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ABSTRACT
Circulatory microRNAs (c-miRNAs) are regulated in response to physical activity
and may exert anti-atherosclerotic effects. Since the vascular endothelium is an
abundant source of c-miRNAs, we aimed to identify novel vasculoprotective exerciseinduced c-miRNAs by the combined analysis of published endothelial miRNA array
data followed by in vivo and in vitro validation. We identified 8 different array-based
publications reporting 185 endothelial shear stress-regulated miRNAs of which 13
were identified in ≥3 independent reports. Nine miRNAs had already been associated
with physical activity. Of the remaining novel miRNAs, miR-98-3p and miR-125-5p
were selected for further analysis due to reported vasculoprotective effects. Analysis
in two different 4-week high-intensity interval training (HIIT) groups (group 1
[n=27]: 4x30 s, group 2 [n=25]: 8x15 s; all-out running) suggested significantly
elevated miR-98 and miR-125a-5p levels in response to acute exercise at baseline
and at follow-up. Endothelial in vitro shear stress experiments revealed increased
miR-125a-5p and miR-98-3p levels in medium of human umbilical vein endothelial
cells at 30 dyn/cm2 after 20 and 60 min, respectively. Our results suggest that miR98-3p and miR-125a-5p can be rapidly secreted by endothelial cells, which might
be the source of increased c-miR-98-3p and -125a-5p levels in response to HIIT.
Both miRNAs attenuate endothelial inflammation and may mediate vasculoprotective
effects of physical exercise including HIIT.

physiological processes involved in the response to
specific training regimes [1, 2, 4]. miRNAs are short
(~21 - 23 nucleotide-long) non-coding RNAs involved in
translational repression [6, 7] regulating a wide range of
different physiological processes including development
and aging as well as disease [8-10]. Moreover, it has been
estimated that up to 60 % of all human protein-coding genes
are conserved miRNA targets [11]. The myocardium and
vascular endothelium are an abundant source for miRNAs

INTRODUCTION
microRNAs (miRNAs) have been identified as
pivotal modulators of the systemic response to physical
exercise and subsequent training adaptations [1-4]. Since
the general knowledge on miRNAs and their specific
targets and functions has greatly increased (see [5] for
comprehensive review), miRNAs may also hold the
potential to serve as functional biomarkers indicating
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that are selectively secreted into the blood stream where
they can be detected as circulating miRNAs (c-miRNAs)
[12]. These c-miRNAs are preserved by association with
RNA-binding proteins or small membranous vesicles and
commonly involved in inter-cell communication with active
regulation of target cell gene expression [13, 14]. c-miRNA
production and secretion is responsive to different stimuli
induced by physical exercise including shear stress and
hypoxia [15-17]. To this respect, it has been suggested that
induction of hemodynamic stimuli including transmural
pressure and (episodic) shear stress [18-20] may be key
mechanisms responsible for the beneficial impact of
physical exercise on vascular function [21, 22]. It has also
been noted that the vascular endothelium is an important
‘mechano-sensor’ transducing hemodynamic signals which
may result in flow-induced conversion of endothelial cells
into an elongated arterial phenotype as well as in functional
and structural changes of the overall arterial wall [20, 23].
Of note, vascular maladaptations including endothelial
cell stiffening, disturbed endothelial barrier function and
reduced nitric oxide (NO) production [24, 25] as well as the
development of atherosclerotic lesions and plaque formation
is mainly found in regions with disturbed flow which
increases the secretion of pro-inflammatory molecules and
most likely alters miRNA expression [26, 27]. By contrast,
these deleterious changes are mostly absent from regions
with constant laminar flow [26]. While in vitro and ex vivo
shear stress experiments have linked an increase in mean
shear stress (i.e. constant laminar shear stress) to local antiatherosclerotic changes, it has been noted that beneficial
effects of exercise on vascular function also occur in arteries
that are not subjected to a direct increase in shear stress [18,
23]. To this end, selectively released miRNAs preserved
by association with small membranous vesicles or RNAbinding proteins may be involved [13, 14]. These distal
effects might include, for example, miRNA-dependent
regulation of endothelial proliferation as shown for miR126 [28], vascular smooth muscle plasticity as reported
for miR-145/ -143 [29] and many more [15]. However, the
process and molecular mechanisms involved in miRNA
expression regulation and secretion, especially in response
to physical exercise, is still incompletely understood [30,
31]. It has been suggested that miRNA-releasing cells may
possess a sorting mechanism guiding specific miRNAs to
enter exosomes resulting in the concentration of selected
miRNAs [32]. To this end, in vitro shear stress experiments
have been shown to alter not only the quantity of exosomes
but also the protein and/ or (mi)RNA content of exosomes
derived from endothelial cells [33, 34].
We have recently used different high-intensity
interval training (HIIT) protocols to characterize
conditions which lead to the expression of established
c-miRNAs such as miR-126, -222 and -29c [35, 36].
Compared to endurance training, HIIT is marked by
brief bursts of near-maximal to supra-maximal work
rates followed by short periods of rest or active recovery
www.oncotarget.com

accompanied by an overall reduction in training duration
[37, 38]. Since the optimal HIIT conditions in terms of
intensity and work/rest ratio are still under debate [38-40],
miRNAs may also be used to indicate most effective HIIT
variants. This might also be of interest since HIIT has been
shown as efficient tool to improve health-related fitness in
the general population [37, 39, 41] and for the prevention
of lifestyle-induced chronic diseases [39, 42, 43].
While recent progress in array and sequencing
technologies has entered the field of exercise physiology
to identify novel exercise-dependent miRNAs, already
available data sets might be used for the discovery of
new exercise-inducible miRNAs. We hypothesized that
a combined analysis of published miRNA array results
from endothelial shear stress experiments would result in
the identification of so far unreported miRNAs that are
inducible by high-intensity exercise and may be involved
in vasculoprotective effects of HIIT. Thus, the current
investigation was based on a three-step study design
(Figure 1) including identification of published miRNA
array data sets from endothelial shear stress experiments,
analysis of identified candidate miRNAs in two different
HIIT groups of healthy individuals and validation of
identified miRNAs at different shear rates and time points
using an in vitro endothelial shear stress model.

RESULTS
Search results and identified miRNAs
The structured literature search identified
eight studies on endothelial shear stress experiments
presenting array-based data [44-51]. Of these, one
reported data from in vivo shear stress experiments
performed in rats [45], while the remaining seven studies
reported ex vivo or in vitro data from cells of different
origin [44, 46-51]. No study reported measurement
of miRNAs in culture medium or blood. Combined
analysis of the original data suggested 185 different
shear stress-dependent miRNAs regulated in endothelial
cells (see Supplementary Table 1, also for conditions
and additional information). Of these, 13 miRNAs were
identified in ≥ 3 independent data sets including miR-21,
-23a/ b, -24, -27a/ b, -30a, -98, -125a, -181b, -195, -199a
and -483 (Figure 2). Of note, application of additional
selection criteria including known shear rate or duration
(Supplementary Figure 1) did not improve the selection
process in that no common miRNAs were identified
under these combined criteria in ≥ 3 independent data
sets. The second literature search on the identified
miRNAs revealed that 9 miRNAs had already been
associated with physical activity or exercise training in
healthy humans, suggesting validity of the approach.
Thus, the remaining miR-98, -125a, -199a and -483 were
identified as potentially novel shear stress-dependent and
exercise-regulated miRNAs (Figure 2). A final analysis
3626
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HIIT effects on exercise miR-125a-5p and -98
levels

on known vasculoprotective functions of the identified
miRNAs revealed miR-125a-5p and miR-98-3p with
anti-inflammatory and anti-atherosclerotic potential
involved in the inhibition of nuclear factor-κB signaling
and reduction of oxidized low-density lipoprotein (oxLDL) uptake [44, 52, 53]. Due to missing or insufficient
reports on vasculoprotective functions of miR-199a
and -483, these miRNAs were not included in further
analyses.

In a previous study, we reported that elevated
levels of c-miRNAs can already be detected after four 30
s bouts of high-intensity running at all-out speed (4 x 30
HIIT) [35]. In the current study, we assessed if HIIT with
shorter work durations would also be sufficient to induce
elevated c-miRNA levels. Therefore, we compared

Figure 1: Overall study design. HIIT, high-intensity interval training; HUVEC, human umbilical vein endothelial cells.
www.oncotarget.com
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Figure 2: Flow chart of the array-based miRNA identification process.

www.oncotarget.com

3628

Oncotarget

running, 4) in vitro experiments revealed that endothelial
secretion of miR-125a-5p and -98-3p was induced by
shear rates of 30 dyn/cm2 already after 20 and 60 min,
respectively.
During the investigation of array-based data
from endothelial shear stress experiments we observed
considerable heterogeneity with respect to the identified
miRNAs (Supplementary Table 1). Besides the different
experimental conditions applied (endothelial cell
type, shear rate, time), this result may also have been
biased by the coverage of the used array, which has
been broadly extended since the completion of the first
studies [46-48, 50, 51] and the more recent studies
included in our analysis [44, 45, 49]. Of note, 9 out of 13
endothelial miRNAs identified in ≥ 3 studies had already
been associated with physical activity or exercise
training in general, which could be interpreted as a
proof of concept for our current approach. Interestingly,
circulating miR-21-5p, 27a-5p [54], mir-181b-5p
[55] and mir-195-5p [56] had also been identified by
microarray or whole transcriptome analysis from human
blood after acute exercise. With specific respect to HIIT,
circulating miR-21 has been reported to be upregulated
by a number of independent studies, including trained
males performing 4 × 30 s all-out cycling bouts which
showed an acute elevation in miR-21 plasma levels
[57] and moderately trained males performing 10 x 60 s
cycling intervals at peak power output, which showed
an acute elevation of miR-21 in exosomes [58]. Out of
the remaining 4 miRNAs, miR-98, -125a-5p, -199a and
-483 had not been reported to be regulated in response
to exercise in healthy humans. Of note, one recent
study reported down regulation of miR-125 family
member miR-125b-5p during sprint training (18 all-out
15 m sprints, 17 s of passive recovery) [59]. However,
the group did not determine miR-125a-5p levels and
future studies are needed to investigate potential
differences of miR-125 family members in response to
exercise.
After miRNA identification and selection in step
1 and evaluation of reported vasculoprotective capacity,
we selected miR-98-3p and miR-125a-5p (for details see
below) for subsequent in vivo and in vitro analysis. miR199a and miR-483 were not analyzed further in this study
as reports on vasculoprotective capacity were missing or
insufficient. Circulating miR-98-3p and -125a-5p levels
both showed an acute increase in response to a single
4-min HIIT session already at baseline. The effect was
also detected after the last training session at followup, which might support the conclusion that miR-983p and -125a-5p levels were acutely induced during
the entire training period even though not all training
sessions were monitored. Moreover, resting levels of
both miRNAs remained unchanged, suggesting direct
stimulation by acute exercise and associated mechanisms

the established 4 x 30 HIIT protocol with a time and
workload matched 8 x 15 s HIIT protocol. To determine
changes in miRNA levels in response to HIIT, blood
samples were collected at four different time points,
immediately before (rest) and directly after the first
(baseline) and the last training session (post-training).
The separate analysis of the two HIIT groups suggested
a significant effect of high-intensity running on miR98 and miR-125a-5p levels (overall time effect, both
p < 0.0001, Figure 3). However, a significant group or
interaction effect was not detected. Subsequent combined
analysis of both groups showed significantly elevated
miR-98 and miR-125a-5p levels in response to acute
exercise at baseline and at follow-up (all p < 0.01, rest
vs. post-exercise, Figure 4). Comparison of acute rest vs.
post-exercise miRNA levels at baseline and follow-up in
terms of fold change (ΔΔCt method with resting levels as
control) suggested a mean fold change of 2.02 (baseline)
and 1.67 (follow-up) for miR-98 and a mean fold change
of 2.6 (baseline) and 2.01 (follow-up) for miR-125a-5p.
Of note, a sustained effect on resting miRNA levels was
not observed.

Shear stress effects on endothelial miRNA levels
The in vitro investigation of increasing shear rates
revealed that both miRNAs, miR-98 and miR-125a5p were significantly elevated in medium from human
umbilical vein endothelial cells (HUVECs) at 30 dyn/
cm2 (both p < 0.05 compared to control, 1 h, Figure 5).
Intracellular levels of miR-98 remained unchanged while
cellular levels of miR-125a-5p decreased significantly (p <
0.001, compared to control, Figure 5). Of note, lower shear
rates did not affect extracellular or intracellular levels of
both miRNAs. In addition, HUVECs were exposed to a
shear rate of 30 dyn/cm2 for different periods to investigate
time-dependent miRNA changes. An elevation of miR98-3p and miR-125a-5p in the medium was detected
with significance after 60 min (both p < 0.05, Figure
6). Intracellular levels of miR-98-3p and miR-125a-5p
remained unchanged.

DISCUSSION
In this study, we performed a joined analysis of
array-based data in combination with in vivo and in vitro
data to identify novel shear stress-dependent miRNAs
potentially involved in vasculoprotective effects induced
by HIIT. In brief, our main findings are 1) 13 miRNAs
were differentially regulated in ≥ 3 independent arraybased data sets from endothelial shear stress experiments,
2) of these, 9 had already been described in exercise
training in healthy humans, 3) novel miR-98-3p and
miR-125a-5p had reported vasculoprotective functions
and were elevated in response to all-out high-intensity
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Figure 3: HIIT effects on miR-98-3p and miR-125a-5p levels by training group. The acute exercise effect before (baseline)

and after the intervention (post-training) was determined for (A) miR-98-3p and (B) miR-125a-5p by training group. A significant increase
for both miRNAs was detected (time effect), while no group or interaction effect was detected using repeated measures two-way ANOVA.
Each participant is represented by one data point. Data are presented as mean ± SD.
www.oncotarget.com
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without sustained effects. Of note, and in contrast to
our initial assumption, the observed increased levels
were independent of the training group. Thus, we can
conclude that a single session of 2 min all-out running
HIIT is sufficient to induce miR-98-3p and -125a-5p,
while it remains elusive if longer work/rest intervals
produce different levels of miR-98-3p and -125a-5p.
The observed rapid acute increase of c-miRNA levels,
which is also in line with our previous investigations
[35, 36] points to a release or secretion mechanism as
de novo expression would most likely require more
time [61]. Subsequently, we tested both miRNAs in an
in vitro endothelial shear stress model using periods
from 4 to 60 min and different shear rates. We found
significantly elevated levels of miR-98-3p and -125a5p in the conditioned medium of HUVECS cultured at
30 dyn/cm2. A time series with cells kept at 30 dyn/cm2
revealed that miR-125a-5p was already upregulated after
20 min while both miRNAs were elevated in the media
after 1 h. Of note, the initially identified array-based
studies did not report measurement of miRNAs in cell
culture media and, to the best of our knowledge, we are
first to determine secretion of miRNAs including miR98-3p and -125a-5p in in vitro shear stress experiments
with periods of 4 to 60 min. This might be of central
interest as previous studies using endothelial shear
stress models did not report experimental durations
similar to acute bouts of exercise and the generated data
was thus not well-translatable to in vivo conditions.
Our results provide further evidence that shear stress
during exercise likely causes endothelial secretion
of miRNAs in vivo and that the time point of miRNA

determination is an important aspect in the measurement
of circulating miRNAs. Interestingly, we also did not
detect an increase in cellular miRNAs levels during
the experimental period and future in vitro shear stress
studies should also investigate the amounts of secreted
miRNAs to gain better insight into the involved (timedependent) secretion mechanism and cellular reuptake
in the applied model.
It is also of interest to compare our in vitro
findings with investigations of hemodynamic forces
induced by exercise in vivo. It has been suggested that
30 dyn/cm2 may already be reached in large arteries at
submaximal exercise intensities [63]. As our in vitro
study primarily aimed at investigating if endothelial
cells secrete miR-98-3p and -125a-5p into the medium
and at determination of the earliest time point at which
elevated c-miR levels can be detected, we do not know if
higher shear rates, most likely induced by high-intensity
running, would have induced even higher c-miR levels.
While our in vitro experiments reveal that both miRNAs
are shear stress-responsive it seems conceivable that
also submaximal exercise intensities could result in a
significant elevation of miR-98-3p and -125a-5p levels.
However, in vivo miR-98-3p and -125a-5p elevation
may also depend on additional effectors and may
also be influenced by the intermittent nature of HIIT.
Further research is therefore needed to investigate which
additional stimuli affect miRNA levels in vivo and to
determine selected miRNA levels after each individual
HIIT bout for a better determination of work/ rest
duration effects.

Figure 4: Overall HIIT effects on miR-98-3p and miR-125a-5p levels. The acute exercise effect before (baseline) and after the

4-week intervention (post-training) was determined for (A) miR-98-3p and (B) miR-125a-5p. A significant increase for both miRNAs was
detected at baseline and post-training immediately after acute exercise. miRNA resting levels were not affected by the intervention. Each
participant is represented by one data point. Data are presented as mean ± SD. P-values were determined using repeated measures ANOVA
and post-hoc comparison. ****p < 0.0001; ***p < 0.001; **p < 0.01; otherwise not significant.
www.oncotarget.com
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With regard to vasculoprotective functions, it has
been reported that miR-98-3p exerts anti-inflammatory
effects in endothelial cells by inhibition of nuclear factor–
κB signaling [44] and that miR-125a-5p may reduce
inflammatory cytokines in monocytes [52]. Accordingly,
both miRNAs have been reported to reduce ox-LDL
uptake in endothelial cells and monocytes, respectively
[52, 53], and may thus prevent atheroma development
and reduce the overall atherosclerotic burden. In addition,
Verjans et al. [64] recently identified miR-125a-5p in an
extensive screening of heart failure-associated miRNAs

as an inducer of non-pathological hypertrophic growth,
while protecting the adult pressure-overloaded heart
through increased cardiac contractility. Future studies
will be needed to investigate if physical exercise also
induces miR-125a-5p uptake or production in the heart.
With regard to miR-199a which had not been included
in our analysis, we became aware of a report by Joris
et al. [60] during preparation of this manuscript, which
provided functional data suggesting that miR-199a-3p
and -5p take part in the regulation of the endothelial NO
synthase. It may thus modulate key endothelial functions

Figure 5: Shear stress induced endothelial miR-98-3p and miR-125a-5p secretion. Human umbilical vein endothelial cells
(HUVECs) were exposed to different shear rates up to 30 dyn/cm2 for 1 h. A significant elevation of (A) miR-98-3p and (D) miR-125a-5p
levels in the endothelial medium was detected at 30 dyn/cm2. Intracellular levels of (B) miR-98-3p remained unchanged while cellular
levels of (E) miR-125a-5p showed a significant decrease. (C/F) The ratio of medium to cellular level was increased for both miRNAs.
Data are presented as mean fold change ± SD. P-values are individual shear rates compared to static control (0) using ANOVA and post-hoc
comparison or two-sided t-test. ***p < 0.001; *p < 0.05.
www.oncotarget.com
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such as angiogenesis and vascular tone, suggesting miR199a as interesting candidates for future investigations.
Of note, a potential cancer-related function of miR-983p and miR-125a-3p have most recently been reported.
Russo et al. [65] suggested an oncosuppressive role for
microRNA-125a based on its antiproliferative activity
and overexpression of mir-125a may predict better

survival in cancer patients [66]. In addition, miR-98 has
been involved in the response to treatment of patients
with advanced colorectal cancer. Thus, future studies
should focus on elevated miR-98 and miR-125a levels in
different training modalities and their potential mediation
of a preventive effects on both, cardiovascular diseases
and the development of different cancer types.

Figure 6: Time-dependent miR-98-3p and miR-125a-5p secretion during shear stress. HUVECs were exposed to a shear rate

of 30 dyn/cm2 for different periods. An elevation of (A) miR-98-3p and (C) miR-125a-5p in the medium was detected with significance
after 60 min. Intracellular levels of (B) miR-98-3p and (D) miR-125a-5p remained unchanged. Data are presented as mean fold change ±
SD. P-values represent results of overall ANOVA. *p < 0.05, post-hoc comparison to static control (Ctrl, 60 min).
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MATERIALS AND METHODS

Literature search and identification of miRNAs

(Figure 2). The search was conducted using PubMed for
records published until August 2018. Combinations of
the following key words were used: “miR-[identification
number of the respective miRNA]”, “miRNA”, “physical
activity”, “exercise”, “sport” and variations thereof.
Manual searches were also performed based on references
from identified articles. In a final selection process,
identified miRNAs were analyzed towards reported
vasculoprotective functions (Figure 2). At this step of the
analysis, miRNA strand type information was included
for selection (-3p was considered if not indicated). All
available records of the respective miRNAs were screened
and full-texts of records indicating functional analysis
linked to vasculoprotective activity of the respective
miRNA were assessed. Reports were evaluated by two
reviewers (BS and FB) and the final selection of miRNAs
was discussed based on the identified functional evidence
until consensus was reached.

Search strategy and eligibility criteria

Participants and exercise testing

Study design
The current investigation was based on a three-step
study design (Figure 1). In step one, a comprehensive
literature search was conducted to identify miRNA array
data from endothelial shear stress experiments. Meta data
was then searched for shear stress-sensitive miRNAs
reported in ≥ 3 independent studies. In step two, identified
candidate miRNAs were analyzed in two different
HIIT groups of healthy individuals immediately after
acute exercise and pre- post-intervention. In step three,
identified miRNAs were analyzed at different shear rates
and time points using an in vitro endothelial shear stress
model for validation.

To identify publications providing results of arraybased miRNA screenings of endothelial shear stress
experiments, a structured literature search was conducted
using PubMed (MEDLINE database) for records published
until July 2018. Combinations of the following key words
were used: “microRNA”, “miRNA”, “shear”, “stress” and
variations thereof. Manual searches were also performed
based on references from identified articles. The individual
steps of report identification, screening and processing are
documented in the study flow-chart (Figure 2). Any article
reporting results of an array-based screening of endothelial
shear stress-induced miRNAs was considered for the
analysis. Articles had to be original research (not a review,
book [chapter], conference abstract, thesis or website)
and be written in English. Articles were excluded if
processed array results (i.e. a list of significantly regulated
miRNAs) was not available. Results were extracted
including information on type of endothelial cells used,
applied shear rate (dyn/cm2), time under shear stress and
suggested miRNAs (by identification number) including
strand information (-3p, -5p) if available. The originally
applied p-values and thresholds (magnitude of change) to
identify regulated miRNAs were adopted as reported in
the original investigation. Screening and extraction of data
was performed by two reviewers (BS and FB).

Inclusion criteria and randomization
A randomized controlled interventional study
was used to analyze the effects of two different
4-week HIIT programs in young healthy moderately
trained individuals on circulating levels of the selected
miRNAs. Samples were drawn at rest and post-exercise
immediately after baseline and follow-up high-intensity
running. The detailed study protocol and changes in
exercise performance parameters in response to the
intervention have been reported elsewhere [36]. In brief,
66 female and male students > 18 years were recruited
at the Institute of Sports Medicine of the University
Hospital Muenster. All investigations were performed
in accordance with the declaration of Helsinki and
after the approval of the local ethics committee of the
medical association Westfalen-Lippe and the Westphalian
Wilhelms-University of Muenster (project-no. 2013231-f-S, study acronym SPORTIVA). Written informed
consent of participants was obtained prior to subjects’
participation in the study. In total, 14 participants dropped
out of the study, 7 from the 4 x 30 HIIT group and 7 from
the 8 x 15 HIIT group due to injury/ illness not associated
with the intervention and scheduling problems at retest.
Thus, 27 participants of the 4 x30 HIIT group and 25
participants of the 8 x 15 HIIT group were included in
the current analysis (Figure 2). Characteristics of the
analyzed participants were as follows: female = 71.7 %,
male = 28.3 %, age = 22.05 ± 1.78 years, height = 174.21
± 7.29 cm, body mass = 67.39 ± 10.65 kg, maximal
speed in ICRT = 15.51 ± 1.87 km∙h-1, speed at individual
anaerobic [lactate] threshold (IAT) = 11.17 ± 1.07 km∙h1
, maximal blood lactate concentration = 12.69 ± 2.65
mmol∙L-1, maximal heart rate 196.98 ± 8.17 bpm, and as
reported elsewhere [36].

Identification of shear-stress induced miRNAs
The extracted data was analyzed for endothelial
miRNAs suggestively regulated in ≥ 3 independent
studies. Positive identification at this step was also
accepted if strand type was different (i. e. -3p, -5p) or
not specified (Supplementary Table 1). This was done
since a number of identified studies did not specify
miRNA strand identity. In a second literature search,
reports on the identified miRNAs in combination with
physical exercise in healthy humans were investigated
www.oncotarget.com
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Exercise test procedures

inner 10-mm radius of the culture plate was kept free
of cells due to non-defined shear rate in the center of
the plate. Medium viscosity was increased using 3%
polyvinylpyrrolidone (MW 360,000; Sigma-Aldrich,
Munich, Germany) [71]. Subsequently, cells were exposed
to different shear rates for up to 1 h in n = 3 independent
culture plates simultaneously. Shear rates ranged from 0.5
to 30 dyn/cm2. For in vitro time series analyzes (4 to 60
min, n = 3 for each time point), HUVECs from 3 different
donors were treated as stated above and were exposed to
30 dyn/cm2.

Exercise parameters at baseline and follow-up were
determined using the ICRT field test protocol (maximal
performance test) as described [67, 68] with modifications
[62]. The test started at 8.0 km·h-1, increasing by 2.0 km·h1
every 3 min until total exhaustion of the participant. The
pace was indicated by an automated acoustic device. Blood
was sampled from participants’ earlobes for blood lactate
concentration measurement (20 µl heparinized capillary;
Biosen S-line, EKF Diagnostics, Magdeburg, Germany)
after each interval (3 min). Performance at IAT (baseline
lactate + 1.5 mmol∙L-1) was calculated using Winlactat
software version 5.0.0.54 (Mesics, Muenster, Germany)
as described [36]. Participants were then allocated to one
of two training groups by stratified block randomization
using sex and performance (i. e. power output [running
speed] at IAT) as primary parameters [36]. The ICRT and
all HIIT sessions were performed indoors on a synthetic
200 m running track at ambient temperature (18 – 22°C, ~
60 m above sea level).

miRNA extraction and quantification
Blood sampling from participants’ earlobes
was performed as reported previously [35, 36, 73]
immediately at the testing site using a 20 μl K2 EDTA
capillary (Sarstedt, Nuernbrecht, Germany) and RNA
was extracted using 750 µl peqGOLD TriFast (VWR,
Darmstadt, Germany) according to the manufacturer’s
instruction. The applied method allows the detection
of acute changes in c-miRNA levels immediately after
exercise and prevents the bias of hemolysis. Each
sample was immediately supplemented with 10 nM
Caenorhabditis elegans cel-miR-39-3p spike-in control
following manufacturer’s instruction (Thermo Fisher
Scientific, Darmstadt, Germany) for normalization as
reported [35, 74, 75]. RNase-free glycogen (70 µg/
sample; VWR) was used as carrier to optimize extraction
efficiency [76]. Isolated RNA was resuspended in 20 µl
of nuclease-free water. RNA from cultured HUVECs was
extracted using 2.0 ml peqGOLD TriFast and processed
according to the manufacturer’s instruction. From
each experimental condition, the culture medium was
collected completely and RNA from 20 μl conditioned
medium was extracted using 750 µl peqGOLD TriFast
as described above and resuspended in 20 µl RNasefree water. Quantification of mature hsa-miR-98-3p,
hsa-miR-125a-5p, hsa-miR-222-3p, and cel-miR-39-3p
was performed by quantitative real-time polymerase
chain reaction (qRT-PCR) using 5' adaptor ligation and
target-independent cDNA generation in a single reaction
(TaqMan Advanced MicroRNA technology; Thermo
Fisher Scientific, Darmstadt, Germany). In brief,
1.0 μl of RNA solution was used for adaptor ligation
and reverse transcription according to manufacturer’s
instructions. cDNA was diluted 1:10 in ultra-pure water
und 1.25 µl were used for final qRT-PCR reactions
performed in a 384-well format in duplicates on an
ABI7500 fast RT-PCR system (Life Technologies,
Carlsbad, USA). Relative quantification was performed
using the ΔCt method and miR-98-3p and miR-125a-5p
values were expressed as (1/ΔCt)*100 for presentation.
For cell culture experiments, cel-miR-39-3p spike-in
control was used for analysis of culture medium and
hsa-miR-222-3p was used as endogenous reference

HIIT interventions
During the 4-week training intervention participants
performed two controlled exercise sessions per week
(one day off between sessions) supervised by at least one
experienced trainer. All training sessions started with a
warm-up phase of 10 min including running at ~8.0 m·h-1
and light stretching. A cool-down phase was not included.
Both HIIT protocols were matched for time and total
workload.
4 x 30 HIIT: participants were instructed to run at
maximal speed for 4 x 30 s (all-out) with 30 s of active
recovery periods at warm-up speed between bouts.
8 x 15 HIIT: participants were instructed to run at
maximal speed for 8 x 15 s (all-out) with 15 s of active
recovery periods at warm-up speed between bouts.
Additional blood sampling for miRNA
quantification was performed at the first and the last HIIT
sessions at rest and immediately post-exercise.

Cell culture and shear stress experiments
Human umbilical vein endothelial cells (HUVECs)
from 3 donors were collected as reported previously
[69, 70]. Cells were grown to confluence at 37°C with
5% CO2 on cross-linked gelatin-coated culture plates
in endothelial cell growth medium (ECGM; Promocell,
Heidelberg, Germany) containing the supplement
mix C-39-210 (Promocell) supplemented with 50 mg/
ml streptomycinsulphate and 50 U/ml penicillin G
(Invitrogen, Darmstadt, Germany). Cells were used for
shear stress experiments performed in the cone-andplate “BioTech Flow” (BTF)-System at 37°C, 5% CO2
as described [71]. The BTF-System provides constant
laminar homogenous flow through circulation of medium
provoked by a cone above the culture plate [72]. The
www.oncotarget.com
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in vitro and that endothelial cells might be the source for
increased circulating miR-98-3p and miR-125a-5p levels
in response to HIIT in vivo. Since both miRNAs attenuate
endothelial inflammation, miR-98-3p and miR-125a-5p
may mediate vasculoprotective effects of physical exercise
including HIIT.

for analysis of cellular miRNA levels. Duplicates with
a difference greater than 2 Ct were excluded from the
analysis. The number of included samples is presented
in Figure 4.

Limitations

Abbreviations

Some limitations for the current investigation
might exist. First, our findings may not be directly
translated to other groups or populations as our results
for HIIT were detected in a population of young healthy
female and male Caucasians. Second, the presented
results are based on the determination of circulating
miRNAs from blood. As miR-125a-5p and miR-98-3p
might be concentrated in micro vesicles or associated to
carrier proteins with the potential to shuttle into target
cells with high efficiency, future studies are needed to
investigate the effect of physical exercise on miRNA
elevation in the blood. Moreover, additional studies are
warranted to analyze potential additional regulators of
miR-125a-5p and miR-98-3p such as hypoxia. We have
applied a spike-in control (cel-miR-39) for our in vitro
and in vivo analysis and it might be necessary to validate
our findings in future studies once an appropriate
endogenous (exercise-independent) miRNA has been
identified.

BTF,
BioTech
Flow
(System);
cmiRNA, circulatory microRNA; HIIT, highintensity interval training; HUVEC, human umbilical
vein endothelial cell; IAT, individual anaerobic
threshold; ICRT, incremental continuous running
test; miRNA, microRNA; NO, nitric oxide; oxLDL, oxidized low-density lipoprotein; qRTPCR, quantitative real-time polymerase chain reaction;
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Statistical data analysis
For the initial identification of miRNAs from
available array-based studies, extraction spread sheets
were generated using Microsoft Excel (Microsoft,
Redmond, USA) to identify miRNAs reported by ≥
3 studies. In vivo and in vitro statistical data analyses
were performed using GraphPad PRISM V7.0 software
(GraphPad Software Inc., La Jolla, USA). Data are
presented as mean ± SD. Data were tested for normal
distribution using D’Agostino-Pearson normality test
(omnibus K2 test). Training effects on miRNA levels were
determined using repeated measures two-way ANOVA
(time x HIIT group). In addition, overall HIIT effects (both
groups) were analyzed using repeated measures ANOVA
(4 time points). In vitro shear stress experiments were
analyzed using ANOVA or two-sided t-test when indicated
and presented as fold change compared to respective
control. Bonferroni's multiple comparisons test was used.
Friedman test and Dunn's multiple comparisons test were
used when indicated. Significance was declared at p < 0.05

ACKNOWLEDGMENTS
We greatly acknowledge the cooperation of
all participants from the Sports in Vascular Aging
(SPORTIVA) project without whom this study could
not have been realized. The assistance of Marianne
Lambrecht, Mirja Mewes and technical help in shear
stress experiments by Maria Odenthal-Schnittler is also
gratefully acknowledged.

CONFLICTS OF INTEREST
No financial or personal relationships exist between
any of the authors and other people or organizations that
could influence the present study.

CONCLUSIONS

FUNDING

We conclude that re-analysis of miRNA array results
such as data from endothelial shear stress experiments can
be used to identify miRNAs inducible by exercise. Our
data provides evidence that the identified miR-98-3p and
miR-125a-5p can be rapidly secreted by endothelial cells

Grants of the German Research Council (DFG)
to HS (SCHN 43076-2) and support by the Excellence
Cluster Cells In Motion (CIM) flexible fund to HS (FF2014-15) are also greatly acknowledged. BJ was supported

www.oncotarget.com

3636

Oncotarget

by a scholarship from the ‘Katholischer Akademischer
Ausländer-Dienst’ (KAAD).

non-coding RNAs in biomarker-guided cardiovascular
therapy: a novel tool for personalized medicine? Eur Heart
J. 2018. https://doi.org/10.1093/eurheartj/ehy234.[PubMed]

Data availability

13. Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC,
Gibson DF, Mitchell PS, Bennett CF, Pogosova-Agadjanyan
EL, Stirewalt DL, Tait JF, Tewari M. Argonaute2 complexes
carry a population of circulating microRNAs independent of
vesicles in human plasma. Proc Natl Acad Sci USA. 2011;
108:5003–08. https://doi.org/10.1073/pnas.1019055108.
[PubMed].

The datasets generated or analyzed during the
current study are available from the corresponding author
on reasonable request.

REFERENCES

14. Deregibus MC, Cantaluppi V, Calogero R, Lo Iacono M,
Tetta C, Biancone L, Bruno S, Bussolati B, Camussi G.
Endothelial progenitor cell derived microvesicles activate
an angiogenic program in endothelial cells by a horizontal
transfer of mRNA. Blood. 2007; 110:2440–48. https://doi.
org/10.1182/blood-2007-03-078709. [PubMed].

1. Flowers E, Won GY, Fukuoka Y. MicroRNAs associated
with exercise and diet: a systematic review. Physiol
Genomics. 2015; 47:1–11. https://doi.org/10.1152/
physiolgenomics.00095.2014. [PubMed].
2. Polakovičová M, Musil P, Laczo E, Hamar D, Kyselovič
J. Circulating MicroRNAs as Potential Biomarkers of
Exercise Response. Int J Mol Sci. 2016; 17:H557–63.
https://doi.org/10.3390/ijms17101553. [PubMed].

15. Kumar S, Kim CW, Simmons RD, Jo H. Role of flowsensitive microRNAs in endothelial dysfunction and
atherosclerosis: mechanosensitive athero-miRs. Arterioscler
Thromb Vasc Biol. 2014; 34:2206–16. https://doi.
org/10.1161/ATVBAHA.114.303425. [PubMed].

3. Silva GJ, Bye A, El Azzouzi H, Wisløff U. MicroRNAs
as Important Regulators of Exercise Adaptation. Prog
Cardiovasc Dis. 2017; 60:130–51. https://doi.org/10.1016/j.
pcad.2017.06.003. [PubMed].

16. Nallamshetty S, Chan SY, Loscalzo J. Hypoxia: a master
regulator of microRNA biogenesis and activity. Free Radic
Biol Med. 2013; 64:20–30. https://doi.org/10.1016/j.
freeradbiomed.2013.05.022. [PubMed].

4. Sapp RM, Shill DD, Roth SM, Hagberg JM. Circulating
microRNAs in acute and chronic exercise: more than
mere biomarkers. J Appl Physiol (1985). 2017; 122:702717.
https://doi.org/10.1152/japplphysiol.00982.2016.
[PubMed].

17. Bandara KV, Michael MZ, Gleadle JM. MicroRNA
Biogenesis in Hypoxia. MicroRNA. 2017; 6:80–96. https://
doi.org/10.2174/2211536606666170313114821. [PubMed].
18. Newcomer SC, Thijssen DH, Green DJ. Effects of exercise
on endothelium and endothelium/smooth muscle cross
talk: role of exercise-induced hemodynamics. J Appl
Physiol (1985). 2011; 111:311-20. https://doi.org/10.1152/
japplphysiol.00033.2011. [PubMed].

5. Bartel DP. Metazoan MicroRNAs. Cell. 2018; 173:20–51.
https://doi.org/10.1016/j.cell.2018.03.006. [PubMed].
6. Filipowicz W, Bhattacharyya SN, Sonenberg N.
Mechanisms of post-transcriptional regulation by
microRNAs: are the answers in sight? Nat Rev Genet. 2008;
9:102–14. https://doi.org/10.1038/nrg2290. [PubMed].

19. Thijssen DH, Dawson EA, Black MA, Hopman MT,
Cable NT, Green DJ. Brachial artery blood flow responses
to different modalities of lower limb exercise. Med Sci
Sports Exerc. 2009; 41:1072–79. https://doi.org/10.1249/
MSS.0b013e3181923957. [PubMed].

7. Huntzinger E, Izaurralde E. Gene silencing by microRNAs:
contributions of translational repression and mRNA decay.
Nat Rev Genet. 2011; 12:99–110. https://doi.org/10.1038/
nrg2936. [PubMed].

20. Green DJ, Hopman MT, Padilla J, Laughlin MH, Thijssen
DH. Vascular Adaptation to Exercise in Humans: Role of
Hemodynamic Stimuli. Physiol Rev. 2017; 97:495–528.
https://doi.org/10.1152/physrev.00014.2016. [PubMed].

8. Alvarez-Garcia I, Miska EA. MicroRNA functions in
animal development and human disease. Development.
2005; 132:4653–62. https://doi.org/10.1242/dev.02073.
[PubMed].

21. Tinken TM, Thijssen DH, Hopkins N, Dawson
EA, Cable NT, Green DJ. Shear stress mediates
endothelial adaptations to exercise training in humans.
Hypertension. 2010; 55:312–18. https://doi.org/10.1161/
HYPERTENSIONAHA.109.146282. [PubMed].

9. Jung HJ, Suh Y. Circulating miRNAs in ageing and ageingrelated diseases. J Genet Genomics. 2014; 41:465–72.
https://doi.org/10.1016/j.jgg.2014.07.003. [PubMed].
10. Sayed D, Abdellatif M. MicroRNAs in development
and disease. Physiol Rev. 2011; 91:827–87. https://doi.
org/10.1152/physrev.00006.2010. [PubMed].

22. Hambrecht R, Adams V, Erbs S, Linke A, Kränkel N, Shu
Y, Baither Y, Gielen S, Thiele H, Gummert JF, Mohr FW,
Schuler G. Regular physical activity improves endothelial
function in patients with coronary artery disease by
increasing phosphorylation of endothelial nitric oxide
synthase. Circulation. 2003; 107:3152–58. https://doi.
org/10.1161/01.CIR.0000074229.93804.5C. [PubMed].

11. Friedman RC, Farh KK, Burge CB, Bartel DP. Most
mammalian mRNAs are conserved targets of microRNAs.
Genome Res. 2009; 19:92–105. https://doi.org/10.1101/
gr.082701.108. [PubMed].
12. de Gonzalo-Calvo D, Vea A, Bär C, Fiedler J, Couch
LS, Brotons C, Llorente-Cortes V, Thum T. Circulating
www.oncotarget.com

3637

Oncotarget

23. Seebach J, Donnert G, Kronstein R, Werth S, WojciakStothard B, Falzarano D, Mrowietz C, Hell SW, Schnittler
HJ. Regulation of endothelial barrier function during flowinduced conversion to an arterial phenotype. Cardiovasc
Res. 2007; 75:596–607. https://doi.org/10.1016/j.
cardiores.2007.04.017. [PubMed].

Extracell Vesicles. 2012; 1:18396. https://doi.org/10.3402/
jev.v1i0.18396. [PubMed].
34. Hergenreider E, Heydt S, Tréguer K, Boettger T,
Horrevoets AJ, Zeiher AM, Scheffer MP, Frangakis AS,
Yin X, Mayr M, Braun T, Urbich C, Boon RA, Dimmeler
S. Atheroprotective communication between endothelial
cells and smooth muscle cells through miRNAs. Nat Cell
Biol. 2012; 14:249–56. https://doi.org/10.1038/ncb2441.
[PubMed].

24. Mewes M, Nedele J, Schelleckes K, Bondareva O, Lenders
M, Kusche-Vihrog K, Schnittler HJ, Brand SM, Schmitz
B, Brand E. Salt-induced Na+/K+-ATPase-α/β expression
involves soluble adenylyl cyclase in endothelial cells.
Pflugers Arch. 2017; 469:1401–12. https://doi.org/10.1007/
s00424-017-1999-6. [PubMed].

35. Schmitz B, Schelleckes K, Nedele J, Thorwesten L,
Klose A, Lenders M, Krüger M, Brand E, Brand SM.
Dose-Response of High-Intensity Training (HIT) on
Atheroprotective miRNA-126 Levels. Front Physiol.
2017; 8:349. https://doi.org/10.3389/fphys.2017.00349.
[PubMed].

25. Kusche-Vihrog K, Schmitz B, Brand E. Salt controls
endothelial and vascular phenotype. Pflugers Arch. 2015;
467:499–512. https://doi.org/10.1007/s00424-014-1657-1.
[PubMed].

36. Schmitz B, Rolfes F, Schelleckes K, Mewes M, Thorwesten
L, Krüger M, Klose A, Brand SM. Longer Work/Rest
Intervals During High-Intensity Interval Training (HIIT)
Lead to Elevated Levels of miR-222 and miR-29c.
Front Physiol. 2018; 9:395. https://doi.org/10.3389/
fphys.2018.00395. [PubMed].

26. Abe J, Berk BC. Novel mechanisms of endothelial
mechanotransduction. Arterioscler
Thromb
Vasc
Biol.
2014;
34:2378–86.
https://doi.org/10.1161/
ATVBAHA.114.303428. [PubMed].
27. Vozzi F, Campolo J, Cozzi L, Politano G, Di Carlo S,
Rial M, Domenici C, Parodi O. Computing of Low Shear
Stress-Driven Endothelial Gene Network Involved in Early
Stages of Atherosclerotic Process. BioMed Res Int. 2018;
2018:5359830.
https://doi.org/10.1155/2018/5359830.
[PubMed].

37. Burgomaster KA, Howarth KR, Phillips SM, Rakobowchuk
M, Macdonald MJ, McGee SL, Gibala MJ. Similar
metabolic adaptations during exercise after low volume
sprint interval and traditional endurance training in humans.
J Physiol. 2008; 586:151–60. https://doi.org/10.1113/
jphysiol.2007.142109. [PubMed].

28. Schober A, Nazari-Jahantigh M, Wei Y, Bidzhekov K,
Gremse F, Grommes J, Megens RT, Heyll K, Noels H,
Hristov M, Wang S, Kiessling F, Olson EN, Weber C.
MicroRNA-126-5p promotes endothelial proliferation and
limits atherosclerosis by suppressing Dlk1. Nat Med. 2014;
20:368–76. https://doi.org/10.1038/nm.3487. [PubMed].

38. Milanović Z, Sporiš G, Weston M. Effectiveness of HighIntensity Interval Training (HIT) and Continuous Endurance
Training for VO2max Improvements: A Systematic Review
and Meta-Analysis of Controlled Trials. Sports Med. 2015;
45:1469–81. https://doi.org/10.1007/s40279-015-0365-0.
[PubMed].

29. Cordes KR, Sheehy NT, White MP, Berry EC, Morton
SU, Muth AN, Lee TH, Miano JM, Ivey KN, Srivastava
D. miR-145 and miR-143 regulate smooth muscle cell
fate and plasticity. Nature. 2009; 460:705–10. https://doi.
org/10.1038/nature08195. [PubMed].

39. Weston KS, Wisløff U, Coombes JS. High-intensity interval
training in patients with lifestyle-induced cardiometabolic
disease: a systematic review and meta-analysis. Br J
Sports Med. 2014; 48:1227–34. https://doi.org/10.1136/
bjsports-2013-092576. [PubMed].

30. Chen X, Liang H, Zhang J, Zen K, Zhang CY. Secreted
microRNAs: a new form of intercellular communication.
Trends Cell Biol. 2012; 22:125–32. https://doi.
org/10.1016/j.tcb.2011.12.001. [PubMed].

40. Sloth M, Sloth D, Overgaard K, Dalgas U. Effects of
sprint interval training on VO2max and aerobic exercise
performance: A systematic review and meta-analysis.
Scand J Med Sci Sports. 2013; 23:e341–52. https://doi.
org/10.1111/sms.12092. [PubMed].

31. Makarova JA, Maltseva DV, Galatenko VV, Abbasi A,
Maximenko DG, Grigoriev AI, Tonevitsky AG, Northoff
H. Exercise immunology meets MiRNAs. Exerc Immunol
Rev. 2014; 20:135–64.

41. Costigan SA, Eather N, Plotnikoff RC, Taaffe DR, Lubans
DR. High-intensity interval training for improving healthrelated fitness in adolescents: a systematic review and metaanalysis. Br J Sports Med. 2015; 49:1253–61. https://doi.
org/10.1136/bjsports-2014-094490. [PubMed].

32. Zhang J, Li S, Li L, Li M, Guo C, Yao J, Mi S. Exosome
and exosomal microRNA: trafficking, sorting, and function.
Genomics Proteomics Bioinformatics. 2015; 13:17–24.
https://doi.org/10.1016/j.gpb.2015.02.001. [PubMed].

42. Guiraud T, Nigam A, Gremeaux V, Meyer P, Juneau M,
Bosquet L. High-intensity interval training in cardiac
rehabilitation. Sports Med. 2012; 42:587–605. https://doi.
org/10.2165/11631910-000000000-00000. [PubMed].

33. de Jong OG, Verhaar MC, Chen Y, Vader P, Gremmels
H, Posthuma G, Schiffelers RM, Gucek M, van Balkom
BW. Cellular stress conditions are reflected in the protein
and RNA content of endothelial cell-derived exosomes. J

www.oncotarget.com

43. Ellingsen Ø, Halle M, Conraads V, Støylen A, Dalen
H, Delagardelle C, Larsen AI, Hole T, Mezzani A, Van

3638

Oncotarget

Craenenbroeck EM, Videm V, Beckers P, Christle JW,
et al, and SMARTEX Heart Failure Study (Study of
Myocardial Recovery After Exercise Training in Heart
Failure) Group. High-Intensity Interval Training in Patients
With Heart Failure With Reduced Ejection Fraction.
Circulation. 2017; 135:839–49. https://doi.org/10.1161/
CIRCULATIONAHA.116.022924. [PubMed].

response, lipid uptake, and ORP9 expression in oxLDLstimulated monocyte/macrophages. Cardiovasc Res. 2009;
83:131–39. https://doi.org/10.1093/cvr/cvp121. [PubMed].
53. Chen Z, Wang M, He Q, Li Z, Zhao Y, Wang W, Ma J,
Li Y, Chang G. MicroRNA-98 rescues proliferation and
alleviates ox-LDL-induced apoptosis in HUVECs by
targeting LOX-1. Exp Ther Med. 2017; 13:1702–10. https://
doi.org/10.3892/etm.2017.4171. [PubMed].

44. Chen LJ, Chuang L, Huang YH, Zhou J, Lim SH, Lee CI,
Lin WW, Lin TE, Wang WL, Chen L, Chien S, Chiu JJ.
MicroRNA mediation of endothelial inflammatory response
to smooth muscle cells and its inhibition by atheroprotective
shear stress. Circ Res. 2015; 116:1157–69. https://doi.
org/10.1161/CIRCRESAHA.116.305987. [PubMed].

54. Tonevitsky AG, Maltseva DV, Abbasi A, Samatov TR,
Sakharov DA, Shkurnikov MU, Lebedev AE, Galatenko VV,
Grigoriev AI, Northoff H. Dynamically regulated miRNAmRNA networks revealed by exercise. BMC Physiol. 2013;
13:9. https://doi.org/10.1186/1472-6793-13-9. [PubMed].

45. Guan Y, Cai B, Wu X, Peng S, Gan L, Huang D, Liu
G, Dong L, Xiao L, Liu J, Zhang B, Cai WJ, Schaper J,
Schaper W. microRNA-352 regulates collateral vessel
growth induced by elevated fluid shear stress in the rat
hind limb. Sci Rep. 2017; 7:6643. https://doi.org/10.1038/
s41598-017-06910-9. [PubMed].

55. Shah R, Yeri A, Das A, Courtright-Lim A, Ziegler O,
Gervino E, Ocel J, Quintero-Pinzon P, Wooster L,
Bailey CS, Tanriverdi K, Beaulieu LM, Freedman JE,
et al. Small RNA-seq during acute maximal exercise
reveal RNAs involved in vascular inflammation and
cardiometabolic health: brief report. Am J Physiol Heart
Circ Physiol. 2017; 313:H1162–67. https://doi.org/10.1152/
ajpheart.00500.2017. [PubMed].

46. Holliday CJ, Ankeny RF, Jo H, Nerem RM. Discovery of
shear- and side-specific mRNAs and miRNAs in human
aortic valvular endothelial cells. Am J Physiol Heart Circ
Physiol. 2011; 301:H856–67. https://doi.org/10.1152/
ajpheart.00117.2011. [PubMed].

56. Margolis LM, Lessard SJ, Ezzyat Y, Fielding RA, Rivas
DA. Circulating MicroRNA Are Predictive of Aging and
Acute Adaptive Response to Resistance Exercise in Men. J
Gerontol A Biol Sci Med Sci. 2017; 72:1319–26. https://doi.
org/10.1093/gerona/glw243. [PubMed].

47. Ni CW, Qiu H, Jo H. MicroRNA-663 upregulated by
oscillatory shear stress plays a role in inflammatory
response of endothelial cells. Am J Physiol Heart Circ
Physiol. 2011; 300:H1762–69. https://doi.org/10.1152/
ajpheart.00829.2010. [PubMed].

57. Wahl P, Wehmeier UF, Jansen FJ, Kilian Y, Bloch W,
Werner N, Mester J, Hilberg T. Acute Effects of Different
Exercise Protocols on the Circulating Vascular microRNAs
-16, -21, and -126 in Trained Subjects. Front Physiol. 2016;
7:643. https://doi.org/10.3389/fphys.2016.00643.[PubMed]

48. Qin X, Wang X, Wang Y, Tang Z, Cui Q, Xi J, Li YS, Chien
S, Wang N. MicroRNA-19a mediates the suppressive effect
of laminar flow on cyclin D1 expression in human umbilical
vein endothelial cells. Proc Natl Acad Sci USA. 2010;
107:3240–44. https://doi.org/10.1073/pnas.0914882107.
[PubMed].

58. D’Souza RF, Bjørnsen T, Zeng N, Aasen KM, Raastad T,
Cameron-Smith D, Mitchell CJ. MicroRNAs in Muscle:
Characterizing the Powerlifter Phenotype. Front Physiol.
2017; 8:383. https://doi.org/10.3389/fphys.2017.00383.
[PubMed].

49. Rathan S, Ankeny CJ, Arjunon S, Ferdous Z, Kumar S,
Fernandez Esmerats J, Heath JM, Nerem RM, Yoganathan
AP, Jo H. Identification of side- and shear-dependent
microRNAs regulating porcine aortic valve pathogenesis.
Sci Rep. 2016; 6:25397. https://doi.org/10.1038/srep25397.
[PubMed].

59. Sansoni V, Perego S, Vernillo G, Barbuti A, Merati G,
La Torre A, Banfi G, Lombardi G. Effects of repeated
sprints training on fracture risk-associated miRNA.
Oncotarget. 2018; 9:18029–40. https://doi.org/10.18632/
oncotarget.24707. [PubMed].

50. Wang KC, Garmire LX, Young A, Nguyen P, Trinh A,
Subramaniam S, Wang N, Shyy JY, Li YS, Chien S. Role of
microRNA-23b in flow-regulation of Rb phosphorylation
and endothelial cell growth. Proc Natl Acad Sci USA. 2010;
107:3234–39. https://doi.org/10.1073/pnas.0914825107.
[PubMed].

60. Joris V, Gomez EL, Menchi L, Lobysheva I, Di Mauro
V, Esfahani H, Condorelli G, Balligand JL, Catalucci D,
Dessy C. MicroRNA-199a-3p and MicroRNA-199a-5p
Take Part to a Redundant Network of Regulation of the
NOS (NO Synthase)/NO Pathway in the Endothelium.
Arterioscler Thromb Vasc Biol. 2018; 38:2345–57. https://
doi.org/10.1161/ATVBAHA.118.311145. [PubMed].

51. Weber M, Baker MB, Moore JP, Searles CD. MiR-21 is
induced in endothelial cells by shear stress and modulates
apoptosis and eNOS activity. Biochem Biophys Res
Commun. 2010; 393:643–48. https://doi.org/10.1016/j.
bbrc.2010.02.045. [PubMed].

61. Baggish AL, Hale A, Weiner RB, Lewis GD, Systrom
D, Wang F, Wang TJ, Chan SY. Dynamic regulation of
circulating microRNA during acute exhaustive exercise
and sustained aerobic exercise training. J Physiol. 2011;
589:3983–94. https://doi.org/10.1113/jphysiol.2011.213363.
[PubMed].

52. Chen T, Huang Z, Wang L, Wang Y, Wu F, Meng S, Wang
C. MicroRNA-125a-5p partly regulates the inflammatory

www.oncotarget.com

3639

Oncotarget

62. Schmitz B, Klose A, Schelleckes K, Jekat CM, Krüger M,
Brand SM. Yo-Yo IR1 vs. incremental continuous running
test for prediction of 3000-m performance. J Sports Med
Phys Fitness. 2017; 57:1391–98. https://doi.org/10.23736/
S0022-4707.17.07097-9.

70. Teichmann J, Morgenstern A, Seebach J, Schnittler HJ,
Werner C, Pompe T. The control of endothelial cell
adhesion and migration by shear stress and matrix-substrate
anchorage. Biomaterials. 2012; 33:1959–69. https://doi.
org/10.1016/j.biomaterials.2011.11.017. [PubMed].

63. Gurovich AN, Braith RW. Analysis of both pulsatile and
streamline blood flow patterns during aerobic and resistance
exercise. Eur J Appl Physiol. 2012; 112:3755–64. https://
doi.org/10.1007/s00421-012-2367-z. [PubMed].

71. Schnittler HJ, Franke RP, Akbay U, Mrowietz C,
Drenckhahn D. Improved in vitro rheological system for
studying the effect of fluid shear stress on cultured cells.
Am J Physiol. 1993; 265:C289–98. https://doi.org/10.1152/
ajpcell.1993.265.1.C289. [PubMed].

64. Verjans R, Braga L, Rech M, Beijnsberger S, Carai P,
Spatjens R, Van Bilsen M, Giacca M, Schroen B. P68
Cardiomyocyte cell cycle activity and function is under
the control of miR-125a. Cardiovasc Res. 2018 (suppl_1);
114:S18. https://doi.org/10.1093/cvr/cvy060.032.

72. Buschmann MH, Dieterich P, Adams NA, Schnittler
HJ. Analysis of flow in a cone-and-plate apparatus with
respect to spatial and temporal effects on endothelial
cells. Biotechnol Bioeng. 2005; 89:493–502. https://doi.
org/10.1002/bit.20165. [PubMed].

65. Russo A, Potenza N. Antiproliferative Activity of
microRNA-125a and its Molecular Targets. Microrna. 2019;
8:173–79. https://doi.org/10.2174/22115366086661811051
14739. [PubMed].

73. Kilian Y, Wehmeier UF, Wahl P, Mester J, Hilberg T,
Sperlich B. Acute Response of Circulating Vascular
Regulating MicroRNAs during and after High-Intensity
and High-Volume Cycling in Children. Front Physiol. 2016;
7:92. https://doi.org/10.3389/fphys.2016.00092.

66. Sun X, Zhang S, Ma X. Prognostic Value of MicroRNA-125
in Various Human Malignant Neoplasms: a Meta-Analysis.
Clin Lab. 2015; 61:1667–74. https://doi.org/10.7754/Clin.
Lab.2015.150408.

74. Fichtlscherer S, De Rosa S, Fox H, Schwietz T, Fischer
A, Liebetrau C, Weber M, Hamm CW, Röxe T, MüllerArdogan M, Bonauer A, Zeiher AM, Dimmeler S.
Circulating microRNAs in patients with coronary
artery disease. Circ Res. 2010; 107:677–84. https://doi.
org/10.1161/CIRCRESAHA.109.215566. [PubMed].

67. Berthoin S, Gerbeaux M, Turpin E, Guerrin F, LenselCorbeil G, Vandendorpe F. Comparison of two field tests
to estimate maximum aerobic speed. J Sports Sci. 1994;
12:355–62. https://doi.org/10.1080/02640419408732181.
[PubMed].

75. Schlosser K, McIntyre LA, White RJ, Stewart DJ.
Customized Internal Reference Controls for Improved
Assessment of Circulating MicroRNAs in Disease. PLoS
One. 2015; 10:e0127443. https://doi.org/10.1371/journal.
pone.0127443. [PubMed].

68. Léger L, Boucher R. An indirect continuous running multistage field test: the Université de Montréal track test. Can J
Appl Sport Sci. 1980; 5:77–84.
69. Cao J, Ehling M, März S, Seebach J, Tarbashevich K, Sixta
T, Pitulescu ME, Werner AC, Flach B, Montanez E, Raz E,
Adams RH, Schnittler H. Polarized actin and VE-cadherin
dynamics regulate junctional remodelling and cell migration
during sprouting angiogenesis. Nat Commun. 2017; 8:2210.
https://doi.org/10.1038/s41467-017-02373-8. [PubMed].

www.oncotarget.com

76. McAlexander MA, Phillips MJ, Witwer KW. Comparison
of Methods for miRNA Extraction from Plasma and
Quantitative Recovery of RNA from Cerebrospinal
Fluid. Front Genet. 2013; 4:83. https://doi.org/10.3389/
fgene.2013.00083. [PubMed].

3640

Oncotarget

