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ABSTRACT
The current dissertation tested a model based on a systems perspective, where
inflammation was hypothesized to mediate the influence of diet and physical condition on
quality of life (base model) in a nationally representative U.S. dataset (NHANES). Three
additional hypotheses, regarding social support (The Buffering Hypothesis), early microbial
exposure (The Hygiene Hypothesis) and life history theory (The Tradeoff Hypothesis) were
tested utilizing the base model. All analysis utilized a structural equation model. This study
focused on objective measurements for dietary behavior and physical activity utilizing blood
serum values of nutrients and metabolic markers and anthropometric data as well as blood
serum concentrations of CRP and white blood cell count. Quality of life was assessed with
the number of limitations in daily living, the number of days that were affected by mental,
emotional and physical limitations and the self-reported general health condition. The
hypothesized model fit well to the data and the results revealed that lower intake of healthy
nutrients and reduced physical condition both predicted decreased quality of life, as mediated
by inflammation and explained 31.9 % of the variation in quality of life (R2 = .319, p < .001).
Social support further predicted quality of life directly (β = .417, p < .001) and indirectly
through dietary behavior and inflammation (β = -.106, p< .001), microbial exposure
significantly moderated the relation between inflammation and quality of life (β = -.127,
p<.001) and higher reproductive effort predicted lower intake of vital nutrients (β = .316, p<
.001), physical condition (β = .352, p<.001) and subsequent inflammation. Reproductive
effort also directly predicted reduced quality of life (β = .278, p<.001). These analyses
indicated that inflammation can be considered a strong mediator between lifestyle factors and
resulting quality of life and that social support, microbial exposure and reproductive effort
each added unique predictive value to this model.
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CHAPTER 1: INTRODUCTION
Quality of life is a term that can be used to express not only an individual’s physical
and mental wellbeing but also the degree to which their accomplishments meet their personal
expectations. This includes their ability to successfully manage rewarding and pleasurable
daily activities and mundane tasks such as self-care, work and family obligations without
being limited by poor physical, mental or emotional health (Corr et al., 2014). Lifestyle,
developmental conditions and genetic constitution all contribute to an individual’s wellbeing,
health and disease across the lifespan. Much research in public health has focused on
studying the effects of lifestyle factors such as nutrition, exercise, drinking and smoking in
order to identify effective prevention strategies, increase quality of life in the population and
decrease economic costs associated with illness. In recent decades, as evidence has mounted
for the protective effects of healthy diet and physical activity, this interest in prevention
strategies has surged. Empirical research has repeatedly confirmed nutrition and physical
activity as preventive factors for diagnosable illnesses as well as subclinical, chronic health
conditions. However, the underlying physiological pathways for these effects are not fully
understood, but most researchers would agree that health, disease, wellbeing and quality of
life are the result of interactions between genes, ecology and the homeostatic systems of the
body (Vedhara, 2012).
Examples of some theoretical perspectives that approach health and quality of life
from this standpoint include the psychoneuroimmunological (PNI) framework and
evolutionary-developmental theories, such as life history theory. These theories seek to
explain and quantify the variance in health and quality of life outcomes as a product of
genetic, epigenetic and environmental/ecological interactions. On a practical level, much of
this research is accomplished by considering how and why lifestyle factors influence
homeostatic systems of the body and result in differential outcomes. A systems perspective
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based on the PNI framework provides a guideline for meaningfully organizing seemingly
divergent findings under a common metric. For example, nutrition studies have shown an
impact of dietary behavior and nutrients on inflammation and related processes through
oxidative stress and activation of the sympathetic nervous system (Kiecolt-Glaser, 2010).
Lopez-Garcia et al. (2004) found that participants who reported a Western diet (high caloric,
reduced variety of nutrients, rich in meat, desserts and refined grains) had higher levels of
inflammatory markers (e.g. CRP and white blood cell count) in blood (Lopez-Garcia et al.,
2004). In research on the immune system and health outcomes, independently, inflammation
had been observed at elevated levels even in the absence of pathogen contact or physical
damage (Festa et al., 2000). Putting these findings together from a PNI perspective would
indicate that inflammation might be serving as a signaling pathway between lifestyle factors
and multiple homeostatic systems (Vedhara, 2012). And, in fact, inflammation is indicated as
one of the most pervasive mediators in chronic health conditions (Khansari et al., 2009;
Maier & Watkins, 1998) and alterations in physical functioning and mental and emotional
wellbeing (Black, 2006; Dantzer, 2009; Raison et al., 2006).
Similar things can be said for physical activity. Increased physical activity is a strong
predictor of wellbeing and serves to prevent chronic health issues (Penedo & Dahn, 2005).
The effects of exercise are, in turn, reflected in an individual’s physical condition (e.g. body
composition, insulin sensitivity or blood lipids) and blood circulation (e.g. blood pressure or
heart rate) (Ellingson & Conn, 2000). These anthropometric measures and blood values have
been empirically linked to both inflammation and quality of life (Freedman et al., 2007;
Rimm et al., 1995). For example, Michigan et al. (2011) reported a negative correlation
between aerobic exercise and levels of CRP in blood and So (2014) found that increased
waist circumference and waist to height ratio decreased quality of life through limitations in
mobility and daily activities (So, 2014). Metabolic measurements, such as the sensitivity to
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insulin, have also been associated with levels of physical activity. A sedentary lifestyle has
been shown to induce both insulin resistance and chronic inflammation (M. G. Watve &
Yajnik, 2007; Zimmet et al., 1990).
Chronic inflammation is suggested to have wide-reaching consequences such as
decreases in individual productivity, sickness days at work, social isolation and loss of
engagement in formerly pleasurable activities and subsequently one’s quality of life (Dantzer
et al., 2008). Although prior research has conclusively shown that there is an association
between dietary behavior, particular nutrients and physical condition on health outcomes,
studies focusing on a systematic approach, and the potential role of inflammation in this
process are lacking. The impact of inflammation on health does not necessarily constitute
diagnosable illnesses, but also fosters subclinical symptoms. Suarez (2004), for example,
reported a positive association between CRP measured in blood, and physical, mental and
emotional limitations, such as pain, cognitive alterations, anger and hostility (Suarez, 2004).
Chronic health conditions, such as ongoing pain or emotional distress, eventually affect an
individual’s quality of life. Even undiagnosed and subclinical chronic health conditions such
as these can have negative effects by limiting an individual’s ability to successfully
accomplish daily activities and can result in mental deterioration, emotional alterations and
further physical limitations (Cella & Nowinski, 2002).
Inflammation is not static; rather, it is a dynamic reaction involving input and
feedback from numerous systems of the body, which further differ from individual to
individual. The factors accounting for this dynamic reaction are of genetic, developmental,
behavioral, environmental, physiological and/or a psychological nature (Mathews & Janusek,
2011). However, heritability has been suggested to account for as little as 35-40% of the
variation (Pankow et al., 2001), leaving a substantial window open for developmental and
ecological influences. Interestingly, the composition of one’s diet seems be influenced by an
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individual’s social network. Conklin et al. (2014) for example report that older adults who are
single, eat 2.3 times fewer vegetable servings per day, while the highest fruit and vegetable
consumption appeared in married or cohabitating populations (Conklin et al., 2014). Social
interactions are also suggested to have a larger impact on wellbeing, health and disease.
Berkman & Syme (1979), for example, found that people who were less socially connected
had higher mortality rates (Berkman & Syme, 1979). Theoretically, high levels of social
support might also dampen pathophysiological processes and an individual’s perception of,
for example, physical limitations. In fact, Evers et al. (2003) reported that patients with
rheumatoid arthritis, who showed high levels of social support early in the disease process,
had lower levels of perceived pain and a slower course of illness symptomology (Evers et al.,
2003). The impact of meaningful social interactions on health and wellbeing has been
articulated as the Buffering Hypothesis. However, the potential role of the immune system
and, more specifically, inflammation in this process has not yet been studied.
Theoretically, developmental conditions can also serve to calibrate bodily systems
such as the stress-response system or the immune system to match environmental (and social)
conditions (Del Giudice et al., 2011). For example, being exposed to harmless and coevolved microbes during pregnancy and childhood has been suggested to calibrate the
immune system. Intriguingly, higher hygiene standards (e.g. in developed countries) have
been linked to the increased occurrence of immunological illnesses, such as allergies or
asthma (Strachan, 1989). In fact, the Hygiene Hypothesis (or old friends theory) describes
how the immune system “learns” from early exposure to co-evolved microorganisms as well
as harmless early infectious illnesses (G. A. Rook et al., 2014). For example, epidemiological
studies have shown that growing up in a developing country has protective effects on the
occurrence of immunological disorders like allergies or asthma and lower bystander level of
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inflammation. However, the potential effects of early exposure to coevolved microorganisms,
through inflammation, on the quality of life have not yet been tested.
An interesting question that comes up when discussing dietary behavior, physical
activity and health is: why do people choose to eat and exercise in a particular way?
According to the evolutionary-developmental life history framework, the answer is basic.
Individuals can invest either in bodily maintenance or reproductive effort to gain
evolutionary fitness. These two alternative, opposing strategies for gaining evolutionary
fitness have been named r and K strategists or fast and slow life history strategists. An r
strategist reproduces quickly and more frequently, producing a lot of offspring with little
invested in each. Conversely, a K strategist produces fewer offspring, taking longer to
reproduce and making a higher investment of resources in each (see Ellis et al., 2009 for a
review).
Theoretically, slow life history strategists (or K) invest more into their personal
health, while fast life history strategists (or r) invest less in their personal health while
engaging in increased reproductive effort. Cabeza de Baca (2014), for example, reported
higher rates of chronic illnesses in females with high reproductive effort, as mediated by
higher oxidative stress, and subsequently inflammation (Cabeza De Baca, 2014). While
concentrations of particular compounds such as vitamins are suggested to protect an
individual from the harmful effects of reactive oxygen species (ROS, free radicals) (Seifried
et al., 2007) it is individual dietary choices (e.g. high or low in healthy nutrients) that result in
those concentrations. Thus, theoretically, a tradeoff between investment into the personal
soma and investment into reproductive effort might result in different dietary behavior. More
specifically, higher reproductive effort would theoretically result in less investment into
healthy dietary choices, healthy physical activity, and subsequently increased occurrence or
chronic health conditions. To my knowledge, this hypothesis has not yet been tested.
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In summary, dietary behavior and physical activity have been conclusively linked to
both inflammation and quality of life. Systematic approaches to identify the role of
inflammation as a mediator between diet and physical condition and quality of life, however,
are lacking. Several additional hypotheses also indicate causes for individual differences in
quality of life outcomes. Social support has been associated with prevention of chronic health
conditions and has further been reported to reduce the perception of physical limitations and
even influence the progression of illness. The potential role of inflammation in this process,
however, has not yet been identified. Increasing hygiene standards in developed countries
have also been suggested to contribute to the etiology of inflammatory illnesses.
Developmental exposure to harmless microorganisms, as seen in developing countries, has
been shown to result in lower levels of bystander inflammation; however, the effect of this
exposure on the interactions between inflammation and quality of life has not been studied.
Lastly, according to the evolutionary-developmental life history theory, individuals can
choose to invest either in the personal soma or in reproductive effort and while research has
already revealed an association of reproductive effort and health outcomes, the role of dietary
behavior and inflammation in this process has not yet been studied. The following sections
will address each of these topics in detail.
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CHAPTER 2: THEORETICAL FRAMEWORKS AND BACKGROUND
The previous chapter provided a brief overview of the links between nutrition,
physical, exercise, inflammation, chronic conditions and the effects of these states on an
individual’s quality of life. Three complimentary theories: namely, the buffering hypothesis,
according to which social support has the ability to mitigate health and wellbeing, the
hygiene hypothesis, according to which early exposure to harmless microorganisms has
suppressing effects on inflammatory mechanisms and negative impacts on quality of life, and
the life history framework, according to which an individual’s life history guides their
investment into either reproduction on physical maintenance. The following sections will
provide detailed information about these concepts, theories and frameworks that will be
subsequently integrated into an empirical study. The first sections will consist of a broad
background of the psychoneuroimmunological (PNI) systems framework, followed by a
review of the literature on nutrients and measurements of physical condition. Inflammation
will be discussed next and a section with more detailed information about wellbeing and
quality of life will follow. These different sections will be combined into one discussion
about a coherent, systems perspective on wellbeing (the base model). The base model will be
used as a basis for considering the buffering hypothesis, the hygiene hypothesis and the life
history tradeoff hypothesis with specific, testable hypotheses made about each.
A Systems Perspective Based on the Psychoneuroimmunological Framework
The result of a successful physiological interplay of organs, cells and tissues in the
human body has been conceptualized as homeostasis. It is the goal of interdependent
regulatory systems to maintain this balance in the body. These homeostatic control
mechanisms ensure that internal and external environmental parameters are preserved within
an acceptable range near an individual’s set point (Cannon, 1929). Any deviation from this
particular set point results in an acute stress response with the goal of restoring homeostasis
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or recalibrating the set point if adaptation is not possible. If both of these approaches remain
unsuccessful, malfunctions and subsequent chronic physical, mental and emotional
limitations can result (Mathews & Janusek, 2011). Studying health and pathological
processes from this perspective offers the opportunity of greater understanding of disease
development and course and also opens the door to novel prevention and treatment strategies.
Psychoneuroimmunology (PNI) is one such systems perspective. PNI is an
organizational framework that incorporates the various physiological and homeostatic control
systems as well as their inputs in a meaningful way. While PNI does not make any specific
prediction on its own, it is a tool for developing a comprehensive map of the causes and
correlates of behavior, health and disease (Mathews & Janusek, 2011). The inflammatory
mechanism of the immune system is central to the PNI framework and most PNI processes
are hypothesized to work with or through the inflammatory response. Scientific research
using the PNI lens originated in the 1970s with the work of Robert Ader and Nicholas Cohen.
Ader and Cohen were among the first to show a connection between the immune system and
behavior by demonstrating alterations in the immune response of rats through behavioral
conditioning (Ader & Cohen, 1975). Subsequent researchers have shown that psychological
or mental states can alter, for example, the cellular and molecular interactions between the
immune system and the central nervous system (CNS) (Steinman, 2004). Cole et al. (2012)
found that stressful social conditions can get “under the skin” and become embedded in the
basal transcriptome of primate (rhesus macaques) immune cells. They furthermore reported
that mice showed alterations in the expression of more than 1800 genes after a one-week
period of isolation to provoke social stress (Irwin & Cole, 2011). These studies and many
others have one main thing in common, they share the immune system or more specifically,
inflammation, as a common link.
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PNI does not imply that behavior must necessarily influence the immune system
directly; it can do so through other mechanisms. For example, (Kiecolt-Glaser, 2010)
established a link between stressors, dietary behavior and emotions through the mechanistic
action of specific nutrients. She found that dietary constituents such as the ω-3 fatty acid
eicosapentaenoic acid (EPA) modulate inflammatory processes through their ability to inhibit
the pro-inflammatory nuclear factor kappa-B (NFκB). NFκB is a protein complex that is
considered a “prototypical” pro-inflammatory substance because it directly contributes to the
expression of pro-inflammatory cytokines (e.g. IL-6), chemokines and adhesion molecules
(Lawrence, 2009; Oeckinghaus & Ghosh, 2009). A chronically activated NFκB pathway has
not only been associated with negative emotions, but also with other, chronic conditions such
as coronary heart disease, rheumatoid arthritis and chronic pain, thus establishing a firm link
between dietary behavior and wellness (Lawrence, 2009).
PNI provides a framework for establishing meaningful connections between
behaviors and outcomes that statistically tend to co-occur (are comorbid); however when put
under the lens of empirical inquiry fail to yield consistent results. By considering the immune
response as a possible mechanism of action between behavior and wellness outcomes, I
believe that many such studies could strengthen their findings. For example, exercise has
been universally considered a healthful behavior. However, while continuous health-oriented
exercise (e.g. walking, jogging, swimming, etc.) and energy expenditure might work in favor
of recovering or maintaining homeostasis (by e.g. reducing body fat and increasing insulin
sensitivity), acute and intense exercise has been associated with increases in the NFκB
inflammatory pathways (Ji et al., 2004). This is complimented by Kim et al. (2009), who
studied the effects of a single bout of exercise on cyclooxigenasis-2 (COX-2) (a proinflammatory derivate of arachidonic acid) and NFκB expression in human blood and found
that inflammatory pathways were significantly increased after a single unit of intense
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exercise (Kim et al., 2009). Intense exercise has furthermore been associated with increased
generation of reactive oxygen species (ROS, “free radicals”) through oxidative processes
involved in the aerobic energy metabolism (Radak et al., 2013). This suggests the importance
of studying the physical condition of an individual (e.g. BMI, Waist to Height ratio, blood
pressure) and the association with inflammation, health and disease, rather than simply
considering the amount of exercise an individual undertakes.
A systems perspective based on the PNI framework offers a valuable tool by
providing a guideline for meaningfully organizing seemingly divergent conclusions into a
more coherent whole. It takes into account the complex networks that connect the brain,
physiology, behavior, adaptations and the environment in a coherent system with each
component making an essential and meaningful contribution. In the following sections, I will
provide more details about nutrition and nutrients, physical condition and exercise and how
they work through inflammatory processes to affect quality of life and wellbeing.
Nutrition and Nutrients
Whatsoever was the father of a disease, an ill diet was the mother (George Herbert,
1593 - 1633). Nutrition has been suggested to be a key player in health and disease for a long
time (e.g. Deeny, 1938), but has gained renewed attention in the last several decades.
Especially in the last 25 years, researchers have focused on general health outcomes,
treatments of illnesses and on the physiology of certain nutrients and combinations of
nutrients. The current interest in nutrition is reflected by the multiple dietary concepts that
have cropped up such as the low-carb or low-fat approach, the Atkins diet, the Mediterranean
diet or the Paleo diet. The impact of nutrition has been studied with mechanistic (e.g. the
physiology of Vitamin C in the human body), empirical (risk of coronary-heart disease in the
population through dietary behavior) and clinical studies with diseases such as Crohn’s
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disease (Stokes, 1992), rheumatoid arthritis (Rennie et al., 2003) and mood disorders
(Rogers, 2001).
While it is very common to study the effect of nutrition in a clinical population (e.g.
Crohn’s disease) and compare the results to a control group, studying the preventive effects
of nutrition is more challenging and often requires information about dietary behavior and
nutrient intake over an extended period of time. The challenge of those longitudinal studies is
the ability to capture the dietary behavior of study participants over time. (Tucker et al.,
2013). Approaches such as the food diary or an app on the smart phone suffer from the same
limitations as other self-reported information, mainly, recall errors, misreporting or
difficulties assessing portion size (Manach, 2014). An alternative strategy is to assess dietary
behavior with objective measurements of nutrients in blood, serum, urine or saliva as well as
hair, nail or skin. These measurements can reflect the amount of, or the metabolites of,
vitamins, minerals or fatty acids (Cals et al., 1994; Hedrick et al., 2012). This approach has
the advantage of measuring an individual’s nutrient intake as a display of his or her general
dietary behavior (e.g. consumption of fruits and vegetables rich in certain nutrients).
Furthermore, because the majority of nutrients have to be consumed through food the
typical diet is reflected in circulating nutrients in blood or stored nutrients in certain tissues,
cells and organs (Scalbert et al., 2014). While some nutrients in blood might reflect a
relatively short-term intake (e.g. water soluble vitamin C in blood), other nutrients such as
fatty acids and fat-soluble vitamins reflect a longer-term intake due to storage and
accumulation in the body’s tissues (Katan et al., 1997; Mark Levine et al., 1996). Therefore,
assessing blood values of nutrients can be used as an objective measurement of one’s dietary
behavior and represent an accurate picture of the general dietary patterns of an individual,
rather than a short term supply of certain nutrients (e.g. eating a salad the day before blood
was drawn) (e.g. Dehghan et al., 2007).
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Adequate nutrition is essential for human survival and health, and thus has a
significant impact on homeostatic systems of the body. Certain macronutrients (those are
nutrients that have to be consumed in larger amounts) and also micronutrients (those are
nutrients that are critical, but are necessary in smaller amounts), such as vitamins, minerals or
trace elements, are of distinct importance for a well-functioning organism. Macronutrients are
generally the nutrients that supply organs and tissues with energy, while micronutrients
deliver necessary components for the organ’s metabolism, products and maintenance. For
example, production of the neurotransmitter serotonin, which is important for an individual’s
emotional and social functioning, requires the amino-acid tryptophan and further components
like vitamin B6 (Hartvig et al., 1995). In addition, the neurons that metabolize tryptophan to
serotonin require glucose and fatty acids to function properly. Under-consumption of dietary
tryptophan and co-factors, such as Vitamin B6 has been suggested to result in decreased
production of serotonin (Delgado et al., 1990). On the same note, low levels of the omega-3
fatty acid docosahexaenoic acid (DHA) have also been associated with mood disorders,
potentially due to an effect on serotonin receptors in the cellular membrane of neurons
(Carabelli et al., 2014). The following sections will provide more detailed information about
specific nutrients and their effects on inflammation, mental, physical and emotional
wellbeing and their association to chronic conditions.
Vitamins
Vitamins are organic compounds and vital nutrients that an organism requires in
smaller amounts. The majority of vitamins are water soluble or hydrophilic (e.g. vitamins C,
B6 or B12) and only the four vitamins A,D,E and K are fat soluble or lipophilic. When first
discovered, all vitamins were thought of as essential substances for sustaining life (vita) and
that had to be consumed through food. This is where the name Vitamins is suggested to
originate. There are two vitamins, D and B3, however, that can be metabolized by the body
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directly and the organism only partially relies on their intake through food. The involvement
of vitamins in several (patho-) physiological processes has been reported in the literature. For
example, scurvy is a well-documented illness where collagen structures in tissues break apart
due to deficient vitamin C intake. The illness itself was recognized by Hippocrates and
Egyptians as early as 1550 B.C. (Stone, 1966). Interestingly, while the cause of the illness
remained unknown until the 20th century, scurvy had been linked to fresh fruits and
vegetables as early as the 13th century (Rajakumar, 2001). While scurvy was a common
illness during the times of long transatlantic travel in sailing boats, it has basically been
eradicated in developed countries because of the availability of fresh fruits and vegetables
and supplements. However, physicians and researchers still report subclinical symptoms of
vitamin C deficiency, such as gum bleeding (Padayatty & Levine, 2001). Specific vitamins
will be addressed in the next sections.
Vitamin A. Vitamin A (Retinol) is an essential fat-soluble vitamin and an important
substance for normal growth, reproduction, breast-feeding, immunity and vision (Semba,
2012). It occurs in two different forms in food. retinol itself is mostly found in animal meat,
organs, dairy and eggs, while a pre-cursor of retinol, pro-vitamin A, is found in plants as
carotenoids. The major carotene in plant-based food is beta-carotene and it is transformed to
vitamin A by the body. Vitamin A is involved in a broad variety of physiological functions,
its major purpose, however, is in the visual cycle in the retina, the growth and reproduction of
cells in general and its involvement in immune processes (Wolf, 1984). The importance of
Vitamin A and carotenoids for immune function was first reported more than 80 years ago
(Green & Mellanby, 1930). Vitamin A deficiency impairs both, the innate immune system by
diminishing the functions of neutrophils, macrophages and natural killer cells and the
adaptive immune system by decreasing the development of both T-helper cells and also Bcells (Stephensen, 2001). Besides the cellular level of the immune system, Vitamin A
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deficiency can also affect the immune response on the level of the first line defense in the
body’s mucosal barriers, where it is important to maintain cellular function and growth
(Ziegler et al., 2003).
Due to its effect on the functioning of the immune system, vitamin A has been
grouped with vitamins C and E into a group of antioxidant vitamins and the abbreviation
ACE has been introduced to describe the interplay of the three vitamins as antioxidant
response to eliminate reactive oxygen species (ROS) (Munzel & Keaney, 2001). ROS are
generated in the body by various endogenous systems, exposure to physiochemical
conditions or pathological states, as well as extensive physical activity and have been
associated with increased susceptibility to different illnesses (Lobo et al., 2010). Furthermore,
Julia et al. (2014) studied the effects of the vitamins A, C and E on low-grade inflammation
and reported a negative association of vitamin A and c-reactive protein, an acute phase
reactant and indicator for inflammation (Julia et al., 2014). Reference values for vitamin A in
blood range between 30 – 95 µg/dl and for beta-carotene (the major carotene in the body)
between 50 – 300 µg/dl. Foods rich in vitamin A and beta-carotene include carrots, sweet
potatoes, cod fish (especially the liver) and mangos.
Vitamin B6. Vitamin B6, a water-soluble Vitamin, is involved in physiological
processes such as carbohydrate, protein and fat metabolism. It interacts with glucocorticoid
receptors and down-regulates their activity in animal models (McCarty, 2000). Vitamin B6
also seems like a key-player in the production of neurotransmitters, such as serotonin, and
thus has a strong impact on mood and mental wellbeing (Dakshinamurti et al., 1990). For
example, Hvas et al. (2004) studied the association of Vitamin B6 and depression and found
that depression was significantly correlated with low plasma levels of pyridoxal phosphate
(PLP), the phosphate derivate of Vitamin B6 in plasma (Hvas et al., 2004). Vitamin B6 levels
in blood have also been associated with cognitive and physical functioning. An intervention
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study by Cheng et al. (2014) found that, especially in the aging population, vitamin B6 intake
improved cognitive functioning (Cheng et al., 2014). Furthermore, Vitamin B6
supplementation is very common in athletes and research has shown a strong connection
between energy metabolism and Vitamin B6 as well as the requirement of increased levels of
B6 during intense exercise (Manore, 1994). Vitamin B6 has also been connected to
inflammation. Decreased serum levels have been reported during inflammatory activation,
however, the underlying pathways and the involvement of Vitamin B6 in the inflammatory
process are not fully understood (Ulvik et al., 2014). As mentioned earlier, Vitamin B6 has to
be consumed through food to accumulate in the body and sources of Vitamin B6 are part of
what is generally considered a healthy diet: pistachio nuts, tuna fish, avocados and spinach
are examples for foods rich in Vitamin B6. Optimal Vitamin B6 blood levels range between
30 – 144 nmol/l.
Vitamin B12. Vitamin B12, another water-soluble Vitamin, is involved in DNA
synthesis, neurologic functions, the formation and regeneration of red blood cells, the
myelination of the central nervous system and is essential for carbohydrate, protein and fat
metabolism (Kozyraki & Cases, 2013; Oh & Brown, 2003). For example, Vitamin B12
interacts with folic acid and converts the pro-inflammatory substance homocysteine to
methionine and methionine synthase prevents accumulation of homocysteine in serum and
tissues and limits the risks for vascular disease or neurological disorders and depression
(Kozyraki & Cases, 2013). Tiemeier et al. (2014) found significantly reduced Vitamin B12
levels in patients with depression and suggested that Vitamin B12 may be causally related to
mood disorders (Tiemeier et al., 2014). Furthermore, homocysteine has been linked to
coronary-artery disease and has been suggested as an important factor to consider during
health-screening visits with physicians (Nygård et al., 1997). In addition, Bjelland et al.
(2003) found that homocysteine levels were significantly correlated with mood disorders and
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suggested the involvement of vitamin B12 due to its ability to metabolize homocysteine
(Bjelland et al., 2003). B12 is also essential for the development and myelination of the
central nervous system as well as for the maintenance of its functions. Demyelination of
cranial, spinal and peripheral nerves or demyelination of white matter in the brain have been
associated with Vitamin B12 deficiency, emphasizing its importance on cognitive and neural
functioning and health (Stabler, 2013). Vitamin B12 cannot be produced in the human body
and therefore a constant supply through dietary consumption is necessary. Foods rich in
Vitamin B12 are: fish, eggs, dairy products and certain cereals and grains. Reference values in
blood range from 200 – 900 pg/ml.
Folic Acid (Folate). Folic acid is a water-soluble substance that has been grouped as
one of the B-vitamins (Vitamin B9), but is mostly referred to as folic acid or folate. The
human body cannot produce folate on its own and a regular consumption through food is
necessary. Folate is necessary for maintaining cell division and growth and for producing red
blood cells (Choumenkovitch et al., 2001). Folic acid has gained significant attention after
the discovery that deficiencies during pregnancy can lead to Spina Bifida or other neural tube
defects and it is commonly recommended as a supplement especially during the early stages
of pregnancy (Hewitt et al., 1992). While the association of folic acid deficiencies and neural
tube defects has been known for quite some time, the discovery that folic acid is associated
with the pro-inflammatory substance homocysteine (in combination with Vitamin B12) is
relatively new. The Homocysteine Lowering Trialists’ Collaboration (1998) published results
from a meta-analysis about the effects of folic acid on homocysteine and reported
significantly lower levels of homocysteine in association with higher levels of folic acid
(Collaboration, 1998). Homocysteine has been connected to increased risk of coronary-artery
disease (Arnesen et al., 1995). However, Lonn et al. (2006) did not find a significant
reduction of cardiovascular risk with the supplementation of folic acid, Vitamin B6 and
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Vitamin B12 (Lonn et al., 2006). While the association between folic acid and coronary
artery disease has not been conclusively proven, Tolmunen et al. (2003) studied the
association of folate and emotional wellbeing in a middle-aged Finnish cohort and considered
low dietary intake of folate a risk factor for developing mood disorders. They furthermore
suggested healthy nutrition as important in the prevention of mood disorders (Tolmunen et
al., 2003). Folic acid is mostly found in plant-based foods such as: asparagus, broccoli and
beets. Optimal levels of folate in blood range from 5 – 20 ng/ml.
Vitamin C. Vitamin C is probably the most famous vitamin and this is not by chance
as it is the vitamin that humans need in the largest amounts (M. Levine, 1986). It is also a
water-soluble vitamin and it is involved in several physiological processes in the human
body, such as collagen stability (it keeps tissues and organs together) or important immune
functions. While most mammals can produce ascorbic acid (a form of Vitamin C) on their
own, humans, teleost fish, anthropoid primates, guinea pigs, as well as some birds and bats
cannot produce Vitamin C on their own and thus have to consume this important nutrient
through food (Drouin et al., 2011). Vitamin C has received a lot of attention over the last
several decades due to its importance in human physiology and the immune system. It has
been suggested that human ancestors were able to produce Vitamin C on their own, but lost
the ability due to a genetic mutation on the L-Gulonolactone Oxidase gene (Johnson et al.,
2005). While this dissertation will focus on vitamin C as part of healthy nutrition and its
effects on inflammation and wellbeing, I strongly encourage the reader to review the
discussion about vitamin C and the mutation of the L-Gulonolactone Oxidase gene, this
mutation seems to be a key player in the evolution of the human brain (e.g. Watanabe et al.,
2002; Johnson et al., 2005).
Vitamin C has an important function in capturing free radicals and is part of the antioxidant ACE complex mentioned earlier (Julia et al., 2014). It is, furthermore, important for
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the production of certain neurotransmitters and for the stability of tissues and organs. A
significant vitamin C deficiency results in scurvy, an illness where tissues fall apart, due to
the lack of collagen stability. This illness was very common during long transatlantic travel
on sailing ships, where the supply with fresh food and vegetables was lacking. Scurvy
basically does not exist anymore in the developed world, but several subclinical symptoms,
like frequently bleeding gums or frequent infections have been linked to a deficiency in
vitamin C (Padayatty & Levine, 2001). An early study by Lanman et al. (1937) one of the
first to document the importance of Vitamin C in wound healing (Lanman & Ingalls, 1937)
and subsequent studies have shown that vitamin C supplementation or treatments with higher
doses of vitamin C help the body fight infections (Gorton & Jarvis, 1999; Hunt et al., 1994).
In many cultures vitamin C supplementation during a cold is common practice. Increased
vitamin C levels have also been associated with increases in neurocognitive functioning and
decreases of depressive symptoms (Du et al., 2014). Thus, Vitamin C is yet another important
nutrient that has to be consumed regularly through food to maintain several homeostatic
functions. It is found in foods such as: oranges, bell peppers, kale and broccoli. Reference
values of Vitamin C in blood range between 0.6 – 2 mg/dl.
Vitamin D. Vitamin D, a fat-soluble vitamin, has recently become a focus of research
due to its involvement in multiple homeostatic processes of the body. Hossein-Nezhad &
Holick (2013) reported that Vitamin D deficiency is a world-wide health issue that affects a
wide range of acute and chronic illnesses (Hossein-Nezhad & Holick, 2013). The clinical
relevance of Vitamin D originated with the discovery of the association between Vitamin D
and rickets in the early 1900s (Pritchard, 1919; Steenbock, 1924). In this condition, Vitamin
D deficiency leads to deformed bones and joints through an inability to store calcium and
phosphate in bone material. Many of us might still remember the disgusting daily dose of
cod-liver oil provided by our parents to combat this deficiency.
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Vitamin D is a special case under the vitamins, because not only consumption of
foods rich in vitamin D increase serum levels, but the body can also produce Vitamin D
during exposure to sunlight (Raiten & Picciano, 2004). Interestingly, face and hands have
been reported to be the major skin areas for the production of endogenous Vitamin D
(Osmancevic et al., 2015). However, especially in developed countries, consumption of
Vitamin D through food is necessary, potentially due to decreases in the exposure to sunlight
(e.g. office job vs. farming) and the associated risk of skin cancer (Cashman, 2015). But what
is it about this Vitamin, why is it so important for humans? One of the reasons why vitamin D
is suggested to be so important is the fact that vitamin D receptors have been found on cells
of almost every tissue and organ (Hector F DeLuca, 2004).
For example, Vitamin D receptors have been found in significant concentrations in
the T-lymphocyte and macrophage populations (H. F. Deluca & Cantorna, 2001) and Vitamin
D deficiency is believed to be critically involved in immune illnesses, such as the
autoimmune illness Multiple Sclerosis (MS) (Mocanu et al., 2013). Furthermore, serum
levels of Vitamin D have been reported to predict the progression of MS (Slomski, 2014).
Vitamin D may play a role in these illnesses due to its link to inflammation and inflammation
is suggested to be one of the key factors in the etiology of chronic health conditions (Tiosano
et al., 2013). However, the results are controversial, and Mangin et al. (2014) suggest that a
Vitamin D deficiency is rather a consequence of chronic inflammation than a cause, but also
suggest that further research is necessary to identify this connection (Mangin et al., 2014).
Furthermore, Vitamin D has been associated with depression and Jorde et al. (2008) found
that subjects with lower levels of serum Vitamin D (<40 nmol/l) scored significantly higher
on a BDI scale (Beck Depression Inventory), compared to individuals with higher serum
Vitamin D levels (>40 nmol/l) (Jorde et al., 2008). They further suggested that Vitamin D
improves mental and emotional wellbeing.
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However, the underlying pathways for these associations remain unclear, but
inflammation has been suggested as the potential link between Vitamin D and depression. A
common form of depression in the northern hemispheres, namely seasonal affective disorder,
has also been linked to Vitamin D deficiency (Gloth et al., 1999). More recent studies,
however, have not supported this earlier finding and suggest Vitamin D deficiency as one
factor of many in a multifactorial cause of the disorder (Frandsen et al., 2014). Vitamin D is
also suggested to be of high importance during developmental stages. More specifically,
Humble (2010) suggested a pre- and postnatal importance of Vitamin D in the prevention of
autism and schizophrenia (Humble, 2010).
Vitamin D deficiency has been linked to a significant number of chronic illnesses and
has been implicated in limits to physical functioning. Wicherts et al. (2007) reported Vitamin
D status (measured in blood serum) as a predictor for physical performance and its decline in
the aging population (Wicherts et al., 2007). Vitamin D has also been implicated in the
function of more than 200 genes, including genes coding for the regulation of cellular
proliferation, differentiation, apoptosis and angiogenesis (Holick, 2007). In summary,
vitamin D is undoubtedly a very important vitamin for physical, mental and emotional
wellbeing and both intake and exposure to sunlight are highly recommended by many
institutions to increase quality of life and lower the risk of chronic conditions. Through its
binding to fatty acids, vitamin D can be found in several fatty foods, such as herring, salmon,
oysters and dairy products.
The optimal vitamin D level, however, is subject to further scientific discussion and to
date, well-established clinical institutions, such as the Mayo Clinic reference optimal serum
Vitamin D as between 10 ng/ml and 80 ng/ml. However, vitamin D level of 80 ng/ml and
above have been found in populations with extreme exposure to sunlight (e.g. lifeguards) and
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the question about the upper range of Vitamin D levels in serum remains rather elusive
(Hollis et al., 2007).
Vitamin E. Vitamin E, a group of fat-soluble vitamins, is a very powerful nutrient for
the prevention of symptoms such as neuropathy and hemolytic anemia. It is furthermore a
potent free radical scavenger and has been included in the group of highly effective
antioxidants ACE (Julia et al., 2014). It prevents the propagation of free radicals in
membranes (where fatty acids are a major content of the membrane) and in plasma
lipoproteins (Traber & Stevens, 2011). Vitamin E is a term used for a group of 4 tocopherols
(α, β,γ,δ) and 4 tocotrienols (α,β,γ,δ). However, α-tocopherol is the most abundant form in
nature (Brigelius-Floeé & Traber, 1999) and is widely used to assess vitamin E
concentrations in blood serum (Cunha et al., 2001).
Vitamin E protects bodily tissues from damage caused by free radicals, but that is not
the only function of vitamin E in the human body. It is also involved in the differentiation of
T-cells in the thymus and has been suggested to be of distinct importance in the aging
population (Moriguchi & Muraga, 2000). Of particular interest for the work presented here is
the impact vitamin E has on the immune system, more specifically the inflammatory reaction
of the immune system. Vitamin E has been suggested to lower blood serum levels of Creactive Protein (CRP), an immune marker associated with chronic low-grade inflammation
(Devaraj & Jialal, 2000).
Furthermore, Vitamin E is involved in the inhibition of prostaglandin production (e.g.
thromboxane), which cause platelet clumping and often results in atherosclerosis (Rizvi et al.,
2014). It has also been shown to protect against neuronal death in the hippocampus, which
has been associated with cognition disorders in animal models, suggesting a neuro-protective
function of vitamin E (Reisi et al., 2014). In addition, it has been associated with
hypercholesterolemia, another common health issue in the population. Vitamin E is also
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suggested as one of the protective factors for associated illnesses such as cardio vascular
diseases (Ghayour-Mobarhan et al., 2014). Reference values for Vitamin E (as α-tocopherol
in blood serum) in the USA range between 550 µg/ml and 2000 µg/ml (Center, 2014). The
human body cannot produce vitamin E and is dependent on a constant supply through dietary
sources. Foods rich in vitamin E are: almonds, walnuts, avocados and olive oil.
Fatty Acids
Dietary fat or fatty acids are not only the second most important energy-producing
macronutrients, but are also critical for the function and maintenance of several homeostatic
systems, organs and tissues of the body (Muskiet, 2010). In addition, some fatty acids are
converted to a variety of hormones (e.g. cortisol) that bind to receptors in almost every tissue
of the body (Lands & Lamoreaux, 2012). They have also gained significance in the
prevention and treatment of chronic illnesses and a quick search on Amazon.com using the
terms “Fatty Acids and Health” resulted in almost 1,400 books, reflecting this interest. In the
first published dietary guidelines by the USDA, the Farmers Bulletin (1894), author Wilbur
O. Atwater stated: “dietary fat as fatty acids forms fatty tissues (not muscle) and serves as
fuel for the body” (Atwater, 1894). Since this pronouncement, explanations for the increasing
rates of obesity in the developed countries have been sought in fat consumption and a
reduction of overall fat intake has been recommended (Caballero, 2007).
Dietitians considered dietary fat universally “bad” for a long time. Those dietary
guidelines and the creation of low-fat or no-fat products by the food industry, however, have
failed to reduce the number of overweight individuals in the population (Shai et al., 2008). In
contrast to the “fat equals body fat assumption,” research has actually shown the importance
of fat in physiological functioning and the benefits of fat in a healthy diet. Currently, more
than 50 different fatty acids in nutrition have been identified, some of high importance, some
of lesser importance for the human body and some of them are still not studied in detail. Fatty
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acids differ from one another in (1) length of hydrocarbon tails, (2) degree of (un)-saturation
and (3) position of the double bonds in the chain. Fatty acids have been classified into groups
according to their double bond structures (0-2 double bonds): saturated (no double bonds),
monounsaturated (1 double bond) and polyunsaturated fatty acids (2 double bonds). They
have furthermore been classified into Omega (ω) 3, 6 and 9, according to the position of the
double bond in the chemical chain. Especially the group of ω-3 and ω-6 fatty acids have
received significant attention due to strong correlations between those fatty acids and chronic
health conditions. In the following sections I will provide more substantial information about
ω-3 and ω-6 fatty acids and their physiological functions in humans. They are of distinct
relevance for the proposed study due to the fact that blood serum (or red blood cell)
concentrations reflect the long-term intake of fatty acids in an individual’s diet.
ω-3 Fatty Acids. Omega-3 fatty acids are a class of essential fatty acids that have to
be consumed through food. Eleven fatty acids have been grouped as ω-3 due to their first
chemical double bond on the third atom. This group contains three fatty acids with high
relevance for health and disease: eicosapentaenoic acid (EPA), docosahexatreonic acid
(DHA) and alpha-linoleic acid (ALA). The latter can be metabolized to EPA and
subsequently DHA in the body, the mechanism for this conversion, however, is not very
efficient and the rates are as little as 6% for the production of EPA from ALA and about
3.8% for DHA (Gerster, 1998). Furthermore, ALA competes with linoleic acid, a ω-6 fatty
acid, over the enzymatic pathway that converts ALA to EPA and DHA (Schmitz & Ecker,
2008) (see Figure 1 below).
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Figure 1. The biochemical pathway from α-Linoleic Acid (ALA) to Eicosapentaenoic Acid
(EPA) and Docosahexaeonic Acid (DHA)

Mechanistic studies of EPA and DHA have revealed their involvement in several
physiological processes including hormone production and maintaining cellular membranes.
The physiological effects of ALA are mostly due to the conversion of ALA to EPA and DHA
(Calder & Yaqoob, 2009). The main effects of ω-3 fatty acids have been grouped into three
categories: 1) their essential roles in certain organs, such as liver or heart, 2) their role in
altering levels of blood lipids (e.g. triglycerides) and 3) their role as precursors for certain
biochemical and physiological components (e.g. pro- or anti-inflammatory molecules) such
as resolvins (Narayan et al., 2006). Resolvins are a group of protective compounds
synthesized from EPA and DHA that enhance the resolution of inflammation (Serhan et al.,
2008). In fact, EPA is especially deeply involved in the resolution of inflammation and has
been classified as an anti-inflammatory substance, restoring baseline levels after acute
inflammation and protecting the body from chronic inflammation (C. N. Serhan, 2007). EPA
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and DHA are also found in cellular membranes where they embed receptors and fulfill
further physiological functions (Mitchell et al., 1998). They are also involved in the
regulation of blood pressure, are antithrombotic and inhibit arthrosclerosis (Connor, 2000).
Due to their physiological functions, EPA and DHA have been linked to a broad
variety of chronic (subclinical) health conditions. For example, Yagi et al. (2014) reported a
significant association of serum EPA concentrations with cognitive functions, suggesting that
low ω-3 levels in blood are a risk factor for cognitive impairment (Yagi et al., 2014). This
evidence is complimented by a meta-analysis conducted by Martins (2009), which provided
evidence for the beneficial effects of ω-3 fatty acid consumption in depression (Martins,
2009). EPA and DHA have also been linked to coronary artery disease (Daviglus et al., 1997)
and mood disorders (Austin et al., 1998). Figure 2 (adapted from Siriwardhana et al., 2012, p.
214) provides an overview of the chronic health conditions EPA and DHA have been
associated with.

36
Figure 2 . The multiple functions of EPA and DHA in chronic health conditions, adapted
from Siriwardhana (2012)

A potential pathway through which EPA and DHA affect homeostatic systems is the
inflammatory response of the immune system. For example, Niknam et al. (2014) examined
the association of dietary fatty acids and inflammation in a group of patients with coronary
artery disease and found a significant inverse relation between levels of EPA and DHA and
high-sensitive c-reactive protein (hs-CRP). They further reported that saturated fatty acids
were directly related to hs-CRP and also the pro-inflammatory cytokine IL-6 (Niknam et al.,
2014). In summary, ω-3 fatty acids are a significant component in healthy nutrition,
specifically because of their protective effects on multiple chronic health conditions.
ω-6 Fatty Acids. The group of ω-6 fatty acids received its name from their chemical
double bonding structure, where the first double bond is on the sixth carbon atom. Eleven
unsaturated fatty acids have been grouped into the ω-6 group, such as arachidonic acid (AA)
and gamma-linolenic acid (GLA). Arachidonic acid is the most prevalent form of ω-6 and
can be synthesized from other ω-6 fatty acids, comparable to the ω-3 fatty acids EPA and
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DHA. As mentioned earlier, they compete with ω-3 fatty acids in their synthesizing pathway,
but ω-6 fatty acids have been reported to be more successful (N. Salem, Jr. et al., 1999; N.
Salem et al., 1996). The ω-6 fatty acids linoleic acid (LA) and γ-linoleic acid (GLA) can
efficiently be transformed into AA. Figure 3 shows the ω-6 pathway from LA to AA.
Figure 3. The biochemical pathways from Linoleic Acid to Arachidonic Acid

The enzymatic pathway that converts precursors to EPA and AA is suggested to favor
the most prevalent form currently in the blood and consequently, a dietary ω-6 to ω-3 ratio of
up to 16.7 to 1 has been reported in the US population (Simopoulos, 2004). This imbalance
reflects the preference for the production of AA from LA, reducing its efficacy in the EPA
metabolism even further (Mu et al., 2014). LA and GLA have been the targets of scientific
research in the past, but since the discovery that LA and GLA can be efficiently transformed
to AA, most research in this field focuses on AA (Schmitz & Ecker, 2008).
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Arachidonic acid is the predominant precursor for eicosanoids which are involved in
the inflammatory response of the immune system (Samuelsson, 1990) and in platelet
aggregation (Sinclair & Mann, 1996). AA promotes a necessary and healthy acute
inflammatory reaction, which reportedly over-reacts if levels of AA are high or the countersubstance EPA is low (Schmitz & Ecker, 2008). In general, substances generated from ω-3
fatty acids have anti-inflammatory or inflammation-resolving and protective effects, while
substances synthesized from ω-6 fatty acids are generally pro-inflammatory. However, just as
a side note, Serhan & Savil (2005) suggested that lipoxins, derived from AA have contextdependent, anti-inflammatory effects and are the first to initiate resolution of acute
inflammation, indicating AA can act as an anti-inflammatory substance under certain
conditions (C. N. Serhan & Savill, 2005). While ω-6 fatty acids are generally referred to as
the “bad guys,” they are actually highly important for a physiological acute inflammatory
reaction. Thus, there is no proof for “good” or “bad” fatty acids, but rather that the interplay
is important and research, clinical practice and dietary recommendations focus on the ratio
between fatty acids rather than the elimination of certain kinds or groups.
The ω-6 to ω-3 Ratio. Looking back into our species past, humans evolved on a diet
with a ω-6 to ω-3 ratio of approximately 1, while the ratio of western diets ranges between
15/1 and 16.7/1 (Muskiet, 2010). This ratio, and the excessive consumption of foods rich in
ω-6 fatty acids has been suggested to promote the pathogenesis of chronic health conditions,
including cardiovascular disease, inflammatory and auto-immune diseases and also cancer
(A. P. Simopoulos, 2002). The Western style diet, predominated by the consumption of rich
amounts of meat, refined sugars, plant oils (a major source of precursors for AA), eggs and
lack of fish and seafood, promotes an imbalanced fatty acid ratio. For example, Adam et al.
(2003) studied a low-AA diet in combination with an increased intake of ω-3 fatty acids in
patients with rheumatoid arthritis and found that dietary restrictions on AA in combination

39
with increased intake of EPA and DHA ameliorated signs of inflammation in the study
population (Adam et al., 2003).
Physical Activity, Physical Status and Insulin Sensitivity
According to the Centers for Disease Control and Prevention (CDC), regular physical
activity is a major contributor to health and wellbeing (CDC, 2011). They furthermore state
that exercise helps to control weight, reduce the risk for illnesses such as cardiovascular
disease, diabetes type 2, metabolic syndrome, certain kinds of cancer and also improve
mental health, mood, quality of life, the ability to do daily activities and even increases the
lifespan. The World Health Organization (WHO) compliments the statements from the CDC
and recommends at least 150 minutes of moderate to vigorous-intensity physical activity
throughout the week as a preventative measure. In addition, according to the WHO,
insufficient physical activity is one of the ten leading risk factors for death worldwide and
more than 80% of the population is insufficiently physically active (WHO, 2015).
Insufficient physical activity has been linked to: excessive abdominal fat,
hypertension, hypertriglyceridemia, elevated fasting glucose, increased LDL cholesterol and
decreased HDL cholesterol (Ervin, 2009). Ervin (2009) furthermore reported that about 34%
of the US population shows symptoms of metabolic syndrome, a potent precursor of (often
subclinical) chronic health conditions, defined by the occurrence of at least three of the items
listed above. In fact, Levine & Levine (2012) assert that metabolic syndrome will become
one of the leading risk factors for chronic illnesses such as cardiovascular disease (T. B.
Levine & Levine, 2012). A longitudinal study to assess the association of the metabolic
syndrome and cardiovascular illness and overall mortality found that both cardiovascular
disease and mortality were increased in subjects with metabolic syndrome, even in the
absence of baseline illnesses like coronary artery disease or diabetes (Lakka et al., 2002).
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An individual’s physical condition has significant implications on their health and
wellbeing. Han et al. (2009), for example, found that subjects with metabolic syndrome
displayed a significantly impaired health-related quality of life as compared to those without
signs of metabolic syndrome (Han et al., 2009). The followings sections will discuss aspects
of physical condition and their relation to inflammation and quality of life.
Physical Activity. Two highly rated agencies, CDC and WHO, state that the majority
of the world’s population does not meet the minimal requirements for physical activity,
resulting in a significant reduction in health and wellbeing (CDC, 2011; WHO, 2015). One
explanation for the reduced amount of physical activity is the lack of necessity for exercise
(Ziebland et al., 1998). While not too long ago, physical activity was required to obtain food
or to travel from location to location, modern conveniences such as cars, public
transportation, delivery services and food storage (e.g. fridge) greatly reduce the necessity for
physical exercise. Some beneficial effects of exercise on health are improved body
composition (weight loss), joint and bone health, reduced risk for cardiovascular disease and
certain types of cancer among others, these effects have been widely studied (Miles, 2007).
Physical activity directly influences the physical condition (health) of an individual through
its effects on body composition (e.g. waist circumference or android : gynoid ratio) and on
circulating metabolic markers (e.g. blood lipids, insulin or glucose) (WHO, 1995).
Aside from the effects on individual health and wellbeing, lack of physical activity
also comes with an immense worldwide economic burden. As an example, the associated
direct costs have been estimated with £ 1.06 billion ($ 1.6 billion) in the United Kingdom in
2006 (Allender et al., 2007) and £ 8.2 billion ($ 13.26 billion) if including indirect costs such
as days lost to sickness-absence from work or costs of homecare (Miles, 2007). Wood et al.
(1988) found significant differences in abdominal fat reduction and alterations in lean mass in
a a study population who was exercising as compared to a study population that had dietary
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restrictions alone (Wood et al., 1988). They also reported that both groups lost a significant
amount of weight and had significant increases in HDL cholesterol. Comparable to Wood et
al. (1988), Ross et al. (2000) found significant reductions in body weight in both the exercise
and diet restriction groups but significantly higher reductions in abdominal body fat in the
exercise group; the average reduction in body fat was 1.3 kg greater when compared to the
dietary restrictions and weight loss group (Ross et al., 2000).
While some of the effects of exercise have been linked to changes in body
composition (e.g. reduction of abdominal fat or increases of lean mass), some preventive
effects are suggested to occur in direct response to exercise. For example, Berchtold et al.
(2005) looked at the effects of exercise on brain derived neurotropic factor (BDNF) in a rat
model and found significant increases of BDNF in rats with regular, daily exercise (Berchtold
et al., 2005). BDNF is a neurotrophic factor that has been linked to neuro-protection and
neuroregeneration, and has been shown to increase during exercise (Binder & Scharfman,
2004). Exercise induced increases in BDNF have not only been observed in rodents, but also
in humans. Leckie et al. (2014) followed a group of older adults (mean age = 66.82) who
were assigned either to a stretching and toning group or a moderate exercise group for 1 year
and measured their serum BDNF. They reported the greatest increases in BDNF in the
moderate exercise group (Leckie et al., 2014).
Conversely, decreased BDNF has been observed in patients with mood disorders
(Karege et al., 2002). Hassmén et al. (2000) utilized data from the cross-sectional Finish
Cardiovascular Risk Survey and showed that people who exercise two or three times a week
reported significantly higher mental wellbeing and also perceived their health and wellbeing
to be better (Hassmen et al., 2000). Physical activity has also been reported to affect the
immune system, with controversial results. Kohut et al. (2006), for example, studied the
effects of different forms of exercise on markers of inflammation and reported that aerobic

42
exercise significantly reduces pro-inflammatory substances, such as c-reactive protein or
interleukin-18, but flexibility or resistance exercise does not (Kohut et al., 2006). While
aerobic exercise is generally suggested to reduce inflammation, resistance exercise and
hypertrophic workouts are suggested to produce reactive oxygen species (ROS, free radicals)
and increase inflammatory processes. This post-workout inflammation, however,
physiological and acute inflammation to initiate adaptive mechanisms in skeletal muscles
(Clanton, 2007).
Physical Condition, Energy Metabolism and Insulin Sensitivity. Physical activity
directly influences an individual’s physical condition and energy metabolism (e.g. storage of
unused substrates in fat cells) and several anthropometric markers can be used to measure a
person’s current condition. Due to the direct influence of physical activity on resting
physiology, homeostatic systems and energy metabolism, measures such as body
composition, waist circumference or oxygen expenditure as well as heart rate, blood pressure
and biomarkers in blood (e.g. lipids, glucose or triglycerides) are good tools in research and
clinical practice. This is complimented by the statements of a World Health Organization
(WHO) expert panel, which created guidelines about the use and interpretation of
anthropometry to assess physical status. They report that physical status reflects health,
nutrition and performance of an individual. The WHO further states: “Anthropometry
provides the single most portable, universally applicable, inexpensive and non-invasive
technique for assessing the size, portions and composition of the human body” (WHO, 1995).
Of particular interest are measurements of body composition to assess the ratio of fat to lean
mass (muscles) and the fat distribution throughout the body. Common methods include a 3point skinfold measurement, bioimpedance analysis and dual x-ray absorptiometry (Gutin et
al., 1996).
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The 3-point skinfold technique includes measuring the pectoral, abdominal and thigh
thickness in males and triceps, suprailiac area and thigh in women. The bioelectrical
impedance analysis involves measurements of electric current and impedance using up to
eight electrodes and assessing the body composition via computer program. While both
measurement techniques are widely used, assessing body composition with a dual x-ray
absorptiometry has been reported as the most valid measurement, due to its accuracy, ease of
use and low radiation exposure (Gutin et al., 1996). The most common assessment with dual
x-ray absorptiometry is the android to gynoid ratio. Android obesity is often referred to as the
“apple” shape. This is due to the accumulation of fat in the trunk, rather than throughout the
body. Gynoid obesity is referred to as the “pear” shape and with more bodily fat distribution
towards hips and thighs. The android-shaped condition has been widely associated with
increased cardio-vascular risk, hypertension, insulin resistance and type-2 diabetes, while the
gynoid-shaped condition has been associated with decreased risk of metabolic and
cardiovascular diseases (Samsell et al., 2014).
In addition to anthropometric data, physiological measurements of resting heart rate,
heart rate variability, oxygen uptake (VO2) and blood pressure can be used to assess physical
capacities (Godin & Shephard, 1985; Pumprla et al., 2002). For example, increased resting
heart rate has been associated with increased risk for cardiovascular disease (Fox et al., 2007)
and exercise has been reported to lower resting heart rate and protects an individual from the
associated cardiovascular risks (D’Souza et al., 2014). Furthermore, increases in blood
pressure have been associated with lack of exercise, a sedentary lifestyle and several chronic
illnesses, such as coronary-artery diseases (Barnes, 2012; Guedes et al., 2010).
While some of the markers describing an individual’s physical condition have been
directly associated with health risks, the majority of outcomes of a sedentary lifestyle are
linked to alterations in the glucose metabolism and cellular energy supply and storage. For
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example, Hamburg et al. (2007) reported dyslipidemia and a rapid decrease in insulin
sensitivity during physical inactivity (Hamburg et al., 2007). Insulin receptors are found in
different cell types and can amplify or limit the amount of glucose entering the cells. Several
chronic illnesses are associated with alterations in glucose uptake and sensitivity of insulin
receptors (Reaven, 1988). Diabetes type 2, for example, is a very common illness in which
the insulin production does not meet the high demands of the body anymore. It has
historically been associated with increased sugar consumption, but more recently also linked
to inflammatory processes and chronic psychosocial stress (Lloyd et al., 2005). Insulin
receptors are thought to alter their sensitivity in response to certain conditions, which can
result in either more, or less insulin than is necessary to activate the receptor pathway of cells
in a particular tissue. For example, Li et al. (2013) were able to show a rapid development of
insulin resistance (a significant decrease in the efficacy of the receptor, requiring higher
levels of insulin to activate the receptor) during acute stress in a mouse model (Li et al.,
2013).
Empirical research has demonstrated the negative effects of insulin resistance on
human health and wellbeing as well and can be assessed with the Homeostatic Assessment
Model (HOMA), where fasting glucose and insulin values are obtained and calculated to a
HOMA Index (Gayoso-Diz et al., 2013). The process itself has been articulated as an
evolutionary adaptation by James Neel (1962). He hypothesized that insulin resistance
increased the chances of survival during a lifestyle characterized by periods of “feast and
famine” and that this adaptation has now turned detrimental with out modern lifestyle, where
periods of famine are scarce (Neel, 1962). This hypothesis, also called the “thriftiness
hypothesis” states that insulin resistance minimizes energy loss during times of famine and
promotes storage of energy in the form of fat during times of feast and thus helps survival in
times of low energy availability. Furthermore, under conditions of unlimited food supply in
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developed countries, this mechanism promotes obesity and the associated risk factors due to
the excessive storage of energy in fat tissues. Neel (1962) hypothesized that certain genetic
mechanisms are underlying this process and named this hypothesis “thrifty gene hypothesis”.
However, 35 years after he first articulated this hypothesis, genetic research has failed to
confirm his assumption (M. G. Watve & Yajnik, 2007).
The thrifty gene hypothesis was then re-named into “the thrifty phenotype” or
“thriftiness hypothesis” after research reported strong correlations between low birth weight,
insulin resistance and increased risk of associated disorders, suggesting phenotypic
environmental calibration of the infant’s metabolism (Ozanne & Hales, 1998). The thriftiness
hypothesis has been widely accepted ever since. However, Watve & Yajnik (2007) have
raised valid criticisms of the hypothesis, for example, the thrifty phenotype should be over
represented in colder climates where hunting and gathering is only possible during certain
times of the year and food storage is necessary. Contradictory to this assumption, populations
in warmer and food-rich environments, like for example the Pima Indians in Mexico, are
more prone to developing insulin resistance and the associated disorders (M. G. Watve &
Yajnik, 2007). In fact, obesity and diabetes type 2 have long been reported as a common
problem in some native American populations (Knowler et al., 1981).
Based on their critics, Watve & Yajnik (2007) articulated a new evolutionary
hypothesis for insulin resistance, where not the storage of energy during times of famine is
important, but rather, the allocation of energy resources to the different organs of the body.
Different tissues have different energy requirements and insulin dependencies, such as
skeletal muscles, liver, or erythrocytes. High insulin resistance would therefore divert energy
to the more insulin independent tissues and organs of the body (e.g. immune cells or the
brain) and less to the insulin dependent organs (such as skeletal muscles). Peters et al. (2004),
for example, described the brain in a hierarchical high position as a “selfish organ” that can
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allocate more glucose to itself by decreasing the glucose uptake in the peripheral organs
(Peters et al., 2004). Watve & Yajnik (2007) further hypothesize that insulin resistance
evolved as a socio-ecological and socio-nutritional adaptation rather than thriftiness and
supports an evolutionary transition from “soldiers” (allocation of glucose to muscles) to
“diplomats” (allocation of glucose to the brain) (M. G. Watve & Yajnik, 2007).
While the exact causes of insulin resistance may still be open to debate, the symptoms
and associations with multiple illnesses have been well documented. Insulin sensitivity
(insensitivity) has been highly associated with anthropometric measurements and metabolic
assessments of an individual’s physical condition, such as waist to height ratio (WTHR),
body mass index (BMI) or levels of triglycerides and cholesterol (Matos et al., 2011). In line
with the PNI framework, with inflammation as a potential mediator between bodily
conditions and illness, the symptoms of reduced insulin sensitivity and insulin resistance have
been linked to inflammatory mechanisms of the immune system. Insulin resistance has been
shown to increase markers of inflammation, such as the acute phase reactant c-reactive
protein (CRP) and pro-inflammatory cytokines (e.g. interleukins) (Festa et al., 2000).
In summary, physical activity is an important factor for health and wellbeing and its
influence on several homeostatic systems of the body can be used to assess an individual’s
physical condition. This is of great importance for the prevention of chronic health conditions
and several national and international agencies report a lack of physical activity in the
majority of the (US) population, leading to alterations in physiological functioning and
reduced insulin sensitivity. Reduced insulin sensitivity and insulin resistance have, in turn,
been linked to mechanisms of inflammation with outcomes such as increased c-reactive
protein (CRP). As with nutrition, physical activity and physical condition have also been
linked to inflammatory mechanisms of the immune system and inflammation has been
suggested to be a potential mediator in processes of health and wellbeing. The next section
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will provide in depth information about the immune system, more specifically its acute
inflammatory reaction, which is necessary to fight pathogens and initiate repair and
maintenance mechanism and chronic inflammation, which seems to serve as a signaling
pathway rather than pathogen defense.
Inflammation
Inflammation is the immune system’s physiological reaction to any damage to tissues,
organs and cells by foreign pathogens, noxious stimuli (e.g. chemicals), physical injury or
psychological stress and underlies a wide variety of physiological processes (Medzhitov,
2008). Nathan (2002) provided a nicely stated scientific definition of the immune system:
“The function of the immune system is to prevent the takeover of the body by genomes other
than that encoded in the germline.” (Nathan, 2002). The term inflammation has deep ancient
roots and the Roman Aulus Cornelius Celsus (25 BC – 50 AD) is credited as first
documenting the term as inflammare (to set on fire) about 2000 years ago (Rocha e Silva,
1978). He furthermore described four cardinal signs defining inflammation: rubor, tumor
dolor and calor (redness, swelling, pain and heat) (Benaroyo, 1994). This definition of
inflammation is what we know today as a classical acute inflammatory response following
events such as serious infections or traumatic tissue injury. Thus, inflammation was defined
as a combination of clinical symptoms rather than pathological or biochemical processes.
In most cases, however, inflammatory processes are rather sub-clinical and do not
show those typical signs described by Celsus. Two centuries after Celsus’ initial definition of
inflammation, the Greek physician Galen of Pergamon (129 – 200 AD) was among the first
in promoting the humoral view of inflammation, acknowledging the underlying molecular
mechanisms (Scott et al., 2004). In his view, inflammation was a physiological and beneficial
response of the human body, rather than a pathological process. In 1871, the German scientist
Rudolf Ludwig Carl Wirchow (1821-1902) extended the cardinal signs of inflammation with
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functio laesa (loss of function) and viewed inflammation as an entirely pathological process
again, in contrast to Galen (Benaroyo, 1994). Advancements in microscopy and cell biology
during the 19th century gave further rise to cell based definitions of inflammation, initiating a
completely new way of understanding inflammatory processes. It soon became clear that
inflammation is not a single process but rather a complex reaction, involving several
physiological processes. Since then, an enormous amount of resources has been allocated to
identifying its underlying cellular and molecular pathways.
While the historical view of inflammation included tissue and cell damage or
infection as necessary precursors, it has become clear that inflammatory processes can be
initiated, altered or influenced by several other events. Psychosocial stress or dietary
composition can sustain or initiate chronic inflammation (Steptoe et al., 2007). It has been
suggested, furthermore, that inflammation is not only a necessary physiological mechanism
to protect the organism from severe damage by foreign agents (and initiate repair processes),
but also functions as a physiological signaling mechanism that promotes the cross-talk
between different homeostatic systems of the body (Medzhitov, 2008; Weiss, 2008). For
example, biochemical processes involved in acute inflammation have been repeatedly
associated with psychosocial stress, where no reported physical injury or pathogen contact
has occurred (Coussons-Read et al., 2007; Hänsel et al., 2010). Furthermore, ongoing
psychosocial stress has been associated with continuous activation of the immune system and
inhibition of anti-inflammatory responses, leading to a stage of chronic inflammation (Miller
et al., 2002). Thus, chronic inflammatory activity does not seem to be exclusively caused by
the classic inducers of inflammation, but also by malfunctions and adaptations in organs,
tissues and cells (Medzhitov, 2008).
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Acute Inflammation and the Physiological Response
An acute inflammatory reaction in response to infections or tissue injury involves the
coordinated delivery of blood components, such as plasma or leukocytes to the infected or
damaged area (Majno & Joris, 2004). Macrophages and mast cells, residing in a particular
tissue, are among the first cells to recognize any damage or foreign agents and release a
variety of proinflammatory (signaling) substances, such as eicosanoids, chemokines and
cytokines. Eicosanoids, for example, belong to a complex family of lipid mediators and are
generated through an oxidative pathway mainly from the dietary ω-6 fatty acid Arachidonic
Acid (AA). These compounds regulate cytokine production and cell proliferation (Harizi et
al., 2008). In addition, eicosanoids and their receptors cooperate with cytokines, chemokines
and other signaling molecules. This interplay attracts plasma proteins and leukocytes (e.g.
neutrophils), which reside in the circulating blood stream, into the infected or damaged area.
Once in the target area, neutrophils become activated either through direct contact with a
pathogen or through contact to cytokines and destroy any foreign agents with the content of
their granules (e.g. ROS and reactive nitrogen species) (Nathan, 2006).
Interestingly, neutrophils do not only attack and destroy foreign pathogens, but also
clear the surrounding area (sometimes referred to as collateral damage) and initiate healing
processes via the generation of signals that slow down the rate of accumulation of further
neutrophils (Nathan, 2006). A successful immune response results in destroying foreign
agents in a particular tissue and initiating repairs. The latter are generally mediated by tissueresident and attracted macrophages. This shift from “attack” to “repair and restore
baseline” is furthermore initiated by a switch in lipid mediators - from proinflammatory
prostaglandins (derived from, for example, the ω-6 fatty acid arachidonic acid) to antiinflammatory lipoxins (Medzhitov, 2008). Lipoxins furthermore down-regulate the allocation
of neutrophils and promote the recruitment of monocytes, which remove dead cells and
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initiate remodeling of the damaged or infected tissues (C. N. Serhan & Savill, 2005). In
addition, resolvins and protectins, another group of lipid mediators derived from dietary ω-3
fatty acids, are also involved in the resolution of inflammation and initiation of tissue repair
(Miyata & Arita, 2015; C. N. Serhan, 2007). On a side-note, a dietary ratio of ω-6 to ω-3
fatty acids of 2:1 to 5:1 has been reported as optimal condition for a physiological
inflammatory process (Simopoulos, 2004).
Once the infected or damaged area is cleared and the repair mechanisms are finished,
inflammatory processes return to baseline levels. However, if clearance and repairs fail to
finish, the inflammatory process persists and the response acquires new characteristics;
turning into further activation of immune-regulatory processes and eventually chronic
inflammation (Medzhitov, 2008). The mechanisms of acute inflammation after cellular stress,
pathogen contact, or tissue damage are better understood than those of other inflammatory
processes initiated by, for example, psychosocial stress. While, inflammatory processes like
the ones mentioned above, are active during several conditions not associated with infection
or traumatic damage, many pathways and, particularly, the application of knowledge about
infection-induced inflammation to other types of inflammation remains elusive (Medzhitov,
2008).
Chronic Inflammation
In general, inducers of an inflammatory reaction can be of an exogenous or
endogenous nature (Serhan et al., 2008). Exogenous inducers are further subdivided into
pathogen associated molecular patterns (PAMPs) and virulence factors. PAMPs are defined
as molecules (e.g. bacteria) to which the body has an evolved corresponding set of receptors
detecting their presence (Bianchi, 2007). Virulence factors are molecules produced and
released by pathogens that enable the pathogen to replicate and disseminate in a host
(Casadevall & Pirofski, 2009; Cross, 2008). This includes allergens, irritants, foreign bodies
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and toxic compounds (Majno & Joris, 2004). Silica and asbestos for example are foreign
bodies that elicit an inflammatory response (Medzhitov, 2008).
Endogenous inducers of inflammation are signaling mechanisms that originate from
stressed, damaged or generally malfunctioning tissues in the body. For example, during
necrotic cell death, the plasma membrane of the cell falls apart, resulting in the release of
certain membrane and cellular components, attracting proinflammatory substances of the
immune system and also activating nociceptors to initiate pain signaling mechanisms (Rock
& Kono, 2008). Moreover, damaged, stressed or injured cells and inter-cellular connections,
such as tight junctions, and damaged vascular endothelium are also considered endogenous
inducers of inflammation. While inflammatory processes are necessary to maintain the
body’s tissues, they can turn detrimental and chronic, in a highly proinflammatory
environment where biochemical substances that resolve inflammation (e.g. resolvins) are
lacking and inflammation-driving substances (e.g. prostaglandins) are high. The onset and
etiology of chronic inflammation has been associated with factors like oxidized lipoproteins
(e.g. Low-Density Lipoprotein – LDL), crystals of for example monosodium urate (one of the
causal factors of gout) or advanced glycation end products (e.g. collagen metabolites)
(Medzhitov, 2008).
Reactive oxygen species (ROS, or free radicals) are also suggested to be key players
in many of the processes mentioned above, for example, by oxidizing lipid and protein
components of free fatty acids (e.g. LDL) and inducing an inflammatory chain reaction.
While the list of endogenous inducers of inflammation is continuously growing, evidence has
also been growing for several mechanisms of cell death or cell damage, such as ischaemia
(local lack of blood), hypoxia, or increased concentrations of ROS and CRP. The following
figure (Figure 4) adopted from Medzhitov (2008, p. 431) provides a systematic overview of
exogenous and endogenous inducers of inflammation.
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Figure 4. Adopted from Medzhitov (2008, p. 431), showing a systematic overview of
exogenous and endogenous inducers of inflammation. PAMPs = pathogen associated
molecular patterns, ECM = extra cellular matrix.

Inflammation and Mental and Emotional Wellbeing
An ongoing activation of the inflammatory response (chronic inflammation) is
suggested to be involved in the etiology and pathophysiology of chronic health conditions,
including allergies, atherosclerosis, cancer, arthritis, autoimmune disease and mood disorders
(Eklund, 2009). In fact, a continuing activation of the immune system has been suggested to
affect an individual’s mental and emotional wellbeing through feelings of sickness and
sickness behavior, even before severe illnesses occur (Dantzer et al., 2008). Decreases in an
individual’s daily physical, mental and emotional functioning have been described as
potential precursors for different chronic illnesses. Feelings of sickness, frequent pain, mental
and emotional discomfort and limitations in daily activities can be early signs of chronic
health conditions that manifest in the future. Dantzer et al. (2008) state that inflammation is
an important biological event that has enormous impact on the brain, leading to feelings of
sickness that might increase the risk of major depressive episodes (Dantzer et al., 2008).
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Although associations between inflammation and the brain have been reported in empirical
studies, it has long been argued that inflammatory signaling molecules, such as interleukin 6
(IL-6) in the periphery cannot cross the blood-brain-barrier. Conti et al. (2008) studied the
impact of the immune system on the brain and was able to show that the brain has its own
immune system that reflects the immune status in the periphery (Conti et al., 2008). Several
pathways, such as the vagus nerve, have been suggested to underlie this connection between
the peripheral immune system and the CNS. The brain is hypothesized to constantly monitor
the immune status in the periphery (Dantzer et al., 2008).
An activated immune system comes with high costs and the distribution and
allocation of energy during an immune response is critical. In order to support the immune
system during times of high demand, resources need to be taken from other organs such as
the muscles, digestive organs, or the nervous system (Straub, 2011). One of the evolved
pathways to achieve this transition is a transient decrease in insulin sensitivity during
inflammatory states to allow the re-distribution of glucose from, for example, skeletal
muscles to leukocytes and other immune cells (Medzhitov, 2008). Behavioral changes with
feelings of sickness thus might be the result of this modified energy allocation, induced by an
infection or an activated immune system. Anyone who has experienced a viral or bacterial
infection should be familiar with the symptoms. Feeling tired, feverish and nauseated,
isolating oneself, losing interest in food, beverages and social interaction are just some of the
typical behavioral changes following an infection (Dantzer, 2009).
Sickness seems to be a normal and “healthy” response to acute infection, just as fear
or aggression is a normal response to a threat. Interestingly, feelings of sickness and the
associated limitations in one’s daily life are overlapping with symptoms of depression
(Raison et al., 2006). The described behavioral alterations in response to an activated immune
system do not occur in direct response to a viral or bacterial infection, but rather are mediated

54
by inflammation (Dantzer, 2009; Raison et al., 2006). In fact, inflammation is suggested to be
one of the most important mediators for mental, emotional and physical wellbeing (Eklund,
2009; Weiss, 2008). The question is, however, how does an activated inflammatory response
lead to alterations and adaptations in the central nervous system?
Once a foreign agent succeeds in evading the human body, cells of the innate immune
system fight the pathogen and release a broad variety of chemical substances known as
cytokines to alert the homeostatic systems of the body. The release of cytokines, such as
interleukin 1 (IL-1), attracts further white blood cells (e.g. lymphocytes), resulting in an
increase in white blood cells in the circulation. Cytokines (especially IL-6) also react to
different cells of organs such as hepatocytes. This reaction serves to increase the expression
of c-reactive protein (CRP) in order to assist with the ongoing immune reaction, resulting in
increased levels of CRP in the circulating blood. Increases in proinflammatory molecules in
the circulating blood stream further influence specific areas in the brain, such as the nucleus
of the solitary tract or the paraventricular nucleus, altering their functionality. For example,
Gautron & Layé (2009) state that proinflammatory cytokines, such as interleukin 1β
significantly reduce nutrient intake and appetite as well as food motivated behavior (e.g.
purchasing healthy foods, preparing nutrient-rich meals). They suggested this results from an
alteration in the activity of neurons in the nucleus of the solitary tract, a part of the brain
involved in the regulation of appetite and satiation (Gautron & Layé, 2009).
Moreover, increases in cytokines in the CNS have been associated with alterations in
serotonin metabolism (Myint & Kim, 2003). Serotonin is significant because it is involved in
mechanisms of wellbeing, and the serotonin system is a common target in the treatment of
mood disorders like depression (Young, 2007). Serotonin in the brain is mainly produced by
neurons in the raphe nuclei of the brain stem. Serotonin acts as neurotransmitter, signaling to
multiple areas of the brain, such as the pre-frontal cortex (Hornung, 2003). The major
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precursor of serotonin is the amino acid tryptophan. Two pathways compete over the usage of
tryptophan as precursors, one that metabolizes tryptophan to serotonin and one that
synthesizes tryptophan to kynurenine, which results in other compounds, especially the
neurotoxic substance qinolinic Acid. Inflammatory molecules are suggested to shift the
tryptophan metabolism away from the serotonin-producing pathway, favoring the production
of neurodegenerative substances and resulting in decreases of available serotonin (Oxenkrug,
2010). However, the question remains how peripheral inflammation and associated molecules
enter the brain.
Three potential pathways through which peripheral (e.g. injury or infection) or
systemic (e.g. arthrosclerosis) inflammatory reactions affect the brain have been articulated
and studied in animal models: 1) a humoral pathway that involves peripheral cytokines
entering the brain through hyper-permeable (“leaky”) regions in the blood-brain-barrier or
certain cytokine transporter mechanisms (Quan & Banks, 2007), 2) a neural pathway that
involves cytokine receptors on afferent nerve fibers (Watkins et al., 1995) and 3) release of
chemokines from activated microglia (the immune cells of the brain) and adhesion molecules
which attract peripheral immune cells into the brain (Lewitus et al., 2008). Whichever
pathway inflammatory molecules use in humans, there is evidence for the occurrence of
proinflammatory cytokines in the brain (measured in cerebrospinal fluid) after peripheral
administration.
In summary, the association of chronic inflammation with mental and emotional
wellbeing been confirmed by scientific research, and several potential pathways affecting
mood and behavior in response to circulating compounds of inflammation have been
described. The last chapters furthermore provided evidence for an association between
dietary components and measurements of an individual’s physical condition, inflammation,
physical, mental and emotional wellbeing and chronic health conditions. Inflammation is
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further suggested to be a key factor in pathological processes and it has been shown that
inflammation functions as communication pathway between bodily systems and the brain.
While the associations described above focus on mechanisms of an individual, human beings
are social animals and social interactions have also been suggested to influence wellbeing.
Quality of Life
Quality of life (QOL) is generally defined as material, social, financial, mental and
physical wellbeing of an individual or a society and includes subjective evaluations of
positive and negative aspects of life (WHO, 1998). It is further the perception by an
individual that their lives are going well with achieving personal satisfaction (e.g.
successfully managing rewarding and pleasurable daily activities where expectations meet
achievements) and experiencing the emotional continuum between depression and joy
(Diener et al., 2003). This includes having the ability to do typical activities such as self-care,
work, or recreational activities and not being limited by poor physical, mental or emotional
conditions. QOL is not defined by any single factors or set of factors, but is rather
multidimensional and context-dependent (Felce & Perry, 1995). In medical and social
sciences, it is very common to assess QOL as health-related, and common assessments
include physical, mental, emotional and social wellbeing. QOL is mostly subjective and,
thus, measurements summarize the judgments people make about their experiences of health
and illness. In other words, people are asked to report on their ability to follow their own
daily expectations such as the amount of work they can accomplish in one day, or their
mental condition, pleasure and joy during daily activities.
QOL therefore depends on the possibilities an individual has during their daily lives,
their mood and attitude and also the perception of his or her own general health condition or
present limitations. Mental wellbeing or happiness contributes significantly to an individual’s
QOL and is suggested to affect daily accomplishments and for example routines and work.
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Wang et al. (2004) studied the effects of mental discomfort and depression on work
performance and found that decreased mental wellbeing was significantly associated with
decreases in work performance (Wang et al., 2004). Egede (2004) completed a similar study
in a population of diabetic patients and found that the odds of missing a day at work were
significantly higher when diabetes was accompanied by decreased mental wellbeing (Egede,
2004). Stewart et al. (2003) also examined the effects of depression on work performance.
They found that individuals with mental discomfort showed significantly reduced
performance at work, suggesting that not only work days missed due to mental limitations,
but also days that were affected by mood alterations lower an individual’s performance and
reduce the amount of work can be accomplished (Stewart et al., 2003).
This finding does not only affect the economy, but also an individual’s quality of life.
For example, Barge-Schaapveld et al. (1999) were able to show that individuals with
decreased mental wellbeing were more likely to do nothing and less likely to be engaged in
work or household activities (Barge-Schaapveld et al., 1999). Daily performance or
engagement in pleasurable activities is not only affected by mental limitations, but also
physical limitations have been shown to affect an individual’s daily routine and procedures.
Schwimmer et al. (2003), for example, studied the association of obesity and QOL and found
that obese individuals show decreased QOL and daily functioning (Schwimmer et al., 2003).
In addition, physical limitations, such as joint pain or loss of function have been described to
affect an individual’s professional and personal daily activities (McCarberg et al., 2008) and,
further, Kemler & Furnée (2002) reported that not only the individual that is affected by
physical or mental limitations in affected in their daily procedures, but the effect carries over
to other household members (Kemler & Furnée, 2002).
In summary, the preceding chapters provided a substantial overview over behavioral
factors like nutrition, physical activity along with inflammation, chronic conditions, quality
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of life and wellbeing. While several strong associations between nutrition and physical
activity and inflammation and also between inflammation and chronic illnesses, such as
cardiovascular disease or mood disorders have been reported, not every chronic condition is
diagnosed as an illness. In fact, national and international health organizations emphasize
research on QOL and prevention of potential limitations and discomfort with or without a
diagnosed chronic illnesses. In addition, decreases in QOL have been associated with
alterations in the course of chronic illnesses, eventually contributing to pathophysiological
mechanisms and possibly accelerating the course of an illness.
The U.S. health care system aims not only to reduce risk factors for illnesses, but also
study associations with an individual’s daily functioning, even with persisting chronic
illnesses (Carr et al., 2001). Sprangers et al. (2000) state that “an important objective of
health care in the U.S. and other Western countries is to increases the span of life years while
maintaining an optimal quality of life. Quality of life is not only a primary concern of
patients, their families, and clinicians, but is also of policy interest.” (Sprangers et al., 2000).
They furthermore point out the importance of identifying ecological factors that influence an
individual’s quality of life prior to and during chronic illness and that research as well as
training programs for medical personnel are necessary. The impact of inflammatory
processes in the etiology and pathophysiology of chronic illnesses has been identified in
several research projects with many of them already mentioned in this text. Research to
identify any associations between inflammation and factors determining an individual’s
quality of life, however, is lacking.
Thus, studying the impact of ecological factors and inflammation on daily
functioning, work and personal performance, physical and mental wellbeing or the number of
days that are affected by physical or mental discomfort is of significant interest. The current
study seeks to contribute to this scientific and economic interest and hypothesizes that
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inflammation is also a key component, and mediator, between ecological factors and
individual quality of life.
The Role of Social Support: The Buffering Hypothesis
Psychosocial stress, characterized by negative social interactions and a lack of support
has been reported to decrease an individual’s wellbeing and even affect cognitive functioning
with the activation of biological and endocrine stress mechanisms (Uchino, 2006).
Psychosocial stress works so well to trigger these mechanisms that it is sometimes used in
research to study the effects of stress on the immune system. These studies purposefully
“stress out” participants during a standardized stress test called the Trier Social Stress Test
(TSST) to activate their immune response (Izawa et al., 2013). The term social support was
introduced during the 20th century, but the significance of social interactions was already
mentioned by Darwin in his publications where he wrote extensively about the benefits of
being a social animal (P. Williams et al., 2004). Nevertheless, there are probably as many
definitions of social support as researchers studying it and it has been argued that the
definition of social support is strongly context dependent. In general, social support can be
considered: “A network of family, friends, neighbors and community members that is
available in times of need for psychological, physical and financial help.”
(www.cancer.gov/dictionary).
The Buffering Hypothesis is based on the theoretical perspective that positive,
meaningful social interactions and a supportive social environment can buffer the effects of
stressful conditions on quality of life. The role of social support has been extensively studied
in vulnerable populations such as people suffering from chronic inflammatory illnesses and
mental disorders. For example, Davis & Brekke (2013) studied a population of 102
individuals with severe mental disorders and found that social support facilitated proactive
coping mechanisms, leading to alterations in self-perceived symptoms (Davis & Brekke,
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2014). In addition, Karaisko et al. (2008) found that in people with Sjögren’s Syndrome, an
autoimmune disease in which a person’s white blood cells attack their moisture producing
glands, a lack of social support contributed to the relative risk of disease development
(Karaiskos et al., 2009). Epidemiological studies like the ones mentioned above give an
insight into the beneficial effects of social interaction and give credit to the notion that
humans are a social species with a pronounced need for social interactions (Herrmann et al.,
2007).
The proposed pathways for this buffering effect are both psychological and biological
in nature. From a psychological perspective it is possible that the individual with a
supportive social network perceives stress differently, as in less intense or less harmful for
example. The biological explanation involves hormones and substances such as: oxytocin,
endorphins, serotonin and dopamine which show increased levels in socially active
populations (Brent et al., 2014). Interestingly, the substances found to be elevated during
social interactions are also involved in processes like perception of pain and the activity of
the immune system (e.g. Berger et al., 2009). Endorphins (and the endogenous opioid system
- EOS), for example, are involved in social bonding and other social behaviors like dancing
and laughing (Dunbar et al., 2011). They are produced and stored primarily in the anterior
pituitary gland in the brain and synthesized from a precursor protein called
proopiomelanocortin (POMC) and, significantly, also released by certain immune cells such
as monocytes and macrophages (Sprouse-Blum et al., 2010). Tarr et al. (2014) found that the
EOS is activated during exertive rhythmic activities like musical interaction (Tarr et al.,
2014).
Moreover, activation of the endorphin system has also been shown to increase the
pain threshold (Schäfer et al., 1994) and also affect the immune system. Yadav et al. (2012)
studied a group of patients with chronic inflammatory diseases in a yoga intervention study
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and found significant increases in β-endorphins while markers of inflammation such as
interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) decreased (Yadav et al., 2012).
Thus, social interactions are suggested to not only affect an individual’s wellbeing through
psychological processes, but also through alterations in biological mechanisms. The role of
social support and the buffering effect of meaningful social interactions can affect
psychological mechanisms leading to alterations in perceived illness and pain and also alter
biological mechanisms.
The benefits of social support have also been observed in societies where meaningful
social interactions such as kindness are a key cultural concept. Triandis et al. (1984) studied
social interactions in a mixed group of Hispanics and non-Hispanic Whites and found that
Hispanics expected higher frequencies of positive social behaviors and interactions and lower
negative interactions as compared to their non-Hispanic White colleagues (Triandis et al.,
1984). Furthermore, simpatia (sympathy) seems to be a significant aspect of Hispanic culture.
Markides & Eschbach (2005) suggested a health and mortality advantage due to those
cultural norms. They reported that Hispanic immigrants showed a significant mortality
advantage when compared to non-Hispanic Whites in the USA (Markides & Eschbach,
2005). This phenomenon has been named the Hispanic paradox because socio-economic
status (SES) and education is, on average, lower in Hispanics compared to their U.S. nonHispanic counterparts. Lower SES is generally correlated to higher rates of illnesses and
shorter life expectancy (Franzini et al., 2001). As mentioned, simpatia and increased prosocial relationships have been suggested to account in part for this phenomenon, but the
mechanisms are not yet fully understood and the Hygiene hypothesis might provide an
alternative or additional theoretical concept.
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Microbial Exposure: The Hygiene Hypothesis
In the last four decades, the rates of allergic illnesses have been increasing
significantly in industrialized countries. According to Silverberg et al. (2013) 8.9 % to 10.6
% of the children in the USA suffer from asthma and the rates for atopic dermatitis are
currently as high as 20% (Silverberg et al., 2013) compared to 7.4 % between 1997 and 1999
(Jackson et al., 2013). While the rates in developed countries like the U.S. have kept
increasing over the last decades, less developed countries, such as Mexico, report lower and
stable rates of allergies (H. Williams et al., 1999). Differences in allergy rates also exist
within countries where children growing up in a rural area are less prone to allergies when
compared to kids growing up in bigger cities (Nicolaou et al., 2005). In addition, Ernst et al.
(2000) reported a scarcity of asthma and other allergic illnesses in adolescents who grew up
on a farm (Ernst & Cormier, 2000).
Multiple causes have been suggested to account for this phenomenon, and factors,
such as differences in socio-economic status (SES), genetic differences, race/ethnicity and
environmental factors like nutrition, air pollution or urban living have to be taken into
account (McHugh et al., 2009). While genetic mutations cannot account for the rapid
increases in the prevalence of allergic illnesses, environmental factors or gene x environment
interactions have been suggested as an underlying mechanism (Von Mutius, 2009). Foremost
among these interactions may be the impact of the microbial environment an individual
experiences while growing up (Kabesch & Lauener, 2004). This is due to the fact that, for
example, the hypothesis regarding air pollution as a causal factor has failed to be confirmed.
As an example, the rates of asthma and childhood allergies were significantly lower in the
former East Germany as compared to West Germany, even though East Germany had
significantly higher air pollution (Nicolai & von Mutius, 1997). Silverberg et al. (2013)
furthermore reported that less developed countries like Mexico show lower overall rates in
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allergic diseases and that foreign-born children that immigrated into the USA have a
significantly lower prevalence compared to those who were born there. This effect remains
significant even when controlling for SES, pointing toward the involvement of environmental
exposure to microorganisms rather than a sociological effect (Silverberg et al., 2013).
Strachan (1989) studied the increases in the occurrence of allergic diseases, more
specifically hay fever, in a British cohort and reported a significant correlation between
improvements in household hygiene and increases in the occurrence of hay fever in children
(Strachan, 1989). Findings such as these have focused research more and more toward the
effects of early microbial exposure and hygiene conditions on the etiology of chronic
conditions (Garn & Renz, 2007). In its most recent iterations, the so-called Hygiene
Hypothesis states that reduced exposure to harmless and co-evolved microorganisms
eventually leads to an imbalance of the immune system, increases in systemic inflammation
and a higher susceptibility to allergies and other chronic health conditions (Wills-Karp et al.,
2001). According to the hygiene hypothesis, certain early childhood infections inhibit or
reduce the tendency to developed allergies, and exposure to non-invasive microbes is
furthermore beneficial for the individual’s immune systems. The Westernized lifestyle comes
with increases in hygienic conditions, leading to less microbial exposure and less childhood
infections, which on the one hand and increased life expectancy, but allergies and chronic
inflammation may be increasing as a byproduct (Yazdanbakhsh et al., 2002). In addition,
family size and early antibiotic use have also been highly correlated with allergies, where
more family members in one household show protective effects and the use of antibiotics
increases the risk of later allergies (Strachan, 2000). Figure 6, adapted from Wills-Karp
(2001), provides an overview of the hygiene hypothesis.
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Figure 5. Overview over the Hygiene Hypothesis, adapted from Wills-Karp et al. (2001).

The effects of microbial exposure and harmless early childhood infections are likely
an important factor in shaping later human immune function. In addition to these microbial
agents from the external environment, harmless and co-evolved environmental
microorganisms colonize in the intestines and provide a wealth of stimuli for the developing
immune system (Wills-Karp et al., 2001). Interestingly, while the hygiene hypothesis is
generally based on the assumption that environmental bacteria calibrate the immune system,
recent research also suggests that breastfeeding and normal birth delivery (not caesarian
delivery) are important factors in programming the infant’s immune system. These early
experiences support the colonization of probiotic and protective microorganisms in the
developing child, possibly providing protective effects for mood disorders later in life and
stress resiliency (G. A. Rook et al., 2014; Tow, 2014). According to Rook (2007), co-evolved
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microorganisms or “Old Friends” are part of the mammalian evolutionary history and are
detected by pattern recognition systems in dendritic cells of the immune system. Following
this interaction, dendritic cells are driven to mature to regulatory cells, initiating suppressive
immune functions through cellular interactions of the T-Cell system and the release of
regulatory interleukins (e.g IL-10), protecting the individual from autoimmune diseases and
allergies (Rook, 2007).
In summary, the hygiene hypothesis suggests that early exposure to harmless
infectious agents (early childhood infections) and co-evolved microorganisms train the
developing immune system not to attack harmless environmental antigens or self-antigens. It
is further an evolutionary-developmental theory to explain increasing rates of allergies,
asthma and other chronic illnesses, and the immune system with its inflammatory
mechanisms has been suggested as potential mediator in this process. While the hygiene
hypothesis aims to explain differential health outcomes through developmental exposure to
harmless microorganisms and it has been suggested that being born and raised in less
developed countries is beneficial for the calibration of the immune system, growing up in less
developed areas also has an impact on an individual’s life history strategy. In fact, harsh and
unpredictable environments are suggested to favor fast life history strategists, which
theoretically may promote some of the same chronic inflammatory patterns observed from
hygiene.
The Tradeoff: Somatic versus Reproductive Effort
Life history theory (LHT) proposes an evolutionary explanation for allocation of
resources towards specific developmental goals, such as growth and maintenance of an
individual’s soma or time and energy dedicated towards mating and parenting (Figueredo et
al., 2013). LHT focuses on fertility and mortality on the basis that evolutionary fitness is
derived directly from summing reproductive output of each year of life (Hill & Kaplan,
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1999). Two approaches are classically described as alternative strategies to gain evolutionary
fitness: allocating resources towards individual growth, maintenance of the soma and social
competence are fruitful for slow life history strategists, while allocating resources towards
reproductive efforts, maturing and reproducing faster are beneficial for fast life history
strategists (M. Watve et al., 2000). Natural selection would favor fast life history strategists
during times of ample opportunities for population expansion in a certain environment and
slow life history strategists when the population size is close to the carrying capacities of the
environment (Figueredo et al., 2013).
Pursuing investment into reproductive strategies comes with high costs. Energy
allocation towards mating, reproducing, and parenting decreases the resources available for
individual maintenance, thus resulting in decreased physical health. In fact, Cabeza de Baca
(2014) was able to show that women with higher reproductive effort showed increased
occurrence of illnesses, lower levels of antioxidant vitamins (implying increased oxidative
stress) and increased inflammation (Cabeza De Baca, 2014). Cabeza de Baca (2014) did not
find a statistically significance direct effect from higher reproductive effort to inflammation;
they found this relation through decreased anti-oxidative vitamins (as an indicator of
increased oxidative stress). Their findings were consistent with LHT in that the allocation of
resources towards reproductive effort resulted in less investment in physical maintenance.
However, I would argue that this reduced investment would be more directly reflected in
behavior (e.g. diet and exercise). Further, since early maturation reduces time and
opportunities for individuals to increase knowledge and skills dietary and activity choices
might be affected due to a simple lack of knowledge. In fact, according to Kaplan et al.
(2000), high levels of knowledge, skills, coordination and strength are required to acquire
high-quality food resources (Kaplan et al., 2000). Thus, through either mechanism, early
maturation and high reproductive effort may result in less investment into high-quality foods,
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resulting in low levels of vital nutrients, higher oxidative stress, increased inflammation and
decreased physical, mental and emotional wellbeing. This has not been previously tested.
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CHAPTER 3: THE PRESENT STUDY
According to the Centers for Disease Control and Prevention (CDC) about half of the
U.S. population suffers from one or more chronic health conditions with, or without,
diagnosed illnesses and the effect on an individual’s mental, emotional, physical, material
and social wellbeing is substantial (CDC, 2012). Chronic health conditions do not occur in a
vacuum, but rather are the result of genetic, developmental and lifestyle factors and a
crosstalk between homeostatic systems of the body. In the previous sections I have discussed
at length how behavioral factors such as diet, physical activity and social interactions have all
been identified as contributing factors to health and wellbeing and that inflammation is
shaping up to be a key mechanism in this process. Clinical studies have linked chronic
inflammation to several diagnosable illnesses such as cardiovascular disease and rheumatoid
arthritis, but also to recurring, sub-clinical conditions like muscle pain or mental and
emotional limitations. Both the CDC and the World Health Organization (WHO) emphasize
research that is not exclusively focused on prevention and treatment of diagnosable illnesses,
but rather also with a focus on mental, emotional and physical limitations that affect an
individual’s quality of life, with or without the presence of a diagnosed illness (CDC, 2012;
WHO, 2009). This type of research, however, is sorely lacking. The following sections
outline one study with four different hypotheses. The goal of the first hypothesis was to
develop a PNI framework informed conceptual model using inflammation as a mediator
between behavior and outcomes and the following three hypotheses were testing specific
predictions about additional factors that were suggested in the literature to affect one or more
of those pathways.
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Hypothesis 1: The Base Model
Given the potential impact that daily activities such as dietary behavior and physical
activity have on quality of life, a study harnessing the variability in those mundane activities
could offer numerous opportunities for intervention. Therefore, the purpose of this study was
two fold, first, to address the limitations and knowledge gaps of previous research by
providing a comprehensive understanding of the association between dietary behavior,
physical condition, their impact on inflammation, and quality of life and, second, to develop a
population based model of the strengths and directions of those relations that could be built
upon to test more specific hypotheses. In this study I utilized the NHANES dataset, a large
nationally representative sample that included dietary behavior, physical condition and
inflammation measurements and a sufficient number of participants to analyze a complex,
systems model.
In order to assess dietary behavior, I wanted to use dietary components, measured in
blood serum, due to the general self-report bias in collecting nutrition data. Furthermore, I
wanted to focus on the intake of micronutrients, rather than carbohydrates, saturated fat or
protein because nutrient levels in blood have been utilized in prior research and are suggested
to provide a long-term picture of an individual’s diet, rather than a snapshot (Chang et al.,
2006). For a comprehensive nutrient measure I wanted to include both water and fat-soluble
vitamins and in particular those nutrients that have previously been linked to health outcomes
(e.g. Vitamin E, or the omega-3 fatty acid eicosapentaenoic acid). Likewise, due to selfreport bias in measures of exercise and physical activity, I wanted to assess an individual’s
physical condition based on anthropometric and metabolic measurements. This approach
should offer an objective measurement of the typical dietary behavior and amount of physical
activity an individual has undertaken in the recent past.
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Inflammation has been widely assessed using c-reactive protein (CRP), white blood
cell count and homocysteine (Eklund, 2009; Nygård et al., 1997) and I sought to use the same
measures. I wanted to define the outcome, quality of life, mainly on the basis of daily
limitations and perceptions of health and mental/ physical limitations (as opposed to
diagnosable illnesses). My interest was in developing a general model of quality of life rather
than the path to a particular chronic disease and thus emotional and social limitations were
also of interest to me. In summary, my aim was to build a conceptual model that included
objective indicators of dietary behavior, objective physical activity/bodily condition and their
relation on inflammation. I expected that dietary behavior and physical condition would be
correlated with each other, since diet does directly influence things like abdominal fat and
HDL. Based on the evidence reviewed previously, I then expected that higher inflammation
would have a positive relation with inverse quality of life. In other words, higher
inflammation would predict more mental/physical limitations, poorer perception of health
and more days affected by negative health and more disruption in daily activities (see Figure
6 below).
Hypothesis 1: The Base Model: Poor dietary behavior and poor physical condition are
predictive of increased inflammation and decreased quality of life.
Figure 6. Hypothesis 1: The Base Model
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Hypothesis 2: The Role of Social Support: The Buffering Hypothesis
Having established a conceptual model of how dietary and physical behaviors affect
quality of life through inflammation, I wanted to test the Buffering Hypothesis. As reviewed
earlier, human beings are part of a large social network and meaningful social interactions are
suggested to buffer the effects of stress on an individual’s mental, emotional, physical and
material wellbeing. The Buffering Hypothesis states that meaningful social interactions can
buffer the effects of negative occurrences on an individual’s wellbeing and quality of life,
with or without diagnosed illness. In clinical populations individuals with supportive social
networks reported less pain symptoms and limitations than those without (Evers et al., 2003).
One explanation for these findings is that social interactions have been linked to several
signaling substances in the human body, such as oxytocin, which has potential antiinflammatory effects (Uchino, 2006). Thus, social support has been shown to influence
quality of life, but there is no conclusive evidence for the mechanism of action in this
process, but inflammation is a likely candidate (especially from a PNI perspective).
Consequently, I wanted to test how social support effects quality of life, both directly, and
indirectly through inflammation. Consistent with the Buffering Hypothesis, I predicted that
higher social support would predict less limitations and days lost to negative mental and
physical health and lower inflammation in general (see Figure 7 below).
Hypothesis 2: The Buffering Hypothesis: Higher social support is predictive of
decreased inflammation and reduced negative quality of life.
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Figure 7. Hypothesis 2: The Buffering Hypothesis

Hypothesis 3: Microbial Exposure: The Hygiene Hypothesis
While lifestyle factors have been shown to affect the immune system, substantial
heritability (35 – 40%) has also been reported for circulating inflammatory substances
(Pankow et al., 2001). However, heritability only explains some of the variation in
inflammation, leaving room for a significant contribution due to lifestyle, ecological as well
as developmental influences. Theoretically, developmental factors such as the environment
an individual grows up in can calibrate homeostatic systems, such as the immune system or
the stress response system for later life (Del Giudice et al., 2011; G. Rook et al., 2014). The
Hygiene Hypothesis, for example, offers an evolutionary-developmental process by which a
“more efficient” immune reaction can develop. The hypothesis proposes that when
individuals are exposed to harmless co-evolved microorganisms during development as well
as childhood infections their immune system will be characterized by lower levels of
(bystander) inflammation and less harmful interactions between the immune system and
health outcomes (Rook et al., 2014).
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I wanted to test this Hygiene Hypothesis using the Base Model developed earlier. I
was expecting that having been born in Mexico (a developing country for which data was
available in NHANES) and growing up there (until at least the age of 20) before immigrating
to the USA would have conferred immunological benefits to those individuals. According to
the Hygiene Hypothesis, the immune response of such people should be more
efficient/targeted and thus immune responses should have less detrimental (unintended)
consequences on quality of life. I therefore wanted to test whether, where you were born and
grew up, predicted inflammation and also whether the relation between inflammation and
quality of life differed for people born in the USA versus those born and raised in Mexico. I
was expecting that being born and raised in a developing country and thus, likely being
exposed to harmless and coevolved microorganisms and early infections, would predict lower
inflammation in general and also a weaker relation between inflammation and quality of life
as compared to those participants who were born and raised in the USA (see Figure 8 below).
Hypothesis 3: The Hygiene Hypothesis: Migration status will predict lower levels of
inflammation for those having been born and raised in Mexico as compared to participants
born and raised in the USA. Additionally, the effect of inflammation on quality of life will
differ (be moderated) for individuals born and raised in Mexico as compared to those born
and raised in the USA.
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Figure 8. Hypothesis 3: The Hygiene Hypothesis

Hypothesis 4: The Tradeoff: Somatic versus Reproductive Effort
Life history theory offers an additional evolutionary-developmental lens on chronic
health conditions. According to the life history framework, due to a finite amount of
resources available at any given time, individuals can choose to invest those resources in
either personal health (somatic effort) or reproduction. These life history strategies range on
a continuum of fast to slow, with early maturation, early offspring, early intimate
relationships and a large number of offspring being associated with a fast life history
strategist. Theoretically, higher reproductive effort would result in lower investment into the
personal soma and thus a reduction in individual physical health (e.g. Ellis et al., 2009). Prior
research has already confirmed a relation between reproductive effort, inflammation and
chronic illnesses, mediated by oxidative stress (Cabeza de Baca, 2014). However, antioxidative capacities are influenced by an individual’s dietary behavior and physical activity
and I would argue that choosing to eat healthy and/or exercise is an explicit decision
regarding resource allocation.
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Therefore, building on the Base Model, I wanted to test whether higher reproductive
effort would predict less investment into personal health maintenance as indicated by lower
intake of healthy nutrients, and reduced physical condition. I also predicted that these effects
would carry through to inflammation and subsequently quality of life (see Figure 9 below).
Hypothesis 4: The Life History Tradeoff Hypothesis: Higher levels of reproductive
effort predict lower somatic investment as indicated by lower intake of healthy nutrients and
poor physical condition, resulting in increased inflammation and decreased QOL
Figure 9. Hypothesis 4: The Life History Tradeoff Hypothesis
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CHAPTER 4 - METHOD
Sample
The present study utilized data from the National Health and Nutrition Examination
Survey (NHANES 2003-2004 dataset, United States Department of Health and Human
Services; Centers for Disease Control and Prevention; National Center for Health Statistics)
to test the hypotheses presented above. NHANES is an ongoing research project and data
collection includes demographic measures (ethnicity, education, years in the U.S., etc.),
social and lifestyle measurements (dietary behavior, physical activity, smoking and drinking,
etc.) and medical examinations (blood assessments, body composition, anthropometric
measurements, etc.).
For the current study, males and females aged 20 and above (anyone >85 was
truncated to 85) were included in the analysis. The final sample included 4742 individuals
with males (48%) and females (52%) between the ages of 20 and 85 (Mean ± SD = 50.47 ±
19.56), who were predominantly White (53%; Hispanic, 20%; Black, 20%; Other, 7%). The
majority of the study population was married (54%; Singles, 17%; Widowed, 11%; Other,
18%). Breakdown of educational level was: less than 9th grade = 15%, 9-11 grade = 15%,
high school or equivalent = 25%, some college or AA degree = 27% and college graduate or
above = 18%. Annual family income for the population was (in US Dollars): $0 – $4,999 =
2%; $5,000 - $9,999 = 6%; $10,000 - $14,999 = 10%; $15,000 - $19,999 = 8%; $20,000 $24,999 = 9%; $25,000 - $34,999 = 14%; $35,000 – $44,999 = 12%; $45,000 - $54,999 =
9%; $55,000 - $64,999 = 6%; $65,000 - $74,999 = 5%; $75,000 and over = 13%.
Measures
Hypothesis 1: The Base Model
Dietary Behavior. Three indicator variables were used to measure dietary behavior:
water-soluble vitamin index (WVI), fat-soluble vitamin index (FVI) and arachidonic acid to
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eicosapentaenoic acid ratio (AA:EPA). The WVI included blood serum values for the
vitamins B6, B12, C and Folate, the FVI included blood values for the vitamins A, E, D and
Beta-Carotene. All variables were evaluated for outliers (values more than 3.0 SD above the
mean) and skewness. Outliers were retained in the sample by truncating all cases of vitamin
A higher than 3.95 umol/L to 3.94 umol/L (N=32), beta-carotene 85.51 ug/dl to 85.5 ug/dl
(N=76), vitamin B6 higher than 311.01 nmol/L to 311.00 nmol/L (N=18), folate higher than
128.01 nmol/L to 128 nmol/L (N=20), Vitamin B12 higher than 2203.19 pmol/L to 2203.00
pmol/L (N= 94), Vitamin C higher than 143.01 umol/L to 143.00 umol/L (N=39), Vitamin D
higher than 51 ng/dl to 50 ng/dl (N=36) and vitamin E higher than 80.41 umol/L to 80.4
umol/L (N=85). Following recoding of outliers, z-scores were generated for each of the
vitamins and these were averaged together to make the WVI and FVI indices. The vitamin
indices were further reverse coded so that higher values indicated lower vitamin serum levels.
The AA:EPA ratio was computed by dividing the blood serum AA (micromol/L)
values by the blood serum EPA (micromol/L) values. The AA:EPA ratio reflects the ω-6 to
ω-3 ratio and higher scores indicated lower intake of EPA (ω-3 fatty acid) and its precursors
compared to AA (ω-6 fatty acid). No outliers were detected and no transformations were
applied.
Physical Condition. Three indicator variables were used to measure physical
condition: Android to Gynoid ratio (A:G), Homeostatic Model Assessment for insulin
resistance (HOMA-IR) and high density lipoprotein (HDL). The A:G ratio was assessed with
a dual energy x-ray absorptiometry. The was generated with the Hologic APEX software
based on the measurements for total mass (mg), fat mass (mg), lean mass (mg) and percent
body fat. Higher values indicate higher abdominal fat distribution. No truncating or
transformations were performed on the variable. The HOMA-IR was calculated by dividing
the product of insulin (microunits per milliliter) and glucose (millimols per liter) by 22.5 (e.g.
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Lee et al., 2006). The HOMA-IR variable was scanned for outliers and values over 20.15
were truncated to 20.14 (N=38 cases). The variable was further log base 10 transformed to
correct for skewness. HDL values were scanned for outliers and values of 103 and over were
truncated to 104 (N=47 cases). Values were reverse coded to be in the direction consistent
with the other indicators where higher scores represented lower HDL values. In all three
indicator variables higher scores accounted for poorer physical condition.
Inflammation. Three indicator variables were used to measure inflammation: Creactive protein (CRP), white blood cell count (WBC) and homocysteine. CRP was scanned
for outliers and cases higher than 3.55 mg/dl were truncated to 3.57 mg/dl (N=61). Cases
below 0.01 were reported as undetectable and coded as missing. The variable was further log
base 10 transformed to correct for skewness. White blood cell count was reported with 1000
cells/uL and after scanning for outliers, cases above 15.7 (x1000) cells/uL were truncated to
15.9 (x1000) cells/uL (N=25). Homocysteine was scanned for outliers and values higher than
23.3 umol/L were truncated to 23.49 umol/L (N=49 cases). In all three indicators higher
values reflect higher inflammation.
Quality of Life (QOL). Three indicator variables were used to measure QOL:
Physical, mental and emotional limitations, number of days affected by physical or mental
limitations and general health condition. The mental and physical limitations indicator
included six items such as: “Does a physical or mental condition keep you from working?”
scores were summed into one index with higher numbers indicating more limitations.
Number of Days affected by physical or mental limitations included four questions, such as
“During the past 30 days, how many days was your mental health not good,” where three
questions were asked about the last 30 days and one question about the last year. Number of
work days missed during the past 12 month was scanned for outliers and values higher than
75 were truncated to 76 (N=44). Scores were transformed into z-scores and averaged for the
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Number of Days index. The third indicator, general health condition, was one item: “How do
you see your general health condition?” The values ranged from Excellent (1) to Poor (5). No
corrections or transformation were applied to the variable. The following table summarizes
the items used and indices created with the possible responses.
Table 1.
Measurements for Quality of Life
Indicator
Mental and Physical
Limitations

Number of Days
affected by physical,
mental or emotional
limitations

General Health
Condition

Index Item
Does a physical or mental condition (long term) keep you
from working?

Response
Yes / No

Are you limited in the kind or amount of work you can do
because of a physical, mental or emotional problem?

Yes / No

Do you need any special equipment to for example walk?

Yes / No

Are you limited in any way because of difficulty
remembering or because you experience periods of
confusion?

Yes / No

Are you limited in any way in any activity because of a
physical, mental or emotional problem?

Yes / No

Do you now have any health problem that requires you to
use special equipment, such as a cane, a wheelchair, a
special bed or a special telephone?

Yes / No

During the past 12 month, about how many days did you
miss work at a job or at a business because of an illness
or injury?

0 – 365

During the past 30 days, how many days was your
physical health not good?

0 – 30

During the past 30 days, how many days was your mental
health not good?

0 – 30

During the past 30 days, for about how many days did
poor physical or mental health keep you from doing usual
activities, such as self-care, work, school or recreational
activities?

0 – 30

Would you say your health is generally…

Excellent (1) – Poor (5)

Hypothesis 2: The Role of Social Support: Buffering Hypothesis
Social Support. Three indicator variables were used to measure social support:
Number of close friends, emotional support and necessity of more support in the last year.
Number of close friends was a continuous variable, it was scanned for outliers and topped at
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26 (N=54), no correction for skewness was applied. The variable “emotional support” was
generated from two items asking: “Do you have anyone to give you emotional support” and
“Do you have anyone to give you financial support when needed”. Scores from each variable
were summed to generate the combined index. No outliers were detected and no
transformations were applied. The variable “needed more support in the last year” was
created using responses from two items: “Could you have used more emotional support than
you received?” (1=Yes, 2=No) and “How much more support could you have used?” (1= a
little, 2= some more and 3= a lot more). To be consistent with the direction of the other
indicators, participants who answered “No” on the first question “could you have used more
support” received a 4 on “needed more support” and values from the second item were coded
as: 1= a lot more, 2= some more, 3= a little more into the one indicator. No transformations
were applied.
Hypothesis 3: Microbial Exposure: The Hygiene Hypothesis
Microbial exposure. A variable named “age of migration” was created using
demographic information about the country of birth and length of time in the United States.
Length of time in the U.S. was collected as categorical values with ranges such as: 5-10
years. To estimate the age of immigration, the upper value of length of time in the U.S. was
subtracted from participant age. A grouping variable was further created with one group of
individuals who had moved to the U.S. before the age of 20 and one group with subjects that
moved to the U.S. after the age of 20. The two variables were then combined into one
categorical variable with -1 indicating birth in the US, 0 birth in Mexico and immigrated to
US before age 20, and 1 indicating birth in Mexico with immigration to the US after age 20.
No outliers were detected and no transformations were applied to the variable.
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Hypothesis 4: The Tradeoff: Somatic versus Reproductive Effort
Reproductive effort. Three indicator variables were used to measure reproductive
effort: Age at first birth, number of pregnancies and age at first sexual intercourse. Only the
female population (N=2323) was used for this latent variable because the necessary
information was not available from the male study population. The variables were scanned
for outliers, age at first live birth was capped at 33 (N=23), and age at first sexual intercourse
was capped at 29 (N=12). Age at first live birth and age at first sex were reverse coded to be
consistent with the other indicator so that higher scores represented higher reproductive
effort. The number of pregnancies was capped at 11 (N=5). No other transformations were
performed.
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CHAPTER 5 – STATISTICAL ANALYSES AND RESULTS
Missing Data
Missing data rates ranged from 0% to 61.5% missing. In indicators with larger percent
missing, for example, AA:EPA ratio (61.5%) the values were missing completely at random
(MCAR) due to random selection into subgroups for data collection by NHANES. Additional
data were missing on dietary, physical and inflammation variables due to equipment
malfunction or sample processing errors, these processes were assumed to also be random
since there were no indications that the errors were systematic or linked to other variables in
the data. Variables with smaller rates of missing data could be considered MAR due to no
clear, identifiable pattern of missingness when analyzed with the Missing Value Analysis
package in SPSS version 22. Almost all cases could be retained for subsequent modeling by
using the full information maximum likelihood (FIML) approach available in MPlus (cases
with missing on exogenous predictor variables are excluded). MPlus does not impute values
into the dataset, rather, FIML works by estimating a likelihood function for each individual
based on the variables that are present so that all the available data are used. Model fit
information is derived from a summation across fit functions for individual cases, and thus,
model fit information is based on all the cases. FIML estimates two models, an unrestricted
H0 model and the specified H1 model. The difference between the two log-likelihoods is
used to derive the model chi-square (Enders & Gottschall, 2011; Kline, 2011).
Modeling
All structural equation modeling was done using MPlus version 7.3 (Muthén &
Muthén, 2012). Due to the categorical indicators of the outcome measure quality of life, a
mean and variance-adjusted weighted least squares estimation (WLSMV) procedure was
used for fitting all models. This robust estimation method performs well in simulation
studies with categorical outcomes, especially with large sample sizes N>1000 and is the
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default estimator in MPlus in models with outcomes with categorical indicators (Flora &
Curran, 2004; Muthén & Muthén, 2012).
Control Variables:
All structural models controlled for the effects of participant age and the Poverty to
Income Ratio (PIR). PIR indexes the family income in comparison to the poverty guidelines
provided by the Department of Health and Human Services and was calculated by dividing
family income by the poverty guidelines specific to family size, appropriate year and state
(http://www.cdc.gov/nchs/nhanes.htm). These control variables were included in the analysis
to take into account health, nutritional and quality of life differences that may occur as a
result of the natural aging process and possible effects due to social privilege (Brumbach et
al., 2009). Social privilege is a sociological view that advantages/disadvantages conveyed by
social class and other sociocultural factors such as sex and race contribute to mental and
physical health outcomes independent of individual differences and other predictors. In
essence, social class is proposed to be responsible for its own “wear-and-tear” on the body
and mental health of the individual. The base model did not control for sex or ethnicity
because specific hypotheses regarding sex and ethnicity were tested using subsequent
models.
Hypothesis Testing
Hypothesis 1: The Base Model. A four factor CFA consisting of Dietary Behavior,
Physical Condition, Inflammation and Quality of Life was fitted to the data (see Table 2 for
correlation matrix, p.85). This model failed the chi-square exact fit test Χ2(48)=1144.3,
p<.001, however that is not unusual considering the large sample size (N=4742) (Klein,
2011, p.201). The RMSEA with its 90% confidence interval was .069 (.066, .073), the upper
bound of the 90% confidence interval does not exceed .1 therefore the poor-fit hypothesis can
be rejected. The CFI was .819 and the TLI was .752. No hard and fast rules exist for cut offs
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in incremental fit indexes, however, based on “rules of thumb” guidelines, the RMSEA, CFI
and TLI of this model indicate “adequate” but not “good” model fit to the data. The factor
correlations ranged from .094 to .654, indicating discriminant validity between the factors
(please see Figure 10 for CFA).
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Table 2.
The Base Model Correlation Matrix

1. AA:EPA ratio
2. WVI
3. FVI
4. Android : Gynoid Ratio
5. HOMA-IR
6. HDL
7. CRP
8. Homocysteine
9. White Blood Cell Count
10. General Health Condition
11. # Days affected by limitations
12. Physical and Mental Limitations
Mean
SD
**

p < .001, * p < .05

1
.192**
.281**
.019
.037
.001
.090**
.131**
.111**
.020
.027
.017
22.05
11.14

2

3

4

5

6

7

8

9

10

11

12

.532**
.100**
.094**
.155**
.148**
.093**
.109**
.079**
.030*
.002
-.026
.48

.011
.118**
.141**
.171**
.067**
.042**
.107**
.034*
.011
-.018
.59

.351**
.412**
.004
.142**
.356**
.083**
.065**
.027
1.04
.20

.328**
.176**
.074**
.145**
.190**
.097**
.088**
3.38
5.57

.062**
.100**
.073**
.110**
.029
.027
54.60
15.96

.014
.241**
.167**
.112**
.104**
.45
.63

.039**
.160**
.066**
.256**
9.26
3.59

.060**
.051**
.019
7.33
2.18

.358**
.324**
2.76
1.02

.370**
-.003
.677

6.43
.92
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Figure 10. Confirmatory Factor Analysis and Latent Correlations of Dietary Behavior, Physical Condition, Inflammation and Quality of Life.
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I then evaluated a baseline structural model. Which, consistent with predictions,
included the correlation between dietary behavior and physical condition, the directional
paths from dietary behavior, physical condition to inflammation and quality of life as well as
removing the correlations of dietary behavior and physical condition with quality of life. The
structural paths were in the expected direction and significant. The model fit indices were
almost identical to those of the CFA and indicated adequate model fit (see Figure 11 below).
Figure 11. Hypothesis 1: The Base Model

To address possible improvements to model fit I examined the factor loadings,
modification indices and residual variances. Homocysteine and the AA:EPA ratio both had
low factor loadings (.217 and .304 respectively) and large residual variances. I concluded that
homocysteine was not a good indicator of inflammation; in fact, modification indices
recommended adding it as an indicator of dietary behavior to significantly improve model fit.
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After also considering its limited theoretical value in the model, I chose to remove this
indicator and in all subsequent models inflammation is represented with only the indicators
white blood cell count and CRP. Although the AA:EPA also had a rather low loading of .304
I chose to retain this indicator due to the theoretical significance of having fatty acids
represented in a latent construct of dietary behavior. Also, having only two indicators on an
exogenous, independent latent variable can be problematic for model identification and
subsequent estimation. I then fit a baseline restricted structural model with no homocysteine
and the control variables age and PIR to the data (see Figure 12, p. 90).
This model had improved fit, Χ2(54)=974.253, p<.001, RMSEA with its 90%
confidence interval was .060 (.057, .063), the CFI was .878 and the TLI was .826, indicating
adequate model fit. This model was considered the base model for all subsequent analyses.
All structural paths were significant and in the expected direction.
Dietary behavior and physical condition explained 26.4% percent of the variance in
inflammation (R2=.264 p<.001). A one standard deviation increase above the mean in dietary
behavior, as indicated by low serum water and fat soluble vitamin concentrations and the
AA:EPA ratio, was associated with a .361 standard deviation increase in inflammation,
controlling for physical condition (β=.361, p<.001). Similarly, a more negative physical
condition, as indicated by a higher android to gynoid ratio, higher insulin resistance and
lower HDL predicted an increase in inflammation. More specifically, controlling for dietary
behavior, a one standard deviation increase in reverse coded physical condition resulted in a
.169 standard deviation increase in inflammation (β=.169, p<.001). The absolute size of the
standardized direct effect of dietary behavior on inflammation is about two times that of
physical condition.
The direct path from inflammation to quality of life was also positive and significant
(β=.347, p<.001), indicating that with each standard deviation increase in inflammation (as
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indicated by white blood cell count and CRP) reverse coded quality of life would increase by
.347 standard deviations. Higher quality of life scores, in this study, would indicate more
limitations on daily life, missing more days of work or daily activities due to physical, mental
or emotional discomfort as well as a lower perception of personal health. This model
explained 31.9% of the variance in quality of life (R2=.319 p<.001). The indirect effects of
dietary behavior and physical condition, mediated by inflammation, on quality of life were
also evaluated. MPlus can directly calculate the individual indirect effects as well as their
standard errors using the delta method. The indirect effect of dietary behavior to quality of
life was β=.125, p<.001. The indirect effect of physical condition on quality of life was
β=.058, p<.001.
To evaluate whether inflammation completely or partially mediated the relation
between physical condition and dietary behavior and quality of life the direct effects were
also evaluated. The direct effect from dietary behavior to quality of life was β=.071, p<.001
and the direct effect from physical condition was β=.031, p<.001. These direct effects were
small but statistically significant, however, adding them to the model did not significantly
increase model fit and the R2 for quality of life also dropped from .319 to .287. Due to these
significant direct effects from dietary behavior and physical condition, it would be incorrect
to assert that inflammation completely mediates the relation between dietary behavior,
physical condition and quality of life. However, these direct effects seem insignificant from
a theoretical and practical sense. For example, a one standard deviation increase in reverse
coded dietary behavior results in a .07 standard deviation increase in negative quality of life,
this difference may only be coming to light due to the large sample size. Therefore, due to the
insignificant increase in model fit, drop in R2, and the relatively small magnitude of the direct
effect, these paths were left out of subsequent models. Please see Figure 12 for the final base
model.
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Figure 12. Hypothesis 1: The Final Base Model

Hypothesis 2: The Buffering Hypothesis. Social support was hypothesized to affect
quality of life directly as well as through its suppressive effects on inflammation. This
hypothesis was tested by adding the latent construct “social support” to the base model. The
construct had three indicators: number of close friends, need for more support, having people
to help with emotional and financial needs. The social support latent variable was coded so
that higher numbers indicated having more support and was thus expected to negatively
predict both inflammation and reverse coded quality of life.
The model fit well to the data Χ2(89)=107.419, p<.001, RMSEA = .048 (.046,.051),
CFI = .879, TLI = .838. As hypothesized social support strongly, negatively, predicted
quality of life (β=-.416, p<.01), conversely its effect on inflammation was close to zero (β=-
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.002, p=.954). This model explained 47.4% of the variance in quality of life (R2=.474
p<.001) and 26.2% of the variance in inflammation (R2=.262 p<.001) (see Figure 13 below).
Figure 13. Hypothesis 2: The Buffering Hypothesis

Based on preliminary evidence that at least dietary behavior is directly affected by
social support (Conklin, 2014), I tested the direct paths from social support to dietary
behavior and physical condition. I wanted to see whether the effect of social support on
inflammation possibly worked indirectly through dietary behavior or physical condition.
Social support did not predict physical condition, however, consistent with Conklin (2014) it
did have a significant inverse relation with dietary behavior (β=-.106, p<.01). The indirect
effect from social support, dietary behavior, inflammation to quality of life was small but also
negative (β=-.010, p<.01), indicating that social support works both directly, and through its
influence on dietary behavior and inflammation to influence an individual’s quality of life.
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Figure 14. Hypothesis 2: The Buffering Hypothesis

Hypothesis 3: The Hygiene Hypothesis. The Hygiene Hypothesis was evaluated by
adding an interaction term made from place of birth and time in the United States and
inflammation to the base model. Of particular interest was to compare people who were born
in the United States with those who were born in Mexico and immigrated to the United States
after 20 years of age. MPlus version 7.3 uses Klein and Moosbrugger’s (2000) latent
moderated structural equations method (LMS) to evaluate interactions of latent variables
(Klein & Moosbrugger, 2000). This is a special form of Maximum Likelihood estimation that
assumes normal distributions for the non-product variables but takes direct account of the
degree of non-normality implied by the latent product terms. This method adds a mean
structure to the model and uses a form of the expectation-maximization (EM) algorithm. The
method directly analyzes raw data and product terms do not need to be created (for more
information see Klein, 2011, Chapter 12 & Muthen & Muthen, MPlus User’s Guide, 2012).
One down side of this method is that traditional model fit indices such as the chi-square and
RMSEA are not available, however, model fit can be assessed using log-likelihood ratio test.
This method is also discussed in detail in Maslowsky, Jager and Douglas (2015) (Maslowsky
et al., 2015).
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As a first step, The Base Model was fit to the data using a maximum likelihood
estimator with robust standard errors using a numerical integration algorithm
(ALGORITHM=INTEGRATION). The fit indices from this model were in the acceptable
range and the log-likelihood from the model was recorded. Subsequently, the base model
including the interaction was fit to the data. Model fit to data for the interaction model was
assessed using the log-likelihood ratio test. The ratio test is computed by the following
formula: D=-2[(log-likelihood for Model 0) – (log-likelihood for Model 1)]. D is
approximately distributed as a Χ2 distribution. The difference in degrees of freedom between
the models (df=1) can be used to evaluate the significance of D. If D is significant it implies
that Model 0 represents a significant loss in fit relative to Model 1, and therefore Model 1 is
also a good fit to the data.
In this analysis, Model 0 (with no interaction) had a log-likelihood of -26786.685 and
Model 1 (with the interaction) had a log-likelihood of -26781.8, D = 9.77. Χ2(1)=9.77 is
significant at the p<.01 level. Therefore, the model with the interaction can also be
considered an adequately fitting model. The interaction term significantly predicted quality of
life (β=-.127, p<.01) while migration status on its own did not β=.044, p=.150 (see Figure 15
below). The interaction term explained 1.7% of the variance in quality of life (total R2=.28).
Migration status also did not significantly predict inflammation (β=-.039, p=.124), and the
mean levels of CRP (t(3754)=.265 p=.790) and WBC (t(3845)=.047 p=.963) were not
significantly different for people born in the USA and those who migrated after age 20.
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Figure 15. Hypothesis 3: The Hygiene Hypothesis

Plotting the interaction to aid in interpretation revealed that the strength of the relation
between increased inflammation and negatively affected quality of life is lessened for
participants who immigrated to the USA after age 20. For participants born in the USA, a one
standard deviation increase in inflammation leads to a .68 standard deviation increase in
negative quality of life (simple slope 0.68, t(3841) = 16.03, p <0.001). For participants who
were born in Mexico and immigrated to the states after age 20, a one standard deviation
increase in inflammation leads to a .43 standard deviation increase in negative quality of life
(simple slope 0.43, t(3841) = 9.08, p <.001) (please see Figure 16). In other words,
inflammation has a greater effect on quality of life for those participants who were born in
the USA.
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The proportion of people differentially affected by the crossover interaction,
computed by finding the point on inflammation where the regression lines intersect and
calculating the proportion of cases on inflammation that fall above that crossover point of
.346 (standard deviations) is .365. Therefore, the expected relation between quality of life
and inflammation is reversed for 36.5% of the sample. In other words, as inflammation
increases beyond .346 standard deviations above the mean, participants who immigrated to
the USA after the age of 20 are expected to have lower negative quality of life scores as
compared to participants who were born in the USA (although that relation is reversed below
.346 SDs of inflammation).
Figure 16. Hypothesis 3, Plot of interaction effect of migration status

Hypothesis 4: The Life History Tradeoff Hypothesis. To test the life history theory
informed hypothesis of the tradeoff between reproductive and somatic effort, a latent
predictor of reproductive effort was added to the base model. The NHANES dataset did not
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collect data from men about number of children, pregnancies or timing of births; therefore,
only women were included in the reproductive effort analysis (N=2323). The reproductive
effort latent construct included age of first birth, number of pregnancies and age at first
sexual intercourse. The residual errors on age at first birth and age at first sex were allowed to
correlate in the model because the correlation between these two indicators is higher than
might otherwise be expected based on their loadings from the latent common factor (residual
correlation = .520). This is possibly due to their common measurement method (as compared
to number of births). All analyses controlled for age and PIR. Please see Figure 17 for factor
loadings.
The reproductive effort construct was coded so that higher numbers would reflect
greater reproductive effort. Therefore, it was hypothesized to positively predict the dietary
behavior and physical condition factors. The model had good fit to the data Χ2(86)=737.877,
p<.001, RMSEA = .057 (.053,.061), CFI = .878, TLI = .831. Reproductive effort
significantly predicted both dietary behavior (β=.312, p<.01) and physical condition (β=.315,
p<.01). The model explained 34.6% of the variance in dietary behavior (R2=.346 p<.001) and
10.6% of the variance in physical condition (R2=.106 p<.001), 59.1% in inflammation
(R2=.591 p<.001) and 38.5% of variance in quality of life (R2=.385 p<.001).
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Figure 17. Hypothesis 4: Life History Tradeoff Hypothesis

The direct paths from reproductive effort to inflammation and quality of life were also
evaluated. Reproductive effort did not significantly directly predict inflammation, however,
there was a significant, direct, positive effect to quality of life (β=.278, p<.01). The indirect
paths from quality of life to reproductive effort via nutrition was β=.018, p<.01, and through
physical condition β=.035, p<.01. The indirect path from inflammation to reproductive effort
via dietary behavior was β=.067, p<.01, and through physical condition β=.134, p<.01 (please
see Figure 18).
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Figure 18. Hypothesis 4: Life History Tradeoff Hypothesis

Summary of Results
Hypothesis 1. The Base Model, was supported. Poor dietary behavior as indicated by
low blood serum levels of vitamins and fatty acids was associated with increased
inflammation (β=.361, p<.001). Similarly, poor physical condition as indicated by a higher
android to gynoid ratio, insulin resistance and low HDL significantly contributed to
inflammation (β=.169, p<.001). Increased inflammation was associated with a decreased
quality of life as measured by number of physical and mental limitations, increased number
of days negatively affected by these limitations and decreased self-perceived general health
(β=.347, p<.001). This model explained 26.4% of the variance in inflammation and 36.1% of
the variance in quality of life.
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Hypothesis 2. The Buffering Hypothesis, was partially supported. Higher social
support was significantly predictive of decreased physical, mental and emotional limitations
(β=-.417, p<.001). However, counter to predictions, social support had no direct impact on
inflammation. Social support did appear to have a rather small indirect effect on
inflammation through its influence on dietary behavior (β=-.010, p<.001). Dietary behavior,
though, was significantly, directly affected by social support. More specifically, higher social
support was associated with lower negative dietary indicators (β=-.106, p<.001). This model
explained 26.2% of the variance in inflammation and 45.7% of the variance in quality of life.
Hypothesis 3. The Hygiene Hypothesis was partially supported. Having increased
exposure to harmless and coevolved microorganisms until the age of 20, as measured by
being born and raised in Mexico, did not predict differences in overall inflammation,
however, it significantly moderated the relation between inflammation and quality of life
(β=-.127, p<.01). More specifically, as inflammation increased beyond .346 standard
deviations above the mean, participants who immigrated to the USA after the age of 20 were
predicted to have lower negative quality of life scores as compared to participants who were
born in the USA.
Hypothesis 4. The Life History Tradeoff Hypothesis was supported. Higher levels of
reproductive effort in women, as measured by number of pregnancies, age at first sexual
intercourse and birth, significantly predicted lower somatic investment. Mainly, higher
reproductive effort was associated with more negative dietary behavior (β=.316, p<.001) and
poor physical condition (β=.352, p<.001). Reproductive effort did not significantly, directly
affect inflammation, however, it did affect quality of life (β=.278, p<.001). This model
explained 45.2% of the variance in inflammation and 38.2% of the variance in quality of life.
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CHAPTER 6 – DISCUSSION AND CONCLUSION
This dissertation consisted of one study, designed to test four hypotheses in support of
a systems perspective on quality of life and physical, mental and emotional wellbeing. The
primary goal of the current investigation was to study the connection between inflammation
and quality of life from a psychoneuroimmunological systems (PNI) perspective.
Inflammation was hypothesized to serve as a mediator between ecological and homeostatic
systems that interact with inflammation and thereby influence quality of life. Several targets
of investigation were suggested by a review of the literature, either, through their direct
influence on levels of inflammation or their potential ability to moderate the relation between
inflammation and quality of life. From a PNI perspective, inflammation is influenced by
genetic, epigenetic, and ecological factors. Genetic influences were out of reach for this
study, however, ecological and epigenetic influences could be assessed through the NHANES
dataset by examining measurements of nutrition, physical condition, reproductive effort,
differential microbe exposure and social support.
The four specific hypotheses examined through structural equation modeling were:
that poor dietary behavior and poor physical condition are predictive of increased
inflammation and decreased quality of life, higher social support is predictive of decreased
inflammation and reduced negative quality of life, exposure to harmless and coevolved
microorganisms and early childhood infections will moderate the relation between
inflammation and quality of life, and that higher levels of reproductive effort predict lower
somatic investment as indicated by lower intake of healthy nutrients and poor physical
condition, resulting in increased inflammation and decreased quality of life. The study results
confirmed that poor dietary behavior and poor physical condition were predictive of
increased inflammation and reduced quality of life. Those effects were not attributable to a
direct connection between dietary behavior and physical condition and quality of life, but
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rather mediated by inflammation (very small coefficients reported for a direct path, but due to
the size of the dataset I assert those effects as negligible). Almost 35% of the variation in
quality of life was explained by inflammation, dietary behavior and physical condition. Study
results therefore supported the general assumption that a healthy diet and physical exercise
contribute to an individual’s physical, mental and emotional wellbeing and, in addition,
confirm the hypothesis that inflammatory processes are mediating this effect. This “base
model” was subsequently used to test the additional three hypotheses.
Having social support in one’s life (The Buffering Hypothesis) significantly reduced
negative quality of life, however, contrary to predictions it did not directly impact
inflammation, although, it did have a significant influence on dietary behavior and thus a
small, negative indirect effect through this path. The Hygiene Hypothesis was also
confirmed. Having likely exposure to harmless microorganisms and childhood infections
moderated the relation between inflammation and quality of life. More specifically, the effect
of inflammation on increasing limitations and affected days due to poor mental and physical
health diminished slightly for individuals having grown up in a developing country.
The evolutionarily informed hypothesis of a tradeoff between reproductive effort and
somatic effort was also confirmed. Increased reproductive effort (in women) was associated
with increased poor dietary behavior, poor physical condition and increased inflammation.
This model explained over 45% of the variance in inflammation although the direct effect
from reproductive effort to inflammation was not significant. Reproductive effort also
significantly affected quality of life directly; indicating that increased reproductive effort was
associated with increased limitations and negative effects on daily life due to mental and
physical health. A more detailed discussion of the results of individual analyses is provided
below.
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Dietary Behavior and Physical Condition. Somewhat surprisingly, the effects were
stronger for dietary behavior on inflammation (β = .361, p < .001) and dietary behavior on
quality of life as mediated by inflammation (β = .125, p < .001), as compared to physical
condition on inflammation (β = .169, p < .001) and physical condition as mediated by
inflammation on quality of life (β = .058, p < .001). The present study included dietary
nutrients that are generally accepted as healthy nutrients, assessed in blood serum, to measure
the dietary behavior regarding the consumption of fruits and vegetables and the arachidonic
acid to ecosapentaenoic acid ratio as a measurement for the consumption of omega-3 and
omega-6 fatty acids. While the latent construct to measure the dietary behavior did not
include indicators for caloric intake, the ratio of caloric intake and energy expenditure was
reflected with body composition, insulin sensitivity and HDL cholesterol values in the
physical condition latent construct. From this perspective, and according to the study results,
consumption of fruits and vegetables and adequate nutrient intake might play a larger role in
prevention of chronic health conditions than physical activity and body composition. On the
same note, the present study provided evidence that, in general, there is no single dietary
component that prevents chronic health conditions, but rather the overall intake of healthy
nutrients like vitamins or omega-3 fatty acids is important.
However, while theoretically the physical condition reflects physical activity levels
due to the association between physical activity and anthropometric and molecular
measurements such as insulin sensitivity (e.g. Schmitz et al., 2002), future studies should be
conducted to better assess the association of physical activity actually performed and
inflammation. Modern tracking technology (e.g. assessing physical activity pattern with
smartphone apps) might provide useful, objective tools to further test this association.
The Buffering Hypothesis. The present study furthermore tested the ability of social
support to buffer the effects of inflammation on physical, mental and emotional wellbeing.
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While the buffering hypothesis generally assumes that meaningful social interactions buffer
the effects of (psychosocial) stress on an individual, the present work extended this
hypothesis by testing the buffering effect of social support on inflammation and thereby
physical, mental and emotional limitations. Results confirmed the assumption that higher
social support increases quality of life in general (β = -.417, p<.001), however, the path
between social support and inflammation did not reach statistical significance (β = -.002, p =
.954). Interestingly, social support significantly influenced inflammation through dietary
behavior (β = -.106, p<.001) which supports the findings from Concklin et al. (2014), that
social support influences an individual’s dietary choices. The authors reported that older
adults with high social support ate 2.3 times more fruits and vegetables as compared to their
low support counterparts (Conklin et al., 2014).
While the effect from social support to dietary behavior was significant, the
association between social support and physical condition was not. This finding might be of
distinct interest for the public health domain and could lead to the implementation of
programs that aim for example to encourage “healthy social cooking or dining”. The present
study, by design, used measurements for quality of life as outcomes rather than diagnosed
illnesses. Consequently, the present findings of the direct effects of social support on
physical, mental and emotional wellbeing cannot answer the question about whether positive
social interactions reduce the perception of health-related limitation or, rather, the limitation
themselves, and thus a future study to answer this important research question remains.
Broadly spoken, the present findings provide yet another piece of evidence that humans are a
social species and that they benefit from meaningful interpersonal interactions, as already
indicated by Charles Darwin in his early publications (P. Williams et al., 2004).
The Hygiene Hypothesis. Although the NHANES dataset did not collect data
directly about childhood infections or possible exposure to harmless coevolved bacteria, I
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was able to test the hypothesis that individuals who were born and raised in Mexico (until at
least 20 years of age) would show a diminished effect of inflammation on quality of life. I
used the age of migration to the U.S. as a proxy to microorganism exposure. I believe this is a
valid indicator due to the evidence that, for example, the number of infectious diseases such
diarrhea due to Escherichia coli and Enteric Bacterial infections are significantly higher in
Latin American countries as compared to the U.S (White and Atmar, 2002). In fact, many
infections that are common in Latin American countries are rarely, if ever, diagnosed in the
U.S. (Rook et al., 2014). Other studies have also discussed what they term the “Hispanic
Paradox” where Latino populations who have migrated to the U.S. have better health
outcomes, even when controlling for social privilege. This so called Hispanic Paradox has
been repeatedly observed, however, the underlying pathways have yet to be identified
(Franzini et al., 2001). The hygiene hypothesis offers a potential explanatory pathway along
with the theoretical framework to test this assumption with the activity of the immune system
as a potential mediator in this process.
Results of the current, moderated-mediation analysis revealed that individuals who
were born and raised in Mexico and migrated to the U.S. after the age of 20 showed a
decreased slope in the relation between inflammation and negative quality of life. Although
the present findings support the assumption that growing up in a less hygienic environment
has beneficial effects on quality of life, those effects were not due to differences in mean
levels of inflammatory markers. In other words, inflammation affected quality of life less in
participants who were born and raised in Mexico, particularly at higher levels of
inflammation (.346 SDs above the mean). This finding suggests that, perhaps, early exposure
to harmless coevolved bacteria acclimates the body’s coping mechanisms to inflammation,
leading to fewer limitations. Conversely, not having immune challenges early in life makes
one susceptible to large disruptions in daily life once they do occur.
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Reproductive Effort. I was able to test the evolutionary-developmental, life history
theory (LHT), informed hypothesis that during their life time every organism must make a
decision regarding the fundamental tradeoff between investing in reproduction or in the
growth and maintenance of their body. This analysis built upon the work of Cabeza de Baca
(2014) who was able to provide evidence for the association between reproductive effort (as a
LHT trait) and health outcomes, as mediated by oxidative stress and inflammation. He found
that higher reproductive effort in women predicted measurements of oxidative stress, which
subsequently predicted inflammation and health. The measurements he used as indicators of
oxidative stress were serum concentrations of dietary nutrients with the assumption that low
dietary nutrient levels corresponded to oxidative stress. When reviewing these results,
however, I disagreed with this assumption, and, moreover, felt that sacrifices in selfmaintenance behaviors, such as dietary choices and physical activity would be more
reflective of the LHT tradeoff.
Therefore, I tested the hypothesis that increased reproductive effort predicts dietary
behavior, physical condition and subsequently inflammation and indirectly quality of life.
The results of my analysis were consistent with predictions in that increased reproductive
effort significantly predicted poor dietary behavior (β = .316, p<.001) and poorer physical
condition (β = .352, p<.001). Moreover, this model explained 45.2% of the variance in
inflammation. There was also an unexpected direct effect on quality of life from reproductive
effort (β = .278, p<.001), indicating that, independent of dietary behavior, physical condition
and inflammation, reproductive effort significantly influenced negative quality of life. This
model explained 38.2% of the variance in quality of life. The meaning of the direct effect
from reproductive effort to quality of life is up for interpretation. One suggestion that I have
is that reproductive effort is a strong indicator for the larger, hierarchical construct of life
history strategy with higher reproductive effort being an indicator of a fast life history
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strategy. A fast life history strategy is correlated with a suite of potentially negative
psychological and physical outcomes (e.g. Figueredo et al., 2006) potentially explaining this
finding.
General Conclusions
The present study had several strengths. Foremost, the use of structural equation
modeling, which allowed the grouping of related observed variables into latent factors to test
predicted pathways simultaneously, in a systems framework. Further, the use of objective
measurements of dietary behavior and physical activity levels (rather than self-reported
perceptions) are a strength since most research of this type uses self-reported information
along with its downfalls. The same accounts for physical exercise, where the majority
research utilizes self-reported physical activity levels and exercise patterns that may or may
not correlate with actual physical condition. The physical condition, as measured by
anthropometric indices, theoretically is representative of a person’s physical activity levels;
however, certain measurements (e.g. body composition or insulin sensitivity) are significantly
influenced by dietary components as well. Therefore, an additional strength of the present
study is the inclusion of correlated physical and dietary predictors simultaneously into one
model.
This dissertation focused primarily on the impact of lifestyle factors on wellbeing and
quality of life and aimed to provide evidence and conclusions that are useful to establish
prevention strategies for chronic health conditions and contribute to the generation of further
research projects that utilize a systems perspective as applied to the present work. It is the
general assumption that dietary behavior and physical activity influence and individual’s
wellbeing and reduce the risk for chronic health conditions and several programs have
already been launched in the public health domain that focus on educating the population,
providing arguments for a health-oriented nutrition, to decrease obesity and increase physical
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activity. However, most of the programs do not take the individual constitution into account
and results from the present work provide knowledge and arguments that might be useful in
creating more efficient strategies, such as combining social activities with eating and dining
or focusing on nutrition education in certain risk groups (e.g. women with higher
reproductive effort).
While one cannot influence the environment he or she was born and raised in
retrospectively, the evidence provided with the present work might also lead to more targeted
prevention strategies in certain populations by for example focusing on teaching “antiinflammatory” behavior in children growing up in more sterile environments (such as bigger
cities). In addition, the current study should lead to future research projects that focus on the
interaction between the developmental environment and dietary behavior, where certain
populations might particularly benefit from nutrition interventions.
Limitations and Future Directions
Although the results of this study suggest a strong, significant association of dietary
behavior and physical condition with limitations that influence an individual’s quality of life,
as mediated by inflammation, the measurement of inflammation is generally challenging.
White blood cell count, c-reactive protein and also homocysteine are widely accepted
measurements, however, especially when interpreting and studying chronic inflammation,
more sensitive markers like high-sensitive c-reactive protein (hs-CRP) have been reported to
be more accurate (Ridker, 2001). These more sensitive markers were not available in the
NHANES dataset, in fact, homocysteine had to be excluded as an indicator due to its lack of
loading with the other inflammatory markers. Future studies with better measures of
inflammatory processes are more likely find stronger effects between dietary behavior,
physical condition and inflammation as well as outcomes such as quality of life.
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Although very interesting as a preliminary result, the Hygiene Hypothesis analysis
should be extended to include actual measures of microbe exposure and infections. The
present work was only able to show the effect of “where an individual was born and raised”
on the immune system and health outcomes rather than microbe exposure itself. More precise
measures of inflammation may also yield differences in mean inflammation levels, helping to
explain the observed differences in groups between inflammation and quality of life. Future
studies should also include possible causal mechanisms other than mean inflammation levels
that might explain the observed group differences, since none were tested in this analysis.
The results of the LHT tradeoff hypothesis should also be extended to males. The
NHANES dataset did not collect adequate reproductive information from males in order to
model reproductive effort accurately but future studies should take this into account
considering the success of this analysis. An interesting future research topic in this area
would be the transmission of knowledge. More specifically, Kaplan et al. (2000) report that
hunter-gatherer children are energetically dependent on older individuals until they reach
sexual maturity. In this time, parents and grandparents serve to prepare offspring for an
independent later life, where knowledge and skills to acquire high-quality food resources
constitute a significant part of their education. A future research project could test whether
earlier maturation (earlier age at sex, puberty, first birth) results in less knowledge about the
acquisition of high-quality food resources and if this accounts for the lower intake of foods
rich in nutrients rather than simply the tradeoff between somatic and reproductive effort.
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