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O£ EFET FLRY FEHY IRV RAEHD MaH FasY
(V BRI R AR T Rl be, B At 2100335 2 VLA IRTRIERTSEHT, Bat 2100465 ) BBHITEABeiA T 240, mFH 473061)

WE AR DRI SN B TE TR (metabolic associated fatty liver disease, MAFLD) A% CIRBRARAE, MLHESE
F Ol (forkhead box O1, FOXO1) RYZIREIRZS EALFE M PAEN: Bt QMRS . FOXO1 TEATHEAR BTyt AR b HAT IV 55 fOR 14 X
WEEVE R, AH LN V)4 oy T il i R S . AR SCR SR FOXO1 A 24 hae . ks BAe FFE NG m At b i/
I, ESRT L SRS R F S ECR . FOXO1 YFIESZ RNA &M S AE 9% RNA A SR (Z R, % skihi it
TR BEIR AL . LERALSE BRSBTS -BUE R Rl e, IFAEARRE RIS . R R ACHURE B RO R B S a2 S Ak
ERIE . Pl ., FOXO1—Jy il s #0E B il =g & 3% M N 05 R AL L R, nIFIENG B s 5 —Jv i, Gl
TR S = BR K f FARAR 2 B2 RR B 40, TR 25 T AR N AR Bt i o [T, FOXO L 41l BReht AN (L1 Jon JF e 4 46
B, SRR OR BT AL s 5 R ERE R, AL B MAFLD &RALHER AL SCH A, T8 FOXO1/E Mg e

RITRLRIIO A, DITTRAFRR S | MR A 1T PR B TS Al

XgR SCHEEHOL, ARSI, 18T K
fESZES  G804.2, R49

JH U B 72 e 4 oA AR 3 AR O B 7 1
(metabolic associated fatty liver disease, MAFLD)
(G FARAE Z —, W AR EE S IR
M EZRI ., AR, BRI AE I b B
RRUEIFIRI AR R, H B AIE A,
HIW=Ms (triglycerides, TG) "' MWL F&, I
JE TG AT AR ERER T B 17 R R U 5 2 i 2 TRl 1
5, FEEU KNG RE TR B . Sk IR D AR
(de novo lipogenesis, DNL) . g R A b (fatty
acid oxidation, FAO) VI MMWALE & A (very
low density lipoprotein, VLDL) % &5 i 2 .
I, FEFREAR DU (BATG R E) M F il
ML, A BT MAFLD B9 TR LA 0 5

M3k AHE #1401 (forkhead box O1, FOXOI1)
JEFOXO KRN EZ N0, TEMFLapERE (i
RAERHEAEIN ' fEFRET , FOXOI 52§ ki %
(insulin, Ins) SRS EFEA KK F-1 (insulin like
growth factor-1, IGF-1) {55l pgiafs, 7EMH =R
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FOXO1 7] figif i A Al i . 7EAS [RACIPIR A T X
JHRIE R B O AR = A R e RN . JEF Ik, ARSCLA
FOXO!1 5 JIiF Wk g B i B A YA s, & &t [l it
FOXO1 ik 5 PEE , 50 B gh Ho A
SR SRR T BV R RS AR E 22 52, I
AR R PR 98 (R P TR TR T R BRI S

1 FOXO1B4EMF4S1E

Fox 3& [N 3¢ J& %% 5% X ¥ (transcription factor,
TF) W%, Hi, FOXO W 551 75 iR Bakf2k
W daf-16 /5% (DAF-16 8 H: FOXO RTREM ) ,
e T dFOXO0 9t (dFOXO H: FOXO )3
B, i FL sh B 4L W 4 FoXOl
FOX03. FOXO04 I FOXO06 U4~ FOXO 3 ',
FRW], FOXFIRI G T it 1) 35 1 BT 7E N i d4) 7
A 7 B 5 SF () DNA 45 4 45 9 48 (DNA-binding
domain, DBD), ZZhdf nl 1515145 & 0L R )5
BT X AR ST S e, TR
BUJLP A 0O A, FOXO & iR & 2
SF IR 22 AR AR R AL 4, R 8% 8 (1 4 B

Human FoxO1: 655aa

158-237

NH2 [

o (|

(protein kinase B, Akt) S22 2[R/ I 2 R £k 11 e
W2 fk s 7E N FOXO1 & [ 48 M i i3 2 Thr!/
Ser™/Ser’"”, 1Mk v A [A] I HE 11 HhoOk I AV 38 Ol
Thr*/Ser**/Ser*'® '/

20 4 90 4FEAR, A M AR O e ta ik 5 L A
FEPE A E H FOXO1 3], HEM T A 13 5%
tfk, FOXOI BRI 4% FOXO1 # H H Z1-Trhg
DB B, A4 i B2 R <F 1) DBD. A% € LT 4
(nuclear localisation sequence, NLS) . #%fi i ¥ %1
(nuclear export sequence, NES) DA & Jz =X % 77 Jak
(transactivation domain, TD) %'/, 5 DBD #
e, NLS. NESFITD 7EA [R5 1 5% 18] i £
SPHEAIAT AR, 22 57T BE S I FOXO1 1Y 37 4 i
N GGG, I 5B R A (EE
B2, TEFOXOL I AA7E 5 IR 5 3R A5 5 40
W UIM G 34> Akt B R AL A2 i (Thr, Ser™,
Ser') '*'. Akt X} Ser™ iR L AT F I FOXO1 5
FLDNA WZEGRES), JFFE— D02 HE Thet il Ser™ {3
MBBERR AL (Ser™ 3 A5 BB IR fb38 & BN 25
SR SBETR AL AT ), 4kmAld FOXO1 417
B sRIETE (B11),

596-655

e

COOH

Fig.1 Schematic diagram of the structure and AKT regulatory sites of FOXO1
Ell FOXO1M&MFAKTEF A REE
FOXO1HA ZAUihesl, 7eCifa ST &% 0 H . DBD: DNA%SA 45493, (DNA-binding domain); NLS: #E{7/F51 (nuclear
localization sequence) ; NES: #% fii i J¥ %1 (nuclear export sequence) ; TD: #% 5% ¥4 1% 45 #J 35f (transactivation domain) ; T: ¥ % iR

(threonine); S: #Z%[fR® (Serine).,

2 FOXO1WFRIZEGiFEAE

2.1 FOXO1WFRIEXFE
210 BRESRHT S5HEAE A& AR
ENFET, FOXOI1 W5 8h 1 nl 9 22554 5 1A

T EBHE, HEsFar s, MR Mk
M aris O E S, TENE M ARBIE M. 7EAR
U SRR b, ik A R A T O S Ay
B 0E N F 1o (peroxisome proliferator-activated
receptor y coactivator la, PGC-la) 1E& FOXOI )
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RHE, %F: XKIEERBOIFERAERE R 9 E A R IFIENL S 3

O HE e AT ) T, AT S A A T 4a
(hepatocyte nuclear factor 40, HNF4a) ZH3IE MR
Y, BEAYELE S FOXO1 52K 5 2 X 5
I R L S v Y TEMERE S T, B
ey I 2R 55 R E e PR R IR/ 1 A (cyclic
AMP/protein kinase A, cAMP/PKA) i BTG i
B 7 s e F 45 A # FH (cAMP response element-
binding protein, CREB), i1k /5 i) CREB %5 &
FOXOI R8T LIHERIL 10 5 b g AH
[, LA ¥ p300 AEL 5 FOXO1 I ¥iia 3l 1 IX
S ERER cCAMP SOV TTAF, PR RIHOR cAMP AR GAR
5% FOXO1 ¥ s IR S VE ] Vo TERDIBRIE T,
FoxO ZZ i i 53 2 6] A7 76 i 452 =X 1 8 4, 3 n
FoxO3a i Hi%E45 & FOXO!1 g 8 T IR iF HA% 5
NI U5 A B8 A IR R A I ff, - 98 17 380 3
AR SRR 7 BRARIE S A, iR
IR p53 75 FOXO1 Ja 3+ iy g3, (7]
FEEHEFOXO1 #45%, $1278 FOXO1 Kikid il 52 F| 24
0 i 38 A P L 2 T B ) B TS SRl
FOXOI 33 795 2 F0 ErHE VR LB 205k, it
A G A S92 R 2858 FOXOT % sy i 1Y
AT S IEEAKEE. 2% (ADP-EHE) RE
fif 1 (poly (ADP-ribose) polymerase 1, PARPI1)
AP IR LS & FOXOI1 IR 81 L A G
7, JFLLAESR G RS TR Yy S Hf L ¢, 4
S FARE XA AR Y )5 B AR T TR E AR
PSSR, JEUR AR 1 c-Myc IR ATVE Al v s34
R 5 T I FOXO1 1Y%% s /K-, DT = 38 AR
55 AR R D PR R 46 PR 0
2.1.2 RNAf&fi

RNA HTREAY 2 52 i 5 D 2 3k 114 o SR Mgt 1%
P4 5 o WESE AR M, NG SR IR (NS
methyladenosine, m°A) J& mRNA Ff 3% 3k 1Y P
Bz —, HINF2h m°A HIEEBEE G
fiE e 5¢ e, HoR oo Mtk R
(methyltransferase like 3, METTL3) 2", FEAHZ%
PR, mCeAHE i F R R iR 25 Y BE i [ A A
TER R R s & . © A R, FOXOI
mRNA Zi i DXAFAEARE E W 5, o m°A B A m]
3 METTL3 5 JI§ I & FAE JHEAH DG 11 (fat mass
and obesity-associated protein, FTO) Azl IH¥E,
M FOXO1 8 H B BIFACR 0 FTO HHJE
F Fe* Fil o B 8 R AR R B XUNN AU, RES 25 BR
mRNA [y m‘A & N6, 2-0-—H ZAEHF (N6, 2'

-O-dimethyladenosine, m°A,) & 1fi , i 52 I
mRNA W T 55 5% G aria (ansyds . a5 6l
PE) FCHE R, BFRERM, FTO A4 7 FOXOI
mRNA ) m°A 2= H 564k, M 8 FOXO1 %k,
i R RS S 2 IR0 I 5 R AP (insulin
resistance, IR) /. [Hitt, O FTO, Mk
fRFOXO1 £k, Al e MACHTR A KA e s e T
T mE . (HAAEREMRZE, BRI (Entacapone)
BrRE B FTOMEI G, HAR P 45 25 T e/
U 5 A B ISR A T P, X — R S
HAMH FTO 4~ S ) FOXOI mRNA m°A % H 34k,
FEP

2.1.3 f#RNA (miRNA)

fRNA (microRNA, miRNA) J& T NIEHEIE
it RNA, Gl H AT 22 MR, HoA
FEYIfE . NFSHEP L AT i K 2 2 000 Ff' miRNA,
EATAT DL 1] 30%~60% FY 3 B 2, 7R R IR
(high fat diet, HFD) MEFEIERILL K db/db it & b
PRAG /N B R v T miR-21 7K S B A, [R) it
FOXO1 /KT e #E-F 10 miR-21 i
FIE T FIFEFOXO01 Kik/KF-, #75 miR-21 Al fig
Z 5% FOXO1 M kg i = S oh ol ,
db/db /)N FRUIE miR-542-5p KIBFEAR; AR, %
ik miR-542-5p A] f# ik FOXO1 B # kK F, FFE—
8RR B L ok e IUHE 5 R IRE R A P Btz
A, miR-27a/b ¥ | miR-9 ¥/ | miR-139-5p ["* |
miR-192-5p "' #% 0] DL #8 7] FOXOl. %¢ I+,
FOXO1 /& Z Ff' miRNA [ 7 7E 3% #4% , miRNA
PR 26 ] BEAL L E LS S I R B
2.14 KAEAESISRNA (IncRNA)

K &% 9F i #% RNA  (long non-coding RNA,
IncRNA) 8 # # 52 SN FE# T 200 nt B9 E 20 5%
RNA, Hog ULK B FIZ9 4 200 nt~10 kb, /2 H
i C A 5o = AR % RNA 2800 B, 7
WEAHSEHFFE T, MEG3 5 H19 2 56 1 1 4 e i Wi e
IncRNA, Zhu % °V i3, SIRMAEE AFME IR (—
Rl s e Wil , 7T S IR) A L& IF 41 g MEG3
Fik, MEG3 1t JHE FOXO1 B mRNA & & H 5
IR, BETE T U S A i R 2 B -6- i R A AL
W 3 (glucose-6-phosphatase catalytic subunit,
G6PC) I 8% MR M P =X 0 T R R W
(phosphoenolpyruvate carboxykinase 1, PEPCK) ,
PR FFIERE S 2 T e 5 2R 5 MR IR S .
—EHLHIFSE s, MEG3 i 7824 miR-214 A 4
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Ji 35 4+ RNA (competing endogenous RNA,
ceRNA) , fi# & miR-214 XF ¥ 3% # 5 N 1T 4
(activating transcription factor 4, ATF4) I #l,
AR #E FOXO1 33k I 14 o Hoph 53 A 5 S R )7
( L% G6PC 5 PEPCK) , M Tfii fill 2 JF- 4l g IR
AL AT, MEG3 5 FOXO1 {555 155 5L 11 A
XK, FIRER RS Dl s R 2. T
H19, Goyal & ™ &, SXTHAM L, db/db/h
SR JIE 22 Ff IncRNA T~ 18, Hop HI19 F &0
F, [, H19 FE 5 E RFS 246 L FOXO01
eI IMAE DG s i —20Hh, 7 HepG2 4f fifg 417
il H19 A3 hn FOXO1 #% & £ 3 b b 57 A A DG Jk
ek, B PSR A 3 5 0 % 2105 5 0l 55 10 4
fiE . HLEIBFFR 3R, ZE HI9 BRI/ RIS T,
P53 7E FOXO1 Ji 81 X3 i 5 4 34 m, - M 42
FOXO1 [/ S B
2.2 FOXO1/iEMEREEE

FOXO1 &R LA RE f RS 5 A L H ik
() S B  SRe DR 7, L SR T e 3 252 7 4 i S Ao
(B Wz 4H) 5817 5 B4 (post-translational
modification, PTM) P Z&# il Gl IL[m e e . ANIF]
GG R B BERRAE . LWL AE PTM i i 4%
FOXOl WA BAER . B ZER . DNAZ &
ReJ) A, w4 WG Ry (K2).

BN TEREEARE INESES (K
2 By, iR e 2 1% Ins . IGF-1 i
F FOXO1 Ak . (5 Sk nt, SR
4K (insulin receptor, INSR) R b I I & &=
MR W, K15 5 T 2 o IR mE LY 3- P
(phosphatidylinositol 3-kinase, PI3K) /AKT, #&ifij
WML FOXO1 (Thr/Ser™/Ser’” "', Hirfr, AKT
XF Ser®™ (B FR L I#K T FOXO1 5 DNA fIZE M7,
IEfil & 7 HAD AL The Bl Ser®™ (R 1L B3,
Wik J5 M FOXO1 ¥ 5 5 14-3-3 & 145 &,
Hil 55 55 DNA IAHEAEM, JF{2iE FOXO1 M4
JuAz St ZR AT, AABILI b SE X FOXO1 #si
PERG S B R, A% AMar R ARSI FOXO1
AT ) i N2 R Ab-E PR s A2, AT AE SR
HEAKE i — DO ARTERAS . eAh, ek
NS F R, CREBZE A H/EIAL A EE
p300 (CREB-binding protein/E1A binding protein
p300, CBP/p300) AI4F:FOXO!1 Z-™ iz W2 v i
4 Wkt (Lys™/Lys*/Lys*/Lys®!/Lys**/Lys”"/
Lys”, ZA&10 8 % £ M2 FOXO1 1Y) DNA 45 4 7

S5, BRSPS R 25 A RE T
AR FOXO1 By st 7

MR, TEMRRE RSN BOR ST (B2 Tk
45, difiEEEIE ] (AMP/ATP HL{ETHE) A0S
AMP B 15 B 85 H B (AMP-activated protein
kinase, AMPK) . Saline %5 ™ f#F5% 78, Ser?
J& FOXO1 N 3y 1) — /™ &t 4 AMPK 8 2 16 47 55,
Ser” (NI AL LAS3 4% )7 XA 3 AKT X The* 512 1L
B R I S 143-3 T 45 4 AMPK
X} Ser™ HI The* B IR AL FAMERS Il FOXO1 3 .
% AMPK #b, c-Jun 24 5L  (c-Jun N-terminal
kinase, JNK) ™', Wi L 3 ¥ A B 20 FF 3G -1
(mammalian sterile 20-like kinase-1, MSTI1) [ #£
A LIBERR fk FOXO1 ', JNK 3 3 Thr'®/Tyr' (i
FRAL B I8 , B B9 INK 7E Ser {3 5 i — b i iR
L FOXO1; MST1 MBEER Ik Ser’, Wi By BERR 1L
HBAEHE FOXO1 B EUMIAZ . SULIFIm, UUER(S
B I8 95 A F 1 (silent information regulator 1,
SIRT1) fE & NAD" K i ¥ 2 2 Bk 1L By v] % Bx
FOXO1 1y £ WEfk &4, # 1Mi # %8 FOXO1 ) DNA
shA e S, (HJE SIRTI 2% ZBHEIFAS
fagE, RAS iz ZmiEfs . Hik, FOXO01
] A0 A — A FR 2238 [ PTMs SL R g (R 25728
S RES GO LU AN B S S N
F, MiBE 32 B/ A S o DR B B ) T A% R
B S5 SREE (E12),

3 AFEBEERZS TFOXO1XTBFRE#ERS X it

sEAl

MBER AR A B, TS R — Pl e %
MR, HAEHRNMGE R . Wl aeRshin,
It e BE LA & 2R U . R R A5 58
%38 1F INSR, iR i EZ KK (insulin receptor
substrate, IRS). PI3K. AKT % G5 0% 54
FEA MBS . AR AR B AR Y, sl 3 R,
AKT/FOXO J2 238 i (1 F B . — 7 Tl F
R OB A i SRS AE®D , 5 —Jr i HAs
R (i FLah Y & iAe R HE 1 (mammalian
target of rapamycin complex 1, mTORC1) 4} F /9
REMT A= B

EFAEOCN, I v s RS
ORI WAl . BEIREA . B S A i R g
HReRRA . BT MU T R B4 A 430
[ %, W ERE S L INSRE &), fff

PR E—
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0%
P
;ﬁ E <onlpl,
2% /
L (a9
1S 00 FOXO1-AC
e —~ @D FOXO1 ,—» O
= DNAZ &L
20 a5 Y%
il Yl k% -
IRERZENL
=
@
ﬁ \% AMPK (SIRT1)
B AN |
29 @ FOXO13: Z. /b
gﬂé E JNK o—» FoxO1
€~ D@
® /
MST1

Fig. 2 Regulation of FOXOL1 activity
E2 FOXO1MiE iz

FOXOUIFTEZ Bl . LWbAL B/ B Or BRI A% . 5 3R /IGF-14PI3K-AKTHE FOXO1 8RR kT 5 14-3-385 G, IR H A% 10 2 i i
MG 5% AR /S AMPK 5 INK/MSTL, JFAESIRT 1A 5 26 L fb/ LB (b f5 B n A R B, S8 FHDNAZE & SHER (Bukdb .
FWg4E) s, AKT/PKB: & [1IHEB (protein kinase B); AMPK: AMPJLIG 2 135 (AMP-activated protein kinase); CBP/p300:
CREB%4 4 & F/E1A%S 4 & Fp300 (CREB-binding protein/E1A binding protein p300) ; MST1: WFLEI¥ AR & £ 204L 8481 (mammalian
sterile 20-like kinase-1); NF-«kB: #[HF«B (nuclear factor kappa B); PP2A: ZE[IWifRMHF 2A (protein phosphatase 2A); PRMT1: & IR %
PR H 3L A5 i1 (protein arginine methyltransferase 1); SIRT1: PUEA{EE 7K1 (silent mating type information regulator 1); SGK: Ifilif

OB H Ui 2% R0 18 (serum and glucocorticoid kinase) .

IRS1/2 kI 554 PI3K, #E—HAMITG AKT2, iX
P ok 3 AN (83 22l F=%h) - a. S
FOXO1 i &% M, DT T IR0 5 A DG il O
PEPCK . G6PCHY¥est, /DT b. B
PR AL AT i bl 55 RS 3 (glycogen synthase kinase
3, GSK3) ., fift Bk H xf % )5 & B (glycogen
synthase, GS) B, ML RS RS B c.
K458 mTORCL {55, {22 B W7 A i AH 5C 38 % 1% BR
(mTORC1— JIH [# B8 15 e/ 45 A 8 H 1c (sterol-
regulatory element binding protein 1c, SREBP-1¢) .
TGl T A R 1k I (acetyl-CoA carboxylase,

ACC) ), WM& iR/ TG & iR s . 1E
DRET (REm =), BREBERAFRM, AKT
EET R, S SECESCERY, (K3 43
) a. FOXO1 5% s i e 2 e i S A AH DG Kk
ik (WPEPCK., G6PC), i JiF4 %5 b A i 1
SR, [RIEF, FOXOT i BRid 2 0 il 7 4 4 A1) HIAH O

Iy (Eh 3R 4G (glucokinase, GCK)
R, DN R ARORE 1 A A 1 550 I A RS it
45); b. BT AKT2 % GSK3 Byl %, GSK3 &
Gife (il GS Ab THHPRAS , IR A BLEE J1 T %
c. AKT2 1% mTORC1 9 fig /1 9 55 , mTORCI1 -
SREBP1c/ACC g i A5 LAt Az 410, B s A Al G A
Rk R SIEEEE, FOXO1 nlfie kg /g i
iy AR OCHE R R 3k (A IR 105 H 3 =18 R 105 1l
(adipose triglyceride ATGL) /
APOC3) #41

JE S LA R s e Y AR B, IR W LU
VRN AR R I 2s 5. BUA IR, SAFE
JoE B 155 5 2 B, Akt /319 FOXO1 # il %2
1 (Akt 4K PE 19 FOXO1 B R 1k i 2> ), F 3
FOXO1 B By FpTh M, T A S5 5 PR 4 e s
JH = A5 (B 5 0E[RES, Akt - mTORC1
A5 10 B 7 2B B B AT e AT PR R AR R O R, i

lipase,
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R
(BB & AT

BB T

ﬂaﬂﬁﬁm VLDL | JEWiER 1
ﬁ‘ﬁ’r\ilﬁ

R R
HRAHE N

%

= g INSRI k"s\]’:/rér E 7;4v I CH I I DICICICOITCOCT
|
PI3K
GSK3 AKTD

' !
mTOR)~
o §>
FOXO?
Wi

ACC
SREBP10) oo !
CERRRAL&AEELL)

>

s M sisa |) Haﬂﬁﬁ'ﬁ-T vioL | MBS

@

D .

BAER

Fig.3 FOXO1-mediated regulation of hepatic glucose and lipid metabolism under different energy states
E3 AEEESRETHEFOXO13TAFAEHERS X 5 HE T

FEAMINSR-IRS 1215 PER#{IG, PI3K-AKT-mTORJ#5, FOXO1LMMIL AR, LIMPEPCK/GOPCEENEHFA, Il ATGLA 3
Wi 44k . VLDLAHCIEF ik s S mE 5898, , AKTHRILFOXO1 A2 HAZ AN,
Lo T A e, 4 WHERIK, ACC: ZBEHTEARILEE

FASNPRARA MG RS, SR ftRemfEnetse. 1. Li;

itk B s

SRS A SR, R BT SREBP1c-ACC/

(acetyl-CoA carboxylase); AKT: ZE[1i4M#B (protein kinase B); ATGL: &/ H M —=Egi5 /i (adipose triglyceride lipase); FASN: JE/ifiz

4T (fatty acid synthase); FOXOLI ;
WG (glucokinase) ; GS: HfJFA T (glycogen synthase) ;
(insulin receptor) ;

carboxykinase) ;

SREBP1c/ACC 45 i i AE iR P b Bz 17, AR I
B LR P I R R I TR
%ﬁb FOXO1 7 T EWE i A 8 42 43 22, 015
R, A ARCRERRAL I ] AR SR A2, LA
I)., Wi AR TCREA, (BRI A BATTET AR
1. 7F HFD 3 ob/ob /)N EUIFIIE H FOXO1 2 &1k
VRIS S B ACBUMEARE, BRI (BRHRAER |
R . WhER) AbEAY A A B B FOXO1 %3k
KAZ WL BRI s im v B B4 2, Rl
(IRFFE & B, HFD 5 IFIE Akt 6P B B, i
ARIRES, XN IR IFE 40— Bcklifk, min]
REAEAEAT SR s o dE—20 M, B EE e
S M AR FOXO1 AT i 28 R A% i A T 440 e PN 905 42

WLHERE O (forkhead box O1); G6PASE:
GSK3: & flii i3 (glycogen synthase kinase 3) ;
IRS: % £ Z{KJE4Y (insulin receptor substrate) ;
VLDL: #fRZERENREE I (very-low-density lipoprotein)

A BE-6-BE AR (glucose-6-phosphatase) ; GCK: #54j
INSR: Jik & 2 52 1k
PEPCK.: i iR J B 5X 7N ) 2 2 ¥ % (phosphoenolpyruvate

FOXO1 MK, IFREmIEEE =150 Akt ;
1M FOXO1 2 ik 5 2 0] 75§ = [ 5 52 A B9 40
b 5 Akt B2 fk, 478 FOXO!1 Bri% 5 H 1
w@hh, W fEfE N ILIE T N T2 5 Akt #5581k
P, HE, FOXO1 AF: 28 TH B\ A o2 Sk e 4
IR EEG Z —, AR RHEEEE

J 105 A= 1 4 S R 2 T H?ﬂa“}j‘rﬁ%ﬁkk,ﬁﬁ
B,

4 FOXO1X3RFRERE FRim AR 5% B B0 X [a) 1A
FEHLEH

JERE TG 25 2 R T 0 10 1 1) oA TR 5 25 1 o
I RERR 5 AR 5 (SP IR A5 BURT DNIL Py I A
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RHE, %F: XKIEERBOIFERAERE R 9 E A R IFIENL S <7

W) KRTHENRR 8% (FAOFIZE /S VLDL) i) %
A FIERR BT . Y ETRYAF SR o, FOXO1 X fiF
JIERg BT DR R A PR 5 EA : — T, FOXOl
A o 398 0 9 S5 A A DR R ) 4 O R PR R 388 in I
WERG B LA s 55— 7 1H, FOXO1 3 i 34 hin fiF ik Ag
05 53 il Rt DL R o A s R R SR et I
JE TR . FOXO1 76 AR BT 0 AR o 2= 90 H WU
YER, PRI FOXO1 AT BEFE 1E # Ak BUR SR
(AN IR ) X FFRERR B ORR = A AN ] 52 )

4.1 EANAFARAE BUTAR

4.1.1 HEHIEDNL

FeE [l R BRI F9E R W, NAFLD 35 1Y
— ™ H AR 2 TC I A5 1 el JHFIE DNL 1 =%
e

JHFIE DNL 3 %257 SREBP-1c FIBRIK AL A i g
Ju 45 4 5 1 (carbohydrate-responsive element-
binding protein, ChREBP) % TF J##s, 34 4
I CoA CRIE TRk /KL A Pl FA /Y B & k) A Al
I IERE IR PERR IR , B AT #EER 6 R TG

FOXO!1 S8 G AL nT A2 s AFIEUTAR . WFoE R0,
JHFJUE 22 3 2H 18 4% 28 37 FOXO1 1] fifi 7N BRL7E 23 i
HEEDIRA T FNE TG & &34 2~3 £, SREBP-1c &
HALFL A G Wi MR & ¥ (fatty acid synthase, FAS)
LR A R AL o (acetyl-CoA Carboxylase o,
Acca) M2 4% 97, BRI AS1842856 (FOXOL1 [
PEREMEFEBUR]) R IR TG A B R R 25 A
I P 5k B PR & 1k K SF- - DT % ik JHF 0 g I 15
W TEEREAE, Nagashima %5 * L8, 7&
db/db # JR s /N BRI B F 4R i &= b, AS 1842856
PEHEMEIN R FOXO1 A M A8 FOXO1 R fk. . 4k
1M, Wang %5 °V &I, E Ake2 w5 5 ) IR /)N B Y
Hr, WO WLHY Akt i B R G 5 3 FOXO1 B R ALK T
ST (AEAERIETEAL) , AS1842856 MAE 2
WX R B BRI A . X PP 22 AR N, AS1842856
FIFERIBL I A R R SR, IR AL X it ek
AN IR AL, T RIS I AN [ A BRI R g
B,

J—J7 M, FOXOI1 AJ P[] CREB/PGC-1a 175 S
G6PC 5 PCK1fE#FM 4, *4 PIBK/AKT {5532 4ii
F FOXO1 MMl , 2o BEWE 528 5 | K el S AR R
PEE R 2, 535 ChREBP 5 SREBP-1c¢
JEHCR DNL = 21 [, FOXO1 BERT 58 4
Bl SRRR T R SR AR IR R, N obE S AR 0 s R
DNL N i, 2 [EHESI I TG R i

AR E
4.1.2 fEHARITER I

TEJE JBEAH 56 ) MAFLD H v, PR A T
60% BRI K F R IDTLLEY (Rfeas, BRI AR RE
SN B X B R D R E A MRS, AT
T AR AR T i) 22 i IR I e e i /4 B B LR
PEBRHOTHF TG A . A 2 RE R IA
S AR 2 I A N TG B 2L, CD36
J& TS R 2R K G, T KA N R 2
iy, H IR AZ L AL W ARG T W RO A2 ARy
(peroxisome
PPARY) . %24t X 31K (pregnane X receptor, PXR)
FIF X 3244 (liver X receptor, LXR) FJIETT, i
3% FOXO!1 1HG sl s 50  JFF R Ao e 28 Ak 7 A
N, BEWAE TR E RS i 105 P T 2% B # CD36 £
FHFARMRE -, T 5 I R CD36 4RI BR -+ 14
JHLE,  PHut CD36 MAAH T ) 200 A 1) 32 T g A
MAFLD #F Jié /i iy fish & = 14 =, © A PR,
FOXO1 1] |4 T 401 CD36 %1k, fEHFD %S
HE /N AR AT CD36 A mRNA 58 H fik
SRR TR, SR M RO ui K P R BT UORRAH
—FT A, B A FOXO1 i3 1 34 i g i g
iz fE I (fatty acid transport protein, FATP) Fifig
WilR %% & % 1 (fatty acid binding protein, FABP)
() 2R A R A T IR E AP0 33 5 B P 2 i 5
L IS RS SRR &, BRI,
FOXO1 i 24 CD36. FATP Fl FABP 4 S 73
T, SRR RIS 51268 11, W MAFLD
FHOE TG AR B3R T 22 1 I A %
4.1.3 /D FAOR N FEIA

JHFIE A 17 1% B 4 b2 T B g 7 TR 1) B 223 A
H:rf PPAR a2 5 FAO JE R ik iU D e S R 1,
Il FOXO1 I FE il &% H A5 52 M 5~ & 5i%E
1 G R T o AR LTI SE G R, A
FOXO1 5 PPARa & H ] & EHHEAEH, H PPARa
5 FOXO1 B45 4 ] T4 PPARo T #3557 1
Z5GRedy, DI 55 A T 1 FAO H sk 2 7 B9
Matsumoto 2 47 & B, 7£ FOXO1ADA /] fHT i
Hi, PPARa S HFOIL F Z WE i a A AL 1 (acyl-
CoA oxidase 1, ACOX1) )RR 60%,
78 FOXO1 5% 1% 1k 55 PPARa-FAO il ()41 i A1 56
EAEEA L, FFE Akt (558 A A FAE R
A 2 —24MH FOXO1 1%, 7EFOXO1 itk
FITEOLR , 8IS 2/ Akt T A G 3R [ 36k

proliferator-activated  receptor v,
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ARG R PR RN 2 B s, $Ron HOCHEAR
U 500 FE AR R R BE B AR FOXO1 3X — R iy
O I, TEBREY RS20 (AR = 418H0)
i, FOXO1 # i fif b Jf Hr 2 1k, mIpgil g 5
PPARo A HAFEFH M2 /5 i PPAR o 3K 56 TR 1
R FAO AHOCHE R R 3K
4.1.4 [ W Y S 0TS

I e — R RS R e A A, A e DL
B PPN A E T A [ W R T ISR N L
M 4EFFRE EE V- S8 . PF9ER I, FOXO1 —
T3 T R i R 7 B RO A WAH DGR BT, 4 e
AHRFEK (autophagy-related gene, ATG) HIFESE,
ORENU RN S B P S Ry s 1B 0 W i
SESN3 DL mTOR 15 538 4%, M £t R 8K 5h [
Wi JE 3l 5 WAL I R R BRURE AL, HFD
] g 2 b E S100 5 45 & & H A1l (S100
calcium-binding protein All, S100A11) £ ik ,
S100A11 i it 5 HDAC6 AHEAE M, 52 GBI
HEHELBLEF6 (histone deacetylase 6, HDAC6)
5 FOXO1 454, 2 FOXO1 LAk KTt
&, 175 AW AR AR A S P, et
JE BTOCRR O I IR I A8 K A o dE 2P, AE
NAFLD#RI Pl FOXO1 ik B THR, HF
iF A W AE G BE RGO G B 1 R EE 3P
(microtubule-associated protein 1 light chain 3 beta,
MAPILC3B) 5y 25 TR A BISZ ARG R 1
(GABA type A receptor associated protein like 1,
GABARAPLI1) [P maik, #78 A Wil At T 5
WOEIRA, JFFERE IR SAFARAS M nE 2
FHEERYIE, FOXOL X [ W 45 HA 1 s
PE. TEMAFLD B b, Bl 23055 28 1 1 Al
{fi ERK/SIRT1 i %, fi #f FOXO1 B2 1h J #% %
i, M T A WK 1 JF s T g s A2 1 o
Zi b, FOXO!1 Rt A B 5 4 s J22 i A9 e e A el 42
AR 15T PTM A0 (14 DR SH R 500 17 419 Wkt 2 o
FEARIEI B 52 R, FOXOT A& [ W 5 i vl
RE S AR AR G B SR b R] R A A AR BT
FRE B P
4.2 BERBFRERERLAR
4.2.1  $GINHIETGRY AR

JIFRE TG /Y9 3h b1 £ SRR ff i 42, Hoh
ATGL AL TG 25— MR HEWI 2L, J2 ) 3l TG A Y

PR ; LA %3 -58  (comparative gene
identification-58, CGI-58) 1E MHILMIEN T, I

¥ ATGL 2% 4 2 15 Wi & i JF 14 5 /g 15 o
FOXO1 7887 3| it & A 2L 15 il 8 AMPK 3475, M
MR ATGL 7EHE 3Rk . 7E CA-FOXO1 4 5L [
INEFRE T, ATGL mRNA FIAE (5 K - 34
M7EFE 5P FOXO!1 @ibr /MRy e, ATGL %
ik FEAG, 3X B FOXOL A DL % 5 ATGL 1Y 3
sl M 45 T H BCR W Y %% (https: //
ecrbrowser.dcode.org) , [AIFEL % B CGI-58 )i 8l F
X 88 B A % 7 19 FOXO1 45 & 7 &, 3% 2 W
FOXO!1 ] Bg4 5 IFHE CGI-58 ik Y, 5 —
W5 &8, FOXO1 i) H 448 ATGL )5 81,
PEUEAR T AHZH ATGL 263k ™, 7EANERE IR 050
o, AR R R LAVR B2 AR ASPE (0. 50, 100 3K 200
umol/L) 77 =A% HepG2 IF4H i tf FOXO1. ATGL
FICGI-58 [ Fik, ABAINT PPARy KL, T3
TGALE; SR, FOXO1 i 21k ] g 2 34 1 A
P i 34 Y Hep G2 T4 if ATGL 1 CGI-58 [ 3Rk,
F% A T PPARy fiY %3k [/, MAFLD #: &1/ L,
SIRT1 FI FOXO! [ FRR KRR, JHEEH (SIRTI
44 ) ) 5 5 FOXOL1 9 F 3, 1 SRT1720
(SIRT1 Ay shs)) W% FOXO1 T E, JFR#HIK
TIEAF I TG & & ', UL EZ5 W LUE
i, FOXO1 nfigdk ATGL &3k, 3458 TG 73 A
NEWARRAARIEE, WA B T F A R I O AR
4.2.2  HHINIVLDLAY%H

JH RS £ 53 W VLDL % TG fa th 21636, HHig
AT AR R B G, L A B i Ak JE K
fRAGIREE AL, RIS TG ILAE, Mk
ISl ks AERE A K et O KU . BRLE, IR AN E
W B4l sR VLDL 43 WE R sl AR i DB ) 2
T 1% TG EELLE TG g 8 1 PR e A7 1E
(W VLDL-TG. FLEERCRL), HARMHKH G & 105
U5 i B2 JEF B 7 il S A S K i S T B, BB A
C-1II (apolipoprotein C-III, apoC-II1) 1] #1ji il f5 &
1 18 I B/ B 7t 36 R O AE 2% & TG iR B
B 0 RPN, FOXO!1 e BT HE apoC-I1T 3¢
K, TR B 258 1k 3 FOXO1 BRI apoC-I11 4 i
AR FEIR ST, FOXO1 ik K i% i 3% v 4
9, S apoC-Id £, HEMIE M & TG ILAE &
JE Mg Bz . DR (fibrates) 1EN
IIfi PRI TG 254, ] 3% PPARo F- 1 apoC-II1 =
A=, NIHEHE VLDL-TG 70 . FEARIIE TG, A%
WG IR$E R, PPAR G AL T 54T FOXO1 1) 5% §%
SR BN, R lTESS A R, FOXO1
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L PPARa {7 7£ & 1 Jii M B /E FH ., PPARa 45 &
FOXO1 "] THLH 5L E 2 DNA 255, MM
FOXO1 /Sy ik ™, BRT F, FOXO1
(1438 82 5 P S EFE TG 4, (HX T RE 3K
i TG ILAE ) &
4.2.3  HIAE AR I PR e 5

brZ 5ig&E RSN, FOXO1 Al iE i
Y 2 1 () SR T S R B A R Y . A
W98 4Es, FOXOL AR 5 e i 4 45 i e s 3t
PR, el I PR 2 SR ] B M I i A O i
P28 174 LT I SR Rl 8 6 a5 FE ) N A
#riw7/x (http: jaspar.genereg.net), ChREBP J3 3]
T IXBAEAETAE FOXO1 550, 1ESLge gz,
FOXO1 1% VE75 1k 5 ChREBP & [ 7K S S S5 1%
PERCAERR DG, T 52 MR g 7 R 5 I 26 R ) o7
L W, FOXOI 6 5 5 15 55 F Al fig %t
ChREBP J H: T Ui# 1 o A Jlg 5 PRI Jli o il 1 8 4%
AT B T I R o A4 ol 2 S P e At 0
5 aPKC - FOXO115 5 %k % 5 I A BE /R
e

JHFJE B ot D0 BP0 K 28 Bk G (ceramide,
Cer) . WA H I (diacylglycerol, DAG) 5%
Y E #% PKC (atypical protein kinase C, aPKC)
Ak, HOEPRPE E PI3K/AKt KA ) FOXO1 iR
b SRR — e REVE B A Y OCHETE T 40 kDa WD
& K 12 e #/FYVE & 1 (40 kDa WD-repeat
propeller/FYVE protein g 25 1 g /Il i WD40/ProF )
YR : WD40/ProF f 7/ WD B & J¥ 41 5 —4~
FYVE 4538 nk, fE2 Pl S5 Riks, &
Akt BRI FOXO 1 FT b i 74 o7,

LRGN, FFIE aPKC 3o B8 i8T6 2 15 H
5 WD40/ProF 454, TECHE A FXF AKtTE e
4, FEIMTHISS Akt X FOXO1 Mk fLie 1 7. 1
HFD 5 5 19/ BUBL L o, aPKC 3 8 3076 R AR T
WD40/ProF A X1 Akt {5 14, T2 FOXO1 B iz fb
TFE, JEfEBEPEPCK . G6PC 23k i, b
AR RIS T AR, YA aPKC B, H 5
WD40/ProF I FHICHE T [ . WD40/ProF #H5¢ Akt i
PR, FOXO1 B kB kA, I ] 4% b
S A 5 IR D5 A B Y A B Ak 7Y (W] B SREBP-
lc. FAS. ACC Kk W3 T I, JHARWI NS &
TG IfUAE FRAS B i3t 0 Xtk — 2 R — W
WDA40/ProF £ { # Akt-FOXO!1 {55 1& 3% , {H1E
aPKC B 18 B 300 B 5 5 % aPKC Ji 4%, DA 3 A

FOXO1 B L etk 3240t . Ik, JHFEaPKC 1Y
o FE S = FOXO1 R (b B Z i i i [ 2 — .

16 ISR sh N Z i, Cer 5 DAG 2515 A il
FEY AT B RS BPE aPKC Y, SRIMTTE T2DM H 3%
JF4uarf, aPKC 19 5 A8 A U 22 5 19 7 5 5
BRI AT AERE, FLALH] 203 s =
JB 8% 2 IfAE A S Y IRS2-PISK 381 5 PIP3 j= 4 12,
DAL AT AN, v 8 &) 2% 10 96E 7] i 5 DAG/Cer 2
TR R 2 & aPKC H2k i BEiE . Jf38 & WD40/
ProF 3 4+ i — L 1l 5 Akt %F FOXO1 il . 5t
[F B, mTORC1 ] 5 & B 3% BR 1) aPKC Blp [7] 3 58
SREBP-1c ik, HESNIEELS =ML o 75 6 s
e R B 2 S — 25 BTG P IIE Akt 55 aPKC, REZEK
KA T A I A DAG/Cer F-A BUAR HILEY) 7, M
I B i A= i —aPKC 0% —FOXO1 # i 5%
7 I RSB

25 I, aPKC 3 BEOE Mk i IR B4 T AL
fE R R Akt-FOXO!1 5l 37 451 5 BOWE 5 4= 45 2K
A, 8 Akt S8 mTORC JEIT A= 15043 AR5 T
LA, R B S e A RO
rEHEe (E4),

6 NG

MAFLD 4200 FEIE A2 HF P g 0 8 3 AR
WIERR, FELLTG A RN B TR HIE A
ke TR Wi MR 4 B . DNL. FAO 5 VLDL % i %5
WAL . FOXO1AEA I IERE S AT N 25 1 O
R SRR T, EARI R S IR SR A B
FIR T KA TIERERR A, A% L S5 sk TG PE
Moo, oEE AL . FOXO1 IR ML
HAZZ WS e R5/ FJ210, FOXO1 [
FRKF-3Z B RNA 22180 L AR Gt RNA 845
M2% (miRNA, IncRNA %) MOARE4IET; fEEE
JTZ18, FOXO1 M4 M A7 . Fa e P S sk i
PR EZ B RIL . SmEte . B IR E Rz E LS
PTMs Fpfal 456l . FOXOT X RGBT R 52 155 B
R P . ER AR ESDIRAST . FOXO1
ALY R RIS A Y (g o SREBP1c AH
KfRA N . B CD36), F4ifl i i R 48 Ak
(43P PPARa - ACOX1 %), FE3 > DNL M4
FAO T/, MIIANEE N B BT ii AR s MR E By
Bt S HA T, FOXOL Wl jashfeEsh i 5k
JEANIE (U ss ATGL/HSL /-SG5 f# . {2k VLDL
Sl Ay, BT R B R TR E AR, HE
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Fig.4 Crosstalk of FOXO1-mediated insulin regulation in hepatic glucose and lipid metabolism
El4 FOXO14 Sik & R AT REERS BRI X
725 [ ) 2T AR I Z8 INSR-IRS-PI3K-AK T2 FOXO 1B (LI A% SMiE, #1fi] PEPCK/GOPCAF Ml 5 A= B P o SRR BT 5 F DAG/Cer i i Jif
aPKC, JfZ:WDA40/ProF XA AKT X FOXO1 I BR 1L, BUFOXOIRFEEARL, BisHAF s [AHfaPKC-mTOR-SREBP-1cHlif5) ACC/FAS
N RHGE IR, BRI -aPKCIER B, fERemRA RS RIIEERL. T M, ACC: ZBEHEAMILEE (acetyl-CoA carboxylase); aPKC
AF # %9 PKC (atypical protein kinase C) ; AKT: # [1#{ B (protein kinase B) ; Cer: # 2t i (ceramide) ; DAG: .t 3& H il
(diacylglycerol) ; FAS: J&WiliR{3H# (fatty acid synthase); FOXO1: XKHEFIO1 (forkhead box O1); G6PC: Hi%iH-6-Hili2lF (glucose-
6-phosphatase) ; INSR: Jii% Z Z{K (insulin receptor); IRS: i ZE Z KK (insulin receptor substrate) ; mTOR: 5 IA % Z HL | L A
(mechanistic target of rapamycin) ; PEPCK: R4 =N BRI (phosphoenolpyruvate carboxykinase); SREBP1C: [HERTTTTIF455
M lc (sterol regulatory element-binding protein l1c); WD40/ProF: 40 kDa WD  ({f % i -xx- K & & ik 1 &2 12 i 2 /FY VE & 140 kDa WD

(tryp-x-x-asp) -repeat propeller/FYVE protein) o

FEACE N IR BT far . MLHI#E G |, FOXO1 fi T
WEBERRICIHHA AL . PR IR Hh AKT % FOXO1 A1
TR IR (b R SR PRSI , T 5 e e o)
FERaEAE A [ aPKC S5 006 W] %42 AKT -
FOXO1 i 55 B 2 AL, (42 fg A= 554
XTOR B G TR , me AR MR T A
DU (AR I A

FOXO1 {F & MAFLD P i B9 2% 0036 J7 # 4
AT Z AP AE TSRS . ANl ) AS1842856 7] T
VAN TG & B S R W B UM DG SE 1R st (%
JE ¥ 7] Entacapone il 1 #l1 ifil] FOXOI mRNA 1) m6A
LR TR RL, s RA,; JEmg
RNA # ] 5% (miR-21, miR-542-5p i %35 2 {4

%, IGIRAT) ATRRSEPERE M FOXO1, AT
f 2 AR AR ME T TR R . 5] |, {5 B GalNAc
A T A S S B S P A ), R B A 2 21
FOXO! I i Th a0 4k ; WAl B, B®E4 A
MAFLD ¥ BEGEFR St 4 75 045, 80 4 S P 410 il
FIFL [ FOXO1 AL G A s o

S 3Lk

[1]  Kuchay M S, Choudhary N S, Ramos-Molina B.
Pathophysiological underpinnings of metabolic dysfunction-
associated steatotic liver disease. Am J Physiol Cell Physiol, 2025,
328(5): C1637-C1666

[2] Sha X, Zou X, Liu S, et al. Forkhead box Ol in metabolic

dysfunction-associated fatty liver disease: molecular mechanisms



XXXX; XX (XX) BR, %: XKIEZEBROIFERAERE RN R 1E R REELH

11

(3]

(4]

(3]

(6]

(71

(8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

and drug research. Front Nutr, 2024, 11: 1426780

Wang H, Bai R, Wang Y, et a/. The multifaceted function of FoxO1
in pancreatic -cell dysfunction and insulin resistance: therapeutic
potential for type 2 diabetes. Life Sci, 2025,364: 123384

Li S, Huang K, Xu C, et al. DYRK1B phosphorylates FOXO1 to
promote hepatic gluconeogenesis. Nucleic Acids Res, 2025, 53(8):
gkaf319

Yan H, Yang W, Zhou F, et al. Estrogen improves insulin sensitivity
and suppresses gluconeogenesis via the transcription factor
Foxol. Diabetes, 2019, 68(2): 291-304

Liao W, Yang W, Shen Z, et al. Heme oxygenase-1 regulates
ferrous iron and Foxol in control of hepatic gluconeogenesis.
Diabetes, 2021, 70(3): 696-709

Shou D W, Quan Y, Cheng J M, et al. Inhibition of FoxOl
ameliorates hepatic steatosis and hepatitis in nonalcoholic
steatohepatitis mice through regulation of gut microbiota. J Dig
Dis, 2024,25(7): 453-462

Cheng J, Yang S, Shou D, et al. FOXO1 induced fatty acid
oxidation in hepatic cells by targeting ALDH1L2. J Gastroenterol
Hepatol, 2024,39(10):2197-2207

Rodriguez-Colman M J, Dansen T B, Burgering B M T. FOXO
transcription factors as mediators of stress adaptation. Nat Rev
Mol Cell Biol, 2024, 25(1): 46-64

Dai S, Qu L, Li J, ef al. Toward a mechanistic understanding of
DNA binding by forkhead transcription factors and its perturbation
by pathogenic mutations. Nucleic Acids Res, 2021, 49(18): 10235-
10249

Zhao X, Gan L, Pan H, ef al. Multiple elements regulate nuclear/
of FOXOl:
phosphorylation- and  14-3-3-dependent
mechanisms. Biochem J, 2004, 378(Pt 3): 839-849

Anderson M J, Viars C S, Czekay S, et al. Cloning and

cytoplasmic  shuttling characterization  of

and-independent

characterization of three human forkhead genes that comprise an
FKHR-like gene subfamily. Genomics, 1998,47(2): 187-199
Benayoun B A, Caburet S, Veitia R A. Forkhead transcription
factors: key players in health and disease. Trends Genet, 2011, 27
(6):224-232

Lee J, Salazar Hernandez M A, Auen T, et al. PGC-1a functions as
a co-suppressor of XBP1s to regulate glucose metabolism. Mol
Metab, 2018, 7: 119-131

Camargo Neto J B, Morgan H J N, Moro M L, et al. Control of
hepatic gluconeogenesis in mice fed a high protein diet: a
transcriptional shift from CREB to FoxOl. Am J Physiol
Endocrinol Metab, 2025,329(6): E810-E824

Wondisford A R, Xiong L, Chang E, et al. Control of Foxol gene
expression by co-activator P300. J Biol Chem, 2014, 289(7): 4326~
4333

Zhong C, Pu LY, Fang M M, et al. Retinoic acid receptor o
promotes autophagy to alleviate liver ischemia and reperfusion
injury. World J Gastroenterol, 2015, 21(43): 12381-12391

Yan C, Li J, Feng S, et al. Long noncoding RNA Gomafu

upregulates Foxol expression to promote hepatic insulin

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

311

[32]

[33]

resistance by sponging miR-139-5p. Cell Death Dis, 2018, 9
(3):289

Tian Y N, Chen H D, Tian C Q, et al. Polymerase independent
repression of FoxOl transcription by sequence-specific PARP1
binding to FoxO1 promoter. Cell Death Dis, 2020, 11(1): 71
ZhouY, Zhang S, Qiu G, et al. TSC/mTORC1 mediates mTORC2/
AKT1 signaling in c-MY C-induced murine hepatocarcinogenesis
via centromere protein M. J Clin Invest, 2024, 134(22): e174415
Song B, Zeng Y, Cao Y, et al. Emerging role of METTL3 in
inflammatory diseases: mechanisms and therapeutic applications.
Front Immunol, 2023, 14: 1221609

Meyer K D, Saletore Y, Zumbo P, et al. Comprehensive analysis of
mRNA methylation reveals enrichment in 3' UTRs and near stop
codons. Cell, 2012, 149(7): 1635-1646

Ma D, Liu X, Zhang X, et al. Discovery of the 2, 3-
dihydrobenzopyrane-4-one as a potent FTO inhibitor against
obesity-related metabolic diseases. ] Med Chem, 2025, 68(7):
7421-7440

Avendafio-Portugal C, Montafio-Samaniego M, Guttman-Bazbaz
R, et al. Therapeutic applications of poly-miRNAs and miRNA
sponges. IntJ Mol Sci, 2025,26(10): 4535

Luo A, Yan H, Liang J, et al. microRNA-21 regulates hepatic
glucose metabolism by targeting FOXO1. Gene, 2017, 627:
194-201

Tian F, Ying H M, Wang Y Y, et al. miR-542-5p inhibits
hyperglycemia and hyperlipoidemia by targeting FOXOI in the
liver. Yonsei Med J, 2020, 61(9): 780-788

Wang S, Ai H, Liu L, et al. Micro-RNA-27a/b negatively regulates
hepatic gluconeogenesis by targeting FOXOI1. Am J Physiol
Endocrinol Metab, 2019,317(5): E911-E924

Yan C, Chen J, Li M, et al. A decrease in hepatic microRNA-9
expression impairs gluconeogenesis by targeting FOXO1 in obese
mice. Diabetologia, 2016,59(7): 1524-1532

Cai H, Jiang Z, Yang X, et al. Circular RNA HIPK3 contributes to
hyperglycemia and insulin homeostasis by sponging miR-192-5p
and upregulating transcription factor forkhead box O1. Endocr J,
2020,67(4):397-408

Ferrer-Bonsoms J A, Morales X, Afshar P T, et al. On the
identifiability of the isoform deconvolution problem: application
to select the proper fragment length in an RNA-seq library.
Bioinformatics, 2022,38(6): 1491-1496

Zhu X, Wu Y B, Zhou J, et al. Upregulation of IncRNA MEG3
promotes hepatic insulin resistance via increasing FoxOl
expression. Biochem Biophys Res Commun, 2016, 469(2):
319-325

Zhu X, LiH, Wu, et al. IncRNA MEG3 promotes hepatic insulin
resistance by serving as a competing endogenous RNA of miR-214
toregulate ATF4 expression. IntJ Mol Med, 2019, 43(1): 345-357
Goyal N, Sivadas A, Shamsudheen KV, ef al. RNA sequencing of
db/db mice liver identifies IncRNA H19 as a key regulator of
gluconeogenesis and hepatic glucose output. Sci Rep, 2017, 7(1):
8312



<12

EMUFESEYYIRHR

Prog. Biochem. Biophys.

XXXX; XX (XXO

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Goldstein I, Yizhak K, Madar S, et al. p53 promotes the expression
of gluconeogenesis-related genes and enhances hepatic glucose
production. Cancer Metab,2013,1(1):9

Zhang X, Gan L, Pan H, et al. Phosphorylation of serine 256
suppresses transactivation by FKHR (FOXOI1) by multiple
mechanisms. Direct and indirect effects on nuclear/cytoplasmic
shuttling and DNA binding. J Biol Chem, 2002, 277(47): 45276-
45284

JiL, Wang Q, Liu M, et al. The 14-3-3 protein Y WHAB inhibits
glucagon-induced hepatic gluconeogenesis through interacting
with the glucagon receptor and FOXO1. FEBS Lett, 2021, 595(9):
1275-1288

Wang C, Ma X. The role of acetylation and deacetylation in cancer
metabolism. Clin Transl Med, 2025, 15(1): 70145

Saline M, Badertscher L, Wolter M, ef al. AMPK and AKT protein
kinases hierarchically phosphorylate the N-terminus of the
FOXOL transcription factor, modulating interactions with 14-3-3
proteins. J Biol Chem, 2019, 294(35): 13106-13116

Pramanik K C, Fofaria N M, Gupta P, et al. CBP-mediated FOXO-
1 acetylation inhibits pancreatic tumor growth by targeting SirT.
Mol Cancer Ther, 2014, 13(3): 687-698

Maejima Y, Nah J, Aryan Z, et al. Mst1-mediated phosphorylation
of FoxO1 and C/EBP- 3 stimulates cell-protective mechanisms in
cardiomyocytes. Nat Commun, 2024, 15(1): 6279

Tsuchiya K, Ogawa Y. Forkhead box class O family member
proteins: the biology and pathophysiological roles in diabetes. J
Diabetes Investig, 2017, 8(6): 726-734

Bo T, Gao L, Yao Z, et al. Hepatic selective insulin resistance at the
intersection of insulin signaling and metabolic dysfunction-
associated steatotic liver disease. Cell Metab, 2024, 36(5): 947-968
Bergman R N, Piccinini F, Kabir M, ez al. Novel aspects of the role
of the liver in carbohydrate metabolism. Metabolism, 2019, 99:
119-125

Kitamoto T, Watanabe H, Miyachi Y, et al. Concerted actions of
FoxO1 and PPARa in hepatic gene expression and metabolic
adaptation. Diabetes, 2025, 74(10): 1748-1760

Oster M, Galhuber M, Krstic J, ef al. Hepatic p53 is regulated by
transcription factor FOXO1 and acutely controls glycogen
homeostasis. J Biol Chem, 2022, 298(9): 102287

Valanejad L, Timchenko N. Akt-FoxOl axis controls liver
regeneration. Hepatology, 2016, 63(5): 1424-1426

Matsumoto M, Han S, Kitamura T, ez a/. Dual role of transcription
factor FoxOl in controlling hepatic insulin sensitivity and lipid
metabolism. J Clin Invest, 2006, 116(9): 2464-2472

Lambert J E, Ramos-Roman M A, Browning J D, ef al. Increased
de novo lipogenesis is a distinct characteristic of individuals with
nonalcoholic fatty liver disease. Gastroenterology, 2014, 146(3):
726-735

LiuY Z, Peng W, Chen J K, ef al. FoxOl is a critical regulator of
hepatocyte lipid deposition in chronic stress mice. Peer], 2019, 7:
e7668

Nagashima T, Shigematsu N, Maruki R, ef al. Discovery of novel

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

forkhead box Ol inhibitors for treating type 2 diabetes:
improvement of fasting glycemia in diabetic db/db mice. Mol
Pharmacol, 2010, 78(5): 961-970

Wang Q, Ren J. mTOR-Independent autophagy inducer trehalose
rescues against insulin resistance-induced myocardial contractile
anomalies: role of p38 MAPK and Foxol. Pharmacol Res, 2016,
111:357-373

Bai X P,Li TT, Guo L L, et al. The influence of hyperglycemia on
liver triglyceride deposition in partially pancreatectomized rats.
Horm Metab Res, 2024, 56(2): 159-166

Donnelly K L, Smith C I, Schwarzenberg S J, et al. Sources of fatty
acids stored in liver and secreted via lipoproteins in patients with
nonalcoholic fatty liver disease. J Clin Invest, 2005, 115(5): 1343-
1351

Zhu H, Zhao T, Zhao S, et al. O-GlcNAcylation promotes the
progression of nonalcoholic fatty liver disease by upregulating the
expression and function of CD36. Metabolism, 2024, 156: 155914
Wu Y, Duan Z, Qu L, et al. Ginsenoside Rk1 ameliorates non-
alcoholic fatty liver disease by targeting CD36 to modulate the
AMPK signaling pathway. Food Res Int,2025,211: 116426
Miquilena-Colina M E, Lima-Cabello E, Sanchez-Campos S, et al.
Hepatic fatty acid translocase CD36 upregulation is associated
with insulin resistance, hyperinsulinaemia and increased steatosis
innon-alcoholic steatohepatitis and chronic hepatitis C. Gut, 2011,
60(10): 1394-1402

Wilson C G, Tran J L, Erion D M, er al. Hepatocyte-specific
disruption of CD36 attenuates fatty liver and improves insulin
sensitivity in HFD-fed mice. Endocrinology, 2016, 157(2):
570-585

De Sousa-Coelho A L, Gacias M, O'Neill B T, et al. FOXOI
represses PPARa-Mediated induction of FGF21 gene expression.
Biochem Biophys Res Commun, 2023, 644: 122-129

Lu M, Wan M, Leavens K F, et al. Insulin regulates liver
metabolism in vivo in the absence of hepatic Akt and Foxol. Nat
Med, 2012, 18(3): 388-395

Zhang J,Ng S, Wang J, et al. Histone deacetylase inhibitors induce
autophagy through FOXOI-dependent pathways. Autophagy,
2015,11(4): 629-642

Zhang L, Zhang Z, Li C, et al. SI00A11 promotes liver steatosis
via FOXOl-mediated autophagy and lipogenesis. Cell Mol
Gastroenterol Hepatol, 2021, 11(3): 697-724

Ramadan N M, Elmasry K, Elsayed H R H, et al. The
hepatoprotective effects of n3-polyunsaturated fatty acids against
non-alcoholic fatty liver disease in diabetic rats through the
FOXO1/PPAR0/GABARAPLI signalling pathway. Life Sci,
2022,311(PtA): 121145

Xu C, Wang S, Meng D, et al. Neuregulinl ameliorates metabolic
dysfunction-associated fatty liver disease via the ERK/SIRT1
signaling pathways. BMC Gastroenterol, 2025,25(1): 47
Kohlmayr J M, Grabner G F, Nusser A, ef al. Mutational scanning
pinpoints distinct binding sites of key ATGL regulators in lipolysis.
Nat Commun, 2024, 15(1): 2516



XXXX; XX (XX) BR, %: XKIEZEBROIFERAERE RN R 1E R REELH

13-

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Fang Z, Shen G, Wang Y, et al. Elevated Kallistatin promotes the
occurrence and progression of non-alcoholic fatty liver disease.
Sig Transduct Target Ther, 2024, 9(1): 66

LiZ, Zeng S, Du Q, et al. The repression of the lipolytic inhibitor
GOs2 enhancers affects lipid metabolism. Gene, 2025, 938: 149162
Schweiger M, Paar M, Eder C, et al. GO/G1 switch gene-2
regulates human adipocyte lipolysis by affecting activity and
localization of adipose triglyceride lipase. J Lipid Res, 2012, 53
(11):2307-2317

Cornaciu I, Boeszoermenyi A, Lindermuth H, ef a/. The minimal
domain of adipose triglyceride lipase (ATGL) ranges until leucine
254 and can be activated and inhibited by CGI-58 and GO0S2,
respectively. PLoS One, 2011, 6(10): 26349

Wang Y, Zhang Y, Qian H, et al. The g0/gl switch gene 2 is an
important regulator of hepatic triglyceride metabolism. PLoS One,
2013,8(8):e72315

Rehues P, Girona J, Guardiola M, et al. ApoC-III proteoforms are
associated with better lipid, inflammatory, and glucose profiles
independent of total apoC-III. Cardiovasc Diabetol, 2024, 23
(1):433

Nordestgaard A T, Tybjerg-Hansen A, Mansbach H, ef al. Target
populations for novel triglyceride-lowering therapies. ] Am Coll
Cardiol, 2025, 85(19): 1876-1897

Das Pradhan A, Glynn R J, Fruchart J C, et al. Triglyceride
lowering with pemafibrate to reduce cardiovascular risk. N Engl J
Med, 2022,387(21): 1923-1934

Liu Y, Wang S, Younas A, et al. The effects and mechanisms of
Xiaoyao San on nonalcoholic fatty liver disease rat based on
transcriptomics and proteomics analysis. Sci Rep, 2025, 15(1):
10478

Doan A E, Mueller K P, Chen A'Y, et al. FOXO1 is a master
regulator of memory programming in CAR T cells. Nature, 2024,

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

[83]

629(8010):211-218

Noblet B, Benhamed F, O-Sullivan I, et al. Dual regulation of
TxNIP by ChREBP and FoxOl in liver. iScience, 2021, 24(3):
102218

Sajan M P, Acevedo-Duncan M E, Standaert M L, et al. Akt-
dependent  phosphorylation ~ of  hepatic ~ FoxOl is
compartmentalized on a WD40/ProF scaffold and is selectively
inhibited by aPKC in early phases of diet-induced obesity.
Diabetes, 2014, 63(8):2690-2701

Zhao N, Tan H, Wang L, ef al. Palmitate induces fat accumulation
via repressing FoxOl-mediated ATGL-dependent lipolysis in
HepG2 hepatocytes. PLoS One, 2021,16(1): 0243938
Chakrabarti P, Kandror K V. FoxOl controls insulin-dependent
adipose triglyceride lipase (ATGL) expression and lipolysis in
adipocytes. J Biol Chem, 2009, 284(20): 13296-13300

Sajan M P, Lee M C, Foufelle F, et al. Coordinated regulation of
hepatic FoxO1, PGC-1a and SREBP-I1c facilitates insulin action
and resistance. Cell Signal,2018,43: 62-70

Sajan M P, Standaert M L, Rivas J, ef al. Role of atypical protein
kinase C in activation of sterol regulatory element binding protein-
1c and nuclear factor kappa B (NFkappaB) in liver of rodents used
as a model of diabetes, and relationships to hyperlipidaemia and
insulin resistance. Diabetologia, 2009, 52(6): 1197-1207

Engin A. Nonalcoholic fatty liver disease and staging of hepatic
fibrosis. Adv Exp Med Biol, 2024, 1460: 539-574

Sajan M P, Farese R V. Insulin signalling in hepatocytes of humans
with type 2 diabetes: excessive production and activity of protein
kinase C-1(PKC-1) and dependent processes and reversal by PKC-1
inhibitors. Diabetologia, 2012, 55(5): 1446-1457

Elkanawati R Y, Sumiwi S A, Levita J. Impact of lipids on insulin
resistance: insights from human and animal studies. Drug Des

Devel Ther, 2024, 18:3337-3360



-14- EMUFEEYYIEHRE  Prog. Biochem. Biophys. XXXX; XX (XX)

The Role and Regulatory Mechanisms of FOXO1 in Hepatic Lipid Deposition”

JIA Meng'*”, LI Fang-Hui"™, YAN Shi-Zhan?, LI Ai-Ju”, WANG Yi-Le”, NI Pin-Shi",
HE Jia-Han", LI Yin-Lu”

("School of Physical Education and Sports Science, Nanjing Normal University,Nanjing 210033, China;
Z)Ji(mgsu Institute of Sports Science, Nanjing 210046, China;
3School of Physical Education, Nanyang Normal University, Nanyang 473061, China)

Graphical abstract
. . Insulin resistance/
. ' . . Fed . Fasting Specific signals
¢ 222 TWHZRRRRRRRRRTR PP
111&33&5 %&a&%&&&&&%&é&%jﬁiﬁf fjjj@p

éé%ggzzz? i S

. Increased gluconeogenesis | é/cé’éfé
Boosting “AKT

sugar and fat

Increased lipogenesis

‘» Phosphorylation
Acetylation
Methylation

Ubiquitination

AKT inhibitory
phosphorylation deficiency

ncRNA (miRNA

IncRNA ) «—— Cer/DAG+—Lipid loading
.wrﬁm?w. .u(an}u.
¢ 1Lipid synthesis
o tLipid uptake Liver lipid
¢ |FAO deposition

o Autophagy abnormality

¢ 1TG hydrolysis o .
® 1VLDL assembly/secretion ——— Redulc'e lgtlr ahdepatlc
o | Lipid generating gene ABICEO

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
(FOXO1) is a key transcriptional regulator within the hepatic network coordinating glucose and lipid metabolism.
Under metabolic stress and insulin resistance (IR), FOXOI1 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
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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 FOXO1 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 - FOXOI1 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 FOXO1 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 FOXO1 as a potential therapeutic target and providing a theoretical basis for developing liver-

specific, disease-course-dependent precision interventions.
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