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1.  Introduction 

1.1 Adipose Tissue 

In mammals two types of adipose tissue (AT) can be found: white adipose tissue (WAT) and brown 

adipose tissue (BAT). The two major WAT depots are the subcutaneous and the visceral fat. As the 

name implies, subcutaneous fat lies underneath the skin, whereas visceral fat surrounds the inner 

organs. In mice, BAT is mainly located in interscapular regions, whereas in humans, BAT is mainly found 

in cervical and supraclavicular regions  and along the spine (Saely et al., 2012) (Figure 1). 

 

Figure 1: Localisation of WAT and BAT depots in human and mice. Graphical scheme of white and brown adipocyte 

morphology. Taken over with permission from (Torres Irizarry et al., 2022) 

1.1.1. White Adipose Tissue 

WAT primarily serves as an energy storage and site of energy metabolism. Moreover, it functions as 

thermal barrier and mechanic cushion protecting the body from heat loss or mechanical trauma, 

respectively. Additionally, it is regarded as an endocrine organ which can secrete various factors to 

influence other organs and therefore whole body metabolism (Wronska and Kmiec, 2012).Leptin and 

adiponectin are two well established adipokines (Fantuzzi, 2005). Leptin is a protein which is produced 

and secreted by adipocytes and regulates food intake and bodyweight through hypothalamic pathways 

(Elmquist, 2001). Adiponectin is also secreted by white adipocytes an influences insulin sensitivity and 

glucose metabolism by stimulating fatty acid oxidation and decreasing plasma triglycerides (Bełtowski, 

2003). WAT contains mainly white adipocytes (WA). Those cells store energy in form of triglycerides 

(TG) in one large droplet (Figure 1). During periods of nutrient demand, these TG undergo lipolysis, i.e. 

enzymatic hydrolysis into glycerol and free fatty acids (FFA). The latter are transported to the periphery 

via blood vessels to supply other organs with energy. Vice versa, under nutrient excess FFA can be 
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taken up from the blood and reesterified into TG, which then fuse into the large lipid droplet. Apart 

from adipocytes WAT also contains multipotent stem cells, fibroblasts, pericytes, endothelial cells and 

infiltrating immune cells like macrophages (Wronska and Kmiec, 2012).  

1.1.2. Brown Adipose Tissue 

BAT functions as a thermogenic organ that increases energy expenditure and generates heat (Suchacki 

and Stimson, 2021). BAT is composed of brown adipocytes (BA, 60-70%) but also fibroblasts, 

endothelial cells or immune cells (Cinti, 2018). BA in contrast to WA store triglycerides in numerous 

small lipid droplets. They also contain high numbers of mitochondria, which give rise to their 

characteristic colour. BAT mitochondria express high levels of a protein called “uncoupling protein 1” 

(UCP1) which allows them to produce heat in a process termed non-shivering thermogenesis (NST). 

Exposure to cold leads to the activation of sympathetic nerves which release norepinephrine (NE) to 

stimulate β3- adrenergic receptors expressed on brown adipocytes. The β3 receptor is a Gs-protein 

coupled receptor which stimulates the adenylyl cyclase which generates cyclic AMP (cAMP). This in 

turn leads to the release of FFA which can activate UCP1 to create a proton leakage in the respiratory 

chain in the mitochondria: energy is released in form of heat. NST is especially vital for new-borns to 

sustain their body temperature (Cannon and Nedergaard, 2004). In humans, the amount of active BAT 

decreases with age to an overall prevalence of around 6% in adults. It is more frequent in women that 

in men and inversely correlates with a lower body mass index (BMI) (Becher et al., 2021).Even though, 

the amount and prevalence of BAT can be scarce, it can be induced of recruited by , for example, cold 

exposure to reduce body fat (Saito, 2013). Since a daily cold exposure to increase BAT amount might 

not be feasible, the identification of drugs to activate BAT are under great investigation. 

1.1.3. Beige Adipose Tissue 

In addition to WA and classical BA, a third type of adipocyte has been identified. These so-called beige 

adipocytes can arise de novo from adipose stem/progenitor cells residing in WAT or transdifferentiate 

from white to brown adipocytes  through a process called adipose tissue browning (Bartelt and Heeren, 

2014; Zoico et al., 2019). Well-known stimuli for browning are catecholamines released by the 

sympathetic nervous system (SNS) after cold exposure (Figure 1). Like BA, beige adipocytes also 

express UCP1, form multilocular lipid droplets and are mitochondria rich (Rui, 2017). Moreover, beige 

adipocytes influence whole body metabolism and can improve metabolic parameters (Kajimura et al., 

2015). Interestingly, also exercise (Stanford et al., 2015) or nutrients like fish oil or corn oil (Sharma 

and Agnihotri, 2020) can induce browning in WAT and therefore increase energy expenditure.  
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1.2. Skeletal muscle 

Skeletal muscle (SKM) is the largest organ in the human body and makes up to 40% of whole body 

mass (Hopkins, 2006). Its most obvious and main function is to convert chemical into mechanical 

energy to produce movement (Frontera and Ochala, 2015). However, SKM also plays a major role in 

energy metabolism: It stores substrates like amino acids and carbohydrates, produces heat for the 

maintenance of core body temperature and consumes great amounts of oxygen and energy during 

physical activity and exercise (Frontera and Ochala, 2015).  

SKM contains muscle cells, neurons, blood vessels and connective tissue (Broek et al., 2010). Muscle 

cells originate from satellite cells which represent the stem cell population in the muscle. They further 

differentiate into myoblasts which then fuse to multinucleated myotubes. Together, these myotubes 

form mature myofibers which contain the sarcomeres, the functional units of skeletal muscle. 

Myofibers are surrounded by the endomysium to create myofiber bundles which are further covered 

by the perimysium. The epimysium forms the outer fibrous layer and surrounds the complete muscle 

(Broek et al., 2010) (Figure 2). 

In general, muscle fibers are classified into four major types: Type I, type IIa, type IIb and type IIx 

(Schiaffino and Reggiani, 2011; Rivera-Brown and Frontera, 2012). However, in human SKM, type IIb 

has so far not been detected (Schiaffino and Reggiani, 2011). The fiber types differ in some 

characteristics like ATPase and oxidative enzyme activity, contraction or fiber-shortening velocity, and 

the amount of myosin heavy chain (MHC) isoforms. Type I fiber types are defined as the slow twitching 

type with an oxidative metabolic profile and expression of MHC Isoform I. They are fatigue-resistant 

and therefore appear in long duration athletes like marathon runners. Type II fibers are abundant in 

fast twitching motor units. Type IIa are fast twitching, fatigue-resistant fiber types which express MHC 

IIa. Type IIb are also fast twitching but fast fatigable. Type IIx have twitch properties comparable to IIa 

and IIb, and are intermediate in terms of fatigue resistance (Schiaffino and Reggiani, 2011). Those 

fibers can be found in SKM from weight lifters or sprinters (Rivera-Brown and Frontera, 2012). In any 

muscle, different fiber types coexist. The proportion of the fiber type can vary according to anatomical 

site, developmental state but also according to gender or species (Schiaffino and Reggiani, 2011).  

To generate force, the coordination of two processes must take place: excitation and contraction. In 

short, this process begins with a nerve stimulus and ends with the release of calcium from the 

sarcoplasmatic reticulum (SR), which allows actin and myosin to form cross-bridges (Frontera and 

Ochala, 2015). Muscle cells are stimulated by the neurotransmitter acetylcholine, which leads to the 

activation of their receptors and depolarizes the cell. The depolarization is recognized by voltage 

sensors and transferred into the cell via the transverse tubular. This leads to the opening of ryanodine 

receptors and the release of calcium from the SR. Calcium in turn binds to troponin C to open myosin-
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binding sites on actin. Hydrolisation of myosin bound ATP to ADP allows actin to slide past myosin 

which activates the contractile apparatus (Kuo and Ehrlich, 2015).  

  

Figure 2: Skeletal muscle structure. Taken over with permission from (Lecturio, 2022). 

1.2.1. Soleus muscle 

The soleus muscle is a calf muscle located at the lower back part of the leg. It originates from the upper 

tibia and is connected to the heel bone through the Achilles tendon. Together with the larger 

gastrocnemius muscle these calf muscles are sometimes also called the triceps surae (Figure 3). The 

soleus muscle is a powerful muscle which is active while walking, running and jumping. It functions to 

plantar flex the foot. It is mainly composed of slow-twitch, fatigue-resistant muscle fibers and can 

endure high contractions and workload for a long time (Brett Sears, 2022). Human soleus muscle 

contains 80% type I fibers (Gollnick et al., 1974). In mice the soleus muscle is mainly composed of type 

I (37%) and type IIa (39%) fibers (Augusto et al., 2017). Moreover, murine soleus muscle was shown to 

have the highest similarities with human muscle (Kho et al., 2006). Therefore, soleus muscle serves as 

an adequate model to study the effects of aging and exercise on SKM metabolism. 
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During activation, the soleus muscle takes up lipids and glucose and uses blood borne fuels and oxygen 

to fuel its energy demand. Just like BAT, the soleus represents only a small tissue, which could highly 

influence oxidative metabolism through its activation (Hamilton et al., 2022).  

Figure 3: Triceps surea physiology showing the location of gastocnemicus and Soleus muscle in the lower hind limb. Figure 

adapted from (westcoastsci, 2018a, 2018b) 

 

1.3. Obesity 

Obesity originates from an imbalance between energy intake and energy expenditure and results in 

the accumulation of excessive fat (World Health Organization, 2021). The BMI (weight in kg/height in 

m2) is the common parameter to measure obesity. It is a unisex scale which roughly describes the 

status of overweight and obesity: a BMI greater than or equal to 25 is described as overweight; a BMI 

greater than or equal to 30 is described as obese. Obesity is often described as pandemic (Roth et al., 

2004). It has tripled since 1975 so that in 2016 39% of adults were overweight and 13% were obese 

(World Health Organization, 2021). The main reasons for overweight are well-known: genetics, 

malnutrition and physical inactivity (Overweight & Obesity Statistics, 2023). Obesity will eventually 

increase the risk for many noncommunicable diseases like type 2 diabetes, heart disease, stroke, 

muscoskeletal disorders and some types of cancers (Abelson and Kennedy, 2004; World Health 

Organization, 2021) (Figure 4). This increased risk of illness does not only affect the individual wellbeing 

and quality of life but also the health-care system in terms of capacity and costs (Bray et al., 2016). 

Therefore, new therapeutics which can ameliorate obesity and improve metabolic health are of utmost 

concern. 
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Figure 4:Obesity, PA and Aging lead to an increased risk of noncommunicable diseases 

 

1.4. Physical Activity and Exercise 

Regular physical activity (PA) describes all kinds of movements like cycling, sports, walking, hiking and 

many more. Regular PA leads to obvious improvements like healthy body weight. Furthermore, it 

reduces the risk for mental disorders, multiple types of cancer, type 2 diabetes, hypertension and 

coronary heart disease. Especially in the elderly, PA improves mental and cognitive health and reduces 

the risk of falls (Sigal et al., 2004; World Health Organization, 2022b). Physical inactivity, on the other 

hand, increases the risk of all-cause mortality. It is the fourth leading risk factor of mortality worldwide 

and one of the top non-communicable diseases, like heart disease, stroke and diabetes (Figure 4). One 

in four adults does not meet the criteria for enough PA and as countries develop economically, this 

inactivity increases further (World Health Organization, 2022b). The WHO suggests that adults “should 

do at least 150-300 minutes of moderate-intensity aerobic PA or at least 75-150 minutes of vigorous- 

intensity aerobic PA throughout the week” (World Health Organization, 2022b). Luzak et al. report, that 

only 14% of german adults aged 48-68, meet these WHO PA recommendations and that PA was 

significantly lower among obese and older (>61 years) adults (Luzak et al., 2017).  

During PA or exercise, the muscle cells need energy which can be produced by either anaerobic 

(glycolytic) or aerobic (oxidative) pathways (Rivera-Brown and Frontera, 2012). Different types of 

sports require different energy sources. For example, anaerobic sports like short-track racing, tennis 
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or throwing acquire their energy through ATP-phosphocreatine and glycolysis. Carbohydrates provide 

energy for short-duration exercises or during the beginning of low-intensity exercise. As a side product 

during the anaerobic pathway lactic acid can accumulate which impairs force generation and leads to 

fatigue of the muscle. On the other hand, long-distance swimming and running leads to the activation 

of the oxidative system located in the mitochondria: Krebs cycle and respiratory chain lead to the 

formation of large amounts of ATP; much more than the amount produced in the glycolytic pathway. 

Sources that fuel the oxidative system are glycogen, FA which were broken down in β-oxidation or 

amino acids which can be converted to glucose (Rivera-Brown and Frontera, 2012).  

Exercise highly influences skeletal muscle metabolism. The muscle adaptations depend on the 

characteristics of the exercise and individual. For example, mild or moderate exercise can increase 

fatty oxidation 3- to 10- fold, and glucose uptake up to 20-fold compared to resting state (Turcotte and 

Fisher, 2008). In detail, performing 3 hours of knee extension resistance exercise showed higher levels 

of FA uptake up to 65% of maximal oxygen uptake (Turcotte and Fisher, 2008). Although acute exercise 

leads to molecular adaptations, only regular exercise can influence the muscle phenotype and improve 

exercise performance (Huh, 2018). Amongst others, this can be explained with adaptations in protein 

content. For examples, a 7-12 week endurance training was shown to increase protein levels of short-

chain, medium-chain and very long-chain acyl-CoA dehydrogenases and tricarboxylic acid cycle (TCA) 

enzyme citrate synthase which are involved in β-oxidation (Turcotte and Fisher, 2008).  

Furthermore, exercise influences insulin resistance and can therefore ameliorate type 2 diabetes. 

Richter et al. detected 2-fold higher levels of insulin stimulated glucose transport in exercised rats and 

humans compared to the sedentary state (Richter et al., 1982; Richter et al., 1989). Several clinical 

studies have shown, that regular PA can reduce the cumulative incidence of type 2 diabetes from 68% 

in the control group to 41% in the exercise group (Sigal et al., 2004).  

Research on exercise and PA aims to provide insights into the underlying mechanisms and its impacts 

on health and well-being. Especially in the context of aging, research on exercise helps to elucidate 

how PA can contribute to healthy aging, maintaining mobility and reducing the risk of chronic diseases. 

Understanding the physiological and metabolic effects of exercise helps to establish public health 

recommendations and clinical guidelines to improve overall well-being. 

1.5. Aging 

Increasing age is the major risk factor for numerous diseases like cardiovascular diseases, diabetes or 

depression and the portion of age-related disorders will increase even more in the next decades due 

to overall improvements in screenings, health-care and new therapeutic approaches. But longevity is 

not necessarily linked to improved fitness or a better quality of life. The percentage of multimorbid 
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and handicapped people will increase steadily and lead to a greater demand for geriatric therapies and 

a greater burden on our health-care systems (World Health Organization, 2022a).  

Aging is a complex process which affects all living beings and influences nearly every biological process 

(Rutledge et al., 2022). It can lead to damages, loss of functions and death in all cells and organs (Valdes 

et al., 2013). Aging is influenced by signalling pathway and metabolic changes over time, arising from 

environmental, epigenetic, post-translational, microbial and lifestyle changes. There are obvious 

physical changes like greying hair or flabby sagging skin. However, the molecular changes underlying 

these and other aging processes are only partially and poorly understood (Rutledge et al., 2022). 

Cellular senescence describes a state of permanent growth arrest which leads to the accumulation of 

dead cells. This will eventually lead to organ-wide disorders and dysfunctions. Especially the 

accumulation of reactive oxygen species (ROS) and dysregulated energy homeostasis are known 

molecular drivers for aging (Schosserer et al., 2018). The oxidative stress theory describes aging as a 

result of the accumulation of ROS which over time damages DNA, protein and lipids of all cells and 

organs. If the organism is able to rapidly degrade high amounts of ROS, this will improve cellular 

metabolic stage and can improve longevity (Schosserer et al., 2018). 

Aging research aims to understand the molecular changes in biological processes and to find risk 

factors and markers that lead to a healthier and/or longer life. With Omics technologies these complex 

changes on molecular and metabolic levels have started to be unravelled. The major goal is to find key 

regulators for “healthy aging”. 

1.5.1. Aging in Skeletal Muscle 

Skeletal muscle is strongly affected by aging: with increasing age, muscle mass, function and 

regenerative capacity decrease. This process is termed sarcopenia. It is a slow process which affects all 

humans, regardless of physical and mental fitness, but varies among individuals (Larsson et al., 2019). 

Sarcopenia not only reduces mobility and independent living but also promotes obesity and type 2 

diabetes (Cartee et al., 2016). Muscle strength is lost 2-5 times more rapidly than muscle mass (Mitchell 

et al., 2012): muscle mass declines 0,7-0,8% per year during the seventh and eighth decades of life, 

while 2-4% of muscle strength can be lost per year. Also lower limb muscle seems to be more affected 

than upper limb muscle (Distefano and Goodpaster, 2018).  

Aging leads to a number of structural and functional changes in skeletal muscle. For example, in soleus 

muscle of rats, a significant decline in the contractile properties of single soleus fibers are observed 

during aging (Thompson and Brown, 1999). Furthermore, the composition of muscle fiber types is 

changed: type II fibers decrease, whereas type I fibers stay rather unaffected (Williams et al., 2002). 

Moreover, the expression of MyHC IIa decrease significantly and MyHC IIx can only barely be found in 
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elderly muscle, whereas MyHC I expression increases (Mitchell et al., 2012). These morphological 

changes might be due to age-related changes in the central and peripheral nervous system. The 

gradual loss of motoneurons and the degeneration of neuromuscular junctions will eventually lead to 

a denervation of muscle fibers (Distefano and Goodpaster, 2018). Another vital age effect is the 

reduced mitochondrial capacity: aging results in a reduced number and density of mitochondria and a 

reduction in mitochondrial enzymatic activities and increased ROS production, which in turn negatively 

influences SKM function and bioenergetics. In addition, regenerative capacity is diminished and/or 

delayed in older muscle due to a reduction of satellite cell number and function (Sousa-Victor et al., 

2022). PA can positively influence this phenomenon: endurance and resistance exercise can elevate 

the number of satellite cells in old animals and subjects, and trained mice show improvements in 

vascularization. PA also stimulates mitochondrial biogenesis by the increase in peroxisome 

proliferator-activated receptor γ coactivator 1α (PGC1α), a key regulator of myogenesis (Distefano and 

Goodpaster, 2018).  

Another hallmark of aging is reduced endocrine function: Circulating levels of hormones and cytokines 

are changed. For example, levels of steroid hormones decrease, especially a decline of testosterone 

levels could be related to sarcopenia. Chronic inflammation and an increase in proinflammatory 

cytokines could be another trigger for loss of muscle mass and strength. Especially Interleukin-6 (IL-6) 

and Insulin-like growth factor I (IGF-I) might influence the risk of disability and immobility (Cappola et 

al., 2003). 

A better understanding of the underlying molecular changes involved in muscle aging is imperative, 

given the growing number of elderly population to improve prevention and therapy of sarcopenia in 

the future. 

1.5.2. Aging in adipose tissue 

In the course of aging, adipose tissue undergoes significant changes in both size and distribution. Older 

adults tend to accumulate more overall fat, particularly within the intra-abdominal visceral white 

adipose tissue. At the same time, there is a reduction in brown and beige fat, which contributes to 

issues with body temperature regulation and energy balance (Ou et al., 2022). Notably, a similar 

dysregulation of energy homeostasis in adipose tissue can also be observed in obesity. The additional 

amount of white adipose tissue is mostly characterised by chronic inflammation and lipotoxicity 

(Schosserer et al., 2018). The chronic state of low grade inflammation is known as metaflammation, or 

in the context of aging, often described as inflammaging (Fülöp et al., 2019). The combination of a 

persistent activated immune-system plus the accumulation of senescent cells and epigenetic 

rearrangements, elevates the risk for further diseases like cardiovascular events, type 2 diabetes or 

arthritis (Prattichizzo et al., 2018; Mancuso and Bouchard, 2019). Two major drivers of the 
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inflammatory state are gluco- and lipotoxicity. Under healthy conditions, glucose and dietary lipids are 

taken up from the blood and processed by the adipose tissue. If this system is overfilled, it can increase 

ROS production which promotes proinflammatory kinases, NF-κB induction, overexpression and 

activation of Toll-like receptors (TLRs) and many other responses (Prattichizzo et al., 2018). 

With age, the amount of functional BAT decreases which negatively influences whole body energy 

expenditure (Schosserer et al., 2018; Mancuso and Bouchard, 2019). Not only the amount, but also the 

activity and capacity for heat production and the rapidity of activation decline with age (Rogers, 2015). 

Morphologically a whitening of BAT can be observed, which describes a WA infiltration into BAT 

depots. Potential reasons for the reduced amount and activity of BAT could be an age-related 

downregulation of adrenergic receptor expression and a pronounced loss of UCP1 expression (Cannon 

and Nedergaard, 2004). Also decreased levels of positive BAT regulators like growth hormones, 

estrogens, androgens or thyroid hormone can be observed during aging (Rogers, 2015).  

With increasing age human adipose stem cell proliferation and differentiation potential is diminished 

(Schosserer et al., 2018). Also the adipocytes endocrine function can be reduced leading to an altered 

secretome: free fatty acids are secreted and the expression of the two adipokines leptin and 

adiponectin are reduced. This leads to altered insulin sensitivity and fatty acid oxidation and 

furthermore influences neighbouring (pre-) adipocytes (Mitterberger et al., 2014). Eventually, this 

alters whole body health and further promotes aging. Especially in BA but also in WA, mitochondria 

are the key organelles and site of energy turnover. Mitochondrial gene expression and functionality is 

restricted during aging which can be measured in reduced oxygen consumption and reduced UCP-1 

activity (Yamashita et al., 1994; Valle et al., 2008). Yamashita et al. showed that total mitochondria 

protein content (mg/g tissue) was reduced to 60% in old rats compared to young rats. Also they 

detected a 70% less thermogenic capacity and activity (GDP binding) in mitochondria from old rats 

(Yamashita et al., 1994). To date, the reasons for these changes are still under investigation. Since aging 

in WAT and BAT negatively regulates energy expenditure and whole body metabolism, understanding 

the underlying molecular processes is a promising approach to identify novel future interventions 

which can slow down the process of aging in the two tissues (Schosserer et al., 2018). 

1.6. cAMP Signaling 

Cyclic adenosine 3’-5’ monophosphate (cAMP) is an important second messenger found ubiquitously 

in nearly every organism and cell type, where it regulates many biological processes like cell growth, 

differentiation, gene transcription or mitochondrial homeostasis upon others (McKnight, 1991; 

Lefkimmiatis and Zaccolo, 2014).  
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cAMP abundance is mainly regulated by G-protein coupled receptors (GPCR) coupled to either Gαs or 

Gαi proteins. After the stimulation of Gαs coupled GPCRs a transmembrane adenylyl cyclase (AC) is 

activated which converts ATP to cAMP (Fig. 4). Gαi coupled receptors on the other hand, inhibit ACs 

and thereby cAMP production. cAMP has three main effector proteins: the cAMP-dependent protein 

kinase A (PKA), the exchange protein activated by cAMP (Epac) and the cyclic-nucleotide-gated ion 

channels (CNG) (Lefkimmiatis and Zaccolo, 2014). Moreover, cAMP is not exclusively formed by 

transmembrane AC, but also by one soluble AC which can be found in different cell compartments like 

nucleus or mitochondria (Fig. 4) (Tresguerres et al., 2011). cAMP is degraded to AMP by 

phosphodiesterases (PDE) which terminates the signal (Figure 5).  

Overall, cAMP signalling varies highly between species and cell types, depending on the composition 

of GPCRs, G proteins, ACs and PDEs (Berdeaux and Stewart, 2012).  

 

Figure 5: cAMP signaling microdomains. Taken over with permission from (Tresguerres et al., 2011) 

To study cAMP regulated pathways and downstream effects, the adenylyl cyclase activator Forskolin 

(FSK) is often used (Melzig and Alasbahi, 2012). This compound can be isolated from the roots of 

Plectranthus barbauts. It activates transmembrane ACs in a direct, rapid and reversible manner. 

(Berdeaux and Stewart, 2012).  

1.6.1. cAMP signalling in adipose tissue 

In all kind of adipocytes – brown, white, beige – cAMP is a key signalling molecule that regulates 

function and differentiation, primarily via activation of PKA (Guilherme et al., 2023). For example, 

hormone-sensitive-lipase and perilipin A are important targets of PKA. PKA-mediated phosphorylation 

induces translocation of the lipase to the surface of lipid droplets and enhances its catalytic activity 

facilitating lipolysis. The released FFA activate UCP1 (Figure 6). The cAMP/PKA pathway also regulates 

UCP1 expression through p38-mitogen-activated protein kinase (Tong and Hotamisligil, 2001; Reverte-

Salisa et al., 2019). Moreover, apoptosis of adipocytes is blocked by PKA mediated activation of tyrosin 

kinase like Src, which in turn activates MAP kinases. cAMP promotes adipogenesis by activating the 

master transcription factor CREB, which initiates a transcriptional cascade resulting in the expression 
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of adipogenic genes (Reverte-Salisa et al., 2019). For example, CREB binds to and activates the 

promotors of C/EBPβ, C/EBPδ and AP2 (Tong and Hotamisligil, 2001). The main function of cAMP in 

WA is to induce lipolysis to release FA into the blood stream, which can then fuel the energy demand 

of peripheral organs. In BAT on the other hand, cAMP induction mainly results in the oxidation of FA 

and the production of NST. Upon cAMP induction, both white and brown adipocytes are able to secrete 

various protein and metabolites which can in turn modulate metabolism in an auto-, para-, or 

endocrine manner (Guilherme et al., 2023). Most recently, cAMP has also been shown to regulate 

brown fat growth via Epac1 (Reverte-Salisa et al., 2024). 

 

Figure 6: cAMP function in the adipose tissue. Taken over with permission from (Luijten et al., 2019) 

 

1.6.2. cAMP signalling in skeletal muscle 

cAMP signalling is vital for full functionality of SKM and can be induced by several ligands, like 

epinephrine and norepinephrine, adenosine, IL6 or also prostaglandin E1. Consequently, the associated 

receptors are also expressed: β1 and especially β2-AR are highly expressed in myofibers and are 

activated during exercise. Myoblasts and myofibers also express Adenosine receptors A2A and A2B 

which activate CREB and protect the muscle during ischemia (Zheng et al., 2007). Another group of Gs 

protein-coupled receptors in myoblasts are the prostaglandin receptors EP1, EP2 and EP3, whose 

activation leads to the fusion of myoblasts (Zalin and Leaver, 1975; Kim and Sainz, 1992; Zheng et al., 

2007; Kelly et al., 2009; Berdeaux and Stewart, 2012). 
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As an acute effect, cAMP regulates contractility, glycogenolysis, calcium signalling and complete 

recovery after contraction. Rudolf et al showed that the stimulation of murine tibialis anterior skeletal 

muscle with the β-adrenergic agonist isoproterenol, led to a marked increase in cytosolic cAMP levels 

accompanied by an increased Ca2+ release from the SR (Rudolf et al., 2006). Adrenergic stimulation of 

skeletal muscle is also known to induce hypertrophy (Kim and Sainz, 1992). Short- and long-term 

treatment of rat soleus muscle with the β2-adrenergic agonist clenbuterol showed the attenuation of 

protein degradation which could in turn attenuate muscle atrophy (Silveira et al., 2014). More long-

term effects of cAMP signalling are increased myofiber size and promotion of myocyte differentiation, 

as well as migration and fusion of myoblasts during muscle repair (Berdeaux and Stewart, 2012).  

The induction of cAMP with the adenylylcyclase activator forskolin is widely used to study signalling 

pathways. Furthermore it serves as a model for in vitro exercise (Carter and Solomon, 2019).  

1.7. Adipokines, batokines and myokines 

The terms “adipokines”, “batokines” and “myokines” derive from the term “cytokines” and describe 

factors which are secreted from WAT, BAT or SKM and allow the interaction and communication 

between different cells and organs (Bełtowski, 2003; Zhang and An, 2007). These factors can be small 

proteins, metabolites, lipids or microRNAs which are released from cells and act in an auto- or 

paracrine way.  

Villarroya et al. summarize the importance of batokines as follows: “As BAT dissipates metabolic energy 

as heat, and actively uses lipids and glucose for oxidation, molecules secreted by activated BAT might 

be expected to support these functions and coordinate BAT activity with systemic metabolism” 

(Villarroya et al., 2017). The first discovered batokine was fibroblast growth factor 21 (FGF21), which 

can be released by BAT after thermogenic activation to increase glucose uptake in BAT and browning 

of WAT (Yang and Stanford, 2022). Another small peptide is IL-6 which is a known batokine to signal 

from BAT to the liver to improve glucose tolerance and insulin sensitivity (Stanford et al., 2013). Mills 

et al. have furthermore shown that brown and beige adipocytes can ameliorate liver inflammation by 

the clearance of succinate from the circulation (Mills et al., 2021). Batokines also influence BAT itself: 

Recently, the purines adenosine and inosine were shown to be released by brown adipocytes and in 

turn stimulate thermogenic activation and energy expenditure (Gnad et al., 2014; Niemann et al., 

2022). Under thermoneutrality, BAT can release the batokine myostatin which acts on skeletal muscle 

and reduces exercise capacity (Yang and Stanford, 2022).  

IL-6 is not only released by BAT but also by SKM after exercise. It is described as an “exercise-factor” 

which accounts for exercise-induced adaptations in different organs (Pedersen and Febbraio, 2008). 
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Furthermore, exercise elevates the secretion of the myokine irisin which can induce muscle 

metabolism and also browning of WAT (Boström et al., 2012; Huh, 2018). 

BAT, WAT and SKM are all cytokine-producing organs which can lead to systemic and metabolic 

adaptations (Villarroya et al., 2017; Huh, 2018). So far, only little is known on how aging affects the 

ability of these organs to produce and secrete their bato- and myokines. The identification of bato- 

and myokines which can improve metabolic health, would be of great interest for drug development.  

1.8. Metabolomics 

1.8.1. Omics Technologies 

Omics technologies are large scale, high-throughput analyses that can map genetic or molecular 

changes in biological samples to provide great amount of information on distinct profiles. Common 

omics like genomics, transcriptomics, proteomics or metabolomics are widely used to characterize the 

genome, transcriptome, proteome or metabolome (Figure 7). Omics aim to analyse biological 

networks and organization at different levels by combining multidisciplinary bioanalytics with 

biostatistics and informatics (Junot et al., 2014).  

 

Figure 7: Omics analysis: From genomics to metabolomics. Adapted from (Zhao and Lin, 2014). 

1.8.2. Metabolome and Metabolomics 

Metabolites are defined as small molecules with low molecular weight (<1500 Da) like lipids, amino 

acids, sugars and carbohydrates, nucleotides, vitamins and more.  The metabolome is the global set of 

endogenous molecules which can be found in a given biological sample and condition (Zhang et al., 

2012).Metabolites can also originate from foods or other exogenous sources that are consumed or 

from microorganisms in the body (Barnes et al., 2016) 
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Metabolomics describes the identification of all metabolites in a biological sample (Idle and Gonzalez, 

2007; Patti, 2011). It is a powerful tool to systematically screen for a high number of various 

metabolites and can be used to identify the regulation and role of metabolites regarding influences of, 

for example genetics, lifestyle, sex, age or dietary factors. To identify and quantify metabolites, 

powerful analytical tools with high resolution and high sensitivity are required. This was only made 

possible by the developments in analytical chemistry from low resolution to high resolution 

instruments (Idle and Gonzalez, 2007; Junot et al., 2014). 

Typically, high resolution approaches like NMR, HPLC/UHPLC coupled to MS or GC-MS are used to 

detect numerous metabolites within a small amount of time. Every method has its advantages and 

disadvantages: NMR can be used for bulk metabolites, GC-MS for volatile metabolites and LC-MS for a 

wide range of polar to unpolar compounds (Zhang et al., 2012).  

In general, there are two different types of metabolomics: targeted and untargeted (Patti, 2011; 

Bingol, 2018).  

Using a targeted approach, a limited number of known metabolites are determined and quantified 

using exogenious standards. With the untargeted approach a large number of unknown metabolites 

are identified by comparing the relative abundancies of these molecules in different samples. After the 

samples are run, the spectra will be analysed using online libraries to identify the single molecules. 

This is a semi-quantitative approach,as the metabolite levels are only comparable within on sample 

set to see if levels are up- or down regulated (Dettmer et al., 2007; Bingol, 2018). 

1.9 UPLC/MS-MS 

Ultra-high performance liquid chromatography (UPLC) is a standard sample separation technique that 

separates molecules due to their chemical properties between a mobile phase (eluent) and the 

stationary phase of a column (Rathod et al., 2019). Based on the molecules’ chemical structure 

(polarity and size) they will be retarded on the column which leads to different retention times (Rt) of 

each molecule. Additionally, the composition of the mobile and stationary phase both influence the 

sample separation. UPLC systems operate at a very high pressure which allows a short time analysis 

(Kang, 2012). 

After the separation, the molecules are analysed in the MS, where they are turned into ions by e.g. 

Electrospray Ionization (ESI) in an ion source, or by matrix-assisted laser desorption/ionization 

(MALDI). This leaves the molecules with either a positive or negative charge, which is vital for the MS 

analysis, as non-ionic particles will not be detected by the MS. The MS sorts the ions according to their 

mass-to-charge ratios (m/z) and measures the relative abundance of each ionic species. When the ions 

reach the detector, they are quantitatively converted into a measurable electrical signal. In the MS2 
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(two consequent MS analysators), ions can be separated and proceeded to ion fragmentation which 

gives in-depth information of the molecules’ structure (Kang, 2012; Rathod et al., 2019). 

1.9.1 High Resolution Mass Spectrometry 

The field of metabolomics was only made possible by the development of high resolution und highly 

sensitive machines. Mass spectrometers can measure the m/z of ions, by forcing them into an electric 

or magnetic field. The power of a mass spectrometer is defined by its resolution, the ability to separate 

ions with close m/z ratios. For a proper determination, it should provide a mass accuracy level below 

5 ppm and a mass resolution over 10.000 (m/Δm) (Marshall and Hendrickson, 2008). For biochemical 

applications these commonly used analyzers are time-of-flight (TOF) and Fourier transformation (e.g. 

orbitrap) instruments which can be coupled to liquid chromatography (Marshall and Hendrickson, 

2008).  

1.9.2 Orbitrap Exploris 120TM Mass Spectrometer 

The Orbitrap Exploris consists of an ESI ion source, Stacked Ring Ion Guide (S- Lens), Advanced 

Quadrupole Technology (AQT), C- Trap, Ion Routing Multipole and the High Field Orbitrap Mass 

Analyzer (Fig. 2).  

 

Figure 8: Schematic Orbitrap Exploris 120TM set up. Adapted from Orbitrap Exploris Series Operating Manual (P/N 

BRE0014471, Revision E) 
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After the molecules have been separated on the UPLC and ionized in the ion source, they are passing 

the S- lens. This allows high ion transmission, removal of solvent vapour and focusing and transmission 

of the ions. The AQT is used for precursor isolation and the Ion Routing Multipole leads to the 

fragmentation of the ions (Yan et al., 2022). 

The OrbitrapTM mass analyser is an ion- trapping device built of a central spindle- shaped electrode and 

two outer electrodes which detect the image current and establish the ion- trapping field. Once the 

ions enter the analyser they will start to oscillate around the central electrode, then the image current 

is received and generates the mass spectrum. The C- Trap regulates the number of ions entering the 

analyser (Yan et al., 2022).  

1.10. Metabolomics in Aging and Exercise  

A number of studies have been conducted to analyse the aging metabolome. In 2008 (Lawton et al.) 

observed significant changes in the plasma levels of metabolites related to protein, energy and lipid 

metabolism and oxidative stress with increasing age. For example, they found that the levels of 

essential and non-essential amino acid were higher in the elderly group. Furthermore, they detected 

higher levels of a number of fatty acids and citric acid cycle intermediates in the older group (Lawton 

et al., 2008). In a two-population based study serum samples from male and female participants from 

different ages were analysed. The authors could identify a set of 11 (women) and 12 (men) metabolites 

associated with incomplete mitochondrial fatty acid oxidation which were associated with age. These 

five metabolites were changed in both male and female samples: the acylcarnitines C12:1 and C18:1, 

the amino acids histidine and tryptophan and the phosphatidylcholine acyl-alkyl PC ae C36:1 (Yu et al., 

2012).  

Uchitomi et al. analysed whole gastrocnemicus muscle homogenate from young and old mice and 

showed significant changes in glucose, phospholipid and polyamine metabolism (Uchitomi et al., 

2019). Another study from Tokarz et al. analysed the impact of age, dietary interventions and exercise 

in young and old mice. Among others, they identified arginine and lysine metabolites to be 

downregulated and various ceramides and acylcarnitines to be upregulated in skeletal muscle from 

aged and high fat diet-fed mice (Tokarz et al., 2021). 

Various studies on how exercise influences whole body metabolism have been made. These studies 

conclude that PA induces quantifiable changes in the metabolome (Kelly et al., 2020). Generally, PA 

induces changes in fatty acid metabolism, mobilization and lipolysis, TCA cycle, glycolysis, amino acid 

metabolism, carnitines, purines and cholesterols.  Schranner et al. reviewed 27 publications and report 

that lactate and pyruvate increase whereas formate and the sugar rhamnose are decreased after one 
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bout of exercise. Furthermore, they report that, among others,  TCA cycle intermediates, free fatty 

acids, acylcarnitines or purines  are upregulated after exercise (Schranner et al., 2020). 

The majority of metabolomics studies is performed with blood or urine samples rather than with 

samples from the tissue itself (Kelly et al., 2020; Schranner et al., 2020). This may give insights into 

bigger metabolic adaptations, but the underlying biological processes remain under-investigated. 

Meanwhile, also whole tissue homogenates or cell culture lysates are used for metabolomics analyses 

(Gohlke et al., 2019; Kumar et al., 2020; Tokarz et al., 2021; Whitehead et al., 2021). This allows the 

interpretation of metabolite dynamics within the cell or tissue itself but gives no information about 

the secretion of metabolites. Furthermore, the studies often do not contain any stimulus on the tissue 

or the stimulus/exercise is not directly before the tissue biopsies are taken. A direct stimulation right 

before the sample preparation is of great importance, if not only the resting but also the activated 

metabolic profile shall be analysed. The analysis of secreted metabolites under unstimulated and 

stimulated conditions is of great importance to understand the auto-and paracrine influence and 

therefore the cross-talk between a donor and a receiving organ.  
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2. Aim and Objectives 

Obesity, Physical Inactivity and Aging are three major and related health threats affecting a large part 

of the worldwide population. Consequently, combating these threats has to be addressed globally, 

highlighted by the strategy on diet, PA and health of the WHO. This strategy’s main objectives are to 

reduce risk factors for chronic diseases, increase awareness and understanding about diet and PA, 

monitor and promote research and develop policies and action plans to improve diets and PA (WHO, 

2004). 

Overall, most of the literature focus on the potential parameters of individual signalling pathways that 

cause, impact, and/or worsen obesity, exercise/physical inactivity, or aging. However, not much is 

known about metabolome profiles from adipose tissue and skeletal muscle in the context of aging and 

with regard to stimulation with the central signalling molecule of fat and muscle cAMP. 

In this PhD Thesis the influence of aging and exercise on the cAMP regulated metabolome was analysed 

to answer the following research questions: 

1. To what extent can secreted metabolites from murine and human skeletal muscle and adipose 

tissue biopsies be characterised using untargeted metabolomics? 

2. Are there differences in the secretome profile of adipose tissue and SKM between young and 

old mice? 

3. Which influence does cAMP stimulation have on the secretome of young and old mice? Which 

tissue and which age group is most affected? 

4. Which metabolites are the most regulated by age, or by cAMP stimulation? Are there 

metabolites which are exclusively released from young/old or treated/untreated samples? 

5. Which influence does exercise and aging have on the human secretome of skeletal muscle? 
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3. Materials and Methods  

 

3.1. General Chemicals, Materials and Equipment 

The majority of all chemicals and materials was purchased from ThermofisherScientific (Massachusets, 

USA), Agilent Technologies (California, USA), Water Corporation (Massachusets, USA), VWR Chemicals 

(France), Sarstedt (Nümbrecht). All plastic laboratory ware (e.g. Micro Tubes, 6-, 12-well plates, tissue 

culture flask, conical tubes 15mL, 50mL) was purchased from Sarstedt (Nümbrecht). 

This list provides general chemicals, materials and equipment that were used: 

 Autoclave, Varioklav 135 T (Faust) 

 Centrifuge 5430 R (Eppendorf) 

 Forskolin (Sigma Aldrich, Cat. No. F6886) 

 Thermomixer comfort (Eppendorf) 

 Dimethylsulfoxid (Roth) 

 Milli-Q Water Purification System (Merck EMD Millipore) 

 Ministar Silver Centrifuge (VWR) 

 Nanodrop200 Spectrophotometer (ThermoScientific) 

 Pipet Boy acu 2 (Integra) 

 Vortex (VWR) 

 Ranin Pipete Lite XLS Size, L2, 20, 200, 1000 (Mettler Toledo) 

 Ranin Pipete Filter Tips BioClean Ultra TM Size: 20,200,1000 µL (Mettler Toledo) 

 Preparation tools scissors, forceps (Fine science tools) 

HEPES Buffer; pH adjusted to 6.8-7,2 

Component Final concentration (mM) 

NaCl 125 mM 

KCl 4,8 mM 

CaCl2 x 2 H2O 1.3 mM 

HEPES 25 mM 

Glucose 5,55 mM 

 

3.2. Animal experiments: 

3.2.1. Housing: 

Wildtype (WT) male C57Bl/6 mice were housed under specific- pathogen- free conditions at the 

“Genetisches Ressourcen Centrum” at the Life & Medical Sciences Institute at University of Bonn. All 
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mice were kept under a 12-hour light/ darkness cycle (06:00- 18:00; 18:00- 06:00) and fed standard 

chow and water ad libitum. 

Alternatively, male C56Bl/6 mice were purchased from Charles River Laboratory at similar age. 

Mice were sacrificed for organ isolation at an age of either 6 weeks or 18-19 months. 

3.2.2. Isolation and treatment of sample tissues: 

Soleus muscle, interscapular BAT and WATi were dissected from each mouse. Soleus muscle tissues 

were taken from both legs; one tissue was handled for one condition (1x Control, 1x Forskolin 

stimulation). BAT and WATi were cut into two pieces (1x Control, 1x Forskolin stimulation). Tissue 

weights were noted for data normalization. 

Tissues were then transferred into a 2 mL Eppendorf tube and washed with 200 µL HEPES. Afterwards 

either 200 µL of pure HEPES-buffer or 200 µL of a 30 µM Forskolin-HEPES-solution was added to the 

samples and incubated on a thermomixer at 37°C for 30 minutes. The supernatant was used for further 

metabolomics analysis; the tissue was immediately frozen at -80°C. 

3.3. Human soleus biopsy preparation 

3.3.1. MALICoT Study  

The sampling and analysis of human soleus biopsies was done in collaboration with Prof. Dr. med. Jörn 

Rittweger, Deutsches Institut für Luft- und Raumfahrt (DLR), Institute of Aerospace Medicine. DLR 

carried out the study „Master Athletic, Laboratory Study of Intramuscular Connective Tissue” short 

MALICoT. The study received ethical approval (Ärztekammer Nordrhein, lfd. Nr. 2018269) and was 

registered at the German clinical trials register (www.drks.de, registration number DRKS00015764) 

prior to the start of the study. MALICoT study was conducted at the DLR, Institute of Aerospace 

Medicine, Linder Höhe, Cologne. For the study, healthy male volunteers were recruited which had to 

be of specific age and training status. The inclusion criteria were either young (20-35 years old) or old 

(60-75 years old) and BMI ≤25 kg/m². Furthermore, the participants had to be either untrained or 

trained. Untrained was defined as little or no physical activity: ≤25 metabolic units of physical activity 

per week. Trained was defined as training ≥4 hours per week and the participation in track and field 

competitions like jumping, sprinting, or throwing events. The following numbers of participants were 

included for metabolomic analysis: young untrained: n=12, young trained: n=10, old untrained: n=11, 

old trained: n=7.  Detailed parameters about the study participants is displayed in Table 1. The study 

was performed between September 2020 and May 2021. Due to the SARS-CoV-2pandemic, the 

recruitment and study realisation was restricted and delayed.  

http://www.drks.de/
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Table 1: MALICoT Study participant parameters: n (number of participants), age, height, bodyweight, BMI and body fat of all 
participants. Values are displayed as median (except for n). 

Parameter young_untrained young_trained old_untrained old_trained 

n 12 10 11 7 

Age [years] 29,5 23 65 63 

Height [cm] 183,9 180 180 180 

Bodyweight [kg] 77,0 79,3 81,1 74,9 

BMI [kg/m2] 22,9 23,2 25,8 23,6 

Body Fat [%] 15,0 9,8 24,4 8,7 

 

3.3.2. Muscle Biopsy 

Tissue samples were obtained from the soleus muscle by Prof. Dr. med. Jörn Rittweger. The sampling 

was done under sterile conditions with local anaesthesia (Lidocain 1%). A 12 mm incision was made 

into the skin and fascia, and the biopsy was obtained with a biopsy rongeur (Ferr. Smith, Fa. Zepf, 

Dürbheim). After the removal of the tissue, the wounds were closed by intracutaneous suture and 

covered with a sterile plaster.  

3.3.3. Sample Treatment 

The obtained soleus biopsy was cut into two pieces (1x Control, 1x Forskolin treatment). Tissue weights 

were noted for data normalisation. Tissues were then transferred into an 1,5mL Eppendorf tube and 

washed with 200 µL HEPES. Afterwards, either 200 µL of pure HEPES- Buffer or 200 µL of a 30 µM 

Forskolin-HEPES-Solution was added to the samples and incubated on a thermomixer at 37°C for 30 

minutes. Next, the tissue was immediately frozen at -80°C. The supernatant was inactivated by heat at 

67°C for 10 minutes and then frozen at -80°C.The supernatant was used for further metabolomics 

analysis. 

 

3.4. Untargeted metabolomics 

 

3.4.1. Materials and equipment 

 Acetonitrile (UPLC/MS-CC/SFC, Biosolve) 

 AccucoreTM C30 (2,6 µm, 2,1mm x 150mm, ThermoFisher scientific) 

 AccucoreTM Defender guards (2,6 µm, 2,1 mm x 10 mm, ThermoFisher scientific) 

 Ammonium acetate 99%, Ammonium formiate (VWR Chemicals) 

 ddH2O (Milli-Q Water Purification System) 

 Cortecs®UPLC®C18 (1,6 µM, 2,1 mm x 150 mm, Waters) 

 Elmasonic S 60 H, Elma 
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 Filter Vials 0,2 µm PES 

 Formic acid 99% (VWR Chemicals) 

 InfinityLab Deactivator Additive 

 InfinityLab Poroshell 120 HILICz (2,7 µm, 2,1 mm x 150 mm, Agilent Technologies) 

 Methanol (VWR Chemicals) 

 Orbitrap Exploris 120 (ThermoFisher Scientific) 

 SureStartTM CAP AVCS TM Screw 0,3 mL 

 SureStartTM Vial 0,3 mL 

 UHPLC Guard InfinityLab Poroshell 120 HILICz (2,7 µm, 2,1 mm x 5 mm, Agilent Technologies) 

 Vanquish Flex System, ThermoFisher Scientific 

 

Untargeted metabolomics was performed with an UHPLC system coupled to a high-resolution Orbitrap 

mass spectrometer (Vanquish Flex, ThermoFisher Scientific, Orbitrap Exploris 120, ThermoFisher 

Scientific). For data analysis Thermo Scientific Xcalibur v.4.4.16.2 software was used. 

The applied methods and settings have been established in our lab relying on our preliminary 

experiments to cover a broad range of analytes. Several conditions regarding LC and MS/MS settings 

have been tested. All applied settings were those which have performed best in our hands.  

Column settings have been chosen according to manufacturers’ information. 

3.4.2. Sample preparation: 

Fresh supernatant from tissue explants was taken and either immediately mixed with ice-cold ACN (1:5 

(v/v), total volume 300 µL) or was heatshock inactivated (67°C, 10 min) and mixed with ice-cold ACN 

(1:5 (v/v), total volume 300 µL) prior to sample analysis depending on the sued separation method. All 

samples were stored at -80°C until analysis. Before metabolomics analysis samples were filtered using 

0,2 µm nano filter vials and then stored in the 4°C-tempered auto-sampler. 

3.4.3. Liquid Chromatography: 

Prepared samples were analysed using three different columns: Agilent HILICz, Waters Cortecs C18, 

ThermoFisher Scientific Accucore C30. The combination of the three different columns allows the 

analysis of a broad range of polar and unpolar metabolites: Hydrophilic interaction liquid 

chromatography (HILIC) allows the separation of polar analytes and ionic metabolites (Xu et al., 

2007).C18 and C30 are reverse phase columns. Reversed-phase LC methods are widely used for the 

identification of unipolar and hydrophobic metabolites and biomarkers (Patti, 2011). C30 columns are 

designed for the separation of hydrophobic, long-chain, structural isomers. C18 has shorter carbon 

chains than C30 and is therefore an intermediate column. The combination of the complementary RP 
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and HILIC methods allows a broad metabolite coverage (Patti, 2011). The applied conditions and 

settings are displayed in Table 2; the gradient profiles in Table 3 -Table 8. Solvents were degassed with 

ultrasonication before being used.  

Quality controls (QC): Two types of QC were used to monitor sufficient stability of the system 

throughout the whole measurement: A) matrix blank sample to remove background noise, and B) 

pooled sample put together from all individual samples to control intrarun accuracy. Furthermore, QC 

were used for spectral integration and processing (see section 3.4.5).  

Table 2: UHPLC and column parameters applied for untargeted metabolomics 

Column Column 
Chamber 
Temperature 

Injected 
sample 
volume [µL] 

Flow[µL
/min] 

Average 
column 
pressure 

Ionization 
mode 

Solvent A Solvent B 

HILICz 45°C 25 250 200-300 
bar 

positive H2O+ 10 mM 
Ammoniumformiat
+ 0,1% FA 

ACN+ 10% H2O+ 
10mM 
Ammoniumformiat
+ 0,1% FA 

HILICz 45°C 25 250 200-300 
bar 

negative H2O+ 
Ammoniumacetat 
(pH=9)+ Deactivator 

100% ACN 

C18 30°C 3 250 600-800 
bar 

positive H2O+ 0,1% FA ACN+ 0,1% FA 

C18 30°C 3 250 600-800 
bar 

negative H2O + 10 mM 
Ammoniumacetat 
(pH=7) 

ACN+ 10% H2O+ 
10mM 
Ammoniumacetat(p
H=7) 

C30 60°C 3 400 400-500 
bar 

positive H2O+ 0,1% FA ACN+ 0,1% FA 

C30 60°C 3 400 400-500 
bar 

negative H2O+ 10 mM 
Ammoniumacetat 
(pH=9)+ Deactivator 

100% ACN  

 

Table 3: Gradient profile for HILICz positive mode 

Time [min.] Gradient 

0-3 87% B 

3-11 87% B to 59%  B 

11-12 59% B to 49% B 

12-16 49% B to 29% B 

16-18 29% B 
 

Table 4: Gradient profile for HILICz negative mode 

Time [min.] Gradient 

0-2 80% B 

2-5.5 80% B to 73%  B 

5.5-8.5 73% B  

8.5-9 73% B to 71% B 

9-12 71% B 
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Table 5: Gradient profile for C18 positive mode 

Time [min.] Gradient 

0-2 5% B 

2-10 5% B to 100%  B 

10-12 100% B 

12.00-12.01 100% B to 5% B 

12.01-14.00 5% B 

 

Table 6: Gradient profile for C18 negative mode 

Time [min.] Gradient 

0-2 5% B 

2-9 5% B to 100% B 

9-11.5 100% B 

11.5-11.6 100% B to 5% B 

11.6-14.00 5% B 

   

Table 7: Gradient profile for C30 positive mode 

Time [min.] Gradient 

0-2 5% B 

2-10 5% B to 100% B 

10-14 100% B 

14-14.1 100% B to 5% B 

14.1-20 5% B 

 

Table 8: Gradient profile for C30 negative mode 

Time [min.] Gradient 

0-2 3% B 

2-10 3% B to 100% B 

10-14 100% B 

14-14.1 100% B to 3% B 

14.1-20 3% B 

 

3.4.4. Mass Spectrometry 

Samples were identified using and Orbitrap Exploris 120 instrument. The following settings were 

consistent in all sample analyses: 

 Ion Source Type: H-ESI 

 Internal Mass Calibrant: Easy-ICTM 

 Orbitrap Resolution: 60.000 
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 Scan Range (m/z): 100-1500, 50-750 (HILICz) 

 RF Lens: 70% (C18), 85% (C30), 90/100% (HILICz) 

 Intensity threshold: 1.0e3 

 Mass Tolerance: +/- 5ppm 

 ddMS2: Isolation window= 1.5 (m/z), normalized Collison Energy Type, HCD Collision Energies: 

30,45,60 %, Orbitrap Resolution 30.000 

Table 9 shows the Ion Source Settings which were adjusted for each method. 

Table 9: Orbitrap Exploris Ion Source Settings 

Ion Source 
Parameter 

HILICz 
positive 

HILICz 
negative 

C18 
positive  

C18 
negative 

C30 
positive 

C30 
negative 

Positive Ion (V) 3000 3000 3500 3000 3000 3000 

Negative Ion (V) 2000 3500 3500 3500 3500 3500 

Sheath Gas (Arb) 50 60 60 60 60 60 

Sweep Gas (Arb) 0 0 2 0 0 5 

Aux Gas (Arb) 15 15 15 15 15 15 

Ion Transfer Tube 
(°C) 

200 200 320 320 275 275 

Vaporizer Temp 
(°C) 

350 350 350 350 350 350 

 

Metabolites were ionized with electrospray technique in positive and negative mode. 

In each sample batch, a matrix blank sample to remove background noise and a pooled sample from 

all samples as a QC was included. QC was run after every 12 samples. To guarantee intrarun accuracy, 

analytes with <30% SD in the pooled samples were further processed. An internal mass calibration was 

included in each run to ensure mass accuracy. MS scan involved alternating MS1 (60.000 mass 

resolution) and MS2 (30.000 mass resolution) mode using a scan range of 40-1.500 m/z. 

Compound Discovery 3.2 software was used for untargeted analysis, peak identification and 

integration of mass spectrometric data.  

MS Data was further analysed using spectral libraries. Metabolites were assigned according to their 

m/z data, chromatographic data and MS2 fragmentation patterns.  

3.4.5. Spectral Integration & Processing 

Spectral data was analysed using Compound Discoverer 3.2. Processing involved spectrum processing, 

peak area refinement and compound identification. The following settings were applied:  
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Table 10: Compound Discoverer Filter settings for Spectral Integration and Processing 

Spectrum Processing 
Alignment 

Adaptive curve 

Peak Area Refinement Mass Tolerance=5ppm 
Peak Intensity=50.000 
Signal/noise ratio=3 
Max. peak width at half peak height was set at 0,5min 

Group compound node Mass Tolerance=10ppm 
Rt Tolerance=1min. 

Data normalisation Tissue weight (highest tissue weight was set as factor 1, all data 
was recalculated with normalised tissue weight factor for each 
sample) 

QC Correction Min. Coverage: 50% (compound has to be be refound in QC pooled 
sample, otherwise it will not be processed further) 
80% max. QC Area RSD  
Max. Sample/Blank: 3 

Compound libraries ChemSpider (KEGG,HMDB,BioByc) 
mzCloud (endogenous metabolites, Steroid/Vitamins/Hormones) 
Metabolika Pathways (exclusion of non-eucaryotic pathways) 
Precursor mass: 5ppm, FT Fragment: 10ppm, IT Fragment: 0.4 Da 
DIA Scan, max. isolation width: 500, activation energy: 100, match 
factor: 70 

 

3.4.6. Statistical Analysis & Data Processing 

For Data Analysis the online free website tool https://www.metaboanalyst.ca/ was used. Its analyses 

are based on the open-source MetaboAnalystR packages.  

Compound ID Conversion: 

Compound labels were standardized by conversion of the metabolite names into KEGG or HMDB ID. 

This way they could be compared with metabolite and pathway libraries in a next step.  

Metabolite names were pasted into the Metabolite ID Conversion tool. Input Type was set as Common 

Name. After submitting and converting the samples, the results were exported into an excel sheet. 

Since this online tool did not find a match to every metabolite, the non-converted names had to be 

further identified manually. Consequently, every non-converted metabolite name was again checked 

in KEGG or HMDB database to find the correct ID. 

Statistical Analysis: 

Statistical analysis [one factor] was used for further analysis. Data files were uploaded as .csv files and 

the following conditions were applied: 

 Data type: Peak Intensities 

https://www.metaboanalyst.ca/
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 Format: Samples in columns (paired) 

 Samples labels were adjusted according to the condition (e.g. Cntl, FSK) 

 Data Filtering: by Interquantile Range 

 Sample normalization: None (this has already been done in the step before) 

 Data transformation: Log transformation (base 10) 

 Data scaling: Auto scaling 

Volcano plot Analysis: 

The Volcano Plot analysis is a combination of T-test and Fold Change (FC) Analysis. Paired Analysis, FC 

threshold of 2 and p- value threshold of 0.05 raw p- value was set, Group variance was equal.  

Principal Component Analysis: 

2D Scores Plot were chosen for PCA with PC1 on the x-axis, and PC2 on the y- axis with display of 95% 

confidence regions. 

Hierarchical Clustering Heatmaps: 

The following settings were used to create heatmaps: Data source: Normalized data; Standardization: 

Autoscale features, Distance measure: Euclidean, Clustering method: Ward 

Quantitative Enrichment Analysis 

For Quantitative Enrichment Analysis (QEA) all metabolite names were either used as names after 

Compound ID Conversion or as HMDB IDs. If metabolites could not be linked to HMDB or KEGG IDs, 

these metabolites could not be evaluated in QEA. Data was log transformed and auto-scaled. As 

metabolite library, KEGG pathway set using 84 metabolite sets based on KEGG human metabolic 

pathways (Oct.2019) was used.  

 

3.5. Cell culture 

The following materials and equipment was used for cell culture: 

 10 cm2 TC dishes (ThinCertTM; Greiner, Cat. No. 664160)  

 10 cm2 TC dishes, Standard (Sarstedt, Cat. No. 83.3902)  

 12-well TC plates (Greiner, Cat. No. 662160)  

 12-well TC plates, Standard (Sarstedt, Cat. No. 83.3921)  

 12-well TPP plates (TPP Techno Plastic Products AG, Cat. No. 92412)  

 3,3′,5-Triiodo-L-thyronine sodium salt (Sigma Aldrich, Cat. No. T6397)  
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 30 μM and 100 μM nylon meshes (Millipore, Cat. No. NY3002500, NY1H00010)  

 3-Isobutyl-1-methylxanthine, IBMX (Sigma Aldrich, Cat. No. I5879)  
 

 6-well tissue culture (TC) plates (Sarstedt, Cat. No. 83.3920)  

 6-well TPP plates (TPP Techno Plastic Products AG, Cat. No. 92406)  

 Cannulas (Braun, Sterican 0,90 x 40 mm, Cat. No. 4657519)  

 Collagenase, Type II (Worthington, Cat. No. CLS2)  

 Countess Automated Cell Counter (Invitrogen, Cat. No. C10227)  

 Cryogenic vials (Sarstedt, Cat. No. 72.379.992)  

 D(+)-Biotin (Novabiochem, Cat. No. 58-85-5)  

 Dexamethasone (Sigma Aldrich, Cat. No. D4902)  

 DMEM, high glucose, GlutaMAX(TM), pyruvate (Gibco, Cat. No. 31966)  

 DMEM, high glucose, GlutaMAX(TM) (Gibco, Cat. No. 61965)  

 Fetal Bovine Serum, FBS (Biochrom, Cat. No. S0015)  

 F-12 Media (gibco, Cat. No. 21765029) 

 FGF-b (PetroTech, Cat. No. 100-18B) 

 Horse serum (Sigma Aldrich, Cat. No. H1270 

 Insulin solution human (Sigma Aldrich, Cat. No, I9278)  

 Laminin (Sigma Aldrich, Cat. No. 114965-81-9) 

 L-Gutamine (Sigma Aldrich, Cat. No. G7513) 

 Non-essential amino acids (Gibco, Cat. No. 11140050) 

 Pantothenate (Sigma Aldrich, Cat. No. P5155)  

 Penicillin/streptomycin (P/S; Merck, Cat. No. A2213)  

 Rosiglitazone (Sigma Aldrich, Cat. No. R2408)  

 Sodium ascorbate (Carl Roth, Cat. No. 3149)  

 Syringe filter 0.22 μm (VWR, Cat. No. 514-0061)  

 Syringes 5 ml (BD Discardit II, Cat. No. 309050)  

 T175 tissue culture flasks (Sarstedt, Cat. No. 83.3912.002)  

 Trypan Blue Stain (Gibco, Cat. No. 15250)  

 Trypsin-EDTA (0.05 %), phenol red (Gibco, Cat. No. 25300054)  
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3.5.1. Cell culture of C2C12 cells 

C2C12 cells were purchased from CLS, Cat. No. 400476.  

The following culture media were used for the cultivation of C2C12. 

Table 11: Cell culture media used for the cultivation of C2C12 

Growth Medium Differentiation Medium 

DMEM GlutaMAX 
(+pyruvate) + Substances 

DMEM GlutaMAX + 
Substances 

Substance Concentration Substance Concentration 

FBS 10% Horse 
Serum 

2% 

P/S 1% NEAA 1% 

    P/S 1% 

 

3.5.1.1. Expansion and cryo preservation of C2C12 

C2C12 were cultured in Growth Medium (GM, Table 11) in T175 flasks until they reached ~90% 

confluency. Cells were washed with PBS and trypsinized for 3 minutes at 37°C to detach the cells from 

the cell culture flasks, followed by an inactivation by adding GM. The cell suspension was centrifuged 

for 5 minutes, 1000rpm. The cell pellet was resuspended in GM and cells were counted using Tryphan 

Blue Stain. Afterwards, cells were frozen in GM +10% DMSO and stored at -150°C.  

3.5.1.2. Differentiation of C2C12 

1 Mio. cells were seeded in 6- or 12-well culture plates in GM (Table 11) and grown until the cells were 

confluent. Afterwards the medium was switched to differentiation medium (Table 11) for 7 days. The 

medium was refreshed every second day.  

3.5.2. Cell culture of human skeletal muscle cells 

Human skeletal myoblasts were purchased from ThermoFisher, Cat. No. A12555. 

The following media were used for the cultivation of human skeletal muscle cells (hSKM). 

Table 12: Cell culture media used for the cultivation of hSKM 

Seeding Medium Growth Medium Differentiation Medium 

F12 Medium + Substances DMEM GlutaMAX + 
Substances 

DMEM GlutaMAX + 
Substances 

Substance Concentration Substance Concentration Substance Concentration 

FBS 20% FBS 20% HS 2% 

HS 10% HS 10% P/S 1% 

FGF-b (2.5 
µg/mL) 

2.5 ng/mL P/S 1% L-Glutamine 1% 
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P/S 1% L-Glutamine 1%    

L-Glutamine 1%         

 

For the expansion and cultivation of hSKM, laminin-coated cell culture plates were used. Therefore, a 

sterile laminin solution (10 µg/mL in PBS) was added to the flasks/ to every well and incubated for at 

least 30 minutes at 37°C, 5% CO2. Afterwards, the laminin was removed and cells were seeded.  

3.5.2.1. Expansion and cryo preservation of hSKM 

Purchased cells were seeded in Seeding Medium (Table 12) into a laminin-coated T75 flask and 

cultured until they reached 70-80% confluency. Medium was refreshed every second day. For cell 

passaging the medium was removed and cells were washed with PBS. 1.5 mL trypsin was added to 

cover the surface of the cells and incubated for 10 seconds before it was removed. Then the cells were 

kept at 37°C, 5% CO2 for 5 minutes to detach the cells before 5mL GM (Table 12) was added to stop 

the reaction. The cells were suspended in the GM and split into new flasks in a ratio 1:4 or frozen in 

GM +10% DMSO and stored at -150°C. 

3.5.2.2. Differentiation of hSKM 

1 Mio. cells were seeded in laminin-coated 6- or 12-well culture plates in GM (Table 12) and grown 

until the cells reached 70-80% confluency. Afterwards the medium was switched to differentiation 

medium (Table 12) for 7 days. The medium was refreshed every second day.  

 

3.5.3. Cell culture of BA 

The following buffers and culture media were used for the isolation and cultivation of BA 

Table 13: Buffers and Media used for the isolation of BA from interscauplar BAT 

Isolation Buffer Culture Medium 

H2O + Substances, pH=7.4, 
sterile filtered 

DMEM GlutaMAX + Substances 

Substance Concentration Substance Concentration 

NaCl 123 mM FBS 10% 

KCl 5 mM HEPES 10 mM 

CaCl2 1.3 mM Insulin 4 nM 

Glucose 5 mM P/S 1% 

HEPES 100 mM Sodium-
Ascorbate 

25 µg/mL 

BSA 1.5% T3 4 nM 

Collagenase 
II 

2 mg/ml     
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Table 14: Cell culture media used for the cultivation of BA 

Growth Medium Differentiation Medium Induction Medium 

DMEM GlutaMAX + 
Substances 

DMEM GlutaMAX + 
Substances 

Differentiation medium + 
Substances 

Substance Concentration Substance Concentration Substance Concentration 

FBS 10% FBS 10% Dexamethason 1 µM 

P/S 1% Insulin 1 nM IBMX 0.5 mM 

    P/S 1%    

    T3 20 nM     

 

3.5.3.1. Isolation and immortalization of BA 

Newborn mice were sacrificed and interscapular BAT was dissected. The tissue was then chopped with 

a scissor in 3 mL of Isolation Buffer (Table 13) and kept in a water bath for 30 minutes at 37°C. To 

ensure proper digestion of the whole tissue, the flasks were shaken every 5 minutes. Undigested tissue 

parts were then filtered out with a 100 µm nylon mesh. Samples were then kept on ice for 30 minutes. 

The middle phase of the cell suspension was used for the further procedure. Cells were again filtered 

with 30 µm nylon mesh and centrifuged for 10 minutes, 700g. The pelleted cells were resuspended in 

2 mL BA Culture Media (Table 13) and cultivated in 6- well plates for 24h, 37°C, 5% CO2. On the next 

day, BAs were immortalized with lentivirus containing SV40 large T antigen (200 ng/well). 

3.5.3.2. Expansion and cryo preservation of BA 

Immortalized BAs were cultured in GM (Table 14) until they reached ~90% confluency. Cells were 

washed with PBS and trypsinized for 3 minutes at 37°C to detach the cells from the cell culture plates, 

followed by an inactivation by adding BA GM. The cell suspension was centrifuged for 5 minutes, 

1000rpm. The cell pellet was resuspended in BA GM and cells were counted using Trypan Blue Stain. 

Afterwards, cells were either frozen in GM +10% DMSO or reseeded and cultured to passage 4 to be 

used for experiments. 

3.5.3.3. Differentiation of BA 

1 Mio. BA cells were seeded in BA GM in 6- or 12- well TC plates (Day -4) and cultured for 2 days. At 

day -2, medium was switched to BA Differentiation medium (DM, Table 14) for 2 days, followed by a 

switch to BA Induction medium (Table 14) for another two days (Day 0). Afterwards, BAs were cultured 

in DM until day 7. The medium was replaced every second day. Cells were kept at 37°C and 5% CO2.  

3.5.4. In vitro treatment of C2C12, hSKM and mBA with selected metabolites 

The following list provides all compounds used for the treatment of the different cell types (Table 15). 
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Table 15: Compounds used in vitro testing in C2C12, hSKM and mBA 

Compound Supplier Catalog 
Number 

21-Desoxycortisol Iso Sciences  13407 

Choline chloride Sigma Aldrich C7017 

Corticosterone Cayman Chemical Company 16063 

DL-Carnitine hydrochloride  Merck KGaA 8.41774.0025 

Forskolin Sigma Aldrich F6886 

Histamin Sigma Aldrich H7125 

L-(-)-Norepinephrinebitartrate 
salt monohydrate 

Sigma Aldrich A9512 

Oleamide Sigma Aldrich 2136 

Prostaglandin E2 Tocris Bioscience 2296 

Prostaglandin E3 Cayman Chemical Company 14990 

 

C2C12, hSKM and mBA were differentiated as described. The acute treatment started at day 6 of 

differentiation. The old media was removed and replaced by fresh DM with or without the selected 

compounds. The cells were incubated overnight for 16 hours. On the next morning, cells were washed 

twice with PBS and the plates were stored at -80°C for further RNA isolation.  

C2C12 were also treated chronically for 7 days. When media was switched from GM to DM, the 

compounds were applied. Fresh media with or without the selected compounds was refreshed every 

second day. At day 7, cells were washed twice with PBS and the plates were stored at -80°C for further 

RNA isolation.  

3.6. RNA Methods 
The following materials were used for RNA isolation: 

 InnuSOLV RNA Reagent (Analytik Jena AG, Cat. No. 845-SB-2090100)  

 Nanodrop200 Spectrophotometer (ThermoScientific)  

 Luna qPCR Master Mix (NEB, Cat. No. M3003) 

 Real-time PCR machine, HT7900 (Applied Biosystems)  

 SYBR-Green PCR master mix (Applied Biosystems, Cat. No. 4309155)  

 Thermocycler Biometra TOne (Analytik Jena)  

 Thermomixer comfort (Eppendorf, Cat. No. 2050-120-04)  

 Protoscript® II First Strand cDNA Synthesis Kit (New England BioLabs, Cat. No. E6560S)  
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3.6.1. RNA Isolation and cDNA Synthesis 

Cell samples were lyzed using 1mL InnuSolV RNA Reagent. 200 µL chloroform was added to all sample 

lysates, shaken manually for 15 seconds, kept at RT for 5 minutes and then centrifuged at 13.000 rpm, 

4°C for 10 minutes. Then the upper phase was transferred to a new 1.5 mL Eppendorf tube and 500 µL 

isopropanol were added. To pellet the RNA all samples where centrifuged (13.000 rpm, 4°C, 10 min.). 

After discarding the supernatant, pellets were washed with 1 mL Ethanol 75% (in DEPC-H2O) and 

centrifuged (13.000 rpm, 4°C, 10 min.). All samples were washed two more times. The resulting RNA 

pellet was then dried using a vacuum centrifuge and dissolved in nuclease free water. RNA 

concentrations were measured with the Nanodrop Spectrophotometer. 

In the last step 1 µg of RNA was used for cDNA synthesis. cDNA synthesis kit was used according to 

manufacturer’s protocol. 

3.6.2. mRNA analysis using Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 

mRNA expression levels were examined by qRT-PCR using the fluorescent dye Luna qPCR Master Mix. 

A HT7900 instrument (Applied Biosystems) was used with the program shown in Table 16. mRNA levels 

were quantified with the Second Derivative Maximum Method. For murine samples, Glyceraldehyde-

3-phosphate dehydrogenase (GAPDH), and for human samples TATA-box-binding protein (TBP) was 

used as an internal control. The primer sequences of the target genes are shown in Table 17.  

Table 16: qPCR Program 

Step Temperature (°C) Time (s) Repetition 

1 95 600  

2 95 15 40 cycles 

3 60 60 

4 95 1  

5 65 15  

6 95   

 

Table 17:Primers used for qRT-PCR 

  Target Forward (5'-3') Reverse (5’-3') 

m
u

ri
n

e 

GAPDH GGC TGC CCA GAA CAT CAT CGG ACA CAT TGG GGG TAG 

UCP1 GGCCTCTAGGACTCAGTC TAAGCCGGCTGAGATCTTGT 

PPARg ACAAGACTACCCTTTACTGAAATTACCAT TGCGAGTGGTCTTCCATCAC 

AP2 GCGTGGAATTCGATGAAATCA CCCGCCATCTAGGGTTATGA 

MyoD GGCTACGACACCGCCTACTA GTGGAGATGCGCTCCACTAT 

Myf5 CAGGAATGCCATCCGCTACA ATTCAGGCATGCCGTCAGAG 

Myogenin AGTGAATGCAACTCCCACAG ACGATGGACGTAAGGGAGTG 

Myomaker ATCGCTACCAAGAGGCGTT CACAGCACAGACAAACCAGG 

Mef2c CCCTCAGTCAGTTGGGAGCTTGC GTGGCGCGTGGTGTGTTGTG 

Pax3 TCAACCAGCTCGGAGGAGTA ATGGAGCCTGTCTCCTGGTA 
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h
u

m
an

 MyoD TGCTGGACAGGCAGTCTA CTCCGACGGCATGATGG 

Mef2c CTGTCTGGCTTCAACACTG TGGTGGTACGGTCTCTAGGA 

TBP CACGAACCACGGCACTGATT TTTTCTTGCTGCCAGTCTGGAC 
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4. Results 

The global population is becoming older and, in parallel, obesity prevalence is rising constantly in the 

last decades. Hence, understanding the impact of aging on metabolism is getting ever more important. 

BAT, WAT and SKM are all highly metabolic tissues, which influence whole body metabolism. To 

analyse the effects of aging on the metabolic capacity of these tissues, state of the art untargeted 

metabolomics was performed to identify so far unknown secreted small molecules/metabolites that 

could function as auto-or paracrine regulators of metabolic capacity. 

Untargeted metabolomics was performed from murine BAT, WAT and SKM from young and aged mice. 

Moreover, untargeted metabolomics was performed from human SKM taken from young or old male 

healthy participants, that were either highly active in sports (trained) or not active in sports 

(untrained).  

Initially, the following protocol was established to ensure proper sample handling and treatment in 

order to receive the best possible results: biopsies were taken from mouse/human and immediately 

divided into two parts. One part was treated with HEPES buffer only, the other part with a 30 µM FSK-

HEPES solution to increase cAMP levels. After 30 minutes incubation time at 37°C the tissue 

supernatant was taken for untargeted metabolomics analysis. The remaining tissue was frozen at -

80°C (Figure 9). 

 

Figure 9: Scheme of sample treatment for untargeted metabolomics analysis 

4.1. Untargeted Metabolomics of murine BAT, WATi and SKM from young and aged mice 

In general, untargeted metabolomics of murine tissue samples yielded a high number of detected 

metabolites which were assigned to seven metabolite classes (Figure 10). For BAT, WAT and soleus a 

total of 391, 195 and 295 metabolites were detected, respectively. In BAT 41,5% of all metabolites 

were assigned to the class of “Lipids”. 25,2% were “Amino acids” or metabolites related to “Amino acid 

metabolism”, while 4,9% were “Nucleotides or Purines”. Similarly, the most abundant metabolites 

were “Lipids” (36,4%), “Amino acid/Amino acid metabolism” (29,7%) and “Nucleotides/Purines” 

(10,3%) in WATi, whereas in soleus samples also “Lipids” represented the largest class of metabolites 

(42,7%), followed by “Amino acid/Amino acid metabolism” (24,6%) and “Nucleotide/Purines” (8,9%).  
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Figure 10: Classification of detected metabolites in BAT, WATi and Soleus Metabolomics 

 

4.1.1. Untargeted Metabolomics of murine brown adipose tissue from young and old mice 

4.1.1.1. Effects of aging on the BAT metabolome 

First the influence of aging on the metabolome of murine BAT was analysed (Figure 11). For this, 

samples from young and old BAT were compared. 

In order to better identify the distribution and relation of the samples from young and old BAT, 

Principal Component Analysis (PCA) was performed. PCA allows the visualisation of clusters, patterns 

and trends in data sets. It is a dimensionality reduction technique that transforms a high-dimensional 

data set into a lower-dimensional space but retains most of the variation (Ringnér, 2008). It identifies 

the most informative features, known as principal components, which capture the maximum amount 

of variance in the data. These principal components are linear combinations of the variables that 

explain the maximum variance of all the variables (Greenacre et al., 2022). By this, one sample can be 
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represented by a few numbers instead of by thousands of variables (Ringnér, 2008). The data can then 

be plotted and each data point represents one individual sample. Proximity of data points means high 

similarities, whereas a great distance means a great variance between the data sets. 

Each data point represents one sample/one individual. The blue points depict old BAT; the green young 

BAT. The circles around the data points show the correlation between the samples. PCA showed that 

samples cluster to each other according to age, resulting in the formation of two opposing clusters 

(Figure 11 A). This means that young/old BAT samples showed a high similarity within their sample 

groups. On the other hand, PCA showed a great variance between young and old samples. PCA also 

showed that the variance within the sample group is greater in the old group, than in the young group.  

Volcano Plot Analysis (VP) was used visualize significant changes in the individual metabolites’ 

abundancies. In this type of analysis, the x-axis represents the magnitude of change and the y-axis 

represents the statistical significance of the change: metabolites displayed in the outer right or left 

region show a high fold changes. Metabolites in the upper region of the graph show a high significance. 

VP showed 69 significantly upregulated metabolites in old BAT compared to young BAT, which were 

mainly classified as “amino acids/amino acid metabolism” (36/69) (Figure 11 B,C). Of these 69 

metabolites, the dipeptide aspartylphenylalanine was by far the most significantly upregulated. 3-

phosphoglyceric acid, anserine and carnosine were three other highly regulated metabolites standing 

out (Figure 11 B).  

Aspartylphenylalanine and carnosine (alanyl-L-histidine) are both β-dipeptides which were already 

identified in human plasma and urine (Burton et al., 1989). The source of these small peptides might 

be directly by ingestion or the breakdown of ingested proteins, or a de novo synthesis from e.g. 

asparagine and phenylalanine. Like carnosine, anserine is a histidine-containing dipeptide and a 

methylated derivative of carnosine (Boldyrev et al., 2013). Carnosine and anserine are highly abundant 

in skeletal muscle and nervous system of, especially long-lived, mammals (Hipkiss et al., 2002). Many 

studies on carnosine and anserine have been conducted in SKM which describe several potential 

physiological roles: antioxidant function, regulator of excitation-contraction coupling by the regulation 

of calcium release from the SR, and a provider of extracellular histidine and histamine (Boldyrev et al., 

2013). Some studies also report anti-aging effects of carnosine: Yuneva et al., report that the 

carnosine-supplementation of senescence-accelerated mice can increase life span by 20% (Yuneva et 

al., 1999). These beneficial effects could be explained by its function as an antioxidant and modulator 

of the degradation of aged protein (Hipkiss et al., 2002). So far only little is known about the role of 

carnosine and anserine in BAT. An effect on sympathetic nerve activity is under discussion (Tanida et 

al., 2007).  
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Furthermore, VP showed 55 significantly downregulated metabolites in old mice compared to young 

mice, which were mainly lipids (30/55) (Figure 11 B,C). Of these metabolites, oleoylethanolamide 

(OEA), Linoleoylethanolamide (LEA) and sphingosine-1-phosphate (S1P) were the most strongly 

downregulated metabolites with high significance. 

OEA and LEA are both n-acylethanolamides (NAE) and endocannabinoid like lipids (Brown et al., 2017; 

Tovar et al., 2023). OEA is a well described PPAR-α activator which reduces food intake by promoting 

satiety, but may also regulate feeding and metabolism via the dopamine or endocannabinoid signalling 

system (Brown et al., 2017). LEA is the most common NAE in nutrients and was found to be increased 

in serum levels of overweight humans. An administration of LEA to rats receiving cafeteria or standard 

diet, showed a weight loss and reduction in circulating cholesterol and triglycerides. Furthermore, LEA 

could reduce inflammatory markers like IL-6 and TNFα (Tovar et al., 2023). OEA and LEA might 

therefore be potential contributors to improved lipid metabolism. 

S1P is a lysophospholipid and breakdown product of ceramide metabolism, which is mainly found in 

the blood and lymph (Hla et al., 2008). S1P can be secreted by different transporters and highly 

influences the vascular and immune system by i.e. angiogenesis and vascular permeability, the 

regulation of T-, B- and dendritic cell trafficking, and cell proliferation and cytokine expression (Hla and 

Dannenberg, 2012; Proia and Hla, 2015). Kowalski et al., showed upregulated S1P levels in the serum 

of obese mice, as well as in the serum of obese humans. They also demonstrated a positive correlation 

between S1P levels and metabolic abnormalities like BMI, body fat percentage or cholesterol levels 

(Kowalski et al., 2013). In murine BAT, S1P, together with its transporting apolipoprotein apoM, is as 

well discussed as a negative regulator of BAT activity, BAT mass and lipid turnover (Christoffersen et 

al., 2018; Gohlke et al., 2019). However just recently, Borup et al. could show a positive correlation 

between BAT activity and cold-induced changes in apoM but not S1P plasma levels of humans (Borup 

et al., 2022). Moreover, sphingolipids, of which S1P is a metabolite, were found to be induced in aged 

BAT (Gohlke et al., 2019).  

Of the total number of 351 metabolites detected, abundance of 227 was not significantly changed 

between both groups. 
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Figure 11:  Analysis of young vs. old BAT metabolomics: A: PCA Analysis of young and old BAT B: Volcano Plot of old vs. young 

BAT metabolomics C: Classification of significantly up- and downregulated metabolites in old vs. young BAT  

Quantitative Enrichment Analysis (QEA) was used to assess the over- or underrepresentation of 

specific pathways within the metabolomics data set. The metabolite abundancies are linked to 

biological pathways, to highlight potential functional changes. QEA of old and young BAT 

metabolomics showed the most changes in “Sphingolipid metabolism”, “Glutathione metabolism” and 

“Valine, leucine and isoleucine biosynthesis” (Figure 12 A). In Sphingolipid metabolism, the top three 

metabolites were S1P, sphinganine and 3-ketosphingosine, which were all downregulated in old BAT 

in comparison to young BAT. 

In contrast, the top three regulated metabolites connected to “Glutathione metabolism”, glycine, 

ornithine and glutamic acid were all significantly upregulated. For “Valine, Leucine and Isoleucine 

Biosynthesis” the three top regulated metabolites were the amino acids leucine, isoleucine and valine. 

Leucine and isoleucine were both significantly upregulated in old BAT, whereas valine was significantly 

downregulated in old BAT compared to young BAT (Figure 12 B-D). Glycine, ornithine, glutamic acid, 

leucine, isoleucine and valine are all amino acids. Glycine, ornithine and glutamic acid are nonessential 

amino acids, which can be biosynthesized. Leucine, isoleucine and valine on the other hand, are 

essential amino acids and together form the group of branched-chain amino acids (BCAA). All 

mentioned amino acids, except ornithine, are proteinogenic amino acids (Lopez and Mohiuddin, 2023). 

Apart from these five mentioned amino acids, many more belonged to the group of significantly 

upregulated metabolites in old BAT compared to young BAT. As already described, amino acids or 

metabolites from amino acid metabolism represented the biggest class of upregulated metabolites in 

old BAT group (Figure 11 C). BCAA function as nutrient signal and modulate food intake through central 

signalling in the hypothalamus but also via leptin production in adipocytes (Roh et al., 2003; Lynch et 

al., 2006). Moreover, BCAA blood levels were shown to be elevated in obese humans and rats, and are 
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considered to be a predictor of the incidence of type 2 diabetes (Felig et al., 1969; Rafecas et al., 1991; 

Wang et al., 2011). Kuroiwa et al. analysed plasma samples from young to aged donors and found an 

age, BMI and body fat percent related upregulation of Glutamate (amongst other amino acids) 

(Kuroiwa et al., 2021). In BAT, BCAA are utilized in the mitochondria to drive thermogenesis. A defect 

in BCAA catabolism on the other hand, impairs BAT fuel oxidation and thermogenesis (Yoneshiro et al., 

2019) The higher levels of leucine and isoleucine in old BAT might be due to impaired uptake and 

catabolism of these amino acids.  

Together these data showed that young and old BAT clearly differ in their metabolic profiles of 

secreted metabolites. Especially amino acids and amino acid metabolites, but also small peptides were 

among the top upregulated metabolites in old samples. On the other hand, a profound downregulation 

of lipids like fatty acid-ethanolamides or sphingolipids were observed in the old samples. 
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Figure 12: Quantitative Enrichment Analysis of age-related changes in the metabolome of young and old BAT. A QEA showing 

enriched pathways sets in the metabolome of young versus old BAT. B-D: Top three enriched metabolites from the top three 

altered pathway sets; young BAT: n=6; old BAT: n=9; Normalised peak areas are represented as mean ± SEM, unpaired t-test, 

*p≤0.05, **p≤0.01, ***p≤0.001 
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4.1.1.2. Effects of cAMP stimulation on BAT metabolome 

Next, the effect of cAMP stimulation on the BAT secretome was analysed. While PCA revealed a distinct 

subcluster formation in the young group (Figure 13 A), samples from old mice treated with or without 

FSK showed almost complete overlap (Figure 13 C). This indicates that cAMP stimulation of young BAT, 

but not old BAT, causes a high variance in the data set implying a great effect of the acute stimulation 

on the secretome. VP showed 22 significantly up and 6 significantly downregulated metabolites in the 

young stimulated samples. 323 metabolites remained unchanged (Figure 13 B). In BAT from old mice, 

12 metabolites were significantly upregulated and 3 significantly down; 340 metabolites were not 

significantly changed (Figure 13 D). Overall, cAMP stimulation caused a rather modest downregulation 

(with regard to fold change) of metabolites in both BAT from young and old mice, while several 

metabolites were strongly increased in both groups upon cAMP treatment. Those metabolites were 

mainly glucocorticoids/steroid hormones like estradiolacetate, estroneglucuronide, 19-

hydroxytestosterone or androstenedione but also lipids like prostaglandin E3 or butenylcarnitine. 

Estradiolacetate and estroneglucuronide are metabolites of the C18-steroids estradiol and estrone. 

19-hydroxytestosterone and androstenedione are metabolites of the C19-steroid testosterone. Sex 

steroid hormones are usually produced by the gonads or adrenal gland but other organs, like the 

adipose tissue has been shown to express enzymes involved in steroid hormone biosynthesis as well 

(Wierman, 2007). BAT mass and function and the responsiveness to cold differ according to sex: for 

example, female rodents show a higher amount and higher prevalence of active BAT and female rats 

display higher amounts of UCP1 and larger mitochondria. Therefore, it seems likely, that these effects 

are mediated by steroid hormones (Law et al., 2014; Kaikaew et al., 2021). Furthermore, estradiol and 

progesterone were shown to reduce BAT thermogenic activity in rats and inhibit NE-mediated UCP1 

increase in murine BA (Quevedo et al., 1998). Additionally, steroid hormones can act in a crosstalk 

together with glucocorticoids (Kaikaew et al., 2021). Glucocorticoids (GC) are usually secreted from 

the adrenal cortex under the influence of the hypothalamic-pituitary-adrenal axis and regulate 

numerous processes like cellular growth and development but also the response to stress or energy 

metabolism (Macfarlane et al., 2008). In rodents, GCs are known to suppress BAT activation and 

chronic high levels of GCs in humans can cause obesity, type 2 diabetes or dyslipidemia (Larson, 2019). 

But the effects might be highly species-specific: Ramage et al. demonstrated that in humans the GC 

prednisolone could acutely increase BAT activity and energy expenditure during cold exposure in vivo 

and lead to an increase in isoprenaline-stimulated respiration and UCP-1 in vitro. But in a murine in 

vitro model prednisolone decreased isoprenaline-stimulated respiration (Ramage et al., 2016). 
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Prostaglandins (PG) like prostaglandin E3 are eicosanoids, which are synthesized from the membrane 

lipid arachidonic acid via the cyclooxygenase COX-1 or COX-2. Prostaglandins can be synthesized in all 

cells, except red blood cells, and affect practically all major body systems (Miller, 2006). PGI2, PGE2, 

and PGF2α are already known PGs produced by the adipose tissue (Maurer et al., 2019). Vegiopoulos 

et al. showed, that adrenergic stimulation can increase COX-2 mRNA levels and the secretion of PGE2 

and PGI2, accompanied by the induction of a BAT-like phenotype in murine WAT (Vegiopoulos et al., 

2010). PGE2 itself increases calcium concentrations and oxygen consumption in rat BAT and the 

activation of its receptor EP4 can improve glucose tolerance and insulin resistance and have anti-

inflammatory effects in obese mice (Nagai et al., 1996; Yasui et al., 2015).  

Together these data show that cAMP stimulation of young BAT led to larger changes in the 

metabolome compared to old BAT. Despite that, the significant upregulation of hormones and 

eicosanoids in both young and old BAT might indicate that the production or secretion of those 

metabolites might be conserved throughout aging. These secreted metabolites could in turn affect 

neighbouring cells or could be released into the blood stream to influence peripheral organs. 
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Figure 13: Effects of cAMP stimulation on the BAT secretome of young and old mice A: PCA  and  B: VP of young BAT after FSK 

treatment. C, D: PCA and VP of old BAT after FSK treatment.  

QEA of untreated vs. treated young and old BAT was performed to study the effect of cAMP stimulation 

on biological processes. The metabolomics data from untreated samples were compared to data from 

samples with FSK stimulation and linked to pathway sets.  

QEA of young BAT showed that cAMP stimulation induced the strongest changes in “Steroid hormone 

biosynthesis”; followed by “GPI-anchor biosynthesis” and “Riboflavin metabolism” (Figure 14 A). In 

“Steroid Hormone biosynthesis” 12 metabolites were up- or downregulated. The changes in “GPI- 

anchor biosynthesis” and “Riboflavin metabolism” revealed FDR values >0.1 which indicates a higher 

likelihood of mistakenly identified enriched pathways when they are not truly significant.  

To analyse whether the metabolites were down- or upregulated, the most significant hits were 

analysed in detail. In addition to VP analysis, these data showed that the stimulation of young BAT with 

FSK led to significant increases in metabolites from “Steroid hormone biosynthesis”. For example, 

corticosterone, estroneglucuronide and 19-hydroxytestosterone were significantly increased after 
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cAMP stimulation (Figure 14 B). Even though “GPI-anchor biosynthesis” and “Riboflavin metabolism” 

did not meet the statistical criteria for QEA, the associated metabolites  6-α-glucosaminyl-1D-myo-

inositol and riboflavin were significantly upregulated after stimulation (Figure 14 C,D). UDP-

acetylglucosamin was not significantly changed by FSK treatment. Interestingly, like in QEA of young 

compared to old BAT, QEA from young unstimulated and stimulated BAT also showed BCAA 

metabolism among the enriched pathways. Analysis of BCAA showed increased abundance of leucine 

and isoleucine in young BAT after cAMP stimulation, whereas valine levels were reduced. However, 

these effects did not reach statistical significance (Figure 14 E).  
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Figure 14: Analysis of the effect of cAMP stimulation on the enrichment of biological processes in young BAT. A: QEA of 

unstimulated and stimulated young BAT B-E: Top enriched metabolite hits for the top enriched pathway sets. Normalised peak 

areas are represented as mean ± SEM, unpaired t-test, *p≤0.05, **p≤0.01,***p≤0.001. n=6.  
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To analyse which metabolites/biological signalling pathways were enriched in old BAT stimulated with 

FSK, QEA was performed as well. The two pathways which met a FDR<0.1 were “Steroid hormone 

biosynthesis” and “Sphingolipid metabolism”. In “Steroid hormone biosynthesis” 12 metabolites were 

altered; while 4 were detected in “Sphingolipid metabolism” (Figure 15 A). 

In line with VP analysis from old unstimulated and stimulated BAT, QEA showed an upregulation of 

metabolites from “Steroid hormone biosynthesis”. FSK stimulation led to a marked increase in the 

abundancies of before mentioned steroids like corticosterone, androstenedione and 19-

hydroxytestosterone (Figure 15 B). Noteworthy, S1P was found to be significantly increased after FSK 

stimulation, which is opposite to the effect observed when comparing young to old BAT (cf. Figure 12 

A). 3-dehydrosphingosine and sphinganine were decreased due to cAMP stimulation, albeit not 

significantly (Figure 15 C). Interestingly, adipocyte sphinganine levels have been shown to be increased 

in obese individuals (Blachnio-Zabielska et al., 2012). 

QEA also revealed “Glutathione metabolism” to be altered due to cAMP stimulation in old BAT: 

Glutathione (GSH) was decreased significantly; glutamate and glutamylcysteine were decreased as 

well, even though not significantly (Figure 15 D). GSH is a tripeptide composed of glutamic acid, glycine 

and cysteine and can be synthesized by the two enzymes γ-glutamylcysteine synthase (γ-GCS) and GSH 

synthase. Together with its antioxidant enzyme glutathione peroxidase (GPX), they represent a major 

redox system in all cell types. Under oxidative stress, like observed during obesity, this system is 

induced to detoxify ROS (Kobayashi et al., 2009). In adipose tissue of obese mice, low GPX activity 

levels but high expression levels of γ-GCS were detected, which resulted in high GSH content. In murine 

WAT, cold exposure reduces GSH content and in vitro treatment of 3T3L1-adipocytes with GSH led to 

impaired insulin signalling (Kobayashi et al., 2009). Reduced levels of GSH and its metabolites due to 

cAMP stimulation could indicate an induction of the antioxidant system towards pro-oxidant 

conditions. To fuel the higher demand of GSH synthesis, the metabolites glutamate and γ-

glutamylcysteine might be used which decreases the abundancies.  

Together these data showed that in young as well as in old BAT, cAMP signalling led to significant 

elevations particularly of metabolites connected to “Steroid hormone biosynthesis”. Moreover, 

Sphingolipid metabolism was significantly altered in BAT from old mice. In both young and old BAT, 

FSK stimulation changed the levels of BCAA.  
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Figure 15: Analysis of the effect of cAMP stimulation on the enrichment of biological processes in old BAT. A: QEA of 

unstimulated and stimulated old BAT B-D: Top enriched metabolite hits for the top enriched pathway sets. Normalised peak 

areas are represented as mean ± SEM, unpaired t-test, *p≤0.05, **p≤0.01, ***p≤0.001. n=9.  
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4.1.1.3. Analysis of common and unique metabolites in the secretome of young and old BAT 

 

 

Figure 16: Comparison of all BAT groups: young and old samples with and without FSK. A: PCA of all four groups. B: Heat Map 

of Top 25 regulated metabolites in all groups 

Next, the effect of aging on the BAT secretome was directly compared to cAMP stimulation by a 

comparison of all groups in one complete data set. Still, PCA showed a clear separation according to 

age with only minor effects of cAMP stimulation (Figure 16 A), indicating a higher impact of aging on 

the metabolic profile, rather than the acute stimulation. 

Similarly, heat map analysis depicting the top 25 changed metabolites between all groups showed 

clustering according to age (Figure 16 B). Moreover, a grouping of metabolites which differ according 

to age could be observed. Notably, four short and medium chain n-acylglycines, hexanoylglycine, 

caproylglycine, nonaloylglycine and laroylglycine were higher in young than old samples. The 

acylethanolamide LEA was already among the top downregulated metabolites in old BAT compared to 

young BAT (cf. Figure 11 B): Here, two additional NEAs palmitoleoylethanolamide and 

arachidoylethanolamide were shown to be of higher abundancy in the young groups compared to the 

old groups. N-acylglycines belong to the group of N-acylamino acids which can occur in countless 

variations of acyl chains attached to an amino acid (Anderson and Merkler, 2017). N-acylamino acids, 

just like N-acylethanolamides, belong to the class of N-acylamides and show structural similarities with 

endocannabinoids (Bradshaw et al., 2009). Two well studied acylglycines are n-arachidonoylglycine 
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and n-palmitoylglycine. N-arachidonoylglycine can have antinociceptive and anti-inflammatory effects; 

and n-palmitoylglycine is involved in sensory and neuronal signalling (Bradshaw et al., 2009). In relation 

to BAT, Guijas et al. detected elevated levels of myristoylglycine in the supernatant of cells committed 

to BA differentiation and further identified it as potential inducer of brown adipocyte differentiation 

(Guijas et al., 2022). To date, nothing is known about the effects of the above mentioned acylglycines 

and NEAs, but the pronounced difference in their abundancies between young and old BAT, could 

imply an important role in BA differentiation and aging. 

Vice versa, metabolites like aspartylphenylalanine were found more prominent in old samples. This 

tripeptide was already identified as one of the top upregulated metabolites in old compared to young 

BAT (cf. Figure 11 B), but did not alter due to cAMP stimulation. Furthermore, heat map analysis 

showed ten commonly upregulated metabolites in young and old samples after FSK treatment. Those 

metabolites were steroid hormones like 19-hydroxytestosterone, estradiolaceate and corticosterone 

and prostaglandins like PGE3 and PGA3. This was already indicated by VP analysis of young and old 

BAT after cAMP stimulation (cf. Figure 13 B,D).  

To analyse whether there are common or uniquely cAMP-regulated metabolites in young or old BAT, 

the significantly altered metabolites were compared. Ten metabolites were found to be upregulated 

in young and old samples after FSK stimulation (Figure 17 A). As expected, these common metabolites 

were hormones like 19-hydroxytestosterone and corticosterone, but also lipids like PGE3 (Figure 17 C). 

Further analysis of the normalised peak areas of the commonly upregulated metabolites showed that 

these metabolites were upregulated with similar intensities (Figure 16 D). There were no shared 

downregulated metabolites between the experimental groups.  

In order to better understand the detailed mechanisms underlying tissue-specific aging, uniquely 

regulated metabolites are of special interest. 12 metabolites were found to be uniquely upregulated 

in young BAT, whereas 3 metabolites were unique in old BAT (Figure 17 A). On the other hand 6 

metabolites were solely downregulated in young BAT and 3 in old BAT (Figure 17 B).  
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Figure 17: Comparison of significantly regulated metabolites from young and old BAT. A: Venn Diagramm of shared 

upregulated; B: Venn Diagramm of shared downregulated metabolites between young and old BAT after FSK treatment. C: 

Table of 10 shared upregulated metabolites between young and old BAT. D: Normalised peak area of three exemplary shared 

metabolites between young and old BA. Normalised peak areas are represented as mean ± SEM, one-way ANOVA, young BAT 

n=6, old BAT n=9, *p≤0.05, **p≤0.01, ***p≤0.001. 

The 18 unique metabolites (12 upregulated, 6 downregulated; Figure 18 A) from young BAT were 

further analysed. First, the metabolites were linked to biological pathways by performing 

Overrepresentation Analysis (ORA), which compares a list of compounds with human and mammalian 

metabolite libraries and identifies enrichment of biological processes.  

In young BAT only one pathway was found to be enriched: “Valine, leucine and isoleucine 

biosynthesis”. The two metabolites ketoleucine and the BCAA L-valine, were linked to this pathway 

(Figure 18B). Interestingly, ketoleucine is an initial metabolite of BCAA leucine which regulates BAT 

thermogenesis (Yoneshiro et al., 2019). Moreover, it has been shown to increase the expression of 

Sirt1, which is a well described regulator of lipid and glucose metabolism (Bruckbauer and Zemel, 

2011). As already described in section 4.1.1.1. and 4.1.1.2., leucine and isoleucine were upregulated in 

old BAT compared to young BAT, and elevated after cAMP stimulation in young BAT. ORA of the unique 

metabolites from young BAT further indicates BCAA levels to be affected by aging and stimulation of 

BAT.  

ORA only revealed one statistical significant biological process to be associated with the unique 

metabolites from young BAT. Therefore, the metabolites were analysed individually: the normalised 

peak areas from young and old BAT with and without FSK stimulation were analysed together to 

directly compare their abundance. Notably, 7/12 of the significantly upregulated metabolites in young 
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BAT were of low abundancy under basal conditions when compared to old BAT. However, cAMP 

stimulation elevated the metabolites to similar levels. The metabolites’ abundancies were not changed 

in old BAT due to the FSK treatment (Figure 18 C). On the other hand, metabolites which were 

downregulated in young BAT after cAMP stimulation, were of higher abundancy before the treatment 

in comparison to after the stimulation, but also in comparison to the levels observed in BAT (Figure 18 

D). 
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Figure 18: Analysis of unique metabolites from young BAT after FSK stimulation A: Table with all metabolites which were 

significantly up or downregulated after FSK stimulation of young BAT B: QEA of unique metabolites from young BAT. C: 

normalised peak area of 6 of 12 significantly up regulated metabolites. D: normalised peak area of 3 uniquely downregulated 

metabolites in young BAT. Normalised peak areas are represented as mean ± SEM, one-way ANOVA, young BAT n=6, old BAT 

n=9, *p≤0.05, **p≤0.01, ***p≤0.001 
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4.1.2. Untargeted Metabolomics of murine white adipose tissue from young and old mice 

4.1.2.1. Influence of aging on WAT metabolome  

White adipose tissue is well known to secrete a multiplicity of factors, including lipids and proteins and 

is a known regulator of systemic energy homeostasis. Therefore, alongside to BAT, inguinal WAT from 

young and old mice were analysed.  

Initial PCA, showed a separation according to age, even though not as clear as in BAT (Figure 19 A). 

Nonetheless, the separation indicates distinct metabolome profiles. VP analysis revealed 20 

metabolites to be significantly up and 38 metabolites to be significantly downregulated in old vs young 

WATi samples (Figure 19B), whereas zhe abundancies of 127 metabolites showed no significant 

changes. 8/20 upregulated metabolites were amino acids or linked to amino acid metabolism; the 

majority of downregulated metabolites (18/38) were lipids (Figure 19 C). 

Among the most prominent upregulated metabolites were acetylphenylalanine, 3-

hydroxydodecanoylcarnitine, aspartylphenylalanine and anserine. Interestingly, aspartylphenylalanine 

and anserine were upregulated in old BAT as well. Acetylphenylalanine is an amphiphatic metabolite 

of phenylalanine and classified as a uremic toxin. Uremic toxins are endogenous metabolites that can 

cause damages in the kidney, in neurons and in the cardiovascular system, if they accumulate in the 

body (Okajima et al., 1985). The elevated abundance of aspartylphenylalanine and acetylphenylalanine 

could result from increased protein degradation and insufficient clearance in old WAT compared to 

young WAT. So far nothing is known about direct effects of the two amino acid metabolites on white 

adipose tissue function. Strikingly, anserine was found to be elevated in both old WATi and BAT. 

Anserine is a highly abundant dipeptide which was already detected in adipose tissue and can have 

antioxidant effects, as already described in section 4.1.1.1. (Heidenreich et al., 2021). Increased levels 

of anserine in aged tissues might indicate a higher demand for antioxidant reagents to counteract 

increased ROS levels.  

Two noticeable downregulated metabolites were oleamide and D-myo-inositol-cyclicphosphate. 

Oleamide is a fatty acid amide of oleic acid and shows structural similarities with endocannabinoids. It 

is known for its role in sleep regulation and has analgesic and cannabinoid-like effects (Hiley and Hoi, 

2007). Oleamide was shown to interact with multiple targets like the cannabinoid receptor CB1, the 

serotonin receptors 5-HT1A, 5-HT2A, and 5-HT2C, several ion channels or the modulation of GABA. 

Furthermore, it can induce hypothermic effects which could also influence adipose tissue metabolism 

(Hiley and Hoi, 2007). Strikingly, downregulated levels of fatty acid amides were as well detected in 

old BAT (cf. Figure 11). Possibly, aging could affect fatty amide metabolism in both BAT and WATi and 

contribute to increased fat mass and impaired metabolic parameters.  
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Figure 19: Analysis of young vs. old WATi metabolomics. A: PCA Analysis of young and old WATi. B: Volcano Plot of old vs. 

young WATi metabolomics C: Classification of significantly up- and downregulated metabolites in old vs. young WATi. 

Similar as described for BAT, QEA was performed to link the changes of metabolites to biological 

processes. Interestingly, different pathways than in BAT were enriched in old compared to young 

WATi. The top enriched pathways were “Biosynthesis of unsaturated fatty acids”, “Taurine and 

hypotaurine metabolism” and “Nicotinate and nicotinamide metabolism” (Figure 20 A). The 

monounsaturated omega-9 fatty acid oleic acid and the saturated fatty acid (SFA) stearic acid were 

found to be significantly upregulated in old WAT. On the contrary, the polyunsaturated FAs α-linolenic 

acid and docosahexaenoic acid were significantly decreased in old WATi compared to young WATi 

(Figure 20 B). It is well known that aging per se is a risk factor for the accumulation of fat and the 

development of insulin resistance (Picard and Guarente, 2005). Palmitic acid and stearic acid are 

abundant FAs in human tissues and are known for their proinflammatory potential (Jamar and Pisani, 

2023). Higher levels of stearic acid have been detected in patients suffering from obesity or type 2 

diabetes. Both stearic and palmitic acid can lead to the induction of leptin gene expression and its 

secretion. On the other hand the polyunsaturated FA docosahexaenoic acid reduces the secretion of 

proinflammatory cytokines like Il-6 and TNF-α of macrophages (Jamar and Pisani, 2023). Increasing age 

is known to be associated with an imbalance between de novo fatty acid synthesis and the uptake of 

FFA into the adipocytes. This might explain the higher abundancy of long-chain fatty acids in old WATi 

(Picard and Guarente, 2005). 

The second most enriched pathway was “Taurine and hypotaurine” metabolism. Here, two 

metabolites were found to be changed of which only hypotaurine was significantly decreased in old 

WATi (Figure 20 C). Hypotaurine is a precursor of the semi-essential micronutrient taurine, which is 

one of the most abundant amino acids in humans and other eukaryotes (Singh et al., 2023). Recently, 
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taurine blood levels were found to be inversely correlating with increasing age and the 

supplementation of this micronutrient identified as potential supplement to counteract aging (Singh 

et al., 2023).  For “Nicotinate and nicotinamide metabolism” the one significantly changed metabolite 

was niacinamid, which was reduced in old WATi (Figure 20 D). Noteworthy, niacinamide has been 

shown to protect against diet-induced weight gain and induces browning of WA (Méndez-Lara et al., 

2021). 
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Figure 20: Quantitative Enrichment Analysis of age-related changes in the metabolome of young and old WATi. A QEA showing 

enriched pathways sets in the metabolome of young versus old WATi. B-D: Top three enriched metabolites from the top three 

altered pathway sets; young WATi: n=6; old WATi: n=9; Normalised peak areas are represented as mean ± SEM, unpaired t-

test, *p≤0.05, **p≤0.01, ***p≤0.001. 
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In summary, metabolomics of young and old WATi revealed pronounced changes in the metabolic 

profile according age. In total 55 metabolites were significantly changed in old compared to young 

WATi. These metabolites highly indicate an effect of aging on lipid metabolism. Furthermore, 

hypotaurine, which is a precursor of the known aging-associated metabolite taurine, was as well found 

to be reduced in aged WATi. 

4.1.2.2. Effects of cAMP stimulation on WATi metabolome 

Next, the effect of cAMP stimulation on the secretome of young and old WATi was analysed. Similar 

to BAT samples, the secretome of young WATi clearly showed the formation of two distinct clusters 

due to FSK treatment. In old WATi, both groups showed virtually complete overlap and no separation 

of the two sample groups (Figure 21 A,C). This indicates a higher response of young WATi to cAMP 

stimulation in comparison to old WATi. Additionally, VP showed a higher number of significantly 

changed metabolites in young than in old WATi samples: 18 metabolites were upregulated in young 

samples whereas only 9 metabolites were upregulated in old samples. Moreover, 15 metabolites were 

downregulated in young, and only 1 metabolite in old WATi samples (Figure 21 B,D).  

Strikingly, and in line with metabolomics from BAT, both young and old WATi shared the same 

metabolites with pronounced upregulation after cAMP stimulation. 19-hydroxytestosterone, 

androstenedione, corticosterone, estradiolacetate, PGE3 and PGA3 were significantly upregulated in 

young and old WATi after cAMP induction. Steroids can influence adipose tissue through a combination 

of genomic and non-genomic mechanisms. Estrogen and androgen receptors are expressed in white 

adipose tissue and can regulate adipocyte proliferation and differentiation, as well as the activation of 

lipolysis or the secretion of adipokines like leptin (Mayes and Watson, 2004). A knockout of estrogen 

receptor, on the other hand, showed significant increases in WAT with age in male and female mice 

(Heine et al., 2000). PGE2 is the most abundant PG in white adipose tissue and is recognized as an 

inducer of browning in WAT (Vegiopoulos et al., 2010). PGE3 is so far most described in the context of 

cancer (Yang et al., 2014) but nothing is known about its role in WAT.  
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Figure 21: Effects of cAMP stimulation on the WATi secretome of young and old mice. A: PCA and B: VP of young WATi after 

FSK treatment. C, D: PCA and VP of old WATi after FSK treatment.  

In the next step, the impact of cAMP treatment on biological processes was analysed in the 

metabolome of young WATi. As expected, QEA showed the enrichment of “Steroid hormone 

biosynthesis” for which 7 metabolites were found to be changed (Figure 22 A). These metabolites were 

for example corticosterone, estrone glucuronide or 19-hydroxytestosterone which were significantly 

upregulated after FSK treatment (Figure 22 B). All other listed enriched metabolite sets did not show 

a FDR< 0.1 and are therefore not significantly enriched (Figure 22 A). Nevertheless, N-acetyl-

glucosamine-1-phosphate and D-xylose-5-phosphate were significantly downregulated after cAMP 

stimulation (Figure 22 C). D-xylose-5-phosphate is an intermediate of the pentose phosphate pathway, 

which can supply glycolysis to generate energy (Stincone et al., 2015). As glucose was among the top 

downregulated metabolites in VP from cAMP stimulated young WAT, the decreased levels of the two 

metabolites could result from increased glycolysis. Albeit not significantly, upregulated UDP-D-

glucuronate might still be of relevance, since lower levels of this metabolite were detected in the blood 

metabolome of type-2-diabetes patients compared to healthy controls (Teruya et al., 2023).  
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Figure 22: Analysis of effect of cAMP stimulation on the enrichment of biological processes. A: QEA of unstimulated and 
stimulated young WATi B, C: Top enriched metabolite hits for the top enriched pathway sets. Normalised peak areas are 
represented as mean ± SEM, unpaired t-test, *p≤0.05, **p≤0.01, ***p≤0.001. n=6. 

QEA of old WATi metabolomics revealed “Sphingolipid metabolism” as the top enriched pathway. 4 

metabolites were altered due to FSK treatment. Especially, sphinganine and 3-dehydrosphinganine 

showed a marked increase upon cAMP stimulation (Figure 23 A,B). Strikingly, cAMP stimulation altered 

sphingolipid metabolism in old BAT as well, even though in the opposite direction. Sphinganine and 3-

dehydrosphinganine are precursors in the synthesis of S1P, sphingolipids and ceramides. The 

metabolites were found to be elevated in the abdominal subcutaneous adipose tissue of obese adults 
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(Blachnio-Zabielska et al., 2012). A deficiency of the generating enzyme of 3-keto-sphinganine on the 

other hand, can impair adipocyte function and adipocyte death (Fang et al., 2019).  

As in young WATi, “Steroid hormone biosynthesis” was enriched in old WATi due to cAMP stimulation. 

In this metabolites set 7 metabolites were detected, which were all significantly upregulated (Figure 

23 A,C). Those metabolites were hormones like corticosterone, estradiol and 19-hydroxytestosterone 

which were already described in this section. 

 

Figure 23: Analysis of the effect of cAMP stimulation on the enrichment of biological processes of old WATi. A: QEA of 

unstimulated and stimulated young WATi B, C: Top enriched metabolite hits for the top enriched pathway sets. Normalised 

peak areas are represented as mean ± SEM, unpaired t-test, *p≤0.05, **p≤0.01, ***p≤0.001. n=9.  
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Taken together, cAMP stimulation of WAT had a stronger influence on young WAT, as indicated by PCA 

and VP analyses. Strikingly, in young as well as in old WAT, and similar to BAT, cAMP stimulation 

increased levels of several steroid hormones and prostaglandins. Despite that, FSK stimulation might 

increase glycolysis in young WAT which results in decreased levels of glucose and D-xylose-5-posphate. 

In old WAT, sphingolipid metabolism was highly impacted by cAMP stimulation even though in a 

different manner than observed in BAT. 

 

4.1.2.3. Analysis of common and unique metabolites in the secretome of young and old BAT 

Next, all sample groups were analysed in one data set to visualize the effects of aging and cAMP 

stimulation together. PCA showed that the effects of aging led to a clearer subclustering than cAMP 

stimulation (Figure 24 A), indicating that aging itself has a greater influence on the metabolome than 

an acute cAMP stimulation. As already indicated by individual PCA of young and old WATi (cf. Figure 

21), cAMP stimulation had a greater effect on young than old WATi, resulting in the formation of two 

clusters for the young sample groups. Furthermore, heat map analysis of the top 25 metabolites 

showed that sample groups cluster according to age and not cAMP stimulation.(Figure 24 B). 

Additionally, heat map showed metabolite grouping according to age or stimulation: 11 metabolites 

were upregulated in both young sample groups; 3 metabolites were significantly upregulated in both 

old groups. Among the upregulated metabolites in young WATi were hexadecanamide (which is also 

known as palmitic acid amide) and pamitoleoylethanolamide, which are metabolites of the C16 fatty 

acids palmitic acid and palmitoleic acid. Interestingly, palmitoleic acid is produced and secreted by 

WAT and induces lipolysis, glucose uptake and glucose utilization in WA (Cao et al., 2008; Bolsoni-Lopes 

et al., 2013). Furthermore, it was identified as a lipokine which can communicate and influence skeletal 

muscle and liver (Cao et al., 2008). 

Metabolites increased in old WATi were aspartylphenylalanine, which was already described in section 

4.1.2.1., and O-heptanoylcarnitine and creatinine. Moreover, heat map highlighted the steroid 

hormones and prostaglandins, which were upregulated in young and old groups after cAMP 

stimulation.  
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Figure 24: Comparison of all WATi groups: young and old samples with and without FSK. A: PCA of all four groups. B: Heat 

Map of Top 25 regulated metabolites in all groups 

Since young and old WATi showed similar upregulated metabolites and pathways in VP and QEA, the 

significantly regulated metabolites after cAMP stimulation were analysed for common up- or 

downregulated metabolites. Six metabolites were commonly upregulated in young and old WATi 

samples after cAMP stimulation (Figure 25 A). No metabolites were commonly downregulated (Figure 

25 B). As expected, the six commonly upregulated metabolites were 19-hydroxytestosterone, 

androstenedione, corticosterone, estradiolacetate, PGA3 and PGE3 (Figure 25 C). Those metabolites 

also showed a similar magnitude of increase (Figure 25 D). Alike metabolites were also commonly 

upregulated after cAMP stimulation in young and old BAT, as described in section 4.1.1.2. This might 

indicate that the secretion of these metabolites might be due to a common mechanism that is 

activated in both brown and white adipocytes, or from a different cell type, which is present in both 

tissues. Nevertheless, the metabolites’ secretion seems to be unaffected by aging in both BAT and 

WAT. 
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Figure 25: Comparison of significantly regulated metabolites from young and old WATi. A: Venn diagram of shared 
upregulated; B: Venn diagram of shared downregulated metabolites between young and old WATi after FSK treatment. C: 
Table of 6 shared upregulated metabolites. D: Normalised peak area of three exemplary shared metabolites. Normalised peak 
areas are represented as mean ± SEM, one-way ANOVA, young WATi n=6, old WATi n=9, *p≤0.05, **p≤0.01, ***p≤0.001 

Next the uniquely regulated metabolites from young WATi were analysed in detail: 10 metabolites 

were uniquely upregulated, whereas 15 were uniquely downregulated after cAMP stimulation in 

young WATi (Figure 25 A). The unique metabolites were analysed in ORA, which did not show any 

enriched pathway with a FDR <0.1 (Figure 26 B). Individual analysis of the metabolites revealed that 

the long chain fatty acids 16-hydroxypalmitic acid, 3-oxopalmitic acid and thapsic acid were 

significantly upregulated in young, but not old WATi samples after cAMP stimulation. The increased 

levels of fatty acids and fatty acid metabolites could be a result of increased lipolysis which is a known 

downstream effect of cAMP stimulation (Figure 26 C). On the other hand, the medium-chain keto acid 

3- oxododecanoic acid and 10- oxodecanoic acid were downregulated in young WATi samples. 

Moreover, the β-hydroxyketone 3-dehydrosphinganine and fatty acid metabolite capryloylglycine 

were downregulated due to cAMP stimulation (Figure 26 D).  



66 
 

 

Figure 26: Analysis of unique metabolites from young WATi after FSK stimulation A: Table with all metabolites which were 

uniquely up or downregulated after FSK stimulation of young WATi B: QEA of unique metabolites from young WATi. C: 

normalised peak area of 4 of 11 significantly up regulated metabolites. D: normalised peak area of 4 of 15 unique 

downregulated metabolites in young WATi. WATi: n=6; old WATi: n=9; Normalised peak areas are represented as mean ± 

SEM, One Way ANOVA, *p≤0.05, **p≤0.01, ***p≤0.001. 
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4.1.3. Untargeted Metabolomics of murine soleus muscle from young and old mice 

4.1.3.1. Influence of aging on skeletal muscle metabolome 

Skeletal muscle plays a major role in energy metabolism. On the one hand, it stores metabolites like 

amino acids and carbohydrates, on the other hand SKM is also known to secrete various factors called 

myokines. SKM is highly affected by aging, which can lead to impaired mobility and metabolism. To 

analyse the effects of aging on soleus muscle, untargeted metabolomics was performed. 

PCA analysis of young and old soleus samples was performed to visualize the distribution and grouping 

of the samples. Young and old SKM samples showed a pronounced formation of two opposing clusters 

according to age, indicating a strong influence of aging on the metabolome profile of soleus muscle. 

Old samples showed a higher distribution within the group compared to young samples (Figure 27 A). 

Notably, PCA of soleus samples showed a more pronounced effect of aging compared to WATi, but a 

similar effect compared to BAT. VP analysis showed 56 significantly upregulated and 34 significantly 

downregulated metabolites in old soleus samples compared to young soleus samples (Figure 27 B). Of 

56 significantly upregulated metabolites, 18 were assigned to the class of “Lipids”. 17 of 56 metabolites 

were classified to “Amino acid metabolism”. Similarly, the downregulated metabolites were also 

mainly composed of “Lipids” (19/34) and “Amino acid metabolism” molecules (10/34) (Figure 27C). 

172 metabolites showed no significant changes. 

Among the top upregulated metabolites were 3-hydroxynonanoic acid, tocotrienol and 

pregnenolonesulfate. Tocotrienol belongs to the Vitamin E family and is known for its antioxidative 

effect. Furthermore, it can reduce serum levels of cholesterol and other lipids (Theriault et al., 1999). 

Tocotrineol can assimilate easily into the cell membrane to enter the cell and accumulates in tissues 

and organs high in fat (Chung et al., 2018). Tocotrienol can have several effects on skeletal muscle: a 

low dose of palm-oil derived tocotrienol-rich fraction (TRF) can induce myoblast proliferation, whereas 

a high dose of TRF showed cytotoxic effects (Chung et al., 2018). Furthermore, TRF can reverse 

myoblast aging in primary human myoblasts, measured in a reduction of β-galactosidase levels (Lim et 

al., 2013). Additionally, it was shown that TRF can improve cell viability and restore a young 

morphology in myoblasts (Khor et al., 2016). Furthermore, TRF supplementation was shown to 

ameliorate muscle atrophy and plasma insulin concentrations in diabetic mice (Lee and Lim, 2018).  

Pregnenolone sulfate is a sulphated steroid and a precursor as well as a product in steroid hormone 

biosynthesis. Pregnenolone and its sulphated form are both present in muscle and tendon, amongst 

other tissues (Hackney, 2017). In murine C2C12 skeletal muscle cells, pregnenolone sulfate acts as a 

substrate for the synthesis of pregnenolone (Fujiki et al., 2018). Interestingly, pregnenolone sulfate 

itself is a modulator of ion channels (Harteneck, 2013). A broad range of ion channels can be regulated 

by pregnenolone sulfate, like potassium channels, nicotinic acetylcholine receptor of voltage-gated 
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sodium channels. Furthermore, it is a negative modulator of GABAA channels and an activator of 

TRPM1 and TRPM3 channels (Harteneck, 2013). So far, little is known about the effects of 

pregnenolone sulfate in SKM. 

Among the top downregulated metabolites in old SKM were linoleamide and palmitic amide. 

Linoleamide and palmitic amide are both fatty acid amides. Interestingly, fatty acid amides were found 

to be altered in plasma from sarcopenia patients, as well as in plasma samples from aged and 

sarcopenic mice (Kim et al., 2023). Therefore, they might act as biomarkers for sarcopenia. Strikingly, 

fatty acid amides were among the top downregulated metabolites in old BAT, as well.  

 

 

Figure 27: Analysis of metabolomics data of soleus samples from young vs old mice. A: PCA Analysis of young and old soleus 

B: Volcano Plot of old vs. young soleus metabolomics C: Classification of significantly up- and downregulated metabolites in 

old vs. young soleus. 

With QEA the age-dependent changes in the secretome were linked to biological processes. Highly 

enriched pathways were “Taurine and hypotaurine metabolism”; “Cysteine and methionine 

metabolism”, “Vitamin B6 metabolism”, and “Biosynthesis of unsaturated fatty acids” (Figure 28 A). In 

“Taurine and hypotaurine metabolism”, two metabolites were enriched: Taurine was significantly 

upregulated and cysteic acid was significantly downregulated in old soleus (Figure 28 A,B). Cysteic acid 

is a direct precursor of taurine, but also a product of cysteine degradation. Interestingly, taurine 

metabolism was found to be altered in old WATi as well. As described in section 4.1.2.1. taurine is a 

semiessential micronutrient and a taurine deficiency has recently been identified as a driver of aging 

(Singh et al., 2023). Increased levels of taurine in the supernatant of old soleus musclecould indicae 

that in aging SKM taruine might have another role and that overall decline of serum taurine in mice is 

independent of taurine secretion from muscle. 
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In “Cysteine and methionine metabolism”, 9 metabolites were altered. For example, L-cystathionine, 

pyruvic acid and 3-phospho-glyceric acid were significantly higher in old than in young samples. 3-

Phosphohydroxypyruvic acid was significantly lower in old samples (Figure 28 A,C). Appropriately, L-

cystathionine and 3-phosphoglyceric acid are precursors in the biosynthesis of L-cysteine and cysteic 

acid, which in turn can fuel taurine metabolism.  

The third highly changed pathway was “Vitamin B6 metabolism” in which the two metabolites 

pyridoxal and 2-oxo-3-hydroxy-4-phosphobutanoate were of significantly higher abundancy in old than 

in young soleus samples (Figure 28 A,D). Pyridoxal is part of the vitamin B6 family, which is composed 

of pyridoxal, pyridoxine, pyridoxamine and their respective phosphate esters (Mukherjee et al., 2011). 

The different vitamin B6 forms are readily interconvertible. Its active form pyridoxal 5’-phosphate is 

an essential cofactor in all living species and acts as a coenzyme in over 180 enzymatic reactions 

ranging from lipid-, glycogen and amino acid metabolism. Pyridoxal and vitamin B6 pathways were 

shown to be upregulated during differentiation of human skeletal muscle cells (Kumar et al., 2020). 

The dietary intake of vitamin B6 can increase physical performance in older adults, as measured in 

better chair rise test time in healthy older adults and greater grip strength in older adults with low 

physical activity (Grootswagers et al., 2021). Furthermore, serum levels of pyridoxal 5’-phosphate are 

negatively influenced by increased body fat mass but not aging (Jungert and Neuhäuser-Berthold, 

2020).  

The forth enriched pathway was “Biosynthesis of unsaturated fatty acids”, in which 7 metabolites were 

changed. The long chain saturated fatty acids (SFA) stearic acid and arachidic acid, and the 

monounsaturated fatty acid oleic acid were significantly upregulated in the secretome of old soleus. 

The polyunsaturated fatty acid (PUFA) α-linolenic acid was significantly downregulated in old soleus 

(Figure 28 A,E). Interestingly, aging as well as sarcopenia are characterized by the accumulation of 

intramyocellular lipids (Gueugneau et al., 2015). Additionally, muscle fat infiltration can reduce muscle 

strength (Visser et al., 2002). However, saturated and unsaturated fatty acids show different effects 

on skeletal muscle mass and function: SFAs can decrease myotube diameter and suppress insulin 

signalling. PUFAs, like docosahexaenoic acid, on the other hand, can counteract this SFA induced 

myotube atrophy. Moreover, feeding dystrophic hamsters with a diet rich in the PUFA α-linolenic acid 

showed improvements in muscle morphology and function (Lipina and Hundal, 2017). The increased 

levels of SFA and decreased levels of PUFAs found in old soleus samples might therefore result from 

an aging-related lipid infiltration of the muscle and an imbalance of SFA and PUFA which can in turn 

negatively influence muscle mass and function.  

In summary, secretomics of young and old soleus, showed a pronounced effect of aging as indicated 

by clear separation of the two sample groups in PCA and a great number of significantly altered 
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metabolites. Functional analysis of the top regulated metabolites and pathway analysis, showed an 

influence in taurine and hypotaurine metabolism, even though the elevated levels of taurine in old 

soleus are contradicting recent data. Additionally, lipid metabolism seems to be highly impacted in 

soleus SKM due to aging. 

 

Figure 28: Pathway analysis of age-related changes in the metabolome of young and old Soleus muscle. A: QEA of young vs. 

old soleus metabolomics. B-E: Normalised Peak areas of altered metabolites from enriched pathways. Young soleus: n=6; old 

soleus: n=9; Normalised peak areas are represented as mean ± SEM, unpaired t-test, *p≤0.05, **p≤0.01, ***p≤0.001. 

 

4.1.3.2. Effects of cAMP stimulation on SKM metabolome 

cAMP signalling is vital for full SKM functionality, and the increase of cAMP levels by FSK treatment is 

widely used as a model for ex vivo exercise. To analyse the metabolome of SKM upon an acute ex vivo 

exercise mimic, untargeted metabolomics of young and old soleus samples with and without cAMP 

stimulation were analysed. PCA showed the formation of two distinct clusters in young samples (Figure 

29 A). This indicates a high influence of the FSK treatment on young soleus, leading to a strong variance 
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in the data between the two sample groups. This clustering effect was also observed for the old soleus, 

however, not as clearly as for the young (Figure 29 D). Like in BAT and WAT, the different clustering of 

Cntl and FSK treated samples, indicates a higher sensitivity of young tissue to the acute stimulation.  

In young soleus, cAMP stimulation led to significant changes in the abundancies of 89 metabolites, of 

which 73 were significantly up and 16 significantly downregulated due to cAMP treatment (Figure 29 

B). The majority of significantly up- and downregulated metabolites in young samples were classified 

as “Lipids” (27 up and 10 down). Moreover, 19 amino acids or metabolites from amino acid metabolism 

were upregulated in young soleus samples (Figure 29 C). Interestingly, cAMP stimulation of old soleus 

samples changed the levels of clearly less metabolites: in total 34, of which 17 were significantly up 

and 17 significantly downregulated. (Figure 29 E). Of the 17 upregulated metabolites in old soleus, the 

majority were hormones (7) and lipids (6). Of the 17 downregulated metabolites, 10 were lipids (Figure 

29 F).  

Strikingly, cAMP stimulation of soleus led to a pronounced increase of several steroid hormones and 

prostaglandins, just like observed in BAT and WAT. For example, 19-hydroxytestosterone, 

andostenedione, estradiol and PGE3 were significantly upregulated in young and old SKM after FSK 

treatment. Usually, sex steroid hormones are synthesized and secreted by the ovary and testis, but 

SKM is as well capable of producing steroid hormones. Sato et al. showed that testosterone, estradiol 

and DHT can be synthesized by the enzymes HSD, P450arom and 5α-reductase in skeletal muscle of 

rats (Sato et al., 2008; Sato and Iemitsu, 2015). The production and the levels of steroid hormones 

decrease with age which contributes to sarcopenia and muscle weakness (Sipilä et al., 2013). On the 

other hand, exercise can induce levels of testosterone, dihydrotestsoterone and estradiol in males rats 

(Aizawa et al., 2008; Aizawa et al., 2010). This effect is highly dependent on the sex and on the type of 

exercise that is performed. As the stimulation of cAMP production by FSK treatment is a known model 

for in vitro/ ex vivo exercise, the increased levels of steroids confirm the finding, that exercise increases 

steroid hormone levels ins SKM independent of age.  
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Figure 29:Effects of cAMP stimulation on the soleus secretome of young and old mice. A: PCA and B: VP of young soleus after 

FSK treatment. D, E: PCA and VP of old soleus after FSK treatment. C, F: Classification of significantly up- and downregulated 

metabolites.  

In a next step the effect of cAMP stimulation was linked to biological processes by QEA. In young soleus 

samples high changes could be observed in “Steroid hormone biosynthesis”, “Biosynthesis of 

unsaturated fatty acids”/“Fatty acid biosynthesis” and “Vitamin B6 metabolism” (Figure 30 A). 

In “Steroid hormone biosynthesis” 10 metabolites were enriched which were mainly composed of C18- 

and C19- steroids. The steroid precursor metabolites 20α,22β-dihydroxycholesterol was significantly 

decreased, whereas the C-19 steroid 19-hydroxytestosterone and the C-18 steroid estrone were 
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significantly upregulated after FSK stimulation in the secretome of young soleus (Figure 30 B). The 

reduction in a steroid precursor and an increase in steroid hormones, further indicates that cAMP 

stimulation activates steroid hormone biosynthesis. 

A total of 10 metabolites associated with the biosynthesis of saturated and unsaturated fatty acids 

were also altered due to FSK stimulation. The C18 and C20 long-chain fatty acids stearic acid, arachidic 

acid and oleic acid were significantly elevated. Shorter fatty acids like myristic acid (C14) and lauric acid 

(C12) were significantly reduced (Figure 30 D). The increased energy demand during exercise is mainly 

fuelled by carbohydrates and fat, the latter being mostly stored as TGs in the adipose tissue. However, 

SKM also contains TGs, even though in smaller quantities (van Loon, 2004). During exercise these 

intramuscular TGs are mobilized and oxidized to fuel the energy demand of contracting SKM (Watt et 

al., 2002). This lipolysis process is mediated by the adipose triglyceride lipase and is activated via PKA 

(Mason et al., 2012). As cAMP is an activator of PKA, a stimulation of SKM with FSK increases lipolysis 

via the cAMP/-PKA axis.  

Another highly enriched pathway was “Vitamin B6 metabolism”, in which the two metabolites 

pyridoxal and 2-oxo-3-hydroxy-4-phosphobutanoic acid were significantly upregulated (Figure 30 C). 

Interestingly, those metabolites were upregulated in old compared to young soleus, as well.  
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Figure 30: :Analysis of the effect of cAMP stimulation on the enrichment of biological processes in young soleus. A: QEA of 
unstimulated and stimulated young soleus B-D: Top enriched metabolite hits for the top enriched pathway sets. Normalised 
peak areas are represented as mean ± SEM, unpaired t-test, *p≤0.05, **p≤0.01, ***p≤0.001. n=6. 

The secretome of old soleus after cAMP stimulation was analysed in the same way. As in the young 

samples, QEA showed the enrichment of “Steroid hormone biosynthesis” and “Biosynthesis of 

unsaturated fatty acids”. 10 and 7 metabolites were changed in the pathways respectively (Figure 31 

A). Just like in the young samples, several C18 and C19 steroids like androstenedione, 19- 

hydroxytestosterone and estrone were significantly upregulated in old soleus (Figure 31 B). Strikingly, 

metabolites from “Biosynthesis of fatty acids” were changed in the opposite direction as in young 

soleus samples: the long-chain fatty acids stearic acid, arachidic acid and oleic acid were significantly 

lowered due to cAMP induction (Figure 31 C).  
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Figure 31:Analysis of FSK effect on the enrichment of biological processes in old Soleus. A: QEA of unstimulated and stimulated 
old Soleus B-D: Top enriched metabolite hits for the top enriched pathway sets. Normalised peak areas are represented as 
mean ± SEM, unpaired t-test, *p≤0.05, **p≤0.01, ***p≤0.001. n=9. 

To compare the different effects of aging and cAMP stimulation directly to each other, again all four 

groups were analysed in one data set. PCA showed that old and young samples cluster according to 

age, rather than treatment status. cAMP stimulation in young samples led to the formation of two 

separated clusters, which could not be observed in the old samples (Figure 32 A). This indicates that 

aging has a greater effect on the metabolome of soleus SKM than an acute ex vivo exercise treatment. 

Interestingly, aging showed a greater influence on the metabolic profile of BAT and WATi, as well. 

Furthermore, Heat map analysis of the top 25 metabolites also showed the highest similarities within 

the young/old groups (Figure 32 B). Additionally, heat map showed a clustering of several metabolites 

according to age. For example, acylcarnitines like 2-dodecenoylcarnitine, 9-decenoylcarnitine or 
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tiglylcarnitine were highly abundant in both young sample groups compared to old groups. 

Acylcarnitines are fatty acid metabolites and contain an acyl group i.e. a fatty acid or organic acid which 

is linked to L-carnitine. Their major role is to transport organic acids and fatty acids from the cytoplasm 

into the mitochondria where they can be broken down to produce energy (Dambrova et al., 2022). 

Plasma levels of especially short-chain acylcarnitines are increased in type-2 diabetes patients and are 

therefore discussed to be a relevant biomarker (Hosseinkhani et al., 2022). Elevated concentrations of 

acylcarnitines in skeletal muscle can occur in insulin-resistance or type 2 diabetes mellitus (McCoin et 

al., 2015). In mice it was already shown, that exercise can reverse the accumulation of long-chain 

acylcarnitines in gastrocnemicus muscle during high fat diet. Elevated levels of acylcarnitines in young 

soleus SKM therefore seem unexpected and demand more thorough analysis on the direct effects of 

these metabolites on SKM. 

On the other hand, metabolites like tocotrienol or pregnenolone sulfate were highly abundant in old 

but not in young samples. Those metabolites were among the top upregulated metabolites in old 

compared to young soleus and were already described in section 4.1.3.1.. 

 

 

 

Figure 32: : Comparison of all soleus groups: young and old samples with and without FSK. A: PCA of all four groups. B: Heat 

Map of Top 25 regulated metabolites in all groups 

VP and QEA analysis of young and old samples already highlighted common regulation patterns due to 

cAMP regulation. For a more detailed analysis, the metabolites which were significantly changed after 
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cAMP induction in young and old soleus samples were analysed for common features. 12 metabolites 

were significantly upregulated in both young and old soleus after cAMP stimulation (Figure 33 A). Two 

metabolites were downregulated in both groups (Figure 33 B). Unsurprisingly, among the shared 

upregulated metabolites were mainly steroidhormones and prostaglandins. For example the steroids 

andostenedione and 11-deoxycortisol and PGE3 were significantly upregulated due to FSK stimulation 

in young and old samples (Figure 33 D). The two metabolites which were commonly downregulated 

were 3-hydroxydodecanedioic acid and o-adipoylcarnitine. 3-Hydroxydodecanedioic acid was of 

significant lower abundancy in old than in young samples under unstimulated conditions. In both 

sample groups the levels were lowered due to cAMP stimulation. 3-Hydroxydodecanedioic acid is a 

medium-chain hydroxyl acid and involved in the acylcarnitine pathway. O-Adipoylcarnitine on the 

other hand, is an acylcarnitine.  

 

Figure 33: : Comparison of significantly regulated metabolites from young and old soleus. A: Venn Diagramm of shared 
upregulated; B: Venn Diagramm of shared downregulated metabolites between young and old soleus after FSK treatment. C: 
Table of shared up- and downregulated metabolites. D: Normalised peak area of three exemplary shared upregulated 
metabolites. E: Normalised peak area of the two shared downregulated metabolites between stimulated young and old soleus. 
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Normalised peak areas are represented as mean ± SEM, one-way ANOVA, young soleus n=6, old soleus n=9, *p≤0.05, 
**p≤0.01, ***p≤0.001 

61 metabolites were found to be uniquely upregulated in young soleus after FSK stimulation (Figure 

33 A). Those metabolites were analysed for the enrichment of specific pathways by ORA. 8 metabolites 

were associated with “Aminoacyl-tRNA biosynthesis”, 6 with “Alanine, aspartate and glutamate 

metabolism” and 6 with “Arginine and proline metabolism” (Figure 34 A). Those metabolites, like 

glycine and proline, were significantly upregulated in young soleus after FSK stimulation, but not in old 

(Figure 34 C). Taking a closer look at those metabolites, ten amino acids were shared hits in multiple 

pathways (Figure 34 B). For example, L-glutamic acid was found in seven of the top ten enriched 

metabolite sets, and L-aspartic acid in five. This indicates a specific alteration of amino acid metabolism 

in young soleus samples. In SKM, amino acids are mainly present in the form of proteins. A smaller 

amount (less than 2% of total body amino acid) exist in their free form in plasma or in intra- and 

extracellular spaces (Gibala, 2001). Nevertheless, this pool of free amino acids participates in a great 

number of metabolic pathways throughout the body. The size of the free amino acid pool is dynamic 

and can change upon events such as dietary status or exercise. Especially, glutamate, aspartate, 

asparagine and BCAA were shown to be released of or taken up from SKM due to exercise. 

Furthermore, glutamine and alanine are released from SKM after exercise (Gibala, 2001). Amino acid 

oxidation can fuel energy demand, when lipid and carbohydrate storages are depleted. The increase 

in free amino acids in young soleus samples after cAMP stimulation could therefore indicate the 

utilisation of amino acids for energy supply.  

In summary, cAMP stimulation of young and old soleus SKM showed a great effect on the metabolome 

of young soleus and a moderate effect on the metabolome of old soleus. cAMP stimulation of young 

soleus showed an increase in free long-chain fatty acids and an increase in vitamin B6 metabolites. In 

old soleus samples, on the other hand, cAMP stimulation decreased the levels of free fatty acids. 

Interestingly, both young and old samples showed a pronounced increase in steroid hormones and 

prostaglandins upon cAMP stimulation. The analysis of unique metabolites from young soleus, 

highlighted amino acid metabolism and strongly indicates an aging effect on the utilisation of amino 

acids during ex vivo exercise.  
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Figure 34: : Analysis of unique metabolites from young Soleus after FSK stimulation A QEA of unique metabolites from young 
soleus. B: Table with of ten upregulated amino acids which were found in the top regulated pathways. C: normalised peak 
area of two significantly up regulated amino acids. Normalised peak areas are represented as mean ± SEM, one-way ANOVA, 
young soleus n=6, old soleus n=9, *p≤0.05, **p≤0.01, ***p≤0.001 

 

4.2. Untargeted Metabolomics of human soleus muscle from young and old, untrained 

and trained healthy men 

Untargeted metabolomics from young and old mice revealed a significant influence of aging and ex 

vivo exercise on the metabolic profile from soleus muscle. However, murine data cannot entirely be 

transferred to the human organism and cAMP stimulation only serves as a model for acute ex vivo 

exercise, without displaying the whole impact of training or long-term adaptations. Therefore, human 

soleus biopsies were analysed in a next step. Soleus biopsies were obtained from healthy male 

volunteers which were either 20-35 years (young) or 60-75 years (old), and either virtually unactive in 

sports (untrained) or performed sports on a regular and competitive basis (trained) (see section 3.3.1.). 

4.2.1. Effects of training status on the metabolome of soleus muscle from young and old men 

The influence of training on the secretome was evaluated by comparison of young or old untrained 

samples to young or old trained samples. PCA showed major overlapping of untrained and trained 

samples in the young group, as well as in the old (Figure 35 A, C). Notably, the distribution of the 

samples was rather high in both groups, which could be a sign of high data variation due to 
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interindividual differences. This might as well account for similar clustering in PCA and indicate a higher 

effect of interindividual differences rather than training status in human samples. 

Volcano Plot Analysis of young samples showed a significant upregulation of 3 metabolites and a 

significant downregulation of 16 metabolites in trained compared to untrained samples (Figure 35 B). 

322 metabolites showed no significant changes. The top three upregulated metabolites were L-

carnitine, heptanoylcarnitine and 1-methylnicotinamide. Among the top downregulated metabolites 

were inosine, aminohippuric acid and cysteinyl-alanine (Cys-Ala). 

L-carnitine is mainly found in SKM (95% of total body carnitine), either in its free form or as acyl 

carnitine (Brass, 1995). The most studied function of L-carnitine is the transportation of long-chain 

fatty acids into the mitochondria for β-oxidation. Besides that, it is a prominent supplement in exercise 

performance, that should increase fat oxidation during prolonged exercise, even though this effect is 

under great scientific discussion (Stephens et al., 2007). Notably, trained humans and equines seem to 

have higher total muscle carnitine content than untrained controls (Lennon et al., 1983; Foster and 

Harris, 1992). Therefore, the increased levels of L-carnitine in trained compared to untrained young 

samples, likely results from the training status. 

1-methylnicotinamide is the methylated metabolite of nicotinamide produced by the enzyme N-

methyltransferase which is expressed in SKM amongst other tissues (Aksoy et al., 1994). Interestingly, 

a single bout of endurance exercise can increase the enzymatic activity of N-methyltransferase in 

murine liver and a supplementation of diabetic mice with 1-mehtylnicotinamide could increase insulin 

sensitivity and prolong exercise endurance (Chłopicki et al., 2012; Przyborowski et al., 2015). 

The purine inosine was significantly lower in the supernatant of young trained soleus samples. Inosine 

can be synthesized from adenosine or inosine monophosphate and further metabolised to 

hypoxanthine. Conflictingly, adenosine concentrations increase upon exercise in the interstitium of 

human muscle and the activation of the corresponding purinergic receptor A2B was shown to 

positively influence muscle mass and function and counteract age-related SKM decline (Hellsten et al., 

1998; Gnad et al., 2020). On the other hand, Xiang et al. showed, that exercise led to a downregulated 

of purine metabolites after exercise in SKM of diabetic mice (Xiang et al., 2018). 

VP of old soleus samples pictured 13 significantly up and 12 significantly downregulated metabolites 

in old trained compared to old untrained samples. The top upregulated metabolites in old trained 

samples were the saturated fatty acids palmitic acid, stearic acid and margaric acid. The increase in 

long-chain fatty acids in trained samples seems rather unlikely, since an infiltration of lipids in the 

muscle is mostly observed in sarcopenic or obese individuals (Gueugneau et al., 2015).On the other 

hand, the long chain fatty acid 11-eicosenoic acid was among the top downregulated metabolites in 
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old trained compared to untrained samples (Figure 35 D). This indicates that training in old individuals 

leads to a distinct regulation of lipid metabolism.  

 

Figure 35: Influence of training status on the secretome of soleus muscle from young and old participants. A: PCA Analysis of 

young untrained and young trained human soleus samples. B: Volcano Plot Analysis showing significantly increased and 

decreased metabolites in young trained compared to young untrained samples. C: PCA Analysis of old untrained and old 

trained human soleus samples. D: Volcano Plot Analysis showing significantly increased and decreased metabolites in old 

trained compared to old untrained samples. 

Overall, untargeted metabolomics of young and old human soleus samples revealed a rather modest 

effect of training on the basal metabolic profile which likely results from interindividual differences in 

human participants. In young samples, training showed an influence on (acyl)-carnitines and 

nicotinamide metabolism. In old samples, metabolomics revealed an influence of training on fatty acid 

metabolism. 

4.2.2. Influence of cAMP stimulation on the metabolome from young trained and untrained 

soleus muscle  

Likewise to murine soleus samples, human soleus samples were treated with the cAMP inducer FSK, 

to stimulate the muscle and analyse the influence of exercise ex vivo.  
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PCA of young untrained participants showed that samples cluster according to their treatment group 

(Control or FSK), but no clear separation of the clusters was observed (Figure 36 A). On the other hand, 

PCA of young trained samples showed two clearly separated and opposing clusters after cAMP 

stimulation (Figure 36 D). This indicates, that cAMP stimulation clearly influences both young untrained 

and trained soleus, but has a greater impact on the metabolome of young trained samples. Thus, young 

trained soleus might be more sensitive to cAMP induction.  

cAMP stimulation of young untrained samples led to a significant increase in the levels of 36 

metabolites, whereas 16 metabolites displayed a significant downregulation (Figure 36 B). The 

majority of significantly upregulated metabolites belonged to the class of “Lipids” (12/36), 

“Nucleotides” (7/36) and “Hormones” (6/36). The downregulated metabolites were mainly composed 

of “Lipids” (10/16) (Figure 36 C). Furthermore, cAMP stimulation of young trained samples led to a 

significant increase in the abundancy of 43 metabolites, and a significant decrease in the abundancy 

of 48 metabolites (Figure 36 E). The upregulated as well as the downregulated metabolites were mainly 

composed of “Lipids” (up: 20/48, down 17/43) (Figure 36 F). The higher number of significantly 

changed metabolites in young trained compared to young untrained samples further underlines the 

hypothesis, that training elevates the responsiveness to ex vivo exercise in soleus muscle from young 

participants. 

Noteworthy, cAMP stimulation of both young untrained and trained samples, led to a significant 

increase in prostaglandins like 15-keto-PGE2, and PGE3 and hormones like 11-deoxycortisol. Strikingly, 

as described in sections 4.1.1.2, 4.1.2.2. and 4.1.3.2., cAMP stimulation increased levels of steroid 

hormones and prostaglandins in murine BAT, WATi and soleus SKM as well.  
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Figure 36: Effects of cAMP stimulation on the secretome of young untrained and trained soleus SKM. A: PCA and B: VP of 

young untrained soleus SKM after FSK treatment. C: Classification of significantly regulated metabolites from VP analysis(B). 

D: PCA and E: VP of young trained soleus SKM after FSK treatment. F: Classification of significantly regulated metabolites from 

VP analysis (E).  

Next, the influence of cAMP stimulation on biological pathways in young untrained and trained 

samples was analysed. As already indicated by VP, QEA of young untrained samples showed highest 

changes in “Steroid hormone biosynthesis”, depicting 14 metabolites altered in this pathway due to 

cAMP induction. Moreover, 14 metabolites were altered in “Valine, leucine and Isoleucine 
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degradation”, and 9 metabolites in “Pentose and glucuronate interconversions” (Figure 37 A). During 

exercise, SKM exerts amino acid pools for energy metabolism. Especially BCAAs (valine, leucine and 

isoleucine) undergo metabolic processes like oxidation or transamination to fuel citric acid cycle and 

gluconeogenesis (Gibala, 2001; Shimomura et al., 2004). Furthermore, pentose and glucuronate 

interconversions play important roles in the carbohydrate metabolic pathway and are involved in 

processes like gluconeogenesis, trans- and deamination and lipogenesis. As cAMP stimulation is a 

model for ex vivo exercise, the enrichment of BCAA metabolism after FSK stimulation highlights the 

importance of BCAAs in SKM metabolism during exercise. 

 

Figure 37: Quantitative Enrichment Analysis of young untrained (A) and trained (B) samples after cAMP stimulation 

QEA of young trained samples showed the highest changes in “Steroid hormone biosynthesis” as well. 

Like in young untrained samples, 14 metabolites were significantly altered due to cAMP stimulation 

(Figure 37 B). The second most enriched pathway was “Glycine, serine and threonine metabolism”, to 

which 7 metabolites were linked. Thirdly, “β-Alanine metabolism “was highly changed, with 9 

metabolites which were altered in this pathway due to cAMP stimulation. Interestingly, glycine levels 

were found to be consistently lower in patients with obesity and diabetes compared to healthy 

controls. On the other hand, interventions like weight loss, exercise and improvement in insulin 

resistance elevates plasma glycine levels in obese and diabetic patients (Adeva-Andany et al., 2018). 
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Moreover, extracellular serine and glycine are vital for muscle stem cell expansion and reduced levels 

of serine and glycine can impair SKM regeneration (Gheller et al., 2021). Alanine is one predominant 

amino acid which is released by SKM and taken up by the liver to fuel gluconeogenesis. Intriguingly, 

the formation and release of alanine from rat SKM can be increased by many amino acids, amongst 

others glycine, serine and threonine (Garber et al., 1976). Additionally, alanine is known for its role in 

the synthesis of carnosine, of which a supplementation showed an improvement in anaerobic exercise 

capacity and performance (Matthews et al., 2019).  

Overall, cAMP stimulation of young untrained vs. trained samples displayed a significant influence on 

the metabolic profile of both groups. Yet, cAMP induction showed a greater effect in young trained 

samples compared to untrained. Moreover, ex vivo exercise led a marked increase in steroid hormones 

and prostaglandins in both untrained and trained samples. Furthermore, amino acid metabolism was 

enriched in young untrained and trained samples, with the highest influence on BCAA and glycine, 

serine, threonine and alanine metabolism, respectively.  

4.2.3. Influence of cAMP stimulation on the metabolome from old trained and untrained soleus 

muscle 

Next, samples from old participants were analysed for the enrichment of biological processes due to 

cAMP induction (Figure 38). Unexpectedly, PCA from old untrained participants showed two clearly 

separated clusters after cAMP stimulation (Figure 38 A). This clear separation could not be observed 

for the old trained samples. Here the two groups showed a trend, but not completely separated 

clusters (Figure 38 C). 

cAMP stimulation led to the significant upregulation of 39, and downregulation of 16 metabolites in 

the old untrained group (Figure 38 B). The majority (14) of the upregulated metabolites were classified 

as lipids, whereas the downregulated metabolites were mainly composed of lipids (6) and metabolites 

associated to amino acid metabolism (5). Among the top upregulated metabolites were 

androstenedione, 19-hydroxytestosterone, 11-dehydrothromboxane B2 and PGE3. Among the top 

downregulated metabolites were carnosine, 3-phenylpropionate and myristic acid. Interestingly, 3-

phenylpropionate and myristic acid were already detected as significantly downregulated metabolites 

in old trained compared to old untrained samples without cAMP stimulation (c.f. Figure 35 D). 

cAMP induction of old trained samples changed the levels of a comparable number of metabolites: 41 

metabolites were significantly upregulated, and 12 significantly downregulated (Figure 38 D). The 

majority of up as well as downregulated metabolites were classified as lipids (19 up, 8 down). Under 

the top upregulated metabolites were again PGE3, androstenedione and 19-hydroxytestosterone. 

Strikingly, palmitic acid, stearic acid and heptadecanoic acid were among the most prominent 
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downregulated metabolites after cAMP stimulation. These three fatty acids were among the top 

upregulated in old trained compared to old untrained samples under basal conditions as well (c.f. 

Figure 35 D) 

 

  

Figure 38: Effects of cAMP stimulation on the secretome of old untrained and trained soleus SKM. A: PCA and B: VP of old 

untrained soleus SKM after FSK treatment. C: Classification of significantly regulated metabolites from VP analysis(B). D: PCA 

and E: VP of old trained soleus SKM after FSK treatment. F: Classification of significantly regulated metabolites from VP 

analysis (E). 
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In the next step, the influence of ex vivo exercise on the enrichment of biological pathways was 

analysed in old soleus samples. Similar to young samples, QEA of old samples placed “Steroid hormone 

biosynthesis” pathway among the top three changed pathways, both in untrained and trained old 

samples (Figure 39 A,B). Furthermore, QEA of old untrained soleus revealed the enrichment of “Lysine 

degradation” and “Fatty acid degradation” due to cAMP stimulation.  

QEA of old trained samples, showed “Fatty acid biosynthesis” and “Biosynthesis of unsaturated fatty 

acids” among the top enriched pathways due to cAMP induction (Figure 39 B). Strikingly, pathways 

related to fatty acid metabolism were highly enriched in both old untrained and trained sample groups 

upon cAMP induction. Additionally, lipids accounted for the majority of significantly regulated 

metabolites in both groups, as well. Furthermore, long chain fatty acids were among the top 

upregulated metabolites, and “Biosynthesis of unsaturated fatty acid” pathway was highly enriched in 

old murine soleus samples compared to young. On the contrary, lipid metabolism played a subordinate 

role in ex vivo exercise in human young untrained and trained samples. This underlines once more, 

that aging SKM is infiltrated with lipids, which on the one hand act as energy source during SKM 

stimulation and exercise, but on the other hand impair SKM strength and function. The observed 

enrichment in fatty acid metabolism in both untrained and trained old samples could hint at a general 

transition of SKM metabolism from amino acid metabolism to lipid metabolism due to aging.  
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Figure 39: Quantitative Enrichment Analysis of old untrained (A) and old trained (B) samples after cAMP stimulation 

 

4.2.4. Analysis of common and unique metabolome signatures between all sample groups 

To examine the metabolomics data for interesting metabolite candidates, all significantly regulated 

metabolites after FSK treatment were analysed for matches. Due to cAMP stimulation 14 metabolites 

were upregulated in all groups (Figure 40 A). Heat Map Analysis of all groups and conditions showed 

that sample groups cluster according to experimental treatment (Cntl/FSK stimulation) rather than 

aging. Furthermore, heat map depicts the 14 commonly upregulated metabolites (Figure 40 B). Among 

these metabolites were the prostaglandins PGE3, 15-Keto-PGE2 and 19-hyroxyprostaglandin A2. Also 

steroid hormones were commonly upregulated: 19-hydroxytestosterone, androstenedione, 

corticosterone, estratetraenol. To analyse whether all 14 metabolites were regulated in the same 

manner, the relative peak intensities of all groups were compared to each other. In deed all 14 

metabolites were upregulated in a comparable manner (Figure 40 C). A similar regulation pattern of 

prostaglandins and steroids was observed after the stimulation of young and old murine BAT, WATi 

and soleus, as well. This not only indicates that this cAMP-dependent upregulation is consistent 

throughout aging, but also throughout different species and different metabolically active tissues. 

Venn diagram of the significantly regulated metabolites from all groups furthermore depicted the 

number of unique metabolites for each group (Figure 40 A). The greatest number of uniquely regulated 



89 
 

metabolites were detected in the young trained groups (39 metabolites), followed by the old trained 

group (28 metabolites). The young untrained group showed 13 and the old untrained group 10 unique 

metabolites. The high numbers of unique metabolites in young and old trained samples might indicate 

a distinct metabolome profile, which could result from training status.  

 

Figure 40: Shared upregulated metabolites after cAMP stimulation. A: Venn diagramm showing shared metabolites between 

different groups. B: Heat Map showing top 25 regulated metabolites, depicting shared upregulated metabolites of all groups 

after FSK treatment. C: Bar graph showing 6 of the 14 commonly upregulated metabolites. Normalised peak areas are 

represented as mean ± SEM, one-way ANOVA, young soleus n=6, old soleus n=9, *p≤0.05, **p≤0.01, ***p≤0.001 

The young trained group showed the highest number of uniquely regulated metabolites: 39 

metabolites were uniquely regulated after cAMP stimulation in young trained soleus samples. Of 

those, 16 were upregulated and 23 were downregulated (Figure 41 A). In a next step, these metabolites 

were analysed for enriched biological pathways by ORA. ORA of the unique metabolites showed the 

enrichment of “Arginine and proline metabolism” for which 4 hits were detected. Those metabolites 
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were: L-arginine, spermidine, L-proline and pyruvic acid. Also “β-Alanine metabolism” was enriched 

and 3 hits were associated with this pathway which were dihydrouracil, L-histidine and also 

spermidine. L-Arginine, spermidine and L-proline were uniquely upregulated in young trained samples 

after cAMP stimulation. Dihydrouracil, L-histidine and histamine were downregulated after the 

stimulation (Figure 41 C). The enrichment of amino acid metabolism in young trained samples 

furthermore indicates that young SKM utilises amino acids, either from protein degradation or from 

free amino acid pools, to fuel the elevated energy demand during stimulation.  

Interestingly, the polyamine spermidine was found to be uniquely upregulated upon cAMP in young 

trained samples. Spermidine was recently shown to be downregulated in SKM of aged mice and a 

supplementation of spermidine in a combination with exercise was shown to ameliorate skeletal 

muscle atrophy (Fan et al., 2017; Uchitomi et al., 2019). Furthermore, L-histidine was uniquely 

downregulated due to ex vivo exercise in young trained soleus. L-histidine itself functions as a pH 

buffer, metal ion chelator and as an antioxidant. Additionally, it serves as a precursor in the synthesis 

of carnosine (β-Alanyl-L-histidine) and histamine. (Holeček, 2020). Carnosine is involved in SKM 

metabolic processes like excitation-contraction coupling and a supplementation of carnosine in 

senescence-accelerated mice can increase life span (Yuneva et al., 1999; Boldyrev et al., 2013). 

Histamine, on the other hand, is a driver of inflammation and usually originates from the degranulation 

of mast cells. In SKM, histamine levels are increased upon exercise, which leads to the degranulation 

of mast cells and de novo synthesis of histamine. This in turn leads to vasodilation in the exercised 

muscle (Romero et al., 2017). Furthermore, increased levels of histamine were detected in SKM of 

aged mice (Uchitomi et al., 2019). Both L-histidine and histamine levels were decreased after cAMP 

stimulation of young trained soleus. This could indicate that both metabolites are taken up by the 

muscle to fuel the synthesis of carnosine or to clear the muscle tissue from potentially harmful 

metabolites. 

In total ORA linked 7 metabolites to two biological pathways. This in turn leaves 32 metabolites which 

could not be linked significantly to any pathways. Even though those metabolites might not indicate 

the enrichment of a specific process, they could still be of metabolic relevance. 

In a next step these metabolites were analysed individually to check for interesting candidates. Indeed, 

six metabolites showed a strong regulation upon cAMP stimulation in young trained samples. Choline 

was highly upregulated after FSK stimulation. L-Carnitine, oleamide, hypoxanthine, taurine and 

methylnicotinamide showed a pronounced reduction after cAMP induction ( Figure 41 D).  

Choline is an essential micronutrient which belongs to the Vitamin B family. It has many important 

metabolic functions. For example, it serves as a methylgroup donor in the synthesis of S-
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adenosylmethionine and it is a precursor in the synthesis of acetylcholine. Additionally, it influences 

cell membrane structure and function by its role in phospholipid synthesis (Zeisel et al., 2018; Moretti 

et al., 2020). In muscle metabolism, choline improves mitochondrial energy metabolism and lipid 

metabolism by decreasing FA synthesis. It can lower the intramuscular fat content and improve insulin 

signalling. Low concentrations of choline are associated with muscle impairment and wasting (Zeisel 

et al., 2018). The higher abundancy of choline in the supernatant from young trained muscle could be 

a result of the secretion of choline from the muscle itself to act in an auto- or paracrine effect. This 

secretion might be amplified by the training status. 

L-Carnitine is a non-essential amino acid which plays a key role in lipid metabolism and beta-oxidation 

(Wächter et al., 2002). It forms long chain acetylcarnitine esters together with long chain fatty acids 

which allows their transport into the mitochondria. Carnitine is a key metabolite in skeletal muscle and 

its deficiency results in myopathy and impaired fatty acids oxidation. Especially in older patients this 

can in turn lead to exercise intolerance and rhabdomyolysis (Adeva-Andany et al., 2017). The young 

trained muscle might have a higher need for L-carnitine to induce fatty acid metabolism which could 

explain the lower levels of L-carnitine after cAMP stimulation. 

Oleamide (9-Octadecenamide) is a long chain fatty amide of the fatty acid oleic acid. It has several 

biological functions like the induction of sleep, appetite and food intake, antianxiety and analgesic 

effects (Hiley and Hoi, 2007). Oleamide was found to be increased in the interstitial fluid of rats after 

exercise (Zhang et al., 2019) and a dietary intake of oleamide can have beneficial effects of skeletal 

muscle atrophy in mice (Kobayashi et al., 2021). The decreased levels of oleamide after FSK stimulation 

in young trained muscle might be explained with a higher demand of the fatty amide in comparison to 

the other samples groups.  
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Figure 41: Unique metabolites in young trained samples after FSK stimulation. A: Classification of the unique metabolites in 
up- or downregulated classes. B: ORA of unique metabolites from young trained samples. C: Normalised peak areas of detected 
hits from ORA. D: Normalised peak areas of special metabolites with pronounced unique effects in young trained samples. 
Normalised peak areas are represented as mean ± SEM, one-way ANOVA, young soleus n=6, old soleus n=9, *p≤0.05, 
**p≤0.01, ***p≤0.001 

Overall, untargeted metabolomics of human soleus muscle from young and old, untrained and trained 

participants revealed 14 commonly upregulated metabolites after cAMP induction. Like already 

observed in BAT, WATi and soleus from young and old mice, those metabolites contained steroid 
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hormones and prostaglandins. Moreover, the upregulation magnitude showed no influence of aging, 

since all metabolites were upregulated with similar fold change.  

cAMP stimulation in young trained samples led to the greatest number of uniquely regulated 

metabolites, indicating that regular physical activity remodels SKM metabolism which in turns leads to 

a unique metabolic profile after ex vivo exercise.  

4.3. Auto- and paracrine effects of muscle metabolites on the differentiation of skeletal 

muscle cells and brown adipocytes 

4.3.1. Effects of muscle metabolites on the differentiation of murine C2C12 cells 

The analysis of untargeted metabolomics of murine BAT, WATi, soleus muscle and human soleus 

muscle revealed several metabolites which were commonly upregulated in all sample groups after 

cAMP induction. Among those were eicosanoids like Prostaglandin E2 or E3, and hormones like 

corticosterone and desoxycortisol. Especially human soleus from young trained samples revealed a 

unique metabolic profile with a high number of uniquely changed metabolites upon cAMP stimulation. 

The metabolites with the most pronounced changes were histamine, L-carnitine, oleamide and 

choline. To study the effect of these metabolites on muscle cells, C2C12 cells were cultured in vitro 

and treated with these metabolites. Cells were treated either overnight for 16h to study the acute 

effect, or the metabolites were applied throughout the whole differentiation to study a long-term 

effect. Samples were examined for the effects on myogenesis, muscle differentiation, muscle 

formation and cell maintenance using a broad range of gene markers: MyoD, Myf5 and Myogenin 

belong to the myogenic regulatory factors family (MRFs) and are crucial transcription factors for 

myogenesis. MyoD and Myf5 ensure the fate of cell differentiation towards skeletal muscle lineage. A 

more downstream transcription factor is Myogenin but also MyoD, which activate myogenic 

differentiation (Zammit, 2017). Pax3 is a stem cell marker for satellite cells. Mef2c is an important 

transcription factor in the maintenance of sarcomere integrity and postnatal maturation of skeletal 

muscle (Potthoff et al., 2007). Myomaker is a crucial factor for myoblast fusion during muscle 

development, differentiation and regeneration (Millay et al., 2014). 

The acute metabolite treatment with PGE2, PGE3, corticosterone and desoxycortisol led to a significant 

decrease in the expression of Myogenin and Myomaker. Furthermore, the acute treatment with PGE2 

and PGE3 also led to a significant reduction of Mef2c. PGE3 led to a significant increase in the 

expression of MyoD. Corticosterone and desoxycortisol increased the expression of Myf5 (Figure 42 

A).  
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Additionally, a long-term treatment with desoxycortisol led to a significant increase in the expression 

of Myf5, whereas corticosterone was able to increase expression levels of Myogenin. PGE2 decreased 

levels of Mef2c significantly. MyoD, Myomaker and Pax3 remained unchanged (Figure 42 B).  

Together these data might indicate that the acute and chronic treatment with PGE2 could negatively 

influence muscle regeneration and repair. A treatment with steroid hormones on the other hand, 

might have a positive effect on muscle proliferation and differentiation. 

C2C12 cells were also treated with metabolites, which were found to be specifically regulated in young 

trained samples. In an acute treatment with the four metabolites histamine, carnitine, oleamide and 

choline, no significant effect was observed on myogenesis (Figure 42 C).  
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Figure 42: Effects of secreted metabolites from skeletal muscle on C2C12 differentiation. A: Acute treatment (16h) of C2C12 
skeletal muscle cells with shared metabolites. B: Chronic treatment (7 days) of C2C12 skeletal muscle cells with shared 
metabolites. C: Acute treatment (16h) of C2C12 skeletal muscle cells with unique metabolites from young trained samples. 
Metabolite concentrations: PGE2/ PGE3 c= 10ng/mL, Corticosterone/ Desoxycortisol c=50ng/mL. 
Histamine/Carnitine/Oleamide/Choline c=1µM. Expression data were normalised to GAPDH and are represented as mean ± 
SEM, One-way ANOVA, n=4, *p≤0.05, **p≤0.01***p≤0.001 
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4.3.2. Effects of muscle metabolites on the differentiation of human skeletal muscle cells 

Following up the treatment of murine skeletal muscle cells, the effect of particular metabolites on 

human skeletal muscle cells was studied. Therefore, hSKM cells were cultured in vitro and treated with 

the indicated metabolites for 16h overnight. The samples were analysed for effects on myocyte 

differentiation. No differences in the expressions levels of MyoD or Mef2c were observed after the 

metabolite treatment (Figure 43). 

 

Figure 43: Acute effects (16h) of secreted metabolites from skeletal muscle on hSKM differentiation. Metabolite 
concentrations: PGE2/PGE3/Corticosterone/Desoxycortisol/Histamine/Carnitine/Oleamide c=100nM. Expression data were 
normalised to TBP and are represented as mean ± SEM, One-way ANOVA, n=3. 

4.3.2. Effects of muscle metabolites on the differentiation of murine brown adipocytes 

Factors which are secreted by the muscle during exercise or stimulation do not only have an effect on 

the muscle itself but can also influence other peripheral organs. Some myokines, like Irisin or β-

aminoisobutyric acid, link skeletal muscle and adipose tissue and influence adipose tissue metabolism 

(Sanchez-Delgado et al., 2015; Stanford and Goodyear, 2018)  

In a next step, it was analysed if the before mentioned metabolites might be potential factors which 

regulate BAT metabolism. Therefore, the effect of these metabolites on BAT differentiation and 

functionality was investigated. Murine BA were cultured in vitro and treated overnight (16h) with the 

selected metabolites. Again the samples were analysed for the metabolites’ effect on the expression 

levels of cell specific genes.  

Two metabolites could influence BA differentiation significantly: Carnitine significantly increased the 

expression levels of PPARg and AP2; whereas choline significantly increased the expression level of 

AP2. The remaining 6 metabolites showed no significant effect on gene expression levels (Figure 44).  
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Figure 44: Acute effects (16h) of secreted metabolites from skeletal muscle on murine BA differentiation. Metabolite 
concentrations: NE/PGE2/PGE3/Corticosterone/Desoxycortisol/Histamine/Carnitine/Oleamide c=1 µM. Expression data were 
normalised to GAPDH and are represented as mean ± SEM, One-way ANOVA, n=3, **p≤0.01***p≤0.001. 
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5. Discussion 

5.1. Influence of aging on the metabolome of young and old BAT 

BAT is mainly known for its function as a thermogenic organ, which dissipates energy and thereby 

generates heat. Especially during activation by i.e. cold exposure, BAT serves as a metabolic sink for 

various metabolites like glucose, lactate and fatty acids (Park et al., 2023). Moreover, BAT has the 

ability to produce and secrete various autocrine or paracrine factors that influence metabolic 

pathways. The composition of this secretome influences BAT itself but furthermore regulates the 

communication with peripheral organs. BAT is highly affected by aging, including loss of BAT mass and 

function, a reduced sympathetic innervation and impaired endocrine function. Yet, the mechanisms 

involved in BAT aging are largely unknown. To study the influence of aging on the profile of metabolites 

secreted by young and old BAT, untargeted metabolomics was performed.  

PCA of young and old BAT samples showed clustering within the sample groups, but a clear separation 

of the clusters according to age. This separation indicates significant differences of the metabolome 

between young vs. old BAT. However, although PCA clearly showed the variation between samples, it 

does not indicate in which direction (i.e. up- or downregulation of particular secreted factors) or with 

which magnitude the variations can be found.  

VP analysis showed the significant upregulation of several amino acids and small peptides in old BAT. 

Among the strongest regulated metabolites were the peptide carnosine and its methylated form 

anserine. Moreover, precursors or breakdown products of these molecules like L-alanine or L-histidine 

were also significantly upregulated. Carnosine and anserine are mainly found in SKM, heart and brain 

of mammals and their levels were shown to decrease during aging (Cararo et al., 2015; Banerjee and 

Poddar, 2020). Carnosine was described to have a function as antioxidant and regulator of aged 

proteins which could be one among other reasons that they are also regarded as an anti-aging 

metabolite (Hipkiss et al., 2002). Nagasawa et al. showed that carnosine inhibits lipid peroxidation and 

oxidative modification of proteins in rat SKM in vitro and a reduction in muscle lipid peroxidation in 

SKM of rats fed a histidine supplemented diet (Nagasawa et al., 2001). Higher levels of carnosine and 

anserine might therefore be an indicator for compensatory mechanisms to counteract aging processes 

in BAT. Overall, the high abundancy of several amino acids, small peptides and linked metabolites, 

could indicate a higher demand of amino acid or peptide synthesis. The degrading enzyme serum 

carnosinase-1 can be found in brain, liver and serum of humans and the cytosolic form carnosinase-2 

is ubiquitously epxressed in humans (Boldyrev et al., 2013). Elevated levels of carnosine, anserine, 

alanine and histidine could result from an increased secretion and degradation of carnosine and 

anserine. The resulting amino acids could then fuel the higher demand for amino acids during aging.  
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VP also showed the downregulation of lipids like OEA, LEA and S1P in old BAT. OEA and LEA both belong 

to the class of NEAs which are regarded as positive regulators of metabolic parameters and lipid 

metabolism (Brown et al., 2017; Tovar et al., 2023). The lower levels of OEA and LEA in older BAT might 

be linked to impaired metabolic function concomitant with increased body weight and body fat mass 

in older individuals. A lack of NEA could increase hunger and weight gain due to the reduced satiety 

promotion and have a negative impact on lipid metabolism. Furthermore, higher levels of short- and 

medium-chain n-acylglycines and n-acyl ethanolamides were found in the young group compared to 

the old group. In BAT, n-acylglycines are so far only poorly studied. Gujias et al. described that during 

BA differentiation, myristoylglycine can be synthesized de novo and secreted from BAs. Furthermore, 

they identified myristoylglycine as an inducer of adipocyte browning (Guijas et al., 2022). The 

significantly higher levels of n-acylethanolamides and n-acylglycines in the supernatant of young BAT 

compared to old BAT, make them interesting adipokine candidates, which could enhance BA 

differentiation. Reduced abundance of these metabolites in old BAT might contribute to reduced BAT 

mass and activity. 

S1P is a lysosphingolipid and bioactive lipid mediator which is mostly characterized by its role in the 

vascular and immune system where it regulates i.e. angiogenesis and immune cell trafficking (Hla et 

al., 2008). S1P and its precursor metabolites, sphinganine and 3-ketosphingosine were downregulated 

in old BAT. In general, lower levels of S1P in old BAT might be contradictory to recent publications. As 

S1P was found to be elevated in serum of obese mice and humans (Kowalski et al., 2013), one could 

expect also higher levels in aged samples. Also sphingolipids were found to be elevated in murine aged 

BAT (Gohlke et al., 2019). The lower abundance of S1P in older samples might be the consequence of 

the lower abundance of its precursors. Furthermore, the activity of the synthesizing or degrading 

enzymes could influence S1P abundancies. S1P is synthesized by sphingomyelinases and ceramidases, 

which are ectoenzymes. Therefore, sphingosine can be generated in the extracellular space. S1P levels 

were so far only measured in serum samples or grinded BAT tissue but not in the supernatant or 

extracellular space. S1P might be taken up by aged BAT whereas young BAT might secrete S1P. 

Additionally, S1P was found to be highly regulated by cAMP stimulation in both young and old BAT, 

even though in opposing manner: high levels of S1P in young BAT were downregulated, and low levels 

of S1P in old BAT were upregulated after cAMP induction. In old BAT, the S1P precursors 3-

dehydropshingosine and sphinganine were downregulated, albeit not significantly. This could indicate 

an increased synthesis of S1P from its precursors in old BAT due to cAMP.  

cAMP stimulation of young and old BAT led to significant changes in the metabolome of both groups. 

However, PCA showed that FSK treatment led to the formation of two clearly separated clusters in 

young but not old BAT, indicating a higher sensitivity to cAMP in young tissue. This was furthermore 
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represented by VP analysis: in total, 28 metabolites were significantly changed in young BAT (22 up, 6 

down), whereas only 15 were significantly changed in old BAT (12 up, 3 down). The higher sensitivity 

or response to cAMP stimulation in young BAT could result from higher expression of adenylyl cyclases. 

This in turn might result in higher cAMP levels, causing more pronounced downstream signalling. 

Alternatively, expression of cAMP degrading phosphodiesterases might be different between young 

and old BAT. Future work should be directed at analysing cAMP regulating enzyme expression in young 

an old BAT via RNA sequencing or proteomics. 

cAMP induction led to the secretion of ten shared metabolites between young and old BAT, all of which 

were steroid hormones, prostaglandins and acylcarnitines. Additionally, “Steroid hormone 

biosynthesis” was the top enriched pathway in both sample groups after cAMP stimulation. Steroid 

hormones are mostly synthesized in and secreted from the gonads or adrenal gland, but also from the 

liver (Schiffer et al., 2019). In general, steroid hormone levels are regulated by the enzyme 11β-

hydroxysteroid-dehydrogenase 1 (HSD1). Previous studies have shown that members of the C/EBP 

family control intracellular levels of glucocorticoids in preadipocytes via the regulation of cAMP 

dependent HSD1 expression (Gout et al., 2006). Hence, cAMP stimulation might generate the different 

steroid pattern observed in BAT via increased HSD1 expression or activity. Interestingly, Ramage et al. 

demonstrated that glucocorticoids can increase isoprenalin-stimulated respiration in murine BA in 

vitro (Ramage et al., 2016). Higher levels of corticohormones after cAMP stimulation could therefore 

be an amplification signal to induce BAT activity in an autocrine manner after stimulation by i.e. cold 

exposure. Moreover, Maushart and colleagues showed in a randomized and controlled clinical trial 

that high-dose glucocorticoids improved resting EE, but had no effect on cold-induced thermogenesis 

in humans (Maushart et al., 2023). Although overall steroid hormone levels are known to decrease 

during aging (Graja et al., 2019), the data presented here indicate, that aged BAT still preserves its 

capacity to produce or secrete steroids upon stimulation. 

Prostaglandins are physiologically active lipids belonging to the class of eicosanoids, which are known 

regulators of BAT: PGE2 has been shown to promote murine BAT formation (Tao et al., 2022). 

Moreover, activation of murine and human BAT via cold exposure or pharmacological stimulation 

increases plasma levels of PGE1, PGE2 and other lipid mediators (Park et al., 2023; Walker et al., 2024). 

Here, cAMP stimulation of young and old BAT led to a significant increase in PGE3 levels. These data 

together with the previously published reports might indicate that lipid mediators such as PGE3 may 

serve as biomarkers of BAT. 

Especially in reproductive tissues, prostaglandins and steroids are known to have mutual influences on 

each other’s regulation and together regulate the tissue’s functionality (Goff, 2004). Possibly, this 

could also be the case in BAT: under stimulatory conditions both steroids and prostaglandins are 
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formed and secreted and could influence BAT metabolism in a synergistic way. This stimulatory effect 

of cAMP on the metabolites’ formation and secretion seems to be unaffected by aging, since the 

increase of metabolite abundance was of similar magnitude in both young and old tissue.  

Besides steroids and prostaglandins, acylcarnitine levels were induced by cAMP stimulation in young 

and old BAT. Noteworthy, the production of acycarnitines has recently been linked to a subpopulation 

of lipogenic brown adipocytes important for thermogenic memory (Lundgren et al., 2023). 

Metabolites uniquely regulated by cAMP stimulation of young BAT are of particular interest, as they 

might be potential mediators of self-renewal and sustained function. Lack of these metabolites in old 

BAT in turn might be involved in decline of metabolic capacity. Valine, leucine and isoleucine are amino 

acids which together form the group of branched-chain amino acids (BCAA). Lower levels of leucine 

and isoleucine, and higher levels of valine were detected in the supernatant of young BAT. 

Furthermore “Valine, leucine and isoleucine metabolism” was among the top regulated pathways in 

young compared to old BAT. cAMP stimulation slightly increased leucine and isoleucine and especially 

3-ketoleucine levels, and decreased valine levels in young but not old BAT. Under stimulatory events 

like cold exposure, BCAAs are known to be taken up by BAT to fuel thermogenesis (Park et al., 2023). 

Impaired BAT activity can reduce BCAA clearance, while intact BAT takes up and filters circulating 

BCAAs (Yoneshiro et al., 2019). Moreover, BCAA catabolism in adipose tissues has been shown to 

promote age-associated metabolic derangement (Han et al., 2023). The elevated levels of leucine and 

isoleucine in old BAT could result from impaired BCAA catabolism and clearance. Instead of utilising 

BCAA for BAT metabolism, the amino acids might be secreted from the tissue. The elevated levels of 

valine, on the other hand, could indicate a shift between the different BCAA in their catabolism due to 

aging. In young BAT, cAMP could influence BCAA utilisation, a mechanism that might be lost in old BAT.  

5.2. Influence of aging on the metabolome of young and old WATi 

White adipose tissue is known for its role as energy storage and site of energy metabolism. 

Additionally, it functions as an endocrine organ which secretes various factors, termed adipokines, to 

regulate signalling of neighbouring cells, but also of peripheral organs (Fantuzzi, 2005). WAT is highly 

affected by aging which depicts in increased fat mass and an accumulation of inflammatory cytokines 

and lipids (Fülöp et al., 2019). The increased inflammatory state is mainly driven by gluco- and 

lipotoxicity, which describes the state of increased ROS production and inflammation due to 

accumulation of glucose and lipids (Prattichizzo et al., 2018). To analyse the influence of aging on the 

secretory capacity of WATi, untargeted metabolomics of young and old WATi was performed. 

WAT aging is often described to be associated with elevated levels of adipokines like leptin or resistin, 

and proinflammatory cytokines like IL6 and TNFα (Mancuso and Bouchard, 2019; Peek et al., 2020). 
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Analysis of old compared to young WATi metabolomics showed a strong effect of aging on the 

secretome represented by distinct cluster formation in PCA, and a total of 55 differently regulated 

metabolites. The majority of the regulated metabolites (37) were downregulated in old compared to 

young WAT.  

Aging leads to a hypertrophy of WAs due to excessive accumulation of lipids (Mancuso and Bouchard, 

2019). Furthermore, aging can lead to an imbalance between fatty acid biosynthesis and uptake of 

FFAs from the circulation into the adipocytes (Picard and Guarente, 2005). Lipids represented the 

biggest class of metabolites, which were downregulated in old compared to young WATi. The balance 

between lipid storage and release is regulated by the activity and abundance of lipases, such as 

hormone-sensitive lipase (HSL) (Fredrikson et al., 1981), and proteins involved in lipid droplet 

formation/maintanance like perilipins (Conte et al., 2016). HSL can be activated by adrenergic 

stimulation (Shih and Taberner, 1995), which is known do be downregulated due to aging (Cannon and 

Nedergaard, 2004; Shin et al., 2017). Moreover, Perilipin2 was recently discussed to be involved in 

metabolic and age-related diseases (Conte et al., 2016). The data here indicated that old WAT has a 

“storage” phenotype, while young WAT is more active in secreting lipids, which might be important 

for the supply of peripheral organs.  

On the other hand, QEA revealed an enrichment of lipid metabolism with an increase in saturated fatty 

acids (SFAs) and a decrease in polyunsaturated fatty acids (PUFAs) in old WAT. Stearic acid is a 

saturated long-chain fatty acid which is highly abundant in the adipose tissue and which is known to 

have proinflammatory potential (Jamar and Pisani, 2023). Polyunsaturated fatty acids like 

docosahexaenoic acid, on the other hand, can reduce levels of proinflammatory cytokines (Jamar and 

Pisani, 2023). The accumulation of proinflammatory lipids and a reduction of antiinflammtory lipids 

could account for the lipotoxicity found in old WAT. Therefore, future studies aiming to analyse 

expression and activity of lipid regulating enzymes might significantly enhance the understanding of 

the underlying cause shifting young WAT from a secreting phenotype to inflamed and lipotoxic old 

WAT with a storage phenotype. 

Similar to the observation in young and old BAT, increased levels of steroid hormones and 

prostaglandins were found after cAMP stimulation of both young and old WATi. Prostaglandins were 

shown to be produced and secreted by adipose tissue and to have different and also opposing effects 

on adipocyte differentiation and function. While PGE2 and PGF2α inhibit adipocyte differentiation, PGI2 

and PGD2 have been shown to promote adipogenesis via PPARγ. Additionally, PGD2 suppresses 

lipolysis (Rahman, 2019). Furthermore, PGE2 and PGI2 were shown to be inducers of WAT browning 

(Vegiopoulos et al., 2010; Rahman, 2019). Here, PGE3 and PGA3 were found to be upregulated in both 

old and young WATi after cAMP stimulation. PGA3 is a dehydration product of PGE3 and so far barely 
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described in the literature, while PGE3 is mostly described in the context of cancer (Yang et al., 2014). 

Still, an administration of PGE3 in rats was shown to increase plasma levels of noradrenalin (Shimizu 

and Yokotani, 2009) and a simultaneous administration of PGE3 together with norepinephrine reduced 

plasma levels of free fatty acid levels in dogs (Bergstroem et al., 1964). Since both prostaglandins were 

increased after an acute stimulation of both young and old WAT an aging-independent role seems 

likely.  

Steroid hormones are well known influencers of adipose tissue distribution and function (Meseguer et 

al., 2002). During aging, steroid hormone levels decline, which is thought to be partially responsible 

for the increase in adiposity. This effect seems to be regulated by estrogens rather by androgens since 

estrogen receptor knock out mice show increased amounts of WAT with advancing age in both male 

and female mice (Heine et al., 2000). 11β-HSD and aromatase cytochrome P450 (P450 arom) are the 

predominant enzymes catalysing the generation of active glucocorticoids in most tissues and also in 

WAT (Meseguer et al., 2002; Chapman et al., 2013). Testosterone is generated by 11β-HSD from 

androstenedione, whereas P450 arom generates estrogen from the same precursor. Metabolomics 

from young and old WAT showed an increase in androstenedione, 19-hydroxytestosterone and 

estradiolacetate levels after acute stimulation. cAMP induction might therefore lead to increased 

11βHSD and P450 arom activity which eventually result in increased C18 and C19 steroid hormone 

levels. Interestingly, a proximal promoter of the human P450 arom gene (Cyp19) has been shown to 

be regulated by cAMP (Michael et al., 1997). Noteworthy, androgen and estrogen receptors, 

accounting for the downstream effects, are abundantly expressed in WAT (Mayes and Watson, 2004). 

Elevated levels of steroid hormones could then in turn lead to a pronounced autocrine signalling via 

stimulation of the corresponding receptors.  

Young WATi showed a higher sensitivity to acute cAMP stimulation compared to old WATi, as specified 

in a clear PCA subclustering and a higher number of significantly changed metabolites in VP analysis. 

Even though the changes in the metabolome profile could not be linked to the enrichment of unique 

biological pathways in young WATi, some metabolite changes have to be highlighted: Increased levels 

of hydroxypalmitic acid and oxopalmitic acid were detected after cAMP stimulation of young WATi. 

This might indicate the presence of a class of lipids which only recently has been described: fatty acyl 

ester of hydroxyl fatty ester (FAHFA). FAHFAs are essential modulators of metabolic function and can 

have anti-diabetic and anti-inflammatory effects in mice and humans (Yore et al., 2014; Wood, 2020). 

Furthermore, Darcy et al. found decreased levels of FAHFAs in WAT lipidomics of extreme long living 

mice and attributed this lipid class to be potentially associated with lifespan and/or healthspan (Darcy 

et al., 2020). FAHFAs can be synthesized de novo in most organs and the biosynthesis is stimulated by 

increased glucose uptake into adipocytes (Yore et al., 2014). Together, this might indicate aged WATi 



104 
 

is ot capable of generating these metabolites after stimulation, which might contribute to the aging 

associated loss of metabolic capacity. Among the top downregulated metabolites in young WATi after 

cAMP stimulation were glucose and D-xylulose-5-phosphate, the latter is a metabolite linked to both 

glycolysis and lipogenesis, which might fuel the biosynthesis of FAHFA and account for the increased 

levels of hydroxyl-FA. As the changes in the metabolites’ abundancies were only detected in young 

WATi but not old WATi, this mechanism might be age-related and uniquely found in young mice.  

5.3. Influence of aging on the metabolome of young and old soleus muscle 

Skeletal muscle serves as nutrient store of amino acids and carbohydrates, and is one of the major 

sites of energy turnover in mammals (Frontera and Ochala, 2015). Furthermore, SKM has the ability to 

secrete various factors (myokines as well as metabolites) which can influence SKM and peripheral 

organs in an auto- or paracrine manner. Aging highly affects skeletal muscle metabolism, leading to 

reduced muscle mass and function (Larsson et al., 2019). To understand changes in the metabolic 

profile of secreted factors by SKM, untargeted metabolomics was performed. 

Metabolomic analyses of SKM have so far mainly been performed with murine gastrocnemicus whole 

tissue lysates. These previous studies show a strong influence of aging on the overall metabolite profile 

(Uchitomi et al., 2019; Tokarz et al., 2021). Tokarz et al. analysed the metabolome of 2-month and 21-

month-old male mice and identified lipids, acylcarnitines, amino acids and polyamines to be altered 

due to increased age. Furthermore, they detected an accumulation of antioxidants like carnosine, 

anserine and ergothioneine in aged muscle (Tokarz et al., 2021). In another metabolome study from 

Uchitomi et al., 2-month and 28-month old murine SKM were analysed and showed significant changes 

in glucose metabolism and levels of phospholipids, polyamines and several amino acids (Uchitomi et 

al., 2019).  

Untargeted metabolomics of the soleus muscle supernatant of young and old mice, showed significant 

changes in the overall metabolic profile as indicated by the distinct separation of the two groups in 

PCA and a large number of significantly regulated metabolites in VP. This supports previous data that 

aging highly affects the metabolic profile of SKM. 

In line with data from Tokarz etl al., secretomics from aged soleus muscle showed increased levels of 

the antioxidant tocotrienol. Tocotrienol belongs to the Vitamin E family and cannot be synthesized in 

mammals but originates from the ingestion of plants or cereals (Chung et al., 2018). Therefore, the 

increased levels of tocotrienol found in old SKM cannot result from increased synthesis. Tocotrienol 

accumulates in tissues which are rich in lipids (Chung et al., 2018). As lipids accumulate in aged SKM 

(Cree et al., 2004), also tocotrienol might accumulate in soleus muscle, which in turn is leading to a 

higher secretion. Furthermore, tocotrienol acts as an antioxidant and the ingestion of Tocotrienol-rich 

fraction can have beneficial effects on myoblast proliferation and plasticity (Lim et al., 2013). Due to 
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higher ROS levels in aged tissue, higher levels of antioxidants could be a compensatory mechanism to 

prevent cell damage by ROS in SKM. 

SKM aging is often accompanied by an infiltration of lipids into the muscle tissue which impairs muscle 

function and reduces muscle strength (Gueugneau et al., 2015). Especially, long chain SFA diminish 

insulin signalling and cause mitochondrial dysfunction in SKM cells (Hirabara et al., 2010). PUFAs, on 

the other hand, can have positive effects on muscle mass and physical function (Lipina and Hundal, 

2017; Smith, 2019). Metabolomics of young and old mice, showed significant changes in lipid 

metabolism: SFAs, like stearic acid, arachidic acid and oleic acid, showed increased levels in old 

compared to young samples. On the other hand, PUFAs and fatty acid amides were downregulated in 

old compared to young soleus. Interestingly, Kim et al. showed decreased levels of fatty amides in 

serum and plasma levels of sarcopenic humans and mice (Kim et al., 2023). The data presented here 

might directly link these previous findings to muscle metabolomics: soleus secretes fatty amides in 

young mice, but the secretion is reduced in aged mice. Overall, old soleus muscle showed an imbalance 

in the levels of potentially harmful SFA and beneficial PUFAs. The observed changes in lipid metabolism 

are in line with previous data that lipid infiltration in the muscle is one driver of reduced muscle 

function and eventually sarcopenia. 

 

cAMP stimulation with FSK is widely used as a model for in vitro exercise and can give insights into the 

underlying molecular mechanisms (Carter and Solomon, 2019). To mimic the influence of an acute 

exercise on the metabolome of young and old soleus, samples with and without FSK stimulation were 

analysed.  

During exercise, the muscle demands energy in form of carbohydrates, lipids or, to a smaller extend, 

amino acids (Rivera-Brown and Frontera, 2012). Lipids are mostly stored in the form of TG in the 

adipose tissue, but SKM contains TG as well, which can be dissipated during exercise via lipolysis (Watt 

et al., 2002). Strikingly, cAMP stimulation of young soleus led to significant increases in long-chain FAs, 

and a decrease in medium chain FA. On the contrary, cAMP stimulation of old soleus led to significantly 

decreased levels of long chain FAs. SKM lipolysis is activated by the cAMP PKA pathway (Mason et al., 

2012). Therefore, the release and detection of higher levels of free fatty acids in the supernatant of 

young soleus seems consequential. The reduced levels of long chain FA in old soleus after cAMP 

stimulation might suggest a higher demand of lipids which are used in β oxidation in the mitochondria, 

rather than being secreted. Another explanation might be reduced lipolyic capacity due to lower 

expression or activity of adenylylcyclases or lipases responsible for TG hydrolysis. In fact, adipose 

triglyceride lipase was shown to be downregulated in gastrognemicus of old mice which is 

accoompanied by impaired antioxidant response (Aquilano et al., 2016).  
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In addition to elevated levels of secreted lipids, an increase in free amino acids was observed in young 

but not old soleus samples after cAMP induction. This could indicate that young soleus uses free fatty 

acids as one source for energy during exercise. Amino acids could furthermore fuel the energy demand 

in young but not old soleus muscle during exercise. This might indicate, that aging leads to a shift in 

the energy sources and that amino acids are of higher importance for energy metabolism in young 

compared to old soleus SKM. Furthermore, amino acids can fuel TCA cycle and increased levels of TCA 

intermediates are observed, especially in the early state of exercise (Gibala, 2001). Together, these 

data indicate, that in young soleus free amino acids are used as energy source, either in direct oxidation 

or to fuel TCA. 

Notably, similar to the observation in BAT and WATi, FSK treatment of young and old soleus SKM led 

to a marked increase in steroid hormones like 19-hydroxytestosterone, androstenedione or estradiol. 

Steroid hormones can be produced in SKM by the enzymes HSD and P450 arom, and an increased 

production is observed during exercise (Aizawa et al., 2010). Notably, steroid hormones like 

testosterone increase muscle protein anabolism, induce muscle hypertrophy and increase muscle 

strength (Ferrando et al., 2002; Sinha-Hikim et al., 2002). Furthermore, a dehydroepiandrosterone 

treatment was shown to potentiate weightlifting exercise and increase muscle strength and muscle 

mass in elderly women and men (Villareal and Holloszy, 2006). The increased levels of secreted steroids 

after cAMP stimulation of young and old soleus muscle indicates a mechanism which might contribute 

to the maintenance of muscle mass and function. As systemic steroid levels decline during aging (Sipilä 

et al., 2013), the data presented here indicate that reduced synthesis or secretion from SKM is likely o 

involved in this process. 

Moreover, the prostaglandins PGE2, PGE3, 19-hydroxy PGE2 and PGE3-lactone were among the 

commonly upregulated metabolites after cAMP induction in young and old soleus. PG, especially PGE2 

and PGF2α are known regulators of muscle metabolism which are produced by exercising skeletal 

muscle and influence the muscle in auto- and paracrine ways (Trappe and Liu, 2013). PGE2 is the most 

abundant PG in skeletal muscle and regulates SKM protein turnover and exercise adaptations (Liu et 

al., 2016). Moreover, it has been identified as an inflammatory mediator of muscle stem cells, which is 

secreted in response to muscle injury and induces satellite cell proliferation and muscle repair. (Trappe 

and Liu, 2013; Ho et al., 2017). On the other hand, mice treated with a COX-2 inhibitor (which 

suppresses prostaglandin synthesis) showed impaired recovery after muscle injury (Bondesen et al., 

2004). Although reduced muscle regeneration concomitant with reduced satellite cell number is well 

described in aging muscle (Sousa-Victor et al., 2022), the data presented here indicate that PGE2 or 

other PGs are not the underlying cause of this aging phenotype. 
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5.4. Influence of aging and regular physical exercise on the metabolome of human 

soleus muscle  

Aging as well as physical inactivity greatly affect SKM, leading to loss of muscle mass, reduced muscle 

strength and impaired muscle metabolism. However, the molecular changes driving the metabolic 

decline are mainly unknown, especially in humans. So far, metabolic analysis of aged and exercised 

SKM have mainly been performed in gastrocnemicus or quadriceps muscle of mice or rats (Xiang et al., 

2018; Uchitomi et al., 2019; Tokarz et al., 2021). Metabolomic analyses in humans are often performed 

with serum samples, owing to rather easy accessible sample material, or with vastus lateralis muscle 

(Huffman et al., 2014; Fazelzadeh et al., 2016; Zhang et al., 2019). So far, no metabolomics studies 

have been performed with human soleus muscle. Here, untargeted metabolomics of human soleus 

muscle was performed to evaluate the influence of aging and regular exercise on the muscle’s 

secretome profile.  

Unexpectedly, regular physical activity seemed to have only minor influences on the basal metabolic 

profile in both young and old groups. This was confirmed by PCA, depicting no cluster formation of , 

but an even distribution of all samples. Moreover, VP analysis of untrained compared to trained 

samples showed a rather small amount of significantly regulated metabolites (total of 19 in the young 

group, 25 in the old group). The lack of different metabolic profiles due to training status, most likely 

results from interindividual differences. The number of participants ranged from 7 to 12 participants 

per group, which is high given that muscle biopsies were analysed and subject aquistion is much more 

challenging with this invasive procedure compared to anaylsis of blood samples. Nevertheless, this 

group size might be too small to detect more common regulation patterns, which exceed the already 

high variance in the metabolic profile of humans.  

Nevertheless, metabolomics data revealed an influence of training on the levels of L-carnitine and 

heptanoylcarnitine, which were upregulated in young trained compared to untrained samples. L-

carnitine is essential for the shuttle of fatty acids into the mitochondria, where they are utilised for β-

oxidation (Stephens et al., 2007). Endurance training increases overall fatty acid oxidation during rest 

and exercise (Tunstall et al., 2002). Additionally, regular exercise was shown to increase levels of the 

required enzyme for long-chain FA transport in the muscles of athletes (Lohninger et al., 2005). The 

observed upregulation of L-carnitine and heptanoylcarnitine are therefore likely a result from regular 

physical activity which elevates basal fatty acid metabolism and the mobilisation of lipids. As this 

increase was not observed in old samples, a lack of L-carnitine could on the other hand contribute to 

reduced metabolic capacity in old SKM. 
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Strikingly, the purine inosine was among the top downregulated metabolites in trained young soleus. 

Current data on purine metabolism in exercise is somewhat contradicting. On the one hand, exercise 

increases adenosine levels in human muscle, which is a direct precursor of inosine, and an activation 

of purinergic receptor A2B ameliorates aging effects in SKM (Hellsten et al., 1998; Gnad et al., 2020). 

On the other hand, purines and their metabolites were shown to be decreased due to exercise in 

diabetic mice (Xiang et al., 2018). Therefore, the decreased levels of inosine in the supernatant of 

trained young soleus could result from induced clearance of this metabolite in the course of exercise, 

but the regulation and its downstream effects cannot be explained completely. 

Metabolomics of old SKM showed a significant upregulation of the long-chain FA stearic acid, palmitic 

acid and margaric acid, but a significant downregulation of 11-eicosenoic acid and myristic acid in 

trained compared to untrained samples. Palmitic acid is a C16, margaric acid a C17 and stearic acid a 

C18 saturated FA. On the other hand, 11-eicosenoic acid is a monounsaturated omega-9 FA and 

myrisitic acid a C14 saturated FA (Human Metabolome Database, 2023). The infiltration of SKM with 

lipids, is known to occur due to aging or sarcopenia. Especially saturated fatty acids are known to 

impair muscle mass und function (Gueugneau et al., 2015). Furthermore, aging is associated with a 

reduction of β-oxidation of fatty acids during rest and exercise. Still, aerobic exercise can increase fat 

oxidation and oxidative capacity in the elderly (Toth and Tchernof, 2000). Therefore, the elevated 

levels of long-chain, saturated FA in old trained samples appear rather conflicting. A possible 

explanation could be, that old trained SKM shows higher levels of basal lipolysis compared to untrained 

samples, which would increase the levels of free fatty acids in the supernatant. Moreover, training 

improves sympathetic nerve activity in exercising muscle (Ray and Hume, 1998), which in turn might 

increase activity of lipases. Yet, the observed changes in lipid abundancies raise the need for further 

analysis of the influence of exercise in the lipid profile in aged soleus muscle. 

It is common sense, that exercise highly influences whole body metabolism and mobilizes metabolites 

which fuel the increased energy demand. So far, most studies that analyse the influence of acute 

exercise on the metabolic profile, are performed with blood or urine samples (Schranner et al., 2020; 

Khoramipour et al., 2022). Here, the influence of ex vivo exercise was directly analysed from human 

soleus biopsies.  

In general, previous studies report an increase in free fatty acids and acylcarnitines in human blood 

samples early after exercise. Amino acid are known to fuel SKM energy demand during exercise as 

well, even though the magnitude and direction of the exercise-induced changes are inconsistent and 

vary among current publications (Schranner et al., 2020). Ex vivo exercise of human soleus muscle 

revealed a cAMP related enrichment of amino acid metabolism among the top regulated biological 

pathways in young untrained and trained sample groups. In young untrained soleus, cAMP induction 
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led to strong alterations in BCAA metabolism, whereas cAMP induction in young trained soleus induced 

the metabolism of glycine, serine, threonine and alanine. Ex vivo stimulation of old soleus turned out 

differently: in both untrained and trained samples, fatty acid metabolism was among the highly 

enriched pathways, showing an even more pronounced enrichment in old trained samples. This 

suggests, that aging of soleus muscle leads to a shift of metabolite utilisation from amino acid 

metabolism to fatty acid metabolism during stimulatory events. One explanation could be the general 

higher abundance of lipids in aged muscle, which can fuel energy demand to a greater extent. 

Nonetheless, the observed changes in the enrichment of amino acid and lipid metabolism will need 

further investigations comprising an analysis of the involved enzymes and an in depth and targeted 

analysis of the altered metabolites. 

Intriguingly, cAMP stimulation of human soleus biopsies led to a marked increase in steroid hormone 

and prostaglandin levels in the supernatant of all groups. Furthermore, the 14 commonly regulated 

metabolites between all groups comprised steroids and PGs. The influence and effects of steroids and 

PGs in SKM metabolism were already described in section 5.3.. The finding, that cAMP induction 

elevates the levels of PGs and steroids similarly in young and old, human and murine metabolic tissues 

greatly demands further analysis and investigations to determine the specific role of the different 

metabolites in the tissues. Furthermore, these metabolites could likely function as circulating 

metabolites which influence the cross-talk between SKM and adipose tissues.  

Interestingly, cAMP stimulation of young trained soleus showed the highest changes compared to all 

other groups. The stimulation led to a clear separation of the unstimulated and simulated young 

trained groups in PCA, indicating strong differences in the metabolic profiles. Furthermore, the highest 

number of significantly changed metabolites was detected in the young trained group compared to 

the other groups (in total 91). This implies, that regular physical exercise leads to a broad range of 

metabolic adaptations in the muscle which lead to a more profound response to an acute stimulation 

compared to individuals without regular exercise, but moreover also compared to older trained 

individuals. This might be due to a higher sensitivity to FSK stimulation mediated by a distinct 

cAMP/PKA/PDE signalosome. Furthermore, cAMP stimulation of young trained soleus samples 

revealed the highest number of uniquely regulated metabolites (39 up and down regulated 

metabolites). ORA of the uniquely regulated metabolites, once more indicated a distinctive utilisation 

of amino acids in young trained samples during ex vivo exercise. Additionally, metabolites like L-

histidine, histamine, L-carnitine, oleamide, hypoxanthine, taurine and methylnicotinamide showed a 

significant downregulation of the metabolites’ levels due to cAMP stimulation in young trained 

samples, whereas the levels did not change in all other groups. This could indicate that young trained 
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soleus has a higher demand of small metabolites during stimulation whereas the untrained and groups 

still secrete the metabolites to some extent.  

In conclusion, untargeted metabolomics of human soleus biopsies from young and old, trained and 

untrained healthy participants showed that the analysis of the secretome under unstimulated 

conditions only revealed minor changes and made a discrimination of the different groups rather 

difficult. Yet, under stimulatory events like the treatment with FSK, the 4 groups show similar as well 

as distinct characteristics in their metabolic profile. Notably, young trained soleus seems to owe a 

unique SKM metabolism compared to the other groups.  

5.5. Effects of shared and unique SKM secreted metabolites on the differentiation of 

myocytes and BA 

Untargeted metabolomics of human SKM and murine BAT, WATi and SKM revealed metabolites which 

were commonly upregulated after cAMP stimulation. Furthermore, several metabolites were detected 

to be uniquely regulated in young trained samples. These secreted metabolites could be interesting 

candidates for the auto- and paracrine regulation of metabolic pathways and their influence on SKM 

energy expenditure and their ability to maintain muscle mass and quality. Therefore, the eicosanoids 

PGE2 and PGE3, the hormones corticosterone and desoxycortisol, and histamine, carnitine, oleamide 

and choline were analysed in vitro for their effects on the differentiation and proliferation of SKM cells 

as well as BAs. 

The acute treatment of murine C2C12 SKM cells with the prostaglandins PGE2 and PGE3 significantly 

decreased the expression of the myogenic transcription factors Myogenin, Myomaker and Mef2c. On 

the other hand, PGE3 led a significant increase in the expression of MyoD. Moreover, a chronic 

treatment with PGE2 led to a significant decrease in Mef2c mRNA levels. MyoD and Myogenin are 

transcription factors regulating several processes like myogenesis, ensuring SKM lineage fate or 

myogenic differentiation (Zammit, 2017). Myomaker is an early marker for myoblast fusion whereas 

Mef2c is important for maturation and maintanence of SKM (Potthoff et al., 2007; Millay et al., 2014). 

This implies, that PGEs negatively influence myogenesis, myogenic differentiation and muscle cell 

maintenance and repair. The effect of several PGs have already been described, with inconsistent data. 

For example, PGD2 negatively influences C2C12 myogenesis specified by a reduction in MyoD, 

Myogenin and α-actin expression. (Veliça et al., 2010). On the other hand, PGE2 and PGF2α were shown 

to induce cell proliferation and increase levels of myosin heavy chain 3, creatine kinase muscle and 

myomaker in primary bovine myoblasts (Mo et al., 2015; Leng and Jiang, 2019). Furthermore, PGE2 is 

vital for satellite cell function and an inhibition of PGE2 with nonsteroidal anti-inflammatory drugs 

(NSAID) diminishes muscle repair and regeneration (Ho et al., 2017). Knowing that, the decreased 
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levels of myogenic markers after the PGE2 and PGE3 treatment in C2C12 seems conflicting and not 

plausible. Future work should apply primary human SKM cells to understand th role of PGE2 and PGE3 

in human muscle. 

Corticosterone is the major glucocorticoid in rodents and regulates various metabolic pathways, 

especially in response to stress. Recently, the enzymes involved in the synthesis of corticosterone and 

desoxycortisol were shown to be expressed in C2C12 cells (Fujiki et al., 2018). An acute treatment of 

C2C12 cells with corticosterone and desoxycortisol significantly increased the mRNA levels of Myf5, 

which is an important transcription factor for myogenesis and myocyte cell line fate (Zammit, 2017). 

On the other hand, levels of Myogenin and Myomaker were significantly decreased. Furthermore, a 

long term administration of corticosterone elevated the expression levels of Myogenin, and a long 

term treatment with desoxycortisol increased the expression levels of Myf5. Together these data 

indicate, that a sudden exposure to stress, represented by an acute stimulation with endogenous 

glucocorticoids, could induce SKM cell proliferation but decrease cell differentiation and maintenance. 

On the other hand, the long-term exposure showed a positive influence on C2C12 myogenesis and 

SKM cell differentiation. 

Finally, metabolites which were solely regulated in SKM from young trained participants after cAMP 

stimulation, were analysed for their autocrine (i.e. treatment of SKM cells) and paracrine effects (i.e. 

treatment of BAs). An acute treatment of C2C12 and hSKM cells with histamine, carnitine, oleamide 

and choline showed no significant changes in expression levels of myogenic markers. This might 

indicate that these metabolites do not exert autocrine effects on muscle cells. However, future analysis 

involving different time points of treatment and escalating doses of the metabolites might be needed 

to validate these findings 

Notably, treatment of BAs with choline and carnitine increased the expression of adipogenic markers. 

Interestingly, a dietary intake of choline was shown to reduce body fat mass gain, adipocyte 

enlargement and adipose tissue inflammation in mice fed a western diet which suffered from 

lipoprotein and cardiometabolic diseases (Liu et al., 2023). Moreover, choline is taken up by BAT in 

humans during room temperature and cold exposure (Suchacki et al., 2022). Additionally, a genetic 

carnitine deficient mouse model showed increased lipid droplet size and decreased mitochondria size, 

as well as reduced UCP1 levels and lower body temperature (Ozaki et al., 2011). Notably, thermogenic 

markers such as UCP1 were not affected by choline and cornitine treatment. Nevertheless, both 

carnitine and choline are interesting candidates which could orchestrate the cross-talk between SKM 

and BAT. In a next step, the influence of exercise and aging on circulating levels of carnitine and choline 

should be analysed. Moreover, a combination of exercise with a genetic mouse model could be of high 
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relevance to investigate the choline- and creatinine-mediated cross-talk between SKM and adipose 

tissues.  

5.6. Untargeted metabolomics as a powerful tool to study the metabolic fingerprint in 

biological samples 

Metabolomics analysis belongs to the family of omics technologies which provide large scale and high-

throughput analyses and generate great amounts of data and information on all levels of biological 

processes. With metabolomics, samples are systematically screened for a large number of known or 

unknown metabolites. The obtained data can give insights into regulation patterns and trends caused 

by biological or environmental factors (Idle and Gonzalez, 2007; Gargano et al., 2019).  

Here untargeted metabolomics was performed using a state-of-the-art UHPL-MS/MS system. By this, 

the metabolites in one sample, are separated in the UHPLC system and further analysed with MS/MS. 

The separation of the various metabolites by UHPLC highly depends on the chemical structure of the 

metabolite and the applied conditions consisting of column, mobile phase, flow rate and sample 

preparation. A variation of one of the components can influence the metabolites separation and peak 

intensity. The metabolites are further analysed for their m/z values, chemical structure and 

fragmentation patterns by MS/MS. Especially the fragmentation process can vary due to the applied 

settings. The data obtained from the UHPLC-MS/MS are processed and metabolites are identified by 

assigning m/z values, molecular mass and fragmentation data to structures in various databases. These 

databases can be open-source or from metabolomics service providers. The selection of the metabolite 

databases influence and define the alignment and therefore the outcome of metabolome analysis 

(Gargano et al., 2019; Park et al., 2023). Here, three different open-source data bases and a selection 

for mammalian and endogenous metabolites were used for the identification of the metabolites to 

cover a broad range of information for data alignment.  

In untargeted metabolomics, as many metabolites as possible shall be analysed and identified in one 

biological sample. In this approach no internal or external standards of references are used. This 

means, that the metabolite identification is based on matches in databases and not by the comparison 

of Rt and m/z values with definite reference values which would allow the reliable identification and 

quantification of the detected metabolites (Johnson et al., 2016; Gargano et al., 2019). Untargeted 

metabolomics data are therefore limited to qualitative identification and relative quantification.  

Metabolomics is a fairly new technique which was formally introduced in the early 2000s and is ever 

since an emerging research field in regards of technology and implementation (Dettmer et al., 2007; 

Johnson et al., 2016). The complexity of metabolite diversity and concentration ranges, coupled with 

the dynamic nature of metabolic processes, makes comprehensive analysis difficult. However, 



113 
 

improvements in mass spectrometry, along with advancements in computational tools and 

bioinformatics, have enhanced sensitivity, resolution, and data interpretation capabilities (Johnson et 

al., 2016). These technological strides have pushed the field forward, yet metabolomics remains a 

constantly evolving discipline, requiring continual innovation to address its inherent complexities and 

to fully realize its potential. Taken together, untargeted metabolomics can give new insights on 

regulation patterns without pre-existing knowledge about the sample’s composition. Yet, sample 

preparation, analytical methods and the use of certain databases directly impacts the results. With 

untargeted metabolomics, new hypothesis can be generated, but the absolute identification and 

quantification demands the application of internal and external standards.  
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7. Abstract 

Aging, obesity and physical inactivity are three major risk factors leading to non-communicable diseases, 

like coronary heart disease or type 2 diabetes, resulting in reduced health and quality of life. As the number 

of obese, aged and multimorbid patients continuously rise worldwide, the treatment of the associated 

diseases are major burdens for the healthcare systems. Research in aging and exercise is crucial to uncover 

the physiological and molecular mechanisms involved, aiming at identifying biomarkers and pathways that 

improve health outcomes in the elderly. Metabolomics technology is a powerful tool to analyse dynamic 

changes in small molecules and the associated metabolic finger-print, to elucidate pathways and patterns 

associated with aging or exercise. 

In this thesis, the influence of aging on the profile of secreted metabolites of the highly metabolic active 

tissues brown adipose tissue (BAT), inguinal white adipose tissue (WATi) and soleus skeletal muscle (SKM) 

was analysed from young and old mice. Furthermore, the influence of aging and exercise on human soleus 

SKM was investigated. For this, state-of-the-art untargeted metabolomics was performed to elucidate the 

changes in the metabolic profile under basal and cAMP-stimulated conditions. 

Secretomic analysis of BAT, WATi, and soleus tissues demonstrated that supernatants can serve as 

specimen material, revealing a broad spectrum of metabolites, including lipids, amino acids, and 

carbohydrates. Overall, metabolomic analyses of young compared to old murine BAT, WATi and soleus SKM 

revealed a strong influence of aging on the metabolic profile in all three tissues. Furthermore, cAMP 

stimulation could induce the secretion of various metabolites in all tissues. Nevertheless, cAMP stimulation 

showed greater alterations in young compared to old tissues. This shows that aging not only influences the 

intracellular metabolism, but furthermore, impacts the tissues’ responsiveness to stimuli and the endocrine 

function. Among the three tissues, BAT and soleus showed a higher impact of aging than WATi.  

In human studies, untargeted metabolomics of soleus biopsies from young and old, trained and untrained 

participants highlighted significant interindividual differences, complicating the identification of common 

regulatory patterns. Nevertheless, regular physical activity in young participants seems to result in distinct 

metabolic adaptations and different responses to acute stimulation compared to young untrained but 

furthermore compared to old untrained and trained soleus muscle.  

This thesis underscores the value of untargeted metabolomics in uncovering metabolic adaptations to aging 

and exercise. This collection of data greatly demands further in-depth analysis including linking 

metabolomics data to RNA sequencing or proteomics, and in-depth in vitro and in vivo studies of key 

candidates, are needed to fully understand these adaptations. 

 


