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Abstract Elevation of anabolism and concurrent suppres-

sion of catabolism are critical metabolic adaptations for

muscular hypertrophy in response to resistance exercise

(RE). Here, we investigated if RE-induced muscular

hypertrophy is acquired by modulating a critical catabolic

process autophagy. Male Wistar Hannover rats (14 weeks

old) were randomly assigned to either sedentary control

(SC, n = 10) or resistance exercise (RE, n = 10). RE eli-

cited significant hypertrophy of flexor digitorum profundus

(FDP) muscles in parallel with enhancement in anabolic

signaling pathways (phosphorylation of AKT, mTOR, and

p70S6K). Importantly, RE-treated FDP muscle exhibited a

significant decline in autophagy evidenced by diminished

phosphorylation levels of AMPK, a decrease in LC3-II/

LC3-I ratio, an increase in p62 level, and a decline in active

form of lysosomal protease CATHEPSIN L in the absence

of alterations of key autophagy proteins: ULK1 phospho-

rylation, BECLIN1, and BNIP3. Our study suggests that

RE-induced hypertrophy is achieved by potentiating ana-

bolism and restricting autophagy-induced catabolism.

Keywords Resistance exercise � Autophagy � Skeletal
muscle � Hypertrophy

Introduction

Resistance exercise (RE) is a powerful intervention to

enhance muscular strength as well as hypertrophy [1] and

thus has been used as a potent avenue to prevent muscular

atrophy [2, 3]. Although accumulating evidence has sug-

gested that anabolism is enhanced in response to RE [4, 5],

the molecular signaling nexus of hypertrophic pathways

has not been clearly established yet. Nevertheless, activa-

tion of anabolic signaling axis (AKT-mTOR-p70S6K) has

emerged as a potent trigger of muscular hypertrophy in

response to RE [6–8]. More specifically, RE consisting of

both a lengthening and shortening phase of muscular

contraction (muscular mechanical stress) increases the

release of growth hormones and growth factors (i.e., IGF-

I), which stimulates receptor tyrosine kinases. These in turn

activate AKT by PIP3 (phosphatidylinositol triphosphate)

generated via PI3K activation. Then, the activated AKT

relays the anabolic signaling by activating mTOR (mam-

malian target of rapamycin). Subsequently, the activated

mTOR transmits an anabolic signaling to its downstream

target molecule p70S6K, leading to protein synthesis and

muscular hypertrophy [9, 10].

In addition to its role in anabolism, AKT contributes to

muscular hypertrophy by inhibiting a potent catabolic

process, ubiquitin–proteasome system (UPS) [11]. For

example, when a transcription factor FOXO (Forkhead box

O) family protein is activated, it translocates to a nucleus

and promotes the expression of potent E3 ubiquitin ligases

(i.e., Atrogin-1/MAFbx and MuRF1), which induce

polyubiquitination on targeted proteins and subsequently

consigns them to proteasomes for the final degradation

process [12]. However, when activated AKT phosphory-

lates FOXO, FOXO’s translocation to the nucleus is

interrupted, and thus catabolic potential is prevented [13].
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Autophagy is another catabolic process involved in

sustaining cellular homeostasis by regulating the rate of

protein turnover. Interestingly, it can be strongly promoted

in both denervated [14] and mechanically stressed (i.e.,

endurance exercise) muscle tissues [15–17], suggesting

that the variation in cellular activities may be a key regu-

lator of autophagy and a potential source of either favor-

able or undesired muscular adaptation, depending upon

types of stresses. In this regard, endurance exercise-in-

duced autophagy appears beneficial in that reduction in the

cross-sectional area of muscle fibers by autophagic cata-

bolism improves oxygen diffusion distance and capillary

density; however, in case of RE used to promote muscular

anabolism, autophagy may be an unfavorable outcome.

Interestingly, the skeletal muscle of aged animal and

human after RE displayed elevated autophagy [18, 19];

given that aging-mediated aberrant proteostasis (e.g.,

accumulation of damaged proteins and organelles) con-

tributes to sarcopenia, it seems reasonable that the occur-

rence of autophagy by RE may play a potential role in

maintaining healthy cellular environment of skeletal mus-

cle undergoing aging. However, it is currently unknown

whether RE promotes or inhibits autophagy or coactivates

both autophagy and hypertrophy in the young-adult popu-

lation. Obviously, clear investigation of the full spectrum

of signaling nexus of autophagy pathways and processes

linked to RE is important to elucidate the relationship

between RE-induced muscular hypertrophy and autophagy.

Autophagy is accomplished by the following proce-

dures: initiation, nucleation, elongation, maturation/fusion,

and degradation by lysosomes. To induce autophagy, a

master metabolic modifier AMP-activated protein kinase

(AMPK) is activated, by which Unc-51 like kinase 1

(ULK1) becomes phosphorylated at Ser555. This leads to

the activation of VPS34/class III PI3 kinase and subsequent

recruitment of BECLIN1 for the construction of a phago-

phore (premature form of autophagosome). Then, the

phagophore expands its membranes via interplays between

autophagy (ATG) proteins such as ATG12, ATG5, ATG16,

and LC3-II in conjunction with ATG7 and simultaneously

encloses targeted cellular cargos, and becomes a mature

autophagosome. Finally, matured autophagosomes are

fused with lysosomes via lysosome-associated membrane

protein (LAMP), and they are degraded by lysosomal

proteases CATHEPSINs [20].

A degree of autophagy has been assessed using the ratio

of LC3-II (active form) to LC3-I (inactive form), with the

elevated ratio considered to be an increase in autophagy.

However, this ratio can mislead the interpretation of

autophagy flux because the disruption of a fusion process

between autophagosomes and lysosomes can result in high

levels of LC3-II levels in cytosol, instead of being

increased due to upregulated autophagy flux [21]. For this

reason, the levels of a key autophagy protein, p62, should

also be measured because this protein is found in active

autophagosomes and is degraded by lysosomes; thus, if

autophagy flux is enhanced or interrupted, p62 should be

diminished or accumulated, respectively [22].

Recent studies showed that mTOR activation antago-

nizes autophagy induction [23, 24]. The suggested mech-

anism is that mTOR-induced ULK1 phosphorylation at

Ser757 inhibits BECLIN1 recruitment, resulting in the

abolishing autophagy induction, whereas AMPK-mediated

ULK1 phosphorylation at Ser555 activates autophagy

induction. This implies that mTOR and AMPK competition

for ULK1 phosphorylation may be a prime switch to

determine the fate of metabolism (anabolism vs.

catabolism).

Currently, a very limited number of studies have

investigated whether RE elicits or hinders autophagy in

muscle tissues [19, 25]. Given that autophagy is associated

with muscular catabolic processes, it is tempting to pos-

tulate that achievement of muscular hypertrophy would be

associated with a metabolic paradigm modulation:

enhancing anabolism and suppressing autophagy-mediated

catabolism. In this regard, we examined the metabolic

signaling pathways in hypertrophied FDP muscle by

measuring an AKT-mTOR-p70S6K signaling cascade and

a series of autophagy signaling pathways after 8 weeks of

progressive resistance exercise. Our study demonstrated

that RE elevates AKT-mTOR-p70S6K phosphorylation but

suppresses AMPK phosphorylation, LC3-II/LC-I ratio, and

active-CATHEPSIN L, suggesting that RE-induced

autophagy interruption may contribute to muscular

hypertrophy.

Materials and methods

Animals

Young adult male Wistar Hannover rats (n = 20, 14 weeks

old) were maintained at a 12:12 dark–light cycle, housed at

22 �C with 50% relative humidity, and given free access to

standard chow diet (Central Laboratory Animal Incorpo-

ration, Seoul, Korea) ad libitum. After 1 week of famil-

iarization, the animals were randomly assigned to either a

sedentary control group (SC, n = 10) or a resistance

exercise group (RE, n = 10). Changes in body weight were

recorded weekly. Rats were handled in an accredited Korea

Food and Drug Administration animal facility in accor-

dance with the Association for Assessment and Accredi-

tation of Laboratory Animal Care International Animal

Care Policies (accredited unit, Korea Food and Drug

Administration: unit number 000996). All experimental

procedures were approved by the Institute Animal Care and

270 J Physiol Sci (2018) 68:269–280

123



Use Committee of Korea National Sport University and

performed in compliance with the guidelines.

Resistance exercise

Ladder climbing exercise was used as a resistance exercise

(RE) with minimal modifications on the basis of published

work demonstratingmuscle hypertrophy [19, 26, 27]. Briefly,

a ladder (20 cm wide, 115 cm long, 85� incline, 4 cm gap

between each perch) was used (Fig. 1a), to which animals

were acclimated to learn climbing activity. After 1 week of

acclimation, one repetition maximum was assessed; for

instance, rats began climbing a ladder with 50% of their body

weight as an initial resistance, and additional resistance was

gradually incremented until they reached their maximum

carrying load. Total training sessions consisted of ten repeti-

tions per session, three times a week for 8 weeks with pro-

gressive addition of weight; briefly, animals climbed a ladder

with 50% (1st–2nd), 75% (3rd–4th), and 100% (5th–6th) of

the previous maximal carrying weight, after which an addi-

tional 30 g of resistance was added until they reached ten

repetitions. Once the animals completed each climbing trial,

they rested for 2 min in the housing space provided on the top

of the ladder climbing apparatus.

Tissue extraction

Twenty-four hours after the last training session, all ani-

mals in both groups were anesthetized with sodium pen-

tobarbiturate (40 mg/kg) by intraperitoneal injection. Once

animals reached a surgical plane of anesthesia, the FDP

muscles from two opposing limbs were excised: left side

for histological analysis and right side for Western-blot

analysis. Tissues for histological analysis were embedded

with OCT freezing medium and frozen in isopentane

chilled in liquid nitrogen. Other tissues were stored in

cryogenic storage tubes and kept at -80 �C until needed

for Western-blot analysis.

Hematoxylin and eosin (H&E) staining

FDP muscle sections (8 lm) were cut using a Cryotome

(LEICA CM 1860, Germany) on a glass slide, and the

tissue sections were air-dried for 20 min at room temper-

ature and then stained with hematoxylin and eosin. Briefly,

to stain nuclei, the tissue sections were submerged in

Harris-Hematoxylin solution (ThermoFisher Scientific,

#6765001) for 5 min using a Tissue-TEK slide stain set

(VWR, #102094-050) and rinsed with tap water for 5 min.

Then, the sections were submerged in 1% HCl in 70%

ethanol for 1 min and then wash in tap water for 5 min. To

stain cytoplasm, the tissue sections were submerged in

Eosin Y solution (Sigma-Aldrich, #HT-110332) for 5 min

and then dehydrated using 70, 80, and 90% ethanol for

1 min, respectively. To clear the stained tissues, the sec-

tions were submerged in 50% xylene (ThermoFisher Sci-

entific, #X3F) diluted with 100% ethanol for 1 min, after

which they were transferred to 100% Xylene and incubated

for 3 min. Finally, the slides were mounted with Shandon

Consul-Mounting solution (ThermoFisher Scientific,

#9990440), and images were taken using an EVOS Auto

inverted color microscope (Life TechnologiesTM,

#AMAFD1000). A cross-sectional area (CSA) of myofi-

bers was assessed using ImageJ software (NIH, USA).

Western-blot analysis

FDP muscles were homogenized in T-PER� buffer

(Thermo Scientific, #78510, Waltham, MA, USA) con-

taining a Halt Protease and Phosphatase Inhibitor Cocktail

(Thermo Scientific, #78446, Waltham, MA, USA), using a

PolytronTM PT 2500E homogenizer (Kinematica, #08-451-

320, Bohemia, NY, USA). Tissue homogenates were cen-

trifuged at 10,000 9 g for 15 min for tissue protein

extraction. Protein concentration was assessed using a

Bradford protein assay kit (Thermo Scientific, #23236,

Waltham, MA, USA). For Western-blot assays, proteins

were separated by SDS-PAGE using NuPAGE� Novex�

4–12% Bis–Tris Protein gels (Thermo Scientific, #

NP0322PK2, Waltham, MA, USA) and then transferred to

PVDF membranes for 1 h at 30 V in a cold condition. Non-

specific proteins were blocked for 60 min at room tem-

perature in a blocking solution (5% BSA in Tris-buffered

saline containing 0.1% Tween-20), and then the mem-

branes were incubated with designated primary antibodies

overnight at 4 �C. The antibodies used are as follows: AKT

(9272, 1:1000), p-AKTSer473 (9271, 1:1000), mTOR (2972,

1:1000), p-mTORSer2448 (2971, 1:1000), AMPKa (2532,

1:1000), p-AMPKaThr172 (2535, 1:1000), ULK1 (8054,

1:1000), p-ULK1Ser757 (14202, 1:1000), LC3 (4108,

1:1000), p62 (5114, 1:1000), BECLIN1 (3738, 1:1000),

and ATG7 (2631, 1:1000) from Cell Signaling Technol-

ogy; BNIP3 (10433, 1:500), TFEB (2636, 1:500), LAMP-2

(13524, 1:500), and CATHEPSIN L (133641, 1:500) from

Abcam; p-ULKSer555 (ABC124, 1:2500) from Millipore;

p70S6K (SC-8418, 1:200), p-p70S6KTSer411 (SC-8416,

1:200) from Santa Cruz Biotechnology. The next day, the

membranes were washed with 1X TBS-T (3 9 10 min)

and then incubated with designated secondary antibodies

conjugated with HRP for 1 h at room temperature: goat

anti-rabbit (1148960, 1:4000), rabbit anti-goat (811620,

1:2000) from ThermoFisher Scientific; goat anti-mouse

(SC-2005, 1:5000) from Santa Cruz Biotechnology. Then,

the membranes were washed in TBS-T (3 9 10 min), after

which immunoreactivity was detected with SuperSignalTM

West Dura Extended Duration Substrate (Thermo
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Scientific, #34076, Waltham, MA, USA). The digital

images were acquired using Odyssey�Fc Imaging System

(LI-COR Biosciences, Lincoln, NE, USA), and band

intensities were quantified using an ImageStudio software

(LI-COR Biosciences, Lincoln, NE, USA). Each band was

normalized with a loading control GAPDH.

Statistical analysis

All data were expressed as mean ± SEM. The statistical

differences between the two groups were assessed using an

unpaired, one-tailed Student’s t test. Statistical significance

was established at p\ 0.05.
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Fig. 1 Long-term resistance exercise induces skeletal muscle hyper-

trophy and reinforces muscle strength. a Resistance training apparatus

(width 9 length 9 gap = 115 cm 9 20 cm 9 4 cm). b Left Histo-

logical cross section of the flexor digitorum profundus (FDP) muscle

in sedentary control group (SC), Right Histological cross section of

the FDP muscle in resistance exercise group (RE). c Cross-sectional

area (CSA) of FDP muscle fiber in SC and SE. Each bar represents

the mean ± SE for the FDP muscles. Asterisks indicate significant

differences between the two groups (*p\ 0.01). d Maximal carrying

capacity per each session for total training sessions. Asterisks denote

significant difference in carrying capacity between the baseline and

final carrying weight (*p\ 0.01). The final carrying capacity

(1011 g ± 8.1) was increased up to approximately 3.2-fold compared

to baseline (315 g ± 17.8). Smooth marked scatters were represented

as mean ± SE (n = 10). An asterisk indicates significant difference

in RE groups (*p\ 0.01)
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Results

Progressive resistance exercise induces skeletal

muscle hypertrophy and strength

To identify the effects of long-term resistance exercise

training on muscle hypertrophy, we measured body weight,

FDP muscle weight, and FDP muscle weight-to-body

weight ratio (Table 1). While body weight and FDP muscle

weight were not changed, the FDP muscle weight-to-body

weight ratio was significantly increased in RE compared to

SC (p\ 0.05). Likewise, histological analysis showed an

increase in the cross-sectional area of FDP muscle fibers

(p\ 0.001) (Fig. 1b, c), and the maximum weight carrying

capacity in RE was 3.2-fold higher than SC (initial phase:

315 g ± 17.8, final phase: 1011 g ± 8.1, p\ 0.05)

(Fig. 1d).

Resistance exercise potentiates anabolic signaling

pathways, but constrains AMPK activation

Activation of AKT-mTOR-p70S6K anabolic signaling axis

has been identified as an essential signature of muscular

hypertrophy [7, 8, 28]. First, to verify if the ladder climbing is

an effective mode of resistance exercise that relays anabolic

signals, total and phosphorylated forms of AKT, mTOR, and

p70S6K were assessed, respectively. RE resulted in a signif-

icant increase in AKTSer473 phosphorylation levels

(p\ 0.05); however, p-AKTSer473/AKT ratio was reduced

due to a greater increase in total AKT than p-AKTSer473

(Fig. 2a, b). Similarly, RE also significantly elevated both

p-mTORSer2448 and the ratio of the p-mTORSer2448 to total

mTOR (p\ 0.05) (Fig. 2a, c). Moreover, p-p70S6KSer411

(downstream signaling molecule of mTOR) was also aug-

mented in RE compared to SC (p\ 0.05) (Fig. 2a, d).

In contrast to mTOR, AMPK is critically involved in a

catabolic process including autophagy. Surprisingly, RE

substantially suppressed p-AMPKaThr172 and

p-AMPKaThr172 to AMPKaThr172 ratio compared to SE,

despite total AMPKa levels were upregulated in RE

(p\ 0.05) (Fig. 3a, b). We further examined whether RE-

induced mTOR activation and AMPK deactivation modu-

late the activity (phosphorylation) of autophagy inductive

protein ULK1 and found that neither mTOR responsive

p-ULKSer757 (Fig. 3a, d) nor AMPK responsive

p-ULK1Ser555 (Fig. 3a, c) was changed.

Resistance exercise exerts an inhibitory effect

on autophagy regulation in hypertrophied skeletal

muscle

To explore whether RE-induced anabolic signaling activation

coincides with autophagy or inhibit it, we measured ATG

proteins known to be involved in autophagy signaling. A key

marker of autophagy, LC3-II was not changed, while LC3-I

was significantly inclined in RE (p\0.05), thus resulting in

a decline in LC3-II/I ratio (Fig. 4a, b). p62 has been used to

assess autophagy flux levels, an increase or decrease of

which reflects a decline or incline of autophagy flux,

respectively. Our data showed that RE displayed a remark-

able elevation of p62 compared to SC (p\0.05) (Fig. 4a, c),

indicating a potential disturbance of autophagy flux. Inter-

estingly, there were no changes for autophagy induction

proteins, BECLIN1 (Fig. 4d, e) and BNIP3 (Fig. 4d, f);

however, RE upregulated ATG7 known for promoting

autophagosome formation (p\0.05) (Fig. 4d, g).

Resistance exercise does not alter TFEB and LAMP-

2, but prevents CATHEPSIN L maturation

in hypertrophied skeletal muscle

To examine if RE-mediated inhibition of autophagy (i.e.,

reduced LC3-II/I ratio, increased p62, no changes for

BECLIN1 and BNIP3) parallels with retardation of

autophagy maturation, we assessed levels of lysosome-re-

lated proteins. No changes for TFEB and LAMP-2 were

observed in FDP muscles between RE and SC (Fig. 5a–c).

Interestingly, however, we observed that pro-CATHEPSIN

L levels were accumulated; whereas, an active (cleaved)

form of CATHEPSIN L was significantly declined in FDP

muscles in response to RE, compared to SC (p\ 0.05)

(Fig. 5a, d).

Table 1 Effects of 8 weeks of

resistance exercise on body

weight, FDP muscle weight, and

ratio of FDP muscle weight to

body weight

SC (n = 10) RE (n = 10) p

Body weight (g) 449.3 ± 12.5 429.3 ± 8.1 0.197

FDP muscle weight (g) 1.74 ± 0.04 1.80 ± 0.05 0.365

FDP muscle weight/body weight (mg/g) 3.89 ± 0.08 4.20 ± 0.23 0.011*

Values are represented as mean ± SE

FDP flexor digitorum profundus, SC sedentary control, RE resistance exercise

* p\ 0.05 vs. SC
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Discussion

In the present study, we examined RE-induced muscular

hypertrophy and its signaling pathways, assessed molecular

signaling nexus of autophagy, and explored possible asso-

ciation between hypertrophy and autophagy. Three main

findings emerged from this study. First, 8 weeks of long-

term RE promotes significant hypertrophy in FDP muscle as

evidenced by the increased muscle weight-to-body weight

ratio, enlarged cross-sectional area of muscle fibers, and a

concurrent increase in muscular strength. Second, while RE

enhances the activity of anabolism-related proteins: AKT,

mTOR, and p70S6K, it dampens the activity of AMPK.

Third, despite increased mTOR phosphorylation and

reduced AMPK phosphorylation, RE does not interrupt

autophagy induction (no changes in mTOR responsive

ULK1Ser757 nor AMPK responsive ULK1Ser555), but does

reduce levels of the active form of CATHEPSIN L. Taken

together, our data suggest that RE mediates muscular

hypertrophy by enhancing anabolic signaling activities and

simultaneously limiting lysosomal degradation flux rather

than negatively modulating the autophagy induction process.
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Fig. 2 Changes in AKT-mTOR-p70S6K axis signaling pathways in

response to 8 weeks of resistance exercise. a Representative Western-

blot images of AKT, p-AKTSer473, mTOR, p-mTORSer2448, p70S6K,

and p-p70S6KSer411 in each group. b Quantification of AKT,

p-AKTSer473, and p-AKTSer473/AKT ratio. c Quantification of mTOR,

p-mTORSer2448, and p-mTORSer2448/mTOR ratio. d Representative

Western-blot images of p70S6K, p-p70S6KSer411, and

p-p70S6KSer411/p70S6K ratio in each group. Comparisons of each

target protein expression were made after normalization to GAPDH.

SC sedentary control group, RE resistance exercise group. *p\ 0.05

vs. SC

274 J Physiol Sci (2018) 68:269–280

123



Resistance exercise is a common exercise modality

promoting muscular hypertrophy and strength development

by enhancing anabolic processes [29, 30]. Using animals,

several studies have demonstrated a ladder climbing as a

potent resistance exercise that elicits muscular hypertrophy

[19, 26, 27]. Consistent with these studies, our data also

present that 8 weeks of resistance exercise (ladder climb-

ing) significantly increased cross-sectional area of FDP

muscle and muscle weight in conjunction with improved

muscular strength (weight-carrying capacity). In general,

an increased anabolic state over catabolic state is an

important feature of muscular hypertrophy; thus, elevated

phosphorylation levels of AKT-mTOR-p706SK signaling

axis have been considered as key markers reflecting

enhanced anabolism in muscles undergoing hypertrophy

[7, 8]. In this context, our data also show that RE elevates

phosphorylation levels of AKT, mTOR, and p706SK.

Although the ratio of total protein to phosphorylated pro-

teins was reduced, we presume that, if the absolute levels

of enzyme’s phosphorylation are significantly raised, the

enhanced enzyme activities (p-AKTSer473 and

p-p70S6KSer411) may serve as a potent mediator of

anabolism.

AMPK is an essential kinase critically involved in

maintaining metabolic homeostasis by enhancing glucose

uptake, fatty acid oxidation, and mitochondrial biogenesis
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Fig. 3 Changes in AMPKa and ULK1 signaling pathways in response

to 8 weeks of resistance exercise. a Representative Western-blot

images of AMPKa, p-AMPKaThr172, ULK1, p-ULK1Ser555, and

p-ULK1Ser757 in each group. b Quantification of AMPKa,
p-AMPKaThr172, and p-AMPKaThr172/AMPKa ratio. c Quantification

of ULK1, p-ULK1Ser555, and p-ULK1Ser555/ULK1 ratio. d Representa-

tive Western-blot images of ULK1, p-ULK1Ser757, and p-ULK1Ser757/

ULK1 ratio in each group. Comparisons of each target protein

expression were made after normalization to GAPDH. SC sedentary

control group, RE resistance exercise group. *p\ 0.05 vs. SC

J Physiol Sci (2018) 68:269–280 275

123



[31–33]. AMPK also functions as a potent autophagy ini-

tiator in various stress conditions such as starvation and

hypoxia [34, 35], and emerging evidence has revealed that

endurance exercise-induced AMPK activation is linked to

autophagy promotion [35]. However, given that heavy RE

is known to augment protein synthesis and suppress protein
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Fig. 4 Changes in autophagy flux-related proteins (LC3 and p62) and

autophagy induction-related proteins (BECLIN1, BNIP3, and ATG7)

in FDP muscles after 8 weeks of resistance exercise training.

a Representative Western-blot images for LC3 and p62 in each

group. b Quantification of LC3-I, LC3-II, and LC3-II/I ratio.

c Quantification of p62. d Representative Western-blot images for

BECLIN1, BNIP3, and ATG7 in each group. e Quantification of

BECLIN1. f Quantification of BNIP3. g Quantification of ATG7.

Comparisons of each target protein expression were made after

normalization to GAPDH. SC sedentary control group, RE resistance

exercise group. *p\ 0.05 vs. SC
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degradation (i.e., ubiquitin–proteasome pathway), whether

autophagy is coactivated or repressed during RE is poorly

understood. Also, a question of how AMPK is regulated in

response to chronic RE remains unclear. Our data show

that chronic RE upregulates expression of AMPK proteins,

but dampens AMPK phosphorylation levels. In contrast to

our results, others showed no changes [36] or increases

[37] in AMPK phosphorylation following acute RE; how-

ever, it should be noted that these studies utilized an

electrical stimulation to generate maximal isometric con-

traction as a means to mimic RE. Thus, it seems unrea-

sonable to directly compare our data with these results and

deduce any conclusion. Nevertheless, we do not exclude

the possibility that AMPK activity (phosphorylation) levels

will change in an exercise duration or recovery period-

dependent fashion, inferring that in our present study,

AMPK phosphorylation data acquired 24 h post-exercise

may display variable outcomes compared to the studies

above. To circumvent this variability, further time-depen-

dent studies are necessary.

Regarding muscular hypertrophy, our finding appears to

indicate that RE-induced AMPK suppression may prevent

muscular catabolism caused by autophagy and thereby

contribute to sustaining anabolism, as inhibition of AMPK

is linked to the failure of autophagy [38]. To prove our

postulation, we further examined an AMPK downstream

target ULK1. To our surprise, p-ULKSer555 levels were not

altered, despite suppressed p-AMPKThr172 levels. There-

fore, we next examined another ULK1 phosphorylation site

at Ser757 because elevation of p-ULKSer757 levels by

mTOR suppresses autophagy induction [39], but we did not

observe any significant changes in p-ULKSer757 levels
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Fig. 5 Changes in the expression level of both lysosomal biogenesis

markers (TFEB, LAMP-2) and degradation marker (pro/active

CATHEPSIN L) in FDP muscles in response to 8 weeks of resistance

exercise training. a Representative western blot images of TFEB,

LAMP-2, and pro/active CATHEPSIN L in each group.

b Quantification of TFEB. c Quantification of LAMP-2. d Quantifi-

cation of pro/active CATHEPSIN L. Comparisons of each target

protein expression were made after normalization to GAPDH. SC

sedentary control group, RE resistance exercise group. *p\ 0.05 vs.
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either. Our results suggest that neither AMPK nor mTOR

does not exert modulatory effects on autophagy initiation

process; however, based upon recent studies showing an

autophagy modulation independent of mTOR [16, 40], it

may be possible that RE affects autophagy in an AMPK or

mTOR-independent fashion. Regarding this result, we still

do not exclude a possibility that we might overlook prob-

able changes in autophagy-inductive processes, which

occur in a time-dependent manner because we sacrificed

animals 24 h after the last exercise session. For example,

unlike hypertrophy signaling responses typically observed

24–48 h post exercise, autophagy responses in the heart

and skeletal muscle after endurance exercise peak within

2 h post exercise and begin to reduce after 3–4 h post

exercise [17]. For this reason, it is recommended that future

studies examining RE-induced autophagy adaptation

should consider a proper time frame that precisely displays

autophagic responses.

Measurement of LC3 turnover (LC3-I, LC3-II, and

LC3-II/I ratio, respectively) is a key element for assessing

autophagy levels. Our finding shows that the LC3-II/I

ratio was reduced following RE due to substantial

upregulation of LC3-I with lack of LC3-II conversions.

One question is why does RE not significantly alter LC3-

II but does increase LC3-I. This question can be answered

by our data showing ULK1 needed in the autophagy

induction was not activated, implying that LC3-II for-

mation was limited in the beginning step of autophagy.

Alternatively, the increased LC3-I levels in our study may

be due to enhanced autophagy flux because LC3-II

attached to autophagosomal membrane facing cytosol can

be recycled to LC3-I via ATG4 [41] and thus may accu-

mulate in proportion to an increase in autophagy. To

confirm the possibility of the latter, we assessed p62

levels since it has been identified as an important indicator

of autophagy flux in many studies [42–44]. p62 possesses

a ubiquitin-binding motif and LC3-interacting region

motif, both of which are critical for p62 to incorporate

ubiquitinated toxic molecules and to tether them to

autophagosomes via conjoining LC3-II, and it is then

degraded with autophagosomes by lysosomes. Thus,

alterations in p62 levels in response to autophagic stresses

imply changes in the rate of autophagy flux [22]. In our

study, p62 levels were significantly elevated in FDP

muscles responding to RE. Therefore, we can exclude the

possibility that an increase in LC3-I may be due to

accelerated autophagy flux.

Unlike our study, recent studies showed contrasting

results that RE decreases autophagy by reducing LC3-II

without changes in LC3-I in human vastus lateralis muscle

[18] and in rat gastrocnemius muscles [19] after exercise.

We believe that a snapshot of complex processes of

autophagy at different recovery periods (24 vs. 48 h),

exercise duration (1 day acute bout of RE vs. 8 or

9 weeks), and age (young vs. old) may limit the chance of

reaching a universal consensus of autophagy mechanisms

among studies. Nonetheless, a consensus appears to con-

verge on the possibility that RE reduces catabolism

induced by autophagy in response to RE.

To further support an inhibitory effect of RE on

autophagosomal degradation, we measured a key lysoso-

mal protease, CATHEPSIN L, and provided plausible

postulation that RE may constrain a lysosomal degradation

process since the active form of CATHEPSIN L was dra-

matically reduced by RE. This reduction may limit

autophagy-mediated proteolysis in lysosomes and thus

contribute to muscular hypertrophy, as a recent study

showed that CATEHPSIN L overexpression is linked to

atrophy of skeletal muscles [45].

BECLIIN1, BNIP3, and ATG7 are critical autophagy

proteins involved in induction and formation of

autophagosomes [46–48]. In our study, we show that

BECLIIN1 and BNIP3 remain unchanged in response to

RE, indicating that RE does not promote autophagy.

Interestingly, ATG7 was significantly elevated following

RE. This is surprising because recent research reports

autophagy promotion upon ATG7 overexpression in the

heart, but our data show an inverse relationship between

autophagy and ATG7. Currently, no evidence has been

found to explain why ATG7 is upregulated in hypertro-

phied muscle in the absence of autophagy. Nevertheless,

our speculation is that, due to RE-induced lysosomal pro-

teolysis inhibition, the middle-stream of autophagy

machinery (i.e., ATG7 and LC3-I) may be upregulated via

a feed-forward mechanism. Apparently, this speculation

should be explored by future studies.

Contrary to our results, a recent study reported that

muscular hypertrophy, despite suppressed levels of AKT

and mTOR phosphorylation, concurs with elevated autop-

hagy in aged rats following 9 weeks of RE [19]. Because

this is the only comparable research that investigates

hypertrophy and autophagy using the same exercise

modality (ladder climbing), we cannot explain the con-

flicting observations between the two studies. However,

different ages (young: 6-month-old in our study vs. old:

22-month-old in Lou’s study) may elicit disparate results

possibly because aged muscle may contain more dysfunc-

tional or damaged proteins, which need to be actively

removed and recycled by accelerated autophagy in parallel

with enhanced anabolic processes rather than only by ele-

vated anabolic processes as displayed in the young rats

depicted in our study.

Collectively, as summarized in Fig. 6, our study

demonstrates that long-term resistance training promotes

muscular hypertrophy and muscular strength by potentiat-

ing an anabolic signaling pathway and concurrently
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interfering in autophagy, especially in the lysosomal pro-

teolysis step of autophagy without altering an autophagy-

inductive process.
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