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Summary 
Obesity is often associated with metabolic impairments in 
peripheral tissues. Evidence suggests an excess of free fatty 
acids (FFA) as one factor linking obesity and related pathological 
conditions and the impact of FFA overload on skeletal muscle 
metabolism is described herein. Obesity is associated with 
dysfunctional adipose tissue unable to buffer the flux of dietary 
lipids. Resulting increased levels and fluxes of plasma FFA lead to 
ectopic lipid deposition and lipotoxicity. FFA accumulated in 
skeletal muscle are associated with insulin resistance and overall 
cellular dysfunction. Mechanisms supposed to be involved in 
these conditions include the Randle cycle, intracellular 
accumulation of lipid metabolites, inflammation and 
mitochondrial dysfunction or mitochondrial stress. These 
mechanisms are described and discussed in the view of current 
experimental evidence with an emphasis on conflicting theories 
of decreased vs. increased mitochondrial fat oxidation associated 
with lipid overload. Since different types of FFA may induce 
diverse metabolic responses in skeletal muscle cells, this review 
also focuses on cellular mechanisms underlying the different 
action of saturated and unsaturated FFA. 
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Obesity and circulating free fatty acids 

Overnutrition in combination with a sedentary 
lifestyle has led to a current epidemic of obesity. 
Although the etiology of obesity is multifactorial, main 
nutritional risk factors are an increase in total calorie 
intake and the consumption of high-fat diet (Astrup 
2001). Obesity, especially with abdominal fat 
distribution, is frequently associated with metabolic 
alterations which predispose to the development of 
complications such as insulin resistance, type 2 diabetes 
or cardiovascular diseases (Després and Lemieux 2006). 
The question is what is the link between obesity and 
related metabolic complications. 

The adipose tissue plays an important role in 
buffering the flux of dietary fat into the circulation in the 
postprandial period by suppressing the release of free 
fatty acids (FFA) into circulation and by increasing 
plasma triacylglycerol (TAG) clearance (Fig. 1). This 
buffering action limits an abnormal increase in plasma 
lipids and protects other tissues from exposure to 
excessive lipid fluxes (Frayn 2002). However, obesity is 
often associated with a dysfunctional adipose tissue, 
which is characterized by decreased insulin sensitivity, 
hypoxia, increased intracellular and systemic FFA flux, 
inflammation and the release of a variety of adipokines 
and inflammatory mediators into the circulation. Through 
FFA, adipokines and inflammatory molecules the 
dysfunctional adipose tissue communicates with 
peripheral tissues, such as liver, skeletal muscle or 
pancreatic β-cells and causes metabolic adverse effects 
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(de Ferranti and Mozaffarian 2008). All these factors 
have been proposed to link obesity and related metabolic 
complications; this review, however, focuses on the role 

of FFA. The role of adipokines and inflammation has 
been reviewed elsewhere (Antuna-Puente et al. 2008, 
Esser et al. 2014). 
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Fig. 1. A schematic view of obesity-associated, fatty acid-induced insulin resistance and metabolic dysfunction in skeletal muscle.  
An increased release of free fatty acids (FFA) from dysfunctional adipose tissue and a reduction in postprandial plasma triacylglycerols 
(TAG)/FFA clearance lead to higher circulating FFA levels/fluxes and higher uptake to skeletal muscle. FFA accumulated in skeletal 
muscle can be incorporated into intramyocellular TAG (IMTG) or oxidized in mitochondria. Excess FFA can then be converted to active 
lipid metabolites, such as ceramide and diacylglycerol (DAG). Oversupply of FFA drives an adaptive increase in mitochondrial 
β-oxidation, which, without an increase in energy demand, leads to incomplete fatty acid oxidation, increased redox pressure on the 
electron transport chain (ETC) and increased production of reactive oxygen species (ROS), with ensuing oxidative stress, development 
of insulin resistance (IR) and cellular damage. 
 
 

There is another important source of plasma 
FFA besides lipolysis of TAG stores in adipose tissue. 
Uptake of fatty acids released from circulating TAG (esp. 
after a fat-rich meal) into the adipose tissue is not fully 
effective and a portion of fatty acids is released into the 
plasma in a process called „spillover“ (Fielding et al. 
1996, Evans et al. 2002). In postprandial period this 
process can account for 40-50 % of the total plasma FFA 
pool (Fielding et al. 1996). Dietary fat intake has 
therefore a significant influence on the composition of 
circulating FFA (Fig. 1). Obese subjects have been 
reported to have both an increased FFA release from 
dysfunctional adipose tissue and a reduction in 
postprandial plasma TAG/FFA clearance, with 
concomitant higher fasting and postprandial circulating 
FFA concentrations than lean subjects (Roust and Jensen 
1993, Campbell et al. 1994, Nielsen et al. 2004).  

A group of researchers has recently questioned 
the simple association between expanded adipose tissue 
mass and elevated systemic FFA levels (Karpe et al. 
2011). They showed an evidence that fasting plasma FFA 
concentrations in obese people are not different from lean 
people although there is an increased FFA flux to non-
adipose tissues in obese. Further investigations are 
therefore required to elucidate this relationship. Although 
an increased flux and accumulation of FFA in tissues not 
designed for fat storage, phenomena described as ectopic 
fat deposition, are generally accepted as crucial factors in 
obesity-associated complications. 

 
Systemic effects of FFA overload 
 

Excessive amounts of FFA accumulated in 
peripheral tissues have adverse effects on cellular 
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signaling and functions, effects known as lipotoxicity 
(Schaffer 2003). The broadly studied and discussed 
pathological conditions associated with excess FFA are 
insulin resistance (IR) and impaired insulin-stimulated 
glucose disposal, the latter associated mainly with the 
skeletal muscle. These conditions are key components of 
type 2 diabetes and the metabolic syndrome and 
considerable research effort has been made to determine 
the role of excess FFA in their development. 

To investigate the effects of high FFA fluxes on 
insulin sensitivity and other metabolic features in humans 
or animal models several experimental approaches have 
been used: lipid-heparin infusion, which predominately 
releases unsaturated fatty acids from exogenous TAG; 
prolonged fasting, which is accompanied by an increased 
release of fatty acids from endogenous lipid stores and  
a long-term consumption of high-fat diet. All approaches 
have some limitations, but in our opinion, the dietary 
intervention best reflects the physiological situation in 
obese individuals.  

Experiments using lipid infusions and prolonged 
fasting demonstrated that increasing plasma FFA levels 
in lean individuals to levels seen in obese ones induced 
lipid accumulation in skeletal muscle and IR (Belfort et 
al. 2005, Hoeks et al. 2010). Dietary intervention studies 
with a consumption of high-fat diet also showed reduced 
insulin sensitivity and lipid accumulation in healthy 
people (Bachmann et al. 2001) and rodents (Turner et al. 
2013). These findings indicate a close link between 
increased FFA levels/fluxes, ectopic lipid accumulation 
and IR in skeletal muscle. The role of FFA in the 
development of IR was supported by the observation that 
normalizing plasma FFA levels by pharmacological 
inhibition of lipolysis resulted in a normalization of 
insulin sensitivity and glucose tolerance in obese non-
diabetic subjects and an improved insulin sensitivity in 
obese diabetic subjects (Santomauro et al. 1999). 

 
Impact of different composition of 
dietary/plasma FFA 
 

Not only the amount but also the quality of 
dietary lipids is important in determining their effects in 
the body (Riccardi et al. 2004). Different types of FFA, 
defined by the degree of saturation and the length of 
carbon chain, may induce diverse metabolic responses in 
cells and tissues (Lottenberg et al. 2012).  

The major types of fatty acids in the circulation 
and in the tissues of mammals are the long-chain (14-18 

carbon atoms) and very-long-chain (20-26 carbon atoms) 
fatty acids with varying degrees of saturation (Turner et 
al. 2014). The most common FFA found in human 
plasma are saturated palmitic acid (16:0), 
monounsaturated oleic acid (18:1, n-9) and 
polyunsaturated linoleic acid (18:2, n-6) (Miwa 2002).  
A similar pattern is observed also in the plasma FFA pool 
of rodents (Koves et al. 2008). However, the composition 
of plasma and tissue FFA can significantly differ between 
individuals with respect to dietary fat intake.  

According to the KANWU study, the total 
amount of fat influences insulin sensitivity only when it 
exceeds a threshold of 35-40 % of daily energy intake. If 
the threshold is not exceeded, a critical factor in the 
induction of IR is not the amount of fat itself but its 
composition, i.e. the types of dietary FFA (Vessby et al. 
2001, Riccardi et al. 2004). This and other intervention 
studies in humans (Lovejoy et al. 2002) indicated that 
saturated fat significantly worsens insulin sensitivity, 
whereas monounsaturated and polyunsaturated fats have 
a less pronounced effect or even improve insulin 
sensitivity. Saturated FFA have been shown to influence 
adiposity and associated metabolic dysfunction also in 
animal models, with particularly pro-inflammatory and 
insulin-antagonizing effects (Enos et al. 2013, Lionetti et 
al. 2014). These findings indicate that the composition of 
fat in lipid intervention studies, especially the amount of 
saturated/unsaturated FFA, should be considered as an 
important variable when investigating the metabolic 
impact of FFA.  

 
Effects of FFA overload on skeletal muscle 
metabolism 
 

Skeletal muscle is a key metabolic tissue 
affecting the metabolic state of the whole organism. It 
accounts for about 80 % of postprandial insulin-
stimulated glucose disposal (DeFronzo et al. 1985) and is 
the main site of FFA utilization (Furler et al. 2000). FFA 
in skeletal muscle are stored in the form of 
intramyocellular TAG (IMTG) and represent  
an important source of energy (Fig. 1). Nevertheless, their 
excessive accumulation is linked to adverse effects - the 
subsequent impairment of insulin action in skeletal 
muscle is central to the pathogenesis of IR-associated 
diseases. 

Several pathological mechanisms may play  
a role in FFA-induced IR and metabolic dysfunction in 
skeletal muscle. More than 50 years ago the concept of 
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the glucose-fatty acid cycle was proposed by Randle and 
colleagues. Over the years many other mechanisms have 
been suggested, with central role of intracellular 
accumulation of lipid metabolites, inflammation, 
decreased mitochondrial oxidative capacity and oxidative 
stress. 

 
Randle cycle: competition between fatty 
acids and glucose 
 

Randle and colleagues were the first to propose  
a connection between elevated FFA concentrations and 
reduction in glucose disposal in muscle (Randle et al. 
1963). Their study showed that an elevation in fatty acids 
supply to the diaphragm and isolated heart led to  
a competition of fatty acids with glucose as an energy 
substrate, so called glucose-fatty acid cycle, and an 
increased rate of fatty acid oxidation relative to 
carbohydrate oxidation. According to their model, an 
increased oxidation of muscle fatty acids produces 
increased levels of intracellular acetyl-CoA and citrate, 
which then inhibit the activities of enzymes involved in 
glucose utilization, pyruvate dehydrogenase and 
phosphofructokinase. The lowering of pyruvate oxidation 
and glycolysis would then result in glucose-6-phosphate 
accumulation, increased intracellular glucose content and 
reduction in glucose uptake (Lowell and Shulman 2005). 

Subsequent studies have not fully confirmed 
Randle's hypothesis and have indicated that other 
mechanisms probably play a role in the FFA-induced 
impairment of glucose disposal in skeletal muscle, 
particularly defects in the insulin signaling pathways with 
concomitant decreased glucose uptake (Shulman 2000). 
However, the role of impaired metabolic flexibility, i.e. 
the ability to modify fuel oxidation in response to 
changes in nutrient availability, in skeletal muscle IR has 
been intensively studied (reviewed in Galgani et al. 
2008), although no clear conclusion can be made from 
these studies. 

 
Intracellular accumulation of lipid metabolites, 
impaired insulin signaling and inflammation 
 

A number of studies in both animals and humans 
reported that an accumulation of IMTG in skeletal muscle 
strongly correlates with IR (Pan et al. 1997, Krssak et al. 
1999); but this is true mainly in untrained individuals. 
Endurance-trained athletes are often extremely insulin 
sensitive despite a high content of IMTG and this 

observation has been referred to as the athlete’s paradox 
(Goodpaster et al. 2001). It is now generally accepted that 
not IMTG accumulation itself but rather FFA-derived 
active lipid metabolites, such as diacylglycerol (DAG) 
and ceramide, are harmful for skeletal muscle (Fig. 1). 
The association between accumulation of active lipid 
species (DAG and/or ceramide) and the inhibition of 
insulin action was demonstrated in the skeletal muscle 
from obese insulin-resistant individuals, healthy people 
after a lipid infusion and in the skeletal muscle of high 
fat-fed mice (Itani et al. 2002, Amati et al. 2011, Turner 
et al. 2013). In vitro studies on skeletal muscle cells 
confirmed this association (Chavez and Summers 2003, 
Pickersgill et al. 2007). Specifically long-chain saturated 
FFA were shown to induce the synthesis of DAG and 
ceramide, with the most potent inducer being palmitic 
acid (Chavez and Summers 2003). 

DAG and ceramide are active signaling 
molecules. Increased levels of these metabolites are 
involved in the activation of both conventional and novel 
protein kinases C (PKC) isoforms and c-Jun N-terminal 
kinases (JNK), which in turn impair insulin-stimulated 
signaling cascades leading to impaired glucose uptake. 
Furthermore, through IκB kinase β (IKK β) and nuclear 
factor (NF)-κB they may activate inflammatory pathways 
with a concomitant production of pro-inflammatory 
cytokines, such as interleukin 6 (Coll et al. 2008, Eckardt 
et al. 2011). Saturated FFA can also directly stimulate 
inflammatory pathways through the activation of Toll-
like receptor 4 (Senn 2006). Ceramides are known 
initiators of the apoptotic cascade (Gulbins 2003) and 
apoptosis induced by ceramide accumulation was 
reported in myotubes exposed to palmitic acid (Turpin et 
al. 2006).  

Although recent animal and human studies 
strongly support the key role of DAG and the activation 
of PKCθ in the pathogenesis of lipid-induced muscle IR 
(Bruce et al. 2009, Szendroedi et al. 2014), there are also 
indications that an accumulation of DAG is not always 
associated with IR (Amati et al. 2011). Therefore, the 
role of this lipid species in muscle metabolism should be 
further examined, with emphasis on specific molecular 
species of DAG and their subcellular localization (Amati 
et al. 2011). 

The accumulation of FFA and their metabolites 
in skeletal muscle may be the result of an imbalance 
between FFA supply (cellular uptake), storage in TAG 
(lipolysis and lipid synthesis) and mitochondrial 
oxidation. Intact insulin sensitivity despite high IMTG in 
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endurance-trained subjects has been explained by  
a higher turnover rate of the IMTG pool and a more 
efficient coupling of lipolysis to mitochondrial fat 
oxidation, which may reduce the accumulation of 
lipotoxic intermediates (Moro et al. 2008). Studies in 
obese humans and high fat-fed rats revealed an enhanced 
transport of FFA into skeletal muscle associated with an 
increased IMTG content (Hegarty et al. 2002, Bonen et 
al. 2004). It was also shown that acute exercise or 
upregulation of TAG synthesis prevented lipid-induced 
impairments of insulin action in skeletal muscle and 
decreased DAG and ceramide accumulation (Liu et al. 
2007, Schenk and Horowitz 2007). The role of 
mitochondrial fatty acid oxidation is, however, more 
controversial. 

 
Interaction of FFA with mitochondria 
 

Some features of mitochondrial dysfunction 
induced by FFA have been shown in cell culture as well 
as animal and human studies (Sparks et al. 2005, Brehm 
et al. 2006, Yuzefovych et al. 2012). One theory, which 
has been widely accepted for many years, considers 
mitochondrial impairment with decreased capacity to 
oxidize fat as a cause of cellular lipid accumulation with 
impaired insulin action and cellular dysfunction. 
However, recently this theory has been challenged and an 
increased fat oxidation with concomitant mitochondrial 
stress have instead been proposed as initial events leading 
to FFA-induced IR and cellular damage.  

 
Mitochondrial oxidative capacity 

Many different mitochondrial abnormalities 
have been reported in skeletal muscle of insulin-resistant 
obese and T2D subjects such as a deficiency of 
mitochondrial electron transport chain (ETC) (Ritov et al. 
2010), decreased expression of genes involved in 
oxidative metabolism and mitochondrial biogenesis 
(Mootha et al. 2003, Patti et al. 2003), decreased fat 
oxidation (Kim et al. 2000) or less abundant 
mitochondria with a changed morphology (Kelley et al. 
2002, Ritov et al. 2005). In vivo nuclear magnetic 
resonance studies revealed defects in mitochondrial 
oxidative phosphorylation with an accumulation of lipids 
in the skeletal muscle of lean, insulin-resistant offspring 
of T2D patients (Petersen et al. 2004) or elderly, insulin-
resistant individuals (Petersen et al. 2003). Feeding  
a high-fat diet to healthy young men or mice was reported 
to decrease muscle mRNA levels of genes involved in the 

oxidative phosphorylation (Sparks et al. 2005). Based on 
these and other studies it has been assumed that impaired 
mitochondrial oxidative capacity plays a pivotal role in 
intracellular accumulation of FFA and their metabolites 
and the development of IR in skeletal muscle (Morino et 
al. 2006). Evidence from cell culture and animal studies, 
which showed that increased oxidation of long-chain 
FFA in mitochondria, achieved by pharmaceutical or 
genetic approaches, reduced IMTG and lipid 
intermediates content and ameliorated IR in skeletal 
muscle in face of lipid overload (Tanaka et al. 2003, 
Krämer et al. 2005, Bruce et al. 2009) is in agreement 
with this hypothesis. 

A number of studies in animals and humans, 
however, is incompatible with this concept and observed 
lipid-induced IR in skeletal muscle without  
an impairment of mitochondrial function (Brands et al. 
2011, Hoeks et al. 2011, Fisher-Wellman et al. 2013) or 
with impairment which developed long time after the 
establishment of IR (Bonnard et al. 2008). In animal 
models, reduced oxidative phosphorylation due to  
a genetic modification of components of the ETC 
protected against the development of high-fat diet-
induced IR and even increased insulin sensitivity in 
skeletal muscle (Pospisilik et al. 2007, Han et al. 2011). 
These findings argue against the concept that muscle lipid 
accumulation and IR are mediated by a deficiency in 
mitochondrial oxidative capacity. Another argument is 
based on the fact that skeletal muscle has a large 
respiratory reserve (spare capacity) to substantially 
increase substrate flux and ATP synthesis to meet  
a potential increase in energy demand. Most of the time, 
mitochondrial respiration in skeletal muscle is operating 
very far from its maximal capacity. Therefore it is 
questionable if moderately decreased mitochondrial 
content or enzyme activities can influence the rate of fat 
oxidation and lipid accumulation when energy 
requirements are relatively low (Muoio and Neufer 
2012). 

In fact, a few years ago, an alternative 
hypothesis connecting fatty acid oxidation to lipid-
induced IR in skeletal muscle has been proposed, 
declaring excessive rather than reduced β-oxidation 
(Koves et al. 2008). This model proposed that lipid 
oversupply into the mitochondria drives an increase in 
mitochondrial β-oxidation that exceeds the capacity of 
the Krebs cycle and the ETC, leading to an incomplete 
fatty acid oxidation and intramitochondrial accumulation 
of by-products of oxidation, mitochondrial stress and 
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impaired insulin action and cellular dysfunction. 
Experimental evidence confirmed that reduced fatty acid 
uptake and catabolism in mitochondria prevented lipid-
induced IR in myotubes and skeletal muscle of high fat-
fed mice (Koves et al. 2008). Other studies documented 
elevated incomplete fat oxidation associated with 
impaired insulin signaling in cultured myocytes from 
obese subjects and myocytes from lean subjects exposed 
to excess FFA (Bell et al. 2010). Another animal studies 
also revealed an increased rather than decreased 
mitochondrial biogenesis and mitochondrial oxidative 
capacity in high fat-fed rodents (Turner et al. 2007, 
Hancock et al. 2008), pointing to an adaptation of lipid 
oxidation during lipid overload. Increased β-oxidation 
capacity in muscle mitochondria and lipid and 
acylcarnitine accumulation were observed also in skeletal 
muscle of diabetic rats compared to lean controls 
(Wessels et al. 2015).  

Studies in cultured skeletal muscle cells 
demonstrated decreased generation of ATP (Hirabara et 
al. 2010), reduced oxidation of FFA and intracellular 
lipid accumulation (Pimenta et al. 2008) associated with 
IR after prolonged exposure to saturated FFA. However, 
acute exposure (1 h) of skeletal muscle cells to palmitic 
acid on the contrary induced β-oxidation (Fediuc et al. 
2006). In another study transcriptional activation of 
pathways that increase fatty acid oxidation prevented 
DAG accumulation, inflammatory processes and 
development of IR induced by saturated FFA (Coll et al. 
2010). 

 
Mitochondrial (oxidative) stress 

Mitochondria are not only major producers of 
ATP but are also a main source of reactive oxygen 
species (ROS), which are produced in ETC as by-
products of normal respiration (James et al. 2012). When 
ROS production is chronically increased and exceeds the 
capacity of antioxidant defence mechanisms, ROS cause 
damage to multiple cellular components, a state defined 
as an oxidative stress (Schieber and Chandel 2014).  

Recently, production of ROS has emerged as an 
important link between excess FFA, mitochondria and 
insulin resistance (Fig. 1). Studies in high fat-fed rodents 
and obese people showed increased mitochondrial ROS 
production in skeletal muscle in association with IR and 
without signs of mitochondrial respiratory deficiency 
(Bonnard et al. 2008, Anderson et al. 2009, Lefort et al. 
2010). Moreover attenuating mitochondrial ROS 
production protected against high-fat diet-induced IR 

(Anderson et al. 2009, Hoehn et al. 2009). These studies 
suggest that an increased mitochondrial ROS production 
and altered cellular redox state are major determining 
factors in the loss of insulin sensitivity associated with 
high fat intake or obesity. Mitochondrial dysfunction is 
then considered to be a consequence of altered cellular 
metabolism and insulin resistance (Bonnard et al. 2008). 
This is in agreement with the above-mentioned theory of 
mitochondrial lipid overload with elevated β-oxidation, 
as an increased oxidation of FFA can lead to 
mitochondrial stress, increased ROS production and 
cellular damage. 

Increased ROS production by saturated FFA was 
demonstrated also in cultured muscle cells (Lambertucci et 
al. 2008). Increased ROS production and oxidative damage 
of mitochondrial DNA were proposed as initial events 
leading to mitochondrial/cellular dysfunction, IR and 
apoptosis in myotubes (Yuzefovych et al. 2012, Barbosa et 
al. 2013). These effects were observed for saturated FFA 
and were abolished by targeting DNA repair enzymes into 
mitochondria (Yuzefovych et al. 2012) or by 
overexpressing catalase (Barbosa et al. 2013). ROS were 
also shown to activate stress kinases, such as JNK and IKK 
β, which have been linked to insulin resistance (Bloch-
Damti and Bashan 2005) and this pathway may be  
a potential link between ROS and IR. 

Several mechanisms of how the catabolism of 
long-chain FFA promotes mitochondrial ROS production 
have been proposed, such as excessive generation of 
reducing equivalents in β-oxidation, generation of 
intermediates and by-products of β-oxidation that can 
inhibit enzymes that detoxify ROS or direct inhibition of 
the ETC by these intermediates (Seifert et al. 2010). 
Exposure to excess long-chain FFA coupled with 
physical inactivity may lead to intensive mitochondrial 
ROS production. In such model, increased FFA 
availability increases flux through β-oxidation and 
provides a high supply of electrons to ETC, while a lack 
of physical activity and the consequent low ATP demand 
favor a high proton motive force, hyperpolarisation of 
mitochondrial membrane potential, inhibition of ETC and 
low respiration rate, i.e. conditions, which promote 
mitochondrial ROS formation (James et al. 2012). 

Based on this evidence it is clear that 
interactions of FFA with mitochondria play an important 
role in cellular events induced by lipid overload. 
Although impaired mitochondrial oxidative capacity does 
not seem to be the underlying mechanism of lipid 
accumulation and IR, there are indications that 
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mitochondrial number, morphology and function are 
compromised by excess FFA in cell cultures, animals and 
in obese subjects. These changes, however, seem to occur 
secondary to FFA-induced IR and alteration of cellular 
metabolism. ROS are currently accepted as early 
mediators responsible for FFA-induced IR and other 
metabolic abnormalities. Decreased mitochondrial 
content in the obese may also be a consequence of a lack 
of exercise (Hancock et al. 2008). 

At this point it is difficult to conclude whether 
increasing fatty acid oxidation in mitochondria would be 
beneficial for muscle metabolism and insulin sensitivity 
or not. In this regard, we agree with a proposal of Muoio 
and colleagues that increasing the flux through 
β-oxidation could be beneficial only in parallel with 
increases energy expenditure (Muoio and Neufer 2012) 
which reduces the pressure on mitochondrial ETC and 
prevents excessive ROS production. In general, increased 
energy expenditure is an effective mechanism to maintain 
insulin sensitivity and other cellular functions in skeletal 
muscle exposed to lipid overload and exercise is a simple 
way to achieving it.  

The role of mitochondria in lipid overload is one 
of the most controversial topics in this field. Studies often 
bring about contradictory results, which could in part 
come from differences in the populations studied or the 
type, duration and composition of lipid interventions. The 
methods of investigating mitochondrial function in 
skeletal muscle should also be carefully selected (in vivo 
measurements vs. in vitro measurements on 
permeabilized muscle fibers, primary cell cultures, tissue 
homogenates or isolated mitochondria) and if possible 
more than one aspect of mitochondrial function should be 
assessed to get a more complex view of metabolism. The 
term mitochondrial dysfunction should be better defined 
as it can cover a whole range of mitochondrial 
abnormalities, such as a decreased content and abnormal 
morphology of mitochondria, functional defects to 
oxidative phosphorylation machinery or changes in 
production and detoxification of ROS (Brand and 
Nicholls 2011). When evaluating cell culture studies, 
close attention must be paid to concentrations of FFA, 
which are often very high, and to the molar ratio of FFA 
and bovine serum albumin (BSA). 

 
Specific effects of unsaturated FFA 
 

Studies into mechanisms of FFA action in 
cultured muscle cells revealed that their effects are 

dependent on the type of FFA as was observed in animal 
and human studies, where composition of fat in the diet 
was an important factor in the induction of IR (Riccardi 
et al. 2004). Long-chain saturated palmitic acid induced 
insulin resistance, inflammation, mitochondrial damage, 
oxidative stress and apoptosis in skeletal muscle cells 
(Coll et al. 2008, Yuzefovych et al. 2012, Patková et al. 
2014) whereas unsaturated FFA did not cause these 
changes and showed even protective effects against 
saturated FFA-induced damage. This protection has been 
observed mainly for monounsaturated oleic acid (Coll et 
al. 2008, Yuzefovych et al. 2010) and to some degree 
also for polyunsaturated FFA (Lam et al. 2011).  

It has been proposed that unsaturated FFA 
protect cells against lipotoxicity by promoting FFA 
incorporation into TAG and thus decreasing their 
availability for metabolic conversions to active lipid 
metabolites and for pathways leading to cellular damage 
and apoptosis (Listenberger et al. 2003). Studies on 
muscle cells demonstrated that excess of palmitic acid 
was poorly incorporated into TAG and caused IR and 
apoptosis, in contrary to oleic acid, which was well 
incorporated into TAG and well tolerated. Moreover, 
oleic acid prevented deleterious action of palmitic acid by 
promoting its incorporation into TAG (Pickersgill et al. 
2007, Henique et al. 2010). In animal studies, directing 
FFA into TAG by polyunsaturated fat diet or increased 
synthesis of TAG in transgenic mice prevented 
FFA-induced IR in skeletal muscle (Lee et al. 2006, Liu 
et al. 2007).  

Polyunsaturated FFA have been shown to 
ameliorate saturated FFA-induced IR also by 
transcriptional activation of pathways that increase fat 
oxidation (Lam et al. 2011). Also other studies using 
oleic acid indicated that promoting mitochondrial fatty 
acid oxidation is a protective mechanism of unsaturated 
FFA against saturated FFA-induced damage (Coll et al. 
2008, Henique et al. 2010).  

Altogether, different effects of saturated and 
unsaturated FFA can be explained, at least partly, by their 
different metabolic fates in the cell. Beneficial effects of 
unsaturated FFA seem to be mediated through  
an increased intracellular FFA disposal by promoting 
their storage in TAG and/or oxidation in mitochondria. 
The latter, however, should be associated with an 
increased energy demand, because otherwise it would not 
be beneficial. 

Unsaturated fatty acids have been reported to 
improve insulin sensitivity in animals and humans also by 



200   Tumova et al.  Vol. 65 
 
 
increasing the unsaturation of skeletal muscle membrane 
phospholipids (Storlien et al. 1991, Vessby et al. 1994). 
The saturation of membrane phospholipids influences 
membrane fluidity and the function of membrane proteins 
and may therefore affect physiological mechanisms 
involved in FFA and glucose uptake. The fatty acid 
spectrum in skeletal muscle phospholipids and TAG has 
been shown to reflect the composition of dietary fat 
(Andersson et al. 2002, Kien et al. 2011).  

 
Peroxisome proliferator-activated receptors 

Long-chain fatty acids can regulate energy 
metabolism in skeletal muscle cells through their binding 
to peroxisome proliferator-activated receptors (PPAR). 
These nuclear receptors act as transcription factors and 
control the expression of genes involved in glucose and 
lipid metabolism. Unsaturated FFA and their metabolites 
have been reported to be effective natural ligands and 
activators of these receptors, while short and long-chain 
saturated FFA are only weak activators (Forman et al. 
1997, Kliewer et al. 1997).  

Three isoforms of PPAR with tissue-specific 
expressions and functions were identified – PPARα, β/δ 
and γ. PPARδ is the most abundant isoform in skeletal 
muscle (Braissant et al. 1996). Both PPARα and PPARδ 
share some target genes involved in fatty acid and 
glucose metabolism (Muoio et al. 2002) and 
preferential/increased fat oxidation is an important 
metabolic effect of their activation, however, based on 
knock-out mice studies, PPARδ seems to play a dominant 
role in skeletal muscle (Muoio et al. 2002, Schuler et al. 
2006). PPARδ is known to coordinate physiological 
adaptations of skeletal muscle in response to fasting and 
endurance exercise (Nakamura et al. 2014). The ablation 
of PPARδ in skeletal muscle of mice led to obesity and 
diabetes (Schuler et al. 2006) and the activation of 
PPARδ with a synthetic agonist protected mice against 
high-fat diet-induced IR in skeletal muscle (Tanaka et al. 
2003) and prevented FFA-induced inflammation and IR 
in muscle cells (Coll et al. 2010). Therefore PPARδ has 
gained attention as a potential target for treatment of 
metabolic abnormalities in skeletal muscle associated 
with fat accumulation, mainly because of its favorable 
effects on fat oxidation and energy expenditure.  

Interestingly, oral administration of the PPARδ 
agonist to rodents worsened insulin-stimulated glucose 
transport in skeletal muscle (Cresser et al. 2010). 
Moreover, PPARδ-mediated increase in muscle 
mitochondrial oxidative capacity was observed in high 

fat-fed mice together with the establishment of IR 
(Hancock et al. 2008). Cell culture studies are also 
inconsistent regarding the involvement of PPARδ in the 
protective effects of unsaturated FFA (Coll et al. 2008, 
Salvadó et al. 2013). Therefore the role of PPARδ 
activation in conditions of lipid overload, whether by 
unsaturated FFA or a synthetic agonist, needs further 
study. 

PPARγ is the least expressed isoform in skeletal 
muscle, however, its role in the maintenance of insulin 
sensitivity in skeletal muscle has been reported (Hevener 
et al. 2003, Hu et al. 2012) and should be therefore also 
further examined. One interesting question is how PPAR 
activity in skeletal muscle could be affected by FFA 
composition in the diet. It should be noted, however, that 
the regulation of PPAR is complex and likely depends 
not only on the availability of their ligands but also on the 
presence of different coregulators, phosphorylation status, 
etc. and these factors can further complicate the 
elucidation of their role. 

 
Concluding remarks 
 

While the association between FFA excess and 
metabolic dysfunction in skeletal muscle is well 
established, the exact cellular mechanisms of FFA action 
are still not clear and new theories are constantly 
appearing to explain this complex association.  

Based on current experimental evidence we may 
conclude that excess FFA cause detrimental effects in 
skeletal muscle through multiple factors and pathways 
(Fig. 1). A principal role seems to be played by  
an increased content of FFA-derived active lipid species 
and alterations of mitochondrial respiration leading to 
changes of cellular redox state. Effective coordination of 
several processes and pathways, such as FFA cellular 
uptake, storage in TAG and efficient mitochondrial 
oxidation seems to be particularly important to prevent 
FFA-induced deleterious effects. Similarly, the balance 
between individual metabolic pathways may play  
an important role. The most important factor would then 
indisputably be the balance between energy supply and 
demand.  

The type of FFA also seems to be of a great 
importance in determining their action in skeletal muscle 
cells and therefore further studies exploring how the fatty 
acid composition in diet or experimental lipid 
interventions affects skeletal muscle metabolism, such as 
mitochondrial function, insulin sensitivity or redox status, 
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especially in humans, are required. 
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