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Abstract: This study aimed to investigate the effects of Escherichia coli (E. coli) , Clostridium
butyricum (C. butyricum) , and their metabolites on mitochondrial function and related metabolic
pathways in porcine intestinal epithelial cells (IPEC-J2) , providing a theoretical basis for regulating

intestinal health. Initially, bacterial suspensions were screened to ensure logarithmic-phase growth (3 h)
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with optimal viability for subsequent experiments. IPEC-J2 cells were then treated with varying
concentrations of Escherichia coli, Clostridium butyricum, lipopolysaccharide (LLPS) , and short-
chain fatty acids (SCFAs) , with 3 replicates per group. Cell viability and morphological integrity
were assessed to determine the optimal treatment duration and concentration. Key metrics included
ATP levels, reactive oxygen species (ROS), mitochondrial membrane potential, and the expression
of genes related to antioxidant defense and mitochondrial function. The results showed that: 1) The
optimal concentrations for treating IPEC-J2 cells were determined as 10°CFU-mL™" for Escherichia
coli and 10° CFU-mL ™" for C. butyricum, with a treatment duration of 1 h. The treatment duration of
SCFAs and LPS were also treated for 1 h. 2) Propionic acid and E. coli significantly increased ROS
levels (P<C0.05) , whereas C. butyricum and LPS reduced them (P<C0.05). 3) C. butyricum
upregulated the expression of ACC1, NRF1, TFAM, HO-1, APAF-1, PIG3, and p53 (P<C0.05);
E. coli downregulated the expression of TFAM and CtyC (P<<0.05) but upregulated the expression
of p53 (P<C0.05) ; Propionic acid and acetic acid had no significant effects on genes expression. The
results indicated that SCFAs enhanced cellular metabolism, E. co/i and LPS triggered oxidative
stress and apoptotic pathways. C. butyricum activated mitochondrial lipid metabolism, antioxidant

defenses, and apoptosis in IPEC-J2 cells. These findings offer novel insights into mitochondria-

targeted strategies for gut microbiota regulation.
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Fig.1 Growth curves of Escherichia coli and Clostridium butyricum
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Fig. 2 Effect of microorganisms and their metabolites on the activity of IPEC-J2 cells
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(ZEE 5 Continued)
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Fig. 5 Effect of microorganisms and their metabolites on mitochondrial membrane potential in IPEC-J2 cells (400X )
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Fig.7 Effect of microorganisms and their metabolites on the expression of genes related to mitochondrial function

L e A W FOAR S5 B 3 TPEC -T2 40 i, 3l 1o ) 2 2k
KR ) e AH SCH8 bR , PR FC IR W) AR 4 % 4 s i
0 LR AR D BE 2 e, i — 20 T i i TE A W X
SRR F Y ELARBLE -
3.2 WEMRRESYWXIPEC-J2AMATP &2
N ROS K FE R M

ROS 3% th 2o b A | ik 010 0 1 1A Fn py i ) o
KA AR g R AR il e i ROS Mo B )
JEE (1 22 AN TR0 R D R 51 R R T ik AR R R AR 2
Fir S804k 7™ 0, T B4R ML 05, Al i N ROS 7K P
(8 15 6 T A0 AR A B E O LY S A B
SEAUESE T T MR i AMPK il 5% 2% it S AL W B, A
ROS A B, A58 25 5l o, DN R R B A1 7 4
A W T ROS & & (P<<0.05) 5 T FR 42 i A
LPS & F B AL T ROS % & (P<<0.05) . 4@ .
MR TR A LPSAb B E & T ATP & &
(P<C0.05) , K ¥ v F T 1R 42 b Ak 381 241 %) 4 28 1
FEAR ATP & 52 (P<<0.05) . %W T SCFAs f1 LPS
e F 0 AR, b T ATP B & R, i A P R A1
T YA, ATP & H AR
3.3 WMAEWRRE =YX IPEC-J2 40 i 2 fi (& f&
FE {2 19 8 i

2R IS FL A7 2 I B 4 b AR ) BE Y FE A —
B R R AR T R O — A AR R —
AN AT 3 A 5 FR O AR A 2k ok £k AR I e A7

W SE KB, K AF T R LPS S 4§ IPEC-J2 41 itg 2% kr
DA RS R A7 BB AER T T TR AR TR R TR X R (AR S L £
o R, R T KA A LPS 2 #F IPEC-J2
0 M 8 T, B R K R R AT g R LPS A SR
A 3% — % B R HE ) LPS B i 18 12k 8 4 4
BT BB . AN, LPS X IPEC-J2 40 Jif 28 ki 1A 52
45 . 5 KIBFFHE—2B, TR S T IRR X IPEC-J2
20 B 52 ) — B, X R W] T ORI AT T e R LPS
i T IPEC-J2 41 il i 0 4 Ak g 0 L T T MR AR 1
TE3E o HACE A CT ) 4w 1 IPEC-J2 48 g Y 410 4
fLEET -
3.4 WEYWERE Y IPEC-J2 @M LB
A

SOD J2Z 21 A & ') FH T3 B 240 B 9 19 8 S B 5
ERRE I ORI R R A
™Y, MDA J& g i o 04k 1 7= 9, mT AR 4804k
PR AR T IR MR B AR T LR g
) ) R SRk R, 1 R BT S AL T I L R
LA B PR AL RE 11 . Dou ZEM A BIF5E K B, —
TS0 1 K AT T 5 5 19 AR R g B Y v | T IR AR
B Ab B AT DL R AIC MDA ZK S 38 i SOD 36 4, AT
% 5 KM KT T X TPEC -T2 4009 (14 38403, IE 58 13X —
5. AR, ZWRATT R SOD 3 & T
XFHRZH (P<<0. 05) , KI AT A1 LPS B MDA & & 12
FE TR R4 (P<0.05), LR TN R TR Y



234 %

o5 I FT TR T R AR A R PR 0 0 3L B A 2 1k ) 5 I 1 T 5 701

MDA % 5 JC i F 520 . 3X R WK AT A LPS {2
HE TR B A Ak B IR A0 A P A RS T
Mg 4R TR A T MR BT A AL AR BTE T B A Ak
R85,
3.5 WEMERKRBEHNERE N SHIPEC-)2 4H
MERRE SXNBRARATHEHXERRIEN
A

Mach %5 % i 18 40 A 28 1k 5 R4 i 4T 4%
Mr @5 R B T Wi b OO0 T R ) X &6
AR T e B DA Y 0 3 R AR AR E T A R R, TR
WMEW#F LM T ACCl.NRF1, TFAM.HO-1,
APAF-1.PIG3 . p53 By 31k (P<<0.05) , KM+ Ak
AT T TEAM Fl CtyC (£ 1k (P<<0.05), 114
T p53 By IK (P<C0. 05) , TN iR Al 2, Fik kb B X 4% 3 (X
IR TC 0 5w o 2 W] k0 BE AR 7 R AT LA AR 2 A
JL AR, K AT T R LIPS 80T 20 M T AR AR
A0 Bt B TR AR T TG TPEC-J2 4 il e R A4 g
G RV I = s 15 i = M= R N
S URUR AW RS il S T

g LTR, KIGFF R BEIA T IPEC-J2 40 Ml 45 4,
fit MDA F1 ROS 19 & £ 35 fin, SOD % 4t FEAIL , 41
T S B, 3% 6 B IPEC-J2 o] fig 38 i #2755 ROS &
i, S8R TS AL BEIR TIPEC-J2 41 At Y 20 f i
e B A0 PR T TR MR B X A i 45 # T 46
F Al SOD & &3, 41 M3 71 42 &, MDA Al
ROS % & F# A% ; X IPEC-T2 40 g 2k 7 44 5% i 45 1 5
KGHFHE—3, TS T RRE X IPEC-J2 41 i 5%
M — 2. T ERAR W A SCFAs 823 i W 7 5 5
i K AR ROS 19 28 1, DT ek SOD 1Y 39 1 R 98
/B MDA ) 7= AR AR BIEE 0 26 48 8 T IR 2R
LA 9 AH O 52 ) H A B 5847 SR AEAE — € W R BR
A ok 1 3K 5 T LA DA JLAS 5 TR A B A
20 S 3E B B W A IR B IR TR BR R X R A4
I8 1 U8 5 VB B 5 0 1 F B B [ B 3 3 58, I A
FETAE R 20 1 7 A A A S 0N 5 23 B RN S E T TR IR T
ESTEAS IS RS 5 e i 7Nk iU
SO 5 TR 2R TE ) T 5 1 3 8 IR ) 32 R 1 A
HAR EAMZ O AR A

4 &

B2 AR WS UE BT R A IR D5 R 4 F 40 B AR
W, KB B R LPS 3% IPEC-12 40 M 8 T A= 9
SN SRR L TR AR TR TR TPEC -T2 41 it 4 b 44

TR BACH SRR T

2 % Lk (References) :

[1]

[4]

[6]

[10]

[11]

JANDHYALA S M, TALUKDAR R,
SUBRAMANYAN C, et al. Role of the normal gut
microbiotal J|. World J Gastroenterol,2015,21(29) :
8787-8803.

PARK W. Gut microbiomes and their metabolites
shape human and animal health[J]. J Microbiol, 2018,
56(3):151-153.

FENG Q,CHEN W D, WANG Y D. Gut microbiota:
an integral moderator in health and disease [J]. Front
Microbiol,2018,9:151.

DAHIYA D, NIGAM P S. The gut microbiota
influenced by the intake of probiotics and functional
foods with prebiotics can sustain wellness and alleviate
certain ailments like gut-inflammation and colon-cancer
[J]. Microorganisms,2022,10(3) :665.

FURUSAWA Y, OBATA Y, FUKUDA S, et al.
Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells[J]. Nature,
2013,504(7480) : 446-450.

WU Y, WANG C Z, WAN J Y, et al. Dissecting the
interplay mechanism between Epigenetics and gut
microbiota: health maintenance and disease prevention
[J].Int J Mol Sci, 2021,22(13) :6933.

TANG B L. Sirtl and the mitochondria[ J]. Mol Cells,
2016,39(2) :87-95.

PAWLAK A, BELBEKHOUCHE S. Controlling the
growth of Escherichia coli by layer-by-layer encapsulation
[J]. Colloids Surf B : Biointerfaces , 2021, 206 : 111950.
Hade, £ T &% WOV E. coli = EUR
P B 51 % 38 iF NLRP3/ASC/Caspase-1 i 12 i5 &
IPEC-J2 A MI R T-[T]. B Mo eyl , 2023, 54(12) «
5218-5227.

XIAO J L, WANG H, WAN Q, et al. Induction of
IPEC-J2 pyroptosis by E. col/i HPI from Saba pig via
NLRP3/ASC/Caspase-1 pathway [ J]. Acta Veterinaria et
Zootechnica Sinica, 2023, 54 (12) : 5218-5227. (in
Chinese)

CHEN L, LT S, ZHENG 17, et al. Effects of dietary
Clostridium  butyricum supplementation on growth
performance, intestinal development, and immune

response of weaned piglets challenged with
lipopolysaccharide [ J]. J Anim Sci Biotechnol, 2018,
9(1):62.

ZHAO J, JIANG L, HE W, et al. Clostridium



702 BN R % 57 %
butyricum, a future star in sepsis treatment[J]. Front Health Manag ,2022,8(1) : 4.
Cell Infect Microbiol 2024 ,14:1484371. [24] HE L, ZHOU X, WU Z, et al. Glutamine in

[12] LIH,LIU X,SHANG Z,et al. Clostridium butyricum suppression  of  lipopolysaccharide-induced — piglet
helps to alleviate inflammation in weaned piglets intestinal inflammation: The crosstalk between AMPK
challenged with enterotoxigenic Escherichia coli K88 activation and mitochondrial function[J]. Anim Nutr,
[J]. Front Vet Sci,2021,8:683863. 2022,10:137-147.

[13] DONOHOE D R, GARGE N,ZHANG X, et al. The [25] SALCEDO J, FRESE S A, MILLS D A, et al.
microbiome and Butyrate regulate energy metabolism Characterization of porcine milk oligosaccharides during
and autophagy in the mammalian colon [J]. Cell early lactation and their relation to the fecal microbiome
Metab,2011,13(5) :517-526. [J1.J Dairy Sci,2016,99(10) : 7733-7743.

[14] DIETRICH L,AGIP A N A,KUNZ C, et al. In situ [26] SALERI R, BORGHETTI P, RAVANETTI F, et
structure and rotary states of mitochondrial ATP al. Effects of different short-chain fatty acids (SCFA)
synthase in whole polytomella cells[J]. Science, 2024, on gene expression of proteins involved in barrier
385(6713) :1086-1090. function in IPEC-J2[J]. Porcine Health Manag, 2022,

[15] GEIGER O, SANCHEZ-FLORES A, PADILLA- 8(1):21.

GOMEZ J, et al. Multiple approaches of cellular [27] YAN H,AJUWON K M. Butyrate modifies intestinal
metabolism define the bacterial ancestry of mitochondria barrier function in IPEC-J2 cells through a selective
[J].Sci Adv,2023,9(32) : eadh0066. upregulation of tight junction proteins and activation of

[16] POPOV L D. Mitochondria as intracellular signalling the Akt signaling pathway [J]. PLoS One, 2017, 12
organelles. an update [J]. Cell Signal, 2023, 109: (6):e0179586.

110794. [28] XUN,DU L H,CHEN Y C,et al. Lonicera japonica

[17] CLARK A,MACH N. The crosstalk between the gut Thunb. as a promising antibacterial agent for Bacillus
microbiota and mitochondria during exercise[J]. Front cereus ATCC14579 based on network pharmacology,
Physiol,2017,8:319. metabolomics, and in vitro experiments[J]. RSC Adv,

[18] PAN Q,ZHANG Y, YANG Y, et al. The Puccinia 2023,13(23):15379-15390.
striiformis effector Pst11215 manipulates mitochondria [29] KOKOREVA A S,ISAKOVA E P, TERESHINA V
to suppress host immunity by promoting TAVDIP1 - M, et al. The effect of different substrates on the
mediated ubiquitination of TAVDAC1 [J]. New morphological features and polyols production of
Phytol,2024,244(5) :1961-1978. Endomyces magnusii yeast during long-lasting

[19] HANB,LIN CJ,HU G,et al. ‘Inside out’-a dialogue cultivation[ J]. Microorganisms,2022,10(9) :1709.
between mitochondria and bacterial J|. FEBS J, 2019, [30] RIBEIRO A L.,BASSAIL W,ROBERT A W, et al.
286(4):630-641. Bismuth-based = nanoparticles  impair  adipogenic

[20] BAJPAI P, DARRA A, AGRAWAL A. Microbe- differentiation of human adipose-derived mesenchymal
mitochondrion crosstalk and health: an emerging stem cells[ J]. Toxicol In Vitro,2021,77:105248.
paradigm[ J]. Mitochondrion,2018,39:20-25. [31] JIMENEZ-MORENO N, LANE J D. Autophagy and

[21] BERNARDINI C,ALGIERI C,MANTIA L D,et al. redox homeostasis in Aarkinson’s: a crucial balancing
Relationship between serum concentration, functional act[J]. Oxid Med Cell Longev,2020,2020:8865611.
parameters and cell bioenergetics in IPEC-J2 cell line [32] GORRINI C,HARRIS I S, MAK T W. Modulation
[J]. Histochem Cell Biol,2021,156(1):59-67. of oxidative stress as an anticancer strategy [J]. Nat

[22] SHOKR S M, KAHLERT S, KLUESS 1J, et al. Rev Drug Discov,2013,12(12):931-947.

Modeling of culture conditions by culture system, [33] HWANG I, UDDIN M J, PAK E S, et al. The
glucose and propionic acid and their impact on impaired redox balance in peroxisomes of catalase
metabolic profile in IPEC-J2[J]. PL0oS One, 2024, 19 knockout mice accelerates nonalcoholic fatty liver
(7):e0307411. disease through endoplasmic reticulum stress[J]. Free

[23] PI G, SONG W, WU Z, et al. Comparison of Radic Biol Med ,2020,148.:22-32.
expression profiles between undifferentiated and [34] ZHIGACHEVA 1V,RUSINA I F,KRIKUNOVA N
differentiated porcine IPEC-J2 cells [J]. Porcine I, et al. Resveratrol and 2-Ethyl-6-Methyl-3-



2 ) B T R R R T IR TR R X I e A R 3 R i 1 F 703
Hydroxypiridine N-Acetyl Cysteinate as protecting dismutase genes: implications in disease [J]. Free
agents upon the stress exposure [J]. Int J Mol Sci, Radic Biol Med ,2009,47(4) :344-356.

2023,24(17) :13172. [42] SIES H. Hydrogen peroxide as a central redox

[35] CHEN Y, LUO G, CHEN S, et al. The potential of signaling molecule in physiological oxidative stress:
Prodigiosin for control of Prorocentrum donghaiense oxidative eustress| J]. Redox Biol,2017,11:613-619.
blooms: algicidal properties and acute toxicity to other [43] LI J,SHEN H, ZHAO Z, et al. Protective effects of
marine organisms at various trophic levels [J]. Clostridium butyricum against oxidative stress induced
Ecotoxicol Environ Saf,2021,228:112913. by food processing and lipid-derived aldehydes in

[36] SBALSE . T 4 i Py i M 4 B Ak d JE AR A R 45 1Y Caco-2 cells[J]. Appl Microbiol Biotechnol,2020,104
UK BRI BT FE D] KA KA, 2020. (21):9343-9361.

GUO X L. Engineering anticancer micelles for the [44] DOU C, SHANG Z, QIAO J, et al. Clostridium
regulation of intracellular reactive oxygen species and butyricum protects IPEC-J2 Cells from ETEC K88-
redox homeostasis [D]. Tianjin: Tianjin University, induced oxidative damage by activating the Nrf2/ARE
2020. (in Chinese) signaling pathway [J]. Oxi Med Cell Longev, 2021,

[37] KONG H, CHANDEL N S. Regulation of redox 2021(1) :4464002.
balance in cancer and T cells[J]. J Biol Chem, 2018, [45] MACH N, MOROLDO M, RAU A, et al
293(20) : 7499-7507. Understanding the Holobiont: crosstalk between gut

[38] LI X, WANG C, ZHU J, et al. Sodium butyrate microbiota and mitochondria during long exercise in
ameliorates oxidative stress-induced intestinal epithelium horse[J]. Front Mol Biosci,2021,8:656204.
barrier injury and mitochondrial damage through [46] HE J, ZHANG P, SHEN L, et al. Short-chain fatty
AMPK - Mitophagy pathway [J]. Oxid Med Cell acids and their association with signalling pathways in
Longev,2022,2022(1) :3745135. inflammation, glucose and lipid metabolism [J]. Int J

[39] SUN X,GAO S,LUO S, et al. Mitochondrial Calcium Mol Sci,2020,21(17) :6356.

Uniporter Regulator 1 (MCURL1) relieves mitochondrial [47] WEN B,HUANG Y,DENG G, et al. Gut microbiota
damage induced by Lipopolysaccharide by mediating analysis and LC-MS-based metabolomics to
mitochondrial Ca®" homeostasis in bovine mammary investigate: AMPK/NF- kB regulated by Clostridium
epithelial cells[J].J Agric Food Chem,2023,71(19) : butyricum in the treatment of acute pancreatitis [J]. J
7278-7288. Transl Med ,2024,22(1) :1072.

[40] DUAN C,QIN M, LIU L, et al. An exploration of the [48] LI H, LIU S, CHEN H, et al. Gut dysbiosis
interaction, structural characterization and anti- contributes to SCFAs reduction-associated adipose
oxidative properties of proanthocyanidin and beta- tissue macrophage polarization in gestational diabetes
lactoglobulin complex [J]. Food Res Int, 2025, 202: mellitus[ J]. Life Sci,2024,350:122744.

115760. (i =)

[41] MIAO L, CLAIR D K S. Regulation of superoxide



