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Exercise is a powerful means to maintain health, prevent
disease, and even act as medicine for a wide range of non-
communicable diseases. The key effects by which exercise
benefits our metabolic health include (i) events that occur
during exercise and in the hours to days following exercise, and
(i) the adaptations that occur following long-term repeated
exercise training. Here, we provide a contemporary overview of
recent significant advances in our knowledge of exercise as
medicine in metabolic disease with a focus on muscle glucose
metabolism.

Address
University of Copenhagen, Department of Nutrition, Exercise, and
Sports, Faculty of Science, Denmark

Corresponding author: Richter, Erik A (erichter@nexs.ku.dk)

Current Opinion in Physiology 2019, 12:12-19
This review comes from a themed issue on Obesity
Edited by Rui-Ping Xiao

For a complete overview see the Issue

Available online 18th April 2019
https://doi.org/10.1016/j.cophys.2019.04.008
2468-8673/© 2019 Elsevier Ltd. All rights reserved.

What is old is new again

“If we could give every individual the right amount of
nourishment and exercise, not too little and not too much,
we would have found the safest way to health” Hippo-
crates said. Even before that, physicians such as Susruta
(600 y before Common Era) would prescribe exercise for
their patients. It is thus very old news that exercise has
tremendous beneficial effects on our health. However, it
is only recently that we are beginning to understand the
molecular mechanisms underlying these benefits. This
review will describe the most recent advances in our
understanding of aerobic exercise as medicine in meta-
bolic disease with focus on muscle due to its prominent
role in metabolic control.

The power of exercise — the mechanisms
unraveling

It is only relatively recently that the beneficial effects of
exercise within specific metabolic conditions have been
experimentally proven and, on a population basis, the

results are clear: If everybody exercised regularly, obesity
and metabolic diseases such as type 2 diabetes (T2D) and
cardiovascular disease would be minor problems [1,2].

It has been convincingly documented that regular exer-
cise improves glycemic control and insulin action among
both obese and type 2 diabetic patients [3-5] and that this
effect can be superior to those exerted by drugs or insulin
therapy [6,7]. As such, the problem of lifestyle-related
metabolic disease should in theory be highly solvable.
However, the majority of adults do not achieve exercise
levels according to the guidelines [8,9] and physical
activity levels are declining and sedentary behavior is
increasing [10]. Thus, it is more than ever relevant to
elucidate the molecular mechanisms underlying
exercise’s beneficial effects in order to develop efficient
strategies and pharmaceutical principles to treat condi-
tions related to physical inactivity.

The beneficial effects of exercise are attributed to two
main events: Firstly, the effects during and immediately
following one acute bout of exercise (phases 1 and 2,
respectively depicted in Figure 1). Secondly, the molec-
ular adaptations that occur following continuous repeated
exercise training. Importantly, regular exercise increases
the amount of total time spent in phases 1 and 2 further
enhancing the metabolic benefits of regular exercise
training as depicted in Figure 1. In this review, we focus
mainly on skeletal muscle-mediated effects due to
muscle’s major role in whole-body metabolic control
[11,12] and we discuss the current evidence for the
molecular mechanisms underlying metabolic benefits of
exercise.

A two-phased metabolic response to an acute exercise
bout

Phase 1: during exercise

Physical activity causes a large increase in energy utiliza-
tion [13,14]. Glucose is a major fuel source for the con-
tracting muscles and glucose uptake acutely increases
during exercise [15] as depicted in Figure 1. Because
glucose is taken up by the muscles via insulin indepen-
dent mechanisms [16,17], it is effective in lowering blood
glucose in insulin resistant subjects [18].

The molecular mechanisms regulating exercise-induced
muscle glucose uptake involve a coordinated and com-
plex regulation of increased glucose delivery to the work-
ing muscles, an increased amount of the glucose trans-
porter GLUT4 at the plasma membrane and t-tubules to
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Figure 1
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A temporal overview of the beneficial effects of exercise in healthy subjects mediated by muscle.

One acute bout of moderate intensity aerobic exercise elicits an increase in glucose uptake by the working muscles as well as an increase in
circulating factors and importantly energy expenditure (phase 1). This is followed by a transient increase in insulin sensitivity and circulating factors
in the hours and up to two days after that exercise bout (phase 2). Chronic exercise training elicits several molecular adaptations to benefit health,
including increased expression of proteins involved in glucose metabolism and increased insulin sensitivity in the rested (basal) state. Furthermore,
regular exercise increases the amount of total time spent in phases 1 and 2 further enhancing the metabolic benefits of regular exercise training.
We note that resistance exercise training elicits many of the same health benefits as aerobic exercise, however, not covered by this review.

allow transmembrane glucose transport, and accelerated
intracellular metabolism of glucose by the muscle (See
Ref. [13] for a comprehensive review on exercise-stimu-
lated glucose uptake). Contemporary research has
revealed that redundant parallel molecular pathways,
involving the metabolic sensor AMPK [19,20°], the
Rho G'TPase Racl [21a], reactive oxygen species [22]
and, in fast twitch muscle, the GAP GTPase TBC1D1
[23,24] are activated and seemingly are involved in dis-
tinct steps in glucose transport regulation.

Once taken up by the working muscle, glucose is utilized
to produce A'TP. Studies in humans exercising at 50% of
VO2 max for 2 hours have shown that glucose oxidation is
equal to glucose disappearance indicating that all of the
glucose taken up during exercise is oxidized [25]. During

most types of exercise with adequate muscle glycogen
stores glucose covers between 10 and 20% of oxidative
metabolism [26] and uptake of glucose from the blood
increases with increasing exercise intensity and duration.
However, uptake of glucose can account for up to 40% of
oxidative metabolism when exercise is prolonged and
muscle glycogen is depleted [15,27,28]. There is a recip-
rocal relationship between muscle glycogen breakdown
and glucose uptake so the higher glycogen breakdown the
lower glucose uptake and vice versa [29-31].

Because exercise stimulates glucose uptake indepen-
dently from insulin, it was recently proposed that the
timing of the exercise bout in relation to a meal may be an
important factor for exercise’s optimal blood glucose
lowering effect [32]. In support of this, Colberg es al.
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showed that postprandial walking was better for lowering
the glycemic effect of dinner than pre-dinner exercise in
individuals with T2D [33]. Thus, there might be thera-
peutic potential to apply chronology in the training regi-
men to drain off, in real time, the exogenous glucose
entering the bloodstream from the food being digested.

Importantly, in metabolic disease where insulin-stimu-
lated glucose uptake by muscle is often severely
impaired, the exercise-stimulated glucose uptake
response remains intact [18]. Thus, it has been hypothe-
sized that activating the contraction-induced molecular
mechanisms by pharmacological agents could lead to
increased glucose uptake in insulin resistant muscle. In
agreement, pharmacological activation of AMPK has
proven effective in stimulating muscle glucose uptake
and reducing blood glucose in T2D mice and non-human
primates [34°°,35°°]. However, in contrast to exercise-
induced increase in glucose uptake, pharmacological acti-
vation of proteins to increase muscle glucose uptake
occurs without increased energy utilization and, there-
fore, leads to glycogen storage in contrast to exercise that
leads to glycogen utilization [29].

Exercise also induces the secretion of circulating factors
that can act in an autocrine or a paracrine fashion, the
latter providing a mechanism by which exercise may
benefit other tissues [36,37°,38°°]. Using proteomic anal-
ysis Whitham e7 a/. detected over 300 secreted proteins
released in response to exercise packaged in extracellular
vesicles [39°°]. A closer look at what was directly secreted
from the muscle during exercise (by analyzing femoral
arteriovenous difference) identified 35 novel factors, sug-
gesting that we are only just beginning to understand the
complexity and magnitude of exercise-induced secre-
tions. Similarly, Parker ¢z a/. found that exercise rapidly
modulated hundreds of bioactive peptides in the circula-
tion [40°]. These peptides underwent large changes dur-
ing exercise on a time-scale of minutes with many rapidly
reversible after exercise. Such unbiased discovery tools
will likely be key methods for pinpointing exercise-regu-
lated factors that generate health benefits. Apelin is an
example of one such protein. Apelin was recently discov-
ered to be secreted from muscle during exercise where it
activated AMPK [41], prevented age-associated sarcope-
nia in mice [42°°], and also increased insulin action in
overweight men [43], suggesting that apelin could be
involved in mediating the beneficial effects of exercise.
T'wo recent studies have emphasized the role for muscle-
crosstalk in regulation of our health. One study found that
interleukin-6, which is released from skeletal muscle
during exercise, stimulated lipolysis and thereby reduced
visceral adipose tissue mass following exercise training in
humans [38°°]. Likewise, secreted from muscle [44], the
protein irisin was found to play an essential role in
exercise-mediated befits on Alzheimer’s disease [37°].
Importantly, a recent study found that selected known

and putative myokines were equally regulated by acute
exercise in patients with T2D and weight-matched con-
trols further highlighting the potential for exercise in
combatting metabolic diseases [45°]. During the past
10 years, the list of exercise-secreted factors has
expanded, and many more are likely to be discovered
with recent technological advances. Future research
should aim at elucidating their functions and potential
to treat diseases that are known to be preventable by
regular exercise.

Phase 2: the effects following an acute exercise bout

One bout of exercise not only has major acute metabolic
impact, it also elicits tremendous metabolic changes in
the hours and even days that follow. As depicted in
Figure 1, this second phase of the acute exercise response
involves a transient increase in muscle insulin sensitivity
for up to 48 hours after exercise in healthy volunteers
[46-48] and for >15 hours in patients with T2D [49].
Increased insulin sensitivity by the exercised muscles can
improve whole body post exercise insulin-stimulated
glucose disposal [47-49], although not all studies find
this insulin sensitizing effect on a whole-body level in
already healthy subjects [50,51]. Insulin resistance is a
risk factor for many non-communicable diseases includ-
ing T2D. Therefore, this second phase response to an
acute exercise bout, where muscle insulin sensitivity is
enhanced [46-48,50-52] is an important step in prevent-
ing and treating whole-body insulin resistance.

Molecularly, the occurrence of improved insulin sensitiv-
ity is somewhat surprising because insulin and exercise
activate distinct proximal signaling pathways. Yet they do
converge at several distal signaling proteins such as Racl
[53] and TBC1D4 [54]. While Rac1 does not seem to play
a role in post-exercise enhanced insulin sensitivity [55],
AMPKSs kinase activity is necessary to increase insulin
sensitivity in mice in the hours following muscle contrac-
tion [56°°]. During exercise, TBC1D4 is activated down-
stream of AMPK [54], and recent human evidence
showed that increased TBC1D4 phosphorylation
together with microvascular perfusion participate in
increased insulin sensitivity in muscle after exercise
[57°°,58]. While exercise may be used to increase insulin
action in states of insulin resistance [49], the physiological
role of increased insulin sensitivity of muscle following
exercise is to direct glucose uptake to replenish muscle
glycogen stores in the muscles that were active during
exercise. Hence, the insulin-sensitizing effect of exercise
is primarily a local effect restricted to the muscles that
were active during exercise [59].

T'hus, one single bout of exercise has major health bearing
effects regardless of training status, age, body weight, and
insulin sensitivity. It is thus never too late to begin
exercising and pharmaceutical strategies that target these
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transient exercise-induced cellular mechanisms could be
efficient in promoting heath throughout the lifespan.

Exercise training elicits adaptations that improve energy
turnover and stress handling by muscle

The long-term adaptations following chronic exercise
training improves the muscle glucose handling machin-
ery. High GLUT4 and hexokinase II [60,61] protein
content increase the capacity for the muscle to take up
glucose, while increased capillarization [62,63] ensures
improved delivery of nutrients to the muscle. Interest-
ingly, chronic exercise training actually diminished the
transient insulin sensitizing effect of an acute exercise
bout due to enhanced chronic insulin sensitivity in the
trained leg [64°] as depicted in Figure 1. In insulin
resistant 'T2D subjects, as little as two weeks of high
intensity interval training markedly increased insulin
sensitivity in the trained muscle [65], showing the
remarkable adaptability of these exercise-mediated
processes.

Recently, the Hesselink group found that athletes stored
intra-muscular lipids in small intramyofibrillar droplets,
while diabetics had much larger subsarcolemmal droplets
[66]. This implies that athletes store lipids more ‘safely’
and the intramyofibrillar localization allows for quick
access to fuel without lipotoxiticy. Likewise, altered
spatial distribution was reported for glycogen with train-
ing [67] and together with increased mitochondria
function [68,69°] this likely improves muscles substrate
utilization capacity during exercise. Holloszy’s seminal
work [68] showed that the twofold increase in respiration
brought about by training was greater than the 60-80%
increase in mitochondrial content as recently reviewed
elsewhere [70].

Recently, omics tools have markedly increased our infor-
mation on how muscles adapt to training on a global scale.
Here, chronic endurance training upregulates the tricar-
boxylic acid cycle and oxidative phosphorylation system
thus increasing the muscles ability to efficiently increase
energy expenditure [71]. Knowing that a fat rich diet
induces somewhat similar adaptations as exercise training
in terms of improving fatty acid metabolism, we per-
formed proteomic analysis on muscles following an exer-
cise training period in mice fed a normal or fat rich diet.
Given that exercise training increased insulin sensitivity
in both diet groups, we surmised that the proteins simi-
larly regulated by exercise in both diet groups would have
a particularly health-related bearing on skeletal muscle
metabolism [72°°]. This work and recent investigations by
others [73,74] have significantly improved our knowledge
of which metabolic adaptations occur in muscle with
training and identified novel targets. Recently, an online
search tool, geneXX, was released where the authors
reanalyzed available transcriptomic exercise data sets
stratified by exercise type, training status and sex of
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the participants and time point after the exercise bout
[75°]. This tool provides immediate information regard-
ing the response of a transcript of interest to exercise in
skeletal muscle and is useful to formulate novel hypoth-
eses on the complex effects of exercise. However, prote-
omics leaves out the important aspect of posttranslational
modifications. Moving forward, hypothesis-driven
research and/or larger scale unbiased phenotyping inves-
tigations should focus on determining the functional role
(s) of novel exercise-regulated proteins identified in such
omics studies as well as their posttranslational regulation.

Perhaps unfortunately, the training-induced molecular
adaptations and the increase in insulin sensitivity seems
relatively short lived [76-78]. Even in healthy, active
volunteers, an acute transition from high to low levels
of daily physical activity for a three-days period impaired
glycemic control [79]. However, epigenetic adaptations in
muscle to exercise [80] may last longer. It has recently
been found that the ability of muscle to store this epige-
netic memory makes it able to ‘remember’ past resistance
exercise (even a single bout) for up to five months
[81°,82]. How this translates into metabolic effects or if
such changes can be exploited pharmaceutically remains
to be explored. Even more remarkably, maternal and
paternal exercise or obesity during pregnancy can result
in gamete alterations and those can affect the metabolic
regulation of the offspring later in life [83,84,85%86].
Thus, muscular epigenetic changes in response to exer-
cise, as well as gamete alterations passed on by the parent
to the offspring, show the relevance of epigenetic changes
that we are only beginning to understand let alone
pharmacologically apply.

Status on the exercise pill: can we harness the
exercise benefits without actually exercising?
As depicted in Figure 1, exercise elicits acute beneficial
effects as well as more sustained adaptations to chronic
long-term training. Much of the health bearing effects of
exercise training are the result of spending considerable
amount of time on the acute exercise phases 1 and
2. However, it is becoming clear that there is a substantial
individual variation in the metabolic benefits of exercise
[87]. Currently large scale studies are attempting to
delineate genetic and epigenetic traits that might be
related to the individual variation in responses to exercise
training in humans [88,89°]. Pharmacologically targeting
the molecular processes that impair adaptations to exer-
cise training might be useful for personalized medicine.
In addition, pharmacologically activating the molecular
pathways that lead to adaptations to training may provide
a means to improve metabolic health in individuals who
are unable to perform sufficient amounts of physical
activity. Good examples of the latter are studies
[34°°35°°] showing metabolic benefits in mice and
non-human primates by treatment with an AMPK acti-
vator. Sustained AMPK activation, however, may induce
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cardiac hypertrophy and glycogen accumulation [35°%,90]
highlighting the complexity of activating AMPK [91].

Thus, imitating the exercise-induced intermittent activa-
tion of glucose uptake-stimulating proteins in muscle may
be a safer and more attractive strategy. Yet, mimicking the
effects of exercise in a pill would be an extremely difficult
endeavor. Contemporary research is illuminating how
extremely complex muscular signaling during exercise
is. In a recent collaboration between Sydney and Copen-
hagen it was discovered that >1000 phosphorylation sites
in human skeletal muscle were acutely regulated by
exercise, only 10% with already known functions in
exercise [92]. Clearly more molecular regulators of muscle
glucose uptake are likely yet to be discovered and some of
them may be potential targets for glucose lowering ther-
apy independently of insulin. Thus far, the focus has been
largely on approaches for increasing muscle glucose
uptake to lower blood glucose. Yet, increasing glucose
uptake in the absence of increased energy demand and/or
glycogen storage capacity might prove problematic. One
of the hallmarks of exercise is an increase in energy
expenditure. Indeed, many exercise-regulated proteins
control energy turnover and substrate storage, rather than
glucose uptake regulation [72°%,92] and those could be
explored to improve energy utilization. In agreement
with this, overexpression of skeletal muscle sarcolipin,
a protein that decreases the efficiency of the SERCA
pump and leads to increased muscle thermogenesis,
protects against diet-induced obesity and glucose intol-
erance [93,94]. Likewise, if the brown adipose tissue
protein, uncoupled protein 1 is expressed in muscle,
mitochondrial uncoupling and increased muscle thermo-
genesis occurs. This protects against development of
diabetes in diabetes-prone mice [95]. Thus, a good exer-
cise pill also needs to increase energy expenditure. Per-
haps this is the most important effect of exercise as it may
lead to weight loss if not compensated by increased
energy intake, and preventing or treating obesity is in
itself a major health benefit (World health organization).

Concluding remarks

Despite great inter-individual variations in the health
bearing effects of physical activity, on a global scale there
is little doubt that Hippocrates was right that exercise
would be “ ... the safest way to health” and contempo-
rary research has proven that this holds true for a wide
range of non-communicable diseases and throughout the
entire life-span. The past few years have provided us with
a much deeper and more comprehensive global under-
standing of the molecular network regulated by exercise.
However, it has also revealed an underappreciated com-
plexity of the molecular signaling activated in various
physiological and pathological contexts. There is little
doubt that exercise is a powerful means to prevent
deterioration of glycemic control and to improve insulin
action among both obese and T2D patients. Hopefully,

we will soon be able to better understand this complexity
to harness the benefits of exercise more efficiently.

Conflict of interest statement
Nothing declared.

Acknowledgements

The Authors are supported by grants from Novo Nordisk Foundation
(NNF180C0032082 to LS and 27274 to E.A.R) and The Danish Council for
Independent Research (DFF-6108-00203A to E.A.R.). We apologies to
those whose important work has not been cited in this review because of
space limitations and focus on recent advances.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Booth FW, Roberts CK, Laye MJ: Lack of exercise is a major
cause of chronic diseases. Compr Physiol 2012, 2:1143-1211
United States.

2. Pedersen BK, Saltin B: Exercise as medicine - evidence for
prescribing exercise as therapy in 26 different chronic
diseases. Scand J Med Sci Sports 2015, 25(Suppl. 3):1-72
Denmark.

3. Boulé NG, Haddad E, Kenny GP, Wells GA, Sigal RJ: Effects of
exercise on glycemic control and body mass in type 2 diabetes
mellitus: a meta-analysis of controlled clinical trials. JAMA
2001, 286:1218-1227 Review. PMID: 11559268.

4. DelaF, Larsen JJ, Mikines KJ, Ploug T, Petersen LN, Galbo H:
Insulin-stimulated muscle glucose clearance in patients with
NIDDM: effects of one-legged physical training. Diabetes 1995,
44:1010-1020 American Diabetes Association.

5. Fatone C, Guescini M, Balducci S, Battistoni S, Settequattrini A,
Pippi R et al.: Two weekly sessions of combined aerobic and
resistance exercise are sufficient to provide beneficial effects
in subjects with type 2 diabetes mellitus and metabolic
syndrome. J Endocrinol Invest 2010, 33:489-495.

6. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF,
Lachin JM, Walker EA et al.: Reduction in the incidence of type
2 diabetes with lifestyle intervention or metformin. N Engl J
Med 2002, 346:393-403 United States.

7. Snowling NJ, Hopkins WG: Effects of different modes of
exercise training on glucose control and risk factors for
complications in type 2 diabetic patients: a meta-analysis.
Diabetes Care 2006, 29:2518-2527 United States.

8. Aresu M, Bécares L, Brage S, Chaudhury M, Doyle-Francis M,
Esliger D et al.: Health Survey for England: Physical Activity and
Fitness [Internet]. The NHS Information Centre for Health and
Social Care; 2008:1-395. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/21394637.

9. Tudor-Locke C, Brashear MM, Johnson WD, Katzmarzyk PT et al.:
Accelerometer profiles of physical activity and inactivity in
normal weight, overweight, and obese U.S. men and women.
Int J Behav Nutr Phys Act [Internet] 2010, 7 11p.

10. Ng SW, Popkin BM: Time use and physical activity: a shift away
from movement across the globe. Obes Rev 2012, 13:659-680.

11. DeFronzo RA, Ferrannini E, Sato Y, Felig P, Wahren J: Synergistic
interaction between exercise and insulin on peripheral
glucose uptake. J Clin Invest 1981, 68:1468-1474 United States.

12. Ferrannini E, Bjorkman O, Reichard GAJ, Pilo A, Olsson M,
Wahren J et al.: The disposal of an oral glucose load in healthy
subjects. A quantitative study. Diabetes 1985, 34:580-588
United States.

Current Opinion in Physiology 2019, 12:12-19

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0005
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0005
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0005
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0010
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0015
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0020
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0025
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0030
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0035
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0035
http://www.ncbi.nlm.nih.gov/pubmed/21394637
http://www.ncbi.nlm.nih.gov/pubmed/21394637
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0045
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0050
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0055
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0060
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0060

13. Sylow L, Kleinert M, Richter EA, Jensen TE: Exercise-stimulated
glucose uptake-regulation and implications for glycaemic
control. Nat Rev Endocrinol 2017, 13.

14. Kiens B: Skeletal muscle lipid metabolism in exercise and
insulin resistance. Physiol Rev 2006, 86:205-243 United States:
American Physiological Society.

15. Wahren J, Felig P, Ahlborg G, Jorfeldt L: Glucose metabolism
during leg exercise in man. J Clin Invest 1971, 50:2715-2725
United States.

16. Wallberg-Henriksson H, Holloszy JO: Contractile activity
increases glucose uptake by muscle in severely diabetic rats.
J Appl Physiol 1984, 57:1045-1049 United States.

17. Ploug T, Galbo H, Richter EA: Increased muscle glucose uptake
during contractions: no need for insulin. Am J Physiol 1984,
24T7:E726-E731.

18. Martin IK, Katz A, Wahren J: Splanchnic and muscle metabolism
during exercise in NIDDM patients. Am J Physiol 1995, 269:
E583-E590 United States.

19. O’Neill HM, Maarbjerg SJ, Crane JD, Jeppesen J, Jorgensen SB,
Schertzer JD et al.: AMP-activated protein kinase (AMPK)
betalbeta2 muscle null mice reveal an essential role for AMPK
in maintaining mitochondrial content and glucose uptake
during exercise. Proc Natl Acad Sci U S A 2011, 108:16092-
16097 United States.

20. Sylow L, Magller LLV, Kleinert M, D’Hulst G, De Groote E,

e Schjerling P et al.: Rac1 and AMPK account for the majority of
muscle glucose uptake stimulated by ex vivo contraction but
not in vivo exercise. Diabetes 2017, 66.

The first study to use dual transgenic models to investigate the molecular

regulation of contraction/exercise-induced glucose uptake in muscle. It

was found that Rac1 and AMPK together account for almost the entire ex

vivo contraction response in muscle glucose transport, whereas only

Rac1, regulated muscle glucose uptake during submaximal exercise in

vivo (phase 1, Figure 1).

21. a.
Sylow L, Nielsen IL, Kleinert M, Mgller LLV, Ploug T, Schjerling P
et al.: Rac1 governs exercise-stimulated glucose uptake in
skeletal muscle through regulation of GLUT4 translocation in
mice. J Physiol 2016, 594;
b.
Moiller LLV, Klip A, Sylow L: Rho GTPases-emerging regulators
of glucose homeostasis and metabolic health. Cells 2019,
8:434 http://dx.doi.org/10.3390/cells8050434.

22. Sandstrom ME, Zhang S-J, Bruton J, Silva JP, Reid MB,
Westerblad H et al.: Role of reactive oxygen species in
contraction-mediated glucose transport in mouse skeletal
muscle. J Physiol 2006, 575:251-262 England.

23. Whitfield J, Paglialunga S, Smith BK, Miotto PM, Simnett G,
Robson HL et al.: Ablating the protein TBC1D1 impairs
contraction-induced sarcolemmal glucose transporter
4 redistribution but not insulin-mediated responses in rats.
J Biol Chem 2017, 292:16653-16664.

24. An D, Toyoda T, Taylor EB, Yu H, Fujii N, Hirshman MF et al.:
TBC1D1 regulates insulin- and contraction-induced glucose
transport in mouse skeletal muscle. Diabetes 2010, 59:1358-
1365 United States.

25. Jeukendrup AE, Raben A, Gijsen A, Stegen JH, Brouns F, Saris WH
et al.: Glucose kinetics during prolonged exercise in highly
trained human subjects: effect of glucose ingestion. J Physiol
1999, 515:579-589 England.

26. van Loon LJ, Greenhaff PL, Constantin-Teodosiu D, Saris WH,
Wagenmakers AJ: The effects of increasing exercise intensity
on muscle fuel utilisation in humans. J Physiol 2001, 536:295-
304 England.

27. Coyle EF, Hagberg JM, Hurley BF, Martin WH, Ehsani AA,
Holloszy JO: Carbohydrate feeding during prolonged
strenuous exercise can delay fatigue. J Appl Physiol 1983,
55:230-235 United States.

28. Ahlborg G, Felig P, Hagenfeldt L, Hendler R, Wahren J: Substrate
turnover during prolonged exercise in man. Splanchnic and

Exercise and metabolic health Sylow and Richter 17

leg metabolism of glucose, free fatty acids, and amino acids. J
Clin Invest 1974, 53:1080-1090 United States.

29. Jensen TE, Richter EA: Regulation of glucose and glycogen
metabolism during and after exercise. J Physiol 2012,
590:1069-1076 England.

30. Roepstorff C, Halberg N, Hillig T, Saha AK, Ruderman NB,
Wojtaszewski JFP et al.: Malonyl-CoA and carnitine in
regulation of fat oxidation in human skeletal muscle during
exercise. Am J Physiol Endocrinol Metab 2005, 288:E133-E142
United States.

31. Wojtaszewski JFP, MacDonald C, Nielsen JN, Hellsten Y,
Hardie DG, Kemp BE et al.: Regulation of 5’AMP-activated
protein kinase activity and substrate utilization in exercising
human skeletal muscle. Am J Physiol Endocrinol Metab 2003,
284:E813-22 United States.

32. Chacko E: A time for exercise: the exercise window. J App/
Physiol [Internet] 2017, 122:206-209 http://dx.doi.org/10.1152/
japplphysiol.00685.2016.

33. Colberg SR, Zarrabi L, Bennington L, Nakave A, Thomas
Somma C, Swain DP et al.: Postprandial walking is better for
lowering the glycemic effect of dinner than pre-dinner
exercise in type 2 diabetic individuals. J Am Med Dir Assoc
2009, 10:394-397 United States.

34. Cokorinos EC, Delmore J, Reyes AR, Albuquerque B, Kjgbsted R,
ee Jorgensen NO et al.: Activation of skeletal muscle AMPK
promotes glucose disposal and glucose lowering in non-
human primates and mice. Cell Metab 2017, 25:1147-1159.e10.
Pharmacological AMPK activation in skeletal muscle of diabetic monkeys
lowered blood glucose. This highlights muscle activation of AMPK as a
potential therapeutic approach to treat diabetic patients.

35. Myers RW, Guan H-P, Ehrhart J, Petrov A, Prahalada S, Tozzo E
ee et al.: Systemic pan-AMPK activator MK-8722 improves
glucose homeostasis but induces cardiac hypertrophy.
Science 2017, 357:507-511 United States.
Pan-AMPK activation in diabetic mice and monkeys lowered blood
glucose, and increased glucose uptake in muscle. This highlights muscle
activation of AMPK as a potential therapeutic approach to treat diabetic
patients; however, cardiac hypertrophy was associated with increased
AMPK activity in this study, questioning the biomedical safety of this
approach.

36. Whitham M, Febbraio MA: The ever-expanding myokinome:
discovery challenges and therapeutic implications. Nat Rev
Drug Discov 2016, 15:719-729.

37. Lourenco MV, Frozza RL, de Freitas GB, Zhang H, Kincheski GC,

e Ribeiro FC et al.: Exercise-linked FNDC5/irisin rescues
synaptic plasticity and memory defects in Alzheimer’s models.
Nat Med 2019, 25:165-175 United States.

Several studies have found that acute exercise (phase 1, Figure 1)

induces the secretion of FNDC5/irisin from skeletal muscle. This study

found that exercise-induced secretion of FNDCS5/irisin could rescue

memory defects in Alzheimer’s models, and is thus an excellent example

of muscle cross talk with other organs.

38. Wedell-Neergaard A-S, Lang Lehrskov L, Christensen RRH,

ee |egaard GE, Dorph E, Larsen MK et al.: Exercise-induced
changes in visceral adipose tissue mass are regulated by IL-6
signaling: a randomized controlled trial. Cell Metab 2019,
29:844-855 United States.

In this randomized placebo-controlled trial, abdominally obese adults were

treated with an IL-6 receptor antibody or placebo during a 12-week aerobic

exercise training intervention. That revealed that exercise-induced reduc-

tions in visceral adipose tissue mass are mediated by IL-6 in humans.

39. Whitham M, Parker BL, Friedrichsen M, Hingst JR, Hjorth M,

ee Hughes WE et al.: Extracellular vesicles provide a means for
tissue crosstalk during exercise. Cell Metab 2018, 27:237-251.
ed.

This study showed that following one-hour cycling in healthy humans,

over 300 proteins increased in the circulation, the majority of which

composed exosomes and small vesicles. Also a-v balance studies across

the contracting limb identified novel candidate myokines. Thus, this study

provides conceptual evidence of how tissue crosstalk during exercise can

exert systemic biological effects.

40. Parker BL, Burchfield JG, Clayton D, Geddes TA, Payne RJ,
. Kiens B et al.: Multiplexed temporal quantification of the

www.sciencedirect.com

Current Opinion in Physiology 2019, 12:12-19


http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0065
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0070
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0075
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0080
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0085
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0090
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0095
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0100
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0105a
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0110
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0115
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0120
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0125
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0130
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0135
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0140
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0145
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0150
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0155
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0155
http://dx.doi.org/10.1152/japplphysiol.00685.2016
http://dx.doi.org/10.1152/japplphysiol.00685.2016
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0165
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0170
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0175
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0180
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0185
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0190
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0195
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0200

18 Obesity

exercise-regulated plasma peptidome. Mol Cell Proteomics
2017, 16:2055-2068 United States.
This study temporally analyzed the plasma peptidome during and after an
intense bout of exercise (phase 1, Figure 1) in untrained humans. They
found that the plasma peptidome underwent dynamic and large changes
during exercise on a time-scale of minutes with many rapidly reversible
following exercise cessations.

41. Attane C, Foussal C, Le Gonidec S, Benani A, Daviaud D,
Wanecq E et al.: Apelin treatment increases complete fatty acid
oxidation, mitochondrial oxidative capacity, and biogenesis in
muscle of insulin-resistant mice. Diabetes 2012, 61:310-320
United States.

42. Vinel C, Lukjanenko L, Batut A, Deleruyelle S, Pradére J-P, Le

ee Gonidec S et al.: The exerkine apelin reverses age-associated
sarcopenia. Nat Med [Internet] 2018, 24:1360-1371 Available
from: http://www.nature.com/articles/s41591-018-0131-6.

This study found that mice deficient in the muscle secreted protein, apelin

or its receptor presented dramatic deteriorations in muscle function with

age. Conversely apelin supplementation delayed sarcopenia. As apelin is

secreted from muscle during exercise, this is an example of autocrine

muscle regulation of function.

43. Gourdy P, Cazals L, Thalamas C, Sommet A, Calvas F, Galitzky M
et al.: Apelin administration improves insulin sensitivity in
overweight men during hyperinsulinaemic-euglycaemic
clamp. Diabetes Obes Metab 2018, 20:157-164 England.

44. Bostrom P, Wu J, Jedrychowski MP, Korde A, Ye L, Lo JC et al.:
A PGC1-alpha-dependent myokine that drives brown-fat-like
development of white fat and thermogenesis. Nature 2012,
481:463-468 England.

45. Sabaratnam R, Pedersen AJT, Kristensen JM, Handberg A,

e  Wojtaszewski JFP, Hojlund K: Intact regulation of muscle
expression and circulating levels of myokines in response to
exercise in patients with type 2 diabetes. Physiol Rep 2018, 6:
13723 United States.

Muscle expression and circulating levels of myokines were equally

regulated by acute exercise in patients with T2D and weight-matched

controls, suggesting that metabolic effects of these myokines are not
impaired in patients with T2D, and thus could be attractive intervention
options.

46. Richter EA, Mikines KJ, Galbo H, Kiens B: Effect of exercise on
insulin action in human skeletal muscle. J Appl Physiol [Internet]
1989, 66:876-885. Available from: In: http://www.ncbi.nlm.nih.
gov/pubmed/2496078.

47. Bogardus C, Thuillez P, Ravussin E, Vasquez B, Narimiga M,
Azhar S: Effect of muscle glycogen depletion on in vivo insulin
action in man. J Clin Invest 1983, 72:1605-1610.

48. Mikines KJ, Sonne B, Farrell PA, Tronier B, Galbo H: Effect of
physical exercise on sensitivity and responsiveness to insulin
in humans. Am J Physiol 1988, 254:E248-E259.

49. Devlin JT, Horton ES: Effects of prior high-intensity exercise on
glucose metabolism in normal and insulin-resistant men.
Diabetes 1985, 34:973-979.

50. Devlin JT, Barlow J, Horton ES: Whole body and regional fuel
metabolism during early postexercise recovery. Am J Physiol
1989, 256:E167-E172 United States.

51. Pedersen AJT, Hingst JR, Friedrichsen M, Kristensen JM,
Hojlund K, Wojtaszewski JFP: Dysregulation of muscle
glycogen synthase in recovery from exercise in type
2 diabetes. Diabetologia 2015, 568:1569-1578 Germany.

52. Richter EA, Garetto LP, Goodman MN, Ruderman NB: Muscle
glucose metabolism following exercise in the rat: increased
sensitivity to insulin. J Clin Invest 1982, 69:785-793 American
Society for Clinical Investigation.

53. Sylow L, Jensen TE, Kleinert M, Mouatt JR, Maarbjerg SJ,
Jeppesen J et al.: Rac1 is a novel regulator of contraction-
stimulated glucose uptake in skeletal muscle. Diabetes 2013,
62.

54. Treebak JT, Frosig C, Pehmoller C, Chen S, Maarbjerg SJ,
Brandt N et al.: Potential role of TBC1D4 in enhanced post-
exercise insulin action in human skeletal muscle. Diabetologia
[Internet] 2009, 52:891-900. Available from: In: http://www.ncbi.

nlm.nih.gov/pubmed/19252894%5Cnhttp://www.ncbi.nlm.nih.
gov/pmc/articles/PMC3627047/pdf/125_2009_Article_1294.pdf.

55. Sylow L, Meller LLV, D’Hulst G, Schjerling P, Jensen TE,
Richter EA: Rac1 in muscle is dispensable for improved insulin
action after exercise in mice. Endocrinology 2016, 157.

56. Kjobsted R, Munk-Hansen N, Birk JB, Foretz M, Viollet B,

ee Bjornholm M et al.: Enhanced muscle insulin sensitivity after
contraction/exercise is mediated by AMPK. Diabetes 2017, 66.

Using AMPK kinase inactive transgenic mice, the Wojtaszewski group

determined that exercise/contraction-induced enhanced insulin sensitiv-

ity (phase 2, Figure 1) depends upon the activation of AMPK.

57. Sjeberg KA, Fresig C, Kjebsted R, Sylow L, Kleinert M, Betik AC
ee et al.: Exercise increases human skeletal muscle insulin
sensitivity via coordinated increases in microvascular
perfusion and molecular signaling. Diabetes 2017, 66.
Using NOS inhibition and contrast enhanced ultrasound in humans,
combined with muscle biopsy sampling, this study showed that acute
exercise enhances insulin sensitivity (phase 2, Figure 1) by increasing
microvascular perfusion together with increased muscle TBC1D4
phosphorylation.

58. Hingst JR, Bruhn L, Hansen MB, Rosschou MF, Birk JB, Fentz J
et al.: Exercise-induced molecular mechanisms promoting
glycogen supercompensation in human skeletal muscle. Mo/
Metab 2018, 16:24-34 Germany.

59. Richter EA, Garetto LP, Goodman MN, Ruderman NB: Enhanced
muscle glucose metabolism after exercise: modulation by
local factors. Am J Physiol 1984, 246:E476-E482 United States.

60. Frosig C, Rose AJ, Treebak JT, Kiens B, Richter EA,
Wojtaszewski JFP: Effects of endurance exercise training on
insulin signaling in human skeletal muscle: interactions at the
level of phosphatidylinositol 3-kinase, Akt, and AS160.
Diabetes 2007, 56:2093-2102 United States.

61. O’Gorman DJ, Karlsson HKR, McQuaid S, Yousif O, Rahman Y,
Gasparro D et al.: Exercise training increases insulin-
stimulated glucose disposal and GLUT4 (SLC2A4) protein
content in patients with type 2 diabetes. Diabetologia 2006,
49:2983-2992 Germany.

62. Brodal P, Ingjer F, Hermansen L: Capillary supply of skeletal
muscle fibers in untrained and endurance-trained men. Am J
Physiol 1977, 232:H705-H712 United States.

63. Andersen P, Henriksson J: Capillary supply of the quadriceps
femoris muscle of man: adaptive response to exercise.
J Physiol 1977, 270:677-690 England.

64. Steenberg DE, Jorgensen NB, Birk JB, Sjoberg KA, Kiens B,

. Richter EA et al.: Exercise training reduces the insulin-
sensitizing effect of acute exercise in human skeletal muscle.
J Physiol 2019, 597:89-103 England.

In humans, the increase in insulin-stimulated glucose uptake following a

single bout of one-legged exercise was lower in the trained versus

untrained state and associated with reduced signalling through the AMPK

targets, ACC and TBC1D4.

65. Dela F, Ingersen A, Andersen NB, Nielsen MB, Petersen HHH,
Hansen CN et al.: Effects of one-legged high-intensity interval
training on insulin-mediated skeletal muscle glucose
homeostasis in patients with type 2 diabetes. Acta Physiol (Oxf)
2018:e13245. England.

66. Daemen S, Gemmink A, Brouwers B, Meex RCR, Huntjens PR,
Schaart G et al.: Distinct lipid droplet characteristics and
distribution unmask the apparent contradiction of the
athlete’s paradox. Mol Metab [Internet] 2018 . Elsevier, August
18 [cited 2018 August 21]; Available from: In: https://www.
sciencedirect.com/science/article/pii/S2212877818307415.

67. Nielsen J, Mogensen M, Vind BF, Sahlin K, Hojlund K, Schroder HD
et al.: Increased subsarcolemmal lipids in type 2 diabetes:
effect of training on localization of lipids, mitochondria, and
glycogen in sedentary human skeletal muscle. Am J Physiol
Endocrinol Metab 2010, 298:E706-E713 United States.

68. Holloszy JO: Biochemical adaptations in muscle. Effects of
exercise on mitochondrial oxygen uptake and respiratory
enzyme activity in skeletal muscle. J Biol Chem 1967, 242:2278-
2282 United States.

Current Opinion in Physiology 2019, 12:12-19

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0200
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0205
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0205
http://www.nature.com/articles/s41591-018-0131-6
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0215
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0220
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0225
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0225
http://www.ncbi.nlm.nih.gov/pubmed/2496078
http://www.ncbi.nlm.nih.gov/pubmed/2496078
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0235
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0240
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0245
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0250
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0255
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0260
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0265
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0265
http://www.ncbi.nlm.nih.gov/pubmed/19252894%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC3627047/pdf/125_2009_Article_1294.pdf
http://www.ncbi.nlm.nih.gov/pubmed/19252894%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC3627047/pdf/125_2009_Article_1294.pdf
http://www.ncbi.nlm.nih.gov/pubmed/19252894%5Cnhttp://www.ncbi.nlm.nih.gov/pmc/articles/PMC3627047/pdf/125_2009_Article_1294.pdf
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0275
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0280
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0285
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0290
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0295
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0300
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0305
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0310
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0315
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0320
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0325
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0325
https://www.sciencedirect.com/science/article/pii/S2212877818307415
https://www.sciencedirect.com/science/article/pii/S2212877818307415
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0335
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0340
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0340

69. Moore TM, Zhou Z, Cohn W, Norheim F, Lin AJ, Kalajian N et al.:

e The impact of exercise on mitochondrial dynamics and the
role of Drp1 in exercise performance and training adaptations
in skeletal muscle. Mol Metab 2019, 21:51-67 Germany.

In this study, the authors report that dynamin related protein 1 (Drp1), a

mitochondrial fission regulator) was reduced in skeletal muscle from

dysglycemic men and that this could be restored by exercise training.

Muscle-specific Drp1 deficient mice had reduced running performance,

and altered muscle adaptations in response to exercise training. Thus,

this study highlights the importance of mitochondrial adaptability in
muscle.

70. Hood DA, Memme JM, Oliveira AN, Triolo M: Maintenance of
skeletal muscle mitochondria in health, exercise, and aging.
Annu Rev Physiol 2019, 81:19-41 United States.

71. Padrao Al, Ferreira R, Amado F, Vitorino R, Duarte JA: Uncovering
the exercise-related proteome signature in skeletal muscle.
Proteomics 2016, 16:816-830 Germany.

72. Kleinert M, Parker BL, Jensen TE, Raun SH, Pham P, Han X et al.:
ee Quantitative proteomic characterization of cellular pathways
associated with altered insulin sensitivity in skeletal muscle
following high-fat diet feeding and exercise training. Sci Rep
2018, 8:10723 England.
This study elucidated the global proteomic adaptations of skeletal muscle
by exercise training and high fat diet interventions and identified several
novel exercise-regulated targets. Furthermore, this group showed that
diet significantly altered the proteomic exercise responses to training,
making diet an important consideration when designing the optimal
exercise regimen to improve metabolic regulation.

73. Holloway KV, O’Gorman M, Woods P, Morton JP, Evans L,
Cable NT et al.: Proteomic investigation of changes in human
vastus lateralis muscle in response to interval-exercise
training. Proteomics 2009, 9:5155-5174 Germany.

74. Schild M, Ruhs A, Beiter T, Zugel M, Hudemann J, Reimer A et al.:
Basal and exercise induced label-free quantitative protein
profiling of m. vastus lateralis in trained and untrained
individuals. J Proteomics 2015, 122:119-132 Netherlands.

75. Reibe S, Hjorth M, Febbraio MA, Whitham M: GeneXX: an online

e tool for the exploration of transcript changes in skeletal
muscle associated with exercise. Physiol Genomics 2018,
50:376-384 United States.

Description of an online tool, GeneXX (https://genexx.shinyapps.io/gen-

exx/) for the exploration of transcript changes in skeletal muscle asso-

ciated with exercise stratified by exercise type, training status and sex of

the participants and time point after the exercise bout.

76. Vukovich MD, Arciero PJ, Kohrt WM, Racette SB, Hansen PA,
Holloszy JO: Changes in insulin action and GLUT-4 with 6 days
of inactivity in endurance runners. J Appl Physiol 1996, 80:240-
244 United States.

77. Heath GW, Gavin JR 3rd, Hinderliter JM, Hagberg JM,
Bloomfield SA, Holloszy JO: Effects of exercise and lack of
exercise on glucose tolerance and insulin sensitivity. J App/
Physiol 1983, 55:512-517 United States.

78. Cartee GD: Once is enough for acute exercise benefits on
insulin sensitivity. J Physiol 2019, 597:7-8 England.

79. Mikus CR, Oberlin DJ, Libla JL, Taylor AM, Booth FW, Thyfault JP:
Lowering physical activity impairs glycemic control in healthy
volunteers. Med Sci Sports Exerc 2012, 44:225-231 United
States.

80. Barres R, Yan J, Egan B, Treebak JT, Rasmussen M, Fritz T et al.:
Acute exercise remodels promoter methylation in human
skeletal muscle. Cell Metab 2012, 15:405-411 United States.

81. Seaborne RA, Strauss J, Cocks M, Shepherd S, O’Brien TD, van

e  Someren KA et al.: Human skeletal muscle possesses an
epigenetic memory of hypertrophy. Sci Rep 2018, 8:1898
England.

Using genome-wide DNA methylation in human muscle and gene expres-

sion analysis after muscle hypertrophy, this study demonstrated epige-

netic memory for several genes for up to 22 weeks. That shows that the

Exercise and metabolic health Sylow and Richter 19

muscle remembers past exercise trained status for much longer than
previously anticipated.

82. Lee H, Kim K, Kim B, Shin J, Rajan S, Wu J et al.: A cellular
mechanism of muscle memory facilitates mitochondrial
remodelling following resistance training. J Physiol 2018,
596:4413-4426 England.

83. Beeson JH, Blackmore HL, Carr SK, Dearden L, Duque-
Guimaraes DE, Kusinski LC et al.: Maternal exercise intervention
in obese pregnancy improves the cardiovascular health of the
adult male offspring. Mol Metab 2018, 16:35-44.

84. Quiclet C, Dubouchaud H, Berthon P, Sanchez H, Vial G, Siti F
et al.: Maternal exercise modifies body composition and
energy substrates handling in male offspring fed a high-fat/
high-sucrose diet. J Physiol 2017, 595:7049-7062.

85. Stanford Kl, Rasmussen M, Baer LA, Lehnig AC, Rowland LA,

e  White JD et al.: Paternal exercise improves glucose
metabolism in adult offspring. Diabetes 2018, 67:2530-2540
United States.

This study determined the effects of paternal exercise in mice fed a chow

or high-fat diet on the metabolic health of adult offspring. They found that

paternal exercise markedly improved the metabolic health of adult off-
spring and negated the adverse effects of a high-fat diet on offspring body
weight, fat mass, and glucose tolerance.

86. Falcao-Tebas F, Kuang J, Arceri C, Kerris JP, Andrikopoulos S,
Marin EC et al.: Four weeks of exercise early in life reprograms
adult skeletal muscle insulin resistance caused by a paternal
high-fat diet. J Physiol 2019, 597:121-136 England.

87. Stephens NA, Sparks LM: Resistance to the beneficial effects of
exercise in type 2 diabetes: are some individuals programmed
to fail? J Clin Endocrinol Metab 2015, 100:43-52 United States.

88. Sarzynski MA, Ghosh S, Bouchard C: Genomic and
transcriptomic predictors of response levels to endurance
exercise training. J Physiol 2017, 595:2931-2939.

89. Stephens NA, Brouwers B, Eroshkin AM, Yi F, Cornnell HH,

e Meyer C et al.: Exercise response variations in skeletal muscle
PCr recovery rate and insulin sensitivity relate to muscle
epigenomic profiles in individuals with type 2 diabetes.
Diabetes Care 2018, 41:2245-2254 United States.

Here the authors classified individuals with T2D as nonresponders or

responders based on changes in phosphocreatine (PCr) recovery rate

after 10 weeks of aerobic training. That study found training response
variation for several clinical risk factors in individuals with type 2 diabetes.

90. Arad M, Benson DW, Perez-Atayde AR, McKenna WJ, Sparks EA,
Kanter RJ et al.: Constitutively active AMP kinase mutations
cause glycogen storage disease mimicking hypertrophic
cardiomyopathy. J Clin Invest 2002, 109:357-362 United States.

91. Kjobsted R, Hingst JR, Fentz J, Foretz M, Sanz M-N, Pehmoller C
et al.: AMPK in skeletal muscle function and metabolism.
FASEB J 2018, 32:1741-1777 United States.

92. Hoffman NJ, Parker BL, Chaudhuri R, Fisher-Wellman KH,
Kleinert M, Humphrey SJ et al.: Global phosphoproteomic
analysis of human skeletal muscle reveals a network of
exercise-regulated kinases and AMPK substrates. Cell Metab
2015, 22:922-935.

93. Maurya SK, Bal NC, Sopariwala DH, Pant M, Rowland LA,
Shaikh SA et al.: Sarcolipin is a key determinant of the basal
metabolic rate, and its overexpression enhances energy
expenditure and resistance against diet-induced obesity.

J Biol Chem 2015, 290:10840-10849 United States.

94. Maurya SK, Herrera JL, Sahoo SK, Reis FCG, Vega RB, Kelly DP
et al.: Sarcolipin signaling promotes mitochondrial biogenesis
and oxidative metabolism in skeletal muscle. Cell Rep 2018,
24:2919-2931 United States.

95. Voigt A, Katterle Y, Kahle M, Kluge R, Schurmann A, Joost H-G
et al.: Skeletal muscle mitochondrial uncoupling prevents
diabetes but not obesity in NZO mice, a model for polygenic
diabesity. Genes Nutr 2015, 10:57 Germany.

www.sciencedirect.com

Current Opinion in Physiology 2019, 12:12-19


http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0345
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0350
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0355
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0360
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0365
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0370
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0375
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0380
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0385
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0390
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0395
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0400
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0405
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0410
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0415
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0420
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0425
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0430
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0435
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0435
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0435
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0440
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0440
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0440
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0445
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0450
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0455
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0460
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0460
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0460
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0460
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0460
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0465
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0465
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0465
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0465
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0465
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0470
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0470
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0470
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0470
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0475
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0475
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0475
http://refhub.elsevier.com/S2468-8673(19)30053-7/sbref0475

	Current advances in our understanding of exercise as medicine in metabolic disease
	What is old is new again
	The power of exercise – the mechanisms unraveling
	A two-phased metabolic response to an acute exercise bout
	Phase 1: during exercise
	Phase 2: the effects following an acute exercise bout

	Exercise training elicits adaptations that improve energy turnover and stress handling by muscle

	Status on the exercise pill: can we harness the exercise benefits without actually exercising?
	Concluding remarks
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


