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[ ABSTRACT]
past decade have shown that elevated blood levels of TMAO are positively correlated with an increased risk of cardiovascular

diseases (CVD).

Trimethylamine N-oxide (TMAO) is a small-molecule organic compound.  Clinical studies over the
Vascular remodeling ( VR) is a critical pathophysiological process in the progression of CVD and is
widely involved in the onset and development of conditions such as hypertension and atherosclerosis.  Current research in-
dicates that TMAO participates in regulating the process of VR through various mechanisms, including promoting inflamma-
tory responses, enhancing oxidative stress, and inducing vascular endothelial dysfunction. Present interventional
strategies targeting TMAQ primarily focus on microbial modulation.  This review summarizes the sources and metabolic
pathways of TMAO, outlines its potential pathogenic mechanisms in VR, and explores the role of TMAO in VR as well as
its potential value as a therapeutic target, aiming to provide a theoretical reference for related medical research.
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= B NS ¥ ( trimethylamine N-oxide,
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i B( protein kinase B, PKB/Akt)/ﬂﬁﬁij]%%ﬂ]E
%5 Z A ( mammalian target of rapamycin, mTOR)
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LDL) %Ak LA K g 5 SR 200 M5 PN B A P 2 B, 2 i
SRR RE AL BEBR B 1G5 HER , TMAO 38 5 306
K F kB (nuclear factor-kB, NF-kB) 45 4 i {5 5 1@
B, L TNF-o f1E A 6 (interleukin-6,11.-6)
SEGRE PR TR IR, TR 28 i S I 458 8 PN B 4 e
THRE , e 2O & 47 I RE L 5 A1, TMAO 18

TR P Rz 78— 4 AL R A B ( endothelial nitric oxide
synthase , eNOS) B936 P , Ik 2> — 48 AL & (nitric oxide,
NO) A R, FE3E NG PE % (reactive oxygen species ,
ROS) B Az, T IR0 S8 AR 33, 9 — 25400 3 TN B
AT A I RERAT s e Je , TMAO 8 i % Ras
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member A, RhoA ) /Rho # i ( Rho kinase , ROCK) Fll
22 B4 )5 35 AL B F 3 ( mitogen-activated protein ki-
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(sirtuin 3, SIRT3 ) /#8 & AL ¥ B L il 2 ( superoxide
dismutase 2,S0D2) /£ KA 1% P 48 ( mitochondrial re-
active oxygen species, mtROS) | ROS/#i ik 8 H H.
YEZE 1 ( thioredoxin interacting protein, TXNIP ) ER=
I8 % DL SRR BE AR ¢ FE A ((fat mass and  obesity-
associated protein, FTO) /i & Z#E4E K K1 2 mRNA
ZE5 4 A 2 (insulin-like growth factor 2 mRNA-
binding protein 2 ,1GF2BP2 ) 15 5 18 35006 12 1 R 45
BUHIUE & S R AT 9 R AR A5
ZAK 3 ( nucleotide-binding domain leucine-rich repeat
and pyrin domain-containing receptor 3, NLRP3 ) ; i
L2 B A1 5 T 4 T R 5 R I (extracellular
matrix metalloproteinase inducer, EMMPRIN/CD147)/
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b IR S P Al A 45495 4 T, T TMAO 2
55 I A QR4 O A 2 1 B ORR , R 7 5E ik
SRR S TR R P R A A v R A, R
K MIBFFEAT BBtk — 248 7R TMAO 78 N B2 40 i #6245
T EARAEH]
2.2 @3t VSMC T R R B R

VSMC. 24 B I 48 F JE 1Y) 32 28 40 i i, ot
HULAR T2 73 AR AL 22— VSMC 3 i H
S GER LA ECM IG5, 25 145 VR NI 2
oIl A8 10 B AR B AR — O, AR K T
FARAE R 3T, VSMC R s 1 A 40 &) 380 9 8
G FE , B BESE R [F) I, VSMC M if 487 v 5
] N I #% I 0RT A= N L, R SOTE MMP [ i
ECM, 3 2 I8 B 5 A0 i SCRE R 120 5 —Jy
I, fEZ RN EIFES T, VSMC M Hs B[] 4 20 54
e, G A VSMC HAT SE 9 i 34 5E | I A4 A BE
1, BB K5 i ECM IR AE I 7, T 42 37
MAFBER A, WF5E & B, TMAO Al 3 it 22 Rl
P VSMC RYSE 5 5082 . il hn, TMAO Al il
PI3K/Akt/mTOR 452 5 4 il Ji] 391 908 42 1 AR A7 19 15
S, bR A0 R A A DY K A R 4 A
TG 4 S5 40 R SRR OC B 1 g Rk, AT AiE E
VSMC 3455, 4k, TMAO i GEi o 8 55 WL 3h 8 A
RS H 1 A AN B 2R DG ER 1 3R3A | 15 5
Ry AR 7 1 43 W0, A E VSMC o) 453 43 & 457 1)
IR, TMAO i REAS I8 1 30T Krippel FEA - 4
(Kriippel-like factor 4 ,KLF4 )/ ELA% B LEMH R F 102
(‘eukaryotic translation elongation factor 1 a2 ,EEF1A2)
5558 B A FRAR RNA CTD # R E 1 ( circular RNA
CTD phosphatase 1, circCTDP1 ) /6-8f fig S #i-2-14
fitg/ S M -2, 6- B FR i 3 (6-phosphofructo-2-kinase/
fructose-2 ,6-biphosphatase 3, PFKFB3) {5 51 %, /i
T VSMC £ T, I 41 ] 52 14 1% 22 B2 U ( receptor
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tyrosine kinase, RTK) Z&#HLi , 175 5 VSMC Hy e 4 74
)5 R E 402  BA AF ST R I, TMAO T 38 i
JE¥E VSMC IJRES 5 VR kA kR, SRinT, H Al
LI TMAO S35 T 15 VSMC 5 451 1T K e 1Y
S DB TR AT B AT B A o B A 5 AT AE 3K —
BIR AR E, I LB B I R IR TT 5R w4 A1 2 e
A

2.3 A%

A AR TR L 0 BRI /R R ECM
(EHR A FEE ) DU, S a4 4 28U
FHAE RS R, AR ERESTR, A 4% T
b3 B B A A AR S L A5 g, SR, Y
AT TR, KRR E AR F IS S5
I A5 BE 3G JE R e AR, 3 s 07 1) 7 4 T e, DA
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PUHIAR i 2F 4 Ak iE B2 . — J7 T, TMAO 38 3 005
NLRP3 Fl Caspase-1 %515 5 it % , 175 3 BU 2T 24 40 Ffd
SEZ PP 53 W TGF-B, HE 1 ¥4 7% TGF-B/Smad {5
T I PRI SRR (RN T 4 ER AR ECM LAY
I s AT, TMAO 38 7] 58 i3 Akt/ mTOR/ 25 4
R £ PN 5T (384 ( protein kinase R-like endoplasmic re-
ticulum kinase , PERK) 15 5 1 B i — 4 ¢ 3 i i 26
FIEY AR 5 —J5 T, TMAO 83 145 ECM (1)
Kot e ANURRSF- i R 2 0 £F 24k, TMAO A BE 4 il
MMP ( 411 MMP-2 1 MMP-9) Ft) 3¢ % FI3% P | M U8
/b ECM FOREAi , 0 BE b RZH 204 8 8 (I I 370 1
(tissue inhibitor of metalloproteinase-1, TIMP-1) I
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ECM i BEVTRR®) | b TMAO 38 7] 37 32 45 40
ORI B & TGF-B1 .miR-21 5 H- B 1 S s 14
XL AN I A T ok ) PRl B 2T 24 41 45 I, 208 i 0
AR HESh L 4 fb ) AR R R ™ HRTE
T TMAO {4y ML 5T 248 Th 7E ECM Al
WA (A T, SR, F 5T 6 B Mas 32 1 2L A BLer
AEALAEF  (HHSE R B 5 TMAO 5 Y27 ik i
WA B, Mas 320K 85K T 1M 45 SR B2 2 20
JHL, T L7 A7 REEAE Sy 7676 722 1) A s D SEER AN, E
VR Fhpii 5 G {0, TMAO J2& 75 RE % 1 T 4
Mas SZ R RE , FE 7 BT 4 40 i i 34 58 5 12 %, 2 i
I VR A5 #E— DR E 33k 4[] K il Ak
WSS 2 7 )

2.4 BAEERNEE

FEM s L2 EZEWF I RS DNA 3 51 17 3 4%

R R IR HIPUH], A5 DNA H AL 2 2 & i A

JESu S RNA %0 BF5E KB, TMAO BEWS i@ 10 %
L35 A7 2 A8 5 Tl I A5 P B2 4 LR VSMLC. 55 1L 77 240
HIER R, BT R R AR ik K A #F VSMC
WA S5 ER ME, 28 VRV, TMAO i
PET miR-17/92 FEMY 3R I8 N EE 480 R, I3 5 1
PN FE SR B 4 miR-221 45 190 4N FE K (1 3k
ik RIE P T RE ALY R AL R R
{45 DNA HILAL A (8, DNA H Sk 245
FE CpG 5 () M mgiE R 3 b | HR 3 | DT 8 4 3L 1
Fik, TMAO 1] BEARAR 4 B+ (10 IL-6 1 TNF-o)
Ja Bl DX F R AR KT i SR R R n R i
B RAE ; IR, AT By £F 4 AL 3L N (st Ak
it A 334 5 DG A2 AR ) I Bl DX R AR K-
TR T R 4T e ALk AR 0 A
M5 (40 TR AL I T Ak ) S 4 5k o502 e 0 ot 45 4
S5 L PR S 05 AR . TMAO 3 3t 41 1 4 2 1 5
VN AR Y =S = A L X ) O (BT
RIEDR 5% 5% 5 TRl 3 W] 3 o 40 26 14 2 Bk Ak s
TGF-B IR EE R S5 21 4 AL AR G SE R (1) 58 5 5
YR KRR RS A, TMAO T fit 38 i 184
TAHIPERRIC H3K27me3 KB 27 4k A 3 K 56
K, oGl I AR TG YRR IE H3KAme3 A4l 4 B2
AP RL N 35 ) TMAO 3 3 5 VR HH SR
RNA ( microRNA , miRNA ) 35 , [8] 42 5 0 {5 fff RNA
(R e A AT R R o R, AR VR KA, i an,
TMAO i3 | miR-21 (93K, #E Akt/PI3K fF
S P PE VSMC BY3EFE AT RS 3 L A
WM T e ISR KEEIESRES RNA (long
noncoding RNA, IncRNA ) I 3 R RNA ( circular
RNA, circRNA) J2 IR B Z 1 JE 4 i RNA, 78 3L [
FEIR VR S AN BE 5 TR RN OE T AR A A AR
R E A, IR R I, X 2K RNA 7E
TMAO /31 VR i B iR IR & 5 %5 | EAEH .,
n, TMAO 3@ 1 I 9 IncRNA-NEAT1 % ik, 3170
MAPK {553 % , {2 30 P9 52 40 il 58 circRNA
T FEEAE FBLTLRAE R 7345, 3 5 3 miRNA
N IO 3R G 45 A miRNA | AT BR miRNA %t
HOE M RNA P90 HI1E T, (B 42 R 15 RNA 19
B3 HAT, 36 F TMAO 2 7538 2 845 circRNA
25 VR Mtz BT, FATHENTE TMAO 417
B VR 3 FE v, 55 5E cireRNA 7] fiE 38 1 5 40 W Y
miRNA Z5 5, fifk 5 50 30 35 DX A 40 il 4, i 9
5 VSMC W5 FIiE A%, Sl VR iE R, R 1L
JAFE S TMAO Z ] ) OC R 2 XY HirO I 55 BF 55 10 8
MOTI] . AR TMAO X 26 W ist 4 HLHI 49 520
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fal N &z —0Y ) BEge & B, 18] W7 RS kB 1
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3.2 WHEYTFm
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S0, I3/ TMAO HYAE B, F7E D0 40 T 47 1
RIE I G it S A I RN BT 41 416 55 5 T & 454
FAEHAE A B i B e B 1k, TE W BRI TE A F
] ) ) N 0 2408 5 A i o, PO O 1 i TR
LTI . BT R B, IR LAS R T i 2o 2
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F1 Bifidobacterium %547 % [# J& 1) 3 B, [ B 900 4l A7
EH R, NI 5 i TMAO 5 51 VRV, %8
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box 1, HMGBL ) /[# B I 15 JC 7F 45 & 8 4 2 ( sterol
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%, F 7 Danieliae 853K & £ B, 3 8 Lactobacillus
i LA VR [ fg A T B 2 8, E T ) TMAO B9 2E
BT AN FURRFF R AU R B S5 25 A T
AR 7 0805 JIEL 1 Pt A D 9 S 7 5 4R o
B, IF AR TMAO 7K V-, AT A #5450 2l Jok ok B 4k
(PRI RS I i 2 9 T B TMAO A= B
WFFAE T AR R WA 1 — s e (B ATh T I 3 22 3k
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BT RCRA 2, HWR, il Wi AR A%
B AR = W] BEAFAE A ELAE . 4, i PRk
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