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Full Scientific Report

Introduction

Chronic inflammatory enteropathies (CIE) are important dis-
eases in dogs, the diagnosis of which requires the presence of 
chronic gastrointestinal signs (≥ 2 wk), histopathologic evi-
dence of intestinal mucosal inflammation, and the exclusion 
of other underlying causes.2,8,34 Canine CIE are classified 
based on response to dietary changes (food-responsive enter-
opathy, FRE) and antibiotic trials (antibiotic-responsive 
enteropathy), or the response to anti-inflammatory or immu-
nosuppressive treatment (immunosuppressant-responsive or 
-refractory enteropathy, IRE).2,8,10 Several biomarkers of 
inflammation have been evaluated in dogs with CIE,21 of 
which C-reactive protein (CRP), calprotectin (S100A8/A9 
protein complex), S100A12 (calgranulin C) protein, and 
alpha

1
-proteinase inhibitor (α

1
PI) appear to have clinical 

utility.14,17,20,23 Similar to inflammatory bowel disease (IBD) 
in humans, medical treatment of dogs with IRE usually 
involves corticosteroids and/or other immunosuppressive 
drugs2,8,10; more targeted treatment strategies would be desir-
able but are currently lacking.

Dysregulations of the innate immune response, in particu-
lar the signaling cascades of pattern recognition receptors 

(PRRs), have been linked to the development of chronic 
autoimmune diseases.3,32 The innate immune system plays a 
key role in the complex pathogenesis of CIE,16,19,27,34 and 
there is also evidence of PRR dysregulation in dogs with 
IRE.19 Further research in this area is needed to better char-
acterize the pathogenesis of CIE and to aid in the develop-
ment of more targeted treatment strategies.19

The receptor of advanced glycation end-products (RAGE) 
is a PRR that recognizes pathogen-associated molecular pat-
terns and endogenous molecular structures released at sites 
of inflammation or tissue damage.3,19,32 Full-length RAGE is 
a type I transmembrane glycoprotein that is constitutively 
expressed on the surface of certain cells (e.g., alveolar cells); 
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1
-proteinase inhibitor (α

1
PI). Serum sRAGE levels were not associated with clinical disease 

activity, serum CRP, serum and fecal α
1
PI, calprotectin, or S100A12 concentrations. Microscopic lesions in the duodenum 

were more severe in dogs with serum sRAGE concentration ≤ 340 ng/L (p = 0.013). Serum sRAGE levels were weakly and 
inversely correlated with the severity of lymphoplasmacytic infiltration in the gastric antrum and duodenum, and with crypt 
dilation and the neutrophilic infiltrate in the duodenum, in univariate analysis (all p < 0.05), but none of the correlations 
remained statistically significant after correction for multiple comparisons. Our study confirms that CIE in dogs is associated 
with decreased serum sRAGE concentrations, suggesting a dysregulated sRAGE/RAGE axis.

Key words: canine; ELISA; inflammatory bowel disease; innate immunity; pattern recognition receptor; RAGE; receptor 
for advanced glycation end-products.

https://us.sagepub.com/en-us/journals-permissions
https://jvdi.sagepub.com
mailto:isabel.garcia@kleintierklinik.uni-leipzig.de


RAGE deficiency in canine chronic inflammatory enteropathy 665

its expression in other cells (e.g., macrophages) is induced 
by the accumulation of RAGE ligands (i.e., existence of a 
proinflammatory microenvironment) or the activation of 
certain transcription factors (e.g., nuclear factor–κB).3,19,25 
Sustained RAGE-ligand interaction was suggested to be 
associated with the perpetuation and amplification of the 
proinflammatory immune response in autoimmune dis-
eases, such as human IBD.3,26 Shortened isoforms of 
RAGE, such as the decoy receptor soluble RAGE (sRAGE), 
which results from alternative splicing or proteolytic cleav-
age,19,25 can abrogate the RAGE-ligand interaction and thus 
modulate downstream signaling.3,26 A 2019 experimental 
study also indicated that the RAGE signaling pathway 
plays a key role in intestinal inflammation as it promotes 
oxidative stress and endothelial activation, and that inter-
ference with the RAGE pathway presents a promising ther-
apeutic target in patients with IBD.4

The canine RAGE gene and its gene products have been 
characterized,28 and the expression of RAGE in canine 
lymphoma and histiocytic sarcoma has been evaluated.29,30 
RAGE is also expressed in the intestinal mucosa in dogs 
(Fig. 1). In a pilot study, serum sRAGE concentrations 
were decreased in a small group of dogs with CIE com-
pared to healthy controls and normalized only in those 
dogs that experienced full clinical remission during the 
induction phase of therapy.15 However, the association 
between serum sRAGE, disease severity, and other inflam-
matory biomarkers has not been studied extensively in 
canine CIE. Thus, further evaluation of the sRAGE/RAGE 
axis in canine CIE is warranted.

We hypothesized that serum sRAGE concentrations in 
dogs with CIE correlate with 1) the severity of clinical signs, 
2) the severity of microscopic lesions, and 3) with the con-
centrations of serum and fecal biomarkers of inflammation 
or protein loss. To test these hypotheses, we evaluated serum 
sRAGE concentrations in a large group of dogs with CIE and 
correlated serum sRAGE concentration with 1) a clinical dis-
ease activity score, 2) a histologic disease score, and 3) the 
concentrations of serum CRP and serum and fecal calprotec-
tin, S100A12, and α

1
PI.

Materials and methods

Ethics approval

Our study was approved by the Clinical Research Review 
Committee (CRRC approval TAMU 2009-06, approved 
01-15-2009) and the Institutional Animal Care and Use Com-
mittee at Texas A&M University (IACUC approval TAMU 
2012-083, approved 05-22-2012). A letter of informed con-
sent was signed by the owner to enroll dogs in the study.

Study population

We included 102 dogs diagnosed with CIE in our study (Fig. 
2). These dogs were enrolled over a 61-mo period (Sept 2009–
Oct 2014) and were recruited at the Veterinary Teaching Hos-
pital at Texas A&M University (College Station, TX; n = 6) or 
at one of several small animal referral hospitals across the 
United States (n = 96). Inclusion criteria were the presence of 
gastrointestinal clinical signs for at least 2–3 wk, exclusion of 
other identifiable causes (i.e., atypical hypoadrenocorticism, 
exocrine pancreatic insufficiency), and intestinal mucosal 
infiltration with inflammatory cells confirmed by histopathol-
ogy.34 There were no restrictions on canine breed or age. The 
exclusion criteria were the diagnosis of other causes of the 
gastrointestinal clinical signs (e.g., alimentary lymphoma), the 
lack of gastrointestinal tissue biopsies, or insufficient sample 
material for serum sRAGE analysis. Some of the data from 
these dogs have been published previously.20

Routine diagnostic investigation of dogs included a physical 
examination; hematology (performed at the institution recruit-
ing the case or at the Texas Veterinary Medical Diagnostic 
Laboratory), serum biochemistry profile (LiquiColor, Sirrus 
clinical chemistry analyzer; Stanbio Laboratory) with a bile 
acid stimulation test or an ACTH stimulation test if indicated, 
and urinalysis (with a urine culture and/or a urine protein-to-
creatinine ratio if indicated); fecal endoparasite screen; abdom-
inal diagnostic imaging (ultrasonography and/or radiographs); 
a gastrointestinal profile including serum canine trypsin-like 
immunoreactivity (cTLI), specific canine pancreatic lipase 
(Spec cPL), cobalamin (n = 101), folate (n = 101), and gastrin 
concentration. Hypoalbuminemia was defined as mild (serum 
albumin concentration 15–20 g/L), moderate (12–14.9 g/L), or 
severe (< 12 g/L), and dogs with a serum cobalamin concentra-
tion < 300 ng/L were classified as hypocobalaminemic.

Figure 1.  Intestinal mucosal expression of the receptor for 
advanced glycation end-products (RAGE). Fluorescence microscopy 
image of a colonic mucosal biopsy obtained from a dog diagnosed 
with moderate diffuse lymphoplasmacytic and eosinophilic chronic 
colitis. The image shows multifocal positive immunostaining (pink 
fluorescence; arrows) for RAGE that is located predominantly 
in the colonic epithelium. Bar = 50 μm. Inset: representative 
negative control (primary antibody omitted) confirming absence 
of nonspecific staining. Arrows indicate artificial autofluorescence 
caused by erythrocytes. Bar = 50 μm.
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At the time of evaluation, each patient (except for one 
dog) was assigned a canine chronic enteropathy clinical 
activity index (CCECAI) score,1 which considers the general 
attitude and activity of the dog, appetite, frequency of vomit-
ing, stool consistency and frequency of defecation, weight 
loss, serum albumin concentration, peripheral edema or asci-
tes, and pruritus. Individual CCECAI criteria can range from 
0–3 (0 = normal, 1 = slightly abnormal, 2 = moderately 
abnormal, 3 = severely abnormal), and the cumulative CCE-
CAI score is interpreted as clinically insignificant disease 
(score 0–3), mild disease (score of 4–5), moderate disease 
(score of 6–8), severe disease (score of 9–11), or very severe 
disease (score of ≥ 12).1

Endoscopy of the gastrointestinal tract (n = 94) or lapa-
rotomy (n = 8) with collection of tissues biopsies was per-
formed on each dog. Several biopsies were taken from 
different locations in the gastrointestinal tract (stomach—
range: 1–24, median: 12; duodenum—range: 1–29, median: 
13; ileum—range: 1–22, median: 4; colon—range: 1–44, 
median: 14). The tissue samples were subjected to routine 
histologic evaluation9,34 through the Texas A&M University 

Gastrointestinal Laboratory Histopathology service and were 
evaluated by 1 of 9 board-certified anatomic pathologists 
with special expertise in small animal gastrointestinal pathol-
ogy. Tissue biopsies were histologically evaluated using the 
structural and inflammatory criteria of the World Small Ani-
mal Veterinary Association Gastrointestinal Standardization 
grading system.9,34 A score of 0 was assigned to normal tis-
sues, 1 for mild histologic lesions, 2 for moderate histologic 
lesions, and 3 for severe histologic changes. Individual and 
cumulative lesion scores (calculated as the sum of individual 
lesion scores of the stomach, duodenum, ileum, and colon) 
were considered for data and statistical analyses.

Follow-up samples and/or information were available for 
20 dogs and for a period of 1–10 mo. Patients were diagnosed 
with FRE based on the clinical response to an elimination 
diet with a protein hydrolysate or a novel protein and carbo-
hydrate source (2 of these 5 dogs had received antibiotic 
treatment without a clinical response), whereas dogs that 
required anti-inflammatory or immunosuppressive treatment 
were classified as IRE (8 of these 15 dogs also received met-
ronidazole or tylosin as part of their treatment plan).

Figure 2.  Study flowchart. Of the 104 dogs considered for inclusion in the study, 102 dogs were included. Data from all 102 dogs were 
included in the first part of the study (I: correlation with clinical disease severity) and in the second part of the study (II: correlation with the 
severity of histologic lesions); data from a subset of these dogs were included in the third part of the study (III: correlation with biomarkers 
of gastrointestinal inflammation or protein loss). #available from 101 dogs.
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Sample collection and analysis

Serum samples from dogs included in our study were also 
used for measurement of CRP (n = 100), calprotectin (n = 55), 
S100A12 (n = 39), and α

1
PI (n = 99). In addition, calprotectin 

(n = 79), S100A12 (n = 39), and α
1
PI concentrations (n = 94) 

were measured in fecal samples from 3 consecutive days. 
Not all markers could be analyzed in samples from all dogs 
given the amount of sampling material available.

Serum sRAGE concentrations were measured in archived 
samples (stored at −80°C for 1–72 mo) by ELISA as described 
previously.15 Briefly, 96-well plates were coated with 150 ng 
of polyclonal anti-canine RAGE antibody (sheep anti-
recombinant canine RAGE; R&D Systems). Following a 
wash step, nonspecific binding sites were blocked with 30% 
(v/v) newborn calf serum and 1% (v/v) Triton X-100 (Thermo 
Fisher) in phosphate-buffered saline (PBS; assay buffer). 
Plates were then incubated with test samples (diluted 1 in 2 
[50% each] in assay buffer, each sample tested in duplicate), 
calibrator solutions with different canine RAGE concentra-
tions (5,000, 2,000, 1,000, 500, 200, 100, and 20 ng/L in 
assay buffer), and assay blanks (assay buffer). After another 
wash step, plates were incubated with a biotinylated poly-
clonal anti-canine RAGE antibody (60 ng/well; R&D Sys-
tems) and were washed again. NeutrAvidin–horseradish 
peroxidase (NA-HRP; Thermo Fisher Scientific) in PBS 
with 1% (w/v) bovine serum albumin (20 ng/well) was added 
to each plate, and after a wash step each well received a 
stabilized 3,3’,5,5’-tetramethylbenzidine substrate. After 
10 min, the reaction was stopped by adding 4 M acetic acid, 
and the absorbance in each well was measured at 450 nm by 
use of an automated plate reader. A 5-parameter logistic 
curve fit was used to determine canine serum sRAGE con-
centrations in test samples. The limit of detection (LOD) of 
the assay has previously been reported at 52 ng/L.15

Serum CRP concentrations were measured using a com-
mercial ELISA (Phase CRP; Tri-Delta Diagnostic). Calpro-
tectin and S100A12 concentrations in serum and fecal 
samples were tested using previously established and ana-
lytically validated species-specific sandwich ELISAs11,18; 
serum and fecal α

1
PI were measured using an in-house 

radioimmunoassay.12,13

Statistical analysis

Normality of the data and equality of variances were tested 
by using a Shapiro–Wilk test and a Brown–Forsythe test, 
respectively. Summary statistics are presented as median and 
interquartile ranges (IQR) or ranges. Serum sRAGE concen-
trations were compared among the different groups of dogs 
using nonparametric group comparisons (Wilcoxon rank-
sum test or Kruskal–Wallis test with Dunn post-hoc com-
parisons). A potential relationship of serum sRAGE levels 
with clinical disease activity (CCECAI scoring system), his-
tologic lesion severity (4-point semi-quantitative grading 

system), and serum and fecal inflammatory marker concen-
trations was tested using a likelihood ratio test for associa-
tion or calculation of a Spearman rank-sum correlation 
coefficient ρ. Sensitivity and specificity were calculated as 
the true-positive and true-negative rate, respectively (dichot-
omous data), or by construction of a receiver operating char-
acteristic curve with a Youden index for determination of the 
optimum cutoff value (continuous data). Statistical signifi-
cance was set at p ≤ 0.05, and a Holm sequential Bonferroni 
correction was applied for multiple comparisons.22 A com-
mercial statistical software package (JMP v.13; SAS) was 
used for all statistical analyses.

Results

Study population

A total of 102 dogs met the inclusion criteria (Fig. 2, Table 
1). Dogs were 4–9 y old, and there was an approximately 
even sex distribution. Most dogs were purebred (82%). Clin-
ical disease activity (CCECAI) scores and histologic lesions 
scores varied from mild to severe or very severe. Approxi-
mately one third of the dogs were hypoalbuminemic (29%), 
and 33% of the dogs were hypocobalaminemic.

Serum sRAGE concentrations

Serum sRAGE concentrations were 52–3,260 ng/L (median: 
287 ng/L) in all CIE dogs, with 65 dogs (64%) having a 
serum sRAGE concentration ≤ 340 ng/L (cutoff value that 
has previously been shown to provide the best separation of 
CIE dogs from healthy control dogs15; Table 1). Twelve dogs 
(12%) had a serum sRAGE concentration below the LOD of 
52 ng/L. Prior corticosteroid treatment (p = 0.150, Wilcoxon 
rank-sum test) or disease duration (p = 0.387, Spearman cor-
relation analysis) did not affect serum sRAGE concentra-
tions. Age was also not correlated with serum sRAGE 
concentrations (ρ = 0.16, p = 0.108), and serum sRAGE con-
centrations did not differ between purebred (median: 
287 ng/L, IQR: 153–432 ng/L) and mixed-breed (median: 
275 ng/L, IQR: 178–637 ng/L; p = 0.772) dogs.

Correlation of serum sRAGE concentrations 
with clinical and histologic disease severity

Serum sRAGE concentrations were not associated with the 
severity of clinical signs (CCECAI scores; ρ = −0.07, 
p = 0.460). A higher maximum overall histologic lesion score 
was associated with a serum sRAGE concentration ≤ 340 ng/L 
(p = 0.028; sensitivity: 73%, specificity: 48%), and micro-
scopic lesions in the duodenum were more severe in dogs 
with serum sRAGE levels ≤ 340 ng/L (p = 0.013; Fig. 3). A 
cumulative microscopic lesion score in the duodenum of ≥ 4 
was detected by a serum sRAGE concentration of ≤ 340 ng/L 
with a sensitivity of 57% and a specificity of 68%. Serum 
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Table 1.  Characteristics of the 102 dogs included in our 
study of biomarkers of inflammation in cases of canine chronic 
inflammatory enteropathy.

Group characteristic Value

Total number 102
Age median (IQR) 6.8 (4–9)
Sex: male (castrated)/female (spayed) 50 (44)/52 (50)
Body weight (kg), median (IQR) 14.6 (6.5–24.8)
Dog breed, n
  Purebred 84 (82%)
    German Shepherd 14 (14%)
    Yorkshire Terrier 7 (7%)
  Mixed-breed 18 (18%)
Disease duration (mo), median (IQR) 3 (1–8)
Prior glucocorticosteroid treatment 11 (11%)
Biopsy type, n
  Endoscopic 94 (92%)
  Surgical 8 (8%)
No. of biopsies per site, median (IQR)
  Stomach (n = 89) 12 (10–16)
    Endoscopic 13 (10–17)
    Surgical 2 (1–4)
  Duodenum (n = 90) (8–17)
    Endoscopic 13 (11–17)
    Surgical 1 (1)
  Ileum (n = 22) 4 (1–11)
    Endoscopic 8 (4–14)
    Surgical 1 (1–2)
  Colon (n = 28) 14 (10–17)
    Endoscopic 15 (10–17)
    Surgical 2 (1–2)
Histologic lesion score, median (IQR)
  Stomach 1 (0–2)
  Duodenum 1 (1–2)
  Ileum 2 (0–2)
  Colon 1 (1–2)
  Overall lesion score 2 (1–2)
CCECAI score, median (IQR)* 7 (5–11)
Clinical disease severity, n
  Mild† 37 (37%)
  Moderate‡ 21 (21%)
  Severe§ 24 (24%)
  Very severe¦ 19 (19%)
Serum sRAGE concentration (ng/L), 

median (IQR)
287 (154–472)

  > 340 ng/L, n 37 (36%)
  ≤ 340 ng/L, n 65 (64%)
  52–340 ng/L, n 53 (52%)
  ≤ 52 ng/L, n 12 (12%)
Serum albumin concentration (g/L), median 

(IQR)
26 (19–30)

Hypoalbuminemia, n 29 (29%)
  Mild# 14 (14%)
  Moderate¶ 9 (9%)
  Severe** 6 (6%)

Group characteristic Value

Serum cobalamin concentration (ng/L), 
median (IQR)*

319 (212–678)

  Hypocobalaminemia,†† n 33 (33%)
Serum folate (µg/L), median (IQR)* 12.4 (9.4–16.0)
  Hypofolatemia, n 16 (16%)
  Hyperfolatemia, n 5 (5%)
Serum CRP (mg/L), median (IQR) (n = 100) 8.6 (1.2–26.6)
Fecal calprotectin (µg/g), median (IQR) 

(n = 79)
1.5 (0.5–17.0)

Serum calprotectin (mg/L), median (IQR) 
(n = 55)

6.3 (4.1–8.9)

Fecal S100A12 (ng/g), median (IQR) 
(n = 85)

131 (21.3–864)

Serum S100A12 (µg/L), median (IQR) 
(n = 39)

211 (148–339)

Fecal α
1
PI (µg/g), median (IQR) (n = 94) 7.4 (3.8–23.8)

Serum α
1
PI (mg/L), median (IQR) (n = 99) 1,290 (1,005–1,493)

CCECAI = canine chronic enteropathy clinical disease activity index;  
CRP = C-reactive protein; IQR = interquartile range.
* Available from 101 dogs.
† CCECAI score of 4–5.
‡ CCECAI score of 6–8.
§ CCECAI score of 9–11.
¦ CCECAI score of ≥ 12.
# Defined as a serum albumin concentration 15–20 g/L.
¶ Defined as a serum albumin concentration 12–14.9 g/L.
** Defined as a serum albumin concentration < 12 g/L.
†† Defined as a serum cobalamin concentration < 300 ng/L.

(continued)

Table 1. (continued)

sRAGE was significantly and inversely correlated with the 
severity of lymphoplasmacytic infiltration in the gastric 
antrum (ρ = −0.22, p = 0.038) and duodenum (ρ = −0.25, 
p = 0.017), and with crypt dilation (ρ = −0.23, p = 0.027) and 
neutrophilic infiltrate in the duodenum (ρ = −0.21, p = 0.044), 
in univariate analysis, but none of the results remained statis-
tically significant after correction for multiple comparisons 
(Table 2). No other correlations of histologic criteria with 
serum sRAGE concentrations were identified.

Correlation of serum sRAGE concentrations 
with other inflammatory biomarkers

Serum sRAGE concentrations were not associated with 
serum CRP concentrations (n = 100; ρ = 0.04, p = 0.708), nor 
with the concentration of serum (n = 55; ρ = −0.08, p = 0.551), 
or fecal calprotectin (n = 79; ρ = 0.12, p = 0.277), or fecal 
S100A12 (n = 85; ρ = 0.17, p = 0.132). Serum sRAGE and 
S100A12 concentrations were also not significantly corre-
lated (n = 39; ρ = −0.17, p = 0.095; Fig. 4).

Correlation of serum sRAGE concentrations 
with other prognostic markers

Dogs with more moderate or severe hypoalbuminemia (i.e., 
a serum albumin concentration < 15 g/L) had numerically 
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lower serum sRAGE concentrations (median: 242 ng/L, 
IQR: 76–340 ng/L) compared to dogs with normoalbumin-
emia or mild hypoalbuminemia (i.e., a serum albumin con-
centration ≥ 15 g/L; median: 297 ng/L, IQR: 161–519 ng/L; 
Fig. 5), but this difference was not statistically significant 
(p = 0.095). There was also no significant difference in 
serum sRAGE concentrations between dogs with hypoco-
balaminemia (i.e., a serum cobalamin concentration 
< 300 ng/L; median: 266 ng/L, IQR: 201–422 ng/L) and 
dogs with normocobalaminemia (i.e., serum cobalamin 
concentrations ≥ 300 ng/L; median: 296 ng/L, IQR: 140–
499 ng/L; p = 0.891). Also, there was no correlation between 
serum sRAGE and serum (n = 99; ρ = −0.05, p = 0.640) or 
fecal α

1
PI concentrations (n = 94; ρ = −0.15, p = 0.154).

Association of serum sRAGE concentrations 
with response to treatment

Serum sRAGE concentrations were lower in dogs diagnosed 
with IRE (n = 15; median: 248 ng/L, IQR: 52–554 ng/L) com-
pared to dogs with FRE (n = 5; median: 415 ng/L, IQR: 217–
565 ng/L), but the difference was not statistically significant 
(p = 0.189; Table 3).

Discussion

The weak correlation between the severity of histologic 
lesions in the proximal gastrointestinal tract (i.e., duodenal 
lymphoplasmacytic and neutrophilic infiltrate, duodenal 
crypt dilation, and lymphoplasmacytic infiltration in the gas-
tric antrum)—which did not remain significant after correc-
tion for multiple comparisons—together with the decrease in 
serum sRAGE concentrations might suggest a dysregulation 
of the sRAGE/RAGE axis in canine CIE, suggesting that 
sRAGE and also intestinal RAGE expression is of interest to 
further study the pathology of CIE. The serum sRAGE decoy 
receptor deficiency might signal a perturbation in membrane-
bound RAGE signaling (i.e., an increased activation of the 
receptor causing proinflammatory intracellular signaling), 
either as a cause or consequence of the disease. This finding 
is also interesting, considering the potential worse prognosis 
of CIE dogs with more severe mucosal lesions in the duode-
num1 and our previous finding that serum sRAGE concentra-
tions subsequently increased only in those dogs with a 
complete response to treatment.15 These findings differ 
slightly from the results of our previous pilot study in which 
no correlation was seen between histologic lesions and serum 
sRAGE concentrations,15 but a limitation of that study was 
the small sample size. Also, endoscopic lesion scores were 
not obtained in our current study and could not be evaluated 
for a possible association with serum sRAGE concentrations. 
Our results agree with the inverse relationship between 
serum sRAGE concentrations and the severity of histologic 
lesions in patients with Crohn disease,7 although the primary 
disease location in human Crohn disease differs from the dis-
tribution of lesions in dogs with CIE.5 Intestinal expression 
of RAGE at the protein level was also shown to correlate 
with inflammatory lesions in human patients with IBD.31 
Although histologic lesion severity was not evaluated, 
another study found that plasma sRAGE concentrations cor-
related with the severity of endoscopic lesions in patients 
with IBD.25 Whether genetic defects in the RAGE gene also 
contribute to a dysregulation in the sRAGE/RAGE axis33 in 
canine CIE is unknown and requires further investigation.

In contrast to the severity of histologic lesions, the severity 
of clinical signs was not correlated with serum sRAGE con-
centrations in our study. This finding is consistent with the 
lack of correlation between RAGE positivity and clinical dis-
ease activity index in human IBD patients, but serum sRAGE 
concentrations were not evaluated in that study.6 However, 
our findings are in contrast with another study that showed an 

Figure 3.  Association of gastrointestinal histologic lesions with 
serum soluble RAGE (sRAGE) concentrations in dogs with chronic 
inflammatory enteropathy (CIE; n = 102). A. Patients with moderate-
to-severe histologic lesions (score 2–3) had numerically lower serum 
sRAGE concentrations (median: 257 ng/L, interquartile range [IQR]: 
126–413 ng/L; n = 56) compared to dogs with no more than mild 
histologic lesions (score: 0–1; median: 326 ng/L, IQR: 207–573 ng/L; 
n = 46), but no significant difference in serum sRAGE concentration 
was found between the groups of dogs (p = 0.157). B. Cumulative 
histologic lesion scores in the duodenum in dogs with CIE and a 
serum sRAGE concentration ≤ 340 ng/L were significantly higher 
(median: 4, IQR: 2–6; n = 61) compared to dogs with a serum sRAGE 
concentration > 340 ng/L (median: 3, IQR: 1–5; n = 34; p = 0.013). 
Asterisk (*) indicates significant difference at p < 0.05.
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Table 2.  Correlation between serum soluble RAGE (receptor for advanced glycation end-products) and histologic lesions in dogs with 
chronic inflammatory enteropathy (n = 102) included in the study.

Parameter correlated with serum sRAGE concentrations Spearman ρ p value p
corr

 value

Histologic lesions (composite score) −0.15 0.136 0.136
  Morphologic criteria (composite score) −0.13 0.198 0.396
  Inflammatory criteria (composite score) −0.09 0.357 0.714
Stomach
  Morphologic criteria 0.01 0.973 NS
    Fundus  
      Surface epithelial injury 0.04 0.721 NS
      Gastric pit epithelial injury −0.13 0.249 0.747
      Mucosal fibrosis −0.04 0.722 NS
    Antrum  
      Surface epithelial injury −0.03 0.770 NS
      Gastric pit epithelial injury 0.15 0.162 0.486
      Mucosal fibrosis −0.01 0.903 NS
  Inflammatory criteria −0.12 0.269 0.269
    Fundus  
      Intraepithelial lymphocytes −0.07 0.509 NS
      Lamina propria LPC −0.13 0.228 NS
      Lamina propria eosinophils 0.14 0.204 NS
      Lamina propria neutrophils NA NA NA
      Lamina propria MΦ 0.07 0.486 NS
      Lymphoid follicular hyperplasia −0.01 0.978 NS
    Antrum  
      Intraepithelial lymphocytes −0.10 0.359 NS
      Lamina propria LPC −0.22 0.038 0.228
      Lamina propria eosinophils −0.03 0.789 NS
      Lamina propria neutrophils 0.14 0.209 NS
      Lamina propria MΦ −0.03 0.812 NS
      Lymphoid follicular hyperplasia −0.10 0.369 NS
Duodenum (composite score) −0.19 0.070 0.210
  Morphologic criteria (sum) −0.14 0.189 0.378
    Villus stunting −0.10 0.354 NS
    Epithelial injury 0.03 0.759 NS
    Crypt distension −0.23 0.027 0.135
    Lacteal dilation −0.11 0.310 NS
    Mucosal fibrosis 0.07 0.512 NS
  Inflammatory criteria (sum) −0.14 0.189 0.378
    Intraepithelial lymphocytes −0.05 0.602 NS
    Lamina propria LPC −0.25 0.017 0.085
    Lamina propria eosinophils 0.01 0.902 NS
    Lamina propria neutrophils −0.21 0.044 0.176
    Lamina propria MΦ 0.12 0.256 0.768
Ileum (composite score) 0.11 0.629 NS
  Morphologic criteria (sum) 0.09 0.670 NS
    Villus stunting 0.13 0.545 NS
    Epithelial injury 0.20 0.346 NS
    Crypt distension 0.24 0.254 NS
    Lacteal dilation −0.25 0.238 NS
    Mucosal fibrosis NA NA NA
  Inflammatory criteria (sum) 0.10 0.645 NS
    Intraepithelial lymphocytes 0.04 0.843 NS
    Lamina propria LPC 0.17 0.417 NS
    Lamina propria eosinophils 0.06 0.781 NS

(continued)
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Figure 4.  Association of serum sRAGE and S100A12 
concentrations in dogs with chronic inflammatory enteropathy (CIE; 
n = 93). Dogs with an undetectable serum sRAGE concentration 
(≤ 52 ng/L; n = 10) had numerically higher serum S100A12 
concentrations (median: 316 μg/L, interquartile range [IQR]: 
197–447 μg/L) compared to dogs with detectable serum sRAGE 
concentrations (median: 207 μg/L, IQR: 127–320 μg/L; n = 83) but 
there was no significant difference between the groups (p = 0.081).

Figure 5.  Association of hypoalbuminemia and serum sRAGE 
concentrations in dogs with chronic inflammatory enteropathy 
(CIE). Dogs with more severe hypoalbuminemia (n = 15) had 
numerically lower serum sRAGE concentrations (moderate 
hypoalbuminemia—median: 252 ng/L, interquartile range [IQR]: 
103–381 ng/L; severe hypoalbuminemia—median: 215 ng/L, 
IQR: 70–286 ng/L) than dogs with normoalbuminemia (median: 
297 ng/L, IQR: 137–499 ng/L) or mild hypoalbuminemia (median: 
285 ng/L, IQR: 212–782 ng/L; n = 86), but there were no significant 
differences among those groups of dogs (p = 0.303).

Parameter correlated with serum sRAGE concentrations Spearman ρ p value p
corr

 value

    Lamina propria neutrophils −0.06 0.786 NS
    Lamina propria MΦ 0.20 0.341 NS
Colon (composite score) −0.07 0.692 NS
  Morphologic criteria (sum) −0.20 0.262 0.524
    Epithelial injury −0.11 0.550 NS
    Crypt distension −0.23 0.177 0.708
    Change in goblet cells 0.04 0.833 NS
    Mucosal fibrosis −0.11 0.542 NS
  Inflammatory criteria (sum) 0.08 0.649 NS
    Intraepithelial lymphocytes −0.14 0.418 NS
    Lamina propria LPC 0.08 0.668 NS
    Lamina propria eosinophils 0.15 0.389 NS
    Lamina propria neutrophils −0.06 0.731 NS
    Lamina propria MΦ 0.02 0.910 NS

LPC = lymphocytes/plasma cells; MΦ = macrophages; NA = not applicable; NS = not significant; p
corr

 = Holm–Bonferroni corrected p value (n = 2, 3, 4, 5, or 6). Values in bold 
indicate significance at p < 0.05.

Table 2. (continued)

inverse correlation between clinical disease activity and 
serum sRAGE concentrations in Crohn disease and ulcerative 
colitis patients.7 Similar to our results, a study6 also found no 
correlation with prior treatment or disease duration in people.

Serum sRAGE concentrations were not correlated with 
any of the serum or fecal biomarkers of inflammation or 
protein loss that we evaluated, and only a trend of an asso-
ciation was seen for serum S100A12 concentrations. This 
could be explained by spatial and/or temporal differences in 
the expression of these molecules and also by the recog-
nition of various 3-dimensional molecular structures by 
RAGE, which includes exogenous ligands and also 
endogenous molecules such as the S100/calgranulin pro-

teins.3 Consistent with the results of our study, a correla-
tion of serum sRAGE with fecal calprotectin or serum 
S100A12 concentrations was also not found in patients with 
Crohn disease, whereas an inverse correlation existed 
between serum sRAGE and fecal calprotectin concentration 
in patients with ulcerative colitis.7 Lack of a relationship 
between serum sRAGE and CRP concentrations in canine 
CIE also agrees with the results in patients with ulcerative 
colitis7 but differs from findings in patients with Crohn 



	 Cabrera-García et al.672

disease.7,25 Thus, further evaluation of the ligand-RAGE 
pathways and the sRAGE/RAGE axis is warranted.

We acknowledge that our study had some limitations. 
First, the possibility of a concurrent disease process (e.g., 
chronic or subclinical pancreatitis) being present and 
affecting serum sRAGE concentrations in some dogs can-
not be excluded entirely. Also, fecal viral screening tests 

are not included in the standard diagnostic work-up of 
patients with a suspicion of CIE.2,8,10,24 Thus, the possibility 
of a (concurrent) infectious (e.g., chronic viral or occult 
parasitic) gastrointestinal disease cannot be entirely 
excluded in the dogs in our study. Although we included 
many dogs with CIE, the smaller size of the subgroups of 
dogs with FRE and dogs with SRE or IRE presents another 

Table 3.  Characteristics of dogs with food-responsive enteropathy (FRE) or immunosuppressant-responsive/-refractory enteropathy 
(IRE) with available case outcomes (n = 20).

Group characteristic FRE IRE

Total number 5 15
Age (y), median (IQR) 8 (1–10) 8 (7–10)
Sex: male/female 3/2 8/7
Body weight (kg), median (IQR) 19.4 (9.1–37.6) 12.4 (4.4–25.0)
Follow-up time (mo), median (IQR) 15 (6–18) 9 (4–12)
CCECAI score, median (IQR) 6 (3–8) 9 (5–10)
Clinical disease severity, n
  Mild* 2 (40%) 4 (27%)
  Moderate† 2 (40%) 2 (13%)
  Severe‡ 1 (20%) 7 (47%)
  Very severe§ 0 2 (13%)
Serum sRAGE (ng/L), median (IQR) 415 (217–565) 248 (52–554)
  > 340 ng/L, n 3 (60%) 4 (27%)
  ≤ 340 ng/L, n 2 (40%) 11 (73%)
  52–340 ng/L, n 2 (40%) 7 (47%)
  ≤ 52 ng/L, n 0 (0%) 4 (27%)
Serum albumin (g/L), median (IQR) 31 (30–35) 22 (17–29)
Hypoalbuminemia, n 0 6 (40%)
  Mild¦ − 4 (27%)
  Moderate# − 0
  Severe¶ − 2 (13%)
Serum cobalamin (ng/L), median (IQR) 367 (293–872) 226 (178–331)
  Hypocobalaminemia, n** 0 8 (53%)
Serum folate (µg/L), median (IQR) 15.1 (12.7–21.2) 15.8 (9.4–19.7)
  Hypofolatemia, n 0 3 (20%)
  Hyperfolatemia, n 0 1 (7%)
Serum CRP (mg/L), median (IQR) 1.4 (0.6–2.8) 14.3 (8.5–37.8)††
Fecal calprotectin (µg/g), median (IQR) 0.9 (0.5–1.6) 1.6 (0.8–17.7)
Serum calprotectin (mg/L), median (IQR) 6.1 (2.6–9.6)‡‡ 9.3 (4.8–11.1)§§
Fecal S100A12 (ng/g), median (IQR) 72 (35–193) 205 (59–1,087)
Serum S100A12 (µg/L), median (IQR) 93 (40–233) 232 (152–393)¦¦
Fecal α

1
PI (µg/g), median (IQR) 8.6 (4.7–20.9) 11.0 (4.0–23.5)

Serum α
1
PI (mg/L), median (IQR) 1,478 (1,178–1,781) 1,173 (855–1,571)##

CCECAI = canine chronic enteropathy clinical disease activity index; CRP = C-reactive protein; IQR = interquartile range.
* CCECAI score of 4–5.
† CCECAI score of 6–8.
‡ CCECAI score of 9–11.
§ CCECAI score of ≥ 12.
¦ Defined as a serum albumin concentration 15–20 g/L.
# Defined as a serum albumin concentration 12–14.9 g/L.
¶ Defined as a serum albumin concentration < 12 g/L.
** Defined as a serum cobalamin concentration < 300 ng/L.
†† Available from 14 dogs diagnosed with IRE.
‡‡ Available from 2 dogs with FRE.
§§ Available from 5 dogs with IRE.
¦¦ Available from 11 dogs with IRE.
## Available from 12 dogs with IRE.
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limitation. Thus, long-term outcome and prognosis could 
not be evaluated for most dogs in our study. Third, a limited 
number of dogs were included in the analysis of some 
markers in serum and fecal samples. Thus, the possibility of 
a type II error for finding no significant differences or asso-
ciations cannot be excluded. Further, histopathology of 
gastrointestinal tissue biopsies was evaluated by 9 different 
board-certified pathologists (albeit with special expertise in 
canine gastrointestinal pathology), which might be associ-
ated with a high interobserver variation despite the use of 
standardized criteria.24 Last, sRAGE concentrations in 
serum were analyzed after sample storage for up to 6 y. The 
stability of sRAGE in canine serum is unknown and could 
also affect the results of our study.

Our study confirms our previous finding that serum 
sRAGE concentrations are significantly decreased in dogs 
with CIE. Our current study further suggests that serum 
sRAGE might be associated with the severity of histologic 
lesions. It remains to be determined whether the decrease 
detected in the systemic concentrations of this decoy receptor 
is a cause (decreased systemic production contributing to the 
pathogenesis of canine CIE) or consequence (consumption in 
the context of inflammation) of CIE in these patients. With 
the hypothesis that the expression of full-length transmem-
brane RAGE in the intestinal epithelium correlates with the 
serum sRAGE level, further research is now needed to inves-
tigate the expression of the RAGE receptor along the gastro-
intestinal tract in dogs with CIE and in healthy controls.
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