERPLASIA

Congenital adrenal hyperplasia (CAH) is an autosomal recessive condition
(Chapter 15) characterized by an abnormal biosynthesis of steroid hormones
in the adrenal glands. The clinical features depend on whether cortisol and/
or aldosterone or androgens are involved. The commonest cause of CAH is
a complete or partial deficiency of 21-hydroxylase activity (Figure 7.32) that
accounts for 95% of all cases, and occurs with an incidence of 1 in 12000
newborn babies in the UK. A deficiency of 21-hydroxylase activity blocks
the synthesis of cortisol and, as a consequence, negative feedback to the
anterior pituitary is diminished. The anterior pituitary increases its secretion
of ACTH, which causes hyperplasia of the adrenal glands. The substrate,
170-hydroxyprogesterone accumulates and stimulates the production of
adrenal androgens. A deficiency in 21-hydroxylase activity is complete in
approximately one-third of CAH patients. Less common forms of CAH are
characterized by deficiencies of other enzymes in the synthetic pathway.

Females affected with CAH are born with ambiguous genitalia, although
in cases of partial enzyme deficiency this may not be apparent until early
adulthood where the female presents with hirsutism, amenorrhea and
infertility. Males with CAH present with premature development of the
male secondary sexual characteristics called pseudoprecocious puberty. In
individuals with a complete deficiency of 21-hydroxylase activity, aldosterone
production is also inhibited and these individuals usually present shortly
after birth with a life-threatening condition characterized by excessive salt
and water loss.

Diagnosis and treatment of congenital adrenal hyperplasia

Diagnosis of CAH due to 21-hydroxylase deficiency is made by detecting
increased concentrations of 17o-hydroxyprogesterone in the baby’s blood at
least two days following birth. Maternal 17o-hydroxyprogesterone may still be
present at two days postparturition, hence the need for the delay. The affected
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individuals are treated with cortisol and, if necessary, aldosterone. The
treatment should reduce ACTH secretion and therefore excessive androgen
production. The treatment requires monitoring by regular measurements of
plasma 17o-hydroxyprogesterone.

CONN'’S SYNDROME

Conn’s syndrome, also called primary hyperaldosteronism, is characterized by
anincreased production of aldosterone. In 80% of cases thisis due to an adrenal
adenoma. Other causes include hypertrophy of the zona glomerulosa of the
adrenal cortex and adrenal carcinoma, although the latter is extremely rare.
The excessive secretion of aldosterone leads to the increased retention of Na*
and loss of K* by the kidneys. Most of the clinical features, muscle weakness,
tetany, paresthesiae, polydipsia and polyuria, are due to the hypokalemia
(Chapter 8) whereas the excessive Na' retention causes hypertension.

Diagnosis and treatment of Conn’s syndrome

Investigating the possibility of Conn’s syndrome involves determining the
concentrations of Na* and K in the serum and urine of the patient. Plasma
Na* can be high, slightly increased or normal, whereas that of K* is always
reduced. Measurements of plasma aldosterone and renin in patients with
Conn’s syndrome often show a high aldosterone concentration and a low
renin activity. Conn’s syndrome is managed by treating its underlying cause.
Often this is a tumor that must be removed surgically. Other approaches
involve using diuretics, such as spironolactone, an antagonist to aldosterone
that helps to control hypertension. This is particularly useful when the cause
of Conn’s syndrome is adrenal hyperplasia.

DISORDERS OF THE ADRENAL CORTEX

Figure 7.32 The synthesis of cortisol and
aldosterone.
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BOX 7.2 Pheochromocytoma

Adrenaline (epinephrine) and noradrenaline (norepinephrine) in normal individuals but not in those suffering from
are catecholamine hormones secreted by the adrenal medulla.  pheochromocytoma.

They stimulate increases in heart, metabolic and breathing rates,
the depth of breathing and dilate blood vessels to muscles and
increase the metabolism of carbohydrate stores to prepare the
body for ‘fright, flight or fight'.

The treatment of pheochromocytoma involves surgical removal
of the tumor. However, it is necessary to block the action of
excess adrenaline and noradrenaline before any surgery by
administration of phenoxybenzamine. This is because during the
Pheochromocytomas are tumors of the adrenal medulla that operation, the sudden release of large amounts of catecholamines
cause uncontrolled and irregular secretion of adrenaline and  results in high blood pressure which, in turn, could cause a heart
noradrenaline. Such tumors are usually benign, that is they do  attack or brain hemorrhage.

not metastasize (Chapter 17), and are rare causes of hypertension

(Chapter 14) accounting for some 0.5% of such cases. Adrenaline Noradrenaline

Adrenaline and noradrenaline are metabolized to metadrenaline MAO MAO
and normetadrenaline respectively by catechol-O-methyl-
transferase (COMT). Metadrenaline and normetadrenaline are
converted to 4-hydroxy-3-methoxymandelic acid (HMMA), also comT DHMA comT
known as vanillylmandelic acid (VMA), by monoamine oxidase
(MAO). Metadrenaline and normetadrenaline and HMMA are all
excreted in the urine (Figure 7.33). CoMT

Patients affected by pheochromocytomas present with
headaches, pallor, tremors, increased heart rate and palpitations,
sweating and abdominal discomfort. Pheochromocytoma
leads to high levels of catecholamines in the plasma. However,
a diagnosis based on measurement of plasma levels is difficult,
as they are subject to variation by a number of factors including
posture. Screening tests include measuring and demonstrating
increased concentrations of urinary HMMA or metadrenaline
and normetadrenaline (Figure 7.33). The reference range for COMT  catechol-O-methyltransferase
urine HMMA is less than 35 umol per 24 h whereas those for MAO  monoamine oxidase

metadrenaline and normetadrenaline are less than 0.1 and less DHMA
than 0.57 umol per 24 h respectively. In cases where the results
are equivocal, the pentolinium test is conducted. Patients are
given 2.5 mg of pentolinium by intravenous injection. A blood
specimen is collected before and 15 min after the injection. Figure 7.33 Metabolism of adrenaline and noradrenaline.
Pentolinium is a drug that inhibits release of catecholamines

Metadrenaline Normetadrenaline

HMMA

dihydroxymandelate
HMMA  4-hydroxy-3-methoxymandelate

7.10 REPRODUCTIVE HORMONES

The male and female reproductive systems (Figure 7.34 (A) and (B)) produce
and secrete a number of sex hormones and are responsible for the maturation
of germ cells, the production of gametes and, in the female, the fertilization
of the ovum and its subsequent growth and development. The testes produce
male gametes or spermatozoa (‘sperms’) that mature and are stored in the
epididymis and vas deferens. Testes are composed of lobules with up to
three seminiferous tubules containing cells undergoing spermatogenesis.
These cells are supported and nourished by Sertoli cells. Spermatogenesis
involves meiosis and produces haploid sperm (Chapter 15) as outlined in
Figure 7.35. Each sperm has a head and a tail consisting of a midpiece and
flagellum. The midpiece contains mitochondria that provide energy for the
locomotory movements of the flagellum. The head contains a nucleus and
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is covered by a cap called an acrosome, which contains enzymes required to
penetrate the ovum or egg. The production of ova, female gametes, begins
in the ovaries by a process called oogenesis (Figure 7.36). Primordial germ
cells in the outer germinal epithelium divide by mitosis to form a diploid
primary oocyte that becomes surrounded by follicle cells to produce primary
follicles. These migrate into the center of the ovary. As many as two million
primary follicles are present at birth and remain dormant until puberty.
Approximately 400 primary follicles mature over the lifetime of a female until
follicle development ceases at the menopause. The primary follicle matures
to form a secondary follicle. During this development, the primary oocyte
divides by meiosis but this is arrested and forms a haploid secondary oocyte,
which is the precursor of the ovum, and a small polar body. In an adult
fertile female, the nucleus of a secondary oocyte begins the second meiotic
division at each monthly ovulation but progresses only to metaphase, when

REPRODUCTIVE HORMONES

Figure 7.34 Overviews of the (A) male and
(B) female reproductive systems.
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Figure 7.35 (A) Schematic of a testis. (B) Overview of spermatogenensis. (C) Schematic of a
sperm. See text for details.
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Secondary follicles Figure 7.36 Overview of oogenesis and release

of oocyte. See text for details.
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division again ceases. The second meiotic division of the secondary oocyte is
completed at fertilization.

In males and females, the hypothalamus secretes gonadotrophin releasing
hormone (GnRH) which regulates secretion of LH and FSH from the basophil o)
cells of the anterior pituitary. Secretion of GnRH, LH and FSH occurs in pulses.
Follicle stimulating hormone and LH act cooperatively to stimulate the ovaries
and testes to secrete sex hormones and to develop germ cells.

Anterior
pituitary

The testes are stimulated by LH to release testosterone from their Leydig
cells (Figure 7.37). Testosterone is the principal androgen and its secretion
inhibits further release of LH by a negative feedback mechanism. Follicle
stimulating hormone and testosterone are required by Sertoli cells in the
basement membrane of the seminiferous tubules to produce inhibin that,
in turn, inhibits the secretion of FSH by negative feedback (Figure 7.37).
Testosterone is also required for sexual differentiation, the development of
secondary sexual characteristics and spermatogenesis. It is transported in the
blood, bound to sex hormone binding globulin, SHBG (Figure 7.38 (A)) and to
a lesser extent albumin. Typically, only its free fraction is metabolically active. inhibin < Sertoli Leydig
Testosterone enters target cells and is converted to the potent androgen, nhbin = cells cells
dihydrotestosterone by the enzyme 5o.-reductase. Testosterone is also found
in the plasma of normal females, half of which is secreted by the ovaries, the
remainder arising from the peripheral conversion of androstenedione and
DHEAS, both of which are secreted by the adrenal cortex.

FSH LH

The ovaries produce estrogens, of which estradiol is required for the develop- Testosterone  ---

ment of female secondary sexual characteristics and normal menstruation. - )
Circulating estradiol is bound mostly to SHBG (Figure 7.38 (B)), although the zlrgure 77'37(3)'9 regt:!atlon of testosterone
blood concentration of estradiol varies widely with the menstrual cycle. fgure /- secretion.
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Figure 7.38 Molecular models of (A) the active
form of testosterone and (B) estradiol shown in
red bound to SHBG. PDB files 1KDM and 1LHU
respectively.

The plasma concentration of estradiol is low before puberty but increases
rapidly and fluctuates during the menstrual cycle, a series of cyclical changes
in the ovary, uterus and pituitary that occur approximately every 28 days until
the menopause. Variations in plasma hormones in the menstrual cycle (Figure
7.40) depend on interactions between the hypothalamus, anterior pituitary
and ovaries. Follicle stimulating hormone is released at the beginning of the
cycle and increases growth of the follicles in the ovaries. Estradiol production
increases the sensitivity of the pituitary to GnRH but decreases its secretion
by the hypothalamus. The release of estradiol gradually increases and a follicle
matures during the first half of the cycle. At the start of each cycle, about 20
secondary follicles enlarge and begin to secrete estrogen and the hormone
inhibin, and a cavity filled with follicular fluid forms around their ova. This is
referred to as antrum formation. By about the sixth day, one of the secondary
follicles in an ovary has outgrown the others and becomes the dominant
follicle. Its secretion of estrogen and inhibin decreases the secretion of FSH

BOX 7.3 Oral contraceptive pill

Oral contraceptives (Figure 7.39) known colloquially as the pill,
contain a synthetic version of estrogen, called ethinylestradiol
and the synthetic version of progesterone, progestogen. The
estrogen prevents ovulation taking place, whereas progestogen
acts on the pituitary gland to block the normal physiological
control of the menstrual cycle. Progestogen alters the lining of
the uterus so that it is unsuitable for implantation and increases
the viscosity of the mucus in the cervix, so that conception is less
likely even if ovulation does occur. Oral contraceptive pills are
taken daily for three weeks and then stopped for a week during
menstruation.

Pincus (1903-1967) began development of the contraceptive
pill in 1950. Within a few years, clinical trials on 6000 women
began in Puerto Rico and Haiti. The first commercially available
contraceptive pill was introduced in 1960 after it was discovered
that Mexican yam (Pachyrhizus erosus) was a cheap natural source
of the hormone precursors required to make the pill. Over 60
million women worldwide use the pill with about three million in

Figure 7.39 Examples of some types of oral

the UK. Early contraceptive pills contained between 100-175 g contraceptive pills. The inset shows a packet

of estrogen and 100 mg of progestogen. However, shortly after of morning after pills. Courtesy of the Young
introduction of the pill, some concern was expressed about their Person’s Sexual Health Clinic, Brook Advisory Center,
side effects. These included an increased disposition to blood Manchester, UK.

clots, heart attacks and strokes, although the risks involved were
still relatively small. Studies by 1969 showed that the increased
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(Figures 7.36 and 7.40), leading to the regression of the other follicles in an Ovulation
apoptotic process to form atretic follicles. It is uncertain how only the one
follicle becomes dominant, but appears to be related to its ability to secrete
the estrogen, needed for its maturation under the influence of LH. Maturation
involves the dominant secondary follicle accumulating fluid filled cavities
that eventually enlarge to the point where they are called a Graafian follicle.
Ovulation occurs each month when a Graafian follicle ruptures to release
the oocyte, now usually called an ovum, into the Fallopian tube. The ovum
is transported along the tube by ciliary action. The portion of the follicle
remaining in the ovary develops into a corpus luteum. If fertilization does not
occur, this degenerates within 10 days or so.

Estradiol

Progesterone

[Hormone]

Following copulation, the sperm are propelled through the vas deferens by
muscular contractions into the urethra. The sperm are suspended in liquid
semen produced by the seminal vesicles, prostate and bulbourethral glands.
Semen contains nutrients, which activates and increases the motility of sperm,
and is alkaline to counteract the acidity of the vagina. The ruptured follicle
develops into the corpus luteum, which secretes progesterone and estradiol
and stimulates the development of the endometrium for implantation.
Fertilization of the egg to form a zygote usually takes place in the Fallopian
tubes and the developing embryo is transported to the uterus by ciliary action
and muscular contractions. The zygote begins a series of mitotic divisions
to form a developing embryo that embeds into the endometrium lining the
uterus and undergoes further development to produce a fetus and eventually
a neonate in 9 months. Fertilization ensures that the corpus luteum does not
degenerate but begins to produce a number of sex hormones, together with
those produced by the gonads and anterior pituitary.

Cycle / day

Figure 7.40 Hormonal changes in the menstrual
cycle. See text for details.

Following the menopause, plasma levels of estradiol decline despite the high
levels of gonadotrophins and ovulation ceases.

risks of heart attacks and stroke were related to the amounts of
estrogen in the pills. As a consequence, the amounts of estrogens
used have decreased over the years and by 2006 contained less
than one third of that in earlier contraceptive pills. Indeed, a
reduction in the risk of heart disease and stroke has been detected
in females on modern versions of the pill. Initially, there was some
concern that usage of the pill increased the likelihood of cancers
of the breast and cervix, but clinical data have cast doubt on this.
Using the pill is still associated with some side effects, such as
nausea, bleeding between menstrual periods and depression. The
pill does increase the chance of blood clot in the legs (deep vein
thrombosis, DVT, Chapter 14) although the risk for most pill users
is very low. It is now known that usage of the pill may have many
benefits, for example protection against pelvic infection because
the thickened cervical mucus acts as a barrier to bacteria. Also,
long-term usage of the pill has been reported to reduce the risk
of certain ovarian cancers and can prevent ectopic pregnancies.

The development of the contraceptive pill has been a remarkable
achievement as it allows women to control their fertility in a safe
and effective manner. Since its introduction, the pill has had a
tremendous impact on female liberty and has aided the process
of making pregnancy and motherhood a choice for women.
This, particularly in the developed world, has given them greater
choices in marriage, work, love and lifestyle.

There is also a ‘morning after pill’, also known as the ‘postcoital
pill". This pill is used by women to reduce the chances of preg-
nancy following unprotected sexual intercourse. It contains the
active ingredient levonorgestrel, which is a synthetic derivative of
progesterone. The precise mechanism of action of this pill is still
unclear but it is believed to act by preventing ovulation, fertiliza-
tion and implantation of the fetus. The whole process from fer-
tilization to implantation in the womb can take up to three days,
so the morning after pill can prevent pregnancy occurring for up
to 72 h after intercourse. This pill is more effective the earlier it is
taken after intercourse and it is estimated that 85% of pregnancies
would be prevented if the morning after pill was taken within 72
h of sexual intercourse.

There is considerable interest in a contraceptive pill designed for
use by men. This pill contains desogestrel as well as testosterone.
This combination blocks the production of sperm while
maintaining male characteristics and sex drive. As with the female
contraceptive pill, it must be taken daily. In preliminary studies,
the male pill reduced sperm counts to zero and is expected to be
more effective than the female pill or the condom. According to
the Food and Drug Administration (FDA) of the USA, the condom
has a failure rate of about 14% under typical conditions, while
the failure rate of the female pill is less than 1%. The male pill
appears to be 100% effective.
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DISORDERS OF SEX HORMONES

Disorders associated with male sex hormones include hypogonadism and
gynecomastia. In the former, there is deficient sperm production and decreased
testosterone secretion. Hypogonadism can occur because of testicular disease,
referred to as primary or hypergonadotrophic hypogonadism, or to a defect
in the hypothalamus or pituitary gland leading to secondary or hypogonado-
trophic hypogonadism. In the latter, there may be a deficiency of both gonado-
trophins or only of LH. The causes of primary hypogonadism are varied.
They include congenital defects, such as Klinefelter syndrome (Chapter 15), a
deficiency of 5a-reductase activity, testicular agenesis (failure of the testes to
develop), acquired defects due to testicular infections, for example mumps or
cytotoxic drugs, trauma or irradiation. The causes of secondary hypogonad-
ism include pituitary tumors and hypothalamic disorders such as Kallmann’s
syndrome. The treatment of hypogonadism is usually directed at the underly-
ing cause. Testosterone is given in cases of testosterone deficiency. However, if
fertility is required then gonadotrophins may have to be administered.

Gynecomastia, or breast development in males, is usually related to a
disturbance in the balance of estrogens to androgens. In puberty, it occurs in
approximately 50% of normal boys due to a temporary increase in the secretion
of estrogens. Other than at puberty, the condition is pathological. It may
arise because of decreased androgen activity in hypogonadism or because of
increased estrogen production from various endocrine tumors. Such tumors
may secrete large quantities of estrogens or may secrete hCG that stimulates
estrogen production. Some drugs possess estrogen or antiandrogen activity
and their use can lead to gynecomastia.

Disorders associated with female sex hormones include amenorrhea,
oligomenorrhea, infrequent menstruation, and virilism, with the development
of hirsutism, muscle mass, deepening of the voice and male psychological
characteristics. Amenorrhea can be primary where menstruation fails to
occur by the age of 16 years, or secondary, where menstruation stops for three
months or more after normal menstruation has been established and before
menopause. The other clinical features of amenorrhea include hirsutism,
acne, menstrual cycle disturbances and obesity, although these features vary
in their severity and prevalence. A common reason for secondary amenorrhea
in females is pregnancy. This condition must be excluded before other possible
causes, for example stress, severe weight loss, polycystic ovary syndrome
(PCOS, see below), gonad dysgenesis, such as in Turner syndrome (Chapter
15), the decrease in gonadotrophin secretion associated with some tumors,
hyperprolactinemia and congenital adrenal hyperplasia, are investigated. The
causes of amenorrhea are investigated by measuring the concentrations of
FSH, LH and prolactin in plasma as outlined in Figure 7.41. A high value for
FSH indicates ovarian failure. One for prolactin suggests hyperprolactinemia
and requires further investigations to confirm this diagnosis. If, however,
the values for FSH, LH and prolactin are normal, further tests to investigate
pituitary or hypothalamic diseases are necessary. The management of
amenorrhea is aimed at treating its underlying cause.

Patients with virilism present with enlargement of the clitoris, deepening
of the voice, atrophy of the breasts and hirsutism. Hair growth is not only
excessive but shows a male-like distribution. The cause of virilism is increased
androgen secretion although abnormally low levels of SHBG can also increase
the free testosterone fraction. In some cases virilism occurs because of an
increased sensitivity to androgens by target cells. Its causes include PCOS,
androgen secreting tumors, congenital adrenal hyperplasia, Cushing’s
syndrome and may be iatrogenic following treatment with androgens and
progesterone. Its commonest cause is PCOS, characterized by multiple cysts
in the ovaries that arise from follicles that have failed to ovulate. The ovaries
secrete large amounts of androgens although why this is so is unclear. Many



Clinical history and
examination

Amenorrhea
Normal menses ‘—<>—' Oligomenorrhea

l !
Perform

REPRODUCTIVE HORMONES

pregnancy
Measure [progesterone] test
in serum to confirm
ovulation l
Positive No further
tests required
Negative
-3
<10 nmol dm Not ovulating |——» Measure [FSH.]’ [LH]
and [prolactin] in serum

. . . Normal FSH

>30 nmol dm-3 High FSH High LH High Normal LH
High LH Low FSH prolactin Normal prolactin

Figure 7.41 Overview of the investigation of amenorrhea.

patients with PCOS suffer from acne, obesity, type 2 diabetes mellitus and may
be infertile. A diagnosis of PCOS is made on clinical grounds and assisted by
ultrasonography. Plasma LH is often increased in these patients but may be
normal, whereas the concentration of testosterone is increased. Treatment of
severe PCOS may involve using the antiandrogen drug, cyproterone but this
leads to infertility. If fertility is required, then clomiphene, an antiestrogen
drug, may be used and can induce ovulation in 75% of cases.

Infertility

Infertility is defined as a failure to conceive despite regular unprotected sexual
intercourse for one year. Female infertility may be due to failure to ovulate,
obstruction of the Fallopian tubes or to diseases of the uterine lining. In
females, failures to ovulate due to hyperprolactinemia or to hypothalamic-
pituitary dysfunction are responsible for 20% of cases of infertility. Damage
to the Fallopian tubes may also be a cause of female infertility. Male infertility
is usually due to decreased numbers or motility of sperm (oligospermia)
or complete absence of sperm (azoospermia). Infertility due to endocrine
dysfunction occurs only rarely in males. The normal volume of ejaculate is

Norm.al Ovarian Polycystic ovary Investigate for Further investigations
ovulation failure syndrome hyperprolactinemia required
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2 to 5 cm® and contains 40 to 500 million sperm. A sperm count of less than
20 million per cm®is believed to be subnormal and causes 25% of infertility
cases. In general, the lower the total sperm number the greater the chances of
infertility although men with low counts have been known to father children.
The motility of sperm is also necessary for fertilization to take place and at
least 60% of sperm should have a normal shape and be mobile with beating
flagella.

Investigating infertility involves a clinical and laboratory evaluation of
both partners. Women should be investigated for regular menstruation.
If it is regular, then ovulation is probably occurring. The concentration of
progesterone in plasma is also indicative and should exceed 30 nmol dm™
on day 21 of the menstrual cycle, values below 10 nmol dm™ are suggestive
of abnormal ovulation. If ovulation is confirmed then it may be necessary to
examine cervical mucus following intercourse to determine the presence of
motile, normal shaped sperm.

Microscopic examination of samples of ejaculate will indicate whether the
sperm produced are motile and normal in shape or show abnormalities, such
as malformed heads and twin sperm formed by a failure in development.
Sperm counts will show if adequate numbers of sperm are produced. A low
sperm count may be further investigated by measuring the concentrations
of testosterone, FSH and LH in the plasma to compare with their reference
ranges of 9-30 nmol dm™, 2-10 U dm™ and 2-10 U dm™ respectively. In some
cases, a biopsy of the testes may by necessary. Investigation of infertility in
males is outlined in Figure 7.42.

History and examination

Normal sperm count

<—<>—> Abnormal sperm count

Endocrine tests

not required

l

l

Measure [testosterone],
[gonadotrophins] and
[prolactin] in serum

Low testosterone Low testosterone Low testosterone
High gonadotrophins Low gonadotrophins High prolactin

Primar _
teslticulgr Hypogonadotrophic Hyperprolactinemia
failure hypogonadism

Figure 7.42 Overview of the investigation of infertility in males.




CASE STUDY 7.1

CASE STUDIES

Sarah, a 46-year-old woman, was referred to hospital
because of her excessive thirst and frequent urination
over the preceding two months. Her thirst was severe and
she had to drink water every few hours. An analysis of her
plasma and urine yielded the following results (reference
ranges are given in parentheses):

Plasma: Na* 139 (136-146 mmol dm™>)
K* 4.2  (3.7-5.1 mmol dm™)
Creatinine 105 (65-121 umol dm™)
Osmolality 296 (282-296 mmol kg™)

Urine:  Glucose negative

Osmolality 90 (up to 1400 mmol/kg)

CASE STUDY 7.2

A fluid deprivation test was performed and the following
results were obtained for the plasma and urine osmolality:

310  (282-296 mmol kg™)
225 (up to 1400 mmol kg ™)

Plasma: Osmolality
Urine: Osmolality

She was allowed to drink water on completion of the test
and given a dose of desmopressin after which her urine
osmolality increased to 620 mmol kg™

Questions
(@) What could be the causes of Sarah’s symptoms?

(b) Account for the plasma and urine data.

(c) Discuss the need for and results of the fluid
deprivation test.

Ian, a 53-year-old man went to see his family doctor
complaining of weakness. Thyroid function tests were
requested to exclude the possibility of hypothyroidism.
These tests showed the following results (reference ranges
are given in parentheses):

TSH 7.5mU dm™
FreeT, 14.5pmol dm™

(0.2-4.0 mU dm™2)
(12-25 pmol dm™)

CASE STUDY 7.3

Questions

(@) Whatis the most appropriate clinical explanation of
these results?

(b) What other signs and symptoms should be looked
for?

(c) How should Ian’s progress be monitored?

Amelia, a 20-year-old student, had not been feeling well
for three weeks. She was admitted to her local hospital
with a history of weakness and vomiting over the previous
three days. On admission she was unconscious. Clinical
tests on serum yielded the following data (reference
ranges are given in parentheses):

Na* 113 mmol dm™ (137-144 mmol dm3)
K* 5.8 mmoldm™®  (3.3-4.2 mmol dm™)
Urea 30 mmol dm™ (2.6-6.5 mmol dm™)
pH 7.3 (7.35-7.45)

Questions

(@) What is the most likely explanation of these
results?

(b) What is the probable cause of Amelia’s condition?

(c) Havingidentified her condition, how should Amelia
be treated?
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CASE STUDY 7.4

An 18-year-old girl, Jaclyn, was admitted to hospital in a
coma. She presented with a deep sighing respiration and
her breath smelt of acetone. She had vomited earlier. On
presentation, she had alowblood pressure and a high pulse
rate of 120 per min. The following results were obtained
(reference ranges are given in parentheses):

Plasma:

Na* 136 mmol dm™ (132-144 mmol dm™)
K* 5.7mmol dm® (3.2-4.8 mmol dm™)
Urea 15 mmol dm™ (3.0-8.0 mmol dm)
Glucose 31.0 mmol dm™ (3.0-5.5 mmol dm™)
Osmolality 371 mmol dm™ (282-295 mmol dm™?)

Arterial blood:

pH 7.09 (7.35-7.45)

PCO, 2.7 KPa (4.7-6.0 KPa)
HCO,” 11 mmol dm™ (24-34 mmol dm™)
Urine:

Ketones positive negative
Questions

(a) Explain these results.

(b) How should Jaclyn be treated?

CASE STUDY 7.5

Rachel, a 32-year-old teacher, was suffering from irregular
periods and acne. She was examined by her doctor and
found to be overweight and hirsute. She was referred for
hospital tests, which yielded the following data (reference
ranges are given in parentheses):

Plasma:

Testosterone 3.9 (1.1-3.3 nmol dm™)
LH 14 (2.0-10 U dm™)
FSH 5.3 (2.0-8.0 U dm™)

Questions
(@) What can be inferred from Rachel’s symptoms?

(b) What is the most likely diagnosis?

7.11 SUMMARY

The endocrine glands and the hormones they produce control many of the
activities of the body. Hormones are released into the blood and travel to
their sites of action where they bind to cell surface or intracellular receptors
to initiate activities. Hormones belong to several categories of molecules
including amines, peptides, proteins and steroids. Endocrine disorders may
arise from damage to the endocrine gland, causing hypo- or hypersecretion of
the hormone, or some failure of the hormone-receptor interactions. Disorders
of the pituitary gland may arise from pituitary tumors, such as prolactinomas,
with excessive secretion of hormones. Abnormal GH secretion leads to
dwarfism or acromegaly. Several thyroid disorders arise as a consequence of
autoimmune conditions which can cause hypo- or hyperactivities. However,
the commonest endocrine disorders involve insulin resistance or its absence
leading to dysregulation of blood glucose concentrations. Disorders of
the adrenal gland can result in Addison’s disease or Cushing’s syndrome.
Dysfunctions associated with reproductive hormones can cause a number
of clinical conditions, including gynecomastia in men and disruption of
menstruation, infertility, and virilism in women.
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The diagnosis of endocrine disorders usually involves measurement of the
hormone in question and replacement for deficiencies. Disorders due to
hypersecretion from endocrine tumors may be treated by surgical excision of
the tumor.

QUESTIONS

1. Pituitary tumors can secrete various hormones. Which of the following
hormones is the most commonly secreted?
a)  thyroid stimulating hormone;
b) follicle stimulating hormone;
c) luteinizing hormone;
d) prolactin;
e) growth hormone.

2. Which of the following may cause hyperthyroidism?

a) Grave's disease;

b) Hashimoto's thyroiditis;
c)  thyroidectomy;

d) antithyroid drugs;

e) diabetes insipidus.

3.  Which of the following can cause acromegaly?

a) diabetes mellitus;

b)  pituitary adenoma;

c)  excessive ingestion of growth hormone;
d)  bronchial carcinoma;

e)  excessive secretion of prolactin.

4.  Which one of the following is NOT a cause of Cushing’s syndrome?

a) ectopic ACTH production;

b) adrenal adenoma;

c)  corticosteroid therapy;

d) autoimmune destruction of the thyroid gland;
e) all of the above.

5.  Ketone bodies are produced during diabetic ketoacidosis as a result of
an increase in which of the following?
a)  protein breakdown;
b)  urea production;
c) insulin release;
d) lipolysis;
e) K*.

6.  Estradiol is required for?

a) the development of male secondary sexual characteristics;
b) spermatogenesis;

c¢)  the development of female secondary sexual characteristics;
d) the secretion of breast milk;

e) stimulating the endometrium to receive fertilized egg.

SUMMARY
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10.
11.

Sajida, a 27-year-old, found over a 2-month period that she was
expressing breast milk. She was not pregnant and, indeed, had
not had any children. She was on medication with analgesic and
antidopaminergic drugs for migraines attacks. An analysis of her
serum gave a prolactin value of 1200 (reference range: 70-395 mU
dm™).

a)  What is the most likely diagnosis?
b)  What could have caused such a condition?
¢)  What should her doctor recommend?

Graham, a 50-year-old man, visited his doctor for the first time in
many years complaining of blurred vision and frequent headaches.
The doctor noticed changes in the facial features characteristic of
acromegaly. An oral glucose tolerance test including measurements of
GH was performed.

Time / min [Glucose] / mmol dm™ [GH] / mU dm™
0 6.3 47
30 7.3 55
60 8.6 52
90 9.5 64
120 8.8 53
150 7.5 49
180 6.8 49

Reference range for fasting glucose 3.0-5.5 mmol dm
Reference range for GH following glucose load < 2 mU dm™

Plot a graph to illustrate these data. Do these findings support the
diagnosis of acromegaly?

Tabulate the differences between types 1 and 2 diabetes mellitus.
Give four functions of human GH.

Why is it necessary to screen newborn babies to detect congenital
hypothyroidism?
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chapter 8:

DISORDERS OF WATER,
ELECTROLYTES AND URATE
BALANCES

OBJECTIVES
After studying this chapter you should be able to:

m describe the structure of the kidney;
m list the functions of the kidney;

m describe renal function tests;

m describe the types of renal failure;

m explain the causes and clinical consequences of selected disorders of water,
electrolyte and urate homeostases;

m describe the investigation of selected disorders of water, electrolyte and
urate homeostases;

m discuss the management and treatment of such disorders.

8.1 INTRODUCTION

Homeostasis is the maintenance of a stable internal environment within
the body. This stability is necessary for optimum functioning of proteins,
particularly enzymes, cells, tissues, organs and systems. Many substances have
to be maintained at appropriate concentrations, including water, electrolytes,
such as Na'*, K*, Ca**, Mg*" and P, and the acid-base components H* and HCO:;.
In addition, waste products, such as urea and urate, must be kept below
toxic levels. Normally biochemical and physiological mechanisms regulate
and control the concentrations of all these components and, in general,
homeostatic controls involve negative feedback mechanisms. A receptor
detects unacceptable levels of a particular substance under homeostatic
control and sends a signal to a regulatory center that initiates a response that
corrects the imbalance and returns conditions to a physiologically acceptable
state (Figure 8.1). Once normality returns, the receptor is no longer stimulated
and the center ceases to respond. Disorders of homeostasis can occur, often
as a result of failures in the control mechanisms or because of damage to the
regulatory center by external agents.

Change in substance under
homeostatic control

o

Receptor

Physiological

value
center

\._/

Figure 8.1 A generalized feedback mechanism.
See text for details.

Regulatory

Response
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Figure 8.2 (A) Schematic showing the structure
of the kidney. (B) The structural relationships
between the glomerulus, proximal tubule, loop of
Henle and distal tubule (nephron).
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Within the body, the kidneys regulate water, electrolyte concentrations,
including acid-base balance (Chapter 9), and excrete nitrogenous wastes, for
example urate. Disorders of water, electrolyte and acid—-base homeostasis and
urate excretion account for a large number of investigations that are carried
out in hospital laboratories.

8.2 KIDNEYS

The functions of the kidney include maintaining the volume of the plasma
and its concentrations of electrolytes, such as Na* and K, and keeping its pH
within normal physiological ranges. This is largely achieved by varying the
amounts of water and salts excreted, the removal of excess H' (Chapter 9)
and the regeneration of HCO;. Kidneys also excrete waste products, such as
urea, urate and creatinine, and produce the enzyme rennin and the hormones
erythropoietin and calcitriol (also called 1o,25-dihydroxycholecalciferol,
10,25DHCC). These control blood pressure, stimulate the production of
erythrocytes by the bone marrow (Chapter 13) and regulate the absorption of
Ca** by the gastrointestinal tract (GIT) (Chapter 11) respectively. Kidneys also
synthesize prostaglandins and degrade hormones, such as insulin.

Eachkidneyis composed of an outer fibrous capsule, a cortex, amiddle medulla
and an inner pelvis region (Figure 8.2A). The tough capsule surrounding each
kidney offers protection against trauma and prevents the entry of bacteria
(Chapter 3). Kidneys are composed of about a million functional units called
nephrons each composed of a tuft of capillaries called a glomerulus and a
tubule. Tubules have four different regions: the proximal tubule, the loop
of Henle, the distal tubule and the collecting duct (Figure 8.2B). The cortex

A)
Capsule
Cortex Hk -
Pyramid of
medulla
Pelvis
B)

Collecting duct

Glomerulus

Bowman's
capsule

Proximal tubule
Distal tubule

Loop of Henle

'

Urine to pelvis
of kidney



contains the Bowman’s capsules and their glomeruli. The medulla is composed
of the tubules arranged in pyramids that lead into calyces that, in turn, lead
into the pelvis of the kidney. The pelvis drains into the ureters that take urine
from the kidneys to the bladder.

Kidneys have a rich blood supply and normally receive about 25% of the
cardiac output. The renal artery supplies blood at a high pressure to afferent
arterioles that supply the glomerular capillaries. Glomerular capillaries
drain into efferent arterioles that, in turn, divide to form a capillary network
covering the nephron (Figure 8.2B). Blood eventually leaves each kidney
in a renal vein. Blood is separated from the lumen of the tubules by three
layers: the capillary endothelial cells, a basement membrane and specialized
epithelial cells of the Bowman’s capsule, called podocytes (Figure 8.3).
Openings between the extensions of the podocytes are called fenestra. The
basement membrane contains negatively charged glycoproteins that give the
basement membrane an overall negative charge. The hydrostatic pressure of
blood in the glomerulus is high at 10 kPa because of its direct route from
the heart and because the diameters of afferent arterioles supplying the
glomeruli are less than the efferent arterioles collecting blood from them.
This forces the plasma to filter through the layers into the lumen of the
capsule. The hydrostatic pressure of blood in the glomerulus is opposed
by osmotic pressure of 4 kPa generated by its plasma proteins and a back
pressure of 2.7 kPa exerted by the filtrate in the Bowman’s capsule. Thus the
effective pressure, Peff, is:

Peff=10- (4 +2.7) = 3.3 kPa

Water and small molecules are passively filtered into the Bowman’s capsule
leaving blood cells and plasma proteins in the capillary. Particles with a
M, less than 5000, such as electrolytes, sugars, amino acid, urea and some
small polypeptides and proteins pass freely from the plasma through the
glomerular wall into the lumen of the capsule. Substances with M_up to
68000, can penetrate to some extent but larger molecules, such as proteins
above 68000 are excluded because of their size and to some extent their
charge, given that most plasma proteins are negatively charged at pH 7.4.
Hence the initial filtrate in the capsule lumen has a composition similar to
that of plasma except that it is largely free of protein. Most of the filtrate is
reabsorbed as it passes along the nephron. The proximal tubule is responsible
for bulk reabsorption of filtrate while the distal tubule is important for fine
tuning its composition depending upon the needs of the body. Normally all
the glucose, amino acids, K* and HCO; and about 75% of the Na* are absorbed
by energy dependent mechanisms. The reabsorption of water occurs passively
and follows Na' reabsorption. Approximately 90% of the filtered Na* and 80%
of water is reabsorbed in the distal tubule. More Na* is reabsorbed in the distal
tubule by the cells exchanging it for K* and H*. This exchange is controlled by

Capillary

Erythrocyte
96/ Plasma
Endothelial cell
: Basement
---l-L—-—-—l- / membrane

Glomerular
filtrate

Foot process of
podocyte of
glomerulus

Lumen of tubule

KIDNEYS

Figure 8.3 Schematic of the filtration unit of the
glomerulus. See text for details.
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aldosterone (Chapter 7). Between 6 and 12% of the filtered urate is excreted by
the kidneys with the remainder being reabsorbed in the proximal convoluted
tubule. Tubular fluid passes into collecting ducts that extend into the renal
medulla and discharge urine into the renal pelvis. About 1 to 2 dm® of urine
is produced per day depending on the amount of fluid intake with larger
volumes being produced after increased intake of water.

RENAL FUNCTION TESTS

Renal function tests are used to detect the presence of renal diseases and assess
their progress. They are, however, of little use in determining the causes of
renal disease. The most widely used test is to measure the glomerular filtration
rate (GFR), that is, the rate of filtrate formation by the kidneys. The value of
the GFR depends on the net pressure across the glomerular membrane, the
physical nature of the membrane and the surface area of the membrane that
reflects the number of functioning glomeruli. All three factors can change as
a result of disease and this will be reflected in the value of the GFR. In adults,
the GFR is about 120 cm® per minute although it is related to body size, being
higher in men than women. The GFR is also affected by age and declines in
the elderly.

Measuring the GFR

The GFR is determined by measuring the concentration of a substance in
the urine and plasma that is known to be completely filtered from the plasma
at the glomerulus. This substance must not be reabsorbed nor secreted by
renal tubules and must remain at a constant concentration in the plasma
throughout the period of urine collection. It should also be possible to
measure the concentration of this substance in the plasma and urine both
conveniently and reliably. Inulin and creatinine have been used to assess GFR
using the equation:

GFR=(U_xV) /P,

where U, is the concentration of substance in urine, P is the concentration of
substance in plasma, V is rate of formation of urine in cm?® per min giving the
GFR units of cm®*min™.

Creatinine is derived from creatine phosphate in the muscle and the amount
produced daily is relatively constant. An estimate of creatinine clearance can
be made by a determination of the creatinine concentration in the plasma
(Figure 1.17) and the creatinine content in a 24-h urine collection. Normal
creatinine clearance in adults is between 115 and 125 cm® min™. Reliable
measurements of creatinine clearance are often difficult because of the need
to obtain a complete and accurately timed urine sample.

Measurements of the concentration of serum creatinine may be used to assess
renal function and they are easier to determine than creatinine clearance
values. The concentration of creatinine in serum increases with deteriorating
renal function but this test lacks sensitivity. For example, the GFR must fall
to less than 50% of the original value before there is a significant increase in
serum creatinine. This means that a normal serum creatinine value does not
necessarily exclude the presence of renal disease.

RENAL FAILURE

Renal failure is the cessation of renal function and it can be acute or chronic.
In acute renal failure there is rapid loss of renal function within hours or days,
although the condition is potentially reversible and normal renal function can
be regained. The deterioration is sudden, with increases in the concentrations
of urea, creatinine and H* in serum. Patients with acute renal failure often, but
not always, present with oliguria, where there is less than 400 cm?® of urine



passed per day. Indeed, patients are sometimes anuric and do not pass any
urine at all. Chronic renal failure is the gradual, progressive deterioration of
kidney function. As kidney function declines, there is accumulation of waste
products that eventually reach toxic levels in the blood and may affect other
organs.

Acute renal failure

Acute renal failure can be categorized as prerenal, where the loss in renal
function is due to a decrease in renal blood flow, postrenal, where the loss is
due to an obstruction of the urinary tract, or intrinsic, where the loss is due to
damage to the kidney itself.

Prerenal kidney failure can occur because of a decreased plasma volume
following blood loss, burns, prolonged diarrhea or vomiting, decreased
cardiac output or occlusion of the renal artery. Whatever the reason, prerenal
acute renal failure results in a low GFR and decreased blood flow to kidneys.
Aldosterone and antidiuretic hormone (Section 8.3 and Chapter 7) release is
stimulated by the low blood pressure and the kidneys respond by producing
smaller volumes of concentrated urine. The biochemical indicators of prerenal
acute renal failure include increased amounts of urea and creatinine in serum
due to the low GFR, metabolic acidosis (Chapter 9), because of an inability
of the kidneys to excrete H*, and hyperkalemia (Section 8.5) because of the
low GFR and acidosis. Postrenal kidney damage can be the consequence of
a blockage of the urinary tract by, for example, renal calculi, kidney stones or
neoplasms. These obstructions increase the hydrostatic pressure that opposes
glomerular filtration. If this persists for a sufficiently long time it can cause
intrinsic renal damage. If pre- or postrenal acute failures are not corrected,
patients can develop intrinsic renal damage. A variety of conditions cause
intrinsic acute renal failure. These include nephrotoxins, for example drugs
such as aminoglycosides and analgesics, septic shock (Chapters 2 and 4), a
low cardiac output (Chapter 14), burns or crush injuries and renal diseases,
such as glomerulonephritis. Glomerulonephritis is inflammation of the renal
cortex which affects the filtration mechanism of the kidney. It may develop
following an infection (Chapters 2, 3 and 5).

Three phases occur in acute renal failure. The first is an oliguric phase with
a low urine output. The second is a diuretic phase where the urine output
increases while the third is a recovery phase when normal function returns.
The oliguric phase is characterized by increased concentrations of K, urea,
creatinine and H* in the serum. If the patient survives the oliguric phase, then
urine output increases after a few days when the diuretic phase starts. The GFR
increases during the diuretic phase and as the output of urine increases the
amounts of urea and creatinine in the serum gradually fall. Tubular function
may still be abnormal in this phase so that the acidosis may still persist. In the
recovery phase, tubular cells regenerate and tubular function is restored to
normal. The concentrations of urea and creatinine in serum decrease and K*
returns to normal levels as the GFR improves.

The management of acute renal failure includes correction of prerenal factors
if they are present. This could be achieved, for example by increasing the
extracellular fluid volume by administering fluids. Biochemical monitoring
of creatinine and K' is required and dialysis may be necessary when K*
concentrations are high or when severe acidosis is present. The cause of the
renal failure should be identified and treated wherever possible.

Chronic renal failure

Many diseases, such as glomerulonephritis, diabetes mellitus, hypertension
and polycystic kidney disease, can lead to irreversible renal damage. All these
conditions effectively decrease the number of functioning nephrons. Patients

KIDNEYS
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may remain asymptomatic until the GFR falls below 15 cm® min™. Chronic
renal failure progresses to end-stage renal failure (ESRF) where dialysis or a
kidney transplant is necessary for survival. Metabolic features of ESRF include
the impairment of urinary concentration and dilution, abnormal electrolyte
and H* homeostasis, the retention of waste products and decreased syntheses
of erythropoietin and calcitriol. Chronic renal failure is accompanied by
increases in the concentrations of K*, urea, creatinine, Pi and H* and decreased
Ca* in the plasma.

Patients with chronic renal failure often present with a number of clinical
features including neurological symptoms, such as lethargy, growth failure,
myopathy, anorexia, nausea, vomiting, anemia, hypertension, nocturia and
impotence. The causes of many of these are not known but are probably due
to the retention of toxins that cannot be excreted.

In some cases, it is possible to delay the progression of the disease by treating
its cause. A number of measures may be taken to alleviate symptoms before
dialysis becomes necessary. These include careful matching of water and Na*
intake with their losses. High blood K* is controlled with oral ion exchange
resins given as their Ca** or Na' salts (Section 8.5) whereas a high blood P, is
controlled by oral aluminum or magnesium salts that precipitate ingested
phosphate in the GIT. A restriction of dietary protein may reduce the formation
of nitrogenous waste.

8.3 DISORDERS OF WATER HOMEOSTASIS

Water is necessary to maintain the volumes of body compartments, for
excretion of waste products and as a medium in which biochemical reactions
occur. Water intake is variable and can depend, to some extent, on social
habits but is supplied in the diet, from food as well as water and as a product
of oxidative metabolism. Its loss is variable although an almost fixed amount,
called the insensible loss, occurs from the GIT, skin and lungs. An average 70
kg man has 42 dm? of water distributed between various body compartments

W izl (Figure 8.4). Water accounts for 60% of body weight in men but only 55% in

0.5-5 dm3d~’ . . . . .

" women given they have a higher proportion of fat. In disease, patients can be
dehydrated, where water loss caused by vomiting and diarrhea exceeds gain,
or overhydrated, with an accumulation of water in body compartments. The

Distribution in body clinical features of dehydration and over hydration are listed in Table 8.1. A
42 dm3 reduced extracellular fluid (ECF) volume causes a decline in blood circulation
with decreased excretion of wastes and reduced oxygen and nutrient supply
ICF 67% to the cells. Humans deprived of fluid intake die after a few days because the
Plasma 2% reduced total body fluid leads to a circulatory collapse.
Interstitial 26% __ . .
Clinical feature affected Dehydration Overhydration
Pulse increased normal
Losses Blood pressure decreased normal/increased
Renal
0.5-15 cm? min~! Skin turgor decreased increased
0.5-4.0 dm3 d’
Eyeballs soft/sunken normal
:‘;vst:)?:ation Mucous membranes dry normal
L 3 Sl
500-850 em=d Urine output decreased normal/decreased
Consciousness decreased decreased
Figure 8.4 The distribution of body water. (ICF,
intracellular fluid.) Table 8.1 Clinical features affected in patients suffering dehydration and overhydration
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The kidneys regulate water balance by varying the output of urine from 0.5
to 15 cm® min™ to match water intake. When there is an excess of water, the
kidneyslose waterrapidlybutin times of shortageitis conserved. The total body
water is therefore kept constant. Water loss from the kidneys can be regulated
by the hormone arginine vasopressin also called antidiuretic hormone
(ADH). Antidiuretic hormone acts by altering the permeability to water of the
collecting ducts in the kidneys. Osmoreceptor cells in the hypothalamus detect
an increase or decrease in osmolality between the intracellular fluid (ICF) and
ECE An increase in the osmolality of the ECF stimulates the receptors and
these, in turn, stimulate the release of ADH from the posterior pituitary gland
(Chapter 7). Antidiuretic hormone then stimulates the kidneys to retain water
and produce a more concentrated urine. The retention of water helps return
the osmolality of the ECF back to normal. If the osmolality of the ECF is low,
the osmoreceptors are not stimulated and ADH is not released. This results in
water loss from the kidneys in dilute urine. The loss of water helps to increase
the osmolality of the ECF back to normal values. Alow blood or ECF volume can
be detected by baroreceptors in the aortic arch and carotid sinus (Chapter 14).
These receptors also stimulate a release of ADH and, indeed, this mechanism
can override the release of ADH by osmolality to maintain blood volume and
therefore circulation. Antidiuretic hormone interacts with a second hormone,
aldosterone to maintain the normal volume and concentration of the ECE
Aldosterone, a steroid hormone, is produced by the adrenal cortex (Chapter 7)
and released in response to a low ECF volume or blood pressure. It stimulates
retention of Na* together with water in the kidneys returning the ECF volume
back to normal.

There are distinctive signs and symptoms associated with loss of water from
body compartments. For example, loss of water from the ICF results in cell
dysfunction that presents clinically as confusion, lethargy and coma. Loss of
water from the ECF decreases blood pressure, leading to renal shutdown and
shock. A reduction in total body water (ICF and ECF) produces a combination
of both effects.

All body fluids contain electrolytes (Table 8.2). The regulation of water content
by ADH helps to maintain normal electrolyte concentrations within the body.
The concentration of Na* and K* in the ICF and ECF are maintained largely
by the activity of the plasma membrane Na'/K*-ATPase (Chapter 11). This
enzyme acts as an energy-dependent pump that expels Na* from the cell in
exchange for an intake of K* to maintain both at physiological concentrations.
The concentrations of these ions are maintained within narrow ranges and,
since water can flow freely through most membranes, the concentrations
of Na* and K* are responsible for maintaining the appropriate osmolalities
of these compartments. The movement of water from one compartment to
another is mainly responsible for determining their volumes.

Homeostatic mechanisms exist to minimize changes in body water and
electrolyte composition and are particularly important in maintaining the

_ Intracellular Fluid Extracellular Fluid

K*/ mmol dm= 110 4
Na*/ mmol dm~ 10 135
Cl~/ mmol dm~ 5 100
HCO;/ mmol dm 15 28
PO/ mmol dm™ 31 1

Table 8.2 Typical compositions of the ICF and ECF

DISORDERS OF WATER HOMEOSTASIS
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Margin Note 8.1 Osmolality and @

the movement of water

Osmolality is the concentration

of particles (molecules or ions)
dissolved in a fluid. Compartments
of cells and, indeed, the body in
general are divided by selectively
permeable membranes. Most
biological membranes are freely
permeable to water. If the osmolality
is not the same on both sides of the
membrane, then there will be a net
movement of water from the side
of low to high osmolality since the
osmolality of a body compartment
is proportional to the concentration
of a compartment expressed as
mmoles of solute per kg of water.

In humans, the osmolality of serum
is approximately 285 mmol kg™
Serum osmolality can be measured
directly using an osmometer or, if the
concentration of solute particles is
known, it can be calculated in units
of mmol kg™ using the expression:

Osmolality = 2[Na*] + 2[K*] +
[glucose] + [urea]

Nat intake
<100->300 mmol d'

Distribution in body

3700 mmol
ECF 75%
Bones
and tissues 25%
Losses
Renal matches intake
Sweat ~5 mmol d*
Fecal ~5 mmol d*

Figure 8.5 The distribution of body Na*.
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volume of the ECE Water will remain in the extracellular compartment only if
its osmolality is sufficiently high.

The assessment of fluid and electrolyte disorders in patients is a significant
workload in the hospital pathology laboratory. In most cases, clinical tests to
determine the concentrations of electrolytes in blood must be interpreted in
conjunction with a clinical examination which involves taking the patient’s
clinical history, looking for signs and symptoms of hydration or dehydration
and assessing kidney function.

8.4 DISORDERS OF Na®* HOMEOSTASIS

Sodium ions are significant constituents of tissues, including bone, they control
the volume of ECF and are required for normal neuromuscular functions. The
intake of Na*is variable, from less than 100 mmol to more than 300 mmol day™.
Losses are also variable, but renal loss is normally matched to intake. Small
amounts of Na* are lost via skin and in feces and, under some circumstances,
the GIT (Chapter 11) can be a major route of Na* loss, as in diarrhea.

The average 70 kg man contains 3700 mmol of Na* (Figure 8.5), of which
75% is found in the ECE Hyponatremia and hypernatremia refer to serum
concentrations of Na* below and above the reference range of 135-145 mmol
dm™. Hyponatremia is caused by an excessive retention of water or the loss of
Na*, these two conditions resulting in different clinical features. The retention
of water produces behavioral disturbances, headaches, confusion, convulsions
and eventually coma. The symptoms associated with excessive loss of Na* are
weakness, apathy, dizziness, weight loss and hypotension. Hyponatremia
due to water retention is the more common. Water may be retained with or
without an increase in total body Na*. The former produces an edema, giving
an edematous hyponatremia, whereas the latter results in nonedematous
hyponatremia.

Edema is the excessive accumulation of fluid in interstitial compartments
of the body, resulting from an increase in the concentration of Na* in the
ECE It results in swelling, which may be localized in, for example, legs and
ankles (Figure 8.6) but can be more general in the chest cavity, abdomen
and lungs. The major causes of edematous hyponatremia are heart failure,
nephrotic syndrome and liver disease. All three reduce blood volume and
stimulate aldosterone secretion, which, in turn, stimulates the retention
of Na*. The reduced blood volume also stimulates release of ADH from the
posterior pituitary. Both result in more water than Na* being retained, giving
rise to hyponatremia. Nephrotic syndrome leads to a loss of blood proteins
to the urine, reduced concentrations of albumin leading to edema. The
commonest cause of nephrotic syndrome is renal damage by diseases such as
glomerulonephritis (Chapter 3). The treatment of edematous hyponatremia
is aimed at its underlying cause, for example heart failure, kidney or liver
diseases, and at removing the excess water and Na' using diuretics, and
restricting water intake.

Nonedematous hyponatremia, the result of water overload without an
increase in total body Na*, is due to a decreased excretion of water from the
syndrome of inappropriate secretion of ADH (SIADH), a severe renal failure
or an increased intake by compulsive drinking or excessive parenteral fluid.
The SIADH is a common finding in clinical practice. Patients present with
reduced plasma osmolality, normal kidney function and a low output of urine.
This syndrome is associated with many conditions, including malignancies,
for example carcinoma of the lungs or bowel (Chapter 17), infections, such
as pneumonia and tuberculosis (Chapter 3), trauma following, for example
abdominal surgery, or it may be induced with drugs, such as chlorpropamide.
All these conditions result in SIADH with water retention and a low urinary
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output. The excessive water is distributed between ICF and ECF and so the
clinical signs of water overload, edema, may be mild or absent. Treatment of
SIADH is to reduce water intake to less than 750 cm® day™ and to correct its
underlying cause.

Hyponatremia from loss of Na* decreases the total body Na* of patients. The
losses may occur from vomiting, diarrhea, kidneys (aldosterone deficiency),
the effects of drugs, such as spironolactone, or a decreased dietary intake
of Na*, although this is very rare. The loss of Na* is always accompanied
by water loss; as the volume of the ECF decreases the release of ADH is Figure 8.6 A massive edema of the lower limb.
stimulated and the increased reabsorption of water produces hyponatremia. Courtesy of Charlie Goldberg, M.D., medicine.ucsd.
The decreased volume of ECF means that the patient presents with the  edu/clinicalmed.

clinical symptoms of dehydration. Treatment is aimed at correcting the Na*

losses with intravenous infusions of 0.9% NaCl, and treating the underlying

cause, for example steroid therapy for aldosterone deficiency as in Addison’s

disease (Chapter 7).

Hypernatremia is caused by water depletion, water and Na* depletion with
the loss of water predominating, or to an excess of Na* (Figure 8.7). Its clinical
features are variable but, in general, patients present with muscular weakness,
hypertension, intense thirst (polydipsia) and polyuria. If fluid loss occurs, the
features associated with dehydration may be present. However, if Na* is in
excess, raised blood pressure or edema may be seen.

Water depletion results from a decreased intake, such as in comatose patients,

infants or the elderly. The body conserves water by producing a low volume

of concentrated urine. Increased water losses can also occur in diseases such

as diabetes insipidus that result in large quantities of dilute urine (Chapter 7).

Hypernatremia with water and Na* depletion occurs only if relatively more

water than Na* is lost. It is commonly caused in children by excessive sweating

or'diarrhea. Patit'ants respond by prodt}cing low .volgmes' Qf con'centrat'ed Figure 8.7 Many highly processed foods and
urine. The condition may also occur during osmotic diuresis in patients with snacks, such as potato crisps, contain high levels
diabetes mellitus (Chapter 7) where both water and Na* are lost, together with of Na* as its chloride salt (NaCl).

other electrolytes in large volumes of dilute urine, producing hypernatremia
and a decreased ECE An excess of Na*in the ECF is caused by an increased
intake or decreased excretion of Na*. The intake may be oral, for example salt
tablets or seawater, or parenteral as in the treatment of Conn’s or Cushing’s
syndromes (Chapter 7). Both disorders produce dilute urine due to retention

of Na* by the kidneys.
Kt intake
Hypernatremia is treated by oral administration of water. If this is not 30-100 mmol d-!
possible, then 5% dextrose is administered parenterally. If hypernatremia is
due to an excessive Na* intake, measures to remove it must be considered.
8.5 DISORDERS OF K* HOMEOSTASIS Distribution in body
EGE 55 mmol

Potassium ions are necessary to maintain cell volume, for the optimal
activities of a number of enzymes, and to maintain the resting potential of ICF 3600 mmol
cell membranes and therefore neuromuscular functions, especially in the
heart (Chapter 14). The intake of K* varies between 30 and 100 mmol day™
and losses are equally variable. The kidneys excrete most ingested K* with a
smaller amount being eliminated by the GIT. A high concentration of plasma

K* stimulates the release of aldosterone (Chapter 7) that, in turn, increases Losses

the r.e.nal excreFlon of K*. Gastrointestinal losses can be 51gn1ﬁcant during el 20-100 mmol d-!
vomiting and diarrhea. Only very small amounts of K* are lost in sweat. The

average 70 kg human contains about 3600 mmol of K* (Figure 8.8), almost all Fecal ~5 mmol d*

being found in the ICE Values for the concentration of K* in the serum below
and above the reference range of 3.4 to 4.9 mmol dm™ are called hypokalemia
and hyperkalemia respectively. Hyperkalemia is the more common clinical
condition.

Figure 8.8 The distribution of body K*.
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Figure 8.9 The distribution of body Ca?*.
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Unlike Na*, the plasma K* concentration does not vary significantly with
water loss or overload. However, hyperkalemia must be identified because
concentrations of serum K* above 7 mmol dm™ can result in cardiac arrest
and death. Renal failure, acidosis, aldosterone deficiency, damage to cells
and an excess intake of K* can all cause hyperkalemia. In renal failure, the
kidneys are unable to excrete K* because of the low GFR. Further, acidosis, a
common feature of renal failure, leads to hyperkalemia because the low pH of
the ECF means that K* moves out of cells in exchange for H*, to return the pH
to reference values. A deficiency of aldosterone, such as in Addison’s disease
where the kidneys lose their ability to excrete K*, can result in hyperkalemia.
The destruction of cells during trauma can release large amounts of K* causing
hyperkalemia. Lastly, an excessive oral or parenteral intake of K* is a rare cause
of hyperkalemia. The treatment of hyperkalemia includes infusion of insulin
and glucose to promote the entry of K*into cells. Severe hyperkalemia may
require dialysis.

Hypokalemia is clinically significant, giving rise to muscular weakness and
cardiac arrhythmias, hence patients often present with breathlessness and
chest pain. The causes of hypokalemia include increased K' losses from
the GIT or kidneys, alkalosis, certain clinical disorders, some drugs, or a
decreased K* intake. Excessive losses from the GIT can occur during vomiting
and diarrhea. Hypokalemia occurs in alkalosis because the pH of the ECF is
high and H* moves from the ICF to the ECF as part of the buffering process,
while K* moves in the opposite direction leading to hypokalemia. A number of
disorders, for example, Cushing’s and Conn’s syndromes, are associated with
increased cortisol and aldosterone production respectively. Both hormones
have mineralocorticoid activity and stimulate the renal retention of Na* in
exchange for K* causing hypokalemia. Drugs, such as carbenoxolone used
to treat gastric ulcers (Chapter 11), can cause hypokalemia because of their
mineralocorticoid activity. Decreases in oral or parenteral intakes of K* are
rare but can lead to hypokalemia. Patients with hypokalemia are treated with
oral K* salts. Severe hypokalemia may require intravenous infusions of K'.

8.6 DISORDERS OF Ca’* HOMEOSTASIS

Calcium is required for bone and teeth structure, the release of neuro-
transmitters and initiation of muscle contraction, as a cofactor for coagulation
factors (Chapter 13), some enzyme activities and it also acts as an intracellular
second messenger for a number of hormones (Chapter 7).

The normal dietary intake of Ca** of about 25 mmol day™ is supplemented
by the reabsorption of Ca* from gastrointestinal secretions. Approximately
19 mmol of Ca* is lost in the feces daily. The kidneys normally filter about
240 mmol of Ca** daily but, as most of this is reabsorbed by the tubules, normal
renal loss of Ca*" is only about 6 mmol per day (Figure 8.9). Calcium is the most
abundant mineral in the body and the average adult contains approximately
1 kg or 25000 mmol of Ca?*. Approximately 99% of Ca** is present in the bone.
About 500 mmol of Ca** is exchanged daily between bone and the ECE The
ECF contains about 22.5 mmol of Ca**, of which 9.0 mmol is present in the
plasma. Approximately 47% of Ca*" in plasma occurs as free ionized Ca?*,
46% is protein bound and 7% is complexed with citrate or phosphate. Only
free Ca* is physiologically active and its plasma concentration is controlled
by homeostatic mechanisms involving the hormones parathyroid hormone
(PTH), calcitriol and calcitonin (Figure 8.10). Parathyroid hormone is secreted
by the parathyroid glands in response to a fall in the concentration of plasma
ionized Ca** and vice versa. It stimulates the release of Ca** from bone, a
process called bone resorption, and a decreased reabsorption of HCO, by the
kidneys that produces an acidosis, which helps to increase plasma ionized
Ca*" and stimulates the synthesis of calcitriol from cholecalciferol in the liver.



This hormone is also formed in the skin by the action of ultraviolet light on
7-dehydrocholesterol. Calcitriol increases Ca** and P, absorption from the
GIT and increases bone resorption. The physiological function of calcitonin
remains unclear but it is known to reduce the concentration of Ca** in plasma
by inhibiting both bone resorption and the renal reabsorption of Ca?*.

The serum reference range for total Ca®* is 2.20-2.60 mmol dm™ and for free
1.20-1.37 mmol dm™. Values above and below these are called hypercalcemia
and hypocalcemia respectively.

The renal damage associated with hypercalcemia is its most serious
consequence. Hypercalcemia may suppress neuromuscular excitability
causing constipation and abdominal pain and affect the CNS, resulting
in depression, nausea and anorexia. The nausea may cause vomiting and
therefore dehydration. Calcium can stimulate gastrin and therefore gastric
acid secretion and so hypercalcemia may be associated with peptic ulcers
(Chapter 11). Hypercalcemia may cause arrhythmias and in severe cases may
result in cardiac arrest (Chapter 14). The commonest causes of hypercalcemia
are malignant disease or primary hyperparathyroidism. Less common causes
include thyrotoxicosis, vitamin D intoxication, thiazide diuretics and familial
hypocalciuric hypercalcemia. Rare causes are tuberculosis, sarcoidosis,
acromegaly, milk-alkali syndrome and idiopathic hypercalcemia of infancy.

Cancerous tumors of the lungs stimulate an increase in plasma Ca** by
producing a PTH related protein (PTHrp) that resembles the structure of
PTH (Figure 8.11). Cytokines and prostaglandins released by tumors that
have metastasized to the bones, may lead to increased resorption of Ca?.
Primary hyperparathyroidism occurs most commonly due to a parathyroid
adenoma, which is a benign tumor, and only rarely due to a parathyroid
carcinoma. It affects both men and women at any age but is most common in
postmenopausal women. In primary hyperparathyroidism, there is excessive
PTH secretion that causes hypercalcemia and sometimes hypophosphatemia
(Section 8.7), which increases bone turnover particularly of the metaphyses
(Figure 8.12). Thyroid hormones have no direct effect on Ca** homeostasis
but can cause increased bone turnover by increasing osteoclastic activity
and giving rise to mild hypercalcemia during thyrotoxicosis. An excessive
iatrogenic or accidental ingestion of vitamin D or thiazide diuretics that
interfere with renal Ca* loss can also cause hypercalcemia.

Familial hypocalciuric hypercalcemia is a recently recognized autosomal
dominant (Chapter 15) condition that develops from childhood. It is
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Figure 8.11 Molecular models of (A) PTH and (B) PTHrp. PDB files 1BWX and 1BZG
respectively. Note the similarity in overall structures.

Figure 8.10 The hormonal regulation of the
concentration of plasma Ca**.
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Figure 8.12 An isotope scan of hand and
finger bones showing sites in the fingers

with a decreased opacity where greater bone
turnover has occurred because of increased Ca
resorption. Courtesy of Dr |. Maddison, London
South Bank University, UK.

2+

Figure 8.13 Overview of the clinical investigation
of hypercalcemia. See also Box 8.1.
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characterized by chronic hypercalcemia but is usually asymptomatic,
with normal levels of PTH and no parathyroid adenoma. The mechanism
underlying this condition is unknown. Both sarcoidosis and tuberculosis are
granulomatous diseases. In these conditions, hypercalcemia occurs as there
is increased production of calcitriol by macrophages in the granulomas.
Hypercalcemia is occasionally seen in acromegaly, probably due to stimulation
of calcitriol production by excess growth hormone. Hypercalcemia may occur
in people who ingest large amounts of milk together with alkali antacids, such
as HCO;, to relieve symptoms of peptic ulceration. An alkalosis occurs that
is believed to reduce renal Ca* excretion although the precise mechanism is
still unclear. This milk-alkali syndrome is very rare as antacid treatment of
peptic ulcers has been replaced by drugs that inhibit gastric acid secretion.
The condition idiopathic hypercalcemia of infancy is associated with
hypercalcemia because of an increased sensitivity to vitamin D in bone and the
GIT but the precise mechanism underlying this hypercalcemia is unknown.

Patients who present with hypercalcemia are investigated for malignancy or
primary hyperparathyroidism as this accounts for up to 90% of cases. If both
malignancy and primary hyperparathyroidism are excluded, other causes
must be considered and investigated (Figure 8.13 and Box 8.1). A number
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BOX 8.1 Albumin and Ca?*

Changes in the concentration of albumin (Figure 8.14(A)) in

plasma affect the total Ca*"

concentration but not the free Ca?*

content. A high plasma albumin concentration gives rise to a

high total plasma Ca?"

concentration and, conversely, a low

plasma albumin concentration produces a low total plasma
Ca’' concentration (Figure 8.14(B)). The determination of total
concentration can be misleading since it
is affected by conditions that change the concentration of albu-
min. The effect of these changes can be overcome by measuring
free Ca?". However, its determination is difficult and expensive
and the usual solution is to calculate an adjusted value for total
Ca*' using the following formulae if the [albumin] is given in g
dm~and [Ca?*] in mmol dm™.

plasma or serum Ca**

When [albumin] is less than 40 g dm™ then:

adjusted [Ca**] = measured concentration of total Ca?*

+ 0.02 (40 -

[albumin])

When [albumin] is more than 45 g dm then:

adjusted [Ca**] = measured concentration of total Ca*

— 0.02 ([albumin] -

45)

Since the free Ca?* concentration is unaffected by variationsin the
concentration of albumin, clinical symptoms are not manifested.
However, free Ca?" competes with H* for negatively charged
binding sites on albumin and changes in the concentration of
free Ca?* may occur in acute acid—base disorders, with clinical
consequences (Figure 8.15). These do not, however, affect the
total plasma Ca*" concentration. In alkalosis, more H* dissoci-
ates from albumin allowing increased amounts of free Ca’* to
bind to it. This has the effect of increasing the protein bound
Ca”* fraction but at the expense of decreasing the free plasma
Ca’" leading to hypocalcemia. In acidosis, increasing amounts of
H* bind to albumin as Ca’* dissociates from it, decreasing the
protein bound Ca?" and increasing free plasma Ca** producing
hypercalcemia.
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[Ca2+]
increased

B ——
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Figure 8.14 (A) Molecular model of

human serum albumin. PDB file 1E78.

(B) The effect of changes in the
concentration of albumin on the
concentration of total plasma Ca?*.
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of approaches are taken to managing hypercalcemia. The underlying cause
should be treated wherever possible. Intravenous saline may be administered
in dehydrated patients to restore the glomerular filtration rate and enhance
Ca* loss and hydration. Drugs, such as frusemide, inhibit renal reabsorption
of Ca?** and promote its excretion while bisphosphonates lower Ca** levels
by inhibiting bone resorption. In very severe cases, dialysis or emergency
parathyroidectomy may be necessary. In some cases, an artefactual
hypocalcemia may be reported when blood samples are erroneously
collected into tubes containing ethylene diaminetetraacetic acid (EDTA). This
anticoagulant is a chelator of Ca** and its use will lead to low values for Ca**
concentrations.

The clinical effects of hypocalcemia include behavioral disturbances,
paresthesiae, tetany, convulsions and cataracts. Its major causes are
renal failure, Mg* and vitamin D deficiencies, hypoparathyroidism and
pseudohypoparathyroidism. Chronic renal failure may decrease the
reabsorption of Ca?* by decreasing the synthesis of calcitriol leading to
hypocalcemia. This may lead to bone disease because the increased
output of PTH arising from the hypocalcemia can increase osteoclast
activity. Magnesium ions are required for PTH secretion and its action
and a deficiency produces hypocalcemia. A deficiency in vitamin D may
arise from a poor diet, malabsorption (Chapters 10 and 11) or inadequate
exposure to sunlight leading to an inadequate absorption of Ca* from
food. Hypoparathyroidism, or a reduced activity of the parathyroid
glands with decreased production of PTH, results in hypocalcemia. The
condition can be congenital, where there is an absence of the parathyroid
glands, or acquired hypoparathyroidism that may be idiopathic, or caused
by autoimmune conditions or surgery, for example thyroidectomy. In
pseudohypoparathyroidism, there is excessive PTH secretion because target
tissues fail to respond to the hormone, producing a persistent hypocalcemia.
This condition is more common in males than females and patients present
with skeletal abnormalities including short stature, mental retardation,
cataracts and testicular atrophy.

The investigation of hypocalcemia is outlined in Figure 8.16. The underlying
cause of hypocalcemia should be treated wherever possible. Magnesium
supplements may be prescribed in hypocalcemia due to Mg* deficiency,
whereas calcitriol and its precursors may be prescribed in vitamin D deficiency.
Oral Ca** supplements are prescribed in mild cases of hypocalcemia.

8.7 DISORDERS OF PHOSPHATE HOMEOSTASIS

Phosphate (P) combines with Ca** to form hydroxyapatite, the mineral
component of bone and teeth and is also required for some enzymic activities,
oxidative phosphorylation and the synthesis of 2,3-bisphosphoglycerate that
regulates the dissociation of oxyhemoglobin (Chapter 13), the excretion of H*
(Chapter 9) and for cell membrane integrity. The daily intake of P, is about
40 mmol. The kidneys lose approximately 26 mmol daily and 14 mmol are lost
in feces. The total body content of P in the average male is over 20000 mmol
(Figure 8.17) with 17000 occurring in bone and 3000 in soft tissues, largely
attached to lipids and proteins. Thus about 85% occurs in bone while the ICF
and the ECF contain 15% and 0.1% respectively. The plasma concentration is
about 1 mmol dm™. Approximately 80% of the plasma content occurs as free
inorganic P, 15% is protein-bound and about 5% is complexed with Ca* and
Mg?**. Parathyroid hormone (Figure 8.11) and the hormone, calcitriol, control
the homeostasis of P; the former decreasing the reabsorption by the kidneys
and reducing its plasma concentration, the latter stimulating P, absorption in
the GIT and increasing the concentration.



The reference range for total serum P, is 0.8-1.4 mmol dm™ but a higher
reference range applies in infancy and childhood. Hyperphosphatemia and
hypophosphatemia are used to describe concentrations above and below the
reference range respectively. Hypophosphatemia causes more damage than
hyperphosphatemia but, fortunately, is less common.

Hyperphosphatemia may cause metastatic calcification, for example the
deposition of calcium phosphate in soft tissues as the excess P, precipitates
with Ca** and causes hypocalcemia and tetany in affected patients. The
commonest cause of hyperphosphatemia is renal failure where the GFR and
P, excretion decline. Hypoparathyroidism reduces renal excretion of P, giving
rise to hyperphosphatemia. In diabetic ketoacidosis (Chapter 7), a deficiency
of insulin prevents the uptake of P, by cells leading to hyperphosphatemia.
Other causes are an increased intake of P_or its release from damaged cells
in intravascular hemolysis. Indeed, any condition where there is increased
turnover of cells, for example following treatment of malignant disease with
chemotherapy, results in release of P, during cell destruction. Excessive
intake, either oral or intravenous, is a rare cause and is more likely when
there is also renal failure as in pseudohypoparathyroidism where there is
resistance by the kidneys to PTH that decreases their excretion of P. A delay
in the separation of plasma or serum from blood before analysis for P, or
hemolysis of a blood sample prior to its analysis can indicate artefactual
hyperphosphatemia but this does not reflect the true clinical situation.

A number of biochemical tests are useful when investigating
hyperphosphatemia. These include determining the concentrations of P,
Ca?*, urea and creatinine in serum and the concentration of Pi in urine.
The following strategy has proved useful in investigating obscure causes
of hyperphosphatemia. First, it is necessary to exclude artefactual causes.
Secondly, serum concentrations of creatinine and urea should be determined
to exclude renal failure. If the serum concentration of Ca* is normal or
above reference values, vitamin D intoxication or untreated diabetes
mellitus should be considered. Thirdly, if the plasma or serum concentration
of Ca* is low, then hypoparathyroidism should be investigated. Finally,
if the urinary concentration of P is low, then hypoparathyroidism is,
again, a consideration, whereas a high urinary concentration indicates
increased intake, malignancy or intravascular hemolysis. Patients with
hyperphosphatemia are managed by treating the underlying cause wherever
possible. The oral intake of aluminum, Ca** and Mg** salts may be used as
these can bind P, in the GIT reducing its absorption.

The clinical features of hypophosphatemia include paresthesiae, ataxia,
coma, osteomalacia and muscle weakness. There may be increased
susceptibility to infection possibly due to defective phagocytosis. The
causes of hypophosphatemia are varied. Vitamin D deficiency results in a
decreased synthesis of calcitriol and therefore decreased P, absorption in the
GIT. Increased renal loss of P. may occur in primary hyperparathyroidism
where increased secretion of PTH causes excessive renal loss of P. Certain
diuretics that increase renal loss of P, can cause hypophosphatemia. It may
also occur during the recovery phase of diabetic ketoacidosis when patients
are administered insulin, which promotes cellular uptake of P. Total body P,
may be depleted as a consequence of osmotic diuresis. There are a number
of rare causes of hypophosphatemia. These include an inadequate dietary
intake usually associated with parenteral nutrition, or when agents, such
as aluminum hydroxide are used as antacids and prevent its absorption in
the GIT, and in chronic alcoholics who have a complex and multifactorial
condition with poor diet and reduced GIT absorption (Chapter 11).

Determination of the serum concentrations of P, and Ca* and the urinary
concentration of P, are useful in investigating hypophosphatemia. The
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Figure 8.17 The distribution of body P,.
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Figure 8.18 The distribution of body Mg**.
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following strategy may be used when its cause is not obvious. First, exclude
causes such as alkalosis and chronic alcoholism. Secondly, a reduced
urinary P suggests decreased dietary or parenteral intakes or increased
cellular uptake, for example in insulin therapy. Thirdly, if the urinary
concentration of P, is above its reference range then excessive renal losses
are occurring and the concentration of Ca** in the plasma or serum should
be determined. If this is increased, then primary hyperparathyroidism
or malignancy may be present. If, however, the concentration is low or
normal, renal defects or inappropriate diuretic therapy are considerations.
Hypophosphatemia should be managed by treating the underlying cause
wherever possible. In some situations it may be necessary to administer
oral or parenteral P,.

8.8 DISORDERS OF Mg** HOMEOSTASIS

Magnesium is required to maintain the structures of ribosomes, nucleic acids
and numerous proteins and acts as a cofactor for over 300 enzymes, including
those involved in energy metabolism and protein synthesis. It is also required
for normal cell permeability and neuromuscular functions. The usual dietary
intake of Mg* isabout 15 mmol day* and approximately 30% of this is absorbed
in the GIT, the rest is lost in the feces. The adult human body contains over
1200 mmol of Mg* (Figure 8.18). Approximately 750 mmol is found in bone
and about 450 mmol in muscle and soft tissues. The ECF contains only 15
mmol. Approximately 55% of plasma Mg?* occurs as free ionized Mg*, 32% is
protein-bound and 13% complexed with P, or citrate.

The kidneys lose 5 to10 mmol of Mg** daily but losses are adjusted to control
Mg** homeostasis. An increased dietary intake of Mg* results in increased renal
loss and vice versa. This is achieved principally by adjusting the reabsorption
of Mg? by cells of the proximal tubules and loop of Henle. A number of
factors influence the rate of excretion of Mg* including hypercalcemia and
hypophosphatemia (Section 8.6) that decrease renal reabsorption and PTH,
which stimulates renal retention.

The reference range for serum Mg* is 0.8-1.2 mmol dm™. Hypo- and
hypermagnesemia refer to concentrations below and above the reference
range respectively. Note that measurements of the concentration of Mg* in
plasma or serum are unreliable indicators of its body status since only 1% of
body Mg* occurs in the ECE

The clinical effects of hypomagnesemia are similar to those seen in hypo-
calcemia and include tetany, muscle weakness, convulsions and cardiac
arrhythmias. These effects are related to the role of Mg** in neuromuscular
function. The causes of hypomagnesemia include decreased intake
as in starvation (Chapter 11), poorly managed parenteral nutrition or
malabsorption. Increased losses of Mg* as in osmotic diuresis in diabetics
(Chapter 7), diuretic therapy, hyperaldosteronism and excessive losses
from the GIT in prolonged diarrhea, GIT fistula and laxative abuse can also
cause hypomagnesemia. The use of anticancer drugs (Chapter 17), such as
cisplatinum, can damage the kidneys and prevent the renal reabsorption
of Mg*. In alcoholism (Chapter 12), hypomagnesemia is believed to occur
due to increased renal excretion, inadequate dietary intake, vomiting and
diarrhea.

In many cases, the cause of hypomagnesemia is determined by clinical
examination. However, measuring the urinary Mg** may be useful as
the amount of Mg? excreted per day decreases with decreased intake. If
hypomagnesemia occurs with increased renal excretion then losses are likely
to be due to renal damage. Hypercalcemia may increase renal Mg?* excretion



causing hypomagnesemia but hypocalcemia may occur in hypomagnesemia
due to hypoparathyroidism.

In hypomagnesemia, the underlying cause should be treated wherever
possible. Oral Mg** supplements may be adequate for mild cases but severe
Mg* deficiency together with malabsorption may require intravenous
infusions of Mg**.

The clinical effects of hypermagnesemia are also largely related to the role of
Mg** in neuromuscular activities and include muscular weakness, respiratory
paralysis and, in very severe cases, cardiac arrest. Acute or chronic renal
failures are the commonest causes of hypermagnesemia; others include
its release from damaged cells from, for example, crush injuries. Mild
hypermagnesemia may occur in mineralocorticoid deficiency, as in Addison’s
disease. In rare cases, hypermagnesemia may occur from an increased oral
or parenteral intake of Mg** or from the use of Mg* containing antacids or
laxatives. When this does occur, it is usually combined with renal failure.
The management of hypermagnesemia involves treating the underlying
cause wherever possible. Hypermagnesemia due to renal failure may require
dialysis.

8.9 DISORDERS OF URATE METABOLISM

In humans, the end product of the metabolism of the purines, adenine and
guanine is urate (Figure 8.19). There are three sources of purines namely
diet, the breakdown of endogenous nucleotides and nucleic acids and
de novo synthesis. Most dietary nucleic acids are ingested in the form of
nucleoproteins from which urate is produced by the GIT (Chapter 11). The
degradation and de novo synthesis of purines are linked (Figure 8.20). The
body urate pool, and therefore plasma concentration, depends upon the
relative rates of urate formation and excretion. Both the kidneys and the GIT
excrete urate with renal excretion accounting for approximately 66% of the
total. Almost all the urate is filtered at the glomerulus but most is reabsorbed
by the proximal tubule. However, both reabsorption and secretion occur in
the distal tubule, so that the net effect is to excrete about 10% of the urate.
Urate secreted into the GIT is metabolized to CO, and NH, by bacterial
action or uricolysis.

The reference range for serum urate is 0.1 to 0.4 mmol dm™. However, there
is a wide variation in the concentration of urate in plasma or serum even in
health. Plasma urate concentration tends to be higher in males than females,
is highest in obese individuals, those from affluent social classes and those
with a high protein and alcohol intake. Thus hyperuricemia is defined as a
concentration greater than 0.42 mmol dm™ in men and more than 0.36 mmol
dm™ in women.

Hyperuricemia may arise as a result of increased production of uric acid
or decreased excretion or both. Excessive synthesis may occur because of
a defective synthetic metabolic pathway, stimulation of de novo purine
synthesis by alcohol or by increased nucleic acid turnover, as in malignant
disease, or the use of cytotoxic drugs. An excessive dietary intake of
purines will also produce hyperuricemia. A decreased urate excretion may
be due to a reduced GFR giving rise to hyperuricemia. Increased proximal
tubular reabsorption and decreased distal tubular secretion of urate have
similar effects. Lactate and B-hydroxybutyrate compete with urate for
excretion by the distal tubule. Therefore lactic acidosis or ketosis (Chapter
7) are often associated with hyperuricemia. Some drugs, for example low
doses of aspirin, can inhibit the distal tubular secretion of urate causing
hyperuricemia.

DISORDERS OF URATE METABOLISM
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Urate has low solubility and the ECF easily becomes saturated at
concentrations just above the upper limit of the reference range. There
is a tendency for crystalline monosodium urate to form in people with
hyperuricemia, giving rise to gout. Crystals of monosodium urate (Figure
8.21(A)) tend to form in cartilage and synovial fluid of joints and particularly
those of the big toe causing gout (Figure 8.21(B)). The crystals are phagocytosed
by neutrophil leukocytes and may cause damage to lysosomal membranes
within these cells (Chapter 16). As a consequence, lysosomal contents are
released, causing damage to both leukocytes and surrounding tissues with
an associated inflammatory response (Chapter 4). Gout may be primary,
with no known cause, or secondary, as a consequence of another disorder.
Primary gout is characterized by recurrent attacks of arthritis. It is more
common in men than women. The metabolic defect in patients is unknown
but a number of abnormalities may be responsible for the overproduction of
urate and therefore increased urinary urate output. In many patients there is
a combined defect of urate overproduction together with its impaired renal
excretion. Patients with primary gout often have deposits of urate in their soft
tissues and some can develop renal stones composed of urate salts. The risk
that a normal person will develop gout varies with their urate concentration.
The annual incidence of gout in men is low, about 0.1%, when the urate
concentration is less than 0.42 mmol dm™. This increases to 0.6% when the
concentration is 0.42-0.54 mmol dm™ and 5% when urate concentrations
are greater than 0.54 mmol dm™. The reason for the onset of acute attacks in
gout is unclear since a sharp rise in the concentration of urate is not usually
demonstrable.

Secondary goutisrare but can arise from a number of other disorders including
myeloproliferative disorders (Chapter 17) such as polycythemia vera, where
the hyperuricemia is due to an increased cell turnover, the use of cytotoxic
drug therapy that increases cell destruction and the breakdown of nucleic
acids, and psoriasis with its increased turnover of skin cells.

Figure 8.21 (A) Crystals of monosodium urate
viewed using polarized light. (B) Gout of the right
big toe showing diffuse swelling and inflammation
centered where the toes join the foot but also
extending over much of the foot. Courtesy of Charlie
Goldberg, M.D., medicine.ucsd.edu/clinicalmed.




CASE STUDIES

A diagnosis of gout is made on clinical grounds, a demonstration of hyper-
uricemia and a satisfactory response to uricosuric drugs. A high plasma urate
concentration does not always mean that the patient has gout, that is high
plasma urate concentration makes the diagnosis of gout more likely, whereas
a consistently low plasma urate concentration excludes the diagnosis. To
confirm diagnosis it is necessary to aspirate the joint fluid during an acute
attack. The finding of urate crystals, 2-10 pm long and needle shaped, within
neutrophils will confirm the diagnosis.

Anti-inflammatory drugs, such as indomethacin, are used to treat acute
attacks of gout but have no effect on the hyperuricemia which is treated with a
diet low in protein and alcohol. Urate lowering drugs, for example allopurinol,
that prevent the formation of urate and decrease de novo synthesis of purines,
are used in long-term treatment or when plasma urate levels are persistently
higher than 0.6 mmol dm™.

Hypouricemia, where the concentration of urate in serumis below thereference
range, is uncommon and not of clinical significance. Its occurrence is due to
a decreased urate synthesis, as in congenital xanthine oxidase deficiency and
severe liver disease, or to increased excretion of urate as seen in renal tubular
disorders, such as the Fanconi syndrome. Hypouricemia may also result from
excessive use of drugs such as allopurinol.

CASE STUDY 8.1

Ted was admitted to hospital following a car accident. Questions

The following results were obtained on a serum (3) What may be the primary cause of these results?
specimen three days later. Reference ranges are given in

parentheses. (b) Suggest reasons why Ted shows hyperkalemia and
Urea 45 mmol dm™ (2.4-6.5 mmol dm™) oy sz 007

Na* 132 mmol dm™ (133-145 mmol dm™)

K 6.9 mmol dm= (3.4-4.8 mmol dm™)

HCO, 13 mmol dm (21-28 mmol dm™)

Osmolality 332 mmol kg™ (280-290 mmol kg™)

CASE STUDY 8.2

Arnie, a 25-year-old man, presented with a history of Total Ca* 2.40 mmol dm™ (2.15-2.46 mmol dm)
severe diarrhea, abdominal pain, weight loss, cramp in  phogphate 1.0 mmol dm™  (0.8-1.44 mmol dm™)
the arms al}d legs anq tetany. He had suffered gevergl Albumin 42 g dm (38-48 g dm)
previous episodes of diarrhea and abdominal pain. His N » »
serum was investigated and yielded the following results. M8 0.39 mmol dm™ (0.8-1.2 mmol dm™)
Reference ranges are given in parentheses. Questions
Na* 140 mmol dm™  (133-145mmol dm™)  (a) Explain the significance of these results.

+ -3 . -3
K spnmElent Ernmlein (b) Suggest ways in which Arnold should be treated.
Urea 5.8 mmol dm™® (2.4-6.5 mmol dm™)
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John, a 58-year-old obese lecturer woke in the middle
of the night with severe pain in his large toe which was
hot, swollen and red. The pain was so intense he could
not place his foot on the floor. John had been to a dinner
party the night before. In the morning he visited the local
hospital where a blood sample was taken and analyzed for
serum urate. Reference ranges are given in parentheses.

Serum urate 0.81 mmol dm (0.1-0.4 mmol dm™)

Questions
(@) What is the most likely diagnosis?

(b) What further investigations should be performed?
() How should John be treated?

8.10 SUMMARY

It is essential to maintain appropriate levels of water and electrolytes in
the body so that metabolic reactions can function effectively. The stable
environment within the body is maintained by homeostatic mechanisms,
which return levels to normal, following a shift in equilibrium. In addition,
waste products such as urate need to be removed to prevent toxicity. The
kidneys help to maintain the balance of water, electrolytes and waste
products and a number of renal function tests are available to assess their
function in cases of suspected renal failure. Dehydration, possibly as a result
of gastrointestinal disease causing diarrhea and vomiting, is a severe, life-
threatening condition. Disorders of electrolyte balance can involve a lack or
excess of the electrolyte in question. Thus distinct syndromes can occur with
disorders affecting the levels of Na*, K*, Ca?*, Mg** and Pi. Disorders of urate
metabolism may result in high levels of urate in the blood, leading to gout
and renal stones, whereas low levels of urate in the blood are rare.

QUESTIONS

1. Robin was rescued from a raft at sea. He had been without food or
water for several days.
a)  What will have happened to Robin’s body compartments?
b)  Should he have drunk seawater to survive?

2. Jane, an 80-year-old woman who lives alone was suffering from a uri-
nary tract infection and had little food or water for several days. She
was found in a drowsy confused state by her neighbors and taken to
hospital. An analysis of her serum gave Na* and urea of 160 and 20
mmol dm~ respectively. Glucose and K* concentrations were within
their references ranges. Account for Jane’s symptoms and test results.

3. Hyperkalemia may be caused by which one of the following?
a)  hemolysis;
b) delayed separation of plasma;
c¢) increased intake of K* supplements;
d) renal failure;
e) all of the above.



4. What is the adjusted serum Ca** concentration for a patient with a
serum albumin concentration of 29 g dm™ and a total serum Ca?* of
1.78 mmol dm3?

5. Which one of the following does NOT cause hyperuricemia?

a)  excessive dietary purine intake;
b)  malignant disease;

c) chronic renal failure;

d) hypomagnesemia;

e)  psoriasis.

6. Alice, a 48-year-old woman, was treated by parathyroidectomy for her
hyperparathyroidism. Unfortunately, she developed hypocalcemia and
was placed on vitamin D therapy although the hypocalcemia proved
difficult to control. Eventually, Alice was seen in outpatients complain-
ing of feeling unwell and vomiting. Her blood results showed her to
be hypercalcemic but other values were within their reference ranges.
Suggest the most plausible reason for Alice’s hypercalcemia.

7. Explain why hypercalcemia is often associated with malignancy.
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chapter 9:

DISORDERS OF
ACID-BASE BALANCE

OBJECTIVES
After studying this chapter you should be able to:

m describe how hydrogen ions are transported by the blood;
m outline the role and operations of the blood buffering systems;

m calculate the concentrations of ingredients used to prepare buffered
solutions of defined pH and concentration;

m explain the role of kidney tubule cells in excreting hydrogen ions and regen-
erating plasma hydrogen carbonate;

m explain the causes of disorders of acid—base balance;
m  describe the strategies for investigating disorders of acid—base balance;

m outline the management of disorders of acid—base balance.

9.1 INTRODUCTION

The concentration of hydrogen ions, H*, in the blood is kept within a narrow
reference range to give the blood a pH of approximately 7.4. The body
possesses physiological and biochemical mechanisms that maintain this pH by
removing excess H* and carbon dioxide produced during metabolism (Figure
9.1). These activities are vital for normal bodily functions and are performed
by the renal and respiratory systems respectively. Failure to maintain the

Diet Metabolism Blood Excretion

Protein Co,
Fats Lactic acid
Carbohydrate Ketoacids

+
—> H  —> Kidneys

—> CO, —> Lungs

Figure 9.1 Overview of the production, transport

and excretion of co, and H'.
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Figure 9.2 Molecular model of carbonic
anhydrase. The red sphere represents a Zn?* in
the active site. PDB file 2CBD.
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acid-base balance at an appropriate value will give rise either to an acidosis,
with a blood pH below the reference range, or an alkalosis with the pH above
it. Different types of acidoses and alkaloses produce specific characteristic
clinical features. Once a specific acid—base disorder has been identified, a
clinical strategy must be adopted to manage the symptoms and to treat the
underlying cause(s).

9.2 THE PRODUCTION AND TRANSPORT OF CARBON DIOXIDE

Body tissues produce about 20 moles of CO, per day during oxidative
metabolism. The CO, diffuses from the cells into the extracellular fluid (ECF),
thatis the blood and tissue fluid, and eventually enters the plasma in quantities
with the potential to form enough carbonic acid to disturb its pH. However,
in normal circumstances this does not occur because the CO, is transported
to the lungs and excreted. During transport, a substantial proportion of the
CO, enters the erythrocytes by diffusion. Within the erythrocytes, a small
proportion of the CO, remains dissolved or combines with proteins, mainly
hemoglobin, to form carbamino compounds:

Protein—NH2 + CO2 = Protein-NH-COO™ + H*

The major portion, however, combines with water to produce carbonic acid in
a reaction catalyzed by carbonic anhydrase (Figure 9.2):

Carbonic anhydrase
CO, + HO = H/.CO,

Carbonic acid dissociates to H' and hydrogen carbonate (HCO;,
‘bicarbonate’)

H,CO, = H'+HCO,

Figure 9.3 shows how H* are removed from solution when they react with
oxyhemoglobin (HbO,) and promote the release of its oxygen to the tissues
and forms protonated hemoglobin (‘H*Hb’). The HCO; formed diffuses down
its electrochemical gradient out of the erythrocytes to the plasma in exchange
for CI, thus maintaining the electrochemical equilibrium of the erythrocyte.
The exchange of HCO;, for CI” is normally called the chloride shift. Since both
ions are charged, neither would pass freely across biological membranes,
however, an anion exchanger protein facilitates their transport. This exchanger
is a membrane protein that forms a pore through the membrane allowing the
cotransport of the ions across the membrane. Given that the ions move in
opposite directions, the anion exchanger or cotransporter is said to be an
antiporter. The concentration of HCO; in the plasma is normally kept between
21-28 mmol dm™.

In the lungs, the partial pressure of oxygen is high while that of carbon dioxide
is low. Thus oxygen enters the erythrocytes forming oxyhemoglobin, releasing
the bound H* and promoting the reverse of the events that occur in other body
tissues (Figure 9.3). Thus, H" associates with HCO; to produce carbonic acid
which then breaks down to carbon dioxide and water. The water enters the
large body pool of water while the CO, leaves the erythrocytes and is excreted
on exhalation.

These events provide an interesting confirmation that enzymes catalyze
reactions in either direction depending upon the position of equilibrium.
Thus carbonic anhydrase promotes the formation of carbonic acid in most
body tissues where the concentration of CO, is relatively high. However, in the
lungs, where the concentration of CO, is reduced, the enzyme catalyzes the
formation of CO,and H,O from carbonic acid.
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Figure 9.3 (A) Uptake by erythrocytes of CO, with the release of 0,. Note the CI” shift. See text
for details. (B) The excretion of CO, and uptake of 0, at the lung epithelium. See text for details.

9.3 BUFFERING AND THE EXCRETION OF H*

About 60 mmol of H" are produced each day from the oxidation of sulfur-
containing amino acid residues or from incomplete metabolic activities, such
as anerobic glucose metabolism or ketone body formation (Chapter 7). If all
the H* were released into the approximately 14 dm?® of ECE the concentration
of H" would be 4 mmol dm™ or about 100000 times more acidic than normal.
In reality, the concentration of H* is kept within the narrow limits of 40 £ 5
nmol dm™ to maintain the appropriate body physiological pH of 7.4 + 0.05.
This pH is necessary for normal physiological functions and is maintained by
temporary buffering systems that resist changes to the pH of the plasma until
the excessive H* are excreted by the kidneys (Chapter 8).

When H" are released by cells, the ECF is buffered by the hydrogen carbonate-
carbonic acid buffer system (Box 9.1):

H* + HCO; = H,CO, = CO, + H,0

Other buffering systems, such as hemoglobin in the erythrocytes, also make
significant contributions as described in Section 9.2. If the concentrations of
H*and HCO; reach equilibrium, buffering would become ineffective. However,
in the case of the hydrogen carbonate-carbonic acid system this is usually
prevented from occurring by the breakdown of carbonic acid to CO, and
water. The formation of carbonic acid from H" and HCO; is a rapid reaction.
Its potentially slow breakdown to CO, and H,O is accelerated by carbonic
anhydrase in the erythrocytes and kidneys and the removal of carbon dioxide
at the lungs prevents the system from reaching equilibrium.

Buffering by the hydrogen carbonate—carbonic acid system removes H* from
the ECF but at the expense of HCO;. The ECF contains relatively large amounts
of HCO;, for example, its concentration is usually about 24 mmol dm™, If, for
any reason, the amount of H" produced increases, then the concentration
of HCO; will decrease as the hydrogen carbonate-carbonic acid buffering
system operates. Any excess H" must be excreted from the body by the kidneys

™~
[ HCO; HyCO; — 20
3
HCO3 =~ ¢
L+~ HbO,

0, +H Hb

Tissue fluid and plasma
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BOX 9.1 Relationship between H*, PCO, and HCO~

The pH of a solution is defined as: 7 is neutral; values below this are increasingly acidic and those
above it increase in alkalinity.

pH = - log [H7] A buffered solution is one that resists changes to its pH when
relatively small amounts of acid or alkali are added to it. In

The pH scale (Figure 9.4) ranges from 0 to 14 and describes organisms, the most significant buffers are protein molecules.
concentrations of H* of 10° (or 1) to 107"* mol dm=. A pH of However, buffered solutions can be prepared in the laboratory,

Inc.reasing _..I I..» Increasing
acid alkali

Neutral

Figure 9.4 The pH scale.

(Chapter 8) to keep the ECF and tissues at an appropriate pH. In addition,
the HCO; used in buffering must be regenerated to return its concentration
in the plasma to normal values, otherwise the body will become depleted
of HCO; and buffering capacity. Two separate mechanisms operate in the
kidneys to recover the HCO; initially removed from the blood by filtration at
the glomerulus and to regenerate that used in buffering. The first mechanism

Glomerulus is the HCO; recovery system while the second regenerates the HCO, (Figures
9.5 and 9.6).
Na HeOS In health, virtually all of the HCO; is reabsorbed from the kidney tubule

lumen. The operation of the system depends upon the tubule cells being
polarized, that is, their luminal and basal surfaces differ in composition and
permeability (Figure 9.5). In this manner, they resemble the enterocytes that
line the absorptive surface of the gastroinstinal tract (Chapter 11). Direct
Z reabsorption of HCO;, from the renal tubular fluid cannot occur because the
luminal surfaces of renal tubular cells are impermeable to HCO;. However,
the concentration of CO, within the tubular cells is maintained at a relatively
high value and so carbonic anhydrase catalyzes the formation of carbonic
acid. The acid dissociates to HCO; and H'. The continuous formation of
HCO; and H" within the tubule cells is promoted by their removal. The HCO; is
transported across the basal membrane of the cell into the interstitial fluid
and then into the capillaries. In contrast, H* is exchanged for Na* across the

H,CO3 H,CO5

i Ho + co, (__COZAHZO luminal membrane and enters the lumen of the kidney tubule. A membrane
Rjis; ¢ >_ protein called the sodium bicarbonate cotransporter 1 (NBC 1) present in the
luminal cell membrane facilitates the exchange of ions. Within the lumen,

ffgjllar Sjgjl'ar the H" combine with HCO; to form carbonic acid. The acid breaks down

spontaneously to CO, and H,O in the proximal tubule, but carbonic anhydrase
activity on the luminal surfaces of the cells speeds up the reaction in the distal
tubule. The CO, can enter the tubule cell across its luminal membrane and so
the HCO; is recovered, indirectly, as CO,. Approximately 80% of the filtered
HCO; in the proximal tubule is recovered by this mechanism. However, there

cell lumen

Figure 9.5 The indirect reabsorption of HCO; by
kidney tubule cells. See text for details.
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usually by combining a weak acid with the salt of that acid. The  In plasma, H,CO_ breaks down to release carbon dioxide and
pH of these solutions can be calculated using the Henderson-  water:
Hasselbalch equation:

H,CO, = CO, + H,0
pH = pK_ + log [base]/ [acid]
@ Since the concentration of H CO, is directly proportional to the
It is important to note that buffering is only effective at pH val-  partial pressure of co, (PCOZ), it follows that:
ues equal to the pK_ = 1.

The buffering systems of the body do not excrete excess H* but [H,CO, T = PCO, x 0.225

temporarily remove them from free solution preventing exces-
sive changes in pH. The effect of any H" produced by the body
is neutralized largely by the hydrogen carbonate—carbonic acid
buffer system.

where 0.225 is the solubility constant of CO,. Hence the
Henderson-Hasselbalch equation can be rewritten as:

_ . pH = pK_ + log [HCO;] /PCO2 x 0.225
For the hydrogen carbonate—carbonic acid buffer system: ’
It follows that the concentration of H* is directly proportional

H* + HCO- = H.CO to the ratio, PCO, / [HCO_]. Thus the concentration of H" in the
? 22 blood varies as the concentration of HCO; and the PCO, change:
Therefore: an increase in H* occurs when there is an increase in PCO, or
a decline in HCO;,' while a decrease in H" will occur when the
pH = pK_+ log [HCOZ] / [H.CO_] PCO, decreases or HCO; increases.
a 3 2 3

has not been a net loss of H* and the HCO; used in buffering has not been
regenerated. The HCO;, is regenerated when carbonic acid is formed in the
luminal cell as described above (Figure 9.6). Again, H* are exchanged for Na*
and enter the lumen. Here the H* react with phosphate (HPO?) and ammonia
(NH,) to give H PO, and NH; respectively. Ammonia is a significant urinary

Glomerulus

Na® HPOZ

2
buffer produced by the deamination of glutamine in the renal tubular cells
in a reaction catalyzed by glutaminase (Figure 9.7). The ammonia formed
can readily diffuse across cell membranes but NH; cannot enter the cells by
passive reabsorption. Thus the NHZ, and the HZPO;, are excreted in the urine.
For every H' excreted as NH; and H,PO;,a single HCO; is formed in the tubule = <
cell and secreted across the basal surface to the interstitial fluid and then into
the blood. Hence the HCO; concentration of the ECF is regenerated. A Na® Hpo}
The synthesis of glutaminase is induced in states of chronic acidosis (Section HCO} ~—==-1co; X
9.4) allowing an increase in the production of ammonia and an increased
excretion of H" as NH;. Hat0s
H,0 + €O,
NH; ——
+ /o + /O X Glutamine \
HN —CH — C H,N —CH — C Rjiscl;e O :
N N NH}  H,PO,
| o) | o Renal Renal
CH ; CH tubular tubular
| 2 Glutaminase 2 cell lumen
+ H,0 _ | .
CH, CH, + HT + NH;
| | Figure 9.6 The regeneration of HCO; by kidney
C c tubule cells. See text for details.
7N 7N
H,N 0 o} o

Figure 9.7 The formation of ammonia by the deamination of glutamine catalyzed by
glutaminase
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Margin Note 9.1 Fistula

A fistula is an abnormal passage
from a cavity or tube to another
cavity or free surface.

@
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9.4 TYPES OF ACID-BASE DISORDERS

Disorders of acid-base balance are either acidoses or alkaloses. In an acidosis,
there is accumulation of H* in the blood and its pH falls below the reference
range. In an alkalosis there is a depletion of H* and therefore the blood has
a pH above its reference range. Acid-base disorders can be further divided
into two groups depending on their causes. If the abnormal pH occurs
because of a metabolic or renal dysfunction, it is referred to as a metabolic
acid-base disorder. When the abnormal pH is due to lung dysfunction, then
it is a respiratory acid-base disorder. Physiological mechanisms that attempt
to return the pH back to values within the reference range are referred to
as compensation. Metabolic disorders cause a change in the concentration
of HCO; in the blood but respiratory disorders cause a change in its PCO,
(Table 9.1). In any acid-base disorder, the pH of the blood depends on the
severity of the primary disturbance and the amount of compensation that
has occurred.

Metabolic acidosis and alkalosis are the results of decreases and increases,
respectively, in the concentration of HCO;,. These could be caused by the
production of ketone bodies during diabetic ketoacidosis (Chapter 7) or from
the loss of HCO; from a duodenal fistula. Respiratory acidosis is associated
with an increased PCO, whereas respiratory alkalosis occurs when the PCO, is
decreased. For example, an impairment of respiratory function can increase
the PCO, in the blood while hyperventilation would decrease it.

Compensation of acid-base disorders occurs by two major mechanisms: renal
compensation and respiratory compensation. Renal compensation occurs
when a respiratory disorder impairs lung function. The body attempts to adjust
the pH of blood back to within its reference range by increasing the excretion
of H* by the kidneys. Respiratory compensation is necessary when there is a
metabolic acid-base disorder and involves changes in the ventilation of the
lungs. Renal compensation is a relatively slow mechanism while respiratory
compensation is much quicker to take effect. An acid-base disorder is said to
be fully compensated if the compensatory mechanism returns the pH of the
blood back to its reference range. However, compensation is usually partial
and the pH remains outside the reference range.

METABOLIC ACID-BASE DISORDERS

Metabolic acid-base disorders lead to an accumulation or a loss of H*
resulting in changes in the concentration of HCO; in the blood. The direct
loss or gain of HCO; will also cause a metabolic acid-base disorder. Thus
metabolic disorders are recognized by investigating the concentration of
HCO; in the blood. Respiratory compensation occurs quickly, often within
hours, and patients will show some change in blood PCO, because of hypo-
or hyperventilation.

Metabolic acidosis may arise from an increase in the amount of H* formed or
a decrease in the concentration of HCO;. Diabetic ketoacidosis (Chapter 7),

Primary disorder Compensatory response

Respiratory acidosis increased PCO, increased [HCO]
Respiratory alkalosis decreased PCO, decreased [HCO]
Metabolic acidosis decreased [HCO}] decreased PCO,
Metabolic alkalosis increased [HCO] increased PCO,

Table 9.1 Types of acid—base disorders and their compensatory mechanisms




lactic acidosis, poisoning with, for example, salicylate, methanol, ethylene
glycol (Chapter 12) or the condition known as inherited organic acidosis all
increase the production of H*. In contrast, a decreased excretion of H* as in
renal tubular acidosis, acute and chronic renal failure (Chapter 8), the use of
inhibitors of carbonic anhydrase or a deficiency of mineralocorticoid, such
as aldosterone (Figure 9.8) all increase blood H* content. Acid ingestion, as in
acid poisoning, the excessive intake of amino acids by infusion, the direct loss
of HCO; by diarrhea or a pancreatic fistula can all reduce the concentration of
HCO; in the blood.

The clinical effects of metabolic acidosis include hyperventilation, where
the increased H' concentration acts as a rapid and powerful stimulant of
the respiratory center leading to a deep sighing breathing called Kussmaul
respiration. The patients may also present with neuromuscular irritability that
can cause cardiac arrhythmias. Cardiac arrest is more likely in the presence of
hyperkalemia (Chapters 8 and 14). Eventually metabolic acidosis can depress
the activities of the central nervous system and this can progress to coma and
even death. Patients with metabolic acidosis are managed by treating the
underlying cause and this usually resolves the acid-base disorder. In severe
cases, the patients may be administered HCO; intravenously to correct the
acidosis.

Metabolic alkalosis may occur as a consequence of gastrointestinal loss of H*
following vomiting and gastric aspiration or from excessive renal loss of H" in
Conn’s and Cushing’s syndromes (Chapter 7). Some clinical treatments, such
as the use of carbenoxolone, an anti-inflammatory drug used to treat ulcers,
and thiazide diuretic drugs that reduce blood pressure by promoting the
secretion of urine and by K* depletion, can also result in this condition. Finally,
the administration of alkali, including alkali ingestion, and inappropriate
treatment for acidosis can also cause metabolic alkalosis.

The clinical effects of metabolic alkalosis include hypoventilation that is a
consequence of the low H* concentration. It is often accompanied by mental
confusion and eventually coma. Patients may also suffer from paresthesia.
Other effects of metabolic acidosis include tetany and muscle cramps that
arise due to a decrease in the concentration of unbound Ca** in the plasma
(Chapter 8) arising from the alkalosis. Metabolic alkalosis is usually managed
by treating its underlying cause.

RESPIRATORY ACID-BASE DISORDERS

In respiratory acid-base disorders, the primary disturbance is caused by a
change in the partial pressure of arterial CO,. Respiratory disorders are related
to a defect in the rate of ventilation of lungs or the exchange of gases across the
alveolar membrane. The changes in PCO, (Box 9.1) alter the concentrations of
carbonic acid in the blood, which, in turn, dissociates to HCO; and H*.

Some causes of respiratory acidosis are shown in Table 9.2. In general,
obstruction of the airways by disease, or inhibition of the respiratory center in
the brain by disease, trauma or drugs can cause respiratory acidosis.

Respiratory acidosis may be acute or chronic. Acute conditions occur
within minutes or hours. It is usually the low PO2 (hypoxemia) that is more
dangerous than the high PCO, (hypercapnia). Further, renal compensation is
slow, taking two or three days to become effective, so respiratory acidosis is
usually uncompensated. Alveolar hypoventilation is usually the most common
reason for acute respiratory acidosis. Hypoventilation increases the arterial
PCO, and so the concentration of H" also rises quickly. The high PCO, and
associated low PO, can cause coma and eventually death if untreated. Causes
of acute respiratory acidosis include choking, bronchopneumonia and acute
exacerbation of asthma.

TYPES OF ACID-BASE DISORDERS

Figure 9.8 Computer generated model of
aldosterone.
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Conditions giving rise to respiratory

232

acidosis

Chronic obstructive airway diseases bronchitis, emphysema

Obstruction of airways due to bronchospasms asthma

Inhibition of respiratory center anesthetics; sedatives

Cerebral damage accidental trauma; stroke; tumors

Neuromuscular disease poliomyelitis; tetanus; Guillain Barré syndrome
Pulmonary disease fibrosis; pneumonia; respiratory distress syndrome
Sleep apnea obesity

Table 9.2 Some conditions giving rise to respiratory acidosis

Chronic respiratory acidosis is, again, usually due to a decline in alveolar
ventilation. However, this is normally a well established condition and subject
to maximum renal compensation. Long-standing conditions responsible for
chronic respiratory disorders include chronic bronchitis and emphysema.

The high PCO, is believed to be responsible for the clinical features of
respiratory acidosis, such as peripheral vasodilatation and headaches. The
acidosis can cause central nervous system depression leading to a coma.
The treatment of respiratory acidosis is to improve alveolar ventilation,
lowering the PCO, and increasing the PO,. In chronic respiratory acidosis, it
is usually not possible to treat the underlying cause and treatment is aimed at
maximizing alveolar ventilation by using physiotherapy or bronchodilators.

Respiratory alkalosis is less common than respiratory acidosis. However, it is
often an acute condition due to hyperventilation. Often renal compensation
does not occur.

The clinical effects of respiratory alkalosis include confusion, headaches,
dizziness and coma. Respiratory alkalosis may be caused by hypoxia,
increased respiration or pulmonary disease. Hypoxia is associated with high
altitudes, severe anemia and pulmonary disease. Increased respiration may
result from the use of respiratory stimulants, such as salicylates, from primary
hyperventilation syndrome, artificial hyperventilation, and pulmonary
diseases, such as pulmonary edema and embolisms. The treatment of
respiratory alkalosis is aimed at removing its underlying cause as this usually
resolves the acid-base disturbance.

MIXED ACID-BASE DISORDERS

Sometimes patients may present with more than one acid-base disorder and
this is known as a mixed acid-base disorder. These may present as (i) severe
acidemia, that is a low blood pH, (ii) with a normal or near normal pH or (iii)
with alkalemia, that is, a high blood pH. Whatever the underlying cause, all
mixed acid-base disorders are associated with abnormal levels of blood PCO,
and HCO;.

For example, a patient with chronic bronchitis may also have renal failure.
Both these disorders increase the concentration of H* in the blood. Chronic
bronchitis leads to respiratory acidosis while the renal failure causes metabolic
acidosis. This patient will therefore present with a mixed acid-base disorder
with a high blood PCO, and H" concentration but a low concentration of
HCO;. In some cases, however, the two disorders in a mixed acid—base disorder
can be antagonistic, that is, have opposing effects on the concentration of H*
in blood. In this case the blood H* concentration may be near normal although



the PCO, and HCO; concentration will both be abnormal. For example, a
patient with salicylate poisoning may have a metabolic acidosis together with a
respiratory alkalosis. Patients may also present with metabolic and respiratory
alkaloses. This could occur in someone with congestive cardiac failure who is
on diuretic therapy. The former will cause a respiratory alkalosis and the latter
a metabolic alkalosis. Such individuals will usually have a high blood pH and

increased HCO; but the PCO, will be decreased.

9.5 INVESTIGATING ACID-BASE DISORDERS

An investigation of an acid-base disorder involves three stages. The first stage
involves identifying whether the patient has an acidosis or an alkalosis. The
second stage is to determine whether the acid—-base disorder is metabolic or
respiratory in nature while the third stage involves determining the degree of
compensation.

Acid-base disorders are investigated as outlined in Figure 9.9. An arterial blood
specimen is collected and its H* concentration (pH) and PCO, measured.
The blood must be collected from an artery into a syringe containing an

Patient history and clinical
examination

;

Collection of arterial blood
samples

Determine
whether acidosis
or alkalosis

High [H*] Low [HT]
Increased PCO,  Decreased [HCO3] Decreased PCO, Increased [HCO3]
Respiratory Metabolic Respiratory Metabolic
acidosis acidosis alkalosis alkalosis

Consider
compensation by examining

the component (PCO,, [HCO3])
not used to define type of
acid-base disorder

PCO, + [HCO3] PCO, + [HCO3]
changed in same changed in opposite
direction directions
Consider whether Consider possibility

compensation is full of a mixed
or partial acid-base disorder

Do biochemical
results support clinical
diagnosis?

Yes

Consider

Repeat test
treatment and
management

or reconsider
diagnosis

INVESTIGATING ACID-BASE DISORDERS

Figure 9.9 Outline of how disorders of acid—base

balance are investigated. See text for details.
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anticoagulant, such as heparin, and transported to the hospital laboratory at
4°C. Care must be taken that air does not enter any blood samples during
collection. The concentration of H" and PCO, level are measured directly using
an automated analyzer that is also programmed to calculate the corresponding
concentration of HCO; (Figure 9.10) according to the Henderson-Hasselbalch
equation. An acidosis or alkalosis can be identified from the pH, that is the
concentration of H*, in the blood. An examination of the levels of PCO, and
HCO; shows whether the identified disorder is metabolic or respiratory in
origin and indicates to what extent compensation is occurring.

B)

Figure 9.10 (A) An automated analyzer

for determining blood pH and PCO, and
programmed to calculate the corresponding
concentration of HCO;. (B) A sample of a read
out from the automated analyzer. Courtesy of the
Department of Clinical Biochemistry, Manchester
Royal Infirmary, UK.
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CASE STUDIES

CASE STUDY 9.1

John is a young man with a history of dyspepsia (severe Question

indigestion) and excessive alcohol intake. He was poes John have an acid-base disorder and, if so, what
admitted into his local hospital following 24 hours of  (ype of acid-base disorder is present?

vomiting. An arterial blood specimen was taken and

analyzed for a suspected acid—base disorder. The following

results were obtained (reference ranges are indicated in

parentheses).

[HY] 28 nmol dm™ (35-45 nmol dm™)
PCO, 7.2 kPa (4.4-5.6 kPa)
[HCO;] 48 mmol dm™ (21-28 mmol dm™)

CASE STUDY 9.2

Tom was admitted to hospital following an acute attack Question

of asthma. A blood specimen was taken and analyzed poes Tom have an acid-base disorder and, if so, what
giving the following results (reference ranges are shown  (ype?

in parentheses).

[H"] 24 nmol dm™ (34-44 nmol dm™)
PCO2 2.5 kPa (4.1-5.6 kPa)
[HCO;] 22 mmol dm™ (21-28 mmol dm™)

CASE STUDY 9.3

Terry, a 62 year factory worker has suffered with vomiting Questions

and diarrhea for the last two weeks. When examined by  (3) Does Terry have an acid-base disorder?
his doctor, he was dehydrated and his breathing was .

deep and noisy. An arterial blood specimen was taken (b) Is there any compensation?

and analyzed for blood gases (reference ranges are shown

in parentheses).

[H] 65 nmol dm™ (34-44 nmol dm™)
PCO2 2.9 kPa (4.1-5.6 kPa)
[HCO;] 9 mmol dm™ (21-28 mmol dm™)

Nessar Ahmed, Maureen Dawson, Chris Smith & Ed Wood 235
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9.6 SUMMARY

The pH of the blood is maintained at 7.4 within normal limits by physiological
mechanisms that remove the H" and CO, produced by metabolism. Excess
CO, is transported by the blood to the lungs and excreted. In the blood, the
dissolved CO, is converted to hydrogen carbonate in a reaction catalyzed
by carbonic anhydrase. Buffering systems such as the hydrogen carbonate—
carbonic acid system and hemoglobin serve to maintain the physiological pH
in health. Acid-base disorders result in the blood pH being lower (acidosis) or
higher (alkalosis) than normal. Such disorders may be metabolic or respiratory
in nature and can be fatal if untreated, although there are physiological
mechanisms for at least a partial compensation of the disorder. Treatment of
most acid-base disorders involves treatment of the underlying causes.

QUESTIONS

1. Approximately how many molecules of CO, are produced daily by
oxidative metabolism? Avogadro’s number is 6.02 x 10%.
a) 12 x 10%
b) 1.2x10%
) 1.2x10%
d 1.2x10%
e) 1.2x10%

2. (a) How much greater is the [H*] in a solution of pH 3 than one of pH 6?

(b) What is the pH of a buffer prepared from 100 cm? of 0.1 mol dm™3
ethanoic acid (‘acetic acid’) solution (pKa of ethanoic acid = 4.76) and
75 cm® of a 0.2 mol dm sodium ethanoate solution?

3. A blood analysis of a patient gives values for PCO, of 5.0 kPa (4.4-5.6
kPa) and a pH of 7.56. The pK_ for the carbonic acid-hydrogen carbon-
ate system is 6.10. (a) Calculate the corresponding [HCO;]. (b) Is the
patient in an acidosis or alkalosis? (c) If so, is this metabolic or respira-
tory in origin?

4. The following blood gas results were obtained for a patient (reference
ranges are shown in parentheses):
[H*] 50 nmol dm™ (35-45 nmol dm™)
PCO, 11.5kPa (4.4-5.6 kPa)
[HCO] 34 mmol dm™ (21-28 mmol dm™)

Which of the following conditions match most closely with these results?

a) diabetic ketoacidosis;

b) laboratory transcription error;

¢) chronic obstructive airways disease;
d) pyloric stenosis;

e) none of the above.
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chapter 10:

DIET AND DISEASE

OBJECTIVES
After studying this chapter you should be able to:

m define the term nutrient;

m outline the types and roles of nutrients;

m list some of the common nutritional disorders;

m explain the causes of some common nutritional disorders;

m review the general methods for investigating nutritional disorders;

m discuss the treatment and management of some common nutritional disorders.

10.1 INTRODUCTION

Nutrition is concerned with food and how the body uses it. All nutrients must
be ingested, and most of them digested, before they can be assimilated and
used by the body. Carbohydrates, lipids and proteins are nutrients that are
required in comparatively large amounts. Others, such as vitamins, minerals
and trace elements, are also necessary but are required in much smaller
quantities. Water is also necessary to support life. Nutrients have a variety
of metabolic roles and are needed for normal growth, development and the
maintenance of health. The body can make some nutrients from others that
must be supplied in the diet; the former are nonessential, the latter essential
nutrients. Specific daily nutritional requirements are determined by a number
of factors and, indeed, vary throughout the life of any individual. The major
factors concerned include the age, sex, physical activity and the general well-
being of the person concerned and, in the case of females, menstruation,
pregnancy and lactation. Good nutrition is essential for health and the
prevention of diseases. Nutritional disorders may arise from a deficiency or,
in some cases, an excess of some component of the diet.
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Necessary

for growth
and tissue
repair

Nutrients
Carbohydrates
Lipids (fat)
Proteins
Vitamins
Minerals

Trace elements

Oxidized for
energy

Contribute to
the regulation
of metabolism

Figure 10.1 Overview of the general roles of

nutrients.
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10.2 DIET AND NUTRITION

Food is obviously needed to sustain life but a balanced diet is vital for good
health. General evidence for good nutrition is a well developed body with an
ideal weight (Section 10.3), good skin, including hair, and muscle tone, and
physical and mental alertness. The food eaten by an individual constitutes the
diet and it should supply appropriate amounts and proportions of a variety
of substances, usually called nutrients. Some nutrients, the macronutrients,
such as carbohydrates, lipids and proteins, are required in amounts that are
large compared with the micronutrients, such as vitamins, minerals and
trace elements, which are needed in much smaller quantities. Nutrients
are needed to sustain a number of activities within the body if good health
is to be maintained. They supply the raw materials required for growth and
maintenance of tissues, include substances that help regulate metabolism,
for example the cofactors and coenzymes necessary for enzyme activities
and provide the energy to drive metabolism and maintain homeothermy.
Nutrients vary in their contributions to these roles and there is also overlap
between their contributions to each (Figure 10.1).

NUTRIENTS AND ENERGY

Diets are often described in terms of their energy content, despite the fact
that they need to supply materials for needs other than just their energy
provision (Figure 10.1). It is possible for a diet to supply an adequate amount
of energy but be deficient in some essential raw materials, such as vitamins
and minerals needed by the individual. A balanced diet is one that supplies
adequate energy distributed appropriately between carbohydrates, lipids,
and proteins and contains the necessary amounts of vitamins, minerals, trace
elements, water and nondigestible fiber.

Nutritional energy is usually measured in joules or kilojoules. The number of
joules required by any one person needs to be matched to their energy output
(Table 10.1). The term recommended daily amount (RDA) was originally used
by the UK Department of Health in 1979 to define the amounts of certain
nutrients needed by different groups within the population.

Group Approximate daily energy requirements

/kJ required per kg desirable body weight

Babies up to one year old 500
Children one to 10 years old 335-420
Male children 11-15 years old 270
Female children 11-15 years old 145
Sedentary males and most females 117
Physically active males and females 125
Males and females over 55 years old 117
Pregnant females (first trimester) 117-134

Pregnant females (second and third trimesters)  150-159

Lactating females 150-159

Table 10.1 Energy required to maintain body functions. For example, a physically active man
weighing 70 kg requires 70 x 125 = 875 kJ (or 2080 kcalories) daily.




Unfortunately, RDAs were often used inappropriately to assess the dietary
needs of individuals. Accordingly, in 1991, they were replaced with dietary
reference values (DRVs) that are guidance values as to the amounts of energy
and nutrients that should be ingested, rather than exact recommendations.
Dietary reference values indicate the amount of energy or amount of an
individual nutrient required by a group of a certain age range and sex for good
health. The value of any DRV is given as a daily intake. However, in practice
DRVs must be determined from the energy and nutrient intakes averaged
from several days eating, because food intake and appetite vary from day to
day. Groups for which DRVs have been set include seven groups of infants of
both sexes from birth to age 10 years, four groups each for males and females
between the ages of 11 and 50-plus, with extra groups for women who are
pregnant or are lactating. The value of a DRV applies to healthy people, since
patients who are unwell for whatever reason may have differing nutritional
requirements. Dietary terms that are related to DRVs are the estimated average
requirement (EAR), reference nutrient intake (RNI) and lower reference
nutrient intake (LRNI). The EAR is the mean amount of energy or nutrient
needed by a population, while the RNI is an amount of a nutrient that is
greater than the dietary needs of 97.5% of that group. The LRNI is the amount
of a nutrient sufficient to meet the requirements of 2.5% of a population. Note
that most people will need more than the LRNI. Figure 10.2 shows how EAR,
RNI and LRNI are related. Finally, the safe intake is the amount judged to be
sufficient for the needs of most people and anything below this level could
be undesirable. This arbitrary value is given when there is simply insufficient
evidence to establish reliable values for EAR, RNI or LRNI.

CARBOHYDRATES

Carbohydrates have the general formula (CH,0) . The main dietary
carbohydrates (Figure 10.3) are mono- and disaccharide sugars, for example
fructose, glucose, lactose and sucrose, and polysaccharides, mainly starch,
and these are usually the major suppliers of energy. Current recommendations
from the WHO suggest that 55% of dietary energy should be in the form of
carbohydrates. Most of the carbohydrates should be in the form of starch with
no more than 10-15% of energy intake in the form of sugars. However, dietary
fiber or roughage largely consists of cellulose, a polysaccharide that cannot
be digested and absorbed, although it may be metabolized by bacteria in the
large intestine (Chapter 11). Foods rich in fiber include wholemeal cereals,
flour, root vegetables, nuts and fruits. Dietary fiber stimulates peristalsis and
protects against constipation and is known to reduce blood cholesterol and
glucose and the incidence of colorectal cancers (Chapter 17). Communities
that consume high fiber diets have relatively low incidences of these cancers.

LIPIDS

Dietary lipids are the fats and oils, both of which contain fatty acids that are
concentrated sources of energy. Fats are also needed as carriers for the fat-
solublevitamins A, D, E and K. Fatty acids may be saturated or unsaturated, that
is, they lack or contain double bonds respectively. The only difference between
fats and oils is in their melting points which are related to their degree of
unsaturation and chain length: oils are liquid at room temperatures, indicating
ahigher degree of unsaturation than fats which are solid at these temperatures.
Dietary fats (Figure 10.3) consist largely of triacylglycerols together with small
amounts of phospholipids and cholesterol. The WHO has recommended that
total fats should not supply more than 30% of the energy intake of the diet.

Essential fatty acids

Humans lack the enzymes necessary for synthesizing certain unsaturated
fatty acids necessary for health and these are essential fatty acids (EFAs).

100
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Population / %
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LRNI

EAR RNI

Nutrient status

Figure 10.2 The relationships between EAR, RNI

and LRNI.

Carbohydrates
bread

cereals

pasta

peas

potatoes

rice

Fats
butter
cheese
cooking oils
cream

lard
margarine
milk

nuts

oily fish
suet

Proteins
cheese
eggs
fish

meat
milk
potatoes
pulses

Figure 10.3 A selection of carbohydrate, fat and
protein rich foods. Some foods, of course, contain
more than one of these macronutrients.
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Figure 10.4 A computer generated model of
arachidonic acid. Oxygen atoms are shown in
red, carbon in black and hydrogen in gray.

A number of fatty acids cannot be synthesized by the body including linoleic,
linolenic and arachidonic acid (Figure 10.4) and are precursors of many
biologically active and clinically relevant molecules, such as the eicosanoids
(prostaglandins, thromboxanes, prostacyclins and leukotrienes). These
molecules act like hormones and mediate a wide range of physiological
activities affecting, for example inflammatory responses, blood pressure and
clotting, reproductive activities and the sleep-wake cycle. Their actions are
local, affecting only cells near their sites of production, and they act at low
concentrations via second messengers (Chapter 7).

Humans, like all mammals, lack the enzymes needed to form a double bond
beyond C-9 or within the terminal seven carbon atoms of a fatty acid (Figure
10.5). Rather than the strict chemical convention of numbering carbon atoms
in fatty acids from the carboxyl group, the double bonds in fatty acids are often
numbered from the terminal or o carbon atom, giving rise to three families
of fatty acids with their first double bond occurring at positions ®-3, ®-6 and
®-9. These three families cannot be metabolically interconverted. The term
omega fatty acid has entered everyday English and the structures of a number
of examples are shown in Figure 10.6. Linoleic acid is an ®-6 acid. Two forms of
linolenic acid occur, a ®-3 type called o linolenic acid (ALA) and the ®-6 form,
v linolenic acid (GLA). Other »-3 EFAs are eicosapentaenoic acid (EPA) and

-series numbering Conventional numbering
1orm 2 3 4 5 6 6 5 4 3 2 Tora
H3C—CHy;— CH; — CHy;— CHy— CHjy... ... CH;—CH, — CHy;— CH;—CH, — COOH
Figure 10.5 The numbering and N\ J
terminal unsaturation of fatty Y
acids. Humans cannot form double

Figure 10.6 The structures of some unsaturated
fatty acids.
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docosahexaenoic acid (DHA). Omega-3 and -6 fatty acids are EFAs because
they are not synthesized by the body but must be obtained in the diet. Seeds
and vegetable oils are excellent dietary sources of m-6 EFAs and the body is
able to convert linoleic acid to GLA and arachidonic acid. Many vegetable
oils contain only low amounts of ALA since this is normally present in the
chloroplasts of plants and may only be a significant dietary constituent if
green leafy vegetables are consumed. However, ALA can be used to synthesize
EPA and DHA by body tissues. Rich sources of the ©-3 EFAs, EPA and DHA are
in the oils from the muscles and skins of a number of cold deepwater fishes,
such as herring, mackerel, salmon, sardines and tuna (Figure 10.7). Cod, which
live in similar environments, store fat in the liver: hence cod liver oil is also an
excellent source of EPA and DHA.
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A dietary deficiency of EFAs leads to a dry scaly skin subject to erythema,
poor healing of wounds and hair loss and a failure to thrive in infants. The
first associations between o fatty acids and health came from studying
Greenland Inuit (Eskimo) and inhabitants of fishing villages in Japan and
people of Okinawa. These groups have much lower incidences of diseases,
such as coronary heart disease (CHD, Chapter 14), rheumatoid arthritis
(Chapters 5 and 18) and diabetes mellitus (Chapter 7), than their European
or USA counterparts, even though their diets are high in fat from eating seal
and fish. However, these organisms are rich in o-3 fatty acids that have been
shown subsequently to provide significant health benefits. The metabolites
of -3 fatty acids decrease platelet function, reduce the risk from sudden
death caused by cardiac arrhythmias and slow the progress of atherosclerosis.
Modest decreases in blood pressure also occur with high intakes of ®-3 fatty
acids. Some studies have indicated that -3 fatty acids inhibit the synthesis
of very low density lipoprotein (VLDL) and triacylglycerols (TAGs) and so
decrease their concentration in plasma, particularly in patients suffering
from hypertriglyceridemia (Chapters 13 and I4). Furthermore, they have
been associated with reducing morning stiffness and the number of tender
joints in patients with rheumatoid arthritis. There is, however, no established
recommended daily intake for m-3s although it has been suggested that 1-2%
of the total daily energy intake should be in the form of EFAs. Human adults
are thought to require up to 10 g of linolenic acid daily.

The eicosanoids formed from -6 fatty acids, although produced by many
of the same enzymes as those from ®-3 acids, have different physiological
functions and effects. For example, the ®-3 group is antithrombic and anti-
inflammatory, both processes promoted by -6 acid derived metabolites.
Thus a balancing of the intakes of -3 and ®-6 fatty acids in the diet is
thought to be of importance. The diet typical of the developed world is
far richer in ®-6 than -3 fatty acids; it has been suggested that ratios of

DIET AND NUTRITION

Figure 10.7 A selection of fish rich in essential
fatty acids.

243



(@ (T TRV DIET AND DISEASE

His Ala
lle Arg'
Leu Asn
Lys Asp
Met? Cys
Phe? Glu
Thr Gln
Trp Gly
Val Pro
Ser
Tyr

'Arg can be synthesized by tissues but not in sufficient
amounts to support growth in children.

Met is required in substantial dietary quantities to form Cys
if this is not ingested in adequate amounts.

*Increased quantities of Phe are needed to form Tyr if this is
not ingested in adequate quantities.

Table 10.2 Essential and nonessential amino acids

Margin Note 10.1 Selenocysteine @

The amino acid selenocysteine (Figure
710.8) is a component of a number

of selenoproteins, including the
enzymes glutathione peroxidase,
tetraiodothyronine 5" deiodinase,
thioredoxin reductase, formate
dehydrogenase, glycine reductase
and a number of hydrogenases.
Selenocysteine is specified by the
codon UGA that would normally
function as a termination codon in
protein synthesis. However, in the
presence of a selenocysteine insertion
sequence element (SECIS) in the
mRNA, UGA specifies selenocysteine.
Characteristic nucleotide sequence and
base-pairing patterns in the SECISs
form secondary structures that lead to
the change in codon specificity.
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®-3:0-6 of 2:1 or 1:1 are a healthier balance. The American Heart Association
and the UK Food Standards Agency recommends that people without a history
of CHD should consume two servings of fish weekly and those with known
CHD should eat one serving of fish daily. More than these amounts are not
recommended because, unfortunately, significant amounts of environmental
contaminants, such as methylmercury, polychlorinated biphenyls and
dioxins, are concentrated in some species of fish. For the same reason, young
children and women who may become pregnant, who are pregnant or who
are breastfeeding should avoid eating excessive amounts of fish and shellfish.
Omega-3 fatty acids exert a dose related effect on bleeding time and it has
been suggested that care be applied to their excessive intake, particularly
when combined with anticoagulant medications, such as warfarin or heparin
(Chapter 13). In general, however, their ingestion is well tolerated, although
side effects can include a fishy aftertaste and gastrointestinal tract (GIT)
disturbances, for example nausea, bloating, belching, all of which appear to
be dose dependent.

PROTEINS

Dietary proteins (Figure 10.3) are necessary to supply the amino acids needed
for growth and the general repair and maintenance of tissues. A daily intake
of about 65 g and 50 g of dietary protein is required in males and females
respectively, which provides about 10-15% of the total energy in a balanced
diet, although only about 5% of body energy comes from their catabolism
under normal circumstances. Protein must be obtained from a variety of
sources to supply all essential amino acids. Humans are unable to synthesize
nine of the 20 amino acids found in proteins that have codons in the genetic
code and these are therefore essential dietary constituents (Table 10.2).

However, the nonessential amino acids can be synthesized if the supply of the
essential ones is adequate. The ‘quality’ of dietary protein is important and
protein intake needs to be varied, particularly as some plant proteins lack one
or more of the essential amino acids.

WATER

Water is vital for life because it helps stabilize the structures of large molecules,
such as proteins and starch, functions as a medium for most biochemical
reactions, acts as a solvent for electrolytes, glucose, vitamins, minerals and
numerous other small molecules and transports nutrients to, and waste
products away from, cells as well as around the whole body. The GIT (Chapter
11) secretes some 7-9 dm?® of water that aids the digestion and absorption of
nutrients. To maintain these functions, loss of body water should match intake
to ensure water balance (Chapter 8). It is recommended that two to three dm?®
of water should be consumed daily, of which about 60% should be liquid water
and the rest obtained from seemingly solid foods. The homeostasis of water
has been described in Chapter 8.

TNH; — CH — COO~

CH,

Se

H

Figure 10.8 The structure of selenocysteine.
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VITAMINS

Vitamins are organic substances that the body cannot synthesize or can make
only from chemically closely related compounds. They are needed in the diet
but only in relatively small amounts (Table 10.3).

Vitamins may be classified as water soluble, such as the B group and vitamin C
(Figure 10.9) and fat soluble, such as the vitamins A, D, E and K. Some of the B
vitamins and, in general, each fat soluble vitamin comprise a group of closely
related compounds called vitamers. In such cases, the name of the vitamin is
used as a collective descriptor. Vitamins have specific biochemical roles and
are essential for normal metabolism, growth and good health.

Recommended
intake / mg day™'

Vitamin or related

compounds

Vitamin B,
Thiamin

Vitamin BZ
Riboflavin

Niacin or nicotinic acid

Nicotinamide

Vitamin B,
Pantothenic acid

Vitamin B,
Pyridoxine
Pyridoxal
Pyridoxamine

Vitamin H
Biotin

Folic acid

Vitamin B,
Cobalamin

Vitamin C
Ascorbic acid

Vitamin A Retinol
Retinal
{3 carotene

Vitamin D
Cholecalciferol
Ergocalciferol

Vitamin E
Tocopherol
Tocotrienols

Vitamin K
Phylloquinone,
Menaquinones

1.0 in males
0.8 in females

1.3 in males
1.1 in females

17 in males
13 in females

3—7 is normally

provided in diet and

appears more than
adequate

1.4 in males
1.2 in female

0.01-0.2 in adults

0.2 in adults
0.4 in pregnancy
0.0015 in adults

40 in adults

0.7 in males
0.6 in females

0.01 in pregnancy

4 in males
3 in females

0.001 in adults

yeast, eggs, milk, cheese and cereals

liver, milk, cereals, mushrooms and eggs

meat, fish, pulses, cereals and synthesized
endogenously from tryptophan

meats, offal, eggs, green vegetables,
whole grains

vegetables, fruit, cereals, eggs, milk and nuts

eggs, pulses, liver, yeast, milk, dried fruit and
can be synthesized by intestinal bacteria in
the GIT

liver, spinach, cabbage, peas, bananas and
oranges

liver, egg and milk

green vegetables and citrus fruits

liver, fish oils, eggs, cheese and can be
synthesized from carotene in the diet

liver and dairy products and endogenous
synthesis in the skin if there is adequate
exposure to sunlight.

vegetable oils, nuts and wheat germ

leafy vegetables, cheese or synthesized by
colon bacteria

Table 10.3 Recommended intakes of vitamins and some of their sources

Figure 10.9 Computer generated models of the
water soluble vitamins (A) B, and (B) C. Oxygen
atoms are shown in red, carbon in black, nitrogen
in gray and hydrogen are colorless.
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Vitamin B, or thiamin is an essential component of the coenzyme or prosthetic
group, thiamin pyrophosphate (TPP, Figure 10.10). This is necessary for the
actions of some enzymes, for example transketolase activity of the pentose
phosphate pathway for oxidizing glucose and oxidative decarboxylations
catalyzed by pyruvate and 2-oxoglutarate dehydrogenases in carbohydrate
metabolism. Thiamin is therefore necessary for the metabolic formation of ATP,
the major energy carrier in metabolism, and NADPH. Thiamin pyrophosphate
is also known to function in nerve conductance. Vitamin B, or riboflavin is
also required to form coenzymes or prosthetic groups, in this case flavin
mononucleotide (FMN, Figure 10.11 (A)) and flavin dinucleotide (FAD, Figure
10.11 (B)),whichfunctionaselectron carriersin flavoproteins. The flavoproteins
are extremely numerous and include renal r-amino acid oxidase, NADH
reductase, 2-hydroxyacid oxidase (FMN) and p- and L-amino acid oxidases,
succinate dehydrogenase and glutathione reductases (FAD). Hence riboflavin
is essential to many oxidation and reduction reactions in, for example, the TCA
cycle, electron transport and the oxidation of fatty acids in mitochondria.

NH, +%k5
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N// CH, | |
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Figure 10.10 The structure of TPP. } (o} (0]
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Figure 10.11 The structures of (A) FMN and (B) FAD.
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Nicotinic acid and nicotinamide are vitamers of niacin, which strictly is not
a vitamin since limited amounts of it can be synthesized from tryptophan.
Niacin is required to form coenzymes NAD* and NADP" (Figure 10.12) which
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are electron and hydrogen carriers. The former is crucial in electron transport
associated with oxidative phosphorylation and ATP formation, the reduced
form of NADPH is essential to the biosynthesis of, for example sugars, lipids,
amino acids and nucleotides.

Vitamin B_ or pantothenic acid is an essential part of coenzyme A (Figure 10.13),
which is the major carrier of metabolically active acyl (fatty acid residues)
in metabolism. Thus it is essential to many of the reactions involved in the
oxidation of lipids and in the synthesis of lipids including steroid hormones,
some neurotransmitters and hemoglobin.

The vitamers pyridoxine, pyridoxal and pyridoxamine all have vitamin B,
activity (Figure 10.14), forming pyridoxal 5-phosphate, which is a cofactor for a
number of enzymes. These include glutamate decarboxylase that catalyzes the
formation of y aminobutyric acid, a neurotransmitter of the central nervous
system, and enzymes that catalyze transamination and decarboxylation
reactions of amino acids. Vitamin B_ is therefore essential for the synthesis
of nonessential amino acids and in the catabolism of amino acids. Pyridoxal
5-phosphate is also a cofactor for glycogen phosphorylase of liver and muscle
tissues and helps regulate the actions of steroid hormones (Chapter 7) by
participating in the dissociation of hormone-receptor complexes from DNA.

Reactive site
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Figure 10.12 The structures of NAD* and NADP*. Figure 10.13 The structure of coenzyme A.
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R
HOH,C 7z OH
NS ‘
N CH;
|

Pyridoxamine, R = CH,NH,
Pyridoxal, R = CHO
Pyridoxine, R = CH,0H

Figure 10.14 The structures of
vitamin B_.
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Figure 10.15 The structure of vitamin H (biotin).

OH

HOH,C— C —=H
o

HO OH

Figure 10.16 The structure of vitamin C (ascorbic
acid).

A) CH;

Vitamin B,, or cobalamin is an unusual molecule in that it contains an
organometallic bond between cobalt and carbon (Figure 13.18 (A)). A close
relationship exists between the functions of vitamin B, and folic acid and,
to some extent at least, they depend on each other for activation. Organic
one carbon groups, for example methyl (CH,-), methylene (-CH,-), methenyl
(-CH=), formyl (-CHO), formate (-COO") and formino (-CHNH), are generally
toxic. In metabolism, they are bound to carriers derived from vitamin B, and
folic acid, which allows them to be converted to different oxidation states and
used in a variety of different reactions in a nontoxic manner. These reactions
are necessary for the catabolism of some amino acids, for the formation of
a number of proteins and the synthesis of purine and pyrimidine bases and
therefore nucleotides and nucleic acids. Unlike vitamin B , and folic acid that
carry organic one carbon compounds, vitamin H or biotin (Figure 10.15) is
required to form the prosthetic group that carries CO, in a number of enzymes.
These include acetyl CoA carboxylase and pyruvate decarboxylase which are
key enzymes of fatty acid synthesis and gluconeogenesis, the production of
glucose from noncarbohydrate precursors.

Vitamin C or ascorbic acid (Figure 10.16) is required to reduce metal ions in a
number of enzymes following catalysis. Prolyl and lysyl hydroxylases contain
Fe* (II) which is oxidized to Fe**(III) during hydroxylation reactions involved
in cross-linking collagen molecules, which adds strength to connective
tissues. Ascorbate reduces their iron back to the ferrous state, regenerating
an active enzyme. Similarly, the Cu*(II) in enzymes involved in synthesis of
catecholamine hormones (Chapter 7) is returned to the Cu*(I) state following
the oxidation of the copper during catalysis. The antioxidant properties of
ascorbic acid, in association with vitamin E, help protect lipids in the cell
membranes and blood lipoproteins from oxidative damage. It also enhances
the absorption of iron and regulates the absorption of copper from the GIT.

Several vitamers, retinol, retinaldehyde or retinal and retinoic acid, show
vitamin A activities. Retinol (Figure 10.17 (A)) can be metabolically converted
to retinaldehyde, which, in turn can be oxidized to retinoic acid. In addition,
the provitamin A carotenoids, for example B carotene (Figure 10.17 (B)),
can be converted to active forms in the liver. Retinoic acid helps regulate
the proliferation and development of cells in a tissue specific manner that
resembles the actions of steroid hormones (Chapter 7). It binds to nuclear
receptors, which then interact with DNA and activate specific genes. Vitamin
A is associated with the development of epithelial cells, such as the skin and
the mucosal membranes that cover internal and external surfaces of the
body and have numerous functions, for example, as structural barriers that

CH,OH

CH3

Figure 10.17 The structures of (A) vitamin A (retinol) and (B) B carotene.
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prevent microorganisms from entering the body (Chapter 4). Retinaldehyde is
necessary for vision and functions as the prosthetic group (visual pigments) of
opsin proteins in light-sensitive retinal cells. Vitamin A is a weak antioxidant
that can protect against free radical damage. There is some evidence that 3
carotene reduces the incidence of cardiovascular disease and some forms of
cancer.

The usual dietary form of vitamin D is cholecalciferol (Figure 10.18), although
this is not strictly a vitamin since it can be formed by ultraviolet irradiation
of the skin from 7-dehydrocholesterol. Foods are sometimes fortified with
the synthetic ergocalciferol, which has the same biological activity as
cholecalciferol. Enzyme-catalyzed hydroxylations yield the active metabolites
1o, 25 dihydroxycholecalciferol (Chapter 8) and calcitriol respectively. Vitamin
D mainly functions in the homeostasis of calcium as described in Chapter 8.

Vitamin E is generally used to describe the tocopherols and tocotrienols that
comprise a number of vitamers of differing biological potencies, of which
the most active is o tocopherol (Figure 10.19 (A) and (B)). Like vitamins A
and D, vitamin E also has a role in regulating gene expression, although a
receptor has yet to be found, and also in signal transduction. A major function
generally ascribed to vitamin E is to protect cellular membranes against
free radicals (described in Chapters 12 and 18) and prevent the oxidation of
plasma lipoproteins, especially low density lipoproteins (Chapter 14). The
corresponding reduction of the vitamin produces a relatively unreactive and
therefore less damaging tocopheroxyl radical. This is also relatively long lived
and so persists sufficiently long to be reoxidized back to the active form by
vitamin C or glutathione peroxidases. However, the utility of this mechanism
hasbeen challenged and it has been suggested that the antioxidant role is more
restricted and arises from an inhibition of NADPH oxidase and so reduces the
production of radicals, such as superoxide.

A)
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Figure 10.18 The structure of vitamin D
(cholecalciferol).

Figure 10.19 (A) The structure and
(B) a computer generated molecular
model of vitamin E (o tocopherol).
Oxygen atoms are shown in red,
carbon in black and hydrogen in gray.
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A number of compounds are possible vitamers of vitamin K, including
phylloquinone and the menaquinones. The first is the normal dietary source,
while the menaquinones are a group of compounds with similar structures
synthesized by GIT bacteria. Phylloquinone (Figure 10.20) is metabolically
necessary for the conversion of glutamate residues in some proteins to y
carboxyglutamates. This is necessary for the synthesis of some blood clotting
factors, which are described in Chapter 13, and some proteins of the bone
matrix. The ability of menaquinones to function as vitamin K is unclear;
they may partially satisfy the human requirements for vitamin K but their
contribution is probably much less than previously thought.

Figure 10.20 The structure of
vitamin K (phylloquinone).

CH3

MINERALS AND TRACE ELEMENTS

Minerals and trace elements are inorganic dietary substances required
to maintain good health. Minerals include calcium, magnesium, sodium,
potassium, phosphate, chloride and sulfate. They are present in the body in
amounts larger than 5 g and some are required in dietary quantities of more
than 100 mg per day and are provided by a variety of foods (Table 10.4).

Both groups have diverse functions. Minerals play roles in promoting growth
and are important constituents of body tissues such as bone, teeth, hair, skin
and nails, and as cofactors in some enzymes and other proteins. Sodium,
potassium and chloride are required to maintain the electrolyte and osmotic
composition of intra- and extracellular fluids, generate electrochemical
gradients across plasma membranes and for nerve conductance and muscle
contraction. Calcium is an essential component of bone and teeth, is required
for muscle contraction and is a second messenger for some hormones and
neurotransmitters. Magnesium is a cofactor for many enzymes, especially
those utilizing nucleotides involved in energy metabolism and nucleic acid
synthesis. Like calcium, phosphate is needed for bone and teeth formation
and is also a component of nucleic acids and phospholipids. It activates a
number of enzymes, especially some involved in energy metabolism and is

Recommended daily intake | Sources

/ mg day™
Sodium and chloride < 6000 in adults milk, cheese, salt
Potassium 3500 in adults bananas, vegetables, nuts, fish,

pulses, poultry
Calcium 700 in adults milk, cheese, vegetables, nuts, fish

Magnesium 300 in males vegetables, nuts, bread, fish, meat
270 in females

Phosphate 550 in adults meat, fish, poultry, rice, oats

Sulfate balanced diet adequate milk, meat, legumes, eggs

Table 10.4 Recommended intakes and sources of minerals
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an important renal buffer. Sulfate is required for the synthesis of cartilage and
other components of the extracellular matrix.

Compared with minerals, trace elements are required in much smaller
quantities, but like them are supplied by a variety of foods (Table 10.5). Trace
elements include iron, cobalt, copper, molybdenum, chromium, manganese,
zinc, selenium, iodide and fluoride. They are present in the body at
concentrations less than 100 parts per million and are required in milligrams
or even micrograms per day and a number are toxic in excess.

Trace elements have specific and diverse functions. Chromium helps maintain
blood glucose concentration by acting as a cofactor for insulin activity. The
role of cobalt as a component of vitamin B ,, has already been mentioned.
Copper is also an essential cofactor for a number of enzymes, including those
involved in collagen and elastin synthesis and some redox proteins. Copper is
also required for iron absorption and metabolism and hemoglobin synthesis.
Fluoride is necessary for the ‘hardening’ of bone and teeth. All the thyroid
hormones contain iodine as described in Chapter 7. Iron is a component of
the prosthetic group, heme found in hemoglobin and myoglobin, where it
maintains its oxidation state and binds a dioxygen molecule. Iron is also found
in the heme of cytochromes and in nonheme iron proteins involved in electron
transfer, where, of course, its oxidation state does alter. Manganese is essential
for the activities of anumber of enzymes. For example, pyruvate carboxylase and
phosphoenolpyruvate carboxykinase function in gluconeogenesis; arginase is a
key enzyme of the urea cycle that detoxifies ammonia produced during amino
acid metabolism and superoxide dismutase is a major antioxidant defence.
Enzymes that contain molybdenum are common and catalyze several reactions
in purine metabolism, for example xanthine oxidase, and maintains the
synthesis of sex hormones. Selenium is a cofactor in, for example, glutathione
peroxidases, and zinc in carbonic anhydrase and RNA polymerase.

Trace element Recommended intake
/mg day™
Chromium 0.025 in adults meats, cheese, water, whole grains, lentils,
spices
Cobalt 0.0015 in adults beef, eggs, offal, fish, milk products, nuts,
vegetables, cereals
Copper 1.2 in adults offal, fish, nuts
Fluoride diet generally adequate present in drinking water in many areas of the
world
lodide 0.14 in adults fish, milk, eggs , cereals, iodized salt
Iron 8.7 in males liver, meat, eggs, beans, nuts, dried fruit,
14.8 in females brown rice, green vegetables and fortified
cereals
Manganese diet generally adequate bananas, egg yolk, bread, nuts, cereals,

vegetables, tea
Molybdenum diet generally adequate whole grains, leguminous vegetables, meats

Selenium 0.075 in males fish, meat, offal, Brazil nuts and eggs
0.06 in females

Zinc 5.5t0 9.5 in males meat, offal, eggs, fish, cereals, milk, cheese,
4.0to 7.0 in females spinach, beans

Table 10.5 Recommended intakes and sources of trace elements
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BOX 10.1 Inherited disorders of copper metabolism

Menkes or kinky hair disease is a neurodegenerative disease of
impaired copper transport that results in extreme tissue copper
deficiency and was first described in 1962. It is a sex-linked
inherited disorder that only affects male children (Chapter
15). Babies born with classic Menkes disease appear normal at
birth and symptoms typically begin about three months later.
The disease is characterized by a failure to thrive, psychomotor
deterioration, seizures, hypothermia and strikingly peculiar hair,
which is characteristically kinky, stubby, tangled, sparse or steely
and easily broken and is often white, ivory or gray colored. Brain
problems, such as blood clots at the base of the brain (subdural
hematoma) and/or rupture or thrombosis of arteries in the brain
may occur. Recurrent respiratory and urinary tract infections
are common and weakened bones (osteoporosis) may result in
fractures. Menkes disease has an incidence of 1 in 50000 to
250000.

The condition arises from mutations in the ATP7A gene found on
the X chromosome, the product of which is a copper transporting
adenosine triphosphatase (ATPase). Transport of dietary copper
from intestinal cells is impaired, leading to the low serum copper
levels and poor incorporation of copper into cuproproteins.
Copper accumulates in excessive amounts in the liver, but is
deficient in most other tissues and impairs the functions of a
number of essential enzymes, including tyrosinase, monoamine
oxidase, cytochrome c oxidase, lysyl oxidase and ascorbic acid
oxidase. Low activities of tyrosinase leads to depigmentation of

Margin Note 10.2 Kwashiorkor in@
the developed world

hair, while monoamine oxidase results in kinky hair. Impaired
lysyl oxidase leads to defects in elastin and collagen, resulting
in vascular weaknesses and cytochrome ¢ oxidase malfunction
results in hypothermia. A defective ascorbate oxidase leads to
skeletal demineralization and osteoporosis.

A diagnosis of Menkes disease in neonates could be based on
high concentrations of copper levels in the placenta. However,
this would be unusual, given a general absence of signs and
symptoms at this age. After six weeks, low serum levels of copper
and the copper binding protein, ceruloplasmin, are indicative of
the condition. A microscopic examination of hair samples shows
characteristic Menkes abnormalities and a skin biopsy can be
used to assess copper metabolism. There is no effective treatment
for Menkes disease and prognosis is poor. Milder forms of the
disease respond to intramuscular injections of copper, but the
severe form does not show much change. Other treatments are
focused on relieving the symptoms. Most patients die within the
first decade of life, however, survival to the late 20s has been
reported. Genetic screening of the individual’s family can identify
carriers and provide guidance for counseling on recurrence
risks.

Wilson’s disease is characterized by an excessive accumulation
of copper, although patients have normal or even low
concentrations of copper in their blood and increased urinary
excretion, and was first described in 1912. It is an autosomal

10.3 NUTRITIONAL DISORDERS

Kwashiorkor is rarely seen in
developed countries except in
neglected children, the very elderly
or as a consequence of nutritional
ignorance. For example, cases of
kwashiorkor have been reported

in the USA in a small number of
children fed somewhat idiosyncratic
diets. Most of these cases were not
associated with poverty and about
half were associated with perceived
or presumed food allergies. A
significant portion of the food of
some of these children was rice-
based beverages, popularly referred
to as ‘rice milk’, which contain less
than half the amount of protein of
breast milk. Other patients were fed
brown rice emulsion, goat’s milk or
atole, a liquid emulsion of barley,
water, and sugar.
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Nutritional disorders can arise from a deficiency or excess of nutrients and
may affect growth or cause specific diseases and even death. They are proving
to be major health issues. Nutritional disorders can arise from an inadequate
intake of food, such as protein-energy malnutrition, or an excessive intake,
for example obesity, or due to an inadequate amount of a specific dietary
nutrient, such as scurvy in vitamin C deficiency.

PROTEIN-ENERGY MALNUTRITION

Protein-energy malnutrition (PEM) is the name for a spectrum of disorders
that arise due to lack of food. Despite the name, affected individuals may not
be suffering from a lack of protein, however, because of their deficiency of
total energy, dietary proteins that would normally be used for tissue repair or
growth are used as a fuel. In addition, vitamin and mineral intakes are usually
inadequate. In the developed world, PEM is rare and is usually associated with
solitary elderly patients who are malnourished or with children suffering from
neglect. The clinical features of PEM vary depending upon the severity, from
the merely underweight to two major conditions, marasmus and kwashiorkor
(Margin Note 10.2 and Table 10.6). Protein-energy malnutrition can also be life
threatening in that it increases susceptibility to infectious diseases that would
not normally be lethal.

Marasmus is a chronic disorder that develops over a period of months to
years and is caused by an inadequate energy intake (Figure 10.21). It occurs



recessive condition caused by mutations to the ATP7B gene
located on chromosome 13 that, like ATP7A, encodes a
copper transporting ATPase. Indeed, the two proteins are
55% homologous in amino acid sequence. However, ATP7A
is predominantly expressed in the placenta, GIT and blood-
brain barrier, ATP7B expression is mainly hepatic. In contrast
to ATP7A, mutations lead to an accumulation of copper in
the liver and brain and damage to other tissues also. The first
symptoms shown by about 50% of patients with Wilson's
disease are swelling and tenderness of the liver and sometimes
fever; this resembles more common disorders, such as viral
hepatitis. Abnormal levels of circulating liver enzyme activities
can indicate serious liver damage, which can progress to
cirrhosis. Other symptoms may include jaundice, abdominal
swelling and abdominal pain. An extremely severe hepatitis
called fulminant hepatitis may occur in about 5% of patients
with jaundice, fluid leaking into the abdomen, low blood
protein content and clotting abnormalities, swelling of the
brain and damage to erythrocytes causing hemolytic anemia.
There may also be difficulties with speech, swallowing and
coordination resulting in trembling, an unsteady walk and
writing problems. A characteristic brown pigmentation
in the cornea of the eye, called Kayser-Fleischer rings may
occur. Decreased renal functions and osteoporosis may occur
prematurely in some patients. Associated psychiatric problems
include severe insomnia, poor concentration, depression and

NUTRITIONAL DISORDERS

suicidal impulses. Wilson’s disease, though more common than
Menkes disease, is still rare with an incidence of 1 in 30000.

Wilson's disease is diagnosed by a combination of blood and
urine tests, eye examination and liver biopsy. A decrease in serum
ceruloplasmin is seen in 95% of patients and an increased urinary
excretion of copper is present in most, but not all, symptomatic
patients. Kayser-Fleischer rings are visible with a slit-lamp
examination performed by an optometrist or ophthalmologist
in about 50% of patients presenting with liver disease. The
definitive test is the demonstration of a high copper content in
liver tissue obtained by biopsy.

Long-term maintenance therapy of Wilson’s disease is possible
with p-penicillamine, trientine or zinc treatments. Penicillamine
and trientine chelates copper, leading to an increased urinary
excretion and reduced tissue levels. Zinc, with vitamin B6
(pyridoxine) supplements, reduces copper absorption and
promotes its loss from the GIT. Foods high in copper, such as
shellfish, nuts, liver, chocolate and mushrooms should be avoided,
as should alcohol. Medical therapies must be continued for life.
Patients with acute liver failure or those with advanced liver disease
who do not respond to medical therapy should be considered
for liver transplantation, which effectively cures the condition
and results in long-term survival of approximately 80%. Genetic
testing can be used to assist counseling and to screen siblings of
an identified patient.

Underweight 60-80 not present
Marasmus < 60 not present
Kwashiorkor 60-80 present
Marasmic kwashiorkor < 60 present

Table 10.6 Distinguishing features of different types of protein-energy malnutrition

in epidemics due to famine and is endemic in many areas of Africa, Asia and
South America, and in patients with long-term illnesses, such as chronic
pulmonary disease and anorexia nervosa (see later). Children with marasmus
fail to thrive, are emaciated and lack subcutaneous fat. Cachexia, muscle
wastage associated with some chronic infections, such as tuberculosis
(Chapter 4), or the severe and prolonged weight loss seen in some cancers
(Chapter 17) produces similar clinical features to marasmus but the etiologies
are different.

Figure 10.21 An Ethiopian child of the early
1980s showing signs typical of marasmus.
Courtesy of Catholic Fund for Overseas Development,
London.

The name, kwashiorkor is derived from one of the Kwa languages of Ghana
and means ‘the one who is displaced’ and reflects the development of a
nutritional condition in children typically three to five years old who have
been abruptly weaned when a new sibling is born (Figure 10.22). Kwashiorkor
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Figure 10.22 Child showing severe signs of
kwashiorkor. Courtesy of Catholic Fund for Overseas
Development, London.

Margin Note 10.3 BMI and IBW @

The generally accepted way to assess
the weight of patients is to determine
their body mass index (BMI) where

BMI = weight (kg) / height (m)?

Health risks associated with weight
are lowest for a BMI of 20-25 kg

m™~. A BMI of less than 18.5 kg m™

is underweight, one of greater than
30 kg m™ is defined as obese. Ideal
body weight (IBW) is another index
that can be useful in assessing the
nutritional status of a patient. This
index is defined differently for men
and women. The IBW of a man 5 feet
tall is 106 pounds and this increases
by an additional six pounds for each
inch over the height of 5 feet. For a
woman, the IBW at 5 feet tall is 100
pounds and this increases by five
extra pounds for each additional inch.
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is common in parts of the world affected by famine and where there is
poor education and knowledge of nutrition. In the original description of
kwashiorkor in children of the Gambia reported in 1932, Williams (1894-
1992) implied that a deficiency of protein was its major cause, even when
the energy input was adequate. Since then, a number of explanations for the
development of kwashiorkor have been proposed. Environmental toxins,
such as aflatoxins from moldy foods, general conditions of overcrowding and
poverty, a lack of other key nutrients and high rates of disease have all been
implicated. A combined protein and energy deficiency, although important,
is not the key factor and it is generally accepted that the condition is likely to
be due to deficiency of one of several nutrients, including copper, selenium,
zinc and the vitamins folic acid, C, A,  carotene and E that are associated
with oxidative stress management. It is likely that infectious diseases are
the precipitating factor because children with reduced antioxidant status
exposed to the stress of an infection are most liable to develop kwashiorkor.
Further, kwashiorkor usually occurs following infectious conditions, such
as diarrhea, or diseases, for example measles, indicating that its causes
are not purely nutritional. Invading pathogens trigger a macrophage
respiratory burst (Chapters 4 and 5) that considerably increases the total free
radical load of the patient and this may be the start of events that result in
kwashiorkor. Unfortunately, its causes are still not fully known; siblings in
the same household and on the same type of diet may develop marasmus
or kwashiorkor. However, lower concentrations of the antioxidants B
carotene, glutathione and vitamin E are observed in children suffering
from kwashiorkor than in those affected by marasmus; both of course, have
reduced levels compared with healthy children.

A significant feature of kwashiorkor is a large protruding abdomen due to
edema and an enlarged liver. The edema is traditionally thought to occur
because an inadequate intake of protein leads to a reduced plasma albumin
concentration, which in turn causes edema, although electrolyte disturbances,
such as potassium deficiency and sodium retention, are also thought to play
a role. The hepatomegaly occurs from a large infusion of fats into the liver;
the cause of which is unknown. Early features of kwashiorkor include fatigue,
irritability, lethargy, stunted growth, muscular wasting, edema in the lower
limbs and impaired neurological development. The skin may be affected by
dermatitis and have areas of hypo- or hyperpigmentation and thin, brittle,
light colored hair that is easily pluckable. The patients may also present with
delayed wound healing and anemia. If untreated, kwashiorkor can result in
shock, coma and death, with a mortality rate as high as 60%. In the long term,
it can lead to impaired physical and mental development.

OBESITY

Obesity is diagnosed when the patient’s BMI is greater than 30 kg m™? (Margin
Note 10.3). It is characterized by an excess of fat in the body, particularly under
the skin and is generally recognizable when a person is 20% above their IBW.
Environmental and genetic factors can determine body weight, but overeating
combined with lack of exercise are its usual causes (Box 10.2). Very rarely,
obesity may be secondary to endocrine disease (Chapter 7), for example
hypothyroidism that decreases energy requirements, Cushing’s syndrome
where the distribution of body fat is altered, and some hypothalamic disorders
that are associated with overeating.



In 1994, the *obese gene was discovered in mice. Its expression
in adipocytes produces the hormone leptin, a polypeptide of 146
amino acid residues (Figure 10.23), which is secreted in amounts
that are proportional to the mass of body fat. Among the effects
of leptin are to decrease adiposity or total body fat and to pass
through the blood-brain barrier and act on the hypothalamus
to inhibit eating. It also stimulates the oxidation of fatty stores
and prevents lipid accumulating in nonadipose tissues and so
protects the individual against some of the adverse effects of
fat accumulation, for example coronary artery disease. During
periods when more energy is used than ingested, that is the
starved state, adipose tissue is metabolized and the amount of
leptin secreted declines. Hence, the mouse is stimulated to eat
more. When more energy is consumed than used, the converse
holds. Mutations to the gene or its absence in mice can lead
to excessive overeating and morbid obesity (Figure 10.24 (A)
and (B)). Injections of synthetic leptin to obese mice cause a
weight loss. These findings led to great excitement that obesity

Figure 10.23 Molecular model of a leptin molecule. PDB file 1AX8.
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BOX 10.2 Leptin and obese/OBESE

in humans could be a genetic phenomenon and controllable
by leptin therapy. However, although the physiological effects
of leptin are similar in humans and mice, mutations in the
*OBESE gene have been discovered in only a handful of obese
humans. Two of these patients were members of the same
highly consanguineous family and weighed 29 and 86 kg at the
ages of two and eight years respectively. Their OBESE genes had
a deletion mutation of a single guanine nucleotide at codon
133 leading to a biologically inactive leptin. Injections of leptin
relieved their symptoms. However, most obese people, in fact,
secrete leptin in amounts that exceed its production in thinner
people because they have a greater mass of fat. Unfortunately,
they appear to be less sensitive to its effects.

*The convention is to write mice genes in lower case italic letters and
humans in upper case italics.

Figure 10.24 (A) Normal and (B) genetically obese mice.
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Figure 10.25 Schematic indicating the
characteristic shape of an obese person with
some of the associated complications indicated.
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A number of diseases occur more frequently in obese individuals (Figure
10.25), including type 2 diabetes mellitus (Chapter 7), coronary heart disease,
hypertension (Chapter 14), cholelithiasis (Chapter 11) and osteoarthritis
(Chapter 18). Not surprisingly, mortality rates are also greater as body weight
increases. Some of the complications of obesity are listed in the Table 10.7.

The increasing incidence of obesity in many developed countries (Figure
10.26 (A)), and particularly in children of the USA and UK (Figure 10.26 (B)),
is of concern.

Stroke

Atherosclerosis
(damaged blood
vessels)

Ry
// Coronary heart
=' disease

. Hypertension with
associated

complications

Kidney failure

Cholelithiasis increased cholesterol, bile stasis

Diabetes mellitus insulin resistance
Hypertension obesity, inappropriate lifestyle
Osteoarthritis increased wear and tear of joints
Respiratory disorder impaired lung ventilation

Vascular disease hypertension, dyslipidemia, diabetes

Table 10.7 Complications associated with obesity

Figure 10.26 The increasing incidences of obesity in (A) adults and (B) children in the UK.
Data from a variety of sources.




The Atkins diet is a high protein, high fat and low carbohydrate
slimming diet (Figure 710.27) introduced by Atkins (1930-2003)
in 1972. The Atkins diet has received much publicity, and is
one of the more popular of those diets in which carbohydrate
intake is restricted. Individuals on the Atkins diet exclude most
cereal-based foods, beans, fruits and starchy vegetables. Instead
they eat generous amounts of meat, poultry, eggs, cream and
butter. Carbohydrates promote insulin production that, in turn,
causes weight gain because of the growth promoting effects
of insulin (Chapter 7). A low carbohydrate diet will therefore
reduce insulin production leading to a loss of weight. When
the intake of carbohydrates is reduced, the body responds
quickly by utilizing stored glycogen for energy, reducing body
weight as the glycogen and its associated water are lost.
Muscle, lean body mass, is not depleted because of the high
intake of dietary proteins but body fats are used for energy. The
oxidation of fats produces ketone bodies (ketosis) that are lost
in the urine, although this condition is much less severe than
the ketoacidosis of diabetes mellitus (Chapter 7). A number of
tissues, for example brain, utilize glucose in preference to other
fuels and this can be produced by gluconeogenesis in the liver
using amino acids when the dietary intake of carbohydrate is
low. The glucose 6-phosphate supplied from gluconeogenesis
also partially replenishes glycogen stores (Figure 10.28). The high
protein and fat intakes and the circulating ketone bodies have
satiating effects that suppress appetite, reduce food intake and
aid weight loss.

The program for a typical Atkins diet consists of four phases:
induction, ongoing weight loss (OWL), premaintenance and
a final or lifetime maintenance phase. In the induction phase,
carbohydrate intake is limited to 20 g daily and is associated
with the greatest weight loss, which can be as high as 3-4 kg
per week. In the OWL phase, carbohydrate intake is increased
by 5 g per day each week, with the goal of finding the intake
of carbohydrates that will maintain weight reduction. The
OWL phase continues until weight is within 4.5 kg of the set

NUTRITIONAL DISORDERS

BOX 10.3 The Atkins Diet

target. In the premaintenance phase, carbohydrate intake
is further increased with the aim of finding the maximum
amount of carbohydrate intake that can be consumed each
day without causing a weight gain. The final or lifetime
maintenance phase continues the dietary plan of the previous
phase and also aims to avoid a return to previous dietary habits.

It has been shown that the weight losses in the first six months
on the Atkins diet are greater than conventional diets but
there is little difference between them over a one-year period.
Supporters of the Atkins diet claim that the ketosis produced
during low carbohydrate diets is a safe and natural condition
necessary for weight loss. Surprisingly given the high fat intake,
some studies have indicated that individuals on the Atkins diet
have higher levels of HDL, the so-called ‘good’ cholesterol and
lower levels of triacylglycerols in their blood and that levels of
LDL cholesterol (Chapter 14) and glucose remain unchanged.
Some studies have shown these reductions are attributable to
the initial weight loss and concentrations often return to levels
that are higher than before the diet. Critics have also expressed
concerns that diets high in saturated fats may increase the
risk of cardiovascular diseases. The ketosis can result in bad
breath, tiredness, weakness, dizziness, insomnia and nausea.
Constipation may also occur as a consequence of avoiding high-
fiber foods such as fruit, vegetables, rice and cereals. There are
also concerns that the unbalanced nature of the diet may lead
to nutritional deficiencies with undesirable effects. For example,
poor intakes of calcium may increase the risk of developing
osteoporosis. The high protein intake can also produce acidosis
that can leach calcium from bones and increase the likelihood
of kidney stones leading to osteoporosis and kidney problems
respectively. The poor intakes of antioxidants, found in fruit
and vegetables, increase susceptibility to heart disease and
cancers. Whether the Atkins diet should be recommended
for weight loss is a controversial issue. Long-term studies
are required to assess nutritional status, body composition
and cardiovascular risk factors in individuals on the diet.

Figure 10.27 An example of a meal on the Atkins diet!
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BOX 10.3 continued

Figure 10.28 An overview of how dietary Liver Blood Small intestine
proteins can be metabolized to support

gluconeogenesis to provide glucose during a low Fomdl  Eiendin
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ANOREXIA NERVOSA AND BULIMIA NERVOSA

Anorexia nervosa (AN) and bulimia nervosa (BN) are both disorders of eating
behavior and body weight regulation. Anorexia is simply a lack of appetite;
bulimia is derived, in part, from the Greek word limos meaning hunger. Both
havereceived considerable publicityinrecent years although they were reported
many centuries ago. The prevalence rate for AN in young females is estimated to
be 0.3% and for BN 1% and 0.1% in young women and young men respectively.
The incidence in the general population is much lower with the incidences of
AN and BN being approximately 8 and 12 cases per 100000 respectively.

Anorexia nervosa is an extreme refusal or reluctance to eat and associated
psychological problems, leading to a severe weight loss. Compulsive exercising
and the abuse of laxatives and diuretics often compound the reduced input
of dietary energy. Patients are therefore normally extremely hungry and are
obsessed with food but they avoid eating, especially carbohydrates. The
signs and symptoms of AN include a body weight at least 15% below the
recommended weight, a ‘wasted’ appearance with reduced muscle mass,
and swelling of the joints. In younger females, puberty is delayed; an older
female is likely to become amenorrhetic and infertile because her body
weight reduces to less than 45 kg and/or fat content becomes less than 22% of
body weight. The skin is dry, hair thin and the nails brittle. Constipation and
decreased heart rate and blood pressure are common. If left untreated, long-
term damage to the skeleton and cardiac systems are likely and death can
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result from starvation, cardiac arrest or other complications. Sufferers of AN
are often of above average intelligence but generally have a grossly dysmorphic
view of their own bodies, seeing themselves as obese, even though they ‘know’
they are underweight. It is unclear as to what causes this view. It has been
suggested that overreactions to relatively mild obesity, peer or social pressures
regarding an ideal human shape or a wish to delay the onset of menarche may
all be linked to the condition.

Bulimia nervosa is characterized by episodes of excessive or ‘binge’ eating that
induce feelings of guilt such that sufferers induce vomiting to void the food.
This cycle of eating and induced vomiting can be repeated many times. As with
anorexics, the use of laxatives, diuretics and dieting pills may be abused. The
condition tends to affect older patients than those with anorexia. The signs
and symptoms of BN include puffy cheeks due to enlarged salivary glands
and often severely damaged tooth enamel because of the excessive vomiting.
Electrolyte imbalance, such as loss of potassium, can cause health problems
and increases the risk of cardiac arrest (Chapters 8 and 13). However, patients
generally manage to maintain their weight at an appropriate value and so the
condition may not be noticed and can remain undetected for many years.

DISORDERS OF VITAMIN NUTRITION

An inadequate dietary intake of a vitamin, its impaired absorption, or
insufficient utilization of an adequate intake, increased dietary requirements,
for example in pregnancy, without a corresponding increased intake or
an increased excretion of a vitamin give rise to hypovitaminoses. In many
cases, the symptoms of a hypovitaminosis can be correlated with the known
functions of the vitamin (Section 10.2), although in other cases they are
rather generalized. Hypovitaminoses often develop over an extended period.
Initially there is depletion of body stores with a biochemical impairment, that
is a subclinical deficiency. This eventually results in an overt deficiency with
frank signs and symptoms and is usually accompanied by other evidence of
malnutrition, for example PEM. A covert deficiency does not present with
clinical features under normal conditions, but any trauma or stress may
precipitate the hypovitaminosis. Starving individuals will suffer from multiple
vitamin deficiencies. At the other extreme, an excess of the vitamin can be
toxic and may result in a hypervitaminosis.

Hypovitaminoses

A deficiency of vitamin B, or thiamin in some developing countries is common
because of the high consumption of foods, such as polished rice, where the
vitamin is lost during milling, and in chronic alcoholics, who often have a poor
diet. The consequences of a deficiency are depression, irritability, defective
memory, peripheral neuropathy and beriberi. Beriberi, which literally means
‘T cannot, I cannot’ in Singhalese, occurs in two forms, which affect different
body systems. Dry beriberi mainly affects the nervous system, wet beriberi
the heart and circulation; both types usually occur in the same patient but
one set of symptoms predominates. Patients with the dry form may present
late, with polyneuropathy and Wernicke-Korsakoff syndrome (Box 10.4). The
polyneuropathy is characterized initially by heavy, stiff legs, then weakness,
numbness and paresthesia and absent ankle jerks. Later stages involve the
trunk and arms. Wet beriberi, also known as shoshin, from the Japanese for
acute heart damage, is less common and characterized by edema. Symptoms
appear rapidly with acute heart failure in addition to the polyneuropathy. It is
highly fatal and known to cause sudden deaths in young migrant laborers in
Asia whose diet consists of white rice.

Vitamin B, (riboflavin) deficiency is rare in the developed world and usually
only seen in alcoholics who normally have diets lacking other nutrients or

NUTRITIONAL DISORDERS
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BOX 10.4 Wernicke-Korsakoff syndrome or cerebral beriberi

Wernicke-Korsakoff syndrome or cerebral beriberi, also known as
Wernicke's disease or Korsakoff psychosis, is a brain disorder with
the loss of specific functions. The term Gayet disease is applied

symptoms include double vision and other eye abnormalities, a
loss of muscle coordination, unsteady gait and hallucinations.
Many of these symptoms are indicative of alcohol withdrawal and

when lesions are more extensive than those in the Wernicke
type. The condition is primarily due to a deficiency of vitamin B,
(thiamin) or secondary to alcoholism and/or starvation. Even in
alcoholics on a balanced diet, which is very unusual (Chapter 12),
the heavy drinking interferes with the absorption of thiamin from
the GIT. The syndrome includes two separate conditions. The
first, Wernicke's encephalopathy, involves damage to nerves of
the central and peripheral nervous systems. Korsakoff syndrome,
or Korsakoff psychosis, begins as Wernicke’s symptoms diminish
and involves damage to areas of the brain involved with memory.
Patients often attempt to hide the memory loss by confabulating,
that is telling detailed and credible stories that are untrue,
although these are not usually deliberate attempts at deception
because the patient often believes them to be factual. Other

may also be present or develop even when Wernicke-Korsakoff
syndrome is not present. Other disorders related to the abuse of
alcohol may also be apparent. Incidence and prevalence data for
Wernicke-Korsakoff syndrome are poorly reported although one
study has indicated a prevalence of 1 to 3%.

Abstinence from alcohol or moderate intake together with
adequate nutrition reduces the risk of developing Wernicke-
Korsakoff syndrome. Thiamin supplements and a good diet
may also help prevent the condition occurring in a heavy
drinker but not if damage has already occurred. The syndrome
is diagnosed following an examination of the nervous and
muscular systems that demonstrates polyneuropathy or damage
to multiple nerves and decreased or abnormal reflexes. Testing
of gait and coordination can indicate damage to the parts of

suffer malabsorption. However, it is a major problem globally affecting
some 200 million people, especially children, in developing countries. Other
susceptible people include the elderly with a poor diet and regular laxative
users. The main metabolic effects are on lipid metabolism, which leads to
clinical features of weakness, dermatitis, glossitis, insomnia and sensitivity to
bright light, normochromic and normocytic anemia. A deficiency of vitamin
B, is rarely fatal because it is present in most foods, which provide adequate
amounts to maintain function, and there is efficient reutilization of the
vitamin during the turnover of flavoproteins, so that little is lost.

A deficiency of niacin causes pellagra, where the patients present with weight
loss, anemia, dementia, dermatitis and diarrhea. Pellagra can be primary
when the diet is deficient in nicotinic acid, such as when maize is the staple,
but it can be secondary, where other diseases interfere with absorption.
Causes of secondary pellagra include prolonged diarrhea, cirrhosis of the
liver, alcoholism (Chapter 12) and use of isoniazid (Figure 10.29) to treat TB.
Isoniazid reacts with vitamin B, to form an inactive hydrazone and can lead
to a deficiency.

A deficiency of vitamin B, (pantothenic acid) is rare but has been induced

experimentally in animals by feeding a diet virtually devoid of the vitamin or

by giving metabolic antagonists, such as ® methylpantothenic acid. Symptoms

included irritability, fatigue, malaise, GIT problems, muscle cramps and

paresthesia. Historically, pantothenic acid deficiency has been implicated in

the ‘burning feet’ syndrome experienced by severely malnourished prisoners
H of war.

| A deficiency of vitamin B impairs the synthesis of y aminobutyric acid and
amino acid metabolism and may be implicated in the development of some
cancers (Chapter 17). Clinical features associated with a deficiency of vitamin
B, include peripheral neuropathy. However, deficiencies are uncommon
because it is widely available. Cases have been reported in infants fed
S overheated and inadequately fortified milk formula who developed severe

N symptoms: irritability, opisthotonos, which is an arching of the head, neck
and spine backwards, and convulsions that were relieved by vitamin B,
supplements.

Figure 10.29 Isoniazid.
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the brain that control muscle coordination. Muscles may be
weak and atrophied and abnormalities of eye movement may
be present. The patient may present as cachectic. Clinical tests
should demonstrate low serum vitamin B, concentration and low
erythrocyte transketolase activity but an increase in pyruvate. A
magnetic resonance image or computed tomography scan of
the brain (Chapter 18) of a Wernicke-Korsakoff syndrome patient
can show changes in the thalamus or hypothalamus. If the case
history is significant for chronic alcohol abuse, then serum or
urine alcohol concentrations and liver enzyme activities may be
increased above normal.

Wernicke-Korsakoff syndromeis a life-threatening condition with
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is required for the initial control of symptoms. In lethargic,
unconscious or comatose patients, appropriate monitoring
and care is necessary, particularly to prevent obstruction of the
airways. Carbohydrate loading, for example by glucose infusion,
may precipitate Wernicke’'s encephalopathy in at-risk patients
but can be prevented by supplements of vitamin B, prior to
the glucose infusion. Injections or oral supplements of vitamin
B, may improve some symptoms but do not generally lead to
the recovery of memory and intellect. Total abstinence from
alcohol is required to prevent progressive damage to the brain
and peripheral nerves and a well-balanced, nourishing diet is
recommended. Joining a support group whose members share
common experiences and problems can often help in coping

amortality rate of 10 to 20%. Treatmentis aimed at controlling the
symptoms as much as possible and preventing any progression
of the disorder although some symptoms, particularly the loss of
memory and cognitive skills, may be permanent. Hospitalization

with the stresses of the illness. There may be a need for custodial
care if the loss of cognitive skills is severe.

A deficiency of vitamin B12 causes megaloblastic anemia (Chapter 13)
and degeneration of the spinal cord. However, deficiencies are generally
uncommon, even in cases of severe malabsorption (Chapter 11), since
considerable amounts of the vitamin are stored in the liver. Deficiencies
can occur in strict vegetarians since sources are animal products. When a
deficiency does occur, it is seen most commonly in pernicious anemia,
an autoimmune disease characterized by lack of intrinsic factor required
for absorption of the vitamin from the GIT (Chapters 11 and 13). Bacterial
overgrowth in the GIT or diseases affecting the small intestine, such as
Crohn’s disease (Chapter 11), can also lead to a deficiency. Elderly people
with atrophic gastritis absorb vitamin B, poorly. However, the first sign of
this is neuropathy because the anemia is hidden by folic acid intakes.

Folic acid deficiency is relatively common and occurs because of an
inadequate dietary intake in alcoholics and the elderly or because of
increased requirements, for example pregnancy and diseases associated
with increased cell and nucleic acid turnover, such as leukemia. The
deficiency can also arise because of malabsorption and because some
drugs affect folic acid metabolism, for example anticonvulsant drugs
interfere with its absorption. The major clinical feature of folic acid
deficiency is megaloblastic anemia (Chapter 13). An increased intake of
folic acid before and during pregnancy is associated with a decreased
risk of the fetus developing neural tube defects. Taking supplements of
folic acid before conception and in the first three months of pregnancy
reduces the incidence of spina bifida by more than 20%. In women who
have already had a pregnancy affected by a neural tube defect, taking a
daily folic acid supplement reduces their chances of a similarly affected
pregnancy by approximately 70%. Folic acid supplements are associated
with decreased amounts of homocysteine in the plasma with a reduced risk
of cardiovascular disease (Chapter 14).

Patients suffering a lack of only vitamin H (biotin) are extremely rare.
They tend to be individuals who consume extremely large amounts of raw
eggs, since the white contains the protein avidin, which binds tightly to
biotin (Figure 10.30). The vitamin is not released unless the egg is cooked;

Figure 10.30 Molecular model of vitamin H
(biotin), shown in red, bound to avidin. PDB file
1AVD.
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Figure 10.31 Molecular model of serum retinol
binding protein with a bound retinol form of
vitamin A (red). PDB file 1BRP.

Margin Note 10.4 Skin papules @

etechial hemorrhages

Papules are solid, limited raised
areas of skin about 5 mm in diameter
but their shape and color may vary.
They may be transitional lesions, and
can become vesicular or ulcerate.
Larger lesions are called nodules.
Petechial hemorrhages are small
round dark red spots caused by
bleeding under the skin.
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however, more than 20 raw eggs must be consumed daily for this to become
a serious problem. Biotin deficiency occasionally occurs in hospital patients
on parenteral nutrition and leads to anorexia, nausea, dermatitis and
depression.

A lack of vitamin C causes scurvy. Inadequate dietary intake occurs in
infants aged six to 12 months who receive processed milk without vitamin C
supplements and in the elderly who have vitamin C deficient diets. The clinical
features of scurvy include skin papules, petechial and muscle hemorrhages,
poor wound healing, gum disease, anemia and osteoporosis. It has been
suggested that vitamin C reduces the incidence, duration and severity of the
common cold without any side effects, but there is no scientific evidence for
these claims.

A deficiency of vitamin A is rare in the developed world; indeed, large
amounts are stored in the liver and transported around the body bound to
retinol-binding protein in the plasma (Figure 10.31). In contrast, deficiencies
are major health issues in parts of Africa and South-East Asia. In pregnant
women, vitamin A deficiency not only causes night blindness but may increase
the risk of maternal mortality. Affected patients may present with anemia and
disorders of ectodermal tissues and increased risk of disease and death from
severe infections.

A deficiency of vitamin D impairs mineralization of bone matrix causing
rickets in children (Figure 10.32) and osteomalacia in adults. Rickets results in
deformities of the legs that bow due to the weight of the body, skull, rib cage
and pelvis. During the 1950s, rickets was virtually eradicated in the UK by
fortification of infant foods with vitamin D. Unfortunately, some susceptible
children suffered vitamin D toxicity and developed hypercalcemia (Chapter
8). As a consequence, the amount of vitamin D added to foods was reduced
and rickets reappeared. Overt rickets is now rare in the UK, although
subclinical rickets affects about 10% of young children. Osteomalacia causes
pain in the bones, especially of the pelvis and legs, and there is an increased
susceptibility to fractures of the long bones following minor trauma. It is
not uncommon in the UK, especially among women of some ethnic origins
because of their lack of exposure to sunlight during purdah and the wearing
of traditional clothes.

Vitamin E deficiency is rare. When it does occur, it is most likely in newborn
children because transfer of vitamin E across the placenta is poor and these
children also have less adipose tissue, where most of the vitamin is stored.
Deficiencies of vitamin E can occur with long-term parenteral nutrition and in
prolonged and severe steatorrhea (Chapter 11).Vitamin E deficiencyin children
causes irritability, edema, hemolytic anemia and neurological dysfunction.
Decreased concentrations of plasma vitamin E have been associated with
progression of atherosclerosis and growth of some tumors. Other symptoms
such as ataxia, dysarthria, sensory loss and paresthesia have been described
in adults.

The clinical effects of vitamin K deficiency include a prolonged clotting time
and a bleeding tendency as described in Chapter 13. A maternal deficiency
can lead to serious bone defects in the fetus. Vitamin K deficiency is most
common in neonates because it cannot cross the placenta and milk is a
poor dietary source so the baby is at risk of bleeding. Newly born babies lack
bacteria in their GIT that can synthesize vitamin K, although the significance
of intestinal synthesis by bacteria is debatable anyway. For this reason, it has
been recommended that all neonates are given a single prophylactic dose
of vitamin K. In adults, a deficiency may be seen in fat malabsorption or in
people using antibiotics that reduce intestinal bacteria. An inadequate intake
may reduce the density of bone and increase the risk of osteoporosis and
associated fractures, particularly in postmenopausal women.



Hypervitaminoses

Hypervitaminoses are relatively rare compared with deficiencies. An excess of
vitamins B, and niacin can be toxic and is usually associated with excessive
intake of vitamin supplements. Large doses of niacin are associated with
a variety of clinical problems, including abnormalities of liver functions,
hyperglycemia, an increase in plasma uric acid and vasodilation. Daily doses
of vitamin B greater than 500 mg over an extended period can cause a sensory
neuropathy.

Most examples of hypervitaminoses are associated with vitamins A and D.
Vitamin A is stored in the liver and excessive dietary intake over prolonged
periods can lead to a toxic overload. Typical symptoms are pain in the bones,
a scaly dermatitis, nausea and diarrhea with enlargements of the liver and
spleen. Most cases of vitamin A toxicity are caused by patients overdosing
with vitamin supplements. The only natural food known to contain dangerous
levels of the vitamin is polar bear liver; not a common dietary item in most
societies! Animal studies have shown that vitamin A can produce teratogenic
effects when administered in high doses. The consumption of excessively large
amounts of vitamin A during pregnancy may increase the risk of congenital
malformations.

Excess of vitamin D is, again, largely associated with the overconsumption
of vitamin supplements. Toxicity is due to overstimulation of calcium
absorption from the gut and excessive resorption from bone which results in
its demineralization. The weakening of the bone and hypercalcemia (Chapter
8) promote metastatic calcification and a tendency in the patient to form
kidney stones.

NUTRITIONAL DISORDERS OF MINERALS AND TRACE ELEMENTS

Minerals and trace elements are necessary for numerous and diverse
metabolic activities. Clinical disorders arising from deficiencies in the
dietary intakes of minerals are not uncommon and a number are described
in Chapter 8. Conditions caused by excessive mineral ingestion are less
common but several are also outlined in the same chapter.

The total quantity of any one trace element in the body is usually less
than 5 g and these elements are often required in quantities of less than
20 mg per day, hence dietary deficiencies are uncommon. Chromium
deficiency can occur in patients on parenteral nutrition without adequate
supplementation and leads to glucose intolerance. An excess of chromium
(ID has no known symptoms, although chromium (III) and especially
chromium (VI) compounds are toxic. A deficiency of cobalt is rare and
causes indigestion, diarrhea, weight loss and a loss of memory. An excess of
cobalt is not associated with any known symptoms, although a high intake
over a prolonged period may lead to infertility in men. In addition, there
are occasional reports of cobalt cardiomyopathy following occupational
exposure.

Copper deficiency is uncommon, except in patients on synthetic oral or on
long-term parenteral nutrition. It can occur in infants because of malnutrition,
malabsorption, chronic diarrhea or prolonged feeding with low copper milk
diets. Premature infants are particularly susceptible because of their low copper
stores in the liver. Copper deficiency causes neutropenia and hypochromic
anemia in the early stages, both of which respond to dietary copper but not
iron. This is followed by bone abnormalities such as osteoporosis, decreased
pigmentation of the skin, pallor and neurological abnormalities in the later
stages. A dietary excess of copper is rare but occasionally happens following
food contamination and causes salivation, stomach pain, nausea, vomiting
and diarrhea (Box 10.1).

NUTRITIONAL DISORDERS

Figure 10.32 A child with the characteristic
bowed legs of rickets.
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Margin Note 10.5 Warfarin and
vitamin K

Warfarin is often used therapeutically
as an anticoagulant (Chapter 13).
However, because of the similarities
in structures, it is a vitamin K
antagonist (Figure 10.33 (A) and (B)).
Patients on warfarin therapy require
increased amounts of the vitamin.

Figure 10.33 Computer-generated molecular
models of (A) vitamin K, and (B) warfarin. Note
the structural similarities in the ‘left-hand’ sides
of the models. Oxygen atoms are shown in red,
carbon in black and hydrogen in gray.

Nearly half of dietary fluoride is taken up by bone and can influence its
mechanical properties. The incorporation of fluoride in tooth enamel as
fluorapatite makes teeth more resistant to dental caries as it resists breakdown
by acids. Fluoride deficiency leads to impaired bone formation and dental
defects (Box 10.5).

Iodine deficiency causes an enlargement of the thyroid gland called goiter
(Figure 10.34), while a prolonged deficiency in children can lead to cretinism
(Chapter 7). lodine deficiency is commonest in upland areas with thin
limestone soil because minerals, such as iodine are easily leached from these
types of soils and plants in the area are iodine deficient. The situation is
exacerbated if commercial iodized salt is not available. In some areas of Africa,
Brazil and the Himalayas, more than 90% of the population may develop goiter
due to iodine deficiency. Excessive intake of dietary iodide can also lead to
goiter. This is most commonly seen in Japanese communities who have a high
dietary intake of seaweed.

Figure 10.34 A well developed goiter. Courtesy of

S.J. Nixon, Royal Infirmary of Edinburgh, Scotland. A lack of iron leads to anemia, which is described in Chapter 13. Increased

intake of dietary, medicinal or transfused iron can cause hemosiderosis,

BOX 10.5 Dental caries and fluoride

The bulk of the tooth is composed of a hard tissue called teeth can remove plaque and reduce acid production since it
dentine. The exposed part of the tooth or crown is covered with  takes about 24 hours for the bacteria to reestablish themselves.
enamel. Dental caries or tooth decay is caused by bacteria in  Treatment of caries involves removing the decayed part of the
the plaque and is the commonest cause of toothache (Chapter teeth by drilling and replacing the decayed material with a
3). It is particularly common in children. Bacteria in the plaque filling.

catabolize sugars producing organic acids that can demineralize

the enamel and the underlying dentine. The development of Epidemiological studies have demonstrated the benefits of
dental caries depends upon a balance between the plague adding fluoride to drinking water (fluoridation) because as little
and bacteria and the ability of enamel to resist attack. The as one part per million (ppm) can prevent dental caries. Studies
commonest cause of dental caries is poor dental hygiene and in the UK showed that children living in areas with water fluoride
a frequent intake of dietary sugars. Regular brushing of the concentrations of about 1 ppm had 50% fewer cases of dental
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characterized by deposits of iron compounds in organs such as the liver
and heart. Acute ingestion of large doses of ferrous salts can be fatal,
particularly in children under the age of two. Manganese deficiency is rare
but is believed to cause ataxia, hearing loss and dizziness. Inhalation of dust
from mining and other industrial sources can lead to manganese toxicity
and causes severe neurological dysfunction, similar to Parkinson’s disease
(Chapter 18). A dietary deficiency of molybdenum has not been reported.
However, molybdenum deficiency was noted in a patient on parenteral
nutrition who suffered from mental disturbances that progressed to coma.
Supplementation of molybdenum improved the patient’s clinical condition.
Levels of manganese in food and water must exceed 100 mg kg™ body
weight to produce manganese toxicity. However, few data are available but
the major signs include diarrhea and anemia. The high concentrations are
thought to stimulate xanthine oxidase, leading to increased serum uric acid
and gout (Chapter 8).

Selenium deficiency results from a low dietary intake in parts of the world with
soils of low selenium content and has been reported in patients on long-term
parenteral nutrition. A deficiency of selenium may lead to a cardiomyopathy.
In China, this is called Keshan’s disease and affects young women and children
in selenium deficient regions and although selenium deficiency is a basic
factor in Keshan’s disease, its occurrence is seasonal and it is associated with
viral infections that cause inflammation of the heart. Prophylactic selenium
prevents the disease developing but selenium supplements do not reverse
heart muscle damage. A large intake of selenium causes selenosis, a condition
characterized by loss of hair, skin and nails.

Zinc deficiency is relatively common in populations in rural areas of the
Middle East and subtropical and tropical areas where unleavened whole
wheat bread can provide up to 75% of the energy intake. The little zinc in
wheat is bound by the relatively large amounts of phytic acid and fiber present
that inhibit its absorption. This is not a problem in leavened bread, as yeasts
produce phytases that inactivate the phytic acid. Zinc deficiency also occurs
during prolonged parenteral nutrition if inadequate amounts are provided.
A deficiency is associated with a period of severe catabolism, as would occur
in PEM. A severe deficiency occurs in the skin condition acrodermatitis
enteropathica, where there is an inherited defect in GIT zinc absorption. A
deficiency of zinc delays the onset of puberty. High doses of zinc reduce the
amount of copper the body can absorb causing anemia and weakness of the
bones.

caries than those in areas where the water fluoride was below
0.1 ppm. Indeed, removal of fluoride from the water increased
the incidence of caries. These UK studies have been supported
by others worldwide, where similar results have been obtained
despite ethnic, social, climatic and dietary differences. Fluoride
in toothpastes, mouthwashes or when consumed in a liquid
or tablet form is also effective in preventing dental caries. The
addition of fluoride to drinking water at concentrations greater
than 12 ppm promotes dental fluorosis, a mottling of the teeth
as they form in the jaws. Its effects are generally cosmetic and
only cause functional problems when the disorder is severe.

Other concerns of fluoridation include its possible association
with cancer and arthritis. There is, however, a weak association
between fluoridation and an increased susceptibility to bone
fractures.

The addition of fluoride to drinking water has also raised ethical
issues because it is seen by some as an infringement of personal
liberty in that individuals have no choice but to drink water
containing fluoride. The use of fluoridation requires careful
consideration of the ethical issues and the balance between its
beneficial and any potentially harmful effects.

265



(@ (TR DIET AND DISEASE

Figure 10.35 Measuring arm circumference.

Figure 10.36 Measuring skin fold thickness.
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10.4 INVESTIGATING NUTRITIONAL DISORDERS

The main objectives in investigating nutritional disorders are to detect
malnutrition, determine the most appropriate treatment and to monitor
the progress of the patient during treatment. A number of fairly general
investigations are available for patients suspected of suffering from
malnourishment, for example taking a medical history, physical examination
and laboratory investigations. A patient’s medical history may help to reveal
the underlying basis of the complaint. A significant part is determining
the dietary history, which usually involves dietary recall of the last one
to seven days, or food frequency questionnaires where patients estimate
how often a particular food on a list has been eaten. A medical history also
includes specific questions concerning recent weight changes, dietary
habits, for example alcohol consumption, appetite, GIT function, use of
vitamin and mineral supplements and drug intake. A physical examination
can include anthropometric measurements, such as weight, height, body
mass index (Margin Note 10.2), arm circumference and skinfold thickness.
Arm circumference is an indicator of muscle mass. The arm circumference
is measured at the midarm point in millimeters (Figure 10.35) and values
are typically 293 mm in males and 285 mm in females. Skinfold thickness
indicates the extent of subcutaneous fat stores. It is commonly measured
at the biceps, triceps, subscapular and suprailiac sites in both males and
females. In, for example, the triceps measurement the arm is allowed to hang
freely and a fold of skin above the midpoint of the arm is pulled from the
underlying muscle and measured to the nearest millimeter using calipers
(Figure 10.36). Values are typically 12.5 and 16.5 mm for males and females
respectively. Measurements at the four sites should be made in duplicate and
should not vary by more than 1 mm. If consecutive measurements become
increasingly smaller the fat is being compressed and other sites should be
assessed while the tissue recovers. However, the accuracy of the test depends
upon selecting the sites correctly, an appropriate technique in taking the
measurements and the experience of the tester; hence the trend is more
important than the values at any one time. Values for arm circumference
and skinfold thickness are compared with standard values for the same sex.
Undernutrition is indicated if they are less than 90% of these values.

The appearance of the skin, hair, nails, eyes, bones, teeth and mucous
membranes may reveal signs of malnutrition. A number of general laboratory-
based investigations on blood and urine samples can aid in diagnosing
malnutrition and are listed in Table 10.8. These tests are not reliable when

Clinical value in assessment of malnutrition

Serum albumin reduced values in kwashiorkor, poor protein intake and
zinc deficiency

Total iron-binding capacity (Chapter 13) reduced values in kwashiorkor and poor protein intake

Total lymphocyte count (Chapter 13) reduced values in PEM especially kwashiorkor

Serum creatinine (Chapters 1 and 8) reduced values in muscle wasting because of energy
deficiency

Creatinine clearance (Chapter 8) reduced values in muscle wasting because of energy
deficiency

Hemoglobin (Chapter 13) reduced values in anemia possibly due to nutritional
deficiency

Prothrombin time (Chapter 13) increased in vitamin K deficiency

Table 10.8 Laboratory tests for investigation of malnutrition




used in isolation, as their findings are also altered in some disease states.
Hair and nail samples are of questionable clinical value and are not routinely
taken.

PROTEIN-ENERGY MALNUTRITION

A diagnosis of PEM must identify the type present. Individuals affected by
maramus present with decreased anthropometric measurements, loss of
muscle mass and body weight. There is also a decline in body temperature,
pulse and metabolic rate. Serum protein levels are often low but can be
normal. Children suffering from PEM have reduced rates of growth and are
shorter, particularly in marasmus, compared with their normal counterparts.
This can be easily assessed using charts of growth rates (Figure 10.37). They
also have an impaired immune system, because of reduced protein synthesis
in particular of immunoglobulins, and, as a consequence, infections such
as measles that a child would normally be expected to survive are common
causes of death in severe cases. A diagnosis of kwashiorkor is made following
a thorough physical examination together with a medical and dietary history.
Patients affected with kwashiorkor have the characteristic swollen abdomen,
show hypoalbuminemia and a reduced lymphocyte count or lymphopenia.

97%
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-

Age

OBESITY

In addition to arm circumference and skinfold thickness, the distribution
of fat in obese patients can be assessed by determining the waist:hip ratio.
The waist circumference is measured at its narrowest point and divided by
that of the hip at its widest. Ratios greater than 0.80 for women and 0.95 for
men increase the risk of developing clinical problems associated with obesity
(Table 10.7). Ultrasonography can also be used on soft tissue adipose material.
The technique reflects ultrasound waves from internal tissues or organs and
the echo patterns are analyzed to form a picture of body tissues called a
sonogram. The extent of fat deposition can be accurately determined but is
more expensive than other methods and not widely used.

ANOREXIA NERVOSA AND BULIMIA NERVOSA

Anorexia nervosa and BN are difficult to identify, given that the patients often
take extreme measures to hide the condition and, indeed, often refuse to admit
to any problem. Diagnosis relies on a medical history, clinical investigation

INVESTIGATING NUTRITIONAL DISORDERS

Figure 10.37 A generic growth chart. Charts are
available for different sexes and ethnic groups.
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supported by anthropometric measurements, coupled with a sympathetic
psychological assessment.

VITAMINS

The majority of vitamin disorders encountered in clinical practice are
deficiencies. The investigative procedures are varied and depend upon
the vitamin in question. Chemical tests can help to confirm the diagnosis
of overt vitamin deficiencies and may enable diagnosis to be made at a
relatively early stage. The types of tests used include direct measurements of
the concentration of the vitamin or one of its metabolites in plasma, serum,
erythrocytes, urine or tissue biopsies. The concentration of vitamin in plasma
does not necessarily reflect body vitamin status and a measurement of the
concentration in blood cells may be a better indicator. Enzyme-based tests
are available for some vitamins. Metabolites that accumulate in the blood
or urine following the blockage of a metabolic pathway normally catalyzed
by an enzyme that requires a vitamin as a cofactor or coenzyme may also be
investigated.

Vitamin B, (thiamin) deficiency can be assessed by direct measurement
of its concentration in plasma or indirectly by determining the increase in
erythrocyte transketolase activity in the presence of added TPP. The increase
in activity is called the activation coefficient. A coefficient less than 15% is
considered normal; an increase of 15-25% indicates a marginal deficiency,
while an increase greater than 25% with clinical signs is indicative of severe
thiamin deficiency. Thiamin deficiency can also be assessed by the clinical
response to administered thiamin, that is, an improvement in the condition
after administering thiamin supplements. The nutritional status of vitamin B,
(riboflavin) is investigated in a similar manner by determining the activation
of glutathione reductase activity of erythrocytes in the presence of added
FAD.

Assessing the nutritional status of niacin is more difficult. The usual method
is to determine the concentrations of metabolites of niacin, for example
1-methylnicotinamide and 1-methyl-3-carboxamido-6-pyridone, in urine
samples. Both are reasonably good measures of niacin status, as is the ratio of
the concentrations of NAD* to NADP" in erythrocytes. A ratio of less than 1.0
may identify subjects at risk of developing a niacin deficiency. The nutritional
status of vitamin B, (pantothenic acid) can also be assessed by determining
its concentration in plasma or urine samples. In general, plasma pantothenic
acid concentrations decrease in patients on a pantothenic acid deficient diet.
However, the concentrations of pantothenic acid in blood respond less readily
to intake than does the concentration in urine.

The status of vitamin B_ can be investigated in a manner similar to those for
thiamin and riboflavin by determining the activation coefficients of erythrocyte
alanine and aspartate transaminase activities (ALT and AST respectively) in
the presence of the cofactor pyridoxal phosphate. Alternatively, vitamin B,
status may be assessed by the tryptophan loading test. Tryptophan is normally
catabolized by the pathway shown in Figure 10.38. However, the activity of
kynureninase decreases markedly in B deficient patients. If such a patient
is given an oral dose of 50 mg per kilogram body weight of tryptophan, then
there is an increase in the amounts of kynurenic and xanthurenic acids formed
and these appear in the urine. Generally less than 30 mg of xanthurenic acid
is excreted daily; higher amounts are indicative of vitamin B, deficiency.
However, some other disorders of tryptophan catabolism can also lead to an
increase in xanthurenic acid production so abnormal results must be treated
with caution.

A possible deficiency of vitamin H (biotin) can be investigated by measuring
its concentration in whole blood, serum or urine. Determining plasma biotin



CH,— CH—CO00"

+
NH3

Tryptophan |
H

/ OH

Tryptophan
dioxygenase and
formylkynurenine
formamidase

activities l_(ynurenine \
aminotransferase
Kynurenine - >
NZ NCOOH
NADPH + HT o
Kynurenine / Kynurenic acid
hydroxylase \

+
NADP OH

Kynurenine \

. aminotransferase
3-Hydroxykynurening ——M8

H,0 N7 NCOOH
OH

Vitamin Bg
Xanthurenic acid

Kynureninase <— Inhibition -
deficiency

HEN—CH—C00"
Alanine

CH;

COOH

NH,

OH
3-Hydroxyanthranilic acid

is not a reliable indicator of status. Changes in urinary excretion of biotin or
of its metabolites are better indicators of biotin status.

Folic acid status may be investigated by directly measuring its concentration
in serum or erythrocytes although these are associated with a number of
problems. Serum folic acid tends to reflect dietary intake over the previous
few weeks. Patients with both acquired and inherited folic acid deficiency may
remain moderately deficient for months or years, taking in just enough folic
acid to prevent low erythrocyte folic acid concentrations and frank anemia.
Erythrocyte values are not sensitive to short-term variations; depletion
occurs only in the later stages of deficiency and is usually accompanied by
megaloblastic anemia. Both erythrocyte and serum folic acid studies must
be performed. Severe folic acid deficiency is accompanied by a macrocytic
anemia (Chapter 13) although the size of erythrocytes may be entirely normal
in lesser degrees of depletion. Serum vitamin B, concentrations should also
be measured when evaluating folic acid deficiency since if either vitamin
is deficient it can lead to a failure in absorption by megaloblastic intestinal
cells resulting in a secondary deficiency of the other. Formiminoglutamic
acid (FIGLU) is a substrate for the folic acid dependent enzyme, formimino-

INVESTIGATING NUTRITIONAL DISORDERS

Figure 10.38 The catabolism of xanthurenic acid,
which is the basis of the tryptophan load test for
vitamin B_ status. See text for details.
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glutamate formiminotransferase required for histidine catabolism. When the
vitamin is deficient, FIGLU accumulates and is excreted into urine providing
a sensitive test of deficiency. However, FIGLU also increases in vitamin B12
deficiency and liver disease, so a high FIGLU excretion is not specific for the
diagnosis.

A deficiency of vitamin B, (cobalamin) is investigated by measuring its serum
concentration and by hematological examination of blood and bone marrow
slides. Serum B , can be measured in isolation or as part of a Schilling test
to exclude intrinsic factor deficiency (pernicious anemia, Chapter 13). A
Schilling test will assess whether vitamin B , is being absorbed correctly by
the body. The amount of vitamin B , excreted in urine over a 24 h period is
determined after giving the patient a known amount of radioactively labeled
vitamin B ,. If the GIT is able to absorb vitamin B , normally, then up to 25%
of the vitamin will be present in the urine. If there is failure in absorption,
then little or no vitamin B, is detected in the urine. In the latter case, the test
is repeated following an oral dose of intrinsic factor to determine whether the
vitamin deficiency is due to lack of intrinsic factor or a GIT problem.

The concentration of vitamin C in the plasma is a poor indicator of
deficiency. Measurements of cellular stores, especially in leukocytes are more
useful. However, vitamin C concentrations in leukocytes should always be
accompanied by a differential leukocyte count, given that different types of
leukocytes vary in their capacity to accumulate the vitamin. A change in the
proportion of polymorphonuclear leukocytes, which become saturated with
vitamin C at lower concentrations than other leukocytes, would result in a
change in total concentration of vitamin C per 10° cells, even if the nutritional
status of the vitamin is unchanged.

The concentration of vitamin A in the plasma can be measured but this may
be misleading as it only declines when tissue stores become severely depleted.
Deficiency can also occur in severe protein deficiency which decreases the
amount of its carrier protein. In such cases, the concentration of plasma
vitamin A would increase once the protein deficiency was corrected. Clinical
investigations of possible vitamin D deficiency involve determining serum
calcium and phosphate concentrations and measuring serum alkaline
phosphatase activity, since the enzyme is los