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Advance on the roles of programmed cell death of macrophages in
atherosclerosis*
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Abstract: Atherosclerosis (AS), a chronic and aseptic inflammatory process induced by various factors such
as lipid deposition and foam cell formation, is the main pathological basis of most cardiovascular diseases. As the
major immune cells in AS lesions, macrophages play a key role in all stages of AS. Thus, modulating the activity of
macrophages may be an effective way to intervene the progression of AS. In recent years, with the gradual deepening
of the research on programmed cell death, the critical roles of programmed cell death of macrophages in the
occurrence and outcome of AS have gradually become a hot topic. Programmed cell death of macrophages is a death
process mediated by genetically controlled molecular events, and it includes apoptosis, pyroptosis, autophagy,
necroptosis, ferroptosis, parthanatos, and among others. In this review, we summarize the fundamental mechanism
underlying programmed cell death of macrophages and the advance on the roles of interactions among all forms of
programmed cell death in AS, with a view to providing new strategies for the prevention and treatment of AS.
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TR AS VRO LA B R AT T, DL AS
P R R e L A A e Sy SRR AN AS AR
P B 2% B v Y B ik o A RE B B 2R 4E A
JIE B CR A BEBR i W A0 R AS BEBRIE K. i
4 R A8 I A T B #5 A I 3 R SR .
B 25 X 400 R e R S T A R A R IR, I A
MLAE AS 25 3k B v (9 BF 5 R 5O T Ry PR L AT 9
R, MR 2 R R, 2 R
T Z R R, AT AT, AWM. HATE
JHT- . BRIETFI PARP-1 KA I 4l M FE T~ 26 7F AS 1)
I A8 e A AR v R ¥ A BRI . AR SOk B 4
JiL R P PR BE T 7E AS Hh Y A S BIF 5 E R AE AT 4R A
AT A BIF 5 0 200 L P 1 AE T4 Sl AS By i a5
(4 AT fig 1 B LR AR -

1 RAEFE R M SE T AL

HAAT
20 6 08 T 2 AR B A A i 52 ) A 3 e B
WU O Y 20 i N RS AR A, AT DGk P A e 4
TAERAR MM TE A, R T EES
R RO 5T R SR A T 4, R
IR P 9 | PR A K R T /MR L. AR R T
18 43 5 AL ) 3 26 5 A0 0L OO R R iR AR
ST, DA R G 2o 0 A R T Y FE T 3Z 4K (death
receptor, DR) fil & 4B MR T P Fhak 45 . Hirp, goki ik
TR AR AT L R A ) 1 1 200 L € 3R C ORI 4 i o
fih & 4 T A GO T 1, 35 46 Caspase—9 2L
DNA J Be Ak A7 5 4 i 98 1= o DR g 42 303 o o
J8&8 21 F8. [ T (tumor necrosis factor, TNF) 32 {& 1. TNF
FAOCTA T2 FOAR (FAS 2 (K% A8 42 3k 2 1 524
K FAS A AT 8 145 4, 406 Caspase—8, JE 1M
WA YR T H R W A A T 43 BL R
Uz, o A TR AR Y b i R A T T A R
Mo WEFEUESE CD137 {5 53015 S Smad 32 2 AL I 1Y
Bl 7 13l & p38 MAPK % %! i 1% 1k & (1 1% i
( mitogen—activated protein kinase, MAPK) {5 5 i [ />
T LRAR I TR RS S B R A T
1.2 BT

20 0 T B DL T R 2 B T R W
J b TR IR 25 5 Ry AL B A TR T AR SE 2
[a] o H4r T HLH 35 ZE 415 Caspase—1 4K i it) 245 L £E

1.1

T= 3% 42 Fl Caspase—4 | Caspase—5 . Caspase—11 4K #fi 1)
e MRS fEd MR T A MR AR D RAE/MAE
KA AR, H b Nod K 32 #4411 3 (NOD-like
receptor protein 3, NLRP3) /& i & UL i 4 AiE /& 2
— o NLRP3. J 1= #H ¢ 3 % £ 2 11 ASC 1 pro-
Caspase—1 £ 1k (2% , 21 il #.78 NLRP3 % /MA
7% AL B Caspase-1 & # pro— H 41 M8 /v % 1B
(Interleukin 18, 1L-1B8) . pro—IL~18 [a] IL-1B, [L-18
Ak, I8 3 V) #) Gasdermin 2 H K% i) GSDMD ¢
#E NT-GSDMD B, JE p AR AR 10 I 78 20 i 5 |
FER/INFL 3 S IL-18  TL-18 45 200 Jifd [5  ic L &%
AMIFE T . OB R HGE R, 24 28 M NLRP3 3R 42 1
FEL K7 B, ATP 7] 38 4 Caspase—3/GSDME %17 5 [ 15
2 LR T T U R BT 2 3R Al W] 3l 2o Caspase—3/
GSDME fhi 4 S f) 155 Wt 240 i A3 7171 3 0 11} 0 0 i
BEPE, W7 4 Caspase—3/GSDME 4l BIr i75- 5 (9 . g 41
i £E T R T SO 256 T R HTR AA
1.3 HiEE g

20 0 W e — b A TR S B 4 L e R R
TEAN FEIRIEE R, I PN 2 1 R 32 40 200 i % 2
6 ) b A AT I Ak L DA TG S R A B 00 B A
A I R, E AR T A RA
W ANE A g = AL, b B A R g N AR S
A R . A R B R 4
1 IR A B P T O 45 A4 L 4 i K, T R B A
HWALTFIE B A W/ NA, B W/ 5 5 il A 5
I B A0 . AR W e 2R B S
P g, H AT 9T i 2 19 2 3L 3l ) A A R R
F (mammalian target of rapamycin, mTOR ) Fl 5 it HIL
152 3— 3% it ( phosphatidylinositide 3—kinase, PI3K ) i /% ,
HoAtb 4 425 45 5 0 3d 03X P 2R B Kk #E AR P
EVANS 251 % L3 i) 4 51 4% 5% K F~ EB (transcription
factor EB, TFEB) 1] 4 £F 5 W5 40 M i H Mg K, 1
TFEB & RERI S 5 N A F Ay W/ I B9, A B T
THER A T AN, R A8 19 52 2 Pk o B T -E2 41
F T 2 (nuclear factor E2 related factor 2, Nrf2) 7] I
R NSNS N R S Y S W v S S R B
Wi, AR AP AE Y
1.4 IREHERAT

IRBCAE 8 1 0 — R e 8 T 32 40 B A5 0 R
15 1 AR Caspase 78 42 1 4H B A% 7 M TR
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TE 1A F1 55 DR TE A4 3 3K B 003080, L N A 5
i f 32 /& A3 OC & 1 1 (receptor interacting protein
kinase 1, RIPK1) (1 RIPK3 FIYE 4 315 2% 380l 45 #4450
¥t H (mixed lineage kinase domain—like protein,
MLKL) , 1753 MLKL [l 5 2 JE )8 FH B i, 5 35
il 224 A 3 AH DGR 73 7 20 M L 5 5 RE SR
WEFE B, W 200 L ) 296 10 2 S Bl 0/ 25 52 Wi SR E 1
PITZRIAS: RIAR G M2 B, ML R W4 ) &
HERBEPE R T, 51 K S E
1.5 $KIET

BRAE T 2 BRAR ST Y 5 14 1R o 7% P 4R 0 SR B
22 0L R 07 TR 1) 9 6 T 175 K 1Y — bRl L AR )
PEAET B . B b, SR M 50 8 1
IR | ZRORL A 25 4 S 2R A U sl b B K . R
FET-0 3 T ik e B LU =Fp . Q@ i A
e H IR S AL 9 1 4 (glutathione peroxidase 4,
GPX4) il /N o312k S8 A0 W F0 8 2 i oo A Ak )
W fige, A0 BE Fud Ak, BREETD; Qi@
1l e 2 R A MR e i 52 VR R AR A IO H IR P 7K
T B AW BTG EREAR, 0BT E AL RE T T R,
A FEEIET:; @il ps3 M FIWELIET, p53
B PR T 4000 ) G B D B TR A IR T 1 A A AR 4 ) ik
DHIRIAM, CULAEM VR I, SR FET 0 7] RSL3 4b
PR ECWEAA M, AT 3 s R A Nef2 R A0 I R AE T
FEAM ) HAE
1.6 PARP-1/&k®i1+ ML T

PARP-1 #8141 g 46 T2 — 3 T DNA 42 £
Lo PARP-1 05 1Y F2 ) PR A0 M SRS IR X TE 282
b BEA 2 T SO R K, A S R T
ANAFT B BN T M 2 R EE i DNA 5 45 40
SR B PR 2R s SR A R M A5 405 DNA IR, Anbi 47
B, PARP-1 2 PTG I 55 48 DNA 0 073 18 & 2 11 K
&5, )12 9 DNA i )i 25 7 2 PARP-1 3 15 1L,
T HEAL PAR 5 W) 1. PAR R & 115 40 g 14
1215 5 K F (apoptosis inducing factor, AIF) 4% & I/
FERAR B AIF . ALF 5 48 ffg 5T (% L W05 48 i 7%
i | ¥ (macrophage migration inhibitory factor,
MIF) AH B4 F % 1 ATE/MIF &4 4, MIF 38 1 A%
P T 1% P K5 B TR 2 DNA U1 il R RS R B, o5 %

PARP-1 K #i E 40 s 7=, XUE 28" % 3 5 1% &
JE 38 1<t 0 41 5 5 440 it 22 1T Toll A 32 44 4 Y 22 3K LA FS
BUIE Z B S 1Y PARP-1 AR PE NI AE T .

2 ERMMmEFIEETSAS
2.1 EMREHEMETSAS

G20 L0 T A AS B BES i e | B HRR s M 4
Ferh AR OCHEVE ] . AS 78 L4, 5 e 4 Jd o LA i
A I A W O B8 1k 07 25 18 BT, IR N B2 R i JB 0
R, D Ak R SRR I AT R A5 SR A I R 4 T A
JEL L AT 418 v B B i) Rt M o 7 s 78 E JR AT, > B
e L 200 Y 1 A W i ) e ARl PR O o S O A
X B U D B L A0 L PN R B e I O
T4 0 JC 12 I3 R L 23105 e Ak e PE IR AR I in o
el Bl 9 R ™, WIFFE R B, AS B el 24 18 2 1Y
IfiL 3% % 92 AH ¢ GTP g 2 % M & [ (immunity—related
GTPase family M protein, IRGM ) 7K *F- i 3 /5 FAE Bt B
b 24 2 A6 RN B A B L k2D AL AT Y R
L, 38 3 A IRGM/Irgm1 JE PR A ] 4100 1 3% 1k 4
(reactive oxygen species, ROS) A= 1%, #1 MAPK 185 4%
S, DT A S 0 A T T W A O T2
— 25 R AR It = T8 L JIEL [ ISt A L A7), 8% o B e
J 21 4 75 (BEHRAS e PE PP AG R bR ), 22 T felf SRR AR
SE T 1 O, 5 3 WY W T 08 T T S ) AS 1B s
FEBE B ) R M, $E s B X W 4 O T S i
HEAT IR, B AT DA ) AS Bk Jig | ke 2 O3 4
e MicroRNA 75 55 Wit 240 i ] T30 15 v 2 45 21 224
i, microRNA155 . microRNA124-3p AT 3 ok R
TRE T B, R B R AR T, AR AS R PRV
TERGEITAER o Hob, microRNA-124-3p i & iA 1]
it i p38 MAPK 5 53 % ¢ 3k, #04fi . e 4 i
B 5 JF AR HE 0 T, R AS R R R L T
microRNA —155 7] 38 1 # [i] p8Sa Akt B, 9055 E AL
RIS 5% B i AR 1A 5 1 4 4 A O T, 5 e
1 A8 v BE B B AR E PER . 55 A, ANANDAN 45
i 3 AT 3 o 0 AR 4% A i PR SR PR R T AR Caspase—
3 A B T AR AR TR AR S AN MO T, U
/U B W AR R T, i W 0 O ] RO B AS I
B AL IR IEAZ O, T 5 BER B R UIAOC . e
S o] T 0 T (R R AS WG B 7 Y IR T T
R AT B Bl il XU o 2% b BTk, 38 ok 000 ) i i 10
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ASHRAS R B REA MR T, AT LAAE — SRR L
il B e 1 JR TR A B, & AS TRIE .
22 EEMEMETSAS

L7 2010 4F DUEWELL SEP95E 4 18 1 A AL 161
1I% % % g 5 H (oxidized low density lipoprotein, ox—
LDL) J R [ e iy 4 3 2o 5 S 0 i 1A 00 00 T
NLRP3 R AE /IMA , 7 111 B IL-18 45 2 M A s &
TR BN 98 RE S VL, 33X B 7 0 200 Ji A T 0% R 1 S R
N5 AS B YIAHOC . B g Son , Je ity T nl i i
HDAC6/NF-«B/NLRP3 {555 3 #3753 AS 1 L Wik 24 Jfd
FET, IR AS JE P, 554N, WANG 251 ik & B
22 1R R Tk R 2 AR ) % 5 23 38 2 CD36 A 3 IR i
FUE, Jf 5 30 NLRP3 48 iE /N4 I Ak FN s 248 i 48
T, TN AS . X LB 5 45 AR R, B A0 i AR
To7E AS #F 8 & 5 ZAE Y (H W5 240 it ) 3 AR A
TOIEAIE AR AS I R S ey K 80 E AT AN TG
R Rt — RIS . WANG 52058 &2 31, AS
BE Y 245 20090 WUREFE AT 5 | 2 /)N B 20 % NLRP3
SR/ MA AR AE T  NF-kB {55 B30 , 1 1 0 61
CLECSA JE[R 3Rk, W3 il LA b2 #2 , DA e AP %
PR ARG Az, i RN S A o A A
T, 9058 FLAH O RAE VL, 1T 2% i AS 1, IFFEAI
AS FHOCME O IG5 00 A A R A
2.3 ERHMmBEESAS

EREA0 M E 02 5 AS I B B b 6L K 240 7Y
JE i, KUMAR 289 fifF 58 & B, AS 1] i i VitD3-
VDR-PTPNG6 VitD3/VDR/PTPNG %l i85 [ W , 2% it
W 240 L 7] 9 A 240 JL 5 A8, DA 9 2 AS B B (19 T o o
WA A, 845 mTOR A1 PI3K 38 % ] 8 55 5 W 20 Jfd
WA AR T A — 2 R R R E R T
mTOR A ¢ |37 {5 5 38 % A 44 02 F i 20 . | e A
FH 2510752 00 AS 3 F A BE AR M A 28 B A —
FH SUAIR 4 9 0E 552 AT 3 1 KLF2-MLKL {55 53 5% 42 ik
O 40 1, TR AS B & A T BT 4 5 BB RS e
PEPSO TREB A 3 2 380G 0 20 B v R A a2
il A A= ) G GBI AS |, X AL ) de o F e
R8T E W0 M E 2 4K BI G 5 Class I
PI3K 255 &9 09 S5 8 VE T SE 8 A Wi 4, i =41
b A O B UE 52, T3 3T ROS 5 5 11 TFEB # %)
B4R B A0 M A W 08D 1 LB AS g 28R
P M AT D, 4 0 L e S R R TR AS &
He KA AS i 728 VEE AR T 1k

2.4 EEMEAIREEATEAS

INFEAE JA T J& — R 4RO T RIPK1/RIPK3/MLKL
Bl S A0 M R e R SE TR R, AR T R W O
B WEA IR S PR TR — o R L AS R
B o, ASBEHORERE FH IR RIPKL . RIPK3 /Y
FEATT B B EVE, i RIPKI af [A) B2 5 08 12
WHEME R TR A, A R F, AR T
AR T A B RIPK3 i MLKL 5% 78 HLA T 5 19 45
SR AR R A 5T B LS8 T I RIPK3 Al MLKL
Feik, EE vEAN IR FEME TS, DLAE 2R AS HF
PR G B B, A R IR BE A T R
Necrostain—1 7] I Z 45 /N AS ANFa 8 BESR /NS i
TESTS T BRI T 5 RIPK3 0 5 A AL
I3 200 i I A 0 T A L DT HE 2% AS F
PR ARG, COLIIN 2PV B, 1 I 40 it Fn Y
Bz 4 j v 9 RIPK3 51 0] & #E AS RS VET, X W]
fie 5 RIPK3 1 i E e 248 A v B0 2% 20 i #a b Y -1
() 2RIE AN A e B R E R aA A 6, W
RIPK3 Jf- & A 75 AS th g B2 SRS P T H A
NN E WA IR SEE T T 2 S B AS AR HE 8, T
B HOR A U0 RIPK3 B30 B H R B 5 22
FAZE S5 S , AT UL IR BE A U8 T 1 43 —F B BF 5%
578 FRER A, 1) IV 200 B IR A0 O T 1803 1T Bk
FIAIT AS RS
2.5 EXRMAEEIET5AS

AS BB i) S i G5 i 40, 0 200 if A v A7 4
LN, BRI R AR, TR R y BRI 2,
HAE SN IR, S BB HAS E PR AR . AS BEH N
I RDTRR i 5T i 48 Ak A5 AR A M el A 3 T S Bk
B, B8 AS 5B T- B UM G . WFoT il B
N, — AL A B — A AR T LR GPX4E Ry —
FR PR ET- 9 5, 304 I 40 A e S fk T e
I 41 i X GPX 4 100 11 751 %) B g bk 55 LA OGP, 4t 7w
DL 2o 4 — SR Ak A i — A A D I 4
BRIET , D055 S 0E T2 X AS IS . I 30 B e 14 4
TR A B ) A2 45 0 Ak ke BE B Py s I, 2% X 1
W0k 240 0 i A R AR T, U0 A AR 1 i 2 1k % A il
P AR HE A P I AR, R i A A S 4 v AR
HORR e 25 L rid , H i e F Wi 4 i 2k 58
T-7E AS H R A SCBIF 58 38 AN B 4 1T, A7 A A R I A5
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3 BEXMAmEFEIETHEEEREAS AR5 i — B BFIEIESE . 38 WU Z59942 38, 19 1% mTOR

T AS HE R ) Ak R A, B A AR PSR T Y
Z R T RO E T . e 7E ASHRAE Y
ANTF] & R W B, M 20 B 0 X ALS i A8 e R XL
], i H Al =X A v 20 R e PR B T 22 i T
AS RAE IV o BFFE 7R, AS 95 78 H Y 22 Fh I 4
JfL AR PR FE T T 2 i) A7 A6 26 A0 B A 43 F BIL
FLrfr AS 9 A8 v I 20 L X A0 A T A i
PR TR T AL A 5 2 IS L T LIU Sk
PR, 28 ox—LDL 55 A I I 200 it 45 T 0] 7 11 410 1 751
SAME I BELIE/E R, S 30 A WIS 4 AR 1 p62 K i R
F R Nef2 B H T Ui 0 1 Tl i 2T 2 40 1 Y R
ik, 5730 Caspase—1 ., GSDMD | IL-18 I IL-18 5 ik $#4
o, SR E AR AR T X AR R AS R AR
) L I 200 B 1k i T o R Tk B A O T R
1M PENG S50 1R 25 5L 25 8 Nef2 (19 Bt S8 AL VR ]
2 B G M [ I ) 0 A S e SR G ROS (195 4k
BN, T 30E WA AR BT T KR RIATREAIR T AS
Rt S0 B e 0 R R T DL A R P R R T B 2
TR SAFAE B o T 3848 b 09 28 S, 5] M 1 Br [ fn
T AS 95 7% PN 1) R AE BNV o AS L1 AR T B A
Ji 1 g s ] PR T R TR T, XTAO S5 o AR
8 A N7 I 0 O TR AR K B 7 DL e )
MAPK/NF-k B {5 53 % 5 0 200 i 0 7 I B 2
KA A5, T 3B A AR PR T3 A% T [ I SR 7
AR 2 O, (A Bk 1 e ] ) 3— R R I RS in
L, 36 2 B 50 200 ) I R T SR AR A 5 114 40 i
PR T RN AS B 353 B B 3 IR FEAZ O BT B T8 B
P R (o O R B Oy o e 2
{5 R, B0/F AT A 48 R AR B FH AL B A
LA, W microRNA-33 3 1o # il % 5% [ 7~ FOXO03 1)
il AS Hh B 20 e RIS AS PRV AT
FOXO03 ¥ 425 % %] microRNA-30c—5p ¥ 735 , # ] AS 14
W15 A8 P9 A0 I UR T, 3 SR AS BE B AR
1 N Y N SN DR A o R R T SR o
W AAAE 2 B AR I BL I AR B0 7 SR 8RR L 1 B
T 22 BUEE X B0 200 i R 4 56 T 1) 1 AH VR AL
il 52 AT b F SE AR AT 5T B Bt o G LIU BV I, 2
EX SR el B CRUBTERR: DI ER I AR 3IN
T A0 i NLRP3 98 i /M (1435 £k, 42 2F 058 440 Jifd 1) M2
RUEEAL , I 5 5E KN, 3X —HL I 7E AS W& B AE 7

3 % PG B OB UNC=S 1R B8R 1 nT X 3K 48 1 A
ToAH G H 1 RIPK A9 25 0 S0 0E A7 22 A iR TR fh 18
W Xt IR SR O T A PR IR AR AT B A
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58 R AH AR AL , 38 2o 98 9 o — B Xl v m]
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