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Abstract

Background: Metabolic profiles differ between healthy humans and those with

inflammatory bowel disease. Few studies have examined metabolic profiles in dogs

with chronic enteropathy (CE).

Hypothesis: Serum metabolic profiles of dogs with CE are significantly different from

those of healthy dogs.

Animals: Fifty-five dogs with CE and 204 healthy controls.

Methods: A cross-sectional study. The serum concentrations of 99 metabolites mea-

sured using a canine-specific proton nuclear magnetic resonance spectroscopy plat-

form were studied. A 2-sample unpaired t-test was used to compare the 2 study

samples. The threshold for significance was set at P < .05 with a Bonferroni correc-

tion for each metabolite group.

Results: Nineteen metabolites and 18 indices of lipoprotein composition were

significantly different between the CE and healthy dogs. Four metabolites were signifi-

cantly higher in dogs with CE, including phenylalanine (mean and SD) (healthy:

0.0417 mmol/L; [SD] 0.0100; CE: 0.0480 mmol/L; SD: 0.0125; P value: <.001) and lac-

tate (healthy: 1.8751 mmol/L; SD: 0.7808; CE: 2.4827 mmol/L; SD CE: 1.4166;

P value: .003). Fifteen metabolites were significantly lower in dogs with CE, including

total fatty acids, and glycine (healthy: 0.2273 mmol/L; SD: 0.0794; CE: 0.1828 mmol/

L; SD CE: 0.0517; P value: <.001).

Conclusions and Clinical Importance: The metabolic profile of dogs with CE is signifi-

cantly different from that of healthy dogs, this opens novel research avenues to

develop better diagnostic and prognostic approaches as well as therapeutic trials.

K E YWORD S

amino acid, canine, glycoprotein acetyls, lipid, metabolomics

1 | INTRODUCTION

Chronic enteropathy (CE) is a common cause of gastrointestinal dis-

ease in dogs. It is characterized by a several week history of signs of

gastrointestinal (GI) disease, and histopathological evidence of

Abbreviations: 1H NMR, proton nuclear magnetic resonance; ACTH, adrenocorticotrophic

hormone; APTT, activated partial thromboplastin time; CE, chronic enteropathy; CI,

confidence interval; cPLI, canine pancreas specific lipase; GC-MS, gas chromatography

coupled to mass spectrometry; GPA, glycoprotein acetyls; HDL, high density lipoproteins;

HfSA, Hospital for Small Animals; IBD, inflammatory bowel disease; LC-MS, liquid

chromatography coupled with single-stage or tandem mass spectrometry; PT, prothrombin

time; PUFAs, polyunsaturated fatty acids; R(D)SVS, Royal (Dick) School of Veterinary Studies;

TLI, trypsin-like immunoreactivity; VLDL, very low-density lipoprotein.

Received: 27 August 2021 Accepted: 25 March 2022

DOI: 10.1111/jvim.16419

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Journal of Veterinary Internal Medicine published by Wiley Periodicals LLC on behalf of American College of Veterinary Internal Medicine.

1752 J Vet Intern Med. 2022;36:1752–1759.wileyonlinelibrary.com/journal/jvim

https://orcid.org/0000-0001-5705-6134
https://orcid.org/0000-0002-3819-1821
https://orcid.org/0000-0003-4837-6309
https://orcid.org/0000-0002-3467-7007
mailto:hwalker6@ed.ac.uk
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/jvim
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjvim.16419&domain=pdf&date_stamp=2022-07-26


inflammatory infiltrates in the GI tract, in the absence of any underly-

ing metabolic, infectious, or neoplastic causes.1 It is subtyped based

upon response to treatment as either food-responsive,2 antibiotic-

responsive,3 immunosuppression-responsive,4 or nonresponsive.5

The etiology of CE is hypothesized to be a series of complex interac-

tions between the host genome, microbiome, lack of immune tolerance

and intraluminal dietary components.1,6 The degree of inflammation

shows marked interobserver variability dependant on scoring system

used,7 does not consistently correlate with clinical signs,8 nor does it pre-

dict the response to treatment,9 and clinical remission often does not

correlate with histological remission.10 Therefore, it remains challenging

for the clinician to both diagnose and prognosticate based on current

diagnostic approaches. In an effort to improve the diagnostic accuracy,

reduce invasive testing and to better predict and monitor the response

to treatment of dogs with CE, the clinical utility of measuring multiple

biomarkers has been explored.11 Of these, few are routinely used in clini-

cal practice, mainly because of limitations concerning availability of test-

ing and individual variation.11,12

Similar challenges exist in the human field, where the clear need

to noninvasively assess and personalize treatment for diseases such

as ulcerative colitis and Crohn's disease resulted in the extensive

study of metabolic profiling. Several serum metabolites consistently

differ between healthy individuals and those suffering from inflamma-

tory bowel disease (IBD), which might allow differentiation between

subtypes.13–15 This not only provides a series of potential biomarkers,

but also offers insights into the potential pathogenesis of these condi-

tions. This gives rise to the hope that measuring serum metabolites

might be able to reduce the clinical need of more invasive testing such

as endoscopic biopsies in dogs.

Assessment of serum metabolites can be undertaken using a wide

range of analytical platforms. In contrast to other commonly used

metabolomics techniques such as gas chromatography coupled to

mass spectrometry (GC-MS) and liquid chromatography coupled with

mass spectrometry (LC-MS), proton nuclear magnetic resonance (1H

NMR) spectroscopy provides a high speed, high throughput, and

highly reproducible method.16 Increased availability of these tech-

niques has facilitated the recent expansion of metabolomic studies in

both human and veterinary medicine.

Metabolomic profiles between dogs with CE and healthy individ-

uals are not well characterized. Several recent studies documented

differences in lipid and amino acid profiles in dogs with CE,17,18 how-

ever comprehensive metabolomic studies are lacking. Significant vari-

ance has been identified in the phospholipid profiles of dogs with IBD

and food responsive enteropathy, and before and after treatment.17

Alterations in amino acid profiles are identified in dogs with IBD, and

whilst correlating with clinical disease severity, these did not reflect

the histological inflammation or C-reactive protein concentrations.18

This study measures a large panel of serum metabolites in dogs

with a CE using a canine-specific 1H NMR metabolomics platform.

We hypothesize that serum metabolic profiles of dogs with CE are

significantly different from healthy dogs. The aim of this study is to,

therefore, compare the metabolomic profiles between healthy dogs

and dogs with histopathologically confirmed CE.

2 | MATERIALS AND METHODS

This study was performed at the Royal (Dick) School of Veterinary

Studies and was approved by the University of Edinburgh Veterinary

Ethics Review Committee.

Dogs were classified as having a CE if they had a >3-wk history

of signs of GI disease, confirmation of an inflammatory infiltrate of

the lamina propria on histopathology from endoscopic intestinal

biopsies, and exclusion of other causative processes. Signs of GI dis-

ease were classified as 1 or more of: vomiting, diarrhea, increased

borborygmi or flatus, abdominal pain, increased or decreased appe-

tite and weight loss or bloating. In order to exclude other causative

processes, dogs were required to have no clinically relevant abnor-

malities on hematology, biochemistry, abdominal ultrasound, fecal

parasitology including giardia antigen and a resting or post ACTH

stimulated cortisol >2 μg/dL (>55 nmol/L) to exclude hypo-

adrenocorticism. Other investigations performed at the discretion of

the clinician included canine pancreas-specific lipase, trypsin-like

immunoreactivity, urine analysis +/� urine protein: creatinine ratio,

abdominal and/or thoracic radiographs, T4 and TSH, and coagulation

parameters (PT and APTT). A canine IBD activity index (CIBDAI)

score was recorded in all dogs with a CE, where this was not avail-

able it was calculated from clinical records.19 Empiric deworming

was performed at the discretion of the clinician but was not consid-

ered an exclusion criterion.

Healthy controls were defined as dogs presenting for an annual

vaccination to the university teaching hospital without any abnormali-

ties detected on history or physical examination. Samples were col-

lected between November 2014 and July 2018.

After sampling, blood was placed into plain blood collection

tubes (as per manufacturer's instructions), which were refrigerated

immediately after collection. Serum was separated by centrifuga-

tion within 4 hours of collection and aliquoted. Samples were

stored frozen at �80�C until analysis. Before analysis samples

were inspected for any evidence of hemolysis, or lipemia and sam-

ple quality noted.

All samples were analyzed using a Bruker AVANCE III HD 500 1H

NMR spectrometer (Bruker Biospin, Rheinstetten, Germany). The

canine-specific platform has been recently validated and reference

intervals for the individual metabolites determined by Ottka et al.20

Ninety-nine metabolites were analyzed, from 8 metabolite group, con-

sisting of amino acids, cholesterols, fatty acids, glycolysis related

metabolites, inflammatory markers, ketone bodies, lipoprotein sub-

class particles, and triglycerides, as outlined in Figure 1.

Statistical analysis was performed using the R statistical sys-

tem (R version 4.0.3 [October 10, 2020]). An unpaired 2-sample

t-test was used to compare the 2 study samples as group sizes

were sufficient, under the central limit theorem, to assume that

sample means were normally distributed. The threshold for signifi-

cance was set at P < .05 with a Bonferroni correction for each

metabolite group by setting the critical P-value for multiple com-

parisons to be .05 divided by the number of comparisons in each

metabolite group.
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3 | RESULTS

3.1 | Dogs

Fifty-five dogs with CE were included in the analysis. The median age

was 6 y (range, 6 mo-12.5 y). These were from 25 breeds, and 7 dogs

were mixed breed. The CIBDAI scores ranged from 1 to 15 with a median

of 7. Five entire females, 19 neutered females, 13 entire males and

18 neutered male dogs were included in the CE cohort. The median

weight was 22.25 kg (range, 4.3-80 kg). The 10 most prevalent breeds

included are outlined in Table 1. Drugs used before referral included: his-

tamine blockers (famotidine, cimetidine, and ranitidine), antibiotics (metro-

nidazole, enrofloxacin, trimethoprim sulfonamide, and potentiated

amoxicillin), hyoscine butylbromide, probiotics, omeprazole, meloxicam,

tramadol, metoclopramide, phenylpropanolamine, oclacitinib, maropitant,

thyroxine, and chlorphenamine. One dog was receiving prednisolone

F IGURE 1 Metabolite subgroups tested in dogs with 55 dogs with chronic enteropathy compared to a healthy study sample of 204 dogs,
measured using 1NMR Spectroscopy

TABLE 1 Ten most prevalent breeds of 55 dogs with chronic enteropathy and 204 healthy controls used in metabolomic analysis using
1NMR Spectroscopy

Ten most prevalent breeds of 55 dogs with
chronic enteropathy

Number
of Dogs Percentage

Ten most prevalent breeds of 204
healthy controls

Number
of Dogs Percentage

Labrador 13 24 Mixed Breed 52 26

Mixed Breed 7 13 Labrador 28 14

Border terrier 3 5 English Cocker Spaniel 17 8

Border Collie 3 5 English Springer Spaniel 13 6

Irish Setter 3 5 Golder Retriever 8 4

Lurcher 2 4 Jack Russel Terrier 6 3

Golder Retriever 2 4 Greyhound 6 3

Jack Russel Terrier 2 4 Border Terrier 5 2

Rottweiller 2 4 Whippet 4 2

Rhodesian Ridgeback 2 4 Hungarian Vizsla 4 2

1754 WALKER ET AL.
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orally at physiological dose (0.2 mg/kg q24 hours). Empiric deworming

with fenbendazole at 50 mg/kg orally for 5 consecutive days was per-

formed in 38 dogs.

Two hundred four healthy controls were used. These were from

47 breeds, and 52 dogs were mixed breed. Of the healthy controls,

96 were neutered females, 10 were entire females, 72 were neutered

males, 26 were entire males. They had a median age of 3 y (range,

6 mo-16 y). The median weight of control dogs was 20.95 kg (range,

3.1-70 kg). The 10 most prevalent breeds from the healthy control

group are outlined in Table 1. An unpaired t-test did not identify a sig-

nificant difference between the ages of the 2 groups of dogs (P = .15)

or the weights of the 2 groups (P = .26).

3.2 | Metabolites

A significant difference was identified in 19 metabolites and 18 indices

of lipoprotein composition between the healthy and CE groups. Four

metabolites were significantly higher in dogs with CE than healthy con-

trols: the amino acid phenylalanine, the ketone body acetate, and the

glycolysis related metabolites citrate and lactate. Fifteen metabolites

were significantly lower in dogs with CE than healthy dogs, outlined in

Table 2, including several fatty acids; the amino acid glycine, total tri-

glycerides, very low-density lipoprotein triglycerides and high-density

lipoprotein triglycerides, glycoprotein acetyls and very low-density lipo-

protein cholesterol. The 18 indices of lipoprotein subclass particle com-

position that showed statistical significance are outlined in Table 3. No

samples were recorded to be grossly lipemic or hemolytic.

4 | DISCUSSION

This study highlights a significant difference in the metabolomic pro-

file between dogs with CE and healthy controls, using a recently vali-

dated 1H NMR metabolomics platform. Alterations were identified in

the serum concentrations of amino acids, fatty acids, glycolysis related

metabolites, and lipid subclass composition.

Amino acid profiling has been widely investigated in human inflamma-

tory enteropathies, and more recently has been studied in dogs with

CE. Investigation of alterations in the amino acid signature of dogs with CE

has highlighted tryptophan and serine as potential biomarkers in IBD.18,21,26

In this study, glycine was significantly lower in dogs with CE than healthy

dogs. This is in contrast to previous studies, in which no significant differ-

ence was identified in glycine levels between dogs with IBD or protein los-

ing enteropathy and healthy controls.18,21 Glycine is a simple amino acid,

which functions as an anti-inflammatory, immunomodulatory and cyto-

protective molecule.22 It suppresses TLR4 and NOD2 signaling in piglets

challenged with lipopolysaccharide.23 mRNA expression of TLR4 and

NOD2 is dysregulated in CE.24,25 Supplementation with glycine also

decreases the clinical severity and inflammatory infiltrates in animal models

of inflammatory enteropathies.22 A possible explanation for the discordance

between our findings and those of previous studies might lie in the smaller

number of dogs used in one of these previous cohorts, or the differences in

study samples analyzed, as previous studies included only dogs with

immunosuppressive - responsive enteropathy26 and protein-losing

enteropathy.21

In our study, in contrast to a previous pilot study,26 phenylalanine

concentration was found to be significantly higher in dogs with

CE. This is also identified in humans, as people with ulcerative colitis

have higher blood levels of phenylalanine than healthy controls.27 The

metabolism of phenylalanine relates to the enzyme phenylalanine

hydroxylase, which is functionally reduced by inflammation, therefore

this increased serum level might be an indirect result of inflammatory

cytokines.28

Aberrations in glycolysis related metabolites are documented in

many disease states, driven by alterations in energy requirements. In

this study, lactate was significantly higher in dogs with CE compared

to the healthy study sample. Lactate measured by this 1H NMR spec-

trometer encompasses both L-lactate and D-lactate. Within human IBD,

serum D-Lactate has been identified to be significantly higher in peo-

ples with Crohn's disease than healthy controls, because of increased

intestinal production, and absorption facilitated by abnormal intestinal

barrier function.29 Within veterinary medicine, significant increases in

fecal lactate concentrations are observed in dogs with CE.30 Down-reg-

ulation of genes responsible for maintaining intestinal barrier function is

identified in dogs with CE, therefore the pathogenesis of increased lac-

tate might mirror that seen in human medicine.31 Alternatively, the

increase in serum lactate might be a result of L-lactate production,

because of tissue hypoperfusion.

Total fatty acids were significantly lower in dogs with CE than healthy

controls. Essential fatty acids are important mediators of inflammation, act-

ing as both pro- and anti-inflammatory intermediaries. Pro-inflammatory

mediators are metabolized via arachidonic acid and the cyclooxygenase

pathway to form prostaglandins, thromboxanes, and leukotrienes.32 In con-

trast, specialized pro-resolving mediators are synthesized from omega-3

essential fatty acids (eicosopentanoic acid and docosahexaenoic acid) to

resolvins, protectins, and maresins and from omega-6 fatty acids to

lipoxins.33 Dysregulation in these mediators in the face of chronic inflam-

mation, is a feature of CE in people but has not been extensively investi-

gated in dogs with CE. Interestingly, in comparison to that of amino acids,

evidence of therapeutic response to essential fatty acids in people is

limited,34 However there is some evidence that supplementation of

eicosopentanoic acid can improve inflammation and affect colonic differ-

entiation markers and microbiota in people with ulcerative colitis.35

Lipoprotein particle composition analysis is an emerging tool in

human medicine. Whilst primarily used to look for dyslipidemias sur-

rounding cardiovascular disease, there is some emerging data that

dyslipidemias in human IBD might be an important potential focus for

profiling and treating these patients.36,37 Dyslipidemias are widely

reported in dogs with CE,17 and the role of proinflammatory cytokines

on mediators of lipolysis such as lipoprotein lipase are suggested to

have a role in these pathways in human medicine.38

Glycoprotein acetyls (GPA) were significantly lower in dogs with

CE than healthy controls. Glycoprotein acetyls are a novel NMR bio-

marker, which reflect the concentrations of certain acute-phase glyco-

proteins, and in human medicine correlate with chronic inflammation.
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A recent NMR study in people identified GPA to be significantly

higher in people with active IBD compared with healthy controls.39 In

addition, they accurately reflected the mucosal recovery to a healthy

state in people with both Crohn's disease and ulcerative colitis.39 The

lower level of GPA in dogs with CE, compared with healthy controls is

unexpected, although the literature surrounding the use of GPA as

biomarkers in dogs is limited. Glycoprotein acetyl profiles in dogs dif-

fer from human profiles, and are affected by various medications.40,41

As the medications before referral were not standardized the impact

of these cannot be excluded. Equally, the lower level of GPA in dogs

with CE might represent GI protein loss in our cohort.

The limitations of this study include a lack of standardized diets,

lack of subtyping of CE, and the smaller number of dogs with CE than

healthy controls. Six dogs had a serum albumin level below the lower

reference limit which could have impacted the metabolome. The dogs

were also exposed to different medications before referral including

antibiotics and probiotics. Two dogs did not have a trypsin like immu-

noreactivity performed to exclude exocrine pancreatic insufficiency,

and not all cases had empirical deworming. The body condition score

of the healthy controls was not available to compare with the CE

group, which could have impacts on the metabolome.

A number of animal and sample factors can influence the

metabolome, and clinicians should endeavor to standardize these in follow

up experiments.42 Animal factors which could have affected the

metabolome include a difference in the fasting status between the CE and

control dogs, differences in medication exposure, and time of day of sam-

pling. The dogs were not subdivided into age categories to enhance the

statistical power, however again this represents a potential for variance.

Sample factors which could have impacted the metabolome include the

potential for different brand of serum tubes to be used over the 4 y collec-

tion period, differences in clotting time between dogs, and a difference in

time to centrifugation. Whilst most amino acids are stable for 4 hours,

there is some evidence that others might be affected.43 There was also a

difference in storage times between the samples before analysis. Samples

were stored at�80�C for several years before analysis. In a previous study

validating the NMR platform, all sample metabolites were stable at �80�C

for 12 mo,20 however evidence into the impact of longer storage on

canine samples is lacking. Studies looking at human metabolites, however,

have shown negligible effects after storage at �80�C for 2.5 y when using

an NMR platform,44 despite this, the effect of storage on the current

study's samples cannot be excluded. No freeze thaw cycles were

performed.

In conclusion, dogs with CE have significant alterations in lipid,

amino acid, fatty acid and glycolysis related metabolites compared to

healthy dogs. This study might open novel research avenues which

could explore the diagnostic and prognostic utility of metabolite

changes and guide the development of future therapeutic trials.
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