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Chronic enteropathies (CEs) in dogs, according to the treatment response to consecutive trials, are classified as food-responsive (FRE), antibiotic-responsive (ARE), and immunosuppressive-responsive (IRE) enteropathy. In addition to this classification, dogs with loss of protein across the gut are grouped as protein-losing enteropathy (PLE). At present, the diagnosis of CEs is time-consuming, costly and sometimes invasive, also because non-invasive biomarkers with high sensitivity and specificity are not yet available. Therefore, this study aimed at assessing the levels of circulating endocannabinoids in plasma as potential diagnostic markers of canine CEs. Thirty-three dogs with primary chronic gastrointestinal signs presented to Veterinary Teaching Hospitals of Teramo and Bologna (Italy) were prospectively enrolled in the study, and 30 healthy dogs were included as a control group. Plasma levels of N-arachidonoylethanolamine (AEA), 2-arachidonoylglycerol (2-AG), N-palmitoylethanolamine (PEA), and N-oleoylethanolamine (OEA) were measured at the time of the first visit in dogs with different CEs, as well as in healthy subjects. Plasma levels of 2-AG (p = 0.001) and PEA (p = 0.008) were increased in canine CEs compared to healthy dogs. In particular, PEA levels were increased in the FRE group compared to healthy dogs (p = 0.04), while 2-AG was higher in IRE than in healthy dogs (p = 0.0001). Dogs affected by FRE also showed decreased 2-AG (p = 0.0001) and increased OEA levels (p = 0.0018) compared to IRE dogs. Moreover, dogs with PLE showed increased 2-AG (p = 0.033) and decreased AEA (p = 0.035), OEA (p = 0.016) and PEA (p = 0.023) levels, when compared to dogs affected by CEs without loss of proteins. The areas under ROC curves for circulating 2-AG (0.91; 95% confidence interval [CI], 0.79–1.03) and OEA (0.81; 95% CI, 0.65–0.97) showed a good accuracy in distinguishing the different forms of CEs under study (FRE, ARE and IRE), at the time of the first visit. The present study demonstrated that endocannabinoid signaling is altered in canine CEs, and that CE subtypes showed distinct profiles of 2-AG, PEA and OEA plasma levels, suggesting that these circulating bioactive lipids might have the potential to become candidate biomarkers for canine CEs.
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INTRODUCTION

Chronic enteropathies (CEs) in dogs are a group of heterogeneous disorders of undetermined etiologies, characterized by chronic persistent or recurrent gastrointestinal signs and histologic evidence of intestinal mucosal inflammation (1). According to the guidelines of the International Gastrointestinal Standardization Group, after exclusion of extra-intestinal, infectious or parasitic diseases, CEs can be subdivided retrospectively based on the response to different treatment into: food-responsive enteropathy (FRE), antibiotic-responsive enteropathy (ARE) and idiopathic inflammatory bowel disease (IBD). However, recently the use of the terms immunosuppressant-responsive enteropathy (IRE) or non-responsive enteropathy (NRE), rather than IBD, has been proposed (1, 2). For the latter, histopathologic evaluation of biopsy specimens is often required to confirm the presence of gut inflammation. However, histological assessment of inflammation can vary between pathologists, and agreement between pathologists remains poor (3, 4). In addition to this classification, dogs with loss of protein across the gut are typically grouped as protein-losing enteropathy (PLE), highlighting the more guarded prognosis of this particular form of CE compared to dogs with normal serum albumin concentration (5, 6).

At present, few diagnostic markers, such as the serum perinuclear anti-neutrophilic cytoplasmic antibodies (pANCA) and the fecal S100A12, showed an adequate accuracy in discriminating among the different forms of CE (7, 8). Thus, diagnosis and classification of the different canine CEs require the evaluation of clinical, laboratory and histological results, along with time-consuming and complex evaluations of the response to sequential therapeutic trials. In such cases the compliance of both the owner and the patient is often lacking (2). Although many non-invasive tests have been proposed, molecular biomarkers able to distinguish the different forms of CE remain as yet unavailable in clinical practice (7–9). In this context, it would be highly desirable to identify circulating molecules in blood, which are easy to measure with a simple blood test. They are able to simplify diagnosis and closely correlate with certain subsets (and/or with severity) of CE, which could serve as early biomarkers of disease onset and possibly predict the most appropriate treatment (9).

Newly discovered players in the homeostasis of intestinal functions are the endocannabinoids (eCBs). These are bioactive lipids produced in various organs, predominantly in the gastrointestinal tract, adipose tissue and the central nervous system. They act along with a set of receptors and enzymes that regulate their synthesis and degradation, the so called eCB system (10). The two most thoroughly studied eCBs are the arachidonic acid derivatives, N-arachidonoylethanolamine (AEA), and 2-arachidonoylglycerol (2-AG) (11). Other relevant “endocannabinoid-like” molecules involved in gut pathophysiology include: N-palmitoylethanolamine (PEA), which is an anti-inflammatory, analgesic, anti-convulsant and anti-proliferative agent; and the appetite-suppressor N-oleoylethanolamine (OEA) (12). The eCB system is highly expressed in the human and animal gut and maintains intestinal homeostasis, both under normal and pathophysiological conditions. It modulates many important functions, including the immune system, motility, sensation, secretion, inflammation and gut permeability, interaction with gut microbiota and gut brain fat-intake (13–18). The dysregulation of the eCB system may contribute to the development of several intestinal disorders. Several animal and human studies suggest an hyperactivation of eCB signaling during gut inflammation, either by increased receptor expression and/or by increased eCB levels (19–23). However, eCB system expression under different pathological conditions is often variable; therefore, it remains to be clarified how this signaling system regulates intestinal functions in healthy and diseased animals.

Recently, the immunohistochemical distribution of cannabinoid receptors in the canine gastrointestinal tract was reported (14). The expression of CB1 was documented in lamina propria and epithelial cells, and that of CB2 in lamina propria, mast cells, immunocytes, blood vessels, and smooth muscle cells of dogs (14). In addition, dogs suffering from chronic idiopathic large bowel diarrhea exhibited decreased expression of both CB1 and CB2 receptors in colonic mucosa when, compared with dogs in the control group (24). Against this background, the aims of this investigation were to determine plasmatic levels of AEA, 2-AG, PEA and OEA in healthy dogs and to evaluate their usefulness as biomarkers of CE in dogs, as well as their diagnostic ability in distinguish among the different forms of CE.



MATERIALS AND METHODS


Animals

Dogs with primary chronic gastrointestinal signs presented to Veterinary Teaching Hospitals of the Universities of Teramo and Bologna, Italy, between January 2015 and September 2017, were prospectively enrolled in the study. Inclusion criteria were chronic (i.e., >3 weeks) gastrointestinal signs (e.g., vomiting, diarrhea, borborygmus, hyporexia, abdominal pain, and/or weight loss), as well as parasitological negativity of the copromicroscopic examination (i.e., direct fecal smear evaluation and zinc sulfate centrifugal flotation techniques) performed on 3 fecal samples. Common causes of chronic gastrointestinal signs such as exocrine pancreatic insufficiency or hypoadrenocorticism were excluded before patients were admitted to the study (i.e., complete blood count, serum chemistry panel, urinalysis, evaluation of basal cortisol or adrenocorticotropic hormone (ACTH) stimulation test if needed, canine Trypsin-like Immunoreactivity and abdominal ultrasound). SNAP canine pancreas-specific lipase (SNAP cPL®) assays were performed in those dogs that failed the dietary trial. The presence of extra-gastrointestinal disease or and recent (<1 month) antibiotic, pre- and probiotic and/or anti-inflammatory or immunosuppressive treatment excluded patients from the study. Dogs already in dietary management were not excluded from the study.

At admission, the Canine Inflammatory Bowel Disease Index (CIBDAI) (25), the Canine Chronic Enteropathy Clinical Activity Index (CCECAI) (6) and the nine-points body condition score (BCS) were obtained for each patient. Every dog underwent a 5-day course of fenbendazole 50 mg/kg orally once a day regardless to the fecal tests results. Moreover, measurements of serum folate, cobalamin and C-reactive protein (CRP) were also obtained.

Based on the diagnosis achieved considering the clinical response to sequential therapeutic trials, dogs affected by chronic enteropathy (CE) were retrospectively divided into 4 groups. The FRE group included patients with complete remission of the gastrointestinal symptoms within 3 weeks of dietetic trial, using a new exclusive diet (i.e., commercial novel protein diet, home-made novel protein diet or hydrolyzed protein diet); the ARE group included patients with partial or no response to dietetic trial, but complete remission of the gastrointestinal symptoms within 2–3 weeks of antibiotic trial with tylosin at dose of 15 mg/kg twice a day; the IRE group included patients that neither responded to diet nor to antibiotics and that went to complete remission on antinflammatory/immunosuppressive drugs such as prednisolone or budesonide.

Regardless of the diagnosis (i.e., FRE, ARE, IRE), CE patients were further included as non-PLE, i.e., those patients with albumin levels within reference interval, and PLE. i.e., those patients with low albumin concentration (<2 mg/dl) due to a severe loss of serum proteins into the intestine. For IRE and PLE dogs a histopathological analysis of multiple gastrointestinal endoscopic biopsies was available.

In order to assess the treatment success, dogs with CE were re-evaluated every 3 weeks after the initiation of treatment and the CIBDAI was recorded at every follow-up. As previously defined (26), the remission was considered complete if clinical signs resolved or the CIBDAI score reduced by ≥75% and maintained for a minimum of 6 weeks. In the ARE group a relapse within 6 weeks was considered acceptable and an additional course of tylosin was started if needed.

Healthy and normal weight (BCS 5/9) dogs, presented at Veterinary Teaching Hospitals for the annual check-up, pre-anesthetic evaluation before neutering or for blood donors selection were included in the control group. These patients had no clinical or pathological evidence of disease accordingly to an unremarkable history, physical examination and results of CBC, serum biochemistry and voided urine analysis. Recruited healthy dogs were on commercial maintenance diet and did not receive supplements and medications over the previous 4 months (except for regular preventive treatments for ecto- and endoparasites), as ascertained during the interview with the owners. Only dogs with an ideal BCS (i.e., 5/9) were enrolled as control group.

This study was performed with full informed consent of the owners and has been approved by the Committee on Animal Research and Ethics of the Universities of Chieti-Pescara, Teramo and Experimental Zooprophylactic Institute of AeM (CEISA; UNICHD12 N. 1168).



Endocannabinoids Analysis

At the time of the first visit, each dog included in the study underwent blood sampling after a 12 h overnight fasting. In order to overcome the possible influence of circadian rhythm in eCBs secretion, all samples were collected between 8:00 a.m. and 12:00 p.m. Blood was collected in Vacuette K3-EDTA tubes, immediately centrifuges (10 min, 2000 rcf, 4°C), and plasma was immediately stored in 2 ml polypropylene tubes at −80°C until analysis (27, 28). The measurements of the eCBs were performed by the Endocannabinoid Research Group, at the Institute of Biomolecular Chemistry, National Research Council, Pozzuoli, Napoli, Italy. The study was conducted in a blind fashion where the operator was not given any information on the sample being analyzed. The plasma levels of 2-AG, AEA, PEA and OEA were determined in dogs with different chronic enteropathies (FRE, ARE, IRE and PLE) at the time of the first visit and in healthy subjects (control). The eCBs were analyzed and quantified after the extraction and purification procedures, generally within 3 days of sample collection.

Plasma samples were extracted in 5 volumes of chloroform/methanol/Tris–HCl 50 mM (2:1:1), containing 5 pmol of d8-AEA, 10 pmol of d4-PEA, d2-OEA and d5-2-AG (Cayman Chemicals, Ann Arbor, MI). The lipid-containing organic phase was dried down in a rotating evaporator and pre-purified by open-bed chromatography on silica gel columns eluted with increasing concentrations of methanol in chloroform. Fractions eluted with chloroform/methanol 9:1 by vol. (containing AEA, 2-AG, OEA, and PEA) were collected and aliquots were analyzed by isotope dilution-liquid chromatography/atmospheric pressure chemical ionization/mass spectrometry (LC-APCI–MS) using a Shimadzu high-performance liquid chromatography (HPLC) apparatus (LC-10ADVP), coupled to a Shimadzu quadrupole mass spectrometer (LCMS-2020) via a Shimadzu Atmospheric Pressure Chemical Ionization, APCI, interface. LC analysis was performed in the isocratic mode using a Discovery C18 column (15 cm × 4.6 mm, 5 μm) and methanol/water/acetic acid (85:15:1 by vol.) as mobile phase with a flow rate of 1 ml/min. MS detection was carried out in the selected ion monitoring mode using m/z values of 356 and 348 (molecular ion +1 for deuterated and undeuterated AEA), 384.35 and 379.35 (molecular ion +1 for deuterated and undeuterated 2-AG), 304 and 300 (molecular ion +1 for deuterated and undeuterated PEA), and 328 and 326 (molecular ion +1 for deuterated and undeuterated OEA). The levels of eCBs were then calculated on the basis of their area ratios with the internal deuterated standard signal areas, and their amounts were expressed as pmol/mL of plasma.



Statistical Analysis

Data analysis was performed using statistical software (GraphPad Prism version 6.01, GraphPad Software, La Jolla California USA, www.graphpad.com). All data was evaluated using a standard descriptive statistic and reported as mean ± standard deviation (sd) or as median and range (minimum-maximum), depending on its distribution. Normality was checked graphically or using the D'Agostino Pearson test. Data of healthy dogs was inspected for outliers and a comparison among those of different reproductive statuses (i.e., entire males, neutered males, entire females and spayed females) was performed using the ANOVA or a Kruskall–Wallis test, and post-hoc tests (Student–Newman–Keuls test or Dunn test). Comparisons between control and CE groups as well as between CE dogs without PLE and PLE dogs were performed using the unpaired t-test or the Mann-Whitney test, while a comparison among the subgroups were done using the ANOVA or a Kruskall–Wallis test and post-hoc tests (Student–Newman–Keuls test or Dunn test). A regression analysis was used to evaluate the correlation between eCB values and CIBDAI or CCECAI, as well as the correlation between eCBs and BCS, CRP, folate and cobalamin.

For those eCBs that showed statistically significant differences in the comparison between the different CE groups, the sensitivity (Se), specificity (Sp), and negative and positive likelihood ratios (–LR and +LR) at different cut-off point and receiver operating characteristic (ROC) curves were used to assess the accuracy of the eCBs in distinguishing the different chronic enteropathies. A P-value < 0.05 was considered significant.




RESULTS


Clinical Characteristics of the Study Population

Dogs affected by CE were 23 males (two castrated) and 10 females (four spayed). Purebreds (n = 27) were Zergpinscher (n = 3), Corso (n = 2), German Shepherd (n = 2), Maltese (n = 2), Appenzeller Sennenhund (n = 1), Australian Shepherd (n = 1), Beagle (n = 1), Belgian Shepherd (n = 1), Boxer (n = 1), Bull Terrier (n = 1), Cocker Spaniel (n = 1), Dachshund (n = 1), Dobermann Pinscher (n = 1), Dogue de Bordeaux (n = 1), English Pointer (n = 1), Golden Retriever (n = 1), Jack Russell Terrier (n = 1), Labrador Retriever (n = 1), Pug (n = 1), Rottweiler (n = 1), Scottish Shepherd (n = 1), and Siberian Husky (n = 1); six Dogs were mixed breeds.

Dogs belonging to the control group (Supplementary Table 1) were 11 males (three castrated) and 19 females (nine spayed), with 23 purebreds and seven mixed breed dogs. In the control group the represented breeds were Jack Russell Terrier (n = 5), Golden Retriever (n = 3), English Bulldog (n = 2), English Setter (n = 2), Siberian Husky (n = 2), Alaskan Malamute (n = 1), American Pitbull Terrier (n = 1), Beagle (n = 1), Belgian Shepherd Dog (n = 1), Bernese Mountain Dog (n = 1), Border Collie (n = 1), Corso (n = 1), Dobermann Pinscher (n = 1) and Rottweiler (n = 1).

Among CE dogs, 10 were diagnosed as FRE (seven males, one female and two spayed females), nine as ARE (eight males and one spayed female), 14 as IRE (six males, two castrated males, five females, and one spayed female), and five of them had a PLE (two males, one castrated male, one female, and one spayed). In tested dogs (i.e., nine ARE and 14 IRE) SNAP cPL® were visually normal.

Age and body weight of dogs belonging to the different study groups are shown in Table 1. Supplementary Table 2 presents the comparison of age and bodyweight among the study dogs.


Table 1. Median age and body weight of the study dogs.
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Dogs affected by CE had lower BCS values when compared to healthy ones (p < 0.0001).

In the comparison among the different CE groups, no differences were observed in BCS, CIBDAI, CCECAI, CRP, folate and cobalamin (Table 2).


Table 2. Median values, with minimum and maximum in brackets, of Body Condition Score (BCS), Canine Inflammatory Bowel Disease Activity Index (CIBDAI), Canine Chronic Enteropathy Clinical Activity Index (CCECAI), serum concentrations of C-reactive protein (CRP), folate and cobalamin in dogs with Food-responsive Enteropathy (FRE), Antibiotic-responsive Enteropathy (ARE), and Immunosuppressive-responsive enteropathy (IRE).
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Complete haemato-biochemical analysis did not show any particular alterations in the different groups, except for the expected hypoalbuminemia in subjects with PLE.

Dogs belonging to the IRE and PLE groups underwent gastroduodenoscopies. In addition, an ileoscopy and colonoscopy were performed in all of the five dogs with PLE and in three IRE dogs at the discretion of the attending clinician. Biopsies were considered adequate in all dogs. Moderate to severe lymphoplasmacellular infiltrates were found in the all of the duodenum biopsies associated with moderate gastric fibrosis in four dogs without PLE and in two with PLE. Lymphangiectasia was detected in three dogs without PLE and in three with PLE, and was associated with multifocal atrophy of the villi in the latter animals. Mild to severe lymphoplasmacellular inflammation was observed in 7/8 dogs while in one dog ileal biopsy was within normal limits. Mild to moderate lymphoplasmacellular infiltrate was detected in the colon biopsies of eight dogs and was associated with fibrosis in three of them.



Analysis of Endocannabinoid Levels

Dogs affected by CEs, independent of the diagnosis, had higher plasma levels of 2-AG (p = 0.001) and PEA (p = 0.008) compared to controls, whereas levels of AEA (p = 0.659) and OEA (p = 0.659) were similar between CE and healthy dogs (Table 3).


Table 3. Mean with standard deviation (SD) and median with minimum and maximum (min-max) of healthy dogs excluded suspected outliers.
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Values of circulating eCBs in plasma of healthy dogs are shown in Tables 3, 4 (Supplementary Figure 1). The comparison of eCB levels in control dogs according to the gender and the neutering status did not show statistically significant differences (Table 5). Among healthy dogs, no correlations between levels of circulating eCBs and bodyweight or age were observed (Figure 1).


Table 4. Median values, with minimum and maximum in brackets, of plasma endocannabinoids (eCBs) in dogs with chronic enteropathy (CE, n = 33) and control group (n = 30).

[image: Table 4]


Table 5. Median values, with minimum and maximum in brackets, of plasma endocannabinoids (eCBs) inin healthy females (n = 10), spayed females (n = 9), males (n = 8), and castrated males (n = 3).
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FIGURE 1. Rank correlation analysis comparing plasmatic concentrations of endocannabinoids and age or bodyweight in healthy dogs. 2-AG, 2-arachidonoylglycerol; AEA, N-arachidonoylethanolamine; PEA, N-palmitoylethanolamine; OEA, N-oleoylethanolamine.


Taking into account the different forms of CE (Figure 2), PEA levels were increased in the FRE group compared to healthy dogs (p = 0.04), while 2-AG was higher in IRE than in healthy dogs (p = 0.0001). Dogs affected by FRE also showed decreased 2-AG (p = 0.0001) and increased OEA levels (p = 0.0018) compared to IRE dogs. The plasma levels of the AEA and PEA in dogs with FRE, ARE or IRE did not show statistically significant differences.
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FIGURE 2. Plasmatic concentrations of 2-arachidonoylglycerol (2-AG), N-arachidonoylethanolamine (AEA), N-palmitoylethanolamine (PEA) and N-oleoylethanolamine (OEA) in healthy dogs and in dogs affected by Food-responsive Enteropathy (FRE, n = 10), Antibiotic-responsive Enteropathy (ARE, n = 9) and Immunosuppressive-responsive enteropathy (IRE, n = 14). Boxes show interquartile ranges with median values represented by the central lines, and minimum and maximum values represented by the endpoints of vertical lines.


Dogs with PLE showed increased levels of 2-AG (p = 0.033) and decreased AEA (p = 0.035), OEA (p = 0.016) and PEA (p = 0.023) when compared with those dogs affected by CE without losing of proteins (Figure 3). The plasma levels of the circulating plasma eCBs in the different CE subgroups were summarized in Table 6.
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FIGURE 3. Plasmatic concentrations of 2-arachidonoylglycerol (2-AG), N-arachidonoylethanolamine (AEA), N-palmitoylethanolamine (PEA) and N-oleoylethanolamine (OEA) in dogs affected by chronic enteropathy with (n = 5) and without (n = 28) losing of proteins across the gut. CE, Chronic Enteropathy; PLE, Protein-Losing Enteropathy. Boxes show interquartile ranges with median values represented by the central lines, and minimum and maximum values represented by the endpoints of vertical lines.



Table 6. Median values, with minimum and maximum in brackets, of plasma endocannabinoids (eCBs) in dogs with Food-responsive Enteropathy (FRE, n = 10), Antibiotic-responsive Enteropathy (ARE, n = 9), and Immunosuppressive-responsive enteropathy (IRE, n = 14).
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Overall, in dogs affected by CE, including PLE dogs, regression analysis showed no correlation between plasma levels of eCBs and CIBDAI, CCECAI, CRP, folate, cobalamin or BCS.

In dogs with compatible clinical signs, the ability of eCBs to discriminate between FRE, ARE, IRE and PLE was interrogated through the area under the ROC curve (AUC) (Figure 4). An accuracy of 0.91 (95% confidence interval [CI], 0.79–1.03) was found for 2-AG, and of 0.81 (95% CI, 0.65–0.97) for OEA. In particular, values >3.2 pmol/ml for 2-AG showed 100% Se and 50% Sp in ruling out FRE, whereas a value >22.2 pmol/ml could exclude FRE with 100% Sp and 38.9% Se. The cut-off value of 6.5 pmol/ml showed 90.0% Sp and 82.6% Se, with a positive likelihood ratio (+LR) of 7.8. As for OEA, values <29.5 pmol/ml yielded the best Se (100%) with 34.8% Sp in excluding FRE, whereas values <108.9 pmol/ml showed the best Sp (100%) with 40% Se to rule out FRE rather than ARE or IRE. The cut-off value of 57.6 pmol/ml (Sp 90.0%; Se 65.2%) showed a +LR of 6.5. The diagnostic efficacy of the eCBs to detect/diagnose FRE rather than ARE or IRE is shown in Table 7.


[image: Figure 4]
FIGURE 4. Receiver operating characteristic (ROC) curves of (A) 2-arachidonoylglycerol (2-AG) and (B) N-oleoylethanolamine (OEA). AUC, Area Under Curve.



Table 7. Diagnostic efficacy of 2-AG to diagnose ARE or IRE and diagnostic efficacy of OEA to diagnose FRE in dogs.
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DISCUSSION

The main goal of this investigation was to assess the potential of circulating eCBs as novel non-invasive biomarkers of canine CE, as well as their ability to discriminate even among different forms of the disease. Up to date, few studies investigated the alterations in plasma levels of eCBs in human chronic enteropathies.

In the present study, CE dogs showed increased plasma levels of 2-AG and PEA, compared to healthy dogs. Consistent with our results, in its investigation Fichna et al. (29) reported changes in plasma levels of 2-AG, PEA and OEA, but not of AEA, in patients with constipation-predominant and diarrhea-predominant Irritable Bowel Syndrome (IBS). On the other hand, recently, levels of AEA, PEA and OEA were found significantly increased in the plasma of patients with ulcerative colitis (UC) and Crohn's disease (CD) (30). Furthermore, plasma level of 2-AG was also increased in Inflammatory Bowel Disease (IBD) patients compared to controls (30). These results suggest that eCB signaling plays a key modulatory role in gastro-intestinal physiopathology, reflecting the pathological state of the inflamed intestine. It is possible to argue that chronic inflammation related to enteritis induces the release, from injured enterocytes and infiltrating leukocytes, primarily mast cells, together with eCBs (22, 29, 30), of several lipases, including soluble phospholipase A2, N-acyl phosphatidylethanolamine-specific phospholipase D and lysophospholipase D (31–33). Cell injury causes the increase in intracellular Ca2+ concentration, which stimulates N-acyltransferase producing N-acyl-phosphatidylethanolamines, the precursors of PEA and OEA. The generation of 2-AG may also be stimulated by Ca2+−dependent phospholipase C, the first enzyme in the 2-AG biosynthesizing pathway. Moreover, it is also possible that these enzymes, due to loss of integrity of the intestinal barrier, may enter the portal system and reach the blood, where they could catalyze the synthesis of 2-AG, PEA and OEA from membrane phospholipids of blood cells and endocytes (34, 35). Finally, activated macrophages, platelets and T and B lymphocytes release eCBs, providing an additional source of circulating eCBs (36–38). In addition, CB1 content have been implicated in dysbiosis-induced increases in intestinal permeability, inflammation, and modulation of the microbiota composition (39, 40).

To the best of our knowledge, this is the first study that interrogates the reference intervals of AEA, 2-AG, PEA and OEA in canine plasma in a cohort of owned healthy dogs, suggesting that gender or neutering status does not affect them. Of note, this finding is in partial agreement with the previously reported data in healthy humans, where no gender differences were found in AEA, PEA and OEA concentrations, while higher 2-AG levels were detected in males compared to females (27). In comparison between healthy dogs and dogs with CE, no statistical differences were observed regarding age and bodyweight, while male dogs were over-represented in the CE group compared to the control group. Despite no definite sex predisposition being reported in dogs with CE (41, 42), in a previous study more males than females were affected by CE (5).

The results of the present study confirmed that the clinical diagnosis of the different forms of CE is challenging and may present several pitfalls. For instance, FRE is usually considered more frequent in younger dogs, while IRE is often reported as an adult-onset disease (6). Incidentally, in the present study, the median age did not show significant differences among the dogs of the different CE groups. In the same way, the values of CCECAI and BCS did not seem able to distinguish different forms of CE, and their values significantly differ only in dogs with PLE. Also, in the present study, folate and cobalamin values did not significantly differ in dogs with FRE, ARE and IRE. Nevertheless, none of the dogs in the ARE group showed reduced cobalamin, as seen in previous literature on the low percentage of ARE dogs with such a pattern of folate/cobalamin (43). At histological examination the small intestine of all IRE dogs presented moderate to severe lymphoplasmacellular infiltrate. This finding is not surprising, with it being the most common change in CE dogs. Unfortunately, this parameter alone is unable to distinguish IRE from FRE or ARE (1, 3).

Given the above, it appears a relevant outcome of this study that, at the time of diagnosis, different forms of CE were associated with distinct profiles of eCBs in plasma. This supports the hypothesis that these circulating lipids hold promise for becoming candidate biomarkers for CEs, and possibly useful in predicting the most appropriate treatment. In particular, IRE dogs showed quite different eCB profiles when compared to animals that responded to the dietetic trial (i.e., FRE dogs), with increased 2-AG and reduced OEA levels in plasma. Other potential diagnostic biomarkers have been evaluated, however, only the serum CRP, the serum perinuclear anti-neutrophilic cytoplasmic antibodies (pANCA) and the fecal S100A12 showed similar ability in discriminate among the different form of CE with moderate to good sensitivity and specificity (7, 8). In particular, serum CRP was able to discriminate IRE or NRE from FRE or ARE with high sensitivity (72%) and specificity (100%) in one study (44). Whilst CRP is widely and routinely available, the high interindividual variability (45), together with the non-specific increases secondary to other inflammatory conditions (46), may affect its usefulness as CE biomarker, according to other studies (6, 47). Accordingly, CRP was herein found high in the sera of only four out of 17 dogs, regardless of the final diagnosis, without differences among the dogs affected by different forms of CE, including those dogs affected by PLE. In one study (48), the seropositivity for pANCA discriminated IRE/NRE from other causes of diarrhea, with a sensitivity of 51% and a specificity of 83%, while in other studies the pANCA was found higher in sera of dogs with FRE than in sera of those affected by IRE/NRE (Se 61–62%; Sp 77–100%) (49, 50). However, similar to serum CRP, seropositivity for pANCA can be also detected with other inflammatory conditions (51). In contrast to CRP and pANCA, the fecal S100A12 is a more specific marker of localized gastrointestinal inflammation (52), however, in a study, this protein showed a moderate accuracy in distinguish dogs with IRE/NRE from those with FRE or ARE, having a sensitivity of 64% and a specificity of 77% (26).

The determination of plasmatic 2-AG and OEA at the time of the first visit showed a good accuracy (AUC 0.91 and 0.81, respectively) in excluding FRE. In particular, cut-off values were identified (i.e., 2-AG levels >6.5 pmol/ml and OEA levels <57.6 pmol/ml) that may exclude FRE with a sensitivity of 90% and specificity of 82.6 and 62.5%, respectively, while 2-AG levels >22.2 pmol/ml and OEA levels <108.9 pmol/ml could exclude FRE with a sensitivity of 100%, in 38.9 and 40.0% of cases, respectively. These results, compared to the diagnostic performance of the above-mentioned biomarkers, suggest that circulating eCBs could have the potential to become a candidate biomarker in the diagnostic algorithm for canine CE.

On a practical point of view, these results gain further importance in the light of dilemmas recently roused in the scientific literature on use of antibiotics as diagnostic tool in canine CE. Indeed, the global concern for rising antibiotic resistance and the dysbiosis associated with indiscriminate use of antimicrobials suggest the necessity of avoiding empirical and injudicious use of these molecules in diarrhoeic dogs (44, 53, 54). In particular, despite circulating eCBs not seeming able to distinguish ARE from other CE forms, higher 2-AG and lower OEA may indicate a low likelihood for diagnosis of FRE. Recently, it was suggested to use antibiotics in chronic diarrhoeic dogs only at the end of the diagnostic protocol, once GI biopsies are performed, with evidence of infectious causes and in those cases showing signs of systemic inflammatory response syndrome (54). In the light of these recent advances and if one considers that, after the exclusion of extra-gastrointestinal and parasitic etiologies, the dietary trial is the first phase in the universally recognized step-up approach for diagnosis of canine CE, the assessment of circulating eCBs at the time of the first visit would be of further help in driving the most appropriate step in the approach to chronic GI signs in dogs.

Plasmatic eCBs did not seem to correlate with the severity of the disease (i.e., CIBDAI, CCECAI, CRP); yet, dogs showing protein loss across the gut (i.e., PLE), compared to those who did not, revealed a peculiar pattern of circulating eCBs, with an overall reduction of AEA, OEA and PEA in the face of increased 2-AG levels. It can be proposed that eCBs and their congeners play a role of controllers through a CB1-dependent mechanism (55) and in vitro studies showed that AEA might improve mucosal healing in patients with IBD (56), while a protective effect of PEA has been demonstrated in human biopsies from patients with active UC (57).

Moreover, different studies have shown that AEA and 2-AG increased in vitro intestinal epithelial permeability through CB1 (57–59), while it has been found that application of the eCB-like compounds PEA and OEA prevents the cytokine-induced increase in permeability and that knockdown of the same receptor had protective effects on epithelial permeability under cytokine-induced inflammation (15). Furthermore, in obese mice, antagonists of CB1 reduced plasmatic lipopolysaccharide levels in the bloodstream (39, 58, 60).

Since 2-AG is considered the major endogenous agonist of both CB1 and CB2 receptors that are involved in intestinal motility, secretion and inflammation and, even though the role of 2-AG in intestinal permeability remains controversial (59), the results of the present study appear of major interest. Indeed, PLE dogs usually have a more guarded prognosis compared to dogs with normal serum albumin concentration (5, 6) and further studies are warranted in order to interrogate the significance of systemic eCBs as prognostic marker of canine PLE and potential therapeutic target to manage this complex disease.

Specificity for the GI tract would be a desirable characteristic of an ideal biomarker for CE (7, 8) and non-specific increases in plasma levels of eCBs are detected in several disorders, especially those with a major inflammatory component, from acute pancreatitis (61) and atherosclerosis (62), to chronic hepatitis (63) and cirrhosis (64). This may potentially limit the clinical usefulness. Given this, eCBs levels should be tested at the beginning of the appropriate work-up for CE only after the exclusion of extra-gastrointestinal disorders.

A further potential limitation concerns the high overlap of circulating eCBs between diseased individuals from healthy controls and among the different forms of CE. It is unclear if these overlaps resulted from a biological variability or were secondary to a sub-clinical condition. To overcome this issue, a larger population should be investigated, with multiple specimens being collected over several days (7).

Besides, the long-term response is poor in ARE and IRE and the short duration of the follow-up could represent a limitation. Indeed, there are growing concerns that dogs classified as ARE and IRE when first diagnosed, will not respond longer term to the same degree (65).

In the light of this, and given the small number of CE dogs included, it appears clear that a larger study is mandatory to conclusively assess the impact of chronic enteropathy on circulating eCBs. However, in the present investigation clinically relevant differences in eCBs plasma concentrations were useful to support their potential as diagnostic biomarkers of distinct forms of canine CE. Additional longitudinal studies are also required to ascertain whether perturbations in eCBs levels occur over the course of the disease, and whether they are associated with particular presentations, rates of disease progression, response to therapy or prognosis. Finally, it would be important also to evaluate the state of expression and function of the different elements of the eCB system in the intestine (i.e., CB receptors, their ligands and eCB metabolic enzymes), in order to decipher the molecular and cellular mechanisms underlying the change of eCB tone (and signaling thereof) in CEs.

In conclusion, the present pilot study demonstrated that eCB signaling is altered in canine CEs, and that circulating levels of distinct eCBs may help to discriminate among the different forms of the disease in dogs. This also seems noteworthy from a practical point of view, because non-invasive and reliable biomarkers of CEs are currently unavailable. Indeed, diagnosis of canine CEs is usually complex and frustrating for both veterinary clinicians and owners. Therefore, evaluation of eCBs, as well as of their main congeners, may become a useful test in canine CE in addressing the diagnostic work-up, improving diagnostic performance and providing useful information regarding the potential target for treatment. It may also assist with reducing the time from referral to diagnosis and consequently reducing healthcare costs and psychological burden for the owners.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Committee on Animal Research and Ethics of the Universities of Chieti-Pescara, Teramo and Experimental Zooprophylactic Institute of AeM. Written informed consent was obtained from the owners for the participation of their animals in this study.



AUTHOR CONTRIBUTIONS

AB, AG, PEC, SO, TB, and MM: conceptualization. EF, GG, MP, FP, TB, GG, RDP, and PEC: investigation. SO and TB: methodology. SO, NB, PEC, and MDT: formal analysis. EF, PEC, SO, TB, MP, AG, AB, and MM: writing-original draft preparation and writing-review and editing. All authors have read and agreed to the published version of the manuscript.



FUNDING

The present study had been carried out in the framework of the Project Demetra (Dipartimenti di Eccellenza 2018 – 2022, CUP_C46C18000530001), funded by the Italian Ministry for Education, University and Research.



ACKNOWLEDGMENTS

The authors are grateful to Roberta Verde for technical assistance and to Hannah Nel for the valuable support.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2021.655311/full#supplementary-material



REFERENCES

 1. Washabau RJ, Day MJ, Willard MD, Hall EJ, Jergens AE, Mansell J, et al. Endoscopic, biopsy, and histopathologic guidelines for the evaluation of gastrointestinal inflammation in companion animals. J Vet Intern Med. (2010) 24:10–26. doi: 10.1111/j.1939-1676.2009.0443.x

 2. Dandrieux JRS. Inflammatory bowel disease versus chronic enteropathy in dogs: are they one and the same? J Small Anim Pract. (2016) 57:589–99. doi: 10.1111/jsap.12588

 3. Willard MD, Jergens AE, Duncan RB, Leib MS, McCracken MD, DeNovo RC, et al. Interobserver variation among histopathologic evaluations of intestinal tissues from dogs and cats. J Am Vet Med Assoc. (2002) 220:1177–82. doi: 10.2460/javma.2002.220.1177

 4. Willard MD, Moore GE, Denton BD, Day MJ, Mansell J, Bilzer T, et al. Effect of tissue processing on assessment of endoscopic intestinal biopsies in dogs and cats. J Vet Intern Med. (2010) 24:84–9. doi: 10.1111/j.1939-1676.2009.0432.x

 5. Craven M, Simpson JW, Ridyard AE, Chandler ML. Canine inflammatory bowel disease: retrospective analysis of diagnosis and outcome in 80 cases (1995-2002). J Small Anim Pract. (2004) 45:336–42. doi: 10.1111/j.1748-5827.2004.tb00245.x

 6. Allenspach K, Wieland B, Gröne A, Gaschen F. Chronic enteropathies in dogs: evaluation of risk factors for negative outcome. J Vet Intern Med. (2007) 21:700–8. doi: 10.1111/j.1939-1676.2007.tb03011.x

 7. Heilmann RM, Steiner JM. Clinical utility of currently available biomarkers in inflammatory enteropathies of dogs. J Vet Intern Med. (2018) 32:1495–508. doi: 10.1111/jvim.15247

 8. Heilmann RM. Important and novel laboratory parameters and biomarkers for canine chronic enteropathy. Adv Small Anim Care. (2020) 1:111–25. doi: 10.1016/j.yasa.2020.07.009

 9. Wdowiak M, Rychlik A, Kołodziejska-Sawerska A. Biomarkers in canine inflammatory bowel disease diagnostics. Pol J Vet Sci. (2013) 16:601–10. doi: 10.2478/pjvs-2013-0085

 10. Maccarrone M. Missing pieces to the endocannabinoid puzzle. Trends Mol Med. (2020) 26:263–72. doi: 10.1016/j.molmed.2019.11.002

 11. Baggelaar MP, Maccarrone M, van der Stelt M. 2-Arachidonoylglycerol: a signaling lipid with manifold actions in the brain. Prog Lipid Res. (2018) 71:1–17. doi: 10.1016/j.plipres.2018.05.002

 12. Maccarrone M, Bab I, Bíró T, Cabral GA, Dey SK, Di Marzo V, et al. Endocannabinoid signaling at the periphery: 50 years after tHC. Trends Pharmacol Sci. (2015) 36:277–96. doi: 10.1016/j.tips.2015.02.008

 13. Sharkey KA, Wiley JW. The role of the endocannabinoid system in the brain-gut axis. Gastroenterology. (2016) 151:252–66. doi: 10.1053/j.gastro.2016.04.015

 14. Galiazzo G, Giancola F, Stanzani A, Fracassi F, Bernardini C, Forni M, et al. Localization of cannabinoid receptors CB1, CB2, GPR55, and PPARα in the canine gastrointestinal tract. Histochem Cell Biol. (2018) 150:187–205. doi: 10.1007/s00418-018-1684-7

 15. Karwad MA, Macpherson T, Wang B, Theophilidou E, Sarmad S, Barrett DA, et al. Oleoylethanolamine and palmitoylethanolamine modulate intestinal permeability in vitro via TRPV1 and PPARα. FASEB J. (2017) 31:469–81. doi: 10.1096/fj.201500132

 16. Hasenoehrl C, Taschler U, Storr M, Schicho R. The gastrointestinal tract - a central organ of cannabinoid signaling in health and disease. Neurogastroenterol Motil. (2016) 28:1765–80. doi: 10.1111/nmo.12931

 17. Massa F, Marsicano G, Hermann H, Cannich A, Monory K, Cravatt BF, et al. The endogenous cannabinoid system protects against colonic inflammation. J Clin Invest. (2004) 113:1202–9. doi: 10.1172/JCI200419465

 18. Stanzani A, Galiazzo G, Giancola F, Tagliavia C, De Silva M, Pietra M, et al. Localization of cannabinoid and cannabinoid related receptors in the cat gastrointestinal tract. Histochem Cell Biol. (2020) 153:339–56. doi: 10.1007/s00418-020-01854-0

 19. Lee Y, Jo J, Chung HY, Pothoulakis C, Im E. Endocannabinoids in the gastrointestinal tract. Am J Physiol Gastrointest Liver Physiol. (2016) 311:G655–G66. doi: 10.1152/ajpgi.00294.2015

 20. Alhouayek M, Lambert DM, Delzenne NM, Cani PD, Muccioli GG. Increasing endogenous 2-arachidonoylglycerol levels counteracts colitis and related systemic inflammation. FASEB J. (2011) 25:2711–21. doi: 10.1096/fj.10-176602

 21. Alhouayek M, Muccioli GG. The endocannabinoid system in inflammatory bowel diseases: from pathophysiology to therapeutic opportunity. Trends Mol Med. (2012) 18:615–25. doi: 10.1016/j.molmed.2012.07.009

 22. DiPatrizio NV, Astarita G, Schwartz G, Li X, Piomelli D. Endocannabinoid signal in the gut controls dietary fat intake. Proc Natl Acad Sci USA. (2011) 108:12904–12908. doi: 10.1073/pnas.1104675108

 23. Di Sabatino A, Battista N, Biancheri P, Rapino C, Rovedatti L, Astarita G, et al. The endogenous cannabinoid system in the gut of patients with inflammatory bowel disease. Mucosal Immunol. (2011) 4:574–83. doi: 10.1038/mi.2011.18

 24. Rossi G, Gioacchini G, Pengo G, Suchodolski JS, Jergens AE, Allenspach K, et al. Enterocolic increase of cannabinoid receptor type 1 and type 2 and clinical improvement after probiotic administration in dogs with chronic signs of colonic dysmotility without mucosal inflammatory changes. Neurogastroenterol Motil. (2020) 32:e13717. doi: 10.1111/nmo.13717

 25. Jergens AE, Schreiner CA, Frank DE, Niyo Y, Ahrens FE, Eckersall PD, et al. A scoring index for disease activity in canine inflammatory bowel disease. J Vet Intern Med. (2003) 17:291–7. doi: 10.1111/j.1939-1676.2003.tb02450.x

 26. Heilmann RM, Volkmann M, Otoni CC, Grützner N, Kohn B, Jergens AE, et al. Fecal s100A12 concentration predicts a lack of response to treatment in dogs affected with chronic enteropathy. Vet J. (2016) 215:96–100. doi: 10.1016/j.tvjl.2016.03.001

 27. Fanelli F, Di Lallo VD, Belluomo I, De Iasio R, Baccini M, Casadio E, et al. Estimation of reference intervals of five endocannabinoids and endocannabinoid related compounds in human plasma by two dimensional-LC/MS/MS. J Lipid Res. (2012) 53:481–93. doi: 10.1194/jlr.M021378

 28. Zoerner AA, Gutzki F-M, Batkai S, May M, Rakers C, Engeli S, et al. Quantification of endocannabinoids in biological systems by chromatography and mass spectrometry: a comprehensive review from an analytical and biological perspective. Biochim Biophys Acta. (2011) 1811:706–23. doi: 10.1016/j.bbalip.2011.08.004

 29. Fichna J, Wood JT, Papanastasiou M, Vadivel SK, Oprocha P, Sałaga M, et al. Endocannabinoid and cannabinoid-like fatty acid amide levels correlate with pain-related symptoms in patients with iBS-D and iBS-C: a pilot study. PLoS ONE. (2013) 8:e85073. doi: 10.1371/journal.pone.0085073

 30. Grill M, Högenauer C, Blesl A, Haybaeck J, Golob-Schwarzl N, Ferreirós N, et al. Members of the endocannabinoid system are distinctly regulated in inflammatory bowel disease and colorectal cancer. Sci Rep. (2019) 9:2358. doi: 10.1038/s41598-019-38865-4

 31. Minami T, Tojo H, Shinomura Y, Tarui S, Okamoto M. Raised serum activity of phospholipase A2 immunochemically related to group II enzyme in inflammatory bowel disease: its correlation with disease activity of crohn's disease and ulcerative colitis. Gut. (1992) 33:914–21. doi: 10.1136/gut.33.7.914

 32. Tan TL, Goh YY. The role of group IIA secretory phospholipase A2 (sPLA2-IIA) as a biomarker for the diagnosis of sepsis and bacterial infection in adults-a systematic review. PLoS ONE. (2017) 12:e0180554. doi: 10.1371/journal.pone.0180554

 33. Hozumi H, Hokari R, Kurihara C, Narimatsu K, Sato H, Sato S, et al. Involvement of autotaxin/lysophospholipase d expression in intestinal vessels in aggravation of intestinal damage through lymphocyte migration. Lab Invest. (2013) 93:508–19. doi: 10.1038/labinvest.2013.45

 34. Ueda N, Tsuboi K, Uyama T, Ohnishi T. Biosynthesis and degradation of the endocannabinoid 2-arachidonoylglycerol. Biofactors. (2011) 37:1–7. doi: 10.1002/biof.131

 35. Hussain Z, Uyama T, Tsuboi K, Ueda N. Mammalian enzymes responsible for the biosynthesis of n-acylethanolamines. Biochim Biophys Acta Mol Cell Biol Lipids. (2017) 1862:1546–61. doi: 10.1016/j.bbalip.2017.08.006

 36. Di Marzo V, Bisogno T, De Petrocellis L, Melck D, Orlando P, Wagner JA, et al. Biosynthesis and inactivation of the endocannabinoid 2-arachidonoylglycerol in circulating and tumoral macrophages. Eur J Biochem. (1999) 264:258–67. doi: 10.1046/j.1432-1327.1999.00631.x

 37. Varga K, Wagner JA, Bridgen DT, Kunos G. Platelet- and macrophage-derived endogenous cannabinoids are involved in endotoxin-induced hypotension. FASEB J. (1998) 12:1035–44. doi: 10.1096/fasebj.12.11.1035

 38. Sido JM, Nagarkatti PS, Nagarkatti M. Production of endocannabinoids by activated t cells and b cells modulates inflammation associated with delayed-type hypersensitivity. Eur J Immunol. (2016) 46:1472–9. doi: 10.1002/eji.201546181

 39. Muccioli GG, Naslain D, Bäckhed F, Reigstad CS, Lambert DM, Delzenne NM, et al. The endocannabinoid system links gut microbiota to adipogenesis. Mol Syst Biol. (2010) 6:392. doi: 10.1038/msb.2010.46

 40. Guida F, Turco F, Iannotta M, De Gregorio D, Palumbo I, Sarnelli G, et al. Antibiotic-induced microbiota perturbation causes gut endocannabinoidome changes, hippocampal neuroglial reorganization and depression in mice. Brain Behav Immun. (2018) 67:230–245. doi: 10.1016/j.bbi.2017.09.001

 41. Kathrani A, Werling D, Allenspach K. Canine breeds at high risk of developing inflammatory bowel disease in the south-eastern UK. Vet Rec. (2011) 169:635. doi: 10.1136/vr.d5380

 42. Simpson KW, Jergens AE. Pitfalls and progress in the diagnosis and management of canine inflammatory bowel disease. Vet Clin North Am Small Anim Pract. (2011) 41:381–98. doi: 10.1016/j.cvsm.2011.02.003

 43. Hall EJ. Antibiotic-responsive diarrhea in small animals. Vet Clin North Am Small Anim Pract. (2011) 41:273–86. doi: 10.1016/j.cvsm.2010.12.004

 44. Heilmann RM, Berghoff N, Mansell J, Grützner N, Parnell NK, Gurtner C, et al. Association of fecal calprotectin concentrations with disease severity, response to treatment, and other biomarkers in dogs with chronic inflammatory enteropathies. J Vet Intern Med. (2018) 32:679–92. doi: 10.1111/jvim.15065

 45. Carney PC, Ruaux CG, Suchodolski JS, Steiner JM. Biological variability of C-reactive protein and specific canine pancreatic lipase immunoreactivity in apparently healthy dogs. J Vet Intern Med. (2011) 25:825–30. doi: 10.1111/j.1939-1676.2011.0729.x

 46. Nakamura M, Takahashi M, Ohno K, Koshino A, Nakashima K, Setoguchi A, et al. C-reactive protein concentration in dogs with various diseases. J Vet Med Sci. (2008) 70:127–31. doi: 10.1292/jvms.70.127

 47. McCann TM, Ridyard AE, Else RW, Simpson JW. Evaluation of disease activity markers in dogs with idiopathic inflammatory bowel disease. J Small Anim Pract. (2007) 48:620–5. doi: 10.1111/j.1748-5827.2007.00335.x

 48. Allenspach K, Luckschander N, Styner M, Seibold F, Doherr M, Aeschbach D, et al. Evaluation of assays for perinuclear antineutrophilic cytoplasmic antibodies and antibodies to saccharomyces cerevisiae in dogs with inflammatory bowel disease. Am J Vet Res. (2004) 65:1279–83. doi: 10.2460/ajvr.2004.65.1279

 49. Florey J, Viall A, Streu S, DiMuro V, Riddle A, Kirk J, et al. Use of a granulocyte immunofluorescence assay designed for humans for detection of antineutrophil cytoplasmic antibodies in dogs with chronic enteropathies. J Vet Intern Med. (2017) 31:1062–6. doi: 10.1111/jvim.14774

 50. Luckschander N, Allenspach K, Hall J, Seibold F, Gröne A, Doherr MG, et al. Perinuclear antineutrophilic cytoplasmic antibody and response to treatment in diarrheic dogs with food responsive disease or inflammatory bowel disease. J Vet Intern Med. (2006) 20:221–7. doi: 10.1111/j.1939-1676.2006.tb02849.x

 51. Karagianni AE, Solano-Gallego L, Breitschwerdt EB, Gaschen FP, Day MJ, Trotta M, et al. Perinuclear antineutrophil cytoplasmic autoantibodies in dogs infected with various vector-borne pathogens and in dogs with immune-mediated hemolytic anemia. Am J Vet Res. (2012) 73:1403–9. doi: 10.2460/ajvr.73.9.1403

 52. Foell D, Wittkowski H, Roth J. Monitoring disease activity by stool analyses: from occult blood to molecular markers of intestinal inflammation and damage. Gut. (2009) 58:859–68. doi: 10.1136/gut.2008.170019

 53. Marks SL, Rankin SC, Byrne BA, Weese JS. Enteropathogenic bacteria in dogs and cats: diagnosis, epidemiology, treatment, and control. J Vet Intern Med. (2011) 25:1195–208. doi: 10.1111/j.1939-1676.2011.00821.x

 54. Cerquetella M, Rossi G, Suchodolski JS, Schmitz SS, Allenspach K, Rodríguez-Franco F, et al. Proposal for rational antibacterial use in the diagnosis and treatment of dogs with chronic diarrhoea. J Small Anim Pract. (2020) 61:211–5. doi: 10.1111/jsap.13122

 55. Cani PD, Plovier H, Van Hul M, Geurts L, Delzenne NM, Druart C, et al. Endocannabinoids — at the crossroads between the gut microbiota and host metabolism. Nat Rev Endocrinol. (2016) 12:133–43. doi: 10.1038/nrendo.2015.211

 56. Wright K, Rooney N, Feeney M, Tate J, Robertson D, Welham M, et al. Differential expression of cannabinoid receptors in the human colon: cannabinoids promote epithelial wound healing. Gastroenterology. (2005) 129:437–53. doi: 10.1053/j.gastro.2005.05.026

 57. Esposito G, Capoccia E, Turco F, Palumbo I, Lu J, Steardo A, et al. Palmitoylethanolamide improves colon inflammation through an enteric glia/toll like receptor 4-dependent PPAR-α activation. Gut. (2014) 63:1300–12. doi: 10.1136/gutjnl-2013-305005

 58. Alhamoruni A, Wright K, Larvin M, O'Sullivan S. Cannabinoids mediate opposing effects on inflammation-induced intestinal permeability. Br J Pharmacol. (2012) 165:2598–610. doi: 10.1111/j.1476-5381.2011.01589.x

 59. Karwad MA, Couch DG, Wright KL, Tufarelli C, Larvin M, Lund J, et al. Endocannabinoids and endocannabinoid-like compounds modulate hypoxia-induced permeability in caCo-2 cells via CB1, TRPV1, and PPARα. Biochem Pharmacol. (2019) 168:465–72. doi: 10.1016/j.bcp.2019.07.017

 60. Alhamoruni A, Lee AC, Wright KL, Larvin M, O'Sullivan SE. Pharmacological effects of cannabinoids on the caco-2 cell culture model of intestinal permeability. J Pharmacol Exp Ther. (2010) 335:92–102. doi: 10.1124/jpet.110.168237

 61. Matsuda K, Mikami Y, Takeda K, Fukuyama S, Egawa S, Sunamura M, et al. The cannabinoid 1 receptor antagonist, aM251, prolongs the survival of rats with severe acute pancreatitis. Tohoku J Exp Med. (2005) 207:99–107. doi: 10.1620/tjem.207.99

 62. Maeda N, Osanai T, Kushibiki M, Fujiwara T, Tamura Y, Oowada S, et al. Increased serum anandamide level at ruptured plaque site in patients with acute myocardial infarction. Fundam Clin Pharmacol. (2009) 23:351–7. doi: 10.1111/j.1472-8206.2009.00679.x

 63. Patsenker E, Sachse P, Chicca A, Gachet MS, Schneider V, Mattsson J, et al. Elevated levels of endocannabinoids in chronic hepatitis c may modulate cellular immune response and hepatic stellate cell activation. Int J Mol Sci. (2015) 16:7057–76. doi: 10.3390/ijms16047057

 64. Fernández-Rodriguez CM, Romero J, Petros TJ, Bradshaw H, Gasalla JM, Gutiérrez ML, et al. Circulating endogenous cannabinoid anandamide and portal, systemic and renal hemodynamics in cirrhosis. Liver Int. (2004) 24:477–83. doi: 10.1111/j.1478-3231.2004.0945.x

 65. Dandrieux JRS, Mansfield CS. Chronic enteropathy in canines: prevalence, impact and management strategies. Vet Med. (2019) 10:203–14. doi: 10.2147/VMRR.S162774

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Febo, Crisi, Oddi, Pietra, Galiazzo, Piscitelli, Gramenzi, Prinzio, Di Tommaso, Bernabò, Bisogno, Maccarrone and Boari. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-655311-t001.jpg
Study groups Age (in months)
Control (1 = 30) 60 (6-102)
FRE (1 21 (12-36)
ARE (0 =9) 60 (12-117)
IRE (0 = 14 35 (8-144)

*IRE group includes five PLE dogs. Ranges in brackets.

Body weight (in kg)

21.3(5-59)
30 (7-53)

19.6 (2.1-42)

12.9 (2.8-45)





OPS/images/fvets-08-655311-t002.jpg
Variable FRE ARE IRE* P-value

BCS 4(4-5) 4(2-6) 35(2-5) 0.12
CIBDAI 5(3-8) 2(1-6) 5(1-11) 007
CCECAI 5(3-10) 3(1-6) 5(1-14) 009
CRP (0-1 mg/dL)” 0.20 (0.02-321) 0.98 (0.16-1.66) 020 (0.01-5.65) 068
Folate (6.5-11.5 pg/L)™ 6.78 (2.44-5) 11.10 (3.72-25.00) 657 (2.14-24.00) 031
Cobalamin (250730 ng/L)" 395 (183-1,000) 547 (318-1,000) 269 (150-855) 007

"IRE group includes five PLE dogs. “available in 4/10 FRE dogs, 3/9 ARE dogs, 11/14 IRE dogs; " available in 8/10 FRE dogs, 7/9 ARE dogs, 14/14 IRE dogs; tavailable in 8/10 FRE
dogs, 7/9 ARE dogs, 14/14 IRE dogs.





OPS/images/fvets-08-655311-g003.gif
v






OPS/images/fvets-08-655311-g004.gif





OPS/images/fvets-08-655311-t005.jpg
eCBs Males Males castrated Females
2AG 28(1.6-73.6) 4.1(22-6.6) 32(2:3-24.8)
AEA 19(13-28) 24(1.7-25) 15(0.9-2.8)
PEA 20.0(9.2-57.1) 195 (17.5-65.9) 264 (11.4-59.0)
OFA 655 (21.1-82.9) 495 (47.2-67.0) 487 (25.2-98.8)

2-AG, 2-arachidonoylglycerol: AEA, N-arachidonoylethanolamine; PEA, N-palmitoylethanolamine; OEA, N-oleoylethanolamine.

Female spayed

53(25-20.2)
2.1(1.0-9.9)
23.4(7.8-30.7)

47.7 ©.2-121.1)

P-value

0.266
0.139
0514
0.674





OPS/images/fvets-08-655311-t003.jpg
eCBs Samplesize Outliers Mean (+SD) excluded
suspected outliers

2-AG 30 4 40@1.7)
AEA 30 1 1.8(£05)

PEA 30 o 28.4 (£15.4)
OFA 30 o 56.4 (+25.9)

The 95% confidence interval of the means were also reported. 2-AG,
oleoylethanolamine.

Median (mi
suspected outliers

3.4(16-87) 1.625
17(09-28) 329
24.5(7.8-65.9) 22,67
52.1(9.2-121.1) 4677

‘max) excluded Lower 95% Cl of mean

Upper 95% CI of mean

2.02
4.70
34.19
66.19

2-arachidonoylglycerol; AEA, N-arachidonoylethanolamine; PEA, N-palmitoylethanolamine; OEA, N-





OPS/images/fvets-08-655311-t004.jpg
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2AG 10.7 (1.9-220.6) 44 (1.6-73.6) 0.001
AEA 1.7 (0.9-4.8) 1.8(0.9-99) 0659
PEA 405 (8.0-120.3) 24.5(7.8-65.9) 0.008
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2-AG,  2-arachidonoyiglycerol;  AEA,  N-arachidonoylethanolamine;  PEA,
N-palmitoylethanolamine; OEA, N-oleoylethanolamine. ltalic denotes significance.
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2AG 32(1.9-22.2) 11.2(33-31.5) 31.5(3.9-220.6) <0.001t 7.3(1.9-160.9) 38.3(0.0-222.6) 0.033
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OEA 93.0 (32.8-167.0) 67.0(33.8-103.6) 26.2(2.8-102.8) <001t 67.3(17.2-167.0) 26.2(2.8-49.8) 0.023

Median values, with minimurm and maximum in brackets, of plasma endocannabinoids (eCBS) in dogs with chronic enteropathy with (PLE, n = 5) and without Protein Losing Enteropathy
(non-PLE, n = 28). GE, Ghronic Enteropathy; 2-AG, 2-arachidonoyiglycerol; AEA, N-arachidonoylethanolamine; PEA, palmitoylethanolamide; OEA, oleoylethanolamide. *IRE group
includes five PLE dogs. Tsignificant difference between IRE and FRE dogs. ltalic denotes significance.
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