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1.1. The ageing world population 

We have never been as old as we are today. Since the start of the 20th century, life 

expectancy has increased remarkably. This increase in life expectancy was initially caused 

by a reduction in child and infant mortality, driven by advancements in public health. Since 

the 1970s, the increase in life expectancy that has occurred was sustained by a reduction in 

mortality for diseases, such as cardiovascular disease and cancer (Wilmoth 2000). The 

number of persons aged 80 years and above has tripled between 1990 and 2019, and this 

number is expected to triple again by 2050 (United Nations Department of Ecomic and 

Social Affairs 2019). However, this tremendous achievement of increasing life expectancy 

comes at a cost, as many diseases become increasingly prevalent at an older age (Prince et 

al. 2015). Therefore, the challenge for the coming decades is to maintain or even increase 

people’s health during those extra years of life, thus preventing the onset of age-related 

diseases (Olshansky 2018).  

 

Sarcopenia is an age-related condition that is characterised by a decline in muscle mass and 

strength (Morley et al. 2001). Due to the vital role of muscle strength in daily life activities, 

sarcopenia is associated with functional decline, decreased quality of life and increased 

hospitalisation rates (Tanimoto et al. 2013; Tsekoura et al. 2017). The prevalence of 

sarcopenia is expected to increase drastically in Europe, over the coming decades. 

Therefore, the impact of this disease will extend beyond its burden for the patient, as it will 

impose a great financial burden on society in terms of increased health care costs (Bruyère 

et al. 2019). Health care costs are expected to double for European countries such as The 

Netherlands, and it is vitally important to counteract this trend. In this regard, strategies for 

improving or sustaining muscle mass and strength with advancing age could be effective 

(European Commission Directorate-General for Economic and Financial Affairs 2015). 

Furthermore, and arguably more important, loss of skeletal muscle mass and strength are 

significant predictors for all-cause mortality (Metter et al. 2002; Srikanthan and Karlamangla 

2014). Therefore, identifying underlying causes for the loss of muscle strength and mass, 



1

Chapter 1 

2 
 

and preventing sarcopenia, will likely have a tremendous impact on patients and society, 

especially in view of the current demographic trends. 

 

1.2. The ageing muscle 

Skeletal muscle is the largest organ in the body, accounting for up to 40% of body mass. The 

primary role of skeletal muscle is to allow one to maintain posture and, by contraction, to 

move the skeletal system. Skeletal muscle is one of the most plastic tissues in the human 

body. It is able to regenerate completely in response to injury (Chargé and Rudnicki 2004) 

or increase in mass, strength and efficiency following repeated physical exercise stimuli 

(Hughes et al. 2018). Nevertheless, almost half of the skeletal muscle mass is expected to 

be lost over a lifetime (Janssen et al. 2002). Skeletal muscle mass peaks in a person’s mid-

20s, after which the decline is thought to be gradual. However, the first changes become 

notable after the 5th decade of life (Lexell et al. 1988). Thereafter, the rate of muscle loss 

starts to accelerate (Janssen et al. 2002), which also becomes apparent from the changes in 

total energy expenditure (Speakman and Westerterp 2010). Besides the primary role of 

skeletal muscle in movement, it also has an important role in metabolism, thermoregulation 

and is the largest store of glucose and amino acids in the body (Shulman et al. 1990). 

Therefore, losing muscle mass, besides impairing physical functioning, also has metabolic 

implications, which links it with other age-related diseases, such as type 2 diabetes (Park et 

al. 2007).  

 

The underlying causes of loss of muscle strength and quality with age are hypothesised to 

be caused by hallmarks of ageing, such as loss of proteostasis, altered cellular 

communication and stem cell exhaustion (López-Otín et al. 2013a). This manifests itself as, 

among other things, decreased innervation (Gonzalez-Freire et al. 2014), decreased muscle 

regeneration (Carosio et al. 2011), decreased protein synthesis (Balagopal et al. 1997), 

decreased circulating anabolic hormones (Sakuma and Yamaguchi 2012), low-grade 

inflammation (Dalle et al. 2017), decreased mitochondrial capacity (Carter et al. 2015) or a 
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combination of these causes. The loss of muscle strength with age is disproportional to the 

actual muscle mass lost, such that more muscle strength is lost per unit of muscle mass. This 

suggests there is a further explanation to the loss of muscle strength, besides the loss of 

mass. Intrinsic changes in the muscle, often referred to as muscle quality, could explain this 

excessive loss of muscle strength. (Goodpaster et al. 2006; Mitchell et al. 2012).  

 

Due to the plasticity of muscle in response to exercise and physical activity stimuli, 

maintaining an active lifestyle has been shown to preserve muscle quality and mass with 

age (Distefano et al. 2018). However, physical activity has been reported to decline with 

age, which negatively affects the muscle (Troiano et al. 2008; Hallal et al. 2012). The reasons 

for the occurring decreased physical activity are multi-factorial, but include changes in 

lifestyle, physical limitations, comorbidities, hospitalisation and depression (Gomes et al. 

2017; Cruz-Jentoft and Sayer 2019). Besides their relationship with physical activity, muscle 

mass and quality are also associated with dietary habits. For example, muscle loss might 

accelerate occur due to decreased protein and vitamin D intake (Robinson et al. 2018). In 

light of this it can be understood that interventions aiming to increase or maintain physical 

activity and exercise (Haider et al. 2019), or aiming to improve nutritional status (Tieland et 

al. 2012), have turned out effective in terms of maintaining the muscle mass and quality 

with age (Figure 1.1).  
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Figure 1.1 Muscle strength declines disproportional to muscle mass with advancing age. The 
differences between the predicted loss of strength, corresponding to mass, and the observed loss of 
strength, are thought to be caused by a decline in muscle quality. 
 
Due to the evident interaction between skeletal muscle ageing and lifestyle factors, it is 

often challenging to attribute the decline in skeletal muscle mass and quality to either 

changes in lifestyle or to advancing age itself. Therefore, ageing is often further classified as 

caused by the ‘inevitable’ loss of cellular function and structure, referred to as primary 

ageing, while age-related changes in lifestyle and environmental factors are referred to as 

secondary ageing. Nevertheless, this concept is rather fluid. As increasing understanding of 

the mechanisms of skeletal muscle ageing might help us disentangle the ‘inevitable’ from 

the ‘evitable’. This will help us designing and adapting interventions, be these interventions 

for lifestyle, nutrition, or even pharmacological interventions; all this to ultimately sustain 

skeletal muscle health with advancing age. 

 

1.3. The Ageing mitochondrion 

An important factor that is thought to significantly contribute to loss of muscle quality 

during ageing, is the decline in mitochondrial capacity (Carter et al. 2015). The mitochondria 

are cell organelles that utilise breakdown products of glucose, fatty acid and amino acid 

metabolism to generate energy in the form of adenosine triphosphate (ATP). ATP is the 

universal energy carrier of the body and is required for all bodily processes, including muscle 

contraction. In the matrix of the mitochondria, metabolites are oxidised in the tricarboxylic 
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acid cycle (TCA) and via beta-oxidation, resulting in the production of the electron carriers 

nicotinamide-adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). The 

electrons carried by these carriers are donated to the electron transport complexes of the 

mitochondrial inner membrane. Electrons from Complex I, Complex II and electron transfer 

flavoprotein are transferred, via Coenzyme Q, to complex III and then Complex IV, where 

oxygen is the final electron acceptor. In the process of electron transfer, protons are 

transported over the mitochondrial inner membrane by complexes I, III and IV, establishing 

a high concentration of protons on one side of the membrane, also called the proton motive 

force. This force is used by another inner membrane mitochondrial complex: complex V or 

ATP synthase, that utilises the hydrogen atoms that flow back into the mitochondrial matrix, 

to regenerate ATP from adenosine diphosphate (ADP). Due to the role of oxygen as a final 

electron acceptor in this process, oxygen is indispensable for ATP generation in the 

mitochondria.  

 

Skeletal muscle mitochondrial capacity represents the capability of the myofibrillar 

mitochondria to produce ATP. Mitochondrial capacity is positively correlated with physical 

functioning, for instance in terms of exercise performance, walking speed (Coen et al. 2013) 

and muscle strength (Zane et al. 2017), and is therefore indispensable for adequate muscle 

functioning into old age. Nevertheless, with age mitochondrial capacity in vastus lateralis 

(Conley et al. 2000b; Johannsen et al. 2012; Larsen et al. 2012) and gastrocnemius (McCully 

et al. 1993; Waters et al. 2003; Layec et al. 2013) is reduced. This reduction occurs due to, 

on the one hand, a decrease in the amount of mitochondria (Conley et al. 2000b; Welle et 

al. 2003; Crane et al. 2010) and, on the other hand, a decrease in the capacity per unit of 

mitochondria to generate ATP (Trounce et al. 1989; Short et al. 2005; Lanza et al. 2008; 

Irving et al. 2015). This relative decrease in terms of the ability to generate energy (per 

volume of mitochondria) supports the notion that a decrease in muscle mitochondrial 

quality is associated with age. Mechanisms associated with mitochondrial quality decline 

with ageing will be introduced in section 1.6. 
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Despite the evidence in support of the claim (Short et al. 2005; Lanza et al. 2008), the decline 

in mitochondrial capacity with age is still under debate, as a substantial amount of studies 

report no effect of age on mitochondrial capacity (Rasmussen et al. 2003; Hütter et al. 2007; 

Gouspillou et al. 2014). The same absence of effect was observed using in vivo 

measurements in the vastus lateralis (Layec et al. 2015), gastrocnemius (Chilibeck et al. 

1998; Wray et al. 2009; Tevald et al. 2014; Hart et al. 2015) and tibialis anterior (Kent-Braun 

and Ng 2000; Lanza et al. 2005, 2007; Christie et al. 2014). Interestingly, a meta-analysis of 

studies assessing the effect of age on in vivo mitochondrial capacity, showed a positive 

effect of age on mitochondrial capacity, putting into question the central dogma that 

mitochondrial decline is inherently associated with ageing (Fitzgerald et al. 2016). That same 

study identified important effect modifiers for mitochondrial decline with ageing, such as 

sex, muscle group and physical activity. For example, the ageing trajectory might not be the 

same for every muscle, for instance due to changes in patterns of muscle use (Larsen et al. 

2012), and might also differ between males and females (Van der Hoek et al. 2020). In other 

words, mitochondrial capacity is significantly influenced by these modifiers, which means 

that a lack of accounting or correcting for these modifiers could explain the discrepancies 

in the current literature. Regular physical activity and exercise positively affect 

mitochondrial mass and function (Tonkonogi and Sahlin 2002; Lanza and Nair 2009). This 

potentially explains why studies that do correct for physical activity often do not find an 

age-related decrease in mitochondrial capacity, because the positive effect of physical 

activity masks the age-related decline on mitochondrial capacity (Brierley et al. 1996; 

Barrientos et al. 1996). Moreover, when comparing physically active elderly to a young 

control group, physically active older individuals do not display lower mitochondrial 

capacity (Larsen et al. 2012; Zampieri et al. 2015; Distefano et al. 2018).  

 

Still, there is evidence that primary ageing is an important factor in the process of age-

related decline in mitochondrial capacity. For example, although not statically significant, a 

noticeable decrease in mitochondrial respiration and capacity can be observed in similarly 

active old individuals, compared to their young individuals in the vastus lateralis muscle 
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(Lanza et al. 2008; Distefano et al. 2018). One can also observe significant differences in the 

expression of RNA and proteins involved in oxidative metabolism (Lanza et al. 2008). 

Furthermore, older individuals with low levels of physical activity show lower mitochondrial 

ATP production (Lanza et al. 2008) and lower in vivo mitochondrial capacity in the vastus 

lateralis muscle compared to young controls, when matched for physical activity (Larsen et 

al. 2012). Therefore, to elucidate this primary ageing effect, additional research on the 

effect of age on mitochondrial capacity is needed, taking into consideration the important 

effect modifiers. Uncovering this primary ageing effect will help us understand 

mitochondrial ageing and will aid research into tailoring adequate interventions, to 

ameliorate the age-related decline in mitochondrial capacity and its impact on declining 

muscle mass and strength (Figure 1.2). 

 
Figure 1.2 Hypothetical effect of a physically active lifestyle on the preservation of muscle 
mitochondrial capacity. 
 

1.4. Measuring mitochondrial capacity 

Differences in respective assessment methods could also explain some of the discrepancies 

between reports on the effect of age on mitochondrial capacity. For example, ex vivo 

measurements in isolated mitochondria from muscle biopsies have been reported to 

exaggerate age-related impairments, compared to measurements in permeabilised fibres. 

This difference possibly stems from the disruption of the mitochondrial morphology during 

the isolation process (Picard et al. 2010). Along the same line of reasoning, measurements 

in permeabilised fibres might also not closely resemble the conditions in the muscle, as 
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measurements are performed at supraphysiological oxygen pressures and substrate 

concentrations, and do not take factors that influence mitochondrial capacity in vivo into 

consideration, such as oxygen delivery and diffusion. Furthermore, ex vivo methods 

measure in small isolated fibres, which is considered a disadvantage due to the 

heterogeneity of muscle tissue. In vivo methods for assessing mitochondrial capacity offer 

some solutions to these drawbacks, as measurements on mitochondria are done in a 

dynamic system and in a larger volume of muscle. Then, besides technical considerations, 

there are also practical considerations. For example, ex vivo methods require the sampling 

of muscle tissue via a surgical muscle biopsy procedure. Therefore, in vivo methods are 

considered less invasive for research subjects, as these methods do not require surgical 

procedures and measurements are done topically. However, a disadvantage of in vivo 

methods is that they do not yield mechanistic insights into muscle and mitochondrial 

quality. Therefore, multiple methodological approaches, both in vivo and ex vivo, should be 

combined to measure the mitochondrial capacity in an intact system as well as to obtain 

mechanical insights. Such a combination will aid efforts to further determine the effects of 

age on mitochondrial capacity. 

 

The current golden standard for in vivo assessment of mitochondrial capacity is 31-

phoshorus magnetic resonance spectroscopy (31P-MRS). 31P-MRS uses the nuclear magnetic 

resonance of phosphorus-containing compounds in the muscle, such as ATP, ADP, 

phosphocreatine (PCr) and orthophosphate (Pi). ATP storage in the cell is limited and for 

adequate energy the cell is dependent on rapid regeneration of ATP from ADP. This 

regeneration requires the energy that is generated via the oxidation of fat and glucose, via 

glycolysis in the cytosol or aerobic oxidation in the mitochondria. Alternatively, ADP can be 

regenerated by the donation of Pi from PCr. PCr works as a shuttle for delivering energy 

where ATP levels are low, but also as a storage of energy that can be released independent 

from the oxidation of fat and glucose in the mitochondria, using oxygen (Bessman 1987). It 

is this quality of PCr that makes it an important source of energy at the commencing of 

exercise, when ATP demand is high, but is not yet met by aerobic ATP generation. When 
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exercise is ceased, PCr is regenerated from its non-energy counterpart creatine, using ATP 

generated via aerobic oxidation in the mitochondria. The post-exercise regeneration of 

readily available energy carriers (i.e., ATP and PCr) is directly linked to aerobic metabolism 

and faster regeneration of these carriers indirectly reflects mitochondrial metabolism 

(McMahon and Jenkins 2002). Therefore, the rate of regeneration of PCr after exercise, 

measured by 31P-MRS, can be used as a proxy for mitochondrial capacity (Meyer 1988), 

reflecting both the number of mitochondria and the activity per mitochondrion, or 

mitochondrial quality. Important assumptions for the measurements here are that oxygen 

availability is not a limiting factor for aerobic oxidation, ensuring adequate vascular oxygen 

supply and diffusion.  

 
31P-MRS is regarded a valid measurement for mitochondrial capacity if it 1) is correlated to 

other measurements of mitochondrial capacity and oxidative metabolism both in vivo and 

ex vivo, thus underpinning the physiological relevance of the technique and if it 2) detects 

differences in populations with known differences in mitochondrial capacity, thus 

underpinning the sensitivity and applicability of the technique. Indeed, mitochondrial 

capacity measured using 31P-MRS is correlated with ex vivo assessment of mitochondrial 

complex enzymatic activity (McCully et al. 1993; Larson-Meyer et al. 2001), respiration in 

isolated muscle fibres (Lanza et al. 2011) and in vivo measurements of whole-body oxidative 

capacity, such as whole-body peak oxygen uptake (VpO2peak) and total daily energy 

expenditure (Larson-Meyer et al. 2000; Edwards et al. 2013). Additionally, mitochondrial 

capacity was found to be significantly different between high- and low-fitness individuals 

(Takahashi et al. 1995), positively affected by endurance training (Larsen et al. 2013), 

impaired in patients with mitochondrial disease (Taivassalo et al. 1998) and in lower aged 

individuals (Larsen et al. 2012). Therefore, the general consensus is that 31P-MRS is a robust 

and valid method for non-invasive, in vivo assessment of skeletal muscle mitochondrial 

capacity. Nonetheless, there are some practical considerations, and possibly shortcomings 

to this technique. 31P-MRS assessment of mitochondrial capacity requires a magnetic 

resonance (MR) scanner, which is costly and therefore not widely available. Furthermore, 
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MR scanners are not portable and therefore on-site measurements are not possible. In the 

most recent decades, there has emerged a novel method to non-invasively assess muscle 

mitochondrial capacity in vivo, namely near-infrared spectroscopy (NIRS). This method 

offers solutions for the practical disadvantages inherent to 31P-MRS, such as increased 

portability and relatively lower costs. 

 

1.5. A novel method to measure mitochondrial capacity non-invasively, 

using near-infrared spectroscopy 

NIRS assessment of mitochondrial capacity makes use of light in a specific region in the near-

infrared light spectrum (700-850 nm), of which a significant amount can penetrate 

biological tissues, where the major absorbing chromophores are haemoglobin and 

myoglobin. Haemoglobin and myoglobin have oxygen-dependent absorption changes in 

this spectrum, making it possible to distinguish oxyhaemoglobin/myoglobin (O2Hb) from 

deoxyhaemoglobin/myoglobin (HHb) (Jobsis 1977). Haemoglobin is the oxygen binding 

molecule in the blood, while myoglobin is the oxygen binding molecule specific to the 

myofibril. The absorption spectra of myoglobin and haemoglobin are identical, and for the 

sake of simplicity they will in this thesis be referred to as O2Hb, for the oxygenated form, 

and HHb,for the non-oxygenated form. When NIRS is used on skeletal muscle in 

combination with arterial occlusions, it allows for the measurement of muscle oxygen 

consumption (mVpO2). When blood flow is occluded, no fresh, oxygenated blood is able to 

reach the muscle and the change from O2Hb to HHb reflects the use of oxygen under the 

NIRS probe (De Blasi 1997). For NIRS assessment of mitochondrial capacity multiple, 

transient arterial occlusions after a short bout of exercise are used. The temporal 

measurements of post-exercise mVpO2 allow for the determination of the rate of recovery 

of mVpO2 after exercise (Motobe et al. 2004). Where 31P-MRS uses the rate of PCr recovery, 

NIRS uses the rate of mVpO2 recovery as a proxy for mitochondrial capacity, under the 

assumption that mVpO2 reflects mitochondrial oxygen consumption in aerobic ATP 

production, which is directly linked to the recovery of readily available energy carriers used 
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at the commencement of exercise (Figure 1.3). Therefore, a faster return to pre-exercise or 

basal mVpO2 is determined by the number of mitochondria and mitochondrial quality, and it 

hence serves as a measure for mitochondrial capacity (Meyer 1988; Nagasawa et al. 2003).  

 
Figure 1.3 NIRS and 31P-MRS make use of recovery of different aspects of recovery of muscle 
homeostasis after exercise; NIRS uses of the recovery of muscle oxygen consumption, while 31P-MRS 
uses the recovery of PCr as a proxy for mitochondrial capacity. 
 

Similar to 31P-MRS, NIRS can be regarded as a valid method for the assessment of 

mitochondrial capacity if it is able to demonstrate physiological relevance, by showing good 

correlation to other, more established, in vivo and ex vivo techniques; and by showing 

adequate sensitivity and applicability to detect differences in populations with evident 

differences in mitochondrial capacity. Although NIRS is a relatively novel method to asses 

mitochondrial capacity, considerable efforts to underpin its validity have been undertaken. 

For example, NIRS has been shown to correlate well with ex vivo respiration of isolated 

muscle fibres (Ryan et al. 2014) and in vivo methods for assessment of whole-body oxidative 

and mitochondrial capacity, including VpO2peak (Brizendine et al. 2013) and 31P-MRS (Ryan 

et al. 2013b). Moreover, significant differences in mitochondrial capacity were observed 

between inactive individuals and endurance athletes (Brizendine et al. 2013), and between 

patients with spinal cord injury compared to controls (Erickson et al. 2013). However, it is 

currently unknown whether NIRS is also sensitive enough to detect possible smaller 

differences in mitochondrial capacity in a normally active, healthy population. Furthermore, 
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although age-related mitochondrial decline in muscle was measured in the forearm using 

NIRS (Chung et al. 2018), no dedicated studies looking at the effect of age on mitochondrial 

capacity that also take sex, physical activity and muscle group into account, have been 

performed to date. Therefore, to further establish NIRS as a valid method for the 

assessment of mitochondrial capacity, dedicated studies in more normal and ageing 

populations need to be performed. Furthermore, with increasing adiposity and 

subcutaneous adipose tissue thickness (ATT), the amount of NIRS signal from the muscle 

decreases significantly, making measurements in populations with higher ATT more 

challenging (van Beekvelt et al. 2001). This also impacts studies in females, who have a 

different body composition than males and commonly a thicker subcutaneous adipose 

tissue layer. Therefore, sensitivity studies need to be performed in females, while such 

studies may also shed light on possible differences in mitochondrial capacity between the 

sexes.  

 

1.6. Mechanisms of age-related mitochondrial quality decline  

The age-related decline in the ability to generate energy per volume of mitochondria, or 

mitochondrial quality, suggests a malfunctioning of mitochondrial proteins involved in the 

generation of ATP. That malfunctioning could either be caused by an increased occurrence 

of damage, or by decreased damage removal at an older age, compromising optimal 

mitochondrial functioning. The removal of damaged or dysfunctional mitochondrial 

proteins and mitochondria is called mitophagy and is thought to be a vitally important 

process for the prevention of ageing associated decline in mitochondrial capacity (Bakula 

and Scheibye-Knudsen 2020). Mitochondria are mobile, dynamic organelles that can 

separate (fission) or fuse to form complex networks (fusion). Fusion allows the network to 

effectively share and use mitochondrial DNA, protein complexes and metabolites 

(Westermann 2012), while fission is needed for effective removal of damaged or 

dysfunction mitochondria (Ding and Yin 2012). However, removal of damaged or 

dysfunctional mitochondria has been reported to decline with age (Ferrington et al. 2005; 

General Introduction 

13 
 

Ngo and Davies 2007; Drummond et al. 2014). This finding has been supported by 

observations of mitochondrial morphology being affected by ageing in model species, 

where increased, fragmented (Iqbal et al. 2013) or enlarged mitochondria (Leduc-Gaudet et 

al. 2015) have been seen. Therefore, it is possible that an inability to clear dysfunctional 

proteins and mitochondria causes the accumulation of damaged proteins, compromising 

mitochondrial quality.  

 

Alternatively, mitochondrial quality could be decreased due to an increase in damage 

occurrence. An important source of damage to the mitochondria is oxidative damage to 

proteins, lipids and nucleic acids, by reactive oxygen species (ROS) produced during 

respiration. It has been hypothesised that cumulative oxidative damage with age would 

result in malfunctioning mitochondria. These mitochondria would in their turn increase ROS 

production, which would damage other mitochondrial proteins, entering a harmful and 

destructive loop (Harman 1972). Indeed, mutations in mitochondrial DNA have been shown 

to increase with age and are thought to arise from damage by ROS (Van Remmen et al. 

2003; Short et al. 2005). Yet, a causal role between ROS and mitochondrial ageing via 

mitochondrial DNA or other mechanisms remains to be fully established and as such this 

topic remains controversial. 

 

1.7. The Acylation theory of mitochondrial ageing 

A relatively novel and emerging theory in the field of mitochondrial ageing is based on 

accumulating damage via reversible post-translational modifications (PTM) of proteins by 

acylation (Wagner and Hirschey 2014). Protein acylation is the covalent binding of an acyl-

group to a lysine amino acid on a protein. The addition of the acyl-group neutralises the 

lysine’s positive charge, thereby affecting protein functionality through conformational 

changes or protein-protein, protein-substrate or protein-cofactor interactions. Acylation is 

an interesting PTM in light of mitochondrial quality, because 1) almost all enzymes in 

mitochondrial metabolism can be subject to acylation (Zhao et al. 2010), 2) a variety of 
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substrates for acylation occur in the mitochondria as intermediates of metabolism and 3) 

biochemical conditions in the mitochondria favour acylation, also non-enzymatically 

(Wagner and Payne 2013). Indeed, situations in which acyl-CoAs are elevated through 

metabolites have been shown to drive mitochondrial protein acylation (Pougovkina et al. 

2014a). Therefore, because levels of acyl-CoA drive protein acylation and acylation affects 

protein functionality, a link between metabolism and cellular signalling via protein acylation 

is established (Choudhary et al. 2014). Acetyl-CoA, the central metabolite in glucose, fatty 

acids and amino acid metabolism, is the most well-studied acyl-PTM. Acetylation of proteins 

in the mitochondria generally compromises their activity (Schwer et al. 2006; Schlicker et 

al. 2008; Baeza et al. 2016). For example, acylation of mitochondrial complex I decreases its 

function, possibly demonstrating how increased levels of acetyl-CoA can signal energy 

availability and regulate metabolism (Ahn et al. 2008).  

 

Acylation is reversible and, in a normal situation, acyl-groups can be removed from proteins 

by deacylating enzymes, such as sirtuins (SIRTs). Especially SIRT3-SIRT5 are of interest for 

mitochondria due to their localisation in these organelles. SIRT3, the main mitochondrial 

deacetylating sirtuin, is upregulated in conditions where increased acetylation is observed, 

such as fasting, and acetylation is increased significantly in mice lacking this enzyme 

(Lombard et al. 2007; Hirschey et al. 2010). Similarly, deacetylation of complex I was 

dependent on SIRT3 and in a SIRT3 knockdown model, complex I activity was decreased 

(Ahn et al. 2008). Therefore, SIRT3 was crowned caretaker of the mitochondrial acylome 

and is indispensable for mitochondrial functioning (Lombard et al. 2015). Nevertheless, all 

sirtuins, including SIRT3, require NAD+ as a cofactor for their deacylating activity and levels 

of this cofactor have been reported decrease with age, in rodents (Yoshino et al. 2011; 

Braidy et al. 2011; Gomes et al. 2013) and some humans tissues (Massudi et al. 2012; Zhu 

et al. 2015; Zhou et al. 2016; Clement et al. 2019). This forms the basis for the acylation 

theory of mitochondrial ageing, which assumes the accumulation of acylation damage, or 

stress, through an inadequate ability to remove this damage, causing a decrease in protein 

functionality (Wagner and Hirschey 2014). In the mitochondria, the decrease in NAD+ levels 
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and increased acylation would decrease mitochondrial protein functionality, such as 

observed for complex I, resulting in a decreased respiration per mass of mitochondria. 

Although to date no data that links NAD+ levels, acylation and mitochondrial quality exists 

for human skeletal muscle, in older mice skeletal muscle NAD+ levels are decreased and 

associated with a decreased mitochondrial capacity (Gomes et al. 2013; Camacho-Pereira 

et al. 2016). Furthermore, using supplementation with precursors of NAD+ to increase NAD+ 

levels at old age in mice, partially ameliorated the age-driven decline in ATP production 

(Gomes et al. 2013) and physical decline (Zhang et al. 2016). Therefore, the role of acylation 

in mitochondrial quality requires future research to elucidate the role of acylation in skeletal 

muscle ageing in humans. 

  

1.8. Protein propionylation as a novel acyl modification 

Besides acetyl CoA, multiple intermediates of metabolism and their corresponding acyl-

CoA’s are able to post-translationally modify proteins. These result in modifications, such 

as succinylation (Zhang et al. 2011), glutarylation (Tan et al. 2014), malonylation (Peng et al. 

2011), crotonylation (Tan et al. 2011), butyrylation and propionylation (Chen et al. 2007). 

While these modifications are likely to impact the activity of metabolic enzymes, the effect 

of these modifications on mitochondrial quality and on muscle physiology has hardly been 

established, especially in relation to ageing. Protein propionylation, the covalent binding of 

a three carbon propionyl-group to lysine residues of proteins, might be of specific interest 

to skeletal muscle metabolism due to the metabolic background of propionyl-CoA, which is 

the substrate for propionylation. Propionyl-CoA can be derived from the breakdown of the 

amino acids isoleucine, valine, threonine and methionine, cholesterol and odd-chain fatty 

acids (Sbaï et al. 1994). Additionally, propionyl-CoA can be derived from propionate, 

produced by the microbiota and taken up in the intestine (Cummings et al. 1987) (Figure 

1.4). Therefore, in metabolic situations in which propionyl-CoA levels are elevated, for 

example during muscle protein breakdown, levels of propionylation could increase and be 

functionally important, or, when present in excess, compromise functionality. For example, 
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it is known that increased levels of propionyl-CoA were able to propionylate the propionyl-

CoA synthetase enzyme in prokaryotes, thereby inactivating it (Garrity et al. 2007). 

Moreover, analysis of muscle and liver biopsies from patients with inborn errors in 

propionyl-CoA metabolism that lead to an accumulation of propionyl-CoA, show a defective 

mitochondrial respiration (Schwab et al. 2006; de Keyzer et al. 2009) and increased protein 

propionylation (Pougovkina et al. 2014b). This suggests that 1) increased levels of propionyl-

CoA can increase cellular propionylation and that 2) increased propionylation can affect 

protein functionality. Nevertheless, despite its potential importance for metabolic 

regulation, very little is known about propionylation, providing an evident rationale to 

further study this PTM. 
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Figure 1.4 Schematic overview of propionate and propionyl-CoA metabolism. HATs: Histone 
Acyltransferases, ACSS2: Acyl-coenzyme A Synthetase Short Chain Family Member 2, ACSS3: Acyl-CoA 
Synthetase Short Chain Family Member 3, ACOT9: Acyl-CoA Thioesterase 9, ACOT12: Acyl-CoA 
Thioesterase 12, CRAT: Carnitine Acetyltransferase. PCC: Propionyl-CoA Carboxylase, MMUT: 
Methylmalonyl-CoA Mutase, CACT: Carnitine-acylcarnitine translocase, HATs: Histone 
acyltransferases, SIRT3: Sirtuin 3, SIRT1: Sirtuin 1, CoA: Coenzyme A, OPADPr: O-propionyl-ADP-
ribose, NAD: Nicotinamide adenine dinucleotide, NAM: Nicotinamide mononucleotide 
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1.9. Aims and outline of this thesis 

To prevent age-related decline in muscle mass and function it is important to understand 

the ageing process and the individual factors that contribute to it. One important factor is 

the role of mitochondria in the age-related decline of muscle mass and function. However, 

although numerous studies have been performed, there appears to be no general 

consensus on the effect of age on mitochondrial capacity. In part, this is due to a lack of 

methodology to readily assess mitochondrial capacity in vivo, non-invasively. NIRS 

assessment of mitochondrial capacity could be a valuable tool when further developed and 

applied to an ageing population. Moreover, due to the positive effect of physical activity 

and mitochondrial capacity, it is unknown whether the decline in mitochondrial capacity is 

a secondary, evitable ageing phenomenon (due to a decrease in age-related physical 

activity) or whether it is a primary, inevitable ageing phenomenon (meaning it declines even 

when physical activity is maintained). Furthermore, it is known that sex and muscle group 

are important factors that influence mitochondrial capacity with ageing. Studies that 

measure mitochondrial capacity should take this into account. Moreover, post-translational 

protein modifications could be a molecular mechanism involved in mitochondrial quality 

control. Propionylation is one of these modifications, but the role of propionyl-CoA and 

propionylation in skeletal muscle metabolism is currently not known.  

 

The overall aim of this thesis is to obtain a better understanding of the role of 

mitochondria in skeletal muscle ageing.  

I aim to: 

1) Further establish NIRS assessment of mitochondrial capacity, by: 

a. verifying whether NIRS has enough sensitivity to detect differences in 

mitochondrial capacity in a normal population of high- and low-fitness 

males and females; 
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b. substantiating the physiological relevance of mVpO2 recovery as a measure 

of mitochondrial capacity by testing the relationship between mVpO2 and 

other measures related to oxidative capacity; 

c. applying NIRS to an ageing population to further substantiate the use of 

NIRS in skeletal muscle ageing research. 

2)  Study the effect of molecular mechanisms of ageing and the effect of ageing on 

mitochondrial capacity in skeletal muscle, independent of changes in physical 

activity, by: 

a. comparing mitochondrial capacity in three different skeletal muscles 

between young and elderly males with similar physical activity levels; 

b. exploring molecular mechanisms of ageing in vastus lateralis muscle 

biopsies in the aforementioned population using transcriptome 

sequencing. 

3) Explore the effects of protein propionylation on skeletal muscle and study how 

this could be linked to mitochondrial quality, by: 

a. measuring the effect of increased protein propionylation on 

mitochondrial respiration in a disease model of patients with aberrant 

propionylation; 

b. investigating functional effects of increased protein propionylation in 

skeletal muscle cell lines and primary human myotubes. 

 

In chapter 2 I verify the sensitivity of NIRS assessment of mitochondrial capacity, as well as 

its ability to detect differences in mitochondrial capacity in a normal population of 

recreationally active, healthy males, divided into a high- and low-fitness group. 

Furthermore, I explore the relationship with other parameters related to oxidative capacity 

to further substantiate the physiological relevance of NIRS assessment of mitochondrial 

capacity. In chapter 3 I further verify the sensitivity and applicability of NIRS assessment of 

mitochondrial capacity in females. Increased adiposity beneath the skin hampers 

penetration of NIR-light in the muscle. Therefore, testing similar sensitivity to detect 
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relevant physiological differences in females extends the applicability of NIRS for this 

population. 

 

In chapter 4 I study the effect of age in three different skeletal muscles. I apply NIRS to a 

population of young and older males with similar physical activity patterns. By matching for 

this physical activity, this allows us to study the effect of age on mitochondrial capacity, 

independent from differences in physical activity patterns between the age groups. 

Furthermore, by measuring mitochondrial capacity in three different locomotor muscles, 

the differences in mitochondrial ageing between muscles will be investigated. Additionally, 

in chapter 5 I identify early markers and molecular mechanisms of muscle ageing, using 

transcriptome sequencing in biopsies taken from the vastus lateralis, sampled from the 

same population of young and older males.  

 

In chapter 6 I investigate the effect of protein propionylation on mitochondrial quality. To 

address this, I turn to a disease model of patients with an inborn metabolic error in the PCC 

gene. As a consequence, these patients accumulate propionyl-CoA and display higher levels 

of protein propionylation. I use this model to study the effect of propionylation on 

mitochondrial quality in different cell types, including skeletal muscle. Chapter 7 builds on 

the findings of chapter 6 and addresses the consequences of increased cellular 

propionylation, specifically in the skeletal muscle. Patients with an inborn error in the PCC 

gene have a myopathic phenotype and I aim to explore whether the increased protein 

propionylation could contribute to this phenotype and has functional consequences. For 

this, I use skeletal muscle cell lines and primary human myotubes. 

 

Finally, the main findings of this thesis, its implications and directions for future research 

are discussed in chapter 8, followed by a short summary of the thesis. 
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Abstract 

 

Objective The recovery of muscle oxygen consumption (mVpO2) after exercise provides a 

measure of skeletal muscle mitochondrial capacity, as more and better-functioning 

mitochondria will be able to restore mVpO2 faster to the pre-exercise state. The aim was to 

measure muscle mitochondrial capacity using near-infrared spectroscopy (NIRS) within a 

healthy, normally active population and relate this to parameters of aerobic fitness, 

investigating the applicability and relevance of using NIRS to assess muscle mitochondrial 

capacity non-invasively. 

 

Methods Mitochondrial capacity was analysed in the gastrocnemius and flexor digitorum 

superficialis (FDS) muscles of eight relatively high aerobic fitness (VpO2peak ≥ 57 mL/kg/min) 

and eight relatively low aerobic fitness male subjects (VpO2peak ≤ 47 mL/kg/min). Recovery 

of whole-body VpO2, i.e. excess post-exercise oxygen consumption (EPOC) was analysed after 

a cycling protocol.  

 

Results Mitochondrial capacity, as analysed using NIRS, was significantly higher in high-

fitness individuals as compared to low-fitness individuals in the gastrocnemius, but not in 

the FDS (p = 0.0036 and p = 0.20, respectively). Mitochondrial capacity in the gastrocnemius 

was significantly correlated to VpO2peak (R2 = 0.57, p = 0.0019). Whole-body VpO2 recovery 

was significantly faster in the high-fitness individuals (p = 0.0048) and correlated 

significantly to mitochondrial capacity in the gastrocnemius (R2 = 0.34, p = 0.028).  

 

Conclusion NIRS measurements can be used to assess differences in mitochondrial muscle 

oxygen consumption within a relatively normal, healthy population. Furthermore, 

mitochondrial capacity correlated with parameters of aerobic fitness (VpO2peak and EPOC), 

emphasising the physiological relevance of the NIRS measurements. 

 

Abstract

Objective 
The recovery of muscle oxygen consumption (mVO2) after exercise provides a 
measure of skeletal muscle mitochondrial capacity, as more and 
better-functioning mitochondria will be able to restore mVO2 faster to the 
pre-exercise state. The aim was to measure muscle mitochondrial capacity 
using near-infrared spectroscopy (NIRS) within a healthy, normally active 
population and relate this to parameters of aerobic fitness, investigating the 
applicability and relevance of using NIRS to assess muscle mitochondrial 
capacity non-invasively.

Methods 
Mitochondrial capacity was vanalysed in the gastrocnemius and flexor 
digitorum superficialis (FDS) muscles of eight relatively high aerobic fitness 
(VO2peak ≥ 57 mL/kg/min) and eight relatively low aerobic fitness male 
subjects (VO2peak ≤ 47 mL/kg/min). Recovery of whole-body VO2, i.e. excess 
post-exercise oxygen consumption (EPOC) was analysed after a cycling 
protocol. 

Results 
Mitochondrial capacity, as analysed using NIRS, was significantly higher in 
high-fitness individuals as compared to low-fitness individuals in the 
gastrocnemius, but not in the FDS (p = 0.0036 and p = 0.20, respectively). 
Mitochondrial capacity in the gastrocnemius was significantly correlated to 
VO2peak (R2 = 0.57, p = 0.0019). Whole-body VO2 recovery was significantly 
faster in the high-fitness individuals (p = 0.0048) and correlated significantly 
to mitochondrial capacity in the gastrocnemius (R2 = 0.34, p = 0.028). 

Conclusion 
NIRS measurements can be used to assess differences in mitochondrial 
muscle oxygen consumption within a relatively normal, healthy population. 
Furthermore, mitochondrial capacity correlated with parameters of aerobic 
fitness (VO2peak and EPOC), emphasising the physiological relevance of the 
NIRS measurements.
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2.1. Introduction 

Muscle mitochondrial mass and function are positively affected by regular endurance 

exercise (Tonkonogi and Sahlin 2002). Due to the pivotal role of mitochondria in 

determining endurance capacity, there is a need for robust and non-invasive measurements 

of muscle mitochondrial function (Lanza and Nair 2009). Mitochondrial function in skeletal 

muscle is classically analysed ex vivo by measuring oxygen consumption in muscle biopsies. 

Less-invasive techniques have emerged over the last quarter century, allowing the 

measurement of mitochondrial function in vivo. These techniques are both based on the 

recovery of muscle homeostasis after exercise (Meyer 1988), assessed by measuring either 

the regeneration of phosphocreatine (PCr) using magnetic resonance spectroscopy (31P-

MRS) or by the return of muscle oxygen consumption (mVpO2) to basal levels using near-

infrared spectroscopy (NIRS). Mitochondrial function analysed by both techniques have 

been shown to be in good agreement with each other (Ryan et al. 2013b), but NIRS offers 

advantages over 31P-MRS due to its higher portability and relatively low-costs, making it 

more suitable for on-site and routine measurements. 

 

NIRS uses the difference in light absorption of oxygenated and deoxygenated haemoglobin 

and myoglobin in the near-infrared region (Grassi and Quaresima 2016). By emitting light at 

different wavelengths it is possible to differentiate between the oxygenated and 

deoxygenated state. When used on muscle and combined with arterial occlusions it allows 

for measurement of mVpO2, as the change from oxygenated to deoxygenated haemoglobin 

and myoglobin reflects the use of oxygen in the tissue underneath the NIRS probe when 

blood flow is occluded (Van Beekvelt et al. 2001). Multiple, transient arterial occlusions after 

a short bout of exercise allows for the measurement of post-exercise recovery of mVpO2, a 

procedure used to assess mitochondrial capacity (Motobe et al. 2004). The underlying 

assumption is that post-exercise regeneration of readily available energy carriers (i.e., ATP 

and PCr) is directly linked to aerobic metabolism and, therefore, a higher mitochondrial 

capacity will be associated with a faster return of mVpO2 to the pre-exercise state (McMahon 
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and Jenkins 2002). Indeed, the NIRS procedure to assess recovery kinetics of mVpO2 in vivo 

showed a strong correlation to maximal ADP-stimulated respiration of permeabilised 

muscle fibres in situ (Ryan et al. 2014).  

 

On a whole-body level, the regeneration of readily available energy carriers is assumed to 

contribute to the transient elevation of whole-body oxygen consumption (mVpO2) above 

resting values in the immediate post-exercise period, also known as excess post-exercise 

oxygen consumption (EPOC). EPOC can be divided in a rapid and a prolonged phase, in which 

the mechanisms that contribute to the elevated mVpO2 are different (Gaesser and Brooks 

1984). In particular, the rapid phase is defined to reflect the myofibrillar consumption of the 

readily available energy substrates in the beginning of exercise, such as PCr and ATP, as well 

as the replenishment of tissue and haemoprotein oxygen stores and lactate removal 

(Chance et al. 1992; Børsheim and Bahr 2003). In accordance with an important role for PCr 

regeneration in EPOC, Rossiter et al showed that whole-body VpO2 is related to muscle PCr 

kinetics in the recovery phase (Rossiter et al. 2002). As the latter may be related to skeletal 

muscle mitochondrial capacity, an inverse relationship between EPOC and NIRS assessment 

of mVpO2, reflecting skeletal muscle mitochondrial function, can be hypothesised (Kemp et 

al. 2015). However, it should be noted that despite clear effects on mitochondrial capacity 

(Lanza and Nair 2009), the effect of endurance training status on EPOC is controversial, most 

likely as a result of methodological difficulties (Børsheim and Bahr 2003). When comparing 

low with high endurance capacity subjects, no research design can control for relative 

exercise intensity, total work and exercise duration at the same time. Still, by controlling for 

relative intensity and exercise duration, different VpO2 recovery dynamics between trained 

and untrained subjects have been observed (Short and Sedlock 1997). Thus, when using 

such an approach, post-exercise whole-body VpO2 recovery dynamics may be a reflection of 

aerobic fitness and be related skeletal muscle mitochondrial capacity.  

 

NIRS has been used as a non-invasive measure for muscle mitochondrial function in various 

clinical populations such as COPD and cystic fibrosis patients. In general, NIRS studies 
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indicate skeletal muscle mitochondrial dysfunction under these pathological conditions 

(Adami et al. 2017; Willingham and McCully 2017). On the other hand, endurance athletes, 

characterized by a high whole-body peak oxygen uptake (VpO2peak), showed a faster post-

exercise recovery of mVpO2 than fully sedentary subjects (Brizendine et al. 2013). Still, the 

difference in VpO2peak between the 2 groups was considerable (74 vs 34 ml.kg-1.min-1, 

respectively). It would be of interest to study whether this technique is also sensitive 

enough to detect differences within a more normally active, healthy population, as it is as 

yet unclear to what extent NIRS assessment of skeletal muscle mitochondrial capacity is 

related to other established measures of oxidative metabolism related to exercise, such as 

VpO2peak and EPOC in a normally active, healthy population. This information would further 

support the applicability and physiological relevance of NIRS assessment of mitochondrial 

capacity. 

 

The aim of this study is to measure mitochondrial function using NIRS in a recreationally 

active, healthy population divided in relatively low and relatively high aerobic fitness groups 

and relate it to parameters of aerobic fitness. The recovery of mVpO2 in both the frequently 

activated gastrocnemius muscle and in the often undertrained forearm will be measured 

(Hamner et al. 2010). We hypothesised that the recovery of mVpO2 and whole-body VpO2 

recovery, i.e. EPOC, is faster in the relatively high-fitness group. Furthermore, we expect 

muscle and whole-body VpO2 recoveries to correlate, since post-exercise replenishment of 

energy stores in the muscle encompasses an important component in the rapid phase of 

EPOC. 

 

2.2. Material and Methods 

2.2.1. Subjects  

Healthy males between the age of 18-28 years were recruited from the local university and 

community population. None of the subjects had a history of cardiovascular, respiratory or 

metabolic disease. None of the subjects identified as regular smoker (>5 cigarettes per 
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week), used recreational drugs during the study or reported recent use of performance 

enhancing drugs or supplements. Subjects were non-anaemic (haemoglobin concentration 

> 13 g/dL), verified by using HemoCue Hb 201 microcuvette (HemoCue AB, Sweden). Main 

exercise modalities in high-fitness group were cycling (3x), lacrosse (2x), triathlon (1x), 

rowing (1x) and running (1x). Main exercise modalities in low-fitness group were sailing (1x), 

running (1x). weightlifting (1x), volleyball (1x) or no regular exercise at all. Only males were 

selected in this study, due to the limited penetration depth of the NIRS device used and sex 

differences in subcutaneous adipose tissue thickness. 

 

2.2.2. Pre-experimental screening protocol  

Subjects were selected based on whole-body peak oxygen uptake (VpO2peak) measured 

using an incremental exercise test on electrically-braked bicycle ergometer (Corival CPET, 

Lode, The Netherlands). Subjects were asked to refrain from vigorous exercise for 48 hours 

and to have consumed their last meal two hours before this test. Oxygen consumption, 

carbon dioxide production and air flow were measured using MAX-II metabolic cart (AEI 

technologies, USA). Exhaled air was continuously sampled from a mixing chamber and heart 

rate was measured with a strap-on chest heart rate monitor (Polar Electro, Finland). After a 

3-minute warming-up, the protocol started at a workload of 75W, or 125W for subjects who 

exercised >3 times a week, and was increased every minute in increments of 25W. Subjects 

were instructed to maintain a self-selected pedal rate between 70-80 revolutions per 

minute (RPM). Inability to pedal at a rate above 60 RPM for 15s was considered point of 

exhaustion, and the end of the test. For the test to be valid, two out of three of the following 

criteria should have been met: 1) A maximal heart rate within 10 beats of the predicted 

maximum (220 – age), 2) Attainment of a plateau in VpO2, i.e. VpO2 failing to increase with 150 

mL/min, despite an increase in work load, 3) Achievement of an RER ≥ 1.1. VpO2peak was 

determined by binning data in 15s intervals. Eight relatively high aerobic fitness (VpO2peak ≥ 

57 mL/kg/min) and eight low aerobic fitness subjects (VpO2peak ≤ 47 mL/kg/min) were 

selected to take part in the study, based chosen cut offs. A total of 24 subjects were 

screened to end up with the desired sample size.  
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2.2.3. Experimental protocol 

 All measurements were done fasted, i.e. subjects were not allowed to eat after 08:00 PM 

the night before. The subjects refrained from heavy physical exercise 48 hours prior to 

testing and from any exercise and consumption of alcohol 24 hours prior to testing. Maximal 

Voluntary Contraction (MVC) hand grip strength of the dominant hand was measured using 

a Jamar Hydraulic Hand Dynamometer (Performance Health, IL, USA). Highest value out of 

three 5s isometric contractions was set as MVC. Body fat percentage was measured 

according to the four-site method by Durnin-Womersley using the skinfold measurements 

of the triceps, biceps, sub scapula and supra iliac, measured using a skinfold caliper 

(Harpenden, UK). Furthermore, skinfold between NIRS receiver and transmitter was 

measured on the calf and the forearm. 

 

NIRS measurements. Deoxyhaemoglobin (HHb) and oxyhaemoglobin (O2Hb) were 

continuously measured using the continuous wave PortaMon wireless, dual-wavelength 

NIRS system (760 and 850 nm; PortaMon, Artinis Medical Systems, Netherlands). The 40mm 

channel was used for analysis. Data were collected via bluetooth at 10 Hz using Oxysoft 

software (Artinis Medical Systems). The NIRS probe was placed longitudinally on the lateral 

gastrocnemius 4 cm distal to the knee joint and on the flexor digitorum superficialis (FDS). 

To secure the probe and protect it from environmental light, the probe was tightly taped to 

the skin. To measure oxygen consumption, a blood pressure cuff (Hokanson SC5 and SC12; 

D.E. Hokanson Inc., Bellevue, WA) was placed proximally of the probe above the knee joint 

and on the upper arm. The cuff was powered and controlled by a rapid cuff inflator system 

(Hokanson E20 and AG101 Air source; D.E. Hokanson Inc.) set to a pressure of 230-250 mm 

Hg. Post-exercise muscle oxygen consumption recovery was assessed similar to previously 

published protocols (Ryan et al. 2013b). In summary, the protocol consists of three, 30s rest 

measurements of basal oxygen consumption. To calibrate the signal between individuals, 

the minimal-oxygenation of the tissue underneath the probe was then determined by 30s 

maximal hand grip exercise for FDS or by plantar flexion exercise using a rubber resistance 

band for gastrocnemius, followed by an arterial occlusion until baseline or with a maximum 
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of 4 min total occlusion time. The hyperaemic response after the cuff was released was 

considered maximal oxygenation. Recovery oxygen consumption after exercise was 

measured after 30s of intermittent handgrip exercise at 50% of MVC for the FDS or plantar 

flexion exercise using a rubber resistance band until 50% of maximal oxygenation for 

gastrocnemius. Right after exercise, a series of transient occlusions (5 * 5s on/5s off, 5 * 7s 

on/7s off, 10 * 10s on/10s off) was used to measure the recovery of muscle oxygen 

consumption after exercise. Recovery measurements were performed in duplicate with 2 

minutes rest in between tests.  

 

Analysis of muscle oxygen consumption data. NIRS data were analysed using Matlab-based 

(The Mathworks, MA, USA) analysis software (NIRS_UGA, GA, USA). Data were analysed as 

100% of maximal oxygenation. mVpO2 was calculated during every arterial occlusion using 

the slope of the change in HHb and O2Hb (Hb difference) for 3s for the 5s occlusions, for 5s 

for the 7s occlusions, 7s for the 10s occlusions and 15s for the basal measurements. A blood 

volume correction factor was used for each data point (Ryan et al. 2012) to correct for 

redistribution of blood distally from the cuff. In short; changes in HHb and O2Hb should be 

proportional during arterial occlusions. A blood volume correction factor (β) was calculated 

to account for possible changes and was used to correct each data point. mVpO2 recovery 

measurements post-exercise were fitted to a mono-exponential curve: 

 

𝑦𝑦	(𝑡𝑡) = 𝐸𝐸𝐸𝐸𝑑𝑑 −	∆ ∗ 𝑒𝑒!"	∙% 

 

with Y representing the mVpO2 during the arterial occlusions; End being the mVpO2 

immediately after the cessation of exercise; Delta (∆) being the difference between mVpO2 

after exercise and mVpO2 during rest; K being the rate constant expressed in time units; t 

being time. Rate constants of duplicates were averaged. Rate constants calculated from 

curve fitting with R2<0.95 were excluded from analysis as a measure of poor data quality.  
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EPOC measurements. Basal oxygen consumption (method see below) was measured in 

supine position after an overnight fast. Subject was rested 30 minutes before the facemask 

was attached. After 20 minutes of basal measurement, the subject cycled for 20 minutes at 

a work rate adjusted to 55% of VpO2peak (Maresh et al. 1992). This protocol resulted in equal 

relative intensity for each subject. Upon cessation of exercise, subjects were placed in 

supine position for 20 minutes.  

 

Analysis of whole-body oxygen consumption data. Exhaled air was continuously sampled 

using a strap-on face mask, and binned in 15s intervals. Due to the individualisation of the 

exercise protocol, absolute oxygen consumption was different between subjects. The 

recovery of VpO2 expressed as a percentage of EPOC where the last 10 minutes of exercise 

were averaged and expressed as 100% EPOC and the values during the last 5 minutes of 

basal measurements were averaged and expressed as 0% EPOC (Short and Sedlock 1997). 

The recovery data were plotted using a two phase exponential decay according to the 

formula: 

 

𝑌𝑌 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃	 + 	𝑌𝑌𝑌𝑌𝑌𝑌𝑃𝑃𝑌𝑌𝑃𝑃 ∗ exp(−𝐾𝐾𝑌𝑌𝑃𝑃𝑌𝑌𝑃𝑃 ∗ 𝑋𝑋) + 	𝑌𝑌𝑌𝑌𝑌𝑌𝑃𝑃𝑌𝑌𝑌𝑌 ∗ exp(−𝐾𝐾𝐾𝐾𝑃𝑃𝑌𝑌𝑌𝑌 ∗ 𝑋𝑋), where 

𝑌𝑌0𝑌𝑌𝑃𝑃𝑌𝑌𝑃𝑃 = (𝑌𝑌0 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑌𝑌𝑃𝑃𝑌𝑌𝑃𝑃 ∗ .01 

𝑌𝑌𝑌𝑌𝐾𝐾𝑃𝑃𝑌𝑌𝑌𝑌 = (𝑌𝑌0 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) ∗ (100 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑌𝑌𝑃𝑃𝑌𝑌𝑃𝑃) ∗ .01 

 

In the formula, Plateau represents the basal oxygen consumption, or 0% EPOC. Y0 

represents the oxygen consumption during exercise, or 100% EPOC. KFast and KSlow 

represent the rate constants of recovery as an inverse unit of time. PercentFast is the 

fraction of the Y that is represented by the fast phase, as percent.  

 

2.2.4. Statistical analyses 

Data are presented as mean ± SD. Statistical analyses were performed using GraphPad Prism 

v.5 (GraphPad Software, CA, USA). Means between the two groups were compared using a 

Students unpaired t-test. Correlations between variables were compared using regression 
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analysis. Significance was accepted at p < 0.05. Normality was tested using Shapiro-Wilk 

normality test. Not normal data were compared using Mann-Whitney tests. 

 

2.3. Results 

All subjects completed all tests without any contraindications. Physical characteristics are 

shown in Table 2.1. All maximal exercise tests met at least two out of three criteria.  

 

Table 2.1 Physical characteristics of the subjects 

  Low-fitness (n=8) High-fitness (n=8) 

Age (yrs) 24.1 ± 2.7 22.6 ± 3.2 

Weight (kg) 80.0 ± 8.3 73.3 ± 6.4 

Height (m) 1.85 ± 0.05 1.79 ± 0.07 

Fat mass (% of weight) 18.7 ± 2.8 12.5 ± 3.2** 

VEO2peak (mL ·Kg ¯¹ · min ¯¹) 42.5 ± 3.9 62.5 ± 4.1**** 

Beacke PA score 8.0 ± 0.9 9.5 ± 0.7** 

Hemoglobin (g/dL) 15.5 ± 1.1 15.3 ± 1.2 

Skinfold forearm 7.2 ± 2.8 5.0 ± 1.6 

Skinfold calf 15.0 ± 2.2 9.1 ± 4.1** 

Values are means ± SD. *p <0.05, **p<0.01, ****p<0.0001 
  

2.3.1. Recovery of mVPO2 in gastrocnemius and flexor digitorum superficialis 

Recovery of oxygen consumption was measured using repeated occlusions after a short 

exercise protocol in FDS and gastrocnemius (Figure 2.1AB). Two NIRS data sets were 

excluded due to R2 < 0.95. Plateau for minimal oxygenation was reached in all individuals. 

Recovery rate constants were significantly different between high- and low-fitness group 

for gastrocnemius (1.73 ± 0.30 vs. 1.23 ± 0.22, p = 0.0036; Figure 2.1C), but not for the flexor 

digitorum superficialis (1.34 ± 0.35 vs. 1.13 ± 0.28, p = 0.20; Figure 2.1D). The recovery 

constant of the gastrocnemius was significantly correlated to VpO2peak (Figure 2.2 ;R2 = 0.57, 

p = 0.0019). In the FDS this correlation was not observed (R2 = 0.06, p = 0.32). 
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Figure 2.1 (A) Representative plot of NIRS protocol. Red line represents NIRS signal of the Hb 
difference during protocol in percentage of maximal oxygenation, defined by a calibration procedure. 
Red dots represent the start of mVSO2 measurement for each occlusion. (B) Curve fitting of mVSO2 
recovery curve, red dots represent a single mVSO2 measurement. The grey line represents a 
monoexponential curve fit from which a recovery constant is derived. (C) mVSO2 recovery constants in 
high-fitness vs low-fitness groups. Recovery constants are derived from monoexponential curve fits 
of mVSO2 plots taking from NIRS measurements after 30s of plantar flexion in exercise gastrocnemius 
and 30s of handgrip exercise in (D) flexor digitorum superficialis. Values are mean ± SD. **p < 0.005  
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Figure 2.2 Correlation between recovery constants for muscle oxygen recovery in gastrocnemius 
calculated after 30s of plantar flexion exercise using NIRS and maximal oxygen consumption (VSO2Peak) 
measured during an incremental exercise test 
 

2.3.2. Recovery of whole-body VPO2 (EPOC)  

The recovery of whole-body VpO2 was measured after a short cycling protocol in supine 

position on bed (Figure 2.3). Pre-test resting oxygen consumption was not significantly 

different between the high-fitness (240 ± 37 ml/min) and low-fitness group (229 ± 37 

ml/min, p = 0.53). Due to the use of an individualised exercise protocol, oxygen 

consumption during exercise was significantly larger in the high-fitness group (2409 ± 273 

ml/min) compared to the low-fitness group (1710 ± 203 ml/min, P < 0.0001). The relative 

intensity (as a percentage to one’s VpO2peak was not different between the high-fitness (54 

± 7%) and the low-fitness group (51 ± 6%; p = 0.47). EPOC volume was not significantly 

different between the high-fitness and low-fitness group (576 ± 241.5 vs 2210 ± 268.8, p = 

0.33). Fitting the recovery of VpO2 expressed as percentage of EPOC to a two phase 

exponential decay resulted in an good fit (R2 = 0.95 ± 0.04). The rate constant of the rapid 

recovery phase was significantly different between the high- and low-fitness group (Figure 

2.4; p = 0.0048), but not for the rate constant of the prolonged phase (0.34 ± 0.16 min -1 vs. 

0.18 ± 0.21, p = 0.13). The rate constant of the rapid recovery phase was significantly 

correlated to VpO2peak (R2 = 0.66, p = 0.0004). 
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Figure 2.3 Representative measurement of oxygen consumption and recovery during the EPOC 
protocol. Oxygen consumption during rest and recovery was measured in supine position. Grey area 
reflects time spent cycling at 55% of VSO2peak. Oxygen consumption during basal state is indicated 
with ‘VSO2 basal’ and during exercise with ‘VSO2 exercise’. 

 
Figure 2.4 (A) Recovery rate constants of the rapid recovery phase of EPOC fitted to two phase 
exponential decay after 20 min cycling at 55% of VSO2peak (B) Recovery of EPOC presented as 
percentage of VSO2 during exercise as an average per group; high-fitness (grey) and low-fitness (dark). 
Values are mean ± SD. **p < 0.005 
 

2.3.3. Relationship between mVPO2 and whole-body VPO2 recovery 

In order to test whether there is a relationship between the recovery of oxygen 

consumption of the muscle after a short exercise and that of the whole-body after an 
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constant of gastrocnemius was significantly correlated with the recovery constant of the 

rapid phase whole-body mVpO2 (Figure 2.5; R2 = 0.34, p = 0.028). 

 
Figure 2.5 Correlation between rate constants of the rapid phase of recovery of whole-body oxygen 
consumption after 20 minutes cycling protocol at 55% of VSO2peak and the recovery of muscle oxygen 
consumption of the gastrocnemius after 30s low intensity plantar flexion exercise measured using 
NIRS. HF = High-fitness, LF = Low-fitness 
 

2.4. Discussion 

Our results show that the present NIRS protocol was able to discriminate high-fitness and 

low-fitness individuals within a relatively homogenous group, i.e., young, healthy and 

normally active males, based on post-exercise mVpO2 recovery. Recovery during the rapid 

phase of the EPOC was faster in the high-fitness group as compared to the low-fitness group. 

Furthermore, a correlation between whole-body oxygen recovery and mVpO2 recovery was 

found in the gastrocnemius muscle, pointing out the physiological relevance for NIRS 

assessment of mVpO2 recovery. 

 

2.4.1.  Relationship between mVPO2 recovery and aerobic fitness 

In the high-fitness group, recovery of oxygen consumption in gastrocnemius muscle was 

faster than in the low-fitness group indicating that mitochondrial capacity of that specific 

muscle was significantly higher in the high-fitness group compared to the low-fitness group. 

Our findings are in line with previous assessment of mitochondrial capacity measured using 
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NIRS in highly trained endurance athletes and inactive individuals, showing an approximate 

doubling of mitochondrial capacity in the athlete group (Brizendine et al. 2013). However, 

with an average VpO2 peak of 34 and 74 mL ·Kg¯¹ · min¯¹ for the inactive subjects and 

endurance athletes, respectively, the difference in endurance capacity, and thus aerobic 

adaptations, was substantially larger than in the current study. Thus, the present NIRS 

protocol showed adequate sensitivity to detect the (considerably smaller) difference in 

mitochondrial capacity between the high- and low-fitness individuals within our relatively 

homogenous population of healthy, normally active, young males. Our results therefore 

further widen the application of this non-invasive technique for in vivo human metabolic 

research. 

 

Our results also correlate well with ex vivo measurements of skeletal muscle mitochondrial 

capacity in trained and untrained male subjects, with an average age and VpO2 peak 

remarkably similar to our study (Phielix et al. 2012). Maximal mitochondrial respiration of 

permeabilised vastus lateralis muscle fibres from trained subjects was approximately 50% 

higher when compared to untrained subjects. Endurance training increases aerobic capacity 

due to, among other mechanisms, an increase in mitochondrial mass and more regular 

exposure to local exercise stimuli most likely induced mitochondrial biogenesis and 

increased mitochondrial capacity in the high-fitness group (Ljubicic et al. 2010). This 

increased mitochondrial capacity may be physiologically relevant since, when taking both 

groups together, mitochondrial capacity of the gastrocnemius was significantly correlated 

with VpO2Peak. Our results are in agreement with a study in elderly subjects showing a 

comparable correlation between ex vivo mitochondrial oxidative capacity of permeabilised 

muscle fibres obtained from a vastus lateralis biopsy and VpO2 peak (Coen et al. 2013). Still, 

as ageing is generally associated with a decline both in VpO2 peak and mitochondrial capacity 

(Conley et al. 2000a), this latter study does not necessarily reflect a correlation between 

endurance training status and skeletal muscle mitochondrial capacity in young adults. A 31P-

MRS study in adult, but not elderly, women revealed a significant correlation between the 

rate of PCr resynthesis and VpO2 max (Larson-Meyer et al. 2000), and in young males 
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cytochrome C oxidase activity of vastus lateralis muscle tissue correlated significantly to 

VpO2 max (Booth and Narahara 1974). Hence, the results of our NIRS study, showing a 

relatively strong correlation between in vivo oxidative capacity of the muscle and VpO2 peak, 

are in line with the aforementioned studies. Therefore, the current study further establishes 

the application of NIRS to assess skeletal muscle mitochondrial capacity in vivo, and 

provides novel additional data supporting the physiological relevance of skeletal muscle 

mitochondrial capacity for aerobic performance.  

 

2.4.2. Relationship between gastrocnemius mVPO2 recovery and whole-body VPO2 

recovery 

A faster rapid whole-body oxygen recovery after 20 minutes of cycling at 55% of VpO2Peak 

was shown to be correlated with a faster mVpO2 recovery in the gastrocnemius. Although 

various adaptations to endurance training could underlie the significant difference the rapid 

recovery phase of the whole-body VpO2 recovery between the two groups, such as enhanced 

blood flow and increased vascularisation of the muscle (Egan and Zierath 2013), the 

significant correlation suggests a role for mitochondrial capacity in post-exercise VpO2 

recovery. Both NIRS and EPOC, at least in part, reflect the ability of the mitochondria to 

replenish readily available energy substrates post-exercise using oxidative metabolism. It 

should be noted, however, that the correlation between post-exercise recovery of whole-

body oxygen and skeletal muscle mitochondrial capacity as assessed by NIRS was less strong 

than the correlation between VpO2peak and mitochondrial capacity, as became apparent 

from the lower R2 values. In other words, the contribution of skeletal muscle mitochondrial 

capacity to the post-exercise VpO2 recovery dynamics of the current protocol is smaller than 

its contribution to VpO2peak, suggesting that other mechanisms, such as lactate removal also 

play an important role in post-exercise VpO2 recovery. The ability of NIRS to discriminate 

between two groups with distinct aerobic fitness levels and the correlation with an 

established recovery parameter supports the use of measuring mVpO2 recovery using NIRS 

as a relevant physiological parameter to reflect mitochondrial capacity. 
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To assess the effect of increased mitochondrial capacity on recovery of whole-body VpO2 

recovery, a short and moderate-intensity exercise protocol was used. Short and moderate 

exercise protocols have been shown to induce a rapid EPOC component, while limiting an 

increase in plasma lactate concentration and body temperature (Maresh et al. 1992). 

Accordingly, while cycling at the same relative intensity, 55% of their VpO2peak for a duration 

of 20 minutes, absolute oxygen consumption was higher in high-fitness individuals due to 

their higher VpO2peak and higher fat free mass. Possibly, the initial VpO2 at the end of exercise 

and the start of the EPOC could affect the rapid phase of recovery. To correct for this, 

oxygen consumption during exercise was set to 100% and the EPOC expressed as 

percentage of recovery to baseline values. Alternatively, one could opt for an absolute 

intensity protocol, in which the magnitude of the oxygen debt at the end of the exercise 

protocol is equal, regardless of endurance capacity. Yet, the duration of exercise to reach a 

specific absolute oxygen debt would not be comparable and EPOC is also known to be 

affected by exercise duration and intensity, this has been extensively reviewed elsewhere 

(Børsheim and Bahr 2003).  

 

The difference in post-exercise whole-body VpO2 recovery between the high-fitness and low 

fitness-group, as observed in the current protocol controlled for relative exercise intensity, 

is in agreement with a previous study of Short et al., who reported a difference in fast 

recovery of VpO2 between trained and untrained subjects when EPOC is expressed as a 

percentage of recovery to baseline (Short and Sedlock 1997). Likewise, a faster EPOC 

recovery was reported in trained women compared to untrained women after 300 Kcal 

cycle test at 65% of VpO2peak (Frey et al. 1993). On the other hand, several studies using an 

absolute EPOC protocol found no differences in EPOC in trained and untrained individuals 

(Brehm and Gutin 1986; Sedlock 1994). Due to these different study outcomes, probably 

resulting from the different experimental setups, there is no clear consensus on the effects 

of (endurance) training status on EPOC. However, in agreement with the above-mentioned 

results, our results, not only show a faster VpO2 recovery in high-fitness group but also show 

a significant correlation between skeletal muscle mitochondrial capacity and VpO2 recovery, 
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provide novel supporting evidence that post-exercise VpO2 recovery by using a protocol 

controlling for relative exercise intensity, may reflect aerobic fitness. This notion is further 

substantiated by the significant correlation between this parameter and VpO2peak in the 

present study.  

 

2.4.3. mVPO2 recovery in FDS and gastrocnemius 

Besides local effects of exercise, one-legged cycling exercise can also trigger responses in 

muscles that are not engaged in exercise, as was shown by Catoire et al. (Catoire et al. 2012). 

We hypothesised that high-fitness individuals could therefore also have increased 

mitochondrial capacity in muscle groups that are not directly activated by exercise, such as 

the FDS muscle in the forearm, but are indirectly activated through systemic effects of 

exercise. Yet, although mitochondrial capacity was higher in the gastrocnemius of high-

fitness individuals compared to low-fitness individuals, the difference in mitochondrial 

capacity in FDS was smaller but not significant with a p-value of 0.2. It could be that the 

effects of systemic exercise on the indirectly stimulated muscle is too small to be detected 

by the current sample size, or that those systemic effects on mitochondrial capacity did not 

occur.  

 

In a previous study, mitochondrial capacity was analysed in the vastus lateralis muscle 

(Brizendine et al. 2013). The current study is the first to analyse differences in mitochondrial 

capacity comparing endurance capacity using the gastrocnemius instead. Measurements in 

the vastus lateralis are done with a cuff placed high up on the leg which is generally 

considered more uncomfortable for a subject than measurements in the gastrocnemius, 

where the cuff is placed just below or above the knee joint. This measurement technique 

likely increases the throughput and tolerability of the NIRS measurement, which will ensure 

reliability of the data and possibly lowers variability between measurements. 
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2.5. Conclusions 

This study provides evidence that NIRS measurements can be used to assess differences in 

mitochondrial muscle oxygen consumption within a relatively normal, healthy population. 

In a normally active population, mitochondrial capacity was significantly higher in high-

fitness individuals with a relatively high VpO2peak. Furthermore, mitochondrial capacity 

correlated with VpO2peak, but also to post-exercise whole-body VpO2 recovery, emphasising 

the physiological relevance of the NIRS measurements. The observed correlation between 

skeletal muscle mitochondrial capacity and whole-body VpO2 recovery supports the 

delineation of this latter measure as a parameter of aerobic fitness. Future research that 

aims to study mitochondrial capacity could use the non-invasive nature of NIRS, it’s relative 

affordability and increased portability, which allows it to be easily applied to assess 

mitochondrial functionality to study effects of lifestyle and/or dietary interventions.  
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Abstract 

 

Objective The recovery of muscle oxygen consumption (mVpO2) after exercise measured 

using near-infrared spectroscopy (NIRS) provides a measure of skeletal muscle 

mitochondrial capacity. As females generally have a larger subcutaneous adipose tissue 

thickness and lower intramuscular myoglobin and hemoglobin levels compared to males, 

both factors that influence signal to noise ratio, it is unknown whether NIRS can detect 

physiologically relevant differences within an exclusively female population. Therefore, the 

aim of this study was to measure mitochondrial capacity in females divided in a high- and 

low-fitness group to further support the use of NIRS assessment of muscle mitochondrial 

capacity in this population.  

 

Methods Mitochondrial capacity was analysed using NIRS in the gastrocnemius muscle and 

the wrist flexors of 32 young female adults, equally divided in relatively high (VpO2peak ≥ 47 

mL/kg/min) and relatively low aerobic fitness group (VpO2peak ≤ 37 mL/kg/min).  

 

Results mVpO2 recovery was significantly faster in the high compared to the low-fitness 

group in the gastrocnemius, but not in the wrist flexors (p = 0.009 and p = 0.0528, 

respectively). Furthermore, VpO2peak was significantly correlated to mVpO2 recovery in both 

gastrocnemius (R2 = 0.27, p = 0.0051) and wrist flexors (R2 = 0.13, p = 0.0393). 

  

Conclusion NIRS measurements can be used to assess differences in mitochondrial capacity 

within a healthy population of females and is correlated to VpO2peak. This further underlines 

the use of NIRS assessment of muscle mitochondrial capacity providing additional support 

for NIRS as a promising approach to monitor mitochondrial capacity. 

 

 

Abstract

Objective 
The recovery of muscle oxygen consumption (mVO2) after exercise measured 
using near-infrared spectroscopy (NIRS) provides a measure of skeletal 
muscle mitochondrial capacity. As females generally have a larger 
subcutaneous adipose tissue thickness and lower intramuscular myoglobin 
and hemoglobin levels compared to males, both factors that influence signal 
to noise ratio, it is unknown whether NIRS can detect physiologically relevant 
differences within an exclusively female population. Therefore, the aim of this 
study was to measure mitochondrial capacity in females divided in a high- and 
low-fitness group to further support the use of NIRS assessment of muscle 
mitochondrial capacity in this population. 

Methods 
Mitochondrial capacity was analysed using NIRS in the gastrocnemius muscle 
and the wrist flexors of 32 young female adults, equally divided in relatively 
high (VO2peak ≥ 47 mL/kg/min) and relatively low aerobic fitness group 
(VO2peak ≤ 37 mL/kg/min). 

Results 
mVO2 recovery was significantly faster in the high compared to the low-fitness 
group in the gastrocnemius, but not in the wrist flexors (p = 0.009 and p = 
0.0528, respectively). Furthermore, VO2peak was significantly correlated to 
mVO2 recovery in both gastrocnemius (R2 = 0.27, p = 0.0051) and wrist flexors 
(R2 = 0.13, p = 0.0393).

Conclusion 
NIRS measurements can be used to assess differences in mitochondrial capac-
ity within a healthy population of females and is correlated to VO2peak. This 
further underlines the use of NIRS assessment of muscle mitochondrial 
capacity providing additional support for NIRS as a promising approach to 
monitor mitochondrial capacity.
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3.1. Introduction 

Regular endurance exercise increases whole-body peak oxygen uptake (VpO2peak) due to 

bodily adaptations that increase oxygen transport, delivery and consumption. At the level 

of the skeletal muscle, maximal oxygen consumption increases due to an increase in muscle 

mitochondrial mass and function (Lanza and Nair 2009). The exact contribution of this 

increased skeletal muscle oxidative capacity to the improved VpO2peak after regular 

endurance exercise remains debated. Nevertheless, there appears to be a strong link 

between mitochondrial mass and VpO2peak (Weibel et al. 1991). Furthermore, skeletal 

muscle oxidative capacity is suggested to be a determining factor in prolonged strenuous 

exercise performance (Holloszy and Coyle 1984). Classically, skeletal muscle oxidative or 

mitochondrial capacity is analysed ex vivo, by measuring oxygen consumption in 

permeabilised muscle fibres from muscle biopsies. The invasive nature of this technique, 

the isolation of the tissue from its physiological environment, as well as the infringement of 

cell integrity by the permeabilisation procedure provides a rationale for non-invasive 

assessment of muscle mitochondrial capacity in an intact system. 

 

A near-infrared spectroscopy (NIRS)-based technique has been developed to assess skeletal 

muscle mitochondrial capacity in vivo (Nagasawa et al. 2003). Using multiple, transient 

vascular occlusions after a short bout of exercise it allows for the measurement of post-

exercise recovery of mVpO2 (Motobe et al. 2004). The underlying assumption is that post-

exercise regeneration of readily available energy carriers, i.e., ATP and phosphocreatine 

(PCr), is directly linked to aerobic metabolism and, therefore, a higher mitochondrial 

capacity will be associated with a faster recovery to the pre-exercise state (McMahon and 

Jenkins 2002). NIRS offers advantages over other non-invasive techniques, such as magnetic 

resonance spectroscopy (31P-MRS), due to its higher portability and relatively low-costs, 

making it more suitable for on-site and routine measurements. However, a limitation of the 

NIRS technique is the limited penetration depth in the tissue, as the greater the distance 

the NIR light has to travel to reach muscle, the lower the resolution of this signal (van 
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Beekvelt et al. 2001). Therefore, measurements in individuals with higher subcutaneous 

adipose tissue thickness (ATT) are often more challenging, as less light can reach the muscle 

and the intensity of light received at the detector is lower (Craig et al. 2017). Hence, the 

signal to noise ratio of the technique may be smaller in females, who generally have a higher 

adiposity and ATT compared to males. This may even be muscle dependent, as females 

exhibit lower levels of total hemoglobin and myoglobin in the gastrocnemius muscle, but 

not in others, e.g. wrist flexors, compared to males (Craig et al. 2017).  

 

In a normally active male population, we previously showed that NIRS is able to detect 

differences in mitochondrial capacity in the gastrocnemius muscle between relatively high- 

and low-fitness subjects, which correlated to VpO2peak (Lagerwaard et al. 2019). It is unsure 

if these results are easily extrapolated to a female population because of the above-

mentioned differences in ATT depth and total hemoglobin and myoglobin, that could affect 

the signal to noise ratio, but also because of possible sex differences in the relationship 

between mitochondrial capacity VpO2peak. For instance, males showed a larger stimulation 

of mitochondrial biogenesis than females upon sprint interval training (Scalzo et al. 2014). 

Indeed, a recent NIRS study showed no correlation between mitochondrial capacity in the 

gastrocnemius muscle and VpO2peak when males and females were combined (Beever et al. 

2020), which contrasted our previous findings in males only (Lagerwaard et al. 2019).  

 

Thus, even though studies in mixed population clearly confirm the application of the 

technique in both sexes (Sako et al. 2001; Hamaoka et al. 2011; Ryan et al. 2013a, 2014; 

Brizendine et al. 2013), it is unknown whether NIRS is able to detect physiologically relevant 

differences within an exclusively female population. To date there are no studies using NIRS 

in an exclusively female population, while females are underrepresented as subjects in 

sports and exercise research (Costello et al. 2014). Therefore, the aim of this study is to 

measure skeletal muscle mitochondrial capacity in healthy females at different levels of 

aerobic fitness to further support the applicability of NIRS assessment of mitochondrial 

capacity in this population. Mitochondrial capacity was measured in both the frequently 
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activated gastrocnemius muscle and the often-undertrained wrist flexors in 32 

recreationally active, healthy females divided into a relatively low and a relatively high-

fitness group. We hypothesised that high-fitness females will show a higher mitochondrial 

capacity compared to low-fitness females in both muscles. 

 

3.2. Material and Methods 

3.2.1. Subjects  

Healthy females between the age of 18-28 years were recruited from the local university 

and community population. None of the subjects had a history of cardiovascular, respiratory 

or metabolic disease. None of the subjects were a regular smoker (>5 cigarettes per week), 

used recreational drugs during the study or reported recent use of performance enhancing 

drugs or supplements. Subjects were non-anaemic (haemoglobin concentration > 12 g/dL), 

verified by using HemoCue Hb 201 microcuvette (HemoCue AB, Sweden). None of the 

subjects were pregnant or lactating. All participants were measured within the end of the 

follicular phase until menstruation and did not use any hormonal contraceptives with 

exception of the birth control pill. 

 

3.2.2. Pre-experimental screening protocol  

Subjects were selected based on VpO2peak, measured using an incremental exercise test on 

electrically braked bicycle ergometer (Corival CPET, Lode, The Netherlands). Subjects were 

asked to refrain themselves from vigorous exercise for 48 hours and to have consumed their 

last meal two hours before this test. Oxygen consumption, carbon dioxide production and 

air flow were measured using MAX-II metabolic cart (AEI technologies, USA). Exhaled air 

was continuously sampled from a mixing chamber and heart rate was measured with a 

strap-on chest heart rate monitor (Polar Electro, Finland). After a 3-minute unloaded cycling 

warming-up, the protocol started at a workload of 50W for subjects who exercised <3 times 

a week or 75 W for subjects who exercised >3 times per week and was increased every 

minute in increments of 15 W. Subjects were instructed to maintain a self-selected pedal 
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rate between 70-80 revolutions per minute (RPM). Inability to pedal at a rate above 60 RPM 

for 10s was considered point of exhaustion and the end of the test. For the test to be valid, 

two out of three of the following criteria should have been met: 1) A maximal heart rate 

within 10 beats of the predicted maximum (220 – age), 2) Attainment of a plateau in VpO2, 

i.e. VpO2 failing to increase with 150 mL/min, despite an increase in work load, 3) 

Achievement of an RER ≥ 1.1. VpO2peak was determined by binning data in 15s intervals. 16 

relatively high-fitness (VpO2peak ≥ 47 mL/kg/min) and 16 low-fitness subjects (VpO2peak ≤ 37 

mL/kg/min) were selected to take part in the study, based on chosen cut offs. Main exercise 

modalities in the high-fitness group were running/athletics (6x), rowing (3x), kickboxing 

(2x), hockey (1x), swimming (1x), ice skating (1x), climbing (1x) and weightlifting (1x). Main 

exercise modalities in low-fitness group were aerobics (2x), horseback riding (1x), 

weightlifting (1x), climbing (1x), walking (1x), dancing (1x), badminton (1x) or no regular 

exercise (8x). A total of 111 exercise tests were conducted to end up with the desired 

sample size.  

 

3.2.3. Experimental protocol  

The subjects refrained from heavy physical exercise 48 hours prior to testing and from any 

exercise and consumption of alcohol 24 hours prior to testing. Maximal Voluntary 

Contraction (MVC) hand grip strength of the non-dominant and dominant hand was 

measured using a Jamar Hydraulic Hand Dynamometer (Performance Health, IL, USA). 

Highest value out of three 5s isometric contractions was set as MVC. Body fat percentage 

was measured according to the four-site method by Durnin-Womersley using the skinfold 

measurements of the triceps, biceps, sub scapula and supra iliac, measured using a skinfold 

caliper (Harpenden, UK). Furthermore, skinfold between NIRS receiver and transmitter was 

measured on the calf and the forearm. 

 

3.2.4. NIRS measurements  

Deoxyhaemoglobin (HHb) and oxyhaemoglobin (O2Hb) were continuously measured using 

the continuous wave Oxymon, dual-wavelength NIRS system (760 and 850 nm; Artinis 
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Medical Systems, Netherlands) at three optode distances 15 mm, 45 mm and 55 mm. Data 

were collected via bluetooth at 10 Hz using Oxysoft software (Artinis Medical Systems). The 

NIRS probe was placed longitudinally on the belly of the muscle, identified by palpation by 

an experienced investigator, on the medial gastrocnemius and on the wrist flexors of the 

non-dominant side. To secure the probe and protect it from environmental light, the probe 

was tightly taped to the skin. To measure oxygen consumption, a blood pressure cuff 

(Hokanson SC5 and SC12; D.E. Hokanson Inc., Bellevue, WA) was placed proximally of the 

probe above the knee joint and on the upper arm. The cuff was powered and controlled by 

a rapid cuff inflator system (Hokanson E20 and AG101 Air source; D.E. Hokanson Inc.) set to 

a pressure of 230-250 mm Hg. Post-exercise muscle oxygen consumption recovery was 

assessed similar to previously published protocols (Ryan et al. 2013b). In summary, the 

protocol consists of three 30s rest measurements of resting oxygen consumption. To 

calibrate the signal between individuals, the minimal-oxygenation (0%) of the tissue 

underneath the probe was determined by 30s maximal hand grip exercise for wrist flexors 

or by plantar flexion exercise using a rubber resistance band for gastrocnemius, followed by 

an 4-minute arterial occlusion. The hyperemic response after the cuff was released was 

considered maximal oxygenation (100%). Recovery of muscle oxygen consumption after 

exercise was measured after 30s of intermittent (approximately 0.5 Hz) handgrip exercise 

at 40% of MVC for the wrist flexors or plantar flexion exercise using a rubber resistance 

band until 50% of maximal oxygenation for gastrocnemius. Right after exercise, a series of 

transient occlusions (5 * 5s on/5s off, 5 * 7s on/7s off, 10 * 10s on/10s off) was used to 

measure the recovery of muscle oxygen consumption after exercise. Recovery 

measurements were performed in duplicate with 2 minutes rest in between tests. 

  

3.2.5. Analysis of muscle oxygen consumption data.  

NIRS data were analysed using Matlab-based (The Mathworks, MA, USA) analysis software 

(NIRS_UGA, GA, USA). Optode distance of 45 mm or 55 mm was used, based on inspection 

of data of raw light counts during measurements. Data were analysed as % of maximal 

oxygenation. mVpO2 was calculated during every arterial occlusion using the slope of the 
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change in HHb and O2Hb (Hb difference) for 3s for the 5s occlusions, for 5s for the 7s 

occlusions, 7s for the 10s occlusions and 15s for the basal measurements. A blood volume 

correction factor was used for each data point (Ryan et al. 2012) to correct for redistribution 

of blood distally from the cuff. In short; changes in HHb and O2Hb should be proportional 

during arterial occlusions. A blood volume correction factor (β) was calculated to account 

for possible changes and was used to correct each data point. mVpO2 recovery 

measurements post-exercise were fitted to a mono-exponential curve: 

 

𝑦𝑦	(𝑡𝑡) = 𝐸𝐸𝐸𝐸𝐸𝐸 −	∆ ∗ 𝑒𝑒!"	∙% 

 

with y representing the mVpO2 during the arterial occlusions; End being the mVpO2 

immediately after the cessation of exercise; delta (∆) being the difference between mVpO2 

after exercise and mVpO2 during rest; k being the rate constant expressed in time units; t 

being time. Recovery of muscle oxygen consumption follows mono-exponential curve 

(Meyer 1988), therefore data points outside curve were considered artifacts and omitted 

from curve fitting. Data were analysed blinded by two researchers. In case of discrepancy 

between analyses, third researcher analysed data set (blinded) and consensus was reached. 

Rate constants calculated from curve fitting with R2 < 0.95 were excluded from analysis as a 

measure of poor data quality. Rate constants of duplicates were averaged.  

 

3.2.6. Statistical analyses 

Data are presented as mean ± SD, unless indicated otherwise. Statistical analyses were 

performed using GraphPad Prism v.5 (GraphPad Software, CA, USA). Means between the 

two groups were compared using a Students unpaired t-test. Correlations between 

variables were compared using regression analysis. Significance was accepted at p < 0.05. 

Normality was tested using Shapiro-Wilk normality test. Not-normal data were compared 

using Mann-Whitney tests. 
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3.3. Results 

All subjects completed all tests without any contraindications. All maximal exercise tests 

met at least two out of three pre-set criteria. Physical characteristics are shown in Table 

3.1. 

3.3.1. Recovery of mVPO2 in gastrocnemius and wrist flexors. 

The NIRS protocol, which was used both for the gastrocnemius and wrist flexors, included 

3 measurements of basal mVpO2, assessment of minimal and maximal oxygenation level and 

the repeated occlusions to assess recovery of oxygen consumption after a short exercise 

protocol (Figure 3.1A). For gastrocnemius, two data sets were excluded due to R2 < 0.95, 

two were excluded due to failed calibration measurement, i.e. no plateau for minimal 

oxygenation was reached, and one data set was excluded due to technical issues (only had 

15mm channel). For all other measurements, plateau for minimal oxygenation was reached. 

Recovery rate constants were significantly different between the high- and low-fitness 

group for gastrocnemius (1.48 ± 0.47 vs. 2.06 ± 0.57, p = 0.009; Figure 3.1BC), but not for 

the wrist flexors (1.10 ± 0.15 vs. 1.24 ± 0.23, p = 0.0528; Figure 3.1DE).  

Table 3.1 Physical characteristics of the subjects 
 Low-fitness (n=16) High-fitness (n=16) 

Age (years) 24.0 [21.3-25.5] 21.8 [21.5-23.6] 
Ethnicity Caucasian (11), Asian (1), 

Indo-pacific (4) 
All Caucasian 

Weight (kg) 59.2 ± 7.2 60.8 ± 6.9 
Height (m) 1.63 ± 0.07 1.68 ± 0.04* 

Fat mass (% of weight) 28.9 ± 3.9 24.6 ± 4.7** 
VEO2peak (mL ·Kg ¯¹ · min ¯¹) 35.1 [32.2-35.7] 51.0 [49.2-55.4] *** 
MVC dominant arm 30.0 [25.3-33.5] 36.5 [32.0-39.50]* 
MVC non-dominant arm 27.5 [24.0-33.5] 33.5 [30.3-37.0]* 
Haemoglobin (mmol/L) 8.4 ± 0.6 8.5 ± 0.6 

ATT wrist flexors (mm) 5.3 [4.3-6.9] 4.0 [2.3-5.0]* 
ATT GAS (mm)  8.6 [6.9-10.6] 6.9 [6.0-7.9]* 

Maximal oxygen consumption (V4O2peak), maximal voluntary contraction (MVC) handgrip strength, adipose 
tissue thickness (ATT), gastrocnemius (GAS). Values are mean ± SD for normally distributed data, and median 
[Inter quartile range] for not normally distributed data. *p < 0.05 **p < 0.01 ***p < 0.001 
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Figure 3.1 (A) Representative plot of NIRS protocol. Red line represents NIRS signal of the Hb 
difference during protocol as percentage of maximal oxygenation. Repeated measurement mVSO2 (red 
dots) are fitted to a monoexponential curve fit (grey line) from which a recovery constant is derived. 
(B) Average curve fits for the low-fitness and high-fitness group for mVSO2 recovery presented as 
percentage of basal mVSO2 after 30s of plantar flexion exercise in gastrocnemius and (D) after a 
handgrip exercise in wrist flexors. Recovery constants derived from monoexponential curve fits for 
gastrocnemius (C) and wrist flexors (E). For gastrocnemius muscle n=12 vs n=15. Values are 
represented as mean ± SD. **p < 0.01 
 

3.3.2. Relationship between mVPO2 recovery and whole-body oxygen uptake 

In order to test the relationship between endurance capacity, measured as VpO2peak, and 

mVpO2 recovery, measured using NIRS, a correlation analysis was performed. The mVpO2 
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recovery constant of the gastrocnemius was significantly correlated to VpO2peak (Figure 

3.2A; R2 = 0.27, p = 0.0051). Furthermore, in the wrist flexors a significant correlation was 

observed between mVpO2 recovery constant and VpO2peak (Figure 3.2B; R2 = 0.13, p = 0.0393). 

 

 
Figure 3.2 Correlation between maximal oxygen consumption (VSO2Peak) measured during an 
incremental exercise test and recovery constants for muscle oxygen consumption recovery (mVSO2) 
measured using NIRS in gastrocnemius (A) calculated after 30s of plantar flexion and wrist flexors (B) 
calculated after 30s of handgrip exercise at 50% of MVC in the high-fitness (dark grey) and low-fitness 
(light grey) group. 
 

3.4. Discussion 

The aim of this study was to measure skeletal muscle mitochondrial capacity using NIRS in 

healthy females in the gastrocnemius and wrist flexors muscles to further support NIRS 

assessment of mitochondrial capacity in this population. We are the first to show that 

recovery of mVpO2 after a short bout of exercise as measure for mitochondrial capacity is 

significantly faster in the gastrocnemius muscle of high-fitness compared to low-fitness 

individuals in an exclusively female population. Recovery of mVpO2 in the wrist flexors muscle 

was not statistically different in between two groups. Furthermore, when taking both 

groups together, we found a significant correlation between VpO2peak and recovery of mVpO2 

in the gastrocnemius and wrist flexors.  

3.4.1. mVPO2 recovery in gastrocnemius between high- and low-fitness females 

VO2Peak (ml/min/kg bw)

m
V

O
2
re

co
ve

ry
 c

on
st

an
t (

%
/m

in
-1

)

20 30 40 50 60 70
0

1

2

3

p = 0.0393
R2 = 0.13

VO2Peak (ml/min/kg bw)

m
V

O
2
re

co
ve

ry
 c

on
st

an
t (

%
/m

in
-1

)

20 30 40 50 60 70
0

1

2

3

p = 0.0051
R2 = 0.27

A B
Gastrocnemius Wrist �exors

Low-fitness High-fitness



3

Chapter 3 
 

54 
 

This study shows that NIRS is able to detect physiological relevant differences in 

mitochondrial capacity in a healthy, recreationally active female population. The differences 

in mitochondrial capacity likely reflect a higher mitochondrial capacity in high-fitness 

individuals, i.e., more or more efficient mitochondria were able to reinstate muscle 

homeostasis faster. In a previous, but unique, study we showed a 40% faster mVpO2 recovery 

in the gastrocnemius muscle of high-fitness compared to low-fitness males (Lagerwaard et 

al. 2019). The difference in magnitude of VpO2peak was comparable with the current study, 

in which we likewise observed a 40% faster mVpO2 recovery in high-fitness compared to low-

fitness females. Brizendine et al. showed an approximate doubling of mitochondrial 

capacity in the vastus lateralis muscle in endurance athletes compared to inactive 

individuals (Brizendine et al. 2013). Although this study included both males and females, 

the vast majority of the endurance athletes were males and with an absolute difference in 

VpO2peak of 40 mL/kg/min between the groups, the distinction between the groups was 

twice as large compared to the current study. Therefore, the present study highlights the 

sensitivity of NIRS measurements of mVpO2 recovery to detect smaller differences in 

mitochondrial capacity and further extends the applicability of the technique, also in an 

exclusively female population.  

 

The highly comparable results between in mVpO2 recovery in the gastrocnemius muscle 

between the two sexes indicates the applicability of this NIRS-based technique detect 

physiological relevant differences also in an exclusively female population. This is an 

important finding, as sex differences that could affect the NIRS measurement have been 

identified, such as a lower total hemoglobin and myoglobin in the gastrocnemius (Craig et 

al. 2017) and generally higher ATT in females compared to males. Higher levels of ATT can 

greatly affect the NIR-signal and consequently the signal to noise ratio of the measurement 

(van Beekvelt et al. 2001; Craig et al. 2017). Even though in the current experimental 

protocol the difference in ATT was accounted for by normalising of the signal within each 

person using a physiological calibration (Hamaoka et al. 1996). Still, interrogation depth of 

the muscle is decreased with increasing ATT and this can result in a substantial attenuation 
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of the signal from muscle tissue, such that a doubling of ATT from 4 to 8 mm reduces the 

contribution of total-[Hb+Mb] to the signal by 50% using a 20 mm source-detector distance 

(Craig et al. 2017). In the current population, average ATT for the gastrocnemius muscle was 

8.1 mm, which was expectedly higher than previously observed in males (5.9 mm) 

(Lagerwaard et al. 2019). Not many studies have measured in these ranges of ATT in females 

(van Beekvelt et al. 2001; Brizendine et al. 2013; Southern et al. 2014; Adami et al. 2017; 

Beever et al. 2020). Yet, studies that did measure close to our range in ATT either reported 

difficulties (Adami et al. 2017), adapted the penetration depth according to the ATT per 

individual (Ryan et al. 2013b, a) or used a frequency-domain NIRS device that can better 

quantify the degree of light scattering (Ryan et al. 2014).  

 

To overcome the relatively high ATT, we used a greater source-detector distance of 45mm 

or 55mm in females, compared to 35mm in males. A greater source-detector distances 

allows for deeper tissue penetration and consequently increased attribution of muscle to 

the NIR-signal. Nevertheless, increasing source-detector distance will also cause less light 

to reach the detector, as more signal is lost due scattering in the tissue. Still, our results 

showed that with a distance of 45 mm and 55 mm, tissue penetration and signal to noise 

ratios were sufficiently high to obtain reliable, i.e. R2 > 0.95, mVpO2 recovery curves and to 

were able to identify differences in mVpO2 recovery between two fitness groups in the 

gastrocnemius muscle a healthy, recreationally active female population. Nevertheless, two 

data sets were excluded from analysis low curve fitting, or R2. These data sets excluded for 

low R2 were among the highest in ATT thickness (10.95 mm and 11.05 mm). Therefore, 

although other measurements with higher ATT (e.g., 11.05 and 11.35 mm) were successful, 

and the NIR signal is also affected by other factors such as optode placement, exercise 

execution and movement artifacts, it could be that the larger contribution of adipose tissue 

to the NIR signal negatively affected the reliability of the mVpO2 recovery curves. Therefore, 

our results suggest that increasing the source-detector distance is an effective, yet limited, 

approach for the application of NIRS to assess mitochondrial capacity in muscles with a 

substantial ATT. 
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3.4.2. The relationship between aerobic fitness and mVPO2 recovery 

Although our primary aim was to find differences in mVpO2 recovery in high- and low-fitness 

females, when taking both groups together, we found a significant correlation between 

VpO2peak and recovery of mVpO2 in the gastrocnemius. Such a correlation between 

mVpO2recovery and VpO2peak were previously found in the gastrocnemius muscle of males 

(9), and in the vastus lateralis of mixed populations (Brizendine et al. 2013; Beever et al. 

2020). Besides, the current results are in line with a 31P-MRS study, showing a correlation 

between the rate of PCr resynthesis in the gastrocnemius muscle and VpO2peak in a female 

population (Larson-Meyer et al. 2000). Comparable to NIRS, 31P-MRS uses the recovery of 

muscle homeostasis after exercise, assessed by measuring the regeneration of PCr as a 

proxy for mitochondrial capacity (Meyer 1988; Nagasawa et al. 2003) and the two 

techniques show a good agreement (Sako et al. 2001; Ryan et al. 2013b).  

 

On the contrary, in a combined male and female population, mVpO2recovery in the 

gastrocnemius muscle was not correlated to VpO2peak corrected for lean body mass (Beever 

et al. 2020). Possibly, sex differences in the relationship between mitochondrial capacity 

VpO2peak might have subverted this correlation when grouping both sexes together, 

because it has been shown that, for example, men have a larger stimulation of 

mitochondrial biogenesis in response to exercise training (Scalzo et al. 2014). Nevertheless, 

the collected NIRS results by Beever et al. do not point towards prominent sexual 

dimorphism in this respect, as mitochondrial capacity in gastrocnemius muscle (but also in 

vastus lateralis) was similar in males and females with comparable VpO2max corrected for 

lean body mass (Beever et al. 2020). In the current study, we show that compared with a 

similar population of males, e.g. similar age, magnitude differences in VpO2peak and relative 

range VpO2peak, high-fitness females have a similar relative increase in mVpO2 recovery 

compared to low-fitness females (Lagerwaard et al. 2019). As a result, the slopes of the 

regression lines of mVpO2 vs VpO2peak were not strikingly different for males and females 

(0.033 ± 0.010 vs. 0.024 ± 0.0060). In other words, for every increase in VpO2peak, males and 

females show a similar increase in mitochondrial capacity. Therefore, it seems more likely 
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that differences in methodology are responsible for the observed discrepancies. For 

example, in the study by Beever et al., exercise intensity was lower than in our studies, 

which could negatively influence activation of mitochondrial oxidative metabolism and 

affect recovery kinetics (Wüst et al. 2013). Moreover, differences in the inclusion criteria 

set for curve fitting (i.e., R2 > 0.95 in the current study versus R2> 0.75), may have affected 

the results, as a lower R2 decreases accuracy of VpO2 recovery constants. Interestingly, when 

we combined our current data in females with the data previously obtained in males, there 

was a significant correlation between mitochondrial capacity in gastrocnemius muscle and 

VpO2peak (R2 = 0.17, p = 0.007). 

 

When comparing the same correlation in males, females have a lower R2 compared to males 

(Lagerwaard et al. 2019), suggesting that VpO2peak is a weaker predictor for mVpO2 recovery 

in females, at least in the gastrocnemius muscle. However, VpO2peak does not merely 

encompass mitochondrial capacity, but rather is an interplay between oxygen uptake, 

delivery and consumption (Bassett and Howley 2000). In addition, other muscles than 

solemnly the gastrocnemius define maximal oxygen consumption during an incremental 

cycling test (Wakeling and Horn 2009), likely explaining the rather moderate correlation 

with mVpO2 recovery. Despite the moderate correlation, in a recent study looking at 

predictors of exercise performance on a time-to-completion cycling trial, it was shown that 

mVpO2 recovery measured using NIRS best predicted performance on the trial (Batterson et 

al. 2020). This supports the physiological relevance of NIRS assessment of mVpO2 recovery 

assessment as a relevant marker in sports and exercise science. Additionally, NIRS has 

advantages over established techniques, such as less invasive than a muscle biopsy and 

more portable and lower cost compared to 31P-MRS. Moreover, recently it has been shown 

that using a 6-occlusion protocol is a valid and reproducible alternative to protocols using 

more occlusions, such as the current one (Sumner et al. 2020). Using a shorter protocol 

reduces testing time or could, if desired, increase replicates to increase precision of the 

measurement. The strong prediction for exercise performance, relative fast testing and the 
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portability, appoint mVpO2 recovery measurements using NIRS as a promising approach to 

monitor aerobic performance in both laboratory and field-based settings.  

 

3.4.3. mVPO2 recovery in wrist flexors between high- and low-fitness females 

Although a significant difference was found in mVpO2 recovery in the gastrocnemius muscle, 

a significant difference in mVpO2 recovery was not observed in wrist flexors between high-

fitness and low-fitness females. This result is similar to data obtained in males with similar 

differences in VpO2peak (Lagerwaard et al. 2019). However, with a p-value near significance 

and the weak correlation between mVpO2 recovery and VpO2peak, one might argue that a 

slight increase in sample size would have resulted in a statistically significant difference. 

Nevertheless, not considering statistical significance, the difference mVpO2 recovery kinetics 

is rather small and could be less biologically relevant. This discrepancy between the wrist 

flexor and gastrocnemius muscle might be attributed to less frequent activation of the wrist 

flexors during endurance exercise and consequently less mitochondrial adaptations, such 

as increased amount and the efficiency of the mitochondria (Hamner et al. 2010). 

Therefore, although the wrist flexors are a convenient muscle group to measure due to low 

ATT levels and exercise standardisation, it is likely a poorer reflection of aerobic fitness. 

Therefore, mVpO2 recovery kinetics in this muscle should therefore not be used as a predictor 

for aerobic capacity or exercise performance. 

 

3.5. Conclusions 

This study provides evidence for sensitive measurements of mitochondrial capacity using 

NIRS in a female population. In a population of healthy, recreationally active females, 

mitochondrial capacity was significantly higher in the gastrocnemius of high-fitness 

compared to low-fitness females. Furthermore, mitochondrial capacity was significantly 

correlated to VpO2peak. These results further substantiate the use of mVpO2 recovery as a 

measure for mitochondrial capacity measured non-invasively using NIRS as a relevant 

physiological parameter. Furthermore, these results support the applicability of this 
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technique to detect relevant physiological differences in a female population with higher 

ATT by using a physiological calibration and greater source-detector distances. However, 

increasing source-detector distance comes with limitations, such as decreased signal 

intensity at the detector due to the scattering of light in the tissue. Furthermore, one has to 

consider portability, as commercially available portable NIRS often have a smaller maximal 

source-detector distance compared to wired NIRS optodes (Perrey and Ferrari 2018). 

Portability, besides relative faster testing and lower costs, is a promising feature of the NIRS 

assessment of mitochondrial capacity, allowing measurements in an onsite, field-based 

setting. Therefore, testing different populations should be considered good practice to 

further increase applicability of the technique.  
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Abstract 

 

Objective Mitochondrial capacity is pivotal to skeletal muscle function and is suggested to 

decline with age. However, there is large heterogeneity in current data, possibly due to 

effect modifiers such as physical activity, sex and muscle group. Yet, few studies have 

compared multiple muscle groups in different age groups with comparable physical activity 

levels.  

 

Methods Here, we newly used near-infrared spectroscopy (NIRS) to characterise 

mitochondrial capacity in three different locomotor muscles in young (19-25 year) and older 

(65-71 year), healthy males with similar physical activity levels. Mitochondrial capacity and 

reperfusion after arterial occlusion were measured in the vastus lateralis (VL), the 

gastrocnemius (GA) and the tibialis anterior (TA).  

 

Results Physical activity was verified using accelerometry and was not different between 

the age groups (404.3 ± 214.9 vs 494.9 ± 187.0 activity kcal per day, p = 0.16). Mitochondrial 

capacity was significantly lower in older males in the GA and VL, but not in the TA (p=0.048, 

p=0.036 and p=0.64, respectively). Reperfusion rate was not significantly different for the 

GA (p = 0.55), but was significantly faster in the TA and VL in the young group compared to 

the older group (p = 0.0094 and p = 0.039, respectively).  

 

Conclusion We identified distinct modes of mitochondrial ageing in different locomotor 

muscles in a young and older population with similar physical activity patterns. 

Furthermore, we show that NIRS is suitable for relatively easy application in ageing research 

and can reveal novel insights into mitochondrial functioning with age. 

 

 

Abstract

Objective 
Mitochondrial capacity is pivotal to skeletal muscle function and is suggested 
to decline with age. However, there is large heterogeneity in current data, 
possibly due to effect modifiers such as physical activity, sex and muscle 
group. Yet, few studies have compared multiple muscle groups in different 
age groups with comparable physical activity levels.

Methods 
Here, we newly used near-infrared spectroscopy (NIRS) to characterise 
mitochondrial capacity in three different locomotor muscles in young (19-25 
year) and older (65-71 year), healthy males with similar physical activity 
levels. Mitochondrial capacity and reperfusion after arterial occlusion were 
measured in the vastus lateralis (VL), the gastrocnemius (GA) and the tibialis 
anterior (TA). 

Results 
Physical activity was verified using accelerometry and was not different 
between the age groups (404.3 ± 214.9 vs 494.9 ± 187.0 activity kcal per day, 
p = 0.16). Mitochondrial capacity was significantly lower in older males in the 
GA and VL, but not in the TA (p=0.048, p=0.036 and p=0.64, respectively). 
Reperfusion rate was not significantly different for the GA (p = 0.55), but was 
significantly faster in the TA and VL in the young group compared to the older 
group (p = 0.0094 and p = 0.039, respectively). 

Conclusion 
We identified distinct modes of mitochondrial ageing in different locomotor 
muscles in a young and older population with similar physical activity 
patterns. Furthermore, we show that NIRS is suitable for relatively easy appli-
cation in ageing research and can reveal novel insights into mitochondrial 
functioning with age.
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4.1. Introduction 

Ageing is associated with a decline in skeletal muscle mass and strength, also known as 

sarcopenia (Morley et al. 2001). Sarcopenia is thought to be mediated in part by a decline 

in skeletal muscle mitochondrial capacity, as both the amount of mitochondria and their 

capacity to generate energy decrease with age in the muscle, resulting in a reduced 

endurance capacity (Welle et al. 2003; Short et al. 2005; Marzetti et al. 2013). Improving or 

sustaining muscle mitochondrial capacity could delay the age-related decline in endurance 

capacity, ultimately retaining physical function and improving quality of life (Lanza et al. 

2008; Coen et al. 2013).  

 

Due to the pivotal function of mitochondria in the process of ageing, it is essential to 

routinely and robustly assess mitochondrial capacity. In vivo 31-phosphorus magnetic 

resonance spectroscopy (31P-MRS) and near-infrared spectroscopy (NIRS) are existing 

techniques that can be applied to assess mitochondrial capacity in vivo. Typically, for both 

techniques, assessment of mitochondrial capacity involves the recovery of muscle 

homeostasis after exercise, however 31P-MRS measures the recovery of phosphocreatine 

(PCr), whereas NIRS measures the recovery of muscle oxygen consumption (mVpO2) as a 

parameter for mitochondrial capacity (Kemp et al. 2015; Grassi and Quaresima 2016). NIRS 

makes use of the difference in light absorption in the near-infrared region of oxygenated 

(O2Hb) and deoxygenated haemoglobin and myoglobin (HHb) and can therefore be used to 

monitor muscle oxygenation. Combining NIRS with arterial occlusions is used to measure 

mVpO2 in the muscle in vivo (Hamaoka et al. 1996). The mVpO2 recovery kinetics after exercise 

follow a mono-exponential function of which the rate constant is used as a measure for 

mitochondrial capacity, as better-functioning mitochondria will recover mVpO2 faster 

(Motobe et al. 2004). This application of NIRS correlated well to 31P-MRS measurements of 

PCr recovery and ex vivo high resolution respirometry (Ryan et al. 2013b, 2014). Although 
31P-MRS is more widely used, NIRS offers advantages over 31P-MRS due to its higher 

mobility, relatively low costs and higher throughput, making NIRS more suitable for routine 
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measurements to, for example, study the effect of age on muscle mitochondrial capacity. 

Despite its easier applicability, NIRS has not been used to assess the effects of age on muscle 

mitochondrial capacity in locomotor muscles.  

 

Ex vivo respiratory analysis of muscle biopsies taken from the vastus lateralis (VL) show a 

consistent, negative effect of age on muscle oxidative capacity (Short et al. 2005; Irving et 

al. 2015; Porter et al. 2015; Lalia et al. 2017). Yet, 31P-MRS analysis of different muscle types 

report a heterogeneous effect of age on PCr-recovery (Fitzgerald et al. 2016). In the VL, most 

studies showed a negative effect of age on PCr-recovery (Conley et al. 2000b; Johannsen et 

al. 2012; Larsen et al. 2012; Choi et al. 2016), but on other locomotor muscles, such as the 

gastrocnemius muscle (GA) and tibialis anterior (TA), this effect was not observed (Chilibeck 

et al. 1998; Wray et al. 2009; Larsen et al. 2012; Tevald et al. 2014; Hart et al. 2015). 

However, some studies do find a negative effect of age on PCr-recovery in the GA (McCully 

et al. 1993; Waters et al. 2003; Layec et al. 2013) and it has been suggested that the 

conflicting results could arise from the use of different populations with different physical 

activity levels. Physical activity has a positive effect on muscle oxidative capacity (Tonkonogi 

and Sahlin 2002), and is thought to be able to protect from, or at least mitigate, the 

deteriorating effect of age (Lanza et al. 2008; Larsen et al. 2012). Yet, physical activity is 

documented to decrease with advancing age (Troiano et al. 2008) and therefore isolating 

the effect of age on mitochondrial capacity is challenging, as this effect is often entangled 

with a decrease in physical activity. Therefore, controlling for the confounding effects of 

physical activity is essential, if not a requisite, in studies looking into the effect of age on 

mitochondrial capacity.  

 

Since it is unclear how mitochondrial capacity is affected in different muscle types with 

aging, we aimed to profile mitochondrial capacity using NIRS in three different muscle types, 

i.e. the GA, TA and VL in young and older healthy males. These muscles serve an important 

function during locomotion and are accessible by NIRS due to their superficial position. To 

negate the effect of physical activity, subjects with similar self-reported physical activity 
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patterns were included in the study and this was verified using accelerometry 

measurements. We hypothesised a lower mitochondrial capacity in the GA and the VL and 

an unaffected or higher mitochondrial capacity in the TA.  

 

4.2. Material and Methods 

4.2.1. Subjects  

Healthy males between the age of 19-25 (young) and 65-71 (older) years were recruited 

from the local population. Low to moderately physical active individuals were recruited 

using a self-reported exercise frequency of 1-2 hours of structured physical activity per 

week or a Baecke habitual physical activity score between 7-10 points (Baecke et al. 1982). 

Older individuals were not physically impaired as determined using the short performance 

battery test (SPPB) with a minimum score of 11 (Guralnik et al. 1994). None of the subjects 

identified as regular smoker, used recreational drugs during the study or reported recent 

use of performance enhancing drugs or supplements. Subjects were non-anaemic 

(haemoglobin concentration > 8.0 mmol/L), verified by using HemoCue Hb 201 

microcuvette (HemoCue AB, Sweden). None of the subjects had health concerns regarding 

respiratory or metabolic disease. One elderly subject used cholesterol-lowering medication, 

one used a diuretic and one a used both cholesterol-lowering medication and a diuretic. 

 

4.2.2. Experimental protocol  

The subjects refrained from heavy physical exercise 48 hours prior to testing and from any 

exercise and alcohol consumption 24 hours prior to testing. Maximal Voluntary Contraction 

(MVC) hand grip strength was measured using a Jamar Hydraulic Hand Dynamometer 

(Performance Health, IL, USA). The dominant and the non-dominant arm were assessed 

three times while seated upright at a table. The subjects performed the measurement while 

the dynamometer was resting on the table with the elbow at a 90° angle. Highest value out 

of three 5s isometric contractions was set as MVC. Body fat percentage was determined 

according to the four-site method by Durnin-Womersley using skinfold caliper (Harpenden, 
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UK) measurements of the triceps, biceps, sub scapula and supra iliac. Furthermore, skinfold 

between NIRS receiver and transmitter was measured on the GA, TA and VL. 

 

4.2.3. NIRS measurements.  

Deoxyhaemoglobin (HHb) and oxyhaemoglobin (O2Hb) were continuously measured using 

a PortaMon wireless, dual-wavelength system (760 and 850 nm; PortaMon, Artinis Medical 

Systems, Netherlands). The optode distance (distance between emitter and receiver) of 40 

mm was used for analysis. Data were collected at 10 Hz via bluetooth using Oxysoft software 

(Artinis Medical Systems). The NIRS probe was placed longitudinally 10-15 cm distal to the 

kneecap on the on the GA and TA and 15 cm proximal to the kneecap on the VL. To secure 

the probe and protect it from environmental light, the probe was tightly taped to the skin. 

To measure oxygen consumption, a blood pressure cuff (Hokanson SC5 and SC12; D.E. 

Hokanson Inc., Bellevue, WA) was placed proximally of the probe just below the knee joint 

or as high up on the thigh as possible. The cuff was powered and controlled by a rapid cuff 

inflator system (Hokanson E20 and AG101 Air source; D.E. Hokanson Inc.) set to a pressure 

of 250 mm Hg. Post exercise muscle oxygen consumption recovery was assessed similar to 

previously published protocols (Ryan et al. 2013b). In summary, the protocol consists of 

three 30s rest measurements of basal oxygen consumption. To calibrate the signal between 

individuals, the minimal oxygenation of the tissue underneath the probe was then 

determined after 30s of exercise followed by a 4-minute occlusion till signal plateaus. The 

hyperaemic response after the cuff was released was considered maximal oxygenation. 

Recovery oxygen consumption was measured immediately after 30s exercise until 50% of 

oxygenation signal, using a series of transient occlusions (5 * 5s on/5s off, 5 * 7s on/7s off, 

10 * 10s on/10s off). Recovery measurements were performed twice with 2 minutes rest in 

between tests. 30s exercise is defined as 30s plantar flexion using a rubber resistance band 

for GA (until 50% of oxygenation signal), 30s of dorsiflexion using a rubber resistance band 

for TA (until 50% of oxygenation signal) and 30s of twitch electrical stimulation (biphasic, 

duration interval 200/50 µs, 4 Hz) was used for the VL. Four electrodes (Compex, USA) were 

placed on the skin, proximal and distal to the NIRS and connected to a Compex Pro – THETA 
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electrical stimulator (Chattanooga, USA). Current intensity was adjusted individually to a 

maximal tolerable level.  

 

4.2.4. Reperfusion measurements.  

Reperfusion rate was measured using the recovery of the O2Hb NIRS signal after the 4-

minute arterial occlusion performed during the NIRS protocol and was defined as the half-

life in seconds to reach maximal oxygenation. Maximal oxygenation was defined as the 

plateau in O2Hb NIRS signal, i.e. O2Hb-signal did not increase for 10s. The subject was in 

supine position with slight elevation of the upper body and instructed to sustain from any 

movement during reperfusion. 

 

4.2.5. Analysis of muscle oxygen consumption data.  

NIRS data were blinded and analysed using Matlab-based (The Mathworks, MA, USA) 

analysis software (NIRS_UGA, GA, USA). Data were analysed as 100% of maximal 

oxygenation. mVpO2 was calculated during every arterial occlusion using the slope of the 

change in HHb and O2Hb for 3s for the 5s occlusions, for 5s for the 7s occlusions, 7s for the 

10s occlusions and 15s for the basal measurements. A blood volume correction factor was 

used for each data point (Ryan et al. 2012) to correct for retributions of blood distally from 

the cuff. mVpO2 recovery measurements post exercise were fitted to a mono-exponential 

curve: 

𝑦𝑦	(𝑡𝑡) = 𝐸𝐸𝐸𝐸𝐸𝐸 −	∆ ∗ 𝑒𝑒!"	∙% 

 

Where Y represents the mVpO2 during the arterial occlusions; End being the mVpO2 

immediately after the cessation of exercise; Delta (∆) being the difference between mVpO2 

after exercise and mVpO2 during rest; K being the rate constant expressed in time units; t 

being time. Rate constants of duplicates were averaged. Rate constants calculated from 

curve fitting with R2<0.95 were excluded from analysis for GA and TA as a measure of poor 

data quality. For VL a curve fitting till R2<0.90 was accepted due to lower muscle activation 

using electrical stimulation. 
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4.2.6. Accelerometry 

Subjects were instructed to wear triaxial accelerometer (wGT3X-BT, Actigraph,USA) for 

seven consecutive days using an elastic band at the waist of the non-dominant leg. The 

accelerometer was worn during all activities, excluding showering, swimming and sleeping. 

Wear time was manually verified using daily diaries on shower and bed times. Counts were 

sampled at 30 Hz and stored in 60s epochs to determine counts per minute (CPM). Two 

weekend and three week days were used for data analysis. Percentage of wear time in 

sedentary (SPA), light (LPA) and moderate to vigorous physical activity (MVPA) was 

determined using the cut offs provided by Troiano et al., being 0 - 99 CPM, 100 - 2019 CPM, 

2020 - ∞ CPM respectively (Troiano et al. 2008). Activity kcals per day were calculated using 

the counts from all axis according to the Freedom VM3 equation (Sasaki et al. 2011). 

 

4.2.7. Statistical analyses 

Data were presented as mean ± SD. Statistical analyses were performed using GraphPad 

Prism v.5 (GraphPad Software, CA, USA). Means between the two groups were compared 

using a Students unpaired t-test. Normality was tested using Shapiro-Wilk normality test. 

Correlations between variables were calculated using regression analysis. Means between 

three muscles were compared using one-way ANOVA with Tukey's multiple comparison 

test. Significance was accepted at p< 0.05. 
 

4.3. Results 

4.3.1. Subject characteristics  

All subjects completed all tests without any contra-indications. Most physical characteristics 

were similar, yet the older males were significantly heavier than the young individuals and 

had a significantly higher fat mass (Table 4.1). Fat free mass and MVC were not significantly 

different between the two groups. Skinfolds on measurements sites were similar for VL and 

TA, but were slightly lower for old compared to young on the GA. All older individuals had 

a SPPB score of 11 or higher indicating normal physical function in this group. 
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Table 4.1 Physical characteristics of the subjects 
 Young (n=20) Older (n=20) p-value 
Age (years) 22 ± 2.0 69 ± 1.9 <0.000 
BMI (kg/m2) 22.6 ± 1.9 25.4 ± 1.7 <0.000 
Body Fat (%) 15.3 ± 3.1 25.1 ± 3.9 <0.000 
Fat free mass (kg) 63.5 ± 6.9 61.0 ± 5.0 0.200 
MVC dominant arm (kg) 54 ± 7 50 ± 7 0.125 
Skinfolds (mm)    
  Vastus lateralis 10.4 ± 2.7 9.1 ± 2.7 0.157 
  Gastrocnemius  10.4 ± 2.8 7.6 ± 2.4 0.002 
  Tibialis anterior 9.3 ± 3.1 8.5 ± 3.7  0.566 
Haemoglobin (mmol/L) 9.4 ± 0.4 9.1 ± 0.7 0.163 
SPPB score  11.65 ± 0.5  
Ethnicity  Caucasian (18), Asian (1), 

Indo-Pacific (1) 
Caucasian (20)  

Physical Activity     
  Baecke questionnaire score 8.3 ± 0.8 8.7 ± 0.9 0.161 
  SPA (%) 
  LPA (%) 
  MVPA (%) 
  Activity kcal (kcal/day) 
  Wear time (hr/day) 

79.1 ± 7.3 
15.5 ± 3.4 
4.4 ± 2.2 
404.3 ± 214.9 
14.6 ± 1.1 

75.4 ± 5.8 
19.6 ± 5.4 
5.0 ± 2.2 
494.9 ± 187.0 
15.4 ± 0.8 

0.084 
0.006 
0.405 
0.1629 
0.011 

Data is presented as mean ± standard deviation. MVC is maximum voluntary contraction. Time spent in 
sedentary physical activity (SP), light physical activity (LPA), and moderate-to-vigorous physical activity 
(MVPA) are expressed as a percentage of total wear time. MET is metabolic equivalent of task. TEE is 
total energy expenditure. PAEE is physical activity energy expenditure. PAL is physical activity level. SPPB 
is short physical performance battery. 

 

4.3.2. Physical activity 

Reported physical activity using the Beacke questionnaire was not significantly different 

between the two groups (Table 4.1). Measured PA using accelerometer showed that MVPA 

was not significantly different between the young and older individuals, however older 

individuals spent significantly more time in LPA (p = 0.006) at the expense of time spent in 

SPA (p = 0.084; Figure 4.1A). Activity kcal per day were not different between the groups (p 

= 0.1629; Figure 4.1B) and wear time was significantly higher in the older group compared 

to the young group.  
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Figure 4.1 Percentage of wear time spent in sedentary, light and moderate-to-vigorous physical 
activity (A) and calculated activity kcal (B) for young and older group calculated from accelerometry 
data. Values are mean ± SD. **p < 0.005.  
 

4.3.3. Mitochondrial capacity in the gastrocnemius, tibialis anterior and vastus 

lateralis. 

Mitochondrial capacity was measured using repeated occlusions after a short exercise 

protocol in the GA, TA and VL. Mitochondrial capacity was significantly different between 

young and old group for GA (p = 0.048; Figure 4.2A) and VL (p = 0.036; Figure 4.2C), but not 

for the TA (p = 0.64; Figure 4.2B). When comparing mitochondrial capacity between the 

three muscles, there was a significant higher mitochondrial capacity in VL compared to TA 

(F = 5.33, p = 0.006). Two data sets for TA and six data sets for GA were excluded due to R2 

< 0.95. 24 data sets for the VL were excluded due to insufficient muscle activation using 

electrostimulation or a R2 < 0.90. 
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Figure 4.2 Recovery constants derived from monoexponential curve fits of mVSO2 recovery from NIRS 
measurements after 30s of plantar flexion exercise in gastrocnemius (A), 30s of dorsiflexion exercise 
in tibialis anterior (B) and 30s of electrical stimulation in vastus lateralis (C). Values are mean ± SD. *p 
< 0.05 
 

4.3.4. Reperfusion rate in gastrocnemius, tibialis anterior and vastus lateralis. 

Reperfusion rate was measured after a 4-minute occlusion and defined using the half life 

time at 50% maximal oxygenation (Figure 4.3A). Reperfusion rate was not significantly 

different in the GA (p = 0.55 ; Figure 4.3B), but was significantly faster in the TA and VL in 

the young group compared to the older group (p = 0.0094 and p = 0.039 respectively; Figure 

4.3CD).  

 

4.3.5. Associations between mitochondrial capacity and physical activity 

The mitochondrial capacity of the GA was significantly correlated to time spent in MVPA in 

the older group (R2 = 0.27, p = 0.048), but this was not the case not for the TA and VL (R2 = 

0.0, p = 0.99 and R2 = 0.15, p = 0.34 respectively; Figure 4.4). In the young group MVPA was 

not correlated to mitochondrial capacity for the three muscles. 
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Figure 4.3 Representative plot of NIRS measurements of O2Hb during 4-minute occlusion and 
reperfusion measurements. Red dotted line represents time to reach 50% oxygenation (halftime to 
peak hyperaemia) as a measure for reperfusion rate (A). Reperfusion was measured in the 
gastrocnemius (B), tibialis anterior (C) and vastus lateralis (D). Values are mean ± SD. *p < 0.05 **p < 
0.005 

 
Figure 4.4 Correlation of recovery constants derived from monoexponential curve fits of mVSO2 
recovery from NIRS measurements after 30s of plantar flexion exercise in gastrocnemius (A, n=15), 
30s of dorsiflexion exercise in tibialis anterior (B, n=19) and 30s of electrical stimulation in vastus 
lateralis (C, n=8) and percentage of wear time spent in moderate-to-vigorous physical activity 
(%MVPA) for the older group. 
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4.4. Discussion 

The primary objective of this study was to determine the effect of age on mitochondrial 

capacity in young and older healthy males in three different locomotor muscles. Due to the 

similar moderate-to-vigorous physical activity levels between the older and young 

individuals in our study, it was possible to assess the effect of age on muscle mitochondrial 

capacity, independent from the effect of physical activity. Ageing negatively affected mVpO2 

recovery in the GA and VL, but not in the TA, showing that the age-driven decline in 

mitochondrial capacity is muscle specific. Furthermore, reperfusion rate after a 4-minute 

occlusion was decreased with age in the VL and TA, but not in the GA, showing that it is 

important to consider parameters of vascularisation in muscle mitochondrial 

measurements. 

 

We are the first to measure the effect of age on mVpO2 recovery in three different locomotor 

muscle using NIRS. Other research primarily used 31P-MRS to measure mitochondrial 

capacity in vivo and, although 31P-MRS and NIRS are based on the same underlying 

assumption of post-exercise recovery of metabolism and NIRS is correlated with 31P-MRS 

(Ryan et al. 2013b), these techniques do measure distinct physiological mechanisms (i.e., 

recovery of mVpO2 or PCr, respectively). Since a decrease in coupling of mitochondrial oxygen 

consumption, or phosphorus to oxygen ratio (P/O), has been reported with ageing (Amara 

et al. 2007), one could hypothesise that, if uncoupling is an important feature in 

mitochondrial ageing, more oxygen would be needed for the recovery of the same amount 

of PCr in old compared to young, directly affecting measurements of mVpO2 recovery, yet 

only indirectly affecting PCr-recovery. Since we observed similar ageing effects in the 

current study compared to existing in vivo literature (Kent and Fitzgerald 2016), we 

conclude that NIRS is applicable in aging research to faithfully measure mitochondrial 

capacity, which is corroborated by a NIRS study performed in young and old individuals, but 

was not controlled for physical activity (Chung et al. 2018).  
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4.4.1. Ageing and muscle mitochondrial capacity  

In the GA, a slower mVpO2 recovery with age was observed and this was negatively correlated 

with %MVPA in the older group. Additionally, we observed a correlation between time 

spent in MVPA and mVpO2recovery. Therefore, it could be that higher levels of physical 

activity are required to preserve mitochondrial capacity of the GA with age. Yet, the effect 

of age on mitochondrial capacity in the GA is debated. Some studies observed a negative 

effect of age on PCr-recovery in the GA (McCully et al. 1993; Waters et al. 2003; Layec et al. 

2013), whereas others did not observe this (Waters et al. 2003; Wray et al. 2009; Tevald et 

al. 2014; Hart et al. 2015). Although it is challenging to compare the literature due to 

differences in study populations with regard to sex and physical activity level, the results of 

the current study seem unique in its kind, since a decrease in mVpO2 recovery with age was 

observed despite controlling for physical activity. Interestingly, one other study that 

measured PCr-recovery in older individuals with decreased PA compared to young, did not 

observe an age effect (Tevald et al. 2014). Yet, the aforementioned study included both 

males and females and had lower sample size for males only. While not all studies found an 

effect of age on mitochondrial capacity, according to our data, some degree mitochondrial 

ageing in the GA seems to be inevitable. Yet, having a higher MVPA is associated with 

mitigating this unfavourable effect.  

 

In the VL, a 25% slower mVpO2 recovery in older individuals was observed, reflecting a 

decrease in mitochondrial capacity with age. This finding is in agreement with studies 

measuring PCr-recovery in the VL (Conley et al. 2000b; Johannsen et al. 2012; Larsen et al. 

2012; Choi et al. 2016; Adelnia et al. 2019) and with studies measuring ex vivo oxygen 

consumption using high resolution respirometry (Porter et al. 2015; Distefano et al. 2018). 

Specifically, Larsen et al found a 23% decrease in PCr-recovery in older adults compared to 

younger adults in a similar-aged and physical activity-matched population (Larsen et al. 

2012). Therefore, the VL seems to be particularly affected by ageing, even when physical 

activity levels were maintained. In fact, we did not we did not observe a correlation between 

%MVPA and mVpO2 recovery in the VL, suggesting that increased levels of physical activity 
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do not preserve the VL from an age-driven decline in mitochondrial capacity. However, this 

result should be interpreted with care, due to the low number of measurements that were 

included in the correlation. Furthermore, inactive or sedentary older individuals do show a 

lower mitochondrial capacity than their more active counterparts, indicating that a 

protective effect of physical activity on the VL may not be excluded (Larsen et al. 2012; 

Distefano et al. 2018). The lower number of measurements in VL were the result of 

insufficient activation of the muscle during the NIRS protocol. A previous study reported 

sufficient muscle activation using a similar electrical stimulation (Brizendine et al. 2013). 

Yet, for half of the participants we were unable to produce sufficient muscle activation, and 

thus measure increased muscle oxygen consumption and its recovery. Possibly, a 30s 

isometric contraction could have been used for muscle activation, as this has been shown 

to be a good alternative for electrical stimulation (Ryan et al. 2014). 

 

While the GA and VL are affected by age in the current study, the mVpO2 recovery in the TA 

is not significantly different between the young and the older individuals. This confirms 

consensus in literature that age does not affect mitochondrial capacity in this muscle (Kent-

Braun and Ng 2000; Lanza et al. 2007; Christie et al. 2014). A possible explanation for this 

distinct effect could be attributed to intrinsic characteristics of the TA, such as its fibre type 

composition. The TA has a higher proportion of oxidative type I fibres than the GA and VL 

(Jakobsson et al. 1988) and it has been suggested that ageing less severely effects 

mitochondria in predominantly type I muscle fibres due to a mild induction of uncoupling, 

possibly reducing the production of reactive oxygen species and consequent damage 

(Amara et al. 2007). This could explain why the TA is protected from the age-driven decline 

in mVpO2 recovery. Yet, this hypothesis is not supported by research in mice, where the most 

oxidative muscle, the soleus, was shown to be most negatively affected by age (Picard et al. 

2011). Moreover, it cannot be excluded that extrinsic factors also play a role in the 

resistance against the age-driven decline in mVpO2 recovery. The TA is unique in its higher 

activation during locomotion with advancing age (Jakobsson et al. 1988), whereas the 

demand on other muscles, such as the VL, is thought to decrease with age (Hortobágyi and 
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DeVita 2000; Tirosh and Sparrow 2005), perhaps exerting muscle-specific (de)training-like 

adaptations that can affect mitochondrial capacity. Alternatively, the TA may intrinsically 

be less susceptible to effects of physical activity. Indeed, the effect of a 5-week bed rest did 

not affect TA thickness, while the VL and GA thickness were significantly reduced after this 

period, showing that decreased activity did not induce muscle atrophy in TA as much as in 

other muscles (de Boer et al. 2008). Moreover, the TA has a lower association with MVPA 

compared to the VL in young and elderly subjects (Larsen et al. 2009, 2012), further 

supporting that TA is less affected by the levels of physical activity. Therefore, differences 

in fibre type, different activation patterns or susceptibility to (de)training-like adaptations 

could explain why the TA seems to be less susceptible to the age-driven decline in 

mitochondrial capacity. 

 

Analysing mVpO2 recovery of both the young and the older group together, there was a 

significantly higher mitochondrial capacity in the VL compared to the TA. This difference in 

mVpO2 recovery between muscles has been previously shown in elderly males and in young 

adults (Larsen et al. 2009, 2012). Also, it has been reported that the GA has a higher 

mitochondrial capacity than the TA in elderly women (Tevald et al. 2014), which we also 

observed in our data when just GA and TA were compared directly. In the TA, the majority 

of fibres is classified as oxidative type I fibres, whereas the VL and GA have a more even 

distribution between type I and type II fibres (Edgerton et al. 1975; Jakobsson et al. 1988; 

Hedges et al. 2019). Therefore, it seems that the percentage of type I fibres does not 

predispose a higher mitochondrial capacity, at least not measured using these in vivo 

techniques. Besides, in the current study we observed that the muscle with highest 

reported proportion of type I fibres is also most resistant to ageing. However, this is 

speculative in its nature because no fibre typing was done in the tissue underneath the NIRS 

probe and it is unknown what is the effect of fibre type on mVpO2 recovery measured using 

NIRS. Yet, it does advocate that the metabolic properties of these muscles are influenced 

by their intrinsic characteristics and that exploring these muscle-specific effects could help 

to elucidate ageing mechanisms. 
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4.4.2. Ageing and muscle reperfusion rate  

Ageing has been associated with a decrease in vasodilation and microvascular function in 

the muscle (Tonson et al. 2017). Recovery of mVpO2 or recovery of PCr is only a measure for 

mitochondrial capacity if oxygen availability is not limited during the recovery period. In the 

current study we measured reperfusion rate as the return to maximal oxygenation after a 

4-minute arterial occlusion. This was significantly lower in the TA and VL in the older group 

compared to the young group. While no difference in reperfusion rate was observed in the 

GA. Although there was an age-related decline in reperfusion in the TA, this did not result 

in an age-related decline in mVpO2 recovery. This suggest that the muscle reperfusion rate 

was not limiting for mVpO2 recovery in our study. This notion is further supported by our 

results in GA, where reperfusion rates are not different between the two age groups, but a 

difference in mVpO2 recovery was observed. In contrast, a decrease in end-exercise perfusion 

rate was reported in a study by Wray et al., which was not accompanied by a decrease PCr-

recovery (Wray et al. 2009). However, differences in physical activity were not accounted 

for in this study. With exercise and physical activity being a known inducer of angiogenesis, 

this result could partly be explained by differences in physical activity. The effect of age on 

reperfusion rate was not observed by Hart et all, who did neither observe a decrease in 

oxygen delivery nor a decrease in PCr-recovery between young and older adults in the GA 

(Hart et al. 2015). 

 

On the other hand, for the VL both reperfusion rate and mitochondrial capacity were 

decreased in the older males in the current study. Therefore, we cannot be certain that the 

mVpO2recovery was not negatively affected by the decrease reperfusion rate with age in this 

muscle. However, using the current protocol, muscle oxygenation during testing does not 

fall below 50% of one’s maximal oxygenation. Therefore, it is unlikely that oxygen 

availability was a limiting factor during mVpO2 recovery, attributing the age-related decline 

in mVpO2 recovery to decreased mitochondrial capacity. Moreover, a decrease in perfusion 

rate can be compensated by an increase oxygen diffusion to the muscle tissue, ultimately 

not lowering oxygen availability at the level of mitochondria.  
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Nevertheless, our data do not show that oxygen availability or reperfusion rate are per 

definition not a limiting factor for physical functioning with advancing age, as it can be still 

be limiting during maximal or prolonged periods of exercise. This is supported by recent 

research, which reported that ageing was associated with a decrease in resting muscle 

perfusion in middle-aged and elderly adults. Resting muscle perfusion rates were negatively 

associated with muscle PCr-recovery and whole-body oxidative capacity, suggesting that 

changes in reperfusion could affect physical functioning with advancing age (Adelnia et al. 

2019). However, in that study the population was not matched for physical activity, making 

it again difficult to draw conclusions from the results. Therefore, measuring reperfusion of 

the muscle should be considered good practise, because an impaired reperfusion could 

violate the underlying assumptions of the mitochondrial capacity measurement. To our 

knowledge we are the first to measure the effect of age on reperfusion rate in three 

locomotors muscles using NIRS and an advantage of the current NIRS protocol is that it 

allows assessment of mitochondrial capacity and reperfusion in the same measurement. 

 

4.5. Conclusions and future perspectives 

The current study provides evidence for distinct modes of mitochondrial ageing in different 

locomotor muscles in a relatively large population of physical activity-matched young and 

older males. We identified that the TA, but not the VL and GA, was resistant to an age-driven 

decline in mitochondrial ageing. This exemplifies the limitations of generalising results 

obtained in one type of muscle to other muscles and underlines the importance of 

controlling for important effect modifiers such as sex, physical activity or even muscle 

activity assessed using electromyography. Being the first to use NIRS to study the effect of 

age on mitochondrial capacity, we show that NIRS is suitable for application in ageing 

research. Application of this non-invasive technique could accelerate research in this field, 

including studies on the clinical efficacy of interventions aiming to improve either vascular 

function (Kiss et al. 2019) or mitochondrial function (Nacarelli et al. 2018) in an elderly 

population. 
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An advantage of using in vivo techniques over ex vivo measurements is the possibility to 

study muscle mitochondrial capacity in the intact system, with a physiological oxygen 

pressure and the dynamic interplay between oxygen delivery, diffusion and consumption. 

However, ex vivo respirometry measurements on muscle biopsies more directly assess 

mitochondrial capacity and can provide mechanistic insights into muscle ageing. Since the 

VL is mostly used for taking biopsies, there is a gap in current literature for the ex vivo 

mitochondrial capacity other muscles than the VL, possibly presenting a biased view on 

mitochondrial ageing in the muscle. Identifying the molecular signatures of age-unaffected 

muscles, such as the TA, could shine new lights upon mechanisms underlying muscle ageing. 

This could provide leads for pharmacological or tailored exercise interventions to 

counteract the decline mitochondrial capacity with advancing ageing, potentially retaining 

physical function and improving quality of life.  
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Abstract 

 

Objective Due to the interaction between skeletal muscle ageing and lifestyle factors, it is 

often challenging to attribute the decline in muscle mass and quality to either changes in 

lifestyle or to advancing age itself. Since many of the physiological factors affecting muscle 

mass and quality are modulated by physical activity and physical activity declines with age, 

the aim of this study is to better understand the effects of early ageing on muscle function 

by using a population of healthy older and young males with similar physical activity 

patterns. 

 

Methods 18 older (65-71 years) and 20 young (19-25 years) males were recruited based on 

similar, self-reported physical activity, which was verified using accelerometry 

measurements. Gene expression profiles of vastus lateralis biopsies obtained by RNA 

sequencing were compared and key results were validated using qPCR and Western blot. 

 

Results A clear transcriptional ageing signature was observed despite similar physical 

activity. Cell-adhesion, the matrisome, innervation and inflammation were the main 

upregulated processes and oxidative metabolism was the main downregulated process in 

old compared to young muscle. Furthermore, protein expression of mitochondrial 

complexes was downregulated in the older muscle, and this expression was correlated with 

in vivo mitochondrial capacity. 

 

Conclusion Based on changes in gene expression we appoint early skeletal muscle ageing 

processes that occur despite similar physical activity. Improved understanding of these 

processes will be key to design targeted anti-ageing therapies.  

 

 

Abstract

Objective 
Due to the interaction between skeletal muscle ageing and lifestyle factors, it 
is often challenging to attribute the decline in muscle mass and quality to 
either changes in lifestyle or to advancing age itself. Since many of the 
physiological factors affecting muscle mass and quality are modulated by 
physical activity and physical activity declines with age, the aim of this study is 
to better understand the effects of early ageing on muscle function by using a 
population of healthy older and young males with similar physical activity 
patterns.

Methods 
18 older (65-71 years) and 20 young (19-25 years) males were recruited based 
on similar, self-reported physical activity, which was verified using 
accelerometry measurements. Gene expression profiles of vastus lateralis 
biopsies obtained by RNA sequencing were compared and key results were 
validated using qPCR and Western blot.

Results 
A clear transcriptional ageing signature was observed despite similar physical 
activity. Cell-adhesion, the matrisome, innervation and inflammation were 
the main upregulated processes and oxidative metabolism was the main 
downregulated process in old compared to young muscle. Furthermore, 
protein expression of mitochondrial complexes was downregulated in the 
older muscle, and this expression was correlated with in vivo mitochondrial 
capacity.

Conclusion 
Based on changes in gene expression we appoint early skeletal muscle ageing 
processes that occur despite similar physical activity. Improved understanding 
of these processes will be key to design targeted anti-ageing therapies. 
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5.1. Introduction 

Ageing is associated with a decline in skeletal muscle mass and strength, also known as 

sarcopenia (Morley et al. 2001). Sarcopenia is linked to an increased risk of developing 

disabilities, negatively impacting self-reliance and quality of life (Janssen et al. 2002; 

Tsekoura et al. 2017). The loss of muscle strength is disproportional to the loss in muscle 

mass, suggesting that intrinsic changes in the muscle could explain the loss in muscle 

functionality, often referred to as muscle quality (Goodpaster et al. 2006; Mitchell et al. 

2012). The underlying causes of loss of muscle mass and quality with age have been 

suggested to be related to, among others, a decline in skeletal muscle mitochondrial 

capacity (Short et al. 2005), decreased innervation (Gonzalez-Freire et al. 2014) decreased 

protein synthesis (Balagopal et al. 1997), decreased circulation of anabolic hormones 

(Sakuma and Yamaguchi 2012), low-grade inflammation (Dalle et al. 2017), decreased 

muscle repair (Carosio et al. 2011) or a combination of these phenomena.  

 

Many of the factors affecting muscle mass and quality are modulated by physical activity. 

However, many studies examining age-related changes in skeletal muscle do not explicitly 

take the effect of physical activity levels into account, while levels of physical activity 

decrease with advancing age (Troiano et al. 2008; Hallal et al. 2012). The effect of physical 

activity is especially apparent for mitochondrial capacity, because, although the decline in 

skeletal muscle mitochondrial capacity is likely due to inherent age-related alterations in 

mitochondrial synthesis and degradation, it has been reported that active older individuals 

have a mitochondrial capacity comparable to similarly-active younger individuals (Lanza et 

al. 2008; Distefano et al. 2018). This exemplifies the challenge to disentangle the effect of 

age and physical activity, making it difficult to attribute age-related changes to either of 

these two factors.  

 

Here, we aimed to better understand the effects of early ageing on skeletal muscle function, 

using a population of healthy older and young males in a narrow age range (65-71 years and 
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19-27 years, respectively). Furthermore, in efforts to disentangle the effect of age and 

physical activity, both age groups were selected for similar levels of physical activity based 

on self-reported physical activity, verified using accelerometery. The age range was chosen 

because it can be anticipated that changes occurring in earlier phases of the ageing process 

are the most amenable to intervention and will most likely offer targets for intervention. In 

addition, many studies investigating the effect of age on muscle function employed a wide 

range of ages for subject recruitment, which further blurs the effect of age because the loss 

of muscle mass with age is thought not to be linear (Janssen et al. 2000). Furthermore, the 

ageing trajectory is different between males and females, demanding separate studies for 

each of the sexes (Gheller et al. 2016; Van der Hoek et al. 2020). Gene expression profiles 

of vastus lateralis biopsies, obtained by RNA sequencing, were compared between the 

groups and key results were validated using qPCR and Western blot. Our results show that 

the cell adhesion, the matrisome, innervation, inflammation and oxidative metabolism are 

the most significantly regulated processes. These results will be of substantial value to 

design anti-ageing interventions for a population that is still amendable for improvements 

in skeletal muscle quality. 
 

5.2. Material and Methods 

5.2.1. Study population  

Low to moderately physical active healthy males between the age of 19-25 (young) and 65-

71 (older) years were recruited using a self-reported exercise frequency of 1-2 hours of 

structured exercise per week or a Baecke habitual physical activity score between 7-10 

points (Baecke et al. 1982). Older males were not physically impaired, as determined using 

the short performance battery test (SPPB) with a minimum score of 11 (Guralnik et al. 1994). 

None of the subjects were identified as a regular smoker (>5 cigarettes per week), used 

recreational drugs during the study or reported recent use of performance enhancing drugs 

or supplements. Subjects were non-anaemic (haemoglobin concentration > 8.0 mmol/L), 

verified using HemoCue Hb 201 microcuvette (HemoCue AB, Sweden). None of the subjects 
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had health concerns regarding respiratory or metabolic disease. One older subject used 

cholesterol-lowering medication, one used diuretic medication and one used both 

cholesterol-lowering and diuretic medication. An overview of subject characteristics can be 

found in Table 5.1. In vivo measurements of mitochondrial capacity and physical activity 

using accelerometery, but not of gene or protein expression, were reported earlier 

(Lagerwaard et al. 2020a). Here, information was used only from those individuals of which 

high quality RNA was obtained from the vastus lateralis (i.e., 2 elderly subjects were 

excluded). 

 

5.2.2.  Accelerometery 

Subjects were instructed to wear triaxial accelerometer (wGT3X-BT, Actigraph, USA) for 

seven consecutive days using an elastic band at the waist of the nondominant leg. The 

accelerometer was worn during all activities, excluding showering, swimming and sleeping. 

Wear time was manually verified using daily diaries on shower and bedtimes. Counts were 

sampled at 30 Hz and stored in 60 s epochs to determine counts per minute (CPM). Two 

weekend days and three weekdays were used for data analysis. The percentage of wear 

time in sedentary physical activity (SPA), light physical activity (LPA) and moderate-to-

vigorous physical activity (MVPA) was determined using the cut-offs provided by Troiano et 

al., being 0– 99 CPM, 100–2019 CPM and 2020–∞ CPM respectively (Troiano et al. 2008). 

Activity kcals per day were calculated using the counts from all axis according to the 

Freedom VM3 equation (Sasaki et al. 2011). 
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5.2.3. Sample collection and RNA extraction 

Subjects were fasted and refrained from exercise and alcohol 24 hours prior to testing. 

Biopsies from vastus lateralis were collected using the suction modified Bergström 

technique (Bergström et al. 1967) from the non-dominant leg under local anaesthesia using 

a using a 5-mm Bergström needle. Collected tissue was snap frozen in liquid nitrogen and 

stored at -80°C until further analysis. Total RNA was extracted by grinding frozen muscle 

tissue and dissolving approximately 30 mg in 1 mL Trizol reagent in Tissue lyser II (Qiagen) 

for 2 min at 30 Hz. 240 µL of cold chloroform was added to the lysates, shaken thoroughly 

Table 5.1 Physical characteristics of the subjects 

 Young (N = 20) Older (N = 18) p-value 
Age (years) 22 ± 2.0 69 ± 2.0 <0.0001 
BMI (kg/m2) 22.6 ± 1.9 25.4 ± 1.8 <0.0001 
Body Fat (%) 15.3 ± 3.1 25.0 ± 4.1 <0.0001 
Fat free mass (kg) 63.5 ± 6.9 61.1 ± 5.3 0.25 
MVC dominant arm (kg) 54 ± 7 50 ± 8 0.17 
Skinfold vastus lateralis (mm) 10.4 ± 2.7 9.2 ± 2.8 0.19 
Haemoglobin (mmol/L) 9.4 ± 0.4 9.1 ± 0.7 0.19 
SPPB score 
 

 11.65 ± 0.5  

Physical Activity    
 Baecke questionnaire score 8.3 ± 0.8 8.6 ± 0.9 0.26 
 Accelerometry 
   SPA (%) 
   LPA (%) 
   MVPA (%) 
   MET (kcal/kg/hour) 
   TEE (kcal/day) 
   PAEE (kcal/day) 
   PAL 
   Wear time (hr/day) 

 
79.1 ± 7.3 
15.5 ± 3.4 
4.4 ± 2.2 
1.37 ± 0.12 
2478 ± 375 
404 ± 215 
1.4 ± 0.1 
14.6 ± 1.1 

 
75.2 ± 6.0 
19.7 ± 5.6 
5.1 ± 2.3 
1.45 ± 0.11 
2851 ± 343 
411 ± 189 
1.4 ± 0.1 
15.5 ± 0.8 

 
0.0778 
0.0074 
0.32 
0.037 
0.003 
0.11 
0.51 
0.0078 

Mitochondrial capacity vastus lateralis 2.13 ± 0.53 (n=9) 1.58 ± 0.49 (n=6) 0.0606 

Data is presented as mean ± standard deviation. MVC is maximum voluntary contraction. Time spent in 
sedentary physical activity (SPA), light physical activity (LPA), and moderate-to-vigorous physical activity 
(MVPA) are expressed as a percentage of total wear time measured using 5-day accelerometer data. 
MET is metabolic equivalent of task. TEE is total energy expenditure. PAEE is physical activity energy 
expenditure. PAL is physical activity level. SPPB is short physical performance battery. Mitochondrial 
capacity is defined as the rate of recovery of muscle oxygen consumption after exercise determined by 
near-infrared spectroscopy (Lagerwaard et al. 2020a). 
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for 30 seconds and incubated on ice for 5 min before centrifugation at 12,000 RPM for 15 

min at 4˚C (Mikro 200R, Hettich, Germany). The aqueous layer was transferred to a new 

tube and 700 µL of ice-cold isopropanol was added, mixed with RLT buffer (Qiagen) and 

loaded onto RNAeasy spin columns (Qiagen). RNA purification was done according to 

manufacturers’ protocol. RNA concentration was measured using NanoDrop 

spectrophotometer (Thermofisher). RNA integrity was measured using RNA Screentape on 

the 2200 Tapestation (Agilent). All RNA samples had an RNA integrity value (RIN) > 7.0 and 

260/280 ratio >1.8.  

 

5.2.4. RNA sequencing and differential gene expression analysis 

RNA preparation, library construction and sequencing on BGISEQ-500 was performed at 

Beijing Genomics Institute. Clean reads were obtained in FASTAQ format and quality check 

was performed using FASTQC (Andrews 2010). Reads were aligned to the human genome 

(GRch38.p13) using STAR (Dobin et al. 2013) and counts were quantified using HTSeq 

(Anders et al. 2015). Average sequencing depth was 23M paired end reads, of which at least 

92% were uniquely mapped. 

 

Data analysis and statistical testing was performed in R version 3.6 and using appropriate 

Bioconductor packages. Differentially expressed genes (DEGs) between the groups were 

identified using DE2seq (Love et al. 2014). Genes with less than 10 reads per row were 

removed and Benjamini-Hochberg multiple testing correction was used to obtain adjusted 

p-values; a false discovery rate (FDR) of 5% was accepted. Principal component analysis was 

done using variance stabilising transformed (VST) data. Associations between gene 

expression and the continuous variable MVPA were done using the Limma-Voom (Ritchie 

et al. 2015). Normalisation factors were calculated using calcNormfactors using EdgeR 

(Robinson et al. 2010) and low-expressed genes were filtered. Voom was used to calculate 

the mean-variance relationship of the log-counts and linear model was fitted using 

weighted least squares for each gene. Empirical Bayes was used for smoothing of standard 

errors (Smyth 2004). 
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5.2.5. Gene set enrichment analyses 

Gene set enrichment analysis was done using clusterprofiler (Yu et al. 2012) for the 

‘biological process’ gene ontology gene sets. Gene sets were considered enriched with a 

Benjamini-Hochberg adjusted p-value < 0.05 and GO terms were filtered based on 75% 

overlap in genes. Protein interaction networks were made using STRING v10 (Szklarczyk et 

al. 2015) with p-value for enrichment < 1.0 E-16. Edges represent molecular action and 

nodes were coloured manually according to protein function. Nodes with no connection to 

the network were deleted. The human MitoCarta gene set was used as a reference 

inventory for mitochondrial genes (Calvo et al. 2016) and the matrisome gene set as a 

reference inventory for extracellular matrix genes (Shao et al. 2020). 

 

5.2.6. Semi-Quantitative Real-Time Polymerase Chain Reaction (qPCR) 

cDNA was synthesised from 300 ng total RNA with ISCRIPT cDNA synthesis kit (Bio-Rad) (5’ 

25°C, 30’ 42°C, 5’ 85°C, cooled to 10 °C and stored at -20 °C). Lowly expressed genes were 

pre-amplified using the SsoAdvanced PreAmp Supermix (Bio-rad). Transcripts were 

quantified using a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) and SYBR green 

master mix (Bio-Rad). The cycling program was set as 95℃ for 30s, 60℃ for 30s in 40 cycles. 

Primers were designed using NCBI primer blast; an overview of primer sequences can be 

found in Table 5.2. Normalised expression was calculated according to the ΔΔCq method, 

by making use of geometric averaging of multiple reference genes using CFX maestro 

software (Bio-rad). Data is presented as fold change of expression, which was set to one for 

the young group.  
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Table 5.2 Primer sequences 

Symbol RefSeq Forward primer* Reverse primer* bp 

ITGA7 NM_002206.3 GAACAGCACCTTTCTGGAGGAGTA CACTGTGGAGGCATCTCGGA 118 
CDH15 NM_004933.3 CTGTTGGCCCAGAGCCT TGTGGTTCTCGGATACGCTG 145 
BDNF NM_001709.5 GCCAGAATCGGAACCACGAT CTCACCTGGTGGAACTCGG 79 
MUSK NM_005592.4 ACCTAAAATAACTCGTCCTCCC TTCGGGAATTTTCCCTGAGAG 140 
MYH8 NM_002472.3 TGACCTCAGCAGTAACGCAG AGGGCGTTCTTGGCTTTAGT 300 
NTRK2 NM_001007097.3 ACAGCAACCTGCAGCACATC ATTGCCCACCAGGATCAGTTC 104 
NR4A1 NM_173157.3 TCGGGGACTGGATTGACAGTA CCCATGCCGGTCGGTGAT 116 
NR4A3 NM_173200.2 ATCCAGAAGCTGGGCAGAAAA TCAGCAGTGTTTGACCTGATGG 129 
PRKAG3 NM_017431.3 GATGACGAACTGCGGAAACC GGCCTTCTTGATCTCCAGC 129 
PPARGC1A NM_013261.5 ACCCCAGAGTCACCAAATGAC GCAGTTCCAGAGAGTTCCACA 89 
TFAM NM_001270782.1 GCTGAAGACTGTAAAGGAAAACTGG CCTGTGCCTATCCATTGTGA 240 
RPLP0  
(reference) 

NM_001002.4  GGCAGCATCTACAACCCTGA GCCTTGACCTTTTCAGCAAGT 215 

TBP 
(reference) 

NM_003194.5 AGCCAAGAGTGAAGAACAGTCC AACTTCACATCACAGCTCCCC 129 

RPS15 
(reference) 

NM_001018.5 AGAAGCCGGAAGTGGTGAAGAC AGAGGGATGAAGCGGGAGGAG 220 

B2M 
(reference) 

NM_004048.4 TGCCGTGTGAACCATGTG GCGGCATCTTCAAACCTC 92 

* from 5’ to 3’, bp = fragment length 

 

5.2.7. Protein isolation and Western blotting 

Protein extraction was done by adding 500ul of ice-cold lysis buffer (50 mM Tris-HCL, pH 

7.4, 1% Triton X100, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 0.25% NaDeoxylate and 

protease and deacylase inhibitors trichostatin A (1 µM) and nicotinamide (20 mM)) to ± 25 

mg frozen grinded muscle tissue and lysed using Qiagen Tissue lyser II for 1 minute at 30 Hz. 

Lysates were centrifuged for 7 minutes at 10,000 g at 4˚C and protein concentration of 

supernatants were determined using BCA protein assay kit (Pierce). 25 ug protein was 

loaded on NuPAGE 4-12% BIS-TRIS and TRIS-acetate gels (Invitrogen), transferred to 

nitrocellulose or PVDF membrane, blocked in 3% BSA in PBS with 0.1% Tween-20 at room 

temperature and incubated overnight with antibodies in the same buffer at 4ºC. Primary 

antibodies used: anti-OXPHOS cocktail (1:1000, #ab110411 Abcam) and anti-TFAM (1:2000, 

#ab, Abcam). IR-dye based secondary antibodies (LI-COR) were used to detect antibody 

signals using an Odyssey scanner (LI-COR). Quantification of protein loading was done using 
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Revert 700 Total Protein Stain (LI-COR) and used for normalisation of target protein after 

quantification using ImageJ. 

 

5.2.8. Data availability 

The RNAseq data of this study has been deposited under accession number GSE159217 

 

5.2.9. Statistical analyses 

Data were presented as mean ± SD. Statistical analyses, other than RNA sequencing analysis 

and differential gene expression analysis (see above), were performed using GraphPad 

Prism v.8 (GraphPad Software, CA, USA). Means between the two groups were compared 

using a Students unpaired t-test. Normality was tested using D-Agostino and Pearson 

normality test. Not normal distributed data was compared using Mann-Whitney tests. 

Correlations between variables were calculated using regression analysis. Significance was 

accepted at p < 0.05. 

 

5.3. Results 

5.3.1. Distinct transcriptional signature in older muscle despite similar physical 

activity levels 

Total physical activity energy expenditure and physical activity level, as defined by 

accelerometery, was similar between the groups, although older males spent higher 

proportion of time in light physical activity compared to young males (Table 5.1). PCA on 

transformed counts RNAseq data using a variance stabilising transformation, showed that 

the samples from young and older subjects separate in distinct groups based on principle 

component 1, explaining 20% of the variation in the data (Figure 5.1A). This showed that in 

an early ageing population with similar physical activity, a clear distinction in the 

transcriptional signature was observed. When comparing the gene counts of the young and 

older group, 4327 DEGs were identified using an adjusted p-value cut-off of 0.05. 3797 of 

those genes were identified coding genes, of which 1891 were higher expressed, while 1906 
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were lower expressed in the older individuals (Figure 5.1B). Gene ontology gene set 

enrichment analysis revealed an enrichment in gene sets related to oxidative metabolism 

(e.g. oxidative phosphorylation, cellular respiration), cell adhesion (e.g. cell adhesion, cell-

cell adhesion), inflammation (e.g. defence response, inflammatory response) and 

innervation (e.g. synapse organisation and regulation of the synapse structure or activity). 

Most of these enriched gene sets were upregulated, except for the gene sets related to 

oxidative metabolism, which were downregulated in the older muscle (Figure 5.1C). 

 
Figure 5.1 Distinct transcriptional signature in the ageing muscle (A) PCA blot of Euclidean distance 
between samples on variance stabilising transformed data. Samples were coloured based on group. 
(B) Volcano plot displaying the DEGs. 3797 genes with entrez annotation were differentially regulated 
between the young and older vastus lateralis muscle using an adjusted p-value of 0.05 (adjusted 
according to Benjamini-Hochberg). (C) Gene set enrichment analysis of older vs young using GO 
biological process gene sets (C5 BP MSigdb) using an adjusted p-value of 0.05. GO gene sets were 
filtered based on 75% overlap in genes. 
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5.3.2. Cell adhesion and the matrisome belong to most significantly regulated 

processes with ageing 

Cell-adhesion was the most significantly regulated process in older compared to young 

muscle based on adjusted p-value. Furthermore, using the curated C2 canonical gene sets 

Molecular Signatures Database (Msigdb), a database of gene sets that are canonical 

representations of a biological process compiled by domain experts, the matrisome was the 

most significant enriched gene set in the older group (Figure S5.1). We therefore compared 

the expression of genes between the groups according to the classification of the 

Matrisome project, a research effort devoted to characterise and classify genes in the 

extracellular matrix (ECM) (Shao et al. 2020). This classification divides the matrisome into 

the core matrisome, subdivided in collagens, proteoglycans and ECM glycoproteins, and in 

matrisome-associated proteins, subdivided in ECM-affiliated proteins, ECM regulators and 

secreted factors. Out of the 44 genes that encode the 28 different collagen proteins, 20 

genes were differentially regulated between the groups. Collagens form a network with 

which glycoproteins and proteoglycans in the ECM associate. Out of 195 genes encoding 

ECM glycoproteins, 44 were differentially regulated and out of the 35 genes that encode 

proteoglycans, 8 were differentially regulated between the young and older muscle. Of the 

171 genes that encode for ECM-affiliated proteins and the 238 genes that encode for ECM 

regulators, respectively 28 and 48 genes were differentially expressed between the groups. 

Out of 344 genes that encode for secreted factors, 51 genes were differentially regulated 

between the young and older muscle. Secreted factors encompass all secreted proteins that 

can be secreted by the cells that reside in the ECM and play a role in tuning communication 

between cells, such as growth factors. Moreover, it encompasses interleukins that regulate 

inflammatory processes, for example interleukin 15 (IL15; FC = 2.1, padj = 0.002), interleukin 

25 (IL25; FC = 6.75, padj = 0.001) and its receptor interleukin 17 Receptor B (IL17R; FC = 1.24 

and padj = 0.037) (Table S5.1). Activation of the immune response could be involved in tissue 

remodelling and fibrosis, as was observed in muscle of old mice (Stearns-Reider et al. 2017). 

Overall, a substantial number of matrisome components were differentially regulated with 

age (Figure 5.2A).  
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The ECM forms a framework for muscle fibres and other cells that reside in the ECM, playing 

an important role in development (Thorsteinsdóttir et al. 2011), growth (Fritz et al. 2013a), 

repair (Calve et al. 2010) and contractile force transmission (Street 1983). Collagen is the 

most abundant ECM protein and makes up the intramuscular connective tissue (IMCT), 

organised in the endo-, peri- and epimysium. The sarcolemma associates with the ECM 

through a specialised IMCT membrane that contains mostly collagen IV and the glycoprotein 

laminin. Here, laminin serves as a ligand for the transmembrane receptors dystrophin-

associated glycoprotein complex (DGC) and integrins in the sarcolemma, which in their turn 

bind actin proteins in the sarcoplasm (Wessner et al. 2019). The interaction between the 

ECM and the sarcolemma establishes cell adhesion and is important for muscle contraction, 

as it is necessary for lateral transfer of contractile force (Street 1983). Dysregulation in cell 

adhesion is hypothesised to contribute to the decrease in muscle strength observed in older 

rats (Hughes et al. 2016). Therefore, we specifically examined expression of genes involved 

in cell-ECM adhesion. Various genes that encode for the DGC complex and 11 out of 27 

genes that encode for integrins, classified according to the HUGO Gene Nomenclature 

Committee (Braschi et al. 2018), were found to be differentially regulated in older muscle 

(Figure 5.2B). Alpha-7 integrin (ITGA7), part of the alpha7beta1 integrin dimer, is important 

in mechanical adhesion and force transduction in the muscle (Boppart et al. 2006). 

Therefore, we examined expression of ITGA7 by qPCR and verified its differential expression 

with age (FC = 0.86 p = 0.037) (Figure 5.2C).  

 

Besides force transmission and mechanical adhesion, the ECM also plays an important role 

in muscle hypertrophy and regeneration, by interaction with muscle stem cells, or satellite 

cells, that reside in the ECM (Thomas et al. 2015). These cell-cell interactions are primarily 

regulated via cadherins, a group of transmembrane proteins that play a role in regulating 

myogenesis and differentiation via interaction with catenins, which, in their turn, link with 

the actin cytoskeleton (Goel et al. 2017). Of the 125 cadherins and catenins, classified 

according to the HUGO Gene Nomenclature Committee (Braschi et al. 2018), 12 catenins 

and 30 cadherins were differentially regulated between young and older muscle, of which 



5

Chapter 5 

94 
   

were 26 upregulated (Figure 5.2B). Using qPCR, we examined gene expression of muscle 

cadherin (CDH15 or M-cadherin), which is important for cell adhesion between muscle 

fibres and satellite cells (Goel et al. 2017; Boers et al. 2017). Indeed, gene expression of 

CDH15 was confirmed to be significantly higher in older compared to young muscle (FC = 

1.22, p = 0.014) (Figure 5.2D). This suggested that not only cell-ECM adhesion was altered 

with ageing, but also cell-cell adhesion within the ECM. 

 
Figure 5.2 Cell adhesion and the matrisome belong to most significantly regulated processes in older 
muscle (A) Percentage of DEGs for each extra cellular matrix (ECM) component according to 
‘Matrisome ’classification. (B) Schematic presentation of sarcolemma-ECM adhesion complexes. 
Downregulated (blue) and upregulated (red) are indicated. (C) qPCR analysis of integrin 7a (ITGA7) 
and (D) Muscle cadherin (CDH15). Values are mean ±SD *p < 0.05.  
 

5.3.3. Higher expression of genes related to synaptogenesis at neuromuscular 

junctions 

Another cadherin that was significantly upregulated in the older group was neural cadherin 

(CDH2 or N-cadherin; FC = 2.5, padj < 0.001). CDH2 is upregulated during muscle 

regeneration and induces neurite outgrowth (Goel et al. 2017). Both CDH2 and CDH15 play 

an important role in synaptogenesis, the formation of synapses, and synapse plasticity, the 
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ability of the synapse to change (Arikkath and Reichardt 2008). These processes that were 

also identified among the most significant upregulated gene sets in the older muscle, 

namely ‘synapse organisation’ and ‘regulation of the synapse structure or activity’ (Figure 

5.1C). Therefore, we examined the expression of genes related synaptogenesis. We used a 

selection of genes based on a selection of genes involved in synaptogenesis in older 

compared to young mice muscle (Aare et al. 2016). Many of the genes related to 

synaptogenesis were upregulated in older muscle, such as genes that encode for 

neutrophins, proteins that stimulate nerve and synapse growth, and genes that encode for 

proteins at the neuromuscular junction (NMJ), the synapse between a myofiber and a motor 

neuron (Figure 5.3A). We verified the expression of four genes by qPCR and confirmed their 

differential gene expression between the groups, namely: Brain derived neurotrophic factor 

(BDNF; FC = 2.9, p <0.001), a growth factor for neurons and synapses in the central and 

peripheral nervous system; Neurotrophic tyrosine kinase receptor type 2 (NTRK2; FC = 1.35, 

p = 0.0058), a gene that encodes for the BDNF receptor; Muscle-specific receptor kinase 

(MUSK; FC = 1.38, p <0.013), a key player in the formation of NMJs, and Myosin heavy chain 

8 (MYH8; FC = 10.8, p <0.001), encoding a perinatal myosin that is only expressed during 

development and is associated with denervated muscle (Doppler et al. 2008; Schiaffino et 

al. 2015) (Figure 5.3B). 
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Figure 5.3 Higher expression of genes related to synaptogenesis in older muscle (A) Schematic 
presentation of neuromuscular junction and proteins involved in synaptogenesis (B) qPCR analysis of 
Brain Derived Neurotrophic Factor (BDNF), Neurotrophic Receptor Tyrosine Kinase 2 (NTRK2), Muscle 
Associated Receptor Tyrosine Kinase (MUSK) and Myosin Heavy Chain (MYH8). Values are mean ± SD 
*p < 0.05, ****p < 0.0001. 
 

5.3.4. Oxidative respiration is the main downregulated process during ageing 

Gene sets related to oxidative metabolism were significantly downregulated in the older 

group. Therefore, we further explored mitochondrial annotation of the DEGs using the 

MitoCarta2.0 gene set, a set of 1158 genes with strong support for mitochondrial 

localisation. 10% of all DEGs were identified as mitochondrial genes and of the 

downregulated DEGs specifically, 17% of the genes were mitochondrial. Protein interaction 

network analysis of all downregulated mitochondrial genes showed that many genes were 

associated with mitochondrial respiratory complexes, mitochondrial ribosomal proteins 

and membrane associated proteins (Figure 5.4A). In particular, many genes that encode 

subunits that make up mitochondrial respiratory Complex I, or NADH dehydrogenase, and 

Complex IV, or Cytochrome C oxidase, were lower expressed in old muscle. Semi-

quantitative protein levels were determined using Western blot in the protein lysates of the 

vastus lateralis biopsies of 7 older and 7 young individuals. These individuals were selected 
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because enough material was available and data on in vivo mitochondrial capacity in the 

vastus lateralis was previously collected (Lagerwaard et al. 2020a). The transcriptional 

differences translated into significant lower protein expression of Complex IV and Complex 

II, or Succinate dehydrogenase (p = 0.011 and p = 0.0009, respectively) (Figure 5.4B), 

whereas a trend could be observed for Complex I, in older compared to young muscle (p = 

0.062) (Figure 5.4C). The lower protein expression could explain, at least in part, the lower 

mitochondrial capacity observed in the older compared to the young group, as protein 

expression of complex I and IV was significantly correlated to mitochondrial capacity in the 

vastus lateralis as measured in vivo using NIRS (p = 0.017, R2 = 0.42 and p =0.030, R2 = 0.36) 

(Figure 5.4D).  

 

Mitochondrial mass is regulated by Proliferator-activated receptor gamma coactivator 1-

alpha (PPARGC1A or PGC1α) and gene expression of this transcriptional cofactor was lower 

in the older group (FC = 0.8, padj = 0.02). Furthermore, when identifying transcription 

factors that are significantly associated with the DEGs, four transcription factors gene sets 

were significantly regulated with an FDR q value < 0.2, among which the gene set associated 

to PGC1α (Figure 5.5A). Mitochondrial transcription factor A (TFAM) is a major target for 

PGC1α and was also downregulated in the older group (FC = 0.85, padj = 0.03). We examined 

mRNA and protein levels of TFAM using qPCR and Western blot. While differential TFAM 

gene expression was not confirmed (Figure 5.5D), TFAM protein levels were significantly 

lower in the older group, which is in accordance with RNAseq data (Figure 5.5BC). The lower 

expression of PGC1α and TFAM could be an explanation for the lower expression of 

mitochondrial complexes and the lower in vivo mitochondrial capacity in the older group. 

 



5

Chapter 5 

98 
   

 

Yo
un

g
Olde

r
0

5000

10000

15000

20000

Ar
ea

 b
lo

t (
pi

xe
ls

)

p = 0.0621 Ar
ea

 b
lo

t (
pi

xe
ls

)

Yo
un

g
Olde

r
0

5000

10000

15000

20000
***

Yo
un

g
Olde

r
10000

12500

15000

17500

20000

Ar
ea

 b
lo

t (
pi

xe
ls

)

Ar
ea

 b
lo

t (
pi

xe
ls

)

Yo
un

g
Olde

r
0

5000

10000

15000

20000
*

Yo
un

g
Olde

r
10000

12500

15000

17500

20000

Ar
ea

 b
lo

t (
pi

xe
ls

)

OATOATOAT

GAPDHGAPDHGAPDH
HK1HK1HK1

FTH1FTH1FTH1
ALDH18A1ALDH18A1ALDH18A1

GPIGPIGPI
TPI1TPI1TPI1

GLUD1GLUD1GLUD1
ACO1ACO1ACO1

IDH1IDH1IDH1

ME2ME2ME2GOT2GOT2GOT2
PDHA1PDHA1PDHA1

IDH3AIDH3AIDH3A

PDHXPDHXPDHX
PDHBPDHBPDHB

COQ9COQ9COQ9
CHCHD4CHCHD4CHCHD4

FHFHFH TIMM8BTIMM8BTIMM8B

ACN9ACN9ACN9

TOMM40LTOMM40LTOMM40LTIMM8ATIMM8ATIMM8A

PPIFPPIFPPIF
TIMM13TIMM13

TIMM9TIMM9

DLATDLATDLAT

MDH2MDH2 SUCLA2SUCLA2SUCLA2

IDH3GIDH3G COA4COA4COA4SLC25A12SLC25A12

ACO2ACO2ACO2

CMC2CMC2CMC2

CHCHD10CHCHD10
TIMM10TIMM10TIMM10 COX17COX17

SUCLG1SUCLG1SUCLG1
IMMTIMMTIMMT

CHCHD5CHCHD5
APOOLAPOOLAPOOL

TOMM22TOMM22TOMM22

CHCHD3CHCHD3CHCHD3
SDHASDHASDHA SDHDSDHDSDHD

COQ2COQ2COQ2 SLC25A4SLC25A4SLC25A4 TMEM11TMEM11 MTX2MTX2MTX2
ATP5A1ATP5A1ATP5A1

COA6COA6COA6

GRPEL2GRPEL2GRPEL2 HSPD1HSPD1HSPD1

TIMM21TIMM21TIMM21

ATP5C1ATP5C1

TIMM50TIMM50TIMM50

SDHBSDHBSDHB DNAJC11DNAJC11DNAJC11
ATP5BATP5BATP5B

HSPA9HSPA9HSPA9 SAMM50SAMM50SAMM50

ATP5G1ATP5G1ATP5G1

APOOAPOOAPOO
TIMM44TIMM44ATP5G3ATP5G3ATP5G3 DNAJC19DNAJC19DNAJC19

HSPE1HSPE1HSPE1
CYC1CYC1CYC1

ATP5F1ATP5F1ATP5F1

ATP5JATP5JATP5J

ATP5DATP5DUQCRC1UQCRC1UQCRC1 NDUFB8NDUFB8UQCRFS1UQCRFS1UQCRFS1 ATPAF1ATPAF1ATPAF1NDUFS2NDUFS2NDUFS2
ATP5HATP5HATP5H

NDUFS3NDUFS3NDUFS3COX4I1COX4I1 NDUFV1NDUFV1NDUFV1
UQCRC2UQCRC2UQCRC2

COX5BCOX5BCOX5B NDUFA8NDUFA8NDUFA8
NDUFS1NDUFS1

NDUFS7NDUFS7 NDUFB10NDUFB10NDUFB10COX7CCOX7CCOX7C NDUFAF4NDUFAF4NDUFAF4
NDUFB5NDUFB5NDUFB5

UQCRBUQCRB TIMMDC1TIMMDC1TIMMDC1NDUFA12NDUFA12NDUFA12UQCRQUQCRQUQCRQCOX7BCOX7B NDUFS8NDUFS8CYCSCYCSCYCS NDUFB3NDUFB3NDUFB3 NDUFAF7NDUFAF7NDUFAF7
NDUFV2NDUFV2NDUFV2NDUFA6NDUFA6NDUFA6 ACAD9ACAD9ACAD9

NDUFB11NDUFB11NDUFB11
USMG5USMG5USMG5 NDUFAF6NDUFAF6NDUFAF6

UQCRH

NDUFS6NDUFS6NDUFS6
ECSITECSITECSIT

NDUFB1NDUFB1NDUFB1NDUFA3NDUFA3NDUFA3COX8ACOX8ACOX8A
NDUFC1NDUFC1 NDUFAF2NDUFAF2NDUFAF2

NDUFS5NDUFS5NDUFS5NDUFB4NDUFB4NDUFB4

COX7A2COX7A2COX7A2

RPMS17RPMS17RPMS17 MRPS33MRPS33 MRPL33MRPL33MRPL33
MRPL48MRPL48MRPL48MRPL48MRPL48MRPL48

MRPS15MRPS15MRPS15

MRPL24MRPL24 MRPL27MRPL27MR MRPL1MRPL1MRPL1MRPS18AMRPS18AMRPS18A
MRPL17MRPL17MRPL17

MRPS10MRPS10MRPS10
AURKAIP1AURKAIP1AURKAIP1MRPL13MRPL13MRPL13 TUFMTUFMTUFM

MRPS36MRPS36
MRPS31MRPS31MRPS31MRPS5MRPS5MRPS5

MRPL47MRPL47MRPL47
MRPL43MRPL43MRPL43

MRPL12MRPL12 MRPL35MRPL35MRPL35MRPS16MRPS16MRPS16MTRF1LMTRF1LMTRF1L

MRPS12MRPS12MRPS12MTIF2MTIF2MTIF2
MRPL36MRPL36MRPL36MRPL50MRPL50MRPL50MRPL18MRPL18MRPL18

ERAL1ERAL1 MRPL37MRPL37MRPL37MTIF3MTIF3MTIF3 MRPL3MRPL3MRPL3
MRPL11MRPL11MRPL11

MRPL15MRPL15MRPL15
MRPS30MRPS30MRPS30

MRPL34MRPL34MRPL34
MRPL41MRPL41MRPL41

MRPL4MRPL4MRPL4

A

C

D

B
54 kDa

48 kDa

22 kDa

29 kDa

18 kDa

ATP5A (CV) 

COXII (CIV) 

Older

UQCRC2 (CIII) 

SDHB (CII) 

NDUFB8 (CI) 

Young

Norm. area blot (pixels)

m
VO

2
re

co
ve

ry
co

ns
ta

nt
 (%

/m
in

-1
)

0 5000 10000 15000 20000 25000
0

1

2

3

R2 = 0.42
p = 0.0170

*

0 5000 10000 15000 20000
0

1

2

3

R2 < 0.1
p = 0.36

Norm. area blot (pixels)
0 5000 10000 15000 20000

0

1

2

3

R2 = 0.36
p = 0.0304

Norm. area blot (pixels)

*

Glycolysis

Complex V

Complex II

Complex I

Complex III + IV

TCA enzmes

Membrane

Translation

CIICI CIII CIV CV

CI CII CIV

Muscle ageing signature in older compared to young males with similar physical activity levels 

99 
 

Figure 5.4. Oxidative respiration is the main downregulated process in older muscle (A) Differentially 
expressed genes were compared to genes in Mitocarta genes set. Protein-protein interaction network 
for all mitochondrial downregulated genes with no FC cut-off. Nodes and edges with a molecular 
action are represented and nodes without any connections are removed. Proteins were manually 
grouped based on function in mitochondria. (B) Western blot of protein expression of OXPHOS 
complexes of 7 older and 7 young vastus lateralis muscle on nitrocellulose membrane. (C) 
Quantification of protein expression corrected for total protein. (D) Correlation between protein 
expression and mitochondrial capacity in the vastus lateralis measured using NIRS. 
 

In attempt to further explain the lower expression of PGC1α and its targets genes in the 

older muscle, we explored mechanisms upstream from PGC1α. Following muscle 

contraction, PGC1α is activated by the energy sensing AMP-Activated protein kinase (AMPK) 

protein complex (Jager et al. 2007). During exercise, the α2/β2/γ3 heterotrimer of this 

complex is mostly activated and activity of the AMPK complex was mainly associated with 

the phosphorylation of the skeletal muscle specific subunit of this complex, namely AMP-

Activated protein kinase non-catalytic subunit gamma 3 (PRKAG3) (Birk and Wojtaszewski 

2006). The expression of PRKAG3 was downregulated in older compared to young muscle 

(FC = 0.58, padj < 0.001), suggesting that the activation of PGC1α in response to exercise 

could be lower. When looking at other exercise-responsive genes, Nuclear receptor 

subfamily 4 group A member 1 (NR4A1), Nuclear receptor subfamily 4 group A member 3 

(NR4A3) and the long non-coding RNA NR4A1 antisense RNA (NR4A1AS) were 

downregulated (FC = 0.45, padj < 0.001, FC = 0.42, padj = 0.04 and FC = 0.34, padj = 0.007 

respectively). NR4A1 and NR4A3 are known as potent exercise response genes and are 

involved in regulation of mitochondrial biogenesis and oxidative metabolism, possibly in 

part via AMPK (Mahoney et al. 2005; Kawasaki et al. 2009; Chao et al. 2012). NR4A1AS 

upregulates NR4A1 expression via stabilisation of its mRNA (Xie et al. 2019). We verified the 

lower gene expression of PGC1α (FC = 0.77, p = 0.0015), PRKAG3 (FC = 0.65, p = 0.0005), 

NR4A1 (FC = 0.5, p = 0.012) and NR4A3 (FC = 0.37, p = 0.0017) using qPCR older compared 

to young muscle. (Figure 5.5E). This shows that on molecular level there are differences in 

expression of important genes that regulate mitochondrial capacity, also associated with 

the response to exercise and physical activity.  
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Since mitochondrial protein expression was lower in older compared to younger muscle, it 

is of interest to study whether a higher physical activity among individuals in the older group 

associates with a relative higher mitochondrial gene expression, providing a molecular, 

mechanistic basis for a beneficial effect of physical activity on the ageing muscle. For this, 

the association between gene expression and the continuous variable ‘time spent in MVPA’ 

was calculated for the older group only. Indeed, 662 genes with an Entrez annotation were 

significantly associated with time spent in MVPA using an unadjusted p-value cut-off of 0.05 

(Figure 5.5D). 10% of those genes were mitochondrial genes according to the Mitocarta 

gene set and included 11 out of the 13 genes encoded in the mitochondrial DNA, which all 

encode for subunits of mitochondrial respiratory complexes. GO enrichment analysis of the 

significantly associated genes with MVPA showed a clear mitochondrial signature. For the 

genes that were differentially expressed in the mitochondrial processes, such as ‘ATP 

metabolic process’ and ‘oxidative phosphorylation’, a higher MVPA was correlated to a 

higher expression of those genes. Whereas for the genes involved in catabolic processes, 

such as ‘positive regulation of catabolic process’ and ‘regulation of protein catabolic 

process’, the opposite relationship was observed (Figure 5.5F). This showed that despite a 

negative effect of age on mitochondrial capacity, still a higher level of physical activity 

attenuated this effect. 
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Figure 5.5 Lower expression of genes related to mitochondrial biogenesis in older muscle, yet the 
expression is correlated to levels of physical activity (A) Transcription factor enrichment analysis for 
all differentially expressed genes using C3 ‘TFT:GTRD’ from MSigDB was used at FDR <0.2. (B) Western 
blot analysis of Mitochondrial transcription factor A (TFAM) on PVDF membrane (C) Quantification of 
TFAM protein expression normalised for total protein. (D) qPCR analysis of TFAM expression (E) qPCR 
analysis of Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1A), 
Protein Kinase AMP-Activated Non-Catalytic Subunit Gamma 3 (PRKAG3), nuclear receptor subfamily 
4 group A member 1 (NR4A1) and 3 (NR4A3) (F) Volcano plot displaying the DEGs. 662 genes with 
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entrez annotation were significantly correlated with time spent in moderate-to-vigorous physical 
activity (MVPA) between in older vastus lateralis muscle using an p-value of 0.05 and no FDR 
correction. 10% of those genes were mitochondrial genes. (G) GO enrichment analysis of genes 
significantly correlated to MVPA. The p-value was adjusted using the Benjamini-Hochberg procedure 
and GO terms were filtered based on 50% overlap in genes. GeneRatio represents the ratio of enriched 
genes to total number of genes in the specific GO term 
 

5.4. Discussion 

The aim of this study was to better understand the effects of early ageing on muscle 

function by disentangling factors that affect the ageing process, such as sex and physical 

activity, and advancing age itself. We showed clear differences in the transcriptomic 

signatures of the vastus lateralis muscle of healthy older and young males with similar 

physical activity. Therefore, we were able to appoint relatively early ageing processes that 

occur independent from the age-related decline in physical activity. The processes identified 

were cell adhesion, the matrisome, innervation and inflammation, which were largely 

upregulated, and oxidative metabolism, which was downregulated, and key genes in these 

processes were validated using qPCR. Our study encompasses a relatively homogenous age 

group of older, but not yet old, individuals and this therefore suggest that a decline in 

mitochondrial function is not a late phenomenon in muscle ageing. Moreover, the lower 

mitochondrial function is robust, as a large number (± 10% of all DEGs) of mitochondrial 

genes and processes are affected, including expression of the primary and essential 

processes of mitochondrial ATP generation, the mitochondrial respiratory complexes. 

Moreover, we show that the protein expression of these complexes is lower in older 

compared to young males and is correlated with in vivo mitochondrial capacity in the older 

group. Since we previously measured lower in vivo mitochondrial capacity in the vastus 

lateralis muscle of older compared to young males using near infrared spectroscopy 

(Lagerwaard et al. 2020a), we now strengthen our previous functional observations and 

show that the observed lower in vivo mitochondrial capacity could be caused by a lower 

expression of mitochondrial proteins.  
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Our data newly show that the observed decrease in mitochondrial capacity with age cannot 

be entirely prevented by maintaining physical activity levels, at least with the amount and 

types of physical activity measured in the current study. This is in contrast with previous 

studies that reported similar mitochondrial ATP production rates in older compared to 

young individuals with similar physical activity (Lanza et al. 2008; Distefano et al. 2018). 

Nevertheless, in the aforementioned studies, a clear trend can be observed for a lower 

mitochondrial ATP production between the age groups and an absence of effect might be 

influenced by heterogeneity in the studied populations due to inclusion of wider age-ranges 

and both sexes. Sex is known to be an important effect modifier in age-related 

mitochondrial decline (Fitzgerald et al. 2016) and possibly the ageing trajectory is sex 

dependent (Van der Hoek et al. 2020). Furthermore, in accordance with the current study, 

a lower mitochondrial complex abundance, TFAM expression and PGC1α expression was 

observed, even when comparing similarly active, trained older and young individuals (Lanza 

et al. 2008), likewise suggesting that physical activity alone is not able to completely halt 

the age-related lower mitochondrial capacity. Nonetheless, we do show that spending a 

higher amount of time in moderate-to-vigorous physical activity was associated with higher 

expression of mitochondrial genes and lower expression of genes involved in catabolic 

processes. Therefore, we support that increasing or maintaining physical activity is 

associated with higher mitochondrial capacity and is still a useful strategy to attenuate the 

age-driven decline in mitochondrial capacity (Lanza et al. 2008; Irving et al. 2015; Balan et 

al. 2019).  

 

Why mitochondrial protein and gene expression is not similar despite similar physical 

activity is currently unknown. However, we did find a lower of expression of important 

genes that regulate mitochondrial biogenesis in the older muscle, such as TFAM and PGC1α, 

and genes involved in energy regulation, such as PRKAG3. The γ3 subunit of the AMPK 

complex encoded by PRKAG3 gene has been shown to be most important in the AMPK 

activation by phosphorylation following physical activity (Birk and Wojtaszewski 2006) and 

AMPK activation is essential for the activation of PGC1α, which is its turn regulates 
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mitochondrial biogenesis via TFAM (Handschin and Spiegelman 2006; Jager et al. 2007). 

Besides, we show a lower expression of NR4A1 and NR4A3, which are potent exercise 

response genes that enhance oxidative capacity (Chao et al. 2012) and are regulated in 

response to local contractile stimuli, possibly in part via AMPK activation (Kawasaki et al. 

2009). This suggests that the lower mitochondrial gene and protein expression we observed 

in the older males might be explained by a decreased sensitivity to exercise. Indeed, an age-

related decrease in AMPK activation and mitochondrial biogenesis was previously observed 

in old compared to young mice (Reznick et al. 2007). Moreover, the response of PGC1α to 

an exercise intervention after a period of bed rest was higher in young compared to old 

individuals, failing to restore expression of some mitochondrial complexes in the older 

individuals (Buso et al. 2019). Likewise, although some of the beneficial effects of exercise 

interventions are evident and age-independent (Fritzen et al. 2020), there is evidence that 

a similar intervention increases mitochondrial capacity more in young than older individuals 

(Irving et al. 2015). However, although PRKAG3 is important for AMPK activity following 

exercise (Birk and Wojtaszewski 2006), paradoxically its expression is downregulated 

following an exercise intervention (Pillon et al. 2020). Additionally, an alternative 

explanation for lower expression of exercise response genes despite similar physical 

activity, could be due differences in patterns of muscle use. For example, the vastus lateralis 

is thought to be less active during locomotion with advancing age (Hortobágyi and DeVita 

2000; Tirosh and Sparrow 2005; Schmitz et al. 2009), which could lead to a local detraining-

like molecular response, while whole-body physical activity levels are similar. Therefore, 

this muscle might not be representative for ageing in all skeletal muscles. Yet muscle 

biopsies are almost exclusively sampled from the vastus lateralis muscle, potentially giving 

a biased view of skeletal muscle ageing, Therefore, it would be interesting to study the 

transcriptomic signature in muscles that do not show a lower mitochondrial capacity with 

age, such as the tibialis anterior (Lanza et al. 2007; Christie et al. 2014; Lagerwaard et al. 

2020a).  
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Besides oxidative metabolism, we showed and verified the differential expression of genes 

that regulate innervation between young and older muscle. The observed gene expression 

pattern largely agrees with the observations in the vastus lateralis muscle of older mice, 

which was associated with a smaller fibre size and denervation (Rowan et al. 2012; Aare et 

al. 2016). Moreover, we observed higher expression of the neonatal myosin MYH8, which 

is associated with smaller and denervated muscle fibres during ageing (Soendenbroe et al. 

2020). Denervation and remodelling events are a normal neuro-muscular processes. 

Orphan muscle fibres send signals that stimulate sprouting of neighbouring motor neurons 

to be re-innervated (Hall and Sanes 1993). However, when denervation wins over 

innervation, some fibres will lose innervation and this will affect muscle strength (McNeil et 

al. 2005), possibly due to atrophy of denervated fibres (Rowan et al. 2012). Denervation 

events are thought to be caused by degradation at the NMJ, but the underlying mechanisms 

are still unclear (Valdez et al. 2010; Punga and Ruegg 2012). Distortion of NMJs due to 

accumulative muscle injury (Li et al. 2011) or age-related changes in mitochondria close to 

the NMJ or in the motor neurons themselves, have been suggested as mechanisms that 

could play a role in age-related denervation (Rygiel et al. 2014; Anagnostou and Hepple 

2020). However, what is cause and what is effect is currently unknown. As, for example, 

denervation can also directly affect, and by some is thought to precede, mitochondrial 

dysfunction (Spendiff et al. 2016; Sonjak et al. 2019). Nevertheless, we show that expression 

of genes encoding for essential parts of the NMJ and synaptogenesis are upregulated in 

older individuals. We therefore consider mechanistic understanding of NMJ degradation as 

a critical aspect in the understanding of denervation and muscle ageing, also when physical 

activity is similar. 

 

Although many anti-ageing interventions are aimed at improving muscle fibre functionality, 

it is often overlooked that the fibres are embedded in an ECM that is known to regulate 

development (Thorsteinsdóttir et al. 2011), growth (Fritz et al. 2013a), repair (Calve et al. 

2010) and establish contractile force transmission (Street 1983). We show that cell adhesion 

and the matrisome are most significant regulated processes in the ageing muscle and 



5

Chapter 5 

106 
   

therefore argue that the dysregulation of the ECM is an important mechanism in early 

muscle ageing. Although this process has not been identified as a signature ageing process 

in a large reannotation of 3000 muscle samples (Su et al. 2015), it was previously observed 

in a large population of muscle samples from humans of varying ages (Zahn et al. 2006). 

Here, we now show that a large percentage of genes that encode for proteins involved in 

the ECM are differentially regulated even with similar physical activity. By interrogation of 

the current dataset with the matrisome gene set (Shao et al. 2020), we show that this 

especially includes genes that encode for collagens, approximately 50% of all the genes 

encoding for collagens. Increased collagen disposition, at least in rats (Gosselin et al. 1998), 

and higher collagen crosslinking (Haugen et al. 2010) have been observed with age. The 

higher collagen deposition and collagen crosslinking increases the rigidity of the ECM, which 

has been put forward as a cause for the increased muscle stiffness with age (Ewald 2020). 

The increased muscle stiffness might negatively affect muscle regeneration, as it was shown 

that satellite cells cultured on a rigid membrane displayed decreased survival and increased 

differentiation (Gilbert et al. 2010; Blau et al. 2015).  

 

Besides an increased collagen deposition and crosslinking, the change in rigidity could also 

be caused by a lower ECM protein turnover regulated by ECM remodelling factors, such as 

matrix metalloproteases (MMPs). Lower MMPs were observed in the circulation of old 

compared to young mice (de Sousa Neto et al., 2018). Nevertheless, our data suggests that 

remodelling of the ECM by metallopeptidases might not play a major role in early muscle 

ageing, because only matrix metallopeptidase 15 was downregulated in older muscle (FC = 

0.8, padj = 0.002). Nevertheless, some disintegrin and metallopeptidase domain (ADAM) 

and disintegrin-like metallopeptidases with thrombospondin type 1 motif (ADAMTSs) were 

differentially upregulated between older and young muscle. These ECM remodelling genes 

are implicated in muscle development (Jørgensen et al. 2007; Stupka et al. 2013) and could 

therefore play a role in muscle ageing. 
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Besides the components and regulators of the ECM, we also show that genes that encode 

for adhesion between the cells and the ECM were significantly regulated with age. We 

hypothesised that dysregulation of cell-ECM adhesion could contribute to the loss of force 

transmission, which was previously observed in rats (Hughes et al. 2016). Indeed, many 

genes encoding for proteins in adhesion complexes were differentially regulated. We 

verified the expression of two key genes by qPCR, namely ITGA7 and CHD15. ITGA7 and 

CDH15 encode for major adhesion proteins expressed in skeletal muscle fibres and in 

satellite cells (Irintchev et al. 1994; Boppart and Mahmassani 2019). For example, ITGA7 

encodes for part of the α7β1 integrin that is thought to be a major contributor to force 

transmission (Boppart et al. 2006), supporting that dysregulation of force transmission via 

adhesion complexes could be an important mechanism in early muscle ageing. Moreover, 

lower expression of ITGA7 has been previously observed in satellite cells of old mice (Boers 

et al. 2017). Therefore, these adhesion molecules now also provide an interesting target in 

human muscle ageing.  

 

Nonetheless, while the ECM is clearly implicated in muscle ageing, the gene expression 

changes include both up and downregulations, which are difficult to interpret without 

dedicated studies. For example, dystrophin, the main component of the DGC cellular 

adhesion complex, was previously shown to be lower expressed in old rats, which was 

associated with lower force transmission. Interestingly, other components of the DGC were 

upregulated, possibly in attempt to compensate for loss adhesion (Ramaswamy et al. 2011; 

Hughes et al. 2016). Likewise, in a mouse model for Duchene’s muscular dystrophy, a 

muscular dystrophy that is caused by a dysfunctional dystrophin protein, cell adhesion 

proteins such as integrins are upregulated (Boppart and Mahmassani 2019), suggesting a 

similar compensatory mechanism. Moreover, although mRNA expression seems to be a 

good indicator for expression of ECM proteins (Makhnovskii et al. 2020), mRNAs encoding 

for ECM proteins must to be excreted and assembled in complex networks in the ECM, and 

can be subjected to post translational modifications and degradation (Mouw et al. 2014). 
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Hence, this limits straightforward mechanistic interpretation of transcriptomics data and 

requires further mechanistic studies on the identified targets. 

 

Another limitation of the current design is that, although we controlled for time spent in 

exercise and exercise intensity with accelerometery measurements, type of exercise was 

not standardised between the groups. Therefore, it could be that differences types of 

exercise, such as resistance training, could have affected gene expression between the 

groups. For example, higher expression of adhesion genes, in particular protocadherin 

gamma genes, was previously observed in a population of older and frail older individuals 

compared to a young control group (Hangelbroek et al. 2016). Although the latter study did 

not control for physical activity between the groups, they showed that expression of this 

gene cluster decreased after training and was correlated with muscle strength. Henceforth, 

differences in resistance type exercise between the young and older  individuals could have 

affected the expression of these genes, as in the current study we likewise observe an 

upregulation of protocadherin gamma genes in the older group. Moreover, the effect of 

resistance exercise is not limited to adhesion genes, as ECM-remodelling factors such as 

metallopeptidases, were also regulated in an age-dependent manner after resistance 

training (Wessner et al. 2019). Therefore, future cross-sectional research should aim to not 

only control for exercise time and intensity, but additionally standardise for exercise type 

between the age groups. Besides, physical activity was assessed over a five-day period using 

accelerometery and over period of the preceding year using the Baecke questionnaire, 

while physical activity over the entire lifetime is likely to be a more important driver for 

muscle ageing. Therefore, because longitudinal studies over the lifetime present obvious 

challenges, research tools to asses physical activity retrospectively, such as data from 

wearable physical activity monitors, should be further developed. 
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5.5. Conclusion 

We showed a clear ageing signature in the gene expression profile of the vastus lateralis 

muscle between young and older males and identified cell adhesion, the matrisome, 

innervation and inflammation as the main upregulated processes associated with muscle 

ageing despite similar physical activity levels. Additionally, a strong downregulation of 

mitochondrial genes and proteins was observed, suggesting an impaired ability for energy 

generation. These data underpin the previously observed lower in vivo mitochondrial 

capacity at a molecular level. Yet, whether these results can be extended to other skeletal 

muscles needs to be examined, since we previously reported differences in the effect of age 

on mitochondrial capacity between muscles (Lagerwaard et al. 2020a). Why similar physical 

activity was not associated with similar mitochondrial respiratory complex expression needs 

to be further investigated. Possibly, the downregulation in upstream activators of 

mitochondrial biogenesis hints at a lower molecular sensitivity to cues for mitochondrial 

biogenesis, which needs to be confirmed. Nevertheless, our study highlights that 

mitochondrial function is lower in the older muscle and this strongly associates with 

impaired sensitivity to physical activity, possibly due to structural changes involving, cell 

adhesion, the matrisome and innervation. Since, the older males in our study consisted of 

older, but not old individuals, the identified processes can be considered as a relatively early 

signature. Henceforth, an improved understanding of the of the processes identified here, 

will be key to design targeted anti-ageing therapies to ultimately sustain muscle health with 

advancing age. 
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Supplementary materials 

Table S5.1 Differently regulated matrisome 
genes between young and older males 

Group Symbol FC Padj 

collagens COL4A5 1.39 4.4E-07 

collagens COL6A6 0.36 9.3E-07 

collagens COL28A1 2.06 8.2E-06 

collagens COL19A1 4.12 2.1E-05 

collagens COL5A3 0.68 3.4E-05 

collagens COL4A6 1.69 5.9E-05 

collagens COL3A1 0.45 8.7E-05 

collagens COL5A1 0.59 1.1E-04 

collagens COL4A1 0.53 1.8E-04 

collagens COL4A2 0.58 4.3E-04 

collagens COL8A1 1.5 4.5E-04 

collagens COL21A1 1.91 6.2E-04 

collagens COL12A1 1.48 8.5E-04 

collagens COL1A1 0.64 2.8E-03 

collagens COL25A1 2.61 2.9E-03 

collagens COL13A1 1.58 9.6E-03 

collagens COL15A1 0.74 1.1E-02 

collagens COL8A2 1.65 1.7E-02 

collagens COL5A2 0.76 2.9E-02 

collagens COL1A2 0.72 4.3E-02 

ECMglycoproteins LGI1 2.57 8.8E-15 

ECMglycoproteins EFEMP1 2.06 5.7E-10 

ECMglycoproteins PXDNL 2.83 4.9E-09 

ECMglycoproteins PCOLCE2 1.97 3.8E-08 

ECMglycoproteins SLIT2 1.84 1.6E-07 

ECMglycoproteins NPNT 1.97 8.1E-06 

ECMglycoproteins MFAP5 1.83 1.9E-05 

ECMglycoproteins CRIM1 1.61 9.4E-05 

ECMglycoproteins LAMC2 1.77 4.0E-04 

ECMglycoproteins EFEMP2 0.76 6.3E-04 

ECMglycoproteins MFAP4 1.4 1.0E-03 

ECMglycoproteins THBS2 1.96 1.2E-03 

ECMglycoproteins LAMA2 1.32 1.2E-03 

ECMglycoproteins VWA3B 1.92 1.3E-03 

ECMglycoproteins SPARC 0.71 1.3E-03 

ECMglycoproteins PXDN 0.68 1.4E-03 

ECMglycoproteins VWCE 1.58 1.9E-03 

ECMglycoproteins FBN1 1.54 2.4E-03 

ECMglycoproteins EDIL3 2.16 2.5E-03 

ECMglycoproteins VWA7 1.3 2.7E-03 

ECMglycoproteins EGFLAM 0.84 3.3E-03 

ECMglycoproteins SRPX2 1.44 5.0E-03 

ECMglycoproteins EMILIN2 1.72 6.3E-03 

ECMglycoproteins HMCN2 0.74 7.1E-03 

ECMglycoproteins FBLN1 1.3 7.8E-03 

ECMglycoproteins VWA5B1 5.45 7.9E-03 

ECMglycoproteins FBLN5 1.25 9.8E-03 

ECMglycoproteins OIT3 0.12 1.0E-02 

ECMglycoproteins SLIT3 1.31 1.1E-02 

ECMglycoproteins MXRA5 0.49 1.3E-02 

ECMglycoproteins LTBP2 1.33 1.6E-02 

ECMglycoproteins IGFALS 2.25 2.1E-02 

ECMglycoproteins VWA5A 1.23 2.1E-02 

ECMglycoproteins IGFBP5 0.82 2.5E-02 

ECMglycoproteins IGFBP3 1.33 2.7E-02 

ECMglycoproteins MMRN1 1.82 3.5E-02 

ECMglycoproteins LAMB3 0.71 3.8E-02 

ECMglycoproteins VIT 1.24 3.8E-02 

ECMglycoproteins ELN 1.4 3.8E-02 

ECMglycoproteins IGFBP6 1.32 3.9E-02 
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ECMglycoproteins LTBP4 1.16 4.1E-02 

ECMglycoproteins RELN 1.64 4.5E-02 

ECMglycoproteins NID2 0.74 4.7E-02 

ECMglycoproteins FGL2 0.79 4.7E-02 

proteoglycans PRG4 5.18 4.7E-15 

proteoglycans CHAD 1.81 6.9E-05 

proteoglycans HAPLN3 1.66 6.8E-04 

proteoglycans DCN 1.31 1.1E-03 

proteoglycans IMPG2 2.13 6.7E-03 

proteoglycans HSPG2 0.74 7.5E-03 

proteoglycans PRELP 1.26 2.4E-02 

proteoglycans ASPN 0.76 4.3E-02 

SecretedFactors IL15 1.67 7.8E-07 

SecretedFactors SCUBE2 0.55 8.5E-06 

SecretedFactors FST 2.26 2.8E-05 

SecretedFactors HGF 2.15 7.2E-05 

SecretedFactors BDNF 4.1 1.2E-04 

SecretedFactors WNT9A 1.88 1.8E-04 

SecretedFactors INHBA 1.5 2.3E-04 

SecretedFactors THPO 0.55 3.2E-04 

SecretedFactors IL17D 1.5 3.3E-04 

SecretedFactors ANGPT2 1.48 4.4E-04 

SecretedFactors CHRD 0.69 6.0E-04 

SecretedFactors NTF3 1.67 8.8E-04 

SecretedFactors FGF13 0.83 1.0E-03 

SecretedFactors IL25 6.75 1.1E-03 

SecretedFactors SFRP1 2.1 1.1E-03 

SecretedFactors EGFL7 0.75 1.5E-03 

SecretedFactors VEGFC 1.46 1.7E-03 

SecretedFactors MEGF8 0.83 2.0E-03 

SecretedFactors BMP8B 1.69 2.1E-03 

SecretedFactors GDNF 1.92 2.2E-03 

SecretedFactors CRLF1 0.75 3.6E-03 

SecretedFactors FGF18 2.13 3.7E-03 

SecretedFactors TNF 0.44 4.2E-03 

SecretedFactors VEGFB 0.81 4.5E-03 

SecretedFactors PGF 0.68 5.5E-03 

SecretedFactors WNT10B 3.28 6.5E-03 

SecretedFactors CXCL14 1.24 7.4E-03 

SecretedFactors BMP6 1.41 9.1E-03 

SecretedFactors FGFBP2 2.53 9.2E-03 

SecretedFactors FGF22 2.25 9.9E-03 

SecretedFactors CCL28 1.98 1.0E-02 

SecretedFactors CCL13 4.85 1.2E-02 

SecretedFactors PDGFA 0.82 1.2E-02 

SecretedFactors CSF1 1.28 1.3E-02 

SecretedFactors GDF15 3.47 1.5E-02 

SecretedFactors S100A16 0.76 1.6E-02 

SecretedFactors INHBC 3.1 1.9E-02 

SecretedFactors PRL 5.22 2.0E-02 

SecretedFactors CHRDL2 1.45 2.2E-02 

SecretedFactors BMP2 0.63 2.3E-02 

SecretedFactors S100A4 1.24 2.3E-02 

SecretedFactors MSTN 0.71 2.4E-02 

SecretedFactors BMP8A 1.38 2.4E-02 

SecretedFactors CXCL2 0.46 2.5E-02 

SecretedFactors S100A10 1.27 2.7E-02 

SecretedFactors HBEGF 0.78 3.1E-02 

SecretedFactors HCFC2 1.18 3.4E-02 

SecretedFactors CX3CL1 0.61 3.7E-02 

SecretedFactors WNT2B 1.19 4.1E-02 

SecretedFactors IL7 1.83 4.4E-02 

SecretedFactors ZFP91 0.92 4.6E-02 

ECMaffiliatedProteins C1QA 2.07 1.7E-08 
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ECMaffiliatedProteins CLEC11A 0.44 3.9E-08 

ECMaffiliatedProteins GPC4 0.74 6.9E-07 

ECMaffiliatedProteins C1QB 2.46 1.1E-05 

ECMaffiliatedProteins C1QC 2.18 6.2E-05 

ECMaffiliatedProteins PLXNC1 1.68 1.2E-04 

ECMaffiliatedProteins CD209 1.98 1.2E-04 

ECMaffiliatedProteins CLEC2B 1.41 1.6E-04 

ECMaffiliatedProteins ANXA6 0.87 3.2E-04 

ECMaffiliatedProteins GREM1 0.63 6.2E-04 

ECMaffiliatedProteins SEMA3E 3.49 7.3E-04 

ECMaffiliatedProteins SEMA4C 0.69 9.7E-04 

ECMaffiliatedProteins CLEC2L 0.52 1.4E-03 

ECMaffiliatedProteins SDC2 1.3 3.2E-03 

ECMaffiliatedProteins CLEC4F 0.48 7.4E-03 

ECMaffiliatedProteins PLXNB2 1.31 8.6E-03 

ECMaffiliatedProteins C1QTNF1 0.85 1.0E-02 

ECMaffiliatedProteins CLEC7A 1.6 1.0E-02 

ECMaffiliatedProteins GPC6 1.48 1.1E-02 

ECMaffiliatedProteins FREM1 1.43 1.3E-02 

ECMaffiliatedProteins COLEC12 0.74 1.4E-02 

ECMaffiliatedProteins C1QTNF6 1.38 1.9E-02 

ECMaffiliatedProteins ITLN1 7.58 2.4E-02 

ECMaffiliatedProteins SEMA5B 0.55 2.5E-02 

ECMaffiliatedProteins SEMA6A 0.78 2.5E-02 

ECMaffiliatedProteins FCN1 1.6 2.9E-02 

ECMaffiliatedProteins SDC3 0.84 3.9E-02 

ECMaffiliatedProteins PLXND1 0.86 4.9E-02 

ECMregulators KAZALD1 0.39 3.1E-20 

ECMregulators ADAMTS5 1.96 2.3E-14 

ECMregulators SLPI 3.75 7.8E-11 

ECMregulators F13A1 2.23 2.1E-10 

ECMregulators LOXL4 2.15 7.3E-09 

ECMregulators SERPINF1 0.76 6.4E-08 

ECMregulators ADAMTSL4 1.92 7.3E-08 

ECMregulators EGLN3 1.8 1.9E-07 

ECMregulators MASP2 1.6 3.8E-07 

ECMregulators MASP1 0.49 9.0E-06 

ECMregulators CST3 0.75 2.0E-05 

ECMregulators ADAMTS4 0.36 2.7E-05 

ECMregulators SULF1 1.59 6.9E-05 

ECMregulators CTSL 0.83 8.8E-05 

ECMregulators SERPINB6 0.82 9.5E-05 

ECMregulators FAM20A 1.58 1.1E-04 

ECMregulators FAM20B 0.85 1.3E-04 

ECMregulators NGLY1 0.82 2.0E-04 

ECMregulators BMP1 0.72 3.2E-04 

ECMregulators HYAL2 0.76 4.2E-04 

ECMregulators SERPINH1 0.65 6.5E-04 

ECMregulators CTSG 2.21 1.1E-03 

ECMregulators SERPINE2 0.67 1.2E-03 

ECMregulators PLAT 1.43 1.2E-03 

ECMregulators SERPING1 1.29 1.8E-03 

ECMregulators CTSS 1.44 2.6E-03 

ECMregulators ADAM10 1.15 2.7E-03 

ECMregulators SPAM1 1.94 4.6E-03 

ECMregulators SERPINE1 0.49 5.0E-03 

ECMregulators FAM20C 0.82 5.6E-03 

ECMregulators HPSE 3.51 6.0E-03 

ECMregulators PLOD1 0.85 8.6E-03 

ECMregulators PAMR1 1.67 1.0E-02 

ECMregulators LOXL2 0.64 1.1E-02 

ECMregulators CTSV 2.29 1.1E-02 

ECMregulators C17orf58 1.29 1.2E-02 

ECMregulators EGLN1 1.25 1.3E-02 
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ECMregulators P4HA1 1.27 1.5E-02 

ECMregulators P4HA2 0.8 1.5E-02 

ECMregulators MMP15 0.8 1.7E-02 

ECMregulators ITIH2 1.39 2.1E-02 

ECMregulators SERPINA1 1.71 3.1E-02 

ECMregulators TIMP2 1.22 3.3E-02 

ECMregulators CTSB 1.11 3.4E-02 

ECMregulators CTSF 1.16 4.0E-02 

ECMregulators ADAMTS14 0.48 4.8E-02 
FC = Fold change regulation or mean expression older vs. 
young. Adj. p-value: adjusted p-values using Benjamini-
Hochberg method. 
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Figure S5.1 Gene set enrichment analysis of older vs young using curated C2 canonical gene sets 
Msigdb. Gene sets were considered enriched with a Benjamini-Hochberg adjusted p-value < 0.05 
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Abstract 

 

Objective Translational protein modifications derived from metabolic intermediates, such 

as acyl-CoAs, have been shown to regulate mitochondrial function. Patients with a genetic 

defect in the propionyl-CoA carboxylase (PCC) gene clinically present symptoms related to 

mitochondrial disorders and are characterised by decreased mitochondrial respiration. 

Since propionyl-CoA accumulates in PCC deficient patients and protein propionylation can 

be driven by the level of propionyl-CoA, we hypothesised that protein propionylation could 

play a role in the pathology of the disease.  

 

Methods To mimic pathological protein propionylation levels, we exposed cultured 

fibroblasts, Fao liver cells and C2C12 muscle myotubes to propionate levels that are typically 

found in these patients.  

 

Results We identified increased protein propionylation due to pathologic propionyl-CoA 

accumulation in patient-derived fibroblasts and this was accompanied by defective 

mitochondrial respiration, as was shown by a decrease in complex I-driven respiration. This 

induced a global increase in protein propionylation and histone protein propionylation and 

was also accompanied by a decrease in mitochondrial respiration in liver and fibroblasts. 

However, in C2C12 myotubes propionate exposure did not decrease mitochondrial 

respiration, possibly due to differences in propionyl-CoA metabolism as compared to the 

liver.  

 

Conclusion Protein propionylation could contribute to the pathology in PCC patients, 

especially in the liver, and could therefore be an interesting target to pursue in the 

treatment of this metabolic disease. 

 

 

Abstract

Objective 
Translational protein modifications derived from metabolic intermediates, 
such as acyl-CoAs, have been shown to regulate mitochondrial function. 
Patients with a genetic defect in the propionyl-CoA carboxylase (PCC) gene 
clinically present symptoms related to mitochondrial disorders and are 
characterised by decreased mitochondrial respiration. Since propionyl-CoA 
accumulates in PCC deficient patients and protein propionylation can be 
driven by the level of propionyl-CoA, we hypothesised that protein 
propionylation could play a role in the pathology of the disease. 

Methods 
To mimic pathological protein propionylation levels, we exposed cultured 
fibroblasts, Fao liver cells and C2C12 muscle myotubes to propionate levels 
that are typically found in these patients. 

Results 
We identified increased protein propionylation due to pathologic 
propionyl-CoA accumulation in patient-derived fibroblasts and this was 
accompanied by defective mitochondrial respiration, as was shown by a 
decrease in complex I-driven respiration. This induced a global increase in 
protein propionylation and histone protein propionylation and was also 
accompanied by a decrease in mitochondrial respiration in liver and 
fibroblasts. However, in C2C12 myotubes propionate exposure did not 
decrease mitochondrial respiration, possibly due to differences in 
propionyl-CoA metabolism as compared to the liver.

Conclusion 
Protein propionylation could contribute to the pathology in PCC patients, 
especially in the liver, and could therefore be an interesting target to pursue 
in the treatment of this metabolic disease.

Increased protein propionylation contributes to mitochondrial dysfunction  

119 
 

6.1. Introduction 

Post-translational protein modifications (PTMs) are an important regulatory mechanism for 

protein functionality and localisation. Modification of proteins offers the cell a rapid and 

reversible mechanism to respond to changes in the environment, such as changes in 

metabolite availability. Protein acylation involves the covalent binding of acyl-groups to 

lysine residues of a protein and directly links metabolism and protein functionality 

(Choudhary et al. 2014). For example, intermediates of metabolism, such as acetyl-CoA, 

drive protein acetylation (Pougovkina et al. 2014a) and can serve as a regulatory mechanism 

in fatty acid oxidation by acetylation of enzymes involved in the breakdown of fatty acids 

(Hirschey et al. 2010). 

 

Acetylation is only one type of protein acylation and other acyl-lysine PTMs have been 

identified, such as succinylation (Zhang et al. 2011), glutarylation (Tan et al. 2014), 

malonylation (Peng et al. 2011), crotonylation (Tan et al. 2011), butyrylation and 

propionylation (Chen et al. 2007). Propionylation is the covalent binding of a propionyl-

group to lysine residues of proteins and although being structurally fairly similar to 

acetylation, the propionyl group is slightly larger and may well be functionally different. 

Moreover, propionyl-CoA, the substrate for propionylation, is of special interest, since it is 

a breakdown product of cholesterol, odd-chain fatty acids and the amino acids isoleucine, 

valine, threonine and methionine (Sbaï et al. 1994). Additionally, propionate is produced by 

the microbiota and taken up in the intestine (Cummings et al. 1987). Propionylation was 

first identified on histones, where it was later characterised as a transcriptionally active PTM 

in an in vitro system (Chen et al. 2007; Kebede et al. 2017). Besides histones, propionylation 

also occurs on non-histone proteins (Cheng et al. 2009) and increased propionyl-CoA levels 

were able to propionylate the propionyl-CoA synthetase enzyme in prokaryotes, thereby 

inactivating it (Garrity et al. 2007). This suggests that propionylation of proteins could have 

a role in metabolic regulation, for example during catabolism and fasting.  



6

Chapter 6 

120 
   

Inborn errors in propionyl-CoA metabolism, such as caused by bi-allelic mutations in one of 

the two propionyl-CoA carboxylase genes (PCC), leads to an accumulation of propionyl-CoA, 

a condition known as propionic acidemia (PA). PCC catalyses the carboxylation of propionyl-

CoA into methylmalonyl-CoA. Methylmalonyl-CoA can be converted into succinyl-CoA, 

which can be used for anaplerosis of the TCA-cycle (Davis et al. 1980; Wongkittichote et al. 

2017). Clinically, the severe neonatal-onset form of this disease often presents within the 

first days or weeks in life with encephalopathy, metabolic acidosis and hyperammonaemia 

and, when left untreated, progresses to coma or death. When treated, the prognosis 

remains rather poor, with patients showing developmental delay, neurological 

complications, liver abnormalities, myopathic features and cardiomyopathy (Grünert et al. 

2013; Haijes et al. 2019). Therefore, more knowledge is required to amend current 

treatment strategies to improve the disease outcome.  

 

Muscle and liver biopsies from PCC patients show defective mitochondrial respiration, 

suggesting that mitochondrial dysfunction contributes to the pathology (Schwab et al. 2006; 

de Keyzer et al. 2009). Interestingly, it is not known how increased levels of propionyl-CoA 

can contribute to this. Fibroblasts derived from patients display increased protein 

propionylation, showing that pathological build-up of intermediates of propionyl-CoA 

metabolism can alter the protein acylome (Pougovkina et al. 2014b). We hypothesised that 

the increased propionylation disrupts normal mitochondrial function and contributes to the 

mitochondrial phenotype. Here, we use control and patient-derived fibroblasts and 

cultured cells to study the mitochondrial effects of increased propionylation to explore a 

possible role of this PTM in health and disease. 

 

6.2. Material and Methods 

6.2.1. Cell culture 

Human dermal fibroblasts and Fao hepatoma cells were cultured in Dulbecco’s Modified 

Eagle medium (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM 
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glutamine and 1% (v/v/v) pen/strep/fungizone. C2C12 myoblasts were cultured in DMEM 

supplemented with 10% (v/v) FCS, 2 mM glutamine, 25 mM HEPES pH 7.2 and 1% (v/v/v) 

pen/strep/amphotericin B. Differentiation was induced by replacing medium with DMEM 

supplemented with 2% (v/v) horse serum (HS) upon confluency. Medium was replaced 

every other day for 5-7 days. Propionyl-CoA carboxylase deficient fibroblasts were obtained 

from the Gaslini Biobank and C2C12 and Fao cells were obtained from ATCC. Propionate 

exposure was induced by culturing cells in growth medium containing 4 mM propionic acid 

from a 400 mM pH-balanced stock solution. Medium pH remained within the normal range 

for culture medium (pH 7.3 – 7.5).  

 

6.2.2. SDS –PAGE and Western blotting  

Cells were harvested and lysed in TRIS-HCL pH 7.4 with 1% triton X-100 containing protease 

inhibitors and deacylase inhibitors (1 µM trichostatin A and 20 mM nicotinamide). Lysates 

were sonicated 5 times 2s at 40 kHz amplitude on ice. Protein concentrations were 

determined using Pierce BCA protein assay kit (Thermofisher) and equal protein amounts 

were loaded on NuPAGE 4-12% gels (Invitrogen), transferred to nitrocellulose membrane, 

blocked in 3% BSA in PBS with 0.1% Tween-20 at room temperature and incubated 

overnight with antibodies in the same buffer at 4ºC. Primary antibodies used: β-actin 

(#A5441, Sigma-Aldrich), propionyllysine (#201, PTM biolabs), succinyllysine (#401, PTM 

biolabs), acetyllysine (#9441, Cell Signalling), histone 3 propionyllysine 23 (#613987, Active 

Motif), histone 3 acetyllysine 23 (#07-355, Millipore). IR-dye based secondary antibodies 

(LICOR) were used to detect antibody signals using Odyssey scanner (LICOR). 

 

6.2.3. Seahorse mitochondrial respiratory flux analysis. 

Seahorse XFe96 analysis was performed according to manufacturer’s instructions. On the 

day prior to the analysis, cells were plated at 10,000 cells per well for fibroblasts, 30,000 for 

Fao, 10,000 for C2C12. For myotubes, 20,000 myoblasts were seeded per well and 

differentiated in the seahorse plate for 7 days prior to exposure. Before the assay, medium 

was replaced by XF base medium (Agilent) supplemented with 25 mM glucose and 2 mM 
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glutamine. For analysis of mitochondrial respiration in permeabilised cells, medium was 

replaced with MAS buffer (220 mM mannitol, 70 mM sucrose, 10 mM KH2PO4, 5 mM MgCl2, 

2 mM HEPES pH 7.2, 1 mM EGTA and 0.6% BSA-fatty acid free) shortly before the assay. 

Cells were permeabilised by injection of digitonin with concentration of 30 µg/mL for Fao, 

37.5 µg/mL for C2C12 and fibroblasts. Oxygen consumption rates (OCR) were analysed 

following a single injection of pyruvate/malate/ADP (complex I), succinate/rotenone/ADP 

(complex II), TMPD, ascorbate/ADP (complex IV). Data were normalised to protein 

concentration or as ratio of nuclei area over background area using 4ʹ,6-diamidino-2-

phenylindole (DAPI) staining. For staining: Cells were fixed in 4% formaldehyde for 15 

minutes, washed with PBS and stained with 1 µg/mL DAPI for 5 minutes. The BD Pathway 

855 microscope (Becton Dickinson; Franklin Lakes, New Jersey, USA) at 10x magnification 

and an exposure of 0.02. Calculation DAPI pixels over total area in the Seahorse well was 

done using Adobe Photoshop (Adobe Systems; San Jose, California, USA). 

 

6.2.4. Propionyl-CoA carboxylase activity 

Pellets were resuspended in PBS and sonicated. A volume of 10 µl of protein lysate (1mg/ml) 

was added to 40 µl of the reaction mixture (100 mM TRIS-HCl pH 8.0, 200 mM KHCO3, 10 

mM MgCl2, 10 mM ATP, 1 mM propionyl-CoA) to a final protein concentration of 0.2 mg/ml. 

After 15-minute incubation at 37o C the reaction was terminated with 10 µl of 2 M HCl. The 

sample was neutralised with 2 M KOH/0.6 M MES buffer after which 30 µl of methanol HPLC 

grade was added. After centrifugation at 20000 g for 5 minutes at 4o C the supernatant was 

injected on reversed phase HPLC to analyse the formation of methylmalonyl-CoA. 

 

6.2.5. Propionylcarnitine measurement 

Cells were harvested by trypsinisation and pellets were resuspended in 0.5 ml 

demineralised water to 1 mg of protein homogenate. Internal standard (50 pmol 2H3-

propionylcarnitine) was added to the homogenate, followed by 500 µl of acetonitrile. The 

samples were vortex-mixed and centrifuged at 14000 rpm 4o C for 10 minutes. The 

supernatant was transferred to a glass vial and the solvent was evaporated at 42o C under a 
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stream of nitrogen. A 100 µl volume of propylation reagent, a 4:1 (v/v) mixture of propan-

2-ol and acetylchloride, was added to the residue, vortex-mixed and incubated for 10 

minutes at 65o C. The propylation reagent was evaporated at 42o C under a stream of 

nitrogen and the residue was taken up in 100 µl of acetonitrile. Propionylcarnitine was 

quantified by Electrospray Ionization Tandem Mass Spectrometry (ESI-MS/MS) as described 

previously (Vreken et al. 2002). 

 

6.2.6.  Data analysis and statistical testing 

Data are presented as mean ± SD. Statistical analyses were performed using GraphPad Prism 

v.5 (GraphPad Software, CA, USA). Means between groups were compared using a Students 

unpaired t-test. Significance was accepted at p < 0.05.  

 

6.3. Results 

6.3.1. Defective mitochondrial respiration in propionyl-CoA carboxylase deficient 

cells  

To evaluate propionyl-CoA accumulation and its functional consequences, we used three 

independent control cell lines and three independent PCC deficient fibroblast cell lines, in 

which PCC activity was reduced to undetectable levels (Figure 6.1A). All three patient cell 

lines had a lower mitochondrial spare capacity compared to controls (Figure 6.1B). To 

determine if the decreased OCR was also observed when individual mitochondrial 

complexes were analysed, we measured respiration in digitonin-permeabilised cells. The 

use of an optimised amount of digitonin allows permeabilisation of the cell membrane, yet 

leaving the mitochondrial membrane intact (Figure 6.1C). We measured OCR following 

injection of digitonin, ADP and the substrates pyruvate and malate, that are linked to the 

generation of NADH and complex 1 respiration. Complex I linked respiration was lower in 

all the three patient cell lines compared to three control cell lines expressed as increase in 

OCR after injection of digitonin, ADP and complex I linked substrates (Figure 6.1D). When 

comparing normalised maximal complex I linked respiration, there was a significant 
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difference between control and patient cell lines, demonstrating the defective 

mitochondrial respiration in these PCC deficient cells (Figure 6.1E). 

 
Figure 6.1 Propionyl-CoA carboxylase deficient cells have defective mitochondrial respiration. (A) 
Schematic representation of propionyl-CoA metabolism and its accumulation in propionyl-CoA 
carboxylase (PCC) deficient cells and PCC activity in PCC deficient cells. (B) Mitochondrial respiration 
in PCC deficient and control fibroblasts using consecutive injections of oligomycin, FCCP and Rotenone 
with Antimycin A (AA). (C) Schematic representation of the mitochondrial respiration analysis in 
permeabilised cells. Digitonin was injected together with ADP and complex specific substrates. (D) 
OCR in permeabilised PCC deficient and control fibroblasts with complex I specific substrates, 
pyruvate and malate. (E) bar graph of complex I linked respiration in PCC deficient and control 
fibroblasts in the (mean ± SD, * indicates p < 0.05). 
 

6.3.2. Exposure to propionate provokes a mitochondrial defect in control 

fibroblasts  

During PA, propionate accumulates in plasma to concentrations as high as 5.4 mmol/L, a 

thousand fold higher than in healthy individuals (Hommes et al. 1968). To mimic this in vitro, 

we exposed control cells to long-term extracellular propionate. Control and patient 

fibroblasts were cultured in medium containing 4 mM of propionate for three weeks (Figure 
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6.2A). We previously showed that a state of metabolic PA significantly induces protein 

propionylation (Pougovkina et al. 2014b). Indeed, Protein propionylation was increased in 

patient as compared to control cells and after exposure to propionate, propionylation in 

both the patient and control cells was increased significantly (Figure 6.2B). Furthermore, 

profiling of mitochondrial respiration showed that exposure to propionate significantly 

reduced complex I-driven respiration in five fibroblast control cell lines (Figure 6.2CD). This 

suggests that long-term propionate exposure could contribute to mitochondrial 

pathophysiology in PCC deficient cells, possibly via aberrant protein propionylation. 

 

 
Figure 6.2 Inducing propionylation imitates mitochondrial respiratory defects observed in PCC 
deficient cells. (A) Schematic representation of the experimental set-up. (B) Anti-propionyllysine 
western blot analysis of three control and patient fibroblasts in control medium and exposed to 4 mM 
propionate for 3 weeks. (C) Representative measurement of mitochondrial respiration of control cell 
line exposed to propionate or control medium for 10 days. Medium was replaced with control medium 
day before analysis. Cells were permeabilised with digitonin and ADP, pyruvate and malate were 
added to induce complex I-driven respiration. Normalised OCR data is expressed as a ratio from basal 
respiration, determined as OCR after digitonin injection (D) Ratio basal to maximal complex I 
respiration for five control cell lines exposed to control or propionate medium (mean ± SD, ** 
indicates p<0.01). 
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The liver is exposed to propionate that is produced and taken up from the colon. Levels in 

the portal vein can reach concentrations between 17 – 194 µmol/L (Cummings et al. 1987). 

To test whether we can induce protein propionylation in the liver cells, we exposed Fao rat 

hepatoma liver cells to 4 mM propionate for five days. We included one day of recovery in 

regular medium after the exposure, before harvesting the cells (Figure 6.3A), to ensure that 

propionyl-CoA and propionate levels in the cells were not elevated, and the effects of 

increased protein propionylation rather than increased propionate and/or propionyl-CoA 

levels would be analysed. Because propionylcarnitine profiles accurately reflect cellular 

propionyl-CoA levels (Wikoff et al. 2007) and our propionyl-CoA analysis was not sensitive 

enough to determine propionyl-CoA levels in cultured cells, we monitored 

propionylcarnitine levels. After 5-day propionate exposure, propionylcarnitine levels were 

increased. Notably, after one day of recovery, propionylcarnitine levels decreased and 

normalised to the same levels as in the cells that were not exposed to propionate (Figure 

6.3B). This implies that one day of culturing on regular medium is sufficient to remove 

excess cellular propionate. Interestingly, one day recovery on propionate-free medium did 

not lower protein propionylation levels compared to cells exposed for five days without a 

recovery day (Figure 6.3C). Thus, our experimental set-up yields cells with increased protein 

propionylation and baseline propionyl-CoA levels and eliminates any confounding effects of 

propionate, or its derived metabolites, on inhibition of mitochondrial enzymes. 

Functionally, propionate exposure and increased propionylation was accompanied by a 

decrease in mitochondrial respiration in permeabilised Fao cells looking at complex I, 

complex II and complex IV driven respiration (Figure 6.3DE).  

 

Liver perfused with 5 mM propionate show significant changes in other acyl-CoA species, 

such as succinyl-CoA (Wilson et al. 2017). Therefore, we tested whether exposure to 

propionate increases other protein acylations, such as acetylation or succinylation. We 

observed an increase in succinylation and acetylation in response to propionate exposure, 

yet this increase was limited to histone proteins (Figure 6.3F), Additionally, we measured 

acetylation and propionylation of histone 3 lysine 23 (H3K23) to verify if indeed these 
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changes altered acylation on these specific sites. Propionylation and acetylation of H3K23 

was increased after exposure to propionate (Figure 6.3F). This shows that exposure to 

propionate can alter other acylations in the cell, although these acylations are not similar in 

every cell compartment. 

 
Figure 6.3 Exposure to propionate induces protein propionylation and decreases activity of 
mitochondrial respiratory complexes in Fao liver cells. (A) Schematic representation of the 
experimental set-up. Fao cells were exposed to 4 mM propionate for 5 days. This was followed by 1-
day recovery step to ensure that propionate and propionyl-CoA levels would decline to normal in the 
cells. (B) Propionylcarnitine levels in the cells after propionate exposure and after the recovery. (C) 
Anti-propionyllysine western blot analysis of cell lysates cultured in regular medium, after propionate 
exposure and after recovery. (D) Schematic representation of mitochondrial complexes with specific 
substrates and inhibitors that were used. To measure the activity of respiratory complexes pyruvate 
and malate (complex I), succinate and rotenone (complex II), TMPD + ascorbate (complex IV) were 
injected together with digitonin and ADP in permeabilised control cells and cells exposed to 
propionate. (E) Quantification of complex respiration control cells and cells exposed to propionate. 
(F) Antipropionyl, -acetyl, -succinyl, histone 3 lysine 23 propionyl (H3K23Pr) and histone 3 lysine 23 
acetyl (H3K23Ac) western blot analysis of cell lysates exposed to control or propionate medium for 7 
days. (mean ± SD, ** indicates p < 0.01, *** indicates p < 0.001). 
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6.3.4. C2C12 myotubes exposed to propionate show increased propionylation, but 

do not display defective mitochondrial respiration.  

Apart from neurological, haematological and hepatic complications, patients with PA may 

also display myopathic features, including hypotonia and exercise intolerance (Saudubray 

et al. 2016; Haijes et al. 2019). Therefore, we used a murine C2C12 muscle cell model 

combined with propionate exposure to test whether protein propionylation could 

contribute to these features. Interestingly, both C2C12 myoblasts and myotubes exposed 

for 3 or 5 days to propionate did not show defective mitochondrial respiration (Figure 

6.4AB). Also, complex I (Figure 6.4C), Complex II (Figure 6.4D) and complex IV (Figure 6.4E) 

driven respiration were not reduced. Neither, when accounting basal respiration by 

calculating the ratio between basal over maximal respiration (Figure 6.4F). Myotubes 

exposed to propionate did show increased propionylation levels, but to a lesser extent than 

we observed in Fao cells. Moreover, a 24-hour recovery period reduced propionylation 

levels significantly (Figure 6.4G), indicating that propionate handling in muscle can be 

distinct from liver and fibroblasts. Indeed, propionate and propionyl-CoA handling genes 

were differently expressed between muscle and liver tissue, as was analysed using the 

Genotype-Tissue Expression (GTEx) portal (Figure 6.4H).  
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Figure 6.4 C2C12 muscle cells exposed to propionate show increased propionylation, but do not 
display defective mitochondrial respiration. Mitochondrial respiration in myoblasts (A) and 
myotubes (B) in control (MBC/MTC), after 3 days (MB3/MT3) and after 5 days of propionate exposure. 
Respiration was measured using consecutive injections of oligomycin, FCCP and Rotenone with 
Antimycin A (AA). Respiration of individual complexes was measured in permeabilised myoblasts after 
5 day of propionate exposure and overnight exposure to control medium day before assay for complex 
I (C), Complex II (D) and complex IV (E). (F) Quantification of complex respiration control cells and cells 
exposed to propionate (mean ± SD). (G) Anti-propionyllysine western blot analysis of cell lysates 
cultured in regular medium and after 3, 5- and 7-day propionate exposure and after 1 day of recovery 
in regular medium. (H) Expression of selected genes in propionyl-CoA metabolism for skeletal muscle 
and liver. Expression data obtained from Genotype-Tissue Expression (GTEx) Portal (Lonsdale et al. 
2013). Gene and transcript expression are shown in Transcripts Per Million (TPM). Acyl-CoA 
synthetase short chain family member 1 (ASSC1), acyl-CoA synthetase short chain family member 2 
(ASCC2), acyl-CoA synthetase short chain family member 3 (ASCC3), acyl-CoA synthetase medium 
chain family member 1 (ACSM1), acyl-CoA synthetase medium chain family member 3 (ACSM 3), acyl-
CoA thioesterase 8 (ACOT8), acyl-CoA thioesterase 9 (ACOT9), acyl-CoA thioesterase 12 (ACOT12), 
carnitine acetyltransferase (CRAT). 
 

6.4. Discussion 

The aim of this study was to assess the role of protein propionylation in the aetiology of PA 

and in cultured cells. We show that fibroblasts of PCC deficient patients displayed increased 

propionylation of the of proteins throughout the cell, including histones. PCC deficient 

fibroblasts as well as propionate-exposed control fibroblasts and Fao cells showed a 

decreased mitochondrial respiration. Since propionylation could impact protein function 

directly in the mitochondria or indirectly via histone modification, the observed 

mitochondrial dysfunction could be attributed to elevated protein propionylation in PCC 

deficient patient cells and could thus play a role in the pathology of PA. In contrast, 

propionate exposure in C2C12 myotubes did not affect respiration. C2C12 myotubes 

showed propionylation, although to a lesser extent. Furthermore, there was faster de-

propionylation after propionate exposure was removed in C2C12 myotubes compared to 

Fao cells. 

 

The observed differences in the effects of propionate exposure on mitochondrial respiration 

between our liver and muscle model may be explained by the intrinsic differences in 

propionate handling. The liver is exposed to higher physiological concentrations of 
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propionate compared to the rest of the body (Cummings et al. 1987). While in muscle, 

propionyl-CoA is not primarily derived from propionate, but instead comes mainly from the 

breakdown of amino acids (Davis et al. 1980). This is in line with differences in 

transcriptional regulation of enzymes involved in acyl-CoA metabolism in muscle and liver. 

The only known specific propionyl-CoA synthetase, acyl-CoA synthetase short chain family 

member 3 (ACSS3), was lower expressed in muscle than in liver, suggesting a higher activity 

to convert propionate into propionyl-CoA (Ellis et al. 2015; Yoshimura et al. 2016). Although 

ACSS3 is specific for propionate, at higher concentrations the mitochondrial acetyl-

coenzyme A synthetase 2-like (ACSS1) also has some affinity for propionate (Fujino et al. 

2001). On the other hand, the major mitochondrial propionyl-CoA degrading enzyme, acyl-

CoA thioesterase 9 (ACOT9) (Tillander et al. 2014; Ellis et al. 2015), is higher expressed in 

muscle than in liver, whereas the cytosolic acyl-CoA thioesterase 12 (ACOT12) that primarily 

hydrolyses acetyl-CoA, but also has some activity towards propionyl-CoA (Prass et al. 1980), 

is expressed lower in muscle compared to in liver. Finally, carnitine acetyltransferase (CRAT) 

has the highest affinity for propionyl-CoA (Violante et al. 2013) and is higher expressed in 

muscle than in liver. This could indicate that the muscle is likely more capable of lowering 

mitochondrial propionyl-CoA levels by conjugation with carnitine and is possibly geared 

towards propionyl-CoA elimination. Indeed, Matsuishi et al showed that exposure of 

isolated liver mitochondria to 5 mM propionate increased the levels of propionyl-CoA, 

which concomitantly decreased the respiratory control ratio, whereas exposure of muscle 

mitochondria to propionate did not increase propionyl-CoA and did not affect respiration 

(Matsuishi et al. 1991). These differences in propionyl-CoA handling could explain that 

C2C12 myotube mitochondrial respiration is not affected by propionate exposure, while 

liver cell mitochondria are more sensitive to propionate exposure, possibly due increased 

propionyl-CoA levels and consequent aberrant propionylation.  

 

De Keyzer et al (de Keyzer et al. 2009) showed multiple mitochondrial defects in muscle, 

liver and heart tissues from PA patients and Schwab et al (Schwab et al. 2006) observed 

mitochondrial defects in muscle biopsies of two young PA patients, showing a decreased 
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enzyme activity of all mitochondrial complexes. Since we did not observe propionylation-

related defects in mitochondrial respiration in myotubes in vitro, the mitochondrial defects 

in PA patients in vivo could be unrelated to propionyl-CoA accumulation and propionylation 

in muscle mitochondria. Alternatively, it could be that the mitochondrial defects observed 

in PA patients could be secondary, due to, for example, hampered muscle innervation, 

leading to muscular hypotonia and physical inactivity (Brismar and Ozand 1994; Haijes et al. 

2019). 

 

Additionally, it must be noted that our liver and muscle PA model do not truly reflect the 

metabolic situation in PCC patients. Firstly, using the current model, propionyl-CoA does 

not build up inside the mitochondria specifically, as is the case in PCC patients. Secondly, 

exposure to propionate in an intact cell system will result in anaplerosis of the TCA cycle at 

succinyl-CoA (Wilson et al. 2017; Wang et al. 2018). Therefore, the consequent increase in 

downstream metabolites might exert its effects on respiration beyond the increase in 

protein propionylation. For example, exposure to propionate increases levels of 

methylcitrate, which can inhibit TCA enzymes such as isocitrate dehydrogenase, possibly 

affecting respiration measurements (Cheema-Dhadli et al. 1975). Yet, after infusion of rat 

liver with 5 mM propionate, levels of methylcitrate did not reach levels close to the 

inhibition constant, possibly minimising the inhibitory role of this metabolite on cellular 

respiration (Wilson et al. 2017). Other metabolites that are known to accumulate in PA 

patients, such as 3-hydroxypropionic acid, have been shown to directly cause respiratory 

defects in isolated heart mitochondria (Roginski et al. 2020). Therefore, although it is 

currently unknown if these metabolites also accumulate in the current PA model used in 

liver and muscle, these metabolites could have directly influenced respiration in our models. 

 

Another effect of exposure to propionate is the depletion of free cellular CoA due to the 

formation of propionyl-CoA and methylmalonyl-CoA, also known as CoA trapping (Wilson 

et al. 2017). Incubation with propionate and carnitine increased free cellular CoA and 

propionylcarnitine, resulting in less accumulation of propionyl-CoA in heart (Wang et al. 
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2018) and partially reversed mitochondrial defect in liver (Matsuishi et al. 1991). Less 

accumulation of propionyl-CoA increases the cellular CoA pool but at the same time could 

likewise result in lower propionylation of the proteome. Nevertheless, in order to minimise 

the direct effects CoA trapping and inhibitory effects of products of propionate metabolism 

on respiration, we incorporated a washout period in our experimental set-up. This washout 

allowed propionylcarnitine levels, as a proxy for propionyl-CoA, to return to control values, 

while propionylation remained elevated, presumably allowing for the measurement of 

respiration with little interferences of these metabolites and CoA trapping. 

 

The PCC enzyme is a mitochondrial enzyme and therefore propionyl-CoA was expected to 

primarily effect the mitochondrial proteome. However, we show that propionylation in 

fibroblasts of PCC patients also occurs outside of the mitochondria, since we see increased 

propionylation on histone proteins. This is accordance with an in vivo pcc-/- mouse model, 

that showed increased histone propionylation (Kebede et al. 2017). Moreover, in Fao cells 

increased histone propionylation, as well as increase in histone acetylation was observed 

when exposed to extracellular propionate. Histone proteins can be subjected to various 

acyl-modifications, hereby distinctly regulating chromatin structure and transcription 

(Sabari et al. 2016). This could possibly contribute to the pathology of PCC patients and to 

the phenotype observed in our PA models. Yet, increased histone propionylation does not 

seem to cause respiratory defects per se, as histone propionylation was increased in 

myotubes in absence of decreased respiration. Nonetheless, the effect of propionylation on 

histone proteins is not yet fully understood. Acetyltransferases, previously identified to 

primarily acetylate histones, also show propionylation activity (Kaczmarska et al. 2017; Han 

et al. 2018) and histone acetylation and propionylation appear to be functionally similar as 

both marks are associated with transcriptional activation (Kebede et al. 2017). However, 

whether histone propionylation is merely an additional transcriptional activator or if there 

are physiological and pathological situations, such as in PA, in which histone propionylation 

may have distinct regulatory roles on gene expression is yet to be explored. 
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We show that increased global protein propionylation and specific histone protein 

propionylation in liver might contribute to the respiratory defects observed in PA and 

therefore therapies that aim to reduce or reverse propionylation could be beneficial in the 

treatment of PA. Liver complications, including hepatomegaly and hyperechoic liver, belong 

to the most common complications in PA (Haijes et al. 2019) and mitochondrial defects are 

thought to contribute to these pathologies, at least in part. In current treatment strategies, 

PA patients may benefit from liver transplantation, which may even reverse frequent 

complications, such as cardiomyopathy (Romano et al. 2010). However, the transplantation 

is associated with high mortality due to complications (Charbit-Henrion et al. 2015). Other 

treatment strategies include: carnitine supplementation to decrease intracellular propionyl-

CoA levels (Roe et al. 1984; Matsuishi et al. 1991), restriction of dietary factors that end up 

as propionyl-CoA, such as propiogenic amino acids, and the use of an antibiotics to reduce 

propionate production by gut bacteria. Despite these strategies, the outcome for PCC 

patients remains poor with significant clinical impairment, such as delayed mental 

development and episodes of acute metabolic decompensations (De Baulny et al. 2005; 

Touati et al. 2006; Grünert et al. 2012). 

 

One explanation for the poor outcome could be that propionyl-CoA levels are still elevated 

or elevate acutely due to the endogenous production of propionyl-CoA (Sbaï et al. 1994). 

Therefore, it is of interest to explore alternative strategies that might alleviate the 

underlying causes that could contribute to the liver pathology, such as aberrant protein 

propionylation. However, targeting the enzymatic propionylation by acyltransferases would 

possibly be an ineffective strategy, as much of the propionylation is likely non-enzymatic 

(Pougovkina et al. 2014b). Hence, to decrease aberrant propionylation we propose to 

increase de-propionylation activity in PA patients. Although it is not clear which enzymes 

regulate de-propionylation, possibly sirtuins 1-3 hold some de-propionylation activity, at 

least in vitro (Smith and Denu 2007; Feldman et al. 2013). In particular activation of sirtuin 

3 (SIRT3) could be an interesting strategy due to its cellular localisation within the 

mitochondria and multiple metabolic targets, including mitochondrial complexes (van de 
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Ven et al. 2017). SIRT1 could be of interest as a potential strategy to remove aberrant 

propionylation on histone proteins, as this enzyme has been shown to de-propionylate 

proteins, at least in vitro (Cheng et al. 2009). Therefore, efforts are required to identify how 

proteins are de-propionylated to alleviate aberrant propionylation and its consequences. 

These efforts could help to improve the treatment of PCC patients and hereby improve the 

health outcome and quality of life.  
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Abstract 

 

Objective Protein acylation via metabolic acyl-CoA intermediates provides a link between 

cellular metabolism and protein functionality. For example, a process in which acetyl-CoA 

and acetylation are fine-tuned is during myogenic differentiation. However, the roles of 

other protein acylations in this process remain unknown. Protein propionylation, the 

covalent binding of the three carbon propionyl-group to lysine residues of proteins, could 

be functionally relevant because propionyl-CoA can be derived from the catabolism of 

amino acids and fatty acids and protein propionylation has been shown to decrease during 

muscle differentiation. Therefore, the aim of this paper was to explore the potential role of 

this post-translational modification in muscle differentiation. 

 

Methods The effect of increased propionylation will be studied on cultured C2C12 and 

primary human myotubes by mimicking a pathophysiological situation with high 

extracellular propionate which was observed to increase levels of propionyl-CoA and 

protein propionylation, rendering it a model to study increased protein propionylation in 

the cell.  

 

Results We show that exposure to extracellular propionate, but not acetate, impairs 

myogenic differentiation in C2C12 myotubes and propionate exposure impairs myogenic 

differentiation primary human myotubes. We show that the effect of propionate exposure 

on differentiation is accompanied by an increase in histone propionylation as well as histone 

acetylation. Furthermore, we use chromatin immunoprecipitation to show increased 

histone propionylation at specific regulatory myogenic differentiation sites of the Myod 

gene.  

 

Conclusions Combined, our findings suggest there is a role for propionylation and 

propionyl-CoA in regulation of muscle cell differentiation, possibly via alterations in histone 

acylation 

Abstract

Objective 
Protein acylation via metabolic acyl-CoA intermediates provides a link between 
cellular metabolism and protein functionality. For example, a process in which 
acetyl-CoA and acetylation are fine-tuned is during myogenic differentiation. 
However, the roles of other protein acylations in this process remain unknown. 
Protein propionylation, the covalent binding of the three carbon 
propionyl-group to lysine residues of proteins, could be functionally relevant 
because propionyl-CoA can be derived from the catabolism of amino acids and 
fatty acids and protein propionylation has been shown to decrease during 
muscle differentiation. Therefore, the aim of this paper was to explore the 
potential role of this post-translational modification in muscle differentiation.

Methods 
The effect of increased propionylation will be studied on cultured C2C12 and 
primary human myotubes by mimicking a pathophysiological situation with 
high extracellular propionate which was observed to increase levels of 
propionyl-CoA and protein propionylation, rendering it a model to study 
increased protein propionylation in the cell.

Results 
We show that exposure to extracellular propionate, but not acetate, impairs 
myogenic differentiation in C2C12 myotubes and propionate exposure impairs 
myogenic differentiation primary human myotubes. We show that the effect of 
propionate exposure on differentiation is accompanied by an increase in 
histone propionylation as well as histone acetylation. Furthermore, we use 
chromatin immunoprecipitation to show increased histone propionylation at 
specific regulatory myogenic differentiation sites of the Myod gene. 

Conclusion 
Combined, our findings suggest there is a role for propionylation and propion-
yl-CoA in regulation of muscle cell differentiation, possibly via alterations in 
histone acylation
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7.1. Introduction 

Post translational modifications of proteins by intermediates of metabolism offers the cell 

a rapid and integrated mechanism to respond to changes in nutrient availability and adjust 

consequent cellular decisions. Acyl-CoAs are metabolic intermediates that have an acyl-

group that can react with lysine residues on target proteins resulting in protein acylation, 

thereby regulating protein functionality (Choudhary et al. 2014). For example, acetyl-CoA is 

a central metabolite in glucose, fatty acid and amino acid metabolism, and levels of this 

metabolite drive protein acetylation (Pougovkina et al. 2014a). Acetylation of histone 

proteins serves an important cause as it regulates gene transcription by remodelling of 

chromatin structure (Sabari et al. 2016). In this way, protein acetylation functions as a 

metabolic sensor, as it was shown that acetyl-CoA levels are directly linked to acetylation of 

histone proteins associated with cell growth and proliferation genes (Wellen et al. 2009; Cai 

et al. 2011).  

 

A process in which acetyl-CoA and acetylation are fine-tuned is during myogenic 

differentiation. For example, the master regulator of myogenic differentiation, myoblast 

determination protein 1 (MYOD1 or MYOD), is present in an inactive form in proliferating 

myoblasts, but following the right cues for differentiation, expression of MYOD is enhanced 

through acetylation of enhancer regions on the MYOD loci (Hamed et al. 2013). Depleting 

acetyl-CoA as substrate for acetylation by silencing of the ATP-citrate lyase (ACL) enzyme, 

resulted in a failed response to upregulate MYOD expression and impaired myogenic 

differentiation, demonstrating the central role of acetylation in this process (Das et al. 

2017).  

 

Similar to histone acetylation, histone propionylation may play an important role in 

differentiation, as propionylation levels have been reported to decrease following 

monocytic and myogenic differentiation (Liu et al. 2009; Simithy et al. 2017). Propionylation 

is the covalent binding of a three carbon propionyl-group to lysine residues of proteins and 
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propionyl-CoA, the substrate for propionylation, can be derived from the breakdown of 

cholesterol, odd-chain fatty acids and the amino acids isoleucine, valine, threonine and 

methionine (Sbaï et al. 1994). Due to the role of propionyl-CoA in metabolism and because 

propionylation is likely driven by levels of propionyl-CoA, situations in which propionyl-CoA 

levels are altered, protein propionylation could be functionally important, for example 

during protein breakdown (Trefely et al. 2020). 

 

Therefore, the aim of this paper was to explore the potential role of this post-translational 

modification in muscle differentiation. To study this, we used a pathophysiological 

metabolic situation similar to patients with an inborn defect in the propionyl-CoA 

carboxylase gene (PCC). This defect leads to an accumulation of propionyl-CoA and 

associated metabolites in plasma, urine and other body fluids and tissues, a condition 

known as propionic acidaemia. Mimicking this pathophysiological situation by exposing the 

muscle cells to a similar extracellular concentration of propionate (Hommes et al. 1968), 

increases levels of propionyl-CoA and protein propionylation, rendering it a model to study 

increased protein propionylation in the cell (Pougovkina et al. 2014b; Lagerwaard et al. 

2020b). PCC patients, apart from neurological, haematological and hepatic complications, 

can display myopathic features, including hypotonia and exercise intolerance (Saudubray et 

al. 2016; Haijes et al. 2019), further suggesting a possible role for propionylation in the 

skeletal muscle. Therefore, we hypothesised that increased propionylation will compromise 

normal cellular function. Here, we show that extracellular propionate exposure and 

consequent increase in propionylation hampers myogenic differentiation in C2C12 

myotubes and primary human muscle cells, possibly due to perturbations in histone 

propionylation as well as acetylation. These findings contribute to the understanding of 

protein propionylation and its link with propionyl-CoA levels in muscle development. 
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7.2. Material and Methods 

7.2.1. Cell culture 

Murine C2C12 myoblasts were routinely cultured at 37 °C with 5% CO2 in high glucose 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine 

serum (FBS), 2 mM glutamine, 25 mM HEPES and 1% (v/v/v) 

Penicillin/Streptomycin/Amphotericin B. Differentiation was induced by replacing culture 

medium with high glucose DMEM supplemented with 2% (v/v) horse serum, 2 mM 

glutamine, 25 mM HEPES and 1% (v/v/v) Penicillin/Streptomycin/Amphotericin B when 

culture was 90-100% confluent. Medium was replaced every other day for 5-7 days. 

Propionate and acetate exposure were induced in culture medium containing 4 mM 

propionic or acetic acid from a 400 mM pH-balanced stock solution. Medium pH remained 

within the normal range for culture medium (pH 7.3 – 7.5) 

 

7.2.2. Muscle biopsy collection and primary cell culture 

A muscle biopsy was taken from the m. vastus lateralis under local anesthesia (1.0% 

lidocaine without epinephrine) according to the Bergström method modified with suction 

(Bergström et al. 1967). Human myoblasts were isolated from the vastus lateralis and 

satellite cells were selected with a CD56 monoclonal antibody (5.1H11; Developmental 

Studies Hybridoma Bank, Iowa City, USA) using magnetic cell sorting. Satellite cells were 

grown to 90% confluency and then initiated to differentiate according to previously 

published methods (Sparks et al. 2011). Myoblasts were grown in low glucose DMEM 

containing 0.5 mg/mL bovine serum albumin (BSA), 1 μM dexamethasone, 10% (v/v) FBS, 

1% (v/v) fetuin, 1% (v/v/v) Penicillin/Streptomycin/Amphotericin B, 50 ug/mL gentamycin 

and 10 ng/mL Human epidermal growth factor and switched to Minimum Essential Medium 

(α-MEM) differentiation medium upon 90% confluency containing 2 % (v/v) FBS, 1% (v/v) 

fetuin and 2 % (v/v) pen/strep for 5 days, changed every other day.  
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7.2.3. SDS –PAGE and Western blotting  

Cells were harvested and lysed in TRIS-HCL pH 7.4 with 1% triton X-100 containing protease 

inhibitors and deacylase inhibitors (1 µM trichostatin A and 20 mM nicotinamide). Lysates 

were sonicated 5 times 2s at 40 kHz amplitude on ice. Protein concentrations were 

determined using Pierce BCA protein assay kit (Thermofisher) and equal protein amounts 

were loaded on NuPAGE 4-12% gels (Invitrogen), transferred to nitrocellulose membrane in 

a transfer tank filled with transfer buffer containing 10% (v/v) methanol. Membrane was 

blocked in 3% BSA in PBS with 0.1% Tween-20 at room temperature and incubated 

overnight with antibodies in the same buffer at 4ºC. Primary antibodies used: β-actin 

(#ab8227, 1:5000, Abcam), propionyllysine (#201, 1:1000, PTM biolabs), histone 3 

propionyllysine 23 (#613987, 1:2000, Active Motif), histone 3 acetyllysine 23 (#07-355, 

1:2000, Millipore), histone 3 acetyllysine 9 (#ab4441, 1:1000, Abcam), histone 4 acetyllysine 

8 (#2584, 1:1000, Cell Signalling), murine myosin heavy chain (MF-20, 1:200, DSHB), human 

myosin heavy chain (ab91506, 1:1000, Abcam). IR-dye based secondary antibodies (LICOR) 

were used to detect antibody signals using Odyssey scanner (LICOR) 

 

7.2.4. Immunohistochemistry 

C2C12 cells were seeded on glass coverslips. Coverslips were harvested, fixed in 4% 

formaldehyde and permeabilised with 0.5% triton. Slips were incubated in blocking buffer 

Phosphate buffered saline (PBS) with 2%, BSA, 0.02% HS, 0.1% Triton X-100, 0.05% Tween-

20, 100 mM glycine), incubated for 1hr at RT in anti-myosin heavy chain (MHC; 

Developmental Studies Hybridoma Bank MF-20, 1:200). Coverslips were washed with 0,05% 

tween-20 in PBS and incubated with secondary anti-body used was Alexa-488 H+L IgG anti-

mouse. Nuclear staining was performed by incubating coverslips in a 1 μg/ml 4ʹ,6-

diamidino-2-phenylindole (DAPI) staining solution for 5 min. Coverslips were washed in PBS, 

followed by a PBS:Milli-Q (1:1) wash. Fluormount-G (Southern Biotech) was used to mount 

coverslips onto glass microscope slides. Representative pictures were taken using a Leica 

DM6B microscope at 5x magnification 
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7.2.5. RNA extraction and Semi-Quantitative Real-Time Polymerase Chain Reaction 

(qPCR) 

Cells were washed with 2 mL cold Hanks’ Balanced Salt Solution (HBSS) and then directly 

scraped in 350 μl RLT buffer with 3.5 μl β-mercaptoethanol (β-ME). The cell lysates were 

homogenised by passing through 21-gauge needle (0.8 mm). RNA was isolated Rneasy Mini 

Kit (Qiagen, German) according to manufacturer’s protocol. The quantity and quality of 

purified RNA was examined by NanoDrop spectrophotometer (ND-1000). cDNA was 

synthesised in Eppendorf-Master cycler (5’ 25°C, 30’ 42°C, 5’ 85°C, 10 °C ∞) with ISCRIPT 

cDNA synthesis kit (Bio-Rad). Measurements of qPCR quantified with CFX96 Touch™ Real-

Time PCR Detection System (Bio-Rad) and SYBR green master mix (BioRad, USA). The cycling 

program was set as 95℃ for 30s, 60℃ for 30s in 40 cycles. Primers were designed using 

NCBI primer blast; an overview of primer sequences can be found in Table 7.1. Normalised 

expression was calculated according to the ΔΔCq method, by making use of geometric 

averaging of multiple reference genes using CFX maestro software (Bio-rad). Two 

housekeeping genes, ribosomal protein S12 (rps12) and ribosomal protein S15 (rps15) were 

used as reference genes 

 

Table 7.1 Primer sequences 

Gene Accession number Forward primer sequence* Reverse primer sequence* 
Myh1 NM_030679.1 TCCCTAAAGGCAGGCTCTCTC AAGGCTTGTTCTGAGCCTCG 
Myf5 NM_008656.5 TGACGGCATGCCTGAATGTA GCTCGGATGGCTCTGTAGAC 

Myod NM_010866.2 TGCTCTGATGGCATGATGGATT AGATGCGCTCCACTATGCTG 
Myog NM_031189.2 TCCCAACCCAGGAGATCATTTG TCAGTTGGGCATGGTTTCGT 

Rps12 NM_011295.6 AAGGCATAGCTGCTGGAGGTGTAA AGTTGGATGCGAGCACACACAGAT 

Rps15 NM_009091 CAACGGCAAGACCTTCAACC TGCTTCACGGGTTTGTAGGT 

Myod_CER NC_000073.6 GGGCATTTATGGGTCTTCCT CTCATGCCTGGTGTTTAGGG 

Myod_DRR NC_000073.6 TCAGGACCAGGACCATGTCT CTGGACCTGTGGCCTCTTAC 

Myod_PRR NC_000073.6 GAGTAGACACTGGAGAGGCTTGG GAAAGCAGTCGTGTCCTGGG 

Myod_CD1 NC_000073.6 CATCTGACACTGGAGTCGCTTTG CAAGCAACACTCCTTGTCATCAC 
Myod_−15 
Kb 

Non-coding region TGCCCAGAGCCTAGAATCAT TCATGCATCCTTGCTGGATA 

Rpl30 #7014 Cell signalling   

* from 5’ to 3’, bp = fragment length 
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7.2.6. Chromatin Immunoprecipitation 

C2C12 were seeded in 15 cm dishes, two dishes of cells were combined for each condition 

in one batch. Cells were harvested at day 0, 1 and 5 after differentiation. ChIP assay was 

performed according to manufacturer’s instructions from SimpleChIP Plus Enzymatic 

Chromatin IP kit Magnetic Beads (#9005, Cell Signalling). In short, cells were crosslinked by 

adding 540 μl of 37% formaldehyde to each dish with 20 mL medium (final concentration 

1%) for 10 min at RT with constant agitation. Crosslinking was stopped by adding 2 mL 2.5 

M glycine and incubation for 5 min at RT. Cells were washed twice with ice-cold PBS. After 

that, the cells were scraped in 10 mL ice-cold PBS + 1 tablet EDTA-free Protease Inhibitor 

Cocktail (Roche, Switzerland) and transferred into 15 mL conical tubes. The cell pellets were 

collected by centrifuging at 2,000 g for 5 min at 4℃ and chromatin was isolated and digested 

by adding 0.5 μl micrococcal nuclease (#10011, Cell Signalling) per sample and incubated 

for 20 min at 37℃ to digest the chromatin to lengths between 150bp-400bp. Nuclei were 

pelleted and suspended in ChIP buffer and sonicated 3 x 30s on ice with 1 min breaks. 

Chromatin digestion and shearing conditions were optimised and verified in on gel. DNA 

was purified using SimpleChIP DNA purification and spin columns (#14209, Cell Signalling) 

according to manufacturer’s protocol and was quantified using NanoDrop 

spectrophotometer (ND-1000). 10 μg chromatin and 2 μl target antibody or 2 μl normal 

rabbit antibody IgG (# 2729, Cell Signalling Technology, USA) were incubated at 4℃ for 4 

hours with rotation. Before incubation input samples were collected and stored at -20℃ for 

later use. 30 μl of protein G magnetic beads (#9006, Cell Signalling) were added to each 

chromatin-antibody solution and incubated for 2 hours at 4℃ with rotation. Antibody-bead-

chromatin complexes were washed 3 times with low salt and 1 time with a high salt wash 

(#9005, Cell Signalling). Chromatin was eluded from antibody-beads for 30 minutes at 65℃ 

with agitation in 150 µl elution buffer (#9005, Cell Signalling) and antibody-beads were 

removed. Immunoprecipitated chromatin and input chromatin were reverse cross-linked by 

adding 6 µl 5 M NaCl and 2 µl 20 mg/ml Proteinase K and incubated overnight at 65℃. DNA 

was purified using spin columns and quantified using qPCR with SYBR green supermix (Bio-
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Rad) using Myod locus primers (Yang et al. 2011)(Table 7.1). The results are shown as 

percentage of total input, or enrichment, which calculated by: 

 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃	𝐼𝐼𝑃𝑃𝐼𝐼𝐼𝐼𝑃𝑃	 = 	2%	 • 	2('[)]	+%-./0%	123/45	–	'[)]	-7	123/45) 

 

where C[T] is the threshold cycle of the qPCR reaction. 

 

7.2.7. Data analysis and statistical testing 

Data are presented as mean ± SD. Statistical analyses were performed using GraphPad Prism 

v.5 (GraphPad Software, CA, USA). Means were compared using one-way ANOVA. Post-hoc 

testing was performed using least significant differences (LSD) or Tukey’s test for more than 

2 treatments. Significance was accepted at p < 0.05. 

 

7.3. Results 

7.3.1. Exposure to propionate, but not acetate impairs C2C12 myoblast 

differentiation 

To analyse whether propionyl-CoA-derived protein propionylation could play a role in 

muscle physiology, we first exposed C2C12 myoblasts to 4 mM extracellular propionate, an 

exposure that is comparable to patients in propionic acidaemia, which was previously 

shown to induce intracellular protein propionylation (Hommes et al. 1968; Lagerwaard et 

al. 2020b). Indeed, addition of propionate to growth medium increased levels of protein 

and histone propionylation in C2C12 cells after 5 days exposure (Figure 7.1A). However, 

protein propionylation levels did not significantly increase globally, yet specific increases in 

protein propionylation were observed for a protein band at ± 50 kDa and for the histone 

bands at 17 and 14 kDa. This indicated that extracellular propionate exposure is able to 

induce specific intracellular lysine propionylation.  
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Next, myoblasts were grown to confluence and differentiation was induced by replacement 

of culture medium by differentiation medium, either containing 4 mM propionate, 4 mM 

acetate or control medium (Figure 7.1B). An equimolar concentrations acetate was used as 

a control for, for example, addition of extra substrate and changes in free CoA levels. 

Moreover, it was previously shown that global histone acetylation decrease during 

differentiation (Yucel et al. 2019), just as global levels of histone propionylation (Simithy et 

al. 2017). Immunofluorescence analysis of skeletal myosin heavy chain (MHC), a protein 

marker exclusively expressed in differentiated myotubes, demonstrated that MHC signals 

were almost absent in the propionate condition compared to the control and the acetate 

condition (Figure 7.1C), indicating that propionate, but not acetate, inhibited differentiation 

of myoblasts into myotubes. 

 

We determined the expression of four myogenic regulatory factors using real-time PCR at 

four different time points after initiation of differentiation, namely day 1, 3, 5 and 7. 

Myogenic factor 5 (Myf5), a marker for proliferating myoblasts which is expected to 

decrease following the commitment to differentiation (Tomczak et al. 2004), was decreased 

upon differentiation in control and acetate conditions, but did not decrease in propionate 

conditions (Figure 7.1D). Myod expression is increased upon differentiation in all conditions 

but did not further increase in propionate conditions compared to control and acetate 

conditions (Figure 7.1E). MYOD binds to regulatory sites on myogenin, increasing its 

expression (Deato et al. 2008). Expression of myogenin increased significantly in all 

conditions following the induction of differentiation, yet the increase in the propionate 

condition is significantly lower than in the control and the acetate condition (Figure 7.1F). 

Myogenin and Myod work in synergy, inducing transcription of terminal differentiation 

genes, such as such as Myh1 (Cao et al. 2006). Expression of Myh1 was significantly 

increased upon differentiation in control and acetate conditions, yet in the propionate 

condition Myh1 expression was not upregulated (Figure 7.1G). Together, these data confirm 

that exposure to extracellular propionate hampers normal temporal expression of genes 

responsible for differentiation in a C2C12 muscle model. 
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Figure 7.1 Exposure to propionate, but not acetate, impairs C2C12 myoblast differentiation  
(A) Western blot analysis of propionyllysine in C2C12 myoblasts exposed to control medium or 
medium with 4 mM propionate (B) Schematic representation of experimental set up. myoblasts were 
grown to confluence and differentiation medium was added with +4 mM propionate or Acetate (C) 
Immufluoresence staining after 7 days of differentiation of control, acetate and propionate exposed 
cells of myosin heavy chain (MHC). Expression of genes involved in myogenic differentiation measured 
using qPCR for Myf5 (D), Myod (E), Myog (F), and Myh1 (G) (mean ± SD, * indicates p < 0.05, ** 
indicates p < 0.01, *** indicates p < 0.001).  
 

7.3.2. Exposure to propionate causes aberrant acylation patterns on histone 

proteins 

To further elucidate how propionylation impacts C2C12 differentiation, we analysed the 

effect of propionate exposure on histones protein acylation during differentiation. Since 

histone propionylation can dynamically interact with histone acetylation, and we have 

previously shown that histone acetylation increases in rat Fao liver cells exposed to 
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propionate (Lagerwaard et al. 2020b). We hypothesised that exposure to propionate would 

affect acylation levels on histone proteins. To test this, we differentiated C2C12 myoblasts 

in either control medium or in medium containing 4 mM propionate or 4 mM acetate and 

determined histone protein acylation using Western blot. In control medium, global histone 

propionylation and propionylation of histone 3 lysine 23 (H3K23) decreased during 

myogenic differentiation. On the contrary, in the propionate condition, both global and 

specific H3K23 propionylation were increased as compared to control (Figure 7.2A). Protein 

propionylation in acetate medium was unaltered and followed the same temporal pattern 

as in control medium. Indeed, exposure to propionate increased global histone acetylation 

compared to control, while no clear differences in acetylation of H3K23 were observed 

(Figure 7.2A). This showed that besides an increase in protein propionylation, levels of 

protein acetylation were also affected in muscle by propionate exposure. 

 

Histone acetyl transferases (HATs) use mainly acetyl-CoA as substrate, but can also use 

propionyl-CoA as a substrate, albeit to a lesser extent (Kaczmarska et al. 2017; Kebede et 

al. 2017). Therefore, we explored if our model primarily used enzymatic-driven 

propionylation or whether the increased propionylation primarily has a non-enzymatic 

origin. For this, we induced differentiation in C2C12 myoblasts in control medium or 

medium containing either only propionate, only 10 μM C646, a selective HAT P300 inhibitor 

(Bowers et al. 2010), or both propionate and C646. Indeed, exposure to C646 decreased 

global histone propionylation and acetylation (Figure 7.2B). Additionally, C646 decreased 

overall myogenic differentiation, as was shown by the lower expression of MYH1. Acylation 

of histones using P300 is thus necessary for differentiation. Exposure to both propionate 

and C646 increased histone propionylation and acetylation, yet this increase was lower than 

with propionate alone (Figure 7.2B). This implies indeed that P300 enzymatic activity was, 

at least partly, used for propionylation of histones, and that the remaining propionylation 

happens either non-enzymatically or uses other HATs, such as CBP (Chen et al. 2007), PCAF 

(Leemhuis et al. 2008) or MOF (Han et al. 2018).  
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Figure 7.2 Exposure to propionate causes aberrant acylation pattern on histone proteins  
(A) Western blot analysis of myosin heavy chain, histone propionyllysine (pan-propionyllysine 
antibody), propionylated histone lysine 23 (H3K23), histone acetylation (pan-acetyllysine antibody) 
and acetylated histone 3 lysine (H3K23) in C2C12 myoblasts exposed to control medium or medium 
with 4 mM propionate or acetate on 3 and 5 days after initiation of differentiation. (B) Western blot 
analysis of myosin heavy chain, histone propionyllysine, histone acetylation, acetylated histone 3 
lysine 9 (H3K9) and acetylated histone 4 lysine 8 (H4K9) in C2C12 myoblasts exposed to control 
medium or medium with 4 mM propionate with or without P300 inhibitor C646 on 3 and 5 days after 
initiation of differentiation. 
 

7.3.3. Propionate exposure increases propionylation and acetylation on regulatory 

promotor regions of MYOD 

We showed that exposure to propionate failed to increase expression of the MYOD target 

myogenin, suggesting that either MYOD transcription or MYOD activation was impaired. 

Transcription of MYOD is regulated by three regulatory regions that enhance its 

transcription, namely a core enhancer region (CER) (Goldhamer et al. 1995), a distal 

regulatory region (DRR) and a proximal regulatory region (PRR) (Tapscott et al. 1992; Chen 

et al. 2001, 2002). Early differentiation is associated with recruitment of the HAT P300 to 

these enhancer regions, with subsequent acetylation and consequential increased 

expression (Hamed et al. 2013). Therefore, we hypothesised that increased propionylation 

of MYOD regulatory regions could interfere with normal temporal acylation patterns and 

consequent expression of MYOD, hereby dysregulating differentiation. In order to test if 

these regions were indeed propionylated, we performed chromatin immunoprecipitation 
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using an antibody against propionylated H3K23 and quantified propionylation in C2C12 

myoblasts exposed to either control or propionate differentiation medium on two different 

time points during differentiation on three MYOD regulatory sites. As controls, we 

additionally quantified two sites that have not been identified as being regulated for MYOD 

activation, namely one site 15Kb upstream of the transcription initiation site and one site 

within the coding region of the Myod gene (Figure 7.3A).  

 

Propionate exposure significantly increased or had the tendency to increase (p < 0.1) 

propionylation on all sites on both days, expect for the CER after 1 day of differentiation 

(Figure 7.3B). This confirmed that there were indeed increased, albeit low, absolute levels 

of propionylation of H3K23 on MYOD regulatory sites in the propionate conditions. Still, this 

increase did not seem to be limited to regulatory sites as it also occurred on the selected 

non-regulatory MYOD sites. To substantiate this hypothesis, we measured H3K23 

propionylation on a gene unrelated to myogenic differentiation, ribosomal protein L30 

(Rpl30), on day five of differentiation. In three independent experiments, propionylation 

was on average 7-fold higher (0.023 ± 0.023 vs. 0.16 ± 0.13 % enrichment of input, p = 0.134, 

data not shown), suggesting that indeed propionylation seems to occur on various loci and 

is not limited to regulatory regions of MYOD.  

 

Acetylation on MYOD regulatory regions is important for early initiation of differentiation 

and MYOD expression (Hamed et al. 2013). Moreover, we showed that propionylation uses 

part of the acetylation machinery and that propionylation was increased on regulatory 

regions of Myod. Hence, we hypothesised that the increase in histone propionylation could 

be at the expense of acetylation, hereby dysregulating normal transcriptional activation 

patterns. We therefore quantified levels of H3K9 histone acetylation on the same regulatory 

sites and non-regulatory sites, as this acylation mark was shown to increase on MYOD 

regulatory regions during early differentiation (Yang et al. 2011; Hamed et al. 2013). As was 

previously observed, levels of H3K9 acetylation increased at the start of differentiation in 

all regulatory regions. Unexpectedly, propionate exposure augmented this increase in H3K9 
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acetylation on the regulatory sites, as compared to control (Figure 7.3C). Rather than 

substituting of propionylation for acetylation, propionylation enhanced acetylation on 

these sites. 

 
Figure 7.3 Propionate exposure increases propionylation and acetylation on regulatory promotor 
regions of Myod (A) Schematic presentation of regulatory regions on Myod, namely core enhancer 
region (CER) a distal regulatory region (DRR) and a proximal regulatory region (PRR). (B) Chromatin 
immunoprecipitation with antibody against propionylated histone 3 lysine 23 (H3K23) and quantified 
propionylation in C2C12 myoblasts exposed to either control or propionate differentiation medium 
on day 0 (D0), day 1 (D1) and day 5 (D5) after initiation of differentiation on Myod regulatory sites 
plus to one site 15Kb upstream and one site on the coding region of the Myod gene (3 independent 
experiments for D0 and D1, 5 independent experiments for D5). (C) Chromatin immunoprecipitation 
with antibody against acetylated histone lysine 9 (H3K9) in C2C12 myoblasts exposed to either control 
or propionate differentiation medium on day 0 (D0), day 1 (D1) and day 5 (D5) after initiation of 
differentiation on Myod regulatory sites plus to one site 15Kb upstream and one site on the coding 
region of the Myod gene (N = 1). IgG is used as a negative control. (mean ± SD, * indicates p<0.05, # 
indicates p < 0.1) 
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7.3.4. Exposure to propionate hampers differentiation and affects protein acylation 

in primary human myocytes  

To further validate the observed effect of propionate exposure on myogenic differentiation 

and acylation in humans, we differentiated primary myocytes isolated from vastus lateralis 

biopsies from five healthy human donors in differentiation medium with and without 

propionate. Propionate exposure increased protein and histone propionylation in all donor 

cell lines (Figure 7.4), showing that also in human derived myoblasts, propionate was able 

to induce propionylation. Moreover, as was observed in our C2C12 muscle model, MHC 

protein expression was absent or markedly lower in all five donors in the propionate 

compared to the control condition, verifying that exposure to propionate also hampered 

myogenic differentiation in primary human muscle cells. Furthermore, exposure to 

propionate during differentiation increased global propionylation as well as propionylation 

of histones, and specific propionylation of H3K23, and increased acetylation on histones, 

and specific acetylation of H3K23, compared to differentiation in control medium (Figure 

7.4). The observation that differentiation is also impaired in human-derived myoblasts upon 

propionate exposure further advocates for a role of propionate, propionyl-CoA and 

propionylation in muscle differentiation. 
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Figure 7.4 Exposure to propionate hampers differentiation and affects protein acylation in primary 
human myocytes Western blot analysis for propionyllyisne, myosin heavy chain, propionylated 
histone 3 lysine 23 (H3K23) and acetylated histone 3 lysine 23 (H3K23) primary human myotubes 
isolated from vastus lateralis biopsy of 5 different donors. Cells were differentiated for 5 days on 
medium with or without 4 mM propionate.  
 

7.4. Discussion 

The aim of this study was to explore propionate exposure and subsequent alterations in 

protein and histone protein propionylation in muscle to elucidate the potential role of this 

post-translational modification in cellular muscle differentiation. We showed that exposure 

to extracellular propionate, but not acetate, impaired myogenic differentiation in C2C12 

myotubes and that exposure to extracellular propionate impaired myogenic differentiation 

in primary human myotubes isolated from vastus lateralis muscle biopsies. The effect of 
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propionate exposure on differentiation was accompanied by an increase in histone 

propionylation and acetylation, also specifically at regulatory myogenic differentiation sites. 

Regulation of acylation through metabolism is critical for myogenic differentiation (Bracha 

et al. 2010; Das et al. 2017; Simithy et al. 2017) and because adult myogenic differentiation 

from satellite cells is an important mechanism in tissue repair and turnover (Blau et al. 

2015), these observations could indicate, besides a role for acetyl-CoA and acetylation, a 

role for propionylation and propionyl-CoA in muscle physiology. 

 

Changes in protein propionylation have been observed before during myogenic 

differentiation and ageing (Simithy et al. 2017; Baldensperger et al. 2020). We confirm the 

changes in protein propionylation during myogenic differentiation and newly suggest that 

increasing these propionylation levels by extracellular exposure to propionate has cellular 

consequences. Levels of propionyl-CoA drive propionylation and increased cellular levels of 

propionyl-CoA have been observed in conditions of serum starvation, likely by the 

catabolism of amino acids, such as isoleucine (Trefely et al. 2020). Therefore, we 

hypothesise that metabolic events that increase propionyl-CoA levels, such as increased 

protein catabolism, could have unique signalling roles, possibly via protein and histone 

propionylation. However, although propionyl-CoA is a distinct metabolite with a distinct 

metabolic background and despite the observation that only propionate, but not acetate, 

impaired myogenic differentiation, to date there are no mechanisms on how histone 

propionylation could be functionally different from histone acetylation. Propionyl-CoA and 

acetyl-CoA are structurally very similar, likely explaining that propionyl-CoA can use much 

of the same enzymatic machinery allotted to acetyl-CoA (Kaczmarska et al. 2017; Han et al. 

2018) and both acylation neutralise the lysine’s positive charge, loosening DNA-histone 

interactions and facilitate gene transcription (Gorisch 2005; Bannister and Kouzarides 2011; 

Kebede et al. 2017). Additionally, bromodomains, that are known to recognise acetyllysines 

and transduce the acylation signal by recruitment of transcription factors, also recognise 

propionyllysine (Flynn et al. 2015), negating a differential mechanistic effects of acetylation 

and propionylation.  
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Nevertheless, there are some indications that propionylation and acetylation differ in how 

they are cellularly localised. For example, the relative abundance of H3K14 and H3K9 

propionylation and acetylation was shown to be reasonably similar in basal conditions 

(Simithy et al. 2017). This is remarkable, as the affinity of HATs for acetyl-CoA is higher than 

for propionyl-CoA and acetyl-CoA is 8-fold more abundant compared to propionyl-CoA (Han 

et al. 2018). This suggests that the concentration of propionyl-CoA must be higher in the 

nucleus, possibly due to propionyl-CoA compartmentalisation. Indeed, it was shown that 

the acetyl-CoA:propionyl-CoA ratio was approximately 4 in whole-cell lysates, while in the 

nucleus the two acyl-CoAs were found in equimolar concentrations (Trefely et al. 2020). In 

this way, small changes in cellular propionyl-CoA levels can be amplified due to the 

compartmentalisation of propionyl-CoA in the nucleus. Hence, the increase in histone 

propionylation could have impaired differentiation by dysregulation of normal acylation 

patterns, as myogenic differentiation is characterised by an overall reduction in histone 

acetylation (Yucel et al. 2019).  

 

The effect of propionate exposure was not limited to an increase in propionylation, as we 

show that histone acetylation also increases in response to propionate exposure, also at 

regulatory sites of MYOD. Interestingly, the increase in acetylation together with 

propionylation is in contrast with previous research that showed increased propionylation 

of H3K14 occurred at the expense of acetylation of H3K14 in isolated nuclei following 

propionyl-CoA exposure (Simithy et al. 2017). One mechanism by which propionate 

exposure could increase acetylation is via increasing cellular acetyl-CoA levels. Propionyl-

CoA is converted into methylmalonyl-CoA, by propionyl-CoA carboxylase, which in turn can 

be converted into succinyl-CoA, that can used for anaplerosis of the TCA-cycle (Davis et al. 

1980; Wongkittichote et al. 2017). Anaplerosis is matched by cataplerosis, for example via 

cataplerosis of citrate, which can be converted into cytosolic acetyl-CoA via ACL. Although 

no data exist for skeletal muscle, an intraperitoneal injection with propionate was shown to 

increase levels of acetylcarnintine in the heart (Wang et al. 2018). These or similar 

alterations in homeostatic metabolic mechanisms could have interfered with normal 
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control of transcriptional regulation by acetylation and therefore could have contributed to 

the observed phenotype. Nevertheless, this does not explain why acetate exposure, that 

also increases cytosolic acetyl-CoA levels (Trefely et al. 2020), did not impair myogenic 

differentiation. Of course, propionic acid and acetic acid are not identical, as differences 

exist in, for example density, viscosity, ional potential and PKa, which may result in 

functional differences propionylation and acetylation. Determination of nuclear 

concentrations of various AcylCoAs in response to acetate, propionate or combined 

exposures at various concentrations may provide additional insights, especially when 

related to specific acylation levels. Additionally, another mechanism by which propionyl-

CoA could have increased normal cellular acylation levels, is through a direct effect of 

propionate as a HDAC inhibitor. However, although propionate does possess HDAC activity, 

it is 10-fold less potent as butyrate in whole-cell assays (Waldecker et al. 2008), suggesting 

that the role of propionate as an HDAC inhibitor might be limited.  

 

The findings that propionate exposure impairs myogenic differentiation in human 

myoblasts is of particular interest for patients with similar elevated plasma propionate 

concentrations, such as patients with a defect in the propionyl-CoA carboxylase gene 

(Hommes et al. 1968). These patients, apart from neurological, haematological and hepatic 

complications, may display myopathic features, including hypotonia and exercise 

intolerance (Saudubray et al. 2016; Haijes et al. 2019). Analysis of muscle biopsies from 

these patients showed a defective mitochondrial respiration, suggesting that mitochondrial 

dysfunction could contribute to the myopathic pathology (Schwab et al. 2006; de Keyzer et 

al. 2009). However, exposure to propionate and consequent cellular elevations in propionyl-

CoA and propionylation did not induce mitochondrial defects in cultured myotubes or 

isolated muscle mitochondria, whereas this was induced in cultured liver cells and isolated 

liver mitochondria (Matsuishi et al. 1991; Lagerwaard et al. 2020b). This suggests that in 

skeletal muscle other mechanisms could contribute to the mitochondrial defects observed 

in ex vivo measurements in muscle biopsies. Therefore, the current data on the effect of 

propionate exposure on myogenic differentiation could play a role, as differentiated 
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myotubes are more oxidative compared to undifferentiated myoblasts (Remels et al. 2010; 

Sin et al. 2016), perhaps explaining the mitochondrial defects in patients. Since we show 

that aberrant acylation might contribute to the differentiation defect, it is of interest to 

explore strategies that might alleviate the underlying causes. Hence, to decrease the 

aberrant propionylation we propose to aim for increasing de-propionylation activities. For 

this, the activation of sirtuin 1 could be of interest, as this enzyme has been shown to de-

propionylate proteins in the nucleus, at least in vitro (Cheng et al. 2009). 

 

In conclusion, we showed that exposure to extracellular propionate, but not acetate, and 

the associated increase in propionylation impaired myogenic differentiation. Although the 

role of propionylation and the mechanism by which increased propionylation hampers 

myogenic differentiation remains to be elucidated. We show that alterations in histone 

propionylation and acetylation, also at regulatory myogenic differentiation sites, might play 

a role. Propionyl-CoA levels drive propionylation and levels of propionyl-CoA have been 

observed to be altered during starvation, ageing and myogenic differentiation. Therefore, 

these observations provide additional evidence for a role of propionylation and propionyl-

CoA in the regulation of metabolism, which requires further investigation. 
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8.1. Main findings 

The overall aim of this thesis was to obtain a better understanding of the role of the 

mitochondria in age-related loss of muscle mass and strength. To address this aim, I further 

established the NIRS assessment of mitochondrial capacity by showing that NIRS is able to 

detect differences in a homogenous population of high- and low-fitness males and females 

(chapter 2 and 3) and I substantiated the physiological relevance of mVpO2 recovery as 

relevant marker of mitochondrial capacity by showing a correlation with other parameters 

of oxidative capacity (chapter 2). Additionally, I used NIRS for the first time to assess the 

mitochondrial capacity of three locomotor muscles in a well-controlled, ageing population 

(chapter 4). Furthermore, I identified molecular mechanisms of ageing in vastus lateralis 

muscle biopsies in the same population using transcriptome sequencing which were 

independent of age-related changes in physical activity (chapter 5). Moreover, I explored 

the effects of protein propionylation on mitochondrial respiration in various cell types and 

investigated the functional effects of increased protein propionylation in skeletal muscle 

cell lines and primary human myotubes (chapter 6 and 7).  

 

NIRS was shown to be a valuable tool to study muscle mitochondrial capacity in an ageing 

population (chapter 2, 3 and 4) and that despite similar physical activity, muscle 

mitochondrial capacity and mitochondrial gene and protein expression is still lower in older 

compared to young males (chapter 4 and 5). Furthermore, protein propionylation could be 

an interesting post translational modification in skeletal muscle, as increased 

propionylation is associated with impaired differentiation and associated with lower 

mitochondrial respiration in other cell types (chapter 6 and 7). 

 

8.2. The way forward for NIRS assessment of muscle mitochondrial 

capacity 

Nutritional and physical human intervention studies mostly rely on methods that are readily 

available and can be easily incorporated in current assessment protocols. Furthermore, 
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often multiple measurements over a longer time period are used in large populations and 

therefore invasive and time-consuming methods are often less desirable. Due to the 

increased portability and accessibility, and lower burden for the research subject, NIRS has 

the potential to be a valid, non-invasive tool to study mitochondrial capacity in human 

intervention studies. However, for NIRS to live up to this promise, some challenges and 

pitfalls needed to be addressed. Therefore, one of the aims of this thesis was to further 

establish the NIRS assessment of muscle mitochondrial capacity. For example, it is was not 

known whether the method was adequately sensitive to pick up more subtle differences in 

mitochondrial capacity. NIRS was previously used to detect differences in mitochondrial 

capacity between inactive individuals and endurance trained athletes (Brizendine et al. 

2013). This was likely the result of training adaptations in mitochondrial amount and quality, 

reflected by the difference in VpO2peak between the groups (Tonkonogi and Sahlin 2002). 

Yet, although mitochondrial capacity is not the only determinant for VpO2peak (Weibel et al. 

1991), the difference in VpO2peak was considerably large between the inactive individuals 

and endurance trained athletes, about ± 40 mL/kg/min. When comparing an older and 

young population, differences in VpO2peak are expected to be more subtle, about ± 15 

mL/kg/min, even when physical activity is maintained (Lanza et al. 2008; Distefano et al. 

2018). Therefore, in chapter 2 we applied NIRS to measure differences in mitochondrial 

capacity in a more normal population, i.e. VpO2peak values more common in the general 

population, of high- and low-fitness males with a smaller difference in VpO2peak between 

the groups. We show that with an absolute difference of ± 15 mL/kg/min in VpO2peak 

between the high- and low-fitness males, we were able to detect the anticipated difference 

in mitochondrial capacity in the gastrocnemius muscle. Likewise, in chapter 3 we were able 

to detect similar differences in a female population with a similar difference in VpO2peak. 

Therefore, the findings in chapter 2 and 3 expand the sensitivity of NIRS to detect smaller 

differences in mitochondrial capacity in a more normal population. 

 

Henceforth, in chapter 4 we applied NIRS in an ageing population in three different 

locomotor muscles. We show that NIRS was able to detect differences mitochondrial 
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capacity in the gastrocnemius and vastus lateralis between similarly active young and older 

males. The absolute mean difference in mitochondrial capacity was much smaller in the 

gastrocnemius muscle comparing young and old males than when comparing high- and low-

fitness individuals (0.25 vs 0.59 in mVpO2 recovery constant (min-1), respectively; Figure 8.1). 

However, it must be noted that we did not measure VpO2peak in the similarly active young 

and older males and therefore the difference in VpO2peak is unknown. Nevertheless, these 

data provide strong evidence for the use of NIRS to assess mitochondrial capacity, also to 

study the effect of age on mitochondrial capacity. Because NIRS is a more portable, more 

accessible and a relatively cheaper method to assessment of mitochondrial capacity non-

invasively, the use of NIRS can accelerate research in the field of mitochondrial muscle 

ageing and can be more easily applied to assess the effectiveness of exercise and lifestyle 

interventions to retain mitochondrial capacity with age. 

 
Figure 8.1 mVSO2 recovery constant derived from monoexponential curve fits of mVSO2 recovery in 
gastrocnemius after after 30 s of plantar flexion exercise in older males, young males, high-fitness 
and low-fitness males and females 
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A technical drawback of the NIRS assessment of mitochondrial capacity, is that without 

inferring the amount of light scattering using mathematical assumptions, one cannot 

determine absolute oxygen concentrations in the tissue underneath the probe, at least 

using the continuous NIRS system that was used in this thesis. This is because differences in 

subcutaneous adipose tissue thickness (ATT), but also skin thickness, skin pigmentation and 

blood flow, influence the light scattering (van Beekvelt et al. 2001; Wassenaar and Van den 

Brand 2005; Craig et al. 2017). Therefore, because these factors differ between subjects, 

the NIRS signal is normalised for each individual subject using a physiological calibration. 

This physiological calibration allows for the conversion of the units of the measurement to 

a percentage of one’s maximal muscle oxygenation. This percentage is established after a 

four-minute arterial occlusion to ensure complete deoxygenation of the tissue (0%) and the 

corresponding hyperaemic response after caseation of the occlusion (100%) (Hamaoka et 

al. 1996). In this way, the signal is standardised between subjects or within subjects at 

different time points.  

 

NIR light is thought to travel in a banana-like shape in the tissue from emitter to receiver 

and the distance between the receiver and emitter, the optode distance, is thought to be 

equal to half the interrogation depth of the NIR light in the tissue. If more light is scattered, 

less light will reach the muscle and the interrogation depth will be lower. Therefore, 

although the physiological calibration is an effective strategy to standardise the signal 

between subjects, still, differences in measurement depth can influence the measurement. 

For example, muscle fibre type distribution can be different at different depths (Johnson et 

al. 1973; Koga et al. 2015) and when ATT is high and the optode distance is small, the 

interrogation depth can be insufficient to reach muscle tissue (van Beekvelt et al. 2001). 

Therefore, the findings in chapter 3 are important as females generally have higher 

adiposity and thicker ATT and highlight that NIRS can detect similar differences in 

mitochondrial capacity in a female population compared to a male population. To overcome 

the expected larger ATT in the female population, we used a greater optode distance to 

ensure enough light would reach the muscle. Yet, although we were able to detect similar 
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differences in a population with higher ATT, some measurements in participants among the 

highest ATT thickness failed due to low quality data. Therefore, we hypothesise that despite 

having theoretically sufficient interrogation depth, with increasing ATT the amount of signal 

contributed to muscle (signal) decreases and the amount of signal from adipose tissue 

increases (noise), which significantly affects the quality of the measurement. A solution for 

these limitations can be to use time-resolved NIRS. Time-resolved NIRS makes use of short 

light pulses and is able to extrapolate absolute oxygen concentrations from tissue optical 

properties, making use of attenuations in shape and delay light pulses at the receiver (Re et 

al. 2018). Additionally, increasing the power of the light source will increase the amount of 

light received at the receiver and allows for measurement in deeper tissues (Koga et al. 

2015). Nevertheless, the aforementioned systems are not widely available, require more 

expertise and are not portable, making them less desirable for routine and onsite 

measurements.  

 

Another concern for standardisation is the exercise that precedes the mVpO2 recovery 

measurement. The assumptions are that mitochondrial oxidative enzymes are maximally 

activated by the short exercise protocol and that the recovery of readily available energy 

substrates is directly linked to mitochondrial activity following first-order kinetics between 

PCr dynamics and mitochondrial oxidative metabolism. However, it was shown that 

following low-intensity contractions, the recovery of isolated muscle fibres is slower 

compared to the recovery following medium and high intensity contractions, at least in high 

oxidative fibres (Wüst et al. 2013). This suggests that mitochondria are not maximally 

activated at lower exercise intensities which violates first-order kinetics assumptions. This 

is supported by studies looking at oxygen kinetics at the onset of exercise, where a higher-

order kinetic models fits these kinetics better (Wüst et al. 2011; Korzeniewski and Rossiter 

2015) possibly due to allosteric control of mitochondrial enzymes by, for example, Ca2+ 

(Glancy and Balaban 2012). This implies that the exercise preceding the measurement 

should reach a certain minimum exercise intensity to not violate the assumption of maximal 

activation of mitochondrial oxidative enzymes. 
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On the contrary, when the exercise intensity is too high, this might also violate assumptions 

of a valid measurements of mVpO2 recovery (Ryan et al. 2013a). For example, it has been 

suggested that following high-intensity exercise, there is a component of PCr recovery that 

can be contributed to ATP production by glycolysis (Forbes et al. 2009). Moreover, when 

exercise intensity is high and oxygen consumption is high, oxygen can become a limiting 

factor and recovery of mVpO2 only reflects mitochondrial function when oxygen is not a 

limited factor during recovery (Haseler et al. 2007). Hence, standardisation, i.e. similar 

intensity, of the exercise preceding mVpO2 recovery measurements could be essential for a 

valid measure of mitochondrial capacity. Standardisation of the exercise can be done by 

standardising force output during the exercise protocol to a percentage of one’s maximal 

force production. This would require equipment to measure one’s maximal force prior to 

the measurement and execute the exercise at a set percentage of that maximal force. 

However, just as for time-resolved NIRS, although adaptations to the method can be 

incorporated to increase the validity of the measurement, many of these adaptations 

compromise the simplicity of the method. This method was developed as simple, more 

accessible and, if desired, portable tool. Increasing complexity by adapting equipment for 

exercise standardisation or increasing measurement depth compromises this simplicity. 

Besides, there is evidence that, despite aforementioned concerns, mitochondrial capacity 

is independent from exercise intensity and exercise type (Ryan et al. 2013a; Southern et al. 

2014). This suggests that in an in vivo situation small differences in the exercise preceding 

the mVpO2 recovery measurement might be less important or less apparent. Nevertheless, 

improvements in methodology could be important when small effects sizes are expected. 

Therefore, I suggest that two methodologies of NIRS assessment of mitochondrial capacity 

can coexist: a field-based, portable, simpler protocol and a more elaborate laboratory-

based, stationary protocol. Nonetheless, with advancements in technology, features of the 

laboratory NIRS can be implemented in portable devices, which can further advance the 

portable protocol.  
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8.3. Physical activity and skeletal muscle mitochondrial ageing 

Although mitochondrial dysfunction is referred to as a hallmark of ageing (López-Otín et al. 

2013b) and is often implied to be indispensably associated with muscle ageing (Carter et al. 

2015), the role of mitochondria in muscle ageing is not yet fully understood. When using an 

in vivo 31P-MRS approach, combining data from 22 studies, mitochondrial capacity was not 

shown to be negatively affected by age. On the contrary, the effect of age on mitochondrial 

capacity was positive (Fitzgerald et al. 2016). This would mean that with advancing age, 

mitochondrial capacity increases and thus either mitochondrial quality improves or the 

mitochondrial amount increases. This is not in agreement with data from isolated muscle 

fibres and muscle mitochondria, which show a lower mitochondrial quality and decreased 

mitochondrial amount with age (Short et al. 2005; Lanza et al. 2008). Nonetheless, the 

effects of age on mitochondrial capacity are very heterogenous and when dissecting the 

data, three main factors that modify muscle mitochondrial ageing were identified, namely 

sex, muscle group and physical activity (Fitzgerald et al. 2016). Therefore, when designing 

the ageing study in this thesis, we have put considerable effort in either standardising, in 

case for sex and physical activity, or addressing, in case for muscle group, these effect 

modifiers. We were therefore able to conclude in chapter 4, that mitochondrial capacity 

was lower in a population of older compared to young males despite similar physical activity 

levels, and that this effect was indeed dependent on muscle group. More specifically, 

mitochondrial capacity was lower in the vastus lateralis and gastrocnemius muscle of older 

compared to young males, but was not different in the tibialis anterior. This shows that in a 

homogenous population, e.g. same sex, narrow age range and similar physical activity, the 

effect of age is negative, at least in the vastus lateralis and the gastrocnemius. Moreover, 

in chapter 5 we showed that this lower mitochondrial capacity, at least in vastus lateralis, 

was likely caused by a lower expression of mitochondrial genes and a lower expression of 

mitochondrial complex proteins. In chapter 4 we also show that despite a component in 

muscle ageing, which is independent from physical activity, higher levels of moderate-to-

vigorous physical activity were associated with higher mitochondrial capacity, at least in the 
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gastrocnemius muscle. Likewise, in chapter 5 we showed that in the vastus lateralis muscle, 

higher levels of moderate-to-vigorous physical activity were associated with increased 

expression of mitochondrial genes. This supports that maintaining higher levels physical 

activity at an older age still remains an effective strategy to at least mitigate mitochondrial 

ageing (Lanza et al. 2008; Irving et al. 2015; Balan et al. 2019).  

 

Although we conclude that muscle mitochondrial capacity is lower in older compared to 

young males despite similar physical activity levels in the vastus lateralis and gastrocnemius 

muscle, there could be other explanations underlying the observed effect that should be 

taken into consideration: 

 

1) Similar physical activity (intensity, amount or type) is not sufficient to elicit the 

same molecular response in gene and protein expression in older individuals and 

therefore is not sufficient to sustain mitochondrial capacity. 

 

2) Whole-body physical activity might not reflect physical activity in every muscle 

group and this might be age-dependent. 

 

3) Mitochondrial capacity is secondary to other age-related processes that affect 

muscle ageing that might be less affected by physical activity, such as dysregulation 

of cell adhesion, increased inflammation or denervation. 

 

4) Physical activity was not maintained over the lifetime, but rather was similar in the 

recent weeks or months preceding the mitochondrial capacity measurements, i.e. 

the physical activity measurements are not representative.  

 

8.3.1. Similar physical activity is not sufficient to elicit the same molecular response 

in gene and protein expression in older individuals 
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Despite engaging in similar physical activity, there could be a lower sensitivity towards 

physical activity as the stressor and the adaptive, molecular signalling pathways in response 

to this stressor in older muscle. Although muscle biopsies in our studies were taken at rest 

and at least 32 hours after the last exercise session, and therefore do not reflect acute 

exercise effects, the expression data showed that on a molecular level, there are differences 

in expression of important genes that regulate mitochondrial capacity in response to 

physical activity between old and young muscle. For example, the expression of PGC1α and 

the gamma 3 subunit of the AMPK complex (PRKAG3) were lower expressed in the older 

compared to young males. PRKAG3 has been shown to be most important in the AMPK 

activation by phosphorylation following physical activity (Birk and Wojtaszewski 2006) and 

AMPK activation is essential in the activation of PGC1α, which in turn, regulates 

mitochondrial biogenesis (Handschin and Spiegelman 2006). Moreover, the expression of 

the acute exercise-responsive genes NR4A1 and NR4A3 (Kawasaki et al. 2009; Pillon et al. 

2020) was lower in the older compared to young males. Expression of these genes enhances 

oxidative metabolism (Chao et al. 2012) and their expression is, at least in part, controlled 

by AMPK activation (Kawasaki et al. 2009). Previous work showed an attenuated AMPK 

response in old compared to young mice, who displayed an age-related decrease in AMPK 

activation upon exercise (Reznick et al., 2007). Furthermore, the response of PGC1α to an 

exercise intervention after a period of bed rest was higher in young compared to old 

individuals, failing to restore expression of some mitochondrial complexes in the older 

individuals (Buso et al., 2019). Therefore, it could be that, for example, the lower expression 

of PRKAG3 limits AMPK activation and hence, the activation of downstream regulators of 

mitochondrial capacity. This could explain why similar physical activity in older individuals 

is not able to elicit a similar adaptive molecular response as in young individuals, perhaps 

explaining the lower expression of mitochondrial complexes and lower in vivo mitochondrial 

capacity. However, this has not yet been established and further research on the acute 

adaptive response to exercise in old compared young muscle is necessary.  
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Based on data acquired from the accelerometery measurements, the older subjects spent 

on average 5% of their wear time in moderate-to-vigorous physical activity. On a weekly 

basis, this adds up to ± 315 minutes a week. This amount of moderate-to-vigorous physical 

activity meets the guidelines for physical activity in The Netherlands, which advice 150 

minutes of moderate-to-vigorous physical activity per week (Gezondheidsraad 2017). 

Nevertheless, according to our data, this amount of physical activity is not enough to sustain 

mitochondrial capacity, questioning the adequacy of the current physical activity guidelines, 

at least to sustain mitochondrial capacity. Nevertheless, in the current design, only the 

amount of time and intensity of physical activity were standardised between the two age 

groups, while type of exercise was not specifically standardised. The current guidelines also 

advice to engage in resistance exercise for two times a week. Yet, not all older males 

included in the study met those guidelines. Combined training, including both resistance 

and endurance training, has been shown to induce the most robust changes in 

mitochondrial capacity in elderly compared to resistance or endurance training alone (Irving 

et al. 2015). Therefore, future studies should, besides standardising for equal time and 

intensity of physical activity, also standardise for type of between the two groups. In this 

way, differences in resistance physical activities between the age groups could be 

prevented.  

 

8.3.2. Whole-body physical activity might not reflect physical activity per muscle 

group and this might be age-dependent 

Different patterns of muscle use between the young and older individuals could have 

affected activation and the consequent molecular response in specific muscles, while on a 

whole-body level physical activity was similar. This might be especially true for the vastus 

lateralis muscle, as this muscle has been shown to be less activated in old compared to 

young males during locomotion (Hortobágyi and DeVita 2000; Tirosh and Sparrow 2005; 

Schmitz et al. 2009). The differences in muscle use with age are substantiated by the 

differential effect of age on mitochondrial capacity in the tibialis anterior muscle, which 

showed no significant difference between older and young individuals (Lanza et al. 2007; 

General Discussion 

173 
 

Christie et al. 2014; Lagerwaard et al. 2020a) and activation during locomotion was shown 

to be higher in older compared to young individuals in this muscle (Schmitz et al. 2009). 

Therefore, although the vastus lateralis is a muscle that is often sampled for biopsies due 

to its relatively easy accessibility and larger mass, it might not be representative for muscle 

ageing in all muscle groups. Muscle biopsies from the tibialis anterior have been shown to 

be safe and well tolerated (Lilleker et al. 2016) and analysing the molecular signature of this 

muscle might give additional insights in muscle ageing, independent from changes in 

activity. Additionally, it could be valuable to, besides measuring physical activity, also 

measure muscle-specific activity, at least in the muscle from which the biopsy is taken or in 

which mitochondrial capacity is assessed. Hence, I encourage future research to explore the 

possibilities to combine accelerometry measurements with specific muscle activity 

measurements, such as surface electromyography (Boccia et al. 2015), which will allow for 

integration of physical activity measurements, muscle activity measurements and 

mitochondrial capacity. 

 

8.3.3. Mitochondrial capacity is secondary to other age-related processes that 

affect muscle ageing that might be less affected by physical activity 

Another explanation for the decrease in mitochondrial capacity despite similar physical 

activity, could be that other age-related processes that affect muscle ageing are the cause 

of the decline in mitochondrial capacity with age, i.e. a decreased mitochondrial capacity is 

a secondary ageing phenomenon. In chapter 5, we identified cell adhesion, inflammation 

and muscle innervation as significantly (dys)regulated pathways with age. Therefore, it 

could be that these processes precede mitochondrial decline. However, ageing studies 

often use a cross-sectional rather than longitudinal study design. Therefore, appointing 

chronological cause and effect relationships is not possible, as is the case in this thesis. Yet, 

some have hypothesised that, for example, age-associated denervation of the muscle fibres  

precedes mitochondrial dysfunction in the muscle fibre (McNeil et al. 2005), as similar a 

mitochondrial phenotype has been observed in denervated muscle fibres (Wicks and Hood 

1991) as in aged muscle fibres (Spendiff et al. 2016; Sonjak et al. 2019). The denervation 
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could be caused by ageing processes that occur in the motor neurons and not in the muscle 

fibres, such as decreased axonal transport of mitochondria in the motor neurons (Takihara 

et al. 2015). Others hypothesised that extracellular matrix integrity decreases due to an 

accumulation of damage with age (Ewald 2020). The decreased integrity could influence 

muscle satellite cell function and muscle repair (Blau et al. 2015), which could in turn 

increase inflammation leading to tissue fibrosis and further damage the extracellular matrix 

(Mann et al. 2011). These changes in the extracellular matrix could negatively affect force 

transmission (Street 1983). Taken together, decreased muscle contractibility due to 

decreased force transmission, decreased innervation or decreased extracellular matrix 

integrity, could impair the adaptive molecular response following physical activity. In this 

way, the decline in muscle mitochondrial capacity might be secondary to these processes, 

which we identified to occur in the older muscle independent of physical activity. Therefore, 

it is of interest to explore mechanisms by which these processes are regulated with age and 

to explore interventions that might ameliorate these changes. For example, muscle 

stretching interventions in rat muscles have been found to affect the extracellular matrix 

(Zotz et al. 2016) and enhance muscle blood flow (Hotta et al. 2018), suggesting that 

interventions should not be limited to increasing or maintaining physical activity alone. 

 

8.3.4. The physical activity measurements were not representative of long-term 

and habitual physical activity 

Lastly, another explanation for the decrease in mitochondrial capacity, despite similar 

physical activity, could be attributed to the representativeness of the physical activity 

measurement. Physical activity was measured using three weekdays and two weekend days 

out of a 7-day, waist-worn, triaxial accelerometry measurement. Triaxial accelerometry 

measurements provide modest-to-good approximations of total energy expenditure when 

compared to double-labelled water, the golden standard for energy expenditure 

measurements (Chomistek et al. 2017). Although double labelled water can provide a more 

accurate measure for energy expenditure, accelerometry can provide a more in depth 

analysis of the movement patterns by measuring frequency, duration and intensity of 
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physical activity (Plasqui et al. 2013). Nevertheless, these measurements only reflect 

physical activity over the recent past and therefore, might not be a good indicator for the 

effect of physical activity on mitochondrial capacity over longer periods of time. Although, 

habitual physical activity was assessed using the Baecke questionnaire, which approximates 

habitual physical activity over the last year (Baecke et al. 1982) and correlates well with 

total daily energy expenditure measured using double labelled water (Philippaerts et al. 

1999), still, less subjective and measurements of physical activity over even longer periods 

of time, e.g. years, could have been more determinant with regards to mitochondrial 

ageing. Therefore, physical activity data collected over very long periods of time (e.g. years) 

can therefore be useful in mitochondrial ageing research, such as those collected from 

commercial physical activity trackers. Recent trends in health and physical activity tracking 

have increased the use of commercially available wrist-worn devices, also in biomedical 

research (Wright et al. 2017). While wrist-worn devices are inferior to waist-worn 

alternatives (Ellis et al. 2016) and not all commercially available devices are equally accurate 

in predicting energy expenditure compared to research-grade accelerometers (O’Driscoll et 

al. 2018), the data collected over the lifetime can still be of significant value. Furthermore, 

many of these devices have additional biological sensors, such as heart rate sensors, which 

increase estimates of energy expenditure in some activities (O’Driscoll et al. 2018). 

Therefore, measuring mitochondrial capacity in subjects who have been wearing these 

commercial sensors over an extended period of time could provide robust and relatively 

easy standardisation of physical activity over longer periods of time in muscle ageing 

research.  

 

8.4. A role for propionylation in ageing? 

Apart from analysing how mitochondrial function is regulated in muscle during aging on the 

gene and protein level, we also studied the role of novel post-translational modifications in 

muscle mitochondria (chapter 6 and 7). Acylation, the modification of proteins with acyl-

groups, has been proposed to play a role in regulating mitochondrial as well as other cellular 
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functions (Choudhary et al. 2014). We studied specifically how one of these modifications, 

protein propionylation, contributes to regulation of mitochondrial function. In chapter 6, 

we used a metabolic disease model with elevated protein propionylation levels to study the 

effects of increased protein propionylation on mitochondrial respiration. We showed that 

patients with this metabolic disease have increased levels of propionylation in fibroblasts 

obtained from skin biopsies. This increase was driven by the accumulation of propionyl-CoA 

due to a genetic defect in the propionyl-CoA carboxylase genes (Saudubray et al. 2016). The 

increased propionylation was accompanied by a decreased mitochondrial respiration in 

fibroblasts of these patients. Furthermore, when inducing increased protein propionylation 

by exposing control cells to a similar concentration of propionate that can be found in 

patients, we observed decreased mitochondrial respiration in cultured human fibroblasts 

and in a liver cell line. This suggested that increased protein propionylation can affect 

protein functionality, thereby hampering mitochondrial respiration. This is in accordance 

with our initial hypothesis that protein propionylation would mainly affect mitochondria 

because the mitochondria are the site where propionyl-CoA is formed and metabolised, and 

due to favourable biochemical environment for acylation in the mitochondria (Wagner and 

Payne 2013). Indeed, in mice, many mitochondrial proteins can be subjected to 

propionylation, among which proteins that are directly involved in ATP generation, such as 

ATP synthase (Fritz et al. 2013b). Because acylated proteins typically show decreased 

functionality, thereby affecting cellular respiration (Schwer et al. 2006; Garrity et al. 2007; 

Ahn et al. 2008; Schlicker et al. 2008; Baeza et al. 2016), in chapter 6, we henceforth propose 

that the increased protein propionylation is the cause of the reduced mitochondrial 

respiration. 

 

Nonetheless, when we induced propionylation in cultured muscle cells, we did not observe 

the same mitochondrial defects. Moreover, we observed a lower amount of global protein 

propionylation and a faster decrease in propionylation after a recovery period in medium 

that did not contain propionate. In chapter 6, we hypothesised how differences in 

expression of certain enzymes might explain the different effects of propionate exposure 
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between muscle and liver and argue that the muscle might be geared towards propionyl-

CoA elimination. Since propionate exposure not only affects mitochondrial function, we also 

studied the effects of propionate and propionylation on other cellular functions in muscle 

cells. In chapter 7, we further explored the role of protein propionylation in the muscle and 

showed that exposure to propionate during differentiation impaired skeletal muscle 

differentiation in both primary human and cultured muscle cells. Because the increase in 

protein propionylation mainly occurred on histone proteins and regulation of gene 

expression is especially important during differentiation, the effect of protein 

propionylation on histones was investigated. We showed that the increase in 

propionylation was also observed on histone proteins of regulatory genes of muscle 

differentiation, providing a possible transcriptional mechanism on how propionate can 

impair muscle differentiation. In chapter 7, we discuss possible mechanisms by which 

histone propionylation might affect gene transcription, which remain to be elucidated. 

Nonetheless, the findings that propionate exposure and the consequent increase in protein 

propionylation is associated with impaired mitochondrial respiration in some cell types and 

impaired differentiation in skeletal muscle, provide the first indications for a role of protein 

propionylation in cellular physiology.  

 

Patients with a genetic defect in the propionyl-CoA carboxylase gene do display, apart from 

neurological, haematological and hepatic complications, a myopathic phenotype, including 

hypotonia and exercise intolerance (Haijes et al., 2019; Saudubray et al., 2016), suggesting 

that there might be a role for protein propionylation in the skeletal muscle. However, 

because propionate exposure did not affect mitochondrial respiration in muscle cells, it 

could be that this phenotype is regulated through increased propionylation of histone 

proteins, rather than through an increased mitochondrial protein propionylation. 

Therefore, our findings additionally suggest that besides our initial hypothesis on the role 

of propionyl-CoA and protein propionylation on the mitochondrial acylome, this now can 

be extended to a role for propionyl-CoA in the regulation of gene transcription via histone 

acylation. In this manner, levels of propionyl-CoA can regulate a wide array of cellular 
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processes. Interestingly, acetyl-CoA and propionyl-CoA were found in equimolar 

concentrations in the nucleus (Trefely et al. 2020), while acetyl-CoA is 8-fold more abundant 

compared to propionyl-CoA in cell lysates (Han et al. 2018), suggesting a 

compartmentalisation of propionyl-CoA in the nucleus. However, to date, the mechanism 

how mitochondrial propionyl-CoA derived from the breakdown of metabolites can 

contribute to nuclear propionyl-CoA levels that can be utilised for histone propionylation is 

unclear. Since propionyl-CoA cannot be transported over the inner mitochondrial 

membrane, one mechanism by which this could occur is via mitochondrial acyl-CoA 

thioesterase, an enzyme that can convert propionyl-CoA into propionate (Tillander et al. 

2014; Ellis et al. 2015). Subsequently, in the cytoplasm propionate can be converted back 

into propionyl-CoA by acyl-CoA synthetase short chain family member 2 (ACSS2) (Ellis et al. 

2015; Yoshimura et al. 2016). Another mechanism by which mitochondrial propionyl-CoA 

can contribute to histone propionylation is via carnitine acetyltransferase (CRAT). CRAT has 

the highest affinity for propionyl-CoA (Violante et al. 2013) and propionyl-carnitine can be 

transported out of the mitochondria into cytosol. Although for propionyl-carnitine this has 

not been investigated, mitochondrial acetyl-carnitine has been suggested to provide 

nuclear acetyl-CoA for histone acetylation (Madiraju et al. 2009) and therefore, this 

mechanism likely also exist for propionyl-carnitine. 

 

Whether increased protein propionylation as a cause for defective mitochondrial 

respiration and impaired myogenic differentiation also contributes to decline in the quality 

of muscle and muscle mitochondria with age, is yet to be explored. Nevertheless, there are 

some indications that protein propionylation could play a role. First, levels of protein 

propionylation are increased in the nuclear and cytosolic fraction of livers of old compared 

to young mice (Baldensperger et al. 2020). Second, it could be that levels of propionyl-CoA 

are higher in older individuals, thereby increasing protein propionylation. For example, 

increased cellular levels of propionyl-CoA have been observed in vitro in conditions of serum 

starvation, derived from the catabolism of the amino acid isoleucine (Trefely et al., 2020). 

Therefore, as muscle breakdown might increase with age, the catabolism of amino acids 
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that increase levels of propionyl-CoA could be expected to increase as well. Third, it could 

be that protein propionylation increases due to lower activity of enzymes that remove 

propionyl groups from proteins, i.e. depropionylate proteins. Although it is not yet clear 

which enzymes have depropionylation activity, it is likely that sirtuins are responsible for 

this, as these enzymes have been shown to regulate other types of acylations on many 

protein targets (Wagner and Hirschey 2014). Sirtuin enzymes require NAD+ as their cofactor, 

yet levels of this cofactor were observed to decrease with age in various tissues, including 

skeletal muscle in rodents (Yoshino et al. 2011; Braidy et al. 2011; Gomes et al. 2013) and 

in skin (Massudi et al. 2012), brain (Zhu et al. 2015), liver (Zhou et al. 2016) and plasma 

(Clement et al. 2019) in humans. Furthermore, NAD+ levels have been shown to be lower in 

sarcopenic muscle compared to aged-matched controls (Migliavacca et al. 2019). Noted 

must be that this decrease has not yet been observed in healthy aged skeletal muscle. 

 

To get insight whether protein propionylation increases in older individuals, we semi-

quantified protein propionylation in muscle biopsies analysed in chapter 5 of seven young 

and seven older males using Western blot. Protein propionylation had the tendency to be 

higher in older males. However, this effect was not statistically significant (Figure 8.2). 

Furthermore, we were unable to measure any propionylation on histone proteins, possibly 

due to the method of protein isolation. Moreover, quality of Western blotting is highly 

dependent on antibody quality and the appropriate loading controls. Furthermore, the 

range of quantification is somewhat limited and altogether, the results obtained by Western 

blotting are considered as semi quantitative. Therefore, a more quantitative approach to 

measure differences in protein propionylation would be to measure the amount of 

propionylation using liquid chromatography–mass spectrometry (Baldensperger et al. 

2020). Nevertheless, the current preliminary results together with the aforementioned 

indications of higher protein propionylation with age, provide insight and rationale to 

further investigate the role of protein propionylation with ageing.  



8

Chapter 8 

180 
   

 
Figure 8.2 (A) Western blot analysis of propionyllysine (prop-K) in vastus lateralis muscle of 7 older 
and 7 young males. (B) Quantification of prop-K protein expression corrected for total protein using 
total protein staining. 
 

If protein propionylation plays a role in muscle ageing, one can speculate on strategies to 

alleviate the increased propionylation. The removal of these acylation is regulated by 

sirtuins and therefore, activation of these enzymes is likely an effective strategy to lower 

cellular propionylation levels. One strategy that is postulated to increase the activity of 

sirtuins is by increasing the levels of the cofactor of the sirtuin enzymes, NAD+. Strategies to 

increase NAD+ levels via supplementation often make use of NAD+ precursors, such as 

nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN), that can be 

converted into intracellular NAD+ via the so called ‘NAD+ salvage pathway (Bogan and 

Brenner 2008). The effects of NAD+ precursors have been studied on a variety of tissues, 

organisms and in various conditions (Fang et al. 2017). With regards to muscle, there are 

indications that supplementation of NMN and NR has been shown to mitigate the age-

related decline in mitochondrial capacity (Gomes et al. 2013; Zhang et al. 2016; Mills et al. 

2016), increased endurance capacity (Cantó et al. 2012) and prevented muscle satellite cell 

senescence in mice (Zhang et al. 2016). Nevertheless, in humans, the few trials that 
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investigated supplementation of NAD+ precursors did not show a beneficial effect on muscle 

health (Elhassan et al. 2019; Dollerup et al. 2020; Remie et al. 2020). However, 

supplementation was not able to greatly increase NAD+ concentrations in the skeletal 

muscle in none of the aforementioned studies. Furthermore, it is not clear if levels of NAD+ 

were deficient to start with, as no young or healthy control group were included. Translating 

rodent studies to the human situation is not straightforward, as some animal studies used 

an intraperitoneal supplementation of NAD+ precursors, which was shown to increase 

skeletal muscle NAD+ more potently compared to oral supplementation (Liu et al. 2018). In 

conclusion, while supplementation of NAD+ precursors has shown beneficial effects on 

mitochondrial capacity in mice, so far studies in humans failed to show similar effects. 

Besides supplementation, there are other strategies to activate the sirtuins enzymes, such 

as caloric restriction, physical activity and pharmacological sirtuin activators (Bonkowski 

and Sinclair 2016). To what extend these strategies can be effective in modifying protein 

acylation in humans is yet to be explored.  

 

8.5. Conclusions and further perspectives 

In this thesis, I contribute to the understanding of the role of mitochondria in age-related 

loss of muscle mass and strength on the molecular and physiologic level. I show that NIRS 

assessment of mitochondrial capacity can be a valuable tool for research on muscle 

mitochondrial ageing and applied it in a well-controlled population of similarly active young 

and old males. In the same population, I show that muscle mitochondrial capacity is lower 

in older compared to young males in the vastus lateralis and gastrocnemius muscle, 

suggesting that, although increased physical activity was associated with better 

mitochondrial capacity, similar physical activity alone is not adequate to sustain 

mitochondrial capacity in all skeletal muscles at old age. Nevertheless, as mitochondrial 

capacity in the tibialis anterior was not significantly different between older and young 

males, the effect of age on mitochondrial capacity is expected to be muscle specific, be it 

due to differences in muscle use or intrinsic differences in muscle characteristics. This shows 
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that besides investigating and promoting physical activity interventions to sustain muscle 

function in elderly, at the same time, there should be ongoing research on the ageing 

mechanisms that occur independent of physical activity and how it affects different muscle 

groups. To more accurately and longitudinally measure physical activity in ageing studies, 

data from wearable health and activity sensors can be used in future studied investigating 

the effect of physical activity on muscle mitochondrial ageing. 

 

Possible, yet to be identified, ageing mechanisms might be related to protein acylation and 

in specific protein propionylation. I show that protein propionylation is associated with 

mitochondrial dysfunction and impaired skeletal muscle differentiation. Whether protein 

propionylation also plays a role in ageing is not yet known, but data on 

compartmentalisation of propionyl-CoA in the nucleus and the role of sirtuins as anti-ageing 

genes that de-acylate targets provide promising clues. Nevertheless, pieces in this puzzle 

are still missing, such as what happens to the levels of propionyl-CoA when we age, whether 

the decrease in NAD+ is important in muscle ageing, how increased mitochondrial propionyl-

CoA can contribute to histone propionylation and what are the functional consequences? 

Therefore, besides research on the role of propionylation in ageing, more fundamental 

research on protein propionylation and propionyl-CoA metabolism is required. Elucidating 

these mechanisms will increase our understanding of muscle ageing and will drive 

discoveries how to modulate these mechanisms through pharmacological or lifestyle 

interventions. 
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Muscle mass and strength are reported to decline with age. Due to the vital role the muscle 

in daily life activities, increased loss of muscle mass and strength is associated with 

functional decline, decreased quality of life and increased hospitalisation rates. Therefore, 

maintaining skeletal muscle mass and strength with age is a key component in healthy 

ageing. One of the postulated causes of the decline in mass and strength is the decline in 

the amount and the quality of the muscle mitochondria, collectively referred to as 

mitochondrial capacity. Nevertheless, the exact contribution of the mitochondria is still 

under debate. Therefore, this thesis aims to obtain a better understanding of the role of 

skeletal muscle mitochondria during ageing. Understanding the role of the contributors to 

skeletal muscle ageing on the physiologic and molecular level could focus intervention 

strategies to ultimately to sustain muscle mass and strength with age. 

 

Current methods to assess mitochondrial capacity in humans are either invasive, such as 

the sampling of muscle tissue via a muscle biopsy, or less accessible, due to expensive and 

specialised equipment, such as 31P-MRS. In recent years, the assessment of mitochondrial 

capacity using near-infrared spectroscopy (NIRS) has offered relief to these limitations. Yet, 

additional effort is needed to extend the use of NIRS to also study the effect of age on 

mitochondrial capacity. For example, previous studies compared groups of subjects with 

large expected differences in mitochondrial capacity, and therefore it was unknown if NIRS 

is able to detect relatively smaller differences in mitochondrial capacity, such as might be 

expected between a young and older population. In chapter 2 we demonstrated that NIRS 

was able to detect differences in mitochondrial capacity in the gastrocnemius muscle in a 

homogenous population of high- and low-fitness males, with a smaller expected difference 

in mitochondrial capacity than was previously assessed. In chapter 3 we additionally 

showed that NIRS is able to detect differences in mitochondrial capacity the gastrocnemius 

muscle in a population of a high- and low-fitness females. Furthermore, we show that NIRS 

correlates with other measures of oxidative capacity, underlining the physiological 

relevance of NIRS assessment of mitochondrial capacity. This demonstrates that NIRS could 

be a valuable tool to study muscle mitochondrial capacity in an ageing population 
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In chapter 4 we used NIRS to assess the effect of age on mitochondrial capacity in a 

population of older (65-71 years) and young (19-25 years) males. Due to the interaction 

between physical activity, mitochondrial capacity and age, the two age groups were 

selected based on self-reported, similar physical activity, which was verified using a 5-day 

accelerometry measurement. We showed that NIRS was able to detect differences in 

mitochondrial capacity between the two age groups in the gastrocnemius and vastus 

lateralis, but not tibialis anterior. This showed that not all muscle groups display similar 

mitochondrial ageing and, because we observed these effects despite similar physical 

activity, the lower mitochondrial capacity is likely a direct effect of ageing and cannot be 

completely prevented by physical activity. Nevertheless, a higher mitochondrial capacity 

was correlated with spending more time in moderate-to-vigorous physical activity, 

suggesting that physical activity might ameliorate part of the age-related decline in 

mitochondrial capacity. In chapter 5 we used transcriptome sequencing to identify 

molecular mechanisms of ageing in vastus lateralis muscle biopsies in the aforementioned 

population. The significant regulated processes in older compared to young muscle 

included: cell-adhesion, the matrisome, innervation and inflammation, which were largely 

upregulated, and oxidative metabolism, which was downregulated. In accordance with the 

transcriptome results, the protein expression of some mitochondrial respiratory complexes 

was lower in older compared to young muscle. Moreover, the expression of these 

complexes in the older group was correlated with in vivo mitochondrial capacity in the 

vastus lateralis. This showed that the observed lower mitochondrial capacity could be 

explained by a lower expression of mitochondrial complex proteins and further 

substantiated the use of NIRS to measure mitochondrial capacity in vivo. 

 

In chapter 6 and 7 we explored the role of protein propionylation as regulatory factor of 

mitochondrial and muscle function in aging. Post-translational protein modifications are an 

important regulatory mechanism for protein functionality and offers the cell a rapid and 

reversible mechanism to respond to changes in the environment. Protein propionylation 

might be an important post-translational modification in muscle physiology and ageing. In 
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chapter 6 we turned to a pathophysiological human model in which levels of propionyl-CoA 

were elevated and protein propionylation was increased. We showed that fibroblasts from 

patients in this pathological state have impaired mitochondrial function compared to 

healthy donor cells, possibly due to aberrant propionylation of proteins involved in 

mitochondrial respiration. Furthermore, increasing propionylation by exposure to 

pathophysiological concentrations of propionate induced impaired mitochondrial function 

in cultured fibroblasts and liver cells. Yet, this effect was not observed in cultured muscle 

cells, possibly due to differences in metabolic handling of propionyl-CoA. Despite an 

absence of the effect of propionate exposure and increased propionylation on 

mitochondrial function in muscle cells, in chapter 7 we showed that exposure to propionate 

impairs skeletal muscle differentiation. Concomitant with this observation, we observed an 

increase in histone protein propionylation and acetylation. The increase in propionylation 

and acetylation occurred on regions of the genome that regulate muscle differentiation, 

possibly revealing an additional mechanism by which propionyl-CoA and propionylation can 

influence muscle cellular fates. 

 

In chapter 8 the conclusions are presented and the main findings of this thesis are further 

discussed. For example, we further discuss the way forward for NIRS assessment of 

mitochondrial capacity. Additionally, we discuss the limitations of the study design used in 

chapter 4 and 5. Lastly, the plausible role of protein propionylation in skeletal muscle ageing 

is discussed. 

 

In conclusion, this thesis aimed to obtain a better understanding of the role of mitochondria 

in skeletal muscle ageing. We obtained better understanding on the non-invasive 

assessment of skeletal muscle mitochondrial capacity using NIRS and newly applied this 

method to study the effect of age on mitochondrial capacity in locomotor muscles. 

Furthermore, we obtained better understanding on the molecular mechanisms of ageing 

and identified that the age-related decline in mitochondrial capacity in skeletal muscle 

occurs despite similar physical activity, although we demonstrated this effect is muscle 
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dependent. Lastly, we explored the effect of protein propionylation on skeletal muscle cells. 

Although we did not find direct effects of increased propionylation on mitochondrial 

function in muscle, we observed that increased propionylation was associated with 

impaired muscle differentiation and propionylation could therefore play a role in muscle 

physiology and ageing.  
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