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High frequency electrical stimulation of sciatic nerve enhances skeletal muscle

autophagy in mice
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Abstract: The aim of the present study was to investigate the effects of exercise on skeletal muscle autophagy. Trains of high-frequency
electrical stimulation (pulses frequency: 100 Hz) were used to stimulate sciatic nerve and consequently induce muscle contraction of
the left hindlimb. The unstimulated right hindlimb muscles were taken as control. The mice were sacrificed immediately (0), 30 or 60
min after the electrical stimulation by cervical dislocation, and gastrocnemius muscles were rapidly dissected and freeze-clamped in
liquid nitrogen. AMP-activated protein kinase (AMPK) and the autophagy marker protein LC3 were detected by Western blotting, and
muscle atrophy related genes including atrogin-1, MuRF-1, Bnip3, Bnip3! and CathepsinL were detected by using real-time qPCR.
The results showed that, at 0 min after the electrical stimulation, the activity of AMPK and LC3-II/1I ratio were significantly increased
in left gastrocnemius muscles, compared with those of the muscles in the right hindlimb. The levels of atrogin-1, MuRF-1, Bnip3,
Bnip3l and CathepsinL mRNA expressions were up-regulated by electrical stimulation. Meanwhile, the activity of autophagy related
protein, ULK1 was significantly enhanced by electrical stimulation. These results suggest that electrical stimulation of sciatic nerve
may induce the skeletal muscle autophagy, and this may be regulated through AMPK/ULK 1-mediated signaling pathway.
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Fig. 1. Enhanced activity of AMPK in gastrocnemius muscle at
different recovery time after electrical stimulation, evidenced by
phosphorylation of AMPK. The protein expressions were detected
by Western blot, and GAPDH was used as internal control. Mean +
SD, n=>5. P < 0.05 vs REST. REST: un-stimulated control; ES:

electrical stimulation.
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Fig. 2. Upregulation of atrophy-related and muscle specific
genes in mice gastrocnemius muscle following electrical stim-
ulation. The levels of mRNA expressions were detected by
real-time qPCR. Data were normalized with gapdh content.
Mean + SD, n = 5. "P < 0.05 vs REST. REST: un-stimulated
control; ES: electrical stimulation.
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Fig. 3. Upregulation of autophagy-regulatory genes in mice gas-
trocnemius muscle following electrical stimulation. The levels of
mRNA expressions were detected by real-time qPCR. Data were
normalized with gapdh content. Mean + SD, n = 5. P < 0.05,
P <0.01 vs REST. REST: un-stimulated control; ES: electrical

stimulation.
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Fig. 4. Increased autophagy activity induced by muscle contraction following electrical stimulation. The protein expressions were
detected by Western blot. 4: Ratio of LC3-II to LC3-I. B: p62 and pSer555-ULK1 protein expressions. Mean + SD, n=5. P < 0.05 vs

REST. REST: un-stimulated control; ES: electrical stimulation.
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Fig. 5. Activity of skeletal muscle autophagy (LC3-II/I ratio) in
mice with different ages. The protein expressions were detected
by Western blot. Mean + SD, n = 5. "P < 0.05 vs REST.

3 Wig

AW TR 100 Hz (1 =0 i) s BRAR i 42
(1) 77 AL S5 R LRI e 4, s e L) i 1 ot 20 e
A . BT A3 A AR R R 5 e L A 2 A LAY
APRTHEE . I AR Bk T 2= A 1 T ORI HL
WS HR B (3 E A DAL ] ). 540
A2 (20 Hz) B B+ 14 RE/NREEH
WL, e 8 8 o 3G 0 UL T 5 248 A %) 164 B ) L T
K= VLA Z 45 LT s > Bl %, L
DAY 5 4 UL T2 4 M UL R 2 2 g B

A FA RGN, Sx AL, 100 Hz ()
AR RN R 1 B VLR A R A R il A
atrogin-1 F1 MuRF-1 ] mRNA F ik, ZW 745
WEZiiiENESM%Es) 24 h g NE#IE AR

PR A I A 45 SR — 30 ™ 2. IRz 1
EEM ) EEAA W RE T R T

FoxO /5[] Akt/PKB #14| [1115 5@, 24 Akt /K

AR L B2, FoxO K4 EBEIR1L, I B4
i B A B MM A%, TS atrogin-1 A1 MuRF-1
B SR E R PR AN, MR R BE A F o (tumor
necrosis factor a, TNFa) 15 T ) p38 MAPK {5 5 i#
W BEAL HE atrogin-1 FE K ik PO, BT A B AR
B Akt/FoxO3 i& 12 g % 1 1% H Wi A 2 J: [ LC3 A
Gabarap )ik 7, [N, ABFFREERER, HH
WERN G, BWERIAE IR EE R Bnip3. Bnip3l
H CathepsinL 113235 5 DL J [ W5 A7 & LC3-1U/1 (41
e SR {0 A G 2R 1 LC3-1 [a] [ WA JE A G 2 19 LC3-
I BT ) #B 22 i, %4515 Levine /N
N BB LS B BT S 45 B — 5 : Levine % " W R
Eonsdfee e AR R 2 AN HBE TN
AWk, FAaRERTmE, BRAE, NEWIH LR B L.
BNIP3 & — Bel-2 MR E 1, 1EAR A TR 6 A
O LA M A Rk & AR & s AR & 3Rk BNIP3 Al
BNIP31 & K ge @ (e gk LI H B /EH . I H FoxO3/
BNIP3 15 518 #4244 4 B B UL | e ) — > 32 2
b ol N ) 1N A ]| 228 8o A o D=1 B S I
KA VGRS R RIS ERIL P B2, HEMRE
/0 BB B P HLIZ 30 50 min Ji5 5 #§ UL LC3-1T 1)
FILBEL, {52 MuRF-1 ()R IE B4 5AT 7
iR —5y, REEETE . B, AR T A
[F) H 8 /N B I B WK, 45 SRR oR KT e AR
WG BB AR A (] 5), TR B AT B
EIEE R, KA PN, JF H AR s
WUEFEAR DY, Bk, ARWF ez 24 1%
WUWLIA 0 iE (sarcopenia) F TIPS 55 SE 2% & 2E $i it
Bk,

T A, ARHEF A R R R, R R R L
AMPK. (15 1 75 FRIC S A B AR ) o0 B
WL & . AMPK 775 T i B LY+, &
AMP/ATP Re EBURM N 28, S5 IEREIE 7
SR B AT FE AR AR . MERA LB R E
[ = i, AMPK # L [ i i LKB1 #0E B, 3%
1Ef) AMPK B 2 B R 1L ULK1 NS AW E &)
Hh ff) raptor, 11 [ W 471 F5 (% 538 #% mTORCI,
M S FE P b4k, 24 mTOR gEdmd, &4k
(1) ULK1 @ B2 4k~ {5 5 73T Beclin-1, {143 H Wk
S 4% ATG14/PIK3C3/VPS34 JE T, m& S5
E WK TR P, Sanchez 25 I 55 E B, AMPK
AE % 18 1 0E Xk i 5 R F FoxO3 5 ULKI1 2 [i]
AR ELAE AT (e 2 R B UL 1 s B 33 A i e R



PMRIEEE: LTI BROAL B P 2 (e a3 B UL

iz 3 — J5 1 fg % @ ik BOE AMPK,  HE T 40 )
mTORC1 @, MmZEsdt A s 55—, 12
Z) 3 3 | Akt XF FoxO3 (1 81k, {3 FoxO3 i
PEFF T, de 2 b R R4 B WA DG BE R AN
RAERRRER M RE P,

gE LRTIR, AREFFLE R RN, WO TR
1B B L4, 51 AMPK B T 7w, kT
WOE TR J B G F RIS, AT E
BB MRG0 . AT TN RIG ST IR B 142
AL A N B AU RIR D RE SR A T B8 S R
Z%,

S50k

1 Del Roso A, Vittorini S, Cavallini G, Donati A, Gori Z,
Masini M, Pollera M, Bergamini E. Ageing-related changes
in the in vivo function of rat liver macroautophagy and
proteolysis. Exp Gerontol 2003; 38(5): 519-527.

2 Scelsi R, Marchetti C, Poggi P. Histochemical and ultrastruc-
tural aspects of m. vastus lateralis in sedentary old people
(age 65--89 years). Acta Neuropathol 1980; 51(2): 99-105.

3 De Palma C, Morisi F, Cheli S, Pambianco S, Cappello V,
Vezzoli M, Rovere-Querini P, Moggio M, Ripolone M, Fran-
colini M, Sandri M, Clementi E. Autophagy as a new thera-
peutic target in Duchenne muscular dystrophy. Cell Death
Dis 2012; 3: e418.

4 Shea L, Raben N. Autophagy in skeletal muscle: implica-
tions for Pompe disease. Int J Clin Pharmacol Ther 2009; 47
Suppl 1: S42-S47.

5 Ng KM, Mok PY, Butler AW, Ho JC, Choi SW, Lee YK, Lai
WH, Au KW, Lau YM, Wong LY, Esteban MA, Siu CW,
Sham PC, Colman A, Tse HF. Amelioration of X-Linked
related autophagy failure in Danon disease with DNA meth-
ylation inhibitor. Circulation 2016; 134(18): 1373-1389.

6 Rowland TJ, Sweet ME, Mestroni L, Taylor MR. Danon
disease - dysregulation of autophagy in a multisystem disorder
with cardiomyopathy. J Cell Sci 2016; 129(11): 2135-2143.

7 Shemesh A, Wang Y, Yang Y, Yang GS, Johnson DE, Backer
IM, Pessin JE, Zong H. Suppression of mTORC1 activation
in acid-alpha-glucosidase-deficient cells and mice is amelio-
rated by leucine supplementation. Am J Physiol Regul Integr
Comp Physiol 2014; 307(10): R1251-R1259.

8 Masiero E, Sandri M. Autophagy inhibition induces atrophy
and myopathy in adult skeletal muscles. Autophagy 2010;
6(2): 307-309.

9 Astokorki AHY, Mauger AR. Transcutaneous electrical
nerve stimulation reduces exercise-induced perceived pain

and improves endurance exercise performance. Eur J Appl

11

12

13

14

15

16

18

19

20

427

Physiol 2017; 117(3): 483—492.

Gorgey AS, Dolbow DR, Dolbow JD, Khalil RK, Gater DR.
The effects of electrical stimulation on body composition
and metabolic profile after spinal cord injury--Part II. J
Spinal Cord Med 2015; 38(1): 23-37.

Possover M. The LION procedure to the pelvic nerves for
recovery of locomotion in 18 spinal cord injured peoples - A
case series. Surg Technol Int 2016; XXIX: 19-25.

Zampieri S, Mammucari C, Romanello V, Barberi L,
Pietrangelo L, Fusella A, Mosole S, Gherardi G, Hofer C,
Lofler S, Sarabon N, Cvecka J, Krenn M, Carraro U, Kern H,
Protasi F, Musaro A, Sandri M, Rizzuto R. Physical exercise
in aging human skeletal muscle increases mitochondrial
calcium uniporter expression levels and affects mitochondria
dynamics. Physiol Rep 2016; 4(24). pii: e13005. doi:
10.14814/phy2.13005.

Kern H, Barberi L, Lofler S, Sbardella S, Burggraf S, Fruh-
mann H, Carraro U, Mosole S, Sarabon N, Vogelauer M,
Mayr W, Krenn M, Cvecka J, Romanello V, Pietrangelo L,
Protasi F, Sandri M, Zampieri S, Musaro A. Electrical stimu-
lation counteracts muscle decline in seniors. Front Aging
Neurosci 2014; 6: 189.

Ju JS, Varadhachary AS, Miller SE, Weihl CC. Quantitation
of “autophagic flux” in mature skeletal muscle. Autophagy
2010; 6(7): 929-935.

Hamacher-Brady A, Brady NR, Logue SE, Sayen MR, Jinno
M, Kirshenbaum LA, Gottlieb RA, Gustafsson AB. Response
to myocardial ischemia/reperfusion injury involves Bnip3
and autophagy. Cell Death Differ 2007; 14(1): 146-157.
Berchtold NC, Castello N, Cotman CW. Exercise and
time-dependent benefits to learning and memory. Neurosci-
ence 2010; 167(3): 588-597.

Booth FW, Gordon SE, Carlson CJ, Hamilton MT. Waging
war on modern chronic diseases: primary prevention through
exercise biology. J Appl Physiol (1985) 2000; 88(2): 774—
787.

Derave W, Ai H, Ihlemann J, Witters LA, Kristiansen S,
Richter EA, Ploug T. Dissociation of AMP-activated protein
kinase activation and glucose transport in contracting slow-
twitch muscle. Diabetes 2000; 49(8): 1281-1287.

Xiao B, Heath R, Saiu P, Leiper FC, Leone P, Jing C, Walker
PA, Haire L, Eccleston JF, Davis CT, Martin SR, Carling D,
Gamblin SJ. Structural basis for AMP binding to mammalian
AMP-activated protein kinase. Nature 2007; 449(7161):
496-500.

He C, Bassik MC, Moresi V, Sun K, Wei Y, Zou Z, An Z,
Loh J, Fisher J, Sun Q, Korsmeyer S, Packer M, May HI,
Hill JA, Virgin HW, Gilpin C, Xiao G, Bassel-Duby R,



428

21

22

23

24

25

26

27

HEPR2ER Acta Physiologica Sinica, August 25, 2017, 69(4): 422428

Scherer PE, Levine B. Exercise-induced BCL2-regulated
autophagy is required for muscle glucose homeostasis.
Nature 2012; 481(7382): 511-515.

Guo BS, Cheung KK, Yeung SS, Zhang BT, Yeung EW.
Electrical stimulation influences satellite cell proliferation
and apoptosis in unloading-induced muscle atrophy in mice.
PLoS One 2012; 7(1): e30348.

Fry CS, Drummond MJ, Glynn EL, Dickinson JM, Gunder-
mann DM, Timmerman KL, Walker DK, Volpi E, Rasmussen
BB. Skeletal muscle autophagy and protein breakdown
following resistance exercise are similar in younger and older
adults. J Gerontol A Biol Sci Med Sci 2013; 68(5): 599-607.
Phillips SM, Tipton KD, Aarsland A, Wolf SE, Wolfe RR.
Mixed muscle protein synthesis and breakdown after resis-
tance exercise in humans. Am J Physiol 1997; 273(1): E99—
E107.

Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L,
Clarke BA, Poueymirou WT, Panaro FJ, Na E, Dharmarajan
K, Pan ZQ, Valenzuela DM, DeChiara TM, Stitt TN, Yanco-
poulos GD, Glass DJ. Identification of ubiquitin ligases
required for skeletal muscle atrophy. Science 2001;
294(5547): 1704-1708.

Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, Picard A,
Walsh K, Schiaffino S, Lecker SH, Goldberg AL. Foxo tran-
scription factors induce the atrophy-related ubiquitin ligase
atrogin-1 and cause skeletal muscle atrophy. Cell 2004;
117(3): 399-412.

Li YP, Chen 'Y, John J, Moylan J, Jin B, Mann DL, Reid MB.
TNF-alpha acts via p38 MAPK to stimulate expression of
the ubiquitin ligase atroginl/MAFbx in skeletal muscle.
FASEB J 2005; 19(3): 362-370.

Lecker SH, Jagoe RT, Gilbert A, Gomes M, Baracos V,

28

29

30

31

32

33

34

35

36

Bailey J, Price SR, Mitch WE, Goldberg AL. Multiple types
of skeletal muscle atrophy involve a common program of
changes in gene expression. FASEB J 2004; 18(1): 39-51.
Mammucari C, Milan G, Romanello V, Masiero E, Rudolf R,
Del Piccolo P, Burden SJ, Di Lisi R, Sandri C, Zhao J, Gold-
berg AL, Schiaffino S, Sandri M. FoxO3 controls autophagy
in skeletal muscle in vivo. Cell Metab 2007; 6(6): 458—471.
Jamart C, Benoit N, Raymackers JM, Kim HJ, Kim CK,
Francaux M. Autophagy-related and autophagy-regulatory
genes are induced in human muscle after ultraendurance
exercise. Eur J Appl Physiol 2012; 112(8): 3173-3177.

Kim YA, Kim YS, Song W. Autophagic response to a single
bout of moderate exercise in murine skeletal muscle. J
Physiol Biochem 2012; 68(2): 229-235.

Rubinsztein DC, Marino G, Kroemer G. Autophagy and
aging. Cell 2011; 146(5): 682-695.

Madeo F, Tavernarakis N, Kroemer G. Can autophagy
promote longevity? Nat Cell Biol 2010; 12(9): 842-846.
Grumati P, Coletto L, Sandri M, Bonaldo P. Autophagy
induction rescues muscular dystrophy. Autophagy 2011;
7(4): 426-428.

Shackelford DB, Shaw RJ. The LKB1-AMPK pathway:
metabolism and growth control in tumour suppression. Nat
Rev Cancer 2009; 9(8): 563-575.

Russell RC, Tian Y, Yuan H, Park HW, Chang YY, Kim J,
Kim H, Neufeld TP, Dillin A, Guan KL. ULK1 induces auto-
phagy by phosphorylating Beclin-1 and activating VPS34
lipid kinase. Nat Cell Biol 2013; 15(7): 741-750.

Sanchez AM, Csibi A, Raibon A, Cornille K, Gay S, Bernardi
H, Candau R. AMPK promotes skeletal muscle autophagy
through activation of forkhead FoxO3a and interaction with
Ulk1. J Cell Biochem 2012; 113(2): 695-710.



