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Skeletal muscle, a highly metabolic tissue, is particularly vulnerable to increased levels of

saturated free fatty acids (FFAs). The role of autophagy in saturated FFAs-induced cellular

senescence and insulin resistance in skeletal muscle remains unclear. Therefore, the

present study was aimed to explore autophagic flux in cellular senescence and insulin

resistance induced by palmitate in muscle cells, and whether resveratrol limited these

responses. Our results showed that palmitate induced cellular senescence in both

myoblasts and myotubes. In addition, palmitate delayed differentiation in myoblasts and

inhibited expression of insulin-stimulated p-AKTSer473 in myotubes. The accumulations

of autophagosome assessed by tandem fluorescent-tagged LC3 demonstrated that auto-

phagic flux was impaired in both palmitate-treated myoblasts and myotubes. Resveratrol

protected muscle cells from palmitate-induced cellular senescence, apoptosis during

differentiation, and insulin resistance via ameliorating autophagic flux. The direct influ-

ence of autophagic flux on development of cellular senescence and insulin resistance was

confirmed by blockage of autophagic flux with chloroquine. In conclusion, impairment of

autophagic flux is crucial for palmitate-induced cellular senescence and insulin resistance

in muscle cells. Restoring autophagic flux by resveratrol could be a promising approach to

prevent cellular senescence and ameliorate insulin resistance in muscle.
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1. Introduction

Skeletal muscle comprises 40e60% of total body mass and is

responsible for almost 80% of whole body insulin-stimulated

glucose disposal [1]. The long-term exposure of cells to high

levels of free fatty acids (FFAs), particularly saturated FFAs

such as palmitate, results in cellular senescence via promot-

ing inflammation [2] and leads to deficiency of insulin-

stimulated glucose uptake via PI3K-Akt signaling pathway

[3]. Acceleration of cellular senescence and impairment of

insulin pathway by palmitate eventually lead to a series of

diseases such as obesity, type 2 diabetes, metabolic syndrome

and cancer. However, the mechanisms underlying palmitate-

induced cellular senescence and insulin resistance in muscle

remain unclear.

Autophagy is a conserved cellular housekeeping process

for the clearance of dysfunctional organelles and denatured

proteins in living cells [4]. The autophagy-lysosome

system is a degradation pathway that contributes to mus-

cle protein degradation especially during muscle wasting

[5]. Conversely, growing evidences indicate that autophagy

is required to maintain muscle mass and regenerative

function of muscle stem-cells [6,7]. These studies display a

dual role of autophagy in muscle homeostasis. Several

signaling pathways involved in cellular senescence

and insulin resistance, including the mammalian target of

rapamycin (mTOR) and AMP-activated protein kinase

(AMPK), are reported to regulate autophagy [8,9]. The

mTOR-dependent autophagy activators exhibit a potent

anti-senescent effect through the restoration of autophagy

[8]. Inactivation of the AKT/mTOR signaling impairs insulin

signaling pathway and induces abnormal autophagosome

formation [10,11]. These evidences indicate that impair-

ment of autophagy may contribute to cellular senescence

and insulin resistance.

Resveratrol, a natural polyphenol found in grapes and

berries, exhibits a variety of biochemical and physiological

effects including reversion of senescence process and

amelioration insulin resistance [12]. It has been shown that

resveratrol protects cellular senescence by reducing the

production of ROS through the SIRT1/NADPH pathway [13]

and improves glucose uptake and insulin sensitivity

through SIRT1/AMPK pathway [14]. Recently, many studies

have indicated that resveratrol is an autophagy regulator that

exerts cardiovascular protection, neuroprotection, anti-

inflammatory and anti-cancer effect by regulating auto-

phagy [12,15e18]. Nonetheless, evidence linking resveratrol to

underlying mechanisms of skeletal muscle regulated by

autophagy is still lacking.

The objective of this study was to investigate the role

of autophagy in palmitate-induced cellular senescence

and insulin resistance in skeletal muscle. The efficacy of

resveratrol in ameliorating cellular senescence and insulin

resistance induced by palmitate via modulation of auto-

phagy in C2C12 myoblasts and myotubes was further

studied.
2. Methods

2.1. Materials

Resveratrol (RSV), palmitate (PA), chloroquine (CLQ) and other

chemicals were from SigmaeAldrich Chemical Co (St. Louis,

MO, USA). For Western blotting, primary antibodies: p16, p21,

p62 (Santa Cruz, CA, USA), LC3, AKT, phospho-AKT (Ser473),

mTOR, phospho-mTOR (Ser2448), AMPKa, phospho-AMPKa

(Thr172) (Cell signaling, Danvers, MA, USA), a-actin, GAPDH

(GeneTex Inc., Hsinchu City, Taiwan), and caspase-9 (Milli-

pore, Billerica, MA, USA) were commercially available. Goat

anti-rabbit and sheep anti-mouse horseradish peroxidase

(HRP) conjugated secondary antibodies were purchased from

Bio-Rad (Hercules, CA, USA) and GE Healthcare Life Sciences

(Pittsburgh, PA, USA).

2.2. Cell culture and treatment

C2C12 myoblasts were passaged in Dulbecco's modified

Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA, USA) sup-

plemented with 10% fetal bovine serum (HyClone, Logan, UT,

USA) under an atmosphere of 10% CO2 in air at 37 �C. Twenty-

four hours after seeding, myoblasts were pretreated with or

without 100 mM resveratrol for 16 h, and then incubated with

250 mM palmitate for 24 h (Fig. 3A).

When the myoblasts reached approximately 80% con-

fluency, they were differentiated into myotubes in DMEM

containing 2% horse serum (Invitrogen, Carlsbad, CA, USA),

with medium changes every two days. After five days differ-

entiation, differentiated myotubes were pretreated with or

without 100 mM resveratrol for 16 h, and then incubated with

250 mM palmitate for 24 h (Fig. 4A).

There was no evidence for toxicity of resveratrol to myo-

blasts and myotubes at the concentrations employed in this

study based on cell viability assay by MTT (data not show).

2.3. b-galactosidase staining

b-galactosidase activity was determined using the Senescence

Detection Kit (BioVision, Milpitas, CA, USA) according to a

standard protocol. Images were observed under the phase

contrast microscopy and captured with a digital camera

(Nikon Corporation, Tokyo, Japan). Four random fields were

counted to determine the percentage of b-galactosidase-pos-

itive cells in the total cell population.

2.4. MTT assay

MTT (3-[4, 5-dimethylthiazol-2, 5-diphenyl tetrazolium bro-

mide) assay was carried out for assessment of the growth

curves. MTT dissolved in PBS at 5 mg/ml was added to the

culture medium at a dilution 1:10. The cell in the number of

5000, 10,000, 20,000, 40,000, 80,000 and 16,0000 were incubated

for depicting standard curve, and 10,000 cells were incubated

for assessing. After 4 h incubation period with MTT, medium
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Fig. 1 e (A) Representative images of b-galactosidase staining (magnification £100 and £400). (B) Quantification of

b-galactosidase positive cells stained with blue color. The values are the means ± SEM for 500 myoblasts in each group.

(C) Cell growth curves of C2C12 myoblasts. (D) Representative blots of P16 and P21. Quantification of (E) P16 and (F) P21

normalized with GAPDH (n ¼ 4/group). Significance (p < 0.05) among groups is denoted by different letters.
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was aspirated and DMSO was added to extract the MTT

formazan. The absorbance of each well was detected bymicro

plate reader (TECAN, Richmond, USA) at the wavelength of

540 nm.

2.5. Western blotting

Total protein in the supernatant was measured by the BCA

method (Bio-Rad). An equal amount of protein for each prep-

aration was separated by SDS-PAGE, transferred to PVDF

membrane, blocked with 5% nonfat dry milk in 0.1% Tween-

Tris buffered saline (TBST), and incubated with different

primary antibodies in TBST. Membranes were then washed
and incubated with HRP-conjugated secondary antibodies

in TBST. Protein bands were visualized using a Chem-

iluminescence kit (Millipore). Quantitative results of Western

blotting were performed using the LAS-4000 mini biomole-

cular imager (GE Healthcare Life Sciences).

2.6. Detection of autophagic flux

To evaluate autophagic flux, C2C12 cells were detected using

the Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B

Kit (Thermo Fischer Scientific, Grand Island, NY, USA) as

described in the manufacturer's protocol. By combining an

acid-sensitive GFP with an acid insensitive RFP, the change

https://doi.org/10.1016/j.jfda.2018.01.006
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Fig. 2 e Representative blots and quantification of (A) LC3-I, LC3-II, P62. (B) mTOR, p-mTORSer2447, AMPK and p-AMPKThr172

(n ¼ 4/group) (C) Fluorescence images of mRFP-GFP-LC3 (magnification £400). The transition from the autophagosome

(yellow) to the autolysosome (red) can be visualized by the specific loss of GFP fluorescence. Significance (p < 0.05) among

groups is denoted by different letters. N.S. ¼ no significance.
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from autophagosome (neutral pH) to autolysosome (with an

acidic pH) can be visualized by imaging the specific loss of the

GFP fluorescence, leaving only red fluorescence. In brief, the

cells were grown to 60% confluency on cover slips prior to

transfection. Then, the cells were incubated with BacMam

Reagents containing the RFP-GFP-LC3B overnight. Fluorescent

images were taken using microscopy and captured with a

digital camera (Nikon Corporation).

2.7. Crystal violet staining

Cells were fixed with 4% paraformaldehyde for 10 min,

then stained with 0.5% crystal violet for 5 min, and washed
three times with water. The images were taken using

microscopy and captured with a digital camera (Nikon

Corporation).

2.8. Statistical analysis

Data were expressed as means ± SEM from at least three

independent experiments for each group. The statistical

significance of different groups was determined by one-

way ANOVA or Student's t-test with Sigma Plot 12.0 (San

Jose, CA, USA). The post Hoc test was used if the ANOVA

was significant. P < 0.05 was considered statistically

significant.

https://doi.org/10.1016/j.jfda.2018.01.006
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Fig. 3 e (A) Schematic diagram of experimental design. (B) Representative images of myotube differentiation up to 5 d (a-d,

f-I, and k-n, phase contrast, magnification £100) (e, j, and o, crystal violet staining, magnification £400). (C) Representative

blots and (D) quantification of a-actin (n¼ 3/group). (E) Representative blots and (FeH) quantification of LC3-I, LC3-II, P62 and

caspase 9 (n ¼ 3/group)(D, F-H) *p < 0.05 compared with d0. #P < 0.05 compared with ctrl. *Significantly different (p < 0.05)

among groups. N.S. ¼ no significance.
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Fig. 4 e (A) Schematic diagram of experimental design. (B) Representative blots and quantification of Akt and p-AktSer473

(n ¼ 4/group). (C) Representative blots and quantification of P16, P21, LC3-I, LC3-II, and P62 (n ¼ 4/group). (D) Fluorescence

images of mRFP-GFP-LC3 (magnification £200). The transition from the autophagosome (yellow) to the autolysosome (red)

can be visualized by the specific loss of GFP fluorescence. Significance (p < 0.05) among groups is denoted by different

letters.
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3. Results

3.1. Resveratrol protects C2C12 myoblasts from
palmitate-induced cellular senescence

The expression of senescence-associated beta-galactosidase

was significantly increased in palmitate-treated cells and

considerably decreased by resveratrol pre-treatment (Fig. 1A

and B). Cell growth arrest (Fig. 1C) and increased expressions
of P16 and P21 (Fig. 1DeF), the key proteins involved in cell

cycle, were observed in palmitate-treated and significantly

limited in resveratrol-pretreated cells.

3.2. Resveratrol ameliorates autophagic flux in
palmitate-treated C2C12 myoblasts

The expression of autophagy markers, LC3-I and LC3-II, and

autophagy regulating protein, P62, were significantly

https://doi.org/10.1016/j.jfda.2018.01.006
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increased in palmitate-treated cells and reversed by resvera-

trol pre-treatment (Fig. 2A). However, there were no signifi-

cant differences in activities of AMPK and mTOR among three

groups (Fig. 2B). Furthermore, C2C12 myoblasts were trans-

fected with pH-sensitive mRFP-GFP-LC3-plasmid to monitor

autophagic flux. A significant increase in the ratio of yellow:

red puncta was observed in palmitate-treated cells (Fig. 2C.f.),

reflecting a blockage in the fusion of autophagosomes with

lysosomes. The yellow: red puncta was significantly declined

in resveratrol-pretreated cells (Fig. 2C.i.), indicating resvera-

trol ameliorated autophagic flux in palmitate-induced senes-

cent C2C12 myoblasts.

3.3. Resveratrol protects against palmitate-induced
apoptosis during differentiation

The effect of palmitate on C2C12 differentiation and the

efficacy of resveratrol to limit this response were further

investigated. C2C12 myoblasts were incubated with or

without resveratrol for 16 h and treated with palmitate for

24 h. After treatment, C2C12 myoblasts were switched from

growth medium to differentiation medium to induce differ-

entiation (Fig. 3A). Palmitate inhibited myotubes formation

(Fig. 3B aee vs. fej) and delayed skeletal muscle a-actin

expression (Fig. 3C and D) compared with control cells.

Resveratrol significantly restored myotubes formation

(Fig. 3B fej vs. keo) and skeletal muscle a-actin expression

(Fig. 3C and D) during differentiation. Furthermore, expres-

sion of LC3-II and P62 display a dynamic change which

increased from 1st to 3rd day and degraded at the 5th day

(Fig. 3EeG) in control and resveratrol-pretreated cells. How-

ever, accumulations of LC3-II and P62 accompanied with a

high level of cleaved caspase-9 was observed in palmitate-

treated cells (Fig. 3EeG).

3.4. Resveratrol prevents C2C12 myotubes from
palmitate-induced cellular senescence and insulin resistance

C2C12 myotubes were used to determine the efficacy of

resveratrol on palmitate-induced cellular senescence and in-

sulin resistance. After five days differentiation, differentiated

myotubes were pretreated with or without resveratrol for 16 h,

and then incubated with palmitate for 24 h (Fig. 4A). The

insulin-stimulated p-AKTSer473 was inhibited in palmitate-

treated myotubes (Fig. 4B, Lane 3) and markedly prevented by

resveratrol pre-treatment (Fig. 4B, Lane 4). Consistently,

expressions of P16, P21, LC3-II and P62 were increased in

palmitate-treated myotubes and significantly decreased by

resveratrol pre-treatment (Fig. 4C). The ratio of yellow: red

puncta was elevated in palmitate-treated myotubes and

declined in resveratrol-pretreated myotubes (Fig. 4D). Taken

together, resveratrol prevents cellular senescence, insulin

resistance and autophagic flux in palmitate-treated C2C12

myotubes.

3.5. Blockage of autophagic flux induces cellular
senescence and insulin resistance

To confirm whether direct impairment of autophagic flux in-

duces cellular senescence and insulin resistance, a lysosome
inhibitor capable of blocking autophagic protein degradation,

chloroquine (CLQ), was used. The b-galactosidase-positive

cells were increased in both C2C12 myoblasts and myotubes

when treated with CLQ (Fig. 5A). The length of myotube was

significantly decreased in CLQ-treated myotubes compared

with control myotubes (Fig. 5B). Moreover, a decrease in the

level of insulin-stimulated p-AKTSer473 was observed in CLQ-

treated myotubes (Fig. 5C). These results indicate that

impairment of autophagic flux directly induces cellular

senescence and insulin resistance in muscle cells.
4. Discussion

The significant findings of the present study include that (1)

blockage of autophagic flux directly induces cellular senes-

cence and insulin resistance, (2) palmitate impairs autophagic

flux resulting in cellular senescence and insulin resistance in

muscle cells, and (3) resveratrol as a promising agent protects

muscle cells against cellular senescence and insulin resis-

tance via restoration of autophagic flux.

Insulin resistance is recognized as an important risk factor

in the development of type II diabetes, and is generally related

to the Western-type diet high in saturated FFAs [19e21].

Increasing evidences reveal that excessive fat exposure in-

fluences autophagy and results in cellular senescence and

insulin resistance [22,23]. However, autophagy may play a

dual role during these processes. Marked conversion of LC3-I

to LC3-II was observed in the insulin resistant b cells

induced by high fat diet (HFD) and FFAs, suggesting that

autophagy is positively correlated with insulin resistance [24].

Conversely, Singh et al. reported that hepatic autophagy was

suppressed in insulin resistance shown by decreased LC3-II

and increased p62 protein expressions [25].

Autophagy is a dynamic process that comprises sequen-

tial stages including formation of phagophore, formation of

autophagosomes, fusion of autophagosomes with lysosomes

and degradation [8]. The status of autophagy is affected by

many factors such as cell type, inducer, and measuring time

point. Therefore, the real status of autophagy should be

monitored not only by quantitative expression of autophagy

markers but also by status of the autophagic flux [8,26,27]. In

the present study, we found that palmitate induced expres-

sion of LC3-II and P62 in both myoblasts and myotubes (Figs.

2A and 4C). Simultaneously, autophagosome accumulations

clarified by the elevated yellow puncta of mRFP-GFP-LC3

fluorescence were observed in palmitate-treated myoblasts

and myotubes (Figs. 2C and 4D). However, AMPK and mTOR,

the regulators of phagophore formation, were not signifi-

cantly changed (Fig. 2B). These data suggested that palmitate

impaired autophagy resulted from deficient fusion between

autophagosomes and lysosomes, but not the initiation of

autophagy. He et al. described similar patterns of dysregula-

tion in skeletal muscle of wild-type C57BL/6 mice following a

HFD for 12 weeks. Their data showed that lipidation of LC3

was inhibited in HFD mice, indicating an error in autopha-

gosome maturation or lysosome fusion [28]. Together,

excessive fat exposure results in abnormal autophagic flux in

skeletal muscle, leading to cellular senescence and insulin

resistance.

https://doi.org/10.1016/j.jfda.2018.01.006
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Fig. 5 e (A) Representative images and quantification of b-galactosidase staining (magnification £100) (n ¼ 4/group). (B)

Quantification of average myotube length. The single myotube length was measured using ImageJ software. (C)

Representative blots and quantification of Akt and p-AktSer473 (n ¼ 4/group). #P < 0.05 compared with ctrl. Significance

(p < 0.05) among groups is denoted by different letters.
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The therapeutic implication of ameliorating autophagic

flux in diseases has been noticed [8,11,29]. Accumulation of

autophagosomes altered amyloid precursor protein pro-

cessing, leading to increased amyloid b peptide generation,

which might be involved in the pathogenesis of Alzheimer's
disease [11]. Our results confirmed the direct effect of auto-

phagic flux on cellular senescence and insulin resistance in

myoblasts and myotubes (Fig. 5), indicating that autophagic

flux is a potential therapeutic target for cellular senescence

and insulin resistance in skeletal muscle. Recently, resver-

atrol is reported to regulate autophagy through different

mechanisms such as activation of AMPK and SIRT1, up-

regulation of Atg5 and Atg12 genes expression, and

increasing LC3 lipidation [30e32]. In the present study, we

demonstrated that resveratrol reduced autophagosome ac-

cumulations in palmitate-treated myoblasts and myotubes.

Restoring autophagic flux by resveratrol significantly miti-

gated cellular senescence and ameliorated insulin resistance

induced by palmitate. Previous research has shown that

autophagy protects differentiating myoblasts from apoptotic

cell death [33]. We also found that palmitate blocked auto-

phagic flux during myoblasts differentiation and resulted in

apoptosis. Resveratrol protects differentiating myoblasts

from apoptotic cell death via ameliorating autophagic flux

(Fig. 3EeH).

In conclusion, our results suggest autophagosome accu-

mulations induced by palmitate impair autophagic flux lead-

ing to cellular senescence and insulin resistance in muscle

cells. Resveratrol acts as an autophagy modulator to protect

muscle cell against palmitate-induced cellular senescence

and insulin resistance.
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