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Abstract

Background: Accumulating evidence shows an important relationship between the

gastrointestinal (GI) microbiota and host health. Microbial metabolites are believed to

play a critical role in host-microbial interactions. Short-chain fatty acids (SCFAs) are

major end products of bacterial carbohydrate fermentation in the intestinal tract.

Decreased concentrations of SCFAs have been observed in humans with GI disease.

However, large-scale clinical data in dogs are lacking.

Hypothesis/Objective: To evaluate fecal concentrations of SCFAs and the fecal

microbiota in healthy control (HC) dogs and dogs with chronic enteropathy (CE).

Animals: Forty-nine privately owned HC dogs and 73 dogs with CE.

Methods: Prospective cohort study. Fecal concentrations of SCFAs were measured

using gas chromatography/mass spectrometry. Illumina sequencing and quantita-

tive real-time polymerase chain reaction were utilized to evaluate the fecal

microbiota.

Results: Fecal concentrations (median [range] μmol/g of dry matter) of acetate were

lower (P = .03) in dogs with CE (185.8 [20.1-1042.1]) than in HC dogs (224.0

[87.7-672.8]). Propionate were also lower (P < .001) in dogs with CE (46.4

[0.4-227.9]) than in HC dogs (105.9 [1.6-266.9]). Moreover, total SCFAs were lower

(P = .005) in dogs with CE (268.1 [21.8-1378.2]) than in HC dogs (377.2

[126.6-927.0]). Dysbiosis in dogs with CE was characterized by decreased bacterial

diversity and richness, distinct microbial community clustering compared with that in

HC dogs, and a higher dysbiosis index.

Conclusions and Clinical Importance: Dogs with CE had an altered fecal SCFA con-

centration accompanied by significant changes of the fecal microbiota.

Abbreviations: ANOSIM, analysis of similarity; ARE, antibiotic responsive enteropathy; CE, chronic enteropathy; DM, dry matter; FRE, food responsive enteropathy; GC/MS, gas

chromatography/mass spectrometry; GI, gastrointestinal; HC, healthy control; IBD, inflammatory bowel disease; PLE, protein losing enteropathy; qPCR, quantitative real-time polymerase chain

reaction; RT, room temperature; SCFAs, short-chain fatty acids; SRE, steroid/immunosuppressant responsive enteropathy.
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1 | INTRODUCTION

Despite well-documented evidence that the intestinal microbiota plays

a role in the pathogenesis of gastrointestinal (GI) disease, the actual

mechanisms of the host-microbe interactions remain elusive. However,

it is believed that microbial metabolites that are derived from the intes-

tinal microbiota mediate these interactions.1 Short-chain fatty acids

(SCFAs), primarily acetate, propionate, and butyrate, are primary end

products of bacterial fermentation of nondigestible dietary fibers.

Because of their beneficial effects on host health, including immuno-

modulatory effects, antidiarrheic effects, and a regulatory effect on GI

motility, SCFAs have been the focus of past studies.2-5

Clinical studies in humans have revealed decreased fecal concentra-

tions of SCFAs in patients with chronic GI disorders such as inflammatory

bowel disease (IBD)6 and colorectal cancer.7 Decreased SCFAs might

contribute to the inflammatory status of these disorders. Short-chain

fatty acids modulate inflammation by increasing the production of anti-

inflammatory cytokines (eg, IL-10 and TGFβ), decreasing proinflammatory

cytokines (eg, IL-6, IL-8, and TNFα), and activating transcription factor

Foxp3, which is crucial to suppression and regulation of inflammation.8,9

Short-chain fatty acids might not only have an effect on host physiology

but could also affect the GI microbiota. The production of SCFAs

provides an acidic luminal environment that prevents overgrowth of

pH-sensitive pathogenic bacteria, such as Enterobacteriaceae and Clos-

tridia.10,11 Data from in vitro studies and experimental animal models

suggest that the compositions of the intestinal microbiota as well as lumi-

nal concentrations of the various SCFAs are important influences for

virulence factors and colonization of some enteropathogens.12-16

In veterinary medicine, limited information is available with regard to

fecal concentrations of SCFA in dogs with CE. Most of the studies that

are available mainly evaluate the effects of nutritional intervention on

fecal concentrations of SCFAs in healthy research dogs.17,18 In the current

study, we aimed to characterize fecal concentrations of SCFAs in healthy

dogs and dogs with CE. We also aimed to evaluate the correlation

between the fecal microbial communities and fecal SCFA concentrations.

2 | MATERIALS AND METHODS

2.1 | Sample collection

Fecal samples from healthy control (HC) dogs and dogs with clinical signs

of CE were collected prospectively from April 2011 to June 2013. The

protocol for sample collection was approved by the Texas A&M Univer-

sity Institutional Animal Care and Use Committee (AUP #2012-83). Fresh

fecal samples were collected at home by the owners and immediately

frozen, then shipped on ice to the Gastrointestinal Laboratory.

2.2 | Animal enrollment

2.2.1 | Healthy control dogs

Healthy, privately owned dogs without clinical signs of GI disease,

such as vomiting, diarrhea, anorexia, or weight loss, within the past

3 months of sample collection were enrolled. Physical examination

was conducted by a board-certified veterinary internist or a veterinar-

ian. Dogs with an abnormal physical examination finding, abnormal

laboratory testing result (fecal GI panel, blood work [if available], or

both diagnostics) or underlying chronic diseases that were symptom-

atic and needed medical treatment were excluded.

2.2.2 | Dogs with chronic enteropathy

Dogs with clinical signs of chronic GI disease (ie, vomiting, diarrhea,

anorexia, or weight loss, for a period of at least 3 weeks) based on the

clinical history were enrolled for this study. The time of fecal sample

collection after the onset clinical sings of GI disease varied between

samples depending on the time the dog was presented to the veterinar-

ian. The disease severity for each dog was evaluated using the canine

chronic enteropathy (CE) activity index and classified into 5 categories

(ie, insignificant, mild, moderate, severe, and very severe disease).19 His-

tological evaluation of intestinal biopsies was conducted if biopsy sam-

ples were available. Dogs with histological evaluation were further

classified into 3 phenotypes: food responsive enteropathy (FRE), antibi-

otic responsive enteropathy (ARE), and steroid/immunosuppressant

responsive enteropathy (SRE) based on their response to treatment.

Dogs without histological evaluation, with unknown clinical response,

or both were assigned to the unclassified group.

2.2.3 | Clinical history of dogs

Questionnaires were sent to veterinarians and owners who submitted

fecal samples from the dogs. The questionnaire was comprised of 3 major

parts: (1) signalment (ie, breed, age, sex, sexual status, body weight, and

body condition score), (2) health status at time of fecal sample collection

(ie, presence of GI signs and its characteristics, and duration of GI signs),

and (3) medical history (ie, medication(s) [use of antibiotics, immunosup-

pressants, probiotics, etc.] and concurrent diseases) and dietary informa-

tion. For the dogs with CE, the second questionnaire was sent to the

veterinarians at least 3 months after sample submission. The second

questionnaire was consisted of 3 major parts: (1) medical treatments,

(2) patient outcome, and (3) tentative/final diagnosis.

2.3 | Analysis of fecal SCFAs

Concentrations of SCFAs (ie, acetate, propionate, and butyrate) in feces

were measured using a stable isotope dilution gas chromatography-mass
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spectrometry (GC-MS) assay as previously described20 with some modi-

fications. Briefly, the fecal samples were weighed, diluted 1:5 in extrac-

tion solution (2N hydrochloric acid [HCl]), and frozen at −80�C until

analysis (up to 3 months). After thawing, samples were homogenized by

a multitube vortexer for 30 minutes at room temperature (RT), and then

fecal suspensions were centrifuged for 20 minutes at 2100g and 4�C.

Supernatants were then collected using serum filters (Fisherbrand serum

filter system, Fisher Scientific Inc, Pittsburgh, Pennsylvania). From

each sample, 500 μL of supernatant was mixed with 10 μL of internal

standard (200 mM heptadeuterated butyric acid) and extracted using

a C18 solid phase extraction column (Sep-Pak C18 1 cc Vac Cartridge,

Waters Corporation, Milford, Massachusetts). Samples were derivatized

using N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (MTBSTFA)

at RT for 60 minutes. A GC (Agilent 6890N, Agilent Technologies Inc,

Santa Clara, California) coupled with an electron ionization MS (Agilent

5975C, Agilent Technologies Inc) was used for chromatographic sepa-

ration and quantification of the derivatized samples. Separation was

achieved using a DB-1 ms capillary column (Agilent Technologies Inc).

The GC temperature program was as follows: 40�C held for 0.1 minute,

increased to 70�C at 5�C/min, 70�C held for 3.5 minutes, increased to

160�C at 20�C/min, and finally increased to 280�C at 35�C/min, then

held for 3 minutes. The total run time was 20.53 minutes. The MS was

operated in electron impact positive-ion mode with selective ion moni-

toring at mass-to-charge ratios (M/Z) of 117 (acetate), 131 (propionate),

145 (butyrate), and 152 (heptadeuterated butyrate; internal standard).

Quantification was based on the ratio of the area under the curve of

the internal standard and each of the fatty acids. The assay was vali-

dated for canine fecal samples and the performance characteristics of

this modified protocol are summarized in Table S1. The lower detection

limits of fecal concentrations of acetate, propionate, and butyrate were

1.33, 0.43, and 0.12 μmol/g, respectively. Samples with fecal SCFA

concentrations less than the lower detection limits of acetate, propio-

nate, and butyrate were considered as 1.32, 0.42, and 0.11 μmol/g,

respectively. To take into account the difference in water content

between fecal samples, final concentrations of fecal SCFAs were

adjusted by fecal dry matter (DM) and expressed as μmol/g of fecal DM.

2.4 | Evaluation of stability of fecal SCFAs

To test the stability of SCFAs in feces, fecal sample from 8 HC dogs

each was subdivided into 168 aliquots and then evaluated after being

stored at 4 storage conditions (at RT, 4�C, −20�C, and −80�C) and

4 time points (day 1 after being stored at RT, 4�C, and −20�C; day

3 after being stored at 4�C and −20�C; day 7 after being stored at

4�C, −20�C, and −80�C; and day 84 after being stored at −20�C and

−80�C) with or without 2N HCl.

2.5 | Analysis of the fecal microbiota

2.5.1 | DNA isolation

An aliquot of 100 mg (wet weight) of each fecal sample was extracted

by a bead-beating method using the ZR Fecal DNA Kit (Zymo Research

Corporation, Irvine, California), following the manufacturer's instructions.

The bead-beating step was performed on a homogenizer (FastPrep-24,

MP Biomedicals, Santa Ana, California) for 60 seconds at a speed of

4 m/s. Fecal DNA was stored at −80�C until analysis.

2.5.2 | Quantitative real-time PCR (qPCR)

To measure abundances of selected bacterial taxa, qPCR assays were

performed for bacteria on various phylogenetic levels: total bacteria;

phylum level—Bacteroidetes, Firmicutes; family level—Ruminococcaceae;

genus level—Bifidobacterium spp., Blautia spp., Faecalibacterium spp.,

Fusobacterium spp., Lactobacillus spp., Streptococcus spp., and Turicibacter

spp.; and species level—Clostridium hiranonis (C. hiranonis), Clostrid-

ium perfringens (C. perfringens), and Escherichia coli (E. coli). The qPCR

cycling, oligonucleotide sequences of primers and probe, and respective

annealing temperatures for selected bacterial groups were described

previously.21-23 A commercial real-time PCR thermal cycler (CFX 96

Touch Real-Time PCR Detection System; Biorad Laboratories, Hercules,

California) was used for all qPCR assays and all samples were run in

duplicate fashion. Results from 8 bacterial groups were also utilized to

generate a recently developed qPCR dysbiosis index.24

2.5.3 | Illumina sequencing of 16S rRNA genes

To evaluate the fecal microbiota community structure, a high through-

put sequencing method, Illumina sequencing, was utilized by targeting

16S rRNA genes. The V4 region of the 16S rRNA gene was amplified

with primers 515F (50-GTGCCAGCMGCCGCGGTAA-30) and 806R

(50-GGACTACVSGGGTATC TAAT-30) at the MR DNA Laboratory

(Shallowater, Texas) as previously described.25 The raw sequence data

were screened, trimmed, filtered, denoised, and barcodes and chimera

sequences were depleted from the data set using QIIME v1.8 pipeline

and UCHIME.26 Operational taxonomic units were assigned based on

at least 97% sequence similarity against the Greengenes reference

database v13.8.27 Sequences were rarefied to an even depth of 5350

sequences per sample to account for unequal sequencing depth

across samples. Principal coordinate analysis and analysis of similarity

(ANOSIM) were utilized on UniFrac distances to evaluate the global

differences in fecal microbiota between samples.

2.6 | Statistical analyses

Data sets for HC dogs and dogs with CE were tested for normality

using a Shapiro-Wilk test, and then compared using a Wilcoxon rank-

sum test. The data sets for the stability study were evaluated using a

paired t test, a 1-way ANOVA, or a repeated measures ANOVA, wher-

ever appropriate. Spearman's rank correlation coefficient was used to

evaluate the correlation between the fecal SCFA concentrations and

the abundances of bacterial groups. For analyses of the fecal SCFA con-

centrations and the fecal SCFAs stability, P < .05 was considered signif-

icant. For analyses of the fecal microbiota, the Benjamini & Hochberg's

false discovery rate was utilized in order to adjust for multiple compari-

sons, and a q < .05 was considered significant. All statistical analyses
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were conducted using statistical software packages (JMP Pro version

10, SAS Institute Inc, Cary, North Carolina, and Prism version 5 Graph

Pad Software Inc, La Jolla, California). Sequencing data were analyzed

using QIIME v1.8 in a similar way to previous studies.22,25,28

3 | RESULTS

3.1 | Signalment of dogs

Fecal samples from 49 HC dogs and 73 dogs with CE were utilized for

this study. None of the HC dogs received antibiotics within the last

3 months before sample collection.

The median age of HC dogs and dogs with CE was 4.5 years (min

to max: 0.8 to 11.7 years) and 6.1 years (min to max: 0.5 to 13.2 years),

respectively (P = .07). Of the 49 HC dogs, 25 were male (2 intact,

23 castrated) and 24 were female (all spayed). Of the 73 dogs with

CE, 39 were male (5 intact, 34 castrated) and 34 were female (4 intact,

30 spayed). There was no significant difference of the sex between

the 2 groups (P = .32). The body weight of the HC dogs (median:

17.7 kg, min to max: 1.5 to 42.2 kg) was not significantly different

from dogs with CE (median: 21.3 kg, min to max: 1.7 to 72.6 kg;

P = .11). A large variety of breeds was represented in this study popu-

lation, and dogs lived in diverse home environments and were fed a

variety of diets. The protein content of diet was significantly lower in

dogs with CE (median [min to max]: 56.6 [40.1 to 71.0] g/1000 kcal

ME) compared to that fed to the HC dogs (median [min to max]: 73.3

[51.7 to 104.0] g/1000 kcal ME; P < .001). No significant differences

in the amount of fat and crude fiber of the diets between the 2 groups

were observed. Of the dogs with CE, intestinal biopsy samples were

available for 47 dogs. Of those 47 dogs, 4 were classified as FRE, 2 as

ARE, 11 as SRE, and 30 remained unclassified. Detailed information

regarding animal characteristics is summarized in Table S2.

3.2 | Evaluation of fecal SCFAs

3.2.1 | Stability of fecal SCFAs

A total of 162 aliquots from 8 HC dogs were analyzed to evaluate the

stability of SCFAs in feces over 3 months at various storage conditions

with or without the addition of 2N HCl. Because of the small total

amount of fecal volume available for 2 dogs, there were 6 data points that

were not evaluated (day 84 at −20 and −80�C). No significant changes in

fecal SCFA concentrations were observed when samples were frozen.

There were significant changes in fecal SCFA concentrations (acetate and

butyrate) when samples were stored at RT for a day and at 4�C for 7 days.

There was no significant effect on fecal SCFA concentrations when HCl

was added to the samples. Data are summarized in Table S3.

3.2.2 | Fecal SCFA concentrations in HC dogs and
dogs with CE

The DM proportion of feces was significantly lower in dogs with CE

(median 28.0% [min to max: 5.5 to 67.4%]) than in HC dogs (median

33.4% [min to max: 17.3 to 77.6%], P < .001). When adjusted for fecal

DM, total fecal concentrations of SCFAs were significantly lower in

dogs with CE than in HC dogs (P = .005; Figure 1). More specifically,

fecal concentrations of acetate and propionate were significantly

lower in dogs with CE than in HC dogs (P = .03 and P < .001, respec-

tively; Figure 1). In contrast, there was no significant difference in

fecal concentrations of butyrate between both groups (P = .16;

Figure 1). Without adjusting for fecal DM (ie, μmol/g of wet feces),

fecal concentrations of all SCFAs, including butyrate, were signifi-

cantly lower in dogs with CE (Table 1).

We also evaluated the proportional changes of fecal SCFAs in

each group. Although the proportion of acetate was higher in dogs

with CE (P = .02), the proportion of propionate was lower than that in

HC dogs (P < .001; Figure 2). The proportion of butyrate did not differ

significantly between groups (P = .56; Figure 2).

Fecal SCFA concentrations in dogs with CE were also evaluated

based on body weight (ie, small [<10 kg], medium [≥10 and <25 kg],

and large [≥25 kg]), the severity of disease, the type of diarrhea (ie, no

diarrhea, small bowel diarrhea, large bowel diarrhea, or mixed diar-

rhea), the disease phenotype, and the presence of protein losing

enteropathy (PLE). No significant differences were observed between

these subclasses (data not shown).

3.2.3 | Effects of medical treatment on fecal SCFA
concentrations

To evaluate if the administration of antibiotics, anti-inflammatory

agents, or both medications at the time of sample collection had any

F IGURE 1 Fecal short-chain fatty acid (SCFA) concentrations in
healthy control (HC) dogs and dogs with chronic enteropathy (CE).
Red lines represent the median of fecal SCFA concentrations. *P < .05
and **P < .001
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effect on fecal SCFA concentrations, samples from dogs with CE were

analyzed based on the history of medical treatment. Of 73 dogs with

CE, 18 dogs were receiving antibiotics, 9 dogs were receiving immu-

nosuppressive agents, and 5 dogs were receiving both. No significant

differences in fecal concentrations of any of the SCFA analyzed were

observed between dogs with CE that were receiving medical treat-

ment and those that did not (Table S4).

3.3 | Evaluation of the fecal microbiota

A total of 99 DNA samples (40 samples from HC dogs and 59 samples

from dogs with CE) were utilized for Illumina Sequencing and qPCR

assays.

3.3.1 | Sequence analysis of fecal microbiota

The Illumina sequencing yielded 6 778 786 quality sequences with an

average of 67 166 sequences per sample. To account for unequal

sequencing depth across samples, the subsequent analysis was per-

formed on a randomly selected subset of 5350 sequences per sample.

A total of 11 phyla and 210 genera were identified. Relative abun-

dances of individual bacterial groups were analyzed, and the abun-

dance of several bacterial taxa was significantly different between HC

dogs and dogs with CE (Table S5).

Alpha diversity

Observed species, Chao1, and Shannon index were utilized to deter-

mine taxonomic diversity (species richness and evenness) within the

samples. All diversity measures were significantly decreased in dogs

with CE (P = .003, .008, and <.001, respectively; Figure 3 and Table 2).

Beta diversity

Significantly different fecal microbial communities between the dogs

with CE and HC dogs was found (unweighted UniFrac, ANOSIM

R = .53, P = .001; weighted UniFrac, ANOSIM R = .17, P = .001;

Figure 4). In dogs with CE, ANOSIM was also applied to evaluate the

similarities of microbial communities based on age, body sizes, sex,

type of diarrhea, the presence of PLE, disease severities, disease phe-

notype, use of an antibiotic, and use of an immunosuppressive agent

(Table S6).

3.3.2 | qPCR analysis of the fecal microbiota

The fecal samples were evaluated using 14 qPCR assays for selected

bacterial groups. The abundances for total bacteria, Bacteroidetes,

Blautia spp., Faecalibacterium spp., Fusobacterium spp., Turicibacter

TABLE 1 Fecal SCFA concentrations in HC dogs and dogs with CE

Adjusted for DM (μmol/g of fecal DM) Not adjusted for DM (μmol/g of wet feces)

HC CE HC CE

SCFA Median Range Median Range P-value Median Range Median Range P-value

Acetate 224.0 87.7-672.8 185.8 20.1-1042.1 .03 81.0 25.3-224.1 53.3 3.8-151.3 <.001

Propionate 105.9 1.6-266.9 46.4 0.4-227.9 <.001 36.2 0.4-81.6 13.8 0.4-62.2 <.001

Butyrate 28.8 8.1-148.1 23.6 0.1-137.6 .16 10.3 1.5-30.3 7.2 0.1-31.2 .004

Total SCFAs 377.2 126.6-927.0 268.1 21.8-1378.2 .005 126.6 27.3-292.9 70.4 4.4-229.3 <.001

Abbreviations: CE, dogs with chronic enteropathy; DM, dry matter; HC, healthy control dogs; SCFA, short-chain fatty acid.

F IGURE 2 Molar ratio of fecal short-chain fatty acids (SCFAs) in
healthy control (HC) dogs and dogs with chronic enteropathy (CE).
Bar graph was made based on the median proportion of each
SCFA. *P < .05

F IGURE 3 Rarefaction analysis (number of observed species) of
16S rRNA gene sequences. Lines represent the mean of each group,
whereas the error bars represent the standard deviations
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spp., and C. hiranonis were significantly lower in dogs with CE com-

pared with those in HC dogs (all q < .010; Figure 3). In contrast, the

abundances for Bifidobacterium spp., Lactobacillus spp., Streptococcus

spp., and E. coli were significantly higher in dogs with CE compared

with those in HC dogs (all q < .001; Figure 5). The abundances of

Firmicutes (q = .34), Ruminococcaceae (q = .068), and C. perfringens

(q = .34) did not differ between groups (Figure 5). The dysbiosis index

was significantly higher in dogs with CE compared with that in HC

dogs (P < .001, Figure 5).

3.3.3 | Effects of medical treatment on the fecal
microbiota

To evaluate whether the administration of antibiotics, anti-inflammatory

agents, or both medications at the time of sample collection had a

confounding effect on the abundances of bacterial groups, samples

from dogs with CE were analyzed based on the history of medical

treatment. Of the 59 dogs with CE, 8 dogs were receiving antibiotics,

7 dogs were receiving immunosuppressive agents, and 5 dogs were

receiving both. No significant differences were observed in the

abundance of any bacterial groups between dogs with CE that were

receiving medical treatment and those not receiving such treatment

(Table S7).

3.4 | Correlations of fecal SCFAs and the fecal
microbiota

There were 12 significant correlations between fecal SCFA (propio-

nate and butyrate) concentrations and the abundance of evaluated

bacterial groups (Table 3). No significant correlations were observed

between fecal acetate concentrations and the abundance of evaluated

bacterial groups.

4 | DISCUSSION

In this study, dogs with CE had lower fecal concentrations of SCFAs,

more specifically lower concentrations of acetate and propionate,

than did HC dogs. These changes were accompanied by significant

changes in fecal microbial communities. Our stability study suggests

that SCFAs are stable at the storage conditions used in this study

where all samples were stored at −80�C with HCl and analyzed within

3 months.

Although the fecal concentration of acetate was lower in dogs

with CE than in HC dogs, its proportion (ie, acetate/total SCFAs) was

significantly higher than in control dogs. On the other hand, the pro-

portion of propionate (ie, propionate/total SCFAs) was significantly

lower than that of CE dogs. These findings are of interest, as changes

TABLE 2 Alpha diversity measures

HC CE

Measures Median (Min-max) Median (Min-max) P-value

Observed species 331 155-521 274 93-534 .003

Chao1 index 753.3 307.1-1331 596.2 197.1-1445 .008

Shannon index 5.2 3.6-6.5 4.3 1.3-6.0 <.001

Abbreviations: CE, dogs with chronic enteropathy; HC, healthy control dogs; Min, minimum; Max, maximum.

F IGURE 4 Three dimensional representation of principal coordinate analysis (PCoA) plots of A, unweighted and B, weighted UniFrac
distances of 16S rRNA genes. Red circles represent data from dogs with chronic enteropathy (CE) and blue circles represent data from healthy
control (HC) dogs
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in SCFAs concentration are involved in the activation of Salmonella

virulence factors.12,13,29 The expression of the Salmonella typhimurium

invasion gene, SPI-1 gene, is induced at low total SCFA concentrations

and a predominance of acetate. In contrast, the expression of the SPI-1

gene is suppressed at high total SCFA concentrations and at a higher

proportion of propionate.13 Similar findings, where propionate and

butyrate suppress the expression of the SPI-1 gene, are reported for

in vitro studies.12,29

In the current study, the magnitude of the difference in fecal pro-

pionate concentrations between HC dogs and dogs with CE was most

prominent among all SCFAs. Propionate is important because of its

anti-inflammatory effects in the intestine. Propionate decreases the

F IGURE 5 The abundances of selected bacterial groups and dysbiosis index in healthy control (HC) dogs and dogs with chronic enteropathy
(CE). Red lines represent the median of log DNA. *q < .01, **q < .001, and ***P < .001

1614 MINAMOTO ET AL.



production of pro-inflammatory cytokines such as IL-6, IL-8, and

TNFα.30,31 In addition, there is a regulatory effect of propionate on

colonic Tregs.
8 In 1 in vivo study, the treatment with propionate stimu-

lates the expression of IL-10 and 1 of the transcription factors, Foxp3.

Activation of Foxp3 is crucial for suppression/regulation of intestinal

inflammation. Moreover, treatment with propionate increases the

Tregs population and improves its function through GPR43 signaling,

and ameliorates the severity of experimental colitis in mice.8 Similarly

to these findings of in vitro and rodent model studies, there are

decreased numbers of Foxp3 positive Tregs in the duodenal mucosa of

dogs with IBD.32 Therefore, it is possible that a decrease in concentra-

tion of propionate plays a role in pathogenesis of chronic intestinal

inflammation in dogs. Persistent inflammation can damage the intesti-

nal epithelial cells and lead to malabsorption of dietary nutrients.

In contrast to other SCFAs, the fecal concentration of butyrate did

not differ significantly between HC dogs and dogs with CE. This was

an unanticipated finding, as many of the decreased bacterial groups in

dogs with CE in this study are considered to be butyrate producers.33

Interestingly, when results of fecal SCFAs were not adjusted for DM

content, fecal concentrations of all SCFAs, including that of butyrate,

were significantly lower in dogs with CE than those in HC dogs. This

raised the question regarding whether normalization for the measure-

ment of fecal concentrations of SCFAs by DM is necessary. Although

most of the studies evaluating fecal concentrations of SCFAs in dogs

report the concentrations adjusted by fecal DM (ie, μmol/g of fecal

DM), most of the clinical studies in humans and studies using rodent

models report the concentrations without adjustment to fecal DM (ie,

μmol/g of fecal content or wet feces). No consensus has been reached

at this point whether normalization is necessary or not. One possible

explanation why the fecal concentration of butyrate did not differ

between groups might be a difference of absorption/utilization of

butyrate compared to that of acetate or propionate. Butyrate is

preferentially utilized as an energy source by intestinal epithelial cells,

and only small amounts (<10%) of butyrate reach the portal circula-

tion. In contrast, most of acetate and propionate (up to 70%) enter

the portal circulation and are metabolized in the liver and utilized for

lipid metabolism (acetate) and gluconeogenesis (propionate). Only

acetate reaches the systemic circulation in relatively high concentra-

tions, and can be utilized by muscle, heart, adipose tissue, and the kid-

neys. A small proportion of unabsorbed SCFAs are excreted in the

feces.3,34-36 Therefore, we speculate that the utilization of butyrate

by epithelial cells is reduced or butyrate is lost into the lumen with

intestinal epithelial cells because of chronic intestinal inflammation.

Similarly, increased fecal concentrations of butyrate accompanied by

decreased concentration of propionate were observed in dogs with

acute diarrhea when compared to those in HC dogs.28

Similar to our findings, decreased concentrations of SCFAs in the

intestinal tract are associated with GI diseases such as IBD and colo-

rectal cancer in humans and rodent models.6,7 However, it is clear that

we cannot differentiate animal's phenotype based on the concentra-

tions of SCFAs. In other words, there is no diagnostic utility of SCFAs

measurement in dogs with CE. Nonetheless, our findings provide a

new insight into the pathogenesis of CE in dogs. In studies mentioned

above, the protective and therapeutic effects of SCFAs on GI disease

have also been reported. Therefore, therapeutic interventions that

manipulate fecal SCFA concentrations in the GI tract could be a

potential treatment option for suppressing intestinal inflammation and

restore proper immune responses. Further research is warranted to

determine the efficacy of SCFAs manipulation in dogs with GI disease.

The analysis of the fecal microbiota revealed significant differences

in microbial communities between HC dogs and dogs with CE. A num-

ber of recent studies have emphasized the importance of balanced GI

microbial communities for GI health in humans and animal models of

intestinal inflammation.37-40 To evaluate the global picture of fecal

microbial communities, we utilized a high-throughput sequencing tech-

nique in this current study. This current study is 1 of the largest studies

utilizing this technique to evaluate canine GI microbial communities

and confirming findings from previous studies where dogs with GI dis-

eases show distinct microbial communities and lower microbial diver-

sity compared to HC dogs. Moreover, the patterns of alteration of

bacterial communities observed in the current study are consistent with

those from previous studies.41,42 In fact, dogs with CE have a higher

dysbiosis index, a recently developed mathematical algorithm based on

the abundances of 8 bacterial groups in canine fecal samples.24

As mentioned previously, SCFAs are major end products of carbo-

hydrate fermentation.11 The primary fermenters such as Bacteroidetes

can transform simple sugars derived from the breakdown of complex

carbohydrates to acetate and propionate. Then, secondary fermenters

such as Firmicutes further utilize acetate to generate butyrate.43,44

Although the abundance of Bacteroidetes (phylum level) was signifi-

cantly lower in dogs with CE, no differences were observed in the

abundances of Firmicutes (phylum level) and Ruminococcaceae (family

level) between groups. However, at lower phylogenetic levels (ie, genus

level), we observed lower abundances of members of Firmicutes such

as Blautia spp., Faecalibacterium spp., and Turicibacter spp. Moreover,

TABLE 3 Significant correlations between short-chain fatty acid
(SCFA) concentrations and bacterial groups

SCFA Bacterial group Spearman ρ P-value q-Value

Propionate Bacteroidetes .433 <.001 <.001

Fusobacterium spp. .351 <.001 .001

Faecalibacterium spp. .335 <.001 .001

C. hiranonis .315 .001 .004

Blautia spp. .309 .001 .004

Streptococcus spp. −.307 .002 .005

Ruminococcaceae .247 .01 .031

Bifidobacterium spp. −.239 .02 .036

C. perfringens .235 .02 .040

E. coli −.210 .04 .071

Butyrate C. perfringens .269 .007 .016

Fusobacterium spp. .249 .01 .029

Bacteroidetes .247 .01 .030

Faecalibacterium spp. .211 .03 .070
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we observed mild to moderate and significant correlation between

SCFA concentrations and these bacterial groups. The abundances of

Bifidobacterium spp., Lactobacillus spp., Streptococcus spp., and potential

pathogenic E. coli were higher in diseased dogs than in HC dogs.

Although their role in CE in dogs largely remains unknown, previous

studies also indicate that these bacterial groups are found in higher

abundances in dogs with GI diseases.21,22,41 Although a causative rela-

tionship between dysbiosis and decreased fecal SCFA concentrations

cannot be concluded on the basis of our findings, the alteration of fecal

SCFA concentrations could indicate the presence of dysbiosis in dogs

with CE. Therefore, treatments aiming to reestablish normal healthy

bacterial communities might be warranted in dogs with GI diseases.

Because of the nature of clinical studies in dogs with spontaneous

diseases, we faced several limitations. The subject dogs were living in

different environments and were fed a variety of diets. As for the dis-

eased dogs, most of the samples were collected at different institutions,

the medications and the timing of sample collection after the onset of

clinical signs varied between patients. These can be confounding fac-

tors. Especially, diet history and medication were of our concern

because studies have shown the effects of diet and antibiotics on GI

microbial communities in healthy research dogs.12,45,46 However, in

the current study, no significant differences were observed between

groups in terms of global microbial communities, the abundances of

selected bacterial groups, and the fecal concentrations of SCFAs based

on diet and use of medications. In the current study, although we found

that the protein content of fed diet was significantly lower in dogs with

CE, there was a wide overlap in protein content fed to the diseased

and healthy dogs. A study evaluated the effect of the amount of pro-

tein content on fecal volatile fatty acids in healthy research dogs and

found that the high protein diet group had lower fecal concentrations

of acetate and propionate compared with the commercial diet group. In

that study, the high protein diet group was fed about a 2.3 times higher

protein content than the commercial diet group.47 In contrast, in our

current study, we observed higher fecal concentrations of acetate and

propionate in the healthy dogs that were fed a higher protein content

in their diet. Moreover, the difference in the amount of protein content

in our study was much less (1.3 times higher in the healthy dogs) than

that study. Additionally, previous studies aimed to identify associations

of microbial abundance with antibiotic administration, diet, or both also

report similar findings where no significant effects of medication, diet,

or both on GI microbial communities in dogs with GI disease were

found.21,22,48,49 It is possible that there was a type II error because of

small sample size, and we could not detect the effects in this current

study. However, we believe that these changes are mainly because of a

dog's GI health status, and the disease is a stronger driver to alter the

GI microbiota. Further multicenter studies with a standardized protocol

are warranted to validate these findings by eliminating the potential

effects of confounding factors.

In conclusion, this study demonstrated lower fecal concentrations

and altered patterns of SCFAs in concert with changes of the fecal

microbial communities in dogs with CE. These findings mandate fur-

ther clinical studies to determine whether fecal SCFAs can be manipu-

lated by various interventions and whether manipulating SCFAs

concentrations and patterns in the GI tract could be beneficial in these

patients, leading to the restoration of a proper immune response and

remission of clinical signs.
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