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PCr Phosphocreatine

PDH Pyruvate dehydrogenase
complex

PFK Phosphofructokinase

PGC-1a Peroxisome proliferator-
activated receptor gamma
coactivator 1-alpha

PHOS Glycogen phosphorylase

RER Respiratory exchange ratio

ROS Reactive oxygen species

SHBG Sex hormone-binding globulin

SIRT's Sirtuins

SNARE Soluble N-ethylmaleimide-
sensitive factor attachment
protein receptors

T1D Diabetes mellitus type 1

T2D Diabetes mellitus type 2

TCA Tricarboxylic acid cycle

TGs Triglycerides

VCO, Volume of carbon dioxide
expired

Ve Volume of air inspired or
expired

VLDL-C Very low-density lipoprotein
cholesterol

VO, Volume of oxygen uptake

VO,max Maximal oxygen uptake

Exercise Metabolism: An Overview

In vertebrates, movement is accomplished by
the contraction of skeletal muscles attached to
bones via tendons. The compound adenosine tri-
phosphate (ATP), considered the energy cur-
rency of the human body, provides the energy
requirements of the working muscles. The
chemical energy incorporated into the ATP is
released as ATP is hydrolyzed by adenosine tri-
phosphatase (ATPase), providing the energy for
the thin myofilaments of actin to slide on the
thick myofilaments of myosin. During the initial
7-10 s of maximum or near maximum physical
effort, the ATP requirements are met almost
exclusively by the energy compound phospho-
creatine (PCr) stored within the muscles. As
ATP is degraded to adenosine diphosphate

(ADP), the phosphate from the stored PCr binds
to ADP and ATP is formed. As activity contin-
ues beyond approximately 10 s, the limited sup-
plies of PCr are exhausted, and the intensity of
the activity (or exercise) begins to decline.
However, this allows the necessary time for the
glycolytic pathways to maximize their capacity
to form ATP and become the predominant sup-
plier of energy for the working muscles for the
next few minutes.

Anaerobic metabolism occurs in the cytosol.
The formation of ATP via the glycolytic path-
ways (anaerobically) involves the degradation of
glycogen and glucose to pyruvate and lactate
(Fig. 5.1). Muscle glucose and glycogen primar-
ily serve the energy needs of the host muscle.
Glucose entering the myocytes is phosphorylated
by the enzyme hexokinase to form glucose-6-
phosphate (G-6-P). This is an irreversible step as
the muscle lacks the enzyme glucokinase (found
in the liver) responsible for dephosphorylation of
G-6-P and the exit of glucose from the cell into
the bloodstream. Thus, muscle glycogen can be
degraded to glucose as needed by the host muscle
but cannot exit the muscle cells (enter the blood-
stream) to serve the energy needs of other organs.

Aerobic metabolism takes place in the mito-
chondrion. ATP is formed either from pyruvate
entering the mitochondrion or acetyl coenzyme A
(Acetyl-CoA) formed from blood-borne or intra-
muscular fatty acids through p-oxidation
(Fig. 5.1). Aerobic metabolism is a much more
efficient process, and the amount of ATP formed
is much higher than the ATP formed
anaerobically.

Proteins in the form of amino acids may also
support ATP resynthesis via aerobic metabolism.
However, the contribution of amino acid oxida-
tion to total energy demand is almost negligible
during high-intensity exercise, whereas during
prolonged exercise, it accounts for about 3-6%
of the total ATP resynthesis [1, 2]. Nevertheless,
amino acid oxidation may contribute more to
total energy expenditure especially when body
carbohydrate levels are low [3].

ATP concentrations are maintained fairly con-
stant, even during maximal exercise intensity as
energy substrates such as PCr and muscle glyco-
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Fig. 5.1 A simplified overview of energy production in
skeletal muscle. Acetyl-CoA acetyl-coenzyme A, acyl-
CoA acyl-coenzyme A, ADT adenosine diphosphate, ATP
adenosine triphosphate, ATPase adenosine triphosphatase,
CPT carnitine palmitoyltransferase, ETC electron trans-
port chain, FFA-ALB free fatty acids-albumin, FFA-
FABP free fatty acid-fatty acid binding protein, G1P

gen replenish the ATP utilized for the task at
hand. Substrate use for ATP formation is modu-
lated by the exercise intensity. At very high exer-
cise intensities, PCr contribution to ATP
regeneration is high. During a 30-s all-out effort
of cycling or running, postexercise PCr were
reduced by about 75-80%, and ATP levels by less
than 30% [4, 5]. In endurance type of exercise to
volitional fatigue, muscle glycogen was reduced
by more than 80%, whereas ATP by only 6% [6].
Muscle fiber heterogeneity also plays a consider-
able role in substrate use for ATP formation and
utilization [7].

The aforementioned metabolic pathways do
not function independently, but in an integrative
manner, where the main factor determining the
relative contribution of aerobic and anaerobic

glucose-1phosphate, G6P glucose-6-phosphate, HK hexo-
kinase, IMTG intramuscular triglycerides, LDH lactate
dehydrogenase, MM mitochondrial membrane, NAD
nicotinamide adenine dinucleotide, NADH nicotinamide
adenine dinucleotide reduced form, PCr phosphocreatine,
PDH pyruvate dehydrogenase, PHOS phosphorylase, PM
plasma membrane

metabolism is exercise intensity. If we consider a
person starting exercise at a low intensity equiva-
lent to 5 Km.h~!, and this intensity requires a vol-
ume of oxygen uptake (VO,) of 14 ml.kg=!.min"!,
this oxygen demand is about fourfold higher than
the resting of VO, that is about 3.5 mlL.kg™".min™".
The amount of energy for this initial stage of
exercise is also supported by anaerobic metabo-
lism, since aerobic metabolism is slow and can-
not meet instantaneously the VO, required
(Fig. 5.2). The amount of oxygen not provided,
that is, illustrated in Fig. 5.2 above the VO, line,
is referred to as oxygen deficit. If the individual
continues exercise to volitional fatigue in a
graded exercise intensity fashion, where intensity
is increased every 3 min, a maximal oxygen
uptake (VO,max) level will be reached (Fig. 5.3).
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The energy demand exercising above the VO,max
level is mainly supported by anaerobic metabo-
lism (Fig. 5.4).

Muscle Fiber Types

Skeletal muscles are comprised by different fiber
types that possess distinct morphological, histo-
chemical, biochemical, or physiological charac-
teristics [8]. In fact, based on myosin heavy chain
gene expression, muscle fibers have an almost
continuous spectrum of ATP usage and muscle
contraction speeds [9, 10].

Speed (km.h™")

In humans, skeletal muscle fibers are broadly
classified as type I (slow twitch) and type II (fast
twitch). Type II fibers are further classified into
three major subtypes (types Ila, IIb, and IIX)
[11]. Type I fibers are, aerobically oriented fibers,
designed for long-duration exercise. They have
an extended capillary network and numerous
mitochondria and produce a low level of force.
On the other spectrum, type IIb and IIX fibers are
fast twitch, have a larger diameter than type I,
and therefore can produce more force. They are
designed for higher exercise intensities, with
their energy demands met predominantly by the
glycolytic pathways, but they fatigue fast. Finally,
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type Ila fibers are considered intermediate fibers,
having characteristics of both type I and II [12].
The recruitment of the different fiber types is
mainly dictated by the exercise intensity and the
level of force developed by the muscle. For exer-
cise intensities up to 40% of VO,max, type I
fibers are the predominant fibers recruited. As the
intensity increases, progressively more type Ila
fibers are recruited. For intensities >75%
VO,max, type Ila and especially IIb fibers are
recruited, as intensities approach > 90% VO,max
[13]. Whether fibers can be altered as a result of
chronic and specific exercise training has been
scrutinized for years. The consensus is that fibers
are likely to be altered to accommodate the
demand imposed by the type of work. Thus, the
glycolytic capacity of aerobically oriented fibers
(type I) can be enhanced if these fibers are
exposed to anaerobic work and vice versa [14].
In medicine, fiber typing may be important for
certain fibers are prone to disease genetic myopa-
thies, while others seem to be resistant. Some of
these diseases include Duchenne muscle dystro-
phy, myotonic dystrophy, facioscapulohumeral
muscular dystrophy, Pompe disease, and certain
myosinopathies. In addition, metabolic and
chronic disorders such as obesity, type 2 diabetes,
heart failure, chronic obstructive pulmonary dis-
ease, or aging-related sarcopenia affect certain
fiber types, while other fiber types seem to be

8 9 10 11 12 13 14 15 16 17 18
Speed (km.h™")

resistant [15] (Table 5.1). The capacity of the
muscle to alter the characteristics of its fibers
may provide beneficial effects in the prevention
and treatment of these diseases [10, 15].

Energy Substrates

ATP

Skeletal muscles store a relatively small amount
of ATP which can support muscle contractions
for only a few seconds. No differences in ATP
concentration in different fiber types of human
skeletal muscle have been observed [4, 16, 17]. A
decline in muscle ATP concentrations is associ-
ated with muscle fatigue. Muscle fatigue is a pro-
tective mechanism designed to prevent ATP
decline to levels associated with muscle rigor or
serious muscle damage [18, 19].

Phosphocreatine (PCr)

Skeletal muscle PCr reserves are about three
times higher than ATP levels. Its function is to
replenish ATP via rephosphorylation of ADP. PCr
stores are higher in type II compared to type I
fibers [17, 20, 21]. Furthermore, PCr content may
be increased by dietary manipulation and in
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Table 5.1 Muscle disorders and morphological and functional changes of affected fiber types

Morphological/functional change | Fiber type affected | Muscle disorder
Atrophy-degeneration Type IIx Duchenne muscular dystrophy
Type I Myotonic dystrophy type 1
Myosinopathies
Muscle inactivity (injury, bed rest)
Type II Myosinopathies
Type Ila Pompe disease (mouse model)
Aging/sarcopenia

Fiber type shift Type I — type |

Facioscapulohumeral muscular dystrophy
Congenital fiber type disproportion

Heart failure (diaphragm)

Chronic obstructive pulmonary disease (diaphragm)

Type I — type IIx

Obesity
Type 2 diabetes
Muscle inactivity (injury, bed rest)

Type I- type 11

Heart failure (limb muscles)
Chronic obstructive pulmonary disease (limb muscles)

Reduced force generation Type I

Myotonic dystrophy type 1

Type 11

Facioscapulohumeral muscular dystrophy

Modified from Ref. [15]

particular creatine supplementation and exercise
[22]. The outcome varies among individuals and
seems to be affected by factors such as dietary
habits (vegetarians vs. omnivorous) or age (chil-
dren vs. elderly) [23].

Glycogen

Glycogen is the main form of carbohydrates
used for muscular work. It is also the most
advantageous energy fuel in terms of ATP resyn-
thesis since glycogen degradation is accom-
plished both aerobically and anaerobically.
Glycogen is a polymerized form of glucose
stored mainly in muscle and liver tissue. Its
structure is in branch form in a treelike forma-
tion. This arrangement provides an advantage to
enzymes phosphorylase and transferase to rap-
idly reach the various terminal sides of glycogen
formation and speed up glycogen breakdown,
making glycolysis a very fast metabolic path-
way. Similarly, the many end points of the tree-
like formation provide multiple sites to the
glycogen synthase for glucose unit addition
through the process of glycogenesis. Ultimately,
glycogen, this important substrate, can be
degraded and resynthesized quickly [24].

About 75% of glycogen is stored between
myofibrils as inter-myofibrillar glycogen, while
the rest of the total glycogen pool is situated in
the myofibrils and beneath the sarcolemma
(intra-myofibrillar and sub-sarcolemmal glyco-
gen, respectively) [25, 26]. In healthy individu-
als, muscle glycogen concentration varies
depending on the tissue, the preceding physical
activity, the person’s recent diet, fitness status,
fiber type, and possibly gender [26-28]. The liver
tissue can accommodate approximately 85 kg
wet weight™!, or approximately 100 g of glyco-
gen for the average liver weighing 1.2 kg [24]. In
recent years, the use of '*C magnetic resonance
spectroscopy studies has shown that liver glyco-
gen content does not differ between trained and
untrained individuals and declines significantly
during submaximal endurance exercise of about
60-70% VO,max [27, 29, 30]. Conversely, mus-
cle glycogen levels are usually 20-66% higher in
endurance trained compared with untrained indi-
viduals. This may be attributable to increased
insulin sensitivity observed with exercise training
[27]. Furthermore, muscle glycogen is higher in
type II fiber types compared to type I [4, 6, 16,
31]. Muscle glycogen stored can be increased by
manipulation in diet and exercise, the so-called
carbohydrate loading strategy or supercompensa-
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tion, often used by endurance athletes to improve
performance [28]. Whether this supercompensa-
tion response differs between males and females
still remains controversial [2, 32, 33].

Finally, the existence of several types of gly-
cogen storage diseases caused by various enzyme
deficiencies [34], although rare, produces
metabolic abnormalities in the liver, muscle, and
brain and is associated with abnormal glucose
and fat metabolism.

Lipids

Lipids are stored mainly in the adipose tissue and
muscle in the form of triacylglycerols. There is
considerable variation among individuals in
terms of total body fat stores that can exceed 50%
of the total body weight in severely obese. In
general, females have a higher body fat content
than males, and sportsmen usually have lower
body fat levels than inactive individuals, although
there is also a great variability in fat weight
among athletes [35].

Intramuscular triglycerides are stored in the
form of lipid droplets close to the mitochondria.
Their amount varies between muscle groups and
between fiber types, with type I to have a higher
content as reported in muscle biopsy and magnetic
resonance spectroscopy studies [36, 37]. The quan-
tification of intramuscular triglycerides and their
contribution to energy metabolism is problematic
due to the fact that these fat reserves are not as
nicely distributed in the muscle as glycogen [38].
However, studies combining immunofluorescence
microscopy, stable isotope, and muscle biopsy
techniques have demonstrated that muscle triglyc-
erides are important energy contributors during
prolonged exercise (=3 h) of low to moderate
(approximately <60% VO,max) intensity [39].

Metabolic Pathways

As mentioned previously the energy source for
muscular work is ATP. For work to continue, a
constant supply of ATP is needed. This is accom-
plished via the anaerobic and aerobic pathways.

Anaerobic Metabolism During
Exercise

The ATP-PCr System

During the hydrolysis of ATP by myofibrillar
ATPase, ADP, hydrogen ions, and inorganic
phosphate are formed as well as 30.5 kj of free
energy per mole of ATP [40]:

ATP +H,0 <> ADP +Pi

5.1
+H" —30.5kj(kilojoules) 1)

This energy release provides the “driving or
power stroke” by which the myosin attachment at
a 90° angle to the binding sites on actin to change
to a 45° angle resulting in the shortening in the
muscle [41]. For the detachment of myosin from
actin to take place, ATP is also required to bind to
myosin. So, ATP is regenerated by the conversion
of ADP and inorganic phosphate, so that ATP is
again available to myosin. The majority of the
energy spent (about 70-75%) in the contracting
muscle is used by the myosin ATPase activity,
with the remaining amount to be used by enzymes
involved in Na*, K*, and Ca>* ATPase [42].

The amount of energy stored in the form of
ATP is limited (about 25 mmol.kg~'dw) and, if
not resynthesized, can only provide energy for
approximately 3-5 s of sprinting or about 15 s of
aerobic exercise [42]. One way of the anaerobic
ATP provision is accomplished via the break-
down of PCr, a reaction catalyzed by creatine
phosphokinase (CPK) or creatine kinase (CK),
leading to the formation of ATP and creatine
(Cr):

PCr+ADP+H" <> ATP+Cr  (5.2)

During maximal efforts lasting more than 10 s,
ATP stores decline in the exercising muscle,
while ADP and adenosine monophosphate
(AMP) are formed. This allows the formation of
some ATP by a reaction (5.3) catalyzed by ade-
nylate kinase [42]:

2ADP <> ATP + AMP (5.3)

The produced AMP is quickly broken down by
the enzyme AMP deaminase to inosine mono-
phosphate (IMP) and ammonium (NH*):
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AMP +H* — IMP+NH,* (5.4)

Since NH,* is toxic, it is transported in the liver
through blood circulation and converted to urea.
The formation of IMP is important in maintaining
ADP and AMP at low levels in the muscle cell sus-
taining in this way enough free energy from ATP
breakdown to support muscle contraction [19].

The above three reactions (5.2, 5.3, and 5.4)
formulate the “ATP-PCr system” [43], “the phos-
phagen system” [19], or “anaerobic alactic sys-
tem” since no oxygen or lactate formation is
involved [44]. As highlighted earlier, the impor-
tance of this system is that energy can be pro-
vided at a very high rate almost instantaneously,
something that cannot be accomplished by gly-
colysis or aerobic metabolism. This system has
played a crucial role in our survival, as immedi-
ate action is required in many instances to avoid
injury. Activities that require high levels of mus-
cle power (weightlifting, shot put, hammer and
discus throw, jumping, etc.) are also supported by
the phosphagen system.

Glycolysis

ATP generated via glycolysis involves ten chemi-
cal reactions with lactate as the end product
formed by pyruvate, a reaction catalyzed by lac-
tate dehydrogenase (LDH). The net result for the
muscle is the formation of 2ATP molecules when
G-6-P is derived from glucose and three mole-
cules when the initial substrate is glycogen. This
pathway can be summarized as follows:

Glycogen +3ADP +3Pi — 3ATP

(5.5)
+2Lactate + 2H"

A central reaction in glycolytic pathway is
considered the transformation of 3-phosphogly
ceraldehyde to 1,3-diphosphoglycerate by glyc-
eraldehyde phosphate dehydrogenase, where
nicotinamide adenine dinucleotide (NAD?") is
reduced to NADH [40]. The ratio of NAD/
NADH, the so-called redox (reduction-oxidation)
status of the muscle, plays a significant role as
substrate in electron transport chain and oxida-
tive phosphorylation since for every pair of elec-
trons transported by NADH to the electron
transport chain, three molecules of ATP are gen-

erated. Furthermore, NAD and NADH have the
role of activators or inhibitors in muscle metabo-
lism [42].

Although not as fast as ATP-PCr system, gly-
colysis can also regenerate ATP very quickly and
is activated within the very first second of muscle
contraction by various factors such as Ca**, ADP,
AMP, IMP, fructose-6-phosphate, Pi, and Mg** in
an allosteric fashion [44]. It can support sporting
activities that require high level of ATP resynthe-
sis for several seconds such as sprinting during
various games like soccer, basketball, football,
handball, and several others. Furthermore, gly-
colysis provides the extra energy needed when
intensity exceeds that of VO,max (Fig.5.4) or
when oxygen is not available. In addition, both
the phosphagen system and glycolysis support
ATP regeneration at the initiation of exercise
(Fig. 5.1) as well as when exercise intensity
changes to a higher intensity level, allowing the
necessary time for the aerobic pathways to match
the ATP demands (Fig. 5.3).

Regulation of Anaerobic Pathways

The regulation of anaerobic pathways is mainly
achieved by activation or inhibition of the
enzymes catalyzing the various reactions. With
the initiation of muscle contractions, the accom-
panied increase in Ca?'stimulates myofibrillar
ATPase. This stimulation moves ATP hydrolysis
reaction (5.1) to the right, resulting in a decrease
in ATP concentrations and a subsequent elevation
of ADP and Pi. These changes produce a mass-
action effect stimulating CPK to displace reac-
tion (5.2) to the right replacing the previously
hydrolyzed ATP but “spending” PCr stores [45].
It should be noted that as mentioned earlier,
although ATP concentrations do not massively
change even in maximal fatiguing exercise, small
changes of this molecule have a larger impact on
the concentrations of ADP and AMP which
together with ATP formulate the total adenylate
pool [46].

The enzyme phosphofructokinase (PFK)
responsible for the conversion of fructose-6-
phosphate to fructose-1,6-diphosphate is
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regarded as the key enzyme in the control of
glycolysis [46]. In activities like sprinting, the
increase in the rate of glycolysis exceeds 1000-
fold compared to resting rate [40]. Increased
cellular levels of inorganic phosphate (5.1), as a
result of ATP hydrolysis, as well as AMP by
adenylate kinase (5.3), enhance PFK activity.
On the other hand, when ATP demand is not
high and ATP levels rise, PFK activity is
reduced. A high rate of glycolysis will also
result in an increased H* accumulation (5.5) that
will lower muscle pH inhibiting in this way
PFK. This is considered a protective mecha-
nism, designed to prevent further lactate forma-
tion leading to extreme acidosis [46]. ATP
activity is also inhibited by increased citrate
concentrations, an intermediate of Krebs cycle,
indicating that when ATP is regenerated by aer-
obic metabolism there is no need for high rates
of ATP formation through glycolysis.

In muscle glycogenolysis, the main control is
exerted by glycogen phosphorylase (PHOS) that
degrades glycogen to GIP (Fig. 5.1). This
enzyme has two forms: PHOS a, the more active,
and PHOS b, the less active which are intercon-
vertible by phosphatase and kinase enzymes.
When the muscle is at rest, most of PHOS is in its
less active b form [40]. Activators of PHOS from
b to a form are ADP, AMP, IMP, Pi, Ca*, and
adrenaline, whereas inhibitors are H*, G6P, and
ATP [44, 47, 48]. Also, the availability of sub-
strates in the form of exogenous oral carbohy-
drates, blood-borne fatty acids, or muscle
glycogen itself may influence the rate of muscle
glycogenolysis [6, 31, 49-52].

Lactate Metabolism

Lactate is the end product of glycolysis formed
after pyruvate is reduced to lactate by LDH
according to the following chemical reaction:

Pyruvate + NADH +H" <> Lactate + NAD"

Often the term lactic acid is used instead of lactate
and vice versa. Lactic acid, when formed, is unsta-
ble within the physiological muscle and blood pH
range and immediately more than 99% of lactic
acid releases a proton and dissociates into lactate
anions and protons (H+) [53]. Therefore, since lac-

tate is measured, this term will be used in this chap-
ter. In biochemical terms, the above reaction is
important because lactate regenerates NAD in the
cytosol that is necessary in the glyceraldehyde
phosphate dehydrogenase which in turn converts
3-phosphoglyceraldehyde to 1,3-diphosphoglycer-
ate. In this way the glycolytic flux and redox status
of the muscle (NAD/NADH) are maintained; oth-
erwise, glycolysis would slow down resulting in a
reduced glycolytic rate of ATP resynthesis. This
becomes very important not so much during high-
intensity exercise, where PCr stores are signifi-
cantly reduced within seconds and consequently
the muscle relies more on glycolysis, but in endur-
ance events such as marathon running. Fast mara-
thoners rely mainly on carbohydrate oxidation
during exercise; however, this requires a high rate
of glycogenolysis and simultaneously the ability to
remove and metabolize lactate for energy [54, 55].

Two misconceptions exist regarding lactate.
First, lactate is associated with metabolic acido-
sis and fatigue. However, the lactate molecule
itself is not responsible for acidosis. In reality, the
production of lactate coincides with the forma-
tion of H* that reduces pH-inhibiting key enzymes
of glycolysis such as PFK [56]. In fact, to some
extent, lactate contributes to proton buffering
since in the LDH reaction (conversion of pyru-
vate to lactate), two electrons and one proton
from NADH and another proton from solution
are used [19].

Second, especially in the past, lactate was
considered a waste product of glycolysis due to
hypoxia and was associated with fatigue espe-
cially during high-intensity exercise [57]. Also,
postexercise lactate metabolism was linked to the
oxygen depth, the phenomenon of elevated oxy-
gen uptake during the postexercise period [58].
However, since the 1970s, the multidimensional
metabolic role of lactate was realized gradually
[53, 57]. The application of muscle biopsy; arte-
riovenous, magnetic resonance Spectroscopy;
and tracer techniques enabled researchers to
focus not simply on lactate accumulation during
or after exercise but on lactate formation (appear-
ance), removal, and transport between and within
various tissues such as the muscle, liver, heart,
and brain [59-61]. For example aerobically
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trained individuals demonstrate a delayed blood
lactate accumulation during progressive exercise
compared to anaerobic or untrained people, as
indicated by the higher anaerobic threshold they
possess [62], suggesting that lactate formation
and removal can be modulated by exercise train-
ing. This is discussed later on in this chapter.

Currently, the general consensus is that lactate
formation is not due to hypoxic conditions of the
working muscles since an increased lactate pro-
duction and accumulation also occurs under aer-
obic conditions [53, 57].

The concept that lactate produced by the
working muscles is taken up and metabolized by
other tissues was introduced in the mid-1980s by
George A. Brooks and was termed lactate shuttle,
although today is known as cell-to-cell lactate
shuttle [63]. He reported that about 75% of the
lactate during submaximal exercise is removed
and oxidized and only about 20% is converted to
glucose. Lactate continues to be oxidized during
the recovery period, but significant amounts are
used for glycogen repletion through gluconeo-
genesis in the muscle and liver. However, these
tissues do not replace their glycogen via this
mechanism unless feeding is provided, with the
exception of the heart that supercompensates its
glycogen stores even during fasting [63]. The
cell-to-cell shuttle has been proposed not only for
the muscle but other tissues like the brain, heart,
and liver.

Lactate can also be transported to oxidative
(type 1) fibers within the exercising muscle, to
inactive oxidative fibers, and used as energy
source. It can also exit the working muscle and be
transported to less active muscle groups or to
inactive glycolytic (type II) muscle fibers where
it is either oxidized or converted to glycogen and
stored [53, 57]. The liver can also oxidize or con-
vert lactate to glucose, where this newly formed
glucose can be either returned to exercising mus-
cle through the Cori cycle pathway or stored as
liver glycogen. Also, lactate in the systemic cir-
culation can be directly oxidized in heart and
brain tissue. Regarding the brain, astrocytes take-
up blood glucose and convert it to lactate that in
turn is transported to nearby neurons where it can
be oxidized to regenerate ATP in the mitochon-

dria [53, 57]. Therefore, taking into account all
these possible pathways, lactate today is consid-
ered as a metabolic intermediate that connects
glycolytic with oxidative metabolism [54].

In medicine, lactate metabolism has recently
being incorporated in the study of cancer metab-
olism and treatment [64]. On the basis of Warburg
effect, where in the presence of oxygen, cancer
cells rely on glycolysis for energy production
accompanied by high rates of lactate formation, it
has been suggested that a treatment approach
would have been to neglect glucose to cancer
cells and provide as alternative fuel lactate, the
so-called lactate-protected hypoglycemia treat-
ment [65]. Although this idea is attractive, cancer
metabolism is far more complicated with a
diverse collection of normal and cancer cells
whose metabolism is different in an in vitro envi-
ronment compared to poorly understood tumor
microenvironment [53, 64]. Nevertheless, it
seems that as our understanding on lactate metab-
olism increases, this molecule will have the
potential to offer more in health and disease in
the future.

Lactate Threshold: How Is It Affected by
Fitness?

In 1964 Wasserman and Mcllroy introduced the
term “anaerobic threshold” (AT) when attempt-
ing to define (without assessing blood lactate) the
exercise intensity where energy production
shifted from a mainly aerobic metabolism to that
combining both anaerobic and aerobic patterns
[66].

When VO,max is directly assessed, ventila-
tory rates (Vg; volume of air inspired or expired
per minute), volume of carbon dioxide expired
(VCO,), VCO,/VO, ratio referred as the respira-
tory exchange ratio (RER or simply R), and the
ventilatory equivalent for oxygen (VO,/Vg) are
also assessed. As the workload increases, a point
is reached where these values increase dispropor-
tionally to exercise intensity [67]. This reflects
the point at which the increasing metabolic
demands due to the increased workload can no
longer be met mainly by aerobic metabolism.
Consequently, an increase in the relative
contribution to energy needs is met by anaerobic
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metabolism and especially by glycolysis. This
point has been coined as the “anaerobic or venti-
lator threshold.”

This exercise level is also marked by an
increase in lactate concentration accompanied by
an increase in H* which is eventually transported
out of the muscle in the circulation and blood pH
is reduced. Thus, this threshold can also be
detected using blood lactate measurements and is
therefore referred to as lactate threshold (LT). An
example of such determination is presented in
Fig. 5.5. Because the AT and LT do not always
coincide and, at times, the term onset of blood
lactate accumulation (OBLA) has been intro-
duced, in this case, the LT is defined as the exer-
cise intensity at which a lactate accumulation of
4 mmol.l7! is observed [68]. As illustrated in
Fig. 5.5, this blood lactate level occurs at
9 kmh~!. Below this workload, lactate remains
fairly constant despite an increase in exercise
intensity and an expected increase in glycolysis
(Fig. 5.5). This indicates that lactate formed
below workload of 9 km.h~! is metabolized by
the working muscle (via the cell-to-cell shuttles
discussed above), and therefore lactate concen-
trations do not rise until the 9 km.h~!' workload is
exceeded.

Since the original study by Wasserman and
Mcllroy in 1964, much criticism and debate has
taken place, mainly regarding the link between

what is observed and the actual changes occur-
ring within the exercising muscle. This is due to
methodological constraints and the difficulty in
measuring intracellular partial pressure of oxy-
gen during incremental exercise [56]. However,
LT and AT still remain valuable functional
parameters for doctors and sports scientists
[69-T1].

Can the Lactate Threshold Be Altered?

The LA is determined by mainly two factors:
genetics and the level of physical fitness. Since
there is little one can do with our genetic make-
up, AT can only be altered by physical activity.
The change in AT occurs in two ways. First, regu-
larly performed aerobic activities lead to an
increased VO,max. The increase in VO,max dic-
tates that O, consumption at a given submaximal
workload will be lower postexercise training
compared to pre-training. As an example, let us
assume that VO,max prior to exercise training
was 40 ml~'kg~'.min~' and following training
increased to 50 ml~'.kg-'.min~'. If we assume
that LT occurs at approximately 50% of VO,max,
the AT for this individual prior to exercise train-
ing will occur at 20 ml~'.kg '.min"! and at
25 ml~".kg~'.min~" after training. Thus, following
exercise training, the workload necessary to shift
the working muscle from predominantly aerobic
to anaerobic metabolism is increased.
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The second way AT is altered is via the
increased efficiency of the aerobic pathways
resulting from training. In other words, the meta-
bolic alterations in aerobic enzymes such as suc-
cinate dehydrogenase, malate dehydrogenase,
citrate synthase, a higher number and size of
mitochondria, improved capillary network, and a
high percentage of type I muscle fibers [68, 69,
72, 73] render the aerobically trained muscle
capable of exercising at higher exercise intensities
and accumulating even less blood lactate [74].
Thus, the AT of highly trained individuals occurs
at about 75% and not at 50% as is the case with
sedentary individuals. This is illustrated in Fig. 5.5
where an individual with low aerobic fitness may
have a LT at 9 km~"h~!, while for someone with
high aerobic fitness, LT can occur at 15 Km="h-!.

Aerobic Metabolism During Exercise

Aerobic metabolism involves more complex
energy systems than anaerobic metabolism, since
all three major macronutrients, carbohydrates,
fats, and proteins, contribute to the production of
ATP. All aerobic chemical reactions take place in
the mitochondria, situated mostly near the myofi-
brils, but may also be scattered in the sarcoplasm.
A common molecule of all macronutrients is
acetyl-Coa, although some other metabolites
from fat or protein origin may “join” the oxida-
tive phosphorylation process at glycolysis or
Krebs cycle pathways.

The main characteristic of this system is that it
can provide a much higher amount of ATP to the
working muscle and for fats this may be almost
unlimited, but its major disadvantage is that this
energy is given at a substantially lower rate com-
pared to anaerobic metabolism. For example, the
net ATP yield of PCr system is 1 ATP, and glu-
cose/glycogen 2-3 ATP. In contrast, the complete
aerobic oxidation of glucose/glycogen yields
38-39 ATP, and a fatty acid like palmitate per
mol 129 ATP. The maximum rates of ATP resyn-
thesis by the aforementioned systems are approx-
imately 2.25, 1.10, and 0.25-0.70 ATPkg™'
ww.s~!, for PCr, glycolysis, and Krebs cycle,
respectively [40, 75].

Carbohydrate Metabolism

Blood-borne glucose and muscle glycogen are
the carbohydrate substrates converted to pyru-
vate and then enter mitochondria as acetyl-
CoA (Fig. 5.1). This reaction is catalyzed by
the pyruvate dehydrogenase complex (PDH),
situated in the inner mitochondrial membrane.
PDH consists of three enzymes: pyruvate dehy-
drogenase, dihydrolipoamide acetyltransfer-
ase, and dihydrolipoamide reductase [40]. This
chemical reaction is important since acetyl-
CoA is the main substrate for the Krebs cycle.
Once acetyl-CoA is formed, it cannot be con-
verted back to pyruvate. Therefore, PDH is
controlled by hormones and various effectors
allosterically [40].

The Krebs cycle, also known as tricarboxylic
acid cycle (TCA) or citric acid cycle, consists of
a series of reactions that begins with the combi-
nation of oxaloacetate and acetyl-CoA to form
citrate. These reactions are summarized as fol-
lows [40]:

Acetyl-CoA +3H,0 — 2CO, +4[2H]
+ CoASH (Coenzyme A)

Each cycle generates four pairs of hydrogen
atoms ([2H]) which are carried to the electron
transport chain by NADH and flavin adenine
dinucleotide (FADH,). Through the aerobic
process of oxidative phosphorylation, the com-
plete oxidation of acetyl-CoA yields 12 ATP
molecules per cycle. A complete oxidation of
glucose yields a total of 38 ATP, and glycogen
yields 39 ATP. This is 19 and 13 times higher,
respectively, compared to 2 and 3 ATP gener-
ated anaerobically.

Regulation of Hepatic Glucose Production

Liver plays a dominant role in blood homeosta-
sis during exercise by releasing glucose into the
bloodstream; otherwise, exercise would have
been impossible to be carried out [76].
Splanchnic glucose increases almost linearly to
exercise intensities up to 60% VO,max and
exponentially above this level, despite a grad-
ual decrease in blood flow to the hepatosplanch-
nic area due to blood redistribution favoring the



5 Exercise Metabolism in Health and Disease

69

exercising muscles [77]. This exponential
increase of blood glucose at higher exercise
intensities shows that hepatic glucose produc-
tion (HGP) and glucose uptake by the muscle
do not match, indicating that regulation of HGP
during exercise may not be via a feedback
mechanism (i.e., blood glucose concentration)
[77]. This mismatch suggests that hormonal
and neural factors may affect to at least some
extent HGP during exercise. In a study using
somatostatin to modulate glucagon and insulin,
during exercise at low intensity (40% VO,max)
for 2 h, the absence of glucagon totally abol-
ished HGP, while in the absence of insulin,
there was a threefold increase in HGP com-
pared to rest [78]. There is evidence to suggest
that these two hormones and especially gluca-
gon may be more important in maintaining
blood homeostasis late into a long-duration
exercise rather than at the beginning [79].

The fact that epinephrine stimulates glycogen
degradation during exercise led to the assumption
that epinephrine stimulates HGP during exercise
[76]. However, collective findings from human
and animal studies show that when sympathoad-
renergic activity is reduced, splanchnic glucose
production is not impaired [77]. This leads to the
conclusion that in addition to glucagon, insulin,
or epinephrine, other mechanisms may be
involved in the regulation of HGP during exercise
[76, 77].

Regulation of Muscle Glucose Uptake

Glucose diffuses from capillaries to the muscle
membrane through interstitial fluid by facilitated
diffusion and is converted to G-6-P by hexoki-
nase. Thus, blood supply, transport, and phos-
phorylation inside the muscle cell are potential
sites of regulation of glucose uptake by the exer-
cising muscle [80]. Simply, glucose uptake
increases with increasing exercise intensity and
duration to support the continuous energy
demands of exercising muscle [81-83]. In the
classical studies by Ahlborg and co-workers,
when blood glucose gradually declined to about
2.5-3 mmol.l"! over 3.5—4 h of cycling, muscle
glucose uptake was also reduced [81, 82]. On the
other hand, when exogenous carbohydrate was

provided during cycling, hypoglycemia was pre-
vented and glucose uptake was maintained [84,
85]. These finding support that blood glucose
concentration is an important factor for muscle
glucose uptake during exercise.

The diffusion of glucose into the muscle cell is
facilitated by the insulin-mediated translocation
of GLUT-4 transporters from intracellular stor-
age depots to the sarcolemma and transverse
tubules. It is also well accepted that exercise has
an insulin-like effect, translocating GLUT-4 to
the surface of the cell through different molecular
mechanisms and independent from insulin [80,
86]. Various factors identified as potential activa-
tors of GLUT-4 include Ca**, AMP-activated pro-
tein kinase (AMPK), reactive oxygen species
(ROS), nitric oxide (NO), soluble
N-ethylmaleimide-sensitive factor attachment
protein receptors (SNARE), and GTPases espe-
cially RabGTPase proteins (members of the Ras
small GTPases superfamily) [86-89].
Furthermore, epinephrine seems to reduce glu-
cose uptake possibly due to stimulation of muscle
glycogenolysis, resulting in an elevated G-6-P
concentration. In turn hexokinase, the enzyme
responsible for glucose phosphorylation, is inhib-
ited [90]. Finally, lowering muscle glycogen con-
tent by 60 min single-legged cycling 16 h before
a subsequent two-legged exercise bout increased
muscle glucose uptake by threefold in the exer-
cising leg (lower glycogen leg) compared to the
control leg, suggesting that muscle glycogen lev-
els may influence muscle glucose uptake [91].

Cross Talk Between Skeletal Muscle

and Liver Metabolism in Exercise

During muscle contractions, skeletal muscle
releases cytokines referred to as myokines [92].
In fact, the muscle is considered an endocrine
organ that releases various myokines such as
interleukin (IL) IL-6, IL-8, IL-15, brain-derived
neurotrophic factor, leukemia inhibitory factor,
fibroblast growth factor 21, and follistatin-like 1
[93]. In particular, muscle-derived IL-6, among
other actions, may act in a hormonelike fashion
increasing HGP and lipolysis in adipose tissue
[94, 95]. In a study involving cycling at 40%
VO,max for 2 h with high and low IL-6 infusion



70

A. Philippou et al.

rates, the use of stable 6,6’H, isotopes demon-
strated higher rates of appearance and disappear-
ance of blood glucose when the IL-6 infusion
rates were high. This supports the view that IL-6
influences glucose homeostasis during exercise
[95]. Furthermore, muscle-derived IL-6 has been
observed to stimulate liver CXL-1 chemokine
expression, a small cytokine that is involved in
the processes of angiogenesis, inflammation, and
wound healing, in exercising mice [96]. Thus, it
is theorized that the exercising muscle communi-
cates with distant organs such as the liver, adi-
pose tissue, and brain by the release of myokines.
This muscle-to-organ cross talk may play a sig-
nificant role in the prevention of metabolic-
related diseases such as obesity, diabetes, and
cancer [93, 97].

Fat Metabolism

Acetyl-CoA 1is also generated from fat metabo-
lism. Fats in the form of triacylglycerols are
degraded to fatty acids and glycerol by a hor-
mone-sensitive lipase through the process of
lipolysis. Once in the circulation, glycerol is
either taken by the liver to form triacylglycerols,
converted to glucose through gluconeogenesis, or
converted to dihydroxyacetone phosphate and
enters glycolysis.

Fatty acids in the circulation are bound to
albumin, whereas fatty acids in the muscle are
also bound to binding proteins (Fig. 5.1). When
fatty acids enter the muscle cells, they are con-
verted to fatty acyl-CoA, which, in turn with the
aid of carnitine, crosses the mitochondrial matrix.
This is catalyzed by carnitine acyltransferase,
also named carnitine palmitoyltransferase. This
enzyme exists in two forms, one bound to the
outer mitochondrial membrane (carnitine acyl-
transferase I) producing acyl carnitine and the
other on the inner mitochondrial membrane that
reverses the previous reaction producing acyl-
CoA and carnitine [46]. Inside the mitochon-
drion, fatty acyl-CoA gradually loses two carbons
to form acetyl-CoA, which enters Krebs cycle
following the same pathway pyruvate follows
(Fig. 5.1). Fatty acids yield more ATP depending
on the number of their carbon atoms. For exam-
ple, a 16-atom fatty acid will generate a net yield

of 130 ATP molecules. Due to the complexity of
mobilization, transport, and b-oxidation pro-
cesses, however, the rate of ATP resynthesis by
fatty acids is the slowest among all the fuels
available [75].

Regulation of Muscle Fat Metabolism

The potential sites for regulation in skeletal mus-
cle fat metabolism are (a) lipolysis of the adipose
tissue and the delivery of fatty acids to the mus-
cle, (b) movement of fatty acids across sarco-
lemma, (c) control of these molecules through
the mitochondrial membrane, and (d) regulation
of triacylglycerol lipase activity [98].

The hormone-sensitive lipase (HSL) respon-
sible for lipolysis is activated by catecholamines
which through p-adrenergic receptors activate
lipolytic cascade and HSL is phosphorylated
[99]. When participants cycled for 30 min at
three different exercise intensities, 25%, 65%,
and 85% VO,max, fatty acid uptake, and oxida-
tion decreased with the highest exercise intensity
[100]. The investigators concluded that this was
the outcome of reduced blood flow to the adipose
tissue. However, in a subsequent study where
fatty acid concentration was maintained high at
exercise levels of 85% VO,max, the uptake and
oxidation of fatty acids increased, but was still
lower than the levels achieved when exercising at
65% VO,max. This suggests that intramuscular
factors may be responsible for the rate of fat oxi-
dation at higher exercise intensities [101].

Regarding the movement of fatty acids across
muscle membrane during exercise, three fatty acid
transport proteins, fatty acid binding protein in
plasma membrane (FABP,,,), the fatty acid trans-
locase (FAT/CD36), and fatty acid transport pro-
tein (FATP) have attracted considerable attention
[102, 103]. In particular, evidence supports that
FAT/CD36 is translocated from intracellular space
to the muscle membrane during muscle contrac-
tion, and this coincides with increased fatty acid
transport to the muscle [98]. Furthermore, more
recent observations suggest that FAT/CD36 trans-
location is activated by insulin. This transporter is
also present in the subcellular and intra-myofibril-
lar mitochondria, and its mitochondrial content is
correlated with mitochondrial fatty acid oxidation,
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indicating that it is involved in regulating fatty acid
oxidation in human skeletal muscle [103-105].
Another potential regulatory factor in fat oxidation
is the muscle triacylglycerol lipase (MTGL).
Methodological constraints have not allowed
MTGL to be studied thoroughly. However, it
seems that it is activated during aerobic exercise
and contributes to energy supply by the degrada-
tion of muscle triacylglycerols which play an
important role in providing fatty acids for oxida-
tion during exercise [39, 98, 103].

Proteins as an Energy Source During
Exercise

As mentioned earlier the protein contribution to
ATP resynthesis is minimum. The muscle has the
capacity to oxidize seven amino acids (alanine,
asparagines, aspartate, glutamate, isoleucine,
leucine, and valine), with some evidence suggest-
ing that lysine may also be oxidized [106].
However, during exercise the main amino acids
oxidized are isoleucine, leucine, and valine, the
so-called branched-chain amino acids (BCAA).
This is indicated by isotope tracer studies, a large
muscle uptake of BCAA, and specific enzyme
activation [107]. The BCAA are first transami-
nated to their keto acid analogues by branched-
chain aminotransferase, and the formulated keto
acids are oxidized by a mitochondrial branched-
chain  2-oxoacid dehydrogenase enzyme
(BCOADH) [106]. The BCOADH is considered
to be the rate-limiting enzyme for BCAA oxida-
tion and exists in active dephosphorylated form
and less active phosphorylated form [106, 107].
This enzyme is activated during endurance exer-
cise in human muscle [108-110]. This activation
seems to be related to the glycogen status in the
muscle, since when glycogen stores are low
BCOADH is activated more, whereas when gly-
cogen stores are high, the enzyme is not activated
[110, 111]. This is linked to the observation that
based on sweat urea N measurements low carbo-
hydrate stores elevate protein degradation during
exercise [112]. However, the contribution of
BCAA to total energy expenditure during endur-
ance activities is calculated to be only about
3—6% [1, 2]. Nevertheless, there is the view that
amino acids may interact with TCA during pro-

longed exercise. As exercise progresses and gly-
cogen stores become depleted, an increase in
leucine oxidation may lead to a carbon drain on
the TCA cycle, reduce its flux, and lead to fatigue
[3, 111]. However, this mechanism may not be
quantitatively important by others since changes
in TCA cycle intermediates may be unrelated to
oxidative energy provision in skeletal muscle
[113].

Finally, in resistance exercise there is an
increased protein turnover in the postexercise
period that remains negative (i.e., protein break-
down >protein resynthesis) if the exercising
individual remains in postabsorptive condition
[107, 114].

Factors Determining Substrate
Preference During Exercise

Substrate preference for ATP resynthesis in
healthy individuals is dependent on four main
factors, exercise intensity, duration, fitness status,
and diet, while gender and environmental factors
may also influence substrate utilization. The con-
tribution of PCr is mainly at exercise intensities
exceeding 100% VO,max or when exercise inten-
sity increases abruptly (Figs. 5.3 and 5.4).
Therefore, the main fuels used are carbohydrates
and fats, while proteins contribute approximately
<5-6% to the total energy turnover [1, 2].
Possibly the strongest factor dictating the rela-
tive contribution of fats and carbohydrates is exer-
cise intensity. At low exercise intensity levels of
about 25% VO,max plasma fatty acids are the
main contributors. As intensity increases, the con-
tribution of fats decreases proportionally, with a
marked decrease observed at exercise intensities
above 80% of VO,max, while the contribution of
muscle glycogen and plasma glucose increases
proportionally [100, 115]. However, fat oxidation
in absolute amounts (i.e., g/min) increases up to
exercise intensities of 40-65% VO,max [115,
116]. It seems that an increased glycolytic flux
may inhibit fatty acids from entering the mito-
chondria, leading to diminished lipid oxidation
[117, 118]. However, since all the aforementioned
studies were based on indirect calorimetry, there
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is the concern that at high exercise intensities, fat
oxidation might have been underestimated due to
metabolic perturbations [119].

Another major factor that alters substrate pref-
erence is the duration of exercise. In general, at
fixed exercise intensity, fat oxidation increases,
while carbohydrate contribution decreases as
exercise progresses. At low to moderate exercise
intensities (about 25-60% VO,max), fats gradu-
ally become the main fuels for energy especially
when activity lasts for hours. For example, in one
of the classical studies by Ahlborg and co-
workers, they reported that during 4 h of exercise
at approximately 30% of VO,max the relative
contribution of free fatty acid rose progressively
to 62% of the total energy requirements after
40 min of exercise. The contribution of glucose
fell from 40% during the initial exercise of
40 min to 30% between 90 and 240 min [81].

Similarly, in another study, plasma fatty acids
provided more than 80% of total energy expendi-
ture during 2 h of cycling at 25% VO,max [100].
Finally, Edwards and colleagues reported that a
runner exercising for 6 hours, about 84% of the
energy requirements are derived from fats [120].
The increased free fatty acid (FFA) oxidation
over time is associated with a progressive
decrease in glycogen stores lending support to
the concept that carbohydrate availability may
play a role in the regulation of fat oxidation dur-
ing exercise [117].

It is also well documented that aerobic fitness
status and diet influence substrate use. This
occurs as a result of metabolic adaptations occur-
ring at peripheral fat tissues and within the mus-
cle cells enabling the trained muscle to oxidize
relatively more fat and less carbohydrate [121-
123]. This is of particular importance for the
endurance athlete since the limiting factor in per-
formance is glycogen stores. Shifting the balance
to utilizing more fat than glycogen for a given
task (marathon run) delays glycogen depletion
and, therefore, delays fatigue [56].

The effect of diet on substrate use was demon-
strated almost a century ago when Krogh and
Lindhard showed that after a high-fat low-
carbohydrate diet RER values were lower from
baseline, indicating higher oxidation of FFA [124].

More recent studies confirmed this early finding
and reported that a high-carbohydrate diet reduces
fat oxidation, whereas a diet rich in fat produces
the opposite result [125]. Similarly, carbohydrate
oxidation increased during exercise after a carbo-
hydrate load 3—4 h prior to exercise compared to
an overnight fast [126—128]. It takes at least 6 h at
the postabsorptive state before exercise metabolic
responses are similar to a fast of 8—12 h [129].

Finally, environmental conditions may play a
role in substrate use especially when these condi-
tions divert from a thermoneutral environment. In
general, when exercise is performed in the heat,
there is an increase in muscle glycogenolysis and
liver glucose output, reduced fat utilization, and
also an enhanced and no increase in muscle glu-
cose uptake, leading to an elevation in blood glu-
cose concentration. These responses seem to be
related to high muscle temperature and a sympa-
thoadrenal response [130].

Sex-Related Differences in Substrate
Preference During Exercise

It is well established that sex-related metabolic
and hormonal differences in exercise exist and
should be considered [131, 132]. Males rely to a
greater extent on carbohydrate oxidation, while
females rely more on lipid oxidation displaying a
lower RER during exercise. Indeed, at any given
relative exercise intensity, women oxidize less
carbohydrate and more fat than men [133, 134].
However, other studies reported no gender differ-
ences in the substrate preference [115, 135]. The
rationale for the possible increased fat oxidation
by females may be that estrogen promotes fat
oxidation, as indicated when estrogen supple-
mentation is administered in males [136]. Female
hormones or the relatively greater proportion of
type I fibers in women compared to men may
explain the differences between the patterns of
energy substrate utilization in men and women
[132, 137]. In addition, elevated levels of GH in
women, both at rest and at peak response to exer-
cise, could also contribute to the sex-related dif-
ferences in substrate use [132]. Furthermore,
variations in ovarian hormone levels throughout
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the menstrual cycle may alter exercise metabo-
lism in women [138].

Specifically, the female sex hormone, estro-
gen, is a factor that in both sexes affects energy
substrate selection during exercise; however, it
does not appear to be the sole determinant for
substrate selection in females [139]. Estrogen,
specifically 17f-estradiol, decreases carbohy-
drate oxidation and promotes lipid oxidation dur-
ing prolonged, moderate-intensity exercise
[140-142]. Moreover, during the luteal phase
compared to the follicular phase of the menstrual
cycle, higher levels of circulating estrogen and
thus a higher relative rate of fat oxidation as well
as a higher estradiol response to an acute bout of
exercise have been observed [132, 143, 144]. In
addition, a greater reliance on lipids as a fuel
source was found in females compared to males
during prolonged, moderate-intensity exercise,
indicated by a lower RER in women. Moreover,
women in the follicular phase had higher glyco-
gen use as well as glucose appearance and disap-
pearance rates than women in the luteal phase
[141]. Interestingly, during the follicular phase of
the menstrual cycle, women exhibit an increase
in circulating estradiol after an acute bout of aer-
obic or resistance exercise, in contrast with men,
although circulating levels of estrogen do not dif-
fer significantly between women and men [143,
145, 146]. Moreover, there is evidence support-
ing that overall fat oxidation may not be different
between sexes, but the type of fat may differ with
females to use more myocellular triacylglycerols
[147, 148]. The issue becomes more complex due
to the anti-estrogenic action of progesterone and
other confounding variables such as exercise
intensity and nutritional status that may obscure
any estrogen’s possible effect [138].

Cardiac Metabolism During Exercise

Myocardial metabolism is a complex network of
highly regulated metabolic pathways and an inte-
gral part of the function of the heart, both as con-
sumer and provider of energy, matching cardiac
energy demand and supply with precision [149].
Cardiac metabolism in health and disease has been

studied extensively in vitro, in animal models and
in humans under resting conditions [150-153].
However, few studies in vivo have been conducted
in healthy humans during exercise. This is due to
technical and practical difficulties as well as to the
invasive nature of these procedures, where the
methods commonly used are catheterization of
aorta and coronary sinus and use of radioactive
and nonradioactive isotopes [154].

Metabolism of Energy Substrate
in Heart During Exercise

The basic principles of cellular metabolism in
various tissues apply also to cardiac muscle cells,
with some quantitative differences. The cardiac
muscle is designed to function aerobically, as it is
endowed by an abundance of blood supply. Under
resting conditions, most of the energy require-
ments of the heart are derived from fatty acids.
During exercise, cardiac output may increase
more than sevenfold exceeding 40 I' min~! in elite
endurance athletes [11]. Therefore, the heart
muscle requires large amounts of energy and is
the largest energy consumer relative to its weight
in the body [155]. Since the ATP content of the
heart muscle is low (5 pmol'g~'ww), ATP homeo-
stasis must be maintained for myocardium to
function properly [151]. To support ATP resyn-
thesis, the myocardium uses a variety of sub-
strates such as fatty acids, glucose, lactate,
pyruvate, ketones, and amino acids [155].
However, the main substrates that have been
directly studied and seem to contribute during
exercise to the oxygen extraction ratio of the
myocardium are free fatty acids, glucose, and
lactate [156—162]. During exercise, the preferred
fuel for the cardiac muscle is lactate released
form the exercising muscle followed by
FFA. However, under ischemic conditions (i.e.,
coronary artery obstruction), the heart is forced
to switch to anaerobic glycolysis for its energy
needs. This situation is not sustainable, and if
blood supply is not restored within minutes, the
heart suffers irreparable damage. The relation
between energy supply, mechanical function, and
intracellular pH of the myocardium, both in
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healthy and diseased conditions, has been funda-
mental to cardiology.

Glucose

Glucose utilization for the myocardium occurs
especially under hypoxic conditions, resulting in
lactate formation [159, 162]. Multiple functions
in myocardium are also mediated by glucose and
its metabolites, and failure to control the levels of
intracellular glucose metabolites has been impli-
cated in the generation of ROS, as well as the
development of insulin resistance. Moreover,
excessive accumulation of glucose metabolites
has been associated with various myocardial
pathologies [149].

Free Fatty Acids

Long-chain free fatty acids are the myocardium’s
predominant fuel for respiration [163]. The path-
way of long-chain FFA metabolism (oxidation) is
initiated with their liberation from triglycerides
(TGs) and ends with the entry of acetyl-CoA into
the Krebs cycle. Acetyl-CoA is committed to oxi-
dation by the system of p-oxidation, inside the
mitochondria [164]. The rate of oxidation of FFA
in the myocardium is somehow related to the
activity of Krebs cycle and the rate of oxidative
phosphorylation, and changes in flux through
pathways of fatty acid metabolism reflect changes
in substrate provision to the myocardium [149].

Ketone Bodies

Concentrations of ketone bodies in the plasma
can dramatically rise during exercise, and their
uptake, which is concentration-dependent, is a
key feature in myocardial metabolism. The
ketone bodies have access to the Krebs cycle in
the heart [165]; however, the rate of oxidation is
not sufficient to meet the energy demands of the
myocardium [166, 167]. Interestingly, pyruvate
carboxylation accounts for at least 3-6% of
Krebs cycle flux in the heart [149].

Amino Acids

An integral part of energy metabolism in the
heart is also amino acids, and one of the main
functions of transaminases in myocardium under
physiologic conditions is the supply of carbon

skeletons for the Krebs cycle [168]. In addition,
alanine is also an end product of anaerobic glu-
cose metabolism, like lactate, and it is easily
transphosphorylated to ATP, while this reaction
results in anaerobic energy production indepen-
dently of lactate formation [149].

As in skeletal muscle and other tissues, most
of the metabolic energy is used to form ATP in
the mitochondria, and this ATP acts as the con-
veyer of energy for cardiac muscle contraction
and other cellular functions, such as ion move-
ments and intracellular protein turnover. As in
any other bodily organ, it is impossible to sepa-
rate metabolism from function in the heart. The
heart converts substrates and oxygen to contrac-
tile function and heat, and there is positive cor-
relation between the work output, the rate of ATP
turnover, the rate of oxygen consumption, and the
rate of substrate input and utilization. However, it
is certain that for a given physiologic environ-
ment, the myocardium oxidizes the most efficient
substrate [149].

Preferred Substrate for Energy Needs
of the Heart During Exercise

Metabolism of oxidizable substrates for energy
supply fuels ATP production in the mitochondria
for the contractile function of the myocardium.
About 2/3 of the energy from the hydrolyzed ATP
is used in contractile machinery with the remain-
ing to support ion pumps such as Ca**, Na*, and
K*. The main driving force of energy metabolism
in cardiac muscle is the rate of energy turnover
and not its stored ATP [149, 169-171].

The intermediary metabolism of energy sub-
strates supports the contractile function of the
myocardium, and the bulk of the energy for this
function is derived from oxidative phosphoryla-
tion of ADP. Indeed, in well-oxygenated healthy
myocardium, ATP resynthesis is accomplished
almost exclusively (>98%) by oxidative phos-
phorylation in the mitochondria, and only a
small fraction (<2%) is derived from glycolysis
[172]. Interestingly, the myocardium has the
capability of maintaining and controlling, even
during high-intensity exercise, the same levels of
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high-energy phosphate compounds (PCr and
ATP) as well as their ratio observed at rest, sug-
gesting that the intracellular-free ADP concen-
tration, differently from skeletal muscle, does
not function as a primary system to control car-
diac muscle during exercise [173, 174]. Indeed,
using 3'P NMR technology in vivo it was
observed that even a threefold increase in myo-
cardial oxygen did not alter cytosolic ATP, ADP,
and Pi concentrations [175].

In particular, the total lactate dehydrogenase
(LDH) and phosphofructokinase (PFK) activity
is high, and, therefore, cardiac muscle should
have the ability to release significant energy via
anaerobic glycolysis [176, 177]. However, the
myocardium also has a high aerobic capacity,
and, therefore, both at rest and during maximal
exercise, myocardial energy demands are met
mostly by aerobic metabolism without detect-
able contribution of anaerobic glycolysis, even
during maximal exercise [178, 179]. Notably, in
a healthy heart the coronary circulation has the
capacity to supply the myocardium with blood
and oxygen without the need of anaerobic myo-
cardial metabolism [176]. Indeed, aerobic
metabolism is predominant in myocardium and
the predominant fuel for energy supply is
FFA. Glucose is not a preferred substrate by the
cardiac muscle, and when it is limitedly used,
myocardium first oxidizes glycogen, followed
by the aerobic, again, breakdown of glucose and
lactate, without the need of anaerobic metabo-
lism. Interestingly, during high-intensity exer-
cise, when blood levels of lactate rise, the
healthy preferred substrate for the myocardium
is lactate, which replaces all other energy-pro-
viding substrates as heart’s fuel for respiration
[149, 180-183].

Molecular Mechanisms of Exercise-
Induced Metabolic Adaptations
in Cardiac Muscle

Exercise-induced physiologic cardiac adapta-
tions include mitochondrial biogenesis, ulti-
mately leading to enhanced fatty acid and glucose
metabolism. Consequently, metabolic homeosta-

sis is preserved [179]. Metabolite profiling before
and after exercise showed a subset of metabolites
that regulate glucose and lipid metabolism[184],
suggesting that metabolites and other molecules
regulate various physiological processes, possi-
bly including the myocardium response to exer-
cise [185].

Moreover, sirtuins (SIRTSs), a family of NAD-
dependent deacetylases, regulate a variety of
functions in the cells, including growth, metabo-
lism, apoptosis, and aging [186]. SIRT1 and
SIRT3 are the most studied in the cardiac tissue
and both are upregulated by exercise. SIRT1 has
pro-growth and pro-survival functions in cardiac
muscle cells [187], while SIRT3 is a mitochon-
drial sirtuin [188] and protects the heart against
oxidative stress. It has also been reported that it
may modulate the opening of the mitochondrial
permeability transition pore (mPTP) [189, 190].
Additionally, it regulates cardiac metabolism via
activation of 5' AMP-activated protein kinase
(AMPK) and peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC-1a),
both of which inhibit maladaptive remodeling of
myocardium [189].

Furthermore, exercise upregulates PGC-1a, as
potent mediator of oxidative phosphorylation and
mitochondrial biogenesis. PGC-1a-deficiency
results in inability of the myocardium to meet
energy demands, indicating the importance of
energy and metabolic homeostasis in myocardial
health [179]. PGC-1a has also been shown to
regulate a pathway of angiogenesis which is
independent of the hypoxia-inducible factor-1
(HIF-1), therefore providing a mechanism for
coordinately regulating blood supply and mito-
chondrial function in the exercising myocardium
[185, 191].

Future Considerations of Cardiac
Metabolism

Both in physiological and pathological condi-
tions, the cardiac muscle has enormous energy
demands, and myocardial metabolic dysregula-
tion is a noticeable feature of cardiovascular dis-
ease [185]. The importance of energy substrate
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metabolism in the myocardium is increasingly
appreciated in heart disease, diabetes, and cancer.
Changes in the physiologic environment of the
heart directly result in alterations of its metabolic
fluxes, suggesting that an integral part of cardiac
adaptation to its environment is metabolic sig-
nals, while metabolic remodeling both triggers
and sustains structural and functional remodeling
of the heart [192]. Notably, pathological cardiac
remodeling has been associated with a switch
from the fatty acid utilization, which is the pri-
mary energy substrate for the adult heart, to glu-
cose metabolism, as it happens in ischemic
conditions. Since aerobic exercise training has
been shown to promote not only efficient fatty
acid and glucose handling but also mitochondrial
biogenesis in the heart [179], aerobic exercise
benefits in myocardial metabolic dysregulation
should be further characterized and utilized, as
they cannot be fully reproduced by any novel and
improved, exercise-mimicking treatment for
heart disease [185].

Exercise-Induced Chronic Metabolic
Adaptations

Regularly performed exercises of adequate inten-
sity, duration, and volume lead to chronic adapta-
tions. These adaptations are specific to the
exercise mode, encompass both morphological
and function changes, and include all systems
involved in the physical task. The ultimate out-
come is improved functional capacity of the indi-
vidual resulting in an improved oxidative capacity
of the working muscle [26, 193-197]. A major
metabolic change due to endurance training is the
exercise-induced  mitochondrial ~ biogenesis
resulting in a higher mitochondrial content, vol-
ume, and oxidative capacity [198].

This process involves multiple molecular
events ultimately resulting in improved func-
tional capacity of the individual [198, 199] and
significant health implications, as these adapta-
tions attenuate the aged-induced sarcopenia and
apoptosis that can lead to pathological conditions
such as autoimmune and neurodegenerative dis-
eases [199].

The increase in the number, volume, and oxi-
dative capacity of mitochondria is accompanied
by increased mitochondrial enzyme concentra-
tion and activity and increases in capillary den-
sity [197, 200, 201]. Collectively, these
adaptations increase the capacity of the muscle to
oxidize fats and carbohydrates more efficiently,
sparing in this way the limited body glycogen
stores [56]. This is significant for athletes engaged
in long-duration activities (marathon run), where
one of the limiting factors of performance is gly-
cogen depletion leading to fatigue.

Significant reduction in the rate of muscle gly-
cogenolysis with endurance training has been
reported in several studies [200, 202-204].
However, others dispute these findings, as change
in the rate of muscle glycogenolysis is not accom-
panied by a higher activation of phosphorylase,
indicating that other factors such as ADP, AMP,
and Pi may have an influence [203]. Furthermore,
studies using isotopes have reported a reduced
rate of liver glycogenolysis as indicated by the
lower rate of glucose appearance in the systemic
circulation [204-206]. Conflicting results have
also been reported regarding gluconeogenesis
[205, 207]. Muscle glucose uptake is also reduced
as a result of training at pre-training exercise
intensity of 60% VO,max [206, 208, 209].
However, at higher pre-training exercise intensi-
ties (80-100% VO,max), post training muscle
glucose uptake is increased [210].

Studies have shown clearly that fat oxidation
is enhanced with aerobic training [206-209].
However, it is difficult to clearly distinguish fat
oxidation from blood-borne fatty acids with that
from intramuscular stores. Methodological con-
straints in arterial-venous difference and tracer
procedures have resulted in conflicting results
regarding the extent to which blood-borne fatty
acid oxidation is elevated [211]. It is not clear
if there are exercise-related improvements in
intramuscular triglycerides oxidation. Accurate
assessments are hampered by the variability of
biopsy samples as well as the potential that some
of the fatty acids from circulation may not be oxi-
dized in the muscle but replace intramuscular fat
stores [211]. However, it is the discrepancy
between total fat oxidized by indirect calorimetry
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and that from tracer data which suggests that
intramuscular fatty acids are oxidized to a greater
extent after training [211, 212].

Another clear training response is the lower lac-
tate concentrations after aerobic training. This
reflects an enhanced metabolic clearance rate as
judged by the rate of lactate disappearance at any
given concentration [59, 213, 214]. The precise
mechanism(s) facilitating lactate clearance is not
understood. However, several concepts are pro-
posed including (1) enhanced mitochondrial oxida-
tive capacity, (2) an increase in the expression of
monocarboxylate transporter 1 (MCT1) which
facilitates lactate uptake by mitochondria, and (3)
alteration of LDH activity to its H-LDH isoenzyme
that favors lactate oxidation to pyruvate [215].

Hormonal Regulation of Exercise
Metabolism

Hormones are sensitive to exercise-induced stress
and play various roles in muscle metabolism dur-
ing exercise or even in the regenerative and adap-
tive mechanisms following exercise-induced
muscle damage [44, 137, 216].

Specifically, hormones regulate in part the
release of energy from carbohydrate and lipid
stores during exercise, the synthesis of glycogen
and TGs following meals, and the resynthesis of
muscle protein. Within the context of energy stor-
age and energy production during exercise, the
role of catecholamines, insulin, glucagon, and
cortisol in the metabolic regulation of carbohy-
drate and lipid metabolism will be considered,
along with the mechanisms that elicit the meta-
bolic responses. Moreover, as exercise is accom-
panied by changes in catabolic and anabolic
hormones, as well as muscle protein synthesis,
the roles of growth hormone (GH), testosterone,
and estrogen will also be described.

The increased energy demands during exer-
cise are modulated by the synergistical work of
pancreatic hormones, insulin and glucagon,
resulting in elevated blood glucose [137, 217,
218]. Specifically, during exercise, insulin and
the contractile activity of the exercising muscles
act synergistically, but through independent

mechanisms, to facilitate translocation of glucose
transporter type 4 (GLUT4) receptors to the cell
membrane and increase glucose uptake of the
exercising muscles [137, 219, 220]. Although
glucose transporters on plasma membranes are
activated by both insulin and exercise indepen-
dently [221-226], insulin inhibits the transcrip-
tional biosynthesis of GLUT4, and, thus, it leads
to a marked reduction of the GLUT4 pool of the
low-density microsomes (LDM), where GLUT4
is stored. However, exercise not only increases
the GLUT4 translocation from LDM compart-
ment to the plasma membrane but also increases
the biosynthesis of GLUT4, thus leading to only
a small decrease of GLUT4 pool in LDM [221,
227-229]. Interestingly, in fat cells only insulin,
and not exercise, accelerates the GLUT4 translo-
cation velocity from LDM to the plasma mem-
brane [221, 230].

Long-term muscular activity during prolonged
moderate exercise results in greater insulin sensi-
tivity, and, thus, blood insulin levels decrease
[231-233]. Thus, during an ultra-long distance
running, a rise of insulin antagonists, i.e., corti-
sol, glucagon, and GH, has been observed in the
early stages of ultra-long running, which was
inversely proportional to the intake of carbohy-
drates [234]. During endurance exercise, there
are a number of potential sites of control which
can regulate the interaction of substrate (carbo-
hydrate and lipid) metabolism. These include
availability of intra- and extra-muscular sub-
strates which are controlled by diet and the action
of key hormones, such as insulin and the cate-
cholamines, the abundance of proteins such as
GLUTH4, and the activity of key enzymes involved
in the regulation of metabolic pathways. Thus,
interestingly, within the context of interactions
between hormonal actions and metabolic
regulation, insulin, apart from acting to lower
blood glucose, it may also stimulate glycolysis
by inducing increased synthesis of key glycolytic
enzymes [44].

In addition to insulin and glucagon, blood glu-
cose during exercise is also modulated by cortisol
and epinephrine. Exercise-induced stress results
in the release of both these hormones, and both
mediate the maintenance of blood glucose levels.
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Specifically, epinephrine, a stress hormone
secreted by the adrenal medulla, stimulates gly-
cogen phosphorylase activity in the liver and
muscle, thereby increasing glucose availability
for the exercising muscles. Cortisol, also a stress
hormone, is secreted from the adrenal gland and
promotes muscle protein breakdown, thus mak-
ing certain glucogenic amino acids available for
gluconeogenesis (after 20—30 min or more) and
ultimately resulting in increased blood glucose
levels [137].

In summary, exercise facilitates an increase in
circulating cortisol, catecholamines, glucagon,
and GH and a suppression of insulin release.
Consequently, these hormones synergistically
increase glycolysis, glycogenolysis both in the
muscle and liver, lipolysis in muscle and adipose
tissue, gluconeogenesis in the liver, and protein
degradation in the muscle and liver. Ultimately,
this leads to an increase in substrate availability
to meet the increased energy demands of the
working muscles.

In addition to the effects of the hormones on
energy availability during exercise, it is also
important to appreciate that hormones regulate
the recovery process following exercise. This
includes not only resynthesis of muscle glycogen
stores ready for the next training session but also
promotion of protein synthesis in the muscle. For
instance, increased release of GH in response to
exercise may have an anabolic effect or improve
postexercise recovery time [44].

Hormonal Responses in High-
Intensity Anaerobic Exercise
and in Prolonged Aerobic Exercise

Repeated high-intensity (near maximal or supra-
maximal) exercise bouts of activity lasting only
seconds to a few minutes, interspersed with exer-
cise of low to moderate intensity (active recov-
ery) or complete inactivity, have become popular
recently. The major sources of energy during
such activities are derived from anaerobic pro-
cesses. On the other hand, aerobic processes pro-
vide the energy sources of physical activity that is
performed for durations from a few minutes to

hours and causes an increased heart rate and
respiratory volume to meet the oxygen require-
ments of the exercising muscles [44, 235, 236].

A growing interest has been developed regard-
ing the metabolic characteristics and adaptations
of high-intensity exercise training [237]. In this
context, the acute hormonal and metabolic
responses to high-intensity anaerobic exercise
have received particular interest. More specifi-
cally, high metabolic stimuli, such as high levels
of lactate, changes in the acid base status, and
large decreases in pH, which are induced by
high-intensity interval training (HIIT), elicit cer-
tain hormonal responses that may be different
from the traditional anaerobic work and appear to
result even in aerobic adaptations [238-240].
Metabolic disturbances appear to play a key role
in causing acute hormonal responses and long-
term adaptations to HIIT, and it has been specu-
lated that the acute metabolic disturbances and
the consequent hormonal increases after HIIT
may play a positive role in optimizing training
adaptations and eliciting health benefits. The hor-
monal responses to HIIT indicate their involve-
ment in adaptation mechanisms potentially as
part of a regulatory network to support a normal
adaptation process to HIIT. However, the influ-
ence of the duration of intervals and recovery, the
different exercise intensities, and the work/rest
ratio on the acute hormonal responses to HIIT
and particularly on its long-term adaptations
should be further investigated and optimized
[237]. Moreover, it remains to be elucidated if
these responses and adaptations have significant
health implications, such as the improvement of
some cardiometabolic risk factors reported in
special populations [241].

Exercise represents a powerful stimulus for
the sympathoadrenergic system, which is impor-
tant for the metabolic adaptation to exercise [217,
242, 243]. Specifically, during exercise the stim-
ulation and the subsequent increase in plasma
catecholamines depend on the duration of exer-
cise (total work), workload, and the muscle mass
recruited, as well as on the emotional stress, how-
ever, not on the power output pattern, in both
continuous and interval exercise training.
Particularly during high-intensity exercise, the



5 Exercise Metabolism in Health and Disease

79

sympathoadrenergic system and catecholamines
affect the substrate mobilization, while particu-
larly noradrenaline is a potent stimulator of mus-
cle glycolysis [137]. Moreover, although the
concentration of blood glucose strongly influ-
ences the extent of the insulin secretion, however,
insulin release is inhibited by stimulation of adre-
noceptors on pancreatic beta-cells, as it occurs
during exhaustive exercise due to the increased
levels of catecholamines. Increases in catechol-
amine concentrations are higher in intense anaer-
obic exercise than prolonged aerobic exercise in
both young and adults [137, 244, 245]. The
adrenergic inhibition of the insulin secretion by
the exercise-induced elevated catecholamine lev-
els supports the substrate supply during exercise;
glycogenolysis and lipolysis are inhibited by
insulin, while, in contrast, catecholamines that
oppose the action of insulin stimulate these pro-
cesses [137]. Thus, the inhibition of insulin
release results in reduced glycogenesis in liver
and muscle and intensifies glycogen mobilization
in muscle and the glycogenolytic and gluconeo-
genetic glucose output from the liver [217]. In
addition, within the context of hormonal-induced
substrate mobilization, repeated bouts of high-
intensity sprints have been shown to result in
increased blood levels of glucagon, with no effect
of sex on those changes [246]. Nevertheless,
exercise training-induced changes in hormone
concentrations such as norepinephrine, insulin,
and glucagon are unable to explain all of the
effects that occur between liver glucose produc-
tion and muscle glucose uptake during exercise,
and it has been proposed that, possibly, the actual
rate of muscle glucose uptake acts as a feedback
signal to regulate glucose output from the liver
[44, 209].

Growth hormone possesses both anabolic and
catabolic actions. It stimulates cellular uptake of
amino acids and their incorporation into various
proteins, including those of the muscle. It also
acts as a repartitioning agent fostering fat metab-
olism via mobilization of TGs. In adults, GH lev-
els increase during exercise; however, its
secretion is pulsatile in nature, and, thus, it is dif-
ficult to interpret its peak values during exercise
[106, 137, 247, 248]. There is evidence that GH

responses are much higher in HIIT compared to
high-volume aerobic training and that the
increase in blood GH levels is in part a conse-
quence of the decreased blood pH following
HIIT [240].

It is important to mention that, when examin-
ing GH response to exercise, insulin-like growth
factor-1 (IGF-1) should be taken into consider-
ation. IGF-1 is a hormone that mediates many
actions of GH, and the GH-IGF-1 axis, among
other primary actions, has been suggested to
mediate many of the anabolic effects associated
with resistance, anaerobic, and aerobic exercise
[249, 250]. Specifically, during exercise IGF-1
levels appear to be independent of GH responses,
while there has been an inconsistency of findings
regarding the IGF-1 response to exercise, with
studies reporting a decrease, increase, or no
change in blood IGF-1 [251, 252]. Most studies
reported significant increases in IGF-1 after high-
intensity exercise stimuli, while IGF-1 response
to exercise appears to depend on type, intensity,
and duration of exercise. Particularly regarding
IGF-1 and glucose response, it is not clear to
what extent endogenously produced IGF-1 con-
tributes to glucose homeostasis, although there is
evidence that exogenous IGF-1 can lower blood
glucose [132].

Serum levels of hormones such as GH, IGF-1,
testosterone, estradiol, dehydroepiandrosterone,
and cortisol have been found to be similarly
increased in response to an acute bout of moder-
ate endurance exercise in adult females of a wide
range of age, indicating that increasing age does
not necessarily inhibit the hormonal response to a
bout of acrobic exercise in women [145]. In addi-
tion, the effect of exercise training on the hor-
monal responses of GH, IGF-1, testosterone, free
testosterone (FT), and sex hormone-binding
globulin (SHBG) to a sub-maximum aerobic
exercise bout was investigated in older men
before and after 4 months of resistance or moder-
ate aerobic training. Aerobic training or leg-only
resistance training did not change the resting hor-
monal concentration of older men. There was an
increase in testosterone and FT concentration
immediately after both sub-maximum aerobic
exercise and resistance exercise bout, which was
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higher after the 4-month resistance training but
not after the aerobic training. In contrast, GH/
IGF-1 response to sub-maximum aerobic exer-
cise bout appeared to be blunted regardless of
training status [253].

Gender Differences in Hormonal
Responses in Anaerobic and Aerobic
Exercise

Significantly higher GH responses in men com-
pared to women after aerobic, anaerobic, or
resistance exercise have been reported [132].
Moreover, females and males show a different
pattern of GH release in the circulation during
exercise, which peaks sooner and return to base-
line more quickly in women, while men exhibit a
more prolonged response. There are also notice-
able sex-related differences in GH levels at rest,
and subsequently higher peaks of GH during
exercise in women. These differences in GH
response have been attributed to a lack of testos-
terone response to exercise in women.
Testosterone is a steroid hormone with anabolic
potential on a number of tissues, including mus-
cle and, hence, can impact muscle growth and
exercise performance. Indeed, data suggest that
this hormone may affect both anaerobic and aer-
obic performance [254, 255], with greater
increases in FT being reported after HIIT than
endurance exercise [256]. Women exhibit little
or no increase in circulating testosterone in
response to exercise [132, 257], and, hence, GH
may compensate for the anabolic requirements
triggered by acute exercise. In addition, the
higher resting basal level of GH in women com-
pared to men is dependent on the phase of the
menstrual cycle, when estrogen levels affect
accordingly circulating GH levels (reviewed in
[132]). The sex-associated differences in GH
response to exercise can affect the control of
blood glucose in both sexes; increases in GH
stimulate lipolysis and lipid oxidation while sup-
pressing glucose oxidation and, consequently,
increasing blood glucose levels [257]. Thus,
higher levels of GH at rest in women, due to
higher levels of estrogen, may preserve blood
glucose levels to a greater extent in women com-
pared with men [132, 257].

Nevertheless, the majority of studies investi-
gating the GH/IGF-1 axis responses to exercise
reported a similar relative increase in both sexes
during and after exercise longer than 10 min
[132, 257-259], while slight decreases in IGF-1
responses to ultra-endurance exercise were
revealed, again similarly occurring in both sexes
[132, 260]. Acute bouts of HIIT have been shown
to lead or not to significant differences in IGF-1
responses in male compared to females, while the
increase in IGF-1 in response to HIIT does not
appear to be depended on the phase of the men-
strual cycle of the female subjects [132, 250].

Moreover, it was showed that long-duration,
low-intensity, or moderate aerobic exercise bouts
produced significantly lower epinephrine and
norepinephrine levels in women than in men,
while there is a sex-related difference in sensitiv-
ity of lipolytic activity to catecholamines during
exercise. Catecholamines increase lipolysis dur-
ing exercise, and despite their lower levels in
women compared to men, there has been evi-
dence for elevated levels of lipolysis in women
during exercise, implying a greater sensitivity to
the lipolytic action of the catecholamines in
females. Thus, during exercise-induced elevation
of epinephrine, women have relatively greater fat
oxidation and lipolysis than men [132, 259]. In
addition, blood glucagon increases in both sexes
following prolonged submaximal exercise, with
the majority of studies reporting a lower gluca-
gon response to moderate exercise in females
compared to males [132, 259, 261].

Exercise Metabolism: Clinical
Implications

Diabetes Mellitus (Type 1 and 2)

Diabetes mellitus refers to a group of metabolic
disorders which are characterized by chronically
increased circulating glucose levels (hyperglyce-
mia). There are two main forms of diabetes, type
1 (T1D) and type 2 (T2D). T1D usually begins in
youth, also known as juvenile-onset diabetes,
whereas T2D usually begins in adulthood, and
thus it is referred to as adult-onset diabetes [262].
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Hyperglycemia is a common feature of both
forms of diabetes; however, the cause is different.
In T1D an autoimmune destruction of the beta-
cells in the pancreas that produce insulin results
in no insulin production in most patients (a
minority of T1D patients has some remaining
B-cell function). These patients require exoge-
nous insulin, and for this reason, this type of dia-
betes mellitus is also known as insulin-dependent.
Its etiology remains unknown; however, environ-
mental factors, genetic disposition, and autoim-
mune reactions have been implicated [263].
Exogenous insulin use has been greatly contrib-
uted to the prevention of hyperglycemia and
management of TID. Exercise has also been
shown to be effective in the management of
hyperglycemia by improving glucose uptake
form of the exercising muscles [137, 219, 221-
226, 264].

T2D, accounting for up to 95% of all cases, is
characterized by insulin resistance, in which the
response to insulin in the muscle, liver, and fat
cells is inadequate. However, endogenous produc-
tion of insulin in many instances is also impaired.
T2D, also known as non-insulin-dependent diabe-
tes mellitus, as exogenous administration of insu-
lin may not be necessary, and insulin resistance
can be managed using diet and exercise to enhance
insulin sensitivity [262]. Since insulin is required
for muscle cells, liver cells, and adipocytes to take
up and store glucose [262, 265], insulin resistance
and insulin deficiency lead to hyperglycemia.
Hyperglycemia is associated with blood vessel
wall and nerve damage, eventually leading to var-
ious complications and premature mortality, usu-
ally from cardiovascular disease [266-271].
Moreover, increased physical activity and
enhanced cardiorespiratory fitness are well
accepted as an effective approach to attenuate and
even prevent the development of T2D in individu-
als with prediabetes [266, 269, 272].

Diabetes Mellitus and Exercise

The improved glucose uptake by exercise, due to
increased GLUT4 density in plasma membrane,
has therapeutic consequences for both T1D and
T2D. Specifically, both acute exercise and espe-
cially chronic exercise training lead to an insulin-

independent increase in glucose uptake by
GLUT4. This partially compensates for the
absence of the insulin-stimulated glucose uptake
in TID. In T2D, characterized by insulin recep-
tor and post-receptor defects and insulin resis-
tance, acute and chronic exercise not only
improves GLUT4 function but also enhances
B-cell function and improvement of insulin sen-
sitivity [217, 273, 274].

It is not clear whether there are sex-related dif-
ferences in insulin sensitivity in response to exer-
cise, since some studies have reported that women
show a greater improvement of insulin sensitivity
in response to acute bouts of submaximal exer-
cise, while, conversely, others have shown that
men and women exhibit a similar improvement of
insulin sensitivity [132]. Furthermore, the phase
of the menstrual cycle may also affect insulin sen-
sitivity during exercise in women, as a significant
decrease in insulin sensitivity was found during
the luteal phase compared to the follicular phase
(reviewed in [132]).

Type 1 Diabetes Mellitus and Exercise

The findings on the specific effects of exercise
training on the glycemic control of patients with
T1D are conflicting. Some reported no improve-
ment in glycosylated hemoglobin (HbAIc) con-
centrations with physical training, whereas an
inverse association between physical activity lev-
els and HbAlc in T1D patients has been reported
in a comprehensive review [263]. Moreover, the
Position Statement of the American Diabetes
Association for physical activity/exercise and
diabetes [275] states that regular physical activ-
ity/exercise has an important role in the treatment
of T1D and related benefits, including improved
long-term weight and glycemic control, insulin
sensitivity, lipid profile, and endothelial function,
as well as fitness level and overall well-being
[263, 264, 275-279].

Individuals with TID who take up exercise
have specific needs, as both exercise and insulin
therapy play a key role in glycemic control. Since
exercise enhances glucose uptake, exogenous
insulin administration (injection) and carbohy-
drate ingestion must be coordinated with exer-
cise. Specifically, when to exercise in relations to
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the meal and/or insulin injection, how hard
(intensity), and how long (duration) are impor-
tant consideration to maintain glycemic control
[276]. Failure to appropriately coordinate blood
glucose, dietary needs, and exogenous insulin
administration prior, during, or following exer-
cise can lead to unfavorable health outcomes
[280, 281].

In particular, the increased release of counter-
regulatory hormones to provide with energy for
exercise of longer duration increases the risk of
hypoglycemia particularly after endurance exer-
cise. This risk persists for up to 15 h after the
completion of exercise. It has been reported that
overnight hypoglycemia is common in children
with T1D after exercise, underlining the impor-
tance of blood glucose management in these
patients when exercise is performed afternoon
[262].

Various exercise strategies, including a single,
all-out 10-s sprint before or after a bout of pro-
longed, moderate aerobic exercise, have been
developed for the prevention of postexercise
hypoglycemia in individuals with T1D. Indeed,
there is evidence that high-intensity exercise has
a stronger impact on glycemic control than mod-
erate exercise. The risk of hypoglycemia is also
lower with HIIT compared with moderate-
intensity continuous training, as HIIT stimulates
glucose production in the liver more than
moderate-intensity exercise. Thus, athletes with
T1D must be instructed so as to avoid exercise-
induced hypoglycemia, by monitoring blood glu-
cose and adjusting insulin and diet [263, 282].

Overall, although balancing exercise and food
intake and adjusting insulin dosage are a chal-
lenge individualized for the T1D athlete in order
to prevent either hyperglycemia or hypoglyce-
mia, it is attainable, and physical activity/exer-
cise recommendations should be adapted to the
specific needs of each individual with
T1D. Exercise training must be regular and in
accordance with insulin treatment and adjust-
ment, as well as with dietary regulation [263,
275,276, 278, 280, 281, 283]. Both aerobic exer-
cise and strength training of moderate-intensity
exercise are advisable, as well as their combina-
tion, for at least 30 min daily. Exercise training
has been recommended to be of approximately

the same intensity and, if possible, at the same
time of day [263]. Moreover, while exercise is
safe and beneficial for individuals with T1D and
avoiding exercise carries greater risks than being
active, however, in order to reduce the risk of
some complications, precautions must be taken.
Thus, it has been suggested that physical activity
should be postponed when blood glucose levels
are higher than 14 mmol/L accompanied by keto-
nuria, or higher than 17 mmol/L without ketonu-
ria, until this condition has been corrected. The
same applies to blood glucose levels lower than 7
mmol/L [263].

Type 2 Diabetes Mellitus and Exercise

T2D 1is a progressive disease in which insulin
resistance leads to poor glycemic control (hyper-
glycemia), and since this condition is not due to
the lack of insulin, the body continues to secrete
more insulin in response to the hyperglycemic
state, resulting in hyperinsulinemia [262, 276].
There is a large body of evidence that physical
exercise reduces the risk of developing T2D,
while, also, exercise is one of the three corner-
stones in the treatment of T2D along with healthy
diet and medication [262, 263, 276, 277].
Specifically, many studies have indicated that
regular physical activity plays a key role in con-
trolling blood glucose in patients with T2D. In
particular, a meta-analysis revealed that exercise
lowers postprandial glucose but not fasting
glucose in T2D, and this is important because,
unlike medications, exercise is effective in reduc-
ing postprandial glycemic excursions just within a
few days [263, 284]. Moreover, exercise improves
glucose tolerance, insulin sensitivity, and HbAlc,
while muscle contraction triggers glucose trans-
port by insulin-independent mechanisms [262].
Indeed, physical exercise leads to an increase in
insulin sensitivity and, consequently, in glucose
uptake in insulin-sensitive tissues, however, with
a lower consumption of insulin. Thus, the afore-
mentioned long-term effect of exercise on glyce-
mic levels can be expected [263]. A detailed
coverage of the topic is provided by the Position
Statement of the American Diabetes Association
for physical activity/exercise and diabetes, briefly
discussed below [275], and the American College
of Sports Medicine (ACSM) and the American
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Diabetes Association Joint Position Statement for
Exercise and T2D [285].

Observational and intervention studies, ran-
domized controlled trials, and meta-analyses of
controlled clinical trials concerning the effects of
physical activity on T2D have shown health ben-
efits of regular physical activity/exercise for the
treatment of T2D. In particular, it has been
revealed that aerobic exercise training signifi-
cantly reduces HbAlc levels in individuals with
T2D, while strength training also increases
insulin-mediated glucose uptake in skeletal mus-
cle and significantly decreases HbAlc in patients
with T2D. Interestingly, no differences have been
reported between aerobic training and resistance
training regarding the effect on HbAlc changes
[263, 286]. Specifically, progressive resistance
training was found to be effective in improving
insulin sensitivity in both children and adults.
Indeed, strengthening skeletal muscle is strongly
associated with improved glycemic control, since
approximately 85% of glucose uptake takes place
directly in skeletal muscle [276, 287]. In addi-
tion, HIIT improves glycemic control and induces
cardiometabolic adaptations similar to those of
moderate aerobic exercise in prediabetes and
T2D, while it provides greater benefits to func-
tional capacity in patients with T2D [263, 286,
288]. On the other hand, a clear advantage of
various activities of moderate-intensity exercise
lasting for 20—60 min per day to HIIT exercise
for diabetes prevention was not identified [286].
Nevertheless, structured exercise training con-
sisted of aerobic exercise, resistance training, or
their combination was revealed by a meta-
analysis to be associated with HbAlc reduction
in patients with T2D. Interestingly, a combina-
tion of resistance training and aerobic training is
probably the optimal form of exercise for patients
with T2D. Furthermore, structured exercise train-
ing of more than 150 min/week has been associ-
ated with greater HbA 1c improvements compared
with that of 150 min or less/week [263, 289].

Overall, the Position Statement of the
American Diabetes Association (2016) provides
a clinically oriented review and evidence-based
recommendations about physical activity and
exercise in people with diabetes. Briefly, exercise
improves blood glucose control in T2D, contrib-

utes to weight loss, improves well-being, and
reduces cardiovascular risk factors. Moreover,
regular exercise may prevent or delay the devel-
opment of T2D and also has considerable health
benefits for people with TID. Blood glucose
management through exercise includes various
challenges related to diabetes type, activity type,
and presence of diabetes-related complications
[275]. In view of the optimum exercise prescrip-
tion for reducing the risk of T2D, initially
150 min per week of moderate-intensity physical
activity and building up to 200-300 min per week
was proven effective in improving insulin sensi-
tivity and, thus, can help in preventing T2D. More
specifically, exercise recommendations include
low- to moderate-intensity exercise (40-70% of
maximum oxygen uptake) performed on at least
three non-consecutive days each week, starting
with 10—15 min and progressing up to 60 min per
session over time [262]. The mode of exercise
may depend on personal preference and include a
variety of activities, comprised of aerobic and
resistance exercises. More studies are needed to
establish specific guidelines regarding the inde-
pendent and synergistic effects of quantity and
intensity of the various types of exercise [263,
285]. Although the health benefits of physical
activity/exercise outweigh the risks, exercise
should be postponed in T2D patients when blood
glucose levels are >17 mmol/L or <7 mmol/L,
until they have been corrected [263].

An important determinant of T2D risk is obe-
sity, and although obesity and physical inactivity
are both independent predictors of T2D risk, the
power of this association is much greater for obe-
sity compared with physical inactivity [262].
Indeed, obesity plays a pivotal role in the patho-
genesis of insulin resistance in skeletal muscle;
nevertheless, exercise represents one of the most
effective interventions for reversing insulin resis-
tance in skeletal muscle of obese patients at high
risk for T2D [290]. Due to the strong association
between physical activity, obesity, and T2D,
there is currently great interest in these areas, as
these conditions are related in part to a general
decline in physical activity, while several new
hormones discovered have enhanced understand-
ing the mechanisms underlying diabetes and obe-
sity [262]. Severe metabolic dysregulation in
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diabetes and obesity can reduce the benefit from
exercise; however, the intact response of key met-
abolic regulators in exercising muscle of diabetic
patients indicates the effectiveness of exercise to
treat these diseases [291].

Dyslipidemia-Hyperlipidemia

Hyperlipidemia or dyslipidemia is a group of dis-
orders of lipid and lipoprotein metabolism char-
acterized by increased circulating levels of
certain forms of cholesterol and TGs. Isolated
hypercholesterolemia and combined dyslipid-
emia are the most common types of dyslipidemia,
occurring as a result of excessive fat intake and
leading to increased risk of atherosclerosis [263,
292]. Regular exercise favorably modulates
blood lipid profile and is considered as one of the
mechanisms responsible at least in part, for the
protective effects of exercise against the develop-
ment of vascular diseases [280]. Moreover, epi-
demiological and cross-sectional observational
studies indicate that physical activity prevents the
development of hyperlipidemia [293-295].
Specifically, a systematic review assessing
the effect of supervised exercise interventions on
lipid profiles in patients with T2D concluded
that exercise is effective in lowering low-density
lipoprotein cholesterol (LDL-C) and elevating
high-density lipoprotein cholesterol (HDL-C)
levels in diabetic patients [263, 296]. There is
also evidence supporting that a large volume of
exercise training resulted in a beneficial effect on
the blood lipid profile independently of weight
loss [297]. Collectively, it is concluded that reg-
ular physical activity reduces TG and increases
HDL-C levels in the blood [298, 299]. The
amount of exercise required for favorable
changes in the lipoprotein-lipid profile is approx-
imately 7 miles or more per week. A dose-
response relationship between miles run per
week, HDL-C, and other lipoprotein-lipid levels
was noted with most changes occurring when
running 7—14 miles per week at mild to moderate
intensities [300]. These findings are confirmed
by an interventional study demonstrating that
high-volume exercise had a more favorable

impact on lipoprotein-lipid metabolism than
exercise intensity [301].

Studies have also shown that exercise has
favorable effects on postprandial lipid profile.
Non-fasting TG levels were reduced significantly
following exercise training in individuals with
metabolic syndrome [302]. Moreover, a single
exercise session appears to be as effective in low-
ering non-fasting TG as continuous aerobic exer-
cise, with effects lasting till the following day
[252, 303]. Similarly, short-term (4 days) aerobic
exercise had effects on postprandial TG, LDL-C,
and VLDL-C, but no changes in HDL-C were
noted [304].

Collectively, the current literature suggests
that aerobic exercise has a favorable effect on
lipoprotein-lipid metabolism. An exercise inten-
sity, duration, and volume threshold as well as an
interaction between the exercise components
(intensity, duration, frequency) appear to exist
beyond which favorable changes can occur in a
dose-response pattern [305, 306].

McArdle Disease

McArdle disease, also known as glycogen storage
disease type V (GSDV) or myophosphorylase
deficiency, is an inherited metabolic disorder char-
acterized by the inability of skeletal muscle to
degrade glycogen. Patients with McArdle disease
are deficient in muscle glycogen phosphorylase
[307-309]. Myophosphorylase is the only isoform
of glycogen phosphorylase expressed in skeletal
muscle only. Hence, McArdle disease is consid-
ered a relatively benign myopathy, as it affects
only skeletal muscle in contrast with other meta-
bolic disorders where, apart from muscle, other
tissues and organs are also affected [310, 311].
The enzyme myophosphorylase is involved in
muscle glycogen degradation to glucose-1-
phosphate. Consequently, muscle phosphorylase
deficiency renders the muscle incapable to mobi-
lize and utilize muscle glycogen during an aerobic
metabolism [312, 313]. Since glycolysis is
blocked upstream, muscles can still take up and
utilize blood glucose [311]; hence, glycolysis in
skeletal muscles of McArdle disease patients is
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not totally impaired. However, the substantially
limited pyruvate formation generated from the
limited glycolytic activity [314] leads to abnor-
mally low substrate influx through the Krebs
cycle and reduced rates of acetyl-CoA formation,
thereby inhibiting the Krebs cycle oxidative phos-
phorylation [307, 311]. Consequently, VO,max is
approximately 40% lower than normal controls.
This leads to a disproportionate elevation in exer-
cise heart rate and ventilation rate which reduced
blood flow to the exercising muscles, partial isch-
emia, and exacerbated symptoms [307, 311].
Muscle stiffness, fatigue, myalgia, and weakness,
induced by exercise and relieved by rest, are also
typical symptoms in these patients. If these symp-
toms are ignored and exercise is continued, pain-
ful cramping and contracture of the exercising
muscles occurs, followed by myoglobinuria [307]
and, in some cases, muscle damage or rhabdomy-
olysis [311, 314].

Free fatty acids are the primary energy sub-
strate that is utilized by skeletal muscle, through
oxidative phosphorylation, in the resting state as
well as during low-intensity aerobic activity.
Although acetyl-CoA is generated from free fatty
acid metabolism, the capacity of the McArdle
disease patients to utilize FFA without exercise
training is limited [307, 313, 314]. Disorders that
alter energy provision to the muscle, irrespective
of whether they affect lipid or carbohydrate
metabolism, essentially result in chronic muscle
weakness or, most frequently in McArdle dis-
ease, exercise intolerance. Exercise intolerance is
characterized by acute crises of muscle pain,
stiffness, and undue fatigue, accompanied by
muscle contractures, especially at the beginning
of exercise, which are attenuated with exercise
cessation; however, these crises can result in
muscle damage or rhabdomyolysis [311, 314].
McArdle disease patients are likely to adapt a
sedentary lifestyle exposing these patients to sec-
ondary health risks such as obesity, T2D, and car-
diovascular disease [311, 315, 316].

Exercise Intervention Studies

in McArdle’s Disease

The exercise-related health benefits for McArdle
disease patients were first documented in patients

who followed a supervised aerobic cycling exer-
cise program at moderate intensity, for 45 min/
session, three times per week for 8 weeks. The
aerobic exercise training resulted in attenuated
exercise intolerance compared to baseline [311,
317]. A similar exercise training program resulted
in increased peak work capacity, VO, peak, car-
diac output, and some key mitochondrial enzymes
compared to baseline [318]. Favorable training
effects were also reported in nine patients who
followed a walking or cycling exercise training
program including five sessions per week for 32
weeks at duration and intensities similar to the
abovementioned studies. VO, peak and other
variables of exercise capacity were found to be
increased with training along with a reduction in
serum CK levels [319], indicating that chronic
muscle activity may counterbalance muscle wast-
ing and damage. Overall, aerobic exercise inter-
ventions are proven to be safe and efficacious for
McArdle disease patients [311, 320]. Significant
improvement in work capacity without any
serious complication for McArdle disease
patients were also reported in a similar study,
with exercise-related beneficial effects attributed
to improved blood flow and mitochondrial
metabolism [321].

The effects of resistance exercise have also been
evaluated in an adolescent male patient and in
seven adult McArdle patients of both sexes [322,
323]. A 15-year-old patient followed a 6-week,
light- to moderate-intensity exercise program (two
sessions/week, at 65-70% of his one-repetition
maximum; 1-RM). After the intervention, his
1-RM power performance improved without any
myoglobinuria episodes reported, while, interest-
ingly, he became virtually asymptomatic in terms
of exercise limitation [322]. In adult patients,
16-week light to moderate resistance exercise train-
ing consisting of two sessions per week, followed
by an 8-week detraining period, resulted in a sig-
nificant beneficial effect on total lean mass, without
any major contraindication reported and non-
exhibited fixed muscle weakness or limitations in
the daily life activities [323].

In conclusion, regular aerobically oriented
physical activity or structured exercise programs
of moderate intensity are safe and can attenuate
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the severity of McArdle disease for these patients
[307, 319, 320, 324]. Carbohydrate ingestion
prior to exercise is currently the only useful ther-
apy for this disease [313, 314, 320]. This approach
appears to improve exercise tolerance to submax-
imal and maximum workloads and help prevent
exercise-induced muscle damage and reduce the
threat of renal failure [325, 326]. Some evidence
also supports that low to moderate resistance
exercises are safe and efficacious for McArdle
disease patients. However, HIIT and other forms
of high resistance exercises should be avoided.

Conclusions

The paramount importance of the human organism
1s to maintain metabolic homeostasis. On this basis,
ATP levels in skeletal and heart muscle are main-
tained fairly constant through continuous resynthe-
sis of ATP via anaerobic and aerobic metabolism.
The main factor dictating the dominant metabolic
pathway and the type of substrate used is exercise
intensity, whereas exercise duration, fitness status,
gender, diet, and environmental temperature play a
secondary role in exercise metabolism. Metabolic
pathways do not function independently, but syner-
gistically, by interactions with the exercising mus-
cles and distant organs such as the liver, heart, and
brain. Hormones, secreted by cells of the endocrine
system, regulate activity of cells in other parts of
the body. They are sensitive to exercise-induced
stress and modulate metabolism during exercise,
not only in skeletal muscle but also in various other
organs. Several clinical implications for health ben-
efits of special populations rely on exercise metab-
olism alterations.
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