Reviews and Monographs ERud=fars

B

0) D)L S i R
Progress in Biochemistry and Biophysics
' 'JXXXX,XX(XX):1~15

www.pibb.ac.cn

AN =HIRER S SRR TE
2 Bk A A5 A58 1 XU Bz Fou iU P Y BT ==
BEARD WMEY HRESHY xEET

(" W BEZ I bR, I 4300655 2 AL = AR ER KRR, 2RI 433000;
D30T R EBRAE AT EE UL, 3] 448000)

WE SINOBREEEL (AS) JEOIMAERIR Y E LR EIERL, AR RBAFEETE, R IAERIBS . M2 h TR 2K
T RAR AR, (XS A RE UM AS , X BEBR G DA HERR AN AL 5 IR, B AR T ik A e R R
PRt gk i A B RS W 7 5 B AR TR o SRR AR, Wi W e B M 7E AS B9 R A e
EE KRR, Hrp, A=W (TMAO) FIJEHEARITR (SCFAs) A 0y 52 i il (A= A =1, S A il At
R-AEge . fere-pike . NETUBZETL-NE PR A YE R A 2 AR BRI R e AS XU, iyl PR30 T IR AL B iR AR . ARZrid
B TERIT TMAO 5 SCFAs I AE UL . A2V R RO AE AS T eh R BIME TS 0, R A e o 22T AS JXUSS PPAG 4 R 4

PSSR, ARG R R MR 5

KA ShbkobREREL, =T, EEEIRNTR, WiE G e GRS, Ba R

FESES R543.3 DOI: 10.3724/j.pibb.2025.0399

Lo L& e (cardiovascular disease, CVD)
S A ST R AR = BRI — o TR 1R
PRARAE A, B fkoks A 46 (atherosclerosis, AS)
T RO I P O BRI L ARk, B
AR BS54 Sz 3l BB CRIRE I, 2008 AR
Wit e, HAE b ELC i R S g i 2023)
R, CVDARE T 104EFIEZ W1k 0 ASHY)
RIRHLEIE 2%, 8GO T 2R R Lo+
PLHIFECY, H LA FE RS R 224G S AR AE | =5 1
JE o WA LR PRI A R ER AN 4 B MR RRESE BT
BARE2AIN R, B—A ASHEA Ry, 7Rz
P AS BESE B AT A 255 | & 16 Je A=A i)
I R4, AT, 2Wr AS 2K T RS
(ultrasonic sound, US) . # 4R 1% (magnetic
resonance imaging, MRI) FliT 5 HL W2 B #i R
(computer tomography, CT) %24k, (HiX
SO BN B . AR RS AR, HR REU )
SRS, NBEH G PR AN RS . LAY
ASTRIT LA I RIFAN F, (HRIHHZ & S350

CSTR: 32369.14.pibb.20250399

its. BpidEmn ., NIRAGEFLOERE ;. FARX
BE PR R, B RE B E siR 5
WA AE s WL, FFE—FHEERAM: L KRR
A H g R s e ARERIZWT T H 2 CH %,
AR, A iE AR YR S Ik S
AS IR R YIMOE ™ i, o
EMAYAREY (AL =P % (trimethylamine
N-oxide, TMAO) ) FILHAEASHIER, M5 —
B (4n G BE AR Wi BR  (short-chain fatty acids,
SCFAs) ) WHA BE MR VER . kA mERHA
YA i R R T 8 PT REE R A i A T, 9y
A 20 WA B A o A E TR R 2 OC B A4
M W =HAE (trimethylamine, TMA) F1bR
AAC WIS, 260 iR R G AN A ™ A=
S R SRR R, TR W
* 1AL TSR S H  (WI2019F171) %280,
s MR A

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




‘2 EMUFESEYYIRHR

Prog. Biochem. Biophys. XXXX; XX (XXO

HACH LW 51697 AS B WEME. HHAMY
FEAE SR — (i HH A —Fp A P hn S I8 O, an ok
i H TMAO Xt AS A7 KBS F ,  HA HA — 2 1Y
JRBRME, 4 TMAO M2 R K (Z1IRE .
RIS SR A ) H GRSz ZFREEC
Z s (' WE D) Ae 5 M & R G 0m 1 52
Wi (20, AT RE TG R S S W L B . AR LA
T 7E T TMAO 5 SCFAs B9 A4 s . A= 424k
FHBOLAE AS T th i B RIS 07, ke e . 4
T AS XU PEAG 1A R R AENSARIE , IF Rk
Il PR FHER AL 5. 2L TMAO 5 SCFAs 7 AS
R PR R TR R, S B A RSk S5 )
e, Rpefianfarss i s et ik, LRSS
A A I R G A2, X AT I
AS S FEAE

1 TMAOL5SCFAsHIR§IRIRS £ ¥IhEe

1.1 TMAOWRIGKIES £ M IhsE

TMAO I RTARY) JF TMA 3252 by i 18 PN 5 B A
J& . AT R SR, AR AR . A e
AL, ARG A TMA 281 TE K AT 1), FE &R
AN 4 B 3 (flavin-containing monooxygenase 3,
FMO3) f# 1k T % £ 5 TMAO "' . JR it 2
TMAO M ARG EF i BR 1Y R Bk 48, — LT
TMAO 7E N h AR 7 s BIF S 2 B, 40 24 fhR
BYEAESEA d9-TMAO (iiFrid TMAO) 15 min i,
BT 7E M b g 2] TMAO, HAEHEAJGTT6 h
AT B R e K ZE 1T 3K 67%, 24 h 5 29 96% R
TMAO ]l i JRGCHEH 17 FeER MR, AR
AlGE 2 TR DL 280 VE AR W) A TMAO,
o Bn, A GIIFIEG TMAO M Ht A
oAl E A R e sk PR B B e 2 50 £ Y. L
FMO3 ifPEazist e (Al &k = R PRAE ) . 47 |
T ACR R Y g, ARS8 TMAO /K
SN 1, K R KR R R SR TMAO 7K
SER B A B, T REAE IR RIS R A
25 ST

LA R B 98 & B O IS R G258, TMAO
wrlRe s “RUEY - B XS R S
H5MAGRGE . BT, CEANRE R
| TMAO, HOR R AT 68 0 I IE A 5 28 68 it g b7
B 20, ok R A R CH TS ZE B K
il 2] FMO3 B AF7E ) o Geng 55 2 (IYWFIE &
M, TMAO 7£ {& N Fil ik Sh 2 #F AS, H CD36/

MAPK/INK i i 7] 8 7E TMAO 75 5 1 3 £ 41 Hf T
R SCEEVE T . PR R, ILTE TMAO ZK-F-F
5 5 NI AS S IEASE 2, TMAO W] T Hill
o AU 5 R B Bk % 9% (coronary artery disease,
CAD) #1 2 % 7 Bk 2% & fE  (acute coronary
syndrome, ACS) BFITHHFKIAMIET K ; 25
AT RGR A R A AT R, I TMAO ¥
#5500 (coronary heart disease, CHD) &
FEAROMAE S (major adverse cardiovascular
events, MACE) A& REIEAE 5 fzerd B4
T TMAO /K (49 7 5 4le & 1 CD14+H1 CD 16+ 5
A0 A 53 LT B A OG, TMAO BH IR BIE 5
YE R 26 v 838 MACE B92M e $0 R 2= CORUR: L Ry
1.690; 95% EAr X087 1.030 £ 2.771) 7', B A HF
7Y $E 3 o 0 TMA [ 7K F Sk B IR A6 26 1Y
TMAO K ¥, AF 2 ¥ 76 19 CVD iR 47 5w = .
TMAO A2 AS RN A HAE A RS A s Py f it 1 3
WAKEE, SZREHAE CVD XU AL AR -
1.2 SCFAsHIfi kiR S EMIhaE

SCFAs i # 8 55 £ 4 1~6 4B 5 B 1 FIAS I
fig 250 SRR T 4H B AE AN GS i v e R I
JEELA4E A MRIR, FEAUTELMEE (acetate) |
iR 4L (propionate) FIT FgEL (butyrate) . &
PR AN R =2 g R T I e 2 A5 74, TR
FEMERREEN . ARER, KRR
WIRRYANIE (AR R e ) 54N T R
i (AR ) HA7TA8 UG SR, REEA BT
FERENG IR FRE, FF HOHSE A A R4
T FATT AR B

SCFAs Al {EHI T 2 Fh a2 Ay, @k 873578 &
U T8 D) RE N S D) e A5 AR Y L AR
FELR PRI . FERAL ISP Z B, LmREhnT 4k
Frg b P . Riie e . Utk Rk, Jf
AR B 2 TNERERE N G 2
1 1 BX 32 /& 41 (G-protein coupled receptor 41,
GPR41) /GPR43 Jifi ], A48 [ i 8 #f 22 R 458,
XT 6-3% 22 [ e 175 5 1Y) F1 46 AR A48 b 22 R AP A
FH B0, TRV B OR AP IS P RE | 40005 g 8 IR ] e
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Fig. 1 Mechanism of gut microbiota—derived TMAQO in atherosclerotic pathogenesis via inflammation > oxidative stress ’

and platelet activation
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TMA: —H i (trimethylamine); TMAO: % fb —H % (trimethylamine N-oxide) .
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[ S v R R O (S s v 7 V] 1 B R
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Fig. 2 SCFA-mediated vascular protection and anti—atherosclerotic effects via dietary fiber and intestinal bacteria
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T JE 2 ML
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(Ifi/pRCa2+ T TXA2LERY)
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(CD36/SR-A14\ 5 iH EFEHEED)

—— {EASHFE
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Fig.3 Antagonistic mechanisms of TMAQO and SCFAs in atherosclerosis pathogenesis
E3 | =RpRnE R EI R LR PR EHLE
TMAO: A b =H ¢ (trimethylamine N-oxide); SCFAs: %G %5E 5 B2 (short-chain fatty acids) ; AS: shfki#iAEHEfL (atherosclerosis) ;
TMA: =H ¢ (trimethylamine); FMO3: #ZE HJII4 3 (flavin-containing monooxygenase 3); NF-kB: #%[HF«B (nuclear factor kappa-
B); IL-6: 14~ %-6 (interleukin-6); TNF-a: JRIRZEIN Fa (tumor necrosis factor-a) ; Ca*": #5515 TXA2: I ZE A2 (thromboxane
A2); CD36: 43fki%36 (cluster of differentiation 36); SR-Al: il K3Z{AKA1 (scavenger receptor class A member 1); GPR43: GZ H{HEk
%143 (G-protein coupled receptor 43); Treg: JWTiPETHIMI (regulatory T cells); P-selectin: Ifil/MiiE#EEZE (platelet selectin) ; LDLR:
FEARH A Z (low-density lipoprotein receptor) ; SREBP-1c: [HEEIHTT G454 # M 1c (sterol regulatory element binding protein 1c) .
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5o AN, HRETE TMAO BYTE R H 2 SRR
4N 25 & 3 S A ZETE A A2 B TMA 19 BE 5388
595 mARE S THE LK TMAO K5 184 15 1E
WERARHEEAKES, 3K TMAO KA T

(liquid chromatography-mass

TR A, B LI TMAOEN AS 1L
PRI AR R A I A I, TSR & A A=
Yibs S G R, AHENZWT AS (iR .

G 105 I A IS 1) £ LRy, (HAVE N AR I 15
5oy T AISEE R F R PR R VR R 9 20, SCFAS
NGR4T, JEHIE CVD, e . 2 BURE RN
FISREESR HA R . Hli, o-6 %2R 1M
B FRFE(KLDL, -3 2ZAMEAIgNRR, W
3k TR (eicosapentaenoic acid, EPA) F1 -}
TR NHR  (docosahexaenoic acid, DHA) [#{KH
=B, BRI FIRIRR (AR ST
7o b L [ A0 LDL K S 7%, 3 3o WL SCFAs 7K
L, A BT IR CVD B BRSO IR DL R
i o

{H SCFAs ik FE 7K V-2 I 18 R B 2 FE M |
AR = N gm ERERES S 2 M E R, A
W5 A, SCFAsMA N 22 S 450K HAE B AN [ o7
BRI, A0E ATt i B R e, i
37 Vit 45 i W B LA BT R B 0 Ak, B B AT 4
AN LS FHUNG TR K T, a4
R TR RV B W AR B sl B R
RS SCFAs VE b sl Ik ok A 1 A6 1 J (1% 00 0 38 s
WEA — R RRRTE, R HAE A Yhs &Y
LI 2 P e A A ) 20 i T 6 ARG R e A1 B
£, WIEK N TMAO 5 SCFAs St A6 7 4E [ 34
BREREG, —E A A B AT AR I
PRAME
3.2 G ASKBE TN 77 %K) R BRI

BRI R R AS TN kA7 A
4 FRRPEIR . WEMESRT S REE (E D).

Table 1 Limitations of traditional AS prediction methods
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Fig. 4 Clinical workflow for combined TMAO and SCFAs detection in AS risk stratification
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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.

Key words atherosclerosis, trimethylamine N-oxide, short-chain fatty acids, biochemical marker, combined
detection
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