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THE: A TR E o) TR A SUR T DA KA i £ F 69370 B A4, ¥ C57BLI6 #7 4 FL KA 100 uL 10” CFU
R 24 3LBAATH GG ( Lacticaseibacillusrhamnosus GG, LGG ) X %4h47 PBS 2% F 14 d, 4547 LGG £ R Hid sy
EALBST i e oA, R F SRR O R BB LI A GR T %o, e AR RKAFIRR LGG Lt hid &
BRI, SRET: M TFHELY LGGC RERZ I MALIMEF AL, LEEHEHEEEG (ZO-1. Occludin.
Claudin-3) A 4% & Muc2 &i&, Hmirikmies Kie7 fatamibscs. FoT, fhiffBzgkEa A (IgA) . aiF
-4 (Interleukin-4, IL-4) #=&@A~%-10 (Interleukin-10, 1L-10) KPHZ. #FRAF S KI 446 M EF KA LR,
Wnt 3540 E F Dkk2 T, F)& Wnt o4k Wnt3. %4k Lrp5 & Notch il #4284 (DII1. Notchl) &iA3gi%, #t—4ia
JA 52 BF % k2 & PCR ( Real-Time Quantitative Polymerase Chain Reaction, RT-gPCR ) 452 Wnt/Notch 12 5 38 38 40% .
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Investigating the Mechanisms Underlying Gut Development Promoted by

Lacticaseibacillusrhamnosus GG Using Transcriptomics

YIN Shu, PEI Zhihui, ZHANG Zufeng, ZHANG Tengxun, ZHANG Xin, WANG Nan
(College of Biotechnology, Tianjin University of Science and Technology, Tianjin 300457, China)

Abstract: This study aimed to investigate the effects and mechanisms of early colonization by lactic acid bacteria on
neonatal growth and intestinal development in suckling mice. Newborn C57BL/6 suckling mice were administered 100 pL
of 107 CFU Lacticaseibacillusrhamnosus GG (LGG) or an equal volume of phosphate-buffered saline (PBS) for 14 days.
The colonization of LGG in the intestines and its effects on intestinal cell proliferation/differentiation, tight junction protein
expression, and gut immune system development were analyzed. Subsequently, transcriptomic analysis was employed to
explore the mechanism by which LGG promotes intestinal development. Results showed that intestinal-colonized LGG
significantly increased the villus-to-crypt ratio in the small intestine, upregulated the expression of tight junction proteins
(ZO-1, Occludin, Claudin-3) and the mucin Muc2, and increased the number of goblet cells and Ki67-positive cells.
Concurrently, serum levels of immunoglobulin A (IgA), interleukin-4 (IL-4), and interleukin-10 (IL-10) were elevated.
Transcriptomic analysis identified 446 differentially expressed genes (DEGs). Notably, the Wnt antagonist Dkk2 was
downregulated, while the Wnt ligand Wnt3, receptor Lrp5, and Notch pathway components (D//1, Notchl) were upregulated.
Real-time quantitative PCR (RT-qPCR) further confirmed the activation of the Wnt/Notch signaling pathway. These findings

indicate that early LGG colonization promotes the proliferation and differentiation of intestinal stem cells by activating the
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Wnt/Notch pathway, thereby enhancing epithelial cell proliferation, intestinal mucosal barrier formation, and the

development of the gut immune system.

Key words: Intestinal development; Transcriptomics; Lacticaseibacillusrhamnosus GG; Wnt signaling pathway
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8 FWs. IARE (24+0.5) g i SPF 2% C57BL/6 /s
B, CHREPEFIMENED 5 W6 8 v [ A b 24 R E BT 7E e o
AW T LTS KRB 5 SR s W) 4P BN 2% 5%
SHRHEFZ (Y5 : 20200517CB) , FFA RS
SYARMAUS BRI, F5E [ R L5 s AR A S B
FRIAH A AE o
L2 E#, KT SRR

O A i GG
(Lacticaseibacillusrhamnosus GG, LGG) B &I H +
Tkl A Y A s hocy, AT ORI S ATCC
53103,

MRS #5774, Solarbio A #]; i RNA i)
TRIzol, Invitrogen A7]; SYBR Green gPCR Master
mix TJEW, DBI Bioscience A #]; FRRFIR KGR
(FITC) , Perfemiker A ]; FRANE-HHZ (HE) 4
A& AB-PAS Betilfl &, IgA W7l&, dbxt
FORERHHRA A .

ChemiDoc XRS™ Y EER 151X, Bio-Rad A Fl;
Veriti 96well thermal cycler 2 PCR 1, Applied
Biosystems ‘A #]; TGL-16C B &R E.0HL, L%
EREEAIR AR A A 11200 Bk % BT R
LI-COR Biosciences A #; CO, 5 7#4H, 3 Thermo
Forma /A &]; ECLIPSE TE2000 %! {5 & & {44, Nikon
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HEXTHA . LGG AR (n=6) &HLL 100 pL &
A OHEE 1x107 CFU 1 LGG B &), A4 (NC
H) g (n=6) NI BRI JCHE PBS W, 3t
BT 14 d. BHESG, Pra s dEER 4k
SR AL SR, BHERIC R YRR ER, DT
LGG % 4y i AE K 5200
1324 ARE

T 14 d J5 R SOHE L F1323505 /) BR S 22 SR 4K,
BN 2R e WA T IR A PO R R, [R5
SrESMENE . EAE. MR LEIE, FRE S RIS
HIEACHEL, [ SRR 2 -80°CUKARIRAE & . LAt
B/ NHALEZ) 0.5 e’ AR, RET 4% L RKH
1 [ e, TS Sea ) ) e S 2 HE A
93T
1.3.3 LGG A 3L R A 2 AR 6940

FEHCAL BN RIS [ W 25 3 R 4 DNALS, DL
DNA NH R, XH LGG k=754 (F:
5'-CAGACTGAAAGTCTGACGG-3' Al R:
5'-GCGATGCGAATTTCTATTATT-3") 4T PCR 414,
UL LGG B RAE AT R, AR 5 i B b e e ik
o U0 R 2k LI AT B o e R 2R o

M3 FITC 7 644kt LGG #EAT AR FIPE /N BR
2 d JEAESIE R BUGA T WS i A &,
PLHIE LGG =& B NiE .
1.3.4 %EHEEA A (1gA) KT

H/IN BT R BRI 5 70 B8 M3, 40 B/ BREE A,

F 1 WOLER PCR I

Tab.1 Primers for fluorescent quantification PCR

AR ) S U B 5 D SRR, 3l ELISA W #5{
AILIE H ) TgA 7K.
1.3.5 N IR R AT

BUNBAL, H 4%Z R EER €, WEXHA
IR, DIREREZ 5 um WY1 A, HBARRE-4
(HE) Bettialfl & ) 7 gh AT 4t WAl ™ s/
B /I AL 2R A kT K R AR g VR P SR (N AR A . T
G B HATEAS T WA 26 i 2H 24 K67 2 A /KUY, R
AB/PAS Gethy, &5 I 20 SR IR 4 e iy £ =l 7).
1.3.6 45 F 405 4547

N RS S AR R R A R
A A AT RS I P IR0 i o ZHEURE S RNA 42
W g8 B, REEREFAIT BN . WP
3T HiSeq *F &, KH Illumina TruseqTM RNA
sample prep Kit J7 15T SCEMEE
1.3.7 8t 3% %% % PCR (Real-Time Quantitative
Polymerase Chain Reaction, RT-qPCR) A&

KH TRIzol VEF—RHUVNAHZE RNA, # RNA
W 5% A cDNA J5 47 RT-qPCR, LA cDNA iR
HET PCR ¥71%, K H SYBR Green 1 741373 2 =
PCR, X NAKZ A: 1 uLeDNA. 10 uLSybGreen mix.
0.4 uL50xROX Reference Dye. 7.6 uLdd H,O. L
W51 M4 0.5 uLs 40 > PCR FEHR (95°C 30 s; 60°C 30
s; 72°C 30 s) , UL GAPDH {E NN S EER, 2744¢
THE H LR mRNA ARk &E. HBEEE R 5
Fro i 1.

H L5 (5'=3D NSRS (5'=3D
GAPDH ATGGTGAAGGTCGGTGTGAA TGGAAGATGGTGATGGGCTT
Ki67 ACCGTGGAGTAGTTTATCTGGG TGTTTCCAGTCCGCTTACTTCT
Muc2 GCTGACGAGTGGTTGGTGAATG GATGAGGTGGCAGACAGGAGAC
Lgrd CCTACTCGAAGACTTACCCAGT GCATTGGGGTGAATGATAGCA
Lyzl GAGACCGAAGCACCGACTATG CGGTTTTGACATTGTGTTCGC
Chga CGGGCAAGTTTTTGCCCTTC TGACTTCCAGGACGCACTTC
Zo-1 GTTGGTACGGTGCCCTGAAAGA GCTGACAGGTAGGACAGACGAT
Claudin-3 TCATCGTGGTGTCCATCCTGCT AGAGCCGCCAACAGGAAAAGCA
Occludin TGGCAAGCGATCATACCCAGAG CTGCCTGAAGTCATCCACACTC
Atohl GAGTGGGCTGAGGTAAAAGAGT GGTCGGTGCTATCCAGGAG
DlI1 GCAGGACCTTCTTTCGCGTAT AAGGGGAATCGGATGGGGTT
Hesl TCAACACGACACCGGACAAAC ATGCCGGGAGCTATCTTTCTT
LrpS AAGGGTGCTGTGTACTGGAC AGAAGAGAACCTTACGGGACG
Lrp6 TTGTTGCTTTATGCAAACAGACG GTTCGTTTAATGGCTTCTTCGC
Notchl GATGGCCTCAATGGGTACAAG TCGTTGTTGTTGATGTCACAGT
Wnt3 TGGAACTGTACCACCATAGATGAC ACACCAGCCGAGGCGATG




4 ABMARE SR
Ctnnbl ATGGAGCCGGACAGAAAAGC CTTGCCACTCAGGGAAGGA
Gsk3p ACCGAGAACCACCTCCTTTG TCACAGGGAGTGTCTGCTTG
Myc TTCATCTGCGATCCTGACGAC CACTGAGGGGTCAATGCACTC
Dkk1 TGCATGAGGCACGCTATGTG GCGGCGTTGTGGTCATTAC
Dkk2 ACCCGCTGCAATAATGGAATC ATGGTTGCGATCTCTATGCCG
Fzd7 CGGGGCCTCAAGGAGAGAA GTCCCCTAAACCGAGCCAG
Cd44 CACCATTGCCTCAACTGTGC TTGTGGGCTCCTGAGTCTGA
Jaggedl CCTCGGGTCAGTTTGAGCTG CCTTGAGGCACACTTTGAAGTA
Axin2 ATGGAGTCCCTCCTTACCGCAT GTTCCACAGGCGTCATCTCCTT
-4 CATCGGCATTTTGAACGAG CGAGCTCACTCTCTGTGGTG
Ifn-y ACTGGCAAAAGGATGGTGAC GACCTGTGGGTTGTTGACCT
11-12 AGTGACATGTGGAATGGCGT CAGTTCAATGGGCAGGGTCT
Alpi AGGACATCGCCACTCAACTC GGTTCCAGACTGGTTACTGTCA
11-10 GGTTGCCAAGCCTTATCGGA GGGGAGAAATCGATGACAGC
1.4 G F 5 A ReAI B LGG R hskiy, HE e

SEBG 25 LA SPSS 12.0 Guit- 2= kA AT 43 M, 45
RUL “PifE EhnE 2" Rox, PIMENR LR AR
Boxt t fwis, *FsphlRpH R R REER
(P<0.05) Fffiw 22 5% (P<0.01) .

2 BERE 5

2.1 EETIRMEN LGG RAFLREK

LGG 1M A R FE B HLont 7L B s ATt 2 2% 20
SN 1 Fros. BLLGG B AR N B VEX B HEAT Bl
BEBE PRI, SR WE 1 (o) Fos, NMigings

KmRIEEE ST/ Mg, R LGG FEEM T
. BB 1 (b) AR, BT RAR AT AR
MR dt—HE£WH, LGG £/ N &k Emia
M, HhEWetEss, gmike, NMNasb,
X5 PCR Al &5 - —5, A IESE LGG TR+
NERE. BmE 1 (o AT, SXTERAML, 4T
LGG M/NRIEREE 9 d JaHFah th B A 2 (1 525 19
(P<0.05) . JFHTEHEE 2 2 )5, LGG A/NR
JELSER (B 1 (D) ) BT BE k.

VE: (a) PCRGM LGG AN EHE (b) iHAARIZ I LGG i (¢) LGG X FLRAEMFEM (d) LGG X # FEEE R B (#%P<0.01, *P<0.05)

K1

Fig.1
22 LGG R # 2R LR ApRAYiETE . SR BBE
EEENRIE

LGG X it 45 1) Box i 26 e e B P s e 4 1] 2
. HE 2 (a) A[%1, LGG TR/ R ANz s
EBEK, HHFBNES. LGG BEMRH TREK
FERIBEIN (P<0.01) FMERERE (K 2d) 1R EHY

LGG £ A 72 RS HT L B A B NI 5% 28 ) 2 i

Colonization of LGG in vivo and its effects on body weight and organ coefficients of neonatal mice

IN(P<0.05), LA B3 B Nk £ 5 Fa & e AE (P<0.01) .
HE 2 (b) FIE 2 (o) MfEdibfl PAS Yt sl

Al %1, LGG /N Ki67 FH P40 B 25 FARIR
21 0 50 B M9 0 . O & PCR W45 R B, LGG
EH N R B bR H AR R % GE B E A
Zo-1(P<0.01) . Occuldin(P<0.01) LL & M & & A
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I e S 21 S PR T B 2R L AT b e i O (X AL *5

Claudin-3(P<0.05)f) mRNA FikE ¥ . XEH
LGG - Tr] HHE 2N i b b sl At 1%, (2t i 45

PRI E -

e (a) NHASUHE Yot (b) G HALKI Ki67 MI3RIE (¢ PAS Pl Muc2 FHMEAIIEEL (O BEKE (o) BRERE (D %E/ME (g Ki67
FHEEAN ISR (h) MORGIIERE () Zo-1 (j) Occuldin (k) Claudin-3 (**P<0.01, *P<0.05)

B2 LGG it 25 1 B ot P e F Je o F) 5

Fig. 2 Effects of LGG on intestinal structure and intestinal mucosal barrier

23 LGG KMEEREH THERRAZNAE

LGG X AR IE4H M R+ mRNA 7K1 K IgA 45
WHIEWWE 3 fros. SXIRAMLE, LGG 41 Thi
AR T TL-12 Rk B, TFN-y fRIEK T H B
R, EIRR R E AR, IL-4 R IL-10 3855 2
EHIN(P<0.05).LGG FHif /N iR A i Y 1gA F1 4y
W TgA WS ERE T RA, HA g igA &

AT BEENAZL (P<0.05) . SREH, LGG )
FIRAEGERE Th2 AT RO s B2 B[R, gt
TR MERIE IL-12 et F- B0 T 48m Thl
YA, M9 7 Thl N HHRZENZ, LGG HIE
MR IR IgA 1950, Mt 4 SR o i
RGMKE -
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W (a) IL-12 (b) IEN-y (c) IL-4 (d) IL-10 (e) FLERMiBEMIEL IgA /K ($P<0.05)
K3 LGG % &AM T mRNA 7K SO0 IgA 43l It 5
Fig. 3 Effects of LGG on intestinal mucosal cytokine mRNA levels and IgA secretion

2.4 BFREAFMWFD LGG TP NFEAERFT A R IEEFEARARCYE D HriiE 152k i1

AR M, HE 4 (b) A%, XTHRAM LGG A4 1
2.4.1 SEFLLF N NS B R ER 446 S, HPEE L

ST ES B 4 Fios. R 4 (a) 7 TR ZERERA 1794, BF FiEKZEREEE 267
a, XIRAFH 230 MERERIARR, LGG HE .
ST3AFERERIEFER, PiE I AL 11488

(a) JOTEEF W FRE (b) ZRREHF S E

(¢) HHZERRILIEE Gene Ontology FIMT (d) ZRRILIEHE I KEGG TIREIER:
K4 Heogdegort
Fig. 4 Transcriptomic analysis
ST 2 L R SRR 58 llogFC21 B HEAT GO MRBIEREAHT (B 4 () ), /BNt f
FDR<0.05, 4it5 GO ##li =M KEGG #il FEr#r 2  (BP) MKMW ZERER FEFEAELYIIRE. B
FEEEKEEIRE. MNEZEEFRIEN 446 DERF AWRRE. VRS SHERMRS (CCO MR



2026 4F

ok, S HF RS SR T s B LI AT B e I E O B LR © 7

FHEEETHM. M. MRS 55070
fie (MF) FHOCH 28 AR AE 455 D Re AR AL T5 17
At . 2= TR A ERE 3 5 2R KEGG B % (K] 4(d)):
RUPHE R . s B, R, VMK RS
M. EARGEEE Y, A 12 MER S E AR
RUE R, 12 5K I6EURIE R 7ME 16
ANERZE TR, Rt fEEgE, 15 A
RERNZ5 7Yl EAE T . AR RS0
H, NN AERESEEAER, 2 MEESHILARSH
K, 34 NEEGHMAREAHR, 31 MERERE R
Gu K. SERKY, ZREBEERFEENIIRES LGG
IS IE R G MG . BRRE LS
F A5 18 s Om S5 s AR ) S R W ORER, A
B AR I8 KB 1o TALRISR B T D Re4EE B
FEMEAIE

B R @ B A G L R AR S

I o Fg B (¥ 22 52 2 A AT GO & 4R 70 A (1 5Ca)),

B RO E T, HER T AL N fe
AR TS M R s H b =R o A FE
WL BRI RIS A RRLE bR e A
AR . B KEGG E408 (B5 (b ) K

L2 S RIXFEFE AT E B4 (BIP) . 4l 72
(CP) . AWK ZRYSE (0S) « AZKEIH (HD) k3%
NI Z kg E L, HAPE EIP iR E LR
Wnt A1 Notch 2545 53 4 . 1X 638 4% -5 i 18 40 B 1) 5
b T e S AR RIS 4ERp 3 VA OC, LRI 2 5 g iE 4
MAThRE RS YEIE, NRRAT I8 A B B PR AR A G
BEIEER 7 T 2R .

T IR e S L HHE A, W IR R AR R R TR
Lyzl kREFENEBEAR 7 (Mmp7) RAT RE
i (P<0.05) , MRBIEIZREEERE Defas. Defa2l.
Defa29. Defa30- Defa32. Defa33. Defa34 x4 T
2% i (P<0.05) (K5 (¢) ) . Wnt {5 5iEE
I RBEFE R Lgrs ik Fl, Gpe3Lrp2<Myc~Bmp3-
Wnit2 %5 Wt FHOCEER S AR Aronl AT B
9, Notch 155 IHE I IR Notchl ik L
(B5 (D) o XREILFPBHERH T LGG IEHE
TR HE T 7% IRAH R P3G 5, 70 B 41 8 37 DR 400 B 7 0 4%
Ty 461 2 R AEFFHLAARfEE FE, Wit 5 Notch {5 51852
3|7 LGG EHEAIM, LGG KT gext Wnt 5
Notch 155 & 2] T WIS 1EA -

(a) HHEFIIEERI GO FHEM T (b) ZRFZIEEFM KEGG & HEMT

(e) T2 ERANN AR 35 2 DR B o7 0 2 2 (R 7 e e AL Bl P 224 (d) Wnt 5 Noteh 155 5 B 42 [ 78 S L8500 b (A2 1k

Bl 5 s 22 b IR B o B A SR B R AR AL
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Fig. S Pathway Enrichment and Changes in Key Genes in Transcriptomics

2.4.2 LGG #7& Wnt 125 #= Notch 13 5 i %

TSI Wt {55 I8 % A DGR, 45 R an
6 Fi7~, LGG 3 [EMK 7 Wt $5 51N T Dkk2 flI3IE
(P<0.01) , TEE T Dikl HFiE (P<0.05) ; [H
I, Wnt Befg wne3 B8 058 B 87 5 (P<0.05) ,
Wnt 224K Lrp3s 3£R(P<0.01)F1 Lrp6 3 (P<0.05)[1]
LKiEWE B, (H Wnt 324k Fzd7 BRI RIEE A
EHEAMN . XK LGG FlIE PR T HEPL 1 Dkk2
(2232, A Wnt BCAR W3 5H55 Wnt ZARIS5 4,
BETT S Wnt 55

Wt {55 FIAH CHE LK Gsk3B. Myc. Ctnnbl F
Atohl #AT B, Hro Cmnbl WAL EA B3
PE (P<0.05) ; Wnt {557 RGBT T Gsk3p
WRAE T RN LA, SR Axin2 B R A H B 147
o WEAL, RG0S A, TR R G (1 R Mye
FIRIEEE B (P<0.01) , {E3kpR 2 i 2L [
CD44 FRIEHI 7 F I, (HIFARZE . XU LGG
PEAESEGE T Wnat (55, SR G T4 4
b

WPt ER PCR Kl T Notch BLfk DI
Jaggedl 1 Notch 244 Notchl % Notch #JE[K] Hesl
RIEA, SR 7 Fiw, DI WRIERE -

W (P<0.05) , Jaggedl NFRIEWHEIL 7 EiE, (HIF
AR, [ Notchl FRIEYIE LR (P=0.051) ,
SR Hesl T, XV HERE Atohl WIFRIEHNE] T Hesl
Ik, SR FEW LGG HEMENE T Notch (55,
TR T T8 40 R B B
2.43 LGG 1Rt it T el 3g s A 54k
IRNHIFE LGG 50 %o Jiy 3 40 1) 4 S AP 20
ACERFEIE, 33— 2 S B AP 200 oL R 73l Ve 4 Y
K 2 A M A0 M e s IR 1 bR SRR (40 i
Lgrs. WIS Racl A1 Alpi. FRIRAIM Spdef 1
Muc2. ¥R Gfil A1 Lyzl. W34 Neurog3
M Chga, T2MIIETE Ki67) WIRIEE . g5 R
8 Fin, LGG EMM/NR Lgrs MRERE LI
(P<0.05) , Racl F1 Alpi ZEPRIHIZIE B 1 8.2 i
(P<0.05) , Spdef(P=0.07)F1 Muc2 (P<0.05) 353}
T W B L, Gfil(P<0.05)LyzI(P<0.05) FI
Ki67(P<0.01) KL W3 E, Neurog3 1 Chga
P RE H ERES, BFEASItFRE. X
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Fig. 6 Effect of LGG on Wnt signaling antagonists, as well as ligands, receptors, and related target
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Fig. 8 Effect of LGG on the expression of related differentiation factors and related cell marker genes
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