Reviews and Monographs Eaud=kar

)) ) EBUFES LR R
Progress in Biochemistry and Biophysics
'j 2022,49(2):284~291

www.pibb.ac.cn

FU=HERS KPR X RNFARERE

kB oF o ok F

RS F&a x| T

(HHP AR 2EM B AL b B e b, dbatmih BEpFsE i, dtat 100010)

WE  FifkilsFEaE{L (atherosclerosis, AS) BRI LB /& — I ™ E fa 3 AISERAE . IR RN, il m
BRI E AL =B B% (trimethylamine oxide, TMAO) 7£ AS &ZJwALH L B EEAEH . POIARE B mfsiE . LIRsE R
ZRMFIRKT . SRR ANMIE A R/ . SR/ INARSORE P | SIS I B RUR: L 5 LA P AT AR a8
RIEFTI . TMAO X AS [ A48 uﬂu&ﬁaﬁﬁmﬁﬂay,%ljt&ﬂéﬂké%%ﬂ’wéaz AT TMAO ) —fieitE . TMAOTEAS &

R RVER . W T TMAOBTIE AS BB i oY ik Ve —45

X ShifkiskeaEfl, S, BHiEw
FE4ZES RS54, R34

O I AP0 2 — 2™ £ 3 N ISl R 0
BEF AT 22 T & A E AR TS A AR, TR
O MR I R AR, BT, Ot
T-E NS mRESET R E A Y. shkis e
fififk. (atherosclerosis, AS) J&—Fl K &I Bl ik )
H S e IS M ARE SR, S5 ROl AP 1) &
TG RRIERE 2

Jo T A R A AR 7 24 i A
EIrRe A OCHER, AR R AT e S 51 &
ORI ) 3 903 19I5 37 B bk 3h ik
T 1 7 B RS e PR A2 A A TRE VAN 5 2 S B oY
FOH, RRBEANE SRR AR TR RO M4 AR
Tl J& o (B B e T 4 4k = B % (trimethylamine
oxide, TMAO) 5 —Ji 5 F v I 7 A AR v
TMAO 7KF- 550 i F5E R B, TMAO A i i
LR R e R T ) e 32 Ttk B ik ok 5 K A
52 h &I, TMAO KV 51 PR AS BEH 7 fif
Z [BFFAE B B R - R G R s S R L
FeCl, 75 5 1) 351 20 ik 454 195 /1 BRL A8 i 442 T2 o B o 25
TMAO ¥ £ 3% jin 1fij 3% Jin ﬁ%dﬁﬁ%%m
mmoiwmm RERT, IV SR A N

@%%%%,mmoﬁﬁzﬁffl%fho

DOI: 10.16476/j.pibb.2021.0088

TMAO A g i 1 10 AS ) A& A R F AS 19 &
&, WOAO AR I X — G R

1 TMAOR—#g45 4%

1.1 TMAOHILZ MR

TMAO 1k C,HNO, & —Fh JC {5, IR )
Shidn, R UL KIS YWIEXAE . TMAO) i
AT AR TR &b, #eil = 5 h &
LT
1.2 TMAOHWIRIRER HImEZ

TMAO 7E ¥ A W vh J2 220 2 P9 U 5 1™
A 9T AR Y ) TMAO = 25 5 i 18 2k At
WA O RN AT T IE R VI A
A (FEERRRAI AR ) =4 TMAO |
AiA——=H % (trimethylamine, TMA)., HH,
JIFLBR 3 P T R IR P S R A B L R (IR
g ) FH 55 PR € FIRAR) FH S R D) s Ay I i
TMA 2 e LA SE 7 540 TMA Y5 )

s JLRtTT FARRRA 4 (7212163) B H
s TR RN o

Tel: 010-52176951, E-mail: wh.l-007@163.com
Yk H# . 2021-04-07, 4252 HHI: 2021-06-03




2022; 49 (2

g, % EN=RREFPHBHFEUXRNHARIER -285-

i 1 BE K] Cned F1 CreB 25 1) 1A B S8 Ak B AT Tt
Bt Ao TMA 1) s Ab ok y- T B0 1
Ak TMA M 772 AR B KR 4 TMA 9 5l b i i
FNTFRKIEER T, FPIE D B B R SRS (flavin-
dependent monooxygenases, FMOs) } TMA %A 1k
JLTMAO, Dy TMA TEIIE T 48 TMA B Y
YER EIAAALR TMAO M (K1),

TEFT A ARE R IR, & 1] 2 I B b i1
TMAO ¥ i 5% i e K. 28 & A 1) TMAO Fil
TMA T BRI, SRS WA B o PR .
SR oR, (@ RAR R R A S I B
TMAO W JE /R B X & (W M) s W ()
T RBEFRGR) [ 50F5 D

Jig 8 s M R I TMAO BB A L. SE58
W, U RAR S TMAO BY/NEL (A Xt
HREZH) I TMAO ZK P2 2 15 T SR JT 18 /)
BUHT, b ST ARG B A TMA,  BRITAS g 7™ 2E
TMAO ™. S s R, DUE &8 AT IR 8 A e
E B i AN AR 1 2% TMAO K T LA & 284
J& M FEE R I R A2 AR T, X RS 25 R R T
Y 3 A W) B A AE S RPN TMAO Y A= i 285G
2, BT, SAUREIKE . RAWRIRE . IR

T

i R
PR

—_— TR

SRR

W AR REEEARCH . IR KT
P 29 IR T AT TR RS 2 A6 PG I 7 R LG
UERAREAE DIREL F™4: TMA 1,

FMOs £ 2 TMA A 4k i B (9 4 1k i, X
TMAO (A it = A B, Hodh iy 32 20 2
FMO3 "/, SZEGUESE A FMO3 B N61S %748 23 i
0 U F ]IS W) % R0 3 3 TMA N-AL A
K 20, E R AT A FXR A S 093 42 I FMO3
BRI TMAO By 7=2E 20 BRib =z 4h, 151
W20 TMAO (7745, SMErE/NRAE L, M
/INERUFF I FMO3 19 22 35 Fl TMAO il 8 1 17K
AR
1.3 TMAOHIZH . it

TMAO FEFIEAE Y & UG B8 0 A Ta g 2,
TMAO fE i — Rl /Ny T & AR 25 &) 2 W5 Ik 1
i P i 95% 19 TMAO 3 31 15 /N R UE 3 F1E /)N
B B HE . BR T LR WHE Z 4,
TMAO il £l H . 2 FINENGEHES . A —
/NERAY TMAO BRI IE H i TMAO I Ji il 38 1o
IRAA N IE AR5 R TMA 2 teah, —Sedi 1
TMA i 20 AT TMAO Jit B SR VE F T TS AE TMA
FITMAO JE WL — W i AT 27 (&I 1)

T

2R

Fig. 1 The metabolic pathway of TMAO
E1 TMAOHIRSHERE



+286- EMUEEEYIEER

Prog. Biochem. Biophys. 2022; 49 (2

2 TMAOZEASEEHH{ER

@A, AS &G AR 2K TMAO &
HIAKF S m 25 5ARAG BEPLY ST Bedfim AL
URESE B E A LL, G BEM RS 19 1M TMAO /K
SEET R 2 T T IS A A R R A AE
BT, 7K TMAO /] DIFE RO M FF &
A LA B PO FE bR , OB 18 G AR P X 2R 1Y
WA BT AS IR S BB i AT, 42
INTEAE IR TR A

SR, XFF TMAO 5 AS WA S IR A7 76 4 A
JEIGER T LL 35~55 2 ABENBFSE 0T R A
FE R, TMAO 55 AS & JEIA WK Y,
AN, R T RS R AR ARG AR 52 S AR b gk AT
0, FREERZAT ASHERMEIBE, Tl
TMAO 1.0 ML A0 i A BB AL, AR5 N1
B DI RER LT, TMAO Al LARE Rz i HE R A5k . PR
HEBRAEIE N 25, 8 TMAO K5 AS HIGAY 2518
A BRI
2.1 4HIRE ElESE [miEis

T o JIEL R U0 R 40 L AS BEBR AR AR .
VF 2 0 35 3 %7 = % B2 B8 5 11 (high density
lipoprotein, HDL) ifi #f ABCA1, ABCGI #1 SR-
B1 & s R SE 0 IR 40 M R[S B A ), G2
JIH [4 B 36 1] % 12 (reverse cholesterol transport,
RCT) WY& —2, & — MR A Hi 5 0P AS K
W 2, RCT 3d A il 5 r i) i 2 1 22 4% 1 4 A
[T s i A, A P v L [ P o e A% S IR T
H DAY i LT s ) T XA AR B 3 A R R
b 2 PR N HEME ok, 3K — S BRI R X e s
ASH—EME . RBIRATR R, A TMAO
/I B W 40 i RCT S & /> ™ O3 A S
7, FMO3 JE PR B a] DL/ BRI [ Pt HE A 3
fifi, AEUEE WEAN MY RCT,  [A) BsF300 fi) AE Y AT 5 7K
Y-z 1 R R
22 FRBEXZHHRIEKE, R#iEFKHEME
A0

ELWR AR 3 BR e B AR T4, 7Efif . %
YUl AAE FT ER R R YR ) S A B AT RN S PO
oI5 200 e ok A 0 SR A IR IR AR 1 (oxidized
lowdensity lipoproteins, oxLDL) £/ HAh 28 ok
BRI, RBCHIEIRAML, W ASTE K
2 5 BT A —/ NSRRI IR T
DALz 24 B R A5 SF- JULAE AR . LDL g A4t B 7 ik

FRAZ B Z2 P 8 R AZ AR IR, W SR-A1, CD36
F1 5 oxLDL A7 2 1 J 1% #E £E 5 A oxLDL 3Z 14 1
(LOX-1) B, SZEGHESE, TMAO R 435 35 18 <2
&R LOX-1, SREC Fl1 SR-PSOX FE[H (e ik, Ml
{RAEER AL B, Ttk AS EFE, BB ETT
A A R = A b ASHER B0 A LR e
RN ARSI WEEE] TMAO FO1E ASTERT, H &
CD36/MAPK/INK i i F] iEFE TMAO 75 S IR 4H
JE s A 0
2.3 FENRETHERH

JE i 2 p s S LR 240 6 v g A e
(), AR B AR EBLR i . E AR AR
KA 0.5 g JIH ] sl 5z Ak oy IR i A ST 2505 3
&, BIUT 5 205 R BRI AR R IR [EI R A —2f
R b oxof B AR A A E A, IR R
KA F T RCT, M AS KUK . A 5L 50
~, TMAO i# it A TR o3 A, 3 — 20 B %
ZARE B X Z AR AN ZRARPEAR 8 R
Cyp7al 4235 AN IR R B G B, DT Jin /)
SRS IRIEAE IEL
2.4 HESEM/NMRR M. 80 R R XU

M/ A2 AS I ACRE 1 G BT, i
VLIS B 14 PN Bz 40 L R 428 41 AR B A R S50
W I B 0, o R B R SR i v A
) SIERN [ F o 7E AS BIEE—25, Ik b i RV
P A ILAE & I/ Il SR SR ) X35 A2 483 7 A Bz 4
MM EAER; ZEBe it , i/ 2353 W R AT 43
TR RAE , 5T 00 IS 1 ) S M I AR e A
ASHRAR AT PRI, BEEL S B 4R AR I i
BEAN, I/ A I S 2 A 20 L P 0 A R B A 2
P 9ORE 5 T 19 IS RE T VR b R BAEH .
TMAO 7] 75 4 M 4% 25 F Bk, e fif i /AR i
b, JF¥gsR I/ MRS, /IR R AR LA
Qe 5 LT A S PR 3G 8 ;. TMAO 38 R 38 i il /Ml
XoF LA S R A A R R, B i A A XU T
B A S5 E B TMAO F L/ Mz Sz P RS2 4 1R 5
T2 LA AR T ) B 28 Hph ST g ) [R5 1
25 WMGMEMNE. R#HFRERKE

AS BN A — Tl R 0L P R A0 AR M 5 |
LI RAE TGN, TG GG T URR M 2% A 2
FIFE LI 50 R0 PR 2 D) B B RS A P B T 225 (] FR
& 1l TMAO XTI N K2 B4 4 B 98 5 I g () A1
HEHER, FELEL LU AR,



2022; 49 (2

KiH, %: SU=FRSICEHERLXROARER -287-

251 3 mtROS [ 7= 4= FINLRP3 % % /] 1 1)
B

AL 3 (sirtuin3, SIRT3) 1] 5 SOD2 4%
EIFE WAL, i SIRT3 23 A% SOD2 (17 1
X 28 k7 & 3 M %40 (mitochondrial reactive oxygen
species, mtROS) MR E WA RZMm 47, ROS
()72 A A — AL R R, AT AR
N D ReRefe ), i 2l A & 1 AH AR
# 1 (thioredoxin-interactive protein, TXNIP) #l
AN EH (thioredoxin, TRX) f#ES ., TXNIP ¥
I NLRP3 RAE/IMA, T B8 LA R -18 FTE A
#-18 %, ZIWMR R, 3K & TMAO /K1 i@
T ZR AR BN B I RE RS LA i AN B S S |
ALY ML RAE . TMAO il 3 #7% TXNIP-NLRP3 4
SiE /MACHI I A Bz A8 — SR A R Tl A T e A — SR AR R
A, NI filh & S AL R O S I L A 22 -1 F
A ZE-18 YK )5 R TMAO 4 T 23 i 41 il
SIRT (¥ Z 3k MG MR AR =5 ZE S8 ik P B2 4
iR, TMAO B & A NLRP3 %M/ MA 1) NOD #
ARG MERS SRR, DT 75 5 PN B 200 i i 3 o5
P, fRUESRIE AR R TR R
2,52 BUENF-«BfE 5B

TMAO 1] % 8 I C, AR NF-xB i
BT, TR I A5 AN G R - 1 ) FRE R
AR 2 B A C I S, kB BB iR ik
REffe, — BRARBLAR ARSI NF-xB ', NF-xB
WG G, SkE—RINNMRIER N, A5G
SR L PR () TR TSR FRA A L 5 1 A P R 4 )
ZHib . TMAO if 23455 MAPK/ERK AOTG P, B4
NF-xBi %, MG AAE RN, L3y T nl il
ZAFR M TMAO 5 A A4S 9 0E . #E—I0
X LDLR F R s o /N BRI =5 Sl Ik PR Bz 200 it 0 o 7
W ALAN I A B 5 P SE, TMAO nf 38 3 3
MAPK FI NF-xB {5 5 38 #4012 2F 3500 i 71 4 f 1) 3
FAMISEAE N N R D Re R

3 FHRTMAORGEASHIKRE

3.1 ARRELEN
YRR, SRR T R Ed TMA
(- BBE TS 1045 s REHE S IE TMAO K
FeZe g ik o E AR TMAO BRI T
FEEATE P, SRR ) KIWEEA TMA #ifA
IR 23 520 TMA 5 1GHE T LA S TMAO 7K,
L, IREZS AR e B2, Il X 345

ST R AS PO LA B 521 I T g
it B X P A e A A X R ) 073 RIS I R 5 5 ik AS
BB A A HAEH P73k i A T ik i
Bi AS P I A0 K i B T SR
32 PTHEERE

5 A B 0 o8 FH AT o il ol A 9 IX 2R A B A AR
PRSER « e JIE B S5 T AR 4 Jo 2 78 B TMA 1) 4 AT
Wb, AT LAVE B TMA B4 sshn, ez ar L
ot 200 B PR % A A TS R TP PR B2 7
TMA "% [ B A PR v v DR AR DG AT A 38 in
KT B ] 3 TMAO KT . 2541
HlFIE fE W E WMy R A F A FE-10 74z,
JEREl EEE RN T AN E-1. BHEANE-6
(A3 IA /D, 3 R 1G240 i M2 78 (g4t
REETT ' AW BE A A 52 5] &2 Fl K2R 5
e, WptAEER . PUERIRIT AT E MY IX R
T SRR 2 —, (H i T Ai B 251 Fn 254
RIVERT . B LIRS SCRRIG R EIR YT ik o
3.3 MEITMARI A SR

3,3- B 1- T BERE A Rl TMA 2247 il (1)
EVERAE I EZ IR (imENEY . AR
i) T TMA R4, IR = AR sk L- TR 5
RE/NRE TMAO K ", SR1fT, 3,3-HJE-1-
T I AN E 58 4 ke s TMAO F& . WF9E KK,
JILBR TIMLA. 2R fife il F11 PR A I 42Ul 185 B2 S5 [ 1)
YRR O O B A YR 1] /N F B TMA
S TP A 700340 T L AR A 3 D s R IR R AR
MR A R EA Y ARAEIG RN Z 1, X et
A I T i — 2P Ik
3.4 MFITMARTMAOREEL

FMO3 Jt [H fi R v] i 2 B A/ B 4 5 TMAO 7K
SERLIASTE B e . SR, FMO3 A& 5 T 1k
PIREEZY) . AN o LAt f 27 T ) S A8
WAl o FFE FMO3 SLHmi bR e, TMA S 7EIM3K
MEM, SRCHEERE, IR — g
Wao FTLAL AR MEE AR
35 RARBYTM

T EERYT AT e . RIVE /NGRS,
(HARTF R AR, AH A B 253897 B AR L A
Tt — D5 . P2 RIRZGWI LS O IE S AT R AR
M3 TMAO K, WP o gl 7, 5
o 2% 4 U RN A Rz 22 R AR BR R Y L /N BE
Bl AL Y A e 2 2R AR T
R H FEAIE TMAO K SF T &k, - H 7 g £ Bt



-288- EMUEEEYIEER

Prog. Biochem. Biophys.

2022; 49 (2)

+ L VIR T

B ML G R xR ARG 260 & AS A B 19767
YER 77 SEBGUESE, T I AR O vT DA S AR
e DR R B ] 1Y) 88 2 1 E B i/ BRU A i
FRELE M, FRAREEE R T 1AUFF B T OZ el
TR S 8P B TR0 R K /0 B 3 R 1 R
fiE) % i T8 B R 25 L A R A e 1 8 1
FH70, IEXT TMAO 175 5 19 /)N BRI 240 A 11 1
o5 A0 it S RE R T 1A - 1B B R A i #afb Z 1 1
AFEATH/ER, Hilidihi CD36, SR-A ik
T-H TMAO f S R 4 AT A 7

4 B =

UTAER, ORI IR 2 T i U E M X 2
K HARE =) TMAO 7E AS 1 & 1E K& e vhill 3 i
YER . Wi 4 X 2R S AR = WA B A Ao
BPIRTEEN N R 22—, ghiiE T B
BRI AS R AL, SEGE0 A AR F T
1% 4, BT HZ 5 TMAO R B RERI S .
AT REARR TMAO 7K TN 51 & 8T 19 9555 45 1) AT 35
HE— 2 IRAMIE

2 % x #

(1] oL o A P S B 1 75 2 5 2L . v L L B 5 50
At 2019 HEZE . b G FR 4R, 2020, 35(9): 833-854
The Writing Committee of the Report on Cardiovascular Health
Diseases in China. Chinese Circulation Journal, 2020, 35(9):
833-854

[2]  KobiyamaK, Ley K. Atherosclerosis. Circulation Research, 2018,
123(10): 1118-1120

[3] Wang Z, Zhao Y. Gut microbiota derived metabolites in
cardiovascular health and disease. Protein Cell, 2018, 9(5):
416-431

[4]  WangZ, TangW HW,BuffalJ A,, et al. Prognostic value of choline
and betaine depends on intestinal microbiota-generated metabolite
trimethylamine-N-oxide. Eur HeartJ, 2014, 35(14): 904-910

[5]  YuD,ShuXO,RiveraES, et al. Urinary levels of trimethylamine-
N-oxide and incident coronary heart disease: a prospective
investigation among urban Chinese adults. J] Am Heart Assoc,
2019,8(1):e010606

[6] Wang Z, Klipfell E, Bennett B J, ef al. Gut flora metabolism of
phosphatidylcholine promotes cardiovascular disease. Nature,
2011,472(7341):57-63

[71  ZhuW, GregoryJ C, Elin O, et al. Gut microbial metabolite TMAO
enhances platelet hyperreactivity and thrombosis risk. Cell, 2016,
165(1):111-124

[8]  Mohri S, Kanauchi M. Isolation of lactic acid bacteria eliminating

trimethylamine (TMA) for application to fishery processing.

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

(22]

(23]

[24]

Methods Mol Biol, 2019, 1887: 109-117
Ufnal M, Zadlo A, Ostaszewski R. TMAO: a small molecule of
great expectations. Nutrition, 2015,31(11-12): 1317-1323

Janeiro M H, Ramirez M J, Milagro F I, et al. Implication of
trimethylamine-N-oxide (TMAO) in disease: potential biomarker
ornew therapeutic target. Nutrients, 2018, 10(10): 1398

Craciun S, Balskus E P. Microbial conversion of choline to
trimethylamine requires a glycyl radical enzyme. Proc Natl Acad
SciUSA,2012,109(52):21307-21312

Zhu Y, Jameson E, Crosatti M, et al. Carnitine metabolism to
trimethylamine by an unusual Rieske-type oxygenase from human
microbiota. Proc Natl Acad Sci USA, 2014, 111(11): 4268-4273
Koeth R A, Levison B S, Culley M K, et al. y-Butyrobetaine is a
proatherogenic intermediate in gut microbial metabolism of L-
carnitine to TMAO. Cell Metab, 2014, 20(5): 799-812

Zeisel S H, Warrier M. Trimethylamine-N-oxide, the microbiome,
and heart and kidney disease. Annu Rev Nutr, 2017,37:157-181
Cho C E, Caudill M A. Trimethylamine-N-oxide: friend, foe, or
simply caught in the cross-fire?. Trends Endocrinol Metab, 2017,
28(2):121-130

Cho CE, Taesuwan S, Malysheva O V , et al. Trimethylamine-N-
oxide (TMAO) response to animal source foods varies among
healthy young men and is influenced by their gut microbiota
composition: a randomized controlled trial. Mol Nutr Food Res,
2017,61(1): 1600324

Koeth R A, Wang Z, Levison B S, et al. Intestinal microbiota
metabolism of L-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med, 2013, 19(5):576-585

Romano K A, Vivas E I, Amador-Noguez D, et al. Intestinal
microbiota composition modulates choline bioavailability from
diet and accumulation of the proatherogenic metabolite
trimethylamine-N-oxide. mBio, 2015, 6(2):¢02481

ZhuW, BuffaJ A, Wang Z, et al. Flavin monooxygenase 3, the host
hepatic enzyme in the metaorganismal trimethylamine N-oxide-
generating pathway, modulates platelet responsiveness and
thrombosis risk. J Thromb Haemost, 2018, 16(9):1857-1872

Gao C, Catucci G, Castrignano S, et al. Inactivation mechanism of
N61S mutant of human FMO3 towards trimethylamine. Sci Rep,
2017,7(1):14668

Wilson A, Mclean C, Kim R B. Trimethylamine-N-oxide: a link
between the gut microbiome, bile acid metabolism, and
atherosclerosis. Curr Opin Lipidol, 2016, 27(2):148-154
Veeravalli S, Karu K, Scott F, ef al. Effect of flavin-containing
mouse strain,

monooxygenase genotype, and gender on

trimethylamine-N-oxide = production, plasma  cholesterol
concentration, and an index of atherosclerosis. Drug Metab
Dispos,2018,46(1):20-25

Velasquez M T, Ramezani A, Manal A, ef al. Trimethylamine-N-
oxide: the good, the bad and the unknown. Toxins (Basel), 2016,
8(11):326

Dahl W J, Hung W L, Ford A L, ef al. In older women, a high-

protein diet including animal-sourced foods did not impact serum



2022; 49 (2

KiH, %: SU=FRSICEHERLXROARER

+289-

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

levels and urinary excretion of trimethylamine-N-oxide. Nutr Res,
2020,78:72-81

Tomlinson J A P, Wheeler D C. The role of trimethylamine-N-
oxide as a mediator of cardiovascular complications in chronic
kidney disease. Kidney Int, 2017, 92(4):809-815

Hoyles L, Jiménez-Pranteda M L, Chilloux J, et al. Metabolic
retroconversion of trimethylamine-N-oxide and the gut
microbiota. Microbiome, 2018, 6(1):73

Chhibber G J, Anamika G, Varsha S, et al. The complex
metabolism of trimethylamine in humans: endogenous and
exogenous sources-CORRIGENDUM. Expert Rev Mol Med,
2016,18:¢19

Liu Y, Dai M. Trimethylamine-N-oxide generated by the gut
microbiota is associated with vascular inflammation: new insights
into atherosclerosis. Mediators Inflamm, 2020, 2020: 4634172
LilJ, Sheng Z, Tan Y, et al. Association of plasma trimethylamine-
N-oxide level with healed culprit plaques examined by optical
coherence tomography in patients with ST-Segment elevation
myocardial infarction. Nutr Metab Cardiovasc Dis , 2021, 31(1):
145-152

Tang W H W, Wang Z, Levison B S, et al. Intestinal microbial
metabolism of phosphatidylcholine and cardiovascular risk. N
EnglJMed, 2013,368(17):1575-1584

Meyer K A, Benton T Z, Bennett B J, ef al. Microbiota-dependent
metabolite trimethylamine-N-oxide and coronary artery calcium
in the coronary artery risk development in young adults study
(CARDIA).JAm Heart Assoc,2016,5(10): 003970

Canyelles M, Tondo M, Ced6 L, et al. Trimethylamine-N-oxide: a
link among diet, gut microbiota, gene regulation of liver and
intestine cholesterol homeostasis and HDL function. Int J Mol Sci,
2018,19(10): 3228

Ouimet M, Barrett T J, Fisher E A. HDL and reverse cholesterol
transport. Circ Res, 2019, 124(10):1505-1518

Getz G S, Reardon C A. Apoprotein E and reverse cholesterol
transport. Int J Mol Sci, 2018,19(11):3479

Warrier M, Shih D M, Burrows A C, et al. The TMAO-generating
enzyme flavin monooxygenase 3 is a central regulator of
cholesterol balance. Cell Rep, 2015, 10(3): 326-338

Zhao Y, Zou W, Du J, et al. The origins and homeostasis of
monocytes and tissue-resident macrophages in physiological
situation. J Cell Physiol, 2018,233(10):6425-6439

Paul A, Lydic T A, Hogan R, et al. Cholesterol acceptors regulate
the lipidome of macrophage foam cells. Int J Mol Sci, 2019, 20(15):
3784

Chistiakov D A, Melnichenko A A, Myasoedova V A, et al.
Mechanisms of foam cell formation in atherosclerosis. J Mol Med
(Berl),2017,95(11):1153-1165

Yamagata K, Hashiguchi K, Yamamoto H, et al. Dietary apigenin
reduces induction of LOX-1 and NLRP3 expression, leukocyte
adhesion, and acetylated low-density lipoprotein uptake in human
cells

endothelial exposed to

Cardiovasc Pharmacol, 2019, 74(6):558-565

trimethylamine-N-oxide. J

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Geng J, Yang C, Wang B, et al. Trimethylamine-N-oxide promotes
atherosclerosis via CD36-dependent MAPK/INK pathway.
Biomed Pharmacother, 2018,97:941-947

Li J, Dawson P A. Animal models to study bile acid metabolism.
Biochim Biophys Acta Mol Basis Dis, 2019, 1865(5):895-911
Ding L, Chang M, Guo Y, er al. Trimethylamine-N-oxide
(TMAO) -induced atherosclerosis is associated with bile acid
metabolism. Lipids Health Dis, 2018, 17(1):286

Fuentes E Q, Fuentes F Q, Andrés V, et al. Role of platelets as
mediators that link inflammation and thrombosis in
atherosclerosis. Platelets, 2013,24(4):255-262

Kriiger-Genge A, Jung F, Hufert F, ef al. Effects of gut microbial
metabolite trimethylamine-N-oxide (TMAO) on platelets and
endothelial cells. Clin Hemorheol Microcire, 2020, 76(2):309-316
Berger M, Kleber M E, Delgado G E, et al. Trimethylamine-N-
oxide and adenosine diphosphate-induced platelet reactivity are
independent risk factors for cardiovascular and all-cause mortality.
CircRes, 2020, 126(5):660-662

Wolf D, Ley K. Immunity and inflammation in atherosclerosis.
CircRes,2019,124(2):315-327

Torrens-Mas M, Cordani M, Mullappilly N, et al. Mutant p53
induces SIRT3/MnSOD axis to moderate ROS production in
melanoma cells. Arch Biochem Biophys, 2020, 679:108219

LiT, ChenY, Gua C, et al. Elevated circulating trimethylamine-N-
oxide levels contribute to endothelial dysfunction in aged rats
through vascular inflammation and oxidative stress. Front Physiol,
2017,8:350

Sun X, Jiao X, Ma Y, et al. Trimethylamine-N-oxide induces
inflammation and endothelial dysfunction in human umbilical
vein endothelial cells via activating ROS-TXNIP-NLRP3
inflammasome. Biochem Biophys Res Commun, 2016, 481(1-2):
63-70

Ke Y, Li D, Zhao M, et al. Erratum to gut flora-dependent
metabolite trimethylamine-N-oxide accelerates endothelial cell
senescence and vascular aging through oxidative stress. Free
Radic BiolMed, 2018, 129:608-610

Boini K M, Hussain T, Li P-L, et al. Trimethylamine-N-oxide
instigates NLRP3 inflammasome activation and endothelial
dysfunction. Cell Physiol Biochem,2017,44(1):152-162

Ma G, Pan B, Chen Y, et al. Trimethylamine-N-oxide in
atherogenesis: impairing endothelial self-repair capacity and
enhancing monocyte adhesion. Biosci 2017, 37(2):
BSR20160244

Oeckinghaus A, Hayden M S, Ghosh S. Crosstalk in NF-xB
signaling pathways. Nat Immunol, 2011, 12(8):695-708

Rep,

Yang G, Lin C C, Yang Y, et al. Nobiletin prevents trimethylamine-
N-oxide-induced vascular inflammation via inhibition of the NF-
kB/MAPK pathways. J Agric Food Chem, 2019, 67(22): 6169-
6176

Seldin M M, Meng Y, Qi H, et al. Trimethylamine-N-oxide
promotes vascular inflammation through signaling of mitogen-

activated protein kinase and nuclear factor-«xB. J Am Heart Assoc,



+290-

EMUFESEYIRHR

Prog. Biochem. Biophys.

2022; 49 (2)

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

2016,5(2):¢002767

I, EHKLL, AT 22, 5 AL = P A0 R AE B OH: 5 M i T
W OCHEME . e BERER 222412, 2016, 36(4): 455-460

Wang S, Xia G H, He Y, et al. Journal of Southern Medical
University, 2016,36(4): 455-460

Baragetti A, Severgnini M, Olmastroni E, et al. Gut microbiota
functional dysbiosis relates to individual diet in subclinical carotid
atherosclerosis. Nutrients, 2021, 13(2): 304

Zhang C, Yin A, Li H, et al. Dietary modulation of gut microbiota
contributes to alleviation of both genetic and simple obesity in
children. EBioMedicine, 2015, 2(8):968-984

Moludi J, Maleki V, Jafari-Vayghyan H, et al. Metabolic
endotoxemia and cardiovascular disease: a systematic review
about potential roles of prebiotics and probiotics. Clin Exp
Pharmacol Physiol, 2020, 47(6):927-939

Sichetti M, Marco S D, Pagiotti R, ef al. Anti-inflammatory effect
of multistrain probiotic formulation (L. rhamnosus, B. lactis, and
B. longum). Nutrition, 2018, 53:95-102

Battson M L, Lee D M, Weir T L, et al. The gut microbiota as a
novel regulator of cardiovascular function and disease. J Nutr
Biochem,2018,56:1-15

Wang Z, Roberts A B, Buffa J A, ef al. Non-lethal inhibition of gut
microbial trimethylamine production for the treatment of
atherosclerosis. Cell, 2015, 163(7):1585-1595

Rath S, Heidrich B, Pieper D H, et al. Uncovering the
trimethylamine-producing bacteria of the human gut microbiota.
Microbiome, 2017,5(1):54

Pathak P, Helsley R N, Brown AL, et al. Small molecule inhibition
of gut microbial choline trimethylamine lyase activity alters host
cholesterol and bile acid metabolism. Am J Physiol Heart Circ
Physiol, 2020,318(6):H1474-H1486

Shih DM, Zhu W, Schugar R C, et al. Genetic deficiency of flavin-
containing monooxygenase 3 (FMO3) protects against thrombosis
but has only a minor effect on plasma lipid levels-brief report.
Arterioscler Thromb Vasc Biol, 2019, 39(6):1045-1054

Chen M L, Yi L, Zhang Y, et al. Resveratrol attenuates
trimethylamine-N-oxide (TMAO) -induced atherosclerosis by
regulating TMAO synthesis and bile acid metabolism via
remodeling of the gut microbiota. mBio, 2016, 7(2): e02210-
€02215

Wang M, Wang F, Wang Y, et al. Metabonomics study of the
therapeutic mechanism of Gynostemma pentaphyllum and
atorvastatin for hyperlipidemia in rats. PLoS One, 2013, 8(11):
e78731

[68]

[69]

(701

[71]

[72]

(73]

[74]

[75]

[76]

Chen PY, Li S, Koh Y C, et al. Oolong tea extract and citrus peel
polymethoxyflavones reduce transformation of L-carnitine to
trimethylamine-N-oxide and decrease vascular inflammation in L-
carnitine feeding mice. J Agric Food Chem, 2019, 67(28): 7869-
7879

Shi Y, Hu J, Geng J, et al. Berberine treatment reduces
atherosclerosis by mediating gut microbiota in ApoE™ mice.
Biomed Pharmacother, 2018,107:1556-1563

Anwar S, Bhandari U, Panda B P, et al. Trigonelline inhibits
intestinal microbial metabolism of choline and its associated
cardiovascularrisk. J Pharm Biomed Anal, 2018, 159:100-112

Sun B, Wang X, Cao R, et al. NMR-based metabonomics study on
the effect of Gancao in the attenuation of toxicity in rats induced by
Fuzi.J Ethnopharmacol, 2016, 193:617-626

AR, A B XL, A5 R AT 5 IR L A A0
g A EE 274, 2006, 21(9): 557-559

Wang Z Y, Jin M, Liu H X, et al. China Journal of Traditional
Chinese Medicine and Pharmacy, 2006, 21(9): 557-559

TR, B BUINAR, 550 LI X MK E s
R P R 25 {5 B 44K, 2002,9(7): 17-19

Wang Z Y, Jin M, Huang L J, et al. Chinese Information on
Traditional Chinese Medicine, 2002,9(7): 17-19

EIRH, 15, SEL5E F MR R IR RS = H =g 1
iE A T PG B LGS/ T A rh BR 22 S A A 2 B T R B
PRI AR 258 SO AR R 25 2 D A Ay 2
Herh B2 250945 43, 2005: 5

Wang Z 'Y, Wang Q, Jin M, et al. Traditional chinese and western
medicine observation of Qingxuexiaozhi Recipe in the treatment
of diabetic hypertriglyceridemia//Heart Disease Branch of
Chinese Society of Traditional Chinese Medicine. Proceedings of
The Second International Symposium on Heart Disease of
Traditional Chinese Medicine. Heart Disease Branch of Chinese
Society of Traditional Chinese Medicine: Heart Disease Branch of
Chinese Society of Traditional Chinese Medicine, 2005: 5

PV, B T, P, 45 L T AR 20 24 PR 900 1 3 IR 7 %
ApoE™ /N BB Jok it A5 1 Ak A TR 11 - TP Y . R BR T R 2,
2019,12(8): 1159-1166

Sun L, Kang Q P, Sun B, et al. Global Traditional Chinese
Medicine, 2019,12(8): 1159-1166

RN, oA, R 55 W U IR 7 il i 3 CD36 .. SR-A
FIR T FUE A= T AR VR AR R i VR AL 5T . 36
BRAPEEZY, 2018, 11(10): 1539-1544

Li M J, Zhang L, Zhou M X, et al. Global Traditional Chinese
Medicine, 2018,11(10): 1539-1544



2022; 49 (D KiH, %: SU=FRSICEHERLXROARER 291

Research Progress on The Relationship Between Trimethylamine Oxide and
Atherosclerosis”
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Abstract Cardiovascular and cerebrovascular diseases caused by atherosclerosis (AS) are a kind of diseases that
seriously damage human health. In recent years, it has been found that trimethylamine oxide (TMAO), a
metabolite of intestinal flora, plays an important role in the pathogenesis of AS: inhibition of cholesterol reverse
transport, up regulation of scavenger receptor expression, promotion of foam cell formation, reduction of bile acid
pools, enhancement of platelet reactivity, increase of thrombosis risk, damage of vascular endothelium and
promotion of inflammatory response. More and more scholars have paid attention to the specific effect and exact
mechanism of TMAO on AS. This paper reviews the general characteristics of TMAO, the role of TMAO in the
development of AS, and the latest research progress in the prevention and treatment of AS by intervening with
TMAO.
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