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Summary 
 

Enterotoxigenic Escherichia coli (ETEC) causes diarrhea in travelers, young children and piglets, but the precise pathogenesis of 
ETEC induced diarrhea is not fully known. Recent investigations have shown that tight junction (TJ) proteins and aquaporin 3 (AQP 
3) are contributing factors in bacterial diarrhea. In this study, using immunoblotting and immunohistochemistry analyses, we found 
that ETEC increases the protein abundance of TJ proteins (occludin, claudin-1, zonula occludens-1) in mice. Enterotoxigenic 
Escherichia coli induced the expression of TJ proteins in mice through pathways by involving myosin light chain kinase (MLCK)-
myosin II regulatory light chain (MLC20) pathways; however, ETEC has little effect on the activation of the phosphatidylinositol 3-
kinase (PI3K)-Akt pathway. Enterotoxigenic Escherichia coli infection has little effect on the protein abundance of AQP 3. 
Collectively, ETEC infection affects the abundance of intestinal TJ protein, which suggests the importance of TJ proteins in ETEC 
induced diarrhea. 
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Introduction 
 

Enterotoxigenic Escherichia coli (ETEC) is the 
principal agent responsible for diarrhea in travelers 
(Rowe et al., 1970), and is a leading cause of infectious 
diarrhea in young children in developing countries (Sears 
and Kaper, 1996). Porcine ETEC strains also cause 
severe secretory diarrhea in pigs (Berberov et al., 2004). 
Thus, ETEC is an important cause of human and porcine 
morbidity and mortality. Heat-labile (LT) and heat-stable 
(ST) toxins produced by ETEC lead to water and 
electrolyte loss from the intestine of infected subjects 
(Nataro and Kaper, 1998; Uzzau and Fasano, 2000). 
Enteric pathogens and enterotoxins disrupt the intestinal 
tight junctions (TJs), including claudins, occludin, and 
zonula occludens proteins, to activate the paracellular 
secretion pathway, which also has critical importance in 
diarrhea (Uzzau and Fasano, 2000; Guttman et al., 2006; 
Guignot et al., 2007). Increasing investigations have 
reported the influence of ETEC in intestinal TJ functions. 
For example, ETEC (O149 K91 K88) lowers tight 
junctional strand numbers, but has no effect on tight 
junctional depth and the permeability of the porcine 
jejunal epithelium in 3-week-old piglets (Egberts et al., 
1993). ETEC (K88) decreases cell permeability based on 
the transepithelial electrical resistance (TER) and 14C-
inulin transfer in human Caco-2 enterocytes (Roselli et 
al., 2003). It also induces membrane damage by 
delocalizing zonulaoccludens (ZO)-1, reducing occludin 
amounts, and the dephosphorylation of occludin 
inintestinal porcine intestinal epithelial cells (Roselli et 
al., 2007). ETEC 2534-86 reduces TER, but has little 
effect on the total claudin-1 abundance and the 

disruption of occludin, ZO-1 and caludin-1 in the porcine 
intestinal epithelial cell line (IPEC-J2) (Johnson et al., 
2010). ETEC (K88) affects the expression of TJ proteins 
(zonula occludens-1, claudin-1, and E-cadherin) in Caco-
2 cells (Yu et al., 2012) and in Chinese native Jinhua 
pigs and European Landrace pigs (Gao et al., 2013; Yang 
et al., 2014). These discrepancies may relate to the 
difference in ETEC strains, infectious models and 
analysis methods used in the investigation. Most 
importantly, none of these studies tried to explore the 
influence of ETEC infection on the activation of 
signaling pathways associated with TJ functions, such as 
the phosphatidylinositol 3-kinase (PI3K)-Akt pathway 
(Li and Neu, 2009) and the myosin light chain kinase 
(MLCK)-myosin II regulatory light chain (MLC20) 
pathway (Edelblum and Turner, 2009). In the present 
work, we aimed to study the effect of ETEC infection on 
the expression of TJ proteins and the activation of its 
associated signaling pathway in a mouse model. We also 
studied the influence of ETEC infection on the 
expression of aquaporin 3 (AQP 3), which is a 
contributing factor in bacterial diarrhea (Guttman et al., 
2007). 
 
Materials and Methods 
 
Bacterial strains and antibodies 

This study used selected E. coli (SEC) 470 (serotype 
O4; oqxAB; F18; STa; STb; LT; SLT-IIe), SEC 298 
(serotype O107; oqxAB; F18; STa; STb; SLT-IIe), SEC 
817 (serotype O107; oqxAB; F18; STa; SLT-IIe) and 
C197 (serotype O4; SLT-IIe), which were originally 
isolated from piglets with diarrhea (Chen et al., 2014; 
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Tang et al., 2014). Antibodies specific against AQP 3 
(ab125219), claudin-1 (ab15098), occludin (ab31721) 
and ZO1 (ab59720) were purchased from Abcam 
(Cambridge, MA, USA). Antibodies specific against p85 
(sc-1637), p-Akt (Sc-7985-R), MLCK (sc365352), and 
MLC20 (sc15370) were purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, Texas, USA). 
 
Animal model 

The ETEC infection model was established according 
to the method introduced by Allen et al. (2006). Briefly, 
female ICR (Institute for Cancer Research) mice (6-
week-old) were purchased from SLAC Laboratory 
Animal Central (Changsha, China). The mice were 
randomly assigned into groups with different ETEC 
strain infections (SEC470, SEC 298, SEC 817 or C197) 
or the control groups. All mice were orally inoculated 
with either 1 × 109 CFU of ETEC bacterial strain or 
sterile phosphate buffered saline (PBS). Jejunum were 
collected from ETEC infected or control mice at 24 h 
post infection. For the collection of jejunum tissues, the 
middle part of jejunum samples (about 2-3 cm) were 
collected after the PBS (pH = 7.2-7.4) washing. The 
jejunum tissues were fixed in fresh 4% 
paraformaldehyde for paraffin embedding or snap frozen 
in liquid nitrogen for protein extraction for western 
blotting. The dose for ETEC infection and time point for 
tissue collection was selected according to previous 
reports. This study was performed according to the 
guidelines of the Laboratory Animal Ethical Commission 
of the Hunan Agricultural University. 
 
Immunoblotting 

Western blot analysis was conducted according to 
previous studies (Ren et al., 2014a; Ren et al., 2017). 
Briefly, the proteins were transferred onto PVDF 
membranes (Millipore, MA, USA) after being separated 
by a reducing SDS-PAGE electrophoresis. After being 
blocked for 3 h in a blocking buffer (5% non-fat milk, 20 
mM Tris, pH = 7.5, 150 mM NaCl, and 0.1% Tween-20), 
the PVDF membranes were incubated first with the 
primary antibodies at 4°C overnight and then with the 
HRP-conjugated secondary antibodies for 1 h at room 
temperature. The blots were developed using Alpha 
Imager 2200 software (Alpha Innotech Corporation, CA, 
USA). 
 
Immunohistochemical analyses 

Immunohistochemical analysis was conducted 
according to previous studies (Ren et al., 2014b; Ren et 
al., 2017). Firstly, after being fixed in 10% buffered 
formalin, the tissues were embedded in paraffin. Then 
the tissues were cut on 3 mm paraffin embedded slides, 
and subsequently experienced several treatments, 
including dewaxing and rehydrating. The treated sections 
were incubated with primary antibodies for 2 h at room 
temperature, and then with biotinylated secondary 
antibodies after washing, and subsequently with HRP-
conjugated Streptavidin for 30 min (R&D Systems, 

London, UK). 
 
Statistical analysis 

Data were expressed as means ± standard error of 
means (SEM). All statistical analyses were performed 
using the SPSS 16.0 software (Chicago, IL, USA). Data 
were analyzed by one-way ANOVAs. Differences of 
P<0.05 were considered significant. 
 
Results 
 
Expression of tight junction proteins 

We examined the effect of ETEC infection on 
expressions of the TJ proteins. First we quantified the 
abundance of occludin, claudin-1 and ZO-1 proteins. As 
shown in Fig. 1, SEC470, SEC817 and C197 
significantly (P<0.05) increased the protein abundance of 
ZO-1, while ETEC 298 had little effect on the protein 
abundance of ZO-1 (Figs. 1A-B). Immunohistochemistry 
analyses also showed similar changes regarding the 
protein abundance of ZO-1 after ETEC infection (Fig. 
1C). All ETEC strains significantly enhanced the protein 
abundance of claudin-1 with Western bolting and 
immunohistochemistry analysis compared to mice 
without ETEC infection (Figs. 2A-C). Meanwhile, as 
Fig. 2 shows, the protein abundance of claudin-1 in mice 
infected with C197 was much higher than those with 
SEC 470 and SEC 298 infections (P<0.05). Unlike 
claudin-1, there was no statistical difference among mice  
 

 
 

Fig. 1: Protein abundance of ZO-1. A: Immunoblotting of ZO-
1 in the jejunumat 24 h post ETEC infection, B: Statistical 
analysis of relative abundance ZO-1 from data shown in A, and 
C: The protein abundance of ZO-1 in the jejunum at 24 h post 
ETEC infection by immunohistochemistry analyses. SEC470: 
Mice infected with SEC470 strain with a dose of 1 × 109 CFU; 
SEC298: Mice infected with SEC298 strain with a dose of 1 × 
109 CFU; SEC817: Mice infected with SEC817 strain with a 
dose of 1 × 109 CFU; C197: Mice infected with C197 strain 
with a dose of 1 × 109 CFU; Control: Mice infected with same 
volume of sterile PBS. Data are presented as mean±SEM, n=5, 
with a-b used to indicate a statistically significant difference 
(P<0.05, one-way ANOVA). ZO-1: Zonula occludens-1 
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Fig. 2: Protein abundance of claudin-1. A: Immunoblotting of 
claudin-1 in the jejunum 24 h post ETEC infection, B: 
Statistical analysis of relative abundance of claudin-1 from data 
shown in A, and C: Protein abundance of claudin-1 in the 
jejunum 24 h post ETEC infection by immunohistochemistry 
analyses. SEC470: Mice infected with SEC470 strain with a 
dose of 1 × 109 CFU; SEC298: Mice infected with SEC298 
strain with a dose of 1 × 109 CFU; SEC817: Mice infected with 
SEC817 strain with a dose of 1 × 109 CFU; C197: Mice 
infected with C197 strain with a dose of 1 × 109 CFU; Control: 
Mice infected with same volume of sterile PBS. Data are 
presented as mean±SEM, n=5, with a-c used to indicate a 
statistically significant difference (P<0.05, one-way ANOVA) 

 

 
 

Fig. 3: Protein abundance of occludin. A: Immunoblotting of 
occludin in the jejunum 24 h post ETEC infection, B: Statistical 
analysis of relative abundance of occludin from data shown in 
A, and C: Protein abundance of occludin in the jejunum 24 h 
post ETEC infection by immunohistochemistry analyses. 
SEC470: Mice infected with SEC470 strain with a dose of 1 × 
109 CFU; SEC298: Mice infected with SEC298 strain with a 
dose of 1 × 109 CFU; SEC817: Mice infected with SEC817 
strain with a dose of 1 × 109 CFU; C197: Mice infected with 
C197 strain with a dose of 1 × 109 CFU; Control: Mice infected 
with same volume of sterile PBS. Data are presented as 
mean±SEM, n=5, with a-b used to indicate a statistically 
significant difference (P<0.05, one-way ANOVA method) 

infected with SEC 470, or SEC 298, or C197 or PBS 
(Figs. 3A-C). However, a higher (P<0.05) protein 
abundance of occludin in mice infected with SEC 817 
was found, compared to those infected with PBS (Fig. 3). 
 
Expression of aquaporin 3 

Aquaporin 3 water channels have been proposed to 
play critical roles in the normal dehydration of faecal 
contents and EPEC induced diarrhea (Guttman et al., 
2007). Thus, its expression is also validated during 
ETEC infection. No significant difference was detected 
between the ETEC infected and control groups (Figs. 
4A-C). However, as shown in Fig. 4 the protein 
abundance of AQP 3 was much lower in mice infected 
with SEC470 than those infected with SEC817 and C197 
(P<0.05). 
 

 
 

Fig. 4: Protein abundance of aquaporin 3. A: Immunoblotting 
of AQP 3 in the jejunum 24 h post ETEC infection, B: 
Statistical analysis of relative abundance of AQP 3 from data 
shown in A, and C: The protein abundance of AQP 3 in the 
jejunum 24 h post ETEC infection by immunohistochemistry 
analyses. SEC470: Mice infected with SEC470 strain with a 
dose of 1 × 109 CFU; SEC298: Mice infected with SEC298 
strain with a dose of 1 × 109 CFU; SEC817: Mice infected with 
SEC817 strain with a dose of 1 × 109 CFU; C197: Mice 
infected with C197 strain with a dose of 1 × 109 CFU; Control: 
Mice infected with same volume of sterile PBS. Data are 
presented as mean±SEM, n=5, with a-b used to indicate a 
statistically significant difference (P<0.05, one-way ANOVA). 
 
Activation of the PI3K-Akt pathway 

Although previous researh has showed that 
enteropathogenic E. coli (EPEC) inhibits PI3K-mediated 
pathways to prevent its uptake by phagocytic cells (Celli 
et al., 2001), there is still a lack of substantial evidence 
to verify the effect of ETEC on this pathway. Therefore, 
we quantified PI3K, p-Akt protein abundance in the 
jejunum 24 h post ETEC infection. We also found that 
C197 infection significantly (P<0.05) promoted the 
protein abundance of p-Akt compared to the controls, 
while ETEC had little effect on PI3K and p-Akt protein 
abundance (Figs. 5A-C). 
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Fig. 5: Activation of PI3K–p-Akt pathway. A: Immunoblotting 
of PI3K and p-Akt in the jejunum 24 h post ETEC infection, B: 
Statistical analysis of relative abundance of PI3K from data 
shown in A, and C: Statistical analysis of relative abundance of 
PI3K from data shown in A. SEC470: Mice infected with 
SEC470 strain with a dose of 1 × 109 CFU; SEC298: Mice 
infected with SEC298 strain with a dose of 1 × 109 CFU; 
SEC817: Mice infected with SEC817 strain with a dose of 1 × 
109 CFU; C197: Mice infected with C197 strain with a dose of 
1 × 109 CFU; Control: Mice infected with same volume of 
sterile PBS. Data are presented as mean±SEM, n=5, with a-b 
used to indicate a statistically significant difference (P<0.05, 
one-way ANOVA) 
 
Activation of MLCK-MLC20 pathway 

One pathway involved in the cytokine-mediated 
regulation of the TJ regulation is MLCK, which 
phosphorylates MLC, resulting in the reorganization of 
TJ proteins, including endocytic removal from the apical 
junctional complex (Edelblum and Turner, 2009). Thus, 
we investigated the abundance of MLCK and found that 
ETEC infection significantly (P<0.05) increased MLCK 
protein content in the jejunum (Figs. 6A-C). We also 
examined the MLC20 content in the jejunum and found 
that ETEC infection also significantly (P<0.05) enhanced 
MLC20 protein abundance (Fig. 6). 
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Fig. 6: Activation of MLCK/MLC20 pathway. A: 
Immunoblotting of MLCK and MLC20 in the jejunum at 24 h 
post ETEC infection, B: Statistical analysis of relative 
abundance of MLCK from data shown in A, and C: Statistical 
analysis of relative abundance of MLC20 from data shown in 
A. SEC470: Mice infected with SEC470 strain with a dose of 1 
× 109 CFU; SEC298: Mice infected with SEC298 strain with a 
dose of 1 × 109 CFU; SEC817: Mice infected with SEC817 
strain with a dose of 1 × 109 CFU; C197: Mice infected with 
C197 strain with a dose of 1 × 109 CFU; Control: Mice infected 
with same volume of sterile PBS. Data presented as 
mean±SEM, n=5, with a-c used to indicate a statistically 
significant difference (P<0.05, one-way ANOVA) 
 
Discussion 
 

Tight junctions form the continuous intercellular 
barrier between intestinal epithelial cells, and this barrier 
acts as the first physical barrier against a variety of 
pathogens, as well as maintaining the homeostasis in the 
gastrointestinal tract (Suzuki, 2013). All epithelial cells 
express junction complex proteins including occludin, 
claudin-1 and ZO-1 proteins, and form cell junctions 
such as adherens and TJs. The TJs, located most apically 
on the lateral membrane, are required to sustain the 
mucosal barrier. TJ functions are determined by four 
types of protein, namely claudins, occludin, junctional 
adhesion molecules (JAMs), and other cytoplasmic TJ 
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proteins such as ZO-1, ZO-2, and ZO-3, which bind to 
claudins and determine whether and where claudins are 
polymerized to make TJs (Umeda et al., 2006; Van 
Itallie et al., 2008). As the TJ defines the functional 
barrier between columnar epithelial cells, it becomes the 
target for various intestinal pathogens, such as S. 
typhimurium (Kohler et al., 2007), EPEC (Muza-Moons 
et al., 2004) and ETEC (Johnson et al., 2010). Unlike 
previous studies (Roselli et al., 2003; Roselli et al., 2007; 
Johnson et al., 2010; Yu et al., 2012; Yang et al., 2014), 
this study has found that ETEC infection enhances the 
protein abundance of TJ proteins. A possible reason for 
this difference might be the ETEC strain (F18 vs. K88) 
and the infectious model (mice and porcine or human 
cell line) (Roselli et al., 2003; Roselli et al., 2007; 
Johnson et al., 2010; Yu et al., 2012; Yang et al., 2014). 
However, it would be interesting to study the localization 
of these proteins after ETEC infection in vivo, because 
previous investigations have showed that even though 
these TJ proteins remain largely unchanged in many 
diseases, including diarrhea, their subcelular distributions 
are often altered (Guttman et al., 2006; Shen et al., 
2011). 

Several compelling studies have indicated that some 
bacterial pathogens require or activate PI3K-mediated 
signaling pathways to gain entry into non-phagocytic 
cells (Mecsas et al., 1998; Martinez et al., 2000). In 
addition, several lines of evidence have implicated that 
the PI3K-Akt pathway plays a vital role in intestinal 
barrier functions, i.e. TJs (Li and Neu, 2009). 
Mechanically, the PI3K-Akt pathway is widely 
documented to associate with TJ function and protein (Li 
and Neu, 2009; Lin et al., 2013; Kim and Kim, 2014). 
Deprivation of exogenous and endogenous glutamine 
decreases TER and protein abundance of claudin-1, and 
increases permeability in Caco-2 cells, while both 
wortmannin and LY294002 (PI3K inhibitors) prevent the 
decrease of TER and claudin-1, and the increase of 
permeability induced by glutamine deprivation (Li and 
Neu, 2009). Nevertheless, with the exception of C197, 
ETEC infection has little effect on the PI3K-Akt 
pathway. Besides the PI3K-Akt pathway, another critical 
signaling pathway in TJ function is the MLCK-MLC20 
pathway (Edelblum and Turner, 2009). Enteropathogenic 
bacteria usually modulate TJ by activating the MLCK-
MLC20 pathway (Barreau and Hugot, 2014). In this 
study, the MLCK/MLC20 pathway was activated after 
different ETEC infections. To the best of our knowledge, 
this is the first study to show that ETEC infections 
activate the MLCK-MLC20 pathway. 

Aquaporin 3 has been proposed to play roles in the 
normal dehydration of faecal contents, and EPEC 
infection induces the mislocalization of AQP 3 from its 
normal location along cell membranes to the cell 
cytoplasm in mouse models (Guttman et al., 2007). More 
importantly, this mislocalization is associated with the 
diarrhea-like phenotype in infected mice, and mice 
recovering from infection regain normal membrane 
localization (Guttman et al., 2007). Also, the expression 
of AQP 3 is associated with the pathogenesis of 

Helicobacter pylori infection (Wang et al., 2012). 
However, no study has explored the function of AQP 3 
in ETEC-induced diarrhea. In this study, different ETEC 
strain infections have shown little effects on the protein 
abundance of AQP 3 in mice. However, it is still 
interesting to explore the localization of AQP 3 after 
ETEC infections because the altered AQP 3 localization 
is a contributing factor in bacterial diarrhea (Guttman et 
al., 2007). 

In conclusion, ETEC infection promotes the protein 
abundance of TJ proteins, but has little effect on the 
protein abundance of AQP 3. Enterotoxigenic 
Escherichia coli induces TJ protein change in mice 
through a pathway involving MLCK/MLC20. 
 
Acknowledgements 
 

This study was supported by the Hunan Provincial 
Natural Science Foundation of China (10JJ2028) and 
The Chinese Academy of Sciences Visiting 
Professorships for Senior International Scientists 
(2013T1S0010). 
 
References 
 
Allen, KP; Randolph, MM and Fleckenstein, JM (2006). 

Importance of heat-labile enterotoxin in colonization of the 
adult mouse small intestine by human enterotoxigenic 
Escherichia coli strains. Infect. Immun., 74: 869-875. 

Barreau, F and Hugot, JP (2014). Intestinal barrier 
dysfunction triggered by invasive bacteria. Curr. Opin. 
Microbiol., 17: 91-98. 

Berberov, EM; Zhou, Y; Francis, DH; Scott, MA; 
Kachman, SD and Moxley, RA (2004). Relative 
importance of heat-labile enterotoxin in the causation of 
severe diarrheal disease in the gnotobiotic piglet model by 
a strain of enterotoxigenic Escherichia coli that produces 
multiple enterotoxins. Infect. Immun., 72: 3914-3924. 

Celli, J; Olivier, M and Finlay, BB (2001). Enteropathogenic 
Escherichia coli mediates antiphagocytosis through the 
inhibition of PI 3-kinase-dependent pathways. EMBO J., 
20: 1245-1258. 

Chen, X; Huan, H; Wan, T; Wang, L; Gao, S and Jiao, X 
(2014). Antigenic determinants analysis and detection of 
virulence factors in F18 fimbriae Escherichia coli strains 
isolated from pigs. Wei Sheng Wu Xue Bao. 54: 236-242. 

Edelblum, KL and Turner, JR (2009). The tight junction in 
inflammatory disease: communication breakdown. Curr. 
Opin. Pharmacol., 9: 715-720. 

Egberts, HJ; de Groot, EC; van Dijk, JE; Vellenga, L and 
Mouwen, JM (1993). Tight junctional structure and 
permeability of porcine jejunum after enterotoxic 
Escherichia coli infection. Res. Vet. Sci., 55: 10-14. 

Gao, Y; Han, F; Huang, X; Rong, Y; Yi, H and Wang, Y 
(2013). Changes in gut microbial populations, intestinal 
morphology, expression of tight junction proteins, and 
cytokine production between two pig breeds after challenge 
with Escherichia coli K88: a comparative study. J. Anim. 
Sci., 91: 5614-5625. 

Guignot, J; Chaplais, C; Coconnier-Polter, MH and Servin, 
AL (2007). The secreted autotransporter toxin, Sat, 
functions as a virulence factor in Afa/Dr diffusely adhering 
Escherichia coli by promoting lesions in tight junction of 



  
Iranian Journal of Veterinary Research, Shiraz University  

 

IJVR, 2018, Vol. 19, No. 1, Ser. No. 62, Pages 35-40 

40 

polarized epithelial cells. Cell Microbiol., 9: 204-221. 
Guttman, JA; Li, Y; Wickham, ME; Deng, W; Vogl, AW 

and Finlay, BB (2006). Attaching and effacing pathogen-
induced tight junction disruption in vivo. Cell Microbiol., 8: 
634-645. 

Guttman, JA; Samji, FN; Li, Y; Deng, W; Lin, A and 
Finlay, BB (2007). Aquaporins contribute to diarrhoea 
caused by attaching and effacing bacterial pathogens. Cell 
Microbiol., 9: 131-141. 

Johnson, AM; Kaushik, RS and Hardwidge, PR (2010). 
Disruption of transepithelial resistance by enterotoxigenic 
Escherichia coli. Vet. Microbiol., 141: 115-119. 

Kim, CY and Kim, KH (2014). Curcumin prevents leptin-
induced tight junction dysfunction in intestinal Caco-2 BBe 
cells. J. Nutr. Biochem., 25: 26-35. 

Kohler, H; Sakaguchi, T; Hurley, BP; Kase, BA; Reinecker, 
HC and McCormick, BA (2007). Salmonella enterica 
serovar Typhimurium regulates intercellular junction 
proteins and facilitates transepithelial neutrophil and 
bacterial passage. Am. J. Physiol. Gastrointest. Liver 
Physiol., 293: G178-187. 

Li, N and Neu, J (2009). Glutamine deprivation alters 
intestinal tight junctions via a PI3-K/Akt mediated pathway 
in Caco-2 cells. J. Nutr., 139: 710-714. 

Lin, N; Xu, LF and Sun, M (2013). The protective effect of 
trefoil factor 3 on the intestinal tight junction barrier is 
mediated by toll-like receptor 2 via a PI3K/Akt dependent 
mechanism. Biochem. Biophys. Res. Commun., 440: 143-
149. 

Martinez, JJ; Mulvey, MA; Schilling, JD; Pinkner, JS and 
Hultgren, SJ (2000). Type 1 pilus-mediated bacterial 
invasion of bladder epithelial cells. EMBO J., 19: 2803-
2812. 

Mecsas, J; Raupach, B and Falkow, S (1998). The Yersinia 
Yops inhibit invasion of Listeria, Shigella and Edwardsiella 
but not Salmonella into epithelial cells. Mol. Microbiol., 
28: 1269-1281. 

Muza-Moons, MM; Schneeberger, EE and Hecht, GA 
(2004). Enteropathogenic Escherichia coli infection leads 
to appearance of aberrant tight junctions strands in the 
lateral membrane of intestinal epithelial cells. Cell 
Microbiol., 6: 783-793. 

Nataro, JP and Kaper, JB (1998). Diarrheagenic Escherichia 
coli. Clin. Microbiol. Rev., 11: 142-201. 

Ren, W; Chen, S; Yin, J; Duan, J; Li, T; Liu, G; Feng, Z; 
Tan, B; Yin, Y and Wu, G (2014a). Dietary arginine 
supplementation of mice alters the microbial population 
and activates intestinal innate immunity. J. Nutr., 144: 988-
995. 

Ren, W; Wang, P; Yan, J; Liu, G; Zeng, B; Hussain, T; 
Peng, C; Yin, J; Tan, B; Li, T; Wei, H; Zhu, G; Reiter, 
RJ and Yin, Y (2017). Melatonin alleviates weanling 
stress in mice: involvement of intestinal microbiota. J. 
Pineal. Res., doi: 10.1111/jpi.12448. [Epub ahead of print]. 

Ren, W; Yin, J; Wu, M; Liu, G; Yang, G; Xion, Y; Su, D;

Wu, L; Li, T; Chen, S; Duan, J; Yin, Y and Wu, G 
(2014b). Serum amino acids profile and the beneficial 
effects of L-arginine or L-glutamine supplementation in 
dextran sulfate sodium colitis. PLoS One. 9: e88335. 

Roselli, M; Finamore, A; Britti, MS; Konstantinov, SR; 
Smidt, H; de Vos, WM and Mengheri, E (2007). The 
novel porcine Lactobacillus sobrius strain protects 
intestinal cells from enterotoxigenic Escherichia coli K88 
infection and prevents membrane barrier damage. J. Nutr., 
137: 2709-2716. 

Roselli, M; Finamore, A; Garaguso, I; Britti, MS and 
Mengheri, E (2003). Zinc oxide protects cultured 
enterocytes from the damage induced by Escherichia coli. 
J. Nutr., 133: 4077-4082. 

Rowe, B; Taylor, J and Bettelheim, KA (1970). An 
investigation of traveller’s diarrhoea. Lancet. 1(7636): 1-5. 

Sears, CL and Kaper, JB (1996). Enteric bacterial toxins: 
mechanisms of action and linkage to intestinal secretion. 
Microbiol. Rev., 60: 167-215. 

Shen, L; Weber, CR; Raleigh, DR; Yu, D and Turner, JR 
(2011). Tight junction pore and leak pathways: a dynamic 
duo. Annu. Rev. Physiol., 73: 283-309. 

Suzuki, T (2013). Regulation of intestinal epithelial 
permeability by tight junctions. Cell Mol. Life Sci., 70: 
631-659. 

Tang, Y; Li, F; Tan, B; Liu, G; Kong, X; Hardwidge, PR 
and Yin, Y (2014). Enterotoxigenic Escherichia coli 
infection induces intestinal epithelial cell autophagy. Vet. 
Microbiol., 171: 160-164. 

Umeda, K; Ikenouchi, J; Katahira-Tayama, S; Furuse, K; 
Sasaki, H; Nakayama, M; Matsui, T; Tsukita, S; 
Furuse, M and Tsukita, S (2006). ZO-1 and ZO-2 
independently determine where claudins are polymerized in 
tight-junction strand formation. Cell. 126: 741-754. 

Uzzau, S and Fasano, A (2000). Cross-talk between enteric 
pathogens and the intestine. Cell Microbiol., 2: 83-89. 

Van Itallie, CM; Holmes, J; Bridges, A; Gookin, JL; 
Coccaro, MR; Proctor, W; Colegio, OR and Anderson, 
JM (2008). The density of small tight junction pores varies 
among cell types and is increased by expression of claudin-
2. J. Cell Sci., 121: 298-305. 

Wang, G; Gao, F; Zhang, W; Chen, J; Wang, T; Zhang, G 
and Shen, L (2012). Involvement of aquaporin 3 in 
Helicobacter pylori-related gastric diseases. PLoS ONE. 7: 
e49104. 

Yang, KM; Jiang, ZY; Zheng, CT; Wang, L and Yang, XF 
(2014). Effect of Lactobacillus plantarum on diarrhea and 
intestinal barrier function of young piglets challenged with 
enterotoxigenic Escherichia coli K88. J. Anim. Sci., 92: 
1496-1503. 

Yu, Q; Wang, Z and Yang, Q (2012). Lactobacillus 
amylophilus D14 protects tight junction from 
enteropathogenic bacteria damage in Caco-2 cells. J. Dairy 
Sci., 95: 5580-5587. 


