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Abstract

Abstract

Background and aim: 71% of all deaths worldwide are caused by non-communicable diseases
such as cardiovascular diseases or type-2 diabetes. In modulation of those diseases, exercise and
a healthy diet are preventive measures. Additionally, both components favorably impact the
process of aging. Although some studies have investigated potential synergistic effects of exercise
and dietary modifications, most research has focused on participants with health conditions (e.g.,
obesity, pre-diabetes, type-2 diabetes), leaving out the untrained but otherwise healthy older
population. Therefore, it remains unknown to what extent healthy elderly individuals may benefit
from exercise combined with dietary modifications. As a consequence, the aim of this thesis was
to study the health benefits and synergistic effects of exercise combined with dietary measures
(healthy diet vs. Calanus finmarchicus oil intake) in untrained healthy elderly individuals. Beyond
positive health effects of exercise and a healthy diet, there are also scenarios in which exercise
and (inadequate) dietary intake may negatively impact health. Therefore, a second aim was to
assess the health risks associated with low energy availability, commonly observed in athletes in a

performance-oriented environment.

Methods: Altogether, 134 elderly participants (50-70 years, BMI 18-30 kg/m?, no sports within the
last two years) were included in a 12-week randomized, controlled interventional trial. Using
stratified randomization according to sex, BMI, and age, participants were allocated to one of four
study groups: 1) control group with no intervention (CON); 2) 2x/week aerobic and resistance
exercise only (EX); 3) exercise routine as in 2) combined with dietary counseling in accordance
with the guidelines of the German Nutrition Society (EXDC); 4) exercise routine as in 2) combined
with intake of 2 g/day Calanus finmarchicus oil (EXCO). At the beginning and end of the study body
composition was analyzed and fasted blood samples were taken to evaluate metabolic markers of
glucose and lipid metabolism, sirtuins and immune cells. Additionally, at the beginning, after six
weeks, and at the end of the study, physical activity outside of the intervention using the Freiburger
questionnaire for physical activity and dietary patterns using 3-day dietary food logs and food
frequency questionnaires (FFQs) were recorded. Lastly, a literature review was performed to

assess the health risks related to low energy availability.

Results: Overall, exercise alone increased sirtuin activity but did not show any favorable changes
in terms of body composition, glucose or lipid metabolism. In contrast, exercise combined with a
healthy diet or Calanus finmarchicus oil intake led to a significant decrease in fat mass but did not
affect markers of glucose metabolism or blood lipids. However, Calanus finmarchicus oil intake led
to a significant increase of the omega-3 index. Regarding sirtuins, the effect of the exercise routine
was further enhanced by the dietary modifications. Despite the impact of the intervention, an

additional cross-sectional analysis of baseline data revealed that T-cell senescence may be a
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mediator of insulin sensitivity. Ultimately, despite all positive health benefits, exercise may impair

health if exercise energy expenditure and dietary intake are not matched.

Conclusion: Taken together, results from this thesis indicate that a combination of a low dose,
moderate exercise training combined with a healthy diet or Calanus finmarchicus oil
supplementation has a more favorable impact on health markers in elderly, untrained, overweight
subjects when compared to exercise only. To further elucidate the additive effects of exercise
combined with such dietary modifications, future studies should investigate potential effects of a
healthy diet (rich in omega-3 polyunsaturated fatty acids) vs. Calanus finmarchicus oil
supplementation. This would also be of interest in combination with a higher dose exercise

program.

Trial registration: German Register of Clinical Trials DRKS00014322

Key words: exercise, nutrition, health
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Hintergrund und Ziel: 71% aller Todesfalle weltweit werden durch nicht Gbertragbare Krankheiten
wie Herz-Kreislauf-Erkrankungen oder Typ-2-Diabetes verursacht. Sowohl bei der Pravention als
auch bei der Therapie dieser Krankheiten erwiesen sich insbesondere Bewegung als auch eine
gesunde Ernahrung als wirksame Malinahmen. Darliber hinaus wirken sich beide Komponenten
glnstig auf den Alterungsprozess aus. Obwohl einige Studien mégliche synergistische Effekte von
Bewegung und Ernahrungsmaflinahmen untersuchten, konzentrierten sich die meisten von ihnen
auf Personen mit bereits bestehenden, chronischen Erkrankungen (z. B. Adipositas, Pra-Diabetes,
Typ-2-Diabetes), wobei die untrainierte, gesunde altere Bevdlkerung bisher ausgelassen wurde.
Daher ist unzureichend geklart, inwieweit gesunde altere Menschen von Bewegung in Kombination
mit Erndhrungsmalinahmen profitieren kénnen. Infolgedessen war das Ziel dieser Arbeit, die
gesundheitlichen Vorteile und synergistischen Effekte von Bewegung in Kombination mit
Erndhrungsmalnahmen (gesunde Erndhrung vs. Calanus finmarchicus Supplementation) bei
untrainierten, gesunden alteren Menschen zu untersuchen. Neben den gesundheitsférdernden
Effekten von Bewegung und einer gesunden Erndhrungsweise gibt es auch Szenarien, in denen
viel Bewegung und eine unzureichende Nahrungsaufnahme die Gesundheit negativ beeinflussen
kdnnen. Ein sekundares Ziel war daher die Bewertung von Gesundheitsrisiken im Zusammenhang
mit einer geringen Energieverfiigbarkeit, wie sie vor allem bei leistungsorientierten Sportlern

beobachtet wird.

Methoden: Insgesamt wurden 134 &ltere Teilnehmer (50-70 Jahre, BMI 18-30 kg/m?, keine
regelmafige sportliche Aktivitat innerhalb der letzten zwei Jahre) in eine 12-wdchige randomisierte,
kontrollierte Interventionsstudie eingeschlossen. Unter Verwendung einer stratifizierten
Randomisierung nach Geschlecht, BMI und Alter wurden die Teilnehmer einer von vier
Studiengruppen zugeordnet: 1) Kontrollgruppe ohne Intervention (CON); 2) 2x/Woche Ausdauer-
und Krafttraining (EX); 3) Trainingsroutine kombiniert mit einer Ernahrungsberatung nach den
Richtlinien der Deutschen Gesellschaft fir Erndhrung (EXDC); 4) Trainingsroutine kombiniert mit
einer Einnahme von 2 g/Tag Calanus finmarchicus Ol (EXCO). Zu Beginn und am Ende der Studie
wurde die Kérperzusammensetzung gemessen und Blutproben enthommen, um Marker des
Glukose- und Lipidstoffwechsels, Sirtuine sowie Immunzellen zu analysieren. Zusatzlich wurden
die korperliche Aktivitat aulRerhalb der Intervention sowie das Ernahrungsverhalten zu Beginn,
nach sechs Wochen und am Ende der Studie unter Verwendung des Freiburger Fragebogens flr
korperliche Aktivitat, 3-Tage Erndhrungsprotokollen und Verzehrshaufigkeitsfragebégen (FFQs)
aufgezeichnet. Darliber hinaus wurde eine Literaturrecherche durchgefihrt, um die

Gesundheitsrisiken im Zusammenhang mit einer geringen Energieverfiigbarkeit zu bewerten.

Ergebnisse: Insgesamt flhrte das Training allein zu keinen gunstigen Veranderungen der
Kdrperzusammensetzung, des Glukose- oder Lipidstoffwechsels, zeigte jedoch einen positiven

Effekt auf die Sirtuinaktivitdt. Im Gegensatz dazu fihrte das Training in Kombination mit einer
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gesunden Erndhrung oder der Aufnahme von Calanus finmarchicus Ol zu einer signifikanten
Abnahme der Fettmasse; hatte jedoch ebenfalls keinen Einfluss auf den Glukosestoffwechsels
oder die Blutfette. Die Aufnahme von Calanus finmarchicus Ol fiihrte zudem zu einem signifikanten
Anstieg des Omega-3-Index. Hinsichtlich der Sirtuinaktivitat wurde der Effekt des Trainings durch
die Erndhrungsumstellung aber durch die Einnahme von Calanus finmarchicus Ol zusétzlich
verstarkt. Zusatzlich zeigte eine Querschnittsanalyse der Basisdaten, dass T-Zellseneszenz ein
Mediator der Insulinsensitivitdt sein kann. Zuséatzlich konnte gezeigt werden, dass trotz aller
gesundheitsférdernden und praventiven Effekte, intensiver Sport auch negative gesundheitliche
Folgen haben kann, wenn der sportbedingte Energieverbrauch und die nahrungsbedingte

Energiezufuhr nicht aufeinander abgestimmt sind.

Schlussfolgerung: Zusammenfassend zeigen die Ergebnisse dieser Arbeit, dass eine
Kombination aus einem niedrig dosierten, maRigen Training mit einer gesunden Erndhrung oder
einer Calanus finmarchicus Ol Supplementierung die Gesundheit bei &lteren, untrainierten,
Ubergewichtigen Personen glnstiger beeinflussen kann als das Training allein. Um die
gesundheitlichen Vorteile weiter zu untersuchen, sollten kinftige Studien mégliche Auswirkungen
einer gesunden Ernahrung (reich an Omega-3 Fettsauren) im Vergleich zur CO-Supplementierung

untersuchen. Dies ware auch in Kombination mit einem héher dosierten Training von Interesse.
Studienregistrierung: Deutsches Register Klinischer Studien DRKS00014322

Schlagworte: Bewegung, Ernahrung, Gesundheit
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General introduction

1. General introduction

1.1 Background and aim of this dissertation

Worldwide, 71% of deaths are caused by non-communicable diseases (NCDs) such as
cardiovascular diseases, type-2 diabetes, and cancers [1,2]. Lifestyle represents one of the
key components to modulation those diseases, as well as maintenance of optimal health
throughout the lifespan [3]. In that regard, particularly exercise and a healthy diet are
preventive measures against the development of NCDs. Further, both lifestyle factors can also
favorably impact the process of aging, which is accompanied by a progressive decline in
physiological and physical function and body composition changes, additionally increasing the

risk for NCDs in older individuals.

Exercise prevents, mitigates, and even partially reverses age-related changes, such as a
progressive decline in muscle and increase in fat mass [4]. Moreover, it helps to maintain and
improve cardiovascular and muscular function and has broad beneficial effects on metabolic
health by favorably impacting glucose and lipid metabolism [5—8]. Exercise is also a modulator
of the immune system [9,10] and was described to influence health even on a molecular level
(e.g. via modulating gene expression) [11,12]. At the same time, beneficial effects elicited from
exercise can further be supported by dietary intake. In fact, all physiological processes require
nutrients from the diet and can negatively be impacted by excessive or deficient intake. Despite
the acknowledgement for the need of a nutrient dense, healthy diet, certain health benefits are
also ascribed to specific dietary compounds. In that regard, omega-3 polyunsaturated fatty
acids (n-3 PUFASs) are of interest, as they were shown to contribute to improved metabolic
processes, body composition, and decreased cardiovascular risk [13—15] — all of which are of
particular importance within an older population. One novel source of n-3 PUFAs, whose
supplementation has promising effects on blood glucose control, atherosclerosis, and obesity
is oil from the copepod Calanus finmarchicus [16,17]. However, evidence on health effects in

humans is still sparse.

Although some studies investigated the effects of exercise combined with dietary interventions,
most of them focused on participants with health conditions (e.g. obesity, pre-diabetes, type-2
diabetes, sarcopenia) [18-23]. Moreover, studies in older populations used either a healthy
diet [21,24] or n-3 PUFA supplementation [25—-27], but have never directly compared a healthy
diet to supplementation. Therefore, it remains unknown to what extent healthy elderly
individuals may benefit from aerobic and resistance exercise alone versus the same exercise
routine combined with a healthy diet or Calanus finmarchicus oil intake. On the other hand,

health effects of exercise and dietary intake can also be diminished when energy expended

1
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through exercise is not adequately matched with dietary intake. This is particularly observed

in performance orientated athletes.

Study objectives

To gain knowledge about the health benefits and synergistic effects of an aerobic and
resistance exercise routine combined with dietary measures (healthy diet vs. intake of oil from
the copepod Calanus finmarchicus) in untrained, healthy elderly adults, a 12-week
randomized, controlled intervention was conducted. To assess the health benefits, body
composition, metabolic markers (glucose and lipid metabolism) and enzyme activity (sirtuins)
were analyzed. In addition, a cross-sectional analysis of immune cells (T-cells) was performed
to assess the role of immunosenescence on insulin sensitivity. Lastly, a literature review was
performed to assess the health risks related to exercise and dietary behaviors observed in
athletes exercising in a performance oriented environment. This dissertation thesis is based
on the following research questions, which are answered within the respective scientific

publications:

1. Can exercise combined with dietary counseling in accordance with the German
Nutrition Society or supplementation of oil from Calanus finmarchicus positively
influence body composition, markers of glucose metabolism, or blood lipids? (Paper I,
chapter 2.1)

2. Can Calanus finmarchicus oil supplementation effectively increase the omega-3-index
as a biomarker of fatty acid supply and cardiovascular risk and is it influenced by
exercise? (Paper Il, chapter 2.2)

3. Can exercise combined with dietary counseling or supplementation of oil from Calanus
finmarchicus positively influence sirtuin activity? (Paper Ill, chapter 2.3)

4. In addition to diet and exercise, is immune cell aging a modulator of insulin sensitivity?
(Paper IV, chapter 2.4)

5. How can performance oriented exercise and dietary intake impact health in athletes?
(Paper V, chapter 2.5)
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1.2 Physical activity and health

1.2.1 Definition and categorization of physical activity

Physical activity is defined as “any bodily movement produced by skeletal muscles that results
in energy expenditure” [28]. The amount of energy expended can be measured as kilocalories
(kcal), kilojoules (kJ), oxygen consumption, or metabolic equivalents (METSs), which is used to

categorize physical activity as shown in Table 1 [29].

Table 1: Categorization of physical activity based on the amount of energy expended

expressed as METs.

Activity METs* Example activity

Sedentary activity 1.0-1.5 Lying or sitting

Light intensity activity 1.6-3.0 Standing, slow walk

Moderate-intensity activity 3.0-6.0 Brisk walk, activities such as vacuuming
Vigorous-intensity activity 6.0 or greater Very fast walk, activities such as

shoveling snow, running, aerobics class

* 1 MET expresses the amount of oxygen (O2) consumed while sitting at rest, which is 3.5 ml O2/kg
body weight/min [30].

Table created in accordance with the 2018 Physical Activity Guidelines Advisory Committee Scientific
Report [29]

Exercise represents a subcategory of physical activity and can be defined as “physical activity
that is planned, structured, repetitive, and designed to improve or maintain physical fitness,
physical performance, or health” [28]. Exercise itself can further be categorized as aerobic or
resistance exercise [31], which represent “two extremes on the exercise continuum” [32]. While
aerobic exercise usually consists of a high number of muscular contractions at low loads and
primarily leads to improvements in endurance and the cardiovascular system, resistance
exercise consists of a low number of muscular contractions at higher loads targeting the
improvement of muscular strength and power [31,32]. As it becomes evident that training both
modalities may be more beneficial than focusing on one of the two, the present work aimed to

investigate the effects of a combined resistance and aerobic training program.

1.2.2 Response and adaptations to exercise

With regard to the responses and adaptations to exercise can be distinguished between short-
term responses to acute exercise, meaning a single bout, and long-term adaptations as a result

of chronic exercise, meaning repeated bouts.
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Short-term responses to acute exercise include overall increased oxygen uptake, increased
metabolism of the skeletal muscles and myocardium as well as the cardiovascular and
respiratory system (e.g. increased blood flow, ventilation) [33,34]. As short-term responses are

not part of this work, a more detailed discussion is not included.

Briefly, the long-term adaptation to chronic exercise is an improvement of physical fitness,
which can be defined as a “set of attributes that people have or achieve” that determines the
ability to perform daily tasks [28]. Those attributes encompass cardiorespiratory and muscular
endurance, muscular strength, reaction speed, flexibility, balance, and body composition
[28,31]. Aside from improved physical fitness, exercise also contributes to health on many
other levels, such as improvements in cognitive and metabolic function (e.g. improved insulin
sensitivity, mitochondrial biogenesis) [34—-36]. Conversely, physical inactivity contributes to a
deterioration of physical fitness and negatively impacts health (Figure 1). In fact, physical
inactivity is one of the major factors facilitating the development of NCDs and lowering life

expectancy [37].

Physically inactive Physically active

Brain function Muscle
1 | Neurodegeneration 11 Strepgt_h, power, endurance
| 1 Cognitive function | 1 Flexibility

Cardiovascular function Body composition

1 | Heart rate - 1 -] Weight
| 1 Blood volume | 1 Muscle mass
1 | Blood pressure 1 | Fat mass
| 1 Endothelial function
Metabolism

Lung function
| 1 Capacity

| 1 Insulin sensitivity
| 1 Fat oxidation
| 1 Mitochondrial biogenesis

Figure 1: The impact of physical inactivity and activity on physical function and health.
Arrows indicate an increase(1), decrease (| ) or stagnation (-) of the respective health outcome.
Figure was created in accordance with [34—-36,38—40].
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1.2.3 Recommendations and status

To give guidance to the general population, organizations such as the American College of
(ACSM) and the World Health Organization (WHO)

recommendations on physical activity and exercise, which are both based on the 2018 physical

Sports Medicine published

activity guidelines from the U.S. Department of Health and Human Services [29,41,42]. These
recommendations for adults are summarized in Table 2. The ACSM categorizes the type of

physical activity as exercise, while the WHO refers to physical activity.

Table 2: Recommendations on physical activity and exercise from the ACSM and the

WHO.

ACSM (18-65 years)

WHO (18-64 years)

* 230 min/day on =5 days/week for a total of
=150 min/week of moderate-intensity
cardiorespiratory exercise training

or

* > 20 min/day on =3 /days/week for a total
of (275 min/week), vigorous-intensity
cardiorespiratory exercise training

or

» combination of moderate- and vigorous-
intensity exercise to achieve a total energy
expenditure of 2500-1000 MET/min/week
on 2-3 days/week,

* on 2 days/week add resistance exercise

for major muscle groups (60 s per exercise)
and neuromotor exercise involving balance,
agility, and coordination, flexibility exercises

* at least 150 min of moderate-intensity
aerobic physical activity throughout the
week

or

* at least 75 minutes of vigorous-intensity
aerobic physical activity throughout the
week

or

* an equivalent combination of moderate-
and vigorous-intensity activity

* aerobic activity should be performed in
bouts of at least 10 min

* > 2 days/week muscle-strengthening
activities involving major muscle groups

» for additional health benefits, increase
moderate-intensity physical activity to 300
min/week or 150 min vigorous-intensity
aerobic physical activity

Table created in accordance with [29,41].

Based on these recommendations, the WHO reported that the region with highest proportion
of insufficiently active people in 2016 was America (39%). The lowest prevalence was found
in the Western Pacific (18%). With approximately 29%, Europe was placed as the fourth most

inactive region out of seven [43].
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Regarding the current situation in Germany, the latest data available was obtained from the
study ,Gesundheit in Deutschland aktuell® (GEDA 2014/2015 EHIS). This data shows only
42.6% of all women and 48.0% of all men achieve aerobic activity as recommended by the
WHO. Regarding the recommended muscle strengthening exercises, only 27.5% of women
and 31.2% of men reported adequate implementation. When combining the two modalities,
only 20.5% of women and 24.7% of men achieved the recommendations [44]. When
subdivided into age groups, older adults aged 45-64 years still showed similar outcomes
(women 22.7%; men 21.1%) [44].

Those results not only highlight the overall need for increased physical activity, but also the
need for promotion of regular aerobic and, particularly, resistance exercise. In older adults, the
importance of exercise is further underlined by the age-related progressive decline of
functional capacity (encompassing the cardiovascular system, aerobic capacity, muscular
strength and function) [45] as well as changes in body composition such as progressive decline
in muscle and increase in fat mass [46] — all of which can be modulated by exercise.
Although most adults are generally aware of the health benefits of regular exercise, inactive
adults show a lower motivation to engage in exercise [47]. This can be due to a number of
psychological or environmental reasons such as believing they are unable to perform the
exercise (self-efficacy), lack of social support, as well as time requirement or location of the
facilities. Regarding the exercise routine itself, older adults preferably engage in moderate
intensity exercise routines that are deemed safe [48]. Therefore, for older adults, a circuit
based combined aerobic and resistance training at moderate intensity may be a good and easy
strategy to engage in regular exercise. To lower the barrier to start exercising and to develop
sustainable habits fitting the respective lifestyle, a minimal dose approach of 2x a week could
be a starting point. Particularly, as low dose approaches were still reported as health-beneficial
[49,501].
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1.3 Health-promoting diet

1.3.1 General aspects

Within the 20™ century, the shift of an undersupply with food towards an oversupply together
with an increasing prevalence of nutrition-related NCDs such as type-2 diabetes, hypertension
and cardiovascular diseases [51,52], has led to a paradigm shift concerning the main function
of a health-promoting diet. While its previous function was to primarily avoid nutritional
deficiencies and deficiency symptoms, presently, a health-promoting diet has an extended dual
function. This means, it is not only required to supply the organism with all of the nutrients
needed for physiological functions and to avoid deficiencies but it is also needed to support

long-term health, well-being, and prevent chronic diseases [53].

Generally, this is achieved through an adequate intake of energy and nutrients from the diet,
which is neither deficient nor excessive in one of the two components. While macronutrients
such as carbohydrates, fats, and proteins are primarily important for energy supply and as
structural components, micronutrients, such as minerals and vitamins, and water are needed
for the regulation and maintenance of physiological processes. However, there are also other
dietary compounds, such as dietary fibers, phytochemicals, and vitaminoids, whose
consumption can elicit additional health-promoting effects. For example, adequate fiber intake
favorably impacts gut health, bowel movement, contributes to lower cholesterol levels, and
increases satiety [53]. Phytochemicals can contribute to increased antioxidative capacity and
vitaminoids play a role in metabolic processes, serve as structural components, or have
antioxidative functions [54,55]. Although the absence of those dietary components will not
result in clinically relevant deficiency symptoms, their health-supporting properties highlight

their relevance in a health-promoting diet.

Although the requirements for different nutrients are dependent on various individual factors
(e.g. age, gender, size, health status), societies such as the Institute of Medicine (loM) [56—
59] and the German, Austrian and Swiss Nutrition Societies (Deutsche, Osterreichische und
Schweizerische Gesellschaften fur Erndhrung; D-A-C-H) [60] give recommendations and
reference values for their intake based on existing data from experimental and epidemiological
studies. In line with the extended dual function of a health-promoting diet, these
recommendations not only aim to prevent deficiencies but also promote both health and
prevent diseases. In any case, the respective recommendations of the societies lay out the

foundation for dietary recommendations for the general population.
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1.3.3 Dietary guidelines and status

To ensure adequate nutrient intake and an overall health-promoting diet within the general
population, expert societies and organizations across the globe use food-based dietary
guidelines based on the respective scientific evidence. Generally, these guidelines use food
groups (e.g., vegetables, fruits, dairy products) and give recommendations on the respective
amounts that should be consumed. Additionally, the recommendations vary depending on the
country-specific dietary patterns. In any case, all dietary guidelines across the globe
recommend a predominant intake of plant-based foods such as vegetables, grain and whole-
grain products, and fruit, which should be complemented with dairy products and smaller
amounts of meats, fish, or seafood [61-63]. Additionally, limiting sodium and sugar intake as

well as saturated and trans fatty acid is often recommended.

Regarding the preventive function of the diet, the importance of such guidelines is further
underlined by results from studies that linked higher intakes of vegetables, fruits, and whole
grains to decreased risks of cardiovascular diseases, various forms of cancer, type-2 diabetes,
and all-cause mortality [64—68]. For example, increasing fruit and vegetable intake from <3
portions (235 g/day) to >5 portions (391 g/day) was reported to decrease the risk of coronary
heart disease by 17% [69]. Similar results were also reported by the Prospective Urban Rural
Epidemiology (PURE) study, which linked intakes of 3-4 portions (375-500 g/day) to a lower
risk of non-cardiovascular mortality and total mortality [66]. At the same time, results from the
European Prospective Investigation of Cancer and Nutrition (EPIC) study demonstrated that
decreased intake of processed and red meat is associated with a lower risk of cardiovascular
diseases, cancer, and type-2 diabetes [70-72]. Ultimately, the promotion of a health-promoting
diet is underlined from by findings from the Global Burden of Disease study, which reported
that a total of approximately 11 million deaths in 2017 are associated with dietary factors. Of
the 15 examined risk factors, high sodium intake, low intake of fruit, and low intake of whole

grains were the three leading risk factors [73].

To ensure a health-promoting diet within the German population, the German Nutrition
Association (Deutsche Gesellschaft fir Ernahrung, DGE) recommends a “wholesome diet” to
all adults between18 to 65 years of age. This is defined as a diet rich in vegetables and fruits
(3 portions of vegetables and 2 portions of fruit per day), whole grain cereal products, daily
intake of dairy products, moderate meat intake (<600 g per week) and 1-2 portions of fish per
week [63].
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Although results from the German National Consumption Study (Nationale Verzehrsstudie II,
NVS Il) reported an overall good nutrient supply, it also revealed unfavorable dietary patterns
such as intake of vegetables, fruits, and fish below the DGE recommendations and ingestion
of vitamins C, D, E, folic acid, and fiber below the D-A-C-H reference values [74]. Vegetable
and fruit intake is particularly important for the supply of vitamins, minerals, fiber and
phytochemicals. Consumption of fish is not only needed for supply with protein, iodine and
selenium, but particularly fatty cold water fish is an important source of omega-3

polyunsaturated fatty acids.

1.3.4 Impact of omega-3 polyunsaturated fatty acids

General aspects

In general, fatty acids (FAs) are carboxyl acids with an aliphatic chain. Depending on the
double bonds present in the chain, they can be classified as saturated FAs (SFAs) with no
double bond, monounsaturated FAs (MUFAs) with one double bond, or polyunsaturated FAs
(PUFAs) with two or more double bonds. According to the position of the first double bond
counted from the methyl-group, they can further be classified as n-3, n-6 or n-9 FAs. While n-
9 FAs belong to the category of MUFAs, n-3 and n-6 FAs belong to PUFAs [53].

Although the human body can synthesize most of the fatty acids needed, it cannot synthesize
the n-6 PUFA linoleic acid (18:2n6, LA) or the n-3 PUFA alpha-linolenic acid (18:3n3, ALA),
which is why these FAs are categorized as essential FAs and need to be consumed in the diet.
Once these FAs have entered the body, their derivatives can be synthesized by desaturation

and elongation (Figure 2).
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Figure 2 : Simplified overview of the n-6 und n-3 PUFA synthesis from their precursor
FAs ALA and LA.

Abbreviations: ALA, alpha-linolenic acid, FA, fatty acid, LA, linoleic acid, n-3, omega-3; n-6 omega-6;
PUFA, polyunsaturated fatty acid; A, delta.

Figure was created in accordance with [75,76].

Regarding the physiological effects of n-3 and n-6 PUFAs, the traditional view is that both have
antagonistic effects in the regulation of physiological processes such as inflammation or
vascular tone. Modulation of those processes occurs via oxidized metabolites of PUFAs,
summarized as oxylipins [77]. Generally, the conversion of PUFAs to oxylipins is mediated
through enzymatic activity of lipoxygenases (LOXs), cyclooxygenase (COXs), cytochrome
P450 monooxygenases (CYPs) but also through non-enzymatic pathways [78]. In line with the
above mentioned traditional view, most antagonistic health effects of PUFAs were led back to
eicosanoids, which is a class of lipid mediators synthesized from the C20 PUFAs arachidonic
acid (20:4n6, ARA) and eicosapentaenoic acid (20:5n3, EPA). While ARA metabolites
predominantly exhibit pro-inflammatory and vasoconstrictive effects, EPA metabolites are less
pro-inflammatory and vasodilatory. As both FAs are dependent on the same enzymes, health
benefits of n-3 PUFAs were discussed to be mediated through suppression of ARA oxidation.
However, the current perspective assumes, that several ARA metabolites also display anti-
inflammatory properties and that not only EPA, but also docosapentaenoic acid (22:5n3, DPA)
and docosahexaenoic acid (22:6n3, DHA) contribute to production of a novel class of potent

pro-resolving lipid mediators such as resolvins, protectins and maresins [79,80]. As described
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by Serhan (2014), these mediators are not only involved in resolution of inflammation but also
host defense, pain, organ protection and tissue remodeling [81].

However, which metabolites are being produced is also dependent on substrate availability.
This means, that dietary intake of fatty acids such as ARA, EPA and DHA is a crucial factor in
modulation of inflammation and inflammatory disease. In fact, the composition of membrane
lipids (phospholipids), which commonly serve as FA source for production, is largely modulated
by dietary intake [53,82]. Regarding the dietary ratio of n-6 to n-3 PUFAs it has been reported
that intakes of < 5:1 may be health beneficial [82]. However, within the last decades a dietary
shift towards a “Western diet”, characterized by high intakes of animal products, processed
foods and vegetable oils has led to higher intakes of SFAs, trans FAs and a n-6:n-3 ratio with
an average of 15:1 [83]. Such dietary patterns can favor chronic systemic inflammation which
can in turn contribute to development of NCDs such as type-2 diabetes, cardiovascular
diseases or cancers [84,85]. Therefore, the need for a decreased intake of n-6 PUFAs with a
concurrent increase in n-3 PUFAs becomes evident. However, adequate intake of the n-3
PUFAs EPA and DHA is not only of importance due to their regulation of inflammatory
processes. Evidence shows that supply with these n-3 PUFAs is of additional importance for
brain development, cognitive function and cardiovascular health [15,86]. In fact, higher
supplies with EPA and DHA are linked to lower risks of cardiovascular events [87-89].
Underlying mechanisms are discussed to be driven through the incorporation of those FAs in

the phospholipid membranes [90].

Sources, recommendations, status

The primary source for EPA and DHA is oily cold-water fish such as tuna, salmon, herring or
mackerel. However, the respective amounts of the FAs are dependent on the type of fish. For
example, 100 g of tuna provides 0.8 g of EPA+DHA (0.2 g EPA, 0.6 g DHA), while 100 g of
mackerel provides 1.3 g EPA+DHA (0.6 g EPA, 0.7 g DHA) [91]. Further, other factors such
as living or farming conditions and feed can influence the FA content. This is also underlined
by the fact that fish themselves do not produce EPA and DHA, but obtain it from consumption
of n-3 PUFA producing microalgae [92].

Aside from the direct consumption of EPA and DHA, it could also be argued that those FAs
can also be synthesized from their precursor FA ALA. Although this is possible, conversion of
ALA to EPA was found to have a low efficacy [93,94].
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Regarding the optimal intake of the n-3 PUFAs EPA and DHA no consensus exists. In fact,
organizations such as the loM and the DGE give only recommendations on intakes of the
essential FAs, LA and ALA [60,95]. On the other hand, organizations such as the European
Authority for Food Safety (EFSA) International Society for the Study of Fatty Acids and Lipids
(ISSFAL) extend their recommendations beyond LA and ALA and give recommendations on
EPA and DHA intake [96,97] (Table 3).

Table 3: Recommendations and tolerable upper intake level (UL) on EPA+DHA intake

for adults from selected organizations.

Organization Recommendation UL
ISSFAL 500 mg/day not available
EFSA 250 mg/day’ 5¢g

' pregnant and breastfeeding women: additional intake of 100-200 mg DHA/day
Abbreviations: EFSA, European Authority for Food Safety; ISSFAL, International Society for the Study
of Fatty Acids and Lipids.

Table was created in accordance with [96—98].

With respect to the dietary intakes a large-scale nutrition survey reported a generally low intake
of seafood derived n-3 PUFAs across the world [99]. The study showed that out of the 187
countries surveyed (representing approximately 82% of the population) respondents in only 45
countries had intakes of 2250 mg/day. Intakes of 2500 mg/day were only reported for few
countries, e.g. Greenland, Norway, Spain, Japan [99]. However, the estimation of dietary
intake of n-3 PUFAs is not as reliable as assessing blood levels. In that regard, the omega-3
index (O3l) is a reliable biomarker. The O3l represents the relative amount of EPA+DHA
measured in red blood cells (RBCs) and is expressed as percentage [100]. According to the
percent, the supply of EPA+DHA can be evaluated as follows: <4% is considered as very low,
4-6% as low, 6-8% as moderate and >8% as optimal [101]. In line with results on dietary intake,
a global analysis that used pooled, extrapolated data reported a very low or low EPA+DHA
status across countries with western-style diets [102]. With regards to Germany, a cross-
sectional study with 200 participants demonstrated a generally low supply situation with a
mean O3l of 5.5% [103].

Beyond this background, it becomes evident that supplementation of EPA and DHA may be a
good strategy to improve supply of these FAs and thereby contribute to general health and

prevention of NCDs.
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Sources of n-3 PUFA supplements

The most common source for n-3 PUFA containing supplements are marine oils, mainly
retrieved from fish. Fish oil contains FAs, mainly in the form of triglycerides (TAGs) [104].
However, for production of purified and higher concentrated supplements, fish oil is first refined
in a process including degumming, deacidification, bleaching, and deodorization [105].
Subsequently, concentration of the oils is often achieved via transesterification which results
in synthetically produced FA ethyl esters (FA-EEs) or re-esterified TAGs (rTAGs). Data is
controversial but suggests, that ethyl esters have a lower bioavailability when compared to
TAGs or rTAGs [104,106]. In addition to fish oil, another source used for supplement
production is krill oil. This oil contains FAs mainly bound as phospholipids (PLs) and only
smaller amounts of TAGs. In terms of bioavailability, data is still conflicting but indicates
comparable or better bioavailability when comparing PLs to TAGs [104,107]. Additionally, it

also contains the antioxidant astaxanthin, giving the oil a red color.

Another novel source of n-3 PUFAs is oil obtained from the copepod Calanus finmarchicus (C.
finmarchicus). Contrary to other marine oils, >80% of FAs present in this oil are bound as wax
esters [108]. Additionally, PLs, TAGs, cholesterol, and free FAs are present. The respective
amounts of the lipid classes present can vary depending on the life stage, location and harvest
season of C. finmarchicus. Commonly, C. finmarchicus is harvested in summer. During this
time, approximately 85.4% of total lipids are wax esters, 8.9% are TAGs, 4.2% are PLs, 1.2%
are cholesterol, and 0.2% are free FAs [109]. The FA profile C. finmarchicus oil (CO) is shown
in Table 4.
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Table 4 : Lipid classes and fatty acid profile from C. finmarchicus oil (CO) as well as

harvested C. finmarchicus females. Amounts are given in mass %.

Lipid classes
Fatty acid (common name) CO' WE? TAG? PL?
14:0 (Myristic acid) 6.4 26.3 12 3.3
16:0 (Palmitic acid) 4.5 9.8 30.4 25.8
18:0 (Stearic acid) 0.2 0.9 6.1 3.6
16:1n-7 (Palmitoleic acid) 1.7 6.7 3.6 1.1
18:1n-9 (Oleic acid) 1.6 5.3 10.4 25
20:1n-9 (Gondoic acid) 24 7.8 n.d. 0.2
22:1n-9 (Erucic acid) 0.3 0.2 n.d. n.d.
22:1n-11 (cetoleic acid) 4.3 7.0 2.2 0.2
18:2n-6 (LA) 0.7 1.2 27 1.5
18:3n-3 (ALA) 1.4 1.5 23 0.6
18:4n-3 (SDA) 7.0 13.7 5.9 25
20:5n-3 (EPA) 55 11.4 8.7 19.2
22:5n-3 (DPA 0.3 n.d. 1.2 0.2
22:6n-3 (DHA) 3.9 22 5.8 37.4

' Fatty acid content of oil obtained from C. finmarchicus according to [110].

2 Fatty acid content of C. finmarchicus females harvested in Fram Strait East according to [111].
Abbreviations: ALA, alpha-linolenic acid; CO, oil from C. finmarchicus; DHA, docosahexaenoic acid;
DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; n.d., not detected; SDA, stearidonic acid;
TAG, triglycerides; PL, phospholipids; WE, wax ester.

Table was modified in accordance with [112]

Irrespective of the lipid classes, n-3 PUFAs make up roughly 18% of the oil from C.
finmarchicus. The most abundant one is 18:4n3 FA stearidonic acid (SDA) (7%), while a minor
part is made up of EPA (6%) and DHA (4%). This is of interest as SDA is another precursor in
EPA and DHA synthesis. In fact, SDA is the product of ALA desaturation by the A-6 desaturase
(see Figure 2). As this is the rate limiting step in the conversion of ALA to EPA, it was assumed
that conversion from SDA to EPA may be more efficient. Indeed, several studies reported that
conversion from this SDA to EPA is efficient [113,114].

In addition to the n-3 PUFAs, CO also contains fatty alcohols and astaxanthin. In fact, the high
content of astaxanthin (~1500 ppm) [108] is responsible for the deep red color of the oil. In
addition to the already mentioned antioxidative function of astaxanthin, studies have also

demonstrated anti-inflammatory effects [115,116].
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Supplementation with n-3 PUFAs has already demonstrated beneficial effects on metabolic
markers such as blood triglycerides [117,118] and insulin sensitivity [14]. Further, evidence
also suggests that n-3 PUFAs may contribute to improved muscle protein synthesis [119,120]
and therefore favorably impact lean body mass (LBM), as well as support weight (and fat) loss
[121-124]. However, evidence about the potential beneficial health effects of CO is still sparse.
Data from animal studies indicate that CO supplementation may positively impact glucose
metabolism and inflammatory processes [16,17], atherosclerosis [125], and elicit

cardioprotective [126] and anti-obesogenic effects [17].
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1.4. Selected health markers

Regarding the assessment of the current health status, many different markers exist that can
provide information about the absence, onset, or presence of disease. To evaluate the
preventive impact of exercise and dietary measures on health in older adults, the present work
focused on body composition, markers of glucose and lipid metabolism and sirtuin activity.
Additionally, the impact of immune cell aging on insulin sensitivity was investigated in a cross-

sectional analysis.

1.4.1 Body composition

Anthropometric measurements play a central role in evaluating an individual's health status
[127]. Analysis of body weight, height, and calculation of the body-mass-index (BMI) allow a
first categorization of a person’s nutritional status. According to the BMI, a person is
categorized as underweight (<18.5 kg/m?), normal weight (18.5-24.9 kg/m?) or overweight (=
25 kg/m?). Overweight can further be subdivided in pre-obese (25-29.5 kg/m?) and obese (=
30 kg/m?) [53].

Further, bioelectrical impendence analysis allows a detailed analysis of body composition. This
method is based on measuring the total resistance (impendence) of the body to a harmless
alternating current conducted by placing electrodes on the body. The impendence comprises
the resistance, which is the resistance of the electrolyte containing body water, and reactance,
which is the resistance of the cell membranes. Due to the different conductivity of the body
compartments and using calculations, the total body water (TBW), the LBM, and the fat mass
(FM) can be determined. Devices using multifrequency current further allow further subdivision
of the LBM to body cell mass (BCM) and extracellular mass (ECM). The BCM is of particular
interest, as it represents the metabolically active cells including muscle cells. An additional
marker for health is the phase angle, which gives information on the quality of the cells: the

higher the phase angle, the better the condition and quality of the cell [128].

The assessment of body composition is of interest as it can directly impact an individual’s
health. In that regard, a higher fat mass is linked to an increased risk for cardiovascular
diseases, metabolic dysfunctions (e.g. type-2 diabetes or dyslipidemia), and inflammatory
processes [129,130]. This interrelation is particularly driven by adipose tissue, whose function
extends far beyond energy storage. Adipose tissue exhibits an endocrine function and secretes
signaling molecules, known as adipokines. Adipokines encompass the appetite regulating
hormone leptin and also pro- and anti-inflammatory cytokines that are secreted by immune
cells residing in the adipose tissue [131]. Expansion and remodeling of adipose tissue as a

result of a hypercaloric dietary intake contributes to the production of pro-inflammatory
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cytokines (i.e., tumor necrosis factor alpha (TNF-a), interleukin (IL)-6, IL-8). Production of pro-
inflammatory cytokines can contribute to systemic low grade inflammation and thereby
increase the risk for insulin resistance or cardiovascular disease [132,133]. At the same time,
metabolic diseases such as type-2 diabetes are also facilitated by decreased muscle mass, as
skeletal muscles are largely involved in the postprandial insulin-mediated glucose uptake,
glucose storage, and oxidation [134].

Maintaining lower body fat and higher muscle mass throughout the lifespan is of additional
importance, as a decrease in muscle mass with a concurrent increase in fat mass are known

to occur with aging [135,136].

Regarding the effect of exercise on body composition, it was demonstrated, that endurance
training is particularly beneficial in reducing total body mass (meaning weight) and fat mass.
However, this can also be accompanied by a low LBM. In contrast, resistance training
contributes to an increase in LBM, therefore, total body mass is not necessarily reduced by
resistance training [137]. Thus, a combination of aerobic and resistance training may be
superior to only performing one of the two modalities. Additionally, body composition is also
largely influenced by dietary intake. First, caloric intake will determine whether body mass
stays the same, decreases, or increases [138]. Further, it can also be modulated by the overall
quality of the diet (a higher quality diet being associated with lower body fat) [139-141], and
macronutrient intake (e.g. adequate protein intake is required for maintenance of muscle mass)
[142].

Overall, it becomes evident, that reducing body fat and maintaining or increasing muscle mass

can favorably impact health.
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1.4.2 Metabolic markers

As outlined in chapter 1.3, carbohydrates and lipids represent essential components of human
nutrition. However, disturbances in their metabolism can drive the drive the development of
metabolic and cardiovascular diseases. Therefore, assessment of markers of glucose and lipid

metabolism can help to evaluate the current health status and, if present, identify risk factors.

Glucose metabolism

Although dietary carbohydrates have various functions in the human body, their main function
is to supply energy in the form of glucose. In fact, the central nervous system, the kidney
marrow and erythrocytes use glucose as their only source of energy supply. Generally, glucose
is obtained from breakdown of dietary carbohydrates. After its absorption from the intestine, it
can either be directly used for energy production (anaerobic or aerobic glycolysis) or stored as
glycogen within the liver and muscles. While muscle glycogen is only used for on-site energy
production, the liver can break down glycogen back to glucose (glycogenolysis) and, therefore,
help to maintain blood glucose levels and ensure energy supply. Overall, blood glucose levels
are monitored and tightly regulated by the pancreas via secretion of the antagonistic hormones
insulin and glucagon (Figure 3) [143]. Briefly, insulin mediates insulin-dependent glucose
uptake in the muscle and adipose tissue and induces glycogen production (glycogenesis) in

the liver, while glucagon promotes glycogenolysis.
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Figure 3: Regulation of blood glucose via the antagonistic hormones insulin and
glucagon.

When blood glucose increases (e.g., after a meal), pancreatic B-cells secrete insulin into the blood
stream. This leads to increased glucose uptake in muscle cells, adipose tissue, and the liver. The muscle
cells and liver can store glucose as glycogen. Consequentially, the increased glucose uptake from the
blood leads to a decreased blood glucose level. When blood glucose drops (e.g., during exercise), the
a-cells of the pancreas secrete glucagon, which stimulates glycogenolysis within the liver and results in
increased blood glucose.

This figure was modified and created in accordance with [143].

Disturbances of glucose metabolism are commonly characterized by chronically elevated
blood glucose levels (hyperglycemia), which is a cause of absolute or relative insulin deficiency
and summarized as diabetes mellitus. Depending on the cause of this disease, it can generally
be subdivided into type-1 and type-2 diabetes (other forms such as gestational diabetes will
not be considered in this work). Type-1 diabetes is caused by autoimmunological processes
which ultimately destroy the insulin secreting B-cells, leading to absolute insulin deficiency. In
this day and age, the most prevalent form is type-2 diabetes, which is characterized by insulin
resistance and an accompanying compensatory hyperinsulinemia. In latter stages a decline in
B-cells can be observed as well. Type-2 diabetes is assessed via the measurement of fasting
glucose and glycated hemoglobin (HbA1c), which measures the glucose levels of the last 8-

12 weeks [144]. Both markers are also used by the American Diabetes Association to classify

19



General introduction

an individual as healthy, prediabetic or diabetic [145] (Table 5). Additionally, calculation of the
homeostasis model assessment (HOMA) from fasting glucose and insulin gives information
about insulin resistance. For non-diabetic individuals values of = 2.0 can indicate insulin

resistance [146], while values = 2.5 are a stronger indicator [147].

Table 5: Classification of fasting blood glucose and HbA1c levels according to the

American Diabetes Association.

Fasting glucose (mg/dl) HbA1c (%)
Normal <100 <5.6
Prediabetic 100-125 5.7-6.4
Diabetic 2126 6.5

Abbreviations: HbA1c, glycated hemoglobin.

Table was created in accordance with [145].

Although development of type-2 diabetes is linked to genetic predisposition, it is also largely
modulated by lifestyle factors such as dietary intake and physical activity. As stated in 1.4.1,
obesity as a result of a hypercaloric diet can facilitate insulin resistance and therefore
represents one of the main factors driving the development of this disease. Next to a
hypercaloric diet, ingestion of large amounts of sugar sweetened beverages and low amounts
of fiber also contribute to the development of type-2 diabetes [148]. Similarly, physical inactivity
not only favors development of obesity, but also results in decreased muscle mass, which
plays a crucial role in glucose uptake. This also explains the high prevalence of type-2 diabetes
among older individuals as a result of age-related loss of muscle mass.

A healthy diet that provides calories matching energy expenditure together with increased
physical activity or exercise can be a preventive measure. The importance of exercise is further
emphasized because the process of cellular glucose uptake during exercise is mediated
through a contraction-induced, insulin independent manner [149]. Thereby, as a result of

chronic exercise, insulin sensitivity can increase [6,150,151].

Altogether type-2 diabetes represents a multifactorial disease that develops silently as a result
of various factors. As dietary intake and exercise are important regulators of glucose control
and preventive measures for the manifestation of type-2 diabetes, evaluation of benefits of a
combined exercise and diet intervention for adults without diagnosed chronic disease is still of

interest.
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Lipid metabolism

Lipoproteins play a central role in lipid metabolism as they transport lipids within the human
body. Generally, lipoproteins are ball-shaped, have a hydrophilic outer layer consisting of
proteins (apoproteins) and amphiphilic lipids (e.g., phospholipids), carrying the hydrophobic
triglycerides and cholesterol esters on the inside. Depending on the density and composition
of lipoproteins, they can be classified as chylomicron, chylomicron remnant, very low density
lipoprotein (VLDL), intermediate density lipoprotein (IDL), low density lipoprotein (LDL) or high
density lipoprotein (HDL) [152]. An overview of the pathways of lipoproteins within the human

body is summarized in Figure 4.
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Figure 4: Exogenous and endogenous pathways of lipoproteins.

Exogenous pathway: Chylomicrons (C) transport TAGs and cholesterol from the intestine to muscle and
adipose tissue where they are either used for energy production or stored. Thereafter remaining
chylomicron remnants (CR) travel back to the liver where they are metabolized. Endogenous pathway:
The liver itself produces VLDLs, which mainly consists of TAGs, phospholipids, and cholesterol and also
ensures the supply of muscle and adipose tissues. The remaining IDL travels back to the liver where it
is either degraded or metabolized to LDL, which is rich in cholesterol and cholesterol esters. HDL is
produced by the liver and the intestine. Its function is the transport of cholesterol from the extrahepatic
tissues back to the liver.

Abbreviations: C, chylomicron; CR, chylomicron remnant; VLDL, very low density lipoprotein; IDL,
intermediate density lipoprotein; LDL, low density lipoprotein; HDL, high density lipoprotein; TAG,
triglyceride; FA, fatty acid.

The figure was created in accordance with [53].
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The lipoproteins LDL and HDL are of particular interest in regards to their impact on health.
This results from evidence that links higher levels of LDL to a higher risk for atherosclerotic
cardiovascular disease [153,154]. Similarly, higher levels of HDL are associated with a
decreased risk of cardiovascular disease [155], which increases the relevance of evaluation of
the LDL/HDL ratio [156,157]. The amount of both lipoproteins is also commonly expressed as
total cholesterol. According to the amount of the respective lipoprotein, total cholesterol and
triglycerides, reference ranges indicating an increased risk for cardiovascular events can be
established (Table 6).

Table 6: Categorization of respective lipid fractions according to their impact on

cardiovascular risk. Values are given in mg/dl.

Fraction Ideal Borderline high Increased risk
Total cholesterol <200 200-239 2 240
LDL <129 130-159 2160
HDL m: 2 60 m: < 50 m: < 50
f. 260 f: <40 f: <40
Triglycerides <150 =150 =150

Abbreviations: m, male; f, female.

Table created in accordance with [158,159], obtained from [53].

Lipid metabolism and the amount of lipoproteins present is strongly modulated by dietary
intake. However, it is not mainly mediated by total fat intake, but rather by ingestion of specific
fatty acids [160]. Therefore, the cardiovascular risk can also be influenced by dietary fatty
acids. In that regard, particularly SFAs and trans fatty acids were found to contribute to an
increased cardiovascular risk [161]. Those FAs are commonly consumed as a result of the
prevalent dietary patterns in Western countries (see chapter 1.3 for reference). Replacement
of SFAs and trans fatty acids with MUFAs as well as PUFAs was shown to decrease total
cholesterol and LDL and thereby contribute to a lower risk for cardiovascular events [162,163].
Moreover, ingestion of EPA+DHA was shown effectively lower blood triglycerides in individuals

with hypertriglyceridemia [117,164].

Despite the profound effects of dietary intake, exercise can also favorably impact lipid
metabolism. Evidence suggests that exercise can increase HDL levels, and help to maintain
or lower levels of LDL [5,165]. However, as the effects on lipid metabolism are suggested to
occur in a dose-dependent manner, meaning higher intensity yields better outcomes, potential
synergistic effects of a moderate intensity training combined with dietary measures still need

to be determined.
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In addition to the assessment of lipoproteins, another marker that can help to evaluate the risk
for cardiovascular diseases is the O3l, which was already introduced in chapter 1.3.4
[104,166]. In fact, a lower O3l is linked to an increased risk of cardiovascular events, which is
why an O3l of <4% is considered as “high risk’- and 4-8% as “intermediate risk”-zones
[88,166,167]. However, the O3l is not only influenced by the dietary intake, but also by other
factors such as age, sex, weight [168]. Although the O3l is effectively increased by
supplementation with fish or krill oil, no data on CO exists. Further, no information on the impact

of an exercise intervention on the O3l is available to date.

1.4.3 Sirtuins

Other modulators of health and metabolism that have gained growing interest in recent years
are enzymes from a family of nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylases called sirtuins (SIRT). First identified as silent information regulator (SIR) in
Saccharomyces cerevisiae, interest in those enzymes emerged when overexpression of Sir2
led to an increase of S. cerevisiae lifespan [169]. Till now, seven homologues of SIR2 (SIRT1-
SIRT7) have been identified in mammals. Of those, SIRT1, SIRT6, and SIRT7 are primarily
localized in the nucleus, SIRT3-SIRT5 in the mitochondria, and SIRT2 in the cytosol [170].
Their main function is the modification of protein lysine residues via deacetylation but other
reactions such as adenosine diphosphate (ADP)-ribosylation, demalonylation, and
desuccinylation have been reported as well [171,172]. Via these posttranslational
modifications, sirtuins are able to regulate a number of processes including gene expression
and DNA repair [173], regulation of the cell cycle [174], mitochondrial biogenesis and
metabolism [175], lipid and glucose metabolism [176], and many more. The enzymes elicit
their function by either activation or inhibition of targets such as forkhead box O (FOXO)
transcription factors, peroxisome proliferator-activated receptors (PPAR), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a), AMP-activated protein
kinase (AMPK), nuclear factor-kB (NF-kb) or p53, which are modulators of energy metabolism,
cellular stress response, inflammation and/or regulation of cellular senescence (cell cycle
arrest) and apoptosis (cell death) [177]. An overview of the sirtuins and their respective

functions is shown in Figure 5.
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Figure 5: Sirtuins with their respective localization, enzymatic activity,
substrates/targets, and functions.
Figure taken from [178].

Given the numerous functions within the human body, it is not surprising that studies have
linked reduced sirtuin activity to diabetes mellitus type 1 and 2 [179,180], coronary artery
diseases [181,182], and cancer [173]. Similarly, aging was associated with reduced sirtuin
activity [177], which highlights their impact on the manifestation of age-related diseases and

“pro-aging” pathways.

In line with their role in energy metabolism and nutrient sensing pathways, sirtuin activity is
influenced by exercise and dietary measures. With regards to chronic exercise, particularly
SIRT1 and SIRT3 are upregulated [183,184]. As both sirtuins target metabolic processes and
mitochondrial function, an increase in those sirtuins might be beneficial in the prevention of
metabolic dysfunctions. Similarly, caloric restriction was also shown to increase SIRT1,
particularly in the context of aging [185,186]. Additionally, dietary compounds such as the
polyphenol resveratrol also favorably impact sirtuins [187,188]. A few studies have also
demonstrated the effects of the n-3 PUFAs EPA and DHA on SIRT1 [189,190] and EPA on
SIRT3 regulated pathways [191].
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Existing data on sirtuins are mainly based on in vitro or animal studies, with little evidence on
their actual impact in humans in vivo. Further, no data on the effect of CO supplementation on
sirtuins exists. Given their importance in a plethora of metabolic processes, obtaining more
data on the modulation of sirtuins in humans can help to further inform on their role in

maintaining better health throughout the lifespan.

1.4.5 Immune system

The immune system plays a vital role in human health, as it protects the organism from harmful
external factors such as pathogens. Generally, there are two lines of defense to pathogens:
the innate and the adaptive, or acquired, immune system. Innate immunity encompasses a
rather unspecific, first line of defense mediated by basophils, eosinophils, neutrophils, mast
cells, natural killer cells, monocytes, dendric cells and macrophages. Adaptive immunity is a
more specialized, antigen-specific second line of defense that is mediated by B- and T-
lymphocytes (also referred to as B- and T-cells) [192]. Throughout the life span, the immune
cells are subject to cellular aging, which consequentially leads to a deterioration of the immune
response and is summarized as immunosenescence. Profound changes are particularly
observed after the age of 50 [193]. Although immunosenescence is noticeable in all
components of the immune system, more pronounced effects are observed in T-cells [194].

Therefore, only this cell type will be described in more detail.

T-cells migrate from the bone narrow to the thymus where they mature into T-cells expressing
either CD8 glycoprotein or CD4 glycoprotein on their surface. According to the respective
surface proteins, T-cells can then be classified as CD8+ T-cells or CD4+ T-cells [195]. CD8+
T-cells are also named cytotoxic T-cells as they help to kill infected or tumor cells via secretion
of cytotoxins. CD4+ T-cells primarily help to regulate the immune response, and are also called
helper cells. In brief, subsets of CD4+ T-cells encompass Th1, Th2 and Th17 cells which
exhibit pro-inflammatory activity, as well as regulatory T-cells which have anti-inflammatory
properties [196,197].
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Before T-cells undergo antigen contact, they are called naive T-cells. After antigen contact,
the cells will either go into apoptosis or differentiate into effector memory (Tem) and central
memory cells (Tcem). This “memory” of the adaptive immune response enables a faster
response to repetitive exposure to the same pathogen [198]. Lastly, effector memory cells re-
expressing CD45RA (Temra) represent the “terminally differentiated” or “exhausted” memory
T-cells and are categorized as such by the re-expression of the surface marker CD45RA.

Those cells are termed exhausted, as they exhibit a much lower proliferative

-0 -©-@

Differentiation

capacity (Figure 6).

Proliferation

Surface
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CCR7 1- 3 - -
CD45RA 3 - - o

Figure 6: Differentiation of T-cells and selected surface markers.

Naive T-cells differentiate into either Tem or Tcem cells and can be characterized as such by expression
of the respective surface markers (only selected surface markers are presented). Terminally
differentiated effector memory cells, Temra cells represent the final stage of differentiation. Throughout
their differentiation the proliferation capacity of the immune cells declines.

Abbreviations: Tn, naive cell; Tem, effector memory cell; Tcem, central memory cell; Temra, terminally
differentiated memory cell.

Figure was modified and created in accordance with [199].

Within the T-cell pool, immunosenescence manifests as an overall reduced number of naive
cells, which is a consequence of age-related thymic involution [192], a reduced CD4+/CD8+
ratio (decreased CD4+, increased CD8+) and an increased number of senescent cells within
both cell types. Cellular senescence is a state of terminal differentiation and irreversible cell
cycle arrest and is most commonly observed in Tewra cells [199]. This state is further
accompanied by a shift to a pro-inflammatory secretome which is also summarized as
senescent associated secretory phenotype [193,200]. Next to the influence of aging,
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immunosenescene can also be driven by repeated exposure to latent viruses such as the
cytomegalovirus (CMV) [201]. As the Center for Disease Control and Prevention reports that
by the age of 40 50% of adults are CMV positive, determination of the CMV status is valuable

information when examining the immune status [202].

Overall, immunosenescence is also associated with promotion of chronic low-grade
inflammation that further contributes to immunosenescence by constant activation of the
immune response. In older individuals the development of chronic-low grade inflammation is
also referred to as “inflammaging” [203]. Increased levels of proinflammatory cytokines, such
as TNF- a, IL-1B, IL-8 or IL-18, are also associated with atherosclerosis or metabolic
dysfunctions, including type-2 diabetes [204]. Therefore, it is plausible, that the proportion of
senescent cells may predict the risk of developing cardiovascular or metabolic diseases.
Results from animal studies suggest a link between T-cell aging, glucose metabolism, and
development of type-2 diabetes [205,206]. Further, Yi et al. reported that patients with
prediabetes show a larger proportion of senescent CD8+ cells when compared to

normoglycemic individuals [205]. However, more data on this interrelation is warranted.

1.5 Beyond prevention: exercise and diet in athletes

In contrast to the preventive aspect of exercise, there are also performance-oriented athletes
who maximize their performance with rigorous exercise and diet modifications. In that regard,
particularly athletes from weight sensitive or aesthetic sports (e.g., endurance, gymnastics,
bodybuilding) or sports with high energy expenditure (e.g., rowing) are at risk of experiencing
a state of low energy availability (LEA) [207,208]. Low energy availability is the result of a
mismatch in dietary energy and energy expended through exercise. As a result the body does
not have enough energy to maintain all physiological functions and therefore optimal health
[207]. As both short- and long-term LEA can negatively impact an athlete’s health the reasons

and health consequences of LEA are discussed in a literature review as a part of this work.
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Abstract: Aging is accompanied by a progressive decline in muscle mass and an increase in fat mass,
which are detrimental changes associated with the development of health conditions such as type-2
diabetes mellitus or chronic low-grade inflammation. Although both exercise as well as nutritional
interventions are known to be beneficial in counteracting those age-related changes, data to which
extent untrained elderly people may benefit is still sparse. Therefore, a randomized, controlled,
12-week interventional trial was conducted in which 134 healthy untrained participants (96 women
and 38 men, age 59.4 + 5.6 years, body mass index (BMI) 28.4 + 5.8 kg/m?) were allocated to one of
four study groups: (1) control group with no intervention (CON); (2) 2x/week aerobic and resistance
training only (EX); (3) exercise routine combined with dietary counseling in accordance with the
guidelines of the German Nutrition Society (EXDC); (4) exercise routine combined with intake of
2 g/day oil from Calanus finmarchicus (EXCO). Body composition (bioelectrical impedance analysis), as
well as markers of glucose metabolism and blood lipids, were analyzed at the beginning and the end
of the study. The highest decreases in body fat were observed within the EXCO group (-1.70 +2.45 kg,
p < 0.001), and the EXDC (-1.41 + 2.13 kg, p = 0.008) group. Markers of glucose metabolism and
blood lipids remained unchanged in all groups. Taken together results of this pilot study suggest that
a combination of moderate exercise and intake of oil from Calanus finmarchicus or a healthy diet may
promote fat loss in elderly untrained overweight participants.

Keywords: aging; exercise; obesity; omega-3 fatty acid; body composition; fat loss; glucose metabolism

1. Introduction

Aging is accompanied by changes in body composition, which include a progressive decline in
muscle mass as well as an increase in body fat mass [1]. If not counteracted, those changes may have
multiple health consequences such as development of obesity, type-2 diabetes, chronic low-grade
inflammation, or cardiovascular diseases [1-3]. Regular exercise is known to prevent, attenuate and
even reverse the described changes [4-6] as it helps to prevent muscle loss, build new muscle mass,
and reduce adipocyte cell size and lipid content [7]. Moreover, it has broad beneficial effects on human
energy metabolism and glucose control as it elicits contraction-induced, insulin-independent glucose
uptake in skeletal muscle [8,9].

Nutrients 2020, 12, 2139; doi:10.3390/nu12072139 www.mdpi.com/journal/nutrients
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However, body composition and metabolic markers are also largely influenced by the diet. A diet
that is high in energy and high glycemic foods may facilitate the development of obesity, cardiovascular
diseases or diabetes [10,11]. Conversely, a nutrient-dense diet providing adequate intake of macro- and
micronutrients, fiber, and phytochemicals can help to prevent those diseases and support the beneficial
effects of exercise [12-16]. To promote such “healthy diet”, the German Nutrition Society recommends
a diet rich in vegetables, fruits, whole grain cereal products, daily intake of dairy products, moderate
meat intake and 1-2 portions of fish per week [17].

On the other hand, there are also individual nutrients, which have been shown to positively
influence body composition as well as metabolic markers. In that regard, results from several studies
demonstrated that supplementation of omega-3 polyunsaturated fatty acids (n-3 PUFAs) potentially
reduces fasting insulin levels in diabetic individuals and positively influences body composition by
supporting body weight loss [18-21]. Moreover, n-3 PUFAs are also linked to increases in muscle
mass and muscle function in healthy older adults [20]. One novel source of n-3 PUFAs that showed
promising effects on the reduction of abdominal fat and glucose control in animal studies is the oil
from the copepod Calanus finmarchicus [22,23]. Of all fatty acids present in Calanus oil (CO) >80% are
bound as wax esters. In addition to providing n-3 PUFAs such as stearidonic acid (SDA, C18:4n3),
eicosapentaenoic acid (EPA, C20:5n3) and docosahexaenoic acid (DHA, 22:6n3), it also contains plant
sterols and astaxanthin, therefore differing from conventional marine oils. Carotenoids such as
astaxanthin are also discussed to play a role in counteracting obesity [24].

Although synergistic effects of exercise combined with nutritional measures are presumed,
only a few studies have investigated the effects of a combined exercise and nutritional intervention.
Moreover, most of those studies were focused on the pre-diabetic, diabetic, or obese populations
leaving out the elderly untrained but otherwise healthy population [25-27]. Further, no studies have
examined whether and how exercise combined with either a healthy diet versus supplementation of
CO may differ.

Given the information above, we hypothesized that moderate exercise combined with nutritional
measures may result in more favorable changes in body composition and metabolic markers than
exercise alone. Further, we aimed to identify whether one of the two nutritional interventions would
result in greater changes than the other. Therefore, a pilot study was conducted to investigate to which
extent elderly untrained, but otherwise healthy, subjects may benefit in terms of body composition,
glucose control, and blood lipids when performing exercise only or exercise combined with either a
general dietary recommendation or intake of CO.

2. Materials and Methods

2.1. Study Participants

In total, 134 men and women were recruited via advertisements in local newspapers and public
notice boards from the general population in Hannover, Germany between August 2018 and March
2019. The main inclusion criteria for participation were: age > 50 and < 70 years, no exercise training
aside from the daily activities for at least 2 years, a stable body weight (+ 5 kg) for at least 6 months,
ability to physically perform the exercise intervention (exercise capacity) and consumption of an
omnivorous diet. Exclusion criteria were defined as suspicion and diagnosis of cardiovascular diseases
(angina pectoris, myocardial infarction, stroke, peripheral arterial occlusive disease, heart failure,
cardiac arrhythmia), type 1 and 2 diabetes, renal insufficiency and liver diseases, blood coagulation
disorders, chronic gastrointestinal disorders (e.g., ulcers, Crohn’s disease), pancreatic insufficiency,
immunological diseases (e.g., autoimmune diseases), intake of immunosuppressive drugs or laxatives,
intake of supplements containing n-3 PUFAs, alcohol, drug and/or medicine dependency, pregnancy
or lactation, retraction of the consent by the subject, concurrent participation in another clinical study,
and participation in a study in the last 30 days. Inclusion and exclusion criteria were assessed using a
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structured screening questionnaire. Cardiovascular health was determined by resting and exercise
electrocardiogram, implemented by trained professionals and a physician.

2.2. Study Design

This single-center, randomized controlled trial in parallel group design was conducted by trained
professionals using standardized methods at the Institute of Food Science and Human Nutrition, Leibniz
University Hannover, Germany. The study involved a screening phase and 12-week intervention phase
with two examination days; one at the beginning (ty) and one at the end of the 12-week intervention
(t12). Additionally, there was a questionnaire-based examination after six weeks (t).

Ethical approval was provided by the Ethics Commission of the Medical Chamber of Lower
Saxony (Hannover, Germany). In accordance with the guidelines of the Declaration of Helsinki,
written informed consent was obtained from all participants prior to their participation in the study.
This study is registered in the German Clinical Trial Register (DRKS00014322). The participants were
randomly assigned by an independent researcher using stratified randomization according to the
covariates sex, BMI, age (in descending order) to one of the four study groups: (1) control group
(CON), (2) exercise only group (EX), (3) exercise and dietary counseling group (EXDC), (4) exercise
and CO supplementation group (EXCO). The CON group served as control and participants of this
group were asked to maintain their habitual diet and physical activity level throughout the 12-week
investigation period. The EX, EXDC, and EXCO groups were instructed to perform exercise training
twice a week. Participants randomized to the EX group were asked to maintain their normal diet.
Participants randomized to the EXDC group were asked to adapt their diet in accordance with the
dietary guidelines of the German Nutrition Society [17]. Therefore, participants of this group received
an individualized nutrition counseling session by a professional nutritionist at the first examination.
In general, dietary recommendations included the following advice: intake of 3 portions of vegetables
and 2 portions of fruits daily, consumption of cereal products with a focus on whole-grain products,
daily consumption of dairy products such as milk or cheese, limited meat intake of 300-600 g per week,
consumption of fish once or twice a week, limited intake of salt and sugar [17]. In addition to exercise,
participants randomized to the EXCO group were instructed to consume four capsules containing oil
from Calanus finmarchicus (Calanus AS, Tromsg, Norway) daily during the 12-week intervention period.
Therefore, participants received a counted number of capsules and were advised to return leftover
capsules at the end of the study. The leftover capsules were then counted to assess the compliance in
taking the supplement (at least 90% of the capsules had to be consumed). Four capsules provided 2 g of
CO. The composition of the oil is shown in Table 1. Further, participants were asked to maintain their
normal diet. Compliance of participants and adherence to the respective instructions was monitored
within all study groups via fortnightly phone calls.

2.3. Exercise Training

The exercise training was performed in cooperating fitness centers after thorough instructions
from a professional trainer. Each training session consisted of an initial warm-up, followed by two
passes of a strength-endurance circuit.

The strength training consisted of six machine-supported exercises that included all major muscle
groups and were performed for one minute each. During the initial training session, a maximum
force test with three attempts was performed. The best of the three tests was scored and used to
define the exercise intensity at about 60% of the participant’s maximum force for the first two weeks of
training. For the subsequent six weeks, the load was increased by 10% and again by 5% for the last
four weeks. The endurance exercise consisted of a four-minute bout performed on bicycle ergometers
and cross-trainers at a perceived exertion corresponding to an intensity of about 15 on the Borg-Scale.
In between each exercise, the participants had 30 s of rest. Including the warm-up and rest periods,
the training session could be completed in approximately one hour. Compliance of the participants
was assessed via a training log and a questionnaire at the end of the study.
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Table 1. Composition of oil from Calanus finmarchicus.

Components mg/100 g CO mg/2 g CO
SFA 12,428 249
MUFA 11,452 229
Omega-3 18,181 364
ALA 1149 23
SDA 6186 124
EPA 5439 109
PUFA DHA 4342 87
Omega-6 981 20
LA 552 11
ARA 169 3
Fatty alcohols 33,017 660
Astaxanthin 180 3.6

CO = Calanus finmarchicus oil, SFA = Saturated fatty acids; MUFA = Monounsaturated fatty acids; PUFA =
Polyunsaturated fatty acids; ALA = Alpha-Linolenic acid; SDA = Stearidonic acid; EPA = Eisosapentaenoic
acid; DHA = Docosahexaenoic acid; LA = Linoleic acid; ARA = Arachidonic acid. Other minor compounds are
triacylglycerides, free fatty acids, phospholipids and plant sterols.

2.4. Monitoring of Dietary Intake and Physical Activity

The level of regular physical activity outside of the intervention was assessed using the German
Freiburger Questionnaire for Physical Activity at the beginning, after six weeks, and at the end of the
study [28]. Dietary intake of the participants was monitored via 3-day dietary records at the beginning,
after six weeks, and at the end of the study. The records were checked by nutritionists for completeness,
readability, and plausibility. If necessary, ambiguities were clarified with the participants. Energy
and nutrient intake were estimated using the software PRODI6.4 (Nutri-Science GmbH, Freiburg,
Germany). Additionally, consumption of specific food groups was assessed with the food frequency
questionnaire (FFQ) from the German Health Examination Survey for Adults (Studie zur Gesundheit
Erwachsener in Deutschland, DEGS) of the Robert Koch Institute.

2.5. Bodyweight and Body Composition

All measurements were performed under standardized conditions on both days of examination
at the beginning and end of the study. Participants arrived at the institute between 6:00-10 a.m.,
rested, and after an overnight fast (>10 h). For the second examination, approximately the same
time of day was scheduled as for the first day of examination. At first height was measured with a
stadiometer (seca GmbH & Co. KG, Hamburg, Germany). Therefore, participants were advised to take
off their shoes, stand with the back to the stadiometer and touch the bar with the back of their head,
back and buttocks and back of their feet. Next, their bodyweight was measured lightly clothed and
without shoes on a digital scale to the nearest of 0.1 kg (seca GmbH & Co. KG, Hamburg, Germany).
Body composition was analyzed to a nearest of 0.1 kg using a bipolar bioelectrical impedance analyzer
(BIA) (Nutriguard M, Data Input Company, Darmstadt, Germany) and the software NutriPlus 5.4.1
(Data Input Company, Darmstadt, Germany). For the measurements, the participants were instructed
to lay down on a stretcher and rest for a few minutes (~5 min) to ensure a balanced distribution of
body fluids before the measurement. During the measurement, participants were instructed to lay
still and in a relaxed position with the limbs slightly bent from the torso. All measurements were
carried out by trained nutritionists. To avoid biases due to changing personal, the same nutritionists
conducted the measurements throughout the study after thorough instructions.

2.6. Blood Sampling and Biochemical Indices Measurement

Blood samples were drawn from the participants after an overnight fast (>10 h) by venepuncture
of an arm vein using EDTA, serum and NaF Glucose tubes (Sarstedt AG & Co. KG, Niimbrecht,
Germany). All samples were stored at ~5 °C and transferred to an accredited and certified laboratory
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(Laborérztliche Arbeitsgemeinschaft fiir Diagnostik und Rationalisierung e.V., Hannover, Germany),
where all analyses were performed.

Triglycerides, low-density lipoprotein cholesterol (LDL) and high-density lipoprotein cholesterol
(HDL) were analyzed by a photometric method (Beckman Coulter GmbH, Krefeld, Germany).
Total cholesterol and LDL/HDL-ratio was calculated from LDL and HDL values.

Fasting glucose was determined by a photometric method (Beckman Coulter GmbH, Krefeld,
Germany). HbA;. was analyzed using high-pressure liquid chromatography (HPLC) (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany). The electrochemiluminescence immunoassay method
(ECLIA) using cobas 801e (Roche Diagnostics GmbH, Mannheim, Germany) was applied to determine
insulin concentrations. To evaluate insulin resistance, the homeostatic model assessment (HOMA) was
calculated as follows: HOMA-Index = fasting insulin (uU/mL) X fasting blood glucose (mg/dL)/405 [29].

2.7. Statistical Analyses

The sample size of n = 25 per group was based on an alpha of 0.05 and 0.80 beta to detect
between-group differences, assuming an effect size of more than 0.8. With an estimated dropout rate
of 15%, a total of at least 30 participants per intervention study group were recruited. Distribution
of all data was assessed using a Shapiro-Wilk Test and Gaussian distribution. To assess differences
between groups at baseline, data from all participants was analyzed. Because all data was not normally
distributed, intergroup comparisons were assessed with Kruskal-Wallis-test while nominal data was
analyzed using Chi-square-test. For further analysis, data from all participants who took part in
both examination days was used. If the assumption of normality was not met, data was transformed
using log, square root, or reciprocal transformation. The intervention effect on all outcomes was
analyzed using a two-way repeated measures analysis of variance (ANOVA) with time (tp and t;,) and
intervention (CON, EX, EXCO, EXDC). If significant time*intervention effects were detected, a post hoc
analysis with Bonferroni correction was performed. p-values of <0.05 were considered as significant.
All statistical analyses were carried out using SPSS software (version 23.0; SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Baseline Characteristics

After screening for eligibility, 134 participants met the eligibility criteria and were randomly
assigned to one of the four study groups (Figure 1). Of all participants randomized, 72% were female
and 28% were male with a mean age of 59.2 + 5.60 years. With a mean weight of 83.0 + 20.2 kg and an
average BMI of 28.4 + 5.80 kg/m?, the study population can be classified as overweight.

At baseline, there were no differences in age, weight or BMI among the study groups (Table 2).

Table 2. Baseline characteristics of all participants.

Parameter CON (n=128) EX (n = 36) EXDC (n=34) EXCO (n =36) p
Sex (f/m) 21/7 24/12 26/8 25/11 0.797
Age (years) 59.3 £5.07 59.7 £ 6.39 60.2 +5.11 58.5 + 5.69 0.563
Height (m) 169.1 £ 8.05 170.9 + 8.73 171.0 £ 8.37 171.3 £ 8.74 0.774
Body weight (kg) 84.8 +£22.6 819 +18.6 85.0+20.3 80.7 +20.3 0.771
BMI (kg/m?) 29.5 +6.80 28.0 +5.51 28.95 + 5.80 27.28 +5.26 0.427
SBP (mmHg) 138.0 +£20.4 1294 + 14.7 133.8 +£16.9 134.1 +20.1 0.332
DBP (mmHg) 81.1 £10.5 76.2 £ 6.16 79.2 +10.6 78.6 £7.91 0.327
Pulse 71.4 +8.57 74.6 +9.58 72.6 +9.23 73.8 + 8.25 0.513

Values are given as mean + SD. Distribution of sexes between groups was analyzed using Chi-square-test. All other
group differences were assessed with Kruskal-Wallis-Test. f = females, m = male, BMI = Body-Mass-Index,
SBP = systolic blood pressure, DBP = diastolic blood pressure.
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Figure 1. Flow chart of all participants screened, randomized, allocated and analyzed.

3.2. Physical Activity and Training Sessions

In compliance with the given instructions, there were no significant changes in physical activity
outside the intervention among the four study groups during the study period (Table S1). However,
an overall increase in basal activity could be observed in all groups, which was mostly due to increased
seasonal activities such as gardening. Additionally, no significant difference in the number of completed
training sessions was detected between the EX, EXCO and EXDC group (data not shown).

3.3. Dietary Intake

Intake of specific food groups assessed by FFQs of all study groups before and after the intervention
is presented in Table S2. In compliance with the received dietary recommendations, participants in the
EXDC group had a significant increase in fruit portions per day (p = 0.001) and vegetable portions per
day (p = 0.006) as well as fish intake per week (p < 0.001) as compared to the other groups. Except for a
significant decline of vegetable portions per day in the CON group (p = 0.018), no other significant
changes were observed.

Dietary intake from the background diet calculated from 3-day dietary food logs is shown in
Table 3. In all three exercise groups (EX, EXCO, and EXDC), average energy intake decreased about
200 kcal per day after the intervention period, yet this was not statistically different between groups.
While protein intake stayed the same throughout the intervention and between groups, significant
differences among all four study groups were found in fat (p = 0.016), carbohydrate (p = 0.015)
and fiber intake (p = 0.004) after the intervention. Relative fat intake was significantly higher after
12 weeks in the CON group (+4.32 + 8.17%E, p = 0.008), while no significant differences were found
in the intervention groups. Similarly, CON showed a significant decrease in carbohydrate intake
(=5.11 + 6.65%E, p = 0.002). A significant decrease in carbohydrate consumption was also detected
in the EX group (-2.76 + 8.36%E, p = 0.034). Fiber intake increased significantly in the EXDC group
(+3.00 + 8.39 g/day, p = 0.021) while it decreased in the EX group (-4.08 + 6.79 g/day, p = 0.004). With
regards to fatty acid intake, no differences in intake of saturated fatty acids (SFAs) or PUFAs could be
found among the study groups. In contrast, intake of monounsaturated fatty acids (MUFAs) decreased
significantly in the EXCO (-3.41 + 12.0 g/day, p = 0.040) and EXDC group (—4.80 + 9.17 g/day; p = 0.011).
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Further, the intake of EPA and DHA from the background diet did not change significantly
throughout the study between the four study groups. However, the highest increase in EPA and DHA
intake could be observed in the EXDC group (+0.15 + 0.37 g/day DHA; +0.25 + 0.33 g/day EPA).

3.4. Body Composition

After the intervention, a significant difference in fat mass was detected among all four study
groups (p = 0.039) (Table 4). Fat mass (FM) decreased significantly within the EXDC group (-1.41 +
2.13 kg, p = 0.008) and the EXCO group (-1.70 + 2.45 kg, p < 0.001). Total body water content and lean
body mass (LBM) increased significantly in CON and EXCO (CON: +0.59 + 1.28 L, p = 0.015; +0.76 +
1.74 kg, p = 0.018; EXCO: +0.57 + 2.03 L p = 0.012, +0.79 £ 2.79 kg, p = 0.008). Bodyweight and BMI did
not differ significantly between all study groups after the intervention.

3.5. Markers of Glucose Metabolism

Overall, no significant differences in any markers of glucose metabolism were detected among the
study groups (Table 5). Nonetheless, the highest changes in fasting insulin and HOMA-Index was
observed within the EXDC group (—2.14 + 4.59 pE/L and —0.56 + 1.25), followed by the EXCO group
(-1.42 £ 2.86 pE/L and —0.27 + 0.72).

3.6. Blood Lipids

No significant differences in blood lipids among all four study groups were detected (Table 6).
However, when compared with each other, EXCO showed the greatest decrease in triglycerides at the
end of the intervention (-=10.5 + 23.6 mg/dL).
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4. Discussion

In this study, we show that 12 weeks of resistance and aerobic training combined with adherence
to a healthy diet or supplementation of 2 g Calanus finmarchicus oil may promote body fat loss, but did
not affect markers of glucose or lipid metabolism in overweight but otherwise healthy (no diagnosed
chronic diseases) elderly subjects.

With regards to the EXDC group, a significant increase in vegetables, fruit, and fish intake
occurred, which makes it arguable that improved diet quality supported body fat loss in this group [30].
However, it is surprising that the healthy diet did not support further changes such as an increase
in LBM. Comparable studies investigating the effect of a healthy diet with a n6/n3 ratio < 2 (dietary
recommendations, uncontrolled) or a n-3 PUFA rich diet (>500 g fatty fish and seafood per week)
combined with 2x /week resistance training in elderly women showed an increase in leg lean mass
and increased hypertrophy of type 2 muscle fibers after 24 weeks [31,32]. However, it should be
noted that not only the fatty acid intake of the participants was modified, but also their energy
intake, macronutrient ratio, and fiber intake in the previous study. Naturally, an improved energy
and macronutrient intake will potentially improve body composition. In contrast, participants from
our study received general dietary recommendations with no specifications on caloric intake or
macronutrient distribution. Moreover, Strandberg et al., 2015 measured body composition only in
the lower extremities, whereas we used whole body measurements. The differences in estimation of
body composition make it difficult to directly compare the study outcomes. Furthermore, although an
increase in fish consumption could be observed in our study, no information about the type of fish
(lean or fatty fish) was collected. In any case, the intakes from the food logs indicated a slightly higher
intake of EPA and DHA within the EXDC group, but this was not significantly different from the other
study groups.

In contrast to the EXDC group that showed only changes in FM, the EXCO group showed several
changes in body composition, which may be mediated by CO. As health benefits from marine oils are
commonly attributed to long-chain n-3 PUFAs, this is by far the most studied component of CO. With
regard to body composition, results from a meta-analysis showed that supplementation with n3-PUFAs
as monotherapy can promote moderate weight loss, including a reduction in body fat [21]. When
combined with exercise some [33,34], but not all studies [35], reported an additional beneficial effect of
n-3 PUFAs on body fat loss in healthy active or sedentary overweight/obese participants. However,
evidence about the combined effect of n-3 PUFA supplementation and exercise on body composition in
the elderly population is limited. In elderly subjects, 12 weeks of 3x per week resistance training and
intake of ~14 g alpha-linolenic acid (ALA, C18:3n3) from 30 mL flaxseed oil showed no beneficial effect
on body composition when compared to placebo (corn oil) [36]. Even a high dose of 3 g long-chain n-3
PUFAs (1.98 g EPA and 0.99 g DHA) did not affect body composition when combined with 3x a week
resistance training over 12 weeks in male participants [37].

Contrary to findings from a recent study investigating the effect of CO and exercise in elderly
women (~70 years old with a BMI of ~26.7) that showed no effect of CO on FM but only visceral fat [38],
results from our study showed the highest loss of FM in the EXCO group. Unfortunately, we did not
measure visceral fat, but the different outcomes can be partially explained by a slightly higher BMI in
our study population. Moreover, we also found a significant increase in LBM and consequentially
body water in this group. This result would support findings from earlier studies, that found beneficial
effects of n-3 PUFAs on muscle protein synthesis [20,39]. However, existing data on the effects of n-3
PUFAs on muscle mass and strength is limited and conflicting [40]. More importantly, in this study the
CON group also showed a significant increase in LBM and body water. Although the control group
was advised to abstain from any exercise and to maintain their normal physical activity level, it is still
possible that participants of this group changed their behavior due to their participation in the study.
Indeed, a trend to an increase in physical activity could be observed but this trend was visible in all
four study groups. Even though a validated and reliable questionnaire to report physical activity was
reported, additional monitoring of physical activity via an activity tracker may have been beneficial.
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Importantly, when evaluating the changes in body composition it has to be kept in mind that the
study population was untrained, but cannot be classified as sedentary. This may indicate, that the
intensity of the moderate exercise routine as performed in this study may not have been enough to
promote changes in body composition if not supported by nutritional measures.

Findings from this study indicate that moderate exercise combined with nutritional measures
had beneficial effects in reduction of FM. While changes within the EXCD group may be explained by
improved diet quality [30], the effects in the EXCO group are likely driven through n-3 PUFAs in CO.
When discussing the effects of n-3 PUFAs it is important to consider the bioavailability of their binding
form, as this is the basic requirement for a substance to enter the body and convey its effects [41]. In CO,
most n-3 PUFAs are bound as wax esters. Although it was believed that digestion and absorption of
wax esters may not be as effective in mammals [42], a study by Gorreta and colleagues showed that
digestion of wax esters was comparable with triglycerides and ethyl esters in rats [43]. A similar result
was also found in humans when plasma concentrations of EPA and DHA were compared over a 72-h
window after intake of 4 g CO (providing 260 mg EPA and 156 mg DHA) and a fish oil supplement
containing ethyl esters (providing 465 mg EPA and 375 mg DHA), revealing equal bioavailability [44].

Regarding body fat loss, several potential mechanisms of n-3 PUFAs and their metabolites have
been proposed, including increased fat oxidation, improved adipocyte function (i.e., increased lipolysis
and reduced lipogenesis) as well as reduction of pro-inflammatory cytokines and oxidative stress in the
adipose tissue [45-47]. Increased fat oxidation is discussed as a consequence of improved 3-oxidation
and biogenesis of mitochondria, which Flachs and colleagues described as a “metabolic switch” [48].
Generally, the underlying mechanisms are likely mediated by the AMP-activated protein kinase
(AMPK) and involve further activation of transcription factors. With regards to the latter, particularly
transcription factors from the family of peroxisome proliferator-activated receptors (PPAR), namely
PPARc, PPARY, and PPARS were shown to play a role in adipogenesis [47]. However, such mechanistic
relationships were mainly investigated in animal models or in vitro [46,49]. Therefore, it remains
unclear which dose of n-3 PUFAs exerts beneficial effects on body composition in humans. In any case,
when compared to previous human studies using supplements with >2 g of EPA + DHA, the daily
dose of n-3 PUFAs from CO was considerably lower with only ~200 mg EPA + DHA. This amount
even falls below the recommendations of the International Society for the Study of Fatty Acids and
Lipids of 0.5 g EPA + DHA per day [50]. Beyond this background, other potential mechanisms or a
combination of several pathways needs to be considered.

One compound present in CO that may influence body composition is astaxanthin, a carotene
that also serves as a natural antioxidant [51]. A recent review discussed the potential beneficial effects
of carotenes in counteracting obesity [24]. Although data in humans is limited, some studies reported
a significant decrease in adipose tissue in obese subjects after carotene supplementation [52,53]. In the
two available interventional studies, the dosage and composition of the carotenes widely varied. While
one study used a mixture containing ~24 mg of carotenes (500 pg o-carotene, 1200 pg B-carotene,
500 pg astaxanthin, 2000 pg zeaxanthin, 10 mg lutein, 10 mg lycopene) and 10 mg y-tocopherol that
was administered twice daily [52], another study administered 9.0 mg of xanthophyll per day [53].
As those doses highly exceed the amount of astaxanthin present in 2 g of CO used in this study, the
theory of combined effects of the components present in CO is further supported.

In addition to influencing body composition, exercise was also shown to improve markers of
glucose metabolism and blood lipids in older individuals [54,55]. Therefore, we sought to identify
potential changes in such metabolic markers in the overweight study population. Although results
from our study showed no significant improvements in any metabolic markers, a trend to reduced
fasting insulin was observed in the EXDC and EXCO groups. Moreover, the highest, yet not significant,
reduction of triglycerides was observed within the EXCO group, which falls in line with results
showing a triglyceride lowering effect of n-3 PUFAs supplementation [56]. However, whether those
effects indicate further potential benefits from exercise combined with a healthy diet or CO needs to be
determined in larger scale studies.
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5. Limitations

Although BIA is an accepted tool for estimation of body composition in longitudinal studies
comparing group effects [57-59], this method also has its limitations as it was shown to be susceptible to
confounders such as vigorous physical activity, dietary intake, or hydration status [57,60,61]. However,
as all measurements were conducted at the same time in the morning after an overnight fast, acute
effects of activity or dietary intakes were minimized. Another limitation of our study is the use of a FFQ,
which did not allow checking for consumption of fatty fish versus lean fish. Next, although a validated
questionnaire to monitor the physical activity outside of the intervention was used, an additional
documentation of the physical activity level via activity trackers would have been an informative
addition. Future investigations on the effect of CO should also include a placebo group. A placebo
was not included in this setting, as we aimed to directly compare the healthy diet versus CO instead of
effects of CO only.

6. Conclusions

Taken together, results from this study indicate that a combination of moderate exercise with
a healthy diet or CO supplementation may promote body fat loss in elderly, untrained, overweight
subjects when compared to exercise only. Metabolic markers such as blood lipids and markers of
glucose metabolism did not change significantly. Future research should investigate potential effects of
a healthy diet (rich in n-3 PUFAs) vs. CO supplementation with and without exercise, particularly in
regards to body composition.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/7/2139/s1,
Table S1: Questionnaire based physical activity levels of the participants at baseline (0), after six weeks (6) and 12
weeks after the intervention (12), Table S2: Dietary intake of food groups at baseline (0), after six weeks (6) and at
the end of the intervention (12).
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Abstract

The n-3 PUFA, EPA and DHA, play an important role in human health. As the intake of EPA and DHA from the diet is often inadequate,
supplementation of those fatty acids is recommended. A novel source of 1-3 PUFA is Calanus finmarchicus oil (CO) which contains fatty acids
mainly bound in wax esters. To date, no data are available on the effects of long-term intake of this marine oil on 7-3 PUFA
blood levels. Therefore, the aim of this study was to evaluate the effect of CO on the 7-3 PUFA blood levels using the omega-3 index
(O3D). The data originate from a larger randomised controlled trial. For this analysis, samples from seventy-two participants (59-2 (sp 6-2) years,
BMI 27-7 (sp 5-28) kg/m?) were analysed. Of those, thirty-six performed 2x/week exercise and received 2 g of CO, which provided 124 mg
stearidonic acid (SDA), 109 mg EPA and 87 mg DHA daily (EXCO group), while the other group performed exercise only (EX group) and served
as a control for this analysis. The O3I increased from 6-07 (sp 1-29) % at baseline to 7-37 (sp 1-10) % after 12 weeks within the EXCO group
(P < 0-001), while there were no significant changes in the EX group (6-01 (sp 1-26)-6-15 (sp 1-32) %, P= 0-238). These data provide first evidence
that wax ester-bound 7-3 PUFA from CO can significantly increase the O3I despite relatively low EPA + DHA amounts. Further, the effects of

exercise could be excluded.

Key words: PUFA: Marine oil: Wax esters: EPA: DHA

n-3 PUFA are highly associated with human health, playing
an important role in cardiovascular health, brain development
and cognitive function as well as inflammation and inflammatory
diseases?.

Of all 72-3 PUFA, most of those health benefits are attributed to
the 20:5n-3 fatty acid EPA and the 22:6n-3 fatty acid DHA.
Regarding their importance in human health and an unfavoura-
ble shift in the dietary fatty acid intake in favour of 72-6 fatty acids,
daily intake of at least 0-5 g of EPA and DHA is recommended by
the International Society for the Study of Fatty Acids and Lipids
(ISSFAL)®. The primary dietary source for EPA and DHA is cold-
water fish such as tuna, salmon, herring or mackerel; however,
intake of these types of fish is often low'®. In Germany, this is
also reflected by low median dietary intakes of 65-78 mg EPA
and 107-135 mg DHA®. Therefore, supplementation of 7-3
PUFA may be beneficial. Good 7-3 PUFA sources that are com-
monly used for supplementation are marine oils, with fish oil

being the most frequently used®. A novel 7-3 PUFA source is
the marine oil obtained from Calanus finmarchicus, a copepod
found in the northern Atlantic sea. Unlike fish oil, where 72-3
PUFA are bound in the form of TAG, >80 % of the fatty acids
in Calanus finmarchicus oil (CO) are bound in the form of
wax esters””. In any case, when compared with refined fish
oil which commonly contains 300 mg EPA + DHA per g®, the
amount of EPA and DHA in CO is relatively low (about
100 mg EPA + DHA per g). A single-dose study has already
shown that EPA and DHA from CO are equally bioavailable as
from fish 0il”’. However, the long-term intake of 72-3 PUFA from
CO has not yet been studied. The omega-3 index (O31) (relative
content of EPA 4+ DHA in erythrocytes) has been shown to be a
good and reliable indicator in evaluating the fatty acid supply
over a longer period of time!!%!?,

In addition to being an indicator for the long-term fatty acid
supply, an O3l of >8% was also linked to a lower risk for

Abbreviations: CO, Calanus finmarchicus oil; O31, omega-3 index.

* Corresponding author: Jan Philipp Schuchardt, fax +49 511 762 5729, email schuchardt@nutrition.uni-hannover.de
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cardiovascular events'' 2, This is of particular interest for all age
groups engaging in exercise, as exercise increases the demands
of the cardiovascular system. Although it was already demon-
strated that athletes show an insufficient supply with 7-3
PUFAY3!  no data about the effects of exercise on the O31 have
been described to date.

Hence, the objective of the present study was to investigate
the effect of CO providing physiological EPA + DHA doses
on the O31 in a study collective of healthy elderly subjects
who participated in an exercise programme. To account for
potential effects of the exercise programme on the O3I, the
group performing exercise only served as a control.

Materials and methods
Study design and participants

The present work is based on a single-centre, randomised
controlled trial in parallel-group design which was conducted
at the Institute of Food Science and Human Nutrition, Leibniz
University Hannover, Germany. In brief, the study consisted
of a screening and 12-week intervention phase with two exami-
nation days; one at the beginning (7,) and one at the end of the
12-week intervention (,5).

Participants for this study were recruited via advertisements
in local newspapers and public notice boards from the general
population in Hannover, Germany, between August 2018 and
March 2019. The trial ended when the required sample size
was achieved. The main inclusion criteria for participation were
age >50 and <70 years, no exercise training aside the daily activ-
ities for at least 2 years, a stable body weight (+5 kg) for at least
6 months, being able to physically perform the exercise interven-
tion (exercise capacity) and following an omnivorous diet.
Exclusion criteria were defined as: suspicion and diagnosis of
CVD (angina pectoris, myocardial infarction, stroke, peripheral
arterial occlusive disease, heart failure and cardiac arrhythmia),
type 1 and 2 diabetes, renal insufficiency and liver diseases,
blood coagulation disorders, chronic gastrointestinal disorders
(e.g. ulcers, Crohn’s disease, pancreatic insufficiency, immuno-
logical diseases (e.g. autoimmune diseases)), intake of immuno-
suppressive drugs or laxatives, intake of supplements containing
n-3 PUFA, alcohol, drug and/or medicine dependency, preg-
nancy or lactation, retraction of the consent by the subject,
concurrent participation in another clinical study and participa-
tion in a study in the last 30 d. Inclusion and exclusion criteria
were assessed using a structured screening questionnaire.
Exercise capacity was determined during a resting and exercise
electrocardiogram, implemented by trained professionals and a
physician. This study was conducted according to the guidelines
in the Declaration of Helsinki, and all procedures involving
human subjects were approved by the Ethics Commission of
the Medical Chamber of Lower Saxony (Hannover, Germany)
(Bo/07/2018, URL: https://www.drks.de/drks_web/setLocale_
EN.do). This study is registered in the German Clinical Trial
Register (DRKS00014322).

The participants were randomly assigned by an independent
researcher using stratified randomisation according to the
covariates (in descending order: sex, BMI and age) to one of four

study groups: (1) control group (CON), (2) exercise only group
(EX), (3) exercise and dietary counseling group (EXDC) and
(4) exercise and CO supplementation group (EXCO). However,
the present work focuses on the EX and EXCO groups only.

Both groups were instructed to perform exercise training
twice a week and maintain their habitual diet. The exercise train-
ing was performed in fitness centres and consisted of a warm up
followed by two passes of a strength-endurance circuit. The
strength training consisted of six machine supported exercises
that included all major muscle groups and were performed for
1 min each. During the initial training session, a maximum force
test with three tries was performed. The best of the three tries
was scored and used to set the machines to 60 % of the partici-
pants’ maximum force for the first 2 weeks of training. For the
subsequent 6 weeks, the load was increased by 10 % and again
by 5 % for the last 4 weeks. The endurance exercise consisted of
a 4-min bout performed on bicycle ergometers and cross-trainers
at a perceived exertion that equaled a value of 15 on the
Borg-Scale. In between each exercise, the participants had
30 s of rest. Including the warm-up and rest periods, the training
session could be completed in approximately 1 hour. Compliance
of the participants was assessed via a training log and a question-
naire at the end of the study.

In addition to the exercise training, participants from the
EXCO group received capsules providing 2:0g of oil from
Calanus finmarchicus (Calanus AS) and were instructed to
take them daily. The lipid profile of the capsules is shown in
Table 1. More than 80 % of the fatty acids are bound as wax
esters. The tolerability of the CO capsules was checked using
questionnaires.

Compliance of participants and adherence to the instructions
were monitored via fortnightly phone calls. Additionally, partic-
ipants from the EXCO were instructed to return leftover capsules,
which were then counted by study personal after delivery.
Participants had to consume at least 90 % of the capsules to
be considered as compliant.

Table 1. Fatty acid composition of the Calanus finmarchicus oil (CO) used
in the study

mg/100 g mg/2g
co

Fatty acid* Common name CcO

14:0 Myristic acid 6232 125
15:0 Pentadeclic acid 323 65
16:0 Palmitic acid 5243 105
16:3 325 7
18:0 Stearic acid 399 8
18:1n-9 Oleic acid 1783 36
18:2n-6 Linoleic acid 552 11
18:3n-3 a-Linolenic acid 1149 23
18:3n-6 p-Linolenic acid 140 3
18:4n-3 Stearidonic acid 6186 124
20:1n9 Gondoic acid 2148 43
20:4n-6 Arachidonic acid 169 3
20:5n-3 EPA 5439 109
22:1n-11 Cetoleic acid 3495 70
22:5n-3 Docosapentaenoic acid 254 8
22:6n-3 DHA 4342 87
24:1n9 414 8

* >80 % of fatty acids are present as wax esters.
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Dietary intake from background diet

Dietary intake of the participants was monitored via 3-d dietary
food logs at the beginning, after 6 weeks and at the end of
the intervention. The records were checked by nutritionists for
completeness, readability and plausibility. If necessary, ambigu-
ities were clarified with the participants. Energy and nutrient
intake were estimated using the software PRODI6.4® (Nutri-
Science GmbH).

Blood sampling and analysis

Blood samples were drawn from the participants after an
overnight fast (>10h) between 06.00 and 10.00 hours by
venepuncture of an arm vein using EDTA tubes (Sarstedt
AG & Co. KG). TAG, LDL-cholesterol and HDL-cholesterol
were analysed by a photometric method (Beckman Coulter
GmbH) by an accredited and certified laboratory (Laborirztliche
Arbeitsgemeinschaft fiir Diagnostik und Rationalisierung e.V.).
Total cholesterol and LDL:HDL ratio were calculated from LDL
and HDL values.

For analysis of O3I, EDTA tubes were centrifuged for 10 min
at 3000 rpm, buffy coat was removed and erythrocytes frozen
at —80°C till analysis. The analysis was performed by the
Omegametrix laboratory (Martinsried) according to the HS-7-3
Index methodology®'*!'? by GC. Accordingly, methyl esters
of fatty acids were generated from erythrocytes by acid transes-
terification, and analysis performed using a GC2010 gas chro-
matograph (Shimadzu) equipped with a SP2560, 100 m
column (Supelco). Hydrogen was used as the carrier gas. To
identify fatty acids, a standard mixture characteristic for erythro-
cytes was used. The results obtained are given as percentage of
total identified fatty acids after response factor correction. The
O31 represents the sum of EPA + DHA in relation to total fatty
acid content in red blood cell membranes. Quality was assured
according to DIN ISO 15189.

Statistical analyses

Data for this analysis were derived from a larger interventional
trial, which served as an explorative study. Based on an a of
0-05 and 0-80 3, assuming an effect size of more than 0-8, a sam-
ple size of 1 25 was needed to detect between-group differences.
Estimating a dropout rate of 15 % at least thirty participants per
intervention group were recruited. For this analysis, a power cal-
culation was performed using an online calculator'>. As CO was
demonstrated to be equally bioavailable as ethyl esters'”, the cal-
culation was based on a study by Kohler et al. "', In the study by
Kohler et al'”, participants received 250 mg ethyl-ester bound
EPA + DHA in the form of enriched sausages which resulted in
an O3I increase from 4-18 (sp 0-54) to 572 (sp 0-66) % after
8 weeks. Therefore, we assumed that a change of the O3I of
at least 1 % could be achieved after 12 weeks of CO supplemen-
tation providing about 200 mg EPA + DHA. Using the online
calculator with alpha set to 0-05 and » 50 total participants,
assuming a mean difference of 1.0 and a 0-7% standard
deviation (using 5:72 (sp 0-66) % from Kohler et al.'® as the
upper level for the standard deviation) a 99 % probability to
detect a difference if the true difference between groups is
1% was calculated.

Statistical analyses were performed for both the primary out-
come O3l and the secondary outcomes (anthropometric data,
dietary intake and other fatty acids in erythrocytes). Data are pre-
sented as mean values and standard deviations. Distribution
of all data was assessed using the Shapiro-Wilk test and
Gaussian distribution. Based on the distribution of data,
differences in baseline characteristics were assessed using the
Mann-Whitney U'test or unpaired ¢ test for continuous variables
and the j* test for nominal variables. Further analysis was per-
formed with data obtained from all participants that arrived at
the first and second day of examination (ngx 6, ngxco 3). For
analysis, not normally distributed data were log transformed,
except C18:2n-6tt which was square root transformed, and
differences were assessed using two-factor repeated measures
ANOVA using time (4, and ¢;5) intervention (EX and EXCO). If
statistically = significant differences between groups were
detected, a post hoc analysis with Bonferroni correction was per-
formed within both groups. Pvalues of <0-05 were considered as
significant. All statistical analyses were carried out using SPSS
software (version 23.0; SPSS Inc.).

Results
Baseline characteristics

Data analysed were obtained from a total of seventy-two
participants (68% female, 32% male). Due to health and
personal reasons, the study had a dropout of nine subjects
(ngx 0, nexco 3). Baseline characteristics of the study population
are shown in Table 2. The mean age was 59-2 (sp 6-2) years,
and the average BMI was 27-7 (sp 5-28) kg/m’ There were
no differences in anthropometric parameters or blood lipids
between both groups. The study population was slightly
hypercholerosterolaemic.

Table 2. Baseline characteristics of all participants*
(Mean values and standard deviations)

Exercise Exercise + CO
(n 36) (n 36) Group

Measure Mean sD Mean sD difference: P
Sex (f/m) 24112 - 25/11 - 0-80
Age (years) 5970 639 585 569 0-51
Height (m) 1709 873 1713 874 0-89
Body weight (kg) 819 186 807 203 0-61
BMI (kg/m?) 2800 551 2728 526 0-61
SBP (mmHg) 1294 147 1341 201 027
DBP (mmHg) 762 616 786 791 0-15
Pulse (bpm) 74-6 958 738 825 0-71
Total cholesterol 615  1.01 626 096 0.97

(mmol/l)
HDL-cholesterol 1.75 0-40 1.76 047 076

(mmol/l)
LDL-cholesterol 3-89 0-82 393 076 0-83

(mmol/l)
TAG (mmol/) 131 0-63 123 039 0-56

CO, Calanus finmarchicus oil; f, female; m, male; SBP, systolic blood pressure; DBP,

diastolic blood pressure.

* Distribution of sexes between groups was analysed using the ;2 test. All other group
differences were assessed with the Mann—-Whitney U test or unpaired f test.

48

60820002511 L£000S/£10L°0L/B10"10p//:5dNY *swiia)/2403/610°aBpLiguiey mmmy/:sdny 1e djgejieae ‘asn Jo swId) 910D abprigwied ayy 01123fgns ‘10:£Z:01 18 0202 230 01 UO ‘(JaACUUBH FL1) %2U101|GIGSUONBULIOUT SYISIUYI L "3.10/610°3BpLIqUIED MMM//:5d11Y WOy papeojumod



Scientific publications: Paper I

British Journal of Nutrition

4 P. Wasserfurth et al.

Dietary intake from background diet (P<0-001). Further, relevant increases occurred in SDA from
0-027 (sp 0-008) to 0-038 (sp 0-012) % (P=0-008) and DPAn-3
from 2-:67 (s 0-41) to 2-86 (sp 0-41) % (P < 0-001). In contrast,
levels of most 1n-6-PUFA slightly decreased in consequence
of the intervention: ARA decreased from 15-3 (sp 1:07) to 14-9
(sp 0:94) % (P<0-001), C22:4n-6 from 2-70 (sp 0-48) to 2-46
(sp 0-42) % (P < 0-001) and DPA#n-6 from 0-63 (sp 0-18) to 0-56
(sp 0-18) % (P < 0-001).

The EX group showed no physiologically relevant changes in
erythrocyte fatty acid levels throughout the intervention.

The intake of PUFA and especially EPA and DHA showed high
variability at both time points (Table 3). Throughout the study,
the intake of individual and total fatty acids did not change
significantly. Additionally, all other dietary variables did also
not change significantly. However, there was a non-significant
trend to a lower energetic intake of about 837 kJ (200 kcal) at
the end of the intervention in both study groups.

Tolerability of the Calanus finmarchicus oil capsules

At the beginning of the study, one participant reported suffering
from diarrhoea after taking the CO capsules. Despite the instruc- Discussion
tions to take the capsules with food, this participant took the
capsules on an empty stomach. After starting taking the capsules

as suggested, the symptoms disappeared. Otherwise, no adverse effects of CO on obesity and obesity-related inﬂan}mation aswell
symptoms after the CO capsule intake were reported. as on blood glucose control and atherosclerosis'”'’. However,

the underlying physiological and molecular mechanisms of
action are not yet fully understood. An important prerequisite
when examining the physiological effects of marine oils is to

Current evidence from preclinical studies indicates promising

Fatty acid content of erythrocytes and omega-3 index

Comparison of baseline values between the two study groups ensure that active ingredients enter the body in sufficiently high
showed no significant differences in fatty acid levels. In both amounts"'”. CO contains the 7-3 PUFA SDA, EPA and DHA.
groups, PUFA values declined in the following order ARA > Hence, the investigation of the effect of 7-3 PUFA from CO on
LA > DHA > DPA7-3 = C22 : 412-6 > C20 : 312-6 > EPA > DPA#-6 > PUFA blood levels is necessary to understand the mode of action
ALA = C20:21-6 > C18:3n-6. Lowest quantities were observed of this novel marine oil.
for SDA. O31 was 6-01 (sp 1-26)% in EX and 6-07 (sp 1-29) % in In evaluating the effect of fatty acids, several factors have
EXCO (Table 4). to be considered with one of the first being the chemical
During the study, a significant increase in O3I occurred in the binding form'". Commercially available marine 7-3 PUFA sup-
EXCO group from 6-07 (sp 1-29) to 7-37 (sp 1-10) % (P < 0-001). plements contain fatty acids in the form of TAG, ethyl esters or
In line, EPA increased from 0-92 (sp 0-42) to 1-32 (sp 0-37) % phospholipids. Contrary to that, >80 % of fatty acids in CO are
(P<0-001) and DHA from 515 (sp 1-03) to 6-04 (sp 0-94) bound to fatty alcohols, which classifies them as wax esters.

Table 3. Dietary energy and nutrient intake calculated from 3-d dietary records at the beginning (0) and at the end (12) of the intervention as well as absolute
changes (A)*
(Mean values and standard deviations)

Exercise + CO

Exercise (n 30) A Exercise (n33) A Exercise + CO

Parameters t Mean sD Mean SD Mean sD Mean SD Group difference: P

Energy intake (kcal/d)t 0 2024 409 217 455 1924 437 -147 476 0-55
12 1806 365 1777 415

Protein (%/d) 0 16-1 342 0-86 384 156 2:99 1.05 3-68 0-84
12 169 3.37 167 326

Fat (%/d) 0 36-2 7-47 0-69 797 38-1 6-69 —2:51 9.04 0-14
12 36-9 6:00 356 748

Carbohydrates (%/d) 0 426 9-45 —2.76 836 41.92 6-09 047 872 0-08
12 39-8 6-45 4239 7-86

Fibre (g/d) 0 234 779 —4.08 679 220 647 -0.78 8-03 015
12 193 6-08 212 880

SFA (g/d) 0 35.7 136 -4.67 15.7 369 155 —6:93 152 0-69
12 31.0 112 299 111

MUFA (g/d) 0 289 125 —2:99 1.9 27-3 961 -341 12.01 077
12 26-0 112 239 929

PUFA (g/d) 0 11.9 3:96 021 5.01 118 564 -1.26 4.07 021
12 121 575 105 526

DHA (g/d) 0 0-29 0-34 0-11 0-46 0-23 0-30 —0-4 0-35 0-41
12 0-39 0-47 0-19 0-19

EPA (g/d) 0 027 0:54 -0-01 037 0-18 041 0-09 0-23 017
12 0-30 0-41 0-14 019

CO, Calanus finmarchicus oil; t, times in weeks.
* P values represent time x intervention interaction analysed with two-way repeated-measures ANOVA.
1 To convert keal to kJ, multiply by 4-184.
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Table 4. Fatty acid content of erythrocytes (given as percentage of total fatty acids) at the beginning (0) and at the end (12) of the study and absolute changes

study

A

(Mean values and standard deviations)

Exercise (n 30) A Exercise Exercise + CO (n 33) A Exercise + CO Group

Fatty acid t Mean sD P o=t Mean SD Mean SD P ty—tiz  Mean sD difference: P

C14:0 0 0-37 0-10 - -0-02 0-09 0-41 0-12 - -0.02 0-07 0-90
12 0-35 0-08 0-39 0-10

C16:0 0 218 0-89 - -0.03 0-48 215 0-85 - 0-09 037 023
12 217 1.00 216 0-79

C16:1n-7t 0 0-11 0-04 - 0-00 0-02 0-14 0-05 - 0-00 0-02 0-68
12 0-11 0-04 0-14 0-05

C16:1n-7 0 0-42 0-21 - -0-05 0-13 0-41 0-18 - -0-06 0-07 0-46
12 0-38 0-18 0-35 0-16

C18:0 0 165 094 - 0-11 0-60 167 092 - 0-05 0-49 0-68
12 166 0-86 16-8 0-74

C18:1t 0 0-46 0-09 0-09 -0-02 0-07 0-51 0-10 0-07 0-02 0-06 0-02
12 044 0-08 0-53 0-10

C18:1n-9 0 155 0-96 - -0-11 0-55 154 112 - -0-14 043 0-84
12 154 1.00 15.2 111

C18:2n-6tt 0 0-01 0-01 - 0-00 0-01 0-01 0-02 - 0-00 0-01 0-88
12 0-01 0-02 0.01 0-02

C18:2n-6ct 0 0-04 0-03 - 0-01 0-02 0-04 0-03 - 0-00 0-01 0-16
12 0-05 0-04 0-04 0-03

C18:2n-6tc 0 012 0-02 0-43 0-00 0-03 0-13 0-03 <0-001 0-02 0.02 0-01
12 0-12 0-02 0-15 0-03

C18:2n-6 0 1.3 1.54 - -0-21 0-89 11.3 1.53 - —0-52 0-99 0-22
12 111 1.55 107 1.21

C18:3n-3 0 0-19 0-09 - -0-01 0-06 0-19 0-09 - -0.02 0-07 0-63
12 019 0.07 017 0.07

C18:3n-6 0 0-09 0-05 - 0-00 0-04 0-09 0-03 - —0-01 0-02 022
12 0-09 0-02 0-08 0-02

C18:4n-3 0 0-026  0-011 0-83 0-00 0-01 0-027  0-008 0-008 0-01 0-01 <0-001
12 0025 0-011 0038 0.012

C20:0 0 0-19 003 - 0-00 0-02 0-20 0-03 - —-0.01 0.01 029
12 0-19 0-04 0-19 0-03

C20:1n9 0 0-28 0-05 - 0-01 0-04 026 0-05 - 0-02 003 0-18
12 029 0-06 028 0-05

C20:2n-6 0 0-23 0-04 - 0-00 0-02 0-22 0-03 - 0-00 0-02 0-15
12 023 0-04 022 0-03

C20:3n-6 0 1.72 0-36 0-02 -0.07 0-14 1.73 0-30 <0-001 -0-14 0-11 0.01
12 1.66 0-31 1-59 0-28

C20:4n-6 0 152 121 0-36 0-11 0-63 153 1.07 <0-001 —046 061 0-001
12 153 1.35 149 0.94

C20:5n-3 0 0-90 0-33 0-96 -0-01 0-18 0-92 0-42 <0-001 0-40 0-26 <0-001
12 0-89 0-30 1.32 0-37

C22:0 0 0-52 0-08 0-81 0-01 0-04 0-53 0-08 0-002 0-02 003 0-02
12 0-52 0-09 0-51 0-08

C22:4n-6 0 2.75 0-51 0-49 0-03 0-19 270 0-48 <0-001 -0-25 0-22 <0-001
12 2.78 0-49 246 042

C22:5n-3 0 2.58 0-38 0-07 0-06 0-20 2:67 0-41 <0-001 0-19 0-18 0-03
12 2:64 0-32 2-86 0-41

C22:5n-6 0 0-62 023 0-42 -0.01 0-13 0-63 0-18 <0-001 -0.07 0-06 0-02
12 0-61 023 0-56 0-18

C22:6n-3 0 512 1.03 0-09 0-14 0-43 5.15 1-03 <0-001 0-89 0-45 <0-001
12 526 110 6-04 0-94

C:24 0 1.37 015 - 0.01 0-12 1.36 020 - -0.02 0-09 024
12 1.38 0-16 1.34 0-17

C24:1n9 0 1.60 0-21 - 0-06 0-16 151 0-22 - 0-04 010 0-69
12 1.66 027 1.55 023

Omega-3 index 0 6-01 1.26 0-24 0-13 0-51 6-07 1.29 <0-001 1.29 0-66 <0-001
12 615 1.32 7-37 110

CO, Calanus finmarchicus oil; t, times in weeks.

* Pvalues represent time x intervention interaction analysed with two-way repeated-measures ANOVA. In the case of significance, statistical differences within groups were detected
with Bonferroni’s post hoc test.

Overall wax esters have been discussed as both poorly digestible
and bioavailable in mammals”? and larger amounts are
reported to cause gastrointestinal symptoms in humans
In the present study, CO was well tolerated. Only one case

Q21

reported gastrointestinal discomfort (diarrhoea) after ingesting
the CO capsules on an empty stomach in the first week of
intervention. Those symptoms disappeared immediately after
the participant started following the instructions to take the
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capsules together with a meal. With regard to the bioavailability
of wax esters, a single-dose study conducted by Cook et al. dem-
onstrated that the bioavailability of wax esters from CO is com-
parable with ethyl esters from fish oil®. In the mentioned study,
the bioavailability of 260 mg EPA and 156 mg DHA from 4 g of
CO v. 465 mg EPA and 375 mg DHA from 1 g of ethyl esters from
fish oil were compared over a 72 h. Although the dose of
EPA 4+ DHA from fish oil was almost twice as high as from CO
(840 v. 416 mg), no significant differences in bioavailability were
found. Moreover, plasma levels of EPA remained even higher in
the CO group 24-72 hafter intake, indicating that wax esters may
be a highly available EPA/DHA source. However, the effect of a
longer-term CO intake on EPA and DHA blood levels has not
been studied.

In the present study, a 12-week intake of 2-0 g CO, providing
about 200 mg of EPA + DHA, led to a significant increase of the
O3I from 6:07 (sp 1-29) to 737 (sp 1-10) %, which is an increase
of 1-29 (sp 0-66) %. In contrast, no difference was found in the
control group that performed exercise only, indicating that
engagement in a moderate exercise programme does not nega-
tively influence the O3I.

With regard to the low EPA 4+ DHA dose used in this study,
there are only four studies using comparable doses"!®?*%.
Kohler et al'® investigated the effect of DHA + EPA from
enriched sausages containing 250 mg/d EPA 4+ DHA bound as
ethyl esters and 250 mg/d ALA bound as TAG. A control group
received sausages containing only 250 mg/d of ALA. After a
study period of 8weeks, a 1-5% increase in O3l from 4-18
(sp 0-54) to 5:72 (s 0-66) % was reported for the group consum-
ing the enriched sausages, while no difference was observed
for the control group. Another study reported significant impro-
vements of the O3l after supplementing different doses of
EPA + DHA using krill oil”. In krill oil, EPA+ DHA are
mainly bound in phospholipids. Two hundred and 400 mg/d
EPA + DHA, respectively, led to an O3I increase from 3-56
(sp 0:82) to 419 (sp 079)% and 40 (sp 0-88) to 5-17
(sp 0:96) %, respectively®?. Flock et al?® reported an 1-88
(sp 0-23)% O3I increase (429 (sp 0-22) to 6-19 (sp 0-23) %)
after a 20-week supplementation of about 300 mg/d TAG-bound
EPA + DHA, while Sarter et al. reported an increase of 1.7 %
(3:9 (sp 1:0) to 4-8 (sp 0-8) %) after 16-week intake of 254 mg/d
TAG-bound EPA + DHA%?. Compared with the four previous
studies, participants from this study showed an overall better
EPA + DHA supply status with baseline values of about 6 %.
This is of interest because it has been demonstrated that the
response of O3l to n-3 PUFA supplementation is dependent
on the baseline O3I, with lower O3l leading to greater O3l
responses>>*?. Nonetheless, the low dose of EPA 4+ DHA from
CO still successfully improved the O3I to an extent close to
improvements observed in comparable studies with populations
that had substantially lower baseline O3I values. Noteworthy,
increases of only 1% were reported to already decrease the risk
for sudden cardiac death®”.

However, the effect of CO supplementation on the O3l
is unlikely to be solely due to the gastrointestinal uptake of pre-
formed EPA and DHA. It is more likely that SDA also contributes
to the O3l increase as SDA is the most abundant 7-3 PUFA in CO
and one of the precursors in the metabolic pathway of EPA and

DHA synthesis. When compared among each other, 2-0g of
CO provided 124 mg SDA but only 109 mg EPA and 87 mg
DHA. In a recent study, we investigated the short-term effect
of a single-dose intake of 26 g echium oil containing 3 g of
SDA and reported significant increases of EPA (47 %) and
DHA (21 %) levels in plasma after 72 h'*®. Moreover, in a pre-
vious long-term study on SDA and O3, a 16-week supplemen-
tation of SDA enriched soyabean oil providing 3-66 g SDA led to
a19-5 % increase of the O31”. However, no significant changes
in DHA were observed, while EPA and SDA levels increased in
erythrocytes. In a recent study, we observed a similar outcome
after a 12-week supplementation of 12:9 g ALA®?. In compari-
son, the 12-week intake of the low 7-3 PUFA dose in the present
study led to increases of 41 % in SDA, 44 % in EPA and 17 % in
DHA. Noteworthy, CO also contains a non-negligible amount
(about 70 mg/2 g CO) of 22 : 1n-11 (cetoleic acid). A recent study
demonstrated that cetoleic acid stimulated the conversion of
ALA to EPA and DHA in human hepatocytes®?. Therefore, it
can be hypothesised that this fatty acid could have contributed
to the observed elevated EPA 4+ DHA levels in erythrocytes.
Furthermore, it is important to note that the participants of
the present study can be classified as pre-obese according to
the mean BMI. This is of importance as obesity is known to affect
lipid metabolism®23%. The slightly elevated cholesterol levels in
our study collective also reflect a pre-obese state. Moreover,
body weight has been found to be a modulator of the response
to supplementation of EPA + DHA where higher body weight
is associated with a weaker response to a given amount of
EPA + DHAY. Beyond this background, the present results
are of interest as the low dose of EPA + DHA from CO signifi-
cantly increased the O3I in this pre-obese study collective.
Finally, to fully elucidate the impact of CO supplementation
on fatty acid metabolism and EPA+DHA status, further
bioavailability studies are needed. Preferably, this should also
be combined with a strictly controlled diet and PUFA intake.

Limitations

As data for this analysis were obtained from a larger interven-
tional trial, there are also some methodical limitations. As men-
tioned above, when evaluating PUFA uptake, it is preferable to
strictly control for dietary intake. That being said, one limitation
of our study was the estimation of the EPA and DHA intake via
3-dfood logs, as this data are self-reported and prone to over- or
underestimation as well as different food selection of the partic-
ipants. For example, if a participant eats a fish meal on 1 d during
the 3-d food logs, this leads to massive fluctuations in the mean
EPA + DHA intake levels of the background diet in each group.
Moreover, EPA + DHA composition estimated from food logs
should be evaluated cautiously as it may be incorrect due to
errors in EPA + DHA compositions found in the food databases
from nutrient intake calculation software®?. This is also reflected
by the variability of the estimated dietary PUFA intake levels at
the beginning and at the end of the study. However, as no sig-
nificant changes in dietary EPA and DHA intake from baseline
until after the intervention could be detected among the study
groups and, more importantly, no changes in erythrocyte
PUFA levels in the EX group were seen, EPA and DHA intake
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from the background diet can be excluded as a potential con-
founder in this study. Another limitation of this study is the lack
of a placebo group due to the original study design, which
encompassed four study groups and did not account for
a placebo. Future studies should be conducted with a placebo

group.

Conclusion

This is the first study to show that intake of 2 g CO over a period
of 12 weeks significantly improves the O3I in elderly participants
engaging in a moderate exercise intervention while exercise
alone did not affect the O3I. These data provide the first indica-
tion that wax ester-bound 72-3 PUFA from CO are well absorbed
and are suited to cover the 7-3 PUFA supply. Future studies
should investigate the long-term bioavailability of 72-3 PUFA from
CO compared with TAG- or ethyl ester-bound 72-3 PUFA from
fish oil or phospholipid-bound 7-3 PUFA from krill oil.
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Abstract: Sirtuins are nicotinamide adenine dinucleotide (NAD+)-dependent deacetylases that reg-
ulate numerous pathways such as mitochondrial energy metabolism in the human body. Lower
levels of those enzymes were linked to health conditions such as diabetes but also described as a
result of aging. However, sirtuins are also under control of exercise and the diet. In this study we
measured SIRT1, SIRT3 and SIRT5 in blood from a subpopulation of healthy elderly participants
who performed a 12-week randomized, controlled trial during which they performed 2x/week aer-
obic and resistance training only (EX), exercise routine combined with dietary counseling in accord-
ance with the guidelines of the German Nutrition Society (EXDC), exercise routine combined with
intake of 2g/day oil from Calanus finmarchicus (EXCO) or received no treatment and served as control
group (CON). The results show, that activity of SIRT1 and SIRT3 increased in response to the exer-
cise intervention and that this increase was potentially enhanced by additional dietary modifica-
tions.

Keywords: aging; sirtuins; combined training; diet; exercise

1. Introduction

Physical exercise results in an increased energy demand, especially in skeletal and
heart muscle. The energy demand may vary up to 10-fold in the heart [1] and up to 100-
fold in skeletal muscle [2] and is mainly met by mitochondrial oxidative phosphorylation.
Subsequently, the oxygen consumption varies > 4.5-fold in the heart, up to 17-fold in skel-
etal muscle and 25% in liver as well as kidneys [3]. Energy supply has to vary commen-
surate with energy demand, several mechanisms are operative to fine-tune energy metab-
olism. Passive regulation of the mitochondrial respiratory chain occurs via substrate
(adenosine diphosphate [ADP])-saturation with enhanced physical exercise leading to in-
creased ADP (substrate)-levels. Furthermore, active regulation of the mitochondrial
ATPsynthase (complex V) has been demonstrated with mitochondrial electrochemical po-
tential and calcium acting as regulatory elements [4]. Increasing calcium levels during
exercise activate enzymes of the citric acid cycle [5-7]. Sirtuins, namely sirtuin 1 (SIRT1)
and sirtuin 3 (SIRT 3), have been shown to increase during exercise which results in en-
hanced energy metabolism (for a recent review see: [8]). Recently, we have observed ex-
ercise-induced up-regulation of sirtuins in humans [9].

Sirtuins are a family of nicotinamide adenine dinucleotide (NAD+)-dependent
deacetylases of which seven have been identified in mammals (SIRT1-SIRT7). While
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SIRT1, SIRT6 and SIRT? are primarily localized within the nucleus, SIRT3-SIRT5 are found
in the mitochondria and SIRT2 in the cytosol [10]. The main function of sirtuins is the
modification of proteins at their lysine residues [11]. Although the main enzymatic reac-
tion is the NAD+-dependent deacetylation other reactions such as ADP-ribosylation are
also catalyzed [12]. SIRT5 was shown to have a weaker deacetylation activity and pre-
dominantly functions as desuccinylase, demalonylase and deglutarylase [12-14].

In addition to exercise, sirtuins are also under control of the diet. The most studied
dietary modification linked to an increased life span and upregulation of sirtuins is caloric
restriction (CR). Particularly, SIRT1 was extensively studied and shown to respond to CR
[15-17]. Moreover, other dietary compounds such as polyphenols were also demonstrated
to promote SIRT1 activity [18]. Polyphenols are commonly found in fruits and vegetables
but also seeds, whole-grain as well as coffee, green tea or wine [19]. The polyphenol
resveratrol was reported to activate sirtuins, thus mimicking CR [20,21].

Other dietary compounds which have gained attention, are the omega-3 polyunsatu-
rated fatty acids (n3-PUFAs) eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). While some studies linked them to improved mitochondrial function [22-24], an-
other study showed decreased mitochondrial enzyme activity [25]. Regarding SIRT3, EPA
is discussed to enhance SIRT3 expression and therefore positively impact mitochondrial
oxidative capacity [26]. Moreover, n3-PUFAs are described to elicit anti-inflammatory ef-
fects through activation of SIRT1 pathways [27,28]. Furthermore, DHA was linked to
SIRT1- dependent improvement in endothelial function [29].

One novel source of n-3 PUFAs is oil from Calanus finmarchicus, which contains fatty
acids mainly bound as wax esters. This marine oil also contains the antioxidant astaxan-
thin which may have beneficial effects [30]. In a recent study, we could demonstrate, that
an acute bout of exercise affected sirtuin activity in recreational runners consuming an
omnivorous, lacto-ovo vegetarian or vegan diet differently [9].

Based on the existing literature and our previous findings we hypothesized, that di-
etary modifications may enhance exercise-induced upregulation of sirtuins. To test this
hypothesis, we analyzed samples from an interventional trial, during which healthy el-
derly participants underwent a 12-week exercise program preceded by dietary counseling
according to guidelines of the German Nutrition Society (healthy diet) or accompanied by
the daily intake of 2 g of Calanus finmarchicus oil (CO) containing PUFAs.

2. Materials and Methods

2.1. Participants and study design

Data for this analysis were obtained from a larger single-center, randomized con-
trolled trial in parallel group design. For the original study 134 participants between 50-
70 years were recruited via advertisements in local newspapers and on public notice
boards from the general population in Hannover, Germany.

Participants had to meet the following inclusion criteria: no exercise training aside
from the daily activities for at least 2 years, a stable body weight (+ 5 kg) for at least 6
months, ability to physically perform the exercise intervention (exercise capacity) and con-
sumption of an omnivorous diet. Participants were excluded from the study if they met
one of the following exclusion criteria: (suspected) diagnosis of cardiovascular diseases
(angina pectoris, myocardial infarction, stroke, peripheral arterial occlusive disease, heart
failure, cardiac arrhythmia), type 1 and 2 diabetes mellitus, renal insufficiency and liver
diseases, blood coagulation disorders, chronic gastrointestinal disorders (e.g., ulcera,
Crohn's disease, pancreatic insufficiency, immunological diseases (e.g. autoimmune dis-
eases), intake of immunosuppressive drugs or laxatives, intake of supplements containing
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n-3 PUFAs, alcohol, drug and/or pharmacological abuse, pregnancy or lactation, retrac-
tion of the informed consent by the subject, concurrent participation in another clinical
study or participation in another study in the last 30 days. Eligibility was assessed using
a screening questionnaire, while cardiovascular health was examined by resting and ex-
ercise electrocardiography, supervised by trained professionals and a physician.

Ethical approval was granted by the Ethics Commission of the Medical Chamber of
Lower Saxony (Hannover, Germany). In accordance with the guidelines of the Declaration
of Helsinki, written informed consent was obtained from all participants prior to their
participation in the study. This study is registered in the German Clinical Trial Register
(DRKS00014322).

In brief, the participants were randomly assigned by an independent researcher us-
ing stratified randomization according to the covariates (sex, BMI, age) to one of four
study groups: 1) control group (CON), 2) exercise only group (EX), 3) exercise and dietary
counseling group (EXDC), 4) exercise and CO supplementation group (EXCO).

Exercise training was performed for 12 weeks in fitness centers and consisted of a
warm up and two passes of a strength-endurance circuit. The strength-training consisted
of six machine-supported exercises that included all major muscle groups and were per-
formed for one minute each. During the initial training session, a maximum force test with
three tries respectively was performed. The best of the three tries was scored and used to
set the machines to 60% of the participants maximum force for the first two weeks of train-
ing. For the subsequent six weeks, the load was increased by 10% and again by 5% for the
last four weeks. The endurance exercise consisted of a four-minute bout performed on
bicycle ergometers and cross-trainers at a perceived exertion that equaled a value of 15 on
the Borg-Scale. During each exercise, the participants had 30 seconds of rest. Including the
warm up and rest periods, the training session could be completed in approximately one
hour. Compliance of the participants was assessed via a training log and a questionnaire
at the end of the study.

While the EX group performed the exercise program only and was asked to maintain
their habitual diet, the EXDC group received dietary counselling in accordance with the
guidelines of the German Nutrition Society [31] prior to initiation of the exercise program.
Participants from the EXCO were asked to maintain their habitual diet supplemented with
capsules providing 2.0 g daily of oil from Calanus finmarchicus (Calanus AS, Tromse, Nor-
way). The capsules provided 109 mg EPA, 87 mg DHA, and 3.6 mg Astaxanthin (a de-
tailed overview of the lipid profile was already reported elsewhere [32]).

Compliance of participants and adherence to the instructions was monitored via fort-
nightly phone calls. Additionally, participants from the EXCO group were instructed to
return leftover capsules. Participants had to consume at least 90% of the capsules to be
considered as compliant. In addition, compliance could be additionally verified by an in-
creased omega-3-index detected in the EXCO group [32].

2.2 Dietary intake

The dietary behavior was monitored via 3-day dietary records at the beginning, after
six weeks, and at the end of the study after 12 weeks. Nutritionists checked the records
for completeness, readability, and plausibility. The software PRODI6.4® (Nutri-Science
GmbH, Freiburg, Germany) was used to estimate the energy and nutrient intake. Food
groups were analyzed with a food frequency questionnaire (FFQ) from the German
Health Examination Survey for Adults (Studie zur Gesundheit Erwachsener in Deutsch-
land, DEGS) of the Robert Koch Institute.

2.3 Sample collection and preparation

Venous blood samples were drawn from the participants after an overnight fast (> 10
h). For sirtuin analysis, 2 ml blood were collected using EDTA tubes (Sarstedt AG & Co.
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KG, Niimbrecht, Germany). For RNA isolation 500 ul of EDTA-blood was transferred into
RNAprotect Animal Blood Tubes (Qiagen, Hilden, Germany). The remaining blood was
centrifuged at 3,300x g for 3 minutes and plasma used for analysis of sirtuins.

2.4 Sirtuin activity assay

Deacetylase activity of SIRT1 and SIRT3 as well as desuccinylase activity of SIRT5
were assayed with SIRT1, SIRT3 and SIRT5 fluorometric drug discovery assay kits (Enzo
Life Science, Lorrach, Germany). The enzyme capacity was measured under substrate sat-
uration which was achieved by addition of a surplus of NAD+ to the assays. Further, ac-
cording to the manufacturers protocol, plasma samples were diluted 1:5 with HEPES
buffer (110 mM NaCl, 2.6 mM KCl, 1.2 mM KH2PO,, 1.2 mM MgS0O4x7H20, 1.0 mM
CaCl2, 25 mM HEPES) and subsequently sonicated for 10 seconds at 20 kHz with an am-
plitude of 75% to break cell membranes. Total protein concentration of the analyzed sam-
ples was measured with the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific,
USA), for normalization of the detected SIRT-activity signals.

2.5. Data analysis and statistical methods

Sample size (n=7 per group) was calculated based on our previous study [9] assum-
ing a two-sided level of significance of 5% and a power of 80%. Samples were chosen
randomly from the participants in the respective subgroups.

Baseline data and data of dietary intake are presented as mean + standard deviation
(SD). To account for the variability of enzyme activity, sirtuin activity is presented as me-
dian (+max/-min). Due to the small sample size per group, we performed non-parametric
analysis only. Within group differences were analyzed with the Wilcoxon test, differences
between sexes using the Mann-Whitney-U test and group comparisons using the Kruskal-
Wallis test. If significant group differences were detected, a post hoc analysis with Bon-
ferroni correction was performed. Absolute differences (A) were calculated as tiz-w. To de-
termine correlations between changes in dietary intake and sirtuin activity Spearman cor-
relations were performed. P-values of <0.05 were considered as significant. All statistical
analyses were carried out using SPSS software (version 23.0; SPSS Inc., Chicago, IL, USA).
Graphs were created with Prism 9 (GraphPad Software, La Jolla, CA).

3. Results

3.1 Baseline

Baseline characteristics of the probands from the respective subgroups analyzed are
shown in Table 1. No statistically significant differences regarding distribution of gender,
age, height, weight or BMI were found between the study groups. However, the EXDC
group showed a higher BMI than the other study groups.
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Table 1. Baseline characteristics of all participants.

CON EX EXDC EXCO

(n=9) (n=14) (n=8) (n=9) P
Sex [£/m] 7 11/3 5/3 7/2 0.836
Age [years] 60.6 +5.08 60.1+627 589+518  600+342 0825
Height [cm] 166 +5.63 168 +6.66 170+832 1744588  0.112
Body weight [kg] 75.1+13.6 78.4+19.0 869+200  823:168 0503
BMI [kg/m?] 2724407 27.7 46.00 300+573 2744597 0701

Data are shown as mean + SD. Gender distribution between groups was analyzed using

Chi-square-test. Differences among groups were assessed with Kruskal-Wallis-Test.

f=females, m=male, BMI=Body-Mass-Index.

3.2 Dietary intake

Regarding the changes in dietary intakes estimated from 3-day dietary food logs, no
significant differences neither within nor between the four study groups were detected
(Table 2). However, a trend to a decreased energy intake was observed in the three inter-
vention groups performing exercise. The highest decreased of approximately 16% was
observed in the EXDC group (1,955 + 527 to 1,634 + 528 kcal, p=0.039). Further within
group comparisons showed a significant increase in a-Tocopherol in CON (6.61 + 2.03
/day to 8.85 + 2.42 mg/day, p=0.004) as well as a decrease in fiber (24.05 + 8.18 to 19.32 +
7.37 g/day, p=0.030) and vitamin C (165.2 + 102.2 to 106.0 + 38.0 mg/day, p=0.035) in the

EX group.
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Table 2. Dietary intake from 3-day food logs.
CON EX EXDC EXCO 4
t

0 1792 £ 322 2028 + 483 1955 + 527 1917 + 541 0.501

Energy in-
take [keal] 12 1906 + 293 1814 + 378 1634 + 528* 1859 + 417 0.548
A 114 + 435 -214 + 436 -322 £ 422 -58.7 + 674 0.215
0 17.7 +2.40 15.9 +4.08 16.6 +3.99 164 +3.73 0.629
Protein [%E] 12 17.6 +1.59 16.6 +3.60 18.2+3.69 16.3 +2.67 0.387
A -0.11+2.42 0.66 + 4.31 1.66 +4.14 -0.11 +4.95 0.722
0 36.2+6.19 36.7 £9.44 40.8+7.33 38.8£6.70 0.340
Fat [%E] 12 40.1+7.12 37.9+7.40 38.97 £9.47 36.0+7.72 0.722
A 3.89+8.16 1.18+8.31 -1.86 +7.10 -2.85+7.49 0.283
0 41.3£6.06 42.18+11.23 37.3+4.97 39.7+6.91 0.125
CHO [%E] 12 37.3+7.20 39.7+5.01 36.90 + 6.79 411+7.14 0.357
A -4.02 +6.91 -2.52+8.79 -0.36 +7.32 1.33+4.14 0.191
0 19.25+7.75 241+8.18 20.1+9.26 225+7.11 0.384
Fiber [g/d] 12 19.4+11.0 19.3 +7.37* 21.6+5.31 259+12.9 0.227
A 0.11+6.83 -4.73+7.14 1.49+8.84 3.37+10.1 0.083
0 0.24 +0.65 0.11+0.17 0.03 +0.02 0.28 +0.64 0.841
EPA [g/d] 12 0.04+0.03 0.16 +0.30 0.09 +0.07 0.07 +0.07 0.767
A -0.20 £ 0.64 0.05+0.36 0.06 +0.08 -0.21+0.66 0.241
0 0.25+0.41 0.21+0.21 0.18 +0.11 0.28 +0.31 0.829
DHA [g/d] 12 0.12+0.06 0.28 + 0.46 0.21+0.12 0.16 +0.17 0.538
A -0.13+0.38 0.07 £0.51 0.03+0.23 -0.12+0.31 0.903
Retinol 0 1.252 + 846 1.478 +731 1.486 +736 1.846 +2.217 0.627
equivalent 12 1.315 + 861 1.299 + 815 1.617 + 1.064 1.466 + 566 0.672
[pg/d] A 62.7 + 968 -179.2 £1.059 132.0 +1.495 -379.80+ 2.227 0.892
0 93.0 +£59.5 165.2+102.2 115.8 +59. 109.3 +43.7 0.138

Vitamin C
(mg/d] 12 129.1+1154 106.0 + 38.0* 152.6 +65.8 117.0+76.6 0.277
A 36.0 +80.83 -59.2 +108 36.9+75.1 7.75+61.4 0.058
a-Toco- 0 6.61+2.03 10.2+3.78 10.6 +7.32 10.9 +4.85 0.105
pherol 12 8.85 +2.42%* 9.85+3.72 35.6+74.1 11.0 +4.96 0.899
[mg/d] A 224+1.85 -0.37 +5.56 249+76.2 0.09 +£6.31 0.618

Data are shown as mean + SD. Differences among groups were assessed with Kruskal-Wallis-Test, within groups

detected with Wilcoxon test. Asterisks indicate statistical differences (* p <0.05; ** p <0.01; # p <0.001).

Regarding the intake of food groups, a significant increase in fruit (1.49 + 1.21 to 2.52
+1.26 portion/day, p=0.016) and an increased intake of vegetables (0.87 + 0.28 to 1.44 + 0.82
portion/day) were detected in EXDC which did not reach statistical significance (p=0.070).
In the CON group, a significant decrease of vegetable intake (1.80 + 3.15 to 0.72 +0.58 por-
tion/day, p=0.031) and cereal products (3.82 + 2.41 to 2.44 + 0.80 portion/day, p=0.039) oc-
curred. Comparison of absolute intakes showed that intake of vegetables differed between
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the four study groups (p=0.018), EXDC showed a significantly higher intake in daily veg-

etable intake than CON (0.57 + 0.66 vs. -1.08 + 2.67, p=0.019).

Table 3: Dietary intake from FFQs.

CON EX EXDC EXCO 4

t
Fruit intake 0 1.35+1.10 1.69+1.16 149 +£1.21 1.82+1.71 0.783
[portion/ 12 1.35+0.74 1.89+2.28 2.52 +1.26* 1.38+0.77 0.151
day] A 0.00+1.22 023+1.33 1.03 +1.08 -044+1.49 0.076
Vegetable in- 0 1.80+3.15 1.17+0.82 0.87 +0.28 0.89+0.78 0.719
take [portion/ 12 0.72 +0.58* 1.02+0.71 1.44 +£0.82 1.01+0.75 0.284
day] A -1.08 £2.67 -0.14£0.52 0.57 +0.66 t 0.12+0.96 0.018
Cereal intake 0 3.82+241 3.01+248 3.80+£2.88 337+1.71 0.581
[portion/ 12 2.44 +0.80* 257 +1.35 2.89 +1.58 273+144 0.983
day] A -1.38 £ 1.83 -045+1.20 -091+3.14 -0.64+£1.77 0.643
Green & black 0 0.32+0.52 1.49+2.20 0.47 £0.83 219+3.07 0.582
tea [cups/ 12 1.06 +1.54 0.90 +1.69 2.06 £2.98 0.57 £1.01 0.932
day] A 0.74+1.26 -0.59 +2.47 1.59 +3.40 -1.62+3.27 0.232
0 4.65+7.94 2.57 +4.61 3.69 +2.09 2.84+£2.06 0.152

Coffee
12 143 +1.27 248+1.74 2.81 £3.27 245+1.31 0.490
[cups/day]
A -3.22+8.29 -0.10 +4.50 -0.88+4.16 -0.39 +2.36 0.561
Wine & spar- 0 0.26+0.23 0.39+0.61 0.17 +0.20 0.45+0.41 0.406
kling wine 12 0.22+0.15 0.72+1.07 0.23+0.35 0.23+0.16 0.192
[glases/

] -0.04 +0.22 0.33+0.71 0.06 + 0.42 -0.22+0.35 0.097

Data are shown as mean + SD. Differences among groups were assessed with Kruskal-Wallis-Test, within groups de-

tected with Wilcoxon test. Asterisks indicate statistical differences (* p <0.05; ** p <0.01; # p <0.001).

3.3 Sirtuin Activity

Sirtuin activities were analyzed in vitro (under substrate saturation) before and after
the 12-week intervention. At baseline, no gender differences and no differences between
groups for activities of SIRT1 and SIRT5 were found. For SIRT3 a significant difference
among the groups could be detected (p=0.035). However, after Bonferroni correction for
multiple comparisons, the differences were no longer significant (CON vs. EX, p=0.101;
CON vs. EXDC, p=0.144; CON vs. EXCO, p=0.059.

Within group comparisons of sirtuin activities before and after the intervention
showed, that activities of particularly SIRT1 and SIRT3 increased significantly within the
three intervention groups performing exercise, while no significant changes occurred in
the CON group. For SIRT1 activity increased in EX from 0.00087 U/ug (+0.00142/-0.00019)
to 0.00099 U/ug (+0.00199/-0.00024) (p=0.002), in EXDC from 0.00086 U/ug (+0.001/-
0.00064) to 0.00109 U/ug (+0.00152/-0.00083) (p=0.008) and in EXCO from 0.00096
(+0.00113/-0.00035) to 0.00113 (+0.00192/-0.00075) (p=0.012) (Figure 1 A). In a similar man-
ner, SIRT3 increased in EX from 0.00244 U/ug (+0.00296/-0.00125) to 0.00309 U/ug
(+0.00613/-0.00154) (p<0.001), in EXDC from 0.00236 U/pg (+0.00301/-0.00159) to 0.00323
U/ug (+0.00653/-0.00224) (p=0.008) and in EXCO 0.00252 U/ug (+0.00309/-0.00184) to
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0.00402 U/pg (+0.00556/-0.00293) (p=0.004, Figure 1 B). SIRTS5 only increased significantly
in EX from 0.00024 U/ug (+0.00051/-0.00016) to 0.00028 U/ug (+0.00063/-0.00018) (p=0.001)
and in EXCO from 0.00032 U/ug (+0.00056/-0.00012) to 0.00032 U/ug (+0.00061/-0.00016)
(p=0.012, Figure 1 C).
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Figure 1: Absolute enzyme capacities (under substrate saturation) of SIRT1, SIRT3 and SIRT5 before (t0) and

after (t12) the intervention, data shown as median + quartiles and extremes. Asterisks: statistically different

between groups as judged by Wilcoxon-test (* p < 0.05; ** p < 0.01; # p < 0.001).

Comparison of absolute differences in sirtuin capacity revealed significant differ-
ences among the study groups for all three sirtuins analyzed (Figure 2). As shown in Fig-
ure 2 A, SIRT1 activity increased by 0.00015 U/ug (+0.00056/- -0.00016) in EX, 0.00025 U/ug
(+0.00052/-0.00006) in EXDC and 0.00040 U/ug (+0.00088/- -0.00012) in EXCO. Of those,
EXCO and EXDC differed significantly from CON (CON vs. EXCO, p=0.003; CON vs.
EXDC, p=0.010). Regarding the activity of SIRT3, EX showed an increase by 0.00080 U/ug
(+0.00318/-0.00005), EXDC by 0.00095 U/ug (+0.00388/-0.00055) and EXCO by 0.00160
U/ug (+0.00285/-0.00070) (Figure 2 B). All increases were significantly different from CON
(CON vs. EX, p=0.007; CON vs EXDC, p<0.001, CON vs. EXCO, p=0.004). Activity of SIRT5
was increased in all study groups (CON: 0.000003 U/ug (+0.00005/-0.00005), EX: 0.00005
U/ug (+0.0001/- -0.00001), EXDC: -0.000004 U/ug (+0.00007/- -0.00006), EXCO 0.00003 U/ug
(+0.0001/- -0.000002) (Figure 2C). EX differed significantly from CON (p=0.032).
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Figure 2: Absolute differences of enzyme capacity (under substrate saturation) of SIRT1, SIRT3 and SIRT5,

shown as median + quartiles and extrema. Asterisks: statistically different between groups judged by

Kruskal- Wallis-test. (* p <0.05; ** p <0.01; # p <0.001).

3.4 Correlation analysis

To account for potential effects of baseline differences in the capacity of SIRT1 and
particularly SIRT3, correlation analyses of baseline values with absolute differences were
performed for each group. No significant correlations were detected in the exercising
study groups.

Although we could not detect any significant differences in dietary intake apart from
increased vegetable intake in the EXDC group, we wanted to examine the potential impact
of different dietary components on sirtuin activity. Therefore, we first examined correla-
tions between sirtuin capacity and caloric intake as well as food groups containing poly-
phenols or flavonoids (fruits, vegetables, cereals, green and black tea, coffee, wine). This
analysis did not reveal any significant correlations. As we could already observe a signif-
icant impact of intake of antioxidative substances on short-term exercise induced sirtuin
capacity in recreational runners with different diets [9], we also examined the intake of

63



Scientific publications: Paper Il

Nutrients 2021, 13, x FOR PEER REVIEW

10 of 18

such substances in this analysis. However, sirtuin capacity seemed to be unaffected by
dietary intake of tocopherol, vitamin C or vitamin A (expressed as retinol equivalent).
Additionally, intake of EPA and DHA did not show any correlations. Lastly, no correla-
tions between body weight, BMI or waist-to-hip ratio were observed. An overview of all
correlated markers is shown in table 4.

Table 4: Overview of all baseline parameters correlated with baseline sirtuin activities.

Sirtuin

Correlation with

p-value

SIRT1, SIRT3, SIRT 5

Calories

Fruits

Vegetables

Cereals

Green & black tea
Coffee

Wine & sparkling wine
Tocopherol

Retinol equivalents
Vitamin C

EPA

DHA

Weight

BMI

n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins
n.s. for all sirtuins

n.s. for all sirtuins

Correlations were performed using Spearman correlations.
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4. Discussion

a) Exercise & Sirtuins:

To the best of our knowledge, this is the first investigation on the impact of chronic
exercise versus chronic exercise combined with dietary modifications (healthy diet vs. CO
supplementation), on sirtuins in human peripheral blood. Sirtuins were already reported
to be impacted by chronic exercise, as well as dietary modifications such as caloric re-
striction or dietary components such as polyphenols [21]. With regards to exercise, SIRT1
and SIRT3 are particularly involved. SIRT1 was already shown to modulate the cellular
stress response and energy metabolism via the activation of peroxisome proliferator-acti-
vated receptor gamma coactivator-la (PGCla) and forkhead box O (FOXO) transcription
factors [33]. Upregulation will not only result in increased mitochondrial biogenesis and
oxidative capacity but also affect lipid and glucose metabolism [34]. In any case, SIRT1
seems to be affected by acute [35,36] and chronic exercise [37,38]. On the contrary SIRT3
seems to be affected particularly by chronic exercise [39]. SIRT3 is involved in the regula-
tion of mitochondrial activity through activation of complexes 1-5 of the respiratory chain
[40] and protection against reactive oxygen species (ROS) which are commonly produced
during exercise [41].

We hypothesized that chronic exercise over 12-weeks combined with dietary modi-
fications (healthy diet vs. CO intake) may differentially impact sirtuin activity compared
to exercise only. A previous study from our group found differences in short-term exer-
cise-induced sirtuin activity in recreational athletes with different diets (omnivorous,
lacto-ovo-vegetarian, vegan) [9]. In this study, sirtuin activity was also measured in pe-
ripheral blood, which gave first evidence that measurement of blood sirtuin levels may
reflect sirtuin tissue levels.

Results from the present study suggest, that participation in a 12-week exercise pro-
gram consisting of a combined resistance and aerobic training upregulates the activity of
SIRT1 and SIRT3 in healthy elderly, overweight participants as an adaptation to meet in-
creased energy demand which is regulated by these sirtuins. This is also supported by
results from Villanova et al., who reported that sirtuin deacetylase activity is higher in
athletic individuals when compared to non-trained individuals [42]. Generally, our results
are in line with animal and human studies, that showed a positive impact on sirtuins by
acute and chronic exercise ([8]) [43,44]. In that context, the most studied sirtuins are SIRT1
and SIRT3 which regulate many metabolic processes that are upregulated during acute
exercise, namely energy metabolism, but also mediate systemic long-term adaptations to
exercise [45,46]. SIRT3 and SIRT1 are involved in the regulation of fatty acid oxidation and
mitochondrial biogenesis, while SIRT1 is also involved in the regulation of glucose home-
ostasis [47,48]. Up-regulation of SIRT5 by exercise was less pronounced and inconsistent.
SIRTS5 is known to regulate the citric acid cycle, fatty acid oxidation and the mitochondrial
respiratory chain [49].

In general, we cannot be sure that sirtuins in plasma reflect sirtuin function in tissues.
Animal studies investigating the effect of exercise on sirtuins commonly analyzed them
in tissues such as the brain, skeletal muscles, heart, liver or adipose tissue [50-52]. When
measured in human skeletal muscle, 2 weeks of high intensity training (HIIT) increased
activity of SIRT1 while protein content stayed the same [38]. This is in line with findings
from our study, which also showed an increased activity of SIRT1. Yet, we could not meas-
ure sirtuins at protein level as there was a sustained shortage of antibodies. Protein ex-
pression levels of SIRT3 in the vastus lateralis of young and older subjects that were clas-
sified as sedentary (defined as <30 min exercise a day, not more than twice per week) or
trained (defined as 1h running or cycling, 6x/week for the last 4 years) showed that the
sedentary subjects had lower levels than the trained subjects [53].

When we compare basal enzyme capacities of SRT1, SIRT3 and SIRT5 in the present
study with our previous study [25-27][9], enzyme capacities were higher in the younger
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participants (18-35 years) than in the older participants (50-70 years) in the present study.
This is in line with findings of Villanova et al. [42] and Lalia et al. [23].

The underlying mechanisms for the exercise-induced increase of the enzyme activity
are not fully elucidated, but may be mediated by exercise-induced changes of the
NAD+/NADH- or AMP/ATP-ratio [54,55]. This explanation is supported by results from
Lamb et al. 2020, who reported that 10 weeks of resistance training (2x/week) resulted in
increased muscle NAD+-levels and higher global sirtuin activity in middle aged, un-
trained participants [56]. Although those results cannot be compared directly to our re-
sults due to the different methodologies in performing exercise and measuring sirtuin ac-
tivities, the results are coherent. Furthermore, posttranslational modifications of sirtuins
may play a role.

b) Diet & Sirtuins:

In the present study, diet had an additional impact on sirtuin up-regulation during
exercise. The activities of SIRT1 and SIRT3 increased to a higher extent in EXDC and
EXCO when compared to EX only.

Sirtuins are known to be regulated by polyphenols, which are abundant in vegeta-
bles, fruits, whole-grains, coffee, green tea and wine [19]. Indeed, there was a significant
increase in fruit and vegetable intake in the EXDC group after dietary counseling. How-
ever, in case of SIRT1 the stability and metabolization of polyphenols are important [57]
which has not been examined in our study. Therefore, the efficacy of increased vegetable
and fruit intake is difficult to assess without specification of actual intake of polyphenolic
compounds. In addition to an increased vegetable and fruit intake, the EXDC group also
showed the highest reduction in caloric intake, which is another potential regulator of
sirtuins.

In the EXCO group, the intake of PUFAs may be responsible for the increased re-
sponse of sirtuin activities to exercise. Interestingly, supplementation of n-3 PUFAs has
been reported to positively impact muscle strength and function in older adults [58,59].
16-weeks of 3.6 g/day n-3 PUFA intake (2.7 g EPA+1.2 g DHA), increased myofibrillar and
mitochondrial protein synthesis measured after a single bout of resistance exercise in
older adults [23], which supports the idea that exercise combined with n-3 PUFA supple-
mentation may also enhance long-term adaptations mediated by sirtuins. Generally, n-3
PUFAs are discussed to support muscle anabolism [60]. Yet, it has to be acknowledged
that CO used in the present study provided only approximately 200 mg of EPA+DHA,
which is far below the doses which reportedly have beneficial effects. It is already known,
that n-3 PUFAs can modulate metabolic pathways via activation of transcription factors,
namely the peroxisome proliferator-activated receptors (PPARs) [61]. This process may
be mediated by sirtuins. Indeed the n-3 PUFAs EPA and DHA were linked to the activa-
tion of SIRT1 and SIRT3 dependent-pathways [26-29]. Another fatty acid, which was re-
ported to impact SIRT1-associated pathways is the monounsaturated omega-9 fatty acid
oleic acid [62], which is also present in CO (in this study 36 mg oleic acid). Lastly, CO
contains the antioxidant astaxanthin. There is evidence from animal studies indicating
that astaxanthin increases the expression of SIRT1 [63] and the mitochondrial sirtuins [64].
Both, the antioxidative properties and the potential impact of n-3 PUFAs on sirtuins may
be responsible for the beneficial effects of CO on obesity-related disorders like insulin-
resistance and atherosclerosis as previously reported from animal studies [65,66].

As increased body weight and metabolic disorders such as type 2 diabetes were al-
ready shown to correlate with sirtuin blood levels [67,68], we also investigated whether
there were any links between body weight, BMI and metabolic markers using correlation
analysis. As the study collective was very homogenous and metabolically healthy it seems
not surprising, that no significant correlations were detected. To potentially establish the
measurement of blood sirtuins as a marker for health, it would be of interest to perform
analyses in different age groups and in patients with and without metabolic disorders.
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Although we are aware, that blood sirtuins not directly reflect tissue levels, establishment
of reference ranges in different study populations would be helpful to assess blood
sirtuins as biomarkers of health status.

Overall, this study has also clear limitations. First of all, the evaluation of the impact
of dietary modifications on sirtuin activity would have been best under strictly controlled
dietary conditions. Although the 3-day dietary food logs and FFQs are commonly used
instruments in nutritional assessments, they are subjective and self-reported. Future stud-
ies investigating the effect on dietary intakes should therefore use a better controlled set-
ting and either provide standardized meals or a meal plan. Second, the measurement of
blood sirtuins without measurement of tissue levels may also be considered as a limita-
tion. Additional confirmation of sirtuin levels in muscle tissue would have been beneficial,
but performing muscle biopsies was not possible in this study. Furthermore, sirtuins
could not be analyzed at protein level, which would be interesting when considering post-
translational modifications.

5. Conclusions

In summary, our study showed that 12 weeks of twice-weekly combined resistance
and aerobic training up-regulates the capacity of SIRT1 and SIRT3 in untrained, elderly
subjects, while the capacity of SIRT5 was less affected. Furthermore, we showed that the
capacities of SIRT1, SIRT3 andSIRT5 decreased with age. A healthy diet or supplementa-
tion with CO further enhanced the effect of exercise-induced sirtuin activation. Further
experimentation is needed to elucidate the precise mechanism of sirtuin activation and its
effect on mitochondrial function.
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Abstract: Aging and overweight increase the risk of developing type 2 diabetes mellitus. In this
cross-sectional study, we aimed to investigate the potential mediating role of T-EMRA cells and
inflammatory markers in the development of a decreased insulin sensitivity. A total of 134 healthy
older volunteers were recruited (age 59.2 (sp 5.6) years). T cell subpopulations were analyzed by flow
cytometry. Furthermore, body composition, HOMA-IR, plasma tryptophan (Trp) metabolites, as well
as cytokines and adipokines were determined. Using subgroup and covariance analyses, the influence
of BMI on the parameters was evaluated. Moreover, correlation, multiple regression, and mediation
analyses were performed. In the subgroup of participants with obesity, an increased proportion of
CD8+EMRA cells and elevated concentrations of plasma kynurenine (KYN) were found compared to
the lower-weight subgroups. Linear regression analysis revealed that an elevated HOMA-IR could
be predicted by a higher proportion of CD8+EMRA cells and KYN levels. A mediation analysis
showed a robust indirect effect of the Waist-to-hip ratio on HOMA-IR mediated by CD8+EMRA
cells. Thus, the deleterious effects of abdominal obesity on glucose metabolism might be mediated by
CD8+EMRA cells in the elderly. Longitudinal studies should validate this assumption and analyze
the suitability of CD8+EMRA cells as early predictors of incipient prediabetes.

Keywords: elderly; obesity; T-EMRA cells; kynurenine pathway; insulin resistance

1. Introduction

During aging, the adaptive immune system undergoes a remodeling process character-
ized by altered T cell subtype composition and changes in major T cell functions. While the
number of CD8+ cells generally increases, the proportion of CD4+ cells slightly decreases,
resulting in a reduced CD4+/CD8+ T cell ratio [1]. Within both T cell populations, the
relative proportion of cells with a naive phenotype progressively decreases. Homeostatic
proliferation of existing naive T cells in the periphery partially compensates for the reduced
number of naive T cells [2]. Functionally, the T cell receptor (TCR) repertoire is diminished,
resulting in a limited response against emerging pathogens [3]. Accompanying the exhaus-
tion in the naive T cell pool, an accumulation of terminally differentiated cells occurs. This
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is caused by repeated T cell stimulation, e.g., by latent viruses, such as cytomegalovirus
(CMV) infection, or by a state of chronic inflammation [4,5].

T effector memory re-expressing CD45RA cells (T-EMRA cells) represent a heteroge-
neous group of terminally differentiated cells characterized by their surface expression
profile CCR7—/CD45RA+. These cells can be further subdivided regarding their expres-
sion of CD57 into a functionally viable “young” fraction (CD57—) with proliferative and
antiviral capacity and a senescent fraction (CD57+) with extensive functional quiescence
that is proliferation incompetent in response to antigen-specific stimulation and susceptible
to apoptosis upon T cell activation [6,7]. With age, the number of T-EMRA cells increases,
which can be interpreted as a hallmark of immunosenescence [8]. T-EMRA cells are sug-
gested to contribute to various pathological processes by exacerbating inflammation and
exhibiting atypical cytotoxic activity towards endogenous structures, such as the vascu-
lar endothelium [9,10]. Moreover, T-EMRA cells have been identified as predictors of
cardiovascular mortality in the elderly and as risk factors of graft dysfunction in kidney
transplant recipients [11,12].

Accelerated T cell differentiation is bi-directionally related to the development of
a chronic low-grade inflammation, termed “inflammaging” [13,14]. On the one hand,
chronic inflammation is a driver of T cell differentiation by constantly activating existing
immune cells. On the other hand, highly differentiated T-EMRA cells represent a pro-
inflammatory phenotype and a source of inflammatory factors [10,15]. The concentration
of various inflammatory cytokines, such as interleukin (IL)-1§3, IL-6, and tumor necrosis
factor-o (TNF-«), progressively increases during aging, which contributes to age-associated
morbidity and mortality [16]. Overweight superimposed on aging accelerates low-grade in-
flammation, which might play a leading role not only in the pathogenesis of cardiovascular
but also of metabolic diseases, such as diabetes type 2. Accordingly, patients with predi-
abetes or diabetes show significantly lower insulin sensitivity, increased proportions of
terminally differentiated T cells, and higher levels of inflammatory cytokines compared to
metabolically healthy individuals [17]. Besides glucose metabolism, the kynurenine (KYN)
pathway as the major route of tryptophan degradation represents another popular exam-
ple of the interplay between metabolism and inflammation. The initial and rate-limiting
enzyme indoleamine 2-3-dioxygenase (IDO1) strongly increases in response to elevated
proinflammatory cytokine levels [18], leading to a stimulation of the KYN pathway that
has been demonstrated in several inflammation-associated pathologies [19,20].

Based on these findings, we speculate that T-EMRA cells, as well as parameters of the
kynurenine pathway, may be related to a disturbance of insulin sensitivity in obesity and
that this is detectable even in clinically healthy elderly subjects. We explicitly addressed
the question: Do increased proportions of T-EMRA cells or activation of the KYN pathway
favor an early dysregulation of insulin sensitivity in subjects aged 50-70 without any
previous chronic illness? Furthermore, we asked whether T-EMRA cells and changes
in Trp metabolites are potential mediators between abdominal obesity and disturbed
insulin sensitivity.

2. Materials and Methods

The current work is based on a recent study of our group [21]. Blood samples were
obtained from the same subjects. Data regarding anthropometric and physiological charac-
teristics have been incorporated from this publication.

2.1. Study Participants

We enrolled 134 men and women from the general population in Hannover, Germany,
between August 2018 and March 2019. Recruitment was conducted widely distributed via
advertisements in local newspapers and public notices. The inclusion and exclusion criteria
for each participant were determined using a formalized questionnaire. Inclusion criteria
for participation were age >50 and <70 years, no regular exercise training aside from the
daily activities for at least 2 years, and stable body weight (+5 kg) for at least 6 months.
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Exclusion criteria were defined as cardiovascular diseases (angina pectoris, myocardial
infarction, stroke, peripheral arterial occlusive disease, heart failure, cardiac arrhythmia),
type 1 and 2 diabetes, renal insufficiency and liver diseases, blood coagulation disorders,
chronic gastrointestinal disorders (e.g., ulcers, Crohn’s disease, pancreatic insufficiency),
immunological diseases (e.g., autoimmune diseases), intake of immunosuppressive drugs
or laxatives, intake of supplements containing n3-FAs, smoking, alcohol, drug and/or
medicine dependency, pregnancy or lactation, retraction of the consent by the subject,
concurrent participation in another clinical study, and participation in a study in the last
30 days. Ethical approval was provided by the Ethics Commission of the Medical Chamber
of Lower Saxony (Hannover, Germany). Following the guidelines of the Declaration of
Helsinki, written informed consent was obtained from all participants before participation
in the study. Study design and the procedure for the different analyses are shown in
Figure 1a.
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Figure 1. (a) Presentation of the study design and the course of analyses. (b) Flow cytometric analysis of T cell subpop-
ulations. Lymphocytes were gated using the forward- and sideward scatter. Populations were subdivided into CD4+
T-helper cells and CD8+ cytotoxic T cells. Both cell types were further differentiated into naive (CD45RA+/CCR7+),
central memory (CD45RA — /CCR7+), effector memory (CD45RA —/CCR7—), and effector memory re-expressing CD45RA
(CD45RA+/CCR7-) cells. Associations between naive and EMRA T cells.

76



Scientific publications: Paper IV

Cells 2021, 10, 998

40f13

2.2. Body Weight and Body Composition

Waist and hip circumferences were measured using a measuring tape in a standing
position. Waist-to-hip-ratio (WHR) was calculated. Height was measured with a stadiome-
ter (seca GmbH & Co. KG, Hamburg, Germany) and body weight was measured on a
digital scale to the nearest 0.1 kg (seca GmbH & Co. KG, Hamburg, Germany). BMI was
calculated by the ratio of weight to the squared height. Body composition was analyzed
to a nearest of 0.1 kg using a bioelectrical impedance analyzer (BIA) (Nutriguard M, Data
Input Company, Darmstadt, Germany) and the software NutriPlus© 5.4.1 (Data Input
Company, Darmstadt, Germany). For the measurements, the participants arrived rested
and after an overnight fast (>10 h). They were instructed to lay down on a stretcher and
rest for at least five minutes to ensure a balanced distribution of body fluids before the
measurement. During the measurement, participants were instructed to lay still and in
a relaxed position with the limbs slightly bend from the torso. All measurements were
carried out by the same study personnel.

2.3. Blood Sampling

Blood samples were taken in the morning following a resting period and after an
overnight fast (>10 h) using serum, EDTA, and NaF Glucose tubes (Sarstedt AG & Co. KG,
Niimbrecht, Germany). Blood was either processed directly or stored at —80 °C in the form
of serum and plasma for later analysis.

2.4. Analysis of Glucose Metabolism and Insulin Resistance

Analysis of markers of glucose metabolism was performed by a certified laboratory
(Laborirztliche Arbeitsgemeinschaft fiir Diagnostik und Rationalisierung e.V., in Han-
nover, Germany). Fasting glucose was analyzed photometrically (Beckman Coulter GmbH,
Krefeld, Germany). HbAlc was analyzed using high-performance liquid chromatography
(HPLC) (Bio-Rad Laboratories GmbH, Feldkirchen, Germany). For the determination of
insulin, the electrochemiluminescence immunoassay method (ECLIA) using cobas 801e
(Roche Diagnostics GmbH, Mannheim, Germany) was applied. Insulin sensitivity was
evaluated using the homeostatic model assessment (HOMA): HOMA-IR = fasting insulin
(WU/mL) x fasting blood glucose (mg/dL)/405 [22].

2.5. Analysis of T Cell Subpopulations

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from fresh EDTA whole
blood by ficoll density gradient centrifugation. After PBMCs were washed, 1 x 10° cells
in 100 puL PBS were stained for 20 min in the dark with 5 pL of different fluorescence-
coupled antibodies, respectively (BioLegend Inc., San Diego, CA, USA & ImmunoTools
GmbH, Hamburg, Germany). The antibody cocktails were composed as follows. Anal-
ysis of CD4+ subtypes: anti-CD4-FITC (clone MEM-241), anti-CD197(CCR7?)-PE (clone
G043H7), anti-CD45RA-PerCP (clone HI100); Analysis of CD8+ subtypes: anti-CD8-FITC
(clone MEM-31), anti-CD197(CCR?7)-PE (clone G043H?), anti-CD45RA-PerCP (clone HI100).
Percentages of naive (CD45RA+/CCR7+), central memory (CD45RA-/CCR7+), effector
memory (CD45RA-/CCR7—), and EMRA (CD45RA+/CCR7—) CD4+ and CD8+ T cells
were quantified by flow cytometer FC 500 using the CXP software (Beckman Coulter, Irving,
TX, USA). The gating strategy is shown in Figure 1b and was implemented according to
Koch et al. [8]. Besides, CD4+/CD8+ T cell ratio was determined.

2.6. Analysis of Tryptophan Metabolites

Trp and its metabolites KYN, quinolinic acid (QA), and kynurenic acid (KA) were
measured via high-performance liquid chromatography (HPLC) coupled to a mass spec-
trometer (MS). Serum was stored in 50 uL aliquots at —80 °C until analysis. The analysis
was performed on a Waters ACQUITY UPLC® system equipped with an ACQUITY UPLC®
HSS T3 analytical column coupled to a Xevo® TQ-XS triple quadrupole mass spectrometer
(Waters, Eschborn, Germany) as described elsewhere [20].
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2.7. Analysis of Plasma Cytokines

Plasma levels of IL-13, IL1ra, IL-6, IL-15, TNF-&, CX3CL1/fractalkine, adiponectin,
and resistin were determined using a human Magnetic Luminex Assay (Bio-Techne, Abing-
don, Oxon, UK) and a Magpix Luminex instrument (Luminex Corp, Austin, TX, USA)
according to the manufacturer’s instructions.

2.8. Analysis of Cytomegalovirus (CMV) Serostatus

Serum anti-CMV immunoglobulin G (IgG) antibodies were detected using a semiquan-
titative sandwich enzyme-linked immunosorbent assay (ELISA-Viditest anti-CMV IgG,
VIDIA, Czech Republic). The procedure followed the manufacturer’s instructions. End-
point optical density was measured by the Emax Plus ELISA reader (Molecular Devices,
Sunnyvale, CA, USA).

2.9. Statistical Analysis

First, descriptive statistics were performed for all measured variables and results
are given below as mean =+ SD. In the next step, we tested all observed variables regard-
ing their distribution features. As most of them did not meet the criterion of a normal
distribution, we used Spearman’s rank correlation to determine possible relationships
between measurements of body composition (as indicated by BMI and WHR), metabolism
(as indicated by HOMA-IR and Trp metabolites), CD4+ and CD8+EMRA cells, as well as
pro-inflammatory cytokines (e.g., IL-6, TNF-«) and adipokines (adinopectine, resistin) for
exploarory purposes. Missing data were addressed using pairwise deletion.

As a preliminary analysis, we further divided our study collective into three BMI sub-
groups: group 1: 18.5-24.9 kg/m? (normal weight); group 2: 25-29.9 kg/m? (overweight);
group 3: >30 kg/m? (obesity). We calculated an ANCOVA for the dependent variable
CD8+EMRA cells and Trp metabolite KYN and the independent variable BMI group using
age as a covariate to assess the impact of a BMI classified within the obese range (>30) on
the proportion of T-EMRA cells and enhanced Trp metabolites.

In the next step, we analyzed the impact of obesity, proportion of T-EMRA cells, and
levels of Trp metabolites as potential predictors of abnormal glucose metabolism (indicated
by HOMA-IR) using multiple regression analyses. We added several product terms to
the model to test for an interaction between abdominal obesity, immune aging, and Trp
metabolites. Before multiple regression analysis, we z-standardized all variables. To
identify a possible mechanism that underlies the observed relationship between abdominal
obesity and disturbed glucose metabolism, we tested the mediation of this relationship
by assessing the factors of immune aging, as well as the concentration of tryptophan
metabolites. More precisely, we calculated a mediation analysis using bootstrapping with
5000 bootstraps with the predictor variable WHR, the mediators CD8+EMRA cells as well
as KYN, and HOMA-IR as the outcome variable. For all statistical analyses as well as data
visualization, we used JASP, version 14.0. p values < 0.05 are considered significant.

3. Results
3.1. Baseline Characteristics

After screening for eligibility, 134 participants met the eligibly criteria (Figure 2). Their
data are specified as mean =+ SD. Of all participants, 72% were female and 28% were male
with a mean age of 59.2 + 5.6 years. Participants were further characterized by a weight
of 83.0 = 20.3 kg, BMI of 28.3 =+ 5.8 kg/m?, a WHR of 0.85 =+ 0.09, and a HOMA-IR of
2.72 & 2.26. The study population can be classified as healthy, but pre-obese. All measured
baseline characteristics are summarized in Table 1.
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Figure 2. Flow chart of all participants screened and analyzed.

Table 1. Baseline characteristics (mean + SD) of all participants.

Baseline Characteristics

Sex [f/m] [96/38]
Age [years] 59.2 £5.6
Height [m] 1709 + 8.7
Body weight [kg] 83.0 £20.3
BMI [kg/m?] 283458
Waist circumference [cm] 93.30 + 14.53
Hip circumference [cm] 108.32 + 12.15
WHR 0.85 + 0.09
Fasting Glucose [mg/dL] 93.13 £16.78
HbAlc [%] 5.44 + 045
Insulin [pU/mL] 11.39 + 7.96
HOMA-Index 2.72 +2.26
CMV positive [Yes/no] [72/63]

3.2. Associations between Body Composition, Glucose Metabolism, T-EMRA Cells, Trp

Metabolites, and Cytokine Status
Proportions of T cell subpopulations and levels of measured cytokines, adipokines,
and Trp metabolites of all participants can be found in Supplementary Tables S1-S3.
We examined the Spearman rank correlation between either BMI, WHR, HOMA-IR,
CD8+EMRA cells, IL-6, resistin, and KYN separately for each participant. Note that for all
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upcoming results, we used the z-standardized variables. The correlation analysis revealed
correlations between WHR and CD8+EMRA cells (r = 0.351, p < 0.001), IL-6 (r = 0.249,
p = 0.021), resistin (r = 0.221, p = 0.046), KYN (r = 0.207, p = 0.041), as well as HOMA-IR
(r=0.447, p < 0.001). CD8+EMRA cells were correlated with KYN (r = 0.242, p < 0.05),
BMI (r = 0.235, p < 0.05), and HOMA-IR (r = 0.250, p < 0.05). IL-6 was associated with
BMI (r = 0.352, p < 0.001). Resistin was positively correlated with BMI (r = 0.349, p < 0.01).
Furthermore, we found a correlation between KYN and BMI (r = 0.355, p < 0.001) and
HOMA-IR (r = 0.224, p < 0.05). All results of the correlation analysis are depicted in

Figure 3.
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