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Gut microbiota and its metabolite trimethylamine-N-oxide
(TMAO): anovel regulator in coronary artery disease

Yameng Li!, Meize Cui!, Jing Sun? Qiuyang Wei', Mingyu Liu', Jianwei Zhang',
Hongxiang Qi?, Lili Zhao? Hui Fang', Zaihao Chen', and Shaojun L it

1 College of Physical Education and Sports, Beijing Normal University, Beijing 100875, China
2 Zibo Bashan Wanjie Hospital, Zibo 255000, Shandong, China

Abstract: Coronary artery disease (CAD) is a chronic disease but causes the highest mortality and morbidity among the
cardiovascular diseases worldwide. Correlations between CAD and gut microbiota have been observed. This suggests that the
gut microbiota could become a vital diagnostic marker of CAD, and restoring the gut habitat may become a promising strategy
for CAD therapy. The elevated level of trimethylamine-N-oxide (TMAQO), a gut microbiota-derived metabolite, was found to
be associated with the increased risk of cardiovascular disease and the all-cause mortality. Preclinical studies have shown that
it has pro-arteriosclerosis properties. It is likely that regulating the production of TMAO by gut microbiota may become a
promising strategy for anti-atherosclerosis therapy. This review summarizes the clinical and preclinical researches on the
intervention of CAD by regulating the gut microbiota and the microbiota-derived metabolite TMAO, with the aim to provide

new target for the therapy of CAD.
Keywords:

2019 4E L EL.OMEH 2 R0 (Coronary
artery disease, CAD) Bt i A& ik 1100 77,
S M 38 [ K R RN BE T e i ) — O I R
it 2 R B bk A8 TR A L O E
G I MHET L O fE R R R 4R R T
REsp e, (H2 CAD FET-HKIHE S A T,
At R R ORI R R, IE R B IR
T B U i IR BT

RN ns A TN X3 O - S
JREMLAA 1) i 3 R ARG RS, FET 1KOF | 322
WERETR . AT . ARTE B . BCERAT TR I R 4
R, H I RE T 4y R SR BN A BN R, W
BB S R AR A & FHAWEMAEK,
LT 0 4 PE O B o R A Y R R T
5% 2 B 0o 2 978 XIS 114 418 w55 1T B8 5 M 3 T THE &S
ARG DG, i T8 TR 2 AT BB 2 O A A2
o (1 XU R R, o ke 1 1 TR A AT R RCAY O
953 B0 T LS AR G 1O O R I T G
J7 b O A ST SR T S A, Bl T TR L
FREEA B A I SO G T i A1

Jo 18 AR S8 2ok A A A e O e T A

http://journals.im.ac.cn/cjbcn

coronary artery disease, gut microbiota, microbiota-derived metabolites, trimethylamine-N-oxide

W&, Gl 4. B A = Pk
(Trimethylamine-N-oxide, TMAO) % & %L
SN T AR AR TR I A
s s e e A I A S, VR T 1 R A
TR A B s DA R AR B T TR A B
Tl O M B Y R A TMAO J2 il i
Z: 54 BRI TR 9, AR A A A 1 S
IR EAS AT TR BT R Y TMAO JKF 5.0 L
TR . A NBET- R ™ Ll pFse
F W TMAO ] B HA I 30 ks REAE AL 50405 1
Ik = H & (Trimethylamine, TMA) 2L fif Ji 47
F L TR E SR TR TMAO K. il i #4
PTG 278 TMAO AT AR Ay et 35 85 FG 97 1)
WA 0T

FEF U, ASCA BT T R A B R S AR
7R TMAO IR YT Ui AR SEAF 5T, AN S
WIRIT IS %

1 R AT A T R

1.1 EBEHIERNKE
iz B A) DL AR 2k 1 O IE R P



FUY SHEEFRARBEFNREC=RE

Flo B shxPBag FL s aE 71 By . O A AR B
AR D AEVF 2058 P A3 212 M 58 gty
DATRT IR , R T ke 728 AN T 0 0 4. L5 6 1
W2 Ah, AL IS 20 AT L o i A 41
o I A G RN M R B LA R M A R AR
TR, BRI LIS, B RIS R
N i T TR T 445 A R D R ) o A 0 O 2

YR B A BT T 4R K 132 shd 18 3 W i
LS RIIH ARG, 12 JEA9IE 3 F AT LI AL
Pt ELAT K A AT A L P 4 i 1 R, 8
BRE P 32 Sl T R AR A I R B
TRNIHRE, I8 RS AL S 15 AR R 5
ST, X RZE S,
6 i B S 118 Bhoot AR A B RS R AR, (H
P T TR 0 LA G KIS TR 2% 19 7 A $ A
1246 J (A A SRS B UGB T AR
BEP AR A Bl ke A e JL 2 A SR AP

CEIRVEDFZE X 008 R L 880 L O LA B
SH K RMATIEW , IR IR 7R 12 30 i 5 9
T RRE AR 0 36 ) e 38 0 ML A 955 I DR 2 78 14 2
ST R RIE S 2 W32 55 W 1 T T A A
A5 0 JIUREBE /N B O T BB A 56, %R SE 4R
32 ) V45 i T T AR T B S R I IA YT O I A G Y
Jri 2 SR I K 39 4% 5 R B e
BRI, 15 B RE 7 ol L 1 5 2 U
PO T BB BRI, S 3T LR
S OEREE , BN R . B AR AR R
SRR, IX O HERBE X BB A0 A K R A
SRR, HET B 8 W R A 5, R
8 BGE R A E I MO R RIE T
DAAE B SCIEVERF AT, T4 4 T BEHLXT BRI 3
/N BB B BF 58 1 Wk N 38 T RES: 53 sl bl
PRI AL T B A0 DRSS

SETULERFFE, A SCHEINE ST Al i I 4
T E R (ZEFIRIIAR) HE T A B4 T 50 A
E

& : 010-64807509

1.2 BFEIRRLEWN

AR BEET AL . WIS & R TR
AR, A B ARG 38 3 i G PR 618 3
BRACI = AR e . KR A R i R 1 TR
AL A TR, DT R 5 i 3 A0 2 B A AR R
FEAE R E R A, — M EAE A A EAK
Wi 25 2R R E CAD., &
L R B B R R Y sk gl
5 i SRS T BE LTI . VAT R A RO

AR O A, T T AR AU
MAREREBARBAET 2 g, —TkKA 18 1E
AT RETEO B 45 R R, M5 HAHA
KT 5 g i, EEEA RN 4S5 LA R XL
R AR B YTAR 5,

FEE R A NS WG 5 S E Y 2
FEME, X AR 18 TR A R E R o 9T 3R,
RSB AR I T YRR R F R, B
R T HRFF R . 7Em B A i A RS
(R ot P AT % BB LAT A1 A Bl o I AL
ok, EER AR T AN T
i, a AR R R B 4 B 2 AU RAE SN, B ER
i 5 e, T ML B T R R AR A AT
FIE 38 2o 52 M) RE AR DR A A A 2 B 6 2 P R
T T i R

SREGHIRY, BENA4EEER S ERN
SEE s AR A S 21 Ak A I T
S IR B C BRI N i E R, B
O WUAE 02T 2 A 25005 B AR i 9

R BETE e U A R e 2ok R v gy i A
2, NER R O TAURA . 5
TEMAH®LE, HhE SREEA4En ke
X ek U e Y BRE AR IR R E L (H R A TE AR A O
ZEAFAVEL,  AE ] E IR AL Ty B RN

13 #wmEE. mEx. EHF. FER
i AR A TR BUZEY), — Rk
B 23 2 i R R AR AL . KRR I PRI A 3l 4 L

. cjb@im.ac.cn

A= Eird: D] 3747



3748 ISSN 1000-3061 CN 11-1998/Q A:# T #2244k Chin JBiotech

T, AW AR E B, BARRECh: A
BAVEENRE /R EIRE A E, FBTnE,
A2 o4 P R 9 T SN 111 N QR
AT GELO . FIIRILRE I OB AR . R
JHESE | MR, XS ENMBTR . Ak,
A i 45 oy g A ] 43 3087

IR 2 A= B AT ORAPOC I o A A IR 3 ik AT
FEGI Y SR O IUEZE R BB RY 2845 A= T Bl 22
WEFLAFI GR-1 1G¥7 )5, KELLES5 T RER
P Lam S8 35 4 T 1 AR A8 O
A RE AL 2 g A TR 0 LA R e AT R UK
-, BETN R RO AR AT AL, g
PRI ) R SR T B L BRI AT LU AU Lk v 1l A
GAEAT 0 T TE VB R BRI 10 FUL 0 9 14

Xof 1 1O ) S b R AT i A T A EG R B
W T TG, A B SR SO AR, A0 A I
SRR R, REIZRAEARERN (n=20), B2
WHEEASNREM, IEHRERATRI TR 4
TCRIMERT, R 2k . 3 150 4 44
PR 30 8 AT I 3 A 1 4 AR TR AT R
P RE TR A 70 70 T 00, RGN 1) AR A A = 6 M A B
s 5964, Frgk 6 . K 1 Ui Lp299v AR
D FEFR AT e O M AR M O R LA PN 2
BE, WA B RO i RS S S S
FHES A W BE B, 15 A1 S BB AT B A1 22 B WL
WA TR X T 8 ik 5 S8 3 S oS R s A 17 A
RN, 25 2R TR AT SN kol R B AL Ak T g S
Aok 4 OEL [ a8 e A

REH s ETCRAAE T AR | BN Y55
KRl P BIBROK AL S o ARE R B I Ag R w] fl
SEA TR B R R BRAE R E KR TR AR
(Apolipoprotein E knockout, ApoE™") /N3 kit
RERE AL BRE BRI L 35961 £ v VR 0 4 o 2
PR TR T T O28 A TS P 0 JR B 3R U, IR 4
By G SO AT BIFTE AR £ R A I A R
T RRE MR, T TR M AR R K

http://journals.im.ac.cn/cjbcn

S, AR TTAN S ) 1 3% o AR [ P A B fhk ok A
Ak e A RN

YR UEE BN SR 25 AR DU R R A A
FURE IR, (H 22 B3 25 Az 00 A AR 4 AE
R RIVERT, A RA AT RET 45 A2 T & UG 32 O
I At R P s b 72 YR T e i o

B HE R H IS 0O TR W) R RE B e R
Y1 (4618 F A AR SR ) e BRI B
WA MR G, A hTE Faok @Rt . ol
HAMFIYME AL, E LAY BN A A R R R AR
T+ AR TG RS B IR A S0 R A T
12 A 0a A A E 19 22 AR bn A0 I [ sk
-kt AR AR g5 A B 25 A T IR R RN T
FUXTRERE . TURDBE RS . AR TPORE 1 B U S35 0 1
697 BA B DR A Y

IAEWAPAEH | YA KR
SR VR UR TR OB PR O A S
50 A 5 T TR RS P B AR A, BRI
HE Y SR PR R T 1 e T G T S L
amuc_1 100 jfAJ7 it = /0 Bk ik 5 R HCPL R & I wF
REW, J5AETCal PR AR AE 1,

M2, AW, @A, AR AT
At T MR, 267 e Ok 55O I8
WA (B REAR . mAT. GAdGR A
Az TG I SRR o DA SGRAE TR PR . T T B
5 BB AR ik, R L
Rt HLXT B3R5 (Randomized controlled trial, RCT)
FIE T A S Atk AF 52 i DR 3K 48 i) R

14 OFRER

P RIBIT O MBI H R E A, 1995 4E 2
2005 4F[i] , #id 19 000 44 B & B M A BT A KiRYT
58 L9 i 9 A JELAA (Y BEAIL X B v, &5 SR 3R A
PUA RIGITARERRAILER E LT R | AR 0
M B E R R AP Bl R /NS BB IR
IR IAE 7458, KREEAS . BEHL. ATRETEDF
R BT AE F R OE MO A B . 2t ks



FUY SHEEFRARBEFNREC=RE

BAE L SNE SRR A B AR, AT RESS
O A FET RS R ER N IS S A A 8
5 BB ZE 0% (Sickle cell disease, SCD)
JUR R I AT RS 3 A7 50 B T Al B Ay
FEPUAE R 20 RS AL, B L kg4 n)
W, 10 AEREVIBR R, & hi i RIR)T R R
SE LT Lo O A FET R BT 25 AR
Je BRUE AT A RN, AR A R A O A
W7 SR e 81 LB = RN i N1 ST 11271
A AR BUAE 2008 R 1 R T A 0 B R B
AR

STk BTAE A R T 0 IUSIPE K U
WA R AL, i — R P AE R iR o
5 M) 5 7 2 R 1R 1 X3 988 3% A K ST i 2 A A
AR OO R LRI T F I I B A R AR O i
B W B — R, BEERHA
BT XA 4 R 350 T DA B 36 A 1 AT RE 3 3O
5. B R LA e e Y, YRR
AN ZFRBUE R FIRORIRIT
15 FEEBE

“FE TR 4" (Fecal microbiota transplantation,
FIMT) A2 K et 3 4 I 255 218 {6 v (0% 2y g 71 A% A 31
BEBWIEN, FTEEA T RER I EERE,
S PR 1B K AN IR TR YT o XA R AR AR
P2 AR 56 2 18 2 A 7 1) JRE A B i) a5 35 IO M i
A E S XE B S (AR FMT) W nad i
i, 4 LR A B 5 R R 1 i i rp 02

FMT XHAYT AR MERR Y% (Clostridium
difficileinfection, CDI) +2- A%k, M T AR
AR, ETRRS AR R R A K AL, S
EMERE R TS, RIEERERS, T FMT
TRYT SN CDI B e JS ) 38 DA A v 4 22 A A
5 FMT 8 —Flop BT VIR 7 i I & R R A
fiE . WUEFZEdR . MERE . RS Z T . AL & 1E
I P E A A ) 0 T A 2 3 A G A s oY

fE—A~/NE RCT 55, BFFE R TAL 20 4]

& : 010-64807509

BA DI ZEEIE (Cardiometabolic syndrome,
CS MBI I RAEFE bR, Hrh 10 £
BEEZ T RAMR ENENFMIERBE,
10 % BEHEZ AIRZEHBM, SSRAKARERE
ik FMT S TR RS T UE 7B R
(O —HEAZAL), (B2 FMT 5, BE Sk
B AL B A B A AR g A pR g PMT ]
it CSHEJHESZ 120 14 [ B 22 UM i 18 TR AR
b, (HXFEIL R, FARRELER R AL,

MR FMT R AR, B AR | FEA
SEFR . BEATNSZ AR Z E A S A A . FMT 3697
5 ZE BIAREAL . U7 R P AN B A L T
ok B i s o B N b A R ETFE 5 S v
R BRI LIS, SRS A AL AR, 31
MEFPNERTRFEH N B mERYE, &
IR R AE . AR BN BRI E S, P
CDI # KR, Hrp— A3t

FfEDE FMT 24t fipn AL ing B, 5tk
PRI 2 55 [T i 5 [ A oG PR 82 7E [5] (4 A1 I i
5 FMT Al , 800 T AR R A Kk SR i
MR A . aebil . RN E . &
HIBAXHESE ) FMT 64T T HOR S8, BF A T3k
BHABERAE  (Washed microbiota transplantation,
WMT) HR . AR FMT FrifEfb R w58/
HF 2019 4508 L, BIRTES PN LR = 5T,
FETRBRIETRE 4 B R G, Nl R LA S (8 58 i
FEOrEy . Bk, EE . A, IR RN Y B
BEANBRELR . WMT 2 FMT &R A5 5
Bro HARIAE R e . — 2R L
ar U R, SR m AR e etk — R
25 N B o T R R A3 3 45 W i AR 2 IR B A L
Iﬂ%—»[GQ—?O]O

SO YRS R WMT B 5 1 28 42
PR, IF HAEWRYT B Wl s Oy i B — o 7
R (R YT WMT HAR 4 T A B,
I T KA W W R A 5 R0 B Al A 9 30 IR 12 B R TR

. cjb@im.ac.cn

A= Eird: D] 3749



3750 ISSN 1000-3061 CN 11-1998/Q A:# T #2244k Chin JBiotech

Sk U AT Fh R ) 2 s A Sk o
16 ERERMEMEY

G RUEYIF I R R A . s T
IRIT BRI A R AT RE . A R ek
T A ELA g I A S AT 4, A 3 R
R UARRILAETR A R T T R R T (A
i S, e HA 2R, )
TR LT 10 R Tf R 2

TR ME R YL RS, e
PTG W BRI g B TR KT
B, IR U5 S Y B Rk RE IR BT OB
L R AR CFUAT RS, i
B ARG, S B R s

B I S W TR D5 AR R A o R R TR EL 48
A —EoE . a1 45 i 6 A S I S sh
BRI OIRA A YRR S (17 PRARRS H2
15 Treg 41 it =F B Fifs 5 31 BP0 4 40 143 i A R
SFHATEERE), SRshgpaE il —4
H 11 e AR 4L R A T W V& OT LA S b Y
CDS8" T 4 il = LE A N T IFN-y , iZ VR AE /N LA
PRERLIG , 3% T 5 T B 20 B A 2
FFE AT, X SE P R AR 5 T S B R A A P
FR R[5 25 DR e A T80 i ) 2 A SR

PRl R 22 0 B A ELAT A R S, ZE AT
RARHUI NG E T TVE R, 33X Ay e PR A AL o 8 42
PR R ERAE AT B[R] A A [ B AR A R AR AR 05 14 O
ZJ7 T B

AW 5 A A 2 R R 5 0E JRe  1h ik
T A A A R I R S, YR R
SE ] I R AR B R 2 R A T A R R Y
B, fER ks A YA R 22 0, A Gk P
Ve ZIA] . RS RS 2 A VE AL . ok
A1 R I A 3 56 56 IR A 97 RO A et Ay
2 AW, ANIHTEER AR L
8 JEL A e DR 2 7K S AR 25K B 0o 4% o e 2 2
PEAT ki ) T R 7380

http://journals.im.ac.cn/cjbcn

2 AETMAO BT ECHI THRE®

21 PARIRBLEN

2 NG ME ApoE /)y BUME £ 5 5 A (BY | B
PRUCE S BN ML TMAO /K F I e & & i
Jr sk FEREAL, WIREREZ RIS ThUE R
57, TMAO JKF-ARAE | A2 K 8 A 2 ik ok A
DO grpy . A SRR L S A A A
Yy, WwEREmEARGR . 2o e R s S LA y- T
PRSI, J& TMAO 1) B aYkii , /b 4r
FIFE A, BEIIAE P £ 9 LA R 40 28 R i R 48N
R A AT AR TMAO JKF-, 31X SR 2 M5t
o LR IR 2 g TRT 35 A 2ty 18
22 HRZEHE

WA (WNFLIRAT ) AFEME ApoE™ /IR
TMAO /K-, /b sl ki R B AL Bk i T 1B
XM, 7EE SRR R B2 K
5 L /N BUMLTE TMAO FIZE(E TMA KA,
PERKIGAT ] 2 BRI TMAO K-, [l
AR i T TR LA, IR AR 4R 25 A AN FE R AT
e AT TMAO R T2 Bk ot kA 11184

23 ORIMER

B Z AT LAY (- TMAO Rif#k (I8 . 52
MANEANTR) ¥k TMA, IR R, TR
IR v BT AR A5 T 5T AR R AT BRI TMAO
OB BN TR R R ER.
B R 2R VAR TR 51, R ILIMIK TMAO 7K
TR RN Y T S B R
FEAMKT TMAO RVER, X a il M tfa S th —
SE RS, N RERG HE X 43 25 25 T A BUR I . BRI,
RAEHE E ] LR TMAO K, MATHFFE I A
HEFEDL AR RAE A R0 55 1) SR s
24 EEBERE-TMA-TMAO R

A9 22 B — /NG5 T S i A M 3 T
FE-TMA-TMAO 1R 42 Ut i ke £136 97 sh ikok A
WAL SR . EE 3T RMER : i TMA



FUY SHEEFRARBEFNREC=RE

P A B, A 8 R B 4 AL 3 (Hepatic flavin
monooxygenase 3, FMO3) £k Ji#ES 5 TMA
A S TR

TEFRFARRF TMA ZLFEG TMA 41 57
3,3- I 3E-1-T%(3,3-dimethyl-1-butanol, DMB),
ARSI AL TMAO 7K 33054 5 ik s
A1k, DMB 1 4 4T kA T 5
—AREF R ] RO, — R - TR S
i (Gamma-butyrobetaine, GBB) ¥ {k4 T 11
L- R A 0 & il ), W] LAREAR/NER A TMAO
il TMA KB (38 P A7 7E IR B Y
AR IR Z b G, BFE R I EE e
1 E I ApoE /IR IE B RE, M TMA 925 R,
HET AR Tt TMAO R4k, w84/ BL3h ko
REREALAEART o i 25 T 2 5 A /N BE B, T Lo
05 5 B TR i S 1 3 Bk O R B Ak ApoET /LY
2 TMAO 7K - i 5615 (1odomethylcholine,
IMC) FI H Z:RA% (Fluoromethyl choline, FMC)
S RLBRA) P R A% C sl IRl A FH 5 R 7% Dk A
I BT B RR AN RR AR e e A T AR A7 fE
JIRTEE TS, T3 T 50 4 Mo 0 1 v IR AR £ A58 =
PS4 B S I TMA L TMAO 7K, i/ i /s
WA, Bk i AT 0

Guneulsterone 5 —Fiik JE i X SZARFE R
AR F B - TMA-TMAO Ui 42, i i
M e FMO3 iR FEALAM A 1 TMAO
KA

RN AR, O R DNA, L
WL XA, AT DARE 4 etk DR A s ™ A% IR
AT e, SR A ™ B b i g
o 94 7 g i B Methanomassiliicoccus
luminyensis B10 [# £ Al K TMA ARl bt (—F
TCURTEMESAR) BERIAIE TMA R, T BE IR O
AP, K 5 R ey & B E AT C57BL/6
INEIIE G, NI TMAO Kbt T 76 18
8 A 3G S 2 BRI, L Methanobrevibacter

& : 010-64807509

smithii Sy 32 B9 77 B e oty T B9 8 AL A SE 28 ApoE
JIN LB Dk oS R R A 1 R A 2R

JRUE FEREIF o 2 W, 45 1% 18 B BE-TMA-
TMAO s 42 th /N T4 A 0 LA K AR G g i
PR AL AT Lok 30 I B R Y, (H VB AE o
BRI 22 AT I A IR BT A5 194

3 REHRE

VI 3 R A S AR ) TMAO Fled
OV 22 8] (R VAR B R B 7R AR 22 1 53 v A5 31
B, BRAT LT i T8 DA R R RS Y R 2R K
WYIAHDG, (AURBEROCR M A, i AR
P A A o AR R B T R IR
SRR TR 1 i B R 7 P 3k 2 S5 R e AR L R I
e A5 g A 4 il o i A XU R 22 . Bl 4 S 3 2k Y
TMAO HA7 Bah ik i AR vk , I IREE UL 7R
TMAO EA CAD ZWibr Wi ml gedk . X bgh
W R LA B B A S LA 1 Sk R A e O
TR St st T AT REY . BT, BRE
W R B i T TR S AR ) TMAO W g
T 5 R 0 T 1) — A

ARWFFEIN R S AT X L CAD R i w
RE R AR TMAO Ay T 15 56 g kb T 62 45 By
B, R B EAREE MR T . ARRAT TH 2
FBEA | BETT ™ L AR PR AN A R AL DU X Bt
5 FETRMBRA I Y £ 5 A I 2 Ak i T
U1 DR ERHE WA 5T 1k DA B N T RE AT 1 T
RAHEWAF 5T 7 Wk 78 M Hih o

REFERENCES

[1] Benjamin EJ, Muntner P, Alonso A, et al. Correction
to: heart disease and stroke statistics—2019 update:
a report from the American heart association.
Circulation, 2019, 139(10): €56-€528.

[2] Levine GN, Bates ER, Bittl JA, et a. 2016
ACC/AHA guideline focused update on duration of
dua antiplatelet therapy in patients with coronary

. cjb@im.ac.cn

A= Eird: D] 3751



3752 ISSN 1000-3061 CN 11-1998/Q A:# T #2244k Chin JBiotech

(8]

(9]

[10]

[11]

[12]

[13]

artery disease: a report of the American college of
cardiology/American heart association task force on
clinical practice guidelines. JAm Coll Cardiol, 2016,
68(10): 1082-1115.

Foxman B, Rosenthal M. Implications of the human
microbiome project for epidemiology. Am J
Epidemiol, 2013, 177(3): 197-201.

Human Microbiome Project Consortium. Structure,
function and diversity of the healthy human
microbiome. Nature, 2012, 486(7402): 207-214.
Mukherjee S, Joardar N, Sengupta S, et al. Gut
microbes as future therapeutics in treating
inflammatory and infectious diseases: lessons from
recent findings. J Nutr Biochem, 2018, 61: 111-128.
Zhang B, Wang X, Xia R, et a. Gut microbiota in
coronary artery disease: afriend or foe? Biosci Rep,
2020, 40(5): BSR20200454.

Zhu Q, Gao RY, Zhang Y, et a. Dysbhiosis signatures
of gut microbiotain coronary artery disease. Physiol
Genom, 2018, 50(10): 893-903.

Fialho A, Fialho A, Kochhar G, et al. Association
between small intestinal bacterial overgrowth by
glucose breath test and coronary artery disease. Dig
Dis Sci, 2018, 63(2): 412-421.

Emoto T, Yamashita T, Sasaki N, et al. Analysis of
gut microbiota in coronary artery disease patients. a
possible link between gut microbiota and coronary
artery disease. J Atheroscler Thromb, 2016, 23(8):
908-921.

Emoto T, Yamashita T, Kobayashi T, et al.
Characterization of gut microbiota profiles in
coronary artery disease patients using data mining
analysis of termina restriction fragment length
polymorphism: gut microbiota could be a diagnostic
marker of coronary artery disease. Heart Vessels,
2017, 32(1): 39-46.

Vinjé S, Stroes E, Nieuwdorp M, et a. The gut
microbiome as novel cardio-metabolic target. the
time has come! Eur Heart J, 2014, 35(14): 883-887.
Jin M, Qian Z, Yin J, et a. The role of intestinal
microbiota in cardiovascular disease. J Cell Mol
Med, 2019, 23(4): 2343-2350.

Xu H, Wang X, Feng W, et a. The gut microbiota
and its interactions with cardiovascular disease.
Microb Biotechnol, 2020, 13(3): 637-656.

http://journals.im.ac.cn/cjbcn

[14]

[13]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Ahmad AF, Dwivedi G, O’'Gara F, et a. The gut
microbiome and cardiovascular disease: current
knowledge and clinical potential. Am J Physiol
Heart Circ Physiol, 2019, 317(5): H923-H938.

Yao ME, Liao PD, Zhao XJ, et a. Trimethylamine-
N-oxide has prognostic value in coronary heart
disease: a meta-analysis and dose-response analysis.
BMC Cardiovasc Disord, 2020, 20(1): 7.

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

Zhu YQ, Li QQ, Jang H. Gut microbiota in
atherosclerosis: focus on trimethylamine N-oxide.
APMIS, 2020, 128(5): 353-366.

Hannah WN, Harrison SA. Lifestyle and dietary
interventions in the management of nonalcoholic
fatty liver disease. Dig Dis Sci, 2016, 61(5):
1365-1374.

Fiuza-Luces C, Santos-Lozano A, Joyner M, et al.
Exercise benefits in cardiovascular disease: beyond
attenuation of traditional risk factors. Nat Rev
Cardiol, 2018, 15(12): 731-743.

Gerdes V, Gueimonde M, Pgjunen L, et a. How
strong is the evidence that gut
composition can be influenced by
interventions in a cardio-protective
Atherosclerosis, 2020, 311: 124-142.
Schmidt TSB, Raes J, Bork P. The human gut
microbiome: from association to modulation. Cell,
2018, 172(6): 1198-1215.

Morita E, Yokoyama H, Ima D, et al. Aerobic
exercise training with brisk walking increases
intestinal Bacteroides in healthy elderly women.
Nutrients, 2019, 11(4): E868.

Allen JM, Mailing LJ, Niemiro GM, et al. Exercise
alters gut microbiota composition and function in
lean and obese humans. Med Sci Sports Exerc, 2018,
50(4): 747-757.

Taniguchi H, Tanisawa K, Sun X, et al. Effects of
short-term endurance exercise on gut microbiota in
elderly men. Physiol Rep, 2018, 6(23): €13935.
Munukka E, Ahtiainen JP, Puighd P, et al. Six-week
endurance exercise alters gut metagenome that is not
reflected in systemic metabolism in over-weight

microbiota
lifestyle
way?



FUY SHEEFRARBEFNREC=RE

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

women. Front Microbiol, 2018, 9: 2323.

Quiroga R, Nistal E, Estébanez B, et al. Exercise
training modulates the gut microbiota profile and
impairs inflammatory signaling pathways in obese
children. Exp Mol Med, 2020, 52(7): 1048-1061.
Chen JY, Guo Y, Gui YJ, et al. Physical exercise, gut,
gut microbiota, and atherosclerotic cardiovascular
diseases. Lipids Health Dis, 2018, 17(1): 17.

Liu ZH, Liu HY, Zhou HB, et a. Moderate-intensity
exercise affects gut microbiome composition and
influences cardiac function in myocardial infarction
mice. Front Microbiol, 2017, 8: 1687.

Liu Y, Wang Y, Ni YQ, et a. Gut microbiome
fermentation determines the efficacy of exercise for
diabetes prevention. Cell Metab, 2020, 31(1):
77-91.€5.

Danneskiold-Samsge NB, Dias de Freitas Queiroz
Barros H, Santos R, et a. Interplay between food
and gut microbiota in health and disease. Food Res
Int, 2019, 115: 23-31.

Jama HA, Beale A, Shihata WA, et a. The effect of
diet on hypertensive pathology: is there a link via
gut microbiota-driven immunometabolism?
Cardiovasc Res, 2019, 115(9): 1435-1447.

Mente A, O'Donnell M, Rangaragjan S, et al. Urinary
sodium excretion, blood pressure, cardiovascular
disease, and mortality: a community-level
prospective epidemiological cohort study. Lancet,
2018, 392(10146): 496-506.

Kim M, Huda MN, Bennett BJ. Sequence meets
function—microbiota and cardiovascular disease.
Cardiovasc Res, 2021. DOI: 10.1093/cvr/cvab030.
Online ahead of print.

Threapleton DE, Greenwood DC, Evans CEL, et al.
Dietary fibre intake and risk of cardiovascular
disease: systematic review and meta-analysis. BMJ,
2013, 347: f6879.

Marques FZ, Nelson E, Chu PY, et al. High-fiber
diet and acetate supplementation change the gut
microbiota and prevent the development of
hypertension and heart failure in hypertensive mice.
Circulation, 2017, 135(10): 964-977.

Thushara RM, Gangadaran S, Solati Z, et al.
Cardiovascular benefits of probiotics: a review of
experimental and clinical studies. Food Funct, 2016,

& : 010-64807509

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

7(2): 632-642.

Cavalcanti Neto MP, Aquino JS, Roméo da Silva LF,
et al. Gut microbiota and probiotics intervention: a
potential therapeutic target for management of
cardiometabolic disorders and chronic kidney
disease? Pharmacol Res, 2018, 130: 152-163.

Gan XT, Ettinger G, Huang CX, et al. Probiotic
administration attenuates myocardial hypertrophy
and heart failure after myocardial infarction in the
rat. Circ Heart Fail, 2014, 7(3): 491-499.

Lam V, Su JD, Koprowski S, et al. Intestinal
microbiota determine severity of myocardial
infarction in rats. Faseb J, 2012, 26(4): 1727-1735.
Lin PP, Hsieh YM, Kuo WW, e a.
Probiotic-fermented purple sweet potato yogurt
activates compensatory |GFOIR/PI3K/Akt survival
pathways and attenuates cardiac apoptosis in the
hearts of spontaneously hypertensive rats. Int J Mol
Med, 2013, 32(6): 1319-1328.

Costanza AC, Moscavitch SD, Faria Neto HCC, et al.
Probiotic therapy with Saccharomyces boulardii for
heart failure patients. a randomized, double-blind,
placebo-controlled pilot trial. Int J Cardiol, 2015,
179: 348-350.

Mayerhofer CCK, Awoyemi AO, Moscavitch SD, et
al. Design of the GutHeart-targeting gut microbiota
to treat heart failure-trial: a phase II, randomized
clinical trial. ESC Heart Fail, 2018, 5(5): 977-984.
Malik M, Suboc TM, Tyagi S, et a. Lactobacillus
plantarum 299v supplementation improves vascular
endothelial function and reduces inflammatory
biomarkers in men with stable coronary artery
disease. Circ Res, 2018, 123(9): 1091-1102.
Yoshida N, Emoto T, Yamashita T, et al. Bacteroides
vulgatus and Bacteroides dorei reduce gut
microbial lipopolysaccharide production and inhibit
atherosclerosis.  Circulation, 2018, 138(22):
2486-2498.

Rault-Nania MH, Gueux E, Demougeot C, et a.
Inulin attenuates atherosclerosis in apolipoprotein
E-deficient mice. Br J Nutr, 2006, 96(5): 840-844.
Chambers ES, Byrne CS, Morrison DJ, et a. Dietary
supplementation with inulin-propionate ester or
inulin improves insulin sensitivity in adults with
overweight and obesity with distinct effects on the

. cjb@im.ac.cn

A= Eird: D] 3753



3754 ISSN 1000-3061 CN 11-1998/Q A:# T #2244k Chin JBiotech

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

gut microbiota, plasma metabolome and systemic
inflammatory responses: a randomised cross-over
trial. Gut, 2019, 68(8): 1430-1438.

Hoving LR, Katiraei S, Pronk A, et al. The prebiotic
inulin modulates gut microbiota but does not
ameliorate atherosclerosis in hypercholesterolemic
APOE*3-Leiden.CETP mice. Sci Rep, 2018, 8(1):
16515.

Swanson KS, Gibson GR, Hutkins R, et al. The
international scientific association for probiotics and
prebiotics (ISAPP) consensus statement on the
definition and scope of synbiotics. Nat Rev
Gastroenterol Hepatol, 2020, 17(11): 687-701.
Tajabadi-Ebrahimi M, Sharifi N, Farrokhian A, et al.
A randomized controlled clinical trial investigating
the effect of synbiotic administration on markers of
insulin metabolism and lipid profiles in overweight

type 2 diabetic patients with coronary heart disease.

Exp Clin Endocrinol
21-27.

Patel R, DuPont HL. New approaches for
bacteriotherapy: prebiotics, new-generation probiotics,
and synbiotics. Clin Infect Dis, 2015, 60(Supp! 2):
S108-S121.

Aguilar-Toala JE, Garcia-VarelaR, GarciaHS, et al.
Postbiotics: an evolving term within the functional
foods field. Trends Food Sci Technol, 2018, 75:
105-114.

Depommier C, Everasd A, Druart C, et al.
Supplementation with Akkermansia muciniphila in
overweight and obese human volunteers: a
proof-of-concept exploratory study. Nat Med, 2019,
25(7): 1096-1103.

Andraws R, Berger JS, Brown DL. Effects of
antibiotic therapy on outcomes of patients with
coronary artery disease: a metaanalysis of
randomized controlled trials. JAMA, 2005, 293(21):
2641-2647.

Troseid M, Andersen G@, Broch K, et a. The gut
microbiome in coronary artery disease and heart
failure: current knowledge and future directions.
EBioMedicine, 2020, 52: 102649.

Campbell LA, Rosenfeld ME. Persistent C.
pneumoniae infection in atherosclerotic lesions:
rethinking the clinical trials. Front Cell Infect

Diabetes, 2017, 125(1):

http://journals.im.ac.cn/cjbcn

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Microbiol, 2014, 4: 34.

Cheng YJ, Nie XY, Chen XM, et al. The role of
macrolide antibiotics in increasing cardiovascular
risk. JAm Coll Cardiol, 2015, 66(20): 2173-2184.
Winkel P, Hilden J, Hansen JF, et al. Clarithromycin
for stable coronary heart disease increases all-cause
and cardiovascular mortality and cerebrovascular
morbidity over 10 years in the CLARICOR
randomised, blinded clinical tria. Int J Cardiol,
2015, 182: 459-465.

Heianza Y, Zheng Y, Ma WJ, et al. Duration and
life-stage of antibiotic use and risk of cardiovascular
events in women. Eur Heart J, 2019, 40(47):
3838-3845.

Knoop KA, McDonald KG, Kulkarni DH, et al.
Antibiotics promote inflammation through the
translocation of native commensal colonic bacteria.
Gut, 2016, 65(7): 1100-1109.

Miyazaki-Anzai S, Masuda M, Kohno S, et al.
Simultaneous inhibition of FXR and TGR5
exacerbates atherosclerotic formation. J Lipid Res,
2018, 59(9): 1709-1713.

Lam V, Su J, Hsu A, et al. Intestinal microbial
metabolites are linked to severity of myocardial
infarction in rats. PLoS ONE, 2016, 11(8): e0160840.
Leshem A, Horesh N, Elinav E. Fecal microbial
transplantation and its potential application in
cardiometabolic syndrome. Front Immunol, 2019,
10: 1341.

Rao K, Safdar N. Fecal microbiota transplantation
for the treatment of Clostridium difficile infection. J
Hosp Med, 2016, 11(1): 56-61.

Choi HH, Cho Y S. Fecal microbiota transplantation:
current applications, effectiveness, and future
perspectives. Clin Endosc, 2016, 49(3): 257-265.
Smits LP, Kootte RS, Levin E, et al. Effect of vegan
fecal microbiota transplantation on carnitine- and
choline-derived trimethylamine-N-oxide production
and vascular inflammation in patients with
metabolic syndrome. J Am Heart Assoc, 2018, 7(7):
€008342.

Kootte RS, Levin E, Salojarvi J, et a. Improvement
of insulin sensitivity after lean donor feces in
metabolic syndrome is driven by baseline intestinal
microbiota composition. Cell Metab, 2017, 26(4):



FUY SHEEFRARBEFNREC=RE

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

611-619.€6.

De Leon LM, Watson JB, Kelly CR. Transient flare
of ulcerative colitis after feca microbiota
transplantation for recurrent Clostridium difficile
infection. Clin Gastroenterol Hepatol, 2013, 11(8):
1036-1038.

Ramezani A, Nolin TD, Barrows IR, et a. Gut
colonization with methanogenic Archaea lowers
plasma trimethylamine N-oxide concentrations in
apolipoprotein € "mice. Sci Rep, 2018, 8(1): 14752.
sk SR (PR R AL R R IR ) Sk
KEEMA. R ER R (AR,
2021, 41(1): 1-3.

Zhang FM. The key issues affecting the practice of
Nanjing consensus on methodology of washed
microbiota transplantation. J Nanjing Med Univ Nat
Sci, 2021, 41(1): 1-3 (in Chinese).

sk, XUME . I TR A AL A A A 1 B IR U
k. e H msMRAR, 2020, 23(Z1): 45-47.

Zhang FM, Liu YF. Evidence and decision of the
choice of delivery way in washed microbiota
transplantation. Chin J Gastrointest Surg, 2020,
23(Z1): 45-47 (in Chinese).

Zhang T, Li B Wu X, et a. Alterations of
Akkermansia muciniphila in the inflammatory
bowel disease patients with washed microbiota
transplantation. Appl Microbiol Biotechnol, 2020,
104(23): 10203-10215.

Zhang T, Lu G, Zhao Z, et a. Washed microbiota
transplantation vs. manual fecal microbiota
transplantation: clinical findings, animal studies and
in vitro screening. Protein Cell, 2020, 11(4):
251-266.

Tan Y, Shen J, Si T, et al. Engineered live
biotherapeutics: progress and challenges. Biotechnol
J, 2020, 15(10): e2000155.

Claesen J, Fischbach MA. Synthetic microbes as
drug delivery systems. ACS Synth Biol, 2015, 4(4):
358-364.

Chen ZY, Guo LL, Zhang YQ, et al. Incorporation of
therapeutically  modified bacteria into gut
microbiota inhibits obesity. J Clin Invest, 2014,
124(8): 3391-3406.

Duan FF, Liu JH, March JC. Engineered commensal
bacteria  reprogram  intestinal cells into

& : 010-64807509

[77]

[78]

[79]

(8]

(81]

[82]

(83]

(84]

[85]

[86]

[87]

glucose-responsive insulin-secreting cells for the
treatment of diabetes. Diabetes, 2015, 64(5):
1794-1803.

Atarashi K, Tanoue T, Oshima K, et a. Treg
induction by a rationally selected mixture of
Clostridia strains from the human microbiota
Nature, 2013, 500(7461): 232-236.

Tanoue T, Morita S, Plichta DR, et a. A defined
commensal consortium elicits CD8" T cells and
anti-cancer immunity. Nature, 2019, 565(7741):
600-605.

Gorski A, Bollyky PL, Przybylski M, et al.
Perspectives of phage therapy in non-bacterial
infections. Front Microbiol, 2018, 9: 3306.

Mimee M, Mimee M, Citorik RJ, et a. Microbiome
therapeutics-advances and challenges. Adv Drug
Deliv Rev, 2016, 105(pt a): 44-54.

Wang Z, Klipfell E, Bennett BJ, et al. Gut flora
metabolism of phosphatidylcholine  promotes
cardiovascular disease. Nature, 2011, 472(7341):
57-63.

Wang Z, Bergeron N, Levison BS, et a. Impact of
chronic dietary red meat, white meat, or non-meat
protein on trimethylamine N-oxide metabolism and
renal excretion in healthy men and women. Eur
Heart J, 2019, 40(7): 583-594.

Qiu L, Tao XY, Xiong H, et a. Lactobacillus
plantarum ZDY 04 exhibits a strain-specific property
of lowering TMAO via the modulation of gut
microbiota in mice. Food Funct, 2018, 9(8):
4299-4309.

Qiu L, Yang D, Tao X, et al. Enterobacter aerogenes
ZDYO01 attenuates choline-induced trimethylamine
N-oxide levels by remodeling gut microbiotain mice.
JMicrobiol Biotechnol, 2017, 27(8): 1491-1499.
Tang WH, Wang Z, Levison BS, et al. Intestinal
microbial metabolism of phosphatidylcholine and
cardiovascular risk. N Engl J Med, 2013, 368(17):
1575-1584.

Wang ZN, Roberts AB, Buffa JA, et al. Non-lethal
inhibition of gut microbial trimethylamine
production for the treatment of atherosclerosis. Cell,
2015, 163(7): 1585-1595.

Chen K, Zheng XQ, Feng MC, et a. Gut
microbiota-dependent metabolite trimethylamine

. cjb@im.ac.cn

A= Eird: D] 3755



3756 ISSN 1000-3061 CN 11-1998/Q A=¥ T #2%4k Chin JBiotech

[88]

[89]

[90]

[91]

N-oxide contributes to cardiac dysfunction in
western diet-induced obese mice. Front Physiol,
2017, 8: 139.

Kuka J, Liepinsh E, Makrecka-Kuka M, et al.
Suppression of intestinal microbiota-dependent
production of pro-atherogenic trimethylamine
N-oxide by shifting L-carnitine microbial
degradation. Life Sci, 2014, 117(2): 84-92.

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.

Roberts AB, Gu X, Buffa JA, et al. Development of
a gut microbe-targeted nonlethal therapeutic to
inhibit thrombosis potential. Nat Med, 2018, 24(9):
1407-1417.
Gautam A,

Paudel YN, Abidin S, e al.

http://journals.im.ac.cn/cjbcn

[92]

[93]

[94]

Guggulsterone, a farnesoid X receptor antagonist
lowers plasma trimethylamine-N-oxide levels. an
evidence from in vitro and in vivo studies. Hum Exp
Toxicol, 2019, 38(3): 356-370.

Eme L, Doolittle WF. Archaea Curr Biol, 2015,
25(19): R851-R855.

Brugére JF, Borrel G, Gaci N, et al. Archaebiotics:
proposed therapeutic use of Archaea to prevent
trimethylaminuria and cardiovascular disease. Gut
Microbes, 2014, 5(1): 5-10.

SRR, EOCHE, FEELE, 5. WiE EAE-TMA-
TMAO fUilif&« 5.0 M5 5 B FE ke, rh 4
IR 2R, 2020, 48(2): 159-163.

Yue SJ, Wang WX, Tao HJ, et al. Research progress
of targeting gut microbiota=TMA-TMAQO pathway
in cardiovascular diseases. Chin J Cardiol, 2020,
48(2): 159-163 (in Chinese).

(ACTg  MEETT)



