i E A AE Y 2424 9] Chinese Journal of Cell Biology 2020, 42(5): 881-887 DOI: 10.11844/cjcb.2020.05.0016

AMPKX 2k fi ik R 2 80 E1ER

MEF BT TIRGET
(W ZE IR s RH 5 B, 83T 028043)

WE Kk BHilsieloN EZmiess, B AHER. 2R/ R L K| ST
Z A PR ERFEERR S, B AR TR FH S RRGA L. BFRENE G R EE(AMP-
activated protein kinase, AMPK) 2 & % 4n It & R A4 KA4E 4T, 0 I0he M ia 54F T iF AMPK
PR T KFAR G b, FER R e it 2R AUR 91 R, R FAMPK R B LR R 22 2R
T ATk, A XA T AMPKO &M A& B &, B EAREM SR, R/ E0s A F 8
v i+ 7 AMPK v $L 3 ) 4m B SR AR R & 09 R4V A, 438 18 80E AMPK f Bl 45 AR R &, M
A Y IFARE R AR IR o R A SR AR

KHRIE  AMPK; GORARAY) & il 2Rk sl /)5 Zekiik B R

The Role of AMPK in Mitochondria Quality Control

YANG Xinyu, GAO Shuxin*, JIA Zhenwei*
(College of Animal Science and Technology, Inner Mongolia University for the Nationalities, Tongliao 028043, China)

Abstract Mitochondria are one of the important intracellular organelles in mammals that maintain mi-
tochondria quality by regulating mitochondria biogenesis, fusion/fission and mitophagy processes. However,
mitochondrial dysfunction will lead to the occurrence of various diseases. AMPK (AMP-activated protein
kinase) is a key sensor of cellular energy status that is activated in response to energy stress, and regulates mito-
chondrial function, thereby affecting cell energy metabolism and health of organisms, suggesting that AMPK
is an important regulator of mitochondrial quality. Hence, this review focuses on the structure and activation
of AMPK, and its roles in the control of mitochondria quality in mammal cells, which may provide reference for
modulating mitochondria quality by activating AMPK, thereby maintaining health of organisms and reducing
disease incidence.
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A R BN e e AT 51 2 ADP/ATPEL AMP/ATP
teR Tt s, FEAMPKE g, H BB 780, 4
JiL RS B bl 38 25 1 N SO AMPKO 4% 1 28 k44 1 3
fE, B gl e AU . VAT HLAR B f R, Ui
AMPK I i 45 26 R4 i 2 1 35 B R 1290 T i
ASCLRIR T AMPK I 25 ¥ RSO, I AR KL IR A=)
G Rl o 2B A B W AR DR AMPK
TE % B4 240 i 4 R A o 4% 1w VR L, Dl i
510 AMPKC 4 177 18 28 28 A 44 o =2, AT 4 e AL A
e, FBRAR I R A SR pE B AR

1 AMPKHIZE BEGE
1.1 AMPKAI4EH

AMPKE 1A i A6 FE a2 AN 8 715 T 2B y
S SRR A . o, K B o7 TR R I
Bals 02), U570 FEpA P RO APBL. B2), AT
W Ry =R AL (vl y2. v3). HATHETE E B
AMPK oV & 75 A5 S0 X 38R — AN 17240 23 05 2 R
(P CBETR L, TR BR 1 725R FE REal_ R IR B i iR 1L, B
W EE S R A A BRI [ AMPK S 18 5 45 &, v-
T EE AL DA R BR B~ BB 22 1, P LSS A AMP.
ADPEXATPY, HH L HEN], AMPK E A5 AN [A] 874 iy At
R, TTRE S 30X L AMPK S & 1 LA A [7] (1 20
SE LRI AL B A, 38 i S0 S [R5 5 8 % 1 1 15 40
M= ThRE .
1.2 AMPKHIEGE

AT 0, AMPK AR 852 21 it it 278 44 11 S g
o FHIFILR I, A0 AR Rk B O
5| #2 ADP/ATPE, AMP/ATPEL T, ADPE; AMP
B A AMPKIF -0 5, 5 550 45 0 o5 A8 T s
AMPKPY, F4h, RN AR T, SR IR 1), 23
02 3@ 4 AMP/ATP HGAR 1 0% AMPK S,
F4h, W A, i 2 R0 R (R RE 5 1E
AMPK oV L AL H 0 55 172467 S 75 % B2 (Thr172)
WAL, i 4 s FLvE . a0, AR B1(liver
kinase B1, LKB1)#% I\ M2 40 i 5 & 8 25 14F 3
i AMPK ¥ B B . BFFC R I, BI040 B2 ki i
B AVLAE EDRAS T, LKB1&Z BUE AMPKF A
SH VL S SCHERTE 8 U S A e S
Ca*"/CaM-{& i 5 1 B B(Ca*/calmodulin dependent
protein kinase B, CaMKKB)E 2/ o V.3 Thr1 72f R
b, BETTEIE AMPKIY . Je 3, shynan s /e 52 F

IBAE 5 A H R SR 2 A4S SR, CaMKKBI
% AMPKIEHEIFE I+ B8 112, BETF R,
IV RERAA L IEER DL A 4 M A J o it S
CaMKK B AEHIHAMPK 19, {E15F B2, 4000
LKBIFER MG , CaMKKBAE % 14 5 AMPK [¥1 i 12
1k, VB CaMKK B4 AMPK )& HEAMK # LKB1
{H 2 AMPKIE V3 72 7 52 2 AMPI/KSFE [ 520
AMPZKCF 38 15 #5405 Thrl 72 2 B ER 1k 111 i AMPK
PG R ARk, 33— B3G5 AMPK IR TG PEDL

BEAL , X3RN A A A Bk = T30S AMPK . DA
AW AR, DR 0 41 i T REJE I B2 AMP AT
ADP/KF T B AMPK YT, 8R0S iF 78 & 8L, %6
EiFEE =, AMPKR LKB il AXINE A 454 5
EEG R 1) v-ATPase & & ) fll Ragulator T 7 [X
W, M H, 1,6 W AW (fructose diphosphate, FDP)
IKP T B G AR B 6t FBPRE 48 B ) F 1, 18 4 BT
1455 )5 (/e i3 v-ATPase. Ragulatorfll AMPK-AXIN-
LKB1Z [AIBhAH G, T30S AMPKIT % 40 i
RS, T3 ah, BRITRE TS AR R B, 75 A IR KT
5 mmol/LTE#H F, AMP/ATPEL R RG24k, G
PR 4H 13 1) AMPK B S B R AK. ;i o5 7 28 4 /K R
SEFRAR, AMPIRE T+ 2530~60 pmol/L2 []f, ¥ il
PR J5 2643 () AMPKER [ 45 B R 1 ;48 28] /KT
FEEERZ I, AMPUEE AT FE A 100 pmol/L, IR 2k
P b 1) AMPK A B 4 0G93k BT 75 45 TR
AN [F) 2 FEE P R B R = MO T R P AN [ X3
AMPK, MBS AN [F] BT e 5L A

2 AMPKIE# T &R IR EE K
AN R . AR REREN, A
JEL 1 AT J2 AR 1 75 B, BT 484 58 400 ) 2 0 Ak
PRI . SRR A U B I P B T
LRI K43 2L I B BB I HE N A7 i 2R
PR %G, BTN AR . T EL, BRIUR I, 2k
SRLAR A BT T U LA R R IR TR R
3K T IS 55 6% % 25 A T 4 5 A B A 41
R H R, B ATHEF O, ShiAE A
FE A% 5 DR LR A (R AL, 0 P 4 52 i 25
BT o YT 2 e % DR T T R 4 A B R L
SR R 2L 4 5 0 A R P R R 20 (R R
TRIEDIA R HEBRAR LA (1) P2 RS TH SR,
UEZWREN, EHLESHTHHET,
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AMPKZ 5 | gl 2 kiR i A= & . ln,
12 Bl VLA B AN F 3 LA 41 4R 44 A2
B, B R AEAARE RE 71, T HARBUE T AMPK, 7R
AMPKZ 5 | LA AR Y& B2 5351,
AMPK (R0 71 A2 HE 5 WL PART AR 7 200 2R 4 2
WGP A RERARE, NI R IE AMPK 73
WG Py B et 1 AR ZRAASE Y S R A, /D
BRI S T 41 AR AR ) AMPKAS BB T 2R R4 A2 )
A T, BTFUREL, /B> AMPK B1/B23E
ol LB LKB 1S SOIL A ANI0L Bt
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SRR A & L, AMPK T SEA% SRR 5 22
SELRARAEY) & AT RE R P A, BT
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ML R (AR B i 200, DL Al R e A U,
AMPK S 311 1) 20 I 2 b A A 4 G Bl ) B S 4R S
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WL CAE , AMPKOE I IO T 2 A s R 7
TSR H AR AR A ) B R . e, i % dk
Yyt A48 A= P S AR v 0 AT - 1o peroxisome-
proliferator-activated receptor y coactivator-1o, PGC-1a)
IR T AL SV ARAA & 8w R4, &
TERAEY) & BORAZ O R SRR R T, A
T 1 AMPKXS ZoRi AR £ & i Dh RE R R B B 7T
KIL, AMPKIEGE 5 HBIPGC-1o B T 2R S8 A0 4R
A SC I R FRIL BT, AMPK y336 M A Bol Sk it %
IR I, HARHE T PGC-1aRIE ). B[R+
EB(transcription factorEB, TFEB)/& A& A M AT ZS
DS Y B R . TR AR I, TFEBAR
BE T AR B R EE L, BEFUR N,
AMPK REB A1 mTORC 135 P i FEL 1 TFEBRE I 14
W AR, BE TGS 6 5% A7 TFEB, TFEB: &5
PGC-1oBt KA BT B, R HF 5, 7R AMPK
A fEE 2 1 TFEBHE R 3 IA T I e s K -F B
PGC-lo, 1M #HFARMEEYEH Y Fi5, %
SCHRTE V2 PR B R AL . SR SR AL
(B0 1R J5 15 1 7 2RE PGC-1a. B0, JTER(E 1A
1T 1(silent information regulator 1, SIRT1)& —FH{&k
HNADH I CERE , BF 70, AMPKAMY BE
LI HINAD 17K I 6% SIRT 1, e (e #ESIRT]
HEKFRIE, WoE SIRT 1 PGC-1a-2s Z B AL T 15

DIREC™, Fy 4k, LRI, AMPKAR A PGC- 10
Ak, BRI PGC-1a30 %5 ) 5 SIRT 145 51 25 Lk
b, TG 3 PGC-1a 3G 1, (R FE KRR Y&
BB, IR BRI LSS R U, AMPK B SIRT 145385
PGC-1a) 2 Ak 1 3 5 FL R 42 2R A4 AR ) & i
(R o

3 AMPKIET T &Rixmm) 115

W FLR I, 2RI N gn i N B 2 40 i s, &
RIS A S o R B A AR AR FLE T T MR
ghf, AR A B IR AL BRI T A
SIAFRTEES . SR TEA I ZRLAR, 721
BN, 4ERFARRATPIR A2, ORA H IR B W)
PEFABY; MRS FRUVR I 264N, ReB (8 2 fA 2 [A]
FF AR B, 4ERFIEF ARR DI RE . A,
SRR IR R 1 52 B4 2R A4 i 2R 4 52 401 oF
PR, AR 5 3l B WAL 25 BRI B A7 ) B2 kE
K, FFROE BRI TR AR

MiIT—HE NN, HELH 115 5 okl i £ R A 58
i Ze KL AR ATP & RIS, R Rk 2R bi A 7y 2. FRAIK
LR PR b A T A LR . (B T ORI R ), G
LTS M 5 A o AR B R A S 0 o 71, A de e AT Ao L )
S ME) SRR WY 28 T AR AN B A o E 90 B, R A
R A ) 0 1) DR - AN BE 8 175 R 2R R AR A 2R, 1T HL
W EEBEAMPK . 4, I SRR 5T R B, £ AR AL 4T
A2 FRAGY ) A ERE AR W W B 52 G AR DRITLLLI) 443 1] 751,
X LGP B S A AR REGE AMPK S 155 1 2okl
RRERW, S N R BT 78 SR, F /N7 1 B0
FILE R BEIR ERAR GO, e B EMIEAMPK
M5 T 2R AR 73 34, I Bt 5 25 S $ 7R, AMPK
& B R BRAR 4 2L B R

AR R E TR N B SR E B
1(dynamic related proteinl, DRP1)/™5, DRP1# #i%
I A M Joid 4 22 AR AR A I, 5 IR b 1) 2 Ak S S
M FLRLAR >R 2k 53 LK ¥ (mitochondrial
fission factor, MFF)/& £ ki /& 4N F 5DRP145 & 1
FEZAK, 0T 7 LRk o 2L A W 4, 2 4
A 7y 5430 I TR A% 00 B DR 10 R B R AE A AR
WA 1222 BOR 20 M & B, MFF& AMPK (1) iR 47,
AMPK BEW A JLAE AL 1 B 155 F11 73407 5 (1 22 B R
(threonine 155, 173)AL™. X LEHF L 45 R RIS IR
L fff o P W 00 o) 7] 8 BP0 56 P AMIPKOIST 7710 5
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SRR K AMPK LA . 552, BF 78 R L,
AMPK % 403% J5 {2 #E 7 DRP1E 7 T 2o Ri 4k, X
T AMPK i BR AL MFF A £, 3 SUAfF 58 Ui B, A
=P8 2 F R, AMPKIE i % B A MFF AL 5 175 42 1)
DRP1E R, M50 Z0 b 1 25 2R R AR I 28 T 765

4 AMPKXSZhiiR BRI AT

I 2 30 o A Tl 3 A 2 R OIS 465 A 1
WG /N PR T A W06 - 401 BB 2 1 B AT B 2%, 4 e
{140 240 LI e 1 R i S B A R4 LA R R, AT
KB YRR Y IE % AR PRI B K R S ) — Fh g AR
WL FE . 2R RLAA H W (mitophagy) A2 4 A 2 55 M 4 figk
Y1 B PN 52 35 1 B 2 A 2R AA, 5E ROk 4 BRAR
TP R s v A .

LA I 55 26 W, AMPKGR% 1 06 5130 W 40 i
() R AR, E M 25 3 $E 2R (mammalian target
of rapamycin, mTOR)J& T~ 22 Z MR/ 75 2 IR I g, 245
1) 4 L 1 W ) B i 1, e R A R R 4
73 FUNC-51-F£3 6 1 (UNC-51-like kinase 1, ULK1)
(R Th B T A B W R AR . BEIT R B, 41 R AL =
i A+, AMPKIE I % 2 fbmTOR b i 1 4% K 1
TSC2HImMTORC1E. &, 1 HilmTOR ) 3 14 1 12 i
ULK 1SR fb, M55 F W A AR B iR B, 78
PURA A 261, AMPK AJ DL B B2/ ULK 1 i R 1L
BT 7 S 40 i 3 W, HULK IR R R 48 5, AMPKAS
BE TG ULK 975 4 T {12 338 R [ 2R 4 4 1) AR 2R, S
NRAMPK/ULK 115 5 & 2 AU S 40 i 5 W, i H.
RE A% 1 1R B SRR I 2R R0 AR, B S Ak 2 3
kG, ANEZE T, ULKLZ 5S40 bk @ W 2
R, i B, B ALR A, BRE R gnie. A
Ji . A A L R A LA 40 R 55 22 B 25 2 41 i
AMPK Y T 5 B 0% v 250 25 B A I 1) 42 R AR 53560,
X EERHFFEUE B, AMPKISUHULK & 75 5 2ok ik 1 W
() R R A%, B OE ULK LI 3% 2 44 1 05 () EL Ak
MU A+ 2005 2, U075 ZEER AR FL. H AT EG R
A2, 2Rt B WAL S 2 R, Zei i i £ ™ =,
PR 4 338 1717 4% 43 B9, AMPKBE % [ MFF iR 1k, {12
DRP 152 {7 451497 ™ F 4 br (6 He 2, AR5 I8 B
Wik IR A2 PR R R L A1

55 4b, B #0780 N, PINKI/PARKINA® 5 (1)
2 L A 2 A A A B ) 2R R AR 9 W ) B — 2RI AR,
PINK g — /™2 &R/ 75 R IR, A1 TRk

AN, 2R R AR 25 WAL S5 PINK 1% 35 28 28 Ri Ak Py i,
SEAEE3-2 R EBEPARKINGE 17 4 32 451 1 42 R A,
B SR AR AN IERD A i R R (1 B Ak, E B E
WEATL i, o A 4% 5 7™ B 1R 4 R ARCY. T H, PINK1
1 B8 0% B 1R 1h 28 K A4 b 11192 3R 3 SR PARKIN Y
U5 PEBY,  {HPINKI1/PARKINGE ik 2 5 28 ki 44k 2= 1)
1% T 10 2Rk B I, 1X 5 AMP/ULKLE 5 & &
PSR AR B EEAE. K, & FAMPFIULKI
T 75 3 L PINK I/PARKINGE 6 1 §2 28 R 7k 5 W& i
AW B, Fk B AL P TA) &K i (carbonyl cyanide
3-chlorophenylhydrazone, CCCP) & — Fft 55 24 1) £& i
AR A BB AL AR AR . BF 9T K I, CCCPAMY fiE
i 400 1] ATP (1) & 5% 1T 3008 AMPK, Tfif L8 i PINK 1/
PARKINGH #1755 | 4Rk H 1k, #2875 AMPKAI/EY
ULK1 F i #8473 vl 56 2 5 1 PINK1/PARKINGHE #%
75T I Z kLA [ 5

5 AMPK5SZhi A X EmEI K &

H R0 7C B, ZRRifh DhRe 5 AR REE . LA
PRI AN B RE S UM OC . % T AMPKAE % 41 i
LRRIRTREITER , IR CNTRTT SR BRI RE S
PR N YN R S R 7 5 TN
N, AMPK IR 2 (e IR R A Ak« 2Rk [ W AT
VT T RE P, TR H0 2ERE R 07 IR AN [
B, BB AMPKAE VR IT 2R AAH S 2 R Qi
PRI A7, A, — FBUITE AMPRA 514
WOEF, B B AMPK I HIHIA BARH (Rdk o
R, B FEANARIGTELE M I RE R e RE . BFST
R, U o 0 ) 2ok A P R B A T
SEERRLARIEIR ThEEFI ATPF= 5 R %, $2 5 AMP/ATP
EAG1, 33k T AMPK 25 B B A4 177 36 5 AMPKG 12, A
T3 IO AR R PAELAt . FRAR B DG 2B p ik (R , ik
R HERREL, IR, AMPKAA A2 G 7 TSR R A
JoE 5 AU EE L 5 ), Ak, A, BRE R
HEPT RS AR RIS S5 8RE A 2E 1 XU 2 D) AH
Ko HONEEME, BEFIAA,  H U AT B AIC iE
RIFO, BRI, = HOSUGE S S AMPK 0]
mTORVEG % T B4 A W . HE R,
TR TR AR . OREL. RTA AR £ R
i 7 TR, EAVELE PR AR S, kA, R
— H OIS AMPK AH BE 1 5 22 FfCo 0L 52993 2500
B RO U B R R AR 2R 10, DL A T
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AMPK activation

|

|

The upregulation The upregulation MFF ULK1
of PGC-1a expression of SIRT1 expression| | phosphorylation phosphorylation
PGC-1a Mitochondria
Deacetylation localization of DRP1
\4 / j \4
Increased mitochondrial Promoted mitochondrial Promoted
biogenesis fission mitophagy

AMPK{EAL S EPGC-10381% i, FF#E T FIHSIRT IR IAEPGC-108 125 LWk, SEiife it 2k ki ik A4 & ik, 8T SRR ALMFFI 3 il DRP1

ERL TR, MG SR ERE (A7) 2, i BERR (L ULK 1 75 3 Aok F 1

AMPK activation causes the upregulation of PGC-1la expression and elevated PGC-1a deacetylation induced via the upregulation of SIRT1, thus pro-

moting mitochondria biogenesis, results in increased localization of DRP1 at the mitochondria via phosphorylating MFF, thereby enhancing mitochon-

dria fission, and induces mitophagy processes by phosphorylating ULK1.

El AMPKIF{RZ&AARENIER
Fig.1 The regulatory role of AMPK in the control of mitochondria quality

FAR BT, AMPK 5 £ KA X 0 1R 95 25 D A
5, AMPK S0 71T AR V7 AR s o
CEE Y

6 AIRKRE

25 E TR, AMPKAE N N =2 i 45 B R AR TR A5 1
PR DR 1, 4 B A B I8 B e B 2R 1R B0 AMPK,
AMPKIEA, J5 38 5 S0 T Vi 2508 PR - 5 G R i A=
Y& G BRI E AR B IR, AT DR IE 2k 1 Ji
B R HOEE AR DIRE (B D). RAE LKD)
AE S /77 BE T B 05 AMPK, {HAMPK I i 42 (1)
Refp i S 28 KA g RE I N IR b . i B, H AT
T AMPKAE 45 G AR S 12 07 THAT ) A — 45 22 22 )
R A B . 51, AMPKAEAE AR R4 4, B 75
FAEAMPK E & WAk 56 8 A7 BEE T 2R 420 110 R S
PEMpIE S5 A= A2 N R LA s 2. T Ab, 2R
KAk b BJAMPKT] g 5 ¥ B 8 - T AMPKATLKBI
FAAEAH BAE R, (HEARBE AL IR AT &, T H 28
LA 52 45 B R 5 ol A B YT A DG B 5 AMPKA!
ULK 12 [8] (R A ELAE FH A B, X 28 P 25 2 RO
T EURN T A 1 B AU

FIAb, FHE T AMPKAE 45 K7 20 i 2 br 4 {g e 1) =2
B, HA W I BON IR TT BRI AH DS 1) LR
mo BE A B A E 1 2R R AR AMPKR ) 50 & 1) 38 o,

XK A BT WA AMPK 2 287 14 D e 3 11 1
T UITAE AMPK G 77 )2 I iR T 2kl A
AR AR G, X AT B 48 75 AMPK R 4% 21 7
LERLR T RERI AL, 17 H 57 4 Fr 2R 4 5 v RE
FEVRTTREEAE . IR A PR AN LE A AE 1) 2 250
SR, R H A O AMPKIERE 77 FH 8005 40 g
AMPKIMT 6 7 5 2R A Th BE 5 5 AR ¢ B0 AR RO,
B i FAMPKJ 2 70 A T A AN A X3, HLAF A
AN FE L &, BRI, AR T A s Aok A i R
PO A R E X SAMPK A2 HCE 3 21 5 53 5 A )y
ST, R A2 NIRRT G ) 5

SEHK (References)

[1]  SEDLACKOVA L, KOROLCHUK V I. Mitochondrial quality
control as a key determinant of cell survival [J]. Biochim Bio-
phys Acta Mol Cell Res, 2019, 1866(4): 575-87.

[2] HARDIE D G. AMP-activated protein kinase: an energy sensor
that regulates all aspects of cell function [J]. Genes Dev, 2011,
25(18): 1895-908.

[3] GRAHAME HARDIE D. AMP-activated protein kinase: a key
regulator of energy balance with many roles in human disease [J].
J Intern Med, 2014, 276(6): 543-59.

[4] LIN S C, HARDIE D G. AMPK: sensing glucose as well as cel-
lular energy status [J]. Cell Metab, 2018, 27(2): 299-313.

[5] XIAO B, HEATH R, SAIU P, et al. Structural basis for AMP
binding to mammalian AMP-activated protein kinase [J]. Nature,
2007, 449(7161): 496-500.

[6] WITTERS L A, GAO G, KEMP B E, et al. Hepatic 5'-AMP-



886

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

activated protein kinase: zonal distribution and relationship to
acetyl-CoA carboxylase activity in varying nutritional states [J].
Arch Biochem Biophys, 1994, 308(2): 413-9.

WINDER W W, HARDIE D G. Inactivation of acetyl-CoA car-
boxylase and activation of AMP-activated protein kinase in mus-
cle during exercise [J]. Am J Physiol, 1996, 270(2Ptl): E299-
304.

MINOKOSHI Y, KIM Y B, PERONI O D, et al. Leptin
stimulates fatty-acid oxidation by activating AMP-activated
protein kinase [J]. Nature, 2002, 415(6869): 339-43.
SHACKELFORD D B, SHAW R J. The LKB1-AMPK pathway:
metabolism and growth control in tumour suppression [J]. Nat
Rev Cancer, 2009, 9(8): 563-75.

MARCELO K L, MEANS A R, YORK B. The Ca**/calmodulin/
CaMKK?2 axis: nature's metabolic CaMshaft [J]. Trends Endocri-
nol Metab, 2016, 27(10): 706-18.

YANG S, WANG J. Estrogen activates AMP-activated protein
kinase in human endothelial cells via ERB/Ca(2+)/calmodulin-
dependent protein kinase kinase p pathway [J]. Cell Biochem
Biophys, 2015, 72(3): 701-7

WANG B, CHENG K K. Hypothalamic AMPK as a mediator of
hormonal regulation of energy balance [J]. Int J Mol Sci, 2018,
19(11): 3552.

GHISLAT G, PATRON M, RIZZUTO R, et al. Withdrawal of es-
sential amino acids increases autophagy by a pathway involving
Ca’'/calmodulin-dependent kinase kinase-p (CaMKK-B) [J]. J
Biol Chem, 2012, 287(46): 38625-36.

SALLE-LEFORT S, MIARD S, NOLIN M A, et al. Hypoxia up-
regulates Malatl expression through a CaMKK/AMPK/HIF-1a
axis [J]. Int J Oncol, 2016, 49(4): 1731-6.

SUNDARARAMAN A, AMIRTHAM U, RANGARAJAN A.
Calcium-oxidant signaling network regulates AMP activated
protein kinase (AMPK) activation upon matrix deprivation [J]. J
Biol Chem, 2016, 291(28): 14410-29.

FOGARTY S, HAWLEY S A, GREEN K A, et al. Calmodulin-
dependent protein kinase kinase-beta activates AMPK without
forming a stable complex: synergistic effects of Ca** and AMP [J].
Biochem J, 2010, 426(1): 109-18.

SALT I P, JOHNSON G, ASHCROFT S J, et al. AMP-activated
protein kinase is activated by low glucose in cell lines derived
from pancreatic beta cells, and may regulate insulin release [J].
Biochem J, 1998, 335 ( Pt 3): 533-9.

ZONG Y, ZHANG C S, LI M, et al. Hierarchical activation of
compartmentalized pools of AMPK depends on severity of nutri-
ent or energy stress [J]. Cell Res, 2019, 29(6): 460-73.
KASTANIOTIS A J, AUTIO K J, KERATAR J M, et al.
Mitochondrial fatty acid synthesis, fatty acids and mitochondrial
physiology [J]. Biochim Biophys Acta Mol Cell Biol Lipids,
2017, 1862(1): 39-48.

PFANNER N, WARSCHEID B, WIEDEMANN N.
Mitochondrial proteins: from biogenesis to functional networks
[J]. Nat Rev Mol Cell Biol, 2019, 20(5): 267-84.

QUIROS P M, MOTTIS A, AUWERX J. Mitonuclear commu-
nication in homeostasis and stress [J]. Nat Rev Mol Cell Biol,
2016, 17: 213-26.

JORNAYVAZ F R, SHULMAN G I. Regulation of mitochon-
drial biogenesis [J]. Essays Biochem, 2010, 47: 69-84.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

YOON K J, ZHANG D, KIM S J, et al. Exercise-induced AMPK
activation is involved in delay of skeletal muscle senescence [J].
Biochem Biophys Res Commun, 2019, 512(3): 604-10.

SEO S, LEE M S, CHANG E, et al. Rutin increases muscle
mitochondrial biogenesis with AMPK activation in high-fat diet-
induced obese rats [J]. Nutrients, 2015, 7(9): 8152-69.

LIU M, ZHENG M, CAI D, et al. Zeaxanthin promotes
mitochondrial biogenesis and adipocyte browning via AMPKal
activation [J]. Food Funct, 2019, 10(4): 2221-33.
GARCIA-ROVES P M, OSLER M E, HOLMSTROM M H, et
al. Gain-of-function R225Q mutation in AMP-activated protein
kinase gamma3 subunit increases mitochondrial biogenesis
in glycolytic skeletal muscle [J]. J Biol Chem, 2008, 283(51):
35724-34.

O'NEILL H M, MAARBIJERG S J, CRANE J D, et al. AMP-
activated protein kinase (AMPK) B1B2 muscle null mice reveal
an essential role for AMPK in maintaining mitochondrial content
and glucose uptake during exercise [J]. Proc Natl Acad Sci USA,
2011, 108: 16092-97.

TANNER C B, MADSEN S R, HALLOWELL D M, et al.
Mitochondrial and performance adaptations to exercise training
in mice lacking skeletal muscle LKB1 [J]. Am J Physiol
Endocrinol Metab, 2013, 305(8): E1018-29.

GALIC S, FULLERTON M D, SCHERTZER J D, et al. Hema-
topoietic AMPK 1 reduces mouse adipose tissue macrophage
inflammation and insulin resistance in obesity [J]. J Clin Invest,
2011, (12): 4903-15.

HASENOUR C M, RIDLEY D E, HUGHEY C C, et al.
5-Aminoimidazole-4-carboxamide-1-B-D-ribofuranoside
(AICAR) effect on glucose production, but not energy metabo-
lism, is independent of hepatic AMPK in vivo [J]. J Biol Chem,
2014, 289(9): 5950-9.

WAN Z, ROOT-MCCAIG J, CASTELLANI L, et al. Evidence
for the role of AMPK in regulating PGC-1 alpha expression and
mitochondrial proteins in mouse epididymal adipose tissue [J].
Obesity (Silver Spring), 2014, 22(3): 730-8.

WU Z, PUIGSERVER P, ANDERSSON U, et al. Mechanisms
controlling mitochondrial biogenesis and respiration through the
thermogenic coactivator PGC-1 [J]. Cell, 1999, 98(1): 115-24.
GARCIA-ROVES P M, OSLER M E, HOLMSTROM M H,
et al. Gain-of-function R225Q mutation in AMP-activated
protein kinase y3 subunit increases mitochondrial biogenesis
in glycolytic skeletal muscle [J]. J Biol Chem, 2008, 283(51):
35724-34.

WADA S, NEINAST M, JANG C, et al. The tumor suppressor
FLCN mediates an alternate mTOR pathway to regulate
browning of adipose tissue [J]. Genes Dev, 2016, 30(22): 2551-
64.

MANSUETO G, ARMANI A, VISCOMI C, et al. Transcription
factor EB controls metabolic flexibility during exercise [J]. Cell
Metab, 2017, 25(1): 182-96.

YOUNG N P, KAMIREDDY A, VAN NOSTRAND J L, et al.
AMPK governs lineage specification through Tfeb-dependent
regulation of lysosomes [J]. Genes Dev, 2016, 30(5): 535-52.
CANTO C, GERHART-HINES Z, FEIGE J N, et al. AMPK
regulates energy expenditure by modulating NAD+ metabolism
and SIRT1 activity [J]. Nature, 2009, 458(7241): 1056-60.



3 55 AMPKOR R P 28 0 2

887

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

CHANDRASEKARAN K, ANJANEYULU M, CHOI J, et
al. Role of mitochondria in diabetic peripheral neuropathy:
Influencing the NAD+-dependent SIRT1-PGC-1a-TFAM
pathway [J]. Int Rev Neurobiol, 2019, 145: 177-209.

LI Q, JIA S, XU L, et al. Metformin-induced autophagy and
irisin improves INS-1 cell function and survival in high-glucose
environment via AMPK/SIRT1/PGC-1a signal pathway [J]. Food
Sci Nutr, 2019, 7(5): 1695-703.

MISHRA P, CHAN D C. Metabolic regulation of mitochondrial
dynamics[J]. J Cell Biol, 2016, 212(4): 379-87.

TONDERA D, GRANDEMANGE S, JOURDAIN A, et al.
SLP-2 is required for stress-induced mitochondrial hyperfusion
[J1. EMBO J, 2009, 28(11): 1589-600.

RAMBOLD A S, KOSTELECKY B, ELIA N, et al. Tubular
network formation protects mitochondria from autophagosomal
degradation during nutrient starvation [J]. Proc Natl Acad Sci
USA, 2011, 108(25): 10190-5.

CHAN D C. Fusion and fission: interlinked processes critical for
mitochondrial health [J]. Annu Rev Genet, 2012, 46: 265-87.
SHIRIHAI O S, SONG M, DORN G W. How mitochondrial dy-
namism orchestrates mitophagy [J]. Circ Res, 2015, 11: 1835-49.
TOYAMAE Q, HERZIG S, COURCHET J, et al. AMP-activated
protein kinase mediates mitochondrial fission in response to
energy stress [J]. Science, 2016, 351(6270): 275-81.

BREITZIG M T, ALLEYN M D, LOCKEY R F, et al. A mito-
chondrial delicacy: dynamin-related protein 1 and mitochondrial
dynamics [J]. Am J Physiol Cell Physiol, 2018, 315(1): C80-90.
MELEY D, BAUVY C, HOUBEN-WEERTS J H, et al. AMP-
activated protein kinase and the regulation of autophagic
proteolysis [J]. J Biol Chem, 2006, 281(46): 34870-9.

GARCIA D, SHAW R J. AMPK: mechanisms of cellular energy
sensing and restoration of metabolic balance [J]. Mol Cell, 2017,
66(6): 789-800.

EGAN D F, SHACKELFORD D B, MIHAYLOVA M M, et al.
Phosphorylation of ULK1 (hATG1) by AMP-activated protein
kinase connects energy sensing to mitophagy [J]. Science, 2011,
331(6016): 456-61.

WU W, TIAN W, HU Z, et al. ULK translocates to mitochondria
and phosphorylates FUNDCI to regulate mitophagy [J]. EMBO
Rep, 2014, 15(5): 566-75.

KUMAR A, SHAHA C. SESN2 facilitates mitophagy by
helping Parkin translocation through ULK1 mediated Beclinl
phosphorylation [J]. Sci Rep, 2018, 8(1): 615.

DHINGRA R, RABINOVICH-NIKITIN I, KIRSHENBAUM
L A. Ulkl/Rab9-mediated alternative mitophagy confers
cardioprotection during energy stress [J]. J Clin Invest, 2019,

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

129(2): 509-12.

INOKUCHI-SHIMIZU S, PARK E J, ROH Y S, et al. TAK 1-me-
diated autophagy and fatty acid oxidation prevent hepatosteatosis
and tumorigenesis [J]. J Clin Invest, 2014, 124(8): 3566-78.
YANG C S, KIM ] J, LEE H M, et al. The AMPK-PPARGCIA
pathway is required for antimicrobial host defense through acti-
vation of autophagy [J]. Autophagy, 2014, 10(5): 785-802.
BUJAK A L, CRANE J D, LALLY J S, et al. AMPK activation
of muscle autophagy prevents fasting-induced hypoglycemia and
myopathy during aging [J]. Cell Metab, 2015, 21(6): 883-90.
MOTTILLO E P, DESJARDINS E M, CRANE J D, et al. Lack
of adipocyte AMPK exacerbates insulin resistance and hepatic
steatosis through brown and beige adipose tissue function [J].
Cell Metab, 2016, 24(1): 118-29.

NGUYEN T N, PADMAN B S, LAZAROU M. Deciphering the
molecular signals of PINK1/Parkin mitophagy [J]. Trends Cell
Biol, 2016, 26(10): 733-44.

LAZAROU M, SLITER D A, KANE L A, et al. The ubiquitin
kinase PINK1 recruits autophagy receptors to induce mitophagy
[J]. Nature, 2015, 524(7565): 309-14.

ORDUREAU A, HEO J M, DUDA D M, et al. Defining roles of
PARKIN and ubiquitin phosphorylation by PINK1 in mitochon-
drial quality control using a ubiquitin replacement strategy [J].
Proc Natl Acad Sci USA, 2015, 112(21): 6637-42.

SOUTAR M P M, KEMPTHORNE L, ANNUARIO E, et al.
FBS/BSA media concentration determines CCCP’s ability to de-
polarize mitochondria and activate PINK1-PRKN mitophagy [J].
Autophagy, 2019, 7: 1-10.

Steinberg GR, Carling D. AMP-activated protein kinase: the
current landscape for drug development [J]. Nat Rev Drug
Discov, 2019, 18(7): 527-51.

FONTAINE E. Metformin-induced mitochondrial complex
I inhibition: facts, uncertainties, and consequences [J]. Front
Endocrinol (Lausanne), 2018, 9: 753.

BERSTEIN L M. New developments of metformin in the clinical
cancer area [J]. Oncotarget, 2018, 9(96): 36820-1.

DIN FV, VALANCIUTE A, HOUDE V P, et al. Aspirin inhibits
mTOR signaling, activates AMP-activated protein kinase, and in-
duces autophagy in colorectal cancer cells [J]. Gastroenterology,
2012, 142(7): 1504-15.

ZHANG H H, GUO X L. Combinational strategies of metformin
and chemotherapy in cancers [J]. Cancer Chemother Pharmacol,
2016, 78(1): 13-26.

RENA G, LANG C C. Repurposing metformin for cardiovascu-
lar disease [J]. Circulation, 2018, 137(5): 422-4.



