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I would like to dedicate this book to Carol, Alex and Tom and my Mum and Dad.
‘The cycle of life is a journey of microbiological intrigue’



Preface

The world’s population is estimated to reach 8.9 billion by 2050 with 370 million
people of 80 years of age or older. Ageing is an incurable disease and defined as the
‘deregulation of biochemical processes important for life’, but for the purpose of
this book, ageing is better defined as the biological process of growing older.
Ageing is part of natural human development.

As you will see throughout this book, the microbiological burden on the host is
enormous and clinically significant, and will undoubtedly have a role to play in the
ageing process. As humans are living longer, there is a greater propensity to
infection. This risk is substantially heightened in elderly individuals who are
predisposed to infection. While the process of ageing and its effects on the host’s
microbiology are poorly documented and researched, data obtained from gut
studies have shown that microbiological changes take place over time suggesting
significance to the host. Do the microbiological changes that occur within and upon
the host influence the process of ageing or is it the biological changes of the host
that affects the microbiology? Does this therefore affect our propensity to disease?
As the host’s microbiology changes with ageing, is this significantly beneficial or
severely detrimental to the host? Are there ways of enhancing life expectancy by
reducing certain bacteria from proliferating or conversely by enhancing the survival
of beneficial bacteria?

This book considers the microbiology of the host in different regions of the body
and how these vary in the different age groups. Chapter 1 of the book focuses on
ageing theories with Chap. 2 considering the human indigenous flora and how this
is affected during ageing. Chapter 3 highlights the main infections associated with
an elderly population, while Chap. 4 reviews the process of skin ageing and its
associated microbiology. Chapter 5 reviews the ageing lung and Chap. 6 reviews
influenza in the elderly. Chapter 7 highlights the changes that occur in the oral
microflora and host defences with advanced age with Chap. 8 reviewing the
influence of the gut microbiota with ageing. Chapter 8 focuses on the gut and its
associated immunity. The remaining four chapters of the book consider clostridium
and the ageing gut, Helicobacter pylori and the hygiene hypothesis and the benefits
of probiotics. The microbiology theory of autism in children is reviewed in

vii
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Chap. 13. The final chapter of the book examines how the beneficial microbiology
of the host leads to human decomposition.

This book encompasses a collection of reviews that highlight the significance of
and the crucial role that microorganisms play in the human life cycle.

Flintshire, UK Steven L. Percival
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Chapter 1
Ageing Theories, Diseases and Microorganisms

Steven L. Percival

Biology of Ageing

Ageing is a ‘progressive decline or a gradual deterioration of physiological function
including a decrease in fecundity or irreversible process of loss of viability and
increase in vulnerability’." It is often referred to as the deregulation of biochemi-
cal processes important for life.'** However, for the purpose of this book and
chapter, ageing is best described as the biological process of growing older. The
ageing process is associated with physiological changes, an increased susceptibility
to certain diseases, an increase in mortality, a decrease in metabolic rate, a reduc-
tion in height and reaction times, a fluctuation in weight, menopause in woman,
reduction in olfaction and vision, and, in particular, a decrease in the immune
response.sf7

Factors known to cause and influence ageing in humans remain diverse, and
scientifically problems reside in distinguishing causes from effects.® However,
there are strong evolutionary and genetic influences known to effect the ageing
process and life expectancy.””'! The physiological changes that do occur during
human ageing increase an individual’s susceptibility to various diseases and there-
fore increase the likelihood of death.

Mechanistic Theories on Ageing

Many ageing theories have been proposed, and scientifically scrutinized. To date,
the reasons why humans age are still extensively being researched, but still no
overall general consensus regarding the cause of the ageing exists. Nevertheless,
what can be agreed upon is the fact that ageing is an ‘inescapable biological
reality’.'> However, many scientists hypothesize that ageing is ‘a disease that can
be cured, or at least postponed’.'?

S.L. Percival
West Virginia University Schools of Medicine and Dentistry Robert C, Byrd Health Sciences
Center-North, Morgantown, WV, USA
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2 S.L. Percival

The first ageing theory, founded on genetic principles, can be traced back to the
work of Weismann at the end of the nineteenth century.'* Weismann postulated that
evolution introduced ageing to avoid parents, and their more adapted offspring,
competing for the same resources. This theory of ‘programmed death’ was severely
criticized, as it seemed very unlikely that such a programme could ever be imple-
mented in natural conditions where practically no individual dies of old age. An
alternative theory of ageing, proposed by Peter Medawar, stated that ageing
resulted from an accumulation of mutations. Such mutations, known to be detri-
mental to the host, were considered free to accumulate resulting in death. More
recently, in 1957, George Williams proposed a complementary ageing theory
known as the ‘antagonistic pleiotropy theory’. Agonistic pleiotropy means that a
single gene may have an effect on several traits (pleiotropy), and that these effects
may affect fitness in opposite ways (antagonistic). This theory states that evolution
favours mutations that improve fitness at an earlier age, even at the expense of a
reduced fitness later on in life. According to this ageing theory, senescence is a by-
product of good adaptation early in life. Even today, this remains a well-respected
ageing theory. Evolutionary ageing theories are constantly being challenged by the
generation of new findings as a result of long-lived mutant animal models. Data
obtained from these studies have resulted in suggestions that Weismann’s pro-
grammed death theory'” should be reconsidered specifically, as all evolutionary
theories still need experimental confirmation and should not be considered mutually
exclusive.'®

Within the animal kingdom clear differences in the rates of ageing are evident.
Many theories exist to suggest reasons for this.'” " Such theories, however, lie
outside the nature of this book. While many theories have been proposed to help
explain human ageing, there still remains a lack of adequate ‘ageing’ models.
Consequently, this makes hypothesis-testing difficult. Testing the many ageing
theories is difficult, expensive and time consuming, and discriminating between
causes and effects is presently impossible.

To date, the two most respected human ageing theories include the ‘programmed
theories of ageing’ and the ‘damage-based theories of ageing’. Programmed ageing
theories suggest that ageing is not a random process but driven by genetically
regulated processes, as opposed to the damage-based ageing theories which suggest
that ageing is a result of damage accumulation products produced by the normal
cellular processes of the body as a result of poor repair systems in the body. The
damage-based theories imply that ageing is predominately a result of interactions
with the environment,”' as opposed to the programmed theories which are pre-
determined. However, there does seem to be a large amount of overlap between
these theories. Each of the two theories will be considered in turn.

Programmed Theories of Ageing

The programmed theories of ageing defend the idea that ageing is genetically
determined: i.e. a programmed and predetermined process. This suggests that the
process of ageing is ‘genetically regulated’. The significance of this is apparent
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when we consider certain hormones,22 such as growth hormone, which are known
to decline with age and whose target is the insulin-like growth factor 1 (IGF-1).%2
However, it has been found that by restoring or altering hormonal levels in the
younger generation, ageing has not been deterred. In fact, hormone replacement has
been shown to prematurely accelerate ageing. Nevertheless, there have been nu-
merous research findings that have shown that the endocrine system is able to
influence the ageing process.

Only one single gene has been shown to have a possible direct effect on human
longevity. This gene is the apoE gene. The apoE gene codes for a protein in the body
that is involved in fat transport. Centenarians have been found to have a high preva-
lence of the apoE e2 variant (or allele) compared to the e4 variant.”> The e4 variant is
known to cause susceptibility to elevated blood cholesterol, coronary artery disease,
and Alzheimer disease (the function of this protein in the brain is not yet known).**

In animal studies, several genes have been isolated that have been shown to
influence ageing and life span. For example, in the nematode worm, Caenorhabditis
elegans, the inactivation or loss of a few genes increases its life span fivefold,
generally (but not always) at the expense of a reduced fertility.*** Life extension in
worms has been linked with the worms’ ability to enter a phase called Dauer larva,
during which the animal seals its mouth and does not feed. Some mutant worms
(with non-functional or missing DAF-2 gene) show an extended life span, and enter
this phase whatever the environmental conditions.”® Similar life extension by
genetic means has been observed in other animal models. Examples include the
fruit fly, Drosophila melanogaster, and the mouse, where longevity is often
connected with dwarfism.?®

The pattern of genes involved in longevity suggests that a common biochemical
pathway may be involved in the regulation of ageing of some organisms. It appears that
in humans some genes associated with ageing are involved in molecular pathways
homologous to that responding to insulin and (IGF-I) in mammals, a pathway regulat-
ing glucose intake and its conversion into fat. It is no surprise then that life span is
considered to be affected by dietary restriction. It is possible that genes regulating food
consumption, and food intake itself, may affect life span.

Most recently, De Magalhaes® has suggested a number of genes thought to
directly influence mammalian ageing and known to alter the rate of both ageing
and age-related debilitation. These genes have been grouped into three broad
pathways: namely, the genes involved with DNA metabolism (CKNI1, lamin A,
WRN, XPD, Terc, PASG, ATM, and p53), and the genes involved with energy
metabolism and the growth hormone/IGF-1 axis and oxidative stress (p66shc,
MSRA, and Thdx1).® The significance of all these genes having a role in human
ageing is currently being investigated further.

Damage-Based Theories

The damage-based theories of ageing suggest that aging results from a continuous
process of damage accumulation, originating from by-products produced by normal
metabolic processes of the body. The damage-based theories are predominantly a
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result of interactions with the environment,”' whereas programmed ageing, as
mentioned previously, seems to be predetermined and occurs on a fixed schedule.
Despite this, ageing could be a result of extrinsic or intrinsic factors that cause an
accumulation of damage?’ or a result of changes in gene expression that are either
programmed or derived from DNA structural changes.*®

Ageing in animals has been quoted to be multi-factorial, with the changes of
ageing considered to be under the guidance of biological clocks.”® As humans
exhibit a gradual ageing process compared to animals, this suggests that the
mechanisms of ageing, in particular the existence of biological clocks, may be
different in humans when compared to animals.

Energy Consumption Hypothesis

In 1908 Max Rubner’ suggested a relationship between body size, metabolic rate,
and longevity/ageing. Essentially, this theory suggested that bigger animals live
longer than smaller animals because they spent fewer calories per gram of body
mass. The energy consumption theory suggested that animals are born with a
limited amount of potential energy and the faster they use this stored energy the
quicker they die. However, the rate of living theory evolved as a continuation of
the energy consumption hypothesis, which essentially hypothesized that the faster
the metabolic rate, the faster the biochemical activity and, therefore, the faster an
animal would age.

In 1935 McCay®' first recognized that dietary restriction extended longevity.
The theory suggested that a decrease in calories possibly has an effect on the
metabolic rate. This theory was investigated and shown to extend the life of rodents.
In addition, dietary restrictions have been shown to result in a significant retardation
and decline in immunological competence and decline in tumour development in
rodents. Irrespective of these and other findings, the dietary restriction theory is at
present flawed with many unanswered questions still remaining.

Free Radical Theory

In 1954 Rebeca Gerschman and collegues™ first proposed the concept that free
radicals were toxic. Such free radicals are referred to as reactive oxygen species
(ROS), which originate from exogenous sources such as ionizing and ultraviolet
radiation, and from endogenous processes caused by cellular activity, i.e. waste
products of metabolism. In 1956 Harman proposed the ‘free radicals theory’ which
described that ROS were the source of damage which accumulates in cells.*® This
theory simply argues that ageing results from the damage generated by ROS.
Because there are numerous enzymes to restrict the damage inflicted by the
ROS, this suggests a strong reason why these ROS must be of some biological
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significance.®* However, much of the evidence for this theory has come from
research in transgenic fruit flies and not humans.

ROS encompass many chemical species, mostly superoxide anions, hydroxyl
radicals, and hydrogen peroxide (H,0O,) These small molecules (compared to
proteins and nucleic acids) are chemically very active, and can therefore cause a
great deal of damage and disruption to cells.*® Reactive radicals of nitrogen (nitric
oxide and derivatives) and of oxygen (superoxide anion, hydrogen peroxide, hy-
droxyl radical) can inflict considerable damage on macromolecules (protein,
nucleic acids, complex lipids), which give rise to carcinogens (e.g. nitrosamines)
and trigger (or sometimes prevent) apoptoic death of cells, i.e. macrophages and
vascular epithelial cells. Unless mechanisms for scavenging these reactive species
are effective, the damage inflicted by free radicals is known to substantially
increase cell death.

ROS are by-products produced in the mitochondria (the main source of ROS).
The efficiency of the mitochondrial electron transport and energy-generating pro-
cesses deteriorate with age, resulting in increased levels of oxidizing free radicals
and ultimately leading to cell death or deterioration. The control of ROS levels and
production is fundamentally important in the human body, but it is interesting to
note that ROS may not just be causing random damage but may also be used as
signalling molecules in various cellular processes of the body.>” The significance of
this warrants further investigation. To further complicate the picture, it has been
shown that the pathways that control ROS levels are ageing themselves.>> These
pathways have been found to be less efficient at an older age. In addition to this,
Weindruch®® has found that some animals are known to age more slowly because
they produce less ROS.

The human body has evolved mechanisms to control the detrimental effects of
harmful chemicals and ROS. One mechanism involves the use of superoxide
dismutase (SOD), which has no function other than disposing of superoxide anions.
Another enzyme known to be very beneficial in suppressing the effects caused by
ROS is methionine sulphoxide reductase A (MSRA). This enzyme is able to
catalyse the repair of protein-bound methionine residues known to be oxidized by
ROS. Presence of this enzyme suggests that ROS are biologically significant.
Interestingly, overexpression of MSRA in Drosophila has been shown to increase
longevity.>’

It is universally accepted that ROS have a role to play in pathologies of the body
but the exact influence ROS have on mammalian ageing is as yet undetermined and
inconclusive.

DNA-Damage Theory

The DNA-damage theory was first proposed by Leo Szilard in 1959,® and suggests
that damage to DNA causes ageing. However, it is doubtful whether DNA damage
accumulation alone is able to drive the ageing process. Nevertheless, as with a
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number of the ageing theories proposed, any changes that do occur in DNA may
have a role to play in ageing. To date, the essence of these changes and the
mechanisms that are involved are as yet undetermined.

Interestingly, accelerated ageing has been noted in humans because of certain
genetic mutations. Two rare diseases, namely, Werner’s syndrome (WS) and
Hutchinson—Gilford’s syndrome, produce conditions which are similar to an accel-
erated ageing process due to DNA damage.* In addition to this, ROS have also
been shown to damage DNA.*

Microorganisms and Ageing

Ageing/senescence has been documented in a number of microorganisms. For
example, by measuring ageing by reproductive output, ageing has been shown to
exist in Caulobacter crescentus.*' In addition to this, ageing has been reported in
Escherichia coli cells, following nutrient depletion. In this example, E. coli has
been shown to lose its ability to reproduce and recover from injury. Furthermore, it
has been shown that when E. coli divides, one of the newly formed colonies inherits
the oldest end, or pole, of the ‘mother’. This newly formed cell has been shown to
have a diminished growth rate, decreased offspring production, and an increased
incidence of death,** which are all characteristics of ageing.

Ageing and Disease/Infection

The world’s population by the year 2050 is estimated to become 8.9 billion
(as published by the Department of Economic and Social Affairs). With this
increase comes an increase in the number of ageing and aged individuals. For
example, in 1998, 66 million people in the world were 80 years of age or older. This
figure is projected to become 370 million by the year 2050.

By the year 2030, in the US alone, it is estimated that one in five people will be
expected to be 65 years and older.**** Changes within the immune functions are
known to occur during the ageing process which pre-disposes the elderly popula-
tion, when compared to the younger population, to many types of infectious
agents.** " As well as a change in the types of microorganisms associated with
infections comes a greater diversity of pathogens associated with an elderly popu-
lation compared to that of a younger one.***’ This will have effects on recovery
and clinical outcome.

A number of pathologies associated with human ageing are highlighted in
Fig. 1.1,*® and the leading causes of death in humans can been seen in Table 1.1.
Specific conditions highlighted in the table include diabetes, heart disease, cancer,
arthritis, and kidney disease, with heart disease the number one cause of death in
people aged 85 (Fig. 1.2**) followed then by cancer, cerebrovascular diseases,
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Fig. 1.1 Prevalence of selected chronic conditions, expressed in percentages, as a function of age
for the US population (2002-2003 dataset). (Source: National Center for Health Statistics Data
Warehouse on Trends in Health and Aging. Courtesy and permission from Dr Jodo Pedro de
Magalhaes. http://www.senescence.info/deﬁnitions.html)48 (See Color Plates)

Table 1.1 Death by underlying or multiple causes, expressed in rates per 100,000 people or in
percentage of the total deaths, for the 2001 US population in two age groups: 45-54 years and 85
years of age and older. (Source: National Center for Health Statistics Data Warehouse on Trends in
Health and Aging. Courtesy and permission from Dr Jodo Pedro de Magalhaes. http://www.
senescence.info/definitions.html)*®

Cause of death 45-54 years Over 85 years
Incidence % of deaths  Incidence % of deaths
Diseases of the heart 92.8 21.66 5,607.5 37.48
Malignant neoplasm 126.3 29.48 1,747 11.68
Cerebrovascular diseases 15.1 3.52 1,485.2 9.93
Parkinson’s disease 0.1 0.02 1,312.8 8.77
Alzheimer’s disease 0.2 0.05 703.2 4.70
Pneumonia 4.6 1.07 676.5 4.52
Chronic lower respiratory diseases 8.5 1.98 638.2 4.27
Diabetes melittus 13.6 3.17 318.6 2.13
Certain infectious and parasitic diseases 22.9 5.35 243.8 1.63
Atherosclerosis 0.5 0.12 177.3 1.19
Others 143.8 33.57 2,050.9 13.71

Parkinson’s and Alzheimer’s diseases, pneumonia, and chronic lower respiratory
diseases. Infections in the elderly population are commonly due to pyogenic
bacteria. Conditions that are highly prevalent in this age group include pneumonia,
urinary tract infections, endocarditis, bacteraemia, and skin and soft tissue infec-
tions.** Certain conditions such as meningitis are rare in the very old but are more
significant in a younger population. In addition to this, viral infections in the older
population, when compared to the younger population, are infrequent occurrences.
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Fig. 1.2 Death by underlying or multiple cause, expressed in rates per 100,000 people, as a function
of age for the 2001 US population aged 85 and older (Source: http://www.cdc.gov/nchs/nhcs.htm.
National Center for Health Statistics Data Warehouse on Trends in Health and Aging. Courtesy and
permission from Dr Jodo Pedro de Magalhdes. http://www.senescence.info/definitions.html)*®
(See Color Plates)

Exceptions to this, however, include herpes zoster reactivation (shingles),49
influenza,*® and gastroenteritis.”’

If we work from present figures, within the next 50 years there will be 20 million
elderly persons hospitalized with pneumonia, septicaemia, and urinary tract infec-
tions. Also, because of the increased usage of prosthetic devices by the ageing
population, infections associated with these devices are increasing exponentially.””
The statistics quoted for diseases and infections in the US are approximately the
same within most developed countries. In developing countries, statistics are
significantly different, with most infections and deaths attributed to tuberculosis,
leishmamiasis, malaria, and the effects of enteric bacteria. In addition to this, the
prevalence of nosocomial infections has been shown to increase substantially with
age because of the increased risk of infection per day of hospitalization.”* Most
infections in the elderly have a poorer outcome when compared to younger adults.>*
This is due to a number of factors including late diagnosis of therapy, increased
frequency of co-morbidities, and poor tolerance to drugs, to name but a few. To
help improve this situation, vaccinations are necessary, i.e. an annual influenza
vaccination and a pneumococcal vaccination.”> However, vaccinations are much
less effective in the sick and also institutionalized elderly people.
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Increased Sensitivity of Infection in the Elderly

The elderly population is much more sensitive to infection when compared to the
younger population for a number of reasons. One reason is due to immunosenescence,
another is due to malnutrition, and others are a result of anatomic and also physiologi-
cal changes. As mentioned previously, the immune system becomes less effective in
the elderly, which enhances an individual’s susceptibility to infection. Malnutrition in
the elderly is known to be major cause in decreasing immune function,’®>’

Both anatomical and physiological changes in humans are characteristics of the
ageing process. For example, the body has many non-immune host defensive
mechanisms that prevent infections. As we age, these defence mechanisms, e.g.
mucociliary clearance or rapid urine flow, are affected, which leads to efficient
removal of bacteria from the human body. Within the lungs, for example, frequent
infections, particularly in the elderly, are highly prevalent when compared to the
younger population. Colitis and gastroenteritis are also common conditions of the
elderly. This is principally due to the fact that ageing is associated with a decrease
in gastric acidity and changes in the intestinal flora and intestinal mucus,’® together
with increase in the usage of antibiotics, which in turn increase problems associated
with Clostridium difficle.

Does Infection Contribute to Ageing?

Ageing, as mentioned previously, is a risk factor for infection but it would seem, on
the basis of the evidence to date, that infection, due to exogenous or indigenous
microorganisms, may contribute to the ageing phenomenon. This hypothesis is
considered conceivable, as pathogens are known to cause tissue and cellular
destruction. In addition, the immune response of the body clearly has an effect on
invading pathogens but at the same time does cause damage to the host itself.>”
Furthermore, latent or chronic infections contribute to the ageing process. For
example, latent infections may periodically be reactivated, and those microorgan-
isms known to avoid the immune system may contribute to the ageing process.

Inflammation, due to bacteria, is documented in many diseases and associated
with the ageing process. Chlamydia pneumoniae, Helicobacter pylori, cytomegalo-
virus, herpes simplex virus, and also those responsible for periodontitis®®** are
considered significant to atherosclerosis, but it is probable that viruses and bacteria
have an6 saggravating influence on an individual with a genetic susceptibility to
disease.™

Conclusion

Ageing is part of natural human development. This suggests that both ageing and
human development are regulated by the same genetic processes.®**® In many
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animal species it has been suggested that ageing is a product of evolution and that
ageing may be an unintended result of evolution. This theory does seem unlikely in
humans, however. Evolution does not favour the concept of a long life but favours
and optimizes reproductive mechanisms. Many ageing theories do overlap, and
how the microbiology of the host affects the ageing process has not been reported.
As you will see throughout this book, the microbiological burden on the host is
enormous and clinically significant and undoubtedly will have a role to play in the
ageing process.

As humans are living longer, there is a greater propensity to infection. This risk
is substantially higher in elderly individuals who are predisposed to infection.
While the process of ageing and the effects ageing has on the hosts’ microbiology,
and vice versa, are poorly documented and researched, data obtained from gut
studies suggest that microbiological changes take place in the human host over time
suggesting significance to the host. Do the microbiological changes that occur
within and upon the host influence the process of ageing, or are they the biological
changes of the host that affect the microbiology? Does this therefore affect our
propensity to disease? As the host’s microbiology changes with ageing, is this
significantly beneficial or severely detrimental to the host? Are there ways of
enhancing life expectancy by reducing certain bacteria from proliferating or,
conversely, by enhancing the survival and proliferation of beneficial bacteria
delay ageing? As you will see throughout this book, the whole area of ageing is
complex and to date ageing remains an incurable disease.

The role microorganisms may play in influencing ageing is unquestionably
significant to human life, longevity, and disease. Microbiological changes that do
occur, specifically in the gut during ageing, may provide some useful research
findings that may shed some light on the effects microorganisms have on human
development and ageing.

Acknowledgement I would like to thank Dr Jodo Pedro de Magalhdes for his help with this
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Chapter 2
Indigenous Microbiota and Association
with the Host

John G. Thomas and Steven L. Percival

Human Development, Microorganisms, and ‘Normal Flora’

The association between man and microorganism started during the early stages of
human evolution. It is therefore of no surprise that the concept of bacteria influencing
human development is of significance. In spite of this, evidence that bacteria may
influence a specific host’s development has largely been derived from research findings
obtained from invertebrate models. Nevertheless, the initial findings generated from
these invertebrate models may have some relevance to both animal and human
development. For example, research has shown that bacteria, such as Vibrio fischeri,
are capable of affecting morphological changes in the marine squid Euprymna
scolopes. The ‘commensal’ relationship between V. fischeri and E. scolopes occurs
when the squid hatches from its eggs. As the eggs hatch, within a few hours, V.
fischeri, located in the sea water, colonize the newly formed squid. V. fischeri are
then thought to induce morphological changes in the developing light organ of the
squid, brought about by diffusible communication signals released by the bacteria.
Although the communication between bacteria and the mammalian cells was first
studied in the ‘vibrio—squid model’, the theory and science behind this is thought to
have direct relevance to infections and diseases in humans. This would therefore
indicate some degree of organization and co-ordination at the molecular level
which may be applicable to human development. As bacteria do play a role in
human development, it is probable that bacteria contribute significantly to human
ageing. In fact, evidence for this has been documented in germ-free mice, wherein
the mice had been infected with Bacteroides thetaiotaomicron. Bacteroides were
found to affect the expression of various host genes known to have an influence on
things such as nutrient uptake, metabolism, angiogenesis, mucosal barrier function,
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and the development of the enteric nervous system.' In addition to this study, it has
been found that the commensal bacteria associated with the host may be able to
influence the normal development and function of the mucosal and gut immune
system.”™ Consequently, on the basis of these and other similar studies, it is
plausible to hypothesize that bacteria—host interactions have a role to play in the
morphogenesis of mammals and therefore a link to the ageing phenomena.

Indigenous Microbiota (Normal Flora)

During early development (in the mother’s womb), ‘man’ is generally not exposed to
microbes. It is not until entry into the outside world that microorganisms become
significant. These significant microorganisms, which are able to colonize the host,
often become companions for life. Such ‘companion’ micoorganisms have been
referred to as the ‘normal’ microflora which are considered to exist in a symbiotic
relationship with ‘man’. However, when we consider any form of symbiotic relation-
ship, the microorganisms found on and within the body are in a mutualistic relation-
ship with the host. This mutualistic relationship occurs when both human and bacteria
benefit. However, in some instances this mutualistic relationship becomes one of
paratism, when the microbe or human suffers at the expense of the other, or
commensalism, where either the human or microbe benefits and the other remains
unaffected. Historically the human—microbe relationship is considered to be one of
commensalism. Nevertheless, it would appear that the microflora and animal/human
relationship is not one of commensalism. This is because each partner has the ability
to influence the other. Therefore, the commensal flora of the body is often better
described as the ‘indigenous microbiota’, as suggested by Dubos.”

The healthy human contains approximately 10 times more bacteria than normal
human cells.'® The bacterial load on or within the host constitutes more than 2,000
different phylotypes. Despite this number, only 8 of 55 main divisions of bacteria
have been shown to be present on or in the human host, suggesting some degree of
host selection. The selected group of microbes associated with the host has been
referred to as the ‘microbiome’.!" These ‘selected microbes’ are considered to use
the human host merely as ‘an advanced fermentor to maximise the productivity of
the microbiome’."? The capacity of the indigenous microbiota to cause harm and
disease to the host is severely limited by the host’s immune system which helps to
maintain a microbe—host homeostasis, which in turn helps to prevent the generation
of significant microbial disturbances. However, if disturbances to the indigenous
microbiota do occur, such as after surgical procedures or with chronic wounds, a
person’s host defences are often compromised, predisposing them to changes in
their microflora and initiation of infections and diseases.

A number of indigenous bacteria are considered to be pathogenic, particularly
those which have inherent multi-drug resistance. Such indigenous bacteria reside in
the gut, the skin, and oropharynx but generally do not cause disease.
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In the human mouth, some 500700 different microbial taxa, considered to be
part of the indigenous microbiota, have been identified compared to 500-1,000 in
the colon. Despite these numbers, it is very difficult to define the true community of
microbes in different regions of the body. This is principally due to the complexities
of the communities in the human body and the variations in the indigenous micro-
biota that exist between age, sex, and hygiene. In addition, the different sampling
methods that are often used in studies, combined with the changes that take place
with microbial nomenclature, affect the correct interpretation of the findings."?

Microbiota Differences in Children and Adults

The indigenous microbiota of children and adults at different anatomical sites is
considered significant. Initially this is due to the fact that young children have
immature immune systems, no teeth, and different diets and are not exposed to the
same environmental microbes as adults. For example, the initial microbiota colo-
nising the gut of small children are predominately Bifidobacterium spp. compared
to adults guts which are predominantly colonized by Bacteroides. In the elderly
population, a decline in the effectiveness of the immune system in conjunction with
poor health, diet, and hygiene leads to changes in the ‘normal’ microbiota. Specific
microbiological changes that have been observed in the elderly population in-
clude'? a decrease in Veillonella and Bifidobacteria species in the gut; increased
levels of Clostridia, enterobacteria, and lactobacilli; an increase in urinary tract
infections (UTI); an increase colonization in the oropharynx by Candida albicans
and Klebsiella; increased levels of enetrobacteria and streptococci on the skin; and
increased levels of Gram-negative bacteria in the eye and oral cavity.

The Development of the Indigenous Microbiota

The development of the indigenous microbiota begins soon after birth. Upon and
within the neonate, colonization of pioneering bacteria occurs within 24 h. In many
regions of the body, the microbes generally begin to proliferate in a heterogeneous
manner. Autogenic and allogenic factors then prevail, leading to the adhesion and
removal of certain microbial populations. Such changes are referred to as microbial
succession, and are known to occur in areas where microbial communities exist. '
Over time, the microbiology diversity and density in certain regions of the body
become more stable (see Table 2.1) and less dynamic, eventually culminating in the
formation of ‘climax communities’. Consequently, regions of the body begin to
develop a defined microflora. Such a defined microflora will be found on the skin or
cutaneous regions of the body, the upper respiratory tract, oral cavity, gastrointesti-
nal tract, and genital tract. This microflora, however, is subject to change specifi-
cally when modifications in the diet and the host immune system occur. The lack of
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Table 2.1 Numbers of bacteria documented to inhabit locations of the adult body

Location Population size
Skin 10'-10% cm™!
Saliva 10% m1™!
Dental plaque 102 g~

Ileal contents 108 m1~!
Colon (faeces) 10" f,f1
Vagina 108 m1~!

research into the microbiological changes that occur with advancing age prevents
us from gaining a better understanding of the benefits of the microflora and
therefore the therapeutic procedures that could be implemented. In fact, there is
mounting evidence that probiotics (discussed further in the book), and their signifi-
cance to human health, is growing in acceptance for human well-being.

To date, the microbiology of the human microbiota is as yet incomplete despite
more than a century of culture-based investigations. Many species of microbes have
yet to be recovered from the host, and molecular techniques have been used only
occasionally in a number of these environments.

Each anatomical site known to have its own microbiota will be considered in turn.

Skin

In the mother’s uterus the unborn baby’s skin is sterile. Following birth, coloniza-
tion of the baby’s skin occurs. As the skin is a barrier to many pathogenic bacteria, it
restricts microorganisms attaching. While the skin is a highly effective organ in
preventing the growth and invasion of pathogens, it is well documented that skin
infections do occur — a frequent occurrence during the later years of life.

The outermost layer of the epidermis of the skin provides a very good barrier to
the effects of environmental pressures. In fact, the keratinocytes, which are dead in
the outermost layer of the skin, are continually being sloughed off and as such this
prevents exogenous bacteria from colonizing. As the moisture content of the skin is
very low, the bacterial growth on the skin is limited. The acidic pH of the skin also
helps to suppress bacterial growth.

Indigenous bacteria that are known to colonize the skin are able to produce
antimicrobials such as bacteriocin and toxins that inhibit pathogens from attaching.
For example, bacteria such as Staphylococcus epidermidis are able to bind to
keratinocyte receptors on the skin and once attached are known to prevent S. aureus
from attaching.

The microbes that make up the largest proportion of normal skin flora include the
Gram-positive bacteria such as Staphylococcus, Coryneform bacteria, and Micro-
cocci (see Table 2.2). Gram-negative bacteria occur rarely as part of the normal skin
flora. However, Acinetobacter spp. have been found routinely on the perineum and
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Table 2.2 Commonly isolated microorganisms identified on a normal healthy skin

Genus Species

Staphylococcus S. aureus, S. capitis, S. capitis, S. auricularis, S. cohnii, S. epidermidis,
S. haemolyticus, S. hominis, S. saccharolyticus, S. saprophyticus,
S. simulans, S. warneri, S. xylosus

Acinebacter A. johnsonii, A. baumannii

Malassazia M. furfur

Micrococcus M. luteus, M. lylae, M. kristinae, M. sedentarius, M. roseus, M. varian
Corynebacterium C. jeikeium, C. urealyticum, C. minutissimum

Propionibacterium P. acnes, P. avidum, P. granulosum

axilla. Staphylococci found on the skin are generally coagulase-negative and have
included S. epidermidis, S. haemolyticus, and S. hominis. In the main, these coagu-
lase negative staphylococcus (CNS) constitute a non-pathogenic group of bacteria
that colonize the skin. However, CNS have been known to cause nosocomial
infections, particularly in patients with intravascular catheters.

Micrococci, predominately Micrococcus luteus, are found in abundance on
the skin surface. Most species of micrococcus are non-pathogenic; however,
M. sedentarius has been known to cause pitted keratolysis. Coryneformes are also
found on the skin.

The number of bacteria detected on the skin surface is about 1012, which is
equivalent to 10* cm ™2, which equates to about one bacterium per 100 pm?. This
indicates therefore that the bacteria are not evenly distributed but exist in micro-
colonies on the skin surface often growing as biofilms.

Mouth

In 1683, Antonie van Leeuwenhoek first observed the presence of microorganisms
in the mouth, but it was not until 1890 that oral bacteria were considered to have a
role to play in disease.'” Today we know that the oral microbiota is beneficial to the
host, as indicated by their ability to suppress the effects of exogenous microorgan-
isms. However, imbalances and certain bacteria associated with the normal micro-
biota in the mouth can lead to oral diseases and cause soft-tissue infections and
abscesses. Microorganisms in the mouth and throat are present in high numbers,
with levels present in saliva at 10® or 10° m1™".

Colonization of the human mouth by bacteria occurs within the first 6-10 h after
birth.'® After 8—10 h, the bacteria, often only transient, that have been identified in a
baby’s mouth have included staphylococcus, streptococcus, coliforms, and enter-
ococci, to name but a few. From 0 to 2 months, the most common bacteria isolated
from the oral microbiota of the infant have included mainly the viridans strepto-
cocci such as Streptococcus salivarius, S. oralis, S. mitis biovar 1 together with
Neisseria spp., Staphylococcus spp., and Prevotella spp. As the infant gets older
(612 months), other microorganisms begin to appear in the mouth. These have
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included the ones mentioned above and S. sanguis, Actinomyces spp., Fusobacter-
ium spp. (specifically F. nucleatum), and Capnocytophaga. At 12 months, in
addition to the microbes mentioned above, other microbes such as S. mutans,
Clostridium spp., Peptostreptococcus spp., Prevotella intermedia and pallens to-
gether with Porphyromonas gingivalis begin to colonize the oral microbiota of the
infant’s mouth. Many transient microorgansims appear in the newborn’s mouth,
which eventually become part of the resident microbiota or go on to colonize other
regions of the body. It is during the teething and the weaning processes that
newborns become more significantly exposed to bacteria.

S. salivarius has been isolated frequently on the first day of a baby’s life,'’
whereas during the teething process S. sanguis is documented to be the first
colonizer of teeth.'® S. mutans are also early colonizers of the teeth but these
bacteria have been shown to take a longer time to colonize the teeth surface.'®!?
Over time, as biofilms (plaque) begin to form on the tooth surface, the microbiota
becomes more complex and heterogeneous. The microbiota found in plaque
isolated from children (4-7 years old) seems to be similar to that of adults.”*%2
Major microbiota changes in the mouth occur up to age of 19 as a result of the
ageing process, possibly brought about by changes in hormones.>'** Bacteroides
and Spirochaetes have been documented in the mouth of children. Levels have been
shown to increase around puberty. Contrary to this, levels of Capnocytophaga spp.
and A. naeslundii have been shown to decrease with advancing age. At adolescence,
black pigmented anaerobes and Spirochaetes begin to increase in numbers in the
mouth and form a significant component of the oral microbiota.

Over 45 years ago, the number of bacteria that had been identified to be present
in the adult mouth was as low as 30. Today, because of the advancement in
microbial identification procedures, this number is documented to be much higher,
with some 700 different species of bacteria now having been recognized.”® In
Table 2.3 the commonly encountered and cultured bacteria can be seen, but this
is no definitive and complete list of oral bacterial genera, as this table constitutes
only a select list of frequently isolated microbes. While the microbiota in the mouth
is very heterogenous, principally due to the fact that the oral microbiota is under a
constant flux from the shedding of epithelial cells, saliva flow, diet, and the effects
of the innate immune response, the dental plaque does show a very high degree of
homeostasis.

A large number of microorganisms have been detected in the adult mouth that do
not reside there for long periods. These are transient oral microbiota bacteria
derived from food or from the other regions of the body. These bacteria are
considered insignificant but are capable of causing opportunistic infections in
debilitated individuals. The bacteria known to cause diseases such as dental caries
and peridonotal diseases are caused by the resident microflora found colonizing the
teeth. Oral pathogens such as S. mutans have been linked to caries,>* as have
Actinobacillus actinomycetemcomitans. Treponema has been linked with periodon-
tal disease. These bacteria, however, are considered to constitute part of the
indigenous microbiota of the mouth.
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Table 2.3 Commonly occurring cultured bacteria isolated from the oral cavity

Microorganism Species

Actinomyces A. israelli, A. viscosus, A. naeslundii

Prevotella P. melaninigenica, P. intermedia, P. loescheii, P. denticola

Porphyromonas P. gingivalis, P. assacharolytica, P. endodontalis

Lactobacillus L. casei, L. brevis, L. plantarum, L. salivarius

Fusobacterium F. nucleatum, F. naviforme, F. russii, F. peridonticum, F. alocis, F. sulci

Bifidiobacterium B. dentium

Streptococcus S. anginosus, S. gordonii, S. mitis, S. mutans, S. oralis, S. rattus,
S. salivarius, S. sanguis

Campylobacter C. rectus, C. sputorum, C. curvus

Rothia R. dentocariosa

Capnocytophaga C. ochracea, C. sputagena, C. gingivalis
Propionibacterium  P. acnes

Eubacterium E. alactolyticum, E. brachy, E. nodarum
Veillonella V. parvula, V. atypical, V. dispar
Peptostreptococcus ~ P. anaerobius, P. micros
Neisseria N. flavescens, N. mucosa, N. sicca, N. subflava
Haemophilus H. parainfluenzae
Selenomonas S. sputigena, S. flueggei

Corynebacterium matruchotii
Actinobacillus Actinobacillus
Capnocytophaga Capnocytophaga
Bacteroides B. buccae, B. buccalis, B. denticola, B. oralis
Wolinella W. curva, W. recta

On the palate, lips, cheeks, and floor of the mouth, the microbiota is considered
sparse.

The tongue generally harbours a polymicrobial microbiota. A study conducted in
1966> has shown that the predominant bacteria found on the human tongue are
Streptococci (35%), Gram-positive rods (16%), Veillonella (16%), Gram-negative
rods (6%), non-pigmenting Bacteroides (5%), and Peptostreptococcus spp. (4%),
and the rest were Gram-positive cocci. Recent studies using 16s rRNA have shown
that the tongue contains a very diverse microbiota and these may act as a reservoir
for bacteria associated with periodontal diseases.

Upper Gastrointestinal Tract

The dominant population of bacteria residing in the upper gastrointestinal (GI) tract
of a healthy adult human has included Pseudomonas spp., Micrococcus spp.,
Bacillus spp. as well as lactobacilli, bifidiobacteria, and streptococci.”® However,
the microbial composition of the indigenous microbiota of the GI tract is affected
by sex, age, and diet, which significantly alter the microflora. However, depending



22 J.G. Thomas, S.L. Percival

on the individual, it is generally appreciated that a well-balanced, healthy gut has a
microbiota which generally remains stable throughout adulthood. The host and
bacterial association is a mutually beneficial relationship important for providing
nutritional benefits, angiogenesis, and immunity.

Oseophagus

The normal microbiota of the oesophagus is an area that has been poorly
researched. As it is the route by which food is passed from the mouth to the
stomach, it is likely to be composed of its own microflora. From a 16S rRNA
study of the oesophagus, 95 species of bacteria have been identified.>’

Stomach

The acidity of the stomach kills many ingested microbes® and as such is considered
to be sterile. The resting pH of the stomach is about 2, but as the gastric mucosa
ages it becomes less efficient in secreting acid. At this point the stomach is not a
great bacteriocidal agent, allowing for the development of a stomach microflora.
The development of a stomach microflora is acknowledged to occur in 10% of the
population at the age of 50 and 50% at the age of 70. However, this does vary in
regions of the world particularly where poor diets are common. In individuals who
have a resting gastric pH of below 5, the microbiota is dominated by Streptococcus,
Lactobacillus, Veillonella, and Micrococci. Above a pH of 5, more acid-tolerant
bacteria reside; e.g. Bacteroides spp. Helicobacter pylori has been isolated from the
gastric mucosa of a high percentage of individuals and as such is considered to be
part of the ‘normal’ microbiota of the adult stomach. Helicobacter pylori will be
discussed further in the book. Common bacteria that have been cultured from a
healthy adult’s stomach can be seen in Table 2.4.

Table 2.4 Common bacteria (genera) isolated from the stomach in healthy individuals

Bacteria

Streptococcus, Lactobacillus, Staphylococcus, Micrococcus, Neisseria,
Pseudomonas, Haemophilus, Veillonella, Bacteroides, Enterobacteria,
Bifidiobacterium
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Table 2.5 Common bacteria (genera) isolated from the upper small intestine (adapted from>*-)

(ND - Not detected)

Bacteria Frequency of isolation
range of numbers
Streptococcus 6/10, ND-10*
Lactobacillus 3/10, ND-10*
Staphylococcus 1/10, ND-10?
Micrococcus 1/10, ND-10?
Veillonella 1/10, ND-10?
Fungi/yeasts 2/10, ND-10*
Bacteroides 6/10, ND-10*
Enterobacteria 4/10, ND-10*
Bifidiobacterium 1/10, ND-10°

Small Intestine

From the stomach to the colon the bacterial population increases from 10* to
10’ ml~'. Within the small intestine the bacteria that predominate are mainly
Gram-positive strains. These constitute about 10°-10” cfu ml~" of fluid. Such
bacteria found here include the lactobacilli and enterococci. At the lower end of
the small intestine, the flora begins to change and anaerobic bacteria and coliforms
begin to dominate the microbiota. The major organisms that are found in the upper
regions of the small intestine are mainly Gram-positive bacteria. However, low
numbers of E. coli and Bacteroides have been isolated. The upper small intestine is
considered to be sterile, as bacteria are exposed to proteolytic enzymes, bile salts,
and the innate immune response together with a rapid flow through of fluid that
restricts bacterial colonization and proliferation.

The lower small intestine, which is composed of the distal and terminal ileum, is
a region where peristalsis is slower and bile salts are present. This favours the
formation of a resident microbial flora. Commonly isolated bacteria that have been
cultured from the upper intestine can be found in Table 2.5.

Colon

The microbiological development of the human gut can be divided into a number
of stages:*!

Stage 1: The microflora of the infant. This is the first stage of bacterial attach-
ment and the development of a ‘sub-climax’ microflora.

Stage 2: Transitional flora. It is here that growth and inactivation of the micro-
flora begins. The diet and environmental conditions are important factors affect-
ing this community. The role the transient flora has in determining the climax
community in the gut is presently unknown.
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Stage 3: Adult climax community: Decline in microbiota. This is the stage that is
associated with ageing possibly leading to the decline in the human host’s ability
to sustain and control the equilibrium of its microflora.*>

Microflora of the Infant’s Gut

At birth the neonate intestines are sterile but within 24 h become quickly colonized
with microbes acquired from both the mother and the external environment.*?
Within the first 17 days of life, a microbiota would have developed in the GI tract
of infants. This microbiota has been shown to be significant to disease, particularly
atopic infections.** The microbiota of the infant gut was studied sometime ago,*>*
but today only a small number of studies are being undertaken to advance this area
further.

Following the birth of a baby, the initial inoculum of bacteria entering the GI
tract originates from the region by which it is delivered, i.e. cervical or vaginal
microflora. Ultimately, the baby can be colonized only by those microorganism to
which it is exposed and by organisms that are capable of forming a permanent
community on the gut mucosa. The early colonizers of new born babies have
include E. coli and streptococci, which are able to utilize the many nutrients in
the large intestine. As these bacteria grow, they produce short-chain fatty acids that
remove oxygen, making the environment anaerobic. With breast-fed babies, these
bacteria will be replaced by Bifidobacterium. Host factors will also have a role to
play in controlling the colonization of many strains of bacteria in the developing
gut.

Immunoglobulin A is a very important antibody found in mucosal secretions of
the gut. Levels in children, up to the age of 2 years, are considered to be very low in
comparison to those in an adult.?” In breast-fed infants, owing to the high levels of
immunoglobulin A in breast milk, many bacteria are prevented from gaining access
to the mucosal cells. Breast milk is also known to stimulate the growth of bifido-
bacterium, which is very important in preventing colonization by pathogenic
bacteria. A dominance of Bifidobacteria has been reported in the guts of breast-
fed babies.*®*° Conversely, formula-fed babies have guts that are predominantly
colonized with bacteria such as Bacteriodes and contain only low levels of Bifido-
bacterium. Bacteria such as the coliforms, micrococci, and streptococci appear very
early in the faecal flora of breast-fed babies. As the diet changes, Gram-negative
enterobacteria become more prominent, and bacteria such as bacteriodes, entero-
cocci, and clostridia begin to increase in numbers in the baby’s gut. In comparison,
in adults the bacteria found in the faeces are predominately bacteriodes and
bifidobacteria. These are obligate anaerobes and outnumber E. coli (10’-10°% g™ )
by 1,000:1 to 10,000:1. The indigenous microbiota of infants does not ‘climax’
until solid food begins,”**® and once weaning begins the gut microbiota
soon develops a microbiology similar to that of an adult.*' During the weaning
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Table 2.6 Commonly occurring bacteria isolated from human faeces

Bacteria

Acidaminococcus, Bacteroides, Bifidiobacterium, Clostridium,
Coprococcus, Enterobacter, Enterococcus, Escherichia, Eubacterium,
Fusobacterium, Klebsiella, Lactobacillus, Megamonas, Megasphaera,
Methanobrevibacter, Methanosphaera, Peptostreptococcus, Proteus,
Ruminococcus, Veillonella

process, facultative anaerobes such as Streptococci and coliforms start to decline.
These bacteria are soon superseded by Bacteriodes, which become established as
the dominant bacteria in the intestine. Pioneering bacteria of the GI tract are
reported to be enterobacteria, principally E. coli and enterococcus, staphy-
lococcus, and streptococci, followed then by obligate anaerobes, bifidobacteria,
and Bacteriodes.*?

Andrieux et al.*’ studied the inter-individual variation and the influence of age
on metabolic characteristics of the faecal microflora from persons of three age
groups. The results form their study showed significant differences between elderly
persons and younger adults and children, but the major metabolic characteristics of
the faecal microflora were not found to be greatly altered by the ageing process.
Probiotics are considered significant for a healthy gut, but it has been found that
probiotics administered in the first months of life did not significantly interfere with
long-term composition or quantity of gut microbiota.**

Adult Indigenous Microbiota in the Colon

The human GI microbiota, specifically in the adult colon, is composed of a very
complex community of microorganisms (see Table 2.6). Viruses, for example,
constitute a large component of this ecosystem, and well over 1,200 different
viral genotypes have been identified in human faeces isolated from a healthy
adult gut equating to 10° virions per gram of dry faeces.*

The dominant bacterial phyla known to inhabit the adult gut include the Acti-
nobacteria, Bacteroidetes, Firmicutes,46 and Proteobacteria. While there are numer-
ous studies that have documented the diversity of the microbiota of the GI tract,*” in
terms of species composition, differences in healthy individuals’ microbiota have
complexed the true composition and ‘climax community’ of the adult gut. Subse-
quently, this has been, and still remains, a very challenging area of research.

A large number of authors estimate that the gut contains between 400 and 500
different species of culturable bacteria.*® However, modern molecular techniques,
prior to 2006, have shown that these numbers are much higher, more than 1,000
species,'>**"? indicating that a large number of the bacteria living in the GI tract
are in fact non-culturable at present.’!
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The defensive mechanisms of the body have a role to play in helping to control
the microbial composition of the gut and maintain it as a ‘climax community’.
Changes in the bacteriology of the colonic microflora occur during the ageing
process. This has been shown to be significant for bacteria such as Bacteroides
and Bifidiobacteria, which are thought to provide both beneficial and protective
functions to the host. These shifts in dominant species in the adult colon may help
us to understand the decreased functionality of the human microbiota during ageing
and its significance. To date, this has not been explored in great detail.

It is probable that the gut is a self-regulating system that functions to control,
among other things, the gut ‘climax community’. As this community is highly
resistant to invading bacteria and well adapted to this niche, it is probable that any
invading bacteria would require time to adapt to this way of life. But, to date,
despite intensive studies in gut microbiology, the exact mechanisms by which the
body controls the composition and distribution of certain microflora are largely
unknown. Diet has been researched, and there is evidence that this may affect the
microbiota in the gut of animals but this remains controversial in humans. Even
changing diets to a vegetarian one has produced no real effect on the predominant
microflora in the gut.’?

Age-related changes to the bacterial genera and species have been identified in
the adult gut.”® A number of studies, as mentioned previously, have shown that
bacteriodes decline in numbers with advancement of age.”*> These bacteria are
very important in the gut and are involved in polysaccharide digestion. If metabolic
activities therefore change in the gut with advancing age, other bacteria within the
ecosystem will be affected. In fact, within elderly populations there is evidence of a
rise in proteolytic bacteria. These include clostridium, propionibacteria, and fuso-
bacteria.”®”>® Increases in levels of clostridium have been observed in healthy
individuals when compared to younger adults.”® The consequence of this could be
an increase in bile acid transformations, resulting in the development of harmful
metabolites in the colon. Also the cell material released from some bacteria is
known to increase in the elderly population. These are thought to contribute to
arthritis.”’

Bifidobacteria occur in excess of 10'® g~! dry weight of faeces.”® During the
ageing process, and most notably within an elderly population, there is a marked
change in the levels of Bifidobacteria,””>*? indicating a decline in colonic micro-
bial stability. While a wide range of Bifidobacteria exist both in the adult and infant
gut, in the elderly population Bifidobacterium adolescentis, B. angulatum, and
B. longum seem to be the most dominant species.’>>*%"

Respiratory Tract

The respiratory system is responsible for transporting air to the lungs where both
oxygen and carbon dioxide exchange can take place. Initially air is conducted from
the nose, which then passes through the pharynx, larynx, trachea, bronchi, and then
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through the bronchioles to the alveoli. It is the areas found above the bronchi that
are known to be heavily colonized by microorganisms. The distal airways, i.e.
bronchi and bronchioles, and the lungs are generally sterile.

During breathing, air, which contains many fine particles including micoorgan-
isms, is inhaled through the nose. The bacteria that are inhaled become trapped in
the mucus found on top of the nasal mucosa. The mucociliary escalator then
transports the mucus containing the bacteria into the pharynx. Mucus is then
swallowed and the microorganisms will then be killed by the acid in the stomach.
Within the nasal fluid many different antimicrobials can be found. These include
lysozyme, lactoferrin, IgA, and IgG, among others. These agents are important in
helping to reduce infection and disease. They are also important in determining the
composition of the indigenous microbiota of the respiratory system.

At birth, as with most sites in the human body, the respiratory tract is sterile.
However, a number of studies have shown that some neonates do harbour bacteria.
These have included Bacillus subtilis, E. coli, and Staphylococcus epidermidis,
which are generally acquired from the mother during birth. Following birth, the
primary bacteria found colonizing the oropharynx are alpha haemolytic strepto-
cocci. However, there are very few studies available that have characterized the
microbiology of the respiratory tract of infants, which prevents a comprehensive
analysis of the microbiology in this area. The majority of studies that are available
for analysis have concentrated on studying the nasopharynx and the effects of
specific pathogens colonizing this site. In most of these studies staphylococci
have been the most frequently isolated bacteria. Levels of staphylococci in the
nasopharynx have been shown to decrease with age. During the first 6 months of
life, the main bacteria found colonizing the nasopharyngeal have included
S. aureus, S. epidermidis, Streptococcus mitis and pneumoniae, Moraxella catar-
rhalis, Neisseria sp., Enterobacteriaceae, and H. influenzae. After 6 months, the
levels of certain bacteria in the nasopharyngeal region begin to decrease. These
have included Staphylococcus aureus, but other bacteria such as Streptococcus
pneumoniae, Moraxella catarrhalis, and H. influenzae have been shown to increase
in numbers during the ageing process. Also, bacteria such as N. meningitides
are generally not isolated from children within the first 2 years of life. However,
it is well documented that the carriage of N. meningitides increases during the
ageing process.

Microorganisms that are considered to be part of the indigenous microbiota of
the adult respiratory tract are many. Such ones have included Streptococcus pyo-
genes, Neisseria spp., Haemophilus spp., Staphylococcus aureus, CNS, Propioni-
bacterium spp., Prevotella spp., Corynebacterium spp., Moraxella spp., and
Streptococcus pneumoniae, to name but a few. In the nasal cavity of adults a vast
array of bacteria have been found, which include, in order of proportions, Coryne-
bacterium spp., Staphylococcus spp., Streptococcus spp., Aureobacterium spp.,
Rhodococcus spp., and Heamophilus spp. Within the nasopharynx region, because
of high levels of available nutrients, many different bacteria have been isolated.
A selection of these bacteria that have been isolated from the respiratory tract of a
healthy adult is shown in Table 2.7.
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Table 2.7 Common bacteria found in the upper respiratory tract

Region and Infants (1-18 months) Children/adults
bacterial
numbers
Anterior Staphylococcus aureus, S. epidermidis, Staphylococcus aureus,
Nares Corynebacterium sp. S. saprophyticus, S. epidermidis,
S. hominis, haemolyticus, cohnii,
Corynebacterium jeikeum,
C. minutissimum, C. xerosis,
Propionibacterium acnes,
P. avidum, Neisseria sp.,
Corynebacterium sp.
Nasopharynx  Staphylococcus aureus, S. epidermidis,  All the above plus: CNS, alpha
Stretococcus pneumonia, haemolytic streptococci,
Streptococcus mitis, Moraxella Stretococcus pneumonia,
catarrhalis, Neisseria spp., Moraxella catarrhalis,
Haemophilus influenzae, Haemophilus influenzae,
Enterobacteriaceae, alpha H. parainfluenzae, Neisseria
haemolytic streptococci meningitides, N. mucosa, N. sicca,
N. subflava, Fusobacterium sp.,
Prevotella spp., Porphyromonas
spp., Peptostreptococcus spp.
Oropharynx  All the above (nasopharynx) plus: All the above (nasopharynx) plus:

Streptococcus anginosus,

S. constellatus, S. intermedius,

. sanguis, S. oralis, S. mitis,

. acidominimus, S. morbillorum,

. salivarius, S. uberis, S. gordonii,
. mutans, S. cricetus, S. rattus,

. sobrinus, S. crista, S.
pneumoniae, S. pyogenes,
Haemophilus parainfluenzae,
Mycoplasma salivarius, M. orale
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Streptococcus anginosus,

. constellatus, S. intermedius,

. sanguis, S. oralis, S. mitis,

. acidominimus, S. morbillorum,

. salivarius, S. uberis, S. gordonii,
. mutans, S. cricetus, S. rattus,

. sobrinus, S. crista, S.
pneumoniae, S. pyogenes,
Haemophilus parainfluenzae,
Mycoplasma salivarius, M. orale
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In general, age has an effect on the carriage of certain indigenous bacteria. Age
has been shown to affect the prevalence of Streprococcus pneumoniae, H. influen-
zae, and M. catarrhalis.

In the respiratory tract an infection occurs when the immune system is compro-
mised, a pathogen is virulent, and a high inoculum is available. It is probable that
oral microbes infect the respiratory tract. This suggests a significant role the oral
flora plays in respiratory tract infections.

N. meningitidis, Streptococcus pneumoniae, and H. influenzae are the main
causative agents of meningitis.®! N. meningitidis is the main cause of meningitis,
and worldwide it is responsible for over 500,000 cases — its attack and fatality ratio
is higher in children (highest incidence is in children 6-24 months) than adults.

Pneumonia is a major cause of both morbidity and mortality worldwide. Many
bacteria including anaerobic Gram-negative rod-shaped bacteria are considered
significant to pneumonia. Streptococcus pneumoniae is a major cause of lobar
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pneumonia, which is known to affect infants less than 2 years old and the elderly.®!
It is estimated that over a million children are affected and die from this disease.
Sinusitis is another indigenous related infection that affects infants more than
adults. The major organism responsible for acute sinusitis is Streptococcus
pneumoniae together with Haemophilus influenzae, and Moraxella catarrhalis.
Porphyromonas spp. and Fusobacterium spp. are responsible for chronic sinusitis.

Children, particularly, below the age of 15 years, are also affected by bacteria
that cause otitis media. The bacteria responsible for this include S. pneumoniae,
Haemophilus influenzae, and Moraxella catarrhalis.

Other infections caused by the indigenous microbiota include epiglottitis and
bronchitis.

UTI (Including Vagina)

The urinary system is composed of the kidneys (generally two), two ureters, a
bladder, and a urethra. Anatomically, the systems in males and females do differ
significantly. The microorganisms that are found first in the urethra are determined
by age. In general though, the more predominant bacteria found colonizing the
urethra include Lactobacillus sp., Streptococcus sp., Fusobacterium sp., Staphylo-
coccus sp., Corynebacterium sp., CNS, Bacteroides sp., and an array of Gram-
positive anaerobic bacteria. There are very few studies that have focussed on the
indigenous flora of the urethra in both females and males. The main bacteria found
colonizing the urethra of males are very similar to those in females and are
generally members of the cutaneous microbiota.

The main microorganisms found colonizing the reproductive system of females
include Lactobacillus spp., Staphylococcus spp., Corynebacterium spp., Entero-
coccus spp., Fusobacterium spp., Bacteroides spp., Porphyromonas spp., Clostrid-
ium spp., Candida albicans, and Propionibacterium spp. The genital tract,
specifically of woman, can be a potential reservoir of infection. Early studies
have shown that a ‘healthy’ vagina is colonized only with Lactobacilli. During
puberty, production of oestrogen occurs, the vaginal wall thickens, and glycogen is
deposited. Lactobacilli are then able to metabolize the glycogen in the vagina and
produce large amounts of lactic acid. This results in the development of an acid pH
that reduces the probability of other pathogenic bacteria attaching. Today we know
that a homogenous population, of just Lactobacillus, is not evident in the normal
vagina. In fact, the vagina can be colonized with a vast array of aerobic and
anaerobic bacteria in the presence or absence of lactobacillus. Interestingly, the
flora of the vagina does not overlap with the indigenous flora found in the GI tract,
despite its close proximity. However, the dominant bacteria found in the healthy
vagina includes lactobacillus and diphtheroids,®*®* with the prevalence of lactoba-
cillus reported to be between 45 and 96%.

Within premenopausal women, anaerobic Gram-positive cocci have been
reported to occur in abundance together with Bacteroides.
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Oestrogen seems to have a major effect on the microflora of the vagina, and
during the menstrual cycle bacterial adherence and colonization seem to be affect-
ed. However, to date, research that has looked into this area remains inconsistent.
For example, the microbiology of the vagina between pre- and post-menopausal
women has shown no relationship with changes in hormonal levels. There are only
relatively few reports that have studied the microflora of women at the post-
menopausal stage of life, but reports in the 1930s have shown that lactobacilli is
substantially reduced.®* During the post-menopausal stage, the flora remains the
same but there is a greater incidence of Gram-negative bacilli reported when
compared to pre-menopausal women.

In addition, there have been no significant differences documented in the
microflora of the vagina between pregnant and non-pregnant women. However,
there are reports that in pregnant women Lactobacillus levels may be significantly
higher than in non-pregnant women.

Overall, to date, research seems to suggest that within the vagina, soon after birth,
lactobacilli infect. During the child-bearing years, lactobacilli, S. epidermidis, and
corynebacteria predominate. Other bacteria that have been documented to occur
here include viridans streptococci, enterococci, Group B streptococci, non-patho-
genic neisseriae and enteric bacilli, Acinetobacter spp., Haemophilus vaginalis, and
Mycoplasma.

Eyes

It is still debatable whether microorganisms that can be detected in the eye
constitute a transient flora or a resident microflora. Most studies that have been
undertaken have shown that in healthy adults most do not yield any bacteria that can
be cultured. Any bacteria that have been identified have been common bacteria that
constitute the normal microbiota of the skin.®>® Principally, most studies com-
pleted to date have been conducted using culturable and not molecular techniques.
The microbiota of the ocular in infants is often determined by the birth route. For
example, with a normal vaginal delivery, the conjunctiva of the eye is colonized by the
vaginal microbiota of the mother. Fewer bacteria have been isolated from babies that
have been delivered by caesarean section, and bacteria commonly found are those
which constitute part of the normal skin microbiota. The common bacteria identified on
the conjunctivae of vaginally delivered babies include lactobacillus and bifidobacteria
compared to propionibacteria and corynebacterium which are found on the conjuncti-
vae of caesarean-delivered babies. After 5 days following birth, the microbiota of the
conjunctivae is dominated by coagulase-negative staphylococci, coryneforms, strep-
tococci, and propionibacteria. As the baby grows, the microbiota remains the same for
a long time but levels of Streptococcus pneumoniae have been shown to decrease.
In healthy adults, the conjunctivae have some bacteria evident.®”*® However,
this population is considered small. The usual bacteria isolated have included
S. epidermidis and Propionibacterium acnes (anaerobic diptheroids); however,
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non-haemolytic streptococci, S. pneumoniae, S. aureus, anaerobic streptococci,
lactobacilli, corynebacteria, and enteric bacteria have also been documented to
occur but less frequently.

The eye does seems to select for the survival only certain species of bacteria, as
certain bacteria are found consistently in samples that are taken from the conjunc-
tivae. Studies that have been done on the eye have shown that the right- and left-eye
microbiota are very similar.

Central Nervous System

Many pathogens including bacteria, virus and fungi, and, now, prion proteins are
known to cause inflammatory processes and neuronal degeneration specifically of
the central nervous system (CNSys). The CNSys is considered sterile but very
vulnerable to infectious agents. This is because during ageing the blood—brain
barrier and also the immune responses become compromised. As we start to age,
infectious agents are able to avoid the normal responses of the body.® Viruses such
as herpes can be transferred trans-cellularly into the CNSys from infected nerves.
Also, with an increase in oxidative stress located at or within neurons, this makes
them more vulnerable to many viruses and prions infection. In addition to this, a
decline in the immune function during ageing makes neurons more vulnerable so
that both the brain and the spinal cord become ‘hot spots’ for infections. This has
been shown to be the case with diseases such as tuberculosis’® and other agents such
as the West Nile virus and Lyme disease.

Prions have been shown to be transmittable between humans, and there is a high
probability of transmission from animals and animal products to humans. Prions are
known to affect the CNSys, and disorders such as scrapie in sheep, bovine spongiform
encephalopathy in cattle, Kuru, Creutzfeldt—Jakob disease, Gerstmann—Straussler—
Scheinker disease, and fatal familial insomnia in humans are a result of a prion disease.
These diseases are caused by the accumulation of insoluble aggregates of prion protein,
and abnormal (scrapie) forms (PrPsc) of a normal protein called the cellular prion
protein (PrPc). Prion diseases are well known to have a long incubation period, and it is
well documented that these prion diseases are more common in the elderly. Prions
cause death of neurons by inducing oxidative stress, triggering apoptosis, and disrupt-
ing calcium homeostasis.”' Inflammatory processes may also contribute to the
pathogenesis of prion disorders.”* Therefore, changes of brain cells and neurons
during normal ageing make neurons more susceptible to the toxicity of prions.

It has been hypothesized that infections that occur during childhood could
increase the risk of age-related neurodegenerative disorders, but evidence for this
remains controversial at present.”

A number of viruses are known to infect cells in the nervous system and are able
to remain in the neurons for a very long time, often a lifetime. Such viruses include
herpes simplex-1, Sindbis virus, rabies, and also measles.”*”” Transient infections
are thought to trigger neurodegenerative cascades when infections occur in aged
individuals, which increase the risk of certain diseases.
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Certain viruses are also known to damage and also kill myelinating cells of the
central and peripheral nervous system. The most common demyelinating disorder
found in humans is multiple sclerosis. There is growing evidence that infectious
agents may have a role to play in multiple sclerosis. In fact, a review by Steiner
et al.”® has shown associations with canine distemper, human hepes virus-6, para-
influenza virus, measles virus, and C. pneumoniae. Synapses have also been shown
to be vulnerable to infectious agents.”®

Adverse Effects of the ‘Normal’ Microbiota of the Host

The ‘normal’ microbiota of the host does not always have a beneficial role to play.80
This essentially is due to the fact that closely related organisms can be both
commensal and pathogenic. The indigenous microbiota is capable of causing
disease but their pathogenicity is limited principally by the actions of the immune
response and competition from other bacteria that occupy the same niche. Within
the host, commensals greatly outnumber disease-producing bacteria so that patho-
genicity is a rare occurrence. In some instances, however, the indigenous micro-
biota of the host may become pathogenic. Such examples include S. mitis and S.
salivarius, known to inhabit the oropharynx but which are known to be associated
with bacteraemia following dental extraction. Ultimately, the microbiota of the host
may be trying to obtain a stable climax community within all the human-specific
niche environments. Changes in this community will therefore have possible
detrimental effects on the host. Mechanisms used to control these changes to the
‘normal’ microbiota need to be effectively applied by the host. For that reason, the
need for a state of microbiological homeostasis or balance in each microbiological
niche of the host is warranted.

As the human body is composed of a wide variety of microorganisms present
within a stable (‘quasi’ steady state) community, changes such as ageing and the
physiological and metabolic changes that are associated with it would significantly
alter this ‘homeostasis’.

Many conditions are known to affect the human host and lower the resistance of
the host either generally or at specific sites in the body. Such factors can include
malnutrition, debilitation from other diseases, radiation damage, shock, sub-clinical
or asymptomatic infections, and also disturbances with the bacterial antagonism
resulting from things such as the use of antimicrobial therapy and localized
obstructions to the excretory organs, to name but a few.

With endogenous disease, their origins have no definable incubation period, they
are not communicable, and they do not result in clinically recognizable immunity
and tend to occur and recur slowly over years and involve bacterial agents that are
found as part of the indigenous microbiota. These agents have low intrinsic
pathogenicity and cause disease when they appear either in unusual body sites or
in enormously increased concentrations in or near their usual sites.
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Conclusion

Microbes have inhabited this planet approximately 4 billion years before the
existence of man, which suggests a significant role for them in human life. Howev-
er, despite decades of microbiological research, very little is known as to how many
microbes affect the health of humans and how the microbiology of the human host
changes as humans age.

It is appreciated that the occurrence of specific bacteria at specific niche sites in
the body may be a predetermined phenomena rather than a random association. The
first encounter between microbes and the human host occurs at birth, and the
pioneering bacteria, as well as age of acquisition, is thought to have effects on
human development, ageing, and disease. This has been shown to be the case in pre-
term babies. A recent publication has shown that colonization of the gut by
bifidobacteria and lactobacillus is delayed in pre-term infants®' and that coloniza-
tion with potentially pathogenic bacteria (especially E. coli) is significantly
increased. This delayed colonization by beneficial bacteria does seem to have
significant effects on infection rates and disease. In addition to this, the route by
which a baby enters the world may well influence the initial pioneering bacteria of
the human host. In the United States alone, one-quarter of all babies are born by
caesarean. These newborn babies will not inherit microbes from the maternal
vagina but acquire bacteria from the external environment. Does this have signifi-
cant long-term implications to the host? This question is at present being investi-
gated with no clear-cut answers. Pockets of research have shown that with a vaginal
birth the microorganisms that are passed from mother to baby are dominated by
Gram-positive cocci. This principally will depend on whether the baby is breast fed
or formula fed. Contrary to this, it is now being documented, specifically in oral
cavity studies, that the host may actually select the microorganisms that colonize
and then become indigenous to them. With this in mind, the route by which a baby
is delivered will have little effect on which microorganisms will eventually become
the microbiota. If it is true that the body may select certain bacteria, it would be
logical to suggest that the indigenous microbiota will have positive effects on
human development and therefore this would have an effect on human ageing.***
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Chapter 3
Infections in the Elderly

Knut Ohlsen, Svitlana Kozytska, and Udo Lorenz

Introduction

Infections continue to be a major cause of morbidity and mortality in elderly
patients. According to a recent study, hospitalizations for infectious diseases
represent the second highest proportion of all discharges among older adults.'
The problem is of increasing importance because of the demographic changes
anticipated for the future decades. These changes will lead to a substantial increase
in the number of older persons in the world. While in the industrialized countries
the average life expectancy will rise moderately by 6-8 years in the next five
decades, the increase in the developing world will be 20 years, resulting in an
average life expectancy in these regions of 70 years. It is expected that the
percentage of people aged 65 and older will increase in the more developed regions,
rising from 15.3% in the year 2005 to 25.9% in 2050 (http://www.un.org/esa/
population/publications/WPP2004/WPP2004_Vol3_Final/Chapter2.pdfUN-report
and  http://www.un.org/esa/population/publications/ WPP2004/WPP2004_Vol3_
Final/Chapter2.pdfUN-report).

In 2050, almost every second person in the industrialized world will be older than
55 years, and especially very old persons will have a substantial impact on the
population structure. Likewise, population dynamics in the rapidly developing
countries such as China, India, and Brazil shows similar characteristics. These
dramatic changes in age structure of the population have major implications for all
national health care systems. In the United States, elderly people aged 65 and older
constituted 12% of the population in 2005, but they comprised 34% of the hospita-
lizations (http://www.hcup-us.ahrq.gov/reports/factsandfigures/HAR_2005.pdf). It is
well known that the rates of hospitalization and length of hospital stays increase with
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age. There are several reasons why especially older persons are jeopardized by
pathogenic agents. Older adults more often have chronic diseases such as diabetes
mellitus, atherosclerosis, rheumatism, and vascular diseases and therefore are
more susceptible to common infections. In addition to multiple, chronic, comorbid
diseases, an impaired immune system, a decreased protection by vaccines, pro-
longed stay in hospitals, permanent catheterization, invasive procedures, malab-
sorption, or polypharmacy are further reasons why older patients have a higher risk
to contract an infection. On the other hand, infections in the elderly pose specific
problems due to the lack of signs and symptoms that are common in younger adults,
such as fever and leukocytosis.

In this review the most important types of infections in the elderly are introduced.

Urinary Tract Infections

Urinary tract infections (UTIs) are the second most common infections in
the elderly (Fig. 3.1). Many of these infections occur in the setting of urethral
catheterization and neurogenic bladders with increased residual urine. In addition,
gender-specific factors contribute to an increased risk for developing UTI, such as
prostatic hypertrophy in man, an increase in vaginal pH, vaginal atrophy due to
postmenopausal estrogen depletion, and incomplete emptying of the bladder in
women. These factors favor the colonization of the urinary tract by bacteria.

UTIs due to catheterization are especially common in nursing homes. The
diagnosis of asymptomatic bacteriuria or chronic UTIs is often problematic because
classical clinical manifestations such as dysuria, fever, and urinary frequency may
be absent or masked in older patients. Usually the intestinal flora serves as source of
infection. Several pathogens have been recognized to be responsible for causing
UTIs including Escherichia coli, Klebsiella sp., Proteus sp., Pseudomonas aerugi-
nosa, enterococci, coagulase-negative staphylococci and Candida sp. Mostly, UTI
start as bladder infections and often evolve to encompass the kidneys. Importantly,
up to 25% of patients requiring a urinary catheter for >7 days develop catheter-
associated UTI, which account for 40% of all nosocomial infections.> However,
short-term catheterization also presents a considerable risk factor. The main indica-
tions for catheterization are incontinence, obstruction, and perioperative monitor-
ing. The number of patients developing UTIs due to catheterization could be
lowered by an improved catheter management. In a European study, the indication
for bladder catheterization was inadequate or unnecessary in up to 31% of the
cases.* Importantly, catheter-associated UTIs are often asymptomatic, and there-
fore are unrecognized by healthcare workers. In many cases, these infections
become chronic owing to a high rate of recurrence. Secondary bloodstream infec-
tions are uncommon, and in those cases where sepsis developed, in only 3% of all
patients the microorganism recovered from the urine was also isolated by blood
culture. Escherichia coli is the cause of the majority (>35-70%) of UTIs in all ages.
The group of E. coli bacteria that causes UTI is specifically called uropathogenic E.
coli (UPEC).” It is currently not known whether the virulence potential of a
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Fig. 3.1 Proportion of infectious disease hospitalizations (a) and infectious disease-related deaths
(b) according to infectious disease group among patients 65 years or older in the United States
from 2000 through 2002 (adapted from Ref. 1) (See Color Plates)

pathogen causing UTIs differs between young and older patients. Many virulence
properties of UPEC enable the pathogen to colonize the urinary tract such as
adhesins, e.g., type 1 and P fimbriae, Ag43 and toxins, e.g., hemolysin. Adherence
to the urinary tract epithelium is often the first step in establishment of UTI, as
adherent bacteria are able to resist the hydrodynamic forces of urine flow. In
addition, the bacteria interact with functions of the host including cell signaling
pathways. Among the adhesins, P fimbriae show the strongest disease association in
clinical studies. P fimbriae contribute to the establishment of bacteriuria by binding
to the o-p-galactopyranosyl-(1-4)-B-p-galactopyranoside receptor epitope in the
globoseries of glycolipids®’ and activate innate immune responses in animal
models and in the human urinary tract.” Type 1 fimbriae also enhance colonization



42 K. Ohlsen et al.
and induce immune responses in the mouse UTI model.*” Type 1 fimbriae confer
binding to p-mannosylated proteins, such as uroplakins, which are abundant in the
bladder."

Symptomatic UTIs should be treated with antimicrobials. Although resistance rates
are increasing, fluoroquinolones and trimethoprim/sulfamethoxazole have remained
the antibiotic treatments of choice for therapy of uncomplicated UTIs. Fluoroquino-
lones such as ciprofloxacin have been recommended in acute pyelonephritis in older
patients because of increased bacterial eradication, tolerability, and fewer adverse side
effects.!! In every case, treatment should be directed to the microorganism identi-
fied in the urine considering resistance profiles. Importantly, polymicrobial infec-
tions occur in about 30% of patients, especially, if the UTI is related to
catheterization. These patients should be treated with broad spectrum antibiotics
targeting also Gram-positive bacteria such as enterococci and staphylococci.

Pneumonia

Pneumonia is a leading cause of death in the elderly and a complex relationship
exists between age and the incidence and mortality of pneumonia'? (Fig. 3.1). For
example, the incidence rate was increased by age groups from 2 of 1,000 hospital
discharges in individuals younger than 60 years to 17 of 1,000 hospital discharges
in patients older than 70 years.'® Hospital mortality doubled with age from 7.8% in
those aged 65—69 years to 15.4% in those aged 90 years and older."* Hospitalization
rates for pneumonia have increased among U.S. adults aged 64—74 years and aged
75-84 years during the past 15 years. Among those aged 85 years or older, at least 1
in 20 patients was hospitalized each year because of pneumonia. Concomitantly,
the proportion of comorbid chronic diseases has increased.

The development of pneumonia in elderly patients differs from that in younger
individuals because of a complex array of factors. First, the major risk factor
for developing pneumonia in the elderly is the presence of other serious illnesses
(e.g., cardiopulmonary disease, renal insufficiency, diabetes mellitus, neurologic
disorders, endocrine disease, and, especially, neoplastic disease) and those affect
also the outcome of pneumonia. Pneumonia is often the terminal event after
prolonged serious illness. The mortality rate from pneumonia in patients older
than 65 years ranged from 9 per 100,000 in the absence of health-risk conditions,
to 979 per 100,000 when two or more health-risk conditions exist.'” In this regard,
depression of the immune system in elderly appears to be less important than the
presence of concomitant diseases, since defense mechanisms (e.g., humoral and
complement systems, macrophage, and neutrophil function) are relatively intact in
elderly patients. Second, the presenting symptoms of pneumonia in the elderly can
be subtle with confusion or tachypnea rather than classic symptoms such as fever,
chills, and rigors. Patients aged 65-74 years and 75 years had mean numbers 2.9
and 3.3 fewer symptoms, respectively, than those aged 18—44 years.16 Another
presentation is that of an acute decompensation of a more obvious underlying
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disease (e.g., congestive heart failure, chronic obstructive pulmonary disease, or
diabetes mellitus). 7 Third, colonization and adherence of the respiratory tract with
potentially pathogenic Gram-negative and Gram-positive bacteria occur more often
in the elderly than in younger persons, owing in part to such factors as repeated
antibiotic therapy, endotracheal intubation and other mechanical devices, smoking,
malnutrition, surgery, and pharmacologic alterations of the oral and/or gastric
pH. Other predisposing factors for developing pneumonia are aerosolization of
pathogens with inhalation of microparticles (e.g., Mycobacterium tuberculosis,
Legionella spp., influenza virus, and the invasive, multidrug-resistant Streptococ-
cus pneumoniae) and silent aspiration of gastric contents with Gram-negative
bacilli, sometimes in association with anaerobes or anaerobic bacteria that normally
reside in the gingival crevices (e.g., peptostreptococci, fusobacteria, black-pigmen-
ted anaerobes). Notable, gastric and jejunostomy feeding tubes do not necessarily
prevent aspiration.'® Furthermore, the aging lung impairs the elasticity and muco-
ciliary clearance within the lung.'” Elderly patients also may have a less effective
cough due to underlying illness, weakness, and coexisting pulmonary disease. As
already stated, the characteristic clinical features of fever, cough, and sputum
production are often subtle and incompletely expressed in elderly patients. The
classical constellation of pneumonia in the elderly of cough, fever, and dyspnea
might be absent in 56% of patients.”® Instead, elderly patients with pneumonia
commonly present with acute confusion or delirium and deterioration of the
baseline function. Tachypnea and tachycardia may be presenting signs.

Chest X-ray is usually diagnostic, and multilobe involvement is seen more often
in elderly patients. The diagnosis should not be exclusively made on the basis of
expectorated sputum, because expectorated sputum does not distinguish coloniza-
tion from true pulmonary infection. Transtracheal aspiration, transthoracic aspira-
tion, and bronchoscopy using a protected brush may produce reliable results but are
rarely used in elderly patients for routine diagnostic evaluation. Treatment of
pneumonia includes antimicrobial drug therapy, respiratory supportive care, and,
if needed, drainage of empyemas or significant pleural effusions. Recommenda-
tions for antimicrobial drug use depend on the specific organism. In the case of
negative cultures, the therapy should be empiric and it is therefore important to
anticipate the types of pathogens that might be expected in different settings
(Table 3.1). In community-acquired pneumonia (nonhospitalized elderly persons),
a limited number of pathogens is responsible for disease. S. pneumoniae infections
are diagnosed most often, and are believed to cause most of the infections that lack
a definitive diagnosis. An increasing incidence of drug-resistant pneumococci up to
25% is recognized.21 Other causes include Haemophilus influenzae, influenza virus
and other viruses, mixed bacterial or mixed viral and bacterial infections, Gram-
negative bacilli, Staphylococcus aureus, and atypical pneumonia organisms (e.g.,
Mycoplasma species, Legionella species, Coxiella species, or Chlamydia (C. pneu-
moniae or C. psittaci). In nursing home-acquired pneumonia (institutionalized
elderly persons), bacterial pneumonia is due to H. influenzae, Gram-negative rods
(including Klebsiella and Pseudomonas), streptococci other than the pneumococ-
cus, and S. aureus. In hospital-acquired pneumonia (hospitalized elderly persons),
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Table 3.1 Major etiologies of pneumonia in elderly persons (%)

Organism Community  Nursing home  Hospital
Streptococcus pneumoniae 30-60 1224 6-15
Staphylococcus aureus 5 5-26 3-15
Haemophilus influenzae 7-15 5-20 -
Gram-negative bacilli (including Klebsiella, 5-15 12-35 40-75
Pseudomonas, Acinetobacter, Enterobacter)
Gram-negative cocci (Moraxella catarrhalis) 5-10 N -
Viral infection a a -
Mycobacterium tuberculosis 4 a -
Polymicrobial 20-25 40-50 3040
“Atypical” organisms (Mycoplasma pneumoniae, 5 5 -

Legionella species, Chlamydia pneumoniae,
Coxiella burnetii)

“Recognized as important etiology, but frequency in elderly is unclear

Gram-negative bacilli including P. aeruginosa, Klebsiella, Acinetobacter spp., and
Enterobacter spp. as well as Gram-positive cocci such as S. aureus are the
major causes.””

Currently, vaccination is available only for prevention of influenza as well as
pneumococcal pneumonia and Haemophilus influenzae type b (HiBb). Vaccination
against influenza and Streptococcus pneumoniae is recommended for all persons
older than 65 years or for persons with significant underlying immunodeficiency,
renal disease, diabetes, or malignancy. There is some controversy regarding the use
of pneumococcal vaccines. In a recent meta-analysis examining the effectiveness of
pneumococcal vaccination, no evidence was found that the vaccine was less
efficacious for the elderly, institutionalized people, or those with chronic disease.*’

With increasing rates of institutionalization and hospitalization of the elderly,
they are necessarily exposed to more virulent pathogens and increasing antimicro-
bial resistance. Although the understanding of its pathogenesis is constantly im-
proving, an accurate diagnosis of pneumonia remains a difficult clinical problem.
The subtle nature of clinical signs, symptoms, and X-ray findings can present a
misleading picture. Thus, the vigilance for recognizing pneumonia and initiating
treatment in elderly patients should be higher than in younger adults. By recogniz-
ing pathogens associated with the clinical setting in which pneumonia develop
(community, nursing home, or hospital) and appreciating the risk factors associated
with these settings, a rational basis for initial therapy can be derived. Many
effective antibiotics are available, and considering the high risks of pneumonia,
treating elderly patients requires increased efforts in disease prevention.

Sepsis and Bacteremia

The incidence of sepsis is disproportionately increased in older patients, and age is
an independent predictor of mortality.?* Sepsis and septic shock are associated
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commonly with bacterial infection, but bacteremia may not be present. Bacteremia
is the presence of viable bacteria within the liquid component of blood. Bacteremia
may be transient, as is seen commonly after injury to a mucosal surface, primary
(without an identifiable focus of infection), or more commonly secondary to an
intravascular or extravascular focus of infection. Because of comorbidities, immu-
nosupression, use of foreign body devices, and increased use of invasive methods,
elderly persons are at high risk for sepsis. There is a trend that the average age of
patients with sepsis increases consistently over time.”> The relative frequency of
specific causative organisms has shifted over time, as indicated by the emergence of
fungal pathogens and the recent pre-eminence of Gram-positive organisms.?>-*
The most important pathogens causing sepsis are the Gram-positive species Staphy-
lococcus aureus, S. epidermidis, Enterococcus faecalis and E. faecium, and Gram-
negatives such as E. coli, Klebsiella spp., Proteus mirabilis, Pseudomonas aerugi-
niosa, Acinetobacter spp. as well as fungi such as Candida albicans and Aspergillus
spp.”’ The dramatic augmentation that has been noted in the bacteremic cases due
to Gram-positive cocci and fungi is attributable to several reasons including
increasing occurrence of antimicrobial resistance, widespread use of invasive
procedures and immunosuppressive drugs, chemotherapy, and transplantation.
Many of these pathogens are normal inhabitants of the human body colonizing
the skin (S. epidermidis) or gastro-intestinal tract (enterococci, E. coli) and have
been historically regarded as apathogenic or with low pathopotency. However,
these pathogens are now being recognized to infect especially immunocompro-
mised persons in intensive care units, carrier of foreign bodies, and older patients.
Importantly, all these opportunistic pathogens have the capacity to acquire multiple
antibiotic resistance traits.?®

For example, Staphylococcus epidermidis is primarily a normal inhabitant of the
healthy human skin and mucosal microflora. In recent decades, however, the
bacterium emerges as a common cause of nosocomial infections.’ Mostly, these
infections occur in association with the use of medical devices and they preferen-
tially affect immunocompromised and critically ill patients causing acute bacter-
emia and septicemia. The ability of S. epidermidis to form biofilms on medical
devices is regarded as a major virulence mechanism (Fig. 3.2). It is interesting to
note that some S. epidermidis clones are especially successful in establishing
nosocomial infections. Molecular analysis has revealed that these clones are biofilm
positive, express multiple resistance traits, and often harbor a specific insertion
element 1S256. Moreover, multilocus sequence typing (MLST) identified ST27
(now reclassified as ST2) as the predominant clonal type.>* Obviously, there is a
strong selection towards specific virulence properties in hospitals that enable S.
epidermidis bacteria to survive and to cause infections under these conditions.
Interestingly, the capacity to form thick multilayered biofilms on polymer and
metal surfaces®! is associated mostly with the synthesis of an extracellular polysac-
charide, the so-called polysaccharide intercellular adhesin (PIA). The enzymes
involved in PIA production are encoded by the icaADBC operon.> Numerous
studies have shown that the icaADBC genes are more prevalent in S. epidermidis
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Fig. 3.2 Scanning electron microscopic image of S. epidermidis RP 62A biofilm

strains from device-associated infections than in commensal isolates.**** There-
fore, this genetic information has been regarded as a discriminating factor between
pathogenic and nonpathogenic S. epidermidis strains. Biofilm-positive bacteria are
less susceptible to the action of antibiotics and are shielded from the host immune
system through the slimy polysaccharide matrix.

Symptoms of sepsis are usually nonspecific and include fever, chills, and
constitutional symptoms of fatigue, malaise, anxiety, or confusion. These symp-
toms are not pathognomonic for infection and may be seen in a wide variety of
noninfectious inflammatory conditions.>> They may be absent in serious infections,
especially in elderly individuals. The therapy of sepsis and bacteremia has some
priorities. The blood must be cleared rapidly of bacteria by adequate antibiotic
therapy. Certain antimicrobial agents may cause the patients to get worse. It is
believed that certain antimicrobials trigger more LPS to be released, causing more
problems for the patient. Antimicrobials that do NOT cause the patient to get worse
are carbapenems, ceftriaxone, cefepime, glycopeptides, aminoglycosides, and qui-
nolones. Prompt institution of empiric treatment with antimicrobials is essential
(see Annane et al. for review35). The early institution of antimicrobials has been
shown to decrease the development of shock and to lower the mortality rate. After
the appropriate samples are obtained from the patient, a regimen of antimicrobials
with a broad spectrum of activity is needed. This is because antimicrobial therapy is
almost always instituted before the organisms causing the sepsis are identified.
Furthermore, the original focus of infection must be treated by removal of foreign
bodies, drainage of purulent exudate, particularly for anaerobic infections, and
removal of infected organs: debride or amputate gangrenous tissues. Despite
aggressive treatment, mortality ranges from 15% in patients with bacteremia and
sepsis to 40-60% in patients with septic shock.**®
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Skin and Soft-Tissue Infections

Skin and soft-tissue infections (SSTIs) are a common cause of morbidity in older
patients primarily due to Streptococcus and Staphylococcus species. Dry, atrophied,
pruritic skin with a reduced capacity for immunologic defense and mechanical
repair predisposes the elderly patient to a variety of skin infections. Risk factors
such as diabetes and conditions that worsen the skin circulation, such as heart
failure, trauma, chronic skin conditions (e.g., eczema) and obesity, facilitate the
entry of pathogens into the skin.

Cellulitis

Cellulitis is an infection of the dermis and subcutaneous tissue. Symptoms include
local erythema, edema, pain, and tenderness. More complicated infections are
marked by systemic symptoms, such as fever and leukocytosis, and can develop
into a life-threatening emergency. Erysipelas is a form of cellulitis that affects only
the top layers of the skin and is characterized by particularly sharp demarcations
and lymphatic inflammation. Superficial cutaneous edema surrounding hair folli-
cles anchored to the dermis sometimes produces a classic dimpled appearance of
the skin resembling an orange peel (“peau d’orange”).*® Bullous erysipelas occurs
in more or less 5% of the patients and is prevalent in elderly persons and in patients
with diabetes mellitus.*” Potential complications of cellulitis and erysipelas include
spread of the infection with septicemia, thrombophlebitis, septic arthritis, osteomy-
elitis, and endocarditis. Erysipelas is preferentially found on the extremities and
within the face. S. pyogenes (beta-hemolytic streptococci belonging to Lancefield
group A), and S. aureus are the most common causes of cellulitis and erysipelas, but
erysipelas and bacteremia with a non-haemolytic, streptolysin S-deficient S. pyo-
genes have also been reported.*'** With the sequencing of several S. pyogenes
genomes have come major advances in understanding the pathogenesis of group A
Streptococcus-associated diseases. Group A Streptococcus shows enormous and
evolving molecular diversity driven by horizontal transmission between group A
Streptococcus strains and other streptococci. Acquisition of prophages accounts for
much of the diversity, conferring both virulence through phage-associated viru-
lence factors and increased bacterial survival against host defenses.***** One of the
key bacteriophage-encoded virulence factors is a putative “hyaluronidase”, HylP1,
a phage tail-fiber protein responsible for the digestion of the S. pyogenes hyalur-
onan capsule during phage infection.*> Among the many factors involved in the
virulence of the pathogen, the M protein and a group of exotoxins known as
streptococcal superantigens (SAgs) have received considerable attention. The M
protein is exposed from the group A Streptococcus (GAS) cell surface as a helical
coiled-coil molecule that is antiphagocytic, thereby promoting bacterial survival.
Soluble M1 protein likely contributes to the excessive T-cell activation and hyper-
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inflammatory response seen in severe invasive streptococcal infections and is a
potent inducer of T-cell proliferation and release of Th1-type cytokines.*® Sequence
analysis of the emm gene (encoding the M protein) has become an important
surveillance tool for investigating the dynamics of GAS infection, and more than
150 emm gene sequence types and several emm subtypes have been documented.*’

Cellulitis and erysipelas require antibiotic treatment. In most cases, they
should be treated with intravenous antibiotics if the infection is complicated or of
significant extent, or present with a coincident disease. The most common anti-
biotics used to treat cellulitis and erysipelas are penicillins and cephalosporins. For
patients allergic to penicillin or suspected of being infected with an antibiotic-
resistant organism, vancomycin or clindamycin is recommended.***°

Necrotizing Fasciitis

Necrotizing SSTIs are infrequent but rapidly progressing and life threatening
involving the superficial fascial layers of the extremities, abdomen, or perineum.
They require immediate medical attention and emergency surgery to prevent
morbidity and death. Early diagnosis and prompt treatment are of prior importance
in the treatment of this infection. Necrotizing fasciitis occur frequently as a
consequence of trauma or surgery but also after innocuous events such as an insect
bite. Only one-third of cases are correctly diagnosed as necrotizing fasciitis and
more than two-thirds admitted for instances as “cellulitis”.’*>' The three important
forms of necrotizing fasciitis are type I, or polymicrobial (e.g., aerobic Gram-
negative bacteria (Escherichia coli, Enterobacter spp., Klebsiella spp., Proteus
mirabilis); anaerobic Gram-negative bacteria (Bacteroides spp., Fusobacterium
spp.); anaerobic Gram-positive bacteria (Peptoccocus spp., Clostridium spp.),
type II, or group A streptococcal (may be in combination with Staphylococcus
aureus), and type III gas gangrene, or clostridial myonecrosis. In rare cases,
Aspergillus species, unencapsulated Haemophilus influenzae infection may cause
necrotizing fasciitis.”*”> Differentiating necrotizing infections from common soft-
tissue infections is critically important. The laboratory risk indicator for necrotizing
fasciitis score can be helpful in distinguishing between cases of cellulitis that should
respond to medical management alone and necrotizing soft tissue infections that
require operative debridement in addition to antimicrobial therapy.”* Minor skin
infections such as furuncles were found to be present in about 20% of patients
before developing necrotizing fasciitis. Treatment for necrotizing fasciitis necessi-
tates therapy involving several antibiotics such as gentamicin and clindamycin.
Consideration should be given to cover both aerobes and anaerobes.>

One of the problems of nursing home and long-term-care facilities (LTCFs) is
infections complicated by antimicrobial-resistant pathogens. The residents in
LTCFs have a high frequency of colonization with antimicrobial-resistant organ-
isms, including methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-
resistant enterococci (VRE), penicillin-resistant pneumococci, extended spectrum
B-lactamase-producing and fluoroquinolone-resistant Gram-negative organisms.>®
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Importantly, MRSA has emerged as the major nosocomial pathogen during the past
two decades, and is now deeply entrenched in both healthcare facilities and the
community at large.”’ All MRSA strains have acquired the so-called mecA gene
that encodes an additional penicillin-binding protein, PBP2a, which confers cross-
resistance to all beta-lactams, including penicillins, carbapenems, and cephalospor-
ins. The pathogen is increasingly recognized in infections among persons in the
community and also nursing homes without established risk factors for MRSA, and
there is ongoing rise in the incidence of community-acquired MRSA in patients
with SSTIs.”®>” MRSA strains associated with furunculosis, cutaneous abscess,
cellulitis, and necrotizing fasciitis usually possess genes for Panton—Valentine
leukocidin (PVL)60‘61 and sometimes other virulence genes such as those for
toxic shock syndrome or exfoliative toxins.®>

The antibiotic therapy used in SSTIs in the elderly should include MRSA
coverage as indicated. In addition, new treatment options for invasive MRSA
infections have been developed for anti-MRSA therapy such as linezolid, dapto-
mycin, tigecycline, and quinupristin/dalfopristin. Moreover, a number of new anti-
staphylococcal compounds are in development, including novel glycopeptides
(dalbavancin, telavancin, and oritavancin), ceftobiprole, and iclaprim.63

Onychomycosis

Onychomycosis or tinea unguium is a skin disease of the elderly, most commonly
caused by the dermatophyte Trichophyton rubrum but can also be caused by
Candida and nondermatophyte molds. The prevalence of onychomycosis is nearly
20% in patients aged >60 years and more often in males than females. Elderly
patients have specific risk factors for poor response to therapy for onychomycosis,
including frequent nail dystrophy, slow growth of nails, and increased prevalence of
peripheral vascular disease and diabetes mellitus. There are four types of onycho-
mycosis: distal subungual onychomycosis, proximal subungual onychomycosis,
white superficial onychomycosis, and candidal onychomycosis. Distal subungual
onychomycosis, which manifests as thickened and friable nails with associated
discoloration and subungual hyperkeratosis, is the most prevalent type and accounts
for 75-85% of cases. Onychomycosis can provide a portal of entry for other
pathogens and can be related to secondary bacterial infections in diabetic patients
leading to foot ulcers and gangrene, recurrent cellulitis, and erysipelas.®*%> The
treatment options for the management of onychomycosis are oral therapies, topical
nail lacquer, mechanical or chemical treatments, or a combination of one or more of
these modalities.®® Terbinafine is the drug of choice for dermatophyte onychomy-
cosis, with greater mycological cure rates, less serious and fewer drug interactions,
and a lower cost than continuous itraconazole therapy. Adjunct debridement may
improve the clinical and complete cure rates compared with terbinafine alone.
Unlike other oral antifungal agents, its action against dermatophytes is fungicidal
as opposed to fungistatic but it is only effective against dermatophytes while other
agents are also effective against nondermatophytes.®’
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Herpes Zoster

Herpes zoster, known as shingles, is caused by reactivation from previous varicella
zoster virus (VZV) infection and affects millions of people worldwide. It primarily
affects older adults and those with immune system dysfunction, most likely as a
result of reduced or lost VZV-specific cell-mediated immunity. Varicella zoster
virus infection is the pathogenic etiology of chickenpox, also referred to as varicel-
la, an infection that usually happens in prepubescent children. After a chickenpox
infection, VZV remains latent in an individual’s dorsal root and cranial nerve
ganglia even for decades. Herpes zoster is a transient disease characterized by a
dermatomal rash that is usually associated with significant pain. Post-herpetic
neuralgia (PHN) is the term used for the condition that exists if the pain persists
after the rash has resolved.® Postherpetic neuralgia is particularly frequent and
severe in the elderly, occurring in 25-40% of patients over the age 60 with herpes
zoster. The overall incidence of herpes zoster in Europe is approximately 3 per
1,000 people per year and more than 10 per 1,000 people per year in those aged >80
years.®” A patient with zoster usually first notices unilateral dysesthesia and pain on
one side of the body almost in line (dermatomal) before any rash occurs. Within 1-3
days after the initial pain, clusters of grouped vesicles on an erythematous base or
urticarial-like plaques develop.

The optimal treatment of herpes zoster and post-herpetic neuralgia requires early
antiviral therapy and pain management. Acyclovir, valacyclovir, and famcyclovir
can be used to treat zoster and are used for 7 days. Both the vaccine against VZV
(Varivax) and the newly released vaccine against herpes zoster (Zostavax) may lead
to substantial reductions in morbidity from herpes zoster and PHN in people over 60
years of age. Durability of vaccine response and possible booster vaccination will
still need to be determined. In addition, current evidence suggests that multiple
medications are effective in reducing the pain associated with PHN. These include
tricyclic antidepressants, antiepileptics, opioids, NMDA receptor antagonists as
well as topical lidocaine (lignocaine) and capsaicin.’®

What is the Consequence of an Older Society for Infectious
Disease Research?

The management of infections in the elderly as well as research on the impact of
microbes on health of elderly persons is very important in the future. Importantly,
the demographic transition to an “older society” requires new concepts to manage
infections of the elderly in its whole including the investigation of virulence
properties of microbes, epidemiology, ecology, immunology, vaccines, and treat-
ment. However, the education of physicians and healthcare workers also needs to be
improved. The investigation of such complex areas demands the close collaboration
between basic research scientists and physicians and all other professionals
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involved in geriatric medicine. The major aim of the combined efforts should be to
decrease morbidity and mortality of infections in the elderly. This could be
achieved by improvement of medical care and implementation of new therapies
based on novel research findings. For example, a significant proportion of UTIs
could be prevented if catheterization procedures could be optimized. Moreover, a
better understanding of the complex interplay of viral and bacterial pathogens of the
upper respiratory tract and their impact on the outcome of an infection would
improve the therapy of pneumonia. Importantly, effective vaccines against the
most prevalent pathogens of respiratory diseases especially against S. pneumoniae
could substantially lower the number of deaths due to pneumonia. Likewise, the
number of nosocomial infections caused by antibiotic-resistant bacteria such as
multiresistant staphylococci and enterococci, E. coli, Klebsiella spp., and Pseudo-
monas aeruginosa could be decreased by improvement of hygiene standards,
optimization of antibiotic treatment, and novel therapies such as immunotherapy.
As it is well recognized that the success of opportunistic pathogens depends on the
status of the immune system, it should be discovered how an impaired immune
reactivity impact the occurrence, incidence, course, and prognosis of an infection.
These issues are of special importance since the success of preventative measures
directly depend on immunological properties of older patients. Finally, it is essen-
tial to investigate how the colonization of humans by microbes is changing during
the course of life. New molecular typing methods allow specifically the characteri-
zation of individual colonization patterns. Another important topic of future re-
search is the exploration of the impact of infections and chronic diseases. It is
tempting to speculate that bacterial and viral pathogens may be involved in several
chronic diseases in addition to the well-characterized role of Helicobacter pylori in
stomach cancer and lymphoma or the proposed role of chlamydia in coronary heart
disease.

Concluding Remarks

The shift of the population structure towards older age groups will impact all
segments of a society. This trend will pose new challenges for geriatric medicine,
and, especially, infectious disease research has to meet these challenges to explore
the specific role of pathogenic agents and infectious diseases in the elderly. There is
a strong need to develop new concepts for prevention, diagnosis, and therapy of
infections in the largest group of the future population.
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Chapter 4
Skin Aging and Microbiology

Leslie Baumann, Edmund Weisberg, and Steven L. Percival

Introduction

There are two primary skin aging processes, intrinsic and extrinsic. Intrinsic aging
refers to the natural course of genetically programmed cellular aging. Extrinsic
aging, or premature cutaneous aging, occurs as the result of exogenous forces,
including smoking, excessive alcohol consumption, poor nutrition, pollution, and
particularly solar exposure, and is, by definition, preventable. The effects of solar
exposure, most notably wrinkling and undesired pigmentation, are so prevalent that
a subcategory of extrinsic aging, called photoaging, is studied quite extensively.
While the sun is the primary exogenous causative agent in skin aging, it is not the
only etiologic factor. This chapter will focus on the microbiology of skin aging, on
various internal and environmental elements involved in the aging process, on
extrinsic cutaneous aging due to the influence of the sun, and on the role of the
sun in potentially altering the normal course of intrinsic, or natural, aging.

Factors and Theories Pertaining to Cutaneous Aging

Intrinsically aging skin is smooth and unblemished, and manifests normal geomet-
ric patterns, with some exaggerated expression lines. Such skin is characterized
histologically by epidermal and dermal atrophy, evening or flattening of the epider-
mal rete ridges, as well as decreased numbers of fibroblasts and mast cells.'?
Further, increases occur in the number of collagen fibrils and in the ratio of collagen
III to collagen I.* Nevertheless, the etiologic pathways of intrinsic skin aging are
less understood and have been studied far less than the mechanisms of extrinsic skin
aging. Chronological aging is understood, though, to be a dynamic, multifactorial
cascade of events mediated by genetic, hormonal, and metabolic processes.
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Exposure to the sun is easily considered the most significant factor in the
exogenous aging of the skin. In fact, chronic sun exposure is cited as the primary
cause of 80% of facial aging.* The extrinsic aging of the skin, seen most often in
consistently exposed areas including the face, chest, and extensor surfaces of the
arms, results from the cumulative effects of lifelong ultraviolet radiation (UVR)
exposure. The clinical presentation is characterized by rhytides, pigmented lesions
(e.g., ephelides, lentigines, and patchy hyperpigmentation), and depigmented
lesions (e.g., guttate hypomelanosis). In addition, skin tone and elasticity is dimin-
ished in photoaged skin. Such skin is increasingly fragile and manifests areas of
purpura due to blood vessel weakness, and benign lesions (e.g., acrochordons,
keratoses, and telangiectases). On the Glogau scale, which measures the level of
clinical photodamage, patients with a significant history of sun exposure typically
score higher than expected for their age, while patients with a history of minimal
sun exposure usually score lower than expected for their age.

The sine qua non elastosis renders an easy histopathologic identification of
photoaged skin. Other important alterations are notable, however. Epidermal atro-
phy and discrete changes in collagen and elastic fibers help distinguish photoaged
skin. Specifically, fragmented, thickened, and more soluble collagen fibers are
exhibited in severely photoaged skin.” Elastic fibers also become fragmented and
undergo progressive cross-linkage and calcification.® Continued UVR exposure has
been shown to exacerbate these distinct signs of deterioration in collagen and
elastic fibers already induced by prior photoaging. In general, aging skin is char-
acterized by increased inelasticity, fragmentation, and collagen bundle fragility.”

Chemistry of Intrinsic Aging: Telomeres

At a cellular level, telomeres, the specialized structures at the ends of eukaryotic
chromosomes, are thought to play an integral role in the intrinsic aging process.
Intact telomeres are essential for the extension of a cell’s life span.” Interestingly,
telomere length shortens with age. This process of erosion of telomeres is now
thought of as a veritable internal aging clock, as it serves as one method to measure
aging and as the basis for a currently favored theory on aging.® One fascinating
implication of this theory figuratively places aging and cancer on opposite sides of
the same coin. The cellular reverse transcriptase enzyme that stabilizes or lengthens
telomeres, known as telomerase, is expressed in approximately 85-90% of all
human tumors; however, it is absent in many somatic tissues.”'” Consequently,
most cancer cells, as opposed to healthy cells, are not programmed for apoptosis, or
cell death. In other words, telomerase presence is correlated with telomere stability
and tumorigenesis, whereas the absence of telomerase is associated with telomere
shortening, somatic tissue aging, and a limit to cellular replicative capacity. Signif-
icantly, the epidermis is one of the few regenerative tissues known to express the
ribonucleoprotein telomerase.'' Further, an investigation of progressive telomere
shortening in 52 specimens of normal human epidermis and 48 specimens of lingual
epithelium collected at autopsy from subjects who died between 0 and 101 years of
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age revealed that the telomere shortening associated with aging is characterized by
tissue-specific loss rates.'> A fascinating recent study on nevus counts helps to
illustrate this dichotomy. Melanoma risk has been traditionally linked to a high
nevus count as well as the proclivity to form nevi. Researchers conducting a 10-year
study of 1,897 Caucasian women between 18 and 79 years old examined whether
telomere length measurements in white cells are associated with nevi count and
size. Interestingly, investigators found, after adjusting for age, that subjects with the
highest nevus counts exhibited greater average telomere length and that subjects
with more than 100 nevi had a biological age averaging 67 years younger than
subjects manifesting fewer than 25 nevi. These findings suggest that individuals
with several moles may age slower than those with few moles.'? In other words, on
one side of the coin is the greater risk of melanoma among those with numerous
nevi; on the other side, these same individuals may have a reduced rate of
senescence.

Although there are several prominent theories that contribute to our understand-
ing of aging, the natural, progressive shortening of telomeres may be the primary
mechanism of cellular aging in skin.” In addition, telomeres and other cellular
components are subject to low-grade oxidative damage due to aerobic cellular
metabolism, a process that contributes to intrinsic aging.'* Much remains to be
learned about telomeres and telomerase and their relationship to aging, as well as
cancer. Current data provide no indication that medical intervention can safely
extend the lengths of telomeres. Therefore, no topical skin care products, systemic
drugs, or other treatment options are yet available that can target telomerase. It is
thought that telomerase-based therapies may eventually be developed to inhibit
telomerase with the intention of also imparting anti-proliferative and apoptosis-
inducing effects unrelated to the role the enzyme plays in shortening telomeres
during mitosis."’

Werner Syndrome (WS), an autosomal recessive disorder in which the causative
gene, WRN, encodes a member of the RecQ-like subfamily of DNA helicases,
appears to have the potential to play a didactic role regarding our understanding of
the aging process.'> The Werner protein (WRN), a multifunctional nuclear protein
exhibiting 3'-5" exonuclease and ATP-dependent helicase activities, is involved in
several DNA metabolic pathways, but is available at reduced levels to WS
patients.'® WS is characterized by signs of accelerated aging and the premature
onset of various age-related disorders. In particular, WS patients experience a
higher incidence of sarcomas and other tumors of mesenchymal origin than the
population at large.'” In a decade-old study, mouse embryo fibroblasts derived from
homozygous WS embryos were demonstrated to have premature loss of prolifera-
tive capacity.'> More recently, researchers observed that telomere reserve exhaus-
tion and telomere dysfunction induced several Werner-like symptoms, including
hair graying, alopecia, cataracts, osteoporosis, type II diabetes, and premature death
in a mouse model.'® Further, telomere shortening was cited as the main cause in this
model of other observations, such as accelerated replicative senescence and chro-
mosomal instability, particularly nonepithelial tumors often linked to WS. Further
elucidation of the aging process is expected from the study of WS, given the
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relationship of WS to telomere shortening and the association of cellular aging with
the status of telomeres and activity of telomerase.

Free Radicals

The free radical theory of aging, considered an important element in our under-
standing of intrinsic and extrinsic aging, was proposed in 1956."° It is one of the
most widely accepted theories that accounts for the aging phenomenon.” Free
radicals, also known as reactive oxygen species (ROS), arise when oxygen mole-
cules combine with other molecules resulting in an odd number of electrons. An
oxygen molecule with paired electrons is stable; oxygen with an unpaired electron
is “reactive” because it scavenges electrons from surrounding molecules, rendering
them impaired.”' According to the theory, ROS engendered by oxidative metabo-
lism cause cellular damage, which accumulates and accounts for overall aging.*>*
Significantly, ROS are also thought to be involved cutaneously in causing photoag-
ing, carcinogenesis, and inflammation. UV-induced skin damage is known to be, at
least in part, mediated by reactive oxygen intermediates.**

Estrogens

Estrogens are not etiological factors in aging, per se, but this key group of hormones
significantly impacts the skin, particularly in raising collagen and glycosaminogly-
cans content and contributing to skin thickness and moisturization. In addition,
estrogens influence hair growth, water retention, wrinkling, vascularity, and pig-
mentation.”’ Indeed, it is the reduction of estrogen levels that is associated with
cutaneous signs of aging. Skin, which is known to respond to estrogen via particular
receptors (estrogen receptors alpha and beta), has been shown to age because of the
influence of various internal and external processes. Hormone levels change
through time and can also be affected by extrinsic factors, including, of course,
hormone replacement therapy. Significant improvement in the fine facial wrinkles
of postmenopausal women was observed in a double-blind, placebo-controlled
study following topical application of a conjugated estrogen cream.” In addition,
in a large cohort study, postmenopausal women using estrogen were shown, a
decade ago, to be less prone to develop wrinkles.?” It can be said that hormonal
treatment represented one of the few promising avenues of countering or slowing
the cutaneous effects of aging. The relatively recent cessation of part of the
Women’s Health Initiative (WHI), which implied elevated risk of coronary artery
disease and breast cancer from using hormone replacement therapy (HRT), has
eliminated HRT from the recommended armamentarium of treatments for aging
skin, however, at least until a safe minimum concentration of estrogen for topical
delivery, conferring local effects but no systemic side effects, can be ascertained.”’
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While other hormonally based skin aging treatments appear on the horizon, e.g.,
phytoestrogens and selective estrogen receptor modulators (SERMs), more remains
to be understood regarding the hormonal role in skin aging. Nevertheless, it is clear
that hormonal influences are a factor in the dynamic aging process.

Chemistry of Extrinsic Aging

Extrinsic or exogenous aging, by definition, can be prevented, and is thus subject to
the volitional control of the individual. Exogenous behaviors or factors such as
smoking, poor nutrition, and solar exposure are the primary causes of extrinsic,
premature cutaneous aging. Sun exposure, by far the most significant etiologic
factor in cutaneous aging so much so that it warrants its own designation —
photoaging, is thought to account for 80% of facial aging.* While discrete signs
and symptoms have been directly linked to solar exposure, photoaging is not an
independent process. That is to say, photoaging is thought of as the superposition of
UV irradiation onto the already occurring endogenous aging process,~%* and
therefore an accelerating or exacerbating phenomenon. The readily apparent results
of chronic sun exposure can be observed simply through comparing skin not
typically exposed to the sun, which obviously varies by culture, climate, and
individual, with skin routinely exposed to the sun (which, of course, also varies,
but the hands, neck, and face are safe bets). Using a Wood’s lamp or an ultraviolet
camera system renders an even more discernible depiction of the symptoms of
photodamage, particularly the epidermal pigment component.

UVR exposure results in skin damage through various mechanisms, such as the
development of sunburn cells, as well as thymine and pyrimidine dimers; the
production of collagenase, the enzyme primarily involved in the breakdown of
collagen; and the induction of an inflammatory response. Sunburn cells, or UV-
induced apoptotic cells, have long been employed as markers for the assessment of
photodamage. Levels of the enzyme caspase-3, which mediates UV-induced apo-
ptosis, are believed to be reliable indicators of the presence of cellular apotosis.™
Similar to caspase-3, caspase-7 is a key component in the activation of apoptosis.>'
The etiologic mechanism of photoaging is also believed to involve mast cells and
macrophages, which are found in greater abundance in such skin.*

Signaling through the tumor-suppressor protein p53 after telomere disruption is
also associated with aging as well as photodamage, more directly from UVB than
UVA wavelengths."** More infiltrating mononuclear cells have been shown
through histologic examination to be present in skin chronically exposed to the
sun as compared to protected skin.**> Furthermore, photoaging, photocarcinogen-
esis, and photo-immunosuppression are well known to be consequences of UV
exposure, especially the UVA range (320-400 nm).** Gaining currency is the
theory that as UVR exposure impairs DNA and accelerates the rate of telomere
shortening, this chief causal component of extrinsic aging can be considered to be
an etiologic factor in cellular aging. Indeed, recent reports suggest that photoaging
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and chronological aging exhibit overlapping or intersecting features. Telomeres,
however, do not appear to be important in the primary mechanisms of extrinsic
aging. In fact, in a recent study measuring telomere lengths in 76 specimens of
epidermis from sun-protected sites, 24 epidermal specimens from sun-exposed
sites, and 60 dermal specimens, telomere length was found to be shorter in the
epidermis. Intrinsic aging was revealed by diminished telomere length in the
epidermis and dermis with age. However, reduced telomere length was not linked
to photoaging in this study, as telomere length was demonstrated to be similar in
sun-exposed and sun-protected sites.>> Theoretically, the lower the number of
sunburn cells present, the less significant the level of photodamage. The only
known ways to prevent the formation of sunburn cells are sun avoidance and the
consistent use of broad-spectrum sunscreens. Both practices can also protect against
the formation of thymine dimers.

Characteristics of Aging Skin

Although there are separate but overlapping etiologic pathways related to the
processes of intrinsic and extrinsic skin aging, aged skin manifests certain identifi-
able characteristics regardless of its causal pathway. As skin ages, alterations
emerge throughout the epidermis, dermis, and subcutaneous tissue, presenting
distinct and vast changes in cutaneous structure and function.

Epidermis

Although it may seem counterintuitive, age-related changes can be more pro-
nounced beneath the surface. That is, alterations in the dermis are more quantifiable
and histologically verifiable than changes in the epidermis. In fact, some studies
imply that the epidermis thins with age,” some even suggesting a 10-50% thinning
between 30 and 80 years of age,36_38 but others offer no such conclusions.>” Indeed,
a recent study of biopsies from three different body areas of 71 human subjects
ranging from 20 to 68 years of age found no correlation between epidermal
thickness and age or skin type.*” There is general agreement, though, that the
stratum corneum (SC) does not become thinner through the aging process. Histo-
pathologic examination of 83 biopsies from sun-exposed and protected skin in
healthy volunteers (ranging from 6 to 84 years old) demonstrated that epidermal
thickness was constant across decades in both intrinsically and extrinsically aged
skin, with the thickness found to be greater in sun-exposed skin.*' A different study
showed that the spinous layer of a wrinkle was thinner at the base than at its
flanks.** According to this study, fewer keratohyaline granules are found in the
wrinkle base as compared to its flanks.
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While debate continues regarding the extent to which changes occur in the
epidermal layer with age, alterations are known to emerge in aged skin at the
intersection of the epidermis and dermis, known as the dermal—epidermal junction
(DEJ). Aged epidermis is characterized by a flattened DEJ with a correspondingly
reduced connecting surface area and loss of dermal papillae.*' In a study of
abdominal skin across generations, DEJ surface area averaged 2.64 mm? in subjects
21-40 years old, but only 1.90 mm? in subjects aged 61-80 years.** Such apparent
diminution in DEJ surface area is believed to contribute to the greater skin fragility
associated with age; it may also hinder nutrient transfer between the dermal and
epidermal layers. It is worth noting that in the study by El-Domyati et al., facial and
abdominal skin thickness remained virtually unchanged through the decades in
their sample of 83 biopsies from sun-exposed and protected skin culled from 38
healthy volunteers ranging from 6 to 84 years old, with the epidermis of facial skin
found to be consistently and significantly thicker than abdominal skin.*'

Decreased Cell Turnover

Although epidermal thickness may remain more or less static through time, and
wrinkles appear thinner at their base, age-related changes occur in the epidermal
layer above the DEJ. The epidermal turnover rate slows markedly, from 30 to 50%,
between the third and eighth decades of life.** SC transit time has been demon-
strated to last 20 days in young adults and 30 or more days in older adults.*’
A prolonged SC replacement rate, epidermal atrophy, slower wound healing, and
less effective desquamation are all associated with such cell cycle lengthening in
aged skin. In fact, it has been shown that double the time to re-epithelialize was
required for older patients after dermabrasion resurfacing procedures as compared
to younger patients.*® Decelerated cell turnover and its concomitant cascade of
alterations in older skin result in heaps of corneocytes that render the skin surface
rough and dull in appearance. Many cosmetic dermatologists use hydroxy acids and
retinoids to speed up the cell cycle in such skin with the expectation that an
accelerated turnover rate will ameliorate skin appearance and speed wound healing
after cosmetic procedures.

The number of Langerhans cells also markedly declines with age. Significantly,
many such cells experience a functional decline, which has been suggested as an
explanation for the reduced immune function of the skin seen in the elderly.*®*’

Dermis

Dermal thickness decreases by approximately 20% with age.*® Histologic exami-
nation has revealed that aged dermis is relatively acellular and avascular.' Normal
aged skin is also characterized by reduced collagen production and the development
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of fragmented elastic fibers. Photoaged skin, in addition to such properties, also
manifests disorganized collagen fibrils and the accumulation of abnormal elastin-
containing material.*'** Collagen, elastin, and glycosaminoglycans, the three pri-
mary structural constituents of the dermis, clearly undergo significant change with
age; these dermal components have been the focus of the preponderance of anti-
aging research directed at the skin.

Collagen

The most abundant protein present in humans as well as the primary structural
component of the dermis, collagen imparts strength and support to human skin. As
suggested above, over time the structural proteins and primary constituents of the
skin decline, manifesting in visible signs of cutaneous aging. Epidermal and dermal
atrophy as well as flattening of the rete ridges characterize endogenously aged
skin.! Rhytides, or wrinkles, present in the epidermal and dermal layers of the skin.
However, little is known about the pathogenesis of wrinkles.*” Alterations in
collagen are known to play an integral role in the cutaneous aging process, of
which wrinkles are the primary manifestation (along with changes in elasticity and
pigmentation). Consequently, collagen-containing topical products intended
for “anti-aging” purposes have achieved great, though unwarranted, popularity.
There are no products yet available to permanently replace the collagen lost with
aging.

Collagen, which comprises 70% of dry skin mass, is actually a dynamic family
of proteins.” In older skin, collagen exhibits thickened fibrils organized in rope-
like bundles that appear to be in disarray, as compared to the patterns identified in
younger skin." Further, aged fibroblasts have been shown, in vivo and in vitro, to
synthesize lower levels of collagen. With age, the ratio of collagen types in human
skin changes, serving as an important histologic marker of cutaneous aging. Colla-
gen I comprises 80% of young skin, with collagen III composing about 15% of total
skin collagen; in older skin, the ratio of type III to type I collagen has been
demonstrated to increase as a result of a substantial loss of collagen I.°! The overall
collagen content per unit area of skin surface is also known to diminish approxi-
mately 1% per year.”* Significantly, collagen I levels have been demonstrated to
decrease by 59% in irradiated skin,> a decline ascribed to the extent of photo-
damage.>* Collagen I is the most important and copious form of collagen in human
skin, but other collagen types are influenced by the aging process and these
alterations also occur in the human dermal layer.

Collagen IV, an integral element of the DEJ, confers structural framework for
other molecules and contributes significantly to the maintenance of mechanical
stability. There have been no significant differences reported in collagen IV levels
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in sun-exposed skin compared to unexposed skin, but significantly lower collagen
IV levels have been noted at the base of wrinkles as compared to the flanks of the
same wrinkles. Consequently, it is thought that the loss of collagen IV may
adversely affect the mechanical stability of the DEJ, thereby promoting the forma-
tion of wrinkles.*?

Collagen VII is the dominant component in anchoring fibrils, which attach the
basement membrane zone to the underlying papillary dermis. In a decade-old study,
a significantly lower number of anchoring fibrils were found in patients with
chronically sun-exposed skin as compared to normal controls. The investigators
speculated that wrinkles may develop as a result of anchoring fibril degradation
weakening the bond between the dermis and epidermis.” A different study
revealed the loss of collagen VII to be more pronounced in the base of the wrinkle
(as observed with collagen IV in the same study).*?

The loss of collagen, while a natural endogenous process, has been demonstrated
to be accelerated as a consequence of chronic sun exposure. The cascade of events
begins with UVR exposure significantly upregulating the production of several
types of collagen-degrading enzymes known as matrix metalloproteinases (MMPs).
Initially, UV exposure induces an increase in 