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Increased consumption of energy-rich foods is a key factor in overweight, obesity, and

associated metabolic disorders. This would be, at least in part, related to microbiota

disturbance. In rodent models of obesity, microbiota disruption has been associated

with alteration of the intestinal barrier, endotoxemia, inflammation grade, and insulin

sensitivity. The aim of the present study was to assess the effects of a high-fat diet

(HFD), fed at two energetic levels, on microbiota, intestinal barrier, and inflammatory and

metabolic parameters in dogs. A HFD (33% fat as fed, 4,830 kcal/kg) was given to 24

healthy Beagle dogs at 100% (HF-100; n = 8) and at 150% (HF-150; n = 16) of their

maintenance energy requirements for 8 weeks. Analysis of similarity revealed a significant

difference in gut microbiota β-diversity following the diet compared to week 0 in both

groups while α-diversity was lower only in the HF-150 group. Firmicutes/Bacteroidetes

ratio was higher in the HF-150 group compared to the HF-100 group at weeks 2 and

8. A reduction in insulin sensitivity was observed over time in the HF150 group. Neither

endotoxemia nor inflammation was observed in either group, did not find supporting data

for the hypothesis that themicrobiota is involved in the decline of insulin sensitivity through

metabolic endotoxemia and low-grade inflammation. Colonic permeability was increased

at week 4 in both groups and returned to initial levels at week 8, and was associated with

modifications to the expression of genes involved in colonic barrier function. The increase

in intestinal permeability may have been caused by the altered intestinal microbiota

and increased expression of genes encoding tight junction proteins might indicate

a compensatory mechanism to restore normal permeability. Although simultaneous

changes to the microbiota, barrier permeability, inflammatory, and metabolic status have

not been observed, such a causal link cannot be excluded in dogs overfed on a HFD.

Further studies are necessary to better understand the link between HFD, intestinal

microbiota and the host.
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INTRODUCTION

Despite normal temporal variations, it has been shown that, in
a given environment, the fecal microbiota can be considered
stable, in dogs (1) as in other species (2, 3). However, numerous
environmental factors such as the diet can, transiently or
persistently, change the microbiota. In dogs, the intestinal
microbiota can be shifted by both high-protein diets (4–6)
and the variation in the protein to carbohydrate ratio (7, 8).
As in other species, fermentable fiber also plays a role in the
intestinal microbiota (6, 9–11). Lastly, a HFD (12) as well as the
variation in the fat-to-carbohydrate ratio change the intestinal
microbiota (13).

Canine obesity is associated with many metabolic and
hormonal disturbances, such as a lower insulin sensitivity.
We have previously shown that weight gain in overfed dogs
was associated with decreased insulin sensitivity, low-grade
inflammation, and altered lipid status (14, 15). Conversely,
weight loss in overweight dogs resulted in an improvement in
insulin sensitivity, a decrease in pro-inflammatory cytokines (16)
and an improvement in lipid profile (17).

Within this given environment, different physiological or
pathological states determine differences in the intestinal
microbiota. In particular, it has been shown that the microbiota
of lean individuals or animals differs from that of obese ones.
In humans and mice the main difference concerns an increase
in the ratio of the two predominant phyla in these species,
Firmicutes and Bacteroidetes (18, 19). Compared with lean
mice and regardless of kinship, ob/ob animals have a 50%
reduction in the abundance of Bacteroidetes and a proportional
increase in Firmicutes (18). In humans, the relative proportion
of Bacteroidetes is decreased in obese people by comparison with
lean people, and that this proportion increases with weight loss
on two types of low-calorie diet (19). Differences in the intestinal
microbiota have also been described in obese dogs compared with
lean dogs (12, 20, 21). However, the heterogeneity of the results
did not allow to identify a bacterial signature of obesity in dogs as
has been done in humans and mice (18, 19). Interestingly it has
also been reported that the effect of the diet on the microbiota
could be influenced by the dog’s body condition score (BCS), used
as an index of adiposity (5).

Many studies have suggested that the intestinal microbiota
could participate in the development of obesity. Among the
proposed mechanisms, the microbiota could enhance energy
harvest from the diet by increasing the monosaccharide uptake
in the small intestine (22) and the production of short-chain
fatty acids (SCFA) through fermentation in the hindgut (23).
Nevertheless, the role of SCFA toward obesity, as well as
the reasons for enhanced fecal concentrations of SCFA are
controversial (24).

The gut microbiota could also play a role in promoting
obesity by eliciting an endotoxemia, due to systemic circulation
of lipopolysaccharides (LPS), a constituent of intestinal gram-
negative bacteria walls. This assertion is based on the observation
that, in mice, a chronic infusion of LPS triggers similar increase
of whole-body, hepatic, and adipose tissue mass, and similar
metabolic effects, notably hyperglycemia and hyperinsulinemia,

to that of a HFD (25). Also, it has been shown that a HFD may
induce an increase in intestinal LPS-containing bacteria, and an
alteration of the intestinal barrier by amechanism associated with
a reduced expression of epithelial tight junction proteins (26).
Both the changes in the microbiota and in intestinal permeability
could lead to endotoxemia, and contribute to the development
of obesity.

In studies that have investigated the consequences of HFD
on gut microbiota, it was difficult to distinguish the effects
driven by increased calorie intake from those driven by increased
body weight (BW) (and increased body fat) because the HFD
was usually administered at a hyperenergetic level (or even
ad libitum). We also wanted to put forward the hypothesis of
Cani et al. (26), according to which the microbiota would be
involved in the decrease of insulin sensitivity through metabolic
endotoxemia and low-grade inflammation accompanied by an
increase in intestinal permeability. The HFD would induce
changes in the intestinal microbiota involved in the development
of weight gain and alterations of the intestinal barrier and
metabolic and inflammatory parameters. The current study was
designed to compare the effects of a HFD fed at maintenance
energy requirements to those of the same diet at 150%
maintenance on the microbiota, the intestinal barrier and the
host physiology (inflammatory and metabolic variables).

MATERIALS AND METHODS

Animals and Housing
Twenty-four healthy female spayed Beagle dogs (age: 5.1 ± 0.4
years, mean ± SEM; BW: 13.2 ± 1.3 kg; BCS: 6/9 (range, 5/9–
6/9) took part in this study. Sample size was not calculated
formally. Instead, inclusion of 24 dogs was based on the capacity
of Oniris’ facilities to guarantee animal welfare and to ensure that
the sampling workload could be conducted in reliable conditions
by one person in order to avoid manipulation bias.

Dogs were housed in pairs based on their social compatibility,
in an outdoor enclosure that included a sheltered place to sleep
(2.0 x 5.0m). They had daily interaction with their caregivers
and daily access to outside playgrounds. Dogs were vaccinated
yearly and dewormed bi-annually. They were declared healthy
on the basis of a clinical examination, blood cell count and serum
biochemistry. Dogs had received nomedications expected to alter
the gut microbiota (e.g., antibiotics) over the previous 2 months.

The dogs were housed at ONIRIS, the National Veterinary
School of Nantes, France, according to animal welfare regulations
of the French Ministry of Research. The protocol fulfilled
European Union guidelines on animal experimentation
(directive 2010/63 on the protection of animals used for scientific
purpose) and was approved by both Royal Canin’s Ethical
Review Committee (090118-03) and the Ethics Committee of
“Pays-de-la-Loire” (Apafis#13800).

Diets and Study Design
Prior to starting the study, the dogs had been fed with a standard
maintenance diet for 5 months (Medium Adult, Royal Canin,
Aimargues, France; Table 1). During the study, all dogs received
a hyperlipidic, normoproteic commercial dry diet for 8 weeks
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(33% fat, 29% protein, 4,830 kcalME (metabolizable energy)/kg
(Marathon 5000 R©; Royal Canin, Aimargues, France; Table 1).
Dogs were randomly allotted to two groups: the HF-100 group
which were given the diet at 100% of maintenance energy
requirement (n = 8; 103 ± 11 kcalME/kgBW0.75/day) and the
HF-150 group which ate the diet at 150% of maintenance energy
requirement (n= 16; 168± 26 kcalME/kgBW0.75/day). The food
was given once a day, and water was constantly available. The
quantity of diet necessary to meet the maintenance requirement
was calculated from the energy that had been necessary to
maintain constant weight in the pre-study period.

The design of the study is shown in Figure 1. BW and BCS
were recorded each week. Blood samples were carried out after a
24-h unfed period, and postprandially following a feed challenge
test, before and at the end of 8-week period. Colonic biopsies

TABLE 1 | Composition of the pre-study diet and high-fat diet on an as-fed and

per-energy basis.

Pre-study diet High-fat diet

% %

Water 9.5 6.1

Fat 16.0 33.1

Protein 23.0 29.3

Starch 38.4 13.4

Total fiber 6.7 10.1

Ash 6.4 8.0

ME (kcal/100g) 357.0 483.0

%Energy %Energy

Fat 34% 63%

Protein 30% 25%

Starch 36% 12%

were performed, and diet digestibility was determined, according
to the same time-schedule. Colonic permeability was determined
at baseline, and after 4 and 8 weeks. Fresh fecal samples were
collected at baseline then every two weeks.

Digestibility
Organic matter, crude protein, and fat matter digestibility was
determined according to FEDIAF Nutritional Guidelines (27).

Feed-Challenge Test
After a 24-h unfed period, dogs were exposed to a feed challenge
test. The oral challenge-feed was composed of 3 g/kgBW0.75

protein, 3 g/kgBW0.75 glucose, 2.5 g/kgBW0.75 lipids. Blood
samples were taken from the jugular vein before and 30, 60,
90, 120, 150, 180, 240, and 360min after the challenge-feed
administration. AlphaTRAK, a validated portable canine blood
glucose meter (Abbott Animal Health, Abbott Park, IL, USA),
was used to assay blood glucose concentration immediately after
collection. Plasma samples were stored at −80◦C until assays
were performed.

Serum and Plasma Assays
Leptin (Millipore Corporation, Billerica, MA, USA), adiponectin
(Wuhan Fine Biotech Co, Wuhan, China), ghrelin (BioVendor,
Karasek, Czech Republic), gastric inhibitory polypeptide (GIP),
and neuropeptide Y (NPY) (BlueGene Biotech, Shanghai,
China), C-reactive protein (CRP) (Helica, Santa Ana, CA,
USA), serum amyloid A (SAA) (Abcam, Cambridge, UK)
and haptoglobin (Abcam, Cambridge, UK) concentrations were
measured in plasma by specific enzyme linked immunosorbent
assay (ELISA) kits according to manufacturers’ instructions.
Insulin concentration was determined by radioimmunoassay
(Insulin IRMA KIT, Beckman Coulter, Nyon, Switzerland).
Plasma LPS concentration was measured with a limulus
amoebocyte lysate (LAL) assay using pyrochrome chromogenic
reagent (Associates of Cape Cod, INC., East Falmouth,

FIGURE 1 | Experimental design of the study. HF-100 corresponds to the group of dogs fed the high-fat diet at 100% of maintenance energy requirement and

HF-150 corresponds to the group of dogs fed the high-fat diet at 150% of maintenance energy requirement. HF-150a and HF-150b are two separate subgroups

consisting of 8 dogs from the HF-150 group.
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MA, USA). Plasma lipopolysaccharide binding protein (LBP)
concentration was assayed using an ELISA kit (Novatein
Biosciences, Woburn, MA, USA). Superoxyde dismutase (SOD),
glutathione peroxidase (GPx), and total antioxidant status
(TAS) were assayed by colorimetric method (Randox, UK).
Triglycerides (TG), total cholesterol, HDL-cholesterol (HDL-
C), and non-esterified fatty acids (NEFA) were determined by
colorimetric assays (Sobioda, Montbonnot Saint Martin, France).

Colonic Permeability
Sugar Ingestion and Urine Collection
After a 24-h unfed period, BW was recorded and dogs were
placed in individual collection pens. Water was continuously
available ad libitum. Twomilliliters per kg BW of a sugar solution
(150mg/ml of lactulose (Mylan Pharma, Saint-Priest, France)
and 100mg/ml of sucralose (Sigma-Aldrich Co, St Louis, MO,
USA)) was administered orally, as previously described in dogs
(28). Four hours after the administration of sugars, dogs were
fed their daily ration. Forty-eight-hour urine was collected and
samples stored at−20◦C for subsequent analysis.

Urine Sugar Content
The preparation of urine samples was made as previously
described by Hernot et al. except for the internal standard,
turanose (28). The concentration of each sugar was assessed
by gas chromatography-mass spectrometry technique (Agilent
technologies, Santa Clara, United States). The urine sugar
concentration and the volume of 48-h collected urine were used
to calculate the total amount of excreted sugars. The amount
of each sugar in urine was expressed as a percentage of the
ingested amount. Colonic permeability was estimated by the ratio
of %lactulose to %sucralose (L:S).

Biopsies
After a 24-h unfed period and two colonic preparations
(the day before and immediately before colonoscopy) by
warm enema using water, six biopsies of colon mucosa
per animal at both sampling times (0 and 8 weeks) were
performed using a fiberscope, between 15 and 30 cm from
the anus, under anesthesia. Tissue biopsies were snap frozen
immediately in liquid nitrogen and kept at−80◦C, pending RNA
tissue extraction.

Preanesthetic medication included medetomidine
(Domitor R©, Elanco, Neuilly sur Seine, France) at 15 µg/kgBW
and butorphanol (Dolorex R©, MSD Animal Health, Beaucouze,
France) at 0.2 mg/ kgBW, and was administered as an IV bolus
10min prior to anesthetic induction. General anesthesia was
induced with propofol (Propovet R©, Axience, Pantin, France)
at 2 mg/kgBW intravenously. After orotracheal intubation,
general anesthesia was maintained with isoflurane in oxygen.
Lactated Ringer’s solution (Virbac R©, France) was administered
intravenously at 5 ml/kgBW/h. After completion of the
procedure, the anesthesia delivery was discontinued and oxygen
was delivered until extubation. Atipamezole (Atipam, DECHRA
Veterinary Products SAS, Suresnes, France) at 75 µg/kgBW was
administered intramuscularly in case of prolonged recovery.

TABLE 2 | Sense and antisense primers sequences.

Genes Primers sense Primers antisense

Syndecan 5′-ATTTCCGTGTTGCCAAGCTT-3′ 5′-AGGCAAGTACAAGAGG

TCCC-3′

Claudin 1 5′-CGGACCTATCTTTGGCGTTG-3′ 5′-ACACATTCTCAGGCA

GCTCT-3′

Claudin 2 5′-GGTGGGTGGAGTCTTCTTCA-3′ 5′-CCAGCTACCAGGGAGA

ACAA-3′

Occludin 5′-TGGCGTACTCTTCCAATGGT-3′ 5′-CCGTCGTGTAGTCTGT

CTCA-3′

ZO-1 5′-CTAAACCTGGGGCTGTCTCA-3′ 5′-AGGTAGGACGCCATCA

GATG-3′

JAM 5′-GCAGCCCACTTTCTTCTGTC-3′ 5′-AAAGCTCCTGTTTGGG

GTTT-3′

MLCK 5′-GGCCTCTCTGACCTCAAAGT-3′ 5′-TAAGTGCCTGTGTCCT

CTGG-3′

TLR4 5′-CTCTCCTGGAAGGACTGTGC-3′ 5′-CCGTTGCCATCTGAGAT

TTT-3′

TGFβ 5′-TCAAGAAAAGTCCGCACAGC-3′ 5′-GCGCCAGGAATCATT

GCTAT-3′

IL-10 5′-CGACCCAGACATCAAGAACC-3′ 5′-CACAGGGAAGAAATC

GGTGA-3′

NFκB 5′-CATCTACGACAGCAAAGCCC-3′ 5′-AATCCCCAAATCCTCC

CCAG-3′

TNFα 5′-CTTCTCGAACCCCAAGTGAC-3′ 5′-ACCCATCTGACGCC

ACTATC-3′

GAPDH 5′-ACAGTCAAGGCTGAGAACGG-3′ 5′-CCACAACATACTCAGCA

CCAGC-3′

RNA Extraction and RT-PCR
Total RNA was extracted from colonic tissue using TRIzol R©

reagent according to the manufacturer’s instructions (Life
Technologies, Cergy-Pontoise, France) and its concentration was
measured by spectrophotometry at 260 nm.

Total RNA was reverse-transcribed into cDNA using
Superscript IV Reverse Transcriptase (Life Technologies, Cergy-
Pontoise, France). Complementary DNA solution (2.5 µl), was
added to a mixture containing 10 µl TakyonTM MasterMix
(Eurogentec, Angers, France), 2 µl of each primer (2.5mM)
(sense and antisense), and 3.5 µl of ultrapure water. Real-time
PCR was conducted on an CFX96 Connect system (Bio-Rad,
Hercules, CA, USA). Sequences of RNA were obtained at the
nucleotide database of NCBI. Primers were designed using
Primer 3 input program (Palo Alto CA, USA) and presented in
Table 2. The expression of GAPDH was used as reference value.
Gene expression was calculated by the 2−11Ct method (29).

Microbiota Analysis
Every fortnight, dogs that were housed in pairs, were separated
during the day in order to identify the stools. Fecal samples
were collected immediately after spontaneous defecation and
frozen in liquid nitrogen and then stored at −80◦C until use.
Bacterial DNA extraction from fecal samples was performed
using a commercially available kit (PowerSoil R© DNA isolation
kit, Mo Bio Laboratories Inc., Quiagen, Carlsbad, CA, USA)
according to the manufacturer’s instructions.
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FIGURE 2 | (A) Body weight and (B) Body condition score (BCS) in dogs fed the high-fat diet at maintenance (HF-100; n = 8) and at 150% maintenance (HF-150; n
= 16) during 8 weeks. Data are mean ± SEM. ****P < 0.0001 for the HF-150 diet vs. week 0, $P < 0.05, $P < 0.01, $$$P < 0.001 HF-150 vs. HF-100 at the

same week.

PCR primers 515/806 (with a specific barcode for each
animal) of 16S rRNA gene V4 variable region were used in
a 30-cycles PCR using the master mixing kit HotStarTaq Plus
(Qiagen, USA) under the following conditions: 94◦C for 3min,
followed by 30 cycles of 94◦C for 30 s, 53◦C for 40 s, and
72◦C for 1min, after which a final elongation step at 72◦C
for 5min was performed. After amplification, PCR products
were checked in 2% agarose gel to determine the success of
amplification. Multiple samples were pooled together in equal
proportions based on their DNA concentrations. Pooled samples
were purified using calibrated Ampure XP beads. Then the
pooled and purified PCR product was used to prepare Illumina
DNA library. Sequencing was performed at MR DNA (www.
mrdnalab.com, Shallowater, TX, USA) on a MiSeq following
the manufacturer’s guidelines. Sequence data were processed
using MR DNA analysis pipeline (MR DNA, Shallowater, TX,
USA). In summary, sequences joined, depleted of barcodes,<150
bp and with ambiguous base calls were removed. Sequences
were denoised, OTUs (Operational taxonomic units) generated
and chimeras removed. OTUs were defined by clustering at
3% divergence. Final OTUs were taxonomically classified using
BLASTn against a curated database derived from RDPII and
NCBI (www.ncbi.nlm.nih.gov, http://rdp.cme.msu.edu). Raw
sequences were submitted to NCBI GenBank database under
BioProject number PRJNA639131.

Alpha diversity was evaluated with Chao1 (richness),
Shannon diversity, and observed OTUs. Beta-diversity metric
was estimated by unweighted and weighted phylogening-based
UniFrac distances and visualized using Principle Coordinate
Analysis (PCoA) plots.

Statistical Analysis
Results were expressed as mean ± SEM or median (range).
Results were analyzed according to their normality. T-test,
Mann-Whitney or Wilcoxon test were used to analyze plasma
parameters in the unfed state. One-way ANOVA for repeated
measures was used to analyze the L:S ratio followed by a multiple
comparison using Tukey. The ANOSIM (Analysis of Similarity)
test within PRIMER 7 software package (PRIMER-E Ltd., Luton,

UK) was used to analyze significant differences in microbial
communities between groups and times. A two-ways ANOVA for
repeated measures was used to analyze BW, parameters during
feed-challenge test and microbiota. P-values were adjusted for
multiple comparisons using Tukey and Benjamini and Hochberg
False discovery rate and significance was set at q < 0.05. If
residuals were not normally distributed, quantitative variables
were rank-transformed if necessary. The statistical analysis was
completed using Graphpad Prism 8.3.1 R© (San Diego, CA).

RESULTS

Dogs remained healthy over the duration of the study. They ate
their daily ration fully as supported by weight maintenance or
weight gain.

After 8 weeks of diet, BW and BCS were significantly higher
in HF-150 group compared to the HF-100 group. In HF-150
group, the mean BW increased by 17.4 ± 6.5 % over the 8-week
intervention and this was associated with an increase of BCS
(week 8: median BCS 7; range 6–7 vs. week 0: median BCS 6;
range 5–6) (Figures 2A,B).

Effect of Dietary Regime on Microbiota
All microbiota data are compiled in Supplementary Table 1.

Analysis of β-diversity revealed significantly distinct
clustering during the diet period compared to week 0 for both
groups (Figure 3A). PCoA plot based on weighted UniFrac
distance metric showed that week 8 clustered separately from the
cluster of week 0 in HF-150 group (weightedANOSIM; p = 0.001,
R = 0.706) and in HF-100 group (weightedANOSIM; p = 0.001,
R= 0.54).

At the α-diversity level, observed OTUs were not significantly
different at week 8 compared to week 0 in both groups
(Figure 3B). In contrast to the HF-100 group where no
significant changes in α-diversity richness and evenness were
observed over time, the HF-150 group had significantly
lower α-diversity richness and evenness, as indicated by
Shannon and Chao1 indexes, respectively. Indeed, in the HF-
150 group, Shannon index was significantly lower from the
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FIGURE 3 | (A) The β-diversity, the indices of (B) OTUs, (C) Chao1 and (D) Shannon, (E) relative abundance of bacterial on phyla level and

(F) Firmicutes/Bacteroidetes ratio found in fecal samples of dogs fed the high-fat diet at maintenance (HF-100; n = 8) and at 150% maintenance (HF-150; n = 16) for

8 weeks. Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 during the HF-150 diet vs. week 0, $P < 0.05 HF-150 vs. HF-100 at weeks 2

and 8.

fourth week of intervention (p = 0.03) to week 8 (p =

0.0001) and Chao1 index was significantly lower at week 4
(p = 0.04) and week 8 (p = 0.004) compared to week 0
(Figures 3C,D).

The more represented phyla were Firmicutes, Bacteroidetes,
Fusobacteria, Proteobacteria, and Actinobacteria. The phyla
Euryarchaeota, Deferribacteres, Tenericutes were present only in
a subset of dogs. No significant changes in the relative abundance
of the predominant phyla were observed in the HF-100 group.
On the other hand, many changes were observed in the HF-
150 group. The relative abundance of phyla Firmicutes (q =

0.0002; wk2 vs. wk0 p = 0.0002) and Actinobacteria (q = 0.0002;
wk2 vs. wk0 p = 0.004) were only increased at week 2 in HF-
150 group (Figure 3E). In this group, the relative abundance
of Fusobacteria was initially significantly decreased at week 2
(q = 0.0002; wk2 vs. wk0 p = 0.009) and then increased at
weeks 4, 6, and 8 (q = 0.0002; wk4 vs. wk0 p = 0.0003; wk6 vs.
wk0 p = 0.0001; wk8 vs. wk0 p = 0.0001), whilst Bacteroidetes
abundance (q = 0.0002; HF-150 wk2 vs. wk0 p = 0.0002; wk8
vs. wk0 p = 0.003) and Proteobacteria abundance (q = 0.008;
HF-150 wk2 vs. wk0 p = 0.0007; wk8 vs. wk0 p = 0.04) were
significantly lower at week 2 and week 8 compared to week
0 (Figure 3E). In HF-150 group, the Firmicutes/Bacteroidetes
ratio was greater at week 2 compared to week 0 (p = 0.01)
(Figure 3F), and was higher in HF-150 group compared to
HF-100 group at week 2 (p = 0.02) and week 8 (p = 0.04)
(Figure 3F).

Within the phylum Firmicutes, the relative abundance of
Clostridia class was significantly greater in HF-150 group at week
8 compared to week 0 (q = 0.0003; wk8 vs. wk0 p = 0.003),
which was driven by only the order Clostridiales (q= 0.0004; wk8
vs. wk0 p = 0.003), and the families Clostridiaceae (q = 0.007;
wk8 vs. wk0 p = 0.002), and Lachnospiraceae (q = 0.02; wk8 vs.
wk0 p = 0.008) (Figures 4A–D). At the genus level, Clostridium
(q = 0.02; wk8 vs. wk0 p = 0.004), and Ruminococcus (wk8 vs.
wk0 p = 0.02) were significantly more abundant in the HF-150
group at week 8 compared to week 0 (Figures 4E,F). The only
family present in the Fusobacteria phylum was Fusobacteriaceae.
In the HF-150 group, the relative abundance of Fusobacteriaceae
decreased at week 2 and then increased in the following weeks (q
= 0.001; wk2 p= 0.01, wk4 p= 0.0003, wk6 p < 0.0001, wk8 p <

0.0001 vs. wk0) driven in particular by the genus Fusobacterium
(q= 0.01; wk2 p= 0.0007, wk4 p < 0.0001, wk6 p= 0.0009, wk8
p= 0.03 vs. wk0) (Figures 4G,H).

The phylum Bacteroidetes was composed in its totality by
the class Bacteroidia, which Bacteroidales was the only order
identified (Figures 5A,B). In the HF-150 group, the relative
abundance of Bacteroidales decreased at weeks 2 and 8 (q =

0.0004; wk2 p= 0.0002, wk8 p= 0.003 vs. wk0) (Figure 5B). The
families Prevotellaceae (q = 0.03), Rikenellaceae (q = 0.04) and
S24_7 (q= 0.001) were less abundant in HF-150 group over study
time compared to week 0 (Figures 5C–E). At species level, the
relative abundance of Prevotella copri, the only species detected
within the genus Prevotella, decreased in HF-150 group at weeks
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FIGURE 4 | Relative abundance of the fecal bacterial groups belonging to the phyla Firmicutes [(A) Clostridia, (B) Clostridiales, (C) Clostridiaceae,

(D) Lachnospiraceae, (E) Clostridium, and (F) Ruminococcus] and Fusobacteria [(G) Fusobacteriaceae and (H) Fusobacterium] in dogs fed the high-fat diet at

maintenance (HF-100; n = 8) and at 150% maintenance (HF-150; n = 16) for 8 weeks. Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001

during the HF-150 diet vs. week 0, #P < 0.05 at week 2 vs. week 0 for HF-100 group, $P < 0.05, $$P < 0.01 HF-150 vs. HF-100 at weeks 0 and 2.

FIGURE 5 | Relative abundance of the fecal bacterial groups belonging to the phylum Bacteroidetes [(A) Bacteroidia, (B) Bacteroidales, (C) S24_7,

(D) Prevotellacaea, (E) Rikenellaceae, (F) Prevotella, and (G) Prevotella Copri] and Proteobacteria [(H) Sutterella] in dogs fed the high-fat diet at maintenance (HF-100;

n = 8) and at 150% maintenance (HF-150; n = 16) for 8 weeks. Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 during the HF-150 diet

vs. week 0, #P < 0.05, ##P < 0.01 at week 2, 4, and 6 vs. week 0 for HF-100 group, $P < 0.05, $$P < 0.01 HF-150 vs. HF-100 at weeks 0, 2, and 4.
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FIGURE 6 | (A) Lactulose:sucralose ratio in urine after an oral administration and (B) Syndecan, (C) Claudin-2, (D) ZO-1, (E) Junctional adhesion molecule 1 (JAM1),

(F) Myosin light-chain kinase (MLCK), (G) Claudin-1, and (H) Occludin mRNA levels in dogs fed the high-fat diet at maintenance (HF-100; n = 8) and at 150%

maintenance (HF-150; n = 16) for 8 weeks. Data are median (range min-max). *P < 0.05, **P < 0.01, ***P < 0.001 at weeks 4 and 8 vs. week 0 for HF-150 group,
§P < 0.05 at week 8 vs. week 4 for HF-150 group, #P < 0.05 at weeks 4 and 8 vs. week 0 for HF-100 group.

2, 4, and 8 (q= 0.04; wk2 p= 0.005, wk4 p= 0.01, wk8 p= 0.006
vs. wk0) (Figures 5F,G).

Belonging to the phylum Proteobacteria, the genus Sutterella,
the only one present in the family Alcaligenaceae, was
significantly less abundant in the HF-150 group at weeks 2 and
8 compared to week 0 (q = 0.03; wk2 p < 0.0001, wk8 p = 0.02
vs. wk0) (Figure 5H).

Effect of Dietary Regime on Digestibility
At the end of the study, there was only subtle differences
in apparent total tract digestibility. The HFD did not lead
to a significant modification of the digestibility of organic
matter (HF-100 wk8 = 91.2 ± 0.6% vs. wk0 = 90.9 ± 0.4%
p = 0.70; HF-150 wk8 = 94.2 ± 0.3% vs. wk0 = 93.4 ±

0.4% p = 0.11) and crude protein (HF-100 wk8 = 90.7 ±

0.5% vs. wk0 = 90.3 ± 0.5%; p = 0.62; HF-150 wk8 =

93.8 ± 0.4% vs. wk0 = 93.3 ± 0.4% p = 0.38) in either
group. Fat digestibility was significantly higher in the HF-
100 group at week 8 compared to week 0 (HF-100 wk8 =

98.3 ± 0.2% vs. wk0 = 97.9 ± 0.1% p = 0.01), but this
difference could not be considered as physiologically significant.
No difference was observed in the HF-150 group (HF-150
wk8 = 98.8 ± 0.1% vs. wk0 = 98.7 ± 0.1% p = 0.24)
(Supplementary Table 2).

Effect of Dietary Regime on Intestinal
Barrier and Inflammation
The urinary L:Sratio in dogs is shown in Figure 6A. The urinary
L:S ratio was significantly lower at week 4 compared to week 0 for
both groups, indicating a higher colonic permeability (HF-100 p
= 0.03; HF-150 p= 0.02). In the HF-150 group, the L:S ratio was
significantly higher at week 8 compared to week 4 (p = 0.004).
The L:S ratio was similar at week 8 compared to week 0 for both
groups (HF-100 p= 0.10; HF-150 p= 0.42).

In both groups at week 8, mRNA expressions of syndecan
(HF-100 p = 0.04, HF-150 p = 0.001), claudin 2 (HF-100
p = 0.04, HF-150 p = 0.0002) and ZO1 (HF-100 p = 0.03,
HF-150 p = 0.004) were significantly higher compared to
week 0 (Figures 6B–D). JAM1 and MLCK mRNA expression
were significantly higher at week 8 compared to week 0 only
for the HF-150 group (respectively, p = 0.002; p = 0.0008)
(Figures 6E,F). No significant differences in the expressions of
claudin 1 (HF-100 p = 0.45, HF-150 p = 0.07) or occludin (HF-
100 p = 0.17, HF-150 p = 0.47) were found between weeks 8
and 0 in both groups (Figures 6G,H). At week 8, we did not
observe significant differences in IL-10 (p = 0.41), NFKB (p =

0.69), and TNFα (p = 0.83) mRNA expression levels in colonic
biopsies between HF-100 and HF-150 groups. The HF-150 group
had decreased expressions of TLR4 (p = 0.01) and TGFβ (p =
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TABLE 3 | Basal concentrations of glucose, insulin, TG, total cholesterol, HDL-C,

NEFA, GIP, and NPY at week 0 and at week 8 for HF-100 and HF-150 groups.

HF-100 (n = 8) HF-150 (n = 16)

Wk0 Wk8 Wk0 Wk8

Glucose (mg/dl) 95.8 ± 7.3 94.9 ± 4.5 99.8 ± 2.1 102.0 ± 2.5

Insulin (µU/ml) 7.8 ± 0.8 8.9 ± 2.1 8.6 ± 1.3 10.6 ± 2.3

TG (mg/dl) 119.2 ± 41.7 126.0 ± 43.0 66.5 ± 12.4 88.9 ± 32.4

Total cholesterol 215.0 ± 13.5 189.1 ± 10.2 195.8 ± 13.9 198.5 ± 5.1

(mg/dl)

HDL-C (mg/dl) 108.0 ± 19.8 88.6 ± 13.7 82.3 ± 10.0 87.8 ± 9.9

NEFA (mmol/l) 1.0 ± 0.2 0.8 ± 0.1 1.0 ± 0.2 0.7 ± 0.2

GIP (ng/ml) 1.4 ± 0.8 1.6 ± 0.9 1.3 ± 0.6 2.3 ± 1.1

NPY (ng/ml) 1.1 ± 0.4 1.2 ± 0.4 1.5 ± 0.4 1.3 ± 0.4

Data are mean ± SEM.

0.001) mRNA compared to week 0. The TLR4 mRNA expression
was significant lower in the HF-150 group compared to the HF-
100 group (p = 0.03) while TGFβ mRNA expression was found
to be unchanged (p= 0.23).

Plasma inflammatory markers were measured and are
described asmedian (range). Plasma CRP [HF-150: 1.8 (0.8–12.5)
mg/ml vs. HF-100: 0.8 (0.4–1.9) mg/ml; p= 0.18], SAA [HF-150:
13.5 (13.4–15.0) µg/ml vs. HF-100: 13.5 (13.4–15.4) µg/ml; p =

0.94], and haptoglobin [HF-150: 1.78 (1.08–4.42) mg/ml vs. HF-
100: 1.77 (1.13–10.17) mg/ml; p = 0.83] concentrations were not
significantly different at week 8 in both groups. Oxidative stress
markers were also measured. Plasma SOD [HF-150: 0.61 (0.30–
0.89) U/ml vs. HF-100: 0.53 (0.12–0.78) U/ml; p = 0.35], GPx
[HF-150: 57 (36–108) U/g Hg vs. HF-100: 87 (35–132) U/g Hg;
p = 0.37], and TAS [HF-150: 0.78 (0.45–1.20) mmol/ml vs. HF-
100: 0.77 (0.25–1.12) mmol/ml; p = 0.63] concentrations were
not significantly different at week 8 in both groups. Plasma LPS
[HF-150: 0.15 (0.08–0.51) EU/ml vs. HF-100: 0.21 (0.09–0.31)
EU/ml; p = 0.54] and LBP concentrations [HF-150: 11.2 (3.5–
31.8) ng/ml vs. HF-100: 15.3 (6.1–55.7) ng/ml; p = 0.54] was
similar in HF-100 and HF-150 groups at 8 weeks.

Effect of Dietary Regime on Metabolic
Parameters
In the HF-150 group, plasma leptin concentration was higher
[wk8: 4.5 (1.0–9.0) ng/ml vs. wk0: 2.0 (1.0–4.0) ng/ml; p
= 0005], plasma adiponectin concentration was lower [wk8:
69.9 (15.8–283.5) ng/ml vs. wk0: 133.6 (40.7–287.0) ng/ml; p
= 0.02] and plasma ghrelin concentration was similar [wk8:
0.49 (0.15–1.59) ng/ml vs. wk0: 0.56 (0.07–1.73) ng/ml; p
= 0.08] at week 8 compared to week 0. In the HF-100
group, leptinemia, adiponectinemia, and ghrelinemia were not
significantly different at week 8 compared to week 0. The
variation in leptinemia, between weeks 0 and 8 (1wk8/wk0), was
higher in HF-150 group compared to HF-100 group [1wk8/wk0:
HF-150: 2 (0–6) vs. HF-100: 0 (−2–+3); p = 0.036], while it was
lower in adiponectinemia (1wk8/wk0: HF-150:−65 (−196–+75)

vs. HF-100: 32 (−7–+69)), and not statistically different in
ghrelinemia (p= 0.904).

Basal glucose (HF-100: p = 0.71, HF-150: p = 0.37) and
insulin (HF-100: p = 0.90; HF-150: p = 0.43) concentrations
were not significantly changed at week 8 compared to week 0 in
both groups (Table 3). In addition, no changes in plasma glucose
response following the feed-challenge test in both groups were
observed (Figures 7A,B). The insulin response, which has been
estimated by the AUC after feed-challenge, was not modified in
HF-100 group (AUC wk0: 3585 ± 422AU; AUC wk8: 6386 ±

687AU; p = 0.14). In the HF-150 group, the insulin response
was higher at week 8 (AUC = 3678 ± 775) compared to
baseline (AUC = 7165 ± 1889; p = 0.04), which reflects a lower
insulin sensitivity (Figures 7C,D). Comparing week 8 to week
0, TG, total cholesterol and HDL-C concentrations were not
different either in basal state or postprandially in both groups
(Supplementary Figure 1). The response in NEFA to the feed-
challenge was lower at week 8 (AUC: 249 ± 28AU) compared
to week 0 (AUC: 358 ± 32AU; p = 0.02) in the HF-150 group
despite being not significantly different in basal state (p = 0.07)
(Table 3, Figures 7E,F).

DISCUSSION

The overarching aim of this longitudinal study was to evaluate
the effects of a HFD administered at two energy levels on the
fecal microbiota, the colonic barrier, and the metabolic and
inflammatory status in dogs. The HFD fed at maintenance energy
requirements induced alteration in the relative abundance of
fecal bacteria at every taxonomic level, from phylum to species,
a transient increase in colonic permeability, while there was no
disturbance of metabolic and inflammatory status. The same
HFD fed at 150% maintenance requirements decreased fecal
bacterial diversity and altered the relative abundance of bacteria.
It also induced a transient increase in colonic permeability, a
lower insulin sensitivity and a disruption in adipokine levels.

As expected, feeding dogs at 150% of theirmaintenance energy
requirements led to weight gain and an increase in BCS. It has
been described that basal plasma leptin concentration increases
while adiponectin concentration decreases when the fat mass
increases (20, 30). In our study, increased leptin concentration
and the decreased adiponectin concentration measured in HF-
150 dogs were consistent with the expansion of the adipose tissue.

A decrease in α-diversity was found only at week 8 in dogs
fed at 150% maintenance. Similar results have been described in
obese companion dogs as well as in obese colony dogs induced
by an ad libitum maintenance diet (16% fat, 25% protein, 3868
kcal/kg) (20, 21). The increase in energy intake and not the fat
intake could lower the diversity of the microbiota which could be
an early marker of obesity.

The dynamics of the intestinal microbiota in the context
of diet modification (changes in macronutrient availability
and energy level) was evaluated in our study. We identified
significant changes in the relative abundance of several bacterial
phyla as early as on the second week after the HF-diet had
been introduced, exclusively in HF-150 dogs. Among these
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FIGURE 7 | (A) Plasma glucose, (C) Plasma insulin (E), and Plasma NEFA concentrations, and the respective areas under the curves (B,D,F) during a feed-challenge

test in dogs fed the high-fat diet at maintenance (HF-100; n = 8) or at 150% maintenance (HF-150; n = 8) for 8 weeks. Data are mean ± SEM or median (range

min-max). $P < 0.05 HF-150 vs. HF-100 for the same timepoint at week 0. *P < 0.05 at week 8 vs. week 0 for HF-150 group.

changes, the relative abundance of Actinobacteria and Firmicutes
increased, while the relative abundance of Bacteroidetes,
Fusobacteria, and Proteobacteria decreased. Despite identical
diet conditions in the following weeks, only the relative
abundance of Bacteroidetes and Proteobacteria remained lower
at week 8 compared to the beginning, while the relative
abundance of Actinobacteria and Firmicutes returned to basal
levels and the relative abundance of Fusobacteria increased. In
rats fed with a HF-diet (45% fat vs. Control, 13% fat), the
microbiota exhibited resilience after the initial perturbations
caused by diet change (31). The resilience, which is notably
driven by the initial microbial diversity, means that the
amount of perturbation (e.g., a diet change) imposed on
the microbial ecosystem is tolerated so that its trajectory
does not definitely move toward a different equilibrium
state (32).

A lower relative abundance of Bacteroidetes and a higher ratio
of Firmicutes/Bacteroidetes have been found inHF-150 dogs, and
this could be linked to the BW gain. Although several studies

have tried to describe the microbiota in obese dogs, they did
not succeed to highlight a unique bacterial profile that would
be associated with the obese state. When comparing the phyla
composition in obese dogs and lean ones, one study showed
no significant difference in relative abundance at the phylum
level (21). In another study, a higher relative abundance of
Actinobacteria has been described (12), while in a third one
a lower relative abundance of Firmicutes and a higher relative
abundance of Proteobacteria was reported (20). In obese mice
(18) and humans (19, 33), an increased Firmicutes/Bacteroidetes
ratio has been reported, and the relative abundance of these phyla
has been suggested as an indicator or factor for obesity (34).
Moreover it has been shown that the Firmicutes/Bacteroidetes
ratio decreased along a dieting and subsequent weight-losing
period in obese humans (19). In obese compared to lean
twins, Firmicutes were dominant in the microbiota and the
microbiomewas enrichedwith genes known to be associated with
nutrient transporters (35). A possible explanation of the effect
of microbiota on the development of obesity might be that the
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microbiota of obese individuals have an increased capacity to
ferment non-digestible carbohydrates and produce SCFA, which
will be subsequently absorbed, metabolized to more complex
lipids in the liver, and then stored in adipose tissue (22, 23, 36).
Thus, the higher Firmicutes/Bacteroidetes ratio we observed
in the overweight dogs might have been a factor of weight
gain promotion.

Among the Firmicutes, we observed an increase in the
Clostridiales order in HF-150 dogs at week 8 compared to
week 0, driven by increases in three Clostridiales families,
Clostridiaceae, Lachnospiraceae and Peptostreptococcaceae.
At the genus level, Ruminococcus (Lachnospiraceae) and
Clostridium (Clostridiaceae) were increased. A higher relative
abundance of Ruminococcus has been reported in rats fed
a HFD(45% energy from fat) compared to ones consuming
a control diet (10% energy from fat), and Ruminococcus
abundance was positively correlated with amount of fecal
deoxycholic acid (DCA) (37). A positive correlation between
cecal bile acid concentration and specific bacteria of the order
Clostridiales in mice fed a HFD has been shown (38). An
extensive conversion of cholic acid into DCA in the cecal
contents associated with an increase in the class of Clostridia
has been shown in rats fed a diet supplemented with cholic acid
(39). In dogs whose diet was shifted from commercial dry food
(16.3% fat) to one based on minced beef (33.1% fat) and vice
versa, changes in the fecal bile acid concentrations and profiles
were observed (40). So, in HF-150 dogs, the higher lipid intake
could have contributed to an increase in the gut lumen bile acid
content and the relative abundance of genera belonging to the
Clostridiales order such as Ruminococcus and Clostridium.

Within the phylum Bacteroidetes, the relative abundance of
family S24-7, Prevotellaceae and Rikenellaceae were lower in HF-
150 dogs at week 8 compared to week 0. Within Prevotellaceae,
the relative abundance of P. copri, the only species belonging
to the Prevotella genus that was found, was also lower in HF-
150 dogs at week 8 compared to week 0. It has been shown
that the growth of Prevotella can be completely inhibited in vitro
by a 20% inclusion of bile salts (41). Moreover, Prevotella has
been found to be predominant in the rumen of sheep, where
obviously bile acids are not present (42). In dogs, a previous study
described a lower relative abundance of Prevotella in animals fed
a high-fat and low-starch diet compared to animals fed a low-
fat and high-starch diet independently of obesity, and Prevotella
abundance was negatively correlated with the fecal concentration
of taurocholic and taurolithocholic acids (13). Therefore, the
lower relative abundance of Prevotella driven by P. copri could
suggest a negative impact of dietary fat which could be due to an
increased arrival of bile acids into the gut.

In our study, the relative abundance of the phylum
Fusobacteria, driven by the genus Fusobacterium, was higher,
and that of Proteobacteria, driven by the genus Sutterella, was
lower in HF-150 dogs at week 8 compared to week 0. No
changes in the abundance of these phyla were observed in
the group fed at maintenance. In the literature, no changes in
these phyla have been reported following a HFD in dogs (12).
A lower abundance of Proteobacteria was observed in dogs
fed a natural diet (protein/fat-based) compared to kibble diet

(carbohydrate based) (43). Moreover, Fusobacteria abundance
has been described to be higher in dogs fed a raw red meat
diet (76% protein, 18% fat) compared to a kibble diet (30%
protein, 27% fat) (44), which suggested an effect of dietary
protein. On another hand, a lower Fusobacteria abundance was
observed in dogs fed a “beet pulp” diet (28% protein, 21%
fat, 4.5% total dietary fiber, TDF) compared to a control diet
(almost same protein and fat content, 1.4% TDF) (45), which
suggested an effect of dietary fiber. Fusobacterium spp., which
are members of the Fusobacteria phyla, ferment amino acids to
butyrate (46). Dogs fed at 150% maintenance have consumed
50% more protein than dogs fed at maintenance. The increase
in the relative abundance of Fusobacteria and the decrease in
the relative abundance of Proteobacteria in HF-150 dogs could
be explained by the higher protein intake. As these dogs also
consumed 50% more dietary fiber, our results might suggest a
stronger effect of dietary protein.

In the current study, microbiota was assessed using 16S rRNA
gene pyrosequencing. Quantitative real-time PCR and analysis
of the metagenome and metabolome (in feces and plasma)
would provide deeper insight into functional modifications of
the microbiota. In addition, the duration of the nutritional
intervention could be considered as short, and reports on the
chronic effects of a HFD with or without weight gain are sparse.

In our study, colonic permeability, as determined by the L:S
ratio (28), was transiently increased in both groups at week 4
followed by a restoration of a lower permeability at week 8. At
the same time, the expression of colonic mucosa tight-junction
proteins was altered. Despite variability in sucralose absorption
in dogs (47), the L:S ratio method is the only method that
allows assessment of the colonic permeability in vivo and in
a non-invasive manner. Numerous studies have demonstrated
that dietary fat induced alterations in intestinal microbiota, and
related them to changes in gut permeability (26, 48–50). In
rodents, obesity induced by a HFD has been associated with an
increase in intestinal permeability and a decreased expression
of ZO1, claudin-1 and occludin (26, 51–53) and an increased
expression of Claudin-2 (52). Tight junction proteins perform
different functions, either in barrier formation (decreasing
paracellular permeability) or playing a role in pore formation
(increasing paracellular permeability). Claudin-1, JAM-1, ZO-
1, occludin, and syndecan act as barrier-forming proteins (54–
57), while claudin-2 and MLCK act as pore-forming proteins
(58, 59). In mice fed a HF-diet for 4 weeks, an increase in
colonic permeability was observed, and was correlated to a
reduction of the expression of tight-junction proteins, ZO-1 and
occludin (26), and that was completely reversed by the antibiotic
treatment, suggesting an important role of the microbiota in
intestinal permeability (26). The changes in the microbiota
observed in both groups in the present study suggest a role of
gut microbiota on intestinal permeability. Only one study has
shown a transient increase in intestinal permeability in mice
fed a HFD (31). In our study, the higher expression of ZO-1,
syndecan and JAM-1 was associated with the return of colonic
permeability to initial level. The rise of the expression of these
genes might indicate a compensatory mechanism to restore
normal permeability.
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Increased intestinal permeability can play a role in induction
of metabolic disorders. In mice fed a HF-diet for 4 weeks,
increased intestinal permeability facilitated transepithelial or
paracellular diffusion of bacterial compounds such as LPS, which
plasma concentration was notably correlated with inflammation
and oxidative stress markers (26). In our study, plasma LPS
concentration was similar in the unfed state in dogs fed at 100
or 150% maintenance for 8 weeks. Thus, the higher level of
dietary fat did not result in a measurable low-grade endotoxemia.
Despite a transient increase in intestinal permeability and
significantly modified microbiota, we did not observe evidence
of endotoxemia or systemic inflammation at the end of the study.

In both groups, there were no changes in plasma basal
glucose, insulin, TG, cholesterol, HDL-C, NEFA, GIP, and NPY
concentrations at week 8 vs. week 0. In response to the feed-
challenge, TG, total cholesterol and HDL-C were similar at week
8 compared to week 0. In HF-150 dogs, the area under the curve
of the insulin response to a feed challenge was higher at the
end of the study. The insulin response to a feed challenge test
reflects insulin sensitivity (60, 61). Thus, dogs in the HF-150
group had a lower insulin sensitivity. This finding is similar to
previous work examining the link between insulin resistance and
canine obesity (15, 62–64). Insulin resistance has been associated
with changes in the composition of the intestinal microbiota
in obese dogs compared to healthy ones (65). However, in our
study, the effect of the intestinal microbiota on insulin sensitivity
could not be explained by an increase in endotoxemia and
inflammation as postulated from a mice study (26). Further
investigation is needed to elucidate how intestinal microbiota
changes can modulate the insulin sensitivity. Adipokines play
an important role in the regulation of glucose homeostasis
independent of food intake or BW. In humans, leptinemia and
insulinemia are positively correlated to each other, regardless of
the degree of adiposity of the patients (66). Leptin alters insulin
signaling in murine adipocytes (67). It has been reported that
insulin resistance in lipoatrophic mice has been reversed by the
combination of physiological doses of adiponectin and leptin, but
only partially by either adiponectin or leptin alone (68). In our
study, the higher leptin concentration and reduced adiponectin
concentration in dogs fed at 150% maintenance could thus have
participated in the decrease in insulin sensitivity.

The dogs used in this study have common characteristics such
as breed, age, and sex and were housed under the same conditions
which is not representative of the whole dog population. Indeed,
sex, age, breed, and kinship are likely to play a role in the
composition of the intestinal microbiota (69–71). In addition,
diet appears to induce variations in the microbiota that could
differ between males and females (7). However, we decided to
reduce these confounding factors by optimally homogenizing the
canine population studied in order to optimize the statistical
power of the effects of the HFD on the measured parameters.

Considering that we could not determine, for this pilot study,
the number of dogs by statistical estimation but according
to housing capacity the non-significant results on the effects
of a HFD in dogs on the evolution of various parameters,
especially on the intestinal microbiota must therefore be analyzed
with caution.

CONCLUSIONS

This study aimed to compare the effects of a HFD fed at
maintenance energy requirements to those of the same diet at
150% maintenance on the fecal microbiota, colonic barrier, and
metabolic and inflammatory status in dogs. Microbiota diversity
was reduced only in the case of a HFD in excess and this
was associated with greater changes in microbiota composition
and a decrease in insulin sensitivity compared to the same diet
fed at maintenance levels. No increase in endotoxemia nor in
systemic inflammation was observed, which could have helped
to explain the role the intestinal microbiota plays in the decrease
in insulin sensitivity.

The transient alteration of the permeability of the intestinal
barrier seems to have been caused by an alteration in the
intestinal microbiota. The restoration of intestinal permeability
could have been due to an increase in the expression of
genes coding for proteins involved in the maintenance of the
intestinal barrier. The investigation of the metagenome and
fecal metabolome could provide a better understanding of the
involvement of the microbiota in perturbations of the intestinal
barrier and to metabolic damage.

DATA AVAILABILITY STATEMENT

Raw sequences were submitted toNCBIGenBank database under
BioProject number PRJNA639131.

ETHICS STATEMENT

The animal study was reviewed and approved by Royal
Canin’s Ethical Review Committee (090118-03) and the Ethics
Committee of Pays-de-la-Loire (Apafis#13800).

AUTHOR CONTRIBUTIONS

JF, PN, and VL: conceptualization, methodology, and validation.
AM, CP, and VL: formal analysis. AM, AA, JH, AD, JS, and VL:
investigation. AM and CP: data curation. AM: writing—original
draft preparation, visualization, and project administration. CP,
KO, JH, AD, VB, JS, JF, PN, and VL: writing—review and editing.
PN andVL: funding acquisition. All authors have read and agreed
to the published version of the manuscript.

FUNDING

This present study was supported by a grant from Royal Canin
SAS, Aimargues, France.

ACKNOWLEDGMENTS

The authors would like to thank Samuel Ninet, Philippe Bleis and
the caregivers for participating in the study, as well as LabOniris
for technical assistance. They also want to acknowledge Scot
Dowd from MR DNA (Shallowater, TX, USA) for his assistance
in the processing and analysis of microbiota data.

Frontiers in Veterinary Science | www.frontiersin.org 12 September 2020 | Volume 7 | Article 566282

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Moinard et al. High-Fat Diets on Microbiota and Host

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2020.566282/full#supplementary-material

Supplementary Figure 1 | (A) Triglycerides (TG), (B) Total cholesterol, (C)

HDL-cholesterol, during a feed-challenge test in dogs fed the high-fat diet at

maintenance (HF-100; n = 8) and at 150% maintenance (HF-150; n = 8) for 8

weeks. Data are mean ± SEM.

Supplementary Table 1 | Relative abundance of the fecal microbiome in dogs

fed the high-fat diet at maintenance (HF-100; n = 8) and at 150% maintenance

(HF-150; n = 16) for 8 weeks.

Supplementary Table 2 | Digestibility at week 0 and week 8 for HF-100 and

HF-150 groups. Values are mean ± SEM.

REFERENCES

1. Garcia-Mazcorro JF, Dowd SE, Poulsen J, Steiner JM, Suchodolski JS.

Abundance and short-term temporal variability of fecal microbiota in healthy

dogs.Microbiologyopen. (2012) 1:340–7. doi: 10.1002/mbo3.36

2. David LA, Materna AC, Friedman J, Campos-Baptista MI, Blackburn MC,

Perrotta A, et al. Host lifestyle affects human microbiota on daily timescales.

Genome Biol. (2014) 15:R89. doi: 10.1186/gb-2014-15-7-r89

3. Carmody RN, Gerber GK, Luevano JM Jr, Gatti DM, Somes L, Svenson KL,

et al. Diet dominates host genotype in shaping the murine gut microbiota.

Cell Host Microbe. (2015) 17:72–84. doi: 10.1016/j.chom.2014.11.010

4. Nery J, Goudez R, Biourge V, Tournier C, Leray V, Martin L, et al. Influence

of dietary protein content and source on colonic fermentative activity in dogs

differing in body size and digestive tolerance. J Ani Sci. (2012) 90:2570–80.

doi: 10.2527/jas.2011-4112

5. Xu J, Verbrugghe A, Lourenco M, Cools A, Liu DJX, Van de Wiele

T, et al. The response of canine faecal microbiota to increased dietary

protein is influenced by body condition. BMC Vet Res. (2017) 13:374.

doi: 10.1186/s12917-017-1276-0

6. Pinna C, Vecchiato CG, Bolduan C, Grandi M, Stefanelli C,WindischW, et al.

Influence of dietary protein and fructooligosaccharides on fecal fermentative

end-products, fecal bacterial populations and apparent total tract digestibility

in dogs. BMC Vet Res. (2018) 14:106. doi: 10.1186/s12917-018-1436-x

7. Li Q, Lauber CL, Czarnecki-Maulden G, Pan Y, Hannah SS. Effects of the

dietary protein and carbohydrate ratio on gutmicrobiomes in dogs of different

body conditions.mBio. (2017) 8:e01703–01716. doi: 10.1128/mBio.01703-16

8. Coelho LP, Kultima JR, Costea PI, Fournier C, Pan Y, Czarnecki-Maulden

G, et al. Similarity of the dog and human gut microbiomes in gene content

and response to diet. Microbiome. (2018) 6:72. doi: 10.1186/s40168-018-

0450-3

9. Myint H, Iwahashi Y, Koike S, Kobayashi Y. Effect of soybean husk

supplementation on the fecal fermentation metabolites and microbiota of

dogs. Anim Sci J. (2017) 88:1730–6. doi: 10.1111/asj.12817

10. Nogueira JPDS, He F, Mangian HF, Oba PM, De Godoy MRC. Dietary

supplementation of a fiber-prebiotic and saccharin-eugenol blend in extruded

diets fed to dogs. J Anim Sci. (2019) 97:4519–31. doi: 10.1093/jas/skz293

11. Apper E, Privet L, Taminiau B, Le Bourgot C, Svilar L, Martin JC, et al.

Relationships between gut microbiota, metabolome, body weight, and glucose

homeostasis of obese dogs fed with diets differing in prebiotic and protein

content.Microorganisms. (2020) 8:4. doi: 10.3390/microorganisms8040513

12. Handl S, German AJ, Holden SL, Dowd SE, Steiner JM, Heilmann RM,

et al. Faecal microbiota in lean and obese dogs. FEMS Microbiol Ecol. (2013)

84:332–43. doi: 10.1111/1574-6941.12067

13. Schauf S, de la Fuente G, Newbold CJ, Salas-Mani A, Torre C, Abecia L, et al.

Effect of dietary fat to starch content on fecal microbiota composition and

activity in dogs. J Anim Sci. (2018) 96:3684–98. doi: 10.1093/jas/sky264

14. Bailhache E, Nguyen P, Krempf M, Siliart B, Magot T, Ouguerram K.

Lipoproteins abnormalities in obese insulin-resistant dogs. Metabolism.

(2003) 52:559–64. doi: 10.1053/meta.2003.50110

15. Gayet C, Bailhache E, Dumon H, Martin L, Siliart B, Nguyen P. Insulin

resistance and changes in plasma concentration of TNFalpha, IGF1, and

NEFA in dogs during weight gain and obesity. J Anim Physiol Anim Nutr.

(2004) 88:157–65. doi: 10.1111/j.1439-0396.2003.00473.x

16. Bastien BC, Patil A, Satyaraj E. The impact of weight loss on circulating

cytokines in Beagle dogs. Vet Immunol Immunopathol. (2015) 163:174–82.

doi: 10.1016/j.vetimm.2014.12.003

17. Diez M, Michaux C, Jeusette I, Baldwin P, Istasse L, Biourge V.

Evolution of blood parameters during weight loss in experimental

obese Beagle dogs. J Anim Physiol Anim Nutr. (2004) 88:166–71.

doi: 10.1111/j.1439-0396.2003.00474.x

18. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon

JI. Obesity alters gut microbial ecology. Proc Natl Acad Sci USA. (2005)

102:11070–5. doi: 10.1073/pnas.0504978102

19. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human

gut microbes associated with obesity. Nature. (2006) 444:1022–3.

doi: 10.1038/4441022a

20. Park HJ, Lee SE, Kim HB, Isaacson RE, Seo KW, Song KH. Association of

obesity with serum leptin, adiponectin, and serotonin and gut microflora

in beagle dogs. J Vet Intern Med. (2015) 29:43–50. doi: 10.1111/jvim.

12455

21. Forster GM, Stockman J, Noyes N, Heuberger AL, Broeckling CD, Bantle

CM, et al. A comparative study of serum biochemistry, metabolome and

microbiome parameters of clinically healthy, normal weight, overweight,

and obese companion dogs. Top Companion Anim Med. (2018) 33:126–35.

doi: 10.1053/j.tcam.2018.08.003

22. Bäckhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, et al.

The gut microbiota as an environmental factor that regulates fat storage.

Proc Natl Acad Sci U S.A. (2004) 101:15718–23. doi: 10.1073/pnas.04070

76101

23. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An

obesity-associated gut microbiome with increased capacity for energy harvest.

Nature. (2006) 444:1027–31. doi: 10.1038/nature05414

24. Baothman OA, Zamzami MA, Taher I, Abubaker J, Abu-Farha M. The role of

Gut Microbiota in the development of obesity and diabetes. Lipids Health Dis.

(2016) 15:108. doi: 10.1186/s12944-016-0278-4

25. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al. Metabolic

endotoxemia initiates obesity and insulin resistance.Diabetes. (2007) 56:1761–

72. doi: 10.2337/db06-1491

26. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM,

et al. Changes in gut microbiota control metabolic endotoxemia-induced

inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes.

(2008) 57:1470–81. doi: 10.2337/db07-1403

27. FEDIAF Nutritional Guidelines. FEDIAF Nutritional Guidelines for Complete

and Complementary Pet Food for Cats and Dogs. The European Pet Food

Industry (2019).

28. Hernot DC, Nery J, Biourge VC, Martin LJ, Dumon HJ, Nguyen

PG. Colonic permeability is higher in Great Danes compared with

smaller breed-dogs. J Anim Physiol Anim Nutr. (2009) 93:703–9.

doi: 10.1111/j.1439-0396.2008.00858.x

29. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T)) Method.Methods. (2001)

25:402–8. doi: 10.1006/meth.2001.1262

30. SagawaMM, Nakadomo F, Honjoh T, Ishioka K, SaitoM. Correlation between

plasma leptin concentration and body fat content in dogs. Am J Vet Res.

(2002) 63:7–10. doi: 10.2460/ajvr.2002.63.7

31. Hamilton MK, Boudry G, Lemay DG, Raybould HE. Changes in intestinal

barrier function and gut microbiota in high-fat diet-fed rats are dynamic and

region dependent. Am J Physiol Gastrointest Liver Physiol. (2015) 308:G840–

851. doi: 10.1152/ajpgi.00029.2015

32. Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity,

stability and resilience of the human gut microbiota. Nature. (2012) 489:220–

30. doi: 10.1038/nature11550

Frontiers in Veterinary Science | www.frontiersin.org 13 September 2020 | Volume 7 | Article 566282

https://www.frontiersin.org/articles/10.3389/fvets.2020.566282/full#supplementary-material
https://doi.org/10.1002/mbo3.36
https://doi.org/10.1186/gb-2014-15-7-r89
https://doi.org/10.1016/j.chom.2014.11.010
https://doi.org/10.2527/jas.2011-4112
https://doi.org/10.1186/s12917-017-1276-0
https://doi.org/10.1186/s12917-018-1436-x
https://doi.org/10.1128/mBio.01703-16
https://doi.org/10.1186/s40168-018-0450-3
https://doi.org/10.1111/asj.12817
https://doi.org/10.1093/jas/skz293
https://doi.org/10.3390/microorganisms8040513
https://doi.org/10.1111/1574-6941.12067
https://doi.org/10.1093/jas/sky264
https://doi.org/10.1053/meta.2003.50110
https://doi.org/10.1111/j.1439-0396.2003.00473.x
https://doi.org/10.1016/j.vetimm.2014.12.003
https://doi.org/10.1111/j.1439-0396.2003.00474.x
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1038/4441022a
https://doi.org/10.1111/jvim.12455
https://doi.org/10.1053/j.tcam.2018.08.003
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1038/nature05414
https://doi.org/10.1186/s12944-016-0278-4
https://doi.org/10.2337/db06-1491
https://doi.org/10.2337/db07-1403
https://doi.org/10.1111/j.1439-0396.2008.00858.x
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.2460/ajvr.2002.63.7
https://doi.org/10.1152/ajpgi.00029.2015
https://doi.org/10.1038/nature11550
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Moinard et al. High-Fat Diets on Microbiota and Host

33. Koliada A, Syzenko G, Moseiko V, Budovska L, Puchkov K, Perederiy V,

et al. Association between body mass index and Firmicutes/Bacteroidetes

ratio in an adult Ukrainian population. BMC Microbiol. (2017) 17:120.

doi: 10.1186/s12866-017-1027-1

34. Indiani C, Rizzardi KF, Castelo PM, Ferraz LFC, Darrieux M, Parisotto TM.

Childhood obesity and firmicutes/bacteroidetes ratio in the gut microbiota:

a systematic review. Child Obes. (2018) 14:501–9. doi: 10.1089/chi.20

18.0040

35. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley

RE, et al. A core gut microbiome in obese and lean twins. Nature. (2009)

457:480–4. doi: 10.1038/nature07540

36. Turnbaugh PJ, Backhed F, Fulton L, Gordon JI. Diet-induced obesity is linked

to marked but reversible alterations in the mouse distal gut microbiome. Cell

Host Microbe. (2008) 3:213–23. doi: 10.1016/j.chom.2008.02.015

37. Lin H, An Y, Tang H, Wang Y. Alterations of bile acids and gut microbiota

in obesity induced by high fat diet in rat model. J Agricult Food Chem. (2019)

67:3624–32. doi: 10.1021/acs.jafc.9b00249

38. Kübeck R, Bonet-Ripoll C, Hoffmann C, Walker A, Müller VM,

Schüppel VL, et al. Dietary fat and gut microbiota interactions

determine diet-induced obesity in mice. Mol Metab. (2016) 5:1162–74.

doi: 10.1016/j.molmet.2016.10.001

39. Islam KBMS, Fukiya S, Hagio M, Fujii N, Ishizuka S, Ooka T, et al. Bile

acid is a host factor that regulates the composition of the cecal microbiota

in rats. Gastroenterology. (2011) 141:1773–81. doi: 10.1053/j.gastro.2011.

07.046

40. Herstad KMV, Rønning HT, Bakke AM, Moe L, Skancke E. Changes in

the faecal bile acid profile in dogs fed dry food vs. high content of

beef: a pilot study. Acta Vet Scand. (2018) 60:29. doi: 10.1186/s13028-018-

0383-7

41. Shah HN, Collins DM. Prevotella, a new genus to include

Bacteroides melaninogenicus and related species formerly classified

in the genus Bacteroides. Int J Syst Bacteriol. (1990) 40:205–8.

doi: 10.1099/00207713-40-2-205

42. Bekele AZ, Koike S, Kobayashi Y. Genetic diversity and diet specificity

of ruminal Prevotella revealed by 16S rRNA gene-based analysis.

FEMS Microbiol Lett. (2010) 305:49–57. doi: 10.1111/j.1574-6968.2010.

01911.x

43. Kim J, An JU, Kim W, Lee S, Cho S. Differences in the gut microbiota

of dogs (Canis lupus familiaris) fed a natural diet or a commercial

feed revealed by the Illumina MiSeq platform. Gut Pathog. (2017) 9:5.

doi: 10.1186/s13099-017-0218-5

44. Bermingham EN, Maclean P, Thomas DG, Cave NJ, Young W. Key bacterial

families (Clostridiaceae, Erysipelotrichaceae and Bacteroidaceae) are related

to the digestion of protein and energy in dogs. PeerJ. (2017) 5:e3019.

doi: 10.7717/peerj.3019

45. Middelbos IS, Vester Boler BM, Qu A, White BA, Swanson KS, and Fahey GC

Jr. Phylogenetic characterization of fecal microbial communities of dogs fed

diets with or without supplemental dietary fiber using 454 pyrosequencing.

PLoS ONE. (2010) 5:e9768. doi: 10.1371/journal.pone.0009768

46. Vital M, Gao J, Rizzo M, Harrison T, Tiedje JM. Diet is a major

factor governing the fecal butyrate-producing community structure

across Mammalia, Aves and Reptilia. Isme j. (2015) 9:832–43.

doi: 10.1038/ismej.2014.179

47. Wood SG, John BA, Hawkins DR. The pharmacokinetics and

metabolism of sucralose in the dog. Food Chem Toxicol. (2000) 38

Suppl 2:S99–106. doi: 10.1016/s0278-6915(00)00031-4

48. Lam YY, Ha CWY, Campbell CR, Mitchell AJ, Dinudom A, Oscarsson J, et al.

Increased gut permeability and microbiota change associate with mesenteric

fat inflammation and metabolic dysfunction in diet-induced obese mice. PLoS

ONE. (2012) 7:e34233 doi: 10.1371/journal.pone.0034233

49. Lam YY, Ha CWY, Hoffmann JMA, Oscarsson J, Dinudom A, Mather TJ, et al.

Effects of dietary fat profile on gut permeability and microbiota and their

relationships with metabolic changes in mice. Obesity. (2015) 23:1429–39.

doi: 10.1002/oby.21122

50. Chen M, Hui S, Lang H, Zhou M, Zhang Y, Kang C, et al. SIRT3

deficiency promotes high-fat diet-induced nonalcoholic fatty liver disease

in correlation with impaired intestinal permeability through gut microbial

dysbiosis. Mol Nutr Food Res. (2019) 63:e1800612. doi: 10.1002/mnfr.201

800612

51. Suzuki T, Hara H. Dietary fat and bile juice, but not obesity, are responsible for

the increase in small intestinal permeability induced through the suppression

of tight junction protein expression in LETO and OLETF rats. Nutr Metab.

(2010) 7:19–19. doi: 10.1186/1743-7075-7-19

52. Ahmad R, Rah B, Bastola D, Dhawan P, Singh AB. Obesity-induces organ

and tissue specific tight junction restructuring and barrier deregulation

by claudin switching. Sci Rep. (2017) 7:5125. doi: 10.1038/s41598-017-04

989-8

53. Chen M, Hou P, Zhou M, Ren Q, Wang X, Huang L, et al. Resveratrol

attenuates high-fat diet-induced non-alcoholic steatohepatitis by

maintaining gut barrier integrity and inhibiting gut inflammation through

regulation of the endocannabinoid system. Clini Nutr. (2019) 39:1264–75.

doi: 10.1016/j.clnu.2019.05.020

54. Inai T, Kobayashi J, Shibata Y. Claudin-1 contributes to the epithelial

barrier function in MDCK cells. Eur J Cell Biol. (1999) 78:849–55.

doi: 10.1016/S0171-9335(99)80086-7

55. Laukoetter MG, Nava P, Lee WY, Severson EA, Capaldo CT, Babbin BA, et al.

JAM-A regulates permeability and inflammation in the intestine in vivo. J Exp

Med. (2007) 204:3067–76. doi: 10.1084/jem.20071416

56. Bode L, Salvestrini C, Park PW, Li J-P, Esko JD, Yamaguchi Y, et al.

Heparan sulfate and syndecan-1 are essential in maintaining murine and

human intestinal epithelial barrier function. J Clin Invest. (2008) 118:229–38.

doi: 10.1172/JCI32335

57. Suzuki T. Regulation of intestinal epithelial permeability by tight

junctions. Cell Mol Life Sci. (2013) 70:631–59. doi: 10.1007/s00018-012-

1070-x

58. Amasheh S, Meiri N, Gitter AH, Schöneberg T, Mankertz J, Schulzke

JD, et al. Claudin-2 expression induces cation-selective channels in tight

junctions of epithelial cells. J Cell Sci. (2002) 115:4969–76. doi: 10.1242/jcs.

00165

59. Moriez R, Salvador-Cartier C, Theodorou V, Fioramonti J, Eutamene H,

Bueno L. Myosin light chain kinase is involved in lipopolysaccharide-

induced disruption of colonic epithelial barrier and bacterial translocation

in rats. Am J Pathol. (2005) 167:1071–9. doi: 10.1016/S0002-9440(10)

61196-0

60. Stroeve JHM, van Wietmarschen H, Kremer BHA, van Ommen B, Wopereis

S. Phenotypic flexibility as a measure of health: the optimal nutritional

stress response test. Genes Nutr. (2015) 10:13. doi: 10.1007/s12263-015-

0459-1

61. Abbasi F, Silvers A, Viren J, Reaven GM. Relationship between several

surrogate estimates of insulin resistance and a direct measure of

insulin-mediated glucose disposal: Comparison of fasting versus post-

glucose load measurements. Diabetes Res Clin Pract. (2018) 136:108–15.

doi: 10.1016/j.diabres.2017.11.021

62. Kim SP, Ellmerer M, Van Citters GW, Bergman RN. Primacy of hepatic

insulin resistance in the development of the metabolic syndrome induced

by an isocaloric moderate-fat diet in the dog. Diabetes. (2003) 52:2453–60.

doi: 10.2337/diabetes.52.10.2453

63. Gayet C, Leray V, Saito M, Siliart B, Nguyen P. The effects of obesity-

associated insulin resistance onmRNA expression of peroxisome proliferator-

activated receptor-gamma target genes, in dogs. Br J Nutr. (2007) 98:497–503.

doi: 10.1017/s000711450772514x

64. German AJ, Hervera M, Hunter L, Holden SL, Morris PJ, Biourge V, et al.

Improvement in insulin resistance and reduction in plasma inflammatory

adipokines after weight loss in obese dogs. Domest Anim Endocrinol. (2009)

37:214–26. doi: 10.1016/j.domaniend.2009.07.001

65. Jergens AE, Guard BC, Redfern A, Rossi G, Mochel JP, Pilla R,

et al. Microbiota-related changes in unconjugated fecal bile acids

are associated with naturally occurring, insulin-dependent diabetes

mellitus in dogs. Front Vet Sci. (2019) 6:199. doi: 10.3389/fvets.2019.

00199

66. Kim-Motoyama H, Yamaguchi T, Katakura T, Miura M, Ohashi Y, Yazaki Y,

et al. Serum leptin levels are associated with hyperinsulinemia independent of

body mass index but not with visceral obesity. Biochem Biophys Res Commun.

(1997) 239:340–4. doi: 10.1006/bbrc.1997.7329

Frontiers in Veterinary Science | www.frontiersin.org 14 September 2020 | Volume 7 | Article 566282

https://doi.org/10.1186/s12866-017-1027-1
https://doi.org/10.1089/chi.2018.0040
https://doi.org/10.1038/nature07540
https://doi.org/10.1016/j.chom.2008.02.015
https://doi.org/10.1021/acs.jafc.9b00249
https://doi.org/10.1016/j.molmet.2016.10.001
https://doi.org/10.1053/j.gastro.2011.07.046
https://doi.org/10.1186/s13028-018-0383-7
https://doi.org/10.1099/00207713-40-2-205
https://doi.org/10.1111/j.1574-6968.2010.01911.x
https://doi.org/10.1186/s13099-017-0218-5
https://doi.org/10.7717/peerj.3019
https://doi.org/10.1371/journal.pone.0009768
https://doi.org/10.1038/ismej.2014.179
https://doi.org/10.1016/s0278-6915(00)00031-4
https://doi.org/10.1371/journal.pone.0034233
https://doi.org/10.1002/oby.21122
https://doi.org/10.1002/mnfr.201800612
https://doi.org/10.1186/1743-7075-7-19
https://doi.org/10.1038/s41598-017-04989-8
https://doi.org/10.1016/j.clnu.2019.05.020
https://doi.org/10.1016/S0171-9335(99)80086-7
https://doi.org/10.1084/jem.20071416
https://doi.org/10.1172/JCI32335
https://doi.org/10.1007/s00018-012-1070-x
https://doi.org/10.1242/jcs.00165
https://doi.org/10.1016/S0002-9440(10)61196-0
https://doi.org/10.1007/s12263-015-0459-1
https://doi.org/10.1016/j.diabres.2017.11.021
https://doi.org/10.2337/diabetes.52.10.2453
https://doi.org/10.1017/s000711450772514x
https://doi.org/10.1016/j.domaniend.2009.07.001
https://doi.org/10.3389/fvets.2019.00199
https://doi.org/10.1006/bbrc.1997.7329
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Moinard et al. High-Fat Diets on Microbiota and Host

67. Pérez C, Fernández-Galaz C, Fernández-Agulló T, Arribas C, Andrés A, Ros

M, et al. Leptin impairs insulin signaling in rat adipocytes. Diabetes. (2004)

53:347–53. doi: 10.2337/diabetes.53.2.347

68. Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota N, Hara K, et al. The fat-

derived hormone adiponectin reverses insulin resistance associated with both

lipoatrophy and obesity. Nat Med. (2001) 7:941–6. doi: 10.1038/90984

69. Benno Y, Nakao H, Uchida K, Mitsuoka T. Impact of the advances in age on

the gastrointestinal microflora of beagle dogs. J Vet Med Sci. (1992) 54:703–6.

70. Simpson JM,Martineau B, JonesWE, Ballam JM,Mackie RI. Characterization

of fecal bacterial populations in canines: effects of age, breed and dietary fiber.

Microb Ecol. (2002) 44:186–97. doi: 10.1007/s00248-002-0001-z

71. Hand D, Wallis C, Colyer A, Penn CW. Pyrosequencing the canine faecal

microbiota: breadth and depth of biodiversity. PLoS ONE. (2013) 8:e53115.

doi: 10.1371/journal.pone.0053115

Conflict of Interest: JF and VB were employed by Royal Canin SAS.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2020 Moinard, Payen, Ouguerram, André, Hernandez, Drut, Biourge,

Suchodolski, Flanagan, Nguyen and Leray. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Veterinary Science | www.frontiersin.org 15 September 2020 | Volume 7 | Article 566282

https://doi.org/10.2337/diabetes.53.2.347
https://doi.org/10.1038/90984
https://doi.org/10.1007/s00248-002-0001-z
https://doi.org/10.1371/journal.pone.0053115
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Effects of High-Fat Diet at Two Energetic Levels on Fecal Microbiota, Colonic Barrier, and Metabolic Parameters in Dogs
	Introduction
	Materials and Methods
	Animals and Housing
	Diets and Study Design
	Digestibility
	Feed-Challenge Test
	Serum and Plasma Assays
	Colonic Permeability
	Sugar Ingestion and Urine Collection
	Urine Sugar Content

	Biopsies
	RNA Extraction and RT-PCR
	Microbiota Analysis
	Statistical Analysis

	Results
	Effect of Dietary Regime on Microbiota
	Effect of Dietary Regime on Digestibility
	Effect of Dietary Regime on Intestinal Barrier and Inflammation
	Effect of Dietary Regime on Metabolic Parameters

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


