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ABSTRACT

The integration of evolutionary biology with traditional medicine can elucidate
novel mechanisms of contemporary disease. Whereas the goal of traditional medicine is
to treat and cure the proximate causes, evolutionary biology aims to understand the
driving forces behind why humans are susceptible to disease. To form the basis of this
hypothesis we postulate that modern man’s current genetic information was programmed
at a time, and in an environment, that is not relevant to today’s human populations. The
discordance between these genes of our ancestors and the environment of contemporary
humans is thought to be a major reason for the increase in chronic diseases. Accordingly,
the “Old Friends” Hypothesis is presented here to help understand the environment in
which our ancestors evolved, emphasizing the relationship between humans and
microorganisms that have an adaptive role in the human immune system. Furthermore, as
societies and civilizations progressed throughout history, the human disease-scape began
to change. The rise in epidemic infectious disease is tied to the advent of agriculture, and
continues to be a major cause of mortality in developing nations. In Westernized nations
mortality from infectious disease has decreased and life expectancy has nearly doubled in
the last century. However, quality of life for many has diminished by the emergence of
complex, chronic diseases such as cardiovascular disease, obesity, and type II diabetes.
Current research supports the idea that an understanding of the evolutionary history of
humans and their pathogens can be used as a complement to traditional approaches in

disease treatment and prevention.
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CHAPTER 1

INTRODUCTION

Medicine and evolutionary biology are two profoundly distinct fields within the
realm of basic science. Medicine stresses basic principles of chemistry, physics, and
human biology, while also unifying these principles to understand physiology,
embryology, and proximate causes of disease pathology. The primary goal of medicine is
to cure the individual, to heal by taking solely what is applicable from these basic
theories. Medicine aims to cure by solving the proximal causes of disease because these
proximal causes are typically the most obvious and allows for the opportunity to “act and
react” in attempts to quell disease manifestation or progression.' On the other hand,
evolutionary biology is a collection of theories used to understand the variation in living
beings.' Those in the field of evolutionary biology seek to understand the ultimate
processes that shaped the diversity of life on Earth. In the simplest terms, medicine shows
us how, and evolutionary biology shows us why. Thus, integrating these interdisciplinary
pursuits seems logical because such a union may shed light on the “missing piece” of
countless medical phenomena. However, despite contemporary advances in each

respective field, full integration has been difficult to accomplish.

Charles Darwin’s contribution to evolutionary theory has helped explain the

diversity of living organisms and has influenced how we observe life and its origins. His
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writings have been applied to medicine since their emergence; however, it is important to
note that two products of his theories, medical Darwinism and Darwinian medicine, are
fundamentally different and are far from interchangeable.' Medical Darwinism
materialized soon after the 1859 publication of Origin of Species. Darwin’s own writings
stressed the principle of pathological heredity, that inheritance of disease proved
inheritance of variation, which became a backbone of his theory of natural selection.’
Classical Darwinism (1880-1920) was centralized around a typological approach:
through the selection of traits, “types” are shaped. These “types” each have certain
commonalities that may be structural, functional, or behavioral and are akin to what we
know as phylogenetic families, groups, or species.' The formation by natural selection of
these certain types is a result of the elimination of unfavorable traits and the accrual of
favorable ones that improve survival or reproduction of individuals. Those who applied
Darwinism to medicine thought that natural selection was an all-or-nothing process and
that traits were either strictly good or entirely harmful.' It was thought that natural
selection allowed for the “better” traits to be conserved, the “lesser” traits to be
eliminated and that pathology was a result of traits that escaped natural selection.' This
“black and white” approach lead to the idea that natural selection was not applicable to
modern man.' English surgeon Lawson Tait was one of the first physicians to accept
Darwinian theory and posed the notion that “the deteriorating constitutions of modern
man [is] proof that medicine was keeping alive many who would have otherwise
perished.” However, the erroneous belief that natural selection worked to eliminate
through mortality rather than modify through differential reproductive success lead to the

foundations of the eugenic paradigm.* Aiming to improve the human race and counter the
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perceived failures of natural selection, the founding of the eugenic paradigm and its grim
consequences rendered medical Darwinism unpopular in the United States."* The decline
of medical Darwinism can also be attributed to the Flexner reform, which stressed
medical research and experimentation rather than abstract application of ideas, as well as
religious issues, as the teachings of Darwin were prohibited in many schools in the

United States in the first half of the 20" century.’

In 1991, George Williams and Randolph Nesse published the first comprehensive
paper on evolutionary principles as a foundation for modern biomedical science titled The
Dawn of Darwinian Medicine.® This publication is considered to be the birth of
“Darwinian medicine,” both the term and as a discipline. The phrase “medical
Darwinism” was only used by medical historians to describe the previously discussed
school of thought and was never actually used by Darwinian clinicians of the late 1800s
and early 1900s." In contrast, Nesse and Williams intended to create a new discipline,

coining the phrase “Darwinian medicine.”'

Several advances have occurred within evolutionary biology over the last sixty
years and preceded development of a new discipline.' Firstly, contrasting with previous
ideas of medical Darwinism, it is now known that natural selection operates at the level
of genes and not at the level of individuals or species.® Natural selection is the result of
differential representation of genes across generations, and genes become more frequent
in populations if they increase reproduction.’ It is worth noting that natural selection and
an increase in gene frequency in order to increase reproductive success do not always
lead to beneficial outcomes for the individuals of a species, as selection tends to flow

towards an increase in genetic representation in the next generation regardless of an
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expense to health after reproductive age.’” Essentially, one can personify genes as being
“selfish,” as if the ultimate goal of genes is to use a body as a vector in order to be passed
on to the next generation at any cost, so long as there are no negative effects on
reproduction and fecundity of an individual.® Traits that extend life or make life easier to
live are evolutionarily irrelevant unless they also increase reproduction.’ In contrast with
medical Darwinism, natural selection does not favor “good” traits over “bad” traits; the
outcomes of selection may be positive or negative, working to potentiate genes that
positively affect reproduction. Examples of this could be pathogen resistance or ability to
choose a healthy, fertile mate. A second advancement that contributed to the development
of Darwinian medicine was the discovery of genetic polymorphisms (or polymorphic
alleles), which are natural variations in genetic material and are fairly common within
populations.'® The study of genetic polymorphisms is a way to quantify what makes
individuals unique within a species, for example, eye color, hair color, and blood type in
humans. A third important finding in the field is the concept of genetic pleiotropy, or the
idea that a certain gene can control many phenotypic traits, potentially having both
positive effects on one trait and negative effects on another.!’ This gives rise to a tradeoff
among two or more traits, which is described by Fabio Zampieri as an “evolutionary
enhancement in the contribution to fitness of one trait that is linked through development

! For instance,

and physiology to an erosion in the contribution to fitness of another trait.
genes that apparently cause detrimental effects later in life may actually be preserved by
natural selection if those genes have beneficial effects at a younger age. The converse is

also true: a gene that repairs or prevents the abnormalities associated with aging will not

be favored by natural selection if it imposes even the smallest cost early in life.’ Built
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upon Darwin’s theories, these three ideas suggest that the adaptations produced via
natural selection are compromises that are far from perfect and may also have concurrent
maladaptations.®”'? To put this into the scope of medicine, one must be aware of some of
the accumulated compromises shaped by natural selection in order to thoroughly
understand the human body and the causes of disease. A concept described by Nesse and
Williams in their book, Why We Get Sick: The New Science of Darwinian Medicine, the
adaptationist program refers to conceptualizing known aspects of human biology as
functionally significant adaptations. This “functional adaptation approach” may
subsequently lead to the prediction of unknown facets of human biology, and, through

investigation, one may determine if the functional adaptations are clinically relevant.'

So, why do we get sick? Nesse and Williams attempt to answer this question
based not on disease itself but vulnerability to disease. Because natural selection results
in imperfect compromises, the structures and functions that are shaped by selection are
vulnerable to disease.”"” In the discussion of disease vulnerability, it is important to
remember not only the accumulated adaptations as well as maladaptations that selection
has not overcome, but also the evolutionary history of humans and our pathogens. There

are six causes of disease vulnerability:

1) A mismatch between our evolutionary design and our environment, for
example, premature death by heart disease caused by diet and exercise choices
due to a metabolism shaped in an environment where over-abundance of
scarce nutrients were rare. Selection in favor of our current food environment

has not yet occurred.”'*
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2) Competition with pathogens and other organisms due to selection occurring at
a higher rate in pathogen populations than in host populations. This is seen in
the case of antibiotic resistance.”'>'®

3) Tradeoffs between traits occur because any potential improvements to one
trait will inevitably result in the dysfunction of another trait.””'” Our bones
could be much thicker and less prone to breakage, however, doing so would
require much more strength to move them as well as put unnecessary stress on
delicate or complex joints, such as the pectoral girdle.

4) Natural selection can only work with what is already present, which may
provide limits in future generations. For example, bipedalism allows us to run
and move quickly, hold our offspring, use tools, and see greater distances;
however, the price paid for these benefits is pain in the neck and lower back.’

5) Selection is often misunderstood as something that will lead to improvements
of all traits, however, selection acts to improve reproductive success.’ If a
gene increases reproductive success it will continue to be selected for, even at
the expense of health, happiness, or longevity later in life.’

6) Many defenses, such as cough, fever, pain, nausea, vomiting, fatigue, and
anxiety are misinterpreted as disease rather than defense.” Much of the time
these defenses are seen as the problem. The expression of these defenses in
the presence of disease often leads clinicians to treat by blocking these
mechanisms, which may not be problems at all, but the body’s solution to an

underlying dysfunction. Blocking a defense may have harmful

repercussions. '
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Using research from evolutionary biology and biological anthropology, we can
apply an evolutionary perspective to diagnosing and treating disease in the modern world.
For instance, when treating an infectious disease, as described above, it is crucial to be
able to distinguish what is a cause of the disease and what is a consequence of the
disease." It is also important to determine if the symptoms presented are a host defense
or a parasite manipulation of the host, which would determine the course of action for
treatment. For example, treating a cold with an anti-inflammatory drug has shown to
lengthen the course of some infections due to suppression of pain as well as inflammatory
responses that would otherwise aid in fighting the infection."” Also, the coevolution
between pathogens and their hosts has caused host traits to evolve in response to the
evolution of pathogen traits that determine virulence, and vice versa.'>'®'® A pathogen’s
virulence can further evolve in response to changes in population density, transmission,
interaction with other pathogens or noninfectious conditions, antibiotic use, and countless

other ways, which may render current or previous treatment plans ineffective.*''®

The mechanisms by which the body handles mechanical damage or toxins can
also be considered in an evolutionary context. For example, the swelling around a joint
after an injury is not simply a bothersome side effect: it restricts movement and inflicts
pain when used, facilitating the healing process."> Emotions that are part of the stress
response, such as fear or panic, may seem to be a weakness in the development of our
psyche. From an evolutionary standpoint, these responses are extremely useful tools in
the perception of potential impeding danger, yet are calorically expensive and can
produce harmful effects if they persist chronically.®'” As for toxins, humans are able to

detoxify a considerable array of toxins and instinctively prefer a varied diet in order to
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avoid toxin overload.® Virtually all plant matter produces some kind of toxin to protect
itself from predation, even if present in trace amounts.”’ The most widely consumed drug
in the world, caffeine, makes us feel great but is produced by coffee seeds to deter or kill
any small animal or insect that preys on them. Pregnancy sickness is another way
selection has shaped traits that influence the production of offspring. The protective
mechanism of aversion to bitter taste experienced by most women during their first
trimester of pregnancy indicates the presence of toxins.”' Consuming toxins within this
stage of gestation can lead to problems with tissue differentiation, and it has been found
that miscarriages are more common in women who are not afflicted with pregnancy

sickness.?!

Another key concept in the field of evolutionary medicine is the hygiene
hypothesis and its derivative the “old friends hypothesis.”** This hypothesis is based on
the idea that in developed, modern nations, lack of exposure to certain infectious
pathogens, parasites, or symbiotic microorganisms leads to immune dysregulation.> Our
immune system has been selected to defend against the continuous bombardment by
microorganisms while also developing a somewhat symbiotic relationship with particular
bacteria, helminthes, and other parasites along our evolutionary journey via diet or
lifestyle.** However, in the present, many humans no longer live in an environment that
facilitates regular contact with these microorganisms, including ones that may have been
beneficial to our health.”* These organisms are virtually absent from individuals in
developed nations, such as the United States, but are still present in some developing
nations.”* There is evidence that exposure to these microorganisms mediate the

development of immune responses and are thought to keep the immune system
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functioning at a particular baseline.” Lack of exposure and thus disruption of the immune
system’s basal function can lead to the development of allergic disorders and
autoimmune diseases, both of which are widespread among developed countries and
occur with little to no prevalence in developing nations.*” Described by S. Boyd Eaton, it

is as if “the human immune system is now underemployed.”*®

One of the greatest challenges in modern medicine today is how to deal with the
emergence of chronic diseases such as diabetes, cardiovascular diseases, asthma, and
cancer. Since our beginning, we have undergone shifts in the diseases that have afflicted
human populations over time, also known as epidemiological transitions.”’ As
civilizations emerged, famine or infectious diseases were the primary causes of
mortality.”” However, in societies that have become more developed, mortality from
infectious agents has dropped yet populations are afflicted with chronic, degenerative
diseases.”® While overall life expectancies have increased, quality of life has decreased
for many individuals who suffer from chronic illness.”” Some may argue that these
diseases emerge simply because we are living longer. However, although these diseases
emerge late in life, their biochemical origins occur decades earlier. Studies of younger
age-matched subsistence horticulturalists compared with those living a more Westernized
lifestyle show that the biomarkers for the development of chronic disease such as insulin
resistance and high blood pressure are very common in the Westernized individuals and
rare in the horticulturalists.*®>? It is hypothesized that there is a discordance, or
mismatch, between the lifestyle our genes have been selected for and the lifestyle in

which many of us currently live, which is relatively new on the evolutionary timescale.
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It may seem as if we have fallen on our own sword, with the modern advances of
antibiotics, sanitation, and industrialized food production come the consequences of
antibiotic resistance and immune system and metabolic dysregulation. Evolutionary
applications to medicine are new and unconventional, and in many ways, seem to go
against traditional medical education. Further, teaching medical students about natural
selection and lifestyle differences between the past and today may seem irrelevant to the
causes of disease in the present. However, understanding that many diseases that afflict
modern society are a result of genes inherited from our distant ancestors may offer a fresh
perspective, allowing students to recognize the cause-and-effect relationship between our
modern lives and disease manifestation. Connecting the evolutionary basis with the
physical outcome may allow scientists and clinicians to produce a more efficient way to
treat certain complex, multi-faceted diseases. The purpose of this paper is not to criticize
or to discuss the shortcomings of modern medicine, but to illuminate certain aspects of
infectious and chronic conditions that may have been overlooked yet have potentially

valuable clinical implications and may aid in the treatment or prevention of disease.
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CHAPTER 2

THE PALEOLITHIC DISEASE BASELINE AND THE “OLD FRIENDS” HYPOTHESIS

An updated variant of the hygiene hypothesis, called the “old friends” hypothesis,
is based upon the lack of exposure to microorganisms that evolved to have an established
role in our immune system and therefore contributing to the rise in chronic inflammatory
disorders.* The predominant diseases that afflicted human populations several millennia
ago are different from the ones that primarily affect humans today for several reasons.
However, comprehensive knowledge of contemporary human disease can be facilitated
by an appreciation for the disease profile of pre-agricultural populations. It is speculated
that the transition from foraging to agriculture that occurred roughly 10,000 years ago in
several civilizations marked the first epidemiological transition for humans.”
Researchers have used a variety of data in order to reanimate the disease patterns of the
pre-agricultural era, including knowledge of habitat, genomic analysis of humans and
their pathogens, as well as studying diseases in current hunter-gatherer societies. Prior to
the development of agriculture, populations were small, dispersed, and had little contact
with each other and therefore could not support epidemic diseases, and thus the presence
of diseases such as measles, smallpox, and influenza were not likely.** The types of
pathogens that afflicted early humans fall into two categories: heirloom species and
souvenir species.” Heirloom species are those that have had a long lasting relationship

with our ancestors and continued to infect them as they evolved into hominids; head and

11
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body lice, pinworms, and bacteria such as Staphylococci and Salmonella typhii are some
examples.**® Souvenir species are pathogens that hominids have “picked up” along the
evolutionary timeline as they maneuvered through daily activities, such as zoonoses
acquired from insect bites or the hunting and slaughtering of animals and preparing them
as food.**°

Foraging populations of the Paleolithic period were also in greater contact with
commensal microorganisms.’’ From what we currently understand of their diet, our
ancestors ate a wide variety of unprocessed foods that was stored in the soil, where it
became enriched with fiber-fermenting Lactobacilli bacteria.”® Several strains of this and
other health-promoting genera were likely to be found within the intestines our ancestors,
and as a result, our ancestors probably had a much greater amount of commensal gut flora
that we do in the present. For example, it has been found that most humans living in
modern, Westernized societies have less than 1.3kg of commensal flora, while those
living in developing, rural nations and eat a diet rich in plant matter have commensal
flora weighing 2kg or more.™®

The significance of our millennia-long relationship with microorganisms can be

explained through the concept of evolved dependence. Evolved dependence is when an
organism becomes adapted to sharing an environment with another organism as if they
have formed a partnership, and, over time, both organisms depend on one another and
survive poorly without each other.”* Studies suggest that certain aspects of biology,
including immunologic function, become “entrusted” to the symbiont species.”****° For

example, a study involving human symbiont Bacteriodes fragilis demonstrates that the

bacteria can regulate immune pathways, reducing inflammation.* Using germ-free mice,

12
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which are known to have dysregulated immune function compared to mice raised with a
whole bacterial composition, Mazmanian and colleagues used an experimental colitis
protocol and found that defects in immune cell development are corrected by the
commensal B. fragilis via a surface molecule called polysaccharide A (PSA).** Germ-free
mice have higher levels of pro-inflammatory cells, yet when inoculated with B. fragilis,
the immune balance is restored to that of mice that were not raised in a germ-free
environment.* Further, in immune-compromised mice, PSA from B. firagilis protects
from Helicobacter hepaticus-induced ulcerative colitis.*’ This protective effect was found
to occur via suppression of pro-inflammatory cytokines tumor necrosis factor-alpha
(TNFa) and interleukin-23 (IL-23), and expression of the potent anti-inflammatory
cytokine, IL-10.* B. firagilis PSA is the first single bacterial molecule found to reduce
and even reverse mammalian intestinal inflammation by regulating immune pathways
and has been classified amongst a new set of molecules called “symbiosis factors.”’
While the specific interactions between PSA and immune pathways have yet to be
determined, isolation of this molecule for clinical purposes may have promising results.
Helminths are another class of organisms that have had a long-standing
relationship with our ancestors. Traditionally, helminth infection has been associated with
the domestication of animals to be used for livestock during the development of
agriculture around 10,000 years ago."' However, evidence discovered by Hoberg, et al.
suggests that the ancestors of the modern tapeworm in the 7Taenia genus began to
parasitize humans much earlier than previously believed.** It is thought that our Homo
ancestors underwent a habitat shift around two million years ago from forests to open

savannahs, forcing our ancestors to forgo an herbivorous diet and adapt an omnivorous
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diet due to the change in available food resources.**** Savannah-dwelling animals such
as antelopes and other bovids became a new food source for these early humans.**’ For
the Taeniidae, the typical definitive hosts are carnivores, such as large felids or hyaenids,
and the intermediate hosts are herbivores, such as bovids; in this case, our early ancestors
became the definitive hosts, which resulted in the parasitizing of Homo by the Taenia
worm.*? The modern lineages Taenia saginata, Taenia asiacata, and Taenia solium all
use humans as a obligate definitive hosts and, through phylogenetic and molecular clock
analysis, were found to have diverged anywhere between 160,000 to one million years
ago, suggesting that the 7. saginata/T. asiacata lineage, and likely other helminth
lineages, has been associated with humans and our ancestors since well before the
domestication of animals.*

Today, like many of the saprophytic bacteria that were constantly present in our
ancestors, helminthes are largely absent from our daily lives; yet, like certain bacteria,
helminthes are also relevant to immune regulation.*' According to the “old friends”
hypothesis, early in our evolution certain harmless organisms needed to be tolerated by
the body because they have always been present in food and water sources, and although
some helminthes are not necessarily harmless, complete elimination may have caused
tissue damage.*' Essentially, our bodies outweighed the negative effects of the pathogen
for the benefits of nourishment, and our early immune systems learned to deal with the
infection rather than initiating unnecessary and potentially destructive immune
responses.”! Currently in developed societies, there has been an increase in allergies and
autoimmune diseases, and these societies are void of intestinal helminth exposure®. In

contrast, individuals in developing nations with a heavy helminth burden are less likely to
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be allergic or have an inflammatory or autoimmune disorder®. Research has shown that
helminth infections are associated with the release of anti-inflammatory molecules and
serve somewhat of a protective function in our immune system.”*>>

Traditionally, the hygiene hypothesis was based on the balance of two types of
cells in our immune system: type 1 helper cells (Th1) and type 2 helper cells (Th2). Thl
cells are associated with bacterial and viral infections as well as autoimmune disease. Th2
are associated with allergies and helminth infections; they also produce the allergic atopic
response, characterized by elevated pro-inflammatory cytokines such as IL-4, IL-5, and
IL-13, which stimulate immunoglobulin (Ig) E, eosinophil, and mast cell production.*
Some have argued that Th1 cells and Th2 cells act antagonistically, and that low
exposure to bacterial and viral infections in childhood fails to stimulate Th1 cells, which
in turn results in over-activation of Th2 cells leading to allergy.”® In developed nations,
Thl-mediated disorders such as type 1 diabetes, multiple sclerosis, and inflammatory
bowel diseases as well as Th2-mediated allergic diseases are on the rise.”> On the other
hand, in less developed nations, people infected with helminthes, which enhance Th2
responses, are less likely to be afflicted with allergies or have inflammatory disorders, yet
treating the helminth infection leads to an increased sensitivity to allergens.*’ However, it
is this paradoxical relationship that suggests a more complex mechanism at play than
simply an imbalance between Th1 and Th2 responses.’” In individuals who are free of
helminth infections and suffer from allergies or chronic inflammation, there is
speculation that the true problem behind immune dysfunction is the failure of the immune
system to cease unnecessary responses while allowing intended responses to continue.*!

The unwanted responses are no longer thought to be a result of the Th1/Th2 relationship

15

www.manaraa.com



but are attributed to a reduction of regulatory T cell activity. Regulatory T-cells are
thought to guide the complex network of immuno-modulatory molecules toward an
appropriate response.’’ According to Graham A.W. Rook, rather than the immune system
deciding when to respond with an immune attack, which can be caused by failure to
recognize harmless antigens, the most likely mechanism behind a correctly-functioning
immune system is the decision of when not to respond because an allergen is harmless or
could be part of the gut itself.”

Several experiments involving children of developed and developing countries
display an inverse relationship between helminth infection and sensitivity to allergens or
manifestations of asthma.’*>® In both the highly developed and less developed countries,
around one-third of the children exposed to allergens via skin prick test produced an
atopic immune response characterized by elevated levels of IgE antibody for a particular
allergen.”>® Despite raised IgE levels in children from the less developed countries,
respiratory symptoms of asthma were less prevalent and overall less severe than children
tested in more developed nations.’®® Interestingly, the degree of helminth exposure
shows varied immune responses. Light helminth infections produce an increase in
allergen-specific IgE responses and high skin reactivity, while heavy helminth infections
were less likely to show skin reactivity.” ' Removing the worms from the lightly
parasitized individuals alleviated allergic symptoms, yet resulted in a worsening of
symptoms in the heavily parasitized individuals.”*®' The complex relationship between
helminth exposure and a reduction in allergic symptoms despite high levels of IgE and
Th2 cytokines is not well understood but is currently thought to be mediated by

regulatory T cells.”
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In animal models, helminth therapy has been shown to attenuate inflammatory
bowel disease as well as airway inflammation and allergic responses.®** Due to this
success, human clinical trials have commenced and with promising results.®>” Trichuris
suis, the porcine whipworm, does not complete its lifecycle in the human host but is a
close relative to the human whipworm, 7. trichuria.®® T. suis is not a natural human
parasite and brief colonization following hatching does not have any known associations
with disease, thus making 7. suis a good candidate for therapeutic use.® In patients with
active Crohn’s disease, treatment with 7. suis ova for 24 weeks produced an 80%
response rate and 73% remission rate.®® Additionally, the same research group studied the
effects of 7. suis therapy on patients with active ulcerative colitis which did show
improvement, however, few remissions occurred.” This may be related to the fact that
many patients participating in the trial had longstanding and severe forms of active
disease, suggesting that early intervention with 7. suis therapy may provide the greatest
benefit to ulcerative colitis patients.®> The hookworm Necator americanus has also
shown to be well-tolerated in humans in low doses for use in the treatment of asthma, as

indicated in a dose-ranging pilot study.®’
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CHAPTER 3

THE FIRST EPIDEMIOLOGICAL TRANSITION: A RISE IN EPIDEMIC INFECTIOUS
DISEASE

The idea that the Agricultural Revolution marked the first major epidemiological
transition is well-documented.?*”% Changes in human behavior, habitat, and food niche
exposed populations to novel pathogens or infectious agents that were previously
encountered sporadically in isolated incidents.’” Although the advent of agriculture is
associated with a spike in population growth, some argue that this period represents the
beginning of an overall decrease in health among human populations due to the rise in
infectious disease.*”"

There are many reasons for the increase in infectious disease following the
development of agriculture. Firstly, agriculture allowed our ancestors to modify the
surrounding environment, making it possible to settle and produce food virtually
anywhere.”' This was the first time humans could not only choose where they wanted to
live but support themselves while doing so. However, settling in novel locales exposed
populations to new pathogens, for example via insect bites during crop cultivation.”*"!
Secondly, stationary settlements allowed the people in these growing populations to be in
close contact with one another, thus increasing the transmission of droplet-spread
respiratory diseases as well as making human waste disposal a potential problem

increasing the occurrence of fecal-borne disease.”’° The static nature of these

settlements also provided a contiguous living area with domesticated animals and
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“peridomestics” such as rodents allowing the transmission of bacterial diseases including
anthrax, brucellosis, and tuberculosis, or Q fever.”” While stationary settlements allowed
people to accumulate and store food for times when food would be scarce, this storage
also increased the possibility of food poisoning.” Thirdly, due to the dependence on
domesticated crops, people in agricultural settlements had less dietary variation than their
foraging predecessors, which may have negatively impacted health.””" Traditional
agricultural communities eat only around ten to fifteen different types of plant species,
while hunter-gatherer societies today, such as the Kalahari San Bushmen or Congo
Pygmies, eat more than 100 different plant species.”®”* The lack of variation in diet may
have had nutritional and health consequences increasing the impact of infectious disease
in malnourished individuals.’” Finally, the increase in population size and human contact
following agriculture allowed for acute infections to be supported by a population
facilitating the maintenance of epidemics.®” Small population sizes prior to the
agricultural revolution were typically not large enough to support epidemic disease.”
These fundamental reasons underlie the causes of morbidity and mortality in nearly every
society undergoing urbanization since the dawn of agriculture. The ever-present threat of
infectious disease becomes so commonplace that it is entwined within culture, with every
culture having a cluster of infectious diseases that represents it. Cross-continental trade
from Asia during the early Renaissance delivered the Black Death to Europe, with its
epidemics of the 1300s killing an estimated third of the European population.’*”
Seemingly innocuous diseases in one population were sometimes devastating epidemics
in another.”® Thus, during the age of global exploration, introduction of diseases to novel

populations and environments often resulted in changed transmission dynamics and
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increased virulence, as seen with the introduction of smallpox to Native American
populations.” The Industrial Revolution facilitated the spread of disease, bringing
people, as well as their diseases, from far-reaching rural areas to urban environments for
work and opportunity for a better life. These densely populated urban centers became foci
for poverty enhancing the transmission of diseases such as tuberculosis, typhus,
diphtheria, measles, and yellow fever.”” Throughout history, infectious disease has
influenced societies by evoking fear, dividing classes, decimating populations, and
shaping human behavior.
3.1 INFECTIOUS ORGANISMS: SYMPTOMS AND VIRULENCE

Infectious organisms include bacteria, viruses, types of fungi, parasitic protozoa
and helminthes, which live all or part of their life cycle inside the host. Exploitation of
host resources is the primary way in which these infectious organisms survive and
proliferate.'” Colonization of an infectious agent usually disrupts host homeostasis in
some way, manifesting as symptoms. When we experience uncomfortable symptoms
such as fever, headache, coughing, sneezing, and G.I. upset, we know something is
wrong, and we usually seek some way to suppress the symptom in order to go about our
day. However, it is important to recognize that the symptoms are occurring for two
reasons: 1) the infectious organism has established residence in one’s body and is
manipulating host physiological processes for its benefit, and 2) the host is responding to
the invader and attempting to protect itself from damage by the pathogen.'’ Some
examples of defense symptoms include fever, iron sequestration, nausea, pain, and
behavioral defense such as vomiting, malaise, or skin scratching.'* Fever, pain, and

malaise work to keep the host less active, making it easier to allocate metabolic energy to
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fight an infection."® Many pathogens require high bioavailability of iron for proliferation
and have evolved strategies to obtain iron from hosts.”® However, hosts have evolved a
response to this by the development of iron sequestration mechanisms through a variety
of iron-binding proteins.”” Nausea and vomiting have evolved a psychological
component: both provide a strong, one-time learning experience to avoid subsequent
infection from ingesting contaminated food."> Manipulative symptoms that can benefit
the pathogen include excessive sneezing or diarrhea to facilitate transmission, or
secretion of compounds that misguide host immune responses." The bacterium Vibrio
cholerae releases a toxin that increases the activity of the cystic fibrosis transmembrane
conductance regulator (CFTR).” Activation via Vibrio cholerae toxin leads to
irreversible activation of this channel, resulting in dehydration and electrolyte loss in the
form of diarrhea.”® This mechanism facilitates dispersal of the parasite via manipulation
of host resources. In some cases, symptoms can benefit both the host and the pathogen at
the same time.'> The bacterium that causes dysentery, Shigella, produces bloody diarrhea
resulting from invasion of intestinal epithelial cells. The diarrheal symptom can be
interpreted as manipulative because it facilitates transmission of the bacteria.'” However,
this symptom can also be interpreted as a defense because ridding the body of the
bacteria in this way minimizes the time that the bacteria stays inside the body, therefore
reducing destruction of intestinal tissue.” Experimental infections with Shigella showed
that treating the patient with an anti-diarrheal prolonged the infection until treatment was
terminated, while untreated patients eliminated the bacteria and overcame the infection.”
From this example, one can see that symptomatic treatment may not always be the most

effective in curing the patient of the disease. Described in Paul Ewald’s book Evolution
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of Infectious Disease, in a case where a symptom benefits both the host and the parasite,
treatment providers must be cautious because although prevention of a symptom may
decrease transmission of an infection, symptomatic treatment may actually harm the
patient.'® Thus, he asserts that treatment providers should make decisions with the
knowledge of the compromises that will result from the selected method of treatment and
that they will have to consider the expected harm to the patient versus the benefits to
others who may otherwise contract the infection if it is allowed to spread.'” By
understanding the symptoms of an infection and categorizing them as a manipulation or
defense, and then further into host-benefit, pathogen-benefit, or beneficial to both,
clinicians may be able to select the most optimal method of treatment.'

Some symptoms of an infection are often correlated with a pathogen’s virulence.
Virulence is defined by the degree of harm inflicted upon the host.*® A highly virulent
pathogen exhibits higher levels of host exploitation, morbidity, and mortality.®' In
evolutionary terms, virulence is the degree of parasite-induced decline in host fitness.*
Traditionally, evolutionary theory suggested that pathogens and hosts would coevolve
towards a benign relationship with one another and result in less virulent infections.®
Currently, the updated theory is that natural selection will increase fitness for both the
host and the pathogen, yet not necessarily moving towards a benign, symbiotic
relationship.®' Virulence differs among pathogens for many reasons; however,
differences in transmission play a large role. Ewald has formulated general predictions
about virulence:"

1) Pathogens requiring insect or animal vectors in their transmission are

highly virulent in the human host.* This is because the pathogen does
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2)

3)

not require the host to be mobile in order to disperse and infect others,
malaria is a common example: an ill, powerless, stationary host
facilitates transmission because it allows many potential vectors access
to the plasmodium."® Also, any damage to the vector would reduce
pathogen dispersal and thus virulence in the vector will be low."
Pathogens spread by water and other inanimate objects are more
virulent that those that are not. For example, if a person is immobilized
and suffering from severe diarrhea, the pathogen will be released into
bed linens and clothing.® Washing this clothing will release the
contaminated water. If this water mixes with drinking water, many
people will become infected from the bacteria released from only one
host.*> Immobilization of the host does not affect pathogen dispersal, so
virulence will continue to increase.®

Pathogens spread by “cultural vectors™ are highly virulent.** A common
example is attendant-borne transmission in hospital settings because
hosts are usually immobilized patients with compromised immune
systems, such as infants or the elderly. In this case, the hands of
healthcare providers serve as the vectors, and the vectors rarely become
infected due to hand-washing and stronger immune systems than the
hospitalized patients.'>*® Interestingly, infections have been found to
increase in lethality as they cycled for longer periods of time within

hospitals.*

23

www.manaraa.com



4) A change in transmission will result in a change in virulence. For
example, changing transmission from vector-borne to direct
transmission from host-to-host should result in a decrease in virulence
because host mobility is required for transmission."

5) Parasites with a high frequency of vertical transmission, or from mother
to offspring, are less virulent than those transmitted by horizontal
transmission and may even lead to benign, mutualistic relationship with
the host."” A decrease in host fecundity or survival would be a massive
cost to the pathogen.'

The predictions regarding virulence provide a set of guidelines when studying and
interpreting the effects of infectious disease. Many diseases fall under more than one of
these predictions, making the pathogen unique in terms of transmission and virulence
potential. For example, Yersinia pestis, the etiologic agent of the Black Death, is what
Ewald describes as a “sit-and-wait” pathogen.®® A “sit-and-wait” pathogen is the ultimate
opportunist and can be transmitted from an immobilized host in two ways: the pathogen
can be transported by a vector, or the pathogen can sit and wait for a potential new host to
come in contact with the infected host via respiratory droplets.'>* These types of
pathogens reap the benefits of being able to multiply inside the host while also paying
little to no cost of a languid host.* Due to the high rate of spreading, it is thought that the
Black Death was primarily transported through respiratory droplets, but it could also be
transported through an arthropod vector if the opportunity presented itself. The crowded,

unsanitary living conditions of Europe during the Middle Ages facilitated the rapid
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proliferation of the disease through person-to-person contact, making the Black Death
one of the most destructive diseases in human history.*

Despite major scientific advancements such as the development of antibiotics,
vaccines, and improved sanitation, infectious diseases are still the major source of
mortality worldwide.®” These diseases fall into one of three categories: 1) new infectious
diseases that have emerged and are previously unknown to have affected humans, 2) re-
emergence of infectious diseases that were thought to be under control, and 3) persistence
of unmanageable infectious diseases.*® Examples include West Nile virus, dengue
hemorrhagic fever, prion diseases, and some influenza strains.®

Human activity such as mass transportation of products, livestock, and people
increase the contact between humans and pathogens.®' Decreased compliance with
vaccination protocols has led to the re-emergence of previously controlled diseases such
as measles and pertussis, while misuse of antibiotic or antimicrobial agents have
contributed to treatment-resistant strains of bacterial pathogens.*”™ Although increased
surveillance, rapid diagnosis and early containment are critical to disease control, these
public health measures alone are insufficient in the fight against infectious diseases.®’
Pathogens adapt and evolve rapidly in response to human behavioral and environmental
alterations, making it easy to assimilate into new ecological niches.'>*’ According to Paul
Ewald, it may be possible to decrease a pathogen’s virulence by altering the environment.
For example, when water sanitation improved in North America, South America, Europe,
and Asia, diarrheal pathogens V. cholerae and Shigella evolved toward lower virulence
because in the absence of water as a vector, these pathogens rely on host mobility.'>* An

understanding of the perpetual evolutionary “arms race” between humans and their
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pathogens may provide insight into the development of treatment plans, and if employed

correctly, lead to decreased virulence and ultimately reduce the harm inflicted by many

infectious diseases. "
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CHAPTER 4

CoOMPLEX, CHRONIC DISEASE

Currently, in industrialized countries, we live in an era where mortality rates from
infectious disease pandemics have declined while life expectancy has increased to 70
years or beyond and population growth has increased exponentially.”*® This is due to
many advancements including the development of medical practices such as
implementation of germ theory, improved nutrition, and public health measures.**
However, although life expectancy has increased over the past two centuries, quality of
life for many has been reduced due to the emergence of complex diseases that are chronic
and degenerative.”**® This transition of disease prevalence and mortality from infectious
pandemics to chronic degenerative disease is known as the second epidemiological
transition.””*

Complex chronic degenerative diseases are distinguished by vague etiology, long
latency period, prolonged course of illness, functional impairment, and in many cases are
not curable.”® Examples of these diseases include cardiovascular diseases such as stroke
and heart attack, some cancers, asthma, and diabetes. In the United States and other
developed countries, these chronic diseases are responsible for approximately 70% of
deaths and are thus known as “diseases of civilization.”****! One common attribute to
chronic diseases is the necessary interaction of multiple contributing agents, known as
risk factors, which implies that many genes are involved in the regulation of these

diseases.”® The risk factors involved seem to be related to diet and lifestyle choices and
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their interactions with our genes.’> Our genes have been selected through adaptations that
occurred over millions of years, and despite migrations and developments such as
agriculture, industry, and technology, there is evidence that our gene pool has differed
little since anatomically modern humans diverged around 200,000 years ago.””** Some
speculate that the rise in the “diseases of civilization” are due to the mismatch between
our genes and the cultural changes that have occurred relatively recently on the
evolutionary timescale.*"**

There are many types of discordance between our genes and our environment.
Most discordance is related to nutrition, physical exertion, reproduction, infection,
growth and development, and psychosocial elements.”® However, for this section of the
paper, only discordances of nutrition and physical activity will be discussed.
4.1 NUTRITION

Nutrition is perhaps the greatest difference between our ancestors and
contemporary humans. Much of what we currently eat is derived from domesticated or
commercially produced and processed sources, whereas our pre-agricultural ancestors
had to forage plant matter and hunt wild game for survival.”” Most foods that make up a
large portion of the contemporary diet today such as dairy, refined sugars, cereal grains,
refined vegetable oils, and alcohol were largely absent from pre-agricultural diets.”
Ancient wild cereal grains are small in size and difficult to harvest and digest without
processing, making it difficult for our ancestors to utilize grains as food until the
emergence of stone mortars and other grinding instruments anywhere from 40,000 to

10,000 years ago.95
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Using current hunter-gatherer societies as a model, it is estimated that our
ancestors’ carbohydrate intake was around 20-40%, consisting of mostly fruits and
vegetables as opposed to refined grains and sugars.””® Today, American caloric intake
typically consists of over 50% carbohydrates from cereal grains and refined sugars,
which have a higher glycemic index, are more insulinogenic, and have a lower
antioxidant capacity than the fruit and vegetable caloric equivalent.’®*® The total fat
proportion consumed by pre-agricultural and modern-day humans remains the same at
approximately 35%, however, the composition was different.”® The fatty acid profiles of
wild game consist of more long-chain mono- and polyunsaturated fatty acids than their
domesticated grain-fed counterparts, meaning that our ancestors consumed less saturated
fats and more long chain unsaturated fatty acids.”” The pre-agricultural essential fatty
acid ratio of omega-6 to omega-3 was estimated to be 3:1, while current Americans have
closer to 10:1, which has inflammatory effects and is thought to promote atherogenesis.
Despite dietary cholesterol being high due to the consumption of wild game, serum
cholesterol-raising fat was lower compared to present Western diets.”*** According to an
analysis conducted by Sebastian et al., pre-agricultural humans most likely ate a diet rich
in protein and non-grain plant food groups such as nuts, legumes, fruits, and
vegetables.”* This type of diet is found to have a net alkalotic effect on the body via
increased bicarbonate production, promoting an anabolic effect on bone and increasing
bone mass.”” Contemporary diets, however, have replaced non-grain plant foods with
cereal grains, refined sugars, and separated fats, resulting in reduced bicarbonate
production and an acidotic effect.” This net acidosis has catabolic effects and eventually

results in bone loss, osteoporosis, and muscle degradation.”'?°
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4.2 PHYSICAL ACTIVITY

Over most of the human evolutionary journey, food production and physical
exertion were intimately coupled and if one needed to eat, one was obligated to
physically work. Today, social structure and industrialization has uncoupled the food-
work relationship.”® We no longer need to hunt wild game, forage for plant foods, or even
make our own tools to do it all.

The levels and types of activities varied among different groups living during the
Stone Age and were dependent on geographical location and seasonal patterns, yet there
is a consensus that overall energy expenditure exceeded that of an average contemporary

American.'"!

These groups had a wide range of daily physical activities, which included:
walking while gathering and hunting; running after prey; carrying their kill, plant foods,
or firewood; building shelters; making tools and digging for roots and tubers; butchering
and cleaning game meat; ceremonial and recreational dancing; and carrying their

children.'”!

Although these daily activities required muscular effort and stamina, it is
likely that these individuals spaced out their activities rather than working for many hours
at a time.”>'”! For example, men usually hunted on 2-4 nonconsecutive days per week,
while women usually foraged every 2-3 days.'”! During these days, individuals would
walk or run in fast bursts, jump, leap, climb, carry, stretch and more in order to obtain
food or water.'”” These patterns of physical activity are analogous to modern cross-
training with aerobic, resistance, and flexibility exercises.'”' Current data on physical
activity suggests that exercise programs containing various types of exercises and

intensities are beneficial in terms of lowering the risk for cardiovascular disease.'®

Considering the activity level of our ancestors, one would assume that they must have
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been extremely muscular and strong. Using skeletal remains in conjunction with studying
current hunter-gatherers, evidence confirms that our ancestors had greater strength and
muscularity than most people living today.’ This finding is true whether the groups
being studied lived 10,000 or 1,000 years ago, suggesting that the increased robustness is
a result of habitual activity and not an evolutionary shift.'”"'**!%* The obligatory activity
level of our ancestors resulted in an increased lean body mass and a decrease in adipose
tissue, which would have reduced their risk of type II diabetes.'

In the present day, discordances resulting from abnormal body composition as
well as consumption of a typical American or Western diet have lead to a host of diseases
that have now become public health concerns: atherosclerosis, type II diabetes, obesity,
and hypertension. While all are part of a cluster of diseases known as “metabolic
syndrome,” type II diabetes is becoming one of the fastest-growing diseases
worldwide.'?'%*

4.3 TYPE Il DIABETES AND INSULIN RESISTANCE

Insulin resistance is the center of the metabolic syndrome and is linked to reduced
activity levels and a surplus of metabolic energy.'® Individuals who are insulin resistant
are at high risk for not only type II diabetes, but also hypertension, coronary artery
disease, peripheral vascular disease, and polycystic ovarian syndrome.*® Insulin
resistance and type II diabetes mellitus are strongly associated with obesity among all
ethnic groups, causing more than 80% of cases.''® While obesity is a strong contributor,
BMI and weight are not as critical for the development of type II diabetes as body
composition.'*® There appears to be an inverse relationship between the proportion of

lean muscle tissue and the likelihood that an individual will develop insulin resistance.*
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According to a model described by James Neel, some of our ancestors possessed what he
terms the “thrifty genotype,” meaning that during times of fluctuating food availability,
selection favored those who could release insulin most effectively during plentiful times
while also being able to easily store energy during times of scarcity.''! Our taste
preferences have also evolved to aid in this process: we instinctually prefer fats, sugars,
and salt due to their rarity in the past and their high energy value. Now, reaping the
benefits of a sedentary lifestyle in times of plenty, this once adaptive genotype results in
hyperadiposity, sarcopenia, and insulin resistance.

The chemistry of adipose cells (adipocytes) and muscle cells (myocytes) differ in
terms of insulin sensitivity. Insulin receptors on adipocytes and myocytes compete for
insulin released from the pancreas. Although muscle fitness determines exactly how
much glucose is cleared from the blood upon insulin receptor binding, insulin binding to
muscle receptors clears approximately 7-10 times more glucose from the blood than
when binding to adipose receptors.''*!"® Thus, people who have more muscle tissue
relative to adipose tissue are more insulin-sensitive as opposed to those who have a
higher adipose to muscle tissue ratio.'” The imbalance of insulin receptors in those with
more fat than muscle tissue means that the pancreas must secrete more insulin per amount
of carbohydrate ingested.

Location of adipocyte cells in the body as well as body shape also seem to play a
role in the way insulin is utilized.?*'% Fat cells in the liver are exposed to all of the
insulin released into portal circulation from the pancreas, and the insulin receptors on the
adipocytes in the liver “steal” some of the insulin molecules that would normally go to

the rest of the body.'* Thus, there are fewer insulin molecules available for myocytes in
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the body per pancreatic insulin release, and insulin sensitivity will decrease as liver
adiposity increases.'

By now, many have heard that a “pear” body shape, or those with more
subcutaneous fat in the lower body, is more beneficial to health than an “apple” body
shape, or those who have excess visceral fat in the abdomen."'* One reason for this may
be that blood flow patterns differ between visceral fat and skin or subcutaneous fat.'"
Visceral blood flow requires 25% of cardiac output at rest, and rises to 35% during
digestion, while cutaneous and subcutaneous flow requires only 5% of cardiac output at
rest and even less during digestion.'® Visceral adipocyte insulin receptors can therefore
outcompete subcutaneous receptors for circulating insulin because they are exposed to 5-
7 times more insulin molecules than subcutaneous fat cells.'®® Again, this means there is
less insulin available to bind to myocyte insulin receptors, and due to the reduced
efficacy of fat cells to clear glucose from the bloodstream compared to muscle cells,
blood glucose remains high and the pancreas continues to secrete more insulin to
compensate leading to repetitive hyperinsulinemia.?

The development towards insulin resistance seems to have two phases.”® As
described above, the first phase is characterized by the imbalance of insulin receptors due
to body composition that differs from the ancestral norm: too much adipose tissue, not
enough muscle tissue, and low muscular fitness.?® The recent dietary addition of high
glycemic-load foods produces repetitive hyperinsulinemia. This first phase is an excellent
example of the discordance that arises when our ancient physiology attempts to adapt to
our modern environment and is likely the reason behind the increase in type Il diabetes

over the past thirty years.”® The second phase of insulin resistance is more complex.
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Repetitive hyperinsulinemia resulting from the first phase activates genetically
determined cellular mechanisms that ultimately leads to reduced sensitivity of the
myocytes and adipocytes to insulin stimulation.”® The exact mechanisms responsible for
this second phase of insulin resistance are not well understood but are currently being
addressed in biomedical research.''>!'®

As previously discussed, foods that are relatively new to humans include refined
grains, sugars, and dairy.” These foods have a potent effect on raising serum insulin
levels.''” This may be due to the fact that refined grains and sugars are rapidly absorbed
by the intestines and are thus known as “high glycemic index” foods.” These foods also
have what is known as a “high glycemic load,” which means that they have a high
proportion of carbohydrate per unit of weight.”** The digested carbohydrate delivers a
rush of glucose into the bloodstream, which results in large amounts of insulin release
from the pancreas.” For mechanisms presently unidentified, dairy products seem to cause
an acute rise in serum insulin levels despite having a low glycemic index.**"’
Studies have shown that individuals placed on a Paleolithic-style diet (i.e. no grains,
added refined sugars, separated oils, dairy, or alcohol) have better glycemic regulation,
decreased blood pressure, and reduced blood markers for cardiovascular disease in
diabetic individuals and even in as little as ten days for healthy, non-obese individuals.''”-
119 Rather than one sole dietary component being responsible, there appears to be several
elements at work that cause many chronic diseases today related to glycemic load, fatty
acid composition, macronutrient profile, fiber content, acid-base balance, and sodium-

potassium ratio.”” Dietary elements and other lifestyle factors interact with our ancient

genome to produce these complex, multifaceted “diseases of civilization.”'*° The daily
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lives of our ancestors provide insight towards understanding why diabetes and other
chronic diseases have become increasingly widespread. Incorporating aspects of ancestral

diet and activity patterns may be the key to chronic disease prevention.'*!
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CHAPTER 5

CONCLUSION

Millions of years of selection has shaped the human body into a collection of
compromises.”> We get sick because of these compromises formed by natural selection.
Selection works to optimize reproduction, not steer us towards perfect health.” Many
genes that make us vulnerable to disease often have an advantage early in life, or
conversely, do not present a significant disadvantage until late in life and thus selection
cannot act to eliminate them.'"* The slow nature of human evolution through selection
also contributes to disease susceptibility."* Pathogens can out-evolve humans, causing
disease simply because human immune systems cannot keep pace.'® Further, humans
have not yet adapted to many novel circumstances that were not present in the
environment that humans evolved.” Costs and benefits of selection have been
continuously weighed against each other throughout evolution, with the balance point
being vulnerability to disease.’

To summarize, as described by Steven C. Stearns, et al., here are some of the key
principles that guide evolutionary medicine:'

1) Organisms are not perfectly engineered machines. Organisms are

bundles of compromises accompanied by tradeoffs and limitations.

2) Due to the fact that biological evolution occurs much more slowly than

cultural change, many diseases are a result of the mismatch between our

bodies and our environment.
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3) Pathogens evolve much more quickly than humans therefore infection
is inevitable.

4) Common heritable diseases are usually caused by many genetic variants
in a population that interact with environments and other genes during
development to influence disease phenotypes.

Tinbergen and Mayr stressed among the evolutionary biologists that every trait in
every organism requires two types of explanations: proximate ways in which mechanisms
work and evolutionary explanations of why the mechanisms developed.'**'**
Understanding both proximate and evolutionary explanations can provide a complete
picture of a disease rather than simply knowing the proximate reasons alone. The
practical implications of applying evolutionary principles to medicine are abound,
however, it is not common practice to include evolution in the medical curriculum.'**
Many clinicians have never had any formal course in evolutionary biology or even
questioned the evolutionary mechanisms behind proximate causes of disease. In 2009, the
American Association of Medical Colleges and the Howard Hughes Medical Institute
(AAMC-HHMI) proposed a set of scientific competencies for future physicians and
undergraduate students who plan to attend medical school.'** Rather than requiring that
universities teach specific courses, the committee recommends that certain competencies
should be addressed in the separate areas of mathematics, scientific methods, physics,
chemistry, biochemistry, cell biology, physiology, and homeostatic adaptations to
external and internal changes.'” However, a new competency recommendation has
emerged: evolutionary biology.'*® The idea is that better education about evolutionary

biology needs to begin before entry into medical school and continue to be integrated into

37

www.manaraa.com



the medical curriculum, because evolutionary biology is a unifying principle that can be
used to organize the basic sciences.'*® Members of the committee also assert that this
integration will allow students and physicians to think of our bodies as products of
evolutionary processes, not as machines.'?® For example, the proximate mechanisms
behind obesity and type II diabetes make more sense when described in an evolutionary
context, including the environment that shaped those mechanisms. Understanding that
our bodies are the consequences of natural selection will allow students and physicians to

have a more comprehensive view of the human body and why we are vulnerable to

disease.

38

www.manharaa.com




REFERENCES

1. Zampieri F. Medicine, evolution and natural selection: An historical overview.
The Quarterly Review of Biology. 2009;84.

2. Corbellini G. Le radici storico-critiche della medicina evoluzionistica. In: Donghi
P, ed. La medicina de Darwin. Bari: Laterza; 1998:85-128.

3. Bynum W. Darwin and the doctors: evolution, diathesis, and germs in 19th-
century Britain. Gesnerus Aaraw. 1983;40(1-2):43-53.

4. Kevles DJ. In the Name of Eugenics, Genetics, and the Uses of Human Heredity.
New York: Alfred A. Knopf; 1985.

5. Lawrence S. Medical Education. In: Bynum W, Porter R, eds. The Companion
Encyclopedia of the History of Medicine. Vol 2. London (UK) and New York: Routledge;
1993:1151-1179.

6. Williams GC, Nesse RM. The Dawn of Darwinian Medicine. The Quarterly
Review of Biology. 1991;66(1):1-22.

7. Nesse RM. Maladaptations and natural selection. The Quarterly Review of
Biology. 2005;80(1):62-71.

8. Dawkins R. The Selfish Gene. Oxford: Oxford University Press; 1976.

9. Gregory TR. Understanding Natural Selection: Essential Concepts and Common
Misconceptions. Evolution: Education and Outreach. 2009;2(2):156-175.

10. Pagon RA, Adam MP, Bird TD, et al. Gene Reviews. Seattle: University of

Washington, Seattle; 1993-2013.

39

www.manaraa.com



11. Stearns SC, Ebert D. Evolution in Health and Disease: Work in Progress. The
Quarterly Review of Biology. 2001;76(4):417-432.

12. Stearns SC, Nesse RM, Govindaraju DR, Ellison PT. Evolutionary Perspectives
on Health and Medicine. Proceedings of the National Academy of Sciences.
2010;107(Supplement 1: Evolution in Health and Medicine):1691-1695.

13. Nesse RM, Williams GC. Why We Get Sick: The New Science of Darwinian
Medicine. New York: Random House; 1994.

14. Barker D. The Developmental Origins of Adult Disease. Journal of the American
College of Nutrition. 2004;23(sup6):588S-595S.

15. Ewald PW. Evolution of Infectious Disease. New York, New York: Oxford
University Press; 1994.

16. Singer M, Bulled N, Ostrach B. SYNDEMICS AND HUMAN HEALTH:
IMPLICATIONS FOR PREVENTION AND INTERVENTION. 4nnals of
Anthropological Practice. 2012;36(2):205-211.

17. Stearns SC. Trade-Offs in Life-History Evolution. Functional Ecology.
1989;3(3):259-269.

18. Singer M, Clair S. Syndemics and public health: reconceptualizing disease in bio-
social context. Medical anthropology quarterly. Dec 2003;17(4):423-441.

19. Nesse RM, Young EA. Evolutionary Origins and Functions of the Stress
Response. In: Fink G, McEwen B, de Kloet ER, et al., eds. Encyclopedia of Stress. Vol 2:
Academic Press; 2000:79-84.

20. Ableson PH. Medicine from plants. Science. 1990;247.

40

www.manaraa.com



21. Profet M. The evolution of pregnancy sickness as protection to the embryo
against Pleistocene teratogens. Evolutionary Theory. 1988;8:177-190.

22. Rook GA, Brunet L. Old friends for breakfast. Clinical and Experimental Allergy.
2005;35:841-842.

23. Armelagos GJ. The paleolithic disease-scape, the hygiene hypothesis, and the
second epidemiological transition. In: Rook GAW, ed. The Hygiene Hypothesis and
Darwinian Medicine. Basel: Birkhauser; 2009:29-43.

24, Rook GAW. Introduction: The changing microbial environment, Darwinian
medicine and the hygiene hypothesis. In: Rook GAW, ed. The Hygiene Hypothesis and
Darwinian Medicine. Basel: Birkhauser; 2009:1-27.

25. Shanahan F. Linking lifestyle with microbiota and risk of chronic inflammatory
disorders. In: Rook GAW, ed. The Hygiene Hypothesis and Darwinian Medicine. Basel:
Birkhauser; 2009:93-102.

26. Eaton SB. Complex Chronic Diseases in Evolutionary Perspective. In:
Muehlenbein MP, ed. Human Evolutionary Biology. Cambridge, New York: Cambridge
University Press; 2010:491-501.

217. Omran AR. The Epidemiologic Transition: A theory of the Epidemiology of
population change. The Millbank Quarterly. 1971;49(4):509-538.

28. Yang Y. Trends in U.S. Adult Chronic Disease Mortality, 1960-1999: Age,
Period, and Cohort Variations. Demography. 2008;45(2):387-416.

29. Crimmins EM. The Changing Pattern of American Mortality Decline, 1940-77,
and Its Implications for the Future. Population and Development Review. 1981;7(2):229-

254.

41

www.manaraa.com



30. Lindeberg S, Soderberg S, Ahren B, Olsson T. Large differences in serum leptin
levels between nonwesternized and westernized populations: the Kitava study. Journal of
internal medicine. Jun 2001;249(6):553-558.

31. Lindeberg S, Berntorp E, Nilsson-Ehle P, Terent A, Vessby B. Age relations of
cardiovascular risk factors in a traditional Melanesian society: the Kitava Study. The
American journal of clinical nutrition. Oct 1997;66(4):845-852.

32. Lindeberg S, Nilsson-Ehle P, Terent A, Vessby B, Schersten B. Cardiovascular
risk factors in a Melanesian population apparently free from stroke and ischaemic heart
disease: the Kitava study. Journal of internal medicine. Sep 1994;236(3):331-340.

33. Rook GAW. 99th Dahlem Conference on Infection, Inflammation, and Chronic
Inflammatory Disorders: Darwinian medicine and the 'hygiene' or 'old friends'
hypothesis. Clinical and Experimental Immunology. 2010;160:70-79.

34. Harper K, Armelagos G. The Changing Disease-scape in the Third
Epidemiological Transition. International Journal of Environmental Research and Public
Health. 2010;7:675-697.

35. Sprent J. Evolutionary aspects of immunity of zooparasitic infections. In: Jackson
G, ed. Immunity to Parasitic Animals. New York: Appleton; 1969:3-64.

36. Sprent J. Helminth "zoonoses": an analysis. Helminthology Abstracts.
1969;38:333-351.

37. Armelagos GJ, Barnes K. The evolution of human disease and the rise of allergy:
Epidemiological transitions. Medical Anthropology: Cross-Cultural Studies in Health
and Illness. 2010;18(2):187-213.

38. Bengmark S. Bacteria for Optimal Health. Nutrition. 2000;16(7/8):611-615.

42

www.manaraa.com



39. Mazmanian SK, Liu C, Tzianabos A, Kasper D. An Immunomodulatory Molecule
of Symbiotic Bacteria Directs Maturation of the Host Immune System. Cell.
2005;122:107-118.

40. Mazmanian SK, Round J, Kasper D. A microbial symbiosis factor prevents
intestinal inflammatory disease. Nature. 2008;453:620-625.

41. Rook GAW. Review series on helminths, immune modulation and the hygiene
hypothesis: The broader implications of the hygiene hypothesis. Immunology.
2008;126:3-11.

42, Hoberg EP, Alkire NL, de Quieroz A, Jones A. Out of Africa: origins of the
Taenia tapeworms in humans. Proceedings of the Royal Society of London: Series B:
Biological Sciences. 2001(268):781-787.

43. Stanley SM. An ecological theory for the origin of Homo. Paleobiology.
1992;18:237-257.

44. Vrba E. An hypothesis of heterochrony in response to climatic cooling and its
relevance to early hominid evolution. In: Corruccini R, Ciochon R, eds. Integrative paths
to the past. Englewood Cliffs, NJ: Prentice Hall; 1994:345-376.

45. Vrba E. African Bovidae: evolutionary events since the Miocene. South African
Journal of Science. 1985;81:263-266.

46. Larick R, Ciochon R. The African emergence and early Asian dispersals of the
genus Homo. American Scientist. 1996;84:538-551.

47, Heinzelin JD, Clark DS, White T, et al. Environment and behavior of 2.5 million-

year-old Bouri hominids. Science. 1999;284:625-628.

43

www.manaraa.com



48. Sears MR. Descriptive epidemiology of asthma. Lancet. Oct 1997;350 Suppl
2:Siil-4.

49. Asher MI, Weiland SK. The International Study of Asthma and Allergies in
Childhood (ISAAC). ISAAC Steering Committee. Clinical and experimental allergy :
Jjournal of the British Society for Allergy and Clinical Immunology. Nov 1998;28 Suppl
5:52-66; discussion 90-51.

50. Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, Parasites, and the Hygiene
Hypothesis. Science. 2002;296.

51. McSorley HJ, Maizels RM. Helminth Infections and Host Immune Regulation.
Clinical Microbiology Reviews. October 1, 2012 2012;25(4):585-608.

52. Wilson MS, Taylor MD, Balic A, Finney C, Lamb JR, Maizels RM. Suppression
of allergic airway inflammation by helminth-induced regulatory T cells. Journal of
Experimental Medicine. 2005;202(9):1198-1212.

53. Kitagaki K, Businga TR, Racila D, Elliott DE, Weinstock JV, Kline JN. Intestinal
Helminths Protect in a Murine Model of Asthma. Journal of Immunology.
2006;177:1628-1635.

54. Rook GA, Adams V, Hunt J, Palmer R, Martinelli R, Brunet L. Mycobacteria and
other environmental organisms as immunomodulators for immunoregulatory disorders.
Springer Seminars in Immunopathology. 2004;25:237-255.

55. Maizels RM, Wiedermann U. Immunoregulation by microbes and parasites in the
control of allergy and autoimmunity. In: Rook GAW, ed. The Hygiene Hypothesis and

Darwinian Medicine. Basel: Birkhauser; 2009:45-75.

44

www.manaraa.com



56. Faniran AO, Peat JK, Woolcock AJ. Prevalence of atopy, asthma symptoms and
diagnosis, and the management of asthma: comparison of an affluent and a non-affluent
country. Thorax. 1999;54:606-610.

57. van den Biggelaar AHJ, van Ree R, Rodrigues LC, et al. Decreased atopy in
children infected with Schistosoma haematobium: a role for parasite-induced interleukin-
10. The Lancet. 11/18/ 2000;356(9243):1723-1727.

58. Nyan OA, Walraven GEL, Banya WAS, et al. Atopy, intestinal helminth infection
and total serum IgE in rural and urban adult Gambian communities. Clinical and
Experimental Allergy. 2001;31:1672-1678.

59. Lynch NR, Palenque M, Hagel I, Di Prisco M. Clinical improvement of asthma
after anthelminthic treatment in a tropical situation. American Journal of Respiratory and
Critical Care Medicine. 1997;156:50-54.

60. Lynch NR, Lopez R, Di Prisco-Fuenmayor M, et al. Allergic reactivity and socio-
economic level in a tropical environment. Clinical Allergy. 1987;17(3):199-207.

61. Lynch NR, Hagel I, Perez M, Di Prisco M, Lopez R, Alvarez N. Effect of
anthelmintic treatment on the allergic reactivity of children in a tropical slum. Journal of
Allergy and Clinical Immunology. 1993;92(3):404-411.

62. Elliott DE, LiJ, Blum A, et al. Exposure to schistosome eggs protects mice from
TNBS-induced colitis. American Journal of Physiology-Gastrointestinal and Liver
Physiology. 2003;284:G385-G391.

63. Khan WI, Blennerhasset PA, Varghese AK, et al. Intestinal nematode infection

ameliorates experimental colitis in mice. Infection and Immunity. 2002;70(11):59315937.

45

www.manaraa.com



64. Moreels TG, Nieuwendijk RJ, DeMan JG, et al. Concurrent infection with
Schistosoma mansoni attenuates inflammation induced changes in colonic morphology,
cytokine levels, and smooth muscle contractility of trinitrobenzene sulphonic acid
induced colitis in rats. Gut. 2004;53:99-107.

65. Summers RW, Elliott DE, Urban JF, Thompson RA, Weinstock JV. Trichuris suis
Therapy for Active Ulcerative Colitis: A Randomized Controlled Trial.

Gastroenterology. 2005;128(4):825-832.

66. Summers RW, Elliott DE, Urban JF, Thompson RA, Weinstock JV. Trichuris suis
therapy in Crohn’s disease. Gut. 2005;54:87-90.

67. Mortimer K, Brown A, Feary J, et al. Dose-ranging study for trials of therapeutic
infection with Necator americanus in humans. American Journal of Tropical Medicine
and Hygiene. 2006;75(5):914-920.

68. Ooi HK, Tenora F, Itoh K, Kamiya M. Comparative study of Trichuris trichiura
from non-human primates and from man, and their difference with T. suis. The Journal of
veterinary medical science / the Japanese Society of Veterinary Science. Jun
1993;55(3):363-366.

69. Roberts C, Manchester K. Chapter Two: Back to Basics. The Archaeology of
Disease. 3rd ed. Ithaca, New York: Cornell University Press; 2005.

70. Armelagos GJ, Brown PJ, Turner B. Evolutionary, historical, and political
economic perspectives on health and disease. Social Science and Medicine. 2005;61:755-
765.

71. Armelagos GJ, Harper K. Genomics at the Origins of Agriculture, Part Two.

Evolutionary Anthropology. 2005;14:109-121.

46

www.manaraa.com



72. Brothwell DR, Brothewell P. Food in antiquity: a survey of the diet of early
peoples. Baltimore, MD: Johns Hopkins University Press; 1998.

73. Strassman BI, Dunbar RIM. Human evolution and disease: Putting the Stone Age
in perspective. In: Stearns SC, ed. Evolution in health and disease. Oxford: Oxford
University Press; 1999:91-101.

74. Perry RE, Fetherston JD. Yersinia pestis - Etiologic Agent of Plague. Clinical
Microbiology Reviews. 1997;10(1):35-66.

75. Armelagos GJ, Barnes K. The evolution of human disease and the rise of allergy:
Epidemiological transitions. Medical Anthropology: Cross-Cultural Studies in Health
and Illness. 1999;18(2):187-213.

76. McNeill WH. Plagues and Peoples. Garde City: Anchor/Doubleday; 1977.

77. Parrow NL, Fleming RE, Minnick MF. Sequestration and scavenging of iron in
infection. Infection and Immunity. 2013;81(10).

78. Goodman BE, Percy WH. CFTR in cystic fibrosis and cholera: from membrane
transport to clinical practice. Advances in Physiological Education. 2005;29:75-82.

79. DuPont HL, Hornick RB. Adverse Effect of Lomotil Therapy in Shigellosis.

Journal of the American Medical Association. 1973;226(13).

80. Ewald PW. Evolution of virulence. Infectious Disease Clinics of North America.
2004;18:1-15.
81. Muehlenbein MP. Evolutionary Medicine, Immunity, and Infectious Disease. In:

Muehlenbein MP, ed. Human Evolutionary Biology. New Y ork: Cambridge University

Press; 2010.

47

www.manaraa.com



82. Galvani AP. Epidemiology meetes evolutionary ecology. Trends in Ecology and
Evolution. 2003;18(3).

83. Burnet FM, White DO. Natural history of infectious disease. Fourth ed.
Cambridge: Cambridge University Press; 1972.

84. Ewald PW. Transmission modes and evolution of the parasitism-mutualism
continuum. Annals of the New York Academy of Sciences. 1987;503.

85. Ewald PW. Waterborne transmission and the evolution of virulence among
gastrointestinal bacteria. Epidemiology and infection. Feb 1991;106(1):83-119.

86. Ewald PW. Cultural vectors, virulence, and the emergence of evolutionary
epidemiology. Oxford Surveys in Evolutionary Biology. 1988;5:215-244.

87. Morens DM, Folkers GK, Fauci AS. The challenge of emerging and re-emerging
infectious diseases. Nature. 2004;430(242-249).

88. Emerging and Re-emerging Infectious Diseases. Selected Scientific Areas of
Research: National Institute of Allergy and Infectious Diseases; 2004:71-82.

89. McKeown RE. The Epidemiologic Transition: Changing Patterns of Mortality and
Population Dynamics. American journal of lifestyle medicine. Jul 1 2009;3(1 Suppl): 19s-
26s.

90. Eaton SB, Strassman BI, Nesse RM, et al. Evolutionary Health Promotion.
Preventative Medicine. 2001;34:109-118.

91. Ewald PW. Evolutionary Medicine and the Causes of Chronic Disease. In:
Muehlenbein MP, ed. Human Evolutionary Biology. New Y ork: Cambridge University

Press; 2010.

48

www.manaraa.com



92. Eaton SB, Konner MJ, Shostak M. Stone Agers in the Fast Lane: Chronic
Degenerative Diseaes in Evolutionary Perspective. American Journal of Medicine.
1988;84:739-749.

93. Stanley SM. Chronospecies' Longevities, the Origin of Genera, and the
Punctuational Model of Evolution. Paleobiology. 1978;4(1):26-40.

94, Saitou N. Evolution of hominoids and the search for a genetic basis for creating
humanness. Cytogenetic and Genome Research. 2005;108(1-3):16-21.

95. Cordain L, Eaton SB, Sebastian A, et al. Origins and evolution of the Western
diet: health implications for the 21st century. American Journal of Clinical Nutrition.
2005;81:341-354.

96. Cordain L, Brand Miller J, Eaton SB, Mann N, Holt SHA, Speth JD. Plant-animal
subsistence ratios and macronutrient energy estimations in worldwide hunter-gatherer
diets. American Journal of Clinical Nutrition. 2000;71:682-692.

97. Eaton SB. The ancestral human diet: what was it and should it be a paradigm for
contemporary nutrition? Proceedings of the Nutritional Society. 2006;65:1-6.

98. Sebastian A, Frassetto LA, Sellmeyer D, Merriam RL, Morris RCJ. Estimation of

the net acid load of the diet of ancestral preagricultural

Homo sapiens and their hominid ancestors. American Journal of Clinical Nutrition.
2002;76:1308-1316.

99. Sebastian A. Dietary protein content and the diet’s net acid load: opposing

effects on bone health. American Journal of Clinical Nutrition. 2005;82:921-922.
100. Kraut JA, Madias NE. Metabolic acidosis: pathophysiology, diagnosis and

management. Nature Reviews Nephrology. 2010;6:274-285.

49

www.manaraa.com



101. Eaton SB, Eaton SBI. An evolutionary perspective on human physical activity:
implications for health. Comparative Biochemistry and Physiology Part A.
2003;136:153-159.

102. O'Keefe JH, Cordain L. Cardiovascular Disease Resulting From a Diet and
Lifestyle at Odds With Our Paleolithic Genome: How to Become a 21st-Century Hunter-
Gatherer. Mayo Clinic Proceedings. 2004;79:101-108.

103. Tanasescu M, Leitzmann MF, Rimm EB, Willett WC, Stampfer MJ, Hu FB.
Exercise type and intensity in relation to coronary heart disease in men. Journal of the
American Medical Association. 2002;288(16):1994-2000.

104. Larsen CS. Functional implications of postcranial size reduction on the prehistoric
Georgia coast, U.S.A. Journal of Human Evolution. 1981;10(6):489-502.

105. Smith P, Bloom RA, Berkowitza J. Diachronic trends in humeral cortical
thickness of near Eastern populations. Journal of Human Evolution. 1984;13(8):603-611.
106. Eaton SB, Cordain L, Sparling PB. Evolution, body composition, insulin receptor
competition, and insulin resistance. Preventative Medicine. 2009;49:283-285.

107.  Alwan A. Global status report on noncommunicable diseases 2010. Geneva:
World Health Organization; 2011.

108.  Grundy SM, Brewer BH, Cleeman JI, Smith SC, Lenfant C. Definition of
Metabolic Syndrome: Report of the National Heart, Lung, and Blood Institute/ American
Heart Association Conference on Scientific Issues Related to Definition. Circulation.

2004;109:433-438.

50

www.manaraa.com



109. Leonard WR. Lifestyle, diet, and disease: comparative perspectives on the
determinants of chronic health risks. In: Stearns SC, Koella JC, eds. Evolution in Health
and Disease. Second ed. New York: Oxford University Press; 2008.

110. Caterson ID, Hubbard V, Bray GA, et al. Prevention Conference VII: Obesity, a
Worldwide Epidemic Related to Heart Disease and Stroke. Group III: Worldwide
Comorbidities of Obesity. Circulation. 2004;110:e476-e483.

111.  Neel JV. Diabetes mellitus: a “thrifty” genotype rendered detrimental by
“progress”? American Journal of Human Genetics. 1962;14:353-362.

112.  Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo RA, Shulman RG.
Quantification of muscle glycogen synthesis in normal subjects and subjects with non-
insulin dependent diabetes by 13C nuclear magnetic resonance spectroscopy. New
England Journal of Medicine. 1990;322(4):223-228.

113. Perseghin G, Price TB, Petersen KF, et al. Increased glucose transport-
phosphorylation and muscle glycogen synthesis after exercise training in insulin-resistant
subjects. New England Journal of Medicine. 1996;335(18):1357-1362.

114.  Wajchenberg BL. Subcutaneous and Visceral Adipose Tissue: Their Relation to
the Metabolic Syndrome. Endocrine Reviews. 2000;21(6):697-738.

115. Shanik MH, Xu Y, Skrha J, Danker R, Zick Y, Roth J. Insulin Resistance and
Hyperinsulinemia: Is hyperinsulinemia the cart or the horse? . Diabetes Care.
2008;31(Suppl. 2):S262-S268.

116. Wheatcroft SB, Williams IL, Shah AM, Kearney MT. Pathophysiological
implications of insulin resistance on vascular endothelial function. Diabetic Medicine.

2003;20:255-268.

51

www.manaraa.com



117. Lindeberg S, Jonsson T, Grandfeldt Y, et al. A Paleolithic diet improves glucose
tolerance more than a Mediterranean-like diet in individuals with ischemic heart disease.
Diabetologia. 2007;50(9):1795-1807.

118. Frassetto LA, Schloetter M, Mietus-Synder M, Morris RC, Sebastian A.
Metabolic and physiologic improvements from consuming a paleolithic, hunter-gatherer
type diet. European Journal of Clinical Nutrition. 2009;63:947-955.

119. Jonsson T, Grandfeldt Y, Ahren B, et al. Beneficial effects of a Paleolithic diet on
cardiovascular risk factors in type 2 diabetes: a randomized cross-over pilot study.
Cardiovascular Diabetology. 2009;8(35).

120.  Gluckman PD, Hanson MA, Spencer HG. Predictive adaptive responses and
human evolution. Trends in Ecology and Evolution. 2005;20(10):527-533.

121.  Ellison PT. Evolutionary Perspectives on the Fetal Origins Hypothesis. American
Journal of Human Biology. 2005;17:113-118.

122.  Tinbergen N. On aims and methods of Ethology. Zeitschrift fur Tierpsychologie.
1963;20:410-433.

123.  Mayr E. Teleological and Teleonomic, a New Analysis. In: Cohen R, Wartofsky
M, eds. Methodological and Historical Essays in the Natural and Social Sciences. Vol
14: Springer Netherlands; 1974:91-117.

124. Nesse RM, Schiffman JD. Evolutionary biology in the medical school curriculum.
BioScience. 2003;53(6).

125. Committe A-HSF{FP. AAMC-HHMI Scientific Foundation for Future Physicians.

Washington, D.C.2009.

52

www.manaraa.com



126. Nesse RM, Bergstrom CT, Ellison PT, et al. Making Evolutionary Biology a
Basic Science for Medicine. Proceedings of the National Academy of Sciences.

2010;107(Supplement 1: Evolution in Health and Medicine):1800-1807.

53

www.manharaa.com




	University of South Carolina
	Scholar Commons
	2014

	An Evolutionary Perspective on Infectious and Chronic Disease
	John Eberth
	Recommended Citation


	Microsoft Word - Elise Maggioncalda Thesis_FINAL_REVISIONS.docx

