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[ ABSTRACT ]

phage, signal adapter molecule: spleen tyrosine kinase, and the downstream signal pathway, leading to cytoskeleton rear-

Minimally Oxidized Low Density Lipoprotein; Spleen Tyrosine Kinase;
Atherosclerosis

Minimally oxidized low density lipoprotein activates Toll-like receptor4 on the cytomembrane of macro-

rangement, fluid phase uptake, reactive oxygen species generation, and proinflammatory cytokine secretion, which pro-

motes the occurrence and development of atherosclerosis.

targets in the treatment of atherosclerosis.
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nase , Syk ) , F- B2 T35 F 0 20 A AR B S 538 40 g
HAREHE R TR 255 . X — Lk AR s
JKRAEREAL S TR DA WO Sk kAR A Y
2iniRE TR, Bt mmLDL/ TLR4 38 B E 5l bk

2014-09-09
[E R A REl 4 B H (81173399)

[YefE B H#A ]
[E€TE]

(&= B #]

Therefore, signal molecules in this pathway may become new
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L1 mmlDL AR EEZEYEERS

mmLDL & H K% FE AR 2 11 (low density lipopro-
tein, LDL) AL TE W, LDL " #§ 1§ ( phospholipid,
PL) i & JH [& B% ( free cholesterol, FC) . H i = Bg
(triglyceride , TG ) | IH [&] B g ( cholesterol ester, CE)
1) 22 AN 10 RN gt S i DA K2 ApoB100 114 22 i 2 35 R A
Sk, PRI LDL 0y S A B 2 AR P i L A —
T Iy =, HAA AR B i i 7= W) BT 2 80 A= 122 0%
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DT BB LDL 2 3h koo B 1 1k & A & R
EEHRZE ) AL LDL 47853 BT 8 7=
E ARG % I8 & 1 (oxidized low density lipopro-
tein , ox-LDL ) ELA7 {1 Zh ik sk RERE AL VR FH 7' LDL &
A 55 A AAE IS 97240 mmLDL [FFE HAT 8 25 10 5
RIS T 3 HT T A Sy A R SR G 43 A X
( pathogen-associated molecular pattern, PAMP ) #¥ £
I SZ 1K (pattern recognition receptor, PRR) #15
mmLDL TEAEFE A B 2055 A% A0 B 26 B D3 B 4
AR 5238 (9B A0 L 3 T IR A A R I
V-1 LA RSB ARG B i/ A 3R A O3 A S AR 2
PR R E AR

Harkewicz 4517 3 13 Y AR €20 33 56 & I 3% UE 52,
mmLDL AEFE LTI 2 4 CE, X Se 45 LY Al s B
WAL, 7255 mmLDL AR A= ) 22 3000, e Ah,
MR R RIFR B ApoE =~ /INERU) Bl ik o A A A 28 Ak
A LA AR 1Y CE (oxidized CE,ox-CE) 424t T
ox-CE 7EMR Y A7 7E AR B it %016 4 1t 10 il
7] Ebselen FALEE[Y) ox-CE 2k K H R ZH AWM,
HE—AESL ox-CE AL ALY

W5, mmLDL 8 A= 995 P o0 i itk — 20 44k
WFIE S I — 25 A U N S A ) K S it 5 A )
L AT ) REL S Pt A8 A DU TR (4B AR DU R I T 7R
J& LDL 1 # ff Bz 7 ULAY CE) , Bl BEP-CE, R 5
mmLDL AR Y AR ) 23 1 1 SRR TE A I K
LSkl FERE AL AL A ER A B T BEP-CE RYA7 FEIIE
fi , I ¥ BEP-CE 1B —FhAEYrbnic, i I T 3)
UK R A ) I RS W AR ) e
1.2 mmLDL/TLR4 BEHEENESHF
1.2.1 TLR4  TLR4 T 1979 F kAR,
J&—Fh PRR, REWSPUN ZFh PAMP 75 B S R 5t
HORHEEEAER], TLR Jy 1 BUBS IR 1, i oh X e
BRI EEFFH, J N X EA 5 Toll F1H 4 /il
AZ 1 (interleukin-1,TL-1) 3244 [R5 1) 25 #4135 ( Toll/
IL-1 receptor homologous region, TIR) , TLR4 Y F]
DL A 5 P ] 44 U B 22 B (lipopolysaccharide,
LPS) 4, & Al LA ) P O PR G A, b 4
mmLDL, TLR4 AYRECIAHS 2 2t iy AR RIA Y,
Hiw 5HAW SR A ¢, FEAREEZ
B PR 5L EE  (heat shock protein, HSP) | £F % &5
EDA GEWIFR 4R s AR Horh 2f 14 R
F EDA \HSP .mmLDL 5 3 ik ofs £ 8 A 1) & 25 A %
xR,

TLR4 {5 53 #% 73 Jy #4534 5 7 88 (myeloid
differentiation factor 88, MyD88 ) 4 #fit 7 1 F 4 i AU

P25 1 mmLDL A5 59 TLR4 M1 149 {5 5 3 ¢ 2
MyD88 i

TLR4 55 50 Jjik o5 4 0 Ak 1% ¢ A % Jie 4 U A G
Michelsen 45" g YCIEW] T TLR4 5 3f kil e A 4L
B LA B HE G &R TLRA™ ™ ApoE ™~ /N Fl #%
ApoE ™~ /INER Bl Jok ok AF A Ak A R AR Hi-
gashimori a=l4l e 9 TLR4 =/~ ApoE "~ /N BB
ApoE =~ /IN BB Ik ok R A Ak L 0 7% v i BT AR SR A
LKA ALY B> T 70% ~80% o 14, TLR4 7]
WA Zh kol FERE AL BE B Y Re 2 . Hollestelle 251
KB TLRA 7 1L A48 &1 1) P4 5 A4 vh i AR AL, AT
15 JE 42 )@ 2 11 ¥ ( matrix metalloproteinase , MMP) |
ok e 20 B A/ T, 5 B0 48 A 1o M T T ) 5
DERAG E P 5 7R TLR4 = A/ BUSEHL I B2 A7
[FREA i PRAME T IR S HF TLR4 55 2 Jhk ots A 6 16 AH
5 TLR4 (045 mRNA FIE ) 722 MO WS (a-
cute myocardial infarction, AMI) F1 %3 & A .0 & JF
(stable angina,SA ) i 3 1Y 3l ik o5 A i £k BE B )2 4
JE A AR e ek T
1.2.2  Syk Syk J&:—FhIF 52 1A 7Y 1% 22 R 1
VAR T N R A0 M 2T A 240 O Y 4 S
AR b, B P SH2 Z5 R IR — R
HLvi i RIS F (SH) 4L ™ . 4Ly Syk
PTG AR Syk A SH2 X e -5 45 1 = R 1Y
PEZARIG A FE T immunoreceptor tyrosine-based acti-
vation motif ,ITAM) &5 &AL, B0E 5 19 Syk Al
25 Vav PLC .PI3K K SLP76/SLP65 454, #k— 4
i1k MAP i .Rho ZZJ% GTP i \NLRP3 ¢ ¥E{A R
SRR -4 T R 27 A 20 L v R i HE T R AR
(reactive oxygen species, ROS) ;= A= | 4l g 38 5 43 fk.
%&i)ﬁ[l9-20] .

W5 e L TIRE R UE W] T TLR4-Syk JE 1
AR A YIAFAE T P PR 40 M | B2 40 A A v 4
JeL R s I HAX A A5 W 1R A i 22 W OB R )
(O i B A7 722 R R BE B Z% 58 35, Choi
A Syk B9 FE i SH2 45 F 8K 5 TLR4 1 TIR
SRR AE Y BREAR BLAE ] IX P AT S TLR4
MBI e, T Syk W Hi%ES TLR4 i
AL ARG SR R TS T2 RS
5 HCHAE N TLRA WA S 55 50y THEAE il %
R SAEH],

2 mmLDL/TLR4 i B&1E B Bk A5 A 1K 3 Mz

1E TLR4 {5 53@ % TLR4 F-AEM 7 748, MD-
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2 ME N HA B E A, 5 H A TLR4/MD-2 & &3t
[FFF 76, MD-2 @ BR ) /N B 40 B 8 1 R 3R 3k
TLR4'™) TLR4/MD-2 & & W75 P4 J5% 9 v 4 20 25
MD-2 % TLR4 J§His S 20

P B 5 S B, 58, mmLDL 5
FEANMURE | /) CD14 2 FHE S 45 A, CD14 & —
Fobl 2 P A 32 44 (R B 5 MD-2 —#F S/ i

Endosome
closing

|

MACROPINOCYTOSIS

WAE S5 S5 R, i CD14 645 5 TLR4 454, 1
{55 H, Chavesz-Sanchez %577 % FH O L
FETFRIESE T4 mmLDL 5 %5 CD14 5 TLR4 =8
O3 AR T AN MR A TR — 7B, TLR4 ZAK3E0% )5,
Syk Z4 % TLR4, 5 TLR4 (LN TIR 25545 &
gL, E— B AR T ES 7, P ER
PRI, A5 55 Sl amE 1 iR,

LIPOPROTEIN UPTAKE
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Cytoskeleton
reorganization

CYTOKINE
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B 1. mmLDL-TLR4-EEHM{ESH SERKE
Figure 1. mmLDL-TLR4-macrophage signaling pathway

2.1 ERERERENSFEER

TLR4 5 Syk 55 IR AL)S | BT 5 BRI AL 1Y
BREALIE F Vav-1, I 4k 2236 46 T iF 09 /)y GTP
Raf JE 4 fd S5 5 98755 P (extracellular regula-
ted protein kinase, ERK1/2) , T F Paxillin B
iz 1k K T Ui Rac . Cded2 \Rho 343, s 45| N sh &
1 F 22 F-actin) R4 ML EAEEHE

— 5T, L T A i X A AR
B \LDL ,ox-LDL 55/)N 93 i ¢ Wi/ I8 5, i g o
FEANAE N RN 2 | IR 2 R BOMIR A RTE B2 55
—J5 T, T LS 1 3h 5132 BR, HOXH R T 40 i
FFWEAE WSS T 35% ~60% . T L Wik 2 it Xof 9
T Y A W ] LAA R4 B 1k 40 i 25 1 ) o 1 R
O I 22 T A B8 8 A S 5 A W AV P 08 555 ] 5 2 5l

K FERE AL BB h 5 PR SR B0 M SRR, T EE B B A
SEPE R MAETE B, mmLDL A AT 41 ] 5 W 248 i %
T A0 ) A e, JEL T 4 9 Tl A A A
FH 33— 2 8 32 Y00 8 i Bk LIS 3 3B ( phos-
phatidylinositol 3-kinase , PI3K) | 22 % iR/ #i 2 R 4 1
Akt BT P S IR, AE TG B B2 M A {2 Bl
JkoRRERE AL AR ) | T R ad TLR4 , A SCEE AN
LRI,
2.2 NADPH 84L& 2 B9iEL 5 ROS B4

Syk BERRALELIE S , AT {E PLCy1 4 Y783 {7 s
FRAL , TG AL ) PLCy {4k PIP2 /K fi# 4 IP3 Fll DAG,
J5# 2 PKC R85 M sh 7, AT 5 5 PKC #8241
LR ¥ 7% NADPH % k% 2 (NADPH oxidase 2,
Nox2) , /4= ROS, Fe 2 BUR AL SO AR DG 1 48 PE K]
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T3, A TL-1B IL-6 F1 {5 4L T 4R K0 3
#7575 A (regulated on activation normal T cell ex-
pressed and secreted, RANTES) Bl

Nox2 EEEE{&%B@%J%&,%EH%?H}H@*%
EAY NADPH £ fLlg, )2 NADPH A fLREE 59
R HEALEE . NADPH %8 fb 52 5 W) ml A 1k AE il
ROS, J& FL WA h ROS 19 3Bk JE . ROS 1
g A AR B T A AR SR %
S ROS WY AR e A 3T 0k Bl IL-1B8 1L~
6 Fl RANTES (43, 1L-6 55 2 Bkt i i AL 4 ¢
FLATH I AMI A JLAR2 S TL-18 T8 5 ikooks #: s
AEBEHA K5 RANTES 5] 50380 B3 k- v L4
FE RS , I 2F Sl s R A Ak 2 g
2.3 HMEZEA 1 HXPREEFER

Syk TE LS5 AT 40l ERK1/2 | INK R Ak 1 8%
TG AT RS E c-Fos, J5 & W BTG c-Jun, B {b
B c-Fos .c-Jun 4 BIG R 1 (activator protein-1 ,
AP-1) BEEWEEA T AL DNA 5, i & S8R
FEHF CXCL2 A IL-6 33k AR 4
2N R e Syk mSR /I BRURSERY e AIZAR L v 73

OB BB IR E R A0 IR S 1 b AR B 0 3 a7
IFH & A AE R T CXCL2 Y20 I J2: 58 4 Syk i
P, 1T IL-6 M Syk FB ML

3 & &

Wil & X Bl koo BE A Ak B 5T ORI TR A
“mmLDL-TLR4-E Wi 4 Jfl " 3% 42 & i 5| A 1 2% %E’J
M, SEM g2 0 E R SRR 2L %2
JiE 2 WA 6], mmLDL A 3¢ 19 TLR4 38 #% AS 3 0
MyD88 , RIS 2x e 24 5| i R M Il F NK-kB A Bl 5
mmLDL 552 E L i) ox-LDL AR, B A GBI 15
TH 1B RAZAR ST W5 538 #% 5 {H /& , mmLDL 7E 51
F2 A0 | 240 L K% 2 ok ok A B Ak B e b AR TR
ELnT LASE A 40 B 2R EEHE L ROS F= AR | SORE R TR
B, T | I A R A KB TGRE IR ) S E SN, 7
SR RERE 1k & A % R o i rp e 31 SRR

FERIEFE B B SR BRR I YA i, Fe 2 IR 5%
TR, FEE ARG T % 7 “ mmLDL-TLR4-E Wi
YL AR A L B B A R iR & KA
e AFGT B 7 i Bl Ik ok B Ak 18T WJﬂn ll"“
PRAREE B0, e i i B ml Ao 0t 3% P 8 K —
T, mii— JEEW“MEJ%?H%M&KEM&&%%
s ] fE HE o Kook AR R AL 1 K R L BRI AR N DR
IR s 205 mmLDL P[5 5384 5 05 240 i ke A5 421

ERFR, uﬂ‘ﬁﬁ“"Aﬁ?%ﬁlﬂﬂ(fz‘*ﬁfrﬂﬁ%mﬁ%ﬂ
T, LA, Syk 78 LR o R BE B R AR,
ﬂzﬁéﬁijﬁ{éf”ﬂﬂﬂ(%ﬁ#ﬁﬁ{tﬁﬁ?ﬁﬁﬂ Ro Hllgen—
dorf FECERE A TIRAY Syk S0, & 2 & H
TR RGPl PRACR A
HHAE—E R R, (A, BRI T3
BRIAFEREAL BRI T WE? BEE DTSR WrIR A AR TS
SATBOR LG Y7 B 4L R R B, Ok 2 5 7
TEROS I T PR, A sl ok oks o A A6 1) B 962 412 146 S 0
Gy ES

[ &% 3k ]

[ 1] faf/INui, JB 7. DAMP-PRR- Wit 240 i i3 75 55 3 Ko AL B Ak S ke
W ZARYELT]. TP EZIBKEELALRS, 2014, 22 (7)) 741-746.

[2] Miller YI, Choi SH, Wiesner P, et al. The SYK side of TLR4 : Sig-
naling mechanisms in response to LPS and minimally oxidized LDL
[J]. BrJ Pharmacol, 2012, 167 (5) : 990-999.

[3] Miller YI, Choi SH, Fang LH, et al. Toll-like receptor<4 and lipo-
protein accumulation in macrophages[ J]. Trends Cardiovasc Med,
2009, 19 (7). 227-232.

[4

[

Steinberg D, Witztum JL. Oxidized low-density lipoprotein and ath-
erosclerosis [ J ]. Arterioscler Thromb Vasc Biol, 2010, 30: 2
311-316.

[5] Maiolino G, Rossitto G, Caielli P, et al. The role of oxidized low-

[

density lipoproteins in atherosclerosis; The myths and the facts[ J].
Mediators of Inflammation Volume, 2013, Article ID 714653, dx.
doi. org/10. 1155/2013/714653.

[6

[

Johnston N, Jernberg T, Lagerqvist B, et al. Oxidized low-density
lipoprotein as a predictor of outcome in patients with unstable coro-
nary artery disease[ J|. Int J Cardiol, 2006, 113 (2): 167-173.
[7] Lee YK, Lee HD, Kim JK, et al. Lysophosphatidylcholine, oxi-
dized low-density lipoprotein and cardiovascular disease in korean
hemodialysis patients: analysis at 5 years of follow-up[ J]. J Korean
Med Sci, 2013, 28. 268-273.

[8] Liao F, Berliner JA, Mehrabian M, et al. Minimally modified low-

[

density lipoprotein is biologically active in vivo in mice[ J]. J Clin
Invest, 1991: 87 (6) . 2 253-257.

[9] Harkewicz R, Hartvigsen K, Almazan I, et al. Cholesteryl ester hy-
droperoxides are biologically active components of minimally oxidized
low density lipoprotein[ J]. Biol Chem, 2008, 283, 10 241-251.

[10] Huo Y, Zhao L, Hyman MC, et al. Critical role of macrophage
12/15-lipoxygenase for atherosclerosis in apolipoprotein e-deficient
mice[ J]. Circulation, 2004, 110 2 024-031.

[11] Choi SH, Yin H, Ravandi A, et al. Polyoxygenated cholesterol es-
ter hydroperoxide activates TLR4 and Syk dependent signaling in
macrophages[ J]. PLoS One, 2013, 8 (12) : e83145.

[127] den Dekker WK, Cheng C, Pasterkamp G, et al. Toll like receptor
4 in atherosclerosis and plaque destabilization[ J]. Atherosclero-
sis, 2010, 209 314-320.

[13] Michelsen KS, Wong MH, Shah PK, et al. Lack of Toll-like re-

ceptor 4 ormyeloid differentiation factor 88 reduces atherosclerosis



958

ISSN 1007-3949 Chin J Arterioscler, Vol 23 ,No 9,2015

[16]

[17]

[18

[

[19]

[20

—

[21

[

[22]

[23]

[24]

[25]

and alters plaque phenotype in mice deficient in apolipoprotein E
[J]. Proc Natl Acad Sci USA, 2004, 101 (29): 10 679-684.
Higashimori M, Tatro JB, Moore KJ, et al. Role of Toll-like re-
ceptor 4 in intimal foam cell accumulation in apolipoprotein E-defi-
cient mice| J|. Arterioscler Thromb Vasc Biol, 2011, 31; 50-57.
Hollestelle SC, de Vries MR, van Keulen JK, et al. Toll-like re-
ceptor 4 is involved in outward arterial remodeling[ J]. Circula-
tion, 2004, 109 (3): 393-398.

Ishikawa Y, Satoh M, Ttoh T, et al. Local expression of Toll-like
receptor 4 at the site of ruptured plaques in patients with acute my-
ocardial infarction [ J]. Clin Sci ( Lond ), 2008, 115 (4):
133-140.

Methe H, Kim JO, Kofler S, et al. Expansion of circulating Toll-
like receptor 4-positive monocytes in patients with acute coronary
syndrome[ J]. Circulation, 2005, 111 (20) : 2 654-661.
Zarbock A, Ley K. Protein tyrosine kinases in neutrophil activation
and recruitment [ J ]. Arch Biochem Biophys, 2011, 510;
112-119.

Mocsai A, Ruland J, Tybulewicz VLJ. The SYK tyrosine kinase: a
crucial player in diverse biological functions[ J]. Nat Rev Immu-
nol, 2010, 10 387402.

Lowell CA. Src-family and Syk kinases in activating and inhibitory
pathways in innate immune cells; signaling cross talk [ J]. Cold
Spring Harb Perspect Biol, 2011, 3 (3) . a002352.

Arndt PG, Suzuki N, Avdi NJ, et al. Lipopolysaccharide-induced
c-Jun NH2-terminal kinase activation in human neutrophils: role of
phosphatidylinositol 3-kinase and Syk-mediated pathways[ J]. Biol
Chem, 2004, 279 10 883-891.

Chaudhary A, Fresquez TM, Naranjo MJ. Tyrosine kinase Syk as-
sociates with Toll-like receptor 4 and regulates signaling in human
monocytic cells[ J]. Immunol Cell Biol, 2007, 85 249-256.
Bae YS, Lee JH, Choi SH, et al. Macrophages generate reactive
oxygen species in response to minimally oxidized low-density lipo-
protein; Toll-like receptor 4 and spleen tyrosine kinase-dependent
activation of nadph oxidase 2 [ J]. Circ Res, 2009, 104.
210-218.

Choi SH, Harkewicz R, Lee JH, et al. Lipoprotein accumulation
in macrophages via Toll-like receptor4-dependent fluid phase up-
take[ J]. Circ Re, 2009, 104. 1 355-363.

Nagai Y, Akashi S, Nagafuku M, et al. Essential role of MD-2 in

LPS responsiveness and TLR4 distribution [ J ]. Nat Immunol,

[26]

[27

[

[28]

[29]

(30

[

[31

[

[32]

[33

[

[34

[N

[35]

[36]

(ST

2002, 3: 667-672.

Shibata T, Motoi Y, Tanimura N, et al. Intracellular TLR4/MD-2
in macrophages senses Gram-negative bacteria and induces a u-
nique set of LPS-dependent genes[J]. Int Immunol, 2011, 23
503-510.

Chavez-Sanchez L, Madrid-Miller A, Chavez-Rueda K, et al. Ac-
tivation of TLR2 and TLR4 by minimally modified low-density lipo-
protein inhuman macrophages and monocytes triggers the inflamma-
tory response[ J]. Hum Immunol, 2010, 71, 737-744.

Miller YI, Viriyakosol S, Binder CJ, et al. Minimally modified
LDL binds to CD14, induces macrophage spreading viaTLR4/MD-
2, and inhibits phagocytosis of apoptotic cells[ J]. Biol Chem,
2003, 278 1 561-568.

Boullier A, Li YK, Quehenberger O, et al. Minimally oxidized
LDL offsets the apoptotic effects of extensively oxidized LDL and
free cholesterol in macrophages[ J]. Arterioscler Thromb Vasc Bi-
ol, 2006, 26 1 169-176.

Bedard K, Krause KH. The NOX family of ROS-generating NAD-
PH oxidases; physiology and pathophysiology [ J]. Physiol Rev,
2007, 87 245-313.

Rhee SG. Cell signaling. H,0,, a necessary evil for cell signaling
[J]. Science, 2006, 312, 1 882-883.

Candore G, Aquino A, Balistreri CR, et al. Inflammation, longev-
ity, and cardiovascular diseases: role of polymorphisms of TLR4
[J]. Ann N'Y Acad Sci, 2006, 1067 ; 282-287.

Duma L, Haussinger D, Rogowski M, et al. Recognition of RAN-
TES by extracellularparts of the CCR5 receptor[ J]. J Mol Biol,
2007, 365: 1 063-075.

Choi SH, Wiesner P, Almazan F, et al. Spleen tyrosine kinase
regulates AP-1 dependent transcriptional response to minimally oxi-
dized LDL[J]. PLoS One, 2012, 7 (2): €32378..

Wiesner P, Choi SH, Almazan F, et al. Low doses of lipopolysac-
charide and minimally oxidized low-density lipoprotein cooperative-
ly activate macrophages via nuclear factor kB and activator protein-
1[J]. Circ Res, 2010, 107 56-65.

Hilgendorf I, Eisele S, Remer I, et al. The oral spleen tyrosine ki-
nase inhibitor fostamatinib attenuates inflammation and atherogene-
sis in low-density lipoprotein receptor-deficient mice[ J]. Arterio-
scler Thromb Vasc Biol, 2011, 31 1 991-999.

CEH)



