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BT DA LR B R S T, SEBAE R AR I
B IR LR AR 5 e A S R, AR
Rrg i s T i R R (B 1),

1.1 &HEEMER

LRI A= W) 5 1 2R /A DNA- (mtDNA) #i1
B DNA (nDNA) FL[El{HEE . W SRR
TG 2 AR L 06 7] 1 (peroxisome proliferator
activated receptor gamma coactivator | alpha,
PGCla) SELRMAEY) & M £ T, Mol
CAMP X BTCHHEE G EFRTE R 8 1, AR5
ok R S A S I A SR . TR PGCla
Sy AL 2 A A%, WS T U D AR R
(nuclear respiratory factor, NRF) 1 FINRF2, NRFI
HI 4 R AR F% 5% ¥ A (mitochondrial transcription
factor A, TFAM) JL[a]JH 7 mtDNA B9 & il Fli% 5k,
B J5 TEAM 3 i 3 il mtDNA (%35 . Ak it
(oxidative phosphorylation, OXPHOS) 714 }g N
ATP & 5k i SRR DS L, MRy
SEMRE LN, LAV A1 ZEAS [A) A BER SR Y
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1.2 Zhifkzshhz

S AL = e PN U ] 6 N N 2 e e |
G, BRI ZRAR S )5 . Bk 5
At R R K3 ) B KRR R 1
(guanosine triphosphate, GTP) Jf/F5EA ¥, £
AN S PSi4 A VoI D oy VA RPN NSy N e
FEH (mitofusin, Mfn) 1/2 FI{E T P IE_E A A0ph 25
ZEHMKEH 1 (optic atrophy 1, OPA1)., GTP/K
fifrifs T M A2 284k, BKBhERAAR SIS H2 -4 fin
FE A 3R BRI B [R5 7 U8 — SR AR LR A S
RIS . OPAL-REKR N AL G, ERM
FhEE IR (ATPHH A YmelL1 A1 Omal) 453
S B4R (L-OPAT FTS-OPAL) ',

S AN N S A% N I VR S E= 7 AN
HME SRR, HAZ ORI B 3 A E
11 (dynamin-related protein 1, DRP1) ., ZAi{i%d
28K 7  (mitochondrial fission factor, MFF) 14k
PR 2448 8 11 1 (mitochondrial fission protein 1,
FIS1) & Mo Y32 2R R, andn e p s
BT IEHEERR AR REEIRAE Y
2AERF, DRP1 4 MFF 1 FIS 1 24 SIZR A (A 1) S 1 i
I, TEZRRIME [ Z AT HIE A, il 7K i
GTPWfghE, SURBERIEE DI RSP 32k
R ZRAR 12 o (A I Rl G RNy A B st A%
Yl . BT R AT I RE Iy, AATI4ESRR
GRRFRASTIIRE . dERrEb R s )24 VA7 B
TAN M A RLHCIRAS T Pt s 2o A Ry, PifeRg
wOAL, AR YIREIE R .
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SRR IS 211 SO0 FEE 0, (L 141K
15T AR AR R gy, HAZ R AR 11 =2 i 4
MUAZIE R Gt , Bl i as BN ERAAR Y 7 PR
J 18 S G L2 B 240 B g -5 A4 e [ 1 5 %8 2 2
S YR N A R IR e SO PAS 5 G SRS AL NG
Bt R G — RIVE A AN, FEAHE ATP
WS 2 RN AR 1 BT S B e . ooy
TR HE 5T 1Y) ATP R (1) 25 11 1§ Lon 25 11 /i 1
(Lon protease 1, LONP1) Fl1ClpXP & 11§, 17T
FefRITE . BT &R E A ", Bk R
I RERARIRE AL R A . RO T &R
¥ FEA MR TEHE A (heat shock protein, HSP)
60/10 Z 5 A M Hsp70 MK H , EfZ5 THEA
T E TS, I AT LUE 52 450 2R 1 A R
XS B PREE T, e 4ERr bR 25y . 2
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38 T Tl R 7k 0 8 1 ] 05 35 5 1) A e 1
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R HRTIFIT i) IZ 2 JARI SR . YRk
2301, BEEA et ARt , PINKI @i A MR sz X 5E L
il FUR AR LR SBT3 35 PINK 1 [fie i /b 2
L4 PINKI & A4E A B MR Ak, JF i 2 5 R
65 (Ser65) bz R A AR, MiNiHHZFIH
AR 12 (Parkinson protein 2, Parkin)., £
PRI (4 Parkin B PINK | BEFRILIECT , 112 F 1k
PRSI Y, Gl U G 1 R EE 3

(microtubule-associated protein 1 light chain 3,

H WA A2
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Rk, R HABL S S SRR F . fEilan,
ZARA YLLK A, — SR A2 R
FUN14 2% #) 3 /4 & & 1 1 (FUNI14 domain
containing protein 1, FUNDC1) . Bel2/}i##5 % E1B
19kD #f H 1 H #& H 3 (BCL2/adenovirus E1B
19 kDa interacting protein 3, BNIP3) Fl1NIP3 #£ &
1 X (NIP3-like protein X, NIX) %, nJLIH#EY
LC3 456, W 32 450 i) 2R (A §8 ) Y s 44 2 47
fife 2 XK I AR L B IR T
TE RN AR A, DI bR g, 2k
AR WA BT SR 0 B b (A 0T 240 B it il —
HE, s R IR T s AR R R R N .
KR s R AR () S AR e, 2ok | A A 5
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Fig. 1 Schematic diagram mitochondrial quality control system
Bl ZhitREEHRaEnN 2R
PGCla: i3 LY BHASE S IE 2K v 530G I F 1o (peroxisome proliferator-activated receptor gamma coactivator 1-alpha); OPA1: FLf
2 11 (optic atrophy 1) ; DRP1: s 7 #15& & 11 (dynamin-related protein 1) ; TFAM: Z&Ai K% SEIHF A (mitochondrial

transcription factor A) ; LONP1: Lon#E [/ 1 (Lon protease 1) ;

ClpP: £ b7 A % 25 11 i A 2k T3 K 6 25 11 /K /% 7 3% (caseinolytic

mitochondrial matrix peptidase proteolytic subunit) ; mtDNA: Z&Ki/RKDNA (mitochondrial DNA); LC3: U4 AHEHE 1 1584%3 (microtubule-

associated protein 1 light chain 3)
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RE R AR S A T Dy e DT 5 A A e s 8
11 ClpP 2 FE 0SS BB AR 2 5 W LRI 1L 1 32
i, RS VERE R A IMAS (acute myeloid
leukemia, AML) 0 RIREIK D EE e e maET: >,
U LA B4 S i 535 Lomp 1 5 30T A F N 4% if A2
GO R EERG PER E NE, JF ELAu G s
SR 2 B IO D S R DGR B T Opad 2
(R ZRIR S ML R ARG AT 350 )N UV IG BT 4t
2 L ) SR IR W 8 T AR B FE NS
2R 2 OJRE v R BR Pink ] 2 5 BRI L A7 [ AR
I E 0 OXPHOS Hifig 2,

JoR 5 B R A A . IR SRR 1 B A Y 2
T, FEORIE TS AL, Zekifhzh Jyae ek
SRR A3 Y, FEB A, mtDNA FIZk
A I W8 1) i Ay i 2 W 0 3R %) TR B 2R 4 B T
i 9 Mfnl A1 Mfn2 50 AT R 3E 3 9455 mtDNA
EEAEARTRS, B= Ml FlMfn2 2 50"
14 4 2 AR AN T 52 0 ) 2 R R R I 2R A Dk
/A Bl BRI ZR K- A, R 2K AT
HE B B (protein kinase B, PKB/AKT) ¥ [
P A (protein kinase A, PKA) HiZwiRiL AMP
TG W) B PR o I HE (AMP-activated protein
kinase alpha, AMPKa) FJ S496 i 5% T LRk
G358, TS EEARAAR B T 2 Z RE T I B
PETTAP I 22 0 7 Wb o [R]ESS BNIP3 21k (13 i )
AT LAF LR R R A WIS BUR S R1F
SEE S 240 Y PGC Lo T 8 J0-E 8 L2 it 75 25 A
iz fH M 4 (glucose transporter type 4, GLUT4)
(2R 35, DA 1 5 20 B s, 0 il o P s
TRE

FIG AT DL, Sk ot i il S A = A7 7E
BYIMRFR . —J7T, ZORLAR T s il 44 28 v i DG
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SO AT Jh— T, HOCHEE A AT B
FEVREE R A AR . R TR 2R 40 . TR
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PGClo 7E AR b Rl B SR I8 o 7R .
PGCla AJ LA i 11 12 401k 174 FI 328 it PA) B % A T
H: %% W 1 (carnitine palmitoyltransferase 1, CPTI)
(5 s N LR AR RE TR 1) B 484k, JF HLATLA

V% PPAR L Y 38 DA T fie 2 i i T B B L M1 ]
A AR 2 PGCla il it iF X Z 4k o (liver
X receptor alpha, LXRa) HAPE RS A5 7 R A i
(fatty acid synthase, FAS) J& 2l F13 fin FAS i P
RIGR AL BN D AR A

OPA1 T PRI 2t T A G IR 1Dy A L 1Y B 484k
P OPAT I L A A €20 s 400 AR LL %8 HR 5 175 40
M, MR R A AL R R R 2 25% Y, i A Ay
T 1K 158 5 ) 8% 06 572 K v (peroxisome proliferator-
activated receptor gamma, PPARy) [ sh 7 % 4%
571 i 44 8 3T3-L1 8 C3H/10T1/2 41 g 431k kA s 4
MoJa, WEEE Opal . Pgelf I mRNA KF-Th 1+
WA, EREsE R, BB R Drpl 24
JUL PR 248 LT g P T 1 AL AR R 2 T L, ok fA
Bl 72 O R A T BRI Y DG R 7

bR AR e AR IR Ak, HE I SCHRrRE i
LR I . Parkin i o %5 43167 36 (cluster
of differentiation 36, CD36) #fr1iz XL, T
R RS PR O Al LR o BT, DA THg
Ji I 40 B LA e 1 5 4 B MR ARt ' B 1 4
Jt R Bnip3 S EUIR Wi B AU AbAH G B b (4
PR RIS, I R R AHUA =Bt H i A7
W T

YRR B K S B ClpXP 85 FH -t B A
THEEARE . AR Bos, TEREHN P
(caseinolytic protease P, ClpP) #RRAIEHN T, A
WK e LS I A AR A bR R R, BB
CPT2 AR ™, MNIMTREARAFAE . B L
B a1 T A B 7 R B AL TR S g — TR 5 )
FH, BHI & A B X (caseinolytic protease X,
ClpX) By3RiE& ¥ AN 40 & G2 (human
epatocellular carcinoma cell line G2, HepG2) Fl1A
25 3o B v OB 2R Ak B AN T A M 1 B AR
TP

g LRk, ki 2L RN % 2 515
RS iR . JToie 2l i IR iR A ikt
23 S A T R PR ORI 5 B, AR B A
R FERTE AR LR R - A AR A h R H5 E
AT VE o XS T ANUINER 1 XS AR AL
TR RRAR , oA T AR R B A B T s B it
TIERYRE A

3 SRk RERHEREERRFHIER
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XK, MERES EARIIATFRS, FEIRZRA B ISt 2 %
AR, KRR A S LR AR S AL RE T T R
RIS 56 1 AR AN ] 4 i B 4 2 B 2 b A
Jo A i AR (T B I LR 1,
3.1 dEEEMERERERTR (NAFLD)

9T &3, 1ENAFLD A B, Pgcla, Nrfl,
Tfam mRNA K4 H A3 T, [A]AF mtDNA (1
A2 R SR RIS 0 SRR ZRL R AR W B B 1
5 NAFLD [RIfFE % VI G &R o 4 B 78 Sk 14 32 46
i, SR SRR A ) A AR R R AR LU A
REmFRS .

WFSEIE R, 7E NAFLD # 5 f ClpP ik T
A SRR LA 4 S R R R Clpp A2 52
RS R A 4 (H ClpP Y4 B sk
AL 38 3 6 AMPK JF{2 2 GLUT4S #6037 £ e, 4
FR ] A BRI, DT 5 4 B M A AR AR
T AT R, PRSP LR Clpp JneE &
PR EE I IR I PERT 58 B4,

2R A Rl A AT LA LR R IA ATP & R
DIV EFRYR ., MR, Gy 2in] LI hnE 55
Yy AJFARERCR SRR IR L, BT
IR ATP 5 AR BEAG . P98 & B, NAFLD (3%
JHF 40 v SRR T 285 v B S, RIS R AR
B ISR, JEE A REMBRAR S FE
NAFLD & A=), JFHEZL 21 42 53 24 25 11 DRPL
FIS13iA BFt, MifEflA 4 OPAL, M2 £ik T
K, FeUALRRIIA D) 124 7E NAFLD 3 Ji v % % i 22
YEFH 55571 DRP1 HIMFF A2 ki A 7 Bedb 2
TR IR IO B 5 R KT . MR PEIF AR 0, I 45 14
PERESR M /N BUE = R IR B IR SR A R vh R B ™
[ PN 5 9 35N T N EE NAFLD ', 1 Drp 1 ikt
ER A Bl DI G 3 o i 2 e 21 A B N
[A-F21 (fibroblast growth factor 21, FGF21) 7
e ERIE, DIV S R i R RS, ki
B B AE R TR PR R ) 2 A S Hernandez-
Alvarez 5 1V 8, /INERFIE Mfin2 i Bl il S 30
TR R 22 R M\ PN Jot D) i) ZR AR 5 R R T 45
D, AT SR P B N B, R #F NAFLD 11
2

WFoE M, 7E NAFLD /) BB IR rp 2o 1 [
WD, FER RIS T A NAFLD /N R A ) 2k
ki A& B W A% 7 % LC3BIL. Parkin, FUNDCI1 Fl
BNIP3 /KRR, [RIFTESS A1 (sequestosome 1,
SQSTM1, X #p62) HIAKF-FHiE . Yamada

& 190 B, NAFLD /IR p62. 12 F Fl Keleh #
ECHAXE 1 (Kelch-like ECH-associated protein 1,
Keapl) AL RAAT, If HIH4HH OPA1 ik
PBEAR T LMK KN, W] LIVEBREERLAR 7 g [a]
K, BCENFRESI . R B2 Ake2 I AMPKa2 1
/INERUPT Rl o 4 Parkin /S AORLA 17 M FT G 0T
AR =i =R G S a1 o L et
PUERVHAT E A 3 (Sirtuin 3, Sirt3) #3550 it
&3 BNIP3 I 5 (Y Lok A [ w47 JH 200 i . 52 46
BOARPET ", A LZERLAR F BEE NAFLD & £
1y, PR LR AR K /AT B & NAFLD W FEIRIT
Jiidie

A UL AT UL, NAFLD [ A& A= 5 4 b AR U fi f i
UG, (HBA WA T DG ) R i
e, e[RRI R AR R O K
AT Lhid i 25500, R AN A
FERY Be AR RS G R sh AR Ak, AN
NAFLD 13RI TS SRS o
3.2 28U¥EiRYw (T2DM)

B 24 B T B BRI 53004 JBE 5% 2 S AL A T il
RE I B SR, T T2DM B3 P i i 22 90l 7
2 WE ) TR 5 2R WA A2 4t (glucose stimulated
insulin secretion, GSIS) "', H 274 o £ 425
S 5YERRR S B Al e B A A RS . A
P, 7E B AR SRR Pgcla B /)N BB 25 530k
YL 1T B A BRI Tram 23 2 mtDNA P
Ry JREZR A R AT A BN 32 2. A
e BEAL BRANYE 25 NG IR (free fatty acid, FFA) Al
W p 4 J5 DRP1 A R B, Jf HARZE =
FFA 50 BAURLPA T, T4 Drp W AR 1E B 48
MR A P T AR, R B AR Y Opal B
SECR AL EEE AW TV BCR RS T 0 R,
AT 530 GSIS - & 28 & ifiBE . Schultz 55 '
FERWY, 7E B AL b R Fisl AT R IR GO IR AR
A, R A SR ) SO o

AR B WAL HE R B AN AR WA BT L
), BRI, AR 2SS B pS3 2R 17 B 4 A
J PR AR, R Parkin & A A EAE R B 40
WIS REAR A WA, SIS 2 i, 3ok
T 5t (R R AP RO s & 26 70 TSN AR 1
Parkin /13 BRI B mE ) 2k St — 215 5 p Al
Mg 7, X SEZE IR SoRiR Bl )2 S 2
TR A RS 5 IS B AT RE IR fETE B V) &R
SRR T ) A ] LA B S M2 R AR TR, B
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I BARITIRE, F5ABEIRIS Ser637 BER 1k T B0hx (R 20 M b A SRR

5t ~, T2DM BE 45 & B E ak ML) RE
PR AILPA BT i G AR L, 3k 5 kAR Jo e 42 il
ZAVEYIASE 772 AE T2DM /N USRI, FE
IR BT PGCla 63k E FRAL 7, [RIA il gR
FLA 1 M2 FIkFEAIF BARRAE /N 7 LA
RSP 58 PGC Lo 1)/ BUE-#% LR R B 2833
F1%) ) 26 £ IO 20 AT A, B8 25 5 e A e By R AR
Pr 7 ML R S BE 2258 TFAM AT 98055 = B
R TR/ N TR R AR AT, RIS
FE 12 TH AR I sl 2% ST D P ) U T TETR R
WRIE RN, B AR UL Drpl FEPR B ER 40k
IRPETF T 4 o g A R R B R T
2, LRk AR g AR AR R v R A SR
R PRI B L (YR T A5

AR IR TR R Geid o 22 SRR LR 4R
JBR I B At A RN B LA AR S . ZE p A,
LRRDN 120 5 A WA S U, ORI A AR )
JoR 5 25 4 W OF P A R T 5 i i S WL PGCla-
TFAM I F1 Mfn2 38 ixf 375 e br AR A= ) 5 B 0 2%
SeEME b RE . (SRR )E, DRPLEM
FKHALP EIIIREIFIE . B AN HAd B i
N (1= 113 57 7 R B ) R B 0 O
TN TP G SRR S R SR R B
ERON” Gl BSOS AR, o BT BR T A e
BRERS) I i 4 2 THAL ) 2 A AP 98 s
33 BER¥

TENERE AR, AR AU Rl W
o, kR AR AL R AR D iR R
B, BGmARC g D5 i TE R sl P2 U g i A Gl
WiiteAb T DL 3 s AR, WU IR, )
TR AT ICE 7 LR AL A 5 BRI 434k B )
K, GRS AT R E SR, ki s
U5 248 L 4 R A B e R A AR B . 4 DRP1

b, AT 3 =44 B 38 OPAL ik AT LU #E
EREMIAR Al ™, TR (5 7 40 s S P R B
Opal 2> FEEF ARG A 1tk ™ ZERR 7 4 i
HHRRAR Mfn2 23 FECEA AT 2Z . ZORLiE Sk
PR L £ R I 2E 22 B AR s N T

TEA G A i b, B4 i Rk it
e TALNEN TS AL N5 A B IS i R E=R AN
MR 40 P AR I s IR, K AR
Y1 Al A R R AR A MR O, KR BB
20 M3 e LR A RIS R ML 2 AR kR, DI
52 BN K 0 I 05 40 1 [ 169 1 75 4 L A 722 1 ot
FE L BESE R B, R T A g Al i R
Parkin, BNIP3 1] DL o i 47 LR R0 F I DA T 52 1
P €5 B 10 240 i 1) oK € g 7 4B A e Ak 7 TR/
W R BR Parkin W] LA #5608 7 41 207 A T 22 44
i, HINREEIHAE, MM IR IR &7 T
FER & 2= BB Y, D34, ARFFEERMW, LONPI
T A VA Y B A R U 52 5 1A B R (succinate
dehydrogenase complex, subunit B, SDHB) HAY[%
fift, iR 2 ISR AR KT, DA PR R €
JIgE P 240 e 1 K €20 i 5 4 ) s B AR 88

TE NG 105 240 AR 5 e 3k 638 PGC Lo A i fie i
HEfsIR e HeE SR RCR IS IR R
AT 1 R BRSSP BB A
WEIE s, AL/ BUBERY Y 1 €8 05 7 41 21
mtDNA 5 DR 2R A BT i AL 2R AR 06 P38 T
[ ', iz F Adiponectin-Cre /) R 7Y @ Bk Tfam,
SR ARSI AL T SRR N, PR ENRIIZH
HACFIIE IS S A R Y X S5k 4E AR R T,
JI 105 £ AN LA A W) 5 L2 (B A A A 5 T B
R, TR L AR T Y R T A0 ML DD RE A4 B g
HACHHE AT . GoR R BT 45 i 1 G
S AN [RIZS 2 (14 (i 7 4 L %) e 46 DL 1T 2.

Table 1 The phenomenons caused by knocking out mitochondrial quality control key proteins in different cells or tissue

®1 EARERSEFAARBRENEREENXRECSMSENAR

HEH gitliion FHEHIIS SCHR

Pgcla BAN AL H i % Pgela N BRI R A WD [66]

AR IE R ik Pgcla LR BERIATP & G ZEH0N, 30 5 R AR R Z [75]

JIg Wi 2 it ik Pgela P FUCPITE (6l i di i v ) 208, itk e IR o (ORAR B IR DT A, D5 iR aR [89]
NI DD RE RS

Tfam B R 5 Tfam FEMDNABR | [ 2173 WA A M 267 AN T 52 [35]
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Abstract The liver, skeletal muscle, and adipose tissue are central energy-metabolizing organs and insulin-
sensitive tissues, playing a crucial role in maintaining glucose homeostasis. As the powerhouse of the cell,
mitochondria not only regulate insulin secretion but also oversee the oxidative phosphorylation and -oxidation of
fatty acids, processes vital for the metabolism of carbohydrates and fats, as well as the synthesis of ATP. The
mitochondrial quality control system is of paramount importance for sustaining mitochondrial homeostasis,
achieved through mechanisms such as protein homeostasis, mitochondrial dynamics, mitophagy, and biogenesis.
Evidence suggests that dysfunctional mitochondria may significantly contribute to insulin resistance and ectopic
fat storage in the liver, offering new insights into the strong correlation between mitochondrial dysfunction and
the development of obesity, diabetes mellitus type 2 (T2DM), and non-alcoholic fatty liver disease (NAFLD).
This manuscript aims to delve into the precise mechanisms by which imbalances in mitochondrial quality control
lead to metabolic disorders in the liver, skeletal muscle, and adipose tissue, the 3 major insulin-sensitive organs.
In the liver, mitochondrial dysfunction can lead to disturbances in glucose and lipid metabolism, resulting in

insulin resistance and fat accumulation—a key factor in the development of NAFLD. In skeletal muscle, reduced
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mitochondrial function can decrease ATP production, weakening the muscle’s ability to uptake glucose, thereby
exacerbating insulin resistance. In adipose tissue, mitochondrial dysfunction can impair adipocyte function,
leading to lipotoxicity and inflammatory responses,which further contribute to insulin resistance and the onset of
metabolic syndrome. Moreover, the interorgan crosstalk among these 3 tissues is essential for overall metabolic
homeostasis. For instance, hepatic gluconeogenesis and glucose utilization in skeletal muscle are both influenced
by the health status of their respective mitochondrial populations. The conversion between different types of
adipose tissue and the ability to store lipids depend on normal mitochondrial function to avert ectopic fat
accumulation in other organs. In summary, this manuscript emphasizes the critical role of mitochondrial quality
control in maintaining the metabolic stability of the liver, skeletal muscle, and adipose tissue. It elucidates the
specific mechanisms by which mitochondrial dysfunction in these organs contributes to the development of
metabolic diseases, providing a foundation for future research and the development of therapeutic strategies
targeting mitochondrial dysfunction.
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