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6    Chapter 1 

1.1. Introduction 

Non-esterified fatty acids (NEFA) derived from adipose tissue are a major 

source of fat for the working muscles during exercise. In this chapter, we 

will explain the mechanisms that regulate fat metabolism in skeletal muscle 

during endurance exercise, from the release of NEFA from adipose tissue 

into the plasma to the regulation of the β-oxidation pathways.  We will 

emphasize the importance of fat transport across the plasma and 

mitochondrial membranes as major sites of control that regulate fat 

metabolism and oxidation during exercise. In addition, we will try to 

explain the complex mechanisms involved in fat oxidation during intense 

aerobic exercise. Finally, we will describe how high plasma fatty acid 

concentration induces insulin resistance, affecting the insulin signaling 

pathways. 

 

1.2. Hormonal regulation of lipolysis 

 
The main energy storage in the human body is constituted of triglycerides 

in adipose tissue.  During exercise, triglycerides are hydrolyzed resulting in 

the release of NEFA into the plasma, which are then transported to the 

mitochondria to be oxidized.  The lipolysis of adipose tissue is an 

important part of this mechanism. 

 

The activation of hormone sensitive lipase (HSL) caused by a signaling 

cascade leading to its phosphorylation and the conversion of one 

triglyceride molecule into three fatty acids and a glycerol; this happens 

inside the adipose tissue cells, specifically on the surface of the lipid 

droplets (Egan et al., 1992). There are other proteins called perilipins, 

which are mandatory for enabling HSL to catalyze lipolysis (Sztalryd et al., 
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2003). 

The hormones implicated in lipid metabolism are the catecholamines 

(epinephrine and norepinephrine), cortisol, growth hormone and thyroid 

hormones. Nevertheless, other hormones are also involved in specific 

conditions such as insulin, glucagon, androgens and estrogens. 
 
1.2.1. Regulation of lipolysis by catecholamines 
 

When facing a stressful stimulus such as exercise, the adrenal glands are 

activated provoking the release of epinephrine, which in turn, unleashes the 

activation of HSL and increases the lipolysis in adipose tissue.  The 

adrenergic effects of the hormones depend on the kind of receptor 

implicated (α- or β-receptor). Subcutaneous adipose tissue contains mainly 

α-2 receptors, which, when activated, have the ability to inhibit lipolysis. 

On the contrary, intra- abdominal tissue contains more β-receptors, which 

increase lipolysis (Astrup et al., 1995). The difference of the 

aforementioned mechanisms comes from the activation of the guanosine 

triphosphate-binding regulatory protein (G protein).   It seems that the β-

receptors are capable of activating G protein, which in turn can activate the 

adenylate cyclase known for converting the adenosine triphosphate (ATP) 

to cyclic adenosine monophosphate (cAMP).  The cAMP could act on the 

cAMP-dependent protein kinase as a second messenger, triggering the 

phosphorylation of HSL and the perilipins proteins (Sztalryd et al., 2003).  

On the other hand, the α-receptors cannot activate those mechanisms and 

even lead to the inhibition of the G protein. 

Catecholamines must bind to β-receptors in order to induce lipolysis 

activation. There are three types of these β-receptors: β1, β2, β3. The specific 

role of each one is unknown, but the affinity of catecholamines differs 

depending on the type of receptor (Galitzky et al., 1993).  
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Considering that intra-abdominal adipose tissue contains more β-receptors, 

the activation of the catecholamines may reduce abdominal fat while 

subcutaneous adipose tissue, which contains the majority of α-receptors is 

less sensitive to catecholamines (Arner, 1999). The effect of 

catecholamines on lipolysis occurs mainly during stressful situations since, 

in a normal state, these hormones appear to account for only 2-3% of 24-

hour energy expenditure (Astrup, 1995). 

 

1.2.2. Regulation of lipolysis by insulin 
 

Lipolysis in adipose tissue is very sensitive to the presence of plasma 

insulin (Campbell et al., 1992).  A decreased in lipolysis close to 50% of 

the basal values has been observed in response to a small increase of 

plasma insulin (Bonadonna et al., 1990; Campbell et al., 1992).  Others 

studies have shown that a decrease in insulin, among others during 

exercise, can induce an increased lipolysis (Wasserman et al., 1989).  This 

phenomenon is explained by the presence of α- adrenergic receptors in the 

β cells of pancreas. When these receptors are activated, they inhibit insulin 

production.  On the contrary, β- adrenergic receptors are located in the α-

cells of the pancreas and, when activated, release glucagon.  Therefore, 

both the decrease of insulin and the glucagon production, work in parallel 

to increase lipolysis.  In healthy subjects, this mechanism is triggered in 

stress situations as well as during a thermal stress, hypoglycemia or 

exercise (McMurray and Hackney, 2005). 

 

1.2.3. Other hormones regulating lipolysis 
 

The thyroid hormones, in particular triiodothyronine (T3), can participate 

to activation of adipose tissue lipolysis by playing a permissive role for 
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catecholamines. The thyroid hormone, together with catecholamines, 

activates HSL in adipose tissue and increases the lipoprotein-lipase activity 

(Pucci et al., 2000; McMurray and Hackney, 2005).  

 Physiological and psychological stresses lead to an increase of plasma 

cortisol, which is known for having a role in the lipolysis and an important 

function in glucogenesis (Bjorntorp and Rosmond, 2000).  Cortisol could 

regulate lipolysis together, or in parallel, with growth hormone (GH) 

(Djurhuus et al., 2004).  The effect of cortisol on lipolysis is controversial: 

some studies have shown an increase (Djurhuus et al., 2002; Djurhuus et 

al., 2004; Samra et al., 1996) whilst another has shown a decrease in 

lipolysis activity (Ottosson et al., 2000). Ottosson et al. used an incubation 

technique to show that preincubation for 3 days in a control medium 

containing insulin, followed by exposure to cortisol for 3 days induced a 

reduction of the basal lipolysis activity in human adipose tissue in vitro 

(Ottosson et al., 2000). The difference in these results may be based on the 

different models studied and the dose-response of cortisol concentration 

used.  

 

1.3. Fatty acid transport and oxidation 
1.3.1 Transport from circulation to plasma membrane 
 

The plasma NEFA need to cross the endothelium, the interstitial space, the 

plasma membrane, the cytosol and the mitochondrial membrane before 

being oxidized. 

Circulating NEFA are bound to albumin.  Each albumin molecule has a 

high affinity to bind NEFA and, as the plasma NEFA levels increase 

during exercise, the bound albumin-NEFA also increases (Curry et al., 

1999).  
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There are various ways for NEFA to cross the endothelium from the 

vascular space towards the interstitial space: 1) after dissociation from 

albumin, NEFA are able to cross the endothelium by a simple diffusion or 

2) via a fatty acid translocase, CD36; 3) the complex “albumin bound to 

NEFA” is also able to cross the endothelium. However, considering the 

three ways, CD36 has been the most involved in the binding/transport of 

NEFA towards the interstitial space (Kiens, 2006).  

 

1.3.2. Transsarcolemmal transport 
 

NEFA can dissociate from the albumin binding sites and cross the 

membrane by simple diffusion. Proteins of the myocyte membrane are also 

known to play a role in this process. In human muscle, two lipid binding 

proteins are implicated, either acting alone or together, as NEFA acceptors.  

The first one is the 43kDa membrane bound fatty acid binding protein 

(FABPpm). The second one is the 88kDa fatty acid translocase CD36 

(FAT/CD36). Once at the inner side of the cell, NEFA are bound by 

cytoplasmic FABPc before entering metabolic or signaling pathways (Fig. 

1.1) (for detailed review see (Glatz et al., 2010)). Studies have shown that 

another family of carrier proteins called fatty acid transport proteins 

(FATP) work as membrane-bound fatty acid transporters or as acyl-CoA 

synthetases. These proteins can both import NEFA and activate very long-

chain fatty acids (VLC-FA).  Within the FATPs family, it seems that 

mainly FATP1, 2 and 4 are involved in this mechanism (DiRusso et al., 

2005). For example, VLC-FA can be directly transported by FATP1 and 

can be converted by the synthetase activity of this carrier in VLC-acyl-

CoA esters (uptake by vectorial acylation) (Fig. 1.1). 

Although many studies in various models have been contradictory 

regarding the FATPs function, it seems that their role is conditioned by 

both the tissue studied (Lobo et al., 2007; Milger et al., 2006; Pei et al., 
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2004) and the affinity of carrier for a substrate, for example, a specific fatty 

acid (Gimeno et al., 2003). 

Current studies show that FATPs share homologous sequences and domain 

organization with acyl-CoA synthetase (ACS), suggesting that FATPs are 

members of the superfamily of adenylate-forming acyl-CoA synthetases, 

particularly long-chain acyl-CoA synthetases (FACS1) (Watkins et al., 

2000). This latter is essential as there is a coordinated action between 

CD36 and FACS1. This mechanism facilitates a greater rate of fatty acid 

activation in response to a greater rate of fatty acid transport, either among 

different types of muscles or in muscles in which capacity for fatty acid 

metabolism has been enhanced (Luiken et al., 2001). 

 

 

                      
Fig. 1.1. Putative molecular mechanism(s) for the celular uptake of long-chain 
fatty acids (FA) and of very-long-chain fatty acids (VLC-FA). 1) Fatty acids could 
cross the plasma membrane by simple diffusion. 2) FABPpm  or protein CD36 
could act, either alone or together and thus enhance the diffusion of fatty acids. 3) 
CD36 itself may also facilitate the transport of fatty acids. Once at the inner side 
of the cell membrane, are bound by cytoplasmic FABPc before entering metabolic 
or signaling pathways. 4) A minority of fatty acids could be transport by FATP1 
and activated by plasma membrane ACS1 to form acyl-Co esters. 5) VLC-FA are 
transported by FATP1 before converting into VLC-acyl-CoA esters (Glatz et al., 
2010). 
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1.3.3. Mitochondrial metabolism 
 

After entering the muscle cell, NEFA are activated by reacting with 

coenzyme A (CoA) to produce fatty acyl-CoA. This process is regulated by 

acyl-CoA synthetase (ACS) and prepares their import into mitochondria, 

where they will be oxidized and will provide ATP for different cellular 

processes. 

The carnitine-palmitoytransferase (CPT) is essential to allow the entrance 

of these fatty acyl-CoAs through the mitochondrial membrane. This 

mechanism occurs because the acyl-CoA cannot cross the internal 

membrane of mitochondria. CPT1 catalyzes the transesterification of fatty 

acyl-CoA to acyl-L-carnitine. The acyl-L-carnitine can be translocated to 

the inner membrane of mitochondria by carnitine: acyl-L-carnitine 

translocase (CACT), and finally acyl-CoA is regenerated from acyl-L-

carnitine by the latent CPT2 within the mitochondrial matrix (Kerner and 

Hoppel, 2000). This mechanism can be inhibited by an increase of malonyl 

CoA, known as CPT1 inhibitor (McGarry et al., 1983). In humans, an 

inverse relationship has been detected between the malonyl CoA 

concentration and the fatty acid oxidation at rest (Bavenholm et al., 2000). 

To date, there are three ways to control malonyl-CoA formation, the first 

one by controlling the enzyme acetyl-CoA carboxylase (ACC), which 

transforms acetyl CoA to malonyl CoA. This enzyme is activated by an 

increased citrate concentration originating from glucose metabolism 

(Bavenholm et al., 2000; Rasmussen et al., 2002). Conversly, ACC is 

negatively regulated by 5`-AMP-activated protein kinase (AMPK) 

(Rasmussen and Winder, 1997). 

In addition, AMPK activity can positively regulate malonyl CoA 

decarboxylase (MCD), an enzyme able to transform malonyl CoA into 

acetyl CoA. This results in a decrease in malonyl CoA in muscle and 

provides substrates for tricarboxylic acid cycle and consequently for β-
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oxidation. The third way is related to excess of NEFA and a subsequent 

increase in citrate contration, which leads to a higher Acetyl CoA 

availability for malonyl CoA synthesis. See Fig. 1.2. 

 

                                       
Fig. 1. 2. Regulation of malonyl-CoA content in skeletal muscle. See details in the 
text. AMP-activated protein kinase (AMPK), malonyl CoA decarboxylase (MCD), 
acetyl-CoA carboxylase (ACC) (Kiens, 2006). 
 

On the other hand, another way to increase the β-oxidation pathways is to 

increase the mitochondrial content. Interestingly, an elevated peroxisome 

proliferator-activated receptor-γ coactivator-1α (PGC-1α) has been shown 

to increase mitochondrial protein encoded both by nuclear and 

mitochondrial DNA, indicating a coordinated biogenesis in skeletal muscle 

(Wu et al., 1999). PGC-1α is a transcriptional coactivator, which interacts 

with nuclear receptors and transcription factors, including estrogen-related 

receptor-α (ERRα) (Huss et al., 2004), nuclear respiratory factor-1 (NRF-

1) (Wu et al., 1999) and, myocyte enhancer factor 2 (MEF2) (Handschin et 

al., 2003). To date, PGC-1α transcription is regulated by 1) 

calcium/calmodulin-dependent protein kinase IV (CaMKIV) and 

calcineurin A (CnA) activity (Handschin et al., 2003), 2) metabolic stress 

(Pogozelski et al., 2009) and 3) reactive oxygen species (ROS) (Irrcher et 
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al., 2009). PGC-1α activity  is regulated by posttranslational modifications 

through phosphorylation (Jager et al., 2007; Puigserver et al., 2001) and 

deacetylation (Canto et al., 2009). For example, Puigserver et al. showed 

that p38 MAPK, following activation by its upstream kinase MKK6, 

phosphorylates PGC-1α at Thr262 and 298 and Ser265 (Puigserver et al., 

2001). Another study showed that AMPK cannot induce mitochondrial 

biogenesis in PGC-1α knockout cells (Jager et al., 2007). On the other 

hand, cells knockdown for Sirtuin 1 (SIRT1) decreased both Pgc-1α 

mRNA levels and representative enzymes in the β-oxidation pathways 

(Gerhart-Hines et al., 2007). However, a recent study using SIRT1 

knockout mice showed that this protein is not required for mitochondrial 

biogenesis, suggesting that the acetyltransferase, general control of amino-

acid synthesis 5 (GCN5) is an important regulator of PGC-1α (Philp et al., 

2011b). The relationship with exercise will be discussed below.  

It is known that PGC-1α interacts with the peroxisome proliferator-

activated receptors (PPARs) family (Barroso et al., 2011; Duncan, 2011). 

A recent study showed that PGC-1α/PPAR/NRF-1 signaling was impaired 

upon classical nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) activation in myotubes from mouse and human cell lines 

(Remels et al., 2013). PPARs have been shown to make the link between 

lipids, metabolic diseases, and innate immunity since they are activated by 

fatty acids and their derivatives (Wahli and Michalik, 2012). The family of 

PPARs is composed of PPARα, PPARβ/δ and PPARγ. High levels of 

PPARα are found in tissues in which the catabolism of fatty acids is high, 

such as brown adipose tissue, liver, heart, kidney, and intestine (Michalik 

et al., 2006). PPARβ/δ plays an important role in adipose tissue, skeletal 

and heart muscles, among others (Michalik et al., 2006). PPARγ is found in 

two isoforms. PPARγ1 has important functions in the gut, brain, vascular 

cells, and immune and inflammatory cells, whereas high levels of PPARγ2 
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are found in adipose tissue (Michalik et al., 2006). Several natural 

compounds have been identified as PPAR agonist, including unsaturated 

and saturated fatty acids (Wahli and Michalik, 2012). In addition to these 

natural ligands, a wide range of synthetic ligands have been developed, 

some of which are used in dyslipidemia and diabetes (thiazolidine-2,4-

diones or TZDs) (Varga et al., 2011). When PPARs are activated by their 

ligands, they may regulate metabolic activities leading to fatty acid 

catabolism, lipid storage, and/or other effects, such as those affecting 

inflammation (Varga et al., 2011). Signaling pathways induced by fatty 

acids resulting in PPARs activation/inhibition will be discussed below. 

 

1.4. Fatty acids utilization during exercise  
1.4.1. Fatty acids released from adipose tissue during exercise 

 

Endurance exercise increases the release of NEFA by adipose tissue and 

the uptake and oxidation by skeletal muscle. It is generally accepted that 

the participation of NEFA in energy supply depends on the duration and 

intensity of exercise. NEFA contribute highly to energy supply during 

moderate-intensity exercise whereas their contribution decreases during 

high-intensity exercise. Long duration exercise at a low intensity induces 

also a decrease of the respiratory exchange ratio (RER), reflecting an 

increase in lipid utilization and, concomitantly, a decrease in carbohydrate 

utilization as energetic substrates.  

Current research focuses on the changes occuring in lipid metabolism 

during exercise of different intensities. Romijn et al. (Romijn et al., 1993) 

studied glycerol Ra (rate of appearance), a known lipolysis marker. There 

was no change in glycerol between exercise performed at 85%VO2max and 

65%VO2max. The authors concluded that lipolysis did not decrease during 

high-intensity exercise. Studies have shown that glycerol Ra reflects the 
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lipolysis rate of adipose tissue and skeletal muscle, as well as the 

hydrolysis of very low density lipoprotein (VLDL) binding to triglycerides.  

It is relevant to mention a major difficulty for measuring lipolysis, by 

reference to glycerol concentration. Indeed, glycerol can be released but 

also reabsorbed by skeletal muscle during exercise. This results in reduced 

net balance of glycerol during the exercise, which leads to an 

underestimation of the lipolysis rate (Stallknecht et al., 2004; van Hall et 

al., 2002; Wallis et al., 2007). In the study of Stallnecht et al. the authors 

compared three intensities: a low one (25% Wmax), a moderate one (65% 

Wmax) and a high one (85% Wmax). They found that at low intensity there 

was an increase in glycerol concentration from the skeletal muscle, which 

did not occur at a moderate and high intensity.  In the same study, they 

observed that the interstitial glycerol concentration was ≈ 10 times higher 

in the subcutaneous adipose tissue than in the skeletal muscle. Both 

increased with the intensity of exercise. The authors concluded that 

glycerol can be reabsorbed by muscle during moderate and high intensity 

exercise and that at arterial level the skeletal muscle contributes less to the 

glycerol concentration than the adipose tissue (Stallknecht et al., 2004). 

High intensity exercise induces an increase of catecholamines in plasma, 

triggering an inhibition of the lipolysis in the adipose tissue whilst lipolysis 

increased during a low or moderate exercise intensity (Frayn, 2010). This 

explains the results observed by other studies that found a decrease of the 

NEFA release in high intensities when compared to low and moderate 

intensity (Romijn et al., 1993; van Loon et al., 2001).   

 

1.4.2. Regulation and transport of fatty acids during exercise 
 

During low to moderate intensity exercise, lipids constitute the main 

energy source in the skeletal muscle metabolism. Plasma NEFA and 

muscle TG constitute the main lipid energy sources. We will see below 
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how exercise can modulate NEFA carrier, depending on its duration and 

intensity. 

Training induces an increase in NEFA utilization during exercise (Kiens et 

al., 1993). This could be due to an increase in the number of the lipid-

binding proteins activity facilitating the transport of NEFA from the 

plasma to the muscle cell.  

Bonen et al. showed that in female Harlan Sprague-Dawley rats subjected 

to muscle contractions, FAT/CD36 promotes an increase of NEFA uptake. 

This increase was related to both an increase of FAT/CD36 in the plasma 

membrane and a marked FAT/CD36 reduction in the cytosol. This study 

also showed that FAT/CD36 acts in a very similar way to glucose uptake 

regulation by the carrier GLUT4 (Bonen et al., 1999). 

 

An increase in NEFA oxidation was observed in transgenic mice over-

expressing FAT/CD36 submitted to the same protocol of muscle 

contraction than WT controls. However, at rest there was no difference in 

NEFA oxidation between these two types of mice (Ibrahimi et al., 1999). 

On the other hand, NEFA oxidation was decreased in FAT/CD36 null mice 

(Febbraio et al., 1999). In well-trained athletes, a fat-rich diet caused an 

increase of FAT/CD36 in the skeletal muscle showing that feeding can also 

modify the NEFA transport and the oxidative metabolism (Cameron-Smith 

et al., 2003). 

Two studies of Keins et al. (1997 and 2004) in muscle of men have shown 

an increase in the FABPpm proteins with endurance exercise. Three weeks 

of intense one-legged endurance training increased the content of FABPpm 

by 49% whereas in the untrained control muscle no change was observed. 

In the same study the activity of citrate synthase was increased by 20% 

(Kiens et al., 1997). Another study compared protein and mRNA FABPpm 

levels between untrained vs. endurance trained men and women. This study 

showed that FABPpm content was higher in endurance -trained men 
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compared with all other groups. They also found that Fabppm mRNA was 

higher in untrained women than in endurance-trained women and untrained 

men. These results were accompanied by a FAT/CD36 protein level 49% 

higher in women than in men, irrespective of training status. Untrained 

women, therefore, had higher muscle mRNA levels of several proteins 

related to muscle lipid metabolism compared with men (Kiens et al., 2004).  

Finally, an acute effect of exercise (90min) caused a 25% increase of 

FAT/CD36 and a 15% increase of FABPpm regardless of gender and 

training level (Kiens et al., 2004).  This difference of 10% in the increase 

of FAT/CD36 in comparison with FABPpm could be caused by the fact that 

the expression of FAT/CD36 induced by exercise is an early adaptation of 

the proteins linked to muscle lipid metabolism.  

Once inside the cell, NEFA are bound by cytoplasmic FABPc carriers. 

They were initially studied to assess the effect of diet manipulation (Clarke 

et al., 2004; Clavel et al., 2002; Storch and Thumser, 2000), but they have 

also been studied in relation to exercise. 

In the study of Kiens et al., the amount of FABPc was compared in eight 

conditions: non-trained men and women v/s trained, before and after 

exercise. No significant effects of training status were observed on Fabpc 

mRNA. They showed also that the Fabpc mRNA level was 101% higher in 

sedentary women compared to senderaty men. However, no difference was 

observed between genders in trained subjects. (Kiens et al., 2004).  

A recent study of Jeppesen et al. analysed the effect of exercise on the 

proteins FATP1 and FATP4, both found in skeletal muscle.  Eight weeks 

of aerobic training in young healthy subjects showed an increase in 

VO2peak and CS activity. The content of FATP4 increased by 33%, while a 

decrease of 20% was observed in FATP1.  In the same study a relationship 

between the increase in FATP4 and the level of NEFA oxidation was found 

(Jeppesen et al., 2012). These results indicate that the FATP expression can 

increase due to training.  It also seems that FATP4 is an important 
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oxidation regulator and NEFA uptake during exercise. 

 

1.4.3. Mitochondrial metabolism and exercise 
 

It has been proposed that an increase in mitochondrial enzymatic activity 

induced by exercise training is important for the increased ability of trained 

muscle to consume fatty acids during exercise. β-hydroxy acyl CoA 

dehydrogenase (HAD) is a key enzyme of β-oxidation. During exercise, an 

strong correlation has been detected between NEFA uptake, or NEFA 

oxidation, and the activity of HAD (Kiens, 1997). Nevertheless, the 

mechanisms by which exercise is able to increase HAD activity are still 

uncompletely resolved. 

Studies have shown that both exercise training (Jong-Yeon et al., 2002; 

Niu et al., 2010; Spina et al., 1996) and acute exercise (Wallace et al., 

2011) are capable of increasing CPT1 activity. Howerver, this effect was 

not observed in other studies (Huang et al., 2006; Jorgensen et al., 2005; 

Lennon et al., 1983). Carnitine is a substrate for CPT1, but several studies 

have shown that carnitine does not limit β-oxidation.  Nevertheless, studies 

have been focused on the effect of exercise on muscle carnitine 

concentration. These studies have concluded that this concentration 

increases with the intensity of exercise, decreasing the availability of free 

carnitine. Thus, a decrease of free carnitine may induce CPT1 activity 

reduction (Constantin-Teodosiu et al., 1991; van Loon et al., 2001).  

Malonyl-CoA formation from the acetyl-CoA in skeletal muscle is 

catalyzed by ACC.  Current studies have shown involvement of AMPK in 

the ACC inhibition during exercise (Richter and Ruderman, 2009).  

However, AMPKα2-/- transgenic mice show similar results of NEFA 

oxidation compared with WT mice at rest and during muscle contractions 

(Dzamko et al., 2008). These results together with another more recent 

study (O'Neill et al., 2011) suggest that AMPK is not the main regulator of 
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NEFA oxidation during exercise in the skeletal muscle.  

According to already mentioned data, malonyl-CoA would not be the main 

regulator of the NEFA oxidation during exercise. Roepstorff et al. 

compared two conditions, a high-carbohydrate diet (H-CHO) versus a low-

carbohydrate diet (L-CHO), before exercise to determine the effect on 

muscle glycogen content and whether this leads to high or low level of 

NEFA oxidation during 60 minutes exercise at 65% of  VO2peak. 

Interestingly, they showed a marked increase in NEFA oxidation in the L-

CHO condition (+122%) compared to H-CHO condition, whilst the 

decrease of malonyl-CoA concentration was similar (-13%) (Roepstorff et 

al., 2005).  

In the same study they found that AMPKα2 was more activated in the L-

CHO condition (+100%) in comparison to H-CHO condition, whereas the 

ACC phosphorylation (inhibition) was similar in both conditions 

(Roepstorff et al., 2005), suggesting that malonyl-CoA concentration does 

not limit β-oxidation. 

 

At rest and during exercise, several processes can regulate NEFA uptake 

and oxidation, all of which are important. However, it seems that the 

concentration of free carnitine is crucial for allowing CPT1 to work 

properly. This has been proved in exercise protocol at high intensities as a 

decrease of free carnitine has been observed together with a decreased in β-

oxidation.  

 

In the late 1960s, J.O Holloszy was the first to show that 12 weeks of run 

training increases oxygen uptake while maintaining constant the number of 

ATP generated per mole of oxygen. Also, he was able to demonstrate that 

run training doubles mitochondrial enzymes and, concomitantly, a 6-fold 

increase in time to exhaustion was observed in male rat (Holloszy, 1967).  

Subsequent studies have confirmed these findings in human skeletal 
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muscle (Gollnick et al., 1972; Hoppeler et al., 1973). 

Exercise can increase the activation of the cAMP response element-binding 

protein (CREB) (Widegren et al., 1998). One of the targets of CREB is 

PGC-1α (Louet et al., 2002). Current works in this field are oriented to 

identify the impact of different types of training and how exercise can 

increase transcriptional activation of PGC-1α. Endurance exercise 

increased Pgc-1α mRNA and PGC-1α protein 18h after exercise (Baar et 

al., 2002). Also, a single bout of exercise increased the DNA-binding 

activity of MEF2 (McGee et al., 2006). This later, can bind to the PGC-1α 

promoter and increase the expression of Pgc-1α mRNA (Handschin et al., 

2003).  

Another study has shown that PGC-1α was deacetylated after exercise 

even without active SIRT1 in mice, suggesting that the acetyltransferase 

GNC5 does not associate with PGC-1α following exercise (Philp et al., 

2011b). They also found a low association between GCN5 and PGC-1α. 

Therefore, phosphorylation of PGC-1α causes its translocation into the 

nucleus where it does not interact with GCN5 and can bind SIRT1. 

Consequently PGC-1α becomes deaceteylated and activated (Philp et al., 

2011b).  

 

 A recent study have examined the time course of responses of 

mitochondrial mRNA and protein in human muscle to seven sessions of 

intense interval training (Perry et al., 2010). They showed that Pgc-1α  

mRNA was increased +10-fold 4h after the first session and returned to 

control within 24h. These effects continued until the seventh bout. 

However, PGC-1α protein was increased 24h after the first session (23%) 

and reached +40% between bouts 3 and 7 (Perry et al., 2010). Also, an 

increase was observed in PPARα and PPARγ protein from the first until 

the seventh session, whereas that Pparβ/δ mRNA was increased 4h after 
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the first session and returned to control within 24h. These effects continued 

until the seventh bout. However, PPARβ/δ protein increased only after the 

fifth session (Perry et al., 2010). The increase of plasma NEFA during 

exercise results in an increase in fatty acids oxidition and an increase in the 

activity of the PPARs that are activated by fatty acids (Philp et al., 2012). It 

seems that PPARα and PPARγ, together with PGC-1α, bind to the 

promoters of the key enzymes of fat metabolism including CPT1, 

CD36/FAT and HSL (Philp et al., 2011a).  

The paper by Narkar et al. (Narkar et al., 2008) showed that trained rats 

receiving GW1516 (GW), a drug that activates PPARγ, had an increased 

capacity to use fat as fuel. Likewise, they observed that CPT1, CD36/FAT 

and LPL were increased in trained rats receiving GW, in comparison with 

rats only trained. In addition, they showed that when GW was given 

together with AICAR, a drug that activates AMPK, an increase in enzymes 

of fat metabolism was observed in male rats (Narkar et al., 2008). These 

data suggest that PPARγ interact with AMPK and PGC-1α to increase 

enzymes of mitochondrial biogenesis resulting an elevated oxidative 

phenotype in skeletal muscle.  

 

1.5. Signalling pathways induced by fatty acids 

 
Insulin is a major controller of glucose homeostasis. Insulin signalling is 

initiated by the binding of insulin to the extracellular α-subunits of the 

heterotetrameric insulin receptor (IR). This linkage induces conformational 

changes and facilitates autophosphorylation of tyrosine residues on the 

intracellular part of membrane-spanning β-subunits (Schultze et al., 2012). 

Insulin receptor substrate (IRS) proteins are attracted by these 

phosphotyrosines, which are mediated by the tyrosine kinase activity of the 

IR and possibly via other kinase. When phosphorylated, IRS proteins 
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activate downstream signalling molecules, thus connecting the IR to 

various downstream signalling pathways (White, 2002). 

One of the downstream signalling pathways is composed of 

phosphatidylinositol 3-kinase / protein kinase B (PI3K/PKB). PKB, also 

known as Akt, is necessary for insulin-dependent regulation of systemic 

and cellular metabolism (Holst et al., 2009). Insulin and other agents (e.g. 

growth factors, cytokines) can activate PI3K/PKB, playing a role in cell 

proliferation, motility, differentiation and survival (Parcellier et al., 2008). 

Therefore, PI3K/PKB are susceptible to being activated by various stimuli 

due to the recruitment of different isoforms including p85α, p110α, p110β 

and PKB1, PKB2, PKB3 for PI3K and PKB respectively. These different 

isoforms provoke downstream activation due to various stimuli (Manning 

and Cantley, 2007; Schultze et al., 2011; Vanhaesebroeck et al., 2010). 

Among the PKB isoforms, PKB2 is the main isoform implicated in 

metabolic insulin action.  

Binding an SH2 domain within the regulatory subunit PI3K (p85) activates 

the PI3K/PKB pathway to phosphotyrosines in IRS1/2. This mechanism 

allows the recruitment and activation of the catalytic subunit of PI3K 

(p110). Once activated, PI3K converts phosphatidylinositol-4,5-

biphosphate (PIP2) to  phosphatidylinositol-3,4,5-triphosphate (PIP3) at 

the plasma membrane. PKB binds through its PH domain (N-terminal 

pleckstrin homology) to PIP3 allowing PKB activation by upstream kinase. 

Another protein, 3-phosphoinosotidine –dependent protein kinase-1 

(PDK1) induces about 10% of activation by phosphorylating Thr308 in the 

catalic domain of PKB (Schultze et al., 2012). On the other hand, a full 

kinase activation of PKB could be achieved by a mechanism involving 

DNA-dependent protein kinase (DNA-PK) and ataxia telangiectasia 

mutated kinase (ATM) through in Ser473 phosphorylation in the regulatory 

domain (Schultze et al., 2012).  

Activated PKB is known to target glycogen synthase kinase-3 (GSK-3). 
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The resulting phosphorylation of GSK-3 leads to its inhibition, a step 

considered crucial for the stimulation of glycogen synthesis (Cohen et al., 

1997). PKB can also play a role in the regulation of the gluconeogeonesis 

and glucose uptake through forkhead box protein O1 (FOXO1) and Akt 

substrate 160 (AS160) activation, respectively (Bruss et al., 2005; Nakae et 

al., 2001). AS160 allows translocation of glucose transporter type 4 

(GLUT4) towards muscle membrane.  

Mammalian target of rapamycyn complex (mTOR) is another protein 

related to PKB. mTOR exists in the form of 2 functionally and structurally 

distinct complexes, rapamycin-sensitive mTOR complex 1 (mTORC1) and 

rapamycin-insensitve mTOR complex 2 (mTORC2) (Loewith et al., 2002). 

PKB activates mTORC1 through inhibition of tuberous sclerosis complex 

(TSC1-TSC2 complex) which inhibits Rheb activating mTORC1.mTORC1 

phosphorylates the ribosomal protein S6 (S6K), called also p70S6K and, 

eIF4-binding protein 1 (4E-BP1) resulting in the regulation of translation, 

autophagy, growth, lipid biosynthesis, mitochondria biogenesis and ribose 

biogenesis. On the other hand, mTORC2, phosphorylates serum-and 

glucocorticoid-induced protein kinase 1 (SGK1), PKB Ser473 (as a marker 

of mTORC2 activation), Ras-related C3 botulinum toxin substrate 1 

(Rac1), a member of the Rho family of GTPases and protein kinase C - α 

isoform (PKCα) and regulates survival, metabolism, proliferation, and 

cytoskeletal organization (Ma and Blenis, 2009; Wullschleger et al., 2006). 

Raptor, a specific component of mTORC1, functions as a scaffold protein 

to recruit S6K and 4E-BP1 in order to stimulate protein synthesis (Inoki 

and Guan, 2009).On the other hand, mTORC2 has a specific component 

called Rictor that competes with Raptor in binding to mTOR through the 

HEAT domain. Once bound to Rictor, mTORC2 is able to activate PKB 

and consequently mTORC1 and its downstream target S6K1. The latter 

may in turn inhibit Rictor as well as IRS resulting in a disruption of 

mTOR-Raptor interaction (Fig. 1.3) (Watanabe et al., 2011).  
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Fig. 1.3. Simplified schema of insulin-stimulated PI3K/PKB/mTOR signalling 
pathways. See details in the text. Insulin receptor substrate (IRS), 
phosphatidylinositol 3-kinase (PI3K), 3-phosphoinosotidine –dependent protein 
kinase-1 (PDK1), protein kinase B (PKB), glycogen synthase kinase-3 (GSK3), 
glycogen synthesis (GS), forkhead box protein O1 (FOXO1), Akt substrate 160 
(AS160), tuberous sclerosis 1 and 2 (TSC1-2), mammalian target of rapamycyn 
(mTOR), rapamycin-sensitive mTOR complex 1 (mTORC1), rapamycin-insensitve 
mTOR complex 2 (mTORC2), ribosomal protein S6-1 (S6K1), eIF4-binding 
protein 1 (4E-BP1), glucocorticoid-induced protein kinase 1 (SGK1), Ras-related 
C3 botulinum toxin substrate 1 (Rac1), protein kinase C (PKC), glucose 
transporter type 4 (GLUT4). Small red circles are distinct phosphorylation sites.  
 
Some bioactive lipid metabolites may interfere in the abovementioned 

signalling pathways.  Results from recent studies indicate that 

intramyocellular lipid (IMCL) content may correlate with insulin resistance 

only in untrained individuals (Aguer et al., 2010; Moro et al., 2009). While 

it is true that diet-induced reduction in body weight has been shown to 

decrease IMCL content (Anastasiou et al., 2010; Lara-Castro et al., 2008; 

Toledo et al., 2008), exercise has been shown to even increase IMCL 

content (Goodpaster et al., 2001; Meex et al., 2010). The latter leads us to 

believe that lipid droplets per se may not be damaging. However, IMCL 

generates bioactive lipid metabolism such as diacylglycerol (DAG) and 
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ceramides that may intervene with insulin signalling pathways (Eckardt et 

al., 2011). 

Studies in obese insulin-resistant subjects have shown an association 

between high IMCL content and elevated levels of DAG and ceramides 

(Adams et al., 2004; Moro et al., 2009). Yu et al. demonstrated that rats 

infused with a lipid emulsion provoked DAG accumulation resulting in 

protein kinase C (PKC)-θ activation and a reduction in both insulin-

stimulated IRS-1 tyrosine phosphorylation and IRS-1 associated PI3-kinase 

activity causing decreased insulin-stimulated glucose transport activity (Yu 

et al., 2002).  

 

GLUT-4, a known transporter of glucose toward the muscle through 

translocation to the membrane compartment, is impaired when PKB is 

attenuated, leading to insulin resistance.  Studies from Shulman G. 

laboratory (Dresner et al., 1999; Griffin et al., 1999; Roden et al., 1996) 

have demonstrated that high levels of plasma fatty acids cause a 50% 

reduction in insulin-stimulated rates of muscle glycogen synthesis and 

whole-body glucose oxidation compared to controls due to a fall in 

intramuscular glucose-6-phosphate. This data suggests that high plasma 

fatty acid concentration induces insulin resistance by reducing glucose 

transport and phosphorylation activity, triggering both a reduction in 

muscle glycogen synthesis and glucose oxidation. Insulin resistance 

in normal subjects when exposed to high plasma fatty acid levels was 

similar to that of obese individuals (Petersen et al., 1998). Also, offspring 

of parents with type 2 diabetes have elevated levels of plasma NEFA. 

Insulin resistance in these subjects has been found to correlate with 

elevated plasma NEFA, but not with other indicators of metabolic status 

(Liang et al., 2013; Perseghin et al., 1997).  

 

NEFA have been shown to affect insulin sensitivity in adipocytes, muscle, 
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hepatocytes, pancreatic islets (Evans et al., 2002). Actually, the most well 

known mechanism is a decreased activation of the IRS-PI3K-PKB 

pathways, but the molecular link between NEFA and IRS-PI3K-PKB 

pathways is not clear. While this decrease was suspected to lower 

downstream S6K1 activation, two studies have shown, on the contrary, an 

increase after palmitic acid incubation in muscle (Ragheb et al., 2009; 

Wang et al., 2010). 

Fatty acid exposure induces the activation of intracellular signalling via 

stress-related kinases such as p38 MAPK, JNK (MAP Kinase family 

members) and atypical PKC’s (Senn, 2006). Elevated NEFA concentration, 

may also lead to an elevation in reactive oxygen species (Tripathy et al., 

2003), activation of proinflammatory pathways such as the transcriptional 

factor NF-κB (Senn, 2006; Tripathy et al., 2003), the production of 

cytokines (Bunn et al., 2010; Maloney et al., 2009; Shi et al., 2006) and 

mitochondrial dysfunction (Chavez et al., 2010). Recent studies have 

shown that both PPARα and PPARβ/δ activation by the monounsaturated 

fatty acid oleate reversed both inflammation and impairment of insulin 

signaling pathways by channeling palmitate into triglycerides and by up-

regulating the expression of genes involved in mitochondrial β-oxidation 

(Coll et al., 2008; Henique et al., 2010). In addition, a study in human 

skeletal muscle showed that GW501516, a known PPARβ/δ-agonist, 

increases NEFA oxidation via PPARβ/δ and AMPK activation (Kramer et 

al., 2007). On the other hand, an anti-inflammatory agent pioglitazone 

(PIO), a known PPARγ-agonist, was able to decrease NF-κB activation 

induced by both peptidoglycan-associated lipoprotein (Pal) and 

lipopolysaccharide (LPS) (Dasu et al., 2009). PAL and LPS are known 

agonists of Toll-like receptor 2 and 4 (TLR2 and TLR4), respectively. 

Also, they observed that PIO inhibits TLR2 and TLR4 expression (Dasu et 

al., 2009). 
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While the adverse effects of NEFA in the various mechanisms mentioned 

above are well known, both the molecular mechanism by which plasma 

NEFA can affect the muscle cell and the protective effect of exercise are 

poorly understood.  

 

Various studies have shown an increase in glucose transport induced by 

exercise (Kristiansen et al., 1996; Richter et al., 1984; Zierath, 2002). 

There are two well-known mechanisms capable of demonstrating the effect 

of exercise on metabolism. The first mechanism implicates AMPK protein 

since exercise/muscle contraction leads to a reduction of ATP relative to 

AMP levels, resulting in AMPK activation (Long and Zierath, 2006). The 

second potential mechanism is via a release of Ca2+ from the sarcoplasmic 

reticulum (Youn et al., 1991). This mechanism induces activation of Ca2+ / 

(CaMK)II in skeletal muscles (Wright et al., 2005). Independent of the two 

phenomena described above, a moderate-intensity exercise of long duration 

is known to increase lipolysis triggering an increase in plasma NEFA. Few 

studies have been interested in the acute effect of exercise (or acute 

increase of NEFA) in different muscle cell signalling and proinflammatory 

pathways.  

 

We believe that an acute increase in plasma NEFA may trigger a cellular 

signalling pathway inside the skeletal muscle. In order to support our 

hypothesis, Shi et al. showed that NEFA induces insulin resistance and 

inflammation in adipose cell and macrophages through TLR4 activation 

(Shi et al., 2006). Furthermore, in C57BL/6 mice they showed that 5-hour 

lipid infusion induces insulin resistance by IRS1 Ser307 phosphorylation 

triggering a decrease of glucose uptake in skeletal muscle and adipose 

tissue. These effects do not occur in mice lacking TLR4 (Shi et al., 2006). 

Later, palmitic acid was found to be an agonist of TLR2 to induce insulin 



 
 
 
 
 
 
Regulation of fat metabolism  29 

resistance and to activate proinflammatory pathways in C2C12 cells (Senn, 

2006). Consequently, Toll-Like Receptor could participate as a modulator 

between elevated plasma NEFA and a signal pathway in the skeletal 

muscle. 
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2.1. Introduction 

Toll-like receptors (TLR) are transmembrane proteins implicated in the 

regulation of innate immunity in various patho-physiological states like 

sepsis and cardiovascular disease (Agnese et al., 2002; Kiechl et al., 2002). 

TLR are highly expressed in the cells of the innate immune system but are 

also found in other tissues. For example, TLR2 and TLR4 are also 

expressed in myocytes (Reyna et al., 2008). In this chapter, we will more 

deeply summarize the knowledge regarding the role of TLR2 and TLR4 in 

skeletal muscle. Their different ligands will also be addressed and the link 

between TLR activation and insulin resistance will be discussed. The 

signalling pathways downstream TLR will be described in order to present 

the possible relationships between these receptors and proteins known to be 

activated during endurance exercise. 
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2.2. Toll-like receptors  
2.2.1. Discovery of Toll-like receptors. 
 

In 1985, Christiane Nüsslein-Volhard of the Max Planck Institute in 

Tübingen discovered that a mutation of the Toll gene caused abnormal 

development of the ventral portion of fly larvae (Anderson et al., 1985). A 

decade later, the laboratory of Jules Hoffman in Strasbourg reported that 

the protein coded by that gene not only controls dorsoventral polarity but is 

also essential for the immunity of Drosophila (Lemaitre et al., 1996). 

Without Toll, flies did not survive fungal infection. With Hoffmann’s 

discovery, for the first time Toll was associated with host defense. In other 

words, flies with a mutant Toll gene are highly susceptible to fungal 

infection. Interestingly, Toll activation induced the NF-κB cascade, which 

was known to be implicated in the defense against fungi. Ruslan 

Medzhitov and Charles Janeway at Yale University were the first to clone a 

mammalian homologue called the Toll-like receptor, today known as TLR4 

(Medzhitov et al., 1997). At that time, the TLR ligand remained unknown, 

but by constructing a constitutively active mutant, they were able to show 

that TLR was implicated in the activation of NF-κB in a similar way as in 

the ligation of interleukin-1 receptor 1 (IL1R1). In addition, TLR4 is a 

receptor for lipopolysacharride (LPS), the active component of endotoxin 

from Gram-negative bacteria (Poltorak et al., 1998). With this finding, we 

know that TLRs constitute a family of pattern recognition receptors (PRR). 

The existence of such receptors had been predicted by Charles Janeway in 

1992, but their nature had remained enigmatic (Janeway, 1992). 

 

2.2.2. Function and structure 

 

Toll-like receptors had been studied mainly in the immune system. As 
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mentioned before, in mammals, the TLR family serves as key PRRs 

playing central roles in the induction of innate immune responses as well as 

the subsequent development of adaptive immune responses (Akira et al., 

2006). 

TLRs are transmembrane proteins belonging to the interleukin-1 receptor 

(IL-1R), which identifies PAPMs by means of its extracellular domain 

containing leucine-rich repeats (LRR) located at the amino-terminal 

portion.  In the carboxyl terminal end, TLRs contain a domain with 

homology to IL-1R; the Toll/IL1R domain (TIR) (Takeda and Akira, 

2004). 

 

Toll-like receptors are expressed in various tissues (Muzio et al., 2000) and 

are highly present in cells of the innate immune system (Muzio and 

Mantovani, 2000). TLR2 and TLR4 are also found in various other cell 

types including adipocytes, hepatocytes and myocytes (Lang et al., 2003; 

Lin et al., 2000). 

To date, 13 TLRs have been reported: 10 in humans and 13 in mice 

(Beutler, 2004). TLR1 to TLR9 are highly conserved between humans and 

mice, but TLR10 is found only in humans and TLR11 is functional only in 

mice (West et al., 2006). 

TLRs may form homo or heterodimers and thus detect a larger variety of 

pathogens with ligands, possibly because of a higher distribution 

variability in its LRR (West et al., 2006) (Fig.1). 

 

The recognition of a PAMP by the TLRs leads to recruitment of molecular 

adapters to the TIR domain, and the subsequent activation of an adequate 

response to eradicate the intruder. From the intracellular signals activated 

by TLRs characterized to date, the one depending on the molecular adapter 

MyD88 (Myeloid differentiation primary response gene 88) is the main 

signaling pathway for these receptors (Imler and Zheng, 2004; Muzio et al., 



 
 
 
 
 
 
Interaction between fatty acids and TLR  49 

1997). However, other alternate ways may also regulate the defensive 

response against pathogenic stimuli. 

 

The association of the TIR domain with MyD88 induces the recruiting of 

kinases associated to the Interleukin 1 receptor (IRAKs) (Burns et al., 

2003; Suzuki et al., 2002). IRAK1 and IRAK4 are sequentially 

phosphorylated and activated, dissociating from the complex and, in turn, 

associating with TRAF6 (TNF receptor-associated factor 6) (Xiong et al., 

2011). TRAF6 forms a complex with ubiquitin-conjugated enzymes to 

activate the TAK1 kinase (transforming growth factor (TGF)-p-activating 

kinase 1), which in turn activates the NF-ĸB transcription factors and AP-1 

(activator protein 1) through the IĸB kinase complex (IKK) and through 

kinase proteins activated by mitogen (MAPKs), respectively (Bradley and 

Pober, 2001; Takaesu et al., 2001). 

 

2.2.3. Types of Toll-like receptors 
 

As mentioned before, TLRs can recognize distinct ligands and are divided 

into two categories, one that recognizes bacterial PAMPs (TLR2, 4 and 5), 

mostly located at the cell surface (Akira and Takeda, 2004), and another 

composed of TLR3, 7/8 and 9, which recognize viruses (Akira and Takeda, 

2004) and requires their internalization to endosomal compartments (Rutz 

et al., 2004).  

TLR2, recognizes gram-positive bacterial PAMPs, such as peptidoglycan, 

lipoproteins, lipopeptides and lipoteichoic acid; it may also respond to 

PAMPs of diverse origins, such as mycobacteria lipoarabinomannan, 

zymosan from fungi and glycosylphosphatidylinositol from Tripanosoma 

cruzi (Campos et al., 2001). 

The TLR2/TLR1 heterodimer recognizes a variety of triacylated 

lipoproteins including mycobacteria and meningococci lipoproteins, 
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whereas the TLR2/TLR6 complex binds with diacylated ones such as 

mycoplasma lipoproteins (Takeuchi and Akira, 2001). In addition, human 

TLR10 forms heterodimers with TLR2 and TLR1, although a ligand for 

these heterodimers remains unknown (Akira et al., 2006). 

 

LPS is the most studied ligand of the TLR4 homodimer. Resistance to 

endotoxic shock among C3H/HeJ and C57BL/10ScCr mice is the 

consequence of a natural mutation of gene tlr4, which decreases the 

response to LPS (Poltorak et al., 1998).  However, TLR4 alone is not 

sufficient to induce a response to LPS and other proteins of the LPS 

recognition complex; CD14 and MD-2 are required (da Silva Correia et al., 

2001). The critical component of LPS for the stimulation of TLR4 is the 

lipid A-subunit, which is almost entirely composed of fatty acids (Lien et 

al., 2001). Taken together, these data suggest that circulating NEFA are 

potential ligands for TLR and could mediate intracellular events induced 

by changes in extracellular lipid concentrations. The fact that palmitic acid 

have been shown to activate TLR2 in C2C12 myogenic cells (Senn, 2006) 

and TLR4 in the RAW264.7 macrophage cell line and in 3T3-L1 

preadipocytes (Shi et al., 2006) corroborates this hypothesis.   

 

TLR5 recognize protein ligand as well as bacterial flagellin (Uematsu et 

al., 2006) a protein comprising the bacterial flagellum that is absent in 

eukaryotes (Smith et al., 2003). The flagellum is one of the most complex 

structures found in bacteria and is involved in the movement towards an 

optimal environment for growth and survival. 

Another TLR able to recognize protein is TLR11, which is abundant in the 

kidney and bladder and senses uropathogenic bacteria (Zhang et al., 2004). 

Another subfamily includes TLR3, 7, 8, and 9 which are localized 

intracellularly where they detect nucleic acids derived from viruses and 

bacteria. TLR3 recognize double-stranded (ds) RNA that is generated in 
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the lifecycle of RNA viruses during infection (Alexopoulou et al., 2001). 

The TLR7 and TLR8 genes show high homology to each other, and are 

both located on the X chromosome. Mouse TLR7 and human TLR8 

recognize synthetic antiviral imidazoquinoline components and some 

guanine nucleotide analogs as well as uride-rich ssRNA from both viral 

and host origins (Diebold et al., 2004; Heil et al., 2004). DNA viruses 

contain genomes that are rich in CpG-DNA, they can activate 

inflammatory cytokines and interferon type I (IFN) secretion-mediated 

TLR9 regulation (Hochrein et al., 2004; Tabeta et al., 2004). 

 

2.3. Toll-like receptor signaling pathways  
Activation in almost all TLRs, with the exception of TLR3, stimulates a 

signaling pathway involving the initial recruitment of the adaptor protein 

MyD88. There are alternate pathways for transduction of exclusive signals 

for each TLR that regulate the classic signaling pathway and usually do not 

depend on MyD88 participation (Fig.2.1). 

 

2.3.1. MyD88 dependent signaling pathway  

The TIR domain of TLRs begins the signaling pathway by recruiting the 

adaptor molecule MyD88 and then protein kinases. MyD88 is a 45-kDa 

protein presenting three functional domains: a TIR domain at the carboxyl 

terminal, by which it associates to TLR (Janssens and Beyaert, 2002; 

O'Neill et al., 2003); a death domain (DD) in the amino terminal, which 

mediates the interaction with DD present in other proteins (Boldin et al., 

1995); and one intermediate domain (DI), which, downstream, activates the 

protein kinases associated to the receptor of IL-1 (IRAKs). Likewise, a 

study using mice MyD88-/- have demonstrated that MyD88 is a critical 

component in signaling cascade that is mediated by IL-1 receptor as well as 

IL18 receptor (Adachi et al., 1998). The IRAKs family is has four 
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components: IRAK-1, -2, -4 and –M, all of which have a DD in the amino 

terminal and a domain with kinase activity in its central portion. However, 

only IRAK-1 and -4 present kinase activity, since IRAK-2 and –M inhibit 

the IL-1/TLR signaling pathway. The phosphorylated form of IRAK-4 

mediates IRAK-1 phosphorylation, allowing IRAK-1 to separate from the 

TIR/MyD88/IRAK-4/-1 complex, and thus, subsequently, interact with 

TRAF6 (Li et al., 2010; Li et al., 2002). 

TRAF6 is an adaptor molecule found in cytoplasm, which is activated by 

IRAK in the TLRs signal cascade. TRAF6 also activates the inhibitor 

kinases (IKKs) of the nuclear-κB factor (IκB) and those activated by 

mitogen (MAPKs) (Bradley and Pober, 2001; Dadgostar and Cheng, 1998; 

Takaesu et al., 2001) (Fig.2.1). Recently, a zebrafish MyD88-/- mutant has 

been presented as a valuable model for determining the role of TLR and 

IL1R signaling in numerous important processes (van der Vaart et al., 

2013). 

 

2.3.2. MyD88 independent intracellular signaling pathway  
 

Some TLR family components do not need the participation of MyD88 to 

activate innate immune responses. TLR3 and TLR4 activation involves an 

alternative signaling pathway that has been intervened by the TRIF adaptor 

protein (a TIR domain-containing adaptor inducing IFN-β) and TRAM 

(TRIF-related adaptor molecule), apart from interferon 3 and 7 regulatory 

factors, which induce the expression of type I IFN and co-stimulating 

molecules (Lund et al., 2003; Takeda, 2005). 

 
 
 



 
 
 
 
 
 
Interaction between fatty acids and TLR  53 

 
 
Fig. 2.1. Main ligands and signaling pathways of TLRs. (Adapted from (Kawai 
and Akira, 2005). See details in the text. Myeloid differentiation primary response 
gene 88 (MyD88), TIR domain-containing adapter protein (TIRAP), protein 
kinases associated to the receptor of IL-1 (IRAK), TNF receptor associated factor 
(TRAF), TIR-domain-containing adapter-inducing interferon-β (TRIF), receptor 
interacting protein (RIP), (Trif)-related adaptor molecule (TRAM), nuclear factor 
kappa-light-chain-enhancer of activated B cells, mitogen-activated protein kinase 
(MAP kinase), interferón (IFN), lipopolysaccharides (LPS), double-stranded RNA 
(dsRNA), heat shock protein 60 (HSP60), single-strandes RNA (ss RNA), short 
stretch of DNA (CpG DNA).  
 

2.3.3. Toll-like receptor activation, insulin signaling and 

inflammation 

 
As mentioned above, NEFA can activate TLR2 and TL4 in cellular and 

animal models, demonstrating that palmitic acid, the main saturated fatty 

acid, increase the risk of insulin resistance through of a proinflammatory 
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signaling activation (Davis et al., 2008; Ehses et al., 2010; Himes and 

Smith, 2010; Kim et al., 2007; Kleinridders et al., 2009; Nguyen et al., 

2007; Shi et al., 2006; Suganami et al., 2007). Recently, Holland et al. 

showed that insulin resistance mediated by TLR4 activation requires 

saturated fatty acid-induced ceramides biosynthesis in mice (Holland et al., 

2011). Nonetheless, studies published in 2009 cast doubt on the relation 

between NEFA and TLR activation. Erridge et al. suggested that NEFA-

induced TLR activation was due to possible BSA contamination used for 

solubilizing fatty acids in cell culture system (Erridge and Samani, 2009) 

but a recent study, without user BSA, has confirmed that TLR activation is 

induced by the presence of NEFA (Huang et al., 2012). On the other hand, 

NEFA were shown not to bind directly to TLR4/MD-2 in adipose tissue 

(Schaeffler et al., 2009), but Fetuin-A (FetA), a liver secretory glycoprotein 

that acts as a major carrier protein of NEFA in the blood circulation 

(Cayatte et al., 1990) could be an endogenous ligand of TLR4 promoting 

lipids-induce insulin resistance and inflammation (Pal et al., 2012). 

 

2.4. Mitogen-activated kinases pathway 
 

The intracellular signaling pathway involving mitogen-activated kinases 

(MAPKs) participates in a variety of cellular processes. The MAPK family 

is composed of four distinct signaling modulates in skeletal muscle 

(Kramer and Goodyear, 2007). 

• Extracellular-signal-regulated kinases (ERK) 1 and 2 (ERK 1/2) 

• c-Jun amino-terminal kinases (JNK)  

• p38 MAPK 

• ERK5 or big MAPK 

 

Each MAPK family is formed by a group of three progressively conserved 
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kinases, sequentially activated: one MAPK, one MAPK kinase (MAPKK) 

and one MAPKK kinase (MAPKKK). MAPKKK are serine/threonine 

kinases activated through phosphorylation or as a result of their interaction 

with small G proteins (from the Ras/Rho family), in response to 

extracellular stimuli (Kolch et al., 2005).   

 

This activation leads to MAPKK phosphorylation and activation that 

stimulates MAPK through dual phosphorylation in its threonine/tyrosine 

residues located in the activation site of sub-domain VIII (Seger et al., 

1994). 

 

The functions of MAPKs are linked to phosphorylation of different 

substrates including phospholipases, transcription factors, and cytoskeletal 

proteins, among others (Kramer and Goodyear, 2007). Recently, a study 

demonstrated that a novel mitogen-activated protein 4 kinase 4 (Map4k4) 

is a suppressor of skeletal muscle differentiation in C2C12 myoblast 

(Wang et al., 2013). 

 

However, the most-studied and better-characterized groups in vertebrates 

are ERK1/2,  JNK and p38 MAPK. These MAPKs are activated by a great 

range of different stimuli, but in general, ERK1 and ERK2 are induced 

preferably in response to stressing stimuli, such as osmotic shock, 

ultraviolet radiation (UV) or cytokines (Pearson et al., 2001). Despite that 

ERK5 is abundantly expressed in skeletal muscle (Zhou et al., 1995) has 

not been sufficiently studied following exercise.  

 

The ERK 1/2 family, made up of classic mitogen kinases, activates mostly 

due to growth factors, serum and phorbol ester, as well as to receptors 

ligands coupled to G proteins, osmotic stress, cytokines and microtubules 

disorganization (Roux and Blenis, 2004). In basal conditions, ERK is 
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distributed in the whole cell, accumulating in the nucleus in response to 

specific stimuli, to regulate important processes such as cellular 

proliferation (Chen et al., 1992). Once ERK1 and ERK2 are activated, 

numerous substrates phosphorylate in several cell compartments including 

membrane proteins, nuclear proteins and cytoskeletal components. 

 

The JNK family is strongly activated in reaction to cytokines, UV 

irradiation, growth factor deprivation, DNA damaging-agents, or by G-

protein coupled receptors, serum and growth factors (Kyriakis and Avruch, 

2001). Once activated, JNK changes its subcellular distribution from the 

cytoplasm to the nucleus allowing the phosphorylation of transcription 

factors such as c-Jun (Khurana and Dey, 2004; Mizukami et al., 1997). 

 

p38 MAPK presents four isoforms (α, β, γ and δ) which activate mostly in 

reaction to stimuli such as environmental stress and inflammatory 

cytokines, for example, oxidative stress, UV radiation, hypoxia, ischemia 

and various cytokine, including interleukin-1 (IL-1) and alpha tumor 

necrosis (TNF-α) (Roux and Blenis, 2004). p38 has been identified both in 

the cytoplasm (Ben-Levy et al., 1998) and in the cell nucleus (Raingeaud et 

al., 1995). 

 

There is considerable evidence that p38 MAPK activity is essential both 

for normal immune response and for inflammatory status. For example, 

p38 MAPK is activated in macrophages stimulated with cytokines, 

chemokines and bacterial products in general, and it participates in 

exocytosis, adherence and apoptosis (Karahashi et al., 2000). p38 MAPK 

also regulates, at the mRNA level, the expression of cytokines involved in 

inflammatory processes, as well as the expression of surface localization 

receptors (Meusel and Imani, 2003; Zarubin and Han, 2005). 
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Activated p38 MAPK, has been shown to regulate several cellular targets, 

including ATF1 transcription factors (activating transcription factor 1) and 

AP-1, which are involved in pro-inflammatory cytokines-expression 

regulation and innate immunity molecules (Kyriakis and Avruch, 2001). 

 

2.5. Nuclear Factor -кB (NF-kB) 
 

The NF-κB transcription factor is an important gene regulator that alters 

the production of over 150 genes, including those encoding cytokines, 

immune, and antigen-presenting receptors, and regulators of redox status, 

acute phase response, apoptosis, cachexia and disuse atrophy, and host 

defense (Petersen and Pedersen, 2005), contributing to the pathogenesis of 

chronic inflammatory processes. 

In neutrophils, macrophages, lymphocytes, endothelial cells, epithelial 

cells, and mesenchymal cells, NF-κB may be activated by a range of 

pathogen stimuli, including bacterial products and viral proteins besides 

cytokines, growth factors, ischemia/reperfusion, and oxidative stress 

(Salminen et al., 2008). The coordinated activation occurring in almost all 

cell types involves an inflammatory response, which is an integral part of 

the defensive response to pathogens and stress (Makarov, 2000). 

 

NF-κB is a transcription factor that includes the Rel protein family RelA 

(p65), c-Real, RelB, NF-κB 1 (p50), and NF-κB2 (p52) (Delhalle et al., 

2004). The most abundant form in stimulated cells is the RelA/NF-κB 

(p65/p50) heterodimer. In cells without stimuli, the NF-κB is found, in a 

latent form, in the cytoplasm and has to be translocated towards the 

nucleus in order to function. NF-κB cytoplasmic retention is supplied by 

the interaction of an inhibiting protein known as IκB (Gilmore, 2006). 

 

Activation of NF-κB complexes is mediated by degradation of IκB.  The 
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IκB family is integrated by IκBα, IκBβ, IκBε, NF-κB p100, NF-κB p100 

(Hayden and Ghosh, 2008). Actually, various approaches have been 

employed to inhibit NF-κB using in vitro and in vivo experimental models 

(Gilmore and Garbati, 2011). 

 

The signaling process induced by IκB involves successive phosphorylation, 

ubiquitination and proteasomal degradation steps, which are controlled by 

three long multiprotein complexes, called IκB kinase (IKK) (Gilmore, 

2006). 

 

It has also been shown that NF-κB stimulates the enzymes expression, the 

products of which contribute to the inflammatory process pathogenesis, 

including the iNOS inducible form that generates nitric oxide and the 

inducible cyclooxygenase COX-2 enzyme (Yamamoto and Gaynor, 2001). 

 

2.6. Toll-like receptors and exercise. 
 

The first studies onto relationship between exercise and TLRs date back to 

2003 when Kyle Timmerman and his team became interested in a possible 

reduction in Tlr4/CD14 mRNA expressed on monocyte in older women 

after to resistive exercise training (Flynn et al., 2003). One year later, the 

same team found that trained elderly women showed a cell-surface TLR4 

reduction. Nervertheless, the inflammatory response to LPS stimulation 

was not reduced (McFarlin et al., 2004). However, another study 

demonstrated that regular physical activity, regardless of age, may have an 

anti-inflammatory effect caused by cell-surface TLR4 reduction, lower 

LPS-stimulation of cytokines and lower serum high-sensitivity C-reactive 

protein (hsCRP) (McFarlin et al., 2006). Furthermore, moderate endurance 

exercise (∼65%VO2max) at a high temperature (34 degrees C) for 1.5 

hours decreased TLR1, TLR2 and TLR4 expression on CD14+ monocytes 
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from peripheral venous blood samples from healthy subjects (Lancaster et 

al., 2005).  

Exhaustive exercise is known to increase the production of cytokines in 

adipose tissue (Rosa Neto et al., 2009). This mechanism could be mediated 

by TLR4-signaling resulting in a DNA-binding of NF-κB activation in rat 

adipose tissue. This provides fuel not only during exhaustive exercise, but 

also during the recovery period by increasing adipose tissue lipid 

recruitment (Rosa et al., 2011). 

Two recent studies in humans have shown that TLR4 signaling after 

exercise may play a role in proinflammatory response. Twenty males were 

divided into a control group and a training group. Both groups were 

subjected to two acute eccentric exercise protocols separated by a 9-week 

interval. The training group performed a 6 week long eccentric training 

program. Acute eccentric exercise increased Tlr4 mRNA, TLR4 protein, 

cytokines proinflammatory, IKK and ERK phosphorylation. In addition, a 

6 week of eccentric training reduced TLR4-mediated activation of the 

proinflammatory response without showing an increase in phospho-IKK, 

phospho-ERK and Tnf-α mRNA after the second acute eccentric in 

peripheral blood mononuclear cells (Fernandez-Gonzalo et al., 2012). 

However, a 12 week long resistance training program in obese women was 

not capable of inducing a Tlr4 mRNA reduction in whole blood (Phillips et 

al., 2012). Unfortunately, however this study did not measure the cell 

surface expression of TLR4. 

To date, few studies have focused on the effect of exercise on TLR 

signaling pathways in the muscle (Fig.2), even though TLR2 and TLR4 are 

also present in myocytes (Reyna et al., 2008). Lambert et al. demonstrated 

that exercise but not diet-induced weight loss decreases inflammatory gene 

expression in obese elderly individuals (Lambert et al., 2008). They have 

shown that 12 week exercise program (a mix of aerobic and anaerobic 

exercise) was capable of decreasing Il-6 and Tnf-α mRNA expression but 
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without any change in body weight. Conversely, caloric restriction induced 

weight loss but without affecting Il-6 and Tnf-α. The reduction in muscle 

inflammation markers can be due to decreases in Tlr4 mRNA expression 

induced by exercise. Weight loss by diet did not caused TLR4 reduction in 

skeletal muscle, possibly because of a low abundance of CD68+ cell 

(macrophages) in this tissue (Lambert et al., 2008).  

In another study (Zanchi et al., 2010), 12 week of resistance training 

predominantly composed of concentric stimuli, in healthy rats showed a 

decreased expression of Tnf-α (-40%) and Tlr4 mRNA (-60%). The 

importance of this study was the protocol used; a low frequency/low 

volume program known as “non-damaging” resistance training capable to 

preventing muscle inflammation (important as a form of therapy in 

inflammatory disease). Furthermore, acute and chronic exercise could 

suppress TLR4 signaling pathways in the liver, muscle, and adipose tissue, 

reduces LPS serum levels, and improved insulin signaling and sensitivity 

in DIO rats. These phenomena were accompanied by a reduction in JNK 

and IKKβ phosphorylation and IRS-1 serine 307 phosphorylation (Oliveira 

et al., 2011). 

 

 

 

 

 

 
Fig. 2.2. Hypothetical role of Toll-like receptors in skeletal muscle. Chronic 
activation of TLR may induce insulin resistance and inflammation. However, an 
acute TLR activation could protect against these diseases and trigger adpatations 
in skeletal muscle.  

 
 

In conclusion, few studies have examined the effect of exercise mediated 

by TLR on metabolic pathways such as protein synthesis, fatty acids 
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synthesis and glycogen synthesis in skeletal muscle. Currently, studies are 

mainly focused on glucose uptake and inflammation. However, TLR are 

found in non-immune cells making them an important target in distinct 

metabolic pathways.  
 

2.7. Crosstalk between p38 MAPK and PKB-mTOR-

S6K1 signaling pathways 
 

As previously described p38 MAPK functions in a number of cellular 

processes including cell growth, cell differentiation, cell cycle and 

apoptosis. Many extracellular stimuli, including growth factors and 

hormones, could activate the p38 pathways. Studies indicate that p38 

participates in intracellular processes affecting the myogenesis (Zarubin 

and Han, 2005). One approach is that the role of p38 during differentiation 

involves MyoD and the MEF family. MyoD and MEF are transcription 

factors affected by p38 MAPK isoforms (p38α and β), using a known 

inhibitor of these isoforms (SB203580), have been involved in myoblast 

differentiation (Cuenda and Cohen, 1999a; Wu et al., 2000). Beside p38, 

there are other important signaling pathways involved in myogenesis 

processes. The relationship of these pathways to the p38 pathways is 

interesting. For example, a major signaling pathway in differentiation 

processes includes PI3-K impacting on PKB-mTOR-S6K1 pathways 

(Fig.2.3).  

A study by Tamir and Bengal (Tamir and Bengal, 2000) shows that PI3-K 

affects skeletal muscle differentiation by inducing phosphorylation and 

transcriptional activity of MEF2 proteins in a parallel but distinct route 

from p38 MAPK (Tamir and Bengal, 2000). In addition, they have shown 

that p38 is not affected by PI3-K in skeletal muscle. 

With respect to a possible crosstalk between p38-PKB, two studies have 
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been able to identify this relationship. Once p38 is activated, it may induce 

PKB activation in C2C12 cells during myogenic differentiation. The same 

study has shown that this mechanism was not reciprocal since PKB did not 

affect p38 activation (Cabane et al., 2004). This crosstalk would happen 24 

hours following p38 activation through a mechanism implicating PKB2 by 

Ser473 phosphorylation (Gonzalez et al., 2004) (Fig.2.3). In addition, to 

p38-induced PKB activation, the same group has shown that the inhibition 

of PI3-K regulates p38 activation. This demonstrates that reciprocal 

communication between both pathways is implicated in myogenic 

regulation. The latter is still, however, under debate. The use of different 

inhibitors and their concentrations may explain the differences observed 

between these studies. 

An interesting crosstalk between p38 and S6K1 was observed for the first 

time by Cuenda and Cohen (Cuenda and Cohen, 1999b). They showed the 

differentiation of myoblast to myotubes happened together with a strong 

S6K1 and of p38 activation, without affecting ERK MAPK protein and 

with only a slight activation on JNK MAPK and PKB. With the aid of SB 

203580, a known inhibitor of p38, the authors were able to demonstrate a 

slow activation of S6K1, which had no effect on myotube formation in 

C2C12. Deldicque et al. demonstrated that creatine enhances 

differentiation in C2C12 by activating both p38 MAPK and PKB pathways 

(Deldicque et al., 2007). Another study by Deldicque et al. on humans 

showed that, immediately after resistance exercise, an increase of S6K1 on 

Thr421/Ser424 phosphorylation occurred. This was accompanied by an 

elevated p38 MAPK and ERK phosphorylation in the skeletal muscles. 

Furthermore, SB 202190 and PD 098059 (an ERK inhibitor) were able to 

decrease S6K1 on Thr421/Ser424 phosphorylation in C2C12 cells 

(Deldicque et al., 2008) (Fig. 2.3).  
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Fig. 2.3. Hypothetical crosstalk between p38 MAPK and insulin signaling 
pathways. See details in the text. Briefly, p38 MAPK may induce myogenesis 
through both MyoD and MEF transcription and S6K1 activation.  
 

In conclusion, the relationship between p38 MAPK and PI3-K/PKB is still 

controversial. On the other hand, for the abovementioned reasons, the 

crosstalk between p38 MAPK and S6K1 proteins could be an important 

subject in studying cell differentiation processes. 
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The mechanisms by which the MAPK family is activated during exercise are 

not fully understood. Local activation mechanisms could be implicated, such 

as reactive oxygen species, cell acidification, and mechanical perturbations 

(Kramer and Goodyear, 2007). TLR are transmembrane proteins that detect 

a variety of molecular components, including NEFA. Endurance exercise 

provokes an elevated plasma NEFA release from adipose tissue in order to 

contribute to the energy supply of skeletal muscle.  

Current knowledge about the potential control points that regulate fat 

metabolism from the release of plasma NEFA to the metabolism of the β-

oxidation were described in the first chapter. TLR are highly expressed in 

the cells of the immune system, but TLR2 and TLR4 are also found in 

various other cells types, including myocytes (Reyna et al., 2008). Their 

functions, structure and the downstream signaling pathways including the 

MAPK family and NF-κB have been addressed in this chapter. In addition, 

we addressed the potential interaction between p38 MAPK and S6K1 

protein. 

 

In the next chapter, we will present results showing that TLR2 and TLR4 

activation induces p38 MAPK phosphorylation and a concomitant S6K1 

activation in C2C12. Data acquired using pharmacological and genetic tools 

support the idea that palmitic acid (PA) can activate TLR2 and TLR4, which 

trigger a signalling pathway leading to an increase of p38 MAPK and S6K1 

activation through a crosstalk between these two proteins. 

 

Endurance exercise results in an increased plasma NEFA. In the fifth 

chapter, we will present evidence suggesting that the activation of MAPK 

observed after endurance exercise might be initiated by circulating NEFA 

via a signal transduced by TLR2 and TLR4.  

 

Thanks to data obtained from muscle biopsies taken in the vastus lateralis of 
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healthy subjects and diabetics, in Chapter 6, we will present human results 

supporting the same hypothesis. Acipimox administration prevents the 

elevation of plasma NEFA during exercise. We will show that blocking a 

plasma NEFA increase with acipimox blunts the MAPK activation during 

endurance exercise, both in healthy subjects and diabetic patients. 

  

The results of each experimental protocol will be discussed at the end of the 

relevant chapter. In Chapter 7, we will discuss the data as a whole and we 

will develop general perspectives regarding the interaction of plasma NEFA 

released from adipose tissue during endurance exercise and the activation of 

TLR2 and TLR4. This mechanism will provide new insights into the MAPK 

activation induced by endurance exercise. 
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Abstract 

Toll-like receptors 2 (TLR2) and 4 (TLR4) are present in the plasma 

membrane of skeletal muscle cells where their functions remain 

incompletely resolved. They are able to bind various extra-cellular ligands, 

such as FSL-1, lipopolysaccharide (LPS) and/or palmitic acid (PA). The 

purpose of this study was to investigate the link between PA, TLR2/4, and 

ribosomal S6 kinase 1 (S6K1) in C2C12 myotubes. Incubation with agonists 

of either TLR2 or TLR4, as well as incubation with high concentration of 

PA, led to an increase in S6K1 phosphorylation level. Canonical upstream 

kinases of S6K1, protein kinase B (PKB) and mammalian target of 

rapamycin complex 1 (mTORC1), were regulated in the opposite way by 

PA, indicating that those kinases were probably not involved. By using the 

SB202190 inhibitor, we evidenced that p38 MAPK was a key mediator of 

PA-induced phosphorylation of S6K1. Down-regulation of either tlr2 or tlr4 

gene expression by small interfering RNAs prevented the activation of both 

p38 MAPK and S6K1 by FSL-1, LPS or PA. In summary, our results 

showed that TLR2 and TLR4 agonists are able to increase the level of S6K1 

phosphorylation in a p38 MAPK dependent way in C2C12 myotubes. As PA 

induced the same intracellular signaling, we evidenced for the first time an 

atypical pathway for PA that is induced at the cellular membrane level and 

results in a higher phosphorylation state of S6K1. 

 

Keywords 

Palmitic acid, muscle, lipopolysaccharide, PKB, mTOR, cell signalling 
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Introduction 

Toll-like receptors (TLRs) play a major role in the immune response and are 

implicated in septic shock and in chronic diseases, amongst other. TLRs are 

expressed in various tissues. In white blood cells, they are known to induce 

the production of cytokines such as tumor necrosis factor-a (TNF-a), 

interleukin-1a (IL1a) and interleukin-6 (IL6), via nuclear factor-kappa B 

(NF-kB) and mitogen-activated protein kinases (MAPK) signaling (Akira et 

al., 2003, West et al., 2006). More than 70% of the TLR family is expressed 

in C2C12 myoblasts and myotubes, but their roles are still under 

investigation (Frost et al., 2006). The most frequently expressed, TLR2 and 

TLR4, have been shown to play a role in insulin resistance and 

atherosclerosis induced by a high-fat diet in animal models (Caricilli et al. , 

2008, Madan and Amar, 2008, Radin et al. , 2008). 

 

Palmitic acid (PA), a long chain saturated fatty acid, is acutely and highly 

increased during endurance exercise. while it is chronically and moderately 

elevated in obesity and type 2 diabetes. These two conditions are associated 

with both insulin resistance and proinflammatory cytokines production, the 

first situation being transitory whereas the second one being chronic (Boden, 

2003). PA is capable of activating TLR2 pathway in C2C12 myogenic cells 

(Senn, 2006) and TLR4 in the RAW264.7 macrophage cell line and in 3T3-

L1 preadipocytes (Shi et al. 2006). Therefore, besides its role as energy 

substrate, extra-cellular PA is suggested to activate intra-cellular signaling 

pathways (Clarke, 2004). 

 

Insulin activates the PKB (protein kinase B) pathway leading to an increased 

activity of mTORC1 (mammalian target of rapamycin complex 1) and S6K1 

(ribosomal S6 kinase 1). The latter is a Ser/Thr protein kinase that catalyses 
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the phosphorylation of S6 protein, a component of the eukaryotic ribosomal 

40S subunit which is essential for increasing protein synthesis (Baar and 

Esser, 1999, Pullen and Thomas, 1997). Activity of S6K1 changes in 

response to growth factors and nutrients signaling, and besides its role in 

protein synthesis, S6K1 may play a role in various pathologies, including 

obesity, diabetes, ageing and cancer. For a detailed review see (Fenton and 

Gout, 2011). 

 

PA is often considered a negative regulator of insulin sensitivity through 

decreased activation of the PKB pathway but the molecular links between 

PA and PKB are not clear. As TLR are likely candidates, the initial purpose 

of the present study was to explore a potential relationship between PA, 

TLR2/4 and the PKB/mTOR/S6K1 pathway. Contrary to our hypothesis, the 

intermediates of this pathway were not regulated in the same way by PA: the 

phosphorylation state of S6K1 was increased whereas PKB and mTOR were 

dephosphorylated. Therefore, we decided to explore a potential regulation of 

PA on S6K1 which we hypothesized to be transduced by TLR and p38 

MAPK. 

2. Material and Methods 

2.1. Cell culture 

C2C12 cells were purchased from the ATCC (Manassas, VA) and incubated 

at 37°C in a humidified atmosphere of 5% CO2. Myoblasts were grown in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine 

serum (FBS), 100 µM non essential amino acids (NEAA), 100 U/ml 

penicillin, 100 µg/ml streptomycin, and 4.5 g/l glucose until 70% confluence 

and differentiated for 72-96h in a medium in which FBS was replaced by 1% 

horse serum. 



 
 
 
 
 
 
TLR2 and TLR4 activate S6K1 in muscle cells  83 

FSL-1 (Pam2Cys-GDPKHPKSF), Ultrapure lipopolysacharride from 

0111:B4 E.coli (LPS) and PA were added to culture medium at a final 

concentration of 0.75 µM, 1 µg/ml, and 0.75 mM for 30 min, 3 hours and 3 

hours, respectively. SB202190 was added to culture medium 15 minutes 

prior addition of either TLR activator. LPS and FSL-1 were dissolved in 

water, SB202190 in DMSO, and PA in ethanol; control vehicle contained the 

same solvant. 

FSL-1 and LPS were obtained from InvivoGen (Toulouse, France), palmitic 

acid (PA, P5585) was purchased from Sigma-Aldrich (Bornem, Belgium) 

and p38 MAPK inhibitor SB202190 was obtained from Alexis Biochemicals 

(Zandhoven, Belgium). 

 

2.2 Protein extraction 

Cells were extracted using the method described by Deldicque et al. (2007). 

Briefly, cells were rinsed with phosphate-buffered saline (PBS) and 

homogenised in an ice-cold lysis buffer containing 20mM Tris, pH 7.0, 

270mM sucrose, 5mM EGTA, 1mM EDTA, 0.1% Triton X-100, 1mM 

sodium orthovanadate, 50mM sodium β-glycerophosphate, 5mM sodium 

pyrophosphate, 50mM sodium fluoride, 1mM 1,4-dithiothreitol (DTT), and a 

protease inhibitor cocktail (Roche Applied Science, Vilvoorde, Belgium). 

Cells homogenates were centrifuged at 10,000g for 10min at 4°C. Protein 

concentration was determined using a DC protein assay kit (Bio-Rad 

Laboratories, Nazareth, Belgium) with bovine serum albumin as a standard. 

Cells lysates were stored at -80°C until subsequent analyses. 

 

2.3 Western blotting. 

Protein lysates (10-20µg) were combined with Laemmli and separated by 

SDS-PAGE (10-12%). After electrophoretic separation (40mA), the proteins 

were transferred to PVDF membranes at 80V for 2h. Membranes were 

blocked for 60min in Tris-buffered saline with 0.1% Tween 20 (TBST) and 
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5% milk. Then, the membranes were incubated overnight at 4°C in TBST 

containing 1% bovine serum albumin and one of the following antibodies: 

anti-phospho-p38 Thr180/Tyr182 (1:1,000), anti-total p38 (1:1,000), anti-

phospho-PKB Ser473 (1:1,000), anti-total PKB (1:1,000), anti-phospho-

mTOR Ser2448 (1:1,000), anti-total mTOR (1:1,000) and anti-TLR2 

(1:1,000) were obtained from Cell Signaling Technology (Leiden, The 

Netherlands). Anti-phospho-S6K1 Ser 389 (1:1,000), anti-total S6K1 

(1:1,000) and anti-TLR4 (1:1,000) were from Santa Cruz Biotechnology. 

Anti-GAPDH (1:20,000) was obtained from Abcam (Cambridge, UK). Anti-

actin (1: 20000) was from BD Transduction laboratories (Erembodegen, 

Belgium). Membranes were washed three times with TBST and were 

incubated with a secondary antibody at room temperature for 60min [anti-

rabbit (1:10,000) or anti-mouse (1:20,000) from Sigma (Bornem, Belgium)]. 

After three additional washes, chemiluminescent detection was carried out 

using an ECL Western blotting kit (Amersham ECL Plus, GE Healthcare, 

Diegem, Belgium). Bands were visualized on film, scanned and quantified 

by densitometry using the ImageMaster 1D image analysis software 

(Amersham-GE Healthcare, Diegem, Belgium).  

 

2.4 Gene silencing 

Ambion Silencer® Select Pre-designed siRNAs against mouse tlr2 and tlr4 

and Silencer® Validated siRNA against gapdh were purchased from 

Ambion International/Applied Biosystems (Huntingdon, UK). Transfection 

of C2C12 cells was performed with Lipofectamine 2000 (Invitrogen, 

Belgium), according to manufacturer’s instructions. Briefly, cells were 

differentiated for 72 hours, then transfected with 50 nM of siRNA in the 

presence of 4 µl Lipofectamine 2000. Transfection durations were 17 and 6 

hours for siRNA against tlr2 and tlr4, respectively. Transfection with siRNA 

against gapdh was included for both durations. Since transfection, antibiotics 
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were omitted from the medium for a 40-hour period, and then re-added. Cell 

harvesting was done 72 hours after transfection. 

 

2.5 Treatment with palmitic acid. 

PA was dissolved in 100% ethanol to a final stock solution of 75mM. The 

final concentration used in all experiments was 0.75mM, diluted in cell 

DMEM media supplemented with 100 µM nonessential amino acids. 

Ethanol was added in all control samples as a vehicle. After 4 days of 

differentiation, matures myotubes were exposed to PA for 3h. 

 

2.6 LAL test 

Limulus Amebocyte Lysate (LAL) concentration was determined using a 

disposal kit (PYROGENT® Ultra – LONZA). LAL test is a qualitative test 

from Gram-negative bacterial endotoxin. It was performed according the 

instructions of the manufacturer. Briefly, Gram-negative bacterial endotoxin 

catalyzes the activation of a proenzyme in the LAL. The initial rate of 

activation is determined by the concentration of endotoxin present. A lysate 

provided (Limulus polyphemus) was used in order to determinate the labeled 

concentration (EU/ml) as Standard Endotoxin. LAL reagent water was used 

as a negative control. 100µl of standard, sample (DMEM with ethanol and 

DMEM with ethanol and palmitic acid) or water was diluted with 100µl of 

reconstituted lysate into the appropriate 10 x 75 mm tube. After being 

mixed, the tubes were placed in a 37ºC hot water for a 60-minute incubation. 

After exactly 60 min, the absorbance was measured at 405nm using a 

microplate reader FLUOstar OPTIMA (BMG Labtech). 

 

2.7 Statistical analysis 

All results are shown as means ± SEM from 4 independent experiments. 

Student’s unpaired t-test was used for comparing groups, with the exception 

of figure 2 after incubation with palmitic acid, FSL and LPS with or without 
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p38 MAPK inhibitor, where a two-way ANOVA and Bonferroni post-hoc 

tests were used. Statistical threshold was set at P<0.05. 

 

3. Results 

3.1 Incubation of C2C12 myotubes with palmitic acid results in a PKB-

independent p38 MAPK-dependent increase in the phosphorylation state of 

S6K1 

In C2C12 myotubes, a 3 hour incubation with 0.75 mM PA resulted in a 

40% decrease in PKB phosphorylation, as compared to incubation with the 

vehicle alone (P<0.05; Fig. 4.1A). Likewise, phosphorylation level of 

mTOR, a kinase downstream of PKB, was reduced by ~50% after C2C12 

myotube incubation with PA (P<0.05; Fig. 4.1B). However, in the same 

conditions, incubation with PA resulted in a 1.7-fold increase in p38 MAPK 

and in a 1.6-fold increase in S6K1 phosphorylation levels (P<0.05 in both 

case; Fig. 4.1C & 4.1D). 

 

 

 
Fig. 4.1. Effect of a 3 hour 
0.75mM palmitic acid 
incubation on the 
phosphorylation state of PKB 
(A), mTORC1 (B), p38 
MAPK (C) and S6K1 (D) in 
C2C12 cells. Results were 
normalized to the untreated 
(control) groups. n=4 / group. 
*: P < 0.05 versus control. 
Representative western blots 
are shown 
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A 30 minute incubation with 0.75 µM FSL-1 (a synthetic diacylated 

lipoprotein TLR2 agonist) resulted in a 2-fold increase in S6K1 

phosphorylation (P<0.001; Fig. 4.2). This effect was not observed when the 

cultures were pre-treated with SB202190, suggesting that p38 MAPK is 

controlling S6K1 phosphorylation. Likewise, TLR4 activation induced by 3 

hour incubation process with 1 µg/ml LPS (lipopolysaccharide, a TLR4 

agonist) resulted in a 1.5-fold increase in S6K1 phosphorylation (P=0.002), 

which was repressed by the inhibitor of p38 MAPK. The same effect was 

observed after incubation with 0.75 mM PA for 3 hours (1.7-fold increase, P 

=0.002).                              

 
Fig. 4.2. Phosphorylation of S6K1 is induced by FSL-1, LPS and palmitic acid in 
C2C12 myotubes. SB202190 is a p38 MAPK antagonist. Results were normalized to 
the untreated (control) groups. **: P < 0.01 and ***: P < 0.001 versus controls (n = 
4-5 / group). 
 

3.2 Downregulation of TLR2 or TLR4 protein expression prevents 

palmitic acid-induced phosphorylation of p38 MAPK and S6K1 in 

C2C12 myotubes 

To further explore the link between PA, p38 MAPK and S6K1 in muscle 

cells, we transfected C2C12 myotubes by either an anti-tlr2 or an anti-tlr4 

siRNA.  
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First we made sure that downregulation of TLR expression using small 

interfering oligonucleotides was significant and specific. As compared to 

transfection with an anti-gapdh siRNA, the levels of TLR2 and TLR4 

proteins were decreased by 46% (P <0.05) and 35% (P <0.001), 

respectively (Figs 4A & 4B). No significant off-target effect was observed, 

since neither TLR2 protein content was change after anti-tlr4 transfection 

(Fig. 4.3A), nor TLR4 protein content was modified after anti-tlr2 

transfection (Fig. 4.3B). As compared to non-transfected myotubes, 

transfection of anti-gapdh siRNA resulted in a reduction of GAPDH protein 

expression of 58% (P <0.001) and 61% (P <0.001), using the protocol of 

anti-tlr2 or anti-tlr4 siRNAs, respectively (see Materials and Methods 

section). Furthermore, transfection with anti-gapdh siRNA had no effect on 

TLR2 and TLR4 protein expression, with actin protein being used as gel 

loading control (not shown). 

In C2C12 cells transfected with anti-tlr2 siRNA, no increase in the 

phosphorylation levels of p38 MAPK and S6K1 was observed upon 

incubation with PA, while it was the case when C2C12 myotubes were 

transfected with anti-gapdh siRNA (+100% for p38 MAPK, P <0.05, Fig. 

4.3C; +78% for S6K1, P <0.05, Fig. 4.3E). Similar results were observed 

when comparing the effect of PA on C2C12 myotubes after either anti-

gadph or anti-tlr4: a significant increase in the phosphorylation levels of p38 

MAPK (+100%, P =0.002) and S6K1 (+89%, P=0.009) was seen only in 

control anti-gapdh transfected cells (Figs. 4.3D & 4.3F). 
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Fig. 4.3. TLR-mediated activation of p38 MAPK and S6K1 by palmitic acid. TLR2 
and TLR4 protein expression are specifically downregulated after transfection with 
anti-tlr2 (A) or anti-tlr4 (B), respectively. The effect of 0.75mM palmitic acid on 
p38 MAPK and S6K1 phosphorylation was assessed in C2C12 cells transfected with 
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anti-gapdh (control) anti-tlr2 (C & E) or anti-tlr4 (D & F) siRNA. n=4 / group. 
Values are reported to cells transfected with anti-gapdh and exposed with a vehicle. 
*: P < 0.05 and **: P < 0.01, versus control (n=4 / group). Representative western 
blots are shown. 
 
 
3.3 In C2C12 myotubes, S6K1 phosphorylation is increased by 

stimulation of either TLR2 or TLR4 receptors 

 

To ascertain that TLR stimulation results in an increase in S6K1 

phosphorylation as seen after PA incubation, C2C12 myotubes were 

submitted to either a 30-min 0.75µM FSL-1 or a 3-h 1µg/ml LPS incubation. 

In control myotubes transfected with anti-gapdh siRNA, FSL-1 and LPS 

induced a 1.8-fold (P <0.05, Fig. 4.4A) and a 1.7-fold increase in S6K1 

phosphorylation (P <0.05, Fig. 4.4B), respectively. As expected, FSL-1 did 

not produce any change in S6K1 in C2C12 myotubes transfected with anti-

tlr2 siRNA (Fig. 4.4A). Similarly, transfection with anti-tlr4 siRNA 

prevented the LPS-induced change in S6K1 phosphorylation (Fig. 4.4B).  

To further investigate the activation of S6K1 induced by TLR2 and TLR4 

agonists in muscle cells, we first measured the levels of phosphorylation of 

p38 MAPK. Both FSL-1 and LPS induced significant increases in control 

myotubes transfected with anti-gapdh siRNA [FSL-1: 2.2-fold (P <0.05) 

and LPS: 1.9-fold (P <0.05), Fig. 4.4C & 4.4D]. When transfected with the 

appropriate siRNA, this effect was not detected (Fig. 4.4C & 4.4D). 

Additionally, as previously mentioned, pre-incubation with p38 MAPK 

inhibitor SB202190 prevented both FSL1- and LPS-induced phosphorylation 

of S6K1 (Fig. 4.2) suggesting that p38 MAPK is essential to induce the TLR 

related S6K1 phosphorylation in cultured myotubes. 
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Fig. 4.4. Activation of p38 MAPK and S6K1 by agonist of TLR2 and TLR4 receptor. 
Phosphorylation levels of S6K1 and p38 MAPK protein induced by incubation with 
FSL-1 or LPS were measured in myotubes transfected with anti-gapdh siRNA 
(control) anti-tlr2 (A & C) or anti-tlr4 (B & D). S6K1 phosphorylation was analyzed 
without (-) and with (+) FSL-1 (A) or LPS (B) after transfection with anti-tlr2 or 
anti-tlr4, respectively. Under the same conditions, representative western-blot 
reflecting p38 MAPK are shown to demonstrate a similar increase in levels of S6K1 
and p38 MAPK after incubation with both FSL-1 (C) and LPS (D). *: P < 0.05 
versus control (n=4 / group). 
 
4. Discussion 
In this study, we clearly established a link between TLR2/4, p38 MAPK and 

S6K1 in C2C12 myotubes. Incubation with either FSL-1, LPS or PA led to 

rapid increase of S6K1 phosphorylation level, in a p38 MAPK dependent 

way, beyond a known inhibition of the PKB-mTORC1 pathway. 

 

4.1. Palmitic acid as a signaling molecule for myotubes 

In several studies in 3T3-L1 adipocytes and C2C12 myotubes, incubating the 

cells with 0.75 mM free PA diminished the phosphorylation levels of PKB 
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(Chavez and Summers, 2003, Schmitz-Peiffer et al., 1999). While this 

decrease was suspected to lower downstream S6K1 activation, we found, to 

the contrary, that PA application for 3 hours resulted in increased S6K1 

phosphorylation. This observation indicates that another kinase is able to 

activate S6K1, reversing the effect of PKB inhibition on S6K1. Only two 

studies reported an increase in S6K1 phosphorylation after PA incubation in 

muscle (Ragheb et al., 2009, Wang et al., 2010). Both authors found 

concomitant decrease in the phosphorylation state of PKB. 

The relationship between activation of TLR2/4 and insulin resistance was 

demonstrated in cell (Senn 2006), animal (Shi et al. 2006) and human 

(Lambert et al. 2008) models. Our results confirm that a decreased activity 

of the IRS/PKB pathway is implicated in this phenomenon. However, the 

clear relationship between the activation of TLR2/4 by various ligands 

amongst which PA and the dephosphorylation of PKB have still to be 

elucidated. Considering the results reported in the present paper, the most 

direct hypothesis is the negative feedback mechanism exerted by S6K1 on 

PKB (Tremblay and Marette, 2001). However another mechanism 

implicating the activation of the IKK/NF-kB pathway by TLR2/4 might not 

be ruled out. Indeed, TLR2/4 activate the pro-inflammatory program of the 

cell via the IKK/NF-kB pathway. Infusion of PA in WT mice resulted in an 

increased expression of IL6 and TNF-a whereas the same response was not 

observed in TLR4-/- mice (Shi et al. 2006). Therefore, the dephosphorylation 

of PKB reported in the present paper may potentially be related to an 

inhibition of IRS initiated by a pro-inflammatory process induced by 

TLR2/4 activation. 

 

4.2. Crosstalk between S6K1 and p38 MAPK  

We explored p38 MAPK as an upstream activator of S6K1 because we and 

others previously reported such crosstalk in C2C12 (Cuenda and Cohen, 

1999, Deldicque et al., 2008) and because it has been showed to be 
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phosphorylated in a TLR2 dependent manner in the same cell line (Senn, 

2006). We confirmed that PA induced an increase in p38 MAPK 

phosphorylation in our conditions. When cells were pre-treated with 

SB202190, a widely used p38 MAPK inhibitor, PA-induced S6K1 

phosphorylation was totally repressed, indicating the presence of a crosstalk 

between p38 MAPK and S6K1 during PA incubation. Since pre-treatment 

with SB202190 decreased the basal levels of S6K1 phosphorylation by 

∼60%, it is probable that the crosstalk also exists at a basal state without PA 

stimulation. Although the role of S6K1 in protein synthesis is well known, 

the role of the crosstalk between p38 MAPK and S6K1 is still unresolved 

(Cuenda and Cohen, 1999, Deldicque et al., 2007). 

Noteworthy, long-term administration of PA to L6 muscle cells was showed 

to reduce the phosphorylation state of S6K1 observed after insulin 

administration (Dimopoulos et al., 2006), Hence, brief elevation of 

extracellular PA concentration, as what was reproduced in our in vitro 

conditions, could activate S6K1 via a MAPK-dependent PKB/mTORC1-

independent pathway, while longer stimulation could induce 

PKB/mTORC1/S6K1 inhibition. This may explain how muscle adapts 

differentially to a steep elevation of plasma free fatty acid, as observed 

during exercise (van Loon et al., 2005), or to a prolonged mild elevation of 

PA, as observed in diabetes and obesity. S6K1 phosphorylation was 

correlated with increased skeletal muscle mass in both animals (Baar and 

Esser, 1999, Nader et al., 2005) and humans (Koopman et al., 2006, Terzis et 

al., 2008). However, we had no opportunity for measuring incorporation of a 

labelled amino acid. Therefore, the correlation between S6K1 and protein 

synthesis relies on previous findings in the same systems. Further 

confirmation that short-lasting elevation of PA is able to activate protein 

synthesis will bring valuable information on the in vivo relevance of our 

findings in vitro.  
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4.3. Pharmacological and genetic controls 

PA can induce cellular signaling via either intra- or extracellular action (Aas 

et al., 2005). We investigated the second way of action, since PA was 

reported to activate TLR in different cell types (Caricilli, Nascimento, 2008, 

Reyna et al. , 2008, Senn, 2006, Shi et al., 2006, Varma et al., 2009). We 

further investigated TLR2 and TLR4 pathways using two techniques, 

namely agonist assay and gene silencing. Either FSL-1 or LPS induced an 

activation of S6K1 mediated by p38 MAPK, thus indicating that both TLR2 

and TLR4 receptors are functional in the myotube model that we used. 

While p38 MAPK is one of the canonical targets of TLR2 and TLR4, further 

increased phosphorylation of S6K1 after incubation with TLR agonist was 

only reported once in macrophages (Esser et al., 2011). 

Small interfering RNA against tlr2 was efficient in reducing TLR2 protein 

content by 46%. Although the direct repression of TLR2 was not mentioned 

in his paper, Senn reported a similar ~50% decrease of interleukin 6 

expression, a downstream product of TLR activation (Senn, 2006). 

Interestingly, a ~50% decrease in TLR2 expression was sufficient to prevent 

further signaling induced by FSL-1. This was also true for TLR4: LPS did 

not produce any downstream phosphorylation of p38 MAPK or S6K1 when 

the receptor was knocked down by ~50%. Therefore, we hypothesize that a 

TLR activation threshold (depending on the number of receptors) exists 

below which no activation of p38 MAPK would be possible. Furthermore, 

when knocking down either tlr2 or tlr4 gene expression, we observed a 

dramatic decrease in the activation of p38 MAPK and S6K1 phosphorylation 

by PA, thus strongly suggesting that these effects were related to the 

extracellular binding of PA to TLR2 or TLR4. This also suggests some kind 

of synergy between TLR2 and TLR4 to mediate PA-induced signaling. 

Although no direct interaction has been found between the receptors, 

cooperation between TLR2 and TLR4 has been reported in brain microglia 

(Laflamme et al., 2003). 
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4.4. Potential contaminants 

To avoid any effects due to endotoxin contamination of commercially 

available preparations of bovine serum albumin (BSA), we added PA to 

culture medium, without the adjunction of BSA. Contrary to us, in the same 

BSA-free condition, Errigde and Samani (2009) did not report any change in 

p38 MAPK in C2C12 cells exposed to 0.1mM PA. The different results 

between both studies could be explained by the different PA concentration 

used and the differentiation state of the cells. To further discard a role of 

endotoxins, we performed a LAL test on PA-containing media, as well as 

media containing PA vehicle, i.e. ethanol (data not shown).  

 

5. CONCLUSION 

In conclusion, we showed that TLR2 and TLR4 agonists are able to increase 

the level of S6K1 phosphorylation in a p38 MAPK dependent way in C2C12 

myotubes. Furthermore PA, an endogenous ligand of TLR, induced the same 

intracellular signaling. Our results evidenced for the first time an atypical 

pathway for PA that is induced at the cellular membrane level and results in 

a higher phosphorylation state of S6K1 via activation of TLR and 

phosphorylation of p38 MAPK. 
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Abstract 

Purpose: Toll-like receptors 2 and 4 (TLR2, TLR4) are found in the 

membrane of skeletal muscle cells. It is known that a variety of molecular 

components amongst which the long-chain fatty acids can activate TLR2 and 

TLR4 and that the activation of these receptors induces downstream 

signalling leading to the activation of MAPK and NF-kB pathways. 

Therefore, the purpose of this study was to test whether the elevated level of 

extracellular non-esterified fatty acids (NEFA) observed during endurance 

exercise may trigger the activation of MAPK and NF-kB pathways via TLR2 

and TLR4. Methods: tlr2-/- and tlr4-/- mice and wild-type C57BL/6J animals 

(WT) were submitted to an endurance exercise. Results: Immediately after 

exercise, the phosphorylation state of p38 MAPK, JNK and c-Jun was 

increased in tibialis anterior (TA) and soleus (SOL) muscles of WT 

(P<0.05). The phosphorylation state of ERK1/2 and IKKα/β and the DNA-

binding of NF-kB remained unchanged. The activation of p38 MAPK, JNK 

and c-Jun was completely blunted in TA of tlr2-/- and tlr4-/- mice whereas in 

SOL, the repression was ~75%. Mice were injected with heparin for 

ensuring the causal relationship between NEFA concentration and MAPK 

activation. Heparin induced an increase in plasma NEFA similar to the one 

observed after endurance exercise. JNK and p38 MAPK were also activated 

in TA and SOL of WT (P<0.05), but not in muscles of tlr2-/- and tlr4-/- mice. 

Conclusions: The present study support the idea that during endurance 

exercise, TLR2 and TLR4 mediate a signal linking the elevated plasma 

NEFA concentration to the activation of p38 MAPK and JNK. 

 

Keywords 

NF-kB, fatty acids, HSP70, LPS 
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Introduction 

Endurance exercise results in an increased extracellular level of non-

esterified fatty acids (NEFA), which contributes to energy expenditure 

depending on relative power output and duration of exercise. A number of 

reports have suggested that beside their role in energy supply for skeletal 

muscle, NEFA could also play a role in activating signalling pathways which 

regulate gene expression (7, 34). 

 Toll-like receptors (TLR) are transmembrane proteins that detect a variety 

of molecular components. To date, 11 members of the TLR family have 

been identified in humans and 13 in mice (28). TLR are highly expressed in 

cells of the innate immune system, but TLR2 and TLR4 are also found in 

various other cell types including myocytes (19). TLR2 and TLR4 bind 

specific ligands, the best described of which are FSL-1 (Pam2Cys-

GDPKHPKSF) and peptidoglycan for TLR2 and lipopolysaccharide (LPS) 

for TLR4. Other ligands such as heat shock protein 70 kDa (HSP70) can 

bind both TLR2 and TLR4 (2). NEFA are also able to activate them 

although the direct binding between NEFA and TLR2 and TLR4 remains 

questioned (12). NEFA have been shown to activate TLR2 in C2C12 

myogenic cells (31) and TLR4 in the RAW264.7 macrophage cell line and in 

3T3-L1 preadipocytes (32). This suggests that the elevated level of NEFA in 

the extracellular space could trigger the TLR-mediated signalling pathways. 

On this basis, we hypothesized that the increased plasma NEFA 

concentration observed during endurance exercise might activate 

intracellular signalling cascades through TLR2 and/or TLR4. 

Upon stimulation, TLR2 and TLR4 recruit IL1R1-associated protein kinases 

(IRAK) via adaptors such as myeloid differentiation primary response gene 

88 (MyD88) and TIR domain-containing adapter protein (TIRAP) (1). TLR4 

is also capable of inducing a MyD88-independent pathway in which TRIF 

(toll interleukin-1 receptor-domain-containing adapter-inducing interferon-β) 
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and TRAM (TRIF-related adaptor molecule) play the role of adaptors (1). 

Both signalling pathways lead to the activation of the mitogen-activated 

protein kinase (MAPK) family and transcription factors including nuclear 

factor-kB (NF-kB) (1). 

The results available in the literature regarding the activation of NF-kB 

pathways during exercise are confusing. On the one hand, an increased 

phosphorylation state of IKK (IkB kinase), a kinase upstream NF-kB, has 

been observed during a 60min submaximal exercise in rats whereas NF-kB 

activity increased in skeletal muscle only 1-3h after the completion of 

exercise (16). On the other hand, fatiguing muscle contractions have been 

shown to diminish NF-kB activity in both humans and mice (11). Another 

study showed no changes in NF-kB protein level one hour after a 2h run at 

65% of VO2max in rats (23). 

The mitogen-activated protein kinase (MAPK) family is composed of four 

distinct governing members: 1) extracellular signal-regulated kinases (ERK) 

1 and 2 (ERK1/2); 2) p38 MAPK; 3) c-Jun NH2-terminal kinases (JNK); and 

4) ERK5 or big MAPK. With the exception of ERK5, all MAPK are known 

to be activated by exercise [for review see (18)]. They participate to the 

regulation of metabolism, cell proliferation, differentiation and growth by 

regulating transcription factors and coactivators (18). The mechanisms by 

which p38 MAPK, JNK and ERK1/2 are activated during exercise remain 

incompletely resolved. Mechanisms of activation initiated locally amongst 

which production of ROS, acidification and mechanical perturbations seem 

implicated (18). In addition to those general mechanisms, MAPK undergo 

member-specific regulations as, for example, the phosphorylation state of 

p38 MAPK and JNK increases during endurance exercise whereas the 

activation of ERK1/2 is not affected in an animal model (35). The nature and 

the intensity of the exercise seem to be determinant in the fine regulation of 

the different members of the MAPK family. 
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In this study, we tested the hypothesis that the elevated plasma NEFA 

concentration observed during endurance exercise may activate the MAPK 

and the NF-kB pathways via a signal transduced by TLR2 and TLR4. The 

results provide evidence that plasma NEFA participate to the activation of 

p38 MAPK and JNK observed after treadmill exercise in mice via a 

mechanism implicatingTLR2 and TLR4. 

Material and Methods 

Animals. Male C57BL/6J mice (12-14 weeks) were housed under standard 

laboratory conditions (12:12h light-dark cycle) and provided with water and 

food ad libitum. tlr2-/- (25) and tlr4-/- mice (17) were purchased from 

Transgenose Institute, CNRS, Orleans-France. Animals were systematically 

genotyped for verifying deletion of genes coding for TLR2 or TLR4. All 

protocols were approved by the ethical committee for animal use of the 

Université catholique de Louvain (Belgium) and the housing conditions were 

as specified by the Belgian Law of November 14, 1993 on the protection of 

laboratory animals (agreement n° LA 1220548). The animals were housed in 

accordance with the ACSM standards for animal care. 

 

Exercise protocol. Thirty-six mice, including wild-type (WT, n=12), tlr2-/- 

(n=12) and tlr4-/- (n=12) mice, were familiarized with treadmill exercise by 

running 20min (8-12m·min-1) on two successive days. The third day, mice 

were submitted to an incremental exercise test. The starting velocity was 

8m·min-1 and was increased by 2m·min-1 every 2min until exhaustion. The 

maximal velocity (Vmax) was defined as the velocity of the last step 

completed by the animals. No interventions were programmed on the next 

day. Afterwards, the animals were kept fasted 12h overnight. Eighteen 

animals (WT: n=6, tlr2-/-: n=6 and tlr4-/-: n=6) were kept at rest (non runners) 

whereas the others (runners) were submitted to an endurance exercise 
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protocol which consisted in two bouts of 60min running at 70% of Vmax. The 

two bouts were separated by a 30min recovery period. This exercise protocol 

was chosen because it was reported to enhance adipose tissue lipolysis (14, 

33). Immediately after exercise completion, the animals were anesthetized 

by an intraperitoneal injection of a solution (4ml·kg-1) containing ketamine 

(40mg·ml-1) and xylazine (4mg·kg-1), in order to preserve muscle perfusion 

during dissection. The depth of anaesthesia was assessed by the 

disappearance of the eyelid, corneal and pedal withdrawal reflexes. Soleus 

(SOL) and tibialis anterior (TA) muscles were rapidly removed, frozen in 

liquid nitrogen and stored at -80°C until subsequent analyses. Anesthesia 

took effect in about 2min in every strain; this short delay should not have 

affected the state of phosphorylation of the studied proteins. Blood samples 

were collected through heart puncture by using syringes containing EDTA 

and immediately centrifuged for 10min at 1,500g. Plasma was kept frozen at 

-80°C. After dissection, the animals were killed by rapid neck dislocation. 

 

    Body mass (g) Vmax (m.min-1) 

Wild-type Non runners 24.4±0.83 19.0±1.34 

 Runners 26.1±0.57 18.0±1.15 

TLR2-/- Non runners 24.4±0.27 19.3±1.60 

 Runners 23.2±0.66 20.0±1.00 

TLR4-/- Non runners 25.5±0.70 17.0±1.10 

  Runners 23.7±0.48 16.3±0.60 

 
Table 1 - Body mass and maximal running velocity (Vmax) in wild type and 
transgenic TLR2-/- or TLR4-/- mice. 
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Lipolysis stimulation by heparin. After an overnight fast, 18 mice (WT, 

tlr2-/- or tlr4-/-, n=6 in each group) were injected with 2,000U·kg-1 heparin 

(Heparin LEO®, Wilrijk, Belgium) intraperitoneally. The same number of 

animals was injected with a saline solution. After 150min, the animals were 

anesthetized and muscles and blood were collected following the same 

procedure as the one described above. 

 

Lipopolysaccharide injection. Eighteen mice were injected with 8 mg·kg-1 

Ultrapure LPS (Invivogen, Toulouse, France) (WT, tlr2-/-, tlr4-/-, n=3 in each 

strain) or with a saline solution (WT, tlr2-/-, tlr4-/-, n=3 in each strain). Blood 

and muscles were collected after 120min.  

 

Analysis of blood samples. Plasma NEFA concentration was determined 

using a kit coupling enzymatic reaction and spectrophotometric detection 

(550nm) of reaction end-product (Wako, Neuss, Germany). Plasma HSP70 

concentration were determined by an ELISA-kit (Biocompare, Brussels, 

Belgium) according to the instructions of the manufacturer. 

 

Analysis of muscle samples. Preparation of muscle lysates. Muscles were 

ground by using a pestle (Bel-Art Products, Pequannock, NJ, USA) and 

homogenised in an ice-cold lysis buffer containing 20mM Tris, pH 7.0, 

270mM sucrose, 5mM EGTA, 1mM EDTA, 1% Triton X-100, 1mM sodium 

orthovanadate, 50mM sodium β-glycerophosphate, 5mM sodium 

pyrophosphate, 50mM sodium fluoride, 1mM 1,4-dithiothreitol (DTT), and a 

protease inhibitor cocktail (Roche Applied Science, Vilvoorde, Belgium). 

Muscle homogenates were centrifuged at 10,000g for 15min at 4°C. Protein 

concentration was determined using a DC protein assay kit (Bio-Rad 
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Laboratories, Nazareth, Belgium) with bovine serum albumin as a standard. 

Muscle lysates were stored at -80°C until subsequent analyses. 

Nuclear proteins were extracted using the method described by Deldicque et 

al.(10). Muscles were ground and then harvested in a hypotonic buffer 

containing 20mM HEPES, 5mM sodium fluoride, 1mM sodium molybdate, 

0.1mM EDTA and 0.5% Igepal CA-630 (Nonidet P-40). Homogenates were 

centrifuged for 30s at 10,000g. The pellet was resuspended in a buffer 

containing 20mM HEPES, 5mM sodium fluoride, 1mM sodium molybdate, 

0.1mM EDTA, 20% glycerol and a protease inhibitor cocktail (Roche 

Applied Science, Vilvoorde, Belgium), to which the same volume of a saline 

buffer containing 20mM HEPES, 5mM sodium fluoride, 1mM sodium 

molybdate, 0.1mM EDTA, 20% glycerol, 0.8M NaCl and a protease 

inhibitor cocktail (Roche Applied Science, Vilvoorde, Belgium) was added. 

The solution was mixed for 30min at 4°C and centrifuged for 10min at 

10,000g. The supernatant was removed and stored at -80°C. Protein 

concentration was determined as described above. 

Western blotting. Protein lysates (25-50µg) were combined with Laemmli 

and separated by SDS-PAGE (10-12%). After electrophoretic separation 

(40mA), the proteins were transferred to PVDF membranes at 80V for 2h. 

Membranes were blocked for 60min in Tris-buffered saline with 0.1% 

Tween 20 (TBST) and 5% non-fat dried milk. Then, the membranes were 

incubated overnight at 4°C in TBST containing 1% bovine serum albumin 

and one of the following antibodies: phospho-p38 MAPK Thr180/Tyr182 

(1:1,000), phospho-SAPK/JNK Thr183/Tyr185 (1:750), phospho-ERK1/2 

Thr202/Tyr204 (1:1,000), phospho-IKKα/β Ser176/180 (1:1,000), phospho-

c-Jun Ser63 (1:1,000), IκBα (1:1,000) and GAPDH (1:10,000). All 

antibodies were obtained from Cell Signaling Technology (Leiden, The 

Netherlands) except GAPDH from Abcam (Cambridge, UK). Membranes 

were washed three times with TBST and were incubated with a secondary 
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antibody at room temperature for 60min [anti-rabbit (1:10,000) or anti-

mouse (1:20,000) from Sigma (Bornem, Belgium)]. After three additional 

washes, chemiluminescent detection was carried out using an ECL Western 

blotting kit (Amersham ECL Plus, GE Healthcare, Diegem, Belgium). Bands 

were visualized on film, scanned and quantified by densitometry using the 

ImageMaster 1D image analysis software (Amersham-GE Healthcare, 

Diegem, Belgium). Results are reported as the ratio of the signal induced by 

the protein of interest divided by the signal induced by GAPDH. 

 

DNA binding of NF-κB. DNA binding of NF-κB was measured as 

described by Renard et al. (29). 96-well plates were coated with double-

stranded oligonucleotidic probe containing the consensus binding for NF-κB. 

Muscle lysate containing nuclear proteins (35µg) were placed in the wells 

and incubated 1h at room temperature. Then, wells were washed three times 

with a phosphate-buffer saline (PBS) solution (phosphate=10mM, 

NaCl=50mM, pH=7.5) containing 0.1% Tween. Rabbit anti-NF-κBp65 

(100µl, Santa Cruz, Boechout, Belgium) diluted 1,000 times in a PBS-10 

solution (phosphate=10mM, NaCl=10mM, 1% non-fat dried milk, pH=7.5) 

was added in each well for 1h at room temperature. The wells were washed 

three times. Subsequently, 100µl of a peroxidase-conjugated goat anti-rabbit 

IgG (Santa Cruz, Boechout, Belgium) diluted 1,000 times in a PBS-10 

solution were added in each well for 1h at room temperature. After three 

additional washes, tetramethyldbenzidine (100µl, Biosource, Nivelles, 

Belgium) was added in the wells and incubated 10min at room temperature 

before adding 100µl of stopping solution (Biosource, Nivelles, Belgium). 

Optical density was read at 405nm using a 655nm reference wavelength with 

a microplate reader Benchmark (Bio-Rad Laboratories, Nazareth, Belgium). 
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Statistical analysis. All results are presented as means ± standard errors of 

the mean. The significance of differences observed between means was 

inferred by a two-way ANOVA design wherein mice strains and treatment 

were the independent factors. When appropriate, Bonferroni post hoc tests 

were applied. Testing for outliers was done with Grubbs’s test (21). No more 

than one sample was rejected in each series. The signification threshold was 

set to P<0.05. 

Results 

Body weight and exercise performance. Baseline characteristics such as 

body weight and Vmax were similar between WT and transgenic tlr2-/- and 

tlr4-/- mice. Likewise, body weight and Vmax were not different between 

runners and non runners mice, prior to training (Table 1). 

Plasma NEFA concentration. Plasma NEFA concentration was similar in 

all mice kept at rest whatever the strain (Fig. 5.1A,B). Higher plasma NEFA 

concentration was observed after exercise (P<0.001) (Fig. 5.1A). NEFA 

level was more than doubled after exercise in WT and increased even more 

in tlr2-/- (P=0.007) and in tlr4-/- (P=0.019) in comparison with WT mice 

(Fig.5.1A). 

Heparin (2,000U.kg-1, IP) was injected to WT, transgenic tlr2-/- and tlr4-/- 

mice, while a control group was injected with an equal volume of sterile 

saline. Heparin injection induced an increase in plasma NEFA concentration 

by about 290% (Fig. 5.1B) whatever the strain. To avoid any confounding 

variable due to changes in extracellular HSP70 le vel during exercise (a TLR 

ligand that can be increased during exercise (27)), plasma HSP70 

concentrations were measured (Fig. 5.1C,D). None of the experimental 

strategies produced any increase in circulating HSP70, either in WT, or in 

tlr2-/- or tlr4-/-. 
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Fig. 5.1. NEFA and HSP70 concentrations in WT (n=5) and tlr2-/- (n=6) or tlr4-/- 
(n=6) mice after exercise or heparin-induced lipolysis. Significant differences 
between runners and non runners mice (A&C) or between heparin and vehicle 
treated mice (B&D) from the same strain are indicated by **, P<0.01, ***, P<0.001. 
Significant differences between WT and tlr2-/- or tlr4-/- mice are indicated by §, 
P<0.05; §§, P<0.01. The number of animals used is indicated above each histogram. 

 

Implication of TLR2 and TLR4 in p38 MAPK, JNK and c-Jun activation by 

endurance exercise. At rest, the phosphorylation states of p38 MAPK, JNK 

and ERK1/2 were similar between strains both in TA and in SOL (Fig. 5.2) 

In WT, endurance exercise resulted in a higher phosphorylation state of p38 

MAPK (+2.3±0.40 fold, P=0.001; Fig.5.2A) and JNK (+2.0±0.1 fold, 

P<0.001; Fig. 5.2C) in TA. JNK and p38 MAPK activations elicited by 

endurance exercise were repressed in tlr2-/- and tlr4-/- transgenic mice (Fig. 

5.2A,C). In WT SOL, endurance exercise increased the phosphorylation 

state of p38 MAPK (+2.1±0.4 fold, P=0.006; Fig. 5.2B) and JNK (+2.5±0.3 

fold, P=0.008; Fig. 5.2D), whereas in tlr2-/- and tlr4-/- transgenic mice the 
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activation was largely repressed without reaching the statistical threshold 

(Fig. 5.2B and D). Both in TA and in SOL, the phosphorylation state of 

ERK1/2 was not affected by the exercise protocol whatever the strain (Fig. 

5.2E and F). In WT mice, c-Jun, a target of JNK, was more phosphorylated 

after exercise in both TA (2.3 ± 0.5 fold; P=0.023) and SOL (3.2 ± 1.0 fold; 

P<0.001) muscles (Fig. 5.2G,H). No significant increase in phosphorylation 

was seen neither in tlr2-/-, nor in tlr4-/- muscles at rest, while in tlr4-/- SOL, a 

3.7-fold raise in c-Jun phosphorylation was observed after exercise (P<0.05; 

Fig. 5.2H). 

 

Activation of p38 MAPK and JNK by heparin through TLR2 and TLR4 

receptors. Heparin is known to stimulate NEFA release in plasma (9). To 

assess whether a higher level of circulating NEFA may initiate the activation 

of p38 MAPK and JNK, heparin (2,000U.kg-1, IP) was injected to WT, 

transgenic tlr2-/- and tlr4-/- mice. 

In TA of WT mice, heparin increased the phosphorylation states of p38 

MAPK (+2.6±0.5 fold, P<0.001; Fig. 5.3A) and JNK (+2.2±0.4 fold, 

P=0.001; Fig. 5.3C). In transgenic tlr2-/- and tlr4-/- these activations were not 

detectable. Similar results were found in SOL muscle. In the WT group the 

phosphorylation state of p38 MAPK increased by 3.2±0.8 fold (P=0.01; Fig. 

5.3B) and JNK phosphorylation was significantly increased by 2.1±0.5 fold 

(P=0.022; Fig. 5.3D) above basal levels. As observed in TA, transgenic tlr2-/- 

and tlr4-/- mice did not show any change in the phosphorylation state of p38 

MAPK and JNK in SOL muscle. 

Heparin injection did not modify either the phosphorylation state of IKKα/β, 

or the phosphorylation state of ERK1/2 (data not shown). 
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Fig. 5.2 . Phosphorylation states of p38 MAPK (A&B), JNK (C&D), ERK1/2 (E&F) 
and c-Jun (G&H) at rest (non runners) or after an endurance running exercise 
(runners) in tibialis anterior (A,C, E&G) and soleus (B, D, F&H) muscles of WT 
and tlr2-/- or tlr4-/- mice. Significant differences between mice from the same strain 
are indicated by *, P<0.05, **, P<0.01, ***, P<0.001 Significant differences 
between WT and tlr2-/- or tlr4-/- mice are indicated by §, P<0.05; §§, P<0.01; §§§, 
P<0.001. The number of animals used is indicated above each histogram.  
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No effect of exercise on NF-κB pathway. Several techniques were used to 

assess the activation of the NF-κB pathway in skeletal muscle exposed to 

high levels of NEFA in mouse. In resting conditions, the phosphorylation 

state of IKKα/β was similar in WT and in tlr2-/- and tlr4-/- transgenic mice in 

TA (Fig. 5.4A) and SOL (Fig. 5.4C). Whatever the strain and the muscle 

analysed, the exercise protocol did not modify the phosphorylation state of 

IKKα/β.  

To further ascertain that the NF-κB pathway was not activated by exercise, 

the DNA binding of NF-κB was measured. In TA muscle, the DNA binding 

of NF-κB was not different between strains and was not affected by the 

exercise protocol (Fig. 5.4B). WT mice treated with 8mg.kg-1 LPS for 120 

minutes were used as a positive control. In TA, the phosphorylation state of 

IKKa/b was more than doubled (Fig. 5.4A) and the DNA binding of NF-κB 

increased by ~5-fold compared to control conditions where mice were 

injected with vehicle (Fig. 5.4B). 

 

 
Fig. 5.3.  
Phosphorylation 
state of p38 MAPK 
(A&B) and JNK 
(C&D) in tibialis 
anterior (A&C) 
and soleus (B&D) 
muscles of WT and 
tlr2-/- or tlr4-/- mice 
injected either 
with 2,000U·kg-1 
heparin or with a 
saline vehicle. 

Significant differences between saline- and heparin-injected animals from the same 
strain are indicated by *, P<0.05; **P<0.01, and ***, P<0.001. Significant 
differences between WT and tlr2-/- or tlr4-/- heparin injected mice are indicated by 
§, P<0.05; §§, P<0.01 and §§§, P<0.001. The number of animals used is indicated 
above each histogram.  
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Fig. 5.4. Phosphorylation state 
of IKKa/b (Ser176/180) in 
tibialis anterior (A) and soleus 
(C) and DNA binding of NF-kB 
in tibialis anterior (B) at rest 
(non runners) or after an 
endurance running exercise 
(runners) in wild type and 
transgenic tlr2-/- or tlr4-/- mice. 
Significant differences with 
vehicle are indicated by ** 
(P<0.01) and *** (P<0.001). 
The number of animals used is 
indicated above each histogram. 
 

 

Discussion 

This study is the first to unravel a role of TLR2 and TLR4 in the activation 

of p38 MAPK and JNK during endurance exercise in mice. TLR are 

receptors capable of recognising multiple ligands among which lipids (31, 

32). Although a direct activation of TLR by NEFA remains controversial 

(12, 32), our data support the idea that during exercise, p38 MAPK and JNK 

activation might be related to circulating NEFA. In this view, TLR2 and 

TLR4 could play a role of signal transducer between extracellular NEFA and 

p38 MAPK and JNK activation. 

Activation of p38 MAPK. Evidence from studies on isolated muscle 

preparations show that p38 MAPK activation may be triggered by CaMKII, 
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suggesting that the increase in cytosolic calcium concentration in skeletal 

muscle during exercise might mediate the exercise-induced p38 MAPK 

activation (39). Stretch, production of reactive oxygen species (ROS) and 

glycogen depletion are other factors participating potentially to the activation 

of p38 MAPK during endurance exercise (4, 5, 8). Previous experiments 

made on cell cultures and ex vivo muscle preparations reported that MAPK 

could be activated by electrical, mechanical or chemical conditions without 

the need of NEFA (15). However, Widegren et al. showed that a 30-min 

one-legged exercise induced a 2.2-fold increase in p38 MAPK 

phosphorylation in muscles from both exercised and unexercised legs (37), 

indicating that p38 MAPK is sensitive to systemic agents. This was not the 

case for ERK1/2 which presented an increased phosphorylation in the 

exercised leg only.  

 

Activation of JNK. Activation of JNK seems particularly sensitive to stretch 

since eccentric contractions induce a larger activation of JNK than 

concentric contractions (3). The results of the present study reveal that the 

signalling cascades initiated by TLR2 and TLR4 mediate the major 

mechanisms of p38 MAPK and JNK activation during running endurance 

exercise in mice. The transgenic animals showed an almost complete 

repression of the increase in p38 MAPK and JNK phosphorylation in TA 

and at least a 75% repression in SOL. Definitely, SOL is more recruited than 

TA during running exercise in rodents. Therefore, TLR-independent 

mechanisms of p38 MAPK and JNK activation should be more visible in 

SOL than in TA. However, they remained quantitatively lower than the 

TLR-dependent mechanisms which seem to be the main regulators of p38 

MAPK and JNK activation during endurance running exercise in mice. 

For verifying that increased phosphorylation of MAPK reflects higher kinase 

activity, we also measured c-Jun, a protein downstream of JNK, in SOL and 

TA muscles from exercised mice. In WT animals, c-Jun was more 
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phosphorylated after exercise, confirming the higher activity of JNK. In the 

SOL of tlr2-/- and tlr4-/- mice, JNK tended to be more phosphorylated after 

running and this was reflected by a higher phosphorylation state of c-Jun in 

those mice, reaching the statistical threshold in tlr4-/- mice. This might 

suggest that small non-significant increases in phospho-JNK are able to 

activate c-Jun although we may not rule out that other kinases, such as 

cyclin-dependent kinase-3 (6) participated to the increased phospho-c-Jun in 

tlr4-/- mice after exercise. 

 

Activation of p38 and JNK by NEFA. To rule out any confounding 

variables related to exercise, we injected animals with heparin a well-known 

activator of lipolysis (9) with the goal of increasing NEFA concentration at 

rest. After heparin injection, the phosphorylation state of p38 MAPK and 

JNK were increased in WT animals within the same range as during 

exercise, i.e. a 2 to 3 fold increase. But, in this case changes in the 

phosphorylation state of p38 MAPK and JNK were completely blunted in 

tlr2-/- and tlr4-/- mice whatever the muscle considered. This reinforced the 

suggestion that the incomplete repression of p38 MAPK and JNK activation 

observed after exercise in tlr2-/- and tlr4-/- SOL is probably due to TLR-

independent mechanisms. This also supports the idea that transitory changes 

in extracellular NEFA concentrations such as those observed during 

endurance exercise are sufficient to elicit activation of p38 MAPK and JNK 

and that this activation is mediated by TLR2 and TLR4. 

In separate experiments we attempted to blocked lipolysis during exercise by 

injecting various doses of acipimox or nicotinic acid (13) (data not shown). 

We did not succeed in reducing the increase in NEFA plasma concentration 

without affecting significantly the exercise capacity of animals. This is a 

limitation of our study. 
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Cooperation between TLR2 and TLR4. Cooperation between TLR2 and 

TLR4 has been demonstrated in immune cells (24). Recognition of 

Mycobacterium bovis BCG by TLR activates MAPK. This activation is 

completely blocked by anti-TLR2 MAb or with anti-TLR4 MAb indicating 

that simultaneous recognition of Mycobacterium bovis BCG by TLR2 and 

TLR4 is required for activating MAPK (24). To further evaluate such 

cooperation in skeletal muscle, we injected LPS intraperitoneally into WT, 

tlr2-/- and tlr4-/- mice. This yielded a +731% (P<0.001), a +309% (P=0.03) 

and a +82% (P=0.109) increase in phosphorylated p38 MAPK in TA, 

respectively (not shown). Therefore, it is possible that either our tlr2-/- strain 

has a slight TLR4 impairment too or, LPS signal transduction in muscle 

requires both TLRs to be efficient. 

The results of the present study extend our knowledge of the activation of 

p38 MAPK and JNK by extracellular NEFA in skeletal muscle. Whatever 

the mechanism by which extracellular NEFA were increased, i.e. endurance 

exercise or heparin injection, the phosphorylation state of p38 MAPK and 

JNK were largely repressed in tlr2-/- and in tlr4-/- animals, indicating that 

recognition of NEFA by both TLR2 and TLR4 is necessary to activate p38 

MAPK and JNK. 

Exercise is known to activate ERK1/2 pathway in an intensity-dependent 

manner (38). In the present study, the endurance exercise protocol was 

designed with the goal of increasing plasma NEFA concentrations (33). It 

did not change the phosphorylation state of ERK1/2 either in wild type or in 

tlr2-/- or in tlr4-/- animals suggesting that the intensity of our exercise 

protocol was likely too low to stimulate ERK1/2. Moreover, ERK1/2 

phosphorylation was not changed by heparin injection. So, our results do not 

support the hypothesis of an activation of ERK1/2 initiated by extracellular 

NEFA during endurance exercise. 
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Lack of NF-kB pathway activation. TLR4 is known to mediate the 

activation of NF-kB pathway by long-chain unsaturated fatty acids in pre-

adipocytes in culture and by lipid infusion in mice (32). It has also been 

shown that the activation of NF-kB pathway by palmitate is repressed when 

TLR2 is blocked by anti-TLR2 MAb or by siRNA (31). We were unable to 

depict changes in the phosphorylation state of IKKa/b after endurance 

exercise and after heparin injection whereas plasma NEFA concentration 

was increased. To ensure that we did not miss any activation of the NF-kB 

pathway, we measured the DNA binding of the NF-kB. We also injected 

animals with LPS as a positive control. These results convince us that our 

experimental running protocols did not induce any activation of the NF-kB 

pathway possibly because extracellular lipid levels were not high enough 

and/or because the stimulation was too short. Our results are in agreement 

with those reported by McKenzie et al. who did not observe any activation 

of the NF-kB pathway during endurance exercise in rats (23). 

 

Metabolism regulation. Transgenic animals used in this study (17, 25) were 

not muscle conditional knock-out mice. The higher plasma NEFA 

concentrations observed after exercise in tlr2-/- and tlr4-/- animals suggest that 

TLR2 and TLR4 could also regulate metabolic functions in organs such as 

adipose tissue or could modify the repartition of energy substrates consumed 

during exercise. This does not challenge the main findings of our study since 

circulating NEFA concentrations were higher in TLR deficient than in WT 

mice after exercise. These observations open new research perspectives 

regarding the role of TLR2 and TLR4 in various tissues during exercise. 

HSP70 is another ligand recognized by both TLR2 and TLR4 (2). Plasma 

HSP70 concentrations were not changed during our exercise protocol 

indicating that HSP70 does not interfere with the proposed mechanisms of 

activation of p38 MAPK and JNK. Increase of HSP70 after exercise is 

controversial. An increase in HSP70 after exercise has been observed in both 
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animals (22, 30) and human (36) but it is not always the case (20). These 

controversial results may be explained by the fact that HSP70 production 

after exercise is intensity-dependent (26). Our exercise protocol could be 

intense enough to promote an increment in plasma NEFA concentrations but 

not to increase HSP70 production.  

 

Conclusions. This study provides for the first time evidence that during 

endurance exercise TLR2 and TLR4 mediate a signal linking the elevated 

plasma NEFA concentration to the activation of p38 MAPK, JNK and c-Jun. 

Further research will be warranted to elucidate the molecular intermediates 

between TLR2/TLR4 and MAPK in skeletal muscle. 
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Abstract 

Mitogen-activated protein kinase (MAPK) pathways are activated in skeletal 

muscle during endurance exercise, but the upstream molecular events are 

incompletely resolved. As an increase in plasma non-esterified fatty acids 

(NEFA) is a common feature of long-lasting exercise, we tested the 

hypothesis that NEFA contribute to the activation of MAPK during 

endurance exercise. Acipimox was used prior and during endurance exercise 

to prevent the elevation of plasma NEFA levels in healthy subjects and 

diabetics. In two separate studies, healthy subjects cycled for 2h and 

diabetics for 1h at 50% Wmax. In control conditions, plasma NEFA 

concentrations increased from 0.35mM to 0.90mM during exercise in 

healthy subjects and from 0.55mM to 0.70mM in diabetics (P<0.05). 

Phosphorylation state of extracellular-regulated kinase 1 and 2 (ERK1/2), 

p38 and, c-Jun NH2-terminal kinases (JNK) were significantly increased 

after exercise in the vastus lateralis in both groups. Acipimox blocked the 

increase in plasma NEFA concentrations and almost completely repressed 

any rise in ERK1/2 and p38 but not in JNK. In conclusion, our data support a 

role for plasma NEFA in the activation of p38 and ERK1/2 in skeletal 

muscle tissue of healthy and diabetic subjects during endurance exercise. 

Further investigation will be required to determine the molecular link 

between NEFA and MAPK activation during exercise in human skeletal 

muscle. 

 

 

Keywords 

p38 MAPK, ERK1/2, JNK, NF-kB, acipimox, cycling, TLR4, type 2 

diabetes 
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Introduction 

The mitogen-activated protein kinases (MAPK) are a group of intracellular 

signaling proteins activated by multiple signals and are critically involved in 

the transmission of information from outside the cell to the nucleus, where 

they regulate transcription. Extracellular signal-regulated kinases (ERK) 1 

and 2 (ERK1/2), p38 MAPK and c-Jun NH2-terminal kinases (JNK) are 

three widely expressed MAPK that regulate different cellular functions 

(Johnson & Lapadat, 2002). Endurance exercise is a well-known activator of 

MAPK but the mechanisms by which ERK1/2, p38 MAPK and JNK are 

activated during exercise remain incompletely resolved (Kramer & 

Goodyear, 2007). Increase in cytosolic calcium and subsequent 

calcium/calmodulin-dependent protein kinase II activation, as well as 

production of reactive oxygen species (ROS), acidification, increase in 

catecholamines, growth hormones or cannabinoids, glycogen depletion or 

mechanical stretch have been proposed to participate to the activation of p38 

MAPK during endurance exercise (Blair, Hajduch, Litherland, & Hundal, 

1999; Chambers, Moylan, Smith, Goodyear, & Reid, 2009; Chan, McGee, 

Watt, Hargreaves, & Febbraio, 2004; Clerk, Fuller, Michael, & Sugden, 

1998; Galbo, 1986; Li et al., 2005; Tedesco et al., 2010; Wright, Geiger, 

Han, Jones, & Holloszy, 2007; Wretman et al., 2001). In addition to those 

general mechanisms, MAPK undergo member-specific regulations. ERK1/2 

and p38 have been shown to be involved in exercise-induced signalling in 

human skeletal muscle but the picture is less clear for JNK (Widegren et al., 

1998; Long, Widegren, & Zierath, 2004; Yu, Blomstrand, Chibalin, Krook, 

& Zierath, 2001). Cycling markedly increased ERK1/2 phosphorylation, 

albeit only transiently, whereas similar exercise has been demonstrated to 

lead to a smaller but more persistent increase in p38 activation (Widegren et 

al., 1998). MAPK signalling seems to be regulated differentially according 

to the mode of contraction (concentric vs eccentric), the intensity of the 
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exercise and the training status of the subjects (Widegren, Wretman, 

Lionikas, Hedin, & Henriksson, 2000). 

 

Moderate to strenuous endurance exercise results in an increased 

extracellular level of non-esterified fatty acids (NEFA) (Stich et al., 2000), 

which contributes to energy expenditure depending on relative power output 

and duration of exercise (Kiens, 2006). This increment in NEFA availability 

is known to be less pronounced in obese and diabetic people mainly due to a 

lower sensitivity to catecholamines (Kanaley, Cryer, & Jensen, 1993). The 

contribution of NEFA to energy production has been studied by using 

acipimox, a nicotinic acid analogue able to prevent adipose tissue lipolysis at 

rest and during exercise (O'Kane, Trinick, Tynan, Trimble, & Nicholls, 

1992). A reduction in NEFA use during exercise following nicotinic acid 

administration increased the use of endogenous glycogen stores and 

intramuscular lipid in healthy trained (van Loon et al., 2005b) and type 2 

diabetic males (van Loon et al., 2005a).  

 

Beside their role in energy supply for skeletal muscle, NEFA have been 

suggested to also play a role in activating signaling pathways which regulate 

gene expression (Tunstall, McAinch, Hargreaves, van Loon, & Cameron-

Smith, 2007). It has been proposed that NEFA could stimulate a family of 

membrane receptors called the toll-like receptors (TLR) (Senn, 2006; Shi et 

al., 2006), the most expressed in skeletal muscle being TLR2 and TLR4 

(Reyna et al., 2008). Upon stimulation, TLR2 and TLR4 induce complex 

intracellular signaling leading to the activation of the MAPK family and 

transcription factors including nuclear factor-kB (NF-kB) (Akira, 

Yamamoto, & Takeda, 2003). Using TLR2 and TLR4 KO mice, our group 

recently found that during endurance exercise, TLR2 and TLR4 mediated a 

signal linking the elevated plasma NEFA concentration to the activation of 
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p38 MAPK and JNK in mice skeletal muscle (Zbinden-Foncea, Raymackers, 

Deldicque, Renard, & Francaux, 2012). For the first time, a link was 

established between circulating NEFA and stimulation of MAPK via 

activation of TLR2/4 during endurance exercise in mice but this remains to 

be confirmed in human. We have recently got the opportunity to analyze the 

activation of the MAPK pathways in remaining human muscle biopsies from 

previously published studies (van Loon et al., 2005a; van Loon et al., 

2005b), where healthy subjects or diabetic patients received a placebo or 

acipimox, thereby blocking the rise in plasma NEFA during exercise. 

Diabetic patients contributed to better understand the role of NEFA in 

MAPK activation during exercise as the increment in NEFA availability is 

known to be less in this population (Kanaley et al., 1993), although the 

resting concentration is higher. In the present study, we hypothesise that 

NEFA contribute to MAPK activation in human skeletal muscle during 

endurance exercise. 

Material and Methods 

Subjects 

Blood samples and muscle biopsies from five healthy subjects (van Loon et 

al., 2005b) and ten diabetic patients (van Loon et al., 2005a) who 

participated in a previous experiment were further analyzed. Subjects were 

informed about the nature and risks of the experimental procedures before 

their written informed consent was obtained. The two studies were approved 

by the Medical Ethical Committee of the Academic Hospital Maastricht and 

all procedures were carried out in accordance with the Declaration of 

Helsinki (2000) of the World Medical Association. 

Study 1. Five healthy active male subjects [age 23 ± 1 y, height 1.79 ± 0.04 

m, body weight 70 ± 3 kg, BMI 22.0 ± 0.9 kg.m2 -1, fat content 12.3 ± 0.8 %, 

maximal power output (Wmax) 354 ± 11 W, 50% Wmax 177 ± 6 W, and 



 
 
 
 
 
 
128  Chapter 6 

 

maximal oxygen uptake capacity (VO2max) 61 ± 3 ml.kg bw-1.min-1] 

participated in this study. 

Study 2. Ten sedentary, overweight subjects [age 60 ± 2 y, height 1.79 ± 0.02 

m, body weight 91 ± 3 kg, BMI 28.4 ± 1.0 kg.m2 -1, fat content 28.8 ± 1.8 %, 

Wmax 200 ± 15 W, 50% Wmax 100 ± 6 W, and VO2max 32 ± 2 ml.kg bw-

1.min-1], who had been diagnosed with type 2 diabetes for over 5 years, 

participated in this study. All subjects were using oral blood-glucose-

lowering medication (metformin with or without a sulphonylurea derivative). 

Type 2 diabetic status was verified with an OGTT according to WHO 

criteria (Alberti & Zimmet, 1998). In addition, insulin resistance was 

estimated using the homeostasis model assessment for insulin resistance 

index (HOMA-IR) (Hosker et al., 1985). Medication was withheld for 24h 

prior to the experimental trials. 

 
Protocol 

All subjects maintained normal dietary and physical activity patterns 

throughout the experimental period. In addition, they filled out a food intake 

diary for 2 days before the first exercise trial to keep their dietary intake as 

identical as possible before the other trials. The 2 trials were separated by a 

one-week interval. The evening before each trial, subjects received the same 

standardized meal. The 2 experimental protocols are summarized in Fig. 6.1 

and have been detailed elsewhere (van Loon et al., 2005a; van Loon et al., 

2005b). 

Study 1. Briefly, a muscle biopsy was taken from the vastus lateralis muscle 

at rest (t=0), after an overnight fast. Thereafter, a resting blood sample was 

taken and subsequent blood samples were collected every 15 or 30min. 

Subjects performed 120min of exercise (t=90 to t=210) on a cycle ergometer 

at a workload of 50% Wmax, as determined one week before the experimental 

trial during an incremental exhaustive exercise test. A capsule containing 
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250mg acipimox (Nedios, Byk, Zwanenburg, The Netherlands) or a placebo 

was randomly orally administered prior (t=0) to and 75min into the exercise 

session (t=165). Immediately after cessation of exercise, a second muscle 

biopsy was taken (t=210). 

Study 2. After an overnight fast and 30 min of supine rest, a percutaneous 

muscle biopsy was taken from the vastus lateralis muscle (t=0). A catheter 

was inserted into an antecubital vein for blood sampling and an oral dose of 

250mg acipimox or a placebo was randomly administered (t=0). At t=120 

min, subjects started to exercise at 50% Wmax for a 60-min period. At t=150, 

another dose of 250mg Acipimox or a placebo was administered. 

Immediately after cessation of exercise, a second muscle biopsy was taken 

(t=180). 

 

Fig. 6.1. Experimental protocols of study 1 in healthy subjects and study 2 in 
diabetic patients. 
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Analysis of muscle samples 

Preparation of muscle lysates. Muscles were ground by using a pestle and 

homogenized in an ice-cold lysis buffer containing 20mM Tris, pH 7.0, 

270mM sucrose, 5mM EGTA, 1mM EDTA, 1% Triton X-100, 1mM sodium 

orthovanadate, 50mM sodium β-glycerophosphate, 5mM sodium 

pyrophosphate, 50mM sodium fluoride, 1mM 1,4-dithiothreitol (DTT), and a 

protease inhibitor cocktail (Roche Applied Science, Vilvoorde, Belgium). 

Muscle homogenates were centrifuged at 10,000g for 15min at 4°C. Protein 

concentration was determined using a DC protein assay kit (Bio-Rad 

Laboratories, Nazareth, Belgium) with bovine serum albumin as a standard. 

Muscle lysates were stored at -80°C until subsequent analyses. 

Western blotting.  

The detailed procedure has been described in Deldicque et al. (2008). 

Briefly, protein lysates were combined with Laemmli and separated by SDS-

PAGE. After electrophoretic separation at 40mA, the proteins were 

transferred to PVDF membranes. Membranes were blocked for 60min in 

TBST and 5% non-fat dried milk. Then, the membranes were incubated 

overnight at 4°C in TBST containing 1% bovine serum albumin and one of 

the following antibodies: phospho-p38 Thr180/Tyr182, phospho-SAPK/JNK 

Thr183/Tyr185, phospho-ERK1/2 Thr202/Tyr204, IκBα and GAPDH. All 

antibodies were obtained from Cell Signaling Technology (Leiden, The 

Netherlands) except GAPDH from Abcam (Cambridge, UK). Membranes 

were washed with TBST and were incubated with the appropriate secondary 

antibody at room temperature for 60min (Sigma, Bornem, Belgium). After 

additional washes, chemiluminescent detection was carried out using an 

ECL Western blotting kit (Amersham ECL Plus, GE Healthcare, Belgium). 

Bands were visualized on film, scanned and quantified by densitometry. 

When several blots were needed for obtaining values of the whole 
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experiments, an internal control was used to minimize inter blot variations 

due to incubation or exposure times. The internal control was a pool of 

remaining muscle biopsies from previous human studies of the laboratory. 

Results are reported as the ratio of the signal induced by the protein of 

interest divided by the signal induced by GAPDH. A value of 1.0 was 

assigned to the mean value of the pre-exercise samples to which all other 

values from the respective condition were reported. 

Analysis of blood samples 

Plasma NEFA concentration was determined using a kit coupling enzymatic 

reaction and spectrophotometric detection (550nm) of reaction end-product 

(Wako, Neuss, Germany). The results presented below constitute a subset of 

data already published (van Loon et al., 2005a; van Loon et al., 2005b). 

Means, SEM and statistics have been re-calculated according to the new 

number of samples. 

Statistical analysis 

A two-way ANOVA for repeated measures was used to test the interaction 

between time (NEFA) or exercise (MAPK) and treatment. Student-Newman-

Keuls tests were used as post-hoc tests. A student t-test was used to test 

differences in plasma NEFA concentrations between healthy subjects and 

diabetic patients at rest and at the end of the exercise. The significant 

threshold was set to P<0.05. All results are presented as means ± standard 

errors of the mean. 
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Results 

Acipimox prevents exercise-induced increase in plasma NEFA and 

reduces MAPK activation following exercise in skeletal muscle of healthy 

subjects 

A 2-hour cycling exercise induced a rise in plasma NEFA concentration 

from 0.35mM to 0.90mM immediately at the end of the exercise (P<0.001) 

and to 1.35mM 15min after the end (P<0.001) in subjects having received a 

placebo (Fig. 6.2A). After 1h15 of exercise, plasma NEFA levels became 

significantly higher than pre-exercise values (P<0.05). Acipimox 

administration before and during exercise prevented the rise in NEFA levels, 

resulting in lower values during exercise in the acipimox conditions 

(~0.1mM, P<0.05; Fig. 6.2A) compared to placebo conditions (0.35-

0.9mM). 

Under placebo, phosphorylation of p38 MAPK, ERK1/2 and JNK were 26 

(P<0.05, Fig. 6.2B), 71 (P<0.01, Fig. 6.2C) and 3 (P<0.05, Fig. 6.2D) fold 

higher immediately after exercise compared to resting values. The exercise-

induced increases in MAPK were totally abolished after acipimox 

administration for p38 MAPK (P<0.05, Fig. 6.2B) and ERK1/2 (P<0.01, Fig. 

6.2C) and partially repressed for JNK (Fig. 6.2D). IκBα expression was not 

modified by exercise alone although the combination of acipimox and 

exercise increased IκBα expression by about 50% compared to exercise in 

the placebo conditions (P<0.05, Fig. 6.2E). 
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Fig. 6.2. Plasma NEFA concentrations and MAPK activation in healthy subjects. 
(A) Plasma NEFA concentrations (mmol/l) in placebo and acipimox conditions 
during the whole trial. (B) p38 MAPK, (C) ERK1/2, (D) JNK phosphorylation and 
(E) IκBα expression in skeletal muscle before and immediately after exercise in 
placebo and acipimox conditions. Values are expressed as means ± SEM (n=5). 
*P<0.05, **P<0.01 vs Pre-ex same treatment; §P<0.05, §§P<0.01 vs Placebo same 
condition. 
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Acipimox prevents exercise-induced increase in plasma NEFA and 

reduces MAPK activation following exercise in skeletal muscle of diabetic 

patients 

The ANOVA revealed a time effect and a time x treatment interaction for 

plasma NEFA concentrations of diabetic patients (P<0.001). Resting plasma 

NEFA concentrations of diabetic patients (Fig. 6.3A) were higher than those 

of healthy subjects (0.55 ± 0.05 vs 0.35 ± 0.08, P<0.05). At the end of the 

exercise, plasma NEFA concentrations were similar (0.70 ± 0.09 in diabetic 

patients vs 0.90 ± 0.13 in healthy subjects, P=0.247) despite a shorter 

exercise duration for diabetic patients (1h vs 2h in healthy subjects). 

Compared to healthy subjects, the rise in NEFA concentrations was less 

pronounced and did not reach statistical significance when comparing 

immediately pre- and post-exercise values. However, when taking the lowest 

pre-exercise value (second one) as basal value, both the immediately post-

exercise and the 30min post-exercise values were significantly higher 

(P<0.05). Acipimox administration before and during exercise prevented the 

rise in NEFA concentrations, which remained lower throughout the trial in 

the acipimox (~0.15mM, P<0.05; Fig. 6.3A) compared to placebo 

conditions. 

Phosphorylation of p38 MAPK, ERK1/2 and JNK were 5 (P<0.05, Fig. 

6.3B), 14 (P<0.01, Fig. 6.3C) and 2 (P<0.05, Fig. 6.3D) fold higher 

immediately after exercise compared to resting values. The exercise-induced 

increases in p38 MAPK (P<0.05, Fig. 6.3B) and ERK1/2 (P<0.01, Fig. 6.3C) 

were totally abolished after acipimox administration. The increase in JNK 

phosphorylation after exercise was not repressed in acipimox conditions 

(Fig. 6.3D). IκBα expression decreased after exercise in placebo conditions 

(P<0.05, Fig. 6.3E) but remained unchanged when acipimox was 

administered. 
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Fig. 6.3. Plasma NEFA concentrations and MAPK activation in diabetic patients. 
(A) Plasma NEFA concentrations (mmol/l) in placebo and acipimox conditions 
during the whole trial. (B) p38 MAPK, (C) ERK1/2, (D) JNK phosphorylation and 
(E) IκBα expression in skeletal muscle before and immediately after exercise in 
placebo and acipimox conditions. Values are expressed as means ± SEM (n=10). 
*P<0.05, **P<0.01 vs Pre-ex same treatment; §P<0.05, §§P<0.01 vs Placebo same 
condition. 
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Discussion 

Exercise has been linked to the activation of the MAPK pathway in skeletal 

muscle, although the mechanisms responsible for this activation are as yet 

unsolved. Increases in cytosolic calcium and subsequent 

calcium/calmodulin-dependent protein kinase II activation, as well as 

production of reactive oxygen species, increases in catecholamines, growth 

hormones or cannabinoids, glycogen depletion or mechanical stretch have 

been proposed to participate in the activation of p38 MAPK during 

endurance exercise (Blair et al., 1999; Chambers et al., 2009; Chan et al., 

2004; Clerk et al., 1998; Galbo, 1986; Li et al., 2005; Tedesco et al., 2010; 

Wright et al., 2007). The present study identifies NEFA as an additional 

trigger for MAPK phosphorylation in skeletal muscle during exercise. 

 

Increases in NEFA levels following moderate to intense exercise have been 

regularly reported (Kiens, 2006; Watt et al., 2004; Wolfe, Klein, Carraro, & 

Weber, 1990), as well as the inhibitory effect of the nicotinic acid analog 

acipimox (Gautier et al., 1994). The results from the present study show, for 

the first time, that p38 MAPK and ERK1/2 activation after exercise is 

severely repressed in subjects having received acipimox. Compared to p38 

MAPK and ERK1/2, JNK phosphorylation was less affected by exercise or 

by acipimox. The lower response of JNK to cycling exercise may be related 

to the nature of the contraction as JNK phosphorylation was shown to have a 

larger increase after eccentric rather than concentric contractions (Boppart et 

al., 1999). 

 

Under acipimox, some subjects showed higher phosphorylation levels of 

ERK1/2 or p38 MAPK after exercise vs basal, but the extent of such 

activation was ~10 fold smaller than with a placebo. Therefore, the increase 
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in NEFA should be considered as an enhancer of MAPK phosphorylation in 

skeletal muscle rather than a mandatory event. Previous experiments 

performed on cell cultures and ex vivo muscle preparations reported that 

MAPK can be activated by electrical, mechanical or chemical conditions 

without the need of NEFA (Hayashi, Hirshman, Dufresne, & Goodyear, 

1999; Sherwood et al., 1999). It has also been shown that a 30-min one-

legged exercise induced a 2.2-fold increase in p38 MAPK phosphorylation 

in muscles from both exercised and non-exercised legs (Widegren et al., 

1998). This was not the case for ERK1/2 which presented an increased 

phosphorylation in the exercised leg only. Our results suggest that 

circulating molecules such as NEFA may help to maintain high levels of 

MAPK phosphorylation during exercise of a long-term duration. 

 

Although we could not establish any correlation between individual values 

of plasma NEFA and MAPK activation, there was a general trend to a less 

pronounced MAPK activation in the second study, in which the exercise-

induced increase in NEFA concentrations was lower probably due to a 

shorter cycling protocol, the age and/or the pathological state of the subjects, 

i.e. diabetics. In the present study, subjects within the diabetic group were 

older than that of the healthy group (60 vs 23 years old in average). The age 

could have contributed to the difference in NEFA concentrations and MAPK 

activation. People with insulin resistance generally have higher resting 

NEFA levels and mobilize the same amount or slightly less fatty acids 

during exercise. The magnitude of the increase in plasma NEFA levels 

during exercise is thus less in these patients compared to healthy people . 

The reduced lipolytic activity during exercise in diabetics has been explained 

by a decreased sensitivity to catecholamines (Kanaley et al., 1993). Whereas 

no clear correlation could be established between NEFA levels and MAPK 

activation during exercise, the previous observation reinforces the idea that 
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increased plasma NEFA levels contribute to the stimulation of MAPK 

during exercise. Whether the higher basal NEFA concentration in diabetic 

patients leads to a higher basal MAPK phosphorylation was beyond the 

scope of the present study, i.e. exercise-induced activation of MAPK, and 

therefore was not investigated.  

 

No muscle biopsy was taken between the first ingestion of acipimox and the 

beginning of the exercise, therefore making it difficult to draw conclusions 

on the effect of acipimox itself on the MAPK pathways. The effect of 

acipimox on MAPK has never been studied before but nicotinic acid has 

been shown to increase p38 MAPK and to reduce ERK1/2 without altering 

JNK at rest (Watt, Southgate, Holmes, & Febbraio, 2004). Although 

acipimox is an analog of nicotinic acid (O'Kane et al., 1992), it is possible 

that its molecular mechanisms of action are not exactly the same, hence the 

regulation of MAPK may differ. Nevertheless, the effect of acipimox alone 

was not the purpose of the present study as we were mainly interested in the 

MAPK response to exercise in combination with acipimox ingestion. Only 

one study (Watt et al., 2004) has previously measured the phosphorylation 

state of p38, ERK1/2 and JNK after nicotinic acid ingestion and cycling. The 

results of that study do not argue about a regulation of MAPK by NEFA 

during exercise. Exercise, in combination with or without nicotinic acid, 

induced a MAPK member-specific regulation rather than an overall increase 

in phosphorylation, suggesting that a general factor such as circulating 

NEFA was not involved in MAPK regulation by exercise. The discrepancies 

between our results and those of Watt et al. (2004) may potentially be found 

in the following methodological issues. The protocol we used in the present 

study differed in the duration of exercise, 1 or 2h in the present study vs 3h. 

As MAPK activation is dependent on the duration of exercise, it is not 

unexpected to see different patterns of activation. After 3h of cycling, JNK 
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phosphorylation was increased whereas ERK1/2 was decreased and p38 

remained unchanged (Watt et al., 2004). In another study of the same group 

(Watt et al., 2004), ERK1/2 increased after 90min of cycling, indicating that 

MAPK are very sensitive to the duration of exercise and the time of biopsy 

sampling. At the same time, exercise-induced increase in ERK1/2 was 

repressed by nicotinic acid ingestion (Watt et al., 2004). Interestingly, the 

increase in JNK found after 1 or 2h of exercise in our study or after 3h by 

Watt et al. (2004) was not repressed by either acipimox or by nicotinic acid, 

respectively. In summary, acipimox and nicotinic acid are able to repress 

exercise-induced increase in p38 MAPK and ERK1/2. As their most 

important common effect is to reduce plasma NEFA concentrations, it is 

highly possible that NEFA contribute to the increase in p38 MAPK and 

ERK1/2 (but not JNK) during exercise. The specificity to p38 and ERK1/2 

needs to be investigated further. It should be mentioned that nicotinic acid 

and acipimox are known to increase plasma epinephrine concentration as 

well (O'Neill, Watt, Heigenhauser, & Spriet, 2004). However, MAPK 

regulation was shown not to follow the increase in plasma epinephrine 

concentrations due to nicotinic acid whether at rest or after exercise (Watt et 

al., 2004). 

 

To further study how NEFA could regulate MAPK we measured the 

expression of IkBa, based on our recently published study (Zbinden-Foncea 

et al., 2012), which reported a possible NEFA/TLR/MAPK signaling. 

IkBa is a well-known downstream target of TLR2/4 signaling (Akira et al., 

2003) and regulator of the NF-kB pathway. However, we could not find any 

consistent regulation of IkBa by either exercise or acipimox. These results 

discard any role of the NF-kB in the present study but it is still possible that 

NEFA activate MAPK through TLR, independently of NF-kB. It is also 

possible that, contrary to what we found in mice, TLR do not mediate the 
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effect of NEFA on MAPK but this clearly needs further investigation. 

Another potential candidate for mediating the effect of NEFA on MAPK is 

the newly discovered hydroxy-carboxylic acid receptor 2 (Hanson et al., 

2010) as the currently known ligands for this receptor are nicotinic acid, 

fumaric acid esters and 3-hydroxy-butyric acid, all being structurally close to 

fatty acids. The hydroxy-carboxylic acid receptor 2 is expressed in white and 

brown adipose tissue, keratinocytes and various immune cells (Hanson, 

Gille, & Offermanns, 2012). Activation of hydroxy-carboxylic acid receptor 

3 by 3-hydroxy-octanoate leads to activation of ERK1/2 in Chinese hamster 

ovary and human epidermoid cell lines (Zhou et al., 2012) but whether the 

activation of hydroxy-carboxylic acid receptor 2 leads to the activation of the 

MAPK pathway has not been reported yet. The possible activation of 

hydroxy-carboxylic acid receptor 2 by NEFA and the downstream activation 

of MAPK in skeletal muscle would be worth to be investigated. 

 

In conclusion, our data support a role for plasma NEFA in the activation of 

p38 MAPK and ERK1/2 in skeletal muscle tissue of healthy and diabetic 

subjects during endurance exercise. Further investigation will now be 

required to determine the molecular link between NEFA and MAPK 

activation during exercise in human skeletal muscle. 
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Discussion and perspectives 

1. Effect of fatty acid in skeletal muscle cells 
A link has clearly been established between NEFA and insulin resistance in 

skeletal muscle (Boden, 2003; Dey et al., 2006; Senn, 2006). Despite the fact 

that much has been written about the pathogenesis of insulin resistance, its 

molecular mechanism of action is still not fully understood. Although 

intracellular triglyceride accumulation has been correlated to lipid-induced 

insulin resistance in T2DM subjects, this association has been contested with 

the athlete’s paradox, a phenomenon where endurance athletes have 

enhanced muscle triglycerides but are insulin sensitive (Goodpaster et al., 

2001). To elucidate the role of different fatty acids on insulin signalling, we 

measured the effect of short- medium- and long-chain fatty acid incubation 

in C2C12 cells. We found that during 24h of incubation, a medium chain 

fatty acid, 3mmol/l caprilic acid (C8:0, also called octanoic acid), increased 

PKB phosphorylation Ser473 and S6K1 phosphorylation Thr389 levels by 

18-fold (p<0.05) and 16.6 fold (p<0.05), respectively (data not shown). 

Likewise, S6K1 phosphorylation levels were increased 9.8-fold (p<0.05) 

when the cells were exposed to 3mmol/l during 24h with butyric acid, a 

short-chain fatty acid (data not shown). Little research has been carried out 

on the contribution of short- and medium-chain fatty acids; therefore, further 

research is warranted to elucidate the role of short-and medium-chain fatty 

acids in insulin signalling pathways with in vitro and in vivo models. 

 

Accumulation of lipid metabolites (e.g. diacylglycerols, ceramides) may 

mediate intracellular signalling, and they are known to function as second 

messengers in insulin signalling pathways. We found that 100nmol/l of 

insulin incubation during 30min increased the PKB phosphorylation state on 

Ser473 by 5.7-fold (p<0.001) compared to control values in C2C12 cells. 

This effect was not detected when the cells were pre-incubated with 
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100µmol/l ceramide for 2h and was unaffected in cells treated with the 

inactive ceramide analogue (dihydroceramide) (data not shown). These 

results agree with previous studies, which found similar findings (Hajduch et 

al., 2001; Stratford et al., 2004). Important studies have proposed 

mechanisms whereby ceramides may impair PKB phosphorylation with 

ceramides activating protein phosphatase 2A, for example (a known 

inhibitor of PKB) (Teruel et al., 2001). Another possible mechanism 

implicates PKCζ phosphorylation in the prevention of PKB activation 

(Blouin et al., 2010; Powell et al., 2003).  In addition, we measured 

phosphorylation of S6K1 Thr389 and the insulin increased by 2.0-fold S6K1 

phosphorylation levels. This increase was not found when the cells were pre-

incubated with ceramides for 2h (data not shown).  

With in vivo models, ceramides levels were enhanced in skeletal muscle 

from insulin-resistant humans (Adams et al., 2004). In recent published 

studies on obese and T2DM subjects, the authors have shown that acipimox 

decreased all NEFA species. Inflammatory gene expression was also 

reduced, resulting in improvement in muscle insulin signalling from insulin 

resistance subjects, but surprisingly the ceramides content did not change 

(Liang et al., 2013). In addition, exercise could reduce the total content and 

change the composition of ceramides in each muscle type in rats. These 

changes in the content of individual ceramides depended mostly on fatty acid 

residue. The reduction in the concentration of ceramides after exercise could 

be caused by either the reduced formation or increased breakdown of the 

compound (Dobrzyn and Gorski, 2002). The ceramides influence on the 

insulin cellular mechanism has been highly studied using cell systems, 

however, more studies are required utilizing in vivo and human models of 

insulin resistance. 

It seems that a reduction of plasma NEFA provokes an improvement of 

insulin sensitivity in skeletal muscle.  Palmitic acid (PA) is considered a 

negative regulator of insulin sensitivity through decreased activation of the 
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PKB pathways. We have shown that incubation for 3h with 0.75mM PA 

decreased by 40% PKB phosphorylation in C2C12 cells (chapter 4), 

concomitant with various studies that have shown different concentrations of 

free PA reduced PKB phosphorylation levels (Chavez and Summers, 2003; 

Senn, 2006). However, these findings contradict others studies (Liu et al., 

2012; Rivas et al., 2009). It seems that concentration, time of incubation and 

state of cellular differentiation could intervene in the PA effect of PKB 

phosphorylation in skeletal muscle cells.  In addition to an inhibition of PKB 

phosphorylation, we have shown that free PA incubated for 3h increased 

S6K1 phosphorylation in C2C12. These findings are in line with other 

studies that found a reduction of PKB phosphorylation levels with a 

concomitant increase of S6K1 phosphorylation levels (Ragheb et al., 2009; 

Wang et al., 2010). Results of the present investigation may support the 

hypothesis that S6K1 activation decreases serine phosphorylation of IRS 

leading to PKB inhibition and insulin desensitization in cultured cells (Um et 

al., 2004).  

However, long-term incubation with PA in L6 muscle cells reduces the 

phosphorylation state of S6K1 following insulin administration (Dimopoulos 

et al., 2006). Hence, we could suggest that brief elevation of plasma NEFA 

concentration described in chapter 4, could activate S6K1 via 

PKB/mTORC1 independent pathways. In contrast, a chronic and elevated 

plasma PA concentration could inhibit S6K1 via a PKB/mTORC1 dependent 

manner. 

A recent study has shown that PA incubation (with adjunction of 1% BSA) 

for 4h allowed PKB activation associated with an increase in the S6K1 

phosphorylation level in C2C12 myotubes. These findings are explained 

through AMPK inhibition (Liu et al., 2012). Discrepancies with our results 

may be explained by both a different state of cell differentiation and/or 

utilization of BSA in the preparation with PA. The latter has been shown to 

be a possible endotoxin contaminant (Erridge and Samani, 2009). 



 
 
 
 
 
 
Discussion, perspectives and conclusion  149 

 

Despite the substantial evidence supporting the implication of plasma NEFA 

concentrations in the damage of the insulin signalling pathways, the 

molecular mechanism by which this phenomenon occurs is not well defined. 

It has been postulated that NEFA induces an inflammatory response via 

activation of TLR2/4 in C2C12 cell (Senn, 2006), animal (Shi et al., 2006) 

and human (Lambert et al., 2008; Liang et al., 2013). We were able to show 

that activation of TLR2 and TLR4 in the muscle could be due to an 

increased PA concentration (chapter 4). Likewise, by utilizing small 

interfering RNA against tlr2 and another against tlr4, we were the first to 

demonstrate that the activation of TLR2 and TLR4 by known ligands (FSL 

for TLR2 and LPS for TLR4) besides PA provoked a decrease in PKB 

phosphorylation, accompanied with both elevated p38 MAPK and S6K1 

phosphorylation. We found a similar increase of p38 MAPK 

phosphorylation when the cells were incubated with PA compared to Senn 

(2006), who found in the same cell line an elevated p38 MAPK 

phosphorylation induced by PA in a TLR2-dependent manner (Senn, 2006). 

In addition, by using an antagonist TLR2 antibody called TLR2.5 we were 

able to prevent an increase of p38 MAPK phosphorylation induced by PA 

exposure (data not shown). Furthermore, when the cells were pre-treated 

with SB202190 (a known p38 inhibitor) PA-induced S6K1 phosphorylation 

was totally repressed, suggesting a possible interaction between p38MAPK 

and S6K1 activation. 

Hence, our results confirmed that both TLR2 and TLR4 are mediators 

between extracellular signal and insulin pathways.  In addition, our results 

confirmed a possible crosstalk between S6K1 and p38 MAPK induced by 

PA concentration. 
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2. Role of TLR2 and TLR4 during exercise 
 

As described in Chapter 5, our findings are the first to provide evidence that 

during endurance exercise, TLR2 and TLR4 transduce a signal induced by 

an elevated plasma NEFA concentration triggering p38 MAPK, JNK and c-

Jun activation. This latter is a transcription factor downstream of JNK.  

Exercise is known to activate MAPK, however, the molecular mechanisms 

are still not clear. We have shown that immediately after an endurance 

exercise in C57BL/6J wild-type mice (WT) an increase of plasma NEFA 

was induced resulting in an elevated p38 MAPK, JNK and c-Jun 

phosphorylation state in the tibialis anterior (TA) and soleus (SOL) muscles. 

These effects were not observed in tlr2-/- and tlr4-/- mice despite the fact that 

they were submitted to the same exercise protocol accompanied by a similar 

increase of plasma NEFA (Chapter 5). Despite the results obtained in this 

study, where plasma NEFA released during endurance exercise may activate 

MAPK via TLR2 and TLR4, various studies have put forth evidence of other 

factors implicated in exercise-induced p38 MAPK activation. For example, 

during exercise there is an increase in cytosolic calcium concentration in 

skeletal muscle, triggering a calcium/calmodulin-dependent protein kinase II 

activation resulting in elevated p38 MAPK activation (Wright et al., 2007). 

Other factors such as stretch, production of reactive oxygen species, and 

glycogen depletion are also involved in p38 MAPK activation (Chambers et 

al., 2009; Chan et al., 2004; Clerk et al., 1998). Furthermore, a study 

indicated that MAPK could be activated by electrical stimulation, 

mechanical, or chemical conditions without the need of NEFA release 

(Hayashi et al., 1999). However, our hypothesis is supported by the study of 

Widegrem et al. (Widegren et al., 1998), which showed that p38 MAPK is 

sensitive to systemic agents since a 30-min one-legged exercise induced an 

increase in p38 MAPK phosphorylation in muscle from both the exercised 

and unexercised leg. In addition, they were not able to increase ERK in the 
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unexercised leg muscle. In line with our findings, they showed that systemic 

agents do not cause ERK phosphorylation during exercise and/or our 

exercise protocol was low intensity resulting in non-activation of ERK 1/2.  

Intense exercise protocols and/or exercise causing muscular damage could 

stimulate the JNK pathways (Aronson et al., 1997; Aronson et al., 1998b; 

Fujii et al., 2004). We have shown that endurance exercise might activate 

JNK pathways through the binding of extracellular NEFA with TLR2 and 

TLR4 in mouse skeletal muscle (Chapter 5). We observed a complete 

repression of JNK phosphorylation in transgenic mice in TA muscle 

immediately after our exercise protocol. However, this repression was not 

totally seen in SOL muscle, but represented only 25% of the increase 

observed in WT muscle. This latter, could be explained by a potential fiber 

type-specific response, but our findings suggest that during endurance 

exercise both the SOL and TA muscle in mice activates p38 MAPK and JNK 

through a TLR-dependent mechanism. Moreover, we also measured c-Jun, a 

transcription factor downstream of JNK, in SOL and TA muscle from 

exercised mice. Our results agree with the study of Aronson et al. in 1998, 

which was the first to demonstrated that after 60 min of cycle ergometer 

exercise increased JNK activity and its downstream nuclear target c-Jun 

mRNA in human muscle (Aronson et al., 1998a). We were able to shown an 

increase of c-Jun after exercise in WT mice accompanied by a higher 

activity of JNK. Nonetheless, in SOL muscle of tlr2-/- and tlr4-/- mice, JNK 

tended to be more phosphorylated after running, which is in line with a 

higher phosphorylation state of c-Jun in those mice, reaching the statistical 

threshold in tlr4-/- mice (Chapter 5). 

Hence, our findings provide strong evidence that TLR2 and TLR4 mediate 

between an extracellular signal (e.g. plasma NEFA release) and MAPK 

activation during endurance exercise. 

 

Furthermore, in order to rule out any confounding effect of other exercise-
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induced factors, we injected with heparin to WT mice, such as tlr2-/- and  

tlr4-/- transgenic mice. We observed an elevated plasma NEFA concentration 

induced by heparin reflecting a lipolysis increase similar to our endurance 

exercise. After the heparin injection in WT mice, the phosphorylation state 

of p38 MAPK and JNK was increased in both TA and SOL muscles. This 

activation was completely suppressed in tlr2-/- and tlr4-/- transgenic mice 

regardless of the type of muscle. These findings are very similar to those 

obtained from our endurance exercise, and they have in common an elevated 

plasma NEFA in both experiments. In summation, our data strongly suggest 

that extracellular NEFA plays a role in MAPK activation mediated by TLR2 

and TLR4 in skeletal mice muscle. 

 

Moreover, we tried to reveal the presence of crosstalk between p38 MAPK 

and S6K1 in mice submitted to endurance exercise. We tested the hypothesis 

that an elevated plasma FA during exercise in mice might activate TLR2 and 

TLR4, similar to what we have shown with PA incubation in C2C12. This 

activation could induce activation of p38 MAPK and, subsequently, a S6K1 

phosphorylation. However, the phosphorylation state of S6K1 was not 

detected in mouse muscle. We believed that the fasting state of the mice did 

not allow the detection of S6K1 phosphorylation. However, Deldicque et al. 

2010 showed that incubation of PA (1mM) for 17h decreased S6K1 

phosphorylation in C2C12 cells (Deldicque et al., 2010). These findings 

support our hypothesis that a crosstalk between p38 and S6K1 is possible 

after a brief elevation of PA, on the contrary, a longer stimulation causes a 

complete insulin signalling inhibition. 

Moreover, it seems that the relationship between endurance exercise and 

S6K1, as a marker of anabolic process, is more complex than a simple 

crosstalk between p38 MAPK and S6K1 activation. For example, when 

AMPK is activated due to high intensity endurance exercise, it can directly 

phosphorylate raptor resulting in mTORC1 inhibition (Gwinn et al., 2008) 
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and a concomitant decrease in S6K1 phosphorylation. In addition, α1 

AMPK knockout mice were submitted to mechanical overloading. The α1 

AMPK-/- mice showed more hypertrophy compared to WT mice (Mounier et 

al., 2009).  Nonetheless, a study has shown that 10 weeks of endurance 

training consisting of single leg cycling for 45 min at 75% Vo2peak increased 

AMPK phosphorylation together with mTORC1 and S6K1 activation in both 

untrained and trained subjects (Wilkinson et al., 2008). Another more recent 

study with subjects submitted to aerobic and resistance exercise (AE+RE) 

showed that phosphorylation levels of S6K1 were more elevated than in 

subjects submitted only to resistance exercise (RE) (Lundberg et al., 2012). 

Furthermore, the same authors suggest that the increased aerobic capacity 

induced by AE+RE was accompanied by a more robust increase in muscle 

size compared with RE (Lundberg et al., 2013). Unfortunately, none of the 

abovementioned studies measured the phosphorylation state of p38 MAPK 

in order to investigate a possible crosstalk between p38 MAPK and S6K1. 

Further investigations will be required to determine the molecular link 

between NEFA and p38 MAPK/S6K1 activation during endurance exercise 

in human skeletal muscle.  

 

The TLR2 and TLR4 signaling pathways lead to the activation of diverse 

transcription factors including nuclear factor-κB (NF-κB) (Akira and Sato, 

2003). We tested the hypothesis that an elevation of extracellular NEFA 

observed during endurance exercise may activate NF-κB pathways. 

Surprisingly, our endurance exercise protocol was not able to activate NF-

κB pathways, in either WT mice or tlr2-/- and tlr4-/- transgenic mice (Chapter 

5). In order to check our NF-κB DNA binding measure, we injected WT 

mice with 8mg.kg-1 of LPS for 120 min as a positive control. In TA, the 

phosphorylation state of IKKα/β was increased and the DNA binding of NF-

κB was elevated compared with control mice. These results convince us that 
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our experimental running protocol did not induce any activation of the NF-

κB pathways. This contradictory finding could be due to the fact that 

extracellular NEFA after endurance exercise was not high enough and/or 

because the stimulation was too short. Our results are in agreement with 

those observed by McKenzie and Goldfarb, who did not report any 

activation of the NF-κB pathways during endurance exercise in rats 

(McKenzie and Goldfarb, 2007). Also, it seems that the nature of exercise 

(intensity, duration, and frequency) might explain the strong and 

contradictory differences found between NF-κB induced by exercise 

(Kramer and Goodyear, 2007). 

Furthermore, we observed that increased of plasma NEFA induced by 

heparin injection in WT mice and tlr2-/- and tlr4-/- transgenic mice was also 

not able to activate NF-κB pathways.  

These are the first studies to provide evidence that TLR2 and TLR4 

transduce signals linking the elevated extracellular NEFA concentration to 

the activation of p38 MAPK, JNK and c-Jun during endurance exercise in 

mouse muscle.  

 

3. Effect of plasma NEFA release during endurance exercise on 

intracellular signalling pathways in human skeletal muscle.  
 

As we have mentioned in the previous chapter, an elevated extracellular 

NEFA might activate MAPK in cellular models and in vivo mice models. 

We tested the hypothesis that plasma FA contributes to the activation of 

MAPK during endurance exercise in human model. In order to establish the 

relationship between plasma NEFA and MAPK, we used acipimox prior to 

and during the endurance exercise (120 min on a cycle ergometer at 

50%Wmax) to prevent the elevation of plasma NEFA in healthy subjects. Our 

study showed, for the first time, that p38 and ERK1/2 activation is 
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suppressed in healthy subjects after having received acipimox. However, in 

contrast to what we have shown in animal models, JNK phosphorylation was 

less affected by exercise. This lower JNK response might be explained by 

the nature of the contraction, as JNK phosphorylation is more elevated after 

eccentric rather than concentric contractions (Boppart et al., 1999). 

Considering p38 MAPK, our findings found in animal models were very 

similar to those results obtained in human skeletal muscle. An elevated 

plasma NEFA induced by endurance exercise increased p38 MAPK 

phosphorylation levels in both animal and human models. Also, this 

activation was found when C2C12 cells were incubated with an acute 

palmitic acid concentration. Hence, it suggests that p38 MAPK activation 

during endurance exercise is plasma NEFA-dependent. However, we could 

not establish any correlation between individual values of plasma NEFA and 

MAPK activation.  

 

Furthermore, we measured the phosphorylation levels of MAPK in diabetic 

subjects that used acipimox prior and during endurance exercise (60 min on 

a cycle ergometer at 50%Wmax). We found similar findings on MAPK 

compared to healthy subjects. An elevated plasma NEFA was observed in 

the placebo group of diabetic subjects after endurance exercise.  In diabetic 

subjects with acipimox administration, the plasma NEFA decreased even 

before of the beginning of exercise, and it was maintained at low levels 

during exercise. Phosphorylation levels of p38, ERK1/2 and JNK were 

increased after endurance exercise in subjects with placebo. Activation of 

p38 and ERK were supressed in diabetic subjects having received acipimox. 

However, some subjects who received acipimox showed higher 

phosphorylation levels of ERK1/2 or p38 MAPK after exercise vs basal rate, 

but the extent of such activation was ∼ 10 fold smaller than that with 

placebo. Hence, as mentioned previously in Chapter 6, the increase in 

plasma NEFA should be considered as an enhancer of MAPK 
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phosphorylation in skeletal muscle rather than a mandatory event. Further, 

JNK phosphorylation levels were not changed with acipimox administration 

maintaining increased levels after the exercise session.  

 

Unfortunately, a muscle biopsy was not taken between the first ingestion of 

acipimox and the beginning of the exercise, making it difficult to draw 

conclusions on the effect of acipimox itself on the MAPK pathways. 

Nonetheless, a recent study has shown that acipimox administration for 

seven day (250mg each six hours) decreased plasma NEFA resulting in 

improvement in insulin signalling pathways, but it did not affect JNK 

phosphorylation in obese and diabetic subjects. However, other MAPK 

families were not measured in this study (Liang et al., 2013). 

 

An anti-lipolytic drug called nicotinic acid (NA) used in another study has 

been shown to increase p38 MAPK and to reduce ERK1/2 without any 

change in JNK phosphorylation at rest (Watt et al., 2004). In the same study, 

they showed that NA prevented an increase of plasma NEFA induced by 

exercise in recreationally active subjects. After exercise cessation p38 

MAPK and JNK increased without altering ERK1/2 phosphorylation.  These 

discrepancies with our results might be explained by 1) the duration of 

exercise; our exercise protocol was 1 or 2h, while the protocol used by Watt 

et al. was 3h. 2) Despite the fact that acipimox is an analog of nicotinic acid 

(O'Kane et al., 1992), it is possible that its molecular mechanisms of action 

are not exactly the same.  

Furthermore, we measured IκBα in order to establish one plausible 

interaction between plasma NEFA and NF-κB pathways in human muscle. 

IκBα content was not changed by either exercise or acipimox (Chapter 6). 

Considering that our endurance exercise in mice did not alter NF-κB 

pathways, it was also not activated in healthy subjects submitted to cycle 

ergometer for 2h. The hypothesis given to this paradoxical finding was 
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already analyzed previously. However, we could speculate that the elevated 

plasma NEFA, which occurred during endurance exercise, might activate 

MAPK through TLR, independently of NF-κB in healthy subjects. On the 

other hand, in diabetic subjects we have shown that endurance exercise 

decreased IκBα content, reflecting a plausible NF-κB activation. These 

effects were countered with acipimox administration, suggesting that plasma 

NEFA are necessary in the activation of NF-κB induced by exercise in 

diabetic subjects. NF-κB activation may, among others, induce a brief but 

important pro-inflammatory response critical for post-exercise muscle 

regeneration (Kramer and Goodyear, 2007). A recent study elaborated by 

Liang et al. (2013) has shown that diabetic subjects have less IκBα content 

compared to lean and obese subjects at rest. Also, they showed that acipimox 

administration for 7 days might revert the decline of IκBα content observed 

in diabetic subjects (Liang et al., 2013). Therefore, we cannot exclude the 

possibility that in our study the increases showed after exercise and acipimox 

administration in diabetic subjects were induced only by acipimox. 

Nevertheless, our protocol of acute administration was completely different 

from a chronic administration of acipimox studied by Liang et al. (2013). 

Further investigations considering single doses of acipimox without exercise 

might determine the role of plasma NEFA in the IκBα content and 

subsequent NF-κB activation. 

 

In summary, our data supports a role for plasma NEFA in the activation of 

p38 MAPK and ERK1/2 in skeletal muscle tissue of healthy and diabetic 

subjects during endurance exercise. Further research is warranted to 

elucidate the molecular intermediates between plasma NEFA and MAPK 

activation during exercise in human skeletal muscle. 
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Conclusion 

 
The present work aims to identify the molecular mechanism by which 

endurance exercise regulates MAPK activation in skeletal muscle. Our 

findings provide evidence that increased NEFA (palmitic acid) might initiate 

a TLR signaling pathway resulting in PKB inhibition but the activation of 

p38 MAPK and JNK in C2C12 cells. We clearly showed a crosstalk between 

p38 MAPK and S6K1 induced by elevated NEFA concentration.  

An increase in plasma NEFA during endurance exercise could activate 

MAPK protein via a signal transduced by TLR2 and TLR4. Fig. 7.1 

summarizes how NEFA release from adipose tissue may initiate a signaling 

pathway activating MAPK and S6K1 protein mediated by TLR.  

 

             
7.1. Schema hypothetic of the signal induced by plasma NEFA/TLR/MAPK 
and insulin signalling. 
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Summary 

Toll-like receptors 2 (TLR2) and 4 (TLR4) are present in the plasma 

membrane of skeletal muscles, where their functions are only partially 

understood. A variety of molecular components could activate TLR2 and 

TLR4, including non-esterified fatty acids (NEFA). NEFA are also known to 

be released during endurance exercise. Likewise, endurance exercise may 

activate known downstream targets of TLR2 and TLR4 such as mitogen-

activated protein kinase (MAPK) and nuclear factor-κB (NF-κB).  

The purpose of this work was to investigate the possible interaction between 

the elevated plasma NEFA observed during endurance exercise and the 

MAPK activation mediated by TLR2 and TLR4. From a methodological 

point of view, three experimental models were used: myotubes cultured from 

C2C12 cells, soleus and tibialis muscle from C57BL/6J animals wild-type 

(WT) and transgenic tlr2-/- and tlr4-/- mice, and finally, muscle biopsies taken 

from the vastus lateralis of healthy and diabetic subjects.    

Palmitic acid (PA) was able to increase p38 MAPK and S6K1 

phosphorylation accompanied by PKB inhibition in C2C12. TLR2 and 

TLR4 seem to be implicated in this phenomenon. In addition, our results 

showed evidence of a possible crosstalk between S6K1 and p38 MAPK, 

induced by PA elevation. When mice were submitted to an endurance 

exercise, plasma NEFA levels increased. Likewise, we observed an increase 

of p38 MAPK, JNK and c-Jun phosphorylation in the muscles of WT mice. 

These effects were not observed in tlr2-/- and tlr4-/- mice, which suggests that 

TLR2 and TLR4 are necessary to activate the above-mentioned proteins. 

Acipimox was used prior to and during endurance exercise to prevent the 

elevation of plasma NEFA levels in healthy and diabetic subjects. Our 

findings have shown an increase in the phosphorylation levels of ERK1/2, 
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p38 MAPK and JNK after exercise in both groups. Acipimox was able to 

suppress the increase of plasma NEFA, resulting in a concomitant repression 

of p38 MAPK and ERK1/2 but not in the JNK phosphorylation induced by 

endurance exercise. On the other hand, the NF-κB pathways were unaffected 

by our endurance protocols in both mouse and human models.  

Our data support a role for plasma FA in the activation of MAPK during 

endurance exercise. This activation may be mediated by TLR2 and TLR4 in 

skeletal muscle. 
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