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Tryptophan-derived indole metabolites: A messenger between
gut-organ axis and disease regulation
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Abstract: Recent advances in understanding the modulatory functions of gut microbiota on human diseases
facilitated our focused attention on the contribution of the gut to the pathophysiological alterations of many
extraintestinal organs. Tryptophan-derived indole metabolites have become crucial signaling molecules in the gut-
organ axis, playing a core role in anti-inflammation, immune homeostasis, and maintaining mitochondrial function
by activating the aryl hydrocarbon receptor and pregnane X receptor. This review systematically explores the
regulatory mechanisms of indole metabolites on host diseases through the gut-liver axis, gut-brain axis, gut-heart
axis, and gut-lung axis, providing a new theoretical perspective for understanding the interaction between the gut
microbiota and the host and developing new strategies for the prevention and treatment of related diseases.
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Z P miE w8 R 2 5 O R BRI AR, B
B & (Bacteroides) B UATF i )& (Parabacteroides)-
XA B 8 (Bifidobacterium) ¥ W J& (Clostridia)
FLFFE B (Lactobacillus) % . X 56 B i i (0 & R il
R M R WG AN 55 75 IR 2 R e R B 55 X JE I, K (0
2 B 46 Sy W5 Wk | 15| Bk -3- 20 R (indole-3-acetic acid,
IAA). 5| Wt -3- T B2 (indole-3-propionic acid, IPA). Hj|
Wk -3- FF i# (indole-3-carboxaldehyde, 1Ald)- M| Pk -3- 2,
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Bt 1% (indole-3-acetamide, TA) FlH5|WE-3-FLFR (indole-3-
lactic acid, ILA) S A7) 15 ¥E & = (AR =9 . E15
R, AN F 8 i KA B 22 2 57, X
FhGE 2 1) 2 FE PR B S 80T IR P 1 = & 15 1)
I, [5] — Fofr g W AU 2 9 T R EH AN () BT S8 AN [R] (1) il
A IBARE IR, T RO 2% BB A AR i ) 251

BIF S0 A, AR 4 — €0 2 TR — M| W A Ul 7 A 457 L
RS REREREER . B R 4
WEHEANESERRE A NEENFE S TH TR
%% #& (aryl hydrocarbon receptor, AhR). %2 i X 3% 1A
(pregnane X receptor, PXR) S5 1% 2 Fr e E 45 &, 4%
FERIFRIL, Z 5P R R % e E AR A A D6
W o ARRAE 9 — FhC A B0 1 2 s R 1, AN B2
YRR Ui B Rk R 1) A SR, 8 JE I 2H B 1 B TR S AL 2
5 R AR AR 22 AR T R 2 A G
FRFIFR 22 T I T2 Rk, R AR A 2 48 B Il
WH R REAEH 2EE 13T, B 2R &2 ok,
e OIS L7 AT K7/ PUS BUR TS Y AT E N
Wk VRN 2 W 38 A% 18 11OV A AR B2 A AR It i AR, T
F 22 J2 O HE R 458 I 2 ol FG A B 3 O VR A 47 e L
R RSN

LA I FC s, KB40 WG] W R4 Jot 32 22 ) L A4k
AORPPEE L, (B AE, BAEAES T, EIER
AR PR BE T A T B B D RE LI T A A, (AR N
& RS, WRST e A ATLAAR FR) 5] W 76 JHF JUE A 36 S T 2 1| e
M (indoxyl sulfate, IS), 7£ 5 ThBE A 4 i 55 AL T '5 ik
i PR FEREN T AR SCEE R AR w0 LR
AUV, BRIT I HUAAR I Bl o0 il 46 25 BB 2R A2 A5 10
AR R, 2 P e ) B va B 4R ) 2 is
LA
1 FA-R4d

JY 38 5 I I 22 18] 38 3 g — il 5 A . AR
JRA B BE JH BT | S % 3R 2R A (immunoglobulin
A, IgA) MIPUEH 7 1 5, BAT 28 IH R 2/ g,
I 38 8 B R W IR R B A R IR BB TR S —
J7 T, R R AR AR ) A J A4 A 06 43 A8 =X
(pathogen associated molecular pattern, PAMP) % i i
T8 BF B, 3 1] A KO B R (BT R X — AR
) £ e S R M| Wk AU A7 ol o L A B ) 4 O 2 AR
JH R AU 5 0% Th e, BN 52 I iz — JH il 22 i ) 7R
fFfEz—

£ W I fig B 05 A OC B D7 PR (metabolic
dysfunction-associated steatotic liver disease, MASLD)
AT A BRI 3l AR P, R B RN T, H
0 T AL B4l g D7 L DT 1 BF % (metabolic

dysfunction-associated steatohepatitis, MASH) i 1t.
B 2 1] BE 3 B 40 M #% (hepatocellular carcinoma,
HCC). M /£ MASLD ¥ 5 i3t e i A% v, 1 18 B A 45 14
S F AR P W 20 R A2 A BR AR AL, I PRAE 4R 2 7R
MASLD 8 3 L5 A1 35 0| e A Ui 0 7K T 5 50 7
AR R UM SN, TERE B L2 BUBE R 9% 55 AR AR P
P R TR WU 2 7 1 TAA I IPA ZKSF T B, TR
PREBRKF T . XM MASLD AH KRB RES T,
PR 2 2 R -1 DR AR i A% 52 24 ) "> g HL, BA b
W PR T 7C 33E — 2D A8 i = 1 B & Pk MASLD-HCC
/N BB A5 B SR

Bk T 1E N VE A MASLD XU 193 72 = Wb B
A1, 5| AR )38 £ Zh AR Y i S s 1 B R YR T AR
Ro BFARRM, 785 R KB 753 1 MASLD /) G5 A
H, TAA BE % 52 i e I K& 91 A 1 2 B LR | I 3R S IR
AR (i o - = e 05 o= 1 o T v
Wi & AR, 2 25 50 I 07 78 M FF 4 R SRR AR K /)
I 48 0 S JFF AT o5 B o U0 7R Ay ML R T, TAA
TP ik T U OGBS 97 AR I TR (R4S SrebfT . Scdl
PPARy-Acaca 1 Gpam) W13k, M9/ JH I g Jog 30
FRUS G I, TAA G R 3 v IR 6 91 R I A8 D,
PR S TR A O S A T 3 PR RO A D T R KT, B AL
VAT R, I kb R 4 R A e A
BE R F-o (tumor necrosis factor-a, TNF-a) 5 1% 41 Bl ¥
£ & [ 1 (monocyte chemoattractant protein-1, MCP-1)
SR R T RIE; T A6, IAAEREIE L i k)
il A4 3 5E ) TS 52 ARy L 0E T 1a (peroxisome
proliferator-activated receptor y coactivator la, PGC-
La), B35 e I MR TR /0 B SRR AR RR 5 5 1Y) Hep G2 41 i (1)
2R LA I I i B, AT 24 IE MASLD Ji IR 7 T 1 2%
KLk T RE R AGRY. Br BLHEAE H A0, TAA IE RIS BOE
AR, i 3k iz 18 1 40 s A+ & -22 (interleukin-22, 1L-22)
() eIk, — 7 HdE kAR T b 4, OE (S 5 i
S FEE S5 0 A T 3 (signal transducer and activator of
transcription 3, STAT3) H- | 431 B W 25 /B 1B &
1 (wingless/integrated- f-catenin, Wnt-f-catenin) {5 5
TR, gD I BRI IR S — 7 T AT b R
B85 G RFE BT R S5 R PUR AR (W1 Reg3g) ik
AR 993 J5i A, BEL 1k 4 B4 5 o, [A) 452 24035 MASLD i 2
R, BRIAA S, ILA FIFE B A R EH, X 53
VAR BR ARG 9. TLA JE I g 15 A0 AIE e AH 22 2 1
(fat mass and obesity-associated protein, FTO)/N’- F 3
JIg W2 14 (N°-methyladenosine, m°A)/YTH N°- Hi 3 IR i
¥ RNA 45 4 & A F2 (YTH N°-methyladenosine RNA
binding protein 2, YTHDF2) i@ i b 1 JIF Ak AH [ B 126~
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7= A (cytochrome P450, family 8, subfamily B,
polypeptide 1, CYP8B1) ik, {12 i JH iR A= Bk, 1M ¥k
T i 0 41 4305 JE 18 X 2244 (farnesoid X receptor, FXR),
H 2 B S5 AR 3R O S AR S Y, L e R T
ILA 7] 3 i RNA FF 3 A0 X — 3 00 38 4% 12 A 1 42 ik 1A
Ik . W5l A By e 8 4 98 B AR 40 P i) PFKFB3
(P P A SR B Bl ) R 3 O e SR iim 2, 1 ol L3Rk
T 0 O A M 28 PR E A, 27 R IR DT AR M A
HHER

JH- 1 Ak 2 18 9 1) A8 A0 K JRe 1) D B B
WA N 2 A IR 9T 1 GBI B . Zhao S5 7
R PLIPA A 3423 MASH, 15 310 1) 7 2F 4 14 5 R A
IR HE R 208 (YRR i 1E B RS A K. Luo 0@
T JH-AE A R85 R0 2T A0 /0N B PR 22 3 DT 28 0 € PR A 1)
U I Hr, FF485 G /N R LT 4EA A AL EAT 30 00E, B TA
T IPA AR HEALAE FH o HLI L, TPA 1R %R A 3 A
[l AR SEIL: —J7 1, & T I i s AhR, SR 5
xB (nuclear factor kappa-light-chain-enhancer of activated
B cells, NF-xB)/£%5 T. & [1 A/B (calcium-binding protein
A8/A9, S100A8/A9) fii, L HE T #L 4 2 W% ¥ i 2
(sphingosine kinase 2, SPHK2)/#H & % -1- Bf MR
(sphingosine 1-phosphate, S1P) 15 5 i B, ¥ # P [F] #1
il LG 2 2 15 ST00A8/A9 f 0 & T e Ak, VIl 1 &
s 241 i 3K 30 S 22 UK 40 Y. (hepatic stellate cell, HSC) &
A R G S 4 B 1) 38 AR, AT SE P LT RN . 55—
J7 1, #4% Pihlajaméki [ BARO B 7E, TPA 38 fE B4
FIT-HSC, il id % 5 HSC P4 T B AR ZbL A4 I Ty i
AR 2R KR Bl 77 2 FF T R AR 4R A DGR BE DR I SR A, St
[F) A V5 A (1) HSC 1) 3% A AL A, AT R 4% BT 21 4
AER - tb4h, A TALd Pk 5 18 35 50 B 4%, JF £k
717N BRUAE A 2 AR 28 1) JHE 4 A R iR TE Y
2 Fp-Fxkh

Jip i I 2 N o3 B S A S R A T R AR
5 R BEAT VA 38, 5T PR R 2 R G D RE; T HL,
W4 RE WM AIEE B EME RG RANE N5, 5)
AU i B R T e S B R A PN FEIX — E R
J -l o, WA S YIE N SSRGS T, B 5
P22 35 Jo A 2 55 PR 8 20 S N, 5 T 4 AAE L £5 FEAE <
Bl 7R 7% 3 BR 9% (Alzheimer's disease, AD)- IH 4= #% 7
(Parkinson's disease, PD) 2 £ Fi il 28 ¥ i 5 pf 2 1B 4T
P o

AT 4F K 22 Tl PR B RIE 783 B, Ml e AR ) 7E £5
R A0S S RS b R R BV T W 1. AR TE
Pediococcus acidilactici CGMCC 35671 Fl1 X 5 #F
Bifidobacterium breve CCFM 1025 i8 i A8 £ & 1R 7=

A2 ILA, S MR AE P 2 3o M 10 57 B 5, 805 fixi Y AhR 15
B, S RN T A R AL, TR A
% A ¥ TNF-aIL-18 F1 IL-6 {32 35, 4]0 2 2 05E, 75
P2 P AN AT TS BB R (chronic unpredictable mild
stress, CUMS) /> il HF 3R 300 H B A 11 B 00 A8 2800 SR 024,
FA IR R, TAA R IE 6] R il - 45 Bl
H (hypothalamus-pituitary-adrenal axis, HPA axis) [#)iZ
JEE VT 3 OI0 T AR GE A ph 28 R S (brain-
derived neurotrophic factor, BDNF) [ 1A DA & i 75 %
ELHZ AN 5-HT AL 5 1842, X CUMS /AT B2 iR 7 1
B Be A, TAA L BEHY 5 T o %6 55 2 M 7 R 70 6,
T T A v P A8 R A IR SRR TR A R
RIS, 1 — A G i NS 3 AR R AT A HAT,
P 2R T e (1R R OK 7377 1)l FH A 2 78 i 397 1) 11 B
7 0 BE RS, Rl 2 RIS AT AR 8 ROR 32 BB ST
N 5. Wang [ B\R B, TPA JTAA FlG| A B 24
RE B35 H L R T JiZ 75 3 /D SRR W AT N, JF X R fR
P E I AE ADR 3 PR g B /N BV 2%, R T ABR AE ]
Mg A A 0 5 Y R A i i 3 TS v T R Y B A
F, (BT 75 B8 2 A 5K Bl PR B LA AT 98 3 — 25 96 UE B
AW RER.

K R0 A, gl 2 AX U W 78 1 22 SR AT PR
B U A% b R R T B B . 7E AD BF T,
TAAIPA.ILA ¥ 30t 56 3 (R 0k 8 J80E 1 B,
WS LW, APP/PS1 /N, (AD BT /N BR) T A 445 g v B
Z W51 7 A T, T D 78 M1 W L TA A R TPA BE RS 1k 52 1
T8 B B 58 B A%, Ol i 0E AR, 1 NOD # 52 14
& [ 3 (NACHT, LRR and PYD domains-containing
protein 3, NLRP3) #AE/NMAETE i, /b #2489, o3
AD N FIFEASE. Guo ZEOE 7Tt R B, 1E FL (Y L 7Y
FIEGK S BURLBE % AN A E 45 5, W RO ER
JE) I B TAA & BUBE V23K, 3600 TAA A B, 21T
i I I R AR AR L R . BRI R AR AL, TAA IR
AE I L 0N AR {5 = 3 #% T 340 ) /N Ji i 48 g A 3
R s 7 I, DR SR ik 45 4 58 RE AR, Dy e AP 2
FNEN LR AL B AL 1T I

KT PD, “W iR UL N BEAE () a- R iz R
FI (a-synuclein, a-syn) AJ 7£ I i # £ 70 T Se T8 ik, I
I Ik K T 2 i) K A 2 R G A B, TR i i i
7R TR R BT R AR AR I, TIPA TE
PDJRFE R EEEAEH . IRRWER KB, PD B #H &
P W T8 TR R 2R 8 B TPA ZKSTBRAR, $2 7 1 & 2 (A1 AF
FERBK, 5 TPA I /b 72 95 1 B S SR B AT S, 7 %
BE— BT Y, By Seie ik — RS, PD AR AL /N R
L 08 T B O R S £ B TPA /KT 553 R %, T b 78 TPA
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Ae B W G IS B R AR D, R R X 2 i R A 4
JTAG AT, (A 4 8 000 i B B D e . HLJE T, TPA 3232
ik O PXR, ##H IL-13 32 44 al (interleukin-13
receptor alpha 1-subunit, IL-13Ra1)-Janus 3/ 1 (Janus
kinase 1, JAK1)-15 5 % 5 K& i 5% W0 25 1 6 (signal
transducer and activator of transcription 6, STAT6) {5 &
JE %, AT A R ) i ek 28 R It 200 B 1) S i 3 AL 22 AR
RRFERPLo X —AE AN T WiE Je 4 5 SOREAR
A, I B — P 2 ORI N, B 4 RESE PD
gy B Y

3 B-0dH

O ME KI5 (cardiovascular disease, CVD) & 4= Ek
FB I N A B 11 B 2 LR 2 —, i — O Bl 2 P
VIR CVD B — AN E BRI . W iE B R A
FEMAAE I A T % e ERW S50 ME R
A4 RE, FL L2 3 800 8 5% R A R e 1)
BB . b, R - AU AR Dy S
{557 F, LB kB FEAE 1L (atherosclerosis, AS)~:0» /7
T e AU LA 0 P 3 BRI R oy v o H 2 B R 1) O
M.

ASAE gt ML 5 1 3 B0 B L A, R AR R R
5518 1t JRE A AL B VI G . 2 Fhong] Wk S A
W, 4 TALd IPA FITAA 55, 15 9 B e~ 2 HAR B R 8
I, 8 T TE W USCAE B T I PN 7 B8 e 2 i, 3 i i
25 ML/ P B2 AR A R L Wk 4 o A A R T[] 1 47 HE 5
Z LI &R AS. FLAKT 5, TAld 38T AhR, fie it 3
A% I 5 %K F B2 M % A+ 2 (nuclear factor
erythroid 2-related factor 2, Nrf2) i 2 F X 3 45 &, M
17 9 Nef2 e TR e 48 5 DR 1f 41 32 0 %6088 -1 (heme
oxygenase-1, HO-1) 1% st Rk, A RUBFAR 40 i A A Ak
JSLU K S, 93/ A 9% 4 1 DR TR . TPA U e it
il miR-142-5p (1R 1%, W =B R IR 1 45 & ik 18 ik
A1 (ATP-binding cassette transporter A1, ABCA1) 15
i, gk I A i R ] P 35 [ 3, E T PR AER AS BB
Bl tbAh, IPA iE g il i PXR AH G455 38 i FE IR
I /ISR S A, DT PR ARG AS B 3 1 L /)N R 3 A A I A
TE OB, B WM ITE AS dt R bR O E R, 3R B
HR R M AP L M2 I £ R, M1 5
M2 I ELAE B ARER AS ) SRS iR e . Bl
B FL 2R B, TAA 7] $1i Toll #£ 52 {4 4 (toll-like receptor
4, TLR4)/fE Ff 4 4k A -7 88 (myeloid differentiation
factor 88, MyD88)/NF-«B il % iif 1k, [ M1 E kg 41 fitg
AL, TRIsE L ARR ARORE T7 A 1 M2 Bl Ak, 115 280E
Rl F-F i el 4 AS™ . DL L 5 3R B, gl WA U A e it
Z B0 R 2B B 1) 77 2UAE % T AR AR S 4ERR SN

F DI Re ORI R AL O AR, R T AR N ASTRITHT
L O SON P

T AE O 7 568 2y SRR, Ml e A5 7 40 V5 XU A £,
L b IPA HIE 52 B B A 000 DE LR A D RE, T IS W2
L 8 L 1) B0 RO o A 9T R B, TPA 7E 3 I 73 £ IR
B4 10> 3 (heart failure with preserved ejection fraction,
HFpEF) 1 & % ¢4 LR 47 1 ™, Wang &5 38 i AX i
20 2% 93t ) B, HFpEF /) B0 JIE 25 23 K% i 3% o IPA 7K
PR BRAR, IR IE 587 7k D Ae B AR B 2 47AE O,
X — I RAE G PR B h A5 258 0F . ML b, IPATE
o B A A RO O VLA M I ARR, I 2 S EAE
i 3 (sirtuin 3, SIRT3) FJZRIE, 1 A Bt fie N- FH R e 7%
B (nicotinamide N-methyltransferase, NNMT) [y 4,
M B FH R T B% (nicotinamide, NAM) 7K *F- A1 NAD'/
NADH FUAH, B3 SRR DI RE, 5 2 22 fif O IERT 7K Dy RE
Bt o oo R 2 2 A o 0 U 7 28 I OGS PR AR AL, & %
WEFE O Z i BEH TR BB HECY, LR
R, A0 78 IPA [FIRE T A HUE 22 2 AL E R . TPA G I
WER Y HER-IRE RS (cyclic GMP-AMP
synthase, cGAS)/F It & %& [A 31l ¥ K] 7 (stimulator of
interferon gene, STING) 8 % 11 i1l . W 41 B A A A8 B
% [ R Wi BE B 1 (palmitoyl protein thioesterase 1,
PPT1) W) 3 ik, [A) I 305 8% AR Mt L B 3- B i
(phosphatidylinositol 3-kinase, PI3K) - &5 H ¥ fig B
(protein kinase B, AKT)- M L 3 4 & 1 5 2 0 & 1
(mammalian target of rapamycin, mTOR) i i 1’k & %£ &
5 2 ) W A, T A 1) 9 0 5 T SR, A 2%
REGZ L LR A AEA R . 5 IPA LR 15 FH AR
S, IS MIAE O %2, JCH 2 7512 1 B 9 (chronic kidney
disease, CKD) #H I [0 % HH 4 38 45 25003 /1 1. Zhang
LR AR 7R, CKD & FF 0 3 B3 7k 3 KB #F 1 (E.
coli) F & B & I+ &, ™= A8 1) 1S /K ~F AT DA I J0E
AhR/CYP1BI %l 15 5 £ R 4K T RE a5, {2 22k 0o UL 41
T, WOk e .
4 Fp-Rbh

TR, B TE T A P B 5 W 2R 5 2 T ) X0 1)
IR M-It . e K5 s wt 7i LW, id
PR U 5 B My it 28 i T 44 1 55 22 it 3 5 0 2 D)
ARG, 5] B it 8 28 i A0 Gt B J8 k22 WL B0 30
TH TR BFEE R BLAR B i 2 R P IR A AL AR 1Y) 43 A A
Dife AR, B = E ARG IR E R8N IRZE, RA ML
FR) R B 25 ) 5 A e I, 9 o — e e AR AE SR T
SEFEREDY . kB 2 B T 3R B, I MR R AR 1
I R e s R AR IZ T 2 . AhR TE 18 5 it 28
S |z AR, AR Sy W WA U 1 DG B N DR A2 A
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S 5 HAE P B IR) 1K) A % R TS D e, AT 7R “ i — il
By > TR O A

W7 i e — e 1 A1 IR 0, R AR A o T 1
PNE, X IR 2 F BV TR 4082 1 (T-helperl,
Thi)/4# Bt T #k 41 2 (T-helper2, Th2) Fl4f e T
Wk T2 4 Ffg 17 (T-helper17, Th17)/48 5 = T ik £ 40 Jfg
(regulatory T lymphocyte, Treg) ] Lb 5] 47, 5] &k — &
B G 2 S 7, 33— A TN AR SR A e S SR
FER W, TAA @ B il 4 23 h (1) ARR, {2 3F Treg 43
&, B35 Th17/Treg %75 40 i 1) L 451 2% 41, 400 1) NF-xB/
NLRP3 JAE I %, AT 642 ORVE R E 35 1 0 ik i
Wity /) BB AT 2 EPS . TPA [R) A 7 I Wiy % Jee o i 301
OB F, Al R AE G AR . FE /) BR 4 AR A8 F e
A2 3RS TROOR I T TR R 1) GE R, RR S 2 PR AIR TPA Y K
F, RIMEAE (S DU E R B AR B IR 5, HAR I E
FHIR RAR SR AEAE o ML |, TPA B 2% 5 8UM | R
2 L P 2R AR Ty R 2k 1A, 2 I M ST AR 2R AL
FEAESG TN, AN AR T b B 2 ) A R LU S,
W6 WA 52 21 5 5 T, 23 7 AR TE 2 AL R T
I S S RE, T LBk — R B SR BN, £E 4 A
N ERPUA ZR A T I IR] R 78 TPA, W] T B R 4F JS o Bt
R RAE ) Sy A

i 98 A& 48 £ RSB il vEL NI 8] S5 %) 285, AT EH R
TR R PR 3R e 44 S 9T B, i K b A
WAL FR) i 9 A 208 R 4 P 28 o T R e R
#F (severe acute respiratory syndrome coronavirus 2,
SARS-CoV-2) 5] & Wy fii 4 B 45 24 % i), 5w 5
T BUCA T R A e B g BRI Pk AR . KRR
7& 45 SARS-CoV-2 J& Gt 3 A Jim J5 A RE IR Fi 2 A7 A 5
B AR, HIX SRR gk 20 24, ok
b 5 R A R PR 0 A RSN . B AR W, T B Z R AR
RS KBS VIR . In R R, K8 e &
LI P SR A A TPA (1) 7K P B R AR T8RN
B, JFH S Z P & B 1 40 C ) B A (C-reactive
protein, CRP). Ifil i ¥& ¥ ¥ & 1 A (serum amyloid A,
SAA) B3 UK, 1IX— RILHE IR IPA B = 7] g 5 R 42
PSR A AT, B 3 () A R AL, 52 TPA T BET
BURERAE, I RAETHHE T IPA, B 3L [F] 52 G %
RIS, s it — P05 . Rk R R4 b K
I, 554 N AR EL, 8T 7l B8 5 i o T A v A 5T
T2 155 A AR DR B 35 DR AR 0 3 B2 I 25 B AR, HL7E B
JEBETHIX MR E AR . cGAS-STING i i /2 I
LB SR )% R G A% O AL RGER 47, 240 1 N IR I,
cGAS B 2%, 4L ATP H GTP & i 2'3'- ¥4k GMP-
AMP (2',3'-cyclic GMP-AMP, cGAMP), J&i & 1% 1 i

% & STING, 5l & T # & ¥4 47 A ¥ 3 (interferon
regulatory factor 3, IRF3) 1 NF-xB % 3% K T #0355
TR IAE B 723k, IS S0 BN . A
AN R 52 56 30— S5 AR 5K, TPA BE 6% B H2  5 H B
# 1 cGAS-STING i@ %, il /> 1 8 F 48 & (IFN-a il
IFN-B) 77 A2, 33X 3¢ B FLAE i 43 0 2 e 92 s I v T i
KA BRI R, SR F AT g AR 2 W e R
FEZZ AR, TAld 1 B3R T AR LR F6 1 57 Fe, 1715 %0
P4, JF HOR I e B A 1] SARS-CoV-2 & i, i
171 428 11 357 7 A S s it 25995 - 9ok 4 it 30 A RE A 01 Bk
i BF AR OC il & Ah, TAA 1E iz & R 3 1 IR B 40
(ubiquitin specific peptidase 40, USP40) 78 X i35 57,
e PR AR #R 78 22 A 90 (heat shock protein 90, HSP90)
2 R AR, DR AL P B 2 D 4 52 i 22 5 kS
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Figure 1 Schematic diagram of indoles signal pathway. IAA, IPA, IAld and ILA are AhR ligands. Indole and IPA are PXR ligands. In the
absence of ligand, AhR/PXR exists in cytoplasm as an inactive complex. After indoles binding, AhR/PXR enters the nucleus, forms a dimer
with ARNT/RXR, and then induces the expression of related genes. This leads to a range of cellular effects—such as anti-inflammatory and
antioxidant responses, enhancement of intestinal barrier integrity, and immunomodulation—which collectively underlie the protective roles
of indole metabolites across multiple disease. IAA: Indole-3-acetic acid; ILA: Indole-3-lactic acid; TIAld: Indole-3-carboxaldehyde; IPA:
Indole-3-propionic acid; AhR: Aryl hydrocarbon receptor; PXR: Pregnane X receptor; HSP90: Heat shock protein 90; P23: Co-chaperone
p23; XAP2: X-associated protein 2; ARNT: AhR nuclear translocator; CYP: Cytochrome P450; SMRT: Silencing mediator for retinoic acid
and thyroid hormone receptor; MDR1: Multidrug resistance 1; IL-13Ra1: Interleukin-13 receptor a1-subunit; JAK1: Janus kinase 1; NF-«xB:
Nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3: NACHT, LRR and PYD domains-containing protein 3; Keapl:
Kelch-like ECH-associated protein 1; Nrf2: Nuclear factor erythroid 2-related factor 2; TJs: Tight junctions; IL: Interleukin; STAT3: Signal

transducer and activator of transcription 3; NAD": Nicotinamide adenine dinucleotide

Table 1 Overview of major gut microbiota-derived tryptophan indole metabolites. USP40: Ubiquitin specific peptidase 40; MASLD:
Metabolic dysfunction-associated steatotic liver disease; AD: Alzheimer's disease; T2DM: Type 2 diabetes mellitus; PD: Parkinson's disease;

AS: Atherosclerosis; HFpEF: Heart failure with preserved ejection fraction; COVID: Corona virus disease

Metabolite Producer Key target/ Effect Disease Reference
receptor
IAA Bacteroides; Bifidobacterium; AhR; Anti-inflammation, regulating MASLD, depression, AD, [18-23,35-41,48,58,59,
Clostridium; Escherichia USP40 immune homeostasis, improving asthma, acute lung injury,  64,65]
mitochondrial function, protecting ~ T2DM
intestinal barrier
IPA Bacteroides; Bifidobacterium; AhR; PXR Anti-inflammation, anti-fibrosis, Liver fibrosis, PD, AD, [26,27,32,44,46,47,49,
Clostridium; Streptococcus; neuroprotection, cardioprotection,  HFpEF, AS, long COVID  50,60,62,65]
Mycobacterium; promoting reverse cholesterol
Faecalibacterium transport
1Ald Bacteroides; Lactobacillus AhR Protecting intestinal barrier, anti- Liver fibrosis, COVID-19- [28,45,63]
inflammation, inhibiting viral associated pneumonia, AS
replication, regulating immune
homeostasis
ILA Bifidobacterium; AhR Hepatoprotection, regulating bile MASLD, depression, AD  [24,33,34,37]
Lactobacillus; Akkermansia acid metabolism, inhibiting
neuroinflammation
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TEAEBRIR B VO N R SER TR, OOk, ANF A0 M BE3RL, P RBOK 1S M58 2808, [R1 1] B Hil 55 TPA
Wi % 2 S5 O AL ZH L TPA (1) AR 38T 26 0k 28 R A4 PIORAF IS 5 o DRI, AR SRAIF 78 75 78 0 7 20 il S 4k
{97, 1 X6 IS () AhR/CYPIB1 G R BN T &, KA b ZR G W WA P 1 B 2 R 5 0 2%
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