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Study on the metabolomic mechanism of Limosilactobacillus reuteri in
ameliorating chemotherapy-induced intestinal mucosal injury
Wan Xinru'?, Chen Jie?, Yuan Mengru'?, Gui Zhongxuan®, Ge Qingyi'?, Zhang Mei"->*
(\Department of Integrated Traditional Chinese and Western Medicine Oncology, The First
Affiliated Hospital of Anhui Medical University, Hefei 230022; 2Integrated Traditional Chinese
and Western Medicine Oncology Center, Anhui Medical University, Hefei 230022; *Department
of Radiation Oncology, The Second Affiliated Hospital of Anhui Medical University, Hefei
230061, China; *Graduate School, Anhui University of Chinese Medicine, Hefei 230012)
Abstract Objective To investigate the metabolic mechanisms of Limosilactobacillus reuteri (L.
reuteri) in alleviating chemotherapy-induced intestinal mucosal injury (CIMI). Methods C57BL/6
mice were randomly divided into the Control group, Model group, and L. reuteri treatment group
(n = 8 per group). Mice in the L. reuteri group were intragastrically administered L. reuteri (1 x 10°
CFU/mL) for 10 consecutive days. From day 5, mice in the Model and L. reuteri groups were
intraperitoneally injected with 5-FU (65 mg/kg) for 6 consecutive days to establish a CIMI model.
Body weight changes, colon length, and related indicators were recorded. Intestinal
histopathological injury was assessed by H&E staining with measurement of villus height and crypt
depth. The expression levels of zonula occludens-1 (ZO-1), Occludin, Claudin-4, Mucl, and Muc?2
in ileal tissues were determined by RT-qPCR and immunohistochemistry to evaluate intestinal
barrier function. In addition, untargeted metabolomics was performed on cecal contents from each
group to analyze metabolic profiles and enrichment of differential metabolic pathways. Results L.
reuteri intervention significantly alleviated body weight loss (P<0.001) and colon shortening
(P<0.05) in CIMI mice, effectively reducing ileal tissue pathological damage, and upregulating the
expression of ZO-1, Occludin, Claudin4, Mucl, and Muc2 (P<0.05). Untargeted metabolomics
analysis showed that L. reuteri treatment reversed the abnormal metabolic profile in the cecal
contents of CIMI mice, bringing it closer to normal. Various differential metabolites, such as
acylcarnitines and polyunsaturated fatty acids, might play an important role in L. reuteri-mediated

alleviation of CIMI. These differential metabolites were primarily enriched in key pathways such



as linoleic acid metabolism, tryptophan metabolism, and unsaturated fatty acid biosynthesis.
Conclusion This study reveals that L. reuteri improves intestinal barrier function and alleviates
CIMI by regulating the intestinal metabolic profile, particularly lipid and amino acid metabolism. It
provides a novel potential strategy for the prevention and treatment of CIMI.

Key words Limosilactobacillus  reuteri; 5-fluorouracil; non-targeted metabolomics;
chemotherapy-induced intestinal mucosal injury; tight junction protein; lipid metabolism; amino
acid metabolism
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H g7 M E 5 EH1%  (chemotherapy-induced intestinal mucosal injury, CIMD) & 467 i 72
o AR RN, B2 T35 55 RmENE (5-fluorouracil, 5-FU) 77 I EH M. RIUA™
HIEE . RLEFRA R, AMURZBRICRF LR, 5 B TRR  h i ROl
BB mPURT S A TSR, HAT, BN CIMI ERR AR SRmsE, iR 2R A
FITB . WiEREE R 2 CHE, SAEARY], Bl &+ AT 2
ST T B DI OGS 2R, SR, AN TRITE PR DD BE S R 7 B AL 25 72 57, HLHTRAE
AU 18 A 56 4% B, 0 200 14 50 A 280 FFD it A T O o A AL 31 S AT 8 Jes Py S B2 Al 0
PR RS INT B (Limosilactobacillus reuteri, L. reuteri) L UESEHA T 6. Mo
S5 2 R R FIO S, il B R R A P R AR A TR, IR BT X S AR )
St HER R 2 A T AR AL 22 00 B M S gt AR SUARTT L. reuteri Xt 5-FU 551 CIMI
TRIPVERT, T4 G AP ARRE R A 2H 2 20 Hr OO i AR %, DA R B 72
AU A I8 %, 1) B L2z CIMI T AEALA O 2t 22 T AR R PB4 407 ¥ 7 4 ) 2 P 32
BB IR AR IS 5 LI SR
1 MRl 575
1.1 EEMH
1.1.1 SERFY)

SPF 2% C57BL/6] MEVE/NER, 7 JkE, ABIE (20 £2) g, k24 A, WyEIbEUR AR
EVBARE R AL AHES: SCXK (30 2019-0010]. A /) BRAE 2 BB LR 22 5200
ZNPprirty SPF i BRI N i& RVEI 7R — . BFRFFAF IR (22+2) °C. AHXHBEE (55



+5) %, JGHE/REEFH 12 12 h, B EROK S IRGEARHERL . T Bl S 56 15 b S AT 2
AR RS IR, 20 2 BER BRSP4 3 2 0 43 o A S5 e (/R FE 4R 5 - LLSC20242491) .
1.1.2 EERFA)

5-FU (fit'5: 2101301, REEGHEAARARD ; MEEHEREA (Occludin) « &
TEREA 1 (zonulaoccludens-1, ZO-1) Hiifk (555 : ab216327. ab221547, Ji[E Abcam 2
"D s PR IgG-HRP (155 : GB23303, WUNIR4/RAEMBHEAIRARD ; #£H 5 DNA
PG &[T 5 DP328, RKARAMAEML (b5 HRA ] TRIzol k7 (125 : BS258A,
AR AR AF) ; Hieff®qPCR SYBR Green Master Mix (No Rox )il 7 &[4 5 :
11201ES03, FEAEVRHE (Lilg) BRAARAR] P IRHBAATE (L. reuteri, #R'5-
BNCC186138, 4 H b5t BeNa BF R 0D, %7 i AL HE 28 A 1 2 i A 7= K e
T8 R -
1.2 5
1.2.1 oA E54E

TEIE N RFREE S, KA CSTBL/6 /NRIZIBIAT RN A 3 . 25X R4l
(Control) . HAYZH (Model) 1 L.reuteri 4, 4 8 H. % 1~10 X, L.reuteri ¥5J7 4/
AR R HEE 200 uL L. reuteri ¥ (1x10° CFU/mL) , Control 411 Model 4145 K B 25 4A
fIJEH PBS, %5 5~10 K, Model 1M1 L. reuteri J5J74l/NRAEHEREE 2 h GG 5-
FU (65 mg/kg) , Control 20 G35 SRR JC B PBS. fEfea 1 IR3F 4 5-FU 24 h )5,
P NRAEZEE 12 h J5, TN 2% UGERRIFE, R BUHE I Fi2A0 8, RGBSR IR A i 21 20
BN AR . PImHE 4%2 58 TR E SR Z R IR AE s 5 A AR IS SR
B 1-80 CCURMRAF 25 H -
1.2.2 H&E %t

ROF it M i A G E T 4% 2 R EE P E 24~48 h, ZFRE OBEHIK. —HZEY]
A, WA, @IBASEY ), RN 4pm, SRR SRS IR HbR AR - AL
(HB) Qetilibfriett. )5, HAEERME (A5 1X83, HZA Olympus AF]) M
SR IE A LSRG . R Image-Pro Plus6.0 ik, RN/ RFEAS HBEHLEE 4 4
ANESNET, I EZ D 5 A 5B E I BE RN R BE 55 R o 4% E 0o
FHEREICE MR EONRE KA P BSRTE 2 7] A MR IR N R B IR L
1.2.3 SRBEHLSEGE

A i A B (B i V) 0 R 2R i i ARG T LB /KA B S EAT BB s B R R



I 2% H20, FELIT 9 P55 A S P 10 mine {85 10%1E ¥ (L 2E 135 (¥ PBS 283 iiAE
Fi NE 20 mine A HIMAFRBR —P: Occludin (1 :200) F1ZO-1 (1:500) , 37°C
& E 60min. H PBSIEVE 3 ¥R, &K Smin. IO HRP ARic il EHi % 1gG — 9t (1 :
2000 , 37 °Ci#H 20 min. PBS %% 3 )5, DAB REMERE, RS N6 E anm,
TIAKE F R LML, G P R E Fr o 5 B (A5 1X83, HA Olympus 2
") WM REEZ . K Image-Pro Plus6.0 #AF, fERA/NRAEATFENIER 4 M ES
(AL , 80 52 PH I e ) RBE % B (integrated optical density, IOD) , 5& &4 T ZO-
1 A1 Occludin & H FIAHRT KK
1.2.4 35{F DNA $#RE

FESRIG A, W& 4L/ RUBT SRR A, JFILE1E T--80 °CIRAF. SR FEfH i DNA
PRI T U PP F 4 DNA. 25U DNA H T J54% L. reuteri ¥ & PCR 73#7.
1.2.5 & RNA #EUf RT-qPCR

f# F TRIzol 372 HE UL H 532 HUE RNA. {8 H Nanodrop 430676 1T (115 : NanoDrop
Eight, %[ Thermo Fisher Scientific A 7]) € RNA AifEHIIKE (drso/daso LLEH) , SR
SRR E (11151ES60, 2B XAEMEHYE (Rl BOARARD Ui a RNA WL
cDNA. #E#E HieffRqPCR SYBR Green Master Mix (No Rox )ikl & i, 584 E 514,
5 PCR R4, #1T RT-qPCR. 95 °CTiAEME: 5 min; 40 PMEI (95°C 10s, 60°C205s, 72°C
20 8) ; ZSEfH 72 °C 5 min. KA 224TVETHH mRNA AT RIEK. SIFFIENE 1.

£ 1 51975

Tab.1 Primer sequences

Gene symbol Forward sequence (5-3") Reverse sequence (5'-3")

Z0-1 ACCCGAAACTGATGCTGTGGATAG AAATGGCCGGGCAGAACTTGTGTA
Oclin ATGTCCGGCCGATGCTCTC TTTGGCTGCTCTTGGGTCTGTAT
Cldn4 GGAGGGCCTCTGGATGAACT GATGCTGATGACCATAAGGGC
Mucl CCCTATGAGGAGGTTTCGGC GTGGGGTGACTTGCTCCTAC

Muc?2 AGGGCTCGGAACTCCAGAAA CCAGGGAATCGGTAGACATCG

L. reuteri GTGCTTGCACCTGATTGACG CCATTGTGGCCGATCAGTCT

18sRna AGTCCCTGCCCTTTGTACACA CGATCCGAGGGCCTCACT




1.2.6 RBHHAZRAR KRG 43

B 100 mg ¥R U BE B E W N SPIREAS, TN 500 uL (17 80% (V/V) HIELKIE, e
P, VKIBERE Smin, T 4°C. 12500 r/min 5.0 20 min. H—@ =M LiER, HRGZ0K
PR R & i 53% (V/V) 3 KT 4 °C. 12 500 r/min &0 20 min, UEE FiEHR.
W &SI REARSEARTRE AR SIVE R R BB HIREAS . BT FEALRAE T--80 °C, FilUAH 1 ii- i
BER$HAR  (liquid chromatography-mass spectrometry, LC-MS) 43 #7 .

FEA AT HT R F AR B3 - FS B 240 (1% {X: Vanquish UHPLC, f#[% Thermo Fisher
ol FEA: Q Exactive™ HF/Q Exactive™ HF-X/Orbitrap Exploris™ 120/ Orbitrap xploris™
480, {%[E Thermo Fisher Scientific A #]) o il 2k AiliA: >y ACQUITY UPLC BEH Amide
Column (HILIC), ¥:if: 40°C, Jii#: 0.2mL/min, WEIH A: 90%Z M, 5 mmol/L BiEz%:,
EhAH B: 50%Z M, 5 mmol/L BERE AN, BT F: 0~7 min, 98%A; 7~9
min, 0% A; 9~10 min, 98% A.

FRiE At SR % % (electrospray ionization, ESI) A5, [F]R AT 1E B A1 67 B9
FREFCREE . FIRTEEIER: m/z 100~1500; EST JESHCEBE IR WiEHE: 3.5kV (IE&
TR F-2.8kV (BT 5 BYSE: 35psi; HHPSIE: 10 Limin; & TE5E
ME: 320°C; BT FAGAEF: 60; FHEVUMAEREIZ: 350°C. MS/MS %k H
O 3
1.2.7 RNASEIE S 2

Ji46 LC-MS #4li X248 ProteoWizard By mzXML 4% 3. { F] XCMS #4784
B, WX SR AN E . TR R (miz) 2%, ARdRistye . Eid
SR TRUE— A SE IR IE, DLERR RS .

R4 e SiRe: AR Bhm S i T B ORI ) DR R i (MS/MS
spectra) 5 AILEIEE (HMDB. Metlin, MassBank %5) #HTUCAC% . V%€ A f8
FH KEGG ##% (https://www.kegg.jp/) A1 LIPID Maps #4 /% Chttps://www.lipidmaps.org/)
HEATVERE . i P AR 4L 2 B A B AR metaX W BB HEATHISD AR FE . 3 R o

( principal component analysis, PCA ) F fki 5 /)y = 3 7% ) 7l 43 #1 (partial least squares
discriminant analysis, PLS-DA) VEA&2H [A] 86 5 2 57 . ifiid PLS-DA B THRAMY
WA B M (variable importance in the projection, VIP) fH . PAZ5 &St 704 % H
t KB T SR E AL Se ik 2 R, HRrH 2 R4 (fold change, FC) o Ay#%fl
fPHE2, P {H£41d Benjamini-Hochberg 5T 2 BRI IE, SRR IERE MR RILE



(false discovery rate, FDR) o &0k 2 mAR I AR : VIP {E>1, KIE P{E (FDR)
<0.05, H FC>1.2 8{ FC<0.833. 3l & & £ 73 M K012k Hi 1) 22 e AR U092 22 22 R 3.4.3. Python
3.5.0 BAFAT KEGG % & 50, DA SZ 56w 1) G SAR a1
1.3 itk abE

It 5 B85 K A GraphPad Prism 9.0 FHHTGEiF 34408 . MR 25 DL ME +
PMEZFR IR . W TRFE RS AT BT ZF AR B, R ¢ e, 0T T2 A,
KRR Z 0. U P <0.05 AZERA S E L.

2 4R
2.1 L. reuteri (3 CIMI /NS — R RENE K E

SIS IR AN 1A FToR. AN L. reuteri 75/ BRUBIE A ) @ B 1 50 LA 5-FU G HLF B
FISEIE , K] QPCR A I/ R FSAT T B L. reuteri FIAHN & 8. 45 278, 5 Control LM H,
Model /N ZE(E T L. reuteri AHXS 8 535 F# (K (LSD-+=3.508, P<0.001) , ##/5 5-FU {bJ7
FRESEUHIE N L. reuteri FIFFE R (B 1B) , 1 L. reuteri 677 41/ R &8 1 L. reuteri
FHXF FE 5 Model 217t (LSD-£=9.663, P<0.001) , FBAHEE 5 L. reuteri I el

AR, Control /N RRIIER, TAASFR, RN RBL KBTI, $R& LK
KGO R WSS SRR IER . SR, Model 4/NRIEEHIER/D . 1T81IRLE . BRIRHL,
T LKW, A SR AT o L. reuteri 1077 20/ R ACIRE B 5068, 7
B Rk R A B .

R R R SR, TEMIEES 5-FU BT, BrA SEI04 /N R EEs . £ 6
RiES: 5-FU TG, 125 7~10 K, Model /)RR & Control ZHF#{i% (LSD-+=13.01.
17.51. 24.56. 27.54, ¥ P<0.001) (] 1C) , @& R GHE R EREEL (LSD-+=38.22, P
<0.001) (& 1D) 1M L. reuteri #6797 ALK 5T & T B 9545 2 B35 2 (LSD-1=5.642. 6.337.
8.689. 9.350, ¥ P<0.001) (K 1C) , #JiiE KRG (LSD-~=12.20, P<0.001) (&
1D) . 4k, 5 Control HAHEL, Model /)R 451K B2 B 465 (LSD-=5.873, P<0.001) ,
1M L. reuteri THUG, S KERNGRIN SR ESE, BFKT Model 4 (LSD-+=4.417,
P<0.05) (E1E) . FR&EREW, L. reuteri TR MM 5-FU i F1 CIMI /MR ITIA

R B U R g 2 WA A



B 1 BB K L. reuteri X/ AR RS KB RIE W
Fig.1 Modeling procedure and the effects of L. reuteri on body weight and colon length of
mice

A: Modeling process; B: Expression of L.reuteri in feces of mice in each group (n=5); C-E: Body
weight changes, body weight loss, colon length of mice in each group (n=6); *P<0.05, ***P<0.001
vs Control group; #P<0.01, ¥ P<0.001 vs Model group.
2.2 L. reuteri %3 CIMI /M R K G EH SR E TS

N T VA L. reuteri X CIMI /)N BT Jo BRAG 007 (O DGR T, b - 4/ BRU R i 4 2 AT
T HE 4. & 2A Fizn, Control HEIHLRETLASHN, s e, EAZAR Y] E
RYEAMLIZIE, T Model 21 [F1 i 2H 23 2 IR Z W B0, RINBEBEMAEE, KEY]E
iR, B ST E A, REMSEME A EOE IR, HIBgEREAE T RS
RYUEAMMIRIE CROFELFR) , RUIMEE™ BRI I8 SOE MR . L. reuteri 677 41/
BR[04 7 ) i, RN B SIS S22, BB KA ITIRE, Fas abiti
FEREJRAE, RAEAHIIR E th 22 b .

AT EA L reuteri (IERIMEM, X RZKE R EMEEEIREHAT T ERD . 48R E
7~ Model 41N BRI EEAKT Control 41 (LSD-#=10.60, P<0.001) , Tfij L. reuteri ¥3J7
MR BEEL Model 211K (LSD-1=6.536, P<0.001) ([¥ 2B) . 41K 2C ffi7~, 5 Control

HAALL, Model 21/ R &5 a5 @ 2 FFIK (LSD-1=3.912, P<0.01) ; L. reuteri T TG,



Fasr B R Model ZHEH G [RIFF (LSD-1=2.990, P<0.05,) o M4k, ZREK 5058 R B Al
(VIC ) &R H T A (B 2D) : £ Model H V/C HE & N (LSD-
=10.23, P<0.001) , 1fij L. reuteri V397411 V/C ELfE =T Model 41 (LSD-=6.370, P<0.001) ,

W] L. reuteri BEH R CIMI /B B B TE A 24040

A Control 5-FU L. reuteri

200—pm
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B2 HE REAREEERAB-REEWEEITT

Fig.2 HE staining images and quantitative analysis of intestinal villus-crypt structure
A: Representative HE-stained images of ileal tissues from mice in each group x30; B-D: Average
intestinal villus length, average intestinal crypt height, ratio of average villus length to crypt height
of mice in each group (n=4-6); **P<0.01, ***P<0.001 vs Control group; “P<0.05, **P<0.001 vs
Model group.
2.3 L. reuteri /£33 CIMI /)R K 78 Rz S

RT-qPCR 45 R E7R, 5 Control Z1AHEL, Model Rl S % EREH (ZO-1 (LSD-t=
2.560, P<0.05) + Occludin (LSD-t=2.657, P<0.05) . Claudin4 (LSD-t=4.118, P<0.01) FI%f
HH (Mucl (LSD-t=3.733, P<0.001) . Muc2 (LSD-=3.922, P<0.05) ] mRNA FKik/KF
PIWI AR, 2RI, L. reuteri 677 ZH/IN B T il o A S 5 D ) mRINA SR3K 7K 24955
Model 41 &% b1 (LSD-+=2.481. 3.135. 2.165. 2.866. 2.337,P<0.05) , #FH] L. reuteri fi
i 3% CIMI 5| K 18 B PRk N A Nl (B 3A-3E)

BE— i G H UL G BRI T B 5244 ZO-1 il Occludin 28 F RIS TE N . 18
Control ZH/NR I A2+, ZO-1 AT Occludin &5 75 M 1 57 24 o il 2% 52 37 BT e 45 (A A 78 £
ZariRFIE. 78 Model ZH/NRHT, ZO-1 Fl Occludin ik & #9555, SIMAESM . 5500 %



R Y s, RVREERSWE RN, HARLKT TR, 5 Model ZH#HLE, L. reuteri
BT AN R R A2 ZO-1 F1 Occludin (85 A 44 (50 8 2 8 0, RIER =
NESAAIR (B 3F) o EESHIER, Model 41 ZO-1 F1 Occludin () 10D {H 2 F KT
Control 41 (LSD-=7.587. 11.480, 3] P<0.001) , Tfij L. reuteri ¥&77 41/ 10D {H % Model 41
Ftw (LSD-1=5.443, 6.447,P<0.01) , #&/K L. reuteri A AWK E CIMI /) R [0 fi7 58 % % 42 1

HIRZE (F3G. 3H) .

Bl 3 L. reuteri i/ B [/ 57 B Th BE IR
Fig.3 The effects of L. reuteri on the ileal barrier function of mice

A-E: The mRNA expression levels of ZO-1, Occludin, Claudin4, Muc 1 and Muc? in the ileal tissues
of mice in each group (n=5-7); F: Representative IHC staining images of ileal tissues from each
group x40; G-H: The relative expression intensities of ZO-1 and Occludin in IHC staining of each
group (n=3); *P<0.05, **P<0.01, ***P<0.001 vs Control group; *P<0.05, #P<0.01, #*P< 0.001 vs
Model group.
2.4 A ZES
2.4.1 FEERRESHT

N T VEREARHZH 2 i RAE R SR AR E I, AT B %] (quality control, QC) £
AT TSRS IIE 4 PR, EIER 7 MAETEGUR, B QC HEARNE Pearson



KR EIIEE] 0.99 DL E (EEFEER: 0.992~1.000; 715 FH: 0.993~1.000) . JHisks
A ) B T R SR A K BRIFIOAR S (r>0.9) FFE R 22 i brvE, £ EHE BA BRIFH
EIEAA SN, AT RS AT .

B4 QCFERMRMEIHT
Fig4 Correlation analysis of QC samples
A: Positive ion mode of samples; B: Negative ion mode of samples.
2.4.2 Y PCA 45 R
N TV S AN R E BN ARS8k 22 57, 37T PCA. S5RER, 1EIE
BT S 5 B TR, Control 41. Model ZHA1 L. reuteri ¥4 97 4LIIFEAS ;5 7E PCA 1343 K
i R R B, RS A RSN AREREES (B35 .

B5 QC#ZA PCARLTHE
Fig.5 PCA score plots of QC samples

A: Score plot in positive ion mode; B: Score plot in negative ion mode.
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Fig.6 The effects of L. reuteri on differential metabolites in cecal contents of mice with
CIMI
A: Classification of metabolites; B-C: Volcano plots of differential metabolites between the L.reuteri
group and the Control group; D-E: Cluster analysis of differential metabolites between the L.reuteri

group and the Model group.
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Tab.2 The main differential metabolites between the L. reuteri group and the model group



Metabolite Metabolite Molecular  VIP P value Trend
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Fig.7 KEGG analysis of differential metabolites
A-B: Classification analysis of differential metabolites in positive (A) and negative (B) ion modes;
C-D: LIPID MAPS classification annotation in positive (C) and negative (D) ion modes; E: KEGG
enrichment bubble plot of differential metabolites between the L. reuteri group and the Model group.
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