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[ ABSTRACT]

Atherosclerosis is a chronic inflammatory disease characterized by lipid deposition in the arterial vessel

wall, in which both innate and adaptive immune cells are involved in the disease process and play different roles.  Meta-

bolic reprogramming of these immune cells modulates disease progression by modulating immune cell phenotype and func-

tion.  This article reviews the metabolic pathway changes of major immune cells associated with the course of atherosclero-

sis, and summarizes the types and mechanisms of metabolic reprogramming among these immune cells.
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Figure 1. Types and pathways of metabolic

reprogramming during macrophage polarization
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1.1.1 BRHEEHE BEARE BRI MR RRNS R AR B B R R 1A T 4

e 2Ry 2, e M1 AL B A 3 o 4
e KR W TR A AR R AR O S, i M2 Y
5 200 0 3 ok A Wl R 1 R IR i 2 5 H 44
Uie 2 5,

—J7 T, M1 B W 40 % AL, s 20 -5 40 i
K TLR4 455, UG slsh Yy F s R E N
( mammalian target of rapamycin, mTOR ) , mTOR if i+
FEFESTA 5 - AR Ui FEMERE (5'-terminal oligopyrimidine ,5'-
TOP) {55 #9 mRNA B KN FELAFE R H T 1o
( hypoxia-induced factor-lac, HIF-1a ) 3% 3K 4 3% Jini
JfH., mTOR & & % 09 B 4 Raptor fE i F
HIF-la " mTOR 5 5445 HIF-1a A E AR,
M I HIF- 1o 88 6 P . HIF-Toc S8 400t 5 A
TR OCHEEE (1, RE IR R R A i 45 v 1Y) OC T il
CUME L 1 R A B4 1214 1 (glucose transporter-1,
GLUT1) 33k ; B RETS T LB SR 5, M i
ACRTR 7 A= FLIR , 17— 20 BR il =R R ( tricarboxylic
acid, TCA) fE¥ 2 Bk 4 A (acetoacetyl coenzyme
A, Acetyl-CoA ) F77 A5 ; B RESE N PN I 92 Ay = A
AT, DA TIT 4100 1) DAY TR 12 J3¢ %87 ( pyruvate dehydro-
genase , PDH) |, #t— 251 il N B FR TP 1. Acetyl-CoA
HIF-1o 25 A REMEHE [L-18 A% 5%, DI A2 2 48 0
JE, [RlRS g 245 TLR4 454 5 L F Al —
FAAE A B (induciblenitric oxide synthase ,iNOS) | 34
I NO 7= I3 5 WA R A VR FH 4 ) 2ok (A i, ¥
e B SR 1, T ) S Ak Btk . 53 4MIR
ZWES TLR4 256 522 LI 6-Bim R 2/ R 0k-
2,6- Wi R i 3 (6-phosphofructo-2-kinase/fructose-2,
6-biphosphatase 1,PFKFB3) [)5&1k , M8 in 4t i 4y
B2, 6- 1% MR ( fructose-2, 6-bisphosphate , F-2, 6-
BP) (97K, 6 171 035 I A P —— 6 PR R 1 3
fit} ( 6-phosphofructokinasel , PFK1 ), UL ¥ it 4 % i
Rt

—7J7 1, M1 BB AR5 AL )5, TCA JE 3R
SRR I U (isocitrate dehydrogenase , IDH) ik
0 FRAIG L 35 30 R W U ( succinate dehydrogenase,
SDH) 2z 2l , f# TCA 98 8 & A= W vk b it 0
IDH T PR AT IR ER (8 A iR 34 A, AT M1
Y I 200 B vy R R 58 e 8 I N FE A 1 (immune re-
sponsive gene 1,Irgl) ,Trgl {4 TCA ¥ b [] 441
B3 A LA DU ) BT R AR A R
1M SDH T {75 B FAm Eh 1 7 A I m, DA Sk
RN B SR N | A T N TR €2 ¢ A LN

Jil = R FE AL ( prolyl hydroxylase, PHD) [ fi# , MM
A HIF-To FEAR o TN, OBk AR R A0 B2 31 21
$Zi ey sy NG Rkl Fi SR VRN QYIS - Re N NI
SELROS A0, I HE— 2540 i 5 i PHD
5 M1 AL W20 A B, M2 Y 2 A R
ik PFKFBI , PFKFBI1 J& PFKFB2 f[F] T.8§, & B A
F PFKFB2 B ey B4 U0 IR T 7% 1, DA ot e ] LA
Ty WK SR -2, 6- ZWEIR 43 ik U R M -6-WE IR , M TR
AR T A 14 2 o7 5 2500 B R I Ak 2R 11 T
( AMP-activated protein kinase, AMPK) 7E M2 % 5 I
YA IS ARG I, AMPK 55 2 S5 16 ) il 1A 3 6 )
PG SZ K v 0% T 18 ( peroxisome proliferator-
activated receptor y coactivator-18, PGC-1B) Jf H.if%
5 SDH il HERG A, 2 i Lobr (R S AL BEIR AL, I
Ah, M2 B2 A AT DL S OE Ak i 15
T3 Z # 47 A F 4 (interferon regulatory factor 4,
IRF4 ) kB I LL s E e >0
1.1.2 fefkftEsmaz X M1 AL M2 RIS A
JRLHHEA T L DR 20 2 A A LU A, R 22 S B IR et 4R T
Rt R ERES S T E A
(L P U - B S I e N SR 2
TCA PE¥ & A= 7, M1 7 I 20 i 208 33 2 19 i
R LA it =5 R IEL ] P i 1 B Al A A R R v 5
[ i E 3 i W iz 1 CD36 ik LU R
TR R HR L, A2 5 il =R G B, O EL 1 0 [
WAL 45 A H H le (sterol regulatory element
binding protein-1c,SREBP1c) ¥4 il i J & & i il &
PR3 AR FERR TR & B2 o AR, M2 A W4
i AR T R 5 R A PR A BB . WO WK
AMPK E4EBERR AL mTOR Hh 255 VEREALIE 254
(tuberous sclerosis complex, TSC )2 1 Raptor £ H ,
T 4 mTOR &5 %) 1 1Y 1% 1k, 4k m #% iR 1k
Acetyl-CoA & fL i 2 (acetyl CoA carboxylase 2,
ACC2) LR S Jry &8 2R 35 PR B A A 5 5% A% il
(carnitine palmotoyltransferase , CPT) 1o, 384 Jill i 1 1R
B LA RZ, MR 2 WS BEAL AMPK 1
PRl M1 BUE W40 R AMPK IR 835, 5548, M2
TR Wk 240 L 355 A I 3 2 20 W8 R 2 11 1 0T T A A
IEVERRIDT , 15 B AR DR A AR
1.1.3 RA®mRBELRE  AEBEMAE K
R EJF R 22—, Chen %5 fF 58 & B M2 Y
L 240 g e Tk A I g 1t , R ] M2 Y A A
A M P A Y Sl 1 5 T A 2 I e B 6% )1 i
A TCA TEAFI O e A2, AL F M2 5 15 105 200 Jfd Al
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b 5 Z AR B, M1 R g 4 205 /R i A 2 I i 1%
P A WS R RS SRR 4 At o g T
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MR A ) s M2 R R B RS S B R
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KRR E N -2, BES, L-S 2 R
NEZN RN SRS 1 IR b N e g
SUE AR
1.1.4 #%AZFRMERE  JAEREMEAK,
R AR T AT 1 T B, B IR B AR s
e, KeEtsrRUI4EER D Ul HEERES S
TEVEAAE AL, 18 M1 B E MR b TFN-
v fifi 25-F2 4 E D3-1a F2AL T (25-hydroxyvitamin
D3-1a-hydroxylase , 1a-hydroxylase ) 5% 15 4 i1, 48 1k
AEER D A RUATEPER 1,25- 8484 K D3(1,25-
dihydroxyvitamin D3,1,25-( OH),-VitD3) , A ifii 175 &
L 240 22 SR 0 TR I, LA 39 i 4 i 4 92 77 20 i
I7E M2 B A, T4 e 2k A R D-24-F2 1k
fiff ( vitamin D-24-hydroxylase, CYP24 A1) ik, #E 1k
R R D AT MR 24, 25- T 4E R R D3
(24 ,25-dihydroxyvitamin D3 ,24,25-( OH),-VitD3) .
1.1.5 #aiRisrEsase M AKREENHY
HICER Yo RN 5 B me gl i i 1% e A OC . 78
M1 BB AR A, R R s T i Tk F s
FIBRRAR (A5 i P k% R a0, DA A2 a2 2 58 1
AL TNF-o 35 5 Z M B, 78 M2 Y R4 i
B R IR D T R R s R R A A
U PR R AT, DT A0 A 2 2R 12 400 i PR~ iINOS
USSR

g5 TR AR As rhic il EALR B am I Y
SRR , B WEAH AR B A D M1 RUFD M2 B 38
i AR AR TR e AL R | A A R AR A,
25 As SRFEH YL R FNIN A S
1.2 EfttEHREHAM

H A, B fe As b C E g fe I 4245 2
JZ R T HA [ S 4 i R AR AE As i rh
KRR T EEAE  EHAE As H I g A IS F
1.2.1 wRKRamie ALY 400,
DC TP PLIAAE B4 245 T 4HME IS b 4 =
PRI T 20 0 G e N5, 7 As 2 B8 v BB & 5 R E L
KAEM, MW DC 78 B W 4 i 4 7% il 8 5
( macrophage-stimulating factor, M-CSF ) ] T , 34 5%
FHFR AN S BE 77, ¥ i B, JEHOE BEHUR

WEZ4AL X F ) DC 5 BE Sk 2 A OG0 . RS E
SR AR AE DC YT Ak A v 47 T E A
o, MG AR DC 23 7E— 25 2 Be A LS wi 40
e,

VRS, DO O T LR R AL BER
PRALRE s T J5 19 DC 28 AL BRI 1L i ss | LAWE I A
Pl EZ MR . Krawezyk 5552 #5501,
TLR4 375 i B e AILEE-3 4R ( phosphatidylinositol -3-
kinase , PI3K) /25 1 i B ( protein kinases B, PKB)

IR PRI PR AL BERR 1k b Y SCHEBE AMPK, FH
W bR s tt .

Wu 5 R R 3, DA A3 T AT

PR IR AN RE DC 6 TR B 5 R A Ak 7K 7
WER, Everts 55 BT A BULE B 2 M 1L
(4 DC H AR 7 R G JCs s, S B0 5 199 0% e R R
(1R 3% 0 3 A Dl />, 2 TG T 240 L R 5 T R I 55
T DC HUEHRERET) .
1.2.2 s Hh PR 2 R A A I e A
Z AL, S BT G v B b SR A% i i B Y
RV AN, A5 As U] H PRE 20 i 7E B Y 2R AR
R PN B A0 LT, 1 5 O 9 A0 D 1Y R 1 R A
MR BERE A% I I, EA, A 40 0 £ B B
AR R PR R 45 T B BRI, A7 AR T ok i
A A A W i, — O T AR AR R B 2 (Jow-
density lipoprotein , LDL) FI 4 fb UK 25 & 5 25 1 (ox-
idized low-density lipoprotein, ox-LDL) , % Bl i I 2]
PLE AR UL R AN 5 55 — O T 7 A U SRR AR 2 P
AL T, 51 A 2L F- (tissue factor, TF) F ik [
I, SRR A, I e Vb 40 i 35 1 L 0 20
4 1 HTJH ( macrophage-1 antigen, Mac-1) ik [,
4G N B AR T ) PR A kP kL AR i S
MG R, 23 06 2 1 O AL 2 20, AT 3 — 2D 3 5
AN A SE5E B BREAL S BEE AR e

PR i T 2 LARE B AR b RE O Hodad
JE B A PR 20 Y B9 40 B B ( neutrophil extracellular
traps, NET) KB H A KA H AR B~ , HhRL
2B AE 73 Al 3k R OBl 9 A A A W RE O T B T AR
NET 3o 5t o 80 ISR B, 0 i B g i
1H Jeon %57 A Ay rh A b 240 b 2 38 s 45 2 1) AR it
TRAER T SO A5 T RE , A0 A B e Sy i A
AE R DA T2 A A1 TCA Sy It AORE £ RE ) 1R 1
BEBAR A AL ROS, A 2 15 A B 92 48 1 — Ao 3 5
ARG i 2 A A ORGSR O 0 S B, H i
W ARABETEAE As BB rp LIRS v PR 20 i & AR T
W A A0 i g R B 42, TR e X (A F AT T — 28
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2, R — TR O [ A S B A, il A8 L 237
A/ RIE AN, 72 As BEHUERE | BE A 40 it 4
I, FEAAAE T S KN BRI IR AL RS R 41
AL TE AR M T Ak KA T R 2 A 2 FIpEH N
IR FATTR A 11 (AT K 200 g 2 3 B e P
AL, Z2 R0 A TR AL R 4 M0 s, A R 4 i
JO5E ST Fof 8 T 2L e o 1 T, ik X e 21 448 M v e
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AT A IE DR 240 308 ek 9 i 3 TR e R R e g 2
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2 B ) 9 AR A R IR 1k L) DB 0 T A B B A AN
Ao TEE IgE A5 04 AL R 4H A U 58 2k AR H ) Mas
K G B HEAZ 14 ( Mas related G protein coupled
receptors, MRGPR) X1/X2 |- ¥ % %5 B A 5 O 8 3%
VB SRR AR DL S OB URLAE FE R 2R
BA W R INE R AMITE As A T ARG E 42
XA DTS IA
1.2.4 ARFHwmm  NK 4R E T 5k
ELRE T4, Sl A OB T AR A MA B A% 5 4
YA Y [ A G PR AN, As BEBR A7 FE > NK 4
Jitd, VanderLaan 43 F1 Subramanian 25" ¥£ K [6] 14
As /NSRS & B NK 40 i 18 5 1 ik 2K 25 5 B0
S L [ A ST v | As BB T R K LA K i o
AR A AE S NI, H2 NK 4 fI7E As 3
T v ol i 4 08 ELAARAE AN AIL ) v AN AT, 988 40 F 5
DN NK 20 v] BEE A 2 L 2 ORI | A0 AR
R AT I TSR, 25 Ast

FREDIRAS T, NK 40 i 3= 22 1) 480 Ak 9 R Ak 3k
IURE 5 0TS S5, NK 4 B % A 3 0 = S5 it
RE, [ P A 9 5858 v LA 98 NK 200t 50 ity
B Al TFN-y (4 35, MAiT 3 58 T ik 240 i 4 32
I <

{615 2, bR B R0 A, 22 A £ 55 AN i #R
ML T E GRS, JF S5 As iR, DC i@
ek 383 AR AR I A RIS I 2 5 IS R | i i AR A 1
JEMiRR AL, 25 As BEHLE 2400 A5 vh ki 4
308 2ok 8T AR R K FEAN W) T R, AT 6 Bl
AN IR AT R As BESIE 1L 5 AN [F] 4 ot
A1 A E O 40 388 e A [] kA A3 O A 4
HL A2 As BEHN H i A 245 R 5 NK 40 i

2 EREREAEE

305 P B SR A A N B SRR S T O L A
F B ik EL 20 M 2 B RS , A B s Ak B AE A
PR RN AN B, 77 A — R B A 2 R Y AR L
AR A MERNCAZE, BRI R B, As BE
e &5 CD4" CD8" UV Bt T 4 ffd #1 B ZH
L, BT As BEBRBOIE B & 2 FEAE Y
2.1 THEZHAE

T 4 8 200 B A i v 7 B, e Ik S A
2| As BRIz — BEH CD4TT 4R
R, T BT T 4108 1 (T helper cells 1,
Th1) . Th2 \Th17 FI& 5% T 40l (regulatory T cell,
Treg) 25 As JiFEiEJE ;1 CD8* T 4 il 7E B He v 75
WD, HTE As PIIREM N8R, Thl i e
JeH T, 4 TFN-y  TNF-o  TL-12, 301 B 4%/ E W 40
JFN DC AR E As Y SAE RN, IS INBESR AR
SEPENST s The 20 it 3 ok 43 WA 1 R IR 7, 2 TL-5, 1L-
10 IL-13 , K FA i Thl SECAIAE As 0% Th17
£ As A rf VR i AR AR s 2E AN R 1Y) sl i el
R AR T SR SN RS S B e A e AN TR 1) A
FHUY s Treg 38 15 4361 48 RS 10 1 412 ¢ 400 14 55
R | B3 F R M 3R 1 43R A HE RN T
MR T, AT S B ] e B R PR

FSARATR , WI0R T 40 M AN A X A 1
A LR RN R R 2R AT A AL R R A I R 4
UL B A I A5, DA 20 5 B AR 1) i B A A/
PR & BT oK . TS 5, T i MRl T 40
2 AR 5 4% S 380% PI3K/PKB/mTOR & 4%, b
GLUT A P2 e A AR 11 il A 2 L R e is B (R G8,
SEOE L PR T A 23 R 1 O A AN A
WA (AR A, Treg A ARATAR FE 51K
IR GLUTT, LASA Ak i 2 £k Fn 2 b 4 Bl 177 1% 4 1L
N EZARE Y FEE, O T g I
WO 4 e BRI Uk kR
s
2.2 BiHBEL

B bk E2L 44t e 38 3 43 D A R 4 B PR ke 2 o e
RENIZE FEFY T AN AP Z B 40, B 4]
45>k Bl Z0ML AT B2 40, B1 4l L A 734 Bla
YA A B1b 04, Bla 40 M BE /= 4 HT ox-LDL ¥
TgM HL AR BHL T 05 41 g X ox-LDL A $5 B i BHL
1R IR AN = A I RE = A PR T AN BT R LA L R As
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PR AR T- 40 s B1b 4UMAE As AR
AW (B A BT R R 7 A TgA IESE As i
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e SR, R 5T R B B2 40 2 A As fF
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SRS R B B 40 MLE A JS , GLUTI R &k E
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e ia TR M AT A2 Dy 2 AR O =, AT 1
pIEARENEEE NI

3 N H

As HEREH [T S A 1R S e A 2 2
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P, TRA PR AN [ S 2 A AR As R AOAE SO E
AFARZES TSR A B AL AN F T i — 2 4R
R As BYRHEALE] , M0 H 0 TF4% As S AR 0 il 1M
EBIRINATT BT SRR

4 B =

UTAFER , Sy A e A Qo 2 A A T RS B
AT B, JH T 2 R DA R B 8 = Bk 52 S
FR A B 5 T R i K AR LT . AR IR A T HAT
KFZH As FERR I G5 20 M A QI F 20 At 1) Fob 28 A
BL X LERIF 5T b o 2 A i A QI BE 5 3 27 1A b
SEM, SR, A As K eI A v S BE AR ML o ATA T4
SE BT EE  DRIE, HE R P97 B30 0 A 25 Ll
TR S | HE— 2 HE SR A K- 1) G 4 i
FRHIFTE R D SRS Wy 1k S e 4 I AU i AR 42 3t
W o S A AR G UE 52 22 (AT G 928 I3
PES R AN MIAE As TR EOFER, SR H RTAT TS 24
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