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Research progress of trimethylamine N-oxide in atherosclerosis
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[ ABSTRACT]

found to impact the pathological process of coronary artery atherosclerotic disease through various signaling pathways.

Intestinal bacteria produce metabolites such as trimethylamine N-oxide ( TMAO), which have been

TMAO has been shown to induce vascular endothelial cell damage, contribute to lipid deposition in the vascular wall, pro-
mote inflammation, and stimulate smooth muscle cell aging and migration.  Research suggests that modulation of TMAO
metabolism and associated signaling pathways may offer potential therapeutic interventions for the prevention and treatment
of atherosclerotic disease.  This article will provide a brief overview of the TMAO mechanism in atherosclerosis, offering
new research insights for the prevention and treatment of this disease.
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(C-Jun N-terminal kinase, JNK) 4% Il kB ( nuclear
factor kappa B, NF-«B) %5{5 5 1 [ 52 I ML PN Bz 41
HeAb 405 | it A8 BE i B AR | JRAE S I K- T LA
T TS M B A B R Ak, KE Y
LR 0 1 P S 1 4 TMAO AR
AT R AT ST Ik o A B A O I 905 T R 0 XU
filan, S FLFF B ZDYO1 ,ZDY04 1l R A i 3 A=
PIr) TMAO R MR ZZ A As g BAR L0 5 i 41
PR A AT AR AR 0 38 fE 9 vh TMA/TMAO #Y 7
Az TR R CVD [ RUBS ) 5 I L, 3l i i e B
PRI 5 TMA/TMAO AU AT AR As S XURS:
L1 IR, AR SCB X TMAO 25 As 194> T HLHI
PEATLRIR, U O G 28 As B2 7 R AL LT 2 %
Bk,

1 TMAO £5 As AENHEXESER

1.1 NF-«BESi@HK

TMAO i i NF-B {5 3 i AN E kA
AL (human aortic endothelial cell, HAEC) F1 A 3
S KF- 1 L4H A ( human aortic smooth muscle cell
HASMC) i R4 K 7~ IA e 7F 1487 PN e 200 B 45 495 11
As FRSCHY SAE RN . WFFE R M, FEGT TMAO 19
LDLR PR B /N BU( LDLR ™7 ) SR 0 40 ML 1M 5
AHICTLHE 1/2 ( Thr-202/Tyr-204) p65 NF-kB(Ser536)
(I BE R B R AL AP Tt imi , PR 4B B 2 (eyclooxy-
genase-2,COX-2) A/ 6 (interleukin 6,1L-6) |
E %E$: &K (E-selectin ) F1 40 M 0] 25§l 43+ 1 (intercel-
lular adhesion molecule-1,ICAM-1) [ 35 15t i & T}
o MG RIEFE R R TS, o — T se 25 5
7N, TMAO AT 3% #5 F # C ( protein kinase C,
PKC)/NF-«kB/ Ifil & 20 M9 % Bt 43 1 (vascular cell ad-
hesion molecule-1, VCAM-1) 415 i) B0 4% 40 Jitg 28
TR 9 B S RE R, 2 1 As R HELE AR JF
H, TERMIEIRIEIA T o (tumor necrosis factor-a, TNF-
o)  HIEB R EHE A Bl (high mobility group protein
B1,HMGB1) & A Fr P [F/E R, /N5l & TMAO
RIVAT 4 2 4 e AR Sk N B 40 ( human coronary
artery endothelial cell, HCAEC) i) NF-kB 155 B4
i PR ER A 1 (transferrin, TF) (Y38, (2 145
PEEMAILARTE B . L R AFSE45 R W, TMAO
it NF-xB {5538 B85 As 1104 P9 5 IR
AT R, Rk ] ik — B IR AR o T HLAH
N As FHICEE MIBYT S o 70T 58 BEAil

1.2 MAPK 55188

TMAO i it MAPK {5 5 i #% 4/ & HAEC
HASMC [ 4 JE PR 72 15 A PR 20 M 1 B, 1 e 7 40
LT AR B S8 As T SRR 2 — 1 BF
FEEER R, FE 4 7E R A K 1 5 TMAO # /) B
p38/MAPK ( Thr-180/Tyr-182 ) i i 1k 7K - . 3 7
1o, FEARAE 22 b g8 P R 1 ) 5 DR e AR 4 o ek it
ENBIRIER R, B —IF 5 45 R BoR , 7R Ak
UGS BE S 25 1 (oxidized low density lipoprotein , ox-
LDL) i 5 5 &, TMAO 7K °F- 5% il p38 MAPK Al
INK1/2 BB BRAL, I AT CD36 112 3538 fin K vk
A0 B KRB T A, TMAO T 5
MAPK/ZH g #b {5 = V8 5 ¥ B8 5 ( extracellular
regulated protein kinases, ERKS) i i, fifi ox-LDL 38
IRFE R CD36 AR I /NARAE 55 38 5 O i /)
#,CD36 i i i % MAPK/ERKS , #458 Caspase /13
(A € 1M A W5 AR 9% 22 20 R ( phosphatidylserine ,
PSer) 52 , M i 7 11 A5 ML 24 58 75 02 56 il %
RIUST LR DA L g A I R A e
TMAO A i, 38 i #8 0] 25 ) 2% i p38 MAPK/JNK
F MAPK/ERKS 1553 &I , AT LAY/ 6 K 44 i
A T B AR L AURS: , AT IS BTRTT As IOFE
1.3 SIRT3/SOD2/mtROS i &

TMAO j# i+ SIRT3/SOD2/mtROS j# % i F
NOD #2Z /R R (1 4549 A B 11 3 (NOD-like re-
ceptor thermal protein domain associated protein 3, NL-
RP3) R4E/IMA R ELTE , NLRP3 RAE/MAf % T As
ARSI R AE RG2S Y B 5E B, NLRP3 4
KE /N A 1) 28 R A 36 P 48 ( mitochondrial reactive
oxygen species, mtROS ) {KH P G 7T BE A& P B2 D fig
B A 114 T2 I S AL 5 3 2 R AL 3 (sivtuin 3,
SIRT3) A] LAY 5 S ki i 8 11 £ BE AL 52 ) mtROS 1
L, 3L FE A5 NLRP3 5 SIRT3 A9 AH I K 7 1)
DLt mtROS A FH 52 i AL 44 % 5 AN 6 28 AH 56 38
R B, TMAO A {GE 3 15§ mtROS /K F- Tt
i, fiff SIRT3 H 4456 8 S AL W E AL 2 (superoxide
dismutase 2,S0D2) FH:-X} H i 2 Bt fk , 52 SOD2 %
PEREAR, 2 JE B M 4 (reactive oxygen species,
ROS) Fl mtROS 7K F &, it # Caspase-1 i 14 34
i TMAO IR REfEHE SIRT3 siRNA 3401 IL-18 . ICAM-1
L4 )& 2 11 ( matrix metallopeptidase-9, MMP-9)
()3, H I SIRT3/S0D2 3 2 P K2 2 fitg Hh TMAO
755 NLRP3 RAE/IMABOE 7 s el
W25 Bl TMAO %} SIRT3/S0OD2/mtROS {3
53 Y 4 R 45 AR HT, Gl G XF SIRT3/S0D2/
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mtROS 38 # A HE ) A A IR LAZE A As HHOCRAE
FIGRIE LY
1.4 ROS/TXNIP/NLRP3 i i

Wiy ATk, TMAO ] 3 i SIRT3/SOD2/mtROS
T P2 mtROS A 52 Wil HILAZ 5 5 16 928 AH OC Jie
P B R TMAO 15 T HAEC B ]
FAEFEOCE ROS 74 i N BB — S AL A 5 T
(endothelial nitric oxide synthase,eNOS) [y mRNA /1
HHAFRIE, T IH—EAA (nitric oxide, NO) 774,
S NO 5k %A% 1 (thioredoxin , TRX) 45 & BBk
b H B AE & H (thioredoxin interacting protein ,
TXNIP) 4383 5 NLRP3 %454, NLRP3 & 4E/MA 5
AT AH CHE S AL I ((apoptosis-associated speck-like
protein , ASC) Fl pro-Caspase-1 £ %¢, Caspase-1 [1 F
VIEI RS S 30 pro-IL-18 i T2 58 20 (il A 2 4R F
PR FaR et RAENS . DFREEREH, 4 N-&
k2 e & R ( N-acetyleysteine, NAC) b P | siRNA 4
S TXNIP 2 NLRP3 # i, nl i 5% TMAO 2L
RAEFNL L34 DL LFSEHEN ROS/TXNIP 1] B
J& 5 SIRT3/S0D2/mtROS J-47 I 1% NLRP3 4 AE
IV B3 %, T G I AE A R S AR R, &
P As U7 53597 FBAL ) 701

2 TMAO {23t As 3R

2.1 RBEIME N MRS

45 9 Bz A0 MO E 05 02 As BRI GG Zh 3Ry | 2
PE3E As SE B 1 3 Jok s A% 05 A 1 B 0 %0 R £
WHEOL T, As FBOE LA P9 B 40 M 19 Bt 6% T g A2
PR D REIRTS | B T RE PR A, it A & 5k ANl 45
e &2 B0, TMAO & N 2 ThRE R 5 19— 4~
MEIR S N, BFFE R, 24 TMAO KT+
B, SEUP I 98 s 2 0 i i i 20 R B =2 T, 3T i
ST eNOS 2536 SIRTIL (215 T 18 \NLRP3 RE
IR TS  NF-kB F1 MAPK 25 3% #2 1% 1 S8 1k
W, AR HE Y B2 A0 R ROS B 77 A= 384, W T A2 3
HAEC ZHAERERF " BLAh, TMAO i858 i 1 14 5% 31
PR M 2 B (succinate dehydrogenase , SDHB) & i
FLRLIRLE R AT RE, HE 0 ROS AR 1, f2 3 9 5 40
MUAE TS, BUE HAEC B9 BF B hRE 21" . 5 4b,
TMAO W] B 22 %I 18 T 20 Bt B i b 1 44 ( exosome,
Exo) 78 HAEC 451U, M 2 58 RE b 25 4 19 ik
FNANMEIE T, 4535 20 B3 B8 R0 6 P B ARt 4 ot A
FFakOT PN R R AZUS  0AE P & AR S TR
FIEAAZ 20 B2 48 | T VR 40 I B, 3 4 2 B R i

RV EOE Y . TMAO ANV 38 i+ MAPK F1 NF-
kB {55 30 [, 39858 P B2 40 AR 1 AL B 2 E S TR
B3, WA % i Fik PN Bz 4 i 1 B R 18 A2 B 7, i
PEBCHE (4 AR5 P B 20 B R B 8 00 A BT R
AEWEE 10122 S TMAO 48 AT LR e i 45 PN Bt 6 2 Bk
RAAIG, X A ZE SN 4 PN B2 40 B F HAEC Hh 00
ZF| TMAO 7| HAK #1415 T TF Ml VCAM-1 9 3%
ik, A2k M A B L Querio 25 Y F 5T 2 B
TMAO FJ 555 ATP 5 B 4R P9 4515 55 oAz, AT
S0 eNOS F1 NO BEJi, [l AE 475 TMAO I RE 46 35
PN B P 1A PSR LA (1 1) o 28 B R TMAO
AT LA Z FHLE] B P R 20 A6 477 , R e =5 8 i —
BT TMAO 7 As W5 | R P J D) B I 1 1) L4 4y
FAHLH], TR As.,
2.2 S5mMEERERRLRA
M BENR B ITAUR As 1Y B AR 5, B2l
I3 B K38 e B s 1 ke 2 i TMAO ZEHLIA
BRI R IR T VE T, B TMAO AT LA i
PG ¥ 2 AR 3 JE BE X A2 4K (farnesoid X receptor,
FXR) Al /N5 — B AR AR 3Z 4K ( small heterodimer
partner, SHP ) 410 i Cyp7al 1145235 DA 1 417 il JiT ik iH
THER Y A R, I 100 B [ e 336 ) 5 s ) T
TMAO A= B FMO3 5] DL o) AE [ s 336 i 4%
i a0 e R R B SE /NER T, AR FMO3 1T 35
JFF X 2 1A 384 Py 15 I 240 L [0 e 336 1 % 3, DT
SN A W As DL LB gT s SRR, M
il TMAO A= i, It/ g BT BUR BT As A 3R,
X It —SefF g B T A TMAO B Bl SR 3l
W FHRRAR ) 45 A9 2 3 ,3- 1 3-1- T B (3, 3-
dimethyl-1-butanol , DMB ) 41 ] /A~ [a] fif 4= #) TMA %4
AR RAEAE HB AN ) TMA A 5, AT T B ApoE ™~
AN As AR AP S X )T %E Wang 552
— B DMB A D) & REAIG I 2 TMAO Y B2, A\
T — AU 1M A5 BE A i TR TR, Kuka 2570 211
THNH] TMA AR R 55— JEES  7E Wistar KB & 9
yBB &4 K i1 i T LA S 3 R AT i 3 A 4 A i
V1) 2 0 AT 77 A4 1 TMA/ TMAO |, U85 % 1L 55 B 1) i
JRUURL, A BFFT " B | 3 ad (0 0 7 CL A Y
AP FXR F550 550 15 25 §S B4 ] TMAO 2B B
ity FMO3 [RJAF AT DAYS % 1ML 45 B (%) i DA, {H )2,
i FMO3 A2 S5 TMA KREH, S5 =H4&
FEPR , NTT HH BRSS AL, f0 R IR 25 B AR A RE AR, o2
VAR — 5 (B 1), TR RO
T, AR AT TMAO A s 42 A i 6 Pk A7 24
Yria g D8 I A5 RE 1 B T DORR AR IR Y O
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B AP R R A DR 1) D B ) A
2.3 SERERM

PAE S — . 5L 5 25 Bl ks B R Ak 0 1)
kA R, RS As BB Z—" ) [F,
SRRV As BEHURE 2451 S0k I PR =5 1R 0 A%
ORISR, AE As B 8 5E KN 8 T AR Al
PEVERIE X S8 As BOIRIT MM E 28 hs sk
], TMAO R 3CTE L MEAH b 35 38 % 32 4 ( scavenger
receptor, SR) SIS ,@?ﬁﬁ%lﬁ%%ﬁi A1 ( scavenger
receptor A1, SR-A1) Fl L /N JEHE & H 4 ( platelet
membrane glycoprotein 4, GP4; L FK CD36) By =ik,
AT ox-LDL AY4RBCRIE IR A0 M AT )Y . A
WFoEHE TS ) CD36/MAPK/JNK 3 f% 7] BE7E TMAO
7 S BIRANMIE B & 4 SR S TMAO
AT LU YR 52 25 H (heat shock protein, HSP) fiY
FEIR A A G A AR, DA ik & 15 W5 200 6L 1) 240
LG8 2N, 175 5 IO 28K 11 e 20 B e A8 Sk R
0 Horh HSP S As BEHURBEAGER & 31
) —Fh 25 2R e 40 MRS ALY B B PR, BT L
AR R S PR 24 e B 2 R AR 2 R 20 FEL 5 P B 40 L
. 52/ THRMGEEULSS TIE v
(interferon-vy, IFN-y) | IL-2 %5 Z F e R K F 1) B,
B H §iik 5 BT 58 IE ] TMAO 27 B2 5 HSP
T ARG A AL AR S Ak, TMAO W] & 3 i 5
NLRP3 R E/MAETE L, #0015 19 NLRP3 4 AE /IMACKS:
pro-Caspase-1 % 1t 7 1% L 11 Caspase-1, {2 #F 11.-18
FTL-1B A0 20 2 06, fioh 2% 98 A R G 988 2 g
(B 1), 28 ERrd £ %F TMAO 3% B9 S8 431 il
FHSCAT 5 38 1% 1 1 — 25 1) o Bk s A e 1 e s AL
HIBEST , AN FH 8 R (scoparone ) | 12 Ho 1 ]
J774A /N NLRP3 A5 /IMA B0 | DL FEAR 5 4E
PREYIRERIR AT REXHBYT 5 A ARG As BA
R Ay 3 S0
2.4 SE5FBNAREE IHMEE

TE As U 705 LA R B8 RN BE — T TR
As BEHIE BB e RO LT 4R, 55— T R BEBR A
PR 8 R A3 o 1) s A G o o f B AR,
HASMC 3 AT 55 ox-LDL JE B30 7K 40 O A2 ff As BE
BB IURR, e e 3] Bsf K 4 o PR A e R
) ox-LDL X AJ75 5 HASMC 81, WA T A B e i i)
AR e LM R, 7 A Bk E 1A
TMAO [R5 A9 HASMC H TMAO Lk B 49 i e
17 AR E 1M 4 5k 1A S A9 MMP-2 . MMP-9
pl6 Fl p21 Fik, B TMAO fE#F T4 Sk % [ 5
) HASMC F£3£ M1 ROS FUZE | {H ¥l i) TMAO b

OV B S HASMC 9 5 212 s
HASMC 454 RE 7 FEAR , T2 5 & A= R T R R e A8
By &) AN TMAO 3 AT LL3E 5o R 20 % TP 34k
%W 5 (protein arginine methyltransferase 5, PRMTS )
AT NF-kB p65 (19— H3EAbi5 T HASMC 445 R,
S0 A L 25 B A R R 4R B R ()
734k, TMAO i G i 35 NLRP3 1 NF-kB {5518
FEAEIE HASMC 14 BB 43 A6 RS Ak M T 52 i HL 2
fE' {0 TMAO RHE N M E 13 NF-B 5538 i 1
PR A 5T R 00 BUAL, PN S N L T B
257 TMAO ¥ 519 HASMC 48 5 J52 o 3o #2177
25 LRk KR T3 i NF-kB {5 53 5% 52 i HASMC
[ 9 E J 7, TMAO 38 38 3 A % 72 {2 fff HASMC
W, I m TR,
2.5 MEHELEEK

As JEJEG AR | BEHCRBUR BB A, S 30 45
REZRMTHEE  th L R B A R A, ST
ML W A K I F (vascular endothelial growth
factor, VEGF ) | it % 15 5 A ¥ ( hypoxia-inducible
factor, HIF ) SF R IRIG N, X 46 K2 {2 (3 2 1 48
] B L2, T R S ARG ER B 40 i
P AR AR S 5 A8 A R0 32 22 40 2 HL
25 %3] TMAO [t % o SERAEN, I 2% TMAO
TS IE I B AH 20 M 55 i 2 7 AH OC, TMAO 2338
1SR IO RN AR T R P R AN i R S R i A
£ BEA, TMAO 34 22 238 i vy fz 40 i o ) ROS
FGAE KT, R NO 2R B, NO 2 1ML 45 2 fiE
A AR AR HERE S X ATEE S TMAO 75
S A B LA AR OCT ) e Ah , HIF- 1o 18
19T VEGF  Angptl | Slit2 25 4% F [fi 45 A= il AH 56 3
DR 208 A 5 A4 o, v Rl 5 T DA A0 o sk 4 1 5 A=
B SCE F# mRNA K35 4 TMAO 7] fgid i &
P& HIF-Toe 7K S S 4000 LT Az 148 B I8 0
5y TSI 45 R W] TMAO AT LS 40 i 43
TMAO-Exo, MM N AR EL Exo )5 , il 13 Exo
FFfY miR-302d-3p . miR-302b-3p il miR-302a-3p #|
ZARNR AR C-X-C JEfFafb N T2k 4 (C-X-C
motif chemokine receptor 4, CXCR4 ) ¥ 3% 1k , Il /> 4H
HAE RS /NS T B, D400 Ay It 4 A Y
AN B A B A A 5 BE R i B e AR G, T
B A I R R A 5 2 Kk A 2, TMAO T
AIRES ESBEH P H 1 I i BE B () R R e
R, TMAO 78 F i HIF-1o 7K 520 158 A i 7
T A AR Z2 AN 52 A T PR 38, An 55 i B B e
) A T B — T
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E 1. TMAO {23 As #t &
Figure 1. TMAO promotes the disease process of As

3 BITEEEEER T As iRIT

BEAEFEARRRETFHET
R R AE T X T A TR DA A S TR A
T As I —Fh A ROED L 2R RN,
ARPRE AT DL ol A 0 B 2, DT R AEG TMA
FITMAO 177 F 308 2% As 18 iF JR 1 eE .0 95 1)
JRUR: 57 /by b TMAO i A (2 P i 0 iR
) A, ARG 1ML 3% TMAO 7K 7, —JRE ST %
AH 30 £ PR 20 PR 2 186 T i 38 2 9 v TR i A
TMA/TMAO, Jik /> TMAO AHEME, TSI CVD 1)
JAUB: TN 21 R AR 2 A8 s & (A IR B A
ST 5 R AT AR Ad TMAO ZKSF-7EJLJR A 3 3%
RRARDTS ) peAh, e A R RS A A
Az gh %5 A 16 7 X 00T AR P TMAO 7K,
A ENETT As B9 H B WG FIGIT As X
M2 IR AT R, B A B IR R R
T 7 2 IR 3 R B8 SR AR T 7 YA YY As Y 2L
W, HRrfe FHRBA AT B BiiG 7 RN R BT £
FFERRT T IE
3.2 BEEEETHEST

J 38 BT T A Sk R TR IR YT As 1A 2K
Jrik, WREM, 47 ELFFE ZDY01 Fl ZDY04
TRIT A REBRE SR /N B, T A AR /N SR P 3l e
HA, B ARG TMAO /K, R As A
TRERAE AL O MR, /N B s IR K £ A2 ok
F As {5/ BT W ol A 0 2 Y 00 7= A T 7

3.1

) As JRHAEAL™ . 5 — TR 5 R R, As BB
HeZ T RIRAR LT ( H IR 2x10° CFU) IRYT 5, L
FELNAR IS K BT ok DI REBGE H Bl Bk P G IL-6
PRIV R, TL-10 KBk i, 2B 1 e 75 2F
A ARG As SR S DRI RE | B8 RAEFI 2
FERZS BRAL X T R DU AE R IRYT 2R
R TEPUERIBITII(4 ) ZJ5, As BFE A0
M4 . C [ i 8 H ( C-reactive protein, CRP) [ TNF-
a IL-18 IL-6 A4 #4 4L 2 11 1 ( monocyte chem-
otactic protein-1, MCP-1) | Ifi. /M ¥ I8 A= 4 [ -+ BB
(platelet-derived growth factor BB, PDGF-BB) | VEGF
SEFROR AR BL 0R , HUA: RIS T LU
AR As BB I RIEFREE  JEXS 8 U AE I RE IS i 2
FEMERLLS R M DL Siae g R | 25/
PR ZRIRYT AT LIRS As AHOCHE AR L (EAT)
e EAT BT A b AT 58 R AR 2% LW e AL A A 2
o B, X T As BTG AR YT, 8 i 18 R
P AR R EEEE T B R R SR TR B AT As
M EERE

4 B =2

L5 F TR, TMAO 75 As WK 4 Kk b i
HEMO, HIE, FHEX TMAO 2 54> 10,
{5538 i R S LR BOR AL AT IR ABE ST, DL
TRXT As & AE TR ML A, SR %) 18 45 40
FNAYT J7 15, an3E o 8 1) 43 25 9 203 TMAO 4R
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As IRIT H B, BASRUE, MG A R CHE A9 A2 2]
PR DO GRS, A1 Xl ) 8 TR L is 3h 455K
W%, 5 B SRS VE L R AL BTG H B, R AL R O
ARA As 007 MBI IR A O ARG HE PR Fn 22
FEALAYIL AR , ZERR LI 70 AL AT F0R Al As
IR KR R AR &
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