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ABSTRACT.	 It remains unclear whether epithelial cell-derived cytokines, including interleukin 
(IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP), contribute to development of canine 
chronic enteropathy (CE), which includes antibiotic-responsive enteropathy (ARE), food-responsive 
enteropathy (FRE) and inflammatory bowel disease (IBD). In the present study, we examined 
mRNA expression of il-25, il-33 and tslp in the duodenal and colonic mucosae of dogs with ARE, 
FRE and IBD. Real-time PCR analysis revealed that mRNA expression of il-33 was significantly lower 
in the duodenum in dogs with FRE than in healthy dogs. The results suggest that epithelial cell-
derived cytokines may not be an inducer of Th2-type immunity in the gut of dogs with CE, and 
decreased expression of IL-33 may be involved in induction of FRE. Further studies are required to 
clarify roles of epithelial cell-derived cytokines, especially IL-33, in the pathogenesis of canine CE.
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Chronic enteropathy (CE) in dogs is characterized by persistent or recurrent gastrointestinal (GI) signs and mucosal 
inflammation in the intestine [1, 4]. CE is a group of disorders comprised of antibiotic-responsive enteropathy (ARE) that responds 
to antimicrobial therapy [5], food-responsive enteropathy (FRE) that responds to dietary trials [3] and inflammatory bowel disease 
(IBD) that incompletely responds to antibiotic and dietary trials and requires anti-inflammatory or immunosuppressive agents 
for management [22]. It has been suggested that mucosal barrier dysfunction, bacterial flora abnormalities and/or inappropriate 
reactions to dietary components lead to chronic dysregulation of mucosal immune responses in the intestines of dogs with CE [3–5, 
22]. However, detailed mechanisms for the development of canine ARE, FRE and IBD are not yet fully elucidated.

Intestinal epithelial cells (IECs) form a biochemical and physical barrier that segregates luminal microbiota and dietary elements 
from the mucosal immune system [14]. IECs were also shown to regulate innate and adaptive immunity at mucosal sites by 
expressing pattern-recognition receptors for microorganisms and producing a variety of humoral factors, including cytokines [14]. 
Thus, IECs play a pivotal role in intestinal homeostasis.

Epithelial cell-derived cytokines, including interleukin (IL)-25, IL-33 and thymic stromal lymphopoietin (TSLP), are released 
from IECs in response to tissue damage, allergen stimulation and helminth infection [6, 16]. These cytokines have been shown to 
enhance Th2-type immunity by stimulating dendritic cells, innate lymphoid cells, basophils and mast cells in mice and humans 
[6, 16]. It is also reported that IL-25, IL-33 and TSLP exhibit anti-inflammatory or immunoregulatory functions to maintain 
homeostatic conditions in the intestine [16]. Previous studies demonstrated aberrant expression of epithelial cell-derived cytokines, 
such as decreased expression of IL-25 [19] and TSLP [15], and increased expression of IL-33 [9], in human patients with IBD. 
These findings indicate that epithelial cell-derived cytokines contribute to the development of mucosal inflammation in the 
intestine by promoting Th2-type immune responses or dysregulating intestinal immune homeostasis in human patients with 
IBD. The pathological and immunological features of CE in dogs are in part similar to those of IBD; however, a distinct Th2 
polarization has not been demonstrated in dogs with CE [7]. Thus, it is possible that aberrant expression of epithelial cell-derived 
cytokines might be implicated in the pathogenesis of CE in dogs by disturbing the intestinal homeostasis. In the present study, as a 
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first step to clarify the significance of epithelial cell-derived cytokines in canine CE, we analyzed mRNA expression of il-25, il-33 
and tslp in the duodenal and colonic mucosae of dogs with CE.

Twenty-one dogs diagnosed with CE at the Tokyo University of Agriculture and Technology Animal Medical Center were 
included in this study. For diagnosis of CE, inclusion criteria were chronic GI signs, such as vomiting and/or diarrhea, over 
a duration of >3 weeks and histopathological evidence of inflammation in the duodenal and/or colonic mucosae obtained by 
endoscopic biopsy. Exclusion criteria were to rule out other causes of chronic GI signs, including metabolic disease, infection, 
parasitic disease, pancreatic insufficiency, hepatic disease and renal disease, by complete blood count, serum biochemistry 
profile, fecal examination, urinalysis, abdominal radiography and ultrasonography. Alimentary lymphoma was excluded by 
histopathological evaluation and negative results of polymerase chain reaction (PCR) for antigen receptor gene rearrangements for 
the T-cell receptor gamma-chain gene and the immunoglobulin heavy-chain gene (Canine-Lab, Tokyo, Japan) in duodenal and/
or colonic mucosal samples. After confirmation of CE, ARE, FRE and IBD were differentially diagnosed by antibiotic and dietary 
trials in each dog according to a previous report [18]. As an antibiotic trial, metronidazole (Flagyl; Shionogi & Co., Ltd., Osaka, 
Japan) (10–15 mg/kg, q12 hr) was orally administered to each dog for 2 weeks. When dogs did not respond to metronidazole, 
tylosin (Tylan; Eli Lilly Japan K.K., Kobe, Japan) (20 mg/kg, q12 hr) was orally administered for 2 weeks. ARE was diagnosed 
by complete resolution of GI signs with the antibiotic trial. After exclusion of ARE, a dietary trial was performed for diagnosis 
of FRE. Based on the dietary history in each dog, at least two different kinds of diets were selected from Anallergenic, 
Hypoallergenic, Selected Protein, Gastrointestinal Low Fat (Royal Canin Japon Inc., Tokyo, Japan), w/d [Hill’s-Colgate (Japan) 
Ltd., Tokyo, Japan] and home-made diets. A first diet was administered for 2 weeks. When dogs did not respond to the first diet, 
a second diet was administered for 2 weeks. FRE was diagnosed by complete resolution of GI signs with the dietary trial. After 
exclusion of ARE and FRE, dogs were finally diagnosed with IBD. GI signs of dogs with IBD were partially or completely 
improved by oral administration of prednisolone (Pfizer, Tokyo, Japan) (0.5–2.0 mg/kg, q24 hr). Clinical severity of 21 dogs with 
CE was scored according to the canine chronic enteropathy clinical activity index (CCECAI) [1].

Six healthy intact male beagles were used as a control group. The mean age ± standard deviation (SD) of the control dogs was 
3.8 ± 2.4 years (range, 1.2 to 6.4 years), and mean body weight ± SD was 11.1 ± 0.5 kg (range, 10.1 to 11.6 kg). Dogs were housed 
in individual cages and fed a commercial diet [Science Diet Adult; Hill’s-Colgate (Japan) Ltd.] once daily. Water was provided ad 
libitum. All procedures were approved by the Institutional Animal Care and Use Committee of Tokyo University of Agriculture and 
Technology.

Dogs were prepared for endoscopy by withholding food for at least 24 hr. Mucosal biopsy specimens were obtained from all 
dogs with endoscopic biopsy forceps under general anesthesia. Duodenal samples were collected from all dogs; colonic samples 
were collected from all healthy control dogs, and 16 out of 21 dogs with CE. More than six tissue specimens were obtained from 
each region. The duodenal and/or colonic biopsy specimens were subjected to histopathological analysis and graded according to 
the guideline of the world small animal veterinary association (WSAVA) international gastrointestinal standardization group [22]. 
A portion of the biopsy sample was immediately stored in RNAlater® Solution (Thermo Fisher Scientific, Waltham, MA, U.S.A.) 
according to the manufacturer’s instruction for preservation until RNA extraction.

Total RNA was extracted from biopsy specimens using NucleoSpin® RNA (Takara Bio, Otsu, Japan) and reverse-transcribed into 
cDNA using PrimeScriptTM RT Master Mix (Takara Bio). cDNA samples were subjected to real-time PCR analysis as described 
previously [11]. Primers for real-time PCR (Supplementary Table 1) were designed by a perfect real time support system (Takara 
Bio) and according to previous reports [8, 20]. In the duodenal mucosa, glyceraldehyde 3-phosphate dehydrogenase (gapdh), 
TATA-binding protein (tbp) and succinate dehydrogenase complex, subunit A (sdha) were used as reference genes according to a 
previous report [13]. In the colonic mucosa, gapdh, tbp and hydroxymethylbilane synthase (hmbs) were selected as reference genes 
as described previously [20]. Relative mRNA expression of the target genes was determined by the 2-ΔCt method, wherein each 
value is presented as an n-fold difference relative to the geometric mean of the three reference genes [21].

The normality of all data was analyzed by the Shapiro-Wilk test. Data between two groups were compared by the unpaired t test 
or the Mann-Whitney U test, depending on the normality. Data among groups were compared by one-way analysis of variance or 
the Kruskal-Wallis test, depending on the normality. When a significant difference was detected among groups, data between each 
pair were analyzed by the Tukey-Kramer test or the Steel-Dwass test as a post hoc analysis. The correlation between expression 
levels of il-33 mRNA and CCECAI or WSAVA score was evaluated by the Spearman’s rank correlation coefficient. Statistical 
analyses were performed using BellCurve for Excel software (Social Survey Research Information Co., Ltd., Tokyo, Japan). 
P<0.05 was considered statistically significant.

Among 21 dogs with CE, 3, 7 and 11 were diagnosed with ARE, FRE and IBD, respectively. The clinical and histopathological 
characteristics are summarized in Supplementary Table 2.

Expression levels of il-25, il-33 and tslp mRNA in the duodenal and colonic mucosae were compared between healthy dogs and 
dogs with CE; those were then compared among healthy dogs and dogs with ARE, FRE or IBD. In the duodenal mucosa, whereas 
expression levels of il-25 and tslp mRNA were not significantly different between healthy dogs and dogs with CE (Fig. 1A and 1E; 
P>0.05, respectively), those of il-33 mRNA in dogs with CE were significantly lower than those in healthy dogs (Fig. 1C; P<0.05). 
Among healthy dogs and dogs with ARE, FRE or IBD, whereas expression levels of il-25 and tslp mRNA were not significantly 
different (Fig. 1B and 1F; P>0.05, respectively), those of il-33 mRNA in dogs with FRE were significantly lower than those in 
healthy dogs in the duodenal mucosa (Fig. 1D; P<0.05). In the colonic mucosa, expression levels of il-25, il-33 and tslp mRNA 
were not significantly different between healthy dogs and dogs with CE (Fig. 2A, 2C and 2E; P>0.05, respectively) and among 
healthy dogs and dogs with ARE, FRE or IBD (Fig. 2B, 2D, and 2F; P>0.05, respectively).
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We next examined whether expression levels of il-33 mRNA in the duodenal mucosa correlated with the clinical and 
histopathological severity in dogs with FRE. No significant correlations were detected between expression levels of il-33 mRNA 
and CCECAI score (Supplementary Fig. 1A; rs=0.51, P>0.05) or between those of il-33 mRNA and WSAVA score (Supplementary 
Fig. 1B; rs=0.09, P>0.05) in the duodenal mucosa of dogs with FRE.

Accumulating evidence in mice and humans has revealed that IL-25, IL-33 and TSLP secreted by epithelial cells initiate Th2-
type immune responses in the skin, trachea and gut [6, 16]. In dogs with CE, no predominant Th1-, Th2- or Th17-type immunity 
has been demonstrated previously [7]. Consistent with this finding, the present study demonstrated that none of il-25, il-33 and 
tslp genes was upregulated in the duodenum and colon in dogs with ARE, FRE or IBD compared with that in the healthy controls. 
These results suggest that epithelial cell-derived cytokines, such as IL-25, IL-33 and TSLP, may not be an inducer of Th2-type 
immune responses in the gut of dogs with CE.

Fig. 1.	 Relative mRNA expression of epithelial cell-derived cytokines in the duodenal mucosa of dogs with chronic enteropathy (CE). 
Expression levels of il-25 (A and B), il-33 (C and D) and tslp (E and F) mRNAs were analyzed by real-time PCR in healthy dogs (n=6) and 
dogs with CE (n=21), which included dogs with antibiotic-responsive enteropathy (ARE) (n=3), food-responsive enteropathy (FRE) (n=7) 
and inflammatory bowel disease (IBD) (n=11). The horizontal lines in each group represent the mean value. Relative mRNA expression 
was compared between healthy dogs and dogs with CE by the Mann-Whitney U test and was compared among healthy dogs and dogs with 
ARE, FRE or IBD by the Kruskal-Wallis test, followed by the Steel-Dwass test. *P<0.05
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IL-33 functions as a danger signal or alarmin in IECs in response to tissue damage [12]. Several studies revealed that expression 
of IL-33 was increased at the mRNA and protein levels in IECs of human patients with IBD, especially ulcerative colitis (UC), 
which is characterized by predominant Th2-type immunity, suggesting a possible role of IL-33 in the induction of UC [9]. In 
murine models for intestinal inflammation, IL-33 has been shown to have both detrimental and anti-inflammatory roles, depending 
on the phase of inflammation [9, 12]. During the acute phase of dextran sodium sulfate (DSS)-induced colitis in mice, IL-33 
released by necrotic or damaged IECs recruited neutrophils, resulting in the onset of intestinal inflammation [12]. In contrast, 
during the recovery phase of DSS-induced colitis, IL-33 promoted wound healing and improved epithelial regeneration [10, 12]. 
An anti-inflammatory role for IL-33 was also demonstrated in trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice, 

Fig. 2.	 Relative mRNA expression of epithelial cell-derived cytokines in the colonic mucosa of dogs with chronic enteropathy 
(CE). Expression levels of il-25 (A and B), il-33 (C and D) and tslp (E and F) mRNAs were analyzed by real-time PCR in healthy 
dogs (n=6) and dogs with CE (n=16), which included dogs with antibiotic-responsive enteropathy (ARE) (n=3), food-responsive 
enteropathy (FRE) (n=4) and inflammatory bowel disease (IBD) (n=9). The horizontal lines in each group represent the mean 
value. Relative mRNA expression was compared between healthy dogs and dogs with CE by the Mann-Whitney U test for il-25 
and tslp and by the unpaired t test for il-33. Relative mRNA expression was compared among healthy dogs and dogs with ARE, 
FRE or IBD by the Kruskal-Wallis test for il-25 and tslp and by one-way analysis of variance for il-33.
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in which administration of IL-33 substantially ameliorated tissue injury and clinical signs of TNBS-mediated colitis [2]. It is 
suggested that anti-inflammatory effects of IL-33 were partially mediated by induction of regulatory T cells [2, 12]. A recent 
study also reported that IL-33 promoted the expansion and function of regulatory T cells in the intestine in mice [17]. The present 
study demonstrated that mRNA expression of il-33 was significantly lower in the duodenum in dogs with FRE than in healthy 
dogs. Considering anti-inflammatory roles for IL-33 during the recovery phase of intestinal inflammation, it can be assumed that 
normal expression of IL-33 may be implicated in the maintenance of homeostasis in intestinal mucosal immunity in dogs, whereas 
decreased expression of IL-33 could induce chronic inflammation in the gut of dogs with FRE through dysregulated recovery of 
the intestinal barrier function and impaired expansion and function of regulatory T cells. However, it remains unclear why mRNA 
expression of il-33 was decreased only in the duodenal mucosa of dogs with FRE and not in those with other forms of CE.

A major limitation of the present study was that only mRNA expression of il-25, il-33 and tslp was examined in the intestinal 
mucosa of a small number of dogs with CE. Further studies are required to clarify distribution and cellular sources of IL-25, IL-33 
and TSLP at protein levels in the canine intestine using a larger sample size. In addition, since the current study found that mRNA 
expression of il-33 was significantly lower in the duodenum in dogs with FRE than in healthy dogs, it would also be intriguing to 
elucidate how IL-33 differentially regulates the pathogenesis of ARE, FRE and IBD in dogs.
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