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Abstract

Background: Exercise is beneficial for muscle atrophy. Peroxisome proliferator-activated receptor gamma (PPARYy) and microRNA-29b
(miR-29b) have been reported to be responsible for angiotensinll (Angll)-induced muscle atrophy. However, it is unclear whether exercise can
protect Angll-induced muscle atrophy by targeting PPARy/miR-29b.

Methods: Skeletal muscle atrophy in both the control group and the run group was established by Angll infusion; after 1 week of exercise train-
ing, the mice were sacrificed, and muscle weight was determined. Myofiber size was measured by hematoxylin-eosin and wheat-germ agglutinin
staining. Apoptosis was evaluated by terminal deoxynucleotidyl transferase dUTP nick end labeling staining. The expression level of muscle
atrogenes, including F-box only protein 32 (FBX032, also called Atrogin-1) and muscle-specific RING-finger 1 (MuRF-1), the phosphorylation
level of protein kinase B (PKB, also called AKT)/forkhead box O3A (FOXO3A)/mammalian target of rapamycin (mTOR) pathway proteins, the
expression level of PPAR+y and apoptosis-related proteins, including B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X (Bax), cysteine-aspartic
acid protease 3 (caspase-3), and cleaved-caspase-3, were determined by western blot. The expression level of miR-29b was checked by reverse-
transcription quantitative polymerase chain reaction. A PPARy inhibitor (T0070907) or adeno-associated virus serotype-8 (AAV8)-mediated
miR-29b overexpression was used to demonstrate whether PPARy activation or miR-29b inhibition mediates the beneficial effects of exercise in
Angll-induced muscle atrophy.

Results: Exercise can significantly attenuate Angll-induced muscle atrophy, which is demonstrated by increased skeletal muscle weight,
cross-sectional area of myofiber, and activation of AKT/mTOR signaling and by decreased atrogenes expressions and apoptosis. In AnglI-
induced muscle atrophy mice models, PPARy was elevated whereas miR-29b was decreased by exercise. The protective effects of exercise in
Angll-induced muscle atrophy were inhibited by a PPARy inhibitor (T0070907) or adeno-associated virus serotype-8 (AAVS8)-mediated miR-
29b overexpression.

Conclusion: Exercise attenuates Angll-induced muscle atrophy by activation of PPAR<y and suppression of miR-29b.

Keywords: Angiotensinll; Exercise; Muscle atrophy; PPARy; miR-29b

muscle atrophy,”* which is caused by elevated angiotensinIl
(Angll) in the circulation.” ’ Skeletal muscle atrophy with HF
can increase the risk of falls, osteoporosis, fractures, cachexia,
hospitalizations, and mortality.® Except for exercise
training,'” there continues to be a lack of effective therapeu-
tic strategies for reversing HF-induced muscle atrophy.
Experimental studies and clinical trials have demonstrated
that exercise training can induce major adaptations in skeletal
muscle, including increasing muscle mass, promoting muscle
regeneration and hypertrophy, reducing inflammation and

1. Introduction

Heart failure (HF) represents a major cause of morbidity
and mortality. HF is accompanied by comorbidities that limit
the quality of life and impact prognosis.'” Approximately
30% to 50% of patients with chronic HF have obvious skeletal
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reactive oxygen species, and improving mitochondrial
function.'' '? Currently, exercise training is recognized as the
only validated therapy for muscle atrophy. However, patients
with HF and muscle atrophy are characterized as being
exercise-intolerance and as having reduced exercise capacity,
which limits the application of exercise therapy.”* Therefore,
it is necessary to explore key exercise sensors as novel thera-
peutic targets for treatment of HF-induced muscle atrophy.

Muscle atrophy is caused by the disturbed homeostasis
between protein degradation and protein synthesis. F-box
only protein 32 (FBXO32, also called Atrogin-1) and
muscle-specific RING-finger 1 (MuRF-1) are 2 important E3-
ligases of the ubiquitin-proteasome system. These 2 E3-ligases
cause muscle protein degradation, and their expression has
been found to increase dramatically during the course of mus-
cle atrophy.'”'*'> Protein kinase B (PKB, also called AKT)/
forkhead box O3A (FOXO3A)/mammalian target of rapamy-
cin (mTOR) is the major pathway that regulates protein
synthesis.'"'®!" Recently, we found that microRNA-29b
(miR-29b) was a common regulator of muscle atrophy.'® We
further reported that Angll-induced muscle atrophy via sup-
pression of peroxisome proliferator-activated receptor gamma
(PPARYy) was mediated by miR-29b."” However, it is unclear
whether exercise can protect Angll-induced muscle atrophy by
targeting PPARy/miR-29b.

2. Methods
2.1. Animals

Male C57BL/6J mice (8 weeks old, weighing 20-22 g)
were purchased from the Beijing Vital River Laboratory Ani-
mal Technology Corporation and maintained in a specific
pathogen-free animal center at the School of Life Science at
Shanghai University. All procedures with mice followed the
guidelines on the use and care of laboratory animals for bio-
medical research published by the National Institutes of Health
(No. 85-23, revised 1996).'® Our study was approved by the
Ethics Committee at Shanghai University.

2.2. Mice exercise model and Angll-induced muscle atrophy
model

All mice were randomly separated into 2 experimental
groups (total 24 mice, 12 mice per group): Control+Angll
group and Run+Angll group. Prior to the experiment, mice
assigned to the Runt+Angll group were adapted to treadmill
running for 1 week, gradually increasing the speed and the
duration each day in the following sequence: 5 min (5 m/min)
with 0° inclination, 10 min (5 m/min) at a grade of 15°, 20 min
(7 m/min) at a grade of 15°, 30 min (9 m/min) at a grade of
15°, 40 min (11 m/min) at a grade of 15°, 50 min (13 m/min)
at a grade of 15°, and 60 min (15 m/min) at a grade of 15°.%**'
After the 1-week treadmill-running habituation, Angll (P1085;
Selleck, Houston, TX, USA) was dissolved in a solvent con-
taining 1 x phosphate-buffered saline (PBS, B548117; San-
gon, Shanghai, China) and 1 millimole (mM) of acetic
acid.'™'” An osmotic minipump (ALZET Mini-Osmotic Pump
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Model 2001; ALZET, Cupertino, CA, USA) loaded with the
Angll solution was subcutaneously implanted into all mice in
both the Control+AngII group and the Run+AngII group. (The
skin of the mice was cut between the scapulae to make a small
incision; the subcutaneous connective tissues were spread
using a hemostat to develop a small pocket under skin; the
pump was then inserted into this pocket, and the skin was
closed over the incision with a wound clip.) The Model 2001
ALZET miniosmotic pumps are precision drug-delivery tools
that infuse at a constant rate in mice (after overnight activation
at 37°C, pumps start to deliver 1 L solutions per hour and
will deliver continuously for 7 days). The weight of the mice
was about 25 g, on average (10 weeks old); the concentration
of the Angll solution was 2.25 mg/mL; accordingly, the
Angll solution was released into the mice at a stable dosage of
1.5 pg/kg/min.'*"” One day after the pump implantation, the
Run + Angll group mice started treadmill training at a 15° incli-
nation and a speed of 15 m/min for 60 min/day for 1 week.

To explore whether exercise protects Angll-induced muscle
atrophy through activation of PPARYy, a set of mice was ran-
domly divided into 4 groups (total 48 mice, 12 mice per
group): Control+Solvent + Angll group; Control + PPARYy
inhibitor (T0070907)+ Angll group; Run+ Solvent + AnglI
group; and Run+T0070907 + Angll group. Exercise training
and Angll infusion were applied to the mice using the same
methods described above. PPARvy inhibitor (T0070907,
S2871; Selleck) was dissolved in a solvent containing 5%
dimethyl sulfoxide (DMSO, D2438; Sigma-Aldrich, St. Louis,
MO, USA), 45% polyethylene glycol 300 (PEG300, S6704;
Selleck), and 50% sterile water and was intraperitoneally
injected (at 1 mg/kg/day) into the mice once daily. The injec-
tions lasted 15 days, including 7 days for exercise adaption,
1 day for Angll implantation, plus another 7 days for exercise
training. The other 2 parallel control groups were simulta-
neously injected with the solvent (5% DMSO, 45% PEG300,
and 50% sterile water).

To explore whether exercise protects Angll-induced muscle
atrophy through miR-29b downregulation, a second set of
mice was randomly divided into 4 groups (total 48 mice, 12
mice per group): Control +adeno-associated virus serotype-8
(AAVR)-Control + Angll ~ group; Control + AAV8-miR-
29b+ Angll  group; Run+ AAVS8-control + Angll  group;
and Run+ AAV8-miR-29b + Angll group. Control AAVS8
(AAVS8-control) or miR-29b overexpression AAV8 (AAVS-
miR-29b) was injected into the gastrocnemius and tibialis
anterior at a dose of 10'! vector genome (Vvg) per mouse.
AAVS8-control and AAV8-miR29b were packaged with 293T
cells by the study team. Three weeks after virus injection,
exercise training and Angll infusion were applied to mice
using the same methods described above.

2.3. Test of grip strength

After exercise training and Angll treatment for 1 week, the
grip strength of mice was measured by a digital grip-strength
meter (YLS-13; Yiyan Technology, Shanghai, China).'® First,
the value of the force transducer meter was set to 0. The
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operator held the tail of the mouse and ensured that the body of
mouse was vertical to a metal pull bar. The mouse gripped the
metal pull bar symmetrically and tightly while the operator
pulled the mouse away at a constant speed to permit the mouse
to build up a resistance against it. The force transducer meter
recorded the value of grip strength at the point when the mouse
released the pull bar. All mice were tested by the same operator
to minimize variability. Each mouse was blind-tested 3-5 times
with a break of 30 s between tests.

All mice were then sacrificed, and skeletal muscles (gas-
trocnemius, tibialis anterior, soleus, and extensor digitorum
longus) were collected for further analysis.

2.4. Wheat germ agglutinin (WGA) staining

A frozen section of muscle tissue (gastrocnemius and tibia-
lis anterior) was placed in a humid box for 30 min at room
temperature, followed by at least 3 washes with 1 x PBS. The
frozen section was then fixed with 4% paraformaldehyde
(PFA, P6148; Sigma-Aldrich) for 20 min and washed 3 times
with PBS. Subsequently, the frozen section was incubated
with WGA-conjugates (W11261 or W21404; ThermoFisher,
Waltham, MA, USA) and 4, 6-diamidino-2-phenylindole
(DAPI, D9542; Sigma-Aldrich) in the dark for 2 h at room
temperature. To measure the cross-sectional area of myofibers,
images were captured by a Nikon fluorescence microscope
(Nikon, Melville, NY, USA), using at least 500 cells and 20
fields of view for each group. The cross-sectional area of myo-
fibers was measured by Image J software (1.50i; NIH,
Bethesda, MD, USA).

2.5. Hematoxylin-eosin (HE) staining

Muscle tissue (gastrocnemius and tibialis anterior) was
fixed in 4% PFA for 48 h and was then embedded in paraffin
(Paraplast Highmelt, 39601095, Leica, Heidelberg, Germany)
after dehydration. Muscle tissue sections 5 pwm in thickness
were stained with hematoxylin (KGA224; KeyGEN, Nanjing,
China) staining solution for 5 min, washed with water, and
subsequently stained with eosin (KGA224; KeyGEN) staining
solution for 10-30 s. Images were captured by Leica micro-
scope (Leica Microsystems CMS, Heidelberg, Germany).
Image J software was used to measure cell size and to evaluate
the morphological changes in muscle tissue, using at least 500
cells in 20 fields of view for each group.

2.6. Terminal deoxynucleotidyl transferase dUTP Nick End
Labeling (TUNEL) staining

Frozen sections of muscle were placed at room temperature
for 30 min, washed 3 times with 1 x PBS, fixed with 4% PFA
for 20 min at room temperature, and washed with PBS 3 times.
The sections were then permeabilized with protease K (V302;
Promega, Maidson, WI, USA) in PBS for 10 min at room tem-
perature, washed with PBS 3 times, blocked with 5% bovine
serum albumin (BSA, KGY00850; KeyGEN) at room
temperature for 2 h, incubated with the DeadEnd Fluorometric
TUNEL System (G3250; Promega) at 37°C for 1 h, and stopped
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with 2 x saline-sodium citrate (SSC, G329; Promega). The fro-
zen sections were then incubated with WGA-conjugates
(W21404; ThermoFisher) and DAPI (D9542; Sigma-Aldrich) in
the dark at room temperature for 2 h. Images were captured by
a Nikon fluorescence microscope, and the proportion of
TUNEL-positive nuclei to total nuclei was measured using
Image J software.

2.7. Muscle fiber immunostaining

To determine the muscle fiber types, frozen sections
(20 pm) of gastrocnemius was placed in a humid box for
30 min at room temperature, followed by at least 3 PBS
washes. Then the frozen section was fixed with 4% PFA for
20 min and washed with PBS 3 times, permeabilized with Tri-
tonX-100 (T8787; Sigma-Aldrich) for 20 min, washed with
PBS 3 times, and blocked with 5% BSA at room temperature
for 2 h. Subsequently, the frozen sections were incubated over-
night with the primary antibodies against myosin heavy chain
type I (BA-D5; DSHB, lowa City, 1A, USA), myosin heavy
chain type IIA (SC-71; DSHB), and myosin heavy chain type
IIB (BF-F3; DSHB). The sections were also incubated for 2 h
with the corresponding secondary antibodies (Alexa Fluor™
350 anti-mouse [gG2b for BADS, A21140; Alexa Fluor™ 488
anti-mouse IgG1 for SC-71, A21121; Alexa Fluor™ 555 anti-
mouse IgM for BF-F3, A21426; ThermoFisher). Images were
obtained with a confocal microscope (LSM880; Zeiss, Ober-
kochen, Germany), and the proportions of type I, type IIA, and
type 1IB muscle fibers to total muscle fibers were measured
using Image J software.

2.8. Western blot

Protein samples were extracted from muscle samples of
gastrocnemius by using a phosphoprotein isolation kit
(KGP9100; KeyGEN). Lysates were centrifuged 12,000 g for
10 min at 4°C, and the supernatants were aliquoted and stored
at —80°C. A Bicinchoninic acid (BCA) Protein Assay kit
(T9300A; Takara, Kyoto, Japan) was used to determine the
concentration of the protein sample. Equal amounts of protein
from the various groups were separated by Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to the polyvinylidene fluoride membrane
(ISEQ00010; Millipore, Billerica, MA, USA), blocked with
5% BSA, and then incubated with primary antibody. The anti-
bodies used in our study were: PPARy (A0270; Abclonal,
Wuhan, China), AKT (10176-2-AP; Proteintech, Wuhan,
China), phospho-AKT (Ser473) (p-AKT (S473), #4058; CST,
Danvers, MA, USA), phospho-AKT (Thr308) (p-AKT(T308),
#2965; CST), FOX0O3A(10849-1-AP; Proteintech), phospho-
FOXO3A (Ser253) (p-FOXO3A (S253), #9466; CST), mTOR
(#2972; CST), phospho-mTOR (p-mTOR, #2971; CST), p70
Ribosomal Protein S6 Kinase (p70S6K, #9202; CST), phos-
pho-p70S6K (p-p70S6K, #9205; CST), eukaryotic initiation
factor 4E (elF-4E) binding protein 1 (EIF-4EBP1, A1248;
Abclonal, Wuhan, China), phospho-EIF-4EBP1 (p-EIF-
4EBP1, AP0032; Abclonal), Bcl2 (A19693; Abclonal), Bax
(A12009; Abclonal), Caspase-3 (A0214; Abclonal), and
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glyceraldehyde-3-phosphate dehydrogenase
AP0063; Bioworld, Nanjing, China).

(GAPDH,

2.9. RNA isolation followed by reverse-transcription
quantitative polymerase chain reaction (RT-qPCR)

Total RNAs were isolated from skeletal muscle tissues of
gastrocnemius using RNAiso plus (9109; Takara, Kyoto,
Japan) and were reverse-transcribed by a RevertAid first-
strand cDNA synthesis kit (K1622; ThermoFisher). qPCR was
performed by using SYBR Premix Ex Taq (RR420A; Takara)
and the Roche real-time PCR detection system (LightCycler
480 System; Roche, Basel, Switzerland). The bulgeloop miR-
29b and 58S ribosomal RNA (5S rRNA) RT and qPCR primer
set were obtained from RiboBio (RiboBio, Guangzhou,
China). 5S rRNA was used as an internal control and the rela-
tive miR-29b level was determined by the 2-2“CT (cycle
threshold) method. The mRNA levels of myosin heavy chain 1
(Myhl), myosin heavy chain 2 (Myh2), myosin heavy chain 4
(Myh4) in soleus muscles were determined by RT-qPCR, and
18S ribosomal RNA (18S rRNA) was used as an internal con-
trol; the relative Myhl, Myh2, and Myh4 level was determined
by the 2~““CT. The primers used were as follows:

Myh1, forward primer 5’-3’: GCGAATCGAGGCTCAGAA-
CAA, reverse primer 5°-3’: GTAGTTCCGCCTTCGGTCTTG;

Myh2, forward primer 5°-3’: AAGTGACTGTGAAAACA-
GAAGCA, reverse primer 5’-3’: GCAGCCATTTGTAAGG
GTTGAGC;

Myh4, forward primer 5°-3’: CTTTGCTTACGTCAGT-
CAAGGT, reverse primer 5°-3’: AGCGCCTGTGAGCTTG-
TAAA;

18S forward primer 5°-3’: TCAAGAACGAAAGTCG-
GAGG, reverse primer 5’-3’: GGACATCTAAGGGCATCAC.

2.10. pENN-AAV-U6-miR-29b overexpression vector

miR-29b overexpression vector pPENN-AAV-U6-miR-29b
was generated based on pENN-AAV-U6 plasmid. The forward
and reverse primers of miR-29b were as follows: 5°-3’:
GATCTAGCACCA TTTGAAATCAGTGTTCTCGAGAA-
CACTGATTTCAAATGGTGCTATTTTTG; 5°-3": AATT-
CAAAAATAGCACCATTTGAAATCAGTGTTCTCGA-
GAACACTGATTTCAAATGGTGCTA.

The 2 primers of miR-29b were denatured at 95°C for
10 min, annealed by gradually reducing the temperature and
thus subcloned into pENN-AAV-U6 (BamHI and EcoRI dou-
ble digestion). pPENN-AAV-U6-miR29b was further verified
by gene sequencing.

2.11. Adeno-associated virus serotype-8 (AAVS8) packaging

The miR-29b overexpression construct (pENN-AAV-U6-
miR-29b)/control plasmid (pENN-AAV-U6), packaging plas-
mids pAAVS and pHelper were transfected into 293T using
PEIL, and AAVS8 was packaged in 293T as described previ-
ously.”” The AAV8 was purified by using iodixanol gradient
density centrifugation.
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2.12. Statistical analysis

All data in this study are reported as mean + SD. Comparisons
between the 2 groups were assessed by an independent sample
t test. Comparisons among more than 2 groups were performed
by a two-way analysis of variance (ANOVA) followed by the
Tukey post hoc test. GraphPad Prism 8.0 software (GraphPad,
San Diego, CA, USA) was used for the statistical analyses. Proba-
bility (p value) was used to indicate whether an observed differ-
ence is significant or occurred by random chance. A p < 0.05 was
considered statistically significant.

3. Results
3.1. Exercise protects against Angll-induced muscle atrophy

We found that, based on the Angll-induced muscle-atrophy
mouse model previously described,'®'” treadmill running pro-
tected against Angll-induced muscle atrophy, as demonstrated
by increased grip strength (Fig. 1A), the weight of the gastroc-
nemius (Fig. 1B) and tibialis anterior (Supplementary Fig.
1A), the cross-sectional area of myofiber (Fig. 1C and Supple-
mentary Fig. 1B), and the area of myofiber (Fig. 1D and Sup-
plementary Fig. 1C in both the gastrocnemius and the tibialis
anterior.

Additionally, as further determined in the gastrocnemius
based on the Angll-induced muscle atrophy model, treadmill
running significantly decreased muscle atrogenes, including
Atrogin-1 and MuRF-1 (Fig. 1E) and increased phosphorylation
of AKT (S473), FOXO3A(S253), mTOR, p70 Ribosomal pro-
tein S6 Kinase (p70S6K), and eukaryotic initiation factor 4E
(elF-4E) binding protein 1 (EIF-4EBP1) (Fig. 1F). Apoptosis in
skeletal muscles was also decreased by exercise, as demon-
strated by decreased TUNEL-positive cells (Fig. 1G) and
decreased ratios of B-cell lymphoma-2 (Bcl-2)-associated
X (Bax)/B-cell lymphoma-2 (Bcl-2) and cleaved-cysteine-
aspartic acid protease 3 (cleaved-caspase-3)/caspase-3 (Fig. 1H).

Furthermore, we found that the weight of the soleus, which
is a typical slow-twitch fiber, was also increased by exercise
(Supplementary Fig. 1D). In addition, the expression of Myh2
(encoding myosin isoforms MyHC-Ila) was upregulated,
whereas Myh4 (encoding myosin isoforms MyHC-IIb) was
downregulated in the soleus by exercise. Myhl was not obvi-
ously changed in the soleus by exercise (Supplementary Fig. 1E).

Collectively, these data suggest that exercise training can sig-
nificantly attenuate muscle atrophy induced by Angll infusion.

3.2. Exercise upregulates PPARy and downregulates miR-29b
in Angll-induced muscle atrophy

We recently have reported that PPARy was significantly
decreased while miR-29b was increased in the Angll-induced
muscle atrophy mice model.'®'’ In the present study, we
found that treadmill running significantly upregulated PPARy
(Fig. 2A) and downregulated miR-29b (Fig. 2B) in the AnglI-
induced muscle atrophy model, suggesting that exercise might
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WGA = wheat germ agglutinin.
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protect against Angll-induced muscle atrophy by increasing
PPARY and/or inhibiting miR-29b.

3.3. The protective effects of exercise in Angll-induced muscle
atrophy are negated by a PPARYy inhibitor

To examine whether PPARYy activation is responsible for
the beneficial effects of exercise training in Angll-induced
muscle atrophy, a PPARvy inhibitor (T0070907) was intraperi-
toneally injected in both the Angll-infused control group and
the run group of mice, while the other 2 parallel mouse
groups were injected with solvent. T0070907 significantly
reduced the expression of PPAR<y in skeletal muscle cells
(Fig. 3A) and reversed the protective effects of treadmill run-
ning in the Angll-induced muscle atrophy mice model, as
demonstrated by decreased grip strength (Fig. 3B) and the
weight of the gastrocnemius (Fig. 3C) and tibialis anterior
(Supplementary Fig. 2A). Moreover, as further determined
by the gastrocnemius, inhibition of PPARYy negated the pro-
tective effects of treadmill running in the AnglI-induced mus-
cle atrophy mouse model, as demonstrated by the decreased
cross-sectional area of myofiber (Fig. 3D) and the area of the
myofiber (Fig. 3E). PPARY inhibitor increased muscle atro-
genes, including the Atrogin-1 and MuRF-1 (Fig. 3F);
decreased phosphorylation of AKT (S473), FOXO3A(S253),
mTOR, p70S6K, and EIF-4EBP1 (Fig. 3G); and increased
apoptosis as determined by TUNEL staining and western blot
for the ratios of Bax/Bcl-2 and cleaved-caspase-3/caspase-3
(Figs. 3H and 3I). Furthermore, the muscle fiber types in the
gastrocnemius were evaluated by immunostaining using spe-
cific antibodies of 3 myosin isoforms (myosin heavy chain
type I antibody: BA-D5; myosin heavy chain type ITA anti-
body: SC-71; and myosin heavy chain type IIB antibody: BF-

701

F3) and the corresponding fluorescent dye-conjugated sec-
ondary antibodies. We found that exercise regulated muscle
fibers in the gastrocnemius in the same way that it did in the
soleus, mainly through upregulating type ITA muscle fibers
and downregulating type IIB muscle fibers. Moreover, we
found that inhibition of PPARy by T0070907 reduced exer-
cise-triggered type IIA muscle fiber increase (Fig. S2B).
Thus, PPARYy activation is essential for the beneficial effects
of exercise in Ang-induced muscle atrophy.

3.4. The protective effects of exercise in Angll-induced muscle
atrophy are ameliorated by miR-29b overexpression

To investigate whether miR-29b inhibition is responsible
for the protective effects of exercise training in Angll-induced
muscle atrophy, miR-29b overexpression adeno-associated
virus serotype-8 (AAV8-miR-29b) or control AAVE (AAVS-
control) was injected into the gastrocnemius and tibialis ante-
rior of the right hind limb of mice in both the control and the
run groups. RT-qPCR analysis showed that miR-29b overex-
pression AAVS significantly increased the expression of miR-
29b in gastrocnemius (Supplementary Fig. 3A). AAV8-medi-
ated miR-29b overexpression abolished the protective effects
of treadmill running in the Angll-induced muscle atrophy
mouse model, as demonstrated by the decreased grip strength
(Fig. 4A) and the weight of the gastrocnemius and tibialis ante-
rior (Fig. 4B and Supplementary Fig. 3B). Moreover, as further
determined in the gastrocnemius, AAV8-mediated miR-29b
overexpression ameliorated the protective effects of treadmill
running in the Angll-induced muscle atrophy mouse model, as
demonstrated by the decreased cross-sectional area of myo-
fiber (Fig. 4C); the area of myofiber (Fig. 4D); upregulated
muscle atrogenes, including Atrogin-1 and MuRF-1 (Fig. 4E);
downregulated phosphorylation of AKT(S473), FOXO3A
(S253), mTOR, p70S6K, and EIF-4EBP1 (Fig. 4F); and
increased apoptosis (Fig. 4G). The composition of the muscle
fiber types in the gastrocnemius were evaluated by immunos-
taining. Exercise upregulated type IIA muscle fiber and
reduced type IIB muscle fiber, while overexpression of miR-
29b inhibited exercise-triggered type IIA muscle fiber increase
and type IIB decrease (Supplementary Fig. 3C). Therefore,
miR-29b inhibition is required to achieve the beneficial effects
of exercise in Angll-induced muscle atrophy.

4. Discussion

HF and muscle atrophy are mutually interacting clinical
syndromes.”*** Muscle atrophy aggravates the adverse outcomes
of chronic HF, increasing morbidity and mortality.”” Exercise
therapy currently represents the most commonly used and effec-
tive therapy for muscle atrophy.”'’ However, patients with HF
and muscle atrophy are characterized by decreased exercise
capacity and may not be able to endure long periods of training.™*
Thus, it is important to investigate the key protective sensors of
exercise as novel therapy targets for treatment of muscle atrophy.

In our study, we found that exercise protected
Angll-induced muscle atrophy by targeting PPARy/miR-29b
(Fig. 5). The following facts support this finding. First, we
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Fig. 4. The protective effect of exercise in Angll-induced muscle atrophy was abolished by miR-29b overexpression. (A) The grip strength of mice in the AnglI-
infused control and run groups, treated with control AAV8 (AAV8-control) or miR-29b overexpression AAV8 (AAVS8-miR-29b) was measured, n=10:11:11:11.
(B) The gastrocnemius was harvested from mice of the Angll-infused control and run groups, treated with control AAV8 or miR-29b overexpression AAVS, and
muscle weight was measured; scale bar =1 cm, n=10:11:11:11. (C) The cross-section area of myofiber of the gastrocnemius in the Angll-infused control and run
groups, treated with control AAV8 or miR-29b overexpression AAVSE, was measured by WGA staining; scale bar =50 pwm, n =8:8:8:8. (D) The AnglI-induced
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conjugates); scale bar =50 pwm, n = 8:8:8:8. Results are presented as mean + SD, each dot on the column indicates an independent sample in this group, and the
number of dots on the column indicates the total number of samples in this group. Two-way ANOVA followed by the Tukey—post hoc text. AAVS = adeno-associ-
ated virus serotype-8; AKT = protein kinase B; AnglI = angiotensin II; ANOVA = analysis of variance; atogin-1 = F-box only protein 32; DAPI = 4, 6-diamidino-
2-phenylindole; EIF-4EBP1 = eukaryotic initiation factor 4E (elF-4E) binding protein 1; FOXO3A = Forkhead box O3A; GAPDH = glyceraldehyde-3-phosphate
dehydrogenase; miR-29b = microRNA-29b; mTOR = mammalian target of rapamycin; MuRF-1 = muscle specific RING-finger 1; ns = not significant; p = phos-
phorylation; p70S6K = p70 ribosomal protein S6 Kinase; T = total; TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling; TUNEL-FITC =
TUNEL-fluorescein isothiocyanate; WGA = wheat germ agglutinin.
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previously showed that PPARYy significantly decreased while
miR-29b increased in the Angll-induced muscle atrophy
mouse model.'*'” We further found that exercise training sig-
nificantly upregulated PPARy and downregulated miR-29b
in Angll-induced muscle atrophy. Second, the protective
effects of exercise training in Angll-induced muscle atrophy
was abolished by the PPAR<y inhibitor, suggesting that
PPARYy activation is necessary for the beneficial effects of
exercise training in Angll-induced muscle atrophy. Third,
the protective effects of exercise in Angll-induced muscle
atrophy were ameliorated by miR-29b overexpression, sug-
gesting that miR-29b inhibition mediates the protective
effects of exercise training in Angll-induced muscle atro-
phy. Additionally, we found that miR-29b was significantly
downregulated, while PPARy was upregulated by exercise
without Angll treatment (Supplementary Fig. 4), indicating
that miR-29b and PPARYy are 2 important adaptive effectors
of exercise in both physiological and pathological

conditions (Fig. 2 and Supplementary Fig. 4). Collectively,
these data confirm that exercise training protects Angll-
induced muscle atrophy by targeting PPARy/miR-29b.
PPARs, consisting of 3 family members (PPARa, PPARR,
and PPARY) in skeletal muscles, are nuclear-receptor family

Heart failure

BTN, gt e
l _I Muscle atrophy———
—

Fig. 5. The model of exercise-mediated protective function against AnglI-
induced muscle atrophy. miR-29b =microRNA-29b; PPAR<y = peroxisome
proliferator-activated receptor gamma.
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transcription factors.”® PPARs are involved in regulating genes
that play a role in metabolism, energy production, inflamma-
tion, and many other cellular processes.”’ Muscle-specific
knockout PPARy mice showed an increase in adipose tissue
mass, insulin resistance, and glucose intolerance.”**’ Mice
with overexpression of PPARy in their skeletal muscle
increased their adiponectin production and insulin sensitivity
and decreased their myosteatosis.’’ Activation of PPARvy by
using synthetic agonists in mice lacking PPARYy in their adi-
pose tissues resulted in an increase in the insulin activity in
their skeletal muscles and in their glucose use.”' Recently, our
group found that PPARvy played a critical role in
Angll-induced muscle atrophy that inhibiting PPARy-aggra-
vated muscle atrophy while activating PPARy-attenuated mus-
cle atrophy.'” Moreover, long-term administration of PPARYy
agonists improved age-associated muscle mass loss and metab-
olism.”> PPARy has been reported to be activated by exer-
cise;®> %> however, whether PPAR<y controls the beneficial
effects of exercise in Angll-induced muscle atrophy is
unknown. In our study, we provide direct evidence that
PPARy activation is required for the protective effects of exer-
cise in Angll-induced muscle atrophy, suggesting that PPARy
is a key exercise-protective sensor.

Noncoding RNAs are involved in the regulation of many
important physiological and pathological processes, including
skeletal muscle development and muscle atrophy.”**’” Our group
has identified miR-29b as a common regulator of multiple types
of muscle atrophy, including Angll-induced muscle atrophy.'®
Subsequently, we developed a clustered regularly interspaced
short palindromic repeats (CRISP)/CRISPR-associated protein 9
(cas9)-mediated miR-29b editing system as a treatment for
Angll-induced muscle atrophy in mice.’® Additionally, we iden-
tified long noncoding RNA muscle atrophy associated transcript
(MAAT) (IncMAAT) as a common regulator of muscle atrophy,
which negatively regulates the transcription of miR-29b through
sex determining region Y (SRY)-box 6 (SOX6) by a trans-regu-
latory module and upregulates its neighboring gene, muscle
blind-like protein 1 (Mbnl1), by a cis-regulatory module.”” Very
recently, we identified miR-29b as a downstream target of
PPARYy in Angll-induced muscle atrophy.'” PPARy can bind to
the promoter region of miR-29b and negatively regulate miR-
29b expression. In the present study, we found that when
PPARYy expression was specifically inhibited by T0070907 in
the run group, miR-29b was upregulated (Supplementary Fig.
2C). In addition, when miR-29b was overexpressed in the run
group, PPARy was downregulated (Supplementary Fig. 3D),
indicating that PPARy and miR-29b coordinately regulate the
beneficial effects of exercise in Angll-induced muscle atrophy.
Notably, in the present study we found that in the Angll-
induced muscle atrophy mice model, PPARYy inhibition did not
further aggravate muscle atrophy, while miR-29b overexpres-
sion further aggravated muscle atrophy, suggesting other
upstream regulators of miR-29b exist. In heart tissues, exercise
may increase miR-29.""*' However, how exercise regulates
miR-29, especially miR-29b, in skeletal muscle is still undeter-
mined. In the present study, we found that treadmill running
decreased miR-29b in skeletal muscles and that miR-29b
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inhibition is necessary for the protective effects of exercise in
Angll-induced muscle atrophy, suggesting that miR-29b, as a
downstream target of PPARY, is also an important exercise-pro-
tective sensor.

Compared to resistance exercise, aerobic exercise training
has been assumed to have minimal impact on skeletal muscle
mass. Treadmill running, compared to resistance exercise, has
received little clinical or scientific inquiry regarding the treat-
ment of muscle atrophy.**** In our study, treadmill running, at
a speed of 15 m/min for 60 min/day, was applied to the run
group of mice. In addition, we added a 15° slope in order to
increase resistance during exercise. We found that this tread-
mill running protocol was a useful, effective, and more easily
performed method of preventing Angll-induced muscle atro-
phy in our mouse model. Our study provides further clinical
evidence for combining aerobic- and resistance-exercise ther-
apy in the treatment of muscle atrophy.
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