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Abstract

Ingesting protein and carbohydrate together during aerobic exercise suppresses

the expression of specific skeletal muscle microRNA and promotes muscle

hypertrophy. Determining whether there are independent effects of carbohy-

drate and protein on microRNA will allow for a clearer understanding of the

mechanistic role microRNA serve in regulating skeletal muscle protein syn-

thetic and proteolytic responses to nutrition and exercise. This study deter-

mined skeletal muscle microRNA responses to aerobic exercise with or

without carbohydrate, and recovery whey protein (WP). Seventeen males were

randomized to consume carbohydrate (CHO; 145 g; n = 9) or non-nutritive

control (CON; n = 8) beverages during exercise. Muscle was collected before

(BASE) and after 80 min of steady-state exercise (1.7 � 0.3 V̇O2 L�min�1) fol-
lowed by a 2-mile time trial (17.9 � 3.5 min; POST), and 3-h into recovery
after consuming WP (25 g; REC). RT-qPCR was used to determine microRNA
and mRNA expression. Bioinformatics analysis was conducted using the mir-
Path software. Western blotting was used to assess protein signaling. The
expression of six microRNA (miR-19b-3p, miR-99a-5p, miR-100-5p, miR-222-
3p, miR-324-3p, and miR-486-5p) were higher (P < 0.05) in CHO compared
to CON, all of which target the PI3K-AKT, ubiquitin proteasome, FOXO, and
mTORC1 pathways. p-AKTThr473 and p-FOXO1Thr24 were higher (P < 0.05)
in POST CHO compared to CON. The expression of PTEN was lower
(P < 0.05) in REC CHO than CON, while MURF1 was lower (P < 0.05)
POST CHO than CON. These findings suggest the mechanism by which
microRNA facilitate skeletal muscle adaptations in response to exercise with
carbohydrate and protein feeding is by inhibiting markers of proteolysis.

Introduction

Protein and carbohydrate ingestion modulate cellular

mechanisms regulating skeletal muscle mass in response

to exercise (Churchward-Venne et al. 2012; Pasiakos

2012; Stokes et al. 2018). Consuming high-quality pro-

tein, such as whey, increases activation of the mechanistic

target of rapamycin complex 1 (mTORC1) pathway, elic-

iting a greater muscle protein synthetic response com-

pared to exercise alone (Kimball and Jefferson 2004,

2006). Carbohydrate ingestion may contribute to muscle

accretion through antiproteolytic effects, reducing muscle

protein breakdown by inhibiting the forkhead box O 1

(FOXO1) pathway through an insulin-dependent mecha-

nism (Roy et al. 1997; Biolo et al. 1999; Greenhaff et al.

2008; Abdulla et al. 2016). Several investigations have

reported that the expression of specific microRNA

(miRNA) linked to governing mTORC1 are also acutely

altered in response to exercise (Drummond et al. 2008;

Rivas et al. 2014; Zacharewicz et al. 2014; Fyfe et al. 2016;

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

This is an open access article under the terms of the Creative Commons Attribution License,

which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2018 | Vol. 6 | Iss. 23 | e13931
Page 1

Physiological Reports ISSN 2051-817X

mailto:
https://doi.org/10.14814/phy2.13931
http://creativecommons.org/licenses/by/4.0/


D’Souza et al. 2017b) and protein feeding (Drummond

et al. 2009; Camera et al. 2016; Margolis et al. 2017).

However, few studies have been able to capture down-

stream modifications in biological processes targeted by

altered skeletal muscle miRNA in humans. Our laboratory

(Margolis et al. 2017) recently reported that specific

miRNA (miR-1, miR-206, miR-208, and miR-499) are

diminished and inversely associated with muscle protein

synthesis after aerobic exercise when essential amino acids

and carbohydrate are consumed together during exercise.

miRNA control biological processes through inhibition,

binding to target mRNA to repress protein translation

(Kong et al. 2008). The posttranscriptional control that

miRNA exert on target mRNA make them prospective

regulators of exercise and diet-induced alterations in

skeletal muscle. Rodent and cell culture models have

shown that the overexpression of miR-1, miR-99a,

miR-99b, miR-100-5p, and miR-133 blunt rates of protein

synthesis by directly or indirectly inhibiting mTORC1,

resulting in lower muscle fiber size and mass (McCarthy

and Esser 2007; Elia et al. 2009; Hua et al. 2012; Jin et al.

2013; Wei et al. 2013). Conversely, the overexpression of

miR-221, miR-222, and miR-486 inhibit phosphatase and

tensin homolog (PTEN), allowing for increased AKT and

diminished FOXO1, inhibiting proteolysis and resulting in

muscle growth (Chun-Zhi et al. 2010; Small et al. 2010).

However, the function of these miRNA in humans is not

well defined. Particularly, much remains unknown regarding

independent effects of protein and carbohydrate intake on

modulation of miRNA responses to exercise in humans.

Understanding how protein and carbohydrate alter miRNA

and their downstream targets would offer a new level insight

into the mechanism by which manipulation of nutrient

intake promotes muscle growth.

The objective of this study was to examine the effects

of aerobic exercise with or without carbohydrate ingestion

during exercise, and whey protein (WP) feeding during

postexercise recovery, on skeletal muscle miRNA. Addi-

tionally, this study sought to identify the pathways that

differentially expressed miRNA targets in response to car-

bohydrate supplementation. We hypothesized, indepen-

dent of carbohydrate intake, that miRNA associated with

the regulation of mTORC1 would be downregulated, and

that miRNA differentially expressed in response to carbo-

hydrate intake would target proteolysis via the FOXO1

pathway.

Materials and Methods

Participants

Seventeen free-living, recreationally active (programmed

physical activity 2–4 days/week) males completed this

randomized, parallel, single-blinded, placebo-controlled

study. Participants were in good health and refrained

from consuming alcohol, caffeine, or dietary supplements,

and nicotine products during the study. Data presented

in this manuscript were collected as part of a larger study

examining the impact of high-altitude exposure and

underfeeding on skeletal muscle mass, intramuscular reg-

ulators of muscle anabolism and proteolysis, and substrate

metabolism (Berryman et al. 2018; Margolis et al. 2018;

Young et al. 2018). This manuscript reports observations

from only the sea-level experiments, in which acute

miRNA expression and their targets were measured in

response to aerobic exercise, with or without carbohy-

drate, and recovery protein feeding. This study was

approved by the Institutional Review Board at the US

Army Research Institute of Environmental Medicine

(USARIEM, Natick, MA). This study was conducted from

May 2016 through August 2016. All testing was con-

ducted at Natick, MA. All participants provided written

informed consent before participation. Forty-one individ-

uals signed the informed consent. The trial was registered

at www.clinicaltrials.gov as NCT02731066.

After obtaining informed consent, participants were

randomly assigned to consume either a carbohydrate

(CHO; n = 9) or flavor-matched non-nutritive control

(CON; n = 8) drink during 80 min of steady-state tread-

mill exercise (Young et al. 2018). Randomization was

computer generated, with 1:1 allocation for the parallel

groups. Height was measured to the nearest 0.1 cm with

a stadiometer (Seca; Creative Health Products, Plymouth,

MI), and body mass was determined to the nearest 0.1 kg

using a calibrated digital scale (Model PS6600; Befour

Inc., Saukville, WI). Body composition was measured by

dual energy X-ray absorptiometry (DEXA; DPX-IQ; GE

Lunar Corp., Madison, WI). For 7 days before testing,

participants followed dietary instructions for a weight

maintenance diet, consuming 1.0 g�kg�1�d�1 protein, with

45–65% total energy from carbohydrate, and 20–35%
total energy from fat, which was verified by study

research dietitians using 24 h recalls. There were no dif-

ferences in participant characteristics or energy and

macronutrient intake between groups (Table 1).

Experimental design

Following a 10-h overnight fast, a biopsy was collected

from the vastus lateralis to capture rested/postabsorptive

muscle basal state (BASE; Fig. 1). Participants then com-

pleted 80 min of steady-state treadmill exercise, walking at

a fixed speed and grade that elicited 40% of VO2peak. After

completing 80 min of walking, participants were allowed 5-

min standing rest, and then they completed a 2-mile time

trial in which they attempted to run or walk at the fastest
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pace that they could maintain. Participants consumed

either a carbohydrate (CHO; n = 9) or flavor-matched

non-nutritive control (CON; n = 8) drink at 0-, 20-, 40-,

and 60-min during the steady-state portion of the exercise

bout (Young et al. 2018). The carbohydrate drink con-

tained 145 g of fructose and glucose (62.25 g fruc-

tose + 79.75 g glucose; 0.8 fructose-to-glucose ratio) to

achieve an average ingestion rate of 1.8 g min�1. Indirect

calorimetry (True Max 2400, Parvo Medics, Sandy, UT)

was performed during the steady-state exercise to ensure

V̇O2 was within �5% of the target V̇O2. Steady-state exer-
cise was metabolically matched between the groups (CHO:
1.78 � 0.22 V̇O2 L�min�1; 713 � 86 kcal, CON:
1.63 � 0.26 V̇O2 L�min�1; 651 � 104 kcal; P > 0.05).

There was no difference between the groups in the time
required to complete the 2-mile time trial (CHO:
17.8 � 3.9 min, CON: 18.0 � 3.3 min; P > 0.05). Imme-
diately after the time trial, a postexercise (POST) muscle
biopsy was obtained. Participants then consumed a 25 g
bolus of whey protein drink (Isopure� Zero Carb; Isopure
Co., Hauppauge, NY). After a 3-h recovery period, a final
muscle biopsy was obtained (REC).

microRNA and mRNA expression

Total RNA was isolated from 20 mg muscle samples

using TRIzol reagent (ThermoFisher, Waltham, MA).

RNA quantity and quality were assessed using a Nan-

odrop ND-2000 spectrophotometer (Nanodrop, Wilm-

ington, DE). For miRNA analysis, equal amounts of

total RNA (250 ng) were reverse-transcribed using the

TaqMan� microRNA RT kit (Applied Biosystems, Foster

City, CA) with the miRNA-specific stem-loop reverse

transcript (RT) primers pooled in 1X Tris-EDTA (TE)

buffer for a final dilution of 0.059 for each miRNA RT

primer. For mRNA, equal amounts (500 ng) of total

RNA were reverse-transcribed using a iScriptTM Advanced

cDNA Synthesis Kit (Bio-Rad). Both mRNA and miRNA

reverse transcription was conducted using a T100TM

Thermal Cycler (Bio-Rad). Amplifications were per-

formed using a StepOnePlus Real-Time PCR System

(Applied Biosystems). Samples were run in 15 lL reac-

tions in duplicate using TaqMan� Universal PCR Mas-

terMix (2X), no UNG (Applied Biosystems) and

commercially available miRNA probes (miR-1-3p,

miR-26a-5p, miR-29a-3p, miR-99a-5p, miR-99b-5p,

miR-100-5p, miR-103, miR-133a-3p, miR-133b, miR-

206, miR-208b, miR-221-5p, miR-222-3p, miR-324-3p,

Table 1. Volunteer characteristics*

Characteristic CHO (n = 9) CON (n = 8)

Age (years) 22 � 2 25 � 8

Height (cm) 178 � 9 175 � 6

Weight (kg) 84 � 13 80 � 16

Body mass index (kg�m�2) 27 � 3 26 � 4

Fat-free mass (kg) 63 � 8 59 � 10

Fat mass (kg) 19 � 6 18 � 8

Body fat (%) 23 � 5 23 � 7

VO2peak (L�min�1) 4.3 � 0.7 4.0 � 0.6
†Energy (kcal�d�1) 2491 � 525 2414 � 591
†Protein (g�kg�1�d�1) 1.2 � 0.4 1.3 � 0.4
†Carbohydrate (g�kg�1�d�1) 3.9 � 0.9 4.0 � 1.1
†Fat (g�kg�1�d�1) 1.1 � 0.3 1.1 � 0.4

CHO, carbohydrate; CON, control.
*Values are means � SD.
†Energy and macronutrient intake determined using 24 h food

recalls.

Legend:

Muscle biopsy

80-min steady-state exercise 

2-mile time trial

Carbohydrate (145 g; n = 9) or Control drink (n = 8)    

25 g whey protein

Baseline
(BASE)

Post-Exercise
(POST)

Recovery
(REC)

3-h recovery phase 2-mile
time trial

80-min steady-state 
exercise

Figure 1. Study design.
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miR-378-5p, miR-451a, miR-486-5p, and miR-499-3p;

Applied Biosystems), and 10 lL reactions using iTaqTM

Universal SYBR� and commercially available primers for

mRNA (PTEN, AKT1, FOXO1, MURF1; Bio-Rad).

miRNA included in the present analysis were chosen

based on their potential to regulate pathways governing

skeletal muscle protein synthesis and proteolysis. All

miRNA were normalized to RNU44, and all mRNA were

normalized to the geometric mean of B2M and b-
ACTIN. Fold changes for miRNA and mRNA were cal-

culated using the DD cycle threshold (DDCT) method

(Pfaffl 2001) and expressed as fold change relative to

BASE for each group. MURF1 data from the CON

group was previously published (Margolis et al. 2018) to

assess changes in response to exercise and protein feed-

ing at sea level, acute high altitude (3 h), and chronic

high altitude (21 days). No comparison of the CHO and

CON groups has been published for the measures

included in the current manuscript.

Bioinformatics analysis

miRNA that were differentially expressed between CHO

and CON were uploaded to DNA Intelligent Analysis

(DIANA)-miRPath 3.0 (Alexander Fleming Biological

Sciences Research Center [BSRC], Athens, Greece; http://

diana.cslab.ece.ntua.gr) to determine common molecular

pathways that these miRNA regulate. Kyoto Encyclopedia

of Genes and Genomes (KEGG; http://www.genome.jp/ke

gg/) pathways were identified using only experimentally

verified targets from TarBase 7.0 (Alexander Fleming

BSRC). Pathways specific to disease were excluded from

results.

Intracellular signaling

Phosphorylation status were determined from western

blots as previously described (Margolis et al. 2018).

Muscle samples (~20 mg) were homogenized in ice-cold

homogenization buffer. Homogenates were centrifuged

for 15 min at 10,000g at 4°C. Supernatant (lysate) was

collected and protein concentrations were determined

using 660 nm Protein Assay (ThermoFisher). Muscle

lysates were solubilized in Laemmli buffer, with equal

amounts of total protein (15 lg) and separated by SDS-

PAGE using precast Tris-HCl gels (Bio-Rad). Proteins

were transferred to polyvinylidene fluoride membranes

and exposed to commercially available primary antibod-

ies specific to p-mTORSer2448, p-rpS6240/244, p-AktSer473,

p-FOXO1Thr24 (Cell Signaling Technology, Danvers, MA)

overnight at 4°C. Secondary antibody (anti-rabbit IgG

conjugate with horseradish peroxidase; Cell Signaling

Technology) and chemiluminescent reagent (Pierce

Biotechnology, Rockford, IL) were applied to label pri-

mary antibodies. Blots were quantified using a phospho-

imager (ChemiDoc XRS; Bio-Rad) and Image Lab

software (Bio-Rad). Heat shock protein 90 (HSP90) was

used to confirm equal amounts of protein were loaded

per well. All phosphorylation data were presented as

fold change relative to BASE phosphorylation for each

group. Data from the CON group were previously pub-

lished (Margolis et al. 2018) to assess changes in

response to exercise and protein feeding at sea level,

acute high altitude (3 h), and chronic high altitude

(21 days). No comparison of the CHO and CON groups

has been published for the measures included in the

current manuscript.

Statistical analysis

Mixed model repeated measured ANOVA was used to

determine impact of time (BASE, POST, REC) and sup-

plement (CHO and CON) on miRNA and mRNA expres-

sion and phosphorylation status of intramuscular

signaling markers. Bonferroni adjustments for multiple

comparisons were performed if significant interactions

were observed. All data are presented as mean � SD. The

a level for significances was set at P < 0.05. Data were

analyzed using IBM SPSS Statistics for Windows Version

22.0 (IBM Corp. Armonk, NY).

Results

miR-1-3p, miR-26a-5p, miR-29a-3p, miR-133b, miR-206,

and miR-378-5p, were lower (P < 0.05) at POST and

REC compared to BASE, regardless of group (Fig. 2A–
F). Additionally, miR-1-3p, miR-133b, and miR-378-5p

were lower (P < 0.05) at REC compared to POST, inde-

pendent of group (Fig. 2A,D and F). Overall, miR-19b-

3p, miR-222-3p, and miR-324-3p were lower (P < 0.05)

in CON compared to CHO, with no effect of time

(Fig. 3A,D and E). Time-by-group interactions were

observed for miR-99a-5p, miR-100-5p, and miR-486-5p

(Fig. 3B,C and F). Specifically, miR-99a-5p POST was

higher (P < 0.05) than BASE and REC in CHO

(Fig. 3B). miR-100-5p was lower (P < 0.05) at REC

compared BASE and POST in CHO (Fig. 3C). Both

miR-99a-5p and miR-100-5p were lower (P < 0.05) at

POST in CON versus CHO (Fig. 3B and C). miR-486-

5p REC was lower (P < 0.05) than BASE in CON, and

CON was lower (P < 0.05) than CHO at REC (Fig. 3F).

No impact of time or group was observed for miR-99b-

5p, miR-103, miR-133a-3p, miR-451a, and miR-499-3p.

miR-221-5p was measured but did not cross the cycle

threshold during the 40 cycle run, so no data were gen-

erated for this miRNA.
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Bioinformatics analysis indicated that miR-19b-3p, miR-

99a-5p, miR-100-5p, miR-222-3p, miR-324-3p, and miR-

486-5p all interact with the PI3K-AKT signaling pathway

(Fig. 4). Downstream targets of PI3K-AKT,

ubiquitin-mediated proteolysis, FOXO signaling, and

mTOR signaling were also identified as pathways targeted

by all six miRNA that were differentially expressed between

CHO and CON.
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from BASE, P < 0.05. +Different from POST, P < 0.05. BASE, baseline; POST, postexercise; REC, recovery; CHO, carbohydrate; CON, control.
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Independent of group, p-mTORSer2448 and p-rpS6Ser240/

244 were higher (P < 0.05) at POST and REC than BASE

(Fig. 5A and B). Time-by-group interactions were pre-

sent in both p-AKTThr473 and p-FOXO1Thr24, where

POST was higher (P < 0.05) than BASE in CHO, and

CON was lower (P < 0.05) than CHO at POST (Fig. 5C

and D). Time-by-group interactions were observed for

PTEN, with REC being higher (P < 0.05) than BASE

and POST in CON, and CON was greater (P < 0.05)

than CHO at REC (Fig. 6A). There was no effect of

time or group for AKT1 and FOXO1 (Fig. 6B

and C). Time-by-group interactions were observed for

MURF1, with POST and REC being higher than BASE

in CON, and CON was greater than CHO at POST

(Fig. 6D).

Discussion

The main outcome of this study was that miR-19b-3p,

miR-99a-5p, miR-100-5p, miR-222-3p, miR-324-3p, and

miR-486-5p were more highly expressed in the skeletal

muscle following aerobic exercise in CHO compared to

CON. Bioinformatics analysis determined that all six of

these miRNA target the PI3K-AKT pathway, ubiquitin

proteasome, FOXO, and mTOR signaling pathways.

Examination of these pathways identified group differ-

ences in markers of proteolysis, but not anabolism. These

findings suggest carbohydrate ingestion during aerobic

exercise alters miRNA that inhibit skeletal muscle proteol-

ysis with no impact on anabolism.

Of the six miRNA expressed differently in CHO and

CON, miR-19b-3p, miR-222-3p, and miR-486-5p have

been experimentally validated to inhibit PTEN (Schiaffino

and Mammucari 2011). In vitro studies demonstrate that

overexpression of miR-19b-3p, miR-222-3p, and miR-

486-5p diminishes PTEN protein content and increases

the phosphorylation status and total protein content of

AKT (Chun-Zhi et al. 2010; Small et al. 2010; Alexander

et al. 2011; Xu et al. 2016). Additionally, overexpression

of miR-100-5p and miR-324-3p in cell culture experi-

ments have been found to result in elevated AKT protein

content (Jin et al. 2013; Xiao et al. 2017). Increased acti-

vation of AKT inhibits FOXO1, a transcription factor

mediating expression of the ubiquitin ligases MURF1 and

ATROGIN-1 (Bodine et al. 2001; Sandri et al. 2004; Leger

et al. 2006). As such, increased AKT total protein content

through altered miRNA expression, particularly miR-486-

5p, in cell culture and rodent studies (Small et al. 2010;

Alexander et al. 2011; Xu et al. 2012) results in reduced

transcription of these atrophy genes, diminished muscle

proteolysis, and increased muscle fiber size (Xu et al.

2012). However, there has been little translational work

to determine if there are similar alterations with miRNA

and their target pathways in humans. Analysis of the pro-

teolytic pathway in the current study is largely in agree-

ment with past findings in animal and cell culture models
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Progesterone-mediated oocyte maturation
p53 signaling pathway

Neurotrophin signaling pathway
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RNA transport
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Figure 4. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways experimentally validated to be targeted by all six miRNA (miR-19b-3p,

miR-99a-5p, miR-100-5p, miR-222-3p, miR-324-3p, and miR-486-5p) differentially expressed between carbohydrate (CHO) and control (CON).
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(Chun-Zhi et al. 2010; Small et al. 2010; Xu et al. 2012,

2016). When miR-19b-3p, miR-222-3p, miR-324-3p, and

miR-486-5p expression is higher in the muscle, there is

lower PTEN expression, increased activity of p-AKTThr473,

and lower activity of p-FOXO1Thr24 and MURF1 expres-

sion. Higher expression of miRNA that target markers of

proteolysis, such as miR-486-5p, in the recovery phase of

exercise reported here and in previous studies (Camera

et al. 2016; Fyfe et al. 2016; D’Souza et al. 2017b), may

be favorable to facilitate remodeling, repair, and synthesis

of new muscle proteins with exercise.

Independent of carbohydrate, following aerobic exer-

cise with recovery whey protein feeding miR-1-3p, miR-

133b, and miR-206 were lower compared to resting

measures. Reductions in these miRNA occurred concur-

rent with increased mTORC1 signaling. These results are

in agreement with previous findings from our laboratory

(Margolis et al. 2017) and others (McCarthy and Esser

2007; Drummond et al. 2008; Elia et al. 2009; Rivas

et al. 2014; Zacharewicz et al. 2014), indicating that

when muscle anabolism is upregulated in response to

exercise and protein feeding, miRNA that inhibit the

mTORC1 pathway are diminished. Despite findings from

the current study corroborating past results from our

group and others, conflicting responses in miRNA

expression following exercise have been reported (Drum-

mond et al. 2009; Nielsen et al. 2010; Russell et al. 2013;

Camera et al. 2016; Fyfe et al. 2016). Discordant results

can primarily be attributed to nutrient intake. Specifi-

cally, aerobic exercise without nutritional intervention

results in increased expression of miR-1, miR-133a,

miR-133b, and miR-206 1 to 3-hour postexercise (Niel-

sen et al. 2010; Russell et al. 2013). These differences in

miRNA expressions indicate that inclusion of protein

feeding immediately after aerobic exercise elicits a

unique miRNA expression profile that may potentiate

the muscle protein synthetic response compared to aero-

bic exercise alone.
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Overall, results from the current study are consistent

with previous investigations showing muscle protein syn-

thetic response is unaffected by carbohydrate ingestion dur-

ing exercise (Borsheim et al. 2004b; Koopman et al. 2008;

Kato et al. 2016), while proteolysis is lower compared to a

non-nutritive control (Roy et al. 1997; Borsheim et al.

2004a; Greenhaff et al. 2008; Glynn et al. 2010). However,

to the best of our knowledge, this is the first report in

which differences in acute protein synthetic and proteolytic

responses to carbohydrate feeding during exercise extend to

the miRNA that regulate these pathways. These findings

provide new insight into the impact of protein and carbo-

hydrate supplementation on acute alterations in the expres-

sion of skeletal muscle miRNA following exercise and their

potential regulation of pathways governing muscle accre-

tion. While several investigations have focused on the

impact of exercise on skeletal muscle miRNA (Nielsen et al.

2010; Russell et al. 2013; Rivas et al. 2014; Zacharewicz

et al. 2014; Fyfe et al. 2016; D’Souza et al. 2017a, 2017b),

only a few have explored the role of protein and/or carbo-

hydrate supplementation on modulation of miRNA

(Drummond et al. 2009; Camera et al. 2016; Margolis et al.

2017; D’Souza et al. 2018). While the current study shows

divergent responses in specific miRNA with or without car-

bohydrate supplementation, the mechanism that caused

these differences is unclear. It is likely that higher expres-

sions in CHO compared to CON were driven by alterations

in insulin or glucose concentrations. However, the present

study is limited in making this mechanistic distinction.

Given the limited information available on nutrient manip-

ulation and miRNA expression, future investigation is war-

ranted to expand our understanding of the mechanistic

impact that miRNA may have on the regulation of human

skeletal muscle mass.

In conclusion, results from this study with human

research participants expands upon previous findings

from cell culture and animal research. Specifically, the

findings from this study demonstrate that miR-19b-3p,

miR-99a-5p, miR-100-5p, miR-222-3p, miR-324-3p, and

miR-486-5p were more highly expressed in human skele-

tal muscle after aerobic exercise during which carbohy-

drate was consumed compared to after exercise during

which no carbohydrate was consumed. These six miRNA

target the PI3K-AKT-FOXO pathway. Alterations in

markers of these pathways were confirmed by western

blotting and RT-qPCR analysis. These data provide a new

level of understanding of the mechanistic role of miRNA

to facilitate skeletal muscle adaptations to exercise with

carbohydrate and protein feeding.

Acknowledgments

The authors thank the volunteers that participated in this

research experiment. The authors acknowledge our medi-

cal oversight team. Most importantly, we sincerely thank

Mr. Adam Luippold, Allyson Derosier, Mr. Bradley

Anderson, Mr. Grant Holmes, Mr. Anthony Karis, Ms.

Katelyn Guerriere, Ms. Karleigh Bradbury, Ms. Laura

0

2

4

6

8

PT
E
N

 (F
ol

d 
ch

an
ge

)

CHO CON CHO CON CHO CON
BASE POST REC

0

1

2

3

4

5

M
uR
F
1 

(F
ol

d 
ch

an
ge

)

CHO CON CHO CON CHO CON
BASE POST REC

*+†

*†

*

0

2

4

6

A
K
T1

 (F
ol

d 
ch

an
ge

)

CHO CON CHO CON CHO CON
BASE POST REC

0

2

4

6

F
O
X
O
1

 (F
ol

d 
ch

an
ge

)

CHO CON CHO CON CHO CON
BASE POST REC

A B

C D

Figure 6. Expression of PTEN (A), AKT1 (B), FOXO1 (C), and MURF1 (D). *Different from BASE, P < 0.05. +Different from POST, P < 0.05.
†Different from CHO, P < 0.05. BASE, baseline; POST, post exercise; REC, recovery; CHO, carbohydrate; CON, control.

2018 | Vol. 6 | Iss. 23 | e13931
Page 8

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

MicroRNA, Exercise, and Carbohydrate Intake L. M. Margolis et al.



Lutz, Drs. Stephen R. Hennigar, and Robert W Kenefick

from the US Army Research Institute of Environmental

Medicine for their significant contributions to the project.

Conflict of Interest

The authors have no conflicts of interests. The investiga-

tors adhered to the policies for protection of human sub-

jects as prescribed in Army Regulation 70-25, and the

research was conducted in adherence with the provisions

of 32 CFR part 219. The opinions or assertions contained

herein are the private views of the authors and are not to

be construed as official or as reflecting the views of the

Army or the Department of Defense. Any citations of

commercial organizations and trade names in this report

do not constitute an official Department of the Army

endorsement of approval of the products or services of

these organizations. This study was approved by the Insti-

tutional Review Board at the US Army Research Institute

of Environmental Medicine.

References

Abdulla, H., K. Smith, P. J. Atherton, and I. Idris. 2016. Role

of insulin in the regulation of human skeletal muscle

protein synthesis and breakdown: a systematic review and

meta-analysis. Diabetologia 59:44–55.
Alexander, M. S., J. C. Casar, N. Motohashi, J. A. Myers, I.

Eisenberg, R. T. Gonzalez, et al. 2011. Regulation of DMD

pathology by an ankyrin-encoded miRNA. Skelet Muscle

1:27.

Berryman, C. E., A. J. Young, J. P. Karl, R. W. Kenefick, L. M.

Margolis, R. E. Cole, et al. 2018. Severe negative energy

balance during 21 d at high altitude decreases fat-free mass

regardless of dietary protein intake: a randomized controlled

trial. FASEB J. 32:894–905.
Biolo, G., B. D. Williams, R. Y. Fleming, and R. R. Wolfe.

1999. Insulin action on muscle protein kinetics and amino

acid transport during recovery after resistance exercise.

Diabetes 48:949–957.
Bodine, S. C., E. Latres, S. Baumhueter, V. K. Lai, L. Nunez,

B. A. Clarke, et al. 2001. Identification of ubiquitin ligases

required for skeletal muscle atrophy. Science (New York,

NY) 294:1704–1708.
Borsheim, E., A. Aarsland, and R. R. Wolfe. 2004a. Effect of an

amino acid, protein, and carbohydrate mixture on net

muscle protein balance after resistance exercise. Int J Sport

Nutr Exerc. Metab. 14:255–271.
Borsheim, E., M. G. Cree, K. D. Tipton, T. A. Elliott, A.

Aarsland, and R. R. Wolfe. 2004b. Effect of carbohydrate

intake on net muscle protein synthesis during recovery from

resistance exercise. J. Appl. Physiol. (1985) 96:674–678.
Camera, D. M., J. N. Ong, V. G. Coffey, and J. A. Hawley.

2016. Selective modulation of MicroRNA expression with

protein ingestion following concurrent resistance and

endurance exercise in human skeletal muscle. Front. Physiol.

7:87.

Chun-Zhi, Z., H. Lei, Z. An-Ling, F. Yan-Chao, Y. Xiao, W.

Guang-Xiu, et al. 2010. MicroRNA-221 and microRNA-222

regulate gastric carcinoma cell proliferation and

radioresistance by targeting PTEN. BMC Cancer 10:367.

Churchward-Venne, T. A., N. A. Burd, and S. M. Phillips.

2012. Nutritional regulation of muscle protein synthesis

with resistance exercise: strategies to enhance anabolism.

Nutr. Metab. (Lond) 9:40.

Drummond, M. J., J. J. McCarthy, C. S. Fry, K. A. Esser, and

B. B. Rasmussen. 2008. Aging differentially affects human

skeletal muscle microRNA expression at rest and after an

anabolic stimulus of resistance exercise and essential amino

acids. Am. J. Physiol. Endocrinol. Metab. 295:E1333–E1340.
Drummond, M. J., E. L. Glynn, C. S. Fry, S. Dhanani, E.

Volpi, and B. B. Rasmussen. 2009. Essential amino acids

increase microRNA-499, -208b, and -23a and downregulate

myostatin and myocyte enhancer factor 2C mRNA

expression in human skeletal muscle. J. Nutr. 139:2279–

2284.

D’Souza, R. F., T. Bjornsen, N. Zeng, K. M. M. Aasen, T.

Raastad, D. Cameron-Smith, et al. 2017a. MicroRNAs in

muscle: characterizing the powerlifter phenotype. Front.

Physiol. 8:383.

D’Souza, R. F., J. F. Markworth, K. M. M. Aasen, N. Zeng, D.

Cameron-Smith, and C. J. Mitchell. 2017b. Acute resistance

exercise modulates microRNA expression profiles: combined

tissue and circulatory targeted analyses. PLoS ONE 12:

e0181594.

D’Souza, R. F., N. Zeng, V. C. Figueiredo, J. F. Markworth, B.

R. Durainayagam, S. M. Mitchell, et al. 2018. Dairy protein

supplementation modulates the human skeletal muscle

microRNA response to lower limb immobilization. Mol.

Nutr. Food Res. 62:e1701028.

Elia, L., R. Contu, M. Quintavalle, F. Varrone, C. Chimenti,

M. A. Russo, et al. 2009. Reciprocal regulation of

microRNA-1 and insulin-like growth factor-1 signal

transduction cascade in cardiac and skeletal muscle in

physiological and pathological conditions. Circulation

120:2377–2385.

Fyfe, J. J., D. J. Bishop, E. Zacharewicz, A. P. Russell, and N.

K. Stepto. 2016. Concurrent exercise incorporating high-

intensity interval or continuous training modulates

mTORC1 signaling and microRNA expression in human

skeletal muscle. Am. J. Physiol. Regul. Integr. Comp.

Physiol. 310:R1297–R1311.

Glynn, E. L., C. S. Fry, M. J. Drummond, H. C. Dreyer, S.

Dhanani, E. Volpi, et al. 2010. Muscle protein breakdown

has a minor role in the protein anabolic response to

essential amino acid and carbohydrate intake following

resistance exercise. Am. J. Physiol. Regul. Integr. Comp.

Physiol. 299:R533–R540.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 23 | e13931
Page 9

L. M. Margolis et al. MicroRNA, Exercise, and Carbohydrate Intake



Greenhaff, P. L., L. G. Karagounis, N. Peirce, E. J. Simpson,

M. Hazell, R. Layfield, et al. 2008. Disassociation between

the effects of amino acids and insulin on signaling,

ubiquitin ligases, and protein turnover in human muscle.

Am. J. Physiol. Endocrinol. Metab. 295:E595–E604.
Hua, Y., Y. Zhang, and J. Ren. 2012. IGF-1 deficiency resists

cardiac hypertrophy and myocardial contractile dysfunction:

role of microRNA-1 and microRNA-133a. J. Cell Mol. Med.

16:83–95.

Jin, Y., S. D. Tymen, D. Chen, Z. J. Fang, Y. Zhao, D. Dragas,

et al. 2013. MicroRNA-99 family targets AKT/mTOR

signaling pathway in dermal wound healing. PLoS ONE 8:

e64434.

Kato, H., H. Suzuki, Y. Inoue, T. Takimoto, K. Suzuki, and H.

Kobayashi. 2016. Co-ingestion of carbohydrate with leucine-

enriched essential amino acids does not augment acute

postexercise muscle protein synthesis in a strenuous

exercise-induced hypoinsulinemic state. Springerplus 5:1299.

Kimball, S. R., and L. S. Jefferson. 2004. Molecular

mechanisms through which amino acids mediate signaling

through the mammalian target of rapamycin. Curr. Opin.

Clin. Nutr. Metab. Care 7:39–44.
Kimball, S. R., and L. S. Jefferson. 2006. Signaling pathways

and molecular mechanisms through which branched-chain

amino acids mediate translational control of protein

synthesis. J. Nutr. 136:227S–231S.
Kong, Y. W., I. G. Cannell, C. H. de Moor, K. Hill, P. G.

Garside, T. L. Hamilton, et al. 2008. The mechanism of

micro-RNA-mediated translation repression is determined

by the promoter of the target gene. Proc. Natl Acad. Sci.

USA 105:8866–8871.

Koopman, R., L. B. Verdijk, M. Beelen, M. Gorselink, A. N.

Kruseman, A. J. Wagenmakers, et al. 2008. Co-ingestion of

leucine with protein does not further augment post-exercise

muscle protein synthesis rates in elderly men. Br. J. Nutr.

99:571–580.
Leger, B., R. Cartoni, M. Praz, S. Lamon, O. Deriaz, A.

Crettenand, et al. 2006. Akt signalling through GSK-3beta,

mTOR and Foxo1 is involved in human skeletal muscle

hypertrophy and atrophy. J. Physiol. 576:923–933.

Margolis, L. M., H. L. McClung, N. E. Murphy, C. T.

Carrigan, and S. M. Pasiakos. 2017. Skeletal muscle myomiR

are differentially expressed by endurance exercise mode and

combined essential amino acid and carbohydrate

supplementation. Front. Physiol. 8:182.

Margolis, L. M., J. W. Carbone, C. E. Berryman, C. T.

Carrigan, N. E. Murphy, A. A. Ferrando, et al. 2018.

Severe energy deficit at high altitude inhibits skeletal

muscle mTORC1-mediated anabolic signaling without

increased ubiquitin proteasome activity. FASEB J. 32:5955–

5966.

McCarthy, J. J., and K. A. Esser. 2007. MicroRNA-1 and

microRNA-133a expression are decreased during skeletal

muscle hypertrophy. J. Appl. Physiol. (1985) 102:306–313.

Nielsen, S., C. Scheele, C. Yfanti, T. Akerstrom, A. R. Nielsen,

B. K. Pedersen, et al. 2010. Muscle specific microRNAs are

regulated by endurance exercise in human skeletal muscle. J.

Physiol. 588:4029–4037.

Pasiakos, S. M. 2012. Exercise and amino acid anabolic cell

signaling and the regulation of skeletal muscle mass.

Nutrients 4:740–758.

Pfaffl, M. W. 2001. A new mathematical model for relative

quantification in real-time RT-PCR. Nucleic Acids Res. 29:

e45.

Rivas, D. A., S. J. Lessard, N. P. Rice, M. S. Lustgarten, K. So,

L. J. Goodyear, et al. 2014. Diminished skeletal muscle

microRNA expression with aging is associated with

attenuated muscle plasticity and inhibition of IGF-1

signaling. FASEB J. 28:4133–4147.

Roy, B. D., M. A. Tarnopolsky, J. D. MacDougall, J. Fowles,

and K. E. Yarasheski. 1997. Effect of glucose supplement

timing on protein metabolism after resistance training. J.

Appl. Physiol. (1985) 82:1882–1888.

Russell, A. P., S. Lamon, H. Boon, S. Wada, I. Guller, E. L.

Brown, et al. 2013. Regulation of miRNAs in human skeletal

muscle following acute endurance exercise and short-term

endurance training. J. Physiol. 591:4637–4653.

Sandri, M., C. Sandri, A. Gilbert, C. Skurk, E. Calabria, A.

Picard, et al. 2004. Foxo transcription factors induce the

atrophy-related ubiquitin ligase atrogin-1 and cause skeletal

muscle atrophy. Cell 117:399–412.

Schiaffino, S., and C. Mammucari. 2011. Regulation of skeletal

muscle growth by the IGF1-Akt/PKB pathway: insights from

genetic models. Skelet Muscle 1:4.

Small, E. M., J. R. O’Rourke, V. Moresi, L. B. Sutherland, J.

McAnally, R. D. Gerard, et al. 2010. Regulation of PI3-

kinase/Akt signaling by muscle-enriched microRNA-486.

Proc. Natl Acad. Sci. USA 107:4218–4223.
Stokes, T., A. J. Hector, R. W. Morton, C. McGlory, and S. M.

Phillips. 2018. Recent perspectives regarding the role of

dietary protein for the promotion of muscle hypertrophy

with resistance exercise training. Nutrients 10:180.

Wei, F., Y. Liu, Y. Guo, A. Xiang, G. Wang, X. Xue, et al.

2013. miR-99b-targeted mTOR induction contributes to

irradiation resistance in pancreatic cancer. Mol. Cancer.

12:81.

Xiao, W., H. L. Zeng, Y. Z. Wang, Q. Gou, Z. J. Zhou, R. D.

Xu, et al. 2017. Up-regulation of miR-324 suppresses cell

apoptosis by targeting DUSP1 in hepatocellular carcinoma.

Int J Clin Exp Pathol 10:1243–1252.

Xu, J., R. Li, B. Workeneh, Y. Dong, X. Wang, and Z. Hu.

2012. Transcription factor FoxO1, the dominant mediator of

muscle wasting in chronic kidney disease, is inhibited by

microRNA-486. Kidney Int. 82:401–411.

Xu, J., Y. Tang, Y. Bei, S. Ding, L. Che, J. Yao, et al. 2016.

miR-19b attenuates H2O2-induced apoptosis in rat H9C2

cardiomyocytes via targeting PTEN. Oncotarget 7:10870–
10878.

2018 | Vol. 6 | Iss. 23 | e13931
Page 10

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

MicroRNA, Exercise, and Carbohydrate Intake L. M. Margolis et al.



Young, A. J., C. E. Berryman, R. W. Kenefick, A. N. Derosier,

L. M. Margolis, M. A. Wilson, et al. 2018. Altitude

acclimatization alleviates the hypoxia-induced suppression

of exogenous glucose oxidation during steady-state aerobic

exercise. Front. Physiol. 9:830.

Zacharewicz, E., P. Della Gatta, J. Reynolds, A. Garnham, T.

Crowley, A. P. Russell, et al. 2014. Identification of

microRNAs linked to regulators of muscle protein synthesis

and regeneration in young and old skeletal muscle. PLoS

ONE 9:e114009.

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
The Physiological Society and the American Physiological Society.

2018 | Vol. 6 | Iss. 23 | e13931
Page 11

L. M. Margolis et al. MicroRNA, Exercise, and Carbohydrate Intake




