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SUMMARY

The risk associated with multiple cancers, cardiovascular disease, diabetes, and all-cause mortality is
decreased in individuals who meet the current recommendations for physical activity. Therefore, regular ex-
ercise remains a cornerstone in the prevention and treatment of non-communicable diseases. An acute bout
of exercise results in the coordinated interaction between multiple tissues to meet the increased energy de-
mand of exercise. Over time, the associated metabolic stress of each individual exercise bout provides the
basis for long-term adaptations across tissues, including the cardiovascular system, skeletal muscle, adi-
pose tissue, liver, pancreas, gut, and brain. Therefore, regular exercise is associated with a plethora of ben-
efits throughout the whole body, including improved cardiorespiratory fitness, physical function, and glyce-
mic control. Overall, we summarize the exercise-induced adaptations that occur within multiple tissues and
how they converge to ultimately improve cardiometabolic health.

MODALITIES OF EXERCISE

Individuals who meet the current recommendations for physical
activity see a reduction in the risk associated with multiple
cancers, cardiovascular disease, diabetes, and all-cause
mortality.”? The current recommendations state that adults
should perform 150-300 min of moderate-intensity exercise
(e.g., walking) or 75-150 min of vigorous-intensity exercise
(e.g., running) per week.® This should incorporate multiple com-
ponents, including endurance, muscle strengthening, and bal-
ance-related activities. When prescribing an exercise program,
there are many variables to consider, including intensity, dura-
tion, frequency, recovery between sessions, time of day, ge-
netic variants, and sex, all of which will influence the adaptive
outcome.*® Endurance exercise is often defined by the inten-
sity at which it is performed and is prescribed relative to
an individual’s maximum heart rate, maximal oxygen uptake
(VOomax), OF maximal power output (Wpa).° For example,
endurance exercise can be broken down into moderate-inten-
sity continuous training (MICT: 50%-75% W nay), high-intensity
interval training (HIIT: intervals at <100% Wmax), sprint interval
training (SIT: intervals of >10 s at >100% Wmay), or repeated
sprints (sprints of <10 s at maximum effort) (Figure 1).° Simi-
larly, when performing resistance exercise, the intensity is pre-
scribed by the load, which is often a percentage of the individ-
ual’s one-repetition maximum. The number of sets, repetitions,
and rest intervals can be manipulated depending upon the
overall training goals, such as increased strength or hypertro-
phy.” Regardless of modality, exercise interventions generally
adhere to the principle of progressive overload, whereby the
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training load is progressively increased over time to maximize
the adaptive response.

Overall, the aim of this review is to describe the physiological
responses to acute exercise and the adaptive responses to
chronic exercise from a multi-tissue perspective. We will focus
primarily on endurance and resistance exercise, and where
possible, human intervention studies will be prioritized. For
some tissues, such data may be limited; therefore, key studies
utilizing preclinical models will be discussed.

ACUTE EXERCISE METABOLISM INVOLVES
COORDINATION BETWEEN MULTIPLE TISSUES

Exercise profoundly increases energy demand and alters sys-
temic metabolic homeostasis (Figure 2). At the onset of exercise,
there is up to a 100-fold increase in the demand for ATP, which is
met via the simultaneous activation of anaerobic and aerobic
ATP production.® During short (<30 s) and intense (>100%
Wimax) bouts of endurance exercise, as well as resistance exer-
cise, the increased demand for ATP is predominantly supplied
by the anaerobic processes such as phosphocreatine (PCr) hy-
drolysis and anaerobic glycolysis.”'® Such processes can pro-
duce ATP in milliseconds via an increase in the concentration
of allosteric regulators such as ADP, AMP, Pi, and the release
of calcium (Ca®*) from the sarcoplasmic reticulum.® The result
is a rapid utilization of skeletal muscle PCr and glycogen stores
and an increase in lactate production.’’*'2 Should the duration
of the exercise bout continue (15-30 s), there is an increase
in the contribution of oxidative phosphorylation to the total
ATP turnover rate,® and as exercise continues further (>2 min),
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Endurance Exercise Modalities
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Figure 1. Endurance exercise modalities

When using an individual’s maximal power output (Wmax) to define the intensity, endurance exercise can be broken down into moderate-intensity continuous
training (MICT: 50%-75% Wpay), high-intensity interval training (HIIT: intervals at <100% Wynax), and sprint interval training (SIT: intervals of >10 s at >100%

Wmax).® Dashed line represents 100% Wax.

aerobic metabolism becomes the predominate source of ATP
production.'® This is facilitated by a large increase in O, con-
sumption, cardiac output, and a redistribution of blood flow
from the renal and splanchnic tissues to the working muscu-
lature.'*15

During continuous-endurance exercise performed at sub-
maximal intensities (<100% W4y, energy provision is main-
tained through alterations in whole body substrate metabolism,
which involves the metabolic coordination of multiple tis-
sues.””"'® The metabolic effects that ensue within the working
musculature and peripheral tissues are dependent upon exer-
cise intensity, duration, training status, nutritional status, and
sex.'” "9 During low- to moderate-intensity exercise (40%-—
55% Wmax), the increased energy demand from rest is met
by an increase in carbohydrate and fat oxidation rates.'® The
increased rates of fat oxidation are achieved via the B-adren-
ergic stimulation of adipose tissue lipolysis, the release of
free fatty acids (FFAs) into circulation, and the oxidation of
intramuscular triglyceride (IMTG) stores.'®2° Exercise also in-
creases skeletal muscle glucose uptake, and euglycemia is
maintained primarily via hepatic glycogenolysis and glucose
delivery from the gastrointestinal tract, subject to prior inges-
tion.?" During exercise, insulin release is diminished via the
a-adrenergic inhibition of pancreatic B cells, thereby altering
the ratio of insulin to glucagon.?? This alteration, together with
changes in glucose availability, results in the stimulation of he-
patic glucose output.?*° Intramuscular glycogen stores can
be utilized via glycogenolysis, and with increasing exercise in-
tensity (75% Wmax), skeletal muscle glycogen becomes the
predominant fuel source.'® At such higher exercise intensities,
the rate of fat oxidation markedly decreases through reduced
oxidation of plasma FFA and IMTG.'® A reduction in the rate
of fat oxidation occurs as a result of reduced adipose tissue
blood flow and an impaired transport of long-chain fatty acids
into the mitochondria.’”-?°

During prolonged (120-240 min) moderate-intensity exercise,
a decrease in carbohydrate oxidation and a shift toward fat

oxidation occurs.'® This is due to a reduction in the availability
of skeletal muscle glycogen stores and the inactivation of pyru-
vate dehydrogenase (PDH).'®?” Despite this, the relative contri-
bution of plasma glucose to total energy expenditure remains
relatively stable, and euglycemia is maintained'® via hepatic
glycogenolysis and an increased contribution from gluconeo-
genesis.?® Furthermore, plasma glucagon levels continue to
rise, which stimulates the hepatic uptake of gluconeogenic pre-
cursors such as lactate, pyruvate, glycerol, and alanine and,
therefore, the maintenance of hepatic glucose output.?®?° The
increase in fat oxidation during this period is predominantly
driven by an increase in the delivery of plasma FFAs as opposed
to an increased oxidation of IMTG stores.'® During the latter
stage of the exercise bout, arterial glucose concentrations begin
to fall as hepatic glucose output fails to meet the energy demand,
and fatigue would eventually ensue.?’

Overall, during short and intense (>100% W nax) exercise, en-
ergy provision is skeletal muscle-centric; however, should exer-
cise continue at submaximal intensities (<100% Wnay), energy
provision is maintained via the coordinated interaction of multi-
ple tissues.

EXERCISE-INDUCED SIGNAL TRANSDUCTION AND
TRANSCRIPTION

Acute exercise activates a comprehensive network of signal
transduction pathways and transcriptional programs that are
responsive to contraction within the working musculature,
cellular energy availability, the hormonal milieu, ion flux, O, avail-
ability, and redox state.®° For example, acute exercise alters a
core of ~400 phosphosites on ~200 proteins, inclusive of canon-
ical exercise signaling pathways such as AMP-activated protein
kinase (AMPK), Ca?*/calmodulin-dependent protein kinases
(CaMKs), mitogen-activated protein kinases (MAPKs), the
mammalian target of rapamycin (mTOR), and protein kinase A
(PKA).®" Similarly, acute exercise activates transcriptional pro-
grams in a temporal manner, which are driven by multiple
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Figure 2. Multi-tissue coordination of acute exercise metabolism

During the immediate onset of exercise (0-30 s at >100% W nax), €nergy provision is muscle-centric and involves the rapid utilization of skeletal muscle glycogen
stores, the production of allosteric regulators such as ADP, AMP, Pi, and Ca®* as well as an increased production of lactate. As such, the ATP production is
predominantly supplied by PCr hydrolysis and glycolysis at the onset (0-6 s); however, as exercise duration continues (15-30 s), the contribution of oxidative

phosphorylation begins to increase. During prolonged exercise (0-240 min) at submaximal intensities (<100% W ax), energy provision involves the coordination
of multiple tissues. During the first half of the exercise bout (0-120 min), energy provision is maintained via the utilization of plasma glucose, plasma free fatty acids
(FFASs), and intramuscular glycogen and intramuscular triglyceride (IMTG) stores. However, as the exercise bout continues (120-240 min), a shift in substrate
oxidation from carbohydrate to fat oxidation is observed, which is a result of an increased utilization of plasma FFA. Representation of ATP turnover rate adapted
with permission from the American Physiological Society.® Representation of energy expenditure and oxidation rate adapted with permission from the Physi-

ological Society.'®

transcription factors, as well as transcriptional coactivators and
corepressors.>’~>° A particular emphasis has been placed on the
role of the peroxisome proliferator-activated receptor-y coacti-
vator 1-alpha (PGC-1a) as transcriptional coactivator and the
consequent recruitment and co-regulation of transcription fac-
tors.®*? Indeed, PGC-1a. forms a central node for exercise-
stimulated signaling to converge upon, whereby signals from
AMPK, CaMKs, and MAPKs can be integrated to coordinate
transcriptional regulation in various tissues.”*™*® Although a
core of canonical signal transducers is activated in response to
exercise (AMPK, mTOR, and PGC-1a), many features of adapta-
tion remain even in their absence.*”**® Furthermore, the post-
translational and transcriptional responses to acute exercise
are modality and tissue specific.®'**“° Therefore, how these sig-
nals mediate chronic adaptations across multiple tissues war-
rants further exploration.
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THE ROLE OF EXERKINES IN INTER-ORGAN SIGNALING

The idea that skeletal muscle-derived humoral factors are
released during exercise was first postulated by Goldstein,*°
and more recently, the term exerkine has been widely utilized
to cover a broad range of exercise-induced signaling mole-
cules.®" An exerkine may be defined as a signaling moiety that
is released in response to an acute exercise bout or chronic ex-
ercise training, which exert effects on target tissues via endo-
crine, paracrine, and autocrine pathways.®' The term exerkine
covers a range of signaling moieties including lipids and metab-
olites, proteins (cytokines), and peptides, as well as, nucleic
acids (microRNA, mRNA, and mitochondrial DNA [mtDNA]),
which are often packaged and released in the form of extracel-
lular vesicles (EVs).®' Although initial investigations focused
upon skeletal muscle-derived factors (myokines), the release
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Figure 3. Chronic exercise adaptations

Chronic exercise is associated with a plethora of benefits throughout the whole body. Within the cardiovascular system, chronic exercise results in an increase in
maximal oxygen uptake (VOomax), cardiac hypertrophy, and an increase in blood volume. This is associated with the enhancement of angiogenesis within the
peripheral vasculature. Adaptations within skeletal muscle include an increased capacity to oxidize lipids and storage of substrates such as glycogen and
intramuscular triglycerides (IMTGs), as well as mitochondrial biogenesis and muscle fiber hypertrophy. There is also a reduction in the storage of adipose tissue in
visceral regions and reduction in lipid deposition within the liver. Such adaptations are associated with enhanced insulin sensitivity in multiple tissues including
skeletal muscle, adipose tissue, and the liver. Furthermore, exercise is associated with an enhanced pancreatic B cell function and sensitivity to glucagon-like
peptide 1 (GLP-1). Finally, chronic exercise is also associated with an enhanced production of short-chain fatty acids (SCFAs) from the gut and an enhanced
neurogenesis within the brain. Ultimately, these adaptations converge to enhance cardiometabolic health.

and uptake of exerkines are now appreciated to entail multiple
organs including the liver, brain, heart, pancreas, gut, and adi-
pose tissue.”’

Of the bona fide exerkines, the cytokine interleukin-6 (IL-6) has
been the most extensively characterized. IL-6 is released from

immune cells and skeletal muscle myofibers, and circulating
concentrations have been observed to increase in response to
endurance and resistance exercise.’>*° IL-6 also exerts meta-
bolic effects on peripheral tissues, including increasing adipose
tissue lipolysis®* and skeletal muscle glucose uptake® at rest,
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while also influencing glucose metabolism during exercise.® In
addition, IL-6-dependent reductions in visceral adipose tissue
have been observed following HIIT in individuals with obesity,
suggesting IL-6 influences exercise adaptation.””*® However,
the exercise-induced improvements in VOzpeak were unaffected
by IL-6 blockade via the IL-6 receptor antagonist, tocilizumab.®”

Recent efforts to characterize the metabolic effects of acute
exercise in both rodents®° and humans®'~®® have focused
upon the utilization of “omics” technologies to capture a wider
range of exercise-responsive factors. For example, a multi-
omics investigation utilized lipidomics, metabolomics, prote-
omics, transcriptomics, and epigenomics to profile the exer-
cise-induced alterations in blood-derived plasma and peripheral
blood mononuclear cells.®’ Acute exercise-induced alterations
in 57% (>9,000) of the total analytes measured inclusive of in-
flammatory cytokines, FFAs, acylcarnitines, amino acids, and
ketone bodies.®' Therefore, it is tempting to propose that such
alterations provide the basis for the signals that mediate the
long-term positive benefits of exercise. However, although
such data highlight the pronounced metabolic changes that
are associated with an acute bout of exercise, further investiga-
tions are warranted to validate the role of individual exerkines in
mediating exercise adaptations. For example, further validation,
including confirming an increase in circulating concentrations
during or following exercise, identifying the tissue and cell type
of origin and respective target tissue, and interrogating the
mechanism of action, remains a future challenge for the field. A
more detailed overview of individual exerkines is beyond the
scope of this review and can be found elsewhere.®':%5-6”

CHRONIC EXERCISE ADAPTATIONS

Regular exercise training affects nearly all cells and organs in the
body (Figure 3). The cumulative effects of each exercise bout in-
crease health and performance outcomes in a tissue-specific
manner. Thus, the mechanisms by which exercise training af-
fects the cardiovascular system, skeletal muscle, adipose tissue,
liver, pancreas, gut, and brain will be individually discussed in the
following sections. Special consideration is also given to the role
of exercise training as a countermeasure against several non-
communicable diseases, including cardiovascular, metabolic,
and cognitive diseases.

CARDIORESPIRATORY FITNESS AND FUNCTION

A key adaptive endpoint associated with regular endurance ex-
ercise training is anincrease in \'/OZmax.68 Increases are observed
following resistance exercise; however, this is predominantly
observed in individuals with low baseline fitness levels.®® The ex-
ercise-induced adaptations that facilitate an increase in VOormax
are found primarily within the cardiovascular system, including
increased cardiac output, red blood cell volume, and hemoglo-
bin mass.’® However, adaptations with the working musculature
including an increase in capillary density and mitochondrial func-
tion also contribute to enhance O, extraction.”" Therefore, in-
creases in VOomax are mediated by the enhancement in the ca-
pacity for O, delivery and extraction. The exercise-induced
increases in VOsmax are, however, heterogeneous,”>’® and
both the baseline and trainability of VOsmax are ~50% dependent
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upon genetic traits.”*"® In elite athletes such as cross-country
skiers, values of ~90 mL-min~'-kg~" are often reported and
are facilitated by a high baseline VOsmax and a high degree of
trainability.”® Therefore, the factors that limit VOomax are likely
to vary between individuals.

Following long-term exercise training, the heart undergoes
substantial remodeling and enlargement, an adaptation often
referred to as the “athlete’s heart.”’’ Cross-sectional data indi-
cate that elite athletes display cardiac hypertrophy, as well as
greater measures of right ventricular systolic function and left
and right ventricular diastolic function.”®®° Extreme cases of
enlargement consistent with those observed in hypertrophic car-
diac myopathy have been observed in endurance athletes such
as rowers, cyclists, and cross-country skiers.®®? Yet in previ-
ously untrained individuals, the exercise-induced increases in
left ventricular mass often fall within normal ranges.®*** Cardiac
remodeling following exercise training is supported by longitudi-
nal assessments (2-12 months), whereby increases in left ven-
tricular mass have been observed in previously sedentary,®%%°
obese,®® and athletic populations.®” For example, endurance
training (6 months) led to eccentric cardiac hypertrophy, resulting
from a simultaneous increase in left ventricular mass and end dia-
stolic volume.®® Conversely, resistance exercise was associated
with a pattern of concentric hypertrophy resulting from an in-
crease in ventricular mass but not volume.?” However, upon
direct comparison to endurance exercise, no such pattern was
observed following resistance training.®® Consequently, both
endurance and resistance exercise result in a similar pattern of
cardiac hypertrophy, although the effects are more pronounced
following endurance exercise.®® Alongside structural changes,
functional alterations are also apparent. For example, endur-
ance-trained individuals display a continuous rise in stroke vol-
ume during incremental exercise, likely a result of the enhanced
diastolic function that is observed in athletic populations.®°:°
Moreover, in endurance-trained athletes, a 3-month intervention
resulted in an increase in left and right ventricular diastolic func-
tion.®” Nevertheless, minimal functional adaptations have been
reported in previously sedentary individuals following 6- to
12-month exercise interventions.®>®° Therefore, although car-
diac hypertrophy is apparent regardless of prior training status,
functional adaptations may require longer interventions and
may also be influenced by genetic factors.” The mechanisms
associated with cardiac remodeling have been elucidated utiliz-
ing preclinical models. As such, the exercise-induced remodeling
of the heart involves alterations to the cardiac transcriptome”®:*°
and proteome.”’ Physiological cardiac hypertrophy is associated
with the activation of the phosphoinositide 3-kinase (PI3K)-Akt
pathway, which is activated by hypertrophic factors such as insu-
lin-like growth factor 1 (IGF1).9>°°® Cardiac remodeling is also
associated with metabolic adaptations, and across multiple
preclinical models, exercise training results in the stimulation of
cardiac mitochondrial biogenesis.?'*°

Chronic exercise training also results in a remodeling of the pe-
ripheral vasculature and improvements in vascular endothelial
function.® During acute exercise, there is a substantial increase
in blood flow to the working musculature and, as a result, alter-
ations in hemodynamic forces such as shear stress and trans-
mural pressure, which collectively provide the stimuli for
vascular remodeling.”” For example, exercise interventions
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increase the size of conduit and resistance arteries.”®%°

Furthermore, such effects are localized to working musculature,
as evidenced by an increase in femoral artery diameter only in
the exercised leg during one-legged exercise,’® and are depen-
dent upon the increase in shear stress.®” Exercise is also a
potent stimulator of angiogenesis, with increased capillary
growth observed in skeletal muscle'® % and adipose tis-
sue'?3 196197 following training. Skeletal muscle angiogenesis
occurs following endurance'?’ 102104105108 o resistance
exercise, %>""% with increases observed following training at
moderate'?"+192.104195 or high intensities. %% 9% 111113 Fyrther-
more, such effects are apparent in both type | and Il skeletal
muscle fibers''"'"? and mediated in part via the secretion of va-
sodilators such as nitric oxide (NO) and pro-angiogenic factors,
such as vascular endothelial growth factor (VEGF). During exer-
cise, the increased blood flow and shear stress result in an in-
crease in several vasodilators, including NO, which regulates
the expression of VEGF.""* Following acute exercise, VEGF ac-
cumulates within the muscle interstitium''® and exerts paracrine
effects on local endothelial cells to increase capillarization.'°
Overall, an increase in capillary density allows for a greater perfu-
sion of skeletal muscle during exercise and a more homoge-
neous distribution of the training-induced increase in cardiac
output.”'®""” This results in a greater surface area for diffusion
and a greater arteriovenous O, difference across the working
musculature.’'®"°

Chronic exercise training is also associated with substantial
hematological adaptations, including an increase in plasma
and red blood volume.”®'?° Observational studies have reported
blood volume is 20%-25% higher in trained individuals and 40%
higher in elite athletes as compared with untrained individuals.'"
During the initial phase of training (<14 days), the observed hypo-
volemia is a result of an increase in plasma volume, which can be
observed as early as 24-72 h following an acute exercise
bout.'?7'?* As training progresses, there is an increase in red
blood cell volume until a plateau is reached and both the plasma
and red blood cell volume are 10% above the pretraining
values.'?® The expansion of red blood cell volume results in an
increase in hemoglobin mass, which in turn facilitates a greater
O, carrying capacity and, therefore, O, delivery.”® Following
the expansion in blood volume, hematocrit levels return to pre-
training levels.'?® The mechanisms that facilitate the erythropoi-
etic effects of exercise are incompletely resolved and likely
involve multiple processes including hematological, hemody-
namic, and hormonal factors.'?® The relative importance of he-
matological changes to overall training adaptations has been
demonstrated across numerous studies.'?’~'?° For example,
following an acute blood volume expansion in untrained individ-
uals, diastolic filling rate, cardiac output, and stroke volume were
all increased, resulting in an increase in VO,max. '2¢ Correspond-
ingly, both \'/ozmax and maximal cardiac output were restored to
pretraining values when the training-induced increases in blood
volume were reduced to that of pretraining values via the use of
phlebotomy.”%129

SKELETAL MUSCLE FORM AND FUNCTION

Skeletal muscle adaptations to exercise training involve a coor-
dinated set of changes in form and function, which contribute to
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improved fatigue resistance during subsequent exercise ses-
sions.”*° For example, endurance exercise training results in
an enhanced capacity for aerobic energy provision in skeletal
muscle and a shift toward increased lipid oxidation—and
decreased carbohydrate oxidation—at the same absolute exer-
cise intensity as the pretraining state.’®'~"*®* However, exercise
training also increases the maximal capacity for carbohydrate
oxidation,"®* which primarily facilitates a higher power output
during intense endurance exercise, whereas the increased ca-
pacity for lipid oxidation facilitates the ability to sustain power
output during prolonged submaximal exercise. These enhance-
ments are underpinned at a cellular level by increased abun-
dance of proteins involved in O, delivery to and extraction from
skeletal muscle,'® antioxidant capacity,’*® glucose transport
and glycogen synthesis,'®” glycolytic metabolism,'*® lactate
transport and pH regulation,’ mobilization, transport and
oxidation of fatty acids,'“*'*" the TCA cycle,'** and mitochon-
drial ATP production.'*® The increased skeletal muscle content
of proteins that facilitate the sarcolemmal transport of glucose'*
and fatty acids'“° facilitates a higher maximal capacity to utilize
glucose'*® and FFA'*® from the circulation during exercise. Such
changes also contribute to an enhanced capacity to store higher
amounts of intramuscular glycogen'*” and triglyceride'*® in the
trained state.

The exercise-training-induced increase in skeletal muscle
oxidative capacity is largely due to an increase in mitochondrial
biogenesis. As such, mitochondrial biogenesis is a well-estab-
lished response to endurance exercise in the form of MICT,'*°
HIIT/SIT,'*°'2 and in some cases, resistance exercise.'*®
This is reflected by an increased volume density, respiratory ca-
pacity,'**°*1%5 and a remodeling of the mitochondrial prote-
ome, acetylome, and lipidome,'*®"*° as well as a higher
maximal activity of the enzyme complexes PDH'®° and carnitine
palmitoyltransferase | (CPTI),'®" which are regarded as rate-
determining for carbohydrate and lipid oxidation respectively.
As opposed to being considered individual organelles, mito-
chondria are now described as a dynamic reticulum.'®>'%® Mito-
chondrial fission-fusion dynamics, '®* the mitochondrial unfolded
protein response, and mitochondrial quality control through mi-
tophagy (the specific degradation and recycling of dysfunctional
mitochondria through the autophagosome-lysosomal sys-
tem)'®® are increasingly studied. For example, exercise training
increases the ratio of fusion-to-fission proteins, promoting the
fusion of mitochondria to form a reticular network.'®® Autophagic
processes and lysosome plasticity are also evident'®®~'%¢ and
may be required for the adaptation to endurance exercise
training.’®®""" In addition, several anabolic roles for the lyso-
some have been described in skeletal muscle, including as a
site of mMTOR complex 1 (MTORCH1) activation and, therefore,
the activation of protein synthesis.'®” Lastly, under resting con-
ditions, the capacity for autophagy and mitophagy regulation is
increased in human skeletal muscle by exercise training.' > "*
Therefore, the current model suggests that acute exercise in-
duces turnover of the mitochondrial pool within skeletal muscle
in a coordinated process of removal of dysfunctional mitochon-
dria, in collaboration with the activation of biogenesis.'®*
Although mitochondrial protein synthesis is increased during
chronic exercise training,'*®'’® the precise role of mitophagy
in mediating mitochondrial turnover following training remains
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unclear and is likely time course dependent.’”?'7%17617° Recent
advancements in the assessment of post-translational modifica-
tions such as phosphorylation®' and ubiquitination'®® will pro-
vide useful tools for the further examination of skeletal muscle
proteostasis following acute and chronic exercise.

Resistance exercise training induces morphological and
neurological adaptations within skeletal muscle including an
enhanced force-generating capacity, a greater capacity for
non-oxidative energy provision, and an increase in skeletal mus-
cle size resulting from an increase in muscle fiber cross-sectional
area.'®' Myofibrillar protein accretion is proposed as the primary
mechanism by which the cross-sectional area of individual mus-
cle fibers increase in size.'®*'®® Consequently, the regulation of
muscle protein synthesis, '®* and breakdown, '®°is a central focus
for understanding the mechanistic basis of adaptation to resis-
tance exercise training.'®®'®” Rates of cellular protein synthesis
depend on translational efficiency (protein synthesis per unit
amount of mMRNA) and on translational capacity (i.e., ribosomal
content per unit of tissue).'®® Much of the focus on translational
capacity has been on ribosomal biogenesis, which in this context
refers to the de novo synthesis of ribosomes, a process that in-
volves the transcription and processing of ribosomal RNA
(rRNA) and the assembly of ribosomal proteins, as reviewed else-
where. #8189 Several lines of evidence point to increased transla-
tional capacity as a result of exercise-training-induced ribosomal
biogenesis.'*% 188190 Neural adaptations, including improve-
ments in motor unit activation, firing frequency, and synchrony
of high threshold motor units are also important for the enhanced
force-generating capacity of skeletal muscle.'®"'9* Neural adap-
tations occur rapidly and tend to precede hypertrophic adapta-
tions, "% which occur at a slower rate since the rate of muscle pro-
tein synthesis must exceed breakdown for a period of time before
a measurable accretion of contractile protein occurs.’®*

Although adaptations tend to be specific to a given exercise
modality, as the volume of exercise training is increased, the
contribution of various adaptations can overlap between
different types of exercise. For example, endurance exercise
training can produce modest hypertrophy of muscle fibers, %
and neural adaptations in terms of muscle recruitment are
evident in endurance athletes,'°®'®” whereas resistance exer-
cise training can increase mitochondrial protein content and
function'®®2°" and VOumax,°° such that an improvement in fa-
tigue resistance is often observed.'®' Similarly, short sprint
training can produce a broad range of adaptive responses,
including some that resemble the traditional endurance or
strength/power phenotypes.?®? Sprint training is mainly associ-
ated with an enhanced capacity for non-oxidative energy provi-
sion, but adaptive changes are highly dependent on the duration
of sprint bouts, recovery between bouts, and total volume within
sessions,?%? such that sprint training and SIT are also a potent
stimulus to increase the skeletal muscle content of membrane
proteins involved in lactate and ion regulation.?°*% Although
increased muscle fiber cross-sectional area is sometimes
observed after sprint training,”°” marked skeletal muscle hyper-
trophy is not generally observed.? In fact, SIT has a remarkable
capacity to produce an endurance phenotype in skeletal mus-
cle,?°"2"? and improve endurance performance.’®’

Acute and chronic exercise improves metabolic health via the
enhancement of peripheral insulin sensitivity across multiple
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populations, including sedentary, obese, and type
2 diabetes.??9?* Acute exercise stimulates an increase in insu-
lin-independent skeletal muscle glucose uptake®”® while also
sensitizing skeletal muscle to insulin for up to 48 h following
the exercise bout.?'* The mechanisms underlying the promotion
of post-exercise insulin sensitivity involve the coordinated
enhancement of glycogen synthase activity, signaling via TBC1
domain family member 4 (TBC1D4), insulin-responsive micro-
vascular perfusion, as well as the intracellular redistribution of
glucose transporter type 4 (GLUT4).?'>?*° The increased micro-
vascular perfusion in response to insulin was observed in an
NO-dependent manner and serves to increase skeletal muscle
glucose delivery, whereas the enhanced molecular signaling
and redistribution of GLUT4 primes the muscle for increased
glucose uptake.?'*??® Conversely, chronic alterations in insulin
sensitivity are associated with a remodeling of the skeletal mus-
cle proteome and microvasculature, alongside the alterations in
substrate metabolism described above. Notably, chronic exer-
cise increases the abundance of key proteins involved in glucose
handling such as GLUT4 and hexokinase Il (HKII).??"-?%8
Although the acute enhancement in molecular signaling is not fi-
ber-type specific,”*° chronic adaptations are particularly evident
in oxidative type | fibers.?*° Although this enhances the capacity
for glucose uptake, substrate delivery is improved via the exer-
cise-associated stimulation of skeletal muscle angiogenesis. '
The improvements in peripheral insulin sensitivity are rapid and
have been observed following short-term (<2 weeks) interven-
tions in individuals with type 2 diabetes,?*"**" although they
are equally rapidly reversed following detraining.”*?

ADIPOSE TISSUE METABOLISM

Akey adaptation often associated with regular physical activity is
weight loss. Overall, physical activity interventions result in small
but clinically relevant reductions in body mass®>* which is asso-
ciated with a loss of fat mass from multiple depots including
visceral adipose tissue.”**?*® Such reductions are associated
with the energy deficit created via increasing physical activity
and represent no greater changes than creating an energy deficit
via reducing energy intake.”®”***¢ Although the ability of exercise
to induce weight loss in the absence of dietary manipulation is
minimal, exercise may confer additional metabolic benefits aside
from weight loss such as a protection in the loss of fat-free mass
when compared with caloric restriction alone.?*®?*° In addition,
regular exercise training reduces the amount of lipids in circula-
tion,?* as well as the ectopic deposition of lipids in liver,?34235
heart,?*>?*" and pancreas,®*? even in cases where no overall re-
ductions in fat mass are observed.”*® Exercise training also re-
duces intramuscular lipid deposition in metabolically impaired
individuals®*®; however, in highly trained individuals, exercise in-
creases intramuscular lipid stores, a phenomenon referred to as
the athlete’s paradox.’** This is associated with increased lipid
droplets in the intermyofibrillar region of oxidative type | fibers,?*
which provide a fuel source during exercise,”*® as well as, an in-
crease in the levels of adipose triglyceride lipase (ATGL) and
perilipin-5 (PLIN5), which enhance the capacity for lipid droplet
turnover in trained skeletal muscle.**°

Following exercise training, alterations in adipocyte
morphology have been reported, which may be related to either
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a reduction in adipocyte size or number. A greater proportion of
smaller adipocytes is considered to result in improved adipose
tissue metabolic health as these adipocytes exhibit a lower
pro-inflammatory macrophage infiltration®"” and enhanced insu-
lin sensitivity.?*® Generally, studies employing short-term exer-
cise interventions (2-12 weeks) have failed to identify alterations
in adipocyte morphology.'’®?*° However, studies employing
longer interventions (12-24 weeks) consisting of MICT and HIIT
have identified a shift toward a greater proportion of smaller ad-
ipocytes. 072597252 | addition, reductions in adipocyte size have
been observed when participants were required to maintain
weight throughout the intervention, highlighting the ability of ex-
ercise to improve metabolic health in the absence of weight
loss.'®” Although the adipocyte number is reduced in rodents
following exercise training,>>>*°* the data in humans do not
corroborate this finding.'%®°%?°> Such measurements in hu-
mans, however, are limited by the fact that they are generally
taken from one site (abdominal subcutaneous), and depot-spe-
cific effects may be apparent. For example, white adipose tissue
is a heterogeneous tissue comprising of multiple cell types,
including subpopulations of adipocytes that display distinct sen-
sitivities to insulin.?*®?°” In rodents, exercise training results in an
increase in insulin-sensitive populations of adipocytes.?® There-
fore, single-nucleus RNA sequencing (snRNA-seq)?*° may pro-
vide a powerful tool in future efforts to understand both the acute
and chronic responses to exercise in human adipose tissue.
Following chronic endurance training, an increase in fat oxida-
tion during submaximal exercise is consistently observed across
multiple populations.'*®250252 However, this likely reflects
alterations in skeletal muscle fuel utilization as opposed to alter-
ations in adipose tissue lipolysis. Basal adipocyte lipolysis
assessed ex vivo is generally unchanged following exercise in-
terventions,?*%?%3-25¢ whereas B-adrenergic-stimulated lipolysis
is increased”®?:?°1264257 or ynchanged.?®>?%°> However, the
assessment of maximal lipolytic rate in response to supraphysio-
logical doses of catecholamines may not reflect physiological
adaptations. Following exercise training, adipose tissue-derived
fatty acid availability is not increased during exercise®®>?® or
following catecholamine stimulation.?®®>*”° Furthermore, exer-
cise training results in a reduced catecholamine response during
exercise at the same relative intensity, which may influence lipo-
lytic rate.”®' Therefore, the increase in fat oxidation following
training is a result of an increased utilization of IMTG stores
and not adipose tissue lipolysis.?®"*%? Adipose tissue lipolysis
is in part regulated by insulin, and adipose tissue insulin sensi-
tivity is improved following exercise training when assessed via
the insulin-mediated suppression of lipolysis®”' " or via indi-
rect measures such as the adipose tissue insulin resistance
index (ADIPO-IR).?”* Furthermore, insulin-stimulated glucose
uptake in adipocytes is increased following exercise
training.'%®?"® This effect is dependent upon exercise intensity
with SIT stimulating an improvement in visceral adipose tissue
glucose uptake compared with MICT.'°® Improvements in adi-
pose tissue insulin sensitivity may in part be mediated by in-
creases in GLUT4 protein levels. In individuals with type 2 dia-
betes, 4 weeks MICT resulted in an increase in adipose tissue
GLUT4 protein abundance®’®; however, in healthy individuals,
GLUT4 protein content was unchanged following 10 days
of exercise.”’” Therefore, either longer-term exercise is needed
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toincrease adipose tissue GLUT4 protein abundance or exercise
only facilitates an increase when basal levels are reduced. The
metabolic benefits of exercise on adipose tissue, such as
improved insulin sensitivity are often greater when a degree of
weight loss is apparent.?’ In many of the studies highlighted
above, the post-training metabolic assessment was performed
24-96 h following the final training bout. Therefore, some of the
adaptations described above may be residual effects from the
final training bout as both lipid oxidation and insulin sensitivity
remain elevated following acute exercise.?’*?"®

In rodents, exercise training increases the oxidative capacity
of adipose tissue®’%; however, the data in humans are less clear.
For example, 10 days of MICT and HIIT in previously untrained
males did not increase adipose tissue palmitate oxidation.?°
Furthermore, adipose tissue mitochondrial function as assessed
by high-resolution respirometry is unaltered following exercise
interventions in previously sedentary individuals,?®' individuals
with obesity?®272%° or at risk of type 2 diabetes.?*> When normal-
ized to a marker of mitochondrial content such as mtDNA or cit-
rate synthase (CS) activity, intrinsic mitochondrial function is
increased following exercise training in endurance trained or in-
dividuals with obesity in some,*®**®° but not all studies.?%?%* Al-
terations in oxidative capacity may be underpinned by changes
in mitochondrial volume. However, when assessed via elec-
tron microscopy, mitochondrial volume remained unchanged
following 10 days of MICT/HIIT in previously sedentary males.?®°
Similarly, multiple markers of mitochondrial content (mtDNA or
oxidative phosphorylation protein content) are unaltered in indi-
viduals with obesity following an exercise intervention,?*%-285-28°
although one study did report an increase in the expression
succinate dehydrogenase complex subunit A (SDHA) following
10 weeks of MICT/HIIT in the subcutaneous adipose tissue of
healthy individuals.”®® The conflicting evidence likely stems
from multitude of factors including training modality, intensity,
populations studied, and methodological differences, making
the influence of exercise on adipose tissue difficult to
discern. However, a notable similarity between the studies
described above is that they are relatively short term
(<12 weeks).?#9?5%:282-285 Eqllowing a long-term (6 months)
endurance exercise intervention, genes related to oxidative
phosphorylation are increased,?®” and cross-sectional data indi-
cate that lifelong training increases adipose tissue mitochondrial
function as a result of increased mitochondrial content.?®® There-
fore, long-term interventions may be required to confer adapta-
tions within adipose tissue mitochondria.

Exercise training increases the number of white adipocytes
that phenocopy brown adipocytes in rodents.?’® This process
has been referred to as “beiging,” and these adipocytes display
a multilocular phenotype and an increased expression of brown-
ing genes such as uncoupling protein 1 (UCPT). Despite the
observations in rodents, evidence for the beiging of white
adipose tissue in humans is limited. Although one study
observed that UCP71 gene expression trended to increase
following 12 weeks of combined endurance and resistance exer-
cise,”®® the majority of studies have not corroborated this
finding.2*9-280:281,286.287.290 | gome cases, UCP1 was undetect-
able at both the gene and protein level in human white adipose
tissue,”*¥?%° and there was no evidence of multilocular adipo-
cytes following training.>*°
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Brown adipose tissue predominantly resides within the supra-
clavicular region, and a detectable level of this thermogenic fat
depot is associated with a reduced prevalence of cardiometa-
bolic disease.”®' However, in endurance-trained athletes, brown
adipose tissue activity is lower when compared with respective
sedentary counterparts.?®? Furthermore, following a 24-week
intervention consisting of combined endurance and resistance
training, no change in brown adipose tissue volume or activity
was observed.’®® Finally, many of the exerkines associated
with adipose tissue browning or brown adipose tissue meta-
bolism remain unchanged following exercise training.?** There-
fore, exercise training seems to have minimal effects on brown
adipose tissue, although the current literature is limited in
breadth.

HEPATIC METABOLISM

The liver represents a key site of dysregulation in the develop-
ment of insulin resistance and type 2 diabetes?®”; therefore, in-
vestigations examining the effects of exercise within the liver
have focused upon the regulation of glycemia and insulin sensi-
tivity. Following endurance exercise training, the rate of appear-
ance of glucose during exercise is reduced at the same relative
intensity, suggesting a reduced rate of hepatic glycogenol-
ysis.?®! Furthermore, basal endogenous glucose production re-
mains unchanged in individuals with obesity”’*?%° or impaired
glucose tolerance.?®”"?°® Conversely, in individuals with type 2
diabetes orimpaired fasting glucose, basal endogenous glucose
production is generally reduced,®'%?%1:222:2% glbeit not in every
case.®°? Therefore, for exercise to exert beneficial effects, a de-
gree of impairment in basal endogenous glucose production
may need to be present prior to the initiation of training. Endog-
enous glucose production can also be suppressed by insulin,
and following exercise interventions consisting predominantly
of endurance exercise, hepatic insulin sensitivity was enhanced
in healthy,?* individuals with obesity,”'%2722%6:2% gnd type 2
diabetes.??"??>2%0 However, exercise failed to improve hepatic
insulin sensitivity in individuals with both impaired fasting
glucose and glucose intolerance,?'® as well as during acute
FFA-induced insulin resistance.??® Therefore, the degree of insu-
lin resistance present prior to the onset of training may be an
important determinant in the ability of exercise to improve hepat-
ic insulin sensitivity.>'® Furthermore, following interventions that
do not result in weight loss, improvements in hepatic insulin
sensitivity were not apparent.®">%°

Under conditions of excess energy consumption, an increase in
the ectopic deposition of lipids within the liver may occur, leading
to metabolic dysfunction-associated steatotic liver disease
(MASLD).*°" The gold standard in the assessment of hepatic stea-
tosis involves an invasive liver biopsy, and therefore, the
deposition of intrahepatic lipids (IHLs) is commonly assessed
non-invasively utilizing proton magnetic resonance spectroscopy
('H-MRS). When exercise is administered in the absence of dietary
manipulation, exercise consistently reduces IHL across multiple
populations including healthy®*” and obese,?**?3°:3%339% a5 well
as type 2 diabetes®*® and MASLD.*%"*"> Reductions in IHL have
predominantly been observed following interventions consisting
Of MICT234,235,302—305,307,308,310,312,314 but are also apparent
following HIIT,?%°% SIT,*™ resistance training,****°"*% and
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combined training.®'"*'® However, multiple short-term interven-
tions (7 days) have failed to decrease IHL.2'®*'” Although exercise
results in a reduction in IHL in the absence of weight loss, the ef-
fects are more potent when weight loss occurs.®'® Therefore,
although exercise represents a useful therapeutic in the reduction
of IHL and the prevention of MASLD, a combination of exercise
and dietary manipulation would yield greater benefits.

PANCREATIC 8 CELL FUNCTION

Research into the effects of exercise on the pancreas has mainly
focused upon adaptations within the insulin producing B cells.
Exercise training alters the function of the B cell; however, these
adaptations are context dependent. For example, in healthy indi-
viduals, endurance training reduces insulin secretion in response
to glucose or secretagogues such as arginine,*'®*?? whereas in
individuals with type 2 diabetes, glucose-stimulated insulin
secretion is increased.®*>%?* n healthy individuals, the reduction
in insulin secretion is likely a result of increased insulin sensi-
tivity,>** whereas in individuals with type 2 diabetes, the resulting
increase in insulin secretion is possibly related to a reduction in
circulating glucose and lipids, which contribute to § cell over-
load®** and diminish B cell function. Importantly, the degree of
residual B cell function may determine the effectiveness of an ex-
ercise intervention,***>°%° with a pretraining impairment in insulin
secretion predicting an impaired response to endurance exer-
cise training.®>> When assessing B cell function, glucose-stimu-
lated insulin secretion is commonly measured; however,
changes in insulin sensitivity alongside this axis are important
to consider. Such an assessment is often referred to as the
disposition index (DI),>°® which has been utilized to assess the
effects of exercise on f cell function.

B cell function is improved in individuals with overweight/
obesity,*>~23% and pre- or type 2 diabetes following an exercise
intervention.?'"-324:325:331-333 gch improvements are apparent
regardless of whether the intervention consists of endur-
ance?!7824:325:329-333 o resistance exercise.**® Improvements
in B cell function are greater when endurance and resistance
training are combined; however, this is likely related to the
increased training volume.®*?” Short duration interventions
(<4 weeks) are not as effective in improving B cell function,***
further supporting the notion that training volume is an important
determinant in improving B cell function.

Alongside the observed reduction in § cell function in individ-
uals with type 2 diabetes, B cell mass is also reduced.®>:%%¢
Therefore, interventions to increase the mass and improve the
morphology of the islet may provide clinical benefits. Due to
the difficulty in sampling from the pancreas, research efforts
have mainly been conducted within preclinical models. In Zucker
diabetic fatty (ZDF) rats and pancreatectomized rats, exercise
interventions resulted in higher B cell proliferation and reduced
B cell apoptosis when compared with respective controls.**"%¢
Such effects are possibly mediated via the induction of the
insulin/IGF1 signaling cascade.®*” Under high-fat diet condi-
tions, chronic exercise attenuates the loss of B cell mass and
maintains islet morphology via a reduction in fibrosis,**° possibly
via reductions in pro-inflammatory markers such as IL-18 and
tumor necrosis factor alpha (TNF-2).%*° Such effects on B cell
function may be driven via indirect effects, as exercise results
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in the removal of glucose and FFA from circulation, which may
drive B cell dysfunction under conditions of excess.

Pancreatic B cells secrete insulin in response to incretins like
glucagon-like peptide 1 (GLP-1) and glucose-dependent insuli-
notropic polypeptide (GIP). However, during the development
of type 2 diabetes, this response becomes blunted.**° In individ-
uals with obesity, an intervention consisting of MICT improved
B cell sensitivity to GLP-1, although whether such effects are in-
dependent of weight loss remains unknown.**" GLP-1 receptor
agonists have been utilized as pharmacological approaches in
the treatment of obesity and type 2 diabetes. Therefore, an exer-
cise-induced enhancement of B cell GLP-1 sensitivity may
improve the efficacy of such therapeutics. For example, a com-
bination of exercise and treatment with the GLP-1 receptor
agonist, liraglutide, enhanced B cell function, whereas exercise
or liraglutide treatment alone did not.*** Therefore, the addition
of exercise may be complementary to pharmacological treat-
ments of obesity and type 2 diabetes. In addition, although the
current pharmacological treatments have been successful to
promote weight loss, this often comprises lean mass.***> The
addition of exercise interventions may offer some protection
against the loss of lean mass, although this has yet to be studied.

GUT MICROBIOTA

The intestinal lumen of the gastrointestinal tract plays host to
alarge number (10'%) of microbes, collectively referred to as the mi-
crobiome. Remarkable diversity is observed within these microbes
dependent upon diet, ethnicity, age, sex, and body mass index.>**
An imbalance of the gut microbiota has been linked to intestinal
diseases,**° as well as metabolic diseases such as obesity, type
2 diabetes, and chronic liver diseases.**®**” Therefore, interven-
tions that increase the diversity of gut microbiome have been
postulated to possess a therapeutic benefit.

Athletes display an increase in gut microbial diversity when
compared with healthy individuals,*%°*° although this is likely
influenced by a multitude of factors including substantial differ-
ences in dietary intake and energy expenditure.**® In rodents,
exercise alters the composition of the gut microbiome indepen-
dent of diet.***=>°? In human intervention studies, the a-diversity,
representing a measure of within-sample diversity, was un-
changed following short-term (6-8 week) MICT and resistance
exercise in athletic, sedentary, and obese individuals.>>*=5°
Conversely, long-term (6 months) MICT interventions induce
modest increases in the a-diversity of the gut microbiota in over-
weight individuals,®*® whereas in patients with MASLD, a loss
of a-diversity from that observed in untrained individuals was
prevented.*®’

Exercise may also influence the production of microbial-
derived gut metabolites such as short-chain fatty acids
(SCFAs). For example, longitudinal studies provide evidence
for increased levels of fecal SCFAs acetate, propionate, and
butyrate following exercise training.®*> SCFAs are produced
due to the intestinal fermentation of carbohydrates and pro-
tein®®® and may influence gut and peripheral metabolism in
part via G protein-coupled receptors (GPRs).>°* SCFAs increase
the secretion of gut-derived satiety hormones GLP-1 and pep-
tide YY (PYY) in a GPR41 and GPR43 dependent manner.36%5°
Furthermore, GPR41 is expressed predominantly in white adi-
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pose tissue and to a lesser degree in skeletal muscle and liver,
suggesting multiple avenues by which SCFAs could influence
peripheral metabolism.*%**®® However, much of data associ-
ating exercise and SCFAs are derived from rodent models, and
the human data are inconsistent.®®” Furthermore, whether the in-
creases in fecal SCFAs translates to meaningful changes in
circulating concentrations post-exercise is currently unclear.

BRAIN METABOLISM

Engaging in physical activity has been associated with the main-
tenance of cognitive health including, improved cognition,
mood, and memory,>°® whereas physical inactivity is considered
amodifiable risk factor for the incidence of neurological diseases
such as dementia.**® Therefore, much of the exercise-associ-
ated research has focused upon preventing cognitive decline
during aging.

Evidence from rodent models suggests that voluntary wheel
running results in the stimulation of hippocampal neurogenesis
in both young and aged animals.*”%*”" In humans, MICT resulted
in an increase in hippocampal volume and offset the age-associ-
ated decline observed in those with dementia.>”> More specif-
ically, exercise increased the volume of the anterior hippocam-
pus, a brain region associated with learning and memory.*"®
Although many trials display positive effects of exercise on
cognitive function across multiple populations,®’* the current
data from randomized control trials are inconsistent.®”® Partici-
pants with high adherence and achieving an exercise intensity
of at least 70% maximum heart rate did, however, improve on
the primary outcome assessment of cognition.>’® Therefore, a
dose-response relationship has been hypothesized to exist be-
tween exercise and cognition, but further trials are warranted
to confirm this. Improvements in cognition may be partly medi-
ated by changes in cerebral blood flow. Increases in cerebral
blood may be mediated by an increase in angiogenesis, which
has been observed across multiple brain regions following
an exercise intervention in rodents.®”” In humans, high cardiore-
spiratory fitness is associated with improved cerebrovascular
function; however, intervention studies have reported heteroge-
neous results and are limited in quantity and quality.®”®

Obesity and type 2 diabetes result in an increased risk of
developing neurological diseases such as Alzheimer’s dis-
ease.””® Although the central nervous system does not depend
on insulin for glucose utilization, insulin receptors are expressed
within the brain.>*° Furthermore, insulin resistance has been
observed in the human brain®®' and central insulin action has
been linked to peripheral insulin sensitivity.*®> The central ac-
tions of insulin have been examined via the intranasal administra-
tion of insulin and the utilization of functional MRI (fMRI) in con-
cert with measures of cerebral blood flow.*®* For example,
8 weeks of MICT improved brain insulin action in overweight in-
dividuals,*®* although the intervention was limited by a lack of an
appropriate control group.®®* The neurometabolic effects of ex-
ercise have been further studied in preclinical models and sug-
gest that exercise stimulates mitochondrial biogenesis across
multiple brain regions.*®>*¢ Furthermore, exercise ameliorated
increases in cerebral reactive oxygen species production and
decreased proteostasis, which led to an accumulation of
oxidized mitochondrial proteins in diet-induced obese mice.*%°
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However, the exercise intervention improved body composition,
which may also contribute to the improvements in peripheral
metabolism.**® Further studies are warranted to ascertain the
molecular mechanisms accounting for neurometabolic effects
of exercise.

ADAPTATIONS CONVERGE TO IMPROVE
CARDIOMETABOLIC HEALTH

Exercise interventions induce metabolic adaptations across
multiple tissues, which, when viewed at the whole-body level,
converge to improve cardiometabolic health. Alithough adapta-
tions are often studied at the individual tissue level, adaptations
within specific tissues often overlap and interact with other tis-
sues, thereby improving whole-body metabolism. For example,
chronic exercise facilitates an increase in whole-body lipid turn-
over. This is associated with adaptations within skeletal muscle
including an increase in the capacity for fat oxidation, the expres-
sion of proteins regulating lipolysis,>*>*®' and a reduction in in-
sulin desensitizing lipid species such as diacylglycerols and
ceramides.®®”*%8 Furthermore, a greater degree of lipid turnover
results in the reduction in the amount of lipids in circulation,”*° as
well as the ectopic deposition of lipids within the liver,2342%°
heart,”'>?*" and pancreas.”’” Therefore, exercise provides
an avenue to reduce the lipotoxicity that is associated with
poor metabolic health and insulin resistance.*®°°" As such,
exercise interventions often result in improvements in insulin
sensitivity within skeletal muscle,”'*** adipose tissue,”’' ">
liver,?21:222:3%0 and brain.*** Improvements in insulin sensitivity
are mediated in part by adaptations at the individual tissue level
including an increase in the abundance of key proteins involved
in glucose handling such as GLUT4 within skeletal muscle®”*%®
and adipose tissue.?”® However, adaptations within one tissue
may provide complementary metabolic adaptations to another
tissue. For example, the removal of lipids from circulation may
be facilitated by an increased oxidation within skeletal muscle
or an enhancement in the insulin-mediated suppression of lipol-
ysis. This may in turn provide a mechanism by which hepatic in-
sulin sensitivity is improved?’? or B cell overload is prevented.***
Metabolic adaptations are often associated with improvements
in oxidative metabolism within individual tissues. As such,
mitochondrial biogenesis following exercise training has been
reported within skeletal muscle,*°~ %1153 the heart,”'***°> and
multiple brain regions,*®>*¢¢ although not as consistently within
adipose tissue.?®*%° Tissue oxygenation may also be improved
by a broad upregulation of angiogenesis, and as such, increased
capillary growth has been observed in skeletal muscle'*°~'% ad-
ipose tissue, %9197 and brain®®>%¢ following training. This
may in turn provide an alleviation of chronic inflammation, which
has been associated with poor cardiometabolic health.*®> The
resulting adaptations at the individual tissue level converge to
positively effect multiple cardiometabolic risk factors such as
blood pressure, cardiorespiratory fitness, insulin resistance,
blood lipid profiles, and lipid deposition.>%-%%*

CONCLUDING REMARKS

Overall, both acute and chronic exercise interventions provide
beneficial effects on whole-body metabolism; however, the ef-
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fects are often heterogeneous®**° and are dependent upon ge-

netic and environmental factors.*>°° Thus, exercise prescription
and training modalities may vary depending on individual needs,
including desired performance outcomes, or alternatively, a
particular disease prevention or treatment strategy. Given the
widespread benefits of regular exercise training on the cardio-
metabolic health, further interrogation of this biology and how
it can be used to achieve optimal health and performance across
diverse populations, as well as in the prevention and treatment of
non-communicable diseases, is warranted.
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