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General introduction

Obesity, type 2 diabetes and insulin resistance
In 2019, 50% of the Dutch population was overweight (BMI>25 kg/m3) and 15% obese 

(BMI>30 kg/m ) (Volksgezondheidenzorg.info, 2020a). Obesity is an important risk 

factor for the development of type 2 diabetes mellitus (T2DM) and the majority of the 

population that has diabetes is overweight or obese (Vazquez et al., 2007; Laaksonen et 

al., 2010; Schnurr et al., 2020). Approximately 1.2 million people have been diagnosed 

with the highest disease burden (Volksgezondheidenzorg.info, 2020c). Patients with 

T2DM often display co-morbidities such as renal problems, retinopathy, cancer and 

cardiovascular diseases (Deshpande et al., 2008; Zheng et al., 2018).

Patients with T2DM are diagnosed by high plasma glucose levels (hyperglycaemia). 

The exact mechanism of the development of T2DM is not known, but patients 

with T2DM are characterized as insulin-resistant. Insulin resistance is described as 

the reduced responsiveness of the peripheral tissues to insulin. This will lead to 

a reduction of glucose uptake by the peripheral tissues and blunted inhibition of 

glucose production by the liver, resulting in hyperglycaemia (Cersosimo et al., 2000). 

Impeded insulin sensitivity is initially compensated for by increased insulin secretion, 

resulting in high plasma insulin levels, and insulin resistance is a major factor in 

developing T2DM (DeFronzo & Tripathy, 2009). While the precise origin of reduced 

muscle insulin sensitivity remains to be elucidated, the conventional hypothesis 

reads that insulin signalling is impeded via bioactive lipids that may accumulate 

in the muscle of obese individuals (Petersen & Shulman, 2018). Examples of these 

possible mechanism is the bioactive lipid-mediated activation of protein kinase C, a 

 et al., 2002; Szendroedi 

et al., 2014). This links muscle insulin resistance to fat metabolism. Therefore, studies 

sensitivity. In this thesis, the focus will predominantly be on factors that modulate 
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fat storage and to a lesser extent on fat oxidation.

Glucose and fat metabolism
The majority (about 80%) of postprandial glucose uptake resides in skeletal muscle and 

is insulin-dependent. Insulin does, however, not only regulate glucose metabolism, 

but is also involved in lipid metabolism. Insulin inhibits lipolysis and stimulates 

(NEFAs) in the circulation. Although lipids are mainly stored in the adipose tissue, 

liver, heart and skeletal muscle, a process referred to as ectopic lipid storage.

Adipose tissue is mainly responsible for the production of NEFAs in the plasma, 

while the liver provides triacylglycerols (TAGs) in the form of very low-density 

lipoprotein (VLDL) in the plasma (Figure 1). VLDL derived FAs are mostly taken 

up by the adipose tissue after activation of the lipoprotein lipase or in a smaller 

proportion in skeletal muscle. The NEFAs taken up by the muscle can be oxidized in 

small lipid droplets (LDs), making up the intramyocellular lipid (IMCL) pool.

Lipid droplets
Lipids in the muscle are stored in the form of LDs. LDs are dynamic organelles 

containing mostly TAGs and cholesterol esters surrounded by a phospholipid 

monolayer (Figure 2) (Farese & Walther, 2009). LDs form the total IMCL pool and 

continuously undergo lipid uptake, storage and release for oxidation. The capacity 

of LDs to adjust to changes in nutritional status or energy demand demonstrate 

the dynamic nature of the LDs and is referred as LD dynamics (Badin et al., 2013). 

LDs can vary in number, size and subcellular distribution. The total muscle IMCL 

pool is the product of the size and number of LDs. Thus, with a similar level of 

IMCL, the lipids can be dispersed in numerous small LDs or in fewer albeit larger 
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(Essén et al., 1975; Loon et al., 2004; Schrauwen-Hinderling et al.

on the other hand, more glycolytic, containing less mitochondria and have a lower 

Figure 1. Overview of lipid and glucose exchange between liver, adipose tissue and the muscle. 
Glucose enters the bloodstream via the intestines or is released by the liver. It is mostly taken up by 
the muscle where it can be stored as glycogen or oxidized by mitochondria. Triacylglycerols (TAGs) are 
present in the plasma in the form of very low-density lipoprotein (VLDL), which is produced by the liver, or 
as chylomicrons from the intestine (not shown). VLDL derived TAGs are taken up by the adipose tissue 

Creative Commons Attribution 3.0 Unported License; https://smart.servier.com.
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Proteins can play a role in LD dynamics and LDs in the muscle tissue are decorated 

perilipin (PLIN) family. The most studied member of the PLIN family is PLIN5, 

present in oxidative tissue such as muscle tissue. The role of PLIN5 is not fully 

understood; a dual role has been proposed in both lipid storage and lipid oxidation, 

depending on demand, nutrition or training status (Bosma et al., 2012; Bosma et al., 

2013; Gemmink et al., 2016; Shepherd et al., 2017). PLIN5 has also been found on the 

mitochondria (Gemmink et al., 2018).

LDs are important storage sides for neutral lipids, such as TAGs. During lipolysis, 

TAGs are broken down in DAGs by the lipolytic enzyme adipose triglyceride 

lipase (ATGL) under the release of FAs. DAGs can be further broken down to 

monoacylglycerols by the lipolytic enzyme hormone sensitive lipase (HSL). The 

Lipids can be metabolised for oxidation or used for the generation of other lipid 

species, necessary for membrane structure or other cellular processes. The bioactive 

intermediates of lipid metabolism, such as NEFAs, DAGs or ceramides are considered 

toxic to the cell (Liu et al., 2007; Park et al., 2008; Verma et al., 2014), referred to as 

lipotoxicity. Therefore, the capacity to store lipids as inert TAGs in LDs is suggested 

to be protective against lipotoxicity (Listenberger et al., 2003; Rambold et al., 2015; 

Nguyen et al., 2017).
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Figure 2. Schematic drawing of a lipid droplet. A lipid droplet is characterized by a phospholipid monolayer 
which contains several proteins. The core consists mainly of triacylglycerols and cholesterol esters.

Intramyocellular lipids and insulin resistance
For decades, high levels of IMCL have been associated with insulin resistance (Pan

et al., 1997; Krssak et al., 1999; Goodpaster et al., 2000). Indeed, high levels of IMCL 

are detected in obese and T2DM individuals. However, this relationship disappears 

when endurance trained athletes are taken into account (Goodpaster et al., 2001). 

Endurance trained athletes are highly insulin-sensitive while having high amounts of 

IMCL. This shows that the link between IMCL and insulin sensitivity is unlikely to be 

causal. Further research has shown that LD morphology (Nielsen et al., 2017; Daemen

et al., 2018), LD subcellular distribution (Daemen et al., 2018; Perreault et al., 2018), 

perilipins on the LDs (Townsend & McKie, 2017) and lipid species such as ceramide 

and DAGs (Amati et al., 2011) can play a role in developing insulin resistance. Thus, 

it is not only important to look at total IMCL levels, but also at factors contributing 

to the dynamic process of LDs.
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Microscopy techniques to study lipid droplets

by a detector or a camera. 

The use of neutral lipid dyes is a common method to visualize LDs, since LDs store 

mainly TAGs. In the past, Oil red O (ORO) was a commonly used dye to visualize LDs, 

microscopy (Koopman et al., 2001). However, ORO has its limitations. It requires 

 et 

al., 2011). Moreover, ORO cannot be used for live-cell imaging and due to its broad 

 et al., 2013). Bodipy 493/503 

(Prats et al., 2013), can be used for live-cell imaging (Spangenburg et al., 2011) and can 

 et al., 2013).

their size and number and protein coating (Daemen et al., 2016). The diameter of 

a LD in skeletal muscle typically varies between 100 to 2000 nm (Digel et al., 2010). 

these organelles in detail. Laser scanning confocal microscopy is a well-studied 

method and has a theoretical xy resolution of 140 nm with a lens of 1.4 numerical 

aperture (Paddock, 1999). In practice, the xy resolution will be up to 200 nm. Confocal 

pinhole to block out-of-focus light. This results in an increased signal-to-noise ratio 
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and improved image quality.

such as laminin (present in the cell membrane), myosin heavy chain type I (MHC, 

Risk factors and treatment strategies
Genetic background, family history and socioeconomic status are factors that 

sedentary lifestyle, unhealthy dietary habits and smoking (Bellou et al., 2018; Zheng 

et al., 2018). More recently, also ambient temperature (Valdés et al., 2019) and changes 

in day-night rhythm, including sleep duration (Shan et al., 2015) have been suggested 

sensitivity prompted us to examine IMCL responses to experimentally induced 

changes in ambient temperature (cold exposure), day-night rhythm, administration 

of a nutritional compound known to promote mitochondrial oxidative capacity 

(resveratrol) and exercising in the fed and fasted state. 

Cold exposure

In insulin-resistant individuals, high plasma TAG levels are observed. High plasma 

TAG levels may be caused by either blunted inhibition of lipolysis of the white 

adipose tissue or a high fat diet. High plasma lipid levels facilitate lipid storage in non-

adipose tissues, such as the muscle. Abnormal plasma lipid values (dyslipidaemia) 

increase the risk for the development of cardiovascular complications (Nordestgaard 

& Varbo, 2014). Pre-clinical studies showed that brown adipose tissue (BAT) plays 

an important role in the clearance of TAGs as well (Bartelt et al., 2011). BAT is also 

present in humans and is activated by cold exposure (Nedergaard et al., 2007; 

Hanssen et al., 2016). Cold exposure (and BAT activation) has been shown to induce 
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fat metabolism (Chondronikola et al., 2016; Blondin et al., 2017) and promote insulin 

sensitivity (Hanssen et al., 2015). If cold exposure can impact postprandial plasma 

lipid levels in humans needs to be investigated.

Day-night rhythm

Every cell in our body has a biological clock with a periodicity of about 24 hours 

and is synchronized by the main clock in our brain. Our biological clock is mainly 

 

et al., 2019). If a person would have a regular day night rhythm, like waking up in the 

morning, eat regularly and sleeps during the night, one would say that this person’s 

behaviour is aligned with his inner biological clock. Nowadays, however, we live 

night-time. In this way many persons are misaligned with their inner biological 

clock. People who work irregular hours, such as shift workers, have indeed a higher 

risk on developing obesity and insulin resistance (Pan et al., 2011; Gan et al., 2015). 

Moreover, experimental studies have shown that circadian misalignment with a 

(Scheer et al., 2009; Morris et al., 2016) and compromised muscle insulin sensitivity 

in humans (Wefers et al.

gene BMAL1 results in muscle insulin resistance (Dyar et al., 2014). These studies 

indicate that misalignment of the circadian clock contributes to the impairment of 

glucose metabolism, mainly through a reduced muscle insulin sensitivity. Others 

have shown that IMCL and certain lipid species vary across the day-night cycle 

(Loizides-Mangold et al., 2017; Held et al., 2020). Disruption of the molecular clock 

results in altered oscillations of lipid species in human myotubes (Loizides-Mangold 

et al., 2017) and altered lipid metabolism in mice (Dyar et al., 2018). If changes in 

intramyocellular lipids can explain the circadian misalignment-induced insulin 

resistance in humans, needs to be examined.
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Resveratrol

exercise and calorie restriction (Balk et al., 2015). Those protocols result in a negative 

energy balance, hence increasing weight loss, and promotes glucose disposal and 

mitochondrial function. However, there is a low adherence to these protocols on the 

long term (Morrato et al., 2007; Middleton et al., 2013; Gibson & Sainsbury, 2017). 

exercise or calorie restriction. Resveratrol is a polyphenol that is naturally present 

in grapes, berries and peanuts (Cucciolla et al.

and PGC1a (Lagouge et al., 2006) and AMPK (Baur et al., 2006; Timmers et al., 2011). 

Therefore, resveratrol has been studied as alternative strategy against insulin 

and lipid handling (Timmers et al.  et al., 2012), while other studies did 

 et al., 2017; de Ligt et al.

Interestingly, resveratrol has been seen to induce mitochondrial function (Timmers et 

al., 2011; Timmers et al., 2016; de Ligt et al., 2018) in combination with increased IMCL 

(Timmers et al., 2011; Timmers et al.

of resveratrol in lipid handling in humans remains elusive and therefore studying 

more features of LD dynamics after resveratrol supplementation is warranted.

Exercise

IMCL can be utilized as energy source during exercise. Long term exercise results 

in augmented IMCL levels (Schrauwen-Hinderling et al., 2003) and endurance 

trained athletes have higher levels of IMCL (Daemen et al., 2018). For acute exercise, 

 et al., 2007; Bucher et 

al., 2014), while others did not (Kiens & Richter, 1998). The discrepancy can result 
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function as an energy source or can refuel IMCL stores. Although many studies 

exercise on IMCL levels. Plasma NEFA levels can be enhanced by exercising in the 

fasted versus the fed state. In addition, not only IMCL levels but also more features of 

LD dynamics need to be studied after an acute exercise bout and during the recovery 

of exercise to further elucidate the use of IMCL during exercise.

Outline of the thesis
The aim of the thesis is to look at the role of LD dynamics in relation to insulin 

chapter 2

muscle tissue. To explore the putative role of LD dynamics in insulin resistance 

we studied in the following chapters lipids and features of LD dynamics after cold 

exposure, circadian misalignment, resveratrol supplementation and acute exercise. 

More features of LD dynamics were examined along the chapters. In chapter 3, we 

levels, carbohydrate and fat oxidation and muscle mitochondrial function. Next, we 

wanted to look further into the muscle and examined IMCL and lipid species in 

relation to compromised insulin sensitivity due to circadian misalignment (chapter 

4). In this chapter, we studied LD characteristics in human muscle biopsies from 

individuals who were either behaviourally aligned with their intrinsic biological clock 

or misaligned (12 hour swift). Lipidomics was performed to study morning-evening 

chapter 5, IMCL was 

further explored with the analysis of the LD protein PLIN5 after an intervention with 

resveratrol supplementation in metabolically compromised individuals. The aim was 

to what has been observed in highly insulin-sensitive individuals). The dynamics of 

IMCL were more extensively characterized in chapter 6 by studying IMCL and PLIN5 
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analysed before exercise, directly post-exercise and 4h post-exercise (recovery) under 

conditions of high or low NEFA levels. In chapter 7, we proposed a microscopy tool 

to study LD dynamics in vitro. In this chapter the pioneering steps are described 

to set up this tool in human primary myotubes. In the future, this tool can be used 

insulin-sensitive individuals. Finally, in chapter 8, the overall results of this thesis 

are discussed in the general discussion.
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Abstract
The majority of fat in the human body is stored as triacylglycerols in white adipose 

tissue. In the obese state, adipose tissue mass expands and excess lipids are stored 

in non-adipose tissues, such as skeletal muscle. Lipids are stored in skeletal muscle 

in the form of small lipid droplets. Although originally viewed as dull organelles 

droplets are now recognized as key components in the cell that exert a variety of 

of diet and exercise interventions on myocellular lipid droplets and their putative 

role in insulin sensitivity from a human perspective. We also provide an overview of 

lipid droplet biology and identify gaps for future research.
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Introduction

non-adipose tissues such as skeletal muscle (van Hees et al., 2010). This phenomenon 

ectopic fat storage is merely a way of sequestering excess lipids. Thus, excess lipids 

is dispersed throughout the muscle in small lipid droplets (LDs). In the past, LDs 

were viewed as inert storage sites; however, they are now considered to be active 

organelles (Krahmer et al., 2009).

Ectopic fat storage has been suggested to interfere with normal cell function, a 

phenomenon referred to as lipotoxicity (Unger, 2003). Skeletal muscle is an important 

and, hence, is prone to lipotoxicity. Human skeletal muscle is responsible for 

approximately 80% of post-prandial glucose uptake (under healthy conditions), 

which is impeded in muscles with excess IMCL (Blaak, 2004). It is therefore interesting 

to note that obese individuals or patients with type 2 diabetes have elevated IMCL 

content compared with lean individuals (Goodpaster et al., 2001) and that IMCL is 

et 

al., 1999; Petersen et al., 2004). This supports the notion that excess IMCL can be an 

early event in type 2 diabetes development. Multiple papers have reported negative 

correlations of IMCL content with insulin sensitivity (Pan et al., 1997; Jacob et al., 

1999; Krssak et al., 1999; Goodpaster et al., 2001; Anderwald et al., 2002). However, this 

correlation is absent in trained athletes (Goodpaster et al., 2001; Thamer et al., 2003), 

a phenomenon referred to as the ‘athlete’s paradox’ (Goodpaster et al., 2001); despite 

high levels of IMCL, trained athletes remain highly insulin sensitive. The mechanistic 

link between IMCL content and muscle insulin sensitivity, however, remains elusive. 

storage in LDs in the form of TAG along with an adjustment of TAG hydrolysis and 
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et 

al., 2013). Jointly, these processes are referred to as LD dynamics (Badin et al., 2013). 

The dynamic nature of LDs seems to depend on a variety of factors, including 

nutritional and dietary factors, as well as acute physical exercise and exercise training 

(Bosma et al., 2012a). Multiple characteristics of LDs have been linked to the dynamic 

nature of LDs (Figure 1) and, hence, are suspected to contribute somehow to the 

intricate relationship between ectopic fat storage and insulin sensitivity. Likewise, 

the size, number, subcellular distribution, composition and protein coating of LDs, 

and the interaction of LDs with other subcellular organelles, such as mitochondria 

and sarcoplasmic reticulum, have all been hypothesized to be determinants of 

myocellular insulin sensitivity.

Figure 1. Schematic overview of the characteristics of muscle lipid droplet (LD) dynamics addressed 
in this review.

morphology (LD size and number), interactions of LDs with mitochondria and with proteins regulating LD 
turnover (e.g. PAT protein family, lipolytic enzyme adipose triglyceride lipase and its cofactors) and the 
composition of lipids in the LD have been linked to (patho)physiology, such as insulin sensitivity. Diet and 

and the confocal microscopy image (right-hand image) are cross-sectional views of a cryosection of a 
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Lipid droplet structure, biogenesis and growth
LDs in skeletal muscle are relatively small (0.20-0.50 μm²) and typically comprise a 

neutral lipid core composed of lipid esters, including TAGs and, to a lesser extent, 

cholesterol esters (Walther & Farese, 2012). Usually, myocellular LDs are surrounded 

by a phospholipid monolayer that provides a base to a variety of proteins involved 

LDs are formed has not been elucidated. A variety of models for LD formation have 

been hypothesized (Wanner et al., 1981; Murphy & Vance, 1999; Zweytick et al., 2000; 

Waltermann et al., 2005; Ploegh, 2007; Walther & Farese, 2009). The classical model 

LD coated with a phospholipid monolayer (Murphy & Vance, 1999). Another model 

that has gained momentum over the years involves the accumulation of lipids in 

membranes of small ER vesicles, resulting in LD formation and release (Walther & 

Farese, 2009). Although these models are not mutually exclusive, none of the models 

is underpinned by thorough and complete experimental proof. 

Even within a single cell type, such as skeletal muscle, LDs can vary substantially 

in size under a variety of conditions. How LDs change in size is not completely 

understood. However, three models are currently under consideration (Thiam et 

al., 2013). (i) The fusion of LDs via pores in the phospholipid monolayer of two LDs 

results in an exchange of lipids and the fusion of LDs. (ii) An exchange of molecules 

from one LD to another in a process referred to as ripening, which results in a linear 

increase in LD size over time. Typically, this process occurs alongside increases 

in the phospholipids of the LD monolayer. In this model, some LDs grow at the 

expense of others that shrink, resulting typically in a wider range in LD size. (iii) The 
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Lipid droplet coat proteins of the perilipin family
The TAG molecules making up the LDs in skeletal muscle are subject to enduring 

cycles of hydrolysis and resynthesis. This dynamic nature is tightly orchestrated by 

a series of proteins possessing lipolytic activity (e.g. the main TAG lipase, adipose 

triglyceride lipase (ATGL) (Zimmermann et al., 2004) whose activity is regulated by 

stimulatory and inhibitory co-factors). Regulation of LD synthesis and degradation 

is also under partial control of a set of structurally alike proteins from the perilipin 

family, also known as PAT proteins (Kimmel et al., 2010). Of the PAT proteins currently 

known, PLIN2 (Brasaemle et al., 1997) and PLIN5 (Wolins et al., 2006; Yamaguchi et al., 

2006; Dalen et al., 2007) appear most important in skeletal muscle. PLIN2 dissociates 

the lipase from the LD and, hence, prevents lipolysis from occurring (Listenberger 

et al., 2007). PLIN5 is present at the LD surface, particularly at LDs neighbouring 

mitochondria as well as at LD-mitochondrial contact sites (Bosma et al., 2012b) and 

is supposed to regulate LD lipolysis in conjunction with ATGL and its co-factors. 

the emerging picture is that in the absence of PLINs, muscle becomes devoid of 

LDs (Bosma et al., 2012a) due to ongoing lipolysis. Increases in any of these PLINs 

results in large LDs and high IMCL content (Bosma et al., 2012b). Thus, proteins of 

in morphological changes such as altered LD number and size and, possibly, lipid 

composition and interorganelle interaction. 
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Lipid droplet turnover
Myocellular LDs provide the main lipid reservoir to provide energy by hydrolysis of 

the TAG they harbour and provide building blocks for membrane synthesis (Farese 

et al., 

Indeed, LDs making up the IMCL pool can exhibit a high turnover during both rest 

et al., 2004; Kanaley et al., 2009) and exercise (Guo et al., 2000), whereas total 

et al. et al., 2004). In athletes, 

the synthesis rate of IMCL is higher than in untrained individuals (Bergman et al., 

2010). By contrast, lower rates of IMCL synthesis and oxidation have been reported 

in obese and pre-diabetic males with observations in obese and pre-diabetic males 

(Perreault et al., 2010) and in patients with type 2 diabetes (Blaak & Wagenmakers, 

2002) than in healthy males. Thus, the IMCL pool in trained athletes represents a 

highly dynamic pool, whereas the IMCL pool in patients with type 2 diabetes has 

lost its dynamic character. 

in LDs and well-controlled hydrolysis of TAG in the LD to fuel fat oxidation in a 

timely and adequate fashion. Studies using cell and rodent models have revealed 

that the absence of PLIN2 (Bosma et al., 2012a) or PLIN5 (Mason et al., 2014) results 

in a marked reduction in LD number and size. However, under these conditions, the 

most likely explanation for the loss of LDs is not the compromised incorporation of 

largely lacking. 

Rare, genetic disorders resulting in compromised ATGL activity (Fischer et al., 2007), 
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et al., 2006; Schweiger 

et al., 2008; Schweiger et al., 2009), profoundly compromise LD dynamics and 

result in severe metabolic aberrations. Following the reasoning that inert storage 

metabolic aberrations observed in patients with ATGL or CGI-58 mutations is 

somewhat surprising. Studies in rodents have revealed that mice lacking ATGL had 

severely compromised mitochondrial function and consequently possessed low fat 

oxidative capacity (Haemmerle et al.

peroxisome proliferator activated receptor (PPAR)-mediated gene expression, it has 

been hypothesized that in the absence of LD hydrolysis, the limited availability of 

oxidative gene expression observed when ATGL function is limited (Haemmerle et 

al., 2011). This notion was substantiated by the observation that administration of 

synthetic PPAR ligands to mice (Haemmerle et al., 2011) and ATGL mutant humans 

(van de Weijer et al.

on LD number or size or TAG hydrolysis (Haemmerle et al., 2011; van de Weijer et al., 

2013). These observations indicate that the maintenance of TAG hydrolysis capacity 

is an essential aspect of LD dynamics, and links proper LD dynamics to proper cell 

function, including the maintenance of an oxidative phenotype (see also the ‘Role of 

oxidative capacity and mitochondria’ section). 

Role of oxidative capacity and mitochondria
IMCL is an important substrate during exercise in endurance-trained athletes 

et al., 2007). In athletes, a high IMCL level coexists with a high 

oxidative capacity and a high contribution of lipids to total energy provision. This is 

in contrast with sedentary subjects, where lipid supply often exceeds the oxidative 

demand or capacity. In athletes, the increased demand may result in high lipid 

lipid species, cellular localization of lipids, LD protein coating and LD-organelle 
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interactions. Moreover, mitochondrial dysfunction has been implicated in insulin 

resistance in type 2 diabetes, further compromising the ability to oxidize fat. Thus, 

of lipid intermediates such as diacylglycerol (DAGs), ceramides or other toxic lipid 

species (see also the ‘Lipid composition and intermediates’ section).

Maintaining a tight match between lipid supply and lipid usage appears to be 

important to prevent lipotoxicity. Therefore, a tight tethering of LDs and mitochondria 

and mitochondria show a close spatial approximation (Hoppeler, 1999; Shaw et al., 

et al., 

to mitochondria. The exact nature of LD-mitochondrial interactions remains elusive.

Nowadays, mitochondria are no longer viewed as single organelles, but they can 

form an organized network, which can be observed both in cultured muscle cells 

and muscle tissue. Just like LDs, the mitochondrial network is also thought to be 

mitochondria. Interestingly, LDs appear to be in conjunction with the mitochondrial 

reticular network (Figure 2). A properly fused mitochondrial network, and the 

mitochondrial population. Indeed, it has been shown in the case of cellular starvation, 

when cells rely heavily on oxidation of cellular stored lipid for energy production, 

et 

al., 2015).
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Figure 2. Lipid droplets (LDs) appear to be located within the mitochondrial network. The embedding 

stained using an antibody against a protein located in the outer mitochondrial membrane (translocase of 

Lipid composition and intermediates
The negative relationship between IMCL and insulin sensitivity has been suggested 

to originate from an accumulation of toxic lipid intermediates. LDs may protect 

against lipid-induced insulin resistance via the sequestration of insulin-desensitizing 

in vitro et al., 1999; Montell et al., 2001). The 

relationship between these lipid classes and insulin resistance is not straightforward. 

backbone. 
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Diacylglycerols

resistance is primarily derived from in vitro and animal data. The prevailing idea is that 

DAG activates protein kinase C (PKC) isoforms, promoting serine phosphorylation of 

the insulin receptor substrate 1 (IRS-1), thereby blunting insulin-stimulated tyrosine 

phosphorylation and activation by phosphatidylinositol-3 kinase (PI3K), reducing 

resulting in compromised glucose uptake (Erion & Shulman, 2010).

Human intervention and cross-sectional studies investigating the possible association 

have examined the role of DAG in acute lipid-induced insulin resistance. A pioneering 

study in humans, in which lipids were infused, revealed elevated DAG levels and 

a concomitant drop in insulin sensitivity (Itani et al., 2002). However, other studies 

failed to show elevated levels of DAG after lipid infusion while insulin sensitivity 

was clearly compromised (Vistisen et al., 2008). These observations dissociate DAG 

and acute lipid-induced insulin resistance. 

Although several cross-sectional studies have shown higher total muscle DAG levels 

in obese and/or diabetic subjects and a negative correlation between total DAG 

levels and insulin sensitivity (Straczkowski et al., 2007; Moro et al., 2009; Bergman et 

al., 2012) other studies have failed to do so (Anastasiou et al., 2009; Perreault et al., 

2010). The role of exercise training in modulating lipid composition has also shown 

et al., 2008). However, in cross-sectional studies 

in endurance-trained subjects, DAG content was found to be similar (Bergman et 

al., 2010) or elevated (Amati et al., 2011) compared with that of sedentary subjects. 

Controversially, a moderate exercise training program in obese sedentary volunteers 

reduced total DAG levels (Dube et al., 2008).
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Early biochemical studies highlighted the importance of both saturation and chain 

et al., 1982; Molleyres 

& Rando, 1988). In insulin-resistant men, DAGs have a higher level of saturation 

by higher C16:0 and lower C18:1 DAG (van Hees et al.

increase in 18:1 DAG was found in obese versus non-obese subjects (Moro et al., 

2009). Acute lipid-induced insulin resistance via lipid infusion led to an increase in 

DAG containing C16:0, C18:0, C18:1, C18:2 and C20:4; these changes correlated with 

were also associated with insulin resistance in obese and type 2 diabetes subjects 

(Szendroedi et al., 2014). In this study, both membrane-bound as cytosolic DAG 

was elevated (Szendroedi et al., 2014) and correlations with insulin resistance were 

most prominent for membrane fractions of DAG containing C18:1, C18:2 and C20:4. 

This observation matches another study reporting a negative correlation between 

membrane-bound DAG and insulin sensitivity (Bergman et al., 2012). Analysis of 

species C18:0/C20:4, di-C16:0 and di-C18:0 in patients with type 2 diabetes, with 

et al., 2012). These studies highlight the importance of cellular 

localization of lipid species (see also the ‘Location of lipids’ section).

but also on the position of these moieties on the glycerol backbone, namely 1,2-DAG, 

1,3-DAG and 2,3-DAG. The location and production of these isomers has been shown 

plasma membrane consists of 1,2-DAG and is mainly generated from phospholipids. 

In addition, 1,2-DAG can be found at the ER and Golgi network and comes primarily 

from de novo lipogenesis. 2,3-DAG and 1,3-DAG are produced from TAG hydrolysis 

and, therefore, are present in cytosolic LDs (Eichmann & Lass, 2015). Interestingly, 

early biochemical studies showed that only 1,2-DAG (not 1,3-DAG or 2,3-DAG) has 
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the ability to activate PKC (Boni & Rando, 1985; Hannun et al., 1986) and, hence, 

impede insulin signalling and contribute to insulin resistance. However, no such 

from a study using hormone-sensitive lipase (HSL) knock-out mice. After a treadmill 

exercise, knock-out mice showed increased insulin-stimulated glucose uptake along 

with higher (rather than lower) total DAG levels compared with wild-type mice. 

DAG subtype analysis revealed that 1,3-DAG increased after exercise, whereas 1,2-

DAG decreased after exercise (Serup et al., 2016). 

Ceramides

Ceramides have a central role in sphingolipid metabolism given that they are a 

precursor for complex sphingolipids. They can be produced de novo from serine and 

they are reformed via the salvage pathway from complex sphingolipids (Bellini et al., 

ceramide accumulation (Blachnio-Zabielska et al., 2010). As with DAGs, the 

mechanism by which ceramides are thought to induce insulin resistance is mainly 

derived from in vitro and animal studies. Ceramides may inhibit insulin-stimulated 

glucose uptake via the inhibition of Akt/protein kinase B (PKB) activation. Two routes 

have been proposed, namely the activation of phosphatase 2A by ceramides, leading 

to dephosphorylation of Akt/PKB (Stratford et al., 2004), and by activation of the 

in caveolin-enriched microdomains (Powell et al., 2003; Fox et al., 2007). 

Several studies in humans support a relationship between ceramide accumulation 

and insulin resistance. An inverse relationship between total muscle ceramide content 

and insulin sensitivity was found in lean, insulin-sensitive subjects (Straczkowski 
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et al., 2004). In addition, ceramide levels increased in the muscle of obese subjects 

(Adams et al., 2004; Straczkowski et al., 2007; Coen et al.

type 2 diabetes patients (Straczkowski et al., 2007) compared with lean subjects. Two 

studies have shown that participation in a moderate exercise training program can 

reduce the total ceramide levels of obese sedentary individuals and improve insulin 

sensitivity (Bruce et al., 2006; Dube et al., 2008). 

However, other studies have not reported a link between ceramides and insulin 

resistance. Upon examining muscle ceramide content in patients with a wide range 

levels and insulin sensitivity was observed (Skovbro et al., 2008). Acute induction of 

insulin resistance by lipid infusion was observed without changes in ceramide levels 

ceramides (Hoeks et al., 2012). In addition, several intervention studies, including 

weight loss and/or exercise training, failed to show any changes in muscle ceramides 

(Dube et al., 2011; Helge et al., 2011; Johnson et al., 2016; Sogaard et al., 2016). 

of type 2 diabetes patients, obese individuals and endurance-trained athletes are 

the same, C18:0 ceramide has been reported to be higher in the muscle of type 2 

diabetes patients relative to that of obese individuals and endurance-trained athletes. 

Moreover, other C18:0 sphingolipids (dihydroceramide and glucosylceramide) have 

been associated with insulin resistance (Bergman et al., 2016). The association between 

C18:0 ceramides and insulin resistance was extended by a study showing associations 

between insulin resistance and ceramide di18:1/18:0 and C18:0 sphingolipids 

dihexosylceramide and trihexosylceramide (Tonks et al., 2016). Furthermore, 

ceramides C14:0, C16:0 and C18:0 were increased in obese insulin-resistant women 

compared with those of obese insulin-sensitive women (Coen et al., 2010). In addition 

to these long-chain ceramides, very long-chain ceramides (20:0, 20:4 (de la Maza 

et al., 2015), c20:1 and C22:1 (Thrush et al., 2009)) have also been associated with 

obesity and glucose intolerance. As well as the ceramides subtype, the subcellular 

location of ceramides might also be of importance. For example, ceramides have 

Thesis layout4.indd   40 4-8-2021   20:49:24



41

Diet, exercise and lipid droplet dynamics

2

been implicated to be present in mitochondrial membranes and contribute to 

mitochondrial dysfunction (Di Paola et al., 2000; Yu et al., 2007) which indirectly 

links ceramides to insulin resistance. However, there are no data on the subcellular 

location of ceramides in human skeletal muscle. 

In general, the evidence for a direct role of diacylglycerols and ceramides in human 

muscle insulin resistance is inconsistent at best. With recent advances in lipidomics, 

explain inconsistencies between earlier studies looking at total DAG or ceramides. 

In addition, most data, particularly in human studies, are correlative and causality 

Location of lipids
Another complicating factor for the interpretation of changes in insulin-desensitizing 

bioactive lipids is the observation that the subcellular location of these lipid moieties 

appears to be of relevance. Skeletal muscle contains glycolytic non-oxidative muscle 

Figure 3A–C). 

(He et al., 2001) and insulin sensitivity (Albers et al., 2015). Although several studies 

and glycolytic muscle (Lally et al., 2012; Holloway et al., 2014), human studies looking 

than in lean sedentary individuals and endurance-trained athletes (He et al., 2004; 

van Loon et al.

resistant subjects than in insulin-sensitive obese subjects. Moreover, IMCL content 
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et al., 2010). 

in the vicinity of mitochondria or in the subsarcolemmal (SS) space, Figure 3D) may 

be a determinant of insulin sensitivity.

Figure 3. Distribution of lipid droplets (LDs) in skeletal muscle. A)

in cross-sectional view. The basement membrane protein laminin is shown in blue (secondary antibody 

B and C)

similar to the staining described for 3A. D)
elements but are also in the vicinity of the muscle cell membrane.taining procedures were similar to the 
staining described for 3A.

B

C

D

A
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The importance of subcellular location has already been illustrated above by the 

the importance of subcellular LD location with respect to insulin sensitivity. Type 

2 diabetes patients have been shown to have increased IMCL content, compared 

with obese and endurance-trained subjects, in the SS region. The presence of SS LDs 

negatively correlated with insulin resistance in type 2 diabetes patients (Nielsen et 

al., 2010). Furthermore, a training intervention decreased LD content in the SS area 

in lean, obese (Samjoo et al., 2013; Li et al., 2014) and type 2 diabetes subjects (Nielsen 

et al.

elusive.

The location of LDs is also a determinant of the interaction of LDs with other cellular 

and metabolism. For organelle interactions to occur, organelle motility is essential to 

bring organelles into close proximity and direct membrane connections are warranted. 

ER-LD contacts may facilitate the transfer of bioactive lipids and of proteins with 

metabolic or signalling functions (Barbosa et al., 2015). As an example, several TAG 

synthetic enzymes such as diacylglycerol-O-acyltransferase 2 (DGAT2) are bound to 

the ER membrane and move to the LD to promote TAG synthesis (Kuerschner et al., 

2008; Barbosa et al., 2015). Although data on the motility of LDs in human skeletal 

and demand, e.g. during exercise (Badin et al., 2013).

Classically, lipid composition analysis entails tissue lipid extraction, followed by 

conventional mass spectrometry. Unavoidably, this procedure results in the loss 

of all spatial information. However, several techniques are emerging that enable 

both chemical and spatial information to be analysed. Advances in both vibrational 

spectrometry, e.g. secondary ion mass spectrometry (SIMS), could enable the role of 

(Daemen et al., 2016). 
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lipid content
A sustained positive energy balance (e.g. via the excess caloric intake) results in 

the development of overweight and/or obesity. Obesity development and the 

concomitant expansion of white adipose tissue mass promotes the storage of fat 

in a variety of tissues, including skeletal muscle. Thus, elevated IMCL content is 

commonly observed in the obese state. Somewhat counterintuitively, prolonged 

fasting or alternate day fasting also seems to augment IMCL content. The following 

High fat diet and lipid infusion

A hypercaloric high-fat diet (HFD) can promote IMCL content in resting muscle 

within days (Bachmann et al., 2001; Zderic et al., 2004; Schrauwen-Hinderling et al., 

2005; Zehnder et al., 2006; Larson-Meyer et al., 2008; Sakurai et al., 2011; Van Proeyen 

et al., 2011). If provided after an exercise session, a HFD rapidly restores the exercise-

mediated drop in IMCL (Decombaz et al., 2001; Larson-Meyer et al., 2002; van Loon 

et al., 2003b). Thus, the consumption of a HFD promotes myocellular fat deposition, 

Nevertheless, it is interesting to examine models in which IMCL content was acutely 

(within hours) elevated by the infusion of lipid emulsions. These models compared 

saline or glycerol infusions. Lipid emulsions were co-infused with or without heparin 

to stimulate endothelial lipoprotein lipase (LPL) activity. Typically, this results in 

elevated plasma FFA levels up to the millimolar range (compared with 200-300 

μmol under control conditions). These studies have robustly and consistently shown 

(Bachmann et al., 2001; Brechtel et al., 2001a; Brehm et al., 2010; Hoeks et al., 2012; 

Lee et al.

et al., 2012) and highly trained athletes (Phielix et al., 2012). In these lipid emulsion 
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infusion studies, the increase in IMCL content was paralleled by a decrease in insulin-

stimulated glucose uptake in muscle. Interestingly, in trained athletes, lipid-induced 

insulin resistance was ameliorated (Phielix et al., 2012) even though IMCL content 

insulin sensitivity (Green et al., 2010).

Thus, elevating circulatory FFA levels in situations of a positive energy balance seems 

to promote TAG storage in skeletal muscle and compromise insulin sensitivity in men 

with normal to low oxidative capacity as well as in athletes. Cycling exercise for 3 

hours in the fasted state reduces IMCL content in the active muscles and is paralleled 

by increased plasma FFA levels and, interestingly, by increased IMCL content in the 

inactive muscle (Schrauwen-Hinderling et al., 2003b). This indicates that IMCL not 

only represents a very mobile lipid pool, but also supports the notion that elevated 

plasma FFA levels may drive IMCL content.

Calorie restriction and diet-induced weight loss

span and age-related diseases in various organisms. In rodents, a 30-50% reduction 

in calorie intake can lead to improved health (Guarente, 2006; Carmona & Michan, 

been studied in relation to insulin sensitivity in several populations.

Overweight and obese people subjected to a diet-induced weight loss (DIWL) 

intervention (16 weeks) showed a drop in IMCL and a parallel improvement in insulin 

sensitivity (Toledo et al., 2008). In another study with a similar design, overweight 

individuals not only showed a reduction in total IMCL but also a parallel drop in 

unchanged (Dube et al.

upon DIWL (Lara-Castro et al., 2008) indicate that DIWL potentially reduces IMCL 
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type-independent fashion (Gray et al., 2003) and occur in parallel to a substantial 

improvement in insulin sensitivity (Larson-Meyer et al., 2006). 

Caloric restriction not only reduces IMCL content in healthy individuals. Insulin-

also showed a reduced total IMCL content (owing to reductions in LD size, not 

number) and improved insulin sensitivity (Petersen et al., 2012). In patients with 

type 2 diabetes, a 6-day very low-calorie diet reduced IMCL content by 53%, whereas 

insulin-stimulated glucose uptake increased by 9% (Lara-Castro et al., 2008). In obese 

patients with type 2 diabetes, a very low-calorie diet with targeted weight loss reduced 

IMCL and improved insulin sensitivity (Jazet et al., 2008). In morbidly obese patients 

eligible for gastric bypass surgery, the intervention reduced their BMI by 43% with a 

concomitant drop in IMCL of 30% and improvements in glucose homeostasis (Gray 

et al.

it is premature to conclude that the improvement in glucose homeostasis observed 

after caloric restriction entirely originates from a reduction in IMCL. 

Fasting

In models of caloric restriction (e.g. alternate day fasting, very low calorie diet 

or gastric bypass), food is still consumed and, hence, there are transient cycles of 

carbohydrate and insulin peaks. During prolonged fasting, these oscillations are 

absent and the body relies on endogenous energy stores. Thus, hydrolysis of TAG in 

adipose tissue results in elevated plasma FFA levels. This elevation of plasma FFA 

levels is probably responsible for the observation that (in contrast to caloric restriction) 

prolonged fasting (>48 hours) augments IMCL levels in healthy individuals (Stannard 

et al., 2002; Wietek et al., 2004; Green et al., 2010; Hoeks et al., 2010; Browning et al., 

2012; Gemmink et al., 2016). Shorter episodes of fasting (<12 hours), requiring only a 

modest activation of adipose tissue lipolysis, did not result in increased IMCL levels 

(Machann et al., 2011). This apparent discrepancy is explained by lower plasma FFA 

levels in the early phase of fasting (Stannard et al., 2002; Wietek et al., 2004; Green et 

al., 2010; Hoeks et al., 2010; Browning et al., 2012). Recently, we showed that following 
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prolonged (62 hours) fasting, when plasma FFA levels were substantially elevated, 

not coated with PLIN5 (Gemmink et al., 2016). We also observed that participants 

that showed the greatest increase in LD size were least insulin resistant upon fasting 

(Gemmink et al., 2016). Thus, prolonged fasting results in elevated plasma FFA levels 

and augments IMCL content; however, if IMCL is stored in PLIN5-coated LDs, the 

increase in IMCL does not compromise insulin sensitivity. 

Other dietary interventions

Most commonly, the macronutrient composition of the diet is changed to modulate 

IMCL levels (changes in total caloric intake, or changes in the fat component of 

the diet). Alternatively, potentially bioactive food compounds can be selectively 

administered. We previously observed that obese normoglycemic patients 

in IMCL content (Timmers et al., 2011). The increase in IMCL was most pronounced 

protein PLIN5 and a decrease in hepatic fat content were also observed (Timmers et 

al., 2011). Similar observations were made in a follow-up study in patients with type 

2 diabetes (Timmers et al.

Intriguingly, the low hepatic fat content and elevated IMCL levels in type I muscle 

remodelling (Koves et al.

Thus, there is a growing body of literature that recognizes the importance of nutrition 

in LD synthesis and the modulation of the total IMCL pool in muscle. However, most 

IMCL and have not taken into account factors involved in the dynamic nature of LDs. 

In a study involving a combined exercise training and dietary intervention, LD size 

was reduced (He et al., 2004). This drop in LD size correlated with an improvement 

in insulin sensitivity (He et al.
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proteins in relation to insulin sensitivity remains elusive.

After acute exercise at moderate intensity, most studies report not only a decrease 

in IMCL in healthy and sedentary subjects (Decombaz et al., 2001; Schrauwen-

Hinderling et al., 2003a; White et al., 2003; Egger et al., 2013; Bucher et al., 2014) but 

also in endurance-trained athletes (Krssak et al., 2000; Rico-Sanz et al., 2000; Brechtel 

et al., 2001b; Decombaz et al., 2001; Johnson et al., 2003; van Loon et al., 2003a; van 

Loon et al., 2003b; Zehnder et al., 2005; De Bock et al., 2007; Vermathen et al., 2012). 

Importantly, the utilization of IMCL during exercise depends upon the duration 

and intensity of exercise and the training status of the participant. All these factors 

During prolonged, moderate-intensity endurance exercise, fat oxidation is maximal 

(Kiens et al., 2011). However, even at maximal rates of fat oxidation, there is still a 

et al., 2003a). The relative contribution of IMCL and plasma sources to lipid oxidation 

during exercise remains a subject of investigation and may vary with nutritional and 

training status and exercise intensity. 

With respect to dietary status, subjects showed a reduction in IMCL after a 2 hour 

et 

al.

low-dietary carbohydrate before exercise and found higher net IMCL usage in the 

low-carbohydrate condition, mainly owing to higher IMCL levels before exercise 

started (Johnson et al., 2003). Furthermore, it was shown that a HFD increased net 

training program (Van Proeyen et al., 2011), again possibly owing to increased basal 

IMCL values. Indeed, several studies indicate that it may be basal IMCL values that 

et al., 2002; Zehnder 
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et al., 2006; Vermathen et al., 2012), so higher IMCL levels at the onset of exercise 

may result in higher IMCL utilization. For example, athletes given 1.5 days of lipid 

supplementation before an acute cycling exercise showed increased pre-exercise 

IMCL levels; the IMCL depletion during exercise was strongly correlated with these 

pre-exercise IMCL levels (Zehnder et al., 2006). Furthermore, training status can 

than untrained individuals, which could not be completely explained by higher usage 

of plasma FFA (Coggan et al., 2000). This additional lipid substrate must therefore 

come from intramuscular fat stores, presumably IMCL. 

during acute exercise in humans has not yet been studied in great detail. One study 

ATGL and its co-activators with LDs (Mason et al., 2014). Another study showed that 

LDs coated with PLIN5 were depleted during exercise, whereas LDs without PLIN5 

were not (Shepherd et al., 2012). This selective use was maintained by a 6-week sprint 

interval training or endurance training intervention (Shepherd et al., 2012). Similarly, 

PLIN2-coated LDs were used during acute exercise in contrast to LDs devoid of 

PLIN2 (Shepherd et al., 2012, 2013). In contrast to PLIN5, the preference for utilizing 

PLIN2-positive LDs over LDs devoid of PLIN2 faded upon 6-week sprint interval 

training, as well as after the endurance training program (Shepherd et al., 2013).

Thus, during acute physical exercise, IMCL is used to fuel the increased energy 

demand of exercise and, hence, IMCL levels drop. The level of IMCL utilization 

during acute exercise depends on nutritional status, training status, absolute and 

relative exercise intensity and the IMCL levels at the onset of exercise. More detailed 

analyses of LDs during acute exercise indicate that coating LDs with PLIN2 or PLIN5 
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In most populations, chronic exercise training augments IMCL storage (Phillips et 

al., 1996; Schrauwen-Hinderling et al., 2003a; Pruchnic et al., 2004; Tarnopolsky et 

al., 2007; Dube et al., 2008; Shepherd et al., 2013). This appears to be in line with the 

‘athlete’s paradox’ and the notion that IMCL fuels exercise of moderate intensity. 

However, in type 2 diabetes patients and impaired glucose-tolerant subjects, the 

studies report augmented IMCL storage upon exercise training (Meex et al., 2010; 

Peters et al., 2012), others have reported no change (Jonker et al., 2013) or a reduction 

(Bruce et al., 2004; Solomon et al.

limited exercise capacity of patients with type 2 diabetes (Stephens & Sparks, 2015). 

The lower exercise capacity of type 2 diabetes patients blunts the reliance on IMCL 

as a substrate (Ghanassia et al.

augment IMCL content. However, even in the absence of reductions in IMCL, 

training improves insulin sensitivity (Bruce et al., 2004; Dube et al., 2008; Solomon et 

al., 2008; Nielsen et al., 2010). 

IMCL content. The emerging view is that alterations in LD morphology, coating LDs 

with proteins of the perilipin family, the subcellular localization of the LD and the 

of exercise than to total IMCL content. In lean men and women, 7 weeks of endurance 

exercise training increased IMCL content owing to an increase in the number of 

LDs rather than an increase in LD size (Tarnopolsky et al., 2007). This increase in 

LD number rather than LD size was also observed in another study (Shepherd et al., 

2013). Furthermore, several studies have observed an improvement in the contact 

between LDs and mitochondria (Tarnopolsky et al., 2007; Devries et al., 2013). With 

regard to the coating of LDs, the expression of PLIN2 and PLIN5 increases upon 

exercise training (Gjelstad et al., 2012; Peters et al., 2012; Shaw et al., 2012; Shepherd 

et al., 2013); one study also reported an increase in the expression of PLIN3 (Gjelstad 
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et al., 2012). However, the fraction of PLIN2 and PLIN5 co-localizing with IMCL 

remained unchanged (Shepherd et al., 2013).

Exercise training also appears to lead to a remodelling of cellular lipid distribution. In 

both obese non-diabetic and lean women, the redistribution of lipid from SS to IMF 

was observed after training, alongside an increased LD-mitochondrial interaction, 

together most likely favouring lipid oxidation during exercise (Devries et al., 2013). 

In overweight dysglycemic and normal weight control subjects, SS LDs, as opposed 

to IMF LDs, decreased both in size and number (Li et al., 2014). Moreover, type 

2 diabetes patients showed higher baseline SS lipid levels compared with obese 

controls and endurance-trained athletes. The training intervention reduced the SS 

lipid levels by half in these diabetic patients, reaching the levels of non-diabetic 

controls (Nielsen et al., 2010). 

been extensively studied, further studies are needed to elucidate the role of proteins 

involved in LD dynamics on IMCL turnover during exercise, and to explore whether 

Conclusions and future perspectives
In contrast to what has been the dogma for years, IMCL represents a highly dynamic 

pool of lipids that can readily adjust to alterations in energy supply and demand. 

of caloric restriction or short-term fasting reduces the IMCL pool size. In general, 

high IMCL levels are associated with impeded insulin sensitivity; however, this is 

not always the case. If, for example, IMCL is elevated because of exercise training, 

undergoes continuous cycles of depletion and repletion and seems to have more 

intimate interaction with organelles such as mitochondria and the sarcoplasmic 
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activity. To maintain the dynamic nature of LDs, an orchestrated interaction of 

lipases such as HSL and ATGL, their coactivators, and the myocellular members of 

the PLIN family (PLIN2, PLIN3 and PLIN5) is essential. We are just beginning to 

understand how these proteins respond to dietary and exercise interventions and 

modulating these proteins either by diet, nutritional compounds or exercise, the LD 

be done to determine how and why alterations in proteins involved in LD dynamics 
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Abstract
Atherosclerosis and elevated lipid levels are important factors contributing to the 

growing mortality and morbidity due to cardiovascular disease in the modern world. 

In order to reduce lipid levels, animal studies revealed that brown adipose tissue 

(BAT) is able to combust large amounts of circulating triglycerides. Here, we aim to 

investigate if stimulation of non-shivering thermogenesis via acute cold exposure 

could reduce lipid levels in humans. Fourteen healthy young volunteers, both male 

and female, were included. All volunteers underwent three separate mixed meal tests 

during acute, non-shivering cold exposure and c) at thermoneutrality but after three 

hours of non-shivering, cold exposure (pre-cooling). Postprandial substrate and lipid 

metabolism were investigated by regular blood sampling, and skin temperatures and 

energy expenditure were measured. Muscle biopsies were obtained during acute cold 

exposure and at thermoneutrality to measure skeletal muscle mitochondrial function. 

On a separate day, cold-induced brown adipose tissue activity was measured using 

an FDG-PET/CT scan. Acute cold exposure increased resting and diet-induced 

energy expenditure (17.4±3.4% and 10.5±1.2%) with a concomitant increase in fat 

oxidation (8.6±1.6 g vs 5.1±1.0 g; p=0.079). Contrary to our hypothesis, postprandial 

triglyceride levels were increased during cold exposure compared to thermoneutral 

(8.2±0.1mmol/l/min vs 6.2±0.1 mmol/l/min; p=0.013), or compared to pre-cooling 

(8.2±0.1 mmol/l/min vs 4.6±0.1 mmol/l/min; p=0.030). Acute cold exposure did 

p=0.150; leak respiration, p=0.740). BAT activity and volume did not correlate with 

acute non-shivering thermogenesis does not decrease postprandial lipids levels in 

young healthy volunteers, despite increased whole-body energy expenditure and 

fat oxidation.
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Introduction
In modern society, cardiovascular disease (CVD) has become one of the foremost 

causes of death, with up to 31.4% of all deaths worldwide (WHO, 2018). One of the 

most important risk factors for CVD is hyperlipidaemia (Nordestgaard & Varbo, 

Indeed, lifestyle and pharmacological therapies are aimed at lowering levels of low-

density lipoprotein cholesterol, known as the lipoprotein that carries the major risk 

for CVD (Nordestgaard & Varbo, 2014) and on the lowering of circulating triglyceride 

levels. Hypertriglyceridemia is also considered as an important risk factor for CVD 

(Nordestgaard et al., 2007), even independent of high levels of LDL (Hokanson & 

Austin, 1996; Austin et al., 2000).

Preclinical research from the last decade has provided strong evidence that 

brown adipose tissue (BAT) is an interesting tissue in the clearance of circulating 

triglycerides. BAT has the unique feature of having a special mitochondrial protein, 

uncoupling protein 1 (UCP-1) (Cannon & Nedergaard, 2004), which is used to 

uncouple the mitochondrial proton gradient from ATP production. Therefore, this 

substrate (Cannon & Nedergaard, 2004), thereby producing heat. It has been shown 

that activation of BAT through cold increases the density of BAT tissue on CT scan 

images in humans (Baba et al., 2010; Ouellet et al., 2012) indicating that intracellular 

lipids are combusted. As a result, BAT activation would eventually lead to a depletion 

of the intracellular lipid stores, and circulatory lipids are needed to replenish BAT 

lipid stores. Indeed, it was shown in mice that active BAT might be able to take up a 

large amount of particles containing triglycerides upon cold exposure (Khedoe et al., 

particles to maintain the heat production. Indeed, in a recent study with transgenic 

mice overexpressing UCP1, it was shown that cold exposure increases lipoprotein 

lipase activity in BAT (Bartelt et al., 2011). Furthermore, it was shown that activation 

of brown fat in APOE*3-Leiden.CETP mice leads to reduced atherosclerosis (Berbee 
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et al.

in preventing atherosclerosis is absent (Dong et al., 2013). These results suggest that 

important role in atherosclerosis development in mice.

In humans, the exact role of BAT is still under debate. We and others have shown 

that BAT is functionally present in human adults and activated by acute cold and 

cold acclimation (van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009; Hanssen 

et al., 2016) in both obese human subjects (Vijgen et al., 2011) and patients with type 

2 diabetes (Hanssen et al., 2015). Next to the presence of active BAT in adult humans, 

there is evidence that human BAT is involved in cold-induced metabolism (Muzik 

et al., 2013; Weir et al., 2018). More recently, Chondronikolas et al (Chondronikola 

et al.

of BAT tissue suggesting the use of intracellular lipid droplets, and a subsequent 

activation of white adipose tissue lipolysis to refuel the BAT. Additionally, Blondin 

et al. have shown that, comparable to mice, BAT is involved in the uptake of dietary 

et al., 2017b). In their study, they used only a single meal and a 

predetermined temperature on each participant. This could mean that they missed 

cold exposure. However, Blondin et al also concluded that the net contribution of 

humans the amount of BAT is small (Nedergaard et al., 2001; Cannon & Nedergaard, 

2004). Hence, in addition to BAT, skeletal muscle can play a role in cold-induced 

energy and substrate metabolism. Indeed, it has previously been shown that the 

uncoupling process in muscle mitochondria is related to an increase in non-shivering 

thermogenesis (Wijers et al., 2008; Wijers et al., 2011) and muscle tissue could therefore 

be important in the clearance of plasma triglycerides. 

Therefore, the aim of the current study was to investigate if acute cold exposure 

in humans can impact postprandial substrate metabolism and enhance triglyceride 

clearance.
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Methods

Volunteers

study. Eligibility was evaluated via a screening including assessment of blood 

parameters, cardiac function (electrocardiography), anthropometric measurements 

and a questionnaire about lifestyle. Inclusion criteria were: 20-50 years of age, BMI 

20-30 kg/m², a normal physically active lifestyle (<3 hours exercise per week), non-

smoking for at least 6 months at inclusion, no alcohol use of >2 servings per day 

and stable dietary habits (no weight loss or gain of more than 5 kg in the past 3 

months). No medication use was allowed, except for the use of any form of hormonal 

anticonception in female volunteers. Volunteers were excluded if they had any active 

metabolic or cardiovascular diseases, were pregnant or if they had a haemoglobin 

content below 8.4 mmol/L. All data were collected between April 2018 and November 

2019. 

Ethical approval

The study was conducted according to the declaration of Helsinki and was approved 

informed consent before screening.

Study design

thermal conditions: thermoneutral (at thermoneutrality), thermoneutral with three 

hours of preceding cold exposure (pre-cooling) and during acute cold exposure, as 

shown in Figure 1. On a separate day, all volunteers underwent an F-FDG PET/

CT-scan directly after four hours of acute non-shivering cold exposure to assess the 

individual’s capacity to activate BAT, as described previously (van der Lans et al., 
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2013). Between each test day (meal test or PET/CT-scan) there were at least two days 

Figure 1. Study design. Overview of the three meal tests. The colour of horizontal lines indicates cooling 

biopsies. Horizontal boxes indicate the indirect calorimetric measurements. Thin arrows show blood 
drawings.

Cold exposure

down to maximize non-shivering thermogenesis, as described before (van der Lans et 

al., 2013). In short, volunteers were wrapped in a water-perfused suit (ThermoWrap 

Universal 3166; MTRE Advanced Technologies Ltd., Yavne, Israel), while the water 

temperature was controlled using two temperature management units (Blanketrol 

M3; Cincinnati Sub Zero, OH, USA). First, volunteers remained at thermoneutral 

conditions (32 °C water temperature), after which the water in the suit was cooled 

in a stepwise fashion, 4 °C per 15 minutes. This was done until visible shivering 

occurred, at which point the subjects were heated to 34 °C for 10 minutes to minimize 

shivering. After these 10 minutes, the water temperature was set back to 2 °C above the 
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shivering onset temperature. For the remainder of each cooling period, temperature 

was increased by 1 °C if visible shivering occurred again. 

Meal test

Volunteers arrived at our research centrum the evening before each meal test, around 

6.00 PM. Upon arrival, they consumed a standardized meal, after which they were 

asked to remain fasted. The volunteers stayed overnight at the lab and were asked 

to sleep from 10.00 PM onwards. The following morning, volunteers were woken at 

5.30 AM, after which they moved to a separate room and were asked to lie down on 

a bed in our research lab. 

After placing an intravenous cannula, a fasted blood sample was drawn (T=0) and 

energy expenditure and substrate selection was measured by indirect calorimetry 

with a ventilated hood system (Omnical; Maastricht Instruments, Maastricht, the 

Netherlands). Between 6.00 AM and 9.00 AM, the volunteers were instructed to 

remain on the bed, and remain fasted. At 9.00 AM, volunteers were asked to consume 

a high-fat (~60 % fat) shake within ten minutes. The shake had a mean temperature of 

43.5±0.8 °C, as measured with a thermocouple (PL-125-T4USB VS, Voltcraft, Conrad 

Electronic SE, Hirschau, Germany). The nutritional content of the shake is shown in 

supplementary Table S1. Subsequently, blood samples were drawn after 15, 30, 45, 

60, 90, 120, 180, 240, 300, 360, 420 and 480 minutes. After the blood sampling at T=240, 

at 1.00 PM, the volunteers consumed a second milkshake (with the same composition 

(Baumgartner et al., 2016). At T30-60, T90-120, T210-240, T270-300, T350-380 and T450-

480 indirect calorimetry was performed to measure energy expenditure and substrate 

oxidation by ventilated hood. Volunteers were not allowed to eat or drink anything 

else throughout the meal test, except for water. 

were exposed, as shown in Figure 1. The first meal test was performed at 

thermoneutrality. The second meal test was performed during cold exposure via the 
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water-perfused suit to maximize non-shivering thermogenesis during the meal test. 

The third meal test was performed after cold exposure; here volunteers were exposed 

to cold from 6.00 AM until 9.00 AM, again to maximize non-shivering thermogenesis 

(pre-cooling). After 9.00 AM, the volunteers were exposed to a thermoneutral 

temperature. The pre-cooling was meant to deplete the intracellular lipid storages 

of BAT tissue.

F-FDG PET/CT scan

at thermoneutral conditions (32 °C water) for 30 minutes, during which basal 

metabolic rate was measured with a ventilated hood system (Omnical). Thereafter 

an individualized cooling procedure was started to determine non-shivering 

thermogenesis (NST) as described above, after which energy expenditure was 

measured for 30 minutes. Following this, 75 MBq of F-FDG was injected via an 

intravenous cannula. Cold exposure was continued for 60 minutes, while volunteers 

were instructed to remain lying still. Next, the water-perfused suit was removed and 

the volunteers underwent a static F-FDG-PET/CT scan. 

(120 kV, 30 mAs, six to seven bed position (5 minutes per bed position)) to cover the 

area from the skull to the iliac crest. For the other nine volunteers a Discovery MI 5R 

(GE Healthcare, Chicago, Ill, USA) was used (120 kV, 30 mAs, a maximum of four 

bed position was used (4 minutes per bed position)). A PET scan followed the low-

dose CT scan. Tracer uptake was determined with the PET scan while the CT scan 

With the use of an EARL reconstruction, the scans from the nine volunteers were 

et 

al. (Boellaard et al., 2010). This ensured that we were able to compare results from 

both scanners in this study.
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The scans were analysed with PMOD software (version 3.0; PMOD Technologies). 

The regions of interest were manually outlined, while thresholds of 1.5 SUV 

as described previously by our group (van der Lans et al.

volumes (10 mm by 10 mm) were placed in the cervical adipose tissue behind the 

clavicle to measure general uptake values as described before (Vosselman et al., 2013). 

BAT activity was expressed in SUV ( F-FDG uptake (kBq/mL/(injected dose (kBq/ 

volunteer weight (g))))). The activity was determined as average SUV (SUVmean) 

and as total SUV (SUVmean times the volume of interest). 

Indirect calorimetry

Whole-body oxygen consumption and carbon dioxide production were measured 

Figure 1) in the meal tests with the use of an automated 

respiratory gas analyser with a ventilated hood system (Omnical). Volunteers were 

measured in supine position for 30 minutes each time. The measured averaged 

oxygen and carbon dioxide concentrations were used to calculate energy expenditure, 

glucose and fat oxidation with the assumption that protein oxidation was negligible 

Skin temperature

During all measurements, volunteers were asked to wear shorts and t-shirt (overall clo 

value 0.49), and were instructed to remain supine and resting. Wireless temperature 

skin temperature (van Marken Lichtenbelt et al., 2006). Average skin temperature, 

as well as proximal and distal temperature, was calculated as described before 

(Vosselman et al., 2015). 
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Skeletal muscle biopsies and mitochondrial function

biopsies were taken from the m. vastus lateralis under local anaesthesia using 

the Bergstrom technique (Bergström et al., 1967). These biopsies were taken after 

Figure 1). One biopsy 

was taken during cold exposure (under stable non-shivering conditions) and one 

biopsy was taken under thermoneutral conditions. After the incision was made, a 

sterile golden temperature probe (BAT-10 Multipurpose Thermometer, Physitemp 

Instruments LLC, Clifton, NJ, USA) was inserted into the muscle to measure both 

muscle temperature and skin temperature. Subsequently, the biopsy was taken 

and the obtained muscle tissue was immediately placed in ice-cold preservation 

permeabilized with saponin (50 mg/ml) and afterwards transferred into ice-cold 

Austria). Next, ex vivo mitochondrial function was determined by measuring oxygen 

consumption rate upon several substrates using high-resolution respirometry 

(Oxygraph, OROBOROS Instruments, Innsbruck, Austria) as described previously 

(Hoeks et al., 2010). All measurements were performed in triplicate or quadruplicate. 

As a quality measure, cytochrome c (20 μM) was added in every individual 

experiment and the mitochondrial membrane was deemed intact if the response to 

expressed as pmol/(s*mg), corrected for wet muscle weight (2-3 mg).

Blood sampling and analyses

Blood collected in EDTA-coated tubes was immediately stored on ice, centrifuged 

and plasma was stored at -80 °C until further analyses. Blood collected in serum 

tubes was stored at room temperature for at least 30 minutes to allow coagulation, 

followed by centrifugation and storage at -80 C until further analyses. Glucose (Hk-

CP, Axonlab, Amsterdam, the Netherlands), triglycerides (Sigma, Zwijndrecht, 
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Germany) were determined enzymatically in EDTA plasma derived from the meal 

test samples using a Pentra 400 (Horiba, Montpellier, France). 

Analysis of lipid particles via NMR spectroscopy

concentrations of lipoprotein particles using nuclear magnetic resonance (NMR) 

spectroscopy (Axinon Magnetic Group Analysis, Numares health, Regensburg 

Germany). 

Statistical analyses

Subject characteristics are reported as mean ± SD. Other results are reported as mean ± 

SEM. Data are presented for n=14 unless otherwise indicated. All data were evaluated 

a total area-under-the-curve (AUC) and an incremental AUC (iAUC). The AUC and 

iAUC were calculated for the duration of the meal test, starting at 9.00 AM and ending 

ANOVA for parametric data and with a Friedman’s ANOVA for non-parametric data. 

IBM SPSS version 26.0 and GraphPad Prism version 8.2.

Results

Subject characteristics

Fourteen healthy young volunteers (nine men, five women, age: 26±7 years) 

participated in this study. Volunteers were non-obese (BMI: 23.3±1.6 kg/m²), were 

non-smokers, did not use any medication except for hormonal anticonception in 

women and had an overall sedentary lifestyle (Baecke score 10.4±2.1). The participant 

characteristics are presented in Table 1

male and female volunteers in BMI (p=0.417), age (p=0.310) and triglyceride levels 

at screening (p=0.771).
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Table 1. Participant characteristics
Parameter Mean ± SD
Number of volunteers (female/male) 5/9
Age (years) 26 ± 7
Body weight (kg) 72.5 ± 10.1
Height (m) 1.75 ± 0.10
BMI (kg/m²) 23.3 ± 1.6
Glucose (mmol/L) 4.9 ± 0.4
TG (mmol/L) 1.05 ± 0.60
ASAT (U/L) 23 ± 6
ALAT (U/L) 24 ± 9
GGT (U/L) 20 ± 7
eGFR (ml/min/1.73mm²) 89 ± 9
Physical activity level (Baecke score) 10.4 ± 2.1

Abbreviations: BMI, body mass index; TG, triglycerides; ASAT, aspartate aminotransferase; ALAT, 

rate according to the CKD-EPI method.

Skin and muscle temperatures

First, to investigate the body’s response to cold exposure, we measured skin and 

muscle temperature. During the meal test, the average mean skin temperature was 

pre-cooling (33.6±0.7 °C; p=0.156, Figure 2A

between genders in mean skin temperature during cold exposure (p=0.999) or after 

temperature between male and female volunteers at thermoneutral conditions 

(34.6±0.1 °C vs 35.0±0.1 °C; p=0.011) These results are shown supplemental Figure 

S2A

at thermoneutrality compared to cold (35.7±0.04 °C vs 31.8±0.6 °C, p<0.001), however 

Figure 

2B

and female volunteers during the meal test at thermoneutrality (35.4±0.1 °C vs 
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(p=0.383) or with pre-cooling (p=0.259), as shown in Figure S2B. Similarly, the mean 

compared to cold (33.4 ±0.2 °C vs 28.7±0.7 °C, p<0.001), and it showed a trend towards 

Figure 2C). 

(p=0.259 at thermoneutrality; p=0.902 during cold; p=0.383 with pre-cooling) as 

shown in Figure S2C. 

test at thermoneutrality compared to cold (2.4±0.2 °C vs 3.0±0.6 °C, p=0.169) or pre-

cooling (3.2±0.8 °C, p=0.302, Figure 2D

meal tests at thermoneutrality, during cold or after pre-cooling (p=0.456; p=0.318; 

p=0.999), as shown in Figure S2D

compared to the meal test during cold (-0.8±0.1 °C vs 5.7±0.9 °C, p<0.001). The mean 

compared to the meal test with pre-cooling (1.2±0.9 °C, p=0.044, Figure 2E). During 

the meal test at thermoneutrality, there was a lower gradient in the female volunteers 

compared to men (-1.7±0.2 °C vs -0.2±0.1 °C; p<0.001). However, there were no gender 

shown in Figure S2E. 

Muscle temperature was significantly higher during thermoneutral condition 

compared to cold exposure (35.1±0.2 °C vs 31.9±0.4 °C; p<0.001).
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Figure 2. Skin temperatures during the meal tests. A)
meal tests. B) C) D) 
gradient and E)
line, the meal test during cold exposure as the blue line, and the meal test after cold as the green line. 
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Postprandial energy and substrate metabolism

meal test. Total energy expenditure during the meal test, calculated as AUC, was 

kJ vs 2613±166.2 kJ; p=0.020) and pre-cooling (2772±130.3 kJ vs 2587±110.6 kJ; p=0.005) 

(Figure 3A). However, this was only seen in the male volunteers (p=0.015), not in 

female volunteers (p=0.540). Similar results were found when the iAUC values were 

compared to thermoneutrality (481.2±55.8 kJ vs 338.2±27.5 kJ; p=0.003) and cold 

exposure compared to pre-cooling (481.2±55.8 kJ vs 302.3±36.6 kJ; p=0.049) (Figure 

3A

absent in female volunteers (p=0.209). Results for male and female volunteers are 

shown in Figure S3A.

To calculate diet-induced thermogenesis (DIT), we subtracted average energy 

expenditure at rest from energy expenditure during the meal. DIT, expressed as 

a percentage of resting energy expenditure, was 10.5±1.2% at thermoneutrality. 

During cold exposure, the percentage increase in energy expenditure was 17.4±3.4%, 

consisting of both DIT and cold-induced thermogenesis (CIT). These data suggest 

that while DIT% is similar in both male and female volunteers, there is a higher, 

women (8.7±3.2% vs 3.6±3.4%; p=0.52).
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Figure 3. Energy expenditure and substrate oxidation during the meal tests
(A), fatty acid oxidation (B) and carbohydrate oxidation (C) during the meal tests. The meal test at 
thermoneutrality is indicated as the red line, the meal test during cold exposure as the blue line and the 

The increase in energy expenditure during cold exposure was mainly accommodated 

2.1±0.7 g; p=0.002) and tended to be higher compared to thermoneutrality (8.6±1.6 g 

vs 5.1±1.0 g; p=0.079), as shown in Figure 3B

thermoneutrality (11.1±2.1 g vs 5.4±1.3 g; p=0.055) and compared to after pre-cooling 

is shown in Figure S3B

Figure 3C, nor in males 

(p=0.701) or females (p=0.986) separately, as shown in Figure S3C.
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Activity of brown adipose tissue via F-FDG PET/CT

was assessed using F-FDG-PET/CT after four hours of acute non-shivering cold 

exposure. On average, BAT volume was 66.8±12.4 mL, with an average activity of 

3.2±0.3 SUV and a maximal activity of 8.9±1.2 SUV. The average BAT activity showed 

Postprandial substrate kinetics 

meal tests at thermoneutrality, during cold or with pre-cooling (respectively: 1.6±0.2 

mmol/l/min vs 1.8±0.2 mmol/l/min vs 1.7±0.2 mmol/l/min; p=0.315, Figure 4A). 

Remarkably and contrary to our hypothesis, the iAUC values for triglycerides were 

mmol/l/min vs 0.62±0.1 mmol/l/min; p=0.013) or to pre-cooling (0.82±0.1 mmol/l/min 

vs 0.46±0.1 mmol/l/min; p=0.030). 

Similar trends were seen in both the male and female populations with higher iAUC 

(male: 1.4±0.2 mmol/l/min vs 0.8±0.1 mmol/l/min; p=0.098) (female: 0.4±0.03 mmol/l/

min vs 0.2±0.1 mmol/l/min; p=0.063), as shown in Figure S4A.

compared to thermoneutrality (550.2±30.1 μmol/l/min vs 392.7±25.5 μmol/l/min; 

p<0.001) and compared to pre-cooling (550.2±30.1 μmol/l/min vs 433.9±35.2 μmol/l/

AUC of FFA during cold compared to at thermoneutrality (552.4±36.8 μmol/l/min 

vs 413.2±33.1 μmol/l/min; p=0.004) and compared to pre-cooling (454.1±50.4 μmol/l/
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FFA values during cold compared to thermoneutrality (546.3±61.9 μmol/l/min vs 

355.7±38.2 μmol/l/min; p=0.063), as shown in Figure S4B.

the meal test in the cold compared to thermoneutrality (278.0±28 μmol/l/min vs 

235.4±19.8 μmol/l/min; p=0.042) or pre-cooling (278.0±28 μmol/l/min vs 172.8±17.3 

μmol/l/min; p=0.002), as shown in Figure 4B. For males, higher iAUC values were 

observed during cold compared to at thermoneutrality (280.9±29.0 μmol/l/min vs 

233.4±21.0 μmol/l/min; p=0.055) and compared to pre-cooling (151.7±16.1 μmol/l/min; 

Figure S4B.

compared to thermoneutrality (5.3±0.1 μmol/l/min vs 5.8±0.1 μmol/l/min; p=0.007) 

and pre-cooling (5.8±0.1 μmol/l/min vs 5.9±0.1 μmol/l/min; p=0.005; Figure 4C). For 

both male (p=0.072) and female volunteers (p=0.057) there was a tendency towards 

Figure S4C).
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Figure 4. Plasma levels during the meal tests. Plasma levels of triglycerides (A), free fatty acids (B) 
and glucose (C) during the meal tests. The meal test at thermoneutrality is represented as the red line, the 
meal test during cold as the blue line and the meal test after cold as the green line. Dashed vertical lines 
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Mitochondrial function

muscle biopsies were taken during acute cold exposure and under thermoneutral 

octanoylcarnitine (MO), p=0.776) or in ADP-stimulated state 3 respiration (p=0.345) 

(Figure 5A). Addition of glutamate (MOG3, p=0.369; Figure 5A); and succinate 

(MOGS3, p=0.428; Figure 5B

thermoneutral conditions. Next, maximal uncoupled respiration, measured using 

Figure 5B). 

higher thermoneutrality compared to cold exposure (1.26±0.02 vs 1.20±0.02; p=0.006), 

reserve respiration. To investigate leak respiration, we performed a second trace in 

were observed between thermoneutral and cold conditions for state 3 (p=0.939) or 

state 4o respiration (p=0.740) as shown in Figure 5C.
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Figure 5. Mitochondrial function did not change upon acute cold exposure. A)

B)
C)
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Discussion
Hyperlipidaemia is known to be one of the most important risk factors for developing 

cardiovascular disease (Nordestgaard & Varbo, 2014). Reducing hyperlipidaemia 

could therefore decrease cardiovascular morbidity and mortality. There are 

indications from pre-clinical models that cold-induced activation of BAT leads to an 

increase in the clearance of plasma triglycerides (Bartelt et al., 2011). Therefore, in this 

postprandial lipidaemia in young healthy subjects.

activation of brown adipose tissue and/or skeletal muscle. Cold exposure, both acute 

and chronic exposure, has been shown to increase energy expenditure (van Marken 

Lichtenbelt et al., 2009; van der Lans et al., 2013). In addition, cold acclimation has 

shown to improve glucose metabolism in patients with diabetes (Hanssen et al., 2015). 

In our study, we observed a mean DIT of 10.5±1.2%. Interestingly the percentual 

and food intake on energy expenditure in humans, as described before by others 

(Dauncey, 1980). It has previously been shown that under fasting conditions, CIT 

without shivering ranges from 0-30 % (van Marken Lichtenbelt & Schrauwen, 2011). 

The present study shows that cold exposure increased energy expenditure during 

the meal test on top of DIT. 

The increase in energy expenditure in the present study was mainly accounted for 

by an increase in fat oxidation, as was also found previously upon cold exposure 

(Vallerand & Jacobs, 1989). Interestingly this increase in energy expenditure during 

cold exposure was less pronounced in the female volunteers, though not statistically 

production needed to compensate for the cold exposure. As can be seen from the 

during the cold exposure.
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Preclinical research in rodents has suggested that cold-induced activation of BAT 

leads to the clearance of circulating triglycerides (Bartelt et al., 2011; Berbee et al., 

2015). Here, we tested the hypothesis that also in humans, cold exposure would lead 

to a reduction in post-prandial triglyceride levels. Therefore it was hypothesized 

that cold exposure would acutely lower triglycerides due to the increased usage of 

lipids during cold exposure in muscle and BAT. In addition, we wanted to test the 

hypothesis that cold exposure before a meal would deplete intracellular lipid stores 

in BAT, leading to an increased postprandial triglyceride uptake after cold exposure 

to replenish lipid stores in BAT. Therefore, we performed postprandial triglyceride 

kinetics during and upon cold exposure. However, contrary to our hypothesis and 

triglycerides and FFA levels during cold exposure, which may partially be explained 

by an increase in lipolysis that occurs with acute cold exposure (Ouellet et al., 2012). 

Furthermore, pre-cooling also did not lower postprandial triglycerides or FFA levels. 

that in humans acute cold exposure does not lead to enhanced lipid clearance. 

We previously showed that cold acclimation improved substrate metabolism and 

insulin sensitivity in type 2 diabetes (Hanssen et al., 2015). Here, we found that 

postprandial glucose levels were lower with acute cold exposure and pre-cooling, 

et al.

we showed that cold exposure can lead to an increase in skeletal muscle GLUT4 

translocation. The improved glucose clearance upon cold exposure observed in the 

current study, could be due to enhanced GLUT4 translocation in muscle tissue.

Although brown adipose tissue is a potent tissue, in humans the amount of brown 

plasma levels, as was discussed previously (Fernandez-Verdejo et al., 2019). Skeletal 

muscle would be another tissue that could contribute to lipid consumption during 

cold exposure due to increased leak respiration (Bal et al., 2017; Blondin et al., 
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respiration between the thermoneutral and cold conditions. Furthermore, we did 

indicates an absence of any increased proton leak during acute cold exposure. This 

absence has also been observed in another cold exposure study (Wijers et al., 2008). 

et al., 

2011), in humans the acute cold exposure without shivering did not lead to decreased 

lipid levels. Additionally, there is the option that longer-term cold acclimation could 

lower levels of markers of cardiovascular risk compared to non-adapted controls 

have been found (Kralova Lesna et al., 2015). Therefore, future studies might focus on 

to investigate the potential of cold as a treatment option to combat cardiovascular 

diseases.
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Supplementary data for chapter 3

Table S1. Nutritional information of meal test shake

Content Energy %

Energy 755 kcal 100

Fat 50.8 g 60.6

    Saturated fat 26.1 g 31.1

    Unsaturated fat 23.8 g 28.4

    Cholesterol 0.9 g 1.1

Carbohydrate 62.3 g 33.0

Protein 10.9 g 5.8
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A)
B) C) D)

E)
indicated as the red line, the meal test during cold exposure as the blue line, and the meal test after cold 
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A), fatty acid oxidation (B) and carbohydrate oxidation (C) during the meal tests. The 
meal test at thermoneutrality is indicated as the red line, the meal test during cold exposure as the blue line 
and the meal test after cold as the green line. Dashed vertical lines indicate the time of consumption of the 
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 Plasma levels of triglycerides (A), 
free fatty acids (B) and glucose (C) during the meal tests. The meal test at thermoneutrality is represented 
as the red line, the meal test during cold as the blue line and the meal test after cold as the green line. 
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Abstract
Circadian misalignment, as seen in shift work, is associated with an increased risk 

rapid day-night shift for three consecutive nights leads to misalignment of the core 

molecular clock, induction of the PPAR pathway, and insulin resistance in skeletal 

muscle of young, healthy men. Here, we investigated if circadian misalignment 

explaining the misalignment-induced insulin resistance. Fourteen healthy men 

underwent one aligned and one circadian misalignment period, both consisting of 

~3.5 days. In the misaligned condition, day and night were rapidly shifted by 12 

hours leading to opposite eating, sleep and activity times compared with the aligned 

condition. For each condition, two muscle biopsies were taken from the m. vastus 

lateralis in the morning and evening and subjected to semi-targeted lipidomics and 

between morning and evening in the aligned condition, whereas 12% displayed a 

upon misalignment. Cardiolipins were decreased upon misalignment, whereas 

suggesting regulation by the circadian clock. Cholesteryl esters adjusted to the shifted 

behaviour. Lipid droplet characteristics remained unaltered upon misalignment. 

lipidome, which may contribute to misalignment-induced insulin resistance. 
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Introduction
Our 24-hour culture, characterized by working and eating late, reduced sleep 

quantity and quality, and excessive light exposure at night is more and more 

recognized for its negative impact on metabolic health (Koshy et al., 2019) and the 

development of type 2 diabetes mellitus (T2DM) (Sulli et al., 2018; Gutierrez-Monreal 

et al., 2020). In humans, skeletal muscle insulin resistance is an early hallmark in the 

development of T2DM (DeFronzo & Tripathy, 2009) and we recently demonstrated 

that circadian misalignment introduced by a rapid day-night shift for as short as three 

consecutive nights already resulted in a 23% reduction of skeletal muscle insulin 

sensitivity in comparison with a control condition of similar duration (Wefers et 

al., 2018). The impaired insulin sensitivity was accompanied by changes in muscle 

gene expression related to peroxisome proliferator-activated receptor (PPAR) 

signalling and fat metabolism as well as by elevated overnight fasted plasma free 

et al., 2018), suggesting that a disturbed skeletal muscle 

lipid metabolism is involved in the development of muscle insulin resistance upon 

circadian misalignment. Indeed, it has been shown on numerous occasions that 

accumulation of lipids and/or certain lipid species within skeletal muscle cells can 

contribute to the development of muscle insulin resistance (Amati et al., 2011; Nielsen 

et al., 2017; Daemen et al., 2018). Interestingly, we have recently shown in young 

healthy volunteers that the skeletal muscle lipidome displays 24-hour rhythmicity 

(Held et al., 2020); whether this rhythmicity is driven by the circadian clock or due 

to feeding and fasting schedules could not be deduced. Nevertheless, together with 

sensitivity in the morning hours (Van Cauter et al., 1991; Saad et al., 2012), these 

may be linked and that circadian misalignment could disturb the lipidome, which in 

turn may contribute to the development of insulin resistance. 

skeletal muscle lipidome as well as on intramyocellular lipid droplet characteristics, 

using semi-quantitative ultrahigh-performance liquid chromatography-high 
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resolution mass spectrometry (UPLC/HRMS)- based lipidomics and high resolution 

confocal microscopy, respectively. To this end, we analysed muscle biopsies taken 

from our recent study (Wefers et al., 2018), in which participants spent 3-4 days 

under controlled laboratory conditions adhering either to a control or a circadian 

misalignment protocol reinforced by scheduled meals and physical activity during 

the respective day-time period and sleep opportunity during the respective night-

time period. In both conditions, two muscle biopsies were taken, one in the respective 

behavioural fasted morning (8 AM or 8 PM) and one in the behavioural fed evening 

(8 PM or 8 AM), enabling us to investigate muscle lipid metabolism under realistic 

the aligned and misaligned condition can also reveal information on the respective 

Material and Methods

Participants

Fourteen young healthy lean male individuals [age: 22.4 ± 2.8 years; body mass index 

(BMI): 22.3 ± 2.1 kg/m²; mean ± SD] participated in this study. Participants were non-

smokers, had no active diseases, used no medication, and did not engage in exercise 

had regular bedtimes (11 PM ± 2 hours), regular sleep duration of 7-9 hours, did 

not perform shift work or travel across more than one time zone in the 3 months 

mean ± SD). The study was conducted according to the principles of the declaration of 
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Study design

Study procedures have been described in detail before (Wefers et al.

each participant underwent one control period and one circadian misalignment 

period in a randomized cross-over design with a wash-out period of 4-10 weeks. In 

the aligned and misaligned condition, participants stayed in a respiration chamber 

for 3 and 3.5 days, respectively. Lighting in the chamber was set to 4 lux when 

had no information on time during their entire stay in the chamber. In the control 

condition, participants adhered to a normal diurnal lifestyle, including scheduled 

sleep from 11 PM to 7 AM and meals provided at 8 AM, 12:30 PM, 3 PM and 8 PM. 

In the circadian misalignment condition, the behavioural cycle was shifted by 12 

hours on the second day spent in the chamber. At 3 PM, participants had to switch 

behaved as if it was a new morning and adhered to the same series of scheduled 

meals followed by sleeping from 11 AM until 7 PM. Light physical activity (in the 

form of stepping) was performed 1 hour after each meal in both conditions to prevent 

sedentary behaviour. The study design is summarized in Figure 1.

Study meals

All study meals were standardized and in line with the Dutch and US dietary 

guidelines. Caloric requirements for the study days were calculated by multiplying 

activity factor of 1.5. Daily caloric intake was distributed over three meals and a snack. 

Breakfast accounted for ~20%, lunch for ~25%, a snack for ~10%, and dinner for ~45% 

of energy. Overall daily macronutrient distribution was ~52% as carbohydrates, ~31% 

as fat (~9% saturated), and ~14% as protein. Breakfast and lunch mostly consisted 

of bread and cold cuts, whereas dinner was a hot meal, contributing to a relatively 

higher fat content for dinner, as is typical in the Netherlands
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Figure 1.

Skeletal muscle biopsies

For each condition, two skeletal muscle biopsies were taken from the m. vastus 

lateralis under local anaesthesia (1% lidocaine, without epinephrine) at 8 AM and 8 

PM corresponding to the behavioural morning and evening in the aligned condition 

and behavioural evening and morning in the misaligned condition, respectively. 

Consecutive biopsies were obtained by moving from distal to proximal. Whether the 

and the subsequent biopsy was performed on the other leg, alternating thereafter 

between both legs.  Muscle tissue was immediately frozen in melting isopentane and 

stored at -80°C for further analysis.
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Immunohistochemistry

For histochemical analysis, the two muscle biopsies taken in the behavioural 

morning in the fasted state (aligned: 8 AM, misaligned: 8 PM) were subjected to 

confocal microscopy analysis to assess lipid droplet (LD) morphology (n=13). For 

one participant, muscle tissue could not be used for LD analysis due to bad tissue 

morphology. Muscle samples were cut in 5-μm thick sections and mounted on glass 

slides. A section from the aligned and misaligned condition from one participant was 

mounted on the same glass slide to minimize staining intensity variability between 

conditions. Cryosections were air-dried at room temperature (RT) for 30 minutes 

and permeabilized for 5 minutes with 0.25% TX-100 (648466, Merck, Darmstadt, 

Germany). Primary antibodies against Laminin (L9393; Sigma-Aldrich; 1:25) and 

myosin heavy chain type I (A4.840; Developmental Studies Hybridoma Bank; 1:25) 

at RT. Subsequently, sections were incubated for 90 minutes with the appropriate 

secondary antibodies conjugated with AlexaFluor 405 and AlexaFluor 555 at 37°C. 

After washing, sections were mounted with Mowiol and covered with #1 coverslips 

and stored in the dark at RT until imaging.

et 

al.

type I/type II ratio were imaged under a Leica TCS SP8 confocal microscope using a 

63x 1.4 N.A. oil immersion objective. Deconvolution was performed with Huygens 

Intramyocellular lipid content was calculated as the percentage of the total lipid area 

Thesis layout4.indd   105 4-8-2021   20:49:44



106

Chapter 4

LD size was measured by total lipid area divided by the total LD count. Note that 

lipid content is the product of lipid droplet size and number. LD distribution, that is 

determined as described previously (Daemen et al., 2018).

Lipidomics analysis

Lipid extraction and lipidomics analysis were performed as described previously 

(Herzog et al., 2016; Held et al., 2020). From the entire 1478 lipids detected in all four 

biopsies, 130 lipids with a relative abundance of less than 0.05 and 177 lipids with 

excluded from further analyses. Thus, 1171 lipids were subjected to further analyses. 

(Held et al., 2020).

Statistical analysis

circadian misalignment on LD characteristics was assessed by paired samples t-tests 

as only the behavioural morning of each condition (Aligned: 8 AM, Misaligned: 8 

PM) was subjected to this analysis. To test for changes in the muscle lipidome, all 

four time points were included (Aligned: 8 AM and 8 PM, Misaligned: 8 AM and 

8 PM). Therefore, two-way repeated measures ANOVAs were calculated to reveal 

paired samples t-tests were conducted for each lipid species within each condition. 

To correlate altered lipid classes / species to muscle insulin sensitivity, Pearson 

for all analyses. Statistical analyses were performed using an in-house developed 

metabolomics pipeline (Herzog et al.

package (GraphPad Software, San Diego, CA, USA).
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Results

Lipid droplet morphology did not change upon misalignment

We have previously shown that our misalignment protocol of 3.5 days resulted in 

compromised insulin sensitivity in the peripheral tissue, especially skeletal muscle 

(Wefers et al., 2018). Insulin sensitivity was determined by a hyperinsulinemic 

euglycemic clamp after an “overnight” fast, either at 8 AM (aligned) or 8 PM 

(misaligned) following the respective muscle biopsy. As intramyocellular lipid 

content is related to insulin sensitivity in non-athletes (Gemmink et al., 2017), we 

circadian misalignment is accompanied by altered lipid droplet morphology. No 

and misaligned condition (0.330 ± 0.052% vs 0.324 ± 0.042%, respectively, p=0.886, 

Figure 2A

Similar amounts of lipids can be stored in more but smaller, or fewer but larger 

(Covington et al., 2017; Nielsen et al., 2017; Daemen et al., 2018). Therefore, we next 

p=0.772, Figure 2B

misaligned conditions (0.219 ± 0.005 μm² vs 0.223 ± 0.006 μm², p=0.374, both muscle 

Figure 2C
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Figure 2. Lipid droplet (LD) morphology did not change upon circadian misalignment. Lipid content 
(A), LD number (B) and LD size (C

D-F F) tended 
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localization

or near the sarcolemma. Using confocal microscopy, we can distinguish between 

et al., 2018). We 

and SS regions between the aligned vs misaligned condition (IMF: 0.304 ± 0.047% vs 

0.297 ± 0.040%, p=0.872; SS: 0.656 ± 0.128% vs 0.675 ± 0.129%, p=0.836, Figure 2D), nor 

between the aligned vs misaligned condition were observed (IMF: 0.014 ± 0.002 #/

μm² vs 0.013 ± 0.001 #/μm², p=0.637; SS: 0.029 ± 0.005 #/μm² vs 0.029 ± 0.005 #/μm², 

p=0.933, Figure 2E

Figure 2F).

after misalignment

Confocal microscopy provides interesting information on LD morphology, yet does 

not reveal data on the composition of the intramyocellular lipids. Therefore, we next 

performed a semi-quantitative lipidomics analysis to investigate if skeletal muscle 

lipid composition is altered upon circadian misalignment. For this purpose, we 

included all four time points (8 AM and 8 PM for both aligned and misaligned) in 

representing 23 lipid classes (Table 1) that were present in all participants. In the 

morning and evening (Figure 3A

between morning and evening in the misaligned condition, i.e. respective lipid 
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species were predominantly higher in the behavioural morning after the overnight 

fast upon misalignment (Figure 3B

42:5)) were shared in both conditions (Figure 3C). We next focused on the 101 lipids 

summarized these lipids into clusters according to their chemical properties. Out of 

the 101 lipids, 54 lipids were triradylglycerols – an umbrella term that encompasses 

triacylglycerols (TG) and alkyldiacylglycerols (TG[O]) (13% of all 404 detected lipids 

from this particular lipid cluster; 40 TG and 14 TG[O]), 24 were glycerophospholipids 

(5%), 19 were sphingolipids (14%), 3 were diradylglycerols (2%, DG and DG[O]) and 

1 was a cholesteryl ester (13%) (Figure 3D).

Table 1. Overview of lipid clusters that are divided into separate lipid classes according to 
their chemical properties.
Lipid cluster Abbreviation Common name
Glycerophospho-
lipids

BMP
CL, MLCL
LPC
LPC[O]
LPE
LPE[O]
LPG
PA
PC
PC[O]
PE
PE[O]
PI
PS

Bis(monoacylglycero)phosphate
Cardiolipin, Monolysocardiolipin
Lysophosphatidylcholine
Alkyl/alkenyllysophosphatidylcholine
Lysophosphatidylethanolamine
Alkyl/alkenyllysophosphatidylethanolamine
Lysophosphatidylglycerol
Phosphatidic acid
Phosphatidylcholine
Alkyl/alkenylphosphatidylcholine
Phosphatidylethanolamine
Alkyl/alkenylphosphatidylethanolamine
Phosphatidylinositol
Phosphatidylserine

Diradylglycerol
lipids

DG
DG[O]

Diacylglycerol
Alkyl/alkenylacylglycerol

Triradylglycerol
lipids

TG
TG[O]

Triacylglycerol
Alkyl/alkenyldiacylglycerol

Sphingolipids Cer[d]
HexCer[d]
SM
SPH

Ceramide
Hexosylceramide
Sphingomyelin/Ceramide phosphocholine
Sphingosine/Sphinganine

Sterol lipids CE Cholesteryl ester
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Figure 3. Volcano plots for the comparison (8 AM vs 8 PM) within the aligned (A) and misaligned 
condition (B) for the entire muscle lipidome. A-B) A negative log2 fold change indicates that respective 
lipids were lower (red dots) in the behavioural morning after an overnight fast compared with the behavioural 

list with the names of the altered lipid species can be found in supplemental Tables S1 and S2. C) Out of 
D) 

the misaligned condition.
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Circadian misalignment alters triacylglycerol composition

chain length and saturation level within triradylglycerol species. Noticeably, the 

the lipids but only presents the total carbon chain length and the total number of 

double bonds (both of the radyl groups in the side-chains). Nonetheless, the morning-

and misaligned within the main subcluster of triradylglycerols, triacylglycerols (TG), 

is illustrated in Figure 4. 

Figure 4. Volcano plot for triacylglycerols (TG) without any hydroxy [M+OH] and dihydroxy/peroxy 
species [M+OOH] within the aligned condition (A) and the misaligned condition (B)
the misaligned condition most TGs scatter to the right indicating that TGs were consistently higher in the 

Tables S1 and S2.
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Lipid classes show distinct response patterns to misalignment

(example in Figure 5A) or if it continues to follow clock time (example in Figure 5B) 

of how the skeletal muscle lipidome could respond to circadian misalignment is 

that it adjusts to the new behaviour, for example if certain lipid classes are lower 

after the overnight fast compared with the fed state in the aligned condition, this 

Figure 5C). Thus, by two-way repeated measures ANOVAs we tested for time (8 

AM vs 8 PM; clock-driven), condition (aligned vs misaligned), and/or interaction 

phosphatidylcholines (PC, p=0.047, Figure 5D), suggesting that PC are higher at 

8 PM irrespective of behaviour supporting the notion that these lipid classes are 

subjected to the control of the intrinsic skeletal muscle clock. Lipid classes for which a 

Figure 5E), 

CL, p=0.029; Figure 5J

and a trend for increased lysophosphatidylethanolamines (LPE) upon misalignment 

(p=0.087, Figure 5F). Although CL(72:8) and MLCL did not show morning-evening 

differences, their levels were generally lower upon circadian misalignment, 

Figure 5G), suggesting that 

this lipid class rapidly adapts to the new behaviour after the rapid day-night shift. 

the total sum of detected CE, p=0.027; Figure 5K). For hexosylceramides (HexCer[d], 

Figure 5H) and ceramide phosphocholines (SM[d], Figure 5I), we found a tendency 

considering the absolute nor the %change values between the two clamps.
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Figure 5. Lipid classes upon circadian misalignment

Figure S1.

Thesis layout4.indd   114 4-8-2021   20:49:47



115

Circadian misalignment and muscle lipidome

4

Discussion
We recently demonstrated that a rapid day-night shift introduced skeletal muscle 

insulin resistance, when measured after an “overnight” fast at 8 PM. In the here 

presented follow-up study, we performed detailed analyses of skeletal muscle 

LD morphology and the muscle lipidome to investigate if this misalignment-

induced insulin resistance was paralleled by an altered lipid metabolism. We could 

demonstrate that short-term circadian misalignment was not associated with changes 

in intramyocellular LD characteristics but did result in alterations in the muscle 

lipidome, which were however not directly related to changes in insulin sensitivity.

For the LD characteristics, we observed no changes in the muscle biopsies taken in 

the aligned (8 AM) and misaligned (8 PM) condition, which therefore cannot explain 

the reductions in insulin sensitivity observed between these time points. It could 

be that the misalignment protocol was too short to result in detectable changes in 

lipid content, and it should be acknowledged that we tested lean healthy young 

men who are known to have relatively low levels of lipid content (Goodpaster et al., 

2001; Daemen et al., 2018). Using a similar analysis approach, we previously found 

day-night rhythmicity in LD number and LD size in skeletal muscle biopsies from 

et al., 2020). 

However, the clock times at which biopsies were taken in the present study (8 AM 

are in line with our previous study, in which we demonstrated that lipid droplet 

characteristics were relatively stable at the respectively closest time points (8 AM and 

6 PM in (Held et al., 2020)) and likewise intramyocellular lipid content determined by 

¹H-MRS in lower leg muscles was stable at similar clock times (Machann et al., 2011).

under aligned conditions (only 19 out of 1171 detected lipids), ~5 times more lipids 

Most lipids that changed between morning and evening upon misalignment were 
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acid elongation. Interestingly, we previously showed that one of the enriched gene 

sets when comparing the 8 AM with 8 PM biopsies in the misaligned condition was 

et al.

resulting in long-chain, polyunsaturated triradylglycerol species as observed in the 

current study. In this context, it is also interesting to note that elongases (involved 

or impaired upon disruption of clock genes (Zhang et al., 2014; Hodge et al., 2015; 

Loizides-Mangold et al.

is 10-12 vs 16-18 carbons (Hommelberg et al., 2009; Montgomery et al., 2013), which 

insulin resistance, observed upon misalignment. However, exploratory correlation 

analysis between long-chain, polyunsaturated triradylglycerol levels, and muscle 

We recently demonstrated 24-hour rhythmicity of the skeletal muscle lipidome by 

performing lipidomics in muscle biopsies taken from lean, healthy subjects around 

the clock (Held et al., 2020). However, in that study, volunteers followed a normal 

physical activity in between; therefore, it could not be concluded if the rhythmicity 

in lipid species was driven by the circadian clock or by the 24-hour behaviour of the 

two factors, we used two-way repeated measures ANOVAs on the current muscle 

lipidomics dataset to test for time (which would suggest regulation by the circadian 
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that certain lipid classes might strictly adjust to the times of food intake and/or 

morning biopsy (after sleep) than in the fed behavioural evening biopsy (after some 

physical activity over the course of the respective daytime). PC, the only lipid class 

rapid shift and hence inverted times of food intake and physical activity, suggesting 

that PC mainly follow the control of the molecular core clock in skeletal muscle. 

Indeed, we previously observed that the expression of core clock components in 

skeletal muscle was not inverted in line with the shifted behaviour (Wefers et al., 

2018). Consistently, silencing of the Clock gene in human primary myotubes lowers 

the amplitude of circadian rhythmicity in PC (Loizides-Mangold et al., 2017). We 

previously showed that several PC species showed 24-hour rhythmicity in humans 

(Held et al., 2020) and the current results suggest that their 24-hour rhythmicity is 

indeed most likely driven by the circadian clock. 

The dimeric phospholipid cardiolipin (CL) was the only lipid class that showed 

of morning or evening. CL is an essential component of the mitochondrial inner 

membrane regulating the activity and stability of numerous membrane-bound protein 

complexes and the electron transport chain (Houtkooper & Vaz, 2008; Kameoka et 

al.

mass and functioning (Houtkooper & Vaz, 2008). However, circadian misalignment 

did not induce changes in mitochondrial respiration upon a lipid substrate and 

even a higher mitochondrial respiration upon pyruvate as a substrate (Wefers et al., 

2018). It could be speculated that more persistent, long-term reductions in CL would 

ultimately also result in mitochondrial dysfunction upon misalignment; however, 

this cannot be deduced from the current data. For some cholesteryl esters (CE), 

we previously showed 24-hour rhythmicity in skeletal muscle peaking in the early 

evening (Held et al., 2020). In the current study, CE was the only lipid class for which 

behaviour instead of being generally lower or higher with misalignment, suggesting 
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that CE strongly respond to the new behaviour and are hence rather independent of 

the molecular clock. Again, exploratory correlation analysis between these species 

insulin resistance.

Other factors may hence play a greater role in the induction of insulin resistance, 

behavioural morning upon misalignment (Wefers et al., 2018). The contribution of 

misalignment-associated sleep deprivation should also not be underestimated, as 

it leads to increased catecholamine levels (Grimaldi et al.

muscle insulin sensitivity by upregulating lipolysis. Alternatively, the 24-hour rhythm 

in cortisol has been shown to be reversed upon circadian misalignment (Scheer et al., 

2009), suggesting that atypically low cortisol levels in the behavioural morning are 

involved in the muscle insulin resistance detected at this time of the day. However, 

investigation of these hypotheses was beyond the scope of the present study, as the 

scope of this study was to investigate the impact of circadian misalignment on the 

muscle lipidome and lipid droplet morphology.

One limitation of the current study, inherent to performing such experiments in 

humans, is the fact that we had limited number of time points on which muscle 

biopsies were sampled. As our muscle biopsies were targeted to be in conjunction with 

the hyperinsulinemic-euglycemic clamp to determine insulin sensitivity, biopsies 

were taken at 8 AM and 8 PM in the aligned and misaligned condition, respectively. 

at 8 PM and 8 AM in the aligned and misaligned arm, respectively. However, in our 

previous study on 24-hour rhythmicity in the skeletal muscle lipidome (Held et al., 

2020), which was performed over the same period as the current experiment, we 

found that most lipids were only increased late in the night in biopsies taken at 4 AM 

after subjects were asleep, whereas at 8 AM, 1 PM, 6 PM and 11 PM only few lipid 

species were altered. Similarly, the observation of Loizides-Mangold et al. (Loizides-

Mangold et al., 2017) that ~20% of the human muscle lipidome was rhythmic was 
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based on six muscle biopsies performed over 24 hours with most lipids peaking 

lipid species that did show variance between morning (8 AM) and evening (8 PM). 

We suspect that by performing a biopsy at the middle of the respective sleeping 

period, future studies may reveal many more lipid classes to be disrupted upon 

circadian misalignment.

In conclusion, we demonstrated that controlled short-term circadian misalignment 

disturbed the skeletal muscle lipidome, whereas lipid droplet morphology remained 

unaltered. We were able to distinguish between lipid classes that strongly followed 

the intrinsic skeletal muscle clock, lipid classes that were generally lowered upon 

misalignment and lipid classes that adjusted to the new behaviour. Future studies 

acutely observed skeletal muscle insulin resistance and chronically to the increased 

risk to develop T2DM upon repetitive shift work.
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Supplementary data for chapter 4

Table S1
condition: 8PM (behavioural evening) vs 8AM (behavioural morning).
Lipid species p-value Log2 fold change
TG(O-46:11) 0.007068 -0.406509

0.013488 -0.490473
0.015383 -0.281409
0.021285 -0.457143

PC(38:5) 0.024064 -0.20152
0.025785 -0.470307
0.027639 -0.448694
0.029374 -0.331642

TG(46:0) 0.029775 0.32239
TG(54:1) 0.033601 0.40107
TG(52:0) 0.035651 0.38677
PC(38:7) 0.037651 -0.306493
TG(54:0) 0.038526 0.35828
TG(62:9) 0.039466 -0.387008
Hex2Cer(d36:2) 0.04249 -0.703925
Cer(d40:0) 0.043442 -0.266857

0.044555 0.34338
Cer(d38:0) 0.046973 -0.342206
Cer(d45:1) 0.048261 -0.223589

Positive log2 fold change value indicates a higher level of the respective lipid in the behavioural morning 
(8AM) and a negative value a higher value in the behavioural evening (8PM).
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Table S2
misaligned condition: 8AM (behavioural evening) vs 8PM (behavioural morning).
Lipid species p-value Log2 fold change

0.001159 0.561476
0.002207 0.592007
0.003108 0.543794

PC(35:1) 0.003151 0.288173
PC(O-36:3) 0.003339 0.426799

0.003542 0.557565
PC(O-36:2) 0.003631 0.427869

0.003859 0.565825
0.004172 0.428041

TG(64:6) 0.004293 0.637622
TG(57:9) 0.004442 0.406319
TG(58:8) 0.004486 0.27737
PC(37:2) 0.005194 0.314159
TG(58:7) 0.005245 0.356976

0.006182 0.426509
0.006528 0.682719

PC(O-34:2) 0.007226 0.3828
TG(O-46:11) 0.00725 0.376956

0.008662 0.197656
TG(O-29:0) 0.00869 0.344235
TG(62:6) 0.008988 0.531238
TG(60:6) 0.009517 0.535812
PC(36:1) 0.010508 0.277027
SM(d44:5) 0.01083 -0.21913
PC(O-33:2) 0.011225 0.634857
PC(O-34:3) 0.011311 0.3079

0.012557 -0.90774
PC(O-38:3) 0.013771 0.239525
SM(t40:1) 0.014501 -0.43632
TG(63:7) 0.015187 0.745415
PC(O-35:3) 0.015475 0.363409

0.015573 0.377651
PC(O-40:3) 0.015592 0.384571
DG(O-42:5) 0.016037 0.262092
TG(60:7) 0.016137 0.414931

Thesis layout4.indd   121 4-8-2021   20:49:47



122

Chapter 4

SM(t42:2) 0.017437 -0.47059
TG(59:5) 0.019202 0.536089
TG(O-33:0) 0.019664 0.157531
TG(57:4) 0.019895 0.47138
PC(35:3) 0.020007 0.252522
TG(60:5) 0.020516 0.519396
Cer(d40:3) 0.020792 -0.48846
TG(61:6) 0.021108 0.835651
TG(58:6) 0.021284 0.397931
SM(d44:4) 0.021414 -0.14707
PC(36:2) 0.022341 0.181966
SM(d30:0) 0.023033 0.180219
DG(24:0) 0.023532 0.228403
TG(O-30:0) 0.024207 0.240898
Cer(d38:2) 0.025317 -0.38003
PC(O-36:4) 0.025737 0.326377
TG(55:4) 0.025761 0.369069
TG(57:7) 0.025831 0.420054

0.026318 0.197844
PC(37:3) 0.026356 0.213629
PC(35:2) 0.027136 0.23441
TG(59:4) 0.027301 0.585517
TG(63:6) 0.027629 0.672101

0.027643 0.227709
TG(63:5) 0.027802 0.529947

0.029465 0.351198
SM(d42:1) 0.030105 -0.18088
LPC(12:0) 0.031799 0.203058
PC(34:3) 0.031825 0.222476
TG(61:5) 0.032836 0.644535
TG(O-34:0) 0.033146 0.198953
SM(t36:1) 0.033193 -0.49184
TG(55:6) 0.033202 0.348483
PE(42:10) 0.033328 0.250551
PC(26:0) 0.033559 0.20159
TG(58:0) 0.033928 0.350797
TG(56:6) 0.034217 0.27379
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TG(60:8) 0.034387 0.329366
SM(d44:6) 0.034484 -0.28324
TG(58:5) 0.035033 0.446046

0.036537 0.356549
TG(57:6) 0.037484 0.433101
PC(36:3) 0.037545 0.190611
TG(62:5) 0.038227 0.463687

0.03887 0.251579
TG(61:6) 0.040193 0.576546

0.040706 0.593148
0.041131 0.289932

TG(55:5) 0.041765 0.322496
TG(59:7) 0.042026 0.545196

0.042222 0.239013
TG(59:3) 0.042712 0.643149
TG(O-58:9) 0.042803 0.377352
PC(O-34:4) 0.042903 0.262585
TG(57:8) 0.043583 0.287926
Cer(d45:1) 0.044612 0.141789

0.04596 0.347986
PC(33:1) 0.046222 0.252839
TG(60:4) 0.046899 0.522898
TG(59:2) 0.046985 0.546224
TG(59:4) 0.047622 0.609455

0.047963 -0.48041
0.048984 0.288979

TG(57:4) 0.049531 0.568773
TG(56:7) 0.049926 0.244178

TG(63:4) 0.049991 0.375153

Positive log2 fold change value indicates a higher level of the respective lipid in the behavioural morning 
(8PM) and a negative value a higher value in the behavioural evening (8AM).
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Figure S1. Overview of results for the sums of other lipid classes without any hydroxy [M+OH] and 
dihydroxy/peroxy species [M+OOH]. 
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Abstract 
In non-athletes, insulin sensitivity correlates negatively with intramyocellular lipid 

homeostasis. We observed that 30 days of oral resveratrol administration (150 mg/

day) in metabolically compromised individuals showed a 33% increase in IMCL 

(placebo vs resveratrol; 0.86 ± 0.090 AU vs 1.14 ± 0.11 AU, p=0.003) without impeding 

insulin sensitivity. Thus, the aim of the present study was to examine if a resveratrol-

mediated increase in IMCL content, in metabolically compromised individuals, 

changes the LD phenotype towards the phenotype we previously observed in 

athletes. For this, we studied IMCL, LD number, LD size, subcellular distribution and 

proof of concept, we observed a 2.3-fold increase (p=0.038) in lipid accumulation after 

48 hours of resveratrol incubation in cultured human primary muscle cells. In vivo 

analysis showed that resveratrol-induced increase in IMCL is predominantly in type 

in PLIN5 coated LDs (p=0.024). These data indicate that administration of resveratrol 

augments IMCL content in metabolically compromised individuals towards a LD 

phenotype that mimics an ‘athlete like phenotype’.
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Introduction
Compromised insulin-mediated glucose uptake in muscle is commonly observed 

in middle-aged, overweight individuals and is a hallmark in the pathogenesis of 

insulin resistance and type 2 diabetes mellitus (T2DM) development (DeFronzo & 

Tripathy, 2009). In sedentary populations, there is a negative association between 

insulin sensitivity and intramyocellular lipid (IMCL) storage (Pan et al., 1997; Krssak 

et al., 1999; Goodpaster et al., 2000). Paradoxically, trained athletes with similarly 

high IMCL levels as patients with T2DM are highly insulin-sensitive (Goodpaster 

et al.

(Metcalfe et al., 2019), lipid morphology (Nielsen et al., 2017; Daemen et al., 2018) and/

or subcellular distribution of lipid droplets (LDs) within the muscle (Daemen et al., 

2018; Perreault et al., 2018).

To alleviate insulin resistance and its metabolic consequences, caloric restriction and 

physical activity are among the most powerful interventions. However, long-term 

adherence to these interventions is low (Middleton et al., 2013). This has triggered the 

and/or exercise. In this respect, the polyphenol resveratrol is of interest as it promotes 

(Lagouge et al., 2006). In rodents, resveratrol blunted high-fat diet-induced hepatic 

lipid storage (Alberdi et al., 2013; Zhou et al., 2018), muscle lipid storage (Chen et al., 

2011; Zhang et al., 2019; Gong et al., 2020) and improved insulin sensitivity (Sun et 

al., 2007; Jeon et al., 2012). Improved glucose and lipid handling was also observed in 

some human trials (Brasnyo et al., 2011; Timmers et al. et al., 2012), but not 

in others (Yoshino et al., 2012; Poulsen et al., 2013; van der Made et al., 2015; Timmers 

et al., 2016; Kjaer et al., 2017; de Ligt et al., 2018). The inconsistency in these results 

for 30 days was performed in three populations; middle aged normoglycemic obese 

individuals (Timmers et al.

patients with T2DM with compromised glucose homeostasis (de Ligt et al., 2018), and 
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patients with T2DM (Timmers et al., 2016). In these studies, resveratrol administration 

sensitivity were less consistent. Interestingly, the improvement in mitochondrial 

function was paralleled by increased muscle lipid and reduced liver lipid content 

in two of these studies (Timmers et al., 2011; Timmers et al.

what has been observed after exercise training.

In highly insulin-sensitive trained athletes, IMCL is stored predominantly in type 

numerous small LDs (Daemen et al.

athletes than in T2DM individuals, a LD phenotype we referred to as an ‘athlete like 

phenotype’ (Gemmink et al., 2020). PLIN5 is a LD coat protein known to promote 

mitochondrial biogenesis and function (Bosma et al.

dependent fashion (Najt et al., 2020). Upon exercise training, the morphological LD 

characteristics in patients with T2DM changed towards an athlete-like phenotype, 

along with improved insulin sensitivity (Daemen et al., 2018). These observations 

prompted us to examine the hypothesis that in metabolically compromised 

individuals, a resveratrol-mediated increase in IMCL content changes the LD 

phenotype from the phenotype observed in metabolically compromised individuals 

towards the phenotype we observed in (highly insulin-sensitive) trained individuals.

To examine if the potency of resveratrol to promote muscle lipid storage is a cell 

in vitro system 

of cultured primary muscle cells. Subsequently, we examined if resveratrol-induced 

elevation of IMCL after 30 days of in vivo resveratrol supplementation changed the 

lipid storage previously observed in athletes.
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Methods

Ethical approval

The current study relies on a retrospective analyses of samples obtained from three 

(Timmers et al., 2011; Timmers et al., 2016; de Ligt et al., 2018) as well as on primary 

myotubes grown from previously obtained muscle biopsies (Vosselman et al., 2015). 

informed consent before participation.

Design of the in vivo study

During the in vivo part of the study, individuals received 150 mg/day trans-resveratrol 

(99.9%) and a placebo for 30 days in a double-blinded, crossover trial with a washout 

period of at least 30 days. Middle-aged, obese, normoglycemic individuals (OB n=11) 

(Timmers et al., 2011), individuals with an increased risk of developing diabetes for 

homeostasis (FDR n=13) (de Ligt et al., 2018) or patients with type 2 diabetes (T2DM 

n=17) (Timmers et al., 2016) were studied. All participants were men. Details of 

these studies can be found in the respective papers. At baseline, body mass, BMI 

and body fat (DXA) were determined. After 27-30 days of supplementation (placebo 

or resveratrol), fasting blood plasma values of glucose and insulin (to compute 

et al.

plasma values of resveratrol and its direct metabolite dihydroresveratrol (DHR) 

were measured. A graded exercise test on a stationary bike was performed to assess 

indirect calorimetry. Ex vivo mitochondrial function was measured in permeabilized 

muscle fibres with high-resolution respirometry (OROBOROS Instruments, 

Innsbruck, Austria) by measuring state 3 respiration (ADP stimulated respiration 

after addition of malate and octanoylcarnitine) and state U (maximal uncoupled 

Thesis layout4.indd   133 4-8-2021   20:49:50



134

Chapter 5

respiration induced by titration of FCCP).

Muscle biopsies and subgroup selection

Muscle biopsies were obtained from the m. vastus lateralis in the morning at day 

30 according to the Bergstrom method (Bergstrom, 1975) and processed for further 

in 88% (36 out of 41) of the individuals. In the remaining 12%, the histological 

et al. (Koopman et al., 2001). Sections 

from both conditions (placebo and resveratrol) were randomly mounted on the same 

glass slides, imaged and analysed in a blinded fashion. For all three studies, putative 

of the individual studies to the mean of that study. This resulted in a dataset with 36 

administration (0.86 ± 0.09 AU in placebo vs 1.14 ± 0.11 AU upon resveratrol, p=0.003, 

Table 1). 

Given the extremely laborious nature of the detailed analysis of LD morphology, 

subcellular distribution and coating with relevant proteins, we studied our 

hypothesis in a subset of the original study population. Since the complete group 

consists of OB, FDR and T2DM individuals, we selected 3-4 individuals from each 

study that displayed an increase in IMCL (primary inclusion criteria). Secondary 

inclusion factors were high-quality histology (essential for valid confocal microscopy) 

individuals (3 OB, 3 FDR and 4 T2DM) whose biopsies were processed for detailed 

of the complete group as indicated by the similar subject characteristics (Table 1). 
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Tabel 1: Subject characteristics of the complete group and subgroup for immunohistochemistry.
All participants (n=36) Subgroup (n=10)
Placebo Resveratrol Placebo Resveratrol p-value1

Age (y) 61 ± 8 58 ± 8 0.415
BMI (kg/m2) 30.2 ± 2.6 30.5 ± 2.8 0.810
Body fat (%) 26.7 ± 3.6 27.2 ± 3.0 0.685
Resveratrol (ng/ml) ND 356.0 ± 201.2 ND 337.4 ± 195.5
DHR (ng/ml) ND 415.0 ± 359.7 ND 323.3 ± 281.5
Glucose (mmol/L) 6.3 ± 1.3 6.3 ± 1.4 6.2 ± 0.9 6.2 ± 1.0 0.847
Insulin (pmol/L) 82.7 ± 35.5 82.2 ± 35.0 94.1 ± 56.6 92.3 ± 47.1 0.458
HOMA-IR 3.3 ± 1.3 3.3 ± 1.6 3.6 ± 1.9 3.6 ± 1.7 0.519
TG (mmol/L) 1.93 ± 1.13 1.97 ± 0.93 2.34 ± 1.73 2.38 ± 1.29 0.369
FFA (mmol/L) 0.72 ± 0.27 0.75 ± 0.25 0.78 ± 0.23 0.87 ± 0.23 0.528
IMCL (AU) 0.86 ± 0.54 1.14 ± 0.64* 0.73 ± 0.34 1.44 ± 0.74* 0.492
VO2max (ml/kg/min) 25.3 ± 4.8 25.0 ± 5.3 26.8 ± 4.3 27.1 ± 5.5 0.375
FAO (umol/kg BW/min) 3.3 ± 0.8 3.2 ± 0.9 3.1 ± 0.9 3.0 ± 0.9 0.640
State 3 (pmol/(s*mg)) 27.9 ± 5.9 31.5 ± 7.1* 29.2 ± 6.9 34.0 ± 8.7* 0.561
State U (pmol/(s*mg)) 84.2 ± 19.3 93.3 ± 20.1* 83.7 ± 18.8 100.4 ± 16.6* 0.944

HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; IMCL, intramyocellular lipids; 
ND, non-detectable; State 3, ADP stimulated mitochondrial respiration after addition of malate 
and octanoylcarnitine; State U, maximal uncoupled respiration induced by titration of FCCP; TG, 

unpaired t-test).

Cell culturing

Satellite cells were previously isolated, as described by Sparks et al. (Sparks et 

al., 2011), from muscle biopsies of three untrained individuals (Vosselman et al., 

2015). Primary human myoblasts were cultured in growth medium containing low 

fetuin (Sigma-Aldrich, Zwijndrecht, the Netherlands), 0.7% bovine serum albumin 

(Sigma-Aldrich), 0.1% dexamethasone (Sigma-Aldrich), 0.1% Gentamycin (Gibco), 

0.1% human epidermal growth factor (Gibco) and 0.02% Fungizone (Gibco). At 
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low glucose DMEM, 2% horse serum (Gibco), 1% fetuin and 2% penicillin and 

incubated with or without 50 ng/ml resveratrol (R-5010, Sigma-Aldrich) for 48 hours, 

inspired by work from others (Kim et al., 2013).

Live-cell imaging

in vitro

donor for 48 hours with 1-hour intervals. Live-cell imaging was performed using a 

FEI Corrsight spinning disk confocal microscope, equipped with an ORCA-Flash 4.0 

V2 CMOS camera, using a 40x 0.9 N.A. air objective (Zeiss, Breda, the Netherlands) 

to the medium (and remained present throughout the imaging period) to visualize 

visualize the plasma membranes. Upon thresholding the Bodipy-derived signal, total 

Based upon the results from live-cell imaging, we picked the 48-hour time point for 

donors were grown on #1 coverslips and incubated with resveratrol for 48 hours. 

(4’,6-diamidino-2-phenylindole, dihydrochloride; D1306; Invitrogen) to visualize the 

nuclei and stained with Bodipy 493/503 (1:100) to visualize the LDs. Coverslips were 

mounted on glass slides with Mowiol. Imaging was performed with a FEI Corrsight 

spinning disk confocal microscope, using a 63x 1.4 N.A. oil immersion objective 

Netherlands), coupled to a Nikon DS-Fi1c colour CCD camera (Nikon), using a 40x 

objective. Images obtained from the Corrsight were analysed similar to the live-cell 
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images. Images from the Nikon microscope were analysed upon thresholding and 

Bodipy-derived signal was corrected for the number of nuclei.

High-resolution confocal imaging of lipid droplet characteristics

Immunohistochemistry

Biopsies from the m. vastus lateralis were frozen in liquid nitrogen-cooled 

isopentane. Five μm thick sections were serial cut with a cryostat (CM3050; Leica 

Biosystems, Amsterdam, the Netherlands) at -20°C, mounted on glass slides and 

air-dried for 30 minutes. To ensure identical incubation conditions, sections from 

with 3.7% formaldehyde and permeabilized with 0.25% TX-100. Primary antibodies 

against Laminin (L9393; Sigma-Aldrich; 1:25), MHC-1 (A4.840; Developmental 

Studies Hybridoma Bank, Iowa, USA; 1:25) and PLIN5 (GP31; ProGen Biotechnik, 

Heidelberg, Germany; 1:25) were used. Appropriate secondary antibodies were 

conjugated with AlexaFluor (AF) 405, AF 555 and AF 647. Bodipy 493/503 (1:100) 

was applied simultaneously with the secondary antibodies to visualize LDs.

et 

al. (Daemen et al.

63x 1.4 N.A. oil immersion objective. Deconvolution was performed with Huygens 

et al., 2012) 

and further calculations with MATLAB R2013a (The Mathworks, Inc., Natick, 
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LD size is the total lipid area divided by the total LD count. Subcellular distribution 

subsarcolemmal (SS) LDs, whereas the SS region represents the outer 8% of each cell 

and the IMF region the remaining 92% of the cell. Moreover, LDs were subdivided 

described (Gemmink et al., 2018).

Western blot

Protein levels of PLIN5 in human muscle tissue were determined by Western blot in 

8/10 individuals from the subgroup. Tissues were lysed using Bio-Plex Cell Lysis kit 

(171-304011; Bio-Rad, Veenendaal, the Netherlands) and equal amounts of protein 

were loaded onto the gels (Figure S1). After gel electrophoresis, proteins were 

Westburg, Leusden, the Netherlands) was performed to determine the protein quality 

and the protein quantity on the blots. Then, the membranes were blocked with 

A IRDye800-conjugated secondary antibody was used for visualization PLIN5 by an 

with Image Studio version 5.2 (LI-COR Biosciences) and values were normalized to 

total protein stain.

Statistical analysis

Statistical analysis was performed with Prism version 8.2 (GraphPad, San Diego, CA, 

USA) and SPSS, version 25 (IBM Corp., Armonk, NY, USA). After testing for normality 

tested by two-tailed Student’s paired t-test. Time course analysis was performed by 

two-way ANOVA. Results are presented as mean ± SEM, unless indicated otherwise. 
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Results

Resveratrol stimulates lipid accumulation in a cell autonomous 
manner

Resveratrol has previously been shown to augment IMCL in vivo (Table 1) (Timmers 

et al., 2011; Timmers et al., 2016; de Ligt et al.

muscle cell autonomous, we incubated human primary muscle cells with resveratrol 

lipid accumulation was followed by live-cell imaging after resveratrol incubation, 

between the conditions was sustained and increased towards ~41-46% from 31 to 48 

hours (Figure 1A). This increase in LD area originated from an increase in LD number 

(Figure 1B

treatment, which further increased to 46-49% between 31 and 48 hours compared 

to control. No changes in LD size were observed (Figure 1C). Subsequently, we 

chose the 48 hour time point to perform cell experiments with myotubes from three 

area increased after 48 hours (1.7-fold increase, Figure 1D). This increase originates 

predominantly from an increase in LD number (placebo 323 ± 265 vs resveratrol 917 

± 445, Figure 1E) rather than size (placebo 0.39 ± 0.01 μm² vs resveratrol 0.30 ± 0.03 

μm², Figure 1F). Moreover, LD accumulation was related to the number of nuclei to 

obtain values related to cell number and promote comparison to the in vivo analyses. 

From multiple experiments, we observed a 2.3-fold increase (p=0.038, Figure 1G) in 

lipid area relative to nuclei (placebo vs resveratrol, Figure 1H vs 1I). 
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Figure 1. Resveratrol treatment stimulates lipid accumulation in human muscle cells. Human 
A-C) Time 

D-F) 

G-I)

Resveratrol supplementation in vivo induces LD accumulation 

In metabolically compromised individuals, 30 days of resveratrol supplementation 

augmented IMCL content (Table 1). Detailed analysis revealed that IMCL increased 

Figure 2A+D

± 0.15 %; p=0.794; Figure 2A+E). While in the cell model, resveratrol-induced increase 

increase in total IMCL in vivo
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p=0.083; Figure 2B

resveratrol 0.28 ± 0.02 μm²; p=0.181; Figure 2C).

in IMCL in the SS as well as in the IMF region (2.04 ± 0.33% vs 2.83 ± 0.23%, p=0.016 

for placebo vs resveratrol in the SS region and 0.90 ± 0.14% vs 1.15 ± 0.08%, p=0.026 

for placebo vs resveratrol in the IMF region; Figure 3A). While in the SS region, the 

(placebo 0.077 ± 0.010 μm  vs resveratrol 0.100 ± 0.008 μm ; p=0.069, Figure 3B) and 

LD size (placebo 0.26 ± 0.02 μm² vs resveratrol 0.29 ± 0.02 μm²; p=0.080, Figure 3C), 

in LD number (placebo 0.034 ± 0.004 μm  vs resveratrol 0.041 ± 0.003 μm ; p=0.104, 

Figure 3B  vs resveratrol 

0.28 ± 0.02 μm²; p=0.042, Figure 3C

p=0.813) and LD size (SS: p=0.262; IMF: p=0.452) (Figure 3A-C).

 in vivo resveratrol supplementation 
A), LD number (B) and LD size (C) in human muscle biopsies. 

D) and 
type II (E
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and subsarcolemmal (SS) region in vivo
A), lipid droplet (LD) number (B) and LD size (C) in human muscle biopsies. LDs are 

 Resveratrol promotes IMCL storage predominantly in LDs 

We and others previously observed that preferential storage of lipids in LDs coated 

with PLIN5 permits augmented IMCL content in oxidative muscle, while not 

impeding insulin sensitivity (Gemmink et al., 2016; Shepherd et al., 2017; Gemmink 

et al., 2018). To examine the preferred lipid storage in LDs coated with PLIN5 in 

the resveratrol-mediated increase in lipid content in oxidative muscle, we made the 

(PLIN5- LDs) (Figure 4E

Figure 4A+D) but 

not in PLIN5- LDs (delta increase 0.067 percent point, p=0.457, Figure 4A+D) in type 

(p=0.091, Figure 4B Figure 4C). For type 

Figure 4F).
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A B) 
C). Data are from human muscle biopsies and presented as mean 

D
E

F
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Discussion
The current study showed that resveratrol augments IMCL content in human 

skeletal muscle and results in remodelling of LDs in a cell autonomous fashion. In 

human clinical trials, it has been observed that 30 days of 150 mg/day resveratrol 

supplementation can augment overall IMCL storage without impeding insulin 

sensitivity in metabolically compromised individuals. Hypothetically, this is 

we observed that resveratrol particularly promoted IMCL storage in oxidative type I 

secondary to alterations in whole-body lipid metabolism and the increase in 

IMCL upon resveratrol originated from an increase in LD number. In the human 

increase in LD number without profound changes in LD size. The direction of these 

morphological changes indeed matches with an athlete like phenotype (Gemmink et 

al., 2020). Unlike in athletes, the resveratrol-mediated increase in IMCL was not only 

et al., 2003; van Loon et al., 2004; 

Schrauwen-Hinderling et al.

reported that the number of LDs correlates positively with insulin sensitivity, whereas 

et al.

resveratrol-mediated increase in IMCL does not impede insulin sensitivity.

was previously observed in trained athletes (Gemmink et al., 2018) and found to 
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ameliorate insulin resistance (Gemmink et al.

that resveratrol promotes lipid storage in a benign, athlete-like fashion. PLIN5 is a 

LD coat protein with a major role in lipid turnover (Wang et al., 2011a; MacPherson 

et al., 2013) and supports to match LD lipolysis with mitochondrial fat oxidation to 

prevent lipotoxicity and insulin resistance (Wang et al., 2011b; Bosma et al., 2013; 

Laurens et al., 2016). To our knowledge, no research has currently been performed 

to investigate the role of resveratrol on PLIN5 in humans. In mice, resveratrol was 

reported to increase PLIN5 protein content in the muscle (Mehdi et al., 2018). In the 

suggestive of PLIN5 redistribution (Gemmink et al., 2016; Shepherd et al., 2017). The 

current study design did not permit more mechanistic studies as to how resveratrol 

et al., 

2006), this is not observed consistently (Higashida et al., 2013). Although the results 

protein expression of a series of proteins involved in LD dynamics including PLIN5 

(Koves et al., 2013). 

In contrast to observations in trained athletes, the resveratrol-mediated increase in 

IMCL was not limited to the IMF region, but was also observed in the SS region. High 

levels of SS LDs are associated with lower insulin sensitivity (Nielsen et al., 2010; 

Chee et al., 2016; Daemen et al.

IMCL stored in SS LDs impeded insulin sensitivity particularly if found in type II 

et al., 2018). The induction of IMCL in SS LDs upon 

this increase was not paralleled by compromised insulin sensitivity. Why resveratrol 

promotes lipid storage in both the SS and IMF compartments is currently not known. 

Based on anatomical location, one could speculate that the vicinity of SS LDs with 
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nearby storage site for extracted circulatory fats. On the other hand, IMF LDs are 

closely located to the contractile elements (Tarnopolsky et al., 2007) and have been 

suggested to fuel mitochondrial fat oxidation during prolonged submaximal exercise 

SS LD’s and be re-incorporated in IMF LDs to fuel mitochondrial oxidation upon 

demand. The observation that lipid content in SS LDs decreases after exercise 

without changes in lipid content in IMF LDs supports this notion (Nielsen et al., 

2010; Li et al.

changes in the athletes versus the resveratrol-mediated increase in IMCL content in a 

metabolically compromised non-physically active population observed here. Regular 

of resveratrol in the absence of regular exercise may not trigger such a mechanism, 

which may explain the increase in both IMF and SS LDs.

lipid storage in primary human muscle cells as well as in vivo in humans. Our unique 

conventional approaches will only give results based on muscle homogenates or 

extractions that will not result in the type of detailed information needed to explain 

how resveratrol can augment IMCL content while not impeding insulin sensitivity. 

The downside of this approach is that it is extremely laborious, which limits the 

number of subjects that could be included in the current study.

In conclusion, we observed that resveratrol stimulates lipid accumulation in human 

muscle cells in culture as well as in vivo in metabolically compromised humans. 

of IMCL storage in trained athletes. Deduced from this resemblance, a phenotype 

in numerous small LDs most of which are coated with PLIN5. Thus, a favourable 

remodelling of the IMCL storage pattern can be achieved upon resveratrol 

administration.
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Abstract
Intramyocellular lipid (IMCL) content is an energy source during acute exercise. Non-

IMCL content is stored as lipid droplets (LDs) that vary in size, number, subcellular 

LD size and number, intracellular distribution and PLIN5 coating, using high-

resolution confocal microscopy. In a cross-over study, 9 healthy lean young men 

performed a 2-hour moderate intensity cycling protocol in the fasted (high NEFA 

levels) and glucose-fed state (low NEFA levels). IMCL and LD parameters were 

measured at baseline, directly after exercise and 4h post-exercise. We found that total 

IMCL content was not changed directly after exercise (irrespectively of condition), 

but IMCL increased 4h post-exercise in the fasting condition, which was due to an 

exercise in the fasting condition and was replenished during the 4h recovery period. 

NEFA levels.
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Introduction
One of the earliest hallmarks of type 2 diabetes (T2DM) is resistance of the peripheral 

tissues to the action of insulin, generally referred to as insulin resistance. Obesity is the 

major risk factor for insulin resistance and is characterized by excessive accumulation 

acids (FAs) from the adipose tissue into the circulation with accumulation of lipids in 

non-adipose tissue like muscle as a consequence (Unger et al., 2010). Intramyocellular 

lipid (IMCL) content is associated with the development of insulin resistance (Krssak 

et al., 1999).

While IMCL content can be detrimental for insulin sensitivity, it also serves as an 

energy source during muscle contraction. Prolonged exercise training results in 

elevated IMCL content (Schrauwen-Hinderling et al., 2003a). Likewise, endurance 

trained athletes are characterized by elevated IMCL levels (Goodpaster et al., 2001; 

Daemen et al., 2018), probably serving as an increased intracellular pool of FAs to fuel 

oxidation during prolonged exercise. Using palmitate-labelled stable isotope tracers, 

it has been demonstrated that IMCL is indeed utilized during exercise (Martin et 

al., 1993; Romijn et al., 1993; Phillips et al., 1996; Coyle et al., 1997; van Loon et al., 

et al., 2007). Some studies have shown that utilization of IMCL 

during acute exercise results in reduced IMCL content as measured directly after 

exercise by proton magnetic resonance spectroscopy (¹H-MRS) or in muscle biopsies 

(biochemically or histochemically) (Brechtel et al., 2001; Schrauwen-Hinderling et al., 

et al., 2007; Vermathen et al., 2012; Egger et al., 2013; Shepherd et 

al., 2013; Bucher et al., 2014). Other acute exercise studies, however, failed to detect 

a drop in IMCL content (Kiens & Richter, 1998; Rico-Sanz et al., 1998; Bergman et al., 

et al., 2002). These seemingly contrasting results may originate from 

in the circulation. Upon exercise, stimulation of adipose tissue lipolysis occurs and 

plasma NEFA levels increase. Plasma derived NEFAs compete with IMCL-derived 

FAs for oxidation but may also refuel IMCL stores during exercise and during the 
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post-exercise period. In inactive muscle, it has indeed been reported that elevated 

plasma NEFA levels augment IMCL content (Schrauwen-Hinderling et al., 2003b; 

Hoeks et al., 2010). This indicates that elevated plasma NEFA levels promote 

incorporation of FAs in IMCL, independent of the need of FAs for oxidation.

or biochemical triglyceride extraction to determine IMCL content. However, these 

methodologies do not take lipid droplet (LD) distribution and morphology into 

by training status and disease state. Interestingly, we have recently shown that in 

is stored in large LDs, predominantly in the subsarcolemmal (SS) region of type II 

et al.

source of fuel during exercise, as hypothetically, LDs in the IMF region may primarily 

serve to deliver FAs to mitochondria for oxidation. Hence, it can be hypothesized that 

IMF LDs would reduce in number and/or size upon exercise. On the other hand, SS 

LDs are less likely to fuel contraction during exercise but might be prone to grow 

in size and/or number due to their vicinity to the capillary bed and the resulting 

exposure to high circulating NEFA levels, such as may be the case in T2DM (which 

on IMCL content and LD size and number (Jevons et al., 2020). This study showed a 

et al., 2020), however in this 

study NEFA levels were not reported. 

retention and release of FAs from LDs to mitochondria for oxidation, depending 

on demand, nutrition or training status (Bosma et al., 2013; Shepherd et al., 2017; 

Gemmink et al., 2018b). We previously observed that fasting-induced increases in 
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plasma NEFA levels resulted in preferential storage of FAs in PLIN5 coated LDs 

(Gemmink et al., 2016). Others have shown that during moderate intensity exercise, 

PLIN5 coated LDs are more prone to reduce size compared to LDs devoid of PLIN5 

(Shepherd et al., 2013). Together, this suggests a role for PLIN5 post-exercise and 

intensity, i.e. 50% of pre-determined maximal power output) on LD size and number 

on exercise mediated oxidation and post-exercise replenishment of myocellular LDs, 

the study was performed in both the glucose-fed (low NEFA levels) and the fasted 

state (high NEFA levels), along with measurements of glucose and fat oxidation.

Methods

Participants

Nine healthy lean young men participated in this study. Participation in competitive 

sports (>2 hours per week), an unstable body weight (>3 kg change in preceding 

six months), medication use or any medical condition requiring treatment were 

accordance with the Declaration of Helsinki, and all participants gave their informed 

Participant characteristics are shown in Table 1.
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Table 1. Participant characteristics
Characteristics
Age (years) 23.2 ± 2.2
Height (m) 1.85 ± 0.09
Weight (kg) 77.9 ± 9.5
BMI (kg/m2) 22.7 ± 1.8
Fat mass (%) 14.4 ± 5.5
VO2max (ml O2/kg/min) 43.3 ± 6.1

Study protocol

At the beginning of the study, body composition (hydrostatic weighing) and maximal 

trial comprised two test days separated by at least one week and were performed in 

random order. Participants refrained from physical activity two days prior to the test 

days and consumed a standardized meal the evening prior to the test days. On the 

test days, participants reported to the laboratory after an overnight fast (no caloric 

intake after 10 PM the preceding day). A muscle biopsy was taken from the m. vastus 

lateralis under local anaesthesia (2% lidocaine), according to the Bergstrom technique 

(Bergstrom et al., 1967). The biopsy was immediately frozen in melting isopentane 

cannula was inserted into an antecubital forearm vein for sampling of blood and 

participants rested for 30 min. At baseline (t=-60), the participants ingested either 1.4 

1 ml lemon juice) or the same amount of plain water. After this, participants started 

exercising on a stationary bike at 50% of their pre-determined maximal power output 

(Wmax) (t=0 min) for two hours. During exercise, blood samples were drawn and 

substrate oxidation was measured by indirect calorimetry (Omnical, Maastricht, the 

Netherlands) every 30 min for 15 min (at t = 30, 60, 90 and 120 min) with continuous 

heart rate monitoring. Participants consumed the glucose or water drink every 30 

min during exercise. Immediately upon cessation of exercise, a second muscle biopsy 

was taken. Subsequently, participants bed-rested for 4h, followed by a third muscle 

Thesis layout4.indd   158 4-8-2021   20:49:58



159

Acute exercise and myocellular lipid droplets

6

biopsy 4h post-exercise. During the 4h post-exercise period, drinks (glucose or plain 

water) were consumed hourly and blood samples were drawn (prior to the drinks) 

and measurements of substrate oxidation were performed by indirect calorimetry 

for 30 min (at t = 180, 240, 300 and 360 min).  Fat oxidation and substrate oxidation 

Figure 1.

Figure 1. Experimental design. The experimental design of the study. All participants performed the 
protocol twice, once in the fasted state consuming water and once with glucose supplementation, with at 
least one week in between.

Measurements prior to test days 

A routine incremental cycling test on a stationary bike until exhaustion was used to 

determine maximal exercise capacity as described previously (Kuipers et al., 1985) 

and hydrostatic weighing with simultaneous measurement of lung volume was 

performed to determine body composition. The equation of Siri (Siri, 1956) was used 

to calculate fat percentage, fat mass and fat-free mass. 
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Blood sample analysis

Blood samples were collected in EDTA-containing tubes and immediately spun 

at high speed and frozen in liquid nitrogen and subsequently stored at -80°C 

until assayed. Plasma NEFAs and glucose were measured with enzymatic assays 

automated on a Cobas Fara/Mira (NEFA: Wako Nefa C test kit; Wako Chemicals, 

Histochemical analysis

From the muscle biopsies, 5 μm thick sections were cut and mounted on glass slides. 

mounted on the same glass slide. Immunohistochemical stainings were performed 

as previously described (Daemen et al., 2018). Primary antibodies against laminin 

(L9393; Sigma-Aldrich, Zwijndrecht, the Netherlands; 1:25), myosin heavy chain type 

I (A4.840; Developmental Studies Hybridoma Bank, Iowa, USA; 1:25) and PLIN5 

(GP31; Progen Biotechnik, Heidelberg, Germany; 1:25) were used. Appropriate 

secondary antibodies were conjugated with Alexa Fluor 405, Alexa Fluor 555 or Alexa 

Fluor 647. LDs were stained with Bodipy 493/503 (D3922; Molecular Probes, Thermo 

Image acquisition and analysis

Images were taken with a Leica TCS SP8 STED microscope (Leica Microsystems, 

previously (Daemen et al., 2018). For each time point of each participant, images of 

et al., 2018). Images were 

Hilversum, the Netherlands). IMCL, LD size, number and distribution were analysed 

with ImageJ (NIH, Bethesda, Maryland, USA) and MATLAB (The MathWorks Inc., 

staining)/cell area (% lipid area fraction), LD number by total LD number/cell area 
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(#/μm²) and LD size by total lipid area/total LD count (μm²). This was calculated 

92% using a custom-made MATLAB script (Daemen et al., 2018). Within each region, 

et al.

Statistics

Data are reported as mean ± SEM. Statistical analyses were performed using SPSS 

version 25 (IBM SPSS Inc., NC, USA). A repeated measures ANOVA was performed 

with time and treatment (fasting or glucose) as within-subject factors for energy 

expenditure, substrate oxidation and plasma values of NEFAs and glucose. Thereafter 

a pairwise comparison was performed with a Bonferroni correction for multiple 

comparisons. A mixed model was used to compare IMCL content, LD size, number 

Results

interaction (p<0.001) effect for plasma NEFA concentrations. Plasma NEFA 

concentrations were substantially higher post-exercise (p<0.001) and 4h post-

exercise in the fasted state (p=0.001) compared with the glucose-fed state (Figure 

2A). Moreover, plasma NEFA concentrations were increased at the end of exercise 
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(p<0.001) and 4h post-exercise (p=0.025) in the fasted condition compared with 

baseline, whereas plasma NEFA concentrations were decreased 4h post-exercise 

(t=360) in the glucose-fed state compared with baseline (p=0.047, Figure 2A). 

During the entire experimental testing, plasma glucose concentrations remained 

concentrations were higher directly post-exercise (p=0.002) and 4h post-exercise 

(p=0.008) in the glucose-fed state compared with the fasted state (Figure 2B). 

Moreover, plasma glucose concentrations were increased at the end of exercise 

(t=120) compared with baseline (t=-60) in the glucose-fed state (p=0.029), whereas 

plasma glucose concentrations were decreased 4h post-exercise in the fasted state 

compared with baseline (p=0.003, Figure 2B). 

. Plasma 

oxidation (D) before, during and post-exercise with (dotted line/squares) and without (solid line/circles) 
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Substrate oxidation

carbohydrate oxidation and lower fat oxidation in the glucose-fed state compared 

to the fasted state (p<0.05, Figure 2C+D

oxidation. Carbohydrate oxidation was higher and fat oxidation was lower in the 

glucose-fed state versus the fasting condition during all time points of the recovery 

period (p<0.05, Figure 2C+D). Surprisingly, we observed that energy expenditure 

glucose-fed state (p<0.05, Table 2). Two individuals were unable to maintain the 

workload demanded throughout the full two hours, if fasted. Thus, workload was 

during exercise. Post-exercise, all subjects rested and energy expenditure was similar 

between the two conditions (p>0.05, Table 2).

Table 2. Energy expenditure during and after exercise in glucose-fed and fasted state.
Treatment Glucose Fasted

Time (min) EE (kJ/min) EE (kJ/min)
Exercise 30 51.0 ± 3.0 45.0 ± 2.6*

60 51.8 ± 3.2 46.0 ± 2.9*

90 52.3 ± 3.2 45.6 ± 2.9*

120 51.4 ± 3.5 44.2 ± 3.0*
Post-exercise 180 7.5 ± 0.5 6.9 ± 0.4

240 7.1 ± 0.4 6.9 ± 0.4

300 7.3 ± 0.4 6.8 ± 0.5

360 7.3 ± 0.4 7.1 ± 0.6
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Intramyocellular lipid content and lipid droplet morphology

(Figure 3A). At the same time point, however, LD size appeared modestly reduced 

directly post-exercise in the fasted state (p=0.004, Figure 3B) but not in the glucose-

increased in the fasting condition compared to directly post exercise, which resulted 

post-exercise (p=0.016, Figure 3A). LD number displayed a tendency (p=0.084) for 

period appeared to result from an increased number of LDs (Figure 3C) rather than 

an increase in LD size (p=0.754, Figure 3B). These observations are also visualized 

in Figure 3J

both fasting and glucose-fed state. 

in the fasted condition compared to the glucose-fed state was only observed in the 

Figure 3D). Higher total IMCL content 4h post-exercise is more 

in the number of LDs (p=0.010, Figure 3F) while LD size did not change (p=0.602, 

Figure 3E). Similar to the overall picture, exercise in the fasted condition reduced LD 

Figure 3E

Figure 3G-I). Thus, the 
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Figure 3. Increased IMCL content 4h post-exercise with fasting
(A, D, G), lipid droplet (LD) size (B, E, H) and LD number (C, F, I

glucose-supplementation (J
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Cellular distribution of lipid droplets

number in the SS vs the IMF region. Contrary to our expectations, and in the absence 

IMCL content in the SS region directly after exercise in the fasting condition (p=0.012, 

Figure 4A). The decrease in SS IMCL content originated from a decrease in LD size 

(p=0.005, Figure 4B) as well as in LD number (p=0.040, Figure 4C). Four hours post-

exercise, SS IMCL content was replenished in the high NEFA (fasted) condition 

(p=0.028, Figure 4A), mainly due to an increase in LD number (Figure 4C, p=0.040). 

the glucose-fed state 4h post-exercise (p=0.005, Figure 4A). In the IMF region, no 

were detected (Figure 4D-F). 

PLIN5 coating of lipid droplets

those devoid of PLIN5 (PLIN5- LDs) (Figure 5H). Interestingly, we observed a time 

Figure 

5A

in the fasting state compared to the glucose-fed state (p=0.013) (Figure 5A+G). This 

was predominately due to a tendency (p=0.062) for an increase in lipid content in 

the fasting condition during the recovery period, rather than due to a drop in IMCL 

content in the glucose fed state (Figure 5A, p=0.534). The higher IMCL content in the 

fasted state, 4h post-exercise, seems to originate from a higher LD number (Figure 

5C Figure 5B). For PLIN5- LDs we could 

or during the recovery period (Figure 5D-F).
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Figure 4. Subsarcolemmal IMCL content transiently decreases directly post-exercise and is 
replenished during recovery in the fasted state. A, D), LD size (B, E) and LD number 
(C, F
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A, D), LD size (B, E) and LD number (C, F

(G H
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Discussion

sometimes contradictory data on post-exercise IMCL content may originate from a 

healthy lean young men under a fasted and glucose-fed condition. It was observed 

during and after exercise, probably related to plasma NEFA levels. Changes in IMCL 

the presence of PLIN5 on the LD. We observed that IMCL content decreased in the SS- 

but not in the IMF- region upon acute exercise and that 4h following exercise, IMCL 

conditions, when plasma NEFA levels were highest. 

In contrast to the glucose-fed state, moderate intensity exercise in the fasted state 

profoundly elevated plasma NEFA levels and increased fat oxidation, similar to what 

we reported previously using the same study design (Bilet et al., 2011; Bilet et al., 2015). 

We previously showed that the increase in plasma NEFA content and fat oxidation in 

the fasted state upon exercise was paralleled by increased cardiac (Bilet et al., 2011) 

and hepatic (Bilet et al., 2015) fat content 4h post-exercise. This increase in ectopic fat 

accumulation was completely blunted upon consumption of a glucose drink during 

and after exercise, which resulted in blunted NEFA levels and fat oxidation rates. 

These observations in heart and liver are in line with the results of the current study, 

revealing restoration of IMCL 4h post-exercise in the fasted, but not the glucose-fed 

state. This was observed as well in trained athletes who were fasted during and after 

exercise (Jevons et al.

plasma NEFA levels (and lower fat oxidation), which we report in parallel with the 

changes in IMCL. However, we cannot exclude that other factors, such as higher 
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exercise. In addition, timing of the measurements could be a factor in the results 

we obtained, as we have recently shown that IMCL displays 24h rhythmicity under 

resting conditions in healthy volunteers (Held et al., 2020). It should be noted that in 

the current study, the timespan of the entire protocol, i.e. exercise and recovery, was 

approximately 8 hours and that we used a cross-over design where volunteers were 

their own controls and both arms were carried out at the same time points. Therefore, 

between the glucose-fed and fasted state.

during exercise with an increase in IMCL in the recovery phase, resulting in higher 

IMCL levels in the fasted than in the glucose fed state. The higher IMCL levels 

originated from an increase in number (rather than size) of LDs, similar to was has 

been reported by others (Jevons et al., 2020). In line with previous studies (Shepherd 

et al., 2013; Jevons et al., 2020), the overall changes in IMCL content were detected 

with previous observations that trained individuals store a higher number of LDs in 

et al., 2018). Tracer 

studies revealed that FAs derived from IMCL contribute to total fat oxidation during 

exercise (Martin et al., 1993; Romijn et al., 1993; Phillips et al., 1996; Coyle et al., 1997; 

van Loon et al., 2003). The increased IMCL-derived fat oxidation can result in a drop 

in IMCL content (Chee et al., 2016) and consequently changes in LD size and number 

(Jevons et al.

total IMCL content in the present study. In the fasted state, fat oxidation rates and 

plasma NEFA levels were higher throughout exercise and recovery compared to the 

glucose-fed state. While the methodology used in the present study does not permit 

plasma NEFAs in the fasted condition (and the concomitant increased NEFA delivery 
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et al., 2002) and increased 

IMCL synthesis (Bergman et al., 1999) in exercising muscle have been shown. As 

expected, glucose levels and carbohydrate oxidation levels were much higher in the 

glucose-fed state, indicating that carbohydrates were the main energy source in the 

glucose-fed condition.

In that respect, it is interesting to note that exercise in the fasted state resulted in 

a transient drop in IMCL content in the SS region, followed by restoration 4 hours 

the IMF region and in vicinity of mitochondria supposedly fuel muscle contraction 

(Hood, 2001). Thus, our observation in lean untrained individuals does not support 

our hypothesis that IMF LDs would contribute more to lipid oxidation during exercise 

than SS LDs, and therefore would reduce in size and/or number more profoundly. 

et al., 2020) and young active individuals (Chee et al., 2016), where it was found that 

exercise resulted in a drop in IMCL in the IMF region, which was restored 4h post-

exercise (Jevons et al., 2020). On the other hand, our results are in line with previous 

after 1 hour cross-country skiing (Koh et al., 2017), however they found a decrease 

in IMF LD number in the arms. It should be noted, that prolonged exercise training 

programs reduce SS lipid content (Nielsen et al., 2010; Devries et al., 2013; Li et al., 2014) 

and trained individuals display a lower SS lipid compared to sedentary individuals 

(Daemen et al., 2018). The untrained participants in the current study may have 

higher SS lipid storage compared to athletes, possibly explaining this discrepancy. 

Another potential explanation for the observation that exercise in the fasted state 

high IMF LD-derived fat oxidation (with IMF lipid content quantitatively being the 

the SS to the IMF region is more likely than LD motility in the skeletal muscle due 

to its organized structure (Bosma, 2016). As both LD number and size decreased in 
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the present study, a transfer of FAs is expected rather than a transfer of LDs, as the 

of lipid oxidation in the SS mitochondria themselves during exercise should also be 

oxidative capacity of SS mitochondria compared to IMF mitochondria (Bizeau et al., 

1998; Koves et al., 2005). Regardless the exact mechanism, our data suggests a yet 

The higher and elevated IMCL levels in fasted state after 4 hours of recovery were 

detected when plasma NEFA levels were still profoundly elevated, while rates of fat 

oxidation had dropped substantially. Jointly, these data suggest that IMCL is restored 

and LDs serve as a sink to store excess FAs, an observation that we showed previously 

when comparing active and non-active muscle during exercise (Schrauwen-

Hinderling et al., 2003b) or upon prolonged fasting (Gemmink et al., 2016). The storage 

et al., 2016). PLIN5 is a LD coat protein involved 

in lipid storage and release of fat for oxidation (for review see (Gemmink et al., 2020)). 

Others have shown that PLIN5 coated LDs are preferentially used for lipolysis during 

exercise (Shepherd et al., 2013). The increase in IMCL content after 4h of recovery in 

previously been observed by others as well (Jevons et al., 2020). PLIN5 interacts with 

enzymes such as ATGL (Granneman et al., 2011; MacPherson et al., 2013; Keenan et al., 

2021) and these enzymes may be involved in this regulation of LD turnover as well. In 

that context, it is interesting to note that we have previously shown that acute exercise 

leads to a rapid upregulation of PGC1 and PPAR gene expression (Russell et al., 

2005), which are transcription factors regulating lipid metabolism gene expression. 

Interestingly, we previously showed that glucose ingestion during exercise lead to 

blunted expression of lipid metabolism genes (Civitarese et al., 2005), suggesting 

that transcriptional regulation may be involved in the regulation of LD turnover. 
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acute exercise (Whytock et al., 2018). Jointly, these data indicate involvement of LD 

coating proteins such as PLIN5, ATGL, HSL, DGAT and other regulation proteins 

a sink for excess FAs post-exercise, but also serve to fuel oxidation during exercise 

(Shepherd et al., 2013; Jevons et al., 2020). These observations match the dual role 

mitochondria upon metabolic demand (Gemmink et al., 2018b) as well as protecting 

against lipotoxicity under basal conditions by stimulating lipid storage (Wang et al., 

2011; Gemmink et al., 2016).

Our study comes with some limitations especially when it comes to generalizability. 

Thus, volunteers in our study were lean, young men and it is possible that other 

results will be found when studying women. Furthermore, our volunteers were 

the role of SS and IMF lipids in exercise.

plasma NEFA levels, and fat oxidation rates. Remarkably, we observed a decrease in 

condition. During recovery from exercise in the fasting state, IMCL levels increased 

number of LDs in the SS region. Future studies should aim at unravelling intracellular 
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Abstract
Intramyocellular lipids are stored as lipid droplets (LDs). LDs adjust to changes 

in supply and energy demand and this capacity is referred as LD dynamics. 

Compromised LD dynamics may contribute to metabolic disturbances observed in 

muscle insulin resistance. Many studies have investigated factors of LD dynamics, 

albeit in a static state. Therefore, a tool to study LD dynamics in a time-bound fashion 

is warranted. Thus, we aimed to develop an in vitro model to study LD dynamics in 

cultured human primary myotubes (HPMs) and the pioneering steps are described 

within 12-24 hours. After washing, the HPMs were incubated with Bodipy-558/568 

(red)-labelled C12 FAs together with oleate for another 6-12 hours. Retrospectively, 

incorporating FAs from the second incubation), incorporating LDs (preformed 

LDs incorporating new FAs from the second incubation and therefore contain both 

into LDs without the likelihood of false-positive or false-negative colocalization. 

determine the dynamic nature of the individual LD and the total LD pool within 

a HPM respectively. Pilot data revealed a more rapid lipid accumulation in HPMs 

from insulin-sensitive donors compared to insulin-resistant donors. This tool can 

metabolic phenotypes.
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Introduction
Lipid droplets (LD) are organelles consisting of a lipid core surrounded by a 

phospholipid monolayer (Farese & Walther, 2009), present in virtually all cell types. 

LDs are essential storage sites of neutral lipids, such as triacylglycerols (TAGs) 

Especially in skeletal muscle, which is subject to profound changes in energy demand 

and supply, LDs can readily release FAs for oxidation or take up FAs from the 

circulation and the sarcoplasm to avoid lipotoxicity to occur (Walther et al., 2017). 

The inherent capacity of LDs to readily adjust to changes in energy demand and 

supply is referred to as LD dynamics.

Compromised LD dynamics has been suggested to underlie metabolic aberrations as 

observed in the insulin-resistant state (Badin et al., 2013; Daemen et al., 2018). Most 

of these suggestions are based upon evaluation of proteins, genes or metabolites 

involved in LD dynamics, albeit under static conditions. Some studies have used 

stable isotope-based FA tracers to measure incorporation of exogenous FAs in the 

myocellular LDs and release of FAs to fuel fat oxidation in vivo (van Loon et al., 

2003; Bergman et al., 2018) providing a surrogate marker of LD dynamics. Although 

to LD dynamics. Moreover, this method does not provide information on the fate of 

the lipids, whether FAs are incorporating into new or already existing LDs. Such 

lipotoxicity.

This stresses the need for tool development to measure LD dynamics in a time-bound 

fashion. Hence, we aimed to develop an in vitro model to examine LD dynamics and 

labelled FAs (green and red). First, we add Bodipy-FL (green)-labelled C12 FAs 

together with oleate to form LDs within HPMs for 12-24 hours. After washing, the 

HPMs are incubated with Bodipy-558/568 (red)-labelled C12 FAs together with oleate 

for another 6-12 hours. With this design, we can determine the fate of the FAs and 
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examine if excess FAs (from the second incubation) are incorporated preferentially 

dynamics in human primary muscle cells cultured from insulin-resistant versus 

insulin-sensitive donors. This chapter describes the pioneering and essential steps 

Material and methods

Human primary myotubes culture

Human primary myotubes (HPMs) were cultured from previously obtained muscle 

biopsies from an untrained healthy individual, a trained individual (Vosselman et al., 

2015) and a patient with type 2 diabetes (T2DM) (Brouwers et al., 2017). All donors 

studies in accordance with the Declaration of Helsinki. All participants provided 

donors are displayed in Table 1. The muscle biopsies were obtained from the m. 

vastus lateralis according to the Bergstrom method (Bergstrom, 1975) and HPMs were 

et al., 2011). HPMs from the 

from the trained individual and the patient were used for live-cell imaging.

Table 1. Participant characteristics of the donors
Untrained Trained T2DM

Age (y) 23 31 56

Sex male male male

BMI (kg/m2) 22.7 22.7 31.9

VO2max (ml/min/kg) 42.7 56.0 26.2

GIR (ml/h) 250 290 100
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Satellite cells from the untrained healthy donor were grown on #1 coverslips and 

Netherlands) supplemented with 10% foetal bovine serum (Gibco), 0.5 mg/ml bovine 

serum albumin (Sigma-Aldrich, Zwijndrecht, the Netherlands), 1μM dexamethasone 

(Sigma-Aldrich), 0.5 mg/ml fetuin (Sigma-Aldrich), 0.5 μg/ml Fungizone (Gibco), 

50 μg/ml Gentamycin (Gibco), 10 ng/ml human epidermal growth factor (Gibco) 

triggered by replacing the culture medium with alpha Minimum Essential Medium 

0.5 mg/ml fetuin, and 2% penicillin and streptomycin (Gibco), for approximately 6 

To study LD dynamics in HPMs a double labelled experiment was designed with two 

et al., 2010) 

et al., 2015). As depicted in Figure 1A, 

the Netherlands) and Bodipy 558/568-C12 (D3835; Invitrogen), which yield a green 

Figure 1A). In vitro, 

et al., 2015; Kolahi et 

al., 2016), such as oleate. 

incubated for 12-24 hours with Bodipy FL-C12 along with unlabelled oleate (total 

(DPBS; Gibco), Bodipy 558/568-C12 was added in combination with oleate for 6-12 

hours, hence resulting in a similar lipid load of 50 μM. In this way, we classify 
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second incubation (new LDs) and preformed LDs incorporating newly supplied FAs 

(incorporating LDs) (Figure 1B). Preformed LDs that do not take up newly supplied 

concentration of  Bodipy FL-C12 and Bodipy 558/568-C12 in various cell types, ranging 

from 1 μM - 6 μM (Wang et al., 2010; Rambold et al., 2015; Kolahi et al., 2016). To our 

an optimal concentration of 3 μM, to obtain minimal background staining and an 

FAs were accommodated with unlabelled oleate. The concentration of oleate was 

  Figure 1. General experimental set-up. A) 
B) 

(incorporating LDs, depicted here in yellow).
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the incorporation of the label into the LD, we reversed the order of incubation with 

C12 incubation, which after a thorough rinse, was followed by an incubation with 

Bodipy FL-C12).

Fixation and imaging of human primary myotubes

with DAPI to visualize nuclei (4’,6-diamidino-2-phenylindole, dihydrochloride; 

D1306; Invitrogen; 1:100). Coverslips were mounted on object glass slides with 

Mowiol and imaging was performed with a Leica TCS SP8 confocal microscope using 

Bodipy 538/568-C12 were excited with a laser wavelength of 405, 500 and 558 nm 

and 568-630 nm respectively (Figure 2

Deconvolution of the confocal images was performed with Huygens Professional 

Figure 2
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Testing for crosstalk, bleed-through and Fluorescence 
Resonance Energy Transfer

crosstalk, bleed-through or Fluorescence Resonance Energy Transfer (FRET), as these 

as depicted in Figure 2, with an additional excitation of 500 nm with an emission 

window of 568-630. It should be noted that a combination of an excitation wavelength 

of 558 together with an emission frame 510-530 is not applicable, as a stoke shift takes 

Table 

2. To test for crosstalk and bleed-through, HPMs were incubated with respectively 

solely Bodipy 558/568-C12 (16 μM) and oleate (34 μM) for 24 hours, or with solely 

with DAPI and imaged as previously described. 

Table 2.
Incubation

Bodipy label Concentration 

(μM)

Time

(h)

Excitation and Emission

(nm)
Crosstalk Bodipy 558/568-C12 16 24 500            510-530

500            568-630

558            568-630
Bleed-

through

Bodipy FL-C12 6 30 500            510-530

500            568-630

558            568-630
 FRET Bodipy FL-C12

Bodipy 558/568-C12

6

2

24

6

475            510-530

475            660-700

558            660-700

As Bodipy FL-C12 and Bodipy 558/568-C12 can be both incorporated in the same LD 

and are therefore in close proximity, FRET can occur and lead to an overestimation 
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oleate) for 24 hours and, after washing, incubated with 2 μM Bodipy 558/568-C12 

Table 2

no contamination of crossover or bleed-through. There is a known excitation and 

emission spectrum for Bodipy FL-C12 (Thermo Fisher), but not for Bodipy 558/568-

were taken with steps of 5 nm starting from 490 until 595 nm. Bodipy 558/568-C12 

was excited with 500 nm and images were taken every 9 nm starting from 510 until 

776. With this information possible FRET emission was measured between 660-700 

when excited with 475 (Table 2).

(oleate). There is a possibility that LDs are formed with unlabelled oleate, but without 

any of the Bodipy-labelled FAs, and are therefore unintentionally missed in our 

Abgent, San Diego, USA; 1:250) as a control to stain all LDs after incubation with 

Bodipy FL-C12 and Bodipy 558/568-C12. In this experiment, HPMs from an untrained 

neutral lipids in a Bodipy-labelled FA independent manner. Again, coverslips were 

mounted on object glass slides and imaging was performed with a Leica TCS SP8 

confocal microscope. MDH was excited with a laser wavelength of 405 and emission 

Figure 2). 

Every image contains three channels: the MDH channel with yields a blue 
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visually examine the merged images for blue LDs. These blue MDH-positive LDs 

are an indication of LDs containing only lipids with oleate incorporation, but in the 

was calculated. For this, the total number of LDs were calculated in each image. For 

558/568-C12) was calculated and the r is computed based on these mean intensity 

values. A min-max normalization is performed to plot the normalized mean intensity 

this way, MDH (blue channel) is correlated with Bodipy FL-C12 (green channel), 

Bodipy 558/568-C12 (red channel), and with Bodipy FL-C12 and Bodipy 558/568-C12 

FL-C12 can be present. We are primary interested if a LD contains MDH with at least 

et al., 2011). As this ratio most 

likely varies within each LD, this might cause a low PCC, while they do colocalize. 

provides two values: the fraction of channel A in channel B (M1) and fraction B in 

channel A (M2). Therefore, M1 and M2 were calculated in addition to PCC.

Furthermore, we wanted to test our customized script made in the Image J software 

(NIH, Bethesda, USA) (Schneider et al.

(preformed, incorporating and new LDs) originated from the double labelled 

47 μM oleate), followed by a 12-hour incubation with 3 μM Bodipy 558/568-C12 

Figure 2. Images were deconvoluted 
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FL-C12) and the red channel (Bodipy 558/568-C12). An image of all LDs is computed 

by adding the binary image of the green channel to the red channel.

 

Determination of preformed LDs, incorporating LDs and new LDs requires multiple 

steps. To determine new LDs, the binary image of the green channel is subtracted 

from the binary image with all LDs. This new created image will contain newly 

formed LDs, but also the incorporation of new FAs into LDs that were present already 

  

  

from the binary image with all LDs. Next, the image of the new LD is subtracted. 

shape (circularity 0-0.95), to remove single pixel remnants. This image is compared 

as incorporating LDs. 

  

   

   results compared to all LDs 

To identify the preformed LDs, the binary images of new LDs and incorporating LDs 

are combined and compared to the binary image of all LDs. LDs that are present in 

the image of all LDs (determined by particle analysis), but not in the combined image 
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   determined by particle analysis

From the images with the LD classes (preformed, incorporating and new LDs) a 

it with the original image. Furthermore, each LD is determined as a region of interest 

(ROI) and within this ROI the mean intensities of Bodipy FL-C12 and Bodipy 558/568-

C12 are determined from the raw image (non-deconvoluted). 

of the two Bodipy labelled FAs. If a LD has a higher new/old FA ratio, the LD is 

more dynamic than a LD with a low ratio. Moreover, a ratio of newly formed LDs/ 

preformed LDs can be computed, whereas a high ratio means a higher fraction of 

new LDs within this image.

Fluorescent live-cell microscopy

Live-cell imaging was performed to study lipid incorporation over time and to get 

more information about the ideal incubation time. For live-cell imaging, we used 

HPMs from a trained individual and a patient with T2DM. The experiment was 

individual, the second experiment with HPMs from both trained and T2DM 

individuals. All experiments were performed in duplicate (wells) and within each 

with 5.5 mM glucose, 2 mM glutamine (GlutaMAX, Gibco) and 2% FBS. HPMs 

were prior imaging incubated with CellMask (C10046; Invitrogen; 1:1000) for 30 

incubated with oleate (50 μM) and Bodipy 493/503 (D3922; Molecular Probes, Leiden, 
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the Netherlands; 1:500) in phenol red-free medium at t=0 and imaged with a FEI 

CorrSight spinning disk confocal microscope, equipped with an ORCA-Flash 4.0 

V2 CMOS camera. Imaging was performed with a 40x 0.9 N.A. air objective (Zeiss, 

LD area (Bodipy signal, μm²), total LD number (count) and average LD size (Total LD 

dividing each measurement by the baseline measurement (t=1). Before incubation, 

no lipids were added to the medium.

Results

Crosstalk and bleed-through can be avoided and Fluorescence 
Resonance Energy Transfer is negligible

To avoid bias in our results, we have tested for crosstalk, bleed-through and FRET. 

Crosstalk (Figure 3A

the excitation wavelength used for Bodipy FL-C12 excites Bodipy 558/568-C12 as 

well. Therefore, we tested crosstalk with solely Bodipy 558/568-C12 along with the 

558/568-C12. Bleed-through (Figure 3B

collected between 510-530, but also between 568-630. Therefore, bleed-through was 

tested in presence of Bodipy FL-C12 solely. Bodipy FL-C12 was excited with 500 nm 

and emission was collected between 568-630. 

that Bodipy 558/568-C12 can be excited with 500 nm (Figure 3C). However, this signal 

(grey line) was only 8% of the signal when Bodipy 558/568-C12 was excited by 558 
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nm (red line). Bodipy FL-C12 could not be excited with 558, as no signal was present 

(red line, Figure 3D). To test for bleed-through, Bodipy FL-C12 was excited with 500 

also some signal is present between 568-630 (grey line, Figure 3D), indicating bleed-

510-530 (green line, Figure 3D). Compared to crosstalk, the bias by bleed-through is a 

Figure 3. Crosstalk and bleed-through analysis with Bodipy FL-C12 and Bodipy 558/568-C12. A)

B)

C-E) Images taken on the 
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bit stronger. It should be noted, however, that both cross-talk (8%) and bleed through 

labelled FAs were present (Figure 3E), both Bodipy Fl-C12 and Bodipy 558/568-C12 

were indeed detectable within the corresponding emission windows. Fluorescence 

was detected between 568-630 when the sample was excited with 500 (grey line). 

This signal is probably a combination of crosstalk from Bodipy 558/568-C12 and 

(based on the previous results) predominantly bleed-through from Bodipy FL-C12. 

important to excite the Bodipy-labelled FAs sequentially rather than simultaneously. 

Since Bodipy 558/568-C12 cannot emit light between 510-530 (Figure 3C) and Bodipy 

FL-C12 cannot be excited with 558 (Figure 3D), crosstalk and bleed-through can be 

avoided and the likelihood of bias by false-positive colocalization is negligible.

In addition, we examined potential bias originating from FRET, which means the 

only take place from Bodipy FL-C12 to Bodipy 558/568-C12 and not reversely (Figure 

4A). Ideally, FRET would be measured by using an excitation of 500 nm (excitation 

Bodipy FL-C12) and collecting emission between 568-630 (emission Bodipy 558/568-

C12). However, the emission collected between 568-630 would be contaminated with 

crosstalk and bleed-through as shown in Figure 3

can measure FRET, but to exclude contamination by crosstalk and bleed-through, 

Figure 4B). From these 

results we observed that Bodipy FL-C12 could not be detected in an emission window 

of 660-700 (supplementary Figure S1A), but Bodipy 558/568-C12 was still detectable 

(red line, Figure 4C). Bodipy FL-C12 was excited with 475 (which cannot excite 

Bodipy 558/568-C12, see Figure S1B) and possible FRET would have been detected 

between 660-700. As shown in Figure 4C
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between 510-530, indicated that Bodipy FL-C12 can be excited with 475 nm (green 

line, Figure 4C). 

558/568-C12. A)

B)
analysed with confocal microscopy. C)

grey values are negligible. Grey values are measured among the white line (displayed in the images) and 
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Bodipy FL-C12 and Bodipy 558/568-C12 are incorporated into all 
lipid droplets present

Thus, if we image Bodipy FL-C12 and Bodipy 558/568-C12, do we include all LDs? 

and stained with MDH to visualize all neutral lipids. Upon successive incubation of 

Bodipy FL-C12 and subsequently Bodipy 558/568-C12 (or reversely) (Figure 5A and 

5B) in combination with oleate, none of the LDs detected stained entirely (and solely) 

blue upon MDH. This indicates that all LDs within the cells incorporated at least 

FAs. 

Determining colocalization by simply observing merged images may be subjective, 

therefore from a cropped image (Figure 5C

Figure 

5D

and Bodipy 558/568-C12 from each LD and observed two clear distinctive pools of 

LDs (Figure 5D). One group of LDs contained relative more Bodipy FL-C12 (here: 

new LDs), while the other group mainly Bodipy 558/568-C12 (here: preformed 

LDs). To quantify whether using our experimental set-up resulted in labelling of 

all LDs present, we performed a Pearson’s correlation of MDH (blue channel) with 

Bodipy FL-C12 (green channel) and Bodipy 558/568-C12 (red channel) combined (i.e. 

yellow channel in Figure 5). This resulted in a PCC of r = 0.530 and very few LDs 

see if MDH positive LDs also contained Bodipy labelled FAs (M1) and if a LD with 

Bodipy labelled FAs also stains positive with MDH (M2). The results for the images 

depicted in Figure 5C are shown in Table 3. These results show that the fraction in the 
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MDH channel is also present in the green and red channel combined (yellow: blue; 

M2 = 1), indicating that our experimental set-up results in labelling of all LDs present.

Table 3
Channel A : Channel B M1 M2
Red : Blue 0.998 0.979
Green : Blue 0.976 1.000
Red : Green 1.000 0.960
Yellow : Blue 0.994 1.000

Upon making these computations in a total of 20 images, the average M1 and M2 

values (yellow:blue) were both 0.99, indicating a perfect colocalization (close to 1), 

M2 values were 0.99 and 0.86 respectively (green:blue). For Bodipy 558/568-C12, the 

average M1 and M2 of these 20 images was 0.99 and 0.95 respectively (red:blue). 

These values imply that the presence of solely blue LDs (i.e. LDs with oleate but 
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Figure 5. Fluorescent fatty acids are incorporated into all lipid droplets.

A) or the other way around (B

C)

D)
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Time course analysis to determine the incubation time

et al., 2010; Rambold et al., 2015). For our HPMs, we 

wanted to determine how long it takes to incorporate the lipids into the LDs from 

and second lipid incubations. To test this, we used live-cell imaging and HPMs were 

incubated with Bodipy 493/503 together with 50 μM oleate. After incubation, the cells 

were immediately followed for 24 hours and an image was taken hourly.

After addition of FAs, intracellular lipid content increased and reached a plateau after 

approximately 10 hours (Figure 6). Both LD area and LD number did not evidently 

change after this time point. The increase in lipid area is largely explained by an 

increase in LD number. LD size increased slightly over time, but would not noticeably 

Figure 6 Figure 

6A-C, including duplicates), the second experiment is labelled as Trained-2 (Figure 

6D-F, including duplicates) and mean values of both experiments are displayed in 

Figure 6G-I

compared to the second experiment (Figure 6A vs 6D

from a higher absolute baseline lipid area in experiment 1 compared to experiment 

2 (678.45 ± 323.04 μm² vs 169.41 ± 62.55 μm²; mean ± SD). For comparison, values are 

surface covered by HPMs. All duplicates (D1 and D2) are an average of four images, 

expect for Trained-1 D2 (two images).

These data show that it takes approximately 10 hours to reach maximal lipid 

accumulation in HPMs from this trained individual after one addition of FAs. When 

designing a double labelled experiment, the incubation time can therefore be carefully 

planned as it may take 10 hours to form the maximal number of preformed LDs after 

is scheduled (i.e. during lipid accumulation or during the plateau). For the next 

experiments we choose 12 hours for both incubations.

Thesis layout4.indd   198 4-8-2021   20:50:13



199

Microscopy tool to study lipid droplet dynamics in vitro

7

Figure 6. Time course analysis of lipid incorporation into primary myotubes of trained individuals.

A-C) Duplicates 

(C). D-F) Duplicates of experiment 2 (Trained-2), with fold change increase in LD area (D), fold change 

G-I)
(H) and average LD size (I) in myotubes from trained individuals over time (hours). Data points represent 
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of lipid droplets

LDs, indicating that there are preformed, incorporating and new LDs respectively 

(Figure 7A

Figure 7A). These are called preformed 

with FAs. During the second incubation the preformed LDs can incorporate the 

new FAs (Bodipy 558/568-C12 in Figure 7A

preformed LDs (green LDs in Figure 7A). During the second incubation new LDs 

can be formed and contain mostly the second label (Bodipy 558/568-C12 in Figure 

7A Figure 7A. Initial 

(Figure 7B and 7C
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 Figure 7. Fluorescent fatty acids are heterogeneously incorporated into human primary myotubes.
A)

B-C)
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droplets

With the current tool, we have shown that both Bodipy FL-C12 and Bodipy 

(preformed, incorporating and new LDs). Furthermore, we are able to quantify and 

visualize these groups as depicted in Figure 8. In this example, when the normalized 

mean intensity of Bodipy FL-C12 (green channel, Figure 8A

normalized mean intensity of Bodipy 558/568-C12 (red channel, Figure 8A) per 

LD, three clusters of LDs became apparent (Figure 8B). Within this analysis we can 

distinguish between preformed, incorporating and new LDs and visualize them in 

the segmentation image (Figure 8D). Moreover, we are able to visualize the mean 

intensity ratio between the new and preformed LDs, whereas a high ratio (visualized 

as yellow/white in Figure 8D) means a higher fraction of newly provided FAs. In this 

more new LDs, while another cell contains more preformed LDs. For each LD, the 

area (size) can be determined and the distribution of size can be visualized as well 

(Figure 8D, third image). A LD with a low Bodipy 558/568-C12/ Bodipy FL-C12 ratio 

(more preformed) is not necessarily larger than a LD with a higher ratio (Figure 8C).
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droplets. A)

B)

C)

D) Visualization methods from binary images. Three groups can be formed within the analysis (preformed, 

content. This also reveals three clusters of LDs and can be an important output to determine the fate of 
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type 2 diabetes and trained individuals

This microscopy tool has been developed to study LD dynamics in HPMs from 

insulin-sensitive individuals (e.g. trained athletes) and insulin-resistant individuals 

incubation, lipid accumulation over time needs to be measured in HPMs cultured 

from donors with both these distinct phenotypes. Therefore, HPMs from a trained 

individual and a patient with T2DM were incubated with oleate and Bodipy 493/503 

and followed over time. Interestingly, the myotubes from the trained individual 

accumulate FAs more rapidly, resulting in a higher lipid content compared to the 

HPMs from the T2DM patient (Figure 9A). The accumulation of lipids in both groups 

predominantly originates from an increase in LD number (Figure 9B), rather than an 

increase in LD size (Figure 9C). These observations were made in technical duplicates 

in HPMs from both donors (Figure 9D-F). In trained HPMs, lipid accumulation 

increases rapidly and there is a visual increase from 5h to 21h (Figure 9A+G), while 

time points (Figure 9A+H). There was an absolute increase in lipid accumulation in 

the myotubes from the patient with T2DM (total LD area: 400.5 μm² (t=1) vs 697.3 

μm² (t=10)), but this was much less compared to the myotubes from the trained 

individual (total LD area: 169.4 μm² (t=1) vs 877.7 μm² (t=10)). These initial results 

versus an individual with T2DM.
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Figure 9. Lipid accumulation over time in myotubes from a trained individual and a patient with type 
2 diabetes.

A-C)

images). D-F)

G-H)
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Discussion
In search for a tool to examine myocellular LD dynamics we have developed an in vitro 

model based upon cultured HPMs. In this model, we worked with confocal and live-

labelled FAs therein. This chapter describes how the model was developed, how the 

proof-of-concept experiments were performed and the pioneering studies in HPMs 

with T2DM). When developing this tool, we have checked for crosstalk, bleed-

through, FRET and colocalization with the neutral lipid stain MDH. Furthermore, 

time course experiments gave information for incubation periods and we proposed 

an optimal concentration of 3 μM for Bodipy FL-C12 and Bodipy 558/568-C12 in 

new LDs) which are heterogeneously formed by HPMs.

Throughout the experiments in this chapter, we focused on keeping the total lipid 

load to the HPMs the same (i.e. the sum of the Bodipy labelled FA plus the vehicle FA 

oleate was always 50 μM). Depending on the type of experiment (examining cross-

talk, bleed-through, FRET or colocalization with MDH staining), the concentration of 

Bodipy FL-C12 and Bodipy 558/568-C12 (and hence of oleate) varied between 2 and 16 

μM. For quantitative analysis, it obviously is important to use the same concentrations 

of Bodipy FL-C12 and Bodipy 558/568-C12 throughout the actual experiments. Our 

proof of principle experiments has led us to conclude that incubation with 3 μM of 

the Bodipy labelled FAs gives reliable and reproducible results in HPMs.

To determine the optimal duration of incubation with the labelled FA, we assessed 

the time-course of incorporation of oleate by live-cell imaging. It was shown that it 

took approximately 10 hours to achieve a plateau in LD area in HPMs. It should be 

TAGs in the LD and that we hence cannot conclude on the exact incorporation rate. 

Blockers of TAG synthesis (e.g. DGAT1 inhibitors) or TAG degradation (e.g. ATGL 
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inhibitors) would be needed to determine FA incorporation rate more cleanly. During 

this plateau HPMs are still able to form new LDs, as we have shown in Figure 7 and 

8. An initial incubation of HPMs with a Bodipy labelled FA of 12 hours, followed by 

incubation for another 12 hours with a FA with another label, not only resulted in the 

generation of new LDs (as evidenced by LDs predominantly contained the second 

were present (incorporating LDs). In these pioneering experiments, it appears that 

number of new LDs was lower than the number of incorporating LDs. Shortening 

LDs compared to longer incubation periods (>10 hours), since lipid accumulation 

preformed LDs, an incubation time <10h is more feasible, as net lipid accumulation 

still takes place. Studying LD turnover can be achieved during longer incubation 

periods (>10 hours), since a plateau is formed and no net lipid accumulation takes 

FA.

was present in our experimental set-up. The putative bias originating from this 

could, however, be circumvented by sequential imaging of the labelled FAs. Thus, 

our experimental model is a valid tool to make the distinction between LDs that 

(i.e. they are incorporated within the same LD), and if they do have overlapping 

spectra, false information may originate from FRET. Hence it is important to test 

if FRET takes place in the present study with both Bodipy FL-C12 and Bodipy 
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number and size of these LDs. 

To ensure that the Bodipy labelled FAs were incorporated in all LDs, we combined 

imaging of the two labelled FAs with a neutral lipid dye which presumably stains 

all LDs (MDH) and computed colocalization using the Manders Colocalization 

(Dunn et al., 2011), we performed M1 and M2 computations only after background 

correction by deconvolution. Colocalization measurements clearly revealed that all 

MDH positive LDs also contained a Bodipy labelled FA (M1=0.99) and vice versa (all 

Bodipy label containing LDs stained positive with MDH (M2=0.99)). This indicates 

(i.e. only non-labelled oleate) is negligible. 

558/568-C12 and have been used in other studies (Keeney et al., 2008; Wang et al., 

2010; Rambold et al. et al., 2017). Both Bodipy FL-C12 and Bodipy 

558/568-C12 have a carbon chain length of 12 carbon atoms and would initially be 

tag makes the total length of the FA more equivalent to a long-chain FA (Rambold 

et al., 2015; Kolahi et al., 2016; Kolahi et al.

tag, both Bodipy FL-C12 and Bodipy 558/568-C12 are processed similarly and label 

et al., 2017), as we have also observed 

in our experiments. However, Bodipy FL-C12 and Bodipy 558/568-C12 seems to 

et al., 2017), as Bodipy FL-C12 was more 

metabolized into polar lipids in this study, while Bodipy 558/568-C12 was more 

likely to be metabolized into TAGs. This might explain why the average M2 value 

(Bodipy label containing LD stained positive with MDH) of Bodipy 558/568-C12 was 

high co-occurrence with neutral lipids and we performed two parallel experiments 
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with either starting with Bodipy FL-C12 or with Bodipy 558/568-C12. Both orders 

are possible, although it is evidently important to remain constant throughout the 

experiment. Others have shown that Bodipy 558/568-C12 can be transported into the 

mitochondria and can be used as a substrate (Rambold et al., 2015). To our knowledge, 

fully operate.

With our newly developed tool, we can distinguish between preformed, incorporating 

LDs are formed after the second incubation. Incorporating LDs are LDs that were 

Interestingly, the uptake of FAs and therefore the distribution of preformed, 

incorporating and new LDs varied between HPMs. Some HPMs contained mainly 

preformed LDs, while other neighbouring cells had a mixture of incorporating and 

new LDs. The heterogeneously uptake of lipids has been observed previously in 

liver cells (Herms et al., 2013). To deal with excess FAs, either by supplying more 

FAs (current study) or by starvation (Rambold et al., 2015; Nguyen et al., 2017) cells 

increase the number LDs. This is essential to protect the cell against lipotoxicity 

incorporating lipids into preformed LDs or formation of new LDs remains elusive. 

acids and hence LD dynamics. If lipids are more incorporated into preformed LDs 

versus patients with T2DM.

A live-cell experiment in HPMs derived from one trained individual and one patient 

with T2DM revealed preliminary data hinting towards faster and more incorporation 

in HPMs from a trained individual. This is in line with the lower FA incorporation 

into TAGs observed in myotubes from individuals with T2DM reported previously 
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(Sparks et al., 2014). Moreover, HPMs from a trained donor accumulated lipids due to 

an increase in LD number, rather than an increase in size (i.e. the size of the LDs from 

the trained donor were comparable to the size of the LDs in HPMs from the patient, 

the athlete’s paradox, both endurance trained athletes and T2DM patients have high 

et 

al.

2000; Galgani et al., 2008). A rapid increase in LD number may indicate the metabolic 

Further studies with a larger sample size using the microscopy tool established in 

We have successfully developed a novel microscopy-based tool to examine LD 

storage in vitro, to determine LD number, LD size and make the distinction between 

preformed, incorporating and new LDs when upon successive incubation with two 

examine LD dynamics over time in more mechanistic detail than has previously 

been done. This tool will open avenues to move from predominantly correlative 

more causally related pathways.
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Supplementary data for chapter 7

Figure S1. Fluorescence of Bodipy FL-C12 cannot be detected in the emission window of 660-700 
and Bodipy 558/568-C12 cannot be excited with 475 nm. A)

B)
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understanding the hallmark of this disease, insulin resistance, is therefore crucial. 

Intramyocellular lipid (IMCL) storage is associated with insulin resistance in most 

populations, but this relation is not found in athletes who are insulin sensitivity 

despite also having high IMCL levels (a phenomenon called “athlete’s paradox”) 

(Goodpaster et al., 2001). IMCL is stored in the form of lipid droplets (LDs) which 

continuously, depending on energy demand, store lipids or provide fuel for energy 

production. This continuous turnover of lipids and the dynamic nature of LDs may 

be enhanced in athletes, possibly explaining the athlete’s paradox. It is hypothesized 

that maintaining the dynamic nature of LDs is important to preserve muscle insulin 

sensitivity (Badin et al., 2013). The aim of this thesis was to examine the role of 

after cold exposure (chapter 3), circadian misalignment (chapter 4), resveratrol 

supplementation (chapter 5) and acute exercise (chapter 6). 

insulin sensitivity?
IMCL content has been associated with insulin resistance in non-athletes. As 

described in the athlete paradox, total IMCL content does not cause insulin resistance 

per se and prompted us to look further into detailed features of IMCL. Parameters 

individuals with various metabolic phenotypes (Gemmink et al., 2016; Shepherd et 

al., 2017; Daemen et al., 2018a). These parameters describe the dynamic nature of 

Number and size of lipid droplets

The number of LDs is positively correlated with insulin sensitivity (Daemen et al., 

2018a) and insulin-resistant individuals display a lower number of LDs and their 
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LDs are also increased in size. Size has, in contrast to LD number, been negatively 

associated with insulin sensitivity (He et al., 2004; Nielsen et al., 2017). Studying 

both the number and size of LDs is important as individuals with similar levels 

fewer but larger LDs). In chapter 5 and 6, we observed an increase in LD number 

after resveratrol supplementation and 4 hours post-exercise respectively, while size 

(chapter 5 and (Gemmink et al., 2020)), characterized by high levels of IMCL without 

et al.

et al., 2017; Daemen et al., 2018a). Thus in trained athletes, 

be referred to as benign lipid storage.

et al., 2001; Malenfant et al., 2001; van Loon et al., 2003; Shaw et al., 

2008; Shepherd et al., 2017; Daemen et al.

the present thesis (chapter 4, 5 and 6). This matches the phenotypical characteristics 

et al., 2012). Aerobic 

exercise training of low or moderate intensity increases the rely on lipid metabolism 

(Sidossis et al., 1998) probably promoting IMCL storage and LD turnover within the 
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(chapter 5) and acute exercise (chapter 6

Subcellular location

In the present thesis we have also examined the subcellular location of LDs within the 

muscle. LDs that are close to the sarcolemma are indicated as subsarcolemmal (SS) 

role of the LDs. LDs close to the sarcolemma are in close proximity with the vascular 

which are important to generate ATP during muscle contraction (Hood, 2001). As 

insulin signalling starts at the insulin receptor in the SS area, bioactive SS lipids 

are hypothesized to interfere with insulin signalling and therefore impede insulin 

sensitivity. Indeed, SS bioactive lipids were especially associated with insulin 

resistance (Perreault et al., 2018). Therefore, SS LDs are theoretically more related to 

impaired insulin sensitivity than IMF LDs.

Trained individuals have a higher IMCL content in the IMF region compared with 

sedentary individuals (Daemen et al., 2018a), indicating a role of IMF LDs in exercise. 

During acute exercise, the IMF LDs are especially used in trained athletes (Koh et 

al., 2017; Jevons et al., 2020). For non-athletes the results are not that consistent. Long 

term exercise programs decreased IMCL in SS LDs (Nielsen et al., 2010; Devries et al., 

2013; Samjoo et al., 2013; Li et al., 2014) with no change in IMF LDs (Nielsen et al., 2010; 

Devries et al., 2013; Li et al., 2014), or an increase in IMF LDs (Samjoo et al., 2013). This 

may be due to the fact that sedentary populations, especially patients with T2DM 

have much more SS LDs (Nielsen et al., 2010; Daemen et al., 2018a) and this number 

will be reduced by training. Mitochondrial content increased in both regions (Devries 

et al., 2013; Samjoo et al., 2013) or more in the SS region (Nielsen et al., 2010), indicating 

a metabolic role for both regions during exercise. For acute exercise, in chapter 6 we 
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described a decrease in SS LDs in young lean inactive individuals, which was not 

observed by others (Chee et al., 2016), who rather reported a decrease in IMF LDs 

young individuals. Four hours post-exercise, we observed a replenishment in the SS 

LDs, probably fuelled by the relatively high plasma NEFA levels combined with a 

lower fat oxidation. It should be noted that the exchange of lipids between IMF and SS 

LDs cannot be excluded. In chapter 6, before exercise IMF LDs made up of 83% of the 

total IMCL pool, and SS LDs the remaining 17%. Just after exercise, this percentage 

was increased in the IMF region (and decreased in the SS region) and restored back 

to resting values during recovery. A shift in relative distribution was also observed 

in elite triathletes, but in this case a decrease in IMF directly post-exercise (Jevons 

et al., 2020). This shows that the relative distribution of lipid content within these 

pools are dynamic and can change after exercise and during recovery. More research 

is needed to study the contribution of IMF and SS LDs during exercise in inactive 

individuals, especially during and after an acute exercise bout, as well as possible 

exchange of lipids between these pools, which might explain the unexpected drop 

in SS LDs directly after exercise in inactive young individuals observed in chapter 6.

PLIN5 coating

proteins, such as the proteins of the perilipin (PLIN) family. PLIN1 is primarily 

found in adipose tissue, while PLIN2 (Shaw et al., 2012; Shepherd et al., 2012; Daemen 

et al., 2018a; Gemmink et al., 2018b) and PLIN3 (Louche et al., 2013; Covington et 

al., 2015; Shepherd et al.

known about PLIN4, but in some studies it was also observed in human muscle 

tissue (Pourteymour et al., 2015; Shepherd et al., 2017). The most studied LD coating 

protein in muscle is PLIN5, where PLIN5 seems to be involved in both lipid storage 

and lipid oxidation (Bosma et al., 2013; Shepherd et al., 2017; Gemmink et al., 2018b).
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In chapter 5 and 6

resveratrol supplementation, and four hours post-exercise respectively. The increase 

the LD bound pool (Wolins et al., 2006; Gemmink et al., 2016; Shepherd et al., 2017; 

Jevons et al., 2020). This is also in line with chapter 5, where we observed no changes 

PLIN5. PLIN5 is a frequently studied protein and interesting in terms of oxidative 

metabolism, because of its potential dual role in lipid storage and lipid oxidation and 

its putative role in LD-mitochondrial interaction (Bosma et al., 2012; Benador et al., 

2018; Gemmink et al.

in insulin-sensitive athletes compared with insulin-resistant individuals (Gemmink 

et al.

observed (Shepherd et al.

induced insulin resistance (Gemmink et al., 2016). The data presented in this thesis 

and by others therefore suggest an important role for PLIN5 in LD dynamics. The 

remains elusive.

Mitochondrial function

Mitochondria are essential for lipid metabolism. Mitochondrial function can be 

is a powerful method to study mitochondrial function ex vivo and we have used this 

in chapter 3. In chapter 3, we did not observe changes in mitochondrial function upon 

acute cold exposure (without shivering). Perhaps longer duration or the induction of 

shivering would result in increased mitochondrial respiration. It has been recently 

proposed that mild cold-shivering is required to stimulate muscle activation, and 

therefore muscle mitochondrial function and muscle insulin sensitivity (Remie et 

al., 2021). As mitochondria use LD-derived FAs for oxidation, mitochondria and LD 

dynamics are functionally associated determinants of insulin sensitivity. Insulin-

resistant individuals are characterised by lower mitochondrial function and a 
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disrupted mitochondrial network, associated with lower mitochondrial oxidative 

capacity (Houzelle et al., 2021). Exercise increases mitochondrial function and the 

interaction between LDs and mitochondria (Tarnopolsky et al., 2007; Koh et al., 2017). 

individuals and whether it can be improved by a stimulus (e.g., cold exposure) 

needs to be investigated. Moreover, the exact role of PLIN5 in the LD-mitochondria 

interaction is not yet known.

Lipid composition

LDs mainly consist of triacylglycerols (TAGs) and cholesterol esters. Lipids stored 

within a LD are suggested to be non-toxic for the cell, whereas bioactive lipids in 

the cytosol are associated with cell dysfunction (Listenberger et al., 2003). Thus, to 

study the role of LDs in disturbed lipid accumulation, research has been focused 

on lipid species and the relation with insulin resistance. The most studied bioactive 

lipids are diacylglycerols (DAGs) and ceramides. As we discussed in chapter 2, the 

with insulin resistance (Straczkowski et al., 2004; Moro et al., 2009; Szendroedi et 

al., 2014), while other studies fail to do so (Skovbro et al., 2008; Vistisen et al., 2008; 

Anastasiou et al., 2009). In chapter 4, we performed a semi-targeted lipidomics 

and the associated reduction in insulin sensitivity. In this chapter we did not observe 

changes in any of the DAGs or ceramides. Thus, it is not clear from this misalignment-

induced reduction in insulin sensitivity if these lipid species interfere with insulin 

lipid, was reduced upon circadian misalignment. Reduced levels of cardiolipin 

are associated with lower mitochondrial content and function (Houtkooper & Vaz, 

chapter 4). One explanation 

could be that the misalignment protocol was too short (3.5 days) to detect changes in 

mitochondrial function. Whether long term misalignment or shift work also results 

in reduced cardiolipin levels needs to be examined. 

Thesis layout4.indd   222 4-8-2021   20:50:25



223

General discussion 

8

atoms) upon circadian misalignment, indicating oxidation of shorter chain FAs and/

or FA elongation (chapter 4

the observed changes in gene sets of FA elongation upon circadian misalignment 

(Wefers et al., 2018). Moreover, some elongation enzymes show a circadian rhythm 

(Loizides-Mangold et al., 2017) and an increase in elongation enzymes was observed 

after disruption of clock genes (Hodge et al., 2015). This indicates that elongation of 

FAs is controlled by the circadian clock. The relation between very long FAs (>18 

carbon atoms) and insulin sensitivity is not yet fully understood. Based on our 

data from chapter 4, it is tempting to suggest a positive association between very 

long-chain FAs and impaired insulin sensitivity. However, others found a positive 

association between chain length and a decreased risk of T2DM (Rhee et al., 2011), 

or did not observe changes in very long-chain FAs upon weight reduction (Schwab 

et al., 2008). The level of saturation of FAs is another factor that is associated with 

insulin resistance (Kahn et al., 2021), and could therefore potentially explain the 

of chain length, especially very long-chain FAs, with insulin sensitivity while taking 

the saturation into account.

Whether there are also changes in chain length within the LDs cannot be concluded 

from our results (chapter 4) as the lipidomics approach is based on the whole 

muscle lysate. With this method, one cannot determine which lipids are present in 

the LDs, cytosol or in other lipid structures, such as membranes. Other techniques 

look at lipid composition inside the LDs of muscle tissue from insulin-sensitive and 

resistant individuals (Daemen et al.

on FA chain length were observed hinting towards longer FAs in large LDs and in 

subsarcolemmal LDs, typically the LDs that are associated with insulin resistance. 

Overall, the contribution of lipid composition to insulin resistance remains elusive.
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Studying lipid droplet dynamics
In chapter 4, 5, and 6,

characteristics of LD dynamics in human muscle tissues. With confocal microscopy, 

information of LDs e.g., LD size, number, distribution and coating with PLIN5. 

Changes in these features before and after an intervention provide an indication as 

to whether or not these LDs are responsive to interventions (and possess dynamic 

behaviour). In chapter 6 we applied this approach to obtain (indirect) indications 

of LD dynamics in human tissue before exercise, directly after exercise and four 

hours post-exercise. To determine LD dynamics more directly, lipid accumulation 

can also be studied in living cultured cells over time as shown in chapter 7. Studies in 

cultured human muscle cells can provide more mechanistic insights in determining 

LD dynamics. Time course analysis of changes in LD features can provide a more 

dynamic examination of LD dynamics.

In chapter 7

dynamics in human primary myotubes (HPMs). This tool makes it feasible to study 

the time course of lipid incorporation, and to discriminate between LD pools that are 

The experiments described in chapter 7 with two labelled FAs can facilitate to fur-

ther explore the ‘athlete-like storage’ that was described in chapter 5. As mentioned 

before, athletes have a higher turnover of lipids and are associated with a higher 

et al., 2020). Based 

on these observations, we expect (with this tool) that patients with T2DM mainly 

store the lipids into preformed (existing) LDs, resulting in large static LDs whereas 

in more and smaller LDs. This would result into a higher ratio (new/preformed) 

in the myotubes from athletes. Furthermore, we can determine which LDs are 

within the LD. Subsequently, the tool could be further used to study the utilization 
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of the LDs after a stimulus (e.g. activation of lipolysis or interventions that induce 

et al., 2015). If this 

is also the case in HPM needs to be examined. In this way we can further examine 

resistant individuals and insulin-sensitive individuals. With this tool, we expect to 

examine more mechanistic details of LD dynamics than has previously been studied. 

Furthermore, it can contribute towards understanding the more causally related 

pathways, rather than correlative observations between LD dynamics and insulin 

sensitivity.

Other techniques

muscle tissue. Although highly valuable to localize and characterize LDs, there are 

some drawbacks, as the techniques are laborious and do not provide high-throughput. 

To study LD dynamics in humans, muscle biopsies are required which is invasive for 

participants and patients. MRI and MRS are non-invasive techniques to determine 

IMCL content in human participants (Li et al., 2008). However, it does not provide the 

detailed information about LDs, such as number, size, location and PLIN5 coating. 

These features are essential to examine characteristics of LD dynamics.

imaging technique to determine LD characteristics and LD localisation (SS or IMF 

region). The high resolution of EM can be used to visualize the interaction of LDs 

with mitochondria (Tarnopolsky et al., 2007; Nielsen et al.

light and electron microscopy (CLEM). This technique had been used to study the 

interaction of LDs with mitochondria in relation to PLIN5 localisation (Gemmink 

et al.

sample preparation and image correlation (Begemann & Galic, 2016). A challenge 
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demanding (based on the thickness of the z-line and mitochondrial content (Koh et 

al.

sample preparation used for EM does not allow live-cell imaging.

Limitation of the studies
One limitation of the studies outlined in this thesis is that most studies were focused 

women. Many studies have reported higher levels of IMCL in women compared with 

men (Tarnopolsky et al. et al. et al., 2002; Perreault et 

al., 2010; Høeg et al., 2011). This could be explained by higher NEFA levels (Goossens 

et al., 2021), higher postprandial TAG clearance (Horton et al., 2002) or higher fraction 

et al., 2002; Høeg et al., 2009). 

IMCL still needs to be resolved.

Despite higher IMCL levels, women are not per se less insulin-sensitive (Perreault 

et al., 2010). In fact, healthy lean women have a higher muscle insulin sensitivity 

et al., 

women are less sensitive to acute lipid-induced insulin resistance than men (Høeg et 

al., 2011). Interestingly, the higher IMCL content in women is due a higher number 

of LDs, rather than size (Devries et al., 2007; Tarnopolsky et al., 2007). Furthermore, 

the percentage of LD-mitochondria contact is increased in women after exercise, 

but not in men (Devries et al., 2007). It is also suggested that women have a higher 

PLIN5 content than men (Peters et al., 2012). These results suggest that women have 

an enhanced level of LD dynamics compared with men, which could explain the 

preserved insulin sensitivity. 

Thesis layout4.indd   226 4-8-2021   20:50:25



227

General discussion 

8

The lipid storage described in women is very comparable to the proposed athletes 

like storage of IMCL (chapter 5), with a ‘benign’ IMCL storage in numerous small 

LDs, in contact with mitochondria and coated with PLIN5, without impeding insulin 

sensitivity (Gemmink et al., 2020). It would therefore be interesting to compare the 

features of LD dynamics between men and women, to get more insight into the sex 

compare men and women are performed in young healthy individuals (both active 

and inactive) and if the discrepancy between sexes is also present in insulin-resistant 

individuals is not yet known. In the progression to T2DM diabetes, diminished 

insulin sensitivity was related to altered IMCL metabolism in men, but not in women 

(Perreault et al., 2010), suggesting that the changes of IMCL in the development of 

insulin resistance are more relevant for men than for women. Although interventions 

Concluding remarks and future perspectives
With this thesis we have shown that lipid storage is not an inert source of fuel upon 

demand, but highly dynamic. Lipid metabolism is complex and dependent on many 

factors such as internal storage, substrate availability and energy demand. LDs store 

and sequester lipids to prevent lipotoxicity within the cell and provide lipids on 

demand. Preservation of the dynamic nature of LDs is essential to maintain metabolic 

was to study intramyocellular LD dynamics in relation to insulin sensitivity. When 

studying LD dynamics, some parameters are important to consider. LDs vary in 

in lipid storage and delivering FAs to mitochondria for oxidation. Furthermore, 
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the contribution of lipid composition in the development of insulin resistance. 

Microscopy techniques have been used to study many features of LD dynamics, 

dynamics can be targeted to improve insulin sensitivity and several questions remain 

unanswered. Future research can focus on the following aspects:

• 

of IMCL are stored such that insulin sensitivity is not impaired. It is important 

to explore how human interventions, such as exercise and diet, can change the 

• Women have higher levels of IMCL compared with men, but remain insulin-

sensitive (Perreault et al.

compared with men, possible comparable to an athlete-like storage. It would be 

of LD size, number, subcellular location and PLIN5 coating and whether these 

• 

have been observed in athletes, as we have shown in chapter 5. Larger studies 

intervention. In chapter 5, we observed that resveratrol could induce lipid 

accumulation in vitro and in vivo. Mechanistic studies are needed to explore if 

this is due to diminished lipid oxidation or other alterations in lipid metabolism. 

Resveratrol has been observed to improve mitochondrial function and increase 

oxidative capacity (Timmers et al., 2011; Timmers et al., 2016; de Ligt et al., 

2018), but studies on lipid turnover are warranted to understand its role in lipid 

accumulation. The role of resveratrol on PLIN5 is yet unknown in humans. We 

to LD storage and lipid oxidation.
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• Subcellular location of LDs has shown to be important, as insulin-resistant 

and others have shown that the relative distribution of IMCL in the IMF and SS 

metabolism. 

• Changes in lipid species can contribute to insulin sensitivity (Bergman & 

Goodpaster, 2020). In chapter 4, we used a semi-targeted lipidomics approach 

to study changes in lipid species after circadian misalignment and observed a 

decrease in cardiolipins and an increase in longer TAG species. Future studies 

of muscle insulin resistance.

• Our preliminary data has shown that insulin-sensitive HPMs accumulate lipids 

faster compared with HPM from an insulin-resistant donor. Our microscopy tool 

between donors with distinct metabolic phenotypes. Future research needs to 

examine LD dynamics over time and in more detail to determine how LDs can 
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conclusions?

and is amongst the top 3 diseases with the highest disease burden. Ninety percent of 

(sugar) levels and a decreased functioning of the hormone insulin. Insulin regulates 

the uptake of blood sugar into the tissues after a meal, to make sure that the blood 

glucose levels will not be too high. When tissues do not respond properly to insulin, 

which is observed in type 2 diabetes, the tissues in the body take up less glucose 

and it remains in the blood. This can lead to high blood sugar levels. The muscle is 

an important tissue in this process as it takes up about 80% of all the blood sugar 

after a meal. When the muscle becomes less responsive to insulin, known as insulin 

How the muscle becomes less responsive to insulin (insulin resistance) is not yet 

known. Fat accumulation in the muscle can play a role and interfere with the signals 

of insulin to the muscle. Fat, or often in science called lipid, is mostly stored in fat 

tissue. However, it can also be stored on other places such as in the liver, muscle 

or heart. People that are obese or have type 2 diabetes store large amounts of fat in 

the muscle and this may lead to insulin resistance. Interestingly, people who run 

marathons or cycle long distances also store large amounts of fat in their muscle, 

but they remain very responsive to insulin (also called insulin sensitivity). Perhaps 

than the muscle fat in patients with type 2 diabetes. Muscle fat is normally stored in 

the form of lipid droplets. If we look more in detail, we see indeed that active people 

store their muscle fat in smaller and more lipid droplets, especially in the red muscle 

these active people have more muscle fat but still remain responsive to insulin, and 

people with type 2 diabetes become insulin resistant.
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In chapter 2

muscle fat. We have seen that muscle fat is dynamic and adapts to the type of diet 

and exercise of a person. When someone eats more than he or she uses, muscle fat 

increases and when a person reduces his calories, the muscle fat decreases again. 

During a single bout of exercise muscle fat can be used as fuel to provide energy. 

When someone trains for a longer time, the total muscle fat increases. The muscle 

adapts to the new lifestyle and an increase of muscle fat is part of this. This suggests 

that if the muscle fat is used and stays dynamic this may not lead to unhealthy 

consequences. However, a lot of questions still remain unanswered. How does 

muscle fat stay dynamic? When is muscle fat healthy? Could we modulate the muscle 

fat of patients with type 2 diabetes to become more dynamic and therefore make 

them healthier?

been studied and treatments have been proposed. A new possible risk factor is the 

changes in day-night rhythm. People who work as shift workers (so work during 

the night and sleep during the day for a short period of time and then change back 

to their ‘normal’ rhythm) show that the muscle becomes insulin resistant and these 

people are more at risk of becoming obese or develop type 2 diabetes. In chapter 4 

we wanted to see if the muscle fat was also altered. When shift work was mimicked 

in the lab, we found a decrease in insulin sensitivity, but no changes in the muscle 

fat. Perhaps the experiment was too short and maybe muscle fat will change on the 

longer term. The participants were also young and healthy and they had relative low 

of lipids and we discovered that some lipid species were changed during shift work. 

on insulin sensitivity.

In the other chapters we examined certain treatment options to improve the 

responsiveness of insulin (insulin sensitivity) and see if there were also changes in 

muscle fat, which could give more information about the relation between muscle 

fat and insulin sensitivity. In chapter 3, humans were exposed to short-term cold 
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exposure and this led to increased energy expenditure and fat oxidation. To our 

surprise, the lipid levels in the blood did not drop, which was earlier seen in animal 

high to provide energy to stay warm. If the cold exposure would have been bit longer 

or if we would have activated shivering (which was not the case here, despite the cold 

environment), we could have observed changes in lipid levels in the blood. Shivering 

activates the muscle and this may lead to more uptake of lipids by the muscle and 

therefore lowers blood lipid levels.

In chapter 5

Resveratrol is naturally present in grapes and peanuts and boosts energy expenditure. 

Some studies showed that resveratrol also increased muscle fat without causing 

insulin resistance. We found that resveratrol modulated the muscle fat similar to 

what we have seen in active people: smaller lipid droplets, stored especially in red 

candidate to modulate the muscle fat to a healthier way of storage. More studies are 

needed to explore this, especially on the longer term.

In chapter 6, we looked more in detail what happens to the muscle fat when you 

exercise. Thus, we examined muscle fat before exercise, just after exercise and during 

stay fasted during exercises or consume sugars? To study this, one group was only 

allowed to drink water during this study (the fasted group), while the other drank a 

sugar drink. We found that in the group with the sugar drink, not much happened 

with the muscle fat. But in the group that drank water, the muscle fat was used 

during exercise and during recovery it increased again. During recovery, the muscle 

fat in the water group was much higher than in the sugar group. The muscle fat was 

consider that fat storage in the muscle is not necessarily bad. As long as you store it 
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sensitivity.

What is the potential contribution of these results to science 
and society?

This thesis contributes to the knowledge of the metabolism of muscle fat and 

how it changes in certain circumstances. This broadens our understanding of the 

behaviour of lipid droplets inside the muscle that form the total fat storage in the 

muscle. We looked at many details of the muscle fat, like the number and size of 

lipid droplets, the involvement of the PLIN5 protein and where the muscle fat is 

are therefore important to study. Our results show that it is important to not only 

fat metabolism and its health consequences. The amount of muscle fat cannot fully 

explain whether a muscle is metabolically healthy (here: insulin-sensitive) or not.

As it is still not known how tissues become insulin resistant, so more studies 

are needed to understand the development of type 2 diabetes. When it is more 

evident how insulin resistance evolves, this knowledge can be used to prevent the 

development of type 2 diabetes. Fat storage is associated with obesity, which is an 

important risk factor for type 2 diabetes. Unhealthy fat storage in the muscle can 

the development of insulin resistance can be prevented and therefore prevent new 

cases of type 2 diabetes.
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The knowledge in this thesis can also be interesting for new studies to modulate 

muscle fat. For example, we observed that resveratrol can modulate muscle fat into 

a healthier way of storage. If we could develop strategies to help patients with type 

2 diabetes to make their muscle fat more dynamic (and healthier) this might reduce 

be developed in the future to identify which person has a healthy muscle fat storage.

In this thesis we used microscopy to study muscle fat. For this, small muscle biopsies 

were taken from human volunteers and we looked at lipid droplets within the muscle 

pieces. Microscopy is a powerful tool to obtain information on fat storage within a 

kinds of microscopes can be used. With the microscope we are able to look at more 

details such as number and size of lipid droplets, location of these lipid droplets and 

examine the PLIN5 protein. By using both human studies and microscopy techniques, 

we combine the knowledge about what happens in the muscle with the knowledge 

clinical studies with patients. Furthermore, the microscopy facility enables us to 

develop more techniques to study the dynamics of muscle fat as we proposed in 

chapter 7

fat is stored in the muscle. 

To whom would these results be interesting?

that also study muscle fat metabolism and/or the development of type 2 diabetes. 

insulin sensitivity. Furthermore, fat is not only stored in the muscle but also in other 

tissues and is associated with many other diseases such as heart diseases, Alzheimer’s 

example, lipid droplets are also important for foetal development, for viruses to infect 

people or to study the use of lipid droplets in biofuel. Studying lipid droplets itself 
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Microscopy is a growing interest for many researchers and more groups are starting 

to use the techniques. Researchers that are interested in microscopy would be 

interested in this thesis to use for example the same techniques or for those who 

want to cooperate with our facilities. 

Most studies performed in this thesis are done to gain more knowledge. However, 

this knowledge can be relevant for research that is directly involving patients. If we 

understood how muscle fat works and can be modulated, this can be relevant for 

patients to improve their quality of life.

which are available to read for anyone who is interested. These results are published 

in journals, online and via social media. Many results have been presented and 

discussed in national and international conferences with other researchers, patient 

organizations or representatives from compagnies. In the end, the knowledge can 

also be used for educational purposes for students or other audiences.
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Samenvatting
Meer dan één miljoen mensen in Nederland hebben diabetes, waarvan 90% type 2 

diabetes. Patiënten met type 2 diabetes worden gekenmerkt door insulineresistentie. 

Bij insulineresistentie reageren de weefsels in het lichaam minder op insuline 

waardoor minder glucose wordt opgenomen. Dit kan leiden tot hoge glucosewaarden 

in het bloed. De spier neemt na een maaltijd ongeveer 80% van de totale glucose op 

uit het bloed en insulineresistentie in de spier is dan ook een van de eerste kenmerken 

van het ontwikkelen van type 2 diabetes. Hoe insulineresistentie ontstaat is nog niet 

bekend. Mogelijk speelt overmatige vetopslag een belangrijke rol in het ontstaan van 

insulineresistentie van de spier.

Vet (lipiden) worden in de spiercel (myocel) opgeslagen als zogenaamde 

intramyocellulaire lipiden (IMCL), onder andere in de vorm van lipide druppels (LDs). 

Een toename van IMCL wordt geassocieerd met een toename in insulineresistentie. 

Duuratleten hebben, paradoxaal genoeg, ook grote hoeveelheden IMCL, maar zijn 

insulinegevoelig. Dit fenomeen is bekend als ‘de atleten-paradox’. Lipiden in de 

spier interfereren dus niet altijd met insulinegevoeligheid. In duuratleten ondergaan 

LDs een constante cyclus van opslag en verbruik, waarbij interactie plaatsvindt 

met andere organellen zoals mitochondriën. LDs worden tegenwoordig gezien als 

of de energieproductie die nodig is. Het behouden van deze dynamiek is belangrijk 

om insulineresistentie en metabole ziektes te voorkomen. Om de aspecten van LD 

dynamiek te bestuderen, richt onderzoek zich niet alleen op de totale vetopslag in de 

LDs bestaan uit een neutrale lipide kern van voornamelijk triglyceriden en 

cholesterolesters omringt door een fosfolipidenmembraan. Op dit membraan 

(PLIN5). PLIN5 komt voor in de spier en speelt een rol bij de opslag van lipiden in 
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Lipotoxiciteit is de aanwezigheid van bioactieve lipiden in het cytoplasma die het 

functioneren van de cel belemmeren. Mogelijk kunnen deze bioactieve lipiden 

de insulinesignalering hinderen wat kan leiden tot insuline-resistentie. LDs en 

te voorkomen. Vetopslag gekenmerkt door een hoog aantal LDs wordt geassocieerd 

met insuline-gevoeligheid, terwijl grote LDs geassocieerd zijn met insulineresistentie. 

Individuen met een hoge insulinegevoeligheid hebben meer PLIN5 in hun spieren en 

meer LDs met PLIN5 op het membraan. Hieruit blijkt dat de morfologie van LDs en de 

aanwezigheid van PLIN5 een belangrijke rol kunnen spelen in insulinegevoeligheid.

De spier bestaat uit type I en type II vezels. Type I vezels hebben een hoge 

II vezels. Type II vezels hebben vooral een hoge anaerobe capaciteit en gebruiken 

voornamelijk koolhydraten. Daarom is het belangrijk om beide vezeltypen in acht 

te nemen wanneer er gekeken wordt naar IMCL. Binnen een spiercel bevinden de 

celmembraan (subsarcolemmale (SS) LDs). Er wordt gedacht dat IMF-LDs energie 

kunnen leveren aan de IMF- mitochondriën die belangrijk zijn voor het produceren 

van ATP voor spiercontractie. SS-LDs bevinden zich vlak bij het vasculaire systeem 

en worden daarom beïnvloed door hoge lipide waarden in het bloed die worden 

opgenomen door de spier. De insulinereceptoren bevinden zich in de celmembraan 

en daarom wordt gedacht dat vooral SS-LDs negatieve invloed kunnen hebben op de 

insulinesignalering. Patiënten met type 2 diabetes hebben meer SS-LDs, met name in 

type II spiervezels, en SS-LDs worden dan ook geassocieerd met insulineresistentie.

Hoofdstuk 2 bevat een literatuuroverzicht van de huidige wetenschappelijke 

literatuur over de invloed van voeding en fysieke activiteit op IMCL en de relatie 

tot insulinegevoeligheid. Voeding en inspanning hebben beide invloed op LD 

dynamiek. Een hoge vetinname, en daarbij verhoogde triglyceridewaarden en 

daarmee een toename in IMCL. IMCL neemt weer af tijdens calorierestrictie, 
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hoewel langdurig vasten leidt tot een toename in IMCL (waarschijnlijk door op den 

tijdens acute inspanning. Duurtraining zorgt op langer termijn voor een toename in 

IMCL, waarbij IMCL een belangrijke energiebron is. IMCL is dus een dynamische 

verzameling van LDs die zich aanpassen aan energieaanbod en -vraag. Door middel 

geanalyseerd worden. Deze methodiek wordt ook toegepast in hoofdstukken 4 

t/m 6. Het doel van dit proefschrift is om de rol van LD dynamiek te besturen in 

relatie tot insulinegevoeligheid in verschillende humane interventiestudies. Daarom 

hebben we lipiden en kenmerken van LD dynamiek bestudeerd na blootstelling 

aan kou (hoofdstuk 3), verstoord dag-nacht ritme (hoofdstuk 4), inname van het 

voedingssupplement resveratrol (hoofdstuk 5) en acute inspanning (hoofdstuk 6).

In hoofdstuk 3 hebben we gekeken naar de invloed op kou op triglyceridengehalte 

in het bloed. Insulineresistente individuen hebben hoge triglyceridenwaarden in 

deze studie zorgde acute kou voor een verhoogd energiegebruik met name door een 

verhoogde vetoxidatie, maar dit leidde niet tot een verhoogde triglycerideklaring. 

In dierenstudies wordt bruin vetweefsel geactiveerd door kou en vervolgens 

de triglyceride klaring verhoogd. In mensen is het bruin vetweefsel wellicht niet 

voldoende om het triglyceridegehalte in het bloed te doen verminderen. In deze 

studie werd gebruik gemaakt van kou geïnduceerde thermogenese zonder dat de 

proefpersonen aan het rillen waren (spieractivatie). Blootstelling tot langdurige kou 

of het toestaan van rillen zouden wellicht het triglyceridengehalten in het bloed 

kunnen doen dalen in mensen.

In hoofdstuk 4 zijn we verder gaan kijken naar de relatie tussen insulinegevoeligheid 

en IMCL. In eerdere studies hebben we gezien dat een verstoord slaap-waak ritme 

leidt tot een verminderde insulinegevoeligheid. Dit komt bijvoorbeeld voor bij 

mensen die in ploegdiensten werken en daarbij ook nachtdiensten draaien. Het doel 

van dit hoofdstuk was om te achterhalen of deze verminderde insulinegevoeligheid 

te verklaren is door veranderingen van lipiden in de spier. Echter zagen we geen 
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veranderingen in IMCL, LD morfologie of locatie van LDs na een verstoring van slaap-

waak ritme. Met behulp van lipidomics technieken is er gekeken naar verschillende 

soorten lipiden en daaruit bleek dat enkele type lipiden (cardiolipine en zeer lange 

verzuren) waren veranderd door een verstoorde slaap-waak ritme. Deze type lipiden 

zijn interessant om verder te onderzoeken en hun relatie met insuline-gevoeligheid 

te bestuderen.

Resveratrol is een polyfenol dat van nature voorkomt in onder andere druiven en 

pinda’s. In eerdere studies is gebleken dat resveratrol de mitochondriële functie 

verbeterd en dat dit gaat gepaard met een toename in IMCL en afname in levervet. 

veranderingen in IMCL zijn daarentegen vergelijkbaar met mensen die gaan trainen. 

Resveratrol is daardoor een interessant voedingssupplement dat IMCL beïnvloed op 

een manier dat wordt geassocieerd met gezondheidswinst. In hoofdstuk 5 wordt de 

hypothese getest of de toename in IMCL na resveratrol-inname (in de afwezigheid 

van een daling in insulinegevoeligheid) gepaard gaat met veranderingen in LD 

morfologie die overeenkomen met de LD morfologie van duurgetrainde atleten. Het 

doel van dit hoofdstuk was om de verhoogde vetopslag na 30 dagen resveratrol-

inname te bestuderen in individuen met verminderde stofwisseling en of deze 

vetopslag in de spier lijkt op een ‘gezonde opslag’. In deze studie zagen we bij 

individuen die een toename lieten zien in IMCL, dat dit vooral werd opgeslagen in 

type I vezels en in LDs met PLIN5. Dit is vergelijkbaar met de vetopslag die in atleten 

wordt gezien, en een toename in IMCL door resveratrol hoeft daarom niet negatief 

te zijn voor de gezondheid.

In hoofdstuk 6 hebben we uitgebreider gekeken naar de invloed van acute inspanning 

op IMCL. Hierbij hebben we LDs geanalyseerd bij rust (voor het sporten), direct na 

inspanning en 4 uur na het sporten (herstel) in ongetrainde jonge mannen. Daarnaast 

hebben we de invloed van suikerinname tijdens het sporten bestudeerd door één 

was toegestaan) en de andere groep een glucosedrankje te laten drinken tijdens 
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de SS-regio en niet in de IMF-regio. Dit duidt op een rol van SS LDs tijdens acute 

inspanning in gevaste toestand. Tijdens het 4-uur durende herstel nam de IMCL weer 

toe in de gevaste toestand, met name in type I vezels, SS LDs en LDs met PLIN5. 

vetverbranding.

Zoals boven benoemd, hebben we in dit proefschrift geprobeerd om de dynamiek van 

de LDs in kaart te brengen door kenmerken van dynamiek voor en na een interventie 

te meten in mensen. Deze kenmerken worden echter op een tijdspunt gemeten en 

dynamiek zou nog beter in kaart gebracht kunnen worden door LDs te bestuderen 

gedurende een bepaalde tijdsduur. In hoofdstuk 7 beschrijven we een nieuwe 

om LD dynamiek te bestuderen in spiercellen aan de hand van twee verschillende 

toegevoegd om de eerste LDs te vormen. Om vervolgens te bestuderen hoe cellen 

nieuwgevormde druppels of bestaande druppels). In hoofdstuk 7 worden de stappen 

beschreven hoe deze methode is ontwikkeld om deze in de toekomst te gebruiken 

voor verdere onderzoeken. We verwachten dat spiercellen van insulinegevoelige 

donoren in staat zijn om veel nieuwe LDs te vormen. Spiercellen van insulineresistente 

donoren zullen grotere en meer statische LDs vormen. De eerste resultaten in een 

klein aantal donoren laten zien dat spiercellen van insulinegevoelige donoren sneller 

vooral resulteert in meer LDs (en geen grotere LDs). In de toekomst kan de methode 

gebruikt worden om de dynamiek te bestuderen in spiercellen van een grotere groep 

insulinegevoelige en insulineresistente donoren. Hierbij kan niet alleen worden 
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we het mechanisme beter te kunnen begrijpen hoe LD dynamiek invloed heeft op 

insulinegevoeligheid.

Het doel van het proefschrift was om meer inzicht te krijgen in de dynamiek van IMCL 

in relatie tot insulinegevoeligheid voor en na verschillende humane interventies. Met 

behulp van microscopische technieken hebben we niet alleen de totale vetopslag in de 

en de aanwezigheid van PLIN5 onder invloed van verschillende interventies. Hiermee 

willen we de LD dynamiek beter in kaart brengen. In hoofdstuk 5 en 6 hebben we 

gezien dat een toename in IMCL na resveratrol-inname of na acute inspanning zich 

kenmerkt in een hoger aantal LDs, opslag in type I vezels met PLIN5. Dit komt 

overeen met de manier waarop atleten vet opslaan in de spier. Dit suggereert dat we 

met behulp van interventies (bijvoorbeeld resveratrol-supplementen of inspanning) 

de vorm van vetopslag in de spier kunnen veranderen. Het is nog niet bekend hoe 

insulineresistentie in de spier exact ontstaat en welke rol lipiden daarin een rol spelen. 

Daarom is het belangrijk om veel aspecten van vetopslag te bestuderen met name 

vanuit een humaan perspectief. Als het ontstaan van insulineresistentie beter wordt 

begrepen, dan kunnen therapieën ontwikkeld worden om het spiervet te moduleren 

en het ontstaan van insulineresistentie te voorkomen/behandelen. Daarmee kunnen 

nieuwe gevallen van type 2 diabetes voorkomen worden en/of de kwaliteit van leven 

van de patiënt met type 2 diabetes verbeterd worden.
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Dankwoord
Hoera, mijn proefschrift is af! Ik kijk terug op een leerzame periode, waarin ik mij 

niet alleen als wetenschapper maar ook op persoonlijk vlak heb ontwikkeld. Zoals 

iedere promovendus heb ik pieken en dalen gekend. Maar dit boekje zal er niet zijn 

geweest zonder de steun van vele mensen, binnen en buiten de wetenschap. 

Ten eerste wil ik mijn promotieteam bedanken, dat ik de mogelijk kreeg om dit 

geleerd en bedankt dat ik altijd op jullie kon rekenen. , ik kan mij geen betere 

begeleider wensen. Hoewel ik soms even moest wachten op je feedback, was die altijd 

waardevol en eerlijk. Bedankt voor al je hulp en geduld de afgelopen jaren. Ik kon 

altijd bij je terecht met vragen over werk en privé. Ook bedankt voor de mogelijkheid 

en vertrouwen om het beste uit mij zelf te halen en mij verder te ontwikkelen. Patrick, 

je kritische blik op ons werk was altijd waardevol. Je passie voor het vak en de groep 

is mooi om te zien. Bedankt voor al je hulp en steun, vooral tijdens de laatste weken 

van het afronden van mijn proefschrift. Jouw inzet en betrokkenheid waardeer ik 

enorm.

Anne en Sabine, ik mocht bij jullie aansluiten bij het ‘Lipid droplet team’. Bedankt 

voor al jullie kennis en vaardigheden. Jullie stonden altijd open voor het beantwoorden 

van vragen of feedback te geven. Sabine ik wens je veel succes in de VS. Ik hoop dat 

je daar ook mooie reizen kunt maken. Anne, bedankt voor al je steun en begeleiding. 

copromotor bent. Ik wens je veel succes met je verdere wetenschappelijke carrière, ik 

denk dat je ver zult komen!

Verder wil ik de rest van de DMRG board, Vera, Esther, , Joris en Bas bedanken 

voor jullie steun, vertrouwen en begeleiding de afgelopen jaren. Bedankt voor alle 

kritische vragen en feedback tijdens de meetings. Désirée en Yolanda, bedankt voor 

jullie hulp en betrokkenheid. 

I like to thank the assessment , Prof. Dr. Ronit Shiri-Sverdlov, Prof. Dr. 

Marc A.M.J. van Zandvoort, Prof. Dr. Ir. Jaap Keijer, Dr. Sam O. Shepherd and Dr. 
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Ruth C. R. Meex, for taking the time to read and assess my dissertation and being 

 en 

kamergenoten. Het was rustig als er hard gewerkt moest worden, maar er was zeker 

mijn PhD even zwaar was, waren er jullie er voor mij. Bedankt voor jullie steun en 

Gert en Esther, bedankt voor alle hulp in het lab. Zonder jullie hulp zouden niet al 

die spierbiopten zijn gesneden en gekleurd. Jullie zorgden altijd voor een gezellige 

sfeer en waren samen met Johanna leuke buren! Gert, het was altijd gezellig als jij bij 

onze meetings aanwezig was en ik zal onze gesprekken over skiën en zingen missen!

Joris en Johanna, door jullie heb ik de passie van oxygraaf metingen gekregen. Joris, 

door alle Excel sheets heen te gaan. Johanna, bedankt voor alle praktische hulp en 

gezelligheid in het lab, zelfs in de koude kamer (brrr). Dat geldt ook voor de rest van 

het oxygraaf-team. Bedankt dat we elkaar zo hielpen, steunden en konden invallen 

waar nodig.

Verder wil ik alle mensen van het Microscopy CORE Lab bedanken. Jullie hebben 

mij de mogelijkheden gegeven om de wereld van microscopie te ontdekken. Vooral 

Helma en Kèvin, bedankt voor al jullie hulp achter de STED en de Corrsight en het 

beantwoorden van al mijn vragen.

Verder wil ik Michiel en de rest van de Thermofysiologie-groep bedanken. Ik 

vond het erg leuk om samen te werken. Bedankt voor de betrokkenheid, gezellige 

kon bijdragen. Frieder and Jakob, your enthusiasm about the circadian rhythm is 

praiseworthy. It was great to get the opportunity to dive into this topic and work with 

you both. Together with your incredible work we have published a very nice paper. 

Marlies and Evelyn, I am very glad we could make a story of the resveratrol paper! 

Thanks for all your help. Evelyn, thanks for staying connected, even from the other 
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side of the world. Wish you all the best.

Furthermore, I like to thank all the members of the Energise consortium for the 

collaborations. Our biannual meetings were nice to cooperate, network and get 

motivated for science. All the nice chats with the members from Wageningen, 

Amsterdam and Leiden. Montserrat, I liked our trips and chats during the lipid 

droplet conference!
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