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Roles of non-apoptotic programmed cell death in metabolic-associated fatty liver disease

CHEN Yi-ting, WANG Pei’
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[ Abstract | Traditionally, programmed cell death (PCD) refers to apoptosis. As such, apoptosis is considered to be the
most important cause of hepatocyte death in metabolic-associated fatty liver disease (MAFLD). However, with the discovery
of more and more non-apoptotic PCD (including ferroptosis, necroptosis, and pyroptosis), their characteristics which are
highly related to inflammation, reactive oxygen species, and immune signal activation have been increasingly valued. A
large amount of evidence shows that compared with “immune silence” apoptosis, the non-apoptotic PCD seems to play
more critical roles in causing hepatocyte death in MAFLD. The characteristic of pyroptosis is to induce the release of a large
number of inflammatory molecules in liver tissue, the characteristic of necroptosis is to lead to complete necrosis of liver cells,
and the characteristic of ferroptosis is to have more intense lipid oxidative stress. The purpose of this article is to elaborate the
relationship between non-apoptotic PCD and MAFLD, and discuss their possible interaction mechanisms in MAFLD.
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3 7 R 4 Fg B 4 R (non-alcoholic fatty liver
disease, NAFLD ) 245 T Ix 7 /5 4N 09 1 B0 B &
Fir 3 B I R BT IR 3 45 & AE, DURT 48 9 IR B
By AL AR ¥ EAFAE. NAFLD & 45 4 B 45
fig Wi FF (non-alcoholic fatty liver, NAFL ) | 7
A% M Jig B M BT 3% (non-alcoholic steatohepatitis,
NASH) RHEAMAHEMS Aoz, MEXT
W E AR ENR DB AEAA, 2020 F47,
Mm% B E R DNAAE L R AE R R B

fEminEE, EREMBESE A5 ER D,
X ] fE = MAFLD # B3R 20 B % . ARl
AN Z PCD | X, wEHAHRXETHTE
MAFLD # £ #4 f ), #\ % & MAFLD # ff
E— A7 mEH R ELRE ., MA PCD AR
i, 2018 548 i 3L 1= 4 % i % ( Nomenclature
Committee on Cell Death, NCDD ) ## 7 &2 H 1%
Wi 11 AT e T TR, BT, FK
R, kAT F— A5 FEH T PCD L5 XA

MEMAERRY T MK, X2 FEHEATHT
PRI RERNFA, MET., FAEAT.

ff/& (metabolic-associated fatty liver disease,

MAFLD) ” BUREH a4, FRBHMEXRE

e W5 B AT, BB ALV MAFLD th = & 4RILT-X 3 A PCD e te 5 %E fr A AL b 8os A
mE % (% 1), T MAFLD 7 #4 W = F 3

MR HEER . Bk, XBEH T PCD BG5S,
PCD) EHHEIE N NI EREN T RZ—, 21 W% 5 MAFLD Wk R R E% B T ZXE. &K
MRBEFAFENRATES ERET, LEH XEBEETSET, FRMBA T, KT 3 M
WL U 4 3T BE ML FE G S 2 B B T, AT AF J1T- PCD & MAFLD K EWAER, HxtHE Tk w

A2 5 Mg 1o (programmed cell death,

JEF £, BAFRERAHGNIFRRE, 518 HLEHFATR
R 1 470 PCD 4HELLE
Tab 1 Hallmarks comparison of 4 types of PCD
PCD type Morphological characteristic Regulatory factor Biochemical process
Apoptosis  Cell shrinkage, chromatin condensation, and caspase 3, caspase 6, caspase 7, Bcl-2 family, caspase activation, AYm

Bcl-2, and TP53 depletion, and phosphatidylserine

exposure

Necroptosis Cell swelling, plasma membrane rupture, cIAP, RIPK3, RIPK1, and MLKL Necrosome assembly, RIPK1 ubiquiti-
chromatin condensation, and cellular content nation and phosphorylation, RIPK3,

release and MLKL phosphorylation

plasma membrane rupture

Cell swelling, plasma membrane rupture, caspase 1, caspase 4, caspase 5, Inflammasome assembly, caspase
membrane pore formation, cellular content caspase 11, NLRP3, and GSDMD activation, GSDMD cleavage and
release, and chromatin condensation activation, and IL-1p and IL-18 release

Pyroptosis

Ferroptosis Mitochondria shrinkage, mitochondrial ACSL4, LPCAT3, SLC7A11, Iron depletion, A¥m depletion, and
cristae decrease or disappear, mitochondrial GSH-Px4, and AIFM1 lipid peroxidation
membrane density increase, and mitochondrial
membrane rupture

PCD: Programmed cell death; caspase: Cysteine aspartic acid specific protease; Bcl-2: B-cell lymphoma 2; TP53: Tumor
protein 53; A¥m: Mitochondrial transmembrane potential; cIAP: Cellular inhibitor of apoptosis protein; RIPK: Receptor-
interacting protein kinase; MLKL: Mixed lineage kinase domain-like protein; NLRP3: NOD-like receptor thermal protein domain-
associated protein 3; GSDMD: Gasdermin D; IL: Interleukin; ACSL4: Acyl-CoA synthetase long-chain family member 4; LPCAT3:
Lysophosphatidylcholine acyltransferase 3; SLC7A11: Solute carrier family 7 member 11; GSH-Px4: Glutathione peroxidase 4;
AIFM1: Apoptosis-inducing factor mitochondria-associated 1.

AR Bl #3545 48 K< 2 F A (damage-associated
molecular pattern, DAMP) 5 5 J&, 5 48 Xk 3¢
% LR E A REAE B &

1 £ T

1.1 BT %i\:ﬁﬁg\ BT E— B (apoptosis-associated speck-like protein,

BWPCD, # A4 BB BEEELBERE, WHKH ASC) %Ak RIE /MK, 8 2 7E 1L caspase 1.
caspase 1 /-F By RFE/ MR, FH N d caspase 4/5/11 Ji% # By caspase 1 71 #| 74 & % D ( gasdermin D) %
BRI TR N, E2RETHRES, BEX R X REFMEFILEEN AL BATER T L,
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Fa R A RR AR, SIARXERNY,
[ B, caspase 1 & 7] #| IL-1B 5 IL-18 #y AT (& & H
E, B EERAHEXREFH-FT AKRER
R B AET X — B AF# B, 244 MAFLD &
NASH % (W EZ R E iR kLR AN A TER
& caspase | S W ET" . B, LAARIESL
M MAFLD % J& 2| NASH #h 3 42 & & 1= 0] . 3% i,
HEERAFTRRTHEFER BN, RAERE
R T AT ARG ATAE 2 ARG, BB AFAFAML,
BRT &, £ MAFLD W# &2+, ETHATH R
T TR W T 5L 48 B A
12 # T 5MAFLD# % %2 & 7 3, NOD #
AR AR A 4 AR X & A 3 (NOD-like receptor
thermal protein domain-associated protein 3,
NLRP3) RJE/NEB AN ZETHXEHME, A
% % 7 NASH % # £ A & & I NLRP3 #9375 7,
3 NLRP3 7 4 & MAFLD ¥ 1) & Z ¥ 7% 4 7.
NLRP3 & & 7 AW & % 40 Jo 5 5 #07&, 048 e 5h
ATP 5, WA, EEB &KLY . £ MAFLD
W, B ROE A T AR R e A B R ER B B
15, Csak %7 42 (& | % 4.8 % JE 5% 5 Z ( methionine
and choline deficient, MCD ) 43 #i% & 4 NASH 4
AN B % A ) 2] NLRP3, ASC. caspase 1 % ik T
F LIt 4B/ BT M R AR B (4R F R R
B ) 4B, KIEIRAEER A IE 5 o AT 48 e 9 NLRP3
FAART L mER (A1 fnfls ek ) 4032 49 40 ji WA
B m, HJE SR AR % 8RR I 48 i IL-1B %
HrBF A, BT RZMAIERAE N AR
£ 1% % NLRP3 7 {t., 4% %4 /K. Mridha 4"
{8 BEL T B2 o pA 4L 2 MCD 41 &5 5t NASH # A
INREERAFE R G R, K I E B R
DA VE BT B v 40 e T A UE 52 T 48 e R Ak IL-1B,
I W7 REFE BE & AR FT 6B A 08 NLRP3 W iR 12 2
—o W4, FZIEHE K INLRP3 A~ 5 09 & i
RERMEAME. JEH. 288 KK E— £ 7
MAFLD ¥ W& 3t 7 R & & E oyl e | 1,
& ¥F MAFLD 4 22 % 1, [k, 5 MAFLD & & 41
X Wy Fig BT 6 3% 7 NLRP3, T NLRP3 /& &1
& = X AR # MAFLD 1 3% 58 21t
HEHRREN, HEZFDZARETWEIE
HEHATH ., caspase 4/11 T LW E ED & At
F2IS MAXBRMAFHATE, FHRHAMAERK 2

B(A&¥mArBmBnrk) . HEE D A#
MABRTUERME, ShEBREBEEEN R
&, WR—NABLRE A4, HxramiEiTi,
EEEANANRE, NTRRERET N
X —it Y, ETR A S Bl E e IL-1B,
FEAFFEERERN, HERX, EHEYF
HHEEDAXGARAEEBE FNRE LG
SREMMTLREMHETESLERE" . Xu £
&3, f£ MAFLD th#t B, A Z D 2R
JFF 52 JFT 401 L 3 1 o JF B o B 45 B R AT .
Gaul & VN &I, FaBmixEETEBHRY
IL-1B., IL-18 F HE4F T e AF Bk 4B g, AT 1%
Pt MAFLD R A2 it i I - L3t . B3 AT 4
M. FFERBMAANSGIFRES RERLEET
B, ABKE IL-33, RIAMFERENLE. X
BU, HmmE, WEE D EEM TGS
MET W E R, caspase 7 & MBIE L “ATHT”
Bt mpE g, X— A RATE T EA
BTHENALBETHEERAL»TFHAE, BT
BT 5 ET T FAERKT R EENF

2 RFEHIAT

21 FRrHATHhAE% FREHTE-—
KU ABFARATHE L B % HENFAEN
PCD. Fas/ it J4 31\ 3% H -F % & ( tumor necrosis factor
receptor, TNFR) F ik 7 DA% 40 i o B9 & 32
%1%, T Degterev 4 '™ % #, 76k = 4 fo 9 8 =
EEMERT, —MHEA TR HRE,

MRS FRAMZFENE LG4 7%
B MR O I SR AR TR M iR
BHTE, 7 DA I AN e T R R OB B R R
&, #n TNF-of5 5 7 ML § %1k TNFRI £ &, % &
EHahET AR FE, ANEFELES
TNFR1 M X e T3 B & § KM EAE R & & # 5
( receptor-interacting protein kinase, RIPK) 1,

B EE3Z & & B —TNFRM X H 72
Rz Z®ETIE & e ik KR 20 ja A T
74| & & ( cellular inhibitor of apoptosis protein,

cIAP) ' T RIPK1 # K63 Z % 4 7 {2
PTGF-BH & W 1 W& 5% FaE
NF-xB % & 3 B /NF-xB 9 | 4 ¥ B 3% 7& NF-«xB
18 3% 4 B R MAPK, A T 1R 2 28 i B 75 7 .
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# cIAP1/2 7& £ # 47 #l, N RIPK1 % = % 1k,
IWE AWK T P #EIF L FasHl X 7 44
EH%A, W#H 5 caspase 8 ZEE MR A A b,
W /& caspase 8 1% & 40 M JF 1o, caspase 8 I VE &
“TFXR" AE, AT EmERTEEREATTL
B T, A E M % B4 F| B, RIPK1 2 #
FERIPK3, #RFHANRD, X -kt 2E e
B RIPK3 By B 0 85 B ft, [ B, RIPK1 B & 7
RIPK3 R F TR E B R MBI, BH B0
R ] R A TS R B 4 R B (mixed lineage
kinase domain-like protein, MLKL ) , MLKL #&
RIPK3 Wy B b TR A P, 5 R W
B B %% A5 Bt LB ( phosphatidylinositol-phosphate,
PIP) #&H kA, FRAEMAT. FF% KA,
TNF 7& % M348 T 7 DL 7 — FF 1K #i caspase 3/8
by 71 3 B T X AT AR 2 R AR A Y, G LR
HT BB HERE TS5 MAFLD th & &1t 12,
FHAPEN R R T, EISFRE S AT
REZ, R RGLEE,

22 ¥ T 5 MAFLD #9 8 2 RIPK3 %
L 2 N NN DR o O = N 2 e
x4 W F, BT MLKL % 5 % E DN E
By 4% R OIL-1B B B ') . Afonso % ™ 3 i fig
JU 4L % #F 7% 4 RIPK3 8 45 flg B AF #8 6 7 3E 98,
W R &R B & RIPK3 25 B & Z /N B o0 AT JIE g
BRETHRE, BeRENEH _6B. W=
e 4 B T K. Gautheron 2 ¥ % 3 RIPK3 B %
G R EA B mE A K, BRALE A RIPK3 &
I B 7E INK R R 3 R 3R A J (Jm 22 4% 48 g # (L
EHL) WER NTHFEESHRE X HNE
o B JF B SR E 5 4F 48 b, Wu % & 7L RIPK3 B
Z 7 T EM A, W H caspase 1 xt I £ . 4 B (K
74 4 W 7 % 1K (peroxisome proliferator-activated
receptor, PPAR) 91 %], /-5 7 M8 A8 X B vk 40
ty g TR 5 E 4 A2, Afonso % F A R AR B 2
A, 2 B 17 R 25 B9 NASH /N B AL #4731 %,
£ R B or RIPK3 4 = 3 33 9 NASH /b R Y
PPARY % v fig JU 41, /0 F JIE o 3% 40 i B9 3%
F 18 77 PPARY % By v& k. [ F 1a/PPARy %1 7 & bt
PR R, BEVE A EIREE; R, RIPK3 &
ERAMRA TR T A A TR, FREEANY
Am, AT R R B P % RIPK, FFE2M0E J AT

AR - BBy RIL, RIPK3 82 ¥ i
JERBMRMBE ., BEEEED . RIARK
EHRAE. BERAAT . HREE, EHE
JB 1= By caspase 8 &£ MCD "& 7 % % #§ NASH # Al
/N B A F B ok 2 30 %] RIPK3 4R #i 8 37 20 14
T EHED, aoE B TR R R R AP AT IE A
ZE AT R o AR R 40 MR T A S I
NASH., AFA 4 & R IEAE P, 76k R b AT IE 6
X PR EALFL

FEHFR KN, MLKL EHATIHR A HE =8
FAHST 5RO, Sun% 1k T RIPK3
BTh ik K4 MLKL, TR WAL wErEmE
HREG U AEENA RN B HE, L T357,
S358 w9 W F &k B b T #E 2 IR S /N R OHTE B AR
%o MLKL 28 1435 10 0 B 4 A 38 09 10 42 e
Ik 2 #7938 (4-helix bundle domain, 4-HBD ) ,
Murphy% ' 3@ 3t T # £ 7 MLKL #& 3 i
iy S345. S347. T349 & RIPK3 #Y 8k B b 451 i
B, MXMBELES MLKL & 2% 440 %
FUY, BFE W 4-HBD RobRLHER Y B
RIREE Yt 5 FEA vty PIP 24 157,
MLKL 7 Jf i b Mk JF ik b9 K'/Na™ 3 3l 9F
WAL [F B 4-HBD i By B fr & 5 PIP i
Ehrwm A TR, EEERRIL, FH
BwA, slRAMATHABRANEY, N3
RITERERE Y, AlERETE, CHEFR
¥ MLKL 5 fFJiE 8y 46 4 2 LB &, Guo % 1%
X7 2| MLKL K- 5 B 4F 4 L3 2 3547 £ EAH
X, W1 MLKL %57 ¥ 8 b ¥ 38 328 D i 28 B3R
B R B 40 f R E AR A AL, 7 MLKL
Bz M EAERPER. H4, HEKXR, B
Wi ENAFLD # x BF ikt tR P 1E A 42 2] ) 2 %
P wu % DT R 3 MLKL W g I A
WE L ORISR T AR R R AT, E O, R
BRATHRTEAABERRERF. BARER NS
&3 MAFLD 11 NASH # 141, H b J7 v B9 1 A
#n MLKL #7%] & % . RIPK3 B & % 5217 3 3% %
FE % MAFLD F X3 E T4 A6, IRER
#H—FHAREGEE, Mgz, FRTHABATH
Besk % LB AL ), R T R R
JE KRB K £ L B MAFLD # R % 1[5 iy
A
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3 BT

3.1 %%t%%ﬁi% BT R — AR AR

2 e O L N U ) T w2 W

Stockswell F FA & &k & I BUE 8 RAS 36 2 1 538 /)
2 F erastin 7 DL fik & — R B4k B9 3E B 40 L AL
THR, HEEAEL g BRI AT
FEWNE ., U R A K EE Kk 8
5, BRAEMTHARNELEFTHE 0F
BRI, REES . EANHF. REEE,

28 fi B % F 4 e g B B2 (polyunsaturated fatty
acid, PUFA ) 7 Bt & 4 B A & R B K 4% K ik i Rt
4 (acyl-CoA synthetase long-chain family member
4, ACSL4) WA By T it 5 Hi B A E 8, FHHE
i 97 &% fig Bt 2k 4% %% B 3 (lysophosphatidylcholine
acyltransferase 3, LPCAT3) E§ ft, # — # £ i
B fig 4 it & 1t 4 (phospholipid hydroperoxide,

PLOOH) , 5 Fe’"| Fe'" R A F#W L, M5 B
w2 NPUFA G R L P ke 7, £ 482 T
k& B 2 PLO - % PLOO -, Bt 34 R B .

X — PUFA B 7 I 5 N\ B flg 09 18 18 7T 3 ok 4 2
JERRt L A, HRAFRMBEEMHEAT LH

BT m T AT A S W T,
B Ao % & % B9 15 %m%%ﬁﬁ@ﬁﬁ&

WA IE R (xo R /A BH IR/ A B H Bkt

. 4 B 4 ( glutathione peroxidase 4, GSH-Px4)

WY RREABRALx FAFANEH N, R
4, % & @ #F J& B 1 (thioredoxin reductase 1,

TXNRDI ) 7 J& o Bt & B oF & % & Bt Ik, &
Jit H K48 B 2 AN ® F % GSH-Px4, # PLOOH %
%8 (PLOH) , M0 W7 flg i & fbo s,

J LT GSH-Px4 B9 ¥ B —— 4k L - M H & & 1
( ferroptosis suppressor protein 1, FSP1) /%
B 4 B Q) /7 R AL A Bt B AR R
Wb — # 4 B # B (reduced nicotinamide adenine
dinucleotide phosphate, NADPH ) 1, # 4 # ' |

FSP1 ;& —# NADPH & # 14 #y 2 B 8 b 3% 7 B, *]
ARFELEREFH—KEREE B EFRTE
FlZ B Az B, WD fe I B w2 T o KR

o- & HEHL TR E| KOUER Y 2020 4, BT R#E
L2 6] [ B 42 el U E &7 7| ( clustered regularly
CRISPR )

B (ubiquinone,

interspaced short palindromic repeat,

K 48k & & 9 (CRISPR-associated protein 9,
Cas9) EHE R A RN ARE L H =B KRAN
7K f#H 1 ( guanosine triphosphate cyclohydrolase 1,
GCH1 ) / 4 & A& 4 # % ( tetrahydrobiopterin, BH4 )
A &3k GCHI #9414 i BH4 3| # 5
REH, HBFM EEA2A ST 50 B
H R B e Wy AE 38, M T 4k 3L, BH4
EHREANENG, HARSENE B EHRA
( radical-trapping agent, RTA ) #y[E B, £ 7 & 5
W QLO By & T R, B Al & A H 4 4R
#%AT 5 5 T MAFLD th#t &, IA#F 5% X E # i
R X —XRBECREREAE Z B WFE, B
H Z W A8 it fg 4.4 B (lipoxygenase, LOX ) K
W R 12/15 0T R bk R R A
32 ST 5MAFLD 984  4E M AT 2
PRET RS AG, R EEHANE LR, BN
1t S Ak T % B Ao b A 1Y% PR fie %6 B# (arachidonate
ALOX) . 4/ € % P450 A (L7
B ( cytochrome P450 oxidoreductase, POR) % ty
A A0 B 2h R B B BB 4 0 R AT
RPLRMBEGFRERASE LA, Gao %!
& ILNASH VLT 48 i, 5 2k BT 2Ok 28 o 4K 48 30
RRAE, T4k MR R & 5 8008 WAL E A RO T Rt
FE B 28 0 4F 4 F80% o Yu 7 0 K IR D BF 4
HKEARATRERD KSR, Lkt
% 5 B AT 4 4 {1, Protchenko % Y #F %X & 3, 40
FANROER I RS FoFHESRIEERES
ZalE, DRFKEEATEEK, 48T RRAHEH
I ERK BN KRIEA G i T 3 RA T
F W, /NBR A R A A R e S AL RL R R
Lﬁ%ﬁé WK GFEIE R R FAR R, #
[ 41 % 4, 4y % 5 MAFLD 2 [8] 89 Bk 2423t T L35,
Corradini % ** 3@ 1t 2L F | ¥ % HL, MAFLD 4 (k&
NHRESHRRHBXNEE TR (AP REZRAR
T&% ), kAT EREHKEZE KT, FESTR
MEFENFERRAER, BWEZ, KomFi
SAFHERIE . AR R| T FIER, LKTNARK
G5 LR R (e RNEE) K. A
A, EKAE R N4 e o = R R B A A
B A F 45 Rt 58 ) 3877 MAFLD JB & # i BB
Li & ERELHRAAERMXEE S 2

( vesicle-associated membrane protein 2, VAMP2 )

lipoxygenase,
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MxEEAREEGHOTRE, F2FERE KT,
REFAENER . Wi, FEEnh Rk
R aip iy R Rz XE, RAER
F SRR A T W ALH Bl R T AR R H AR X
M, Li %A h ke BB S B A (AGS.,
HCT116 ) 4k AT ¥ & 5 FE 1K xo & 40 4 ik # 2-
BREE R 7 &R 11 (solute carrier family 7
member 11, SLCTAIl) B EAKTFH X, &R
FE RN 2 N R T PR EAE O AT R A E
EREZ—, BAwAHNHAAEEE, Lu %"
R &k e AFMmEYFE &M EE, ETS &
1R R R iy miRNA-23a-3p 7 DL 1
ACSLA4 1 3" S 8F XIF 4k, AR RNE
T2, Gao % U #3440 HT IR T, Yes Af
5 % A ( Yes-associated protein, YAP ) F0#% 5% 3%
7 B F PDZ % & %% (transcriptional coactivator with
PDZ-binding motif, TAZ) %% SCL7All & A %
ik, HWHT RAERNKLTHIERER.

AR AL R AT A R AR R, 4R BL
Tt 1 8 4 4 F GSH-Px4 7§ & MAFLD A i
PHEEREHVEE, A-NMERGTT Y (H
EREHIPFEWE I AMNETF) BiES, BE5Z
# GSH-Px4 # R =MK% Ry B Ak
{EJ B9 GSH-Px4 k&, M {E# MAFLD # 894k
HT KA S Bob, SR 6L 5 g 4
74— = PCD ——) iz = ( pyroptosis,
apoptosis, necroptosis; PANoptosis) ', T4k
T 0y # A F| H Tk %o PANoptosis, 1R R4k AT
FEEBFAERRME, FEHERAT PCD ZHEAEH
GRBF, REZ, BTHATHE LK, &
w7 oA KR TR RN RRILETF RN R T
k637 MAFLD W & Z s #fn Rk 7 i .

4 INEFRE

MTRTW A RN, B, FAKA
. B A% H T PCD TR ATEFERA
FEWEEEERWE R, THEFIERER
HERF, Bk, R TFRXELTFR LR
# Bk MAFLD B th#h 5, WA b 2 B A #
HWER T HZ—, BN, SEATKENEE.
KAEWEEIRF . A E 8 T A — S
REF A o F SR MK AT At
WA, TiE IR AL A H T BT M

SAFRER B GRAPER, BMEHLE - FAEN,; £
#t MAFLD 1 NASH # ey % —NEF, #Eip b
HAHEYRRENMRAE, RERTFBERNE
T, SERRULEH R I 4 A K A B TRl BR AT
THRE, B FERATE LS EEREKRE
X — A Rt EE A ILE A e
BB, Wit caspase 8 & | 41 i £ 1 i An
57 2 AEKT RN T R, #IiE caspase 7
PR O el W D R A
MAFLD %7 I\ B2 —,

WA, AMBEHRNERRE T EGERT
F X ALy PCD LA AME, A0 B4 2 IR R
THEREER, 2 AREFEAREZFHEN
e SLPR b PCD 8 R A7 4 3 4 £ Z AL
Hl, W RAE ., REAEE, TN UES
5MAFLD #HXmESE & T 47, wiek. R
GAME, A, BB CNZESILEKR, T
b4 MAFLD WG T B HH B =,

A 10 S, EFFEX MAFLD 89\ & F i
KA, ¥ NAFLD ¥ # % MAFLD, # b9 7
EAGH# YL, UE MAFLD ##& £ Z 1A
B PCD WA T #mET, FAAMBAT ., 4T
ZEBETHL T A, X/LEEHA T PCD nfl 5
5 MAFLD k%, #lan, EETH, REME
WA % 2B TMEESWHME? AFRABATF,
RIPK1, RIPK3 % 5L T3 5 P B T B9 02 R1E A & &
¥ T MAFLD #y3t 7 4T, T REH
MEEEZEH 255 ET . FUMEE TR R
#2 %4 441 PCD £ MAFLD H i 1E A % 7
WA AL, EWWHZ EA LR NILE TS
MAFLD W 2 o K 2 23 B 5 7

[Z % X k]

[1] ESLAM M, NEWSOME P N, SARIN S K, ANSTEE
Q M, TARGHER G, ROMERO-GOMEZ M, et al. A

new definition for metabolic dysfunction-associated
fatty liver disease: an international expert consensus
statement[J]. J Hepatol, 2020, 73: 202-209.

[2]  SCHWABE R F, LUEDDE T. Apoptosis and necroptosis
in the liver: a matter of life and death[J]. Nat Rev
Gastroenterol Hepatol, 2018, 15: 738-752.

[3]  NASIRI-ANSARI N, NIKOLOPOULOU C, PAPOUTSI K,
KYROU I, MANTZOROS C S, KYRIAKOPOULOS G,

et al. Empagliflozin attenuates non-alcoholic fatty liver



5 6 . BRZElE, A AR TR PN P TR A AT DG D (£

° 663 °

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

disease (NAFLD) in high fat diet fed ApoE~'~ mice
by activating autophagy and reducing ER stress and
apoptosis[J/OL]. Int J Mol Sci, 2021, 22: 818. DOI:
10.3390/ijms22020818.

YU P, ZHANG X, LIU N, TANG L, PENG C, CHEN X.
Pyroptosis: mechanisms and diseases[J/OL]. Signal
Transduct Target Ther, 2021, 6: 128. DOI: 10.1038/s41392-
021-00507-5.

GAUL S, LESZCZYNSKA A, ALEGRE F,
KAUFMANN B, JOHNSON C D, ADAMS L A, et al.
Hepatocyte pyroptosis and release of inflammasome
particles induce stellate cell activation and liver fibrosis[J .
J Hepatol, 2021, 74: 156-167.

KAUFMANN B, KUI L, RECA A, LESZCZYNSKA A,
KIM A D, BOOSHEHRI L M, et al. Cell-specific
deletion of NLRP3 inflammasome identifies myeloid
cells as key drivers of liver inflammation and fibrosis
in murine steatohepatitis[J]. Cell Mol Gastroenterol
Hepatol, 2022, 14: 751-767.

CSAK T, GANZ M, PESPISA J, KODYS K,
DOLGANIUC A, SZABO G. Fatty acid and endotoxin
activate inflammasomes in mouse hepatocytes that
release danger signals to stimulate immune cells[J].
Hepatology, 2011, 54: 133-144.

YULL, HONG W, LU S, LI Y R, GUAN Y Y, WENG
X G, et al. The NLRP3 inflammasome in non-alcoholic
fatty liver disease and steatohepatitis: therapeutic targets
and treatment[J/OL]. Front Pharmacol, 2022, 13:
780496. DOI: 10.3389/fphar.2022.780496.

MRIDHA AR, WREE A, ROBERTSONAAB,YEHM M,
JOHNSON C D, VAN ROOYEN D M, et al. NLRP3
inflammasome blockade reduces liver inflammation and
fibrosis in experimental NASH in mice[J]. J Hepatol,
2017, 66: 1037-1046.

PALMA G, SORICE G P, GENCHI V A, GIORDANO F,
CACCIOPPOLI C, D’ORIA R, et al. Adipose tissue
inflammation and pulmonary dysfunction in obesity[ J/OL].
Int J Mol Sci, 2022, 23: 7349. DOI: 10.3390/ijms
23137349.

LAMKANFI M, KANNEGANTI T D. The inflammasome:
a remote control for metabolic syndrome[J]. Cell Res,
2012, 22: 1095-1098.

SHIJ J,ZHAO'Y, WANG K, SHI X Y, WANG Y, HUANG
H W, et al. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death[J]. Nature,
2015, 526: 660-665.

KAYAGAKIN, STOWE I B, LEE B L, O'ROURKE K,
ANDERSON K, WARMING 8, et al. Caspase-11
cleaves gasdermin D for non-canonical inflammasome
signalling[J]. Nature, 2015, 526: 666-671.

XIASY, ZHANG Z B, MAGUPALLIV G, PABLOJ L,

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

(24]

[25]

DONG Y, VORA S M, et al. Gasdermin D pore structure
reveals preferential release of mature interleukin-1[J].
Nature, 2021, 593: 607-611.

XU B, JIANG M Z, CHU Y, WANG W J, CHEN D, LI
X W, et al. Gasdermin D plays a key role as a pyroptosis
executor of non-alcoholic steatohepatitis in humans and
mice[J]. J Hepatol, 2018, 68: 773-782.

YAMAGISHI R, KAMACHI F, NAKAMURA M,
YAMAZAKI S, KAMIYA T, TAKASUGI M, et al.
Gasdermin D-mediated release of IL-33 from senescent
hepatic stellate cells promotes obesity-associated
hepatocellular carcinomalJ/OL]. Sci Immunol, 2022, 7:
eabl7209. DOI: 10.1126/sciimmunol.abl7209.

NOZAKI K, MALTEZ V I, RAYAMAJHI M, TUBBS
A L, MITCHELL J E, LACEY C A, et al. Caspase-7
activates ASM to repair gasdermin and perforin pores[J ].
Nature, 2022, 606: 960-967.

DEGTEREV A, HUANG Z H, BOYCE M, LI Y Q,
JAGTAP P, MIZUSHIMA N, et al. Chemical inhibitor
of nonapoptotic cell death with therapeutic potential for
ischemic brain injury[J]. Nat Chem Biol, 2005, 1: 112-119.
YUAN J Y, AMIN P, OFENGEIM D. Necroptosis and
RIPK 1-mediated neuroinflammation in CNS diseases[J].
Nat Rev Neurosci, 2019, 20: 19-33.

PARK S, HATANPAA K J, XIE Y, MICKEY B E,
MADDEN C J, RAISANEN J M, et al. The receptor
interacting protein 1 inhibits p53 induction through NF-xB
activation and confers a worse prognosis in glioblastomal[J].
Cancer Res, 2009, 69: 2809-2816.

LIJ X, MCQUADE T, SIEMER A B, NAPETSCHNIG J,
MORIWAKI K, HSIAO Y S, et al. The RIP1/RIP3
necrosome forms a functional amyloid signaling
complex required for programmed necrosis[J]. Cell,
2012, 150: 339-350.

SUN L M, WANG HY, WANG Z G, HE S D, CHEN S,
LIAO D H, et al. Mixed lineage kinase domain-like
protein mediates necrosis signaling downstream of RIP3
kinase[J]. Cell, 2012, 148: 213-227.

LIEDTKE C, BANGEN J M, FREIMUTH J, BERAZA N,
LAMBERTZ D, CUBERO F J, et al. Loss of
caspase-8 protects mice against inflammation-related
hepatocarcinogenesis but induces non-apoptotic liver
injury[J]. Gastroenterology, 2011, 141: 2176-2187.
KUNSTLE G, HENTZE H, GERMANN P G, TIEGS G,
MEERGANS T, WENDEL A. Concanavalin A
hepatotoxicity in mice: tumor necrosis factor-mediated
organ failure independent of caspase-3-like protease
activation[J]. Hepatology, 1999, 30: 1241-1251.
LAWLOR K E, KHAN N, MILDENHALL A, GERLIC M,
CROKER B A, D’CRUZ A A, et al. RIPK3 promotes

cell death and NLRP3 inflammasome activation in the



.« 664 *

MR 2023 4R 6 H, 5 44 3%

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

absence of MLKL[J/OL]. Nat Commun, 2015, 6: 6282.
DOI: 10.1038/ncomms7282.

AFONSO M B, RODRIGUES P M, MATEUS-
PINHEIRO M, SIMAO A L, GASPAR M M, MAJDI A,
et al. RIPK3 acts as a lipid metabolism regulator
contributing to inflammation and carcinogenesis in non-
alcoholic fatty liver disease[J]. Gut, 2021, 70: 2359-2372.
GAUTHERON J, VUCUR M, REISINGER F,
CARDENAS D V, RODERBURG C, KOPPE C, et al. A
positive feedback loop between RIP3 and JNK controls
non-alcoholic steatohepatitis[J]. EMBO Mol Med,
2014, 6: 1062-1074.

WU L, ZHANG X, ZHENG L, ZHAO H K, YAN
G F, ZHANG Q, et al. RIPK3 orchestrates fatty acid
metabolism in tumor-associated macrophages and
hepatocarcinogenesis[] 1. Cancer Immunol Res, 2020, 8:
710-721.

AFONSO M B, ISLAM T, MAGUSTO J, AMORIM R,
LENOIR V, F SIMOES R, et al. RIPK3 dampens
mitochondrial bioenergetics and lipid droplet dynamics
in metabolic liver disease[J/OL]. Hepatology, 2022.
DOI: 10.1002/hep.32756.

MURPHY J M, CZABOTAR P E, HILDEBRAND J M,
LUCET I S, ZHANG J G, ALVAREZ-DIAZ S, et al.
The pseudokinase MLKL mediates necroptosis via a
molecular switch mechanism[J]. Immunity, 2013, 39:
443-453.

ZHUANG C L, CHEN F E. Small-molecule inhibitors
of necroptosis: current status and perspectives[J]. J Med
Chem, 2020, 63: 1490-1510.

CHEN X, LI W J, RENJ M, HUANG D L, HE W T,
SONG Y L, et al. Translocation of mixed lineage kinase
domain-like protein to plasma membrane leads to
necrotic cell death[J]. Cell Res, 2014, 24: 105-121.
GALLUZZI L, KEPP O, CHAN F K M, KROEMER G.
Necroptosis: mechanisms and relevance to disease[J].
Annu Rev Pathol, 2017, 12: 103-130.

WU J F, HUANG Z, REN J M, ZHANG Z R, HE P,
LI'Y X, et al. MLKL knockout mice demonstrate the
indispensable role of MLKL in necroptosis[J]. Cell Res,
2013, 23: 994-1006.

GUO R, JIA X H, DING Z B, WANG G, JIANG M M,
LI B, et al. Loss of MLKL ameliorates liver fibrosis by
inhibiting hepatocyte necroptosis and hepatic stellate
cell activation[J]. Theranostics, 2022, 12: 5220-5236.
UENO T, KOMATSU M. Autophagy in the liver:
functions in health and disease[J]. Nat Rev Gastroenterol
Hepatol, 2017, 14: 170-184.

WU X Q, NAGY L E. MLKL contributes to Western
diet-induced liver injury through inhibiting autophagy[J].
Autophagy, 2020, 16: 1351-1352.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

WU X Q, POULSEN K L, SANZ-GARCIA C, HUANG E,
MCMULLEN M R, ROYCHOWDHURY 8, et al.
MLKL-dependent signaling regulates autophagic flux in
a murine model of non-alcohol-associated fatty liver and
steatohepatitis[J]. J Hepatol, 2020, 73: 616-627.
RAVICHANDRAN K S. Beginnings of a good apoptotic
meal: the find-me and eat-me signaling pathways[J].
Immunity, 2011, 35: 445-455.

PASPARAKIS M, VANDENABEELE P. Necroptosis
and its role in inflammation[J ]. Nature, 2015, 517: 311-320.
DIXON S J, LEMBERG K M, LAMPRECHT M R,
SKOUTA R, ZAITSEV E M, GLEASON C E, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell
death[J]. Cell, 2012, 149: 1060-1072.

CHEN X, LIJ B, KANG R, KLIONSKY D J, TANG D L.
Ferroptosis: machinery and regulation[J]. Autophagy,
2021, 17: 2054-2081.

YAN B, Al Y W, SUN Q, MA Y, CAO Y, WANG
J W, et al. Membrane damage during ferroptosis
is caused by oxidation of phospholipids catalyzed
by the oxidoreductases POR and CYB5R1[J/OL].
Mol Cell, 2021, 81: 355-369.e10. DOI: 10.1016/
j-molcel.2020.11.024.

JIANG X J, STOCKWELL B R, CONRAD M.
Ferroptosis: mechanisms, biology and role in disease[J].
Nat Rev Mol Cell Biol, 2021, 22: 266-282.
BERSUKER K, HENDRICKS J M, LI Z P,
MAGTANONG L, FORD B, TANG P H, et al. The CoQ
oxidoreductase FSP1 acts parallel to GPX4 to inhibit
ferroptosis[ﬂ. Nature, 2019, 575: 688-692.
STOCKWELL B R. Ferroptosis turns 10: emerging
mechanisms, physiological functions, and therapeutic
applications[J]. Cell, 2022, 185: 2401-2421.

KRAFT V A N, BEZJIAN C T, PFEIFFER S,
RINGELSTETTER L, MULLER C, ZANDKARIMI F,
et al. GTP cyclohydrolase 1/tetrahydrobiopterin
counteract ferroptosis through lipid remodeling[J]. ACS
Cent Sci, 2020, 6: 41-53.

ZHANG X J, JI' Y X, CHENG X, CHENG Y J,
YANG H L, WANG ] Y, et al. A small molecule
targeting ALOX12-ACC1 ameliorates nonalcoholic
steatohepatitis in mice and macaques[J/OL]. Sci Transl
Med, 2021, 13: eabg8116. DOI: 10.1126/scitranslmed.
abg8116.

HEINRICH L, BOOIJINK R, KHURANA A,
WEISKIRCHEN R, BANSAL R. Lipoxygenases in chronic
liver diseases: current insights and future perspectives[J].
Trends Pharmacol Sci, 2022, 43: 188-205.

LEI G, ZHUANG L, GAN B Y. Targeting ferroptosis as
a vulnerability in cancer[J]. Nat Rev Cancer, 2022, 22:
381-396.



5 6 . BRZElE, A AR TR PN P TR A AT DG D (£

° 665 °

[51]

[53]

[54]

[55]

[56]

GAO H, JIN Z M, BANDYOPADHYAY G, WANG G W,
ZHANG D H, ROCHA K C E, et al. Aberrant iron
distribution via hepatocyte-stellate cell axis drives liver
lipogenesis and fibrosis[J/JOL]. Cell Metab, 2022, 34:
1201-1213.e5. DOI: 10.1016/j.cmet.2022.07.006.

YU Y Y, JIANG L, WANG H, SHEN Z, CHENG Q,
ZHANG P, et al. Hepatic transferrin plays a role in
systemic iron homeostasis and liver ferroptosis[ﬂ.
Blood, 2020, 136: 726-739.

PROTCHENKO O, BARATZ E, JADHAV S, LI F M,
SHAKOURY-ELIZEH M, GAVRILOVA O, et al.
Iron chaperone poly rC binding protein 1 protects
mouse liver from lipid peroxidation and steatosis[J].
Hepatology, 2021, 73: 1176-1193.

CORRADINI E, BUZZETTI E, DONGIOVANNI P,
SCARLINI S, CALEFFI A, PELUSI S, et al.
Ceruloplasmin gene variants are associated with
hyperferritinemia and increased liver iron in patients
with NAFLD[J].J Hepatol, 2021, 75: 506-513.

LI L H, WANG K P, JIA R J, XIE J, MA L M, HAO
Z Q, et al. Ferroportin-dependent ferroptosis induced
by ellagic acid retards liver fibrosis by impairing the
SNARE complexes formation[J/OL ]. Redox Biol, 2022,
56:102435. DOI: 10.1016/j.redox.2022.102435.

LIH, YUY, LIUY,LUO Z H, LAW B Y K, ZHENG Y,
et al. Ursolic acid enhances the antitumor effects of
sorafenib associated with Mcl-1-related apoptosis and
SLC7A11-dependent ferroptosis in human cancer[J/OL].
Pharmacol Res, 2022, 182: 106306. DOI: 10.1016/j.

[57]

[58]

[59]

[60]

[61]

phrs.2022.106306.
LUY J,CHANY T, TAN HY, ZHANG C, GUO W, XU Y,
et al. Epigenetic regulation of ferroptosis via ETS1/
miR-23a-3p/ACSL4 axis mediates sorafenib resistance
in human hepatocellular carcinomal[J/OL]. J Exp Clin
Cancer Res, 2022, 41: 3. DOI: 10.1186/s13046-021-
02208-x.
GAO R Z, KALATHUR R K R, COTO-LLERENA M,
ERCAN C E, BUECHEL D, SHUANG S, et al. YAP/TAZ
and ATF4 drive resistance to sorafenib in hepatocellular
carcinoma by preventing ferroptosis[J/JOL]. EMBO
Mol Med, 2021, 13: e14351. DOI: 10.15252/emmm.
202114351.
TONG J, LI D J, MENG H B, SUN D Y, LAN X T, NI
M, et al. Targeting a novel inducible GPX4 alternative
isoform to alleviate ferroptosis and treat metabolic-
associated fatty liver disease[J]. Acta Pharm Sin B,
2022, 12: 3650-3666.
TONG J, LAN X T, ZHANG Z, LIU Y, SUN DY,
WANG X J, et al. Ferroptosis inhibitor liproxstatin-1
alleviates metabolic dysfunction-associated fatty liver disease
in mice: potential involvement of PANoptosis[J/OL].
Acta Pharmacol Sin, 2023, 44: 1014-1028. DOI: 10.1038/
s41401-022-01010-5.
GAUTHERON J, GORES G J, RODRIGUES C M P.
Lytic cell death in metabolic liver disease[J]. ] Hepatol,
2020, 73: 394-408.

[ A48 |

I



