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Abstract

Regular physical exercise has been recognized as a potent modulator of immune function, with its effects including enhanced immune
surveillance, reduced inflammation, and improved overall health. While strong evidence exists that physical exercise affects the specific expres-
sion and activity of non-coding RNAs (ncRNAs) also involved in immune system regulation, heterogeneity in individual study designs and
analyzed exercise protocols exists, and a condensed list of functional, exercise-dependent ncRNAs with known targets in the immune system is
missing from the literature. A systematic review and qualitative analysis was used to identify and categorize ncRNAs participating in immune
modulation by physical exercise. Two combined approaches were used: (a) a systematic literature search for “ncRNA and exercise
immunology”, (b) and a database search for microRNAs (miRNAs) (miRTarBase and DIANA-Tarbase v8) aligned with known target genes in
the immune system based on the Reactome database, combined with a systematic literature search for “ncRNA and exercise”. Literature searches
were based on PubMed, Web of Science, and SPORTDiscus; and miRNA databases were filtered for targets validated by in vitro experimental
data. Studies were eligible if they reported on exercise-based interventions in healthy humans. After duplicate removal, 95 studies were included
reporting on 164 miRNAs, which were used for the qualitative synthesis. Six studies reporting on long-noncoding RNAs (IncRNAs) or circular
RNAs were also identified. Results were analyzed using ordering tables that included exercise modality (endurance/resistance exercise), acute or
chronic interventions, as well as the consistency in reported change between studies. Evaluation criteria were defined as “validated” with 100%
of >3 independent studies showing identical direction of regulation, “plausible” (>80%), or “suggestive” (>70%). For resistance exercise, upre-
gulation of miR-206 was validated while downregulation of miR-133a appeared plausible. For endurance exercise, 15 miRNAs were categorized
as validated, with 12 miRNAs being consistently elevated and 3 miRNAs being downregulated, most of them after acute exercise training. In
conclusion, our approach provides evidence that miRNAs play a major role in exercise-induced effects on the innate and adaptive immune
system by targeting different pathways affecting immune cell distribution, function, and trafficking as well as production of (anti-)inflammatory
cytokines. miRNAs miR-15, miR-29¢, miR-30a, miR-142/3, miR-181a, and miR-338 emerged as key players in mediating the immunomodula-
tory effects of exercise predominantly after acute bouts of endurance exercise.
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1. Introduction immune cell distribution, function, and trafﬁcking.lo*12 This
commonly includes an initial rise in circulating immune cells,
enhanced immune surveillance, and temporary suppression of
immune cell function following exercise.'” "> In addition, an
increase in neutrophils during and after physical exercise,'® as
well as stimulatory effects on macrophage effector functions,
including phagocytosis and antitumor activity, have been
described.'” Regular physical exercise has been associated
with specific long-term adaptations leading to overall

improved function of the immune system, characterized by

Physical exercise has been widely recognized as a potent
modulator of immune responses, involving intricate molecular
and cellular interactions. Effects on the immune system have
been shown to depend on the type, intensity, and duration of
physical exercise,' ° which have been analyzed in recent
comprehensive reviews and meta-analyses.” ~ Acute physical
exercise triggers immediate and transient alterations in
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enhanced immune cell activity, an increase in the proportion
of T cells, elevated production of anti-inflammatory cytokines,
and an enhanced defense against pathogens.''* " Of note,
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short- and long-term adaptations of the immune system
may differ by exercise type, and it has been suggested that
endurance exercise, such as running or cycling, may lead to a
more pronounced modification compared to resistance
exercise.”"” Moreover, physical exercise has been suggested
to affect innate as well as adaptive immunity over the entire
age range.””" As a consequence, a recent meta-analysis of
large prospective observational studies and randomized
controlled trials showed that higher levels of habitual physical
activity led to a 30%—37% risk reduction of community-
acquired infectious disease and infectious disease mortality as
well as an increased potency of vaccination.'”

The effects of physical exercise on the immune system are
complex and involve a range of different signaling pathways
with the need for concerted regulatory actions. In recent years,
the involvement of non-coding RNAs (ncRNAs) has gained
considerable attention, as ncRNAs are responsive to physical
exercise. In general, ncRNAs are epigenetic modulators
linking biologic adaptation to environmental exposures, and
an ncRNA—epigenetic feedback loop has been described in
which epigenetic pro- and anti-inflammatory signatures,
including histone modification and DNA methylation, may
specifically regulate ncRNA expression profiles.** 2’
ncRNAs are also involved in the transmission of hormonal and
metabolic exercise responses to the immune system, adding a
significant layer of complexity to this regulatory network.”**’
ncRNAs include a diverse range of RNA molecules that do
not encode proteins but exert regulatory functions on gene
expression. ncRNAs can be broadly classified into subclasses,
including microRNAs (miRNAs), long ncRNAs (IncRNAs),
and circular RNAs (circRNAs), each exhibiting distinct char-
acteristics and functionalities.’” miRNAs are small ncRNAs
approximately 22 nucleotides in length with the potential to
bind messenger RNAs, resulting in post-transcriptional regula-
tion through messenger RNA degradation or translational
repression.”’ miRNAs have been implicated in various biolo-
gical processes and pathways, including immune cell develop-
ment, inflammation, and immune responses as well as
associated health and disease states.”” ** Due to their ability
to regulate multiple targets, miRNAs can effectively silence
entire signaling pathways, thereby exerting specific regulatory
control over various biological processes.”””° IncRNAs,
which exceed 200 nucleotides in length, also represent key
regulators of gene expression at the transcriptional and post-
transcriptional level by exhibiting different functions, such as
acting as scaffolds for protein complexes and miRNAs; there-
fore, they are known as “molecular sponges”.”’ Similar func-
tions have been identified for circRNAs, which are generated
during the pre-messenger RNA splicing process; after ligation
of their 3" and 5’ ends, they form a continuous loop structure
with increased resistance to conventional RNA degrading
processes, resulting in a longer half-life.

Specific exercise-induced alterations in ncRNA expression
profiles have been reported in various tissues and cell types,
including immune cells such as lymphocytes,”**’ mono-
cytes,”” natural killer cells,”’ peripheral blood mononuclear
cells,*” ** and neutrophils.*> These exercise-induced effects
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on ncRNA levels may contribute to the regulation of immune
cell function, cytokine production, and overall inflammatory
processes. For example, miR-155 has been identified as an
important regulator of homeostasis and function of the
immune system.*® miR-155-deficient mice exhibited immuno-
deficiency and showed increased lung airway remodeling;
analysis of CD4" T cells in these mice provided evidence that
miR-155 regulates production of cytokines and chemokines.*
In humans, miR-155 is well-known to be regulated by physical
exercise, linking physical activity to components of the
immune system. However, a full picture on functional
ncRNAs regulated by physical exercise with known targets in
the immune system is missing from the literature.

Thus, the objective of this systematic review is to identify
and analyze the current body of literature pertaining to
ncRNAs involved in exercise-induced immune modulation.
By elucidating the specific ncRNAs that participate in immune
regulation during physical exercise, we aim to gain a deeper
understanding of the molecular mechanisms underlying the
effects of exercise on the immune system. Such insights may
have significant implications for the development and indi-
vidual optimization of exercise-based interventions to
strengthen immune function and improve health outcomes.

2. Methods

A systematic review was used to identify ncRNAs involved
in exercise-induced immune modulation, which was followed
by a qualitative analysis. The approach involved 2 separate
literature searches (Fig. 1). Search A focused on reports that
analyzed the effects of physical exercise on ncRNA changes in
studies specifically designed to investigate the relation
between physical exercise and the immune system. Search B
aimed to identify all ncRNAs potentially regulated by physical
exercise. ncRNAs identified in Search B were then aligned
with databases on known immune system target genes (see
below). To ascertain the specificity of approach B, identified
ncRNAs were filtered by their functional validation (i.e., only
ncRNAs with available in vitro experimental data were
included).

2.1. Search strategy

A systematic review (PROSPERO, CRD42023408388) was
performed in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines"” and following the suggestions for reporting on qualita-
tive summaries.**"’ Literature searches were conducted using
PubMed, Web of Science, and SPORTdiscus for “ncRNA and
exercise immunology” (Search A) and “ncRNA and exercise”
(Search B). The detailed search syntax by data base is provided
in Supplementary Table 1. Manual searches were performed
using reference lists from identified articles and reviews. Two
authors (MK and BS) screened full texts for relevant reports.
The individual steps of report identification, screening, and
inclusion (with respective numbers) are documented in the
PRISMA flow-charts (Supplementary Fig. 1 and Supplemen-
tary Fig. 2). If unclear, search results and fulfilment of
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Fig. 1. Flow chart of ncRNA identification. Two different approaches were applied to identify relevant ncRNAs in exercise immunology. (A) A systematic litera-
ture search was conducted (utilizing PubMed, SPORTDiscus, and Web of Science databases) for “ncRNAs in exercise immunology”. (B) Out of 1547 identified
records, 20 studies were included with 87 miRNAs identified as being regulated by physical activity. To broaden the approach, a combined investigation (i.e., liter-
ature and database search) was conducted. Targets within the immune system were identified using the Reactome database.’” Target lists were cross-referenced
with experimentally validated miRNA-target databases miRTarBase®' and Tarbase v8°” to identify associated miRNAs. Only miRNAs validated by 3 methods
(reporter gene assay, Western blot, and qPCR) were selected, and duplicates were removed subsequently. Findings were aligned with results from a second inde-
pendent literature search on “physical exercise and ncRNAs” using PubMed, SPORTDiscus, and Web of Science. The search identified 95 eligible studies and
reported miRNAs were filtered by miRNAs with immune targets obtained from the database search, revealing 164 specific miRNAs. Subsequently, findings from
searches A and B were combined and duplicates were removed. Of note, all studies (» =20) included after search A were also detected by Search B. Identified
non-redundant miRNAs were categorized using evaluation criteria defined as: validated (100% of >3 independent studies showed identical direction of regulation),
plausible (>80%), or suggestive (>70%). The literature search also identified 20 IncRNAs and 1 circRNA as potential regulators in exercise immunology. * Only
miRNAs regulated by endurance exercise reached at least the category “suggestive”, no miRNA described in resistance exercise fulfilled the criterion.
circRNA =circular RNA; IncRNAs =long non-coding RNAs; miRNAs=microRNAs; ncRNA =non-coding RNA; NCBI =National Center for Biotechnology
Information; qPCR = quantitative polymerase chain reaction.

eligibility criteria were discussed until consensus was achieved
and, if necessary, a third person (FCM) was consulted to deter-
mine inclusion.

2.2. Database search

Immune system targets were identified using the open-
source, open access, manually curated and peer-reviewed
Reactome pathway database™ (https:/reactome.org). Targets
within the innate immune system, adaptive immune system,
and cytokine signaling are provided by the database. Targets
were aligned with 2 different data bases on miRNA targets,
the experimentally validated miRNA-target interactions data-
base miRTarBase’' (https://mirtarbase.cuhk.edu.cn) and

DIANA-Tarbase v8°” (https://dianalab.e-ce.uth.gr). Both data-
bases allow the selection of different in vitro validation
methods including reporter assays, Western blotting, and quan-
titative polymerase chain reaction (qPCR), all of which were
selected to retrieve a validated list of functional miRNAs.
Results of the 2 miRNA databases were merged, duplicates
were removed, and the final list of validated functional
miRNAs with known immune system targets was merged with
miRNAs identified in Search B.

2.3. Eligibility criteria and data extraction

Only reports on healthy women and men (n > 5) aged
>18 years were eligible. All study types were considered for


https://reactome.org
https://mirtarbase.cuhk.edu.cn
https://dianalab.e-ce.uth.gr

314

the analysis. Articles had to be original research (not a confer-
ence abstract, review, or book (chapter)) and be written in
English (full text). Gray literatures, including reference lists,
theses, or websites, were not included. Articles were excluded
if (a) the article was not available as full text (after an attempt
to contact the corresponding author), and (b) the description of
participants and/or the intervention was not clearly described.
Data were extracted by 2 reviewers (MK and BS) and tables
were created including information on first author and year of
publication, participants (activity/training level), type of inter-
vention (physical exercise condition/test type applied), acute
or chronic changes, sample type used for analysis, differen-
tially expressed ncRNAs (as reported by authors), and analysis
method (sequencing, microarray, qPCR). Strand information
(—3p/—5p) was extracted if available.

2.4. Grouping of studies and synthesis

To provide a structured qualitative summary, studies were
grouped into 2 main categories: (a) exercise type (resistance
or endurance exercise) and (b) acute or chronic regulation.
Studies investigating chronic regulations involved comparison
of subjects/athletes with a defined (long-term) training routine
to a control group, or longitudinal studies with a pre—post
comparison after a defined exercise intervention. The validity
of the reported findings was assessed using evaluation criteria
defined as “validated” with 100% of >3 independent studies
showing identical direction of regulation, “plausible” (>80%),
or “suggestive” (>70%). These criteria were separately
applied for the overall direction of regulation in endurance or
resistance exercise, as well as for acute and chronic regulation.
Thus, the certainty of the evidence was addressed using an
evaluation of how directly the included studies addressed
the planned question/applied methodology (measurement
validity), the number of studies, and the consistency of effects
across studies.

2.5. Quality assessment

Methodological quality of studies was assessed using the
11-item PEDro scale for risk of bias assessment independent
of study type.”” Studies and key outcomes were rated by 2
reviewers (MH and MK) and disagreements were discussed
until consensus was reached. The researchers were not blinded
to study authors, results, or publication journals.

2.6. Pathway analysis

Pathway analysis was performed against Reactome Version
85 (August 2023;°" human targets), submitting the identified
targets (Supplementary Data 1) of validated, plausible, or
suggestive miRNAs to the online analysis tool (https://reac
tome.org). Reactome provides an overrepresentation analysis
using a hypergeometric distribution test that determines
whether certain pathways are enriched in the submitted data
compared to what is expected by chance. A probability score,
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corrected for false discovery using the Benjamani—Hochberg
method, is provided.

3. Results
3.1. Literature search

The literature was screened using 2 parallel approaches
(Fig. 1, Supplementary Fig. 1, and Supplementary Fig. 2).
Search A identified publications reporting on ncRNAs in exer-
cise immunology (i.e., research that analyzed the effects of
physical exercise on changes of the immune system and asso-
ciated alterations in ncRNAs). This search identified 1547
records: n=586 records on PubMed, n=375 on SPORT-
Discus, and n=586 on Web of Science. After duplicate
removal and screening of full texts, 20 studies met the eligi-
bility criteria. Search B included a literature search for publica-
tions reporting on ncRNAs regulated by physical exercise without
a specific focus on the immune system. In this approach, identified
ncRNAs were filtered by a subsequent replication with 2 different
target databases selecting known immunologic targets and path-
ways. Search B resulted in 8137 records: n=1918 records on
PubMed, n=2734 on SPORTDiscus, and n=3485 on Web of
Science. After duplicate removal and screening of full texts, 95
articles™ ** ' met the eligibility criteria and were included in
the qualitative synthesis. Of note, Search B also identified the 20
studieg™ "I IRIRRAISTLITE revealed by
Search A. As a result of both searches, a total of 185 non-redundant
regulated ncRNAs were identified (Fig. 1) (miRNAs, n=164;
IncRNAs, n=20; circRNAs, n=1). Eight studies reported no
effect of exercise on selected ncRNAs (Supplementary Table 2).
Of note, only 5 studies’'* '** were identified to report on
IncRNAs, and 1 study'*” reported on circRNAs.

3.2. Sample type and analysis methods
 38—45,54—65,67—70,72,77—81,83,84,86,87,90,91,
Seventy-one studies PR IS BTN
93—100,105-107,109—111,113—122,125— 129,131 134,139,140
? extracted RNA

from blood or blood components, with 10 studies®™ ™ ****'*? specifi-

cally focusing on isolated immune cells. Nineteen studies extracted
RNA from muscle tissue, 3 studies’”>'**'?* from both blood and
muscle. Two studies®™™ isolated RNA from saliva and 1 study”™
from urine. Different analysis methods were used, including stan-
dard PCR-based methods for detection of candidate ncRNAs
(n="71). Hypothesis-free approaches included RNA sequencing
(n=24), next-generation sequencing (n=11), microarray analysis
(n=11), and Nanostring technology (»=2). Different definitions
and statistical approaches to identify significantly altered levels of
ncRNAs were applied, and 10 studies*’! 45 008485.92104116 )3
dated their findings using PCR-based methods.

3.3. Study design and exercise and training protocols

. . 38-4554-140 . 39-45
Out of the 95 included studies,”® > 86 studies ’
54-70,72,73,75,76,78—-91,93-96,98—100,102—109,111—131,133-140 |\ 4 o

longitudinal study design with pre-post analysis to evaluate
the effects of a single exercise bout or exercise training period
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Table 1
Differentially expressed microRNAs in exercise.
Study ncRNA analysis, cells/tissue Exercise protocol/subjects Upregulated miRNAs Downregulated miRNAs
(timepoint); method
Acute Chronic Acute Chronic
miRNAs
Alack et al. Lymphocytes 1) Trained: marathon runners and n.a. None na. miR-27a, miR-23a
(2019)** (trained, untrained); triathletes
qRT-PCR 2) Untrained: untrained subjects
Aoietal. (2013)*  Serum Healthy subjects: None None miR-486 miR-486
(baseline, post, 4 weeks post); Acute: ergometer, 60 min, 70%
qRT-PCR VOsmax:
Chronic: ergometer, 30 min,
3x/week, 4 weeks, 70% VOrmax
Baggish et al. Plasma Athletes: miR-146a, miR-222, miR-146a, miR-222, None None
2011)” (baseline, post, 1 h post); Acute: ergometer, until VO,ax, miR-21, miR-221 miR-21, miR-221
qRT-PCR 5 min recovery
Chronic: rowing, 5 km, 90 days
Baggish et al. Plasma Marathon miR-146a, miR-1, n.a. None n.a.
(2014)™° (baseline, post, 24 h post); miR-133a,
qRT-PCR miR-499-5p,
miR-208a, miR-126,
miR-134
Banzet et al. Plasma Recreationally active subjects: 1) miR-181b, None None None
(2013)”7 (baseline, post, 2 h post, 6 h post, 1) Uphill walking treadmill, miR-214
24 h post, 48 h post, 72 h post); 30 min, 1 m/s, grade of 25%
qPCR 2) Backward downhill walking tread-
mill, 30 min, 1m/s, grade of 25%
Biss et al. (2023)°°  Plasma Recreationally active subjects: 1) miR-206, n.a. None na.
(baseline, post); qRT-PCR 1) EMS, 20 min, individual miR-133a
intensity
2) Circuit training, 20 min, 4 x 6
exercises with 5 repetitions
Chalchat et al. Plasma Athletes: miR-1-3p, None None None
2021y (baseline, 1 h post, 24 h post, Running, 24 h, greatest distance miR-133a-3p,
48 h post); QRT-PCR miR-133b,
miR-208a-3p,
miR-208b-3p,
miR-378-3p,
miR-499a-5p
Cheema et al. PBMCs Healthy subjects: none n.a. miR-363-3p, na.
(2020)* (baseline, peak exercise, 4 h post);  Ergometer, 2 min at 60 W, increase by miR-181a-5p (¥)
nanostring 30 W every 2 min until VOypax
Chilton et al. ‘White blood cells Healthy subjects: miR-186, miR-15a, n.a. None n.a.
(2014)*° (baseline, post, 1 h post); Running, 30 min rest, 30 min treadmill ~ miR-96
microarray, qPCR, pooled at 80% VOypear, 60 min recovery
T-cell
Clauss et al. Plasma 1) Elite runners 1) miR-1, miR-133a, None None None
(2016)°" (baseline, post, 10 weeks post, 2) Non-elite runners miR-30a
24 h post); qPCR Acute: marathon 2) miR-1, miR-133a
Chronic: 10-week training
Cui et al. (2015)* Plasma Healthy subjects: None n.a. miR-1, miR-133a, miR-  n.a.
(baseline, post); QqRT-PCR Sprint interval ergometer, 30 s all-out, 133b,
4 min active recovery miR-122, miR-16
Cui etal. (2016)” Plasma Recreationally active subjects: miR-1, miR-133a, n.a. None na.
(baseline, post); QqRT-PCR 1) HIIE: running, 7 x 4 min, miR-133b, miR-206,
~85%—95% of HR jpax miR-485-5p,
2) Vigorous-intensity continuous miR-509-5p,
running exercise, distance of HIIE miR-517a,
miR-518f-3p,
miR-520f, miR-522,
miR-553,
miR-888
Cui etal. 2017)"* Plasma Recreationally active subjects: 1) miR-532 n.a. 1) miR-208b na.
(baseline, post, 1 h post, 24 h 1) Strength endurance: 2) miR-181a, 2) miR-133a,
post); 3 x 16—20 repetitions, 40% IRM, miR-133b miR-21
qRT-PCR 1 min rest 3) miR-133b 3) miR-133a
2) Muscular hypertrophy:
3 x 12 repetitions, 70% 1RM,
2 min rest
3) Maximal strength:
4 x 6 repetitions, 90% IRM,
3 min rest
Dalle Carbonare PBMCs Half marathon miR-152-3p, n.a miR-30b-3p n.a
etal. (2022)* (baseline, post); qRT-PCR miR-143-3p,
miR-27a-3p
miR-22-3p (9),
miR-100-5p (%), miR-
216-5p (2)
Danese et al. Plasma Amateur runners: miR-133a, miR-206 n.a. None n.a.

(2018)%°

(baseline, post); QqRT-PCR

21.1 km endurance running

(continued on next page)



316

Table 1 (Continued)

M. Kotewitsch et al.

Study ncRNA analysis, cells/tissue Exercise protocol/subjects Upregulated miRNAs Downregulated miRNAs
(timepoint); method
Acute Chronic Acute Chronic
Davidsen et al. Vastus lateralis Healthy subjects: n.a. miR-451 n.a. miR-378
(2011)%° (baseline, 12 weeks post); RE, 5x/week, 12 weeks
TaqMan miRNA assay
de Gonzalo- Serum Amateur runners: 1) miR-150-5p None None None
Calvo et al. (baseline, post, 24 h post, 72 h 1) 10 km race 3) let-7f-2-3p,
(2015)°7 post); qRT-PCR 2) Half marathon let-7d-3p,
3) Marathon miR-125b-5p,
miR-143-3p,
miR-148a-3p,
miR-223-3p,
miR-223-5p,
miR-29a-3p,
miR-34a-5p,
miR-424-3p,
miR-424-5p
de Gonzalo- Serum Highly trained subjects: 1) miR-132-3p, n.a. 1) miR-103a-3p, n.a.
Calvo etal. (baseline, post); qRT-PCR 1) 10 km race miR-150-5p miR-139-5p,
(2018)"* 2) Half marathon 3) miR-21-5p, miR-590-5p
3) Marathon miR-27-3p, 3) miR-16-5p,
miR-29a-3p, miR-25-3p,
miR-30a-5p, miR-29b-3p,
miR-24a-5p, miR-30b-5p,
miR-126-3p, miR-103-3p,
miR-142-5p, miR-106b-5p,
miR-143-3p, miR-107,
miR-195-5p, miR-375,
miR-199a-3p miR-497-5p
Denham et al. Whole blood Healthy subjects: None n.a. miR-1, miR-133a, n.a.
(2016)* (baseline, post); qPCR Cardiorespiratory testing, treadmill: miR-486
increase by 1 km/h every 2 min; or
ergometer, increase by 30 W/min
every 2 min
Denham et al. Whole blood Healthy subjects: None None None 3) miR-1-3p,
(2018)"° (baseline, 30 min post); gPCR 1) Acute: one-off acute sprint, miR-133a-3p,
4 x 30 s maximal all out miR-133b-3p,
2) Chronic: sprint interval cycling, miR-486-5p
6 x 30 s all-out, 3 x/week, 6 weeks
De Sanctis et al. Vastus lateralis High-intensity, life-long exercise n.a. miR-7847-3p, n.a. let-7¢c-5p,
021" (control, highly trained); NGS miR-4298, miR-3175,
miR-6812-5p, miR-3197,
miR-3911, miR-6510-5p,
miR-4521, miR-574-5p,
miR-181a-2-3p, miR-664b-3p,
miR-4669, miR-199a-5p,
miR-4486-3p, miR-193a-3p,
miR-486-3p, miR-4269,
miR-20a-5p, miR-497-5p,
miR-486-5p, miR-7110-5p,
miR-6778-5p, miR-5100,
miR-106a-5p miR-7150,
miR-4429,
miR-4484,
miR-320d,
miR-100-5p,
miR-4443,
miR-3651
Dimassi et al. Circulating microparticles Healthy subjects: n.a. miR-150, miR-124a, n.a. None
(2018)"* (baseline, post); qRT-PCR HIIE, treadmill or ergometer, 45 min, miR-146a,
3x/week, 8 weeks, 70%—80% HR miR-320a, mIR-21
D’Souza et al. Vastus lateralis Healthy subjects: miR-133a, miR-206, n.a. none n.a.
(2017)7; (baseline, 2 h post, 4 h post); RE, 45 min, 2 x 10 repetitions warm- miR-486, miR-378b,
qRT-PCR up, 6 x 8—10 repetitions leg press, miR-146a, miR-23a
8 x 8—10 repetitions knee extension,
80% 1RM
D’Souza et al. Vastus lateralis Recreationally active subjects, n.a. miR-206 n.a. miR-486, miR-499,
2017)"* (active, powerlifters); qRT-PCR Powerlifters miR-133a, miR-1
D’Souza et al. 1) Plasma, 2) Vastus lateralis, Healthy subjects: 1) miR-222-3p, n.a 1) miR-1-3p, n.a.
(2018)”° 3) Exosome Ergometer, 10 x 60 s, PPO miR-21-5p, miR-16-5p,
(baseline, post, 4 h post); miR-126-3p miR-134-3p,
qRT-PCR 2) miR-16-5p, miR-107,
miR-222, miR-486-5p,
miR-21-5p, miR-378a-5p
miR-107 2) miR-1-3p,
3) miR-134-3p,
miR-1-3p, miR-23a-3p,
miR-16-5p,

(continued on next page)
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Study

ncRNA analysis, cells/tissue
(timepoint); method

Exercise protocol/subjects

Upregulated miRNAs

Downregulated miRNAs

Acute Chronic

Acute

Chronic

D’Souza et al.

(2019)"°

Eyileten et al.
2021)”7

Eyileten et al.
(2022)%
Faraldi et al.
(2022)"

Fernandez-
Sanjurjo et al.
(2020)*

Fernandez-
Sanjurjo et al.
021"

Vastus lateralis

(baseline, 2 h post, 4 h post);
gRT-PCR

Plasma

(marathon runners (12—24 h post),

control group); PCR

Plasma

(baseline, 30 min post); gPCR
1) Plasma, 2) EVs

(baseline, 30 min post); gPCR

Serum
(baseline, post); qRT-PCR

Serum
(baseline, post); QRT-PCR

Recreationally active subjects, placebo
group:

RE: 3 exercises, 3 x 8—10 repetitions
Ultra-marathon

Ultra-marathon

Athletes:
HIE, vertical run, 3.6 km

Professional and amateur runners:
1) 10-km run

2) Half marathon

3) Marathon

(separated by 1 month)

Amateur runners:
Treadmill, 6 km/h increasing by
0.25 km/h every 15 s until exhaustion

miR-222-3p,
miR-23a-3p,
miR-208a-3p,
miR-150-5p,
miR-486-5p,
miR-378a-5p,
miR-126-3p,
miR-23b-3p,
miR-451a,
miR-186-5p
miR-15a, miR-451, n.a.
miR-499a

miR-125a-5p miR-125a-5p

miR-125a-5p, n.a.
miR-126, miR-223
1) miR-10b-5p, n.a.
miR-195-5p,
miR-29a-3p,
miR-532-3p,
miR-885-5p

2) miR-143-3p,
miR-17-5p,
miR-532-3p,
miR-874-3p,
miR-885-5p

1) miR-199b-5p, n.a.
miR-424-3p,
miR-33a-5p,
miR-551a,
miR-1537,
miR-223-5p,
miR-1260,
let-7b-3p,
miR-150-5p,
miR-423-5p,
miR-223-3p,
miR-345-5p,
miR-505-3p

2) miR-425-3p,
miR-33a-5p,
miR-338-3p,
miR-339-5p,
miR-106b-3p,
miR-502-3p,
miR-27a-3p,
miR-660-5p,
miR-505-3p,
miR-100-5p,
miR-22-3p,
miR-30e-5p,
miR-497-5p,

3) miR-1972,
miR-940,
miR-424-3p,
miR-130b-5p,
miR-223-5p,
miR-145-3p,
miR-181c¢-3p,
miR-501-3p,
miR-1260a,
miR-675-3p,
miR-345-5p,
miR-424-5p,
miR-1-3p,
miR-34a-5p,
miR-629-5p,
miR-30a-5p,
miR-148a-3p,
miR-596,
miR-10b-5p,
miR-30d-5p,
miR-320d
miR-26b-5p, n.a.
miR-183-5p,
miR-379-5p,

miR-208a-3p,

miR-150-5p

None

None

miR-15b

1) miR-326,
miR-33a-5p
2) miR-1-3p,
miR-29a-3p,
miR-424-5p

None

None

n.a.

None

n.a.

n.a.

n.a.

n.a.
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miR-144-5p,
let-7c-5p,
miR-340-5p,
miR-425-3p,
miR-629-5p,
let-7d-5p,
miR-29b-3p,
miR-21-5p,
miR-106b-5p,
miR-150-5p
Fyfe et al. (2016)**  Vastus lateralis Well-trained subjects: none n.a. 1) miR-133a n.a.
(baseline, post, 1 h post, 3 hpost); 1) RE: leg press, 8 x 5 repetitions, 80%
qRT-PCR 1IRM
2) HIT: ergometer, 10 x 2 min, 120%
lactate threshold
3) MICT: ergometer, 30 min, 80%
lactate threshold
Garai et al. Exosome Sedentary subjects: n.a. None n.a. let-7a-5p, let-7g-5p,
(2021)% (baseline, 0.5 years post); Resistance training, 85% HR ax miR-130a-3p,
Nanostring Aerobic exercise, walking or jogging, miR-142-3p,
65% HR max; 3x/week for 0.5 year miR-150-5p,
miR-15a-5p,
miR-15b-5p,
miR-199a-3p,
miR-199b-3p,
miR-223-3p,
miR-23a-3p,
miR-451a-3p
Gomes et al. Plasma Half marathon miR-1, miR-133a, miR-  n.a. None n.a.
(2014)* (baseline, post); TagMan miRNA 206
assay, qPCR
Grieb et al. Vastus lateralis Sedentary subjects: miR-23a-5p n.a. miR-1, miR-133a-3p, n.a.
(2023)% (baseline, post); microarray, qPCR  Ergometer, MICT, 60 min, 90% PPO miR-133a-5p, miR-
133b, miR-499a-5p,
miR-23a-3p, miR-378a-
5p, miR-128-3p, miR-
27a-3p, miR-126-3p,
miR-152-3p
Guescini et al. EVs Recreationally active subjects: miR-181a-5p na. None n.a.
(2015)% (baseline, 1 h post); qRT-PCR Treadmill, 40 min, 80% VO,
Hashida et al. Serum Healthy subjects: miR-630, miR-5703 n.a. None n.a.
2021)¥ (baseline, post); microarray Low-intensity RE
Hicks et al. Saliva Recreationally active subjects: miR-7154-3p, n.a. miR-3671, n.a.
(2018)"* (baseline, post); NGS Long-run miR-200b-5p, miR-5095
miR-5582-3p,
miR-6859-3p,
miR-6751-5p,
miR-4419a
Hicks et al. Saliva Athletes: 1) miR-4510 2) miR-29a-3p, 1) miR-532-5p, 2) miR-3614-5p,
(2023)* (baseline, 20 min post); NGS 1) Group 1: acute exercise, non-contact miR-29¢-3p, miR-182-5p miR-10b-5p,
sport (long-run, treadmill, rowing), miR-26b-3p, miR-181a-5p,
contact sport (soccer, football) miR-25-3p, miR-1290,
2) Group 2: chronic exercise (season- miR-221-3p, miR-744-5p,
long contact sport participation) miR-34a-5p, miR-320c,
miR-708-5p, miR-26b-3p,
miR-30b-5p, miR-1180-3p,
miR-532-5p miR-27b-5p,
miR-12136,
miR-320b,
miR-1307-3p,
miR-151a-5p,
let-7e-5p
Horak et al. Plasma Athletes: n.a. 1) miR-222 n.a. 1) miR-16
(2018)” (baseline, 5 weeks post, 8 weeks 1) Explosive strength 2) miR-93, miR-16,
post); qRT-PCR 2) Hypertrophic strength miR-222
3) HIIT 3) miR-93
3x/week, 8 weeks
Kangas et al. Serum Athletes: n.a. miR-21, miR-146a n.a. None
(2017)”" (baseline, 10 years post); Sprint-training
qPCR
Koltai et al. Muscle Athletes or sedentary subjects n.a. None n.a. miR-7
(2018)” (athletes, sedentary subjects);
microarray, qRT-PCR
Krammer et al. Dried blood spots Sedentary subjects: n.a. None n.a. miR-23a, miR-30e

(2022)”

(baseline, 12 weeks post); gPCR

Resistance, 3 x/week; endurance
30—60 min, 2 x/week;
12 weeks

(continued on next page)
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Kuji etal. (2021)°* 1) Plasma, 2) urine Marathon 1) miR-424-5p, na. None na.
(baseline, post, 2 h post, 1 day miR-361-5p,
post); Illumina miR-223-3p,
miR-223-5p
2) miR-218-5p,
miR-3158-3p,
miR-3158-5p,
miR-517a-3p
1),2)
miR-582-3p,
miR-23a-3p,
miR-199a-3p
Lai et al. (2023)” EVs Recreationally active: miR-144-3p, n.a. miR-891b, miR-890 n.a.
(baseline, post); NGS 1500 m freestyle swimming miR-145-3p,
miR-509-5p
Lietal. (2018)” Serum Basketball athletes: None None miR-146a, miR-21, miR-208a, miR-221
(baseline, post, 3-month post); Acute: CPET, increase 2 J/s every 6 s, miR-221, miR-210
gRT-PCR 60—70 rpm, VOopmax
Chronic: 3-month basketball season
Li et al. (2020)”” Plasma Professional swimming group, na miR-451a, n.a. miR-21-5p,
(swimming group, control group);  Healthy subjects miR-486-5p, let-7f-5p,
Illumina miR-423-5p, miR-148a-3p,
let-7b-5p miR-146a-5p
Lietal. (2021)™ Serum Healthy subjects: miR-1, miR-146a, miR-  n.a. none na.
(baseline, 30 min post); qPCR Run, 5 km, 51%—52% VOapmax 155, miR-210
Liu et al. (2020)” Serum Healthy subjects: n.a. miR-363-3p n.a. miR-146b-3p,
(baseline, 12 weeks post); NGS RE, 3 x/week, 12 weeks miR-146b-5p,
miR-155-3p,
miR-181a-2-3p,
miR-181b-5p,
miR-103a-3p,
miR-103b,
miR-143-5p,
miR-146b-3p,
miR-146b-5p,
miR-17-5p,
miR-199a-5p,
miR-204-3p,
miR-378c, miR-448,
miR-125b-1-3p,
miR-128-3p,
miR-133a-3p,
miR-223-3p,
miR-499a-5p
Maggio et al. EVs Healthy subjects: 1) miR-146a, n.a. None n.a.
(2023)'*° 1) baseline, post, 1 h post, 2 h post, 1) Acute aerobic exercise, treadmill, miR-206, miR-133b
6 h post, 24 h post; moderate intensity, 3 x/week, 2 month, ~ 2) miR-206,
2) baseline, post, 1 hpost, 2 hpost; 40 min at 55% VO, miR-133b,
3) baseline, post); qRT-PCR 2) Acute maximal aerobic exercise: miR-486-5p,
treadmill to exhaustion miR-181a-5p,
3) Altitude aerobic exercise: miR-16
treadmill, 23 sessions, 15 days, increase
by 1 km/h every 3 min until exhaustion
Mancini et al. Vastus lateralis Football players n.a. None n.a. miR-1303
2021)"*" (football players, untrained elderly ~ Untrained subjects
subjects);
gRT-PCR
Margolis et al. Vastus lateralis Active subjects: miR-206 na. None n.a.
(2017)'* (baseline, post, 3 h post); Ergometer, 90 min, 2.2 liter/m
qRT-PCR
Margolis et al. 1) Serum, 2) vastus lateralis Recreationally active subjects: n.a. 2) miR-122-5p, n.a. 1) let-7a-5p,
(2022)' (baseline, post); qRT-PCR High aerobic exercise, 2 x 72 h, 3x/day miR-124-3p, mIR-122-5p,
weighted run, 1x/day unweighted, miR-134-5p, miR-125-5p,
30%—65% VOnpeax miR-141-3p, miR-126-3p,
miR-200b-3p, miR-143-3p,
miR-200c-3p, miR-146a-5p,
miR-221-3p, miR-150-5p,
miR-222-3p, miR-19a-3p,
miR-224-5p, miR-21-5p,
miR-24-3p miR-221-3p,
miR-222-3p,
miR-223-3p,
miR-23a-3p,
miR-25-3p,
miR-27a-3p,
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miR-29a-3p,
miR-30d-5p,
miR-423-5p,
miR-574-3p,
miR-885-5p,
miR-92a-3p,
miR-107,
miR-130b-3p,
miR-148a-3p,
miR-15a-5p,
miR-26b-5p,
miR-30e-5p,
miR-374-5p,
miR-103a-3p,
miR-15b-5p,
miR-16-5p,
miR-191-5p,
miR-22-3p,
miR-24-3p,
miR-26a-5p
2) miR-204-5p,
miR-10a-5p,
miR-196a-5p
Massart et al. Skeletal muscle Sedentary subjects: n.a. miR-451a, miR-107, n.a. miR-133a-5p,
(2021)'* (baseline, 10 days post, 14 days Ergometer, 1 hat 80% VOspea, 14 days miR-19b-3p miR-1-5p
post); NGS, qRT-PCR
Min etal. (2016)'"°  Plasma Marathon miR-1, miR-133a, n.a. None n.a.
(baseline, post, 24 h post); miR-134, miR-206
qRT-PCR
Mooren et al. Plasma Marathon miR-1, miR-133a, n.a. None n.a.
(2()14)””' (baseline, post, 24 h post); miR-206, miR-208b,
qRT-PCR miR-499
Nair et al. (2020)'°”  Exosome 1) Sedentary subjects 1) miR-223-3p, na. 1) miR-4433b-3p, n.a.
(baseline, post, 3 h post); [llumina  2) Trained subjects miR-495-3p, miR-378c,
Ergometer, 40 min, 70% HR miR-29b-3p, miR-151b,
miR-218-5p, miR-151a-5p
miR-451a, 2) miR-206,
miR-384, miR-486-5p,
miR-505-3p, miR-148a-3p,
miR-203a-3p let-7b-5p,
2) miR-383-5p, miR-629-5p,
miR-339-5p, miR-16-2-3p
miR-874-3p,
miR-34b-3p,
miR-129-2-3p,
miR-138-1-3p,
miR-671-3p,
miR-885-5p
Nielsen et al. Vastus lateralis Trained subjects: miR-1, miR-133a None None None

(2010)'*®

Nielsen et al.
(2014)'

Pastuszak-
Lewandoska
etal. (2020)*°
Pietrangelo et al.
(2023)1 10

Podgdrski et al.
(2022)'*°

(baseline, post, 3 h post); TagMan
miRNA assay

Plasma
(baseline, post, 1 h post, 3 h post);
qRT-PCR

Lymphocytes
(baseline, 12 h post); qRT-PCR

EVs
(active, inactive); qRT-PCR

Whole blood
(baseline, 1 week, 4 weeks,
7 weeks, 10 weeks); qRT-PCR

Acute: ergometer, 60 min, 65% PPO

Chronic: ergometer, 60—150 min, 5x/

week, 12 weeks; 1 x 85%—91% PPO

for 70—80 min, 1 x 75%—81% PPO for

75—81 min, 1 x 60%—66% PPO for
60—80 min, 1 x 55%—61% PPO for
120—150 min

Trained subjects:

Acute: ergometer, 60 min, 65% PPO

Chronic: ergometer, 60—150 min, 5x/

week, 12 weeks; 1 x 85%—91% PPO

for 70—80 min, 1 x 75%—81% PPO for

75—81 min, 1 x 60%—66% PPO for
60—80 min, 1 x 55%—61% PPO for
120—150 min

Ultra-marathon

Active subjects,
sedentary subjects

Active subjects:

Volleyball, 10 microcycles/week, 131
training units, 10 weeks, week 1—3,
80% aerobic effort, week 4—6, 60%

aerobic effort, week 7—10, 80% power-

oriented training

miR-338-3p, miR-103, miR-107
miR-330-3p,

miR-223,

miR-143,

miR-139-5p, miR-1

miR-155, miR-223 n.a.

n.a. miR-378-5p,
miR-27a-3p,
miR-92a-3p

n.a. miR-320a, miR-486

miR-106a, miR-221,
miR-30b,
miR-151-5p,

let-7i, miR-146a, miR-
652,

miR-151-3p

None

n.a.

n.a.

miR-342-3p, let-7d, miR-
766, miR-25, miR-148a,
miR-185

miR-126-3p,

miR-23a-3p,

miR-133a, miR-206, miR-
34a-5p

miR-223
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Radom-Aizik Neutrophils Non-athletes: miR-485-3p, n.a. miR-130a, n.a.
etal. (baseline, post); microarray, Acute ergometer exercise test, miR-520d-3p, miR-151-5p,
(2010)* qRT-PCR 20 min (10 x 2 min bouts of constant miR-181b, miR-126, miR-20a,

work rate); 76%—77% VOzpeak miR-1238, miR-106a, miR-20b,
miR-193a-3p, miR-17, miR-93, miR-
miR-1225-5p, 130b, miR-16, let-7i,

Radom-Aizik
etal.
(2012)*

Radom-Aizik
etal.
(2013)"!

Radom-Aizik
etal.
(2014)*

Ramos et al.
(2018)'"!

Russell et al.
(2013)'2

Sandmo et al.

(2022)'"°

Sansoni et al.
(2018)'*

Sapp et al.
(2020)'"°

PBMCs
(baseline, post); microarray,
qRT-PCR

Natural killer cells
(baseline, post); microarray,
gRT-PCR

Monocytes
(baseline, post); microarray,
gRT-PCR

Plasma
(baseline, post); qRT-PCR

Vastus lateralis
(baseline, 3 h post,
2 days post); qRT-PCR

Serum
(baseline, 1 h post,
12 h post); qRT-PCR

Whole blood
(baseline, 4 weeks post, 8 weeks
post); qRT-PCR

Serum
(baseline, post); qRT-PCR

Non-athletes:

Acute ergometer exercise test,

20 min (10 x 2 min bouts of constant
work rate); 76%—77% VOapea

Non-athletes:

Acute ergometer exercise test,

20 min (10 x 2 min bouts of constant
work rate); 76%—77% VOapear

Non-athletes:

Acute ergometer exercise test,

20 min (10 x 2 min bouts of constant
work rate); 82% VOapeak

Healthy subjects:

Treadmill:

1) Variable intensity: 30 x 1 min at 6, 7
or 8 mile/h

2) Variable duration: 7 x 1 mile/h for
30, 60 or 90 min

Healthy subjects:

Acute: ergometer, 60 min, 70%
VOspeak

Chronic: ergometer, 4 x 45 min,
1 x 60 min, 1 x 90 min, 1x/day,
10 days, 75% VOapeak

Active subjects:

HIE

Active subjects:
Sprint, 18 x 15 m, 3x/week, 8 weeks

Moderate active subjects:

1) Moderate-intensity continuous bout,
ergometer, 30 min, 70—80 rpm, 60%
PPO

miR-145, miR-197,
miR-212, miR-223,
miR-340, miR-365,
miR-505, miR-629,
miR-638, miR-939,
miR-940
miR-181a-2, n.a.
miR-181b, miR-363,
miR-1225-5p,
miR-21, miR-181a,
miR-181c,
miR-338-3p,
miR-26b, miR-132,
miR-15a, miR-939,
miR-7, miR-140-5p,
miR-940

miR-142-3p, n.a.
miR-142-5p,

miR-192, miR-29a,

miR-29b, miR-29c¢,

miR-30e,

miR-338-3p,

miR-363,

miR-590-5p, miR-7

miR-29b, miR-29c, n.a.
miR-1305,
miR-362-3p,
miR-660,
miR-324-3p,
miR-1202,
miR-140-5p,
miR-532-5p,
miR-362-5p,
miR-30e,
miR-532-3p,
miR-15a,
miR-338-3p

1) 6 miles/h: na.
miR-24, miR-146a,
miR-133a, miR-222
7 miles/h: miR-1

2) 30 min:
miR-133a, miR-222
60 min: miR-24,
miR-146a,
miR-133a, miR-222
90 min: miR-133a

None miR-1, miR-29b

miR-1-3p, miR-143, n.a.

miR-206

n.a. miR-93-5p,
miR-148-3p

1) miR-150-5p n.a.

2) miR-21-5p,

miR-126-3p,

miR-126-5p,

miR-107, miR-185,
miR-18a, miR-18b,
miR-194, miR-22, miR-
363, miR-660, miR-96,
miR-125a-5p

miR-451,
miR-486-5p,
miR-125b, let-7e, miR-
320,

miR-151-5p,
miR-31,
miR-125a-5p,
miR-99b, miR-652,
miR-151-3p,
miR-130a, miR-126,
miR-199b-3p,
miR-23b, miR-221,
miR-199a-5p,
miR-584, miR-145
let-7e, miR-126, miR-
126,

miR-130a,
miR-151-5p,
miR-199a-3p,
miR-199a-5p,
miR-221, miR-223,
miR-326, miR-328,
miR-652
miR-199a-3p,
miR-130a,
miR-151-5p,
miR-221, miR-23b

None

None

let-7c-5p,
miR-7-5p,
miR-17-5p,
miR-106b-5p
n.a.

None

n.a.

n.a.

n.a.

miR-31

miR-23a-3p,
miR-100-5p,
miR-24-3p,
miR-122-5p,
miR-125-5p
n.a.
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322

Table 1 (Continued)

M. Kotewitsch et al.

Study ncRNA analysis, cells/tissue Exercise protocol/subjects Upregulated miRNAs Downregulated miRNAs
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Acute Chronic Acute Chronic
2) HIIT, ergometer, 6 min 40% PPO, miR-150-5p,
3-min intervals 85% PPO, 4-min inter- miR-155-5p,
vals 40% PPO miR-181b-5p
Sawada et al. Serum Active subjects: miR-149 None None miR-146a, miR-221
(2013)''° (baseline, post, 1 h post, 1 day RE: 2 consecutive exercises,
post, 3 days post); microarray, 10 x 5 sets, 70% RM
qRT-PCR
Schmitz et al. Capillary blood (earlobe) Moderate-trained subjects: None 2) miR-126-3p None 1), 2) miR-126-3p, miR-126-
o1’ (baseline, post); Run, 3 x/week, 4 weeks, 3) miR-126-3p, miR- 5p
qRT-PCR 1) HIIT: 4 x 30 s, all-out 126-5p
2) LIT: 25 min, <75% HRyax
3) proHIIT: 4—7 x 30 s, all-out
Schmitz et al. Capillary blood (earlobe) Moderate-trained subjects: 1) miR-222, miR-29¢ None None None
(2018)'* (baseline, post); Run, 2x/week, 4 weeks,
qRT-PCR 1) 4 x 30 HIIT group: 4 x 30 s run
(all-out, 30 s recovery)
2) 8 x 15 HIIT group: 8 x 15 s run
(all-out, 15 s recovery)
Schmitz et al. Capillary blood (earlobe) Moderate-trained subjects: 1) miR-96-5p, 1) miR-126 None 1) miR-96-5p
(2019)'"? (baseline, post); Run, 4 x 30 s all-out running, 4 weeks, = miR-24 2) miR-24, miR-126, 2) miR-96-5p
qRT-PCR 1) Group 1: 4 x 30:30 2) miR-24, miR-143
(30 s sprint, 30 s recovery) miR-96-5p, miR-143
2) Group 2: 4 x 30:180
(30 s sprint, 180 s recovery)
Schmitz et al. Capillary blood (earlobe) Moderate-trained subjects: miR-98-3p, n.a. None n.a.
(2019)”“ (baseline, post); Run, 2 x/week, 4 weeks, miR-125a-5p
qRT-PCR 1) 4 x 30 HIIT group: 4 x 30 s run
(all-out, 30 s recovery)
2) 8 x 15 HIIT group: 8 x 15 s run
(all-out, 15 s recovery)
Shah et al. Plasma Healthy subjects: miR-181b-5p, na. None n.a.
(2017)'ZI (baseline, peak exercise); [llumina ~ CPET, 5—15 W/min, VOyax miR-185-5p
Sieland et al. Plasma Healthy subjects: 1) miR-142-5p, n.a none n.a.
(2021)'* (baseline, post); qRT-PCR Treadmill, 20 min, miR-197-3p
1) High-intensity, 100% individual 2) miR-142-5p,
anaerobic threshold miR-197-3p,
2) Low-intensity, 80% individual miR-342-3p
anaerobic threshold 3) miR-342-3p,
3) Low-intensity BFR, 80% individual =~ miR-424-5p
anaerobic threshold
Silver et al. 1) EVs; Healthy subjects: 2) miR-16 n.a. 2) miR-133a n.a.
(2020)'** 2) muscle Ergometer, 5 min warm-up at 50 W,
(baseline, post, 3 h post); 60 min at self-selected cadence, 70%
qRT-PCR VOspeax
Telles et al. Vastus lateralis Untrained subjects: 1) miR-23a-3p, n.a None n.a.
(2021)"** (baseline, post, 4 h post, 8 h post); 1) RE: leg extension, 2 x 10 repetitions ~ miR-133a-3p,
qRT-PCR 2) HIIE: sprint, 12 x 1 min, VOspeax miR-133b,
3) Concurrent exercise: miR-181a-3p,
RE followed by HIIE miR-486
2) miR-1-3p,
miR-23a-3p,
miR-133a-3p,
miR-133b,
miR-181a-3p,
miR-206, miR-486
3) miR-1-3p,
miR-23a-3p,
miR-133a-3p,
miR-133b,
miR-181a-3p,
miR-206, miR-486
Tonevitsky et al. Whole blood Professional athletes: miR-21-5p, n.a. None n.a.
(2013)'* (baseline, post, 30 min post, 1 h Treadmill, 30 min, 80% VOamax miR-24-2-5p,
post); microarray miR-27a-5p,
miR-181a-5p
Uhlemann et al. Plasma Healthy subjects: 1) miR-126 n.a. None n.a.
(2014)'%° 1) baseline, post, 5 min post; 1) Study 1: maximal spiroergometry, 2) miR-126
2) baseline, 10 min, 15 min, increase by 25 W every 2 min 3) miR-126,
30 min, 60 min, 120 min, 180 min,  2) Study 2: ergometer, 4 h, 70% anae- miR-133
240 min, 1 h post, 24 h post; robic threshold 4) miR-133
3) baseline, post; 3) Study 3: marathon
4) baseline, post, 1 h post; 4) Study 4: RE, 3 x 15 repetitions
qRT-PCR
Van Craenen- Plasma Healthy subjects: miR-150 n.a. None n.a.
broeck et al. (baseline, 10 min after peak exer- CPET, individualized ramp protocol,
(2015)"*7 cise); QRT-PCR 8—10 min, 10—20 W/min, VOspeax
n.a. None n.a.

(continued on next page)
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Study ncRNA analysis, cells/tissue Exercise protocol/subjects Upregulated miRNAs Downregulated miRNAs
(timepoint); method
Acute Chronic Acute Chronic
Vogel et al. Plasma Healthy subjects: miR-139-5p,
(2019)'* (baseline, post); QRT-PCR RE miR-143-3p,
1) 4 x 75 repetitions, BFR, 30% 1RM miR-195-5p,
2) 4 x 75 repetitions, 30% 1RM miR-197-3p,
3) 3 x 30 repetitions, 70% IRM miR-30a-5p,
miR-10b-5p
Wahl et al. Serum Triathletes: 3) miR-126 n.a. None n.a.
(2016)'** (baseline, post, 30 min post, 1 h Ergometer,
post, 3 h post); gPCR 1) High-volume training: 2 h, 55% PPO
2) HIT: 4 x 4 min, 90%—95% PPO,
3 min active recovery
3) Sprint-interval training: 4 x 30s, all-
out, 7.5 min active recovery
Widmann et al. Skeletal muscle Sedentary subjects: n.a. 1), 2) miR-379-5p, na. 1), 2) miR-8063,
(2022)"° (baseline, 6 weeks post); gPCR Ergometer: 3 x/week: miR-10a-5p, miR-619-5p,
1) MICT: 60 min, 90% lactate threshold miR-497-5p, miR-1180-3p
2) HIIT: 10 min warm-up, 4 x 4 min miR-3613-5p, 1) miR-3188,
interval at 90% HR ax miR-139-3p, miR-6790-5p,
miR-3180-3p, miR-6806-3p,
miR-708-5p, miR-339-3p
miR-503-5p,
miR-26-5p,
miR-21-5p,
miR-3613-3p
1) miR-199a-3p,
miR-199b-3p,
miR-432-5p,
miR-487b-3p,
miR-4284,
miR-499a-5p,
miR-433-3p,
miR-34a-5p,
miR-424-3p,
miR-615-3p,
miR-4720-5p,
miR-382-5p
2) miR-7110-5p,
miR-664b-3p,
miR-505-5p,
miR-134-5p,
miR-146b-5p
Xhuti et al. Plasma Sedentary subjects: n.a. miR-23a, miR-27a, n.a. None
(2023)"! (baseline, post); qRT-PCR RE, 3 x/week, 12 weeks, 10—15 miR-146a, miR-92a
repetitions
Xiao et al. Leukocytes Canoeing athletes, n.a. None n.a. 150
(2022)'*2 (active, inactive); inactive subjects
microarray, qRT-PCR
Yinetal. (2020)'**  Plasma Active subjects: miR-1-3p, n.a. None n.a.
(baseline, post, 24 h post); 8-km run miR-133a-3p,
qRT-PCR miR-133b
Zhou et al. Whole blood Healthy subjects: 1) miR-21 n.a. 2) miR-20a n.a.
(2020)"* (baseline, post); QqRT-PCR 1) Acute exercise testing:
ergometer, 60 min at 70% VOjpear
2) CPET: 3-min rest, 3-min unloaded,
workload increase until VO,peqi
IncRNAs
Bonilauri et al. Skeletal muscle Untrained subjects: 2) CYTOR" n.a. None na.
(2020)'% (baseline, post); qRT-PCR 1) HIIT, ergometer, 3 x/week, 4 x 4min
>90% VOspear; treadmill, 45 min, 70%
VO2peak
2) RE, 4 x 8—12 repetitions, 2 x/week
3) Combined training, RE, 4 x/week;
ergometer, 5x/week, 30 min, 70%
VO2peak
4) Endurance training, ergometer,
60 min, 5x/week, 8 weeks, 70% lactate
threshold
De Sanctis et al. Vastus lateralis High-intensity, life-long exercise na. RP11-48020.4, n.a. SNHG?7, ZFSA1, GASS,
(2021)"! (control, highly trained); NGS SNHG12, TP73-AS1 SNHG14, SNHG16, HOXD-
AS1, EMX20S,
HOTAIRMI, SNHG15,
LINC00152, SNHG1,
HOXC-AS1
Pandorf et al. Vastus lateralis Sedentary subjects: ITa MHC n.a. IIx MHC n.a.
(2020)‘ 30 (baseline, post); HIIT: RE, 4 x 7 repetitions; rowing,

gRT-PCR

4 x 4 min, 90% VO max

(continued on next page)
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Study ncRNA analysis, cells/tissue Exercise protocol/subjects Upregulated miRNAs Downregulated miRNAs

(timepoint); method

Acute Chronic Acute Chronic

Trewin et al. Vastus lateralis Healthy subjects: TUGIL n.a. None n.a.
(2022)"%7 (baseline, post, 3 h post); Ergometer, 1 h, 70% VOxpeax

qRT-gPCR
Wohlwend et al. vastus lateralis Healthy subjects: CYTOR n.a. None n.a.
(2021)"* (baseline, 3 h post); qRT-PCR RE, n.a.
circRNAs
Meinecke et al. Plasma Marathon None n.a. MBOT2 n.a.
(2020)'* (baseline, post, 24 h post); qPCR

Notes: Information on significantly regulated ncRNAs was extracted from eligible studies according to authors’ information. For studies involving a control group,
significant between-group differences were extracted. Strand information (—3p/—5p) was extracted if available.
? There were 205 IncRNAs differentially expressed after HIIT, 43 IncRNAS after RE, 15 IncRNAs after combined training, and 52 IncRNAs after endurance

training.

Abbreviations: BFR =blood flow-restriction; circRNA =circular RNA; CPET = cardiopulmonary exercise testing; CYTOR = cytoskeleton regulator RNA;
EMS = electromyostimulation; EVs = extracellular vesicles; HI(I)E = high-intensity (interval) exercise; HI(I)T = high-intensity (interval) training; HR = heart rate;
HR2x = maximum heart rate; Ila MHC =major histocompatibility complex class 2a; IncRNA =long non-coding RNA; LIT =low-intensity training;
MBOAT?2 = membrane bound O-acyltransferase domain containing 2; MICT = moderate-intensity continuous training; miRNA = microRNA; n.a. = not applicable;
ncRNAs =non-coding RNAs; NGS = next-generation sequencing; PBMCs = peripheral blood mononuclear cells; PPO = peak power output; qPCR = quantitative
polymerase chain reaction; qRT-PCR = quantitative real-time polymerase chain reaction; RE = resistance exercise; RM = repetition maximum; RNA = ribonucleic
acid; rpm = revolutions per minute; TUG1 = taurine up-regulated 1; VO,,,,x = maximal oxygen consumption; VO,,cax = peak oxygen uptake.

(Table 1). Nine studies’™’!-7*77-9297-10LI0.132 jhyestigated
intergroup effects between an exercise intervention group and
. . 3()7 5 5 5 3 — 3 69 3
a control group. Fifty-seven studies’” #7-20:7%:00:62763.08,69.73,
75,76,78—82,84—88,94,95,98,100,102,105—-107,111,113,115,120—129,133—-139

examined the acute effects of exercise on changes in miRNA
1evels, 21 Studies38,66,71,72,74,83,90793,97,99,]0],103,104,1 10,114,
1307132.140 oxamined chronic exercise effects (resistance exer-
cise, n=6; endurance exercise, n=15), and 17
studiesS4,55,57,59,61,67,7(),77,89,96,1()8,1()9,1 12,116—119 investigated
changes for both conditions. The largest body of studies inves-
tigated the effect of endurance exercise. In detail, 10
studies’ 2449098 LI2LI2T 134 apalyzed  changes  during
cardiopulmonary exercise testing (ergometer, treadmill),
18 Studies39,43,56,6l,65,67,68,77,78,8(),84,94,l()5,l33,139 focused on

long distance running (marathon, 5-km race, efc.),
. 38 R — — 0
23 studies3®5457:60:75.85.86,95.98,100,102—104,107—109,111,112,122,123,
125,132,137 - : . . . :
132157 investigated various aerobic exercises (e.g., cycling,
swimming, and moderate-intensity continuous training), 16
. 9.9 —115 — 9.13 . .
studles62,63,7(),72,7), 1,113—115,117—120,129,130,136 U.SCd hlgh-lnten-
sity (interval) training, 3 studies analyzed team sports
. 71,82,90,124,126,135 -
(e.g., soccer and volleyball), 6 studies

89,101,140

investi-
gated resistance exercise and high-intensity (interval) training
or aerobic exercise in separate subgroups, 2 studies®™”
analyzed combined resistance and aerobic exercise, and 2
studies”™”° investigated cardiopulmonary exercise testing and
aerobic exercise in combination. Only 12
studies 8:6466.73.74.76,87.99,116,128,131,138 investigated  the
specific effect of resistance training on ncRNA levels
(Table 1).

3.4. Identified ncRNAs by exercise modality

A total of 164 miRNAs with targets in the immune
system were identified as being regulated by physical exer-
cise and were categorized by the aforementioned definition
as validated (100% of studies reporting identical effects,

with >3 studies available), plausible (>80% of studies), or
suggestive (>70% of studies) (Table 2). For resistance exer-
cise, miR-206 was validated as it showed significant upregu-
lation in 4 independent studies.”®’*’*'** miR-133a was
identified as plausible as it showed significant downregula-
tion in 4 independent studies®"’****” and upregulation in 1
study.”” No miRNAs were categorized as suggestive for
resistance exercise. For endurance exercise, 85 miRNAs
were detected in fewer than 3 independent studies, and
48 miRNAs showed <70% concordance of regulation
over independent studies. The remaining miRNAs were
categorized as follows: 15 miRNAs showed 100% concor-
dance in their regulation and were categorized as vali-
dated (Table 2), with 12 miRNAs being consistently
elevated after endurance exercise, and 3 miRNAs being
consistently downregulated; 6 miRNAs were upregulated
in >80% of studies and were thus classified as plausible;
10 miRNAs were categorized as suggestive as more than
70% of studies suggested concordance in regulation, with
7 miRNAs being upregulated and 3 suggesting downregu-
lation by endurance exercise. A separate analysis of acute
and chronic effects using the categories explained above
revealed 22 miRNA acutely up-regulated and 1 miRNA
(miR-130a) acutely downregulated during endurance exer-
cise (Supplementary Table 3). Only miR-206 was vali-
dated as upregulated by acute resistance exercise. No
miRNA was identified as being chronically regulated with
the required evidence. The systematic literature search
identified only 6 studies’""'*> "% reporting effects of
physical exercise on other ncRNAs in healthy individuals,
including a total of 6 and 14 IncRNAs with higher or
lower expression after physical exercise, respectively
(Table 1). Out of these, only 1 IncRNA, cytoskeleton
regulator RNA (CYTOR), was reported in 2 independent
studies."””"** Only 1 study'®” reporting on changes in
circRNAs (MBOAT?2) was identified.
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miRNA Studies (n)/ Immune system target genes Exercise mode/studies (1) Acute/chronic regulation/ Sample/studies (n)
direction studies (n)
Endurance Upregulated
validated
15a 31 IRAK2, CDKNI1A4, CHUK, BCL2, CCNDI, VEGFA, e Acrobic exercise ACUTE Blood
FOXOI, CRKL e Cardio(pulmonary) exercise testing (2)
29¢ 41 COL341, ITGBI, CDC42, AKT2, BCL2, MCLI, e HI()T Acute (3)/chronic (1) Blood (3)/saliva (1)
MMP2, PTEN ® cardio(pulmonary) exercise testing (2)
® team sports
30a 31 PIK3CD, CD99, BECNI, HSPAS, TP53, ATFI, ® Long-distance running (3) Acute Blood
ATGS5, NCAM1, VIM
30e 31 NFKBIA, TP53 ® Long-distance running Acute Blood
® Cardio(pulmonary) exercise testing (2)
132 34 RAF1, KLHLI11, MAPKI, CDKNIA, FOXO1 ® Long-distance running (2) Acute Blood
® Cardio(pulmonary) exercise testing
142 34 RACI, HMGBI, Rab3a, CTNNBI, PTPN23, PTEN, ® Long-distance running Acute Blood
SOCSI, ITGAV, SMAD3, IL6ST e Cardio(pulmonary) exercise testing
® Aecrobic exercise
143 71 KRAS, HRAS, NFATCI, AKTI, MAPK7, CD44, BCL2, ® Long-distance running (3) Acute Blood
PTGS2, ABL2, FSCNI, SDC1 e HI()T (2)
® Cardio(pulmonary) exercise testing
® Aecrobic exercise
155 34 MYDSS, IRAK3, PDCD4, TAB2, NFKBI, PIK3R1, ® Long-distance running (2) Acute Blood
BCL10, INPP5D, SOCS1, RNF123, IKBKE, JUN, e HI(HT
FADD, RHOA, SDCBP, ANXA2, NOS3, NOS2,
DOCKI, FOX03, MYC, CSFIR
181a 61 CARDI11, RAP1B, HRAS, KRAS, CBLB, MAP2K1, ® Cardio(pulmonary) exercise testing Acute Blood (5)/muscle (1)
MAPKI1, DDX3X, BCL2, PRKCD, ATGS, IFNG, * HI()T (2)
CDKNIB, BCL2L11, TIMP1, RALA o Acrobic exercise (3)
181b 51 PTEN, RAPIB, CREBI, FOS, BCL2, CYLD ® Cardio(pulmonary) exercise testing (4) Acute (4)/chronic (1) Blood
® Aerobic exercise
338 51 ADAM17, IRS2, MMP2 e Long-distance running Acute Blood
® Cardio(pulmonary) exercise testing (3)
® Acrobic exercise
451a 41 ATF2, MIF, CPNE3, ADAM10, RAB14, IL6R ® Aerobic exercise (4) Acute (2)/chronic (2) Blood (3)/muscle (1)
Downregulated
let-7e 3 MMPY9, CCNDI, FASLG ® Cardio(pulmonary) exercise testing (2) Acute (2)/chronic (1) Blood (2)/saliva (1)
® Team sports
103a 3l STATI, CREBI ® Long-distance running (2) Acute (2)/chronic (1) Blood
o HI()T
130a 4] TNF e Cardio(pulmonary) exercise testing (4) Acute Blood
Plausible Upregulated
21 12431 PTEN, RASGRP1, MYDSS, VHL, IRAK1, MMP9, Upregulated Acute (9)/chronic (6) Blood (13)/muscle (2)

BCL2, APAF1, LRRFIPI, EIF4A2, SMAD7, IL124,
SMARCA4, FASLG, MTAP, PDCD4, STAT3

® Long-distance running (2)

o HI(DT (4)

® Cardio(pulmonary) exercise testing (2)
® Aerobic exercise (4)

Downregulated

® Cardio(pulmonary) exercise testing

o HIIT

® Aecrobic exercise

(continued on next page)
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miRNA Studies (n)/

direction

Immune system target genes

Exercise mode/studies (1)
studies (n)

Acute/chronic regulation/

Sample/studies (n)

29b 541

34a 411y

206 942

22 A1

424 541

Suggestive Upregulated

7 3ty

24 512

292 542

145 31y

150 8143

COLIAIL, COL341, CDC42, AKT2, AKT3, HMGBI,
HUWEI, BCL2, GRN, STAT3, MCL1, VEGFA, MMP2

HSPAY, SRC, RICTOR, MAP2K1, CD44, BCL2, TNF,
MYC, CCNDI, BIRCS, IL6R

KRAS, ANXA2

PTEN, SOCS1, FOS, CD47, STAT54, CDKN1B,
FOXO03, MMP1, SOD2

AKT3, CUL2, SIAHI1, MAP2K1, SMAD7, CCNDI,
HIFI1A4

RELA, RAFI, PSME3, RAPGEF3, REL, PIK3R3,
CULS, FOS, CKAP4, BCL2, PTK2

PIK3R3, PSAP, NOS3, IFNG, CDKNIB, BCL2L11,
MYC, TGFB1, CCNDI1

PIK3R1, PTEN, COL3A41, ITGBI, ICAM1, CDC42,
AKT2, AKT3, BCL2, MUCI, RNASEL, TRIM68,
FOXO03, MCL1, MMP2, VEGFA, CRKL

TLR4, CCNDI, NRAS, YESI1, CD44, IFNBI1, MUCI,
STATI, EIF4E, IRSI, ADAM17, TNFSF13, SOX2,
CDKNIA, FSCNI, MYC, VEGFA, SMAD3

TP53, CREBI, P2RX7, EP300, CCR6, MUC4,
STATSB, CISH, CDKN1B, ZEB1

Upregulated Acute (5)/chronic (1)
® Long-distance running

® Cardio(pulmonary) exercise testing (2)

® acrobic exercise (2)

Downregulated

® Long-distance running

Upregulated Acute (2)/chronic (3)
® Long-distance running (2)

® Acrobic exercise

e Team sports

Downregulated

® Aerobic exercise

Upregulated Acute (10)/chronic (1)
® Long-distance running (6)

o HI()T (2)

® Aerobic exercise

Downregulated

® Acrobic exercise (2)

Upregulated Acute (6)/chronic (2)
e Cardio(pulmonary) exercise testing

* HIMT (2)

® Aerobic exercise (4)

Downregulated

e HIT

Upregulated Acute (5)/chronic (1)
® Long-distance running (3)

e HI(HT

® Aerobic exercise

Downregulated

o HINT

Upregulated

o HINT

® Cardio(pulmonary) exercise testing (2)
Downregulated

Acute (2)/chronic (2)

® Aerobic exercise

Upregulated Acute (4)/chronic (3)
o HIDT (3)

® Aerobic exercise (2)

Downregulated

o HIINT (2)

Upregulated Acute (5)/chronic (2)
® Long-distance running (2)

e Cardio(pulmonary) exercise testing

e Team sports

o HI()T

Downregulated

o HINT (2)

Upregulated Acute
® Long-distance running

e Cardio(pulmonary) exercise testing

® Aerobic exercise

Downregulated

® Cardio(pulmonary) Exercise testing

Upregulated Acute (8)/chronic (3)

® Long-distance running (5)
o HINT (2)

Blood (5)/muscle (1)

Blood (3)/muscle (1)/saliva (1)

Blood (10)/muscle (1)

Blood (6)/muscle (2)

Blood (5)/muscle (1)

Blood (3)/muscle (1)

Blood (6)/muscle (1)

Blood (6)/saliva (1)

Blood

Blood (10)/muscle (1)

(continued on next page)
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miRNA Studies (n)/

direction

Immune system target genes

Exercise mode/studies (1) Acute/chronic regulation/

studies (n)

Sample/studies ()

223 CHUK, PTEN, ICAM1, FBXW7, MEF2C, TXNIP,

NLRP3, LIF, FOX03, FOXOl, SIPR1

813

532 341 STAT3

Downregulated

25 113) PTEN, CDH1, FBXW7, TP53, SMAD7, BCL2L11,

TWISTI

30b 113) BECNI, SOCS1, TP53, CAT, ATG12, BCL6, PIK3CD

122 113) RACI, NOD2, PLD1, ADAM10, PKM

Resi validated Upr Tated

206 41 KRAS, ANXA2

Plausible
133a

Downregulated
1144 COLIAI, CDC42, PPP2CA, PNP, ARPCS5, BCL2LI,

ANXA2, FSCNI1, MCL1, TGFBI1, FBXO6

® Aecrobic exercise
Downregulated

® Aerobic exercise (2)
o HINT

Upregulated Acute (9)/chronic (2)
e Long-distance running (5)

e Cardio(pulmonary) exercise testing (2)

® Aecrobic exercise

Downregulated
® Cardio(pulmonary) exercise testing

® Team sports
o HINT

Upregulated
* HIT
® Cardio(pulmonary) exercise testing

Acute (3)/chronic (1)

® Team sports
Downregulated

® Team sports

Upregulated Acute (1)/chronic (3)
® Team sports
Downregulated

® long-distance running
o HII)T

® aerobic exercise
Upregulated Acute (3)/chronic (1)
® team sports

Downregulated

® Long-distance running (2)

® acrobic exercise

Upregulated
e HIDT
Downregulated

o HIIT) 3)

Acute (1)/chronic (3)

Acute (3)/chronic (1)

® Resistance training

® Resistance training Acute (3)/chronic (2)

Blood

Blood (3)/saliva (1)

Blood (3)/saliva (1)

Blood (3)/saliva (1)

Blood (3)/muscle (1)

Blood (1)/muscle (3)

blood (3)/muscle (2)

Notes: Evaluation criteria were defined as: validated (100% of >3 independent studies showed identical direction of regulation), plausible (>80%), or suggestive
(=70%). Endurance exercise includes long-distance running (marathon, 5-km race, efc.), HI(I)T, cardio (pulmonary) exercise testing (treadmill, ergometer),
aerobic exercise (e.g., cycling, swimming, moderate-intensity continuous training), team sports (e.g., soccer and volleyball). Number in brackets indicates the
number of studies. Strand information (-3p/-5p) was not used as a large number of studies did not provide this information. 4, significant upregulation reported; |,

significant downregulation reported.

Abbreviations: HI(I)T = high-intensity interval training; HIT = high-intensity training; miRNA =microRNA; RNA =ribonucleic acid.

3.5. Agreement between blood and muscle samples

A limited number of studies has analyzed miRNAs from
both blood and muscle to investigate whether liquid biopsies
provide a means of mirroring physiological processes in the
working muscle.””*'%*'?* Margolis et al.'’> demonstrated that
miR-24, miR-122, and miR-222 displayed different expression
profiles in blood and muscle in terms of chronic exercise. A
similar finding was reported by D’Souza et al.”” for miR-150.

However, D’Souza et al.”” also showed that miR-21 and
miR-222 exhibited elevated expression in both blood and
muscle after an acute exercise bout. In general, only a small
number of studies investigating miRNAs in muscle tissues has
been identified in the current review. In addition to miR-222,
miR-21 has been reported to be upregulated in endurance
exercise in 12 independent studies,**>:%7% 728191103,
H3.125.130.13% of which 2 studies’™"*" also reported upregula-
tion in muscle.
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Eligibility criteria specified

Random allocation

Concealed allocation

Groups similar at baseline

Blinding of subjects

Blinding of therapists

Blinding of assessors

Key outcome measures obtained from = 85% of subjects
Subjects received treatment/ control as allocated
Between-group statistical comparisons reported

Point measures and measures of variability provided
0% 20% 40% 60%

m Low risk of bias  mHigh risk of bias

Number of studies
w
o

100%

4

Total PEDro score (/10)

5

6

7

M. Kotewitsch et al.

Fig. 2. Risk of bias analysis of included studies. The PEDro scale was used to assess risk of bias, and all items were scored irrespective of the individual study

design. Overall risk of bias was rated as “high”.

Table 3
Identified pathways by miRNA validation status.
Entities Reactions

Found Ratio P FDR Found Ratio
Validated miRNAs
Pathway name
MyD88 cascade initiated on plasma membrane 21/109 0.007 1.11e-16 3.89-15 63/70 0.005
TLR6:TLR2 27/133 0.009 1.11e-16 3.89%-15 70/78 0.005
cascade
MyD88:MAL(TIRAP) cascade 27/133 0.009 I.1le-16 3.89%-15 68/76 0.005
initiated on plasma membrane
TLRS cascade 21/109 0.007 1.11e-16 3.8%-15 63/71 0.005
TLR10 21/109 0.007 1.11e-16 3.89-15 63 /71 0.005
cascade
TRAF6-mediated induction of NF-kB and MAP kinases upon TLR7/8 or 9 activation 21/116 0.008 1.11e-16 3.8%-15 53/60 0.004
MyD88-dependent cascade initiated on endosome 21/117 0.008 l.1le-16 3.89-15 66/75 0.005
TLR2 cascade 27/136 0.009 1.11e-16 3.89¢-15 70/ 80 0.006
TLRI1:TLR2 27/136 0.009 1.1le-16 3.89-15 68/78 0.005
cascade
TLR7/8 21/118 0.008 1.11e-16 3.89¢-15 66/79 0.006
cascade
TLR9Y cascade 21/121 0.008 1.11e-16 3.89%-15 66 /80 0.006
TRIF(TICAM1)-mediated TLR4 signaling 21/121 0.008 1.11e-16 3.89¢-15 53/70 0.005
MyD88-independent TLR4 cascade 21/121 0.008 1.11e-16 3.8%-15 53/72 0.005
TLR4 cascade 29/165 0.011 1.11e-16 3.89%-15 78/107 0.007
TLR3 cascade 21/116 0.008 1.11e-16 3.8%-15 52/73 0.005
TLR cascades 29/202 0.013 1.11e-16 3.89-15 128/198 0.014
IL-4 and IL-13 signaling 58/211 0.014 1.11e-16 3.89¢-15 20/47 0.003
Cytokine signaling in immune system 138/1039 0.068 1.11e-16 3.89-15 312/745 0.052
Signaling by interleukins 117/658 0.043 1.11e-16 3.89-15 199 /505 0.035
Innate immune system 74/ 1341 0.088 1.1le-16 3.89e-15 259/725 0.051
Immune system 18872627 0.172 1.1le-16 3.89¢-15 589 /1664 0.116
Diseases of signal transduction by growth factor receptors and second messengers 39/498 0.033 1.11e-16 3.8%¢-15 166 /478 0.033
Signaling by receptor tyrosine kinases 46/ 623 0.041 1.1le-16 3.89e-15 2577746 0.052
Signal transduction 10173028 0.199 I.1le-16 3.89¢-15 851/2536 0.177
IL-12 family signaling 22/96 0.006 1.11e-16 3.89-15 36/114 0.008
Plausible miRNAs
Pathway name
IL-4 and IL-13 signaling 35/211 0.014 1.11e-16 2.08e-14 23 /47 0.003
Signaling by interleukins 54/ 658 0.043 1.11e-16 2.08e-14 188 /505 0.035
Cytokine signaling in immune system 68/1039 0.068 1.11e-16 2.08e-14 248 /745 0.052
Immune system 83/2627 0.172 1.11e-16 2.08e-14 356/ 1664 0.116
IL-12 family signaling 15/96 0.006 2.22e-16 3.33e-14 53/114 0.008
Extra-nuclear estrogen signaling 15/111 0.007 1.89%¢-15 2.36e-13 18/39 0.003
Estrogen-dependent nuclear events downstream of ESR-membrane signaling 10/29 0.002 1.25e-14 1.34e-12 10/12 8.39¢-04
IL-12 signaling 13/84 0.006 2.94e-14 2.74e-12 18/56 0.004
Gene and protein expression by JAKSTAT signaling after IL-12 stimulation 12/73 0.005 1.50e-13 1.25¢-11 6/36 0.003
ESR-mediated signaling 17/256 0.017 1.98e-12 1.49¢-10 30/114 0.008
Signal transduction 50/3028 0.199 6.73e-11 4.57¢-09 516/2536 0.177

(continued on next page)
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Table 3 (Continued)
Entities Reactions

Found Ratio 4 FDR Found Ratio
Generic transcription pathway 35/1586 0.104 1.15e-10 7.12¢-09 135/ 884 0.062
Signaling by receptor tyrosine kinases 22/623 0.041 1.74e-10 9.92¢-09 168 /746 0.052
Insulin-like growth factor-2 mRNA binding proteins (IGF2BPs/IMPs/VICKZs) bind RNA 6/13 8.53e-04 5.15e-10 2.73e-08 2/3 2.10e-04
Signaling by nuclear receptors 17/386 0.025 1.06e-09 5.28e-08 30/ 196 0.014
RNA polymerase II transcription 35/1728 0.113 1.17e-09 5.37e-08 135/945 0.066
FLT3 signaling 8/48 0.003 1.77¢-09 7.80e-08 9/43 0.003
Diseases of signal transduction by growth factor receptors and second messengers 18 /498 0.033 6.97e-09 2.86e-07 108 /478 0.033
Gene expression (transcription) 35/1917 0.126 1.76e-08 6.86e-07 135/1090 0.076
Signaling by VEGF 10/ 140 0.009 4.66e-08 1.73e-06 54/86 0.006
Signaling by SCF-KIT 7/51 0.003 7.06e-08 2.47e-06 22/39 0.003
FOXO-mediated transcription 9/110 0.007 7.28e-08 2.47e-06 54/85 0.006
RUNX3 regulates WNT signaling 4/10 6.57e-04 7.80e-07 2.50e-05 4/5 3.49¢-04
Signaling by phosphorylated juxtamembrane, extracellular and kinase domain KIT mutants 5/28 0.002 1.58e-06 4.74e-05 8/11 7.69¢-04
Signaling by KIT in disease 5/28 0.002 1.58e-06 4.74e-05 8/26 0.002
Suggestive miRNAs
Pathway name
FOXO-mediated transcription 18/110 0.007 1.11e-16 1.94e-14 79/85 0.006
IL-4 and IL-13 signaling 51/211 0.014 1.11e-16 1.94e-14 22/47 0.003
Cytokine signaling in immune system 95/1039 0.068 1.11e-16 1.94e-14 271/ 745 0.052
Diseases of signal transduction by growth factor receptors and second messengers 34/498 0.033 1.11e-16 1.94e-14 165/478 0.033
Signaling by interleukins 72/658 0.043 1.11e-16 1.94e-14 164 /505 0.035
Immune system 125/2627 0.172 1.11e-16 1.94e-14 465/ 1664 0.116
Estrogen-dependent nuclear events downstream of ESR-membrane signaling 12/29 0.002 4.44¢e-16 6.66e-14 11/12 8.39¢-04
Extra-nuclear estrogen signaling 17/111 0.007 2.78e-15 3.64e-13 20/39 0.003
Signal transduction 72 /3028 0.199 3.79¢-14 4.43e-12 721/2536 0.177
Generic transcription pathway 50/ 1586 0.104 7.89%¢-14 8.29¢-12 393 /884 0.062
Signaling by receptor tyrosine kinases 30/623 0.041 9.89¢-13 9.40e-11 255/746 0.052
Transcriptional regulation by RUNX3 15/118 0.008 1.77e-12 1.54e-10 28/47 0.003
RNA polymerase II transcription 50/1728 0.113 2.02e-12 1.58e-10 393 /945 0.066
ESR-mediated signaling 20/256 0.017 2.11e-12 1.58e-10 44/114 0.008
Innate immune system 42/1341 0.088 1.84¢-11 1.29¢-09 1771725 0.051
Disease 60 /2528 0.166 2.21e-11 1.44e-09 272/1787 0.125
IL-7 signaling 9/31 0.002 4.58e-11 2.71e-09 14/26 0.002
PI3K/AKT signaling in cancer 14/124 0.008 4.67e-11 2.71e-09 8/21 0.001
Gene expression (transcription) 50/1917 0.126 8.86e-11 4.78e-09 395/1090 0.076
FLT3 signaling 10/48 0.003 9.20e-11 4.78¢-09 13/43 0.003
Signaling by SCF-KIT 10/51 0.003 1.64e-10 8.22¢-09 23/39 0.003
FOXO-mediated transcription of cell cycle genes 8/27 0.002 4.80e-10 2.25e-08 22/22 0.002
Signaling by phosphorylated juxtamembrane, extracellular and kinase domain KIT mutants 8/28 0.002 6.36e-10 2.74e-08 10/11 7.69e-04
Signaling by KIT in disease 8/28 0.002 6.36e-10 2.74e-08 10/26 0.002
PIP3 activates AKT signaling 19/322 0.021 8.29¢-10 3.34¢-08 65/88 0.006

Notes: Table shows the 25 most relevant pathways sorted by p value. Pathway analysis was performed against Reactome Version 85 (August 2023;°" human

targets), using the identified targets of validated, plausible, or suggestive miRNAs.

Abbreviations: AKT = AKT Serine/Threonine Kinase 1; BP =binding protein; ESR =estrogen receptor; FDR = false discovery rate; FLT3 =fms like tyrosine
kinase 3; FOXO = forkhead box O; IGF2 =insulin like growth factor 2; IL = interleukin; IMPs =1GF2 mRNA binding proteins; JAKSTAT = janus kinase/signal
transducer and activator of transcription; KIT = KIT proto-oncogene, receptor tyrosine kinase; MAL = Myelin and lymphocyte protein; MAP = mitogen-activated
protein; miRNA = microRNA; MyD88 =myeloid differentiation primary response protein; NF-kB = nuclear factor kappa B; PI3K = phosphoinositide-3-kinase;
PIP3 = phosphatidylinositol (3,4,5)-trisphosphate; RNA =ribonucleic acid; RUNX3 = Runt-related transcription factor 3; SCF =stem cell factor; TICAM1 = TIR
domain containing adaptor molecule 1; TIR = toll/interleukin-1 receptor-like protein; TIRAP = TIR domain containing adaptor protein; TLR = toll-like receptor;
TRAF6=TNF receptor associated factor 6; TRIF=TIR-domain-containing adapter-inducing interferon-B; VEGF =vascular endothelial growth factor;
VICKZs = Vgl RBP/Vera, IMP-1,2,3, CRD-BP, KOC, ZBP-1 ( family of RNA-binding proteins).

3.6. Risk of bias

All studies were rated using the full 11-item PEDro
scale. Since the minority of studies were performed in a
randomized control design and blinding of participants and
therapists was not possible due to the nature of the inter-
vention, the overall risk of bias was high, with 7 out of 11
items suggesting significant risk of bias (Fig. 2 and Supple-
mentary Fig. 3).

3.7. Pathway analysis

Pathway analysis of the identified miRNAs by category
(validated, plausible, suggestive) revealed several biological
pathways and signaling cascades not only limited to the
immune system (Table 3). Of note, 16 of the top 25 overrepre-
sented pathways regulated by the identified validated miRNAs
had Toll-like receptor (TLR) cascades as major targets (Fig. 3
and Table 3).



330

ction Circadian Clock
Immune System

NR1D1
(REV-ERBA)  RORA activates
represses. gene

Gytokine Signaling in Immune system
expression

interactions

gene
expression = ‘ =
Striated Rap1 gt Prolactin
Muscle signalling b receptor et
Contraction o wee Signaling  csry
BMAL1:CLOCK ,NPAS2 = =
activates circadian
gene expression
Signaii
/'& 1‘ e Sl o Growth LS
SLUREERS presentation e oo hormone el e
o G = receptor =
=0 — > signaling ... /8
Developmental Biology Butyrophilin ] Innate Immune
sten
(BTN) family
- [ interactions e | e
[ Myogenesis  Eormation of gl 8 .
S the comified TR B =
Neutrophil
= degranulation
LGI-ADAM ‘ —

sstinal hexose

absorption B
Hemostasis

inal Signaling

tion

Leptin

Signaling
by Hippo

Signaling
ot | NVEME

naractons Platelet |

nosgn . | Adhesion |
| toexposed |
e | collagen
Signaling =

Dissolution
of Fibrin
Clot

Kinesins

MoftoismofRNA

= | transcription

M. Kotewitsch et al.

Transport of small molecules DNAR

Trafficking and
processing of
endosomal

vvvvvvvv

= =
o Regulation of
TLR by

endogenous
ligand

Meiotic.
synapsis

Expression and
translocation
of olfactory
receptors

formation of
DNA intersirand
crossiinks

=. Intraflagelle

Metabolism of proteins

Gene expression
(Transcription)

Post-translational protein m¢

Protein
S5 methylation

RNA Polymerase Il Transcription

RuAPOICTD

Generic Transcription Pathway

i breacion
o

SEnTx.

Protein
repair

Notch-HLH

Fig. 3. TLR cascades are main targets of validated exercise-dependent miRNAs. Visualization of overrepresented pathways (yellow) was performed using the
Reactome online analysis tool (Version 85, human targets). Identified targets of validated miRNAs were submitted to determine pathway enrichment. Darker
shades indicate lower p values. Inlet shows image magnification of TLR cascades within the immune system cluster. Overall image has been cropped for visualiza-
tion. Details are given in Table 3. ADAM =a disintegrin and metalloproteinase; BCR = breakpoint cluster region; BMAL = basic helix—loop—helix arnt like;
BMP =bone morphogenetic protein; BTN = butyrophilin; CD22 = cluster of differentiation 22; CD95L = tumor necrosis factor ligand superfamily member 6;
CSF3 = colony-stimulating factor 3; CTLA= cytotoxic T-lymphocyte associated protein; DAP = death-associated protein; ER = estrogen receptor; ERBA = avian
erythroblastosis virus; FLT3 = FMS-like tyrosine kinase 3; G-CSF = granulocyte colony-stimulating factor; GPCR = G protein-coupled receptor; HLH = hemopha-
gocytic lymphohistiocytosis; IGF =insulin like growth factor; IRAK2 =interleukin 1 receptor associated kinase 2; LGI=leucine-rich glioma inactivated;
LPS =lipopolysaccharide; M-CSF = macrophage colony-stimulating facto; MAPK = mitogen-activated protein kinase; MHC = major histocompatibility complex;
miRNAs =microRNAs; NRID1 =nuclear receptor subfamily 1 group D member 1; NPAS2 =neuronal PAS domain protein 2; PD =programmed cell death
protein; PECAM1 =platelet and endothelial cell adhesion molecule 1; RAP =member of RAS oncogene family; RNA =ribonucleic acid; RORA =RAR related
orphan receptor A; TAZ =Tafazzin family protein; TCR=T cell receptor; TLR =Toll-like receptor; VENTX =VENT Homeobox; WNT = wingless/Int-1;
WWTR1=WW domain-containing transcription regulator 1; YAP1 = Yesl-associated transcriptional regulator 1.

3.8. Summary of findings

In response to resistance exercise, there is evidence for
upregulation of miR-206 and downregulation of miR-133a. In
response to endurance exercise, miRNAs 15a, 29¢, 30a, 30e,
103a, 130a, 132, 142, 143, 155, 181a, 181b, 338, 451a, and
let-7¢ showed consistent elevation in 100% of all included
studies, whereas miRNAs 103a, 130a, and let-7e were consis-
tently downregulated.

4. Discussion

This review aimed to systematically summarize findings on
ncRNAs involved in exercise-induced immune modulation to
gain a deeper understanding of the molecular mechanisms
underlying the effects of physical exercise on the immune
system. Two approaches to identify relevant literature were
applied and large databases for the identification of specific
miRNA targets within the immune system were used. Of note,

this approach included the selection of only those targets that
had been confirmed by different in vitro techniques. Findings
of this concerted approach were then qualitatively analyzed
using ordering tables including exercise modalities, acute and
chronic conditions as well as sample type studied and number
of studies reporting comparable results. The most stringent
criterium that was applied demanded that all included studies
(100%, >3 studies) that investigated the effects of exercise on
the regulation of a ncRNA reported identical -effects.
Following this framework, our main findings are as follows:
(a) 15 miRNAs with immune system targets were validated to
be regulated by endurance training, 12 of which were upregu-
lated and 3 of which were downregulated; (b) the largest
number of identified miRNA was responsive to acute exercise
bouts and only miR-130a was identified to be downregulated
by endurance exercise; (c) data on studies investigating
ncRNAs in resistance training were limited, validating miR-
206 to be upregulated and suggesting miR-133a to be
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downregulated; and (d) the still-limited number of studies
restricts a valid conclusion on whether changes in circulatory
miRNAs reflect physiological changes in the muscle cell. Of
note, the analysis of biological pathways regulated by the iden-
tified validated miRNAs revealed several TLR cascades as a
major target with 16 out of the 25 most significant pathways
comprising members of this family of evolutionarily
conserved transmembrane glycoprotein receptors. TLRs are
known to recognize various danger signals/patterns from both
exogenous and endogenous origins called pathogen/damage-
associated molecular patterns. Exercise-related damage-asso-
ciated molecular patterns include (among others) heat shock
proteins and cell-free DNA. To this point, a recent systematic
review reported diverse effects on various TLR subtypes,
depending on type and modality of exercise."*' Moreover,
some evidence exists that the anti-inflammatory effects of
exercise may be mediated through TLR pathway modulation,
which involves, among others, miR-155.'4

We focus the discussion below mainly on 6 miRNAs that
have been identified as validated by our current approach and
which are supported by the largest body of literature in the
field. All of them were consistently upregulated by acute
endurance exercise, including different modalities such as
long-distance running, high-intensity exercise as well as
(moderate) intensity aerobic exercise. Of note, the currently
available literature highlights effects of these miRNAs on
various types of T cells in comparison to other immune cell
types that play a role in exercise immunology (e.g., natural
killer cells, neutrophils).

4.1. miR-143

With respect to alterations of the immune system, miR-143
has been shown to influence the differentiation and function of
CD8" T (cytotoxic T) cells. Zhang et al.'** demonstrated that
inducible overexpression of miR-143 promotes the differentia-
tion of central memory CD8" T cells in an in vitro model,
reduces CD8" T-cell apoptosis, and increases proinflammatory
cytokine secretion such as interferon gamma and interleukin 2
(IL-2). In this model, T-cell glucose transporter-1 was identi-
fied as a regulatory target of miR-143 and inhibition of T-cell
glucose transporter-1 leads to reduced glucose uptake,
affecting T-cell differentiation. Transfection of miR-143 in
peripheral blood mononuclear cells has been shown to target
AP-1 transcription complex components, leading to upregula-
tion of tumor necrosis factor alpha and IL-2 expression while
reducing IL-6 expression.'” Thus, acute upregulation of
miR-143 through physical activity may positively impact
CDS8" T-cell differentiation and may lead to transient proin-
flammatory cytokine secretion. Moreover, miR-143 may
modulate glucose metabolism in T cells, potentially affecting
T-cell function, as was recently shown for physical exercise
under fasting conditions.'*> Additionally, miR-143 overex-
pression leads to the downregulation of oncogenic Kirsten rat
sarcoma virus and genes involved in cancer-related signaling
pathways'*® and so has potential implications for cancer
prevention.
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4.2. miR-181a

miR-181a has been shown to be an important regulator of
T-cell aging, affecting diverse signaling pathways that impact
the activation threshold of the T-cell receptor in T-cell
response.’*” Of note, miR-181a expression in naive T cells has
been described as declining with increasing age, and lower
miR-181a levels have been linked to disturbed vaccine and
antiviral responses in older individuals.'** A decline in T cell
miR-181a expression might thus contribute to age-related
defects in adaptive immunity, which are known to be amelio-
rated by regular aerobic endurance exercise. In addition, a role
of miR-181a in the regulation of mitogen-activated protein
kinase/extracellular signal-regulated kinase signaling in mono-
cyte-derived dendritic cells (DCs) has been suggested, and
sustained expression of miR-181a in DCs may induce higher
levels of cluster of differentiation protein 209 (CD209), which
is involved in the phagocytosis of various pathogens.'*” Thus,
exercise-induced upregulation of miR-181a may have broader
implications for immune health as it targets components of the
adaptive and innate immune system.

4.3. miR-338

miR-383 seems to play a role in the innate immune system
as its expression in macrophage is responsive to lipopolysac-
charides as well as polyinosinic-polycytidylic acid (poly(I:C)),
a synthetic dsSRNA mimicking virus infection.'”” In addition,
miR-338 may play a role in the function of regulatory T cells
(Treg), which represent a pivotal regulatory component of the
adaptive immune system, fine-tuning inflammatory responses.
Treg cells are marked by Forkhead-Box-Protein P3 (FOXP3)
expression, and increased FOXP3 expression has been
reported in some exercise interventions.'”' Of note, miR-338
overexpression in vitro has been shown to attenuate FOXP3
expression by targeting runt-related transcription factor 1,'>
and elevated levels of miR-338 after acute exercise may be
involved in a negative feedback loop regulating Treg develop-
ment and function. In addition, it has been suggested that miR-
338 is a suppressor of T-cell lymphoblastic lymphoma and
that miR-338 upregulation inhibits migration and proliferation
of cultured T-cell lymphoblastic lymphoma cells.*”

4.4. miR-155

One of the most well-studied miRNAs is miR-155, which is
expressed in major immune cells and plays a crucial role in
CD8" T-cell responses and memory formation against infec-
tions.'>* It has been demonstrated that miR-155 is essential for
optimal CD8" T-cell function. Its in vivo overexpression
enhances primary CD8" T-cell responses and inhibits senes-
cence and functional exhaustion, while its absence results in
an intrinsic defect of CD8" T cells, affecting proliferation.'”
miR-155 targets multiple pathways in macrophages, DCs, T
and B lymphocytes, > and it may be a pivotal regulator in the
adaptive and innate immune systems. It may thus be inferred
that engaging in regular exercise might positively impact
CD8" T-cell function.
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4.5. miR-30a

While data on the role of miR-30a in the immune system is
still scarce, it has been reported that miR-30a may have the
potential to resolve inflammation partly by targeting IL-1a in
immune cells.">’ Of note, adipose tissue macrophages from
mice fed a high-fat diet have been reported to be skewed
towards the M1 inflammatory phenotype, which was associ-
ated with downregulation of miR-30a as well as 30c and 30e.
Inhibition of miR-30a in bone marrow-derived macrophage
triggered pro-inflammatory cytokine production and Ml
macrophage polarization.'”® It has been suggested that miR-30
may attenuate macrophage activation through regulation of the
Delta Like Canonical Notch Ligand 4—Notch pathway and,
thus, may hold therapeutic potential for regulating macro-
phage-driven inflammatory and metabolic disorders. There-
fore, miR-30a may represent a factor by which repeated
aerobic endurance exercise could reduce pro-inflammatory
states in metabolic diseases.

4.6. miR-142

Comparable to miR-338, miR-142 is thought to play a role
in the regulation of Treg cells since deactivation of miR-142
in Treg cells has been reported to lead to severe systemic auto-
immune diseases, attributed to the breakdown of peripheral T-
cell tolerance.””” Accordingly, miR-142 deficiency results in
the excessive production and signaling of interferon gamma
and compromised Treg cell homeostasis. In murine models,
miR-142 has been identified as a regulator of DC homeo-
stasis,'®” and deficiency of miR-142 in mice led to an
impairment of CD4" DC homeostasis resulting in a severe
defect in CD4" T-cell priming. The upregulation of miR-142
through physical activity could thus potentially have positive
effects on immune system regulation and may aid in main-
taining the balance of Treg cells. This might enhance the
homeostasis and function of CD4" DCs, leading to improved
priming of CD4" T cells and potentially suppressing autoim-
mune processes while enhancing regular immune responses.

4.7. miRNAs, the immune system, and cardiovascular health

The role of physical exercise not only in maintaining or
promoting cardiovascular health but also in cardiovascular
rehabilitation has been widely acknowledged.'®''®* While the
general link between cardiovascular health and immunologic
alterations by physical exercise can be seen in the pivotal
contribution of monocytes, macrophages, and T and B cells to
the development of atherosclerosis, it can also be seen in the
inflammatory responses that connect lipids and other risk
factors via a series of pathways to cardiovascular health and
disease.'®*'°* However, the complex, time-dependent immu-
nomodulatory details of this axis are far from being well
understood. It has already been suggested that miRNAs
contribute to the beneficial effects of physical exercise'®> and
the monitoring of cardioprotective training success.'°® On this
point it is important to note that circulating miRNAs are
commonly preserved by association with either RNA-binding
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proteins or small membranous vesicles, including microve-
sicles and exosomes, which are shed from the plasma
membrane into the extracellular environment to regulate
targets in (remote) recipient cells.''”-'°"'%® It has been shown
that significant amounts of exosomes can be released from
endothelial cells and other cell types into circulation upon
exercise-dependent effectors, including shear stress, hypoxia,
and other factors.'°”'”" In addition, a sorting mechanism in
miRNA-releasing (vascular) cells has been proposed, which
guides specific miRNAs to enter exosomes resulting in a
concentration of selected miRNAs.'”' Moreover, regular exer-
cise training could result in elevated basal miRNA expression
and, thus, an increased pool of concentrated miRNAs to be
secreted.’

The miRNAs identified in this current approach target
several genes that play important roles in both the immune and
cardiovascular systems. These include vascular endothelial
growth factor A'’? (target of miR-1, -15a, -29a/b, -145) and
Forkhead box protein-1/3 (FOXO-1/3; target of miR-15a,
-27a, -29a, -132, -155, -222/3), both key regulators of vessel
formation and maturation,'”* as well as intercellular adhesion
molecule-1 (target of miR-29a, -223), which is involved in
initial leukocyte invasion into the vessel wall,'”*'"> Activator
protein 1 transcription factor subunit FOS (target of miR-7,
-181b, -222), which regulates extracellular matrix proteins,'”®
as well as different ADAM disintegrin and metalloproteinases
(target of miR-122, -145, -338, -451a) involved in shedding of
cytokines such as tumor necrosis factor alpha.'”” It seems thus
evident, that physical exercise regulates miRNAs with shared
targets in different systems of the body, which likely contrib-
utes to the observation that physical exercise has multiple
overlapping systemic effects. Of note, our investigation
suggests that levels of miRNAs are mostly regulated by acute
exercise and that chronic alterations are less frequent, which
might be related to the observation that chronic alterations are
often indicative of pathophysiological conditions. For
example, miR-145 and -155 are chronically reduced in patients
with coronary artery disease,'’® but can also be induced by
exercise in coronary artery disease and may thus contribute to
the beneficial effects of exercise on vascular health and poten-
tially counteract the detrimental changes associated with coro-
nary artery disease. With respect to miRNAs and
cardiovascular health, it is of interest that miR-126, which is
well-known for its anti-atherosclerotic and vasculoprotective
effects,'®” has not been identified as suggestive miRNA
involved in exercise-based immunomodulation, which under-
lines the specificity of our approach.

4.8. Are circulating miRNAs indicative of exercise-dependent
changes of muscular processes?

So far, the number of miRNAs analyzed from both blood
and muscle is still limited and more data is needed to
strengthen the current findings. However, comparison of the
identified changes in muscular and circulating miRNA levels
may suggest that a specific miRNA profile, including miR-21
and -222 in the blood, might mirror physiological processes
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and respective triggers of long-term adaptation to acute endur-
ance exercise in the muscle. Thus, these miRNAs could enable
the assessment and management of physical activity as liquid
biopsies might provide insights into the effectiveness of partic-
ular exercise interventions concerning desired outcomes, such
as enhancing immune system function, improving vascular
health, or mitigating premature skeletal muscle aging.'””'*" Tt
is important to note that miRNAs exhibit tissue-specific func-
tions and miRNAs encapsulated in muscle-derived exosomes
participate in local skeletal muscle communication but also act
in an endocrine manner,'®""'** suggesting a coordinated
response to an exercise stimulus across different tissue via
circulating miRNAs.

4.9. Other ncRNAs in physical exercise

Only 6 studies’"'*>~'* were identified that examined other

ncRNAs in relation to physical exercise without suggesting a
(direct) relation to the immune system. One study analyzed
changes of circRNA MBOT?2, which was significantly reduced
24 h after a marathon race,'”” and 5 studies’""'*>~"** reported
on alterations in IncRNA levels in response to physical exer-
cise in healthy humans. While the overall data on IncRNAs in
physical exercise is still scarce, 1 IncRNA, CYTOR, was
reported to be increased after resistance exercise by 2 indepen-
dent studies.'*>'** While the involvement of CYTOR in virus
infection of B lymphocytes has been proposed,'® its expres-
sion was observed to be increased in the vastus lateralis 3 h
after leg extension exercise, promoting myogenic differentia-
tion."*® Of note, CYTOR has been shown to sponge endurance
exercise-dependent miR-24, -206, and -155'847186 and may
thus be involved in the differential adaptation processes in
response to endurance or resistance exercise. Thus, the
competing endogenous RNA (ceRNA) networks of IncRNA
and miRNA and their roles in the regulation of different exer-
cise stimuli should be investigated in future research.

4.10. Limitations

Some limitations may exist in the current analysis. Publica-
tion and reporting bias may affect the present review since
data may have remained unreported or unpublished because of
unexpected/contradictory, negative, or insignificant results.
The overall risk of bias was high, as different study types were
included and blinding of participants and therapists was not
possible due to the nature of the interventions. Furthermore,
the record search was limited to studies published in English,
and inclusion of data reported in other languages may have
altered the results preliminary in categories with smaller
numbers of available studies. Missing information on miRNA
strand type may also have affected the results. Additionally, it
is important to note that different methods used by individual
studies to determine ncRNA changes introduce some heteroge-
neity. In particular, hypothesis-free sequencing or array-based
identification methods should be combined with validation
methods such as real-time PCR or functional analyses.
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5. Conclusion

The findings of this systematic review suggest that ncRNAs
in general and miRNAs in particular play a major role in exer-
cise-induced effects on the innate and adaptive immune
systems by targeting different pathways affecting immune cell
distribution, function, and trafficking as well as the production
of (anti-)inflammatory cytokines, which are associated with an
overall enhanced defense against pathogens. Major effects of
functional miRNAs with known targets in the immune system
were seen after acute bouts of endurance exercise, while
consistent effects of either resistance training or long-term
training programs on miRNA expression were limited.
However, our stringent systematic approach provides evidence
that specific miRNAs, including miR-30a, miR-142, miR-143,
miR-181a, miR-155, and miR-338, are key players in medi-
ating the beneficial systemic effects of physical exercise on the
immune system. Moreover, these exercise-inducible miRNAs
may contribute to the crosstalk between the immune and
cardiovascular system with major implications for the preven-
tion of infections, chronic inflammatory conditions, and auto-
immune diseases. However, further research is needed to
elucidate the underlying mechanisms and explore the potential
of miRNA-based interventions in promoting immune health
and disease prevention. Additionally, the role of IncRNAs in
the field of exercise immunology warrants further investiga-
tion.
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