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Abstract This chapter summarizes how fatty acid (FA) oxidation is regulated in
skeletal muscle during exercise and the role of obesity in regulation of FA oxidation
in skeletal muscle. The substrates fueling increased FA oxidation in skeletal muscle
during exercise are mainly circulating FAs, although hydrolysis of circulating
triacylglycerol (TG) in very-low-density lipoproteins (VLDL-TG) and especially
lipolysis of intramuscular TG (IMTG) also appear to contribute to some extent.
Several steps are involved in FA uptake and oxidation in skeletal muscle and could
all be of importance in the regulation of FA oxidation during exercise. Besides trans-
sarcolemmal FA uptake via fatty acid transporters, it appears that intramyocellular
carnitine content plays an important regulatory step in regulation of substrate
selection during exercise. Interestingly, individuals with obesity exhibit a
compromised ability to oxidize FAs and to increase FA oxidation in response to
lipid exposure (reduced metabolic flexibility). Skeletal muscle mitochondrial func-
tion appears to be related to this defect. It remains controversial whether this
impaired FA oxidative capacity in obesity diminishes the ability to increase and
properly regulate FA oxidation during an acute, single exercise bout. However,
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despite these initial impairments in FA oxidation capacity in the obese situation,
endurance exercise training can rescue the capacity for FA oxidation and the
metabolic flexibility in the skeletal muscle of individuals with obesity at least to
equivalent levels of their lean counterparts.

Keywords Fatty acid oxidation · Exercise · Skeletal muscle · Mitochondria ·
Obesity · Exercise training · Lipid metabolism

8.1 Introduction

The work by Krogh and Lindhard and by Christensen and Hansen in the 1920s and
1930s demonstrated from measurements of the non-protein respiratory exchange
ratio (RER) that fatty acid (FA) oxidation increased five- to tenfold above resting
levels during mild-to-moderate exercise and decreased with increasing exercise
intensities (Krogh and Lindhard 1920; Christensen and Hansen 1939). Today, it is
well recognized that FA oxidation reaches its maximum at moderate intensities
between 55 and 65% of maximal oxygen uptake (VO2peak) (Lundsgaard et al.
2018; Romijn et al. 1993). Beyond this level, a shift in fuel selection appears toward
an increase in carbohydrate and a decrease in FA utilization (Lundsgaard et al. 2018;
Romijn et al. 1993). Furthermore, the FA oxidation rate during mild-to-moderate
exercise remains generally unchanged for about 60–90 min of exercise, but when
exercise continues beyond this time point, a gradual increase in FA oxidation is
induced at the expense of carbohydrate oxidation as fuel for energy (Romijn et al.
1993).

8.2 Fatty Acids as Energy Fuel in Skeletal Muscle

FAs as fuel for energy during exercise originate from three different sources: 1)
Albumin-bound long-chain FAs liberated from lipolysis of triacylglycerol
(TG) located in adipose tissue, 2) plasma FAs liberated from lipoprotein lipase
(LPL)-dependent hydrolysis of TG situated in very-low density lipoprotein
(VLDL-TG), and 3) FAs liberated by lipolysis of TG situated in lipid droplets in
skeletal muscle (IMTG) (Fig. 8.1). The extent to which the different energy sources
contribute during exercise is dependent on exercise intensity, duration, mode, and
sex.

Findings indicate that approximately 55–65% of total whole-body FA utilization
during moderate-intensity exercise, where FA oxidation is at its highest level, is
derived from plasma FAs (Romijn et al. 1993; Friedlander et al. 1999; Helge et al.
2001; Roepstorff et al. 2002; van Loon et al. 2001) and that the contribution from
plasma FAs to energy provision increases with time (van Loon et al. 2003).
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8.2.1 Albumin-Bound Plasma FA

Plasma FA uptake into skeletal muscle is the product of blood flow and the
arteriovenous FA concentration difference. The increase in blood flow during
exercise, which increases up to 20-fold from rest to intense, dynamic exercise
(Calbet and Lundby 2012; Radegran and Saltin 1998), is a main driver of the
exercise-induced increased FA uptake. The other important determinant of FA
uptake during exercise is the arterial FA concentration. At onset of exercise, a
transient decrease in plasma FA concentration may appear followed by a slow
increase (Roepstorff et al. 2002). If exercise is prolonged, the arterial concentration
of FA may increase to levels approximately sixfold higher than resting levels
(Romijn et al. 1993; Kiens and Richter 1998; Wolfe et al. 1990; van Hall et al.
2002; Bahr et al. 1991; Hagenfeldt and Wahren 1975). The initial drop in arterial FA
concentration is caused by an imbalance between slow mobilization of FAs from the
adipose tissue and a rapidly increased extraction of FAs in skeletal muscle. The
following increase in plasma FA concentration during exercise is mainly caused by

Fig. 8.1 Proposed regulation of fatty acid oxidation in skeletal muscle during exercise. This figure
illustrates how we propose that fatty acid (FA) oxidation is regulated in skeletal muscle during
exercise. FA oxidation during exercise is mainly covered by uptake of circulating FAs, although
hydrolysis of circulating triacylglycerol (TG) in very-low-density lipoproteins (VLDL-TG) and
especially lipolysis of intramuscular TG (IMTG) also appears to contribute to some extent. Several
steps are involved in FA oxidation and could all be of importance in the regulation of FA oxidation
during exercise. Besides trans-sarcolemmal FA uptake via fatty acid transporters, it appears that
intramyocellular carnitine content plays an important regulatory step in the mitochondrial import
and hence FA oxidation during exercise

8 Regulation of Fatty Acid Oxidation in Skeletal Muscle During Exercise:. . . 163



an increased release of FAs liberated from adipose tissue by lipolysis of
TG. Accordingly, the whole-body lipolytic rate can be increased by up to fourfold
compared with resting values during submaximal moderate-intensity exercise
(Wolfe et al. 1990; Romijn et al. 2000). This exercise-induced increase in adipose
tissue lipolysis is mediated by altered adrenergic stimulation of adipose tissue
evidenced by a shift from predominant α-adrenergic suppression during rest toward
predominant β-adrenergic stimulation during exercise (Arner et al. 1990). The
primary adrenergic stimulus of adipose tissue during exercise originates from circu-
lating adrenaline with only a minor contribution from noradrenaline released from
sympathetic neurons (Stallknecht et al. 2001; de Glisezinski et al. 2009). Moreover,
the natriuretic peptides appear to play an additional role in exercise-induced lipolysis
in humans (Moro et al. 2004; de Glisezinski et al. 2009) and have been suggested to
account for most of the non-adrenergic lipolytic signaling in adipose tissue during
exercise (Moro et al. 2006; Lafontan et al. 2008). The regulation of adipose tissue
lipolysis during exercise is described in more detail in another chapter of this eBook.

It appears that 60 to 76% in females and males, respectively, of the exercise-
induced increase in whole-body FA removal from the circulation can be accounted
for by uptake into working skeletal muscles (Kiens 2006). The question is how much
of the FAs taken up by the working muscle is then directly oxidized? When FA
uptake into skeletal muscle during exercise was directly measured, it was found that
up to 100% and 84% of tracer-derived FA uptake were directly oxidized in trained
females and males, respectively (Roepstorff et al. 2002; Hagenfeldt and Wahren
1968; Turcotte et al. 1992).

Another fat source generating energy during exercise may be hydrolysis of
circulating TG. The liver is secreting endogenous TG enfolded into VLDL particles
directly into the circulation. VLDLs are the main carriers of TG in the post-
absorptive state. Hydrolysis of core TG in VLDL is mediated by the enzyme
lipoprotein lipase (LPL), which in its active form is located at the luminal site of
the endothelial cells in the capillary bed of various tissues such as skeletal muscle,
heart, and adipose tissue (Fig. 8.1). By hydrolysis, FAs are liberated and taken up by
the surrounding tissues. Oxidation of FAs from VLDL-TG may contribute to the
total FA oxidation both at rest and during moderate-intensity exercise, though its
relative contribution during exercise is less than albumin-bound FA oxidation.
Hence, when VLDL-TG content was measured in the femoral artery and vein during
knee-extensor exercise, a total net degradation of VLDL-TG was found during the
2 hours of exercise (Kiens et al. 1993), suggesting that circulating VLDL-TG
contributes to the total FA oxidation during moderate exercise. Supporting these
findings are recent elegant studies using infusion of labeled VLDL-TG in healthy,
young humans. Data showed that FAs from labeled VLDL-TG comprised 3–6% of
total energy utilization (Sondergaard et al. 2011) or 3–13% of total FA oxidation
during moderate-intensity exercise in untrained and moderately trained men
(Nellemann et al. 2014; Morio et al. 2004). Increased VLDL-TG hydrolysis during
exercise is likely explained by the findings of increased activity of LPL in skeletal
muscle in most (Kiens and Richter 1998; Perreault et al. 2004; Taskinen and Nikkila
1980), but not all, human studies (Lithell et al. 1979; Kiens et al. 1989; Søndergaard

164 A. M. Fritzen et al.



et al. 2017). The mechanisms driving translocation of newly synthesized LPL in the
myocyte to the luminal side of the endothelial cells in the capillary bed during
exercise remain to be elucidated. However, exercise-induced muscle LPL activity
has been correlated to the IMTG and muscle glycogen concentrations (Kiens 2006),
suggesting that the energy status of the myocyte might signal to LPL synthesis and
translocation to the capillary to facilitate VLDL-TG hydrolysis during exercise.
Importantly, LPL-derived VLDL-TG hydrolysis might be a greater contributor as
substrate to cover the high FA oxidation during recovery from exercise (Kiens and
Richter 1998; Morio et al. 2004; Lundsgaard et al. 2020).

8.2.2 Regulation of Fatty Acid Uptake into Skeletal Muscle

The increase in uptake of plasma FAs into skeletal muscle during exercise is
regulated at several steps including transmembrane transport, cytosolic handling,
mitochondrial membrane transport, and intra-mitochondrial FA oxidation (Fig. 8.1).
Transport of plasma FAs across sarcolemma serves as the first step in myocellular
FA uptake. Despite the fact that FAs can diffuse within biological membranes,
membrane-bound lipid-binding proteins have been identified in human skeletal
muscle, and evidence show that these proteins either individually or in complexes
act as regulators of FA transmembrane transport (Fig. 8.1). The first suggestion for
FA transporter limited FA uptake came from both human (Kiens et al. 1993) and rat
studies (Turcotte et al. 1992) indicating that FA uptake is a saturable process. The
FA translocase cluster of differentiation 36 (CD36) are most extensively studied for
its importance in FA uptake during exercise. In the basal resting state, a large part of
total muscle CD36 is stored in intramyocellular compartments (endosomes),
whereas a small part is present at the sarcolemma, the outer membrane of the muscle
cell, to mediate basal FA uptake (Chabowski et al. 2007). During exercise, CD36
reversibly translocates to sarcolemma (Jeppesen et al. 2011) shown in human
skeletal muscle by a 75% higher sarcolemmal content of CD36 after prolonged
submaximal exercise compared with rest (Bradley et al. 2012). In rat skeletal muscle,
FA transport was 75% higher in contracted compared with rested rat skeletal muscle,
which correlated with CD36 translocation to sarcolemma (Bonen et al. 2000). In
addition, mice lacking CD36 exhibited lower FA oxidation compared with control
mice during treadmill exercise at the same relative workload (McFarlan et al. 2012),
whereas mice overexpressing CD36 protein exhibited greater contraction-stimulated
FA oxidation than control mice (Ibrahimi et al. 1999). Together findings in both
rodent and human skeletal muscle clearly show that translocation of CD36 seems
vital in FA uptake in skeletal muscle during exercise.

Skeletal muscle contractions also induce translocation of other FA transporters,
such as FA-binding protein at the plasma membrane (FABPpm) and FA transport
1 and 4 (FATP1/4), to the plasma membrane in human skeletal muscle (Bradley et al.
2012; Jain et al. 2009) (Fig. 8.1). Overexpression or inhibition of these proteins in
rodent skeletal muscle has been shown to increase or decrease FA uptake,
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respectively, during resting conditions (Holloway et al. 2007b; Clarke et al. 2004;
Turcotte et al. 2000). However, the role of these proteins in FA oxidation during
acute exercise remains to be established.

The signaling mechanism(s) governing sarcolemmal FA transporter translocation
during exercise are not clarified. Activation of various intracellular signaling path-
ways related to the energy status (e.g., AMP-activated protein kinase (AMPK))
(Jeppesen et al. 2011; Bonen et al. 2007), mechanical stress (e.g., extracellular
signal-regulated kinase (ERK) 1/2 and p38 mitogen-activated protein (MAP) kinase
signaling) (Raney and Turcotte 2006), ionic homeostasis (e.g., Ca2+/calmodulin-
dependent protein kinases (CaMK)) (Lally et al. 2012; McFarlan et al. 2012), and
other signaling molecules such as the Rab-GTPase activating proteins TBC1 domain
family member 1 and 4 (TBC1D1 and -4) (Chadt et al. 2008; Benninghoff et al.
2020; Samovski et al. 2012) have all been proposed as regulators of FA uptake via
CD36 translocation to sarcolemma during resting conditions. However, exercise-
stimulated CD36 translocation, FA uptake, and/or FA oxidation in skeletal muscle
were not impaired, when AMPK (Jeppesen et al. 2011; Dzamko et al. 2008; Hingst
et al. 2020) and TBC1D1 (Whitfield et al. 2017) were genetically deleted in rodent
muscles. Besides, contraction-induced CD36 translocation occurred prior to changes
in phosphorylation of ERK1/2 and other major MAP kinases in mouse muscle
(Jeppesen et al. 2011). Thus, it is presently unknown what signal that stimulates
CD36 and other lipid-binding proteins to translocate to sarcolemma and hereby
increase FA uptake in skeletal muscle during exercise. Systemic signaling molecules
from outside the muscle cells could likely also contribute, e.g., circulating levels of
the lipid 12,13-dihydroxy-9Zoctadecenoic acid (12,13-diHOME) originating from
brown adipose tissue (BAT) increases during exercise and are shown to be able to
induce skeletal muscle FA uptake and oxidation (Stanford et al. 2018). This empha-
sizes that not only intracellular mechanisms but likely also systemic signals could
possibly together orchestrate the increased uptake of circulating FAs into skeletal
muscle during exercise.

8.3 The Intracellular FA Source

Circulating FAs taken up into skeletal muscle can either be oxidized or stored in
intramyocellular lipid droplets (IMTG) and add to the plasma-delivered FAs as a
potential energy source during exercise (Fig. 8.1). To what degree IMTG is used
during exercise is discussed heavily in the literature for several decades, and
different methodologies have contributed to evaluate the contribution of IMTG as
fuel for FA oxidation during exercise. Early studies with the muscle biopsy tech-
nique found a 25–30% IMTG reduction after 99–147 min submaximal exercise in
men (Costill et al. 1979; Carlson et al. 1971), and such exercise-induced decrease in
IMTG in men was later supported by more sophisticated freeze-dried dissection of
muscle tissue after exercise protocols of �2 h (Essén 1978; Hurley et al. 1986;
Phillips et al. 1996). However, other studies did not find detectable changes in IMTG
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during exercise in mainly shorter 60–120 min exercise protocols (Helge et al. 2001;
Roepstorff et al. 2002; Kiens and Richter 1998; Kiens et al. 1993; Bergman et al.
1999; Starling et al. 1997; Steffensen et al. 2002). Lack of breakdown of IMTG was
also shown indirectly by microdialysis during knee-extensor exercise at submaximal
exercise in men (Stallknecht et al. 2004). This could emphasize that exercise needs to
be prolonged—likely above 90 min to acquire IMTG as a major substrate to fuel FA
oxidation during exercise.

From studies, where the 1H-MRS technique was applied, treadmill running at
50–70% of VO2peak for 2 h or until exhaustion decreased IMTG signal (IMCL in
MRS terminology) by 22–33% in men and women (Krssak et al. 2000; Larson-
Meyer et al. 2002; Decombaz et al. 2001). However, it is hard to exclude from those
studies, where it takes considerable time to be positioned in the scanner and perform
the measurements, whether the lower IMCL signal is due to use of IMTG in the early
recovery period rather than during exercise.

Importantly, it seems that women of widely differing training backgrounds in
contrast to matched men utilize a significant greater amount of IMTG in the vastus
lateralis during prolonged bicycle exercise (Steffensen et al. 2002). The role of sex in
regulation of lipid metabolism during exercise is described in more detail in a
separate chapter in this eBook.

Estimations from tracer-infusion studies suggest that oxidation of FAs from
plasma versus IMTG and other lipid sources such as VLDL-TG and TG between
fibers comprise �60% and 30% of FA oxidation, respectively, during 2 h of
moderate-intensity exercise (Romijn et al. 1993; van Loon et al. 2003). These
findings support the notion that IMTG lipolysis is not likely to limit FA availability
to oxidation in skeletal muscle during exercise.

Summarizing data which seems as quantitative importance of IMTG as an energy
source during exercise depends on several factors as duration and intensity of
exercise, exercise mode, and sex (Kiens 2006). Overall, it appears that FAs derived
from hydrolysis of IMTG may contribute as energy fuel especially when exercise is
prolonged—beyond 90 min, mainly when exercise is performed in the fasted state
and to a larger extent in women than in men (Kiens 2006).

Interestingly, another key aspect in the necessity of IMTG as substrate for FA
oxidation during exercise is a potential interdependency with the circulating FA
availability. If circulating levels of FAs become limited, it could be speculated that
there is an inverse interaction between plasma-derived FAs and those generated from
IMTG lipolysis during exercise. Thus, when adipose tissue lipolysis was pharma-
cologically inhibited by nicotinic acid or acipimox prior to prolonged submaximal
exercise in healthy individuals, the exercise-induced increase in plasma FA concen-
tration was completely suppressed, while IMTG utilization was increased during
exercise compared with when plasma FA availability was not limited (Watt et al.
2004b; van Loon et al. 2005). Therefore, the uptake of circulating FAs may interact
with the regulation of IMTG lipolysis during exercise.

Another consideration about the importance of IMTG for FA oxidation during
exercise is the fact that most investigations have focused on measuring net IMTG
breakdown during exercise. From studies during resting conditions using pulse-
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chase methods by intravenous infusions of two distinct isotopically labelled FAs
combined with mass spectrometry measurements of intramuscular lipids, it was
shown that plasma FAs taken up by the muscle were not directly oxidized, but
traversed the IMTG pool prior to oxidation in the resting state (Kanaley et al. 2009).
At very-low-intensity exercise loads, a similar fate of circulating FA uptake under-
going esterification and then subsequent hydrolysis prior to mitochondrial entry may
appear. Also, when the exercise load is low and only few muscle fibers are recruited,
it could be speculated that FAs taken up into skeletal muscle are esterified and stored
as IMTG in the non-recruited muscle fibers. Under such circumstances, it is difficult
to evaluate IMTG breakdown during exercise with the available methods.

In terms of the molecular regulation of IMTG lipolysis during exercise and
muscle contractions, this is orchestrated primarily by activation of the two lipases
adipose triglyceride lipase (ATGL) (Alsted et al. 2013) and hormone-sensitive lipase
(HSL) in skeletal muscle (Langfort et al. 2000; Watt et al. 2004a), which are
catalyzing the conversion of TG to diacylglycerol and further to monoacylglycerol,
respectively (Fig. 8.1). The signals regulating ATGL and HSL activity during
exercise are complex and only scarcely understood in skeletal muscle. In this regard,
ex vivo contractions in isolated skeletal muscle resulted in HSL translocation to lipid
droplets (Prats et al. 2006). The translocation of HSL appears accredited to an
intrinsic activation of HSL at different serine residues within the protein achieved
by catecholamine-induced protein kinase A (PKA) activation (Talanian et al. 2006).
The resultant translocation of HSL to the lipid droplet initiates lipolysis. In contrast,
activation of ATGL does not seem to be PKA-dependent, but rather is requiring
co-activation by comparative gene identification-58 (CGI-58) to achieve maximal
hydrolase activity (Zechner et al. 2012) (Fig. 8.1).

The lipid droplet associated perilipins (PLINs) are also part of the lipolytic
machinery in skeletal muscle, and PLIN3 and PLIN5 physically interact with HSL
and ATGL (MacPherson et al. 2013; Smirnova et al. 2006) (Fig. 8.1). It remains to
be further elucidated how the lipolytic regulation and/or intracellular trafficking of
IMTG lipid droplets determine its quantitative importance for the FA oxidative rate
in skeletal muscle during exercise.

8.4 Mitochondrial Regulation of FA Oxidation During
Exercise

Plasma FAs taken into the cell or liberated from intracellular lipolysis must be
activated in the cytosol to fatty acyl-CoAs by a family of acyl-CoA synthetases
(ACSs) (Fig. 8.1). The active site of the ACSs has been located to the plasma
membrane and mitochondria and in close proximity to lipid droplets. The isoform
ACSL1 seems particularly important for partitioning FAs toward oxidation in
skeletal muscle, which is emphasized by the findings in mice with muscle-specific
ACSL1 deficiency exhibiting lower FA utilization during submaximal exercise
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compared with control mice (Li et al. 2015). To enter the mitochondria for
β-oxidation, long-chain fatty acyl-CoAs (the primary FAs in humans) are converted
to their fatty acyl carnitine derivatives, a reaction that requires carnitine. This
reaction is catalyzed by the enzyme carnitine palmitoyl transferase 1 (CPT1), located
at the outer mitochondrial membrane (Bonnefont et al. 2004) (Fig. 8.1). The
importance of CPT1 for FA uptake into mitochondria during exercise is evidenced
by reduced FA oxidation and increased lipid accumulation in mice with muscle-
specific deletion of CPT1 (Wicks et al. 2015) and 50–90% decreased FA oxidation
during ex vivo muscle contractions with concomitant pharmacological CPT1 inhi-
bition (Dzamko et al. 2008). A role of CPT1 for regulation of long-chain FA
oxidation is also displayed in humans, since oxidation of the medium-chain FA
octanoate (C8), which is able to bypass CPT1, did not change when exercise
intensity was shifted from 40 to 80% of VO2peak, as was the case for oleate, a
CPT1-dependent long-chain FA (Sidossis et al. 1997).

CPT1 might not be the only step in mitochondrial import of FAs. CD36 was
found to be located at the outer mitochondrial membrane in some (Campbell et al.
2004), but not all studies (Jeppesen et al. 2010). Exercise has been further demon-
strated to induce CD36 translocation from intracellular depots to the mitochondrial
membrane in rodent and human muscle (Monaco et al. 2015; Holloway et al. 2006),
and it was suggested that mitochondrial CD36 interacts with ACSs and hereby
regulates fatty acyl-CoA availability to CPT1 (Smith et al. 2011). The regulatory
role of CD36 in mitochondrial FA import and oxidation during exercise needs to be
further investigated.

8.4.1 CPT, Carnitine, and Mitochondrial Fatty Acid Import
During Exercise

Since carnitine is substrate in the CPT1 reaction, changes in the free carnitine content
in skeletal muscle during exercise could contribute to the regulation of mitochondrial
transmembrane FA transport and hereby FA oxidation. Acetyl-CoAs are produced
both from β-oxidation of FAs and from glycolysis-derived pyruvate by pyruvate
dehydrogenase complex (PDC) (Harris et al. 2002) (Fig. 8.1). Free carnitine can
buffer acetyl-CoA by forming acetyl-carnitine and free CoA (Friedman and Fraenkel
1955), a reaction catalyzed by the enzyme carnitine acetyltransferase (CAT)
(Fig. 8.1). This entrapment of carnitine increases, when acetyl-CoA is generated in
excess of its metabolism in the Krebs cycle. Consequently, lowered amount of free
carnitine to the CPT1 reaction would be expected to diminish the supply of fatty
acyl-CoA for β-oxidation and hence FA oxidation.

Such mechanism could play a role in regulation of substrate selection during
exercise especially at increasing exercise intensities where an increasing carbohy-
drate oxidation in replacement for FA oxidation takes place.
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It is well established that skeletal muscle PDC activity increases rapidly during
exercise in an intensity-dependent manner (Constantin-Teodosiu et al. 1991), but
decreases gradually when exercise is prolonged (Watt et al. 2002). To alleviate
allosteric product inhibition of PDC activity by acetyl-CoA formed in the glycolysis
during increasing exercise intensities, the CAT enzyme buffers excess acetyl-CoA
into acetyl-L-carnitine. This CAT-mediated acetyl-CoA buffering will reduce cellu-
lar free carnitine content and thereby limits mitochondrial FA import and hence FA
oxidation allowing for a high rate of pyruvate oxidation. In agreement, in mice with a
muscle-specific deletion of CAT, a higher whole-body FA oxidation rate was
demonstrated during graded submaximal treadmill running (Seiler et al. 2015). As
the PDC reaction rate and the concomitant CAT activity regulate mitochondrial FA
import and hence substrate availability to β-oxidation, this could point to lowering of
FA oxidation during increasing exercise intensities as a secondary result of increased
glucose flux and accelerated glycolysis rather than due to an initial lowering of FA
oxidation within lipid metabolic machinery.

This notion is supported by the findings of a one- to threefold increase in muscle
acetyl-CoA and acetyl-L-carnitine content at higher exercise intensities compared
with rest or low-intensity exercise in untrained individuals (Sahlin 1990; Constantin-
Teodosiu et al. 1991; Harris et al. 1987). This resulted in a decreased free carnitine
content from comprising ~75% of muscle total carnitine at rest to ~20% at an
exercise intensity of 90–100% of VO2peak (Sahlin 1990; Constantin-Teodosiu
et al. 1991; Harris et al. 1987). Moreover, an association between lowering of free
carnitine levels and increased acetyl-L-carnitine entrapment during exercise with
increasing intensities is evident from several studies (van Loon et al. 2001; Odland
et al. 1998; Ren et al. 2013). Importantly, when muscle carnitine content was
enhanced by oral carnitine supplementation in healthy, young men, this enabled an
increased use of acetyl-CoA from β-oxidation evidenced by a lower glycogen
utilization and PDC activation during moderate-intensity exercise in the carnitine-
supplemented state compared with the control (Wall et al. 2011). Recently, these
findings were reproduced in older men, in which 25 weeks of carnitine supplemen-
tation resulted in a 20% increase in both muscle total carnitine content in total FA
oxidation during a 1 h submaximal exercise bout at 50% of VO2peak (Chee et al.
2021).

A final line of evidence highlighting carnitine availability as a regulatory mech-
anism for FA oxidation is derived from studies where muscle glycogen content was
manipulated to be either high or low prior to a moderate-intensity exercise bout in
humans. During exercise with initially high glycogen stores, RER during exercise
was high indicating a high carbohydrate oxidation. In contrast, when glycogen stores
were low prior to exercise, FA oxidation was high during exercise. Accordingly,
when carbohydrate oxidation was high during exercise, a 49% higher muscle acetyl-
CoA content, 37% higher acetyl-carnitine levels, and 55% lower free carnitine
content were observed, while muscle content of acetyl-CoA, free carnitine, and
acetyl-carnitine remained unchanged, when FA oxidation rate was enhanced during
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exercise with a low initial muscle glycogen content (Roepstorff et al. 2005). A 20%
increase in muscle free carnitine content was also observed during 10 min of high-
intensity exercise in a glycogen-depleted state, whereas this free-carnitine decreased
60% during exercise in the high-glycogen conditions (Constantin-Teodosiu et al.
2004).

Collectively, there is a great body of evidence suggesting carnitine as an impor-
tant regulatory step in regulation of substrate selection during exercise—especially
during exercise with increasing intensities. Importantly, since exercise-induced PDC
activation and hereby glycolysis-derived acetyl-CoA production are lowered during
prolonged exercise (Watt et al. 2002), and carnitine entrapment into acetyl-carnitine
is lowered during exercise with low muscle glycogen (Roepstorff et al. 2005;
Constantin-Teodosiu et al. 2004), increased amounts of free carnitine to the CPT1
reaction, in turn increasing the supply of fatty acyl-CoA for FA oxidation, could
likely be a regulatory mechanism responsible for the established gradual increase in
FA oxidation during prolonged exercise above ∼60–90 minutes, when muscle
glycogen levels are being emptied.

In addition to carnitine availability, other contributing steps regulating FA oxi-
dation in skeletal muscle during exercise must also be considered. Carnitine-
independent regulation of CPT1 could likely be an additional regulatory step for
muscle FA import into the mitochondria. Activation of the cellular energy sensor,
AMPK, during exercise (Wojtaszewski et al. 2000)—previously proposed to
increase FA oxidation via regulation of malonyl-CoA-mediated inhibition of CPT1
(McGarry et al. 1983; Smith et al. 2012; Rasmussen and Winder 1997)—has in
recent years from observations in humans (Odland et al. 1996; Odland et al. 1998;
Dean et al. 2000; McConell et al. 2020) and transgenic mouse models (Dzamko et al.
2008; Hingst et al. 2020; Miura et al. 2009; Lee-Young et al. 2009; Fritzen et al.
2015; O'Neill et al. 2015) been shown not to be essential for regulation of FA
oxidation in skeletal muscle during exercise (Lundsgaard et al. 2018; McConell
2020). However, fatty acyl-CoA/malonyl-CoA ratio appears to be important for
CPT1 catalytic activity and FA oxidation, rather than the total malonyl-CoA content
per se (Smith et al. 2012), potentially by decreasing the affinity of CPT1 for malonyl-
CoA binding (Kolodziej and Zammit 1990). Moreover, malonyl-CoA inhibition
kinetics of CPT1 seems modulated by interaction between the cytoskeleton and
mitochondria during exercise (Miotto et al. 2017). CPT1 activity could be regulated
in also malonyl-CoA-independent mechanism during exercise by a reduction in
muscle pH during intense exercise (Starritt et al. 2000). Lastly, ex vivo findings
suggest that the reaction rate of β-oxidative enzymes, such as the β-ketoacyl-CoA
thiolase, the enzyme catalyzing the final step in the β-oxidation, is feedback regu-
lated by mitochondrial acetyl-CoA content (Eaton 2002) and enzymes in the
β-oxidation could hence also be a contributing factor in fine-tuning regulation of
FA oxidation during exercise.
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8.5 Summarizing Remarks on the Regulation of FA
Oxidation in Skeletal Muscle During Exercise

Whole-body FA oxidation is increased several fold during prolonged moderate
exercise, but a shift in substrate selection toward increased carbohydrate and
decreased relative FA oxidation takes place when exercise intensity is increased
beyond 55–65%. Uptake of FAs from the circulation into the skeletal muscle is a
major contributing substrate to FA oxidation during submaximal exercise and
mostly derived from adipose tissue lipolysis liberated FAs. However,
LPL-hydrolysis of circulating VLDL-TG and lipolysis of IMTG also seem to
contribute as substrate to fueling the increased FA oxidation in skeletal muscle
during exercise.

The increased oxidation of plasma FAs into skeletal muscle during exercise is
regulated at several steps, and regulation of FA oxidation in skeletal muscle is not
allocated to one single mechanism or signaling pathway, but is apparently orches-
trated by a symphony of tightly coordinated molecular events reliant on the meta-
bolic fluxes.

The increase in FA oxidation from rest to submaximal exercise is reliant on an
increased transmembrane transport of FA, in which CD36 translocation to the
sarcolemma has emerged to serve a pivotal role (Fig. 8.1). The fine-tuning of FA
oxidation during exercise appears allocated to the regulation within the mitochon-
dria, where the FA import into the mitochondrial matrix, via formation of fatty acyl
carnitine by CPT1, appears to be a central regulatory stage in exercise FA oxidation.
This process seems regulated by the intramitochondrial acetyl-CoA homeostasis in
response to exercise duration and intensity, as the acetyl-CoA content determines the
free carnitine availability for CPT1 during exercise (Fig. 8.1). In this process, the rate
of glycolysis appears to be a central tenet for mitochondrial acetyl-CoA availability
and hence regulation of FA oxidation. Accordingly, regulation of FA oxidation in
skeletal muscle includes a chain of interdependent processes, and dysfunction in any
of these can lead to metabolic impairment.

8.6 Are There Impairments in Fatty Acid Oxidation
in Skeletal Muscle with Obesity?

In individuals with obesity, an impairment FA oxidation is observed at least during
resting conditions. In a seminal study in Pima Indians examining 24-hour whole-
body RER while consuming a eucaloric diet, the incidence of weight gain (>5 kg)
over a subsequent 3-year period was higher in individuals with elevated 24-hour
RERs, indicative of a preference for carbohydrate over FA oxidation (Zurlo et al.
1990). Similarly, other studies have reported that a higher RER is linked with
subsequent weight gain (Marra et al. 2004; Seidell et al. 1992; Rogge 2009), while
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tracer methodology has revealed a decreased utilization of lipid at rest in individuals
with severe obesity (Thyfault et al. 2004).

A possible mechanism explaining this inability to oxidize lipid may involve
skeletal muscle. We have reported an �50% reduction in FA oxidation in two
distinct muscle groups (rectus abdominus and vastus lateralis) in individuals with
severe obesity (Hulver et al. 2003; Kim et al. 2000); these findings suggest that
reductions in the capacity for FA oxidation with obesity could be evident in
numerous muscle groups, which could in turn affect whole-body metabolism. Others
have also reported a reduction in FA oxidation in human skeletal muscle in individ-
uals with obesity but not severe obesity (Holloway et al. 2007a). A� 50% reduction
in FA oxidation in primary skeletal muscle cell cultures (myotubes) derived from
individuals with obesity has also been observed (Consitt et al. 2010; Hulver et al.
2005; Maples et al. 2015b; Gaster 2009; Bell et al. 2010) as well as an increased
proportion of incomplete FA oxidation (Løvsletten et al. 2020). These findings in
cell cultures are indicative of a persistent and perhaps inherent defect, as the muscle
cells proliferate (myoblasts) and differentiate into myotubes in the absence of factors
which may affect FA oxidation in vivo such as the hormonal milieu and/or differ-
ences in contractile activity. An elevated RER with obesity was also reported in vivo
across a muscle bed (Kelley et al. 1999).

Deficits in the activity and/or expression of enzymes involved in FA oxidation
likely contribute to this impairment in FA oxidation with obesity during resting
conditions; the roles of specific proteins involved with lipid transport and oxidation
are discussed in review papers (Rogge 2009; Houmard 2008; Houmard et al. 2012;
Fritzen et al. 2020; Houmard et al. 2011; Holloway et al. 2009). On the organelle
scale, mitochondrial mass appears to be compromised with obesity as proteins
indicative of mitochondrial mass are decreased at both moderate (Simoneau et al.
1999; Kriketos et al. 1996; Kelley et al. 2002) and higher ranges (Kim et al. 2000;
Holloway et al. 2007a) of obesity. Holloway et al. (Holloway et al. 2007a; Holloway
et al. 2009) reported a decline in skeletal muscle FA oxidation in muscle homoge-
nates of subjects with obesity. However, when mitochondria were isolated, FA
oxidation was equivalent between lean and obese individuals, indicating that the
decline at the tissue level was due to compromised mitochondrial mass. Similarly, in
primary myotubes, indices of mitochondrial content and FA oxidation were reduced
with obesity, but when FA oxidation was normalized to mitochondrial content
(mitochondrial DNA (mtDNA), cytochrome c oxidase subunit 4 (COXIV)), there
were no differences between groups suggesting that mitochondrial volume may be
the driving factor in the metabolic impairments seen with obesity (Consitt et al.
2010). There is also an increased percentage of glycolytic, low mitochondrial
content Type IIb fibers in the skeletal muscle of severely obese subjects (Tanner
et al. 2002). The mechanism(s) responsible for the reductions in mitochondrial mass
with obesity are not readily evident; it was recently reported that mitochondrial
network quality and morphology were altered in primary myotubes derived from
individuals with severe obesity (Gundersen et al. 2020).

There is also evidence that the mitochondrial processes involved with FA oxida-
tion are compromised with obesity. Indeed, both FA and glucose oxidation are
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reduced in the skeletal muscle of obese individuals (Jones et al. 2019). The conflu-
ence of FA and glucose oxidation is the TCA cycle, and flux through the TCA cycle
is impaired in skeletal muscle both with obesity (Zou et al. 2019) and type 2 diabetes
(Gaster 2012). A mechanism for this reduction in TCA cycle activity could involve
posttranslational modifications (i.e., phosphorylation, acetylation) which would in
turn impair flux (Gaster 2012; Gaster et al. 2012; Boyle et al. 2012). In agreement,
there is an increase in blood lactate concentration with obesity which would result
from a reduction in the partitioning of substrate to oxidative pathways via the TCA
cycle in skeletal muscle (Jones et al. 2019; Broskey et al. 2020). Together, these and
other findings (Dahlmans et al. 2016; Diaz-Vegas et al. 2020) indicate that mito-
chondrial dysfunction and a reduction in mitochondrial mass both contribute to the
dampened ability to oxidize lipid in the skeletal muscle of individuals with obesity.

Impaired FA oxidation in individuals with obesity has not only been observed
during resting, fasted conditions. An inability to increase FA oxidation in response to
increased lipid availability has also been reported with obesity under a variety of
conditions (e.g., high-fat feedings, fasting, lipid incubations of primary myotubes,
lipid infusion), and findings are summarized in more detail elsewhere (Galgani et al.
2008; Storlien et al. 2004; Goodpaster and Sparks 2017). In reference to obesity, an
inability to increase FA oxidation (24 hour RER) in response to a high-fat diet was
predictive of greater weight gain in the subsequent year even in lean individuals
(Begaye et al. 2020). A dampened ability to increase FA oxidation in individuals
with obesity is evident after as little as 2 days of a high-fat diet and subsequently
contributes to positive lipid balance (Galgani et al. 2008). Thus, an inability to
appropriately increase FA oxidation, or lack of metabolic flexibility, is evident
with obesity and individuals prone to obesity under a variety of free-living situations.

One of the mechanisms involved with this lack of metabolic flexibility may be an
impaired ability to increase the oxidative machinery of skeletal muscle upon lipid
exposure. In response to lipid incubation, primary myotubes from lean individuals
increased mitochondrial DNA copy number and mRNA content of genes that
upregulate FA oxidation (nuclear respiratory factor (NRF)-1, NRF-2, peroxisome
proliferator-activated receptor (PPAR)α, PPARδ, and pyruvate dehydrogenase
kinase 4 (PDK4, CPT1); in contrast, cells derived from individuals with obesity
did not alter or actually decreased the expression of these genes (Maples et al. 2015b;
Boyle et al. 2012; Maples et al. 2015a). Similarly, a 5-day high-fat diet elicited
increases in the mRNA content of key genes involved in oxidative pathways such as
peroxisome proliferator-activated receptor gamma coactivator 1α (PGC1α), PDK4,
mitochondrial uncoupling protein (UCP)3, and PPARα. Moreover, a single high-fat
feeding increased PPARα mRNA in skeletal muscle biopsies from lean individuals,
while there were no changes in subjects with obesity (Boyle et al. 2011). These
findings indicate a multifaceted lack of metabolic flexibility in terms of appropriately
increasing FA oxidation in the skeletal muscle of individuals with obesity.
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8.7 Exercise: Do the Alterations in Fatty Acid Oxidation
in Skeletal Muscle with Obesity Alter Substrate
Utilization During Exercise?

A bout of mild-to-moderate endurance exercise increases the rates of both carbohy-
drate and FA oxidation in order to meet the energy demands of increased contractile
activity in skeletal muscle. This ability to increase oxidation in response to exercise
is another index of metabolic flexibility (Galgani et al. 2008; Goodpaster and Sparks
2017). As indicated in previous sections, mitochondrial content and function are
compromised in the skeletal muscle of individuals with obesity, which contributes to
a dampened ability to oxidize lipid as well as an impairment in metabolic flexibility.
However, in spite of these mitochondrial defects, acute exercise increases the rate of
FA oxidation over resting conditions both during and after the exercise bout
regardless of obesity status (Thyfault et al. 2004; Fritzen et al. 2020; Arad et al.
2020; Guesbeck et al. 2001; Hansen et al. 2005). This adjustment is critical, as
exercise can subsequently contribute to a state of negative lipid balance which in turn
can aid in minimizing ectopic lipid accumulation. However, it is not apparent if the
lack of metabolic flexibility with obesity compromises the magnitude of the increase
in FA oxidation compared to lean individuals, thus resulting in a lower absolute rate
of FA oxidation during exercise.

Several studies have reported an impaired ability to appropriately increase FA
oxidation in response to endurance exercise with obesity. Thyfault et al. (Thyfault
et al. 2004) compared FA oxidation (infused [14C] palmitate and [14C] acetate)
during 60 minutes of cycling exercise at 50% VO2peak in lean patients, patients
with severe obesity, and patients who were previously severely obese and had lost
>45 kg (bariatric surgery). FA oxidation was significantly lower in the subjects with
obesity. Surprisingly, FA oxidation was also depressed during exercise in previously
severely obese individuals even after profound weight loss (Thyfault et al. 2004).
Similar findings were obtained in response to 10 minutes of exercise at either the
same absolute (15 Watts) or relative (65% VO2peak) exercise intensities, as FA
oxidation (via indirect calorimetry) was depressed in previously severely obese
women at >1 year after bariatric surgery (gastric bypass) compared to age and
BMI-matched controls. Eaves et al. (Eaves et al. 2012) examined pre-pubescent
(�11 years old) children of parents that were either lean or severely obese. FA
oxidation/metabolic flexibility was determined during 10 minutes of mild-intensity
cycle exercise. The children with a parent with severe obesity displayed a reduced
rate of FA oxidation at the same absolute exercise workload of 15 watts (�40%
VO2peak). There were, however, no differences at the higher exercise intensity (65%
VO2peak) between the two groups.

Other findings provide a more equivocal view of whether substrate utilization is
altered during exercise in individuals with obesity. A comprehensive systematic
review (Arad et al. 2020) concluded that majority of evidence indicated that indi-
viduals with obesity rely on the oxidation of lipid to a similar extent as lean subjects
during exercise. This conclusion (Arad et al. 2020) was based upon analyses of
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24 papers (out of 729 identified papers on the topic) which met rigorous inclusion
criteria that included eliminating studies of older adults, individuals with chronic
diseases, and/or subjects with exercise limitations. Upon further examination, ten of
these 24 papers utilized incremental exercise bouts with relatively short (3–-
6 minutes) stages compared to those with longer stages where steady-state levels
of substrate oxidation are more likely to be achieved. One study (Balcı 2012) also
placed overweight and obese individuals into a single group rather than studying the
effects of obesity alone. In the remaining studies, there were reduced (Mittendorfer
et al. 2004), equivalent (Colberg et al. 1996; Devries et al. 2013; Ezell et al. 1999;
Kanaley et al. 1993; Kanaley et al. 2001; Santiworakul et al. 2014; Slusher et al.
2015; Steffan et al. 1999), and even increased (Kanaley et al. 2001; Goodpaster et al.
2002; Horowitz and Klein 2000) rates of FA oxidation in obese compared to lean
individuals, which prompted the conclusion that FA oxidation is not compromised in
response to exercise with obesity.

It is difficult to determine why such disparate findings have been obtained.
Factors such as duration of the exercise bout, exercise mode, exercise intensity,
body fat distribution, time of day of testing, pre-exercise diet, method by which FA
oxidation is determined (e.g., indirect calorimetry or tracer), comparison to appro-
priate control group, and numerous other factors could explain the conflicting
results. There may also be racial differences as Caucasian women with obesity
exhibited a reduction in FA oxidation during exercise at 65% VO2peak compared
to their lean counterparts, while there were no differences in FA oxidation between
African American women with normal BMI or obesity (Hickner et al. 2001).
Another confounding variable may be the degree of obesity. A decline in FA
oxidation during exercise has been reported in subjects with severe (BMI� 40 kg/m2)
obesity, subjects with severe obesity after weight loss, and the offspring of individ-
uals with severe obesity (Thyfault et al. 2004; Guesbeck et al. 2001; Eaves et al.
2012). Studies indicating no differences (Colberg et al. 1996; Devries et al. 2013;
Ezell et al. 1999; Kanaley et al. 1993, 2001; Santiworakul et al. 2014; Slusher et al.
2015; Steffan et al. 1999) or increases (Kanaley et al. 2001; Goodpaster et al. 2002;
Horowitz and Klein 2000) in FA oxidation studied obese (BMI ranges of 30 to
39.9 kg/m2) but not individuals with severe obesity. Regardless, although FA
oxidation consistently increases in response to exercise, it remains to be defined if
the response is compromised in individuals with obesity.

8.8 Exercise Training: An Effective Intervention
for the Reduction in Fatty Acid Oxidation
in the Skeletal Muscle of Individuals with Obesity?

Endurance exercise training (e.g., repeated days of aerobic exercise) classically
increases the ability of skeletal muscle to oxidize lipid, primarily by increasing
mitochondrial function, but also by induction of several lipid metabolic proteins
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related to uptake, handling, and breakdown of FAs within the myocyte (Fritzen et al.
2020). However, it is important to realize there is heterogeneity in the responses to
exercise training, with some individuals displaying little to no changes in health-
related variables such as VO2peak, fasting insulin, or insulin sensitivity (Bouchard
and Rankinen 2001; Bouchard et al. 2012; Stephens and Sparks 2015; Sparks 2017).
In addition, individuals with obesity, particularly severe (BMI �40 kg/m2) obesity,
exhibit compromised cardiorespiratory fitness which results in low absolute exercise
workloads and may not optimally stimulate adaptations to training. Supporting the
concept of “exercise resistance” (Sparks 2017) with obesity, the overexpression of
PGC1α, a global regulator of exercise-training mediated adaptations, did not
increase FA oxidation in primary myotubes from individuals with severe obesity
to the same extent as in lean subjects (Consitt et al. 2010). There are also findings
suggesting that the lesions in FA oxidation and metabolic flexibility with obesity are
inherent (Hulver et al. 2005; Gaster 2009; Tanner et al. 2002; Zou et al. 2019; Boyle
et al. 2012) which may minimize the impact of any interventions. In support,
substantive (i.e., > 50 kg) weight loss did not alter FA oxidation in skeletal muscle
(Berggren et al. 2004) at rest or during exercise (Thyfault et al. 2004; Guesbeck et al.
2001) in subjects with severe obesity. A smaller magnitude of weight loss (�14 kg)
in individuals with Class I obesity (BMI of 34 kg/m2) also did not alter resting FA
oxidation determined in vivo across a muscle bed (Kelley et al. 1999). These
findings suggest that the positive effects of exercise training on FA oxidation in
the skeletal muscle of individuals with obesity cannot be assumed and warrant
investigation.

In an attempt to minimize the confounding effects of concurrent weight loss,
studies have implemented a short period (7–10 days) of exercise training (60 min/d,
50–75% VO2peak) where the energy deficit induced by exercise is minimal and no
weight loss is evident. One such study examined subjects with severe obesity and
subjects that were previously severely obese who had undergone bariatric surgery
(1–2 y post-surgery). The 10-day training stimulus was sufficient to increase FA
oxidation in the obese groups to the same rates as in lean subjects after 10 days of
exercise (Berggren et al. 2004). A similar training regimen increased FA oxidation in
skeletal muscle in Caucasian and African American women with severe obesity to
the same levels as lean subjects (Cortright et al. 2006). Other longer-duration studies
have reported equivalent increases in the expression or activity of proteins involved
with FA oxidation in the skeletal muscle of lean subjects and individuals with
obesity (Devries et al. 2013; Gillen et al. 2013; de Matos et al. 2018).

In contrast, 24 hours of contractile stimuli (electrical pulse stimulation, EPS)
increased FA oxidation in primary human myotubes derived from lean subjects but
not in myotubes from individuals with obesity or type 2 diabetes (Løvsletten et al.
2020). The cells from the subjects with obesity initially had higher rates of incom-
plete oxidation and reduced expression of complexes II, III, and IV of the respiratory
chain (Løvsletten et al. 2020). A comparison of these in vivo (see preceding
paragraph) and in vitro (Løvsletten et al. 2020) findings suggests that factors present
during whole-body exercise (i.e., hormones, myokines, neural signaling, etc.) could
be important in inducing the increases in FA oxidation seen with exercise training in
individuals with obesity.
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In relation to metabolic flexibility, the skeletal muscle of lean individuals
increased FA oxidation, but there was no change in the muscle of obese subjects
in response to a 3-day eucaloric high-fat diet (Battaglia et al. 2012). Both groups then
exercised for 10 consecutive days (1 hour/day, 70% of VO2peak) and on the final
3 days of training consumed the same high-fat diet. The initial 7 days of exercise
training was sufficient to increase FA oxidation in the skeletal muscle of both groups
to the same extent, and both groups responded to the 3 day high-fat diet in a similar
manner (Battaglia et al. 2012). Endurance exercise training also increased FA
oxidation during exercise (an index of metabolic flexibility) in individuals with
obesity (Fritzen et al. 2020; Devries et al. 2013; Goodpaster et al. 2003). Eaves
et al. (Eaves et al. 2012) examined the effects of exercise training (4 weeks at �65%
VO2peak, 3 days/week for 30 minutes for week 1 progressing to 60 minutes/day for
weeks 2–4), and even with this relatively mild stimulus, there were trends (P¼ 0.06)
for FA oxidation to increase during exercise to an equivalent degree in children of
either lean parents or parents with obesity. These findings indicate that endurance
exercise training increases metabolic flexibility to a similar extent in individuals with
obesity compared to their lean counterparts.

8.9 Summarizing Remarks on the Role of Obesity
in Regulation of FA Oxidation During Rest
and Exercise and the Counter-regulatory Effect
of Exercise Training

In summary, individuals with obesity display an impaired ability to oxidize lipid and
to increase FA oxidation in the face of increased lipid exposure (metabolic flexibil-
ity). At the cellular level, these defects are evident in skeletal muscle mitochondria
and likely contribute, at least in part, to positive lipid balance and ectopic lipid
deposition. It is equivocal if these deficits impair the ability to increase FA oxidation
in response to a single exercise bout. However, despite these initial impairments,
endurance exercise training can rescue FA oxidation and metabolic flexibility in the
skeletal muscle of individuals with obesity at least to equivalent levels of their lean
counterparts. These findings indicate the efficacy of exercise training in treating the
metabolic inflexibility in human skeletal muscle metabolism evident with obesity.
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