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ABSTRACT

GAO, H.-E., F.-H. LI, T. XIE, S.MA, Y.-B. QIAO, D.-S.WU, ANDL. SUN. Lifelong Exercise in Age Rats Improves Skeletal Muscle Func-

tion andMicroRNA Profile.Med. Sci. Sports Exerc., Vol. 53, No. 9, pp. 1873-1882, 2021. Purpose: Lifelong exercise is known to attenuate

sarcopenia (age-associated reduction in muscle mass and function); however, the underlying molecular mechanisms remain unclear. As

microRNAs are widely involved in the regulation of skeletal muscle growth and development, we aimed to evaluate the effects of lifelong

regular exercise on age-related alterations in muscle microRNA expression profiles as well as on skeletal muscle atrophy, apoptosis, and mi-

tochondria and autophagy dysfunction.Methods: Female 8-month-old Sprague-Dawley rats were divided into four groups; 1) 18 months of

moderate-intensity continuous training (MICT) initiated at 8 months (adult-MICT, n = 12), 2) 8 months of MICT initiated at 18 months

(presarcopenia-MICT, n = 12), 3) 8-month-old adult sedentary controls (adult-SED), and 4) 26-month-old aging sedentary controls (old-

SED). Age skeletal muscles were then subjected to quantitative reverse transcription–polymerase chain reaction, Kyoto Encyclopedia of

Genes and Genomes, immunoblotting, and miR-486 3′ untranslated region luciferase reporter gene analyses. Results: Age-related loss of

miR-486 expression was improved, skeletal muscle atrophy and apoptosis were downregulated, and mitochondrial activity and autoph-

agy were upregulated in the adult-MICT group. Kyoto Encyclopedia of Genes and Genomes analysis revealed that the PI3K/Akt path-

way was upregulated in adult-MICT rats compared with that in old-SED. In vitro analyses in rat skeletal muscle L6 cells further

confirmed that miR-486 targets PTEN, not SAV1, thereby activating the PI3K/Akt pathway and indirectly inhibiting HIPPO signaling.

Conclusions: Compared with presarcopenia-MICT rats, adult-MICT rats experienced greater beneficial effects regarding ameliorated

age-related alterations in muscle miRNA expression profile, skeletal muscle atrophy, apoptosis, and mitochondria and autophagy dys-

function, which is potentially associated with the increased miR-486 expression and concomitant targeting of the PTEN/Akt signaling

pathway. Key Words: LIFELONG EXERCISE, SARCOPENIA, MIR-486, AKT
Sarcopenia, the age-related attenuation of skeletal mus-
cle mass, represents a major problem in aging popula-
tions and leads to metabolic disorders, increases the

risk of cardiovascular disease and disability, and significantly
reduces quality of life (1). Drivers of sarcopenia include
decreased autophagy and mitochondrial biosynthesis as
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well as attenuated regenerative capacity, oxidative stress,
ubiquitin–proteasome activation, and myocyte apoptosis
(2). Previous studies have shown that lifelong regular
exercise is associated with maintenance of muscle mass,
reduced adipose tissue infiltration, and upregulated expression
of sirtuin-3 (SIRT3) and superoxide dismutase 2 (SOD2) in
the vastus lateralis muscle of the elderly, thereby improving
skeletal muscle resilience to unaccustomed loading and
adaptability in adult life (3–6). Moreover, lifelong regular
exercise affects methylation of skeletal muscle genes related
to energy metabolism and myogenesis (7), attenuates age-
related decline in mitochondrial content and function, and
attenuates dysfunction of autophagy-mediated degradation
(8,9). We previously demonstrated that exercise initiated
during adulthood may assist in countering age-induced poor
physical functioning and chronic low-grade inflammatory
status by increasing the abundance of phosphorylated protein
kinase B (p-Akt) and downstream phosphorylated forkhead
box O1 (p-FoxO1) protein in rat skeletal muscle cells (10).
However, the specific mechanism underlying the prevention
of sarcopenia development by the Akt/FoxO1 pathway in
these animals remains unknown.

MicroRNAs (miRNAs) are small, noncoding, single-stranded
RNAs (approximately 21–25 nucleotides) that promote target
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mRNA degradation and translation termination by base
pairing with the 3′ untranslated region of the target gene, thus
contributing to the regulation of cell function at the transcrip-
tional level (11,12). Indeed, specific miRNAs are reportedly
involved in the regulation of skeletal muscle growth and
development, including miR-1, miR-133, miR-486, miR-
206, and miR-499, which are identified as muscle miRNAs
(myomiRs) as they are specifically or highly expressed in
muscle tissue (11,12). MiR-1, miR-133a, miR-133c, miR-
182, miR-126, miR-23a, miR-486, and miR-19a may revert
skeletal muscle loss by downregulating the expression of
muscle atrophy F-box (MAFbx) and ring finger 1 (MuRF1)
(11,13,14); contrastingly, upregulation of miR-208b, miR-
499, miR-628, miR-21, and miR-206 may accelerate muscle
loss in aging skeletal muscle (11,15). Moreover, regular
exercise significantly increases the baseline expression of
miR-486, miR-215, and miR-941, and decreases that of
miR-151b in older individuals (16). However, little is known
regarding the impact of such altered miRNA expression on
the regulation of muscle atrophy and function in individuals
who initiated regular exercise regimens in adulthood compared
with those who started exercising later in life.

Therefore, in this study, we evaluated the effects of lifelong
regular exercise on age-related alterations in myomiR expres-
sion profiles and associated skeletal muscle phenotypes. To
this end, we compared rats exposed to long-term moderate-
intensity continuous training (MICT) initiated at 8 months with
those whose MICT was initiated at 18 months (presarcopenia-
MICT) until 26 months of age. Moreover, we performed
myomiR expression profiling and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis of aging-
and exercise-associated genes to investigate the potential mech-
anisms underlying the lifelong exercise-associated prevention
of sarcopenia.
METHODS

Animals. Sprague-Dawley rats (8 months old) were pur-
chased from Guangdong Medical Laboratory Animal Center
(Foshan, Guangdong, China). The rats were maintained on an
artificial 12-h light–dark cycle (6:00 AM–6:00 PM) at constant
room temperature (23°C ± 1°C) in the Laboratory Animal Cen-
ter, School of Sports Science and Physical Education, South
China Normal University. The animals were housed in their re-
spective groups in a collective cage and were provided with
standard laboratory chow (56.8% carbohydrate, 22.5% protein,
3.5% lipids, and 17.2% other nutrients) and water ad libitum.
Every possible effort was made to minimize both the number
and suffering of animals, according to the principles of the
Declaration of Helsinki, and the protocols were approved by
the Animal Experiment Ethical Inspection Form of Nanjing
Normal University (IACUU-1903006).

After 1 wk of preconditioning feeding, 8-month-old rats
(n = 12) were randomly selected to represent the adult seden-
tary (adult-SED) group and were sacrificed via intraperitoneal
injection of pentobarbital sodium (50 mg·kg−1 body weight).
1874 Official Journal of the American College of Sports Medicine
The remaining animals were randomly divided into three
groups as follows: 1) 18-month MICT initiated at 8 months
of age (adult-MICT, n = 12), 2) 8-month MICT initiated at
18 months of age (presarcopenia-MICT, n = 12) until 26 months
(sarcopenia) (10), and 3) 26-month-old rats representing age
sedentary animals (old-SED, n = 12). Rats in the old-SED
group were handled in an identical manner as the MICT
groups; however, they did not participate in any exercise
treatment for the 18-month duration of the experiment. During
the experiment, six rats were excluded from the study: four
presarcopenia-MICT rats (of which two died from causes
unrelated to exercise and two from severe claw infections)
and two old-SED rats (owing to severe eye infections).

Training protocol. All rats were trained over a 2-wk ac-
climatization course to run on an adapted motor-driven tread-
mill designed for rats (model FD000043; Flyde Apparatus,
Guangzhou, China). During the first week of training, rats
were individually placed onto a treadmill lane at a 0° incline
for a total of 10 min. At the beginning of the second week of
training, rats ran at 10 m·min−1 and by the end of the second
week, they progressed to 15 cm·s−1 at a 0° incline for 30 min.
Further details on maximal oxygen uptake (V̇O2max) and calcula-
tion of training intensity have been previously described (10).

Both exercise protocols included 1 min of warm-up at a
constant running speed of 10 m·min−1, which corresponded
to 35%–40% of V̇O2max, followed by 45min at a constant run-
ning speed of 17 m·min−1 (corresponding to 75%–80% of
V̇O2max) and cool-down at a constant running speed of
10 m·min−1 for 1 min. To prevent avoidance and ensure exer-
cise training, rats received a light electrical shock (6 mA) if
they sat at the base of the treadmill. Within 2 wk of training,
the rates of exercise avoidance were minimal and electrical
shock was no longer required. Exercise training sessions were
held at the same time each morning (10,17).

RNA isolation and quantitative reverse transcrip-
tion-polymerase chain reaction. The vastus lateralis,
which exhibits age-associated decline in mitochondrial bio-
synthesis and antioxidant systems, ubiquitin–proteasome acti-
vation, and myocyte apoptosis, is often used for evaluating
sarcopenia-associated alterations in skeletal muscle pheno-
types (4). Hence, total RNA was extracted from the vastus
lateralis muscle (50 mg) from each rat using TRIzol reagent
(1 mL) and thorough grinding using a high-speed tissue
grinder. RNA concentration was measured using an
ultra-microspectrophotometer (One Drop® 1000+; Thermo
Fisher Scientific, Waltham, MA). The prepared RNA (1 μg)
was processed using the miRNA 1st Strand cDNA Synthesis
Kit (by stem–loop) and HiScript III 1st Strand cDNA
Synthesis Kit (+gDNA wiper) for reverse transcription-
polymerase chain reaction (RT-PCR; 1880-051; Invitrogen,
Carlsbad, CA) to reverse transcribe miRNA and mRNA,
respectively, according to the manufacturer’s instructions.
The synthesized cDNA was further diluted 1:10 in DNase-free
water, mixed with the ChamQ SYBR qPCR Master Mix (High
ROX Premixed), and analyzed via quantitative RT-PCR using
the ABI Step One Plus Real-Time PCR instrument (Foster
http://www.acsm-msse.org
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City, CA) for 40 cycles. Gapdh and U6 served as internal
reference genes for mRNA and miRNA, respectively, and the
results were calculated using the 2−ΔΔCt method. According to the
gene sequences in the NCBI and miRBase databases, the primer
sequences of mRNAs, miRNAs, Gapdh, and U6 were designed
and synthesized by Shanghai Biotech (China); the reverse primer
for miRNAs was 5′-AGTGCAGGGTCCGAGGTATT-3′. All
other miRNA and related gene primer sequences are listed in
Supplemental Table 1 (Appendix, Supplemental Table 1,
Primer sequences, http://links.lww.com/MSS/C303).

Identification of miRNA-related signaling pathways.
In silico identification of molecular pathways potentially affected
by the observed alterations in miRNA levels was performed
using the web-based computational tool Target Scan 7.1.
DIANA-miRPath v3.0 was used to predict miRNA targets
from the DIANA-TarBase/DIANA-micro-T-CDS algorithm
and combine the results with KEGG analysis to identify possi-
ble targets (18). The level of significance was set at P < 0.01.

Target prediction and luciferase reporter assay.
Using Targetscan and DIANA-TarBase/DIANA-micro-T-
CDS, PTEN and Salvador family WW domain containing
protein 1 (SAV1) were predicted to be targets of miR-486.
Therefore, we synthesized sequences corresponding to both
wild type (WT) and mutant (MUT) PTEN and SAV1, which
were constructed by Keygenbio (Nanjing, China). Rat skeletal
muscle L6 cells were maintained in Dulbecco’s modified Ea-
gle medium (Gibco; Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (Gibco), and cultured in a humidi-
fied 5%CO2 incubator at 37°C. According to the manufacturer’s
instructions, cells were seeded in a 96-well plate 1 d before trans-
fection with pGL3-PTEN-WT, pGL3-PTEN-MUT, pGL3-
SAV1-WT, or pGL3-SAV1-MUT (500 ng; Keygenbio),
pRL-TK (Renilla luciferase normalization control; 50 ng;
Promega, Madison, WI), and miR-486 mimic (75 pM;
Keygenbio) using Lipofectamine 3000 (Invitrogen); a scram-
bled sequence was used as a negative control (miR-486 NC;
75 pM; Keygenbio). Cells were collected 48 h after transfec-
tion, and luciferase activity was measured using a dual lucifer-
ase reporter assay system (Promega).

Western blotting. Cells were seeded in 96-well plates the
day before transfection with miR-486 mimic and miR-486 NC
(75 pM) using Lipofectamine 3000 according to the manufac-
turer’s instructions. At 48 h after transfection, cells were har-
vested for Western blot analysis.

L6 cells and vastus lateralis muscle tissue were lysed using
radioimmunoprecipitation assay buffer with protease inhibi-
tors, as described previously (10). Total protein (15 μg) was
separated using 8%, 10%, and 12% sodium dodecyl sulfate–
polyacrylamide gels, and transferred onto a polyvinylidene
difluoride membrane. Blots were blocked with 5% skim milk
and incubated with the indicated primary antibody overnight
at 4°C. The membranes were then incubated with a goat
antirabbit peroxidase-conjugated secondary antibody (Santa
Cruz Biotechnology, Dallas, TX) for 1 h at approximately 20°C
and measured using an infrared imaging system (LI-COR
Biosciences, Lincoln, NE). Protein expression was normalized
LIFELONG EXERCISE AND SKELETAL MUSCLE MIRNAS
to that of β-actin. All antibodies used for Western blotting are
listed in Supplemental Table 1 (Appendix, Supplemental
Table 1, Antibodies, http://links.lww.com/MSS/C303).

Statisticalanalysis.Valueswere represented asmean±SD.
Before statistical analysis, all data were assessed for normality
using the one-sample Kolmogorov–Smirnov test (10). Statistical
analysis was performed using GraphPad Prism 7.0
(GraphPad Software Inc., San Diego, CA). According to the
variable characteristics, the Student’s t-test (two-sided) or
Mann–Whitney U test was used to assess indices of the
old-SED and adult-SED rats. The differences in miRNA,
mRNA, and protein expression levels among the old-SED,
adult-MICT, and presarcopenia-MICT groups were assessed
by one-way ANOVA or Kruskal–Wallis H tests, depending
on whether the variables were normally distributed. CON,
miR-486 NC, and miR-486 mimic groups were assessed via
one-way ANOVA followed by Tukey’s post hoc test. P
values <0.05 were considered statistically significant.
RESULTS

Muscle atrophy, apoptosis, mitochondrial func-
tion, and autophagy. We performed Western blotting to
determine the expression of protein markers in the vastus
lateralis muscle following lifelong exercise. Compared with
the adult-SED group, MuRF1, MAFbX, caspase-3, BAX
(P < 0.01; Fig. 1A), p62, and Beclin-1 (P < 0.01; Fig. 1B)
levels in the old-SED group were significantly upregulated,
whereas those of Bcl-2 (P < 0.01; Fig. 1A), SDHA, LC3 II
(P < 0.01; Fig. 1B), and PGC-1α (P < 0.05; Fig. 1B) as well
as the Bcl-2/BAX (P < 0.01; Fig. 1A) and LC3 II/LC3 I
(P < 0.01; Fig. 1B) ratios were significantly downregulated.
Meanwhile, p70S6K, the Bcl-2/BAX ratio (P < 0.01; Fig. 1A),
SDHA, PGC-1α, Beclin-1 (P < 0.01; Fig. 1B), Bcl-2
(P < 0.05; Fig. 1A), COX-IV, and the LC3 II/LC3 I ratio
(P < 0.05; Fig. 1B) were significantly upregulated, whereas
caspase-3 (P < 0.01; Fig. 1A) and p62 (P < 0.05; Fig. 1B) were
significantly downregulated in both the adult-MICT and
presarcopenia-MICT groups compared with the old-SED
group. Conversely, MuRF1, MAFbx, and BAX (P < 0.05;
Fig. 1A) levels were significantly decreased, and SIRT3 and
LC3 II (P < 0.05; Fig. 1B) levels were significantly increased
in the adult-MICT group compared with the old-SED group.
In addition, p70S6K (P < 0.01; Fig. 1A) and LC3 II
(P < 0.01; Fig. 1B) levels as well as the LC3 II/LC3 I ratio
(P < 0.05; Fig. 1B) were significantly upregulated, whereas
MuRF1, MAFbx (P < 0.05; Fig. 1A), p62, and SDHA
(P < 0.01; Fig. 1B) were significantly downregulated in the
adult-MICTgroup comparedwith the presarcopenia-MICTgroup.

Expression of miRNAs and KEGG functional en-
richment analysis.We identified 11 differentially expressed
miRNAs between the old-SED and adult-SED groups, namely,
miR-486, miR-145, miR-133a, miR-19a, and miR-133c, which
were significantly downregulated (P < 0.05, Fig. 2A), and
miR-126, miR-23a (P < 0.05, Fig. 2A), miR-182, miR-206,
miR-199a, and miR-208b (P < 0.01, Fig. 2A), which were
Medicine & Science in Sports & Exercise® 1875
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FIGURE 1—Expression of muscle atrophy, apoptosis (A), and mitochondrial function markers as well as autophagy-related proteins (B). Groups: adult-
SED, 8 months sedentary; old-SED, 26 months sedentary; adult-MICT, 8 months beginning with moderate-intensity continuous training; and
presarcopenia-MICT, 18 months beginning with moderate-intensity continuous training. Training intervention differences among the old-SED,
adult-MICT, and presarcopenia-MICT groups were assessed via one-way ANOVA followed by Tukey’s post hoc test. Age-related differences between
the old-SED and adult-SED groups were assessed via independent-samples t-tests (two-sided). Values are reported as means ± SD. *P < 0.05 and
**P < 0.01 vs adult-SED; #P < 0.05 and ##P < 0.01 vs old-SED; &P < 0.05 and&&P < 0.01 vs presarcopenia-MICT.MuRF1, muscle ring finger 1;MAFbx,
muscle atrophy F-box; p70S6K, p70 ribosomal protein S6 kinase; SDHA, succinate dehydrogenase complex subunit A; PGC-1α, peroxisome
proliferator-activated receptor γ coactivator-1 α; SIRT3, sirtuin 3; COX-IV, cytochrome c oxidase IV; LC3-II, microtubule-associated protein 1
light chain 3-II.
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significantly upregulated. Compared with the old-SED group,
miR-23a (P < 0.01, Fig. 2A) was significantly downregulated while
miR-133a, miR-532, miR-1, miR-208b (P < 0.05, Fig. 2A), miR-
145, miR-499, miR-19a, and miR-133c (P < 0.01, Fig. 2A) were
significantly upregulated in the presarcopenia-MICT group. In
addition, miR-23a andmiR-199a (P < 0.01, Fig. 2A)were signif-
icantly downregulated, whereas miR-182, miR-486, miR-628,
miR-1, miR-208b, miR-499, miR-19a (P < 0.01, Fig. 2A), and
miR-126 (P < 0.05, Fig. 2A) were significantly upregulated
in the adult-MICT group compared with the old-SED group.
Moreover, miR-182, miR-628, miR-208b (P < 0.01, Fig. 2A),
miR-126, miR-194, andmiR-486 (P < 0.05, Fig. 2A) levels were
significantly upregulated, whereas those of miR-145, miR-133a,
miR-206,miR-199a, andmiR-133c (P < 0.05, Fig. 2A)were sig-
nificantly downregulated in the adult-MICT group compared
with the presarcopenia-MICT group.

Figures 2B–D shows the KEGG pathway enrichment of
differentially expressed miRNAs between the old-SED/adult-
SED, adult-MICT/old-SED, and presarcopenia-MICT/old-
SED groups. The miRNAs and related downstream genes
are listed in Supplemental Table 2 (Appendix, Supplemental
Table 2, KEGG-enriched miRNAs and genes, http://links.
lww.com/MSS/C304). HIPPO and MAPK signaling path-
ways were coenriched among the three comparisons, whereas
the old-SED/adult-SED and adult-MICT/old-SED differentially
expressed miRNAs were specifically enriched in the PI3K/Akt
signaling pathway (Figs. 2B, C). Other aging-related pathways
were also identified including the neurotrophin, FoxO, and
Rap1 pathways in old-SED/adult-SED (Fig. 2B); the Ras,
FoxO, Wnt, and Rap1 pathways in adult-MICT/old-SED
1876 Official Journal of the American College of Sports Medicine
(Fig. 2C); and the Wnt and Rap1 pathways in presarcopenia-
MICT/old-SED (Fig. 2D).

Expression of HIPPO, MAPK, and PI3K/Akt
pathway-related mRNA and proteins. We next deter-
mined the mRNA expression of miRNA target genes to fur-
ther verify the three pathways identified in KEGG analysis
(Fig. 3A; Supplemental Figure 1, Changes in mRNA
expression of downstream target genes of identified KEGG
pathways and expression of HIPPO, MAPK, and PI3K/Akt,
http://links.lww.com/MSS/C305). In the old-SED group,
Mob1b, Map4k3, and Map4k4 (P < 0.05, Fig. 3A) levels were
significantly decreased, whereas SAV1 and PTEN (P < 0.01,
Fig. 3A) levels were significantly increased compared with
those in the adult-SED group. Compared with those in the
old-SED group, SAV1 and PTEN (P < 0.05, Fig. 3A) levels
were significantly downregulated in the adult-MICT group,
whereas Mapk1 and Map4k3 (P < 0.01, Fig. 3A) levels were
significantly upregulated in the presarcopenia-MICT group.

The expression of proteins involved in HIPPO,MAPK, and
PI3K/Akt signaling was further analyzed using Western blot-
ting. Compared with the adult-SED group, p-LAST1/2,
p-YAP (P < 0.05, Fig. 3B), and TEAD1 (P < 0.01, Fig. 3B)
in the old-SED group were significantly upregulated, whereas
p-p38 MAPK, p-p38 MAPK/p38 MAPK ratio (P < 0.01,
Fig. 3C), p-Akt (P < 0.05, Fig. 3D), and p-Akt/Akt ratio
(P < 0.01, Fig. 3D) were significantly downregulated. YAP,
p-p38 MAPK, and the p-p38 MAPK/p38 MAPK ratio were
significantly upregulated while p-LAST1/2, p-YAP, p-YAP/YAP
ratio, and PTEN were significantly downregulated in both the
adult-MICT and presarcopenia-MICT groups compared with
http://www.acsm-msse.org
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FIGURE 2—Changes in skeletal muscle-associated miRNA expression profiles in rats (A); old-SED/adult-SED (B), adult-MICT/old-SED (C), and
presarcopenia-MICT/old-SED differential miRNA enrichment pathways (D). MiRNA count shows the number of differentially expressed miRNAs enriched
in the pathway. Groups: adult-SED, 8months sedentary; old-SED, 26months sedentary; adult-MICT, 8months beginning withmoderate-intensity continuous
training; and presarcopenia-MICT, 18 months beginning with moderate-intensity continuous training. Training intervention differences among the old-SED,
adult-MICT, and presarcopenia-MICT groupswere assessed via one-wayANOVA followed by Tukey’s post hoc test orKruskal–WallisH tests. Age-associated
differences between the old-SED and adult-SED groups were assessed via independent-samples t-tests (two-sided) or Mann–Whitney U test. *P < 0.05 and
**P < 0.01 vs old-SED/adult-SED; #P < 0.05 and ##P < 0.01 vs presarcopenia-MICT/old-SED; &P < 0.05 and &&P < 0.01 vs adult-MICT/old-SED;
¥P < 0.05 and ¥¥P < 0.01 vs adult-MICT/presarcopenia-MICT.
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old-SED.Whereas p-MST1/2 (P< 0.05, Fig. 3B)was significantly
downregulated in the adult-MICT group, TEAD1 (P < 0.05,
Fig. 3B), p-Akt (P < 0.01, Fig. 3D), and the p-Akt/Akt ratio
(P < 0.05, Fig. 3D) were significantly upregulated compared
with that of the old-SED group. In addition, p-MST1/2,
p-YAP (P < 0.05, Fig. 3B), and PTEN (P < 0.01, Fig. 3D)
levels were significantly decreased, whereas those of TEAD1
(P < 0.05, Fig. 3B), p-p38 MAPK (P < 0.05, Fig. 3C), p-p38
MAPK/p38 MAPK ratio (P < 0.01, Fig. 3C), p-Akt, and
p-Akt/Akt ratio (P < 0.01, Fig. 3D) were significantly increased
in the adult-MICT group compared with the presarcopenia-
MICT group.

MiR-486 directly targets PTEN but not SAV1. The
Venn diagram of differentially expressed miRNAs indicated
that five miRNAs (miR-628, miR-486, miR-182, miR-126,
and miR-199a) were differentially expressed between the
adult-MICT and presarcopenia-MICT groups using the
old-SED group as a baseline (Fig. 4A). Correlation analysis
showed that only miR-486 was significantly negatively corre-
lated with Sav1 and PtenmRNA (P < 0.05, Fig. 4B). Further-
more, miR-486 was significantly positively correlated with
p-Akt (P < 0.01, r = 0.92, Fig. 4C), but negatively correlated
with p-YAP (P < 0.05, r = −0.68, Fig. 4E) and showed no re-
lationship with YAP (P > 0.05, r = 0.49, Fig. 4D).

We next assessed whether the adult-MICT group ex-
hibits inhibited HIPPO and PI3K/Akt signaling via miR-486
LIFELONG EXERCISE AND SKELETAL MUSCLE MIRNAS
targeting of PTEN and SAV1, respectively. Luciferase assays
using L6 cells revealed significantly decreased luciferase ex-
pression in the PGL3 + PTEN-WT + miR-486-5p group but
not the PGL3 + SAV1-WT + miR-486-5p group, indicating
that miR-486 can directly target and inhibit PTEN but not
SAV1 (P < 0.01, Figs. 4F, G).

miR-486 is overexpressed in the HIPPO and PI3K/
Akt pathways. Next, the miR-486 mimic and miR-486 NC
were added to L6 cells, followed by Western blotting of
markers associated with the HIPPO and PI3K/Akt pathway
as well as muscle atrophy, apoptosis, and mitochondrial and
autophagy. MiR-486 overexpression significantly downregu-
lated p-MST1/2, p-LATS1/2, p-YAP, p-YAP/YAP ratio
(P < 0.01, Fig. 5A), PTEN (P < 0.01, Fig. 5B), MAFbx,
MuRF1 (P < 0.01, Fig. 5C), caspase-3, BAX (P < 0.01,
Fig. 5D), and p62 (P < 0.01, Fig. 5F), whereas YAP, TEAD1
(P < 0.01, Fig. 5A), p-Akt (P < 0.05, Fig. 5B), p-Akt/Akt ratio
(P < 0.01, Fig. 5B), p70S6K (P < 0.01, Fig. 5C), Bcl-2, Bcl-2/
BAX ratio (P < 0.01, Fig. 5D), PGC-1α, SDHA (P < 0.01,
Fig. 5E), Beclin-1, LC3 II, and LC3 II/LC3 I ratio (P < 0.01,
Fig. 5F) were significantly upregulated.
DISCUSSION

This study provides mechanistic evidence that differential
myomiR expression in skeletal muscle has an important role
Medicine & Science in Sports & Exercise® 1877



FIGURE 3—AlteredmRNA expression of downstream target genes enriched in KEGGpathways, and expression ofHIPPO,MAPK, and PI3K/Akt in each
study group. Expression of HIPPO, MAPK, and PI3K/Akt-related mRNAs (A). Expression of HIPPO (B), MAPK (C), and PI3K/Akt-related proteins (D).
Groups: adult-SED, 8 months sedentary; old-SED, 26 months sedentary; adult-MICT, 8 months beginning with moderate-intensity continuous training;
and presarcopenia-MICT, 18 months beginning with moderate-intensity continuous training. Training intervention differences among the old-SED,
adult-MICT, and presarcopenia-MICT groupswere assessed via one-wayANOVA followed byTukey’s post hoc test or Kruskal–WallisH tests. Age-related
differences between the old-SED and adult-SED groups were assessed via independent-samples t-tests (two-sided) or Mann–Whitney U test. Values are re-
ported as means ± SD. *P < 0.05 and **P < 0.01 vs adult-SED; #P < 0.05 and ##P < 0.01 vs old-SED; &P < 0.05 and &&P < 0.01 vs presarcopenia-MICT.
p-MST1/2, phosphorylated mammalian ste-20 like kinase 1 and 2; p-LATS1/2, phosphorylated large tumor suppressor kinase 1 and 2; p-YAP, phosphor-
ylated Yes-associated protein; TEAD1, TEA domain transcription factor 1.
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in muscle plasticity following lifelong regular exercise initiated
earlier in adulthood (adult-MICT) compared with initiation later
in life (presarcopenia-MICT), as evaluated in age rats. We
showed that aging caused skeletal muscle atrophy, apoptosis,
and mitochondrial and autophagy dysfunction as well as altered
miRNA expression profiles in skeletal muscle, whereas regular
exercise attenuated these effects. We also found that the
MAPK pathway was upregulated and HIPPO signaling was
downregulated in both exercise groups, whereas PI3K/Akt
signaling was specifically upregulated in the adult-MICT
group. PTEN and SAV1, members of the PI3K/Akt and
HIPPO pathways (19,20), respectively, are targets of miR-
486, which exhibited the strongest correlation with p-Akt
and p-YAP in the adult-MICT group. Moreover, functional
in vitro analyses in L6 cells further confirmed that miR-486
targeted PTEN, thereby activating the PI3K/Akt pathway
and indirectly inhibiting the HIPPO pathway. Combined,
these factors may be related to broader beneficial effects on
antiapoptotic factors, mitochondrial function, and autophagy,
underlying the attenuated atrophy observed in the age
skeletal muscle from the adult-MICT group compared with
the presarcopenia-MICT group.

Sarcopenia is accompanied by age-related muscle decline
and decreased exercise capacity (1). In the present study, we
found that aging was accompanied by downregulation of the
Bcl-2/BAX ratio (anti-apoptosis index), PGC-1α and SDHA
(mitochondrial function), and p62 and the LC3II/LC3I ratio
(autophagy), as well as upregulation of MuRF1 and MAFbx
(atrophy). Exercise-induced autophagy, as measured by an
1878 Official Journal of the American College of Sports Medicine
increase in LC3 II and decrease in p62, is reportedly the
most effective treatment for maintaining skeletal muscle
homeostasis and integrity, improving mitochondrial mass,
and slowing sarcopenia (21). Here, both exercise regimens
enhanced antiapoptotic protein expression (caspase-3, Bcl-2/
BAX ratio), mitochondrial metabolism (SDHA), oxidative
energy (COX-IV), and biosynthesis (PGC-1α). The adult-MICT
regimen specifically increased autophagic activities (p62, LC3II,
LC3II/LC3I ratio), improved vastus lateralis muscle
atrophy (MuRF1, MAFbx), and increased protein synthesis
(p70S6K) compared with those in the presarcopenia-MICT
group. Taken together, these results indicate that lifelong
exercise initiated in early adulthood in rats enhances
autophagy activities and prevents skeletal muscle atrophy
compared with the effects of no exercise or regular exercise
initiated later in life.

MyomiRs are novel regulators of gene expression that
can modulate many skeletal muscle processes, including
myogenesis, regeneration, apoptosis, mitochondrial func-
tion, and aging-associated autophagy, which are involved
in the conserved aging pathways (11,12). Consistent with
previous reports, we found that aging altered miRNA
expression profiles in skeletal muscle. In particular, the
old-SED group exhibited a dysregulated miRNA expression
profile compared with the adult-SED group, which may be
associated with induced skeletal muscle atrophy upon aging
(11–14,22,23). In addition, dysregulated HIPPO, MAPK,
and PI3K/Akt signaling was found associated with altered
expression of their members via specific miRNAs involved
http://www.acsm-msse.org
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FIGURE 4—miR-486 directly targets PTEN but not SAV1. Venn diagram of differentially expressed miRNAs (A); correlation heat map (B); and correla-
tion line graphs of p-Akt (C), YAP (D), and p-YAP (E). Luciferase reporter assays demonstrated that miR-486 targets PTEN (F) but not SAV1 (G). Groups:
adult-SED, 8 months sedentary; old-SED, 26 months sedentary; adult-MICT, 8 months beginning with moderate-intensity continuous training; and
presarcopenia-MICT, 18 months beginning with moderate-intensity continuous training.
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in aging processes, which was accompanied by an increase in
muscle atrophy and decrease in mitochondrial metabolism and
biosynthesis, autophagy, and apoptosis markers.

In the present study, myomiR expression profiling of age
skeletal muscle subjected to lifelong versus late-in-life endurance
training identified five candidate miRNA targets of the PI3K/Akt
pathway following adult-MICT protocol, includingmiRNA-486,
miRNA-182, miRNA-126, miR-628, and miR-199a (Appendix,
Supplemental Table 2, KEGG-enriched miRNAs and genes,
http://links.lww.com/MSS/C304). In addition, we demonstrated
that the adult-MICT regimen specifically enriched the expression
of genes and proteins related to the PI3K/Akt pathway, which
can prevent muscle fiber loss by regulating autophagy as well
as protein degradation and skeletal muscle atrophy by inhibiting
the expression of ubiquitinated protein ligases, such as MAFbx
and MuRF1 (24). Notably, the increase in p70S6K, LC3II,
and LC3II/LC3I, and decrease in MuRF1, MAFbx, and p62
LIFELONG EXERCISE AND SKELETAL MUSCLE MIRNAS
expression observed in the adult-MICT rats compared with that
in presarcopenia-MICT suggest that this regimen enhanced
autophagy via myomiRs and PI3K/Akt/p70S6K signaling.

Notably, miR-486, which was specifically upregulated in
the adult-MICT group, accounts for 21% of the total miRNA
sequence reads in elderly skeletal muscle (25). miR-486,
which is downregulated with age, not only functions as a
biomarker of human muscle aging but also reflects the
underlying molecular mechanisms of age-associated reduction
in skeletal muscle mass (23). Moreover, miR-486 has been
reported to activate Akt/FoxO signaling and improve skeletal
muscle hypertrophy in animal models with chronic kidney
disease–related muscular atrophy, myostatin knockout mice,
hindlimb fixation-induced muscle atrophy, and Duchenne
muscular dystrophy (26–29).

Our study results indicate that miR-486 is strongly corre-
lated with the Akt pathway in the adult-MICT group, with
Medicine & Science in Sports & Exercise® 1879
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FIGURE 5—Expression of components involved in HIPPO (A) and PI3K/Akt (B) signaling, as well as muscle atrophy (C), apoptosis (D), mitochondrial
function markers (E), and autophagy-related proteins (F). Values are reported as means ± SD. Groups: CON, L6 cells blank control; miR-486 NC, L6
cells + miR-486 NC; miR-486 mimic, L6 cells + miR-486 mimic. The CON, miR-486 NC, and miR-486 mimic groups were assessed via one-way ANOVA
followed by Tukey’s post hoc test. *P < 0.05 and **P < 0.01 vs CON; #P < 0.05 and ##P < 0.01 vs L6 + miR-486 NC.
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respect to PTEN and p-Akt. Moreover, luciferase assays con-
firmed that PTEN, a negative regulator of PI3K/Akt signaling,
is a direct target of miR-486 in L6 cells. Indeed, the inhibition
of skeletal muscle atrophy and apoptosis, combined with the
improved mitochondrial function and autophagy by the
miR-486 mimic, correspond well with the inhibition of PTEN
mRNA expression and increased p-Akt expression.

Interestingly, we also found that miR-486 was highly corre-
lated with the HIPPO pathway in the adult-MICT group with
respect to SAV1 and p-YAP. The HIPPO pathway is com-
posed of three core component proteins: upstream MST1/2,
midstream LATS1/2, and downstream YAP, and regulates tis-
sue regeneration and organ size by controlling cell prolifera-
tion and differentiation (20). However, luciferase assays
confirmed that SAV1, a positive regulator of HIPPO
signaling, is not a direct target of miR-486 in L6 cells. These
1880 Official Journal of the American College of Sports Medicine
findings are consistent with a previous study demonstrating
that overexpressing miR-486 in vitro decreases PTEN
expression, thereby activating PI3K/Akt signaling and indirectly
inhibiting the canonical HIPPO pathway to promote nuclear
localization of YAP and decreased p-YAP expression in
response to mechanical stress and strain (30). Taken together,
these results support the hypothesis that PTEN by miR-486
may be required for activating the PI3K/Akt pathway and
indirectly inhibiting HIPPO signaling to improve aging skeletal
muscle function.

Furthermore, nuclear localization of YAP regulates mitochon-
drial biogenesis (31) and directly promotes the expression of
Armus (a RAB7-GAP required for autophagosome renewal)
to increase autophagy flux, which plays an important role in
tissue regeneration, autophagy fusion, and cell phenotypic
plasticity (32). In the present study, overexpressing miR-486
http://www.acsm-msse.org
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FIGURE 6—Summary of the possible mechanisms underlying the beneficial effects of lifelong regular exercise onmuscle function. PTEN and p-Akt are the
primary components of the PI3K/Akt pathway; p-MST1/2, p-LATS1/2, p-YAP, YAP, andTEAD1 are themain components of the HIPPOpathway. PTEN,
phosphatase and tensin homolog; p-Akt, phosphorylated protein kinase B; p-MST1/2, phosphorylated mammalian ste-20 like kinase 1 and 2; p-LATS1/2,
phosphorylated large tumor suppressor kinase 1 and 2; p-YAP, phosphorylated Yes-associated protein; TEAD1, TEA domain transcription factor 1.
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in vitro increased marker expression of antiapoptotic proteins
(Bcl-2/BAX ratio), mitochondrial function (SDHA and PGC-1α),
autophagy (p62, Beclin-1 and LC3 II/LC3 I ratio), and
protein synthesis (p70S6K), and prevented skeletal muscle
atrophy (MAFbx and MuRF1), which may be related to the
inhibition of HIPPO pathway (20). As shown in Figure 6,
a possible mechanism that may be associated with effects
elicited by the adult-MICT exercise regimen is the upregulation
of miR-486, which targets PTEN and regulates PI3K/Akt
and HIPPO signaling, and in turn enhances antiapoptosis
protein expression, mitochondrial biogenesis, mitochondrial
respiration, and autophagy to effectively delay skeletal
muscle aging.

There are some limitations associated with this study. First,
although the direct detection of myomiR expression profiles
using quantitative RT-PCR has been previously validated
(33), some data obtained via RNA sequencing may be
omitted. Second, we reported data exclusively from the
vastus lateralis muscle, and no comparison was performed
with other muscle fiber types such as the extensor digitorum
longus, tibialis anterior, or soleus muscle. In addition, our
study was restricted to female rats, and thus, we cannot
exclude differences based on sex.
LIFELONG EXERCISE AND SKELETAL MUSCLE MIRNAS
CONCLUSIONS

Our findings demonstrated distinct differences in the protec-
tion against aging-related miRNA changes under adult-MICT
and presarcopenia-MICT exercise regimens, as evidenced by
KEGG analysis of differentially expressed miRNA. Specifically,
the MAPK and HIPPO pathways were upregulated and
downregulated, respectively, in both exercise groups, whereas
the PI3K/Akt pathway was specifically upregulated in the
adult-MICT group. Moreover, miR-486 directly targeted PTEN,
activating the PI3K/Akt pathway and indirectly inhibiting the
HIPPO pathway. When exercise was initiated at the beginning
of adulthood, these observed changes led to a greater enhance-
ment of mitochondrial function, antiapoptosis events, and au-
tophagy and also increased protein synthesis and reduced
skeletal muscle atrophy in age skeletal muscle.
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