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1. INTRODUCTION 

1.1. Exercise, nutrition, and mental health are the pillars of a long, healthy, and 

balanced life 

To achieve longer, healthier, and more active lives, people of all ages should follow cer-

tain recommendations that cover the three main pillars of health: exercise, nutrition, 

sleep, and mental health, including psychological stress (Figure 1). 

 
Figure 1. The three main pillars of health and longevity: exercise, nutrition, sleep, and mental health. 

Even though life expectancy has increased enormously in the last two centuries, people 

are still far from living a healthy and long life due to extrinsic (e.g., environmental) and 

intrinsic (e.g., lifestyle habits) factors, therefore chronic or age-related diseases (e.g., 

cardiovascular (CV) and metabolic diseases), mental disorders, and premature deaths 

simultaneously thrive [1, 2].  

 

There is no longer any doubt that daily habits and actions have a major impact on short- 

and long-term health, quality of life, and longevity [3]. The majority of global deaths can 

be attributed to non-communicable diseases (NCDs), which are characterized by an un-

balanced diet, together with insufficient sleep, psychological stress, an physical inactivity 

[4, 5]. Coronary heart diseases, strokes, and diabetes account for most of these deaths, 

and an estimated half of premature death are due to behaviors that can be modified, 

such as diet and physical activity or exercise. It has also been shown that adopting a 

healthy lifestyle can reduce the risk of developing diabetes, coronary heart disease, 

stroke, and cancer by almost 80% [4]. Thus, research on how habits and actions affect 

both the prevention and treatment of diseases are summarized under the term “lifestyle 

medicine” and represents an important adjunct to conventional treatment with pharma-

ceutical or surgical therapies [3]. 
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1.1.1. Exercise and physical activity 

Regular exercise or physical activity is one of the most important non-pharmacological 

intervention that prolongs health and lifespan by delaying the onset of age-related dis-

eases and significantly reducing the risk of obesity, depression, cancer, and CVDs [6]. 

However, the molecular mechanisms that trigger the protective effects of exercise, such 

as decreased adiposity, increased cardiorespiratory fitness, decreased levels of circulat-

ing lipids, and maintenance of muscle mass, are still relatively unknown. Based on the 

current state of research, it is believed that they are due to crosstalk between tissues 

during exercise. During exercise and, to some extent, physical activity, proteins, pep-

tides, metabolites, and enzymes are released from contracting skeletal muscle (my-

okines), liver (hepatokines), and adipose tissue (adipokines) to affect metabolism in other 

organs, which are involved, for example, in the regulation of energy homeostasis or in-

sulin sensitivity [7, 8]. Figure 2 shows an overview of some of the organ-specific acute 

and chronic adaptions in the human body triggered by exercise and physical activity. 

 
Figure 2. Acute and chronic effects of exercise and physical activity [Inspired by Thyfault and Bergoui-
gnan, 2020 [8]; Created with BioRender.com]. Abbreviations: TG = triacylglycerols; IMTG = intramuscular tri-
acylglycerols; CV = cardiovascular. 
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These exercise-related adjustments depend not only on the duration, volume, intensity, 

and frequency of training but also on the type of training [9]. Endurance exercise (Figure 

3) induces changes in the metabolic properties of skeletal muscle by conferring an in-

creased oxidative profile on exercised muscle fibers via the calcium signaling pathways, 

AMP-activated protein kinase (AMPK), and the peroxisome proliferator-activated recep-

tor γ coactivator 1α (PGC-1α). PGC-1α is the main regulator of mitochondrial biogenesis 

and regulates genes involved in energy metabolism. Healthy mitochondria are essential 

for maintaining health, extending life expectancy, and improving cardiovascular fitness 

[10, 11].  

 
Figure 3. Major signaling pathways in the regulation of hypertrophy and mitochondrial biogenesis 
[Inspired by Krammer et al., 2022 [11]]. Abbreviations: SIRTs = sirtuins; AMPK = AMP-activated protein kinase; 
PGC-1α = peroxisome proliferator-activated receptor (PPAR)-γ coactivator-1α; NRF1 = nuclear respiratory factor 
1; NRF2 = nuclear factor erythroid 2-related factor 2; TFAM = mitochondrial transcription factor A; FAK = focal 
adhesion kinase; IGF-1 = insulin-like growth factor 1; mTOR = mammalian target of rapamycin. 

Resistance training (Figure 3), on the other side, leads to an increase in muscle fiber 

size (hypertrophy) and maximum tension through a positive muscle protein balance and 

is therefore important for maintaining muscle and bone mass [12]. Activation of mamma-

lian target of rapamycin (mTOR) seems to be important for this increase in muscle pro-

tein biosynthesis. Its activation leads to a variety of different reactions, including the 

translation of proteins, ribosomal biogenesis, and cell growth [10, 11]. Especially in the 

elderly population, resistance training has a positive effect on muscle mass and strength 

as well as on physical functions in everyday activities and thus on general health and 

well-being [13]. Loss of muscle mass and function is also associated with an increased 



4 
 

 

risk of type 2 diabetes, CVDs, and neurodegenerative diseases such as dementia [14]. 

Exercise or physical activity in general is therefore essential for a long, healthy, and mo-

bile life. There is strong evidence that regular physical activity or exercise maintains the 

function of various physiological systems, especially skeletal muscle, during aging, e.g., 

by affecting blood flow, oxygen, and nutrient supply in the skeletal muscle. Recent stud-

ies suggest that optimal protein intake alongside exercise intervention is an auspicious 

strategy to promote healthy aging of skeletal muscle and prevent muscle mass loss in 

the elderly [14]. 

However, most sports are neither exclusively endurance nor solely strength training, but 

a mixture of both called concurrent exercise. Yet concurrent training leads to less muscle 

hypertrophy, strength, and power adaptions compared to isolated strength training stim-

uli. It has been suggested that endurance training negatively affects the adaptions in-

duced by resistance training, presumably by inhibiting the activation of the protein kinase 

B (AKT)-mTOR signaling pathways through AMPK. Whereas resistance training has no 

negative impact on the effects of endurance training, it may even stimulate mitochondrial 

biogenesis in muscle cells via focal adhesion kinase (FAK; Figure 3) [9, 11]. 

1.1.2. Nutrition and bioactive compounds 

Lifestyle habits and actions also include diet, which affects almost every chronic disease. 

Nutrition plays an essential role in the prevention and treatment of CVD, diabetes, obe-

sity, cancer, and many others [3]. These diseases are closely associated with eating 

foods high in saturated fats, sugars, and salt and low intakes of vegetables, fruits, and 

omega-3 fatty acids as well as increased alcohol consumption [5]. However, there are 

many guidelines, recommendations, and advices related to a healthy and balanced diet, 

such as the dietary approaches to stop hypertension (DASH) diet for high blood pressure 

therapy or the Mediterranean diet rich in fruits, vegetables, fish, and extra virgin olive oil 

to prevent NCDs [3, 5]. Apart from vitamins, minerals, and dietary fiber, these beneficial 

effects are mainly due to the natural bioactive compounds (secondary plant products or 

phytochemicals) found in fruits, vegetables, legumes, whole grains, and nuts that have 

antioxidant, anti-inflammatory, antidiabetic, antiviral, anticancer, and antitumor functions 

[15]. Bioactive compounds (e.g., polyphenols, terpenoids, or glucosinolates) can protect 

against high concentrations of free radicals and reactive oxygen species (ROS) that 

could easily react with other molecules, including nucleic acids, lipids, and proteins, and 

cause cell damage [16]. Therefore, these compounds are considered as a promising 

therapy for the prevention and treatment of age-related and non-communicable diseases 
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such as CVDs, Alzheimer’s diseases, diabetes, and cancer [15, 17]. Similar to exercise, 

fasting, or caloric restriction, phytochemicals lead to the activation of AMPK and sirtuin 

1 (SIRT1), which in turn influences mTOR, PGC-1α, and nuclear factor erythroid 2-re-

lated factor 2 (NRF2) and consequently mitochondrial and ribosomal biogenesis (Figure 

3) [18]. 

However, free radicals and ROS are produced by various cellular biochemical reactions 

occurring in the human body, such as in the mitochondria for oxygen production, in fatty 

acid metabolism, and in immune system activities, as well as from the skeletal muscle 

during exercise and physical activity. Low ROS levels or mild oxidative stress are im-

portant because, at physiological levels, ROS plays a role in growth, proliferation, and 

differentiation, and induce adaptive responses that affect short-term (e.g., metabolic), 

and long-term (e.g., longevity) health [11, 19]. This is also known as hormesis, which 

states that low exposure leads to adaptive changes and creates an acquired resilience 

to subsequent exposure to stress [20]. On the other side, excessive ROS production 

from overtraining/exhaustive exercise or some nutrients (e.g., free fatty acids, glucose, 

amino acids, or Western diet) leads to oxidative damage, impaired exercise performance 

(e.g., muscle damage, and impaired muscle functions), premature aging, and further 

health consequences. Therefore, more and more experts are suggesting the consump-

tion of more antioxidants or bioactive compounds to prevent various diseases and reduce 

ROS production, in order to prevent oxidative stress [19, 21–23]. 

1.1.3. Mental health 

Mental disorders such as anxiety, depression, and psychological stress are all endemic 

diseases of the modern world and affect a person’s physical and mental well-being and 

hence overall health [3, 24]. While some mild levels of stress can be protective, exces-

sive stress plays a crucial role in the development and maintenance of many diseases 

(e.g., cardiovascular, such as hypertension, or metabolic diseases, such as diabetes) 

and mental or neurodegenerative disorders (such as depression or Alzheimer’s disease). 

In general, a mental disorder is described as a brain dysfunction caused by neurotrans-

mitter imbalance, increased neuronal inflammation, impairments of synaptic transmis-

sion, defects in neurogenesis and synaptic plasticity, and mitochondrial dysfunction [25]. 

However, accumulating literature indicates that excessive inflammation likely contributes 

directly to the pathophysiology of these stress-related disorders (SRDs) [3, 25, 26]. De-

pending on the type and intensity of the stressor, both pro- and anti-inflammatory mech-

anisms are induced. Acute stressors appear to enhance immune functions, while chronic 
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stressors over-activate the immune system by releasing glucocorticoids, catechola-

mines, cytokines, and others like C-reactive protein or interleukins (e.g., IL-6), which may 

contribute to the development of CVDs [26]. Furthermore, it is assumed that stress af-

fects health not only via biological pathways (e.g., neuroendocrine, and autonomic pro-

cesses) but also via indirect, behavioral pathways, i.e., by influencing health and nutri-

tional behaviors. Stress is associated with a reduced intake of healthy foods and an in-

creased intake of unhealthy foods, and these unhealthy dietary choices can increase the 

risk of obesity, diabetes, and metabolic syndrome [26, 27]. Lifestyle interventions such 

as regular physical activity, positive psychology, and adequate amount of sleep have 

been shown to have a positive effect on anxiety, depression, and stress, and therefore 

on mental and overall health [3]. 

1.2. Genetic aspects and single nucleotide polymorphisms (SNPs) 

Variations in the human genome (polymorphisms) appear to affect how an individual or 

a particular group in the population responds to exposure to environmental health haz-

ards and how likely they are to develop a disease after exposure. These relationships 

are also referred to as gene-environment interactions and include not only genetically 

determined disease risks but also other factors such as variations in voluntary exercise 

[28–30]. The most common sequence variation in the human genome is a single base 

substitution, also known as single nucleotide polymorphisms (SNP), which is heritable 

and occurs with a frequency of more than 1% in at least one population [31, 32]. 

For example, 26 different SNPs were identified in six candidate genes that influence 

behavior during exercise, i.e., intensity, duration, and total dose of exercise. Interestingly, 

there is also a genetic predisposition for endurance (alpha-actinin-3 (ACTN3) gene) and 

resistance training (angiotensin-converting enzyme (ACE) gene) [29]. Certain variations 

in the ACE gene are associated with lower or higher ACE levels. Lower levels lead to 

improved cardiorespiratory fitness and thus better endurance performance, while higher 

levels are associated with increased musculoskeletal fitness, which positively influences 

strength performance [33]. Whereas the ACTN3 gene influences athletic performance 

through the expression of alpha-actinin-3, and a deficiency in this protein is associated 

with lower fast-twitch fiber percentage [33, 34]. However, one of the most debated genes 

related to obesity and diabetes is the fat mass and obesity-associated (FTO) gene. SNPs 

in this gene are associated with increased body mass index (BMI), waist circumference, 

weight, and other metabolic characteristics such as increased triglycerides, glucose, and 

lower HDL cholesterol [35, 36]. In addition to genetic predisposition, environmental 
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factors also play an important role and some studies have already shown that physical 

activity can reduce the increased risk of obesity due to genetic variation in the FTO gene, 

which in turn underlines the importance of so-called “lifestyle medicine” [37]. 

1.3. Epigenetic alterations 

In gene-environment interactions, it is assumed that genetic polymorphisms modify the 

effects of environmental exposure. But the direct effects of environmental influences also 

include the level of expression or the function of the genes and proteins. This second 

aspect is known as epigenetics (Figure 4) [38]. Epigenetics was originally described as 

a complex of developmental processes between genotype and phenotype [39]. Today, 

epigenetics means hereditary changes in gene expression without changing the DNA 

sequence. Most epigenetic modifications arise from environmental interactions, e.g., in-

activity or exercise and nutrition, that cause an increase/decrease in gene expression or 

gene silencing (e.g., in obesity, diabetes, and hypertension) [40, 41]. Epigenetic mecha-

nisms include DNA methylation, histone modifications, and non-coding RNAs (such as 

miRNAs), which are involved in the regulation of gene expression, cell differentiation, 

and genomic imprinting (Figure 4) [42]. 

  

Figure 4. Interactions between genetics, epigenetics, and environmental factors and the epigenetic 
mechanisms that regulate gene expression [Inspired by Xing and Wong, 2022 [43] and Beetch et al., 
2019 [44]]. Abbreviations: ncRNA = noncoding RNA; miRNA = microRNA; SNPs = single nucleotide polymor-
phisms; mRNA = messenger RNA. 

1.3.1. DNA methylation 

Every individual has a unique genome found in almost every cell that contains the infor-

mation needed to build an organism. This information consists of the DNA sequence and 

a system of chemical modifications (e.g., methylations). Although all cell types contain 

the same DNA sequence, their methylation patterns are different and determine the cell 
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phenotype. These modifications play a role in regulating gene expression and have im-

plications for normal physiology, aging, and disease [45]. DNA methylation, especially at 

CpG methylation, is the best-studied epigenetic mechanism that plays an important role 

in various biological processes, e.g., X chromosome inactivation, development, and car-

cinogenesis. DNA methylation is the attachment of a methyl group (CH3) to the 5th posi-

tion of cytosine induced by DNA methyltransferases (DNMTs) that use S-adenosyl-me-

thionine (SAM) as a methyl donor, leading to modifications of chromatin structure and 

gene silencing. In humans, DNA methylation occurs almost exclusively in regions with a 

high frequency of Cytosine-phosphate-Guanine-dinucleotide sites, so-called CpG is-

lands, which are often located in the promoter region of active genes [46–48].  

However, the methyl groups necessary for DNA methylation are mainly provided by nu-

trition or diet via methyl donors and cofactors such as folate or methionine and introduced 

via the one-carbon metabolism [42]. For example, a diet low in methyl donors can trigger 

global hypomethylation, and gradual hypomethylation can also be observed during the 

aging process [49]. This association suggests that nutrition plays an essential role in 

maintaining DNA methylation patterns by altering substrates and cofactors, that influ-

ence the activity of enzymes involved in the one-carbon metabolism, and possibly by 

altering mechanisms involved in DNA demethylation activity [50]. 

Alongside the links between nutrition and methylation, it is also believed that some of the 

beneficial effects of exercise are mediated through DNA methylations, and that exercise 

affects the methylation status of genes involved in muscle function or exercise metabo-

lism (e.g., PGC-1α). Physical activity appears to alter the methylation profile in a dose-

dependent, gene- and tissue-specific manner and leads to the formation of a long-lasting 

favorable expression pattern for improved exercise ability [11, 29, 48]. 

1.3.2. Small non-coding RNAs 

There are two distinct classes of RNAs, the coding RNAs, e.g., messenger RNAs 

(mRNAs) that are translated into proteins, and the so-called non-coding RNAs (ncRNAs), 

which have been considered as “evolutionary junk” for years. At the beginning of the 21st 

century, however, the first sequencing and analysis of the human and mouse genome 

revealed that this “junk” could very well be transcribed, but not into proteins. To date, 

numerous ncRNAs with various and important cellular functions, alone or in protein com-

plexes, have been identified [51, 52]. These regulatory ncRNAs can be further classified 
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based on their size, into the small ncRNAs with transcripts less than 200 nucleotides (nt), 

and long ncRNAs (lncRNAs) with more than 200 nt [52]. 

The most common class of small ncRNAs are the microRNAs (miRNAs), which have an 

average length of 22 nt and regulate gene expression in the cytoplasm and nucleus. 

They are transcribed from DNA sequences by RNA polymerase II (RNA POL II) into 

primary miRNAs (pri-miRNAs) with their characteristic hairpin structure and processed 

by Drosha into precursor miRNAs (pre-miRNAs). Afterward, the pre-miRNAs are trans-

ported to the cytoplasm and cleaved by Dicer into mature miRNAs [52, 53]. The mature 

miRNAs are then integrated into an RNA-induced silencing complex (RISC) which binds 

to 3-untranslated regions of target mRNAs. This binding induces posttranscriptional si-

lencing by destabilization of the mRNA and inhibiting its translation (Figure 5) [53, 54]. 

 
Figure 5. Biosynthesis of miRNAs and their mechanisms [Inspired by O´Brien et al., 2018 [53] and 
Barca-Mayo and Lu, 2012 [54]; Created with BioRender.com]. Abbreviations: RNA POL II = RNA polymerase 
II; DGCR8 = DiGeorge syndrome critical region gene 8; RISC = RNA-induced silencing complex. 

Although the exact mechanisms of miRNAs and their activities are not fully understood, 

it is recognized that a single gene can be regulated by multiple miRNAs and conversely, 

a single miRNA can regulate multiple target genes that are clustered in a specific biolog-

ical pathway. The miRNAs identified so far are mainly associated with cancer, CVDs, 

neurological disorders, and inflammation. MiRNAs are involved in the regulation of gene 
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expression, cell division, cell-cell communication, cell aging, and apoptosis, and also 

appear to affect metabolic pathways involved in lipid and glucose metabolism, energy 

homeostasis, and nutrition [55, 56]. Furthermore, these small molecules are ideal bi-

omarkers for the diagnosis of many diseases because they are stable in various body 

fluids, easily accessible, tissue and cell-specific, and have high sensitivity. The literature 

provides clear evidence for the suitability of miRNAs as biomarkers for the diagnosis and 

prognosis of various diseases such as cancer, Alzheimer’s disease, epilepsy, CVDs, and 

infectious diseases [56, 57]. However, not only diseases can influence miRNAs, but also 

other factors including physical activity, exercise, psychological stress, and nutrition. The 

level of some miRNAs changes after physical activity and exercise, thereby affecting the 

expression of genes involved in skeletal muscle regeneration, mitochondrial biogenesis, 

inflammation, angiogenesis, and remodeling. The miRNA expression varies with the du-

ration and intensity of physical activity or exercise, as well as tissue, and can be further 

subdivided into cardiac, muscle-dependent, and circulating miRNAs (ci-miRNAs) [11, 29, 

55].  

1.3.3. Mitochondrial DNA (mtDNA) and biogenesis 

Mitochondria, the “power plants” of the cells, are interconnected and highly mobile cell 

organelles with their own genome, the mitochondrial DNA (mtDNA). Mitochondria are 

essential for eukaryotic life as they provide the energy and adenosine triphosphate (ATP) 

needed for cellular metabolism via oxidative phosphorylation [11, 58, 59]. They are also 

involved in other cell functions, including cell growth, cell signaling, redox status, and 

regulation of ion homeostasis, and thus play an important role in cell survival and cell 

death. Furthermore, mitochondria produce ROS, carry out β-oxidation of fatty acids, and 

are involved in amino acid metabolism as well as in other intracellular signaling cascades 

[60]. Due to their diverse functions and tasks, mitochondria are involved in the pathogen-

esis and progression of numerous human diseases such as metabolic disorders, CVDs, 

cancer, skeletal muscle diseases or neurological disorders, and aging [58]. In order to 

maintain mitochondrial morphology, homeostasis, and inheritance, i.e. healthy mitochon-

drial physiology essential for longevity and health, mitochondria continuously undergo 

fission, fusion, mitophagy, and mitochondrial biogenesis [11, 61]. 

Mitochondrial homeostasis is maintained through the coordination between two oppos-

ing actions, the formation of new mitochondria by mitochondrial biogenesis, and the elim-

ination of damaged mitochondria by mitophagy [16]. Cells initiate the process of mito-

chondrial biogenesis in response to an oxidative stimulus, by increasing cell’s energy 
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needs, by hormones, by electrical stimulation, in certain mitochondrial diseases, during 

development, and by physical exercise. Thereby, PGC-1α functions as the main regula-

tor (Figure 3) and due to the presence of their own DNA, new mitochondria can be 

formed from existing ones [11, 60].  

Regular physical activity undoubtedly has beneficial or preventive effects on a variety of 

diseases, such as obesity, type 2 diabetes, and cancer, and it could delay depressive 

symptoms, neurodegeneration (e.g., Alzheimer’s disease), and general aging. Repeated 

and regular exercise leads to an improvement in mitochondrial volume, function, and 

biogenesis, improves oxidation capacity, and increases the formation of mitochondrial 

ROS. Low levels of ROS and/or mild mitochondrial stress induce adaptive responses 

that can affect health in different ways. This special form of hormesis is called 

mitohormesis [11, 23, 62]. On the other side, physical inactivity or nutritional overload, 

overtraining or excessive training inhibits this adaption process, impairs mitochondrial 

capacity, and thereby leads to incomplete recovery, maladaptation, and possibly an in-

creased risk of disease by increasing mitochondrial respiration and ROS production [63, 

64]. 
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2. HYPOTHESIS AND OBJECTIVES 

Simultaneous endurance and strength training demonstrated more positive effects on 

overall health, disease prevention, mitochondrial biogenesis, and healthy aging than ei-

ther modality alone. Therefore, the effects of concurrent exercise on epigenetic markers, 

body composition, dietary habits, and possible interaction with genetic markers (SNPs) 

were examined. In addition, epigenetic biomarkers in the blood (e.g., methylation and 

miRNAs) can provide information about processes or changes in muscle and general 

health, since components from tissues such as skeletal muscle, are released into the 

systemic circulation via extracellular vesicles. Another distinct feature of these bi-

omarkers, especially the miRNAs, is that, in contrast to conventional markers, they can 

be detected in the circulatory system before consequential damage such as inflamma-

tion, injuries or stress-related diseases arise due to overtraining, poor nutrition, or chronic 

psychological stress. Changes in miRNA expression in body fluids are expected to occur 

earlier than traditional biomarkers could indicate, making miRNAs more favorable for 

early detection of potential deficits [11, 29]. Examining the benefits and identifying these 

epigenetic biomarkers is the main goal of this work and could set the next milestones 

towards personalized treatments, nutrition, and prevention steps. 

The main hypothesis of my Ph. D. thesis was that epigenetic biomarkers, especially miR-

NAs, in capillary blood can provide diverse information about an individual’s overall 

health such as nutrition, fitness status, and mental health, using a minimally invasive and 

less expensive method than traditional biomarkers (e.g., electrolytes or proteins). 

Main objectives: 

1. Investigation and identification of training-, diet-, and stress-related epigenetic 

mechanisms, especially miRNA expression patterns, in capillary blood and their 

suitability as biomarkers 

2. Investigation of whether concurrent, regular exercise influences mitochondrial bi-

ogenesis, athletic ability or performance, and general health through epigenetic 

mechanisms 

3. Investigating relationships between epigenetic mechanisms, particularly miRNA 

expression profiles and methylation levels, genetic predisposition to endurance 

or resistance training, and body composition 
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3. RESULTS AND DISCUSSION 

3.1. Effects of concurrent exercise on miRNA expression and their suitability 

as biomarkers 

In our publication “miRNA-based “fitness score” to assess the individual response 

to diet, metabolism, and exercise” (J. Int. Soc. Sports Nutr., 2022; Appendix 8.1.2), 

we analyzed anthropometric and nutritional data and dried capillary blood samples from 

95 participants. Through a small pilot study (part 1) with 14 participants, we were able to 

identify eight miRNAs, miR-19b, -20a, -22, -30e, -101, -146a, -378a, and -505, from a 

pool of over 340 miRNAs, whose expressions changed through a 10-weeks exercise 

program. In the second part of the study, these eight miRNAs and one methylation site 

were further analyzed in 81 participants, of whom 61 completed a 12-weeks training pro-

gram (66.1% females, 33.9% males) and 20 were assigned to an age- and gender-

matched control group without any intervention (65% females, 35% males). 12 weeks of 

concurrent exercise resulted in a down-regulation of miR-20a, -22, -30e, and -505, 

whereas in the control group there was an up-regulation of miR-20a, but no change in 

Line-1 methylation in either group. However, these miRNAs have already been exten-

sively discussed in the literature (overview in Table 1), with sometimes contradictory 

results. This could be attributed to the fact that the expression of the miRNAs depends 

on the type, duration, and intensity of the exercise, as well as on the tissue, and partly 

also on age (e.g., miR-19b, -20a, and -378a) [29, 65, 66]. Furthermore, as can be seen 

in Table 1, the available data is predominantly based on male subjects and a quite small 

number of study participants. Therefore, a direct comparison of the results we found with 

the existing literature is rather difficult, but also due to the fact we analyzed dried capillary 

blood, and not whole blood or muscle biopsy samples like most others, and our interven-

tion consisted of sustained, concurrent exercise. 
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Table 1. Literature overview of the selected sport-associated miRNAs. The participants of the respective studies are described, what type of exercise was observed, 
which tissue was used for the expression analysis, and which targets were identified. 

miRNA 
Krammer et 
al. 2022 [29] 

Author Year Sex Participants Type of exercise Tissue Effects of exercise 
Predicted Tar-

gets 

miR-
19b 

no sig. change 
Margolis et al. 

[65] 
2017 M 

n = 18 
no regular exercise 

acute resistance exercise Serum 

up-regulation (young, 
22 yr) 

down-regulation (old, 
74 yr) 

PTEN 

  Massart et al. 
[67] 

2021 M 
n = 8 (23 yr) 
sedentary 

14 days endurance exercise Muscle up-regulation 

KIF13A 
MAPK6 
RNF11 

VPS37A 

    Rivas et al. [68] 2021 M/F 
n = 80 (77,5 yr) 

community-dwelling 
6 mon. resistance training Serum up-regulation PTEN 

miR-
20a 

down-regula-
tion 

Radom-Aizik et 
al. [69] 

2010 M 
n = 11 (22 yr) 

no elite or competitive 
athletes 

acute exercise (cycle ergom-
eter) 

Neutrophils down-regulation 
36 identified: e.g., 
PTEN, MAP3K12, 
PIK3R1, ATP2B4 

  Baggish et al. 
[70] 

2011 M 
n = 10 (19 yr) 

competitive rowers 
acute cardiopulmonary exer-

cise 
Plasma up-regulation 

CDKN1A 
(p21/WAF1) 

  Sawada et al. 
[71] 

2013 M 

n = 12 (30 yr) 
physically active and 
experience of recrea-

tional exercise 

acute resistance exercise Serum no sig. change - 

  Margolis et al. 
[65] 

2017 M 
n = 18 

no regular exercise 
acute resistance exercise Serum 

up-regulation (young, 
22 yr) 

down-regulation (old, 
74 yr) 

PTEN 

    Zhou et al. [72] 2020 M n = 8 (21 yr) 
cardiopulmonary exercise 

testing 
Serum down-regulation TNFSF15 

miR-22 
down-regula-

tion 
Radom-Aizik et 

al. [69] 
2010 M 

n = 11 (22 yr) 
no elite or competitive 

athletes 

acute exercise (cycle ergom-
eter) 

Neutrophils down-regulation 
8 identified: e.g., 
H3F3B, PTEN 

  Davidsen et al. 
[73] 

2011 M 
n = 56 (24 yr) 

no active weightlifters 
12-week resistance training Muscle no sig. change - 

    Kern et al. [74] 2019 M/F 
n = 23 

previously untrained 
8-week endurance training 

(running) 
Whole 
blood 

down-regulation WWP1 

miR-
30e 

down-regula-
tion trend 

Radom-Aizik et 
al. [75] 

2013 M 
n = 13 (24 yr) 

no elite athletes 
acute exercise (cycle ergom-

eter) 
NK cells up-regulation - 

  Radom-Aizik et 
al. [76] 

2014 M 
n = 12 (26 yr) 

no elite athletes 
acute exercise (cycle ergom-

eter) 
Monocytes up-regulation Jak-STAT 
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  Backes et al. 
[77] 

2014 M/F 
n = 12 (24 yr) 

elite endurance athl. 
exhaustive, stepwise exercise 

test 
Blood up-regulation PTGDR 

  Krammer et al. 
[11] 

2022 M/F 
n = 36 (32 yr) 

sedentary 
12-week concurrent training 

Capillary 
blood 

down-regulation PGC-1α 

miR-
101 

no sig. change Keller et al. [78]  2011 M 
n = 24 (23 yr) 

sedentary 
6-week training (cycling) Muscle down-regulation RUNX1  

  Mayr et al. [79] 2019 M/F 
n = 20 (healthy, 54 yr) 

n = 20 (CAD, 58 yr) 
all-out cycle ergometry Plasma 

up-regulation (healthy) 
down-regulation 

(CAD) 
- 

miR-
146a 

no sig. change 
Baggish et al. 

[70] 
2011 M 

n = 10 (19 yr) 
competitive rowers 

acute cardiopulmonary exer-
cise 

Plasma up-regulation 
IRAK1 
TRAF6 

  Baggish et al. 
[80] 

2014 M 
n =24 

marathon runners 
42-km marathon Plasma 

up-regulation 
24 h postexercise: 
down-regulation 

NF-κB 
IRAK 

TRAF6 

  Sawada et al. 
[71] 

2013 M 
n = 12 (30 yr) 

physically active and 
recreational exercise 

acute resistance exercise Serum 
3 days postexercise: 

down-regulation  
- 

    
Kangas et al. 

[66] 
2017 M 

n = 18 (24 yr) 
n = 16 (58 yr) 

n = 15 (84,5 yr) 

long-term background in 
sprint training 

 acute exercise testing 
Serum 

up-regulation among 
the oldest participants 

TRAF6 
IRAK1 

miR-
378a 

no sig. change 
McLean et al. 

[81] 
2015 M/F 

n = 14 (33 yr) 
sedentary, normogly-

cemic 

single bout of aerobic exer-
cise 

Muscle up-regulation 
GIMAP8 
NR4A3 

    
D'Souza et al. 

[82] 
2018 M 

n = 10 (25 yr) 
no regular aerobic 

training 

10 x 60 sec. intervals of cy-
cling 

Plasma 
Muscle 

down-regulation 
(plasma) 

no sig. change (mus-
cle) 

- 

miR-
505 

down-regula-
tion 

Radom-Aizik et 
al. [69] 

2010 M 
n = 11 (22 yr) 

no elite or competitive 
athletes 

acute exercise (cycle ergom-
eter) 

Neutrophils up-regulation 
H3F3B 

SF1 

    Nair et al. [83] 2020 M 
n = 5 (68 yr, trained) 

n = 5 (70 yr, sedentary) 
acute aerobic exercise (cycle 

ergometer) 
Plasma 

up-regulation (seden-
tary) 

AKT 

Abbreviations: M = male; F = female; yr = year; CAD = coronary artery disease; PTEN = phosphatase and tensin homolog; KIF13A = kinesin family member 13A; MAPK = mitogen-
activated protein kinase; RNF11 = ring finger protein 11; VPS37A = vacuolar protein sorting 37A; PIK3R1 = phosphoinositide-3-kinase regulatory subunit 1; ATP2B4 = ATPase 
plasma membrane Ca2+ transporting 4; CDKN1A = cyclin-dependent kinase inhibitor 1A; TNFSF15 = tumor necrosis factor (TNF) superfamily member 15; H3F3B = H3 histone 
family 3B; WWP1 = WW domain containing E3 ubiquitin-protein ligase 1; Jak-STAT = Januskinase signal transducers and activators of transcription; PTGDR = prostaglandin D2 
receptor; PGC-1α = Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; RUNX1 = RUNX family transcription factor 1; IRAK1 = interleukin 1 receptor-associated 
kinase 1; TRAF6 = TNF receptor-associated factor 6; NF-κB = Nuclear factor kappa-light-chain-enhancer of activated B cells; GIMAP8 = GTPase, IMAP family member 8; NR4A3 
= nuclear receptor subfamily 4 group A member 3; SF1 = splicing factor 1; AKT = protein kinase B. 

https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:1784
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:11931
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:6112
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:6112
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:12036
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:7982
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:12950
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Nevertheless, we still suspect that some of our miRNAs play a role in the immune re-

sponse triggered by exercise. Physical exercise stimulates erythropoiesis and leukocy-

tosis and increases erythrocyte mass, leukocyte and neutrophil counts, hematocrit lev-

els, hemoglobin concentration, and plasma volume [84–86]. Although the recruitment of 

leukocytes by exercise resembles acute inflammation, it is believed that due to the 

change in hemodynamics in the circulatory system rather than in the tissue, the immune 

system is not weakened but is actually strengthened by the increased number of immune 

cells [86]. The majority of miRNAs expressed in whole blood originate from erythrocytes, 

but some also from other important cell types such as leukocytes and platelets, which 

contain functional miRNAs as well [87]. Since we could not find any evidence in the lit-

erature that our endogenous controls (miR-24 and -93) are involved in erythropoiesis 

and our results partly overlap with the studies by Radom-Aizik et al., 2010 [69] (e.g., miR-

20a and -22; Table 1), we assume that some of our miRNAs come from leukocytes or 

neutrophils, and could play a role in the immune response and possibly reflect the overall 

inflammatory state. Therefore, miR-20a and -22 could serve as biomarkers for sport-

related inflammation. 

Some of the miRNAs could also be involved in muscle regeneration, bone health, and 

injury. In response to muscle damage or injury, activated satellite cells proliferate and 

undergo myogenic differentiation as part of the muscle regeneration process. As satellite 

cells proliferate and differentiate, there are also changes in miRNA expressions (e.g., 

miR-378a) and their target genes, which are important for muscle regeneration [29, 88]. 

In addition, miR-378a is involved in osteogenesis [89], miR-146a in osteoblastogenesis 

[90], and miR-30e inhibits osteoblast differentiation [91]. Therefore, we hypothesized that 

the examined miRNAs, namely miR-378a, -146a, and miR-30e, may also play a role in 

bone formation, resorption, and regeneration, and could be an indication of muscle dam-

age, bone health, and risk of injury/bone fracture [29]. Furthermore, Baggish et al., 2011 

(Table 1) also described that miR-146a and -20a could be used as biomarkers for cardi-

orespiratory fitness and maximal exercise capacity, as both correlated with maximal ox-

ygen consumption (VO2max) [70]. 

Although some of the miRNAs analyzed in this study have already been widely discussed 

in the field of exercise and physical activity (Table 1) and could be used as possible 

biomarkers, we believe that a combined analysis of multiple miRNAs promises a more 

accurate assessment of exercise and health status. Therefore, we have developed a so-

called miRNA-based “fitness score”, which could help athletes or coaches to optimize 
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training and prevent overtraining and its health consequences, e.g., through excessive 

ROS production [29]. This combined miRNA analysis is based on a minimally invasive 

sample collection via dried blood spots, comparable to the sample collection for a lactate 

test which can be taken anywhere and anytime. In addition, it provides a lot of different 

information, and its compliance with repeated tests (e.g., monitoring of an athlete or 

training tracking) could be higher than with muscle biopsies or venous blood collection. 

3.2. Effects of concurrent exercise on mitochondrial-related epigenetic mecha-

nisms 

In our publication “PGC-1α methylation, miR-23a, and miR-30e expression as bi-

omarkers for exercise- and diet-induced mitochondrial biogenesis in capillary 

blood from healthy individuals: a single-arm intervention” (Sports, 2022; Appendix 

8.1.1), we analyzed anthropometric and nutritional data, as well as dried capillary blood 

samples from 36 participants (58.3% females, 41.7% males), who trained endurance 

and strength for 12 weeks. The focus was on investigating mitochondrial health, biogen-

esis, and functions (Figure 3 shows signaling pathways involved in the regulation of 

mitochondrial biogenesis) and their possible epigenetic regulation. The methylation of 

PGC-1α, the two miRNAs miR-23a and -30e, that have PGC-1α as their predicted target, 

and the amount of mtDNA were analyzed. After the exercise intervention we could ob-

serve changes in PGC-1α methylation, miR-23a, and -30e, but none concerning mtDNA 

levels. 

In the literature, it is described that after strenuous training sessions, promotor regions 

of genes involved in the training metabolism (e.g., pyruvate dehydrogenase kinase 4 

(PDK4), peroxisome proliferator-activated receptor delta (PPAR-δ), and PGC-1α) are 

hypomethylated and that at the same time mRNA levels increase [92]. We too could 

observe a hypomethylation of PGC-1α up to 32 h after the last training session. However, 

no hypomethylation was detected in participants who submitted their sample later (up to 

48 h after their last training session). It is already known that these epigenetic responses 

to exercise are dynamic and remethylation can occur post-exercise. Similarly, Barrès et 

al., 2012 [93] concluded in their work that hypomethylation is a transient mechanism 

involved in mRNA synthesis. In Barrès’ study, also, no methylation change of PGC-1α 

and TFAM could be determined 48 h after exercise, but an increased RNA expression 

of these genes was observed. TFAM increases the transcription of key mitochondrial 

enzymes that drive mtDNA replication, while PGC-1α also plays a role in cellular energy 

and lipid metabolism and in determining muscle fiber type [94–96]. This underlines the 
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importance of regular exercise, not only for overall health, aging, and disease prevention 

but also to benefit from the positive effects of PGC-1α and TFAM expression, e.g., acti-

vating mitochondrial biogenesis and enhancing endurance performance (Figure 3) [11]. 

However, during exercise and to some extent also during recovery phases, metabolites, 

mitochondria, and so-called muscle-specific miRNAs (myomiRs) are released from skel-

etal muscle into the systemic circulation via extracellular vesicles, possibly including miR-

23a and -30e [97, 98]. Studies have already shown that endurance exercise downregu-

lated miR-23a expression, which upregulated PGC-1α and thereby promoted mitochon-

drial biogenesis [88]. Regarding concurrent training, we could also measure a down-

regulation of miR-23a and -30e, as well as a correlation between PGC-1α methylation 

and miR-23a expression. Therefore, we hypothesized that there are distinct regulatory 

systems and possibly two “fronts” through which personal athletic performance and mi-

tochondrial biogenesis may be affected, either by PGC-1α or miR-23a alone and/or 

through a synergistic effect [11]. In addition, both miRNAs are involved in myogenic dif-

ferentiation and muscle fiber formation, which is assumed to take place in the regenera-

tion phase and could explain the changes in miRNA expression up to 48 h after the last 

training session. There is evidence that down-regulation of miR-30e, but possibly also of 

miR-23a, favors the formation of type 1 muscle fibers, which are particularly beneficial 

for long-term endurance sessions [88, 99]. Consequently, it can be concluded that indi-

vidual endurance capacity may be enhanced by downregulating miR-30e and -23a and 

through their involvement in mitochondrial biogenesis via PGC-1α. 

3.3. Identification of stress-related miRNA expression pattern 

In our observational study “MiR-10a, miR-15a, let-7a, and let-7g expression as stress-

relevant biomarkers to assess acute or chronic psychological stress, stress-re-

lated diseases, and mental health in human capillary blood” (Molecular biology re-

ports, 2022; Appendix 8.1.3), we analyzed dried capillary blood samples and question-

naire data on diet and lifestyle habits, with a focus on personal stress levels and stress-

related diseases (SRDs, e.g., chronic fatigue syndrome (CFS), sleep disorders, head-

aches or migraines, mood swings, depression, and anxiety) from 171 participants (63.6% 

females, 36.4% males). According to the participants’ self-assessment of their stress 

levels, we divided them into two groups to identify stress-related miRNA expression pro-

files. Participants with low or moderate stress levels and no SRDs were assigned to the 

“control group” and participants with high or very high-stress levels were assigned to the 

“stress group”. Stress individuals showed higher expression levels of miR-10a, -15a, let-
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7a, and -7g. Moreover, miR-15a, let7a, and -7g correlated with SRDs and may indicate 

long-term consequences of chronic stress. 

In the literature, many miRNAs are described and discussed in the context of acute 

and/or chronic psychological stress and SRDs such as depression, and anxiety. Envi-

ronmental stressors are believed to affect miRNA expression, leading to changes in neu-

ronal morphology and problems in neuronal circuity, resulting in relevant health issues 

[100]. In mice, acute compulsive stress resulted in an increase in let-7a expression in 

serum and brain, which returned to baseline five days later [101]. Something similar was 

also observed in stressed rats (acute social defeat stress), in which up-regulation of let-

7a could be measured, after 1, 4, and 24 h post-exposure [102]. Several members of the 

let-7 family, including let-7a, are potent activators of Toll-like receptors (TLRs) signaling 

in neurons and microglia. TLR activation leads to induction of pro-inflammatory cyto-

kines, and activation of mitogen-activated protein kinase (MAPK) family members. Be-

sides, due to its role in neurogenesis, it induces time- and dose-dependent neuronal cell 

death, which is associated with neurodegeneration and the pathogenesis of neurodegen-

erative diseases [103]. Acute psychological stress also leads to an up-regulation of miR-

10a in whole blood and appears to be associated with stress-induced alcohol consump-

tion [104]. However, up-regulation of this miRNA was also measured in the cerebrospinal 

fluid of patients with major depressive disorder (MDD). Overexpression of miR-10a ap-

pears to downregulate the expression of brain-derived neurotrophic factor (BDNF), and 

low expression levels of BDNF appear to play an important role in the pathogenesis of 

MDD. Furthermore, low expression levels of the SIRT1 gene also seem to play a role in 

the pathogenesis, and studies have shown that this is also due to overexpression of miR-

10a [105]. Based on our results and the literature, we concluded that these two miRNAs, 

namely miR-10a and let-7a, are more involved in acute psychological stress and might 

therefore act as biomarkers in this context [106]. 

Other studies suggest that miR-15a is involved in chronic stress management mecha-

nisms. Animal models have shown that mice exposed to chronic stress have increased 

levels of miR-15a. Human studies also provide evidence of an association between ele-

vated miR-15a levels and childhood trauma (CT). Healthy subjects who underwent a CT 

showed elevated levels of miR-15a in the blood compared to subjects without CT [107, 

108]. However, it appears that miR-15a can regulate the expression of the serotonin 

transporter (SERT) by binding to the SLC6A4 gene. An altered SERT expression is as-

sociated with a variety of disorders such as depression, and anxiety/obsessive-
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compulsive disorders [109]. We also observed an up-regulation of miR-15a and let-7g in 

participants with CFS compared to the control group. There is further evidence in the 

literature that let-7g is associated with CT, but also with other neurodegenerative (e.g., 

Alzheimer’s disease) and psychiatric (e.g., depression) diseases [110]. This reinforces 

the suitability of miR-15a and let-7g as biomarkers for chronic psychological stress [106]. 

3.4. Correlations between epigenetic mechanisms, genetic predisposition, nu-

tritional habits, and body composition 

3.4.1. Correlations between miRNAs and genetic predisposition (e.g., SNPs) 

In our publication “miRNA-based “fitness score” to assess the individual response 

to diet, metabolism, and exercise” (J. Int. Soc. Sports Nutr., 2022; Appendix 8.1.2), 

we examined different sport-associated SNPs (FTO, ACE, and ACTN3) and were able 

to determine significant differences in the epigenetic phenotypes depending on the 

genotype (Figure 6). 
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Figure 6. Observed miRNA expression profiles depending on the SNP genotype [29]. Abbreviations: 
ACTN3 = alpha-actinin-3; ACE = angiotensin-converting enzyme; FTO = fat mass and obesity-associated. 

Our results suggest that the ACTN3 gene, also known as the “speed gene”, has an 

influence on the expression of miR-20a, -22, and -101. The protein ACTN3 is only 

expressed in the fast type II fibers and is involved in the generation of fast and powerful 

muscle movements. It is also suspected to play a role in post-exercise adaption and 

recovery, and in injury risk. Unlike individuals with TC or CC genotype, individuals with 

homozygous TT cannot express ACTN3, leading to impaired muscle performance and 

may predispose them to ligament injuries and muscle damage during exercise [111]. 

Participants with homozygous TT showed higher miR-101 expression after exercise, 
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while participants with a CC genotype showed higher miR-20a and -22 expression 

patterns (Figure 6b-d). However, animal and human studies provide evidence that the 

TT genotype is further associated with increased endurance capacity [112–114]. The 

ACE gene also affects aerobic endurance performance. The C allele of this gene is linked 

to lower ACE levels and higher cardiorespiratory fitness, which is associated with better 

endurance performance and is reflected by VO2max. Whereas the G allele is associated 

with higher ACE levels, leading to improved musculoskeletal fitness and higher strength 

performance [33]. Interestingly, participants with homozygous CC showed higher miR-

101 expression than participants with a CT or TT genotype (Figure 6a). Therefore, we 

concluded that miR-101 in particular is related to endurance performance and the ability 

to perform fast and explosive movements [29]. Furthermore, the expression of miR-22 

was downregulated in participants with the FTO risk allele (AA) (Figure 6e). It is 

hypothesized that metabolic phenotypes, due to various mutations in the FTO gene, are 

regulated via epigenetic mechanisms [115], possibly also through miR-22. 

3.4.2. Correlations between epigenetic mechanisms, and body composition 

In our two publications “PGC-1α methylation, miR-23a, and miR-30e expression as 

biomarkers for exercise- and diet-induced mitochondrial biogenesis in capillary 

blood from healthy individuals: a single-arm intervention” (Sports, 2022; Appendix 

8.1.1) and “miRNA-based “fitness score” to assess the individual response to diet, 

metabolism, and exercise” (J. Int. Soc. Sports Nutr., 2022; Appendix 8.1.2) we 

measured the body composition of the participants before and after the sport intervention 

using bioelectrical impedance analysis (BIA) and examined it for correlations with the 

epigenetic markers (Table 2). 

Table 2. Correlations between anthropometric data and the studied markers. 

Anthropometric 
value 

Correlated marker Comment 

LBM miR-22, miR-101 lower expression led to a higher increase in LBM 

BFM 
fitness score, miR-505, 

PGC-1α methylation 

fitness score: a higher score was associated with a 
higher loss of BFM 

miR-505: low expression led to a higher loss of BFM 
PGC-1α methylation: lower methylation was associated 

with lower BFM 

ECW Line-1 methylation higher methylation led to a higher increase in ECW 

Abbreviations: LBM = lean body mass [kg]; BFM = body fat mass [kg]; ECW = extracellular water [l]; PGC-1α = 
peroxisome proliferator-activated receptor gamma coactivator 1-alpha. 

In addition to the associations between miR-22 and -101 with ACE and ACTN3 genes, 

these miRNAs correlated with the LBM (Table 2), which further confirms our hypothesis 

that these miRNAs, especially miR-101, are involved in the ability to perform explosive 
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and fast movements. Aerobic performance is thought to be affected by body mass and 

body composition, and the literature provides evidence that there is a positive correlation 

between LBM and VO2max. That means high muscle mass, the main component of LBM, 

also leads to increased VO2max and thus probably to a better endurance performance 

[116]. The correlations between “fitness score”, miR-505, and BFM, like those between 

miR-22 and LBM (Table 2), are not surprising since there was a significant change in 

body composition as a result of the sport intervention. The sport intervention led to a 

decrease in BFM and an increase in LBM, as well as to a significant change in these 

epigenetic markers. We concluded that these markers alone or as “fitness score”, like 

measuring body composition, could reflect the personal success in an exercise program 

or current fitness/health status. Furthermore, the connection between BFM and PGC-1α 

methylation is interesting (Table 2). Participants with a higher BFM showed higher PGC-

1α methylation levels. PGC-1α has regulatory functions in lipid and energy metabolism 

and it is assumed that PGC-1α, in addition to its role in mitochondrial biogenesis, is also 

involved in metabolic diseases such as diabetes and obesity [95]. Reduced PGC-1α ex-

pressions could be observed in the adipose tissue of pathologically obese and insulin-

resistant patients [117]. Although our studies did not include severely obese subjects, it 

is possible that these associations between adipose tissue and PGC-1α also exist in 

adipose tissue of healthy individuals [11]. 

3.4.3. Correlations between epigenetic mechanisms and nutritional habits 

Table 3. Correlations between nutritional habits and the studied markers. 

 
Nutritional habits Influenced marker Comment Focus of the study 

S
u

p
p

le
m

e
n

-

ta
ti
o
n

 o
f 

B vitamins (e.g., folic 
acid, cobalamin, and B 

vitamin complex) 
miR-19b, miR-101 up-regulation exercise 

Iron miR-378a up-regulation exercise 

Magnesium miR-19b up-regulation exercise 

 Fluid intake miR-378a up-regulation exercise 

 Coffee consumption miR-15a down-regulation psychological stress 

In
ta

k
e

 o
f 

Red and/or processed 
meat 

PGC-1α methylation 
higher methylation lev-

els 
exercise 

Total meat (red, pro-
cessed, and white meat) 

let-7a up-regulation psychological stress 

Cruciferous vegetables 
(e.g., broccoli, brussels 
sprouts, and cabbage) 

mtDNA higher mtDNA content exercise 

Whole grain miR-101 up-regulation exercise 

Abbreviations: PGC-1α = peroxisome proliferator-activated receptor gamma coactivator 1-alpha; mtDNA = mito-
chondrial DNA. 
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As can be seen in Table 3, we observed some interesting correlations between the an-

alyzed dried blood markers and the dietary habits reported by the participants in the 

respective studies [11, 29, 106]. 

Of particular interest are our observed associations between vitamin and mineral sup-

plementation and miRNAs. Individuals who reported taking B vitamins regularly showed 

an up-regulation of miR-19b and -101. Furthermore, we observed that participants taking 

iron supplements had a higher miR-378a expression, and those taking magnesium had 

a higher miR-19b expression (Table 3) [29]. Although there is little evidence of such 

correlations in the literature, it is known that micronutrients (e.g., vitamins and minerals) 

are essential for life and maintaining health, growth, and support of physiological func-

tions. B vitamins are essential for synthesizing new cells and repairing damaged cells, 

while others are needed for bone health, protection against oxidative damage, maintain-

ing immune function (e.g., iron, magnesium), but are also for building and repairing mus-

cle tissue, and maintaining muscle function (e.g., magnesium) [118–120]. Duration, in-

tensity, and type of exercise are believed to determine a person’s macro- as well as 

micronutrient needs. In particular, athletes and physically active people have an in-

creased need not only for macronutrients due to a high overall energy requirement but 

probably also for micronutrients. Regular physical activity can increase the requirements 

for certain micronutrients through biochemical adaptions and the metabolic pathways 

involved in energy production, and their deficit can impair athletic performance and 

health [118–121]. In addition to an adequate supply of micronutrients, fluid balance also 

plays an important role in an athlete’s performance. We have observed an association 

between miR-378a and daily fluid intake (Table 3) and it is known that sweating and 

insufficient fluid intake during exercise, especially at high temperatures, lead to dehydra-

tion [29, 122]. Even moderate dehydration over short periods trigger impaired cognitive 

function, headaches, reduced concentration, or fatigue and thus impaired exercise per-

formance [123]. It is therefore important for athletes in particular, but also for physically 

active people, to maintain an optimal micronutrient status and fluid balance and, if nec-

essary, to recognize a deficit at an early stage before physical signs such as inflamma-

tion, impaired performance, and other health consequences appear. 

Furthermore, we observed a correlation between regular intake of whole grains and miR-

101 (Table 3). Participants who reported consuming whole grain products daily or sev-

eral times a day had higher expression levels of miR-101 than those who consume less 

[29]. Eating whole grains has some beneficial health effects and can reduce the risk of 
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NCDs such as diabetes, obesity, coronary artery disease, cancer, and certain gastroin-

testinal disorders. It is believed that the health benefits of whole grain products can be 

attributed to their high dietary fiber content [124]. Most of these ingested dietary fibers 

are degraded and fermented by the gut microbiota. So-called short-chain fatty acids 

(SCFAs) are formed, which make up the main part of the fermentation products [125]. 

SCFAs are known to be involved in the regulation of human metabolic pathways and can 

modulate metabolic responses at various organ sites including skeletal muscle. They 

appear to affect carbohydrate, protein, and lipid metabolism (i.e., energy metabolism and 

ATP production), skeletal muscle function, and exercise capacity [126, 127]. It is hypoth-

esized that SCFAs have the potential to increase blood flow, and insulin sensitivity in 

skeletal muscle, as well as skeletal muscle mass retention by activation of AMPK, PPAR-

δ, and PGC-1α and inhibition of histone deacetylases (HDACs), which regulate gene 

transcription and protein expression. Studies in mice provide evidence that the improve-

ment in exercise capacity may be due to SCFA-mediated increased glycogen synthesis, 

decreased glycolysis, upregulated fatty acid oxidation, and mitochondrial content [126]. 

While human studies are still lacking, this demonstrates the importance of diet and gut 

health, and the link between the gut and the athlete’s performance.  

Besides SCFAs, there are several other dietary components and nutrients, such as cer-

tain amino acids or secondary plant products, that can affect metabolism, exercise per-

formance, general health, and lifespan [128]. We observed two interesting correlations 

between meat consumption, PGC-1α methylation, and let-7a (Table 3) [11, 106]. Exces-

sive consumption of meat, especially red and processed meat, has some negative health 

effects and is linked to age-related diseases such as type 2 diabetes and cancer [129, 

130]. In particular, the branched-chain amino acids (BCAAs) and methionine found in 

red meat can regulate metabolism via various mechanisms and influence lifespan and 

aging. Animal experiments and epidemiological studies have shown that there is an as-

sociation between elevated BCAA levels, insulin resistance, glucose intolerance, and 

obesity and that these elevated blood levels can trigger mitochondrial dysfunction [128, 

131]. As already mentioned, nutrition plays a role in mental health as well, e.g., brain 

function and behavior. Some dietary factors affect brain chemistry in a variety of ways 

and may promote psychological distress by altering brain neurotransmitter levels or their 

receptor activity. Dietary amino acids, such as those found in meat, make up the major 

monoamines (e.g., serotonin, dopamine, and norepinephrine) and can affect levels of 

these neurotransmitters, and therefore mental health [132]. This could explain our cor-

relation between let-7g, meat consumption, and psychological stress. However, 
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processed meat also contains a relatively high amount of fat, as well as other substances 

that are harmful to health, such as saturated fatty acids, nitrosamines, sodium nitrate, 

heme iron, or L-carnitine [133, 134]. The literature provides evidence that the two satu-

rated fatty acids, palmitic and stearic acid, can impair mitochondrial function by reducing 

mitochondrial hyperpolarization and ATP production, and skeletal muscle cells cultured 

with palmitic acid showed reduced PGC-1α expression, supporting our results [135]. 

As already mentioned, secondary plant products, or phytochemicals, have numerous 

positive health effects. In addition, we could observe correlations between cruciferous 

vegetables and mtDNA content, and between coffee consumption and miR-15a. This 

could be attributed to their bioactive compounds (Table 3) and antioxidant, anti-inflam-

matory, antidiabetic, antiviral, anticancer, or antitumor properties [11, 15, 106]. For ex-

ample, polyphenols appear to be involved in the replacement and elimination of dam-

aged mitochondria with newly synthesized ones. The phytochemical sulforaphane, prev-

alent in cruciferous vegetables, may activate NRF2 and increase the expression of NRF1 

and TFAM (Figure 3), thereby affecting mitochondrial biogenesis, and exercise perfor-

mance, which could further explain our correlation with mtDNA content [136]. Although 

the literature has described coffee as inappropriately activating the sympathetic nervous 

system, coffee has other health benefits and may improve brain and heart functions 

[132]. Caffeine from coffee can penetrate the blood-brain barrier, increase dopamine 

levels, and work synergistically with norepinephrine, reducing feelings of fatigue and 

stimulating cognition. In addition to caffeine, coffee contains several bioactive compo-

nents, such as phenolic compounds, and diterpenes, as well as other secondary metab-

olites, minerals, and vitamins. These could promote the establishment of the gastroin-

testinal tract and intestinal microbiota and may have beneficial effects on some diseases, 

including depression and suicidal behavior, presumably due to the phenolic compounds 

associated with anti-inflammatory activities [25, 137]. Furthermore, phytochemicals are 

known to affect epigenetic mechanisms via certain regulators (e.g., miRNAs) and thus 

gene expression, which further explains our link between nutrition, miRNA expression, 

and methylation patterns [138, 139].  

 



26 
 

 

4. CONCLUSION AND OUTLOOK 

This study showed that concurrent exercise, nutrition, and mental health, the three pillars 

of health, alter epigenetic patterns in human capillary blood, resulting in specific DNA 

methylation and miRNA expression patterns (Figure 7). Based on our results and in 

accordance with previous studies, especially, miR-15a and let-7g could be applied as 

markers for chronic psychological stress, miR-20a, -146a, and -101 as markers for car-

diovascular fitness, miR-19b, -101, and -378a for vitamin or micronutrient status, or miR-

23a, -30e and PGC-1α methylation for mitochondrial biogenesis/health. Further proper-

ties of the analyzed miRNAs as biomarkers are summarized in Figure 7. 

 

Figure 7. Summary of the analyzed epigenetic biomarkers and their functions in mental health, nu-
trition, and exercise. Dashed arrows indicate indirect correlations between the biomarkers and exercise, 
e.g., via body composition measurement or SNP genotype. The solid arrows indicate direct and significant 
correlations. Abbreviations: mtDNA = mitochondrial DNA; PGC-1αm = PGC-1α methylation; PGC-1α = peroxisome 
proliferator-activated receptor gamma coactivator 1-alpha. 

Consequently, miRNAs in particular seem to be promising biomarkers for diagnosis and 

prognosis, as they can be detected in various body fluids and tissues, have high sensi-

tivity and specificity, and can be detected earlier than conventional biomarkers, 
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presumably before health consequences occur. Especially in the field of competitive 

sports, it is important to identify deficits or overtraining of an athlete at an early stage, in 

order to counteract and thus avoid injuries or dropping out of an athlete. As shown in 

Figure 7, multiple miRNAs could be integrated into multi-marker models to enable more 

precise diagnosis, treatment, and assessment of health or physical capacity. This fact is 

also behind the idea of our so-called “fitness score” for individual assessment of an ath-

lete’s health, nutritional needs, and physical performance (e.g., nutrient deficits, endur-

ance performance, and much more). 

Regular check-ups and health monitoring are not only important for athletes but also for 

the general public to recognize and prevent diseases caused by poor lifestyles and/or 

nutrition at an early stage, e.g., to intercept chronic stress before SRDs such as burnout 

or CFS occur. Unfortunately, so-called annual health examinations are currently rarely 

taken up, partly because many medical practices are overcrowded and time-consuming 

(e.g., long waiting times). The established concept for health maintenance and person-

alized prevention investigated in this study could develop into a cost-effective alternative 

that allows taking samples (dried blood spots) anytime and anywhere, i.e., at home af-

ter/before the training. 

In conclusion, these epigenetic biomarkers or “monitoring tools” for personal health, like 

lactate or blood glucose measurement, can not only serve as an aid to coaches and 

athletes but could also support and relieve the current healthcare systems in the future 

and possibly show better compliance than conventional methods. Especially with in-

creasing age, this could make a significant contribution to the quality of life by being able 

to intervene at an early stage through personalized “lifestyle medicine”. 
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5. ABSTRACT 

Due to extrinsic environmental factors such as available nutrition or hygiene standards, 

human life expectancy has increased enormously in the last two decades. Nevertheless, 

due to other factors (e.g., inactivity and overeating), the number of chronic and age-

related diseases is increasing, and we are far from living a fully healthy and long life. 

Current treatments are primarily aimed at suppressing symptoms of pre-existing dis-

eases rather than targeting the disease directly. Today there is no doubt that daily habits 

have a significant impact on short- and long-term health, quality of life, and longevity. 

Research into alternative treatments and “lifestyle medicine”, is becoming increasingly 

important and three main pillars of health have been defined: 1. exercise, 2. nutrition, 

and 3. mental health. 

Epigenetic biomarkers play an important role in the early detection and treatment of 

these diseases and could possibly be used as an “early warning system” for nutritional 

deficits, chronic psychological stress, or overtraining to counteract them with appropriate 

nutrition and training. Therefore, the main aim of this work was to examine and identify 

such biomarkers in dried capillary blood that are related to exercise, nutrition, and psy-

chological stress. 

We were able to identify 15 promising biomarkers, some of which could serve as indica-

tors for acute/chronic stress, while others appear to reflect micronutrient status or provide 

information on inflammation and cardiovascular fitness. Furthermore, a combination of 

multiple epigenetic biomarkers, especially miRNAs (e.g., our “fitness score”), appears to 

provide a more accurate diagnosis than traditional single markers. 
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6. ZUSAMMENFASSUNG 

Aufgrund extrinsischer Umweltfaktoren wie verfügbarer Ernährung oder Hygienestan-

dards ist die Lebenserwartung der Menschen in den letzten zwei Jahrzehnten enorm 

gestiegen. Dennoch nimmt die Zahl chronischer und altersbedingter Krankheiten auf-

grund anderer Faktoren (z. B. Inaktivität und übermäßiges Essen) zu, und wir sind weit 

davon entfernt, ein vollständiges gesundes und langes Leben zu führen. 

Gegenwärtige Behandlungen zielen in erster Linie darauf ab, Symptome bereits beste-

hender Krankheiten zu unterdrücken, anstatt direkt auf die Krankheit abzuzielen. Heute 

besteht kein Zweifel daran, dass tägliche Gewohnheiten einen erheblichen Einfluss auf 

kurz- und langfristige Gesundheit, Lebensqualität und Langlebigkeit haben. Die Erfor-

schung alternativer Behandlungsmethoden und der „Lifestyle-Medizin“ wird immer wich-

tiger, und es wurden drei Hauptsäulen der Gesundheit definiert: 1. Bewegung, 2. Ernäh-

rung und 3. psychische Gesundheit. 

Epigenetische Biomarker spielen eine immer wichtigere Rolle bei der Früherkennung 

und Behandlung dieser Erkrankungen und könnten möglicherweise als „Frühwarnsys-

tem“ für Ernährungsdefizite, chronische psychische Belastungen oder Übertraining ein-

gesetzt werden, um diesen mit entsprechender Ernährung und Training entgegenzuwir-

ken. Daher war das Hauptziel dieser Arbeit, solche Biomarker in getrocknetem Kapil-

larblut zu untersuchen und zu identifizieren, die mit Bewegung, Ernährung und psychi-

schen Belastungen zusammenhängen. 

Wir konnten 15 vielversprechende Biomarker identifizieren, von denen einige als Indika-

toren für akuten/chronischen Stress dienen könnten, während andere den Mikronähr-

stoffstatus widerzuspiegeln scheinen oder Informationen zu Entzündungen und kardi-

ovaskulärer Fitness liefern. Darüber hinaus scheint eine Kombination mehrerer epigene-

tischer Biomarker, insbesondere miRNAs (z. B. unser „Fitness-Score“), eine genauere 

Diagnose zu liefern als herkömmliche Einzelmarker. 
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