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Research Progress on the Molecular Mechanisms by which Gut Microbiota
Metabolites Affect the Development of Type 2 Diabetes Mellitus
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Abstract: Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by severe metabolic disarray in patients.
This disruption not only affects glucose metabolism but also alters the composition of the native gut microbiota. Current research
indicates that the gut microbiome of T2DM patients is distinctive, with dysbiosis being closely associated with insulin resistance,
pancreatic inflammation, and the development of microvascular and macrovascular complications related to diabetes. This
review aims to delve into the molecular mechanisms by which the gut microbiota and their metabolites influence the onset and
progression of T2DM. It emphasizes the role of beneficial and potentially harmful bacteria in disease development and provides
a detailed discussion on the impact of key metabolites such as short-chain fatty acids (SCFAs), trimethylamine N-oxide (TMAO),
secondary bile acids, and hydrogen sulfide (H,S). These metabolites affect intestinal barrier function, systemic inflammation, and
the maintenance of glucose homeostasis through various signaling pathways. Through these analyses, the review seeks to offer
new perspectives and strategies for the prevention and treatment of diabetes. It hopes to contribute to the clinical management of
the disease by modulating gut microbiota balance and intervening in metabolite production, thereby delaying the progression of
diabetes and reducing the incidence of complications, potentially providing new targets for clinical therapy.
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2 RUME R IR (type 2 diabetes mellitus, T2DM) f&—
Fb FE 2 PR TR 5 R HRPU A S AR A A R AL
(R B %) LA e IR A S B A S 2R B A, JLAERE
PRI TR G4 K2, T2DM VE R il A &k 1l
I, SatE | AR ERE | 3B 8 SR A T 2T 5 R A R
ZHXN . BB R AN Z I SR,
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acids, SCFAs ), Afkt = H % (trimethylamine N-oxide,
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W ARG AT GS T R SR
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TR EREAL, AR AR [ 2R
( Clostridium ramosum ). T2/E ¥ ( Clostridium
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He R R B B D RE AL e Bk, R i e . A
WFFEER A, B T2DM (1) & 8, Hsupll oM i 1A
G, WAHUFFE (Bacteroides caccae ). Wy [CAR H
(Clostridium hathewayi). Z KR E S, 254,
AT RE 5 R R I T R A A e g BT
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55 30 KRS R R 2 v 4520 i 1005 85 £ X
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A EEME ., 450 L4, SCFAs @ 4l
TRYIR B2 PR 0 iz 1 I 1Y) 32 B0 7 3 WL I 4 R A o )
., ks lnan it dtie i, JF2 5075 5 1E N AR5
FRasE 2 BN, SRR AT BRI T
W th 7, TR Rk A o T R 10— 2 i 57t T
LU s kA G R e T R L FIRE,
T R LA ERR A IRk, 8 S eI A AR
Ll ' AT Lh i Marvinbryantia formatexigens

A — S e R TR ol S E SR R R i A, 2T Wood-
Ljungdahl 4% 7= 2L R £ L WA, 1l vl
W = AR AR R A N R L, BB HIRR &
7 NISIRBGE RN —Ba " T AES
TE A A TR 1 DXL e Rk ) 4 2 5 D R A
BREROR IR BR I, A1 2 HAAY SCFAs 177 A=
IR M AR R, AR — R

R XMW, MIBKE/ SEREREZIERZD
T2DM Wit s, BERREL . INTREL AN T R £k i /K
VAR T IE# 3 ), W SCFAs I §7E T2DM
MR R PRI EEAE . ABTE K, B2 T
L3 2o 30 A MR 1A G AR LMK AZ 1A (G protein-
coupled receptors, GPCRs), f45 GPR41, GPR43
GPRI09A ', HETTT I35 22 A {7 53 i . xS 32 1
YT BE A% 12 1 2 11 Rl C RN 22 24 5 7% A 2R
FiA5 530 B A0 o AN, TS IR A T LA A A Y
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Fig. 1 The molecular mechanisms related to the onset and progression of T2DM involving gut microbiota metabolites
R EHH FF 045 TMAO, A2 78R | 3|2k -3- MBR, "| %k -3- ¥ B, CH,, H,S = SCFAs % # £ R F L a9 LR £ B 5, IREL: IUBREE 1;
URP: R #7 &% G B ; PERK : & @ 8 R A 1R Mgl ; sGC: “T it & 3 B SRALEG ; PKC: & G #t#5 C,
The figure mainly includes the physiological responses induced by microbial metabolites such as TMAO, bile acids, indolyl-3-propionic acid, indole-
3-aldehyde, CH,, H,S, and SCFAs. IRE1: Inositol-requiring enzyme 1; URP: Unfolded protein response; PERK: Protein kinase R-like endoplasmic
reticulum kinase; sGC: Soluble guanylate cyclase; PKC: Protein kinase C.
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ZH R UL £ TR ()05 MR8, 30 NF-xB (55
T R, BERRAE S IR T 40
IR A 3 A AT A P BE 5, DN ITTFE i 18 N &
FEYLRAER . GPCRs (301G 5250 N 43 1 i 2% i v
MBEZE ALK 1 (glucagon-like peptide-1, GLP-1) Fllj#%
fi% ik (peptide tyrosine, PYY ) Fhmj, {2 iF 5 2= A9 43
Wb, AR A o e A R AR R A
(52, B TR AR N AT Sl 4 ] 9 (A R e 1 22
M, dEFrRE BT AT AR AR A, HRPUE L FnZps
TRIE Ty, FFHsm s 10 b, TRRANPIRR AT L
5 T8 T AW A B, 5 - e 2 ] B ) 4
ke AN A AT 7 A B B R U R,
SCFAs 521i) T2DM B AL 3= 242 4598 BRI AR 2R
S W A S T 3 L G i g
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2.2 TMAO

AR TMAO 32 2K U5 T 38 DR A 5
A B . PR BRI B S AT o AR .
o, A AR Ay (Escherichia fergusonii) ., %
KA JEFF & (Proteus penneri) . 5 K35 2 B 5
Wi (Providencia rettgeri) FlIR fili 5% {548 [C
(Edwardsiella tarda ) 55 b B RE WS B AUARFE AL A =
e i8I B 1] (Proteobacteria ) I [G R
(Prevotellaceae ) [N R Z 5 1 R EEBA bk — H e
st AR I A sk R A AR B g 2 v
SEPRPEE Y, 4N, CutC, RIFKEA N 42U (CntA/B)
TRV 2 /A2 P00 S A5 P DR 7 S ™ A R g
- EL A Nl A s s A = R Dhhg . =
H e 22 B il W e i ZEIF I, 28— H 2R R 4R
i 3 AN T /5 742 TMAO 7,

WF5ERB], TMAO AL L4 S5 i &
SHEVE T, HC SRR Y R R SR AR O
I3 1 TMAO ¥ & 5 T2DM £ IEAHC, [F]Hf TMAO
SR PR BB R R R R ) AR A, Ak incs
MRS BL R BT T A " L RV I R 5 4
/R T TMAO £ T2DM i) S5 Z4E (2L AHSC Y
A3 TR A R 58 4 A . —SeRfF g R B, 12
TMAO ¥ & (1) _EFHE#E 142 98 P I K RE Ak, (]
B350 1T 18 R AZ IR LA 3 A4 B CD36 (cluster
of differentiation 36) Fl A 2V 18 R Z /K (scavenger
receptor, SR-A1) 7EE WEZM M P ) 4235, BB BR
SRR A0 M AT B, T AR B, B T B

kAR Ak . o XULL BORE PRI B 955 55 T2DM Jf & i
KA R PRI, TMAO 2 in d AL i
A2, (R HE R R PCHORU RS 2R e i
A2 . BT A RTSERE , TMAO Al it
B AE G IF SR B O B DO RO P 5T I
AR 26 A% 340 T R B A5 0 5 IR L A, KRR
T TMAO Hr 22 B 248 Jf P 5 0 8. 25434k Fn 2
7 s 11 W S O S B Ol [ e € 0 ER
IRE SR CSTBL/6T /N1, TMAO 7K T 2%
FEUP R WA Z A B AR L AT B L A 2
Tt 2451 (PR, R R, 7E RSN hn s vk
JEE B TMAO T L o 3800 P9 T Do o7 35 R oK 4 28 2
P S A A4 1 5% 22 77 A VORI B, DA T 0 e A
T2DM ¥ 511 B 4l MU g hs %>, [k, TMAO
A=A F AT e A AU, HAE S [A]e PR S
T RIEARIBER .
23 BBitER

JIEL R = ke Y P R [ B P A o T,
i 18 R AR B AR 1) 728 Ak AT 3 3k 1 - TSl ey
T2DM (5 1R A A4 B SE Je vz, T IR
TEM R RIEE EENA MY, FES N
PINPIRN . e diai A 2 0m of AJH [ RS 70- $240
fif# ( porcine cholesterol 7-alpha-hydroxylase, CYP7A1)
AR E [ B 2 A Ta- 32 3EACVE R, B 5 iE— 20 5%
1k, HEEEE 120- 3240 (sterol 12 a-hydroxylase,
CYP8B1 ) fi Al 5E A A= AL 2L , JE B IH R S5 4)
RNATIR , A P A IR R 29 o5 SRR Y
75%. Ji— P iER, i CYP27AL fi#fk
JIEL [T e 27 Al A B IR R o A B IR TR 3 )
54w CNEIERRN) Al & RN 17455,
JE R4t AR A IEER (taurocholic acid, TCA) FIH &
JHZ ( glycocholicacid, GCA ), Z IRz 4 5 Bk 2
A 0, B e Y FE R R £
WO T AR, MR ZFAOAT TR L FLIRAT TR . XUBL
FFR AR5 (Listeria monocytogenes ) 25718 2
R A T SR /K RS TCA i GCA £ 304, it
SUCGBRITR, 1 et AR R G P

A WF5E RN, T2DM R IR 2 30 Ak
e NS AP A G )i R O R A AW SR
S I, JEHERR 1K -5 T2DM 4 3 J B
HIERHLH A SR . TR i T Ha K
BUBETE P, 380 3 00 ) 40 T 78 g 18 v ) gl AR KOk
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kIR A . BR T 76 R I A AT i i /R
Ab, MR FRIE AT LIAE R R 1 2R AR B R
n, AR mR A DA A 50k JE B X 3Z 44 (farnesoid
X receptor, FXR ) Fllit; H G 25 A B ELZ 1K 5 (takeda G
protein-coupled receptor 5, TGRS ) fZ Ak 15 5k
PE R A AR FXR RS KRS W) H v iR
SEER, I HAT D BE A | AR SRR B A
il GLP-1 4 FE ORI 1] iz rh B2t 2 240 i AR 4 A
“F (fibroblast growth factor 19, FGF19) (1434 fig
S, B i FXR I TGRS VA i 43
+, TEW N 53 W L A v, 38 2k 8098 GLP-1 /9 7= 4
FIGR I 5 2R 4 W ok el =8 g A M AR, I H il &
o DAL, FENLA T, T BRI 7~ A RE A3 s 2 A
PRIEE, 42 R B R BRI R,
VESTRE IR AT LASKOS TGRS/GLP-1 15 5 i i, {2 ik
T2DM K B T R A TR
2.4 WIRRELTEY

J T8 5 A R S R N R L R TN R A
0 58 R 28 30 o 3 A ) 4 gt A i 26 s e | sl
W -3- IR | MglW -3- HHEE | (A liefn 5- ¥ dk (o fiiz,
I, i v g R F 7 o O TR, AR A
PR Sk L R, AR R R A
M| = A, RZ, R A AR Dy 2 o 0 4 R
P PR IR ZE MR B 5 . A IF IR, Mgl S AT
AW B TR A RS RN I 2R A0, R B A |
e -3- PR IR X AEAS IR T2DM & JEEAA R

Horr, o kg 8 A M R ] Lk 2 e
¥ (Bacteroides thetaiotaomicron ). JRHEAUFTTH
(B. ovatus) . JeiE¥F (Clostridium limosum ) F1 5[t
W (C. bifermentans ) %5 1718 40 g A S5, LA
Y g 3 T P9 43006 L A GLP-1 R 43007 3L
w5 W -3- D R R 2 TR O A I 2 SRR o A Al
A AR, 8 O A AR A, BRI S g
A YA T S ARG, AEAEM R AR 25 1
W5\ -3- PR AE R 2295t X 32 & (pregnane X receptor,
PXR) F15%5 F425Z 1A (aryl hydrocarbon receptor, AHR)
(LA, 25w b B A0 M SO B S J8 AT ik o
WABER, IF B A S B iRa s T w3275
PR g 0% 38 5t iy T B M, B T R AR AR
JH, XA T PXR S , PR3P 8 B e, S AL K
TR T RS T AT B B AN 4R L
P, S5 SRR S i E L Bl ]

FIE T8 Aok 00 ) P P 1) 4 0 1 K 30119 i 9 8 L 4
TR R 15000, A4 GLP-1 397 o PR 5- 2
Fea e Ar il is s k45 E AR, v s
R FRE, A HARTE N U WAL T ]
B AR A PR W (5| -3- B ), Pl i LR AT I
PR AR T I e g AR i ) AHR, BT R
2R R T 1 404 2 22 (interleukin-22, TL-22) FH
i, [RI i %2 308 L 40 430 GLP-17,
2.5 H,S.CH, &ESR&

HBF5REW, T2DM i 5 /0. %
(Oryctolagus cuniculus ) Fl A\JEH H,S FlI NO 4575,
PR = 457 H,S J&—Fh JE 6 Tk 9 AR
F T TH A A B R 3 3 5 A TR I8 AR B e
JEPEr= A AR R I, Hy,S WA —Fh e 221
SRS TS S AR ER T g rp R
(%) H,S 38 3o Bt A S 1V 45 T 6 2 W - 6- TR ity
( glucose-6-phosphatase, G6Pase ), F:H¥ -1, 6- —HWifig
fiff ( fructose-1, 6-bisphosphatase, FBP ) 174 fii i #2
AT, 300 o 35 o S A0 ) A S8 B ) T 2 1Ay
(peroxisome proliferators-activated receptors gamma,
PPAR-y ) FIHILEL 15 H 1-o (peroxisome proliferator-
activated receptor gamma coactivator-1a, PGC-1a) HY
FEIRAZOE AR OCAF Sl %, i s n R4
R, SRR S

R AR Y HLS 3G 1M K B R A2 AR R A,
Wl T 22 B IR | 95 AR L A S AR R
TG 2 O (W RR 1L . 7K 1Y HLS 15 5 DNA
it , s R C E A B M TR, X
T, PR 7Y H,S AT HE AR £ v NO BRI, BRI
WRIR 14 B Rt , (47 NO nl s T 2 iyl i 1
TR EL, BB NF-xB #00G , ZAEPLRAES, P
Jit LGRS, A e B AU | IR 44
R i, 3 T AR A I 25 0 10 2 e AR [ 53
fife, A A AP RO A RO IS RS L NO RERSIE
Ik T2DM 512 (4[5 8% Z 4880, $2F1 I BB 8% 32 Uk
JE, DATTAIDRAA P A A8, 1852 1047 PN e 4
WAL DR AT 5] e LA . A2 28, AR A
A B R PR R S CHL R R il
1497 ot TR TG SR RE AR 2R P AR 1 . B9 2 B, CH,
(7= A 5 GLP-1 (40 52 IE ARG, F i JHFE 41
TEBRAALIE SCRAs [y
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)5 T2DM BRI R=BF9T . BERIFoE A is
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HWR, 25 A TR AU TE U P #E T2DM 19 15 B Al
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CL 28 Wt 7E I8 19 i 38 B R ATl 35 T2DM BB AR
PR Sy T BV 7 o B X R el o B AR
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