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Skeletal muscle energy metabolism during
exercise

Mark Hargreaves ®'% and Lawrence L. Spriet ®2X

The continual supply of ATP to the fundamental cellular processes that underpin skeletal muscle contraction during exercise is
essential for sports performance in events lasting seconds to several hours. Because the muscle stores of ATP are small, meta-
bolic pathways must be activated to maintain the required rates of ATP resynthesis. These pathways include phosphocreatine
and muscle glycogen breakdown, thus enabling substrate-level phosphorylation (‘anaerobic’) and oxidative phosphorylation
by using reducing equivalents from carbohydrate and fat metabolism (‘aerobic’). The relative contribution of these metabolic
pathways is primarily determined by the intensity and duration of exercise. For most events at the Olympics, carbohydrate
is the primary fuel for anaerobic and aerobic metabolism. Here, we provide an overview of exercise metabolism and the key
regulatory mechanisms ensuring that ATP resynthesis is closely matched to the ATP demand of exercise. We also summarize

various interventions that target muscle metabolism for ergogenic benefit in athletic events.

n 2020, athletes from around the world were to gather in Tokyo

for the quadrennial Olympic festival of sport, but the event has

been delayed until 2021 because of the COVID-19 pandemic.
When the Olympics takes place, we will witness extraordinary phys-
ical and mental efforts in track and field, water and air. Perhaps we
may wonder how these feats are achieved. Such efforts are a cul-
mination of years of dedicated training, and athletic performance
is determined by a complex interaction of biological, mental and
environmental factors. The availability of ATP is critical for skel-
etal muscle contractile activity, both in explosive-power or sprint
events lasting for seconds or minutes and in endurance events
lasting for hours.

ATP is required for the activity of key enzymes involved in mem-
brane excitability (Na*/K* ATPase), sarcoplasmic reticulum cal-
cium handling (Ca?* ATPase) and myofilament cross-bridge cycling
(myosin ATPase). Because the intramuscular stores of ATP are rela-
tively small (~5 mmol per kg wet muscle), they are unable to sus-
tain contractile activity for extended periods. For example, during
all-out, maximal exercise (such as sprinting) at a power output of
900 W (~300% maximal oxygen uptake (VO, max)), the estimated
rate of ATP utilization is 3.7 mmol ATP kg™ s7, and exercise could
last <2 s if stored ATP were the sole energy source. During sub-
maximal exercise at ~200 W (~75% VO, max), the corresponding
values are 0.4 mmol ATP kg™ s™' and ~15 s, respectively.

Therefore, other metabolic pathways must be activated (Box 1),
including substrate-level phosphorylation (or anaerobic) and oxida-
tive phosphorylation (or aerobic). The latter is critically dependent
on the respiratory and cardiovascular systems, to ensure adequate
oxygen delivery to contracting skeletal muscle, and on reducing
equivalents from the metabolism of primarily carbohydrate and fat'.
The anaerobic energy pathways have a much higher power (rate of
ATP production) but a smaller capacity (total ATP produced) than
the aerobic pathways’. In terms of oxidative metabolism, carbo-
hydrate oxidation has a higher power output but a lower capacity
than fat oxidation; this is one factor contributing to the decrease in
power output with carbohydrate depletion during prolonged stren-
uous exercise’. This Review provides a brief overview of exercise

metabolism and a summary of the key regulatory mechanisms, and
identifies potential strategies that target metabolism for ergogenic
benefit during athletic events.

Overview of exercise metabolism

The relative contribution of the ATP-generating pathways (Box 1)
to energy supply during exercise is determined primarily by exercise
intensity and duration. Other factors influencing exercise metabo-
lism include training status, preceding diet, sex, age and environ-
mental conditions. Generally, Olympic-calibre athletes are well
trained, follow a good diet, and tend to be younger and to be well
adapted to the environmental conditions in which they train. Later
in the Review, we will touch on some of these factors in the context
of performance and will briefly cover sex differences in metabolism.

During very intense efforts lasting seconds (such as throws,
jumps or 100- to 400-m sprints) or during intermittent game activi-
ties and field sports, most ATP is derived from the breakdown of
phosphocreatine (PCr) and glycogen to lactate. Direct measure-
ments of muscle PCr and glycogen before, during and after such
exercise bouts show substantial decreases in the levels of these sub-
strates™ (Fig. 1). The decrease is generally greater in type II than
type I muscle fibres®. The muscle ATP concentration is reasonably
well maintained, although it may decrease by ~20% during very
intense exercise’. The large increases in ATP utilization and gly-
colysis, as well as the strong ion fluxes during such exercise, result
in metabolic acidosis. After the exercise duration extends beyond
approximately 1 min (for example, in an 800-m track event), oxi-
dative phosphorylation is the major ATP-generating pathway®, and
intramuscular glycogen is the dominant fuel source. Although it
is relatively less studied, resistance exercise, as seen during lifting
events, is also associated with substantial metabolic perturbations
in contracting skeletal muscle”*.

During events lasting several minutes to hours, the oxidative
metabolism of carbohydrate and fat provides almost all the ATP for
contracting skeletal muscle. Even during marathon and triathlon
events lasting 2-2.5 h, there is a primary reliance on carbohydrate
oxidation”’. The major intramuscular and extramuscular substrates
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Box 1| Energy metabolism in skeletal muscle

ATP utilization
ATP + H,0 - ADP + P, + H* (AG®" = -6.3 kcal mol™)

ATP resynthesis

Substrate-level phosphorylation

PCr + ADP + H* — ATP + creatine

2 ADP — ATP + AMP

Glycogen,® + 3 ADP + 3 P, — glycogen,_, + 2 lactate + 3 ATP

Oxidative phosphorylation
Glucose + 6 O, + 36 ADP — 6 CO, + 6 H,O + 36 ATPb
Palmitate + 23 O, + 130 ADP — 16 CO, + 16 H,O + 130 ATPb<

*Muscle glycogen is the primary CHO source during intense exercise. Glycogen, is
a glycogen polymer of n glucose residues. *The total ATP yield includes that from
substrate-level phosphorylation in glycolysis and the TCA cycle. “ATP yields reported
are based on the traditionally used value of 3 ATP per NADH, but if the more
contemporary values of 2 or 3 ATP per NADH were used, the actual ATP yields would
be lower; however, the relative contributions of glucose and palmitate to overall ATP
generation remain the same.

are muscle glycogen, blood glucose (derived from liver glycogenol-
ysis and gluconeogenesis, and from the gut when carbohydrate is
ingested) and fatty acids derived from both muscle (intramuscular
triglyceride (IMTG)) and adipose tissue triglyceride stores. These
stores and the relative energy available from them are shown in
Fig. 2. The primary determinants of the relative contribution of
these substrates to oxidative metabolism are exercise intensity and
duration'""? (Fig. 3).

Carbohydrate oxidation, particularly from muscle glycogen,
dominates at higher exercise intensities, whereas fat oxidation is
more important at lower intensities. Maximal rates of fat oxidation
occur at ~60-65% VO, max. Oxidation of muscle glycogen and
fatty acids derived from IMTG is greatest during the early stages of
exercise and declines as exercise duration is extended, coinciding
with progressive increases in muscle glucose and fatty acid uptake
and oxidation'*"". Accompanying the increase in muscle glucose
uptake is an increase in liver glucose output'>'® from both liver
glycogenolysis and gluconeogenesis'>". With prolonged exercise,
liver glucose output may fall below muscle glucose uptake®, thus
resulting in hypoglycaemia that can be prevented by carbohydrate
ingestion™.

An increase in adipose tissue lipolysis supports the progressive
increase in plasma fatty acid uptake and oxidation, but because
lipolysis exceeds uptake and oxidation, plasma fatty acid levels
increase. Inhibition of adipose tissue lipolysis increases the reli-
ance on both muscle glycogen and IMTG but has little effect on
muscle glucose uptake'’. The importance of IMTG oxidation dur-
ing exercise has been a matter of debate, and results in the litera-
ture may be influenced by differences in individuals’ training status,
sex, fibre-type distribution and resting IMTG stores*. Nevertheless,
IMTG does appear to be an important fuel source during exercise
in trained individuals®.

Despite activation of the oxidative pathways in skeletal muscle
during exercise, accelerated rates of glycolysis result in the produc-
tion of lactate, which accumulates in muscle and blood, particularly
at higher exercise intensities*. Although lactate was considered
simply a metabolic waste product for many years, it is now recog-
nized as an important substrate for oxidative metabolism, gluconeo-
genesis and muscle glycogenesis®~>’, and as a signalling molecule
mediating exercise adaptations and interorgan communication®~*°.
Glycerol is released into the circulation from contracting skeletal
muscle and adipose tissue, as is alanine from muscle, and both can
serve as liver gluconeogenic precursors during exercise'”.
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Fig. 1| Muscle energy metabolism during intense exercise. Contributions
of PCr (light green), glycolysis (medium green) and oxidative
phosphorylation (dark green) to ATP turnover during maximal exercise.
Muscle samples were obtained before and during 30 s of all-out cycling
exercise. Dw, dry weight. Adapted with permission from ref. 4, American
Physiological Society.

Exercise increases protein turnover during exercise’, and
although amino acids, notably the branched-chain amino acids,
can be oxidized by contracting skeletal muscle, the contribution
to overall ATP production is low. Under conditions of low carbo-
hydrate availability, the contribution from amino acid metabolism
is increased’>”, whereas endurance training results in decreased
leucine oxidation®. Of greater importance are the postexercise
increases in myofibrillar and mitochondrial protein synthesis that
underpin the adaptations to acute and chronic endurance and resis-
tance exercise®.

Regulation of exercise metabolism

General considerations. Because the increase in metabolic rate
from rest to exercise can exceed 100-fold, well-developed con-
trol systems ensure rapid ATP provision and the maintenance of
the ATP content in muscle cells. Numerous reviews have exam-
ined the regulation of skeletal muscle energy metabolism and the
adaptations that occur with physical training"**. Here, we briefly
highlight some of the factors that regulate the remarkable abil-
ity of skeletal muscle to generate ATP during strenuous physical
exercise (Fig. 4).

Intense short-term exercise. When very intense short-term exer-
cise begins, all pathways associated with both anaerobic and aero-
bic ATP provision are activated (Box 1). However, the rates of ATP
provision from the anaerobic sources, PCr and anaerobic glycolysis
are much more rapid than those from aerobic pathways. PCr is a
remarkable fuel source, because only one metabolic reaction is
required to provide ATP (Box 1). The enzyme that catalyses this
reaction, creatine phosphokinase, is highly abundant and is regu-
lated by only the concentration of its substrates and products—a
so-called ‘near-equilibrium enzyme’ As soon as muscle contractions
begin, and ATP is broken down and the concentration of free ADP
increases, this reaction moves from left to right (Box 1), and ATP is
regenerated in several milliseconds.

Simultaneously, cellular Ca** (and to some extent epinephrine
from outside the cell) activates phosphorylase kinase, thereby trans-
forming glycogen phosphorylase from its less active ‘b’ form to its
more active @ form (covalent regulation; Fig. 4). Increases in ADP
and AMP activate mainly phosphorylase a (through allosteric regu-
lation), which breaks down glycogen; the products then combine
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Fig. 2 | Intramuscular and extramuscular fuel sources for exercise
metabolism. Major sources of carbohydrate in the muscle and liver and
of fat in the muscle and adipose tissue during exercise. The estimated
potential energy available from each fuel source is also provided. TG,
triglyceride; FFA, free fatty acids.

with inorganic phosphate (P,), thus producing glucose 1-phosphate,
glucose 6-phosphate and fructose 6-phosphate in the glycolytic
pathway. Phosphorylase is considered a ‘non-equilibrium enzyme’
because it is controlled by external factors and not just its substrates
and products. The dual control by local factors associated with mus-
cle contractions and epinephrine®, and the combination of covalent
and allosteric regulation explain how the flux through phosphory-
lase can increase from very low at rest to very high during intense
exercise in only milliseconds.

The increases in the allosteric regulators ADP, AMP and P,
(the by-products of ATP breakdown), and the substrate fructose
6-phosphate, activate the regulatory enzyme phosphofructokinase,
and flux through the reactions of the glycolytic pathway continues
with a net production of three ATP molecules and lactate formation
(Fig. 4). Although there are more reactions in the glycolytic pathway
than in PCr hydrolysis, the production of ATP through anaerobic
glycolysis is also activated in milliseconds. Lactate accumulation
can be measured in the muscle after only a 1-s contraction, and
the contribution of anaerobic energy from PCr and anaerobic gly-
colysis is essentially equivalent after 6-10 s of intense exercise®***
(Fig. 1). The capacity of the PCr energy store is a function of its
resting content (~75 mmol per kg dry muscle) and can be mostly
depleted in 10-15 s of all-out exercise. The anaerobic glycolytic
capacity is approximately threefold higher (~225 mmol per kg dry
muscle) in exercise lasting 30-90 s and is limited not by glycogen
availability but instead by increasing intramuscular acidity.

Of note, aerobic ATP production is also activated during very
intense exercise, and 70-100% of the VO, max can be reached in an
all-out 30-s sprint** (Fig. 1). Whereas very little aerobic energy is
provided in the first 5-10 s, ~50% of the energy contribution in the
last 5 s of a 30-s sprint is aerobic’. During the transition from rest
to intense exercise, the substrate for increased aerobic ATP produc-
tion is also muscle glycogen, and a small amount of the produced
pyruvate is transferred into the mitochondria, where it is used to
produce acetyl-CoA and the reducing equivalent NADH in the
pyruvate dehydrogenase (PDH) reaction. PDH is also under cova-
lent control, existing in an inactive form at rest and transitioning to
an active form via Ca?* during exercise. The influence of Ca**, with
help from pyruvate, keeps the appropriate amount of the enzyme
in the active form, despite increases in acetyl-CoA that would nor-
mally inactivate the enzyme at rest* (Box 2).

Dual-stage control of metabolism. The previous discussion
supports the concept of dual-stage control in skeletal muscle
metabolism: the first stage is ‘gross control’ by Ca** (and possibly
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epinephrine), which activates key regulatory enzymes, and the
second stage, ‘fine-tuning control’ subsequently adjusts the produc-
tion of ATP to the actual ATP demand (feedback from ADP, AMP,
P, and many other factors at specific enzymes). Gross control could
be called early-warning or feed-forward control, because the Ca**—
which is released from the sarcoplasmic reticulum and binds tropo-
nin, thus allowing cross-bridge movement, and contraction—also
activates many key steps in the regulation of metabolic pathways
using carbohydrates and fat to produce energy. The feedback from
the ‘fine-tuners’ of metabolism is well suited for second-stage regu-
lation, because these molecules accumulate as a direct function of
ATP use in contracting skeletal muscle.

Molecular signalling and metabolic regulation. The many sig-
nals generated in contracting skeletal muscle during exercise
(Ca*; ADP, AMP, P, and altered energy charge; cyclic AMP after
fB-adrenergic activation; and nitric oxide (NO), reactive oxygen spe-
cies (ROS), tension and temperature) not only have direct effects
on metabolic pathways but also activate numerous kinases and sig-
nalling cascades. Much attention has been focused on the kinases
that are sensitive to changes in intramuscular Ca** concentrations,
energy charge and plasma epinephrine concentrations*™. An
important role of 5'-AMP-activated protein kinase (AMPK), a sen-
sor of muscle energy charge and glycogen levels, in muscle glucose
uptake and fat oxidation during exercise would be teleologically
attractive but appears not to be the case®. Instead, AMPK activa-
tion during exercise may be functionally more important for the
postexercise changes in muscle metabolism and insulin sensitivity,
and for mediating some of the key adaptive responses to exercise
in skeletal muscle, such as mitochondrial biogenesis and enhanced
glucose transporter (GLUT) 4 expression.

Considerable redundancy and complex spatial and temporal
interactions among multiple intramuscular signalling pathways are
likely to occur during exercise. Indeed, recent studies performing
phosphoproteomic analyses of human and rodent skeletal muscle
before and after exercise and/or muscle contraction have identified
more than 1,000 exercise-regulated phosphosites on more than 550
proteins, many of which have unknown function*°. Further stud-
ies on L6 myoblasts have demonstrated that coadministration of
Ca** and f-adrenergic agonists closely recapitulates the phospho-
proteomic signature observed in exercise and/or muscle contrac-
tion®', thus again emphasizing the key roles of Ca** and epinephrine
during exercise. In future studies, these approaches should provide
new insights into the molecular regulation of skeletal muscle energy
metabolism during exercise.

Aerobic exercise. In examining energy production during endur-
ance exercise at intensities below 100% VO, max, aerobic ATP gen-
eration dominates. In this situation, there is time to mobilize fat and
carbohydrate substrates from sources in the muscle as well as from
the adipose tissue and liver (Fig. 2). The muscles still rely on anaero-
bic energy for the initial 1-2 min when transitioning from rest to
an aerobic power output, but then aerobic metabolism dominates.
To produce the required ATP, the respiratory or electron-transport
chain in the mitochondria requires the following substrates: reduc-
ing equivalents in the form of NADH and FADH,, free ADP, P, and
O, (Fig. 4). The respiratory and cardiovascular systems ensure the
delivery of O, to contracting muscles, and the by-products of ATP
utilization in the cytoplasm (ADP and P,) are transported back into
the mitochondria for ATP resynthesis. The processes that move
ATP out of the mitochondria and ADP and P, back into the mito-
chondria are being intensely studied and appear to be more heavily
regulated than previously thought®>*. In the presence of ample O,
and ADP and P, in the mitochondria, the increase in ADP concen-
tration with exercise is believed to activate the respiratory chain to
produce ATP*.
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Fig. 3 | Relative contributions of carbohydrate and fat fuel sources

during exercise. Trained cyclists exercised at increasing intensities, and
the relative contributions of fuels for contracting skeletal muscle were
measured with indirect calorimetry and tracer methods. An increasing
contribution of carbohydrate fuels, notably muscle glycogen, is observed at
higher exercise intensities. FFA, free fatty acids; cal, calorie. Adapted with
permission from ref. ", American Physiological Society.

In terms of the metabolic pathways, the tricarboxylic acid
(TCA) cycle in the mitochondria specializes in producing reduc-
ing equivalents and accepts acetyl-CoA mainly from carbohydrate
and fat (and other fuels) to do so. During aerobic exercise, increas-
ing mitochondrial Ca®* concentrations activate the isocitrate and
a-ketoglutarate dehydrogenase enzymes in the TCA cycle (Fig. 4).
Substrate accumulation and local regulators fine-tune the flux
through the dehydrogenases, and a third enzyme, citrate synthase,
controls TCA-cycle flux. Ca?* also activates glycogen phosphory-
lase and PDH, but the glycolytic flux needed to supply sufficient
acetyl-CoA from carbohydrate and ultimately aerobic ATP pro-
duction is much lower than that during sprint exercise, owing to
smaller increases in the fine-tuners of metabolism, ADP, AMP and
P,. Additional NADH is produced both in the glycolytic pathway,
after which it is shuttled from the cytoplasm into the mitochondria,
and in the PDH reaction, which occurs in the mitochondria.

Simultaneously, Ca** and epinephrine activate the key enzymes
regulating IMTG degradation—adipose triglyceride lipase and
hormone-sensitive lipase—and fatty acids are provided in the cyto-
plasm®*°. Ca*" also contributes to the movement of glucose and fatty
acids into the muscle cells from the blood, by using transport pro-
teins at the sarcolemma and transverse tubules. The transport pro-
tein GLUT4 facilitates the influx of glucose into cells, and increases
in glucose delivery, secondary to enhanced muscle blood flow, and
intramuscular glucose metabolism ensure that the gradient for
glucose diffusion is maintained during exercise”. Translocation of
GLUT4 is a fundamental event in exercise-induced muscle glucose
uptake, and its regulation has been well studied™. Early research
focused on the potential roles of Ca** and AMPK, but more recently
NO and ROS have been implicated, and a key role of the small Rho
family GTPase Racl has been suggested™.

Transport proteins for fat are also translocated to the muscle
membrane (mainly plasma membrane fatty acid-binding protein)
and mitochondrial membranes (mainly fatty acid translocase (FAT,
also known as CD36)), where they transport fatty acids into cells
and mitochondria®. The fatty acids that are transported into the
cytoplasm of the cell and released from IMTG must also be trans-
ported across the mitochondrial membranes with the help of the
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carnitine palmitoyl transferase (CPT) I system and fat-transport
proteins, mainly FAT (CD36)°*>. Once inside the mitochondria,
fat enters the P-oxidation pathway, which produces acetyl-CoA
and reducing equivalents (NADH and FADH,), and the long-chain
nature of fatty acids results in generation of large amounts of aerobic
ATP (Box 1).

At moderate exercise intensities of ~50-70% VO, max, both fat
and carbohydrate contribute substrate from stores inside and out-
side the muscle (Fig. 3). However, during the endurance events com-
mon in the Olympics, exercise intensities are higher and approach
80-100% VO, max. In these situations, fuel use shifts to carbohy-
drate, and reliance on fat is decreased (Fig. 3). From a performance
perspective, this fuel shift makes sense, because the energy yield
from carbohydrate aerobic ATP production is approximately 7%
more efficient than that from fat. However, if the endurance event is
extended, the liver and skeletal muscle glycogen stores may become
exhausted, thereby requiring athletes to slow down. Researchers have
now identified several sites where fat metabolism is downregulated
at high aerobic exercise intensities, including decreased fatty acid
release from adipose tissue and therefore less fatty acid transport into
cells; decreased activation of hormone-sensitive lipase and possibly
adipose triglyceride lipase; less IMTG breakdown; and inhibition of
CPT I activity as a result of small decreases in muscle pH, decreased
CPT I sensitivity to carnitine and possibly low levels of cytoplasmic
carnitine-reducing mitochondrial-membrane transport®®.

Carbohydrate is the fuel for high-intensity exercise. One aspect
of metabolism that becomes apparent for Olympic calibre ath-
letes is the value of carbohydrate as a fuel for high-intensity exer-
cise—whether in the highly aerobic domain (~80-100% VO, max),
during sprinting (typically referred to as %VO, max above 100%)
or a combination of the two in stop-and-go individual and team
sports”*. In many team sports, a high aerobic ability is needed for
players to move about the field or playing surface, whereas sprints
(and anaerobic ATP), as dictated by the game, are added to the con-
tribution of aerobic ATP. This scenario is repeated many times dur-
ing a game, and carbohydrate provides most of the aerobic fuel and
much of the anaerobic fuel.

Unsurprisingly, almost every regulatory aspect of carbohydrate
metabolism is designed for rapid provision of ATP. Carbohydrate is
the only fuel that can be used for both aerobic and anaerobic ATP
production, and both systems are activated very quickly during tran-
sitions from rest to exercise and from one power output to a higher
power output. Carbohydrate can also provide all the fuel during exer-
cising at a power output that elicits ~100% VO, max, and it is a more
efficient fuel than fat, as stated above. Fat-derived ATP production is
designed to provide a ‘helper fuel’ during exercise, with a maximum
amount of energy at power outputs of ~60-65% VO, max®. In addi-
tion, the processes that provide fatty acids to the muscles and the
pathways that metabolize fat and provide ATP in muscles are slower
than the carbohydrate pathways. However, in events requiring long
periods of exercise at submaximal power outputs, fat can provide
energy for long periods of time and has a much larger ATP-generating
capacity than carbohydrate. Fat oxidation also contributes energy in
recovery from exercise or rest periods between activity.

Phosphocreatine resynthesis. Another important aspect of metab-
olism in stop-and-go sports is the ability to rapidly resynthesize PCr
when the exercise intensity falls to low levels or athletes rest. In these
situations, continued aerobic production of ATP fuels the regenera-
tion of PCr such that it can be completely recovered in 60-120 s
(ref. *). This production is extremely important for the ability to
repeatedly sprint in stop-and-go or intermittent sports. Recovery
from prolonged sprinting (20-120s) and sustained high glycolytic
flux is slower, because the associated muscle acidity requires min-
utes, not seconds, to recover and can limit performance**.
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Fig. 4 | Key metabolic pathways in contracting skeletal muscle during exercise. The utilization of extramuscular and intramuscular carbohydrate and fat
fuels, along with the major sites of regulation at key enzymes and transport proteins. Interactions between anaerobic and aerobic pathways, and between
carbohydrate and fat, ensure the ATP supply for contracting skeletal muscle. FFA, free fatty acids; PM, plasma membrane; FABP;,, plasma membrane fatty
acid-binding protein; FATP, fatty acid transport protein; ATG, adipose triglyceride; HS, hormone sensitive; MG, monoglyceride; TG, triglyceride; FABP,,
cytoplasmic fatty acid binding protein; HK, hexokinase; PFK, phosphofructokinase; LDH, lactate dehydrogenase; Cr, creatine; mtCK, mitochondrial creatine
kinase; mt OM and mt IM, outer and inner mitochondrial membrane; ACT, acyl-CoA transferase; MCT, monocarboxylase transporter; ANT, adenine

transport; PDH, pyruvate dehydrogenase; ETC, electron-transport chain.

Box 2 | Metabolic control during exercise

A central concept in the rapid activation of metabolic pathways
at the onset of exercise is how the factors that regulate metabo-
lism at rest are immediately overridden by the more powerful
(‘heavy hitter’) regulatory factors that take control and dominate
during exercise. A good example is the enzyme PDH, which is
kept in inactive form by resting levels of acetyl-CoA and NADH.
When exercise begins, the exercise regulators Ca** and pyruvate
increase the conversion of the enzyme to the active form and, as
long as substrates (pyruvate, CoA and NAD") are present, flux
occurs despite increases in acetyl-CoA and possibly NADH,
which would normally keep PDH inactive at rest. The power of
these resting regulators is weak compared with that of the heavy
hitters in exercise.

Other potential fuels. Importantly, other fuels can provide aero-
bic energy in cells during exercise, including amino acids, acetate,
medium-chain triglycerides, and the ketones B-hydroxybutyrate
and acetoacetic acid. Although these fuels can be used to spare the
use of fat and carbohydrate in some moderate-intensity exercise sit-
uations, they lack the rate of energy provision needed to fuel intense
aerobic exercise, because the metabolic machinery for these fuels is
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not designed for rapid energy provision. The provision of the fuel
into the muscle may be slow, and the amount stored or available in
the muscles and/or the enzyme content controlling the use of these
fuels may be low. Alternative fuels cannot match carbohydrate in
terms of the rate of aerobic energy provision’, and these fuels can-
not be used to produce anaerobic energy in the absence of oxygen.

Sex differences in metabolism. Sex may have roles in the regulation
of skeletal muscle metabolism. Males and females are often assumed
to respond similarly to acute exercise and exercise training, but
most of the work cited in this Review involved male participants.
Clear differences exist between males and females—including hae-
moglobin concentrations, muscle mass and reproductive-hormone
levels—and have been shown to affect metabolism and exercise
performance, thus making perfect comparisons between males and
females very difficult. The potential sex differences in metabolism
are briefly mentioned in Box 3, and more detailed discussion can be
found in a review by Kiens*.

Targeting metabolism for ergogenic benefit

General considerations. Sports performance is determined by
many factors but is ultimately limited by the development of fatigue,
such that the athletes with the greatest fatigue resistance often suc-
ceed. However, there can be a fine line between glory and catas-
trophe, and the same motivation that drives athletes to victory can
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Box 3 | Sex differences in exercise metabolism

One issue in the study of the regulation of exercise metabolism
in skeletal muscle is that much of the available data has been
derived from studies on males. Although the major principles
controlling the regulation of metabolism appear to hold true for
both females and males, some differences have been noted. Al-
though one might argue that completely matching males and fe-
males is impossible when studying metabolism, early work with
well-trained track athletes has reported no differences in skeletal
muscle enzyme activity, fibre-type composition and fat oxidation
between men and women'’®'””. However, more recent work has
reported that a larger percentage of whole-body fuel use is de-
rived from fat in females exercising at the same relative submaxi-
mal intensity, and this effect is likely to be related to circulating
oestrogen levels'’*'*>, Females have a higher proportion of type I
fibres, lower maximal capacity of glycolytic enzymes, and greater
reliance on IMTG during exercise than males, effects that may be
related to females’ higher IMTG concentrations in type I fibres®.
In addition, supplementation with oestrogen in males decreases
carbohydrate oxidation and increases fat oxidation during en-
durance exercise'™. These results suggest that females may be
better suited to endurance exercise than males.

Another area that has been investigated is the effects of
menstrual phase and menstrual status on the regulation of
skeletal muscle metabolism. Generally, studies examining
exercise in the luteal and follicular phases have reported only
minor or no changes in fat and carbohydrate metabolism at
various exercise intensities'® "%, Additional work examining the
regulation of metabolism in well-trained female participants in
both phases of the menstrual cycle, and with varied menstrual
cycles, during exercise at the high aerobic and supramaximal
intensities commensurate with elite sports, is warranted.

at times push them beyond their limits. Fatigue is the result of a
complex interplay among central neural regulation, neuromuscu-
lar function and the various physiological processes that support
skeletal muscle performance’. It manifests as a decrease in the force
or power-producing capacity of skeletal muscle and an inability to
maintain the exercise intensity needed for ultimate success.

Over the years, considerable interest has been placed on the rela-
tive importance of central neural and peripheral muscle factors in
the aetiology of fatigue. The great Finnish runner and nine-time
Olympic champion Paavo Nurmi once said, “Mind is everything;
muscle, pieces of rubber. All that I am, I am because of my mind”
Numerous exercise-induced changes occur within the central ner-
vous system and spinal motor outflow that contribute to fatigue®,
along with many intramuscular factors that decrease force and
power generation®, and interactions occur between both sites®.

Perhaps the two major interventions used to enhance fatigue
resistance are regular training and nutrition’, and the interactions
between them have been recognized”. We briefly review the effects
of training and nutrition on skeletal muscle energy metabolism and
exercise performance, with a focus on substrate availability and
metabolic end products. In relation to dietary supplements, we have
limited our discussion to those that have been reasonably investi-
gated for efficacy in human participants™.

Training. Regular physical training is an effective strategy for
enhancing fatigue resistance and exercise performance, and many
of these adaptations are mediated by changes in muscle metabo-
lism and morphology. High-intensity interval training increases the
capacity for anaerobic energy production”, enhanced tolerance of
metabolic acidosis due to increased muscle buffer capacity’”*”> and
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improved ionic regulation, notably K* balance™. Such training is
also associated with the cardiovascular and metabolic benefits often
observed with traditional endurance training’”’. One hallmark adap-
tation to endurance exercise training is increased oxygen-transport
capacity, as measured by VO, max’, thus leading to greater fatigue
resistance and enhanced exercise performance”. The other is
enhanced skeletal muscle mitochondrial density®, a major factor
contributing to decreased carbohydrate utilization and oxidation
and lactate production®-®, increased fat oxidation and enhanced
endurance exercise performance®. The capacity for muscle carbo-
hydrate oxidation also increases, thereby enabling maintenance of a
higher power output during exercise and enhanced performance®.
Finally, resistance training results in increased strength, neuromus-
cular function and muscle mass®, effects that can be potentiated by
nutritional interventions, such as increased dietary protein intake”'.

Creatine supplementation. The observation that short-term inges-
tion of creatine monohydrate increases total skeletal muscle creatine
content by 20-25% and PCr levels by 10-15% (refs. ***’) has led to
further studies demonstrating the ergogenic benefits of creatine sup-
plementation for repeated high-intensity exercise performance®*.
The improved performance is believed to be due to enhanced ATP
resynthesis during exercise as a result of increased PCr availability.
Some evidence also indicates that creatine supplementation may
increase muscle mass and strength during resistance training”.
No major adverse effects of creatine supplementation have been
observed in the short term, but long-term studies are lacking.
Creatine remains one of the most widely used sports-related dietary
supplements.

Carbohydrate loading. The importance of carbohydrate for per-
formance in strenuous exercise has been recognized since the early
nineteenth century, and for more than 50 years, fatigue during pro-
longed strenuous exercise has been associated with muscle glycogen
depletion'*’'. Muscle glycogen is critical for ATP generation and
supply to all the key ATPases involved in excitation—-contraction
coupling in skeletal muscle®’. Recently, prolonged exercise has been
shown to decrease glycogen in rodent brains, thus suggesting the
intriguing possibility that brain glycogen depletion may contribute
to central neural fatigue®.

Increasing dietary carbohydrate intake before exercise increases
muscle glycogen availability (so-called ‘glycogen loading’) and
increases endurance exercise capacity and performance in events
longer than ~60-90 min (refs. **°). Muscle glycogen availability
may also be important for high-intensity exercise performance®.
Blood glucose levels decline during prolonged strenuous exercise,
because the liver glycogen is depleted, and increased liver gluco-
neogenesis is unable to generate glucose at a rate sufficient to match
skeletal muscle glucose uptake. Maintenance of blood glucose levels
at or slightly above pre-exercise levels by carbohydrate supplemen-
tation maintains carbohydrate oxidation, improves muscle energy
balance at a time when muscle glycogen levels are decreased and
delays fatigue’®”. Glucose ingestion during exercise has mini-
mal effects on net muscle glycogen utilization’*>'® but increases
muscle glucose uptake and markedly decreases liver glucose out-
put'®®'’!, because the gut provides most glucose to the bloodstream.
Importantly, although carbohydrate ingestion delays fatigue, it does
not prevent fatigue, and many factors clearly contribute to fatigue
during prolonged strenuous exercise.

Because glucose is the key substrate for the brain, central neu-
ral fatigue may develop during prolonged exercise as a conse-
quence of hypoglycaemia and decreased cerebral glucose uptake'*.
Carbohydrate ingestion exerts its benefit by increasing cerebral
glucose uptake and maintaining central neural drive'””. Ammonia
(NH;) is produced within contracting skeletal muscle by the
breakdown of ATP and/or amino acids and is released into the
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circulation, thereby increasing plasma NH; levels during exercise.
NH, can cross the blood-brain barrier and has the potential to affect
central neurotransmitter levels and central neural fatigue. Of note,
carbohydrate ingestion attenuates muscle and plasma NH, accu-
mulation during exercise'®, another potential mechanism through
which carbohydrate ingestion exerts its ergogenic effect. Enhanced
exercise performance has also been observed from simply having
carbohydrate in the mouth, an effect that has been linked to activa-
tion of brain centres involved in motor control'™.

High-fat diets. Increased plasma fatty acid availability decreases
muscle glycogen utilization and carbohydrate oxidation during
exercise'™"'””. High-fat diets have also been proposed as a strategy
to decrease reliance on carbohydrate and improve endurance per-
formance. An early study has observed maintained exercise capac-
ity at ~60-65% VO, max with a high-fat diet that induced ketosis,
despite a marked decrease in muscle glycogen use'*; however, the
exercise intensity studied was one that can be largely supported
by fat oxidation and is lower than those seen during competitive
endurance events. Other studies have demonstrated increased fat
oxidation and lower rates of muscle glycogen use and carbohydrate
oxidation after adaptation to a short-term high-fat diet, even with
restoration of muscle glycogen levels, but no effect on endurance
exercise performance'*'"’. If anything, high-intensity exercise per-
formance is impaired on the high-fat diet''’, apparently as a result of
an inability to fully activate glycogenolysis and PDH during intense
exercise'''. Furthermore, a high-fat diet has been shown to impair
exercise economy and performance in elite race walkers''?.

A related issue with high-fat, low carbohydrate diets is the induc-
tion of nutritional ketosis after 2-3 weeks. This so-called ketogenic
diet (<50 g carbohydrate per day) has been suggested to be useful
for increasing exercise performance'"”. However, when this diet is
adhered to for 3 weeks, and the concentrations of ketone bodies are
elevated, a decrease in performance has been observed in elite race
walkers'"”. The rationale for following this dietary approach to opti-
mize performance has been called into question'".

Although training on a high-fat diet appears to result in sub-
optimal adaptations in previously untrained participants'”®, some
studies have reported enhanced responses to training with low car-
bohydrate availability in well-trained participants''®'"”. Over the
years, endurance athletes have commonly undertaken some of their
training in a relatively low-carbohydrate state. However, maintain-
ing an intense training program is difficult without adequate dietary
carbohydrate intake''®. Furthermore, given the heavy dependence
on carbohydrate during many of the events at the Olympics’, the
most effective strategy for competition would appear to be one that
maximizes carbohydrate availability and utilization.

Ketone esters. Nutritional ketosis can also be induced by the
acute ingestion of ketone esters, which has been suggested to alter
fuel preference and enhance performance'”. The metabolic state
induced is different from diet-induced ketosis'** and has the poten-
tial to alter the use of fat and carbohydrate as fuels during exercise.
However, published studies on trained male athletes from at least
four independent laboratories to date do not support an increase
in performance. Acute ingestion of ketone esters has been found to
have no effect on 5-km and 10-km trial performance'*"'**, or per-
formance during an incremental cycling ergometer test'”’. A further
study has reported that ketone ester ingestion decreases perfor-
mance during a 31.7-km cycling time trial in professional cyclists'**.
The rate of ketone provision and metabolism in skeletal muscle dur-
ing high-intensity exercise appears likely to be insufficient to substi-
tute for the rate at which carbohydrate can provide energy.

Caffeine. Early work on the ingestion of high doses of caffeine
(6-9 mg caffeine per kg body mass) 60 min before exercise has
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indicated enhanced lipolysis and fat oxidation during exercise,
decreased muscle glycogen use and increased endurance perfor-
mance in some individuals'>~'”". These effects appear to be a result
of caffeine-induced increases in catecholamines, which increase
lipolysis and consequently fatty acid concentrations during the rest
period before exercise. After exercise onset, these circulating fatty
acids are quickly taken up by the tissues of the body (10-15 min),
fatty acid concentrations return to normal, and no increases in fat
oxidation are apparent. In addition, a direct examination of leg fuel
oxidation during 60 min of exercise at 70% VO, max has revealed
no effect of caffeine ingestion (6 mg per kg body mass) on fat oxida-
tion'?. Importantly, the ergogenic effects of caffeine have also been
reported at lower caffeine doses (~3 mg per kg body mass) during
exercise and are not associated with increased catecholamine and
fatty acid concentrations and other physiological alterations during
exercise'*”'*,

This observation suggests that the ergogenic effects are mediated
not through metabolic events but through binding to adenosine
receptors in the central and peripheral nervous systems. Caffeine
has been proposed to increase self-sustained firing, as well as vol-
untary activation and maximal force in the central nervous system,
and to decrease the sensations associated with force, pain and per-
ceived exertion or effort during exercise in the peripheral nervous
system'*"*2. The ingestion of low doses of caffeine is also associated
with fewer or none of the adverse effects reported with high caffeine
doses (anxiety, jitters, insomnia, inability to focus, gastrointestinal
unrest or irritability). Contemporary caffeine research is focusing
on the ergogenic effects of low doses of caffeine ingested before and
during exercise in many forms (coffee, capsules, gum, bars or gels),
and a dose of ~200 mg caffeine has been argued to be optimal for
exercise performance'**'*,

Carnitine. The potential of supplementation with L-carnitine has
received much interest, because this compound has a major role in
moving fatty acids across the mitochondrial membrane and regulat-
ing the amount of acetyl-CoA in the mitochondria. The need for
supplemental carnitine assumes that a shortage occurs during exer-
cise, during which fat is used as a fuel. Although this outcome does
not appear to occur during low-intensity and moderate-intensity
exercise, free carnitine levels are low in high-intensity exercise
and may contribute to the downregulation of fat oxidation at these
intensities. However, oral supplementation with carnitine alone
leads to only small increases in plasma carnitine levels and does not
increase the muscle carnitine content'*.

However, over the past 15 years, a series of studies have shown
that the oral ingestion of L-carnitine (~2 g) and large amounts of car-
bohydrate (~80 g, to generate high insulin levels) twice per day can
increase muscle carnitine uptake and produce increases of ~20% over
a 3- to 6-month period"**'*. An insulin level of ~70 mU 1" is required
to promote carnitine uptake by the muscle'*’. Although the consump-
tion of high doses of carbohydrate twice per day for a long period
is of some concern, an 11% increase has been observed in a 30-min
‘all-out’ exercise performance test'”’. However, to date, there is no evi-
dence that carnitine supplementation can improve performance dur-
ing the higher exercise intensities common to endurance sports.

Nitrate. NO is an important bioactive molecule with multiple phys-
iological roles within the body. It is produced from L-arginine via
the action of nitric oxide synthase and can also be formed by the
nonenzymatic reduction of nitrate and nitrite. The observation that
dietary nitrate decreases the oxygen cost of exercise has stimu-
lated interest in the potential of nitrate, often ingested in the form
of beetroot juice, as an ergogenic aid during exercise. Indeed, sev-
eral studies have observed enhanced exercise performance associ-
ated with lower oxygen cost and increased muscle efficiency after
beetroot-juice ingestion'*'~'’. The effect of nitrate supplementation
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appears to be less apparent in well-trained athletes'**'*>, although
results in the literature are varied'*. Dietary nitrate supplementa-
tion may have beneficial effects through an improvement in exci-
tation—contraction coupling'*”'*%, because supplementation with
beetroot juice does not alter mitochondrial efficiency in human
skeletal muscle'®, and the results with inorganic nitrate supplemen-
tation have been equivocal'**"*'.

Alkalosis and buffering. With the breakdown of ATP, PCr and
glycogen in contracting skeletal muscle during intense exercise,
marked increases in Mg**, ADP, P, lactate and H* occur and have
been associated with fatigue at various steps within the excita-
tion—contraction pathway®. Lactate is not thought to have a major
negative effect on force and power generation and, as mentioned
earlier, is an important metabolic intermediate and signalling mol-
ecule. Of greater importance is the acidosis arising from increased
muscle metabolism and strong ion fluxes. Increased H* concentra-
tions are widely believed to interfere with muscle force and power
production®, although the results of studies in single muscle fibres
and isolated muscle preparations are equivocal®. In humans, aci-
dosis does not appear to impair maximal isometric-force produc-
tion, but it does limit the ability to maintain submaximal force
output'*?, thus suggesting an effect on energy metabolism and ATP
generation'*. Ingestion of oral alkalizers, such as bicarbonate, is often
associated with increased high-intensity exercise performance’**'**,
partly because of improved energy metabolism'*® and ionic regula-
tion'"”'*%, As previously mentioned, high-intensity exercise training
increases muscle buffer capacity’*”®. A major determinant of the
muscle buffering capacity is carnosine content, which is higher in
sprinters and rowers than in marathon runners or untrained indi-
viduals'”. Ingestion of f-alanine increases muscle carnosine con-
tent and enhances high-intensity exercise performance'**'°".

Antioxidants. During exercise, ROS, such as superoxide anions,
hydrogen peroxide and hydroxyl radicals, are produced and have
important roles as signalling molecules mediating the acute and
chronic responses to exercise'®. However, ROS accumulation at
higher levels can negatively affect muscle force and power produc-
tion and induce fatigue®®'®>. Exercise training increases the levels
of key antioxidant enzymes (superoxide dismutase, catalase and
glutathione peroxidase), and non-enzymatic antioxidants (reduced
glutathione, p-carotene, and vitamins C and E) can counteract the
negative effects of ROS. Whether dietary antioxidant supplemen-
tation can improve exercise performance is equivocal'®, although
ingestion of N-acetylcysteine enhances muscle oxidant capacity and
attenuates muscle fatigue during prolonged exercise'**. Some reports
have suggested that antioxidant supplementation may potentially
attenuate skeletal muscle adaptation to regular exercise'®>'®>,
Overall, ROS may have a key role in mediating adaptations to acute
and chronic exercise but, when they accumulate during strenuous
exercise, may exert fatigue effects that limit exercise performance.

Hyperthermia. Because the mechanical efficiency during exercise is
~20%, most of the energy generated from metabolism is released as
heat, which is dissipated by the evaporation of sweat and other heat-loss
mechanisms. When the rate of heat production is high, such as dur-
ing strenuous exercise, or heat loss is compromised by elevated envi-
ronmental temperature and/or humidity, hyperthermia can develop
and impair exercise performance via effects on central neural drive,
cardiovascular function, and muscle metabolism and function'®’”. The
negative effects of hyperthermia are potentiated by sweating-induced
fluid losses and dehydration'®*, particularly decreased skeletal muscle
blood flow and increased muscle glycogen utilization during exer-
cise in heat'®. Increased plasma catecholamines and elevated muscle
temperatures also accelerate muscle glycogenolysis during exercise in
heat'”*"'”2, Strategies to minimize the negative effects of hyperthermia
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on muscle metabolism and performance include acclimation,
pre-exercise cooling and fluid ingestion'”"'*-17>,

Conclusion and future perspectives

To meet the increased energy needs of exercise, skeletal muscle has
a variety of metabolic pathways that produce ATP both anaerobi-
cally (requiring no oxygen) and aerobically. These pathways are
activated simultaneously from the onset of exercise to precisely
meet the demands of a given exercise situation. Although the aero-
bic pathways are the default, dominant energy-producing pathways
during endurance exercise, they require time (seconds to minutes)
to fully activate, and the anaerobic systems rapidly (in milliseconds
to seconds) provide energy to cover what the aerobic system cannot
provide. Anaerobic energy provision is also important in situations
of high-intensity exercise, such as sprinting, in which the require-
ment for energy far exceeds the rate that the aerobic systems can
provide. This situation is common in stop-and-go sports, in which
transitions from lower-energy to higher-energy needs are numer-
ous, and provision of both aerobic and anaerobic energy contributes
energy for athletic success. Together, the aerobic energy production
using fat and carbohydrate as fuels and the anaerobic energy provi-
sion from PCr breakdown and carbohydrate use in the glycolytic
pathway permit Olympic athletes to meet the high energy needs of
particular events or sports.

The various metabolic pathways are regulated by a range of intra-
muscular and hormonal signals that influence enzyme activation
and substrate availability, thus ensuring that the rate of ATP resyn-
thesis is closely matched to the ATP demands of exercise. Regular
training and various nutritional interventions have been used to
enhance fatigue resistance via modulation of substrate availability
and the effects of metabolic end products.

The understanding of exercise energy provision, the regulation of
metabolism and the use of fat and carbohydrate fuels during exer-
cise has increased over more than 100 years, on the basis of studies
using various methods including indirect calorimetry, tissue samples
from contracting skeletal muscle, metabolic-tracer sampling, iso-
lated skeletal muscle preparations, and analysis of whole-body and
regional arteriovenous blood samples. However, in virtually all areas
of the regulation of fat and carbohydrate metabolism, much remains
unknown. The introduction of molecular biology techniques has
provided opportunities for further insights into the acute and chronic
responses to exercise and their regulation, but even those studies are
limited by the ability to repeatedly sample muscle in human partici-
pants to fully examine the varied time courses of key events. The abil-
ity to fully translate findings from in vitro experiments and animal
studies to exercising humans in competitive settings remains limited.

The field also continues to struggle with measures specific to the
various compartments that exist in the cell, and knowledge remains
lacking regarding the physical structures and scaffolding inside
these compartments, and the communication between proteins and
metabolic pathways within compartments. A clear example of these
issues is in studying the events that occur in the mitochondria dur-
ing exercise. One area that has not advanced as rapidly as needed
is the ability to non-invasively measure the fuels, metabolites and
proteins in the various important muscle cell compartments that are
involved in regulating metabolism during exercise. Although mag-
netic resonance spectroscopy has been able to measure certain com-
pounds non-invasively, measuring changes that occur with exercise
at the molecular and cellular levels is generally not possible.

Some researchers are investigating exercise metabolism at the
whole-body level through a physiological approach, and others are
examining the intricacies of cell signalling and molecular changes
through a reductionist approach. New opportunities exist for the
integrated use of genomics, proteomics, metabolomics and systems
biology approaches in data analyses, which should provide new
insights into the molecular regulation of exercise metabolism. Many
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questions remain in every area of energy metabolism, the regulation
of fat and carbohydrate metabolism during exercise, optimal train-
ing interventions and the potential for manipulation of metabolic
responses for ergogenic benefits. Exercise biology will thus continue
to be a fruitful research area for many years as researchers seek a
greater understanding of the metabolic bases for the athletic suc-
cesses that will be enjoyed and celebrated during the quadrennial
Olympic festival of sport.
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