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Simple Summary: Food-responsive enteropathy is the most common diagnosis given for dogs with
chronic enteropathy, and there are no tests that can replace treatment trials. Furthermore, there is a
lack of information on the specific nutritional status of these patients regarding the lipid profile that
could relate them to the state of health/disease. This study evaluated differences in short-chain fatty
acids and the total fatty acid profile of faeces and plasma as possible indicators of food-responsive
enteropathy (FRE), as well as its relationship with body condition and the chronic enteropathy activity
index. Changes in the long-chain fatty acid of plasma, and short-chain, branched and odd-chain fatty
acids of faeces were detected in sick dogs, and high correlations were observed between some of
these compounds and the existing calculated indices.

Abstract: The aim of this study was to evaluate differences in short-chain fatty acids (SCFAs) and the
total fatty acid profile of faeces or plasma as possible indicators of FRE in comparison with healthy
dogs. FRE dogs had a lower concentration (p = 0.026) of plasma α-tocopherol as an indicator of the
oxidative status of the animal, and lower C20:5n-3 (p = 0.033), C22:5n-3 (p = 0.005), polyunsaturated
fatty acids (PUFA) (p = 0.021) and n-6 (p = 0.041) when compared with the control dogs; furthermore,
sick dogs had higher proportions of plasma C20:3n-6 (p = 0.0056). The dogs with FRE showed a
decrease in the production of faecal levels of SCFAs, mainly propionic acid (C3) (p = 0.0001) and
isovaleric acid (iC5) (p = 0.014). FRE dogs also had a lower proportion of C15:0 (p = 0.0003), C16:1n-9
(p = 0.0095), C16:1n-7 (p = 0.0001), C20:5n-3 (p = 0.0034) and monounsaturated fatty acids (p = 0.0315),
and tended to have lower n-3 (p = 0.058) and a reduced desaturase activity index in the stool when
compared with the control group. However, the dogs with chronic enteropathy tended to have
greater C20:4n-6 (p = 0.065) in their faeces as signs of damage at the intestinal level. The faecal
parameters were better predictors than plasma. The highest correlations between faecal odd-chain,
medium- or long-chain fatty acids and SCFAs were observed for C15:0 that correlated positively
with faecal acetic acid (C2) (r = 0.72, p = 0.004), propionic acid (r = 0.95, p = 0.0001), isobutyric acid
(iC4) (r = 0.59, p = 0.027) and isovaleric acid (r = 0.64, p = 0.0136), as well as with total SCFAs (r = 0.61,
p = 0.02). Conversely, faecal C20:4n-6 showed a high inverse correlation (r = −0.83, p = 0.0002) with
C2 and C3 (r = −0.59, p = 0.027). Canine inflammatory bowel disease (IBD) activity (CIBDAI) index
correlated negatively mainly with faecal measurements, such as C3 (r = −0.869, p = 0.0005) and
C15:0 (r = −0.825, p = 0.0018), followed by C16:1/C16:0 (r = −0.66, p= 0.0374) and iC5 (r = −0.648,
p = 0.0310), which would indicate that these fatty acids could be good non-invasive indicators of the
chronic inflammatory status, specifically FRE.
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1. Introduction

Chronic enteropathy (CE) is a very common diagnosis given for dogs with chronic
digestive signs, with an estimated prevalence of 70% in cases with chronic diarrhoea [1]. CE
can be further subdivided retrospectively by the response to treatment into food-responsive
enteropathy (FRE), antibiotic-responsive enteropathy (ARE), immunosuppressant-responsive
enteropathy (IRE) and non-responsive enteropathy (NRE) [2]. Several retrospective studies
suggested that FRE is probably the most common CE in dogs, with a prevalence greater
than 60–70% of cases [1,3]. The significance of the effect of diet in different subtypes of CE
is increasing. In fact, it was recently described that dogs with protein-losing enteropathy
with a previous non-response to a combination of dietary therapies, glucocorticoids and
immunosuppressive medications can achieve remission following a dietary change [4–6].

During recent years, the scientific focus has been directed to identifying biomarkers of
interest in prognosis and treatment. However, to date, there are no tests that can replace
treatment trials [7–10].

Short-chain fatty acids (SCFAs) are major end products of dietary fibre formed by
bacteria [11]. Their role in health and disease was previously evaluated, taking into account
their relationship with digestive microbiota and their effects on the immune system and
gastrointestinal motility [12–14]. Previous studies in human medicine have shown a
decrease in faecal concentrations of SCFAs in different chronic digestive diseases, such
as inflammatory bowel disease [15]. Similar results were found in human populations
with a high risk of colon cancer [16]. In veterinary sciences, the effect of dietary change
or intervention on SCFAs was widely evaluated in healthy dogs [17–19], but information
about faecal SCFAs in different canine digestive diseases is limited. To the best of our
knowledge, systematic evaluation of faecal SCFAs has only been performed in dogs with
acute diarrhoea [20] and CE [21].

In addition, some studies revealed the potential interest of other fatty acids present
in faeces as diagnostic indicators of certain chronic intestinal diseases. This is due to the
important functions that lipids have in the body, from being part of cellular structures to
being a source of energy, participating in metabolic regulation or as precursors of certain
substances [22]. Thus, DePreter et al. [23] found that faecal medium-chain fatty acids
were decreased in human patients with inflammatory intestinal diseases and considered
hexanoate levels as a good tool for gut disease prediction. Song et al. [24] observed a certain
relationship between humans with colorectal cancer and the amount of monounsaturated
or polyunsaturated fatty acids in the stool, although there were contradictory results when
associating certain long-chain fatty acids with the appearance of disease. Furthermore,
some of these fatty acids, such as odd-chain fatty acids (OCFA), were described as com-
ing mainly from gut-derived propionic acid synthesised endogenously in the body [25].
Hence, disorders of propionate were detected through plasma total odd-chain fatty acids
determination [26]. OCFA were also used as a potential indicator of rumen function, as
well as bacterial matter [27]; however, in non-ruminant species, OCFA are present in small
proportions [28]. Recent studies carried out in humans show that plasma and tissue OCFA
may be associated not only with lipid status in the organism [28] but also with the gut
microbiota [29]. However, there is a lack of information on the diagnostic utility of the
fatty acid profile (SCFAs, OCFAs or long-chain fatty acids) in the stool or plasma in chronic
intestinal diseases in dogs. In addition, some studies reported that long-chain fatty acids
could be involved in the development and treatment of some chronic inflammatory dis-
eases [30]; therefore, the complete fatty acid profile in faeces and plasma as non-invasive
procedures deserve more attention.
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Thus, the aim of this study was to evaluate differences in SCFAs and the total fatty
acid profile of faeces and plasma as possible indicators of inflammatory chronic disease
in the dog, specifically food-responsive enteropathy, and to study the possible correlation
between SCFAs as indicators of gut homeostasis and the fatty acid profile in order to
determine the most adequate fatty acid for intestinal disease prediction.

2. Materials and Methods
2.1. Animals and Sample Collection

Healthy dogs included in the study did not have any clinical signs, including digestive
signs, within the past 4 months before the sample collection. Physical examinations and
routine bloodwork of these dogs had to be normal to be enrolled in the study. Asymptomatic
dogs with chronic diseases were excluded from the study.

The criteria for the inclusion of sick dogs in the study included the persistence of clinical
signs of chronic digestive disease (vomiting, diarrhoea, weight loss or anorexia/hyporexia)
for at least 3 weeks. All dogs included in the study had a favourable response to an
elimination diet (hydrolised protein or novel protein diet) after one month. Based on
the response to dietary therapy, the disease of these dogs was classified as FRE. No dog
included in the study had protein-losing enteropathy.

Signalment, including age, sex, breed, sexual status, body weight and body condition
score, was collected for every dog. Information about specific clinical signs related to
chronic digestive disease was obtained in order to calculate the canine inflammatory bowel
disease activity index (CIBDAI), as previously described [31].

Faecal samples were collected by the owners after spontaneous defecation and received
at the clinic in less than 3 h, where they were immediately frozen at −20 ◦C until analysis.
Blood (2 mL) extracted using jugular or cephalic venipuncture were collected in heparine
tubes. Plasma obtained after subsequent centrifugation was stored at −80 ◦C. Faecal
and blood samples of dogs with FRE were collected before starting the dietary treatment.
The pre-experimental diet for all dogs was mainly based on cereals, animal proteins and
vegetable/animal fats (averaged percentages according to the manufacturer’s composition:
humidity, 9.5 ± 0.0; crude protein, 26.8 ± 3.4; crude fat, 11.7 ± 4.4; ash, 5.9 ± 1.7; crude
fibre, 1.8 ± 0.5; soluble fibre, 6.0 ± 0.7; nitrogen-free extractives, 38.3 ± 12.5; Ca, 0.9 ± 0.1; p,
0.7 ± 0.1; C18:2, 2.9 ± 1.1; ∑n-6, 2.7 ± 1.2; ∑n-3, 0.7 ± 0.1; mg/kg vitamin E: 619.2 ± 245.5;
metabolic energy/1 kg: 3332.3 ± 645.2. No vitamins, minerals, energy or any other
supplements were administered at least 4 days before sample collection.

Their participation in the study was always carried out through the informed consent
of the owners. All procedures and protocols were approved by the Animal Research
Committee of the Veterinary Medicine Teaching Hospital, Complutense University of
Madrid (reference number 11/2021).

2.2. Laboratory Analysis
2.2.1. Concentration of Vitamin E in Plasma Samples

The concentration of vitamin E in the plasma samples was quantified as described
elsewhere [32]. Vitamin E (α-tocopherol) was extracted directly without saponification.
Duplicate plasma aliquots were mixed with a dibasic sodium phosphate buffer (0.054 M)
adjusted to pH 7.0. Tocopherol was extracted via centrifugation (600× g for 10 min at 4 ◦C)
after the addition of hexane to the mixture. After the evaporation of the upper layer, the
remaining residue was dissolved in ethanol. Tocopherol was analysed using reverse-phase
HPLC (HP 1100, equipped with a diode array detector) (Agilent Technologies, Waldbronn,
Germany) [32]. Identification was carried out using the pure compound (Sigma-Aldrich,
Alcobendas, Madrid) and quantification (µg of α-tocopherol per mL of plasma) was carried
out by means of a standard curve built with the pure compound.
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2.2.2. Analysis of Short-Chain Fatty Acids in Faecal Samples

Determination of short-chain fatty acids in the faecal samples was carried out as
previously described [33]. Frozen dried stool samples were accurately weighed in a 2 mL
safe-lock micro test tube. Two glass balls (2 mm Ø) and 1.0 mL distilled water were added.
After being tightly capped, the tubes were placed on the adapters and homogenised for
5 min at 30 Hz in a Mixer Mill MM400 (Retsch technology, Haan, Germany). The final
system was allowed to separate via centrifugation (10 min, 10,000 rpm). The extraction
was repeated three times. Then, the faecal suspension was transferred into a vial and
the internal standard (20 mM 4-methylvaleric acid solution) was spiked and the pH was
adjusted to 2–3 by adding 25% phosphoric acid. Finally, this solution was placed in
vials for gas chromatography injection. Chromatographic analysis was carried out using
an Agilent 6850N GC system equipped with a flame ionisation detector (FID) (Agilent
Technologies, Waldbronn, Germany). A fused-silica capillary column with a free fatty acid
phase (DB-FFAP 125-3237, J&W Scientific, Agilent Technologies Inc., Santa Clara, CA, USA)
of 30 m × 0.53 mm i.d. coated with a 0.50 µm thickness film was used. Nitrogen was used
as the carrier gas at a constant pressure of 15 psi. The initial oven temperature was 100 ◦C
maintained for 0.5 min, raised to 180 ◦C at 8 ◦C/min and held for 1.0 min, then increased
to 200 ◦C at 20 ◦C/min and finally held at 200 ◦C for 5 min. The temperatures of the FID
and the injection port were 240 ◦C and 200 ◦C, respectively. The flow rates of hydrogen, air
and nitrogen as makeup gases were 40, 300 and 30 mL/min, respectively. Data handling
was carried out with HP ChemStation Plus software (Agilent Technologies, Waldbronn,
Germany). Identification and quantification were carried out using pure standards (Sigma-
Aldrich, Alcobendas, Spain). An aqueous stock standard solution was prepared for each
acid with a concentration of 400 mM for acetic acid, propionic acid and n-butyric acid;
200 mM for n-valeric acid and i-valeric acid; 100 mM for i-butyric acid; 50 mM for n-caproic
acid; and 15 mM for n-heptanoic acid.

2.2.3. Extraction of Total Fat and Fatty Acid Profile of Plasma and Faecal Samples

Plasmatic and faecal total lipids were extracted and then analysed for fatty acid
profile determination. A solvent mixture of dichloromethane-methanol 8:2 was added to
lyophilised weighted samples (Lyoquest, Telstar, Tarrasa, Spain) and after homogenisation
in a mixer mill (MM400, Retsch technology, Haan, Germany) and centrifugation (8 min
at 10,000 rpm), the upper layer containing lipids were collected. The lipid content was
quantified gravimetrically after evaporation of the solvent in a nitrogen stream [34]. Fatty
acid methyl esters (FAMEs) were obtained by heating the lipids (80 ◦C for 1 h) in the
presence of methanol:toluene:H2SO4 (88:10:2 by volume), as described elsewhere [35]. After
esterification, FAMEs were extracted with hexane and separated in a gas chromatograph
(HP 6890 Series GC System; Hewlett Packard, Avondale, PA, USA) after direct injection
of the sample. The gas chromatograph was provided with an automatic injector (hold at
170 ◦C), a flame ionisation detector (hold at 250 ◦C) and a capillary column (HP-Innowax
polyethylene glycol, 30 m × 0.316 mm × 0.25 µm). After injection, the oven temperature
was increased to 210 ◦C at a rate of 3.5 ◦C/min, then to 250 ◦C at a rate of 7 ◦C/min [35].
Identification and quantification of the FAMEs were made by comparing the retention
times with those of authentic standards (Sigma–Aldrich, Alcobendas, Spain). Results were
expressed as grams per 100 grams of quantified fatty acids.

Different indices were measured to estimate the desaturase or elongase activities.
The ∆9 desaturase index was calculated as the ratio of C18:0 to C18:1n-9 and as the

ratio of C16:0 to C16:1.
The elongase index was calculated as the ratio of C18:0 to C16:0 and as the ratio of

C20:5 to C22:5.

2.3. Statistical Analysis

Data were analysed following a completely randomised design using the general
linear model (GLM) procedure contained in SAS (version 9; SAS Inst. Inc., Cary, NC, USA).
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Data were presented as the mean of each group and the standard error of the mean
(SEM), together with significance levels (p-values). Tukey’s test was used to separate the
treatment means. The differences between means were considered statistically significant
at p < 0.05. Pearson correlations (among SCFAs and plasma or faecal fatty acids, or CIBDAI
index and the other variables) were calculated using the Statgraphics-18 program. A linear
adjustment between variables was carried out by means of the Statgraphics-18 program
(Statgraphics Centurion XVIII, version 18.1.12).

3. Results and Discussion
3.1. Signalment of Dogs

Data regarding the age, sex, sexual status, body weight, body condition score (BCS)
and canine inflammatory bowel disease activity index (CIBDAI) are shown in Table 1. The
breeds of dogs with FRE (n = 9) were three mongrel dogs and one each of labrador retriever,
cocker spaniel, miniature schnauzer, Maltese, short-haired dachshund and chihuahua. The
breeds of the healthy dogs (n = 6) were 5 mongrel dogs and one Gordon setter. Differences
concerning age, body weight or body condition score between the FRE and control groups
were not statistically affected. The breed or reproductive status was not evaluated because
of the insufficient numbers of individuals to study these effects. Previous studies indicated
a higher prevalence of chronic enteropathy in purebreds, such as German shepherd, rot-
tweiler, Weimaraner, border collie, or boxer when compared with mixed-breed dogs [36].
However, based on the study of these factors on the microbiome in dogs with IBD, other
authors did not observe changes due to breed or reproductive status, although they did
observe changes due to the disease [37].

Table 1. Data of signalment and CIBDAI index (canine inflammatory bowel disease activity index) in
the dogs with FRE (food-responsive enteropathy) and control dogs included in the study.

FRE
Average ± SD

(Range)

Control
Average ± SD

(Range)
p 1

Age (years) 6.2 ± 3.6 (3–13) 4.5 ± 2.1 (3–6) NS 2

Male 4 (2 entire,
2 castrated) 3 (3 entire)

Female 5 (1 entire, 4 spayed) 3 (3 spayed)
Body weight 11.4 ± 9.4 (2.3–31) 15.5 ± 0.7 (15–16) NS

Body
condition

score (scale 9)
4.2 ± 1.4 (2–6) 4.5 ± 0.40 (4–5) NS

CIBDAI
index 7 ± 1.8 (5–10) 0 (0–0) 0.0001

1 p: differences were statistically significant when p < 0.05; 2 NS: not significant.

3.2. Oxidative Status and Lipid Plasma Profile of the Dogs

The oxidative status, total fat and fatty acid profile of the plasma are presented in
Table 2. The FRE dogs had a lower concentration (p = 0.026) of α-tocopherol as an indicator
of the oxidative status of the animal, whereas no changes were observed in the proportion of
plasma fat. Other authors reported reduced plasma antioxidant concentrations (mainly vita-
min E and A) in human patients with inflammatory chronic disease [38]. The pathogenesis
studies of inflammatory bowel disease (IBD) revealed that human patients with IBD had an
excessive amount of oxidised molecules compared with healthy controls [39,40]. According
to Rezaie et al. [39], in order to counteract this state, the organism responds with higher
antioxidant production, which reduces the deposits and the capacity of the organism’s
response to oxidative stress. Yuksel et al. [41] also reported that total antioxidant status
in humans could be a good predictor of IBD. Hence, the use of substances based on the
assessment of the redox status was recently proposed as a therapeutic alternative [42,43]. In
addition, in rats, a relationship was found between different regions in the gastrointestinal
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tract and the oxidative status according to the microbiota since some microorganisms are
able to produce endogenous antioxidants [40]. It is interesting to highlight that in the
present study, the oxidative status, measured as the plasma vitamin E concentration in the
alpha-tocopherol form, was also an indicator of greater C3 (r = 0.56, p = 0.044) in faeces,
and a positive trend was observed for IC4 (r = 0.51, p = 0.072) and total SCFAs (r = 0.53,
p = 0.064). Therefore, the higher the concentration of vitamin E in the plasma, the higher
the content of C3 in faeces. There is no previous information on this result in dogs with
chronic diseases, but some studies carried out in mice point to a direct connection between
SCFAs and the inhibition of oxidative stress and inflammation [44].

Table 2. Concentration of α-tocopherol, fat and fatty acid profile of plasma samples from the FRE
(food-responsive enteropathy) and control dogs.

FRE Control SEM 6 p 7

Plasma
α-tocopherol

(µg/g)
24.61 b 44.62 a 3.431 0.0266

Plasma total fat
(%) 24.59 29.99 1.630 0.1746

Plasma fatty acids (g per 100 g)
C14:0 0.35 0.34 0.041 0.9139
C14:1 0.05 0.03 0.010 0.3887
C15:0 0.14 0.16 0.016 0.5581
C16:0 15.00 15.78 0.399 0.4115

C16:1n-9 0.57 0.41 0.060 0.2655
C16:1n-7 1.36 1.13 0.119 0.4007

C17:0 0.40 0.48 0.034 0.3097
C17:1 0.19 0.21 0.011 0.3325
C18:0 18.22 17.67 0.569 0.6785

C18:1n-9 16.77 11.29 1.208 0.0721
C18:1n-7 2.51 2.50 0.078 0.9412
C18:2n-6 22.81 27.72 0.983 0.0511
C18:3n-6 0.27 0.23 0.022 0.4109
C18:3n-3 0.49 0.43 0.083 0.7858
C18:4n-3 0.17 0.15 0.024 0.6721

C20:0 0.09 b 0.14 a 0.006 0.0032
C20:1n-9 0.18 0.15 0.018 0.5024

C20:2 0.37 0.26 0.023 0.0627
C20:3n-6 0.94 a 0.49 b 0.058 0.0056
C20:4n-6 14.59 14.33 0.794 0.8886
C20:5n-3 1.39 b 2.80 a 0.254 0.0335
C22:4n-6 1.84 1.78 0.247 0.9142
C22:5n-3 0.42 b 0.73 a 0.039 0.0053
C22:6n-3 0.88 0.81 0.053 0.5579
∑SAT 1 34.20 34.57 0.689 0.8196

∑MUFA 2 21.63 15.71 1.336 0.0783
∑PUFA 3 44.17 b 49.72 a 0.910 0.0217

∑n-6 4 40.45 b 44.54 a 0.775 0.0410
∑n-3 5 3.35 4.92 0.321 0.0560

∑n-6/∑n-3 13.63 9.12 1.180 0.1218
1 ∑SAT: sum of total saturated fatty acids; 2 ∑MUFA: sum of total monounsaturated fatty acids; 3 ∑PUFA: sum of
total polyunsaturated fatty acids; 4 ∑n-6: sum of total n-6 fatty acids; 5 ∑n-3: sum of total n-3 fatty acids; 6 SEM:
standard error of the mean; 7 p: differences were statistically significant when p < 0.05. Values with different
superscripts (a,b) were statistically significant.

Concerning the lipid plasma profile, previous investigations did not find any changes
in plasma triglyceride content in human patients with IBD [45]. In the present study,
the specific fatty acid profile of the plasma (Table 2) revealed that the FRE dogs had
higher C20:3n-6 (p = 0.0056) and tended to have higher C18:1n-9 (p = 0.072) and C20:2n-6
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(p = 0.062), although the differences were not statistically significant; meanwhile, these
FRE dogs had lower C20:0 (p = 0.003), C20:5n-3 (p = 0.033), C22:5n-3 (p = 0.005), polyun-
saturated fatty acids (PUFA) (p = 0.021) and n-6 (p = 0.041), and tended to have lower
proportions of C18:2n-6 (p = 0.051) and n-3 (p = 0.056), although these last two were not
statistically different when compared with the control group. Other authors [46–48] re-
ported decreased polyunsaturated fatty acids in different intestinal chronic diseases. In
a detailed study carried out in humans, Esteve-Comas et al. [48] found a relationship
between the severity of the disease (ulcerative colitis and Crohn’s disease) and the de-
gree of decrease in n-3 and n-6 fatty acids. These authors also observed an increase in
monounsaturated fatty acids in both diseases corresponding to the status severity. Simi-
larly, Kuroki et al. [47] found negative correlations between the Crohn’s disease activity
index and serum polyunsaturated fatty acids. The main essential polyunsaturated fatty
acids come mainly from the diet, while monounsaturated fatty acids can be synthesised
endogenously in the body. A lower proportion of polyunsaturated fatty acids could be
related to malabsorption processes, or to a higher lipolytic activity of these fatty acids
that are used preferentially for energy supply [49] as structural parts of cell membranes
or as precursors of inflammation-regulating substances [50] in a high-requirement status,
such as chronic digestive disease [47], consequently resulting in a higher proportion of
other plasma fatty acids. In addition, a predominance of monounsaturated fatty acids
due to desaturation phenomena to obtain energy in metabolic states in which there was a
significant decrease in polyunsaturated fatty acids was described [22,49]. Conversely, in hu-
mans with ulcerative colitis, Bazarganipour et al. [51] reported increases of EPA and DHA
(20:5n-3 and C22:6n-3) in the blood of patients with a more severe stage of the disease since
these fatty acids are precursors of resolvins and maresins that are synthesised in order to
repair the barrier disruption and were attributed to anti-inflammatory properties; however,
dietary supply of these essential fatty acids should have been considered. As indicated by
Hengstermann et al. [52], discrepancies in results between studies could be attributed to the
malnutrition status and dietary therapeutic alternatives used to counteract the disease state.
Furthermore, in the present research, it is interesting to highlight the greater proportions
of some n-6 fatty acids (C20:3n-6 and C20:2n-6) observed in plasma from FRE dogs when
compared with the control dogs, contrary to the decrease in n-6 fatty acids observed by
other authors [47]. It was described that C20:3n-6 is the immediate precursor of PGE1 and
C20:4n-6 (the main component of the phospholipids membranes) [22], and C20:3n-6 can
be obtained directly from C20:2n-6 via ∆8-desaturase in a direct alternative route that is
mainly activated with high eicosanoid requirements, such as in inflammation [53]. This is
the first study in which the plasma fatty acid profile of dogs with inflammatory digestive
chronic diseases was studied, specifically in dogs with food-responsive CE. The specific
increase in these long-chain n-6 fatty acids (C20:2 and C20:3) in the blood could indicate
their diagnostic potential as indicators of inflammation.

3.3. Short-Chain Fatty Acid (SCFA) Profile in Faecal Samples

In the present research, the short-chain fatty acid profile of faecal samples was also
quantified (Table 3). Dogs with FRE showed a decrease in faecal levels of SCFAs. Similar
results were found in dogs with different acute and chronic digestive diseases [20,21]. It
was suggested that decreased SCFAs might contribute to the inflammatory status of these
disorders [21]. Intestinal microbiota of dogs with CE showed a decrease in the phylum
Firmicutes, especially in Clostridium XIVa and IV, which are significant producers of
SCFAs [54,55].
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Table 3. Faecal parameters and concentration of short-chain fatty acids (SCFAs) in the faeces from
the FRE (food-responsive enteropathy) and control dogs.

FRE Control SEM 1 p 2

Faecal parameters
Moisture (%) 68.912 a 62.138 b 1.271 0.0437

Fat (%) 3.619 2.403 0.288 0.0975
Fat (% DM) 11.965 6.332 1.118 0.0541

Short-Chain Fatty Acids (mmol/g DM)
Acetic acid 1.901 b 3.852 a 0.312 0.0219

Propionic acid 0.400 b 3.049 a 0.128 0.0001
Isobutyric acid 0.236 b 0.939 a 0.128 0.0386

Butyric acid 1.454 1.634 0.419 0.8562
Isovaleric acid 0.074 b 0.387 a 0.042 0.0089

Valeric acid 0.723 0.000 0.469 0.5196
Total SCFAs 4.787 b 9.862 a 0.922 0.0384

∑C2,C3 3 2.300 b 6.901 a 0.379 0.0004
∑C2,C3,C4 3 3.754 b 8.535 a 0.560 0.0041
∑IC4,IC5 3 0.310 b 1.326 a 0.141 0.0108

1 SEM: standard error of the mean; 2 p: differences were statistically significant when p < 0.05. Values with
different superscripts (a,b) were statistically significant; 3 C2: acetic acid; C3: propionic acid; C4: butyric acid; IC4:
isobutyric acid; IC5: isovaleric acid.

When analysing the specific content of SCFAs in the present study, the propionic acid
concentration decreased in the dogs with FRE. A similar decrease in the concentrations
of faecal propionic acid was also found in dogs with acute diarrhoea [20] and in dogs
with CE [21]. These similar results were not unexpected, taking into account the fact that
the previous study performed in dogs with CE [21] included some dogs with FRE, but
also dogs with other types of CE. The significance of the difference in faecal propionate
concentrations found in our study when comparing healthy dogs and dogs with FRE was
the most prominent among all SCFAs, similarly to what was previously found in dogs with
CE [21]. Propionate can play a role in the pathogenesis of chronic intestinal inflammation
in dogs [21]. Its role in the immune system and intestinal inflammation has been widely
evaluated, especially in vivo and in rodents. Among these functions, propionate is able to
regulate the size and function of the colonic Treg cells that express the transcription factor
Foxp3 and protect against colitis in mice [56]. The decreased levels of propionate in dogs
with different CE could be potentially significant, taking into account the fact that dogs with
IBD have decreased numbers of Foxp3-positive Treg cells in the duodenal mucosa [57,58].

Concerning other SCFAs, information in the literature about faecal branched-chain
fatty acids (BCFAs) in dogs is very limited. The relative concentration of isovalerate was
associated with increased colitis and the IL-1β concentration of the intestinal mucosa in
experimental models of IBD [59]. Our study showed that dogs with FRE also had lower
concentrations of faecal isovaleric acid (p = 0.014), similar to what was found in rodent
models of colitis [60]. Conversely, Guard et al. [20] reported that dogs with acute diarrhoea
have similar levels of BCFA to healthy dogs. In contrast, in the present research, faecal
butyric acid in dogs with FRE was not altered in comparison with healthy dogs. Similar
results were found in dogs with chronic intestinal disease [21], while dogs with acute
diarrhoea had higher levels of faecal butyric acid [20]. It was hypothesised that these
results could be due to a reduction in the utilisation of butyrate by epithelial cells or a loss
into the intestinal lumen in dogs with chronic intestinal inflammation [21].

3.4. Total Fatty Acid Profile in Faecal Samples

The total fatty acid profile of faeces from dogs affected with intestinal chronic disease,
specifically FRE, or the control group is presented in Table 4. The FRE dogs had a lower
proportion of C15:0 (p = 0.0003), C16:1n-9 (p = 0.0095), C16:1n-7 (p = 0.0001), C20:5n-3
(p = 0.0034) and monounsaturated fatty acids (MUFA) (p = 0.0315), and tended to have
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lower ∑n-3 (p = 0.058) when compared with the control group. However, the FRE dogs had
a greater proportion of C18:0 (p = 0.017) and tended to have greater C20:4n-6 (p = 0.065) in
faeces. This fatty acid profile was different from that found in plasma samples; however,
some results were connected with those observed in blood, such as the proportion of
∑n-3 fatty acids. It is also interesting to highlight the high proportion of arachidonic acid
(C20:4n-6), which could be the result of excessive membrane destruction in sick dogs or to
greater production of this fatty acid to repair cellular damage at the intestinal level. This
fact coincided with the higher proportions of C20:3n-6 and C20:2n-6 in blood as a faster
alternative route for the synthesis of C20:4 [53], which could point to these fatty acids as
possible indicators of inflammatory processes.

Table 4. Fatty acid profile (g/100 g of total fatty acids) in the faeces from the FRE (food-responsive
enteropathy) and control dogs.

FRE Control SEM 6 p 7

C14:0 1.499 2.131 0.244 0.2212
C14:1 0.052 0.055 0.010 0.6906
C15:0 0.341 b 1.169 a 0.064 0.0003
C16:0 24.685 25.545 1.055 0.5925

C16:1n-9 0.253 b 0.313 a 0.008 0.0095
C16:1n-7 1.526 b 2.955 a 0.094 0.0001

C17:0 0.653 0.564 0.105 0.8873
C17:1 1.129 1.058 0.111 0.8607
C18:0 17.264 a 11.677 b 0.744 0.0172

C18:1n-9 20.931 22.557 1.050 0.7389
C18:1n-7 5.506 5.385 0.716 0.8425
C18:2n-6 14.784 16.953 1.794 0.9021
C18:3n-6 0.096 0.083 0.010 0.6815
C18:3n-3 1.178 1.383 0.143 0.7735
C18:4n-3 0.373 0.480 0.041 0.1855

C20:0 0.491 0.420 0.065 0.9366
C20:1n-9 0.659 0.444 0.051 0.2151

C20:2 0.353 0.465 0.029 0.1096
C20:3n-6 1.010 1.017 0.148 0.7916
C20:4n-6 3.707 1.436 0.421 0.0657
C20:5n-3 0.448 b 0.816 a 0.043 0.0034
C22:4n-6 0.482 0.353 0.067 0.5617
C22:5n-3 0.510 0.490 0.058 0.9505
C22:6n-3 2.068 2.253 0.164 0.354
∑SAT 1 44.934 41.506 2.073 0.6699

∑MUFA 2 30.058 b 32.767 a 0.428 0.0315
∑PUFA 3 25.009 25.727 1.925 0.9294

∑n-6 4 20.079 19.840 1.913 0.7381
∑n-3 5 4.577 5.422 0.200 0.0584

C18:1/C18:0 1.212 1.932 0.112 0.0584
C16:1/C16:0 0.062 b 0.116 a 0.004 0.0005

C20:4n-6/C20:2n-6 11.219 3.130 1.554 0.0536
Elongase C18/C16 0.698 a 0.458 b 0.024 0.0023

Elongase C225/C205 1.206 0.612 0.123 0.0693
1 ∑SAT: sum of total saturated fatty acids; 2 ∑MUFA: sum of total monounsaturated fatty acids; 3 ∑PUFA: sum of
total polyunsaturated fatty acids; 4 ∑n-6: sum of total n-6 fatty acids; 5 ∑n-3: sum of total n-3 fatty acids; 6 SEM:
standard error of the mean; 7 p: differences were statistically significant when p < 0.05. Values with different
superscripts (a,b) were statistically significant.

The lower presence of some fatty acids, such as C15:0, in faecal samples could be in
part associated with the different microbiome activity in the digestive system in these sick
dogs. It was observed that odd-chain fatty acids (OCFA), such as C15:0 and C17:0, can
be endogenously synthesised in the body from short-chain fatty acids, such as propionic
acid (C3:0), which mainly come from processes of microbial fermentation in the gut [25].
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Sick dogs also had lower levels of MUFA, such as C16:1n-9 and C16:1n-7, in the faeces,
which could be explained by the higher metabolic use of these fatty acids, although no
significant differences were observed in the blood levels. Other authors reported the high
predisposition of C16:1n-7 to undergo β-oxidation [47,61], as well as the preferential use of
monounsaturated fatty acids to obtain energy after polyunsaturated fatty acids [35,47]. The
poorer utilisation of nutrients and malnutrition associated with animals with inflammatory
digestive disease could induce this greater metabolic utilisation rate of certain fatty acids
in the present study. Furthermore, the lower presence of these monounsaturated fatty
acids and high level of C18:0 in dogs with inflammatory disease could also be explained
by a possible lower desaturase activity at the level of the enterocyte membrane. This was
confirmed by the lower C16:1/C16:0 and C18:1/C18:0 indices as indicators of the desaturase
activity, which were observed in the faecal samples from the sick dogs. Garg et al. [62]
reported that although the activity of desaturases in the intestine was lower than in the
liver, it had an important effect on the properties of the enterocyte membrane. Therefore,
according to the results of the present study, a greater alteration of the intestinal cell
membrane could affect such a desaturation capacity. However, it is very interesting to
observe in the present study how the elongase capacity found in the intestinal sample
was higher in sick dogs. This was more marked in the case of the elongase activity of
monounsaturated fatty acids C18:0/C16:0 than in the elongase activity of polyunsaturated
fatty acids C22:5/C20:5. Oreshko et al. [63] reported a tendency towards increased serum
elongase activity in human patients with celiac disease when compared with healthy
controls. The diseased animals probably adapted their metabolic pattern to achieve a
greater synthesis of saturated and long-chain polyunsaturated fatty acids as precursors of
other energy-supplier fatty acids and main constituents of the membrane structure [63], as
well as the synthesis of compounds with anti-inflammatory characteristics.

3.5. Correlations between Fatty Acids and SCFAs

There is no previous information on the global diagnostic possibilities of SCFAs,
plasma or faeces fatty acid profile for FRE in dogs; therefore, this is the first study in
which these compounds were evaluated in healthy dogs and dogs with food-responsive
chronic enteropathy. Since some of these measurements are considered of interest in
humans, we looked for possible relationships between the different compounds. In the
faecal SCFAs, the greater correlations were detected for propionic acid (C3), isobutyric acid
(IC4) and isovaleric acid (IC5), followed by acetic acid (C2) and valeric acid (C5) (Table 5).
The faecal fatty acids that presented the greatest correlations were C15:0, C16:1n-7 and
C20:5n-3, followed by C18:0, MUFA and C20:4n-6. The highest correlations between faecal
OCFA, medium- or long-chain fatty acids and SCFAs were observed for C15:0, which
correlated positively with C2 (r = 0.72, p = 0.004), C3 (r = 0.95, p = 0.0001), IC4 (r = 0.59,
p = 0.027) and IC5 (r = 0.64, p = 0.0136), as well as with total SCFAs (r = 0.61, p = 0.02).
Conversely, C20:4n-6 showed a high inverse correlations with C2 (r = −0.83, p = 0.0002) and
C3 (r = −0.59, p = 0.027). C16:1n-7 correlated positively with C3 (r = 0.85, p = 0.0001), IC4
(r = 0.66, p = 0.0102) and IC5 (r = 0.72, p = 0.0037); meanwhile, C20:5 correlated to a lesser
extent with C3 (r = 0.62, p = 0.017), IC4 (r = 0.55; p= 0.042) and IC5 (r = 0.68, p = 0.0072).
These fatty acids could therefore be considered as indicators of the intestinal health status
and mucosa integrity.
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Table 5. Correlation coefficients between short-chain fatty acids (SCFAs) and the fatty acid profile
in faeces.

Faeces Acetic Acid Propionic
Acid

Isobutyric
Acid Butyric Acid Isovaleric

Acid Valeric Acid Total SCFAs

Fat −0.39 −0.61 −0.47 −0.24 −0.23 0.02 −0.55
Moisture −0.21 −0.68 b −0.55 a −0.50 −0.56 a −0.38 −0.80 b

C14:0 0.46 0.10 −0.09 −0.41 −0.11 −0.35 −0.10
C14:1 0.26 −0.24 −0.35 −0.24 −0.36 −0.15 −0.21
C15:0 0.72 b 0.95 b 0.59 a −0.05 0.64 a −0.34 0.61 a

C16:0 0.49 0.34 0.08 0.04 0.08 −0.32 0.22
C16:1n-7 0.46 0.85 b 0.66 a 0.07 0.72 b −0.29 0.55 a

C16:1n-9 0.36 0.25 0.10 −0.22 0.12 −0.05 0.16
C17:1 −0.43 0.21 0.41 0.38 0.30 0.33 0.26
C18:0 −0.33 −0.70 b −0.32 −0.21 −0.73 b −0.08 −0.60 a

C18:1n-7 0.19 0.02 0.19 0.01 −0.13 −0.11 0.06
C18:1n-9 −0.03 0.10 −0.14 −0.15 0.23 −0.12 −0.09
C18:2n-6 −0.10 0.02 −0.04 0.23 0.21 0.38 0.21
C18:3n-3 0.02 0.00 −0.25 −0.32 −0.02 −0.12 −0.20
C18:3n-6 −0.55 a −0.11 −0.20 0.42 0.04 0.31 −0.01
C18:4n-3 −0.05 0.50 0.35 0.36 0.16 −0.03 0.35

C20:0 −0.23 0.07 0.21 −0.16 −0.10 −0.24 −0.20
C20:1n-9 −0.30 −0.42 −0.30 −0.15 −0.54 −0.07 −0.44
C20:2n-6 0.42 0.55 a 0.35 −0.31 0.25 −0.50 0.12
C20:3n-6 −0.08 0.16 −0.22 0.49 0.05 0.60 a 0.43
C20:4n-6 −0.83 b −0.59 a 0.00 0.08 −0.28 0.36 −0.39
C20:5n-3 0.21 0.62 a 0.55 a −0.18 0.68 b −0.28 0.26
C22:4n-6 0.09 −0.03 0.00 0.34 −0.03 0.25 0.25
C22:5n-3 −0.12 −0.17 0.02 −0.05 0.14 0.28 −0.01
C22:6n-3 −0.10 0.37 0.58 a −0.07 0.40 −0.24 0.09
∑SAT 1 0.23 −0.11 −0.11 −0.18 −0.34 −0.32 −0.19

∑MUFA 2 0.26 0.59 a 0.34 −0.18 0.56 a −0.42 0.17
∑PUFA 3 −0.33 −0.06 0.01 0.26 0.20 0.48 0.15

∑n-6 4 −0.09 −0.33 −0.13 −0.05 0.29 0.12 0.51
∑n-3 5 −0.05 0.44 0.45 −0.22 0.51 −0.21 0.08

1 ∑SAT: sum of total saturated fatty acids; 2 ∑MUFA: sum of total monounsaturated fatty acids; 3 ∑PUFA: sum
of total polyunsaturated fatty acids; 4 ∑n-6: sum of total n-6 fatty acids; 5 ∑n-3: sum of total n-3 fatty acids.
a Significant at <0.05 probability level (blue color); b significant at <0.01 probability level (red color).

On the other hand, faeces moisture and fat were negatively correlated with SCFA
(Table 5). A higher number of correlations were observed for faeces moisture than for fat.
Hence, faeces moisture correlated negatively with C3 (r = −0.68, p = 0.0077), IC4 (r = −0.55,
p = 0.040) and IC5 (r = −0.56, p = 0.035), and showed a greater correlation for total SCFAs
(r = −0.80, p = 0.0007) than the other variables. Other authors found a greater SCFA
proportion and faecal moisture in the colons of healthy mice [64]; however, in the present
research sick dogs were affected with diarrhoea and higher moisture in the stool could be
associated with a clinical sign of disease. Therefore, according to the present results and
as stated before, C3 could be a good indicator of chronic diarrhoea, but more research is
needed in order to know if this compound could be affected between different CE.

The correlations between SCFA and plasma fatty acids, plasma fat and tocopherol
concentration were also determined (Table 6). A lower number of significant correlations
were observed in the plasma than in the faeces. IC4 and IC5, followed by C3, were the
SCFAs that had the greatest number of correlations with the other plasma variables. IC4
correlated negatively with C18:0 (r = −0.61, p = 0.025) and positively with C18:3n-3 (r = 0.64,
p = 0.018), C20:1n-9 (r = 0.57, p = 0.042), C20:5n-3 (r = 0.60, p = 0.031), C22:4n-6 (r = 0.68,
p = 0.010) and total n-3 (r = 0.61, p = 0.025). In the same way, IC5 correlated positively
with C20:0 (r = 0.56, p = 0.046), C20:5n-3 (r = 0.68, p = 0.010), C22:5n-6 (r = 0.68, p = 0.011),
total PUFA (r = 0.56, p = 0.048) and n-3 (r = 0.59, p = 0.013). According to these results,
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plasma n-3 fatty acids levels could be interesting predictors of intestinal health, probably in
connection with the nutritional status of the animal.

Table 6. Correlation coefficients between short-chain fatty acids (SCFAs) and fatty acid profile in
the plasma.

Acetic Acid Propionic
Acid

Isobutyric
Acid Butyric Acid Isovaleric

Acid Valeric Acid Total SCFA

Plasma fat 0.39 0.45 0.39 −0.26 0.68 a −0.11 0.26
Plasma α-toc −0.08 0.56 a 0.36 0.51 0.47 0.21 0.53

C14:0 0.23 0.07 −0.16 0.60 a 0.08 0.38 0.48
C15:0 −0.07 0.25 −0.04 −0.09 0.48 −0.17 −0.02
C16:0 0.43 0.09 0.06 −0.31 0.25 −0.38 −0.05

C16:1n-7 −0.03 −0.10 −0.08 0.67 a −0.24 0.52 0.40
C16:1n-9 −0.41 −0.29 0.33 −0.12 −0.39 −0.11 −0.32

C17:0 0.71 b 0.39 0.05 0.04 0.24 −0.13 0.39
C17:1 0.25 0.30 0.36 0.39 0.23 0.07 0.41
C18:0 −0.01 −0.07 −0.61 a −0.09 0.13 0.19 −0.07

C18:1n-7 −0.49 0.10 0.27 0.25 0.02 0.20 0.06
C18:1n-9 −0.38 −0.40 −0.10 −0.08 −0.57 a −0.05 −0.38
C18:2n-6 0.38 0.41 0.35 −0.03 0.42 −0.18 0.28
C18:3n-3 −0.19 −0.22 0.64 a −0.15 −0.15 −0.23 −0.21

C20:0 0.29 0.74 b 0.36 −0.02 0.56 a −0.28 0.33
C20:1n-9 −0.38 −0.28 0.57 a −0.19 −0.20 −0.28 −0.35
C20:3n-6 −0.54 −0.66 a −0.34 −0.08 −0.53 0.22 −0.46
C20:4n-6 0.12 0.04 −0.45 0.29 0.02 0.44 0.29
C20:5n-3 0.03 0.54 0.60 a 0.00 0.68 a −0.29 0.21
C22:4n-6 −0.39 −0.17 0.68 a −0.08 −0.12 −0.06 −0.17
C22:5n-3 0.26 0.62 a 0.21 −0.01 0.68 a −0.11 0.33
C22:6n-3 −0.28 −0.35 −0.29 0.30 −0.18 0.37 −0.01
∑SAT 1 0.30 0.04 −0.48 −0.22 0.30 −0.06 −0.04

∑MUFA 2 −0.39 −0.38 −0.06 −0.01 −0.55 0.00 −0.33
∑PUFA 3 0.34 0.48 0.37 0.15 0.56 a 0.04 0.46

∑n-6 4 0.43 0.43 0.21 0.19 0.45 0.15 0.51
∑n-3 5 0.00 0.43 0.61 a −0.01 0.59 a −0.26 0.17

1 ∑SAT: sum of total saturated fatty acids; 2 ∑MUFA: sum of total monounsaturated fatty acids; 3 ∑PUFA: sum
of total polyunsaturated fatty acids; 4 ∑n-6: sum of total n-6 fatty acids; 5 ∑n-3: sum of total n-3 fatty acids.
a Significant at <0.05 probability level (blue color); b significant at <0.01 probability level (red color).

Finally, the correlation between BCS and CIBDAI scores and the other parameters
of plasma and faeces were also evaluated (Table 7). The significant correlations were
mainly detected in faecal parameters. Moreover, the CIBDAI score presented a higher
number of significant correlations than BCS. Hence, the CIBDAI score correlated negatively
mainly with faecal measurements, such as C3 (r = −0.869, p = 0.0005) and C15:0 (r = −0.825,
p = 0.0018), followed by C16:1/C16:0 (r = −0.66, p = 0.0374) and iC5 (r = −0.648, p = 0.0310),
as well as the sum of C2 + C3 (r = −0.659, p= 0.0273) and the sum of C2 + C3 + C4
(r = −0.632, p = 0.0369). In addition, the CIBDAI score was also positively correlated
with faeces moisture (r = 0.790, p= 0.0039). This index is considered a reliable measure of
inflammatory activity in canine IBD [31]; therefore, according to the results of the present
study, the CIBDAI score would be a good indicator of chronic inflammatory status. Its
quantification, together with C3, other or total SCFAs, C15:0 or desaturase capacity in
faecal samples would reinforce this non-invasive diagnosis technique in dogs with chronic
inflammatory diseases.
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Table 7. Correlation coefficients between BCS (body condition score) and CIBDAI (canine inflam-
matory bowel disease activity index) and the other parameters of the faeces from the FRE (food-
responsive enteropathy) and control dogs.

BCS CIBDAI Index

r p-Value r p-Value

Faeces fat −0.15 0.6689 0.50 0.1177
Faeces moisture −0.55 0.0794 0.79 0.0039
Acetic acid (C2) 0.13 0.7091 −0.35 0.2962

Propionic acid (C3) 0.35 0.287 −0.87 0.0005
Isobutyric acid (iC4) −0.27 0.4192 −0.45 0.1610

Butiryc acid (C4) 0.55 0.0806 −0.13 0.7141
Isovaleric acid (iC5) 0.16 0.637 −0.65 0.0310

Valeric acid (C5) 0.45 0.1688 −0.05 0.8733
∑SCFAs 1 0.54 0.0831 −0.59 0.0552
C2 + C3 0.26 0.4413 −0.66 0.0273

C2 + C3 + C4 0.52 0.1011 −0.63 0.0369
IC4 + IC5 −0.18 0.6062 −0.57 0.0668

C14:0 0.23 0.4919 −0.10 0.7644
C14:1 −0.61 0.0451 0.42 0.2040
C15:0 0.35 0.2851 −0.82 0.0018
C16:0 0.43 0.1874 −0.05 0.8833

C16:1n-7 −0.16 0.631 −0.54 0.0865
C16:1n-9 0.18 0.5939 −0.39 0.2402

C17:0 0.53 0.0927 0.02 0.9454
C17:1 0.45 0.1636 −0.46 0.1569
C18:0 0.20 0.549 0.48 0.1306

C18:1n-7 0.29 0.3835 −0.05 0.8912
C18:1n-9 −0.48 0.1371 0.08 0.8243
C18:2n-6 −0.44 0.1737 0.00 0.9924
C18:3n-3 −0.06 0.8692 0.21 0.5412
C18:3n-6 −0.32 0.3362 −0.02 0.9473
C18:4n-3 0.21 0.5391 −0.26 0.4327

C20:0 0.38 0.2493 −0.26 0.4428
C20:1n-9 0.39 0.2302 0.16 0.6400

C20:2 0.20 0.5541 −0.52 0.0997
C20:3n-6 0.64 0.0335 −0.34 0.3052
C20:4n-6 −0.03 0.9385 0.14 0.6802
C20:5n-3 −0.13 0.6926 −0.53 0.0923
C22:4n-6 0.52 0.1031 −0.04 0.8956
C22:5n-3 0.06 0.8668 −0.07 0.8469
C22:6n-3 0.35 0.2869 −0.46 0.1571
∑SAT 2 0.43 0.1913 0.13 0.7040

∑MUFA 3 −0.44 0.1779 −0.24 0.4781
∑PUFA 4 −0.34 0.3049 −0.07 0.8277

∑n-6 5 −0.35 0.2939 0.00 0.9894
∑n-3 6 0.05 0.8747 −0.52 0.0994

C16:1/C16:0 −0.33 0.3536 −0.66 0.0374
1 ∑SCFAs: sum of total short-chain fatty acids; 2 ∑SAT: sum of total saturated fatty acids; 3 ∑MUFA: sum of total
monounsaturated fatty acids; 4 ∑PUFA: sum of total polyunsaturated fatty acids; 5 ∑n-6: sum of total n-6 fatty
acids; 6 ∑n-3: sum of total n-3 fatty acids.

4. Conclusions

In conclusion, the dogs with FRE had a lower oxidative status and higher plasma
proportions of C20:2 and C20:3 as indicators of chronic inflammation, as well as lower
propionic acid and branched-chain fatty acids, such as isovaleric acid, in their stools. The
short-chain fatty acids correlated better with the total fatty acid profile of the faeces. The
high correlations observed between most of the SCFAs and OCFA, such as C15:0, in the
faeces indicates the diagnostic potential of this compound. Sick dogs also showed signs of
damage at the intestinal level with a greater presence of arachidonic acid (C20:4), as well as
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a reduced desaturase activity in the stool. Further studies would be warranted in order to
elucidate whether specific profiles of faecal SCFAs, OCFA or long-chain fatty acids could
be found in dogs with different CEs, such as FRE, ARE and IRE.

Author Contributions: Conceptualisation, A.S. and A.I.R.; methodology, R.E., C.H., A.I.R., D.D.-R.,
F.R.-F., M.G.-S., B.A. and A.S.; software, A.I.R.; formal analysis, A.I.R.; data curation, A.I.R.; writing—
original draft preparation, A.S., C.H. and A.I.R.; writing—review and editing, A.I.R., C.H., R.E.,
D.D.-R., F.R.-F., M.G.-S., B.A. and A.S.; project administration, A.I.R. and A.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of University Complutense
of Madrid.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Volkmann, M.; Steiner, J.M.; Fosgate, G.T.; Zentek, J.; Hartmann, S.; Kohn, B. Chronic diarrhea in dogs—Retrospective study in

136 cases. J. Vet. Intern. Med. 2017, 31, 1043–1055. [CrossRef]
2. Dandrieux, J.R. Inflammatory bowel disease versus chronic enteropathy in dogs: Are they one and the same? J. Small Anim. Pract.

2016, 57, 589–599. [CrossRef] [PubMed]
3. Allenspach, K.; Culverwell, C.; Chan, D. Long-term outcome in dogs with chronic enteropathies: 203 Cases. Vet. Rec. 2016, 178,

368. [CrossRef] [PubMed]
4. Jablonski Wennogle, S.A.; Stockman, J.; Webb, C.B. Prospective evaluation of a change in dietary therapy in dogs with steroid-

resistant protein-losing enteropathy. J. Small Anim. Pract. 2021, 62, 756–764. [CrossRef] [PubMed]
5. Okanishi, H.; Yoshioka, R.; Kagawa, Y.; Watari, T. The Clinical Efficacy of Dietary Fat Restriction in Treatment of Dogs with

Intestinal Lymphangiectasia. J. Vet. Intern. Med. 2014, 28, 809–817. [CrossRef] [PubMed]
6. Rudinsky, A.J.; Howard, J.P.; Bishop, M.A.; Sherding, R.G.; Parker, V.J.; Gilor, C. Dietary management of presumptive protein-

losing enteropathy in Yorkshire terriers. J. Small Anim. Pract. 2017, 58, 103–108. [CrossRef]
7. Anfinsen, K.P.; Berghoff, N.; Priestnall, S.L.; Suchodolki, J.S.; Steiner, J.M.; Allnspach, K. Urinary and faecal N-methylhistamine

concentrations do not serve as markers for mast cell activation or clinical disease activity in dogs with chronic enteropathies. Acta
Vet. Scand. 2014, 56, 90. [CrossRef]

8. Sattasathuchana, P.; Allenspach, K.; Lopes, R.; Suchodolski, J.S.; Steiner, J.M. Evaluation of serum 3-bromotyrosine concentrations
in dogs with steroid-responsive diarrhea and Food-responsive diarrhea. J. Vet. Intern. Med. 2017, 31, 1056–1061. [CrossRef]

9. Otoni, C.C.; Heilmann, R.M.; García-Sancho, M.; Sainz, A.; Ackermann, M.R.; Suchodolski, J.S.; Steiner, J.M.; Jergens, A.E.
Serologic and fecal markers to predict response to induction therapy in dogs with idiopathic inflammatory bowel disease. J. Vet.
Intern. Med. 2018, 32, 999–1008. [CrossRef]

10. Tørnqvist-Johnsen, C.; Campbell, S.; Gow, A.; Bommer, N.X.; Salavati, S.; Mellanby, R.J. Investigation of the efficacy of a dietetic
food in the management of chronic enteropathies in dogs. Vet. Rec. 2020, 186, 26. [CrossRef]

11. Sun, Y.; O’Riordan, M.X. Regulation of bacterial pathogenesis by intestinal short-chain fatty acids. Adv. Appl. Microbiol. 2013, 85,
93–118. [PubMed]

12. Kamath, P.S.; Hoepfner, M.T.; Phillips, S.F. Short-chain fatty acids stimulate motility of the canine ileum. Am. J. Physiol. 1987, 253,
427–433. [CrossRef] [PubMed]

13. Binder, H.J. Role of colonic short-chain fatty acid transport in diarrhea. Annu. Rev. Physiol. 2010, 72, 297–313. [CrossRef]
14. Gonçalves, P.; Araújo, J.R.; Di Santo, J.P. A Cross-Talk Between Microbiota-Derived Short-Chain Fatty Acids and the Host Mucosal

Immune System Regulates Intestinal Homeostasis and Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2018, 24, 558–572.
[CrossRef] [PubMed]

15. Marchesi, J.; Holmes, E. Rapid and noninvasive metabonomic characterization of inflammatory bowel disease. J. Proteome Res.
2007, 6, 546–551. [CrossRef] [PubMed]

16. O’Keefe, S.J.D.; Ou, J.; Aufreiter, S.; O’Connor, D.; Sharma, S.; Sepulveda, J.; Fukuwatari, T.; Shibata, K.; Mawhinney, T. Products
of the colonic microbiota mediate the effects of diet on colon cancer risk. J. Nutr. 2009, 139, 2044–2048. [CrossRef]

17. Beloshapka, A.N.; Wolff, A.K.; Swanson, K.S. Effects of feeding polydextrose on faecal characteristics, microbiota and fermentative
end products in healthy adult dogs. Br. J. Nutr. 2012, 108, 638–644. [CrossRef] [PubMed]

18. Eisenhauer, L.; Vahjen, W.; Dadi, T.; Kohn, B.; Zentek, J. Effects of Brewer’s spent grain and carrot pomace on digestibility, fecal
microbiota, and fecal and urinary metabolites in dogs fed low- or high-protein diets. J. Anim. Sci. 2019, 97, 4124–4133. [CrossRef]

http://doi.org/10.1111/jvim.14739
http://doi.org/10.1111/jsap.12588
http://www.ncbi.nlm.nih.gov/pubmed/27747868
http://doi.org/10.1136/vr.103557
http://www.ncbi.nlm.nih.gov/pubmed/26811439
http://doi.org/10.1111/jsap.13334
http://www.ncbi.nlm.nih.gov/pubmed/33851420
http://doi.org/10.1111/jvim.12327
http://www.ncbi.nlm.nih.gov/pubmed/24673630
http://doi.org/10.1111/jsap.12625
http://doi.org/10.1186/s13028-014-0090-y
http://doi.org/10.1111/jvim.14742
http://doi.org/10.1111/jvim.15123
http://doi.org/10.1136/vr.105172
http://www.ncbi.nlm.nih.gov/pubmed/23942149
http://doi.org/10.1152/ajpgi.1987.253.4.G427
http://www.ncbi.nlm.nih.gov/pubmed/3661705
http://doi.org/10.1146/annurev-physiol-021909-135817
http://doi.org/10.1093/ibd/izx029
http://www.ncbi.nlm.nih.gov/pubmed/29462379
http://doi.org/10.1021/pr060470d
http://www.ncbi.nlm.nih.gov/pubmed/17269711
http://doi.org/10.3945/jn.109.104380
http://doi.org/10.1017/S0007114511005927
http://www.ncbi.nlm.nih.gov/pubmed/22085650
http://doi.org/10.1093/jas/skz264


Animals 2022, 12, 89 15 of 16

19. De Brito, C.B.M.; Menezes Souza, C.M.; Bastos, T.S.; Mesa, D.; Oliveira, S.G.; Félix, A.P. Effect of dietary inclusion of dried apple
pomace on faecal butyrate concentration and modulation of gut microbiota in dogs. Arch. Anim. Nutr. 2021, 75, 48–63. [CrossRef]

20. Guard, B.C.; Barr, J.W.; Reddivari, L.; Klemashevich, C.; Jayaraman, A.; Steiner, J.M.; Vanamala, J.; Suchodolski, J.S. Characteriza-
tion of microbial dysbiosis and metabolomic changes in dogs with acute diarrhea. PLoS ONE 2015, 10, e0127259.

21. Minamoto, Y.; Minamoto, T.; Isaiah, A.; Sattasathuchana, P.; Buono, A.; Rangachari, V.R.; McNeely, I.H.; Lidbury, J.; Steiner, J.M.;
Suchodolski, J.S. Fecal short-chain fatty acid concentrations and dysbiosis in dogs with chronic enteropathy. J. Vet. Intern. Med.
2019, 33, 1608–1618. [CrossRef]

22. Quehenberger, O.; Armando, A.M.; Brown, A.H.; Milne, S.B.; Myers, D.S.; Merrill, A.H.; Bandyopadhyay, S.; Jones, K.N.; Kelly, S.;
Shaner, R.L.; et al. Lipidomics reveals a remarkable diversity of lipids in human plasma. J. Lipid Res. 2010, 51, 3299–3305.
[CrossRef]

23. De Preter, V.; Machiels, K.; Joossens, M.; Arijs, I.; Matthys, C.; Vermeire, S.; Rutgeerts, P.; Verbeke, K. Faecal metabolite profiling
indentifies medium-chain fatty acids as discriminanting compounds in IBD. Gut 2015, 64, 447–458. [CrossRef]

24. Song, E.U.; Byeon, J.-S.; Lee, S.M.; Yoo, H.J.; Kim, S.J.; Lee, S.-H.; Chang, K.; Hwang, S.W.; Yang, D.-H.; Jeong, J.-Y. Fecal Fatty Acid
Profling as a Potential New Screening Biomarker in Patients with Colorectal Cancer. Dig. Dis. Sci. 2018, 63, 1229–1236. [CrossRef]

25. Pfeuffer, M.; Jaudszus, A. Pentadecanoic and Heptadecanoic Acids: Multifaceted Odd-Chain Fatty Acids. 2016 American Society
for Nutrition. Adv. Nutr. 2016, 7, 730–734. [CrossRef]

26. Çoker, M.; de Klerk, J.B.C.; Poll-The, B.T.; Huijmans, J.G.M.; Duran, M. Plasma total odd-chain fatty acids in the monitoring of
disorders of propionate, methylmalonate and biotin metabolism. J. Inherit. Metab. Dis. 1996, 19, 743–751. [CrossRef] [PubMed]

27. Vlaemincka, B.; Fieveza, V.; Cabritab, A.R.J.; Fonsecac, A.J.M.; Dewhurstd, R.J. Review: Factors affecting odd- and branched-chain
fatty acids in milk: A review. Anim. Feed Sci. Technol. 2006, 131, 389–417. [CrossRef]

28. Jenkins, B.; West, J.A.; Koulman, A. A Review of Odd-Chain Fatty Acid Metabolism and the Role of Pentadecanoic Acid (C15:0)
and Heptadecanoic Acid (C17:0) in Health and Disease. Molecules 2015, 20, 2425–2444. [CrossRef] [PubMed]

29. Jenkins, B.J.; Seyssel, K.; Chiu, S.; Pan, P.-H.; Lin, S.-Y.; Stanley, E.; Ament, S.; West, J.A.; Summerhill, K.; Griffin, J.L.; et al. Odd
Chain Fatty Acids; New Insights of the Relationship Between the Gut Microbiota, Dietary Intake, Biosynthesis and Glucose
Intolerance. Sci. Rep. 2017, 3, 44845. [CrossRef]

30. Scaioli, E.; Liverani, E.; Belluzzi, A. The Imbalance between n-6/n-3 Polyunsaturated Fatty Acids and Inflammatory Bowel
Disease: A Comprehensive Review and Future Therapeutic Perspectives. Int. J. Mol. Sci. 2017, 18, 2619. [CrossRef] [PubMed]

31. Jergens, A.E.; Schreiner, C.A.; Frank, D.E.; Niyo, Y.; Ahrens, F.E.; Eckersall, P.D.; Benson, T.J.; Evans, R. A Scoring Index for
Disease Activity in Canine Inflammatory Bowel Disease. J. Vet. Inten. Med. 2003, 17, 291–297. [CrossRef]

32. Rey, A.I.; Daza, A.; López-Carrasco, C.; López-Bote, C.J. Quantitative study of the α- and γ-tocopherols accumulation in muscle
and back fat from Iberian pigs kept free-range as affected by time of free-range feeding or weight gain. Anim. Sci. 2006, 82,
901–908. [CrossRef]

33. Zhao, G.; Nyman, M.; Jönsson, J.Å. Rapid determination of short-chain fatty acids in colonic contents and faeces of humans and
rats by acidified water-extraction and direct-injection gas chromatography. J. Biomed. Chromatogr. 2006, 20, 674–682. [CrossRef]
[PubMed]

34. Segura, J.; Lopez-Bote, C.J. A laboratory efficient method for intramuscular fat analysis. Food Chem. 2014, 145, 821–825. [CrossRef]
[PubMed]

35. Rey, A.I.; de-Cara, A.; Calvo, L.; Puig, P.; Hechavarría, T. Changes in plasma fatty acids, free amino acids, antioxidant defense,
and physiological stress by Oleuropein supplementation in pigs prior to slaughter. Antioxidants 2020, 9, 56. [CrossRef] [PubMed]

36. Kathrani, A.; Werling, D.; Allenspach, K. Canine breeds at high risk of developing inflammatory bowel disease in the south-eastern
UK. Vet. Rec. 2011, 10, 635–639. [CrossRef]

37. Calaland, J.; Cheung, H.; Lichimo, K.; So, B. Identifying breed, dietary, and reproductive factors affecting the gut microbiome of
dogs with inflammatory bowel disease. Undergrad. J. Exp. Microbiol. Immunol. 2021, 26, 1–13.

38. D’Odorico, A.; Bortolan, S.; Cardin, R.; Dìnca, R.; Martines, D.; Ferronato, A.; Sturniolo, G.C. Reduced plasma antioxidant
concentrations and increased oxidative DNA damage in inflammatory bowel disease. Scand. J. Gastroenterol. 2001, 36, 1289–1294.

39. Rezaie, A.; Parker, R.D.; Abdollahi, M. Oxidative Stress and Pathogenesis of Inflammatory Bowel Disease: An Epiphenomenon or
the Cause? Dig. Dis. Sci. 2007, 52, 2015–2021. [CrossRef] [PubMed]

40. Gyuraszova, M.; Kovalcikova, A.; Gardlik, R. Association between oxidative status and the composition of intestinal microbiota
along the gastrointestinal tract. Med. Hypotheses. 2017, 103, 81–85. [CrossRef] [PubMed]

41. Yuksel, M.; Ates, I.; Kaplan, M.; Arikan, M.F.; Ozin, Y.O.; Kilic, Z.M.Y.; Topcuoglu, C.; Kayacetin, E. Is oxidative stress associated
with activation and pathogenesis of inflammation of inflammatory bowel disease? J. Med. Biochem. 2017, 36, 341–348. [CrossRef]
[PubMed]

42. Bourgonje, A.R.; Feelisch, M.; Faber, K.N.; Pasch, A.; Dijkstra, G.; van Goor, H. Oxidative Stress and Redox-Modulating
Therapeutics in Inflammatory Bowel Disease. Trends Mol. Med. 2020, 26, 1034–1046. [CrossRef]

43. Farsi, F.; Ebrahimi Daryani, N.; Golab, F.; Akbari, A.; Janani, L.; Karimi, M.Y.; Irandoost, P.; Alamdari, N.M.; Agah, S.; Vafa, M. A
randomized controlled trial on the coloprotective efect of coenzyme Q10 on immune infammatory cytokines, oxidative status,
antimicrobial peptides, and microRNA 146a expression in patients with mild to moderate ulcerative colitis. Eur. J. Nutr. 2021, 60,
3397–3410. [CrossRef]

http://doi.org/10.1080/1745039X.2020.1867463
http://doi.org/10.1111/jvim.15520
http://doi.org/10.1194/jlr.M009449
http://doi.org/10.1136/gutjnl-2013-306423
http://doi.org/10.1007/s10620-018-4982-y
http://doi.org/10.3945/an.115.011387
http://doi.org/10.1007/BF01799166
http://www.ncbi.nlm.nih.gov/pubmed/8982947
http://doi.org/10.1016/j.anifeedsci.2006.06.017
http://doi.org/10.3390/molecules20022425
http://www.ncbi.nlm.nih.gov/pubmed/25647578
http://doi.org/10.1038/srep44845
http://doi.org/10.3390/ijms18122619
http://www.ncbi.nlm.nih.gov/pubmed/29206211
http://doi.org/10.1111/j.1939-1676.2003.tb02450.x
http://doi.org/10.1017/ASC2006113
http://doi.org/10.1002/bmc.580
http://www.ncbi.nlm.nih.gov/pubmed/16206138
http://doi.org/10.1016/j.foodchem.2013.08.131
http://www.ncbi.nlm.nih.gov/pubmed/24128551
http://doi.org/10.3390/antiox9010056
http://www.ncbi.nlm.nih.gov/pubmed/31936246
http://doi.org/10.1136/vr.d5380
http://doi.org/10.1007/s10620-006-9622-2
http://www.ncbi.nlm.nih.gov/pubmed/17404859
http://doi.org/10.1016/j.mehy.2017.04.011
http://www.ncbi.nlm.nih.gov/pubmed/28571818
http://doi.org/10.1515/jomb-2017-0013
http://www.ncbi.nlm.nih.gov/pubmed/30581331
http://doi.org/10.1016/j.molmed.2020.06.006
http://doi.org/10.1007/s00394-021-02514-2


Animals 2022, 12, 89 16 of 16

44. Huang, W.; Guo, H.-L.; Deng, X.; Zhu, T.; Xiong, J.-F.; Xu, Y.-H.; Xu, Y. Short-Chain Fatty Acids Inhibit Oxidative Stress and
Inflammation in Mesangial Cells Induced by High Glucose and Lipopolysaccharide. Exp. Clin. Endocrinol. Diabetes 2017, 125,
98–105. [CrossRef]

45. Kul, S.; Çalıskan, Z.; Güvenç, T.S.; Güvenç, R.C.; Çalıskan, M. Plasma lipids in patients with inflammatory bowel disease
Observations on the associations between lipid indices and coronary flow reserve. Wien. Klin. Wochenschr. 2020, 132, 283–294.
[CrossRef]

46. Geerling, B.J.; Houwelingen, A.C.; Badart-Smook, A.; Stockbrugger, R.W.; Brummer, R.J. The relation between antioxidant status
and alterations in fatty acid profile in patients with Crohn’s disease and controls. Scand. J. Gastroenterol. 1999, 34, 1108–1116.
[CrossRef]

47. Kuroki, F.; Iida, M.; Matsumoto, T.; Aoyagi, K.; Kanamoto, K.; Fujishima, M. Serum n-3 polyunsaturated fatty acids are depleted
in Crohn’s disease. Dig. Dis. Sci. 1997, 42, 1137–1141. [CrossRef]

48. Esteve-Comas, M.; Ramirez, M.; Fernandez-Banares, F.; Abad-Lacruz, A.; Gil, A.; Cabré, E.; González-Huix, F.; Moreno, J.M.;
Humbert, P.; Aguilera, M. Plasma poly unsaturated fatty acid pattern inactive inflammatory bowel disease. Gut. 1992, 33,
1365–1369. [CrossRef] [PubMed]

49. Rey, A.I.; Menoyo, D.; Segura, J.; López-Bote, C.J.; Calvo, L. Combination of dietary glycaemic index and fasting time prior to
slaughter as strategy to modify quality of pork. Meat Sci. 2020, 161, 108013. [CrossRef]

50. James, M.J.; Gibson, R.A.; Cleland, L.G. Dietary polyunsaturated fatty acids and inflammatory mediator production. Am. J. Clin.
Nutr. 2000, 71, 343s–348s. [CrossRef] [PubMed]

51. Bazarganipour, S.; Hausmann, J.; Oertel, S.; El-Hindi, K.; Brachtendorf, S.; Blumenstein, I.; Kubesch, A.; Sprinzl, K.; Birod, K.;
Hahnefeld, L.; et al. The Lipid Status in Patients with Ulcerative Colitis: Sphingolipids are Disease-Dependent Regulated. J. Clin.
Med. 2019, 8, 971. [CrossRef] [PubMed]

52. Hengstermann, S.; Valentini, L.; Schaper, L.; Buning, C.; Koernicke, T.; Maritschnegg, M.; Buhner, S.; Tillinger, W.; Regano, N.;
Guglielmi, F.; et al. Altered status of antioxidant vitamins and fatty acids in patients with inactive inflammatory bowel disease.
Clin. Nutr. 2008, 27, 571–578. [CrossRef]

53. Park, W.J.; Kothapalli, K.S.D.; Lawrence, P.; Tyburczy, C.; Brenna, J.T. An alternate pathway to long-chain polyunsaturates: The
FADS2 gene product D8-desaturates 20:2n-6 and 20:3n-3. J. Lipid Res. 2009, 50, 1195–1202. [CrossRef] [PubMed]

54. Suchodolski, J.S.; Markel, M.E.; Garcia-Mazcorro, J.F.; Unterer, S.; Heilmann, R.M.; Dowd, S.E.; Kachroo, P.; Ivanov, I.;
Minamoto, Y.; Dillman, E.M.; et al. The fecal microbiome in dogs with acute diarrhea and idiopathic inflammatory bowel
disease. PLoS ONE 2012, 7, e51907. [CrossRef]

55. Omori, M.; Maeda, S.; Igarashi, H.; Ohno, K.; Sakai, K.; Yonezawa, T.; Horigome, A.; Odamaki, T.; Matsuki, N. Fecal microbiome
in dogs with inflammatory bowel disease and intestinal lymphoma. J. Vet. Med. Sci. 2017, 79, 1840–1847. [CrossRef] [PubMed]

56. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly, Y.M.; Glickman, J.N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013, 341, 569–573. [CrossRef]

57. Junginger, J.; Schwittlick, U.; Lemensieck, F.; Nolte, I.; Hewicker-Trautwein, M. Immunohistochemical investigation of Foxp3
expression in the intestine in healthy and diseased dogs. Vet. Res. 2012, 43, 23–37. [CrossRef]

58. Maeda, S.; Ohno, K.; Fujiwara-Igarashi, A.; Uchida, K.; Tsujimoto, H. Changes in Foxp3-positive regulatory t cell number in the
intestine of dogs with idiopathic inflammatory bowel disease and intestinal lymphoma. Vet. Pathol. 2015, 53, 102–112. [CrossRef]

59. Koleva, P.; Ketabi, A.; Valcheva, R.; Gänzle, M.G.; Dieleman, L.A. Chemically defined diet alters the protective properties of
fructo-oligosaccharides and isomalto-oligosaccharides in HLA-B27 transgenic rats. PLoS ONE 2014, 9, e111717.

60. Liu, W.; Tang, S.; Zhao, Q.; Zhang, W.; Li, K.; Yao, W.; Gao, X. The α-D-glucan from marine fungus Phoma herbarum YS4108
ameliorated mice colitis by repairing mucosal barrier and maintaining intestinal homeostasis. Int. J. Biol. Macromol. 2020, 149,
1180–1188. [CrossRef]

61. Power, G.W.; Cake, M.H.; Newsholme, E.A. Influence of diet on the kinetic behavior of hep-atic carnitine palmitoyltransferase I
toward different acyl CoA esters. Lipids 1997, 32, 31–37. [CrossRef] [PubMed]

62. Garg, M.L.; Keelan, M.; Thomson, A.B.R.; Clandinin, M.T. Fatty acid desaturation in the intestinal mucosa. Biochim. Biophys. Acta
(BBA)—Lipids Lipid Metab. 1988, 958, 139–141. [CrossRef]

63. Oreshko, L.; Semenova, E.; Shomin, A.; Sitkin, S. Violation of microbial and endogenous metabolism in celiac disease. Technol.
Transf. Innov. Solut. Med. 2019, 2019, 25–29. [CrossRef]

64. Hu, J.L.; Nie, S.P.; Min, F.F.; Xie, M.Y. Polysaccharide from Seeds of Plantago asiatica L. Increases Short-Chain Fatty Acid Production
and Fecal Moisture along with Lowering pH in Mouse Colon. J. Agric. Food Chem. 2012, 60, 11525–11532. [CrossRef]

http://doi.org/10.1055/s-0042-121493
http://doi.org/10.1007/s00508-020-01649-2
http://doi.org/10.1080/003655299750024913
http://doi.org/10.1023/A:1018873217192
http://doi.org/10.1136/gut.33.10.1365
http://www.ncbi.nlm.nih.gov/pubmed/1446861
http://doi.org/10.1016/j.meatsci.2019.108013
http://doi.org/10.1093/ajcn/71.1.343s
http://www.ncbi.nlm.nih.gov/pubmed/10617994
http://doi.org/10.3390/jcm8070971
http://www.ncbi.nlm.nih.gov/pubmed/31277430
http://doi.org/10.1016/j.clnu.2008.01.007
http://doi.org/10.1194/jlr.M800630-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19202133
http://doi.org/10.1371/journal.pone.0051907
http://doi.org/10.1292/jvms.17-0045
http://www.ncbi.nlm.nih.gov/pubmed/28993566
http://doi.org/10.1126/science.1241165
http://doi.org/10.1186/1297-9716-43-23
http://doi.org/10.1177/0300985815591081
http://doi.org/10.1016/j.ijbiomac.2020.01.303
http://doi.org/10.1007/s11745-997-0005-4
http://www.ncbi.nlm.nih.gov/pubmed/9075190
http://doi.org/10.1016/0005-2760(88)90256-1
http://doi.org/10.21303/2585-663.2019.001089
http://doi.org/10.1021/jf302169u

	Introduction 
	Materials and Methods 
	Animals and Sample Collection 
	Laboratory Analysis 
	Concentration of Vitamin E in Plasma Samples 
	Analysis of Short-Chain Fatty Acids in Faecal Samples 
	Extraction of Total Fat and Fatty Acid Profile of Plasma and Faecal Samples 

	Statistical Analysis 

	Results and Discussion 
	Signalment of Dogs 
	Oxidative Status and Lipid Plasma Profile of the Dogs 
	Short-Chain Fatty Acid (SCFA) Profile in Faecal Samples 
	Total Fatty Acid Profile in Faecal Samples 
	Correlations between Fatty Acids and SCFAs 

	Conclusions 
	References

