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Interleukin-28A maintains the intestinal epithelial barrier function 
through regulation of claudin-1
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Background: Interleukin-28A (IL-28A or interferon-λ2) is reported to maintain intestinal mucosal 
homeostasis. However, the effects and mechanisms of IL-28A on intestinal ischemia reperfusion (I/R) have 
not yet been studied.
Methods:  Adult C57BL/6 mice were randomly divided into three groups: sham, I/R, and  
I/R+IL-28A (n=5 in each group). The I/R+IL-28A group mice were injected with recombinant mouse IL-28A  
12 hours before the operation. Mice were sacrificed 6 hours after reperfusion. The mucosal permeability was 
investigated, and histology analyses were performed. Additionally, a hypoxic Caco-2 cell culture model was 
established. Fludarabine was used to inhibit phosphorylated signal transducer and activator of transcription 
1 (pSTAT1). The expression of IL-28A, tight junctions (TJs), and pSTAT1 was assessed by western blot, 
immunohistochemical (IHC) staining, or immunofluorescence staining. Epithelial permeability was 
measured by transepithelial electrical resistance (TER).
Results: The expression of IL-28A was decreased in intestinal lamina propria in the I/R group compared 
with the control group. Administration of IL-28A significantly alleviated the I/R-induced increase in 
intestinal permeability and tissue damage. Treatment with IL-28A significantly attenuated intestinal I/
R-induced disruption of TJ proteins, including zonula occludens-1 (ZO-1), occludin, and claudin-1. 
In vitro, IL-28A treatment reversed the decrease in TER of Caco-2 monolayers exposed to hypoxic 
environments. IL-28A led to the activation of STAT1 and the upregulation of claudin-1 expression both  
in vivo and in vitro. Also, inhibiting phosphorylation of STAT1 reversed the effects of IL-28A on the 
expression and distribution of claudin-1 in Caco-2 cells.
Conclusions: Intestinal epithelial barrier dysfunction caused by intestinal I/R is ameliorated by IL-28A via 
the regulation of claudin-1.
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Introduction

Intestinal ischemia/reperfusion (I/R) occurs frequently 
with numerous pathological processes, such as trauma, 

hemorrhagic shock, obstruction of the intestine, small 

bowel transplantation and other major surgeries (1). 

Studies have shown that the human small intestine is more 

365

Original Article

 
^ ORCID: 0000-0002-8845-8977.

mailto:yumimianbao@163.com
https://crossmark.crossref.org/dialog/?doi=10.21037/atm-20-5494


Li et al. IL-28A protects the intestinal epithelial barrier 

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(5):365 | http://dx.doi.org/10.21037/atm-20-5494

Page 2 of 14

susceptible to I/R injury than the colon (2). Acute small 
intestinal I/R induces severe epithelial damage and increases 
intestinal permeability (3,4). Loss of intestinal epithelial 
barrier function leads to bacterial translocation, resulting in 
systemic inflammation and multiple organ failure with high 
mortality (5,6). 

The intestinal epithelial barrier is an important defense 
barrier between the lumen and the intestinal mucosa. The 
barrier comprises an intact single-cell layer of intestinal 
epithelial cells (IECs) and tight junctions (TJs) between 
the IECs. The TJs are a group of transmembrane proteins, 
including claudins, occludin, and zonula occludens (ZO), 
are located at the apical membrane, and regulate the 
passage of ions, nutrients, and water (7). The underlying 
mechanisms of intestinal I/R injury are very complicated, 
and accumulating studies show that intestinal barrier 
dysfunction plays a critical role in intestinal I/R (4,6). 
Evidence has suggested that the destruction of TJs’ 
expression or distribution is responsible for the increase 
in intestinal permeability and dysfunction of the intestinal 
epithelial barrier caused by I/R (8,9). Therapeutic 
enhancement of the intestinal TJ barrier has been shown 
to ameliorate intestinal I/R injury development (9). 
Accordingly, new strategies, especially those targeting the 
intestinal barrier function, are urgently needed to treat 
intestinal I/R.

Interferon (IFN)-λ, also known as type III IFN, was 
first identified in 2003 (10,11). Type III IFNs include four 
members in humans, IFN-λ1/ interleukin (IL)-29, IFN-λ2/
IL-28A, IFN-λ3/IL-28B, and IFN-λ4, and two members 
in mice (IFN-λ2/IL-28A, IFN-λ3/IL-28B) (12). There 
is a close relationship between IL-28A and IL-28B, and 
they share approximately 96% sequence identity (13). The 
receptor complex of IFN-λ comprises the specific subunit 
IFN-λ receptor chain 1 (IFNLR1 or IL-28R1) and IL-10  
receptor chain 2 (IL-10R2), which is shared by the 
receptors of some type II cytokines. IL-28R1 is expressed 
mainly by epithelial cells of barrier sites, such as the skin, 
respiratory tract, liver, gastrointestinal tract and blood-brain 
barrier, which leads to the functional tissue-specificity of 
IFN-λ (14). Previous studies have shown that IFN-λ plays a 
vital role in the clearance of viral infections at barrier sites, 
including the viruses hepatitis C (15-17), hepatitis B (18), 
herpes simplex 1 (19), influenza (20,21), rhinovirus (22) and  
rotavirus (23). Also, IFN-λ can provide therapeutic 
benefits  in some autoimmune diseases,  including 
rheumatoid arthritis (24), psoriasis (25), and experimental  
asthma (26,27).

A recent study showed that IL-28A controls the 
proliferation of IECs in mice with colitis and accelerates 
intestinal  mucosal healing (28).  Additionally,  the 
administration of exogenous IL-28 can tighten the 
endothelial junctions in the blood-brain barrier (14). 
However, little is known about the role of IL-28A in 
intestinal epithelial barrier function and the pathogenesis 
of intestinal I/R. Using in vivo acute intestinal I/R models, 
our study demonstrated that IL-28A has a vital role in 
protecting against intestinal I/R injury and maintaining 
epithelial barrier function. Moreover, we found that IL-
28A regulated the expression and distribution of claudin-1 
in a phosphorylated signal transducer and activator of 
transcription 1 (pSTAT1)-dependent manner both in vivo 
and in vitro. 

We present the following article in accordance with the 
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5494).

Methods

Animals

Male C57BL/6 mice (6-8 weeks old), weighing 17–23 g, 
were purchased from the Laboratory Animal Center of 
the Army Medical University in Chongqing, China. The 
mice were fed and housed in temperature-, humidity-, and 
light-controlled conditions. All animal-related experiments 
complied with guidelines for the care and use of laboratory 
animals of the Animal Care and Use Committee at the 
Army Medical University, and the protocols were approved 
by the Laboratory Animal Welfare and Ethics Committee of 
the Third Military Medical University (SYXK 20170002).

Induction of intestinal I/R and IL-28A treatment

The mice were randomized into a sham group, I/R group, 
and I/R+IL-28A group (n=5 in each group). All mice fasted 
for 12 hours before the operation. The I/R+IL-28A group 
mice were given intraperitoneal injections of recombinant 
murine IL-28A (0.5 µg/g body weight; Peprotech, Rocky 
Hill, NJ, USA) 12 hours before the operation. All mice 
were anesthetized with intraperitoneal injections of 
pentobarbital, and a laparotomy was performed under 
aseptic conditions. For the I/R and I/R+IL-28A groups, 
traumatic microvascular clamps were used to occlude 
the superior mesenteric artery (SMA) of each mouse for 
20 minutes. The mice in the sham group underwent the 
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same procedures except for SMA occlusion. Then, the 
clamps were removed, and the incisions were closed. The 
mice were sacrificed 6 hours after intestinal reperfusion. 
The small intestinal tissues were quickly collected for 
histological examination and protein extraction.

Detection of intestinal permeability

Intestinal permeability was detected by fluorescein 
isothiocyanate (FITC)-dextran 3,000–5,000 (Sigma, St. 
Louis, MO, USA). Briefly, the mice were gavaged with 
FITC-dextran at 0.5 mg/g body weight after I/R. The 
blood of the mice was collected and centrifuged after  
3 hours. The concentration of FITC-dextran in the serum 
was quantified by detecting the emission wavelength at  
520 nm using a microplate reader (Varioskan Flash; Thermo 
Scientific, Waltham, MA, USA).

Histological examination

After the mice were sacrificed, the small bowels were 
obtained, and their segments were washed and fixed in 
4% paraformaldehyde. Then, the tissues were dehydrated 
in ethanol and embedded in paraffin. The sections were 
stained with hematoxylin & eosin (H&E).

Cell isolation

After the mice were sacrificed, the small bowels were 
collected, washed with phosphate-buffered saline 
(PBS), and cut into small fragments. The fragments 
were then incubated in Hanks’ balanced salt solution 
(HBSS) containing 10% fetal bovine serum (FBS),  
5 mM ethylenediaminetetraacetic acid (EDTA), and 1 mM 
dithiothreitol (DTT) on a shaker for 30 minutes at 37 ℃. 
The IECs were purified from the supernatant by Percoll 
(Cell Signaling Technology, Shanghai, China) gradient 
centrifugation. The remaining fragments were incubated 
in Roswell Park Memorial Institute (RPMI) 1,640 medium 
with 0.5 mg/mL DNaseA (Sigma, St. Louis, MO, USA) and 
250 U/mL collagenase (Sigma) on a shaker for 30 minutes 
at 37 ℃. Intestinal lamina propria cells were collected from 
the supernatant.

Immunohistochemistry staining

The segments of mouse jejunum were fixed in 4% 

paraformaldehyde overnight, dehydrated, embedded in 
paraffin, and then cut into 5 mm sections. The tissues were 
deparaffinized and treated with 0.3% hydrogen peroxide for 
10 minutes to block endogenous peroxidase activity. The 
sections were incubated with rabbit anti-ZO-1 antibody 
(1:50; Proteintech Biotechnology, Rosemont, IL, USA), 
anti-occludin antibody (1:50; Proteintech Biotechnology, 
Rosemont, IL, USA) and anti-claudin-1 antibody (1:50; 
Proteintech) at 4 ℃ overnight. Afterward, the sections 
were consecutively incubated with biotinylated goat anti-
rabbit IgG (Beyotime Biotechnology, Jiangsu, China) for  
30 minutes and streptavidin-enzyme conjugate for  
10 minutes at room temperature. The peroxidase activities 
were detected by diaminobenzidine until the desired 
staining intensity appeared. After counterstaining with 
hematoxylin, immunohistochemical (IHC) staining was 
examined by a light microscope.

Immunofluorescence analysis

The Caco-2 cell monolayers were cultured in laser confocal 
microscopy dishes and treated as described below. The 
cells in the dishes were fixed with 4% paraformaldehyde at 
room temperature for 10 minutes, washed 3 times in PBS, 
and then permeabilized by 0.3% Triton X-100 in PBS for 
20 minutes. After blocking in 3% bovine serum albumin 
(BSA) at room temperature for 1 hour, the monolayers 
were incubated with rabbit anti-claudin-1 (1:50; Abcam, 
Cambridge, UK) overnight at 4 ℃. The monolayers 
were washed 3 times in PBS and incubated with Cy3-
conjugated goat anti-rabbit secondary antibody (1:500; 
Beyotime Biotechnology, Jiangsu, China) at 37 ℃ for 1 
hour. After washing 3 times in PBS, the monolayers were 
incubated with 4’6-diamidino-2-phenylindole (DAPI) for 
10 minutes to stain the nuclei. Control experiments were 
performed without primary antibodies to avoid nonspecific 
staining. After extensive washing, the monolayers were 
coated with antifade gelatin and analyzed by a confocal 
laser scanning microscope (Leica TCS SP5, Leica, 
Wetzlar, Germany). The histofluorescence procedure was 
similar to that described above. The primary antibodies 
used for the tissues were mouse anti-IL-28 (1:100; Santa 
Cruz Biotechnology, Dallas, TX, USA) and rabbit anti-
pSTAT1 (1:50; Cell Signaling, Shanghai, China). The 
secondary antibodies were FITC-labeled anti-mouse 
(1:500; Beyotime Biotechnology, Jiangsu, China) and Cy3-
conjugated goat anti-rabbit secondary antibodies (1:500; 
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Beyotime Biotechnology, Jiangsu, China).

Cell culture

The human intestinal epithelial Caco-2 cell line was 
purchased from American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cells were cultured in minimum 
essential media (MEM) basic medium (Gibco; Thermo 
Fisher Scientific, Waltham, MA, USA) containing 20% fetal 
calf serum (Gibco; Thermo Fisher Scientific, Waltham, 
MA, USA), 1% nonessential amino acids (HyClone; 
GE Healthcare Life Sciences, Chicago, IL, USA),  
100 U/mL streptomycin, and 100 U/mL penicillin. 
(Beyotime Biotechnology, Jiangsu, China). The cells were 
cultured in a humidified 37 ℃, 5% CO2 incubator. The cells 
were subcultured by partial digestion with 0.25% trypsin 
and 0.53 mM EDTA in PBS. The medium was refreshed 
every other day.

Cell treatments

We used an in vitro hypoxic environment to simulate  
I/R conditions. Caco-2 cells were grown on Transwell 
chambers (Corning Costar, Corning, NY, USA) at a 5×105 

cells/chamber density. When the monolayers reached 60% 
confluence, the cells were cultured overnight in MEM 
basic medium without serum, and were then subjected 
to a hypoxic environment (1% O2 and 5% CO2) for  
12 hours with or without recombinant human IL-28A  
(100 nM; Peprotech, Rocky Hill, NJ, USA) stimulation. 
The controls were incubated under normoxic conditions. To 
inhibit pSTAT1 signaling, fludarabine (Selleck, Houston, 
TX, USA) was used at appropriate concentrations with or 
without recombinant human IL-28A.

Measurement of transepithelial electrical resistance (TER)

Caco-2 cells were plated on Transwell chambers with a 
0.4 µm pore size and grown for several days to form cell 
monolayers. After the cell monolayers were formed, the 
experiments were performed, and TER was measured by 
a Millicell ERS-2 voltohmmeter (Millipore, Burlington, 
MA, USA) as previously described (29). The results were 
normalized to the initial values and are shown as percentages.

Western immunoblot analysis

Isolated mouse intestinal cells and Caco-2 cells were lysed 

with radioimmunoprecipitation assay (RIPA) lysis buffer 
(Beyotime Biotechnology, Jiangsu, China) supplemented 
with phenylmethylsul fonyl  f luoride (PMSF) and 
phosphatase inhibitor (Beyotime Biotechnology, Jiangsu, 
China). The samples were sonicated for 5 minutes and 
centrifuged at 15,000 rpm for 20 minutes at 4 ℃. The 
proteins were quantified using a bicinchoninic acid (BCA) 
protein assay kit (Beyotime) and boiled for 10 minutes after 
mixing with a protein loading buffer. The samples were 
separated on a 10% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) gel and then transferred 
to a polyvinylidene fluoride (PVDF) membrane (Millipore, 
Burlington, MA, USA). After blocking in 5% BSA at room 
temperature for 2 hours, the membranes were incubated 
overnight at 4 ℃ with primary antibodies as follows: 
anti-IL-28 (1:500; Santa Cruz, Dallas, TX, USA), anti-
ZO-1 (1:800; Proteintech, Biotechnology, Rosemont, IL, 
USA), anti-occludin (1:800; Proteintech Biotechnology), 
anti-claudin-1 (1:800; Proteintech Biotechnology), anti-
STAT1 (1:1,000; Cell Signaling), anti-pSTAT1 (1:1,000; 
Cell Signaling), and anti-glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (1:1,000; Boster Biotechnology, 
Pleasanton, CA, USA). After washing 3 times in tris-
buffered saline and Tween 20 (TBST), the membranes were 
incubated with peroxidase-conjugated secondary antibodies 
(1:5,000; Boster Biotechnology, Pleasanton, CA, USA) 
for 1 hour at room temperature. The protein blots were 
visualized with chemiluminescent horseradish peroxidase 
(HRP) substrate (Millipore, Burlington, MA, USA) on a 
Station 4000R (Kodak, Rochester, NY, USA).

Statistical analyses

All data were analyzed using the statistical software SPSS 
20.0 (IBM SPSS Statistics, Chicago, IL, USA). The results 
are expressed as the means with standard deviation (SD). 
Comparisons were made with Student’s t-tests or one-
way analysis of variance (ANOVA). P<0.05 was considered 
statistically significant.

Results

Intestinal I/R decreases the expression of IL-28

The intestinal I/R model was developed to explore the 
expression of IL-28. First, we evaluated the cellular sources 
of IL-28 in I/R and control mice by immunofluorescence. 
We found that the cells expressing IL-28 were mainly in the 
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lamina propria, and I/R significantly decreased the number 
of IL-28-positive cells (Figure 1A,B).

Also, western blot analysis showed that the expression 
of IL-28 protein in the small bowel after intestinal I/
R was decreased compared with that of the sham group  
(Figure 1C,D). These observations showed that I/R 
treatment caused downregulation of IL-28 in the intestines 
of mice.

IL-28A protects against intestinal I/R injury

The mice were given injections of recombinant mouse 
IL-28A for 12 hours before intestinal I/R treatment. We 

found that IL-28A pretreatment attenuated intestinal I/
R-induced edema and hyperemia of the intestinal tract 
(Figure 2A). The histological examination showed that I/
R caused short villi, shedding of the epithelial surface, 
loss of entire crypts, and immune cell infiltration, while  
IL-28A pretreatment attenuated these effects (Figure 2B). 
According to the evaluation criterion developed by Chiu 
et al. (30), the intestinal damage scores also showed that 
IL-28A pretreatment relieved the injuries caused by I/R  
(Figure 2C).

To confirm the role of IL-28A in intestinal barrier 
function, the mice were gavaged with FITC-dextran after 
the operation. Intestinal I/R led to an increased FITC-
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Figure 1 Decreased expression of IL-28 in intestinal I/R. (A) IL-28 (green) expression in the sham and I/R groups was detected by 
immunofluorescence. Nuclei were counterstained with DAPI. Scale bar =50 μm. (B) IL-28-positive cells in high-power fields were counted. 
The data are shown as the mean with SD (n=5). **, P<0.01. (C) Expression of IL-28 was measured by western blot. GAPDH served as a 
loading control. (D) Relative expression of IL-28 was analyzed by densitometry. The data are shown as the mean with SD (n=3). **, P<0.01. 
DAPI, 4’6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SD, standard deviation.
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dextran level in the serum compared with that of the 
sham group, while IL-28A pretreatment partially rescued 
this effect (Figure 2D). These results suggest that IL-28A 
maintains intestinal barrier function and relieves intestinal 
damage caused by I/R.

IL-28A regulates the distribution and expression of TJ 
proteins in intestinal I/R

TJs’  disruption is  thought to be associated with 

intestinal epithelial barrier dysfunction caused by enteric  
diseases (7). Our previous study found that I/R caused an 
altered distribution and expression of TJ proteins, leading 
to the disruption of the intestinal epithelial barrier (4,9). 
Therefore, we explored the effects of IL-28A on the 
distribution and expression of TJ proteins, including ZO-1,  
occludin and claudin-1, by IHC staining and western 
blotting. The TJ proteins ZO-1, occludin, and claudin-1 
were localized at the apexes of intestinal villi in the sham 
group. The distribution of ZO-1, occludin, and claudin-1 

Figure 2 IL-28A relieves intestinal damage and hyperpermeability caused by I/R. (A) Representative images of small intestines of the 3 
groups (sham, I/R, and I/R+IL-28A). (B) HE staining of small intestinal tissues. Scale bar =100 µm. (C) Intestinal tissue damage was graded 
by Chiu’s score. The data are presented as the mean with SD (n=5). **, P<0.01, and ***, P<0.001. (D) Intestinal permeability was detected by 
FITC-dextran levels in serum. The data are shown as the mean with SD (n=3). **, P<0.01. HE, hematoxylin and eosin; FITC, fluorescein 
isothiocyanate; SD, standard deviation.
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was disrupted in the I/R group, while IL-28A pretreatment 
ameliorated their disruptions (Figure 3A).

Also, the expression of ZO-1, occludin, and claudin-1 
was markedly decreased in I/R group compared with that of 
the sham group. However, IL-28A prevented the reduction 
in claudin-1, although it had no effect on the expression of 
ZO-1 and occludin (Figure 3B,C,D,E). These data suggest 
that IL-28A ameliorates I/R-induced intestinal epithelial 
barrier dysfunction by regulating the distribution of TJs 
and maintaining the expression of claudin-1.

IL-28A protects the epithelial barrier and upregulates the 
expression of claudin-1 in Caco-2 monolayers

To further investigate the impact of IL-28A on the intestinal 
epithelial barrier and the expression of TJ proteins, human 
intestinal epithelial Caco-2 cells were cultured and subjected 
to hypoxic treatment in vitro. Caco-2 cells were incubated 
with IL-28A in normal or hypoxic conditions for 12 hours. 
We found that hypoxia decreased the TER of the Caco-2 
cell monolayers, whereas IL-28A alleviated this effect. Also, 
IL-28A administration up-regulated the TER of cells under 

Figure 3 IL-28A maintains the distribution and expression of tight junctions in I/R. (A) The TJ proteins ZO-1, occludin and claudin-1 in 
the sham, I/R and I/R+IL-28A groups were analyzed by immunohistochemistry staining. Scale bar =50 µm. (B) The protein levels of ZO-
1, occludin, claudin-1, and GAPDH were detected by western blot. GAPDH served as a loading control. (C,D,E) Relative expression of 
proteins was analyzed by densitometry. The data are shown as the mean with SD (n=3). *, P<0.05 and **, P<0.01; NS, not significant. TJ, 
tight junction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SD, standard deviation.
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normoxia (Figure 4A).
Next, we examined the role of IL-28A on the expression 

of TJ proteins in Caco-2 cells. Western blot analysis 
showed that hypoxia decreased the expression of ZO-1, 
occludin, and claudin-1. Although it did not affect ZO-1 
and occludin expression, IL-28A treatment up-regulated 
the expression of claudin-1 both under normoxic and 
hypoxic conditions (Figure 4B,C,D,E). Subsequently, the 
localization of claudin-1 in Caco-2 cells was examined by 
immunofluorescence staining. We found that claudin-1 was 
mainly expressed on the membrane of Caco-2 monolayers 
with a continuous belt-like structure under normoxic 
conditions and that IL-28A treatment increased the staining 
intensity. After being hypoxic for 12 hours, claudin-1 
localization became discontinuous, and the intensity was 
decreased, while IL-28A treatment ameliorated these 
changes (Figure 4F). Overall, IL-28A was found to maintain 
epithelial barrier function by regulating the expression and 
distribution of claudin-1 in vitro.

IL-28A induces STAT1 phosphorylation both in vivo and 
in vitro

STAT1 is an important IL-28A inducible transcription 
factor and was reported to control intestinal mucosal 
healing (28). Here, we explored the effect of IL-28A on the 
activation of STAT1. We found that there was almost no 
expression of pSTAT1 in mice in the sham or I/R groups, 
while IL-28A treatment strongly increased pSTAT1 levels 
in intestinal epithelial cells (Figure 5A,B,C). Also, IL-28A 
stimulation induced the phosphorylation of STAT1 in 
Caco-2 cells, both under normoxic and hypoxic conditions 
(Figure 5D,E).

Blocking STAT1 phosphorylation decreases the expression 
of claudin-1 and counteracts the IL-28A-mediated 
upregulation of claudin-1 expression

To explore whether IL-28A regulates the expression of 
claudin-1 and maintains the epithelial barrier function 
through pSTAT1, we used fludarabine, a pSTAT1 
inhibitor, to block the activation of STAT1. We found that 
although STAT1 expression was largely unaffected, STAT1 
phosphorylation was obviously decreased by fludarabine 
treatment in a concentration-dependent manner in Caco-2  
cells (Figure 6A,B). Next, we investigated the effect of 
fludarabine on the expression of TJ proteins. The results 
showed that fludarabine successfully inhibited STAT1 

phosphorylation with or without IL-28A treatment  
(Figure 6C,D). Furthermore, the expression of claudin-1 
was decreased following pSTAT1 expression, although 
the expression of ZO-1 and occludin was not altered  
(Figure 6E,F,G,H). Also, immunofluorescence staining 
showed the destructive effects of fludarabine on the 
expression of claudin-1 (Figure 6I).

These data indicate that activation of STAT1 increases 
the expression of claudin-1, and IL-28A protects intestinal 
epithelial barrier function and upregulates claudin-1 
expression through the activation of STAT1.

Discussion

Intestinal I/R induces intestinal mucosal injury and gut 
barrier dysfunction, triggering subsequent bacterial 
translocation, systemic inflammation, multiple organ failure, 
and eventually death (31). However, the pathophysiological 
mechanisms of intestinal I/R are not completely understood, 
and there is no efficient treatment.

This study investigated the potential effects of IL-28A 
in intestinal I/R injury and hypoxia-challenged Caco-2 
cells. We confirmed that IL-28A plays important roles in 
relieving intestinal epithelial injuries and maintaining gut 
barrier function during murine intestinal I/R. Furthermore, 
IL-28A led to the activation of STAT1 and up-regulated 
claudin-1 expression, both in vivo and in vitro. Inhibiting 
pSTAT1 signaling by fludarabine reversed the effects of 
IL-28A on the expression and distribution of claudin-1 in 
Caco-2 cells. These results suggest that IL-28A regulates 
TJs and protects intestinal barrier function in a pSTAT1 
signaling-dependent pathway. 

An abundance of IL-28 is reported to be mainly 
at barrier surfaces such as the respiratory tract, liver, 
gastrointestinal tract, and blood-brain barrier. It is robustly 
expressed by epithelia and epithelial-origin cells such as 
hepatocytes and certain immune cells (23,32-34). Our study 
found that intestinal IL-28A was mainly expressed in the 
lamina propria and was obviously decreased in I/R. Previous 
studies have indicated that IL-28 conferred antiviral 
responses at epithelial barrier surfaces (35,36). Also, studies 
had discovered regulatory roles of IL-28 during chronic 
inflammation or autoimmune diseases when viral infections 
were absent, such as collagen-mediated arthritis (24), 
experimental allergic asthma (27), and T cell-mediated 
hepatitis (37). Additionally, a recent study indicated that 
IL-28A regulates gut homeostasis and promotes pSTAT1-
dependent mucosal wound healing in inflammatory bowel 
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Figure 4 The effects of IL-28A on the expression and localization of TJ proteins in vitro. Caco-2 cells were treated with IL-28A (100 nM) 
in normal or hypoxic conditions for 12 hours. (A) TER was detected. The data are shown as the means with SD (n=3). *, P<0.05, and ***, 
P<0.001. (B) The protein levels of ZO-1, occludin, claudin-1, and GAPDH were detected by western blot. GAPDH served as a loading 
control. (C-E) Relative expression of proteins was analyzed by densitometry. The data are shown as the means with SD (n=3). *, P<0.05 
and **, P<0.01; NS, not significant. (F) Claudin-1 (red) in Caco-2 cells treated as described was detected by immunofluorescence. Nuclei 
were counterstained with DAPI. Scale bar =20 µm. TJ, tight junction; TER, transepithelial electrical resistance; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase; SD, standard deviation; DAPI, 4’6-diamidino-2-phenylindole.
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Figure 5 IL-28A induces STAT1 phosphorylation. (A) pSTAT1 (red) in mice was detected by immunofluorescence. Nuclei were 
counterstained with DAPI. Scale bar =50 µm. (B) The protein levels of pSTAT1, STAT1, and GAPDH in mice were detected by western 
blot. GAPDH served as a loading control. (C) Relative expression of pSTAT1 was analyzed by densitometry. The data are shown as the 
means with SD (n=3). *, P<0.05; NS, not significant. (D) The protein levels of pSTAT1, STAT1, and GAPDH in Caco-2 cells treated 
as described were detected by western blot. (E) Relative expression of pSTAT1 was analyzed by densitometry. The data are shown as 
the means with SD (n=3). **, P<0.01; NS, not significant. DAPI, 4’6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase.
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disease (IBD) (28). Our study found that exogenous IL-
28A pretreatment relieved the changes caused by I/R. To 
our knowledge, this is the first study to demonstrate the 
protective role of IL-28A in intestinal mucosal morphology 
during acute intestinal I/R.

The intestinal epithelial barrier is critical for the 

maintenance of intestinal homeostasis (7). Studies 
indicate that disruption of intestinal barrier function has 
pathological effects on certain gastrointestinal diseases 
including IBD (38,39), coeliac disease (40,41), and intestinal 
I/R (42,43). Recent studies have shown that IL-28 exerts 
protective effects on the airway epithelial and blood-brain 

Merge
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Figure 6 IL-28A up-regulates claudin-1 expression via the pSTAT1 pathway. Caco-2 cells were treated with different amounts of 
fludarabine (0, 1, 10, and 100 nM) with or without IL-28A (100 nM) for 12 hours. (A) The protein levels of pSTAT1, STAT1 and GAPDH 
were detected by western blot. GAPDH served as a loading control. (B) Relative expression of pSTAT1 was analyzed by densitometry. The 
data are shown as the means with SD (n=3). *, P<0.05 and **, P<0.01. Caco-2 cells were treated with IL-28A (100 nM) with or without 
fludarabine (100 nM) for 12 hours. (C,E) The protein levels of pSTAT1, STAT1, ZO-1, occludin, claudin-1, and GAPDH were detected 
by western blot. GAPDH served as a loading control. (D,F-H) Relative expression of pSTAT1, ZO-1, occludin, and claudin-1 was analyzed 
by densitometry. The data are shown as the means with SD (n=3). *, P<0.05 and **, P<0.01; NS, not significant. (I) Claudin-1 (red) in 
Caco-2 cells treated as described was detected by immunofluorescence. Nuclei were counterstained with DAPI. Scale bar =20 μm. DAPI, 
4’6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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barriers (44,45). Also, IL-28 has been reported to protect 
the epithelial barrier function from salmonella infection 
in T84 cells (46). In the present study, we found that IL-
28A also had a critical role in maintaining intestinal barrier 
function during acute intestinal I/R. Also, IL-28A enhanced 
epithelial barrier function both under normal and hypoxic 
conditions in Caco-2 cells.

TJ proteins play important roles in maintaining intestinal 
epithelial barrier function. Intestinal epithelial barrier 
dysfunction is usually associated with the destruction 
of TJ proteins in various intestinal diseases, including 
intestinal I/R (7,9). A previous study showed that IL-28A 
could enhance the colocalization of ZO-1 and claudin-5 in 
endothelial cells (45). In this study, we found that intestinal 
I/R destroyed ZO-1 and occludin distribution, which was 
consistent with our previous research. Pretreatment with 
IL-28A ameliorated the disrupted distribution of ZO-1 
and occludin in vivo. However, IL-28A pretreatment 
did not affect ZO-1 and occludin expression in vivo and  
in vitro. Interestingly, IL-28A pretreatment up-regulated 
the expression of claudin-1, both in vivo and in vitro. 
The results showed that IL-28A protected the intestinal 
epithelial barrier through the regulation of claudin-1.

Stimulation of IL-28A leads to the activation of 
Janus kinases (JAK) and induces phosphorylation of the 
transcription factors STAT1 and STAT2, which is called 
the canonical JAK-STAT pathway (47). A recent study 
showed that the expression of STAT2 was low in primary 
IECs and that IL-28A mediated biological effects mainly 
by the pSTAT1 signaling pathway in IECs (28). Activation 
of STAT1 was previously reported to have a wide range of 
roles, such as suppressing tumors, resisting viral infection, 
and inducing inflammation (48). In the present study, we 
found that IL-28A strongly induced phosphorylation of 
STAT1, both in vivo and in vitro, while inhibiting STAT1 
signaling by fludarabine treatment counteracted the effects 
of IL-28A on the expression of claudin-1 in Caco-2 cells. 
Furthermore, the inhibition of STAT1 phosphorylation 
almost completely inhibited the expression of claudin-1, 
although it did not affect the expression of ZO-1 and 
occludin. These results suggest that IL-28A upregulates the 
expression of claudin-1 and maintains intestinal epithelial 
barrier function through the pSTAT1 pathway. 

However, there were still some limitations in the present 
study. Our study mainly focused on animal and cell culture 
models and lacked research on clinical samples. The 
potential of applying IL-28A in intervention for intestinal I/
R injury needs further exploration.

In conclusion, our study confirmed that IL-28A regulates 
intestinal epithelial TJs and maintains epithelial barrier 
function both in an intestinal I/R injury model and a 
hypoxia-challenged Caco-2 cell model. The protective 
roles of IL-28A in the intestinal barrier are through, or at 
least partly through, the pSTAT1 signaling pathway. These 
findings may provide new insight into the management of 
intestinal I/R.
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