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L MM 45 9% (cardiovascular disease, CVD)
S AT AR R BRI — o TR A
AR, B kol AL (atherosclerosis, AS)
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/N, CYDAHEST 104ERTIEZ WAL ' ASHIK
WHLEIE 2%, 8 HOA NIRRT 2R R R 5Tl
Wil BO, HOLAY SRS PR 2L EE S IR ILE S I
JE o WA OB PRI A SR R RN 4 B MR RORESE BT
BARE2AIN R, B—A ASHEAE Ay, 7EREZ =
T AS BESE LB AT A 255 | & 16 S A= 4w i)
I R4, AT, 2Wr AS 2K T A
(ultrasonic sound, US) . #3414 (magnetic
resonance imaging, MRI) FliT 5 HLI 2 H#i R
(computer tomography, CT) ZF5{82¢K4r, [HiX
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its. BpiEmn ., NIRAGEFLOERE ;. FARX
A A AR R AR, AR B s e
W IT R O B, R —FPEER AN KK
A H g IR s e ARERIZWT T H 2 CH %,
AR, Wi YA SO Yok S
AS R R B PIAE 7 AR, #5r
EMAYAREY (AL =P % (trimethylamine
N-oxide, TMAO) ) FILHAEASHIER, i —
B (4n G B AR Wi BR  (short-chain fatty acids,
SCFAs) ) WHA BEM IR VER . kA mERHA
YA Y SCFAs AT BETE B2 MK il v IE [ 7t . ) 19 7
7 ARG S A i 980 D T 4 Y R OC i SR AR
M W= (trimethylamine, TMA) F1bR
TMAO J&, 3% IfiL /N 5 48 i i T8 1™ A= 5%
Mg 2 SRR SR, 38 A R A
* WL TEZER S H  (WI2019F171) ),
s SRR A o

Tel: 027-83743001, E-mail: 605922820@qq.com
Wi B 4 2025-09-08, #2537 H I : 2025-12-10




2026; 53 (2

AEB, % SN =FIRES =R 730 AR OR R RE AL KUK Ul i A BTS2 -405-

RSP W 51697 AS A B EME ., B H {7
A I — R AE AR B R TS B, an s fi
FH TMAO Xt AS #EA 7T XU 0, HATSHA — %2 1))
B, il TMAO MR 2E R R (k. 4F
W SR A ) HAR R 2RO 1 A R
Fm (W' EDIRE S ph 2 RGP A 1),
AT B8 JC % R S R R I A ML . AR SR TR R T
TMAO 5 SCFAs A= L] . A= 424 AE H S o AE
AS TR UREE T, AR . AT R AS K
B PPAG A R B AE AR, I AR I PRI F 4
B8 S, ZH I TMAO 5 SCFAs 78 AS H 14 3 ] i
MAE, woe™ s ik 56, Rieflm
farw BB R R A B, DASAS F RO IS 2R
G AEERON, ORI S AS SCIR A SER

1 TMAOL5SCFAsHIR§IRIRS £ H¥ThEE

1.1 TMAOHR kIR 5 £ Thae

TMAO [R5 TMA 322t i 18 9 SR B
J& . ARTE R TSR, MR rIenE . R
B, AR RER S TMA 281 T KA 1), e %R
AN 4 B 3 (flavin-containing monooxygenase 3,
FMO3) i 1k T #% 4k 5 TMAO "' Jk HE it &
TMAO MARTE A Fh i bR () 2k f8 . — Ik F
TMAO 7 AR AR 7 SRS 3R W, 40 44 fa B
BYEAETEA d9-TMAO (JihRiC TMAO) 15 min),
B ] 76 ML gl 2 TMAO, HYESRAJSHT 6 h
T B R I R B AT 3K 67%, 24 h )5 20 96% 11
TMAO Al 3@ it JREHE 7 SR e, AZKiR
A 2 TR DL AR ) R A TMAO,
oS, A RS B S TMAO e LRk A
At & 2 R B8 B PR B B e 2 50 YL B
FMO3 I tE52 35t (st vE = WU BRAE ) . AR |
T ALY B, A BE S 2 TMAO /K
FUE S Y X ERE R R TEMMA TMAO 7K
S S EEAAL, TRETEIG IR I R4
25 S R

PRI FE KB, BROIMAE BG40, TMAO
ARG LT “RUEY-Ta-IT RS E (R R S
e RGN ™. HEr, SEARKE bR
F TMAO, HORUE AT 84 T & 5 25 8 1 i 5
B 2, Eok | ORI A L (HET S FE BN KA
il 2 FMO3 B AFTE ) o Geng 55 ' (IYWFIE K
W, TMAO 7E & N R SME i AS, H ML #% 36
(cluster of differentiation 36, CD36) /A& 43 %4 )7 1%

16 B 25 13 B (mitogen-activated protein kinase,
MAPK) /c-Jun 28 Jt Vi & 1 ¥4 B (c-Jun N-terminal
protein kinase, JNK) i #% 1] BE7E TMAO 755 (1934
KA IE B R G HEVE - o A s, IV
TMAO JK-F It i 5 AN 2K 08 AS B IE H o¢
TMAO A H T Tt £ A5tk 2l k%9 - (coronary
artery disease, CAD) Fl2 1w ksi & 1F (acute
coronary syndrome, ACS) & T AT
SRS 5 2522 50 B AR o O A3 AT A 9E 3R I, il %
TMAO ¥ 5 5% 0 % (coronary heart disease,
CHD) HB&H FEANRO M F M (major adverse
cardiovascular events, MACE) & A * 5 1F #f
5 290 AR R R T TMAO 7K1 T S 4 R
CD14+F1 CD16+FAZ 4 i 11 73 Le TH i i 5 A1 56
TMAO 15 IR B IE S A1 2 26 Hh F8 % MACE #5773t
MR X EE A 1.690;5 95% B 17 X 1] 9 1.030~
2.771) P, EADRRARE, SEAIE TMA KPR
FEARIEER P TMAO /K-, AEAIEAER CVDIRYTH
B 2. TMAO F9AE AS B0 Ry HAE R KU A s
HETEESARYE, SCREHAE CVD RSP R
1.2 SCFAspIfRig kiR S £ ThaE

SCFAs il 7 5 5 1 1~6 Ak J5i 1 A AR A g
Mg 220, AN [R) i A TR TR B RS i v i A T
FEELF4E AL RIR, FEAUTE LMEE (acetate) |
PNIREE (propionate) F1T fg#: (butyrate) . 2
PR AT IR EZ R E R R I e 2 54, TR
FE TP EAER . ARER, FAERLRM
WIRRIANEE (IR R e 2w ) 54N TR
i (AR ) #1738 %R, Reig A ATt
SCFAs 141, I H A JAE MR A B4 i T
FNAITRCR 2,

SCFAs A/ T Z R A ig2e ), Jdad il 16 3=
R Wi DR M g V) SF B AR Y b R Y,
FEGEP AR . TERIE RS R LIRER T 4E
et Py . ARiiee . Utk R RN B, IF
MBI AL RRR B B TNIREME N G
F 1 BX 52 /& 41 (G-protein coupled receptor 41,
GPR41)/GPRA3 JiE ], w4l i th e REt, X
6- % 3 22 UL i % 5 1R 0 4 AR & 4 P 2 R AP AR
2 IR (1 L NB 7 1124 7S Tl IR v e ! 7B e A
W, IR R, IR B ks R AL Y T
FLESL e, T RN S G B
106 7 1A AH B A FH A ) 4 85 (1B 2 iR (histone
deacetylase, HDAC), 335/ N B i e B D e T
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I BAIE S AE R N . Ak, SCFAs 5T At
AT REAEAE 3 UL, 7T REMRIHE M FMO3 1
FEA TMAO K-, X H7m S A4 vl g ok
ARG 2 R B — B AR R A R . S5 A IR IESE,
SCFAs fE4T AS J7 i HA S Iy, (BRI
AT tE— 5T B .

Zz Fiik, TMAO 5 SCFAs & [A] )& 7 i ik
YARH =, AR B0 AR R A0 A 2 e
TMAO il [n] T8 ixf A AT L ] 5 5 i g 55
0 ¥ ML A 151407 3 SCFASs 4% 37 81 )5 1ot S e 1y
e g B AR 2 0 T R BT ASTEH . 3 Thig
XSRS, 7 AS KRt RE T REAEAE
AR, RSO s HTRON T RE S AR AT
AS T BEHIL I 4 G

2 TMAOL5SCFAsTEAS % 9% it 72 #F 1 1 []
53431

2.1 TMAO{RHZEASHIHLFI

AS Sz DL 80 ik 4 BE R HE R Sl Jik R 14 R Ry A
g, HOUALHIE 2, WRARAER N . IFETE
B MR EREL 2 A JrmE (B D) Sk
FERW, TMAO{E R AS By T K1 K A 1 -+,
AL3E L ZFP AL IR AS #E R 1
2.1.1 TMAO TR RS, fEdF IR 40 B A= i

SEEAIEYE B, AS BEHH TMAO /-3 AL Ik
Y B 0] R i 2 AR AR S 0 AR IS
H, TMAO "l it [ CD36 M i R Z Ik A, 1
58 IV 4 B o A [ B A B S ST R
TMAO A i 1+ MAPK/INK i 3£ 5 CD36 il #2314
i AR IR AR T A s o AARBIFIE iR
HN, 2K TMAO KEF & CVD &, # 1k
EEERE# 1 (high-density lipoprotein, HDL) 7K
SRR 2, i HDL A 5 A9 BH [ B4 I 1 e A2
(RICEEA IR, A AN & HDL L4545 ASTEFIY &
FHLH . X $E/R, HDL IIREREAS AT AE5 TMAO /Y
12 ASYEFIBLEIAESE, B TMAO A] T fH [ 1) 2
]2
2.1.2  TMAOfHERAEFIN K Py HEphs

M55 P R 20 B ) R s A e A A 2 AS TR A 56
BEA T, HURRAE O 3G ME S (reactive oxygen
specie, ROS) FIE A& A= i3 fin, - [H] s 14 bif i
5K T Y i ——— % fb & (nitric oxide,
NO) MAEYFIFHEE TR =, MFRREM, TMAOS
THE N a2 % (interleukin, IL) -6, CJ

M #E 1 (C-reactive protein, CRP) . Mg dR5E A+
o (tumor necrosis factor-a, TNF-o) A ROS 17K
-, [RIEF R NO AR Al Y, I i BT A% - B
(nuclear factor-xB, NF-xB) {5, SN
AL IR A PR - RN 07, DT A E 5 A A
RHBRF 7o

A TS IEYE R B, TMAO Wl it £ Figk
P A VE ST SN T R R B B T = A
Fz A B IL-6. CRP A1 ROS %5 /K F-4h, TMAO
WA I SRR S RO, JUHUE NOD FEaZ 4k
OE 45 B C & 111 3 (NOD-like receptor
family, pyrin domain containing 3, NLRP3) & JF
AN STl R El R S [1H =R AR G 7 1)
BN P TR I A s S, B E
XFFHERE LS N B 5 B M 2 AR AT ), TMAO
SN B A rh B R 1 RIS, i
NLRP3 "] BH 1k X — B4 17 (RSP S8 ik % 31,
TMAO ] 3 o - 15 3% 312 Il = B (succinate
dehydrogenase B, SDHB) #ik, B{IRFEHIKAN K 40
MLk iR 2 5hRe, PEmE I ROS AR . X
i TMAO fi¢ AS VEFHER AL T35 73 AL B E
2.1.3 TMAOH{sR /MRS, et AR AL

B R TMAO i #E il #4 JE 1 iy AL il &
TMAO EL #2388 58 1L /N % 22 F ik 2l 750) %) U |
FLUARSRI A AR N AR T B I it/ N i B s Ik
& (ngui A Ca* BEilsR) . TMAO YR BRI
Pl CANARGR) o mT s i/ MR BURE , iR A
IMFRTE RS

Hurc A wFsuE i, 3,3- Z B 3 -1- T B
(neohexanol, DMB) HA7 FEAR M A4 JE il AT B i
IRIT RS, AR FHALS B0 6k P IR 6 TMA 24
it BTG P N 22 TR 7R T TMA = A 1))
IGTT G AT DL R & /MR MK (platelet-
rich plasma, PRP) F1 TMAO 7K~F-F1Us /> ADP 4
MR/ AR AR, TSNP #A 7 TMAO #8344 i
Fon B, X R SR T A W E-TMAO-
AT B TR ) I

I, TMAO Al i S 4% P Bz 41 i
AN (tissular factor, TF) BIFEIEFIIGTE, M
e AS AT AL 7o K TMAO 5 AT 3l bk
N EZ AR L[RG5, AT L TF A IF 1G58 TF 35 P
SR AEA K B BRI, TF /& TMAO AHCE)
ok M Ae T B RE R A BT, HoAT e AEBGE e At
P06 iz 18 A ) TMA 25 fige il ST B0 A S REL IR, 27
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Fig. 1 Mechanism of gut microbiota—derived TMAO in
atherosclerotic pathogenesis via inflammation, oxidative
stress, and platelet activation
Bl MEMEVMBEITENSEU=FREBTKIE. UM
A0 /NS L ZE B AR A RE AL & i R B4R R AL
TMA: = F Ji (trimethylamine) ; TMAO: % fb = W ji%

(trimethylamine N-oxide) o

2.2 SCFAsYTASHIfRIE AL

AS g PESE M, T RS R
PETSEAN R, L B e 7 (g
A FhAM R BB R ) Ik AR A L
. 5 TMAOR “BERE” Mk, SCFAsZ il
ARG ASHER (K12). T 4F R oY
0 9IE 5%, SCFAs 7E .U Il 48 92 95 & 4% 0% 4
YRR =
2.2.1 SCFASfE ik Treg MM 701k, P38 M Kz ShE,
SR S RE M 52

AS TR B P fEfE R e RAMML N+, 4%
+4k&E y (interferon-y, IFN-y). IL-12. #fb4EK
F B (transforming growth factor-B, TGF-B) Fi
TNF-o. BEAEMFSE RN, LBREh. NRRER AT FREL
AL T E T 40M (regulatory T cells, Treg
cells) A= s il HDAC &P, MITE AS BT RAE
P EHETAEN . fEASHRGHEL, Dl
PN R D RERE A5 25 A SE B MR R R REE AT fish
PR AR MG S AL, fRAIRIT . B WA A
Al 1 248 ) B ok RE SR AR SR 5, SCFAs1E
B A, AT A P R AR SR 20 i 3 T )

GHEHMBEZIK (GPR109a) 454, MHIERHNF
IL-6 4= B _EIRPT9 HF IL-10 (3K B0 %L
SR Treg 0L 1k,  [RIBHH I &M Th17 40
B . AR, T RRER AL AL i SR
M 3k HE#E 11 P3 (forkhead box protein P3, Foxp3)
B A2 Treg ANBRIIRE, 1 Foxp3 X4l 22 Fh 42
il S0 2 G E T

Li%: Vg KB, SCFAsil L% GPR41/43
FAN# HDACs, A5 T SCFAs % IL-6. IL-8 f4:
BAE B i & 40 B &5 B 4>+ 1 (vascular cell
adhesion molecule 1, VCAM-1) A9 %3k A1 70 i i
L % 1 ) (peripheral blood mononuclear cell,
PBMC) 55U ZAMMIA LR HT . L4, Haghikia
85 BT ROBIFSE II, TRRER P ] g I
IZEEFINPCILL, H4hnA7iE H IL-10 Fl Treg 417K
o FIRZEELRN], 2P SCFASs RIIE 1 AH JGIE i
BN IRE SAUASIEIRAS, i FiR ASTERL.
2.2.2  SCFAsHCGENE ARG

i LI A2 AS (% LGRS R % . Campbell 45
BOME 5T i 45 46 HY ,  SCFAs 78 JH [ B A= jl p & 45 4E
JH . Haghikia %5 5" $f Apoe™/IN BT Er BRIk £ M 55
A ASE S, BT NIRERIAYT, W R EREALN
BLOALIH R B . K% B IR & 1 (low-density
lipoprotein, LDL) FIHAK% RS H (very-low-
density lipoprotein, VLDL) [H7KF-. 7E AS RAEIK
BT, #ABHEH A-1 (apolipoprotein A-I, ApoA-I)
W B [ AT AT g ok B0 o B A L AR AR HDL AT
MRt (C4) {23k AS, TJE# Al #85 ApoA-TAE .
1E5 HepG2 A L85 55 1) Caco-2 4 i AU vh & PR,
A ApoA-1 923k iR, /871l SCFAs n i
o 5w S E D g VR B 4G Y. Bultman &
IBFFE o, B0 T -G B 2P 4E- T TR 2R A T s
AS BEHUATR, {EXH I [ B AH i = Eg K- JCs2
LI AT G238 0 5 i A 22 WA A s 4
B 90E, MM AS. [RIFERY, 7 Kasahara 5§
PIRFFEH, I ERA T T IRt nT g~ A= sl ik
PRI

AR, AR SCFAs 7E AS 45 & e b Be 2 7
A A S SOV . AN, AR A SRR A ) TR
AR, 0T FRAEMGI TG B T4 58 A Fs e 3
Peghty . AR S TRRERIE A, 7Rl
7, PTRE AL AS IR YT BT SR W, 1 A
SCFAs I1E AL eI A e i A gtk — 20 F5E
KI
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Fig. 2 SCFA-mediated vascular protection and anti—
atherosclerotic effects via dietary fiber and intestinal

bacteria
B2 RERFEGEREEKREERERERT ME R
1€ B B A Bh B HERE L 852

2.3 TMAOSSCFAsEMHEE XRS5 R BT &
TMAO 5 SCFAs — & B AR [RIE T I 18 A=)

ﬁ% BAE O I A R T A HE R AR S i
. E W Bl 3 OF Xk N R R R G E

Z(K3),

SCFAs B A Y R A R B4, BT
BAEZE CVD (Wit JE, IRREIATY 2 BURE PR
JRESE 0 MR . R O AR, MGE
HEREFFAN . AR SR, Jee KU E I

BRI AR nT S A T A AR, B AT A A
swm%%%&@m¥“,ﬁﬁ7%%mﬁ

SCFAs ARG 3 AT s, WEREEE B e & 1
(RIAT A J8 2 BR AN R B TR ) i A= el 390 2 24 m]
A 3 R AR /N B BB AR 5 5 09 1ML ¢ TMAO 7K

S T L, RN SRR E SR
s&m-ﬁ%$E,MﬁTﬁ%Mﬂnm%$&,
M2 TMAO FAE R, 13X A 520 TMAO 1R &

m¥ﬁ1T% Tl JEL %% mL—ﬁmL LA S
W ryE—Eg00E . Ah, SCFAsIHTZRAER (A
115 GPR109a 45 &4 il TL-6 4 s 4 FH TL-10 Ay %
ik) FAIHES TMAO 2 i P B 4 Bt AE B IL-6 . CRP
EARER N FAE EARRS L. A TERs B Qi s T
B ThEE E 2R, TMAO BAA T4 AH [ FE 5

TMAOLj SCFASTE BN k5B FERE AL (AS) HF B FE B

TMAOfEASHLHI

JELBR PR B — ¥ 3 R B —~TMA
(ZFMO3% L N TMAO)

!

b RAE RS
(NF-xBi#i%+ IL-6/TNF-a 1)

|

b KU
(fi/RCa® t . TXA2ERR)

!

1 LR T AR
(CD36/SR-A 145 IH & B4 HY)

—— {RASHE —

ASPEYuE

SCFAsHtASHL

i Er 2T 2k — R A1 —~ SCFAs
(LBR/IIIRI T R)

!

VRIE SR
(GPR43WIE + fiE 2t TregH fitd 43 14.)

l

b AR RS
(] [N P-selectin k)

I

VB BRI
(LDLR t . SREBP-Ic } )

HASHRYT ——

J3E TR AR U 1 2k 1
(FTMAO/IKSCFAS{E#EAS)

Fig.3 Antagonistic mechanisms of TMAO and SCFAs in atherosclerosis pathogenesis

B3 S =R REINE AR AR ER TE Bh kR RERE AL & s Hh O RS AL U

TMAO: % bk =H B¢ (trimethylamine N-oxide) ;
TMA: =R} (trimethylamine);
IL-6: F/r%-6 (interleukin-6);
CD36: 431ki%36 (cluster of differentiation 36) ;
Treg 4 fifd -
FERRE M 2K (low-density lipoprotein receptor) ;

SCFAs:

SR-Al: JEif
(G-protein coupled receptor 43 ) ;
SREBP-1c:

L R D7 12
FMO3: % 4 EF3 (flavin-containing monooxygenase 3); NF-kB: #%KF«B (nuclear factor kappa-B) ;
TNF-a: @RS Fa (tumor necrosis factor-o) ;
i RZAKAL (scavenger receptor class A member 1) ;
P PETA0ME (regulatory T cells) ;
[T B ] TR

(short-chain fatty acids) ; AS: ki fL (atherosclerosis) ;

Ca®': BB T; TXA2: Iif&ZE A2 (thromboxane A2);
GPR43: G FHIKZ 1443
P-selectin: Ifl/MRIESEZ (platelet selectin) ; LDLR: L%

A M 1c (sterol regulatory element binding protein 1c) .
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I iz i B AR T, T A L 1] e ) T 0 B adk AR, T
SCFAs i i 25 Fh A2 I 1 R Al CUn IR e i
WURRFACESE) , S SRR . —FH
ST H WA B, SEmR R B AP A
ARA, BEMTATRERZ M AS Hfm HLE

LEE AR SIE L IR, AR A AS
L BEER YT AR A PO, A o A W
A WHE A 4 T B i KU, , - 4 TMAO T ] fiE
B SCFAs [ 7RI HLHIRH] . (L, 2T 3
SNSRI, R RE RN B — AR S R BR A
PS5 3

3 TMAOLESCFAsEX & & 7 AS XU i1
2o Ly o

3.1 B—iREYRIERE

HAr, ZHHEdERM, CvD KU AR 0 i
TMAO JKF-Fhr, L IX 8t 8 % 58 5 R I 5
WY TMAO HA, JFAWFRE /R, M TMAO
(877 A= BE R AT AS P B ol P ik 2 v A 2 g XU 7
FET U, TMAO #A S vl LUE Ry 10 A 26 CVD i
A MACE & A F8 i — I L A b
REZBBEFEH, TMAO K AL A Sy bR A I
AT o H ARSI 5 2 A 45 VRORE 235 o %
£ (liquid chromatography-mass spectroscopy, LC-
MS) | R [FA3 28 i o v R AH €335 - P M5 55 1L
HRICT % (DIS-HPLC-SM/SM) | Jii F#% i 3L R
JEiEE (IH-NMR) | T UM @35k (headspace
gas chromatography, HS-GC) Fl13E i 4 B 30O it
We/rL B K AT B A B 3% % (MALDI-TOF-MS)
USRI, 3K TMAO ZKP-FEA AR N HA 38K
ZE5r, HAZ 2R, 123 R B ST
7R, I TMAO JK-F- 3R B 55 4R 8 A O B4
e, B TMAO 7K BEAF % A 3 K i kg fin 7o
HAMEE KB, MR R AT LLROE e BE X 2 K
(Farnesoid X Receptor, FXR), 55 FMO3 %1k,
MG T TMAO 7KF- 71, H FMO3 524 51l 22 5 11
SO, DRI e ] A DR R 532 i 384> AR ]
TMAO I 22 5. A, REAE TMAO HYJTE i i
RN . B 3 SO ARl P b AR R TMA
MIRE 1855 ;. RIRIRE 2 T & I TMAO K -F-;
8 PR I R E R AR E A BRI
TMAO /K V-4 fr T K7, g, B— LA
TMAOYE ] AS I EAUPRE Y AFAE R S AN R Y]
B, A E AR LY bR S A R, B2

W AS B R

R W & AN REAR Y T2 Ry, BV A NS
oA R R IR AT R B VE 9 Z 0. SCFAs
FENFARERESIE, JLHIECVD., e . 2 AU IRIE
AIE TR I2IT BA L Fl: o-6 &
Z AR IR T REAIC LDL /K F 5 0-3 RZANAI
JEWife, n— Tk LR (eicosapentaenoic acid,
EPA) il -+ #4118 (docosahexaenoic acid,
DHA), FZEREMRIMSE Il —Eg; i ie F s
it (CUnkRAmR ) D)2 s S I [ B2 FT LDL 7%
52 MR, SCFAs nl 4 B 45 mAs i . 27+
RHUEE, 5 LR KRR U R 4ERERE A
Ao T WI SCFAs /K-, A B TPEAL CVD &
R, PR LIS .

{H SCFAs WV B /K V- 32 I 1B R E 2 A6 . i
B AERR A N s FANRESE 2N R L, A
95 K, SCFAs A2 S8 K HAE W AN R
BWRBEAIE], AnE B A s i e B e, T
LI 4 v B WA B R e o IeAh, R AR A
ANEESFBUNTE TIREKE TR, milmar4eix
B PR ER R BE IR sl B, R, R
M SCFAsAE R AS 32 Ji () UL 5 Frth BAT — 2 1Y
Jry B, Bk bR AR R AR A A I AS 19 3
JE AT RE B B M sl BH P . IE SR TMAO 5
SCFAs FSH A A AE_ LIRS Rk, 3 ARG N
FHA IR AT I R AL
3.2 fRGEASKXUEE T 75 % B B PR 4

MR R ) AS B0 5 ik, 2SS s
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Abstract

Atherosclerosis (AS), the primary pathological contributor to cardiovascular diseases (CVDs), has

increasingly affected younger populations due to modern dietary habits and sedentary lifestyles. Current

diagnostic modalities, including ultrasound, MRI, and CT, primarily identify advanced lesions and inadequately

evaluate plaque vulnerability, thereby hindering early detection. Conventional treatments, which involve long-

term medications associated with side effects such as hepatic injury and surgical interventions that carry risks of

restenosis and hemorrhage, underscore the urgent need for non-invasive, cost-effective early diagnostic methods

and targeted therapies. Gut microbiota metabolites are pivotal in AS pathogenesis, with trimethylamine N-oxide
(TMAO) and short-chain fatty acids (SCFAs) serving as functionally opposing biomarkers. TMAO is produced
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when gut bacteria, specifically Firmicutes and Proteobacteria, metabolize dietary choline and carnitine into
trimethylamine (TMA), which the liver subsequently converts to TMAO via flavin-containing monooxygenase 3
(FMO3); TMAO is then excreted in urine. Variability in TMAO levels is influenced by marine food consumption
and FMO3 modulation, which can be affected by genetics, age, and diet. Mechanistically, TMAO exacerbates AS
by disrupting cholesterol metabolism, inducing endothelial dysfunction through the elevation of reactive oxygen
species (ROS) and pro-inflammatory cytokines such as IL-6, and reducing nitric oxide levels. Additionally,
TMAO activates NF-«B and NLRP3 pathways while enhancing platelet reactivity. Clinically, elevated TMAO
levels correlate with early AS and serve as predictors of mortality in patients with stable coronary artery disease
(CAD) and acute coronary syndrome (ACS), as well as major adverse cardiovascular events (MACE) in stroke
patients. Conversely, SCFAs—namely acetate, propionate, and butyrate—are produced by gut bacteria such as
Akkermansia muciniphila and Faecalibacterium prausnitzii through the fermentation of dietary fiber. These
metabolites exert anti-AS effects: acetate aids in maintaining metabolic homeostasis; propionate protects
endothelial function and reduces plaque area; and butyrate fortifies intestinal barriers while suppressing
inflammation. Furthermore, SCFAs cross-regulate bile acid metabolism, thereby influencing TMAO levels, and
antagonize the pro-inflammatory and lipid-disrupting effects of TMAO. The use of TMAO and SCFAs as
standalone biomarkers is constrained by limitations. TMAO lacks specificity, while SCFA levels fluctuate based
on gut microbiota and dietary intake. Traditional AS risk assessment tools, which include clinical indicators,
imaging techniques, and single biomarkers such as CRP, LDL-C, and ASCVD scores, overlook gut metabolism
and demonstrate inadequate performance in younger populations. This review advocates for an “antagonistic-
complementary” combined strategy: utilizing acetate and TMAOQO for early AS, propionate and TMAO for
progressive AS, and butyrate and TMAO for advanced AS, addressing endothelial dysfunction, lipid deposition,
and plaque stability/thrombosis risk, respectively. For clinical application, standardization of detection methods is
crucial; liquid chromatography-mass spectrometry (LC-MS) is the gold standard, necessitating a unified sample
pretreatment protocol, such as extraction with 1% formic acid in methanol. Additionally, dried blood spots (DBS)
facilitate non-invasive testing, provided that dietary controls are implemented prior to detection, including a 12-
hour fast and avoidance of high-choline and high-fiber foods. Existing challenges encompass the absence of
standardized systems, limited large-scale validation, and ambiguous interactions with conditions such as
hypertension. The authors’ team has previously established connections between gut metabolites and AS,
including the reduction of TMAO as a preventive measure for AS, thereby reinforcing this proposed strategy.
Future research should prioritize standardization, the development of machine learning-optimized models,
validation of interventions, and the exploration of multi-omics-based “gut microbiota-metabolite-vascular”
networks. In conclusion, the combined detection of TMAO and SCFAs offers a novel framework for AS risk
assessment, facilitating early diagnosis and targeted interventions while enhancing the integration of gut

metabolism into cardiovascular disease management.
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