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Abstract: Adhesins and enterotoxins are the main virulence factors produced by
enterotoxigenic Escherichia coli (ETEC), one of the major pathogens causing diarrhea in both
humans and animals. Adhesins mediate the initial adhesion of ETEC to intestinal epithelial
cells, which leads to ETEC colonization of the host small intestine. Subsequently, the ETEC
produces enterotoxins, which result in the loss of electrolytes and culminates in watery diarrhea.
ETEC is typically regarded as a non-invasive pathogen, which does not induce the apoptosis of
intestinal epithelial cells or destroy intestinal barrier structure. However, more and more
evidence indicates that ETEC is able to induce the apoptosis of intestinal epithelial cells in
vitro and in vivo. The cell apoptosis would destroy the integrity of the intestinal mucosal barrier
of the host and lead to ETEC-caused diarrhea. We introduce the mechanisms of apoptosis
induced by different virulence determinants produced by ETEC, the correlation between
intestinal epithelial cell apoptosis and ETEC-caused diarrhea, and the potential of using
anti-apoptosis therapy to prevent ETEC infection in piglets, aiming to provide a reference for
deciphering the molecular pathogenic mechanism of ETEC and provide new measures for
preventing and treating diarrhea caused by the pathogen.

Keywords: enterotoxigenic Escherichia coli; pathogenic mechanism; apoptosis

7 B aE R KM FT i (enterotoxigenic  Escherichia
coli, ETEC) H Hi /32 5 E AR WA I 5L (5
AR /NT 5 % B4 L) X L 5 1 iR A T
BTG B 3B Rz — U YRR AR
(World Health Organization, WHO)#& 4t i1,
ERAENETE R LEARBUCH], 30.4%RYRT T
B VEAER P ETEC AR4E 513 A4 I8 15 5 51 16
1.28 42, it 84 7 ANBET-H, SR 2k
BEIZ, AR EeE O KU RRIR . 8%-20%,
HRAERIKIRI T IS BIH, B ETEC 52

f 95 151 o5 2 BB 70%5), Ah, ETEC /251
AT B G 2R . Horf ETEC J&ge
JIT 5 | S )BT A A A AT 3475 T (post-weaning
diarrhea, PWD)™ 5 5 I A 154 14 16 Z8 R A 777K
-, — R AR T e 2 — 10,
ETEC RiEMIARZ 5705 2= i v R AR
1 R AR E W B R ) e H g DRI TS 1) %
AT Xt ETEC BURHLELRIFS R, 7E%h
M5 T, ETEC BRI . 25 208 F /0
W b Rz i, SRS E RO B R S B0 B

http://journals.im.ac.cn/actamicrocn



2342

LI Baoliang et al. | Acta Microbiologica Sinica, 2023, 63(6)

T 7 P IR B W, &GRS
5. ETEC &Y v 3 i IR 15 A U™ H @& A
R, T H RS 2Rk E S T E KW
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(LTIla, LTIIb A1 LTTIc)HFhfi 75 %152 LT fn
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caspase-3 Fll NF-kB {55 &2, fiff Myc MK

<l actamicro@im.ac.cn, & 010-64807516

RIRETHE VAT Cyte BEUMIBLIE caspase
B AR RPI N, NITTEFARIE T LT &
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breast cancer, TNBC)41i /it BT549 1 MDA-MB-231
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FEIR BN, 1M caspase-8 FUF A B A 1L,
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A, A BRI PR 124 F Bax #1 caspase-3
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BE(LMWC) [R1FE: B0 6475 25 1 101 Jiz &4 e iy
PR, AR b R A, TR P AT R
B R BT RE, WA IR TS R R
ARz B — R TI697 B O RebEfR iy 2l
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Fleg 7 B 75 S AN I U8 T 945 5 30 I R LR
THLRI A AR HE . BAf ETEC i S 41IE T
BTN S, AR T3 — L AP ETEC
5578 F 40 AR ELAE T PR A BOwR HLE] . 7Y
A4 E RR b AR bW ndiAE R . A ETEC

<l actamicro@im.ac.cn, & 010-64807516

SR JCPE AT FH AN ETEC S0 S (R 94k
RAEMKE ST, JUETIRYT AT B Wr il B
1H ETEC JEGL 1 = 325 ) R R i S i 17—
T A A SRS

SE 30

[1] FLECKENSTEIN JM. Enterotoxigenic Escherichia
coli infections[J]. Current Infectious Disease Reports,
2019, 21(3): 9.

[2] LAMBERTI LM, BOURGEOIS AL, FISCHER
WALKER CL, BLACK RE, SACK D. Estimating
diarrheal illness and deaths attributable to Shigellae
and enterotoxigenic Escherichia coli among older
children, adolescents, and adults in south Asia and
Africa[J]. PLoS Neglected Tropical Diseases, 2014,
8(2): €2705.

[3] REN LL, ZHOU JY, LIANG SJ, WANG XQ. Impaired
intestinal stem cell activity in ETEC infection:
enterotoxins, cyclic nucleotides, and Wnt signaling|[J].
Archives of Toxicology, 2022, 96(5): 1213-1225.

[4] KHALIL I, WALKER R, PORTER CK, MUHIB F,
CHILENGI R, CRAVIOTO A, GUERRANT R,
SVENNERHOLM AM, QADRI F, BAQAR S, KOSEK
M, KANG G, LANATA C, ARMAH G, WIERZBA T,
HASSO-AGOPSOWICZ M, GIERSING B, LOUIS
BOURGEOIS A. Enterotoxigenic Escherichia coli
(ETEC) vaccines: priority activities to enable product
development, licensure, and global access[J]. Vaccine,
2021, 39(31): 4266-4277.

[5] WANG HX, ZHONG ZF, LUO Y, COX E,
DEVRIENDT B. Heat-stable
enterotoxigenic Escherichia coli and their impact on
host immunity[J]. Toxins, 2019, 11(1): 24.

[6] DUBREUIL JD, ISAACSON RE, SCHIFFERLI DM.
Animal enterotoxigenic Escherichia coli[J]. EcoSal
Plus, 2016, 7(1): 10.

[71 LUPPI A. Swine enteric colibacillosis: diagnosis,

enterotoxins  of

therapy and antimicrobial resistance[J]. Porcine Health
Management, 2017, 3: 16.

[8] LAIRD TJ, ABRAHAM S, JORDAN D, PLUSKE JR,
HAMPSON DJ, TROTT DJ, O’'DEA M. Porcine
enterotoxigenic

Escherichia  coli:  antimicrobial

resistance and development of microbial-based
alternative control strategies[J].
Microbiology, 2021, 258: 109117.

[9] KOTLOFF KL. Bacterial

Veterinary

diarrhoea[J]. Current



RS | A YRR, 2023, 63(6)

2347

[13]

[15]

[16]

[19]

Opinion in Pediatrics, 2022, 34(2): 147-155.
DUBREUIL JD. Pig vaccination strategies based on
enterotoxigenic Escherichia coli toxins[J]. Brazilian
Journal of Microbiology, 2021, 52(4): 2499-2509.
NAGATA S. Apoptosis and clearance of apoptotic
cells[J]. Annual Review of Immunology, 2018, 36:
489-517.

RODRIGUEZ DA, QUARATO G, LIEDMANN S,
TUMMERS B, ZHANG T, GUY C, CRAWFORD JC,
PALACIOS G, PELLETIER S, KALKAVAN H, SHAW
JJP, FITZGERALD P, CHEN MJ, BALACHANDRAN
S, GREEN DR. Caspase-8 and FADD prevent
spontaneous ZBP1 expression and necroptosis[J].
Proceedings of the National Academy of Sciences of
the United States 2022, 119(41):
€2207240119.

XIONG YA, TANG YD, ZHENG CF. The crosstalk
between the caspase family and the cGAS-STING
Cell

of America,

signaling pathway[J]. Journal of Molecular
Biology, 2021, 13(10): 739-747.

SAITZ W, MONTERO DA, PARDO M, ARAYA D,
deLa FUENTE M, HERMOSO MA, FARFAN MJ,
GINARD D, ROSSELLO-MORA R, RASKO DA, del
CANTO F, VIDAL RM.

adherent-invasive Escherichia

Characterization  of
(AIEC) outer
potential
AIEC
International Journal of Molecular Sciences, 2022,
23(16): 9005.
TUMMERS B, GREEN DR. The evolution of
regulated cell death pathways in animals and their

coli

membrane proteins provides molecular

markers to screen putative strains[J].

evasion by pathogens[J]. Physiological Reviews, 2022,
102(1): 411-454.

JOHNSON AM, KAUSHIK RS, ROTELLA NIJ,
HARDWIDGE PR. Enterotoxigenic Escherichia coli
modulates host intestinal cell membrane asymmetry
and metabolic activity[J]. Infection and Immunity,
2009, 77(1): 341-347.

ZHOU CL, LIU ZZ, JIANG JC, YU Y, ZHANG Q.
Differential gene expression profiling of porcine
epithelial cells infected with three enterotoxigenic
Escherichia coli strains[J]. BMC Genomics, 2012, 13:
330.

WANG WW, LIU Y, TANG H, YU Y, ZHANG Q.
ITGBS5 plays
F4ac-induced diarrhea

a key role in Escherichia coli

in piglets[J]. Frontiers in
Immunology, 2019, 10: 2834.

XIA YY, BIN P, LIU SJ, CHEN S, YIN J, LIU G,

[20]

(21]

[22]

TANG ZY, REN WK. Enterotoxigenic Escherichia coli
infection promotes apoptosis in piglets[J]. Microbial
Pathogenesis, 2018, 125: 290-294.

LIU MM, YUAN BY, JIN XX, ZHU MQ, XU HD, XIE
GJ, WANG ZF, ZHANG X, XU ZY, L1 B, HUANG YH,
LV YT, WANG W. Citric acid promoting B lymphocyte
differentiation and anti-epithelial cells apoptosis
mediate the protective effects of Hermetia illucens feed
in ETEC induced piglets diarrhea[J]. Frontiers in
Veterinary Science, 2021, 8: 751861.

WAN J, ZHANG J, CHEN DW, YU B, MAO XB,
ZHENG P, YU J, HUANG ZQ, LUO JQ, LUO YH, HE
J. Alginate oligosaccharide alleviates enterotoxigenic
Escherichia coli-induced intestinal mucosal disruption
in weaned pigs[J]. Food & Function, 2018, 9(12):
6401-6413.

FLYNN AN, BURET AG. Caspases-3, -8, and-9 are
required for induction of epithelial cell apoptosis by
enteropathogenic E. coli but are dispensable for
increased paracellular permeability[J]. Microbial
Pathogenesis, 2008, 44(4): 311-319.

XIAO K, YANG Y, ZHANG Y, LV QQ, HUANG FF,
WANG D, ZHAO JC, LIU YL. Long-chain PUFA
ameliorate enterotoxigenic Escherichia coli-induced
intestinal inflammation and cell injury by modulating
pyroptosis and necroptosis signaling pathways in
porcine intestinal epithelial cells[J]. British Journal of
Nutrition, 2022, 128(5): 835-850.

DENG YL, HAN XF, TANG SX, LI CJ, XIAO W],
TAN ZL. Magnolol and honokiol attenuate apoptosis of
enterotoxigenic Escherichia coli-induced intestinal
epithelium by maintaining secretion and absorption
homeostasis integrity[J].
Medical Medical
Journal of Experimental and Clinical Research, 2018,
24: 3348-3356.

XIA PP, WU YP, LIAN SQ, QUAN GM, WANG YT,
ZHU GQ. Deletion of FaeG alleviated enterotoxigenic

the

and protecting mucosal

Science Monitor: International

Escherichia coli F4ac-induced apoptosis in
intestine[J]. AMB Express, 2021, 11(1): 44.

LI Q, LILY, CHEN YH, YU CN, AZEVEDO P, GONG
J, YANG CB. Bacillus licheniformis PFy improves
barrier function and alleviates inflammatory responses
against enterotoxigenic Escherichia coli F4 infection
in the porcine intestinal epithelial cells[J]. Journal of
Animal Science and Biotechnology, 2022, 13(1): 86.

AW . K88ac+)™ iz 5 28 A FF T AH O824 1 [H 1
BIWFFE[D]. M MR A L2 A0 3, 2016.

http://journals.im.ac.cn/actamicrocn



2348

LI Baoliang et al. | Acta Microbiologica Sinica, 2023, 63(6)

[29]

[32]

[34]

ZHOU MX. New virulence factors invovled in K88ac+
coli[D].
Doctoral Dissertation of Yangzhou University, 2016 (in
Chinese).

DUAN QD, ZHOU MX, LIANG H, ZHU XF, GUO ZY,
LI Y, HARDWIDGE PR, ZHU GQ. Contribution of
flagellin subunit FliC to piglet epithelial cells invasion
by F18ab E. coli[J]. Veterinary Microbiology, 2013,
166(1/2): 220-224.

PEMESE, RO, TEHME, XNEE, Ehd, BRE,
O P 240 R B £ 1 AR A R T A R AL B
FABEFE0E R (9], v [ BTG 54 B A4l 2020, 42(8):
850-855.

PANG SM, WU WW, DING XY, LIU SG, WANG XIJ,
DUAN QD, ZHU GQ. Research on the mechanism and
application of flagellin in immune adjuvant activity[J].

enterotoxigenic  Escherichia Yangzhou:

Chinese Journal of Preventive Veterinary Medicine,
2020, 42(8): 850-855 (in Chinese).

FRANCHI L, AMER A, BODY-MALAPEL M,
KANNEGANTI TD, OZOREN N, JAGIRDAR R,
INOHARA N, VANDENABEELE P, BERTIN J,
COYLE A, GRANT EP, NUNEZ G. Cytosolic flagellin
requires Ipaf for activation of caspase-1 and interleukin
1B in Salmonella-infected macrophages[J]. Nature
Immunology, 2006, 7(6): 576-582.

FRANCHI L, KAMADA N, NAKAMURA Y,
BURBERRY A, KUFFA P, SUZUKI S, SHAW MH,
KIM YG, NUNEZ G. NLRC4-driven production of
IL-1P
commensal bacteria and promotes host intestinal
defense[J]. Nature Immunology, 2012, 13(5): 449-456.
DUAN QD, XIA PP, NANDRE R, ZHANG WP, ZHU
GQ. Review of newly identified functions associated
with the heat-labile
Escherichia coli[]]. Frontiers in Cellular and Infection
Microbiology, 2019, 9: 292.

ZALEM D, JUHAS M, TERRINONI M,
KING-LYONS N, LEBENS M, VARROT A,
CONNELL TD, TENEBERG S. Characterization of the
ganglioside recognition profile of Escherichia coli
heat-labile enterotoxin LT-IIc[J]. Glycobiology, 2022,
32(5): 391-403.

LIU T, WEI Y, LIU G, SHI BY, GIOVANNI S,
PETERSON JW, CHOPRA AK. A mutated cholera
the

induces cytokine production and inhibits apoptosis of

discriminates  between  pathogenic and

toxin of enterotoxigenic

toxin without ADP-ribosyltransferase activity

splenocytes in mice possibly via Toll-like receptor-4
signaling[J]. Molecular Immunology, 2016, 75: 21-27.

<l actamicro@im.ac.cn, & 010-64807516

[35]

[36]

[37]

[38]

[39]

[41]

OLOOMI M, MOAZZEZY N, BOUZARI S. Protein
kinase signaling by shiga toxin subunits[J]. Journal of
Medical Signals and Sensors, 2021, 12(1): 57-63.
MENGE C. Molecular biology of Escherichia coli
shiga toxins’ effects on mammalian cells[J]. Toxins,
2020, 12(5): 345.

PARK JY, JEONG YJ, PARK SK, YOON SJ, CHOI S,
JEONG DG, CHUNG SW, LEE BJ, KIM JH, TESH VL,
LEE MS, PARK Y. Shiga toxins induce apoptosis and
ER stress in human retinal pigment epithelial cells[J].
Toxins, 2017, 9(10): 319.

VERBRUGGHE E, van PARYS A, LEYMAN B,
BOYEN F, ARNOUTS S, LUNDBERG U,
DUCATELLE R, van den BROECK W, YEKTA MA,
COX E, HAESEBROUCK F, PASMANS F. Heat-labile
enterotoxin of Escherichia coli promotes intestinal
colonization of Salmonella enterica[J]. Comparative
Immunology, Microbiology and Infectious Diseases,
2015, 43: 1-7.

DUAN QD, PANG SM, FENG LL, LIU JQ, LV LF, LI
BL, LIANG YX, ZHU GQ. Heat-labile enterotoxin
enhances F4-producing enterotoxigenic E. coli
adhesion to porcine intestinal epithelial cells by
upregulating bacterial adhesins and STb enterotoxin[J].
Veterinary Research, 2022, 53(1): 88.

SALMOND RIJ, PITMAN RS, JIMI E, SORIANI M,
HIRST TR, GHOSH S, RINCON M, WILLIAMS NA.
CDS8" T cell apoptosis induced by Escherichia coli
heat-labile enterotoxin B subunit occurs via a novel
pathway involving NF-kappaB-dependent caspase
activation[J]. European Journal of Immunology, 2002,
32(6): 1737-1747.

TAMAYO E, MERINO R, GONZALEZ-ROJAS J,
MARQUINA R, SANTIUSTE I, AMADO JA,
RAPPUOLI R, del GIUDICE G, MERINO J. The
heat-labile

apoptosis of immature lymphocytes in vivo via a

Escherichia  coli enterotoxin induces
glucocorticoid-dependent pathway[J]. European
Journal of Immunology, 2005, 35(12): 3505-3515.
TAMAYO E, POSTIGO J, del GIUDICE G,
RAPPUOLI R, BENITO A, YAGITA H, MERINO R,
MERINO J. Involvement of the intrinsic and extrinsic
cell-death pathways in the induction of apoptosis of
mature lymphocytes by the Escherichia coli heat-labile
enterotoxin[J]. European Journal of Immunology, 2009,
39(2): 439-446.

SALMOND RJ, WILLIAMS R, HIRST TR,
WILLIAMS NA. Selective induction of CD8" CD4"



RS | A YRR, 2023, 63(6)

2349

[44]

[46]

[47]

thymocyte apoptosis mediated by the B-subunit of
heat-labile enterotoxin[J].
Immunology Letters, 2003, 88(1): 43-46.

SORIANI M, WILLIAMS NA, HIRST TR.

Escherichia coli enterotoxin B

Escherichia coli

subunit triggers
apoptosis of CD8(+) T cells by activating transcription
factor c-myc[J]. Infection and Immunity, 2001, 69(8):
4923-4930.

LU X, LI CM, LI CC, LI PC, FU EQ, XIE YH, JIN FG.
Heat-labile enterotoxin-induced PERK-CHOP pathway
activation causes intestinal epithelial cell apoptosis[J].
Frontiers in Cellular and Infection Microbiology, 2017,
7:244.

ARCE S, NAWAR HF, RUSSELL MW, CONNELL TD.
Differential binding of Escherichia coli enterotoxins
LT-Ila and LT-IIb and of cholera toxin elicits
differences in apoptosis, proliferation, and activation
of lymphoid cells[J]. Infection and Immunity, 2005,
73(5): 2718-2727.

MASSO-WELCH P, GIRALD BERLINGERI S,
KING-LYONS ND, MANDELL L, HU J, GREENE CJ,
FEDEROWICZ M, CAO P, CONNELL TD, HEAKAL
Y. LT-Ilc, A bacterial type Il heat-labile enterotoxin,
induces specific lethality in triple negative breast
cancer cells by modulation of autophagy and induction
of apoptosis and necroptosis[J]. International Journal
of Molecular Sciences, 2018, 20(1): 85.

(48]

[50]

[51]

[52]

ZHOU JY, HUANG DG, GAO CQ, YAN HC, ZOU SG,
WANG XQ. Heat-stable enterotoxin inhibits intestinal
stem cell expansion to disrupt the intestinal integrity
by downregulating the Wnt/B-catenin pathway[J]. Stem
Cells, 2021, 39(4): 482-496.

PRASAD H, MATHEW JKK, VISWESWARIAH SS.
Receptor guanylyl cyclase C and cyclic GMP in health
and  disease: perspectives and  therapeutic
opportunities[J]. Frontiers in Endocrinology, 2022, 13:
911459.

BUTT S, SALEH M, GAGNON J. Impact of the
Escherichia coli heat-stable enterotoxin b (STb) on gut
health and function[J]. Toxins, 2020, 12(12): 760.
GONG ZH, LIU QL, LIN L, DENG YL, CAI SX, LIU
ZY, ZHANG S, XIAO WIJ, XIONG S, CHEN D.
L-theanine prevents ETEC-induced liver damage by
reducing intrinsic apoptotic response and inhibiting
ERK1/2 and JNK1/2 signaling pathways[J]. European
Journal of Pharmacology, 2018, 818: 184-190.

WAN J, ZHANG J, WU GZ, CHEN DW, YU B,
HUANG ZQ, LUO YH, ZHENG P, LUO JQ, MAO XB,
YU J, HE 1.

Escherichia coli-induced intestinal barrier disruption

Amelioration of enterotoxigenic

by low-molecular-weight chitosan in weaned pigs is
related to suppressed intestinal inflammation and
Journal

apoptosis[J]. International of Molecular

Sciences, 2019, 20(14): 3485.

http://journals.im.ac.cn/actamicrocn



