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Effect and mechanism of Clostridium butyricum in restoring intestinal barrier function to treat irritable bowel syndrome
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[ Abstract ] Objective To investigate the effect and mechanisms underlying Clostridium butyricum—mediated restoration
of intestinal barrier function and alleviation of irritable bowel syndrome (IBS). Methods Thirty—two male suckling mice and
four female mice were randomly divided into normal, model, sodium butyrate (NaB) and Clostridium butyricum groups
according to the random number table, each with eight suckling mice and one female mice. Except for the normal group, the
other three groups were used to establish IBS mice model. After 45 days of rearing, the corresponding drug intervention was
carried out for 2 weeks. The body weight, defecation frequency within 4 hours, and visceral hypersensitivity quantified through
the abdominal withdrawal reflex scoring system were recorded. Gut microbiota composition was analyzed via 16S rRNA
sequencing, while fecal butyrate concentrations were quantified using high— performance liquid chromatography. Intestinal
barrier function was assessed by measuring serum fluorescein isothiocyanate—-labelled dextrose dextran (FITC-D) and plasma
diamine oxidase (DAQO) concentrations by enzyme linked immunosorbent assay, alongside tight junction protein expressions
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[zonula occludens—1 (ZO-1) and Occludin] by immunohistochemical staining and Western blot. The protein activities of Toll-
like receptor 2 (TLR2)/myeloid differentiation factor 88 (MyD88)/nuclear factor—-«xB (NF-«B) signaling pathways were evaluated
through Western blot too. Human colorectal adenocarcinoma cell line Caco-2 was divided into normal group, model group,
NaB group, NaB+ silencing group, C29 group and NaB+ agonist group. Except normal group, a cell barrier injury model was
established in the other five groups. Each group was treated with the corresponding reagent. The Transwell assay was used to
detect the FITC-D permeability of cells, and Western blot as well as immunofluorescence staining were employed to determine
the protein expression levels of Occludin, ZO-1, TLR2, MyD88 and NF-kB. Results After Clostridium butyricum and NaB
intervention, IBS symptoms of mice were improved, manifesting as body weight gain, reduced 4-hour fecal pellet output, and
decreased visceral hypersensitivity (all P<<0.05). Clostridium butyricum reshaped gut microbiota composition, markedly elevating
the abundance of butyrate—producing bacteria and fecal butyrate concentrations (P<0.01). Furthermore, Clostridium butyricum
and NaB interventions significantly reduced serum FITC-D and plasma DAO levels (all P<<0.01), upregulated protein expression
levels and relative expression quantities of Occludin and ZO-1 (all P<0.01), and decreased relative expression levels of TLR2,
MyD88 and NF-«B (all P<0.05), so that intestinal barrier integrity was restored. Cell experiment confirmed that NaB inhibited
protein expression of TLR2/MyD88/NF-«B signaling via the inhibition of G protein—coupled receptor 109A and enhanced tight
junction protein expression. Conclusion Clostridium butyricum restores intestinal barrier function in IBS by suppressing TLR2/
MyD88/NF- kB pathway hyperactivation through its metabolite butyrate, laying the groundwork for developing microbiota—

targeted therapeutics for IBS management.
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W 5 4 25 & AiE (irritable bowel syndrome, IBS) /2 I
PRH DLIIRENE 18 W , LRSI P HEOE S Ry 32 I R AR
B, ELICA] R R 0 8 B A2 .l o3 I TE RS (di-
arrhea—predominant,, IBS-D) fHEA5A! TR BRI A & HY 4
ALY, LAIBS-D Fe ok i WL gl S5 e D) RE 52 40 A
o R A R SR L R R T e 1 1 e B L E v
FAU NI NE TS 5 IBSAEAR . A% A5 7 R (short
chain fatty acids, SCFAs) I iE U E Y R BEARTELEY)
M, FEAE MR N TR, TS bR
FE R HEREY B, X HE R E BR BRI RE A R
S R AE & B, IBS SR E TS T R A I R
R0 b 7T MR T Wi AR G A, HCMIL I v] e 5
TR L8 i B EEAE A K. Toll FESZ A (Toll-
like receptors , TLRs ) 7EALIA A FRAT U3 I AARH 5 431
) H A 0, RT3 S BEAE 3 A P - 88 (myeloid differ—
entiation factor 88, MyD88) i 1% #% A f—kB (nuclear fac—
tor—kB, NF—kB) 5 S A1k JAE , 21 18 Bt G e A A 14
R . 7E A BB R 8N (dextran sulfate sodi—
um salt, DSS) 175 5 (0 45 /1 RALAL P, TLR2 3 35 B 2 1Y
I, A1 58 R BT, M 3 5 I A2 451, 1 458 ] TLR2 41 )
FIAT 35 B 3 — B, Zhao FE"E I, HE [a] 1 ] TLR2/
NF-wB il % ] 41 1) 02 5 4 i PR 7 e s, Bl b iz %5
PR (A [N 2 F (Oceludin) A1 B 8 (-1 %
ik, TERRZ B (lipopolysaccharide , LPS ) 1755 i) 2 P il 22
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L1 SEEshY) AN SRRk SPF it C57BL/6 FL R
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VFATIES : SCXK (H ) 2019-0002, 1735 T- W48 h £ 24
W5 BE S50 sh bt , hi i 5 /F nl e : SYXK (#7)
2019-0010, fAIFEEAF:21~23 °C MR (50% + 5%) |
12 W sEE , H I OKIER . AR EHiiTa b e
W5 Bt 52 55 2h Wy A A B 2 51 25 o Al 2 (AL HESCS
Wb W Sh A B 5520211002 5 ) o NG W IR
4l & Caco-2 M A BDCE #5828 7 (L5 : CL-0050) ,
B SR TE 5 109 JIG 25 103 A0 19 30T 09 20 B RS JR 15 37
e, 37 °C 5% COu, BRI, IEH AL TRIRE
H AR P AR e (iES- : ATCC 19398) |, fiff 53R
TR B IR, 37 CIRAE B 15,

1.2 FEH = A4 L K 6% iR (trinitrobenzene sulfonic
acid, TNBS) /K% ik (0.5 g/L) LT R 4N (sodium butyrate,,
NaB) # A  LPS VR T #5 F1 57 B TR 28 0 2 A e 1Y) 4 2%

B (fluorescein isothiocyanate— labelled dextrose dextran,
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FITC-D) #3 A (feff FH B il BOAH R v B2 ) 1) [ 52 ] Sigma
8\ ({54390 28 P2297 .303410, 14391 A1 FD4) 5 %
AL T (diamine oxidase, DAO) g B¢ fa 28 T B 56 (en—
zyme linked immunosorbent assay , ELISA ) 57 &l H 2
WA (LS : CSB-E10090m ) ; Lipofectamine™3000
FEYHAFE B 5 E Thermo Fisher A 5] (5 :1.3000015) ;
TLR2 i 3 7 pam3CSK4 . TLR2 #1 #i 7] €29 gy [ 2
MedChemexpress 23 7] (414573 1] &y HY-P1180A F1 HY -
100461) ; TLR2 . MyD88 . NF—kB , Occludin , ] 8 /N5 25
I 1(zonula occludens—1,Z0-1) Fll B—F]ﬂ,fjjﬁ 1 ( B—actin)
— P [ HE E Abcam 2 7] (it 5 43 51 & ab209216
ah28763 . ah207297 . ah216327 . ah276131 Fil ab8227) ; %
S EHUAR Oceludin F1 Z0-1 1 [ 9% 5 Abeam 23 7] (41t
S350k ab216327 .ab221547) .
1.3 Zhsiss:
1.3.1 sh¥rd B ab B 32 HEL R 4 HAE AR FEAL
BT R NIE R 4 BRI NaB 2N T FRIR 4, 4
28 HELEM B, BRIEFAS, HR3HARS
25 SCHR121R F 12 % 07 3406 7 TNBS 32 42 37 IBS A5 7
HB AR JE A 2 FORFL BRURITRE B K 9:00—11:00 73 15, 44
285 AR JE A 22 RITW 5 R AR JE 55 31 K/ U IR 5
I H22 (50 mg/kg) | JBR B 4380 7 7 [ 2, AT 1IN 2218
WA 0.1 mL TNBS I - 1E# A A% = 0.9%H b
BRI SERURREREISIAL 10 ming 25 45 K5 HF4G 24
P11, NaB 2H 7 NaB I (5 T 0.9% AL BN WL, Ve JiE
120 ¢/L), TR T T PR M TR (AR IR 2% il
R W N 2 x 10° CFU/MmL) , A4 0.9% S AL4h
VL HE B RFR R 0.1 mL/10 g KT, 1 R/d, 822 .
1.3.2 BARPEH W AR R A 15,31 .45 K (T HUET)
59 K (TS ) BN ERAAEE 5 1A J5 5 45 F159 KA,
B HU/INER BRI R 4 b, 0 SR R A 2 HE s T
JE A2 5 5 45,59 K I EE fGE 55 (abdominal with—
drawal reflex, AWR) PF53, iE 58 AWR PE43=3 23 1 7K 44
L, DATEAS P S8 R AR R 55 9 I et 522 67 A
K)o HEEUREOE 2 | NIRRT S R AR AT
133 FEACRAE 5559 REREIK, (1 25 o/L I FITC-
D#H ,0.2 mL/10 g H ;4 h /5 IRHEFF KRR MAE, 73
B A, 80 CLRAF . FMENLF b FE /N, 1
JE WCEE S5 1 DI 25 s BRI I A 20, — 5B 53 109 HF [
FE G AL, 5 —53-80 CLR-AT .
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PLE LPS (1 mg/L) B 55 32 3L 55 55 6 h LAVE S A 0E , 140
BB A", $ Lipofectamine™3000 s 4% 2 57 15 BH 45
J7 3% NaB+ Tt B2 40t G 85 A B 3244 (G protein
coupled receptor, GPR) 109A %t (Rl A7 UL R K3k, 51
1E [ 41+ 5'-GCTTCCTGGTCATCGTCTTC-3', JZ [1]
5'-AGGTAGGCGATGATGGTGAA-3', NaB ZH il NaB +
TUERZL LA 5 wmol/L NaB 55 37 JL 55 5% , C29 4 LU &
5 pmol/L C29 FE5FEHRT TR, NaBHESHFILLLA T 5 pmol/LL
NaB F10.6 wmol/L pam3CSK4 {55 75 51535 . 24 h 5
S ROy e =Eo R el

K- H A0 25 BERP T Transwell 35 7824k =, IE %
IR A, REIE R 2 A0S BRIEH 4150, Ay s 41
e F LPS(1 mg/L) 5 FRIE I RIAE IR 25 ab B, 1%
FE12 hg B EE & FITC-D(1 o/L) BYRGF5E, T
M= AN A 0.6 mL 11 Hank “F-fi R %5, 37 CH L h )5
R FITC-D B35, LATEAR 52 40 1) 38 1P
1.5 Koll$ghn
1.5.1 /NEZE(E 16S tRNA FFHIAGI BRSNS
FEAS, i FH Illumina NovaSeq PE250 X 16S rRNA A9 V3-
VAR AR X HEA TG F-I0 )T, 1 Fastp F44 T R 20E
PEAT A AL U8, LA 97% ) —BUbE B UE T R 24, 751
s 7K H QUIME v2.0 -5 FTR 4.0.2 8. Geit s
LB A7 AN A= ) ZRE 1 SR R 0931 43 BT (linear
discriminant analysis, LDA) . F 45 #r (posterior com—
municating artery , PCoA ) Rl 2H [7] 22 5+
152 /NEUFSEAE T MK PRI R T v 880 AH €23
B WA /INRIMEREA 100 mg/ H L A 1 mL LIRS
W (0.1 mol/L) , A HEIR A 5 min, BRI 10 min (T %
300 W,25 °C ), 12 000 r/min &> 15 min, B I 7 ¥ i
0.22 wm A HLUEHE . €35 55 - It Sl AH B 1R h 2% vh ik
(0.05 mol/L, KH,PO,,pH 2.5)-ZJiF (IRFLEL A 85:15) , ¥t
1.0 mL/min, A5 30 °C, #EFEHE 20 pl, 3217 15 min, £
M 210 nm,
1.5.3 /NEg EEGEBYEEAS RO
R 45 2 /0 BRI T 2 i B, AR % FITC-D AnfE 21t
B FITC-D 7K. % DAO ELISA &7 & 16 8] 4577
RS2 /N R DAO 7K
154 /NS A SR A R IR AR -
21 (hematoxylin—eosin, HE ) Je {8, . B 4521 /N R &5 i 2 20
AEE V15 wm B R S KBS 1T HE Qe (4, 6
2 W N SR SUR FIAR
155 /NREEHHL P Oceludin,ZO-1, TLR2 F1 MyD88
FIRACERI SR A UL e o, BUA 5D
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AL 5% R4 ME R IS A —$i4 CIEF L5, m
A ZHi 37 CHEE 30 min, &I B0, 6% 5
U AR TR B AR, L B EE ROR
Occludin .ZO-1 TLR2 1 MyD88 # A /K-,

1.5.6 6 414 fl FITC-D 3% 24 K H Transwell
o MWRZEOEA T4 U i Transwell b |l
FE IR, T FITC-D B B,

1.5.7 6 ZH4MI Occludin F1 ZO-1 Z635 KA R
PREVEN Y 25 L A {55 1] 49% 22 5 W [86 7 ) B
10 pm B RY R G AT A 2Ot Y 6, RO H
5 308 T B D O T AR, A T AR Oceludin 1
Z0-1 kK-

1.5.8 /INEURI4H AL T Oceludin, ZO—1 . TLR2 . MyD88 #il
NF-«kB FHXf Rk Tkl SRS IR . &S A
TN Z0 00 SR, K b 2R J B MRS T VRO X
P i, R I SE S UK RS, —di 4 CFE
W, “HE IR E 30 min, BEIR A L 2E &G T, Tm—
age] AN 52 25715 IR FEAE, LA B-actin HS IR TR EH
RO SN =

1.6 SiitsfabH  fd ] SPSS 26.0 Fil Graghpad Prism
9.4.1 Gtk . IHREFER sesdion , Z 410 HLECR H
BRI 2R T 224007, 4HL IR W G LA R LSD— K6 56, TRl 4
TR fE LR B REAS ¢ K 5. P<0.05 M 2EHA
Gt .

2 R

2.1 IBS/INERBEITPAN K 4 40/ BUIBSSEAR LLEE AR I
TEH /N, 45 d B ASE A /N R 8 AE R R [(16.81 +

1.70) gl (17.98 + 2.02) g,t=1.695, P=0.118)],4 h HE{#
URUR ERZ2](6.125 + 1.296) K L (1.625 £ 0.916) 1K 1=
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5.669, P<<0.001)], AWR i¥-73=3 73 I T 7K 4 W] . 9 /0>
[(1.983 + 0.220) mL H (3.575 + 0.292) mL, t=10.820,
P<0.001)], 2% W A JUE SRR T 8 T e, 7
1o FHEEBIRIZE , NaB 20 F1 T R 02 0 28 /)N BRU AR J 184
S T PR KRR, 4 h HEfE R
FW A, EREAGI P E L (X P<0.05), IWE 1,
22 AM/NRIIE B R IEE T RRACE U AR
i 2H AR /N BRUERE TR ] AUAT 1] (Firmicutes/Bacte—
roidota, F/B) P4 s mT A& 2 59 FP R 2Rt ( operational tax—
onomic unit, OTU) Zak /> , LDA $2 /58 E & Strepto—
coccaceae Fl Enterococcaceae %5 = & i 1A 5 A1 HUAR 7
41, T FRARBLLUA NaB 41 F/B 7+, OTU $ i 34 it ; NaB
ZH 7= T 12 % (Ruminococcaceae 1 Butyricicoccaceae) T
TR #2 7 20 7= T R 1 (Lachnospiraceae #1 Butyricicoccus )
FRE WA . PCoA T WARIZY 55 1F H 2H E HEA5 H 77
TES0 25 22 5, T TR T2 20 Wi AR5 A4 1] 1E 5 U1, LI 2
(i 5024-1) o AHICIEH 20 SRS 20 20 T R K1 Wl 3%
TR AR LU, NaB 20 F0 T R AR P2 2508 T IR /K7
BEFE(FP<0.01), WA 3,

2.3 44U/NRUBIEBFFEIIRELE  HE R R oK 4
H/NRES LI AR I B E R IAE AL 455 IBS D e
PR A s B2 JRy P R s SRS 28l . ELISA 45
W7 A IR R A BRI/ T FITC-D /K- K i ¢
DAO 7K1 835 Ty s A LUASEAUZH , NaB 20 | T IR AR T 2
I3 FITC-D 7K B Ifi 2 DAO 7K -2 i R A1, 25 573
At L (¥ P<0.05), WK 4A-B. g Zifb %
Yo AR 15T B R 45 R W R L IR 21 AR A
/IR Oceludin A1 ZO-1 8 2R /K- FIARRS ek i 2tk
TR AH LU AU, NaB 411 T R A2 1 2H Oceludin Al
70-1 HEHRIEARFHAX LA EH B ZE BT, 27

A B 5._ c
F=2.908.. P=0.052 F=43.720,P <0.001 F=11.140,P<0.001
3.0 b g P 45 10 | S
_ . 3’;3 m59d :g gL a b = 56 q
w251 NG be be _\% be be
~ = ES -
20k o o] 5 (\R%*% Lo b b X 6
15 = 2 @ é é % =
< 3 2
1.0 0 - rave
ﬁ,%%@é%$&”%{f‘)®% 8 IEHA BRI NaB4l TRBHA IR 4] NaB4l T R4
: o
<

T 1BS M 5 B r A A s AWR M R RESGR S 5 5 NaB o T RAM ; 515 % 4L HL 3, P <0.01; SR H i, "P < 0.05; 5 [RI 4l T 7

Wi b8, °P<0.01,

1 AZH/NEUIBS SR HE A8 (A - F5U00 1] 4 41 /) B P o 3 ik LU s B 1 TR 4 2/ B JDE B0 P LU S5 C 2 T TR 4 2/ B

4 h HE UL
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F=2.748,P <0.001

300 b

E:

ET—ZOO' b

%

&

]%100-

U

Bl
EVR ) B ealiy
ST g

e NaB o T AR BA 5 55 0E % 41 LA, 'P<0.01; 5 BEAL 4T L
#.,'P<0.05,"P<0.01,

3 4Z/NEZEM T RRKF LEER

H G L (¥ P<0.05), WK 4C-E.

2.4 4%/ B TLR2/MyD88/NF-«B 18 % 4 [ % ik H
B AU e 25 R W M IR AL BRI
JINBR 435 i 41 29 TLR2 1 MyD88 25 1 BH 1 2 €6 i AH I
W22 (F N b e X)) P-4 25 B2 A & e, BE
2R 7K 2 2 T 5 A E ARSI ZH | NaB 20 F T IR AR 1A
ZH TLR2 1 MyD88 £ [ ik /K B F AL, 2 7 H 55
AR (¥ P<0.01), WIE 5. & A 5T BN vk 25 41
7, M G IEH4H , i8I 2H TLR2 . MyD88 il NF—kB & [ 4
X ik i 35 0 S I 5 A LA, NaB A T TRAR I
2 TLR2 . MyD88 £l NF—«B & [ A % ¢ 35 B /K - 44 18 3%

=]

A - F=33.820

F=22.240

FEAR, 2 3 A gt L (¥ P<0.01), ILE 6.

2.5 644NN B BERETIRE LA M ELIE R A AR AR
FITC-D 3% R W& 715 (P<0.01) , Occludin F1Z20-1 2
I #k /K34 1 2 N (3 P<<0.01) 5 AH EUARHU 2, NaB
20 FI1 C29 4 FITC-D 3 % K 1 i F FRL (¥ P<0.05) ,
Occludin 1 Z0-1 8 [ Rk K F¥H R E FF (B P<
0.05) , #&7~ NaB 1 C29 1] GEI %4 LPS T Y A AE K ;
AH b NaB 41, NaB+T#K 41 Fll NaB -+ 8h 7 41 FITC-D &
BRI ETHE (3 P<0.05) , Occludin f1 Z0-1 5 ik
KRR (34 P<0.05) , $7R JTER GPR1I09A FE A ah i
JH pam3CSK4 Ji7 , NaB X 5% 9% i 4548 H i e 281 ok
HilE . ULE 7,

2.6 64120l TLR2/MyD88/NF—«B il i#% 2 [ AH X 2 3k
LR M IE H 4L, A 4] TLR2 . MyD88 1 NF-«B
AN RS R B E T P<0.01) s AH LRI,
NaB £H 11 C29 0 TLR2 . MyD88 . NF—«kB 75 4 #H X} e ik
180 ZREAK (1 P<0.01) ; #H L NaB 41, NaB+7T#K 20 Al
NaB+1# 5h 720 TLR2 . MyD88 . NF—«B & [ A % 2 1A
P4 2 T (B P<<0.01) , #2755 NaB B4 il 4 B f 3%
HIl 55, DL 8.

3 it

T AL A S BILAAS 5 03 R 358 A EL AT B9 32 S
T, HE R T FR R 35 40 em’, T M7 38 S5 B 7R O/ 47 N 3 26

o

2r *, P<0.001 400 - . P<0001 L5F F=23.320 F=23.920
B ~ P<0.001 P<0.001 _
¥ =300} - = E 4
s 10F 3 = T {; LOPE e 4
S Z 2001 H @ i : = NaB 4
= gl 82 T 05 o TR T 2
ﬁéﬂ =100 B
6 0 0
I D D i A R QI iy B
GRS S
<& RS
D E 251 F=29.170 F=37.830
I 2.0 P<0.001 P<0.001 -
Occludin | .- — X = EH
i == LA ZH
= S NaB 2
70-1 — — o TR 4
B-actin - - - -
S SRR S O
T N R

12 : NaB A THREN ; FITC-D A 5 i TR 98 e R ARIC 08 B 0% 5 DAO 4 — 1% E AL ; Occludin 4 P16 25 H 5 Z0-1 M P B /N B2
1;B—actin N B-LEhTE H ; 5 1E % 4 AL, ' P<0.01; SAEIZH L4 ,"P<0.05,°P<0.01 .

4 AN IE BRI RE LLER (A 4 41/ RIS FITC-D /K5 B 4 41/ UL DAO K5 G2 4 /N 25 I 21 22 Oceludin F1 ZO-
1 387K 5D 2 ALK EL S E - 4 41/ BRSS9 22 Oceludin F1 ZO-1 AHXT A &)
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S s %%?%Jﬁﬁi%ﬂﬁﬁE’\J@%ﬁﬁ\@%%@ﬁ’iﬁﬁ . 2T
P . PLOMT e WFFEIESE 1BS 5 5t B i fiE Bﬁﬁ%ﬁ 9& BT %’f;%i? IBS %
{’%1000 = e BATAE D 1 B H T 5k OB K B P AN 1)
2 o TR 4L FE B kAR IBS-D R J5 1BS B8 3 T 43 AT 37%~
& 500 e 2 62% I 16%~50% A7 7E b B 3 37 P 7t &, HL B R )

T B 3 P 125 M1 7 TR 52 0 5 b T S P

FE R I B 1, 2o IBS SR, S 7R 18 52 M 1 Bt [ )
BERTVE N IBSVAYTHE A5

AT G 3 3 ) g 1 TR SR T R AR &R
B 5 44/NREEmHL TLR2 MyD88 75 [ F ik K- L 8% TR 65 I RS L] . 16S rRNA 525 5 i

H : NaB A T HEREM ; TLR2 R Toll #3714 2 ; MyD88 Ky i 41k
FT-88; S IE R 4l L3, P < 0.01; SHEIRIA L #,"P<0.01,

A Bosp
e T T o
MDSS | S . — @10 o T
NFkB | e S | 3-%05 :%@Eﬁ%ﬁg@ﬁéﬂ
Bactin | D D W - B
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