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Effects of lactic acid bacteria fermentation and prebiotic
supplementation on soy protein’s regulation of
intestinal barrier and induction of oral tolerance

GUO Xinran, LU Xiaocui, LU Qiyuan,LI Wei, RUI Xin"

(College of Food Science and Technology ,Nanjing Agricultural University ,Nanjing 211800, China)

Abstract ; [ Objectives | This study aimed to investigate the effects of lactic acid bacteria( LAB) fermentation and prebiotic addition on
soy protein in maintaining intestinal barrier homeostasis and regulating immune tolerance. [ Methods ] Fermented soy protein( FSPI) was
prepared by fermenting soy protein isolate ( SPT) with LLAB. Additionally, five different prebiotics, including fructooligosaccharides
(FOS) , xylooligosaccharides ( XOS) , stachyose ( SOS) , galactooligosaccharides ( GOS) , and isomaltooligosaccharides ( IMO ) , were
co-fermented with FSPI to create prebiotic-treated samples. In vivo animal experiment was conducted to compare the effects of different
samples on intestinal barrier homeostasis and the induction of oral immune tolerance. The experiment included a negative control group
(PBS-), an allergen-sensitized group (PBS+), and seven tolerance treatment groups, namely SPI, FSPI, F-FOS, F-XO0S, F-SOS,
F-GOS,and F-IMO groups. Immune responsiveness in mice was evaluated based on histamine level, mouse mast cell protease-1
(mMCP-1) ,and the expression of cytokines associated with T-helper Thl,Th2 and Th17 cells. The intestinal barrier integrity was
assessed through histological analysis and the expression of tight junction ( TJ) proteins. The induction of immune tolerance was
comprehensively evaluated by measuring regulatory T cells (T, ), dendritic cell surface markers (CD103, CD80, and CD86), and
immune tolerance-related factors, including interleukin-10 ( TL.-10) , transforming growth factor-B ( TGF-B), and retinoic acid (RA).
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[ Results ] Compared to the PBS+ and SPI groups, FSPI and prebiotic treatments significantly reduced the expression levels of
histamine ,mMCP-1, Th2 and Thl17 cytokines ( P <0.05), thereby reducing immune reactivity in mice. The prebiotic treatments
significantly upregulated Thl cytokines (P<0.05) , effectively restoring the Th1/Th2 imbalance caused by soy protein allergy, which
tends to shift towards the Th2 response. The FSPI and prebiotic-treated groups reduced intestinal villus damage, with significant
increase in villus height and crypt depth( P<0.05) , mitigating food allergy-induced intestinal villus injury. However, the FSPI group
showed weaker effects in upregulating TJ proteins and inducing immune tolerance compared to prebiotic treatments. Notably, F-XO0S
significantly upregulated the mRNA expressions of Claudin-1,Z0-1,and Occludin( P<0.05). Furthermore ,F-FOS and F-XOS promoted
oral tolerance induction by increasing the expressions of tolerance-related cytokines ( IL-10, TGF-B, and RA) and CD103, while
downregulating CD80 and CD86, thereby facilitating the differentiation of T, cells. [ Conclusions ] FSPI could reduce the immune
reactivity of mice to soy protein and maintain intestinal barrier integrity. The addition of prebiotics during co-fermentation further
enhanced oral tolerance induction,with F-FOS and F-XOS demonstrating the most significant effects.
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B AEE R A B GRS Boza, FALSH AR I Cbe o2l , W B F 5 77 7 AR U RO [R
O] AR IRBE(FOS) ARBAM (X0S) KB (S0S) MREFLHE (GOS) A TR 57 22 250 (IMO) iy 4li Ji
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Premixed ) 1% 77 &5 W g 50 MEDE A= W1 RHE A B 7] GAPDH , Claudin-1,Z0-1 il Occludin W 3 14 T
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Fig. 1 Preparation process of SPI,FSPI and fermented soy protein added with prebiotics
FSPI. % ¥ K 5.5 H Fermented soy protein ; FOS ; fli 3R 4 Fructooligosaccharides ; XOS ; fle B A Xylooligosaccharides ; GOS : {2 FL iE
Galactooligosaccharides ; SOS : 7K Z5 Bl Stachyose ; IMO : IR 5 5 %2 2B Isomaltooligosaccharides. T[] The same as follows.
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Fig. 2 Grouping and construction of mice tolerance model
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0.2 mL PBS(PBS-%% [ %} BE 4 F1 PBS+2 540 ) ;0.2 mL & A 6 mg SPI i) PBS(SPI 1) ;¥4 0.2 mL f
FSPI( FSPI 41 ) . F-FOS ( F-FOS 41 ) . F-X0S ( F-X0S 1) . F-S0S ( F-S0S 41 ) . F-GOS ( F-GOS 4 ) Al F-IMO
(F-IMO 4) . M B 720K 15.22.29 136 d, Bk PBS-41 (M iE S i 7F 0.2 mL PBS 11 1 mg &
SAARERAR TR ) A HoA A Y4730 3k B IS 1256 0.2 mL & 1 mg EEARAR AR F1 6 mg SPI 1Y PBS ¥k . UK K
BL AR 45 d, A /NI BEE E 20 mg SPT, 30 min J&5 X /N AT R ERECAML, A58 AL AL )5 ff 5], BLZS
7 W 72 B B 45 ( mesenteric lymph nodes, MLN ) FlRRAE#E1 7 )5 22356
1.4 EE%ER A E R E ST B IT
1.4.1 MFARRF mMCP-1 UE MG Meng 25" 19 535, i ELISA 207 & 0 %2 241 % Al mMCP-1
K
1.4.2 PEREAREFUE ARHE Shao Bk, BUBIE L U6 # 515080, 1 ELISA 3857 & 2
IL-4 IL-17A F1 IFN-y fJ7KF
1.43 FTHIHALREFEME WA 1 em WS HAHL, S 4% (RFIE) B R DMIA e K A
A HIAL 4 wm JEAYZHZUY) R R 58 AR - 41 ( hematoxylin-eosin, HE ) %¢ 8, 7E {58 T FEMLEEFE
5 APEF AT IE AT, LATAR 2 I 90 6 1 52 46 90 i B B s R B
144 ZEHFEEEAQ mRNA UE SR Xiao F AT, M 25~30 mg 25 4121 2L RNA,
FH-f# ] HiScript 11 1st Strand ¢cDNA Synthesis Kit #1730 %% 5 4 8 cDNA, f#H ChamQ SYBR qPCR Master
Mix ( Low ROX Premixed ) il & #4710 % 5% o 1 R G B X s 0 (RT-qPCR) . HAYFE I AYAEXT mRNA 2
KR 278 8, LA GAPDH {E RIS IEN, i RS anse 1 iR,
£ 1 RT-qPCR BI3|415 7!
Table 1 Primer sequences used for RT-qPCR

S ;Ff'ﬂﬂl%?ﬂ )iﬁﬂ?rl%f?ﬁ'] KA bp FEE RS
Gene orward primer Reverse primer Product size GenBank
sequence(5'—3") sequence(5'—3") accession No.
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 123 NM_001289726.2
Claudin-1 TGCCCCAGTGGAAGATTTACT CTTTGCGAAACGCAGGACAT 107 NM_016674.4
20-1 GCGGATGGTGCTACAAGTGATG GCCTTCTGTATCTGTGTCTTCATAGTC 138 XM_006540779.5
Occludin GGCGGCTATGGAGGCTATGG CTAAGGAAGCGATGAAGCAGAAGG 106 NM_008756.2

1.5 Ok =TS
1.5.1 MLN B EFREMAE B MLN H 52008, i ELISA 5] &0 & 1L-10 TGF-B
FIRA 7K,
1.5.2 MLN A T, F8 SRR AE (DC) REAREW T N MLN R 75 5040 i B, 72 R g b )
CD4-FITC Fll CD25-APC HLMIFE 30 min 4500 T, Rk, BFE )5, A0M 22 il e % 3 K. ] Foxp3
Yot 28 Wi ) £ 18 2 FB B A, BE S EAT Foxp3-PE AYZR I PN 4L (5, ¥ MLN 200 & 5 MHC 11 -
FITC .CD11¢-APC ,CD80-PE-Cyanine7 ,CD86-PE I CD103-PE 5 30 min, & DC 40 F b4, 3-8
AT AL ( CytoFLECX %Y, 32 [ Beckman Coulter 23 7] ) #4704,
1.6 HIELRESHH

FrA B A 3 U, BRI LA Y s fE R R s . SR SPSS 16.0 B4R 47 B &R 5 22 00 i
(ANOVA) , Duncan’s £ F T i FVE53#H7 . i1 GraphPad Prism 10.0 3R fF2: K3

2 HBR5HH

2.1 FLEAEWABRAMEETHXEEQX/NR &R R 0

2.1.1 MR IMIEARRF mMCP-1 K FERy 20 & 3 vl A, 5 PBS-ZHAH L, PBS+F1 SPT ZH 119/ B fi
TH A mMCP-1 /K B T (P<0.01) . 5 SPT A1, FIr A & Beke St AL BRAEL/IN BLUALTE 4 Il mMCP-1
K B3 R (P<0.01) , Hidr  FSPT 414/ BRUMLTE 2 Al mMCP-1 7K-F-453 51 F 14 49.6% 1 33.3% ., %%
A JCAL BRZE X 2H AT mMCP-1 7K S B9 F P84 48 FSPT 4458 0 2 (P<0.01) , Hidr | F-XOS £H #) 2 i Al
mMCP-1 7K -4 T PR B e K, 4391 75.8% F1 68.1% , 5 PBS—4H 197K 40 24 ( P>0.05) ; Hi¥k S F-FOS
2, mMCP-1 TR R 62.6% (P<0.05) ; F-SOS F-GOS £l F-IMO £ {4 & A1l mMCP-1 7K-F-4H4 (P>0.05) ,
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Fig. 3 Histamine and mMCP-1 levels in mice
¥R PBS-LAAH HUARAE 3 2 5 (P<0.05,P<0.01) ;* #FIORFEAR Z MIFFAE 35 2 5+ (P<0.05,P<0.01) . T,
*,** indicate significant differences compared to the PBS— group( P<0.05,P<0.01) ;™ indicate significant differences between
samples( P<0.05,P<0.01). The same below.

2.1.2 XP/MRARZEREH Thl/Th2/Th17 B4R E FRK FR&EME  HhE 4 7%, 5 PBS-4iAH L, PBS+5
SPI 41 Th1 % IFN-y 7KV 583 A% (P<0.01) , Th2 %Y IL-4 1 Th17 %! IL-17A /KR THE (P<0.01) . 5
SPT 41 AH tE , FSPT AL EEXT TFN-y i L JEA/E RS 3% (H B 25446 T IL-4 A1 1L-17A B97KF- (P<0.01) , 1fi 4%
2542 TCAL FRAI X TFN-y AY7K S T8 5 K 25 (P<0.01) |, [al A48 FSPI 2H 525 Rl T 1L-4 F1 IL-17A f7KF
(P<0.01), H:H F-FOS F1 F-XOS 4111 IFN-y /K-8 3 T 40.1% (P<0.01) , IL-4 F [L-17A (7K 5.3
FEAIR(58.9%) &5 PBS-Z1AHY (P>0.05) , RILH B ok 0 & A Be i 00 . 456 2.1.1 Y45 R ml i,
F-FOS 11 F-X0S fE% i 2 F U B .mMCP-1 1L-4 F1 TL-17A /K3, I iR IFN-y A7k, 260 H

A RO N R S BE ST

A 100 100 C~ 80 i
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s S E g # 52 00
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2 2 60 25 60 T S e 2
s = S 2 - £ < 40 >
i z 40 B z 40 Kk K - 3
S & X = o 3 & * 24 20
5 i afify £
£, = AL BAEANEE = lBLEE
I + 22 Q092 % 0 I+ 72 2R B9 0
245588552 145588582
o, B i ORI S
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4 INRBERER IFN-y(A) IL-4(B) #1 IL-17A( C) Bk F
Fig. 4 Levels of IFN-y(A) ,IL-4(B)and IL-17A( C) in mice spleen
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221 INREBARRESHEIE  hE S AL PBS-41H)/N B 94 B HESI B 55 95 B v B M as IR
JERGE . PBS+5 SPI AW E 0™ 8, 40T v FE TR 58 TR B2 Bl & PR (P<0.01) . 5 SPL 1AL,
FSPI AL At ik 38 1 W o B R B I B S MR S R T i 25 5% (P>0.05) .z /B Jeab R4
(F-FOS.F-XO0S ,F-SOS F-GOS Fl F-IMO ) & 8Lt} 5¢ & 19 [l 18 57 15, 980 & 1= B R0 B s TRl 25 385 m (P <
0.01) , HH F-XOS il F-FOS 4155 & B M s VR FE B (P<0.01) , BB IR BE 55 PBS-41E i 25 5% .
222 INRFERZEREEBS mRNA RIEFFMM  HIE 6 v, 5 PBS-414 L, PBS+#1 SPI1 41 & 3%
T T Claudin 1.20-1 F Occludin mRNA 335 (P<0.01) . 5 SPI 4AH I, FSPI 201 Claudin I mRNA 3
A EH T 86.2% (P<0.05) ,{H ZO-1 Fl Occludin mRNA HJFiA LB FZEF (P>0.05), F-X0S f1
F-GOS 2%} 3 Fi B 25 4 4528 (4 mRNA B FA/K P8 3% FIH(P<0.05) . HA F-X0S 1) ZO-1 1 Occludin
mRNA /K ETHE ZE 5 PBS—2H TE B % 25 5 (P>0.05) . F-FOS F-SOS il F-IMO ZH (1) % % 1% 4 06 1 36k i
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Fig. 6 mRNA expression levels of intestinal tight junction proteins Claudin 1(A) ,Z0-1(B)and Occludin( C)in mice
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2.3.1 /N MLN A T, ZRRESRGAKFRIFMm & 7 /A, 5 PBS-ZHAHLL, PBS+A SPI 41 MLN H1y
T, Ak i B K(P<0.01) , 5 SPTAIAIHL  FSPT A1 T, ik B 25 5 (P>0.05) . Bk F-IMO
AN, ARG R CAE AL 1Y T, 35 i B E N (P<0.01) . M F-FOS 41fy T, Rk W ERE T
41.8% (P<0.01) ; Hi¥kJ& F-XO0S F-SOS #l F-GOS 2H , /3 H3 & T 39.1% .34.5% 1 38.2% ( P<0.01) ,
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