
REVIEW ARTICLE OPEN

Molecular insights of exercise therapy in disease prevention
and treatment
David Walzik 1, Tiffany Y. Wences Chirino 1, Philipp Zimmer 1✉ and Niklas Joisten 1,2✉

Despite substantial evidence emphasizing the pleiotropic benefits of exercise for the prevention and treatment of various diseases,
the underlying biological mechanisms have not been fully elucidated. Several exercise benefits have been attributed to signaling
molecules that are released in response to exercise by different tissues such as skeletal muscle, cardiac muscle, adipose, and liver
tissue. These signaling molecules, which are collectively termed exerkines, form a heterogenous group of bioactive substances,
mediating inter-organ crosstalk as well as structural and functional tissue adaption. Numerous scientific endeavors have focused on
identifying and characterizing new biological mediators with such properties. Additionally, some investigations have focused on
the molecular targets of exerkines and the cellular signaling cascades that trigger adaption processes. A detailed understanding of
the tissue-specific downstream effects of exerkines is crucial to harness the health-related benefits mediated by exercise and
improve targeted exercise programs in health and disease. Herein, we review the current in vivo evidence on exerkine-induced
signal transduction across multiple target tissues and highlight the preventive and therapeutic value of exerkine signaling in
various diseases. By emphasizing different aspects of exerkine research, we provide a comprehensive overview of (i) the molecular
underpinnings of exerkine secretion, (ii) the receptor-dependent and receptor-independent signaling cascades mediating tissue
adaption, and (iii) the clinical implications of these mechanisms in disease prevention and treatment.
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INTRODUCTION
Physical inactivity is associated with the development of various
chronic diseases including cancer, cardiovascular, metabolic, and
neurodegenerative diseases.1,2 In contrast, physical activity can
prevent these diseases3 and is therefore recommended as a
measure to improve public health and reduce disease burden.4 In
this context, exercise training—defined as the planned and
structured, recurrence of acute exercise bouts with the aim to
maintain or increase physical aptitude5—is a low-cost lifestyle
intervention that can ameliorate and prevent numerous patholo-
gical conditions.6–8 During acute exercise, multiple physiological
parameters (e.g., respiration, heart rate, hormone secretion) are
regulated to cover the increased demand for oxygen and nutrients
of metabolically active tissues such as cardiac and skeletal muscle.9

Systematical exposure to recurring exercise stimuli results in long-
term adaptions of various tissues and induces a myriad of well-
known exercise effects, such as increased vascularization and
mitochondrial biogenesis, improved cardiac and immune cell
function, and enhanced substrate handling by adipose and liver
tissue.10 Ultimately, these adaptions result in a pre-conditioned
state that protects trained individuals from future (patho)
physiological challenges such as exercise or (chronic) disease.11

Despite the substantial health-related benefits of exercise training,
the precise molecular signaling processes leading to structural and
functional tissue adaption remain largely unknown.
Overcoming these uncertainties, several exercise-inducible

signaling molecules have been discovered. During acute exercise,

biological compounds with autocrine, paracrine and/or endocrine
function are secreted by different tissues, including but not limited
to skeletal and cardiac muscle, liver, and adipose tissue. These
compounds, which were collectively termed exerkines,12,13 form a
heterogeneous group of signaling molecules, comprising peptides
and proteins, tissue metabolites, lipids, and nucleic acids, some of
which also function as hormones or cytokines.14–16 As reviewed by
Li and colleagues,17 uncovering the global dynamics of exerkine
activity is crucial to understand the physiological effects of
exercise on the human organism—especially to justify exercise
prescription for the prevention and treatment of chronic diseases.
This understanding includes mechanistic knowledge on exerkine
kinetics, i.e., the secretion, distribution, metabolization, and
elimination of exerkines as well as exerkine dynamics, i.e., the
receptor-dependent or receptor-independent interaction of exer-
kines with target cells, dose-response relationships, exerkine-
induced signaling pathways, and downstream adaption processes.
Transferring these mechanistic insights into different clinical
settings has shown promising implications in disease preven-
tion,18–21 exercise therapy,22–24 and the development of pharma-
ceutical exercise mimetics.10,25

In this review, we provide a comprehensive overview of the
tissue-wide health effects mediated by exercise, with a special
focus on cellular mechanisms governing the preventive and
therapeutic impact of exerkines across different target cells. After
summarizing identified exerkines together with their source
tissues, their mode of secretion, and their local or systemic
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distribution (“Exerkines: exercise-inducible signaling molecules”),
we highlight receptor-dependent and receptor-independent
signaling pathways that converge in biological adaption processes
of exerkine-stimulated target cells (“Exerkine-induced signal
transduction and biological tissue adaption”). Leveraging these
mechanistic insights, we conclude with the clinical relevance of
these findings and discuss the current knowledge and progress of
exerkine signaling in different disease settings (“Exercise therapy
in disease prevention and treatment”). A profound understanding
of the molecular foundation of tissue-wide exercise-mediated
health effects is crucial to harness the preventive and therapeutic
potential of exercise, develop tailored exercise programs, and
consolidate the role of exercise therapy in clinical routine.

EXERKINES: EXERCISE-INDUCIBLE SIGNALING MOLECULES
The communicative interconnection of different cells allows
mammals to adjust their physiology to environmental cues such
as nutrient uptake (or scarcity), changes in temperature, or fight-
or-flight encounters. Unsurprisingly, the onset of exercise is
characterized by profound alterations in physiology and increased
metabolic communication across multiple organ systems. This
inter-organ crosstalk involves both, signaling molecules with
immediate effects such as hormones, and signaling molecules that
have longer-term effects by inducing structural and functional
tissue adaption. In this review, we will focus on the latter, i.e.,
exercise-mobilized signaling molecules (exerkines) that induce
adaptive processes in target cells and tissues. Of note, many
exerkines are altered by a single exercise session, while some only
change in response to exercise training (i.e., repeated exercise
bouts). The effect of these exerkines on adaption processes might
differ between acute and chronic exercise settings.26

Molecular diversity of exerkines
Exerkines differ in their molecular structure, ranging from peptides
and proteins over tissue metabolites and lipids to nucleic
acids.14,27–29 Despite this chemical distinction being unambiguous,
there are several other ways of classifying exerkines, some of which
are even more intuitive. For instance, many exerkines can be
classified as hormones, cytokines, or chemokines, and hybrid
molecules such as peptide hormones (e.g., irisin)30 or glycoproteins
(e.g., follistatin-like 1)31–33 exist. These redundant ways of
classifying exerkines highlight that a distinction based on chemical
structure—as we have chosen here—or physiological function
might be more suitable, depending on the scientific focus.

Peptides and proteins. Of the different classes of exerkines known
today, peptides and proteins lie at the center of intercellular
communication. Since the proteinogenic makeup of different cells
defines their morphological and functional characteristics—e.g.,
protein and/or enzyme abundance varies considerably between
cell types and thus equips these cells with different functions—it
is unsurprising that a protein-based communication system has
evolved to share information and facilitate crosstalk between
cells.34 Human trials have repeatedly identified hundreds of
proteins mobilized into the bloodstream in response to acute
exercise35–37 and exercise training.38,39 These investigations have
led to the finding that acute exercise and exercise training are
accompanied by profound intercellular communication via
secreted peptides and proteins. Although this depicts a crucial
step towards a comprehensive molecular understanding of the
positive health effects of exercise, few investigations have
characterized these exerkines in a more holistic manner, i.e., with
respect to the source tissues, the local or systemic distribution, the
tissue-specific signaling cascades and biological adaption
processes.
In this context, a recently published study used state-of-the-art

technology to identify over 200 cell type-specific proteins secreted

into the blood in response to exercise training in mice.40 Besides
describing source tissues for many exerkines, this study also
elucidated the mode of secretion of a novel proteinogenic
exerkine secreted from the liver, and established a mechanistic
link to anti-obesity, anti-diabetic, and endurance-enhancing
effects in mice.40 This demonstrates how both explorative
proteomics-based approaches as well as mechanistic hypothesis-
driven experiments aid in unraveling the molecular mechanisms
by which proteins are mobilized in response to acute exercise and
exercise training. Apart from this example, there are numerous
further exercise-secreted proteins whose molecular underpinnings
have been characterized to different extents (Table 1).

Tissue metabolites and lipids. Similar to peptides and proteins,
tissue metabolites and lipids are increasingly recognized to
possess signaling properties as well.28 In exercise context, a
well-known metabolite with such properties is lactate. Despite its
initial perception as a waste product of glycolysis with detrimental
effects to muscle physiology, lactate is nowadays viewed as a
metabolic intermediate that is secreted into circulation from
tissues with high energy turnover (e.g., skeletal muscle tissue).41–43

Additionally, lactate has numerous effects on target cells via
receptor-dependent and receptor-independent mechan-
isms.41,44,45 More recently, exercise-mobilized lactate was addi-
tionally found to undergo a condensation reaction with the
essential amino acid phenylalanine in carnosine dipeptidase 2
positive cells such as monocytes, macrophages, and epithelial
cells, yielding N-lactoyl-phenylalanine (Lac-Phe), a signaling
metabolite that suppresses feeding and obesity via so far
unknown mechanisms.17 This exemplifies how metabolic exer-
kines can interact with other biomolecules, thereby adding further
complexity to the effects of exerkines on distinct target cells.
Furthermore, tricarboxylic acid (TCA) cycle intermediates have

received much attention as exercise-responsive signaling mole-
cules46,47 due to their central role in intermediary metabolism.48,49

For instance, plasma levels of succinate increase substantially in
response to acute exercise50 and paracrine signaling from skeletal
muscle tissue to non-myofibrillar muscle-resident cell types such
as immune and endothelial cells was shown to confer skeletal
muscle and extracellular matrix remodeling.51–53 In view of the
endocrine mobilization of succinate, adaptions in other, more
distant target tissues were also described.54,55

Apart of these examples, exercise is accompanied by alterations
in numerous further metabolites, including lipids such as 12,13-
dihydroxy-9Z-octadecenoic acid (12,13-diHOME),56 and the non-
protein amino acid β-aminoisobutyric acid (L-BAIBA).57,58 Addi-
tionally, plasma metabolomics approaches are increasingly
shedding light at the wide array of metabolites mobilized in
response to an acute bout of exercise.35,47,50 As evidenced by
time-resolved plasma metabolome profiling in response to
endurance and resistance exercise, these metabolites differ in
dependence on the applied exercise modality.59 Since the
signaling properties of these exercise-responsive metabolites are
only recently moving into scientific focus,28 future research will
have to show how these different metabolites participate in inter-
organ crosstalk and tissue adaptions.

Nucleic acids. A further class of biomolecules with signaling
properties in the context of exercise are non-coding RNAs. The
principal characteristic of these nucleic acids is that they are not
translated into proteins. Non-coding RNAs include microRNAs
(miRNA), circular RNAs, and long non-coding RNAs (lncRNA), all of
which interact with numerous cellular processes such as
transcription, post-transcriptional regulation, genome integrity,
and organelle function via distinct mechanisms.60,61 Importantly,
non-coding RNAs are cell type-specific62,63 but can also exert their
functions in other cell types via paracrine and/or endocrine
signaling through extracellular vesicles (EVs).64–66
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In clinical context, miRNAs (typically 18–25 nucleic acids in
length) are increasingly attracting attention due to their predictive
and prognostic value as biomarkers in different disease settings.
For instance, miR-210 and miR-222 are useful biomarkers of future
cardiovascular disease, as they are associated to low V̇O2max

levels.67 Additionally, miR-210 is associated with mortality in
patients with acute dyspnea,68 and serves as prognostic marker in
moderate to severe aortic stenosis.69 Other miRNAs such as miR-
106a-5p, miR-424-5p, let-7g-5p, miR-144-3p and miR-660-5p were
shown to predict future risk of fatal acute myocardial infarction in
healthy individuals.70 In post-myocardial infarction heart failure,
preclinical experiments have identified miR-214-3p, miR-497-5p,
and miR-31a-5p as potential therapeutic targets, as they
contribute to heart failure-like behavior in calcium handling and
electrophysiology in response to exercise training.71 Similarly, miR-
210 was shown to increase in response to exercise training in the
heart and blood of rodents and after cardiac rehabilitation in
patients with coronary heart disease. Underlining the therapeutic
potential of miR-210, it was shown to promote cardiomyocyte
proliferation and survival and contribute to cardiac protection
against ischemia/reperfusion injury in mice.72 Further exercise-
mobilized miRNAs, such as miR-143, miR-338, mir-155, miR-181a,
miR-30a, and miR-14273 mediate many of the well-known exercise
effects in both, the innate and adaptive immune system, favoring
processes such as T cell differentiation74 and activation,75 and an
anti-inflammatory phenotype switch in adipose tissue macro-
phages.76 Exercise training additionally regulates miRNAs in
tissues including skeletal muscle, cardiac muscle, and nervous
tissue.77 In skeletal muscle, miRNAs induce post-transcriptional
regulation of genes involved in muscle regeneration and
mitochondrial biogenesis.78,79 A comprehensive overview of
miRNAs involved in exercise adaption was given by Silva and
colleagues.77

Exercise also increases lncRNAs (typically >200 nucleic acids in
length) in skeletal muscle tissue.80,81 Prime examples for this are
taurine-upregulated gene 1, a lncRNA that serves as transcrip-
tomic regulator in skeletal muscle adaption to exercise and
induces differential expression of hundreds of genes in vitro,82

and lncRNA CYTOR, which regulates fast-twitch myogenesis,
muscle mass, and fitness in ageing.81 Beside these implications
for skeletal muscle tissue, lncRNAs were also found to signal
between different tissues via EVs. For instance, colorectal
neoplasia differentially expressed (CRNDE), a lncRNA with high
abundance in exercise training-derived EVs of mice, was shown to
protect cardiomyocytes from hypoxia/reoxygenation damage as it
occurs during myocardial infraction.83 Mechanistically, both
CRNDE and miR-489-3p were shown to participate in this
protective effect of exercise on cardiac muscle tissue,83,84 high-
lighting the dynamic interconnection of lncRNAs and miRNAs in
the regulation of transcriptomic programs in response to exercise.
Similar cardioprotective effects were also found for the lncRNAs
cardiac physiological hypertrophy-associated regulator (CPhar)
and lncExACT1. While CPhar was increased with exercise training
and triggered physiological cardiac hypertrophy,85 lncExACT1
decreased in response to exercise training and alleviated
pathological hypertrophy in mice.86 This demonstrates how
different lncRNAs are involved in cardiac remodeling in response
to exercise training and how exercise fine-tunes these molecular
processes to enable cardiac adaption. Understanding the mechan-
isms by which lncRNAs induce exercise adaptions can also inspire
novel therapeutic approaches based on the health-promoting
effects of exercise.
Besides lncRNAs, exercise-induced circular RNAs like circUtrn

and circ-Ddx60 were recently shown to mediate cardioprotective
effects as well.87,88 Of interest, in a mouse model of pathological
cardiac hypertrophy, circ-Ddx60 was crucially involved in an
antihypertrophic response of cardiac muscle tissue, which
occurred after exercise hypertrophic preconditioning.87 This

suggests a cardiac antihypertrophic memory after previous
exercise training. From a translational perspective, this demon-
strates that exercise trained cardiac muscle tissue might by
protected from future pathological hypertrophy via the action of
circ-Ddx60. However, to prove this, further research in different
patient collectives is needed.
Concerning the molecular regulation of exercise programs via

non-coding RNAs, a further level of complexity is added by
competing endogenous RNAs (ceRNAs), which comprise protein-
coding ceRNAs, pseudogenes, lncRNAs, and circular RNAs. ceRNAs
share miRNA response elements with mRNA molecules, and thus
compete for the same miRNAs, thereby regulating transcrip-
tion.89,90 The interaction of different ceRNAs has led to the analysis
of ceRNA networks which have also been applied in exercise
context to improve our understanding of the complex transcrip-
tional programs of skeletal muscle tissue in response to exercise
training.91,92 Additionally, epigenetic modification of mRNA was
shown to participate in tissue adaption to exercise training. In
detail, exercise training reduced N6-methyladenosine modification
(m6A) of RNA in cardiac muscle tissue via the action of m6A
methyltransferase 14 (METTL14), thereby alleviating ischemia/
reperfusion injury and cardiac dysfunction during cardiac remo-
deling in mice.93 A similar dependency on m6A of RNA was also
reported for anxiolytic effects of exercise training mediated by
epigenetic modification of the medial prefrontal cortex of mice.
Interestingly, these effects were dependent on hepatic biosynth-
esis of the methyl donor S-adenosyl methionine, thus providing
initial evidence for a liver-brain axis that participates in the
exercise-induced prevention of anxiety via epigenetic modifica-
tion of RNA.94

Source tissues and exerkine secretion
Molecular triggers of exerkine secretion. For any given secretion of
peptides, proteins, tissue metabolites, or nucleic acids in response
to exercise, a molecular trigger causing the release from their
source tissue is required. For instance, in skeletal muscle tissues of
mice the production and secretion of the exerkine musclin, is
mediated by the calcium-dependent activation of AKT1,95 while
vascular endothelial growth factor (VEGF) is secreted in response
to hypoxia,96 and succinate secretion was shown to depend on
changes in intracellular pH.52 Some exerkines are also subject to
hormonal regulation. For instance angiopoietin-like 4 (ANGPTL4) is
regulated by glucagon-cAMP-PKA signaling, thus expanding the
molecular triggers of exerkine secretion by hormonal effects.97

Moreover, exercise-dependent shear stress on endothelial cells
was also shown to trigger exerkine secretion.98

Secretion of peptides and proteins. Building upon these molecular
triggers, the mode of secretion can also vary in dependence on
the molecular structure of different exerkines. Secretory peptides
and proteins usually contain a signal peptide, that is cleaved
during maturation of the protein along the ER-Golgi secretory
pathway.99,100 Some proteinogenic exerkines such as apelin are
additionally translated as propeptides and can be cleaved at
different locations in dependence on proteolytic processing of the
peptide precursor (e.g., apelin-36 vs. apelin-13). Of note, the
receptor affinity of these peptides differs,101,102 which might
impact the durability of apelin receptor signaling in the context of
exercise. Once transported to the cell membrane, there are two
fates for proteins: either the protein remains in the plasma
membrane, or it is secreted into the extracellular space.99,100 For
instance, fibronectin type III domain containing 5 (FNDC5) is a type
I transmembrane protein100 containing a 31 amino acid signal
peptide and a 112 amino acid polypeptide that is secreted into
the extracellular space after proteolytic cleavage from FNDC5.30 In
analogy to the Greek messenger goddess Iris, this secreted
polypeptide was named irisin due to its signaling function from
skeletal muscle to distinct target tissues in response to exercise. In
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contrast, many other proteinogenic exerkines are assumed to be
secreted from their source tissues directly, although secretion
pathways can differ103 and unconventional protein secretion—
particularly in form of EVs—might also play a role in the context of
exercise.12,13,104,105

Secretion of tissue metabolites and lipids. In contrast to peptides
and proteins, secretion of tissue metabolites is governed by mass
action. Metabolic flux, enzyme abundance and activity, and
presence of metabolite-specific transporters are crucial character-
istics that impact the secretion of metabolites in response to
exercise. A well-investigated exercise-responsive metabolite that
exemplifies these molecular underpinnings is lactate. With the
onset of exercise, glycolytic flux of skeletal muscle tissue rises,
yielding pyruvate as an end-product, which is imported into
mitochondria in a process dependent on mitochondrial pyruvate
carriers (MPCs). A fraction of cytosolically accumulating pyruvate is
additionally shunted towards lactate via lactate dehydrogenase
(LDH). During low- and moderate-intensity exercise cytosolic
accumulation of pyruvate is alleviated by mitochondrial import via
MPCs, however, at higher intensities this import becomes
saturated, creating a metabolic bottleneck and thus favoring the
formation of lactate via LDH. Thus, although both pyruvate and
lactate concentrations increase in response to exercise, lactate
production outperforms mitochondrial pyruvate import at higher
work rates, as indicated by rising lactate/pyruvate ratios.106,107 In
consequence of these molecular events, rising intracellular lactate
levels create a concentration gradient across the cell membrane
which is alleviated through excretion and systemic deployment of
lactate, a well-documented hallmark of acute exercise. Due to
locally altered metabolism, skeletal muscle tissue is thus perceived
as a lactate-producing tissue in the context of exercise, thereby
supplying other tissues with a three-carbon energy source and
signaling metabolite.43

A further exerkine that exemplifies the molecular underpinnings
of metabolite secretion is succinate. In search of a molecular
explanation for the preferential mobilization of succinate over
other TCA metabolites,50 Reddy and colleagues revealed that
contraction-induced acidification of skeletal muscle tissue pre-
ferably protonates succinate—a reaction that appears reasonable,
given that succinate has the highest pKa2 (dissociation constant
between dicarboxylate and monocarboxylate) of all TCA metabo-
lites.52 Under physiologically acidic conditions found in skeletal
muscle tissue during exercise (pH ~ 6.4–6.8), succinate is proto-
nated from a dicarboxylate to a monocarboxylate, rendering it an
available substrate for transport across the cell membrane via
monocarboxylate transporter 1. This introduces a pH-gated
secretion mechanism for succinate that explains its preferential
mobilization from skeletal muscle tissue in response to acute
exercise.52

Collectively these examples highlight how metabolic flux,
enzyme abundance and activity, intracellular pH, and membrane
transport systems for specific metabolites define the ability of
tissue metabolites to act as local or systemic exerkines. Similar
mechanisms have not been investigated in such detail for other
metabolic exerkines such as kynurenic acid (KYNA), SPARC, and
L-BAIBA or for exercise-responsive lipids like 12,13-diHOME
(Table 1).

Secretion via extracellular vesicles. A relatively new area of
research in the context of exercise is centered around the release
of different exerkines in the form of EVs. EVs are defined as
secreted membranous structures containing a cargo and are
subdivided into exosomes, microvesicles, and apoptotic blebs
based on their size and biochemistry (i.e., expression of specific
proteins and lipids).12,13 Of note, this classification lacks unambi-
guity12,108 and the different types of EVs most likely depict a
continuum rather than strictly separated categories. Methods that

enable the characterization of EVs are rapidly evolving given the
diagnostic and therapeutic potential of these sub-cellular struc-
tures in fields as oncology,109 neurology,110 and immunology.111

Different state-of-the-art technologies and crucial considerations
in EV analysis were recently reviewed comprehensively by Hendrix
et al.112 The special focus on EVs in the context of exercise has
arisen from the finding that many exerkines are contained in
exosomes, when cross-validating with publicly available databases
for EVs such as ExoCarta, Vesiclepedia, or EVpedia.12,13 The
concentration of EVs in circulation increases after a single bout
of acute exercise,113,114 thus conferring inter-organ crosstalk
between a wide range of tissues115–118 with potential implications
for tissue adaption to exercise.12,13,119

Besides peptides, proteins, tissue metabolites, and lipids, EVs
also depict a crucial mode of transport for non-coding RNAs such
as miRNAs and lncRNAs.120–122 For instance, EV-contained miR-
10b-5p, miR-222-3p, and miR-30a-5p were increased transiently
after acute exercise and originated from different cell types
including endothelial, epithelial, immune, and muscle cells.123 An
intrinsic property of EVs lies in their membranous structure which
protects the contained cargo (e.g., exerkines) from enzymatic
degradation in the extracellular space and/or the bloodstream,
thus enabling communication between distant tissues despite
hostile surrounding conditions. Therefore, EVs depict an important
mechanism for exerkine secretion, tissue crosstalk and exercise
adaptions. The emerging field of research on exercise-mobilized
EVs has crucial implications as molecular framework for tissue-
wide health effects of exercise and future research will have to
show how the mechanistic insights into exercise-induced EV
trafficking can be harnessed therapeutically.

Distribution of exerkines
Once exerkines are secreted they can signal to the tissue they are
released from in an autocrine manner or to distinct target tissues
in a paracrine and/or endocrine manner. The exact fate of
different exerkines depends on the molecular structure and mode
of secretion, as well as the mechanisms governing the interaction
with target cells. Systemic distribution via the bloodstream, as
displayed by lactate, renders exerkines available to many potential
binding sites, thus conferring a plethora of effects in spatially
separated tissues.44,45 Conversely, tissue crosstalk may also take
place in a more localized manner, as exemplified by the paracrine
secretion of reticulocalbin-2 (RCN2) from bone marrow macro-
phages to nearby adipocytes.124 For the secretion of exerkines in
EVs both systemic (endocrine) and local (auto-/paracrine) mechan-
isms might apply.
A further important aspect of exerkine distribution is the ability

of some exerkines to cross physiological barriers such as the
blood-brain barrier (BBB). Knowledge of barrier permeability is
crucial, especially when investigating potential health effects of
exerkines on the central nervous system (CNS). For instance, many
efforts were made to link exercise-induced increases in irisin to
central effects such as the release of brain-derived neurotrophic
factor (BDNF), synaptic plasticity, and neuronal survival with
potential application in neurodegenerative diseases like Alzhei-
mer’s disease (AD) or Parkinson’s disease.125–127 However, a crucial
caveat of these efforts concerned the question whether irisin
mobilized from skeletal muscle tissue was able to confer effects
inside the CNS, i.e., whether peripheral irisin was able to cross the
BBB. In two landmark studies, Wrann et al. demonstrated that
both, central and peripheral increases in irisin mediate cognitive
benefits of exercise, suggesting that irisin originating from the
periphery is able to enter the CNS.125,127 A tabular overview of
different exerkines, their source tissues, and their mode of
intercellular communication is given in Table 1.
Collectively, the molecular structure of different exerkines, their

mode of secretion, and their local or systemic distribution
throughout the organism form the molecular foundation for
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Table 1. Overview of exercise-inducible singling molecules (exerkines)

Exerkine Described source tissues Mode of intercellular communication Refs

Autocrine Paracrine Endocrine

Peptides and proteins

ANGPT1 Skeletal muscle ✓ ✓ ✓ 214

FGF21* Skeletal muscle × × ✓ 190,408

GDF15* Skeletal muscle ✓ ✓ ✓ 409

IL-6* Skeletal muscle ✓ ✓ ✓ 410,411

IL-7* Skeletal muscle ✓ ✓ × 412

IL-8* Skeletal muscle endothelium ✓ ✓ × 230,413

IL-15* Skeletal muscle ✓ ✓ ✓ 144,162

Musclin Skeletal muscle ✓ ✓ × 414

Myonectin* Skeletal muscle × × ✓ 134,415

NTN Skeletal muscle ✓ ✓ × 146

SPARC* Skeletal muscle ✓ ✓ × 130,131

VEGF* Skeletal muscle ✓ ✓ ✓ 416–420

FN1 Skeletal muscle × × ✓ 250

FST* Skeletal and cardiac muscle, hepatic × × ✓ 239,421–423

FSTL1* Adipose, skeletal muscle, cardiac muscle ✓ ✓ ✓ 31,32,424,425

Fractalkine* Skeletal muscle, endothelium × ✓ ✓ 145,150,426

Irisin* Skeletal muscle and adipose ✓ ✓ ✓ 30,180,183,288,427–429

ANGPTL4* Skeletal muscle, adipose, hepatic ✓ ✓ ✓ 97,243,244

Adiponectin* Adipose × ✓ ✓ 430–432

Apelin* Adipose × ✓ ✓ 147,152,433,434

TGF-β2* Adipose ✓ ✓ ✓ 151

RCN2 Bone marrow macrophages × ✓ × 124

METRLN Macrophages ✓ ✓ × 128,186,435

IL-10* Macrophages ✓ ✓ ✓ 436–439

IL-1ra* Blood mononuclear cells ✓ ✓ ✓ 438–440

Klotho* Kidney ✓ ✓ ✓ 132,133,441

SDC4* Hepatic ✓ ✓ ✓ 135,442

BDNF* Nervous, skeletal muscle ✓ ✓ ✓ 127,198,443,444

NRG1* Endothelium × ✓ × 176,445

Decorin* Skeletal muscle ✓ ✓ ✓ 337,446

Cathepsin B* Skeletal muscle ✓ × ✓ 204,447

GPLD1* Hepatic × × ✓ 210

PF4 Platelets × × ✓ 205–208

Adropin* Hepatic ✓ × ✓ 248,249,448,449

Clusterin* Unclear × × ✓ 209,450

HSPs* Various ✓ ✓ ✓ 451,452

Tissue metabolites and lipids

12,13-diHOME* Adipose × ✓ × 56

KYNA* Skeletal muscle × ✓ ✓ 185,453

NO* Endothelium ✓ ✓ ✓ 261,454

ROS* Skeletal muscle ✓ ✓ ✓ 455

Catecholamines* Adrenal gland × × ✓ 456

Lactate* Skeletal muscle ✓ ✓ ✓ 41,44,457

Succinate* Skeletal muscle ✓ ✓ ✓ 52,55

L-BAIBA* Skeletal muscle ✓ ✓ ✓ 57,58

Lac-Phe* Monocytes, macrophages, epithelial cells × × ✓ 17

Nucleic acids

microRNAs* Skeletal muscle ✓ ✓ ✓ 458–460

lncRNAs* Skeletal muscle ✓ × × 82,461

The selection of exerkines is based on in vivo evidence of signaling molecules that are mobilized in response to acute exercise or exercise training and signal
to target tissues. In vitro studies and studies employing external administration of exerkine isolates were not considered. Exerkines that have been
investigated in humans are marked with an asterisk
ANGPT1 angiopoietin 1, FGF21 fibroblast growth factor 21, GDF15 growth differentiation factor 1, IL-6 interleukin 6, IL-7 interleukin 7, IL-8 interleukin 8, IL-15
interleukin 15, NTN neurturin, SPARC secreted protein acidic and rich in cysteine, VEGF vascular endothelial growth factor, FST follistatin, FSTL1 follistatin-like 1,
ANGPTL4 angiopoietin-like 4, TGF- β2 transforming growth factor β-2, METRLN Meteorin Like, Glial Cell Differentiation Regulator, RCN2 reticulocalbin 2, IL-10
interleukin 10, IL-1ra interleukin 1 receptor antagonist, SDC4 syndecan 4, BDNF brain-derived neurotrophic factor, NRG1 neuregulin 1, HSP heat shock protein,
GPLD1 glycosylphosphatidylinositol-specific phospholipase D1, PF4 platelet factor 4, 12,13-diHOME 12,13-dihydroxy-9Z-octadecenoic acid, KYNA kynurenic acid,
NO nitric oxide, ROS reactive oxygen species, L-BAIBA β-aminoisobutyric acid, Lac-Phe Lactoylphenylalanine, lncRNA long non-coding RNA
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exercise-mediated health effects across distinct target tissues. The
aspects covered in this section of the review can be regarded as
the first step in a sequence of molecular events that ultimately
result in cellular adaption. As such, exerkine kinetics, in analogy to
pharmacokinetics, can be regarded as the interaction of the human
organism with an exerkine—i.e., secretion, distribution, metabo-
lization, and elimination of exerkines. Conversely, exerkine
dynamics, in analogy to pharmacodynamics, describes the inter-
action of an exerkine with the human organism—i.e., receptor-
dependent, and receptor-independent cell signaling, dose-
response relationships, and tissue adaptions induced by exerkines.
In separating these molecular events and highlighting a clear
sequence, we provide a physiological basis for exercise-mediated
health effects, which form an indispensable foundation for the
prevention and treatment of various chronic diseases (Fig. 1).

EXERKINE-INDUCED SIGNAL TRANSDUCTION AND
BIOLOGICAL TISSUE ADAPTION
After mobilization and distribution of exerkines they can act on
target cells in distinct fashion. On the one hand, exerkines can
interact with membrane-bound receptors on target cells, thereby
triggering cellular signaling cascades that ultimately result in
altered gene expression and cellular adaption. On the other hand,
exerkines can also interact with target cells in a receptor-
independent manner, as exemplified by the delivery of proteins,
tissue metabolites, lipids, and non-coding RNAs to target cells as
EVs. In contrast to these direct effects of exerkines on target cells,
exerkine signals might also be forwarded by one cell type to other
cells (e.g., via secretion of cytokines), thus conveying exerkine-
mediated adaption processes in an indirect manner. Immune cells
are a prime example for these indirect effects since they can move
freely between the bloodstream and peripheral tissues and are
therefore capable of triggering tissue adaption after stimulation
through exerkines. For instance, meteorin-like (METRNL), an
exercise-responsive myokine and cold-sensitive adipokine, pro-
motes immune cell infiltration into adipose tissue of mice, and
triggers the secretion of interleukin-4 from eosinophils, which
contributes to beiging of adipose tissue.128 Similarly, RCN2, a
mechanosensitive factor released from bone marrow macro-
phages in response to exercise, induces lipolysis in bone marrow
adipocytes, which in turn fuels osteogenesis and lymphopoi-
esis.124 These examples demonstrate that exerkine receptor
expression is not a prerequisite for cellular adaption to exercise.
Whether exerkines act on target cells in a direct manner or

stimulate other cell types (e.g., immune cells, endothelial cells) to
induce tissue adaption, both mechanisms are dependent on
receptor-dependent or receptor-independent signal transduction
of exerkine signals as an initial step. Receptor-dependent signal
transduction has received overwhelming scientific attention,
partly because the identification of molecular exerkine targets
(i.e., exerkine receptors) depicts an attractive approach for the
design of novel therapeutics. As such, several pharmaceutics have
found their way into disease therapy.25 However, considering
exercise therapy and the associated organism-wide health effects,
receptor-independent mechanisms might be of equal relevance. A
schematic representation of the different signaling mechanisms
harnessed by exerkines is given in Fig. 2.

Receptor-dependent signal transduction
In terms of accessibility, membrane-bound receptors are the first
and most easily reached targets of exerkines. Identifying cellular
receptors as molecular transducers of exerkine signals has thus
been a major quest of mechanistic exercise research. Many of the
identified exerkine receptors belong to well established receptor
families like G protein-coupled receptors, tyrosine kinase recep-
tors, or cytokine receptors with tissue-specific expression patterns,
respectively (searchable on databases like The Human Protein

Atlas or GeneCards).129 In contrast, the molecular targets of some
exerkines—e.g., 12,13-diHOME,56 SPARC,130,131 Klotho,132,133 Lac-
Phe,17 Myonectin,134 and SDC4135—are yet to be discovered. To
appreciate the cellular signaling cascades triggered by exerkine
receptors as well as translational research in human populations,
we have separated in vitro and animal studies investigating
exerkine-mediated tissue adaption from human exercise trials.

In vitro studies. Frequently used approaches in biomedical
exercise research aimed at investigating the effect of exerkines
on a target tissue of interest are cell culture experiments with
exerkine isolates136 or exercise-conditioned serum.137 Exercise-
mimicking interventions such as electrical pulse stimulation or
mechanical stretch of skeletal muscle cells additionally enable
investigation of exercise effects in vitro.138,139 While such
methodological approaches allow for mechanistic conclusions, a
major limitation is their poor resemblance of multi-tissue
complexity and inter-organ crosstalk, which marks higher living
organisms. Although in vitro co-culture models and medium
transfer between different cell cultures provide a slight remedy in
this regard, animal models depict a pivotal resource to investigate
inter-tissue crosstalk triggered by exercise.

Animal studies. With increasing scientific interest in the health
benefits of exercise, numerous animal models have been
introduced, ranging from smaller animals such as Drosophila
melangolaster140 and Caenorhabditis elegans141,142 to larger
animals like mice, rats, dogs, pigs or horses.143 Crucial aspects
concerning the correct choice of animal model and the
appropriate implementation of exercise regimens were recently
pointed out to provide methodological guidance in animal
research and improve reproducibility.143 In terms of tissue-
specific effects of exerkines, genetically modified organisms (i.e.,
knockout, knockdown or transgenic, knock-in) and pharmacolo-
gical blockade of exerkine receptors depict valuable strategies to
investigate exerkine receptor signaling and tissue adaption in vivo.
Of note, animal studies are often complemented by in vitro
experiments to enable mechanistic conclusions on cellular
signaling cascades triggered by exerkines. For instance, the
combination of cell culture experiments and animal knockout
models identified IL-15 as a muscle-secreted exerkine that
attenuates skin ageing.144 To summarize the distinct effects of
exerkines on different target tissues, we have condensed the
current knowledge on receptor-dependent signal transduction
and biological tissue adaptions derived from animal studies by
tissue type.

Skeletal muscle: The prestigious history of myokines as signaling
molecules secreted by contracting skeletal muscle has led to
numerous studies investigating muscle-specific exerkine recep-
tors.95,145–154 These investigations shifted the perception of
skeletal muscle from having merely endocrine and/or paracrine
function to serving as a direct target of these myokines as well
(i.e., autocrine stimulation).
For instance, the neurotrophic myokine neurturin was recently

shown to trigger similar signaling cascades in both, adjacent
motor neurons and skeletal muscle tissue itself via a target
receptor complex between glial cell line derived neurotrophic
factor (GDNF) family receptor alpha 2 (GFRA2) and RET receptor
tyrosine kinase (GFRA2/RET). Additionally, neurturin can signal via
neural cell adhesion molecule (NCAM), with both receptor
signaling pathways converging on ERK1/2. Aside from canonical
RAF/MEK/ERK signaling, neurturin signaling via GFRA2/RET also
led to a transient phosphorylation of AKT and signal transducer
and activator of transcription (STAT)3, suggesting the simulta-
neous involvement of several signaling pathways in skeletal
muscle tissue. Ultimately, these signaling cascades coupled the
functional identity of motor neurons and skeletal muscle fibers
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and conveyed typical adaptions to endurance exercise on both,
the neuronal, and muscular side of neuromuscular junctions.146

Similarly, autocrine stimulation of skeletal muscle tissue was
reported for the exerkine apelin via its corresponding apelin
receptor (APLNR). After observing that reduced apelin levels were
specifically associated with sarcopenia in an elderly population,
the protective role of apelin in age-associated skeletal muscle
atrophy was deemed a promising research avenue. Apelin
secreted from contracting skeletal muscle stimulated muscle

APLNR in an autocrine fashion, and led to mitochondrial
biogenesis, protein synthesis and satellite cell differentiation in
sarcopenic muscle fibers. These anabolic effects were mediated by
AMPK, AKT, and the 4E-BP1 cascade, which counteracted the
structural decline of muscle tissue observed during inactivity and/
or ageing.152

Besides these anti-sarcopenic effects, muscle APLNR signaling
showed metabolic effects as well.147 Increased plasma apelin
levels observed in obese and type 2 diabetic subjects led to the
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hypothesis that apelin secreted from white adipose tissue (WAT)
acts as auxiliary glucose-lowering mechanism. Indeed, exoge-
neous administration of apelin lowered blood glucose levels in
normal weight and obese insulin-resistant mice, thereby shedding
light at the potential therapeutic implications of apelin in
metabolic diseases such as type 2 diabetes mellitus (T2DM). In a
series of in vitro and in vivo pharmacological and genetic
approaches, this mechanism was shown to be dependent on
AMPK-mediated phosphorylation of AKT and endothelial nitric
oxide synthase (eNOS), thereby revealing an intersection of
canonical insulin signaling via PI3K and apelin signaling at the
level of AKT. However, whether AKT is an intermediate between
AMPK and eNOS or acts as a separate activator of eNOS remains
unclear.147 Mechanistically, it was recently shown that exercise-
induced AMPK activation in skeletal muscle is dependent on the
innate immune sensor toll-like receptor 9 (TLR9) and the core
autophagy protein beclin 1. In detail, endogenous ligands like
mitochondrial DNA associate with TLR9 during acute exercise and
simultaneous interaction of TLR9 and beclin 1 facilitates AMPK
activation, plasma membrane GLUT4 localization, and glucose
uptake.155

The great scientific interest in exercise-induced signaling
molecules with glucose-lowering effects145,147,148,150,151,153,154

was particularly fostered by the fact that hyperglycemia is
associated with an increased risk for various diseases.156,157

Understanding insulin-independent mechanisms of glucose
uptake by skeletal muscle in response to exercise was therefore
considered a topic with high therapeutic potential. For instance,
adiponectin, a glycoprotein secreted mainly from WAT, was found
to have anti-diabetic effects, and improve insulin sensitivity via its
action on adiponectin receptor (ADIPOR) 1 and 2 in skeletal
muscle and liver tissue, respectively. As indicated by affinity
assays, these effects are preferably mediated by full-length
adiponectin in hepatocytes and globular adiponectin, a cleavage
product of full-length adiponectin, in myocytes.153 In myocytes,
ADIPOR1 signaling activates AMPK,153 while in hepatocytes
ADIPOR1 and ADIPOR2 singling activates AMPK and peroxisome
proliferator-activated receptor (PPAR) α signaling pathways.154

Additionally, adiponectin increases mitochondrial content of
myocytes via calcium influx, calcium/calmodulin-dependent pro-
tein kinase kinase beta (CaMKKβ), AMPK, and SIRT1, which
contribute to peroxisome proliferator-activated receptor gamma
coactivator (PGC) 1-α expression and activation (i.e., phosphoryla-
tion, deacetylation).148 The fact that both, metabolic and
morphologic adaptions of muscle cells are mediated by
ADIPOR1 signaling, suggests that similar adaptions also occur in
response to exercise; however, such investigations are lacking
so far.

Similar anti-diabetic effects were found for transforming growth
factor beta-2 (TGF-β2), another exerkine secreted by WAT.151 In
search of the molecular foundation for increased serum TGF-β2
levels observed after exercise training in humans and mice,
muscle-secreted lactate was found to mediate TGF-β2 secretion
from subcutaneous WAT in mice. Besides a potential autocrine
stimulation of WAT, which leads to adipose tissue browning,158

secretion of TGF-β2 from WAT induced glucose and fatty acid
uptake in skeletal muscle, improved glucose tolerance and insulin
sensitivity and reduced fat inflammation in mice.151 Although the
cellular mechanisms mediating these effects in the context of
exercise remain uncertain, it is tempting to speculate that MAPK
and SMAD proteins are involved.159 These two examples,
adiponectin and TGF-β2, shed light on the endocrine commu-
nication between WAT and skeletal muscle tissue and exemplify
how inter-organ crosstalk mediates health benefits of exercise via
the regulation of systemic metabolism.
Besides the studies highlighted above, further exerkine receptors

studied in in the context of skeletal muscle tissue adaption to
exercise are IL-15 receptor alpha (IL-15Rα) and natriuretic peptide
receptor 3 (NPR3). Despite the multi-faceted functions of IL-15,160

and evidence of secretion from skeletal muscle tissue in response to
exercise,144,161,162 few studies have linked exercise-mediated
increases in IL-15 to tissue adaption in vivo. Genetic overexpression
of IL-15 in skeletal muscle tissue has shown to confer resistance to
diet-induced adiposity and increase bone mineral content of
transgenic mice.163 In humans, plasma IL-15 levels were negatively
associated with fat mass,164 however, a mechanistic connection
between exercise, IL-15 secretion, and reduction of fat mass is still
lacking. In contrast, a clear mechanism of action for muscle-derived
IL-15 in morphologic adaptions of skin tissue was revealed by Crane
and colleagues. In detail, IL-15 triggered mitochondrial biogenesis in
a PPARɣ- and STAT5-dependent manner, thereby attenuating skin
ageing.144 Surprisingly, ablation of IL-15Rα primed skeletal muscle of
mice to a state consistent with moderate exercise, suggesting IL-15
receptor blockade as an exercise mimetic strategy.149 These
inconsistent results highlight that the distinct functions of IL-15 in
skeletal muscle tissue adaption to exercise are yet to be uncovered.
In contrast, musclin, a further muscle-secreted exerkine,

mediates skeletal muscle tissue adaption in a distinct manner.
Exercise-induced expression of musclin was shown to depend on
calcium-dependent phosphorylation of AKT and reduced levels of
nuclear forkhead box protein (FOXO) 1, an inhibitor of musclin
transcription.95 Due to its structural homology to natriuretic
peptides (NP) such as atrial natriuretic peptide (ANP), musclin
competes for the NP clearance receptor NPR3 (also named NPRC),
which does not exhibit cytoplasmic guanyl cyclase activity and
was previously described to tailor NP levels to the local needs of

Fig. 1 Molecular exercise therapy: mode of action and clinical implications of exercise-induced signaling molecules (exerkines). The effect of
exerkines on the human organism can broadly be divided into exerkine kinetics and exerkine dynamics. During acute exercise, numerous
exerkines are secreted in an autocrine, paracrine and/or endocrine manner. In the case of endocrine secretion, these exerkines are distributed
throughout the human organisms, making them available to distinct target tissues. The intensity and duration of an exerkine effect is dictated
by the exerkine concentration over time (area under the curve, AUC), which, in case of endocrine secretion, can be quantified as plasma
exerkine levels. For autocrine and paracrine secretion, microdialysis or other techniques for isolation of extracellular fluids404 allow precise
quantification of tissue-specific exerkine concentrations and determination of exerkine concentration-time curves. Of note, exerkines might
also be subject to metabolization and elimination via distinct routes. Once exerkines are secreted, they interact with target cells in a receptor-
dependent or receptor-independent manner. For receptor-dependent interactions, the effect on target cells depends on the precise
characteristics of the target receptor and the exerkine–receptor interaction. The intrinsic activity of an exerkine (agonism vs. antagonism), its
affinity to the target receptor, and the receptor density on target cells dictate dose-response relationships for exerkine-exerkine receptor pairs
that determine the potency and efficacy of an exerkine. For receptor-independent mechanisms, passive diffusion across the cell membrane,
transmembrane transporters, and extracellular vesicle (EV)-mediated uptake of exerkines have been described. Once exerkines have entered
the intracellular space, they can trigger signal transduction and subsequent adaption processes in a distinct fashion. These molecular
characteristics as well as inter-individual differences in health status and lifestyle habits (e.g., diet, exercise, sleeping behavior) determine the
magnitude of tissue adaption. Transferring mechanistic knowledge on exerkine kinetics and exerkine dynamics into disease context has
promising clinical implications, e.g., in disease prevention, targeted exercise therapy and the development of novel, exercise-inspired
pharmaceutics (i.e., exercise mimetics). Created with BioRender.com
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distinct organs.165 This competition increases the half-life of ANP
due to reduced clearance and triggers the cGMP-dependent
expression of PGC-1α mediated by NP receptors (i.e., NPR1, NPR2),
which exhibit cytoplasmic guanyl cyclase activity. Of note, these
effects were only observed when co-incubating myoblasts with
musclin and ANP, which is unsurprising, given the low affinity of
musclin for NPR1 and NPR2 compared to NP clearance receptor
NPR3. Ultimately, ANP/cGMP/PGC-1α signaling led to higher
expression of PGC-1α target genes, increased mitochondrial
content, and higher exercise performance in wildtype compared
to musclin knockout mice.95

In summary, skeletal muscle is stimulated by various exerkines in
an autocrine, paracrine, and/or endocrine fashion and the structural
and functional adaptions induced by exerkine signaling range from
classic endurance adaptions,95,146,148,149,152 via anti-sarcopenic
effects,51,52,152,166 through to anti-diabetic and metabolic
effects.145,147,148,150,151,153,154 Besides mechanistic insights into the
molecular foundations of exercise adaptions, these studies highlight
how the knowledge of specific exerkine receptor signaling in a
target tissue can be transferred to potential other target tissues that
express the same exerkine receptor.146,147,152 Adopting a hypothesis-
driven research strategy and maintaining a clear focus on the origin
and potential targets of established exerkines holds the potential to
advance our understanding of the pan-tissue benefits of exercise
with potential clinical implications in different diseases.

Cardiac muscle: Cardiac muscle undergoes considerable amounts
of mechanical and metabolic stress during acute exercise, resulting in
numerous adaptions including increased mitochondrial density, fatty

acid oxidation, and ATP levels as well as improved ROS scavenging
and heart contractility.24 Sympathetic activation increases heart rate
and heart contractility via β2-adrenergic receptors, which leads to an
augmented cardiac output, thereby enhancing systemic oxygen and
nutrient supply.167 Recurring exposure to exercise stress results in
myocardial hypertrophy which increases stroke volume and many
other aspects of cardiac function, thereby improving exercise
performance. Although the global mechanisms of cardiac exercise
adaption are mediated in large part by well-investigated growth
factors such as insulin, insulin-like growth factor 1 (IGF-1) or VEGF,168

various other signaling molecules were shown to contribute to
cardiac tissue adaption in response to exercise.
Apelin signaling via cardiac APLNRs seems to be involved in

both, the physiological induction of myocardial hypertrophy as
well as its amelioration in diseases such as hypertension, T2DM, or
obesity. Several signaling cascades have been proposed for these
adaptions, including the PI3K/AKT/ERK pathway, mTOR and
reactive oxygen species (ROS) signaling, as well as repression of
TGF-β1 and hydrogen peroxide (H2O2) signaling.

169 This suggests
a context-dependent role of APLNR signaling in cardiac exercise
adaptions, although to date, exercise models have not confirmed
this. The fact that apelin targets skeletal muscle and potentially
cardiac muscle via APLNRs, exemplifies how the same exerkine
can trigger tissue-specific adaption processes in very different
tissues via the same exerkine receptor, thereby underlining the
pan-tissue effects that exerkines can exert on the human
organism.
Under physiological conditions, exercise-induced myocardial

hypertrophy is dependent on parallel lymphangiogenesis via

Fig. 2 Signaling mechanisms of exerkines. Exerkines may mediate cellular adaption via direct action on target cells (direct exerkine effect) or
by stimulating other cell types to release bioactive compounds such as cytokines (indirect exerkine effect). Both, direct and indirect effects
require the interaction of exerkines with target cells as an initial step. a, b In the case of direct exerkine effects, the cellular adaptions occur
within the target cells themselves. c, d For indirect exerkine effects, the targeted cells induce adaption processes in other cell types.
Interaction of exerkines with target cells can occur in a receptor-dependent (a, c) or a receptor-independent manner (b, d). Extracellular
vesicles and nitric oxide are prime examples of receptor-independent exerkine mechanisms. Created with BioRender.com
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activation of VEGF receptor 3 (VEGFR3).170 Pharmacological
blockade of VEGFR3 resulted in lower secretion of IGF-1 and
reelin, both of which seem to mediate crosstalk between
lymphatic endothelial cells and cardiomyocytes. Mechanistically,
conditioned medium from lymphatic endothelial cells induced
cardiomyocyte hypertrophy via AKT activation and the C/
EBPβ-CITED4 axis in vitro. These signaling pathways were also
activated after exercise in cardiac tissue of vehicle treated mice
compared to mice injected with a VEGFR3 inhibitor.170 On the one
hand, these results highlight that exercise adaptions are rarely
targeted to a specific tissue type (i.e., cardiac muscle), but rather
depend on inter-tissue crosstalk via distinct signaling molecules.
On the other hand, they reinforce the notion that different
exerkines (e.g., apelin and VEGF) harness separate signaling
mechanisms to serve a mutual adaption (i.e., myocardial
hypertrophy). Of note, the fact that different exerkines transduce
their signals via distinct receptors does not rule out the possibility
that the triggered signaling cascades might converge at some
point to facilitate mutual tissue adaption.
In a more disease-specific setting exercise training improved

cardiac function after myocardial infarction in rats.171 The
increased levels of mature BDNF found in skeletal muscle and
non-infarcted areas of the left ventricle suggested that exercise-
induced increases in BDNF could exert cardioprotective effects.172

Tropomyosin-related kinase B (TRKB) was found to transduce
BDNF signals and improve cardiac function through downstream
calcium/calmodulin-dependent protein kinase II (CaMKII) and AKT
phosphorylation,171 thereby emphasizing how exerkine signaling
is not only involved in cardiac tissue adaption under physiological
conditions, but can also exert regenerative effects in tissue
pathophysiology. AKT is also activated in cardiac muscle tissue in
response to remote ischemic preconditioning performed during
coronary artery bypass surgery,173 elucidating a previously
unknown mechanisms for cardioprotection that warrants further
investigation.174

Another prominent exerkine that exerts cardioregenerative
effects is METRNL, a muscle-secreted protein that was originally
discovered in the context of adipose tissue and regulation of
energy homeostasis.128 In cardiac tissue, METRNL induced angio-
genesis and tissue repair via endothelial KIT receptor tyrosine kinase
in a mouse model of myocardial infarction.175 Although exercise-
induced increases in METRNL expression have been reported in
humans and mice,128 a thorough investigation of cardiac METRNL-
signaling in the context of exercise—as done for BDNF/TRKB
signaling—has not yet been performed so far and the exact
downstream mechanisms through which this activation leads to
cardiac repair are still lacking. Neuregulin 1 (NRG1), a growth factor
involved in tissue development also functions as an exerkine in
cardiac tissue as observed in a rat model of myocardial infarction, in
which chronic moderate exercise induced the endothelial secretion
of NRG1, favoring cardiac repair and regeneration by promoting
DNA synthesis in adjacent cardiomyocytes via activation of Erb-B2
Receptor Tyrosine Kinase 2 and 4 (ERBB2 and ERBB4) receptor and
downstream PI3K/AKT signaling.176

In conclusion, various exerkines were shown to induce cardiac
tissue adaption via their action on specific exerkine receptors.
While some of these receptors are involved in physiological signal
transduction and adaption processes initiated by exercise, others
have also revealed therapeutic and regenerative effects in cardiac
tissue pathology. Elucidating the precise molecular interactions
that transduce exercise signals into potential therapeutic effects
remains an important topic for future investigations on the cardiac
implications of exercise training. In this context, exerkine receptors
could prove to be a crucial component of signal transduction, that
mediates tissue adaption in health and disease. To harness these
mechanisms therapeutically, however, pre-clinical and clinical
trials are needed to confirm feasibility, safety, and effectiveness in
patient collectives.

White adipose tissue: WAT was historically perceived as a rather
passive tissue that stores energy for times of nutrient scarcity but
is nowadays viewed as a cellularly diverse organ with multi-
faceted functions. The different cell types found in adipose tissue
include pre-adipocytes, beige adipocytes, fibroblasts, endothelial
cells, and various types of immune cells, all of which participate in
intercellular communication via distinct mediators.177 In the
context of exercise, a special interest has emerged concerning
the morphological transition of white adipocytes towards a brown
phenotype—a process known as adipose tissue browning or
beiging.178 Since excess adipose tissue constitutes a major risk
factor for numerous diseases,179 exercise-induced signaling
molecules that mediate adipose tissue browning were considered
a promising research topic with potential implications for
metabolic health.
Irisin, a muscle-secreted exerkine that is proteolytically cleaved

from the membrane-bound protein FNDC5, was found to induce
adipose tissue browning via cAMP and PPARα, thereby reducing
obesity and insulin resistance in exercised mice.30 Despite
showing that plasma irisin levels also increase in humans
performing endurance exercise training,30,180 doubts were raised
concerning the classification of irisin as an human exerkine.181,182

Nonetheless, αV/β5 integrins were identified as molecular
transducers of the thermogenic effects of irisin on adipocytes.183

These effects were mediated by phosphorylation of several
downstream targets of canonical integrin signaling, including
focal adhesion kinase (FAK), AKT, CREB, and Zyxin in vitro, and led
to increased expression of thermogenic genes such as uncoupling
protein 1 (UCP1) and iodothyronine deiodinase 2 (DIO2) in
primary inguinal fat cells of mice injected with irisin. A recent
characterization of the receptor dynamics between irisin and αV/
β5 integrins refined the cellular mechanism of action of irisin by
revealing that exercise-secreted extracellular heat shock protein
(HSP) 90α activates αV/β5 integrins for binding of irisin at a non-
canonical binding site.184 Of note, the effects on adipose tissue
thermogenic gene programs were replicated in this study and
shown to depend on both, irisin and HSP90α. This detailed
characterization of exerkine-exerkine receptor dynamics exempli-
fies how mechanistic insights into exerkine receptor activation
advances scientific progress on the tissue-wide adaption pro-
cesses mediated by exercise. Since numerous tissues express αV
integrins, β5 integrins, and HSP90α, irisin-mediated effects on
tissue adaption depict a promising area of research. Future studies
will have to elucidate to what extent these mechanisms translate
to other cell types and human populations.
Similar effects on adipose tissue browning were observed for

several other exercise-responsive signaling molecules including
METRNL,128 and KYNA.185 After revealing that METRNL did not act
on adipocytes directly, the thermogenic effects were shown to
depend on paracrine IL-4 and IL-13 signaling from immune cells
secondary to their recruitment to adipose tissue.128 Although the
molecular mechanisms of METRNL-induced immune cell infiltra-
tion (e.g., whether immune cells express a receptor for METRNL)
remain unclear, the action of IL-4 and IL-13 on adipose tissue was
studied thoroughly. IL-4 and IL-13 are cytokines of a macrophage
alternative activation program and acted upon adipocytes via IL-4
receptor alpha chain (IL4Rα) and STAT6, triggering the expression
of thermogenic genes in wildtype mice compared to IL4Rα-
blocked or STAT6 knockout mice.128 Of note, these mechanisms
also triggered norepinephrine secretion via increased expression
of tyrosine hydroxylase, the rate-limiting step of catecholamine
production, thereby linking a further potent stimulator of adipose
tissue thermogenesis to the METRNL/IL-4/IL-13 axis. These results
shed light on the involvement of the immune system in adipose
tissue adaptions and emphasizes the crucial role of migrating
immune cells in intercellular communication and healthy tissue
adaption. Considering that the health effects of MERTNL are well
characterized outside of exercise context,186–188 (re)evaluation of
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these effects in exercise settings could prove valuable to assess
the health-promoting effects of exercise as a low-cost lifestyle
intervention.
For KYNA, G protein-coupled receptor 35 (GPR35) was identified

as a molecular target mediating adipose tissue browning via
intracellular calcium release, ERK1/2, CREB phosphorylation and
PGC-1α1 stabilization, thereby improving energy homeostasis and
inflammation in mice fed a high-fat diet.185 Additionally, a
crosstalk between GPR35 and beta-adrenergic receptors was
identified, in that regulator of G protein signaling 14 (RGS14), a
gene enriched in KYNA-treated adipocytes, blocked the inhibitory
effect of GPR35 on beta-adrenergic signaling. This unleashed
adipocyte beta-adrenergic receptor signaling and enhanced
adipose tissue browning in vivo. Further exerkines with similar
effects on adipose tissue are β-aminoisobutyric acid (L-BAIBA),58

and IL-6.189

Beyond adipose tissue browning, fibroblast growth factor (FGF)
21, a peptide hormone secreted in response to acute exercise,190

was found to exert further metabolic effects on adipose tissue via
a receptor complex between FGF receptor 1 (FGFR1) and co-
receptor β-Klotho (KLB). FGF21 is involved in the regulation of
energy homeostasis, glucose and lipid metabolism, and insulin
sensitivity,191 which led to the hypothesis that adipose
FGF21 signaling could confer some of the metabolic benefits
associated with exercise training. Mice fed a long-term high fat
diet exhibited FGF21 resistance together with impaired glucose
and insulin tolerance as well as increased fasting insulin,
triglyceride, and free fatty acid levels.192 Exercise training reversed
these effects via restoration of FGF21 sensitivity and PPARɣ-
mediated upregulation of FGFR1 and KLB in adipose tissue. These
effects were abolished in exercised adipose-specific KLB knockout
mice, proving that FGFR1/KLB mediates the metabolic benefits
observed after exercise training. Intraperitoneal injections with
recombinant mouse FGF21 revealed that FGFR1/KLB signaling
triggered downstream ERK1/2 phosphorylation in white and
brown adipose tissue.192 These results highlight the importance
of exerkine dynamics in mediating health-related benefits of
exercise. In contrast to other studies, which often focus on
exercise-induced increases in specific exerkines and their sub-
sequent action on a certain target tissue (exerkine kinetics), the
exercise benefits observed in this investigation were mainly
triggered by increased receptor expression and improved
sensitivity for FGF21 (exerkine dynamics). Both aspects of exerkine
signaling, i.e., exerkine kinetics and exerkine dynamics, are
important to improve our mechanistic understanding of
exercise-induced health benefits (see Fig. 1).
In conclusion, the effect of exerkine-mediated adipose tissue

adaptions is dominated by investigations on adipose tissue
browning. The highlighted investigations on cardiometabolic
implications of adipose tissue morphology—i.e., WAT as risk
factor versus brown adipose tissue as mediator of metabolic
health—have advanced our understanding of exercise-induced
adipose tissue adaptions conveyed by exerkines. To leverage
these mechanistic findings in cardiometabolic diseases such as
obesity or T2DM, translational research approaches are warranted
to evaluate the therapeutic potential in humans.

Bone and cartilage: Bone formation and remodeling depict
physiological processes with high therapeutic potential in age- or
disease-related bone loss, as frequently observed in osteoporotic
patients. The pro-osteogenic impact of exercise is well established
nowadays, as evidenced by numerous investigations on the
association between exercise and bone mineral density, a main
outcome of bone mass and quality.193 Several molecular
mechanisms have been suggested to transduce the mechanical
stimulus imposed on the skeletal system during exercise into
tissue adaption. Aside from mechanical deformation and micro-
damage, endocrine mediators are also involved in the formation

of bone tissue in response to exercise via their action on target
receptors.193

Well-investigated exerkines with osteogenic impact are L-BAIBA
and irisin, both of which also target WAT. L-BAIBA—a nonprotein
β-amino acid that is physiologically secreted from trained skeletal
muscle through catabolism of valine58—exerts protective effects
on osteocytes via activation of mas-related G protein-coupled
receptor type D (MRGPRD).57 Mice subjected to hindlimb
unloading revealed increased levels of bone and muscle loss,
but these effects were attenuated by simultaneous administra-
tions of L-BAIBA. MRGPRD signaling was shown to mediate these
effects in osteocytes by protecting mitochondria from ROS-
induced damage and regulating mitochondrial gene expression.
This protective effect of L-BAIBA was lost in aged mice due to
decreased expression of MRGPRD,57 highlighting that alterations
in exerkine receptor density on target tissues are a crucial
determinant of exerkine signaling in vivo (Fig. 1). Although not
investigated in the context of exercise, L-BAIBA was shown to
induce mitochondrial biogenesis and improve respiratory function
of podocytes via MRGPRD and phosphorylation of AMPK in the
kidney.194 This suggests a role of L-BAIBA in regulating glomerular
function with potential applications in different nephropathies.
Similar results with respect to bone remodeling were obtained

for irisin signaling via αV/β5 integrins.183 Although previous
investigations have revealed a positive effect of low-dose weekly
injections with irisin on bone formation in mice,195 contrary
results, i.e., increased bone resorption, were reported after
injecting much higher doses on a daily basis.183 A dose-
dependent regulation of bone resorption and formation might
be assumed, given that the cumulative weekly dose of irisin
differed by a factor of approximately 60 between these
investigations. While irisin-induced bone formation was conveyed
by ERK,195 bone resorption resulted from integrin signaling via
FAK, AKT, CREB, and Zyxin.183 The authors argue that irisin could
fulfill a dual function similar to parathyroid hormone, which also
resorbs bone tissue in chronically elevated concentrations, buts
forms new bone tissue when administered intermittently.183 In the
context of exercise, intermittent irisin pulses might explain the
positive effects of irisin on bone formation. Apart from these
pharmacodynamic considerations, the obtained results also hold
therapeutic value since pharmacological blockade of αV integrins
(or irisin) could be harnessed to dampen bone resorption. This
therapeutic approach is backed by preclinical experiments
showing complete abrogation of osteoporosis in irisin knockout
mice183 with potential implications for the treatment of osteo-
porosis and other diseases marked by bone loss. Collectively,
L-BAIBA and irisin exemplify how the very same exerkine can
induce several health benefits in seemingly unrelated target
tissues (i.e., adipose tissue and bone tissue) and how the precise
knowledge of exerkine kinetics and exerkine dynamics can
facilitate the development of new therapeutic approaches and
drug candidates (Fig. 1).
In contrast to endocrine stimulation of bone tissue via L-BAIBA

and irisin, mechanical stimulation depicts another trigger of
osteogenic adaption. Peng and colleagues demonstrated that
mechanical strain sensed by bone marrow macrophages via
mechanosensitive ion channels induced the secretion of a lipolytic
factor named RCN2.124 Subsequent binding to a functional
receptor complex on bone marrow adipocytes consisting of
neuropilin-2 (NRP2) and integrin β1 (ITGB1) induced lipolysis and
lipid mobilization into the surrounding micro-milieu via canonical
cAMP/PKA signaling, thereby fueling energy-intensive processes
such as osteogenesis and lymphopoiesis inside the bone
marrow.124 These strongly mechanistic findings shed light at the
local interconnection of different cell types (e.g., adipocytes,
osteocytes, lymphoid progenitors) and provide new insights into
the role of mechanical loading for bone marrow physiology. The
results also reveal that exerkines are not necessarily released into
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the bloodstream before acting on target tissues but might induce
functional adaption locally via paracrine signaling. By identifying
different components of exerkine signal transduction—i.e., a new
mechanosensitive exerkine (RCN2), the associated exerkine
receptor complex (NRP2/ITGB1), and the detailed functional
consequences for osteogenesis and lymphopoiesis—the authors
show how comprehensive investigations on exercise-related
adaption processes can create solid scientific progress in
biomedical research. This knowledge of newly identified mole-
cular members of strain-induced osteogenesis and lymphopoiesis
opens promising therapeutic options that could be leveraged in
osteoporotic or immunocompromised patients.
Besides exerkine effects on bone tissue, there are several

investigations that have focused on exerkine-mediated adaptions
in cartilage tissue as well. Leveraging transcriptome-wide gene
expression analyses, Blazek and colleagues investigated the
impact of exercise training on gene expression patterns in
cartilage tissue of rats. Interestingly, the exercise program yielded
over 600 differentially expressed genes in healthy articular
cartilage, many of which clustered around the Gene Ontology
(GO)-terms immune response, signal transduction and extracel-
lular matrix biosynthesis.196 To gain deeper insights into the
intracellular processes that were regulated by exercise training,
Kyoto Encyclopedia of Genes and Genome (KEGG) pathway
analyses were performed and revealed that signal transduction
pathways were a major target regulated by exercise training. In
detail, most of the differentially expressed genes were annotated
to PI3K/AKT, RAS, RAP1, MAPK, and cAMP signaling pathways,
suggesting a strong involvement of these signaling cascades in
cartilage tissue adaption to exercise. Although this study did not
identify exerkines or molecular targets of exerkines as mediators
of cartilage tissue adaption, it provides indisputable evidence for
cellular signaling cascades that participate in chondral adaption to
exercise.196

In summary, several studies have investigated the impact of
exerkine receptor signaling on skeletal adaptions. The age- and
disease-related decline of bone and cartilage tissue and the
associated frailty highlight the clinical implications of exerkine
receptors that transduce exercise signals into osteogenic and
chondrogenic adaptions. By identifying molecular targets for
potential therapeutic use in diseases marked by bone loss, these
studies have successfully outlined the translational potential of
mechanistic research on exercise adaptions for clinical therapy.
Since mechanical strain is an inherent characteristic of most
exercise modalities, thorough investigation of mechanosensation
by bone tissue and bone marrow resident cells (e.g., immune cells)
could prove profitable, especially for elderly populations which
bear an increased risk for fractures and infections. To what extent
these findings translate to humans, however, remains to be
elucidated.

Nervous system: While peripheral exerkine target tissues includ-
ing the peripheral nervous system are easily accessible for
exerkines via the blood stream, access to the CNS is more limited
due to tight regulation by the BBB.197 Biochemical properties
including hydrophilicity, lipophilicity, and potential transport
mechanisms across the BBB are crucial features that need to be
considered when evaluating the impact of exerkines on the CNS.
To date, several exerkines have been investigated as signaling
molecules that affect the CNS in a receptor-dependent or
receptor-independent manner. These include BDNF,198 iri-
sin,125,127,199 lactate,200,201 angiopoietin I (ANGPT1),202 GDF15203,
cathepsin B,204 platelet factor 4 (PF4),205–208 clusterin,209 and
glycophosphatidylinositol (GPI)-specific phospholipase D1
(GPLD1).210

BDNF, a well-described mediator of neuronal cell survival,
differentiation, and plasticity,211 that is secreted from skeletal
muscle and nervous tissue in response to exercise, was shown to

mediate neuroplasticity in the CNS via TRKB singling.198 Addition-
ally, endurance exercise increased mouse hippocampus gene
expression of FNDC5 (the transmembrane precursor of irisin) via
mechanisms dependent on PGC-1α and estrogen-related receptor
alpha, which also induced hippocampal gene expression of
BDNF.127 Peripheral delivery of irisin led to similar increases in
hippocampal BDNF expression, suggesting that irisin can pass the
BBB. In line with more recent reports on the ability of irisin to cross
the BBB,125,199 these findings have promising implications for the
interconnection of regular exercise and brain health since they
establish a causal relationship between peripheral increases in
irisin levels (as observed after exercise training) and neurological
health benefits mediated by BDNF.127

Taking these findings into disease context, reduced irisin levels
were found in the hippocampus and cerebrospinal fluid (CSF) of
AD patients and in hippocampi of experimental AD models.126

Knockdown of brain irisin in mice impaired synaptic plasticity and
memory function, both of which were rescued by boosting central
or peripheral irisin levels. Exercise-secreted irisin mediated similar
neuroprotective effects, and improved memory function in trained
mice. Mechanistically, irisin triggered a brain cAMP/PKA/CREB
signaling pathway to confer these effects.126 Beside consolidating
the neuroprotective effect of irisin,125,127,199 these findings shed
light at the potential therapeutic value of exercise in neurological
conditions and raise interesting questions regarding further
exerkines that participate in muscle-brain crosstalk (for review
see ref. 212). Of note, although these investigations did not
investigate αV/β5 integrins as molecular targets of irisin,183 the
ubiquitous expression of integrins across numerous tissues,
including the brain, suggests integrin signaling as a potential
mechanism for irisin-induced adaptions in the CNS. However,
given that different signaling pathways of irisin were found in
brain126 compared to bone or adipose tissue,183 future studies will
have to show how irisin exerts its effects across distinct tissues.
Since neurological diseases like AD, vascular dementia, and

Parkinson’s disease are marked by cognitive deficits, the impact of
exercise training on brain angiogenesis depicts a further
mechanism with potential therapeutic value in diseases of
the CNS.
Similarly, brain vascularization plays an important role in

protection from ischemia, as observed in stroke. ANGPT1, a
protein with vascular protective effects213 secreted from skeletal
muscle tissue in the context of exercise,214 was revealed to
increase angiogenesis and decrease infarct volume in a rat model
of ischemic infarction. These effects were triggered by ANGPT1-
dependent activation of Tyrosine-protein kinase receptor TEK (TIE-
2) and downstream singling via AKT in the ischemic cortex,202 and
lead to improved functional outcomes in exercised vs. non-
exercised mice.
Similar effects on angiogenesis were found for exercise-induced

increases in lactate and the lactate hydroxycarboxylic acid
receptor 1 (HCAR1), which is expressed and active in brain
tissue.215 Exercise training increased capillary density in various
brain regions of wildtype, but not HCAR1 knockout mice,
indicating that HCAR1 in crucially involved in brain vasculariza-
tion.201 These effects were mediated by ERK1/2 and AKT, which
induced hippocampal expression of VEGFA, a potent stimulator of
angiogenesis, in exercise trained, lactate-injected wildtype mice
compared to HCAR1 knockout controls.201 Moreover, exercise-
induced increases in lactate conveyed neurogenesis in different
brain regions via HCAR1/AKT signaling in wildtype mice compared
to HCAR1 knockout mice.200 These insights into cerebral
vascularization and neurogenesis highlight the preventive and
therapeutic value of exercise in neurovascular pathologies, which
are often characterized by hypoperfusion and microvascular
dysfunction.
In contrast to the CNS, peripheral nerves are not confronted

with the caveat of BBB permeability concerning exerkine-induced
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tissue adaption. Thus, peripheral nerves are readily susceptible to
exercise adaptions, as demonstrated by the morphological
transition of motor neurons towards a slow type I identity
triggered by muscle-secreted neurturin.146 Other exercise studies
have predominantly focused on peripheral nerve regeneration in
response to traumatic nerve injury, although the precise molecular
mechanisms mediating these effects remain unknown.216,217 A
frequently discussed concept involves neurotrophic factors such
as glial-derived neurotrophic factor, neurotrophin-3, BDNF, or
IGF-1218,219 as physiological basis for nerve regeneration via
activation of neuronal stem cells.
In summary, muscle-brain crosstalk via exerkines remains a hot

topic of research that has opened promising therapeutic avenues
for the treatment of different neurological diseases.212 The
identification of exerkine receptors inside the CNS has clarified
our mechanistic understanding of the implications of exercise-
mediated health benefits and tissue adaption for brain function
and warrants for translational research approaches that elucidate
the therapeutic relevance of these findings in clinical populations
despite methodological obstacles. Concerning peripheral nerves
there is far less evidence for exercise-induced tissue adaption, thus
calling for mechanistic studies on the molecular underpinnings of
neuronal plasticity in the peripheral nervous system.

Concluding remarks on animal studies: Exerkine receptor
activation was characterized as an important hub between
exerkine mobilization and downstream tissue adaption in several
animal tissues, including skeletal muscle, cardiac muscle, adipose,
bone, cartilage, and nervous tissue. An overview of the target
tissues, exerkine receptors, and downstream signaling pathways is
given in Fig. 3 and Table 2. Most studies have established a clear
connection to exercise, e.g., by training animals with a tissue-
specific knockout of a supposed exerkine receptor or by injecting
pharmacological exerkine receptor antagonists into exercising
mice. These approaches were often accompanied by cell culture
experiments to investigate cellular signaling cascades and/or
expand the knowledge of established exerkine-exerkine receptor
pairs from one tissue to another. Some investigations additionally
used human populations as a proof of concept of their findings
obtained in rodents. Research approaches like these extend our
understanding of the tissue-wide implications of identified
exerkines and serve as prime examples of how similar signaling
mechanisms might apply to different target tissues. Conceptually,
a mutual biological signal—i.e., the mobilization of a certain
exerkine—might trigger similar signaling cascades through
receptor activation in very distinct tissues. On a broader scale
these pan-tissue effects might depict a molecular intersection for
the tissue-wide health benefits associated with exercise. The
mechanistic insights obtained in animal studies play a crucial role
in identifying molecular mechanisms that mediate tissue adaption,
however, the successful translation of these findings into human
populations is still emerging.

Human studies. The direct translation of knowledge derived from
animal studies into humans can be difficult, especially in view of
methodological and ethical constraints in obtaining certain tissue
types in healthy populations (e.g., brain, heart, liver, lung). Other
tissues such as subcutaneous adipose tissue, skeletal muscle, or
immune cells are better accessible in humans. In clinical settings,
incorporation of research projects into surgical procedures might
enable access to further target tissues (e.g., tissue biopsies of
visceral fat and internal organs), thereby facilitating investigations
on the impact of tissue-specific exerkine signaling in the context
of different diseases. Despite these implications for human health,
only few investigations have made use of such translational
approaches. One strategy that has been applied in healthy
individuals, however, is the use of exerkine receptor antagonists to
investigate the effect of exerkine receptor signaling in humans.

The potential of exerkine agonists in conferring healthy tissue
adaption (i.e., exercise mimetics) will be covered later in this
review. To date, pharmacological inhibition of IL-6 receptor (IL-6R)
and IL-8 receptor (IL-8R) has been performed in humans subjected
to exercise.

IL-6 receptor blockade: Tocilizumab is a humanized monoclonal
antibody directed against membrane-bound and soluble IL-6Rs and
is therapeutically indicated in several forms of arthritis, giant cell
arteritis, and COVID-19 pneumonia.220 In human research, tocilizu-
mab can be used to block endogenous IL-6R signaling to investigate
the consequences of inhibited signal transduction in vivo. Given that
IL-6 is a well-described exerkine with distinct effects on several
target tissues,221 a randomized, double-blind, placebo-controlled
trial performed with abdominally obese participants investigated the
impact of IL-6R blockade on adipose tissue in humans.222 12 weeks
of progressive endurance exercise significantly reduced visceral fat
mass, which was quantified by magnetic resonance imaging (MRI)
scans, in exercising participants compared with non-exercising
controls. These effects were completely abolished in participants
that additionally received tocilizumab.222 In fact, while exercising
participants receiving placebo infusions achieved an 8% reduction in
visceral fat mass, those infused with tocilizumab revealed an
increase by 10% despite exercising. Although this does not
mechanistically prove that IL-6R signaling is responsible for
reductions in visceral fat mass, it highlights a crucial role of this
signaling mechanism for visceral fat reduction in abdominally obese
humans. Similar results were found in a non-randomized, placebo-
controlled crossover trial.223 IL-6 receptor blockade with tocilizumab
lowered the mobilization of free fatty acids in lean and obese men at
rest, during exercise and in the subsequent recovery period, and
slightly impaired lipolysis in obese men,223 indicating that IL-6R
signaling is crucial for adipose tissue homeostasis and systemic
energy metabolism both, under resting conditions and in the
context of acute exercise.
Based on these studies several secondary analyses were

performed to assess the impact of IL-6R signaling on other target
tissues and clinical outcomes.224–226 Focusing on cardiac implica-
tions of IL-6R signaling, a reduction in epicardial fat mass (quantified
by MRI scans) was observed in exercising participants receiving
placebo infusions compared to non-exercising controls.225 These
effects were abolished in exercising participants receiving tocilizu-
mab instead. In line with the decrease in epicardial fat mass, left
ventricular mass significantly increased in exercising participants
receiving placebo infusions, which was abolished in participants
receiving tocilizumab. These findings shed light at cardiac exercise
adaptions mediated by IL-6R activation and subsequent signal
transduction and highlight the scientific potential of imaging
techniques such as MRI scans in quantifying adaptions in tissue
mass in humans. In another secondary analysis the impact of IL-6R
blockade on exercise-induced immune cell mobilization was
investigated by analyzing blood samples from an acute exercise
bout performed before and after 12 weeks of placebo or tocilizumab
infusion.224 Peak numbers of circulating natural killer (NK) cells and
dendritic cells were decreased in response to acute exercise under
IL-6R blockade, suggesting that IL-6R signaling is involved in the
exercise-induced mobilization of NK cells and dendritic cells. Animal
studies have revealed that exercise-induced IL-6 secretion plays a
crucial role in the mobilization and redistribution of NK cells towards
tumor tissue, thereby decreasing tumor growth.227 However, these
effects did not translate to humans, as indicated by two randomized
controlled trials with prostate cancer patients.228,229 Future studies
will have to clarify if these mechanism translate to other tumor
entities to elucidate the therapeutic significance of IL-6R signaling in
exercise-induced immune cell trafficking.

IL-8 receptor blockade: IL-8 was originally discovered as a
chemotactic signaling molecule facilitating leukocyte recruitment
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to sites of inflammation but has also revealed crucial involvement
in exercise-induced angiogenesis of skeletal muscle.230 These
functions are mediated by the IL-8R, which is encoded by the
gene C-X-C motif chemokine receptor 2. IL-8Rs are expressed on

endothelial cells, and have shown promising results as pharma-
cological target in various diseases.231 To investigate the impact of
IL-8R signaling on human neutrophil mobilization, a double-blind,
placebo-controlled crossover trial applying pharmacological
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blockade of IL-8R was conducted.232 Circulating neutrophil levels
were lower under IL-8R blockade at rest compared to placebo but
increased to a similar extent (~40%) in response to acute exercise.
The sustained neutrophilia frequently observed after acute exer-
cise233–235 was only present in the placebo group, while neutrophil
levels returned to baseline under IL-8R blockade. This indicates that
IL-8R signaling might be involved in long-term mobilization of
neutrophils from the bone marrow, which is suggested as main
mechanism for the sustained neutrophilia observed after exercise.236

Of note, the statistical significance of these findings remains
questionable since no results of statistical analyses were reported.
The limited evidence on IL-8R signaling in humans calls for thorough
reevaluation of the precise mechanisms intertwining IL-8 secretion
and exercise-induced immune cell mobilization.

Concluding remarks on human studies: Despite promising
therapeutic implications of exerkine receptor signaling and tissue
adaption in vivo, remarkably few studies have translated the
molecular mechanisms discovered in animal models into human
populations (Fig. 4 and Table 2). The potential of pharmacological
exerkine receptor blockade in evaluating the physiological
consequences of exerkine signaling in humans was successfully
demonstrated by several investigations. Despite ethical hurdles,
there are numerous further monoclonal antibodies such as
cetuximab (receptor tyrosine kinase antagonist) or fresolimumab
(TNF-β receptor antagonist) with potential use in exercise context.
An overview of potential blocking agents for membrane-bound
receptors was recently provided by O’Shea and colleagues.237 To
quantify changes in tissue mass in response to exerkine receptor
blockade, imaging techniques depict an attractive method in
humans. Combining MRI scans,225 computed tomography (CT) (as
done with micro-CT imaging in animal studies)124,183 or positron
emission tomography (PET)-CT scans238 with pharmacological
exerkine receptor antagonists could depict a valuable approach to
assess the impact of exerkine receptor signaling on clinical
outcomes in humans. Apart from imaging approaches, exerkine
receptor activation and the subsequent signal transduction could
also be captured via tissue biopsies. In this context, subcutaneous
adipose tissue and skeletal muscle are relatively easy to obtain for
context-dependent in-depth analyses. Immune cells additionally
offer the possibility of ex vivo investigation, e.g., to evaluate the
functional consequences of different exerkines and/or exerkine
receptor antagonists on cellular signaling cascades. In view of this
diverse methodological landscape, translational research
approaches applying these methods are needed to create reliable
evidence for the health-related impact of exerkines on exerkine
receptors and cell signaling in different human target tissues.

Receptor-independent signal transduction
In contrast to receptor-dependent signal transduction, receptor-
independent mechanisms of exerkines are less well investigated
due to the more complex nature that governs their action on

target cells. Although knowledge on these mechanisms is sparse,
we want to point out some prominent examples that exemplify
the potential of receptor-independent signal transduction in
healthy tissue adaption. This is especially of relevance since these
mechanisms might also contribute to the tissue-wide health
effects of exercise therapy in different disease settings.
For some of the exerkines discussed previously evidence for

membrane-bound receptors as molecular transducers of exercise
effects is not available yet. This opens two possibilities: either the
receptor exists but has not been linked to the exerkine, or these
exerkines act on non-receptor targets directly. For instance,
METRNL was shown to promote heart repair and angiogenesis
after myocardial infarction via endothelial KIT receptor tyrosine
kinase,175 but whether the same receptor is responsible for
immune cell infiltration into adipose tissue and subsequent
cytokine secretion for adipose tissue browning remains unclear.128

Other exerkines such as Cathepsin B correlate with memory
functions but the precise molecular mechanism are not known
yet.204

In contrast, follistatin, a liver-secreted exerkine that is regulated
by glucagon and insulin levels,239 signals to non-receptor targets
directly by binding extracellular ligands of activin type II receptors
(ACTRII), including myostatin. These ligands usually suppress
skeletal muscle anabolism via TGF-β signaling. Conversely,
follistatin antagonizes these effects via sequestration of myostatin
and other activins, thereby facilitating skeletal muscle hypertro-
phy240 and improving insulin signaling in normal weight and
obese mice.241 Follistatin thus depicts a prime example of an
indirect, receptor-independent mechanism of exerkine signaling
(Fig. 2). Besides its action on myostatin and other ligands of
ACTRII, follistatin also mediates hypertrophy in a myostatin-
independent manner via mechanisms involving SMAD3, AKT,
mTOR, S6K, and S6RP, although the precise cellular signaling
cascades remain unclear.242 Similarly, ANGPTL4, an exerkine
secreted by the liver, adipose tissue, and skeletal muscle
tissue,97,243,244 was shown to activate cAMP/PKA-dependent
WAT lipolysis in mice,245 but the cellular receptors mediating
these effects in adipocytes are unknown. In search for a molecular
explanation, extracellular ANGPTL4 was found to potentiate
β-adrenergic receptor signaling downstream of the β-adrenergic
receptor, but upstream of adenylate cyclase.245 However, inves-
tigations in the context of exercise have not been performed so
far. A further function of ANGPTL4 is the inhibition of lipoprotein
lipase in non-exercising muscle tissue, which reduces fatty acid
uptake and regulates lipid metabolism. In contrast, exercising
muscle tissue is primed for fatty acid uptake, most likely via an
AMPK-dependent inhibition of ANGPTL4.243 Adropin, a further
hepatokine that increases with exercise training, was additionally
shown to improve vascular endothelial function in obese
adolescents independent of body weight changes.246 These
effects are most likely mediated by a higher production and
bioavailability of NO, resulting in improved endothelial

Fig. 3 Overview of exerkine receptors and downstream signaling pathways investigated in animal studies. Autocrine, paracrine, and
endocrine mobilization makes exerkines available for exerkine receptors localized on distinct target cells including myocytes (a),
cardiomyocytes (b), lymphatic endothelial cells (b), osteocytes (c), white adipocytes (d), neurons (e), and macrophages (f). Binding of exerkines
to their target receptor triggers tissue-specific signaling cascades and adaption processes with potential therapeutic effects in different
diseases. Downstream mediators of exerkine signaling that were investigated in vivo are highlighted in green. APLNR apelin receptor, CX3XR1
C-X3-C motif chemokine receptor 1, IL-15Rα Interleukin-15 receptor α, IL-15 Interleukin 15, TGF-βR2 transforming growth factor β receptor 2,
GFRA2 Glial cell line derived neurotrophic factor family receptor α 2, RET REarranged during Transfection, NTN Neurturin, TRKB Tropomyosin-
related kinase B, BDNF Brain-derived neurotrophic factor, NRG1 Neuregulin 1, ERBB2/ERBB4 Erb-B2 Receptor Tyrosine Kinase 2/ Erb-B2
Receptor Tyrosine Kinase 4, VEGFR3 Vascular endothelial growth factor receptor 3, VEGF Vascular endothelial growth factor, IGF-1 Insulin-like
growth factor 1, NRP2 Neuropilin 2, RCN2 Reticulocalbin 2, FSTL1 Follistatin-like 1, DIP2A Disco-interacting protein 2 homolog A, HSL hormone
sensitive lipase, MRGPRD Mas-related G protein-coupled receptor type D, L-BAIBA β-aminoisobutyric acid, HCAR1 Hydroxycarboxylic acid
receptor 1, FGFR1 Fibroblast growth factor receptor 1, KLB Co-receptor β-Klotho, FGF21 Fibroblast growth factor 21, GPR35 G protein-coupled
receptor 35, KYNA Kynurenic acid, GFRAL Glial cell line derived neurotrophic factor family Receptor α Like, GDF15 Growth differentiation factor
15, TIE-2 Tyrosine-protein kinase receptor TEK, ANGPT1 Angiopoietin 1, SUCNR1 Succinate receptor 1. Created with BioRender.com
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Table 2. Examples of receptor-dependent signal transduction and biological effects on target tissues mediated by exerkines

Exerkine Exerkine receptor Mechanism of action Biological effects Refs

Skeletal muscle

NTN GFRA2/RET RAF/MEK/ERK, AKT, STAT3 ↑ vascularization, oxidative capacity, fatty acid transport, mitochondrial metabolism,
slow-twitch muscle fibers

146

TGF-β2 TGF-βR2 n/a ↑ glucose & fatty acid uptake
↑ glucose tolerance & insulin sensitivity
↓ fat inflammation

151

IL-15 IL-15Rα AMPK ↑ fatty acid oxidation, nucleotide metabolism & anaplerotic reactions 149

Fractalkine CX3CR1 ERK, JNK ↑ neutrophil recruitment, GLUT4 translocation, glucose uptake & myokine secretion 145,150

Musclin NPRC (clearance
receptor)

ANP/NPRA or NPRB/cGMP ↑ mitochondrial biogenesis 95

Apelin APLNR AMPK, eNOS, AKT/mTOR ↑ glucose uptake & glucose tolerance 147

↑ mitochondrial biogenesis, protein synthesis, satellite cell differentiation &
protection from sarcopenia

152

Cardiac muscle

BDNF TRKB CaMKII, AKT ↑ cardiac function & regeneration after myocardial infarction 171

IL-6 IL6R n/a ↑ exercise-induced cardiac hypertrophy 225*

VEGF VEGFR3 AKT, C/EBPβ-CITED4 ↑ lymphangiogenesis contributing to cardiac hypertrophy 170

NRG1 ERBB2, ERBB4 PI3K/AKT ↑ cardiac tissue repair & regeneration 176

White adipose tissue

KYNA GPR35 ERK, CREB, enhanced β-AR
signaling

↑ glucose tolerance, lipid metabolism, thermogenic & anti-inflammatory gene
expression
↓ weight gain

185

FGF21 FGFR1/KLB ERK1/2 ↓ fasting insulin, triglyceride & free fatty acid levels
↑ glucose & insulin tolerance

192

Irisin αV/β5 integrins cAMP, FAK/AKT/CREB, Zyxin ↑ expression of thermogenic genes & adipose tissue browning 30,183

Lactate HCAR1 cAMP ↓ lipolysis 462,463

IL-6 IL6R STAT3 ↓ epi- & pericardial adipose tissue mass 225*

AMPK, STAT3 ↑ glucose uptake, glucose & fatty acid metabolism 295*

n/a ↑ thermogenesis 189

n/a ↑ free fatty acid mobilization 223*

n/a ↓ visceral fat mass 222*

FSTL1 DIP2A cGMP ↑ activation of HSL 32*

Bone

Irisin αV/β5 integrins FAK/AKT/CREB, Zyxin ↑ osteoclastic bone resorption 183

L-BAIBA MRGPRD N/A ↑ survival of osteocytes & protection from ROS 57

RCN2 NRP2/1 integrins cAMP/PKA ↑ lipolysis & fatty acid mobilization from bone marrow adipocytes, fueling
osteogenesis & lymphopoiesis

124

Central nervous system

Lactate HCAR1 AKT ↑ neurogenesis 200

ERK1/2, AKT ↑ hippocampal VEGFA & angiogenesis 201

ANGPT1 TIE-2 AKT ↑ angiogenesis, cerebral blood flow & functional outcomes
↓ infarct volume

202

GDF15 GFRAL/RET ERK, AKT ↓ food intake & body weight in obese mice 203

Immune Cells

IL-8 IL8R n/a ↑ prolonged exercise-induced neutrophilia 232*

IL-6 IL6R n/a ↑ exercise-induced mobilization of NK cells & dendritic cells 224*

Succinate SUCNR1 Ca2+, cAMP ↑ protein synthesis in skeletal muscle tissue 51,166

n/a ↑ skeletal muscle adaption to exercise 52

Skin

IL-15 IL-15Rα PPARɣ, STAT5 ↑ mitochondrial biogenesis 144

Liver

FN1 α5/β1 integrins IKKα/β-JNK1-BECN1 ↑ hepatic autophagy and systemic insulin sensitization 250

The selection of studies displayed in this table is based on in vivo evidence of exerkines with receptor-dependent signaling in response to acute exercise or
exercise training. Non-exercise studies were not considered. Human studies involving pharmacological exerkine receptor blockade are marked with an asterisk
n/a not available, APLNR apelin receptor, CX3XR1 C-X3-C motif chemokine receptor 1, IL-15Rα interleukin-15 receptor α, IL-15 interleukin 15, TGF-βR2
transforming growth factor β receptor 2, GFRA2 glial cell line derived neurotrophic factor family receptor α 2, RET REarranged during Transfection, NTN
neurturin, TRKB tropomyosin-related kinase B, BDNF brain-derived neurotrophic factor, NRG1 neuregulin 1, FN1 fibronectin 1, FSTL1 follistatin-like 1, DIP2A
Disco-interacting protein 2 homolog A, HSL hormone sensitive lipase, IL-6 interleukin 6, IL-R interleukin 6 receptor, IL-8 interleukin 8, IL-8R interleukin 8 receptor,
ERBB2/ERBB4 Erb-B2 receptor tyrosine kinase 2/Erb-B2 receptor tyrosine kinase 4, VEGFR3 vascular endothelial growth factor receptor 3, VEGF vascular
endothelial growth factor, IGF-1 insulin-like growth factor 1, NRP2 neuropilin 2, RCN2 reticulocalbin 2, MRGPRD Mas-related G protein-coupled receptor type D,
L-BAIBA β-aminoisobutyric acid, HCAR1 hydroxycarboxylic acid receptor 1, FGFR1 fibroblast growth factor receptor 1, KLB Co-receptor β-Klotho, FGF21 fibroblast
growth factor 21, GPR35 G protein-coupled receptor 35, KYNA kynurenic acid, GFRAL glial cell line derived neurotrophic factor family Receptor α Like, GDF15
growth differentiation factor 15, TIE-2 tyrosine-protein kinase receptor TEK, ANGPT1 angiopoietin 1, SUCNR1 succinate receptor 1, VEGFA vascular endothelial
growth factor A, NK natural killer, ROS reactive oxygen species
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function,247 and pro-angiogenic effects in the brain involving
VEGFR2 expression and AKT phosphorylation.248 An additional role
of adropin in nonalcoholic steatohepatitis is suspected due to its
suppression of NLRP3 inflammasome components such as
caspase-1 and IL-1β.249

In contrast to these exerkines, which are secreted from the liver
and exert their function in different target tissues, exactly the
opposite is true for the fibronectin (FN) 1-α5β1 integrin pathway.
FN1 is a muscle-secreted exerkine that binds to α5β1 integrin
receptors on the liver, thereby activating hepatic autophagy and
systemic insulin sensitization via downstream IKKα/β-JNK1-BECN1
signaling.250 These results reveal that non-contractile tissues like the
liver are central to metabolic adaptions induced by exercise and that
more research is needed on the communicative interconnection of
these tissues with contractile tissues like skeletal muscle.
As a metabolic exerkine with high exercise-sensitivity, lactate

exerts several effects on target cells in a receptor-independent
manner as well. For instance, in mice both, acute exercise, and
central lactate infusions resulted in reduced food intake and
altered levels of hypothalamic neuropeptide levels, which
physiologically regulate appetite via the action of leptin.251

Interestingly, these effects were accompanied by increased
phosphorylation of hypothalamic JAK2 and STAT3, suggesting a
leptin-induced attenuation of appetite via JAK2/STAT3 signaling.
By applying intracerebroventricular injections with an LDHA
inhibitor, the authors reveal that lactate, a crucial energy source
for neurons, sensitizes the action of leptin on neurons for
regulation of appetite in the context of exercise.251 Apart of these
central exercise effects, lactate can also act on peripheral tissues in
a receptor-independent manner. For instance, lactate was found
to increase adipose tissue browning in a receptor-independent
manner via modification of cellular redox balance.252 Further
examples of receptor-independent actions of lactate comprise the
regulation of gluconeogenesis and lactylation of histone residues
(for review see ref. 44).

HSPs form another class of exercise-responsive proteins that
signal to target cells in a receptor-independent manner. Instead of
binding to membrane-bound receptors, HSPs—which often
originate from within stressed cells themselves—trigger tissue
adaption via protein-protein interaction with key players of
canonical signal transduction. As such, HSPs are involved in
numerous adaption processes across multiple tissues, ranging
from skeletal and cardiac muscle, via the lung through to the liver
and kidney.253 For instance, HSP70 and heat shock transcription
factor 1 (HSF1) may explain the protective effect of exercise on
pathological cardiac hypertrophy, as observed in hypertension,
aortic stenosis, or valvular defects.254 Mechanistically, HSF1 leads
to reduced expression of NF-κB p65, a key regulator of cardiac
hypertrophy and maladaptive remodeling, suggesting that HSP-
mediated suppression of NF-κB signaling depicts a molecular
mechanisms through which exercise protects cardiac tissue from
pathologic adaption.254 As for this example, several other HSPs
including HSP72253,255,256 and HSP27257,258 have been linked to
functional tissue adaption or health-related benefits in the context
of exercise (Table 3).
Using a broader definition of exercise-mobilized signaling

molecules, nitric oxide (NO) and ROS might also be perceived as
exerkines with a receptor-independent mechanisms of action on
target cells. Plasma levels of nitric oxide (NO) were shown to
increase in response to acute exercise, leading to vasodilation via
canonical endothelial NO synthase (eNOS)/cGMP signaling in
smooth muscle cells.259,260 Exercise training has additionally
shown to increase eNOS expression and phosphorylation thereby
improving endothelial function, especially in diseases marked by
impaired vascular function such as coronary artery disease,
atherosclerosis or diabetes mellitus.261–263 Given the ubiquitous
expression of eNOS and other NOS isoforms (i.e., iNOS, nNOS)
across various tissues,264 NO-mediated effects of acute exercise
and adaptions in response to exercise training have been reported
in skeletal muscle tissue as well.265 However, the physiological

Fig. 4 Overview of exerkine receptors investigated in human trials. Due to methodological and ethical constraints of mechanistic exercise
studies in humans, exerkine receptor activation is harder to investigate in humans compared to animals. Exerkine target tissues that have
been investigated in humans comprise cardiac muscle tissue and epicardial adipose tissue (a), neutrophils, natural killer cells, and dendritic
cells (b), and visceral adipose tissue (c). IL-6R interleukin-6 receptor, IL-8R interleukin-8 receptor, NK cell natural killer cell, DC dendritic cell, IL-
6R interleukin 6 receptor, IL-8R interleukin 8 receptor. Created with BioRender.com
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effects of NO extend far beyond what has been investigated in the
context of exercise,264 thereby creating an urgent need for
reevaluation of NO-mediated tissue adaption and the associated
health benefits triggered by exercise training. In contrast, ROS is
predominantly produced by skeletal muscle tissue during exercise
and evokes skeletal muscle adaptions via regulation of distinct
signaling pathways, including the mitogen-activated protein
kinase (MAPK) family, NF-κB signaling, and PGC-1α.266 The precise
mechanisms of ROS-induced skeletal muscle tissue adaption are
beyond the scope of this review and can be found
elsewhere.266–268

Regarding indirect effects of exerkines (Fig. 2), exercise-
activated platelets are also worth noting since they seem to be
involved in the secretion of selenoprotein P (SEPP1), a protein that
facilitates transport of the antioxidant selenium to the brain.269

SEPP1 binds to the low-density lipoprotein receptor-related
protein 8 (LRP8), located on brain capillary endothelial cells, and
increases bioavailability of selenium in neural progenitor cells
through a so far undescribed mechanism. Once selenium has
entered the CNS, it promotes exercise-mediated hippocampal
neurogenesis and reduces intracellular ROS in a NOX-2-dependant
fashion.269 Platelet activation also results in secretion of PF4,
which induces transcriptomic changes associated with learning,
long-term memory, and synaptic transmission in adult neural
precursor cells, thus promoting hippocampal neurogenesis in
aged mice. However, the precise signaling pathways mediating
these adaptions are not determined yet.207

In conclusion, any type of exerkine, including those discussed
above, can also signal to target cells via EVs in a receptor-
independent manner. Considering the challenging surrounding
conditions of the extracellular space and/or blood stream (e.g.,
changing pH, presence of degrading enzymes, etc.), secretion into
EVs might be the only available mode of transport to distant target
cells for some exerkines, especially for labile molecules such as
RNA.12 Once a target cell is reached, EV uptake is accomplished via
several mechanisms.270 For systemically deployed EVs, paracellular
or transcellular transport across the endothelial barrier imposes an
additional burden.271 A tabular overview of different receptor-
independent exerkines together with their mechanism of action,
and the associated biological tissue adaption is given in Table 3.

EXERCISE THERAPY IN DISEASE PREVENTION AND
TREATMENT
Regular exercise and physical activity are nowadays viewed as
established lifestyle factors with health-promoting effects in
disease prevention and treatment. The effects of exercise and
physical activity unfold in primary prevention (i.e., protection
against the development of disease via modification of risk factors)
and tertiary prevention (i.e., the improvement of disease course
and clinical outcomes in patients). In contrast to some pharmaco-
logical therapies, the mediated effects are not restricted to a
specific target tissue, but instead provide clinical benefits in
multiple organ systems simultaneously. Physical activity reduces

Table 3. Examples of receptor-independent signal transduction and biological effects on target tissues mediated by exerkines

Exerkine Non-receptor
target

Mechanism of action Biological effects Refs

HSP72 JNK protein Protein- protein interaction (JNK inhibition) and/or
inhibition of upstream JNK signaling

↑ insulin sensitivity and glucose tolerance 464,465

HSP70 NF-κB pathway Reduced expression of NF-κB p65, inhibition of NF-
κB signaling

↓ pathological cardiac hypertrophy 254

HSP27 NF-κB pathway Proteasomal degradation of phosphorylated I-κBα ↓ apoptosis 257,466,467

NO NO-activated
guanylate cyclase

Phospho-protein activation via NO/cGMP/PKG
pathway

↑ endothelial function, cardiac protection, neuronal
plasticity & expression of proteins involved in
angiogenesis

262,468,469

ROS MAPK pathway,
NF-κB pathway

Phosphorylation/dephosphorylation of key players
of signaling pathways

↑ skeletal muscle adaption to exercise 266–268

ANGPTL4 Lipoprotein
lipase

Inhibition of lipoprotein lipase Regulation of lipid metabolism in non-exercising vs.
exercising muscle

243

β-adrenergic
receptors

Potentiates β-adrenergic signaling via cAMP/PKA ↑ WAT lipolysis 245

FST Activin A,
myostatin

Sequestration of activin A and myostatin ↑ skeletal muscle hypertrophy & insulin signaling 241,242

Decorin Myostatin Sequestration of myostatin ↑ skeletal muscle hypertrophy 337

miRNAs Regulation of
gene expression

RNA silencing and post-transcriptional regulation of
gene expression

Exercise-induced adaptations 77

Lactate Hypothalamic
neurons

Serves as energy source for leptin-induced
phosphorylation of JAK2/STAT3 in hypothalamic
neurons

↓ food intake & exercise-induced suppression of
appetite

251

Cellular redox
state

Modification of cellular redox state, expression of
thermogenic genes

↑ adipose tissue browning 252

GLPD1 Membrane-
bound protein
release

Hydrolyzation of GPI-anchored proteins ↑ hippocampal neurogenesis and cognitive
performance

210

Adropin NLRP3
inflammasome

Suppression of NLRP3 inflammasome activation ↓ inflammation in NASH 249

All studies listed in this table are animal or in vitro studies
HSP heat shock protein, JNK c-Jun N-terminal kinases, NO nitric oxide, ROS reactive oxygen species, ANGPTL4 angiopoietin-like 4, FST Follistatin, WAT white
adipose tissue, miRNA microRNA, GPI glycophosphatidylinositol, GPLD1 glycophosphatidylinositol-specific phospholipase D1, NLRP3 NOD-, LRR- and pyrin
domain-containing protein 3, NASH nonalcoholic steatohepatitis
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the incidence and mortality of various diseases. For example,
greater physical activity levels reduce the risk of coronary heart
disease, stroke, diabetes mellitus, colon cancer, and breast cancer,3

all of which rank among the top 20 leading causes of death
globally.272 Similarly, physical activity is associated with a decrease
in all-cause, cardiovascular, and cancer mortality.273,274 In patients
at risk of developing a disease, physical activity has the potential to
ameliorate risk factors (i.e., primary prevention), as exemplified by
reduced HbA1c and fasting glucose levels, and enhanced oral
glucose tolerance in individuals with prediabetes.275,276 Once
diagnosed, physical activity also exerts tertiary preventive effects,
as demonstrated by reduced mortality of patients with coronary
heart disease,277 stroke,278 and chronic obstructive pulmonary
disease279—the three leading causes of death globally.272

Given the large-scale benefits of regular physical activity in
promoting health and preventing disease, the World Health
Organization (WHO) regularly publishes and updates physical
activity recommendations to promote an active lifestyle among
the population.280,281 In detail, the WHO recommends a minimum
of 150–300min of moderate-intensity aerobic exercise or
75–150 min of vigorous-intensity aerobic exercise per week (or a
combination of both) and additional strengthening exercises
involving all major muscle groups twice per week. For children,
older adults, adults living with chronic medical conditions, and
pregnant or postpartum women, these recommendations are
expanded and specified accordingly.280

Preventive and therapeutic effects of exerkines in ageing and
disease
Mechanistically, the preventive and therapeutic effects of physical
activity can be attributed to the wide range of endogenous
exercise-mobilized mediators (i.e., exerkines), which confer adap-
tion processes across distinct tissue types. In fact, exercise is
frequently promoted as a polypill for disease prevention and
therapy,282,283 and the mechanisms governing these health effects
are an ongoing area of research that aims to improve health
outcomes in people at risk and patients.16 In continuation to the
preclinical studies on exerkine-induced tissue adaption (see
“Exerkine-induced signal transduction and biological tissue adap-
tion”), the following paragraphs discuss the translational evidence
of these mechanisms in different disease contexts. Although the
clinical use of exercise-mobilized signaling molecules is not always
inspired from exercise as such, we highlight the preventive and
therapeutic potential of these compounds for different diseases.

Metabolic diseases. Preclinical studies have successfully demon-
strated the therapeutic implications of different exerkines in
metabolic diseases such as obesity, T2DM or fatty liver disease. As
such, TGF-β2, apelin, KYNA, FGF21, and HSP72 were shown to
mediate glucose-lowering and/or insulin-sensitizing effects in
skeletal muscle and WAT of mice. Additionally, KYNA, irisin,
lactate, and IL-6 were shown to have metabolic effects via
thermogenic adaptions of WAT. For weight reduction, KYNA,
lactate, IL-15, GDF15, ANGPTL4, and IL-6 were identified as
exerkines with potential weight-reducing effects in obesity (Tables
2 and 3). Of note, GDF15 and lactate mediate weight reduction via
central effects (i.e., suppression of appetite), while KYNA, IL-6, and
ANGPTL4 have direct effects on WAT (i.e., adipose tissue lipolysis).
The diverse nature of these molecular mediators suggests that
exercise harnesses multiple mechanisms to exert protective
effects on metabolic diseases simultaneously.
Large-scale meta-analyses of randomized controlled trials have

revealed that exercise is an effective strategy for weight reduction
in children, adolescents, and adults, especially when combined
with dietary interventions.284–286 Similarly, exercise improves
insulin sensitivity and glycemic control in individuals with
prediabetes.287 In contrast, the thermogenic effects on adipose
tissue of humans are a continued topic of debate. Since

subcutaneous adipose tissue browning and activation of brown
adipose tissue by exercise training revealed inconsistent results in
humans,288,289 it remains questionable whether these processes
depict a therapeutic avenue in metabolic diseases. Beside
reduction of adipose tissue, increases in skeletal muscle mass
depict a further cornerstone of weight reduction via elevated
resting energy expenditure. Therefore, it is worth noting that
exerkine-triggered skeletal muscle anabolism might have an
additive effect in the treatment of obesity. Mechanistically, apelin,
follistatin, succinate, and decorin were shown to mediate skeletal
muscle hypertrophy. A similar role might be assumed for
neurturin, musclin, ROS, and miRNAs, which are involved in
adaptive processes of skeletal muscle tissue to exercise (Table 2 &
3). Although a potentiating effect on weight reduction might be
assumed for combined aerobic and resistance exercise compared
to aerobic exercise only, this is not backed by scientific evidence,
as demonstrated by a similar weight reduction in obese
participants performing either an isolated aerobic or a combined
exercise intervention.290

To harness the metabolic benefits of exercise in disease context,
administration of exerkine analogs (i.e., exercise mimetics) depicts
a further approach. These analogs act as exerkine receptor agonists
and thus induce tissue adaption in the same way as endogenously
mobilized exerkines. Considering the high prevalence and disease
burden of metabolic diseases,291 several clinical trials have applied
exerkine analogs to achieve clinical improvements in premorbid
individuals and patients. For instance, a clinical trial with obese
participants showed insulin-sensitizing effects of apelin adminis-
tration292 and a subsequent trial with type two diabetic patients is
completed (NCT02724566), but results are not yet available.
Similarly, FGF21 analogs have found their way into therapy of
metabolic disorders including obesity, T2DM, and nonalcoholic
fatty liver disease (for review of clinical trials see293,294). Clinical
improvements mediated by FGF21 analogs comprise amelioration
of dyslipidemia and hepatic fat content, improved fasting glucose
and insulin levels, and increased high-density lipoprotein choles-
terol. Thus, FGF21 is a prime example for an exercise mimetic
therapy that is already applied in different diseases.
Further examples of clinical trials harnessing administration of

exerkine analogs are given in Table 4. Aside from clinical trials,
some studies also combined exercise mimetic approaches in
healthy humans with in vitro experiments to investigate the
molecular mechanisms responsible for biological tissue adaption.
In an IL-6 infusion study with healthy participants, IL-6 was found
to increase insulin-stimulated glucose disposal and subsequent
in vitro experiments on myotubes revealed that IL-6 increases
fatty acid oxidation and GLUT4-dependent glucose uptake in an
AMPK-dependent manner.295

Cardiovascular diseases. Animal models have also linked several
exerkines to structural and functional tissue adaption of the
cardiovascular system. In blood vessels, preclinical studies have
shown that VEGF mediates angiogenesis and collateralization of
coronary arteries,296–298 while NO improves endothelial func-
tion.299 These effects relate to both, peripheral and cardiac blood
vessels, and thus depict therapeutic avenues in pathologies such
as hypertension, atherosclerosis or coronary heart disease. In
contrast to vascular exercise adaptions, the effects on cardiac
muscle tissue are more diverse: while IL-6 and VEGF induce
physiological cardiac hypertrophy, HSP70 ameliorates pathological
hypertrophy (Tables 2 and 3). Of note, apelin was reported to
participate in both of these processes,169 thus suggesting
preventive, and therapeutic implications of these exerkines for
diseases marked by cardiac dysfunction such as heart failure. The
molecular differences between physiological and pathological
cardiac hypertrophy were outlined previously.300 Additionally,
BDNF, NRG1, and HSP27 were shown to participate in cardiac
repair after myocardial infarction (Tables 2 and 3).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

19

Signal Transduction and Targeted Therapy           (2024) 9:138 



Table 4. Examples of completed and ongoing clinical trials harnessing exerkines or exerkine-induced signal transduction

Therapeutic intervention Clinical population Observed outcomes Registration number and Refs Status

Metabolic diseases

Diabetes Mellitus type 2

Apelin analog, 1 continuous i.v.
infusion vs. placebo

Adults and older adults with
T2DM, males

No results available EudraCT 2015-004875-61 C

Sodium lactate 1 continuous i.v.
infusion (600 nmol/L)

9 adults with T2DM during
hypoglycemia, males and
females

Lactate infusion suppresses
counter regulatory hormone
responses to hypoglycemia

EudraCT 2018-000684-82
NCT03730909470

C

rFGF21 (PEGylated) analog, 1, 5, 20 mg
daily or 20mg weekly for 12 weeks s.c.
vs. placebo

130 adults with T2DM and
obesity, males and females

No significant effects on
HbA1c

NCT02097277471 C

Obesity

Apelin analog ((pyr1)-Apelin-13), 2
doses 9 or 30 nmol/kg i.v. vs. placebo

16 overweight adult males Improved insulin sensitivity
with 30 nmol/kg

NCT02033473292 C

rFGF21 analog, 5, 25, 100 or 140mg,
twice weekly for 4 weeks, i.v. vs.
placebo

50 adults with overweight/
obesity and T2DM on a stable
dose of metformin, males and
females

Decrease in body weight,
triglycerides, and total
cholesterol with doses 100
and 140 mg.

NCT01396187472 C

FGF21 analog, 25, 50, 100, 150mg
infusion once weekly for 4 weeks,
i.v. vs. placebo

107 adults with obesity and
hypertriglyceridemia, males
and females

Reduced fasting triglyceride
levels with no change in
weight

NCT01673178473 C

FGF21 analog, 3, 10 or 20mg daily for
4 weeks, s.c. vs. placebo

46 adults with overweight/
obesity and T2DM, males and
females

Improvement of lipid profile
with doses 10 and 20mg, no
changes in fasting glucose,
insulin or weight

NCT01869959474 C

Cardiovascular diseases

Heart failure

Apelin analog, 1 dose 0.25, 2.5 or 8 µg/
kg/min i.v. vs. placebo

26 adults and older adults
with chronic stable heart
failure, males and females

Results available,
pharmacokinetic and
pharmacodynamic
characterization of apelin,
statistical analysis pending

EudraCT 2016-001387-12
NCT02696967

C

Apelin analog, daily ascending dose
(10, 30, 100 mg) for 3 weeks, p.o vs.
baseline

28 adults and older adults
with heart failure

Increased left ventricular
ejection factor and stroke
volume (MoD/volumetric
assessment), no changes with
Doppler method

NCT03276728324 C

Musculoskeletal diseases

Rheumatoid arthritis

Gut-selective rIL-10 3mg daily p.o. for
12 weeks vs. placebo

Adults and older adults with
active rheumatoid arthritis
with inadequate (partial)
response to anti-TNF therapy

No results available EudraCT 2020-003955-14 PT

Becker Muscular Dystrophy

3 or 6 × 1011 vg/kg/leg adeno-
associated virus vector containing
rFollistatin, 1 dose, bilateral i.m.
injection

6 young adults with proof of
Becker Muscular Dystrophy
mutation, males

Improved walking distance
and muscle histopathology
(from baseline)

NCT01519349336 T

Neurological diseases

Cerebral hemorrhage

rIL-1ra 100mg, twice daily for 3 days
s.c. vs. placebo

25 adults and older adults
with subacute
perihematomal edema after
intracerebral hemorrhage,
male and female

No difference in edema
extension distance

EudraCT2018-000249-38
NCT03737344475

C

rIL-1ra twice daily for 21 days, s.c. vs.
placebo

612 adults and older adults
following acute aneurysmal
subarachnoid hemorrhage,
males and females

No results available EudraCT 2016-003725-42
NCT03249207

O

Cancer

Locally advanced or metastatic cancer (various)

IL-15 antibody fusion protein targeting
CTLA-4 10–300 µg/kg, s.c.

149 adults with various
histologically diagnosed
unresectable, locally
advanced, or metastatic
tumor types, male and female

No results available EudraCT 2022-000339-21
NCT05620134

O

C completed, O ongoing, PT prematurely terminated, T terminated, i.m. intramuscular, i.v. intravenous, p.o. per os, s.c. subcutaneous, T2DM type 2 diabetes
mellitus, HbA1c glycated hemoglobin, FGF21 fibroblast growth factor 21, MoD method of disk, IL-10 Interleukin 10, IL-1ra Interleukin 1 receptor antagonist,
CTLA-4 cytotoxic T-lymphocyte antigen 4, IL-15 interleukin 15, r recombinant
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In humans, meta-analyses have shown that exercise is an
effective measure to reduce blood pressure in normotensive, pre-
hypertensive, and hypertensive individuals,301–303 especially when
combined with other lifestyle modifications such as a healthy
diet.304 Given that exercise also reduces clinical signs of metabolic
diseases (see section “Metabolic diseases”), it can be viewed as an
effective strategy to prevent and/or reverse all of the clinical
manifestation of metabolic syndrome, i.e., hypertension, dyslipi-
demia, elevated blood glucose levels, and obesity.305 Similarly,
atherosclerosis and coronary heart disease, which share the same
pathophysiology and are often a consequence of the beforemen-
tioned metabolic risk factors, are reversed by lifestyle modifica-
tions including exercise.306 As an early marker of atherosclerotic
alterations,307 endothelial function has also shown to increase in
response to exercise in healthy individuals and different patient
collectives.308 Untreated coronary heart disease can ultimately
result in myocardial infarction and ischemic loss of cardiac muscle
tissue. However, cardiac rehabilitation involving exercise has
revealed improved clinical outcomes after myocardial infarc-
tion.309 Ultimately, the clinical benefits of exercise also extend to
pathologic alterations of the myocardium like heart failure.
Despite initial doubts concerning the safety of exercise in these
patient collectives, it is nowadays recognized as a safe and useful
strategy to ameliorate disease burden310,311 and even conveys
favorable effects on cardiac function.312 Recently, proline dehy-
drogenase was identified as a potential therapeutic target, since it
was reduced in heart failure patients, but rescued by exercise in a
rat model of heart failure.313

Concerning translational advances on exerkines that mediate
cardiovascular adaptions, NO was repeatedly shown to trigger the
protective effect of exercise on endothelial function in normoten-
sive259,314 and hypertensive individuals315 as well as patients with
coronary heart disease.262 Mechanistically, increased protein
expression and phosphorylation of eNOS conveys these effects
via an elevated production and bioavailability of NO.259,262,314,315

Other exerkines with implications for vascular adaptions that were
translated to humans are apelin, BDNF, and VEGF. Infusion with an
apelin analog resulted in peripheral and coronary vasodilation and
increased cardiac output in healthy participants and patients with
heart failure.316,317 Similarly, initial evidence suggests that BDNF
might ameliorate fibrin clotting in patients with coronary heart
disease.318 In contrast, VEGF is targeted therapeutically both to
increase angiogenesis in coronary heart disease,319 and to
decrease angiogenesis in diseases with aberrant vascularization
like cancer.320,321 Regarding cardiac adaptions mediated by
exerkines, NRG1 has yielded initial promising effects on cardiac
function and hemodynamics in patients with heart failure.322,323

Similar cardiac benefits were found after administration of an
apelin analog,324 thus expanding the therapeutic potential of
apelin from metabolic and vascular effects (see above and section
“Metabolic diseases”) to cardiac effects. Despite substantial
preclinical and human evidence on the involvement of IL-6 in
cardiac adaptions, translation into clinical therapy has proven
difficult due to the pleiotropic effects of IL-6 and its involvement
in both, cardiac protection, and cardiac pathology.325

Musculoskeletal diseases. Considering the mechanical strain that
acts on the musculoskeletal system during exercise, adaption of
skeletal muscle, bones, tendons, and articular cartilage to exercise
training are well described. These adaptions are especially relevant
against the backdrop of structural tissue decline in ageing or
disease. Animal studies have successfully linked exerkines such as
apelin, follistatin, succinate, or decorin to anabolic processes in
skeletal muscle tissue like skeletal muscle hypertrophy. In contrast,
other investigations have revealed exercise adaptions like
mitochondrial biogenesis or increased oxidative capacity for
exerkines such as neurturin, musclin, ROS, or miRNAs (Tables
2 and 3). Besides outlining the molecular underpinnings of

exercise adaptions, these investigations hold therapeutic potential
in diseases like sarcopenia, cancer cachexia, or muscular
dystrophies. Similarly, osteogenic adaptions mediated by exer-
kines including irisin, L-BAIBA, or RCN2 have therapeutic implica-
tions in age-related and postmenopausal osteopenia and
osteoporosis.
In humans, the beneficial effect of exercise in preventing or

reversing these age- and disease-related alterations was repeat-
edly outlined by several meta-analyses. Physical activity exerts
primary preventive effects on the development of sarcopenia326

and increases muscle mass, strength, balance, and physical
performance in previously diagnosed patients.327,328 Some evi-
dence suggests that similar effects are possible in cancer cachexia,
with the regulation of myotube homeostasis via COP9 signalo-
some complex subunit 2 (COPS2) as a potential mechanism
through which exercise training serves as adjuvant therapy.329

These results have promising implications for cancer cachexia,
although the number of clinical trials in this field is sparse.330

Concerning skeletal effects, exercise increases bone mineral
density in older adults,331 pre- and postmenopausal women,332

and patients suffering from osteopenia and osteoporosis.333

Due to the genetic etiology of muscular dystrophies, exercise
interventions per se have yielded limited effects in these patient
collectives.334,335 However, follistatin, an exerkine that sequesters
myostatin and thus exerts anabolic effects on skeletal muscle
tissue, has revealed promising results in a phase 1/2a trial on
patients with Becker muscular dystrophy.336 A similar role for
decorin might be assumed,337 although clinical translation is still
pending. Additionally, plasma apelin levels were shown to
decrease in an age-dependent manner and exercise-induced
increases in apelin were associated with higher exercise perfor-
mance in humans.152 However, therapeutic applications of apelin
as an anabolic signaling molecule for skeletal muscle tissue have
not been established yet. Concerning exerkines with osteogenic
impact, similar results are observed in translational trials. Despite
multiple indications that bone mineral density and osteogenic
adaptions are related to irisin338–340 and L-BAIBA levels341,342 in
humans, translation into disease therapy for conditions like
osteopenia or osteoporosis has not been accomplished so far.

Neurological diseases. Preclinical studies on exerkines with an
impact on neurological diseases have fallen into two categories.
On the one hand, irisin and BDNF were shown to trigger
neurogenesis with therapeutic implications in AD, vascular
dementia, or Parkinson’s disease.125–127 On the other hand,
ANGPT1 revealed angiogenic effects in an animal model of stroke,
and lactate was found to participate in both, neurogenesis and
angiogenesis, most likely via increased expression of VEGFA.200,201

In humans, exercise has proven beneficial for cognitive function
of healthy older adults343,344 as well as people with cognitive
impairment and dementia.345 Similarly, exercise improved cogni-
tive function in Alzheimer’s and Parkinson’s disease specifically,
with slight differences between cognitive domains.346,347 In stroke,
exercise therapy had a positive impact on the recovery process, as
mirrored by improvements in activities of daily living, and walking
endurance.348,349 Additionally, stroke survivors that exercised
3.5–7 h or over 7 h per week had a lower relapse risk than
patients that did not exercise at all.350 Thus, regular exercise may
not only improve performance outcomes in stroke patients, but
also protect from recurrence. However, despite these promising
effects of exercise in stroke prevention and treatment, a more
comprehensive analysis of patient-related and biological out-
comes is needed to pave the way for evidence-based exercise
rehabilitation in stroke survivors.351,352

Linking the mechanisms of neuroprotection and -recovery to
the exercise-mediated health effects observed in patients has
proven difficult due to the shielded position of the CNS. However,
several translational trials have tried to ascertain the role of
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exerkines in neuronal (patho)physiology by assessing exerkine
levels in human plasma or CSF. In AD and Lewy body dementia,
CSF but not plasma irisin levels were reduced compared to non-
demented controls. Similarly, irisin was reduced in hippocampal
slices of late-stage AD patients compared to age-matched early-
stage and healthy controls, suggesting that irisin levels are altered
in disease marked by neuronal degeneration. A positive correla-
tion of CSF irisin levels with age in healthy participants but not AD
patients points towards similar implications of irisin.126 In a cross-
sectional analysis of plasma irisin levels, irisin correlated with
cognition in healthy individuals, but this association was lost in
patients suffering from AD. Additionally, higher irisin levels were
associated with advanced atrophy of several brain regions in AD
patients, suggesting a compensatory role of irisin in neuronal
degeneration.353 Of note, these results are backed by positive
correlations between CSF irisin, BDNF, amyloid-beta 42 (an AD
biomarker) and cognition.354 Similar to AD, plasma irisin levels
increased in response to exercise training in Parkinson’s disease
patients and a positive correlation with balance function was
found.355 Aside from neurodegenerative diseases, ANGPT1 was
repeatedly found to improve outcomes like infarction size, BBB
integrity, and neurological function after stroke in rodents,356,357

but translation to humans is surprisingly sparse. Given that plasma
ANGPT1 levels are lower in stroke patients compared to healthy
controls and considering that low ANGPT1 was associated with a
more severe outcome in these patients, ANGPT1-based interven-
tions have promising therapeutic implications in humans.358

Since various exerkines were shown to mediate therapeutic
effects in neurological diseases, a further promising approach is
transfer of exercised plasma from healthy individuals to patients.
This strategy offers the advantage that exercised plasma contains
multiple exerkines, and might thus confer neuroprotection and
symptom alleviation in a more global manner.359,360 Exercised
plasma transfer revealed beneficial effects in a rodent AD
model,361 and current studies such as the ExPlas study (NCT
05068830) are testing whether this approach is also feasible, safe,
tolerable, and effective in AD patients.362,363

Cancer. A substantial body of mechanistic research suggests that
exerkines also have therapeutic implications in cancer. In an
animal study with tumor-bearing mice, exercise was shown to
mobilize NK cells via β-adrenergic signaling, which then relocated
to tumor tissue in an IL-6-dependent manner. Of note, the
mobilization of NK cells by epinephrin and the infiltration into
tumors via IL-6, yielded over 60% reduction in tumor incident and
growth across different tumor models, including skin, liver, and
lung models.227 Similar effects of exercise on anti-tumor immunity
were found in pancreatic for CD8+ T cells, a further population of
immune effector cells that is able to recognize and eliminate
cancer cells. Exercise resulted in a strong epinephrin-dependent
mobilization of CD8+ T effector cells and these immune cells
required IL-15/IL-15Rα signaling to infiltrate into tumors and exert
their tumorigenic function.364 Apart of reductions in tumor weight,
IL-15Rα+ CD8+ T cells also showed increased expression of PD-1
and exercise sensitized pancreatic tumors to checkpoint inhibition
therapy with the most pronounced reductions in tumor wight
found in exercise combined with checkpoint blockade. Ultimately,
by comparing different therapy regimes, the combination of
checkpoint blockade with an IL-15Rα agonist and chemotherapy
yielded the highest reductions in tumor volume, thus suggesting
high therapeutic potential of a triple therapy in pancreatic
cancer.364 Besides these immunological mechanisms, there are
numerous further exercise-mediated effects that suppress tumor
growth such as modulation of cancer metabolism,365 or increased
vascularization to improve hematologic delivery of cancer
therapeutics.366,367 Comprehensive overviews of the preventive
and therapeutic implications of exercise in cancer and examples of
molecular mechanisms mediating these beneficial effects were

outlined previously.19,21,368,369 However, the preclinical studies
highlighted here have specifically harnessed exercise to investi-
gate the therapeutic potential of exercise-mobilized immune
effector cells such as NK cells or CD8+ T cells.
In human cancer settings, exercise has revealed remarkable

results on multiple levels. Besides protecting from the develop-
ment of several cancers,370,371 regular physical activity performed
either before or after diagnosis also reduces cancer mortality.371

Additionally, exercise therapy has shown to improve patient-
related outcomes such as side effects of chemotherapy (e.g.,
cancer-related fatigue)372 and cardiorespiratory fitness.373 In
search of an explanation for these effects, different mechanisms
are discussed, albeit caution should be devoted to the level of
evidence of these findings, especially since many mechanistic
insights have not been transferred to humans yet.374 For instance,
the anti-tumor effects of exercise-mobilized immune effector cells
has not been recapitulated in humans and in fact some human
cancers might not be sensitive to such mechanisms in the first
place due to a low tumor mutational burden and limited
immunogenicity.375,376 Thus, although exercise-mediated effects
on tumor-sensitive immune cells are a promising area of research,
future translational trials will have to show how exercise shapes
anti-cancer immunity in different patients collectives.

Ageing. The progressive deterioration of physiological integrity
that characterizes ageing increases the predisposition for numer-
ous human pathologies including cancer as well as metabolic,
cardiovascular, and neurodegenerative disorders.377 Since ageing
is a joint risk factors of these etiologically distinct diseases,378–380

big efforts are made to improve our understanding of the ageing
process and develop therapies that enable healthy ageing. In an
attempt to find common denominators of these pathologies, the
“hallmarks of ageing”, formulated by López-Otín and colleagues in
2013 and updated in 2023, have provided a powerful resource
that has shaped ageing research in an inimitable man-
ner.377,381–383 Of note, exercise has evolved as a powerful lifestyle
intervention and rejuvenation strategy that attenuates various
hallmarks of ageing.384–386

Making use of heterochronic parabiosis, blood factors from
young mice were shown to reverse age-related impairments in
cognition and synaptic plasticity of old counterparts.387 In line with
previous findings that circulating factors influence neurogenesis in
an age-dependent manner,388 this has led to a reimagination of
brain ageing as systemic event.360,386 Interestingly, these rejuve-
nating effects of young blood were reproduced in other target
tissues, including skeletal muscle,389,390 and the vasculature,391

while the blood system itself (i.e., hematopoietic stem cells)
remained refractory.392 Since exercise enhances cognitive perfor-
mance and protects from age-related cognitive decline in
rodents393 and humans,394–396 it was hypothesized that exercise
might also confer beneficial effects on the brain via circulating
factors. Indeed, plasma transfer from exercised to sedentary aged
mice induced neurogenesis and cognitive improvements that were
similar to those found in mice exposed to the exercise
intervention.210

In search of the mechanistic foundation of these beneficial
effects, several exerkines were discovered as molecular transdu-
cers. For instance, GPLD1, a GPI-degrading hepatokine that is
enriched in plasma of healthy active elderly humans, ameliorated
age-related regenerative and cognitive impairments in mice.
These effects occurred downstream of GPI-anchored substrate
cleavage, suggesting that enzymatic activity of GPLD1 is necessary
to improve brain function.210 Similarly, clusterin, a complement
cascade inhibitor, mediated anti-inflammatory effects on the CNS
in an experimental model of brain inflammation and AD via
binding to brain endothelial cells.209 Exercise-induced hippocam-
pal neurogenesis was additionally shown to depend on selenium
and the exercise-induced release of SEPP1. These mechanisms
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were effective in reversing learning deficits induced by hippo-
campal injury and ageing.269

Approaching age-related cognitive decline from a slightly
different angle, platelets are increasingly moving into scientific
focus for their ability to alter brain physiology.397,398 After
discovering that exercise-activated platelets can crosstalk to the
brain to induce neurogenesis,208 several follow-up studies have
established the role of platelet factors in mediating healthy brain
ageing.205–207 One platelet factor that has raised particular interest
due to its impact on brain ageing is PF4 (also known as CXCL4).
PF4 attenuates age-related neuroinflammation and improves
synaptic plasticity and cognition in aged mice.206 Additionally, it
was shown to depend on longevity factor klotho205 and respond
to relatively short periods of exercise (1–4 days),207 thereby further
establishing its role as neurogenic exerkine. Besides the exerkines
mentioned here, there are several other mediators and additional
strategies like caloric restriction with rejuvenating effects on target
tissues.359,399,400

Concluding remarks. In conclusion, evidence on the translational
advances of exercise-mobilized signaling molecules in disease
prevention and treatment strongly depends on the progress that
is made in specific diseases. For some mediators, pharmaceutical
analogs have already been designed and are currently tested in
clinical trials (for examples see Table 4). In these cases,
modifications including PEGylation, and genetic engineering
technologies are applied to increase selectivity and solubility of
drugs. For optimal bioavailability, future trials will have to show
which drug delivery systems are optimal for application in patients
and whether further chemical or environmental modifications can
improve the desired therapeutic effects.401 In contrast, other
compounds have yielded promising results in animal models but
have not found their way into clinical therapy so far. For these
candidates, the translational trials presented here are often based
on associations between biological parameters (e.g., plasma
concentrations) and functional diseases outcomes. Although this
does not causally proof that these molecules mediate preventive
or therapeutic effects in humans, it demonstrates an association to
the pathophysiology of different diseases. Human evidence may
sometimes be limited, and we thus hope that the collection of
trials presented here invites more detailed translational
approaches on the preventive and therapeutic potential of
exercise and the molecular mechanisms that govern exercise
adaptions across multiple organ systems. Importantly, we want to
point out, that although the implementation of isolated exerkine
analogs into clinical therapy opens new therapeutic avenues for
different diseases, exercise therapy as such is accompanied by the
simultaneous release of numerous exerkines. Considering the
extensive implications of these mediators in healthy tissue
adaption, a stronger implementation of physical activity and
exercise into disease prevention and therapy is indispensable.
Additionally, it must be emphasized is that not all exercise
adaptions rely on exerkines as molecular mediators. Intracellular
signaling cascades are not always triggered by exerkines that act
upon target cells, but might also result from other external or
internal stimuli, including mechanical load,124 or changes in
intracellular pH.52 Additionally, alterations in proteins, metabolites,
and nucleic acids within tissues themselves might confer disease
protection, without the need of systemic mobilization. For
instance it was recently shown in humans that adipose tissue
immune cells regulate adipocyte lipolysis via the secretion of
oncostatin-M,402 and that this exercise-induced crosstalk does not
rely on systemic mobilization of exerkines.

CURRENT LIMITATIONS AND FUTURE PERSPECTIVES
As outlined in this review unraveling cause and consequence of
exercise-mediated tissue adaption is essential to harness the

preventive and therapeutic potential of exercise in different
disease settings. It is important to note that prior health and
fitness status, as well as exercise training modalities like intensity,
duration, frequency, and type (e.g., endurance vs. resistance
exercise) affect the secretion of exerkines and the subsequent
adaption processes across different tissues.59 This review dis-
cussed exerkines that are secreted both, in response to acute
exercise and exercise training, irrespective of the exercise
modalities applied, to provide an overview of the general
mechanisms through which these exerkines exert their function.
However, it must be noted that most studies (especially animal
models) applied endurance exercise, thus potentially biasing the
results presented here.
Exerkines form an indispensable component of healthy tissue

adaption and knowledge of the molecular mechanisms harnessed
by exerkines is crucial to gain a mechanistic understanding of
tissue-wide adaptions in health and disease. Owing to methodo-
logical advances in untargeted and targeted mass spectrometry,
metabolomic, proteomic, and lipidomic analyses boosted the
discovery of new exerkines in an inimitable manner,403 leading to
an ongoing identification of new molecules.17,40,209,250 Identifying
the source tissue of exerkines has thus become feasible. For
instance, using adeno-associated viral delivery of an engineered
biotinylation enzyme, Wei and colleagues recently attributed one,
in some cases even multiple, tissues of origin to many of the
known and unknown exerkines.40 Other strategies like
microdialysis-enabled sample collection of extracellular fluids
depict attractive alternatives, especially in human exercise
studies.404,405 While these technological improvements allow for
detailed analyses on the one end of exerkine research, i.e., the
identification of new exerkine candidates, far less investigations
are situated on the other end, i.e., unraveling the detailed effects
of established exerkines on target cells, specific signaling path-
ways, and the subsequent adaption processes in vivo (Fig. 5).
Target tissues of exerkines are thus mostly identified by adopting
a hypothesis-driven research strategy (e.g., using animal knockout
models). One reason for this imbalance might lie in the more
difficult nature of hypothesis-testing experiments compared to
hypothesis-generating omics approaches. However, comprehen-
sive tissue-wide investigations on exerkine-mediated cell signal-
ing, and subsequent adaption processes hold high scientific
potential for the pan-tissue health benefits of exercise (Fig. 5).
Given that many exerkines exert their effects on target cells in a

receptor-dependent manner, a crucial question in mechanistic
exercise research is whether these exerkines act on further target
tissues that also express the target receptor. Mechanistically, this
could explain how exercise confers health benefits across multiple
tissues simultaneously. In fact, for some exerkines multiple target
tissues have already been described (Table 2). To inspire future
research on the health benefits of exercise across various tissues,
we have summarized exercise studies that investigated exerkine
receptor signaling in vivo and provide a collection of further target
tissues that also express the identified exerkine receptors (Table
5). Although the mere expression of an exerkine receptor does not
imply receptor activation by exerkines, the exercise-induced
increase in plasma exerkine levels (in case of systemic mobiliza-
tion) and the expression of exerkine receptors on potential target
tissues, form the theoretical foundation for exerkine signaling and
the associated tissue adaptions in vivo. To prove this, experi-
mental verification is indispensable. Interdisciplinary initiatives like
the Molecular Transducers of Physical Activity Consortium
(MoTrPAC) have identified this need and are currently unraveling
the molecular underpinnings of exercise-mediated health
effects.406

Despite the high health-related potential of different exercise
approaches, major challenges are still present as the translational
value of exerkines requires detailed in vivo and in vitro knowledge
on the molecular mechanism governing tissue adaption. As these
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Fig. 5 Schematic illustration of the exerkine research continuum. Owing to technological advances, remarkable progress is being made in
identifying new exerkines and describing their kinetics in response to an acute bout of exercise (left section of the figure). To uncover
exerkine-mediated tissue adaptions, some studies have identified molecular targets of exerkines (e.g., exerkine receptors) that transduce these
effects (central section of the figure). However, less attention is devoted to potential further target tissues that also express these molecular
targets. In-depth characterization of global exerkine dynamics—i.e., the interaction of exerkines with different target tissues—holds the
potential to advance our understanding of the pan-tissue benefits mediated by exercise (right section of the figure). Created with
BioRender.com

Table 5. In vivo exercise studies investigating exerkine receptor signaling and examples of further human tissues with exerkine receptor expression

Exerkine Exerkine receptor Refs Examples of further human tissues expressing exerkine receptors

Skeletal muscle

NTN GFRA2/ RET 146 GFRA2: Nervous system, bone morrow, CSF
RET: PBMCs

TGF-β2 TGF-βR2 151 PBMCs, breast

IL-15 IL-15Rα 149 No data

Fractalkine CX3CR1 145,150 Adrenal gland, PBMCs, liver, lungs

Musclin NPR3 95 Blood, urine

Apelin APLNR 147,152 Spinal chord

Cardiac muscle

BDNF NTRK2 171 CNS, CSF, PBMCs

IL-6 IL6R 225 Blood, nasal respiratory epithelium

VEGF VEGFR3 170 Blood, breast, placenta, cardiac muscle

NRG1 ERBB2, ERBB4 176 ERBB2: lung, skin
ERBB4: skin

White adipose tissue

KYNA GPR35 185 Blood, monocytes, neutrophils, CSF, cardiac muscle

FGF21 FGFR1/KLB 192 FGFR1: Blood, monocytes, neutrophils, CSF, cardiac muscle
KLB: no data

Irisin αV/β5 integrins 183 Integrin αV: immune cells, platelets, lymphatic tissue, fetal heart, bone marrow, bone, smooth
muscle organs, lung, pancreas, prostate, reproductive organs
Integrin β5: immune cells, lymphatic tissue, cerebral cortex, heart, oral epithelium, fetal gut,
liver, spleen, lung, pancreas, placenta, uterus, cervix, ovary

Lactate HCAR1 462,463 No data

IL-6 IL6R 225 Blood, nasal respiratory epithelium

FSTL1 DIP2A 32 No data
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might differ between healthy and diseased populations, detailed,
context-dependent investigations are necessary to enable pre-
vention of disease in healthy individuals and treatment of diseases
in patients. Additionally, in dependence on the individual patient
and disease characteristics, exercise modalities might be tailored
to mediate the desired therapeutic effect. Considering modality-
dependent differences in molecular exercise adaptions thus
depicts an important topic of research for future investigations.
In this context, a comprehensive overview of personalized physical
activity recommendations was recently provided by Noone and
colleagues.407 Feasibility, safety, (cost-)effectiveness, and benefit-
risk assessments for different exercise therapies, including exercise
mimetic approaches, and structured, well-designed randomized
controlled trials with both performance and biomedical outcomes
are necessary to ultimately pave the way to exercise-mediated
prevention and treatment of disease.

CONCLUSION
Based on the myriad of original and review articles dealing with
the health effects of exerkines, this review displayed the molecular
foundations of exercise therapy in disease prevention and
treatment. By outlining the detailed signaling cascades triggered
by exerkines, the subsequent tissue adaptions observed in vivo,
and the immediate relevance of these results in the prevention

and treatment of different diseases, our aim was to give a
comprehensive overview of the molecular mechanisms underlying
exercise therapy in disease prevention and treatment. Our special
emphasis on molecular targets of exerkines and exerkine
receptors as mediators of health effects originates from the
observation that much progress in being made in identifying new
exerkines, but far less research focuses on describing the distinct
effects on potential target tissues. Indeed, cause and consequence
of exercise-mediated health effects are often acquainted before
the molecular target—e.g., a receptor that transduces exercise
signals into tissue adaption—is identified. Precise knowledge on
the tissue-specific expression patterns of exerkine receptors,
however, holds the promise to improve our understanding of
concomitant health effects in multiple target tissues simulta-
neously. Investigating the entire biological axis from exerkine
kinetics over exerkine dynamics through to signal transduction
and cellular adaption is challenging from different perspectives,
but at least of equal importance compared to untargeted omics
approaches to gain a profound understanding of how exercise
mediates health benefits across our population. Exerkine kinetics
and exerkine dynamics might additionally be altered by lifestyle
changes, disease, or ageing (e.g., altered exerkine mobilization or
exerkine receptor expression on target tissues), with crucial
implications for the associated adaption processes. In disease
context, several exerkines have been linked to clinical improvements

Table 5. continued

Exerkine Exerkine receptor Refs Examples of further human tissues expressing exerkine receptors

Bone

Irisin αV/β5 integrins 183 See above

L-BAIBA MRGPRD 57,194,476 Heart

RCN2 NRP2/1 integrin 124 Blood, CNS, smooth muscle organs, adipocytes, amniocyte, breast, urine, skin, placenta, fetal
organs

Central nervous system

Lactate HCAR1 200,201,215 No data

ANGPT1 TIE-2 202 Fetal heart, lung, placenta

GDF15 GFRAL/ RET 203,477 GFRAL: no data
RET: PBMCs

Immune cells

IL-8 IL8R 232 Nasal respiratory epithelium, PBMCs, monocytes

IL-6 IL6R 224 Blood, nasal respiratory epithelium

Succinate SUCNR1 51,52 No data

Skin

IL-15 IL-15Rα 144 No data

Liver

FN1 αV/β1 integrins 250 Integrin αV: see above
Integrin β1: blood, immune cells, platelets, lymphatic tissue, bone marrow, bone, CNS, retina,
heart, smooth muscle organs, kidney, spleen, lung, adipocytes, secretory glands, prostate, skin,
reproductive organs

The exerkines displayed in this table are derived from in vivo exercise studies on exerkines and exerkine receptors. Estimated protein expression was extracted
from the Human Gene Database (https://www.genecards.org). By using a cutoff of 0.5 parts per million (ppm) on a base-10 log scale, we present an
experimentally sound collection of target tissues that are characterized by exerkine receptor expression and therefore have the potential to transduce the
signals of exerkines into tissue adaption. Of note, some of the exerkine receptors listed in the table did not meet the described criteria for inclusion as target
tissue (marked with “No data”). However, this does not rule out the possibility that convincing evidence for exerkine receptor expression might originate from
individual investigations APLNR apelin receptor, CX3XR1 C-X3-C motif chemokine receptor 1, IL-15Rα Interleukin-15 receptor α, IL-15 Interleukin 15, TGF-βR2
transforming growth factor β receptor 2, GFRA2 glial cell line derived neurotrophic factor family receptor α 2, RET REarranged during Transfection, NTN
neurturin, TRKB tropomyosin-related kinase B, BDNF brain-derived neurotrophic factor, NRG1 neuregulin 1, IL-6 Interleukin 6, IL-R Interleukin 6 receptor, IL-8
Interleukin 8, IL-8R Interleukin 8 receptor, ERBB2/ERBB4 Erb-B2 receptor tyrosine kinase 2/Erb-B2 receptor tyrosine kinase 4, VEGFR3 vascular endothelial growth
factor receptor 3, VEGF vascular endothelial growth factor, NRP2 neuropilin 2, RCN2 reticulocalbin 2, FSTL1 follistatin-like 1, DIP2A disco-interacting protein 2
homolog A, MRGPRDMas-related G protein-coupled receptor type D, L-BAIBA β-aminoisobutyric acid, HCAR1 hydroxycarboxylic acid receptor 1, FGFR1 fibroblast
growth factor receptor 1, KLB co-receptor β-Klotho, FGF21 fibroblast growth factor 21, GPR35 G protein-coupled receptor 35, KYNA kynurenic acid, GFRAL glial
cell line derived neurotrophic factor family Receptor a Like, GDF15 growth differentiation factor 15, TIE-2 tyrosine-protein kinase receptor TEK, ANGPT1
angiopoietin 1, SUCNR1 succinate receptor 1, PBMC peripheral blood mononuclear cells, CSF cerebrospinal fluid, CNS central nervous system
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in patients and some have already found their way into
pharmacological therapy of different diseases. The fact that some
exerkines, such as neurturin, irisin or apelin target multiple tissues
via the same receptor, underlines our model of pan-tissue health
effects of exerkines. Whether these multi-tissue effects also apply to
other exerkine-exerkine receptor pairs remains to be elucidated.
In conclusion, we hope to shed light on exerkine-triggered

signaling cascades that contribute to healthy tissue adaption,
since these are of profound relevance for the prevention and
treatment of various chronic diseases. Our review provides a
comprehensive collection of downstream signaling cascades
triggered by exerkines in vivo and fills the scientific gap created
between basic mechanistic research and clinical improvements in
patients by highlighting the importance of exerkine target
receptors as molecular transducers of exercise-mediated health
benefits. Bridging this scientific gap represents a major challenge
that requires thorough consideration by the exercise medicine
community to facilitate progress in the field.

ACKNOWLEDGEMENTS
We acknowledge support by the Open Access Publication Funds/transformative
agreements of the University of Göttingen and NiedersachsenOPEN.

AUTHOR CONTRIBUTIONS
D.W. and T.Y.W. wrote the manuscript and created figures and tables. N.J.
conceptualized this work, gave intellectual input, and revised the manuscript. P.Z.
gave intellectual input and revised the manuscript. All authors have read and
approved the article.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

ADDITIONAL INFORMATION
Competing interests: The authors declare no competing interests.

REFERENCES
1. Lee, I.-M. et al. Effect of physical inactivity on major non-communicable diseases

worldwide: an analysis of burden of disease and life expectancy. Lancet 380,
219–229 (2012).

2. Knight, J. A. Physical inactivity: associated diseases and disorders. Ann. Clin. Lab.
Sci. 42, 320–337 (2012).

3. Kyu, H. H. et al. Physical activity and risk of breast cancer, colon cancer, diabetes,
ischemic heart disease, and ischemic stroke events: systematic review and dose-
response meta-analysis for the Global Burden of Disease Study 2013. BMJ 354,
i3857 (2016).

4. Pate, R. R. et al. Physical activity and public health: a recommendation from the
Centers for Disease Control and Prevention and the American College of Sports
Medicine. JAMA 273, 402–407 (1995).

5. Caspersen, C. J., Powell, K. E. & Christenson, G. M. Physical activity, exercise, and
physical fitness: definitions and distinctions for health-related research. Public
Health Rep. Wash. DC 1974 100, 126–131 (1985).

6. Gleeson, M. et al. The anti-inflammatory effects of exercise: mechanisms and
implications for the prevention and treatment of disease. Nat. Rev. Immunol. 11,
607–615 (2011).

7. Kujala, U. M. Evidence on the effects of exercise therapy in the treatment of
chronic disease. Br. J. Sports Med. 43, 550–555 (2009).

8. Pedersen, B. K. & Saltin, B. Exercise as medicine—evidence for prescribing
exercise as therapy in 26 different chronic diseases. Scand. J. Med. Sci. Sports 25,
1–72 (2015).

9. Heinonen, I. et al. Organ-specific physiological responses to acute physical
exercise and long-term training in humans. Physiology 29, 421–436 (2014).

10. McGee, S. L. & Hargreaves, M. Exercise adaptations: molecular mechanisms and
potential targets for therapeutic benefit. Nat. Rev. Endocrinol. 16, 495–505
(2020).

11. Ruegsegger, G. N. & Booth, F. W. Health benefits of exercise. Cold Spring Harb.
Perspect. Med. 8, a029694 (2018).

12. Safdar, A., Saleem, A. & Tarnopolsky, M. A. The potential of endurance exercise-
derived exosomes to treat metabolic diseases. Nat. Rev. Endocrinol. 12, 504–517
(2016).

13. Safdar, A. & Tarnopolsky, M. A. Exosomes as mediators of the systemic adap-
tations to endurance exercise. Cold Spring Harb. Perspect. Med. 8, a029827
(2018).

14. Chow, L. S. et al. Exerkines in health, resilience and disease. Nat. Rev. Endocrinol.
18, 273–289 (2022).

15. Jin, L., Diaz-Canestro, C., Wang, Y., Tse, M. A. & Xu, A. Exerkines and cardiome-
tabolic benefits of exercise: from bench to clinic. EMBO Mol. Med. 16, 432–444
(2024).

16. Ashcroft, S. P., Stocks, B., Egan, B. & Zierath, J. R. Exercise induces tissue-specific
adaptations to enhance cardiometabolic health. Cell Metab. 36, 278–300 (2024).

17. Li, V. L. et al. An exercise-inducible metabolite that suppresses feeding and
obesity. Nature 606, 785–790 (2022).

18. Chen, H. et al. Exercise training maintains cardiovascular health: signaling
pathways involved and potential therapeutics. Signal Transduct. Target. Ther. 7,
306 (2022).

19. Hojman, P., Gehl, J., Christensen, J. F. & Pedersen, B. K. Molecular mechanisms
linking exercise to cancer prevention and treatment. Cell Metab. 27, 10–21
(2018).

20. Tian, D. & Meng, J. Exercise for prevention and relief of cardiovascular disease:
prognoses, mechanisms, and approaches. Oxid. Med. Cell. Longev. 2019, 1–11
(2019).

21. Wang, Q. & Zhou, W. Roles and molecular mechanisms of physical exercise in
cancer prevention and treatment. J. Sport Health Sci. 10, 201–210 (2021).

22. Chen, J., Zhou, R., Feng, Y. & Cheng, L. Molecular mechanisms of exercise
contributing to tissue regeneration. Signal Transduct. Target. Ther. 7, 1–24
(2022).

23. Ji, S. et al. Cellular rejuvenation: molecular mechanisms and potential ther-
apeutic interventions for diseases. Signal Transduct. Target. Ther. 8, 116 (2023).

24. Moreira, J. B. N., Wohlwend, M. & Wisløff, U. Exercise and cardiac health: phy-
siological and molecular insights. Nat. Metab. 2, 829–839 (2020).

25. Gubert, C. & Hannan, A. J. Exercise mimetics: harnessing the therapeutic effects
of physical activity. Nat. Rev. Drug Discov. 20, 862–879 (2021).

26. Darragh, I. A. J. & Egan, B. Considerations for exerkine research focusing on the
response to exercise training. J. Sport Health Sci. 13, 130–132 (2024).

27. Reghupaty, S. C., Dall, N. R. & Svensson, K. J. Hallmarks of the metabolic
secretome. Trends Endocrinol. Metab. 35, 49–61 (2024).

28. Baker, S. A. & Rutter, J. Metabolites as signalling molecules. Nat. Rev. Mol. Cell
Biol. 24, 355–374 (2023).

29. Lone, J. B., Long, J. Z. & Svensson, K. J. Size matters: the biochemical logic of
ligand type in endocrine crosstalk. Life Metab. 3, load048 (2024).

30. Boström, P. et al. A PGC1-α-dependent myokine that drives brown-fat-like
development of white fat and thermogenesis. Nature 481, 463–468 (2012).

31. Xu, X. et al. Follistatin-like 1 as a novel adipomyokine related to insulin resis-
tance and physical activity. J. Clin. Endocrinol. Metab. 105, e4499–e4509 (2020).

32. Nam, J. S. et al. Follistatin‐like 1 is a myokine regulating lipid mobilization during
endurance exercise and recovery. Obesity 32, 352–362 (2024).

33. Kon, M., Ebi, Y. & Nakagaki, K. Effects of acute sprint interval exercise on
follistatin-like 1 and apelin secretions. Arch. Physiol. Biochem. 127, 223–227
(2021).

34. Nam, H.-J., Kim, I., Bowie, J. U. & Kim, S. Metazoans evolved by taking domains
from soluble proteins to expand intercellular communication network. Sci. Rep.
5, 9576 (2015).

35. Contrepois, K. et al. Molecular choreography of acute exercise. Cell 181,
1112–1130.e16 (2020).

36. Mi, M. Y. et al. Plasma proteomic kinetics in response to acute exercise. Mol. Cell.
Proteom. 22, 100601 (2023).

37. Parker, B. L. et al. Multiplexed temporal quantification of the exercise-regulated
plasma peptidome. Mol. Cell. Proteom. 16, 2055–2068 (2017).

38. Robbins, J. M. et al. Human plasma proteomic profiles indicative of cardior-
espiratory fitness. Nat. Metab. 3, 786–797 (2021).

39. Robbins, J. M. et al. Plasma proteomic changes in response to exercise training
are associated with cardiorespiratory fitness adaptations. JCI Insight 8, e165867
(2023).

40. Wei, W. et al. Organism-wide, cell-type-specific secretome mapping of exercise
training in mice. Cell Metab. 35, 1261–1279.e11 (2023).

41. Brooks, G. A. The science and translation of Lactate shuttle theory. Cell Metab.
27, 757–785 (2018).

42. Hui, S. et al. Glucose feeds the TCA cycle via circulating lactate. Nature 551,
115–118 (2017).

43. Rabinowitz, J. D. & Enerbäck, S. Lactate: the ugly duckling of energy metabolism.
Nat. Metab. 2, 566–571 (2020).

44. Brooks, G. A. Lactate as a fulcrum of metabolism. Redox Biol. 35, 101454 (2020).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

26

Signal Transduction and Targeted Therapy           (2024) 9:138 



45. Brooks, G. A. et al. Lactate as a major myokine and exerkine. Nat. Rev. Endocrinol.
18, 712–712 (2022).

46. Howarth, K. R., LeBlanc, P. J., Heigenhauser, G. J. F. & Gibala, M. J. Effect of
endurance training on muscle TCA cycle metabolism during exercise in humans.
J. Appl. Physiol. 97, 579–584 (2004).

47. Schranner, D., Kastenmüller, G., Schönfelder, M., Römisch-Margl, W. & Wacke-
rhage, H. Metabolite concentration changes in humans after a bout of exercise:
a systematic review of exercise metabolomics studies. Sports Med. - Open 6, 11
(2020).

48. Ferreira, L. M. R. et al. Intermediary metabolism: an intricate network at the
crossroads of cell fate and function. Biochim. Biophys. Acta BBA - Mol. Basis Dis.
1866, 165887 (2020).

49. Veerappa, S. & McClure, J. Intermediary metabolism. Anaesth. Intensive Care Med.
21, 162–167 (2020).

50. Lewis, G. D. et al. Metabolic signatures of exercise in human plasma. Sci. Transl.
Med. 2, 33a37 (2010).

51. Abdelmoez, A. M. et al. Cell selectivity in succinate receptor SUCNR1
/GPR91 signaling in skeletal muscle. Am. J. Physiol. Endocrinol. Metab. 324,
E289–E298 (2023).

52. Reddy, A. et al. pH-Gated succinate secretion regulates muscle remodeling in
response to exercise. Cell 183, 62–75.e17 (2020).

53. Wang, T. et al. Succinate induces skeletal muscle fiber remodeling via
SUCNR1 signaling. EMBO Rep. 20, e47892 (2019).

54. Murphy, M. P. & O’Neill, L. A. J. Krebs cycle reimagined: the emerging roles of
succinate and itaconate as signal transducers. Cell 174, 780–784 (2018).

55. Reddy, A. et al. Monocarboxylate transporters facilitate succinate uptake into
brown adipocytes. Nat. Metab. 6, 567–577 (2024).

56. Stanford, K. I. et al. 12,13-diHOME: an exercise-induced lipokine that increases
skeletal muscle fatty acid uptake. Cell Metab. 27, 1111–1120.e3 (2018).

57. Kitase, Y. et al. β-aminoisobutyric acid, l-BAIBA, is a muscle-derived osteocyte
survival factor. Cell Rep. 22, 1531–1544 (2018).

58. Roberts, L. D. et al. β-aminoisobutyric acid induces browning of white fat and
hepatic β-oxidation and is inversely correlated with cardiometabolic risk factors.
Cell Metab. 19, 96–108 (2014).

59. Morville, T., Sahl, R. E., Moritz, T., Helge, J. W. & Clemmensen, C. Plasma meta-
bolome profiling of resistance exercise and endurance exercise in humans. Cell
Rep. 33, 108554 (2020).

60. Nemeth, K., Bayraktar, R., Ferracin, M. & Calin, G. A. Non-coding RNAs in disease:
from mechanisms to therapeutics. Nat. Rev. Genet. 25, 211–232 (2024).

61. Statello, L., Guo, C.-J., Chen, L.-L. & Huarte, M. Gene regulation by long non-
coding RNAs and its biological functions. Nat. Rev. Mol. Cell Biol. 22, 96–118
(2021).

62. De Goede, O. M. et al. Population-scale tissue transcriptomics maps long non-
coding RNAs to complex disease. Cell 184, 2633–2648.e19 (2021).

63. Guo, Z. et al. Genome-wide survey of tissue-specific microRNA and transcription
factor regulatory networks in 12 tissues. Sci. Rep. 4, 5150 (2014).

64. Just, J. et al. Blood flow-restricted resistance exercise alters the surface profile,
miRNA cargo and functional impact of circulating extracellular vesicles. Sci. Rep.
10, 5835 (2020).

65. Ma, C. et al. Moderate exercise enhances endothelial progenitor cell exosomes
release and function. Med. Sci. Sports Exerc. 50, 2024–2032 (2018).

66. Warnier, G. et al. Effects of a 6-wk sprint interval training protocol at different
altitudes on circulating extracellular vesicles. Med. Sci. Sports Exerc. 55, 46–54
(2023).

67. Bye, A. et al. Circulating microRNAs and aerobic fitness – the HUNT study. PLoS
ONE 8, e57496 (2013).

68. Rutkovskiy, A. et al. Circulating microRNA-210 concentrations in patients with
acute heart failure: data from the Akershus cardiac examination 2 study. Clin.
Chem. 67, 889–898 (2021).

69. Røsjø, H. et al. Prognostic value of circulating MicroRNA-210 levels in patients
with moderate to severe aortic stenosis. PLoS One 9, e91812 (2014).

70. Bye, A. et al. Circulating microRNAs predict future fatal myocardial infarction in
healthy individuals—the HUNT study. J. Mol. Cell. Cardiol. 97, 162–168 (2016).

71. Stølen, T. O. et al. Exercise training reveals micro-RNAs associated with improved
cardiac function and electrophysiology in rats with heart failure after myocardial
infarction. J. Mol. Cell. Cardiol. 148, 106–119 (2020).

72. Bei, Y. et al. Exercise-induced miR-210 promotes cardiomyocyte proliferation
and survival and mediates exercise-induced cardiac protection against ische-
mia/reperfusion injury. Research 7, 0327 (2024).

73. Kotewitsch, M., Heimer, M., Schmitz, B. & Mooren, F. C. Non-coding RNAs in
exercise immunology: a systematic review. J. Sport Health Sci. https://doi.org/
10.1016/j.jshs.2023.11.001 (2023).

74. Zhang, T. et al. miR-143 regulates memory T cell differentiation by repro-
gramming T cell metabolism. J. Immunol. 201, 2165–2175 (2018).

75. Ye, Z. et al. Regulation of miR-181a expression in T cell aging. Nat. Commun. 9,
3060 (2018).

76. Miranda, K. et al. MicroRNA-30 modulates metabolic inflammation by regulating
Notch signaling in adipose tissue macrophages. Int. J. Obes. 42, 1140–1150
(2018).

77. Silva, G. J. J., Bye, A., El Azzouzi, H. & Wisløff, U. MicroRNAs as important reg-
ulators of exercise adaptation. Prog. Cardiovasc. Dis. 60, 130–151 (2017).

78. Russell, A. P. et al. Regulation of miRNAs in human skeletal muscle following
acute endurance exercise and short‐term endurance training. J. Physiol. 591,
4637–4653 (2013).

79. Safdar, A., Abadi, A., Akhtar, M., Hettinga, B. P. & Tarnopolsky, M. A. miRNA in the
regulation of skeletal muscle adaptation to acute endurance exercise in C57Bl/
6J male mice. PLOS One 4, e5610 (2009).

80. Bonilauri, B. & Dallagiovanna, B. Long non-coding RNAs are differentially
expressed after different exercise training programs. Front. Physiol. 11, 567614
(2020).

81. Wohlwend, M. et al. The exercise-induced long noncoding RNA CYTOR promotes
fast-twitch myogenesis in aging. Sci. Transl. Med. 13, eabc7367 (2021).

82. Trewin, A. J. et al. Long non-coding RNA Tug1 modulates mitochondrial and
myogenic responses to exercise in skeletal muscle. BMC Biol. 20, 164 (2022).

83. Chen, W., Ye, Q. & Dong, Y. Long term exercise-derived exosomal LncRNA
CRNDE mitigates myocardial infarction injury through miR-489-3p/
Nrf2 signaling axis. Nanomed. Nanotechnol. Biol. Med. 55, 102717 (2024).

84. Done, A. J. & Traustadóttir, T. Nrf2 mediates redox adaptations to exercise. Redox
Biol. 10, 191–199 (2016).

85. Gao, R. et al. Long noncoding RNA cardiac physiological hypertrophy-associated
regulator induces cardiac physiological hypertrophy and promotes functional
recovery after myocardial ischemia-reperfusion injury. Circulation 144, 303–317
(2021).

86. Li, H. et al. lncExACT1 and DCHS2 regulate physiological and pathological car-
diac growth. Circulation 145, 1218–1233 (2022).

87. Zhu, Y. et al. Circ-Ddx60 contributes to the antihypertrophic memory of exercise
hypertrophic preconditioning. J. Adv. Res. 46, 113–121 (2023).

88. Wang, L. et al. Exercise-induced circular RNA circUtrn is required for cardiac
physiological hypertrophy and prevents myocardial ischaemia–reperfusion
injury. Cardiovasc. Res. 119, 2638–2652 (2023).

89. Cesana, M. et al. A long noncoding RNA controls muscle differentiation by
functioning as a competing endogenous RNA. Cell 147, 358–369 (2011).

90. Sen, R., Ghosal, S., Das, S., Balti, S. & Chakrabarti, J. Competing endogenous RNA:
the key to posttranscriptional regulation. Sci. World J. 2014, 896206 (2014).

91. Nie, M., Liu, Q. & Yan, C. Construction of a novel lncRNA-miRNA-mRNA com-
peting endogenous RNA network in muscle in response to exercise training.
Gen. Physiol. Biophys. 42, 123–133 (2023).

92. Wu, J. et al. LncRNA/miRNA/mRNA ceRNA network analysis in spinal cord injury
rat with physical exercise therapy. PeerJ 10, e13783 (2022).

93. Wang, L. et al. METTL14 is required for exercise-induced cardiac hypertrophy
and protects against myocardial ischemia-reperfusion injury. Nat. Commun. 13,
6762 (2022).

94. Yan, L. et al. Physical exercise prevented stress‐induced anxiety via improving
brain RNA methylation. Adv. Sci. 9, 2105731 (2022).

95. Subbotina, E. et al. Musclin is an activity-stimulated myokine that enhances
physical endurance. Proc. Natl Acad. Sci. 112, 16042–16047 (2015).

96. Shweiki, D., Itin, A., Soffer, D. & Keshet, E. Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359,
843–845 (1992).

97. Ingerslev, B. et al. Angiopoietin-like protein 4 is an exercise-induced hepatokine
in humans, regulated by glucagon and cAMP. Mol. Metab. 6, 1286–1295 (2017).

98. Hou, Z. et al. Longterm exercise-derived exosomal miR-342-5p: a novel exerkine
for cardioprotection. Circ. Res. 124, 1386–1400 (2019).

99. Davis, B. D. & Tai, P.-C. The mechanism of protein secretion across membranes.
Nature 283, 433–438 (1980).

100. Hegde, R. S. & Keenan, R. J. The mechanisms of integral membrane protein
biogenesis. Nat. Rev. Mol. Cell Biol. 23, 107–124 (2022).

101. Hosoya, M. et al. Molecular and functional characteristics of APJ. J. Biol. Chem.
275, 21061–21067 (2000).

102. Kawamata, Y. et al. Molecular properties of apelin: tissue distribution and
receptor binding. Biochim. Biophys. Acta BBA - Mol. Cell Res. 1538, 162–171
(2001).

103. Kelly, R. B. Pathways of protein secretion in eukaryotes. Science 230, 25–32
(1985).

104. Nickel, W. & Rabouille, C. Mechanisms of regulated unconventional protein
secretion. Nat. Rev. Mol. Cell Biol. 10, 148–155 (2009).

105. Rabouille, C. Pathways of unconventional protein secretion. Trends Cell Biol. 27,
230–240 (2017).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

27

Signal Transduction and Targeted Therapy           (2024) 9:138 

https://doi.org/10.1016/j.jshs.2023.11.001
https://doi.org/10.1016/j.jshs.2023.11.001


106. Sahlin, K., Katz, A. & Henriksson, J. Redox state and lactate accumulation in
human skeletal muscle during dynamic exercise. Biochem. J. 245, 551–556
(1987).

107. Spriet, L. L., Howlett, R. A. & Heigenhauser, G. J. F. An enzymatic approach to
lactate production in human skeletal muscle during exercise. Med. Sci. Sports
Exerc. 32, 756–763 (2000).

108. Gould, S. J. & Raposo, G. As we wait: coping with an imperfect nomenclature for
extracellular vesicles. J. Extracell. Vesicles 2, 20389 (2013).

109. Xu, R. et al. Extracellular vesicles in cancer—implications for future improve-
ments in cancer care. Nat. Rev. Clin. Oncol. 15, 617–638 (2018).

110. Hill, A. F. Extracellular vesicles and neurodegenerative diseases. J. Neurosci. 39,
9269–9273 (2019).

111. Buzas, E. I. The roles of extracellular vesicles in the immune system. Nat. Rev.
Immunol. 23, 236–250 (2023).

112. Hendrix, A. et al. Extracellular vesicle analysis. Nat. Rev. Methods Prim. 3, 56
(2023).

113. Frühbeis, C., Helmig, S., Tug, S., Simon, P. & Krämer‐Albers, E. Physical exercise
induces rapid release of small extracellular vesicles into the circulation. J.
Extracell. Vesicles 4, 28239 (2015).

114. McIlvenna, L. C. et al. Single vesicle analysis reveals the release of tetraspanin
positive extracellular vesicles into circulation with high intensity intermittent
exercise. J. Physiol. 601, 5093–5106 (2023).

115. Delgado-Peraza, F. et al. Neuron-derived extracellular vesicles in blood reveal
effects of exercise in Alzheimer’s disease. Alzheimers Res. Ther. 15, 156 (2023).

116. Ma, S. et al. Skeletal muscle-derived extracellular vesicles transport glycolytic
enzymes to mediate muscle-to-bone crosstalk. Cell Metab. 35, 2028–2043.e7
(2023).

117. Peng, B. et al. Red blood cell extracellular vesicles deliver therapeutic siRNAs to
skeletal muscles for treatment of cancer cachexia. Mol. Ther. 31, 1418–1436
(2023).

118. Whitham, M. et al. Extracellular vesicles provide a means for tissue crosstalk
during exercise. Cell Metab. 27, 237–251.e4 (2018).

119. Vechetti, I. J., Valentino, T., Mobley, C. B. & McCarthy, J. J. The role of extracellular
vesicles in skeletal muscle and systematic adaptation to exercise. J. Physiol. 599,
845–861 (2021).

120. Bayraktar, R., Van Roosbroeck, K. & Calin, G. A. Cell‐to‐cell communication:
microRNAs as hormones. Mol. Oncol. 11, 1673–1686 (2017).

121. Liu, T. et al. EVmiRNA: a database of miRNA profiling in extracellular vesicles.
Nucleic Acids Res 47, D89–D93 (2019).

122. Mittelbrunn, M. & Sánchez-Madrid, F. Intercellular communication: diverse
structures for exchange of genetic information. Nat. Rev. Mol. Cell Biol. 13,
328–335 (2012).

123. Doncheva, A. I. et al. Extracellular vesicles and microRNAs are altered in
response to exercise, insulin sensitivity and overweight. Acta Physiol. 236,
e13862 (2022).

124. Peng, H. et al. A mechanosensitive lipolytic factor in the bone marrow promotes
osteogenesis and lymphopoiesis. Cell Metab. 34, 1168–1182.e6 (2022).

125. Islam, M. R. et al. Exercise hormone irisin is a critical regulator of cognitive
function. Nat. Metab. 3, 1058–1070 (2021).

126. Lourenco, M. V. et al. Exercise-linked FNDC5/irisin rescues synaptic plasticity and
memory defects in Alzheimer’s models. Nat. Med. 25, 165–175 (2019).

127. Wrann, C. D. et al. Exercise induces hippocampal BDNF through a PGC-1α/
FNDC5 pathway. Cell Metab. 18, 649–659 (2013).

128. Rao, R. R. et al. Meteorin-like is a hormone that regulates immune-adipose
interactions to increase beige fat thermogenesis. Cell 157, 1279–1291 (2014).

129. Uhlén, M. et al. Tissue-based map of the human proteome. Science 347, 1260419
(2015).

130. Aoi, W. et al. A novel myokine, secreted protein acidic and rich in cysteine
(SPARC), suppresses colon tumorigenesis via regular exercise. Gut 62, 882–889
(2013).

131. Jørgensen, L. H. et al. SPARC interacts with actin in skeletal muscle in vitro and
in vivo. Am. J. Pathol. 187, 457–474 (2017).

132. Gu, H. et al. Soluble klotho improves hepatic glucose and lipid homeostasis in
type 2 diabetes. Mol. Ther. Methods Clin. Dev. 18, 811–823 (2020).

133. Rao, Z., Zheng, L., Huang, H., Feng, Y. & Shi, R. α-Klotho expression in mouse
tissues following acute exhaustive exercise. Front. Physiol. 10, 1498 (2019).

134. Seldin, M. M., Peterson, J. M., Byerly, M. S., Wei, Z. & Wong, G. W. Myonectin
(CTRP15), a novel myokine that links skeletal muscle to systemic lipid home-
ostasis. J. Biol. Chem. 287, 11968–11980 (2012).

135. De Nardo, W. et al. Proteomic analysis reveals exercise training induced remo-
delling of hepatokine secretion and uncovers syndecan-4 as a regulator of
hepatic lipid metabolism. Mol. Metab. 60, 101491 (2022).

136. Chong, M. C., Silva, A., James, P. F., Wu, S. S. X. & Howitt, J. Exercise increases the
release of NAMPT in extracellular vesicles and alters NAD + activity in recipient
cells. Aging Cell 21, e13647 (2022).

137. Orange, S. T. et al. Acute aerobic exercise‐conditioned serum reduces colon
cancer cell proliferation in vitro through interleukin‐6‐induced regulation of DNA

damage. Int. J. Cancer 151, 265–274 (2022).
138. Kasper, A. M., Turner, D. C., Martin, N. R. W. & Sharples, A. P. Mimicking exercise

in three-dimensional bioengineered skeletal muscle to investigate cellular and
molecular mechanisms of physiological adaptation. J. Cell. Physiol. 233,
1985–1998 (2018).

139. Lautaoja, J. H. et al. Mimicking exercise in vitro: effects of myotube contractions
and mechanical stretch on omics. Am. J. Physiol. -Cell Physiol. 324, C886–C892
(2023).

140. Watanabe, L. P. & Riddle, N. C. New opportunities: Drosophila as a model system
for exercise research. J. Appl. Physiol. 127, 482–490 (2019).

141. Laranjeiro, R., Harinath, G., Burke, D., Braeckman, B. P. & Driscoll, M. Single swim
sessions in C. elegans induce key features of mammalian exercise. BMC Biol. 15,
30 (2017).

142. Laranjeiro, R. et al. Swim exercise in Caenorhabditis elegans extends neuro-
muscular and gut healthspan, enhances learning ability, and protects against
neurodegeneration. Proc. Natl Acad. Sci. 116, 23829–23839 (2019).

143. Poole, D. C. et al. Guidelines for animal exercise and training protocols for
cardiovascular studies. Am. J. Physiol. Heart Circ. Physiol. 318, H1100–H1138
(2020).

144. Crane, J. D. et al. Exercise-stimulated interleukin-15 is controlled by AMPK and
regulates skin metabolism and aging. Aging Cell 14, 625–634 (2015).

145. Chaweewannakorn, C. et al. Exercise‐evoked intramuscular neutrophil‐endo-
thelial interactions support muscle performance and GLUT4 translocation: a
mouse gnawing model study. J. Physiol. 598, 101–122 (2020).

146. Correia, J. C. et al. Muscle-secreted neurturin couples myofiber oxidative meta-
bolism and slow motor neuron identity. Cell Metab. 33, 2215–2230.e8 (2021).

147. Dray, C. et al. Apelin stimulates glucose utilization in normal and obese insulin-
resistant mice. Cell Metab. 8, 437–445 (2008).

148. Iwabu, M. et al. Adiponectin and AdipoR1 regulate PGC-1α and mitochondria by
Ca2+ and AMPK/SIRT1. Nature 464, 1313–1319 (2010).

149. Loro, E. et al. Effect of interleukin-15 receptor alpha ablation on the metabolic
responses to moderate exercise simulated by in vivo isometric muscle con-
tractions. Front. Physiol. 10, 1439 (2019).

150. Nyasha, M. R. et al. Effects of CX3CR1 and CXCR2 antagonists on running-
dependent intramuscular neutrophil recruitments and myokine upregulation.
Am. J. Physiol. Endocrinol. Metab. 324, E375–E389 (2023).

151. Takahashi, H. et al. TGF-β2 is an exercise-induced adipokine that regulates
glucose and fatty acid metabolism. Nat. Metab. 1, 291–303 (2019).

152. Vinel, C. et al. The exerkine apelin reverses age-associated sarcopenia. Nat. Med.
24, 1360–1371 (2018).

153. Yamauchi, T. et al. Adiponectin stimulates glucose utilization and fatty-acid
oxidation by activating AMP-activated protein kinase. Nat. Med. 8, 1288–1295
(2002).

154. Yamauchi, T. et al. Targeted disruption of AdipoR1 and AdipoR2 causes abro-
gation of adiponectin binding and metabolic actions. Nat. Med. 13, 332–339
(2007).

155. Liu, Y. et al. TLR9 and beclin 1 crosstalk regulates muscle AMPK activation in
exercise. Nature 578, 605–609 (2020).

156. Bjørnholt, J. V. et al. Fasting blood glucose: an underestimated risk factor for
cardiovascular death. Results from a 22-year follow-up of healthy nondiabetic
men. Diabetes Care 22, 45–49 (1999).

157. Rao Kondapally Seshasai, S. et al. The emerging risk factors collaboration. dia-
betes mellitus, fasting glucose, and risk of cause-specific death. N. Engl. J. Med.
364, 829–841 (2011).

158. Halbgebauer, D. et al. Latent TGFβ-binding proteins regulate UCP1 expression
and function via TGFβ2. Mol. Metab. 53, 101336 (2021).

159. Gumucio, J. P., Sugg, K. B. & Mendias, C. L. TGF-β superfamily signaling in muscle
and tendon adaptation to resistance exercise. Exerc. Sport Sci. Rev. 43, 93–99
(2015).

160. Budagian, V., Bulanova, E., Paus, R. & Bulfonepaus, S. IL-15/IL-15 receptor biol-
ogy: a guided tour through an expanding universe. Cytokine Growth Factor Rev.
17, 259–280 (2006).

161. Quinn, L. S. Interleukin-15: a muscle-derived cytokine regulating fat-to-lean
body composition. J. Anim. Sci. 86, E75–E83 (2008).

162. Tamura, Y. et al. Upregulation of circulating IL-15 by treadmill running in healthy
individuals: Is IL-15 an endocrine mediator of the beneficial effects of endurance
exercise? Endocr. J. 58, 211–215 (2011).

163. Quinn, L. S., Anderson, B. G., Strait-Bodey, L., Stroud, A. M. & Argilés, J. M.
Oversecretion of interleukin-15 from skeletal muscle reduces adiposity. Am. J.
Physiol. Endocrinol. Metab. 296, E191–E202 (2009).

164. Nielsen, A. R. et al. Association between interleukin-15 and obesity: interleukin-
15 as a potential regulator of fat mass. J. Clin. Endocrinol. Metab. 93, 4486–4493
(2008).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

28

Signal Transduction and Targeted Therapy           (2024) 9:138 



165. Matsukawa, N. et al. The natriuretic peptide clearance receptor locally mod-
ulates the physiological effects of the natriuretic peptide system. Proc. Natl
Acad. Sci. 96, 7403–7408 (1999).

166. Yuan, Y. et al. Succinate promotes skeletal muscle protein synthesis via Erk1/
2 signaling pathway. Mol. Med. Rep. 16, 7361–7366 (2017).

167. Gordan, R., Gwathmey, J. K. & Xie, L.-H. Autonomic and endocrine control of
cardiovascular function. World J. Cardiol. 7, 204 (2015).

168. Lavin, K. M. et al. State of knowledge on molecular adaptations to exercise in
humans: historical perspectives and future directions. Compr. Physiol. 12,
3193–3279 (2022).

169. Lu, L., Wu, D., Li, L. & Chen, L. Apelin/APJ system: a bifunctional target for cardiac
hypertrophy. Int. J. Cardiol. 230, 164–170 (2017).

170. Bei, Y. et al. Lymphangiogenesis contributes to exercise-induced physiological
cardiac growth. J. Sport Health Sci. 11, 466–478 (2022).

171. Lee, H. W. et al. Effects of exercise training and TrkB blockade on cardiac
function and BDNF-TrkB signaling postmyocardial infarction in rats. Am. J.
Physiol. Heart Circ. Physiol. 315, H1821–H1834 (2018).

172. Lee, H. W., Ahmad, M., Wang, H.-W. & Leenen, F. H. H. Effects of exercise training
on brain-derived neurotrophic factor in skeletal muscle and heart of rats post
myocardial infarction: cardiac brain-derived neurotrophic factor post myocardial
infarction. Exp. Physiol. 102, 314–328 (2017).

173. Slagsvold, K. H. et al. Remote ischemic preconditioning preserves mitochondrial
function and activates pro-survival protein kinase Akt in the left ventricle during
cardiac surgery: a randomized trial. Int. J. Cardiol. 177, 409–417 (2014).

174. Przyklenk, K. & Whittaker, P. Remote ischemic preconditioning: current knowl-
edge, unresolved questions, and future priorities. J. Cardiovasc. Pharmacol. Ther.
16, 255–259 (2011).

175. Reboll, M. R. et al. Meteorin-like promotes heart repair through endothelial KIT
receptor tyrosine kinase. Science 376, 1343–1347 (2022).

176. Cai, M.-X. et al. Exercise training activates neuregulin 1/ErbB signaling and
promotes cardiac repair in a rat myocardial infarction model. Life Sci. 149, 1–9
(2016).

177. Scheja, L. & Heeren, J. The endocrine function of adipose tissues in health and
cardiometabolic disease. Nat. Rev. Endocrinol. 15, 507–524 (2019).

178. Bartelt, A. & Heeren, J. Adipose tissue browning and metabolic health. Nat. Rev.
Endocrinol. 10, 24–36 (2014).

179. Lavie, C. J., Milani, R. V. & Ventura, H. O. Obesity and cardiovascular disease. J.
Am. Coll. Cardiol. 53, 1925–1932 (2009).

180. Jedrychowski, M. P. et al. Detection and quantitation of circulating human irisin
by tandem mass spectrometry. Cell Metab. 22, 734–740 (2015).

181. Raschke, S. et al. Evidence against a beneficial effect of Irisin in humans. PLoS
One 8, e73680 (2013).

182. Timmons, J. A., Baar, K., Davidsen, P. K. & Atherton, P. J. Is irisin a human exercise
gene? Nature 488, E9–E10 (2012).

183. Kim, H. et al. Irisin mediates effects on bone and fat via αV integrin receptors.
Cell 175, 1756–1768.e17 (2018).

184. Mu, A. et al. Irisin acts through its integrin receptor in a two-step process
involving extracellular Hsp90α. Mol. Cell 83, 1903–1920.e12 (2023).

185. Agudelo, L. Z. et al. Kynurenic acid and Gpr35 regulate adipose tissue energy
homeostasis and inflammation. Cell Metab. 27, 378–392.e5 (2018).

186. Baht, G. S. et al. Meteorin-like facilitates skeletal muscle repair through a Stat3/
IGF-1 mechanism. Nat. Metab. 2, 278–289 (2020).

187. Jung, T. W. et al. METRNL attenuates lipid-induced inflammation and insulin
resistance via AMPK or PPARδ-dependent pathways in skeletal muscle of mice.
Exp. Mol. Med. 50, 1–11 (2018).

188. Lee, D. E. et al. Meteorin-like is an injectable peptide that can enhance regen-
eration in aged muscle through immune-driven fibro/adipogenic progenitor
signaling. Nat. Commun. 13, 7613 (2022).

189. Knudsen, J. G. et al. Role of IL-6 in exercise training- and cold-induced UCP1
expression in subcutaneous white adipose tissue. PLoS ONE 9, e84910 (2014).

190. Kim, K. H. et al. Acute exercise induces FGF21 expression in mice and in healthy
humans. PLoS One 8, e63517 (2013).

191. Fisher, F. M. & Maratos-Flier, E. Understanding the physiology of FGF21. Annu.
Rev. Physiol. 78, 223–241 (2016).

192. Geng, L. et al. Exercise alleviates obesity-induced metabolic dysfunction via
enhancing FGF21 sensitivity in adipose tissues. Cell Rep. 26, 2738–2752.e4 (2019).

193. Chilibeck, P. D., Sale, D. G. & Webber, C. E. Exercise and bone mineral density.
Sports Med 19, 103–122 (1995).

194. Audzeyenka, I. et al. β-Aminoisobutyric acid (L-BAIBA) is a novel regulator of
mitochondrial biogenesis and respiratory function in human podocytes. Sci. Rep.
13, 766 (2023).

195. Colaianni, G. et al. The myokine irisin increases cortical bone mass. Proc. Natl
Acad. Sci. 112, 12157–12162 (2015).

196. Blazek, A. D. et al. Exercise-driven metabolic pathways in healthy cartilage.
Osteoarthr. Cartil. 24, 1210–1222 (2016).

197. Wu, D. et al. The blood–brain barrier: structure, regulation, and drug delivery.
Signal Transduct. Target. Ther. 8, 217 (2023).

198. Gómez-Pinilla, F., Ying, Z., Roy, R. R., Molteni, R. & Edgerton, V. R. Voluntary
exercise induces a BDNF-mediated mechanism that promotes neuroplasticity. J.
Neurophysiol. 88, 2187–2195 (2002).

199. Kam, T.-I. et al. Amelioration of pathologic α-synuclein-induced Parkinson’s
disease by irisin. Proc. Natl Acad. Sci. 119, e2204835119 (2022).

200. Lambertus, M. et al. L-lactate induces neurogenesis in the mouse ventricular-
subventricular zone via the lactate receptor HCA1. Acta Physiol. 231, e13587
(2021).

201. Morland, C. et al. Exercise induces cerebral VEGF and angiogenesis via the
lactate receptor HCAR1. Nat. Commun. 8, 15557 (2017).

202. Zhang, P. et al. Early exercise improves cerebral blood flow through increased
angiogenesis in experimental stroke rat model. J. Neuroeng. Rehabil. 10, 43
(2013).

203. Yang, L. et al. GFRAL is the receptor for GDF15 and is required for the anti-
obesity effects of the ligand. Nat. Med. 23, 1158–1166 (2017).

204. Moon, H. Y. et al. Running-induced systemic cathepsin B secretion is associated
with memory function. Cell Metab. 24, 332–340 (2016).

205. Park, C. et al. Platelet factors are induced by longevity factor klotho and
enhance cognition in young and aging mice. Nat. Aging 3, 1067–1078 (2023).

206. Schroer, A. B. et al. Platelet factors attenuate inflammation and rescue cognition
in ageing. Nature 620, 1071–1079 (2023).

207. Leiter, O. et al. Platelet-derived exerkine CXCL4/platelet factor 4 rejuvenates
hippocampal neurogenesis and restores cognitive function in aged mice. Nat.
Commun. 14, 4375 (2023).

208. Leiter, O. et al. Exercise-induced activated platelets increase adult hippocampal
precursor proliferation and promote neuronal differentiation. Stem Cell Rep. 12,
667–679 (2019).

209. De Miguel, Z. et al. Exercise plasma boosts memory and dampens brain
inflammation via clusterin. Nature 600, 494–499 (2021).

210. Horowitz, A. M. et al. Blood factors transfer beneficial effects of exercise on
neurogenesis and cognition to the aged brain. Science 369, 167–173 (2020).

211. Binder, D. K. & Scharfman, H. E. Brain-derived neurotrophic factor. Growth Fac-
tors 22, 123–131 (2004).

212. Pedersen, B. K. Physical activity and muscle–brain crosstalk. Nat. Rev. Endocrinol.
15, 383–392 (2019).

213. Brindle, N. P. J., Saharinen, P. & Alitalo, K. Signaling and Functions of
Angiopoietin-1 in Vascular Protection. Circ. Res. 98, 1014–1023 (2006).

214. McClung, J. M. et al. Muscle cell derived angiopoietin-1 contributes to both
myogenesis and angiogenesis in the ischemic environment. Front. Physiol. 6,
161 (2015).

215. Lauritzen, K. H. et al. Lactate receptor sites link neurotransmission, neurovascular
coupling, and brain energy metabolism. Cereb. Cortex 24, 2784–2795 (2014).

216. Maugeri, G. et al. The role of exercise on peripheral nerve regeneration: from
animal model to clinical application. Heliyon 7, e08281 (2021).

217. Udina, E., Puigdemasa, A. & Navarro, X. Passive and active exercise improve
regeneration and muscle reinnervation after peripheral nerve injury in the rat.
Muscle Nerve 43, 500–509 (2011).

218. Houle, J. D. & Côté, M. Axon regeneration and exercise‐dependent plasticity
after spinal cord injury. Ann. N. Y. Acad. Sci. 1279, 154–163 (2013).

219. Park, J.-S. & Höke, A. Treadmill exercise induced functional recovery after per-
ipheral nerve repair is associated with increased levels of neurotrophic factors.
PLoS One 9, e90245 (2014).

220. Preuss, C. V. & Anjum, F. Tocilizumab. [Updated 2022 Sep 21]. StatPearls [Inter-
net] (2023).

221. Kistner, T. M., Pedersen, B. K. & Lieberman, D. E. Interleukin 6 as an energy
allocator in muscle tissue. Nat. Metab. 4, 170–179 (2022).

222. Wedell-Neergaard, A.-S. et al. Exercise-induced changes in visceral adipose tis-
sue mass are regulated by IL-6 signaling: a randomized controlled trial. Cell
Metab. 29, 844–855.e3 (2019).

223. Trinh, B. et al. Blocking endogenous IL-6 impairs mobilization of free fatty acids
during rest and exercise in lean and obese men. Cell Rep. Med. 2, 100396 (2021).

224. Bay, M. L. et al. Human immune cell mobilization during exercise: effect of IL‐6
receptor blockade. Exp. Physiol. 105, 2086–2098 (2020).

225. Christensen, R. H. et al. Aerobic exercise induces cardiac fat loss and alters
cardiac muscle mass through an interleukin-6 receptor–dependent mechanism:
cardiac analysis of a double-blind randomized controlled clinical trial in
abdominally obese humans. Circulation 140, 1684–1686 (2019).

226. Trinh, B. et al. Amino acid metabolism and protein turnover in lean and obese
humans during exercise—effect of IL-6 receptor blockade. J. Clin. Endocrinol.
Metab. 107, 1854–1864 (2022).

227. Pedersen, L. et al. Voluntary running suppresses tumor growth through epi-
nephrine- and IL-6-dependent NK cell mobilization and redistribution. Cell
Metab. 23, 554–562 (2016).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

29

Signal Transduction and Targeted Therapy           (2024) 9:138 



228. Djurhuus, S. S. et al. Exercise training to increase tumour natural killer‐cell
infiltration in men with localised prostate cancer: a randomised controlled trial.
BJU Int 131, 116–124 (2023).

229. Schenk, A. et al. Distinct distribution patterns of exercise-induced natural killer
cell mobilization into the circulation and tumor tissue of patients with prostate
cancer. Am. J. Physiol. Cell Physiol. 323, C879–C884 (2022).

230. Frydelund-Larsen, L. et al. Exercise induces interleukin-8 receptor (CXCR2)
expression in human skeletal muscle: regulation of CXCR2 by exercise. Exp.
Physiol. 92, 233–240 (2007).

231. Stadtmann, A. & Zarbock, A. CXCR2: from bench to bedside. Front. Immunol. 3,
263 (2012).

232. Jurcevic, S. et al. The effect of a selective CXCR2 antagonist (AZD5069) on
human blood neutrophil count and innate immune functions: effects of CXCR2
antagonism on human neutrophils. Br. J. Clin. Pharmacol. 80, 1324–1336
(2015).

233. Hoffman-Goetz, L. & Pedersen, B. K. Exercise and the immune system: a model
of the stress response? Immunol. Today 15, 382–387 (1994).

234. Pedersen, B. K. Effects of exercise on lymphocytes and cytokines. Br. J. Sports
Med. 34, 246–251 (2000).

235. Schlagheck, M. L. et al. Cellular immune response to acute exercise: comparison
of endurance and resistance exercise. Eur. J. Haematol. 105, 75–84 (2020).

236. Peake, J. M., Neubauer, O., Walsh, N. P. & Simpson, R. J. Recovery of the immune
system after exercise. J. Appl. Physiol. 122, 1077–1087 (2017).

237. Leonard, J. et al. The γc Family of Cytokines: Basic Biology to Therapeutic
Ramifications. Immunity. 50, 832–850 (2019).

238. Straat, M. E. et al. Stimulation of the beta-2-adrenergic receptor with salbutamol
activates human brown adipose tissue. Cell Rep. Med. 4, 100942 (2023).

239. Hansen, J. S. et al. Circulating follistatin is liver-derived and regulated by the
glucagon-to-insulin ratio. J. Clin. Endocrinol. Metab. 101, 550–560 (2016).

240. Lee, S.-J. et al. Regulation of muscle mass by follistatin and activins. Mol.
Endocrinol. 24, 1998–2008 (2010).

241. Han, X. et al. Mechanisms involved in follistatin‐induced hypertrophy and
increased insulin action in skeletal muscle. J. Cachexia Sarcopenia Muscle 10,
1241–1257 (2019).

242. Winbanks, C. E. et al. Follistatin-mediated skeletal muscle hypertrophy is regu-
lated by Smad3 and mTOR independently of myostatin. J. Cell Biol. 197,
997–1008 (2012).

243. Catoire, M. et al. Fatty acid-inducible ANGPTL4 governs lipid metabolic response
to exercise. Proc. Natl. Acad. Sci. 111, E1043–52 (2014).

244. Norheim, F. et al. Regulation of angiopoietin-like protein 4 production during
and after exercise. Physiol. Rep. 2, e12109 (2014).

245. Gray, N. E. et al. Angiopoietin-like 4 (Angptl4) protein is a physiological mediator
of intracellular lipolysis in murine adipocytes. J. Biol. Chem. 287, 8444–8456
(2012).

246. Zhang, H. et al. Aerobic exercise improves endothelial function and serum
adropin levels in obese adolescents independent of body weight loss. Sci. Rep.
7, 17717 (2017).

247. Fujie, S. et al. Aerobic exercise restores aging‐associated reductions in arterial
adropin levels and improves adropin‐induced nitric oxide‐dependent vasor-
elaxation. J. Am. Heart Assoc. 10, e020641 (2021).

248. Parlak, H. et al. Adropin increases with swimming exercise and exerts a pro-
tective effect on the brain of aged rats. Exp. Gerontol. 169, 111972 (2022).

249. Yang, W. et al. Exercise suppresses NLRP3 inflammasome activation in mice with
diet-induced NASH: a plausible role of adropin. Lab. Investig. 101, 369–380
(2021).

250. Kuramoto, K., Liang, H., Hong, J.-H. & He, C. Exercise-activated hepatic autop-
hagy via the FN1-α5β1 integrin pathway drives metabolic benefits of exercise.
Cell Metab. 35, 620–632.e5 (2023).

251. Chen, Y. et al. An acute bout of exercise suppresses appetite via central lactate
metabolism. Neuroscience 510, 49–59 (2023).

252. Carrière, A. et al. Browning of white adipose cells by intermediate metabolites:
an adaptive mechanism to alleviate redox pressure. Diabetes 63, 3253–3265
(2014).

253. Henstridge, D. C., Febbraio, M. A. & Hargreaves, M. Heat shock proteins and
exercise adaptations. Our knowledge thus far and the road still ahead. J. Appl.
Physiol. 120, 683–691 (2016).

254. Xu, T. et al. HSF1 and NF-κB p65 participate in the process of exercise pre-
conditioning attenuating pressure overload-induced pathological cardiac
hypertrophy. Biochem. Biophys. Res. Commun. 460, 622–627 (2015).

255. Archer, A. E., Von Schulze, A. T. & Geiger, P. C. Exercise, heat shock proteins and
insulin resistance. Philos. Trans. R. Soc. B Biol. Sci. 373, 20160529 (2018).

256. Noble, E. G., Milne, K. J. & Melling, C. W. J. Heat shock proteins and exercise: a
primer. Appl. Physiol. Nutr. Metab. 33, 1050–1075 (2008).

257. Bei, Y. et al. Exercise-induced circulating extracellular vesicles protect against
cardiac ischemia–reperfusion injury. Basic Res. Cardiol. 112, 38 (2017).

258. Thompson, H. S., Clarkson, P. M. & Scordilis, S. P. The repeated bout effect and
heat shock proteins: intramuscular HSP27 and HSP70 expression following two
bouts of eccentric exercise in humans. Acta Physiol. Scand. 174, 47–56 (2002).

259. Goto, C. et al. Acute moderate-intensity exercise induces vasodilation through
an increase in nitric oxide bioavailiability in humans. Am. J. Hypertens. 20,
825–830 (2007).

260. Jungersten, L., Ambring, A., Wall, B. & Wennmalm, Å. Both physical fitness and
acute exercise regulate nitric oxide formation in healthy humans. J. Appl. Physiol.
82, 760–764 (1997).

261. Green, D. J., Maiorana, A., O’Driscoll, G. & Taylor, R. Effect of exercise training on
endothelium‐derived nitric oxide function in humans. J. Physiol. 561, 1–25
(2004).

262. Hambrecht, R. et al. Regular physical activity improves endothelial function in
patients with coronary artery disease by increasing phosphorylation of endo-
thelial nitric oxide synthase. Circulation 107, 3152–3158 (2003).

263. Maiorana, A., O’Driscoll, G., Taylor, R. & Green, D. Exercise and the nitric oxide
vasodilator system. Sports Med 33, 1013–1035 (2003).

264. Michel, T. & Feron, O. Nitric oxide synthases: which, where, how, and why? J.
Clin. Investig. 100, 2146–2152 (1997).

265. Song, W., Kwak, H.-B., Kim, J.-H. & Lawler, J. M. Exercise training modulates the
nitric oxide synthase profile in skeletal muscle from old rats. J. Gerontol. A. Biol.
Sci. Med. Sci. 64A, 540–549 (2009).

266. Powers, S. K., Duarte, J., Kavazis, A. N. & Talbert, E. E. Reactive oxygen species are
signalling molecules for skeletal muscle adaptation. Exp. Physiol. 95, 1–9 (2010).

267. He, F. et al. Redox mechanism of reactive oxygen species in exercise. Front.
Physiol. 7, 486 (2016).

268. Niess, A. M. Response and adaptation of skeletal muscle to exercise—the role of
reactive oxygen species. Front. Biosci. 12, 4826 (2007).

269. Leiter, O. et al. Selenium mediates exercise-induced adult neurogenesis and
reverses learning deficits induced by hippocampal injury and aging. Cell Metab.
34, 408–423.e8 (2022).

270. Mulcahy, L. A., Pink, R. C. & Carter, D. R. F. Routes and mechanisms of extra-
cellular vesicle uptake. J. Extracell. Vesicles 3, 24641 (2014).

271. Iannotta, D., Amruta, A., Kijas, A. W., Rowan, A. E. & Wolfram, J. Entry and exit of
extracellular vesicles to and from the blood circulation. Nat. Nanotechnol. 19,
13–20 (2024).

272. World Health Organization. Global health estimates 2019: deaths by cause, age,
sex, by country and by region, 2000–2019. https://www.who.int/data/gho/data/
themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
(2020).

273. Nocon, M. et al. Association of physical activity with all-cause and cardiovascular
mortality: a systematic review and meta-analysis. Eur. J. Cardiovasc. Prev. Rehabil.
15, 239–246 (2008).

274. Schmid, D. & Leitzmann, M. F. Association between physical activity and mor-
tality among breast cancer and colorectal cancer survivors: a systematic review
and meta-analysis. Ann. Oncol. 25, 1293–1311 (2014).

275. Boniol, M., Dragomir, M., Autier, P. & Boyle, P. Physical activity and change in
fasting glucose and HbA1c: a quantitative meta-analysis of randomized trials.
Acta Diabetol. 54, 983–991 (2017).

276. Jadhav, R. A., Hazari, A., Monterio, A., Kumar, S. & Maiya, A. G. Effect of physical
activity intervention in prediabetes: a systematic review with meta-analysis. J.
Phys. Act. Health 14, 745–755 (2017).

277. Stewart, R. A. H. et al. Physical activity and mortality in patients with stable
coronary heart disease. J. Am. Coll. Cardiol. 70, 1689–1700 (2017).

278. Waschki, B. et al. Physical activity is the strongest predictor of all-cause mortality
in patients With COPD. Chest 140, 331–342 (2011).

279. Wen, C. et al. Pre‐stroke physical activity is associated with fewer post‐stroke
complications, lower mortality and a better long‐term outcome. Eur. J. Neurol.
24, 1525–1531 (2017).

280. Bull, F. C. et al. World Health Organization 2020 guidelines on physical activity
and sedentary behaviour. Br. J. Sports Med. 54, 1451–1462 (2020).

281. Global action plan on physical activity 2018–2030: more active people for a
healthier world. Geneva: World Health Organization; 2018. Licence: CC BY-NC-SA
3.0 IGO. https://www.who.int/publications/i/item/9789241514187.

282. Fiuza-Luces, C., Garatachea, N., Berger, N. A. & Lucia, A. Exercise is the real
polypill. Physiology 28, 330–358 (2013).

283. Pareja-Galeano, H., Garatachea, N. & Lucia, A. Exercise as a polypill for chronic
diseases. in Progress in Molecular Biology and Translational Science (ed. Bouchard,
C.) vol. 135 497–526 (Academic Press, 2015).

284. Ho, M. et al. Impact of dietary and exercise interventions on weight change and
metabolic outcomes in obese children and adolescents: a systematic review and
meta-analysis of randomized trials. JAMA Pediatr. 167, 759 (2013).

285. Miller, W., Koceja, D. & Hamilton, E. A meta-analysis of the past 25 years of
weight loss research using diet, exercise or diet plus exercise intervention. Int. J.
Obes. 21, 941–947 (1997).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

30

Signal Transduction and Targeted Therapy           (2024) 9:138 

https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://www.who.int/publications/i/item/9789241514187


286. Stoner, L. et al. Efficacy of exercise intervention for weight loss in overweight
and obese adolescents: meta-analysis and implications. Sports Med 46,
1737–1751 (2016).

287. Huang, L., Fang, Y. & Tang, L. Comparisons of different exercise interventions on
glycemic control and insulin resistance in prediabetes: a network meta-analysis.
BMC Endocr. Disord. 21, 181 (2021).

288. Bonfante, I. L. P. et al. Combined training increases thermogenic fat activity in
patients with overweight and type 2 diabetes. Int. J. Obes. 46, 1145–1154 (2022).

289. Martinez-Tellez, B. et al. No evidence of brown adipose tissue activation after
24 weeks of supervised exercise training in young sedentary adults in the
ACTIBATE randomized controlled trial. Nat. Commun. 13, 5259 (2022).

290. Willis, L. H. et al. Effects of aerobic and/or resistance training on body mass and
fat mass in overweight or obese adults. J. Appl. Physiol. 113, 1831–1837 (2012).

291. Chew, N. W. S. et al. The global burden of metabolic disease: data from 2000 to
2019. Cell Metab. 35, 414–428.e3 (2023).

292. Gourdy, P. et al. Apelin administration improves insulin sensitivity in overweight
men during hyperinsulinaemic‐euglycaemic clamp. Diabetes Obes. Metab. 20,
157–164 (2018).

293. Geng, L., Lam, K. S. L. & Xu, A. The therapeutic potential of FGF21 in metabolic
diseases: from bench to clinic. Nat. Rev. Endocrinol. 16, 654–667 (2020).

294. Shao, W. & Jin, T. Hepatic hormone FGF21 and its analogues in clinical trials.
Chronic Dis. Transl. Med. 8, 19–25 (2022).

295. Carey, A. L. et al. Interleukin-6 increases insulin-stimulated glucose disposal in
humans and glucose uptake and fatty acid oxidation in vitro via AMP-activated
protein kinase. Diabetes 55, 2688–2697 (2006).

296. Amaral, S. L., Papanek, P. E. & Greene, A. S. Angiotensin II and VEGF are involved
in angiogenesis induced by short-term exercise training. Am. J. Physiol. Heart
Circ. Physiol. 281, H1163–H1169 (2001).

297. Lu, X. et al. Effect and mechanism of intermittent myocardial ischemia induced
by exercise on coronary collateral formation. Am. J. Phys. Med. Rehabil. 87,
803–814 (2008).

298. Wu, G. et al. Exercise-induced expression of VEGF and salvation of myocardium
in the early stage of myocardial infarction. Am. J. Physiol. Heart Circ. Physiol. 296,
H389–H395 (2009).

299. Moien-Afshari, F. et al. Exercise restores endothelial function independently of
weight loss or hyperglycaemic status in db/db mice. Diabetologia 51,
1327–1337 (2008).

300. Nakamura, M. & Sadoshima, J. Mechanisms of physiological and pathological
cardiac hypertrophy. Nat. Rev. Cardiol. 15, 387–407 (2018).

301. Cornelissen, V. A. & Smart, N. A. Exercise training for blood pressure: a systematic
review and meta‐analysis. J. Am. Heart Assoc. 2, e004473 (2013).

302. De Sousa, E. C. et al. Resistance training alone reduces systolic and diastolic
blood pressure in prehypertensive and hypertensive individuals: meta-analysis.
Hypertens. Res. 40, 927–931 (2017).

303. Whelton, S. P., Chin, A., Xin, X. & He, J. Effect of aerobic exercise on blood
pressure: a meta-analysis of randomized, controlled trials. Ann. Intern. Med. 136,
493 (2002).

304. Blumenthal, J. A. et al. Effects of the DASH diet alone and in combination with
exercise and weight loss on blood pressure and cardiovascular biomarkers in
men and women with high blood pressure. Arch. Intern. Med. 170, 126–135
(2010).

305. Ostman, C. et al. The effect of exercise training on clinical outcomes in patients
with the metabolic syndrome: a systematic review and meta-analysis. Cardio-
vasc. Diabetol. 16, 110 (2017).

306. Jhamnani, S. et al. Meta-analysis of the effects of lifestyle modifications on
coronary and carotid atherosclerotic burden. Am. J. Cardiol. 115, 268–275
(2015).

307. Davignon, J. & Ganz, P. Role of endothelial dysfunction in atherosclerosis. Cir-
culation 109, III27–32 (2004).

308. Ashor, A. W. et al. Exercise modalities and endothelial function: a systematic
review and dose–response meta-analysis of randomized controlled trials. Sports
Med. 45, 279–296 (2015).

309. Lawler, P. R., Filion, K. B. & Eisenberg, M. J. Efficacy of exercise-based cardiac
rehabilitation post–myocardial infarction: a systematic review and meta-analysis
of randomized controlled trials. Am. Heart J. 162, 571–584.e2 (2011).

310. ExTraMATCH Collaborative. Exercise training meta-analysis of trials in patients
with chronic heart failure (ExTraMATCH). BMJ 328, 189–0 (2004).

311. Taylor, R. et al. Exercise‐based rehabilitation for heart failure. Cochrane Database
Syst. Rev. 2014, CD003331 (2014).

312. Cornelis, J., Beckers, P., Taeymans, J., Vrints, C. & Vissers, D. Comparing exercise
training modalities in heart failure: a systematic review and meta-analysis. Int. J.
Cardiol. 221, 867–876 (2016).

313. Moreira, J. B. N. et al. Exercise reveals proline dehydrogenase as a potential
target in heart failure. Prog. Cardiovasc. Dis. 62, 193–202 (2019).

314. Goto, C. et al. Effect of different intensities of exercise on endothelium-
dependent vasodilation in humans: role of endothelium-dependent nitric oxide
and oxidative stress. Circulation 108, 530–535 (2003).

315. Higashi, Y. et al. Regular aerobic exercise augments endothelium-dependent
vascular relaxation in normotensive as well as hypertensive subjects: role of
endothelium-derived nitric oxide. Circulation 100, 1194–1202 (1999).

316. Brame, A. L. et al. Design, characterization, and first-in-human study of the
vascular actions of a novel biased apelin receptor agonist. Hypertension 65,
834–840 (2015).

317. Japp, A. G. et al. Acute cardiovascular effects of apelin in humans: potential role
in patients with chronic heart failure. Circulation 121, 1818–1827 (2010).

318. Amadio, P. et al. Patho- physiological role of BDNF in fibrin clotting. Sci. Rep. 9,
389 (2019).

319. Yuan, R. et al. Vascular endothelial growth factor gene transfer therapy for
coronary artery disease: a systematic review and meta‐analysis. Cardiovasc. Ther.
36, e12461 (2018).

320. Ferrara, N., Hillan, K. J., Gerber, H.-P. & Novotny, W. Discovery and development
of bevacizumab, an anti-VEGF antibody for treating cancer. Nat. Rev. Drug Dis-
cov. 3, 391–400 (2004).

321. Jain, R. K., Duda, D. G., Clark, J. W. & Loeffler, J. S. Lessons from phase III clinical
trials on anti-VEGF therapy for cancer. Nat. Clin. Pract. Oncol. 3, 24–40 (2006).

322. Jabbour, A. et al. Parenteral administration of recombinant human neuregulin‐1
to patients with stable chronic heart failure produces favourable acute and
chronic haemodynamic responses. Eur. J. Heart Fail. 13, 83–92 (2011).

323. Lenihan, D. J. et al. A phase I, single ascending dose study of cimaglermin alfa
(Neuregulin 1β3) in patients with systolic dysfunction and heart failure. JACC
Basic Transl. Sci. 1, 576–586 (2016).

324. Winkle, P. et al. A first-in-human study of AMG 986, a novel apelin receptor
agonist, in healthy subjects and heart failure patients. Cardiovasc. Drugs Ther.
37, 743–755 (2023).

325. Fontes, J. A., Rose, N. R. & Čiháková, D. The varying faces of IL-6: from cardiac
protection to cardiac failure. Cytokine 74, 62–68 (2015).

326. Steffl, M. et al. Relationship between sarcopenia and physical activity in older
people: a systematic review and meta-analysis. Clin. Interv. Aging 12, 835–845
(2017).

327. Beckwée, D. et al. Exercise interventions for the prevention and treatment of
sarcopenia. a systematic umbrella review. J. Nutr. Health Aging 23, 494–502
(2019).

328. Vlietstra, L., Hendrickx, W. & Waters, D. L. Exercise interventions in healthy older
adults with sarcopenia: a systematic review and meta‐analysis. Australas. J.
Ageing 37, 169–183 (2018).

329. Alves, C. R. R. et al. Exercise training reverses cancer-induced oxidative stress
and decrease in muscle COPS2/TRIP15/ALIEN. Mol. Metab. 39, 101012 (2020).

330. Ni, H.-J. et al. Effects of Exercise Programs in older adults with Muscle Wasting: A
Systematic Review and Meta-analysis. Arch. Gerontol. Geriatr. 99, 104605 (2022).

331. Marques, E. A., Mota, J. & Carvalho, J. Exercise effects on bone mineral density in
older adults: a meta-analysis of randomized controlled trials. AGE 34, 1493–1515
(2012).

332. Wolff, I., Van Croonenborg, J. J., Kemper, H. C. G., Kostense, P. J. & Twisk, J. W. R.
The effect of exercise training programs on bone mass: a meta-analysis of
published controlled trials in pre- and postmenopausal women. Osteoporos. Int.
9, 1–12 (1999).

333. Zhang, S. et al. Effect of exercise on bone mineral density among patients with
osteoporosis and osteopenia: a systematic review and network meta‐analysis. J.
Clin. Nurs. 31, 2100–2111 (2022).

334. Gianola, S. et al. Effect of muscular exercise on patients with muscular dystro-
phy: a systematic review and meta-analysis of the literature. Front. Neurol. 11,
958 (2020).

335. Hammer, S. et al. Exercise training in duchenne muscular dystrophy: a sys-
tematic review and meta-analysis. J. Rehabil. Med. 54, jrm00250 (2022).

336. Mendell, J. R. et al. A phase 1/2a follistatin gene therapy trial for becker muscular
dystrophy. Mol. Ther. 23, 192–201 (2015).

337. Kanzleiter, T. et al. The myokine decorin is regulated by contraction and
involved in muscle hypertrophy. Biochem. Biophys. Res. Commun. 450,
1089–1094 (2014).

338. Colaianni, G. et al. Irisin and bone: from preclinical studies to the evaluation of
its circulating levels in different populations of human subjects. Cells 8, 451
(2019).

339. Colaianni, G. et al. Irisin correlates positively with BMD in a cohort of older adult
patients and downregulates the senescent marker P21 in osteoblasts. J. Bone
Miner. Res. 36, 305–314 (2021).

340. Zhou, K., Qiao, X., Cai, Y., Li, A. & Shan, D. Lower circulating irisin in middle-aged
and older adults with osteoporosis: a systematic review and meta-analysis.
Menopause 26, 1302–1310 (2019).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

31

Signal Transduction and Targeted Therapy           (2024) 9:138 



341. Lyssikatos, C. et al. l-β-aminoisobutyric acid, L-BAIBA, a marker of bone mineral
density and body mass index, and D-BAIBA of physical performance and age.
Sci. Rep. 13, 17212 (2023).

342. Wang, Z. et al. Quantification of aminobutyric acids and their clinical applica-
tions as biomarkers for osteoporosis. Commun. Biol. 3, 39 (2020).

343. Falck, R. S., Davis, J. C., Best, J. R., Crockett, R. A. & Liu-Ambrose, T. Impact of
exercise training on physical and cognitive function among older adults: a
systematic review and meta-analysis. Neurobiol. Aging 79, 119–130 (2019).

344. Northey, J. M., Cherbuin, N., Pumpa, K. L., Smee, D. J. & Rattray, B. Exercise
interventions for cognitive function in adults older than 50: a systematic review
with meta-analysis. Br. J. Sports Med. 52, 154–160 (2018).

345. Heyn, P., Abreu, B. C. & Ottenbacher, K. J. The effects of exercise training on
elderly persons with cognitive impairment and dementia: a meta-analysis. Arch.
Phys. Med. Rehabil. 85, 1694–1704 (2004).

346. Jia, R., Liang, J., Xu, Y. & Wang, Y. Effects of physical activity and exercise on the
cognitive function of patients with Alzheimer disease: a meta-analysis. BMC
Geriatr. 19, 181 (2019).

347. Kim, R. et al. Effects of physical exercise interventions on cognitive function in
Parkinson’s disease: an updated systematic review and meta-analysis of ran-
domized controlled trials. Parkinson. Relat. Disord. 117, 105908 (2023).

348. Kwakkel, G. et al. Effects of augmented exercise therapy time after stroke: a
meta-analysis. Stroke 35, 2529–2539 (2004).

349. Stoller, O., De Bruin, E. D., Knols, R. H. & Hunt, K. J. Effects of cardiovascular
exercise early after stroke: systematic review and meta-analysis. BMC Neurol. 12,
45 (2012).

350. Hou, L. et al. Association between physical exercise and stroke recurrence
among first-ever ischemic stroke survivors. Sci. Rep. 11, 13372 (2021).

351. Veldema, J. & Jansen, P. Ergometer training in stroke rehabilitation: systematic
review and meta-analysis. Arch. Phys. Med. Rehabil. 101, 674–689 (2020).

352. Veldema, J. & Jansen, P. Resistance training in stroke rehabilitation: systematic
review and meta-analysis. Clin. Rehabil. 34, 1173–1197 (2020).

353. Kim, K. Y. et al. Loss of association between plasma irisin levels and cognition in
Alzheimer’s disease. Psychoneuroendocrinology 136, 105624 (2022).

354. Lourenco, M. V. et al. Cerebrospinal fluid irisin correlates with amyloid‐β, BDNF,
and cognition in Alzheimer’s disease. Alzheimers Dement. Diagn. Assess. Dis.
Monit. 12, e12034 (2020).

355. Zhang, X. et al. Irisin exhibits neuroprotection by preventing mitochondrial
damage in Parkinson’s disease. Npj Park. Dis. 9, 13 (2023).

356. Moxon, J. V. et al. The effect of angiopoietin-1 upregulation on the outcome of
acute ischaemic stroke in rodent models: a meta-analysis. J. Cereb. Blood Flow.
Metab. 39, 2343–2354 (2019).

357. Venkat, P. et al. Treatment with an angiopoietin‐1 mimetic peptide promotes
neurological recovery after stroke in diabetic rats. CNS Neurosci. Ther. 27, 48–59
(2021).

358. Golledge, J. et al. Plasma angiopoietin-1 is lower after ischemic stroke and
associated with major disability but not stroke incidence. Stroke 45, 1064–1068
(2014).

359. Huuha, A. M. et al. Can exercise training teach us how to treat Alzheimer’s
disease? Ageing Res. Rev. 75, 101559 (2022).

360. Tari, A. R. et al. Are the neuroprotective effects of exercise training systemically
mediated? Prog. Cardiovasc. Dis. 62, 94–101 (2019).

361. Kim, T.-W., Park, S.-S., Park, J.-Y. & Park, H.-S. Infusion of plasma from exercised
mice ameliorates cognitive dysfunction by increasing hippocampal neuroplas-
ticity and mitochondrial functions in 3xTg-AD mice. Int. J. Mol. Sci. 21, 3291
(2020).

362. Tari, A. R. et al. Safety and efficacy of plasma transfusion from exercise-trained
donors in patients with early Alzheimer’s disease: protocol for the ExPlas study.
BMJ Open 12, e056964 (2022).

363. Sha, S. J. et al. Safety, tolerability, and feasibility of young plasma infusion in the
plasma for alzheimer symptom amelioration study: a randomized clinical trial.
JAMA Neurol. 76, 35 (2019).

364. Kurz, E. et al. Exercise-induced engagement of the IL-15/IL-15Rα axis pro-
motes anti-tumor immunity in pancreatic cancer. Cancer Cell 40, 720–737.e5
(2022).

365. San-Millán, I. & Brooks, G. A. Reexamining cancer metabolism: lactate production
for carcinogenesis could be the purpose and explanation of the Warburg effect.
Carcinogenesis 38, 119–133 (2017).

366. Morrell, M. B. G. et al. Vascular modulation through exercise improves che-
motherapy efficacy in Ewing sarcoma. Pediatr. Blood Cancer 66, e27835 (2019).

367. Schadler, K. L. et al. Tumor vessel normalization after aerobic exercise enhances
chemotherapeutic efficacy. Oncotarget 7, 65429–65440 (2016).

368. Pedersen, L., Christensen, J. F. & Hojman, P. Effects of exercise on tumor phy-
siology and metabolism. Cancer J. 21, 111–116 (2015).

369. Ruiz-Casado, A. et al. Exercise and the hallmarks of cancer. Trends Cancer 3,
423–441 (2017).

370. Moore, S. C. et al. Association of leisure-time physical activity with risk of 26
types of cancer in 1.44 million adults. JAMA Intern. Med. 176, 816 (2016).

371. Patel, A. V. et al. American College of Sports Medicine roundtable report on
physical activity, sedentary behavior, and cancer prevention and control. Med.
Sci. Sports Exerc. 51, 2391–2402 (2019).

372. Velthuis, M. J., Agasi-Idenburg, S. C., Aufdemkampe, G. & Wittink, H. M. The effect
of physical exercise on cancer-related fatigue during cancer treatment: a meta-
analysis of randomised controlled trials. Clin. Oncol. 22, 208–221 (2010).

373. Scott, J. M. et al. Efficacy of exercise therapy on cardiorespiratory fitness in
patients with cancer: a systematic review and meta-analysis. J. Clin. Oncol. 36,
2297–2305 (2018).

374. Betof, A. S., Dewhirst, M. W. & Jones, L. W. Effects and potential mechanisms of
exercise training on cancer progression: a translational perspective. Brain. Behav.
Immun. 30, S75–S87 (2013).

375. Chalmers, Z. R. et al. Analysis of 100,000 human cancer genomes reveals the
landscape of tumor mutational burden. Genome Med 9, 34 (2017).

376. Emery, A., Moore, S., Turner, J. E. & Campbell, J. P. Reframing how physical
activity reduces the incidence of clinically-diagnosed cancers: appraising
exercise-induced immuno-modulation as an integral mechanism. Front. Oncol.
12, 788113 (2022).

377. López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The hall-
marks of aging. Cell 153, 1194–1217 (2013).

378. Niccoli, T. & Partridge, L. Ageing as a risk factor for disease. Curr. Biol. 22,
R741–R752 (2012).

379. Partridge, L., Deelen, J. & Slagboom, P. E. Facing up to the global challenges of
ageing. Nature 561, 45–56 (2018).

380. Hou, Y. et al. Ageing as a risk factor for neurodegenerative disease. Nat. Rev.
Neurol. 15, 565–581 (2019).

381. López-Otín, C., Pietrocola, F., Roiz-Valle, D., Galluzzi, L. & Kroemer, G. Meta-
hallmarks of aging and cancer. Cell Metab. 35, 12–35 (2023).

382. López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. Hallmarks of
aging: an expanding universe. Cell 186, 243–278 (2023).

383. Schmauck-Medina, T. et al. New hallmarks of ageing: a 2022 Copenhagen
ageing meeting summary. Aging 14, 6829–6839 (2022).

384. Garatachea, N. et al. Exercise attenuates the major hallmarks of aging. Rejuve-
nation Res. 18, 57–89 (2015).

385. Horowitz, A. M. & Villeda, S. A. Therapeutic potential of systemic brain rejuve-
nation strategies for neurodegenerative disease. F1000Research 6, 1291 (2017).

386. Bouchard, J. & Villeda, S. A. Aging and brain rejuvenation as systemic events. J.
Neurochem. 132, 5–19 (2015).

387. Villeda, S. A. et al. Young blood reverses age-related impairments in cognitive
function and synaptic plasticity in mice. Nat. Med. 20, 659–663 (2014).

388. Villeda, S. A. et al. The ageing systemic milieu negatively regulates neurogenesis
and cognitive function. Nature 477, 90–94 (2011).

389. Conboy, I. M. et al. Rejuvenation of aged progenitor cells by exposure to a
young systemic environment. Nature 433, 760–764 (2005).

390. Sinha, M. et al. Restoring systemic GDF11 levels reverses age-related dysfunc-
tion in mouse skeletal muscle. Science 344, 649–652 (2014).

391. Katsimpardi, L. et al. Vascular and neurogenic rejuvenation of the aging mouse
brain by young systemic factors. Science 344, 630–634 (2014).

392. Ho, T. T. et al. Aged hematopoietic stem cells are refractory to bloodborne
systemic rejuvenation interventions. J. Exp. Med. 218, e20210223 (2021).

393. Van Praag, H., Shubert, T., Zhao, C. & Gage, F. H. Exercise enhances learning and
hippocampal neurogenesis in aged mice. J. Neurosci. 25, 8680–8685 (2005).

394. Firth, J. et al. Effect of aerobic exercise on hippocampal volume in humans: a
systematic review and meta-analysis. NeuroImage 166, 230–238 (2018).

395. Sofi, F. et al. Physical activity and risk of cognitive decline: a meta-analysis of
prospective studies: physical activity and risk of cognitive decline. J. Intern. Med.
269, 107–117 (2011).

396. Chang, Y. K., Labban, J. D., Gapin, J. I. & Etnier, J. L. The effects of acute exercise
on cognitive performance: a meta-analysis. Brain Res. 1453, 87–101 (2012).

397. Leiter, O. & Walker, T. L. Platelets: the missing link between the blood and brain?
Prog. Neurobiol. 183, 101695 (2019).

398. Burnouf, T. & Walker, T. L. The multifaceted role of platelets in mediating brain
function. Blood 140, 815–827 (2022).

399. Bieri, G., Schroer, A. B. & Villeda, S. A. Blood-to-brain communication in aging
and rejuvenation. Nat. Neurosci. 26, 379–393 (2023).

400. Brunet, A., Goodell, M. A. & Rando, T. A. Ageing and rejuvenation of tissue stem
cells and their niches. Nat. Rev. Mol. Cell Biol. 24, 45–62 (2023).

401. Vargason, A. M., Anselmo, A. C. & Mitragotri, S. The evolution of commercial
drug delivery technologies. Nat. Biomed. Eng. 5, 951–967 (2021).

402. Dollet, L. et al. Exercise-induced crosstalk between immune cells and adipocytes
in humans: role of oncostatin-M. Cell Rep. Med. 5, 101348 (2024).

403. Wei, W., Raun, S. H. & Long, J. Z. Molecular insights from multiomics studies of
physical activity. Diabetes 73, 162–168 (2024).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

32

Signal Transduction and Targeted Therapy           (2024) 9:138 



404. Mittenbühler, M. J. et al. Isolation of extracellular fluids reveals novel secreted
bioactive proteins from muscle and fat tissues. Cell Metab. 35, 535–549.e7
(2023).

405. Trappe, T. et al. Influence of age and resistance exercise on human skeletal
muscle proteolysis: a microdialysis approach. J. Physiol. 554, 803–813 (2004).

406. Sanford, J. A. et al. Molecular Transducers of Physical Activity Consortium
(MoTrPAC): mapping the dynamic responses to exercise. Cell 181, 1464–1474
(2020).

407. Noone, J., Mucinski, J. M., DeLany, J. P., Sparks, L. M. & Goodpaster, B. H.
Understanding the variation in exercise responses to guide personalized phy-
sical activity prescriptions. Cell Metab. 36, 702–724 (2024).

408. Tanimura, Y. et al. Acute exercise increases fibroblast growth factor 21 in
metabolic organs and circulation. Physiol. Rep. 4, e12828 (2016).

409. Zhang, H. et al. GDF15 mediates the effect of skeletal muscle contraction on
glucose-stimulated insulin secretion. Diabetes 72, 1070–1082 (2023).

410. Pedersen, B. K., Steensberg, A. & Schjerling, P. Muscle‐derived interleukin‐6:
possible biological effects. J. Physiol. 536, 329–337 (2001).

411. Steensberg, A. et al. Production of interleukin-6 in contracting human skeletal
muscles can account for the exercise-induced increase in plasma interleukin-6. J.
Physiol. 529, 237–242 (2000).

412. Haugen, F. et al. IL-7 is expressed and secreted by human skeletal muscle cells.
Am. J. Physiol. Cell Physiol. 298, C807–C816 (2010).

413. Pedersen, B. K. Muscles and their myokines. J. Exp. Biol. 214, 337–346 (2011).
414. Nishizawa, H. et al. Musclin, a novel skeletal muscle-derived secretory factor. J.

Biol. Chem. 279, 19391–19395 (2004).
415. Pourranjbar, M. et al. Effects of aerobic exercises on serum levels of myonectin

and insulin resistance in obese and overweight women. J. Med. Life 11, 381–386
(2018).

416. Arsic, N. et al. Vascular endothelial growth factor stimulates skeletal muscle
regeneration in Vivo. Mol. Ther. 10, 844–854 (2004).

417. Birot, O. J. G., Koulmann, N., Peinnequin, A. & Bigard, X. A. Exercise‐induced
expression of vascular endothelial growth factor mRNA in rat skeletal muscle is
dependent on fibre type. J. Physiol. 552, 213–221 (2003).

418. Hoier, B. et al. Pro‐ and anti‐angiogenic factors in human skeletal muscle in
response to acute exercise and training. J. Physiol. 590, 595–606 (2012).

419. Gavin, T. P. et al. Angiogenic growth factor response to acute systemic exercise
in human skeletal muscle. J. Appl. Physiol. 96, 19–24 (2004).

420. Kraus, R. M., Stallings, H. W., Yeager, R. C. & Gavin, T. P. Circulating plasma VEGF
response to exercise in sedentary and endurance-trained men. J. Appl. Physiol.
96, 1445–1450 (2004).

421. Perakakis, N. et al. Physiology of activins/follistatins: associations with metabolic
and anthropometric variables and response to exercise. J. Clin. Endocrinol.
Metab. 103, 3890–3899 (2018).

422. Hansen, J. et al. Exercise induces a marked increase in plasma follistatin: evi-
dence that follistatin is a contraction-induced hepatokine. Endocrinology 152,
164–171 (2011).

423. Khalafi, M., Aria, B., Symonds, M. E. & Rosenkranz, S. K. The effects of resistance
training on myostatin and follistatin in adults: a systematic review and meta-
analysis. Physiol. Behav. 269, 114272 (2023).

424. Xi, Y., Gong, D.-W. & Tian, Z. FSTL1 as a potential mediator of exercise-induced
cardioprotection in post-myocardial infarction rats. Sci. Rep. 6, 32424 (2016).

425. Görgens, S. W. et al. Regulation of follistatin-like protein 1 expression and
secretion in primary human skeletal muscle cells. Arch. Physiol. Biochem. 119,
75–80 (2013).

426. Strömberg, A. et al. CX 3 CL1—a macrophage chemoattractant induced by a
single bout of exercise in human skeletal muscle. Am. J. Physiol. -Regul. Integr.
Comp. Physiol. 310, R297–R304 (2016).

427. Reza, M. M. et al. Irisin is a pro-myogenic factor that induces skeletal muscle
hypertrophy and rescues denervation-induced atrophy. Nat. Commun. 8, 1104
(2017).

428. Roca-Rivada, A. et al. FNDC5/Irisin is not only a myokine but also an adipokine.
PLoS One 8, e60563 (2013).

429. Lee, P. et al. Irisin and FGF21 are cold-induced endocrine activators of brown fat
function in humans. Cell Metab. 19, 302–309 (2014).

430. Christiansen, T. et al. Diet-induced weight loss and exercise alone and in
combination enhance the expression of adiponectin receptors in adipose tissue
and skeletal muscle, but only diet-induced weight loss enhanced circulating
adiponectin. J. Clin. Endocrinol. Metab. 95, 911–919 (2010).

431. Lim, S. et al. Insulin-sensitizing effects of exercise on adiponectin and retinol-
binding protein-4 concentrations in young and middle-aged women. J. Clin.
Endocrinol. Metab. 93, 2263–2268 (2008).

432. Kriketos, A. D. et al. Exercise increases adiponectin levels and insulin sensitivity
in humans. Diabetes Care 27, 629–630 (2004).

433. Boucher, J. et al. Apelin, a newly identified adipokine up-regulated by insulin
and obesity. Endocrinology 146, 1764–1771 (2005).

434. Besse-Patin, A. et al. Effect of endurance training on skeletal muscle myokine
expression in obese men: identification of apelin as a novel myokine. Int. J. Obes.
38, 707–713 (2014).

435. Bae, J. Y. Aerobic exercise increases meteorin-like protein in muscle and adipose
tissue of chronic high-fat diet-induced obese mice. BioMed. Res. Int. 2018, 1–8
(2018).

436. Feng, L. et al. Exercise training protects against heart failure via expansion of
myeloid-derived suppressor cells through regulating IL-10/STAT3/S100A9
pathway. Circ. Heart Fail. 15, e008550 (2022).

437. Cabral‐Santos, C. et al. Interleukin‐10 responses from acute exercise in healthy
subjects: a systematic review. J. Cell. Physiol. 234, 9956–9965 (2019).

438. Steensberg, A., Fischer, C. P., Keller, C., Møller, K. & Pedersen, B. K. IL-6 enhances
plasma IL-1ra, IL-10, and cortisol in humans. Am. J. Physiol. Endocrinol. Metab.
285, E433–E437 (2003).

439. Nieman, D. C. et al. Blood leukocyte mRNA expression for IL-10, IL-1Ra, and IL-8,
but Not IL-6, increases after exercise. J. Interferon Cytokine Res. 26, 668–674
(2006).

440. Pedersen, B. K., Steensberg, A. & Schjerling, P. Exercise and interleukin-6. Curr.
Opin. Hematol. 8, 137–141 (2001).

441. Neves, R. V. P. et al. Dynamic not isometric training blunts osteo-renal disease
and improves the sclerostin/FGF23/Klotho axis in maintenance hemodialysis
patients: a randomized clinical trial. J. Appl. Physiol. 130, 508–516 (2021).

442. Lee, S., Kolset, S. O., Birkeland, K. I., Drevon, C. A. & Reine, T. M. Acute exercise
increases syndecan-1 and -4 serum concentrations. Glycoconj. J. 36, 113–125
(2019).

443. Choi, S. H. et al. Combined adult neurogenesis and BDNF mimic exercise effects
on cognition in an Alzheimer’s mouse model. Science 361, eaan8821 (2018).

444. Griffin, É. W. et al. Aerobic exercise improves hippocampal function and
increases BDNF in the serum of young adult males. Physiol. Behav. 104, 934–941
(2011).

445. Mohammadzadeh, R. et al. Association of neuregulin-1β with physiological
cardiac hypertrophy following acute and chronic exercise in athlete and non-
athlete women. Hum. Physiol. 48, 102–107 (2022).

446. Bugera, E. M., Duhamel, T. A., Peeler, J. D. & Cornish, S. M. The systemic myokine
response of decorin, interleukin-6 (IL-6) and interleukin-15 (IL-15) to an acute
bout of blood flow restricted exercise. Eur. J. Appl. Physiol. 118, 2679–2686
(2018).

447. Jane, D. T. et al. Evidence for the involvement of cathepsin B in skeletal myo-
blast differentiation. J. Cell. Biochem. 84, 520–531 (2002).

448. Jurrissen, T. J. et al. Role of adropin in arterial stiffening associated with
obesity and type 2 diabetes. Am. J. Physiol. Heart Circ. Physiol. 323,
H879–H891 (2022).

449. Fujie, S. et al. Aerobic exercise training-induced changes in serum adropin level
are associated with reduced arterial stiffness in middle-aged and older adults.
Am. J. Physiol. Heart Circ. Physiol. 309, H1642–H1647 (2015).

450. Wei, J. et al. Physical exercise modulates the microglial complement pathway in
mice to relieve cortical circuitry deficits induced by mutant human TDP-43. Cell
Rep. 42, 112240 (2023).

451. Campisi, J. et al. Habitual physical activity facilitates stress-induced HSP72
induction in brain, peripheral, and immune tissues. Am. J. Physiol. -Regul. Integr.
Comp. Physiol. 284, R520–R530 (2003).

452. Morton, J. P., Kayani, A. C., McArdle, A. & Drust, B. The exercise-induced stress
response of skeletal muscle, with specific emphasis on humans. Sports Med. 39,
643–662 (2009).

453. Joisten, N. et al. Exercise and the Kynurenine pathway: Current state of
knowledge and results from a randomized cross-over study comparing acute
effects of endurance and resistance training. Exerc. Immunol. Rev. 20, 24–42
(2020).

454. Elrod, J. W., Calvert, J. W., Gundewar, S., Bryan, N. S. & Lefer, D. J. Nitric oxide
promotes distant organ protection: evidence for an endocrine role of nitric
oxide. Proc. Natl Acad. Sci. 105, 11430–11435 (2008).

455. Sahlin, K. et al. Ultraendurance exercise increases the production of reactive
oxygen species in isolated mitochondria from human skeletal muscle. J. Appl.
Physiol. 108, 780–787 (2010).

456. Rogers, P. J. et al. Catecholamine metabolic pathways and exercise training.
Plasma and urine catecholamines, metabolic enzymes, and chromogranin-A.
Circulation 84, 2346–2356 (1991).

457. Jorfeldt, L., Juhlin-Dannfelt, A. & Karlsson, J. Lactate release in relation to tissue
lactate in human skeletal muscle during exercise. J. Appl. Physiol. 44, 350–352
(1978).

458. Siqueira, I. R., Palazzo, R. P. & Cechinel, L. R. Circulating extracellular vesicles
delivering beneficial cargo as key players in exercise effects. Free Radic. Biol.
Med. 172, 273–285 (2021).

459. Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659 (2007).

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

33

Signal Transduction and Targeted Therapy           (2024) 9:138 



460. Baggish, A. L. et al. Dynamic regulation of circulating microRNA during acute
exhaustive exercise and sustained aerobic exercise training. J. Physiol. 589,
3983–3994 (2011).

461. Chen, J. et al. Aerobic exercise suppresses cognitive injury in patients with
Alzheimer’s disease by regulating long non-coding RNA TUG1. Neurosci. Lett.
826, 137732 (2024).

462. Cai, T.-Q. et al. Role of GPR81 in lactate-mediated reduction of adipose lipolysis.
Biochem. Biophys. Res. Commun. 377, 987–991 (2008).

463. Liu, C. et al. Lactate inhibits lipolysis in fat cells through activation of an orphan
G-protein-coupled receptor, GPR81. J. Biol. Chem. 284, 2811–2822 (2009).

464. Henstridge, D. C. et al. Activating HSP72 in rodent skeletal muscle increases
mitochondrial number and oxidative capacity and decreases insulin resistance.
Diabetes 63, 1881–1894 (2014).

465. Park, H.-S. Hsp72 functions as a natural inhibitory protein of c-Jun N-terminal
kinase. EMBO J. 20, 446–456 (2001).

466. Parcellier, A. et al. HSP27 is a ubiquitin-binding protein involved in i-Kbα pro-
teasomal degradation. Mol. Cell. Biol. 23, 5790–5802 (2003).

467. Park, K.-J., Gaynor, R. B. & Kwak, Y. T. Heat shock protein 27 association with the
iκb kinase complex regulates tumor necrosis factor α-induced NF-κB activation.
J. Biol. Chem. 278, 35272–35278 (2003).

468. Francis, S. H., Busch, J. L. & Corbin, J. D. cGMP-dependent protein kinases and
cGMP phosphodiesterases in nitric oxide and cGMP action. Pharmacol. Rev. 62,
525–563 (2010).

469. Kojda, G., Cheng, Y. C., Burchfield, J. & Harrison, D. G. Dysfunctional regulation of
endothelial nitric oxide synthase (eNOS) expression in response to exercise in
mice lacking one eNOS gene. Circulation 103, 2839–2844 (2001).

470. Van Meijel, L. A. et al. Effect of lactate administration on cerebral blood flow
during hypoglycemia in people with type 1 diabetes. BMJ Open Diabetes Res.
Care 10, e002401 (2022).

471. Charles, E. D. et al. Pegbelfermin (BMS‐986036), PEGylated FGF21, in patients
with obesity and type 2 diabetes: results from a randomized phase 2 study.
Obesity 27, 41–49 (2019).

472. Talukdar, S. et al. A long-acting FGF21 molecule, PF-05231023, decreases body
weight and improves lipid profile in non-human primates and type 2 diabetic
subjects. Cell Metab. 23, 427–440 (2016).

473. Kim, A. M. et al. Once‐weekly administration of a long‐acting fibroblast growth
factor 21 analogue modulates lipids, bone turnover markers, blood pressure and
body weight differently in obese people with hypertriglyceridaemia and in non‐
human primates. Diabetes Obes. Metab. 19, 1762–1772 (2017).

474. Gaich, G. et al. The effects of LY2405319, an FGF21 analog, in obese human
subjects with type 2 diabetes. Cell Metab. 18, 333–340 (2013).

475. Parry-Jones, A. R. et al. Phase II randomised, placebo-controlled, clinical trial of
interleukin-1 receptor antagonist in intracerebral haemorrhage: BLOcking the
Cytokine IL-1 in ICH (BLOC-ICH). Eur. Stroke J. 8, 819–827 (2023).

476. Shi, C.-X. et al. β-aminoisobutyric acid attenuates hepatic endoplasmic reticulum
stress and glucose/lipid metabolic disturbance in mice with type 2 diabetes. Sci.
Rep. 6, 21924 (2016).

477. Klein, A. B. et al. Pharmacological but not physiological GDF15 suppresses
feeding and the motivation to exercise. Nat. Commun. 12, 1041 (2021).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Molecular insights of exercise therapy in disease prevention and treatment
Walzik et al.

34

Signal Transduction and Targeted Therapy           (2024) 9:138 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Molecular insights of exercise therapy in disease prevention and treatment
	Introduction
	Exerkines: exercise-inducible signaling molecules
	Molecular diversity of exerkines
	Peptides and proteins
	Tissue metabolites and�lipids
	Nucleic�acids

	Source tissues and exerkine secretion
	Molecular triggers of exerkine secretion
	Secretion of peptides and proteins
	Secretion of tissue metabolites and�lipids
	Secretion via extracellular vesicles

	Distribution of exerkines

	Exerkine-induced signal transduction and biological tissue adaption
	Receptor-dependent signal transduction
	In vitro studies
	Animal studies
	Skeletal�muscle
	Cardiac�muscle
	White adipose�tissue
	Bone and cartilage
	Nervous�system
	Concluding remarks on animal studies
	Human studies
	IL-6 receptor blockade
	IL-8 receptor blockade
	Concluding remarks on human studies

	Receptor-independent signal transduction

	Exercise therapy in disease prevention and treatment
	Preventive and therapeutic effects of exerkines in ageing and disease
	Metabolic diseases
	Cardiovascular diseases
	Musculoskeletal diseases
	Neurological diseases
	Cancer
	Ageing
	Concluding remarks


	Current limitations and future perspectives
	Conclusion
	Acknowledgements
	Author contributions
	Funding
	ADDITIONAL INFORMATION
	References




