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PQQ ameliorates skeletal muscle atrophy, mitophagy and fiber 
type transition induced by denervation via inhibition of the 
inflammatory signaling pathways
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Background: 4LFMFUBM�NVTDMF�BUSPQIZ�JOWPMWFT�BOE�SFRVJSFT�XJEFTQSFBE�DIBOHFT�JO�TLFMFUBM�NVTDMF�HFOF�
FYQSFTTJPO�BOE�TJHOBMJOH�QBUIXBZ
�SFTVMUJOH�JO�FYDFTTJWF�MPTT�PG�NVTDMF�NBTT�BOE�TUSFOHUI
�XIJDI�JT�BTTPDJBUFE�
XJUI�QPPS�QSPHOPTJT�BOE�UIF�EFDMJOF�PG� MJGF�RVBMJUZ� JO�TFWFSBM�EJTFBTFT��)PXFWFS
�UIF�USFBUNFOU�PG�TLFMFUBM�
NVTDMF�BUSPQIZ�SFNBJOT�BO�VOSFTPMWFE�DIBMMFOHF�UP�UIJT�EBZ��5IF�BJN�PG�UIF�QSFTFOU�TUVEZ�XBT�UP�JOWFTUJHBUF�
UIF� JOGMVFODF�PG�QZSSPMPRVJOPMJOF�RVJOPOF�	122

�B�SFEPY�BDUJWF�P�RVJOPOF�GPVOE�JO�WBSJPVT� GPPET�BOE�
NBNNBMJBO�UJTTVFT
�PO�TLFMFUBM�NVTDMF�BUSPQIZ
�BOE�UP�FYQMPSF�UIF�VOEFSMZJOH�NPMFDVMBS�NFDIBOJTN�
Methods: "GUFS�EFOFSWBUJPO
�NJDF�XFSF� JOKFDUFE� JOUSBQFSJUPOFBMMZ�XJUI�TBMJOF�QMVT�122�	��NH�LH�E
� 
PS� TBMJOF�POMZ� GPS����EBZT��5IF� MFWFM�PG� JOGMBNNBUPSZ�DZUPLJOFT� JO� UJCJBMJT� BOUFSJPS� 	5"
�NVTDMFT�XBT�
EFUFSNJOFE� CZ� RVBOUJUBUJWF� SFBM�UJNF� QPMZNFSBTF� DIBJO� SFBDUJPO� 	R35�1$3
� BOE� FO[ZNF�MJOLFE�
JNNVOPTPSCFOU�BTTBZ�	&-*4"

�BOE�UIF�MFWFM�PG�TJHOBMJOH�QSPUFJOT�PG�+BOVT�LJOBTF���TJHOBM�USBOTEVDUJPO�BOE�
BDUJWBUPS�PG�USBOTDSJQUJPO���	+BL��45"5�

�5('�ȕ��4NBE�
�+/,�Q���."1,
�BOE�OVDMFBS�GBDUPS�ț#�	/'�țB)  

TJHOBMJOH�QBUIXBZ�XFSF�EFUFDUFE�CZ�8FTUFSO�CMPU��5IF�TLFMFUBM�NVTDMF�BUSPQIZ�XBT�FWBMVBUFE�CZ�NVTDMF�
XFU�XFJHIU�SBUJP�BOE�DSPTT�TFDUJPOBM�BSFBT� 	$4"T
�PG�NZPGJCFST��5IF�NJUPQIBHZ�XBT�PCTFSWFE� UISPVHI�
USBOTNJTTJPO�FMFDUSPO�NJDSPTDPQZ�	5&.
�BOBMZTJT
�BOE�NVTDMF�GJCFS�UZQF�USBOTJUJPO�XBT�BOBMZ[FE�UISPVHI�GBTU�
NZPTJO�TLFMFUBM�IFBWZ�DIBJO�BOUJCPEZ�TUBJOJOH�
Results: 5IF�QSPJOGMBNNBUPSZ�DZUPLJOFT�*-��
�*-��ȕ�BOE�5/'�Į�XFSF�MBSHFMZ�JOEVDFE�JO�5"�NVTDMFT�BGUFS�
TDJBUJD�OFSWF�USBOTFDUJPO��122�DBO�TJHOJGJDBOUMZ�SFWFSTF�UIJT�QIFOPNFOPO
�BT�FWJEFODFE�CZ�UIF�EFDSFBTFE�
MFWFMT�PG�QSPJOGMBNNBUPSZ�DZUPLJOFT�*-��
�*-��ȕ�BOE�5/'�Į��.PSFPWFS
�122�DPVME�TJHOJGJDBOUMZ�BUUFOVBUF�
UIF�TJHOBM�BDUJWBUJPO�PG�+BL��45"5�
�5('�ȕ��4NBE�
�+/,�Q���."1,
�BOE�/'�ț#�JO�TLFMFUBM�NVTDMFT�BGUFS�
TDJBUJD�OFSWF�USBOTFDUJPO��'VSUIFSNPSF
�122�BMMFWJBUFE�TLFMFUBM�NVTDMF�BUSPQIZ
�NJUJHBUFE�NJUPQIBHZ�BOE�
JOIJCJUFE�TMPX�UP�GBTU�NVTDMF�GJCFS�UZQF�USBOTJUJPO�
Conclusions:�5IFTF�SFTVMUT�TVHHFTUFE�UIBU�122�DPVME�BUUFOVBUF�EFOFSWBUJPO�JOEVDFE�TLFMFUBM�NVTDMF�
BUSPQIZ
�NJUPQIBHZ�BOE�GJCFS�UZQF�USBOTJUJPO�UISPVHI�TVQQSFTTJOH�UIF�+BL��45"5�
�5('�ȕ1/Smad3, JNK/

Q���."1,
�BOE�/'�ț#�TJHOBMJOH�QBUIXBZT�
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The aim of the present study was to investigate the influence of pyrroloquinoline quinone (PQQ), a redox-active o-quinone found in various foods and mammalian tissues, on skeletal muscle atrophy, and to explore the underlying molecular mechanism.
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PQQ can significantly reverse this phenomenon, as evidenced by the decreased levels of proinflammatory cytokines IL-6, IL-1β and TNF-α. Moreover, PQQ could significantly attenuate the signal activation of Jak2/STAT3, TGF-β1/Smad3, JNK/p38 MAPK, and NF-κB in skeletal muscles after sciatic nerve transection
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Furthermore, PQQ alleviated skeletal muscle atrophy, mitigated mitophagy and inhibited slow-to-fast muscle fiber type transition.
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These results suggested that PQQ could attenuate denervation-induced skeletal muscle atrophy, mitophagy and fiber type transition through suppressing the Jak2/STAT3, TGF-β1/Smad3, JNK/ p38 MAPK, and NF-κB signaling pathways
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Introduction

4LFMFUBM�NVTDMF�JT�POF�PG�UIF�MBSHFTU�BOE�NPTU�WJUBM�PSHBOT�
in the body, and a plastic organ maintained by multiple 

QBUIXBZT�SFHVMBUJOH�DFMM�BOE�QSPUFJO�UVSOPWFS
�BOE�BMTP�B�
secretory organ secreting a variety of compounds including 

NZPLJOFT
�NFUBCPMJUFT
�NJDSP3/"T
�BOE�FYPTPNFT�TP�PO�
(1,2). There are a variety of pathophysiologic conditions, 

such as denervation, ageing, immobilization, sepsis and 

DBODFS
�JOEVDJOH�TLFMFUBM�NVTDMF�BUSPQIZ�	3
��4LFMFUBM�NVTDMF�
BUSPQIZ�PDDVST�XIFO�UIF�SBUFT�PG�QSPUFJO�EFHSBEBUJPO�FYDFFE�
the rates of protein synthesis, and involves in multiple 

EJTUJODU�TJHOBMJOH�QBUIXBZT�	4

�BOE�JU�JT�BMTP�BTTPDJBUFE�XJUI�
QPPS�QSPHOPTJT�BOE�UIF�EFDMJOF�PG�MJGF�RVBMJUZ��)PXFWFS
�UIF�
USFBUNFOU�PG�TLFMFUBM�NVTDMF�BUSPQIZ�SFNBJOT�BO�VOSFTPMWFE�
challenge to this day (�). Therefore, improving our 

VOEFSTUBOEJOH�PG� UIF�NFDIBOJTNT�SFTQPOTJCMF� GPS�TLFMFUBM�
NVTDMF�BUSPQIZ� JT�WFSZ� JNQPSUBOU� UP�EFWFMPQ�OFX�DMJOJDBM�
UIFSBQFVUJD�TUSBUFHJFT�UP�QSFWFOU�TLFMFUBM�NVTDMF�BUSPQIZ�

4LFMFUBM�NVTDMF�BUSPQIZ�DIBSBDUFSJ[FE�CZ�MPTT�PG�TLFMFUBM�
muscle mass, mitochondrial dysfunction, muscle fiber 

type transition, and a reduced physical functional capacity. 

*ODSFBTJOH� FWJEFODF� TIPXFE� UIBU� JOGMBNNBUJPO�XBT� BO�
JNQPSUBOU�DPOUSJCVUPS�BOE�ESJWFS�UP�TLFMFUBM�NVTDMF�BUSPQIZ�
(6,7
��4ZTUFNJD�JOóBNNBUJPO�DPVME�QSPNPUF�NVTDMF�BUSPQIZ�
WJB� JODSFBTFE�VCJRVJUJO�QSPUFBTPNF� TZTUFN� 	614
� BOE�
the autophagy-lysosome system (ALS) mediated protein 

degradation (8
��)JOEMJNC�JNNPCJMJ[BUJPO�NPEFM�TVHHFTUFE�
UIF�QSFTFODF�PG�BO�FBSMZ�JOóBNNBUPSZ�QSPDFTT
�BT�FWJEFODFE�
by elevated IL-6, IL-1ȕ�BOE�5/'�Į
�JO�TLFMFUBM�NVTDMFT�	9),  

BOE� UIF� QSPJOGMBNNBUPSZ� DZUPLJOFT� 	*-��
� *-��ȕ and 

5/'�Į) could induce muscle proteolysis (10). IL-6 infusion 

resulted in muscle atrophy, and inhibition of IL-6 receptor 

SFEVDFE�.V3'��FYQSFTTJPO�BOE�BNFMJPSBUFE�UBJM�TVTQFOTJPO�
JOEVDFE�TLFMFUBM�NVTDMF�BUSPQIZ� 	4,11-13). Inhibition of  

IL-1ȕ�DPVME�QSFWFOU�JOóBNNBUJPO�JOEVDFE�NVTDMF�BUSPQIZ�
in critically ill patients (14,��
��5/'�Į could induce 

C2C12 myotube atrophy through contributing to both 

IZQFSFYQSFTTJPO�PG�."'CY�BOE�.V3'��	16,17). Moreover, 

UIFTF�JOóBNNBUPSZ�GBDUPST�BSF�JOWPMWFE�JO�NBOZ�TJHOBMJOH�
QBUIXBZT
� BOE� UIFTF� QBUIXBZT� DPMMBCPSBUF� UPHFUIFS� UP�
trigger muscle atrophy.

&NFSHJOH�FWJEFODF� TVQQPSUT� B�LFZ� SPMF� GPS� UIF� +BOVT�
LJOBTF�TJHOBM� USBOTEVDUJPO�BOE�BDUJWBUPS�PG� USBOTDSJQUJPO�
	+BL�45"5
�TJHOBMJOH�QBUIXBZ�JO�JOóBNNBUJPO
�BOE�UIF�+BL�
45"5�QBUIXBZ� JT�OPX�SFDPHOJ[FE�BT�B� USJHHFS�PG�NVTDMF�
protein loss (18,19). Silva et al. found that the activation of 

+BL�45"5��QBUIXBZ�XBT�TJHOJGJDBOUMZ�JOEVDFE�JO�NVTDMF�JO�
NJDF�XJUI�DBDIFYJB
�BOE�UIF�JOIJCJUJPO�PG�Q�45"5��JO�NVTDMF�
EFDSFBTFE�UIF�FYQSFTTJPO�PG�."'CY�BOE�NZPTUBUJO
�BMMFWJBUFE�
NVTDMF� BUSPQIZ
� BOE� JODSFBTFE� CPEZ�XFJHIU� BOE� HSJQ� 
strength (19). Smith et al. demonstrated that controlled 

NFDIBOJDBM� WFOUJMBUJPO� 	$.7
�JOEVDFE� EJBQISBHN�
BUSPQIZ�BDDPNQBOJFE�XJUI�NBSLFE� JODSFBTFT� JO�45"5��
QIPTQIPSZMBUJPO��*OIJCJUJPO�PG�+BL�TJHOBMJOH�DPVME�QSFWFOU�
UIF�BDUJWBUJPO�PG�45"5��EVSJOH�$.7
�SFWFSTF�UIF�QBUIPMPHJD�
alterations in the diaphragm, and maintain normal diaphragm 

contractility (20
��+BL��45"5��QBUIXBZ�XBT�BMTP�BDUJWBUFE�JO�
muscles of immobilized intensive care unit (ICU) patients, 

BOE�+BL��45"5��JOIJCJUPST�DPVME�FGGFDUJWFMZ�BMMFWJBUF�NVTDMF�
atrophy, and may provide an attractive pharmacological 

intervention strategy in immobilized ICU patients (21). 

)PXFWFS
� UIF�SPMF�PG�+BL��45"5��QBUIXBZ� JO�EFOFSWBUFE�
muscle atrophy remains unclear.

Nuclear factor ț#�	/'�ț#
� JT�CFTU�LOPXO�GPS� JUT�QSP�
inflammatory action, and emerging evidence suggests that 

UIF�JOGMBNNBUJPO�TFOTJUJWF�/'�ț#�QBUIXBZ�NBZ�DPOUSJCVUF�
to muscle atrophy (8,22
��/'�ț#�BDUJWBUJPO�	QIPTQIP�Q��
�
is required for C2C12 myotube atrophy induced exogenous 

5/'�Į, IL-1Į or IL-1ȕ
�BOE�JOIJCJUJPO�PG�Q���DPVME�SFWFSTF�
$�$���NZPUVCF�BUSPQIZ�EVF�UP�5/'�Į, IL-1Į or IL-1ȕ (23). 

/'�ț#�BDUJWBUJPO�	QIPTQIP�Q��
�XBT�NBSLFEMZ�JOEVDFE�JO�
NVTDMF�JO�NPVTF�XJUI�GPPE�EFQSJWBUJPO
�BOE�XBT�DSJUJDBM�GPS�
UIF�TVCTFRVFOU�NVTDMF�BUSPQIZ��8IJMF
�/'�țB inhibition in 

muscle could prevent muscle atrophy induced by fasting (24). 

$BDIFDUJD�GBDUPST�5/'�Į�DPVME�BDUJWBUF�/'�țB transcription 

QBUIXBZ�BOE�Q���."1,�QBUIXBZ
�JOEVDJOH�TLFMFUBM�NVTDMF�
BUSPQIZ�WJB�VQSFHVMBUJOH�.V3'��	��,26

�BOE�Q���."1,�
QBUIXBZ�JT�B�USJHHFS�PG�UIF�VQSFHVMBUJPO�PG�.V3'��	��). The 

BDUJWBUJPO�PG�Q���."1,�BOE�+/,�XFSF�NBSLFEMZ�JOEVDFE�
CZ�DJHBSFUUF�TNPLF�FYUSBDU�JO�NZPUVCFT
�BOE�UIF�Q���."1,�
JOIJCJUPS�TJHOJòDBOUMZ�SFEVDFE�641����HFOF�FYQSFTTJPO�BOE�
alleviated muscle atrophy (27). Schellino et al. demonstrated 
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that the activation of JNK in spinal muscular atrophy 

	4."
�NPVTF�NPEFM�XBT�SFNBSLBCMZ� JOEVDFE
�BOE�+/,�
inhibitor could improve the trophism of SMA muscular 

fibers and motor performances (28). The inhibition of the 

+/,�TJHOBMJOH�QBUIXBZ�DPVME�BMTP�QSFWFOU�MJQPQPMZTBDDIBSJEF�
	-14
�NFEJBUFE�"USPHJO���."'CY�FYQSFTTJPO� JO�$�$���
myotubes (29
��"EEJUJPOBMMZ
�Q���."1,�BOE�+/,�XFSF�BMTP�
BDUJWBUFE
�BOE�BVHNFOUFE�UIF�FYQSFTTJPO�PG�."'CY�JO�TLFMFUBM�
muscles suffered from limb immobilization and denervation 

(30,31
��)PXFWFS
�UIF�FYBDU�NPMFDVMBS�NFDIBOJTNT�TUJMM�OFFE�
to be further explored.

5('�ȕ�� JT�B�NVMUJGVODUJPOBM�DZUPLJOF� JOWPMWJOH� JO�UIF�
activation of satellite cells, the formation of connective 

tissue and the regulation of immune response intensity (32). 

*O�TLFMFUBM�NVTDMF
�5('�ȕ��DPVME� JOEVDF�TLFMFUBM�NVTDMF�
atrophy, requiring Smad3 and JNK activation, and inhibition 

of Smad3 and JNK1/2 activation could reverse the atrophic 

FGGFDU�PG�5('�ȕ (33,34
��5('�ȕ��BOE�Q�4NBE��TIPXFE�
TJHOJòDBOUMZ�JODSFBTF�JO�NVSJOF�NPEFM�PG�BNZPUSPQIJD�MBUFSBM�
TDMFSPTJT
�BOE�UBSHFUJOH�5('�ȕ�TJHOBMJOH�QBUIXBZ�NJHIU�CF�B�
therapeutic approach to improve muscle function in several 

degenerative diseases (��
��5('�ȕ��XBT�BMTP� JOEVDFE� JO�
EFOFSWBUFE�NVTDMF�BOE�QSPNPUFE�TLFMFUBM�NVTDMF�BUSPQIZ�	36). 

4NBE��XBT�BO�JNQPSUBOU�EPXOTUSFBN�TJHOBMJOH�NPMFDVMF�GPS�
5('�ȕ
�BOE�4NBE��XBT�TJHOJGJDBOUMZ�BDUJWBUFE�JO�IJOEMJNC�
VOMPBEJOH�	)6
�JOEVDFE�NVTDMF�BUSPQIZ�	37). Other study 

TIPXFE�UIBU� JOIJCJUJPO�PG�4NBE��DPVME�TVQQSFTT�45"5��
signaling (38).

*O� TVNNBSZ
� UIFTF� TJHOBMJOH�QBUIXBZT
� TVDI�BT� +BL��
45"5�
�5('�ȕ��4NBE�
� +/,�Q���."1,�BOE�/'�țB 

TJHOBMJOH�QBUIXBZT
�BSF�BMM� JOWPMWFE�JO�NVTDMF�BUSPQIZ
�BOE�
UIFSF�BSF�JOUFSBDUJPOT�PS�OFUXPSLT�CFUXFFO�UIFTF�QBUIXBZT�
UP� SFHVMBUF�NVTDMF� BUSPQIZ
�XIJDI�NBLFT� UIF� QSPDFTT�
PG�NVTDMF� BUSPQIZ� WFSZ� DPNQMJDBUFE��5IVT
� JG�XF�POMZ�
JOUFSWFOF�JO�POF�QBUIXBZ�UP�QSPUFDU�NVTDMF�BUSPQIZ
�XF�NBZ�
not achieve the satisfactory effect.

1ZSSPMPRVJOPMJOF�RVJOPOF�	122

�BO�BSPNBUJD�USJDZDMJD�
o-quinone, becomes an attractive bio-agent due to its 

multifunction, including anti-inflammatory property 

(39,40). Liu et al.� GPVOE� UIBU�122� DPVME� SFEVDF� UIF�
QSPEVDUJPO�PG�QSPJOGMBNNBUPSZ� DZUPLJOFT� 	5/'�Į and  

*-��

�BOE�JOIJCJU�UIF�QIPTQIPSZMBUJPO�MFWFM�PG�Q��
�Q���BOE�
JNK in IL-1ȕ�TUJNVMBUFE�IVNBO�TZOPWJBM�TBSDPNB�48����
cells (40
��122�DPVME� JOIJCJU� UIF�BDUJWBUJPO�PG�5('�ȕ1/

4NBE� TJHOBMJOH� JO�#NJ��� LOPDLFE�EPXO�IVNBO� SFOBM�
QSPYJNBM� UVCVMBS�FQJUIFMJBM� 	),�
�DFMMT� 	41). As reported 

BCPWF
�122�DBO� JOIJCJU�QSPJOGMBNNBUPSZ�DZUPLJOFT�BOE�
UIFJS�EPXOTUSFBN�TJHOBMJOH�QBUIXBZT��)PXFWFS
� JU� JT�OPU�

DMFBS�XIFUIFS�122�DPVME� QSPUFDU� BHBJOTU� EFOFSWBUFE�
TLFMFUBM�NVTDMF�BUSPQIZ�UISPVHI�BMMFWJBUJOH�JOGMBNNBUJPO��
)FODF
� UIF� BJN�PG� DVSSFOU� TUVEZ� JT� UP� JOWFTUJHBUF� UIF�
JOóVFODF�PG�122�PO�TLFMFUBM�NVTDMF�BUSPQIZ
�BOE�UP�FYQMPSF�
the underlying molecular mechanism.

Methods

Animal treatment

"MM� BOJNBM�QSPDFEVSFT� JO� UIJT� TUVEZ�XFSF�DBSSJFE�PVU� JO�
BDDPSEBODF�XJUI�UIF�SFDPNNFOEBUJPOT�PG�UIF�*OTUJUVUJPOBM�
Animal Care and Use Committee of Nantong University, 

BOE�XFSF�BQQSPWFE�CZ�UIF�*OTUJUVUJPOBM�"OJNBM�$BSF�BOE�
6TF�$PNNJUUFF�PG�/BOUPOH�6OJWFSTJUZ��"OJNBMT�XFSF�
subjected to unilateral sciatic nerve transection as described  

previously (42

�GPMMPXFE�CZ�JOUSBQFSJUPOFBM�JOKFDUJPO�PG�TBMJOF�
	�����-
�	%FO�HSPVQ

�PS�122�	��NH�LH�EBZ
�JO������-�TBMJOF�
	122�HSPVQ
�FWFSZ�EBZ��5IF�DIPJDF�PG�122�DPODFOUSBUJPO�JT�
based on our previous study (42). Intraperitoneal injection of 

�����-�TBMJOF�XBT�BENJOJTUFSFE�UP�UIF�BOJNBMT�SFDFJWFE�TIBN�
PQFSBUJPO�	$USM�HSPVQ
��"GUFS����EBZT
�NJDF�XFSF�BOFTUIFUJ[FE�
BOE�NVTDMF�UJTTVFT�XFSF�PCUBJOFE
�XFJHIFE
�BOE�GSP[FO�JO�
liquid nitrogen for further investigation.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

5PUBM�3/"�XBT� FYUSBDUFE� GSPN�NVTDMFT�XJUI�53*;0-�
reagent (Invitrogen, Carlsbad, CA, USA), subsequently 

UIF � D%/"� XBT � TZOUIFT J [FE � � 5IF � R35�1$3� XBT�
QFSGPSNFE�XJUI� UIF� J5BR�'BTU� 4:#3�(SFFO�4VQFSNJY�
	#JP�3BE
�)FSDVMFT
�$"
�64"
�VOEFS� UIF�NBOVGBDUVSFSnT�
JOTUSVDUJPOT��2VBOUJUBUJWF� EBUB� XFSF� BDRVJSFE� BOE�
BOBMZ[FE�VOEFS� UIF�"QQMJFE�#JPTZTUFNT������35�1$3�
TZTUFN� 	"QQMJFE�#JPTZTUFNT
� 'PTUFS�$JUZ
�$"
�64"
��
5IF�35�1$3� DPOEJUJPOT�XFSF� BT� GPMMPXT�� ���Ԩ for  

���NJO�BOE� UIFO����DZDMFT�BU����Ԩ� GPS���NJO
����Ԩ for 

20 s, and 72 Ԩ for 42 s (4
��5IF�QSJNFST�XFSF�BT�GPMMPXT��
mouse IL-6 � '�� $5($""("("$55$$"5$$"(
�
3� � "(5((5"5"("$"((5$5(55((�� NPVTF�
I L - 1 ȕ � ' � � ("""5($$"$$5555("$"(5(
�
3 � � 5(("5($5$5$"5$"(("$"( � � NPV T F�
T N F -Į � ' � � $"(($((5($$5"5(5$5$
 � 3 ��
$("5$"$$$$(""(55$"(5"( � � N P V T F�
ȕ-act in � '� � ($55$5"(($(("$5(55"$5
� 3��
($$55$"$$(55$$"(55555��5IF�SFMBUJWF�N3/"�
FYQSFTTJPO�XBT�NFBTVSFE�UISPVHI�UIF��ñǻǻCt 

method (43).

Georges MOUTON
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Western blot analysis

8FTUFSO�CMPU�BOBMZTJT�XBT�VTFE�UP�EFUFSNJOF�UIF�QSPUFJO�
expression as described previously (4). The total proteins 

XFSF� FYUSBDUFE� GSPN�NVTDMFT�XJUI�3*1"�-ZTJT�#VGGFS
�
BGUFS�DFOUSJGVHBUJPO
�TPMVCMF�QSPUFJOT�XFSF�RVBOUJGJFE�XJUI�
BCA Kit (Beyotime, Nantong, China) and separated on 

sodium dodecyl sulfate polyacrylamide gel electrophoresis 

	4%4�1"(&
��4VCTFRVFOUMZ
� UIF�QSPUFJOT� JO� UIF�HFM�XFSF�
USBOTGFSSFE�UP�QPMZWJOZMJEFOF�EJóVPSJEF�	17%'
�NFNCSBOFT�
	.JMMJQPSF�$PSQ
� #JMMFSJDB
�."
�64"
�� 5IF� 17%'�
NFNCSBOFT�XFSF�CMPDLFE�XJUI����OPOGBU�ESZ�NJML�JO�5SJT�
CVGGFS�TBMJOF
� UIFO�UIF�17%'�NFNCSBOFT�XFSF� JODVCBUFE�
XJUI�QSJNBSZ� BOUJCPEJFT��NPVTF� BOUJ�.)$�QPMZDMPOBM�
antibody (R&D Systems, Minneapolis, MN, USA), rabbit 

BOUJ�.V3'�
�."'CY� 	'CY��

�-$�#
�1*/,�
�#/*1�
�
"5(�
�5('�ȕ�
�4NBE�
�Q�4NBE�
�Q��
�Q�Q��
�Q��
�Q�Q��
�
Q�+/,
�+/,
�1($��Į, Sirt1 and beta tubulin antibodies 

	"CDBN
�$BNCSJEHF
�6,

�+BL
�45"5��BOE�Q�45"5��	$45
�
64"

�5SPQPOJO� *�'4�BOE�5SPQPOJO� *�44� 	4BOUB�$SV[
�
USA), at 4 Ԩ�PWFSOJHIU��5IFO
�UIF�17%'�NFNCSBOFT�XFSF�
JODVCBUFE�XJUI�IPSTFSBEJTI�QFSPYJEBTF� 	)31
�DPOKVHBUFE�
DPSSFTQPOEJOH�*H(�BOUJCPEJFT�GPS���I��5IF�UBSHFU�QSPUFJOT�
PO� UIF�17%'�NFNCSBOFT�XFSF�WJTVBMJ[FE�CZ�FOIBODFE�
DIFNJMVNJOFTDFODF� 	5IFSNP�4DJFOUJGJD
�1BSL�&MMJTWJMMF
�
.0
�64"

� BOE� UIF� JOUFOTJUZ� WBMVFT�XFSF�PCUBJOFE� GPS�
further normalization against loading control.

/WUENG�èDGT�ETQUU�UGEVKQPCN�CTGC�
%5#��UK\G

5IF� GJCFS�$4"�PG� TLFMFUBM�NVTDMFT�XBT�EFUFSNJOFE�CZ�
MBNJOJO�TUBJOJOH��#SJFGMZ
�NVTDMFT�XFSF�GJYFE
� GMBTI�GSP[FO
�
BOE� TFDUJPOFE�PO� DSZPTUBU�XJUI� ��� �N� UIJDLOFTT��5IF�
TFDUJPOT�XFSF�JODVCBUFE�XJUI�BOUJ�MBNJOJO�BOUJCPEZ�	�����
�
(Abcam, Cambridge, UK) at 4 Ԩ�PWFSOJHIU��5IF�GPMMPXJOH�
EBZ
� TFDUJPOT�XFSF�XBTIFE�BOE� JODVCBUFE�XJUI� UIF�"MFYB�
'MVPS�TFDPOEBSZ�BOUJCPEZ�	�����
� 	*OWJUSPHFO�"OUJCPEJFT
�
8BMUIBN
�."
�64"
� GPS����NJO�BU� SPPN� UFNQFSBUVSF��
5IFO
�UIF�TFDUJPOT�XFSF�JNBHFE�CZ�óVPSFTDFODF�NJDSPTDPQZ�
	;FJTT
�(FSNBOZ
�BOE�UIF�$4"�PG�NZPGJCFST�XBT�PCUBJOFE�
XJUI�*NBHF+�TPGUXBSF�	/*)
�#FUIFTEB
�.%
�64"
�

/WUENG�èDGT�V[RG�VTCPUKVKQP�CPCN[UKU�

5IF�òCFS�UZQF�USBOTJUJPO�JT�PCTFSWFE�JO�UIF�TPMFVT�NVTDMFT�
EVF� UP� UIBU� UIF� DIBOHF�PG� TPMFVT�NVTDMF� GJCFS� UZQF�XBT�
significant after denervation (44). The sample processing 

NFUIPE�XBT�TJNJMBS� UP� UIF�$4"�BOBMZTJT��5JTTVF�TFDUJPOT�

XFSF� JODVCBUFE�XJUI�"OUJ�'BTU�.ZPTJO�4LFMFUBM�)FBWZ�
chain antibody (1:200) (Abcam, Cambridge, UK) for 

12 hours at 4 Ԩ��4VCTFRVFOUMZ
� UIF� TFDUJPOT�XBTIFE�BOE�
JODVCBUFE�XJUI�UIF�"MFYB�'MVPS�TFDPOEBSZ�BOUJCPEZ�	�����
�
	*OWJUSPHFO�"OUJCPEJFT
�8BMUIBN
�."
�64"
� GPS����NJO�
BU�SPPN�UFNQFSBUVSF��5IFO
�UIF�TFDUJPOT�XFSF� JNBHFE�CZ�
óVPSFTDFODF�NJDSPTDPQZ�	;FJTT
�(FSNBOZ
�

'P\[OG�NKPMGF�KOOWPQUQTDGPV�CUUC[�
'.+5#�

The content of IL-1ȕ
� *-��� BOE�5/'�Į�XBT�NFBTVSFE�
using appropriate commercial ELISA analysis (4). Briefly, 

&-*4"�QMBUFT� 	#FZPUJNF
�)BJNFO
�$IJOB
�XFSF�XBTIFE�
BOE� JODVCBUFE�XJUI������-�NVTDMF� MZTBUFT� GSPN�UIF�5"�
muscles at 37 Ԩ� GPS���I��'PMMPXJOH
�&-*4"�QMBUFT�XFSF�
XBTIFE�BOE� JODVCBUFE�XJUI�CJPUJOZMBUFE�QPMZDMPOBM�BOUJ�
IL-1ȕ
� BOUJ�*-���PS�BOUJ�5/'�Į antibodies at 37 Ԩ for  

��I��4VCTFRVFOUMZ
�&-*4"�QMBUFT�XFSF�XBTIFE�BOE�JODVCBUFE�
XJUI�)31�4USFQUBWJEJO� BU� ���Ԩ� GPS� ���NJO� JO� EBSL��
'JOBMMZ
�FO[ZNF�BDUJWJUZ�XBT�SFBE�BU�����ON�JO�B�NJDSPQMBUF�
spectrophotometer.

Transmission electron microscopy (TEM) analysis

5&.� BOBMZTJT� XBT� VTFE� UP� PCTFSWF� UIF� DIBOHFT� PG�
NJUPDIPOESJB�JO�TLFMFUBM�NVTDMFT��5IF�EFUBJMFE�QSPDFEVSFT�
PG�5&.�GPS�NVTDMF�XFSF�QSFWJPVTMZ�SFQPSUFE�	��). Briefly, 

NVTDMFT�XFSF�òSTU�òYFE�JO������HMVUBSBMEFIZEF
�TVCTFRVFOUMZ�
XFSF�òYFE�JO����PTNJVN�UFUSPYJEF��'JOBMMZ
�NVTDMF�TFDUJPOT�
XFSF�BOBMZ[FE�CZ�5&.�	)5����
�)JUBDIJ
�5PLZP
�+BQBO
��

5VCVKUVKECN�CPCN[UKU

"MM�EBUB�JO�UIJT�TUVEZ�XFSF�BOBMZ[FE�XJUI�POF�XBZ�BOBMZTJT�
PG�WBSJBODF� 	"/07"

� GPMMPXFE�CZ� UIF�5VLFZnT�NVMUJQMF�
DPNQBSJTPOT�UFTU�UP�EFUFDU�EJGGFSFODFT�CFUXFFO�HSPVQT��"MM�
TUBUJTUJDBM�BOBMZTFT� JO�DVSSFOU�TUVEZ�XFSF�QFSGPSNFE�XJUI�
(SBQI1BE�1SJTN�TPGUXBSF� 	WFSTJPO����
� 	4BO�%JFHP
�$"
�
64"
��1������XBT�SFHBSEFE�BT�TUBUJTUJDBMMZ�TJHOJòDBOU�

Results

233�KPJKDKVGF�RTQKPéCOOCVQT[�E[VQMKPGU�KP�FGPGTXCVGF�
UMGNGVCN�OWUENGU

"GUFS�EFOFSWBUJPO
�NJDF�XFSF� JOKFDUFE� JOUSBQFSJUPOFBMMZ�
XJUI�TBMJOF�WFIJDMF�QMVT�122�	��NH�LH�E
�PS�TBMJOF�WFIJDMF�
POMZ� 	%FO
� GPS����EBZT��"GUFS�TIBN�PQFSBUJPO
�NJDF�XFSF�
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Figure 1�122�JOIJCJUFE�QSPJOóBNNBUPSZ�DZUPLJOFT�JO�UIF�5"�NVTDMFT�TVGGFSFE�GSPN�TDJBUJD�OFSWF�JOKVSZ��"GUFS�EFOFSWBUJPO
�NJDF�XFSF�
JOKFDUFE�JOUSBQFSJUPOFBMMZ�XJUI�TBMJOF�WFIJDMF�QMVT�122�	��NH�LH�E
�PS�TBMJOF�WFIJDMF�POMZ�	%FO
�GPS����EBZT��"GUFS�TIBN�PQFSBUJPO
�NJDF�
XFSF�JOKFDUFE�JOUSBQFSJUPOFBMMZ�XJUI�TBMJOF�WFIJDMF�	$USM
�GPS����EBZT��5IFO
�UIF�JOóBNNBUPSZ�DZUPLJOFT�XFSF�EFUFSNJOFE�UISPVHI�&-*4"�

BOE�R35�1$3�BOBMZTFT�� 	"
#
$
�5IF�R35�1$3�BOBMZTFT�PG�UIF�FYQSFTTJPO�PG�QSPJOóBNNBUPSZ�DZUPLJOFT�IL-6, IL-1ȕ and TNF-Į in TA 

NVTDMFT��	%
&
'
�UIF�SFMBUJWF�DPOUFOU�PG�QSPJOóBNNBUPSZ�DZUPLJOFT
�JODMVEJOH�*-��
�*-��ȕ�BOE�5/'�Į
�XFSF�EFUFSNJOFE�CZ�&-*4"��%BUB�
BSF�FYQSFTTFE�BT�NFBO���4%���
�1���������
�1����������
�1������������
�1��������vs. Ctrl. 

#
�1�������##
�1�������###
�1�������vs��%FO��122
�
QZSSPMPRVJOPMJOF�RVJOPOF��5"
�UJCJBMJT�BOUFSJPS��&-*4"
�FO[ZNF�MJOLFE�JNNVOPTPSCFOU�BTTBZ��R35�1$3
�RVBOUJUBUJWF�SFBM�UJNF�QPMZNFSBTF�
chain reaction; SD, standard deviation.

JOKFDUFE� JOUSBQFSJUPOFBMMZ�XJUI� TBMJOF� WFIJDMF� 	$USM
� GPS� 
���EBZT��5IFO
�UIF�JOóBNNBUPSZ�DZUPLJOFT�XFSF�EFUFSNJOFE�
UISPVHI�&-*4"�BOE�R35�1$3�BOBMZTFT��5IF�QSFTFOU�TUVEZ�
TIPXFE�UIBU� JOóBNNBUJPO�XBT�TJHOJòDBOUMZ�JOEVDFE�JO�UIF�
tibialis anterior (TA) muscles after sciatic nerve transection, 

BT�FWJEFODFE�CZ�UIF� JODSFBTFE�QSPJOGMBNNBUPSZ�DZUPLJOFT
�
such as IL-6, IL-1ȕ� BOE�5/'�Į in the denervated TA 

NVTDMFT��*OUFSFTUJOHMZ
�122�DPVME�EFDSFBTF�UIF�QSPEVDUJPO�
of IL-6, IL-1ȕ�BOE�5/'�Į in the denervated TA muscles, 

BT� TIPXO� JO�Figure 1. These findings suggested that 

122�DPVME� JOIJCJU� JOGMBNNBUJPO�UISPVHI�EFDSFBTJOH�UIF�
QSPJOóBNNBUPSZ�DZUPLJOFT�JO�EFOFSWBUFE�TLFMFUBM�NVTDMFT�

233�DNQEMGF�VJG�CEVKXCVKQP�QH�KPéCOOCVQT[�UKIPCNKPI�
RCVJYC[�KP�FGPGTXCVGF�UMGNGVCN�OWUENGU

5IF�TJHOBMJOH�QBUIXBZT� JOWPMWFE� JO� JOGMBNNBUPSZ� GBDUPST�
IL-6, IL-1ȕ� BOE�5/'�Į�NBJOMZ� JODMVEF� +BL���45"5�
�
5('�ȕ��4NBE�
� +/,�Q���."1,�BOE�/'�țB signaling 

QBUIXBZT�� *O� UIJT� TUVEZ
�XF� GPVOE� UIBU� +BL��45"5�
�

5('�ȕ��4NBE�
� +/,�Q���."1,�BOE�/'�țB signaling 

QBUIXBZT�XFSF� TJHOJGJDBOUMZ� BDUJWBUFE� JO�EFOFSWBUFE�5"�
NVTDMFT
� BT� FWJEFODFE�CZ� UIF� JODSFBTFE� MFWFMT� PG� +BL�
�
5('�ȕ1, and phosphorylated Stat3, Smad3, JNK, p38 and 

Q��� JO� UIF�5"�NVTDMFT�BGUFS� TDJBUJD�OFSWF� USBOTFDUJPO
�BT�
illustrated in Figure 2,�XIJDI�JOEJDBUFE�UIBU�UIFTF�TJHOBMJOH�
QBUIXBZT� JOWPMWFE� JO� JOGMBNNBUJPO�XFSF� SFNBSLBCMZ�
JOEVDFE�BGUFS�EFOFSWBUJPO�JO�TLFMFUBM�NVTDMFT��*OUSJHVJOHMZ
�
122�DPVME�EFDSFBTF� UIF� MFWFMT� PG� +BL�
�5('�ȕ1, and 

QIPTQIPSZMBUFE�45"5�
�4NBE�
� +/,
�Q��
�Q��� JO� UIF�
TA muscles after sciatic nerve transection, as illustrated 

in Figure 2,�XIJDI� TVHHFTUFE� UIBU�122�DPVME�CMPDL� UIF�
BDUJWBUJPO�PG�JOóBNNBUPSZ�TJHOBMJOH�QBUIXBZ�JO�EFOFSWBUFE�
TLFMFUBM�NVTDMFT�

233�CVVGPWCVGF�FGPGTXCVKQP�KPFWEGF�UMGNGVCN�OWUENG�
atrophy

*O�PSEFS�UP�FYQMPSF�UIF�FGGFDUT�PG�122�PO�NVTDMF�BUSPQIZ�
induced by denervation, the muscle mass and myofiber 
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$4"�PG�5"�NVTDMFT�XFSF�EFUFSNJOFE��*O�DVSSFOU�TUVEZ
�XF�
found that denervation-induced the loss of muscle mass and 

UIF�EFDSFBTFE�BWFSBHF�NZPGJCFS�$4"�PG�5"�NVTDMFT�XBT�
TJHOJGJDBOUMZ�SFWFSTFE�CZ�122�BENJOJTUSBUJPO
�XIJDI�XBT�
JMMVTUSBUFE�CZ�JODSFBTFE�NZPòCFS�$4"�BOE�5"�NVTDMF�NBTT
�
BT� TIPXO� JO�Figure 3��"EEJUJPOBMMZ
�XF� GPVOE� UIBU�122�
DPVME� JOIJCJU�EFOFSWBUJPO�JOEVDFE�EFDSFBTF�PG�.)$�JO�
TA muscles through suppressing the ubiquitin proteasome 

system proteolytic activity, as evidenced by the decreased 

levels of muscle-specific E3 ubiquitin ligases Atrogin-1/

."'CY�BOE�.V3'�� JO�EFOFSWBUFE� TLFMFUBM�NVTDMFT
� BT�
illustrated in Figure 3. These observations suggested that 

122�BUUFOVBUFE�EFOFSWBUJPO�JOEVDFE� TLFMFUBM�NVTDMF�
atrophy through, at least in part, inhibiting ubiquitin 

QSPUFBTPNF�QSPUFPMZUJD�QBUIXBZ�

233�UWRRTGUUGF�FGPGTXCVKQP�KPFWEGF�OKVQRJCI[�KP�
UMGNGVCN�OWUENGU�

.JUPDIPOESJBM� EZTGVODUJPO� JT� BTTPDJBUFE�XJUI� TLFMFUBM�
muscle atrophy (46
��5IFSFGPSF
�XF�JOWFTUJHBUFE�UIF�FGGFDUT�
PG�122�PO�BVUPQIBHPTPNFT�PS�BVUPQIBHJD�WBDVPMFT�BOE�
BVUPQIBHZ�SFMBUFE�NPMFDVMFT� 	"5(�
�1*/,�
�#/*1��
BOE�-$�#
�JO�TLFMFUBM�NVTDMF�VQPO�EFOFSWBUJPO��0VS�EBUB�
TIPXFE�UIBU�NJUPQIBHZ�XBT�DPOTJEFSBCMZ�BDUJWBUFE� JO�UIF�
TA muscles after sciatic nerve transection, as illustrated by 

the increased autophagosomes or autophagic vacuoles and 

UIF�FMFWBUFE�BVUPQIBHZ�SFMBUFE�NPMFDVMFT
�JODMVEJOH�"5(�
�
1*/,�
�#/*1��BOE�-$�#� 	Figure 4). Interestingly, the 

BVUPQIBHPTPNFT�PS�BVUPQIBHJD�WBDVPMFT�XFSF�TJHOJòDBOUMZ�
reduced, accompanied by the decreased autophagy-related 

NPMFDVMFT
� JO�UIF�NVTDMFT�PG�EFOFSWBUFE�NJDF�USFBUFE�XJUI�
122�DPNQBSFE�XJUI� UIBU� USFBUFE�XJUI� TBMJOF� 	Figure 4). 

$PMMFDUJWFMZ
�UIFTF�òOEJOHT�JOEJDBUFE�UIBU�122�TVQQSFTTFE�
denervation-induced mitophagy and the expression of 

BVUPQIBHZ�SFMBUFE�NPMFDVMFT�JO�EFOFSWBUFE�TLFMFUBM�NVTDMFT��

233�UWRRTGUUGF�UNQY�VQ�HCUV�O[QèDGT�V[RG�VTCPUKVKQP�KP�
UMGNGVCN�OWUENGU�CHVGT�FGPGTXCVKQP

The myofiber-type transition is one of important features 

PG�TLFMFUBM�NVTDMF�BUSPQIZ�	47
��5IF�TPMFVT�NVTDMFT�XFSF�
chosen to further study in this observation due to that the 

DIBOHF�PG� TPMFVT�NVTDMF� GJCFS� UZQF�XBT� TJHOJGJDBOU�BGUFS�
denervation (44). 5P� JOWFTUJHBUF� UIF�FGGFDUT�PG�122�PO�
NZPòCFS�UZQF�USBOTJUJPO�JOEVDFE�CZ�EFOFSWBUJPO
�UIF�TPMFVT�
NVTDMFT�XFSF�IBSWFTUFE� UP�VOEFSHP�.Z)$�**� TUBJOJOH�
BOBMZTJT�BGUFS�TDJBUJD�OFSWF�USBOTFDUJPO��.Z)$�**�TUBJOJOH�

BOBMZTJT�TIPXFE�UIBU�UIF�QFSDFOUBHF�PG�.Z)$�**�QPTJUJWF�
GJCFST�XBT�NBSLFEMZ� JODSFBTFE� JO� UIF� TPMFVT�NVTDMFT�PG�
NJDF� BGUFS� EFOFSWBUJPO� DPNQBSFE�XJUI� TIBN�PQFSBUFE�
mice (Figure 5A,B

�XIJDI� TVHHFTUFE� UIBU� EFOFSWBUJPO�
JOEVDFE�UIF�TMPX�UP�GBTU�NZPòCFS�UZQF�USBOTJUJPO�JO�TPMFVT�
NVTDMFT��*OUFSFTUJOHMZ
�UIF�EFOFSWBUJPO�JOEVDFE�TMPX�UP�GBTU�
NZPGJCFS�UZQF�USBOTJUJPO�XBT�SFTDVFE�JO�TPMFVT�NVTDMFT�PG�
UIF�NJDF�USFBUFE�XJUI�122
�BT�FWJEFODFE�CZ�UIF�EFDSFBTFE�
QFSDFOUBHF�PG�.Z)$� **� QPTJUJWF� GJCFST� 	Figure 5A,B). 

"EEJUJPOBMMZ
�5SPQPOJO�*�44�BOE�5SPQPOJO�*�'4�BOUJCPEJFT�
XFSF�VTFE�UP�EJTUJOHVJTI�UIF�TMPX�BOE�GBTU�TLFMFUBM�NVTDMF�
GJCFST�XJUI�XFTUFSO�CMPUUJOH
� SFTQFDUJWFMZ��0VS� SFTVMUT�
TIPXFE�UIBU�UIF�FYQSFTTJPO�PG�5SPQPOJO�*�44�XBT�EFDSFBTFE�
BOE� UIF� FYQSFTTJPO�PG�5SPQPOJO� *�'4�XBT� JODSFBTFE� JO�
EFOFSWBUFE� TPMFVT�NVTDMFT� BOE�122�DPVME� SFWFSTF� UIF�
QIFOPUZQF� JOEVDFE�CZ�EFOFSWBUJPO
�XIJDI�XBT�DPOTJTUFOU�
XJUI� UIF�SFTVMUT� GSPN�.Z)$�**� TUBJOJOH�BOBMZTJT� 	Figure 
5C,D,E
��1($��Į and Sirt1 are all involved in maintaining 

UIF�PYJEBUJWF�òCFS�UZQF��*O�DVSSFOU�TUVEZ
�1($��Į and Sirt1 

all displayed a significant decrease in denervated soleus 

NVTDMFT�BOE�UIJT�EFDSFBTF�PG�1($��Į�BOE�4JSU��XBT�SFTDVFE�
CZ�122�BENJOJTUSBUJPO� 	Figure 5F,G). These findings 

EFNPOTUSBUFE� UIBU�122�SFWFSTFE�TMPX�UP�GBTU�NZPGJCFS�
type transition through, at least in part, enhancing the 

FYQSFTTJPO�PG�1($��Į�BOE�4JSU�� JO�TLFMFUBM�NVTDMFT�BGUFS�
denervation.

Discussion

4LFMFUBM�NVTDMF�BUSPQIZ
�DIBSBDUFSJ[FE�CZ� MPTT�PG�NVTDMF�
NBTT
�TISJOLBHF�PG�NVTDMF�òCFST
�NJUPDIPOESJBM�EZTGVODUJPO
�
alteration in fiber-type composition, and reduced physical 

GVODUJPO
�PDDVST�XIFO�QSPUFJO�EFHSBEBUJPO�FYDFFET�QSPUFJO�
synthesis under the conditions of denervation, cancer 

cachexia and aging (48). More recently, understanding 

BCPVU�UIF�NPMFDVMBS�NFDIBOJTNT�SFHVMBUJOH�TLFMFUBM�NVTDMF�
BUSPQIZ�IBT� UBLFO�B�RVBOUVN� MFBQ
� UIPVHI�NPTU�PG� UIF�
DVSSFOU� SFTFBSDIFT�XFSF� GPDVTFE�PO� UIF� SPMF�PG� WBSJPVT�
FGGFDUPS�LJOBTFT�BOE�TPNF�EPXOTUSFBN�USBOTDSJQUJPO�GBDUPST�
(49,��). The initial events that trigger the activation of 

BUSPQIZJOH�TJHOBMJOH�QBUIXBZT�SFNBJO�QPPSMZ�EFòOFE��0VS�
study demonstrated that inflammation might be a major 

VQTUSFBN�SFHVMBUPS�PG�TLFMFUBM�NVTDMF�BUSPQIZ�JO�SFTQPOTF�UP�
EFOFSWBUJPO
�BT�FWJEFODFE�CZ�UIF�JODSFBTFE�QSPJOóBNNBUPSZ�
DZUPLJOFT� BOE� UIF� BDUJWBUFE� JOGMBNNBUPSZ� TJHOBMJOH�
QBUIXBZT� JO�EFOFSWBUFE� TLFMFUBM�NVTDMFT
�XIJDI�XBT� JO�
BHSFFNFOU�XJUI�SFDFOU�SFQPSUT� UIBU� JOGMBNNBUJPO�XBT�BO�
JNQPSUBOU�DPOUSJCVUPS�BOE�ESJWFS�UP�TLFMFUBM�NVTDMF�BUSPQIZ�

Georges MOUTON
Discussion

Georges MOUTON
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�NJDF�XFSF�JOKFDUFE�JOUSBQFSJUPOFBMMZ�XJUI�TBMJOF�WFIJDMF�QMVT�122�	��NH�LH�E
�PS�TBMJOF�WFIJDMF�POMZ�	%FO
�GPS����EBZT��"GUFS�
TIBN�PQFSBUJPO
�NJDF�XFSF�JOKFDUFE�JOUSBQFSJUPOFBMMZ�XJUI�TBMJOF�WFIJDMF�	$USM
�GPS����EBZT��5IFO�UIF�5"�NVTDMFT�XFSF�IBSWFTUFE�UP�VOEFSHP�
XFTUFSO�CMPUUJOH�BOBMZTJT��	"
'
�3FQSFTFOUBUJWF�XFTUFSO�CMPU�JNBHFT�XFSF�TIPXO�GPS�+BL
�45"5�
�5('�ȕ�
�4NBE�
�Q��
�Q���BOE�+/,�BOE�
QIPTQIPSZMBUFE�45"5�
�4NBE�
�Q��
�Q���BOE�+/,��	#
$
%
&
�SFMBUJWF�FYQSFTTJPO�PG�+BL
�45"5�
�5('�ȕ1 and Smad3 levels in different 

NVTDMF�TBNQMFT��	(
)
*
�SFMBUJWF�FYQSFTTJPO�PG�Q��
�Q���BOE�+/,�MFWFMT�JO�EJGGFSFOU�NVTDMF�TBNQMFT��%BUB�BSF�FYQSFTTFE�BT�NFBO���4%���
�
1���������
�1����������
�1������������
�1��������vs. Ctrl. 

#
�1�������##
�1�������###
�1��������####
�1��������vs��%FO��122
�QZSSPMPRVJOPMJOF�
RVJOPOF��5"
�UJCJBMJT�BOUFSJPS��+BL
�+BOVT�LJOBTF��45"5
�TJHOBM�USBOTEVDUJPO�BOE�BDUJWBUPS�PG�USBOTDSJQUJPO��4%
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�JODMVEJOH�"5(�
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�#/*1��BOE�
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�SFMBUJWF�FYQSFTTJPO�PG�"5(�
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TA, tibialis anterior; TEM, transmission electron microscopy; SD, standard deviation.



/C�GV�CN��233�COGNKQTCVGU�OWUENG�CVTQRJ[�XKC�KPJKDKVKQP�QH�KPƀCOOCVKQP

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(18):440 | http://dx.doi.org/10.21037/atm.2019.08.101

Page 10 of 15

Ctrl

Ctrl

Ctrl

Ctrl

Ctrl Ctrl

Ctrl

Den

Den

Den

Den

Den Den

Den

PQQ

PQQ

PQQ

PQQ

PQQ PQQ

PQQ

80

60

40

20

0

1.5

1.0

0.5

0.0

0.20

0.15

0.10

0.05

0.00

P
er

ce
nt

ag
e 

of
 M

yH
C

 II
 (%

)

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

 
Tn

 I-
FS

/T
ub

ul
in

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

 
S

irt
1/

Tu
bu

lin

Tubulin

Sirt1

PGC-1Į

Tn I-FS

Tn I-SS

B

D

F

A

C

E

G

###

#

#
*

#
**

#
**

****

**

**

***

***

1.0

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l 
Tn

 I-
S

S
/T

ub
ul

in

R
el

at
iv

e 
ex

pr
es

si
on

 le
ve

l 
P

G
C

-1
Į /

Tu
bu

lin

20 μM20 μM20 μM

Figure 5�122�JOIJCJUFE�TMPX�UP�GBTU�NVTDMF�òCFS�UZQF�USBOTJUJPO�PG�TPMFVT�NVTDMFT�BGUFS�TDJBUJD�OFSWF�USBOTFDUJPO��"GUFS�EFOFSWBUJPO
�NJDF�
XFSF�JOKFDUFE�JOUSBQFSJUPOFBMMZ�XJUI�TBMJOF�WFIJDMF�QMVT�122�	��NH�LH�E
�PS�TBMJOF�WFIJDMF�POMZ�	%FO
�GPS����EBZT��"GUFS�TIBN�PQFSBUJPO
�NJDF�
XFSF�JOKFDUFE�JOUSBQFSJUPOFBMMZ�XJUI�TBMJOF�WFIJDMF�	$USM
�GPS����EBZT��5IFO
�UIF�TPMFVT�NVTDMFT�XFSF�IBSWFTUFE�UP�VOEFSHP�.Z)$�**�TUBJOJOH�
BOBMZTJT�� 	"
�3FQSFTFOUBUJWF�JNBHFT�PG�.Z)$�**�TUBJOFE�TPMFVT�NVTDMFT�DSPTT�TFDUJPOT��,FMMZ�HSFFO�JOEJDBUFT�.Z)$�**�QPTJUJWF�TUBJOJOH��
"T�TIPXO�CZ�UIF�XIJUF�BSSPX�JO�UIF�òHVSF��4DBMF�CBS�����N��	#
�UIF�QFSDFOUBHF�PG�.Z)$�**�QPTJUJWF�òCFST��	$
�SFQSFTFOUBUJWF�XFTUFSO�CMPU�
JNBHFT�XFSF�TIPXO�GPS�5O�*�44
�5O�*�'4
�1($��Į�BOE�4JSU���	%
&
'
(
�SFMBUJWF�FYQSFTTJPO�PG�5O�*�44
�5O�*�'4
�1($��Į and Sirt1 levels in 

EJGGFSFOU�NVTDMF�TBNQMFT��%BUB�BSF�FYQSFTTFE�BT�NFBO���4%���
�1���������
�1����������
�1������������
�1��������vs. Ctrl; 
#
�1�������###
�1�������

vs��%FO��122
�QZSSPMPRVJOPMJOF�RVJOPOF��4%
�TUBOEBSE�EFWJBUJPO�



Annals of Translational Medicine, Vol 7, No 18 September 2019 Page 11 of 15

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2019;7(18):440 | http://dx.doi.org/10.21037/atm.2019.08.101

in other conditions, such as diabetes and cancer (6-8,��). 

"MUIPVHI�JU�SFNBJOT�VOLOPXO�XIBU�FMJDJUT�UIF�JOóBNNBUPSZ�
response in atrophying muscle in response to denervation, 

JU�XBT�PG� JOUFSFTU� UP�OPUF� UIBU� JOGMBNNBUJPO�NJHIU�CF�BO�
JNQPSUBOU�NFEJBUPS�BOE�ESJWFS�UP�TLFMFUBM�NVTDMF�BUSPQIZ
�
BOE�CMPDLJOH� JOGMBNNBUJPO� JO�TLFMFUBM�NVTDMF�NJHIU�CF�B�
OPWFM�BOE�FYDJUJOH�UIFSBQFVUJD�BQQSPBDI�GPS�NVTDMF�XBTUJOH�
in condition of denervation.

122�JT�B�OBUVSBM�BOUJPYJEBOU�GPVOE�JO�TPJM�	39). Recent 

TUVEJFT�IBWF� GPVOE�UIBU�122�BMTP�IBT�BOUJ�JOGMBNNBUPSZ�
function. Liu et al.� GPVOE� UIBU�122�DPVME� SFEVDF� UIF�
QSPEVDUJPO�PG�5/'�Į and IL-6, and inhibit the signal 

BDUJWBUJPO�PG�Q��
�Q���BOE�+/,�JO�*-��ȕ-stimulated human 

TZOPWJBM�TBSDPNB�48����DFMMT�	40
��122�BMTP�DPVME�JOIJCJU�
UIF�BDUJWBUJPO�PG�5('�ȕ1/Smad signaling (41). Although 

JU� SFNBJOT�VOLOPXO�IPX�122�TVQQSFTTFT� JOGMBNNBUJPO
�
JU�XBT�PG�JOUFSFTU�UP�OPUF�UIBU�122�NJHIU�QSPWJEF�B�QPUFOU�
UIFSBQFVUJD�CFOFòU�GPS�UIF�USFBUNFOU�PG�NVTDMF�BUSPQIZ�

Intriguingly, the results of the present study suggested 

UIBU�122�DPVME�BMMFWJBUF�TLFMFUBM�NVTDMF�BUSPQIZ
�NJUJHBUF�
NJUPQIBHZ� BOE� JOIJCJU� TMPX�UP�GBTU�NVTDMF� GJCFS� UZQF�
USBOTJUJPO� JO� EFOFSWBUFE� TLFMFUBM�NVTDMFT��5IF� BOUJ�
NVTDVMBS�BUSPQIZ�GVODUJPO�PG�122�IBT�CFFO�DPOòSNFE�CZ�
,VPnT�SFTFBSDI�UIBU�EFNPOTUSBUFE�122�JOIJCJUJOH�TLFMFUBM�
muscle atrophy in response to denervation by activating  

1($��Į (��
��0VS�QSFWJPVT�TUVEJFT�IBWF�BMTP�DPOòSNFE�UIBU�
122�DBO�BMMFWJBUF�NVTDMF�BUSPQIZ�CZ� JOIJCJUJOH�SFBDUJWF�
oxygen species (ROS) (42,��
��5IF�JOóBNNBUPSZ�DZUPLJOF�
DPVME�EFDSFBTF�1($��Į expression, and promotes ROS 

generation (��,��
��8IFUIFS�122�JNQSPWFT�TLFMFUBM�NVTDMF�
after denervation through suppressing inflammation is an 

area of research for future investigation.

*U� JT� OPU� DMFBS�XIFUIFS�122�DPVME� QSPUFDU� BHBJOTU�
EFOFSWBUFE� TLFMFUBM�NVTDMF� BUSPQIZ� UISPVHI�BMMFWJBUJOH�
JOóBNNBUJPO��8F�GVSUIFS�JOWFTUJHBUFE�UIF�FGGFDUT�PG�122�
PO� JOGMBNNBUJPO� JO� TLFMFUBM�NVTDMFT�VQPO�EFOFSWBUJPO��
1SFWJPVT� TUVEJFT� IBWF� FNQIBTJ[FE� UIBU� JOGMBNNBUPSZ�
DZUPLJOFT�XFSF�JNQPSUBOU�USJHHFST�BOE�NFEJBUPST�PG�NVTDMF�
BUSPQIZ�JO�CPUI�BOJNBM�NPEFMT�BOE�QBUJFOUT�XJUI�BEWBODFE�
cancer (�����
��*OUFSFTUJOHMZ
�PVS�òOEJOHT�EFNPOTUSBUFE�UIBU�
JOóBNNBUJPO�XBT�TJHOJòDBOUMZ�JOEVDFE
�BOE�122�DPVME�OPU�
POMZ�SFEVDF�UIF�QSPEVDUJPO�PG�QSPJOGMBNNBUPSZ�DZUPLJOFT�
IL-6, IL-1ȕ�BOE�5/'�Į
�CVU�BMTP�CMPDL�UIF�TJHOBM�BDUJWBUJPO�
PG� +BL��45"5�
�5('�ȕ��4NBE�
� +/,�Q���."1,
�BOE�
/'�ț#�JO�TLFMFUBM�NVTDMFT�BGUFS�EFOFSWBUJPO��5IFTF�òOEJOHT�
SFWFBMFE�UIBU�122�DPVME�JOIJCJU�QSPJOóBNNBUPSZ�DZUPLJOFT�
BOE�UIFJS�EPXOTUSFBN�TJHOBMJOH�QBUIXBZT�EVSJOH�EFOFSWBUFE�
TLFMFUBM�NVTDMFT�BUSPQIZ�

+BL�45"5��QBUIXBZ� JT�OPX�SFDPHOJ[FE�BT�B� USJHHFS�PG�
muscle protein loss, and the inhibition of p-STAT3 in muscle 

EFDSFBTFE�UIF�FYQSFTTJPO�PG�."'CY�BOE�NZPTUBUJO
�BMMFWJBUFE�
NVTDMF�BUSPQIZ
�BOE�JODSFBTFE�CPEZ�XFJHIU�BOE�HSJQ�TUSFOHUI�
(18-21
��45"5��/'�țB inhibition increased protein synthesis 

JO� TLFMFUBM�NVTDMFT� JO� DBDIFDUJD�NJDF
� BMMFWJBUFE�NVTDMF�
atrophy (60). The increased activation of STAT3 could 

VQSFHVMBUF�UIF�NBSLFST�PG�UIF�NJUPQIBHZ�BVUPQIBHZ�	-$�#
�
#/*1�
� JO� MFGU�WFOUSJDVMBS� UJTTVF�PG�NFUBTUBUJD�NFMBOPNB�
mice (61

�XIJDI�JOEJDBUFE�UIBU�JOBDUJWBUJPO�PG�45"5��NJHIU�
inhibit mitophagy. Sirt1 suppresses the activation of STAT3, 

BOE�JNQSPWFT�UIF�BDUJWBUJPO�PG�1($��Į (62,63). Moreover, 

TJSU��PWFSFYQSFTTJPO�DPVME�USJHHFS�UIF�USBOTJUJPO�PG�NZPòCFS�
GBTU�UP�TMPX
�JODSFBTF�UIF�FYQSFTTJPO�PG�1($��Į, and decrease 

the expression of atrophic genes (64
��*O�UIJT�TUVEZ
�122�
TVQQSFTTFE�UIF�BDUJWBUJPO�PG�+BL�45"5�
�BOE�JNQSPWFE�UIF�
FYQSFTTJPO�PG�4JSU��BOE�1($��Į
�BDDPNQBOJFE�XJUI�EFDSFBTFE�
UIF�FYQSFTTJPO�PG�614�BOE�"-4�SFMBUFE�QSPUFJOT
�SFEVDFE�
5SPQPOJO�*�'4�	GBTU�UXJUDI�QSPUFJO

�BOE�JODSFBTFE�5SPQPOJO�
*�44�	TMPX�UXJUDI�QSPUFJO

�XIJDI�XBT�MJLFMZ�SFTQPOTJCMF�GPS�
UIF�NFDIBOJTN�CZ�XIJDI�122�BMMFWJBUFE�TLFMFUBM�NVTDMF�
BUSPQIZ
�NJUJHBUFE�NJUPQIBHZ�BOE� JOIJCJUFE�TMPX�UP�GBTU�
NVTDMF�òCFS�UZQF�USBOTJUJPO�JO�EFOFSWBUFE�5"�NVTDMFT�

/'�ț#�BDUJWBUJPO� JO� TLFMFUBM�NVTDMF� JT� JNQPSUBOU� GPS�
atrophy upon denervation or cancer (24). Inflammatory 

TJHOBMJOH�QBUIXBZT
�FTQFDJBMMZ�/'�țB, potentially contribute 

to diabetes-mediated muscle atrophy (8). Overexpression of 

1($��Į could increase mitochondrial content (regulating 

NZPGJCFS�UZQF�USBOTJUJPO

� TVQQSFTT� UIF�BDUJWBUJPO�PG�/'�
țB, and inhibit the expression of atrophic genes such as 

."'CY�BOE�.V3'�
�BMMFWJBUJOH�NVTDMF�BUSPQIZ� 	��). In 

DVSSFOU�TUVEZ
�122�DPVME�JNQSPWF�UIF�FYQSFTTJPO�PG�1($�
1Į
�BOE�TVQQSFTT�UIF�BDUJWBUJPO�PG�/'�ț#
�XIJDI�NJHIU�CF�
SFTQPOTJCMF� GPS�122�BUUFOVBUJOH�NVTDMF�BUSPQIZ�BOE�UIF�
USBOTJUJPO�PG�TMPX�UP�GBTU�JO�DPOEJUJPO�PG�EFOFSWBUJPO�

5IF�BDUJWBUJPO�PG�Q���."1,�BOE�+/,�XFSF�NBSLFEMZ�
JOEVDFE�CZ�DJHBSFUUF�TNPLF�FYUSBDU�JO�NZPUVCFT
�BOE�UIF�Q���
."1,�JOIJCJUPS�TJHOJòDBOUMZ�BMMFWJBUFE�NVTDMF�BUSPQIZ�	27). 

+/,�BOE�Q���."1,�TJHOBMJOH�QBUIXBZT�XFSF�BMTP�BDUJWBUFE
�
BOE�BVHNFOUFE�UIF�FYQSFTTJPO�PG�."'CY�JO�TLFMFUBM�NVTDMFT�
suffered from limb immobilization and denervation (30,31). 

+/,�D�+VO�QBUIXBZ�DPVME�JOIJCJU�UIF�FYQSFTTJPO�PG�1($��Į 

in cerebellar granule neurons (66). The inactivation of JNK 

BOE�Q���."1,�SFTVMUFE�JO�B�SFEVDUJPO�PG�QBMNJUBUF�JOEVDFE�
autophagy (67). These reports revealed that inactivation of 

Q���."1,�BOE�+/,�NJHIU�CF�CFOFòDJBM�GPS�UIF�USFBUNFOU�
PG�NVTDMF�BUSPQIZ��*OUSJHVJOHMZ
�PVS�òOEJOHT�TVHHFTUFE�UIBU�
122�DPVME�JOIJCJU�UIF�BDUJWBUJPO�PG�Q���."1,�BOE�+/,
�
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Intriguingly, the results of the present study suggested
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Figure 6�"�TDIFNBUJD�EJBHSBN�JMMVTUSBUJOH�UIF�QSPQPTFE�NFDIBOJTN�CZ�XIJDI�122�BUUFOVBUFT�TLFMFUBM�NVTDMF�BUSPQIZ
�NJUPQIBHZ�BOE�
GJCFS� UZQF�USBOTJUJPO�PO�EFOFSWBUJPO��*OGMBNNBUJPO�XBT�TJHOJGJDBOUMZ� JOEVDFE� JO�EFOFSWBUFE�TLFMFUBM�NVTDMFT
�BT�FWJEFODFE�CZ�FMFWBUFE�
QSPJOóBNNBUPSZ�DZUPLJOFT�*-��
�*-��ȕ�BOE�5/'�Į
�BOE�BDUJWBUFE�+BL��45"5�
�5('�ȕ��4NBE�
�+/,�Q���."1,
�BOE�/'�țB signaling 

QBUIXBZT�JO�UIJT�TUVEZ��*OUFSFTUJOHMZ
�122�DPVME�BUUFOVBUF�TLFMFUBM�NVTDMF�BUSPQIZ
�NJUPQIBHZ�BOE�òCFS�UZQF�USBOTJUJPO�UISPVHI�TVQQSFTTJOH�
UIF�+BL��45"5�
�5('�ȕ��4NBE�
�+/,�Q���."1,
�BOE�/'�ț#�TJHOBMJOH�QBUIXBZT�JO�EFOFSWBUFE�TLFMFUBM�NVTDMFT��122
�QZSSPMPRVJOPMJOF�
RVJOPOF��+BL��45"5�
�+BOVT�LJOBTF���TJHOBM�USBOTEVDUJPO�BOE�BDUJWBUPS�PG�USBOTDSJQUJPO����/'�țB, nuclear factor țB.

as evidenced by decreased levels of phosphorylated p38 

."1,�BOE�+/,�JO�EFOFSWBUFE�5"�NVTDMFT�� *U�XBT� MJLFMZ�
SFTQPOTJCMF
�BU�MFBTU�QBSU
�GPS�UIF�NFDIBOJTN�CZ�XIJDI�122�
BMMFWJBUFE�TLFMFUBM�NVTDMF�BUSPQIZ
�NJUJHBUFE�NJUPQIBHZ�BOE�
JOIJCJUFE�TMPX�UP�GBTU�NVTDMF�òCFS�UZQF�USBOTJUJPO�JOEVDFE�
by denervation.

5('�ȕ��DPVME� JOEVDF�TLFMFUBM�NVTDMF�BUSPQIZ�UISPVHI�
activating Smad3, and inactivation of Smad3 could 

SFWFSTF� UIF� BUSPQIJD� FGGFDU� JOEVDFE�CZ�5('�ȕ (33,34). 

5IF� BDUJWBUJPO� PG�5('�ȕ� TJHOBMJOH� QBUIXBZ� JT� BMTP�
crucial for autophagy, and it could activate autophagy 

PG�IVNBO�IFQBUJD�DBSDJOPNB�)FQ(��DFMMT� 	68
��5('�ȕ/

4NBE��TJHOBMJOH�QBUIXBZ�DPVME�TVQQSFTT�UIF�FYQSFTTJPO�PG� 
1($��Į (69

�BOE�UIF�BDUJWBUJPO�PG�5('�ȕ�4NBE��QBUIXBZ�
could be inhibited by sirt1 (70). These data indicated that 

SFHVMBUJOH�UIF�BDUJWJUZ�PG�5('�ȕ�4NBE��QBUIXBZ�NJHIU�CF�
BTTPDJBUFE�UIF�TLFMFUBM�NVTDMF�BUSPQIZ
�BVUPQIBHZ�BOE�UIF�
FYQSFTTJPO�PG�1($��Į�BOE�TJSU�
�XIJDI�XFSF�SFTQPOTJCMF�
for oxidative metabolism in muscles. Thus, it can be seen 

UIBU�JOIJCJUJPO�PG�5('�ȕ�4NBE��QBUIXBZ�NJHIU�CF�B�OPWFM�
UIFSBQFVUJD� JOUFSWFOUJPO�GPS�QSFWFOUJPO�PG�TLFMFUBM�NVTDMF�
BUSPQIZ�� *OUFSFTUJOHMZ
�122�DPVME� SFEVDF� UIF� BDUJWJUZ�
PG�5('�ȕ�4NBE��QBUIXBZ
� BT� JMMVTUSBUFE�CZ�EFDSFBTFE�

5('�ȕ1 and phosphorylated smad3 in denervated muscles, 

XIJDI�SFWFBMFE� UIBU�122�DPVME�BMMFWJBUF�TLFMFUBM�NVTDMF�
BUSPQIZ
�NJUJHBUF�NJUPQIBHZ�BOE�JOIJCJU�TMPX�UP�GBTU�NVTDMF�
fiber type transition through, at least part, inhibiting the 

BDUJWBUJPO�PG�5('�ȕ�4NBE��QBUIXBZ�
Collectively, these findings highlighted the importance 

PG�UIF�JOóBNNBUPSZ�TJHOBMJOH�NFDIBOJTNT�JO�EFOFSWBUJPO�
induced muscle atrophy and suggested that inflammation 

NJHIU�CF�BO�JNQPSUBOU�UIFSBQFVUJD�UBSHFU�UP�QSFWFOU�TLFMFUBM�
NVTDMF�XBTUJOH�JOEVDFE�CZ�EFOFSWBUJPO��*OUFSFTUJOHMZ
�122�
DPVME�BUUFOVBUF� TLFMFUBM�NVTDMF�BUSPQIZ
�NJUPQIBHZ�BOE�
òCFS�UZQF�USBOTJUJPO�EVF�UP�EFOFSWBUJPO�UISPVHI�TVQQSFTTJOH�
UIF�+BL��45"5�
�5('�ȕ��4NBE�
�+/,�Q���."1,
�BOE�
/'�ț#�TJHOBMJOH�QBUIXBZT�	Figure 6). This study not only 

enriches the molecular regulatory mechanism of denervated 

muscle atrophy, but also provides a novel and exciting 

UIFSBQFVUJD�BQQSPBDI� GPS�NVTDMF�XBTUJOH� JO�DPOEJUJPO�PG�
denervation.
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