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Skeletal muscle microRNAs (myomiR) expression is modulated by exercise, however,

the influence of endurance exercise mode, combined with essential amino acid and

carbohydrate (EAA+CHO) supplementation are not well defined. This study determined

the effects of weighted versus non-weighted endurance exercise, with or without

EAA+CHO ingestion on myomiR expression and their association with muscle protein

synthesis (MPS). Twenty five adults performed 90 min of metabolically-matched (2.2

VO2 L·m−1) load carriage (LC; performed on a treadmill wearing a vest equal to 30%

of individual body mass) or cycle ergometry (CE) exercise, during which EAA+CHO (10 g

EAA and 46g CHO) or non-nutritive control (CON) drinks were consumed. Expression of

myomiR (RT-qPCR) were determined at rest (PRE), immediately post-exercise (POST),

and 3 h into recovery (REC). Muscle protein synthesis (2H5-phenylalanine) was measured

during exercise and recovery. Relative to PRE, POST, and REC expression of miR-1-3p,

miR-206, miR-208a-5, and miR-499 was lower (P < 0.05) for LC compared to

CE, regardless of dietary treatment. Independent of exercise mode, miR-1-3p and

miR-208a-5p expression were lower (P < 0.05) after ingesting EAA+CHO compared

to CON. Expression of miR-206 was highest for CE-CON than any other treatment

(exercise-by-drink, P < 0.05). Common targets of differing myomiR were identified as

markers within mTORC1 signaling, and miR-206 and miR-499 were inversely associated

with MPS rates immediately post-exercise. These findings suggest the alterations in

myomiR expression between exercise mode and EAA+CHO intake may in part be due

to differing MPS modulation immediately post-exercise.

Keywords: myomiR, load carriage, cycle ergometry, Akt, rpS6

INTRODUCTION

Exercise, essential amino acids (EAA), and insulin modulate anabolic signaling networks that
regulate skeletal muscle protein synthesis (MPS) (Margolis and Rivas, 2015). These anabolic
stimuli converge on the mechanistic target of rapamycin complex 1 (mTORC1), which when
activated increases MPS (Drummond et al., 2009a; Pasiakos, 2012; Laplante and Sabatini, 2013).
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MPS and associated mTORC1 signaling responses to exercise
are dependent on exercise type, as the mechanical strain of
resistance-type exercise generally stimulates a greater increase
in MPS compared to conventional endurance-type exercise
(Wilkinson et al., 2008; Pasiakos et al., 2015). Consuming
EAA during or after exercise potentiates the MPS response
to exercise regardless of type (Tipton et al., 2004; Dreyer
et al., 2008; Pasiakos et al., 2011; Dickinson et al., 2014;
Rowlands et al., 2015). Co-ingesting carbohydrate with
EAA during or after exercise optimizes the net anabolic
response by eliciting an insulinemic response that exceeds
the response to EAA alone (Tipton et al., 2001; Dreyer et al.,
2008).

It has been suggested that acute alterations in skeletal
muscle microRNA (myomiR; miR-1, miR-133a, miR-133b, miR-
206, miR-208, and miR-499) expression may be sensitive to
changes in the rate of MPS (Kirby and Mccarthy, 2013).
myomiR expression has been shown to be acutely altered
after exercise (Nielsen et al., 2010; Russell et al., 2013;
Rivas et al., 2014) and EAA intake (Drummond et al.,
2008, 2009b; Camera et al., 2016). The directionality of
these changes appear to be sensitive to exercise type, and
while the physiological function of such changes is not well
described, altered myomiR expression may govern long-term
muscle growth (Kirby and Mccarthy, 2013). For example,
combining the contractile forces of resistance-type exercise
with EAA ingestion downregulates miR-1 expression in young
men (Drummond et al., 2008). These acute findings support
long-term data by Mccarthy and Esser (2007) showing that,
in a functional overload model (rodents), miR-1 and miR-
133a expression is diminished during long-term periods of
muscle hypertrophy. It is possible that downregulations in miR-1
and miR-133a expression facilitate increased anabolic signaling
of the insulin-like growth factor-1(IFG-1)/insulin/mTORC1
pathway (Elia et al., 2009). Conversely, following more
metabolically demanding, endurance-type exercise, which is
generally not considered anabolic due to lower contractile forces
than resistance-type exercise, miR-1, miR-133a, and miR-133b
expression are upregulated when exercise is performed without
EAA ingestion (Nielsen et al., 2010; Russell et al., 2013). The
divergent myomiR responses to exercise mode and EAA intake
may in part be triggered by altered MPS rates, however no study
has directly tested this theory.

A recent investigation by our group reported that weighted
endurance exercise stimulated a greater MPS response compared
to conventional endurance exercise, and that EAA+CHO
ingestion during exercise increased MPS to a greater extent than
exercise alone (Pasiakos et al., 2015). Given these differences in
MPS, muscle samples obtained from this previous study were
used to determine if myomiR expression was diminished under
conditions where MPS was enhanced. We hypothesized that the
greater anabolic stimulus of weighted endurance exercise would
be associated with reduced myomiR expression after exercise
compared to conventional endurance exercise. Additionally,
we anticipated that consuming EAA+CHO during exercise
would suppress myomiR expression regardless of exercise
mode.

METHODS

Volunteers and Experimental Design
Twenty-five (23 males and 2 females) participated in this
randomized, double-blind, placebo-controlled study after
providing informed, written consent from October 2012 to
November 2013 (Pasiakos et al., 2015). All study procedures were
conducted at the US Army Research Institute of Environmental
Medicine (USARIEM, Natick, MA). Volunteers were military
personnel from the US Army Natick Research, Development
and Engineering Center, Human Research Volunteer recruit
platoon, and civilians from the local area. Volunteers were
required to be between the ages of 18 and 39 years, weight stable
(± 2 kg for a period of 2 months), physically fit (peak oxygen
uptake, VO2peak 40–60 mL·kg−1·min−1), and have a body mass

index (BMI) between 22 and 29 kg·m−2. A medical screening
was also conducted to ensure that potential volunteers could
safely participate in the study. This study was approved by the
Institutional Review Board at USARIEM and registered at www.
clinicaltrials.gov as NCT01714479.

Volunteers were randomly assigned to one of four
experimental groups. All four groups performed a single 90-min
exercise bout. Two groups performed non-weight-bearing,
conventional endurance exercise (cycle ergometry, CE), and the
two remaining performed weighted endurance-type exercise
(load carriage; LC). One of each of the exercise groups received
combined EAA+CHO drinks to consume during exercise, and
the other groups received flavor-matched, non-nutritive control
(CON) drinks (LC-EAA+CHO: n = 6, CE-EAA+CHO: n = 7,
LC-CON: n = 5, CE-CON: n = 7; Table 1). Muscle biopsies of
the vastus lateralis were performed at rest (PRE), immediately
post-exercise (POST), and after 3 h of recovery (REC), and
analyzed for myomiR expression and mTORC1 signaling, and
their associations with mixed-muscle protein synthesis (Pasiakos
et al., 2015). Dietary intake and physical activity were carefully
controlled to minimize any potential confounding effects on
outcome variables as previously described (Pasiakos et al.,
2015). Additionally, assessment of metabolic products (i.e.,
glucose, insulin, and amino acids) from blood assessing impact
of endurance exercise mode and dietary supplementation has
been previously published (Pasiakos et al., 2015).

TABLE 1 | Volunteer characteristicsa.

EAA+CHO CON

Load Cycle Load Cycle

carriage ergometry carriage ergometry

Age, y 23 ± 4 21 ± 2 24 ± 6 21 ± 2

Height, cm 177 ± 6 178 ± 8 178 ± 9 177 ± 8

Body mass, kg 80 ± 10 85 ± 12 80 ± 13 81 ± 10

Peak VO2, mL·kg−1·min−1 51 ± 4 49 ± 4 49 ± 5 50 ± 3

aData are means ± SD. LC-EAA+CHO (n = 6; load carriage + essential amino acid and

carbohydrate supplement), CE-EAA+CHO (n= 7; cycle ergometry+ essential amino acid

and carbohydrate supplement), LC-CON (n = 5; load carriage + non-nutritive control),

and CE-CON (n = 7; cycle ergometry + non-nutritive control).
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Experimental Load Carriage and Cycle
Ergometry
Volunteers performed LC by walking on a treadmill while
wearing a weighted vest equivalent to 30% of baseline body mass.
A Lode (BV, Netherlands) ergometer was used for the CE exercise
bouts. Baseline VO2peak and associated heart rates at maximal
and submaximal levels were used to establish a target exercise
intensity of 2.4 L·m−1 for both the LC and CE trials. Absolute
kilocalorie expenditure wasmatched betweenmodes by adjusting
the speed and grade for LC and power for CE. By matching
the energy cost, the effects of possible differences in mechanical
force and contractile properties of LC and CE from the relative
intensity and energy cost of the exercise bout were isolated.
A 90-min familiarization trial was conducted at least 1 week
before the experimental session to ensure the accuracy of the
exercise prescription using indirect calorimetry (ParvoMedics,
Sandy, UT).

The experimental LC and CE sessions were conducted in
the morning following a 12-h fast. Volunteers began the 90-
min intensity-matched LC or CE exercise bout after a muscle
biopsy was taken from the vastus lateralis using aseptic technique
(Pasiakos et al., 2015). Exercise intensity was verified using
indirect calorimetry (and adjusted accordingly) every 30-min.
The exercise intensity was not different between groups: oxygen
uptake was 2.2 ± 0.1 L·m−1, energy expenditure was 1,000 ± 57
kcal·90-min−1, and average load carried for LC groups was 24
± 3 kg. Volunteers consumed equal volumes (500 mL total, 125
mL per serving) of either the EAA+CHO (10 g EAA and 46 g
carbohydrate, 223 kcal) or flavor-matched, non-nutritive CON
(22 kcal, 5 g carbohydrate) drinks in 30-min intervals, beginning
at the start of the exercise session and ending after completing the
90-min bout (Pasiakos et al., 2015). Additional muscle biopsies
were taken from the same incision at POST and REC. Mixed-
muscle protein synthesis (pre-cursor product model) during
exercise and in recovery has been reported (Pasiakos et al., 2015)
and presented in this paper to explore potential associations to
expression of myomiR.

myomiR Expression
Total RNA was isolated in approximately 20mg of muscle
samples using miRNeasy Mini kit (Qiagen, Valencia, CA, USA).
Quantity and quality of RNAwere assessed using a Nandrop ND-
1000 spectrophotometer (Nanodrop, Wilmington, DE, USA).
Equal amounts of RNA were reverse transcribed using a
TaqMan R© microRNA RT kit (Applied Biosystems, Foster City,
CA, USA). Real-time PCR using individual TaqMan R© microRNA
Assays (Applied Biosystems; miR-1-3p, miR-206, miR-208-5p,
miR-133a, miR-133b, miR-499) was performed to assess myomiR
expression. All myomiR were normalized to the geometric mean
of RNU48 and 18S. Fold changes for myomiR were calculated
using the 11 cycle threshold (11CT) method (Pfaffl, 2001) and
expressed relative to PRE.

Prediction of myomiR Target Pathways
myomiR (miR-1-3p, miR-206, miR-208-5p, and miR-499) with
altered expression in response to exercise mode or EAA+CHO
were uploaded to miRWalk 2.0 (Dweep et al., 2011). This

program allows for determination of miRNA targets through
integration of several prediction software programs (miRWalk,
RNA22, miRanda, and Targetscan). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis was conducted
to determine common anabolic signaling markers of relevant
myomiR.

Anabolic Signaling
Approximately 30mg of sample was homogenized in ice-cold
RIPA (ThermoFisher, Waltham, MA, USA) homogenization
buffer (1:10 wt/vol) containing 1 mM DTT, phosphatase
(PhosSTOPTM, Roche, Indianapolis, IN, USA), and protease
(CompleteTM ULTA Tablet, Roche) inhibitors. Homogenates
were centrifuged for 15 min at 10,000 × g at 4◦C, the
supernatant (lysate) was collected, and protein content analyzed
(ThermoFisher). Muscle lysates were solubilized in Laemmli
buffer with equal amounts of total protein (15 µg) separated
by SDS-PAGE using precast 4–20% Mini-PROTEAN TGX
gels (Bio-Rad Laboratories, Hercules, CA, USA). Proteins were
transferred to polyvinylidene fluoride membranes and exposed
to commercially available primary antibodies specific to p-
IRSSer302, p-AktSer473, p-p70S6KThr389, rpS6, p-rpS6Ser235/236

(Cell Signaling Technology, Danvers, MA, USA) at 4◦C
overnight. Labeling was performed using secondary antibody
(anti-rabbit IgG conjugate with horseradish peroxidase; Cell
Signaling Technology), and chemiluminescent reagent was
applied (Super Signal, West Pico Kit; Pierce Biotechnology,
Rockford, IL, USA). Blots were quantified using a phosphoimager
(ChemiDoc XRS; Bio-Rad) and Image Lab software (Bio-Rad).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
to confirm equal protein loading per well. All data are presented
as fold change relative to PRE.

Statistical Analyses
Mixed model repeated measures ANOVA was used to determine
main effects and interactions of exercise mode (LC vs. CE),
treatment (EAA+CHO vs. CON), and time (PRE, POST, and
REC) for myomiR expression. Mixed model repeated measures
ANOVAwas also used to determine main effects and interactions
for Western blot analysis. However, due to limited sample
availability, Western blot analysis was only performed at PRE
and POST. Bonferroni adjustments were used for post hoc
comparisons if interactions were observed. The associations
betweenmyomiR expression andmixed-muscle protein synthesis
were assessed using Spearman’s Rho correlation coefficients.
Significance was P < 0.05 and data were analyzed using SPSS
(Version 21.0, 2010, SPSS Inc, Chicago, IL) and expressed as
means± SD.

RESULTS

myomiR Expression
Expressions of miR-1-3p (P = 0.02), miR-206 (P < 0.01), miR-
208a-5 (P = 0.01) and miR-499 (P < 0.01) were lower for LC
compared to CE, regardless of dietary treatment (Figures 1A–D).
miR-1-3p (P < 0.01) and miR-208a-5p (P = 0.03) expressions
were lower after ingesting EAA+CHO compared to CON,
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FIGURE 1 | Data are mean ± SD. Expression of miR-1-3p (A), miR-206 (B), miR-208a-5p (C), and miR-499 (D) at Baseline (�), Post-exercise ( ) and Recovery

(�). *Load carriage different than Cycle Ergometry; P < 0.05. †EAA+CHO (essential amino acid + carbohydrate) different than CON (non-nutritive control); P < 0.05.
‡Exercise-by-drink interaction; Cycle Ergometry-CON different than Cycle Ergometry-EAA+CHO; P < 0.05.

independent of exercise mode. Expression of miR-206 was
highest for CE+CON compared to any other treatment (exercise-
by-drink, P = 0.001). There was no effect of exercise mode or
dietary treatment on the expression ofmiR-133a-3p ormiR-133b.

Anabolic Signaling
Bioinformatics analysis identified common targets of miR-1-
3p, miR-206, miR-208a-5, and miR-499 were associated with
insulin and mTORC1 signaling (Figure 2). Western blotting
was used to assess the activation of these connected pathways.
Phosphorylation of IRSSer302 was 18 ± 36% lower (P =

0.046) POST compared to PRE, regardless of exercise mode
and dietary treatment (Figure 3A). No effect of time, exercise
mode, or dietary treatment was observed for phosphorylation
of AKTSer473 (Figure 3B). Independent of exercise mode
and dietary treatment, phosphorylation of p70S6KThr389 and
rpS6Ser235/236 was 337 ± 262% and 457 ± 357%, respectively,
higher at POST compared to PRE (Figures 3C, D, P < 0.01).

Correlation of myomiR to Muscle Protein
Synthesis
Expression of miR-206 (R = −0.453; P = 0.03) and miR-499 (R
=−0.491; P= 0.02) were negatively associated with MPS during
exercise (Figures 4A, B). However, there was no correlation

FIGURE 2 | Schematic of myomiR interaction with Akt-mTORC1

signaling pathway.
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FIGURE 3 | Data are mean ± SD. Phosphorylation status of IRS1Ser302 (A), AktSer473 (B), p70S6KThr389 (C), and rpS6Ser235/236 (D) at Baseline (�) and

Post-exercise ( ).+Post-exercise different than Baseline; P < 0.05.

between expression of miR-206 (R=−0.173; P= 0.42) and miR-
499 (R = −0.119; P < 0.58) to MPS during recovery. Expression
of miR-1-3p or miR-208-5p was not correlated with muscle
protein synthesis at any time point.

DISCUSSION

The primary outcome of this study was that myomiR
expression differed by endurance exercise mode, independent
of EAA+CHO supplementation. Weighted endurance-type
exercise (LC) diminished miR-1-3p, miR-206, miR-208a-5p,
and miR-499 expression, while conventional cycle ergometry
endurance exercise (CE) increased myomiR expression.
However, when CE was combined with ingestion of EAA+CHO,
myomiR expression was either downregulated or remained
the same immediately post and during the recovery phase,
compared to baseline values. Furthermore, miR-206 and
miR-499 expression was inversely associated with MPS during
exercise, with higher rates of MPS indicative of lower myomiR
expression. These findings suggest that alterations in the rate
of MPS in response to acute anabolic stimulation by weighted
endurance exercise and EAA+CHO intake may reduce myomiR
expression.

The more anabolic weight-bearing endurance exercise
resulted in diminished myomiR expression in the current study.
In agreement with this findings, Mccarthy and Esser (2007)
demonstrated that during periods of elevated muscle anabolism
using a functional overload rodent model, miR-1 expression
was reduced. Reduced miR-1 likely alters muscle anabolism by
targeting upstream regulators of mTORC1. In differentiated
C2C12 skeletal muscle cell culture experiments, overexpression
of miR-1 reduces protein content (i.e., translation) of IGF-1 and
its receptor (IGF-1R) (Elia et al., 2009). Binding of IGF-1 to its
receptor phosphorylates IRS which stimulates Akt-dependent
activation of mTORC1 (Schiaffino and Mammucari, 2011). With
miR-1 induced reductions of IGF-1 and IGF-1R, phosphorylation
of AktSer473 and total Akt protein content are also diminished,
resulting in inhibition of cellular anabolism (Elia et al., 2009).
Together these data suggest that during periods of anabolism
there is a downregulation in myomiR expression.

While myomiR expression is reduced with anabolism, several
investigations (Safdar et al., 2009; Nielsen et al., 2010; Russell
et al., 2013) have reported that a bout of endurance exercise
without EAA increases myomiR expression. Similarly, in the
present investigation we report that CE without nutrient
intervention resulted in an upregulation of myomiR expression
post-exercise. Conventional endurance exercise is catabolic in
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FIGURE 4 | Correlation of miR-206 (A) and miR-499 (B) to muscle protein

synthesis post-exercise.

nature, requiring increased mobilization of endogenous energy
stores to support higher metabolic demands in skeletal muscle
during exercise (Canto and Auwerx, 2009). Variant responses in
myomiR expression in the present and past studies suggest that
physiological state (i.e., anabolic or catabolic) of muscle likely
dictates the direction of myomiR expression, and potentially
function.

Consumption of EAA+CHO during exercise downregulated
or attenuated the increase in myomiR expression immediately
post-exercise and during recovery, regardless of exercise mode.
Contrary to these findings, Drummond et al. (2009b) reported
that 3 h after consumption of 10 g EAA at rest, miR-1, and
miR-499 expression was upregulated. In the present study,
participants consumed 10 g EAA with 46 g carbohydrate during
a bout of weighted and conventional endurance exercise.
The addition of mechanical strain from exercise may explain
the differing results between our study and the findings
by Drummond et al. (2009b). Supporting this statement, in
an earlier investigation by Drummond et al. (2008), it was
reported that miR-1 expression was reduced in young males
when 20 g EAA were consumed immediately after a bout
of resistance exercise. Together these findings suggest the
mechanical strain of exercise may be required to amplify the

greater anabolic stimulus and the downregulation of myomiR
expression.

Despite no effect of exercise mode or EAA+CHO intake on
mTORC1 signaling, myomiR expression was inversely associated
with MPS immediately post-exercise. Results from the parent
study (Pasiakos et al., 2015) showed that LC stimulated higher
MPS rates compared to CE, independent of EAA+CHO.
Furthermore, regardless of exercise mode, EAA+CHO elevated
MPS to a greater extent than CON (Pasiakos et al., 2015).
Divergent myomiR expression responses between exercise mode
and EAA+CHO intake in the present analysis may in part be
triggered by modulations in MPS. It has been hypothesized
that alterations in myomiR expression after a bout of resistance
exercise may be essential for underlying molecular adaptions
resulting inmuscle hypertrophy with chronic training (Kirby and
Mccarthy, 2013). Concomitant reductions in myomiR expression
with increased MPS rates post-exercise suggest a potential
feed-forward mechanism, where acute anabolic stimulus (e.g.,
exercise and EAA) remove the negative inhibition of myomiR
to initiate training adaptions through enhanced translation of
mTORC1 associated proteins (Kong et al., 2008). Future time
course analyses will be necessary to fully illustrate the potential
mechanistic role of myomiR on anabolic training adaptions.
Nevertheless, the present study provides supportive evidence of
association between acute alterations myomiR expression and
MPS immediately post-endurance exercise.

Though results from the present study are novel, there
are limitations that must be considered. The inability to fully
analyze recovery for possible concurrent alterations in myomiR
expression with mTORC1 signaling limits the interpretation
of our results. Phosphorylation status immediately post-
exercise was highest for IRS1Ser302, AktSer473, p70S6KThr389, and
rpS6Ser235/236 after LC-EAA+CHO, yet no statistical differences
were observed between exercise mode or EAA+CHO intake.
The inability to determine statistical differences may be due to
small sample size. Additionally, the lack of agreement between
Western blot and myomiR results could be attributed in part to
the time points mTORC1 signaling was assessed.While resistance
and endurance exercise similarly upregulate p70S6KThr389 and
rpS6Ser235/236 immediately post-exercise (Wilkinson et al., 2008),
phosphorylation of p70S6KThr389 and rpS6Ser235/236 return to
baseline values 4 h post-exercise after endurance exercise, but
remain elevated after resistance exercise (Wilkinson et al., 2008).
Therefore, if we had sufficient muscle sample to assess mTORC1
signaling in recovery, differences between endurance exercise
mode and dietary treatment might have been magnified. The
lack of muscle fiber typing by histology is another limitation
of this investigation. While miR-1 and miR-133a appear to
be uniformly expressed in all muscle fiber types, miR-206,
miR-208, and miR-499 are more highly expressed in type I
compared to type II muscle fibers (Mccarthy and Esser, 2007;
Van Rooij et al., 2009; Kirby and Mccarthy, 2013). While we
assessed myomiR expression relative to individual’s baseline data
to account for variance between participants, the magnitude
of change in myomiR expression in response to exercise
mode and EAA+CHO may be influenced by muscle fiber
type.
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In conclusion, these data show that myomiR expression is
differentially regulated by exercise mode and EAA+CHO intake.
After weight-bearing endurance exercise myomiR expression
was lower compared to non-weight-bearing endurance exercise
resulted in an upregulation of myomiR expression. Consuming
EAA+CHO attenuated the increase in myomiR expression
with CE, yet this suppression was more pronounced when
EAA+CHO were consumed during LC. Common targets of
differing myomiR were identified to be associated with mTORC1
signaling, and were inversely associated with MPS rate. Together
these findings suggest alterations in myomiR expression between
exercise mode and EAA+CHO intakemay in part be due to acute
modulation in MPS immediately post-exercise. With repeated
exposure to combined weight-bearing exercise with essential
amino acid and carbohydrate supplementation, diminished
myomiR expression may facilitate muscle anabolic training
adaptations to exercise by lowering mTORC1 inhibition.
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