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Circulating microRNAs (ci-miRs) are post-transcriptional
regulators of gene expression released by cells into blood or
other biofluids. Acute and chronic exercise have been shown to
alter the profile of ci-miRs. The past few years have seen an
upsurge in research detailing the exercise responses of ci-miRs
and investigating their utility as biomarkers for various
conditions. The functions of ci-miRs as paracrine/endocrine
mediators of systemic adaptations to exercise training are also
strongly suggested, but direct evidence is still lacking. The
purpose of this review is to provide an update on recent
advancements concerning ci-miRs in the field of exercise

physiology.
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Introduction

MicroRNAs (miRs) are small non-coding RNAs that act
as fine-tuning regulators of the transcriptome by repres-
sing the translation of target mRNAs [1]. Cells secrete
miRs into circulating blood and other biofluids either
actively or passively in response to a range of stimuli.
Circulating miRs (ci-miRs) are promising biomarkers of
both diseases and exercise responses that may also be
missing links in understanding the mediators of systemic
adaptations to exercise training. Recently, there has been
an upsurge in research on the effects of acute and chronic
exercise on ci-miRs. Current focal points and advances in
the field are discussed in this review.

Concurrent analyses in skeletal muscle and
different circulating fractions

One current hypothesis is that cells release miRs in
response to exercise as a means of offloading them in
order to allow increased intracellular translation of pro-
teins necessary for adaptation [2°]. This hypothesis is

supported by results showing that increased ci-miR
expression six hours after a resistance exercise bout
correlated positively with intramuscular expression of
phosphorylated proteins in the MTORC1 pathway,
favoring hypertrophy [3°]. Several of the altered ci-miRs
are part of the miR-17~92 cluster that regulates PTEN,
an inhibitor of Akt-mTOR signaling. Additionally, fol-
lowing four weeks of endurance training, mice exhibited
increased ci-miR-133a coinciding with decreased skeletal
muscle expression of miR-133a and upregulated mRNA
expression of its target, serum response factor (SRF) [2°].
Those results also raise the potential of ci-miRs as bio-
markers reflecting exercise responses of their source
tissue. For example, ci-miRs found to increase in young
men following resistance exercise and correlating with
hypertrophic responses in muscle were not altered in
older men, potentially reflecting resistance to anabolic
stimuli with aging [3°].

In contrast, D’Souza er a/. [4] found that only one
(miR-23b-3p) of 38 miRs showed a correlation between
plasma and muscle expression at rest, while changes in
the two sources with resistance exercise were not related
[5]. Of note, miR-133a-3p increased in both muscle and
plasma following exercise, though at different time-
courses [5]. Further, ci-miRs were found to be poor
predictors of muscle size and strength [4]. In another
investigation, D’Souza e¢r al. [6°] compared exercise-
induced changes in miR expression within the circulating
exosome fraction, as well as in plasma and muscle. There
were differences between fractions relative to which
miRs were altered with exercise, as well as time-courses
and magnitudes of changes. The results of that study do
not support the hypothesis that ci-miRs reflect the exer-
cise-induced offloading of miRs from muscle, as no miRs
were decreased in muscle and increased in either circu-
lating fraction. However, it does suggest that miRs are
selectively altered and exported in the exosomal or non-
encapsulated forms, probably reflecting unique purposes.
"This supports another hypothesis, that miRs are released
by cells to serve as paracrine/endocrine molecules taken
up by distant recipient cells, resulting in adaptations.
These hypotheses represent two paradigms regarding
ci-miRs in the field of exercise physiology, as they are
currently regarded as potential biomarkers of exercise
responses and paracrine/endocrine mediators of systemic
physiological processes (Figure 1).

Ci-miRs are sensitive to different protocols of
acute exercise and training

A number of recent studies have assessed the differential
responses of ci-miRs to specific exercise protocols. Cycling
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Circulating micrornas (ci-miRs) are secreted by various cell types in response to acute and chronic exercise. Exercise stimuli influencing the
release of ci-miRs are suggested, but require experimental validation. Diseases and associated risk factors (e.g. aging, obesity) influence the
ci-miR profile and responses to exercise. Therefore, exercise-induced ci-miRs are potential biomarkers for athletes, as well as prognostic and
diagnostic biomarkers of diseases. Further, they are potential paracrine/endocrine mediators of systemic responses to exercise and adaptations to

exercise training.

protocols differing greatly in volume and intensity had
contrasting effects on the vascular-related ci-miR-21 and
ci-miR-126 [7]. By having men run at varying speeds for a
set duration, and varying durations at a set speed,
Ramos e al. [2°] were able to identify ci-miRs exhibiting
dose-dependence to either exercise intensity or duration, as
well as those affected at a certain threshold but with no
dose-response. Similarly, out of a panel of 74 ci-miRs
related to cardiac (patho)physiology, five and 19 ci-miRs
were altered in response to a 10km and marathon race,
respectively [8]. Only ci-miR-103a-3p was affected by both
exercise bouts, suggesting specific ci-miRs respond to
distinct doses of exhaustive exercise [8]. Those results
are similar to a previous study by the same authors com-
paring the responses of inflammation-related ci-miRs,
where only ci-miR-150-5p increased immediately after a
10 km race, compared to 12 ci-miRs that increased after a
marathon, not including ci-miR-150-5p [9]. Resistance
exercise protocols matched for absolute workload but dif-
fering in volume, intensity, and rest interval length caused
contrasting responses of ci-miRs related to muscle and the
vasculature [10]. Effects were seen immediately, one hour,
and up to 24 hours after exercise [10].

Schmitz er al. [11,12] investigated the effects of different
exercise training protocols on resting concentrations of

select ci-miRs, as well as the effects of acute bouts of
exercise before and after training. Four weeks of high
intensity interval (HII) running training protocols differing
in intensity, volume, or work/rest interval durations had
distinct effects on resting levels of specific ci-miRs. There
were also contrasting effects of the different acute proto-
cols, as well as differences in the acute effects of each
protocol before compared to after training [11,12]. Multiple
studies have found that ci-miRs altered by HII cycling
training were unchanged with an acute bout [13,14]. Addi-
tionally, there were both similar and unique changes in
resting levels of select ci-miRs following 5-8 weeks of
explosive as compared to hypertrophic-based resistance
training or HII running [15]. Thus, ci-miRs appear to be
sensitive to exercise training status, type, dose, intensity,
and work/rest interval durations.

The functional relevance of training intensity-
dependent changes in ci-miRs has been suggested. In
mice, the amount of miR-126 in circulating exosomes
originating from circulating angiogenic cells showed
dose-dependent increases with training intensity [16°].
Further, the exosomes exerted protective effects on
cultured endothelial cells that were greatest from the
most highly trained mice and were dependent on
transferred miR-126.
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Acute and chronic exercise reveal the
potential utility of ci-miRs in various
conditions

Aging

As mentioned, ci-miRs may reflect changes in skeletal mus-
cle function with aging. Ci-miR-21-5p and ci-miR-146a-5p
increased over a ten year period and, combined with age,
predicted declines in sprint time and measures of strength in
masters athletes [17]. Baseline levels of ci-miR-181a-5p and
changes in ci-miR-92a-3p, but not other health/performance
measures, predicted changes in walking gait speed following
a five month training intervention in older obese individuals
[18]. Elevated levels of a set of four muscle-specific
ci-miRs were strongly associated with lower rates of whole
body protein synthesis in older men [19]. In older, postmen-
opausal women, specific ci-miRs did not differentiate sarco-
penia or osteoporosis status, but were found to correlate with
muscular power and bone mineral content [20]. Relatedly,
similar ci-miRs associated with bone fracture risk were
decreased in young men following HII training and were
more sensitive than other biomarkers of bone turnover [21].

Muscle damage and repair

Separate from the idea of selective secretion discussed
above, damaged muscle cells passively leak miRs into
circulation. Therefore, ci-miRs are promising biomarkers
of muscle damage. While classical biomarkers cannot
discriminate fiber-type specific damage, Siracusa
et al. [22°] identified a highly accurate set of three ci-miRs
(133b-3p, 206-3p, and 434-3p) able to differentiate slow
versus fast skeletal muscle damage. Additionally, these
ci-miRs were elevated 12hours after the muscle-
damaging event, which would allow earlier detection of
damage compared to some conventional biomarkers [22°].
Such distinct time courses may explain why changes in
ci-miR-133a and c¢i-miR-206 failed to correlate with
changes in circulating creatine kinase (CK) or cardiac
troponin immediately following a half marathon, despite
all markers increasing [23]. These results also do not rule
out the possibility that these miRs were secreted actively
in response to the exercise bout and suggest that, at least
immediately after exercise, they should not be used as
markers of exercise-induced muscle damage.

Skeletal muscle-specific miRs were unaltered in extra-
cellular vesicles (EVs) two and 24 hours after muscle
damaging exercise, though miR-31 content was
decreased at 24 hours post-exercise [24]. Interestingly,
miR-31 targets the satellite cell activator Myf5 to pro-
mote quiescence. Thus, reduced transport of miR-31 to
satellite cells following muscle damage may allow for
greater activation and muscle repair, although this is
highly speculative and such a mechanism remains to
be demonstrated. Ci-miR-29a-3p and ci-miR-495-3p
were proposed as potential contributors to muscle
repair/recovery, as resting levels in patients with critical
limb ischemia due to severe peripheral arterial disease
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were different from those in elite cyclists specifically in
the exercise recovery period, but not at rest [25].

Training load and adaptation in athletes

Ci-miRs are altered in athletes in response to soccer-
specific or basketball-specific training [26,27]. After three
months of basketball training, changes in ci-miR-221
correlated with exercise capacity and serum CK [27],
while following two months of soccer training, the
exosomal content of ci-miR-29a correlated with estimated
VO,max [26]. Further, the ci-miR response following a
tennis match differed between two athletes, while other
physiological markers responded similarly, suggesting
changes in ci-miR may vary in well-matched athletes
exposed to a similar stimulus [28]. Ci-miRs could be used
as biomarkers of training load or adaptation in athletes.
For example, changes in ci-miRs following resistance
exercise correlated with changes in circulating inflamma-
tory markers and hormones, including IL-10, cortisol,
testosterone/cortisol ratio, and IGF-1 [10]. Thus, exer-
cise-induced ci-miR responses in athletes could reflect
the balance between states of adaptation and overtrain-
ing, though this requires further study.

Hicks er al. [29] recently used saliva as a source to
determine exercise-induced changes to the entire pro-
file of ci-miR and mRNA. Salivary ci-miRs were
altered in distance runners following a long training
run, as were several mRNAs predicted as targets of the
altered ci-miRs. The predicted pathways targeted by
the exercise-regulated ci-miRs were involved in
metabolism, fluid regulation, and cardiac conduction.
A number of ci-miRs additionally correlated with post-
exercise heart rate changes, while there were also sex-
specific differences. This study provides evidence that
salivary ci-miRs are potentially attractive non-invasive
biomarkers in exercise physiology.

Obesity

Substantial recent work has assessed the effects of acute
and chronic exercise on vascular and inflammation-
related ci-miRs in obese individuals. Multiple studies
have found higher resting levels of pro-inflammatory
ci-miRs in obese individuals compared to healthy weight
controls [30,31]. A 30 min bout of moderate intensity
running also increased endothelial and inflammation-
related ci-miRs to a greater degree in obese individuals
[30], while a three month physical activity intervention
lowered pro-inflammatory ci-miR-146a-5p to levels com-
parable to their lean counterparts [31]. Combined use of
the baseline level and change in ci-miR-146a-5p was
suggested as a predictive biomarker able to identify
responders and non-responders to an exercise training
intervention [31].

After six weeks of an exercise training and caloric restric-
tion intervention, obese adolescents displayed increased
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ci-miR-126 to levels comparable to normal weight con-
trols, which were strongly correlated with changes in
BMI, microvascular endothelial function, and circulating
NOJ/ET-1 ratio [32]. Eight weeks of HII training
increased microparticle number and content of
miR-146a, but not miR-126, in both obese women and
normal weight controls [33]. Other miRs related to inflam-
mation and vascular health were increased in one or both
groups. While no correlations were found between the
microparticle abundance of any miRs and microvascular
function, miR-150 was found to correlate with circulating
nitrite and advanced oxidation protein products (oxida-
tive stress) [33]. Following gastric bypass surgery, an
exercise training intervention altered the expression of
ci-miRs related to metabolism and vascular function [34].
Changes in ci-miRs correlated with changes in insulin
resistance, body composition, lipids, and measures of
B-cell and liver function [34]. Thus, ci-miRs are altered
with exercise training in obese individuals and have the
potential to act as biomarkers of metabolic, inflammatory,
and vascular adaptations to exercise training. The above
results also suggest the potential for mechanistic roles of
ci-miRs in these processes.

Cardiometabolic diseases

Ci-miRs are proposed as prognostic and diagnostic
biomarkers of cardiometabolic diseases. An acute bout of
resistance, but notaerobic, exercise increased ci-miR-146ain
older diabetic patients, while nondiabetic patients did not
respond to either bout [35]. Combining the results of a
VO, test with pre-exercise or post-exercise levels of select
ci-miRs allowed the accurate discrimination between
patients with coronary artery disease (CAD) and healthy
controls [36°]. In contrast to that study which investigated
187 ci-miRs, Hortman ez /. [37] focused specifically on the
exercise-induced changes of three ci-miRs but did not find
any clinical value related to the diagnosis of CAD. In
pulmonary hypertension patients, six minute walk distance
at baseline correlated with the change ina set of ci-miRs with
reported roles in muscle function to three weeks of exercise
training or one week of nightly supplemental oxygen
interventions [38].

Neuromuscular diseases

Individuals with spinal cord injury are at elevated risk for
cardiovascular disease (CVD). Athletically active spinal
cord-injured individuals displayed a different ci-miR
profile than their sedentary counterparts, which was also
more similar to able-bodied participants [39]. Several of
these ci-miRs correlated with circulating oxidized LDL
and carotid intima-media thickness. Thus, ci-miRs could
act as biomarkers for CVD risk in spinal cord-injured
individuals and may additionally act as underlying reg-
ulators of CVD development with chronic inactivity.
Amyotrophic lateral sclerosis (ALS) patients display
higher levels of skeletal muscle-derived ci-miRs than
healthy controls [40]. Six weeks of concurrent aerobic

and resistance exercise training effectively lowered mus-
cle-derived ci-miRs in patients with ALS [41].

There are both symptom overlap and problems with
currently used questionnaires to diagnose disorders of
fatigue/depression, so ci-miRs offer an attractive objec-
tive diagnostic alternative. Baraniuk ez /. [42] performed
the first study on the effects of exercise on ci-miRs in
cerebrospinal fluid, from patients with Gulf War Illness or
Chronic Fatigue Syndrome, as well as healthy controls.
There were no differences in baseline levels of ci-miRs
between groups, though there were distinct effects of
exercise that distinguished each group. These results
suggest that exercise-induced cerebrospinal fluid ci-miRs
are potential biomarkers able to help diagnose and dis-
criminate between these similar diseases and even
separate phenotypes of Gulf War Illness.

Breast cancer

There were no changes in skeletal muscle or cancer-
associated ci-miRs following 16 weeks resistance train-
ing in breast cancer survivors [43]. However, when
separated as responders and non-responders based on
strength changes, responders had increased levels of
ci-miR-133a-3p and ci-miR-370-3p with training. In
another study of breast cancer survivors who under-
went a six month exercise and diet intervention,
ci-miR-106b-5p, a prognostic marker of breast cancer
risk and recurrence [44], was decreased [45].

Ci-miRs as physiological mediators of
systemic responses to exercise

The roles of ci-miRs as paracrine/endocrine molecules
mediating mechanistic responses to exercise are sug-
gested mostly by correlational relationships with various
phenotypes or other molecular markers in previous stud-
ies 46] and those discussed above (T'able 1). However,
direct experimental evidence is lacking. The function of
ci-miRs as cell-to-cell messengers is supported by the
facts that ci-miRs contained either in EVs or freely bound
to a protein carrier (Argonaute 2) are selectively secreted,
highly stable, and can be selectively taken up by recipient
cells where they are biologically active [47-50,16°]. Still,
major hurdles in the field are the unknown cellular origin
and destination of ci-miRs. Only a handful of ci-miRs are
highly enriched in specific cell types (e.g. endothelium or
striated muscle).

Another question yet to be answered is what stimuli
trigger the release of ci-miRs with exercise. Suggested
stimuli include laminar shear stress of blood along endo-
thelial cells [7,12,46], hypoxia [7,12], lactate [11], inflam-
mation [30,31], biomechanical stimulation [21], muscle
contraction [51], and cell damage [22°,24]. Shear stress,
hypoxia, and inflammation have been shown to modulate
the cellular release of miRs iz vitro [52,47,49,53]. It is also
currently unknown whether changes in ci-miR are
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Table 1

Associations with circulating microRNAs in studies of exercise and fithess

Relevant Ref. Subjects Stimulus Sample type Circulating microRNAs Associations
condition
Aging and [3°] Young and older, healthy men  Acute resistance exercise Serum (A, B) 19b-3p, 206, 486 (C) 19a-3p, (A) age (B) fat-free mass (C) skeletal
muscular 19b-3p, 20a-5p, 26b-5p, 143-3p,  muscle p-Akt>™73 and p-SeK1T8?
function miR-195-5p
[4] Middle-aged, healthy men — EDTA plasma (A, C) 146a-5p (B, C) 451a (D) 222- (A) age (B) total body lean mass (C) leg
3p, 361-5p lean mass (D) thigh muscle cross-
sectional area
[17] Masters athletes 10-year follow-up Serum (A, B) 21-5p, 146a-5p (C) 146a-5p  (A) knee flexion strength (B) bench press
strength (C) 60 m sprint time
[18] Sedentary, obese, older men 5-month aerobic training EDTA plasma BL 181-5p, A92a-3p A gait speed
and women
[19] Older, overweight men 4 weeks 30% energy restriction Serum 1+133a-3p + 133b+ 206 Whole body protein synthesis
diet
[20] Older, postmenopausal women — Serum (A, B) 125b-5p (C) 21-5p (D) 133a-3p (A) age (B) jump velocity and power (C)
(E) 23a-3p trochanter bone mineral content (D)
total body bone mineral content (E)
serum TRAP5B
[21]  Young, healthy men 8 weeks sprint interval training or EDTA plasma (A) 93-5p, 122-5p (B) 100-5p, (A) serum sclerostin (B) osteoprotegerin
control 122-5p (C) 93-5p, 100-5p, 122-5p, (C) osteocalcin (control group only)
148-3p
Muscular damage [22°] Male and female Wister rats Muscle crushing injury EDTA plasma 133b-3p +206-3p + 434-3p Damage specific to EDL (fast) or soleus
(slow) muscles
Adaptations in [10] Young, healthy men Acute resistance exercise EDTA plasma (A) 532 (B) A 133a (A) IGF-1 and IL-10 (B) A cortisol and
athletes cortisol/testosterone ratio
[12]  Young, healthy men and women Acute bout HIl exercise and Whole blood (A) post-training 222-3p and 29c-3p (A) post-training circulating TGF-B1 (B)
4 weeks HlIl training (B) A 222-3p with acute exercise A running speed at individual ‘anaerobic
threshold’ with training
[26] Young, male soccer athletes 2 months soccer training Serum exosomes Post-training 29a Post-training VOsmax
[27]  Young, male basketball athletes 3 months basketball training Serum (A) A 208b (B) post-training 221 (A) A ‘anaerobic threshold’ VO, (B) post-
training ‘anaerobic threshold’, peak
workload, and creatine kinase
[29] Young, male and female ~18km run Saliva (A) A twenty-six ci-miRs (B) twenty- (A) A target mMRNA(s) (B) A heart rate (C)
distance runners four ci-miRs (C) twenty-three ci- sex (D) age
miRs (D) two ci-miRs
Obesity [31] Middle-aged, obese men and 3 months exercise training EDTA plasma (A) BL 146a-5p (B) post-training (A) BL total cholesterol and waist
women 146a-5p circumference (B) post-training age and
body weight
[32] Obese adolescent boys 6 weeks exercise training and Serum A 126 A BMI, A reactive hyperemia index, A
caloric restriction NO/ET-1
[33] Normal weight or obese, young 8 weeks HIl training Plasma (A) 124a (B) 150 (A) HDL, triglycerides, TNF-a (B) nitrites,
women microparticles TBARS, AOPP, adiponectin
[34] Obese men and women 6 months exercise training or Heparin plasma BL: 7, 15a, 106b, 135b, A: 7, 15a, Measures of B-cell function and insulin

control following gastric bypass
surgery

106b, 135b, 122, 206, 149, 221, 34a,
149

resistance, bone mass, BMI, waist
circumference, fat mass, cholesterol,
LDL, measures of liver function
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Table 1 (Continued)

Relevant Ref. Subjects Stimulus Sample type Circulating microRNAs Associations
condition
Coronary artery [36°] Middle-aged to older men and  VOo,ax test EDTA plasma BL 150-5p + post-exercise Presence of CAD

disease

Pulmonary [38]
hypertension

Spinal-cord injury [39]

Disorders of [42]
fatigue/
depression
Breast cancer [43]
[45]

women with or without CAD

Middle-aged to older men and
women with pulmonary
hypertension

Young, active or sedentary
spinal cord-injured patients

Men and women with Gulf War
lliness

Breast cancer surviving women

Postmenopausal, breast cancer
surviving women

3 weeks exercise training or
1 week nightly oxygen
supplementation

Acute submaximal cycling
exercise

16 weeks resistance training or
control

Heparin plasma
or serum

Serum

Cerebrospinal
fluid

Serum

Serum

101-8p + 141-8p + 200b-3p
A 22-3p+21-5p

(A, B) 146a-5p, 328-3p, 191-5p,
103a-3p, 125b-5p, 30b-5p (A)
125a-5p (B) 301a-3p, 766-3p,
28-5p, 146b-5p, 126-5p, 145-5p,
26b-5p, 26a-5p

Post-exercise 22-3p, 9-3p

(A) A 133a-3p, 133b-3p (B) A 370-3p

191-5p, 17-5p. 103a-3p, 93-5p,
22-3p, 122-5p, 126-3p, 150-5p,
27a-3p, 195-5p, 10a-5p, 30d-5p

6-min walk distance

(A) oxidized LDL (B) carotid intima-
media thickness

START versus STOPP Gulf War lliness
phenotypes

(A) A Leg press strength (B) A non-
surgical arm strength

Measures of body composition, bone
mineral content and density, CRP, IL-6,
glucose, insulin, leptin

BL, baseline; A, change in; EDL, extensor digitorum longus; IGF-1, insulin-like growth factor 1; IL, interleukin; Hll, high intensity interval exercise; TGF-1, transforming growth factor beta 1; VO5max,
maximal oxygen consumption; BMI, body mass index; NO/ET-1, nitric oxide/endothelin-1; HDL, high density lipoprotein; LDL, low density lipoptrotein; TNF-«, tumor necrosis factor alpha; TBARS,
thiobarbituric acid reactive substances; AOPP, advanced oxidation protein products; CAD, coronary artery disease; START, stress test activated reversible tachycardia; STOPP, stress test originated
phantom perception; CRP, c-reactive protein.
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primarily a result of de novo production or export of stored
endogenous miRs. The balance among production,
export, uptake, and degradation of ci-miRs must be taken
into consideration when attempting to explain their
kinetics, and little is understood regarding these aspects.

Conclusions

The literature on ci-miRs in exercise physiology has
more than doubled over the past few years. The majority
of studies have sought to determine the utility of blood-
borne ci-miR responses to acute and chronic exercise as
biomarkers. In this context, novel sample types
including cerebrospinal fluid and saliva have recently
been investigated as ci-miR sources [42,29]. Addition-
ally, innovative methods of ci-miR quantification such as
single droplet digital PCR [37] and multiplex via flow
cytometry (Firefly) [45] or NanoString nCounter [18]
have been employed and carry advantages over real-time
PCR [54]. Small RNA sequencing has also been used to
study the effects of acute exercise and training on the
entire profile of circulating small RNA species [55,14].
Despite promising advances, hesitation has been
expressed regarding the utility of ci-miRs as biomarkers,
given the current lack of similarities in study designs/
methods and reproducibility of findings [56]. These
limitations are to be expected in such a nascent field,
and we believe that studies over the coming years will
clarify issues and begin to reveal utility of exercise-
regulated ci-miRs in clinical and sports medicine set-
tings. Specifically, larger-scale, validation studies with
longer participant follow-ups will be needed. Sample
processing and analysis/normalization will also need to
become more standardized before ci-miRs can become
reliable biomarkers [57]. Lastly, investigations aimed at
elucidating mechanisms underlying ci-miR responses to
exercise and the mechanistic roles of these ci-miRs will
be crucial in revealing their true purpose and potential.
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