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8§ ZE . AMPK (5’AMP-activated protein kinase) /& AMP #7517, B o (al/a2). PTTIE B (B1/B2)
Hly (yLy2hy3) ¥ R i = AR B A . B Rk = (R B ). = BRI, AMPK B0 7
AICAR F1Z 3l B BEWS B 88 WL AMPK, 17 AMPK = ZE b5 8L A, 0l & Rl Ho, 18
FETM EREE B UL [AMP]/[ATP] 5k [ADP]/[ATP] b2 it AMPKo Thr172 A7 s BEER Ak, MBS 8%
AL AMPK £ S BEIEAC S S, 35 AMPK/TBCID1/TBC1DA4 15 538 M 4% /) GLUT4 #47 LIAR #E 73
HIFETEHG, LA K AMPK/ACC ( ZIH4HEF A R ) 15 518 45 & ZobL iR 2R L F2 |G CPT1/2 FJIG i R %18
#H FAT/CD36. FABPpm #1 FATP1/4 JL[RI {2 i) & BTG TR 84k . R H AMPK 4512 3 i #% LK
RE AR 0 B, AR SO B IR T IS B B UL AMPK FEIEAVEF, BENE S ERUL AMPK A S 05, gt
W AR R . IR B RS B R e AMPK 845 #& LS 5 A i 40 i 2+ B A B K AMPK &
BRI AR B 8 LA R [l R 7 o

KR . AMPK ; i23)) ; B HNL s BEARAC
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AMPK is an important kinase regulating exercise-induced

glucose and fat metabolism in skeletal muscle
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Abstract: AMPK (5'AMP-activated protein kinase) is a heterotrimeric complex composed of catalytic o (al/02)
subunit, regulatory B (B1/p2) and y (y1/y2/y3) subunits. Nutrient starvation (no glucose and/or hypoxia), metformin
and AICAR (5-aminoimidazole-4-carboxamidel-f-D-ribofuranoside) and exercise can activate AMPK, which
promotes catabolism and inhibits anabolism in skeletal muscle. Exercise-induced elevation of [AMP]/[ATP] or
[ADP]/[ATP] increases the phosphorylation of AMPKa Thr172, thus regulating glucose uptake through AMPK/
TBC1D1/TBC1D4 signaling pathway (promoting GLUT4 translocation to plasma membrane) and fatty acid
oxidation through AMPK/ACC signaling pathway (in combination with mitochondrial proteins CPT1/2, fatty acid
transporter proteins FAT/CD36, FABPpm and FATP1/4). To point out the significance of AMPK in the regulation of
glucose and fat metabolism in exercised skeletal muscle, this review elucidates the regulation of exercise on AMPK

in skeletal muscle, and the role of exercise in AMPK-induced glucose and fat metabolism. Therefore, understanding
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the molecular mechanisms of AMPK regulating glucose and fat metabolism in exercised skeletal muscle would

accelerate AMPK as a potential and effective target molecule for treating metabolic diseases.
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member 1, TBC1 Rab-GAP FKjEEHM A2 — )
TBC1D4 (AS160, 4r ¥ & 4 160 kDa [ Akt K4 )
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(v-ATP [ ¥ 55 ) B & I 42 15 g & AMPK {5 5 18
D R ) o i (151 === R
AT 55 AT 407 AMPK, AMPK/TET2 {5 5 34 B f 0%
FOIBE R B MR A R i A K 1Y LKBI 2
AMPK 1) b 8 BB, 7E /N BUE UL 4 AT
AMPK B0 77 B9 3 [FAE R 52 5 AMPK a2 &
P, M EE T AMPKol 35 P A3 N, A R S
Vi) P SR AR AN 114 v 5t P 7 B ds ) B . 3 5 /s B
PLEF 2 ik Af L (extensor digitorum longus, EDL)
AMPKo2 %M M. RER K msaE etk i
FHn AR B # AL AMPK 02p2y1 Al a2p2y3 E &Y
W, IF H AMPK o2B2y1 B &35 % 5 TBC1D4
WEERL W A DG, AR K e i B 32 B TR 0 A\ A4k
HHUL Akt, 32— {2t TBC1D4 BEERAL ™, #Em
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Z 8 oK B WL 4T 48 AMPKa Thrl72 # /% 14 1
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B 82 3 1 AR B L AMPK a2 3P, (B R B 3E
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1G5 W W AR 5 L AMPKa Thrl72 E2 4k Al
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V) 1) SRR AL 11 2 i 32 B 2 3 3 s R UL
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A5 I 80%V O, 1o 7R E IS BN B 1 25 1Y 0 A
H # L AMPKal #1 a2 36 PE,  JGH 2 BUE & 8% UL
AMPK02/ACC2 15 53l % %, X 2% W v 4 5 A [
i K (132 3l 35 38 0wk U5 28 3 W AN ARCE B UL
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AL, [T B- R I SL 4G A i 2 (B-hydroxyacyl-
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B, AT, AMPK #5585 TBC1D1 Al TBC1D4,
[ 5} TBC1D1 1 TBC1D4 {1 30 12 3k A 15 IR 2
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B B S ER B T UURE IR ARSI ) o, i2
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2RI RA T, SENYEANAMPRIADPIKERITH &, AMPAIADP 5y 3 Bateman s #3545 & F 2 B8
b, B AR L AMPKEGE ML 1065 . [ 1244 R 3 T EAMPK LA LKB 12 E AMPK o Thr1 72437 53 8RR AL (0l 5
NMEACTEIE), JFE R I REER M S WERR AL, HET $2 = AMPKIE P 1001% . ASH4 RN A AMPK o Thrl 72852 b 3t [H] F EAMPK

(3% 7 T-1 0004 . [ CaMKKB{E 3 AMPK o Thrl72fFafk.,

AHHL N Ca® IR T = 2 TN BT AMPK . 22 FIRE AN )

AMPKH i & (A B REF(PP1A. PP2ARIPP2C)HEAL 1 L BERRAL F AL N TEiE P 2K, i 1 410 ) B A GB D [X ik 17 {3 AMPK

Rt o

1 Bah & AL EE X AMPKGE M RO iBIE(E "

Zhak AICAR 3@ ik 34 n % )l AMPKa Thrl72 B %
AR TR ULRE iR 43 e P o 25 BE SR . W 5T R W AICAR
A 25 1 2 BB RO R B #E UL GLUT4 #4471
55 107 %5 BE 5 5 P2, TBC1D1 Al TBC1D4 /& Rab-
GTPase i 5  (Rab-GTPase-activating proteins, GAPs),
J& AMPK Al Akt (RS FRILIE YD, ThBhIE S RiF S
(1) Akt G 2 3t GLUT4 B 4r,  [5)IB 8% LIS 4 12
#F AMPKa i 2 1k, % 5 TBCIDI/TBC1D4 iff 1 )
Rab- GTPase ¥ffk,, HETEdt GLUT4 47 AKE hin&

B UL 2 BB 0T i B ALUAC 4 A A S 56 F S
AMPK 3% TBCIDI1, 2 3y & 2 # i TBCID1
Ser237 Al Ser660 £ iRtk P25, AtkmEsniEis
F0E NMEE B TBC1D1 Ser237 Bifgfl, FEZ
AMPKa2 & (9 F1 AMPK a2B2y3 & & Wi 1t 1
P BN G R, Sk SIS s EOE N RO B
WL AMPKa Thr172, ACC Ser212 #1 TBC1D1 Ser237
WAk, e 3E GLUTA4 % 57 2= 20 a5 LA - 5 UL
HIEFEHEE Y, SR, AMPK F1 TBC1D1 ¥ 8%
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AMPKo [ i F1 % 512 8015 5 AMPK 0 2 [H) 47
EBIFE P 6 &, #— 4R T AMPK /1 S 115
SRR SERFA M B E AR TP E M
BTl 5 25 S 1 % UL AMPKal/a2 %
BB (AMPKo imDKO) /) BB, HF 78 5 K
I TBCIDI1 /& AMPK R BR L RN 4, H -/
i 60%V O, Hi & 12 3l #1578 V. AMPK Thrl72
FITBCID1 Ser237 i s Wi 1k, AT {23 B B L
EPEERBUR AL T R LI 4E T AMPK/TBCIDI
=5 3 B TR O R GLUT4 28 10 3% JUL A 22
TR, (E R 5 2 8 Akt 4% ) TBC1D4 R 1k M,
TBC1D1 J [l i [ B e N\ /IS BRSS9 B 5 JUL A 1%
RS20, RIS B I 1 B UL 4 FD
AICAR HI T B 4 % B8 5 U2 3, % B AMPKY
TBCIDI1 15 5 18 6 0] 1 6 JUL 3 4 W 18 B B 2B 4%
VER ¥, UNRIRERTIL AMPK S8 it @821k TBCIDI
Ser237. Serd99. Ser660 Fl1 Ser700 ff H.id Fik, ¢
Bk GLUT4 & [ R kAL P {H sl o iz 515
S:ff) TBC1DI Ser231A KI (knock in, FERFEEA ) /N
R I R R i R N e -
JRPH 2 TBC1D4 R #Mz: TBCID1 DhRgdk 2k, {2
AR NE A PR . SRR B s e A
BNV 2 HE SR URN 2 3548 i AMPK Thr172 £1 TBC1D4
Ser704. Thr642 1 Ser588 fi7 & Wi fe 1k, 1 12 i &
REFE BN 230 #H] AMPKa Thrl172 £l TBC1D4 Thr642/
Ser588 fi miEIR A, (HIE S & 5L Akt A4 1k 5
R P AN, BURIE SN A R AR B
Akt JRADBEIR AL, 32 Bl ] B L 7 0 40 B 1S
Al FE A T Akt JEEY) AS160/TBC1D4 ik *2, 4&
M EF AS160 Thro49Ala KI HE K] Fl N /) B AR RS R B
FLR I, BB 45 B AICAR AN R 0% TBC1D4
Thr649 (8 /& Thr642) 2 A6 f7 21 B e b H
BUE AS160/TBC1D4 Thr642 o7 s 1l g 4k 55 K 78 B
AR Akt SRR R A K. 4R ERTR, 1E

12358 AMPK 30 A B AE R, AMPK B0E & fi%
JL TBCID1, {H TBC1D4 (K3 75 B4 i % & 1l
¥, TBCIDI £l TBC1D4 [&] i 1 /£ #F GLUT4 %%
A7 VAR e B UL 260 0 () Rt EUR 8 Ak s Sl SR
JE 32 ) AN Re A 50 IR PHE £ R0 AR 2 TR PR S i
& B UL AMPK AU N al/a2 35 P, {H A L 4
2G5 8L AMPKa Thr172. PAS (phospho-Akt
substrate)/AS160 1 Akt Ser473/Thr308 & 1t /K ~F 1
I AMPK o2 $5 1 B, 05 2R BE Bk A 2 A6 PR
5 ) E 5% L AMPKa Thrl72 21 .
2.2 AMPKEUETIXHE BRALFER S a0 EE/ER

b & AR SR IR T A GE R, 25
AMPK BUE 7 FH V077 a0 AR 2 BORE R R 5E |
e SRR MR, AL R I
WIBE MR B 212, 28 F AR R ELAI 2 =LA pe
BRWE, BT 24X AMPK 0%, K1 8
ARG S0 R B 2 /)N BB A% UL AMPKa Thrl 72, ACC
Ser79. TBCIDI Ser237 FI PAS-160kDa (TBC1D4)
TR A4 LA st AL A 7 28 i & ', B 52 R W] AMPK
WO 77 PF-739 38 I 2 35 1Y I 8% L ACC2 Ser212
1 TBCIDI Ser237 BEFRACSE =y oA & H A H 2, [%
I/ R K, R WL RR 577 AMPKola2
R B /N B, UE B B 88 UL AMPK 2 ACC2 Ser212
1 TBCIDI1 Ser237 (¥ L7 g *". 5 —F AMPK
WOE 77 MK-8722 7R Re I0E I A3 & 86 UL AMPK,
oo 2 AU PR TR DR MR RS, (EAEE—E A
VEFH , BT A7 S0 AE T R S5 % #5384 o B0,
LGRS, SRIERPEAT A 991 4 IE B BEfE AL
YAl AMPKo Thrl72 B 6N 45 B ™0 2Rkr
PPN G 2 A0 T 46155 ——R419 A] B BeE UL
BN AMPK, [RS8 RE RN R I2 3 58 Rt
AMPK W% 1) B8 NG bR DI R, X R B R419 2
D5 ML A I B R A Az B B 0 I TB R iR T B
JUT il 3 #8511 (chitinase-3-like protein 1, CHI3LI)
S 3k L4E e CaMKK 11 /AMPK/TBC1D4 15 5 i@
B B UL GLUTA B 47, 438 o 748 4 B ARt O
AH S Hh, SBI-0206965 s B % L %) B 4 1z 1 A1
SEVEANEI ], A AR R B B UL AMPK/ULKL
55 WP 54— Fh AR H O ) SC4 A R /N4y
T B2-AMPK Wi 7, WA RCHS o B % UL AMPK
a2B2yl B AWM P BT 925 R H i AMPK
ZYOET, I RRN B4 S 56 2R B S N R AT AR
T S AMPK (240 GLUT4 #6467, Mifiif
P25 L2 e 7 267 B B I, 5035 db/db /) BRI RE AR S A
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$e v e AT Y SIS (2 2/ B C2C12 L
E YN Ca® A1 ROS (R, T L i % 1 i UL
CaMKKpB/AMPK 15 5 i@ % {2 it & #% Jl GLUT4 #%
fr 11, FI G 04 (methotrexate, MTX) & — i |2
i MR AT XIE ), @] ATIC (5- &Rk
W -4~ SR TR e A WA A T IR P IR 5 A2 g / VLY B i IR
B K i G ) 5 PR R 28 ZMP (5- & FE WK e -4 B Tt
Ji& -1-B-D- MR AZBEJE -5'- FUERR ) X HHT & AICAR
R, AT 45 AICAR 5 58 & N B 155 UL
40l [AMP]/[ATP] tb 2T, PR MTX [A] 423805
L4 B AMPK DA {32 % 4 B 45 B ) Alisol A-24-
LR 2 (AA-24-a) [ 1E FH 2 B IR, 70 B 36 e
C2C12 L 4H s CaMKKpB-AMPK-p38 MAPK/AS160 12
I P LR A R AR T Rk A
O WLAT B AMPK DL 335 58 457 B 45 B 10, o
L 24 Ze W SE 8 i 0E AMPK/TBC1D4 13 5 18 BE {12
HE L6 WL4H i GLUT4 #% {7 LA o i 44 %% 45 B 7%
ARDME, BNEDE S S 8L AMPK 2
FEE RO KRB ACE " g2 ERTiR, A
[ 73 5 B /IR T 0 AMPK 805 70 W] A il
BIT AR, WAE . 2 BUBE R I 718 IT
FE.

LA 43 W IR 7 Trisin (35 )2 2% W00E B 8% 1L
AMPK 145 [f) GLUT4 % fir 22 20 P fige, DA 1 46 %)
PEEEEC U, S — R AULP AW R F IL-15 (4R Ay
% -15) ik Rk (e g4l AMPKa Thrl72. TBC1D4
Thr642 F1 Ser660 7 si R4k, MMk GLUT4 #%
fr A 7 TE R A0 B S 00 S 3% R AR N IL-15
A 3 OE LA D AMPK i 3E B B UL 7 b
TN, [R5 B B UL SR A S A0 T B AN 3 0 2 bt
PR HLF AR 8 5 ETC H S 2a "™. Racl (Ras-
related C3 botulinum toxin substrate) /& Rho ZXj% GTPase,
L IS S T B UL GLUT4 % 437 42 i3k %8 22 b
EC T, T R ERHR B R SR A 1 (T-lymphoma
invasion and metastasis-inducing protein-1, Tiam1) iff
% Racl ¥& 1, Racl 3R in{e 3t JI4H il GLUT4
AL s 1hy 1 Hz RLURIEOA I C2C12 IL4H M c4im
I s AMPK/Tiam1/Racl {5 5 i 4 ¢ 3t H %6 25 b
$EHC T, 5 — A AMPK 4% R T Axinl 76 & 57 [
Z 5 R 456 LKBL UGV EE i AMPK, {23k g
P RE AR, T R a3 G 6 0 15 HORT 454k
TERE 7S AL B85, mTORCI il 5 Rag B4k
4 K Ragulator 25 (4 #l1 il AMPK #0355 7" {H 2,
LA Axinl i [K] g B A 5207 AMPK/mTOR 15 5 i

PR R /)N BB UL A BB AL, 4278 Axin2 W RE iR 4%
BB LR b R R A4 Y kR AN, Trisin, IL-
15, Racl 1 Tiam1 # /2 & B L4 H 4% AMPK 4
5 110 71 2 A £R B ) RS R 5 Axinl R] RRiE
45 & AMPK L i B LKB1 0% 7 8 /4 AMPK,
AT U 42 ] 265 0 £5 HOOAH O 1Y) B L 5 IR, (R D)
RERFIEA et — P At .

BEAR, AN [ A0 56 AR K P e SRS AU, AS (] 5 P
() A8 LS8 % AMPK A 3 1) 6 6 4 4 SR A B
B RPEAEH o RS A I (] B 5 UL /732 3
BOE B 8% . AMPK/Axinl-Racl {5 53 #%, #1012
BE/N B B 2 PR U M B TR R K ]
PSR, e 0 2R R T ) R SR SRS AU 4 LI B
B4 AMPK/TBCID1/TBC1D4 {Z 5%, HRS{E ik
N B B A R R Y S R AT R
3 Akt 15 S IE B S 1ER -

3  AMPKEEALAER S B IEIEIER

AMPK 2 ft. ACC2 Ser212 ¢ 3k 8 WL i5
i R S8 Ak, [EIINE ACC2 Ser212 B 2 1 1 42 JB 5%
B E ™ W FUUE S, 2Bk F2 LS 3 (prolyl
hydroxylase 3, PHD3) J& [l i [ Wi /) B & % UL
AMPK/ACC2 5 5 il %, e 3E& #% LIS 1 12 A AL,
PINLIE /TN AR et iy R S L Sl T S
EOE B L AMPK/ACC {5 538 1%, 40 82
AMPKo2 §i1E. — AMPK #3557, 40 MTX. SIRT6
HS AT o O B UL AMPK A HE S TR AL, o RN,
— SN A A H R S A O A 1
(ganglioside-induced differentiation associated protein
1, GDAP1). %75 BEH (focal adhesion kinase, FAK)
FOAE R Pk 4l A KB AT (stearoyl-CoA desaturase,
SCD1) 1 il AMPK i 4, 2% 1M 4 il & 8% LG 07 1R
Adb. BRItz 4h, AMPK 1 # [R 1R I P
T I AMPK/ACC {5 5 3 it DLt 3k i UL iy
et
3.1 BEINH

WFFLR M, 2 h [ 65%V Oy, 55 5 38 Bl % 5%
A I ZrIL At i 32 03 1B L AMPK/ACC 15 5 18
B, MRS B UG R ™. Stk sh B
WG K R B AMPK/ACC {55 #,  [A] A 38 Jn
B UL AMPKy3 WAE3E 1 ™. 6 A | thit5tizs)
25 25 389 I BB WL AMPKo2 VP, [A) IR I
TEH L ACC,  AZBE /N B B8 LR 5 2 15 B A 4
o —J5iH, 1R & 88 T B UL AMPKal/o2



el TECiE, % AMPK

Z AR A R LRE i A A 2 637

DRSO o /N B ) 88 L AMPK/ACC {5 5 1 52
7, SEWEIEREN DS F%, FFkEriesht
I 7 (respiratory exchange rate, RER) ) Ff &5 PA
FA KPR iz shfe S R BT A — 5T,
BT L AMPKB /B2 J PR XU /N BT 17
B AL B, $OR AMPK A 2 i 45538 3l b i 8%
JULHE B B2 S8 A O S B ity o LA AR A1 B LA 4 1
FINF W, 75 AMPK J [R] i Bk 1) /) BRORE 2Y o i
FULET 765 B0 5 B A S 25 18 ) sl 4 R B Y. X
T fz Bl 75 A A1 % L4 o AMPKC 38 928 JTig i 1R
FACIIVE AN A DRI, e i BE S M B B
7138 Bl G B TT 0E N AR B U5 2 B 1 1) B UL
AMPK/ACC {5 ‘F il MR IR IR AL, {H AMPK/
ACC /- I NEWT R AL (5 5 B B 2 B LIS B B H #5
Wi kAR ER, v et — Bt oe. AR,
T 78 2% W32 B0 B % L AMPK/UILK 15 538 #% LA
R B UL AT B e ) s e A e s Y,
JUL P 68 7K~ PR 358 ot - JUL R 2 R0 s 7 P S A 8
HEFREER P
3.2 AMPKIE#EFIxT & B&AILAS (X s AV B 1E AR

AT SCHE B, MTX MU 3 AMPK 8 45 ¥ 8 8%
JUL %65 BB SR B, [F) I 7S AMPK/ACC {5 5 18 i,
VA B B ULIE 7 e Ak . WF 9t % B SIRT6 4
% L AMPK i 25 14 Jig 107 BR %Ak, [A] I SIRT6 iff
2 FAT/CD36 15 5@ i Al PPAR« 2K [ R A (2 E 5 8%
FULER R A o 1) i T R B- 481 ™ FLIRAE iz 3
B 0 TC S AR, — e R R
/N BB R IL AMPK/ACC {5 538, Ra—Eik
JE HOFLER G 3E B B LA MR AL Y, AN AR T AL
147561 2 B A 58 2 AR AR = o5 B B UL T R A
PR E1E . AMPK f9 38035 30 1] GDAPL i £,
GDAP1 & [R T BR 2 3t LA B A i BR S8 AL o0 i, —
SEFEE Bt AMPK i 414 GDAP1 2 [ R IA R
BEE B LG D7 2 4E1L . AICAR %S AMPK 134
TEAH] FAK Tyr397 £ s g 4t, J@ it #f) FAK &
P32 B AL B0 A AR AT s AMPK/ACC 15 5 38 #% 1]
DU E B % LR 5 B 8k B [k, AMPK i
TN B i LR 07 R SR AL B A S B PR S T
55 AMPK #1175 75 6 20 42 1 (0 4E F o B itk 2 4h,
AT 4EA K KT 19 (fibroblast growth factor 19, FGF19)
T O BB AMPK/PGC- 1o {5 53 % 240 38 IE b
7500 B UL LR R A Tl i 1R AT R AR Ak S BT
FGF21 75 o] 4% i B LRk g, AT T 2 LA
ARG P2, SCDI & M A B A AN i i R

PR P BRE S . SCD1 5 PR ok /) BRod 3k 1 i ¢ UL
[AMP]/[ATP] tt % 3% AMPK/ACC {5 5 i@ %, M
T A2 325 B 8 UL TG 7 I 4 A 5 400 1) - % UL Vi 25 1B Dy
W2 Hm BRI =R A Y ek RO
JE B A28 3% B B8 UL AMPK/ACC 15 5 3B 1%, [ ok
5 B U e G R A Y KR iE
AT W N B AR 2R R B8 L AMPK o R
A B 8% L SIRT1. PGC-la &5 AR #EIE ", {3
PO /N B C2C 12 L 41 il AMPK/SIRT1/PGC-
lo A5 5 iE M, b2k ULAH e e PR ULER 4 ) 12 L2
depp s UV, R B, R AR IR 1 IR i AR
(non-alcoholic fatty liver disease, NAFLD) /& ~, ‘&
B4 UL miR-34a ( —Fh e BEAH I T2 11 /N 5> 7 RNAs,
FE TR AN M 2% v 7R A5 % 3% )/SIRT1:AMPK {5 538 #%
WOE, SEOEH® AU NAFLD B35 88 L2 ki 44k 5)
T R RG50S 1 AMPK
T 2 400 1] 2 WL A4 T e AT e 2 i A S R 3 K
%, [A B miR-34a/SIRT1:AMPK 1% 5 il % 7] fiE /&
TEIT AR 2 B e A U, FGF19, SCD1 Al
miR-34a X $E /N4 () AMPK i 4% [K -1 Fl 85 7% 2%
22 R S AL A ) B B 2 A i B UL AMPKY/
ACC {55 B 10, AN B s N AR Bl U5 25304
B UG TR E AL .

ke, FIHAFESE (& ARE ). A
() IS & () PRI AL A [R] 77 S iE B,k — 22 i) B
BEIXT AMPK A5 1B 8% UL 195 1% 4504k B 85 22
VR AE o R0 2 A I R0 AR s 400 2 6 ] P ) 33
HHEOE /N R BT AMPK/ACC {5 55888, e
BN R RS LI DT R Sk, RN S5 35 39 0 FABPpm
[ F1 FAT/CD36 £ [4 [ 235 LA R i % 4 U il
YRR SIS . FURIBORNIZ 30155 5 1 B R LIS A6 7
A Sy FE A HRAIE 92, AMPK/ACC {35 5 3 I 0% Al
JE 15 8 e 3 i 1 W ) R 42 B B LT s R A

4 EENFITAMPKIR2BME RN E P A ER

Y% AMPK 305571, itk &4 9917 PF739°7,
MK-87221) 25 i 33 B % FUL 36 267 445 EBORT 6 A1 L /s
R EAE NI FLah P MM K7, AT RE IR s 4% 2 7Y
B R s L R BV, e, MIK-8722 i 5 2 7
WP bR RS, AR 5 KA 112 3hi)ll 44
B B AMPK 357 R419. GW1516 il NDI-
5033 A AR BB E /N R F7ia 3h g A 11
Z I LR, AMPK B FAE Fiz sl 51t e
JoE 2 ZOWE R AR e BRI ER, A



638 B

H34%:

5 P Ut A2 B BT 7732 3 R o0d 1 0E AMPK 2
3t 2 TUWE RSB B B L. PR e AR DA R 1
PEANIM AR RS, FLALH 3 22 36 il AMPK a2B2y3
HAWNEEFEGE ACC2. TBCIDI Fil TBCI1D4M: > 1%,
i /712 3 Il 9k e 2 25 B0 2 BL0E PRI K B B UL
AMPK () il LKB1 &3 ", BRikz 4F, Yan
Az F AW T R I, 32 B i i S - 8% L AMPK/
Ukl 15 538 B e ik itk g e P 5 i W iR A
iz 3@ S WOE mitoAMPK ( 2k & AMPK) 75 5 2k i
A P e T 3 A B ) R R e A R s ) Y
KK I 2R 0% AMPK/SIRT1/PGCla 15 58
65 1) 2 P /0N RV I AT R 9 TR R S
KIAH A2 sh I Zxd i S AMPK {5 5 B 1 i
S 6 R T A P, S 3 R OK BRI K SOIR
The M IR G LRI, s A AN TR R (R
SR M ) JE I 3 R A0 A 1 A EE AMPKY/ FOXO3a
F T RO AN E T, T A 3 R K B

Mg ", g2 EpTd, Stkis st fissh il
B A OE %M$HE$W?H//\EP AMPK /5 1]
WA R A0 / SRR B R A5 - I8 R R g IR
2 BUBEERID . B AR SR .

~(Q€ose ‘ .Insulm

mmm
W‘ "’

fdtatatatd e ?

P_P

@ “‘“"4) @\ Thr596
@ Ser704 Ser34lj
\‘ ‘

Active Rab Inactive Rab

J& BBk O LA i Y [AMPY/[ATPTIR & 7 i,

5 NEERZE

AMPK 1ENE B4 M AN, &S24
%%ﬁ%,ﬁﬁﬂﬁ%ﬂﬁwimﬂ%m%%$i
FEER BN 12308 B0 E # UL AMPK
fEERENEAU, (FHA DR, BB et
ATP. fEFEAQE - AMPK 4+ 51 TBC1D1/TBC1D4
{55 IE B 4% VAMP-2 20 AH I8 (1 #64r LUE
RV AR, [FIB A IR RIS 1 Akt {5
538 i i — 20 (i 0 R UL R B L s 7R R AR U
i1, AMPK/ACC {5 538 8% [ S0E 12 33t 1 8% UL AR iy
fR A, eIk FE g CPT1/2 $h Bhiie 55 s i e % i
FERIAIEAT B AL (9 2), [FIF FAT/CD36. FABPpm
M FATP1/4 5 o Bh i 7 IR % 1z 28 JBE )N 14 9 ) A
. Racl I AXIN i #5 AMPK 5 1 FI % FR A6 {12 13F
TBC1D1/TBC1D4 41 5 () GLUTA4 #% fif. %= 41 ffg ik,
DA F B B UL & BE 4R 0 HIX M E A A 2
AMPK (W B b, SO i B ARV - AL
A fe it — BT, BRI AMPK IE 7] i 2 [A]
T FGF19. SCDI. SIRT1. MTX. SIRT6 fil—&&r
LAY (GURBIRE . BERM AR R ) (e ik

Exercise

KR% ?
osooses00e

Acetyl-CoA—»>Malonyl-CoA

myocyte

HEIMA F AMPK o Thrl 72§ E2 14 . AMPKRIIECE—J7 T 33E LA i A 40 i

JRAERARACCL 28R AL, I FLACCHERIEYE, MM LRI AR SNEERT Y BECPT /2% 32 (g i B AT pAAUfk s 53— 7T,

AMPK (1052 34T BE TBC 1 D1 A TBC 1 DA R 4L,
BRI 484 o

ML EERab GTPILBEE T GLUT4 ) FE 0 i3 22 LA A L LA 2t 1 4 b

E2 Eahsk B RIHX B RALAMPK T SHUHE IS R 515 S B RAVEFIEER



el W, 45

AMPK——IZ 3l 45 H # UHE i A 4 1) 28 223 639

LG W7 B2 84, 1T AMPK 17t 51 4% K] 7 GDAPI .
FAK #1 miR-34a 4| F 8 AU . o msmfE otk
Iz 7l Bl A/ BRAE AR LIS B 45 SRR B, fEis
BB 0 5 1B UL 4 AMPK/ACC 55
JH B 1 AMPK/TBCIDI1 {5 5 18 # i 30E 70 3 42 12
B UUIR D7 R A AN ) W AR . 18 B B R RE S 24
VI E B A I AR R 2 BB R A 1 2
BE N IMPERR SN TR AN, H2Eshda4M
RETS A Rl i BE LB I B e AR, w9t 4

ANRARIE],  HAM 771 LR 2R R 5
o B, fMizsh i NG EERENAYES
SRR v B U I A T 6 DL K o i LR I AU 7
BB AR L ) A e — PR R

(1) 1B 3 2= 5 HUE /N BCE B8 L AMPK A 5 1B
HEAR WG 5@ %, BETR 45 &% UL AMPK 30 7
(AICAR., —HIXUIT. A-769662. &4 991, PF739
1 MK8722) sk HAth 259 (KR HZEFEE. HiE
B LA Z1 W AT s A0 )k — 20 R 2 LR
U 5 JE T8 ) A2 B o AR A I OF [m) BiF 95 45
BRSO IE R g5 R e E > B4y AR R L
LR

(2) izl 2 vh R A A7 A B BB AR B ATREAR
WG TE g, DL RS R B 7 R0 % b
HBERE I EL B ) B, 2T AMPKo2 Thrl172A KI £ 5
INECEREIL CRER L ) BAA A Fl 28 ki & AMPKa
Thr172 BEER AL B (I RIA & FREARENE ™, i
SFR 2 K I ] ) 3 A8 2 s 0 238 — S I K ) P
X B B LG A B4 8 4 FH mT B s T ki B LA
IR REER .

(3) WFFL R AMPK i T2 PR I, f4ziE
SR RE B N A S 2k R e AR U, xR
LR AMPK (mitoAMPK) F 3800 %o 4 i g 4 C 35t
BAEZEER, &Rk AMPK @ i i 45 26 Fi 4
P AH A 5 % DA SO B iU LR B AR BB 72 7

(Z £ X #

[1] Herzig S, Shaw RJ. AMPK: guardian of metabolism and
mitochondrial homeostasis. Nat Rev Mol Cell Biol, 2018,
19:121-35

[2] Hatakeyama H, Morino T, Ishii T, et al. Cooperative
actions of Tbcldl and AS160/Tbcl1d4 in GLUT4-
trafficking activities. J Biol Chem, 2019, 294: 1161-72

[3] Kristiansen S, Hargreaves M, Richter EA. Exercise-
induced increase in glucose transport, GLUT-4, and
VAMP-2 in plasma membrane from human muscle. Am J
Physiol, 1996, 270: E197-201

(4]

(3]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Coyle EF, Jeukendrup AE, Wagenmakers AJ, et al. Fatty
acid oxidation is directly regulated by carbohydrate
metabolism during exercise. Am J Physiol, 1997, 273:
E268-75

Chang H, Kwon O, Shin MS, et al. Role of Angptl4/Fiaf
in exercise-induced skeletal muscle AMPK activation. J
Appl Physiol (1985), 2018, 125: 715-22

Fritzen AM, Lundsgaard AM, Kiens B. Tuning fatty acid
oxidation in skeletal muscle with dietary fat and exercise.
Nat Rev Endocrinol, 2020, 16: 683-96

Hingst JR, Kjobsted R, Birk JB, et al. Inducible deletion
of skeletal muscle AMPKa reveals that AMPK is required
for nucleotide balance but dispensable for muscle glucose
uptake and fat oxidation during exercise. Mol Metab,
2020, 40: 101028

Canto C, Gerhart-Hines Z, Feige JN, et al. AMPK
regulates energy expenditure by modulating NAD+
metabolism and SIRT1 activity. Nature, 2009, 458: 1056-
60

Gowans GJ, Hardie DG. AMPK: a cellular energy sensor
primarily regulated by AMP. Biochem Soc Trans, 2014,
42:71-5

Zhang CS, Hawley SA, Zong Y, et al. Fructose-1,6-
bisphosphate and aldolase mediate glucose sensing by
AMPK. Nature, 2017, 548: 112-6

Ma T, Tian X, Zhang B, et al. Low-dose metformin targets
the lysosomal AMPK pathway through PEN2. Nature,
2022, 603: 159-65

Wu D, Hu D, Chen H, et al. Glucose-regulated phosphorylation
of TET2 by AMPK reveals a pathway linking diabetes to
cancer. Nature, 2018, 559: 637-41

Smith CD, Compton RA, Bowler JS, et al. Characterization
of the liver kinase B1-mouse protein-25-Ste-20-related
adaptor protein complex in adult mouse skeletal muscle. J
Appl Physiol (1985), 2011, 111: 1622-8

Jensen TE, Rose AJ, Jorgensen SB, et al. Possible
CaMKK-dependent regulation of AMPK phosphorylation
and glucose uptake at the onset of mild tetanic skeletal
muscle contraction. Am J Physiol Endocrinol Metab,
2007,292: E1308-17

Treebak JT, Birk JB, Rose AJ, et al. AS160 phosphorylation
is associated with activation of a2B2y1- but not a2f2y3-
AMPK trimeric complex in skeletal muscle during
exercise in humans. Am J Physiol Endocrinol Metab,
2007,292: E715-22

Sakamoto K, Goransson O, Hardie DG, et al. Activity of
LKB1 and AMPK-related kinases in skeletal muscle:
effects of contraction, phenformin, and AICAR. Am J
Physiol Endocrinol Metab, 2004, 287: E310-7

Hawley SA, Pan DA, Mustard KJ, et al. Calmodulin-
dependent protein kinase kinase-f§ is an alternative
upstream kinase for AMP-activated protein kinase. Cell
Metab, 2005, 2: 9-19

Park H, Kaushik VK, Constant S, et al. Coordinate
regulation of malonyl-CoA decarboxylase, sn-glycerol-3-
phosphate acyltransferase, and acetyl-CoA carboxylase by
AMP-activated protein kinase in rat tissues in response to



640

G gEEd

344

[19]

[22]

[26]

(28]

[30]

[31]

exercise. J Biol Chem, 2002, 277: 32571-7

Wojtaszewski JF, Nielsen P, Hansen BF, et al. Isoform-
specific and exercise intensity-dependent activation of
5'-AMP-activated protein kinase in human skeletal
muscle. J Physiol, 2000, 528 Pt 1: 221-6

Birk JB, Wojtaszewski JF. Predominant a2p2y3 AMPK
activation during exercise in human skeletal muscle. J
Physiol, 2006, 577: 1021-32

Treebak JT, Pehmoller C, Kristensen JM, et al. Acute
exercise and physiological insulin induce distinct
phosphorylation signatures on TBC1D1 and TBC1D4
proteins in human skeletal muscle. J Physiol, 2014, 592:
351-75

McConell GK, Lee-Young RS, Chen ZP, et al. Short-term
exercise training in humans reduces AMPK signalling
during prolonged exercise independent of muscle
glycogen. J Physiol, 2005, 568: 665-76

Chen ZP, Stephens TJ, Murthy S, et al. Effect of exercise
intensity on skeletal muscle AMPK signaling in humans.
Diabetes, 2003, 52: 2205-12

Nielsen JN, Mustard KJ, Graham DA, et al. 5'-AMP-
activated protein kinase activity and subunit expression in
exercise-trained human skeletal muscle. J Appl Physiol
(1985), 2003, 94: 631-41

Frosig C, Jorgensen SB, Hardie DG, et al. 5'-AMP-
activated protein kinase activity and protein expression are
regulated by endurance training in human skeletal muscle.
Am J Physiol Endocrinol Metab, 2004, 286: E411-7
Mortensen B, Hingst JR, Frederiksen N, et al. Effect of
birth weight and 12 weeks of exercise training on
exercise-induced AMPK signaling in human skeletal
muscle. Am J Physiol Endocrinol Metab, 2013, 304:
E1379-90

Wojtaszewski JF, Birk JB, Frosig C, et al. 5'’AMP activated
protein kinase expression in human skeletal muscle:
effects of strength training and type 2 diabetes. J Physiol,
2005, 564: 563-73

Barnes BR, Long YC, Steiler TL, et al. Changes in
exercise-induced gene expression in 5'-AMP-activated
protein kinase y3-null and y3 R225Q transgenic mice.
Diabetes, 2005, 54: 3484-9

Lendoye E, Sibille B, Rousseau AS, et al. PPARP
activation induces rapid changes of both AMPK subunit
expression and AMPK activation in mouse skeletal
muscle. Mol Endocrinol, 2011, 25: 1487-98

Kjobsted R, Hingst JR, Fentz J, et al. AMPK in skeletal
muscle function and metabolism. FASEB J, 2018, 32:
1741-77

Mu J, Brozinick JJ, Valladares O, et al. A role for AMP-
activated protein kinase in contraction- and hypoxia-
regulated glucose transport in skeletal muscle. Mol Cell,
2001, 7: 1085-94

Koistinen HA, Galuska D, Chibalin AV, et al. 5-amino-
imidazole carboxamide riboside increases glucose
transport and cell-surface GLUT4 content in skeletal
muscle from subjects with type 2 diabetes. Diabetes, 2003,
52:1066-72

[33]

[34]

[35]

[39]

[40]

[41]

[44]

[45]

[47]

Chavez JA, Roach WG, Keller SR, et al. Inhibition of
GLUTH4 translocation by Tbcldl, a Rab GTPase-activating
protein abundant in skeletal muscle, is partially relieved
by AMP-activated protein kinase activation. J Biol Chem,
2008, 283: 9187-95

Chen S, Murphy J, Toth R, et al. Complementary
regulation of TBC1D1 and AS160 by growth factors,
insulin and AMPK activators. Biochem J, 2008, 409: 449-
59

Maher AC, McFarlan J, Lally J, et al. TBC1D1 reduces
palmitate oxidation by inhibiting f-HAD activity in
skeletal muscle. Am J Physiol Regul Integr Comp Physiol,
2014, 307: R1115-23

Sakamoto K, Holman GD. Emerging role for AS160/
TBC1D4 and TBCIDI in the regulation of GLUT4 traffic.
Am J Physiol Endocrinol Metab, 2008, 295: E29-37
Bruss MD, Arias EB, Lienhard GE, et al. Increased
phosphorylation of Akt substrate of 160 kDa (AS160) in
rat skeletal muscle in response to insulin or contractile
activity. Diabetes, 2005, 54: 41-50

Frosig C, Pehmoller C, Birk JB, et al. Exercise-induced
TBCI1D1 Ser237 phosphorylation and 14-3-3 protein
binding capacity in human skeletal muscle. J Physiol,
2010, 588: 4539-48

Vichaiwong K, Purohit S, An D, et al. Contraction
regulates site-specific phosphorylation of TBC1D1 in
skeletal muscle. Biochem J, 2010, 431: 311-20

Kristensen DE, Albers PH, Prats C, et al. Human muscle
fibre type-specific regulation of AMPK and downstream
targets by exercise. J Physiol, 2015, 593: 2053-69
Kjobsted R, Pedersen AJ, Hingst JR, et al. Intact
regulation of the AMPK signaling network in response to
exercise and insulin in skeletal muscle of male patients
with type 2 diabetes: illumination of AMPK activation in
recovery from exercise. Diabetes, 2016, 65: 1219-30

Liu Y, Nguyen PT, Wang X, et al. TLR9 and beclin 1
crosstalk regulates muscle AMPK activation in exercise.
Nature, 2020, 578: 605-9

Kjobsted R, Roll J, Jorgensen NO, et al. AMPK and
TBCI1D1 regulate muscle glucose uptake after, but not
during, exercise and contraction. Diabetes, 2019, 68:
1427-40

Jiang P, Ren L, Zhi L, et al. Negative regulation of AMPK
signaling by high glucose via E3 ubiquitin ligase MGS53.
Mol Cell, 2021, 81: 629-37

Hoffman NJ, Parker BL, Chaudhuri R, et al. Global
phosphoproteomic analysis of human skeletal muscle
reveals a network of exercise-regulated kinases and
AMPK substrates. Cell Metab, 2015, 22: 922-35

Funai K, Cartee GD. Inhibition of contraction-stimulated
AMP-activated protein kinase inhibits contraction-
stimulated increases in PAS-TBCI1D1 and glucose
transport without altering PAS-AS160 in rat skeletal
muscle. Diabetes, 2009, 58: 1096-104

Szekeres F, Chadt A, Tom RZ, et al. The Rab-GTPase-
activating protein TBC1D1 regulates skeletal muscle
glucose metabolism. Am J Physiol Endocrinol Metab,



el

W, 45

AMPK——iz &l i 2 5 f% LBE i A 0 22 2

641

(48]

[49]

[51]

[53]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

2012, 303: E524-33

Stockli J, Meoli CC, Hoffman NJ, et al. The RabGAP
TBCI1DI1 plays a central role in exercise-regulated glucose
metabolism in skeletal muscle. Diabetes, 2015, 64: 1914-
22

Chen L, Chen Q, Xie B, et al. Disruption of the AMPK-
TBC1D1 nexus increases lipogenic gene expression and
causes obesity in mice via promoting IGF1 secretion. Proc
Natl Acad Sci U S A, 2016, 113: 7219-24

Chen Q, Xie B, Zhu S, et al. A Tbcldl (Ser231Ala)-
knockin mutation partially impairs AICAR- but not
exercise-induced muscle glucose uptake in mice.
Diabetologia, 2017, 60: 336-45

Steenberg DE, Jorgensen NB, Birk JB, et al. Exercise
training reduces the insulin-sensitizing effect of a single
bout of exercise in human skeletal muscle. J Physiol,
2019, 597: 89-103

Dreyer HC, Drummond MJ, Glynn EL, et al. Resistance
exercise increases human skeletal muscle AS160/TBC1D4
phosphorylation in association with enhanced leg glucose
uptake during postexercise recovery. J Appl Physiol
(1985), 2008, 105: 1967-74

Ducommun S, Wang HY, Sakamoto K, et al. Thr649Ala-
AS160 knock-in mutation does not impair contraction/
AICAR-induced glucose transport in mouse muscle. Am J
Physiol Endocrinol Metab, 2012, 302: E1036-43

Musi N, Fujii N, Hirshman MF, et al. AMP-activated
protein kinase (AMPK) is activated in muscle of subjects
with type 2 diabetes during exercise. Diabetes, 2001, 50:
921-7

Sriwijitkamol A, Coletta DK, Wajcberg E, et al. Effect of
acute exercise on AMPK signaling in skeletal muscle of
subjects with type 2 diabetes: a time-course and dose-
response study. Diabetes, 2007, 56: 836-48

Thomas A, Belaidi E, Moulin S, et al. Chronic intermittent
hypoxia impairs insulin sensitivity but improves whole-
body glucose tolerance by activating skeletal muscle
AMPK. Diabetes, 2017, 66: 2942-51

Cokorinos EC, Delmore J, Reyes AR, et al. Activation of
skeletal muscle AMPK promotes glucose disposal and
glucose lowering in non-human primates and mice. Cell
Metab, 2017, 25: 1147-59

Myers RW, Guan HP, Ehrhart J, et al. Systemic pan-
AMPK activator MK-8722 improves glucose homeostasis
but induces cardiac hypertrophy. Science, 2017, 357: 507-
11

Bultot L, Jensen TE, Lai YC, et al. Benzimidazole
derivative small-molecule 991 enhances AMPK activity
and glucose uptake induced by AICAR or contraction in
skeletal muscle. Am J Physiol Endocrinol Metab, 2016,
311: E706-19

Marcinko K, Bujak AL, Lally JS, et al. The AMPK
activator R419 improves exercise capacity and skeletal
muscle insulin sensitivity in obese mice. Mol Metab,
2015, 4: 643-51

Kwak SY, Seo IH, Chung I, et al. Effect of chitinase-3-like
protein 1 on glucose metabolism: in vitro skeletal muscle

[63]

[65]

[70]

(71]

(73]

and human genetic association study. FASEB J, 2020, 34:
13445-60

Knudsen JR, Madsen AB, Persson KW, et al. The ULK1/2
and AMPK inhibitor SBI-0206965 blocks AICAR and
insulin-stimulated glucose transport. Int J Mol Sci, 2020,
21:2344-53

Ngoei K, Langendorf CG, Ling N, et al. Structural
determinants for small-molecule activation of skeletal
muscle AMPK a2B2y1 by the glucose importagog SC4.
Cell Chem Biol, 2018, 25: 728-37

Arha D, Ramakrishna E, Gupta AP, et al. Isoalantolactone
derivative promotes glucose utilization in skeletal muscle
cells and increases energy expenditure in db/db mice via
activating AMPK-dependent signaling. Mol Cell
Endocrinol, 2018, 460: 134-51

Maeda A, Shirao T, Shirasaya D, et al. Piperine promotes
glucose uptake through ROS-dependent activation of the
CAMKK/AMPK signaling pathway in skeletal muscle.
Mol Nutr Food Res, 2018, 62: e1800086

Pirkmajer S, Kulkarni SS, Tom RZ, et al. Methotrexate
promotes glucose uptake and lipid oxidation in skeletal
muscle via AMPK activation. Diabetes, 2015, 64: 360-9
Chen JX, Li HY, Li TT, et al. Alisol A-24-acetate promotes
glucose uptake via activation of AMPK in C2C12
myotubes. BMC Complement Med Ther, 2020, 20: 22
Naimi M, Tsakiridis T, Stamatatos TC, et al. Increased
skeletal muscle glucose uptake by rosemary extract
through AMPK activation. Appl Physiol Nutr Metab,
2015, 40: 407-13

Vlavcheski F, Naimi M, Murphy B, et al. Rosmarinic acid,
a rosemary extract polyphenol, increases skeletal muscle
cell glucose uptake and activates AMPK. Molecules,
2017,22: 1669

Zhang C, Jiang Y, Liu J, et al. AMPK/AS160 mediates
tiliroside derivatives-stimulated GLUT4 translocation in
muscle cells. Drug Des Devel Ther, 2018, 12: 1581-7

Liu W, Sun H, Zhou Y, et al. Goat milk consumption
ameliorates abnormalities in glucose metabolism and
enhances hepatic and skeletal muscle AMP-activated
protein kinase activation in rats fed with high-fat diets.
Mol Nutr Food Res, 2019, 63: €1900703

Lee HJ, Lee JO, Kim N, et al. Irisin, a novel myokine,
regulates glucose uptake in skeletal muscle cells via
AMPK. Mol Endocrinol, 2015, 29: 873-81

Fujimoto T, Sugimoto K, Takahashi T, et al. Overexpression
of interleukin-15 exhibits improved glucose tolerance and
promotes GLUT4 translocation via AMP-Activated
protein kinase pathway in skeletal muscle. Biochem
Biophys Res Commun, 2019, 509: 994-1000

Nadeau L, Patten DA, Caron A, et al. IL-15 improves
skeletal muscle oxidative metabolism and glucose uptake
in association with increased respiratory chain supercomplex
formation and AMPK pathway activation. Biochim
Biophys Acta Gen Subj, 2019, 1863: 395-407

Sylow L, Nielsen IL, Kleinert M, et al. Racl governs
exercise-stimulated glucose uptake in skeletal muscle
through regulation of GLUT4 translocation in mice. J



642

G gEEd

344

[79]

[80]

[81]

(82]

Physiol, 2016, 594: 4997-5008

Yue Y, Zhang C, Zhao X, et al. Tiam1 mediates Racl
activation and contraction-induced glucose uptake in
skeletal muscle cells. FASEB J, 2021, 35: ¢21210

Lin SC, Hardie DG. AMPK: sensing glucose as well as
cellular energy status. Cell Metab, 2018, 27: 299-313

Li J, Knudsen JR, Henriquez-Olguin C, et al. AXINI
knockout does not alter AMPK/mTORCI regulation and
glucose metabolism in mouse skeletal muscle. J Physiol,
2021, 599: 3081-100

Yue Y, Zhang C, Zhang X, et al. An AMPK/Axinl-Racl
signaling pathway mediates contraction-regulated glucose
uptake in skeletal muscle cells. Am J Physiol Endocrinol
Metab, 2020, 318: E330-42

Blair DR, Funai K, Schweitzer GG, et al. A myosin II
ATPase inhibitor reduces force production, glucose
transport, and phosphorylation of AMPK and TBC1D1 in
electrically stimulated rat skeletal muscle. Am J Physiol
Endocrinol Metab, 2009, 296: E993-1002

Kjobsted R, Munk-Hansen N, Birk JB, et al. Enhanced
muscle insulin sensitivity after contraction/exercise is
mediated by AMPK. Diabetes, 2017, 66: 598-612

O'Neill HM, Lally JS, Galic S, et al. AMPK phosphorylation
of ACC2 is required for skeletal muscle fatty acid
oxidation and insulin sensitivity in mice. Diabetologia,
2014, 57: 1693-702

Yoon H, Spinelli JB, Zaganjor E, et al. PHD3 loss
promotes exercise capacity and fat oxidation in skeletal
muscle. Cell Metab, 2020, 32: 215-28

McConell GK, Wadley GD, Le Plastrier K, et al. Skeletal
muscle AMPK is not activated during 2 h of moderate
intensity exercise at approximately 65% VO, in
endurance trained men. J Physiol, 2020, 598: 3859-70
Pataky MW, Arias EB, Wang H, et al. Exercise effects on
y3-AMPK activity, phosphorylation of Akt2 and AS160,
and insulin-stimulated glucose uptake in insulin-resistant
rat skeletal muscle. J Appl Physiol (1985), 2020, 128: 410-
21

Abbott MJ, Turcotte LP. AMPK-a2 is involved in exercise
training-induced adaptations in insulin-stimulated
metabolism in skeletal muscle following high-fat diet. J
Appl Physiol (1985), 2014, 117: 869-79

Fentz J, Kjobsted R, Birk JB, et al. AMPKa is critical for
enhancing skeletal muscle fatty acid utilization during in
vivo exercise in mice. FASEB J, 2015, 29: 1725-38
O'Neill HM, Maarbjerg SJ, Crane JD, et al. AMP-activated
protein kinase (AMPK) B1p32 muscle null mice reveal an
essential role for AMPK in maintaining mitochondrial
content and glucose uptake during exercise. Proc Natl
Acad Sci U S A, 2011, 108: 16092-7

Lantier L, Fentz J, Mounier R, et al. AMPK controls
exercise endurance, mitochondrial oxidative capacity, and
skeletal muscle integrity. FASEB J, 2014, 28: 3211-24
Martin-Rincon M, Morales-Alamo D, Calbet J. Exercise-
mediated modulation of autophagy in skeletal muscle.
Scand J Med Sci Sports, 2018, 28: 772-81

Laker RC, Drake JC, Wilson RJ, et al. Ampk phosphorylation

[94]

[95]

[96]

of Ulkl is required for targeting of mitochondria to
lysosomes in exercise-induced mitophagy. Nat Commun,
2017, 8: 548

Oost LJ, Kustermann M, Armani A, et al. Fibroblast
growth factor 21 controls mitophagy and muscle mass. J
Cachexia Sarcopenia Muscle, 2019, 10: 630-42

Cui X, Yao L, Yang X, et al. SIRT6 regulates metabolic
homeostasis in skeletal muscle through activation of
AMPK. Am J Physiol Endocrinol Metab, 2017, 313:
E493-505

Cerda-Kohler H, Henriquez-Olguin C, Casas M, et al.
Lactate administration activates the ERK1/2, mTORCI,
and AMPK pathways differentially according to skeletal
muscle type in mouse. Physiol Rep, 2018, 6: €13800
Lassiter DG, Sjogren R, Gabriel BM, et al. AMPK
activation negatively regulates GDAP1, which influences
metabolic processes and circadian gene expression in
skeletal muscle. Mol Metab, 2018, 16: 12-23

Lassiter DG, Nylen C, Sjogren R, et al. FAK tyrosine
phosphorylation is regulated by AMPK and controls
metabolism in human skeletal muscle. Diabetologia, 2018,
61:424-32

Guo A, Li K, Xiao Q. Fibroblast growth factor 19
alleviates palmitic acid-induced mitochondrial dysfunction
and oxidative stress via the AMPK/PGC-1a pathway in
skeletal muscle. Biochem Biophys Res Commun, 2020,
526: 1069-76

Dziewulska A, Dobosz AM, Dobrzyn A, et al. SCD1
regulates the AMPK/SIRT1 pathway and histone
acetylation through changes in adenine nucleotide
metabolism in skeletal muscle. J Cell Physiol, 2020, 235:
1129-40

Guevara-Cruz M, Godinez-Salas ET, Sanchez-Tapia M, et
al. Genistein stimulates insulin sensitivity through gut
microbiota reshaping and skeletal muscle AMPK
activation in obese subjects. BMJ Open Diabetes Res
Care, 2020, 8: 000948

[100] Yu'Y, Zhao Y, Teng F, et al. Berberine improves cognitive

deficiency and muscular dysfunction via activation of the
AMPK/SIRT1/PGC-1a pathway in skeletal muscle from
naturally aging rats. J Nutr Health Aging, 2018, 22: 710-7

[101] Wen W, Chen X, Huang Z, et al. Resveratrol regulates

muscle fiber type conversion via miR-22-3p and AMPK/
SIRT1/PGC-10 pathway. J Nutr Biochem, 2020, 77:
108297

[102] Simao AL, Afonso MB, Rodrigues PM, et al. Skeletal

muscle miR-34a/SIRT1:AMPK axis is activated in
experimental and human non-alcoholic steatohepatitis. J
Mol Med (Berl), 2019, 97: 1113-26

[103] Jeppesen J, Albers P, Luiken JJ, et al. Contractions but

not AICAR increase FABPpm content in rat muscle
sarcolemma. Mol Cell Biochem, 2009, 326: 45-53

[104] Narkar VA, Downes M, Yu RT, et al. AMPK and PPARS

agonists are exercise mimetics. Cell, 2008, 134: 405-15

[105] Klein JD, Khanna I, Pillarisetti R, et al. An AMPK

activator as a therapeutic option for congenital nephrogenic
diabetes insipidus. JCI Insight, 2021, 6: 146419



el

TRICE, 25 AMPK——Iz sl s & g U URE IR QT i 21 205 643

[106] Yi X, Cao S, Chang B, et al. Effects of acute exercise and
chronic exercise on the liver leptin-AMPK-ACC signaling
pathway in rats with type 2 diabetes. J Diabetes Res, 2013,
2013: 946432

[107] Cao S, Li B, Yi X, et al. Effects of exercise on AMPK
signaling and downstream components to PI3K in rat with
type 2 diabetes. PLoS One, 2012, 7: €51709

[108] Drake JC, Wilson RJ, Laker RC, et al. Mitochondria-
localized AMPK responds to local energetics and
contributes to exercise and energetic stress-induced
mitophagy. Proc Natl Acad Sci U S A, 2021, 118: ¢2025-
932118

[109] Lin JY, Kuo WW, Baskaran R, et al. Swimming exercise
stimulates IGF1/PI3K/Akt and AMPK/SIRT1/PGCla
survival signaling to suppress apoptosis and inflammation

in aging hippocampus. Aging (Albany NY), 2020, 12:
6852-64

[110] Liu W, Wang Z, Xia Y, et al. The balance of apoptosis and
autophagy via regulation of the AMPK signal pathway in
aging rat striatum during regular aerobic exercise. Exp
Gerontol, 2019, 124: 110647

[111] Crane JD, MacNeil LG, Lally JS, et al. Exercise-
stimulated interleukin-15 is controlled by AMPK and
regulates skin metabolism and aging. Aging Cell, 2015,
14: 625-34

[112] Fan J, Yang X, Li J, et al. Spermidine coupled with
exercise rescues skeletal muscle atrophy from D-gal-
induced aging rats through enhanced autophagy and
reduced apoptosis via AMPK-FOXO3a signal pathway.
Oncotarget, 2017, 8: 17475-90



