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ABSTRACT

Background: Consumption of a high-fat, high-carbohydrate Western-style diet (WD) associated with obesity and inflammation
in humans has not been investigated in dogs.

Aims: To determine the effects of WD on inflammatory indices, microbiome, and fecal bile acids (BAs) in dogs.

Animals: Ten adult clinically healthy dogs.

Methods: A dietary trial compared the effects of two home-prepared diets: a high-fiber, low-fat control diet (CD) to a diet con-
taining the macronutrient composition of WD (low-fiber, high fat). Dietary treatments were given sequentially for three feeding
periods, each lasting 1 month. Outcome measures included molecular/microbiologic testing of colonic biopsies, histopathology,
inflammatory biomarkers, and quantification of fecal BA following each feeding period.

Results: Cell markers of apoptosis (TUNEL-positive cells: CD1, 0.36% £ 0.2%; WD, 0.79% £ 0.5%; CD2, 0.42% =+ 0.3%; 95% CI)
and inflammation (NF-kB area: CD1, 8.09% =+ 3.3%; WD, 11.58% =+ 3.4%; CD2 7.25% =+ 3.8%; 95% CI), as well as serum high-
sensitivity C-reactive protein (CD1, 2.0+0.4ng/mL; WD, 2.76 £0.23ng/mL; CD2, 2.29 £0.25ng/mL; 95% CI), were increased
(p<0.05) in dogs fed WD versus CD. Other perturbations seen with WD ingestion included altered (p <0.05) colonic mucosal
bacteria (bacterial counts: CD1, 301.5+188.5; WD, 769.8 £431.9; CD2, 542.1 +273.9; 95% CI) and increased (p < 0.05) fecal cholic
acid (median and interquartile range/IQR: CD1, 9505 [2384-33 788] peak heights; WD, 34131 [10113-175909] peak heights) and
serum myeloperoxidase (CD1, 46.98 +16.6ng/mL; WD, 82.93+33.6ng/mL; CD2, 63.52+29.5ng/mL; 95% CI).

Abbreviations: AMDR, Acceptable Macronutrient Distribution Ranges; BA, bile acid; CA, cholic acid; CD, control diet; CDCA, chenodeoxycholic acid; CIE, chronic inflammatory enteropathy;
DCA, deoxycholic acid; fUBA, fecal unconjugated bile acid; HFD, high-fat diets; hs-CRP, high-sensitivity C-reactive protein; IBD, inflammatory bowel disease; IRE, immunosuppressant-
responsive enteropathy; LCA, lithocholic acid; MPO, myeloperoxidase; NAS, National Academies of Sciences; NF-k B, nuclear factor kB; NHANES, National Health and Nutrition Examination
Survey; UDCA, ursodeoxycholic acid; WD, Western-style diet
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Conclusions and Clinical Importance: WD fed to clinically healthy dogs promotes colonic dysbiosis, altered fecal BA, and

low-grade inflammation independent of obesity.

1 | Introduction

The Western-style diet (WD) is thought to be an unhealthy diet, as
it is characterized by a high daily intake of calorically rich, high-
fat, high-carbohydrate ingredients that are increasingly ingested
by modern society [1, 2]. This dietary pattern is associated with
higher consumption of refined sugars, animal fat, processed (red)
meats, high-fructose sugar, and salt, with many ingredients being
processed, refined, fried, and prepackaged. In addition, the typ-
ical WD intake is also associated with reduced consumption of
fish, grass-fed animal products, whole grains, fruits, vegetables,
and nuts. Therefore, WD has a high likelihood of being deficient
in fiber, minerals, vitamins, and beneficial antioxidants [3-5].
Prolonged WD ingestion has been linked to diverse pathophys-
iological conditions in people, including obesity, dyslipidemia,
Type-2 diabetes mellitus, inflammatory bowel disease (IBD), can-
cer, cardiovascular disease, and cognitive impairment [6-12].

While there is a lack of studies on the effect of the health of dogs
on WD, high-fat diets (HFD, containing meat or meat products but
devoid of carbohydrates and fiber) have been investigated for their
effect on the canine microbiome and metabolome. In one study of
healthy adult beagles, short-term feeding of increased amounts of
dietary fat resulted in a significant shift in fecal abundance of bac-
teria related to fat digestion [13]. Two other studies have evaluated
changes in the fecal microbiome and metabolome of dogs fed HFD
versus commercial diets. In one study, dogs fed a bones and raw
food (BARF) diet showed a significant difference in beta diversity
of fecal bacteria with increased abundance of Escherichia coli and
Clostridium perfringens as compared to conventionally fed dogs
[14]. However, there were no significant differences in the fecal
metabolome, including bile acid (BA) concentrations, between diet
groups. Another study showed that a diet shift from commercial
dry food to HFD, and vice versa, influenced fecal BA concentra-
tions in healthy adult dogs [15]. Here, the fecal concentration of the
secondary BAs (deoxycholic acid [DCA] and ursodeoxycholic acid
[UDCA]) was significantly increased in HFD samples compared
with the concentration in commercial diet samples.

The convergence of studies in different species implicating
interactions between HFD, dysbiosis, and BA dysmetabolism
has important considerations for the maintenance of muco-
sal homeostasis. HFD induces dysbiosis and promotes BA
dysmetabolism and low-grade intestinal inflammation in hu-
mans [1] and animal models [16] of gastrointestinal (GI) dis-
ease. Whether healthy dogs fed WD have a similar pathogenic
scenario promoting intestinal inflammation has not been re-
ported. This study aimed to determine the effects of a high-fat,
high-carbohydrate, low-fiber WD on intestinal inflammation
(histopathology, tissue nuclear factor kB [NF-kB] expression),
oxidative stress (serum myeloperoxidase [MPO]), systemic in-
flammation/oxidative stress (serum high-sensitivity C-reactive
protein [hs-CRP], serum MPO), colonic mucosal bacteria (flu-
orescence in situ hybridization [FISH]), mucosal apoptosis
(TUNEL assay), and select fecal BA concentrations in clinically
healthy dogs.

2 | Materials and Methods

The study protocol was reviewed and approved according to the
guidelines of the Iowa State University (ISU) IACUC committee
(approval: IACUC-19-337).

2.1 | Animals

The study cohort was comprised of 10 (five neutered males, five
neutered females) clinically healthy adult Beagles (body condi-
tion scores of 4-5 each, weight range [kg] 8.7-11.7, maintenance
energy requirement [MER] range: 512-670cal) maintained as
a closed colony within Laboratory Animal Resources (LAR) at
ISU. All dogs were judged to be healthy based on normal phys-
ical examination findings and the absence of abnormalities ob-
served on complete blood count, biochemistry, urinalysis, and
fecal examinations for nematode/protozoal parasites. Each dog
was immunized with all recommended vaccines. Dogs were fed
a commercial dry maintenance ration, which provided 100% of
their daily MERs before trial enrollment.

2.2 | Diets and Study Design

Two custom-designed, home-prepared diets were formulated
by computer software for the dietary trial. The first diet con-
sisted of a high-fiber, low-fat control diet (CD) and the second
diet, a low-fiber, high-fat Western-style diet (WD). Both diets
were formulated by a board-certified veterinary nutritionist to
ensure they were adequate for long-term feeding and met the
recommended allowances and minimum requirements of the
National Research Council (NRC) 2006 nutritional profiles for
canine adult maintenance. In addition to meeting the NRC
profiles for canine adult maintenance, both diets were formu-
lated to also meet the desired dietary macronutrient profiles
based on the National Academies of Sciences (NAS), Acceptable
Macronutrient Distribution Ranges (AMDR), and National
Health and Nutrition Examination Survey (NHANES) dietary
intake data from 2017 to 2018, respectively for the CD and WD
(Tables 1 and 2). Both diets comprised the same ingredients, but
at different amounts to ensure the desired macronutrient pro-
files for the respective diets in Table 1 were met (Table 3).

The home-cooked diets were prepared once weekly for all dogs
in one batch that was then divided into individual meals for each
dog for seven consecutive days. Individual meals were placed in
zip-lock bags and stored at —20°C until used. The evening before
being fed, each dog's individual diets were removed from the
freezer and allowed to thaw in their plastic bags at room tempera-
ture before the scheduled feeding the next morning. This same
procedure for diet preparation and storage was followed during
each week of the feeding trial, albeit with different diets. Diets
were fed isocalorically to each dog based on calculated metabo-
lizable energy (ME) values. Dietary treatments were provided
sequentially for three feeding periods, each lasting 1 month in
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TABLE1 | Macronutrient profile of desired formulation of CD1/CD2 and WD.

ME (kcal) Fat (g) CHO (g) Sugar (g) Fiber (g) Protein (g)
AMDR MF (CD1/CD2) 1000.00 27.80 137.50 51.50 14.30 50.00
NHANES (WD) 1000.00 40.80 118.30 51.40 8.40 40.00

Note: The macronutrient profile that was desired for the control diet (CD1/CD2) and WD, which was based on the AMDR for the CD and the NHANES (https://www.
ars.usda.gov/ARSUserFiles/80400530/pdf/1112/tables_1-40_2011-2012.pdf) for the WD.

Abbreviations: AMDR, Acceptable Macronutrient Distribution Ranges; CD, control diet; CHO, carbohydrate; ME, metabolizable energy; MF, moderate fat; NHANES,
National Health and Nutrition Examination Survey; WD, Western diet.

TABLE 2 | Macronutrient profile of final formulation of CD1/CD2 and WD.

FED (g) ME Fat(g) CHO(g) Sugar(g) Fiber(g) Protein(g) Cost($)
AMDR MF (CD1/CD2) 830.20 1000.00 28.22 136.47 50.69 14.01 50.93 0.00

NHANES (WD) 617.00 998.97 40.92 120.03 48.66 7.79 38.98 0.00

Note: The macronutrient profile that was achieved following the formulation of the CD (CD1/CD2) and WD, which was based on the AMDR for the CD and the
NHANES (https://www.ars.usda.gov/ARSUserFiles/80400530/pdf/1112/tables_1-40_2011-2012.pdf) for the WD.

Abbreviations: AMDR, Acceptable Macronutrient Distribution Ranges; CD, control diet; CHO, carbohydrate; ME, metabolizable energy; MF, moderate fat; NHANES,
National Health and Nutrition Examination Survey; WD, Western diet.

TABLE 3 | Ingredients and amounts present in diet formulation of CD and WD.

CD1/CD2 WD
Ingredient Grams per 992kcal Grams per 1000kcal Grams per 618kcal Grams per 1000kcal
Ground beef (25% fat), raw 55.00 55.44 62.00 100.32
amount, fed cooked
Fresh egg white, raw amount, 275.00 277.22 77.00 124.60
fed cooked
Brown rice, long-grain, 150.00 151.21 62.00 100.32
cooked amount
White rice, long-grain, 52.00 52.42 62.00 100.32
cooked amount
Oatmeal, multigrain, 225.00 226.81 74.00 119.74
prepared with water, cooked
amount
Corn syrup, light 62.00 62.50 38.00 61.49
Corn oil 5.00 5.04 3.00 4.85
Lard 2.00 2.02 3.00 4.85
Almonds 8.00 8.06 5.00 8.09
Pure psyllium seed husk 8.00 8.06 2.00 3.24
Morton iodized salt — — 0.38 0.61
Balance IT canine supplement 18.75 18.90 — —
Balance IT canine K — — 9.00 14.56
supplement
Freeda calcium phosphate — — 1.40 2.27
powder

Note: The ingredients and their respective amounts present in the control diet (CD1/CD2) and Western diet (WD). Due to the different amounts of base ingredients
needed for the two diet categories to meet the desired macronutrient composition, different supplements were needed in each category (i.e., Balance IT canine
supplement for CD and balance IT canine K supplement and freeda calcium phosphate powder for WD) to ensure the diets met the recommended allowances and
minimum requirements of the National Research Council (NRC) 2006 nutritional profiles for canine adult maintenance.

duration, with a weeklong transition period between each change Biological specimens (serum, feces) were obtained from all
in diet. Diets were assigned based on an ABA study design with dogs at the completion of each feeding period and archived
CD fed for Periods 1 and 3 and WD fed for Period 2 (Figure 1) [17]. as CD1, CD2, and WD. Following an 18-h period where food
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FIGURE1 | Study design of the dietary trial. Dietary treatments were provided sequentially for three feeding periods, each lasting 1 month in
duration. There was a one-week transition when moving from one feeding period to the next. Diagnostic testing was performed at the completion of

each feeding period.

was withheld, colonoscopy with mucosal biopsy was per-
formed in eight dogs at the completion of the CD1, WD, and
CD2 periods. Dogs were prepared for GI endoscopy in a stan-
dard fashion using a commercial polyethylene glycol solution
with electrolytes administered at 20mL/kg PO in two doses
[18]. Following colonic lavage, dogs were placed under gen-
eral anesthesia and 12-15 endoscopic biopsy specimens were
obtained from all colonic regions for histopathologic and mi-
crobiologic review.

2.3 | Colonic Histopathology

Histopathologic examination of colonic biopsies was performed
by a single pathologist (M.R.A.) blinded to each dog's diet and
feeding period (e.g., CD1, WD, CD2). Mucosal biopsies were as-
sessed for intestinal inflammation using modified WSAVA his-
topathologic guidelines, where morphologic and inflammatory
features were graded independently and summed into a total
histopathologic score [19]. Alcian blue staining was performed
to identify the number of goblet cells in tissue sections. The
percentage of Alcian blue staining was quantified using Halo
software.

2.4 | Biomarkers of Inflammation, Oxidative
Stress, and Apoptosis

Local (immunohistochemistry [IHC] for colonic mucosal ex-
pression of NF-kB) and systemic (serum hs-CRP) biomarkers
were evaluated in dogs at the completion of each feeding period.
Immunohistochemical staining was performed using an NF-xB
p65 (D14E12) XP rabbit monoclonal antibody for protein detec-
tion at a dilution of 1:500 (Cell Signaling Technology, Danvers,
MA). Automated staining from deparaffinization through
counterstaining took place on Roche Diagnostic's DISCOVERY
ULTRA IHC/ISH platform, with all subsequent reagents listed
in this procedure being from Roche Diagnostics (Indianapolis,
IN). Four-micron canine colon tissue sections mounted on
glass slides from paraffin-embedded blocks were baked at 60°C

before placement on the stainer. After online deparaffinization
with EZ Prep Solution, heat retrieval at 100°C with ULTRA Cell
Conditioning 1 was applied for 48 min. This was followed by
endogenous peroxidase blocking with Inhibitor CM for 8 min.
The primary antibody was next applied at 37°C with an incu-
bation time of 60min. A linking antibody (anti-Rabbit HQ at
37°C) followed by an enzyme conjugate (anti-HQ HRP at room
temperature) were both applied for 12min each. Detection and
staining were completed using the DISCOVERY ChromoMap
DAB Kit, followed by counterstaining with Hematoxylin I for
8min and post-counterstaining with Bluing Reagent for 4 min.
Fiji (ImageJ) was employed for the purpose of performing de-
convolution and subsequent semiquantitative analysis of THC
images [20].

hs-CRP in serum was analyzed by sandwich ELISA accord-
ing to the manufacturer's instructions (https://www.mybio
source.com/hs-crp-canine-elisa-kits/high-sensitivity-c-react
ive-protein/734747; MyBioSource Inc., San Diego, CA, USA)
[21]. For estimating MPO activity, quantitative sandwich
ELISA was performed using canine MPO, MPO ELISA Kit
(MyBioSource Inc., San Diego, CA) following the manufactur-
er's protocol.

Cell death in colon tissue sections was detected using the
TUNEL Assay Kit-HRP-DAB (Abcam, Boston, MA), following
the manufacturer's protocol. In brief, tissue slides were depa-
raffinized and nuclei were stripped of proteins by incubation
with proteinase K for 20min. After being treated with 3% hy-
drogen peroxide (H,O,) for 5min and following the washing
process, the slides were incubated with a TdT labeling reac-
tion mix containing TdT enzyme in a humidified chamber at
37°C. The detection of tagged nucleotides was accomplished
using streptavidin-horseradish peroxidase (HRP) conjugate.
Following the washing process, sections were stained using a
solution of diaminobenzidine (DAB) and H,0,. The stained sec-
tions were then counterstained with methyl green, dehydrated,
and subsequently mounted and imaged for analysis. The results
are reported as the percentage of TUNEL-positive cells out of
the total number of lamina propria cells.
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2.5 | Fecal Unconjugated Bile Acids (fUBA)

The relative abundance of fecal unconjugated cholic acid (CA),
chenodeoxycholic acid (CDCA), lithocholic acid (LCA), and
DCA was measured in lyophilized feces using a dilution gas
chromatography-mass spectrometry (GC-MS) method (UC
Davis Metabolomics Core Facility) as previously described in all
samples collected [22]. Relative concentrations of primary (CA
and CDCA) and secondary (LCA, DCA) fUBA were expressed
as individual primary f{UBA and secondary f{UBA. Results were
reported as peak heights of lyophilized feces comprising the
measured fUBA pool.

2.6 | Colonic Mucosal Bacteria

Formalin-fixed, paraffin-embedded colonic tissue sections (4 )
were mounted on glass slides and evaluated for mucosal bac-
teria using FISH [21, 23, 24]. Tissue specimens were deparaf-
finized using an automated system by passage through xylene
(3% 10min), 100% alcohol (2x 5min), 95% ethanol (5min), and
finally 70% ethanol (5min). The slides were transported in de-
ionized water to the DNA laboratory, where they were air-dried
before hybridization. FISH probes, 5’-labeled with either Cy-3 or
FITC (Thermo Fisher Scientific, Rochester, USA) were recon-
stituted with nuclease-free water and diluted to a working con-
centration of 5ng/uL. Probe EUB338-FITC was used for total
bacterial counts. For other analyses, specific probes directed
against Clostridium (EREC482) [25], Bacteroides (BAC303) [26],
and Enterobacteriaceae (EBAC1790) [27] were labeled with Cy-3
and applied simultaneously with the universal bacterial probe
Eub338-FITC. Specific probes were selected to identify bacte-
rial groups relevant to the pathogenesis of intestinal inflamma-
tion in dogs [28, 29]. Tissue sections were immersed in 30uL
of DNA-probe mix in a hybridization chamber maintained at
54°C overnight (12h). Washing was performed using a wash
buffer (hybridization buffer without SDS); the slides were rinsed
with sterile water, then allowed to air dry, and mounted with
SlowFade Gold mounting media (Life Technologies, Carlsbad,
CA, USA) and a 25X25-1 cover glass (Fisher Scientific,
Pittsburgh, PA, USA).

Sections were examined on a Zeiss Axiolmager Z.2 epifluo-
rescence microscope (Dublin, CA, USA) and images were
captured with a Zeiss MRM AxioCam camera (Dublin, CA,
USA; www.zeiss.com; accessed on April 4, 2022). The number
of colonic bacteria and their spatial distribution (free mucus,
adherent mucus, surface epithelia, within mucosa) were quan-
tified in ten 40x fields of two or more tissue sections using
MetaMorph software. Results were expressed as mean bacte-
ria per 40x field.

2.7 | Statistics

Mucosal bacterial counts, percentage of TUNEL-positive cells,
MPO, and hs-CRP activities data among different treatment pe-
riods were compared using one-way repeated measures ANOVA
followed by Tukey's multiple comparisons test by GraphPad
Prism 9 (https://graphpad.com/). Minimal statistical signif-
icance was accepted at p<0.05. The Shapiro-Wilk test was

employed to assess the normality of the data. Statistical signifi-
cance was determined at p <0.05. Data that adhered to a normal
distribution were presented as mean =+ SD, while the data that
did not follow a normal distribution were presented as median
and range, and a nonparametric statistical test, Friedman test,
was used for analyzing repeated measures data. Pearson's cor-
relation coefficients were employed to evaluate the relationship
between the effects of WD on inflammatory indices, oxidative
damage, microbiome, and BA, with minimal statistical signifi-
cance accepted at p<0.05.

3 | Results

Histopathologic inflammation was graded as absent to mild in
colonic biopsies of dogs fed the control rations (CD1/CD2 feed-
ing periods). Total histopathologic scores ranged from 0 to 1 and
were characterized by increased lymphoplasmacytic mucosal
infiltrates in some dogs. Dogs fed WD showed mild inflamma-
tory lesions (total histopathologic score range, 1-2), with individ-
ual dogs having superficial mucosal edema and crypt distortion.
There was no significant difference (p>0.05) in the percentage
of Alcian blue staining in dogs fed CD as compared to dogs fed
WD (CD1, 35.94+£9.9; WD, 36.9+5.8; CD2, 36.08+8.8; 95% CI;
Figure 2).

Dynamic changes in inflammatory, oxidative, and apoptotic
markers were observed in response to dietary transitions during

the trial. The expression of NF-xB in colonic tissues of dogs fed
WD was significantly increased (p < 0.001) compared to colonic
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FIGURE2 | PercentAlcian blue staining in colonic mucosal biopsies

% Alcian Blue Positive Tissue

of dogs fed CD or WD over the treatment schedule. The percentage of
Alcian blue staining was quantified using Halo software. Data are pre-
sented as mean =+ SD. CD1 = Control Diet Period 1; CD2 = Control Diet
Period 2; ns=no significant difference; WD = Western diet.
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expression in dogs fed CD (NF-xB area: CD1, 8.09% =+ 3.3%;
WD, 11.58% =+ 3.4%; CD2 7.25%+3.8%; 95% CI; Figure 3A,B).
Robust expression of NF-kB was primarily localized to the co-
lonic crypts, with less expression observed within the lamina
propria of dogs fed either diet. At the completion of period C2,
NF-xB tissue expression decreased significantly (p=0.0002)
when compared to colonic expression in dogs fed WD. Dogs fed
WD had a significantly increased (p=0.0007) serum hs-CRP
concentration compared to the serum hs-CRP concentration
in dogs fed CD (CD1, 2.0+£0.4ng/mL; WD, 2.76 £0.23ng/mL;
CD2, 2.29+0.25ng/mL; 95% CI). At the completion of period
C2, the hs-CRP serum concentration had decreased signifi-
cantly (p <0.0001) when compared to the concentration in WD
but was not significantly different than the concentration in
CD1 (Figure 4). Evidence of oxidative damage was present in
dogs fed WD as the serum concentration of MPO was signifi-
cantly increased (p=0.0006) compared to the concentration
observed in dogs fed either CD1 or CD2 (CD1, 46.98 £16.6ng/

mL; WD, 82.93 £33.6ng/mL; CD2, 63.52+29.5ng/mL; 95% CI).
Like the trend observed for hs-CRP, the serum concentration of
MPO was significantly decreased (p < 0.0001) when dogs transi-
tioned from WD to CD2 but was different from the MPO serum
concentration of dogs in CD1 (Figure 5). TUNEL-positive
cells, indicating lymphocyte apoptosis, were significantly in-
creased in number (p=0.009) in the lamina propria of dogs
fed WD in comparison to their expression in the lamina pro-
pria of dogs fed CD (TUNEL-positive cells: CD1, 0.36% +0.2%;
WD, 0.79% +0.5%; CD2, 0.42%+0.3%; 95% CI). Dogs transi-
tioning from WD to CD2 had significantly decreased (p =0.01)
numbers of TUNEL-positive cells, like those observed in CD1
(Figure 6A,B).

Analysis of fUBA in dogs fed either diet showed a significant
difference only in the excretion of one of the primary fUBA.
Dogs fed WD showed increased relative concentrations of pri-
mary fUBA, with the CA increased significantly (median and
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FIGURE 3 | (A) Immunohistochemical analysis of NF-kB expression/mucosal field in colonic mucosal biopsies from dogs fed CD or WD over
the treatment schedule. (a) Period CD1, (b) period WD, and (c) period CD2. The expression of NF-kB is observed primarily within the epithelial cells
lining the colonic crypts. Note the up-regulated expression in colonic tissues of dogs fed WD in comparison to tissues from dogs fed during periods
CD1 and CD2. All images at 40x magnification. (B) Quantitative expression of NF-xB in colonic mucosal biopsies from dogs fed CD or WD over the
treatment schedule. Expressions are quantified using ImagelJ. ***Significantly different at p <0.0005. **Significantly different at p <0.005. Data are
presented as median + SD. CD1 = Control Diet Period 1; CD2 = Control Diet Period 2; ns =no significant difference; WD = Western diet.
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FIGURE4 | Serum high-sensitivity C-reactive protein (hs-CRP) con-
centrations from dogs fed CD or WD over the treatment schedule. Serum
concentrations are determined by ELISA. ****Significantly different at
p<0.0001. ***Significantly different at p=0.0007. *Significantly dif-
ferent at p <0.05. Data are presented as mean +SD. CD1 = Control Diet
Period 1; CD2=Control Diet Period 2; ns=no significant difference;
WD =Western diet.

interquartile range/IQR: CD1, 9505 (2384-33 788) peak heights;
WD, 34131 (10113-175909) peak heights; p<0.05) in compari-
son to primary fUBA, CDCA. Following the diet transition from
WD to CD2, the concentrations of both primary (CA and CDCA)
and secondary fUBA (LCA and DCA) were not significantly al-
tered once returned to the CD (Figure 7).

The colonic mucosal microbiota of dogs fed CD and WD was
most abundant in adherent mucus. Few bacteria were observed
in the free mucus or attached to the colonic epithelia. The total
number of EUB-positive bacteria was significantly increased
(p<0.001) in dogs fed WD when compared to dogs fed CD.
Moreover, dogs fed WD had a significantly different spatial dis-
tribution of bacteria compared to dogs fed CD, with increased
numbers of Clostridia (p=0.0006) and Enterobacteriaceae
(p<0.05) but decreased numbers of Bacteroides (p=0.03)
found within adherent mucus (Figure 8A,B). The abundance
ratio of mucosal Clostridia to Bacteroides of dogs fed WD
compared to dogs fed CD1 and CD2 was 6.36-0.19, and 0.33,
respectively.

In dogs fed WD, there was a positive correlation with inflam-
matory/apoptotic indices including NF-kB (p=0.007), serum
hs-CRP (p=0.00008), numbers of lamina propria TUNEL-
positive cells (p=0.01), and fecal CA concentration (p=0.01).
The correlation between TUNEL-positive cells and serum hs-
CRP concentration was positive (p =0.0008), while serum MPO
activity showed a positive correlation with the numbers of mu-
cosal Clostridia (p <0.05; Figure 9).
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FIGURE 5 | Serum myeloperoxidase (MPO) concentrations from
dogs fed CD or WD over the treatment schedule. Serum concentra-
tions are determined by ELISA. ***Significantly different at p <0.0001.
*Significantly different at p<0.05. Data are presented as mean =+ SD.
CD1=Control Diet Period 1; CD2=Control Diet Period 2; ns=no sig-
nificant difference; WD = Western diet.

4 | Discussion

Studies in humans and animal models have shown that HFD
and its influence on the intestinal microbiota are closely related
to obesity [30, 31], metabolic disturbances [32, 33], and GI dis-
eases [1, 34, 35]. While previous studies have demonstrated HFD-
induced effects on the canine fecal microbiome and metabolome,
they have not demonstrated the causal association between WD,
mucosal dysbiosis, BA dysmetabolism, and intestinal inflamma-
tion in clinically healthy dogs. In this study, we investigated how a
diet transition from a CD to WD, and inversely, during a 16-week
dietary intervention trial influenced host inflammation, oxidative
stress, apoptosis, mucosal microbiota, and fUBAs in clinically
healthy dogs. Specifically, WD was associated with low-grade mu-
cosal (NF-xB expression) and systemic (hs-CRP) inflammation,
increased serum MPO, mucosal lymphocyte apoptosis, mucosal
dysbiosis, and fecal BA dysmetabolism compared with parameters
assessed in canine biological samples from periods CD1 and CD2.

Other studies have examined how different dietary constituents
influence the fecal microbiome in dogs. Healthy dogs fed a non-
digestible carbohydrate (fiber) enriched diet exhibit an intestinal
microbiome characterized by three dominant bacterial phyla,
Bacteroidetes, Firmicutes, and Fusobacteria [36-38]. Conversely,
dogs fed an animal-derived (primarily beef) diet showed differ-
ent microbial shifts in feces, including decreased numbers of
Lachnospiraceae and increased numbers of C.perfringens [39-41].
Other studies have shown that HFD caused no significant shifts
in the fecal microbiota regarding alpha and beta diversity [13]
or demonstrated a significant shift in fecal microbiota diversity
[14, 42, 43] Similarly, rodent studies have shown that HFDs are
generally associated with decreased overall microbial abundance

7 of 14



/
L N
9in 24

SR

TUNEL positve cells (%)

CD1 WD CD2
Treatment groups

FIGURE 6 | (A) TUNEL expression indicating apoptosis in colonic mucosal biopsies from dogs fed CD or WD over the treatment schedule. (a)
Period CD1, (b) period WD, (c) period CD2. TUNEL-positive mononuclear cells (lymphocytes) are found within the colonic lamina propria. Note
the increased numbers of apoptotic lymphocytes observed in colonic tissues of dogs fed WD in comparison to tissues from dogs fed during periods
CD1 and CD2. The arrows indicate cells that are TUNEL positive. (B) Quantitative analysis of TUNEL-positive lymphocytes/mucosal area in colonic
mucosal biopsies from dogs fed CD or WD over the treatment schedule. Numbers of apoptotic cells are quantified using ImageJ. Data are presented
as mean + SD. **Significantly different at p <0.01. *Significantly different at p <0.05. All images at x40 magnification. CD1 = Control Diet Period 1;

CD2=Control Diet Period 2; TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling; WD = Western diet.

and diversity, with a shift from Bacteroidetes to Firmicutes
[32, 44, 45]. Importantly, these changes in microbial composition
and spatial redistribution along the gut mucous layer can lead to
impaired intestinal barrier integrity (due to reduced tight junction
protein expression), intestinal inflammation, and increased dis-
ease risk, including obesity [1, 32, 43].

Knowledge of the mucosal microbiota has lagged behind that of
the fecal microbiota due to differences in the ease of collection
of biological samples. This study reports the effects of WD on the
canine colonic mucosal microbiota. Using FISH probes target-
ing key bacterial groups within endoscopic biopsies, we showed
that dogs transitioning from a CD to WD, and vice versa, showed
significant differences in the number of total mucosal bacteria
and shifts in microbiota composition. Specifically, the mucosal
abundance of total bacteria, Clostridia, and Enterobacteriaceae
increased, while the abundance of Bacteroides decreased in dogs
fed WD as compared to CD. A common dysbiosis metric used

in obesity studies of humans, mice, and dogs is the detection
of significant differences in the abundance of Firmicutes and
Bacteroides [32, 44, 45]. Coelho et al. [46] previously reported
an increase in the fecal Firmicutes: Bacteroides ratio of dogs
fed a high-protein, low-carbohydrate ration. Application of this
metric to the adherent mucosal microbiota of dogs in the pres-
ent study showed that dogs fed WD had an increased Clostridia:
Bacteroides ratio of 6.36 compared to ratios of 0.19 and 0.33 in
dogs fed during transition periods CD1 and CD2, respectively.
The significant shifts in the Clostridia: Bacteroides abundance
observed with dietary transition to WD confirm the plasticity of
the intestinal microbiome in response to changes in macronu-
trient composition [39, 47]. The Clostridia: Bacteroides ratio was
utilized as Clostridia were the only members of the Firmicutes
phylum measured.

Intestinal inflammation is a consequence of WD in humans
and rodent models. WD promotes dysbiosis with increased
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Period 2; ns=no significant difference; WD = Western diet.

abundance of pro-inflammatory microbes, epithelial barrier
dysfunction, and increased intestinal permeability with leak-
age of bacterial metabolites into the bloodstream that pro-
duce low-grade systemic inflammation [48-51]. HFD/WD
consumption increases the abundance of Proteobacteria [52]
which are gram-negative LPS-containing bacteria in the order
Enterobacteriaceae [53]. HFD/WD-driven dysbiosis with in-
creased LPS production can activate the TLR4/NF-xB path-
way to stimulate the production of proinflammatory cytokines
TNF-a, IL-18, and IL-6, causing intestinal inflammation

[54, 55]. Other investigations have shown that saturated fatty
acids, themselves, can exert a similar molecular effect to LPS
and activate TLR4 to stimulate proinflammatory cytokine se-
cretion, perturb mucosal homeostasis, and disrupt cellular me-
tabolism [56, 57]. The present study suggests the ability of WD
to induce local and systemic inflammation in clinically healthy
dogs. The expression of NF-xB in colonic tissues of dogs fed WD
was increased compared with dogs fed CD. NF-xB expression
was most evident in mucosal regions around colonic crypts but
was also found within cells in the lamina propria. Moreover,
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ns =no significant difference.

the elevated serum hs-CRP concentration in dogs fed WD was
a sensitive indicator of systemic inflammation in response to
mucosal proinflammatory stimulation [58]. The blood concen-
tration of CRP can change rapidly, within 4-6h, following an
inflammatory stimulus, with maximum concentration after
1-2days, which broadly reflects the severity of tissue inflamma-
tion [59]. Increased tissue expression of NF-xB [60] and elevated
serum concentration of CRP [61-63] have been associated with
intestinal inflammation in dogs with IBD (now re-classified as

immunosuppressant-responsive enteropathy, which is a pheno-
type of chronic inflammatory enteropathy [CIE]) [64].

Oxidative stress is another mechanism where WD serves as a
potential proinflammatory stimulus promoting low-grade intes-
tinal inflammation. In support of this notion and using a rodent
model, Gulhane et al. [65] observed that HFD induced increased
expression of numerous genes considered as markers of endo-
plasmic reticulum (ER)/oxidative stress. Moreover, increased fat
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consumption in mice may trigger mitochondrial -oxidation of
free fatty acids that increase the concentration of reactive oxy-
gen species in tissues, which are pro-inflammatory [66]. Finally,
HFD/WD may result in the loss of XIAP (X-linked inhibitor of
apoptosis) function, which increases inflammasome activity, ox-
idative stress, and apoptosis [67]. In the current study, increased
concentration of serum MPO was observed in dogs fed WD as
compared to dogs fed CD. WD consumption was also associated
with a marked increase in the number of apoptotic cells (likely
CD3+ T lymphocytes [68]) found within the colonic lamina pro-
pria. Increased apoptosis of lamina propria lymphocytes in dogs
fed WD may represent a compensatory homeostatic mechanism
to downregulate mucosal inflammation [69]. It is most likely
that the cause of increased lamina propria apoptotic activity in
WD-fed dogs is multifactorial, where oxidative stress, inflam-
mation with activation of the NF-kB pathway, and disturbances
in BA metabolism (see below) contribute synergistically.

BAs are required for the digestion and absorption of lipids and
fat-soluble vitamins, but they also serve important roles in main-
taining mucosal homeostasis [1, 70, 71]. Following their synthe-
sis from cholesterol in the liver, primary BA (CA and CDCA)
are conjugated to glycine or taurine and modified by the intes-
tinal microbiota into secondary BA (LCA and DCA) [72, 73].
Most (95%) of the conjugated BA are then absorbed in the distal
ileum by the apical sodium-dependent BA transporter (ASBT)
[74] before returning to the liver for re-secretion, resulting in

enterohepatic circulation [75]. BA undergo several transforma-
tions by bacteria in the colon, including deconjugation and the
formation of secondary BA. Therefore, a dynamic balance be-
tween BA homeostasis and the intestinal microbiota exists that,
when disturbed, can result in dysbiosis and an altered BA pro-
file [70, 76, 77]. Several GI inflammatory pathologies are asso-
ciated with both microbial imbalances and BA dysmetabolism,
including IBD in people [78] and CIE in dogs [22, 79, 80].

Diet can have considerable influence on microbial composition
and the production of bacterial metabolites, including BA. Mice
fed HFD have an impaired intestinal mucosal barrier and a mod-
ified BA profile characterized by increased concentrations of
primary (DCA) BA and decreased concentrations of the cytopro-
tective tertiary BA, UDCA [81]. Another study found that HFD
induced the expansion of the pathobiont Bilophilia wadsworthia, a
sulfur-producing and bile-tolerant microbe that provokes a robust
Th1 immune response causing colitis in IL-10 deficient mice [82].

Few studies have reported disturbances in fecal BA composition in
dogs fed HFD. One study involving overweight adult female dogs
fed a high-protein, high-fiber weight loss diet found that fecal DCA
concentrations decreased, fecal secondary BA concentrations
tended to decrease, and fecal UDCA concentrations increased
with restricted feeding and weight loss [83]. In another study,
adult client-owned dogs fed a BARF diet failed to show alterations
in fecal BA compared to dogs fed a commercial diet [14]. Finally,
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changes in fecal BA concentrations were investigated in healthy
client-owned dogs before, during, and after HFD. Results showed
that relative concentrations of the fecal secondary BA, DCA, were
increased in dogs fed HFD but not in these same dogs fed a com-
mercial diet. While the median concentrations of primary BAs,
CA, and CDCA, were increased in dogs fed HFD, only the taurine-
conjugated BAs were significantly elevated compared with com-
mercial diet samples [15]. Results in dogs from the present study
show similarities and differences to these earlier reports. In dogs
fed WD, only primary BA was significantly increased with relative
fecal concentrations of the primary BA, CA, reaching significance
compared to samples obtained in C1 and C2. The concentration
of the secondary BA, DCA, was greater in dogs fed WD than the
concentration of LCA but not significantly. Diet transition from
WD to CD2 produced insignificant alterations of BA concentra-
tion for four primary and secondary BAs, including CA, CDCA,
LCA, and DCA. We investigated the four BAs in the present study
because they are the most abundant, most well studied, and most
important regarding mucosal homeostasis in dogs [22, 79, 80, 84].

A limitation of this study is that the diets formulated for dogs
contained all essential nutrients at the required amount for ca-
nine adult maintenance per NRC, which is not typically the case
for WD in people where they lack recommended vitamins and
minerals. In addition, although the diet fed in this study mim-
icked the more widely understood WD, this was only in macro-
nutrient composition and not in the many other aspects, such as
high salt or fructose sugar content, which may be of importance
for the long-term effects of this diet. In addition, dogs in this
study were housed as a closed colony in a clean environment as
compared to pet dogs raised in environmental conditions that
cohabitated with humans. Finally, the use of the Clostridia:
Bacteroidetes ratio was required as the entire Firmicutes phy-
lum was not measured in the present study.

To conclude, we present evidence that WD fed short term to clini-
cally healthy dogs promotes colonic dysbiosis and increases in mu-
cosal NF-kB expression, serum hs-CRP, serum MPO, and colonic
lamina propria lymphocyte apoptosis. Fecal primary and sec-
ondary BA concentrations were modified in response to dietary
transition from the CD to WD, and vice versa, with increased con-
centrations of CA observed in dogs fed WD. The dog represents a
good preclinical model for intestinal health to humans due to its
similarities in GI anatomy and physiology, dietary patterns, meta-
bolic processes, and pathology of intestinal diseases [36].
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