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Abstract Exercise training intervention is a cornerstone in
the care of type 2 diabetes mellitus (T2DM) and insulin
resistance (IR), and it is pursued in order to optimize exercise
interventions for these patients. In this regard, the nutritional
state of patients during exercise (being in the fed or fasted
state) can be of particular interest. The aim of the present
review is to describe the impact of endurance exercise
(training) in the fasted versus fed state on parameters of
muscle biochemistry and metabolism linked to glycemic
control or insulin sensitivity in healthy subjects. From these
data it can then be deduced whether exercise training in the
fasted state may be relevant to patients with T2DM or IR. In
healthy subjects, acute endurance exercise in the fasted state
is accompanied by lower blood insulin and elevated blood
free fatty acid concentrations, stable blood glucose concen-
trations (in the first 60—90 min), superior intramyocellular
triacylglycerol oxidation and whole-body lipolysis, and
muscle glycogen preservation. Long-term exercise training
in the fasted state in healthy subjects is associated with
greater improvements in insulin sensitivity, basal muscle fat
uptake capacity, and oxidation. Therefore, promising results
of exercise (training) in the fasted state have been found in
healthy subjects on parameters of muscle biochemistry and
metabolism linked to insulin sensitivity and glycemic con-
trol. Whether exercise training intervention in which
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exercise sessions are organized in the fasted state may be
more effective in improving insulin sensitivity or glycemic
control in T2DM patients and insulin-resistant individuals
warrants investigation.

Key Points

Exercise training intervention is a cornerstone in the
care of type 2 diabetes mellitus (T2DM) and insulin
resistance, and the optimization of exercise
interventions for these patients should be pursued by,
for example, manipulating the nutritional state
during exercise (training).

In healthy subjects, acute endurance exercise and
exercise training in the fasted state are accompanied
by significantly greater beneficial adaptations that
lead to improvements in insulin sensitivity.

Whether exercise training intervention in which
exercise sessions are organized in the fasted state
may be more effective in improving insulin
sensitivity or glycemic control in T2DM patients and
insulin-resistant individuals warrants further
investigation.

1 Introduction

Structured exercise intervention is a cornerstone in the care
of type 2 diabetes mellitus (T2DM) patients as it leads to
an ~0.7 % reduction in blood glycated hemoglobin
(HbA,.) content, even when these patients already take

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40279-016-0594-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40279-016-0594-x&amp;domain=pdf

416

D. Hansen et al.

blood glucose-lowering medication [1]. Considering the
significant relationship between blood HbA,. content and
the risk of cardiovascular complications and premature
death, such a decline in blood HbA . content is clinically
relevant [2, 3]. In addition to improvements in glycemic
control, exercise training interventions lead to improve-
ments in exercise capacity, decrements in adipose tissue
mass, blood inflammatory markers (in the basal state,
although exercise is known to affect blood inflammatory
markers for up to 1-2 days) and blood pressure, augmen-
tations in lean tissue mass and quality of life, and
improvements in the blood lipid profile [4-7].

Various official international recommendations there-
fore promote exercise intervention in the care of T2DM
[8-11]: patients with T2DM should exercise 3-5 days/
week, at 40-70 % of peak oxygen uptake (VOzpeak),
achieving a minimum exercise duration of 150 min/week,
in combination with resistance exercises (5—-10 exercises/
session, three series/exercise, 10-15 repetitions/series).

Even for the prevention of T2DM, for example in
patients experiencing insulin resistance (IR) or glucose
intolerance, the implementation of exercise intervention
has been shown to be very potent: significant reductions in
T2DM incidence can be achieved by increasing physical
activity in this particular population [12]. Exercise rec-
ommendations for T2DM patients are therefore also often
promoted in patients with IR.

In recent decades, further augmentation of the clinical
benefits of exercise intervention in T2DM or IR have been
pursued [13]. It has been shown that greater improvements
in glycemic control are achieved in T2DM or insulin-re-
sistant patients when prolonging the exercise intervention
[13], increasing the volume of resistance exercises on top
of endurance exercises [14], and exercising more fre-
quently [14]. In addition, evidence in support of the
potential clinical benefits of high-intensity interval training
(HIIT) in patients with T2DM and IR is mounting [15].
Multiple studies have shown an equal, or sometimes even
greater, clinical effectiveness of HIIT as opposed to con-
tinuous moderate-intensity endurance exercise training in
these populations. However, most studies examined a small
number of participants with a relatively short follow-up
duration, thus warranting further study [15]. Despite the
promising improvements in the clinical effectiveness of
exercise interventions in T2DM or insulin-resistant patients
from such adaptations in exercise prescription, room for
further improvement remains. In particular, increased
efficiency of exercise training (meaning greater clinical
benefits with equal effort by the patient) should be aimed
for. In this regard, optimization of the nutritional state
during exercise in T2DM or insulin-resistant patients
remains to be achieved.

@ Springer

The impact of exercise training in the fasted versus fed
state has received considerable interest and is currently a
topic of intense debate [16]. This interest stems from the
observation of advantageous metabolic adaptations that
particularly occur when exercising in the fasted state (see
Sect. 3.1). Such acute metabolic adaptations during exer-
cise in the fasted state could also be instrumental in gaining
greater improvement in glycemic control and insulin sen-
sitivity, especially when such exercise sessions are repe-
ated during a long-term training intervention.

During the last 5 years many studies on the impact of
exercise training in the fasted state have been published,
but an examination of the potential clinical benefits of this
type of exercise training specifically relating to the opti-
mization of insulin sensitivity and glycemic control is
absent. The aim of the present review is to provide an in-
depth description of the impact of exercise (training) in the
fasted versus fed state in healthy individuals on the
parameters of muscle biochemistry and metabolism that are
instrumental in greater improvements in insulin sensitivity/
glycemic control. This information will contribute greater
insight into the impact of exercise (training) in the fasted
state on insulin sensitivity and glycemic control, and aid in
the generation of an appropriate hypothesis that can be
examined in T2DM or insulin-resistant patients.

2 Methodology
2.1 Literature Search

Two reviewers (DH and DDS) independently performed
searches in PubMed and Web of Science for articles pub-
lished up to January 2016. To find as many relevant articles
as possible, the following keywords were used individually
and in combination: ‘exercise’, ‘fasted’, ‘fasting’, ‘aerobic
exercise’, ‘endurance exercise’, ‘insulin sensitivity’ (see
Table 1). The literature search was limited to human
studies and English-language articles. In addition, the ref-
erence lists of included manuscripts were checked, as well
as related citations on PubMed and citations from other
journals via Google Scholar. In this way, the risk of
missing relevant publications was minimized.

2.2 Selection Criteria

Individual studies in which healthy adults (>18 years, free
from any disease, including overweight/obesity and
T2DM/IR) were studied and endurance exercise (training)
in the fasted state was compared directly with exercise
(training) in the fed state (with a crossover design or in a
randomized clinical trial) were selected. There were no
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Table 1 Search keywords and number of hits (1)

Search keywords n

Exercise AND fasted 437
Exercise AND fasting 3842
Endurance exercise AND fasted 82
Endurance exercise AND fasting 246
Aerobic exercise AND fasted 437
Aerobic exercise AND fasting 3842
Aerobic exercise AND fasting AND insulin sensitivity 1183
Aerobic exercise AND fasted AND insulin sensitivity 72

Search was limited to English papers and human studies

restrictions in age above 18 years, sex, and physical
activity level. Studies that included resistance exercises
were excluded. The fed state was defined as having con-
sumed a meal before exercise (studies examining the
impact of ingestion of a carbohydrate-containing drink
only were not included) while the fasted state was defined
as food intake cessation after a single overnight fast
(>10 h). In studies examining the acute impact of exercise
in a different nutritional state, the same nutritional state had
to be maintained during the entire observed exercise bout
(subjects should remain in the fasted state during exercise
and/or subjects in the fed state should not consume nutri-
ents during exercise, although the consumption of water
was allowed). However, in studies examining the impact of
exercise training in the fasted versus fed state, this was not
always the case. Studies examining Ramadan fasting (in
which cessation of food intake is observed during the
daytime) were not included due to a very different
endocrinologic impact. At least one of following outcome
parameters/items should have been assessed in these
studies: blood insulin, glucose, free fatty acid or HbA,
concentration, (muscle) fat or carbohydrate oxidation rates,
lipid mobilization (lipolysis) rates, insulin sensitivity (as
assessed by Homeostasis Model Assessment for Insulin
Resistance [HOMA-IR] index, oral glucose tolerance test,
or euglycemic hyperinsulinemic clamp), blood hormones
([nor]epinephrine, glucagon, cortisol, C-peptide, growth
hormone), and/or other muscle biochemistry parameters
that affect glycemic control or insulin sensitivity (such as
glucose transporter type 4 [GLUT-4] protein expression,
muscle intramyocellular triacylglycerol [IMTG], glycogen
content).

Initially, 3842 initial hits were found. After applying
inclusion and exclusion criteria and checking the titles and/
or abstracts, 48 articles were retained. Next, the full text of
these studies was checked carefully and additional relevant
articles found in the references lists of these publications
were searched for via PubMed, Web of Science, and
Google Scholar. Eventually, 27 papers were included in the

present review. Nineteen studies examined the acute
impact of endurance exercise in the fasted versus fed state,
while eight studies examined the impact of endurance
exercise training (see Tables 2, 3).

2.3 Data Extraction

The extracted data from each included study are presented
in Tables 2 and 3 in order of publication date. Two topics
are described in chronological order throughout the present
review: (1) the impact of acute endurance exercise in the
fasted versus fed state on glycemic control and insulin
sensitivity, muscle biochemistry, and metabolism in heal-
thy individuals; and (2) the impact of endurance exercise
training in the fasted versus fed state on glycemic control
and insulin sensitivity, muscle biochemistry, and metabo-
lism in healthy individuals. Meta-analytical calculations or
comparisons were not conducted due to the great diversity
of outcome measurements and methods within the different
studies.

3 Findings and Discussion

3.1 Impact of Acute Endurance Exercise on Muscle
Biochemistry and Metabolism Related
to Glycemic Control and Insulin Sensitivity

The first studies that examined the impact of endurance
exercise in the fasted versus fed state on muscle bio-
chemistry and metabolism related to glycemic control and
insulin sensitivity were published in the mid-1980s. In
these studies, exercise in the fed state was initiated within
15 [27], 30 [23], 45 [19], 60 [17, 28, 45], 90 [22, 29, 33],
120 [18, 20, 21], 180 [24, 43, 44], or 240 min [25, 31] after
meal consumption.

According to some studies [17-19], when endurance
exercise is performed in the fasted state in healthy subjects,
lower blood glucose levels are present during exercise, as
opposed to an exercise bout after a meal, although the
majority of studies reported elevated or stable blood glu-
cose concentrations when endurance exercise is performed
in the fasted state [20-25]. A lowered blood glucose con-
centration during exercise in the fed state may seem
counterintuitive, but is believed to be related to the
hyperinsulinemic state that typically occurs in the post-
prandial phase preceding the exercise bout [22]. When
exercise is initiated in that particular hyperinsulinemic
condition, while insulin sensitivity acutely increases toge-
ther with muscle glucose uptake after initiation of exercise,
significant and rapid decrements in blood glucose con-
centrations can be expected. This phenomenon particularly
occurs in the first part (first 230 min) of the exercise bout.
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competitive
male

[20] (2013)

cyclists
20 healthy

Elevated fat and lowered carbohydrate oxidation during exercise in the

30 min cycling exercise, increasing from Fat and carbohydrate oxidation

Kang et al.

50 up to 70 % VOzpeak every 10 min

fasted state

males/
females
23 trained

[45] (2013)

Lower blood insulin concentration during exercise in the fasted state

Blood insulin concentration

120 min cycling at 55 % VOapeax

Schwalm

male

et al. [29]

(2015)

Lower mTOR phosphorylation during exercise in the fasted state, AMPK

Muscle mTOR and AMPK

120 min cycling at 70 % VOzpe.‘.k

phosphorylation not affected by different nutritional state

phoshorylation

athletes
10 healthy

36 min treadmill running at 65 % VOzpe.‘.k

Reduction in blood glucose concentration during exercise in the fed state, no

Blood glucose concentration

de Lima et al.

reduction in blood glucose concentration during exercise in the fasted state

participants

[27] (2015)

AMPK adenosine monophosphate-activated protein kinase, FFA free fatty acid, IMTG intramyocellular triacylglycerol, mTOR mammalian target of rapamycin, RQ respiratory quotient, VOzpeak

peak oxygen uptake

This also implies that when exercise is performed later
after consumption of a meal, smaller decrements in blood
glucose during exercise can be anticipated. In agreement
with this reasoning, Montain et al. [26] discovered that
when endurance exercise is performed within 2 h after
meal consumption, reductions in blood glucose concen-
trations are significantly greater (especially in the first
30 min of exercise) than with exercise initiated 6-12 h
after meal consumption.

In addition, and in contrast to the current widely held
belief, the risk of hypoglycemia during exercise in the fasted
state is not greater in healthy individuals because blood
glucose levels remain stable throughout such an exercise
bout, at least in first hour [17-19, 27]. However, decrements
in blood glucose concentrations during exercise in the fasted
state have been observed between 60 and 120 min after
endurance exercise [38], although most T2DM or insulin-
resistant patients do not exercise for such long periods,
particularly when initiating exercise interventions. The sta-
bilization of blood glucose levels during endurance exercise
(thus in later stages during exercise) in the fasted state is
likely as a result of lower (pre-exercise) blood insulin levels,
which will lead to smaller hepatic and muscle glucose uptake
[17-19, 28, 29], and higher blood epinephrine levels, which
will lead to elevated hepatic glucose production [18]. As a
result, compensatory hormonal changes during exercise
training in the fasted state prevent the development of
hypoglycemia. It thus follows that exercise training in the
fasted state during the first 60 min is medically safe from an
endocrine perspective, at least in healthy individuals.

However, the impact of exercise in the fasted versus fed
state on glucose and insulin metabolism during exercise is
a very complex affair. For example, the application of
different relative exercise intensities affects blood glucose
and insulin concentrations significantly [30]. In trained
cyclists it was found that blood glucose and insulin con-
centrations were elevated during high-intensity exercise (at
86 % of VOzpeak, which was above the anaerobic thresh-
old) in the fasted state (as opposed to exercise in the fed
state). In contrast, during moderate-intensity endurance
exercise (at 79 % of VOzpeak, which was below the
anaerobic threshold), blood glucose and insulin concen-
trations were comparable in the fasted versus fed state.
Changes in the blood glucose level during exercise thus
depend, at least in part, on exercise intensity. It is well-
known that high-intensity exercise is associated with a
greater epinephrine and growth hormone synthesis/release,
which will stimulate hepatic glucose output [46]. Due to
greater glucose production, as opposed to glucose utiliza-
tion (in skeletal muscle cells), increments in blood glucose
concentrations may occur during high-intensity exercise
(above the anaerobic threshold) [46].
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In addition, the macronutrient composition or glycemic
index of the meals that precede endurance exercise in the
fed state may significantly affect blood glucose and/or
insulin concentrations, and thus change the outcome as
opposed to exercise in the fasted state [19, 22-24, 31]. In
contrast, the glycemic index of the last meal before acute
exercise does not seem to affect blood glucose and free
fatty acid or glycerol concentrations during exercise
[23, 24]. Discrepancies in results between studies were,
however, found for (changes in) blood insulin concentra-
tions and fat or carbohydrate oxidation rates when a meal
with a high or low glycemic index was consumed before
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Although it has become apparent that the macronutrient
composition and/or glycemic index of the last meal pre-
ceding the exercise bout in the fed state may affect blood
glucose and insulin concentration or fat/carbohydrate oxi-
dation during endurance exercise, a carbohydrate-rich meal
with a higher glycemic index was provided to the subjects
in the ‘exercising in the fed’ condition in most studies. This
may explain why similar results were reported in the
majority of the studies.

A typical, often noted characteristic of endurance exer-
cise in the fasted state is the significantly elevated fat
oxidation and lipolysis rate (often accompanied by elevated
blood free fatty acid concentrations)
[17-19, 22, 24, 25, 28, 32]. Elevated blood free fatty acid
concentrations during endurance exercise in the fasted state
stems from enhanced lipolysis. The enhancement in lipol-
ysis during such exercise is very likely due to lower blood
insulin concentrations (which thus leads to a smaller inhi-
bitory effect on lipolysis) and equal or elevated blood
epinephrine concentrations (which thus leads to preserva-
tion or stimulation of lipolysis) during exercise
[17-19, 28]. These metabolic adaptations that typically
occur during endurance exercise in the fasted state are
often thought to result in greater adipose tissue mass loss:
this could thus be an argument for (endurance) athletes and
obesity patients to exercise in the fasted state. The validity
of this hypothesis is examined in Sect. 3.2.

In addition, and less speculative, these circulatory
adaptations in glucose and free fatty acid levels during
endurance exercise in the fasted state are associated with
changes in muscle substrate selection preference. Greater
IMTG oxidation and breakdown emerges when exercising
in the fasted state, especially in type 1 muscle fibers [17].
The greater IMTG breakdown for muscle adenosine
triphosphate (ATP) resynthesis can explain the muscle
glycogen sparing that is often observed in endurance
exercise in the fasted state [17, 25, 34]. However, the
greater muscle glycogen sparing effect during endurance
exercise in the fasted state was not explained by basal (pre-
exercise) differences in muscle glycogen concentration in
all studies: even after a 10-h fast, the muscle glycogen
concentration was not lowered before exercise in some
studies [18]. It could be speculated that greater IMTG
breakdown during endurance exercise in the fasted state is
probably due to greater activation in hormone-sensitive
lipase (HSL) within the muscle cell, especially in the
presence of elevated blood epinephrine/insulin ratios [18].
However, the latter hypothesis remains to be confirmed.

The facilitation of IMTG oxidation or breakdown during
endurance exercise in the fasted state could be clinically
relevant to patients with T2DM or IR. Elevations in IMTG
concentrations in the presence of a lowered or disturbed
IMTG oxidation capacity are believed to, at least in part,

@ Springer

lead to the development of IR [34]. It thus follows that
acute endurance exercise in the fasted state leads to
promising metabolic adaptations that are relevant to T2DM
or insulin-resistant patients (i.e., greater stimulation of
insulin sensitivity).

One study examined the impact of a different nutritional
status during exercise on muscle signaling for mitochon-
drial biogenesis (by examination of adenosine monophos-
phate-activated  protein  kinase alpha [AMPKo]
phosphorylation) and myofibrillar biogenesis (by exami-
nation of mammalian target of rapamycin [mTOR] phos-
phorylation)  [29].  Stimulated muscle = AMPKa
phosphorylation may be important for greater mitochon-
drial biogenesis and thus greater improvements in muscle
fat oxidation capacity and prevention of IMTG accumula-
tion. Greater muscle mTOR phosphorylation may, on the
other hand, be important for greater myofibrillar biogene-
sis, muscle hypertrophy, and thus greater muscle glucose
uptake. It has been discovered that endurance exercise in
the fasted state was associated with lowered mTOR phos-
phorylation, while muscle AMPKo phosphorylation was
not affected by a different nutritional state [29]. However,
it remains speculative as to whether a different muscle
signaling for myofibrillar biogenesis during endurance
exercise relates to different muscular adaptations, and
changes in insulin sensitivity or glycemic control, during
long-term exercise intervention under different nutritional
states. This hypothesis is explored in Sect. 3.2.

Some methodological limitations were discovered in the
published studies that should be taken into account. It
remains difficult to generalize these promising findings to
the general healthy population: the impact of high-intensity
>75 % of VOzpeak) endurance exercise in the fasted state
is not studied frequently, mostly males were examined
(often with a good endurance exercise tolerance), and rel-
atively young subjects were most often evaluated. These
study limitations should thus be taken into account
throughout this review. Studies that examined the impact of
fasted endurance exercise at high intensities remain to be
initiated, and more females, older individuals (>50 years),
and/or less physically fit individuals should be selected as
well. As a result, we should take care regarding the opinion
that exercise training in the fasted state should be imple-
mented more often in healthy individuals in order to affect
glucose metabolism or insulin sensitivity to a greater
extent. Considering the significantly different phenotype
between the examined subjects and T2DM or insulin-re-
sistant individuals (older, greater fat mass, lower exercise
tolerance, etc.), even greater caution is warranted when
generalizing these findings to these patient groups.

In summary, endurance exercise in the fasted state in
healthy subjects is generally assumed to be associated with
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lower blood insulin concentrations, stable blood glucose
concentrations (in the first 60 min), elevated blood free
fatty acid concentrations and fat oxidation, greater IMTG
oxidation and muscle glycogen sparing, and lowered
muscle mTOR phosphorylation. In particular, the higher
level of IMTG oxidation during exercise in the fasted state
may predict greater improvements in glycemic control and/
or insulin sensitivity. To optimize the medical safety of
exercise in the fasted state in T2DM and insulin-resistant
patients (i.e., prevent hypoglycemia), it may be advisable
to limit the exercise session duration to up to 60-90 min.

In the next section, we review the impact of exercise
training in the fasted versus fed state on these parameters to
examine whether these predictions hold true during long-
term exercise intervention.

3.2 Impact of Endurance Exercise Training
on Glycemic Control and Insulin Sensitivity,
Muscle Biochemistry, and Metabolism

The first studies that examined the impact of endurance
exercise training in the fasted versus fed state on parame-
ters related to insulin sensitivity or glycemic control in
healthy individuals were published in the late 2000s. The
impact of exercise training in the fasted versus fed state has
been examined frequently in healthy subjects, especially in
the last 5 years, and a detailed examination of its impact on
parameters of metabolism and muscle biochemistry related
to insulin sensitivity and glycemic control has often been
achieved [35-41].

To review the observed impact of endurance exercise
training intervention in the fasted versus fed state, we first
discuss changes in parameters in basal/resting state, fol-
lowed by changes in various parameters during acute
submaximal endurance exercise.

The available data indicate that few consistent changes
in fasting blood parameters can be expected when an
endurance exercise training intervention in the fasted state
is implemented in healthy individuals. Some studies did not
observe changes in fasted blood free fatty acid, glucose, or
insulin concentrations as result of exercise training in the
fasted or fed state [35, 38] while other studies reported
equal changes in these parameters between different
training interventions [36, 39]. However, under more
dynamic circumstances, such as during an oral glucose
tolerance test, endurance exercise training in the fasted
versus fed state seems to have a different impact. Van
Proeyen et al. [36] recently discovered that exercise
training in the fasted state led to a significantly greater
improvement in oral glucose tolerance and insulin sensi-
tivity (according to the Matsuda insulin sensitivity index
[ISI]), as opposed to exercise training in the fed state. It is
speculated that a greater improvement in insulin sensitivity

and oral glucose tolerance as result of an endurance exer-
cise training intervention in the fasted state is attributed to
greater augmentation in (fasted) muscle GLUT-4 protein
content [36]. The latter adaptation will lead to enhanced
muscle glucose uptake, especially in situations where
hyperglycemia is provoked (such as during an oral glucose
load). However, it has to be mentioned that the subjects
examined in this study were on a high-fat diet. It remains to
be determined whether similar effects of endurance exer-
cise training in the fasted state also occur when healthy
subjects follow a low-fat diet, or any other diet (such as a
high-carbohydrate diet). For example, in another study
where subjects were on a diet with significantly lower fat
intake during a 6-week exercise training intervention in the
fasted state, no such additional beneficial effects of exer-
cise training in the fasted state on basal muscle GLUT-4
protein concentration were observed [35, 38]. It can thus be
hypothesized that the surplus effects of exercise training in
the fasted versus fed state are also dependent on the
macronutrient composition of the diet that is followed by
the subjects in the fed group. Unfortunately, the interac-
tions between the type of diet and impact of (fasted)
exercise training on metabolism, glycemic control and
insulin sensitivity, and muscle biochemistry are far from
established and deserve further investigation.

Regardless of the impact of the type of diet that is fol-
lowed by the individuals, endurance exercise training in the
fasted state markedly improves basal muscle fat transport
and oxidation capacity, as evidenced by significantly
greater increments in basal muscle fatty acid translocase
CD36 (FAT/CD36) protein and fatty acid binding protein
(FABP) content, and in this respect is superior to exercise
training in the fed state [35, 36]. However, a greater muscle
fat uptake capacity is not associated with greater elevations
in IMTG content as result of endurance exercise training in
the fasted state [35, 36, 38, 39]. In the presence of eleva-
tions in muscle fat uptake capacity, but without concomi-
tant elevations in IMTG content, it may be speculated that
the basal muscle fat oxidation capacity is enhanced with a
significantly greater magnitude when following an endur-
ance exercise training intervention in the fasted state. This
will probably lead to a better protection against IR from
IMTG accumulation [34]. However, the impact of endur-
ance exercise training in the fasted state on muscle -hy-
droxyacyl = coenzyme A dehydrogenase  (B-HAD)
activity/content (which is a key enzyme involved in -
oxidation or oxidation of fatty acids in the muscle cell)
remains uncertain [36, 38]. Therefore, whether endurance
exercise training in the fasted state actually leads to greater
muscle fat oxidation capacity should be studied in greater
detail. This would confirm the above-mentioned beneficial
physiological cascades that emerge from endurance exer-
cise training in the fasted state.
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Changes in basal muscle glycogen content after endur-
ance exercise training in the fasted versus fed state remain
equivocal: some studies observed greater increases in basal
muscle glycogen content as a result of endurance exercise
training in the fasted state [36—38], while others observed
greater increases in basal muscle glycogen content after
endurance exercise training in the fed state [35, 40], and
still others observed equal changes in basal muscle
glycogen content between different exercise interventions
[39]. Similar equivocal results were found for changes in
basal muscle AMPKa activity or phosphorylation
[36, 38-40]. An explanation for the discrepancy in results
between studies remains to be provided, although it can be
hypothesized that differences in the type of diet between
studies may be instrumental in these inconsistent findings.
Subject characteristics and endurance exercise training
modalities were comparable between studies.

A recent trial examined the impact of 4 weeks of exercise
training in the fed or fasted state on body composition, when
following a diet, in healthy normal-weight females [41].
Reductions in fat mass in particular were instrumental in
improving glycemic control and thus are relevant to T2DM
and insulin-resistant patients. Changes in fat and fat-free
mass were comparable between groups. Similar findings
have been reported in obese females participating in interval
endurance exercise training interventions in the fed or fasted
state [42]. On the other hand, when young healthy volun-
teers followed a high-fat diet for 6 weeks, increments in
body weight and subcutaneous skinfold thickness were
observed, which was not entirely prevented when exercising
in the fed state [36]. Conversely, exercise training in the
fasted state was associated with a prevention of increments
in body weight and skinfold thickness. These data thus seem
to indicate that exercise training in the fasted state may be
instrumental in preventing adipose tissue mass gain in pre-
viously lean individuals, although more studies remain
warranted to further explore this finding. Even though
muscle mTOR phosphorylation during a single exercise bout
seems to be affected by the nutritional state (see above),
long-term changes in muscle mass seem to be unaffected by
the nutritional state during exercise. In addition, even though
acute endurance exercise in the fasted state is associated
with greater lipolysis, this does not seem to translate into
greater fat mass loss during long-term exercise interventions.

Some studies evaluated the impact of endurance exer-
cise training intervention in the fasted versus fed state on
the physiological/metabolic response to acute submaximal
endurance exercise. Despite the promising effects of
endurance exercise training in the fasted state on basal
muscle fat uptake and oxidation capacity, these beneficial
effects do not automatically translate into greater whole-
body fat oxidation or greater IMTG breakdown during
submaximal endurance exercise [35, 37-39]. These data

@ Springer

thus indicate that changes in muscle fat oxidation and
uptake capacity in basal state as a result of endurance
exercise interventions under different nutritional circum-
stances do not predict similar changes during acute
endurance exercise. However, it may be questioned whe-
ther the submaximal exercise tests were of an appropriate
methodology to be able to detect such relationships: the
workload of the exercise test should have been adapted in
accordance to changes in workload capacity or exercise
tolerance of the individuals. It may be hypothesized that
increments in exercise tolerance are associated with shifts
in workloads in which maximal fat oxidation is achieved.
This was not corrected for in these studies. Therefore,
relative exercise intensities were significantly different
between subjects at the follow-up/second submaximal
exercise test. The latter significantly affects the observed
muscle and whole-body fat oxidation during such an
exercise test. In addition, it remains to be determined
whether beneficial adaptations preferentially in the basal
state, or preferentially during endurance exercise testing,
are predictive of improvements in glycemic control and
insulin sensitivity in healthy individuals.

These data should be evaluated in light of the study
limitations: mainly young males with a normal or elevated
endurance exercise capacity were examined and, in addi-
tion, the implemented exercise training interventions were
of a relatively short duration (<7 weeks) and of moderate
intensity only. It thus follows that the generalization of
these findings towards females, older, and/or less fit indi-
viduals is not appropriate. Furthermore, the impact of long-
term endurance exercise training (>12 weeks) interven-
tions in the fasted state at a high (>80 % VOzpeak) or low
(<65 % VOzpeak) intensity remains unknown. Patients with
T2DM or IR typically have a significantly different phe-
notype, which further complicates the generalization of
these results to these patients. In addition, exercise training
interventions for these patients are typically of a longer
duration (at least 12 weeks) and often combined with a
hypocaloric diet [8—11].

In conclusion, as result of exercise training in the fasted
state, it is generally assumed that such intervention is
associated with greater improvements in basal fat oxidation
capacity (but not during exercise) and greater improve-
ments in insulin sensitivity. These adaptations may thus be
instrumental in greater improvements in glycemic control.

4 Conclusion

In healthy subjects, acute endurance exercise in the fasted
state is accompanied by lower blood insulin and elevated
blood free fatty acid concentrations, stable blood glucose
concentrations (at least in the first 60-90 min), superior
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IMTG oxidation and whole-body lipolysis, and muscle
glycogen preservation. Long-term endurance exercise
training in the fasted state is accompanied by greater
improvements in insulin sensitivity and basal muscle fat
oxidation capacity (but not during exercise). Due to these
promising results, the impact of endurance exercise train-
ing in the fasted state should be studied in T2DM and
insulin-resistant patients.
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