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Fa4E MG TR A&, VAR qPCR &M Caco-2 B 2R #6547, R &AW, T & KMk TRT R FEMK (P<0.05)
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e FBR 3T AT i AR LB 2., Caco-2 MR 4R AW T IEF A6 Caco-2 A, ¥ &K
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Effects of Pelodiscus sinensis Hydrolyzed Peptides
on Gut Microbiota and Immune Function

SU Xiaoming', LIU Xiaohong’, WANG Yayu?, XIANG Shasha'?, SHI Lihua'?, ZHU Xuan®?, CHEN Jie>"

(1.Weifang Yibeite Biotechnology Co., Ltd., Weifang 261000, China;
2.School of Food Science and Biological Engineering, Zhejiang Gongshang University, Hangzhou 310000, China)

Abstract: This study took hydrolyzed peptides from Pelodiscus sinensis as the research object, aiming to investigate their
impact on intestinal flora and immune function. Utilizing an in vitro intestinal simulation system and a Caco-2 cell model,
16S rRNA (V3-V4) high-throughput sequencing technology was employed to evaluate the diversity and composition of the
intestinal microbiota. Additionally, HPLC was used to quantify the short-chain fatty acid content in the fermentation broth,
and qPCR was used to assess the immune factors of Caco-2 cells. The findings revealed that the treatment of P. sinensis
hydrolyzed peptides could significantly (P<0.05) decrease the relative abundance of Dialister, Ruminococcus gnavus, and
Sutterella in the gut. Furthermore, these peptides enhanced the production of short-chain fatty acids, particularly butyric
acid and isovaleric acid, by intestinal microorganisms. Notably, low concentration (5 mg/mL) of P. sinensis hydrolyzed
peptides showed a more consistent promotion of short-chain fatty acid production by intestinal microbes compared to the
medium (25 mg/mL) and high concentrations (50 mg/mL). Short-chain fatty acids also played a pivotal role in modulating
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intestinal immune function. The Caco-2 cell model demonstrated that P. sinensis hydrolyzed peptides could regulate the

expression of immune-related genes, including 7LR4, NF-kB, and MD2, in normal Caco-2 cells. This led to an increase in

the expression of pro-inflammatory cytokines (/L-6, IL-1f, TNF-a) and the anti-inflammatory cytokine /L-10, thereby

activating cellular immunity. In an inflammatory cellular model, P. sinensis hydrolysate downregulated the expression of

pro-inflammatory cytokines (/L-1f) and upregulated anti-inflammatory cytokine /L-10, while also reducing iNOS relative

expression level, thereby alleviating the inflammatory response. In conclusion, P. sinensis hydrolyzed peptides can act as

prebiotics by modulating the composition to maintain intestinal homeostasis, and enhancing immune function of the

intestinal flora, providing valuable insights into the interaction between animal-derived bioactive peptides and intestinal

microorganisms, as well as contributing to the nutritional value evaluation system.

Key words: Pelodiscus sinensis hydrolyzed peptides; gut microbiota; short chain fatty acids (SCFAs); immunomodulation;

in vitro intestinal simulation digestion model

RO, (R FRES . £\ B, oK KRR IET T3
Yy, RTTEESE Hs & 8 B AR IIER . =TT
REZPEIEYIR, BREG S BYT I AMERN,
A E IR RRR I B B B, TR T
PRANEE AT Z M5 FREY .. Bl E YRS
VAT LI RV AR A BT A S e A L sl v HARE
Yy P g R AR R . FR A KgAK 22 i /N
RS B, A LR TR n I 2R L 2 R R A
BRB, HEA YA WR Gy 17 . Busdboig . Pre
LT, 5 pAH b, TR S THARIR I, BEAE
SR EZIR . THATA RS . A EEEL S R B
PES AT E IR H R RR TR 2N, Ei,
IR IRSZ B2 OG0, BN Y HTFY HR

NAR ) S8 A ) SR R IR A i, e R
BEBE T (Firmicutes) FIHUFT I ] (Bacteroidetes ) o5 ¥
TARKA LA™, ZE i B AN A dsr i J- A Uy T
EHAHNEEWVEMA . R, IF5E & G E A Y RS
TR N AR AR L SR, Gl &R
AT, b s iie 2 F 2. &
B st — 2B HE A UARERN T, A KE
WFFEIE BB A RKBEAS R A8 i B e ai A, sz i
PEVER, BN JNE RN, AR UE R T8 DA B A 32 g it
FRUTR ZRAEN R B FE 2 KRR AR /)N B iE
WHEGE A AR, R T/ B 8 LA R s FUAT B
J& . RS ) LLNE 15 v e (LA RS ) 09 o5 L Aot
U sE gy m IR IR B /N B B RS RIS, KR
H BRI, fE—E /K _ LRI R /N iz B T
T, BRI EESL . XEREED Rk A FH HH A 7K fi AR
B/NRZ)E, /DR BRAZ AN . R4 . AR
AOHL Y TE M R, BRASAE /N ER Y At S iE, U
TdGsR/NERIE F7 . 28 Dnd, 2 FUWRAE VA i iE
PRAFE . v 4 A R A AR G RE T RE T T HAT WA
FH, o B oK i e & 2R s AR, (H R B o
A PRI VR 7 8 TR A G B HE T 1 AR AT Mo

AN HIAR A R GEARAE T h W S g AN AR S 56 HAT
Pl . BASREE DA, BeAE A R e A i AR, It
Xop A YR AR A R R i S L R T
9% . Caco-2 4H M HEFE 35 — L o2 AH 3G 1Y 4H i 1]
¥, W TNF-a, IL-6., IL-10 %5, PRI A] DAAVE A58 15

TE G K RAE ARG MRS AN, SRy b, ARSI i
ARG TE RS TE AAR SRR 57 FR K S U i 3 B
FEARIVER, 28 o SO (s e S B AR TR & B AR
AR T F fa AR BT N T 1 A ) S S eV E FH R 5
ni, [R]RSFFH Caco-2 4 IAR AU 58 FF 7K R KT 1E
HEOL T AN S AR AR/ DR X A A S e pe I A 32
IR AYSEIN, 57 TR oK g AR 25 2B A FBILE, 2570k
FR K A AR G S R SR A AR YR, sl FR iR
T A& R
1 MR5RE
1.1 #RISEE

At K e I (IR B s 76.94%) Wi VT I 1R fdt e
BHEA R B HEAEE; Caco-2 408 i E M5 EYGa
BRAE] BRI Oxoid; Trizol  3E[E Ambion 23F];
BEREEE N . Bl BN isaIE BR A =]
LA (DMSO) | 3-(4, 5- I IEmEmE-2)-2, 5- " 2KHk
VOSBRI ER (MTT) . PBS ik L2 vabka1b
BHEARA T S-95URMENE . B (HPLC) iR
Pr T AR By A R E; FHEE(HPLC) . &
(HPLC) . 4HHE LN 4H DNA #2BGRFH) & KRiEAE{b
BT (AL ) AR 7] Baim < (=99.999%)  Fih
A TR A BRA 7] AUZRAEH (C40050) TR
MWHTFES L YR AT IR F]; JEZHH LPS(1.2880)
Sigma-Aldrich P4 A% 30 B 48 B 47 (i) B2 5 A R
Al R R-BERIBR  BaRAEYWHEARERATF;
DMEM H57E3k | G4 MLyE  3€E Gibeco 2 Al i
ik £ (RR047Q) . qPCR 7] £ (RR420A) 52
H EEAMHEAR RO A R T HPLC Ay
o35, HoAhRFR5 0 [ r= -l

SW-CJ-1FD ## &5 oM G fb i &5
FHAHRAE]; ME104E #4047 K fHii Mettler
Toledo A F]; LC-16 M REAH B ERAL AHL(h
EDA R F; XMTD-204 fEIR/KIEEE L ss
WA BRA A CHA-S fHIRIE S 28 EE4nlk; S210
pH it i AR -FER| 2 A FR 7] BI-150A
TEIRIEFRFE M ERE RS & ( R B RAH;
TGL-16 1 mL BL.0AHL, TGL-16M 10 mL .00 g
WA S B AL 78 T & A3 BR 2 F] ;5 Infinite M Nano FffR



- 204 - £ Tl B4

2025 4 10 A

1 #E (L) 574 BR2A 7] QuanStudio 3 Flex
gPCR 1. nanodrop 1000 FEER KH/REH AT,
1.2 LWHE

1.2.1 R M B SR Bl il B4 H WK (simulated
gastric fluid, SGF): KCI 0.514 g, KH,PO, 0.122 g,
NaHCO; 2.1 g, NaCl 2.761 g, MgCl,-6H,0 0.02 g,
(NH,),CO; 0.048 g, #F 1 L /K.

B % W& (simulated intestinal fluid, SIF): KCl
0.507 g, KH,PO, 0.109 g, NaHCO; 7.14 g, NaCl
2.246 g, MgCl,-6H,0 0.067 g, %+ 1 L 7KH,

i 22 1. A 1.25 me, HiEZE 1.25 mg, X
ZHRRHAR 3.75 mg, MR 6.25 mg, MEALHE 18.75 mg,
T 25 mL KA S

A E . Bk ZE 25 me, I E 25 me, I6 T
5 mL 7KH

PBS Z% i : KH,PO, 0.27 g, Na,HPO, 1.42 g,
NaCl 8 g, KC1 0.2 g, T 800 mL /K1, JA7 pH &=
6.8 JERE 1L £H.

FHHEFFREI: K 100 pL g2 MTHNA 1 L K
JG ) PBS i (pH 6.8) 145 H .

718 K e s R i JRAEE R 10 g, BEERREUY
2.5 g, LR 1 g, 14035 (5 mg/mL)2 mL, NaCl
0.9 g, CaCl,-6H,0 0.09 g, KH,PO, 0.45 g, K,HPO,
0.45 g, MgSO,-7H,0 0.09 g, % 1 L /K, K
IMAZEAEZE T 0.2 mL, BAERKF (1 mg/mL)1 mL, iH
h 0.5 g, HIZIHE 8 go

AN 1% 35 3. 44.5 mL A DMEM = b 5% 5% 3L,
0.5 mL P HER-GEEE R, 5 mL PIGA LTS, i
JEBR B S ARAT T 4 °C vKFR#H, A RTHERT T 37 °C
KR IR
1.2.2 HEKAIRE HEAAIMEEL MR HE Minekus
EEUO 1y PR ASALL Y A K S IR Y B TE AL . R BRI
TF 7.5 mL Y 1.25 {5445 SGF Ha i JFi i 25 5 WU
A 1.6 mL B & HEEHE UK (2000 U/mL) . 5 uL 11
CaCl, ## (0.3 mol/L), J HCI(1 mol/L) #&75 pH
& 2.0, M/KAEZRZE 20 mL, BEEAL. . & =4
e B, AT P AR & E 4 5. 25,
50 mg/mL, I = P17, IBSIEE T 37 C HikE
PRGGAGIHAL 120 min, THALZS RS THTY pH 2 7.0 &
1Rk
1.2.3 WK MNaTHACAS MRS, HR4YE Minekus
LGN [ A R KRR N T A . AL
THALSE U, B4 T f K R AL N iz & %, 75 B
AL =S AR RN 11 mL 1.25 15345 SIF = fi%
JUAH A VRS W . 5 mL REFA W (200 U/mL) | 40 pL
i CaCl,(0.3 mol/L) ¥ ¥k, J NaOH(1 mol/L) ¥ 77
pH = 7.0, II/KEZAZE 40 mL, BEHAK ., . B =1
e B, T s AL P AR & & 4 5. 25,
50 mg/mL, I =447, FAHRSIEE T 37 C
TERIRHAETHEAL 120 min, FEGETHZKET 10 min

2k

1.2.4 ZRERUCEE N TIACEE =440 20~30 B 1Y
AR, BORICA YR . MBS, T 3 1 H R
FPLE Y . W AR IR 2 I IR E S
Hr, FREC 10 g ZEH % T 80 mL JG B 1Y 15 2 2% v
W, FITCHE BRI P 5 5 =2 e e Mt vk, o
VESEE U 2 R R 2 5 8 R s IR =T,
87 125 Hp (g DA AR AR 0 7

1.2.5 EEMTGAEESRSE AR Yan 55 1957k
R IUA R G . RS RS IR s, A
I 27 mL K5 P8 R G IR W A% 3 mL 1Y
FEEHR IR, TRA S B, AR 5 min A3 K AR
Wi Bl E T 37 C EEIRGF T IRZ SR 24 h,
i REFIA IR TR B TR . — U e
G TP, Prakis g,

1.2.6 G E AN ARPE Yan "8 0723807
EAEE. 24 h 5, 2 HEE IR R TERE, HhA
e 5 mL R BRI T URFEE T, /EREE 0 d e
i, IARIE R Dy, BT 20 C vKAEARAT % FH . B
1.2.2 F1 1.2.3 Wh& 8 . /NS S B9 0K i
HRESWE 5 mL T3¢ FHAE , Fopads ik, b &=
T e BE PR K RS — 37, PRI = 2 s I A
5 mL JCRBLli/RVENZS FIXT IR . INAFRER SR &
Fie, B 32 FHAAE TIRE Y FesMRS), %< 5 min
CNIEPREFAER, /e T 37 C 1EiRIRGFE
RO R T . )5 BB 24 h BU— IR R BRAE, HURE
AIFEATR AR, M MR Fami 3 mL BT
WOREAE o, SE SR HURE 3 d, IR R B F—20 °C VK
FEPRAT A o BURETE S M BHm AU, PRIER A
FERE R4

1.2.7 Ml ERE 16S rDNA T #F 1.2.6 PAIF
TERURERE i (19 R R B TR TR Uk, BEE7E 1.0 mL
= EP &, # IR SEH 40 DNA F2EBGRF] &P i
Vo R BUR P P 41 T DNA, FRE R B i)
DNA £#-77F EP &, 5§ L5 5 T-20 °C vKFEL4R
TE, SEERFIEFEARI

1.2.8 RIS EENR DR 0 E

1.2.8.1 FESVOEENRITRAIHREL 1 mL R 3 &
L, 4 °C TR 10000 r/min B0 10 min, B EIEHRIN
A 100 uL #ELFERF 5 mL ZBHEA9%5), 228 20 min
J& 4 °C 44+ 3500 r/min &5.C» 10 min, B 3 0
A 500 pL 14 1 mol/L & A AN IR G 45, HEHL
20 min Ji7 4 °C 25FF 3500 r/min B5.0> 10 min, W& F
JEKAH, A 100 pL #ERRIE 3925, JF4: 0.22 pm
VRIS 2 G P ORAE, BRa s S Asp
1.2.8.2 JHEENR TR IR B B[R] B A v ith Ze i I a2
0.025% Wi PR /K 7 W AN 2 , 28 AH N 308 S U8 5 7%
B ERAF P 30 min 5. &M kA
15 ZORBAXSB-Aq(4.6x250 mm 5-Micron) , it
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3 AH A 0.025% B R K % W (pH2.8) : 4 JIE=95:5,
WiEE: 1.0 mL/min, PEEEE: 20 pL, K77 4: 210 nm,
FEIRL: 30 °Co VEHRARF: WMshAH A:B=95:5, i
1.0 mL/min™”, FCHil 202 IR, TR . SR . 1%
P i S % g P TR P PR, ¢ BERS I S5 A A T 2
AT N TR AR B8 B 18] 43 33 S P& 4.05 min., DRAR
5.83 min. J fi® 10.55 min. 55 /&AR 21.67 min. J&HR
25.12 min. ARYE LWL P 5 HERR DR & B, 6 5 A
S A0 T T P VR 5 T 1) s A R s R P TR AR, AR
P AU T AR, B RE A5 T B AERE T IR PR E R £R, 75931
SR IR . TR . SR AN G IR 1 A o i 2 4351
H s y=615621x+3058.2( R*>=0.9999) , y=567183x+
410.1(R*=0.9999) , y=534456x+5129.9( R?*=0.9999),
y=593168x—27623( R*=0.9999) , y=377289x+10995
(R*=0.9996)
1.2.8.3 H A KRR & P A Ng W R R Il
B 0.22 nm JERGT IR S5 AR A0S T,
¥ 1.2.8.2 TS TR SRR TERSIN 3T . MR R
AR T FRACANRUE I 2RI TR SRR TR 5 1t o
1.2.9 4 IEsE
1.2.9.1 4upsE 7 ARPE VRN B PO [y b T an
ME . MRREREP BT 4, 75 37 °C AEE
P RE AL, o R R G, a4
I BRI S RIS AR e & v, TRIBGZR
TEMRZE BS.0, 800 r/min 85,0 3 min, TEMSE THFE
B3, A 1 mL AE K IRFRIERAT =55, S
AMAIEFFEA . FEEFFENML AN 8 mL it 40 5%
L, FROIIRFRR, (B SR 5] o A 37 °C F1 5%
CO, MIEFAH, I H W -
1.2.9.2 AMMIHEFAMEAL =75 Bao FPY 1 EIF
THYEERL . Caco-2 4NfuE%F7=3L(H H 89% DMEM 7
FEILNN 10% AGAE IR K& 1% AT 5 R -SE R R,
TE 37 °C 1 5% CO, WIEFRAR kA T B 351 S 4%
o EFFEEFRINL, W22 R IR #2752 mL PBS
Yk 2~3 #, F+2E PBS JG A 1 mL BEAET 37 °C i
FATHAL 3 min, 7E BB T~ MLLF| Caco-2 4 AL 5
JEFEAAREFR L, IS iy i 55 2 362k Ak, I T4
M AN A, — 5 R AT B A% 357 3L b (T
SEhA 8 mL TG AN IE FE L), T FHRSI S A
BRFEFE
1.2.10 Caco-2 4l i RNA Ay HEHL A 5¢ Y6 58 7 PCR
TEZSFUAR TP e B2 S 1x10° AS/mL B9 40 ife, 1% 35
24 h J5, A 100, 500 ng/mL FH fa 7K ff KIS
W 24 h J5, E55 i, [ Trizol 522 2 Caco-2 4
MiAY RNA, {8 B nanodrop 15 22 #EHUS B RNA
R, I BT S B B 5 S 5% sk R E I cDNA,
B TUVKFE—20 °C {7%4F, FIH NCBI Primer-BLAST i
FrBErEEA IL-6. IL-18. TNF-o.. IL-10. iNOS. TLR-
4. NF-xB. MD2. CLDNI L\ & NZ KN GAPDH 1)
XTI 5 | e R R SRR B . S [ ansk 1 it

o HEHPECE 7 PCR AL, I ARl Takara 11 2 i
PCR i5f#& TB Green® Premix Ex Tag™(RR420A)
VB A5, A8 H ARSL PR AYFe oK 8 1k

F1 AMKSIYFES

Table 1 Sequence of cell primers
ElE/Eq S J¥51(5'—3") B
GAPDH F TGCAACCGGGAAGGAAATGA 20
GAPDH R GCATCACCCGGAGGAGAAAT 20
IL-6 F GCTCGCCAGTGAAATGATGG 20
IL-6 R GGTGGTCGGAGATTCGTAGC 20
IL-1B F GCTCGCCAGTGAAATGATGG 20
IL-1fR GGTGGTCGGAGATTCGTAGC 20
TNF-a F AGTGAGGATGATGCCAGGATG 21
TNF-a R TCCTTTCCAGGGGAGAGAGG 20
IL-10F CAAAAGAAGGCATGCACAGCTC 22
IL-10R GATCTCGAAGCATGTTAGGCAG 22
iNOS F TCCAAATCTTGCCTGGGGTC 20
iNOSR AGAAGCTCATCTGGAGGGGT 20
TLR-4F AGTGAGGATGATGCCAGGATG 21
TLR-4R TTAGGAACCACCTCCACGC 19
NF-kBF CCGGCTTCAGAATGGCAGAA 20
NF-kB R TATGGGCCATCTGTTGGCAG 20
MD2F GCTCTGAAGGGAGAGACTGTG 21
MD2 R TGGGCTCCCAGAAATAGCTT 20
CLDNIF CTGGGAGGTGCCCTACTTTG 20
CLDNI R GCTGGAAGGTGCAGGTTTTG 20

1.2.11 Caco-2 AR IFEATL A RNA $RE A6
H PCR  ARPEE T (71T, Caco-2 AILARAE
BERIFEREVEIE M. 5 500 ng/mL FY P A 7K i KA R
BTN T 1 pg/mL LPS WIEFEW T, 3T 4 C
VKA 2 o FEZSELAR TR S 1x10° A~/mL 4
M, ¥53% 24 h )&, DA _FARECH] AT, FFE BT IR
ZH, 4kLRIEIE 24 he FEHE 1.2.10 A7 S HE BCAN LAY
RNA, Ffifi i qPCR M Caco-2 4 M 48 e AR BUAH &
FEH 2k
1.3 HIEAE

DL 4% 2] SR I A T = 4H A T E, SR SPSS
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Fig.2 Phylum analysis of intestinal microbial fermentation
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Fig.5 Short chain fatty acid content in P. sinensis hydrolyzed peptides fermentation broth
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Fig.7 Effects of P. sinensis hydrolyzed peptides on gene expression of Caco-2 cell model and inflammatory model
{E: (a) Caco-2 A G EAH G HE &3k, (b) Caco-2 £ i S A AR B HE [N 155 LPS: LPS %5 51 Caco-2 4l S AEHERY, L-P: 54
500 pg/mL {4 Y F 7K i IR AW Y 1 ng/mL LPS ¥ 51 7a H, WK A BRZH 5 %0 BRELAR HE, *P<0.05, **P<0.01, ***P<0.001;
[ 7b i, LPS 41 5% IRZ1H . L-P 415 LPS 41AH L, *P<0.05, **P<0.01, ***P<0.001,



46 % 55 19

SRIGER | S K ARV I3 R S G e DI RE RIS 211 -

TV T IL-18. TNF-o FAXT 23k 5, LPS A% ik 25 AR
T IL-10 FAXIFEAE(P<0.01), K15 iINOS FIXTFEA
kA AR, WAEIA B MK EKZ S, iNOS
FAYAH o) 22 38 B AR i 35 (P<0.01) o WFFE R0 2 5
B2 T LPS Jlljit, Caco-2 ifiid P24 — FR 2 S RE AL
EF R B RIS, AIFFEFR, LPS 23
AR LS NO, 4RIt iNOS FeikE TR, (B2
LPS S5k amidm L RVE AT, NO 43 i 25 1%
%, HEA AR Rl st A SCfFoE 4% HR 2%
Lo LPS f#if5 Caco-2 Zifit R IFLHFAIXT Fib & I
Ft, g FERARXT Feah 8 B, 1 F oK ARG R T
X b TR A, 3 1 RH B AR oK A K BENE 2 /R Caco-
2 AMMARFE SN o SR H O 7K R RS REA R ZH (L-P)
5 LPS RACFIHILH Y IL-10. CLDNI . TLR4 FHX}
TR AR LA G T4 X, (H5 LPS RAEMIRIZH
FALY, L-P ¢ IL-10, TLR4 AHXF 2552 90 Tt
#aF, AN, L-P 5% iy CLDNI. TLR4 A8
X PR AN LB 2B TS I A K R IR
J&, NF-xB. MD2 F X} 315 &5 i 2 AL (P<0.05) .
LPS J& TLR4 T BRI B i Ui 50, LPS
iR MD2 Bk H 48, 355 TLR4-MD2 1) —
Tk, AR 3 NO Mg &+ (A TNF-o. IL-6 Fll
IL-1B) BIREL, 5| & R AE I U8, W fa 7K g K H A7 7E
JuAEAE B KAVEH, 5 TLR4-MD2 H AT —E W35
7, AT ES LPS 5 AR g 454, sl TLR4 5
MD2 1 AR, T BEAIK MD2 [ AH X 235 1
Ak, oK AR S LPS 454G vl Isi4% LPS X NF-«xB
PRI, M AT NF-reB % i DR AR ek it L
F, T A.muciniphila BERET] LB 30E] NF-xB KT
B LPS 5514 Caco-2 L2 I+ JZ2 5B D) e R fit Al 4
AE WP, 3K S A SC SIS AIF ST A TR .
3 4Hig

ARSI 5638 s AR S MBS T % 1, 48 s P A K i
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BRIz B AR Alpha Z4EVEFT Beta Z20EP5200
FEAS 25, UL B K A A R T4 iaiEfa
o BAEET. IR ACE ST B, B A KIS
THREVE T UC A TR RN 5 Lh, $E AT 25 R B,
TR S BRI =, dEdr imiE il . X R mem b i
HENRITIR & i S AR T 44T, 2B K R
ATE— R DREWSRTT 208 NI . T R . IR
SRR E &, P 5 mg/mL AR B B 8 K IR
e T T A 40 7 S S TG PO TR ) S8R A LAt v B o
hnkgRE, BbAh, FEEEAR MR iAiE S RE U RE A VR T
HAEREZE/EN ., @i iE Caco-2 Ui R A& H.48
REABLHY S B HH 8 7K it FURE 2o IR RE AR S 3L Rl A 2
K, PO A S iE, SR AR AR I -
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HE SR ZE DI RERL B 25 A AR FH, X B A K ff K 25
AR IT FE SR E PN HA TR X2 X, [FBs

K FRIIAR DG it T AR BIE A, s fmsdhn
Tl AR

© The Author(s) 2025. This is an Open Access article
distributed under the terms of the Creative Commons Attribution

License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

Sk
[1] &R, Lk FREETRAS OIS DAL EET]
LR Ak F4R,2023,39(1): 145-152. [ HUANG Kecheng, BAO
Jiangiang. Progress on nutritional composition and efficacy of Chi-
nese soft-shelled turtle[J]. Acta Agriculturae Shanghai, 2023,
39(1): 145-152.]
[2] R FaEKGRAAFRS FEFERHR[D]. 4.
i X, 2021. [ SHI Jinyuan. Study on the antioxidant activity
and anti-fatigue effect of soft-shelled turtle peptides[D]. Hangzhou:
Zhejiang University, 2021. ]
[3] LB, W & RALEAAK TG A A MK R AT [D]. AL 3
LR K, 2024. [ KONG Xiaoyue. Screening and structure-ac-
tivity relationship study of antioxidant peptides from soft-shelled
turtle[D]. Hangzhou: Zhejiang A&F University, 2024. ]
[4] HBR, 4%, T4, F. F okt Re A e A LR A E
8 % ova [J]. A0S Tk A3, 2021,42(11):321-327. [ SHI
Jinyuan, ZHONG Hao, WANG Qiangian, et al. Effect of soft-shelled
turtle peptide on the lifespan and antioxidant activities of Drosophi-
la melanogaster[J]. Science and Technology of Food Industry, 2021,
42(11):321-327. ]
[5] xlsk, 3 &3, kB, 5. F a0 R IE S B ra ey
R I]. A s 2 R ZHm 4R, 2013(3): 830-834. [ LIU Zhen,
LIU Dongying, LAI Weiqi, et al. The effect of turtle peptide powder
on immune function in mice[J]. Journal of Food Safety and Quality
Testing, 2013(3): 830-834. ]
[6] WUY C,LIUX, WANG J L, et al. Soft-shelled turtle peptide
modulates microRNA profile in human gastric cancer AGS cells[J].
Oncology Letters, 2017, 15(3): 3109.
[7] ZHOU J, CHEN M, WU S, et al. A review on mushroom-de-
rived bioactive peptides: Preparation and biological activities[J].
Food Research International, 2020, 134(2): 109230.
(8] 4Rdg4s, ikak, T, . AN FERKAESIKEF AR
RSP ey A AT R (1] RS 5 A BE T 0k, 2022,48(17):
336-344. [ ZOU Yuanting, ZHANG Jian, WANG Gongming, et al.
Research progress on the application of bioactive peptides in food
for special medical purpose[J]. Food and Fermentation Industry,
2022,48(17): 336-344. ]
[ 9] ECKBURG P B, BIK E M, BERNSTEIN C N, et al. Diversity
of the human intestinal microbial flora[J]. Science, 2005, 308
(5728): 1635-1638.
[ 10] MA Jiayu, PIAO Xiangshu, SHAD M, et al. The interaction
among gut microbes, the intestinal barrier and short chain fatty
acids[J]. Animal Nutrition, 2021, 9: 159—174.
[11] WANG S, HARVEY L, MARTIN R, et al. Targeting the gut
microbiota to influence brain development and function in early
life[J]. Neuroscience and Biobehavioral Reviews, 2018, 95: 191—
201.
[ 12] NAGPAL R, NETH B J, WANG S, et al. Modified Mediter-
ranean-ketogenic diet modulates gut microbiome and short-chain fat-
ty acids in association with Alzheimer's disease markers in subjects


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1126/science.1110591
https://doi.org/10.1016/j.neubiorev.2018.09.002

<212 - £ Tl B4

2025 4 10 A

with mild cognitive impairment[J]. EbioMedicine, 2019, 47(2):
529-542.
(13] 2, &5, 206, F. R % st R B Yo [J].
% R F 4%, 2018(12): 44-47. [ LI Bo, QIN Yan, WANG Peng, et
al. The effect of deer antler peptides on the gut microbiota of
mice[J]. Contemporary Livestock, 2018(12): 44—47. ]
[14] RSk, X0 v a1 i B AR4E A 69 51 50 [D]. kif: X
# - # K5, 2023. [ CHEN Xinai. Effect of bioactive peptides from
Andrias davidianus on intestinal flora[D]. Dalian: Dalian Ocean
University, 2023. ]
[ 15 ] SHIMIZU M. Modulation of intestinal functions by food sub-
stances[J]. Nahrung, 1999, 43(3): 154—158.
[16 ] MINEKUS M, ALMINGER M, ALVITO P, et al. A stan-
dardised static in vitro digestion method suitablefor food-an interna-
tional consensus[J]. Food Funct, 2014, 5: 1113—1124.
[17] XU Yuanyuan, XIANG Shasha, YE Kun, et al. Cobalamin
(Vitamin B12) induced a shift in microbial composition and
metabolic activity in an in vitro colon simulation[J]. Frontiers in
Microbiology, 2018, 9: 2780.
[ 18 ] YAN Fujie, XIANG Shasha, YING Jian, et al. Healthy food
design based on gut microbiota metabolic flux[J]. Trends in Food
Science & Technology, 2024, 154: 104790.
[19] =¥, &&, FEF, F. D RBP4 RRIRS &
Wk B R [T]. AR A4 B F &, 2017, 17(6): 1012-
1015,1032. [ WANG Cai, GAO Peixin, XU Jingnan, et al. Estab-
lishment and application of extraction and determination method for
short-chain fatty acids in feces of mice[J]. Progress in Modern
Biomedicine, 2017, 17(6): 1012—1015,1032. ]
[20] #m &, 24, 24% SLELH & PInJ(GS5)% M LPS # %
M bR g R RS RO i KR 69 E R LR [T]. A R A
2024, 55(10): 36—42. [ XU Lihui, YAN Menghan, WANG Quanxi.
Effect of lactobacillin (PInJ(G5)) on intestinal inflammation in-
duced by LPS[J]. Fujian Agricultural Science and Technology,
2024, 55(10): 36—42. |
[21] BAO XL, YUAN X Y, FENG G X, et al. Structural charac-
terization of calcium-binding sunflower seed and peanut peptides
and enhanced calcium transport by calcium complexes in Caco-2
cells[J]. Journal of the Science of Food and Agriculture, 2020, 101
(2): 794-804.
[22] Wk, k&L, EXAR, 5. Trizol k3R I T 408 &
RNA Z miRNA 9 F= #- AL BF 2 1. F B R 4 ,2024,46(9):
175-181. [ CHEN Ziwei, ZHANG lJilong, ZHUANG Wuchao, et
al. Optimization of Trizol method for extracting total RNA and miR-
NA from chicken liver tissue[J]. China Poultry, 2024, 46(9):
175-181. ]
(23] E&%. FHFERNBE >R EIH AL Caco-2 it
A AR [D]. P B R A SR, 2023. [ YU
Qingting. Mechanism of dried apple slices browning products accu-
mulation and their effects on oxidative stress in Caco-2 cells[D].
Beijing: Chinese Academy of Agricultural Sciences Thesis, 2023. ]
[24] SU X. Elucidating the beta-diversity of the microbiome:
From global alignment to local alignment[J]. mSystems, 2021, 6(4):
¢0036321.
[25] SINGH S B, AMANDA C, LIN H C. Desulfovibrio in the
gut: The enemy within? [J]. Microorganisms, 2023, 11(7): 1772.
[26 ] B2 0k, FRIK, §. B S RegRoNE s 2 3t
*E AR B i B 69w [T]. AR 4R, 2025, 39(2): 317328,
[ ZHAO Xiaolan, LIU Bing, XIN Fengjiao, et al. In vitro digestive
properties and the effect of Diaphragma juglandis fructus on human

gut microbiota[J]. Journal of Nuclear Agricultural Sciences, 2025,
39(2):317-328. ]

[27] ®hale, EAM, AL, 5. K THRIPREA BT E
@R E S R E A AT AER ] R A8 Tk,
2025,51(5): 126-133. [ ZENG Quanhen, WANG Yuankai, ZHOU
Chunyjie, et al. The regulating effect of pheophytins on mice gut mi-
croflora induced with high-fat diet based on in vitro fermenta-
tion[J]. Food and Fermentation Industries, 2025, 51(5): 126~
133.]

[28] LI Q, SUN X, YU K, et al. Enterobacter ludwigii protects
DSS-induced colitis through choline-mediated immune tolerance[J].
Cell Reports, 2022, 40(9): 111308.

[29] HALL A B, YASSOUR M, SAUK J, et al. A novel Ru-
minococcus gnavus clade enriched in inflammatory bowel disease
patients[J]. Genome Medicine, 2017, 9(1): 1-12.

[30 ] KAAKOUSH N O. Sutterella species, IgA-degrading bacte-
ria in ulcerative colitis[J]. Trends in Microbiology, 2020, 28(7):
519-522.

(317 EB AL, we. A4 & Ve Ak st o il B BER ¥ 16 A BF L it e
(J]. ¥ B4& & 548, 2022,22(11): 410-423. [ HOU Mengfan, HU
Xiao. Research progress on regulating effects of bioactive peptides
on gut microbiota[J]. Journal of Chinese Institute of Food Science
and Technology, 2022, 22(11): 410-423. ]

[32] DAVID L A, MAURICE C F, CARMODY R N, et al. Diet
rapidly and reproducibly alters the human gut microbiome[J]. Na-
ture, 2013, 505(7484): 559-563.

[33 ] CHENG Jiaobo, HU Jielun, GENG Fang, et al. Bacteroides
utilization for dietary polysaccharides and their beneficial effects on
gut health[J]. Food Science and Human Wellness, 2022, 11(5):
1101-1110.

[ 34 ] MORRISON D J, PRESTON T. Formation of short chain fat-
ty acids by the gut microbiota and their impact on human
metabolism [J]. Gut Microbes, 2016, 7(3): 189—200.

[35] CHANG PAMELA V, HAO L M, STEFAN O, et al. The mi-
crobial metabolite butyrate regulates intestinal macrophage function
via histone deacetylase inhibition[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2014, 111(6):
2247-2252.

[36 ] 32 m, 4R, b, . FFE GBS 2.3 S RERR B
AR ML AHLEMA L X EBN ] 23,
2024, 45(18): 106—-115. [ HUANG Tingcai, CHAI Lijuan, SHI
Wei, et al. Microbial community structure and organic acid
metabolism and their correlation in the second and third rounds of
stacking fermentation of sauce-flavor Baijiu[J]. Food Science, 2024,
45(18): 106-115. ]

[37] KASUBUCHI M, HASEGAWA S, HIRAMATSU T, et al.
Dietary gut microbial metabolites, short-chain fatty acids, and host
metabolic regulation [J]. Nutrients, 2015, 7(4): 2839-2849.

[38] 3k/N3F, Eak, 2 &%, % AR E HARR SR B ® A 42
B 5 s B B xT 4m RE A8 A 89 ¥ w [T]. P B R S F 4R, 2021,
21(7): 60-67. [ ZHANG Xiaofang, WANG Xin, WANG Huiqin,
et al. Human intestinal flora metabolite short-chain fatty acids pro-
duced from amino acids and effect on cell permeability[J]. Journal
of Chinese Institute of Food Science and Technology, 2021, 21(7):
60-67. ]

[39] WANG Hongbo, WANG Pengyuan, WANG Xin, et al. Bu-
tyrate enhances intestinal epithelial barrier function via up-regula-
tion of tight junction protein Claudin-1 transcription[J]. Digestive
Diseases and Sciences, 2012, 57(12): 3126-3135.


https://doi.org/10.1002/(SICI)1521-3803(19990601)43:3<154::AID-FOOD154>3.0.CO;2-A
https://doi.org/10.1039/C3FO60702J
https://doi.org/10.3389/fmicb.2018.02780
https://doi.org/10.3389/fmicb.2018.02780
https://doi.org/10.3390/microorganisms11071772
https://doi.org/10.1016/j.celrep.2022.111308
https://doi.org/10.1186/s13073-016-0392-y
https://doi.org/10.1016/j.tim.2020.02.018
https://doi.org/10.1016/j.fshw.2022.04.002
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.7506/spkx1002-6630-20231215-130
https://doi.org/10.7506/spkx1002-6630-20231215-130
https://doi.org/10.3390/nu7042839
https://doi.org/10.1007/s10620-012-2259-4
https://doi.org/10.1007/s10620-012-2259-4

46 % 55 19

SRIGER | S K ARV I3 R S G e DI RE RIS 213 -

[40] FU X, CAO C L, REN B B, et al. Structural characterization
and in vitro fermentation of a novel polysaccharide from Sargassum
thunbergia and its impact on gut microbiota[J]. Carbohydrate Poly-
mers, 2018, 183: 230-239.

[41] BURCELIN R. Gut microbiota and immune crosstalk in
metabolic disease[J]. Molecular Metabolism, 2016, 5(9): 771-781.
[42] LIX,ZHU B, CHEN N, et al. Molecular characterization and
functional analysis of MyD88 in Chinese soft-shelled turtle Trionyx
sinensis[J]. Fish & Shellfish Immunology, 2011, 30(1): 33-38.
[43] KANMANI P, KIM H. Functional capabilities of probiotic
strains on attenuation of intestinal epithelial cell inflammatory re-
sponse induced by TLR4 stimuli[J]. BioFactors, 2019, 45(2): 223—
235.

[44] SHIM X, YUE Y S, MA C, et al. Pasteurized Akkermansia
muciniphila ameliorate the LPS-induced intestinal barrier Dysfunc-
tion via modulating AMPK and NF-«B through TLR2 in Caco-2
cells[J]. Nutrients, 2022, 14: 764.

[45] s\ &M 2R ERHRAMEF AFF WSk
% EGCG F#AL##F 72 [D]. K& F#HKF,2023. [ LIU Chun-
mei. Study on the mechanism of intestinal barrier dysfunction in-
duced by Staphylococcal enterotoxin A and EGCG intervention[D].
Changchun: Jilin University, 2023. ]

[46] T X Mk k2 E AR ) & B S 580R 15 A AT 2 [D].
BT B E M % K5, 2021, [ YU Yihan. Study on the preparation

of Hericium erinaceus active peptide and its immunoregulatory ef-
fect[D]. Nanjing: Nanjing University of Finance and Economics,
2021. ]

[ 47 ] HIROTANI Y, IKEDA K, KATO R, et al. Protective effects
of Lactoferrin against intestinal mucosal damage induced by
lipopolysaccharide in human intestinal Caco-2 cells[J]. Yakugaku
zasshi Journal of the Pharmaceutical Society of Japan, 2008, 128(9):
1363—1368.

[48] ANWAR M A, CHOI S. Structure-activity relationship in
TLR4 mutations: Atomistic molecular dynamics simulations and
residue interaction network analysis[J]. Rep, 2017, 7: 43807.

(49] £A A, A2, %R, ¥ & f &85 AdLdh a3 LPS 4
§ TLR4/MD-2 =R A3l Kz 455 4438 09 #F 50 [JJOL]. F H Sk
F7e &, 1-14[2024-12-15]. http://kns.cnki.net/kcms/detail/22.1126.
R.20240914.0902.002.html. [ ZUO Yueyue, PENG Junchao, YI
Qiong, et al. Anti-inflammatory effects of ergosterol on LPS-
induced lung injury in mice[J/OL]. Chinese Journal of Immuno-
logy, 1-14[2024-12-15]. http://kns.cnki.net/kcms/detail/22.1126.R.
20240914.0902.002.html. ]

[50] PATTANAIK K P, GANGULI G, NAIK S K, et al. My-
cobacterium tuberculosis EsxL induces TNF-alpha secretion through
activation of TLR2 dependent MAPK and NF-kappaB pathways[J].
Molecular Immunology, 2021, 130: 133—141.


https://doi.org/10.1016/j.carbpol.2017.12.048
https://doi.org/10.1016/j.carbpol.2017.12.048
https://doi.org/10.1016/j.carbpol.2017.12.048
https://doi.org/10.1016/j.molmet.2016.05.016
https://doi.org/10.1002/biof.1475
https://doi.org/10.3390/nu14040764
http://kns.cnki.net/kcms/detail/22.1126.R.20240914.0902.002.html
http://kns.cnki.net/kcms/detail/22.1126.R.20240914.0902.002.html
http://kns.cnki.net/kcms/detail/22.1126.R.20240914.0902.002.html
http://kns.cnki.net/kcms/detail/22.1126.R.20240914.0902.002.html
https://doi.org/10.1016/j.molimm.2020.11.020

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 溶液及培养基配制
	1.2.2 甲鱼水解肽胃消化体外模拟
	1.2.3 甲鱼水解肽小肠消化体外模拟
	1.2.4 粪便的收集及预处理
	1.2.5 接种预还原肠道环境
	1.2.6 模拟肠道发酵
	1.2.7 肠道菌群16S rDNA测序分析
	1.2.8 发酵液短链脂肪酸的测定
	1.2.8.1 样品短链脂肪酸的提取
	1.2.8.2 短链脂肪酸保留时间及标准曲线的测定
	1.2.8.3 甲鱼水解肽发酵液短链脂肪酸的检测

	1.2.9 细胞的培养
	1.2.9.1 细胞复苏
	1.2.9.2 细胞培养和传代

	1.2.10 Caco-2细胞RNA的提取及荧光定量PCR
	1.2.11 Caco-2细胞炎症模型的RNA提取及荧光定量PCR

	1.3 数据处理

	2 结果与分析
	2.1 甲鱼水解肽对肠道微生物多样性的影响
	2.2 甲鱼水解肽对肠道微生物菌门组成的影响
	2.3 甲鱼水解肽对肠道微生物菌属组成的影响
	2.4 肠道微生物相关性分析
	2.5 甲鱼水解肽对短链脂肪酸的影响
	2.5.1 短链脂肪酸含量变化
	2.5.2 短链脂肪酸与肠道微生物相关性分析

	2.6 甲鱼水解肽对Caco-2细胞免疫相关基因表达的影响
	2.7 甲鱼水解肽对Caco-2细胞炎症模型基因表达的影响

	3 结论
	参考文献

