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Abstract

Tight junction proteins are important for the maintenance and repair of the intestinal mucosal 
barrier. The present study investigated relationships among tight junction protein gene expres-
sion, porcine epidemic diarrhea virus (PEDV) infection, and intestinal mucosal morphology  
in piglets. We compared the expression of six tight junction proteins (ZO-1, ZO-2, Occludin, 
Claudin-1, Claudin-4, and Claudin-5) between seven-day-old piglets infected with PEDV and 
normal piglets, as well as in PEDV-infected porcine intestinal epithelial cells (IPEC-J2). We also 
evaluated differences in mucosal morphology between PEDV-infected and normal piglets.  
The expression of six tight junction protein genes was lower in PEDV-infected piglets than  
in the normal animals. The expression of ZO-1, ZO-2, Occludin, and Claudin-4 in the intestine 
tissue was significantly lower (p<0.05) in PEDV-infected than in normal piglets. The expression 
of Claudin-5 in the jejunum was significantly lower in PEDV-infected piglets than in the normal 
animals (p<0.01). The expression of Claudin-1 and Claudin-5 genes in the ileum was signifi- 
cantly higher in PEDV-infected piglets than in normal piglets (p<0.01). Morphologically,  
the intestinal mucosa in PEDV-infected piglets exhibited clear pathological changes, including 
breakage and shedding of intestinal villi. In PEDV-infected IPEC-J2 cells, the mRNA expression 
of the six tight junction proteins showed a downward trend; in particular, the expression  
of the Occludin and Claudin-4 genes was significantly lower (p<0.01). These data suggest that 
the expression of these six tight junction proteins, especially Occludin and Claudin-4, plays  
an important role in maintaining the integrity of the intestinal mucosal barrier and resistance  
to PEDV infection in piglets.
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Introduction
The monolayer columnar epithelial cells in the gas-

trointestinal tract form a selective barrier to the intesti-
nal cavity, called the intestinal mucosal barrier (Smith 
et al. 2010). The intestinal mucosal barrier plays impor- 
tant roles in ion transport, selective absorption of essen-
tial nutrients, and blockade of harmful substances, such 
as toxins and microbes (Kunzelmann and Mall 2002, 
Blikslager et al. 2007, Barrett 2008). The integrity  
of the intestinal mucosa is essential to the intestinal  
barrier. Tight junctions (TJs) are a pattern of cell adhe-
sion between epithelial cells and endothelial cells that 
form a boundary between the apical and basolateral 
plasma membrane domains and hinders the diffusion  
of solutes between cells. As an important part of the 
intestinal mucosal barrier, TJs are integral in maintain-
ing the mechanical barrier and permeability of the intes-
tinal mucosal epithelium (Tsukita et al. 2001, Dokladny 
et al. 2016). Three kinds of tight junction proteins, 
Zonula occludens (ZOs), Occludin, and Claudins, are 
important in maintaining the integrity of the intestinal 
mucosal barrier and in determining intestinal permea-
bility (Rescigno et al. 2001). Suzuki and Hara (2009) 
found that quercetin can enhance intestinal barrier func-
tion by increasing expression of ZO-2, Occludin, and 
Claudin-1, suggesting that changes in intestinal tight 
junction proteins may affect the structure of TJs between 
mucosal cells, and can lead to changes in intestinal bar-
rier permeability.

Porcine epidemic diarrhea virus (PEDV) is one of 
the main pathogens responsible for porcine viral diarrhea 
(Curry et al. 2017). PEDV can cause intestinal hemor-
rhage, intestinal villus atrophy, and intestinal wall thin-
ning, ultimately resulting in vacuolation and shedding 
of the cytoplasm of intestinal wall cells, leading to wa-
tery diarrhea, dehydration, and mortality (Stevenson et 
al. 2013). Pigs infected with Salmonella demonstrate 
decreased expression of tight junction proteins ZO-1, 
Occludin, and Claudin-1 (Guttman and Finlay 2009). 
Moreover, the infected pigs exhibited intestinal barrier 
dysfunction, increased intestinal permeability, intracav-
itary bacteria, toxins, and antigens transferred to epithe-
lial tissue, which caused mucosal and systemic inflam-
matory responses (Guttman and Finlay 2009). Recent 
studies have revealed that damage to intestinal junction 
protein integrity in piglets may lead to damage of the 
intestinal epithelial barrier and loss of its protective 
function (Bruewer et al. 2005). 

In the present study, we explore the relationship 
among the expression levels of intestinal tight junction 
protein genes, PEDV infection, and intestinal mucosal 
morphology in piglets. We employed a qPCR technique 
to detect the expression level of six tight junction pro-

teins (ZO-1, ZO-2, Occludin, Claudin-1, Claudin-4 and 
Claudin-5) in seven-day-old pigs infected with PEDV 
and in normal piglets. Differences in mucosal morpho- 
logy between PEDV-infected piglets and normal piglets 
were observed histologically. The expression levels of 
these genes were also quantified in the PEDV-infected 
porcine intestinal epithelial cell line (IPEC-J2) and  
in uninfected control cells. Our findings lay the founda-
tion for further studies of the regulatory mechanisms 
mediating the role of tight junction proteins in the intes-
tinal mucosal barrier and anti-virus responses, and pro-
vide guidance for the prevention and treatment of viral 
diarrhea in piglets.

Materials and Methods

Ethics statement

All experiments were conducted in the Animal Hos-
pital of Yangzhou University according to the regula-
tions for the Administration of Affairs Concerning  
Experimental Animals (Ministry of Science and Tech-
nology, China, revised in June 2012). The procedures 
were approved in the experimental animal use permit 
No. SYXK (Su) 2012 0029.

Experiment material

Six seven-day-old piglets with clinicopathological 
features of porcine epidemic diarrhea (vomiting, diar-
rhea, dehydration, and watery diarrhea) were selected 
from a pig farm. At the same time, six normal seven-
day-old piglets from the same feeding environment 
were selected as controls. Tissues, including duodenum, 
jejunum, and ileum were collected for follow-up evalu-
ation.

Identification of the PEDV genome

Three intestinal segments (duodenum, jejunum, and 
ileum) from the 12 piglets were rinsed with physiologi-
cal saline. Total RNA was extracted and reverse tran-
scribed into cDNA to generate the template for the 
qPCR reactions. The M gene of the classical PEDV 
strain, CV777, plays an important role in the assembly 
and budding of PEDV, and is the main gene used  
to identify PEDV serodiagnosis antigens (Jinghui and 
Yijing 2005). The primers for the M gene were designed 
by Primer Express 5.0 software. Primer sequences are 
listed in Table 1. The target fragment was amplified,  
the products were separated by 1% agarose gel electro-
phoresis, and sequenced.
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Infection of IPEC-J2 cells with PEDV

IPEC-J2 cells were cultured onto 6-well plates  
at ~1×106 cells/plate and incubated in complete DMEM 
medium containing 10% fetal bovine serum. After 24 h 
incubation, 300 µL PEDV and 2.5 µg/mL trypsin were 
added to each well. Virus was allowed to adsorb to the 
cells for 1 h. Afterward, the unattached virus was dis-
carded, and fresh culture medium was added and cells 
were cultured for an additional 36 h. 

Differential expression of tight junction protein  
in intestinal tissues and IPEC-J2 cells

Primer design and synthesis

Primers for qPCR were designed by Primer Express 
5.0 software, based on the sequences of porcine ZO-1, 
ZO-2, Occludin, Claudin-1, Claudin-4, Claudin-5, 
ACTB, and GAPDH genes from the NCBI (http://www.
ncbi.nlm.nih.gov/) database. The primers were synthe-
sized by Bioengineering Co., Ltd. (Shanghai, China). 
Primer information is provided in Table 1.

Total RNA extraction

Total RNA was extracted from intestinal tissues and 
cells using Trizol Reagent (TaKaRa Biotechnology  
Dalian Co., Ltd) according to the manufacturer’s in-
structions. The positive control used in this study was 
PEDV-infected Vero cells, and total RNA of the posi-
tive control was extracted using the same method. Total 

RNA purity and concentration was detected by 1% 
formaldehyde denatured agarose gel electrophoresis 
and by a NanoDrop-1000 microarray nucleic acid/pro-
tein concentration analyzer (General Electric Company, 
USA). RNA samples were stored at -70°C for later use.

cDNA synthesis

The prepared total RNA was reversely transcribed 
into cDNA using a TAKARA kit (Dalian, China),  
according to manufacturer’s instructions. The cDNA 
synthesis reaction system (10 μL) contained 500 ng  
of total RNA, 2 µL 5×Primer Script RT Master Mix, 
and RNase Free ddH2O up to 10 μL. The reaction  
conditions were 25°C for 10 min, 50°C for 30 min,  
and 85°C for 5 min.

qPCR reaction

The 25 μL qPCR reaction system contained 2 μL 
cDNA, 0.5 μL of each primer (10 μmol/L), 0.5 μL ROX 
Reference Dye II (50×), 12.5 μL SYBR Premix Ex 
TaqTM (2×), and 9 μL ddH2O. The PCR reaction  
conditions were 95°C for 30 s, 95°C for 5 s, and 60°C 
for 34 s, for a total of 40 cycles. Melting curve analysis 
was performed after amplification.

Histological evaluation of tissue slices

The middle part of three intestinal segments from 
12 piglets were collected, rinsed with phosphate buffer 

Table 1. Primer sequences

Genes Accession number Primer sequences (5’→3’)  Length (bp)

M AF353511.1 F:AGGTCTGCATTCCAGTGCTT
R:GGACATAGAAAGCCCAACCA 216

ZO-1 XM_021098856.1 F:AGCCCGAGGCGTGTTT
R:GGTGGGAGGATGCTGTTG 147

ZO-2 NM_001206404.1 F:ATTCGGACCCATAGCAGACATAG
R:GCGTCTCTTGGTTCTGTTTTAGC 90

OCCLUDIN NM_001163647.2 F:ATCAACAAAGGCAACTCT
R:GCAGCAGCCATGTACTCT 157

CLAUDIN-1 NM_001244539.1 F:ACCCCAGTCAATGCCAGATA
R:GGCGAAGGTTTTGGATAGG 155

CLAUDIN-4 NM_001161637.1 F:CAACTGCGTGGATGATGAGA 
R:CCAGGGGATTGTAGAAGTGG 140

CLAUDIN-5 NM_001161636.1 F:CCTTCCTGGACCACAACATC 
R:CACCGAGTCGTACACCTTGC 110

ACTB XM_00312428.3 F:TGGCGCCCAGCACGATGAAG 
R:GATCCAGGGGCCGGACTCGT 149

GAPDH AF017079.1 F:ACATCATCCCTGCTTCTACTGG 
R:CTCGGACGCCTGCTTCAC 187



348 Q.F. Zong et al.

saline (PBS), and fixed in 4% paraformaldehyde  
for 24 h. After a series paraffin embedding, slicing,  
salvaging, baking at 60°C for 1 h and staining with  
hematoxylin-eosin (HE), the morphological differences 
in the mucosa of three intestinal segments between 
PEDV-infected piglets and normal piglets were obser- 
ved under a light microscope. Images were taken  
by Motic photographic processing software and ana-
lyzed with a pathological image analysis system.

Data processing and analysis

Gene expression levels were compared using the 
2-ΔΔCt method (Livak and Schmittgen 2001) and ana-
lyzed by SPSS 16.0 software. Data are expressed  
as X ± SD. Differences in relative expression levels  
between different samples were compared by indepen-
dent sample t-test. P values of < 0.05 were considered 
significant, p values of < 0.01 were considered extremely 
significant. 

Results

Virus genome identification

The PCR amplification products obtained from  
the 6 PEDV-infected piglets were 216 bp in length, 

which were consistent with those of the positive con-
trols (Fig. S1A). The sequencing results showed that  
the viral sequence amplified from the PEDV-infected 
piglets was the same as viral M gene while the normal 
piglets lacked the corresponding amplification band 
(Fig. S1A). A phylogenetic tree was established based 
on the M gene sequence (Fig. S1B), revealing that the 
viral strain had extensive homology with the prevalent 
viral strains regionally and globally. Based on these 
 results, we concluded that the six piglets with the typi-
cal clinical symptoms of viral diarrhea were indeed  
infected with the PEDV, while normal piglets were not 
infected with the associated pathogen.

Analysis of RNA purity and integrity

Analysis of the total RNA samples revealed the 
bands corresponding to 28S, 18S, and 5S and showed 
no DNA contamination or degradation, indicating that 
the extracted total RNA was of high quality (Fig. S1C). 
The RNA concentration and purity analysis showed  
that samples had a ratio of absorbance (A260/A280)  
between 1.8 and 1.9, indicating that both the concentra-
tion and purity of RNA met the requirements for quan-
titative analysis. 

Fig. S1. Sequencing and polyacrylamide gel electrophoresis. A. Agarose gel detection map of the signature M gene of the PEDV classic 
strain CV777. M represents the D2000 molecular Marker; 1-6 represent samples of PEDV-infected piglets, and 7 represents a positive 
control. B. Phylogenetic tree based on M gene sequences. 1, 2, and 3 represent the duodenum, jejunum, and ileum of piglets infected with 
porcine epidemic diarrhea virus. C. Separation of RNA samples by 1% formaldehyde denaturing agarose gel electrophoresis. D and E. 
Tight junction gene amplification curve (upper) and melting curve (lower). 
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Amplification and melting curves  
from quantitative PCR

Melt curve analysis revealed a single, smooth peak 
for the PCR product, indicating the amplification  
of a specific product and demonstrating that the gene 
expression can be quantitatively compared by follow-
ing the fluorescence signal (Fig. S1D and S1E).

Analysis of tight junction protein gene expression 
in three segments from the porcine intestinal tissue

The expression of the tight junction protein genes 
ZO-1, ZO-2, Occludin, Claudin-1, Claudin-4 and, 
Claudin-5 was determined in duodenum, jejunum, and 
ileum tissue by qPCR, and was compared between 
PEDV-infected piglets and normal piglets. The expres-

sion of ZO-1, ZO-2, Occludin, and Claudin-4 genes  
in duodenum, jejunum and ileum was significantly  
decreased in PEDV-infected piglets compared to the 
normal animals. Among these genes, the expression  
of the ZO-1 gene was significantly decreased in duode-
num, jejunum, and ileum tissue (p<0.01) (Fig. 1A).  
The expression of the ZO-2 gene was significantly  
decreased in the duodenum (p<0.01) and in the jejunum 
and ileum (p<0.05) (Fig. 1B). The expression of the  
Occludin gene was significantly decreased in duode-
num and ileum tissue (p<0.05) (Fig. 1C). The expres-
sion of the Claudin-4 gene was significantly decreased 
in the duodenum (p<0.01) and in ileum (p<0.05)  
(Fig. 1E). The expression of the Claudin-1 was decrea- 
sed in the duodenum and jejunum, but was significantly 
increased in the ileum (p<0.01) (Fig. 1D). The expres-

Fig. 1. Expression profiles of six tight junction protein genes. A-F. Expression of ZO-1, ZO-2, Occludin, Claudin-1, Claudin-4, Claudin-5 
genes in piglet duodenum, jejunum, and ileum tissue. G. Expression of tight junction protein genes in IPEC-J2 cells.
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sion of the Claudin-5 was significantly decreased  
in the jejunum (p<0.01), but was significantly increased 
in ileum (p<0.01) (Fig. 1F). 

Tissue slice identification

Analysis of HE staining of tissue preparations  
revealed that the morphology of the intestinal mucosa 
in healthy piglets was normal, and the villus structure 
was intact and distinct. The outline of the intestinal mu-
cosa epithelial cells was clear and with regular arrange-
ment. The stroma displayed no edema and no inflam-
matory cell infiltration. In contrast, the intestinal 
mucosa epithelium in PEDV-infected piglets exhibited 
pathological features including necrosis, shedding  
and damage of intestinal villi, decreased villi height, 
deepening of crypt depth, exposure of lamina propria, 
expanding of vasculature, and a large amount of neutro-
phil infiltration (Fig. 2).

Analysis of tight junction protein gene expression 
in IPEC-J2 cells

We performed qPCR to detect the expression of the 
tight junction genes ZO-1, ZO-2, Occludin, Claudin-1, 
Claudin-4, and Claudin-5 in PEDV-infected IPEC-J2 
cells and uninfected IPEC-J2 cells. Compared with the 
control group, the overall expression of these genes 
showed a downward trend in the PEDV treated cells, 
and in particular the expression of the Occludin and 
Claudin-4 genes was significantly decreased (p<0.01) 
(Fig. 1G).

Discussion

In piglets, diarrhea is caused by many factors, in-
cluding maternal factors, stress, nutrition, and disease 
(Leonardo 1992), among which PEDV is the most  
serious (Jung et al. 2014). PEDV infection can cause 
atrophic enteritis with viremia, which can lead to severe 
diarrhea and vomiting, and can destroy the integrity  
of pig intestinal mucosa (Jung et al. 2008). Therefore, 
maintaining the integrity of the intestinal mucosa  
is essential for piglets in order to resist the pathologies 
associated with PEDV infection. Tight junction proteins 
are an important part of the intestinal mucosal barrier, 
and not only maintain the function of the epithelial bar-
rier, but also hinder the invasion of toxic macromole-
cules and microorganisms (Suzuki 2013). Tight junc-
tion proteins also selectively regulate entry of small 
molecules and ions into the body. As the most important 
tight junction proteins, the Zonula occludens, Occludin, 
and Claudin families have been widely studied.  
To illustrate this point, the expression of tight junction 
proteins, including ZO-1, Occludin, and Claudin-1 was 
significantly decreased in PEDV-infected porcine cells, 
indicating that PEDV infection is closely related to the 
expression of tight junction proteins (Gao et al. 2013, 
Zhao et al. 2014).

In this study, we found that the expression of ZO-1, 
ZO-2, Occludin, and Claudin-4 genes in three intestinal 
segments of PEDV-infected piglets was significantly 
lower than that of normal piglets. It has previously been 
reported that ZO-1 is involved in the regulation of intra-
cellular material transport, maintenance of epithelial 
polarity, and formation of cytoskeleton indirectly, and 

Fig. 2. Morphology of piglet duodenum, jejunum, and ileum intestinal tissue as viewed under a light microscope. Normal and porcine 
epidemic diarrhea virus indicate tissue from normal piglets or piglets infected with PEDV. All images are at 4×10 magnification.
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also plays an important regulatory role in cell prolifera-
tion and differentiation, tumor cell metastasis, and gene 
transcription (Balda et al. 2003). When the intestinal 
barrier in piglets is destroyed, the expression of ZO-1 
and Occludin are decreased, and the composition and 
function of tight junctions are also damaged. Probiotic 
strains can protect the intestinal barrier by increasing 
the expression and localization of ZO-1 and Occludin 
(Roselli et al. 2007, Yang et al. 2014). Previous studies 
have revealed the associations between the Claudin-4 
gene expression and the intestinal barrier integrity  
under mycotoxin and bacteria stimulation (Pinton et al. 
2010, Lodemann et al. 2017). These findings indicate 
that PEDV infection can lead to a decrease in the  
expression of tight junction proteins in the intestine. 
The morphological structure of the intestinal mucosa  
is the structural basis of intestinal barrier function, and 
the integrity of the intestinal mucosa is indispensable 
for the integrity of the intestinal barrier. Therefore,  
in this study we compared the morphology of the intes-
tinal mucosa between PEDV-infected piglets and nor-
mal piglets. Analysis of intestinal tissue preparations 
demonstrated that the intestinal mucosa was intact and 
morphologically normal in healthy piglets, while it exhi- 
bited obvious pathologies in PEDV-infected piglets,  
including shedding and breakage of villi. In addition, 
we compared the expression of six tight junction pro-
tein genes in PEDV-infected IPEC-J2 cells and unin-
fected control cells, and found that the overall expres-
sion in the PEDV treatment group trended downward; 
the expression of Occludin and Claudin-4 genes was 
significantly lower (p<0.01). These results indicate that 
PEDV infection leads to a decrease in the expression  
of tight junction proteins, especially Occludin and 
Claudin-4.

Claudin-1 is one of the major transmembrane pro-
teins that regulates epithelial cell permeability and  
is crucial for maintaining epithelial cell function (Wang 
et al. 2012). High expression of Claudin-5 in the intes-
tinal tract leads to an increase in intestinal villi height, 
thereby reducing intestinal permeability and inhibiting 
diarrhea in weaning piglets (Yuan et al. 2012). These 
findings showed that high expression of Claudin-1 and 
Claudin-5 genes is conducive to maintaining the integ-
rity of the intestinal mucosal barrier. It is worth noting 
that, in this study, the expression of Claudin-1 gene  
in duodenum and jejunum tissue was decreased, and the 
expression of Claudin-5 in jejunum was significantly 
decreased in PEDV-infected piglets (p<0.01). However, 
the expression of Claudin-1 and Claudin-5 genes  
in the ileum of PEDV-infected piglets was significantly 
higher than that of normal piglets (p<0.01). Because  
of the inconsistency in the expression trends of these 
two genes with the other tight junction protein genes, 

we speculate that Claudin-1 and Claudin-5 may have 
unique regulatory mechanisms. Ishizaki et al. (2003) 
have shown that cyclic AMP can increase the expres-
sion of Claudin-5 and decrease Claudin-1 gene in por-
cine blood-brain barrier endothelial cells via protein 
kinase A-independent and -dependent pathways, respec- 
tively. As a viral entry factor, Claudin-1 can facilitate 
the entry of dengue virus (Che et al. 2013). What’s 
more, by examining the effect of expression changes of 
Claudin-5 in human enteric coronavirus (HECV) cells, 
it was found that insertion of Claudin-5 gene in HECV 
cells resulted in a significant less motility and less  
adhesion to matrix, revealing a link between Claudin-5 
and cell motility (Escudero-Esparza et al. 2012).  
Expression analysis of the Claudin-1 and Claudin-5 
genes in malignant tumors indicated that the expression 
of Claudin-1 gene increased in colorectal cancer and 
intestinal-type gastric cancer, but decreased in breast 
cancer (de Oliveira et al. 2005, Resnick et al. 2005,  
Morohashi et al. 2007). Moreover, the expression  
of Claudin-5 gene increased in colorectal cancer and 
vascular tumors, but decreased in hepatocellular carci-
noma and renal cell carcinoma (de Oliveira et al. 2005, 
Soini et al. 2006). Some researchers also found that the 
expression of Claudin-1 and Claudin-5 was associated 
with tumor invasion and lymph node metastasis (Miwa 
et al. 2001). These findings indicated the versatile roles 
of the Claudin-1 and Claudin-5 genes in different  
physiological and pathological processes. Therefore, 
the significant increase in the expression of Claudin-1 
and Claudin-5 genes in the ileum of piglets with viral 
diarrhea may be related to the pathogenesis of other  
diseases. Combined with the morphological evaluation 
of the intestinal tissue slices, we found that the  
PEDV-infected piglets had a damaged intestinal muco-
sal barrier and a decreased expression of tight junction 
proteins, which indicated that the expression of tight 
junction proteins may be closely related to the integrity 
of the intestinal mucosa. 

These data suggest that the expression of six tight 
junction proteins, especially Occludin and Claudin-4, 
plays an important role in maintaining the integrity  
of the intestinal mucosal barrier and resisting PEDV  
infection in piglets. Further functional studies are  
required to elucidate the molecular mechanisms under-
lying the roles of these tight junction genes in response 
to PEDV infection. 
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