Reviews and Monographs ERud=gars

0) )L S i R
Progress in Biochemistry and Biophysics
' 'j 2026,53(4):905~919

www.pibb.ac.cn

X AEE R O1 FEATAERE B R P |y
1R R HLH

i3 2 1,2,3) A 5> 35 3)

O£ FFET FLRY FEHY IRV RAEH MaE FasY
(V BRI R AR T Rl be, B At 2100335 2 VLR IRTRIERTSEHT, Bat 2100465 ) BEBRITEABeiA T 240, MFH 473061)

WE AR DRI SN B TR (metabolic associated fatty liver disease, MAFLD) A% R BRARAE, SLHESE
Ol (forkhead box O1, FOXOL) AYTAEIRAS ELH52 m JIFNERE FACER S . FOXOL 76 MRS BT AR v ELAG I R AR08 i XL
R, (H O 44 T 5ER 0 R TS . AR SCRGFIIEFOXOL (ALY IhEE . k45 B e T g B At v i/
M, FHSTH SRS RGN IR R, FOXO! U353 RNA B L AE S RNA T s (L s, 5k imk
W BERR AL . SIS RS 1B A% - SR BRI, JFEEANIRIE TR L 10 AP IR SO A B B v S R 2 Sk i)
FERFE . BLHI L, FOXO1 —Jy I A BE H il =6 A iSRS Ak 26 R, I RIFFE R B iR, 55—, Gl
TEAE I BRI AR B A o0, AR AU PRI N IR B Ao [T, FOXOL 4l B A AN (L3 i A A 4
Wik, RS RS AT AR B 5 AR NS B . AL N HR R MAFLD Z LR HEOCH A, 478 FOXO1 /R BT

TGO E, ATF AT . MR s i TR B BB JEAl

KR CKEEHOL, FPIEIRRUIR, /FH KR
hESZES  G804.2, R49

JH I B 72 M 4R S A3 AR O B 7 1 e
(metabolic associated fatty liver disease, MAFLD)
) B BRAFE 2 —, B I ZR S IR
M EZRI ., AR, BRI AE I b B
RRUEIFIRI RO, HEZAE AR,
Hil=HE (triglycerides, TG) "o MHLH A&, I
JWE TG AT AR B T B 107 R R U5 5 2 i 2 Tal 1
iy, F BV KGN TR B . Sk IR D AR
(de novo lipogenesis, DNL) . fg iR & 1k (fatty
acid oxidation, FAO) VI MMALEEIEE A (very
low-density lipoprotein, VLDL) %t %572, A
e, FEFREAR BT (BATG ) M F i
LU, A BT MAFLD A9+ P s e A

M3k HE K O1 (forkhead box O1, FOXOI)
JEFOXO KRN E LN 01, TEMiFLaipERe (i
RAERHEAEIN ' FEFET , FOXOI 52§ iy %
(insulin, Ins) SESEFFEAEKHEF1 (insulin like
growth factor-1, IGF-1) {55 g, 7EMER
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FOXO1 0] figif i A A8 i . ZEAS [RACIPIR A R X
JHFRE B B LA 7= A e PR RN . FE Tk, AR
FOXO1 5 F AR B i AL U1 A i, & 46 [ Jiii
FOXO1 M3k 5iG e E, w5 B gs HXH ki
JE AR SCHEER AT BV R H RS AR E 22 52, DA
AR B P IR AV R 7 R I i 2 2%

1 FOXO1RI4EMF4S1E

FOXF:H 3 Jg %% 5 [ -7 (transcription factor,
TF) W%, Hh, FOXO WS 75 n bakf2k i
Wi daf-16 9% (DAF-16 5 H: FOXO RIEEH) ,
1E R i il dFOXO %Rt (dFOXO0 R H: FOXO [R5
EH), L sh Y A N A FoXol
FOX03, FOXO4 M1 FOX06 WA~ FOXOH:H ¥,
FRW], FOXFIRM G T it 1) 35 11 B e N i34 7
A 5 R ST ) DNA 45 4 45 #9 5 (DNA-binding
domain, DBD), ZZhd n] R 5105145 G L R S
B FAE T XU R R SO0, AR
HURLDRE S 0 AN, FOXO 8 ik 0 & Mg
S 22 B IR/ AR RRAAL L, AT PR I B

158~237 251~253

NH, —[

ean 1

(protein kinase B, AKT) 5522 % R/ 75 2 IR 8 K
B R AL ;s 76 N FOXO1 2 [ P 22 {3 5k Thr?/
Ser”*/Ser™,  TE M A S [ P52 1 5t Hh Xof b7 57 A3 ¥
4 Thr*!/Ser*?/Ser™'® '/,

20 28 90 44X, AR AR OC Y (5 14 ) 57 AIF
FEPE U FOXO1 3N, T A 1354
ik, FOXOI 3R 4y FOXO1 #1121 Uik
DI ik, B 45 v B2 DR ST Y DBD . € 7 41
(nuclear localisation sequence, NLS) . %4t ¥
(nuclear export sequence, NES) LI 5z =30 4
(transactivation domain, TD) 4§/, 5 DBD #H
e, NLS. NESHITD 7EA [AIH R/ S5 i 5 8] i £
SPPEARRIRAR, H28 5 v RESZ 0 FOXOT 1Y E 41 ]
FENLSEERREIIRE, JF 5PN R A . (E1RE
EsE, TEFOXO1 8 HHA7E S R By R A5 53l
UM 34 AKT B AL AL 58 (Thr* | Ser™,
Ser'”) ", AKT X Ser™ [ BERR b 1] Bk FOXO1 5
HLDNAMZESREST, FFaE— ARt Thet Ml Ser {
SRR AL (Ser o s I BEIR 1L I8 H BN N 2 S5
S S BERAL R BRI ), 4RI FOXO1 4 &
R smvE (1),

374~401

.

596~655

Fig.1 Schematic diagram of the structure and AKT regulatory sites of FOXO1
El FOXOIWZEHMFMAKTRE TR RER
FOXO1 BB ZATRE, TEACHFaZS8s i R IELO/EH] . DBD: DNAZ S 45H5% (DNA-binding domain) ; NLS: #E1)¥%5) (nuclear
localization sequence) ; NES: #% % i ¥ 51 (nuclear export sequence) ; TD: %% 5% J# 7if 45 #493s{ (transactivation domain) ; T: ¥ % ik

(threonine); S: Z2%(J? (serine).

2 FOXO1WFRIZEGiFEAE

2.1 FOXO1HRIXIFIE
211 FesEA T SAHEAE S

TERFHE . FOXOI /)3 3l n] 9 22 265 5% A
FHEEE, Hash e, WME . MMk
M amis G 5T, I ARBEE M4, 1E1R
I SRR PR b, A SR A R TR O S Ay
B 1S I F la (peroxisome proliferator-activated
receptor y coactivator la,, PGC-la) {5 FOXO1 {9
KPR FL S AW K, AT 54 T 4a

(hepatocyte nuclear factor 4a, HNF4a) ZH3EIE R
Y, ZEAWEE R FOXO1 5 A 8+ X 8
Jf o 2 L S e Y EMER G, TR
e W 22 45 AT o PRI AR /AR L A (eyclic
AMP/protein kinase A, cAMP/PKA) il G Fh ik
B S v e 45 & (cAMP response element-
binding protein, CREB), % {kJ5 i CREB 45 &
FOXOI i g+ JF BiMHZRR ™ 5 1 RiE B P
[, LS ¥ p300 fESS & FOXO1 T s 3 1 IX
B ERIE cAMP RN TG, DR FIOR cAMP AHCAE
7% FOXO1 ¥ st MRSV E L Vo fERARIE T,
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RHE, %F: XKIEFZBOIFERAERE R H 9 E A R IFIENL <907+

FOXO Z R I 53 Z [ A7 AE iy 15t XA 1) 45, 94
FoxO3a i Hi%45 & FOXO1 3 8 F I e 5
PNV R R1ZINE ) o T v U
PIRFELE SRR fEE 17 BRACHT 5 N A, iR
P K p53 7E FOXO! Ji 8+ Ly i 4lg 38 m . [+]
P2 FOXO1 %3¢, $75 FOXO1 ki il 2Z 2 4H
iy 38 A A0 IO 2 B T LR AR UYL S R,
FOXO! J3 8T8 ZFh AN RI MR 290, X et
T A S {5 5 2R W) 2 3 FOXO1 #% s i 1Y
AT SRR . 28 (ADP-#H) R&
fif 1 (poly (ADP-ribose) polymerase 1, PARP1) HJ
JFHRE YRS & FOXO! S 8+ LA ST
FF AR R A WS AR 1) 7 i L 5%, Fl—
FAFT ShRE 9 3 Bl . 7R e T
s, TR o-Myc 2R AT VR A il 2 s 4 [
T NI FOXO1 HE Rk, Wi B 28 PR il
AR ARSI R R 25 AR S 120
2.1.2 RNAf&Tf

RNA 5L Ak 2 52 e 5 PR 3R 3k 1Y) o 8 3R ML st 1%
P L BESR R, NS HEE IR B (NS
methyladenosine, m°A) J& mRNA 1 i35 il 1Y P4

iz —, U d m'A HIEE R i 52 5 1)
fig e 58 W, o B e W2k Dy

(methyltransferase like 3, METTL3) ', fEAHE&
T, meAE R R RS A 2 F B [B) A AH B
TEH R RS &, C AR RR, FOXOI
mRNA Zi ith DXAE 7048 B 07 8, H mPA B4 Al
% METTL3 5 JIg [l & FEJHEAR G 8 1 (fat mass
and obesity-associated protein, FTO) {4z 1#$E,
M2 FOXO1 2 I BFER8eR . FTO & MR
T Fe? 1 o i 186 — R A0 06 R0 UMD 420, RE A% 2Bk
mRNA | m°A J2 N6,2'-0- — F LT (N6,2'-0-
dimethyladenosine, m°A,) &1, FEIMH2 M mRNA
M T 5% 5ie (nsyEz: . bS5 8E) S50
AR, BRI, FTO W4 FOXOI mRNA 1y
m°A 3 L, M B FOXO1 3k, 353 ik
W 5 A2 IFAR IR S 5% ZR A BT (insulin resistance,
IR) ™' AL, #mmdH FTO. MMk FOXO1
Fik, WREAETRS KA PR T sk g . (A
HEERZE, BRI (Entacapone) #fiE HA
FTOMINEG M, HAAR P25 25 T et/ N BUA B 55 26
WET 2 1 3G 5m AR 107 7= 3, 3 — 240 5 HAM il FTO
- FOXOI mRNA m°A 2= IEAL A 56 20,

2.1.3 {#RNA (miRNA)

fRNA (microRNA, miRNA) J& T MR
Mt RNA, Gl F AT 22 MEH IR, HA
FEIRE . AZEHE A n] 4ifh K24 2 000 Ff miRNA,
BATAT LT 1] 30%~60% Y3 B 2 FE AR IR
(high fat diet, HFD) MEFEBIR DL K db/db it &b
PR /N BRAR R b, P E miR-21 7K S B, [A) Bt
FOXO1 H MK T MR #0510 miR-21 i
IR T IFEFOXO1 Kik/KF-, #/5 miR-21 Al fig
Z: 5% FOXO1 W st Jaids . A whs i,
db/db /N FUIFHIE miR-542-5p ARG, M, 3%
ik miR-542-5p A] f Ak FOXO1 B &k K, FAE—
FERRRE [0 s OB 5 e AR IAE 26 78 2, PRtz
Ak, miR-27a/b " | miR-9 ** | miR-139-5p ¥ |
miR-192-5p ' &R W] UL #8 i) FOXOl. %% I,
FOXO1 J& Z 7' miRNA W 7F Bl 4%, miRNA
) £ T A Jl HL E A i S I TR IR
2.1.4 KAEAEZRISRNA (IncRNA)

K 5% 4E 4% 9 RNA  (long non-coding RNA,
IncRNA) 38 9% & A B2 3 200 nt (19 3F 4 i
RNA, How UK 6 B 254 200 nt~10 kb, W42 H
T C A o & B AR g iS RNA S5 B ZENF
WA SEREFE H, MEG3 5 H19 & 5674 B 55 = 6 19
IncRNA. Zhu % PV {iRiE, SIEIAEE AR R (—
FhifF B Rg A ER , Al 5 S IR) wl iR AF 408 MEG3
F35, MEG3 #1415 FOXO1 By mRNA K 25 14 i
AR, TR T U S A 3 R A 2 W -6- i R A AL
W #E  (glucose-6-phosphatase catalytic subunit,
G6PC) A #F MR M M X 9 MR R R B e
(phosphoenolpyruvate carboxykinase 1, PEPCK) ,
PR IS A T 5 R A S s I G k. 1
—EHLRIBTSE Bon, MEG3 i3 7824 miR-214 1 4
P & 4 RNA (competing endogenous RNA,
ceRNA) , f# % miR-214 %f ¥ 1% % 5 B 1 4
(activating transcription factor 4, ATF4) {941 i ,
AR #E FOXO1 & 3k I 1 9 HME 5 4 % Sy
( 9% G6PC 5 PEPCK) , M Tfii Jin = JH- 241 i IR =
H AT %1, MEG3 L5 FOXO!1 {55 1458 &2t 1F AH
XK, A REM RNCH B b R R R 2
Goyal 55 2 Z P, S5XFHRAA L, db/db /N AT
ZFf IncRNA R, HrHI19 F RN BE, [F
BF, H19 T 5 R A5 32 3 J FOXO1 8 7€ i
HOmAHSG, HE— M, fF HepG2 4 g v il il H19
AT FOXO1 A% (i I L A S AR AR DGR N 3R A
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PR A R S E S SRS AR . HLRIRE RO SN, LA S T R A AN RE A
AN, FEHI9 BT MBS, ps3 T (WAL ) 58P G &M (post-translational
FOXO! JA ¥ K3 G asshn, MmfE#E FOXO1  modification, PTM) W 45l it w2 . AW
R ST 5Ol S K R BER AL . LR SE PTM i i 4%
2.2 FOXO1HiE i FOXOl M A BEAER . B lZEtR . DNAZS G
FOXO AR MR RE RS SR R R3s AR KMRveth, &y ey (B12).
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- NYtraxtd
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= ® T
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E G | fefieR/AMP % AMPK AMPK (SIRTI)
2= 878
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= A7 G == BB
= p2] D
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Fig. 2 Regulation of FOXO1 activity
B2 FOXO1MiEMIEE

FOXO IR MEZBEMR AL . L TEAL DA%/ B o DR 48 . R0 Z/IGF-14PI3K-AK THE FOXO VR {1 I 5 14-3-345 4, BR 2 b A% 0 T M i
M 5 KRR/

[ HHE AMPK 5 INK/MSTL, FEAESIRT1A 325 LWL AL/ 2B L5 B R B, SRTFDNAGS & SHE N (HL4AL
FAMES) Fesifitk. AKT/PKB: ZEHIEEB (protein kinase B); AMPK: AMPIIEYEE FHiMEY (AMP-activated protein kinase); CBP/p300:
CREB%4i & % H/E1A%E 4 % H p300 (CREB-binding protein/E1A binding protein p300) ; MST1: MiFL3h¥ AT R 204 1 (mammalian
sterile 20-like kinase-1); NF-«kB: #%[AF«B (nuclear factor kappa B); PP2A: ZE[MEMRME 2A (protein phosphatase 2A); PRMTI1: KR
fig P IEEE SR (protein arginine methyltransferase 1); SIRT1: JUER{EEJHT7 K F1 (silent mating type information regulator 1); SGK: IfiL¥F
VR Rz SR 2 5 (serum and glucocorticoid kinase) .

HAEZWMN TERFEARE NNESES BEESH#EAZ R -E AR, NS
(B2 EEffsr), Hhisim 22 ns, IGF-1 57 FRBUKF B BILR AR TIRS . Ak, 1effl
IR FOXOl WAl . (5 Sl e S it, BRE  WESF &K F T, CREB4i 5 H H/EIA L & HH
EZMK (insulin receptor, INSR) R Ak I 107 1% p300 (CREB-binding protein/EIA binding protein
SURREE T, WS S R IR EELRE 3 B p300, CBP/p300) AIAh5 FOXO1 A 2R 1 A
(phosphatidylinositol 3-kinase, PI3K) /AKT, #&1fi Btk (Lys™/Lys™/Lys*/Lys™'/Lys**/Lys”"/
BEMRIL FOXO1 (Thr*/Ser™/Ser’™) "/, Hor, AKT  Lys”, ZBMiiE % 272 FOXO1 B DNA 454 7
X Ser* HYBEIR LI T FOXO1 5 DNA ATy, 5%, BRHXHERIIMESGRe)r, ok it—
Ik T HABPIAS AL The i Ser’ AUBEIR 1L ' APEEIRFOXO1 Ay Rl o 7'

BERR AL 1) FOXO1 B 5 5 14-3-3 A 454, dkm H, TEARAER

RE B oV OIS T (2 T3
HI 55 H 55 DNA (A EAER, JHEEFOXO1 A4 43), difiREE A2 (AMP/ATP HU{ETHR) A0S

M Rd H E A, MALH E B FOXO14KHE — AMP i 76 19 25 1 i i (AMP-activated protein
PR S AR B R, A%Ahar RS FOXO1  kinase, AMPK) . Saline %% °% i fff 5% W /s, Ser”

279)
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J& FOXO1 N % ) — D& S AMPK B R AL i, FaE, IRE S Pz R kmikEm . Wik, FOXO1
Ser (UBERR L LAy T 25 AKT X The Wi Ak, BRI — 4> Fh 223 B PTMs e [m] 4 % (1 IR ZS A%
EAEBURERE I 1433 145 A, SIS AMPK &b, JBEE FAS S A P ARSI S S
X Ser™ Hl The* (Y BER AL B AMAERTINFOXO1 Wi tE, 5, T2 BR/RIASE 5 f D0 i S {61 4% P9 £
% AMPK #b, c-Jun Z 5535 MRE (c-Jun N-terminal A5 7880% (B2).

kinase, JNK) [39.1 . T .:fL Zﬁl'% AN E 20 F ﬁi?ﬁ ‘1 3 REBEE A RFOXO1 3 kRS 8
(mammalian sterile 20-like kinase-1, MST1) [ #f o

A AR FOXO1 ), INK 3@ 33 Thr'®/Tyr's () i Eap=Al

W P T ) INK AE Ser™ iy iE— 2 iR MAREREAR IR AT, ety 20— Pl
fLFOXO1, MSTIMBERfL Ser, BIHIOBRM  HIE, MR RMAERfRIF . M RERES) 5,
AL FOXOT RS R E AR . LRI, BUBRTS  JF i LI R e ) B R . ) 3215 53
B # 9 A F 1 (silent information regulator 1, %38 1 INSR, iR i R AZ KK (insulin receptor
SIRT1) £y NAD 4K #i £ 2 & Bt AL 7T 2 B substrate, IRS). PI3K. AKT %8R 4 Hf S
FOXOI1 ) Z. WAL i, HETT ¥ FOXO1 (9 DNA #4088 . I8 AR (B @, i 3 s,
G Re ) S, R SIRTI A R CBEEIEAR  AKT/FOXO1 J& 238 J 14 F AR . — 5 1l 7 45

tﬂl

ﬂﬁ%?.z z ” 0 .Q e | e [ ":{

INSR  ([Rs12@ INSR ViRs 129!
! !
PI3K PI3K
‘ol ‘@)
GSK3 )+ AKTZO »(mTOR) | AKT2 l
: L) lol
FOXOl FOXOl
| G 1 G |
PG b er
L&A N 2 (EBRIL& LR +

@D

AR

et
a3

Fig.3 FOXO1-mediated regulation of hepatic glucose and lipid metabolism under different energy states
B3 AE#EERES TFOXO1X FTAEHERE R TS

ESETRYINSR-IRS12{G PEREAR, PI3K-AKT-mTORJH, FOXO1LBEMRILAR, [IHPEPCK/GOPCE(ENESAA:, FFIISRATGLA ik M A
Wik L . VLDLAHSCEE R Gk ; a5 S 10E, AKTHERRLFOXO1 I HAZ AN, Il bE AL SRR, [ #43% SREBP1c-ACC/
FASNPZAS & HG . BHELA A, ScOUpbaempsRetise. 1. B0 L. T A e, b WIS ACC: ZBEMITAMRILE
(acetyl-CoA carboxylase); AKT: fHIH#4MB (protein kinase B); ATGL: ARNiH M —FaAgHiE (adipose triglyceride lipase); FASN: HEANTR
AT (fatty acid synthase) ; FOXO1: XCkHEHE 101 (forkhead box O1); G6PASE: #iZjHi-6-HfRME (glucose-6-phosphatase); GCK: #j%j
Wi EG (glucokinase) ; GS: M4 B (glycogen synthase) ; GSK3: # 45 B B3 (glycogen synthase kinase 3); INSR: [ 2 32 (&
(insulin receptor) ; IRS: B 5 Z Z KK ¥ (insulin receptor substrate) ; PEPCK: M id 4 B =X 15 il iR J2 ¥ ¥  (phosphoenolpyruvate
carboxykinase); VLDL: W& ENGEH (very low-density lipoprotein) ,
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R CBEIEE B SHE B, o) — s HAs
R (fFLZh Y e R E M 1 (mammalian
target of rapamycin complex 1, mTORC1) 43
NG HE ) o

IEREOT , R 8 i 2 RS T
AOWEI ARG IR . WHIERR . W A i ARy
B RERARA . B MBE T = RBURE S B 4 o304
R, R R SN L INSREE S5, il
IRS1/2 BRI T 5524 PI3K, F— 06 AKT2, X
PR 3 ALY (3 22 35 ) . a. #ifI
FOXO1 (1% 551G 1k, DT I 4 S A= O it ik
PEPCK . G6PCHY¥Est, Wb HTFHiZg 08 Ent; b. 8
TRACAN ISR A3 (glycogen synthase kinase 3,
GSK3), fiflxHXT bR A B (glycogen synthase,
GS) A, A AR #E RS G s e R
mTORC1 15 5, & #F §5 D5 A= W AH G 38 B% 05 BR
(mTORC1— i [& B3 45 ST AF 45 & & H 1 (sterol-
regulatory element binding protein 1c, SREBP-1¢) ,
Z T 5 M A R 1L i (acetyl-CoA carboxylase,
ACC) ), M@ IgNife/TG & e s ', 1
SRLRAET (BB T8, BRRACPEM, AKT
TEPETRE, A S B 2Oy, (B3 43
) a. FOXO1#% sid MW I FAle dE bl S A A OG5k
ik (WPEPCK., G6PC), i JiF 4% Hs A i
5, [AIS, FOXO1 T R id 2 i 4 2 B A1 F AR 5C
By (3R E%ME % (glucokinase, GCK)
TRE, TTREARAEBE AR A 5 06 054 BURIHES ) 5
b. 1T AKT2 X GSK3 iy il fi% %, GSK3 5 {2
i GS b T HPIRAS , B A EE T TR c.
AKT2 i 1% mTORCI1 ) fig Jj ¥k 55 , mTORCI-
SREBP1c/ACC g 1 A= sz 4, A 177 A 1R 56 Ak
ek TR, SILFER, FOXO1 Rt ik /i i
AR DG R R gk (& g M H il = s I
(adipose triglyceride lipase, ATGL) /APOC3) %/,

JE RS2 LA RE B A SRR B, IR ° LUE
YRR S R R A5 R . AR RIT, HE
[ 5 155 5 5 2 0, AKT A+ 589 FOXO1 il %
B (AKT #K i 1 B9 FOXO1 # R fb ik b ), 23
FOXO1 B Sy RFeTE M, A S A BE A R 2 0
JH A B = A g, (B 5 I E A, AKT-mTORCI
A 00 B8 105 2B R % AT B AT R 457 AH R I,
SREBP1c/ACC S5 1 A Uy 4k 82T, PR o
B BURFEEIG O 2 3K TE SR PR R PR S IR A

A% 0, FOXOT A T - EHE g A R 45 2 22 0 7
AL, HAE AKT B RR AL i R ek 2 40, (LA
WL RS ATCIEAE, BRI AE A E” B4R
P18 . 7E HFD 5§ ob/ob /N FUIFIE FF FOXO1 2 11 3%
K BV SRE ZMPUNEA S, BEIiER (hEfE
R . MR . EIMER ) Kb 40 B FOXO1
Pk RN BLERRIN . S bE B4
AT AFSE & B, HFD 51 HIE AKT 36 o4 B it
JE, WA, X ARRN IR R4 % —8diifk,
I AT REAEAE 4> S 2 A AE o HE—20 M, i
BERE S PERIR FOXO1 AT i 2 FAAEG S5 C T 400 it P 15
PEFOXO1 HHFRE, If2mi ki) 27520 AKT 3%
i 1 FOXO!1 i F ik He 5 ] 7E B = 15 Z 321K 1)
S S AKT BERR AL, #2758 FOXO1 BR% % sk A
T, EATREVE LT 2 5 AKT B iR
e . Rk, FOXO1 Ja#J B M AP
PEEPE IR (R EHLG Z —, RASRBLeH#EY
W, Bl S SCE GR ST, TFRR T i 3
Hahn.

4 FOXO1X3FFRERE Bim R 5 i bk B W [5) /3
R

JHWE 1 TG F it Bk 1 g 17 1R 1) oA R 5 2 1
A ERR R A IR (MR £ IR DNL P9 I8 14 A=
W) KT £ (FAO FIZES VLDL) W%
A RFIERE BT . Y AT s, FOXO1 X iF
WA B AR A AERCE AR . — 7T, FOXO1
T Ao 0 R A Al 3 R R ] A0 DRI B4 T
WERG BT s 55—, FOXO! i i3 4 fint Ji- kg
7 o e A R DR L D g I A s R PR A A
RUTRL . FOXO!1 76 JFERR B i FL v 2 30 XL
YEAT, RN FOXO1 n] fEFE I H MR ELR A T
(AN IR) X AFAERR B UTR = A AN ] 52
4.1 ENATAERE BT AR
4.1.1 HEHFIEDNL

o A 2R ERRIBFSE R W], NAFLD &8 1Y)
— ™ HERAE 2 T 1 2R 1 Gn el JHJJE DNL 34 5 5
FhE

JHFIE DNL 3= %252 SREBP-1c¢ FlHl /K AL-2 i 1
Je 45 & # H (carbohydrate-responsive element-
binding protein, ChREBP) % TF ¥z, ¥ &
Ik CoA CRIE TRk /KL W El FA 1Y B4 AL) & Ak
S FRE NI RR IR , RIS v 9 lE Ak oh TG
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FOXO!1 S # G L rT e s AT . BF9E R,
JF I 2 1K 20 ) U A% 52 32 FOXO1 R ffi /)N B AE 23 i A1
AT TG &= 2~3 4%, SREBP-1c )
AR LR RE Wi 2 & T (fatty acid synthase, FAS)
2 5 A R AL o (acetyl-CoA carboxylase o,
Acco) HEIN2 5% 47, SR AS1842856 (FOXOL [
PEREPEREPUA) AT HIE TG A Bl PR 25
5 PR 5k HUE DR 6 K K K-, DT % £k JHF U g Jo 150
B SR EE RN JE, Nagashima 58 ' B3, 7F
db/db # FR I /N BRUFFIE P4 i = v, AS 1842856
VeI FOXO1 MiAMAE FOXO1 YRR Ik, 4%
1M, Wang % ' BB, 7EAKT2 wilR A IR /)N AR 7Y
L AKT 3 B - 580 FOXO 1 B iR 1k /K
ST (AEAEEMIEL), AS1842856 MfEH &
WA SR BEIR A . X PP 22 REER, AS1842856
FIVEFIPLE] HA BB RN ZURa 1, R4 Xt ik
AN REIR AL, RIS WA [ A RS A R 4
i

73—, FOXO1 A Pp[A] CREB/PGC-1a.if5F
G6PC 5 PCK1fE i 4=, 4 PIBK/AKT (55324
iF FOXO1 Ml el , 3ok BEME S A 5 | A it S AR
PER IR 3R, M43 )3%0% ChREBP 5 SREBP-1¢
JERCR DNL = 2, [Hy, FOXO1 RERT 51854 %
MR TR R AR R, AT 3E i bE R AR 9 s R
DNL 1N s, SLEEsh I TG 2R s
I AE P
4.1.2 fEHRRITRR I

TEHE JBEAH 54 ) MAFLD B v, PR A T
60% MIRRIT IR R I RRNT A4 (Iefistng, ReDiiR s
) B XS A TR E A MRS, AT
L A R b i 22 A I T R B i 45 R TR
WEEIOF T TG &l LA 2 RE MR IA
5N AL S BRI ANIEN TG B 2L, CD36
J& T 5 R ZAREE, FEAE KA NS R 1 iz
By, TR IK 527 b AR ) I R 1 BE ) O 2 AR y
(peroxisome  proliferator-activated  receptor v,
PPARYy) . 22k X 321K (pregnane X receptor, PXR)
FIRF X 24K (liver X receptor, LXR) MUY, iff
Z FOXO! [e sl 5+ JFF I S pie 414k 23 A Bk
7~ NEMASEFARIORG PRI D5 1 T 4% H 3 CD36 17
THFAMEE -, 1 E 5 E s CD36 /3R BR T 141
MuJit, BRI CD36 M\ A A5 [ 240 it 6 1) 5 i T g o2
MAFLD i Ji& i) filh & F 44 2. AR HER,
FOXO1 7] FiEF40 CD36 &1k, 7EHFD IS

REJHE/N BRI R, BT CD36 Y mRNA 525 1 ik
SETRET, 50 D R UG 5 KT P I B AR —
AN, B A FOXO1 i i 1o 8 i 15 ik s
izt (fatty acid transport protein, FATP) FIfi5H;
MRk A 45 11 (fatty acid binding protein, FABP) [/
FEIRAE I R W R 2E T 4N A 15 55 i P i a2 5 R
L NTHE— S AR BT R ), MR,
FOXO1 ifi i I CD36. FATP Fll FABP %5 54 /3
T, $ERAFNERR TR 5551208 )1, W MAFLD
FHOE TG A B3R T 22 A0Sy A T %
4.1.3 P FA0FHA KA

JHFHIE i o i B ST 2 3t o B i 1R 1) T i 4
Hirp PPAR o PR FAO JER Rk % 0O 5 S 7
1 FOXO1 Al £ il &% R A5 5 Z M 5 F 2 5i%d
B AR Y . e L ULTE LS WoR, AR
FOXO1 5 PPARa & 7] ZEHHEAEAH, H PPARa
5 FOXO1 454 7l T4 PPARo X #EIE K 5 25 11
ZE5Re71, NMTHI S A 31 FAO 7% s f2 )7 %
Matsumoto %5 7 & ¥, 7 FOXO1ADA /) AT i
H, PPARa M HFESL K 2B A EALEE 1 (acyl-
CoA oxidase 1, ACOX1) [HFikIF />4 60%, 2
7% FOXO1 5% 1% 16 5 PPARa-FAO %l A 1 il 4H 6
HAATE RIS, AP AKT (5508 SAE A F A
f) T B 2 — S FOXO1 36 1, 76 FOXO1 fik
SRR, R 25/ Akt T8 B GT ATF A AC 5 RE PR e ik
SRR R RN, 2 B s, PR HOC
AR50 78 AR KRR AR FOXO1 iX — T iy
AU R, FERRE AT (AR B HGHT)
B, FOXOL M ifil i B If feseidifb, vpgH ot 5
PPARo #H B4 H] /5 T I PPARa 3K ik 5 5% 5 i
P, BRI FAO AHGIE I #55 .
4.1.4  FWEE ) S OE

H W —FP ORI A R, ANy
o 2 Tl N A A T A [ AR A O TR B P i
M ERFRE B S5 RS . MR, FOXO1 —
J7 TR SRy e 53 PR B0 A WGEAE DG BE R, A s
AL (autophagy-related gene, ATG) FH§E5E,
h E WER LU SR S AL 4y, Sy — i E
SESN3 LI il mTOR {5 %3 %, M1 2 [ 3k 3l [
Wi 25 A WA R e R USSR, HFD
Al A I E S100 4% 45 & 8 A1l (S100
calcium-binding protein All, S100A11) £ ik ,
S100A 113 5 HDAC6 tHEAER, 5641 BHIT 41
HHZEOHmLEE6 (histone deacetylase 6, HDAC6)
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5 FOXO1 454, #kmi 38 FOXO01 Z ik K F Tt
U5 W MR A A DG B, ARt
B BT I AR A8 kA o, 2P, 7E
NAFLD #i#I | JiFfE FOXO1 Fik B #EF b, HTF
W A OmE A OC B A B M R 1 R EE 3P
(microtubule-associated protein 1 light chain 3 beta,
MAPILC3B) 5y & TR ARIZ M LEARE
(GABA type A receptor associated protein like 1,
GABARAPL1) [P Ekik, R A WGl 75
WROEIRA, JFAERE IR S5HFAR I AR e . {H
REREN A, FOXO1 X A W 845 A 15 B
£ 7E MAFLD #E R v At 2230 1 2 1 1 A] g
I ERK/SIRT1 i #% , {2 if FOXO1 B R 1k S 4% 5%
B, M4 T A W3 K P I e 0 A 10 28 1
Zx I, FOXO1 AT 3 ik B 45 i 53 J2 T ) 72 1 Ak il 4
5JHR BT PTM A0S A PRk 7 8 mie) 1 335 ) st 1
AN BT 5 R, FOXO1 AHIE A W 5 36 ]
fiE-5 BRI AE BGE R B R] ,  SE A SRR BT
TS BRI AR i .
4.2 REERRTARRE BRTAR
4.2.1  HEIMFNETGIYRE A

JHWE TG B 3l b1 3 2RO IR i i 42, Horp
ATGLEAL TG 55— RSB, S/ 3 TG R
PR, R %2 5E 58 (comparative gene
identification-58, CGI-58) /& mH LG R T, 7
¥ ATGL %5 4E % i ik 2% I Jf 3 9 fl 3% o)
FOXO1 78 /8% F| fE AN /L B T 8 AMPK 76, M
MRNE ATGL 7EFE h 63k . 7E CA-FOXO1 54 K]
/NEH PR R, ATGL mRNA FEE H 5K SE48 00 5
M AEFRE 5P FOXO1 m /N B FFIE . ATGL 3£
kAR, 3% E W] FOXO!1 il LA % ATGL #) %
KT fd R 4% T B ECR W % 2% (https:/
ecrbrowser.dcode.org) , [Al#F L & Bl CGI-58 JH 3h +
X 48 B A % 7E B9 FOXOL 45 & 7 &, % 26 1
FOXO!1 1] G4 CGI-58 (336 ', o5 —
TSR B, FOXO1 A] H 448 ] ATGL )3 25 ¥,
TEHENR A2 ATGL 9363k ™ el #5305
L A R R TR DA VR B AR A PE (0. 50, 100 3K
200 pmol/L) 77 =X F& Ik HepG2 AT 4 il rh FOXOL1 |
ATGL 1 CGI-58 &3k, {HIf N 1 PPARy [3Ri5,
SETGHE, 4Rili, FOXO1 ik 10 1
o i) 2 T 400 98 1) HepG2 T 41 fifl ATGL 1 CGI-58 11
Pk, FEACT PPARy (35 ', MAFLD B/
FU, SIRT1 I FOXO1 (3B K FREAK, A0 Bk A

(SIRT1 By #1 #l 71) %5 F FOXO1 B9 T ¥, i
SRT1720 (SIRT1 By shil) Wwi§: FOXO1 B~
W, FFRER T IR ARME ) TG & . AL 2
RATLIE Y, FOXO1 il fE it ATGL ik, Hi5E TG
() o ARR TR A ACE, DN B T s A o
i,
4.2.2 HEINVLDL 4

JHF WS 35 390 VLDL ¥ TG i th 24636, Hig
AT REAR I N B T B ey, (EL R i Ak JE K
fEABIREE AL, AR TG ILAE, Mmiky
ISl Kok FEAE Ak K et Coig AU o FRIE, IR AR
W FRAlE 5 VLDL 43 WA E A b i 105 ORI 3 22
WG . I3 TG £ LLUE TG iR & Pk A7 78
(4n VLDL-TG. FLEEGICRL) , FLARKH NG 2 F iR
05 T % T 25 K i S5 18 R, B IBE A
C-1II (apolipoprotein C-III, apoC-II1) #] il fi5 &
1 g o e/ B 7 e 35 4 O AE 2% & TG IR & A
s 00 A HEBL R, FOXOT 42 T apoC-111 3
ik, TR 28 A FOXO1 BR il apoC-IT i J&
AR FEIRET, FOXO1 35 K &k st M1
5%, FEapoC-ITit 2, #EMiEp TG ILAE A%
JERE PG bRz 7Y . DU R 25 (fibrates) 10
I K% TG 254, 1 #4035 PPARo I 411 il apoC-T11 7~
A=, NIEHSE VLDL-TG 40 . FEARILIK TG, A%
WG IN4E R, PPARaIG AL T 54T FOXO1 1) 5 %
s s Bk, TS R R, FOXOl
Y5 PPARa 17 76 % 1 i #H B /E ], PPARa %5 &
FOXO1 il T H 545 37 DNA 455, A
FOXO1 /BRI 7, BAMF, FOXO1 1Y
i B S TR E TG i, (HIX T e 580
TG IiLEF & A
4.2.3 IR AR I R A 5k

b2 5 &E AR ESN, FOXO1 i n] i i
Y T2 1T )7 SR T S B A R Y . AT
W5 e, FOXO1 IfE N 5 YL ta i 25 A 1§ st
PATT IR, R R R A SR AT R I R M A DG I S
W2k 4 eI Sk DR T O B A B T 43
M1 .7~ (https:/jaspar. genereg.net) , ChREBP i3 5j
FIXIGAFE I TE FOXO1 85507 1, TESEREE
FOXO1 7% 7725 1k 5 ChREBP %5 [1 7K ¥ K HC o 54 1%
PESCAERR DG, T 52 W B 7 R & WS TR 15 St
B Ik, FOXO1 78 45 %2 1% ¥ T °l fe Xt
ChREBP K H R i i Az il 2 B R g 30 il 1k 1 4%
AT BRI Al o A= Jl e s e ok B 10
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5 aPKC-FOXO115 55 # 5 pTHERE Bin iR

B BE Rg B T ARV Mt 22 Bk M (ceramide,
Cer) . —BEHHM (diacylglycerol, DAG) i#55HY
JE#L7 PKC (atypical protein kinase C, aPKC) i
b, ok EEPEI FE PIBK/AKT R i i FOXO1 # 1iR
b B — R REIEBIBA Y OCHEAE T 40 kDa WD
& IR € 22/FYVE & 11 (40 kDa WD-repeat
propeller/FYVE protein I & [ g i lif WD40/ProF )
IR . WDA40/ProF i 74> WD & FE 41 5 —4
FYVE 255k, fEZFhAfe 5 2ih ki, &
Akt SRR I FOXO1 b 143 -6 777,

LR, FPUE aPKC 3o B 0% 25
5 WDA40/ProF M 454, 7R AL X AKT JE B
T4, PEITEISS AKT X FOXO1 RUBEmR LA /1 7
F£ HED 55 /N B . aPKC 3 BE S AR T
WD40/ProF #H5CH AKT 114, T3 FOXO1 BER k.
TR, FEREPEPCK ., GOPC %1k Fill, $R/RBER
AR 7 AR, YR aPKC R, LS
WD40/ProF A4 X PE T F . WD40/ProF #H ¢ AKT
WKL, FOXO1 MR ALBE M5, JF nl i 5% T
Wl A 5 R D A B Y 2ok B 3k Y5 [R] B SREBP-
le. FAS., ACC KL W E T, HIgMiZES S
TG IMiLAEJRAS B2l ™ Xk —25 SR — WA,
WD40/ProF T A2 ¥ Akt-FOXOI1 {5 5 & 1% , (A 1E
aPKC B 3k i G 5 5 5 # aPKC (5 8, AT 35
FOXO1 b Bt 2t . ik, FFiE aPKC (1)
1 B & FOXO 1 R b B2 i i R I 22—

1 L IFREh N, Cer 5 DAG 2R i/t il
PRI AT A BTFE aPKC ™ SRT7E T2DM B &
JFApL Y, aPKC 11 5 A8 5 A Ul 2 5 10 7 5 5
BRI RS AT AERE, AL 203 s =
JB 8 22 A 5 1Y IRS2-PI3K I 5 PIP3 4= 1),
PR AT A, 5 JBR &% 2% 1ML PT i 5 DAG/Cer 2
TR R % aPKC F7 25 00 BE TS, I 38 & WD40/
ProF 35 4+ i — L 1l 559 Akt %F FOXO1 il . 5t
[ i), mTORC1 ] 5 i & i BR (1) aPK.C 3 [7] 34 51
SREBP-1c ik, izl E = MPERR =5 G,
T JBR 5 28 X — 2L B0 IFAIE AKT 5 aPKC,  HFEET
KNG B2k 8 DAG/Cer F5-4 R B 7, M
W B8 i AR il -aPK C #4035 -FOXO1 #1132 41"
() 1E AT R

Zi 1, aPKC il BEE  Bet IR $24E T ML

ff ke . R AKT-FOXO1 51245 5 S0HE 574 JH 3 5k
R, HAKTAS# mTORCI g 5 4E 143 S AT 5
T g, RSB S R A RO
fEmfnzie (E4).

6 /M =

MAFLD F .09 B At 2 T P 1 R 3 A\ 8
IERE, SELLTG N BRI BT, HIE A
W e T RE Wi MR 45 B . DNL. FAO 5 VLDL % i %5
AT A . FOXO1 AR I IERE I A 9 2% 1) O
SRR, RS IR SR
FeIR T KA HIEBER AR, A% S5 s P
Moo, R EEACHIBEAE . FOXO1 ML
HAZZ WS e R5/r FI20, FOXO1 11
FIRIKT-5Z B RNA T2 810 L S AR 4t RNA 845
M2% (miRNA. IncRNA%E) FUREAIIETT; fEEEH
216, FOXO1 M4 M e 7 . Fee e B sk i
PR EZ B RRIL . Smkfe . H IR E Rz E LS
PTMs Fpfal 4561 . FOXOT1 MRS BT R 52 55 B A
L R . AR AR ERELIRE TR, FOXO1
Al A R TR IS A )Y (anfié B SREBP1c AH
KM ERL . EIHCD36), Fh e iR A Ak B
(4n# # PPARa-ACOX1 #l1) , 22304 DNL 4 4n
FAO TR, MIMTIMEE A Ui e REE B
Bali{5 544, FOXO!1 W n] 3 shae sl it 5k
JEAMIE (Und s ATGL/HSL /SR f# . {23k VLDL
REMC/A i, BT TR B s S R A AR,
FEACF N BE Bt fr . MLIRIRE S |, FOXO1 AL T
WEARE RE AT AL . 3£ IR Th AKT %F FOXO1
IHIPERRIR b A A e e b, (T B e R e
N JF 16 5 B S A= 5 [F)BF aPKC 5 % 300G 7] 3 %
AKT-FOXO1 5 IR AR 2L, AR M2 A= (e
SAGT R R AR, AT E MR TR IR R
BUTRRIE N A WU A

FOXO1 fE > MAFLD BJj i [ 8% 0> ¥ 97 HE 1L
A Z P AT TR MG . 55 AS1842856 1] T
PAENE TG G BN Wi RS AR OGP 5 FRast %
4% 5] Entacapone il i #I il FOXO1 mRNA ) m6A
WAL TR, R A dE gt
RNA #1 [ 5 % (miR-21., miR-542-5p i F ik ik
S, ImIKHT) AR PERE M FOXO1, ARkl it
Ao 23 AR FEABHE T PR R . 23 (0] |, {5 Bl GalNAc
R BT IA S SC R S 1), BRE XS B D 2 4
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Fig. 4 Crosstalk of FOXO1-mediated insulin regulation in hepatic glucose and lipid metabolism
E4 FOXOINMSEEHRAEFREERERBNZEER

15 IR 5 38R AR I 28 INSR-IRS-PI3K-AK T2 FOXO1BE R (L 3T 4% SME, i PEPCK/GOPCHF Ml 57 2 JEH . SR TEAR BT A DAG/Cer i T
aPKC, JFZWDA0/ProF LA AKTXTFOXO IRk, BFOXOUFLEAML, WA Thi; [lifaPKC-mTOR-SREBP-1cAl{ 51 ACC/FAS
PSRRI, TEREY-aPKCIE i, (ERRFAR SRl P ISP ACC: ZBEAEEAYRILEE (acetyl-CoA carboxylase); aPKC
Ik diL 7 PKC (atypical protein kinase C) ; AKT: & i B (protein kinase B) ; Cer: M Z:WHE% (ceramide) ; DAG: [k & H il
(diacylglycerol); FAS: JENiERE T (fatty acid synthase); FOXO1: XSKHEFE 101 (forkhead box O1); G6PC: Fi4jhH-6-MifRf (glucose-
6-phosphatase); INSR: [ #2Z{k (insulinreceptor); IRS: B2 ZAJKY) (insulin receptor substrate) ; mTOR: MiZLah¥) 5 18 2 L
M (mammalian target of rapamycin) ; PEPCK: Wi /iiE =P E R FR % (phosphoenolpyruvate carboxykinase); SREBPIC: [&lEiH 7 yof:
254G M1 (sterol regulatory element-binding protein 1c); WD40/ProF: 40 kDa WD ( {f1 % iR -xx- K & & iz T &2 IR e 2/FYVEZE 1140 kDa
WD (tryp-x-x-asp) -repeat propeller/FYVE protein) .
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Abstract Metabolic associated fatty liver disease (MAFLD) is fundamentally driven by an imbalance in hepatic
fatty-acid flux: the influx of fatty acids exceeds the liver’s capacity for disposal, resulting in excessive hepatic
lipid accumulation, predominantly in the form of triglycerides (TGs). The occurrence and progression of MAFLD
depend on disordered regulation across multiple metabolic steps, including fatty-acid uptake, de novo lipogenesis
(DNL), fatty-acid oxidation (FAO), and very low-density lipoprotein (VLDL) export. Forkhead box protein O1

(FOXO01) is a key transcriptional regulator within the hepatic network coordinating glucose and lipid metabolism.
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Under metabolic stress and insulin resistance (IR), FOXO1 expression is frequently increased, whereas its
inhibitory phosphorylation is reduced. These changes enhance FOXO1 nuclear localization and transcriptional
activity, thereby reprogramming the expression of genes related to metabolism in the liver. Because hepatic lipid
deposition is the central pathological feature of MAFLD, the functional status of FOXO1 directly influences
hepatic lipid homeostasis. Growing evidence suggests that FOXO1 can exert bidirectional, environment-
dependent effects on hepatic lipid accumulation; however, the molecular basis for this functional switch remains
incompletely understood. This review systematically summarizes the biological functions and regulatory
mechanisms of FOXO1 and its roles in hepatic lipid metabolism, with a particular focus on its crosstalk with
insulin signaling. FOXO1 expression is shaped by RNA modifications and epigenetic regulation mediated by non-
coding RNAs. Its transcriptional output is precisely governed by post-translational modifications—such as
phosphorylation and acetylation—as well as by coordinated nucleocytoplasmic shuttling. Notably, these
regulatory patterns vary markedly across nutritional states, degrees of insulin resistance, and stages of disease. In
the fed state, insulin/IGF-1 signaling activates the PI3K-AKT pathway, promoting the inhibitory phosphorylation
of FOXOI1 and facilitating additional modifications, including acetylation, methylation, and ubiquitination.
Together, these events drive FOXO1 export from the nucleus and dampen its transcriptional activity, suppressing
gluconeogenesis and constraining lipogenic programs. Conversely, during fasting or when insulin signaling is
weakened, FOXO1 inhibition is relieved. FOXO1 accumulates in the nucleus, binds to DNA, and regulates the
transcription of downstream target genes. Mechanistically, FOXO1 can aggravate hepatic lipid accumulation by
activating genes involved in TG synthesis while repressing FAO-related pathways, thereby favoring storage over
oxidation. However, under specific conditions, FOXO1 may also alleviate the hepatic lipid burden by promoting
TG hydrolysis and enhancing VLDL secretion, thereby reducing the net hepatic lipid load. In addition, lipotoxic
signals mediated by ceramides and diacylglycerols (Cer/DAG) activate atypical protein kinase C (aPKC), further
exacerbating the disruption of the AKT-FOXO1 axis. This vicious cycle ultimately produces a metabolic paradox
in which increased hepatic glucose output coexists with persistent, insulin-independent lipogenesis, accelerating
MAFLD progression. Importantly, FOXO1 regulation is not uniform: during early metabolic overload, insulin-
mediated suppression may remain effective, whereas in advanced insulin resistance, the loss of AKT control
permits sustained FOXOT1 activity. Such stage-dependent dynamics may help explain why FOXO1 can either
promote steatosis or, in certain contexts, support programs that facilitate lipid turnover. Accordingly, interventions
should be liver-specific and tuned to the disease stage, aiming to curb maladaptive FOXO1 signaling while
preserving its capacity to promote triglyceride hydrolysis and VLDL secretion when advantageous. Overall, this
review offers an important perspective on MAFLD pathogenesis, emphasizing FOXOI1 as a potential therapeutic
target and providing a theoretical basis for developing liver-specific, disease-course-dependent precision

interventions.
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