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ABSTRACT

RIDDER Teresa: Proteins and Omega-3 Fatty Acids: Health Benefits during Aging
[Diploma Thesis] — Comenius University in Bratislava, Faculty of Medicine; Institute of
Medical Chemistry, Biochemistry and Clinical Biochemistry. — Supervisor: doc. Ing. Ingrid
Zithanova, PhD., Bratislava LF UK, 2022, number of pages: 79

Nutrition during old age is of paramount importance in our aging society. The causes of
aging have been discussed until today, and most researchers agree that it is a multifactorial
process including many different causes. Proteins and omega-3 fatty acids are important
dietary components, their increased or decreased intake may have specific effects on the
human body. High protein intake can worsen kidney failure but on the other hand prevent
sarcopenia. High omega-3 fatty acid intake can lead to a decrease in inflammation,
cardiovascular morbidity, and mortality. Effects on other body systems are not researched

enough to form a conclusion.

Key words: aging, proteins, omega-3 fatty acids



ABSTRAKT

RIDDER Teresa: Proteiny a Omega-3 Mastné Kyseliny: Zdravotné Benefity pocas
Starnutia [Diplomova praca] — Univerzita Komenského v Bratislave, Lekarska fakulta;
Ustav lekarskej chémie, biochémie a klinickej biochémie. — Vedci prace: doc. Ing. Ingrid
Zithanova, PhD., Bratislava, 2022, po&et stran: 79

Vyziva v starobe ma v nasej starntcej spoloc¢nosti dolezity vyznam. O pri¢inach starnutia
sa diskutuje dodnes a vac¢Sina vyskumnikov sa zhoduje, ze ide o multifaktoridlny proces
zahfnajici mnoho réznych pri¢in. Bielkoviny a omega-3 mastné kyseliny st délezitou
zlozkou stravy, ich zvySeny alebo znizeny prijem mo6ze mat’ Specifické Gc€inky na I'udsky
organizmus. Vysoky prijem bielkovin moze zhorsit’ zlyhavanie obli¢iek, ale na druhej strane
zabranit’ progresii sarkopénie. Vysoky prijem omega-3 mastnych kyselin moze viest k
znizeniu zapalov, kardiovaskularnej chorobnosti a imrtnosti. U¢inky na iné telesné systémy

eSte nie su dobre preskiimané.

KTlacové slova: starnutie, proteiny, omega-3 mastné kyseliny



FOREWORD

With the increase of life-expectancy nowadays we can see an increase of age-related
diseases all over the world. Nutrition seems to have an effect not only on life-expectancy
but also on the number of healthy life years and the overall quality of aging. Some age-
related diseases can be positively influenced by altering nutritional factors (Troesch et al.,
2020).

Because of the positive health effects of proper nutrition, educating doctors on it can

improve their patient’s health and quality of life.

This diploma thesis focuses on the effects of omega-3 fatty acids and proteins on age related
diseases. It summarizes the information available until today. The information was gathered
by searching in PubMed for the terms “"aging”[Title] AND "omega-3"[Title]” (16 results),
“"nutrition"[Title] AND "proteins"[Title]” (22 results), “"aging theories"[Title]” (8 results)
and “"bioactive substances"[Title]” (49 results) (These findings were last updated on the
29" of November 2021). Other pages used are Web of Science, Jama, New England Journal
of Medicine, Scopus, ResearchGate and Science Direct. The alternative spelling “ageing”,
“©-3" and “n-3 were considered in the searches. Only articles in English and with full-text
availability were used and articles from the last 10 years were preferably selected. Some
articles were excluded due to irrelevance. For further clarification purposes additional
sources have been selected. To organize the used sources the reference manager Mendeley

was used.
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INTRODUCTION

According to the World Health Organization (WHO), by 2050 2 billion people will be over 60
years old. It will be twice as many as there were in 2020. In 2050, 22% of people will be over
60 years old. This demographic shift will challenge the healthcare system greatly (World Health
Organization, 2018). When looking only at Europe the situation is similar, but the percentages
are already a bit higher — in 2019, about one third of people were aged 55 or older, and by 2050
it is projected to reach 40,6% on average (Fig.1) (European Commission, 2021).

People aged 255 years, by age class, 2019 and 2050
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Fig. 1. People in Europe aged > 55 years, by age class, 2019 and 2050 (European
Commission, 2021)



These extra life-years bring great opportunities with it for our society, e.g. more time for
education and specialization, but all of this greatly depends on the health of the aging
population. Additional years spent with disability and low quality of life do not have such a
positive effect. Also, there is great diversity in the abilities of elderly, while some enjoy good
functioning and health others may require significant help already at a relatively young age.
Chronological age is only loosely associated with such processes. Despite this fact, health at an
older age is not random. There are many factors that affect health at an older age, which can be
divided into modifiable and non-modifiable. The non-modifiable factors are e.g. genetics, sex,
ethnicity, or socioeconomic factors. The modifiable factors mainly include maintaining healthy
behaviors such as eating a balanced diet, sufficient physical activity, and the avoidance of
harmful substances e.g. tobacco. These factors start to influence the aging processes already at
an early age, even fetal factors or how we live as children may have a significant effect (World
Health Organization, 2018).

Another important factor is ageism, which is defined as “discrimination against a person on the
basis of their age” (World Health Organization, 2018). It is a very prevalent problem in our
society today, it may even undermine the healthcare quality of older people due to the lack of
acknowledgement of serious health complications. Until today, it is common to assume elderly
people to be frail, depending on others to survive, and becoming a burden to our society. These
beliefs might further hinder the opportunities of healthy aging (World Health Organization,
2018). The education of doctors and patients is the main key to possibly improve the health of
the aging population, especially to optimize the modifiable factors that can lead to a healthier

older age.

This thesis focuses on a part of the nutritional factors, the intakes of proteins and omega-3 fatty
acids and how they may lead to some health benefits. The thesis is divided into three main parts.
The first part summarizes what is known about aging and its manifestations. In the second part
the health benefits of an increased or decreased protein intake are discussed. The last part
summarizes the information available on omega-3 fatty acids and their health benefits. Both
omega-3 fatty acids and proteins are put into context with several age-related manifestations

mentioned in the first chapter.
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1. AGING

Aging is a complex multifactorial process that until today is not fully understood. It affects the
human body on many different levels (molecular, cellular and systemic) and, because of the
increasing life-expectancy nowadays, leads to many different diseases, potentially reducing the
quality of life and leading to a rise in non-communicable diseases (NCD) (Troesch et al., 2020).
Its most definite manifestations are a decreased fertility and increased mortality-risk (da Costa
et al., 2016) as well as a higher incidence and prevalence of diseases (Aalami et al., 2003). It is
a time-dependent and chronic process — even though often random — it can be seen that some
organs, e.g. joints and tendons, exhibit signs of aging earlier if they are used excessively. Other
organs such as the brain may even age more slowly if used frequently (Trevisan et al., 2019).

Whether aging can be considered a disease or not is still being discussed (Schmeer et al., 2019).

The investigation of the processes behind such phenomena are commonly based on chemistry
and biochemistry (da Costa et al., 2016) but, also, scientists of other fields have tried to explain
the causes and processes of aging. Many different theories have been formed to elucidate the
complex pathological, biological, chemical and psychological aspects of aging. But before
getting into these theories and trying to explain why we are aging, a definition of the term

“aging” 1s needed.

Because of the complexity of this phenomenon many different definitions of aging can be found
in the literature, some of them already containing a causal theory. It has been described as
“[phenotype] = [genotype] + [(diet, lifestyle and environment)]” (Anton et al., 2005). Another
definition describes it as a “breakdown of self-organizing systems and reduced ability to adapt
to the environment” (Vasto et al., 2010). It is clear that there is not just one single process of
aging but multiple processes which are combined and interact with each other on multiple levels
(da Costa et al., 2016). Aging does not have a single identifiable cause, but it is influenced by
many different factors (Weinert & Timiras, 2003).

The term “senescence” is used for more precision, and is defined as the “progressive
deterioration of bodily functions over time”. Even though the term ‘“senescence” is more

precise, the term “aging” is more common in the literature (Dollemore, 2002).
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2. MANIFESTATIONS OF AGING

The manifestations of aging are numerous and affect our body on all levels. All body systems
are affected and will be discussed individually in the following chapters (chapter 2.1 — 2.7).
These changes are also called NCDs and are often not only age- but also lifestyle-associated
(Troesch et al., 2020). Good health at an extremely old age is rare (Khan et al., 2017). Many
patients suffer from multiple co-morbidities and need a combination of different drugs
(polypharmacy) (Troesch et al., 2020). Additionally, personal adaptation of healthy behavior
becomes less likely with age (Tucker et al., 2004).

2.1 Changes in the Cardiovascular System

The cardiovascular system is subject to many changes in the aging patient. A progressive
myocyte loss can be observed leading to a reaction which increases the size of the remaining
myocytes in the ventricles. The myocardium stiffens as well as large vessels, both arteries and
veins. This leads to a poorer expansion function of the heart and a decreased filling during
diastole, which results in a lower afterload. Also a cellular loss at the level of the sinoatrial node

(SA- node) can be observed, the maximum heart rate decreases as a result (Aalami et al., 2003).

Acrteries are also prone to their own age-specific changes. Cardiovascular disease (CVD) has an
increased prevalence in the elderly population (da Costa et al., 2016). Coronary heart disease
(CHD) is strongly associated with age, it is also the leading cause of death in Europe (Paneni
et al., 2017). The vessels become more brittle and the collagen content of the extracellular
matrix (ECM) increases on average by 100% (da Costa et al., 2016). In great vessels, such as
the aorta, collagen content increases while the amount of elastin decreases (Paneni et al., 2017).

Atherosclerotic plagues form and the pulse pressure widens (Khan et al., 2017).

The mechanisms of these arterial effects are based on two main factors: “endothelial
dysfunction” and “central arterial stiffness” (Paneni et al., 2017). Endothelial dysfunction leads
to an increased thrombotic risk and decreased expansive function of the vessels. It is largely

associated with decreased nitric oxide (NO) levels. Increased oxidative stress and chronic
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inflammation related to increased reactive oxygen species (ROS) levels are largely the cause of
this decrease in NO levels. They are further associated with thrombosis and atherogenesis
(Paneni et al., 2017).

Many mechanisms try to compensate for these losses such as increasing the sensitivity to beta-
adrenergic stimuli and an increase of the duration of the contraction. Those compensatory
mechanisms do not continue without consequences: increased blood pressure and the increase
of the size of individual myocytes as well as the increased deposition of collagens lead to left
ventricular hypertrophy, further worsening the relaxation abilities of the heart (Aalami et al.,
2003). The systolic blood pressure increases while the diastolic blood pressure remains low or
even decreases (Khan et al., 2017). A low diastolic pressure also worsens the coronary
perfusion, which further worsens the condition of the heart due to ischemia (Paneni et al.,
2017).

2.2 Changes in the Pulmonary System

The declines in the function of the pulmonary system over time are markers of aging. The
function of the pulmonary system declines consistently with each decade in adults over 70
(Khan etal., 2017). The chest wall becomes more rigid due to calcification in the cartilages and
arthritis, which decreases the respiratory muscle’s ability to contract. The muscles become
atrophic, which puts more of the respiratory effort on the diaphragm and abdominals, which are
not able to compensate fully. A ventilation-perfusion mismatch develops leading to a decrease
in the efficacy of the respiratory system. Hypercapnia and hypoxia do not stimulate respiration

as strongly as they should. This leads to a drop in vital capacity (Aalami et al., 2003).

Chronic obstructive pulmonary disease (COPD) is a typical age-related disease and obstructions
of smaller airways become more common with aging (da Costa et al., 2016). Additionally,

susceptibility to pneumonia increases (Khan et al., 2017).
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2.3 Changes in the Renal System

After the age of 50, the size of the kidneys starts to decrease. Mostly, the cortical tissue is lost,
while the medulla does not change significantly. The cause of this tissue loss is due to
glomerulosclerosis caused by hypertension, diabetes mellitus and atherosclerosis.
Glomerulosclerosis develops and decreases the glomerular filtration rate. Creatinine production
decreases as well, which leads to relatively constant creatinine levels in the blood (Khan et al.,
2017). Problematically, the reserve for filtration becomes low, which makes it more difficult
for the kidneys to compensate e.g. during ischemic events. Also, fibrosis is found in the kidneys,
as well as an increase of the tubule length, the renin-angiotensin-aldosterone system (RAAS) is
less reactive and renin production decreases. It can lead to acid-base abnormalities,

abnormalities with fluids, and electrolyte disbalances (Aalami et al., 2003).

2.4 Changes in the Gastrointestinal System

Changes in the neuromuscular function of the gastrointestinal tract (GIT) are most common in
the esophagus and pharynx. Degeneration of the neuromuscular system may lead to symptoms
such as reflux or achalasia (Aalami et al., 2003). Gastroesophageal reflux disease (GERD) is a
typical age-related disease — not only its incidence but also its severity increase with aging (da
Costa et al., 2016). Muscle weakness and failure of muscle coordination can often be secondary
to neurological diseases (chapter 2.7). This failure of coordination may lead to secondary

structural problems such as atrophy, fibrosis and villi loss (Aalami et al., 2003).

Changes in the structure of the GIT are mostly seen in the colon — diverticulosis is a very
common age-related problem. It is caused by a thickening of the muscular layers of the colon:
elastin builds up in the muscularis propria and muscularis mucosae, in a process which may be
increased by inflammation and fibrosis (Aalami et al., 2003). Also, the incidence of colon
cancer increases with age, as well as the incidences of many other types of cancers (Silva et al.,
2015). Abdominal pain, on the other hand, is less frequently recorded in older patients (da Costa
etal., 2016).
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2.5 Changes in the Hepatobiliary System

After the age of 50, the liver decreases steadily in its size. At the same time, blood flow
alterations can be observed. While the size is decreasing, the number of hepatocytes decreases
as well. In order to compensate for the loss of hepatocytes, the remaining cells have an increased
volume. Despite these processes, the filtration and detoxification function of the liver remain at
basal level during aging. The most affected function may be protein synthesis: lower levels of
clotting factors and other proteins are produced by the liver in aging patients, still their levels
in the blood usually do not significantly decrease (Aalami et al., 2003). Additionally, a mild
decrease in albumin levels may be recorded in the elderly (Khan et al., 2017).

2.6 Changes in the Endocrine and Immune System

In women, postmenopausal changes are quite obviously the clearest changes in the endocrine
system found during aging. It leads to an estrogen deficiency and a subsequent increase in
luteinizing hormone (LH) and follicle stimulating hormone (FSH). The main problem is caused
by a rapid bone loss, although later the speed of bone loss decreases. In postmenopausal women,
the risk of pathological fractures and osteoporosis is highly increased. Also, the loss of the
cardioprotective effects of estrogen cannot go unmentioned. This may be caused by low-density
lipoprotein (LDL) increases, while the level of high-density lipoprotein (HDL) decreases. Other
unpleasant side effects such as urogenital atrophy, loss of libido and mood swings can happen.
Unfortunately, hormonal therapy also has a lot of potentially more severe side effects, which
makes it problematic to use (Aalami et al., 2003).

In men, the sex-hormone levels -specifically testosterone- decrease during aging. It can lead to
side effects, such as central obesity and muscle loss, which also leads to an increased
cardiovascular risk. Testosterone therapy may improve the outcomes (Faulkner & Belin de
Chantemele, 2019).
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With age, an impairment of glucose tolerance occurs progressively. The insulin levels decrease
as well as the levels of insulin-like growth factor. The reparation of pancreatic beta cells
declines with age (Khan et al., 2017).

The thyroid gland function only decreases mildly with age, causing a mild hypothyroidism. In
the elderly population, both increased and decreased thyroid stimulating hormone levels are
found more frequently (Barbesino, 2019). Meanwhile, the level of parathyroid hormone
increases with age, while calcitonin is decreased. This process may also lead to osteoporosis
(Aalami et al., 2003).

The levels of cortisol also change in the elderly patient. Patients suffer from sleep problems and
waking up early in the mornings. Those changes may be explained by increased levels of
cortisol and decreased night production of growth hormone (Kern et al., 1996). The sympathetic
body responses may be altered, e.g. thermoregulatory functions may be less functional in
elderly, which can cause a higher sensitivity to low temperatures. In relation to the sympathetic
dysregulation, there may be a decreased adaptation of blood pressure, heart rate, and pH levels
(Aalami et al., 2003).

Inflammatory processes are associated with increased frailty and loss of muscle mass, also
known as sarcopenia (Troesch et al., 2020). Overall, the immune function declines with the
aging process. The volume of white matter of the bone marrow decreases in older individuals
(da Costa et al., 2016). The decreased immunity mediated by T-lymphocytes increases the risk
of infections. Responses to interleukin (IL) 2 decrease, and lead to a decreased natural killer
cell function. Some mediators of systemic responses increase more in elderly patients rather
than in younger patients, which may lead to more complications due to systemic inflammation
and higher incidences of systemic inflammatory response syndrome (SIRS) (Aalami et al.,
2003). Also, the epithelial barrier function shows signs of impairment, which makes it easier to
penetrate for pathological organisms. The hypodermal layer of the skin becomes atrophic (da
Costa et al., 2016). The age-related changes in all of these immune functions are collectively

called “immunosenescence” (Khan et al., 2017).
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2.7 Neurological Changes

The decrease of mitochondrial activity in the neurons is highly associated with the aging process
(da Costa et al., 2016). Also, cerebral atrophy, a loss of brain weight (Khan et al., 2017) and a
decreased integrity of the blood brain barrier (BBB) (Barnes et al., 2021) are all associated with
aging. A diffuse astrocytosis and microglial activation is found in the aging brain (Cutuli, 2017).
Alzheimer’s disease and Parkinson’s disease are related to old age (Trevisan et al., 2019).
Incidences of cerebrovascular accidents and delirium increase with age (Aalami et al., 2003).
Brain aging is associated with a decreased learning ability and memory problems, as well as
the development of neuropsychiatric disorders (Cutuli, 2017). The plasticity of synapses

decreases and the building of new neurons becomes impaired (Khan et al., 2017).

Almost all sensory organs are affected by aging: mainly vision, audition, and tactile sensation.
In the eye, the rods and cones undergo degenerative changes (Aalami et al., 2003). The lens
becomes less flexible due to protein depositions, leading to presbyopia. Age-related cataracts
appear more frequently (da Costa et al., 2016). In the ear, several changes occur: the eardrum
stiffens, and the cochlea and mechanoreceptors lose sensitivity. Also, reflex time increases as

well as the time needed for signal conduction (Aalami et al., 2003).
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3. THEORIES OF AGING

Aging has been linked to many different pathophysiological mechanisms and causes. Until this
day, over 300 different theories of aging have been formed (da Costa et al., 2016) — most of
them remain controversial and unproven (Aalami et al., 2003). Their sheer quantity makes it
almost impossible to describe them all. To simplify the theories, they have been grouped
according to their similarities (da Costa et al., 2016). There are biological, psychological and
sociological theories of aging (Lange & Grossman, 2014). In this paper, the focus lies on the

biological theories, which are mostly divided into three groups (Fig.2).

| Aging
theories

Program Combined Damage
theories theories theories

Fig. 2. Categorization of the main biological theories of aging (da Costa et al., 2016)

The first group is that of program theories (chapter 4.1). They are also called “adaptive”
(Goldsmith, 2016), “intrinsic” or “developmental-genetic” causes of aging (Aalami et al.,
2003). The second group are the “error” or “damage” theories (chapter 4.2). They are also called
“extrinsic” or “stochastic” causes of aging (Aalami et al., 2003). The third and last group are
the combined theories. They contain aspects of both previously mentioned categories (da Costa
etal., 2016). Nowadays, most researchers agree that there is not just one singular cause of aging,

but that it must be an interplay of many different factors.
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Tab. 1. Biological Theories of Aging

Name of group of theories

Short description

Program theories

Genetically programmed aging process giving
aging species an evolutionary benefit

Theories of programmed senescence

Aging-genes trigger the aging process

Endocrine theories

Decrease of pituitary hormones and increases of
insulin growth factor trigger aging

Theories of telomere shortening

Apoptosis caused by reaching the limited number

of cell replications is the main aging mechanism

Immunological theories

Decreased immune function causes an increased

infection-susceptibility causing aging

Damage theories

Random external events causing accumulative

damage to the organism causing aging

Theories of free radicals

Free radicals causing damage to molecules is the

main trigger for aging

Mutation accumulation theories

Errors in DNA and its products cause aging

Wear and tear theories

Cells and tissues wear out over time and lose their

function and repair mechanisms

Cross-linking theories

Over time molecular cross-links are formed in
tissues causing obstruction of important

processes

Combined theories

Combination of both groups of theories
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Each of the previously mentioned theories (Fig. 2) can be further subdivided into smaller groups
(Tab. 1). These subgroups vary widely between different sources and not all of them can be
listed here. The main program theories are the theories of programmed senescence (chapter
3.1.1), the endocrine theories (chapter 3.1.2), the theories of telomere shortening (chapter
3.1.3), and the immunological theories (chapter 3.1.4). The main damage theories are the free
radical theories (chapter 3.2.1), mutation accumulation theories (chapter 3.2.2), wear and tear

theories (chapter 3.2.3), and cross-linking theories (chapter 3.2.4).

Many of the aging theories are based on the previously mentioned pathophysiological changes
seen during aging (chapter 2). It often remains unclear whether the changes should be seen as

a consequence or a cause of aging.

3.1 Program Theories

Program theories focus on the interplay of environment and genetics (Trevisan et al., 2019).
Such theories suggest the existence of an evolutionary benefit in species with a limited lifespan
(Goldsmith, 2013). They are also called “active”, “adaptive” (da Costa et al., 2016), “intrinsic”,
or “developmental-genetic” theories (Aalami et al., 2003). They suggest the presence of active
mechanisms to limit the lifespan of a species (louk & Titorenko, 2017).

This would mean that the deterioration of the organism over time leading to death creates space
for a new generation with slightly different genes, potential adaptation to the environment, and
better chances of survival for the entire species. The altruistic reason would be to lower the risk
for overcrowding (Goldsmith, 2016). The individuals of a species compete for limited
resources. Thus, to create space for new individuals, it is necessary for the previous ones to
disappear (da Costa et al., 2016).

This chapter discusses the genetic influences on aging, genes causing a longer or shorter
lifespan, intrinsic mutagenesis, shortening of telomeres, and the immunological changes which

may cause aging.
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Many of these theories are widely based on simpler animal studies with species which have a
much shorter lifespan than humans, as well as a smaller genome (such as yeasts, flies, salmons,
or mice). It is difficult to study humans due to their relatively long lifespan and because the
genetic information in mammals is very complex. The enormous length of the human genome
makes it difficult to identify single genes responsible for aging. Until today, only little is known

about the possibilities to transfer this information on the human species (da Costa et al., 2016).

One of the main arguments used against these theories is that, until recently, most humans
would die before they had the chance to achieve old age. This would contradict the evolutionary

development of an aging mechanism (Kowald & Kirkwood, 2016).

3.1.1 Theories of Programmed Senescence

In some species, certain “age genes” have been identified, which program biochemical
pathways leading to death. Salmons die after successful mating, which is probably the best
example of a programed death. This can also be observed in other animal species, which hints
to the possibility of a programed death in more highly developed species, but not much is known
so far. If such a supposition was true, it could be possible to deactivate the responsible genes as
to increase the lifespan of individuals of a species. Such deactivating mutations are described
as “life-expanding mutations”. So far, no mutation has been reported that could entirely stop
the process of aging. In some model organisms, a significant increase of the lifespan has been
noted after such mutations.

The most employed organism for age prolonging gene research is the nematode Caenorhabditis
elegans with a lifespan of only a few days to weeks (da Costa et al., 2016). A mutation in the
age-1 gene leads to a developmental arrest of the organism in its adult phase. Its lifespan is
therefore doubled. This developmental arrest suggests a genetic interaction between
development and age. It has been shown that the lifespan of C. elegans also depends on other
factors e.g. caloric intake and time of onset of caloric restriction (Fontana et al., 2010).
Unfortunately, these model organisms are unlikely to reflect insight on the human physiology
of aging (da Costa et al., 2016).
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3.1.2 Endocrine Theories

According to these theories, the process of aging is controlled by a biological clock regulated
by hormones (Jin, 2010). They are also called neuroendocrine theories due to the control that
the hypothalamus exerts over hormones (da Costa et al., 2016). Hypothalamic-pituitary-adrenal

axis hormones generally decrease during the aging process (Trevisan et al., 2019).

The mainly investigated hormones potentially causing aging are GH, its target IGF-1, and
melatonin (Trevisan et al., 2019). Their concentrations generally decrease with age. GH
deficiency in humans can cause signs of early aging. Interestingly, these patients live longer
than average. Also, in rats with mutations causing a GH deficiency, an increase in life-

expectancy and a delayed immune aging is seen (da Costa et al., 2016).

The changes in the biological clock of elderly people lead to the suspicion of melatonin as a
cause of aging. Many elderly patients tend to get up early in the morning and go to bed very
early in the evening. Melatonin changes may be responsible for these shifts in the biological
clock (Trevisan et al., 2019).

3.1.3 Theories of Telomere shortening

The natural chromosome ends are called telomeres. They are non-coding DNA
(deoxyribonucleic acid) fragments, which repeat and contain many guanin-bases (Liu et al.,
2019). During DNA replication, the 5’ to 3’ direction is the direction of the leading strand. The
other strand of DNA is called the lagging strand, and this is where the problem occurs: The
enzyme DNA-Polymerase connecting the new bases to the original strand which got separated
only moves along the 5’ to 3’ direction. It would have to work against the direction of separation
of the DNA in the lagging strand to replicate it successfully. This problem is solved by adding
certain RNA (ribonucleic acid) primers to the lagging strand, which are continued by some
bases, which are then called Okazaki fragments. These fragments allow the DNA-polymerase
to attach and build the lagging strand until the next primer. In the end of the DNA-strand, until
the first primer gets attached, the strand cannot be built. This leads to a loss of some part of the
telomere with each DNA replication. It is only logical that organisms can only build new cells
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effectively for some time without losing a significant part of the telomeres. This is called the
“end replication problem” (Fig. 3). Telomere length therefore does play an important role in

the aging process and in limiting the maximum life span (Dillin et al., 2008).

Telomere
A
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§' strand replication 3' strand repllcatlon D
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complete
replication \
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Fig. 3. The end replication problem (Dillin et al., 2008)

Telomerase is an enzyme counteracting this mechanism of constant shortening, and it is the
only way of lengthening the telomere (Liu et al., 2019). It was discovered in some species, and
it can add some G-bases to the end of the DNA strand. Human cells do not contain such an
enzyme — except for germ cells, in which hTERT, the human telomerase reverse transcriptase,
was identified. In some cancer cells, \TERT becomes activated and leads to immortality of the
cell line (Dillin et al., 2008).

Should the length of the telomere become insufficient, the cells protective mechanisms step in.
A common consequence is apoptosis, cellular dysfunction, or cell cycle arrest (Dillin et al.,

2008). This limit leading to arrest at a specific length of the telomere is called the “Hayflick
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limit” (Liu et al., 2019). Cells which have reached a critically shorted length of their telomeres
are said to have reached their Hayflick limit (Ndifon & Dushoff, 2016).

Cell senescence becomes visible in cells with short telomeres. Activation of telomerase reduces
signs of senescence in cells, and increases their lifespan. Monocellular organisms with large,
artificially increased telomeres did, surprisingly, not show an increase in their lifespan. Humans

with longer telomers show a decrease in age-related pathology (Liu et al., 2019).

3.1.4 Immunological Theories

Immunological responses become weaker in aging individuals. This process is not only
observed in humans but also in other animals. It leads to an increased infection risk and worse
outcomes during infection (Trevisan et al., 2019). Innate immune mechanisms cause increased
inflammation (“inflamm-aging”), while adaptive immunity involution leads to a decrease of the
immune response and its precision (“immuno-senescence”) (Schmeer et al., 2019). The
immunological theories suggest that this decline in immunity is not accidental, but a planned
increase in vulnerability and likelihood of death. Some of the main age-related diseases. Such
as cardiovascular diseases, Alzheimer’s disease, and cancer are also related to a decline in
immune function (Jin, 2010). Senescent cells may escape the elimination by the immune system
via a secretion of cytokines. This accumulation of aged cells in aging individuals may be the

cause of aging but it may also be caused by it (Schmeer et al., 2019).
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3.2 Damage Theories

Damage theories are based on cumulative systemic damage (da Costa et al., 2016). They are
also called “extrinsic” or “stochastic” causes of aging (Aalami et al., 2003). According to these
theories damage is caused by different external stimuli (da Costa et al., 2016) such as free
radicals, radiation, protein cross-linking, or errors in protein synthesis (Aalami et al., 2003).
These factors may be modulated to influence aging and may explain the sometimes very
different lifespans between individuals of one species, even if they are genetically identical (da
Costa et al., 2016). Such theories describe a development of functional loss and accumulation
of accidental lesions during aging which are caused by environmental factors via different
mechanisms. Those mechanisms make up the different theories found in this category.
Researchers nowadays mostly agree that the damage described in these theories is at least

partially responsible for the aging process (Trevisan et al., 2019).

3.2.1 Free Radical Theories

ROS are highly reactive molecules causing oxidative damage to the body on a molecular level,
especially to lipids, DNA, and proteins. The most important ROS are superoxide, hydrogen
peroxide and hydroxyl radical. They are produced in the body by chemical reactions which
partially reduce oxygen by adding an electron (da Costa et al., 2016). The main sources of ROS
in cells are the mitochondrial transport chain, the nicotinamide adenine dinucleotide phosphate
oxidases (NADPH oxidases) and the 5-lipoxygenase (Novo & Parola, 2008) (Fig. 4, Fig. 5, Fig.
6). Their effects are highly significant considering that, over the course of a lifetime, about 2-
3% of metabolized oxygen is transformed into ROS. Until today the theory of ROS is one of
the most discussed (Liochev, 2013) and most widely accepted (da Costa et al., 2016).
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Mitochondria

Stimuli inducing increased mitochondrial
generation of ROS:

- serum deprivation - hypoxia

- integrin signalling - ceramide

- apoptosis -p53

- TNFa - oncogenic Ras

Fig. 4. Mitochondria: major cellular sources of reactive oxygen species in living cells
(Novo & Parola, 2008)

Mitochondria are one of the main sources of ROS in the human cell. O, radicals are formed at
the levels of complex I and 111 in the mitochondrial electron transport chain. Most of them are
converted into H>O> by mitochondrial superoxide dismutase (SOD), H2O> can cross the
mitochondrial membrane and therefore it can enter the cytoplasm of the cell (Fig. 4) (Novo &
Parola, 2008).
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Fig. 5. Reduced nicotinamide adenine dinucleotide phosphate oxidase: major cellular

sources of reactive oxygen species in living cells (Novo & Parola, 2008)

Two different forms of NADPH oxidase (NOX) can be found in the human body: the classic
form in phagocytic cells such as macrophages or neutrophils and the non-classical form in other,
non-phagocytic cells (Fig. 5) (Novo & Parola, 2008). The increased production of ROS by these
mechanisms after activation has the function to kill invading microorganisms in phagocytic
cells. The ROS serve as inflammatory mediators and they are important for innate immune
functions (Panday et al., 2015).
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Fig. 6. 5-lipoxygenase: major cellular sources of reactive oxygen species in living cells
(Novo & Parola, 2008)

The enzyme 5-lipoxygenase (Fig. 6) is a part of the synthesis mechanisms of leukotrienes from
arachidonic acid (Fig. 16) (chapter 7.4) and one of the mechanisms producing ROS in the
human body (Novo & Parola, 2008).

Since some of the reactions producing free oxygen radicals are present in the mitochondria (Fig.
4), mitochondrial maintenance impairment occurs. It is described as one of the main
mechanisms inducing aging. Due to the higher exposure of mitochondria to oxygen radicals,
mtDNA (mitochondrial DNA) has a higher risk of damage by ROS than nuclear DNA. The
organs most vulnerable to ROS damage are heart, brain and skeletal muscle (da Costa et al.,
2016).

The theories of free radicals have undergone many changes over the last decades. While it was
originally believed that accumulation of damage caused by the radicals would cause aging (Jin,
2010), nowadays researchers discuss the potential anti-aging effects caused by mechanisms
counteracting the damage of free radicals. Low levels of free oxygen radicals could, therefore,
even possess anti-aging properties, the so called “prosurvival signals” (Liochev, 2013). They
act as signaling molecules in the cells. The systems which play a role in reducing oxidative
damage activated by increased concentrations of ROS are highly adaptive and induce the
expression of antioxidant genes, which have a protective effect (Silva et al., 2015). Researchers

argue that the harmful effects of ROS only seem to play a role in defective signaling systems.
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Direct damage may not play an important role. This is why some authors regard the traditional
theory of ROS as wrong (Lapointe & Hekimi, 2010). Nevertheless, none of these theories are
proven and the traditional ROS damage theory is not refuted. The discussion is still ongoing
(Liochev, 2013).

It is clear that highly increased levels of ROS are damaging for cells. They may cause chronic
inflammation, inducing necrosis or apoptosis (Paneni et al., 2017). Mechanisms counteracting
an increased ROS production include caloric restriction, antioxidant rich nutrition, and the

avoidance of inflammation (Lange & Grossman, 2014).

Other theories of aging are also based on oxidative damage to cells and their molecules. Similar
to ROS also reactive nitrogen species (RNS) may induce aging. They have been associated with

some age-related diseases, but the mechanisms remain unknown (da Costa et al., 2016).

Advanced glycation end-products (AGES) are typically found in tissues of aged individuals and
are nowadays highly associated with the aging process. AGEs are also produced in the body
under normal circumstances. Additionally, they can enter the body exogenously via food or
tobacco. High temperatures, high pH, and a low humidity may increase their formation in the
food preparation process. Therefore, highly processed food contains more AGEs than
unprocessed food. Decreasing the exposure to these substances may decrease oxidative stress

and inflammation in the body and even prolong life (Sharma et al., 2015).
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3.2.2 Mutation Accumulation Theories

Mutation accumulation theories are also called “error theories”. They suggest that, over time,
errors in DNA and its products -RNA and proteins- accumulate, causing the cells to die.
External factors such as radiation, pesticides, organic solvents, or even tobacco smoke are said
to predispose these errors to happen more frequently. The theories suggest that a reduction or
elimination of these factors could slow down or even stop the process of aging (Lange &
Grossman, 2014). The influences of these factors on DNA are the cause of increased instability,
which may lead to errors in replication, causing mutations. Several mechanisms have been set
in place by cells to detect these errors and remove them. The mutations of those mechanisms
are linked to several genetic diseases, called premature aging syndromes. Xeroderma
Pigmentosum (XP) is probably the best known example of a genetic mutation of DNA repair
mechanisms (da Costa et al., 2016). DNA instability is also related to telomere shortening
(explained in chapter 3.1.3).

3.2.3 Wear and Tear Theories

Some tissues found in the human body have only limited repair or replacement capabilities.
Examples of these tissues are neurons or heart muscle. In other tissues, damage may also not
be repaired appropriately if it is too severe. This problem could be exacerbated by aging
properties, which cause a decrease of the damage threshold, causing an increased susceptibility
for irreparable damage. Studies suggest that aged cells lose their abilities for repair.

According to these theories, the increased use of a tissue, for example, cartilages in a sportsman,
can lead to an increase of wear and tear mechanisms. Normal daily activity would also cause
damage via wear and tear mechanisms to happen. They may be even more significant than the
damage caused by exercise (Lange & Grossman, 2014).
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3.2.4 Cross-linking Theories

These theories are also called connective tissue theories. According to them, biochemical
processes may create links between structures which are not normally connected (Lange &
Grossman, 2014). Protein damage during aging may lead to their cross-linking and an

accumulation of toxic substances in cells, called “aggresomes” (Moldogazieva et al., 2019).

3.3 Combined Theories

Gerontologists nowadays mostly agree that there is not just one singular cause of aging. Many
different causes are more likely to be at the base of the aging process (Kriete et al., 2006). The
combined theories contain aspects of both damage and program theories, in different variations.

They are highly complex theories on causes of aging based on many different aspects.

One of the main theorists is Strehler, who tried to combine the existing aging theories and
formulated these 4 theses about aging (Strehler, 1977):

“l. Aging is universal, and, as such, a phenomenon associated with aging must

occur in all individuals of a species, albeit in different degrees”

“2. Aging must be intrinsic: the causes must be endogenous and they do not

depend on extrinsic factors. ”

“3. Aging is progressive and must occur incrementally throughout the life-

span.”’

“4. Aging must be deleterious, i.e., a phenomenon associated with aging will
only be considered a part of the aging process if it /.../ holds no advantages for

the individual. ”

Since then, many others tried to integrate the aging theories with each other, with some using

the previously mentioned criteria. Until today the discussion is not completed.
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4. AGING AND BIOACTIVE SUBSTANCES

Bioactive substances are e.g. proteins (Thiyagarasaiyar et al., 2020), fatty acids, vitamins,
minerals, and others (Michalak et al., 2021). They are substances found in many foods, e.g.
fruits and vegetables (Zielinska et al., 2017), but they can also be synthetically produced and
used as supplements (Zmitek et al., 2020). They are also found as additives in many cosmetic
products (Thiyagarasaiyar et al., 2020). In the past years, bioactive substances have been
attributed many positive health effects, such as immunomodulation or photoprotection. Also
anti-aging properties of bioactive substances are studied today, and some effects have already
been discovered (Pangestuti et al., 2018).

One of the most discussed sources of bioactive substances is seaweed (Cao et al., 2020;
Pangestuti et al., 2018; Su et al., 2020; Thiyagarasaiyar et al., 2020), which interestingly also
contains high amounts of omega-3 fatty acids (Cao et al., 2020). The effects of omega-3 fatty
acids will be further discussed in chapter 7.

Some effects that are discussed in relation to bioactive substances are their positive influences
on skin aging (Michalak et al., 2021), as well as positive effects on age related diseases, such

as diabetes or cataracts (Cao et al., 2020).
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5. HEALTHY NUTRITION DURING AGING

Nutritional requirements are of fundamental importance throughout the entire life. In old age,
some physiological alterations may lead to changes in the body’s needs of several nutrients and
not only the quality but also the quantity of food must be adapted (Dangour et al., 2007). Both
under- and also overnutrition can lead to NCDs (Troesch et al., 2020).

Several problems occur often in elderly populations: oral health declines, swallowing problems
occur, the senses of taste and smell change, and the overall mobility is often limited. Combined
with a general loss of appetite (Institute of Medicine, 2010), it may lead to undernutrition of the
elderly, which is a common problem in old age (Dangour et al., 2007).

Loss of appetite in the elderly may be associated with lower levels of physical activity,
decreased energy requirements, and a slower metabolism. Elderly people tend to eat less than
they should and, additionally, nutrients which are eaten cannot be as efficiently utilized in
elderly patients. To counteract these processes, it is important to supply elderly people with

nutrient dense foods (Institute of Medicine, 2010).

Polypharmacy is common in elderly patients (Troesch et al., 2020). Certain drug-nutrient
interactions may limit the uptake of some substances, e.g. B-vitamins (Institute of Medicine,
2010).
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Fig. 7. Original and modified food pyramid for 70+ adults (Russell et al., 1999)

Russel published his modified food pyramid for adults over 70 years in 1999 (Fig. 7). The main
changes that we see are the importance of controlled water intake because of increased
dehydration risks in elderly patients, as well as the reduction of foods containing less nutrients,
such as vegetables and fruits. Nutrient supplementation also becomes of greater importance

with age, especially of calcium, vitamin D and vitamin B-12 (Russell et al., 1999).

Large studies about nutrition in elderly populations have been carried out in Europe during the
last decades. The most known are the Seven Countries Study (SCS) (Keys et al., 1984), the
HALE (Healthy Aging: A Longitudinal study in Europe) project (Knoops et al., 2004) and the
SENECA (Survey in Europe on Nutrition and the Elderly) study (van Staveren et al., 2002).

The SCS was the first nutritional cohort study performed in elderly populations. It observed

over 11,500 men for 25 years (Smit & van Duin, 2020), and concluded that a decreased risk of
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coronary artery disease could be found in participants adhering to a Mediterranean diet. Also

Japanese participants showed a lower cardiovascular mortality (Keys et al., 1984).

The SENECA study observed the nutrition of over 2,500 elderly people from 12 European
countries over the course of 11 years. The study concluded that longer survival rates in elderly

are associated with an increased adherence to the Mediterranean diet (van Staveren et al., 2002).

The HALE project started in 2001 and followed up over 7,000 participants from five European
countries (Smit & van Duin, 2020). It is based on the SCS and the SENECA study, as well as
other studies regarding non-nutritional factors. The study concluded that the adherence to a
healthy lifestyle and consuming a Mediterranean diet caused a decline in mortality rates of over
50% (Knoops et al., 2004).

Healthy nutrition and a healthy lifestyle can influence overall health, especially cardiovascular
health, and mortality in a positive way (Knoops et al., 2004). Furthermore, the nutritional needs
vary between younger and older adults. More attention must be paid to the dosages of nutrients
in the elderly since the absorptive capacities are decreased and the metabolism is slowed down.

Also possible pharmacological interactions must be considered (Institute of Medicine, 2010).
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6. PROTEINS

Proteins are made of amino acids (AA) which are linked together into a chain (Nature
Education, 2014). There are 22 different amino acids found in proteins linked together in all
possible variations (Ahern, Rajagopal, 2014). This pure amino acid chain is called the primary
structure of the protein. The secondary structure of the protein is built by the alpha helices and
beta sheet foldings. Both are mostly held together by hydrogen bonds, which makes up a 3-D
conformation. This structure becomes even more complex by a series of further foldings called
the tertiary structure. The final quaternary structure is a complex made up by several different
polypeptide chains (Nature Education, 2014).

Each amino acid contains four groups: a hydrogen, an amine, a carboxyl group and an R part.
Three of these groups do not vary in amino acids — the fourth one, the R part, also called “side
chain”, is unique for each of the 22 amino acids. The four parts are bound together by a central
carbon atom (Fig. 8). When two amino acids are bound together, they form a peptide bond
between the carboxyl group of one amino acid and the amine group of the other (Fig. 9). If two
amino acids are bound together, they are called dipeptide. If more are bound together it is called
an oligopeptide or a polypeptide. Proteins are usually the combination of multiple hundreds of
amino acids (Ahern, Rajagopal, 2014). The most commonly used method to study these

molecular structures is X-ray crystallography (Nature Education, 2014).

Side chain

I
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Fig. 8. General amino acid structure (Nature Education, 2014)
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Fig. 9. Formation of a peptide bond (Ahern, Rajagopal, 2014)

Proteins are synthesized in a process called protein biosynthesis at the ribosomes, where the
process of translation from triplets of messenger RNA to the fitting amino acid takes place.
Only 20 out of the 22 existing amino acids have a fitting RNA triplet and play a role in the
synthesis of proteins in the human body (Tab. 2). Proteins are further metabolized in the Golgi
apparatus, even proteins with the same primary structure can be completely different in their

further buildup and function after this process takes place (Nature Education, 2014).

Amino acids are divided into two categories: essential and non-essential (Tab. 2). Essential ones
must be included in the diet, while non-essential ones can also be produced in the human body.
Under some circumstances, some non-essential amino acids still must be included in the diet,
e.g. if their production is not meeting the physiological needs. This may happen for “arginine,

cysteine, glutamine, proline, selenocysteine, serine and tyrosine” (Ahern, Rajagopal, 2014).
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Tab. 2. Essential and non-essential amino acids (Ahern, Rajagopal, 2014)

Essential (9 amino acids) Non-essential (13 amino acids)
Histidine Alanine
Isoleucine Arginine
Leucine Asparagine
Lysine Aspartic acid
Methionine Cysteine
Phenylalanine Glutamic acid
Threonine Glutamine
Tryptophan Glycine
Valine Proline
Pyrrolysine (not of relevance in humans)
Selenocysteine (not of relevance in humans)
Serine
Tyrosine

Even though not all amino acids can be produced by the body, all of them can be catabolized
(Fig. 10). This happens, for example, in patients consuming a carbohydrate deprived diet or
during starvation. They are used to produce energy in these situations by transformation into
acetyl-CoA (ketogenic) and products possible to transform into glucose (glucogenic) (Ahern,
Rajagopal, 2014). Situations causing stress on the human body, can also cause a shift to

increased catabolism of proteins, ultimately leading to a loss of muscle (Weijs et al., 2014).

42



Legend

Glucogenic Ketogenic Glucogenic/ketogenic
Tryptophan
Tyrosine
Glucose Phenylalanine
lT Threonine  Arginine
Isoleucine Histidine

Phosphoenolpyruvate Lysine Prales
/_ Leucine Glutamine
Acetyl-CoA }A l

Pyruvate O);I;)acetate Citrate Glutamate
Asparagine = Malate Isactkate Threoni_ne
Apartate Isoleucine
l Methionine
Valine

: Fumarate a-Ketoglutarate
Alanine
Cysteine \ /
Glycine Succinyl-CoA

Serine SuccinaU

Threonine Tyrosine

Tryptophan

VRRR Phenylalanine
Apartate

Fig. 10. Catabolism of amino acids (Ahern, Rajagopal, 2014)

Proteins are involved in all fundamental processes of the human body. They are the main
component of all types of muscle tissue, as well as important structural components of skin and
bone. They carry out enzymatic reactions; they are involved in immune functions, oncotic
pressure development; they carry lipophilic substances in the blood, and are used for the energy
metabolism in gluconeogenesis (Fig. 10) and ketogenesis (Weijs et al., 2014). Severe protein
malnutrition leads to a disease called kwashiorkor, which leads to abnormalities in all

aforementioned processes and is often fatal if untreated (Benjamin & Lappin, 2021).

Some age related diseases such as Amyloidosis, Alzheimer’s disease, and Parkinson’s disease,
as well as prion-caused spongiform encephalopathies are associated with proteins (Ahern,
Rajagopal, 2014) and their misfolding (Pereira & Rodrigues, 2021).
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6.1 Sources of Proteins

Most essential amino acids (EAA) are produced by plants (Ahern, Rajagopal, 2014).
Nevertheless, many plant sources of protein such as legumes, soy, and grains are not considered
high quality sources of proteins. The quality of proteins depends on their bioavailability as well
as their composition of AA. If not all essential amino acids are present in high amounts in the
source of protein, the human body will eventually run out of these limiting amino acids and will
not be able to produce proteins any further. In soy, the limiting amino acids are methionine and
cysteine; in legumes, methionine; and in grains, lysine. Plant-derived collagens entirely lack
tryptophan. Vegetal sources of protein also generally have lower levels of EAA than animal
proteins (Tab. 3) (Joanisse et al., 2021).

Most animal proteins (meat, eggs, and milk products) are considered high quality because they
have no limiting EAA. Daily protein recommendations are covered by consumption of one
animal-based protein source. To reduce the risk of deficiency of EAA in plant-based diets, a
combination of different plant-based protein sources is recommended (Joanisse et al., 2021).

Tab. 3. Essential amino acids (EAA) and leucine content in different dietary sources

Essential amino acids (EAA) and leucine content in different dietary protein sources.

Protein source EAA g/100" EAA g/25 g* Leucine g/100 g* Leucine g/25 g Protein dose (g) to ingest
of protein® 3 g of Leucine”

Animal-derived proteins

Egg 16.5 41 6.9 1.7 43
Whey 341 8.5 10.8 2.7 28
Milk 30.3 7.5 8.7 2.2 34
Caseinate 32.8 82 9.0 23 33
Casein 24.8 6.2 79 2.0 38

Vegetal-derived proteins
Soy 19.9 49 6.8 1.7 ol
Wheat 18.0 24 6.0 1.5 50
Pea 23.6 5.9 7.1 1.8 42
Potato 293 7.3 82 2.0 37
Corn 21.0 5.2 13.5 34 22
Oat 13.7 34 57 1.4 52

(Joanisse et al., 2021)
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Nowadays, many new and -potentially more sustainable- sources of proteins are emerging.
Among them, we can find microorganisms such as microalgae, cyanobacteria or other bacteria,

and fungi, as well as insects and dairy byproducts (Pereira & Rodrigues, 2021).

Milk contains two types of proteins: whey proteins and casein. Whey proteins are easily
digested and quickly absorbed. They contain high amounts of essential amino acids.
Additionally, whey proteins stimulate protein anabolism more efficiently than casein.
Therefore, whey protein is an excellent supplement for aging individuals. Whey protein can be
extracted from byproducts of cheese production (Ticinesi et al., 2016).

6.2 Effects of Proteins on Age Related Diseases

In the modern western diet, protein intake in most individuals is highly increased. This is
associated with a slightly increased risk of premature death, as well as worse outcomes in some
diseases (Apetrii et al., 2021). In older adults, the situation seems to be a bit different. Studies
have shown that about 6% of men over 71 years and 4-6% of women over 50 years fail to
consume sufficient amounts of protein (Institute of Medicine, 2010). The general
recommendation for adults is that they should consume 0,83 gram of protein per kilo of body
weight every day (Dardevet et al., 2021). In older individuals, this level of intake is insufficient
to prevent sarcopenia (Ticinesi et al., 2016).

Sarcopenia happens when the skeletal muscle develops anabolic resistance. Amino acids in the
blood do not stimulate the synthesis of protein in muscle tissue as much as they do in younger
or healthier patients. This leads to a decrease in muscle mass and function, which is called
sarcopenia. The process commonly happens in older patients, as well as in critically ill ones,
and even in astronauts in space where gravitational forces are absent. Approximately 1,4-2,5%
of muscle mass is lost yearly in such patients (Dardevet et al., 2021). This loss of muscle mass
increases body fat percentage. This may have an influence on other metabolic functions, and

increase the risk of falls in older adults (Institute of Medicine, 2010).
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Therefore, a higher daily protein intake of 1 gram per kilo of body weight is recommended for
older patients. Patients who are active in a rehabilitation program may benefit from even higher
daily levels of 1,2-1,5 gram per kilo of body weight (Ticinesi et al., 2016). A recent study found
that stronger, older adults tend to have a protein intake with a daily median of 1,2 gram per kilo
of body weight (Wu et al., 2021).

Not only the quantity but also quality of the proteins are important. They should contain
sufficient amounts of all EAA, be easily digestible, and the source should not contain other
components causing potentially harmful effects. The preparation of the food also plays a role
in the uptake of proteins. For example, cooking temperature may play a role (Dardevet et al.,
2021). Among individuals with sarcopenia, men and women with the highest protein intakes
lost the least amount of muscle mass in three years (Institute of Medicine, 2010). Anabolism of
skeletal muscle can also be triggered by increased exercise and insulin administration, which

can be recommended in combination with increased protein intake (Weijs et al., 2014).

If the protein intake in an older adult should be increased, it also largely depends on the
individual patient’s kidney function. Increasing the protein uptake in a patient with kidney
disease may increase toxicity and impair renal function even further (Institute of Medicine,
2010). Decreasing protein levels is recommended in such patients, but due to the previously
mentioned effects of low protein intake, a minimal daily level of 0,8 gram per kilo of body
weight is recommended (Apetrii et al., 2021). Further details on this issue can be read in chapter
6.2.3.

6.2.1 Effects of Proteins on the Cardiovascular System

If protein intake is decreased, muscles essential for survival, such as cardiac muscle tissue, is
initially spared from catabolic destruction. Mostly skeletal muscle is degraded for energy
production. Ultimately, also, the heart muscle will start to be catabolized, which will lead to
heart failure (Weijs et al., 2014).
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6.2.2 Effects of Proteins on the Pulmonary System

The pulmonary function can also be decreased if protein malnutrition leads to a catabolism of
the respiratory muscle tissue. This may eventually lead to respiratory failure (Weijs etal., 2014).

6.2.3 Effects of Proteins on the Renal System

Chronic kidney disease (CKD) patients are generally advised to reduce their protein
consumption. An increase in protein intake may lead to a progression of this preexisting
condition. Protein may induce a vasodilation of the afferent arterioles of the glomerulus,
causing an increase in glomerular pressure and hyperfiltration. Increased consumption of highly
processed sources of protein, such as processed meats, is further associated with an increase in
blood pressure, which is the main cause of CKD. End products of the protein catabolism (p-
cresyl sulfate, trimethyl aminoxide, and indoxyl sulfate) accumulate excessively in patients
with an increased protein intake. This may lead to the onset or an increase of severity of uremic
symptoms. Decreased protein intake and an increase in fruit and vegetable intake are even

associated with a decreased mortality in patients with CKD (Apetrii et al., 2021).

Nephrologists, on the other hand, do not recommend decreasing daily protein intake below 0,8
gram per kilo of body weight because of the association with loss of muscle mass mentioned
previously (Apetrii et al., 2021). Additionally, studies showed an increased loss of bone mass
in patients with a decreased protein intake. Previously, it was believed that an increased protein
intake would lead to increased renal losses of calcium, leading to a loss of bone mass. This has
been refuted (Institute of Medicine, 2010).
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6.2.4 Effects of Proteins on the Endocrine and Immune System

The endocrine system largely controls the anabolism and catabolism of muscle proteins.
Cortisol leads to an increased catabolism of proteins in muscle, while glucagon promotes
gluconeogenesis. Insulin has anabolic effects on the muscle mass (Weijs et al., 2014).

Some proteins may have anti-inflammatory properties. Whey protein stimulates the release of
IGF-1, which is known as an anti-inflammatory substance. In some elderly patients, it may even
lead to a drop in previously elevated CRP (C-reactive protein) levels. Exercise-induced releases
of pro-inflammatory markers CRP and IL-6 were reduced with an increased protein intake in
younger patients. Leucine is said to be the main anti-inflammatory amino acid. High levels of

it can be found, for example, in red meat (Ticinesi et al., 2016).

Many skin products contain collagen and elastin building blocks. They can potentially improve
the cellular metabolism, inhibiting matrix metalloproteinases, and therefore improving the
formation of extracellular matrix proteins, which has an overall protective effect on the skin
(Zmitek et al., 2020).

6.2.5 Neurological Effects of Proteins

A study showed beneficial effects of a protein-rich extract of the Musca domestica larvae over
age-related neuronal loss in rats. The substance had a brain-protective and anti-degenerative

effect, possibly induced by reducing oxidative stress (Tang et al., 2020).
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7. OMEGA-3 FATTY ACIDS

Omega-3 fatty acids are also called n-3 fatty acids, and are also known by their alternative
spelling: w-3 fatty acids (Cholewski et al., 2018). They form, together with omega-6 fatty acids,
the group of polyunsaturated fatty acids (PUFAs), meaning they contain more than one double
bond (C=C). The first double bond can be found between the 3™ and 4" carbon atom counting
from the methyl end in the omega-3 fatty acids, and between the 6" and 7" carbon atom in the
omega-6 fatty acids (Fig. 11). Monounsaturated fatty acids have only one double bond (Fig.
12), while saturated fatty acids have no double bonds between their carbon atoms (Fig. 12)
(Ahern, Rajagopal, 2014).

Fig. 11. Arachidonic acid — a polyunsaturated fatty acid — omega-6 fatty acid (Ahern,
Rajagopal, 2014)
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Fig. 12. Saturated and unsaturated fatty acids (Ahern, Rajagopal, 2014)

The difference between omega-6 and omega-3 fatty acids is the location of the first double
bond. There are two systems to name PUFAs. The omega system starts counting at the methyl
(-CH3) end. It is called “omega” because this side of the molecule is considered to be the end
part. The delta system starts counting on the opposite side of the molecule, the carboxyl end (-
COOH) (Fig. 13). If we used the delta system and started counting from the carboxyl end, the
omega-3 fatty acid could also be called a cis-A6, because it has a first cis double bond between
the 6 and 7" carbon atoms (Ahern, Rajagopal, 2014).

O 0)
A 12 9 6 3 1
HO 1 9 12 1@ 18

Fig. 13. Delta (A) and omega (o) numbering systems for fatty acids (Ahern, Rajagopal,
2014)
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Enzymes producing double bonds are called “desaturases”. Humans, as well as many other
animals, have only some types of desaturases and cannot perform all steps of omega-3 fatty

acid synthesis in their body (Troesch et al., 2020).

The main omega-3 fatty acid humans require is alpha linolenic acid (ALA) (Calder, 2018).
Other types of omega-3 fatty acids can be produced from it by enzymes called desaturases and
elongases (Fig. 14) (Calder, 2018). From ALA, eicosapentaenoic acid (EPA, 20 carbon atoms)
and docosahexaenoic acid (DHA, 22 carbon atoms) are produced. They are precursor molecules
for many physiological mediators, such as prostaglandins, thromboxanes, and leukotrienes.
These mediators form the group of eicosanoids (Jain et al., 2015). In humans, this conversion
into EPA and DHA is poor. EPA and DHA must also be present in the diet to reach sufficient
levels (Troesch et al., 2020). They are therefore considered to be essential as well (Cutuli,
2017).

Alpha-linolenic acid (18:3n-3)

o

L Delta-6 desaturase

Stearidonic acid (18:4n-3)
\ Elongase 5

Eicosatetraenoic acid (20:4n-3)

Delta-5 desaturase

Eicosapentaenoic acid (20:5n-3)
| Elongase $
Docosapentaenoic acid (22:5n-3)

1 Elongase 2 or 5

_ Delta-6 desaturase
y [-oxidation (-2C)

Docosahexaenoic acid (22:6n-3)

Fig. 14. The metabolic pathway of biosynthesis of eicosapentaenoic acid,
docosapentaenoic acid and docosahexaenoic acid (Calder, 2018)
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Omega-3 fatty acids are considered to have anti-inflammatory effects, while the effects of
omega-6 fatty acids are considered to be pro-inflammatory (Cholewski et al., 2018). This may
be the cause of the effects of omega-3 fatty acids on the different body systems. The
mechanisms are explained in the following chapters (chapter 7.1 and chapter 7.4). Not only is
the level of omega-3 fatty acids in the diet important, but also their ratio with omega-6
(Simopoulos, 2002). Interestingly, the anti-inflammatory effect does not increase
proportionally with the increase of omega-3 fatty acids in the diet. It is the highest when the
intake of both omega-3 and omega-6 fatty acids is high (Ticinesi et al., 2016). The number of
daily intakes, timing of doses, and durations of possible effects are still being discussed and
may be the cause of ambivalent or even contradicting results of different studies (Troesch et al.,
2020).

7.1 Digestion of Omega-3 Fatty Acids and their Transport through Membranes

Fat digestion starts already in the mouth, where the combined forces of chewing, lingual lipase,
and some emulsifying phospholipids make lipids more accessible for further digestion steps.
Fats are generally hydrophobic and therefore accumulate in groups in the form of droplets,
which are separate from hydrophilic food particles. Gastric lipase starts the breakdown of
triacylglycerols in the stomach. From there, fat enters the small intestine — the main place of fat
absorption. Bile emulsifies the fat due to its ability to attract both water and fat. This drastically
increases the surface area of the lipid droplets (Zimmerman, 2020). Long-chain PUFAs are
hydrolyzed from triacylglycerols inside the intestinal lumen via the enzyme pancreatic lipase
(Cabré et al., 2005). In order to pass through hydrophilic areas, such as the lining of membranes,
micelles with their hydrophilic exterior and hydrophobic core are formed. Inside the blood and
Ilymph, long-chain FAs can only be transported within chylomicrons (CM). They are formed
inside intestinal cells (Zimmerman, 2020).

Transport of long-chain FAs across the phospholipid membrane had previously been thought
to occur via passive diffusion. During the past decade, it was discovered that this is a process

regulated by membrane proteins. So called “membrane-associated fatty acid-binding proteins”
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or short “fatty acid transporters” regulate and facilitate the uptake of fatty acids. Some of the
transporters that have been found are “CD36, plasma membrane-associated fatty acid-binding
protein (FABP(pm)), and a family of fatty acid transport proteins (FATP1-6)” (Fig. 15)
(Schwenk et al., 2010).
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Fig. 15. Mechanisms of fatty acid uptake by the heart (Iso & Kurabayashi, 2021)
CM (chylomicron), VLDL (very low density lipoprotein), FA (fatty acid), CD36 (cluster of
differentiation 36), FABPpm (plasma membrane-associated fatty acid binding protein),
FATPs (fatty acid transport protein)

As seen on figure 15, the exact mechanisms of uptake of fatty acids are still unclear. The image
visualizes 4 steps of the process: firstly, the lipolysis before uptake on the endothelial surface;
secondly, the uptake of FA from the capillary into the endothelial cell through the plasma
membrane; thirdly, the intracellular FA transport through the endothelium and then, fourthly,
from there the uptake into the cardiomyocyte. The mechanisms of transport of FA into the

interstitial space remain unknown (Iso & Kurabayashi, 2021).
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7.2 Sources of Omega-3 Fatty Acids

The main sources of omega-3 fatty acids are almost all types of seafood (Calder, 2018). Fatty
fishes have high contents of omega-3 fatty acids, examples of which are salmon, tuna
(Covington, 2004) or mackerel (Calder, 2018). Sea mammals, such as whales and seals, also

contain increased levels of omega-3 fatty acids in their tissues.

An excellent plant source of EPA (eicosapentaenoic acid) and DHA (docosahexaenoic acid) is
seaweed (Cao et al., 2020). Fish accumulate omega-3 fatty acids in their body, as seaweed
containing high amounts of omega-3 FAs is their main source of food (Shahidi &
Ambigaipalan, 2018). Seaweed seems to be the main producer of omega-3 fatty acids. They are
the main organisms containing the enzymes needed for de novo synthesis of many PUFAs.
Also, other organisms have been described to have this ability (de Carvalho & Caramujo, 2018).
The type of seaweed described to have most effects is brown seaweed (Phaeophyta) (Begum et
al., 2021).

Fish also have the ability to transform alpha linolenic acid (ALA) and alpha linoleic acid (LA)
into the long-chain PUFAs, DHA, and EPA. Some species of fish have higher levels of
conversion than others. Fresh water fish, especially, seem to have increased PUFA production
— much higher than marine fish (de Carvalho & Caramujo, 2018). Meat from land animals, on
the other hand, contains only negligible amounts of omega-3 fatty acids (Tab. 4) (Calder, 2018),
and very low levels of conversion into long-chain PUFAs. These levels are comparable to

human conversion levels (Troesch et al., 2020).

Not only is the presence of any omega-3 FA in the food important, but also the ratio between
EPA and DHA. This exact ratio is also discussed in the literature (Shahidi & Ambigaipalan,
2018). Between the different species of sea animals, the contents of EPA and DHA vary (Tab.
4) (Calder, 2018).
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Tab. 4. Amount of eicosapentaenoic acid, docosapentaenoic acid, and docosahexaenoic
acid in gram per 100g in a selection of seafood and meat

Typical adult portion size EPA + DPA + DHA
Food EPA DPA DHA () (g/portion)
Mackerel 0-71 012 1,10 160 309
Canned pilchards 117 0-23 120 110 2-86
Trout 023 0-09 083 230 265
Salmon 0-50 0-40 1.30 100 2:20
Canned sardines 0-89 0-10 068 100 1-67
Herring 0-51 0-11 0-69 120 156
Crab 0-47 0-08 045 85 0-85
Plaice 016 0-04 010 130 0-39
Cod 0-08 0-01 016 120 0-30
Mussels 0-41 0-02 016 40 024
Haddock 005 0-01 010 120 019
Venison 0-04 0-09 < 0.01 120 016
Canned tuna 0.02 0-02 0-14 45 0-08
Lamb 0-03 0-04 002 90 0-08
Prawns 0-06 < 0-01 004 60 0-06
Chicken 0-01 0-02 003 100 0-06
Beef 002 0-02 0 90 0-04
Pork 0-01 0-02 0.01 90 0-04

(Calder, 2018)

Since most people in the western world do not consume fish as often as recommended by the
WHO, an easy alternative to eating fish is using fish oil. Also, other types of oils, such as

vegetable oils, contain omega-3 FAs (Covington, 2004).

Some other foods which do not originate from the sea also contain omega-3 fatty acids to lower
degrees or with less optimal DHA:EPA ratios. Examples of such foods are green leafy
vegetables, nuts, beans (Novotny et al., 2021), and fungi (Shahidi & Ambigaipalan, 2018).

The ratio between the pro-inflammatory omega-6 fatty acids and the anti-inflammatory omega-
3 fatty acids has shifted greatly towards the side of the omega-6 fatty acids in the standard
American diet. The average ratio of omega-6 to omega-3 fatty acids used to be 4:1 (or even
1:1), but now it is at about 15 to 1 (Simopoulos, 2002). This is caused by increased dietary
levels of omega-6 and decreased omega-3 levels (Covington, 2004). To reduce this ratio, the
diet can be adapted. Different oils may be selected for cooking, or fish consumption can be
increased. Alternatively, supplements can be used. There are numerous types of omega-3 fatty
acid supplements available on the market today — most of which are based on fish oil, some on
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algae oils. Supplements significantly increase the amount of omega-3 FAs in the blood and
tissues of non-consumers of fatty fish. Attention must be paid to the amounts of EPA and DHA
present in those individual supplements and also to their ratio (Tab. 5) (Calder, 2018). Shifting
the ratio of omega-6 to omega-3 FA to about 4 to 1 or even lower has shown to be effective
(Simopoulos, 2002).

Tab. 5. Typical eicosapentaenoic acid and docosahexaenoic contents of omega-3 fatty

acid supplements

EPA DHA EPA + DHA
(mg/g oil) (mag/g oil) (mg/g/ail)
Cod liver oil 110 90 200
Krill oil 140 65 205
Standard fish oil 180 120 300
Typical 45% fish oil 270 180 450
concentrate
Tuna oil 110 350 460
Algal oil used in infant formula 0 =400 =400
Typical 60% fish oil 360 240 600
concentrate
Omacor™ (n-3 ethyl ester 460 380 840
concentrate)
Flaxseed oil 0 0 0

(Calder, 2018)

The exact amounts of EPA and DHA needed are not clear. Most sources recommend an amount
of at least 250 mg of combined EPA and DHA per day (Troesch et al., 2020).
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7.3 Docosahexaenoic Acid and Eicosapentaenoic Acid

Docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are the most important very
long-chain omega-3 fatty acids. They are called “very long” in order to be more easily
differentiated from the shorter omega-3 fatty acids such as ALA or stearidonic acid (SDA)
(Calder, 2018). DHA and EPA can be endogenously produced from alpha-linolenic acid (Fig.
14), but the produced levels are very low (Troesch et al., 2020). DHA is produced from ALA
in the liver (de Carvalho & Caramujo, 2018). Their produced levels depend on many individual
factors such as diseases, genetics, sex, and age. To maintain adequate blood levels of DHA and
EPA, they must be contained in the diet or supplemented. The optimal uptake of DHA and EPA
is 250 mg per day, even though -to achieve positive effects in some health conditions- an even

higher amount is recommended (Troesch et al., 2020).

Many of the functions of EPA and DHA are synergistic, but some are also distinct (Troesch et
al., 2020). The detailed effects which they exert on the different body systems are discussed in
the following chapter (chapter 7.4).

7.4 Effects of Omega-3 Fatty Acids

Unlike proteins, omega-3 fatty acids are not usually consumed excessively. Most people have
low to very low levels of EPA and DHA in their blood (Troesch et al., 2020). When their
concentrations are increased in the blood, they get integrated into the lipophilic cell membranes
of all cells, especially in blood and liver cells (Simopoulos, 2002). This leads to changes in the
membrane functions, such as changes in fluidity, elasticity, permeability (de Carvalho &
Caramujo, 2018), as well as changes in cell signaling, lipid inflammatory mediator production,

and gene expression (Troesch et al., 2020).

The mechanism causing the proinflammatory effects of omega-6 fatty acids and anti-
inflammatory effects of omega-3 fatty acids can be explained by the competitive inhibition of

the same enzymes needed for the conversion of both. Arachidonic acid, which is needed for
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pro-inflammatory eicosanoid production, cannot be formed excessively when omega-3 PUFAs
are present (Fig. 16) (Davinelli et al., 2018).
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Fig. 16. Polyunsaturated fatty acids (PUFA) and eicosanoids biosynthesis (Davinelli et al.,
2018)

Proinflammatory eicosanoids, leukotrienes, prostaglandin E;, and thromboxane A are
synthesized from arachidonic acid. If their precursor is mostly replaced by omega-3 fatty acids,
these reactions cannot take place and, instead, anti-inflammatory resolvins and protectins are

produced in increased amounts (Davinelli et al., 2018).

Many effects of omega-3 fatty acids are still in discussion, and many of their effects are still
not fully evaluated and proven in human models (Bischoff-Ferrari et al., 2021). Some recent
studies provide evidence that some of the positive effects may have been overestimated in the
past (Nicholls et al., 2020; Nissen et al., 2021). Still, the vast majority of studies come to the
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conclusion that there are positive effects of omega-3 fatty acids (Novotny et al., 2021). In many
cases, the full mechanism of action is hypothesized and not yet understood. Most of the
evidence found reflects the positive effects of omega-3 fatty acids on cardiovascular diseases,
while other diseases are not yet proven to be significantly positively affected by increased

omega-3 fatty acid intake in human models (Bischoff-Ferrari et al., 2021).

Most conditions where the effects of omega-3 fatty acids are being discussed are age related
(Troesch et al., 2020). Some effects have also been shown in other conditions, which are not
linked to old age, such as asthma in childhood (Miles & Calder, 2017), premenstrual syndrome
(Behboudi-Gandevani et al., 2018), maternal depression (Hsu et al., 2018), and attention deficit
hyperactivity disorder in children (ADHD) (Chang et al., 2018). The following chapters are
focused mostly on the effects on age-related conditions.

Omega-3 fatty acids are officially only used to treat hyperlipidemia (Covington, 2004).
Currently, there are four medications available containing omega-3 fatty acids which are
approved by the American Food and Drug Administration (FDA) under certain conditions.
Such medications are omega-3 ethyl esters A, omega-3-acid ethyl esters and omega-3-
carboxylic acid containing both EPA and DHA, and icosapent ethyl, containing only EPA. All
of them are prescribed exclusively for adults with highly increased triglyceride levels, even
though the mechanism of action is not fully understood (Novotny et al., 2021). No significant

side effects or drug interactions are known (Jain et al., 2015; Nissen et al., 2021).

Just as proteins, omega-3 fatty acids also seem to have a beneficial effect on sarcopenia. Studies
show that they have anabolic effects on muscle tissue. The mechanisms of such effects remain

unclear until today (McGlory et al., 2019).

7.4.1 Effects of Omega-3 Fatty Acids on the Cardiovascular System

Out of all the effects of omega-3 fatty acids, the effects on the cardiovascular system are
probably the most researched, with most data available to this day (Novotny et al., 2021). Most
of these results are based on the findings of clinical studies but recently also some of the
mechanisms could be elucidated (Xie et al., 2021).
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The integration of omega-3 fatty acids into the phospholipid membrane of cardiomyocytes has
anti-arrhythmic properties, due to changes in the functioning of channels (Endo & Avrita, 2016),
which decreases the risk of sudden cardiac death (Jain et al., 2015). They also have been
associated with an overall decrease in cardiovascular mortality (Davinelli et al., 2018). Omega-
3 fatty acids can influence the expression of some genes which are associated with age-related

diseases, mostly hyperlipidemia (Xie et al., 2021).

Some of their main effects on the cardiovascular system include: a decrease of atherosclerosis
risk (Jain et al., 2015), reduced inflammation in the vessels (Davinelli et al., 2018), and a
decrease in blood pressure when given in high doses (Jain et al., 2015). There is a negative
association between the incidence of myocardial infarctions and strokes and omega-3 fatty acid

consumption (Davinelli et al., 2018).

Therefore, the American Heart Association (AHA) recommends an increased intake of omega-

3 fatty acids in the diet of patients with known CHD and hyperlipidemia (Tab. 6).

Tab. 6. Summary of AHA Recommendations for Omega-3 Fatty Acid Intake

Summary of AHA Recommendations
for Omega-3 Fatty Acid Intake

Patient population Recommendation
No documented Eat a variety of fish (preferably oily) at least twice
history of CHD per week. Include oils and foods rich in alpha-

linolenic acid (flaxseed, canola, and soybean
oils; flaxseeds and walnuts).
Documented history ~ Consume approximately 1 g of EPA plus DHA
of CHD daily, preferably from oily fish. EPA plus
DHA capsule supplements may be used in
consultation with a physician.
Needs to lower Consume 2 to 4 g of EPA plus DHA daily in
triglyceride level capsules in consultation with a physician.

(Covington, 2004)
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The AHA’s recommendation for the overall population is to consume at least 2 portions of fatty
fish in a week. Fish should be cooked in ways that do not involve frying (American Heart
Association, 2021). For heart protection, about 1g per day of combined EPA and DHA is
recommended (Jain et al., 2015), even though higher doses may be needed to reduce triglyceride

levels or decrease blood pressure (Covington, 2004).

In the DO-HEALTH aging trial, the effects of omega-3 fatty acids were promising, showing
decreased cardiovascular complications in high-risk patients. Until today, only few studies
show the effects of their long-term use, or their use in primary disease prevention. Effects, other
than the cardiovascular, have only limited data availability until today (Bischoff-Ferrari et al.,
2021).

7.4.2 Effects of Omega-3 Fatty Acids on the Pulmonary System

Some conditions regarding the respiratory or pulmonary system may be positively influenced
by the increased intake of omega-3 fatty acids. Acute respiratory distress syndrome is a disease
caused, for example, by an overactive immune reaction during sepsis. Dimming the
inflammatory response in such patients, by giving increased amounts of omega-3 fatty acids in
their enteral nutrition, may lead to improvements. The evidence surrounding this topic is sparse,

nevertheless. The mortality of patients did not decrease in some studies (Troesch et al., 2020).

It was shown that the proliferation of some lung adenocarcinoma (cell line A549) can be
inhibited with omega-3 fatty acid exposure. However, this effect was only seen in an in vitro
study and further research is needed (Yao et al., 2014).

7.4.3 Effects of Omega-3 Fatty Acids on the Renal System

A study found no decrease in the levels of kidney dysfunction between a group taking increased
levels of omega-3 fatty acids and a placebo group. No positive effects on the renal system could
be found (de Boer et al., 2019).
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7.4.3 Effects of Omega-3 Fatty Acids on the Gastrointestinal System

Anti-inflammatory properties of omega-3 fatty acids are being researched to reduce the
inflammation in patients with inflammatory bowel disease. Inflamed colonic tissue contains
lower DHA levels than the healthy or healing tissue (Ungaro et al., 2017). Recent data also
suggests changes in the gastrointestinal (Gl) flora under the influence of increased levels of
omega-3 fatty acids. Organisms subject to research are Bifidobacteria, Lactobacilli,
Streptococcus and Actinobacteria. They are described to have anti-aging properties due to
positive results in animal studies and because they have been found in the gut of very old
individuals. A healthy GI flora can decrease inflammation and boost the immune system.

Omega-3 fatty acids may change the flora by decreasing blood lipid levels (Xie et al., 2021).

Problems with the digestion of omega-3 fatty acids may occur in patients with a dysfunctional

bile system or cirrhosis (see chapter 7.1) (Cabré et al., 2005).

7.4.4 Effects of Omega-3 Fatty Acids on the Immune and Endocrine Systems

The multiple effects of omega-3 fatty acids concerning the immune system are mostly
correlated to the previously explained anti-inflammatory effects of omega-3 fatty acids (chapter
7.1). Omega-3 fatty acid intake was shown to decrease levels of CRP, the proinflammatory IL-
6, as well as tumor necrosis factor o (TNF- o) in blood. Furthermore, an increase of anti-
inflammatory products such as IL-10 and transforming growth factor f (TGFf) can be observed
(Ticinesi et al., 2016). In addition, more serious hyperinflammatory conditions, such as
cytokine storm, may be improved by administering omega-3 fatty acids in enteral nutrition. A
slight decrease in mortality was recorded in a study where patients were given intravenous

omega-3 fatty acids (Troesch et al., 2020).

Immune-mediated inflammatory diseases, such as rheumatoid arthritis, may improve with an
increased omega-3 fatty acid intake. Morning stiffness may be reduced, and the number of
affected joints may decrease. To see these improvements, high levels of at least 3g of omega-3

fatty acids must be consumed daily (Covington, 2004).
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A study showed that the risk of contracting infectious diseases could be lowered by 40% in
patients receiving parenteral omega-3 FAs instead of the standard lipid formula (Troesch et al.,
2020).

Skin, as an important part of the innate immune system, contains omega-3 fatty acids. They are
important both for the function and the structure of the skin. Omega-3 fatty acids have anti-
inflammatory, anti-allergic, and hydrating effects on skin. They reduce erythema and,
especially, EPA has ultraviolet (UV) light filtering properties. Many skin products available
contain omega-3 fatty acids. A deficiency of omega-3 fatty acids causes the skin to dry out,

peel off, and become more vulnerable to irritations (Michalak et al., 2021).

Additionally, some effects on the endocrine system have been observed: omega-3 fatty acids
may decrease the risk of diabetes (Cao et al., 2020). The osteopenic side effects of the anti-
diabetic medication rosiglitazone are prevented when taking fish-oil supplements. They inhibit
the formation of osteoclasts, inflammation, and they increase osteogenesis (Cugno et al., 2021).

Also, they reduce the levels of the stress hormone cortisol (Madison et al., 2021).

7.4.5 Neurological Effects of Omega-3 Fatty Acids

DHA is one of the main components of gray matter of the brain (Shahidi & Ambigaipalan,
2018), and it is also a component of synaptic membranes (Chen et al., 2020). Therefore, it seems
logical that omega-3 fatty acids must have some influences on the neurological system and its
functions. Additionally, during the normal aging process, the level of DHA in the brain
decreases (Cutuli, 2017) due to a reduced activity of delta 4 desaturase. Increasing the levels of
DHA in the brain in aging patients may have effects on neurological age-related diseases
(Grodzicki & Dziendzikowska, 2020).

DHA may be important in the prevention of neurodegenerative diseases (Grodzicki &
Dziendzikowska, 2020), firstly due to anti-inflammatory, anti-apoptotic, and antioxidant
properties; and secondly, due to the positive cardiovascular properties (chapter 7.4.1). By
reducing the triglyceride levels, decreasing blood pressure, and decreasing inflammation, the
incidence of vascular dementia may be reduced (Ammann et al., 2013). A mediterranean diet
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including fish, is also associated with a decreased risk of Alzheimer’s disease (Grodzicki &
Dziendzikowska, 2020).

Increased levels of omega-3 fatty acids in blood are associated with an increased density of
white matter and an increased volume of the hippocampus. They may even protect the brain
from age-related damage, as well as improve its maintenance and functioning in old age (Chen
et al., 2020). They also increase synaptic plasticity and levels of signaling molecules, which
may lead to neurogenesis in the hippocampal area, even in old age. Loss of both gray and white

matter can be prevented (Cutuli, 2017).

Furthermore, some other diseases involving the neurological system can potentially be
positively influenced by an increase of omega-3 fatty acids. Migraine pain and the frequency
of migraines may improve due to a diet rich in omega-3 fatty acids, which proportionally
increases the quality of life of patients as well (Slomski, 2021). Also, the influence of toxic
substances such as lead, mercury, and organic solvents on the brain may be reduced by PUFAs.
Some damage caused by these elements may even be prevented (Chen et al., 2020). Omega-3
fatty acids also improve the integrity of the blood brain barrier (BBB) (Barnes et al., 2021) and

may prevent depression (Madison et al., 2021).

On the other hand, one study found no significant difference in cognitive aging between
individuals consuming increased amounts of omega-3 fatty acids and individuals not taking
increased amounts. This may be attributed to the relatively short time of exposure to omega-3
fatty acids in such study (Ammann et al., 2013).
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CONCLUSIONS

As a conclusion I will comment on each of the main parts of this work individually, briefly

summarize its main results, and explain my personal view on the topic.

Firstly, the aging theories were summarized. There are three main branches of theories: program
theories, damage theories, and combined theories. Overall, there are over 300 different theories
of aging, which makes it nearly impossible to explain all of them. Until this day, there is no
scientific consensus about how the aging process is caused. Most researchers agree that there
must be more than one underlying cause of aging. | personally consider myself a supporter of
the combined theories, since there is significant evidence supporting both program theories and
damage theories. Furthermore, |1 am sure the research will continue in this field. It will still take
a long time until the complete process of aging and its causes is revealed. Perhaps the results
will provide some more information on how to possibly halt or even reverse the process of

aging. For now, that can only be a speculation.

In the second part of this thesis, information about proteins and their effects on age related
diseases were analyzed. Up to this day, the effects of an increased or decreased protein intake
on the human body during aging are not fully understood. Decreased levels of protein intake
lead to sarcopenia, an overall catabolic state of muscle tissue. This is associated with an
increased mortality and weakness. Therefore, protein intake should generally be increased in
older individuals. On the other hand, increased levels of protein intake have shown to be
harmful under certain circumstances. High levels of proteins are associated with a progression
of chronic kidney disease. A balance must be found considering these facts when determining

the optimal intake of proteins for each patient.

Optimally, an increased protein intake should be combined with other factors such as an
increase in physical exercise or insulin intake. Either of these factors are used in sarcopenia
prevention. The timing of intakes, as well as the type of protein, are both important. The optimal
protein supplement seems to be whey protein due to its quick absorption, digestion, and
anabolic stimulation. This way, we could potentially reduce sarcopenia risks in patients with

chronic kidney disease without increasing the protein intake to harmful levels.
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It is important to find the optimal amounts of protein that should be consumed for each patient.
Their chronic diseases and personal goals need be considered to ensure they have optimal
outcomes. All essential amino acids must be provided in sufficient amounts in the diet. Patients
should be educated on which foods to consume when choosing their sources of protein. It is
also important to reduce unwanted byproducts, such as fats and salts in processed protein
sources. Further research is needed to find the optimal amounts of proteins and to increase
alternatives for patients for whom high protein intakes are contraindicated. More specific long-
term studies with a control group focusing specifically on protein are so far not available. Such
studies would allow us to form more specific conclusions about other positive effects of
proteins. It is difficult to design such a study, as it would take a lot of time and possibly have a
lot of room for random error due to the different personal lifestyle choices of the participants.
Those factors are almost impossible to distinguish from the effects that the proteins may exert.
An increased number of participants could help to increase the reliability of the results. Only
such a study could further clarify the effects of increased or decreased protein intake on the

human body.

In the final part of this thesis, the present information regarding effects of omega-3 fatty acids
was summarized. Until today no clear answer can be given, their effects are still being discussed
and researched. Some authors can see very clear evidence of the positive effects of omega-3
fatty acids on the human body, while others are not satisfied and request further research. Most
authors agree that at least the cardiovascular effects caused by omega-3 fatty acids cannot be
negated and their intake is beneficial, especially for risk groups. It is also clear that omega-3
fatty acids have anti-inflammatory properties leading to a regulation of the inflammatory
response in the body. Other discussed effects on different body systems still do not have
sufficient evidence to support them.

Unlike protein intake, an increased level of omega-3 fatty acids does not seem to have any
harmful effects on the body, even in patients with other chronic diseases. There is also a lot of
evidence supporting their beneficial effects, especially on the cardiovascular system. Therefore,
| would generally recommend an increased intake of DHA and EPA for all patients in their

normal diet or via supplements if that is not possible.
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The availability of data on the effects of omega-3 fatty acids is not yet optimal. A bigger, more
specific long-term study would be helpful, such as | mentioned previously for clarifying the

optimal protein intake.

o BT I.I|||||O
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Fig. 17. Number of studies published to the search “''bioactive substances" [Title]” on
PubMed from 1997 to 2021

The number of studies and papers on bioactive substances such as proteins and omega-3 fatty
acids has grown significantly in the recent years, resembling an almost exponential growth (Fig.
17). Overall, there were 49 articles with full-text availability, 14 of them were published in
2021 (the search was last updated on the 29" of November 2021). | have made similar
observations when searching for information on omega-3 fatty acids and proteins on PubMed
and other online research databases. | suspect that, in the following years, an even further

increase can be expected -hopefully- resolving the questions that remain unanswered for now.

Both protein and omega-3 fatty acids are promising nutritional factors, potentially improving
outcomes in seniors. Despite this fact, they are currently recommended in clinical guidelines
very sparsely. Hopefully, the recent increase in data will lead to more generous inclusions and
recommendations in guidelines, making supplements more accessible for patients and

physicians.
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