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Simple Summary: Molecular-based approaches are rapidly developing in medicine for the eval-
uation of physiological and pathological conditions and for the discovery of new biomarkers in
prevention and therapy. Membrane fatty acid-based lipidomic analysis in healthy animals provides a
benchmark to study disease conditions and was useful to evidence significant differences in dogs
affected by chronic enteropathy. Such molecular information might have the potential to become
a useful tool in the assessment of canine chronic enteropathy, being connected with nutritional
and metabolic status of the subjects, as well as it may reflect “gut health” and suggest appropriate
intervention by “lipid therapy”.

Abstract: Canine chronic enteropathies (CEs) are inflammatory processes resulting from complex
interplay between the mucosal immune system, intestinal microbiome, and dietary components in
susceptible dogs. Fatty acids (FAs) play important roles in the regulation of physiologic and metabolic
pathways and their role in inflammation seems to be dual, as they exhibit pro—-inflammatory and
anti-inflammatory functions. Analysis of red blood cell (RBC) membrane fatty acid profile represents
a tool for assessing the quantity and quality of structural and functional molecular components. This
study was aimed at comparing the FA membrane profile, determined by Gas Chromatography and
relevant lipid parameter of 48 CE dogs compared with 68 healthy dogs. In CE patients, the levels
of stearic (p < 0.0001), dihomo-gamma-linolenic, eicosapentaenoic (p = 0.02), and docosahexaenoic
(p = 0.02) acids were significantly higher, and those of palmitic (p < 0.0001) and linoleic (p = 0.0006)
acids were significantly lower. Non-responder dogs presented higher percentages of vaccenic acid
(p = 0.007), compared to those of dogs that responded to diagnostic trials. These results suggest that
lipidomic status may reflect the “gut health”, and the non-invasive analysis of RBC membrane might
have the potential to become a candidate biomarker in the evaluation of dogs affected by CE.

Keywords: canine chronic enteropathy; non-responsive enteropathy; protein-losing enteropathy;
membrane fatty acids; lipidomic profile; red blood cell membrane lipidome

1. Introduction

Canine chronic enteropathies (CEs) are inflammatory processes that affect the gas-
trointestinal tract of dogs and, according to the response to a subsequent therapeutic trial,
are represented by food-responsive enteropathy (FRE), antibiotic-responsive enteropathy
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(ARE), and immunosuppressant-responsive enteropathy (IRE). Dogs not responding to
treatment are categorized as having non-responsive enteropathy (NRE) [1,2].

In addition to this classification, dogs with loss of protein across the gut are sub-
grouped as suffering from protein-losing enteropathy (PLE), highlighting the more guarded
prognosis and variable response to therapy for this particular form of CE, compared to
dogs with normal serum albumin concentration [3-5].

Chronic enteropathies are believed to represent a multifactorial immune-mediated
disease, resulting from complex interplay between the mucosal immune system, intestinal
microbiome, and dietary components in genetically susceptible dogs, but exact pathogene-
sis remains largely unknown [2,6-8].

In both humans and dogs, the chronic inflammatory state of the gut is associated
with increased eicosanoids, including prostaglandins and leukotrienes, which are derived
from the metabolism of the w-6 polyunsaturated fatty acid (PUFA) arachidonic acid (AA)
after its detachment from cell membranes by the activity of phospholipase A; [9]. Fatty
acids and the resulting metabolites such as eicosanoids are implicated in multiple signaling
cascades involved in inflammation, including vascular permeability, edema, chemotaxis,
tissue damage, and release of pro-inflammatory cytokines [10,11]; moreover, fatty acids in-
corporated into phospholipids of the membrane bilayer are recognized as key components
of multiple signal transduction cascades, including those associated with the activation
and resolution of inflammation [12]. As matter of fact, eicosanoids formed from the long
chain PUFA residues of membrane phospholipids, the types of fatty acids forming cell
membranes, and the balance between PUFA w-6 and w-3 are critical to regulating the
signaling outcome [9]. The pro- and anti-inflammatory activities can also be evaluated
by calculating the w-6/w-3 ratio, taking into account that essential and semi-essential
PUFAs are in turn connected to nutritional intakes [11,12]. At the same time, membrane
organization, structure, and properties, including mucus production and barrier integrity,
are finely tuned by the balance between saturated and unsaturated fatty acid types [12].
These considerations led to the development of the fatty acid-based membrane lipidomic
approach, which is a valuable tool to individuate unbalances and establish the strategies
called “membrane lipid replacement therapy” [13] and nutrilipidomics [14]. These natural
approaches are based on the membrane characterization by choosing a representative cell
type in the body that reports on the status of all tissues, and then on the application of
the appropriate lipid therapy, which induces a favorable remodeling of the membrane
composition by the well-known Lands cycle. The membrane remodeling is the princi-
pal phenomenon involved in adaptation and membrane homeostasis, and is activated in
several inflammatory and degenerative conditions, as shown for humans [15-17].

In recent years, due to the potential role of fatty acids in gut inflammation, fatty acid
profile detection and their manipulation have gained great interest in studies of human
inflammatory bowel disease (IBD) [11,18,19]. Fatty acids can be altered in the serum,
plasma, urine, fecal, and colonic mucosa samples of IBD patients. Increasing evidence,
in both humans and rodents, suggests that inflammation alters lipid utilization in the
intestine. Indeed, ulcerative colitis (UC) and active and inactive Crohn’s disease patients
had a significantly higher proportion of saturated fatty acids (SFAs) and long-chain w-3 and
w-6 polyunsaturated fatty acids (PUFAs) in intestinal tissue, with a concomitant decline
in monounsaturated fatty acids (MUFAs) [20,21]. At the molecular level, SFAs induce
inflammatory signaling by stimulating Toll-like receptors (TLR) 2 and TLR4, whereas
PUFAs and, in particular, w-3 docosahexaenoic acid (DHA) are able to counteract such a
cascade [22].

In the veterinary field, this subject has also been recently reported, with significant
variances identified in plasmatic and whole blood phospholipid profiles of dogs with IRE
and FRE [23], and in dogs with IBD after a hydrolyzed diet [24]; however, no information
is available on the erythrocyte membrane lipidome. To choose the representative cell type,
it must be considered that red blood cells are the largest contributors to cell numbers in
the body and make up the highest number of cells formed every day [25]. Furthermore,
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during their life of 120 days in both humans and dogs, they come in contact with all the
bodily districts, exchanging phospholipids and becoming reporters of the tissue conditions,
informing on metabolic, nutritional, and healthy conditions with the contribution of long-
term nutritional habits [14,15,26,27]. Although plasma has been considered to follow a
lipidomic pattern similar to that of the tissues [28], it is worth recalling that the fatty acid
content of plasma can be greatly affected by short-term dietary intake [29,30].

The benchmark of a healthy dog membrane lipidome was reported following the
protocol used also for humans, isolating the blood fraction containing erythrocytes [31],
and based on this premise, we were interested in characterizing dogs affected by CE,
to investigate the molecular differences from the healthy condition. It can be expected
that the quantity and quality of fatty acids in the erythrocyte membrane lipidome may
mirror the “gut health” in dogs affected by different forms of CE, allowing us to gain new
insights related to the balance among fatty acid types that regulate signaling cascades.
Diagnostic performance of the erythrocyte lipidome in distinguishing different subtypes of
CE (i.e., FRE, ARE, and IRE/NRE) was also evaluated. Finally, we assessed for any possible
association between the red blood cell lipidomic profile in CE dogs according to the Canine
Chronic Enteropathy Clinical Activity Index (CCECAI), the body condition score (BCS), as
well as C-reactive protein (CRP), albumin, folate, and cobalamin levels.

2. Materials and Methods
2.1. Animals

Dogs with primary chronic gastrointestinal signs presented to Veterinary Teaching
Hospitals of the Universities of Teramo and Bologna and to the Veterinary Hospital “I
Portoni Rossi”, Italy, between January 2018 and June 2019 and were prospectively enrolled
in the study. The project was approved by the Committee on Animal Research and Ethics
of the Universities of Chieti-Pescara, Teramo and Experimental Zooprophylactic Institute
of AeM (CEISA), Protocol UNICHD12 n. 1168.

Dogs were eligible for the study if they had a history of clinical signs for at least
3 weeks that were consistent with CE, including vomiting, diarrhea, and/or weight loss.
Inclusion criteria were parasitological negativity of the copromicroscopic examination
(i.e., direct fecal smear evaluation and zinc sulfate centrifugal flotation techniques) per-
formed on 3 fecal samples and exclusion of common extra-gastrointestinal causes of
chronic gastrointestinal signs, such as exocrine pancreatic insufficiency or hypoadrenocor-
ticism (i.e., complete blood count, serum chemistry panel, urinalysis, evaluation of basal
cortisol or adrenocorticotropic hormone stimulation test if needed, canine Trypsin-like
Immunoreactivity, and abdominal ultrasound). Exclusion criteria were recent (<1 month)
anti-inflammatory/immunosuppressive treatment, antibiotic treatment, and administra-
tion of probiotics. Additionally, dogs that received dietary w-3 supplementation in the last
4 months were not included in the present study. Dogs already in dietary management
were not excluded from the study. The control group was made of 68 healthy dogs, whose
fatty acid-based membrane lipidome profile was recently published [31].

2.2. Diagnostic Investigations and Therapeutic Trials

At the time of the first visit, each dog included in the study underwent blood sampling
for lipidomic analysis after 12 h overnight fasting and before any interventions. The Canine
Chronic Enteropathy Clinical Activity Index (CCECAI) [3] and the body condition score
(BCS) were recorded for each enrolled patient, and every dog underwent a 5-day course of
fenbendazole 50 mg/Kg per os once a day, regardless of the fecal tests results.

Based on the diagnosis, dogs affected by chronic enteropathy (CE) were further di-
vided into groups [1,2], as follows. The FRE group included patients with complete
remission of the gastrointestinal symptoms within 3 weeks of dietetic trial with an elimina-
tion diet or a hydrolyzed protein diet; the ARE group included patients with partial
or no response to dietetic trial, but complete remission of the gastrointestinal symp-
toms within 3 weeks of an antibiotic trial with tylosin at a dose of 15 mg/Kg twice
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a day; patients that responded neither to diet nor to antibiotics underwent multiple
gastrointestinal endoscopic biopsies and were classified as IRE/NRE. Dogs that went
into remission on anti-inflammatory/immunosuppressive drugs such as prednisolone
or budesonide were classified as IRE, and those dogs that responded poorly to anti-
inflammatory /immunosuppressive therapy were classified as NRE. The remission was
considered complete if clinical signs resolved or the CCECAI score reduced by >75% and
maintained for a minimum of 6 weeks, while dogs in the NRE group showed no clinical
response to treatment, as assessed by a change in CCECALI scores of <25% or no clinical
improvement [32]. The same therapeutic diet was continued throughout the trial in all the
CE dogs.

Moreover, regardless of the diagnosis (i.e., FRE, ARE, or IRE/NRE), those patients
with low albumin concentration (<2 mg/dL) due to a severe loss of serum proteins into the
intestine were further classified into the PLE subgroup.

2.3. Fatty Acid-Based RBC Membrane Lipidome Analysis

Whole blood in EDTA as anticoagulant was used to isolate red blood cells and perform
membrane lipidome analysis, as previously described [31]. Briefly, starting from a 1 mL
whole blood sample, the separation of erythrocytes from plasma, followed by washings and
centrifugation for the membrane isolation, finally produces a pellet that was re-suspended
in pure water to extract lipids using 2:1 chloroform:methanol as the organic phase [31].
The organic layer was separated and evaporated under vacuum to dryness. A thin layer
chromatography using chloroform/methanol/water in a ratio of 65:25:4 was performed to
determine the purity of the phospholipid fraction with respect to the presence of residual
triglycerides or cholesteryl esters as plasma contaminants that could affect the fatty acid
quality and quantity [33]. The phospholipid extract was transesterified at room temperature
for 10 min with 0.5 M KOH/MeOH to obtain the corresponding methyl esters (FAMEs) of
the fatty acid residues esterified to the glycerol moieties. This chemical transformation was
carried out with known procedures, checking for the absence of oxidative and degradation
reactions, which could affect the final fatty acid composition. The final steps were the
extraction of the FAME using n-hexane, evaporation under vacuum to dryness, and use of
the FAME extract to perform gas chromatography (GC) analysis, as described below (see
Figure S1 in Supplementary Information).

FAME extract was dissolved in 20 pL of n-hexane and 1 pL was directly injected
into the Agilent 7890B GC system equipped with a flame ionization detector and a DB-23
(50%-Cyanopropyl)-methylpolysiloxane capillary column (60 m, 0.25 mm i.d., 0.25 um film
thickness). The initial temperature was 165 °C, held for 3 min, followed by an increase of
1 °C/min up to 195 °C, held for 40 min, followed by a second increase of 10 °C/min up
to 240 °C, held for 10 min. The carrier gas was hydrogen, held at a constant pressure of
16.482 psi. In Supplementary Information, there are details of the calibration procedure and
a figure of a representative GC run (Supplementary Figures S2 and S3) with the 10 fatty
acids identified by appropriate standard references, which are commercially available as
reference materials at known concentrations. The quantification procedure was performed
as already described [31] and reported in Supplementary Information. The data of the
10 yFAs are represented in pg/mL, and each quantity is reported as percentage relative to
the cluster as sum of the quantities (100%) that corresponds to >97% of the peaks found in
the GC runs (% rel. quant.). The quantities were used to obtain the corresponding lipid
indexes, which were derived from performing mathematical operations of sums and ratios
using the FA quantities as described in the text and table footnotes.

2.4. Evaluation of the Fatty Acid Cluster, Homeostasis Indexes, and Enzymes Activity Indexes

As previously described [31], a cluster of 10 fatty acids, representative of the main
fatty acid moieties present in the cell membrane, was chosen. In particular, the cohort
of fatty acids included: palmitic (C16:0) and stearic (C18:0) acids as SFAs; palmitoleic
(C16:1), oleic (9¢, C18:1), and vaccenic (11¢, C18:1) acids as MUFAs; linoleic (LA, C18:2),
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dihomo-gamma-linolenic (DGLA; C20:3), and arachidonic (AA, C20:4) acids as PUFA w-6;
and eicosapentaenoic (EPA, C20:5) and docosahexaenoic (DHA, C22:6) acids as PUFA w-3.
These values were also reported as total fatty acid contents (total SFAs, total MUFAs, total
PUFAs, total w-6, and total w-3), and lipid indexes were calculated as follows: w-6/w-3
ratio, PUFA balance [w-3/(w-3 + w-6)], SFA/MUFA ratio, unsaturation index (Ul = MUFA
total x 1+ C18:2 x 2+ C20:3 x 3 + C20:4 x 4 + C20:5 x 5 + C22:6 x 6) and peroxidation
index (PI = MUFA total x 0.025 + C18:2 x 1 + C20:3 x 2 + C20:4 x 4 + C20:5 x 6 +
C22:6 x 8) (38). The elongase-6 activity (EI = C18:0/C16:0), delta-9 desaturase activity
(D9DI = 9c, C18:1/C18:0), delta-6 desaturase activity (D6DI = C20:3/C18:2), and delta-5
desaturase (D5DI = C20:4/C20:3) were calculated as precursors to fatty acid ratios, as
described in several papers [34,35]. The gas chromatographic method was able to satisfac-
torily separate all 10 of the fatty acids, without superimposition of other peaks, in particular,
the positional and geometrical isomers of the unsaturated fatty acids, using conditions
that were presented in previously reported papers [15,34,36]. The quantitation of the
fatty acids was executed by a known calibration procedure, as reported in Supplementary
Information.

2.5. Statistical Analysis

Computer software was used to perform the analysis (GraphPad Prism version 6.01,
GraphPad Software, La Jolla, CA, USA). All data were evaluated using a standard de-
scriptive statistic and reported as the mean & SD, or as median and range (minimum-
maximum), based on their distribution. Normality was checked using the D’ Agostino
Pearson test. A comparison between 2 groups was performed using the unpaired t-test or
the Mann—-Whitney test, while a comparison among more than 2 groups was completed
using the ANOVA or a Kruskal-Wallis test and post hoc tests (Student-Newman-Keuls
test or Dunn’s test). A regression analysis was used to evaluate the correlation between
fatty acid percentages, fatty acid indexes, or enzyme activity indexes and CCECAI and
BCS, as well as CRP, folate, and cobalamin levels of CE dogs. The threshold of statistical
significance was set at p < 0.05.

3. Results
3.1. Study Population

The characteristics of the 117 included dogs are summarized in Table 1; 48 of these
were diagnosed with CE, while 68 were healthy dogs enrolled as control group, the latter
characteristics being previously published [31]. Detailed data about dogs belonging to the
cohort of CE are presented in Supplementary Table S1.

Table 1. Number of males and females, median age (in months), and body weight (in kilograms) with
minimum and maximum in brackets of the study dogs. Italic values denote statistical significance.

Variable Healthy Dogs (1 = 68) Chronic Enteropathy (n = 48) p Value
Males 30 31
Females 38 17 0.04
Age 41 (2-156) 46 (4-144) 0.83
Bodyweight 22.0 (2.6-43.0) 22.0 (4.0-36.3) 0.43

The CE group comprised 17 females (7 spayed) and 31 males (1 neutered), with
a median age of 46 months (range 4-144). Dogs belonging to the control group were
38 females (12 spayed) and 30 males (6 neutered) with a median age of 41 months
(2-156). Twenty-eight dogs responded to the dietary trial and were classified as FRE,
5 failed a dietary trial, but responded to tylosin and were diagnosed with ARE. Twelve
dogs failed to respond to sequential dietetic and antimicrobial trials, and these patients
either responded well to immunosuppressive treatment (1 = 9) and were classified as IRE
or poorly responded (NRE; n = 3). Clinical and clinicopathological characteristics of dogs
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affected by FRE, ARE, and IRE/NRE are summarized in Table 2 and other characteristics
are reported in Supplementary Table S1.

Table 2. Clinical and clinicopathological characteristics of dogs affected by chronic enteropathy. Italic
values denote statistical significance.

Variable FRE (n = 28) ARE (n =5) IRE/NRE (n = 15) p Value
BCS (1-9) 5(2-6) 3(2-5) 4 (1-7) 0.175
CCECAI 3(1-12) 6 (5-13) 6 (2-19) 0.003 *
CRP (0-1 mg/dL) 0.6 (0.0-12.4) 1.0 (0.9-2.3) 1.0 (0.0-10.0) 0.340
Folate (6.5-11.5 ug/L) 8.9 (2.2-24.0) 7.9 (2.6-11.0) 7.7 (1.0-24.0) 0.891
Cobalamin (250730 ng/L) 397 (150-824) 284 (242-575) 307 (150-994) 0.356

* Statistical significance between FRE and IRE/NRE groups.

The median CCECAI value in CE dogs was 5 (1-19), with a median albumin level of
3.1 (0.6-3.8). Folate and cobalamin levels were available in 37/48 CE dogs, with a median
value of folates of 8.7 ug/L (1.0-24.0 pg), and a median cobalamin level of 381.5 ng/L
(150-994 ng/L) (150 ng/L represented the lower detection limit for cobalamin methods
used, i.e., chemiluminescence). In particular, 12 dogs had folate and cobalamin levels
within the reference interval (i.e., 6.5-11.5 pg/L and 250.0-730.0 ng/L, respectively), 4 dogs
had both folate and cobalamin below the reference intervals, while 1 dog had both folate
and cobalamin above the reference intervals, 4 dogs had normal folate but were hypocobal-
aminemic, 1 dog with normal folate had high cobalamin concentrations, and 1 dog with
low folate levels had high cobalamin concentrations. Fourteen dogs with normal cobalamin
levels had altered folates (7 seven dogs had folate below the reference interval and 7 had
folate levels above the reference intervals).

Nine out of 48 CE dogs had serum albumin levels <2 mg/dL and were further
classified as PLE. Among these, one dog responded to dietary management, one dog
responded to tylosin, four dogs to immunosuppressant therapy, while three dogs were
classified as NRE.

3.2. Fatty Acid-Based RBC Membrane Analysis

The values of single fatty acids, total fatty acid contents (total SFAs, total MUFAs,
and total PUFAs), ratio between the families (SFA/MUFA, w-6/w-3), and indexes (UI, PI,
and PUFA balance; D9DI EI, D6DI, and D5DI) of CE and healthy dogs are reported in the
Supplementary Table S2. The reference intervals were reported as interquartile (IQ) range
(Table 3). Figures 1 and 2 also report the values of the fatty acids, the corresponding FA
families, and calculated indexes.

It was gratifying to see that the FA cluster showed significant changes for CE dogs
compared to healthy animals: (a) lower values of palmitic acid (p < 0.0001) and higher
levels of stearic acid (p < 0.0001) compared to healthy dogs, with an overall reduction in
total SFAs (p = 0.026); (b) w-6 PUFA in CE dogs showed a reduced content of linoleic acid
(p = 0.0008) and an increase of dihomo-gamma-linolenic acid (p = 0.0001) compared to
healthy dogs; (c) w-3 PUFA in CE dogs with higher EPA (p = 0.029) and DHA (p = 0.031)
contents, as well as an increased content of total w-3 PUFA (p = 0.013). On the other hand,
no differences were observed between healthy and CE dogs for each MUFA (palmitoleic,
oleic, and vaccenic acids) and total MUFA values, as well as for arachidonic acid levels and
total content of w-6 PUFA.

In CE dogs, the differences included membrane homeostasis index patterns compared
to healthy dogs (Table S2). In particular, CE dogs had reduced values of w-6/w-3 (p = 0.045)
and SFA /MUFA (p = 0.002) ratios, and increased PUFA balance (p = 0.045), UI (p = 0.018),
and PI (p = 0.02). Moreover, CE dogs showed significant differences in enzymatic activity
indexes; in particular, elongase (p < 0.0001) and delta-6 desaturase (p < 0.0001) indexes
were found to be increased, while delta-5 (p = 0.0057) and delta-9 (p = 0.0003) desaturase
indexes were lower when compared to healthy dogs.
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Figure 1. Scatter dot plot of the individual fatty acids and the corresponding families in the population of dogs affected
by chronic enteropathy (n = 48, triangles, right) compared to the values obtained from healthy dogs (1 = 68, circles, left).
Each member of the fatty acid family is given in a row, the last column being the sum of the corresponding fatty acid family.
Horizontal dashed lines represent the median values. The end points of the vertical lines show interquartile range. The

p-values are reported, with values significantly different in italic.
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Figure 2. Scatter dot plot of the calculated homeostasis indexes and enzyme activity indexes in the population of dogs
affected by chronic enteropathy (1 = 48, triangles, right) compared to the values obtained from healthy dogs (1 = 68, circles,
left). Horizontal dashed lines represent the median values. The end points of the vertical lines show interquartile range.

The p-values are reported, with values significantly different in italic.

No significant differences were observed in fatty acid contents, membrane homeostasis
indexes, and enzyme activity indexes among dogs affected by different forms of CE (i.e.,
FRE, ARE, IRE/NRE) (Supplementary Table S3), or between CE dogs with and without

PLE (Supplementary Table S4).
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Table 3. Reference intervals reported as interquartile range with number and percentage (in brackets) of dogs affected by

chronic enteropathy with values outside the interval.

Healthy Dogs
(n = 68)

Chronic Enteropathy
(n = 48)

Variable Interquartile (IQ) Number (Percentage) of Number (Percentage) of
C%{an o Dogs with Values above the | Dogs with Values below the
& IQ Range IQ Range
Palmitic Acid 13.03-17.43 0 (0%) 42 (87.5%)
Stearic Acid 18.95-21.81 41 (85.4%) 0 (0%)
Saturated Fatty Acids 33.22-37.44 4 (8.3%) 11 (22.9%)
Palmitoleic Acid 0.19-0.33 24 (50%) 11 (22.9%)
Oleic Acid 8.50-10.16 14 (29.1%) 8 (16.6%)
Vaccenic Acid 1.77-2.28 18 (37.5%) 11 (22.9%)
Monounsaturated Fatty Acids 10.43-12.72 17 (35.4%) 5 (10.4%)
Linoleic Acid 13.15-16.22 6 (12.5%) 25 (52.0%)
Dihomo-gamma-linolenic Acid 1.06-1.57 28 (58.3%) 4 (8.3%)
Arachidonic Acid 31.43-37.64 10 (20.8%) 2 (4.1%)
w-6 Polyunsaturated Fatty Acids 47.27-53.20 12 (25.0%) 7 (14.5%)
EPA 0.46-0.89 22 (45.8%) 11 (22.9%)
DHA 0.70-1.68 14 (29.1%) 4 (8.3%)
w-3 Polyunsaturated Fatty Acids 1.20-2.40 21 (43.7%) 5 (10.4%)
Polyunsaturated Fatty Acids 49.97-55.29 12 (25.0%) 7 (14.5%)
SFA/MUFA 2.83-3.28 8 (16.6%) 25 (52.0%)
w-6/w-3 19.60-40.18 4 (8.3%) 14 (29.1%)
PUFA Balance 2.42-4.85 14 (29.1%) 4 (8.3%)
Unsaturation Index 186.8-207.2 14 (29.1%) 4 (8.3%)
Peroxidation Index 160.7-181.9 17 (35.4%) 5 (10.4%)
Elongase-6 activity 0.56-0.71 43 (89.5%) 0 (0.0%)
Delta-6 desaturase activity 0.07-0.11 32 (66.6%) 3 (6.2%)
Delta-5 desaturase activity 21.09-30.51 7 (14.5%) 18 (37.5%)
Delta-9 desaturase activity 0.40-0.51 4 (8.3%) 20 (41.6%)

Saturated Fatty Acids (Total SFAs) = % C16:0 + % C18:0; Monounsaturated Fatty Acids (Total MUFAs) = % C16:1 + % 9¢c, C18:1 + % 11c,
C18:1; w-3 Polyunsaturated Fatty Acids = %EPA + %DHA; w-6 Polyunsaturated Fatty Acids = %LA + %DGLA + %ARA; Polyunsaturated
Fatty Acids (PUFAs) = %LA + %DGLA + %ARA + %EPA + %DHA; SFA/MUFA = (% C16:0 + % C18:0)/(% C16:1 + % 9¢, C18:1 + %
11c, C18:1); w-6/w-3 ratio = (%LA + %DGLA + %ARA)/ (%EPA + %DHA); PUFA balance = [(%EPA + %DHA)/Total PUFAs] x 100;
Unsaturation index (UI) = (%MUFA x 1) + (%LA x 2) + (%DGLA X 3) + (%ARA X 4) + (%EPA x 5) + (%DHA X 6); Peroxidation index
(PI) = (%MUFA x 0.025) + (%LA x 1) + (%DGLA x 2) + (%ARA X 4) + (%EPA x 6) + (%DHA x 8); Elongase-6 activity (EI) = C18:0/C16:0;
Delta-9 desaturase activity (D9DI) = 9¢c, C18:1/C18:0; Delta-6 desaturase activity (D6DI) = C20:3/C18:2; andDelta-5 desaturase (D5DI) =

C20:4/C20:3.

The red blood cell membranes of dogs that did poorly or did not respond to anti-
inflammatory /immunosuppressive therapy (i.e., NRE) presented higher percentages of
total MUFAs (p = 0.0317), in particular, vaccenic acid (p = 0.0077), compared to those of
dogs that responded to diagnostic trials (i.e., FRE, ARE, and IRE) (Supplementary Table S5).

As far as the correlations with other biochemical parameters were concerned, they are
reported in Table 4. Negative correlations were observed for: (a) the levels of cobalamin
and vaccenic acid (p = 0.028; r = —0.362) and D6DI (p = 0.029; r = —0.358); (b) CCECAI and
w-6 PUFA levels (p = 0.040; r = 0.300); and (c) folate and oleic acid (p = 0.031; r = —0.355),
vaccenic acid (p = 0.035; r = —0.347), total MUFAs (p = 0.026; r = —0.365), and D6DI
(p = 0.039; r = —0.340). Positive correlations were found as follows: (a) folate levels with
w-6 PUFA (p = 0.045; r = —0.331), total PUFAs (p = 0.024; r = 0.369), and D5DI (p = 0.048;
r = 0.327) and (b) CRP with palmitic acid (p = 0.049; r = —0.317) (Supplementary Figure S4).
Body Condition Score (BCS) and serum albumin levels did not correlate with fatty acid
contents or membrane homeostasis indexes.
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Table 4. Spearman’s rank correlation coefficient (Spearman’s rho) for fatty acids, fatty acids families, homeostasis, and
enzyme indexes with the clinical and clinicopathological characteristics of dogs affected by chronic enteropathy. EPA,
eicosapentaenoic acid; DHA, docosahexaenoic acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; BCS, Body Condition Score; CCECAI, Canine Chronic Enteropathy Clinical Activity Index; and
CRP, C-reactive protein.

Fatty Acids BCS CCECAI CRP Folate Cobalamin
Palmitic Acid 0.029 0.051 0.313 —0.119 —0.128
Stearic Acid 0.092 0.222 —0.018 —0.138 —0.035
Palmitoleic Acid 0.095 0.031 0.075 0.107 —0.020
Oleic Acid —0.031 0.245 0.183 —0.355 % —0.148
Vaccenic Acid —0.044 0.223 0.222 —0.347 * —0.362 *
Linoleic Acid —0.165 —0.144 —0.013 0.177 0.125
Dihomo-gamma-linolenic Acid —0.103 0.021 —0.067 —0.241 —0.206
Arachidonic Acid —0.004 —0.186 —0.207 0.309 0.166
EPA 0.06 —0.241 —0.194 0.142 0.080
DHA 0.125 —0.011 —0.101 0.147 —0.108
Fatty Acid Families
Total SFAs 0.126 0.195 0.193 —0.234 —0.013
Total MUFAs —0.022 0.222 0.146 —0.365 * —0.204
w-6 Polyunsaturated Fatty Acids —0.097 —0.300 * —0.229 0.330 * 0.181
w-3 Polyunsaturated Fatty Acids 0.134 —0.185 —0.079 0.171 —0.032
Total PUFAs —0.077 —0.283 —0.276 0.369 * 0.128
Homeostasis Indexes
SFA /MUFA 0.097 —0.116 —0.0114 0.249 0.116
w-6/w-3 —0.125 0.142 0.0578 —0.112 0.069
PUFA Balance 0.125 —0.142 —0.0578 0.112 —0.069
Unsaturation Index —0.01 —0.250 —0.275 0.317 0.106
Peroxidation Index 0.064 —0.250 —0.232 0.319 0.087
Enzyme indexes
Elongase-6 activity —0.04 0.081 —0.147 —0.099 0.021
Delta-6 desaturase activity 0.001 0.107 —0.074 —0.340 * —0.358 *
Delta-5 desaturase activity 0.087 —0.042 0.043 0.327 % 0.235
Delta-9 desaturase activity —0.059 0.026 0.114 —0.128 —0.034

* Statistical significance at 0.05 level Saturated Fatty Acids (Total SFAs) = % C16:0 + % C18:0; Monounsaturated Fatty Acids (Total MUFAs)
=% C16:1 + % 9c, C18:1 + % 11c, C18:1; w-3 Polyunsaturated Fatty Acids = %EPA + %DHA; w-6 Polyunsaturated Fatty Acids = %LA
+ %DGLA + %ARA; Polyunsaturated Fatty Acids (PUFAs) = %LA + %DGLA + %ARA + %EPA + %DHA; SFA/MUFA = (% C16:0 + %
C18:0)/(% C16:1 + % 9¢, C18:1 + % 11¢, C18:1); w-6/w-3 ratio = (%LA + %DGLA + %ARA)/ (%EPA + %DHA); PUFA balance = [(%EPA
+ %DHA)/Total PUFAs] x 100; Unsaturation index (UI) = (%MUFA x 1) + (%LA x 2) + (%DGLA x 3) + (%ARA x 4) + (%EPA x 5)
+ (%DHA x 6); Peroxidation index (PI) = (% MUFA x 0.025) + (%LA x 1) + (%DGLA x 2) + (%ARA x 4) + (%EPA x 6) + (%DHA x
8); Elongase-6 activity (EI) = C18:0/C16:0; Delta-9 desaturase activity (D9DI) = 9c, C18:1/C18:0; Delta-6 desaturase activity (D6DI) =
C20:3/C18:2; and Delta-5 desaturase (D5DI) = C20:4/C20:3.

4. Discussion

In this study, we compared the fatty acid cohort found in the red blood cell membrane
lipidome in dogs affected by chronic enteropathy with the reference values obtained for
healthy dogs and previously described [31].

We chose to have a cluster of 10 fatty acids, representative of each family (i.e., saturated,
monounsaturated, and polyunsaturated), taking into account that: (a) their quantities are
relevant to form most of the cell membranes, and without them membranes cannot be
formed; (b) they play predominant biochemical roles; and (c) they have very well-known
synthetic and metabolic pathways as well as biological effects. On the other hand, the
choice of these elements did not exclude the importance of other fatty acids.

In general, we believed that the information from the membrane lipidome could help
connect the clinical and the nutritional status of the patients, as happens with humans.
The fatty acid cohort, here obtained from the erythrocyte membranes, belonged to the
most representative fatty acid types in terms of metabolism (liponeogenesis and delta-
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9 desaturase activities, such as SFAs and MUFAs) and nutrition, namely, the essential
PUFAs, that are then transformed by further elongation and delta-6 and delta-5 desaturase
enzymatic activity into eicosanoids, as explained in the Introduction. In the present study;,
CE dogs showed consistent differences from the healthy dogs, mainly regarding the SFA-
MUFA pathway and the PUFA levels, which were examined in detail for their metabolic
significance.

Starting with the SFA family, decreased palmitic acid and increased stearic acid levels in
the RBC membrane lipidome of CE dogs were already observed in RBCs of humans affected
by chronic gastrointestinal disorders, such as Crohn’s disease and celiac disease [37,38].
These results often indicate the hyperactivation of the elongation pathway (see also the sig-
nificant increase in the corresponding enzymatic activity, Table S2) in animals as in humans.
However, the SFA content results were significantly reduced by the significant decrease
in palmitic acid (p < 0.0001). It is worth noting that the membrane status examined in the
RBC lipidome represented the closest indication of the tissue content [39-42], therefore the
SFA diminution assumes a metabolic significance in animals, connected to the previously
known SFA diminution in erythrocyte membranes reported for ulcerative colitis [39] and
celiac disease [38]. On the other hand, it was observed that increased stearic acid levels
did not induce any increase in the monounsaturated levels, as reflected by the delta-9
desaturase index that was significantly lower in CE dogs (cf. Table S2). As matter of fact, in
active human ulcerative colitis, the gene expression of such desaturase was reported to be
reduced [43] and the liver expression of delta-9 desaturase was dramatically inhibited in
colitis mice [44,45].

As the fatty acid cluster also expressed the remodeling of the families within the
functional compartment of the membrane, it is worth noting that the significant SFA
diminution was accompanied by a complementary significant increase in PUFA, such
as DGLA (w-6), EPA, and DHA (w-3). Such a result also contains important nutritional
information as, as explained in the Introduction, PUFAs are essential and derive from
food intakes, and the balance between w-6 and w-3 PUFAs is informative about the
uptake of adequate sources of these fatty acids. The RBC membranes can give precise
evaluation of the PUFA content in other tissues as reported for a murine model fed different
diets [40]. Palmitic acid was implicated in the pathogenesis of human IBD [46], and
its role in intestinal health has been discussed, this fatty acid having been implicated
as a ligand of Toll-like receptors (TLR4) [47], whereas down- or upregulation of TLR
expressions are found in different canine CE conditions [48,49]. It is also important at this
point to consider that membrane phospholipid composition also influences the balance
of lipid mediators involved in intestinal diseases; therefore, mediators from palmitic acid,
such as palmitoylethanolamide [50,51] and, from PUFA, for example, docosahexanoyl
serotonin [52], can be influenced by the change in the precursor’s levels in the membrane.

We believe that the concept of the membrane fatty acid cluster can contribute to
creating a comprehensive vision of its structural and functional roles in health and diseases
by considering the levels of SFAs balanced by MUFA and PUFA levels as the result of
epigenetic factors, such as nutrition, stress, and environment exposures.

Considering the PUFA levels, in the w-6 family linoleic acid was found significantly
lower and DGLA was significantly higher than the levels of these two fatty acids found in
healthy dogs. This result indicated the similarity of dog RBC lipidome to the RBC lipidome
in human IBD and in celiac disease, where the metabolism of linoleic acid supported by the
delta-6 desaturase seems to be accelerated more than that of healthy individuals [37,38,53].
In accordance with what has been previously reported in the literature, the concentrations
of linoleic acid were significantly lower in the serum of patients with chronic intestinal
disease [54-56]. Accordingly, the profile of CE dogs showed an hyperactivation of this
enzymatic pathway with faster metabolization of linoleic acid to DGLA and a subsequent
increase in the delta-6 desaturase activity index. Interestingly, these enzymes are mainly
located in the liver and in the intestinal mucosa, and a reduction in linoleic acid levels
in patients with severe malabsorption or chronic intestinal disease was hypothesized as
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being related to a specific enhancement of linoleic acid elongation and desaturation by an
increase in desaturase activity [55]. This condition seems to be exacerbated if a concurrent
malabsorption of vitamin exists; indeed, the present data demonstrate the significant
negative correlation of the D6DI increase with decreased plasmatic concentrations of folate
and cobalamin (cf. Table 4). Interestingly, in humans, genetic polymorphisms associated
with alterations in the metabolism of long chain PUFAs from dietary linoleic acid and
a-linolenic acid have been associated with the risk of developing Crohn’s disease [57-59].

Although an effect on the PUFAs involved in the bowel inflammation process might
be expected from the eicosanoids derived from arachidonic acid [29,60], in our cohorts,
the total w-6 PUFA and arachidonic levels did not differ between CE and healthy dogs.
Given that approximatively two-thirds of CE dogs had a mild activity of intestinal disease
based on the CCECAI score, this finding might be expected. On the other hand, it is
tempting to speculate that the increased EPA, DHA, and total w-3 PUFA levels found in
the CE dogs of the present study, compared to controls, were coupled with the levels of
arachidonic acid, which were not different in the two cohorts. Indeed, the levels of the
w-3 PUFA EPA had an impact on the amount of arachidonic acid in cell membranes and
their pro-inflammatory derivates under IBD conditions [61]. In particular, the relationship
between EPA and arachidonic acid derived from: (a) the respective biochemical pathways,
as the precursors of these omega-3 and omega-6 fatty acids share the same enzymes (delta-6
desaturase, elongase, and delta-5 desaturase), therefore they compete for their formation,
and if the quantity of the omega-6 precursor is reduced in the diet, the omega-3 EPA will
consequently be predominant; and (b) EPA and arachidonic acid utilize the same enzymes
to produce prostaglandin series 3 and 2 that have anti- and pro-inflammatory activity,
respectively, therefore they have a biochemical relationship and one controls the effects
of the other. It is worth noting also that the debate over the PUFA levels in intestinal
disease is still open, considering patterns previously observed in active IBD patients
showing a significantly higher fraction of the w-3 PUFA and DHA [62,63]. Furthermore,
the inflammatory process implies that an increased utilization of fatty acids and increased
concentrations of DHA could be related to a higher expression of phospholipase A;. Indeed,
DHA is also responsible of increasing the biosynthesis of PUFAs, which in turn play an anti-
inflammatory role [64]. Moreover, prior studies found plasma w-3 PUFA concentrations
increased in patients with Crohn’s disease compared to control patients; moreover, in
these patients, total w-3 PUFA and EPA levels directly correlated with pro-inflammatory
circulating cytokine levels [65] and are inversely correlated with tissue cytokines [66].
Interestingly, an inverse correlation between CCECAI and w-6 PUFA was observed in CE
dogs, corroborating a fascinating hypothesis according to which PUFA may be upregulated
in mild disease and consumed as disease activity increases [66].

Considering the scenario emerging from the RBC membrane molecular profile of dogs,
it can be observed that SFAs, stearic and palmitic acids, and the w-6 PUFAs, arachidonic
and linoleic acids constitute ca. 94% of the total RBC fatty acids. Therefore, the significant
changes in palmitic, stearic, and linoleic acids levels found in diseased dogs mirror a
relevant metabolic derangement of the main membrane components. On the other hand,
in the w-6 pathway the elevated levels of DGLA assume a meaning if one considers that
in the dog metabolism the linoleic acid pathway to gamma linolenic and DGLA exerts
the main anti-inflammatory control of the animal, leading to potent anti-inflammatory
eicosanoids. In fact, DGLA is metabolized by cyclooxygenase (1 and 2) and arachidonate
15-lipoxygenase into prostaglandins and anti-inflammatory eicosanoids, with the ability to
antagonize the synthesis of AA-derived pro-inflammatory eicosanoids [67]. Indeed, since
the first historical observation of dermatological canine problems, it should be recalled
that, in dogs, w-3 does not play the same physiological role as in human metabolism for
the control of inflammation [68].

The overview gathered from humans and animals on the essential fatty acid intakes
and, in general, on the importance of fats is still awaiting the appropriate consideration
in experimental and clinical protocols, but we believe that the time for integrating such
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molecular information has arrived. Considering the knowledge gathered from animals
and humans evidencing membrane lipid alteration and effects of dietary conditions [69,70]
and the knowledge acquired about the ideal membrane lipid composition of tissues [71],
the fatty acid-based approach provides molecular information on the lipid pool and the
balance reached in the membrane compartment.

It is also worth noting that membrane homeostasis indexes contribute information of
alterations in CE dogs, in particular: (a) the w-3/w-6 ratio, which is known to be influenced
through diet therapy as an important factor for reducing intestinal inflammatory conditions
in humans and animals; and (b) the PUFA balance (w-3/w-3 + w-6) proposed by Abbott and
colleagues [40] to evaluate the overall PUFA effects in membranes, which also adds more
information about the role of diet therapy and nutraceutical interventions. In particular,
these indexes can be useful to evaluate the appropriateness of w-3 supplementation in
canine CE, and it should also be recalled that the increase in DGLA can only be efficiently
contained by w-3 a-linolenic acid, which is the natural substrate of the delta-6 desaturase,
balancing the enzymatic conversion of the w-6 linoleic acid.

Furthermore, considering the biophysical effects and chemical reactivity of the un-
saturated fatty acids, unsaturation and peroxidation indexes are useful parameters for
estimating the homeostasis of membranes in terms of fluidity and oxidative damage, re-
spectively, while maintaining an appropriate environment for membrane function. Fatty
acid unsaturation is considered a parameter by which to evaluate longevity in animal
species, and the membrane peroxidation index is inversely related to maximum life span
in mammals [72]. In our cohort of CE dogs, both indexes were increased (cf. Table S2), indi-
cating a perturbation of the membrane compartment and suggesting the need for strategies
for antioxidant protection. Indeed, oxidative damage in dogs with CE has been recently
demonstrated [73], and membrane changes can contribute to this reactivity. The usefulness
of antioxidant treatment alongside the traditional therapeutic approaches should be inves-
tigated in detail in canine CE, and the membrane lipidome analysis can be useful when
tuning the supplementation according to the amelioration of this molecular indicator.

Fatty acid-based membrane lipidomes were also evaluated for the different clinical
conditions of CE dogs, but only a few values connected to the specific diagnosis were
found (Supplementary Tables S3-S5). Despite the clinical differences among CE dogs,
including the specific intestinal absorption condition, the erythrocyte membrane lipidome
was able to report a systemic picture of the lipid metabolism that directed attention to
specific indicators, such as stearic acid, DGLA, EPA, and DHA, to monitor the therapeutical
intervention in chronic enteropathy. Indeed, dogs with loss of protein across the gut have a
more guarded prognosis compared to dogs with normal serum albumin concentration [3,4];
however, no differences were highlighted in lipidomic profiles of dogs affected by PLE and
dogs with CE without loss of protein. On the other hand, despite a small number, we high-
lighted that dogs failing to respond to therapeutic trials (i.e., NRE) showed higher levels of
vaccenic acid and total MUFAs (Supplementary Table S5). Interestingly, vaccenic acid levels
were also inversely correlated with cobalamin concentrations, and hypocobalaminemia
was considered a negative prognostic factor in dogs with CE [3] (cf. Table 4). Cis-vaccenic
acid is obtained from palmitoleic acid by elongases 5 and 6, and both enzymes would
seem to be involved in the pathogenesis of gut inflammation. In fact, data of the present
study suggest a hyperactivation of elongase 6 in canine CE, while recently, in human UC,
elongase 5 was found significantly upregulated in memory CD4+ T cells and follicular
helper T cells [74]. An imbalanced elongase 5 activity may result in an alteration of MUFA
metabolism, and the accumulation of vaccenic acid, observed in NRE dogs, may affect
the membrane fluidity and the signaling to influence T cell proliferation and function, as
already observed in humans [75].

Finally, the positive correlation between folate and w-6 PUFA, and folate and total
PUFAs, can also be evaluated in view of the known correlation in humans between folate
and PUFA [76-78]. It is worth mentioning that cobalamin and folate are essential for
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methylation reactions, which in turn may influence the transport of PUFAs in red blood
cells [79].

We believe that this study, for the first time, shows the relevance of the fatty acid-
based RBC membrane lipidome analysis in dogs affected by CE, by comparison with the
benchmark offered by the membrane lipidome of healthy dogs. We highlighted differ-
ences that correlated with metabolic and signaling pathways of this inflammation-based
disease. Our approach, based on the representative cohort of 10 fatty acids present in
the erythrocyte membrane, shows promising diagnostic value for determining canine
condition. We are perfectly aware that the approach is directed at the fatty acid moieties
and not the whole membrane lipidome. The procedure followed in this study ensures that
positional and geometrical isomers of unsaturated fatty acids, including MUFAs [34,36]
and PUFAs [80,81], can be well separated by gas chromatographic conditions; therefore,
the unsaturated fatty acids determined in our cohort do not suffer from artifacts due to
peak superimposition. On the other hand, the picture given by the fatty acid distribution
of the cohort refers to the fatty acid moieties esterified in the glycerophospholipids and
plasmalogens that compose the RBC membrane. More sophisticated procedures, including
the use of expensive mass spectrometry facilities, have been described to give the whole
composition of membranes [71]; however, we believe that the validity and the applicability
of the fatty acid-based RBC membrane analysis, which has been demonstrated in humans,
to follow-up on nutritional and metabolic effects of EC is promising in animal health.

5. Conclusions

Understanding red blood cell composition in terms of the quantity and quality of
fatty acids provides important novel information on the pathogenesis of canine chronic
enteropathy and, albeit preliminarily, suggests that lipidomic status may be a mirror of the
“gut health”, turning attention toward the molecular aspects of canine CE. Understanding
the distribution of erythrocyte membrane fatty acids will provide important insights into
the lipid metabolism of dogs affected by this condition as well as become a guide for
future biomarker selection. Moreover, given its non-invasiveness, the analysis of the
erythrocyte membrane lipidome is a promising candidate as a useful tool to investigate
and gather preliminary information when planning interventional studies and follow-up
of the patients during treatments.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/ani11092604/s1, Table S1. Breed, sex, age and bodyweight of the recruited dogs affected by
chronic enteropathy (n = 48), Table S2. Median values with minimum and maximum in brackets of
fatty acids, homeostasis in-dexes and enzyme activity indexes of healthy dogs and dogs affected by
chronic enteropathy. Fatty acids are evaluated as fatty acid methyl esters (FAME) after membrane
isolation, lipid ex-traction and derivatization, Table S3. Median values with minimum and maximum
in brackets of fatty acids, homeostasis indexes and enzyme activity indexes of CE dogs, divided
in groups affected by food-responsive enteropathy (FRE), antibiotic-responsive enteropathy (ARE),
immunosuppressant-responsive enteropathy (IRE) and non-responsive enteropathy (NRE), Table S4.
Median values with minimum and maximum in brackets of fatty acids, homeostasis indexes and
enzyme activity indexes of dogs affected by chronic enteropathies without and with loss of protein
across the intestine. Fatty acids are obtained as fatty acid methyl esters (FAME) after membrane
isolation, lipid extraction and derivatization, Table S5. Median values with minimum and maximum
in brackets of fatty acids, homeostasis indexes and enzyme activity indexes of that responded to
therapeutic trials and dogs that poorly or not responded (NRE), Figure S1. Steps of the laboratory
procedure from the blood sample in EDTA to the fatty acid-based RBC membrane profile, Figure S2.
Calibration curves of the 10 fatty acids at high (0.5-5 mM) and low (from 0.001 mM to 0.5 mM)
concentration ranges, chosen as representatives of the SFA, MUFA and PUFA families present in the
erythrocyte membrane phospholipids, Figure S3. Representative GC chromatogram of the FAME
obtained from dog erythrocyte membrane phospholipids after work-up, as described in the main
text, Figure S4. Spearman rank correlation between: (A) C-reactive protein and palmitic acid, (B) the
Canine Chronic Enteropathy Clinical Activity Index and w-6 polyunsaturated fatty acids,
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