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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/m2, 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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Zusammenfassung 
 
Hintergrund und Ziel: 71% aller Todesfälle weltweit werden durch nicht übertragbare Krankheiten 
wie Herz-Kreislauf-Erkrankungen oder Typ-2-Diabetes verursacht. Sowohl bei der Prävention als 

auch bei der Therapie dieser Krankheiten erwiesen sich insbesondere Bewegung als auch eine 
gesunde Ernährung als wirksame Maßnahmen. Darüber hinaus wirken sich beide Komponenten 

günstig auf den Alterungsprozess aus. Obwohl einige Studien mögliche synergistische Effekte von 
Bewegung und Ernährungsmaßnahmen untersuchten, konzentrierten sich die meisten von ihnen 

auf Personen mit bereits bestehenden, chronischen Erkrankungen (z. B. Adipositas, Prä-Diabetes, 
Typ-2-Diabetes), wobei die untrainierte, gesunde ältere Bevölkerung bisher ausgelassen wurde. 

Daher ist unzureichend geklärt, inwieweit gesunde ältere Menschen von Bewegung in Kombination 
mit Ernährungsmaßnahmen profitieren können. Infolgedessen war das Ziel dieser Arbeit, die 

gesundheitlichen Vorteile und synergistischen Effekte von Bewegung in Kombination mit 
Ernährungsmaßnahmen (gesunde Ernährung vs. Calanus finmarchicus Supplementation) bei 
untrainierten, gesunden älteren Menschen zu untersuchen. Neben den gesundheitsfördernden 

Effekten von Bewegung und einer gesunden Ernährungsweise gibt es auch Szenarien, in denen 
viel Bewegung und eine unzureichende Nahrungsaufnahme die Gesundheit negativ beeinflussen 

können. Ein sekundäres Ziel war daher die Bewertung von Gesundheitsrisiken im Zusammenhang 
mit einer geringen Energieverfügbarkeit, wie sie vor allem bei leistungsorientierten Sportlern 

beobachtet wird. 

 
Methoden: Insgesamt  wurden 134 ältere Teilnehmer (50-70 Jahre, BMI 18-30 kg/m2, keine 

regelmäßige sportliche Aktivität innerhalb der letzten zwei Jahre) in eine 12-wöchige 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 Ernährungsberatung nach den 
Richtlinien der Deutschen Gesellschaft für Ernährung (EXDC); 4) Trainingsroutine kombiniert mit 

einer Einnahme von 2 g/Tag Calanus finmarchicus Öl (EXCO). Zu Beginn und am Ende der Studie 
wurde die Körperzusammensetzung gemessen und Blutproben entnommen, um Marker des 
Glukose- und Lipidstoffwechsels, Sirtuine sowie Immunzellen zu analysieren. Zusätzlich wurden 

die körperliche Aktivität außerhalb der Intervention sowie das Ernährungsverhalten zu Beginn, 
nach sechs Wochen und am Ende der Studie unter Verwendung des Freiburger Fragebogens für 

körperliche Aktivität, 3-Tage Ernährungsprotokollen und Verzehrshäufigkeitsfragebögen (FFQs) 
aufgezeichnet. Darüber hinaus wurde eine Literaturrecherche durchgeführt, um die 

Gesundheitsrisiken im Zusammenhang mit einer geringen Energieverfügbarkeit zu bewerten. 
 

Ergebnisse: Insgesamt führte das Training allein zu keinen günstigen Veränderungen der 
Körperzusammensetzung, des Glukose- oder Lipidstoffwechsels, zeigte jedoch einen positiven 

Effekt auf die Sirtuinaktivität. Im Gegensatz dazu führte das Training in Kombination mit einer 
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gesunden Ernährung oder der Aufnahme von Calanus finmarchicus Öl zu einer signifikanten 

Abnahme der Fettmasse; hatte jedoch ebenfalls keinen Einfluss auf den Glukosestoffwechsels 
oder die Blutfette. Die Aufnahme von Calanus finmarchicus Öl führte zudem zu einem signifikanten 

Anstieg des Omega-3-Index. Hinsichtlich der Sirtuinaktivität wurde der Effekt des Trainings durch 
die Ernährungsumstellung aber durch die Einnahme von Calanus finmarchicus Öl zusätzlich 

verstärkt. Zusätzlich zeigte eine Querschnittsanalyse der Basisdaten, dass T-Zellseneszenz ein 
Mediator der Insulinsensitivität sein kann. Zusätzlich konnte gezeigt werden, dass trotz aller 
gesundheitsfördernden und präventiven 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, mäßigen Training mit einer gesunden Ernährung oder 

einer Calanus finmarchicus Öl Supplementierung die Gesundheit bei älteren, untrainierten, 
übergewichtigen Personen günstiger beeinflussen kann als das Training allein. Um die 

gesundheitlichen Vorteile weiter zu untersuchen, sollten künftige Studien mögliche Auswirkungen 
einer gesunden Ernährung (reich an Omega-3 Fettsäuren) im Vergleich zur CO-Supplementierung 

untersuchen. Dies wäre auch in Kombination mit einem höher dosierten Training von Interesse.  
 
Studienregistrierung: Deutsches Register Klinischer Studien DRKS00014322 
 
Schlagworte: Bewegung, Ernährung, Gesundheit 
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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 PUFAs) 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 
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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 II, chapter 2.2) 

3. Can exercise combined with dietary counseling or supplementation of oil from Calanus 

finmarchicus positively influence sirtuin activity? (Paper III, 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 (METs), 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].  

 

Figure 1: The impact of physical inactivity and activity on physical function and health. 
Arrows indicate an increase(↑), decrease (↓) or stagnation (-) of the respective health outcome.  

Figure was created in accordance with [34–36,38–40]. 

Brain function
↑ ↓ Neurodegeneration
↓ ↑ Cognitive function

Cardiovascular function
↑ ↓ Heart rate
↓ ↑ Blood volume
↑ ↓ Blood pressure
↓ ↑ Endothelial function

Lung function
↓ ↑ Capacity

Muscle
↓ ↑ Strength, power, endurance
↓ ↑ Flexibility

Body composition
- ↑ -↓ Weight
↓ ↑ Muscle mass
↑ ↓ Fat mass

Metabolism
↓ ↑ Insulin sensitivity
↓ ↑ Fat oxidation
↓ ↑ Mitochondrial biogenesis

Physically inactive Physically active
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1.2.3 Recommendations and status 
 

To give guidance to the general population, organizations such as the American College of 

Sports Medicine (ACSM) and the World Health Organization (WHO) published 

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

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) 

• ≥30 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 (≥75 min/week), vigorous-intensity 
cardiorespiratory exercise training 
 
or 
 
• combination of moderate- and vigorous-
intensity exercise to achieve a total energy 
expenditure of ≥500-1000 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 

[49,50]. 
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1.3 Health-promoting diet 
 
1.3.1 General aspects  
 

Within the 20th 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 (IoM) [56–

59] and the German, Austrian and Swiss Nutrition Societies (Deutsche, Österreichische und 

Schweizerische Gesellschaften für Ernährung; 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 für Ernährung, 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 II) 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). 

 



 General introduction 

 10 

                  
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; ∆, 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 IoM 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/day1 5 g 
1 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 ≥250 mg/day. Intakes of ≥500 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 (O3I) is a reliable biomarker. The O3I 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 O3I 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) CO1 WE2 TAG2 PL2 

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 2.5 

20:1n-9 (Gondoic acid) 2.4 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 2.7 1.5 

18:3n-3 (ALA) 1.4 1.5 2.3 0.6 

18:4n-3 (SDA) 7.0 13.7 5.9 2.5 

20:5n-3 (EPA) 5.5 11.4 8.7 19.2 

22:5n-3 (DPA 0.3 n.d. 1.2 0.2 

22:6n-3 (DHA) 3.9 2.2 5.8 37.4 
1 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 ∆-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/m2), normal weight (18.5-24.9 kg/m2) or overweight (≥ 

25 kg/m2). Overweight can further be subdivided in pre-obese (25-29.5 kg/m2) and obese (≥ 

30 kg/m2) [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-α), 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 β-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 

α-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 β-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 

β-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 
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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 ≥126 ≥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. 

       

 
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 ≥ 240 

LDL < 129 130-159 ≥ 160 

HDL m: ≥ 60 

f: ≥ 60 

m: ≤ 50 

f: ≤ 40 

m: ≤ 50 

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 O3I, which was already introduced in chapter 1.3.4 

[104,166]. In fact, a lower O3I is linked to an increased risk of cardiovascular events, which is 

why an O3I of <4% is considered as “high risk”- and 4-8% as “intermediate risk”-zones 

[88,166,167]. However, the O3I is not only influenced by the dietary intake, but also by other 

factors such as age, sex, weight [168]. Although the O3I 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 O3I 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-1α), AMP-activated protein 

kinase (AMPK), nuclear factor-κB (NF-κb) 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 naïve 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   

capacity (Figure 6). 

 

 

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

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 TEMRA 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- α, IL-1β, 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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2. Scientific publications 
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Effects of Exercise Combined with a Healthy Diet or  
Calanus finmarchicus Oil Supplementation on Body Composition 

and Metabolic Markers - A Pilot Study 
 

Authors: Wasserfurth P, Nebl J, Schuchardt JP, Müller M, Boßlau TK, Krüger K, 

Hahn A  

Published in: Nutrients 2020, 12(7):2139 

Link: https://doi.org/10.3390/nu12072139 
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2.2 Paper II 
 
 

Intake of Calanus finmarchicus oil for 12 weeks improves  
omega-3 index in healthy older subjects engaging in an exercise 

programme 
 

Authors: Wasserfurth P, Nebl J, Boßlau TK, Krüger K, Hahn A, Schuchardt JP 

Published in: British Journal of Nutrition 2020, 1–17 

Link: https://doi.org/doi:10.1017/S0007114520002809 
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3. General discussion 
 
This dissertation aimed to investigate the health effects of a low dose, moderate intensity, 

aerobic and resistance training program alone versus the exercise program combined with a 

healthy diet or CO intake on body composition, glucose and lipid metabolism, and sirtuin 

activity in elderly untrained individuals. Additionally, the impact of immune cell senescence on 

insulin sensitivity was analyzed. Therefore, a randomized, controlled 12-week interventional 

trial was conducted with 134 elderly individuals (50-70 years), who were assigned to either a 

control group (CON), 2x/week aerobic and resistance training only (EX), exercise routine 

combined with a healthy diet (EXDC) or exercise routine combined with the intake of 2g/day 

CO (EXCO). At the beginning and the end of the study, dietary intake, physical activity outside 

of the intervention, body composition, and biochemical markers were analyzed. In addition to 

the interventional study, a literature search was performed to evaluate health from exercise 

and dietary habits in performance-oriented athletes. The results are presented in four original 

research papers and one review. 

 
3.1 Exercise- versus exercise-plus diet-induced changes on body composition and 
metabolism in elderly untrained individuals 
 
Results from Paper I-III demonstrate that health effects of a low dose, moderate intensity 

exercise program combined with dietary measures are more effective in impacting different 

health markers in untrained healthy older adults than exercise training alone.   

3.1.1 Dietary intake and physical activity 

Health markers are largely impacted by physical activity and the diet (see chapters 1.2-1.4). 

Therefore, dietary intake was assessed not only to evaluate compliance of the EXDC group, 

but also to assess whether dietary intake changed in the other study groups during the 

intervention. Physical activity outside of the intervention was also monitored. 

From the beginning to the end of the study, caloric intake decreased non-significantly about 

200 kcal in the three intervention groups EX, EXDC, and EXCO. Within the EXDC group, the 

effectiveness of the dietary counseling was shown by an improvement in diet quality. More 

precisely, an increase in consumed portions of fruit (1.43 ± 0.98 to 2.14 ± 1.26 portions/day), 

vegetables (0.86 ± 0.34 portions to 1.49 ± 1.25 portions/day), fish (1.77 ± 1.53 to 2.69± 1.71 

portions/week) and increase in fiber intake (19.0 ± 5.97 g/day to 22.0 ± 6.43 g/day) could be 

detected when compared to the other study groups. However, it should be noted that the FFQ 

used to assess food group intake did not differentiate between the consumption of fatty fish 

versus lean fish. This would have been a valuable information to compare the outcomes 

between the EXDC and EXCO group. Other changes observed within the other study groups 
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are negligible (e.g., slightly decreased carbohydrate and fiber intake in EX) and the physical 

activity outside of the intervention did not differ significantly. Therefore, changes in the health 

markers measured can be linked to the exercise routine and dietary changes made in 

accordance with the guidelines of the DGE or CO intake.  

3.1.2 Body composition 

As outlined in chapter 1.4.1, body composition can be favorably influenced by exercise. The 

present work focused on combined aerobic and resistance training, which was shown to elicit 

favorable effects on LBM and FM [137].  

Although not significantly different between the four study groups, it still has to be pointed out 

that a more pronounced reduction in body weight was observed among the study groups that 

performed the exercise program. In addition, those groups also showed an increase in the 

phase angle, which indicates improvent of cellular health [209]. Aside from that, no further 

significant effects could be observed in the EX group (Paper I). However, when exercise was 

combined with either of the dietary modifications, some significant changes in body 

composition were detected. The most profound changes were observed in the EXDC and the 

EXCO group, who both showed significantly decreased FM at the end of the intervention 

(EXDC: -1.41± 2.13 kg; EXCO: -1.70± 2.45 kg).  

 

In the EXDC group, it can be assumed that the improved diet quality supported body fat loss. 

The underlying mechanisms are discussed to include increased satiety due to higher intakes 

of vegetables, fruit and fiber as well as overall lower consumption of energy dense foods 

[141,210]. Yet, it is surprising that no changes in LBM (more precisely BCM) were found. 

Particularly, as available comparable studies who used 2x/week of resistance training and 

healthy diet recommendations (defined as n-6/n-3 PUFA ratio <2 and a n-3 PUFA rich diet) 

showed an increase in leg lean mass and increased hypertrophy of type 2 muscle fibers after 

24 weeks in elderly women [24,211]. However, only women were analyzed in those studies 

and caloric as well as macronutrient intake were adjusted, whereas the present work used 

general dietary guidelines. Yet, it also needs to be acknowledged that those studies used dual 

energy X-ray absorptiometry for body composition analysis whereas we used BIA.  

 

In any case, the observed fat loss in the EXCO group may have been mediated by CO intake. 

This is supported by findings from a meta-analysis, which reported that n-3 PUFA 

supplementation can promote moderate weight loss, including a reduction in body fat [121]. 

Although not statistically significant results obtained from this analysis for the reduction of fat 

mass was showed a similar direction. 



General discussion 

 104 

In that regard, several potential mechanisms including increased fat oxidation or improved 

adipocyte function (i.e., increased lipolysis and reduced lipogenesis) have been proposed 

[212–214]. Increased fat oxidation is further discussed as a consequence of improved β-

oxidation and biogenesis of mitochondria [215], likely mediated by AMP-activated protein 

kinase (AMPK) resulting in activation of different transcription factors. However, as such 

mechanisms were mainly investigated in animal models or in vitro [213,216], the dose of n-3 

PUFAs that may exert beneficial effects in humans remains unclear. Yet, when compared to 

previous human studies using supplements with >2 g of EPA+DHA, CO contains 

comparatively low amounts with only ~200 mg EPA+DHA per 2 g serving. This is lower than 

the 250 mg/day recommended by the EFSA [96] and less than half of the 500 mg/day 

recommended by the ISSFAL [97]. Therefore, other components present in CO may play a 

role in modulation of body composition too. In that regard, the carotene astaxanthin may 

potentially have beneficial effects on counteracting obesity [217]. However, as the doses used 

in other studies [218,219] highly exceed the amounts present in CO, it is more likely that the 

effect of CO is due to the combined effect of multiple components.  

 

Nonetheless, when interpreting the results obtained from the study it should be noted that 

although BIA is an accepted tool for estimation of body composition in longitudinal studies 

[220–222], this method has some limitations. It is susceptible to confounders such as vigorous 

physical activity, dietary intake, or hydration status [220,223,224]. To minimize confounding 

effects, all measurements were performed after an overnight fast. Yet, hydration status was 

not controlled. In addition, other anthropometrical measurements such as e.g., measurement 

of skin folds could have been valuable.  

3.1.3 Glucose and lipid metabolism 

Although this study was conducted in metabolically healthy participants, with no diagnosed 

health conditions, assessing markers of glucose and lipid metabolism can still yield valuable 

information. In this study, it is also of interest, as specific body composition traits are linked to 

metabolic markers [225]. Moreover, both metabolic pathways are also known to be impacted 

by dietary intake and exercise [5,6,53].  

Results from Paper I demonstrate no significant changes in markers of glucose- and lipid 

metabolism within any of the intervention groups. However, some trends could be observed. 

For example, the EXDC and EXCO groups both showed a slight decrease in fasting insulin 

levels (EXDC: -2.14 ± 4.59 µU/ml; EXCO: -1.42 ± 2.86 µU/ml). Regarding the EXDC group, 

those results would support that an overall healthy diet favourably impacts insulin levels and 

may prevent the development of type-2 diabetes [226]. Results from the EXCO group are 

supported by findings from an animal study, which reported improved glucose metabolism after 
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CO supplementation [17]. In addition, this group also showed the highest reduction of 

triglycerides (-10.5 ± 23.6 mg/dl), which falls in line with results showing a triglyceride-lowering 

effect of n-3 PUFAs supplementation [117]. Altogether, results from this study did not show 

any significant impact of exercise alone on metabolic markers, but showed some trends, 

particularly when exercise was combined with CO supplementation.  

 

Altogether, results from Paper I showed that exercise combined with CO supplementation may 

have potential health benefits. However, when examining the physiological effects of marine 

oils it is important to ensure that the active ingredients (meaning the FAs) enter the body in 

sufficiently high amounts [104]. As CO contains the n-3 PUFAs SDA, EPA, and DHA and some 

beneficial effects may be led back to those FAs, investigation of ingestion of those PUFAs from 

CO on PUFA blood levels is important. Particularly, because unlike other commercial marine 

n-3 PUFA supplements, >80% of FAs in CO are bound as wax esters. In the past, this FA 

binding form was discussed as poorly digestible in mammals [227]. However, a single-dose 

study conducted by Cook et al. (2016) demonstrated comparable bioavailability of EPA and 

DHA from CO to ethyl ester bound EPA and DHA from fish oil when measured over a time 

course of 72 hours [228]. To date, no data on the long-term effects of CO intake on blood levels 

exist. Therefore, the present work investigated the long-term effects using the O3I. 

Results presented in Paper II are the first data to show that a 12-week intake of 2 g CO 

(providing ~200 mg of EPA+DHA), significantly increased the O3I from 6.07 ± 1.29% to 7.37 ± 

1.10%, which is an increase of 1.29 ± 0.66%. To account for the potential effects of the exercise 

program on the O3I, the EX group served as a control group in this analysis. However, as no 

difference in O3I was found in this group, the results indicate that a moderate exercise program 

does not influence the O3I. Anyhow, the increase in the O3I observed in the EXCO group is 

comparable with results from other studies that used a similar dose of EPA+DHA [168,229–

231]. Interestingly, of those four comparable studies, one used EPA+DHA bound as ethyl 

esters [230], one used phospholipid-bound EPA+DHA [231] and the other two used 

triglyceride-bound EPA+DHA [168,229]. However, the other studies reported low baseline 

values of an O3I of ~3-4%, while the participants of the present work had a baseline value of 

~6%. This is of interest, because the response of the O3I to n-3 PUFA supplementation is 

dependent on the baseline O3I, meaning a lower baseline O3I results in a greater O3I 

response [232,233]. Yet, the low dose of EPA+DHA from CO successfully improved the O3I 

to an extent comparable with the other studies.  

Anyhow, it is unlikely that the increase in the O3I is solely due to the gastrointestinal uptake of 

preformed EPA and DHA. In fact, as the most abundant n-3 PUFA in CO is SDA, which is one 

of the precursors of EPA and DHA, it is likely that ingestion of this FA contributed to the 
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observed increase in the O3I. This is further supported by results from a single-dose study that 

reported increased EPA (47%) and DHA (21%) blood plasma levels 72 hours after ingestion 

of echium oil (providing ~3 g SDA) [234]. In addition, a long-term study found an increase of 

the O3I by 19.5% after a 16-week supplementation with SDA enriched soybean oil (providing 

~3.7 g SDA) [235]. However, regarding the single FAs analyzed in the RBCs, the long-term 

study reported only significant increases of EPA and SDA. In comparison, the present work 

found increases of 41% in SDA, 44% in EPA and 17% in DHA. Another FA present in CO, 

which may further contribute to an increase in the O3I is the 22:1n11 (cetoleic acid). This FA 

was demonstrated to stimulate the conversion of ALA to EPA and DHA in human hepatocytes 

[236]. Taken together, the results from Paper II show that CO is a good source of n-3 PUFAs 

and can successfully contribute to a better supply. 

 

One limitation in the analysis was the estimation of EPA and DHA intake from the background 

diet solely via 3-day food logs. As this data is self-reported, it is prone to over- or 

underestimation and is dependent on the food selection of the participant on the recording 

days. For example, consumption of a fish meal on one day during the three recording days 

may lead to fluctuations in the mean EPA+DHA levels. However, as only the EXCO group 

showed significant changes in RBC PUFA levels while no changes were detected in the EX 

group, dietary intake of EPA+DHA from the background diet can also be excluded as a 

confounder in this analysis.  

3.1.4 Sirtuins 

Sirtuins regulate numerous metabolic pathways such as energy metabolism and have been 

shown to be up-regulated during exercise [184,237]. A previous study found that diet may have 

an impact on the activation of sirtuins (namely SIRT1, SIRT3 and SIRT5) in response to acute 

exercise [238]. Therefore, the effect of chronic exercise combined with a healthy diet or CO 

supplementation was hypothesized to differently impact sirtuin activity. Results presented in 

Paper III are the first to show that chronic exercise over 12 weeks can induce changes in the 

activity of SIRT1 and SIRT3 in an elderly population and that upregulation of those sirtuins 

might be additionally impacted by dietary modifications. 

 

With regards to SIRT1, exercise induced an increase in enzyme activity in all three intervention 

groups. However, when compared among each other, this increase differed only significantly 

between CON and EXDC and CON and EXCO. As chronic exercise elicits many favorable 

metabolic effects such as an increased capacity to use substrates for energy production [239], 

it seems evident that the activity of SIRT1 as “master regulator of metabolic pathways” [240] 

is increased as well. The improved substrate utilization is of particular interest, as it also 
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includes fat oxidation – a metabolic process which is discussed to be positively influenced by 

the n-3 PUFAs [214]. SIRT1 along with n-3 PUFAs are both discussed to elicit beneficial effects 

via their impact on PPARs [176,214]. Therefore, it may be hypothesized that exercise 

combined with CO intake impacts sirtuin activity because both modulate the same pathways.  

 

Similar to results observed for SIRT1, exercise also significantly induced activity of SIRT3 in 

EX, EXDC and EXCO. When compared to CON, all of the three intervention groups differed 

significantly. Results from previous studies already showed positive effects of chronic exercise 

on SIRT3, particularly in skeletal muscle [184,241]. However, results from this study are the 

first to show increased SIRT3 activity measured after chronic exercise in human blood.  Our 

results further indicate that CO intake and a healthy diet may contribute to the beneficial effects 

of exercise. Regarding CO, it can be hypothesized that the n-3 PUFAs and the antioxidant 

astaxanthin present in the oil contribute to improved sirtuin function [191]. The strongest 

previously described modulators of sirtuin activity are the polyphenol resveratrol and caloric 

restriction [187]. Therefore, the increased fruit and vegetable intake in the EXDC group may 

have additionally contributed to increased sirtuin activity, as both foods contain polyphenols.  

  

Overall, the results presented give first insights into the effects of chronic exercise on sirtuin 

activity and potential dietary modulators in healthy elderly subjects. However, as sirtuin activity 

was measured in peripheral blood, this does not necessarily reflect activities in other relevant 

organs. Moreover, as the enzyme activity was measured in vitro under substrate saturation, 

this may be different from the activity in vivo. In addition, protein levels of sirtuins were not 

measured in this study. Taken together the results demonstrate that the health promoting 

effects of exercise may be mediated by the activation of sirtuins and are further enhanced by 

dietary factors. 
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3.2 Cellular senescence as predictor of insulin resistance 
 
As presented in chapters 1.2-1.3, glucose metabolism is largely impacted by dietary intake and 

physical activity. Within the older population, age-related changes, such as the progressive 

decline in muscle mass, can further contribute to impaired glucose tolerance. Evidence from 

animal studies also suggests a link between T-cell aging, glucose metabolism, and the 

development of type-2 diabetes [205,206].  

 

Results from a cross-sectional analysis performed on baseline data from the interventional 

study show that T-cell aging may predict insulin resistance in healthy elderly individuals (Paper 
IV). A direct effect on insulin resistance was found for the BMI and CD4+ immune age ratio. 

Further, BMI seemed to impact the CD8+ immune age ratio, which in turn indirectly influences 

insulin resistance. Regarding the effect of BMI, those results are not surprising as an effect of 

overweight on CD4+ and CD8+ immune age ratios was already demonstrated. More precisely, 

obesity accelerates thymic involution leading to a reduced production of naïve T-cells [242]. In 

addition, T-cell senescence is also mediated by pro-inflammatory signals secreted by adipose 

tissue [243]. In that regard, Yi et al. (2019) found that an accumulation of senescent T-cells 

drives the inflammatory response and leads to abnormal glucose homeostasis [205].  

In line with existing evidence, CMV status was found to be another modulator of T-cell aging. 

In fact, data from this analysis were consistent with results from Lachmann et al. who reported 

that 51-63% of German adults are CMV seropositive [244]. This is of further interest, as it was 

already shown that very old CMV seropositive individuals are more likely to have type-2 

diabetes and higher levels of HbA1c and non-fasting glucose [245] 

 

Altogether, results from this cross-sectional analysis suggest that in addition to BMI, the 

individual immune age ratio may be a predictor of metabolic disturbances. This is of particular 

interest, as metabolic dysfunction commonly develops silently throughout the course of life. As 

exercise and diet were already acknowledged to accelerate or attenuate T-cell aging, lifestyle 

modifications could potentially help to prevent or delay the onset of metabolic dysfunction. Yet, 

it has to be kept in mind, that the application of path analysis to cross sectional data cannot 

conclude any causality between increasing T cell aging and insulin resistance. However, it 

reveals the likelihood of this relationship. In a next step, the direct effect of the present exercise 

program and dietary modifications on T-cell senescence and metabolic markers should be 

clarified.  
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3.3 Implications of low energy availability in athletes 
 
Beyond the described positive health effects of exercise and adequate dietary intake, there 

are also scenarios in which exercise and (inadequate) dietary intake may negatively impact 

health. This is particularly true for athletes when they either increase their training volume (and 

thereby exercise energy expenditure) and/or decrease their dietary intake. An dietary energy 

intake which is too low relatively to energy expended through exercise ultimately results in LEA 

– a state during which there is too little energy left to maintain all physiological functions (Paper 
V) [207]. 

The reasons for inadequate dietary intake are manifold and may range from harmless reasons 

such as loss of appetite after training [246] up to intentional avoidance of certain foods and/or 

severe eating disorders [247,248]. Moreover, it can also be a result from the belief that a certain 

appearance or overall lower body weight will help to increase performance.  

In that regard, it was demonstrated that the direct social environment (particularly coaches and 

team mates [249–251]) of an athlete can largely influence the dietary behavior. In any case, 

LEA has body-wide effects which encompass metabolic adaptations in the total daily energy 

expenditure, also mediated by lowered leptin levels [252,253] and thyroid suppression 

[254,255]; as well as changes in blood substrates such as lower glucose levels, higher free 

FAs, glycerol, cholesterol, and β-hydroxybutyrate [256,257]. Further, LEA impacts sex 

hormones in female and male athletes, leading to lower estradiol and progesterone levels in 

both genders and lowered testosterone in men. In females,  impairment of the reproductive 

function also becomes noticeable as amenorrhea, which is also a part of the female athlete 

triad [258]. In male athletes, disruptions in the endocrine reproductive system are a part of the 

exercise-hypogonadal male condition [259]. As estradiol plays a role in the maintenance of 

bone mineral density (BMD), lower levels of estradiol will consequentially negatively impact 

BMD [260]. Moreover, LEA also negatively influences the growth hormone axis and can impair 

immune function.  

Altogether it becomes evident, that despite all the positive health effects of exercise, higher 

training volumes can have adverse health effects if the athlete is not fueled with adequate 

dietary energy.  
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4. General conclusion and perspectives 
 
Taken together results from this thesis give new insights into the extent healthy but untrained 

elderly individuals can benefit from a combined resistance and aerobic training when 

performed alone or in combination with dietary modifications. 

 

It was demonstrated, that despite a slight loss in body weight and an increase in phase angle, 

the moderate exercise program seemed to neither elicit beneficial effects in terms of body 

composition, nor impact markers of glucose and lipid metabolism. However, the results 

presented suggest that sirtuins may be favorably influenced even by low dose moderate 

exercise. Activity of both, SIRT1 but particularly SIRT3 seemed to increase through exercise. 

On the contrary, exercise combined with a healthy diet or CO led not only to a reduced body 

weight but also contributed to loss of FM. While markers of glucose and blood lipids did not 

change significantly, supplementation of CO effectively increased the O3I. In addition, it was 

found that the O3I was not affected by exercise without diet modification. Further, both groups 

that received dietary modifications had increased sirtuin activity of SIRT1 and SIRT3. In 

addition to data from the interventional study, a cross-sectional analysis of the baseline data 

further revealed that T-cell senescence may be a mediator of insulin sensitivity in an elderly 

population.  

 

It was previously reported that beneficial health effects of exercise occur in a dose-dependent 

manner [49,261]. Therefore, it can be assumed that the low dose of moderate exercise used 

in this study was not enough to elicit beneficial effects in an already healthy study population 

if not combined with an additional dietary modification. Although generally classified as healthy 

(meaning the absence of diagnosed diseases), it should be noted that the study collective was 

overweight. Therefore, the fat loss observed when exercise was combined with dietary 

modifications may still be beneficial, particularly with regards to cellular senescence and 

inflammatory markers. Further, NCDs commonly manifest silently throughout the life span, 

which is why even slight beneficial effects can be valuable. Moreover, maintenance of muscle 

mass and lower body fat is of additional importance in older adults, as a decrease of muscle 

mass with a concurrent increase in FM are hallmarks of the aging process.  

 

Although the results from this investigation support the importance of a combination of exercise 

and dietary modifications, they need further investigation as participants were untrained but 

not physically inactive outside of the intervention. Particularly regarding the impact on body 

composition and physical fitness. Future approaches should measure the basal fitness status 

and improvements in fitness via examination of maximal oxygen uptake (VO2max) and/or hand 

grip strength. Ultimately, because health benefits observed in the group supplementing CO 
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may be mediated by n-3 PUFAs, it would be of interest to compare CO intake versus a healthy 

n-3 PUFA rich diet. Additionally, future studies should investigate health effects of CO 

compared to a placebo with and without additional exercise. Lastly, a higher dose program 

would also be of interest. 
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Appendix Paper I 
 
Table S 1: Questionnaire based physical activity levels of the participants at baseline (0), after six weeks (6) and 

12 weeks after the intervention (12). 
  CON EX EXDC EXCO p  
 t      

Basal activity  
0 4.26 ± 3.81 4.17 ± 6.02 2.14 ± 1.86 3.12 ± 2.85 

0.257 6 4.84 ± 4.70 4.50 ± 3.76 2.95 ± 2.51 5.18 ± 4.34 
12 6.73 ± 10.0 6.80 ± 8.97 4.99 ± 4.31 6.66 ± 5.13 

Leisure time 
activity 

0 3.04 ± 3.95 2.14 ± 2.74 1.16 ± 1.10 1.90 ± 2.26 
0.184 6 3.69 ± 4.66 2.39 ± 2.20 2.67 ± 2.00 1.71 ± 2.28 

12 4.36 ± 6.46 3.89 ± 5.59 2.65 ± 2.59 3.22 ± 4.48 

Sport activity 
0 0.38 ± 1.04 0.33 ± 0.52 0.30 ± 0.69 0.31 ± 0.95 

0.468 6 0.40 ± 0.90 0.54 ± 1.21 0.32 ± 0.71 0.53 ± 0.85 
12 0.20 ± 0.47 0.50 ± 0.95 0.32 ± 0.70 0.19 ± 0.46 

Total activity 
[hours/week] 

0 7.69 ± 5.34 6.63 ± 7.60 3.59 ± 2.56 5.33 ± 3.88 
0.151 6 8.93 ± 7.37 7.43 ± 5.66 5.94 ± 3.94 7.42 ± 4.80 

12 11.3 ± 14.5 11.2 ± 12.2 7.97 ± 6.02 10.1 ± 7.0 

Data shown as mean ± SD. Data were analyzed using two way repeated measures ANOVA. P values 
represent time*intervention interaction. t=time in weeks 

 
Table S 2: Dietary Intake of food groups at baseline (0), after six weeks (6) and at the end of the  

intervention (12).  
  CON EX EXDC EXCO p  
 t      

Fruit intake 
[portion/day] 

0 1.39 ± 1.06 1.85 ± 1.09 1.43 ± 0.98 2.02 ± 2.48 

0.006 6 1.27 ± 0.92 1.78 ± 1.42 1.96 ± 0.96 1.78 ± 1.47 

12 1.32 ± 0.78 1.83 ± 1.89 2.14 ± 1.26‡ 1.86 ± 1.52 

Vegetable 
intake 

[portion/day] 

0 1.32 ± 1.87 1.10 ± 0.79 0.86 ± 0.34 0.95 ± 0.76 

0.001 6 0.95 ± 0.63 0.97 ± 0.70 1.17 ± 0.74 0.97 ± 0.59 

12 0.77 ± 0.48* 1.10 ± 0.97 1.49 ± 1.25‡ 0.96 ± 0.73 

Meat intake 
[portion/day] 

0 1.63 ± 1.63 2.02 ± 2.04 1.33 ± 1.07 1.57 ± 1.18 

0.480 6 1.77 ± 2.31 1.57 ± 1.68 1.08 ± 0.77 1.08 ± 0.79 

12 1.51 ± 1.63 1.41 ± 1.45 1.06 ± 0.85 1.08 ± 0.88 

Meat intake 
[g/week] 

0 621.9 ± 333.2 667.0 ± 494.9 528.81± 346.6 523.2 ± 268.3 

0.225 6 605.1 ± 384.2 485.3± 385.6 443.82± 256.3 383.4 ± 231.0 

12 536.4 ± 322.8 504.8 ± 327.1 418.1± 258.0 383.8 ± 207.9 

Cereal intake 
[portion/day] 

0 3.38 ± 1.97 3.38 ± 2.37 3.03 ± 1.77 3.17 ± 1.44 

0.521 6 2.80 ± 1.71 2.81 ± 1.56 2.67 ± 1.03 3.28 ± 1.85 

12 2.52 ± 1.06† 2.73 ± 1.55 2.75 ± 1.26 2.84 ± 1.30 

Milk intake 
[portion/day] 

0 2.35± 1.80 3.02± 1.82 3.22± 2.15 3.01± 2.32 

0.366 6 2.22± 1.62 2.51± 1.41 3.20± 1.07 2.83± 2.39 

12 2.08± 1.48 2.51± 1.56 3.71± 2.47 2.91± 2.03 

Fish intake 
[portion/week] 

0 1.23± 1.10 1.49± 2.18 1.77± 1.53 1.26± 1.05 

0.010 6 1.28± 0.99 1.16± 1.00 2.51± 1.94 1.70± 1.53 

12 1.08± 0.72 1.23± 1.06 2.69± 1.71‡ 1.36± 1.04 

Data shown as mean ± SD. P values represent time*intervention interaction analyzed with two way 
repeated measure ANOVA. In case of significance, asterisks indicate statistical differences within 

groups detected with post hoc Bonferroni (* p < 0.05; † p < 0.01; ‡ p < 0.001).t=time in weeks. 
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