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Editorial on the Research Topic

Nutrition and Management of Animals we Keep as Companions

SUMMARY AND COMMENTARY

Pet ownership has recently grown at an unprecedented rate, with The Association of Pet Products
Manufacturing Association (APPMA) (1) reporting that pet ownership has increased 3% in the last
year, with an estimated 70% of U.S. households owning at least one pet. The APPA also reports that
pet owners also increased spending and, largely due to the COVID pandemic, shifted where they
buy food with direct-to-consumer purchasing on the rise, with 86% of pet owners purchasing pet
food online in 2020, up from 72% in the previous year. Most recently, the millennial generation
has now taken over as the largest pet-owning generation, followed by boomers, then GenX. While
the growth of the pet food industry is partly driven by ownership, there is also growth stimulated
by the growing appreciation of the value of pets to human health and well-being. Indeed, growing
evidence suggests physical andmental benefits resulting in positive health outcomes for pet-owning
humans. As our bond with companion animals grows, we need to support their role in our lives by
better understanding the effects of nutrition, and other parts of the environment that we share with
them, on the metabolism, health, and well-being of our companion animals. This special issue adds
to the primary literature concerning canine and feline metabolism, nutrition, and behavior.

With a growing global human population and increased demand for food, there is a need to
identify novel or alternative food ingredients and processes for pet foods that increase nutrient
availability. These ingredients may replace ingredients that can be used in the human food sector,
reducing the competition for resources across the food chain. Physical, chemical, or thermal
processes that improve digestion and nutrient availability can improve digestion and nutrient
delivery to the organism resulting in a reduced need for overall food intake. The food format most
commonly used for companion animals is extrusion and as such, cereal grains are widely used
in pet food to supply carbohydrates, but also to support optimum physical kibble characteristics.
However, dietary carbohydrates are associated with a post-prandial blood glucose response,
and ingredients that elicit a large glycemic response have been implicated in weight gain and
obesity. Teixeira et al. found the partial replacement of corn with sorghum and with and without
hydrolysable tannin extract did not elicit differences in glycemic response, total tract apparent
digestibility of dry matter, organic matter, and macronutrients among treatments. These data help
to support the inclusion of sorghum instead of corn. Similarly, von Shaumburg et al. examined
the inclusion of white and red sorghum grains on the gastrointestinal health of cats and found
that both sorghum ingredients were well-tolerated by cats and, for the most part, did not differ
from the control that included corn. These data further support the inclusion of these ingredients.
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Reilley et al. added to our available ingredients with the
investigation of legumes (garbonzo beans, green lentils, peanut
flour) and yeast, and all in contrast to poultry by-product meal on
palatability and digestibility in adult dogs. The inclusion of plant-
based proteins did not affect apparent total tract digestibility of
macronutrients, yeast increased fecal branched-chain fatty acid,
fecal butyrate concentrations, and total fecal short-chain fatty
acid concentrations. Yeast fed dogs also had greater β-diversity.
As such, the researchers concluded that all ingredients are
potential ingredients in canine diets and may support beneficial
shifts in the microbiome. Similarly, but for the purpose of
providing dietary fiber, Finet et al. examined the novel fiber
source miscanthus grass, comparing it to beet pulp + tomato
pomace and cellulose. While cats fed beet pulp had the greatest
concentration of short-chain fatty acids, with the exception of
butyrate, which was similar, the cats fed miscanthus grass has
greater α-diversity than cats fed beet pulp. Overall, these data
suggest that miscanthus grass fiber and fiber blends are good
alternatives to the commonly used dietary fiber sources such as
beet pulp and cellulose. The research into alternative ingredients
and how to appropriately allocate these across the food chain will
be integral to the future sustainability of the pet food industry and
impact our ability to produce high nutritional quality foods, and
we will continue to see investment in this area of research.

The option of diet formats is also increasing in propensity
and indeed, raw meat-based diets have been touted to improve
metabolic health, but little data exists to support these assertions.
Moore et al. compared serum metabolites in client-owned
Staffordshire bull terriers with canine atopic dermatitis and fed
either a rawmeat-based diet (RMBD) or a kibble. Dogs fed kibble
had greater concentrations of methionine than dogs fed RMBD,
but lower concentrations of carnitine and creatine. The dogs
with atopic dermatitis experienced a larger metabolic shift in
response to diet, but diet did not change the severity of canine
atopic dermatitis. Building on those outcomes, Antuaniemi et
al. sought to understand how the skin transcriptome is affected
by atopic dermatitis and the feeding of raw diets in contrast
to kibble. At the end of feeding a median of 137 days of
one of these dietary treatments, 149 genes were found to be
differentially expressed in transcripts between atopic and healthy
dogs, and all genes were upregulated in the raw fed dogs
in contrast to the kibble dogs. Interestingly, atopic dermatitis
was largely associated with alterations in lipid and keratinocyte
metabolism and angiogenesis. Further, the transcriptome in raw-
fed dogs suggests enhanced innate immunity and lower oxidative
stress and provides further support for this format of feeding.
However, a key obstacle to feeding raw diets is understanding
the nutrient content of those ingredients to enable precise food
formulation based on nutrient targets of the final product. One
feeding format that is being increasingly used to feed domestic
cats is whole-prey diets, a version of raw meat-based diets.
Owens et al. measured the crude protein, moisture content, and
amino acid concentrations in fresh and frozen ground rabbits
with or without gastrointestinal tracts (GIT). Focusing on the
indispensable amino acids, fresh rabbits with GIT had greater
concentrations of methionine, lysine, histidine, and arginine,
and freezing resulted in lower methionine in the ground rabbit

without the GIT. Most importantly, all indispensable amino
acids exceeded recommendations of regulatory agencies except
for taurine, which was below recommendations and suggests
that taurine may need to be provided to cats if consuming a
whole prey diet based on rabbit. Taken together, raw meat-based
diets have a place in our feeding management of companion
animals, but we need more data on not only the effects of feeding
these diets, but the characterization of raw ingredients to support
product development.

A key concern for diet management is the effect of early
nutrition on the onset of disease later in life and diet
format results in a different dietary chemical profile that
may be a significant determinant. Hemida et al. investigated
the effect of early life dietary, environmental, demographic,
and genetic variables and whether these factors are associated
with inflammatory bowel disease in dogs. Interestingly, and in
opposition to current recommendations for pets, this cross-
sectional questionnaire-based study suggested that feeding a high
fat, low carbohydrate, non-processed meat-based diet resulted in
significantly less inflammatory bowel disease later in life than
when an ultra-processed, carbohydrate-based diet was fed. Not
surprisingly, a normal body condition early in life supported
a lower incidence of IBD, while greater body condition scores
were related with a greater prevalence of IBD in dogs. Along
the same vein, dietary transition is commonly reported to cause
gastrointestinal distress and numerous dietary solutions are being
investigated, of which yeast products could hold promising
bioactivity. Lin et al. found that supplementing a yeast cell wall
fraction supplement tended to result in greater C. perfringens
and a rapid diet transition to a canned diet or a high fiber
diet did not alter fecal pH, dry matter, calprotectin, and E.
coli, but the inclusion of yeast during this dietary transition
tended to result in greater fecal IgA. While a subtle change,
the greater IgA suggests enhanced intestinal immune function,
and as such, yeast products may help to support gastrointestinal
health after dietary transition. Diet change is not the only
thing that may disrupt the gastrointestinal environment, high-
intensity exercise may also challenge this environment and
dietary fiber optimization was studied in a study by Thornton
et al. Sled dogs were fed diets containing kibble with a 4:1
or 3:1 insoluble:soluble fiber ratio and also had increasing
amounts of exercise over a 9-week period. When sled dogs
received the 3:1 diet they experienced greater fecal short-chain
fatty acids and a lower internal body temperature than dogs
who received the 4:1 but experienced no differences in body
composition or respiratory rate. Separately, after the period of
step-wise increases in exercise, dogs had an average 7% increase
in lean and a 3.5% decrease in fat mass. With sporting dogs,
an improvement in the soluble fiber delivery may improve gut
health and will not impact performance and indeed, exercise,
albeit higher intensity than most pet dogs would receive, does
produce favorable shifts in body composition and we need to
consider appropriate exercise for our dogs and cats to support
optimum metabolism.

There has been recent interest in how diet affects cardiac
health in dogs and a suggestion that the inclusion of legumes
or elimination of grains may underpin the increased reporting
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of dilated cardiomyopathy in particular. Reis et al. examined
the inclusion of fava beans in a moderate protein diet and
compared that to two commercial diets, one with normal
protein (25% crude protein and containing grains) and high
protein (41% crude protein containing no grains) and largely
using fava beans as a dietary protein ingredient. Similar to
Teixeira et al. high-tannin and fermentation were also included
in the design. There are a myriad of differences between the
treatments of high protein and low protein and high tannin
and low tannin, but interestingly, dogs fed normal protein for
7 days experienced greater left ventricular end-systolic volume
and cardiac output than dogs fed high protein, but there
were no differences among the fava bean fed dogs. These data
suggest that fava beans are suitable for inclusion in dog diets,
especially if fermented, and that protein intake may play a
role in cardiovascular health. In a similar study from the same
laboratory, Quilliam et al. sought to investigate whether the
fiber brought in by the inclusion of pulses would decrease
glycemic response, decrease the rate of digestion, and decrease
the bioavailability of macronutrients. Dogs were fed six diets
formulated at an inclusion level of 20% available carbohydrates
using different ingredients, including legumes, for 7 days. The
inclusion of ingredients that possess greater amylose and dietary
fiber decreased total tract apparent digestibility, but this was
not due to increased bile acid losses. Overall, the authors
noticed this decrease in digestibility and the glycemic response
was largely due to a lower animal protein content, and that
this could put dogs at risk for chronic deficiencies of taurine
and may result in the etiology of dilated cardiomyopathy,
and that longer-term studies are warranted. In a similar vein,
Gizzarelli et al. investigated different carbohydrates sources and
their effects on plasma and whole blood taurine status. With
diets formulated to provide similar essential nutrients, there
was no impact on plasma or whole blood taurine confirming
that indeed diets supply nutrients and the ingredients, when
used properly, do not affect taurine status. The research into
the etiology of dilated cardiomyopathy will continue to be
investigated and the characterization of these diets, including
detailed nutrient and anti-nutrient content, will continue as the
research community and pet food companies continue to pursue
new world ingredients as described above.

While cardiac disease may have been recently in the news,
overweight and obesity remain the number one nutritionally

related issue in our pet population. Niese et al. examined
pets and owners both undergoing a simultaneous weight loss
program. Overall, the combined results of both human and
dog weight loss studies suggest that when either dog or human
are actively attempting to lose weight, that it results in passive
weight loss in the other and supports using an integrative
approach to supporting human and pet weight loss. This opens
a new opportunity for physicians and veterinarians to work
together and offers a unique integrative or One Health approach
touted by the authors. Overall, we expect to see emerging
approaches to managing health in our companion animals and
the collaboration among human and animal health communities
to advance this area of research.

While pet nutrition is riddled with the problems of current
formulas, companion animal researchers stay focused on
understanding a myriad of arenas regarding nutrient sufficiency.
Ruggeiro and Backus compared supplementing cats with either
vitamin D2 or 25(OH)D2. Overall, supplementation with
25(OH)D2 was superior to supplementation of vitamin D2
to increase vitamin D status as measured by the presence of
vitamin D epimers and may suggest that we need to consider
multiple epimeric forms of vitamin D when considering what
to supplement in diets. In feline nutrition, we also see a move
toward the desire by owners to feed plant-based products, and
Dodd et al. report on a case study where a youngmale cat presents
with chronic feline lower urinary tract disease (FLUTD) and
was placed on a home-made plant-based diet with the hopes of
increasing water intake and promoting an acidic, dilute urine.
Indeed, this dietary treatment reduced urinary saturation, and
the FLUTD resolved and no subsequent FLUTD was reported
by the owner, promoting the use of plant-based diets as an
option for the treatment of FLUTD. Indeed, pet owners will
continue to drive the industry through their unique consumer
trends and, while not always supported by scientists and health
care professionals, we need to be open to the communities we
serve to understand the perspectives that they hold and the
demands they have for the products that companion animal
research supports.
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Canine atopic dermatitis (CAD) has a hereditary basis that is modified by interactions

with the environment, including diet. Differentially expressed genes in non-lesional skin,

determined by RNA sequencing before and after a dietary intervention, were compared

between dogs with naturally occurring CAD (n = 4) and healthy dogs (n = 4). The dogs

were fed either a common commercial heat-processed high carbohydrate food (kibble

diet) (n = 4), or a non-processed high fat food (raw meat-based diet) (n = 4). At the end

of the diet intervention, 149 differentially expressed transcripts were found between the

atopic and healthy dogs. The main canonical pathways altered by the dysregulation of

these genes were angiopoietin signaling, epidermal growth factor signaling, activation

of angiogenesis, and alterations in keratinocyte proliferation and lipid metabolism. On

the other hand, 33 differently expressed transcripts were found between the two diet

groups, of which 8 encode genes that are annotated in the current version of the

dog genome: immunoglobulin heavy constant mu (IGHM), immunoglobulin lambda-like

polypeptide 5 (IGLL5), B-cell antigen receptor complex-associated protein beta chain

(CD79B), polymeric immunoglobulin receptor (PIGR), cystathionine β-synthase (CBS),

argininosuccinate synthase 1 (ASS1), secretory leukocyte peptidase inhibitor (SLPI),

and mitochondrial ribosome recycling factor (MRRF ). All genes were upregulated in the

raw diet group. In conclusion the findings of this study suggest alterations in lipid and

keratinocyte metabolism as well as angiogenesis in the skin of atopic dogs. Additionally,

a possible enhancement of innate immunity and decrease in oxidative stress was seen

in raw food fed dogs, which could have an important role in preventing hypersensitivities

and disturbed immunity at young age.

Keywords: atopic dermatitis, canine, diet, gene expression, RNAseq, skin, kibble diet, raw meat-based diet

INTRODUCTION

Atopic dermatitis (AD) in humans is a complex hereditary disease characterized by its genetic
pre- disposition, as well as how it causes immunologic hyperreactivity and a defective skin barrier.
An impaired epidermal barrier is one of the typical features of AD (1–3). Also, environmental
factors play a role in its pathogenesis (4). Canine atopic dermatitis (CAD) shares genetic,
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phenotypic, and histological similarities with human AD (5).
CAD is estimated to affect 10–15% of the canine population and
seems to be increasing over time (5, 6). It has been reported
that pure bred dogs are more likely to develop atopy and allergic
dermatitis than mixed breeds (7). Staffordshire bull terriers and
similar breeds (bull terrier, American Staffordshire terrier, and
pit bull terrier) have previously been shown to be particularly
susceptible to CAD (8–13).

Diet has profound effects on the whole body, including its
metabolism. People with skin conditions often modify their diet
to influence their clinical symptoms (14–16), as do dog owners
for their dogs (17). It has been previously suggested that clinical
manifestations of CAD can be modulated by diet (18–21). It
has been reported that certain diets can potentially affect skin
symptoms positively both in humans (22–24) and in dogs (25–
27). Research on how diets impact skin gene expression in dogs
is still scarce. However, dietary changes are shown to change the
gene expression in the skin of mice (28), rats (29), and humans
(30, 31). The impact that the elimination diet has on the skin
of dogs with cutaneous adverse food reactions has been studied
using quantitative PCR (qPCR) (32). The diets influence on gene
expression in the liver (33), skeletal muscle (34), adipose tissue
(35), colonic mucosa (36), and brain tissue (37) of dogs has also
been studied.

Previously published studies that have focused on altered gene
expression in atopic canine skin have used mRNA microarrays
(38–40) and (qPCR) (41–50). The objective of this study was to
find differentially expressed genes between atopic and healthy
dogs, as well as to compare the effects of two different diet
types on the gene expression of the skin using RNA sequencing
(RNA-Seq). As alterations in skin function of atopic patients
are already well recognized, our hypothesis was that there
would be differences in the gene expression between atopic and
healthy dogs. In addition, we hypothesized that two different
dietary choices would subsequently affect skin gene expression
differently. Eight Staffordshire bull terriers were used, both atopic
and healthy, equally distributed between diet groups. To our best
knowledge, neither previous studies using RNA-Seq to compare
atopic and healthy dogs, or studies regarding the effect of diet on
canine skin gene expression have been conducted.

METHODS

Animals and Sample Collection
The study protocol was approved by the Animal
Experiment Board in Finland (ELLA) (permit number:
ESAVI/3244/04.10.07/2013). All owners filled in and signed
a written consent form. Dogs were living in their home
environment during the diet intervention trial. The eight
study dogs used in the present study were part of a larger diet
intervention trial studying CAD. The study was conducted at
the department of equine and small animal medicine at the
University of Helsinki.

At the baseline visit, dogs were evaluated by a veterinarian and
blood samples were collected. Non-lesional skin biopsies were
taken from the axillary area under anesthesia using an 8mm
biopsy punch, and samples were immediately stored at −80◦C.

TABLE 1 | Basic information of the eight dogs used in RNA-Sequencing analyses.

Dog ID Age (years) Gender Diet group Diagnosis

55 13 Female KD Healthy

47 4 Male KD Healthy

66 4 Male KD CAD

33 4 Female KD CAD

65 3 Female RMBD Healthy

37 5 Female RMBD Healthy

40 6 Female RMBD CAD

34 2 Male RMBD CAD

KD, kibble diet; RMBD, raw meat-based diet; CAD, canine atopic dermatitis.

The animals were sedated using dexmedetomidine (Dexdomitor,
Orion Pharma) 5–10 µg/kg intramuscularly and intravenous
propofol (PropoVet, Orion Pharma) as needed. Skin biopsies
were taken only from dogs that had not taken oral glucocorticoids
and cyclosporine for 4 weeks, or oral antihistamines, topical
glucocorticoids, and medicated shampoos for 2 weeks prior to
sample collection.

After the baseline visit, the dogs were divided into two
diet groups, and fed either a commercial heat-processed,
high carbohydrate (kibble) diet [Hill’s Science PlanTM Canine
Adult Sensitive Skin with Chicken (KD), detailed composition
of food shown in Supplementary Table 1], or a commercial
non-processed, high fat (raw meat-based) diet [MUSH BARF
Vaisto R© Pork-Chicken-Lamb and/or MUSH BARF Vaisto R©

Beef-Turkey-Salmon (RMBD), detailed compositions shown in
Supplementary Table 2]. The diets differed by their fat and
carbohydrate content, their ingredients (KD having chicken as
a main animal protein source and RMBDs having three different
animal protein sources each) and their manufacturing methods
(the KD was heat-processed and the RMBDs were only ground
and frozen). Owners were asked to feed their dogs at least 99.9%
trial diet, giving portions as recommended by the manufacturer,
adjusting if necessary, to maintain normal body weight. Water
was allowed ad libitum. At the end visit, the same protocol was
followed as the baseline visit, and non-lesional skin biopsies
were again obtained from the same area and immediately stored
at−80◦C.

Skin biopsies were obtained from client-owned Staffordshire
bull terriers (n = 8). They were stratified between diet cohorts
by age, sex, and health status when possible, since the number of
healthy dogs was very small. The dogs diagnosed with naturally
occurring CAD (n= 4) were fed either the KD (n= 2) or RMBD
(n= 2). The healthy control dogs were fed either the KD (n = 2)
or the RMBD (n = 2). This allowed comparisons to be made
between KD-fed (n = 4) and RMBD-fed (n = 4) dogs, as well as
between atopic (n = 4) and healthy (n = 4) dogs. Information
regarding the dogs chosen for RNA-Seq analyses (n = 8) are
shown in Table 1.

RNA Extraction
Prior to RNA extraction, the skin biopsy samples were
transferred to RNAlater R©-ICE Frozen Tissue Transition Solution
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(Life Technologies, Carlsbad, CA, USA) and allowed to
thaw overnight at −20◦C. Subcutaneous fat was carefully
trimmed from the skin biopsies, and the samples were
homogenized using a tissue homogenizer (TissueRuptor, Qiagen,
Hilden, Germany). Total RNA was extracted using Qiagen
miRNAeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s recommended protocol. After RNA
extraction, DNAse treatment using RNase-free DNase I (Thermo
Fisher Scientific, Waltham, MA, USA) was performed. The
total RNA concentration of samples was analyzed using a
260 nm ultraviolet spectrophotometer (NanoDrop ND-1000,
Thermo Fisher Scientific, Wilmington, DE, USA). The integrity
and quality of the RNA was analyzed using an Agilent 2100
Bioanalyzer (Agilent Biotechnologies Inc., Santa Clara, CA, USA)
and only samples with RIN >7 and RNA amount higher than 1
µg were sent for analysis. Prior to being sent to the sequencing
facility, the samples were stored at−80◦C.

RNA-Seq and Data Analysis
Next generation sequencing was performed on all of RNA skin
samples of the dogs, taken at the baseline (n = 8) and end of
the diet intervention (n = 8). One microgram (µg) of total RNA
was ribodepleted and an RNA-Seq library was created using a
ScriptSeq v2TM Complete kit for human/mouse/rat (Illumina,
Inc., San Diego, CA, USA). Paired-end library creation and
transcriptome sequencing were completed at the Institute for
Molecular Medicine Finland (FIMM). Libraries were quality
controlled by High Sensitivity chips by Agilent Bioanalyzer
(Agilent) before being sequenced on an Illumina HiSeq platform
(HiSeq 2000, Illumina, Inc., San Diego, CA, USA).

The bioinformatic analysis was performed at the Plataforma
Andaluza de Bioinformática (University of Málaga, Spain).
Quality control and initial pre-processing was performed using
SeqTrimNext (v. 2.0.53), where low quality, ambiguous, low
complexity stretches, adaptor, organelle DNA, polyA/polyT tails,
and contaminating sequences were removed (51). Mapping
was performed with restrictive conditions of bowtie2 (v.2.2.2),
including parameters for rejecting discordant alignments and
optimized for paired-end reads (52). Samtools (v.0.1.19)
quantified known transcripts (count reads per transcripts) (53),
and transcripts were annotated using Full-Lengther-Next (54).
Statistical comparisons of transcript expression between diet
groups and between atopic and healthy dogs were performed
using DEgenes-Hunter (v.2.0.11) (55), a tool that imputes raw
read counts generated by Bowtie2/Samtools into the EdgeR
(56) and DESeq2 (57) algorithms. Fold change (FC) ≥2, and
a false discovery rate (FDR) corrected p < 0.05 were set
as thresholds. Differentially expressed transcripts common to
both analyses (EdgeR and DESeq) were also identified. RNA-
Seq can detect a higher percentage of differentially expressed
genes compared to expression arrays, especially genes with low
abundance. Typically, in many controlled experiments which
utilize RNA-Seq, the number of biological samples is a limiting
factor (57) which ultimately restricts the statistical inference
to the largest gene expression differences between the groups.
Specific algorithms have been developed to improve statistical
inference in RNA-Seq datasets with small sample sizes (56–58).

TABLE 2 | Descriptive data and statistical analysis of the atopic and healthy dogs

used in the study comparing the skin gene expression profiles (n = 8).

Atopic dogs Healthy dogs p-value

Dogs N 4 4

Age Years 3.5 (±1.7) 6.0 (±4.7) 0.468

Gender % male 50 25 0.500

Duration Days, median 129 146 0.058

Weight Baseline, Kg 17.3 (±2.9) 16.1 (±1.8) 0.773

End visit, Kg 17.7 (±2.7) 16.7 (±1.7) 0.564

Data are mean ± SD. Analyzed using Mann-Whitney U-test, Fisher’s Exact test and

Wilcoxon signed ranks test.

TABLE 3 | Descriptive data and statistical analysis of the kibble diet (KD) and raw

meat-based diet (RMBD) fed dogs used in the study comparing the skin gene

expression profiles (n = 8).

KD group RMBD group p-value

Dogs N 4 4

Age Years 5.9 (±4.8) 3.6 (±1.8) 0.663

Gender % male 50 25 0.500

Duration Days, median 144 132 0.465

Weight Baseline, Kg 16.3 (±1.4) 17.1 (±3.3) 0.773

End visit, Kg 16.7 (±1.2) 17.7 (±2.9) 0.564

Data are mean ± SD. Analyzed using Mann-Whitney U-test, Fisher’s Exact test and

Wilcoxon signed ranks test.

EdgeR and DESeq2 are shown to have the highest sensitivity
to detect true differences between group means in read count
datasets produced by RNA-Seq methods (57, 58). These tools
utilize different approaches in calculation of dispersion estimates
for read count datasets, and algorithms are differently affected by
outlying observations (58).

The comparisons related to dogs’ characteristics between the
two diet groups were analyzed using the Mann-Whitney U test,
Fisher’s Exact test and the Wilcoxon signed ranks test. SPSS
software (version 25, IBM SPSS Statistics. Chicago, Ill., USA)
was used for the statistical analyses. The statistical significance
threshold was set at P < 0.05.

RESULTS

Clinical Findings
There were no statistical differences between the comparison
groups (n = 8) in any of the recorded descriptive data of the
dogs (Tables 2, 3). The mean weight of the dogs in the atopic
(n = 4) and healthy cohorts (n = 4) did not change significantly
during the trial (p = 0.180 and 0.141, respectively; Table 2), or
in the KD-fed and RMBD-fed cohorts (p = 0.285 and 0.102,
respectively; Table 3). The diet intervention lasted 84–147 days
(median 137 days).

Sequencing Overview
An average of 52.2 million sequencing reads were obtained
per sample, ranging from 40.7 to 69.4 million reads. Mean
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TABLE 4 | Differentially expressed genes in the skin of atopic dogs (n = 4)

compared to healthy dogs (n = 4) at the baseline visit.

Gene FDR P-value Log2FC Algorithm

PKHD1 0.0242 6.00E-06 −2.6 EdgeR

KRT4 0.0013 1.57E-07 −4.8 EdgeR

LYZF2* 0.0032 5.92E-07 −4.6 EdgeR

AHDC1 0.0168 5.35E-06 −0.73 DESeq2

DEDD 0.0259 9.89E-06 −0.60 DESeq2

SGOL2 0.0146 2.05E-06 0.66 DESeq2

LEPR* 0.0295 4.60E-05 −1.1 DESeq2

DUSP1 0.0297 1.31E-05 −0.87 DESeq2

RNA-sequensing was used. *Multiple transcripts were found, only the one with the highest

FC are shown. FDR, false discovery rate corrected p-value; PKHD1, polycystic kidney and

hepatic disease 1; KRT4, keratin 4; LYZF2, lysozyme C; AHDC1, AT-hook DNA-binding

motif-containing protein 1; DEDD, death effector domain containing, SGOL2, shugoshin

2; LEPR, leptin receptor; DUSP1, dual specificity phosphatase 1.

read length obtained from sequencing was 93.8 bp after pre-
processing quality trimming. An average of 93.47% of the reads
were mapped to the canine reference genome. The obtained read
counts were then uploaded into the DEgenes-Hunter tool, where
comparisons using two different software (DESeq2 and EdgeR)
were performed.

Differential Gene Expression Between

Atopic and Healthy Dogs
At the baseline visit, three downregulated genes were found
in atopic dogs compared to healthy dogs by EdgeR. Four
downregulated genes and one upregulated gene were found by
DESeq2 in atopic dogs compared to healthy dogs (Table 4).

After the diet intervention, EdgeR found 200 transcripts, and
DeSeq found 451 transcripts that were differentially expressed
between atopic and healthy groups after the diet intervention
(S3), of which 149 differentially expressed transcripts between
groups were found by both EdgeR and DESeq2 (Figure 1A;
Supplementary Table 3). According to the analyses of their
biological function, 69 of the differentially expressed transcripts
were involved in dermatological and inflammatory conditions,
of which 8 were associated with atopic dermatitis based on the
analysis of biological functions (Figure 1B). Signaling pathways
affected by gene dysregulation in the atopic group included
angiopoietin signaling, epidermal growth factor signaling,
AMP-activated protein kinase signaling, retinoid X receptor
(RXR)/farnesoid X receptor (FXR) signaling, and leptin signaling
in obesity. Also, upregulation of EGF, AKT3, KLB, ANGPT1, and
TEK led to the predicted activation (z-score = 2.23) of the IL-8
inflammatory pathway (Figure 1C).

Comparison Between the Two Diet Groups
Altogether 33 differently expressed transcripts were found
between the diet groups, of which 8 genes are annotated in
the current version of the dog genome: immunoglobulin heavy
constant mu (IGHM), immunoglobulin lambda-like polypeptide
5 (IGLL5), B-cell antigen receptor complex-associated protein
beta chain (CD79B), polymeric immunoglobulin receptor

(PIGR), cystathionine β-synthase (CBS), arginosuccinate
synthase 1 (ASS1), secretory leukocyte peptidase inhibitor
(SLPI), and mitochondrial ribosome recycling factor (MRRF).
These genes (n = 8) were all upregulated in the RMBD group
compared to the KD group (Table 5). They were then studied
regarding their biological implication. Activation of ASS1 and
CBS in the raw diet group indicated upregulation of cystein
biosynthesis and methionine degradation, the citrulline-nitric
oxide cycle, the urea cycle, and arginine biosynthesis (Figure 2).
Biological functions activated by CBS included for example
concentration of glutathione, conversion of homocysteine, and
concentration of phospholipids, and inhibited by CBS included
for example oxidative stress, hyperkeratosis, and accumulation
of reactive oxygen species (Figure 3). In addition, the expression
of IGHM, IGLL5, and CD79B activates the differentiation of B
lymphocytes and the memory immune response, determines the
quantity of different immunoglobulins, inhibits hypoplasia of
the lymphoid organ, determines the quantity and secretion of
autoantibody, inflammation of secretory structure, and lesioning
of skin (Figure 4).

The activation of immunological pathways such as IL-
7 signaling, and B-cell related pathways were also found.
Upregulation of (natural) IgM antibodies can result from
enhanced IL-7 production by epithelial cells in the gastro-
intestinal tract, where they are then shuttled across the epithelium
into the lumen as a result of upregulated poly Ig receptor
expression (59).

DISCUSSION

To our best knowledge, the present study is the first RNA-
Seq study of altered skin gene expression between dogs fed
two different diets. Although the sample sizes in this study
was limited, differences were found both between the atopic
and healthy groups and between the diet groups. There were
many more differentially expressed genes found between the
same atopic and healthy dogs at the end of the diet intervention
than at baseline. This suggests that the diet is an important
background factor which should be considered when studying
the gene expression of animals with skin diseases.

In dogs suffering from CAD, the defective skin barrier is
believed to facilitate the penetration of allergens into the skin.
This then leads to sensitization against environmental allergens
and subsequent cutaneous inflammation, which then further
aggravates the impairment of the skin barrier (60). Lipids in the
skin are important to its barrier function as they help prevent
transepidermal water loss (TEWL) (61). Expression of galectin
12 (LGALS12), hydroxycarboxylic acid receptor 1 (HCAR1) and
ATP Binding Cassette Subfamily D Member 2 (ABCD2) were
upregulated in the atopic dogs in the present study. LGALS12
and HCAR1 suppress lipolysis (62, 63). As part of the barrier
formation process, keratinocytes secrete lipids through lipolysis
(64). Very-long chain fatty acids (VLCFA) act as a water barrier
and are important in forming a cornified envelope, both of which
help maintain the integrity and functionality of the skin (65, 66).
ABCD2 is suggested to have a role in a transporting VLCFAs to
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FIGURE 1 | Differential gene expression in atopic vs. healthy dogs (n = 8). (A) A heatmap showing differentially expressed genes in atopic and healthy dogs

(downregulated in blue, upregulated in red). (B) A total of eight genes associated with atopic dermatitis were found differentially expressed in atopic dogs after the diet

trial (green indicates downregulation, red indicates increased expression). (C) Signaling pathways affected by gene dysregulation in dogs with atopic dermatitis

compared to healthy dogs.

peroxisomes for degradation by β-oxidation (67). These results
suggest that the lipid metabolism in the skin of atopic dogs might
have been impaired, detrimentally affecting skin barrier function.

The cornified envelope formation of the skin also requires
the differentiation of keratinocytes (61, 68). This differentiation
is regulated by the epidermal differentiation complex (EDC).
Another gene cluster located in the EDC is the S100 gene
family. A higher expression of S100 calcium binding protein
A6 (S100A6) was found in the non-lesional skin of atopic
dogs compared to healthy dogs. One member of the S100 gene
family, S100A8, has been previously shown to be associated
with lesional skin of atopic dogs (38–50). A recent in vitro
study showed that the overexpression of S100A6 results in
a less differentiated keratinocyte phenotype and thus disturbs
the differentiation process (69). Additionally, one of the
epigenetic regulators needed for the terminal differentiation
of keratinocytes, special AT-rich sequence-binding protein 1
(SATB1) (70), was downregulated in the skin of atopic dogs in
the present study. These results indicate that the differentiation of
keratinocytes in the skin of atopic dogs might be dysfunctional.

Altered gene expression of keratins (KRTs) are found in both the
skin of atopic dogs (39, 40, 71) and human AD patients (39, 72).
In the present study, a transcript of the KRT4 gene was highly
downregulated, and the KRT84 gene was overexpressed in all
atopic dogs compared to healthy dogs at the diet intervention
baseline. An association of KRT84 with CAD has not been
previously reported.

In the present study, angiopoietin signaling was the most
upregulated canonical pathway found in the atopic dogs.
Angiogenesis has been reported to play a role in atopic
dermatitis (73–75). In the present study AKT serine/threonine
kinase 3 (AKT3), angiopoietin 1 (ANGPT1), tyrosine receptor
kinase (TEK), and secreted phosphoprotein 1 (SPP1) were
upregulated in the skin of atopic dogs, all of which are known
to regulate angiogenesis (76–78). ANGPT1 has been shown to be
upregulated in the skin of the AD mouse model (75). Together
with TEK, ANGPT1 has also been reported to be upregulated in
psoriatic skin in humans (79). Elevated expression of SPP1 in the
skin of psoriatic patients has been reported, but the expression
of SPP1 in lesional skin of AD patients was not observed (80).
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TABLE 5 | Differentially expressed genes in raw meat-based diet fed dogs

compared to kibble diet fed dogs after the diet intervention (n = 8).

Gene name FDR P-value Log2FC Algorithm

PIGR 0.0225 2.48E-05 6.4 EdgeR

SLPI 0.0487 6.11E-05 5.4 EdgeR

IGHM* 1.28E-05 7.83E-10 5.3 ER/ DS

IGLL5* 0.00287 1,56E-06 5.3

CD79B 0.00564 5.09E-06 4.8

ASS1 0.00564 5.17E-06 2.1 ER/ DS

CBS* 0.0408 4.74E-05 1.8 ER/ DS

MRRF 0.0360 2.26E-05 0.70 DESeq2

Only genes that are annotated in the dog genome are shown. *Multiple transcripts

were found, only the one with the highest FC are shown. FDR, false discovery rate;

FC, fold change; PIGR, polymeric immunoglobulin receptor; SLPI, secretory leukocyte

peptidase inhibitor; IGHM, immunoglobulin heavy constant mu; ASS1, argininosuccinic

synthase 1; CBS, cystathionine β-synthase; MRRF, mitochondrial ribosome recycling

factor; IGLL5, immunoglobulin lambda-like polypeptide 5; CD79B, B-cell antigen receptor

complex-associated protein beta chain; ER, EdgeR; DS, DESeq2.

Hence the upregulated angiogenesis found in the present study
comports with previous research.

The upregulation of several immunity-related genes was
found in the RMBD fed dogs at the end of the diet intervention.
The IGHM gene encodes the C region of the mu heavy
chain, which defines the IgM isotype. As immunoglobulin
M’s (IgM’s) are the first antibodies to be produced in an
ongoing immune response to infection or immunization (81),
the upregulation of IGHM in the RMBD fed group may indicate
activation of humoral immune mechanisms. IgM antibodies
are generally polyspecific and have low binding affinities
and reflect an increased innate immune defense. Together
with IGLL5, IGHM regulates both the quantity of different
immunoglobulins and inhibits the hypoplasia of lymphoid
organs. Together with CD79B, IGHM increases lymphoid tissue
quantity. CD79B inhibits biological functions such as skin
lesioning and inflammation of secretory structures. Activation
of these three genes also increases the proliferation of B
lymphocytes. Playing an important role in the mucosal immune
system, PIGR transports polymeric immunoglobulins to the
apical surfaces of epithelia (82). While IgM and IgA antibodies
only have a limited antigen specificity, they generally show
a large bystander response. Thus, secretory IgMs and IgAs
in the gastrointestinal tract are polyreactive against primarily
commensal bacteria and most of these “natural” anti-commensal
secretory Igs (sIgs) are made through T cell-independent B cell
responses (83). Secretions collected at mucosal surfaces contain
significant proportions of IgA due to passive transudation,
reflecting the degree of mucosal inflammation. The sIgA is
generated at the cleavage site of PIGR and acts as an inhibitory
factor against bacteria on the skin surface. In human AD,
abnormalities in sIgA have been reported (84). Previous studies
have indicated that PIGR and its secretory component have an
anti-inflammatory role in inflammatory skin diseases (85–87).

In the citrulline-nitric oxide (NO) cycle, found in many
cells, ASS1 is a rate-limiting enzyme for nitric oxide synthesis

(88). The expression of ASS1 in macrophages and neutrophils
can be upregulated in response to bacterial lipopolysaccharides,
and hence also contributes to the innate immune defense (89).
Although bacteria present in the RMBD may have enhanced the
expression of ASS1, its expression is also necessary for optimal
control of persistent pathogens (90), which may be beneficial
to dogs suffering from CAD. NO functions as an antimicrobial
(91) and can initiate human keratinocyte differentiation (92),
which is necessary for the proper development of a functional
skin barrier (93). It has been suggested that high concentrations
of NO are functionally important for the resolution of chronic
inflammatory processes (42, 94).

SLPI, which is a serine protease inhibitor and an antimicrobial
peptide, was upregulated in the RMBD group. Lancto et al.
(42) found a lower expression of SLPI both in the lesional
and non-lesional skin of atopic dogs compared to healthy dogs.
Considering the roles of IGHM, PIGR, ASS1, and SLPI, the
RMBD may have both enhanced the dogs’ innate immunity
and improved barrier function of the skin. Consumption of
certain dietary constituents found in the RMBD, namely water-
soluble vitamins and amino acids, have been previously shown
to positively affect the skin barrier by decreasing TEWL in dogs
(93). It remains unclear whether the effect seen in the present
study was due to the quantity of certain nutrients, or due to the
differences in fat or moisture content of the diets.

CBS catalyzes a reaction in which serine and L-homocysteine
(Hcy) are condensed to cystathionine and subsequently
converted to cysteine, which is the limiting reagent in the
production of glutathione, an important antioxidant (95–97).
Inflammatory processes cause alterations to this pathway
(97) and reduced glutathione production is associated with
an increased vulnerability to oxidative stress (96). Elevated
oxidative stress and immune dysfunction, which eventually
leads to skin damage, appears to also play a role in the
pathophysiology of atopic dermatitis. Clinical symptoms
of atopic dermatitis can thus be mitigated by increasing
antioxidant levels, as they help reduce oxidative damage. A
study recently reported that cystathionine and cysteine inhibit
the upregulation of proinflammatory mediators in human
keratinocytes (98). Additionally, MRRF depletion results in
elevated ROS production and cellular dysfunction (99). In our
study, the expression of CBS andMRRF suggests that the RMBD
may have inhibited ROS production in skin cells. Oxidative stress
plays an important role in the pathogenesis of atopic dermatitis
in mammals (100, 101), and the induction of oxidative stress
is related to both excessive levels of ROS and to deficiencies
within the antioxidant system (102). The possible effects of
increased CBS and MRRF activity might offer therapeutic value
to atopic dogs, since ROS production is increased in canine
atopic dermatitis during the inflammatory process (103).

Anderson et al. (104) studied gene expression profiles of
peripheral blood mononuclear cells from dogs fed either a
kibble diet (n = 8) or a raw red meat diet (n = 7) using
Agilent Canine 4 × 44 k microarrays. Their results indicated
that a short-term (3 week) diet influenced gene expression at
the system level, and that the kibble diet was proinflammatory
and the raw red meat diet had anti-inflammatory effects. The
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FIGURE 2 | Canonical pathways activated by the expression of ASS1 and CBS in the raw meat-based diet fed dogs. ASS1, argininosuccinate synthase 1; CBS,

cystathionine β-synthase.

FIGURE 3 | Biological functions activated (in orange) or inhibited (in blue) by the expression of ASS1 and CBS in the raw meat-based diet fed dogs. ASS1,

argininosuccinate synthase 1; CBS, cystathionine β-synthase.

comparison of the RMBD and KD in the present study showed
that the differentially expressed genes mainly related to immune
function, where CBS and PIGR also have anti-inflammatory
effects when upregulated. Our findings support the results of
Anderson et al. (104), demonstrating a similar effect over a longer
diet intervention. However, more research is needed to verify
this observation.

In the present study, genes upregulated in the skin of RMBD
fed dogs were found to be related to innate immune function,
inflammation and antioxidants, possibly indicating that their
innate immunity was enhanced, and that there was less oxidative
stress. Thus, RMBDs may have an important role in preventing
hypersensitivities and disturbed immunity in puppyhood (105).
Since the raw food was served raw, it may have enhanced
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FIGURE 4 | Biological functions activated (in orange) or inhibited (in blue) by the expression of IGHM, IGLL5, and CD79B in the raw meat-based diet fed dogs. IGHM,

immunoglobulin heavy constant mu; IGLL5, immunoglobulin lambda-like polypeptide 5; CD79B, B-cell antigen receptor complex-associated protein beta chain.

the passive innate immunity more than the more sterile and
processed KD. This has been suggested as a reason for the
protective effect of rawmeat-based diets in canine Toxocara canis
infections (106). High-protein diets have been shown to be anti-
inflammatory in the skin of mice and they might also prove
to be beneficial for dogs suffering from allergic skin conditions
(107). Secondary skin infections are common in atopic dogs, and
antibiotics are often used when treating them. Antibiotic resistant
bacteria are an increasing problem in veterinary medicine (108,
109). If the immunity of the skin could be enhanced through
diet at a young age, it might decrease the frequency of antibiotic
treatments, although further research is warranted.

Since this was a pilot study, the sample size was limited. To
counteract this, two different algorithms were used to analyze the
data. However, our results might still in part reflect the individual
genetic differences between the dogs. Because these dogs were
client-owned, it cannot be ruled out that different environmental
factors may have affected the results. The KD and RMBDs had
both very different macronutrient profiles and ingredients and
their comparison was performed intentionally as a test between
two common types of canine diet. Although this complicates the
interpretation of the results it nevertheless shows the differential

effect that diets had on gene expression. A larger sample size with
more controlled diets should be used to validate the results of
this study.

CONCLUSIONS

The present study showed that lipid metabolism and
differentiation of keratinocytes were possibly altered in the
skin of atopic dogs. Additionally, compared to the KD fed group,
the gene transcription profile of dogs induced by the RMBD in
this study is consistent with an enhancement of innate immunity
and decreased oxidative stress and may have an important role
in preventing hypersensitivities and a disturbed immunity. As
there were two major factors differentiating the diets, processed
vs. non-processed and high carbohydrate vs. high fat, further
studies must be conducted to determine which, or to what extent
these factors influenced the results seen in the present study.
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Background: While anecdotal evidence has long claimed that a raw meat–based diet

(RMBD) improves themetabolic health of canines, no rigorous scientific study has clarified

this issue. Canine atopic dermatitis (CAD) has also been linked to metabolic health, but

its relation to diet remains poorly understood. This study investigates whether dietary

choice is linked to metabolic health in healthy and CAD-diagnosed canines via targeted

serum and urine metabolomic analysis of polar, non-ionic metabolites, as well as whether

the underlying CAD condition modulates the response to nutritional intake.

Materials and Methods: Serum metabolites of client-owned Staffordshire bull terriers,

divided into CAD-diagnosed (n = 14) and healthy (n = 6) cohorts, were studied. Urine

metabolites of a subset of the CAD-diagnosed canines (n = 8) were also studied.

The canines were split into two cohorts based on diet. The first cohort were fed a

commercially available high-fat, moderate-protein, low-carbohydrate RMBD (n = 11,

CAD diagnosed n = 8, healthy n = 3). Those in the second cohort were fed a

commercially available moderate-fat, moderate-protein, high-carbohydrate kibble diet

(KD) (n = 9: CAD diagnosed n = 6, healthy n = 3). The diet intervention period lasted

approximately 4.5 months (median 135 days). Statistical analyses of the serum profiles

across all dogs (n = 20) and the urine profiles of the CAD-diagnosed subset (n = 8)

were performed.

Results and Discussion: The KD cohort was found to have higher concentrations

of methionine than the RMBD cohort, both in serum (all dogs, p < 0.0001) and in

urine (CAD-only cohort, p < 0.0002), as well as cystathionine and 4-pyridoxic acid.

Methionine plays important roles in homocysteine metabolism, and elevated levels have

been implicated in various pathologies. The CAD (n = 14) cohort dogs showed starker
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metabolic changes in response to diet regarding these pathways compared to the healthy

(n = 6) cohort. However, there was no significant change in CAD severity as a result of

either diet. Likely due to the higher meat content of the RMBD, higher concentrations of

several carnitines and creatine were found in the RMBD cohort. Citrulline was found in

higher concentrations in the KD cohort. Our findings provide insight into the relationship

between diet and the serum and urine metabolite profiles of canines. They also suggest

that neither diet significantly affected CAD severity.

Keywords: raw meat-based diet, targeted metabolomics, canine atopic dermatitis, canine health, kibble diet, diet

intervention

INTRODUCTION

With the recent advancements in the field of metabolomics,
an emerging approach to studying mammalian health, it has
become easier to study and understand the relationship between
an individual’s metabolome and environmental factors (1).
As the key concept of metabolomics is that the metabolic
state of an organism represents the “overall physiological
status of the organism” (2), the nascent field of canine
nutritional metabolomics holds potential for both improving our
understanding of canine disease risk factors and the underlying
causes behind those risks (3). Here, we incorporate metabolomics
as a novel approach to understanding the links between canine
disease and diet. Study of the effects of nutritional intake on a
canine’s blood serum biochemistry can be complemented with
the simultaneous analysis of the metabolomic profile of the urine.
An excess of a polar metabolite’s concentration in blood above the
needs of an organism’s normal function can be seen as an increase
in themetabolite concentration in the urine as it exceeds the renal
threshold for that compound (4). Through the use of combined
media (blood serum and urine) in this study, we examine the
extent to which the homeostasis of quantified blood metabolites
is maintained and its relationship with food intake (4, 5).

The majority of domesticated dogs in the developed world eat
a kibble diet (KD). According to the recently embraced NOVA
food classification (6–8), kibble is an “ultraprocessed” product.
Kibble is a mixture of ultraprocessed grains, such as wheat
corn, and rice, mixed with ultraprocessed animal by-product
meal and enriched with chemical additives, including synthetic
vitamins, minerals, trace elements, preservatives, coloring agents,
and palatability enhancers (9, 10). The raw meat–based diet
(RMBD), in contrast, consists of raw animal parts. Complete
and balanced commercial RMBDs also contain small amounts
of raw vegetal matter as a source of fiber. The popularity of
RMBDs is particularly high in Finland (11), but has also increased
throughout the industrialized world (12). The possible health
benefits of feeding dogs with RMBDs remain understudied
in comparison to its popularity (13). In a recent review
regarding the subject of raw feeding and its health effects
(14), the authors concluded that there was insufficient evidence

Abbreviations: KD, kibble diet; RMBD, raw meat–based diet; %ME, percent

metabolizable energy; PFC, Protein: fat: carbohydrate; CAD, canine atopic

dermatitis; AD, Atopic dermatitis; MetS, Metabolic syndrome; CADESI(-4),

Canine Atopic Dermatitis Extent and Severity.

to evaluate the risks and benefits of RMBDs with regard to
canine health. The NOVA classification of RMBDs is currently
under debate. Although the raw ingredients themselves are
minimally processed (8) (chopped, mixed, and frozen), minerals
and vitamins are often added. The processing of the individual
ingredients used to produce kibble may significantly alter their
nutritional value and the overall health of the dog, although
the reasons for this remain poorly understood (15, 16). The
KD macronutrient profile differs remarkably from the RMBD
profile. In terms of percent dry matter, a KD usually consists
of a “protein:fat:carbohydrate” (PFC) macronutrient ratio 16–
38%:6–18%:40–60%, whereas the PFC ratio of RMBD is typically
%45:50%:0–10% (17).

Canine atopic dermatitis (CAD), part of the atopic complex, is
a common systemic disease in canines and is considered a form
of chronic inflammation or pruritus of the skin that manifests
as an allergic response to an environmental factor (18). Clinical
protocols for CAD diagnoses include the CADESI-4 scale and
Favrot’s criteria (19, 20). The development of CAD has been
suggested to be genetically predisposed in canines, as well as
further modulated by epigenetic factors (18). Phenotypically,
the disease manifests itself differently in each individual (21),
although there is a relatively consistent trait of elevated
concentrations of the antibody immunoglobulin E across both
atopy types and species (22, 23). Atopic dermatitis (AD) has
been associated with several of the classic markers of metabolic
syndrome (MetS) found both in humans (24) and in canines (25).
This relationship, likely mediated via inflammatory markers,
is not fully understood (26). The relationship between skin
inflammation and oxidative stress markers in humans as a result
of MetS has been studied (27), and several pathophysiological
disease mechanisms that combine AD and MetS have been
proposed (21, 28). Nutrition has been shown to have a vital role
in determining the development of MetS through modulating
metabolic pathways that have been attributed to the development
of AD (22). CAD typically comprises both food-induced
AD and non-food-induced AD (23). Although physiologically
indistinguishable (19), they can be differentiated with the diet-
restriction provocation trial (20). The link between metabolic
health and CAD remains poorly studied. Most attention has
focused on metabolic processes in the skin, especially in relation
to fatty acids and lipids (29–32). It has long been known that
the immune system of animals can be modulated by metabolites
derived from nutrition (33). In canines, for example, vitamin D
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FIGURE 1 | Flowchart of study. A flowchart depicting the selection process of the Staffordshire bull terriers used for the metabolomic analysis (n = 20) and how they

resulted in the cohorts based on diet (KD, kibble diet; RMBD, raw meat–based diet) and health status (CAD, canine atopic dermatitis).

(34) and fatty acid supplementations (35–37) have been shown to
have a protective effect against allergic pruritic responses.

Improving the length of pet health span remains a long-term
goal in research of the health–nutrition axis. To achieve this, most
research focuses on practical solutions, for example, improving
diet to treat chronic disease in canines (38). Most research on dog
diet and nutrition deals with improving food palatability (39, 40),
modifying stool quality and nutrient absorption (41), all while
meeting the daily caloric requirements. Little consideration of
disease prevention has been reported in the literature (42). It has
been well-established that a healthy diet in humans contributes
to an increased health span and that an unhealthy diet increases
the risk of many pathologies (43–45). In canines, studies to see
whether certain diets help treat chronic diseases have mainly
involved observing whether certain types of diets and functional
foods appear to have a protective or therapeutic effect against
chronic ailments (46–48).

This study is the metabolomics portion of a “nutriomics”
research project, which has already been performed using a larger
subset of samples from pet Staffordshire bull terriers by the
DogRisk group (49, 50). The aim of our pilot study was to use
targeted metabolomics to understand how nutrition relates to
CAD and how nutrition and the CAD condition are related to
canine blood and urine metabolite concentrations and canine
metabolic health in general.

MATERIALS AND METHODS

Design and Animals
A flowchart of the diet intervention is shown in Figure 1. In
this diet intervention study, initiated in 2013, client-owned pet

Staffordshire bull terriers were first studied with nutrigenomic
(49) and hematological (50) approaches. The family history of
the dogs has been reported elsewhere (49). The diet intervention
included inclusion, baseline, and end visits during the diet trial.
No special inclusion diet was required prior to baseline, although
the diet of each dog prior to their baseline visit was determined
using a food frequency questionnaire. Of the original cohort
of Staffordshire bull terriers that underwent the whole study
and fulfilled all criteria of the diet trial (n = 46), only a subset
(n = 20) was selected for serum metabolomic analysis due to
high running costs. The subset (n = 20) was stratified based
on owner-reported diets prior to baseline, as well as their diet
during the study. All dogs analyzed for this study were fed
solely kibble (KD) or raw food (RMBD) over a diet intervention
period of 3 to 5 months (median = 135 days), i.e., forming
a KD cohort (n = 9) and an RMBD cohort (n = 11). The
dogs included in the analysis (n = 20) were also split into
cohorts based on whether they were CAD-diagnosed (n = 14)
or healthy (n = 6). For analysis that considered diet and health
condition, the dogs were divided into four cohorts, healthy-KD
(n = 3), CAD-KD (n = 6), healthy-RMBD (n = 3), CAD-
RMBD (n= 8). Urine metabolomic analysis of samples collected
at the end of the diet intervention was performed for a subset
(n = 8) of only CAD-diagnosed individuals, also due to high
costs of analysis. The baseline samples were collected in during
September and October, and the end samples were all collected
between February and April. The winter months were chosen
for the diet intervention due to the seasonality of the disease,
as CAD symptoms have been reported to be exacerbated as a
result of pollen and blooming plant exposure (51, 52). Because
of unrelated circumstances (pregnancy of the study coordinator),
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TABLE 1 | Percent metabolizable energy (%ME) of the kibble (Hill’s Science Plan) and two raw meat–based diets (MUSH BARF Vaisto, pork–chicken–lamb,

beef–turkey–salmon).

Macronutrient Hill’s Science PlanTM canine, adult

sensitive skin with chicken (%ME)

MUSH Vaisto

(pork–chicken–lamb) (%ME)

MUSH Vaisto

(beef–turkey–salmon) (%ME)

MUSH diets combined

average (%ME)

Protein 23.28 23.84 28.09 25.96

Fat 35.76 76.16 71.91 74.04

Carbohydrate 40.95 0.00 0.00 0.00

%ME, % metabolizable energy.

The values are calculated using the modified Atwater factors as suggested by the National Research Council (53).

TABLE 2 | Overview of the experimental setup of diet intervention, including division of Staffordshire bull terriers into diet cohorts (diet overview in Table 1), gender, health

status, disease phenotype, diet intervention length, and age.

Batch 1 2 1 and 2

Diet cohort RMBD KD RMBD KD RMBD KD

Dogs (total) (n) 4 4 7 5 11 9

Gender (male/female) 4/0 2/2 3/4 3/2 7/4 5/4

Sterilized (yes/no) 2/2 3/1 2/5 1/4 4/7 4/5

Blood serum analyzed Yes Yes Yes Yes Yes Yes

Urine analyzed Yes Yes No No No No

Atopy (total) (n) 4 4 4 2 8 6

NFIAD/FIAD 3/1 3/1 4/0 2/0 7/1 5/1

Healthy (n) 0 0 3 3 3 3

Mean diet intervention length

(days) (SD)

126 (35.3) 141 (26.6) 137 (27.0) 136 (29.7) 133 (29.0) 139 (26.7)

Mean CADESI score at BL

(SD)

CAD: 13.5 (9.0) CAD: 19.0 (10.8) CAD: 12.5 (8.7)

Healthy: 3.3 (1.2)

CAD: 18.5 (16.3)

Healthy: 2.7 (1.2)

CAD: 13 (8.3)

Healthy: 3.3 (1.2)

CAD: 18.8 (11.1)

Healthy: 2.7 (1.2)

Age at BL (months; mean, SD) 44.7 (34.9) 56.2 (31.7) 60.8 (35.9) 75.2 (46.1) 54.9 (34.7) 66.8 (39.3)

RMBD, raw meat–based diet; KD, kibble diet; NFIAD, non–food-induced atopic dermatitis; FIAD, food-induced atopic dermatitis; SD, standard deviation; BL, baseline.

the trial ended later than planned. Seasonality possibly affected
the disease phenotype, as the end visit was delayed in
some cases to spring, when plants already started blooming
in Finland.

The canines were evaluated before and after the diet
intervention by a dermatologist, who used Favrot’s criteria
(19), the Canine Atopic Dermatitis Extent and Severity Index
(CADESI-4) scale (20), and biochemical and hematological tests.
The threshold for whether a canine suffered from CAD required
a fulfillment of 5 of 8 of Favrot’s criteria. The severity of the
CADwas diagnosed using the CADESI-4 scale, which categorizes
CAD severity as follows: 0–10 = in remission, 11–33 = mild
CAD, 34–59= moderate CAD, ≥60 = severe CAD. All CAD-
diagnosed canines in this study hence suffered from mild CAD.
Owner-reported data regarding CAD severity as a visual analog
scale to evaluate the level of pruritus at 2-week intervals from
baseline to end was also collected. The owner-reported pruritus
conflicted with the dermatologist’s CAD severity evaluation in
some cases. However, for clarity, only the diagnosis reported by
the dermatologist was used in this study.

The diets used in the study were a commercial KD and
two commercial RMBDs. The RMBDs used in this study
had an average PFC macronutrient ratio of 26:74:0 percent

metabolizable energy (%ME). The KD diet used in this study had
a PFC macronutrient ratio of 23:36:41% ME (Table 1).

The commercial dry diet used in this study was Hill’s
Science PlanTM Canine Adult Sensitive Skin With Chicken
(detailed composition shown in Supplementary Table 1A).
The two commercial raw meat diets used in this study were
MUSH Vaisto R© Pork–Chicken–Lamb and MUSH Vaisto R©

Beef–Turkey–Salmon (detailed compositions shown in
Supplementary Table 1B). For the RMBDs, owners were
free to either choose one or combine both diets. According to
manufacturer claims, both the KD and the two RMBD options
were “complete diets.” Owners were asked to feed their dogs
99.9% with the trial food using amounts recommended by the
manufacturer, adjusting amounts if their dog’s body weight
would start to fall or rise. Owners reported the adherence to diet
using a food diary. Water was allowed ad libitum.

Samples
The metabolomic analysis of blood and urine samples were
performed in two batches, i.e., batches 1 and 2. Both batches are
described in Table 2. For batch 1, blood serum samples, collected
at baseline and end, and urine samples collected only at end, from
atopic dogs (n = 8) were used. For batch 2, only blood serum
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samples collected at baseline and end from a cohort of both atopic
and healthy dogs were used (atopic n = 6, healthy n = 6). For
analysis of serum, batches 1 and 2 were combined (atopic n= 14,
healthy n= 6) for several of the analyses described below.

Blood samples were collected from the jugular vein using
Vacuette R© 3mL EDTA, 3mL lithium heparin, and 6mL plain
serum tubes by a closed method (Vacutainer R© Safety-LokTM

blood collection sets, Becton Dickinson, Meylan, France). Serum
samples were allowed to clot at room temperature for 30min
before centrifugation (2,100 × g for 15min). Urine samples
were collected into factory-clean specimen jars and frozen after
collection in 5mL tubes. All samples were fasting samples
collected in the morning. After collection they were stored
at−80◦C.

The targetedmetabolomic analyses of the dogs’ serum samples
at baseline and end of the diet intervention (all dogs n = 20,
healthy n = 6, atopic n = 14) were performed at the Finnish
Institute of Molecular Medicine (FIMM) using targeted liquid
chromatography (LC) mass spectrometry (MS). As targeted
metabolomics of canine samples had not been performed before
the first batch (batch 1, n = 8) was sent to FIMM to test the
method. As the results were interpretable, more samples (batch
2, n= 12) were sent. Common polar, non-ionic metabolites (n=

102) were targeted with nanomolar accuracy (±0.005µM) using
the BioCrates p180 kit as standards for isotopic quantification,
including amino acids, bile acids, nucleobases, nucleosides,
choline metabolites, carbohydrates, and enzyme cofactors. A full
list of the targeted metabolites used in the standard mixture is
included in Supplementary File 20. A labeled internal standard
mixture (10 µL) was added to 100 µL of serum or urine samples,
which were all run in triplicate to ensure reliability. Metabolites
were extracted by adding four parts (1:4, sample: extraction
solvent) of the 100% acetonitrile + 1% formic acid solvent. The
collected extracts were dispensed into OstroTM 96-well plates
(Waters Corporation, Milford, USA) and filtered by applying
vacuum at a delta pressure of 300 to 400 mbar for 2.5min using
a robotic vacuum station. The filtrate was transferred to a 96-well
collection plate, which was placed under the OstroTM plate. The
collection plate was sealed with the well cap mat and placed in
the auto-sampler of the LC system for injection. Samples were
analyzed using high-throughput targeted quantitative metabolic
profiling using the ACQUITY ultraperformance LC–tandemMS
(UPLC-MS/MS) instrument (Waters), with a 1.7-µmBEH amide
HILIC column for chromatography.

Data Preprocessing
Sample preparation for UPLC-MS/MS, as well as raw spectral
data processing, was carried out on site by FIMM personnel.
Subsequent concentration data were provided for each
metabolite, along with comments regarding their reliability.
The raw spectral data were acquired with MassLynx 4.1, and
TargetLynx software. Detailed information regarding the raw
spectrum metabolomics analysis, including chemicals and
reagents, metabolite extraction protocol, and serum sample
preparation, can be found elsewhere (54). All metabolomics
instrumentation used for analysis was owned by and located in
the FIMM metabolomics unit in Biomedicum (Metabolomics

Unit, Finnish Institute for Molecular Medicine FIMM,
Helsinki, Finland).

Based on LC-MS raw data processing, for batch 1, 80
of the original 102 targeted metabolites in serum samples
(Supplementary Table 2A), and 80 of the original 102
metabolites in urine samples, were used in the statistical
analysis (Supplementary Table 2B). The raw data from batch 2
were considerably better, and only one of the 102 metabolites,
spermidine, had to be omitted from analysis. For the combined
batch serum analysis, 79 of the original 102 metabolites were
used for the statistical analysis (Supplementary Table 2C).

Original metabolite values in the serum and urine datasets
were reported in µmol/L. Urine metabolite values were
normalized to their respective creatinine concentrations. Urine
metabolite values used in data analysis were adjusted to
metabolite (µmol)/creatinine (mmol). Creatinine-adjusted urine
metabolite values were used in the analysis that combines serum
and urine datasets. Only usable metabolite concentration values
found in both datasets were used. In summary, 72 of the original
102 metabolite values were used in the analysis that combines
serum and urine metabolite values.

Statistical Analysis
Statistical analysis was performed with the R package
MetaboAnalystR (55). Source code for the statistical analysis
workflow was documented as R-generated analysis reports
(Supplementary Files 1–19). Targeted metabolites that were
unreliably quantified or contained >50% missing values were
removed with Excel prior to data processing with R. The integrity
of all serum samples and urine samples were checked with R prior
to data analysis. As metabolite concentrations fluctuate greatly,
the raw concentration values in both serum and urine were log
transformed using a generalized logarithm function, allowing
the concentrations to assume a more normal distribution for
subsequent analysis. To improve the sample size and hence
statistical power for downstream analysis, batch correction for
the end-of-diet time points of batches 1 and 2 serum data was
performed using the ComBat empirical Bayes method developed
by Johnson et al. (56) in order to combine the two cohorts as
there was significant variation due to batch effect. Combined-
batch analysis of serum concentrations from batches 1 and 2 used
values generated with the K-nearest neighbor algorithm prior
to their combination to estimate any remaining missing values.
The similarity between batches 1 and 2 end values was analyzed
with principal component analysis. A two-dimensional (2-D)
principal component analysis plot of both pre-correction and
post-correction is attached in Supplementary Figure 1. Each
metabolite included in the combined-batch analysis was tested
to see whether there was a significant difference between batches
after batch correction using a t-test. No significant differences
were observed due to batch after the batch correction was
performed. In all of the metabolite datasets used in this study,
the K-nearest neighbor algorithm was used to compute missing
metabolite values for metabolites that were missing <50% of the
values within each cohort.

For the results of statistical analysis, the cutoff for significance
was set at false discovery rate (FDR) <0.05 (also referred to
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as the FDR-adjusted p-value or q-value in some tables). In
all statistical analyses, p-values are reported. As a general rule
for metabolomics analysis, the reporting of FDR values are
recommended to ensure that results are statistically significant as
the number of parameters tested is far greater than the number
of samples (57). In essence, the FDR “controls the expected
proportion of falsely rejected hypotheses” (58).

Univariate Analysis of Baseline and End of Diet

Intervention
Univariate analysis of baseline serum values from batches 1 and 2,
as well as the combined batch dataset with respect to diet cohorts
and health status cohorts, was performed to confirm whether
there were any significant metabolite concentration differences
between either cohort at the baseline of the diet intervention.
Analyses of diet and health were first performed separately.
For both the baseline and end of diet intervention, a general
linear model (GLM) and parametric t-tests were used to observe
statistically significant fold changes between the RMBD and KD
cohorts in batch 1 serum and urine samples, in batch 2 serum
samples, and in the combined batch serum samples, i.e., analysis
of all dogs in the study. Univariate analysis reports were created
for each test between diet cohorts and health status both at the
baseline and end of the diet intervention and can be found in
Supplementary File 21.

Univariate Analysis of CADESI-4 Score, Weight, and

Age With Diet
The change in CADESI-4 scores between diet cohorts was
determined by testing the change (end timepoint minus baseline)
to see whether diet correlated with change in phenotype. The
same was done for weight and age. Changes in CADESI-4 scores
were also compared within dietary cohorts between gender, as
well as neutering status.

Analysis Between Sample Media and Dietary Cohorts

at End of Diet Intervention
A two-way analysis of variance (ANOVA) was performed
between sample media (blood or urine) and dietary cohorts
(KD or RMBD). Hierarchical clustering was then combined
with the results from the two-way ANOVA to generate heatmap
visualizations of the significantly different metabolites between
diet cohorts and sample type in the serum and urine data.
The differences in variance between cohorts are also reported
as F-values.

Fold-change comparisons combined with t-tests were used
to identify significant differences between serum and urine
metabolite concentrations. The GLM was then used to perform
correlation analysis between samples and identify which
significant metabolites correlate with diet. To visualize how the
samples within cohorts contributed to significant metabolite
differences observed with the GLM, heatmap visualizations of
significant metabolites (FDR < 0.05) within individual batches,
as well as combined batch results from Fisher least significant
difference (LSD) test were created.

To further explore the results seen from t-tests and the
ANOVA, a supervised multivariate regression-based analysis,

partial least squares–discriminant analysis (PLS-DA), was used
to test the significance between sample media and diet cohorts.
This was performed to determine the extent to which the linear
combination of the metabolite values for a given sample can
predict the diet cohort of the dog. For each component, each
metabolite was assigned a variable importance in projection
(VIP) score. The VIP score signifies the relative contribution
a given metabolite has to discriminating the cohorts that are
compared in the model and is dependent on the percentage
variation explained by the component vectors used in the model.

To observe the risk of overfitting when using PLS-DA, cross-
validation using the leave-one-out approach (LOOCV) was used
to determine the accuracy, R2 and Q2 values of each respective
component, where Q2 values have been computed to resemble
the scale used for R2 and accuracy scores (0< x <1). Loading
plots for the components 1 and 2 (the two components that
explain the most variation between cohorts) were visualized to
show the relative contributions metabolites had to the creation of
their respective component vector.

Analysis Between Diet and Atopy at End of Diet

Intervention
Analysis of diet and health combined for batch 2 and combined
batch datasets to test for interaction was also performed with a
two-way ANOVA. As all dogs in batch 1 were diagnosed with
atopy, no analysis with regard to health status was performed. For
the combined batch dataset, the results from the end of the diet
intervention were studied with a two-way ANOVA between diet
and atopy and their interactions. Results were visualized with a
heatmap. To further explore the results seen from t-tests and the
ANOVA, PLS-DA was used to identify the extent to which the
diet and atopy cohorts differed.

RESULTS

Univariate Analysis of Baseline and End of
Diet Intervention
By controlling for baseline bias, mildly significant concentration
differences of arginine, histidine, and threonine between
the two diet cohorts (p < 0.05, FDR > 0.05) were
found (Supplementary Table 4). No significant metabolite
concentration differences between atopic and healthy
individuals were observed either at baseline or at the end
of the diet intervention.

For all dogs’ serum samples in the study (n = 20), the
metabolites that significantly differ (FDR ≤ 0.05) between diet
cohorts at the end of the diet intervention are presented in
Table 3. A more comprehensive table of all dogs at the end of
the diet intervention, significant differences between the diet
cohorts of the batches separately, and only urine metabolites
from the individuals of batch 1 (n = 8), as well as serum
metabolites from only atopic dogs (n = 14), are included in
Supplementary Tables 5–9).

At the end of the diet intervention, hexanoylcarnitine (FDR=

0.015, p= 0.0015), decanoylcarnitine (FDR= 0.016, p= 0.0018),
octanoylcarnitine (FDR= 0.052, p= 0.01), acetylcarnitine (FDR
= 0.086, p = 0.021), creatine (FDR = 0.03, p = 0.005), and
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TABLE 3 | Comparison of significantly different metabolite concentrations in all dog’s serum samples between kibble diet (KD, n = 9) and raw meat–based diet (RMBD, n

= 11) at end of diet intervention.

Metabolite Mean (SD) of KD cohort Mean (SD) of RMBD cohort p q (FDR) Fold change In KD cohort

Methionine 6.686 (0.294) 5.697 (0.305) <0.0001 0 1.17 Up

4-Pyridoxic acid −8.830 (0.460) −11.025 (0.804) <0.0001 0 −1.25 Up

Citrulline 5.659 (0.204) 4.654 (0.507) <0.0001 0.0011 1.22 Up

Cytosine −4.146 (0.790) −5.964 (0.930) 0.0002 0.0026 −1.44 Up

Proline 7.965 (0.406) 7.099 (0.403) 0.0002 0.0026 1.12 Up

Cystathionine 3.154 (1.292) 0.152 (1.004) 0.0002 0.0026 20.78 Up

Taurochenodeoxycholic acid −0.898 (0.762) −3.255 (1.357) 0.0002 0.0026 −3.62 Up

Hexanoylcarnitine −7.033 (0.484) −5.937 (0.760) 0.0015 0.0148 1.18 Down

Decanoylcarnitine −6.414 (0.485) −5.443 (0.661) 0.0018 0.0156 1.18 Down

Glycine 8.629 (0.299) 8.049 (0.407) 0.0023 0.018 1.07 Up

Creatine 4.155 (0.616) 5.176 (0.753) 0.0043 0.0297 −1.25 Down

Kynurenine 0.849 (0.513) 0.242 (0.319) 0.0045 0.0297 3.51 Up

Dimethylglycine 2.369 (0.511) 1.606 (0.575) 0.0062 0.0374 1.48 Up

Trimethylamine-N-oxide −3.100 (11.157) 1.534 (0.830) 0.0074 0.042 0.49 Down

SD, standard deviation; KD, kibble diet; RMBD, raw meat–based diet; FDR < 0.05, false discovery rate <0.05.

Mean serum concentrations are presented as the natural log of the original metabolite concentration.

creatinine (FDR = 0.15, p = 0.041) concentrations were higher
in serum of the RMBD cohort than in the KD cohort (all dogs,
n = 20). Higher serum concentrations of urea-cycle metabolites
citrulline (FDR = 0.001, p < 0.0001) and proline (FDR = 0.002,
p = 0.0002) and the nucleobase cytosine (FDR = 0.0026, p =

0.0002) were observed in all of the dogs of the KD cohort. Higher
concentrations of the primary bile acid taurochenodeoxycholic
acid (FDR= 0.0026, p= 0.0002) and taurocholic acid were found
in the KD cohort relative to the RMBD cohort (1.87-fold higher
concentration, FDR = 0.112, p = 0.028). Serum methionine
concentrations were higher in the KD-fed dogs (FDR <0.0001,
p< 0.0001), as well as cystathionine (FDR= 0.0026, p= 0.0002),
dimethylglycine (FDR = 0.037, p = 0.0062), and 4-pyridoxic
acid (FDR <0.0001, p < 0.0001). There were higher urine
concentrations of betaine, the precursor to dimethylglycine, in
the RMBD-fed cohort (FDR = 0.0022, p = 0.0008), as well as a
trend in serum of all dogs (FDR= 0.086, p= 0.02). Notably, dogs
from batch 1 in the KD cohort also had significantly higher urine
concentrations of methionine (FDR <0.02, p < 0.0002) and 4-
pyridoxic acid (FDR<0.04, p< 0.002) (Supplementary Table 6).
There were nometabolites that significantly differed between diet
cohorts of the healthy individuals (KD n = 3, RMBD n = 3),
although several metabolite concentrations differed with p< 0.05
(FDR >0.05, p < 0.05) (Supplementary Table 10).

Two-Way ANOVA Between Sample Media
and Diet at End of the Diet Intervention
A two-way ANOVA was used to see whether any significant
difference in serum metabolite concentrations between the
diet cohorts could be seen in urine metabolite concentrations
(Figure 2A). Of the 63 metabolites that differed significantly
between serum and urine, 10 also differed between diet
cohorts with interaction detected in five of the metabolites
(Supplementary Table 10). The significantly different

metabolites between diet cohorts and sample type (serum
and urine) from the two-way ANOVA were visualized with a
heatmap (Figure 2B). To further explore how urine and serum
samples differed between the diet cohorts of batch 1, a PLS-DA
was performed. The parameters of the model, calculated with
the LOOCV approach, are shown in Supplementary Table 14A.
Components 1 and 2 were plotted against each other (Figure 3)
with shaded circles representing the 95% confidence interval
area for the respective diet cohorts. In the 2-D PLS-DA plot
presented in Figure 3, the extent to how much within-cohort
variation exists for diet cohorts and urine and serum samples was
visualized. When the first two components of the PLS-DA were
plotted against each other, the urine and serum samples were
separable with the first component, and the RMBD and KD diet
cohorts were separable with the second component. However,
likely because of the low sample size, the predictability of the
model calculated with R2 and its predictability when testing the
model (Q2) were 0.108, and as such can be considered quite
weak. However, although the Q2 is small, the model describes
the extent to which the sample media accounts for most of the
variance. There was a minor overlap of confidence intervals
between diet cohorts observed in serum samples when separated
with component 2.

Univariate Analysis of CADESI-4 Score,
Weight, and Age With Diet
According to the evaluation of CAD severity at the end of the
diet intervention, neither the KD nor the RMBD significantly
changed the CADESI-4 score outcome of the CAD-diagnosed
dogs. The difference between diet cohorts was insignificant, with
a weak worsening trend in the KD cohort (p = 0.104). There
was a general trend in worsening of CADESI-4 scores found
in both diet cohorts (for the KD: n = 9, µ = 18.3, σ = 13.8;
for the RMBD: n = 11, µ = 6.9, σ = 6.5). The change in
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FIGURE 2 | Batch 1 (n = 8) comparison of serum and urine profiles between diet cohorts. (A) An overview of sample media and diet interaction at the end of diet

intervention where metabolite values differ significantly (FDR < 0.05) between diet cohorts (red) and sample type (blue), as well as interaction between the two (dark

green and purple). (B) A heatmap illustrating significant features from the two-way ANOVA. Values relative to the combined cohort average are represented as a color

spectrum and have been scaled to −2 (blue) through 2 (red) (KD, kibble diet; RMBD, raw meat–based diet).

CADESI-4 scores did not result in a progression from mild to
moderate CAD symptoms in any of the CAD-diagnosed canines
however. In the serum samples of dogs from all dogs (n =

20), no significant weight and age differences between the KD
and RMBD cohorts at the end of the diet intervention were
detected. Results from the univariate analysis of CADESI-4,
weight, and age across diet and disease cohorts are presented in
Supplementary Tables 3A–E.

Analysis Between of Diet and Atopy
In all the atopic dogs, no significant differences in CADESI-4
scores between diet cohorts were found at the diet intervention
baseline, where the dogs’ diets were mixed, or at the end of
the diet intervention. The outcome of serum concentrations
of all dogs (n = 20) at the end of the diet intervention
were visualized as a two-way ANOVA between diet and atopy
and their interactions (Figure 4A). Here, the RMBD and KD
cohorts were classified as either healthy (healthy-RMBD, n
= 3, healthy-KD, n = 3) or atopic (RMBD, n = 8, KD,
n = 6). Metabolite values that differed significantly between
either diet or health status cohorts, or their interaction, are

presented in Supplementary Table 12. The significantly different
metabolites between diet cohorts from the two-way ANOVA
of the atopic and healthy canines were visualized with a
heatmap (Figure 4B). To further address the separation of
cohorts based on diet and health status, PLS-DA analysis
was performed to see how the metabolite profiles differed
between diet and health status cohorts (Figure 5A). The
parameters of the model were calculated using the LOOCV
approach and are shown in Supplementary Table 14B. Likely
due to the low sample size, as well as the similarity between
the CAD-diagnosed and healthy individuals serum metabolite
concentrations, the predictability of the model calculated with
R2 and its predictability when testing the model (Q2) were
0.277, which is relatively weak. Nevertheless, the model gives
an indication toward how the healthy individuals in both diet
groups were more closely clustered among themselves than
the atopic individuals of either diet cohort. The top 20 VIP
scores were visualized as a heatmap that looks at the top 20
metabolites across all components (Figure 5B), with which the
diet cohorts could be separated, but that the health status
cohorts (CAD-diagnosed and healthy) could not. Many of the
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FIGURE 3 | PLS-DA shows how the serum and urine profiles of batch 1 (n = 8) can separate diet cohorts. PLS-DA of batch 1 dogs (n = 8) at the end of the diet

intervention. Plot shows how serum, urine, and the KD (n = 4) and RMBD (n = 4) cohort metabolites differed at the end of diet intervention, shown with 95%

confidence intervals (shaded regions) (KD, kibble diet; RMBD, raw meat–based diet).

metabolites found to be significantly different with the two-way
ANOVA described above and the univariate analysis at end of
the diet intervention (Table 3) were also found to have high
VIP scores.

As a follow-up to the two-way ANOVA, an unprotected Fisher
LSD test was used to compare how the metabolite concentrations
at the end of the diet intervention differed between the four
cohorts, i.e., the healthy and atopic dogs of both diet cohorts. The
significant differences (FDR < 0.05) between these cohorts are
presented in Figure 6 as group averages. The tabulated results are
included in Supplementary Table 13.

DISCUSSION

Diet Cohorts Readily Distinguished by
Distinct Serum and Urine Metabolite
Profiles
The two diets included in this study were remarkably different in
terms of the types of raw ingredients used, their macronutrient
and micronutrient composition, and their manufacturing
methods. This suggests that the feeding of a particular diet could
have a profound impact on metabolism, which in turn could
have an effect on the dog’s overall health and well-being. To
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FIGURE 4 | ANOVA of serum from all dogs at the end of diet intervention shows significant metabolite differences between diet cohorts, but not between health

status cohorts. (A) An overview of how metabolite values differ significantly (FDR < 0.05) between diet cohorts (red) and health status cohorts (blue), as well as any

significant interaction between them (green) for all dogs (n = 20) at end of diet intervention. (B) A heatmap illustrating significant metabolite concentration differences

in the two-way ANOVA for CAD-diagnosed (n = 14) and healthy individuals (n = 6) (green and orange) and between the kibble diet (KD) (n = 9) and raw meat–based

diet (RMBD) (n = 11) cohorts at the end of diet intervention.

our best knowledge, no data are available about the comparative
study of blood and urine metabolomics in response to raw
meat–based and KDs. Most of the metabolomics-based studies
performed before 2015 are referred to in a review paper by
Allaway (59). To date, only the study by Schmidt et al. (60)
compares the differences between an RMBD and a KD using
metabolic profiling. However, that study considers the fecal
metabolome. The first study to evaluate health outcomes as a
result of feeding commercial RMBDs was published in 2012 (61).
The authors concluded that no undesirable changes occurred
to either blood biogenic amine concentrations or skin and coat
conditions in dogs fed the RMBDs in their study. Here, the major
differences in metabolite concentrations observed between the
diet cohorts could indicate impact on blood biochemistry, overall
health, and the CAD condition are discussed in light of literature
found regarding these topics.

There were higher concentrations of several of the carnitines,
creatine, and creatinine in the serum of the RMBD cohort than
in the KD cohort (all dogs, n = 20) (Table 3). This finding
is likely reflected in the markedly higher meat content of the
RMBD diet. Meat is the main dietary source of carnitines
(62) and creatine (63). It is likely that the elevated creatinine

concentrations in the RMBD cohort because creatine is the
direct precursor of creatinine (64). Furthermore, carnitines play
crucial roles in long-chain fatty acid transport for mitochondrial
oxidation, which is to be expected of canines eating a fat-
rich diet. Higher serum carnitine concentrations have been
associated with antiaging effects in canines (65). The authors
note that higher carnitine concentrations are associated with
younger dogs, but they make no claims as to age-related health
benefits (65).

The urea-cycle metabolites citrulline and proline were found
in significantly lower serum concentrations in the RMBD cohort
than in the KD cohort (Table 3). These metabolites are involved
in urea production and ammonia recycling (66, 67). Citrulline
is the direct precursor for arginine synthesis (68). Meat protein
contains high amounts of both arginine (69) and creatine (63),
where arginine, and subsequently citrulline, is required for
creatine synthesis (70). As citrulline is used to accept the amino
groups of excess amino acids from dietary protein (71), the higher
protein content in the RMBD may explain this observation; i.e.,
less citrulline would be required by the KD-fed dogs, which
possibly explains the higher concentrations observed in the KD
cohort. Proline is found in especially high concentrations in
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FIGURE 5 | PLS-DA analysis of the diet cohorts and health status cohorts. (A) PLS-DA (partial least squares–discriminant analysis) plot of the first two components,

displayed with 95% confidence intervals for each diet group (shaded regions of same color). (B) A PLS-DA VIP score heatmap visualization of the most important

features (n = 20) across components (KD, kibble diet; RMBD, raw meat–based diet; CAD, canine atopic dermatitis).

collagen (72), an unexpected finding considering the likely higher
collagen content in the RMBD.

The significantly higher serum concentrations of the
nucleobase cytosine observed in all of the dogs of the KD
cohort (Table 3), as well as urine concentrations in the batch
1 KD cohort (Supplementary Table 6) at the end of the diet
intervention, are notable. To the best of our knowledge, no
studies have investigated the relationships of diet between
cytosine concentrations in blood and urine.

In blood serum of all dogs in the KD cohort, higher
concentrations of the primary bile acid taurochenodeoxycholic
acid could be seen after the diet intervention than in the
RMBD cohort. Elevated concentrations of the downstream
product of taurochenodeoxycholic acid, deoxycholic acid, has
been implicated in colon tumorigenesis in both mice and
humans (73, 74). Colon cancer is exceptionally high in canines
(75), although the links to bile acid concentrations remain
poorly understood. Although insignificant, taurocholic acid was
also found in higher serum concentrations in the KD cohort
relative to the RMBD cohort. It has been established that the
composition of the microbiota throughout the canine gut is
largely defined by the nutritional profile of dietary intake (76,
77). The microbiota composition modulates the amount and
composition of nutrients that are able to pass through the gut
endothelium, hence affecting blood serum biochemistry (78).
Most studies on this topic have focused solely on fecal samples
(79). Bile acid concentrations have been suggested to be sensitive
to changes in gut microbiota composition. It has been reported
that fecal bile acid concentrations increase in canines when fed

an animal-based, high-fat, low-fiber diet (80). Elevated primary
bile acid concentrations in blood have been shown to be a sign
of elevated inflammation (81), especially with regard to the liver
(82). No reference values regarding what levels lead to increased
inflammation have been reported for canines (80).

Because of their toxicity, bile acid concentrations are tightly
regulated in mice (83) and furthermore are usually increased
as a response to increased fat digestion (84) as they function
essentially as emulsifiers to improve fat absorption through the
endothelium. Given the far greater amounts of fat present in
the RMBD, this finding comes as a surprise. However, it should
be noted that there were also large amounts of carbohydrate
present in the high-fat, low-fiber diet in the study performed by
O’Keefe et al. (84). As the RMBD has little to no carbohydrate, the
energy metabolism of the canines was likely markedly different
from the humans participating in the diet interventions of the
O’Keefe et al. (84) study. The RMBD-fed dogs were possibly
even ketogenic, i.e., causing a switch over to increased β-
oxidation of fatty acids as a primary means for ATP production
(85). It has been shown that even in the presence of high fat
content, glucose is the preferred energy substrate in mammals
(86). Canines fed a high-fat diet, in particular, one rich in
medium-chain triglycerides (MCTs), even in the presence of
high carbohydrate, have been reported to be ketogenic (87,
88). However, results from both studies performed by Packer
et al. (87) and Law et al. (88) are questionable, as the authors
neglected to measure or report ketone body values in the dogs
and thereby establish whether the diets were ketogenic (89).
Furthermore, ketone body production has been shown to rely
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FIGURE 6 | Fisher least significant difference (LSD) test to determine the significant differences between diet cohorts of healthy and atopic individuals. Significant

differences between metabolite concentrations calculated with Fisher LSD test (KD, kibble diet; RMBD, raw meat–based diet; CAD, canine atopic dermatitis).

on low levels of carbohydrate (90). Although MCTs are readily
used for energy, even in the presence of carbohydrate (89), it
does not necessarily switch the dog to a state of endogenous
ketosis, i.e., where fat is the preferred metabolic energy source—
the underlying assumption of a ketogenic diet (90). Ketogenic
diets may affect serum bile acid concentrations in mice (91).
In mammals, a switch over to ketogenic metabolism has major
implications for altering glycolytic energy metabolism (92) and
an increase in NADPH production, which is produced via the
pentose phosphate pathway (93). In the RMBD cohort of batch
1 (n = 4) (Supplementary Table 7), a significantly higher level
of ribose-5-phosphate was observed, indicating an upregulation
of the pentose phosphate pathway (92) and subsequently a
downregulation of glycolysis and upregulation of ketone body
production. However, higher concentrations ribose-5-phosphate
were not observed in the RMBD cohort of batch 2 (n = 7)
or when observing all the dogs in the RMBD cohort (n =

11). The discrepancy between batches in itself merits further
investigation. The finding in batch 1 may indicate that the RMBD
was ketogenic, although to date no studies to our knowledge
have considered the ketogenic properties of RMBDs, an area that
merits further investigation.

At the end of the diet intervention, all canines in the
KD cohort had higher serum concentrations of the sulfur-
containing amino acid methionine than the RMBD cohort

(Table 3). The batch 1 KD cohort also had significantly
higher urine methionine concentrations than the RMBD
cohort (Supplementary Table 6). The serum of all canines
in the KD cohort had higher levels of cystathionine. Both
play important roles in homocysteine metabolism via the
remethylation pathway, via the transsulfuration pathway, and
via one-carbon pathway (94). The amino acid homocysteine is
remethylated to methionine in a process dependent on vitamin
B12 (B12) or is converted to cysteine via cystathionine in a
vitamin B6-dependent process (94). A schematic representation
of the methionine and transsulfuration pathways is represented
in Figure 7. Serum methionine concentrations have been
implicated in the outcomes of many long-term health studies
in a vast selection of organisms (95). It has been shown that
lower consumption and subsequent blood concentrations of this
essential amino acid are associated with longevity across species
(95, 96), as well as improved blood glucose tolerance in rats,
lower levels of oxidative stress in mice (97), and a lower risk
of developing cancers in both species (98, 99). The amount of
food that dogs are fed may also affect dog health; however,
this consideration falls beyond the scope of the present study.
Elevated serum methionine concentration serves as an indicator
of overfeeding as has been shown in mice (100). As there was
considerably more meat-based protein present in the RMBD, it
could be expected to be reflected as higher blood serum and urine
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FIGURE 7 | An overview of homocysteine metabolism and the transsulfuration pathway. CBS, cystathione-beta synthase; MeSe, methionine synthase; THF,

tetrahydrofolate (Figure uploaded by radio89 and labeled for reuse. https://commons.wikimedia.org/wiki/File:Choline_metabolism-en.svg. Image modified to present

all terms in English).

concentrations of methionine in the RMBD cohort. However, the
KD manufacturer apparently adds an unspecified amount of DL-
methionine to the kibble (Supplementary Table 1A), which may
in part explain this observation. Another explanationmay be that
canines in the KD cohort are actively eliminating or recycling
greater concentrations of homocysteine than dogs fed the RMBD.
In only the atopic dogs of the KD (n = 6) cohort, there is a
trend of higher homocysteine concentrations vs. the atopic dogs
of the RMBD (n = 8) cohort (Supplementary File 21, sheet 23).
Concurrently, there is also a trend of higher urine homocysteine
concentrations of CAD-diagnosed KD-fed dogs from batch 1 (p
= 0.05714, FDR = 0.1934) (Supplementary File 21, sheet 24).
Although insignificant, there is a trend of higher homocysteine
concentrations in both urine and in the batch 1 KD cohort
(Supplementary File 21, sheets 19 and 24). In a previously

reported study regarding the hematology of the canines during
the diet intervention (50), it was determined that the canines in
the KD-fed cohort had elevated concentrations of blood serum
B12 values. The significantly higher concentrations of methionine
in the blood sera and urine of the batch 1 KD cohort (Table 3,
Supplementary Table 6) and concurrently higher B12 serum
concentrations (50) may be partially due to increased methionine
synthase activity (94) as homocysteine is converted tomethionine
via this pathway (Figure 7). The higher concentrations of
B12 comports with a higher methionine/homocysteine ratio as
methylated B12 is converted into B12, i.e., as its methyl group
is donated to homocysteine, turning it into methionine. In
the data reported by Anturaniemi et al. (50), serum folate
concentrations were also significantly higher in KD-fed dogs,
which also plays a role in homocysteine clearance (94). In the
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present study, however, concentrations of folic acid, the acid
form of folate, were not significantly different between diet
cohorts for either urine or serum. There is a correlation between
the amount of B12 in the food with serum B12 in dogs (101),
indicating that B12 concentrations in dogs are tightly regulated,
i.e., conserved in dogs fed a diet low B12. Furthermore, 4-
pyridoxic acid, a downstream product of pyridine (B6), was
also found in significantly higher concentrations in both the
serum and urine of the KD cohorts. As B6 is the cofactor
for cystathione beta-synthase, which converts homocysteine to
cystathionine via the transsulfuration pathway (102) (Figure 7),
this may indicate that this pathway is significantly upregulated
in the KD diet. Cystathionine, the first metabolite produced
as a result of homocysteine clearance via the transsulfuration
pathway (94), was found in far higher concentrations in all
dogs in the KD cohort, with a high fold-change difference
compared to the RMBD cohort (Table 3). Finally, higher serum
concentrations of dimethylglycine were observed in all dogs
in the KD cohort (Table 3), and a trend of higher serum
concentration of betaine was found in all dogs in the RMBD
cohort (Supplementary Table 5), as well as in the urine of
the batch 1 RMBD cohort (Supplementary Table 6) compared
to the KD cohort. Playing important roles in one-carbon
metabolism, and subsequently often discussed in the context of
DNA methylation, betaine is converted to dimethylglycine as its
methyl group is added to homocysteine, producing methionine
(103) (Figure 7).

Elevated homocysteine levels are often discussed as risk
factors for various canine pathologies, including cardiovascular
disease (104), increased inflammation (105), and certain
renal pathologies (106). In humans, elevated levels of plasma
homocysteine have been associated with irritable bowel
syndrome and cancer (107). Elevated homocysteine levels
and subsequent clearance have long been known to be a
risk marker for MetS in humans (108). To our knowledge,
no studies have observed any direct correlation between
atopy and elevated homocysteine or methionine blood
serum concentrations. However, a higher prevalence of AD
in offspring was observed in the offspring of women with
elevated circulating levels of vitamins B12 and folate, and
hence upregulation of the homocysteine pathway may be
related (109). Homocysteine is highly toxic for dogs (110),
and blood homocysteine concentrations are kept low, lying
within a narrow concentration range (111). Studies on mice
have shown that homocysteine concentrations are kept low
even in the case where serum concentrations of methionine
(100), as well as cystathionine (106), are significantly increased.
We find a similar phenomenon in the present study. It should
be noted that the blood homocysteine concentrations in the
canines of both diet cohorts were no higher than those reported
for healthy canines elsewhere (112, 113). The significantly
higher blood serum and urine concentrations may indicate
that more methionine was added to the diet than biologically
necessary (4, 114). This may also be true of other metabolites
found in significantly higher concentrations in both the serum
and urine samples of batch 1 (Supplementary Table 11A,
Supplementary Figure 2A), including 4-pyridoxic acid,

which as discussed above is likely related to the significantly
higher cystathionine concentrations observed in the
KD cohort.

The atopic complex is still not fully understood in canines
(115), nor its relationship to MetS. Previous studies in mice
(116) and humans (117) have provided contradictory evidence,
indicating that AD both may (116) or may not (117) be
linked to MetS in mammals (26). Whether underlying lifestyle
choices predispose risk for both MetS and AD, or whether the
development of MetS increases the risk of developing AD or vice
versa, is not fully understood (26). According to the evaluation
of CAD severity at the end of the diet intervention, neither the
KD nor the RMBD significantly changed the CADESI-4 score
outcome of the CAD-diagnosed canines, although there was a
trend of greater CADESI-4 worsening in the KD cohort (p =

0.219) (Supplementary Table 3C). There was a general trend in
worsening of CADESI-4 scores found in both diet cohorts (for
the RMBD = 6.9, σ = 6.5, for the KD, µ = 18.3, σ = 13.8)
(Supplementary Tables 3D,E, respectively). In order to avoid
interference from the seasonality of the disease, the diet trial was
originally planned to take place during the late fall and winter
months, when plant allergens known to exacerbate symptoms
were not present. As discussed above, the trial had to be pushed
forward, such that it ended when many plants had begun to
bloom in Finland. It is likely that this delay caused the worsening
of symptoms in both diet cohorts. There were disagreements
between the owner-reported CAD diagnosis, which used the
visual analog scale, and the dermatologist’s diagnosis, which used
the CADESI-4 scale. A metabolomics approach can potentially
address and classify differing phenotypes of CAD, by combining
“omics” with clinical and epidemiological data. However, in
the present study, when considering the targeted metabolomic
analysis that compared the atopic and healthy individuals, there
were no significantly different metabolite concentrations at either
the baseline or the end of the diet trial (Figure 4A). This suggests
that diagnosing CAD by studying the blood serum with the
targeted metabolites used in this study is also challenging.

A couple of studies looking at macronutrient preference
among dogs served several food choices of varyingmacronutrient
compositions ad libitum have indicated that several breeds of
dogs are well-attuned to what they prefer and what their bodies
require (17, 118). In the first study, the authors observed that
several breeds of dogs adjusted to a preferred PFC macronutrient
composition of 30%:63%:7% ME over a 7-day period (118),
and another study observed that Harrier hound dogs adjusted
to a PFC macronutrient ratio of 44%:52%:4% ME (17). The
adequacy of diets for domesticated dogs, especially with regard
to macronutrient composition, has been studied by comparing
their diet with the diet of wolf (Canis lupus) populations (119). A
meta-analysis of 41 studies that observed the wolf diet in Europe
and North America concluded that the average wolf diet has a
PFC of 54%:45%:1%ME (119).With the lack of carbohydrate and
relatively high protein content, it resembles the RMBD used in
our study (Table 1). This macronutrient ratio also resembles the
ratio that the dogs in the two ad libitum studies mentioned above
preferred (17). The ratio these breeds tend toward comports
with current nutritional guidelines for dogs (120), which classify
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proteins and fats as essential and carbohydrates as non-essential.
It remains unclear whether increased starch digestibility offers
any advantage to dogs with regard to their health span or whether
the artificial selection for improved tolerance toward a starch-rich
diet may outweigh the predisposition for other illnesses. Both of
these topics deserve further study.

Strengths and Limitations of the Study
To our best knowledge this pilot study was the first ever
to apply a serum and urine metabolomics-based approach to
study how feeding canines a high-fat, moderate-protein, very
low-carbohydrate RMBD affects serum and urine metabolite
concentrations, as well as compare the outcome with the
serum and urine metabolite profiles of dogs fed a moderate-
fat, moderate-protein, high-carbohydrate KD. This targeted
metabolomics approach offers quantitative and reliable data
of blood serum and urine metabolite concentrations. Both
urine and serum were analyzed simultaneously, giving insight
into the relationships between the serum and urine media
and diet. All dogs were pedigreed Staffordshire bull terriers.
Their health status was diagnosed by a dermatologist using
Favrot’s criteria and the CADESI-4 scale to produce validated
clinical scores.

As the present study focuses specifically on nutrition, there
were no controls for quantitative markers for sleep, physical
activity, or overall stress. Because of the high cost of analysis,
the number of dogs that were used for the study was kept
to a minimum of three dogs per cohort (KD-healthy, RMBD-
healthy). Targeted metabolomic analysis of the serum samples
collected from the dogs was performed in two batches. The
ACQUITY UPLC/MS-MS instrument used for metabolomic
analysis was serviced in between the analysis of the two batches,
resulting in significantly different metabolite values between
batches. Of the 102 metabolites targeted, a considerable amount
had to be removed from the first batch analysis. Targeted analysis
of the serum samples of the second batch went considerably
better. Even so, many of the metabolites were unable to be
used in the combined-batch analysis. Given the vast variety of
metabolites circulating in both serum and urine media, it is
clear in retrospect that numerous metabolites not studied were
worthy of analysis. As discussed in Design and Animals, the
postponed end of the diet intervention possibly allowed the
introduction of undesired seasonal effects on CAD severity due
to plant allergens. The study used more CAD-diagnosed than
healthy dogs. Several dogs considered healthy prior to their
official diagnosis by the dermatologist had to be reclassified
as CAD sufferers. There were no metabolites that significantly
differed between diet cohorts of the healthy individuals at
the end of the diet intervention (KD-healthy n = 3, RMBD-
healthy n = 3). This is likely due to the small sample size.
The far fewer significant differences in metabolites between diet
cohorts of batch 2 (Supplementary Table 8) may indicate that
the underlying health status (CAD or healthy) had an impact on
the results and may explain why the response to diet in the fully
atopic cohort (batch 1) showed starker differences than for batch
2. Alternatively, this result may be an artifact due solely to the
smaller sample size of batch 1.

CONCLUSIONS

Three key differences were observed with regard to the effects of
diet on the canine metabolite profiles studied. First, there were
markedly higher levels of carnitines and related compounds in
canines fed the RMBD. Additionally higher levels of nitrogen
excretion were indicated, also a result of the diet’s high
meat content. Second, the KD-fed cohort showed elevated
bile acid concentrations that have a condition implicated,
for example, in colon tumorigenesis in mice and humans.
In addition to reflecting the macronutrient profile, it may
also implicate a change in the gut microbiota composition.
Further study is needed to confirm this. Third, there were
higher concentrations of sulfur-containing compounds such as
methionine and cystathionine, as well as compounds related to
their metabolism, in the serum and urine of KD-fed dogs. Higher
serum concentrations of these compounds are associated with
increased inflammation in mammals. Furthermore, lower serum
methionine concentrations as seen in the RMBD cohort have
long been established as a marker associated with long life span
and are generally considered beneficial for metabolic health. The
latter two differences suggest that the KD may be less beneficial
to the metabolic health of canines as metabolite concentrations
that have been previously implicated in various pathologies
were found in higher concentrations than in the RMBD-fed
dogs. Given the limitations of the present study, however, such
speculation requires further study to establish causality. Given
the challenge of identifying CAD at the serum metabolite level,
addressing and classifying differing phenotypes of CAD may be
beyond the scope of a targeted metabolomics approach. Future
studies will likely require both a larger set of metabolites to be
targeted and larger sample cohorts. In summary, this experiment
sought to clarify how nutrition may relate to CAD, as well as
determine whether the impact of different diets could be seen
on the metabolite level. While these topics are still novel for
canine studies, the use of diet as a form of health maintenance, a
notion that has gained popularity in recent years, will eventually
be substantiated or rejected with quantitative clinical data.

EPILOGUE

A growing movement based on lay publications and anecdotal
evidence regarding canine nutrition asserts that a diet consisting
of rawmeats lowers the risk of disease in canines (13, 15, 16). Diet
as a form of disease prevention has become popular in human
research but has yet to be adopted by the mainstream veterinary
science community. The health maintenance chapter in the
authoritative compendium Small Animal Clinical Nutrition (121)
begins with the quote: “To ward off disease or recover health,
people as a rule find it easier to depend on healers than to attempt
the more difficult task of living wisely.” Many dog owners want
to take preventive measures to ward off disease in their pets, yet
must place trust in veterinarians who may be unfamiliar with
preventive measures to improve health span. To overcome the
anecdotal nature of the discussion, scientific evidence can help in
understanding the role of diet in promoting dog health.
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When owners decide to change their pet’s food, a rapid transition may cause

gastrointestinal distress. Yeast products may help with digestive upset during diet

transition due to the bioactive compounds they possess, which may lead to improved

intestinal morphology and integrity, modified gut microbiota, and modulated immune

responses. The objective of this study was to determine the effects of a yeast cell

wall fraction supplement on measures of gut integrity and fecal characteristics of adult

dogs undergoing an abrupt diet transition. Twelve adult female beagles (mean age:

5.16 ± 0.87 years; mean body weight: 13.37 ± 0.68 kg) were used in a replicated

4 × 4 Latin square design with four 28-day experimental periods. During days 1–14,

dogs were fed a dry kibble diet and supplemented with a placebo (cellulose; 125

mg/d) or yeast product (365 mg/d; equivalent to 0.2% of diet). During days 15–28,

dogs remained on their placebo or yeast treatments but were rapidly transitioned to a

canned diet or high-fiber diet. Fresh fecal samples were collected on days 13, 16, 20,

24, and 27 for measurement of pH, dry matter, calprotectin, immunoglobulin A (IgA),

Escherichia coli, and Clostridium perfringens. Blood samples were collected on days

14, 17, and 28 to measure serum lipopolysaccharide-binding protein concentrations.

All data were analyzed using the Mixed Models procedure of SAS 9.4. Fecal pH, dry

matter, calprotectin, IgA, and E. coli were not affected (P > 0.05) by treatment before

diet transition. Dogs supplemented with yeast cell wall fraction tended to have higher

(P = 0.06) fecal C. perfringens counts than the controls. After diet transition, most

parameters were not altered (P > 0.05) by treatment except that yeast-supplemented

dogs tended to have higher (P = 0.06) fecal IgA than controls. Our results suggest that

the yeast product may modestly improve intestinal health after an abrupt diet transition

in adult dogs by enhancing intestinal immunity.
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INTRODUCTION

Diet transition commonly occurs in dogs when owners purchase
new products. If not transitioned slowly, digestive upset may
occur, which results in poor stool quality and gastrointestinal (GI)
upset. Based on past research, the supplementation of functional
ingredients such as yeast products may serve as a potential
approach to minimizing digestive upset in such situations.

Yeast products are ingredients containing yeast cells or yeast
derivatives and are commonly used in livestock feeds to improve
animal performance (1, 2). Yeast products have also been shown
to improve GI health in various ways. For example, dogs (3–6)
and cats (7) supplemented with yeast products had reduced
potential pathogenic bacteria (e.g., Escherichia coli; Clostridium
perfringens) and increased beneficial bacteria (e.g., Lactobacillus;
Bifidobacterium) in feces. In pigs (2, 8) and chickens (1),
supplementation of yeast products has led to increased small
intestinal villus height and/or villus height: crypt depth ratio.
Yeast supplementation enhanced colonic barrier function and
decreased intestinal permeability inmurine intestinal obstruction
and colitis models (9, 10). Lastly, yeast-supplemented dogs (4, 11)
and pigs (12) had greater small intestinal immunoglobulin A
(IgA) concentrations vs. controls.

Results from those studies indicate that supplementation
of yeast products may improve GI health by modifying gut
microbiota, improving intestinal morphology and integrity,
and/or modulating immune responses. In this study, we aimed
to determine the effects of a yeast cell wall fraction product on
measures of GI tract stability and fecal characteristics of adult
dogs undergoing an abrupt diet transition. We hypothesized
that yeast cell wall fraction-supplemented dogs would have
greater gastrointestinal stability and protection from a disrupted
gut barrier function due to abrupt diet change, as well as
reduced fecal pathogens compared to control dogs receiving a
placebo treatment.

MATERIALS AND METHODS

Animals, Diets, and Treatments
All animal care and experimental procedures were approved
by the University of Illinois Institutional Animal Care and Use
Committee (Protocol No. 17276) prior to experimentation. All
methods were performed in accordance with the United States
Public Health Service Policy on Humane Care and Use of
Laboratory Animals. Twelve adult female beagles (mean age: 5.16
± 0.87 years; mean BW: 13.37 ± 0.68 kg) were used and housed
individually in pens (1.0m wide × 1.8m long) in a humidity-
and temperature-controlled room on a 14 h light: 10 h dark cycle.
Dogs had access to fresh water ad libitum at all times. All diets
were offered to dogs once a day in the morning to maintain
body weight throughout the study. Dogs were weighed and body
condition scores were assessed using a 9-point scale (13) weekly
before feeding.

A replicated 4 × 4 Latin square design was conducted. Each
28-d experimental period consisted of an adaptation phase (d 1–
14) and a diet transition phase (d 15–28). Three diets that met all
Association of American Feed Control Officials (AAFCO) (14)

TABLE 1 | Ingredient composition of the experimental diet fed to yeast- or

cellulose-supplemented dogs.

Ingredient Amount (%, as-is)

Brewer’s rice 45.26

Chicken by-product meal 32.00

Chicken fat 9.00

Corn 6.00

Cellulose 6.00

Salt 0.50

Potassium chloride 0.45

Taurine 0.30

Mineral premixa 0.18

Vitamin premixb 0.18

Choline chloride 0.13

aProvided per kg diet: Mn (as MnSO4 ), 66.0mg; Fe (as FeSO4 ), 120.0mg; Cu (as CuSO4 ),

18.0mg; Co (as CuSO4 ), 1.20mg; Zn (as ZnSO4 ), 240.0mg; I (as KI), 1.80mg; Se (as

Na2SeO3 ), 0.24 mg.
bProvided per kg diet: vitamin A, 5.28mg; vitamin D3, 0.04mg; vitamin E, 120.0mg;

vitamin K, 0.88mg; thiamine, 4.40mg; riboflavin, 5.72mg; pantothenic acid, 22.0mg;

niacin, 39.6mg; pyridoxine, 3.52mg; biotin, 0.13mg; folic acid, 0.44mg; vitamin B12,

0.11 mg.

nutrient recommendations for adult dogs at maintenance were
fed, which included (1) a baseline diet (a dry kibble experimental
diet;Tables 1, 2); (2) a commercial canned diet (CD; Ol’ Roy Cuts
in Gravy with Savory Beef; Walmart, Bentonville, AR; Table 2);
and (3) a high-fiber diet (HFD) composed of the experimental
diet plus 22.5 g/d of soluble corn fiber (Nutriose R© Soluble
Digestion-Resistant Prebiotic Corn Fiber; Roquette America Inc.,
Geneva, IL) that was top-dressed on the diet just prior to feeding.
Treatments were given to dogs via gelatin capsules (d 1–28)
prior to the diet each day, which included a placebo (125mg
cellulose/d) or yeast cell wall fraction (Safmannan R©; Phileo
by Lesaffre, Marcq-en-Barœul, France; 365 mg/d; equivalent
to 0.2% of diet). The yeast cell wall fraction tested was from
Saccharomyces cerevisiae and the analyzed chemical composition
is presented in Table 3. During the adaptation phase, all dogs
were fed the experimental diet and supplemented with placebo or
yeast product. During the diet transition phase, dogs remained on
their placebo or yeast treatments, but were fed their new diet (CD
or HFD). Therefore, dogs were allotted to one of four groups each
experimental period: (1) Yeast CD; (2) Yeast HFD; (3) Placebo
CD; and (4) Placebo HFD.

Fecal Sample Collection
On d 13, 16, 20, 24, and 27 of each experimental period, one
fresh fecal sample from each dog was collected within 15min
of defecation. Fecal samples were scored according to a 5-
point scale: 1 = hard, dry pellets, small hard mass; 2 = hard,
formed, dry stool; remains firm and soft; 3 = soft, formed, and
moist stool, retains shape; 4 = soft, unformed stool, assumes
shape of container; and 5 = watery, liquid that can be poured.
Fecal pH was measured immediately using an AP10 pH meter
(Denver Instrument, Bohemia, NY) equipped with a Beckman
Electrode (Beckman Instruments Inc., Fullerton, CA). An aliquot
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of fresh feces was dried at 105◦C for 2 d for dry matter
(DM) determination.

On d 13, 20, and 27 of each experimental period, two more
aliquots of fresh fecal samples were collected for determination
of fecal IgA, calprotectin and potential pathogenic bacteria
(E. coli and C. perfringens). For fecal IgA and calprotectin
measurements, the aliquot was stored at −80◦C until analyses.
For fecal bacteria analyses, the aliquot was processed for bacterial
culture immediately after collection.

Fecal IgA and Calprotectin
Fecal proteins were extracted according to Vilson et al. (15).
Fecal samples (250mg) were vortexed with 750 µl extraction
buffer containing 50 mM-EDTA (ThermoFisher, Waltham,

TABLE 2 | Analyzed chemical composition of the experimental diet and canned

diet (CD) fed to yeast- or cellulose-supplemented dogs.

Item Experimental diet Canned diet

Dry matter (DM; %) 92.82 23.90

%, of DM

Crude protein 28.30 41.27

Acid-hydrolyzed fat 14.36 24.35

Total dietary fiber 15.98 11.72

Ash 5.95 12.96

Nitrogen-free extracta 35.41 9.72

Metabolizable energyb (kcal/g) 3.51 3.91

aNitrogen-free extract (%) = 100% – (crude protein% + acid-hydrolyzed fat% + total

dietary fiber% + ash%).
bMetabolizable energy = 3.5 kcal/g × crude protein (%) + 8.5 kcal/g × acid-hydrolyzed

fat (%) + 3.5 kcal/g × nitrogen-free extract (%).

TABLE 3 | Analyzed chemical composition of the yeast cell wall fraction tested.

Item % Free sugars

(mg/g)

Hydrolyzed

monosaccharides

corrected for free sugars

(mg/g)

Dry matter (DM; %) 95.36

%, of DM

Ash 4.78

Crude protein 14.65

Acid-hydrolyzed fat 9.28

Total dietary fiber 57.47

Soluble fiber 53.38

Insoluble fiber 4.10

Arabinose 0.00 0.00

Fructose 0.00 0.00

Galactose 0.00 0.00

Glucose 0.13 227.35

Inositol 32.78 0.00

Mannose 2.44 242.46

Sorbitol 0.15 11.60

Xylose 0.00 0.00

MA, United States) and 100 µg/l soybean trypsin inhibitor
(Sigma, St. Louis, MO, United States) in phosphate-buffered
saline/1 per cent bovine serum albumin (Tocris Bioscience,
Bristol, UK). Phenylmethanesulphonyl fluoride (12.5 µl, 350
mg/l; Sigma, St. Louis, MO) was added to each tube,
followed by centrifugation at 10,000 × g at 4◦C for 10min.
The supernatants were collected for measurements of IgA
and calprotectin using canine-specific commercial ELISA kits
(IgA: # E-40A, Immunology Consultants Laboratory, Portland,
OR; calprotectin: #MBS030023, MyBioSource, San Diego, CA,
United States).

Fecal E. coli and C. perfringens
Fecal E. coli and C. perfringens were measured using standard
culture methods. Briefly, 50mg feces were homogenized in
1mL PBS followed by 10−1 to 10−7 serial dilutions. Diluted
fecal samples were inoculated onto petri dishes with bacterial
selective agar. The selective agar media used in this study were
M-TEC agar (HiMedia Laboratories, Kelton, PA, United States)
for E. coli and Perfringens OPSP agar (ThermoFisher, Waltham,
MA, United States) for C. perfringens. E. coli was incubated
aerobically at 37◦C for 12–48 h, while C. perfringens was
incubated anaerobically at 37◦C for 12–48 h. Colony forming
units were enumerated after incubation.

Blood Sample Collection and Serum

Lipopolysaccharide (LPS)-Binding Protein
On d 14, 17, and 28 of each experimental period, a fasted
blood sample was collected via jugular puncture and transferred
to serum tubes containing a clot activator and gel for serum
separation (no. 367986, Becton Dickinson, Franklin Lakes,
NJ, United States). Serum was separated and collected by
centrifuging blood tubes at 1,300 × g at 4◦C for 10min
(Beckman CS-6R centrifuge; Beckman Coulter Inc., Brea,
CA). Serum lipopolysaccharide-binding protein was measured

TABLE 4 | Daily food, nutrient, and energy intakes, body weight, and body

condition score of yeast- or cellulose-supplemented dogs before diet transitiona.

Treatment

Item Cellulose Yeast Pooled SEM P-value

Daily intake (g/d)

Food, as-is 177.3 180.2 3.98 0.22

Food, DMBb 164.6 167.3 3.69 0.22

Protein, DMB 46.6 47.3 1.04 0.23

Fat, DMB 25.5 25.9 0.57 0.22

Total dietary fiber, DMB 26.3 26.7 0.59 0.22

Nitrogen-free extract, DMB 56.5 57.4 1.27 0.22

Energy (kcal/d) 577.1 586.5 12.95 0.22

Body weight (kg) 13.51 13.53 0.06 0.78

Body condition scorec 7.17 7.13 0.06 0.38

aData are expressed as means ± pooled standard error of the mean, n = 24.
bDMB, dry matter basis.
cA 9-point scale body condition scoring system was used (13).
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TABLE 5 | Daily food, nutrient, and energy intakes of yeast- or cellulose-supplemented dogs transitioned to a high-fiber diet (HFD) or canned diet (CD)a.

Item Cellulose Yeast (375 mg/d) P-value

HFD CD HFD CD Treatment Diet Treatment

*Diet

Daily intake (g/d)

Food, as-is 177.0 ± 4.62 695.2 ± 12.91 175.9 ± 4.44 678.7 ± 27.08 0.48 < 0.01 0.53

Food, DMBb 164.2 ± 4.28 160.8 ± 2.99 163.3 ± 4.13 157.0 ± 6.26 0.43 0.11 0.64

Protein, DMB 46.5 ± 1.21 66.4 ± 1.23 46.2 ± 1.17 64.8 ± 2.58 0.43 < 0.01 0.57

Fat, DMB 25.4 ± 0.66 40.8 ± 0.76 25.3 ± 0.64 39.9 ± 1.59 0.43 < 0.01 0.56

Total dietary fiber, DMB 44.2 ± 0.68 18.8 ± 0.35 44.1 ± 0.66 18.4 ± 0.73 0.47 < 0.01 0.73

Nitrogen-free extract, DMB 56.4 ± 1.47 13.9 ± 0.26 56.0 ± 1.41 13.6 ± 0.54 0.68 < 0.01 1.00

Energy (kcal/d) 575.8 ± 15.02 628.1 ± 11.66 572.4 ± 14.46 613.1 ± 24.47 0.43 < 0.01 0.62

aData are expressed as means ± standard error of the mean, n = 12 for HFD and CD.
bDMB, dry matter basis.

using a canine-specific commercial ELISA kit (#MBS093112,
MyBioSource, San Diego, CA, United States).

Chemical Analysis of Diets and Yeast Cell

Wall Fraction
The CD was dried at 55◦C in a forced-air oven for approximately
1 wk. Both diets were then subsampled and ground through
a Wiley mill (model 4, Thomas Scientific, Swedesboro, NJ,
United States) through a 2mm screen. Diets and yeast cell
wall fractions were analyzed for DM, organic matter (OM),
crude protein, acid-hydrolyzed fat, and total dietary fiber (TDF).
Dry matter and OM were analyzed according to Association of
Official Analytical Chemists (AOAC, 2006; DM: methods 934.01;
OM: 942.05) (16). Crude protein content was calculated from
Leco (FP2000 and TruMac) total nitrogen values according to
AOAC (2006, method 992.15) (16). Fat content was determined
using acid hydrolysis methods of the American Association
of Cereal Chemists (17) and lipid extraction by Budde (18).
Total dietary fiber content was determined according to Prosky
et al. (19). Nitrogen free extract (NFE) was calculated using the
following equation: 100% – (crude protein% + acid-hydrolyzed
fat% + TDF% + ash%). Monosaccharide composition of the
yeast cell wall fraction was analyzed according to Bourquin
et al. (20).

Statistical Analysis
For the baseline samples, data were analyzed using the Mixed
Models procedure of SAS (version 9.4; SAS Institute, Cary, NC,
United States) to test the main effect of treatment, with treatment
as a fixed effect and dog as a random effect. For post-diet
transition samples, data were expressed as change from baseline
and analyzed using the Mixed Models procedure of SAS (version
9.4; SAS Institute, Cary, NC, United States) as repeated measures.
Themain effects of treatment, diet and time as well as interactions
of diet and treatment, diet and time, and treatment and time were
tested, with dog as a random effect. Data are reported as means
± standard error of the mean (SEM) with statistical significance
set as P ≤ 0.05 and trends set as 0.05 < P ≤ 0.10.

RESULTS

Food Intake and Body Weight
Average daily food, energy, and nutrient intakes, including
protein, fat, TDF, and NFE were not changed by yeast treatment
prior to diet transition (Table 4). Post-transition diets affected
nutrient intakes. Daily intakes of protein, fat, and energy were
higher (P< 0.01), while daily intakes of TDF andNFEwere lower
(P < 0.01) in dogs fed the CD than those fed the HFD (Table 5).
Average BW (13.52 kg) and body condition score (7.15/9) were
not altered by yeast treatment prior to and after diet transition
(Table 4; Figure 1A). Body weight was affected by diet after diet
transition. Dogs consuming CD had greater decreases (P < 0.01)
in BW than dogs consuming HFD (Figure 1A).

Fecal Characteristics
Fecal characteristics, including pH, score, and DM were not
altered by yeast treatment prior to diet transition (Table 6).
After diet transition, the change from baseline values for fecal
characteristics were affected by diet and time, but not yeast
treatment (Figure 1). Fecal pH decreased after diet transition.
The change from baseline values for fecal pH were greater
(P < 0.01) in dogs fed HFD than in those consuming CD.
The decrease in pH on d 16 was larger (P < 0.01) than other
days (Figure 1B). Fecal scores increased (wetter feces) after diet
transition. The increases in fecal scores were greater (P < 0.01)
in dogs fed HFD vs. dogs fed CD, with the largest change from
baseline appearing on d 20 (P < 0.01) (Figure 1C). Fecal DM
decreased after diet transition (Figure 1D). Dogs consuming
CD had larger decreases (P = 0.03) in fecal DM than dogs
consuming HFD.

Fecal Bacteria, IgA, and Calprotectin
Fecal E. coli, IgA, and calprotectin were not affected by yeast
treatment prior to diet transition (Table 6). Dogs supplemented
with yeast product tended to have higher (P = 0.06)
fecal C. perfringens counts than control dogs. After diet
transition, fecal bacteria were changed by diet, but not yeast
treatment. Fecal E. coli decreased in HFD-fed dogs but increased
in CD-fed dogs (P < 0.05; Figure 1E). Fecal C. perfringens
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FIGURE 1 | Changes in body weight (A), fecal pH (B), fecal score (C), fecal dry matter (D), fecal E. coli (E) and C. perfringens (F) populations, fecal IgA concentration

(G), fecal calprotectin concentration (H), and serum lipopolysaccharide-binding protein concentration (I) of yeast- or cellulose-supplemented dogs transitioned to a

high-fiber diet (HFD) or canned diet (CD). Values represent mean ± SEM changes from baseline (day 13 or 14). a,b,cMean values within a day with unlike letters were

different (P < 0.05).

increased in dogs fed HFD, but decreased in dogs fed CD
(P< 0.01; Figure 1F). The change in fecal IgA after diet transition
was affected by treatment and diet. Yeast-supplemented dogs
tended to have higher (P = 0.06) fecal IgA than the control dogs.
In addition, fecal IgA increased (P < 0.01) in HFD-fed dogs, but
decreased (P < 0.01) in CD-fed dogs (Figure 1G). Finally, fecal
calprotectin increased after diet transition (Figure 1H). Dogs
consuming CD tended to produce more (P = 0.06) calprotectin
than dogs consuming HFD.

Serum LPS-Binding Protein
Serum LPS-binding protein concentration was not affected by
yeast treatment prior to diet transition (Table 6). After diet
transition, serum LPS-binding protein increased, but the changes
from baseline were not affected by treatment or diet (Figure 1I).

DISCUSSION

Diet transition occurs when pet owners purchase different
products, which might result in GI discomfort. Yeast
products may serve as a functional ingredient in dog foods
and may protect animals from digestive upset due to its
benefits on GI health. Here, we investigated the effects of
yeast cell wall fraction on fecal characteristics and GI tract
stability in adult dogs undergoing diet transition from a
dry kibble diet to a high-fiber diet or canned diet. Our
findings revealed that before diet transition, all indices except
for fecal C. perfringens counts, were not altered by yeast
supplementation. After diet transition, all measurements,
except for fecal IgA concentration were not changed by yeast
treatment. Fecal IgA concentrations tended to increase in
yeast-supplemented dogs.
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TABLE 6 | Fecal characteristics, fecal bacteria counts, fecal IgA, fecal

calprotectin, and serum lipopolysaccharide (LPS)-binding protein of yeast- or

cellulose-supplemented dogs before diet transition (day 13 or 14)a.

Treatment

Item Cellulose Yeast

(375 mg/d)

Pooled

SEM

P-value

Fecal characteristics

Fecal pH 7.43 7.30 0.02 0.21

Fecal scoreb 2.15 2.08 0.03 0.69

Fecal dry matter (DM; %) 39.77 40.15 0.22 0.66

Fecal bacteria (CFU)c

E. coli (log10/g DM) 6.76 6.71 0.06 0.82

C. perfringens (log10/g DM) 7.99 8.40 0.04 0.06

Fecal IgA (mg/g DM) 7.94 4.87 0.50 0.55

Fecal calprotectin (ng/g DM) 0.47 0.46 0.01 0.82

Serum LPS-binding protein

(µmol/L)

186.58 200.74 6.52 0.44

aData are expressed as means ± pooled standard error of the mean, n = 24.
bFecal scoring system: 1 = hard, dry pellets; small, hard mass; 2 = hard, formed, dry

stool; remains firm and soft; 3 = soft, formed, and moist stool; 4 = soft, unformed stool;

assumes shape of container; 5 = watery; liquid that can be poured.
cCFU, colony-forming units.

Diet transition led to significant changes to fecal
characteristics and inflammatory biomarkers. Fecal pH
decreased after dogs were fed HFD, which was expected.
Lower fecal pH is due primarily to greater short-chain fatty acid
concentrations as a result of fiber fermentation by microbiota
in the hindgut (21, 22). Fecal scores increased and fecal DM
decreased when dogs were fed both HFD and CD, indicating
wetter and/or looser stools. Fecal calprotectin, a protein complex
present in neutrophils, monocytes and reactive macrophages,
has been reported to be increased in dogs with chronic diarrhea
and chronic inflammatory enteropathies (23, 24). Here, we
observed increased fecal calprotectin concentrations after diet
transition, which reveals a slight elevation in GI inflammation.
Finally, serum LPS-binding protein concentrations were
elevated after diet transition. LPS binding-protein binds to
endotoxins, including LPS from Gram-negative bacteria, with
their concentration being increased after endotoxemia or
bacteremia (25, 26). The increased serum LPS-binding protein
concentrations in this study suggested greater GI permeability
(leaky gut) after diet transition.

Fecal IgA was the only parameter that tended to be
affected by yeast supplementation after diet transition.
Elevated secretory IgA concentrations indicate enhanced
mucosal immunity. Secretory IgA in the intestine plays a
role in protecting mucosal surface against enteric antigens
by inhibiting colonization and invasion of pathogens as
well as food antigen uptake (27, 28). This response was in
agreement with previous studies that reported elevated IgA
concentrations in dogs consuming yeast products, indicating
enhanced mucosal immunity. Middelbos et al. (4) noted
that ileal IgA concentrations tended to respond quadratically
(P = 0.09) to yeast cell wall supplementation in adult healthy

dogs, with the highest concentration coming from the 0.25%
supplementation level. Swanson et al. (11) supplemented 0.25%
mannanoligosaccharides (MOS), the main component of the
yeast cell walls, to adult healthy dogs and observed a tendency
(P = 0.06) of increased ileal IgA concentrations. Increased
IgA concentration may possibly be explained by two major
components of the yeast cell walls, beta-glucans and MOS.
Beta-glucans have been shown to be an immunostimulant that
modulates innate and adaptive immune responses in various
animal species, including dogs (29–31). As an immunostimulant,
beta-glucans induce a cascade of immune responses by
binding to dectin-1 receptors that are expressed on immune
cells such as macrophages, monocytes, dendritic cells and
neutrophils (32). The possible mechanisms by which MOS
induce immune responses include the binding of mannose
receptors that are expressed on antigen-presenting cells,
including macrophage and dendritic cells (33). This response is
supported by findings from previous studies in dogs, broilers,
and pigs whereby oral administration of MOS led to enhanced
immunity (34–37).

Supplementation of yeast products have been shown to
decrease potential pathogenic bacteria such as E. coli in previous
studies where dogs were supplemented with yeast cell wall, MOS
or live S. cerevisiae (4, 5, 37). Decreased pathogenic bacteria
are believed to be due to the ability of yeast cell wall to bind
and inactivate bacteria. Mannose in yeast cell walls binds to
type-1 fimbriae of pathogenic bacteria and thus prevent their
adhesion and colonization to the host mucosa (38). We did
not observe changes to fecal E. coli in this study, however,
which is in line with findings from Swanson et al. (11) where
dogs were supplemented with MOS. Although decreased fecal
C. perfringens was noted in cats consuming yeast cell walls (7),
lower fecalC. perfringenswas not observed in dogs supplemented
with MOS or live S. cerevisiae (5, 11, 37). Middelbos et al. (4)
reported a cubic response of fecal C. perfringens counts to yeast
cell wall supplementation in dogs, with greatest counts being
observed at the 0.25% supplementation level. This is similar
to our findings in dogs supplemented with 0.2% yeast cell
wall fractions, who tended to have greater fecal C. perfringens
counts compared to the control dogs before diet transition.
Fecal C. perfringens counts in our study were 8.0–8.4 colony-
forming units (CFU) log10/g DM, which is lower than those
(9.5–10.0 CFU log10/g DM) reported by Middelbos et al. (4). The
difference could be contributed by several factors, including diet
composition, dog breed studied, and plating methods used to
quantify microbes. The increased fecal C. perfringens, however,
did not negatively affect measures of GI distress. C. perfringens
are parts of commensal microbiota in dogs and can be cultured
from more than 80% of healthy dogs and diarrheic dogs (39,
40). Therefore, greater fecal C. perfringens counts usually do
not lead to diarrhea. Canine C. perfringens-associated diarrhea
is more likely the result of intestinal microbiota disruption,
which enables sporulation of commensal C. perfringens and
production of enterotoxin (41). It also has been shown that
C. perfringens enterotoxin is only detected in 5–15% of healthy
dogs but in 34% of diarrheic dogs (39, 40). Fecal enterotoxin
concentrations were not evaluated in the current study, but
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was unlikely because fecal scores were not affected by yeast
cell walls.

The lack of significant effects on most intestinal health indices
by yeast supplementation in this study could be due to the short
treatment period used or the low supplement dosage tested.
Grieshop et al. (37) observed decreased fecal E. coli counts
in dogs supplemented with 1% MOS for 28 d. In dogs with
enteropathogenic E. coli-induced diarrhea, supplementation of 2
g/kg BWMOS for 20 d resulted in faster recovery (42). Therefore,
testing the yeast cell wall fractions with longer supplementation
periods and/or higher dosages may be suggested in
the future.

In conclusion, supplementation of 0.2% yeast cell wall
fractions to dogs tended to increase fecal IgA concentrations,
but did not affect fecal characteristics, fecal bacterial populations,
or serum LPS-binding protein concentrations after an abrupt
diet transition. Inclusion of yeast cell wall fractions in diets
may modestly improve intestinal health for dogs undergoing
diet transition.
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Whole-prey diets for exotic feline species are common, and this practice has also

increased in popularity for domestic cats. However, prior analyses of prey indicate

possible essential amino acid inadequacy, and dilated cardiomyopathy from taurine

deficiency was reported in cats fed whole ground rabbit. Crude protein, body water, and

amino acid concentrations were evaluated in fresh and frozen ground rabbits with (n= 10)

or without (n = 10) gastrointestinal tracts. Amino acids were greater in fresh samples

without gastrointestinal tracts (p < 0.05) except taurine, glycine, and cysteine. When

normalized for protein content, only glutamate, alanine, methionine, isoleucine, tyrosine,

lysine, histidine, and arginine were greater in fresh rabbits without gastrointestinal tracts

(g/16 g N basis; p < 0.05). Freezing at −18◦C for 30 days had no effect on crude protein

or body water content. After freezing, only methionine was lower and only proline was

higher when gastrointestinal tracts were omitted (g/16 g N basis; p < 0.05). Regardless,

all essential amino acids except taurine exceeded Association of American Feed Control

Officials and National Research Council nutrient recommendations for all feline life

stages. In contrast, there was minimal impact of treatment on taurine concentrations.

However, although feline taurine requirements for prey and other raw or fresh food diets

remain undefined, none of the rabbit samples met any recommendation for taurine

concentrations for commercial canned or dry extruded diets, ranging from 20 to 90%

of the minimum values. Taurine supplementation is recommended when feeding rabbit

to cats. Determination of taurine requirements of cats fed whole-prey diets is warranted.

Keywords: rabbit, amino acids, nutrition, feline, taurine, carcass, rabbit (lagomorph), prey

INTRODUCTION

The domestic cat (Felis silvestris catus) has been a successful hunter throughout its evolution and
typically consumes a wide range of small prey (1–4). Accordingly, compared to dogs, cats have
increased protein and amino acid (AA) requirements, differences in carbohydrate metabolism, and
certain nutrients with limited endogenous synthesis remain essential (5). In particular, taurine
deficiency can lead to dilated cardiomyopathy (DCM), reproductive abnormalities, and central
retinal degeneration in both domestic and exotic felids (5–7). Whole-prey diets are increasing in
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popularity for domestic cats (8, 9) and are common for captive
exotic felids. However, taurine requirements, known to vary by
diet type, remain undefined for whole-prey diets. Greater than
50% of required dietary taurine replaces taurine degraded by
intestinal microbes (5); however, many dietary and processing
factors influence the amount required (10–20). Rabbits are a
popular whole-prey item; however, information on nutrient
composition is limited or conflicting (8, 9, 21–24), and DCM
secondary to taurine deficiency was reported in cats fed frozen
whole ground raw rabbit (25). Additionally, analyses of various
frozen whole-prey samples indicate possible insufficiencies in
select essential AA (9). It is unknown how post-slaughter
handling (i.e., dressing carcasses, grinding, freezer storage) affects
nutrient concentration or availability of nutrients, including
taurine. When an entire carcass is ground, taurine-rich organs
and muscles are exposed to GIT (gastrointestinal tract) contents
containing potentially taurine-degrading bacteria. Therefore,
taurine concentrations could be affected by exposure to taurine-
degrading GIT microbes and subsequent freezer storage. The
purpose of this study was to evaluate the concentrations of
essential AA in fresh, skinned ground rabbits with and without
GIT and then determine if these concentrations are affected by
freezing for 30 days. It was hypothesized that the presence of the
GIT would reduce taurine concentrations and that these effects
would be exacerbated by freezer storage.

MATERIALS AND METHODS

Experimental procedures were approved by the University
of California-Davis Institutional Animal Care and Use
Committee (Protocol #19040).

Rabbits
Twenty-one freshly slaughtered 45- to 65-day-old
Californian/New Zealand cross rabbit carcasses, raised with
intention for sale as meat and consuming exclusively commercial
rabbit pellets (A.L. Gilbert Farmer’s Best Feed Rabbit Pellets),
were purchased from a local producer (Penryn Rabbit Farm;
Penryn, CA) in three groups of five and one group of six. The
carcasses were each randomly assigned a number; placed into a
sealed, water-tight plastic bag; and stored in a cooler on ice until
same-day processing. Rabbit carcasses were individually weighed
before they were skinned in the traditional manner (removal
of pelt with ears and feet below carpal/tarsal joints) and then
reweighed. Ten rabbits were eviscerated (removing the GIT and
urinary bladder), then reweighed, and 10 rabbits were left intact.
One additional rabbit was dissected for individual tissue samples.

Processing and Analysis
Ten skinned, eviscerated rabbits (without GIT) and 10 skinned,
intact rabbits (with GIT) were ground (including bones, head,
internal organs) and mixed repeatedly using a Weston #22
meat grinder with 7 and 4.5mm grinder plate until visually
homogenous. The ground mixture from each rabbit was divided
into two roughly equal portions by volume and placed into
labeled, sealed commercial freezer bags. One of these was stored
at −80◦C for long-term preservation. Several sections were

randomly removed from throughout the remaining bag (visually
estimated to be about a palm-sized amount total), mixed, and
checked for visual homogeneity. From this, aliquots (range 19.5–
24.1 g) were distributed into duplicate labeled Falcon tubes.
Three separated GITs with contents were homogenized as much
as possible using a blender (after cutting the GITs into small
pieces) and then sampled into aliquots as described above (range
16.2–17.1 g). In addition, entire organs (brain, heart, lung, liver,
kidney) and thigh muscles were collected from a separate rabbit.

One set of samples was sealed with a cap and stored in a
freezer (−18◦C for 30 days; aliquots of 10 rabbits with and 10
without GIT in duplicate, and aliquots of three separated GIT in
duplicate), and one set (as above plus entire organ samples) was
kept for immediate processing.

For the first step of processing, homogenized sample dry
matter (DM) was determined by freeze-drying the entire
duplicate samples stored in Falcon tubes after overnight storage
at −80◦C using a SAVANT SpeedVac Concentrator SVC200H
with Refrigerated Condensation Trap RT490) for 24–48 h until
constant weight was achieved. Freeze-dried samples were then
finely ground and well mixed using a standard coffee bean
grinder. Total nitrogen (N) concentration of the freeze-dried
samples (∼1 g of each was submitted in a closed, labeled
centrifuge tube) from fresh and frozen ground rabbits and
individual organs of one additional rabbit (only 0.1 g submitted
from these) was determined by the UC Davis Analytical
Laboratory using AOAC Official Method 990.03: protein (crude)
in animal feed, combustion method (26). Approximately 0.2 g
was removed from each ground, freeze-dried sample for AA
analysis. From this, three 0.05-g aliquots were removed. Analysis
for 18 AA, including all essential feline AA except tryptophan,
was performed on a Biochrom 30 AA Analyzer (Cambridge,
UK) using methods described elsewhere (20) and including
determination ofmethionine and cystine by use of performic acid
oxidation with acid hydrolysis (AOAC Official Method 944.12:
Amino acids in feeds) (27).

Statistical Analysis
Statistical analysis was performed using computer software
(Microsoft Excel 2011, Microsoft Corporation) and web-
based applications (Social Science Statistics. Mann–Whitney U
Test Calculator and Wilcoxon Signed Rank Test Calculator).
Unpaired groups (rabbits with and without GIT) were compared
using Mann–Whitney tests and paired groups (before and after
freezing for 30 days) were compared using Wilcoxon signed
rank tests. Probability of p ≤ 0.05 was accepted as statistically
significant. Concentrations of AA are reported as both measured
% DM and as g per 16 g N to allow for standardization relative to
apparent protein concentration based on analyzed N.

RESULTS

The 20 rabbit carcasses collected in the present study had a
median weight of 1.67 kg (range 1.34–2.23 kg). There was no
difference in predressed body weights (BW) between rabbits
left intact and those eviscerated (p = 0.67448; Table 1). The 10
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TABLE 1 | Body weights of fresh carcasses and body water, nitrogen (N), and crude protein (CP) concentrations of ground rabbit samples analyzed fresh and after

freezing for 30 days at −18◦C, with and without gastrointestinal tracts plus contents (GIT); n = 10 each group.

Fresh Frozen

Rabbits with GIT Rabbits without GIT Rabbits with GIT Rabbits without GIT

Median (range)

Weight, as is basis 1,675 (1,368–2,163) 1,671 (1,336–2,231) – –

Body water 73.85 (73.94–73.99)* 71.37 (69.20–72.56)* 73.76 (71.89–75.33)* 70.95 (69.11–72.86)*

% N, DM basis 9.21 (8.53–10.16) 10.05 (9.37–10.72) 9.00 (8.46–10.57) 10.01 (9.39–10.71)

% CP, DM basis 57.54 (53.31−63.5)a 62.82 (58.56–67.00)a 56.25 (52.88–66.06)b 62.57 (58.69–66.94)b

*Significant comparisons of with and without GIT within each treatment of fresh vs. frozen (p < 0.05).
aSignificant comparisons between fresh and frozen samples with GIT (p < 0.05).
bSignificant comparisons between fresh and frozen samples without GIT (p < 0.05).

TABLE 2 | Amino acid concentrations of ground rabbit samples analyzed fresh and after freezing for 30 days at −18◦C, with and without gastrointestinal tracts plus

contents (GIT) and normalized for crude protein content; n = 10 each group.

Fresh Frozen

Amino acid Rabbits with GIT Rabbits without GIT Rabbits with GIT Rabbits without GIT

g/16g N; median (range)

Taurine 0.10 (0.075–0.145) 0.11 (0.087–0.129) 0.10 (0.088–0.147) 0.11 (0.094–0.125)

L-Asp 8.69 (7.49–9.36) 8.92 (8.43–9.95) 8.69 (8.08–9.47) 8.81 (8.10–9.37)

L-Thr 4.42 (3.32–5.32)a 4.68 (4.13–5.13) 4.66 (4.20–5.07)a 4.82 (4.32–5.41)

L-Ser 3.26 (2.02–4.36)a 3.59 (2.54–3.84) 3.81 (2.92–4.37)a 3.85 (3.54–4.12)

L-Glu 14.07 (12.46–15.22)* 14.77 (14.03–16.50)*b 13.91 (12.94–15.03) 14.29 (13.26–15.30)b

Gly 6.33 (5.96–7.41)a 6.36 (5.79–6.60) 5.66 (5.16–6.49)a 6.10 (5.58–6.47)

L-Ala 5.63 (5.46–6.21)* 5.87 (5.65–6.39)* 5.57 (5.21–6.10) 5.81(5.33–6.38)

L-Val 4.84 (4.04–4.99) 4.86 (4.56–5.47) 4.81 (4.32–5.18) 4.83 (4.39–5.51)

L-Cys 0.92 (0.70–1.41)a 1.02 (0.67–1.20)b 1.37 (1.02–1.69)a 1.58 (1.49–2.34)b

L-Met 2.16 (1.84–2.27)* 2.28 (2.17–2.57)*b 2.09 (1.96–2.31)* 1.94 (1.65–2.24)*b

L-Ile 4.00 (3.28–4.19)* 4.15 (3.91–4.66)*b 3.86 (3.56–4.16) 3.84 (3.41–4.08)b

L-Leu 7.71 (6.50–8.22) 8.01 (7.49–9.01)b 7.63 (6.96–8.25) 7.22 (6.53–7.94)b

L-Tyr 3.22 (2.65–3.38)*a 3.36 (3.18–3.78)*b 3.05 (2.81–3.18)a 2.98 (2.74–3.35)b

L-Phe 4.16 (3.54–4.48) 4.25 (3.99–4.75)b 3.93 (3.54–4.20) 3.90 (3.59–4.40)b

L-Lys 7.68 (6.41–8.22)* 8.14 (7.70–9.15)*b 7.34 (6.77–7.93) 7.64 (6.75–8.22)b

L-His 2.55 (2.15–2.78)*a 2.69 (2.48–2.99)* 2.39 (1.94–2.70)a 2.56 (2.25–2.91)

L-Arg 6.35 (5.93–7.01)* 6.76 (6.48–7.41)*b 6.27 (5.45–6.85) 6.32 (5.87–6.64)b

L-Pro 4.90 (4.70–5.44)a 4.97 (4.71–5.22)b 12.93 (4.34–15.06)*a 15.41 (13.86–16.28)*b

*Significant comparisons of with and without GIT within each treatment of fresh vs. frozen (p < 0.05).
aSignificant comparisons between fresh and frozen samples with GIT (p < 0.05).
bSignificant comparisons between fresh and frozen samples without GIT (p < 0.05).

removed GITs had a median weight of 410 g as is (range 282–
496 g as is), which represented 21.1% of the total predressed
BW (including pelt and feet; range 15.7–26.8%). Average of
duplicate analyses of the 3 samples of only GIT plus contents
showed relatively higher water content (79.4–79.7% water for
fresh samples and 78.9–80.1% for frozen) and relatively low crude
protein (CP) concentrations compared to samples of rabbits
with or without GIT (36.9–39.% CP DM for fresh samples and
35.9–37.8% CP DM for frozen).

When AA concentrations of fresh ground rabbits with GITs
were compared to those without GITs on a g/16 g N basis, 8 of 18
AA (glutamate, alanine, methionine, isoleucine, tyrosine, lysine,

histidine, and arginine), five of which are essential, were greater
in samples without GITs (Table 2; p < 0.05). However, when
compared on a %DMbasis, all 18 AA concentrations were higher
in fresh samples without GITs, 15 of which were significantly
greater (all except taurine, glycine, and cysteine; Table 3; p
< 0.05). Taurine concentration did not greatly differ between
groups with or without GITs and was only significantly higher
in samples without GITs when expressed as % DM (p= 0.046).

AA concentrations, water, and CP content, and fresh
organ weights of kidney, thigh muscle, heart, brain, lung,
and liver from the single additional rabbit are presented in
Supplementary Table 1.
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TABLE 3 | Amino acid concentrations of ground rabbit samples analyzed fresh and after freezing for 30 days at −18◦C, with and without gastrointestinal tracts plus

contents (GIT) and normalized for water content; n = 10 each group.

Fresh Frozen

Amino acid Rabbits with GIT Rabbits without GIT Rabbits with GIT Rabbits without GIT

% DM; median (range)

Taurine 0.05 (0.04–0.09) 0.07 (0.06–0.08) 0.05 (0.05–0.09)* 0.07 (0.06–0.07)*

L-Asp 4.91 (4.40–5.46)* 5.50 (5.35–6.01)* 4.85 (4.56–5.96)* 5.43 (5.05–6.20)*

L-Thr 2.55 (1.95–2.95)*a 2.98 (2.50–3.14)* 2.60 (2.34–3.20)*a 2.99 (2.75–3.58)*

L-Ser 1.85 (1.10–2.32)*a 2.27 (1.54–2.47)* 2.09 (1.63–2.56)*a 2.32 (2.14–2.67)*

L-Glu 8.03 (7.31–9.03)* 9.16 (8.79–9.97)* 7.86 (7.31–9.57)* 8.82 (7.95–10.12)*

Gly 3.63 (3.32–4.35)a 3.97 (3.39–4.36) 3.25 (2.87–3.73)*a 3.75 (3.39–4.10)*

L-Ala 3.27 (3.05–3.68)* 3.67 (3.44–3.93)* 3.16 (2.95–3.71)* 3.60 (3.40–3.97)*

L-Val 2.70 (2.37–2.92)* 3.04 (2.89–3.30)* 2.71 (2.44–3.24)* 2.99 (2.58–3.44)*

L-Cys 0.53 (0.41–0.75)a 0.64 (0.41–0.76)b 0.76 (0.57–1.11)*a 0.99 (0.92–1.38)*b

L-Met 1.22 (1.08–1.44)* 1.43 (1.35–1.56)*b 1.17 (1.11–1.52) 1.22 (0.97–1.34)b

L-Ile 2.24 (1.93–2.53)* 2.60 (2.43–2.81)*b 2.18 (2.01–2.68) 2.36 (2.06–2.69)b

L-Leu 4.39 (3.81–4.76)* 4.96 (4.80–5.45)*b 4.33 (3.94–5.16) 4.46 (3.83–5.19)b

L-Tyr 1.78 (1.55–2.06)*a 2.10 (2.04–2.29)*b 1.66 (1.59–2.05)a 1.84 (1.65–2.15)b

L-Phe 2.38 (2.08–2.62)*a 2.65 (2.57–2.87)*b 2.20 (2.00–2.63)*a 2.44 (2.12–2.84)*b

L-Lys 4.35 (3.76–4.92)* 5.05 (4.79–5.53)*b 4.12 (3.83–5.23)* 4.69 (3.96–5.44)*b

L-His 1.47 (1.26–1.66)* 1.71 (1.61–1.81)* 1.36 (1.11–1.58)* 1.60 (1.44–1.82)*

L-Arg 3.73 (3.37–4.20)* 4.22 (3.97–4.52)*b 3.57 (3.11–4.15)* 3.88 (3.49–4.40)*b

L-Pro 2.85 (2.60–3.35)*a 3.13 (2.76–3.45)*b 7.46 (2.37–8.83)*a 9.49 (8.60–10.17)*b

*Significant comparisons of with and without GIT within each treatment of fresh vs. frozen (p < 0.05).
aSignificant comparisons between fresh and frozen samples with GIT (p < 0.05).
bSignificant comparisons between fresh and frozen samples without GIT (p < 0.05).

DISCUSSION

The presence or absence of the GIT strongly influenced many

of the findings in the current study. The differential dilutional

effect of the GIT on the results when normalized for CP simply
reflects that the GITs contain much less protein overall compared
to the entire carcass. In addition, the effect of the GITs with their
contents suggests that they contain lower concentrations of most
AA and/or differences in concentrations relative to total N. The
contribution of nonprotein N present in GIT may lead to further
overestimates of CP when using the standard conversion factor
of 6.25. For example, although samples from hindgut fermenters,
such as rabbits and horses, were not assessed, a previous study
of cattle, pig, and chicken manure reported exact conversion
values based on AA composition of 4.78–5.36 (28). In the present
study, AA were also diluted on a DM basis in the samples with
GIT. Although AA concentrations were always higher in samples
without GITs, the specific AA that were apparently affected by
GIT inclusion differed between the fresh and frozen groups.
In the frozen group, three AA showed significant differences
between samples with and without GIT (taurine, glycine, and
cysteine), which were not apparent in fresh samples, and in the
fresh group, four AAwere significantly higher in samples without
GITs but lost this effect after freezing (methionine, isoleucine,
leucine, and tyrosine). This may reflect differential effects of
freezer storage on individual AA or simply variability among
samples. When normalized for protein content and compared
on a g/16 g N basis, there were fewer differences in frozen vs.

fresh samples. The AA concentrations of frozen samples with and
without GITs were surprisingly stable; onlymethionine was lower
and proline was higher in samples without GITs.

Freezing did not impact body water or CP content but
appeared to have an effect on some AA when compared to
fresh samples. Overall, cysteine, proline, glycine, and histidine
followed the same pattern of change pre- and post-freezing in
the samples with and without GITs, suggesting that these are
likely affected by one or more aspects of handling or storage
universal to all samples (i.e., freezing). However, threonine,
serine, glycine, and histidine changed concentrations between
fresh and frozen samples with GITs but not between those
without, indicating some impact of the presence of the GIT and
its contents. However, only threonine and histidine are essential
AA. Surprisingly, seven other AA decreased in frozen samples
of ground rabbit without GITs, indicating differential effects of
freezing with or without the presence of the GIT. Likewise, when
compared on % DM, for rabbits ground with GITs and for those
without GITs, the findings were very similar except for a decrease
in phenylalanine and no change in histidine for rabbits with GITs
(Table 2). For those without GITs, the pattern of change was
the same whether in g/16 g N or a percentage basis except that
glutamate was not different.

Although glycine (on a g/16 g N basis) was also not different
between groups with or without GITs when either fresh or frozen,
it was higher in fresh samples with GITs compared to frozen.
Glycine concentrations of gut contents are likely influenced by
the exclusive conjugation of bile acids in the rabbit with this
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AA (29), depending on the presence and quantity of bile acids
in the sample. The stability of glycine as a bile conjugate vs.
when present in peptides and proteins has not been described
in the literature to the author’s knowledge, but it is possible that
degradation of glycine in GIT contents during freezer storage
could explain the differences seen in the present study. As already
described, the apparent dilutional effect of GIT contents may also
have played a role as especially evident on an absolute basis.

Although a pattern was not consistently obvious, it appeared
that AA concentrations of rabbits with GITs trended toward the
high end of the range for the rabbit with the smallest proportional
GIT plus contents and trended toward the lower end of the range
for the rabbit with the largest GIT plus contents (as % BW, DM
basis). Assuming the majority of GIT weight is from contents,
this further indicates a dilutional effect from the GIT contents,
tempered by the AA concentrations of the GIT itself.

Taurine is a sulfur-containing beta-AA vital for maintaining
normal retinal function (30), reproduction (31–33), and cardiac
function (6). Cats obligatorily use taurine for bile acid
conjugation (34), but have inadequate endogenous synthesis,
making overall production insignificant compared to fecal losses
(35). Many animal tissues (and presumably the evolutionary
feline diet) contain high concentrations of taurine (20). Dietary
taurine requirements in cats largely depend on the extent of
losses associated with imperfect entero-hepatic recycling, which
are further affected by microbial degradation in the gut as well
as multiple dietary factors (10–20). Both the National Research
Council (NRC) and the Association of American Feed Control
Officials (AAFCO) recommend minimum taurine concentration
for all feline life stages at 0.1% DM for extruded kibble diets;
however, this is higher for canned diets (0.17 and 0.2% DM per
NRC and AAFCO, respectively) (36, 37).

When compared to dietary concentration guidelines for all
feline life stages per NRC and AAFCO (36, 37), all samples
well exceeded the recommendations for all measured essential
AA regardless of processing with or without GITs or whether
measured fresh or post-freezing with the notable exception
of taurine, which was an unexpected finding. In fact, median
taurine concentrations in all four groups provided only 50–
70% of the recommended 0.1% DM for extruded kibble diets
and much lower compared with that for canned diets (0.17–
0.2% DM). None of the whole ground rabbit samples met any
recommendation for taurine concentrations for commercial diets
(Table 2). Some samples would have met the NRC recommended
minimum for “highly digestible purified diets” (0.04–0.053% DM
depending on life stage) (37); however, these diets are typically
only used in research settings, generally provide taurine in the
crystalline form, and are likely of limited relevance to the needs
of pet cats eating other types of diets. Although the requirement
for taurine of cats consuming prey remains unknown, it seems
unlikely that it would be less than that for commercial kibble
diets due to the indigestible nature of certain components of
the carcass. For example, dietary fiber plays a role in feline
taurine needs (19), and several lines of evidence support that
fur, collagen, or other indigestible components of prey carcasses
function similarly to fiber (38–40). Further, diet type affects
taurine metabolism (10, 11, 13, 18, 41), and previous studies in

other species note differences in the gut microbial population
with changes to feed texture (42, 43).

We had expected low taurine concentrations in rabbit GITs
and that there would be, therefore, a strong effect of lower
concentrations in rabbits ground with GITs when normalized
for CP content, but this prediction was not supported by
our findings. The ingredient list of the rabbit feed used by
the producer did not include a source of purified taurine
(Supplementary Table 2). Further, the primary components of
rabbit feed are of plant origin and are not expected to contain
taurine. We had also hypothesized that the presence of the
GIT and exposure to taurine-degrading gut microbes would
result in decreased concentrations in those samples; however,
this was not the case. Perhaps prompt freezer storage was
sufficient to interrupt microbial action, together with limited
and controlled thawing time prior to analysis. This suggests that
changes in other AA concentrations may occur by mechanisms
other than microbial action or that there are other variables not
yet elucidated.

Diet and age of rabbits also affect AA concentrations although
effect on taurine was previously unknown (44, 45). Amore recent
study obtained rabbits (stillborn, 30–45 days of age, and >65
days of age) as frozen entire carcasses and then determined
AA concentrations as well as AA digestibility in lyophilized,
ground samples using the precision-fed cecectomized rooster
assay (9). Those authors reported taurine concentrations that
were well below or just meeting the lowest NRC and AAFCO
recommendations for commercial feline diets (0.1% DM) in
the 30- to 45- (0.01% DM) and the >65-day-old rabbits
(0.1% DM); however, the stillborn rabbits, which came from a
different source, were much higher in taurine content (0.29%
DM) (9). The higher reported value for the stillborn rabbits
is inconsistent with our findings (range 0.04–0.09% DM) as
well as with previously published taurine concentrations for
rabbits. Rabbits with only 0.06% taurine DM (measured from
ground subsamples) were fed intact (not ground, not reported if
previously frozen) to 10 cheetahs for 4 weeks, and normal serum
taurine concentrations were maintained during this relatively
short time (24); however, ideally, concurrent plasma and whole
blood taurine measurements are preferred over serum due to
potential variability in taurine content of serum secondary to
sample-handling factors, such as clotting times and separation
methods. Taurine deficiency leading to DCM was previously
reported in 70% of 22 young domestic cats fed entire ground
rabbit (unskinned, undressed) for a longer period of 10 months
(25). The age of the rabbits and taurine concentrations were not
reported although the authors did report low dietary vitamin
E, which can contribute to taurine losses during processing
(46). Subsequent publications by different authors cite a dietary
concentration of 0.13% taurine DM for the diet used in the
Glasgow et al. study (25), but the source of this value is unclear
(9, 47). This concentration (0.13% DM) is greater than those
documented in the current study (0.04–0.09% DM) as well as
both AAFCO or NRC recommendations for dry extruded diets
(0.1%DM), but it is lower than the recommended concentrations
for canned diets (0.2% DMAAFCO; 0.17% DMNRC) (36, 37). It
is unclear if the differences in measured taurine concentrations
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or outcomes among reports are due to variations in study length,
small numbers of rabbit samples with natural interindividual
variability, differences in feeding methods (intact vs. ground
could affect taurine measurements or metabolism), direct vs.
indirect determination of taurine concentrations, presence or
absence of the pelt (possible fiber-like effects in the gut), age or
source of rabbits or other factors.

It is known that certain organs contain more taurine
than others (20). In order to investigate possible differential
distribution among the various organs, single samples of selected
organs were collected from one additional rabbit. Only the
heart and lung (but not thigh muscle, brain, liver, or kidney)
contained adequate concentrations of taurine compared to NRC
and AAFCO recommendations (Supplementary Table 1). This
was despite the high amount of CP, especially in thigh muscle
(89% DM). Given that rabbits exclusively conjugate bile acids
with glycine, it is not surprising the liver had low concentrations
of taurine (<25% of thigh muscle, 10% of kidney or brain, and 1–
3% of heart and lung concentrations). The myocardial necessity
of taurine for normal metabolism is a likely reason for its high
concentration in the heart; however, a similar statement cannot
be made for lung. The finding of adequate taurine in these two
organs was somewhat unexpected in the face of apparently low
global taurine.We did not havemultiple samples for comparison,
and this is an area in need of further research.

In summary, the GIT of the rabbit, inclusive of its contents,
can constitute a large percentage of rabbit BW and likely
impacts the concentration of AA on both a compositional
and dilutional basis although individual differences are difficult
to elucidate given the variables and multifactorial nature of
the effect. Freezing ground rabbit appears to impact the
concentrations of only select AA (cysteine, proline, glycine,
and histidine) independent of the presence or absence of the
GIT and its contents. The marked increase in proline that
occurred with freezing remains unexplained, especially because
glutamate concentrations did not decrease (therefore, conversion
of glutamate to proline is not the apparent mechanism); however,
it is of limited practical significance given it is a nonessential
AA. Regardless, changes in essential AA concentrations in this
study due to freezing or processing would not be expected to have
physiological consequences as all essential alpha-AA in all four
groups remained in excess of NRC recommended allowances for
all feline life stages. The effects of extended periods of freezer or
refrigerator storage on AA concentrations, as may occur in some
retail or household situations, remains unknown.

The low concentrations of taurine in rabbit, regardless of
sample type and storage conditions, would very likely be
physiologically significant if fed in large proportions or as the
sole diet. It remains to be seen if there are differences in
taurine concentrations between wild and domestically raised
rabbits. It is possible that all lagomorphs are inherently low in
taurine regardless of diet. This could result in negative clinical
consequences if cats are fed unsupplemented rabbit exclusively or
as a large proportion of the diet but may not be of consequence
in a wild-type setting as cats do not consume rabbit exclusively
in the wild even when they constitute a larger percentage of the
diet (48). Perhaps the consumption of additional and varied prey
species is sufficient to meet overall needs. In addition, it would be

interesting to characterize AA concentrations in rabbit carcasses
after industrial processing either for use in commercial pet food
or for human consumption (including complete evisceration
and removal of the head). Finally, assessment of rabbits of
different breeds and from different producers would enable
a wider perspective on the body composition of domestically
raised rabbits.

It remains unknown if supplementation of taurine to
concentrations recommended for either dry extruded or canned
diets is sufficient to maintain normal taurine status of cats
consuming whole-prey diets generally or rabbit specifically.
Overall, the physiologic effect of whole-prey diets (and the
various forms they can assume) remains uncharacterized and
may be impacted by inclusion of the pelt or whether the prey
is ground or intact. It is noteworthy that ecological studies have
confirmed the consumption of rabbits or other lagomorphs by
wild cats by examination of scat or stomach samples rather
than direct observation; therefore, it is undocumented if cats
consume rabbits with a particular pattern of preference and/or
if this may vary with rabbit size (e.g., entire consumption
of small/neonatal/young rabbits or only specific parts of
larger rabbits).
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Background: Inflammatory bowel disease (IBD) is an idiopathic multifactorial disease in

humans and dogs, usually assigned to the interactions between genes, gut microbiota,

diet, environment, and the immune system. We aimed to investigate the modifiable early

life exposures associated with IBD in dogs.

Materials and Methods: The study data was extracted from the validated

owner-reported DogRisk food frequency questionnaire. This was a cross-sectional

questionnaire-based study that tested 21 different early life dietary and environmental,

demographic and genetic variables for their association with IBD or not, in adult

dogs. A total of 7,015 dogs participated in this study. The study covered early life

periods; prenatal, neonatal, early, and late postnatal periods. Two feeding patterns, a

non-processed meat-based diet (NPMD) and an ultra-processed carbohydrate-based

diet (UPCD) were studied. Data was analyzed using logistic regression analysis with a

backward stepwise deletion.

Results: From the final models we found that the NPMD during early and late postnatal

periods were significantly associated with lower IBD risk later in life. The UPCD during

the same periods was associated with a higher risk of IBD incidence. Also, the maternal

diet during the neonatal period showed a non-significant trend of lower IBD risk in the

offspring with the NPMD and a higher IBD risk with the UPCD. Additionally, the normal

body weight of puppies during the first 6 months of age was associated with a lower risk

of IBD in adulthood while, slim puppies associated significantly with IBD in adulthood.

From the non-modifiable background variables, we identified the maternal history of IBD

as the strongest risk factor for later incidence of IBD. Furthermore, male dogs were twice

as likely to develop IBD as female dogs were.

Conclusions: It is reassuring for owners to know that they themselves can have an

impact on their dog’s health. A high-fat, low-carbohydrate NPMD exposure during early

life, and a normal body condition in puppyhoodwere significantly associated with less IBD

in adult dogs. The opposite was true for UPCD exposure and abnormal body condition

score in 6 month old puppies.
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INTRODUCTION

Canine inflammatory bowel disease (IBD) is a group of chronic
idiopathic enteropathies in dogs characterized by persistent
and/or recurrent gastrointestinal symptoms (1–3). In this study
we will refer to these enteropathies as IBD. The disease usually
affects middle-aged dogs with no gender predisposition (4,
5); although intermittent symptoms have been noted even in
puppies < 6 months of age (5). Clinical phenotypes of IBD
have been identified and used to define specific forms of IBD
with varying breed predisposition [(1, 5, 6), Table 1]. To date,
the etiopathogenesis of idiopathic IBD, both in humans and
canines, is not fully understood. Current literature supports
the concept that IBD is usually assigned to the interactions
between genetics, gut microenvironment (dietary microbiota and
diet composition), and the host immune system (1, 2). The
genetic component of the disease has been recognized using
both genome-wide association and candidate gene approaches in
humans (14, 15) and dogs (6, 16, 17).

Mounting evidence from human epidemiological studies
suggests that it is wise to focus on exploring the role that
early life exposures have on influencing the gut microbiome
and immune modulation, as it in turn can modify the disease
risk (18–21). Several theories encourage identifying the role
of environmental stimulants, including diet, in triggering the
inflammatory response. The most prominent of them is the
hygiene hypothesis which states that an increased frequency of
immune disorders can be attributed to a reduction in enteric
microbiota during early life. This has been presumed to be due
to exaggerated sanitation, which results in an untrained, and
therefore malfunctioning, immune system (22, 23). The newborn
immune maturation is mainly driven by the early life exposure
to microbes (24). The gut microbiota is the central source of
the postnatal microbial exposure (25). The early life diet has a
profound effect on the neonate gut microbiota and thereby also
on immune regulation (26). Dietary patterns are a fundamental
part of a healthy lifestyle and diets can influence gut microbial
ecosystems, promoting gut health in dogs and humans. Recently,
diet composition has been shown to substantially impact the
abundance and modulation of gut microbiome in dogs and
humans (27–34). Moreover, the diet processing; whether the diet
is offered as a non-processed/raw diet or as an ultra-processed
diet, has been observed to impact human and canine health
(35, 36).

Research regarding the role of the early diet on IBD incidence
in small animals is scarce. One study on cats analyzed the
role that early life events and diet had on gastrointestinal
symptoms that developed later in life (37). They found that
when owners reported diarrhea, vomiting, and/or decreased
consumption of commercial diets before their cat was 16 weeks
of age, it was also associated with gastrointestinal symptoms
occurring at least twice between 6 and 30 months of age (37).
Although the disease is frequently presented at animal clinics,

Abbreviations: IBD, inflammatory bowel disease; NPMD, non-processed meat

based diet; UPCD, ultra-processed carbohydrate based diet; FFQ, food frequency

questionnaire.

TABLE 1 | Inflammatory bowel disease prone breeds.

IBD phenotypes IBD prone breeds

Inflammatory

bowel disease

Akita1, Bernese mountain dog1, Dalmatian1, English setter1,

German shepherd1,2,7, Golden retriever1,2, Irish setter1,

Pointer1, Rottweiler1,2, Soft-coated wheaten terrier1,3,7,

Labrador retriever2, Border colli2, Boxer2,7, Staffordshire bull

terrier2, Cocker spaniel2, West highland white terrier2,

Weimaraner2, Jack Russell terrier2, Basenjis3,7, Mixed

breeds2, French bull dog3, Doberman pinscher3, Mastiff3,

Alaskan malamute3, Shar pei7

Intestinal

malabsorption

Akita1, Basenji1, Chinese Shar pei1, Chow chow1, French bull

dog1, Irish setter1, Old English sheep dog1, Peruvian inca

orchid1, Rottweiler1, Shiloh shepherd1, Soft-coated wheaten

terrier1

Gluten-sensitive

enteropathy

Irish setter1,2

Ulcerative colitis Akbash1, Boxers1,4,5,7, German shepherd1, Skye terrier1,

French bull dog5,7, Mastiff5,7, Alaskan malmalute5,7,

Dobermann pinscher5,7

Tylosin responsive

diarrhea

Irish setter6, Basenji6, Lundehund6, Yorkshire terrier6,

German shepherd6, Boxer6, French bull dog6, Shar-pei6,

Rottweiler6, Soft-coated wheaten terrier6

Antibiotic

responsive

diarrhea

German shepherds8

1−8cited from Dodds (7), Kathrani et al. (8), Cerquetella et al. (2), Davies et al. (9), Stokes

et al. (10), Westermarck et al. (11), Hall (12), Hall (13) respectively.

there is no data on the true prevalence of IBD in dogs (4).
Currently there are no studies that identify early life exposures
that might act as risk factors for chronic IBD development in
dogs. Furthermore, the possible influence of a non-processed
meat based diet and an ultra-processed carbohydrate based diet
on the prevalence of IBD in dogs has not been previously
assessed. Only one canine study found a significant risk of
developing gastrointestinal diseases if a dog had previously
suffered from a parvovirus infection (38). Therefore, it is
important to investigate modifiable early life risk factors for
canine IBD that might have an impact on future immune
system stimulation. The main aim of the present study was
to investigate possible associations of modifiable early life
exposures, dietary and environmental, with owner-reported IBD
incidence in later life. In addition, we aimed to test previous
known risk factors of the disease, such as maternal history,
gender, and breed.

MATERIALS AND METHODS

The Questionnaire and Study Population
The study data was extracted from the DogRisk food frequency
questionnaire (FFQ) data. This FFQ is an online validated
ongoing questionnaire (39) http://www.ruokintakysely.fi/. It has
been available online for dog owners since 2009, when it was
launched by us at the University of Helsinki, Finland. The whole
questionnaire is in Finnish language. As mentioned elsewhere
(36, 39, 40) the FFQ includes 50 questions generating 1,332
data points, reported by the dog owners. It aims to gather
information on the owner’s dog’s diets and lifestyle at different

Frontiers in Veterinary Science | www.frontiersin.org 2 February 2021 | Volume 8 | Article 55235056

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


Hemida et al. Early Exposures and Canine IBD

FIGURE 1 | Flow chart of the study population.

time points throughout its life, as well as data on the dog’s
health conditions, background, and demographic information.
In addition to gathering information on the dog itself, it also
contains several questions concerning the dogs’ mothers’ early
maternal diets and their diseases. The FFQ has an ethical
approval (29.4.2016) from the University of Helsinki Viikki
campus ethical board.

The questionnaire received 16,559 responses between 2009
and 2019. The dogs under 1 year of age were excluded from
this study in order to avoid reverse causality. Also, participants
who had not answered the question about whether their dogs
had been suffering from IBD or not were excluded. Otherwise,
all breeds and both sexes were included. After all questionnaire
test answers, robot answers, and duplicates had been removed,
7,015 participants were eligible for the study (Figure 1).

Study Design and Tested Variables
This is a once-answered, and in that respect cross-sectional,
questionnaire-based study asking about multiple exposures at
different time points, therefore also making it longitudinal. This
study has been carried out to investigate the association between
early life modifiable exposures (dietary and environmental) and
the incidence of owner-reported IBD later in life. In addition,
we tested the associations between non-modifiable genetic and

demographic variables and IBD incidence. The study tested only
one dependent categorical dichotomous variable, concerning
IBD, for association with 21 different independent categorical
and continuous variables (Table 2). The dependent variable
obtained by responding either “Yes” or “No” to the question:
“Has your dog suffered from inflammatory bowel disease (IBD),
chronic bowel symptoms, chronic bowel ‘allergies’?” The study
cases were obtained when the owners responded “Yes,” while
those who responded “No” were chosen as study controls.

We analyzed four early life periods, prenatal (pregnancy
period), neonatal (the 1st 3–4 weeks of life, i.e., the lactation
period), early postnatal (from 1 to 2 months of age) and late
postnatal periods (from 2 to 6 months of age) as shown in
Figure 2.

The modifiable early life variables that were tested covered
nutritional, environmental and lifestyle factors. We compared
two common feeding patterns, the non-processed meat-based
diets (NPMD) and the ultra-processed carbohydrate-based diets
(UPCD) during the following early life periods: the maternal diet
during pregnancy, the maternal diet during lactation, the young
puppy first solid diet and the puppy diet in the period between
2 and 6 months of age. The NPMD is a diet rich in fresh animal
proteins and fats (red meat, poultry, fish, organs, bones, lard, fish
oils etc.) and low in carbohydrates but including raw vegetables,
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TABLE 2 | Frequencies of the tested variables in the cases, controls, and total study cohort.

Variables Categories Inflammatory bowel disease %(n)

Cases, % Controls, % Total, %

(n = 1,147) (n = 7,015) (n = 7,015)

Non- modifiable; genetic and demographic factors

Maternal History of IBD Mothers without IBD 90.0 (260) 98.8 (2,135) 97.7 (2,395)

Mothers with IBD 10.0 (29) 1.2 (27) 2.3 (56)

Dog breed IBD prone breeds 55.5 (562) 50.4 (2,583) 51.2 (3,145)

IBD non-prone breeds 44.5 (450) 49.6 (2,546) 48.8 (2,996)

Dog gender Males 60.3 (675) 43.4 (2,480) 46.2 (3,155)

Females 39.7 (444) 56.6 (3,232) 53.8 (3,676)

Dog color White >50% 21.8 (240) 20.0 (1,107) 20.3 (1,347)

White <50% 78.2 (862) 80.0 (4,441) 79.7 (5,303)

Dog age, years (mean ± SD)* 5.10 ± 3.06 5.04 ± 3.12 5.05 ± 3.11

Modifiable factors

Prenatal period (pregnancy)

Maternal gestation diet NPMB 6.0 (22) 9.1 (178) 8.6 (200)

UPCD 94.0 (346) 90.9 (1,788) 91.4 (2,134)

Was the mother dewormed during/just before

pregnancy?

Yes 95.9 (446) 96.2 (2,717) 96.2 (3,163)

No 4.1 (19) 3.8 (107) 3.8 (126)

Was the mother vaccinated during/just before

pregnancy?

Yes 59.5 (150) 48.7 (830) 50.1 (980)

No 40.5 (102) 51.3 (873) 49.9 (975)

Neonatal period (lactation)

Maternal lactation diet NPMB 6.2 (21) 9.2 (172) 8.7 (193)

UPCD 93.8 (319) 90.8 (1,706) 91.3 (2,025)

Early postnatal period (puppy 1–2 months of age)

Puppy’s first solid diet NPMD 5.9 (22) 10.3 (198) 9.6 (220)

UPCD 94.1 (353) 89.7 (1,720) 90.4 (2,073)

Frequency of outdoor activity Many times/day 51.4 (331) 60.0 (2,105) 58.6 (2,436)

Once/day 15.5 (100) 15.7 (552) 15.7 (652)

A few times/week 14.4 (93) 11.5 (405) 12.0 (498)

A few times/month 7.3 (47) 5.0 (176) 5.4 (223)

Not at all 11.3 (73) 7.8 (273) 8.3 (346)

Rest, hours/day (mean ± SD)* 15.99 ± 3.97 15.98 ± 3.80 15.98 ± 3.82

Type of flooring Slippery flooring 9.7 (66) 10.9 (399) 10.7 (465)

Non-slippery flooring 26.3 (179) 27.4 (1,006) 27.2 (1,185)

Dirt flooring 5.9 (40) 7.5 (275) 7.2 (315)

Newspaper flooring 30.0 (204) 27.8 (1,023) 28.2 (1,227)

Carpet flooring 28.1 (191) 26.5 (973) 26.7 (1,164)

Body condition score Obese puppy 14.6 (109) 14.6 (573) 14.6 (682)

Normal weight puppy 75.1 (561) 75.9 (2,977) 75.8 (3,538)

Slim puppy 10.3 (77) 9.5 (371) 9.6 (448)

Late postnatal period (puppy 2–6 months)

Puppy diet NPMD 15.1 (45) 22.2 (310) 20.9 (355)

UPCD 84.9 (254) 77.8 (1,088) 79.1 (1,342)

Outdoor activity, hours/day < 0.5 1.2 (9) 2.2 (89) 2.1 (98)

0.5–1.0 28.3 (219) 25.5 (1,019) 26.0 (1,238)

1.0–2.0 51.8 (401) 51.5 (2,057) 51.6 (2,458)

> 2.0 18.7 (145) 20.7 (826) 20.4 (971)

Rest, hours/day (mean ± SD)* 14.52 ± 3.21 14.43 ± 3.28 14.45 ± 3.27

Type of flooring Slippery flooring 23.4 (191) 24.5 (1,040) 24.3 (1,231)

(Continued)
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TABLE 2 | Continued

Variables Categories Inflammatory bowel disease %(n)

Cases, % Controls, % Total, %

(n = 1,147) (n = 7,015) (n = 7,015)

Non-slippery flooring 24.9 (203) 25.1 (1,064) 25.0 (1,267)

Dirt flooring 1.0 (8) 2.0 (85) 1.8 (93)

Newspaper flooring 0.5 (4) 0.3 (11) 0.3 (15)

Carpets flooring 12.0 (98) 13.5 (572) 13.2 (670)

Body condition score Obese puppy 7.3 (59) 6.4 (266) 6.5 (325)

Normal weight puppy 61.6 (495) 69.0 (2,883) 67.8 (3,378)

Slim puppy 31.1 (250) 24.7 (1,032) 25.7 (1,282)

Was the puppy vaccinated 2–4 times under 1

year of age?

Yes 98.1 (1,050) 98.7 (5,493) 98.6 (6,543)

No 1.9 (20) 1.3 (72) 1.4 (92)

Was the puppy dewormed 2–10 times under 1

year of age?

Yes 98.9 (1,018) 98.8 (5,303) 98.8 (6,321)

No 1.1 (11) 1.2 (64) 1.2 (75)

(n): the number of dogs, IBD, inflammatory bowel disease; NPMD, non-processed meat based diet; UPCD, ultra-processed carbohydrate based diet. *Scale variables presented as

(mean ± SD).

FIGURE 2 | Pathway of the study variables at different time points. Prenatal period image adapted from https://dogs.lovetoknow.com/wiki/Canine_Gestation,

neonatal period image adapted from https://www.yorkbeach.co.uk/puppies/daisy_2016.html, early postnatal period image adapted from https://i.ytimg.com/vi/

8nt7M12CTa0/maxresdefault.jpg, and late postnatal period image adapted from https://www.pets4homes.co.uk/pet-advice/what-to-expect-of-your-puppy-at-4-to-

6-months-old.html.

fruits or berries for micronutrients and vegetal fibers. The
NPMD is either commercial or prepared at home by chopping,
grating, mixing and freezing the ingredients. The UPCD refers
to commercially produced extruded kibble. Typically, 40–60% of
the contents of the UPCD are processed carbohydrates (mostly
grains, rice, potatoes etc. but also some vegetable pulp). The two
diets; NPMD and UPCD, exhibit different macronutrient profiles
but may also differ in many other ways.

We tested four environmental and lifestyle factors during the
early and late postnatal periods including outdoor activity, rest
hours, type of flooring, and the body condition score. The body
condition score (BCS) was a 5-category scale where the owner
could choose between 1 = very slim, 2 = slim, 3 = normal, 4 =

round/fat, and 5= obese.
The questions about vaccination and deworming

programs of the pregnant dams and puppies under 1

year of age were also tested for the association with the
dependent variable. The question regarding the dog’s
mother was: “Did you vaccinate/deworm the dam while
she was pregnant or just before?” The question regarding
the puppy asked whether or not it had received 2–4
vaccinations before the age of 1 year? The answers of these
questions were, “yes,” “no” or “I do not know/I do not
remember.” Only the yes and no answers were used in
the analyses.

The final five questions regarded the non-modifiable genetic
and demographic variables, namely: maternal history of IBD,
dog age, dog gender, dog color (specifically wanting to
know the amount of white in the coat) and if the dog
breed is prone to IBD or not prone to IBD (Table 1). The
variable of IBD prone breed or not, was gathered from the
literature (Table 1).
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FIGURE 3 | Inflammatory bowel disease prevalence within different age groups in the DogRisk food frequency questionnaire population, n = 10468, (A) and when the

population was stratified for gender (B), maternal history (C), and disease predisposition in the different breeds (D). *The difference between the two groups within

each age group is significant at P < 0.05.

Statistical Methods
The categorical and discrete variables were presented as
frequencies n (%) using cross-tabulation for the cases, controls
and the total study population, while the continuous variables
were summarized as means and standard deviations (mean ±

SD). The disease prevalence was calculated using cross-tabulation
as ratios of the diseased dogs in the total population and within
each age group. Moreover, the prevalence was calculated after
stratifying the FFQ cohort for gender, maternal history, and
disease predisposition in the different breeds.

The association of the tested independent variables with IBD
symptoms in adult dogs was calculated using logistic regression
analyses. Firstly, the variables were analyzed using univariate
logistic regression and the variables with a p < 0.2 were used
for final modeling. Five final models were created using the
backward stepwise regression method. The first model included
the demographic non-modifiable variables, the other four models
contained the early life modifiable exposures during prenatal
life, neonatal life, early postnatal life and late postnatal life,
respectively. The five models were adjusted for age and the
statistical significance was considered for p-values lower than
0.05 (∗), 0.01 (∗∗), and 0.001 (∗∗∗). To help the veterinarian or
nutritionist readermake an informed choice regarding the type of
food that they usually prescribes in their practice, we report our
regression analysis using two dummy variables that were created
for the dichotomous variables instead of one. The missing values
were not imputed. To test the fitness of the regression models
an Omnibus test p-value should be lower than 0.05, a Hosmer
and Lemeshow test p-value should be larger than 0.05 and the

Nagelkerke’s R should be as big as possible (41, 42). The statistical
analyses were performed using SPSS version 25. The visualization
of odds ratios was carried out using the forest plot package (43)
in R software version 3.5.1 (44).

RESULTS

Inflammatory Bowel Disease Prevalence
(IBD) in the Finnish DogRisk Food
Frequency Questionnaire (FFQ) Population
The prevalence of IBD in the FFQ population differs between the
age groups and when the population was stratified for gender,
history of maternal disease, white color coat ratio, and IBD prone
breeds as shown in Figure 3.

Variables Characteristics
The distribution of the tested variables within the cases, controls
and the total study cohort are presented in Table 2 as frequencies
(%) and numbers (n) for the categorical variables, while the scale
variables are presented as means± SDs (Table 2).

Regression Analysis
The univariate logistic regression analysis showed 10 significant
associations (p < 0.05). Additionally, six variables (p < 0.2) were
also included in the final models (Table 3).

From the multivariate logistic regression models, four early-
life exposures showed a significant association with canine IBD
incidence in adulthood and one early-life exposure showed a
non-significant “trend” as shown in Figure 4. The final models’
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TABLE 3 | Associations of early life covariates with inflammatory bowel disease in dogs based on univariate logistic regression analyses.

Covariates Crude effect estimates Multivariate models

cOR (95% CI) P-value

Non- modifiable; genetic and demographic factors

Maternal history of IBD Included in model I

Non-IBD mothers vs. IBD mothers 0.113 (0.066–0.195) <0.001***

IBD vs. non-IBD mothers 8.820 (5.141–15.131) <0.001***

Dog breed Included in model I

Non-IBD prone vs. IBD prone 0.812 (0.709–0.930) 0.003**

IBD prone vs. non-IBD prone 1.231 (1.075–1.410) 0.003**

Dog gender Included in model I

Female vs. male 0.505 (0.443–0.575) <0.001***

Male vs. female 1.981 (1.739–2.258) <0.001***

Dog color Included in model I

> 50% white coat vs. < 50% 1.117 (0.954–1.307) 0.169

< 50% white coat vs. > 50% 0.895 (0.765–1.048) 0.169

Dog age§ 1.007 (0.987–1.027) 0.505 Included in model I

Modifiable factors

I. Prenatal period maternal factors

Mother’s diet during pregnancy Included in model II

NPMD vs. UPCD 0.639 (0.404–1.009) 0.055

UPCD vs. NPMD 1.566 (0.991–2.474) 0.055

Was the mother dewormed during/just before

pregnancy?

Not included

Yes vs. no 0.924 (0.562–1.521) 0.757

No vs. yes 1.082 (0.657–1.780) 0.757

Was mother vaccinated during/just before pregnancy? Included in model II

Yes vs. no 1.547 (1.182–2.024) 0.001**

No vs. yes 0.647 (0.494–0.846) 0.001**

II. Neonatal period (0–1 month of age)

Mother’s diet during lactation Included in model III

NPMD vs. UPCD 0.653 (0.409–1.043) 0.075

UPCD vs. NPMD 1.532 (0.959–2.447) 0.075

III. Early postnatal period (1–2 months of age)

Puppy’s first solid diet Included in model IV

NPMD vs. UPCD 0.541 (0.343–0.853) 0.008**

UPCD vs. NPMD 1.847 (1.172–2.912) 0.008**

Frequency of outdoor activity Included in model IV

Many times/day vs. not at all 0.588 (0.443–0.780) <0.001***

Once/day vs. not at all 0.677 (0.485–0.947) 0.023*

A few times/week vs. not at all 0.859 (0.610–1.210) 0.384

A few times/month vs. not at all 0.999 (0.661–1.509) 0.995

Type of flooring Included in model IV

Slippery vs. dirt flooring 1.137 (0.746–1.734) 0.550

Non-slippery vs. dirt flooring 1.223 (0.847–1.767) 0.283

Newspaper vs. dirt flooring 1.371 (0.953–1.973) 0.089

Carpets vs. dirt flooring 1.350 (0.936–1.946) 0.109

Rest, hours/day 1.001 (0.958–1.045) 0.977 Not included

Body condition Score Not included

Slim vs. normal weight puppies 1.101 (0.848–1.431) 0.469

Obese vs. normal weight puppies 1.009 (0.807–1.263) 0.934

IV. Late postnatal period (2–6 months of age)

(Continued)
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TABLE 3 | Continued

Covariates Crude effect estimates Multivariate models

cOR (95% CI) P-value

Puppy diet Included in model V

NPMD vs. UPCD 0.622 (0.442–0.875) 0.006**

UPCD vs. NPMD 1.608 (1.143–2.262) 0.006**

Outdoor activity, hours/day Included in model V

0.5–1 vs. < 0.5 2.125 (1.054–4.284) 0.035*

1–2 vs. < 0.5 1.928 (0.963–3.858) 0.064

> 2 vs. < 0.5 1.736 (0.855–3.524) 0.127

Rest, hours/day 1.008 (0.983–1.034) 0.528 Not included

Type of flooring Included in model V

Slippery vs. dirt flooring 1.951 (0.930–4.094) 0.077

Non-slippery vs. dirt flooring 2.027 (0.967–4.250) 0.061

Newspaper vs. dirt flooring 3.864 (0.997–14.973) 0.051

Carpets vs. dirt flooring 1.820 (0.855–3.876) 0.120

More than two types vs. dirt flooring 2.249 (1.078–4.690) 0.031*

Body condition score Included in model V

Slim vs. normal weight puppies 1.411 (1.193–1.669) <0.001***

Obese vs. normal weight puppies 1.292 (0.959–1.740) 0.092

Was the puppy vaccinated 2–4 times under 1 year of age? Included in model V

Yes vs. no 0.688 (0.417–1.134) 0.143

No vs. yes 1.453 (0.882–2.395) 0.143

Was the puppy dewormed 2–10 times under 1 year of

age?

Not included

Yes vs. no 1.117 (0.587–2.125) 0.736

No vs. yes 0.895 (0.471–1.703) 0.736

cOR, Crude odds ratio; CI, Confidence intervals; IBD, Inflammatory bowel disease; NPMD, Non-processed meat based diet; UPCD, Ultra-processed carbohydrate based diet; vs.,

versus. *p < 0.05, **p < 0.01, ***p < 0.001, Bolded values indicate p < 0.2, §scale variable measured in years.

odds ratios for the associations of the non-modifiable and the
early life modifiable factors with IBD in adult dogs are presented
in Figure 4. A p < 0.05 and an OR > 1 means increased risk for
IBD while p < 0.05 and OR < 1 means decreased risk.

DISCUSSION

A growing trove of literature regarding genes and the
microbiome confirmed by data from human epidemiological
studies advocates the importance of early life exposures in
modulating the risk of IBD incidence (18, 45–48). However, the
impact that early life environmental and nutritional exposures
have on IBD risk in dogs has not been previously examined.
This is the first study to investigate the association between
modifiable early life exposures and the incidence of IBD in
adult dogs. Exploring the most pertinent early life exposures
provides clues to the etiopathogenesis of this complex disease
and allows for the development of a primary prevention
strategy for IBD in dogs. At the same time, as a dog’s
pregnancy and early life is shorter than a human’s, but
otherwise similar in both terms of environment and diet, this
study might also provide insight regarding the prevention of
human IBD. Our results are divided into the non-modifiable

factors that cannot be altered, and the modifiable factors,
where the owners’ choices can have an impact on their dog’s
future health.

Non-modifiable Exposures and How They
Related to Owner Reported IBD
Our analysis of the non-modifiable background related factors
showed that the maternal history of IBD was directly associated
with IBD incidence in the offspring in later life. To the best
of our knowledge, the family history of IBD in dogs and the
risk of the disease morbidity in the offspring later, has not been
demonstrated before. The role that the family disease history has
on the offspring’s subsequent IBD development in adulthood,
has been studied in several human studies (18, 49–53). Our
findings are similar to a human study, where they found that
the greatest risk factor for IBD was having one or more affected
first-degree relative (52). In the case of having two parents with
IBD, the long-term risk of developing the disease in the offspring
was over 30% (53). The increased risk of IBD in dogs with a
maternal history of it supports the proposed genetic component
of the disease (6). However, other theories exist: Freud et al.
(54) concluded that long-term morbidity of pediatric diseases
in the offspring up to 18 years of age (such as cardiovascular,
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FIGURE 4 | Forest plot of odds ratios for the association of early life exposures and inflammatory bowel disease in adult dogs based on multivariate logistic regression

analysis (n = 7015, adjusted for dog age). Included dogs for each model: model 1 (n = 1976), model 2 (n = 1022), model 3 (n = 2218), model 4 (n = 1830), and

model 5 (n = 1532). Modifiable exposures included models from 2 to 5 as following model 2: prenatal period, model 3: neonatal period, model 4: early postnatal

period, model 5: late postnatal period. OR, odds ratio; CI, confidence interval; IBD, inflammatory bowel disease; NPMD, non-processed meat based diet; UPCD,

ultra-processed carbohydrate based diet; VS, versus. §non-significant p > 0.05.

endocrinal, respiratory, hematological, neurological, urinary, and
gastrointestinal diseases) were not affected by maternal IBD
during pregnancy. This suggests that genetics alone cannot
explain the increased prevalence of IBD, instead it synergizes with
other potential risk factors, especially diet (1, 2).

In the present study, the male dogs exhibited a higher risk
of developing IBD than females did. Similarly, a Japanese study
that studied the prevalence of chronic enteropathy in dogs
through using an insurance-based population found that there
was a slightly higher disease prevalence in males compared to
female dogs (55). On the other hand, some studies have reported
that there is no gender predisposition of IBD development in
dogs (5, 56). As IBD is often used as an umbrella term for
different diseases, the different types of IBD and the different
breeds studied may be the reason for this discrepancy between
different studies.

In our study, there was a significant association between the
incidence of IBD and the dog’s age. We found that the highest
IBD prevalence within different age groups was in middle-aged
dogs, from 5 to 10 years of age. This finding is in accordance with
one study (5), and with anecdotal knowledge that IBD is mainly
a disease of middle-aged dogs.

The incidence of IBD showed a significant difference between
the IBD-prone and non-prone breed cohorts (Figure 3). Breed

predisposition has been recognized for IBD [(7, 8), Table 1].
Gluten sensitive enteropathy has been reported with Irish setters
(7, 8), while ulcerative colitis has been found to be most
common in boxers (7, 9, 10, 12). Chronic enteropathy or
protein-losing enteropathy is the most common form of IBD.
This form can affect many breeds and mixed-breed dogs (2,
7, 8, 12). German shepherd dogs are more prone to develop
antibiotic responsive diarrhea (13), especially tylosin responsive
diarrhea (11).

Modifiable Exposures and How They
Related to Owner Reported IBD
Next we present the modifiable prenatal exposures that were
significantly associated with IBD prevalence in adulthood.
Surprisingly, the maternal vaccination during or just before
pregnancy was significantly associated with more IBD in the
offspring in adulthood, while not vaccinating the dam was
associated with less IBD in the offspring at adult age. Literature
on the risks of prenatal exposure to vaccines and incidence
of IBD later in dogs remains limited. However, our finding is
in line with studies of adjuvants such as aluminum salts and
mercury-containing compounds such as thimerosal, that have
been reported to be involved in the development of inflammatory
disorders (57, 58) and stimulation of the immune system in
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FIGURE 5 | Prospective mechanisms underlining the relationship between early diet and IBD in adult dogs. Edited from the Microbiome Labs (https://microbiomelabs.

com/).

humans (59). A human study testing the effect of childhood
vaccination and risk of IBD later found an association between
an early life measles vaccination and the risk of IBD later (60),
while two other studies found no association between measles
vaccines in early life and the risk of IBD (61, 62). Moreover, a
meta-analysis showed that themajority of childhood vaccinations
against different infectious diseases do not increase the risk
for subsequent IBD development (63). We also analyzed the
associations between early life puppy vaccinations and IBD and
found that these vaccinations had no association with IBD. As
there results are controversial and our data only suggestive, we
recommend further studies looking at this before any conclusions
are drawn.

From the modifiable postnatal exposures, the maternal diet
during the lactation/neonatal period appeared to be an important
modifiable factor in our study, although it did not reach
significance in our final models. Evidence proposes that the
maternal gut microbiome may be translocated intracellularly
to the mammary glands through the systemic circulation (64).
This has been studied in humans, where the authors concluded
that the maternal diet in the neonatal period alters the gut
microbiome of the offspring, which subsequently modulates the
risk of related diseases through breastfeeding (65). The role of
the maternal diet during lactation has been confirmed to shape
the lifelong health of the newborn human child (66). However,
the direct impact of the maternal diet on the milk microbiome
during pregnancy and lactation was not established in our study.
Future research is needed to test how different feeding patterns
in dogs during pregnancy and lactation affects the neonate gut
microbiota diversity.

During the early and late postnatal periods, there were
significant negative associations between the NPMD and
incidence of IBD for the same dogs later in life. These findings
are in accordance with several studies, which stated that a

raw meat-based diet stimulated the growth of a balanced
gut microbiome in healthy dogs which improved their gut
function in comparison to dogs fed an extruded dry food
(28, 30, 36, 67). Our observations are in accordance with
the hygiene hypothesis, which states that the more microbial
exposures in the early life, the more developed immune system
in adulthood (22, 23). This confirms the role of the NPMD
in developing the immune system when given in the early life
(14, 68).

Besides the interaction between diet, gut microbiome,
and the immune system discussed above (Figure 5), there
are additional factors that may explain the effect of the
early life diet on the offspring’s risk of IBD in adulthood.
First, the maternal and postnatal diet can permanently
modify the epigenetic programming in the newborn during
its formative early life. A recent review suggested that the
individual becomes resistant or susceptible to diseases by
altering inflammatory molecular pathways and immunity
via epigenetic modification (69). However, the underlying
mechanisms are not clear. Evidence suggests that the maternal
gut microbiome can affect the neonate gut microbiome by
causing a particular epigenetic signature that can influence
the intestinal barrier’s properties against inflammatory
diseases (69).

Next we discuss the effects that distinct dietary components
may have on gut health and physiology. The UPCD contains
a high ratio of (carbohydrate and gluten-rich) processed cereal,
and hence may increase the dogs’ risk of developing gluten
sensitive enteropathy (70–72). Furthermore, in mouse studies,
the authors found that the consumption of diets rich in refined
carbohydrates increased intestinal dysbiosis, permeability, and
inflammation (73, 74). As sugars are highly absorbable and
carbohydrates are chains of short sugar molecules, a high-
carbohydrate diet may cause a high sugar concentration in
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the intestinal lumen. This in turn may supply excessive energy
for the microbiota and hence lead to intestinal bacterial
overgrowth (75). The UPCD also contains a low dietary
fiber content. Dietary fibers, also called prebiotics, are non-
digestible carbohydrates responsible for maintaining normal
intestinal homeostasis through encouraging bacterial diversity,
protecting mucosal barriers, and increasing the synthesis of
short chain fatty acids (76, 77). Furthermore, the processing
methods, which the UPCD or their ingredients, are exposed to,
such as rendering, milling, fermentation, heat treatment, and
extrusion negatively affects the bioavailability of key minerals
and vitamins present in the diet (78, 79). Feed additives, e.g.,
dietary emulsifiers which are used to improve kibble texture
have been found to contribute to the increased incidence of
inflammatory diseases both by reducing the gut microbiota
diversity and by reducing the thickness of the mucus layer
(80). Since dogs have no requirement for carbohydrates (81),
this underlines the fact that carbohydrates should not be a
main ingredient in a dog’s diet (82). As carnivores, dogs have
evolved to eat fresh meat-based diets rich in animal proteins,
fats, and animal fibers (83, 84). A canine study showed that
a raw meat-based diet was both highly palatable and highly
digestible when compared to an extruded diet. Moreover,
although including lots of fats and proteins, the NPMDdecreased
blood triglyceride levels, maintained normal serum chemistry
and high fecal quality, and altered the fecal microbiota and
metabolite concentration (85).

The body condition score during the late puppyhood period
revealed that there was a significantly negative association
between IBD development and dogs with normal body weight,
while puppies with a lower body weight associated positively with
developing the disease.

Prior research on IBD shows that there is an association
between increase in obesity in the population and IBD prevalence
(86). Obesity is a known perpetual factor of systemic low-grade
inflammation (87), generating a pro-inflammatory state and
immune dysregulation in obese puppies (88). Furthermore, a
review also established an association between increased IBD
morbidity and malnutrition (89). Additionally, a study found
that young IBD patients have been demonstrated to have
weight loss prior to diagnosis (90), where 57% of patients
with Crohn’s disease and 51% of patients with ulcerative
colitis exhibited a significantly low body mass index prior
to diagnosis. The association of a low body condition score
during puppyhood with IBD incidence later in life maybe a
reflection of active undiagnosed disease at young age. The loss
in weight prior to or at the time of the disease diagnosis is
attributed to many factors. As IBD is an inflammatory disease,
it stimulates catabolism, alternates metabolic hormones levels,
increases the gastrocolic reflux leading to loss of appetite,
and causes nutrient malabsorption (90). Although incidences
of IBD in puppies < 6 months old have been recorded (5),
it remains unclear whether the loss in body weight during
puppyhood is a cause or a consequence of IBD. Further
research is needed to understand the physiological disturbance
underlying the association between the body condition score and
active IBD.

Limitations and Strengths of the Study
The present study has some limitations. Firstly, the study
design is an owner-reported cross-sectional study which makes
it prone to recall bias. In order to overcome this limitation, a
thorough questionnaire of the activity and dietary habits of 2,000
different aged Finnish dogs was conducted prior to this FFQ (not
published). Based on these results, we constructed this DogRisk
internet-based FFQ where all of the foods that were mentioned
by owners in the first questionnaire were included as multiple
choice questions in the new one. Two empty rows were also given
to the owner, if there still would have been things missing. It is
considered better to give options to owners that they can choose
fromwhen they see themwritten, that that they should remember
all things by themselves. Another limitation is that the FFQ is
based on frequencies and not quantity. Also, due to the lack of
details regarding the ingredients of the food variables, we were
not able to examine the nutrient profiles of the diets. Moreover,
the study cases and controls were reported by the owners. We did
not ask the owners for a veterinary visit wrap-up, including the
diagnosis. To some extent, this has been overcome by validating
different types of diseases from the FFQ in a previous validation
study (39). Another limitation is that the data has a lot of missing
values. This was overcome by retaining a reasonable sample size
(n= 7,015).

The present study also has strengths. It is the first study to
investigate early life environmental and nutritional exposures
and their association with IBD incidence in dogs. It is also the
first study to investigate the associations between genetic and
demographic variables on IBD incidence in dogs. A wide range
of covariates were covered and validated data was used (39), both
which favor the study’s validity, reliability and reproducibility.
Furthermore, our data included information about four early life
periods, pre- and postnatal, which covered 8 months of the dog’s
life starting from conception till the age of 6 months. Finally,
reverse causality was considered and addressed in this study
when choosing the age limits of the cases and controls.

CONCLUSIONS AND
RECOMMENDATIONS

In conclusion, our study identified manymodifiable early life risk
and protective factors for canine IBD incidence in adulthood.We
conclude that a raw feeding pattern, which typically features a
moderate protein, high fat, and low carbohydrate macronutrient
profile, during neonatal, early and late postnatal periods, as
maternal and puppy diets, was associated with a decreased risk
of IBD later in life. Conversely, a dry extruded feeding pattern,
which mostly includes a moderate protein, low fat, and high
carbohydrate macronutrient profile, during the same periods,
was associated with an increased risk of developing IBD later
in life. In addition, maternal vaccination during or just prior
to pregnancy was significantly associated with a higher risk of
IBD incidence in the offspring later. Furthermore, a normal body
condition score was associated with a decreased risk of IBD
development, while being abnormal in weight (very lean) was
associated with an increased risk of IBD at adult age. As foretold,
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the identified non-modifiable risk factors from the current study
such as dogs with a history of maternal IBD, male dogs, middle-
aged dogs, and dogs from breeds prone to IBD development,
were all associated with an increased risk of IBD prevalence.
Our novel findings regarding the modifiable risk factors provide
clues for further research in the disease prevention. The study
findings suggest a causal relationship but does not prove it.
Future prospective longitudinal dietary intervention studies are
needed to confirm our findings, as well as to develop primary
strategies for IBD prevention in dogs.
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A 2-year-old male castrated domestic shorthair cat was presented for recommendations

for dietary management of chronic FLUTD using a strictly plant-based diet as per

the stipulations of the cat’s owner. The cat had a history of urethral obstruction of

unknown etiology, persistent marked struvite crystalluria, and persistent inappropriate

elimination. Commercial plant-based products meeting the nutritional recommendations

for maintenance of adult cats with the lowest concentration of struvite precursors were

identified, but the cat would not eat them. At the request of the client, a homemade

plant-based diet was formulated with the intention of increasing water intake and

promoting acidic, dilute urine. Urine concentration was able to be decreased somewhat

and struvite crystalluria resolved, but the urine remained more alkaline than intended. The

cat clinically improved and no further FLUTD episodes were reported by the client.

Keywords: crystalluria, feline nutrition, struvite, urethral obstruction, vegan

INTRODUCTION

Feline lower urinary tract disorders (FLUTD) are common, potentially life-threatening problems
in cats (1). Nearly 20% may be attributable to urethral obstruction, with 10–30% of obstructions
attributable to urolithiasis (1–3). One of the most common uroliths are magnesium ammonium
phosphate (struvite) (4, 5). Struvite has also been reported to be a common component of urethral
plugs (6). Risk factors for FLUTD include breed, sex, reproductive status, age, body condition
score (BCS), indoor and outdoor access, activity, number of pets in the household, potential
stressors, litter management, diet, and water intake (1, 7). The focus of the case presented here
is on management of nutritional risk factors.

CASE PRESENTATION

A 2-year-old male castrated domestic shorthair cat was presented to his veterinarian for suspect
urethral obstruction. On presentation, he was documented to have a BCS of 3 on a 5-point scale,
weighing 4.85 kg. A full, hard bladder was palpated, and white, gritty material was noted at the tip of
his penis. Pre-anesthetic bloodwork revealed few abnormalities (seeTable 1). A catheter was passed
with some resistance, allowing emptying of the bladder. Copious amounts of “sand” were present
in the urine. Urine pH was 8.0, cocci bacteria and large quantities of struvite crystals were detected
(Table 2). Due to the presence of struvite crystals in the urine and small uroliths visualized by
ultrasound, a canned feline veterinary therapeutic diet formulated for dissolution and prevention
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TABLE 1 | Hematology and serum biochemistry at time of urethral obstruction.

Parameter Units Result

Hematology

RBC x1012/L 9.09

HCT % 40.3

HGB g/dL 11.8

MCV fL 44.3

MCH Pg 13.0

MCHC g/dL 29.3

RDW % 22.7

Retic K/µL 8.2

WBC x109/L 14.61

Neu x109/L 11.01

Lym x109/L 2.91

Mono x109/L 0.31

Eos x109/L 0.14

Baso x109/L 0.24

PLT K/ µL 397

MPV fL 15.8

Plateletcrit % 0.63

Biochemistry

Glucose mmol/L 19.26

Creatinine mmol/L 122

Urea mmol/L 7.0

Total protein g/L 63

Albumin g/L 32

Globulin g/L 31

Albumin/globulin Ratio 1.0

ALT U/L 38

ALKP U/L 38

Na mmol/L 155

K mmol/L 8.0

Na/K Ratio 19

Cl mmol/L 118

Osm mmol/kg 330

of struvite uroliths was recommended (Table 3). Previously, the
cat had been fed commercial plant-based diets (Table 3). The
cat was discharged with amoxicillin-clavulanic acid (62.5mg
Q12h PO, 10 days), prazosin (0.5mg Q12h PO, 15 days, then
0.5mg Q24h, 15 days), buprenorphine (0.08mg Q8h PO, 16
days, tapering to 0.04mg Q24h as required), and robenacoxib
(6mg PO SID, 6 days). Alprazolam (0.5mg Q12h, 14 days)
was also prescribed for underlying anxiety. The cat re-presented
twice over the following 5 weeks with acute difficulty urinating,
vocalizing, straining, and urinating outside of the litter box.
No abnormalities were detected on physical examinations
and urinalyses revealed improvement in urine acidity with
fewer struvite crystals. Against recommendations, the client
discontinued the therapeutic food as it contained animal
products, and the cat was returned to his previous commercial
plant-based diet.

One month later, the cat was referred to the Ontario
Veterinary College Health Sciences Centre Clinical Nutrition
Service for consultation regarding plant-based dietary
management for FLUTD. The owner was vegan and required
that they feed the cat a plant-based diet in order to comply
with their ethics. On presentation, the cat had a BCS of 5/9
(8), weighing 5.0 kg. Nutritional evaluation revealed risk factors
based on the WSAVA Nutritional Evaluation Checklist (9),
including living in a multi-cat house, ongoing urinary signs,
and being fed an unconventional diet. The cat’s resting energy
requirement (RER) was estimated using: (BW0.75∗70 kcal)= 250
kcal (10). Given the cat’s activity, current bodyweight and BCS,
his daily energy intake was estimated to be RER∗1.2 = 300 kcal.
A recommendation was made for a commercial feline veterinary
therapeutic diet formulated to manage signs of FLUTD (Table 3),
which was declined by the client as it contained animal products.
After discussing the challenges related to management with a
plant-based diet, commercial plant-based diets were identified
as alternative strategies. While detailed nutrient profiles are
not typically available for many commercial plant-based diets
available in Canada, nutrient analyses had been performed as
part of a research project conducted by the authors (11). Diets
meeting the AAFCO adult maintenance recommendations
with the lowest concentration of struvite precursors were
identified (Table 3). Based on energy density, food doses were
recommended to combine kibble and canned food in a 50:50
ratio. The recommendation was made for the cat to be fed 35 g
(143 kcal) kibble and 150 g (148 kcal) canned food, allowing
for 10 kcal (3% of daily energy intake) to be given as treats
or snacks. The client was advised on the energy and nutrient
content of suitable treats and snacks. Recommendations were
made to encourage water intake, feed small, frequent meals,
and to supplement the diet with eicosapentaenoic acid and
docosahexaenoic acid (EPA+DHA) at a dose equivalent to
0.5% of the diet on a dry matter basis (7). Recommendations
to increase water intake included adding water to food, adding
palatants to water, providing multiple water dishes in different
locations, different materials (e.g., ceramic or metal), offering
wide dishes to avoid whisker stimulation, and drinking fountains.

Three months later, the cat re-presented to his veterinarian
for inappetence and weight loss. His bodyweight was recorded
at 4.30 kg, though BCS was still documented as 3 on a 5-point
scale. According to dietary anamnesis the cat would not eat
the canned diet, nor accept soaked kibble or the DHA+EPA
supplement recommended by the Clinical Nutrition Service, and
he had continued to be fed the commercial plant-based diet he
had been fed prior to the urethral obstruction (Table 3). Urine
was collected by the client using non-absorbent litter (Table 2). A
veterinary therapeutic dissolution diet was again discussed with
the client as being the most evidence-based solution to mitigate
risk of recurrent FLUTD signs, but the client declined this
recommendation. Mirtazapine (2mg Q24–48h as required) was
prescribed to stimulate food intake. Though no dietary change
was implemented, recheck examination 3 weeks later revealed a
slight increase in body weight from 4.30 to 4.43 kg. Four months
later, the cat re-presented for decreased urine output. At that
time his body weight was 4.51 kg and his BCS was documented

Frontiers in Veterinary Science | www.frontiersin.org 2 April 2021 | Volume 8 | Article 65826570

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


D
o
d
d
e
t
a
l.

C
a
se

R
e
p
o
rt:

P
la
n
t-B

a
se
d
F
L
U
T
D
D
ie
t

TABLE 2 | Selected urinalysis characteristics from time of urethral obstruction to end of follow-up.

Parameter Date

12/3/19 25/3/19 18/4/19 1/8/19 1/10/19 29/10/19 8/1/20 27/1/20 14/2/20 20/3/20 28/4/20

Diet Kibble B and C,

Canned B

Therapeutic

canned

Kibble B and C Homemade diet Kibble A Kibble A,

Formulated diet

Weight (kg) 4.85 NR 5.03 4.30 4.51 5.80

BCS (/9) 5 NR 5 5 5 6

Collection method Catheterization Free flow Cystocentesis Free flow Cystocentesis

Urine specific

gravity

1.040 1.032 1.018 1.030 1.065 1.025 1.060 1.060 1.060 1.040 1.038

pH 8.0 6.0 8.0 8.5 7.5 8.0 7.0 7.0 6.0 7.0 7.0

Protein 2+ 2+ – 1+ 1+ 2+ 1+ 1+ 1+ Trace Trace

Blood 4+ – – 3+ – – – – – - –

Crystals 10–16 S/hpf Occasional S 10–20 S/hpf 1–5 S/hpf 3–5 S/hpf Minor

amorphous

debris

10–20 S/hpf >40 S/hpf 1–10 S/hpf 1–10 S/hpf –

Red blood cells 4+ N 20–30/hpf 50–75/hpf 15–20/hpf N 0–2/hpf N N N <1/hpf

White blood cells 1+ 2–4/hpf 10–15 0–2/hpf N N N N N N <1/hpf

Bacteria 1+ cocci 1+ cocci Chains N N N N 1+ cocci N 1+ cocci N

–, negative; S, struvite; NR, not reported.
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TABLE 3 | Profile of specific nutrients of interest in commercial plant-based feline diets, compared to the recommended therapeutic diet.

Target Recommended

veterinary

therapeutic

diet

Initial diet Recommended commercial diets Homemade diets

Plant-based

canned A

Plant-based

kibble A

Plant-based

kibble B

Plant-based

canned C

Plant-based

kibble C

Client’s

homemade

diet

Formulated

homemade

diet

Energy (kcal/100 g) – 81.5 109.9 386.1 441.3 407.5 98.7 101.6 123.1

Base excess

(mmol/kg DM)

<250 422 −51 −180 −160 −172 −72 −45 −398

Nutrient (g/100 kcal)

Moisture Moist 100.0 64.6 16.1 11.8 75.5 10.9 76.3 54.5

Protein 7.0–9.0 9.8 7.7 8.3 6.7 8.6 7.0 6.1 8.2

Methionine 0.10–0.38 0.18 0.11 0.18 0.16 0.13 0.17 0.12 0.32

Methionine + Cystine>0.2 0.31 0.15 0.24 0.24 0.16 0.25 0.15 0.54

Taurine >0.05 0.11 0.03 0.03 0.05 0.03 0.06 0.06 0.24

Fat 2.3–4.6 4.3 2.3 3.0 4.9 2.2 3.4 5.1 4.2

EPA + DHA > 0.05 0.17 0.00 0.01 0.01 0.00 0.01 0.01 0.16

Calcium 0.14–0.30 0.26 0.30 0.20 0.28 0.16 0.18 0.24 0.28

Phosphorus 0.13–0.26 0.23 0.26 0.18 0.22 0.16 0.13 0.14 0.26

Magnesium 0.01–0.02 0.01 0.05 0.04 0.04 0.05 0.02 0.04 0.02

Sodium 0.07–0.14 0.33 0.12 0.04 0.08 0.08 0.17 0.04 0.18

Potassium 0.15 0.15 0.44 0.17 0.28 0.44 0.16 0.03 0.39

Chloride >0.20 0.36 0.25 0.14 0.25 0.20 0.26 0.06* 0.22*

Sulfur >0.05 NM 0.09 0.11 0.09 0.11 0.12 0.15* 0.15*

*Likely underestimated as content is not reported in the USDA database or Canadian Nutrient File for most food products NM, not measured.

as 5 on a 9-point scale. Free-flow urine was examined again
(Table 2), and a feline veterinary therapeutic dissolution diet
was recommended, but again declined. The client elected to try
to increase water intake and began preparing a home-cooked
plant-based diet (Table 4).

Three months later, the cat was re-presented to the Clinical
Nutrition service for management of inappetence. Despite the
client’s concerns about the cat’s intake, on presentation the cat
weighed 5.8 kg with a BCS of 6 on a 9-point scale, his heaviest
recorded weight. Evaluation of the home-cooked plant-based diet
using diet formulation software (Balance IT R©) revealed the diet
to be deficient in numerous nutrients, most notably meeting
0% of the cat’s arachidonic acid requirement, while it provided
iodine over 8 times the maximum recommended dose (Table 3).
On a daily basis, the cat was fed: 1 tbsp homemade food, 2
tbsp of vegetables (pumpkin, green lentils, peas, squash, green
beans, or corn), ¾ cup of kibble B, 1/8 tsp enzyme supplement,
250mg methionine, and 1/8 tsp psyllium. The diet recipe was
reported to have been acquired from a friend and it was unknown
where the dosing had been acquired for the supplementation of
enzymes, methionine, or psyllium. Treats included commercial
plant-based deli slices, non-dairy cheese, potato chips, coconut
yogurt, non-dairy sour cream, and dried nori seaweed. The client
was made aware that the cat was slightly overweight and that
his estimated daily caloric intake was more than sufficient to
maintain his current bodyweight. Concern for inappetence or
inadequate intake was not necessary. As the cat would not eat

a canned food or soaked kibble, it was suggested to combine the
kibble with preferred plant-based treats and foods the cat would
eat, while also increasing water intake. The client was advised
not to feed more than 10% of the daily caloric allotment from
foods other than the kibble. Additionally, the methionine dose
was increased from 250 to 500mg to acidify the urine.

One month later, the cat was eating the recommended food,
but struvite crystalluria persisted and the owner was concerned
about inability to increase water intake on the dry extruded
diet. The cat was re-presented to the Clinical Nutrition Service,
weighing 5.8 kg with a BCS of 6 on a 9-point scale. A homemade
plant-based diet was designed using web-based formulation
software1 (Tables 3, 4) to meet the AAFCO nutrient profile
for adult maintenance with low concentrations of struvite
precursors, and utilized ingredients intended to promote
urine acidity (12). Acidification of the urine was predicted by
calculation of the base excess of the diet (13). Base excess in the
food was calculated using the equation: Base excess (mmol/kg
DM) = 2[Ca]+2[Mg]+[Na]+[K]−2[P]−2[Met]−[Cl] (13).
Plant-based fatty acid supplementation was recommended,
with plant-based arachidonic acid and EPA+DHA. As the
cat was slightly overweight, a conservative energy intake was
recommended to just meet his RER of 250 kcal to prevent
further weight gain. The next urinalysis performed revealed a
stable USG and pH, though struvite crystals were absent. The

1Balance IT R©.
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TABLE 4 | Homemade feline diet recipe, ingredients listed from highest to lowest

inclusion (by weight).

Client’s homemade diet Formulated diet

Firm tofu Pumpkin

Brown rice Tofu

Red lentils Carrots

Sweet potato Soy protein isolate

Carrots Chestnuts

Celery Beets

Pumpkin Beyond beef®

Green peas Nutritional yeast

Green beans Tomato paste

Vegetable oil Balance IT® Feline supplement

Apple cider vinegar Sunflower oil

Olives Pumpkin seeds

Kelp powder Omega-3 fatty acid oil

Spirulina or chlorella Olives

Nutritional yeast Desiccated coconut

Dried parsley Arachidonic acid supplement

Catnip Basil

Flax seeds

VegecatTM supplement

client was encouraged to continue regular rechecks with their
family veterinarian, and feedback from the client 9 months
later revealed the cat was doing well, he continued to eat a
combination of the homemade food and commercial plant-based
kibble, his urine was consistently free of struvite crystals, pH
maintained between 6.5–7.0, and the USG below 1.040. The
owner reported no further concerns with inappetence, no
changes in bodyweight, and the cat had suffered no further
FLUTD episodes.

DISCUSSION

The case report presented here was of a cat with chronic
FLUTD of nearly 1-year duration. A complicating factor was
the client’s request for the diet to be plant-based. There
was a lack of client adherence to veterinary therapeutic diet
recommendations, resulting inmultiple relapses. This case report
proposes nutritional counseling and development of a nutrition
support plan that fits both the patient’s nutritional requirements
as well as the owner’s lifestyle, habits and beliefs.

Cats evolved consuming a diet comprised exclusively of prey,
resulting in evolution of anatomical, physiological, andmetabolic
adaptations to utilize animal tissues (14, 15). These unique
adaptations have resulted in the cat being classified as an obligate
carnivore (16).With recent interest being shown in feeding plant-
based diets to dogs and cats (17), there has been discussion as to
the practical and ethical considerations of whether carnivorous
animals require animal tissues, per se, or if their exceptional
nutritional requirements can be met with animal-free diets
enriched with key essential nutrients (18, 19). In addition to

the challenges of meeting a cat’s nutritional requirements from
only plant, mineral, and synthetic ingredients, plant-based diets
have also been proposed to be a potential risk factor for urinary
alkalinization (20) and thus struvite urolithiasis, though this has
yet to be substantiated.

In this case, the cat was first presented for urethral obstruction,
though no underlying cause (urethral plug, urolith) was reported.
The cat did not re-obstruct, but persistently demonstrated other
signs of FLUTD. Signs of FLUTD include: dysuria, haematuria,
pollakiuria, stranguria, inappropriate urination or obstruction
(2, 3). There are multiple conditions that fall under the
general term of FLUTD that may cause the aforementioned
signs, including anatomic abnormalities, urolithiasis, urethral
plugs, urethral obstruction, infection, neoplasia, idiopathic
inflammation, obstruction, and reflex dyssynergia (21). Given
that imaging revealed radiopaque debris in the bladder and
urinalysis showed marked crystalluria, it was assumed that
struvite, either as uroliths or as a component of a urethral
plug, were the primary cause, though other causes of urethral
obstruction were not ruled out.

The significance of struvite crystalluria in cats with FLUTD
is not known, as healthy cats have been demonstrated to have
asymptomatic struvite crystalluria (22, 23). However, a recent
case report regarding a cat with feline idiopathic cystitis and
marked struvite crystalluria (24) supported previous hypotheses
that, in the absence of other aetiological agents, persistent urinary
signs may be attributable to crystalluria (25–27).

Dietary factors, low water intake, and decreased urination
frequency are considered the main risk factors for FLUTD
(3, 5, 28). Thus, promoting large volumes of dilute urine,
and simultaneously encouraging frequent urination are the
key approaches for nutritional management. Addition of anti-
inflammatory nutrients such as DHA and EPA may also be
beneficial (7). In cases with urolithiasis, additional nutritional
interventions are indicated. Considering that struvite crystals
are composed of magnesium, ammonium and phosphate, high
dietary levels of these nutrients are considered to be causative
(1, 29). Additionally, other minerals that may affect urinary
excretion of phosphorus, such as calcium and chloride may
also contribute toward struvite crystalluria. For uroliths to
form, the urine environment must favor precipitation of crystals
and aggregation of crystals into stones. This requires a high
concentration of solutes, urine pH conducive to precipitation
of phosphorus and magnesium, presence of ammonia, and
a relatively low urine volume (3). Thus, intervention for
dissolution and prevention of struvite urolithiasis is targeted at
reducing the formation of struvite crystals and/or impairing the
ability of crystals to aggregate into stones (3).

Firstly, controlling intake, and thus, to a degree, excretion of
precursor minerals can reduce the substrate for crystal formation
(30). The contribution of urinary protein to struvite crystalluria
has been less commonly reported but demonstrated in vitro,
making consideration of dietary protein levels warranted to
reduce protein excretion (31). Protein restriction is not required,
but avoidance of protein in gross excess of the recommended
intake may be prudent. Concentration of precursors is a
component of struvite crystalluria. The presence of ammonia
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and a pH > 6.0 are required for precipitation to occur, as high
urinary pH reduces the solubility of phosphorus and magnesium
in the urine, allowing the ammonia to bind the minerals leading
to precipitation as struvite crystals (29, 31). Manipulation of the
urinary pH to maintain a slightly acidic (pH < 6.5) environment
thus increases solubility of struvite, reducing crystal precipitation
(30, 32). Urine pH can be manipulated by inclusion of acidic
sulfur-containing amino acids and minerals such as phosphorus,
chloride and sulfur, and restriction of basic minerals, such as
calcium, magnesium, sodium, and potassium. Water is also a
key consideration in cases with crystalluria and urolithiasis. In
order tomitigate aggregation of crystals into stones, urine volume
can be increased to reduce urine concentration and saturation
and increase frequency of voiding (3, 33). By increasing voiding
frequency, urine spends less time within the bladder, reducing the
time during which uroliths can form and grow (3). Highmoisture
diets are considered a key strategy in prevention of urolithiasis,
regardless of composition (34). Manipulation of dietary sodium
can also be used to increase voluntary water intake (35).

In this case, veterinary therapeutic diets were unacceptable
to the client, due to the presence of animal products. Initially,
commercial plant-based products with low magnesium content
and base excess supportive of acidic urine formation were
identified as alternative recommendations (36). First, canned
products were suggested as an effective method of increasing
water intake in cats (3, 37). Moisture content >73% has been
reported to increase total water intake and urine volume while
decreasing urine specific gravity (38). The canned food had
similar magnesium content, but greater protein, sulfur amino
acid and moisture content, and a lower base excess than the
canned food previously fed (Table 3). It was hypothesized this
would lead to more acidic and less concentrated urine. The
cat found this canned diet unpalatable and would not eat it,
so next an extruded product higher in salt (sodium chloride)
was identified to increase water intake (39, 40). Additionally, it
was recommended to feed multiple smaller meals to encourage
more frequent drinking and reduce the magnitude of the post-
prandial alkaline tide (41, 42). Finally, plant-based EPA+DHA
and arachidonic acid supplements were recommended. Anti-
inflammatory effect have been demonstrated for EPA and DHA,
while arachidonic acid may help maintain water balance in the
kidney, aside from being an essential nutrient for cats (43).

Palatability of the plant-based diets was an issue; the cat
consistently refused to consume adequate amounts of diets
identified as low risk for FLUTD, but preferred diets unconducive
to acidification or production of dilute urine. As a result,
the client elected to feed a home-prepared diet. Though the
cat preferred to eat the client’s home-prepared diet, it was
unsuitable not only for dietary management of FLUTD but
was also inadequate for adult maintenance as a result of
numerous nutrient imbalances (Table 3). A new home-prepared
diet was formulated with a nutrient profile more conducive for
mitigation of FLUTD. As with the commercial diets, appropriate
dietary protein, sulfur amino acids, EPA+DHA, and salt, and
lower magnesium were prioritized. Reduction of urine pH
was anticipated by manipulating the base excess of the diet
and including sulfur-rich acidifying ingredients (12), while

increased urine production was expected by increasing salt
and recommendations to add water to the food and stimulate
voluntary water intake. Initially, the cat’s acceptance of the
homemade diet formulated by the nutrition service was also
limited, and the owner reported inappetence or disinterest in
eating the diet. Over a 2 week period, minor modifications, such
as inclusion of olives, tomato paste, and basil per the client’s
experience, improved the palatability of the diet and eventually
the cat accepted the diet and maintained an adequate intake.
No further episodes of FLUTD were reported and the client was
pleased with the outcome.

None of the commercial PBD were specifically formulated
for dissolution or prevention of struvite urolithiasis, nor had
any undergone feeding trials to demonstrate either efficacy
in promoting urinary tract health or suitability for feline
adult maintenance.

Most veterinary therapeutic urinary diets undergo relative
supersaturation testing to determine efficacy of dissolution
or prevention of struvite uroliths (38, 44), but this testing
has not been performed for the commercial plant-based or
homemade diets. Instead, plant-based diets were selected for
nutrient profiles as close as possible to one of several available
therapeutic diets. Though the homemade diet was formulated
specifically for struvite prevention, no guarantee of efficacy could
be made. With the exception of a single timepoint, urinary
pH was consistently neutral (7), not acidic (6–6.5) as intended.
The urine concentration fluctuated greatly, but began to trend
toward dilution once the homemade diet was initiated. This
was not surprising, however, since the homemade diet was
fed in conjunction with kibble and assorted treats, potentially
contributing toward urinary alkalization. Furthermore, timing of
urine collection was not recorded, nor whether urine samples
were fasted or fed, all factors that influence urine pH. Though
failure to acidify the urine was a clear limitation in the
application of the homemade diet, resolution of clinical signs
and improvement in other urinary parameters suggests adequate
dietary modification to prevent FLUTD in this cat, at least during
the 9 months of follow-up.

Ideally, any cat with a history of recurrent FLUTD and
crystalluria should be monitored closely with repeat urinalyses
every 3–6 months. Specifically, changes in pH (particularly
increases in pH), increase in urine specific gravity, presence
of protein in the urine or increases in crystalluria would
warrant investigation and potentially a change to the diet.
For a cat fed an unconventional diet, including a plant-
based diet, further monitoring at 6-monthly intervals would be
desired to ensure the cat is able to maintain general wellness
by routine physical examination, complete blood count, and
serum biochemistry.

CONCLUSION

Management of FLUTD is complex and multifactorial, with
appropriate nutrition and feeding a critical component. This
case presented a greater challenge due to the client’s preference
for a plant-based diet, as there are no diets formulated and
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tested for management of FLUTD that do not contain animal
ingredients. Commercial plant-based diets with nutrient profiles
closest to that recommended for FLUTD were trialed but not
accepted, culminating in formulation of a homemade plant-based
diet. Unlike veterinary therapeutic diets that have undergone
RSS testing and/or clinical trials, there is no evidence to
support the efficacy of homemade formulations for mitigation
of FLUTD, crystalluria, or urolithiasis. Nevertheless, 9 months
post-intervention, the cat was reported by the client to be healthy
and well.
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Introduction: Little has been published on the psychological bond between the owner

and the pet, and how this might influence shared habits that could lead to overweight

and obesity. Another factor that could improve the effectiveness of a weight loss plan,

is that the owner would see the dog as a weight loss partner and therefore this could

increase the motivation to follow the assigned diet and exercise guidelines.

Objective: The aim of this research was to evaluate the potential mutual effects of weight

loss programs for both dogs and dog owners.

Methods: Two studies were conducted: In the human-centered trial, 60 dog owners

were enrolled, who signed up to receive dietary and exercise recommendations to lose

weight themselves during an 8 week period, from which 29 were randomly assigned to

also get recommendations for their dog. For the dog-centered trial, we selected 13 dog

owners that wanted their dog to lose weight during a 6 week period, from which 7 were

randomly assigned to also get recommendations for themselves. The average weight

loss over the time period was recorded. A questionnaire was used to evaluate diet and

exercise habits, as well as information about the relationship between the dog and owner.

Results: The average human weight loss was 2.6% in the owner+dog group (n = 29)

and 2.3% in the owner only group (n = 31; p > 0.05). Forty percent (24/60) of the dogs

in the human-centered trial were overweight. The overweight dogs in the owner+dog

group (n = 12/29) lost 3.7% of their body weight, compared to 1.2% in the overweight

dogs from the owner only group (n = 12/31; p > 0.05). In the dog-centered trial, the 7

dogs in the dog+owner group lost 8.0% of their body weight, vs. 8.3% in the six dogs

in the dog only group (p > 0.05). The owners in the dog+owner group lost 2.5% of their

body weight, compared to 0.5% in the dog only group (p > 0.05). In both trials owners’

perceived responsibility for both their own and their dogs’ weight significantly increased.

In addition, habit strength regarding unhealthy feeding and exercise behaviors in relation

to the dogs decreased, and self-efficacy in relation to providing the dog with healthy food

and exercise increased.
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Conclusion: Active weight loss in either dog owner or dog, seemed to lead to passive

weight loss in the other, especially when some tools or guidelines were provided. These

findings support mutual benefits of weight loss programs for dogs and dog owners, and

support future weight loss programs to be a One Health approach.

Keywords: canine, obesity, weight loss, human-animal bond, overweight

INTRODUCTION

Overweight has a high prevalence in people and pets in the
western world. In the US, the prevalence of human obesity [i.e.,
a Body Mass Index (BMI) of ≥30] in 2017–2018 was 42.4% (1),
and 56% of the dog population [i.e., a Body Condition Score
(BCS) of ≥6 out of 9] was classified as overweight (2). In the
same period in the UK, the prevalence of human obesity was
29% (3), and 59% of the dog population was overweight (4).
An association between overweight in dogs and their owners
has been demonstrated, as dogs rely on their owners for their
food, snacks, and activity (5). Treatment of obesity consists of
dietary and exercise recommendations in both people and pets,
and medication and/or surgical procedures in more severe cases
in people. A healthy diet for people is diverse and includes
plenty of fruits and vegetables, whole-grain products, less free
sugar, less salt, less saturated fats, more unsaturated fats (oils,
nuts), and plenty of water (6). Exercise does not necessarily
include doing sports every day, as walking 10,000 steps daily
and avoiding sitting down for too long also improves physical
health (7). Dogs also benefit from a combination of healthy
diet and exercise. Nutritional recommendations by veterinarians
include avoiding snacks, providing less food, increased dietary
fiber, increased dietary protein, decreased amounts of fat,
and providing plenty of water (8). Exercise for at least 30–
60min a day is recommended for dogs to improve physical
health (9).

Currently, overweight and obesity in humans and in their
pets are being treated separately. However, we propose that the
problem of overweight/obesity in dogs and owners may benefit
from a One Health approach, where both groups are targeted
together. There are several indications that dog owners may
experience benefit when their dogs are following a weight loss
program at the same time, and vice versa. Previous research has
already shown that dogs positively affect the health status of their
owners. For example, one study showed that dog owners had
an average of 55min more physical activity per week compared
to people without dogs (10). Another trial showed that dog
owners were more likely to achieve their own walking goals (11).
Beyond the obvious explanation that dogs simply need to be
walked and hence stimulate physical activity, researchers have
proposed that positive health effects for dog owners also result
from the commitment of the owner to the dog (12), as well as
increased perceived social support (11). Indeed, dogs are typically
considered an important source of social support (13), which
could benefit overweight people, as social support is known to
positively affect weight loss attempts (14). Mutual benefits can
be suggested, as in a previous weight loss study in people and

pets, dogs got more exercise due to their owners’ active weight
loss program (15).

The majority of publications on overweight and obesity in
pets and owners explore the possible association between the
lifestyle of the owner and the body condition of the pet, whereas
little has been published on the psychological bond between the
owner and the pet, and how this might influence shared habits
that could lead to overweight and obesity. Another factor that
could improve the effectiveness of a weight loss plan, is that the
owner would see the dog as a weight loss partner, and therefore
this could increase the motivation to follow the assigned diet
and exercise guidelines. The aim of this study was to evaluate
the potential mutual effects of a weight loss program for both
dogs and owners on each other. The primary objective was to
demonstrate if an active weight loss trial in either dog or dog
owners would lead to passive weight loss in the other, irrespective
of offering tools and guidelines.

MATERIALS AND METHODS

All participants voluntarily applied to be enrolled in the trials and
could withdraw at any time. According to Dutch legislation, all
participants provided written informed consent, as required for
ethical approval.

An active weight loss trial in dog owners (human-centered
trial) as well as an active weight loss trial in dogs (dog-centered
trial) were conducted. Both were randomized clinical trials with
two-arms. Participants were recruited by social media (Facebook
messages, newspapers, local news, local radio, University website,
and Twitter) and distribution of posters in dog- or obesity-related
areas (veterinary practices, pet stores, doggy day care centers,
dog training centers, animal shelters, apartment complexes, and
a physiotherapy practice).

Inclusion criteria for the human-centered trial were: being an
adult owner and caretaker of a dog, having a BMI above 25.0,
and agreeing to participate by signing an informed consent. The
dog’s BCS was not considered an inclusion criterion, as healthy-
weight dogs should be able to provide peer support to a similar
extent as overweight dogs. The additional inclusion criterion for
the dog-centered trial was: the dog had to have a BCS of 6 or
higher, and for this trial the BMI of the owner was not considered
an inclusion criterion.

The only exclusion criterion for both trials was being unable
to walk together with the dog for roughly one hour per day.
Data was collected at the Faculty of Veterinary Medicine, Utrecht
University, Utrecht, The Netherlands. Participants were invited
to the clinic for personal appointments between one researcher
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(JRN for the human-centered trial, TM for the dog-centered trial)
and one participant with their dog per visit.

Human-Centered Trial
Prior to the first visit, all participants filled out a food diary
for 1 day for themselves and their dogs, in order for the
clinician/researcher to be able to provide personal advice at the
end of the consultation. Participants were invited to the clinic
and provided written informed consent. Thereafter, baseline
measurements took place. All baseline and final measurements
were taken by the same clinician/researcher that was not blinded
to the group allocation. The dog owner’s body weight, fat
percentage, and waist circumference were measured, as this is
common practice in human obesity evaluation (16). The weight
and fat percentage were measured (to the nearest 0.1 cm or 0.1%,
respectively) using a Soehnle Body Balance Shape F4 weighing
scale. The waist circumference was measured between the pelvic
bone and the last rib. Dogs were evaluated by determining their
BCS, and measuring their body weight and height. The BCS
was determined by palpation and observation of the ribs, waist,
abdominal tuck, pelvic area, and lumbar vertebrae (17). The dog’s
body weight was measured using a veterinary weighing scale, and
its height was measured at the withers. Baseline steps per day for
dogs and their owners were determined the day after the first
clinical visit (when pedometers were distributed). Owners were
instructed to walk their usual amount for that particular day.

After these measurements, a questionnaire was distributed to
determine participants’ baseline values of parameters concerning
their motivation for and expectations of the program, current
eating- and exercise habits of both owner and dog, cognitive
abilities such as laziness and ability to stick to long-term goals,
and about the relationship between the dog and owner. All
questions were answered using a Likert-scale of one to seven
(1= totally disagree/never, 4= neutral, 7= totally agree/always)
(Appendix A in Supplementary Material). Participants were
alternately assigned to owner only or owner+dog group, and got
information about the group allocation (owner+dog or owner
only, and the difference between the two) at the end of trial, only
when they were interested. The researcher was not blinded for
the group allocation. The participants were unaware of group
allocation, only the general objective (i.e., effects of dogs on a
human weight loss program) was explained. Participants were
instructed to adhere to a dietary and exercise recommendations
for an 8 week period during spring. In the owner+dog group,
dietary and exercise recommendations were given for the dog
owners, as well as their dogs, whereas in the owner only group,
the dog owners only received diet and exercise recommendations
for themselves. Owners of healthy-weight dogs in the owner+dog
group were asked to strictly adhere to their dog’s eating habits, as
if the dog was on a diet.

Diet recommendations were given according to the
information leaflet based on the recommendations of the
Dutch Nutrition Center [i.e., a diverse diet including plenty of
fruits and vegetables, whole-grain products, less free sugar, less
salt, less saturated fats, more unsaturated fats (oils, nuts), and
plenty of water (6)]. This leaflet provided information on healthy
eating, limiting unhealthy foods and reducing portion sizes.

Additionally, the participants were given exercise instructions
[i.e., 10,000 steps per day, not sitting too long (7)].

For the owner+dog group, additional diet and exercise
recommendations for the dogs were given. The dietary
intervention for the dogs was based on an ideal Body Condition
Score (BCS) of five out of nine and an expected weight loss of 0.5–
2.0% body weight per week. To calculate the ideal body weight,
each BCS point above 5 was equal to 10% excess body weight. The
resting energy requirement (RER) for the ideal body weight was
then calculated with the following formula: RER = (body weight
in kg)∧0.75 × 293 kJ. Once the energy density of the food had
been calculated, the RERwas divided by the energy density to give
a number of grams to feed the dog per day. The energy density of
treats were also calculated and owners were instructed to reduce
the usual food by the same amount of energy to compensate for
treats [adapted from (8)].

They were also instructed to walk their dogs at least 60min
per day (9). Pedometers were distributed (Yamax SW-650 for
humans and Tractive Motion Pet Activity Tracker for dogs)
to track their numbers of steps during trial. Every day, the
participants recorded the number of steps of themselves and
the number of steps of their dog in a diary. Two weeks later,
participants received a phone call in which experience so far
and any issues relating the pedometers were addressed. Six
weeks later (8 weeks after the first appointment), the participants
came in for the final appointment. The same parameters were
measured by the same researcher using the same tools, and
the pedometers were returned. The final questionnaire included
questions about participants’ abidance by the program, reflection
on their expectations, experienced changes in eating- and
exercise habits of both owner and dog, and several forms of
peer support that may or may not have occurred (Appendix B
in Supplementary Material).

The study was powered to detect a 30% difference in success
between groups at 8 weeks follow-up, based on a body weight
percentage loss of 5%, a power of 0.80, and 2-tailed alpha of 0.05.
On the basis of these assumptions, we required 48 participants
per group (96 in total per trial).

Dog-Centered Trial
For the dog-centered trial all measurements were similar. The
only difference was that in the dog only group, the dog
owners just received diet and exercise recommendations for their
overweight dogs, while in the dog+owner group the owners
additionally received diet and exercise recommendations for
themselves. The diet and exercise recommendations were the
same for the human-centered trial and the dog-centered trial. The
dog-centered trial lasted for 42 days instead of 56 days for the
human-centered trial.

Analysis of Questionnaires
Most questions used a Likert scale of 1–7, however, some used
a scale of 1–5, therefore, after the trial the answers of the 5-
point Likert scale were translated to the 7-point Likert scale,
to allow for comparison. Multi-item scales for habit strength
regarding unhealthy eating and exercise behaviors (toward
themselves and/or their dog, depending on group allocation),
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self-efficacy (toward themselves and/or their dog, depending on
group allocation), human-animal bound, compliance (toward
themselves and/or their dog, depending on group allocation),
support from their dog, other sources of support, and if the
instructions were helpful, were computed after verifying the
scales’ reliabilities (Cronbach’s alpha ≥ 0.650). For the human-
centered trial, all multi-item scales were checked for correlation
using a reliability test, which resulted in a Kronbach’s Alpha
of ≤0.572. As this is below 0.650, the multi-scale items were
not correlated and were evaluated separately. Only significant
results are presented. For the dog-centered trial the multi-scale
items were pooled together because of the small sample size, and
median scores per multi-scale item were used for analyses and
presentation. Some items are presented separately.

Data Analysis
For the human-centered trial, adjustments were performed in
measured data to attribute for different duration of participation.
Outcomes in these data were translated to a duration of 55 days (8
weeks minus the first day of the first clinic visit), as participation
duration varied between 47 and 78 days with a mean of 57
days. The affected parameters were weight loss of humans and
dogs, waist circumference loss of humans and fat percentage loss
of humans. This assumed linear loss over time, so measured

outcomes were divided by the amount of days participated and
then multiplied by 55.

Data analysis was performed using IBM SPSS Statistics
25. Differences between groups in continuous outcomes
were analyzed using a summary independent-samples T-test.
Additionally, to assess attribution to weight loss from different
support sources (friends/family, dog, and participation in
research), we analyzed the data as a cohort (irrespective of group
assignment) with two measurements to increase power (when
no significant difference between groups was found). For these
analyses we used a linear regression and chi-squared test. A
p-value of <0.05 was set as the level of significance.

RESULTS

Human-Centered Trial
Of 165 interested people, 87 people appeared eligible, and were
alternately allocated to the owner+dog group (n= 44) and owner
only group (n = 43). Of these 87 people, 81 started the trial, and
60 finished (69%; 29 in the owner+dog group and 31 in the owner
only group, respectively; Figure 1). The 21 participants that
canceled their 8 weeks follow-up appointment, did so because
according to them, the results were not as they expected, or they
were unable to follow the given instructions. For that matter,

FIGURE 1 | Flow chart of participants in both trials.
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our results need to be interpreted with caution, as we may have
included mostly positive results. Only data of those who finished
the intervention was included in data analysis. Comparability
of both groups at intake was determined (Table 1). No large
differences were found between group baseline characteristics,
and these data confirmed that people in both groups needed to
lose weight.

A mean weight loss of 2.6% (SD = 2.3) was achieved in the
owner+dog group, and 2.3% (SD= 2.2) in the owner only group.
Weight loss within groups was statistically significant, but did
not differ significantly between groups (Table 2). The number of
steps for both dog owners and dogs increased significantly in both
groups, but there was no significant difference between groups.
Dog owners in the owner+dog group increased their number of
steps from 7,170 to 9,450 steps per day vs. 7,440 to 9,770 steps
per day in the owner only group, and their dogs increased their
number of steps from 3,890 to 4,450 steps per day vs. 3,380 to
3,960 steps per day, respectively.

Table 3 shows the other weight loss parameters, the effects of
the interventions on the dogs, and the perceived peer support
in both groups. Both men and women in both groups lost a
significant amount of fat and waist circumference. No differences

TABLE 1 | Baseline characteristics human-centered trial.

Owner+dog group Owner only group

Number of participants 29 31

Humans

Men 31% 35.5%

Women 69% 64.5%

Age 45 y/o (range 22–71) 49 y/o (range 22–74)

BMI 33.6 kg/m2 (SD 4.7) 31.3 kg/m2 (SD 3.8)

Body weight 104.8 kg (SD 16.4) 95.6 kg (SD 14.0)

Fat percentage men 35.6% (SD 6.0) 31.2% (SD 4.6)

Fat percentage women 45.3 % (SD 8.1) 41.5% (SD 6.9)

Waist circumference men 122.6 cm (SD 9.3) 116.1 cm (SD 8.0)

Waist circumference women 110.0 cm (SD 12.1) 104.4 cm (SD 9.1)

Dogs

BCS dog 5.4 (SD 1.3) 5.1 (SD 1.1)

Dogs with BCS 4–5 55.2% 51.6%

Self-reported on day 2

Steps per day owner 7,166 steps (SD 3,287) 7,438 steps (SD 2,355)

Steps per day dog 3,887 steps (SD 1,001) 3,375 steps (SD 1,287)

Mean values are given with either range or standard deviation (SD). No significant

differences were found between groups.

TABLE 2 | Weight loss results in dog owners of the human-centered trial.

Group Start weight (SD) End weight (SD) Percentage lost (SD)

Owner+dog 104.8 (16.38) 102.2 (16.81) 2.6% (2.27)

Owner only 95.6 (14.05) 93.3 (13.37) 2.3% (2.17)

Weight loss results, in the owner+dog group and the owner only group, adjusted for

55 days of participation, mean and standard deviation (SD). Significant differences within

groups, but not between groups.

between groups/genders were found, only within groups. Both
healthy-weight and overweight/obese dogs participated in trials.
To evaluate the effect of weight loss, we only included the 24
overweight/obese dogs (12 in each group; Figure 1). Dogs in the
intervention group lost a mean of 3.7% (SD = 5.1) body weight
in 55 days, and dogs in the control group lost 1.2% (SD = 3.5).
This weight loss resulted in a lower mean BCS for each group. No
statistically significant difference was found between groups, but
in the intervention group, the percentage of weight loss for the
dogs was statistically significant, whereas in the control group it
was not.

Questionnaire data of the whole group combined revealed a
decrease in laziness from mean 3.7 (SD = 0.2) to 3.0 (SD = 0.2;
p = 0.006). The unhealthy eating habits decreased [love for
snacks from mean 5.4 (SD = 0.2) to 4.9 (SD = 0.2; p = 0.002);
thoughtless snacking from mean 5.1 (SD= 0.2) to 4.2 (SD= 0.2;
p < 0.001); snack frequency from mean 4.5 (SD = 0.2) to 3.2
(SD = 0.2; p < 0.001)], whereas healthy eating habits increased
from mean 3.7 (SD = 0.2) to 4.9 (SD = 0.1; p < 0.001).
Avoiding snack temptation increased from mean 2.6 (SD = 0.2)
to 3.7 (SD = 0.2; p < 0.001). Healthy exercise habits increased
from mean 4.6 (SD = 0.1) to 4.9 (SD = 0.1; p = 0.004). The
final questionnaire revealed that in both groups dog owners
experienced healthier food and exercise habits toward their dogs
(mean 4.5 SD=mean 1.8, and 5.3 SD= 1.7, respectively).

Both groups of dog owners noted to have experienced peer
support by their family/friends, dogs, and by the fact that
they were participating in a research project, as all means are
above neutral point 4 (Table 3). Family/friends scored lowest
in both groups, followed by support from the dog, however,
there was no statistically significance between these support
sources. Considering no significant differences between groups
for perceived peer support have been found, both groups have
been combined for further analysis (Table 4). We found in linear
regression analyses that only the motivation from participating
in the research project significantly contributed to percentage
weight loss (p= 0.008).

Dog-Centered Trial
A total of 32 potential participants contacted the researcher. Of
these potential candidates, 13 actually participated in the pilot, six
requested more information, after which they stopped replying
to emails, three agreed to participate but stopped replying before
having made an appointment, four agreed to participate but
changed their mind before having made an appointment due
to personal circumstances, and six did not meet the inclusion
criteria. Only data of those 13 candidates who finished the
trials was included in exploratory analysis (Figure 1). Of the
13 owners that participated, 11 were female and 2 were male.
The ages ranged from 24 to 61 years old with a median of
47.5 years. Of the 13 dogs that participated, six were female
and seven were male. The median age was 5 years old, ranging
between 2 and 9 years and the mean BCS was 7.7 (SD = 0.8).
Four of the dogs were Labradors, five were mixed breeds, and
there was one Golden Retriever, one Kooikerhondje, one Jack
Russell, and one Tibetan Terrier. The measured weight loss of the
dogs in percentages of initial body weight was significant within
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TABLE 3 | Other weight loss parameters, effects on overweight dogs, and perceived peer support, human-centered trial.

Group Fat percentage

at start men (SD)

Fat percentage

at end men (SD)

Percentage lost

men (SD)

Fat percentage

at start women

(SD)

Fat percentage

at end women

(SD)

Percentage lost

women (SD)

FAT PERCENTAGE LOSS

Owner+dog (9 men, 20 women) 35.6 (6.05) 32.6 (4.53) 3.0 (5.0) 45.3 (8.06) 42.7 (7.94) 2.7 (3.13)

Owner only (11 men, 20 women) 31.2 (4.63) 28.3 (4.12) 2.9 (1.92) 41.5 (6.94) 40.0 (5.84) 1.5 (3.26)

Group Waist

circumference at

start men (SD)

Waist

circumference at

end men (SD)

Percentage lost

men (SD)

Waist

circumference at

start women

(SD)

Waist

circumference at

end women (SD)

Percentage lost

women (SD)

WAIST CIRCUMFERENCE LOSS

Owner+dog (9 men, 20 women) 122.6 (9.33) 114.23 (15.76) 6.7 (10.99) 110.0 (12.07) 104.9 (13.85) 4.7 (6.40)

Owner only (11 men, 20 women) 116.1 (7.98) 109.3 (8.58) 5.8 (5.98) 104.5 (9.11) 93.2 (13.91) 10.7 (10.77)

Group Weight at start

(range)

Weight at end

(range)

Percentage lost

(SD)

BCS at start (SD) BCS at end (SD) Percentage

healthy weight

dogs at the end

(difference)

EFFECTS OF THE INTERVENTIONS ON THE OVERWEIGHT DOGS

Owner+dog (12) 22.1 (4.9–41.2) 21.1 (4.8–38.3) 3.69 (5.063) 6.8 (0.75) 5.8 (0.84) 75.9 (+20.7)

Owner only (12) 27.3 (3.6–64.0) 26.9 (3.7–63.6) 1.17 (3.503) 6.1 (0.30) 5.6 (0.52) 71.0 (+19.4)

Group Support from

friends/family

(SD)

Support from

participating in

research (SD)

Support from

dog (SD)

Dog supported more than/equal

to friends/family (SD)

Dog supported

more than/equal

to participating

in research (SD)

PERCEIVED PEER SUPPORT (QUESTIONNAIRE)

Owner+dog (29) 4.6 (1.97) 5.5 (1.76) 4.9 (1.79) 5.0 (1.69) 4.6 (1.81)

Owner only (31) 4.2 (1.33) 5.6 (1.12) 4.8 (1.33) 4.9 (1.75) 4.4 (1.45)

Fat percentage loss, weight circumference loss and dog’s weight loss have been adjusted for 55 days of participation, mean and range (Range) or standard deviation (SD). Perceived

peer support was tested in the questionnaire on a scale of 1–7 (1 is totally disagree, 4 is neutral, and 7 is totally agree).

TABLE 4 | Comparison of sources of support (all participants combined),

human-centered trial.

Support friends/family Support dog Support research

Mean answer 4.4 (1.55) 4.8 (1.57) 5.5 (1.46)

The mean and standard deviation (SD) answers to the three sources of support: “dog,”

“friends/family,” and “participating in research,” on a scale of 1 to 7, where 1 is “totally

disagree,” 4 is “neutral,” and 7 is “totally agree.” All answers were included regardless

of group allocation, as there was no significant difference between groups in any

measured parameter.

groups, but not between groups, with a mean reduction of 6.0%
(SD = 4.6) in the dog+owner group and 6.2% (SD = 4.0) in
the dog only group. The reduced BCSs were also not different
between groups, with a mean reduction of 0.8 points (SD = 0.6)
in the dog+owner group, and 0.7 points (SD = 0.5) in the
dog only group. The percentage of weight loss measured in the
owners had a mean of 1.9% (SD = 2.0) in the dog+owner group
and 0.4% (SD = 0.6) in the dog only group, which was not
significantly different.

The measured activity of the dogs did not differ significantly
between the groups. The mean of the dog+owner group was
3,809 steps per day (SD = 911), whereas that of the dog only
group was 3,918 steps per day (SD= 1,857). The median number
of steps made by the owners in the owner+dog group was
11,348 per day (range = 1,061 to 23,027), which was more than
recommended for this trial. The daily steps were not measured
in the dog only group, however in earlier studies averages have
been measured around 9,500 steps per day (18), much less than
the dog+owner group in this study.

The perceived responsibility for the weight loss, the habit
strength, and the perceived self-efficacy of the owner for them
self and their dog were measured before and after participating
in the pilot for both the dog+owner group and the dog only
group (Table 5). The owner’s perceived responsibility, increased
significantly for both the weight of the owner, and for the weight
of the dog. There was no significant difference between groups,
so the results were pooled together to increase sample size.
The perceived habit strength regarding unhealthy feeding and
exercise behaviors, decreased significantly in the habits related
to the dogs, however, the habits in relation to the owner’s diet
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TABLE 5 | The mean of perceived responsibility, strength of habit, and

self-efficacy of (all participants combined), dog-centered trial.

Day 0 (SD) Day 42 (SD) p-value

Responsibility—dog 5.4 (1.4) 6.2 (1.2) 0.017

Responsibility—owner 6.1 (0.8) 6.9 (0.3) 0.036

Strength habit—dog 3.2 (1.8) 2.5 (1.6) 0.040

Strength habit—owner 3.1 (1.4) 2.8 (1.3) 0.398 (NS)

Self-efficacy—dog 4.3 (1.9) 5.7 (1.1) 0.022

Self-efficacy—owner 3.8 (1.8) 5.3 (1.5) 0.056 (NS)

The mean and standard deviation (SD) of perceived responsibility, strength of habit and

self-efficacy of all participants in the active weight loss trial in dogs (n = 13) at the start

and end of the trial on a scale of 1 to 7, where 1 is “totally disagree,” 4 is “neutral,” and 7

is “totally agree.” All answers were included regardless of group allocation, as there was

no significant difference between groups in any measured parameter. NS, not significant;

dog, as perceived in relation to the pet; owner, as perceived in relation to the owner.

did not decrease significantly. The perceived self-efficacy of the
owner for the weight loss of their dog, increased significantly. The
difference in perceived self-efficacy for the owner’s weight was
almost significant (p = 0.056). When asked about the perceived
effects of the study for the dog, owners in the dog+owner group
scored themselves consistently worse than the owners in the do
only group, however these differences were not significant. When
asked whether they kept to the guidelines provided, the mean
for the dog+owner group was 5.0 (SD = 2.4) compared to 6.2
(SD = 1.0) in the dog only group (p = 0.317). Although the
question “This program had a beneficial effect on the health of
my dog” differed only slightly in favor of the dog only group
with a mean of 5.7 (SD = 2.3) compared to 5.5 (SD = 2.5)
in the dog+owner group (p = 0.908), the question. “My dog
has become healthier in the recent period” gave a mean of 6.7
(SD = 0.5) in the dog only group compared to 5.3 (SD = 2.3)
in the dog+owner group (p = 0.188). However, when asked
about the perceived effects on their own health “This program
has motivated me to lose weight,” the difference was in favor of
the dog+owner group with a mean of 5.6 (SD = 1.3) compared
to 3.8 (SD= 1.8) in the dog only group (p= 0.07).

DISCUSSION

This study aimed to explore the mutual effects of a weight loss
program for both dogs and owners on each other. Based on
power analysis at least 48 dog-owner pairs should have been
included in each of the 4 groups. In the two conducted trials,
the groups finally consisted of 29 vs. 31 pairs, and 7 vs. 6 pairs,
so the trials were underpowered. The explanations can be found
in unsuccessful recruitment. It was a challenge to get overweight
people to a veterinary teaching hospital for treatment of their own
overweight. Admitting to be overweight, and finally taking the
step to do something about it is already a barrier, especially men
experience barriers to start a weight loss program, which explains
the lower number of men as participants (19). Surprisingly, even
less people wanted their dogs to be enrolled in the weight loss
trial. Unfortunately, a lot of pet owners do not recognize their
dog being overweight, and if they do, they often do not consider
it a condition that needs treatment (20, 21).

In this study, a mean percentage weight loss of 2.4% or 2.4 kg
in 55 days (8 weeks) was found when combining both groups
in the active weight loss trial in dog owners. This percentage is
higher than can be expected based on previous studies evaluating
the effects of diet and exercise instructions on weight loss in
people. A meta-analysis determined an average of 5% (95% CI,
3.6–6.5) loss of body weight in 52 weeks (22). On the other hand,
a 52 weeks is very different from an 8 weeks trial, as it also implies
a higher demand for maintaining a healthy life style for a longer
period of time. Another study evaluated weight loss through
self-help vs. through commercial weight loss strategies found a
median amount of weight loss of 2.7 kg (range= 1.5–4 kg) in a 13
weeks period (23). In the dog-centered trial, the dog owners lost
on average 2.5 kg in the dog+owner group, which was similar to
the amount of weight loss in the human-centered trial, whereas
dog owners in the dog only group lost an average of 0.5 kg. The
dogs lost on average 8.0% in the dog+owner group and 8.3% in
the dog only group, respectively, in an 8 week period (i.e., 1%
per week) in the dog-centered trial, and 3.7% in the owner+dog
group, and 1.2% in the owner only group, respectively, in the
human-centered trial (i.e., 0.3% per week). The 1% per week is a
bit higher compared to levels reported in other active weight loss
trials in dogs. A cohort study evaluating the success of controlled
weight loss programs for obese dogs reported an average of 0.7%
weight loss per week in the dogs that completed the weight loss
trials (8). The 0.3% per week in the active weight loss trial in dog
owners, is similar to a trial demonstrating 15%weight loss in dogs
when their owners underwent a weight loss program in 52 weeks
(i.e., 0.3% per week) (15).

No significant differences in weight loss parameters between
the groups in both studies were found. This might be due to
mutual benefits, which narrows the potential differences between
groups, but it can also be due to various limiting factors. First and
foremost, the group size for these trials was too small according to
the power calculations to observe a significant difference between
groups. It is also possible that the study’s set-up did not create a
big enough contrast between the intervention- and control group
protocols. This was supported by the same observed effect in
primary- and secondary outcomes in both groups. Furthermore,
recall bias and social desirability bias most likely played a role
in answering the questionnaires. A questionnaire was the only
option to find out whether participants experienced peer support,
but participants were aware of the research questions which may
have caused socially desirable answers. Also, if dogs had a healthy
weight, some questions concerning support and eating/exercise
were skipped by some participants. Sometimes participants
answered 1 (totally disagree/never), or sometimes 4 (neutral) to
note “no difference because my dog is on healthy weight.” Even
though this was adjusted for in data analysis by only taking into
account the answers from owners with an overweight dog (which
decreased sample size for that particular question), it may have
interfered with resulting means. The translation of the Likert
scores from 5-point to a 7-point scale after could have influenced
the results of the questionnaires. As all measurements were
performed by one researcher who was aware of group allocation
and all available baseline data, it is possible that information bias
have influenced the measurements. Most measurements were
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performed using weighing scales and, as such, are not affected.
Selection may have played a role as well, as only participants who
signed up for a weight loss program were observed. These people
were highlymotivated to work on their physique, whichmay have
resulted in more weight loss. Also the baseline measurement of
activity could have been biased, as it was only based on 1 day of
activity just after the first visit to the clinic, and the participants
were probably aware that they had to demonstrate an increase
in activity over time. Sixty of the 87 participants finished trials
(69%). In the human-centered trial, participants canceled their 8
weeks follow-up appointment mainly because results were not as
they expected. This suggests we might have overestimated weight
loss parameters. Lastly, the duration of the experiment may have
played a role in interpreting the results. Six to eight weeks may
not have been long enough to see any effects of the dog’s peer
support. Especially when attempting to compare to literature, 6–
8 weeks follow-up is limited. On the other hand, the shorter time
frame could have ensured a greater commitment on the part of
the owners, which might not have happened if the program ran
for 52 weeks.

No peer support from friends/family was found to affect
the results of this trial, even though literature is adamant that
peer support from family/friends affects weight loss. This is
possibly due to the different types of peer support that can be
distinguished. Literature shows controversy in dyadic support
(14), but also demonstrated that group support can result in twice
as much weight loss (24, 25). This study used dyadic support, and
did not find a relationship between support from friends/family
or dogs and weight loss results. However, support from dogs
and friends/family did not differ significantly. Therefore, future
studies should have a longer follow up period to allow for better
comparison with literature.

Dogs appear to benefit from their weight losing owner, as
the amount of dogs with a healthy BCS increased from 53.3
to 73.3% (both groups in the human-centered trial combined).
This difference was statistically significant, also in the owner only
group that did not receive weight loss instructions for their dog.
The same is true for the benefit of the weight loss program for
the dogs, as their owners also lost weight, especially when they
also got some tools or guidelines (0.4% of their body weight and
1.9% of their body weight, respectively). Despite the fact that
most participants mentioned to perceive peer support from dogs
as well as from family/friends, this support did not significantly
impact weight loss. The participants mentioned to perceive more
support from their dogs compared to family/friends, however,
the only significant motivator was the fact that they were
participating in a research project. This is probably caused
by the fact that both participants and researchers will be
faced with the results (fear of embarrassment), because some
participants wanted to achieve more weight loss than the others
(competiveness), and because participants took participating in
research very seriously (responsibility). This is confirmed by the
high percentage of drop-outs (31%), amongst whom the most
common reason for not returning to clinics to finish trials was
the fact that weight loss had not occurred as expected. However,
the support from participating in a research project does not
explain any potential difference between this study’s result and

those found in literature, as this same support was present in all
other weight loss studies. Perhaps the pedometers, which were
mentioned as a form of support by some, were not included in
other studies and may have contributed to the results in this
study. The number of steps increased during the trial in all
groups, and it appeared that setting a goal for more steps and
measuring this with pedometers was effective. Furthermore, dog
owners preferred to increase the number of steps (at least partly)
together with their dogs. Another option is that participants
benefited from peer support by the dog (and friends/family), but
it was simply not found in this study due to various limitations,
which is supported by the fact that we found no support from
friends/family although it is known that other studies found
this type of support. Considering we found friends/family and
dogs supported similarly, it would be interesting to continue
research in this field to confirm that dogs can also provide
peer support.

The findings from the evaluation questionnaire hint toward
a perceived effect of peer support by the dog on the overall
health of the owner. This effect was expected due to the increased
perceived social support of the dog (the weight loss partner)
(13, 26) and the increased physical activity (12, 27). The perceived
responsibility increased for both the owner and the dog during
the trials, which could provide increased motivation for a long
term weight loss plan. The perceived habit strength regarding
unhealthy feeding and exercise behaviors in relation to both dogs
and themselves decreased during the trials. The habit strength
for giving treats and table scraps is a major underlying cause
of overweight and obesity in dogs (28, 29), so this change in
habit strength could contribute to the shift to a healthy lifestyle
for the pet. There was also a significant increase in self-efficacy
for the dog and a tendency to increased self-efficacy for the
owner, which can improve the overall weight loss in overweight
owners (30).

Although peer support from the dog did not significantly
contribute to weight loss using current data (nor did peer support
from friends/family), dogs and owners significantly lost weight
during the 6 or 8 week intervention period. Support from
participating in research contributed significantly to weight loss,
and dogs seem to benefit from their weight-losing owner and
vice versa. This is demonstrated by weight loss in dogs and dog
owners in all of the groups, and by the change in habit strength
and perceived self-efficacy. Considering the prevalence of obesity
in humans and dogs alike, these study results show a promising
option to tackling both issues at the same time. Further research
with a larger group and longer intervention duration/follow-
up is required for a more accurate outcome and comparison to
weight-loss programmes in literature.

CONCLUSION

Active weight loss in either dog owner or dog, seemed to lead
to passive weight loss in the other, especially when some tools or
guidelines were provided. These findings support mutual benefits
of weight loss programs for dogs and dog owners, and support
future weight loss programs to be a One Health approach.
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The research objectives were to evaluate the effect of dietary supplementation of

white (WSH) and red (RSH) sorghum grains on gastrointestinal health of felines

through the determination of apparent total tract macronutrient digestibility (ATTD), fecal

characteristics, fermentative end-products, and microbiota, compared with a traditional

corn-based diet. We hypothesize that inclusion of RSH and WSH, respectively, would be

well-accepted by cats, and the RSH and WSH diets would be comparable to corn when

added as the main carbohydrate source in extruded diets. Three diets containing 30%

corn, 30% WSH, or 30% RSH were formulated to meet or exceed the AAFCO (2018)

nutrient profiles for cats during growth. Nine male cats (0.8 ± 0.00 yr) were randomly

assigned to one of the three dietary treatments using a triplicated 3 × 3 Latin square

design. Experimental periods consisted of 14 d (10 d of diet adaption and 4 d of total and

fresh fecal collections). The ATTD of dry matter (DM) did not differ amongst treatments,

organic matter was greatest (P < 0.05) for both sorghum diets (86.4%) and lowest for

the corn diet (84.2%), crude protein was comparable among diets ranging from 84.5 to

86.6%, acid hydrolyzed fat was high among diets varying between 91.4 and 92.8%, and

total dietary fiber was greatest (P < 0.05) for the WSH diet (56.0%) with the corn diet

being lowest (44.7%). Digestible energy was greatest (P < 0.05) for the WSH diet (4.66

kcal/g) and lowest for the corn diet (4.54 kcal/g), with the RSH diet being intermediate

(4.64; P > 0.05). Fecal pH (6.3–6.5) and most fecal metabolites did not differ among

diets except for phenol/indole concentrations that were significantly lower (P < 0.05) in

cats fed the RSH diet (1.5 µmole/g DM) than for cats fed the corn diet (2.1 µmole/g

DM). Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria were the major phyla

observed in the microbiota of feces of cats fed the three experimental diets, with no

differences seen amongst all treatments. Data indicate that dietary supplementation of

these varieties of WSH and RSH as carbohydrate sources were well-tolerated by the cat.

Keywords: carbohydrate, felines, gut health, microbiota, sorghum, nutrient digestibility, ancient grain

INTRODUCTION

In recent years, there has been a trend for the companion animal sector to emulate human food
market trends (1). As such, human interest in ancient grains replacing modern carbohydrate
sources has reached the pet foodmarket, and there has been increased focus on corn and wheat-free
diets in pet foods. Due to the fact that sorghum (Sorghum bicolor) is considered an ancient grain (2),
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and the United States is the largest producer of this crop (3),
sorghums can be an effective substitute for more traditional
carbohydrate sources (i.e., rice and corn) in companion
animal nutrition.

In some regions, rice (a common carbohydrate source in pet
foods) can be more costly than sorghum (4). Since carbohydrates
can be included in diets at concentrations of 30–60% on a
DM basis (5), formulation costs can be substantial. In the
U.S., sorghum has been used as an alternative ingredient in
gluten-free products to replace wheat for human consumption
(6). The chemical composition of the sorghum grain on a dry
matter basis (DMB) is similar among different varieties, being
comprised mainly of starch (∼75%), protein (∼12%), lipids
(∼4%), crude fiber (∼3%), and ash [∼ 2%; (7)]. The phytate
and tannin concentrations in sorghum, however, can potentially
lead to inconsistent utilization and digestibility of this cereal
grain, which has been documented when sorghum based-diets
were fed to broilers (8). In contrast, others (4, 5, 9) found their
varieties of sorghum to be an acceptable carbohydrate source
for canines and felines. Based on these previous studies, diets
containing 55.2 and 59.3% sorghum, respectively, resulted in
no detrimental effects on nutrient digestibility or fecal score,
and resulted in a lower post-prandial insulin response compared
with dogs fed diets containing similar amounts of rice (52.1 and
45.66%, respectively) or corn [53.5%; (10, 11)]. Additionally, the
sorghum diet resulted in a lower blood glucose concentration
compared with a corn diet, but with a similar insulin response
for both (9).

Currently, little information is available regarding the effects
of different varieties of sorghum as carbohydrate sources in
pet foods and their impact on fecal fermentative end-products
and microbiota of cats. Thus, the objective of this research
was to evaluate the effect of dietary supplementation of red or
white sorghum varieties in extruded diets on the gastrointestinal
health of cats by determining apparent total tract macronutrient
digestibility (ATTD), fecal characteristics and fermentative end-
products, and fecal microbiota when compared with a corn-based
extruded diet. Our hypothesis was that these varieties of red
sorghum and white sorghum would be well-accepted by cats, and
the red sorghum (RSH) and white sorghum (WSH) diets would
be comparable to corn when added as the main carbohydrate
source in extruded diets for cats.

MATERIALS AND METHODS

Animals and Experimental Design
All animal procedures were approved by the University of Illinois
Institutional Animal Care and Use committee (Protocol No.
17241). Nine, intact, male domestic shorthaired cats (average
age: 0.8 ± 0.00 yr; average weight: 4.5 ± 0.23 kg) were used in
a triplicated 3 × 3 Latin square design. Each period consisted
of 10 d of diet adaptation and 4 d of total fecal collection.
Cats were housed in a temperature-controlled room in the
Edward R. Madigan Laboratory at the University of Illinois at
Urbana-Champaign. The roomwas kept on a 14 h light/10 h dark
schedule. Cats were group-housed except during meal times and
for the duration of fecal collection periods. Cats were randomly

assigned to one of the three experimental diets and were fed to
maintain body weight (BW) and current body condition score
of 5 using a 9-point scale, which were measured weekly during
each experimental period (12). Water was available ad libitum
and feeding was done twice daily at 800 and 1,500. Cats had access
to their assigned food for 2 h (800–1,000 and 1,500–1,700) when
food refusals, if present, were collected and recorded. During the
collection phase, cats were housed individually in cages (73.7 cm
long × 152.4 cm wide), given the same access to food and water,
and had visual contact with the majority of cats in the room.
During collection phases, cats were allowed access to litter-free
collection boxes. The morning following the 4 d of total fecal
and urine collections, blood draws were conducted for complete
blood count (CBC) and serum metabolite analyses to assess
health of the cats.

Diets
Three diets containing 30% corn, 30% WSH, or 30% RSH

were formulated to meet or exceed the Association of American
Feed Control Officials [AAFCO; (13)] nutrient profiles for
cats during growth. The diets were manufactured at the Grain
Science and Industry Bioprocessing and Industrial Value-Added
Products Innovation Center (BIVAP) at Kansas State University,
Manhattan using a pilot-scale screw extruder (X-20; Wenger
Manufacturing, Sabetha, KS, USA). All three experimental diets
had similar ingredient composition except for the carbohydrate
source (Table 1). Feed refusals were recorded after each meal
throughout the study. Metabolizable energy requirements (100
kcal/kg BW0.67) were used to calculate food allowance for each
individual cat to maintain BW and ideal body condition score.
When necessary, food intake was adjusted accordingly.

Sample Collection
Throughout the 4 d of total fecal collection, all feces were
collected, weighed, and scored using the following 5-point scale:
1= hard, dry pellets; small hard mass; 2 = hard formed, remains
firm and soft; 3 = soft, formed and moist stool, retains shape;
4 = soft, unformed stool; assumes shape of container; 5 =

watery, liquid that can be poured. All individual fecal samples
identified by cat and period were stored in a −20◦C freezer until
chemical analyses were conducted and ATTD of macronutrients
was determined.

One fresh fecal sample from each cat was collected within
15min of defecation and analyzed for dry matter (DM), phenols
and indoles, short-chain fatty acids (SCFA), branched-chain fatty
acids (BCFA), and ammonia. The pH, fecal score, and total
sample weight also were determined. Dry matter was measured
by drying ∼2 g of feces in duplicate in a 105◦C forced air oven
until all moisture was removed (48 h). Approximately 2 g of feces
in duplicate were stored in plastic tubes covered in Parafilm and
frozen at−20◦C for subsequent indole and phenol analyses. Four
grams of sample were stored in Nalgene bottles containing 4mL
of 2N hydrochloric acid and frozen at−20◦C to determine SCFA,
BCFA, and ammonia concentrations. Fecal samples allocated for
microbiota were stored in 2mL cryovials and stored at −80◦C
until analysis.
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TABLE 1 | Ingredient composition of treatments containing different carbohydrate

sources for adult cats.

Ingredient, % as-fed basis Treatmentsa

Corn WSH RSH

Corn 30.00 – –

White sorghumb – 30.00 –

Red sorghumb – – 30.00

Poultry by-product meal 56.83 56.83 56.83

Corn gluten meal 6.09 6.09 6.09

Beet pulp 4.06 4.06 4.06

Sodium chloride 0.91 0.91 0.91

Potassium chloride 0.71 0.71 0.71

Choline chloride 0.51 0.51 0.51

Mineral premixc 0.30 0.30 0.30

Vitamin premixc 0.30 0.30 0.30

Myco-curbd 0.20 0.20 0.20

Naturox plusd 0.08 0.08 0.08

aWSH, white sorghum; RSH, red sorghum.
bUnited Sorghum Checkoff Program.
cMinerals provided per kg diet: 17.4mg manganese (MnSO4 ), 284.3mg iron (FeSO4 ),

17.2mg copper (CuSO4 ), 2.2mg cobalt (CoSO4), 166.3mg zinc (ZnSO4 ), 7.5mg iodine

(KI), and 0.2mg selenium (Na2SeO3 ). Vitamins provided per kg diet: 11,000 IU vitamin A

Acetate; 900 IU vitamin D3; 57.5 IU vitamin E Acetate; 0.6mg vitamin K; 7.6mg thiamine

HCl; 11.9mg riboflavin; 18.5mg pantothenic acid; 93.2mg niacin; 6.6mg pyridoxine HCl;

12.4mg biotin; 1,142.1 µg folic acid; 164.9 µg vitamin B12, 0.1% mannitol.
dMyco-Curb = mold inhibitor (Kemin; Des Moines, IA); Naturox Plus = mixed-tocopherol

antioxidant (Kemin; Des Moines, IA).

After overnight fasting, 4mL of blood were collected via
jugular venipuncture from each cat at the end of each
experimental period. All cats were sedated prior to collection
using 0.9 ml/kg of a mix of Dexmedetomidine (0.062 mg/mL),
Ketamine (62.4mg/mL), and Butorphanol (2.5mg/mL). Sedation
was reversed by giving 0.1mL of Atipemezole (5 mg/mL) to
each cat. Blood samples from each cat were collected in BD
Vacutainer serum separator tubes and EDTA tubes (Becton,
Dickinson and Company, Franklin Lakes, NJ) that were used
for serum metabolite and complete blood count analyses,
respectively. These analyses were conducted by the Clinical
Pathology Laboratory at the University of Illinois College of
Veterinary Medicine (Urbana, IL).

Chemical Analyses
Fecal samples from each cat and period were pooled and dried in
a 57◦C oven before grinding in a Wiley mill (model 4, Thomas
Scientific, Swedesboro, NJ) with a 10 mesh (2mm) screen size
and used for subsequent analyses. Dry matter, organic matter
(OM), and ash were determined for the diets and feces using the
Association of Official Analytical Chemists (AOAC) procedure
[(14); methods 934.01 and 942.05]. Acid-hydrolyzed fat (AHF)
of the diet and feces were conducted following methods of
the American Association of Cereal Chemists [(15); method
30–14] and Budde et al. (16). Crude protein (CP) analysis
was conducted by measuring total nitrogen using a LECO

TruMac (Leco Corporation, St. Joseph, MI; model 630-300-
300) and following the Official Method of AOAC International
[(14); method 992.15]. Gross energy (GE) of diets and feces
were measured using a Parr 6200 calorimeter (Parr Instrument
Company, Moline, IL). Total dietary fiber (TDF) was analyzed
according to Prosky et al. (17) and the Official Method of AOAC
International [(14); Methods 985.29 and 991.43].

Short-chain fatty acids and BCFA concentrations were
analyzed using gas chromatography with a glass 6’x1/4”
ODx4mmID column and 10%SP1200/1%H3PO4 on 80/100
Chrom-WAW, Supleco packing and following the methods of
Erwin et al. (18), Supleco Inc. (19), and Goodall and Byers
(20). Gas chromatography also was used to measure phenols
and indoles as cited in Flickinger et al. (21). Fecal ammonia
concentrations were determined using gas chromatography
according to Chaney and Marbach (22).

DNA Extraction, Amplification,
Sequencing, and Bioinformatics
Total DNA from fresh fecal samples was extracted using
Mo-Bio PowerSoil kits (MO BIO Laboratories, Inc., Carlsbad,
CA) and DNA concentration was quantified using a Qubit R©

3.0 Fluorometer (Life technologies, Grand Island, NY).
Amplification of the 16S rRNA gene was completed using
a Fluidigm Access Array (Fluidigm Corporation, South San
Francisco, CA) in combination with Roche High Fidelity
Fast Start Kit (Roche, Indianapolis, IN). The primers
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′) that target a 252
bp-fragment of V4 region was used for amplification [primers
synthesized by IDT Corp., Coralville, IA; (23)]. Fluidigm
specific primer forward (CS1) and reverse (CS2) tags was
added according to the Fluidigm protocol. Fragment Analyzer
(Advanced Analytics, Ames, IA) was used to confirm the quality
of amplicons’ regions and sizes. A DNA pool was generated
by combining equimolar amounts of the amplicons from
each sample. The pooled samples were sized selected on a
2% agarose E-gel (Life technologies, Grand Island, NY) and
extracted using Qiagen gel purification kit (Qiagen, Valencia,
CA). Cleaned size-selected pooled products were run on an
Agilent Bioanalyzer to confirm appropriate profile and average
size. Illumina sequencing was performed on a MiSeq using v3
reagents (Illumina Inc., San Diego, CA) at theW.M. Keck Center
for Biotechnology at the University of Illinois. Fluidigm tags were
removed using FASTX-Toolkit (version 0.0.14), and sequences
were analyzed using QIIME 2.0, version 2020.6 (24) and DADA2
[version 1.14; (25)]. High quality (quality value ≥ 20) sequence
data derived from the sequencing process were demultiplexed.
Sequences then were clustered into operational taxonomic units
(OTU) using opened-reference OTU picking against the SILVA
138 reference OTU database with a 97% similarity threshold (26).
Singletons (OTUs that are observed fewer than two times) and
OTUs that had <0.01% of the total observation were discarded.
A total of 949,169 reads were obtained, with an average of 58,392
reads (range = 31,047–44,759) per sample. The dataset was
rarified to 36,130 reads for analysis of diversity and species
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TABLE 2 | Analyzed chemical composition of raw grains (DMB)a.

Proximate analysis Ingredienta

Raw corn Raw WSH Raw RSH

Dry matter (%) 88.4 88.3 89.6

Organic matter (%) 98.6 98.5 98.3

Ash (%) 1.4 1.5 1.7

Crude protein (%) 9.1 9.4 11.5

Acid hydrolyzed fat (%) 4.9 3.6 4.3

Gross energy (kcal/g) 4.39 4.38 4.45

Total dietary fiber (%) 13.9 12.5 15.9

Insoluble fiber (%) 11.0 9.4 13.1

Soluble fiber (%) 2.8 3.1 2.8

Starch (%) 62.7 66.4 59.2

Trypsin inhibitor (TIU/g) 751.0 n/d 514

Phytic acid (%) 1.0 1.1 1.1

Protein dispersibility index (%)b 45.8 16.9 14.6

Tannins (%) 0.1 0.1 0.2

aDMB, dry matter basis; WSH, white sorghum; RSH, red sorghum.
bProtein dispersibility index is a means of comparing the solubility of protein in water, with

a greater value indicating more solubility.

richness. Principal coordinates analysis (PCoA) was performed,
using both weighted and unweighted unique fraction metric
(UniFrac) distances that measures the phylogenetic distance
between sets of taxa in a phylogenetic tree as the fraction of the
branch length of the tree, on the 97% OTU composition and
abundance matrix (27).

Statistical Analysis
Data were analyzed using SAS (SAS Institute, INC., version 9.4,
Cary, NC) usingMIXEDmodel procedures. The statistical model
included the fixed effect of diet and the random effect of animal
with each cat being the experimental unit. Data normality (based
on residuals) was checked using the UNIVARIATE procedure
of SAS. All treatment least-squares means were compared with
each other and Tukey adjustment was used to control for the
Type 1 experiment-wise error. P-values < 0.05 were considered
statistically different, Standard errors of the mean (SEM) were
reported as determined from the MIXED models procedure
of SAS.

RESULTS

Composition of Raw Grains
Overall, the proximate analyses of the raw corn, WSH, and RSH
were comparable (Table 2). Dry matter content ranged from 88.3
to 89.6%, OM ranged from 98.3 to 98.6%, CP ranged from 9.1
to 11.5%, AHF ranged from 3.6 to 4.9%, and GE ranged from
4.38 to 4.45 kcal/g. The TDF concentration for the raw corn,
WSH, and RSH ranged from 12.5 to 15.9%. The insoluble fiber
concentration varied from 9.4 to 13.1%, whereas the soluble
fiber concentration fluctuated from 2.8 to 3.1%. The primary
difference among grain sources was that the RSH contained more
CP, TDF, and insoluble fiber than the corn and WSH.

TABLE 3 | Analyzed chemical composition of diets containing different

carbohydrate sources for cats.

Item Treatmentsa

Corn WSH RSH

Dry matter, % 94.2 94.1 94.2

% DMb basis

Organic matter 89.7 89.9 89.5

Ash 10.3 10.1 10.6

Acid hydrolyzed fat 18.0 18.9 18.1

Crude protein 45.0 44.7 44.2

Total dietary fiber 13.3 14.2 13.6

Soluble dietary fiber 4.1 5.7 4.7

Insoluble dietary fiber 9.2 8.5 8.9

Gross energy, kcal/g 5.34 5.36 5.32

Amino acids, % as-fed basis Treatmentsa

Corn WSH RSH

Essential

Arginine 2.7 2.7 2.5

Histidine 0.9 0.9 0.9

Isoleucine 1.8 1.8 1.7

Leucine 3.5 3.6 3.5

Lysine 2.5 2.5 2.4

Methionine 0.8 0.8 0.8

Phenylalanine 1.9 1.9 1.8

Threonine 1.6 1.6 1.6

Tryptophan 0.4 0.4 0.4

Valine 2.1 2.1 2.0

Taurine 0.4 0.4 0.4

Non-essential

Alanine 2.9 2.9 2.9

Aspartate 3.4 3.4 3.2

Cysteine 0.5 0.5 0.5

Glutamate 5.7 5.9 5.7

Glycine 3.6 3.4 3.4

Proline 2.8 2.7 2.7

Serine 1.6 1.6 1.5

Tyrosine 1.4 1.5 1.4

aWSH, white sorghum; RSH, red sorghum.
bDM, dry matter.

Food Intake, Apparent Total Tract
Digestibility of Macronutrients, and Fecal
Characteristics
All three diets were formulated targeting a similar nutrient
profile and to be isonitrogenous and isocaloric (Table 1).
Analyzed chemical composition of the experimental
diets revealed that all diets had similar nutrient
composition (Table 3).

Daily food intake (DMB), fecal output g/d (as-is), and fecal
score did not differ among treatments (Table 4). However, fecal
output (g/d; DMB) for cats fed the RSH diet was lower (P
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TABLE 4 | Body weight, food intake, fecal characteristics, and total tract apparent

macronutrient digestibility of cats fed diets containing different carbohydrate

sources.

Item Treatmentsa SEMb

Corn WSH RSH

Body weight (kg) 4.7 4.7 4.7 0.17

Food intake, g/d (DMB) 74.3 73.9 74.1 0.92

Fecal output, g/d (as-is) 44.5 40.6 40.7 2.11

Fecal output, g/d (DMB) 16.1c 14.0cd 14.0c 0.62

Fecal score 2.4 2.5 2.3 0.09

Digestibility, %

Dry matter 78.3 81.0 81.1 0.88

% DMa basis

Organic matter 84.2d 86.4c 86.4c 0.67

Acid hydrolyzed fat 91.4 92.8 92.8 0.48

Crude protein 84.5 86.0 86.6 0.73

Total dietary fiber 44.7d 56.0c 53.2c 2.25

Digestible energy, kcal/g 4.54d 4.66c 4.64cd 0.03

aDMB, dry matter basis, DM, dry matter; WSH, white sorghum; RSH, red sorghum.
bStandard error of the mean.
cdMeans within a row with no common superscript letter are different (P < 0.05).

< 0.05) than for the corn diet, with the WSH diet being
intermediate (P > 0.05; Table 4). The ATTD of DM, CP,
and AHF were not affected by treatment. Organic matter and
TDF digestibility for cats fed WSH and RSH diets were not
different from one another, but were greater (P < 0.05) than
for the corn diet. Digestible energy of the WSH diet was
higher (P < 0.05) than for corn, with RSH being intermediate
(P > 0.05).

Fecal pH and concentrations of ammonia (µmole/g DMB) did
not differ among treatments, while phenol concentrations were
not detected in sufficient quantities among treatments (Table 5).
Similarly, fecal concentrations of SCFA and BCFA did not differ
among treatments. However, total phenols/indoles and indoles
alone were higher (P < 0.05) for the corn treatment compared
with the RSH treatment, the WSH diet was intermediate (P >

0.05; Table 5).
Serum metabolite profiles of cats fed diets containing WSH,

RSH, or corn were mostly within reference ranges for healthy
cats and did not differ among treatments, except for calcium
which was highest (P < 0.05) for WSH and lowest for RSH, corn
was intermediate, but still was within reference range (Table 6).
Metabolites in excess of the reference range (i.e., glucose and
phosphorus) might be due to the administration of the sedative,
and were not affected by treatment. Likewise, CBC results
were normal among all cats and did not differ among dietary
treatments (data not shown).

Fecal Microbial Populations
Beta-diversity based on unweighted (Figure 1A) and weighted
(Figure 1B) UniFrac distances and alpha-diversity did not differ
in feces of cats fed corn, WSH, or RSH (Figure 2). A total of
six bacterial phyla were observed with Firmicutes, Bacteroidetes,

TABLE 5 | Fecal fermentative-end products for cats fed diets containing different

carbohydrate sources.

Item, µmole/g DMa Treatmentsb SEMc

Corn WSH RSH

Fecal pH 6.5 6.3 6.3 0.13

Ammonia 114.6 127.4 129.1 8.46

Total phenols/indoles 2.1e 1.9ef 1.5f 0.14

Phenolsd ND ND ND –

Indoles 2.1e 1.9ef 1.5f 0.13

Total short-chain fatty acids 364.0 359.3 404.0 35.32

Acetate 236.6 231.6 263.4 25.31

Propionate 89.8 82.9 94.8 8.22

Butyrate 37.7 44.8 45.8 3.56

Total branched-chain fatty acids 25.8 27.9 30.1 2.35

Isobutyrate 5.9 5.8 6.5 0.44

Isovalerate 8.3 8.6 9.2 0.68

Valerate 11.6 13.5 14.4 1.62

aDM, dry matter, all values except fecal pH expressed as µmole/g DM.
bWSH, white sorghum; RSH, red sorghum.
cStandard error of the mean.
dNot detected.
efMeans within a row with no common superscript letter are different (P < 0.05).

TABLE 6 | Fasted serum metabolite profiles for cats fed diets containing different

carbohydrate sources.

Item Reference

range

Treatmentsa SEMb

Corn WSH RSH

Creatinine, mg/dL 0.4–1.6 1.41 1.50 1.50 0.069

Blood urea nitrogen, mg/dL 18–38 23.56 24.44 24.11 0.809

Total protein, g/dL 5.8–8.0 6.24 6.36 6.23 0.091

Albumin, g/dL 2.8–4.1 3.34 3.38 3.37 0.045

Globulin, g/dL 2.6–5.1 2.90 2.98 2.87 0.082

Albumin/globulin, g/dL 0.6–1.1 1.16 1.13 1.18 0.042

Calcium, mg/dL 8.8–10.2 9.30cd 9.44c 9.24d 0.075

Phosphorus, mg/dL 3.2–5.3 5.81 5.90 5.83 0.149

Sodium, mmol/L 145–157 149.00 149.22 149.56 0.332

Potassium, mmol/L 3.6–5.3 4.32 4.32 4.27 0.085

Sodium/potassium ratio 28–36 34.56 34.67 35.22 0.719

Chloride, mmol/L 109–126 115.33 115.22 115.56 0.440

Glucose, mg/dL 60–122 143.00 133.78 146.67 10.448

Alkaline phosphatase total, U/L 10–85 52.78 57.00 53.56 3.770

Alanine aminotransferase, U/L 14–71 47.44 49.22 49.56 4.036

Gamma-glutamyl transferase, U/L 0–3 0.33 0.00 0.22 0.128

Total bilirubin, mg/dL 0.0–0.3 0.11 0.11 0.11 0.011

Creatine kinase, U/L 10–250 233.11 311.22 321.67 37.279

Cholesterol total, mg/dL 66–160 129.44 134.56 117.67 10.286

Triglycerides, mg/dL 21–166 38.33 40.22 37.00 3.720

Bicarbonate (TCO2), mmol/L 12–21 19.33 19.11 19.33 0.311

Anion gap 10–27 18.56 19.22 18.89 0.539

aWSH, white sorghum; RSH, red sorghum.
bStandard error of the mean.
cdMeans within a row with no common superscript letter are different (P < 0.05).
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FIGURE 1 | (A) Fecal microbial β-diversity based on unweighted* UNIFRAC

analysis of cats fed diets containing different carbohydrate sources. Yellow

dots = corn diet (control), red dots = red sorghum diet, gray dots = white

sorghum diet. *Unweighted considers the presence or absence of observed

taxa incorporating phylogenetic distances, with each dot representing a cat.

(B) Fecal microbial β-diversity based on weighted* UNIFRAC analysis for cats

fed diets containing different carbohydrate sources. *Weighted considers the

proportion of observed taxa incorporating phylogenetic distances (the relative

relatedness of microbial community), with each dot representing a cat.

Fusobacteria, and Proteobacteria being the most predominant
phyla, comprising more than 90% of all sequences (Figure 3).

Twenty-one bacterial families were observed, accounting
for ∼96% of all sequences. The most predominant taxa were
Prevotellaceae (Bacteroidetes), Lachnospiraceae (Firmicutes),
Ruminococcaceae (Firmicutes), Peptostreptococcaceae
(Firmicutes), Bacteroidaceae (Bacteroidetes), Erysiplotrichaceae
(Firmicutes), and Fusobacteriaceae (Fusobacteria), accounting
for ∼70% of all sequences (Figure 4). Only Ruminococcaceae

(Firmicutes) was different (P < 0.05) amongst the three dietary
treatments (Figure 5). Cats fed the corn (9.3%) and RSH
(8.9%) diets had greater (P < 0.05) relative abundance of
Ruminococcaceae compared with cats fed the WSH diet (7.5%).

DISCUSSION

Grain Composition
The compositions of the raw grains were comparable and agree
well with previous literature (7, 28–31). The current study corn
and sorghum values were in strong agreement with the values
determined by the Bazolli et al. (32) study who determined values
on a DMB for their maize and sorghum of 88.3 and 88.8% DM,
1.2 and 1.4% ash, 9.1 and 10.2% CP, 6.3 and 3.8% fat, and 11.2 and
12.6% TDF, respectively.

Minor differences were determined amongst the three grains.
Of the three grains, the raw RSH was ∼2 percentage units
greater in CP than either the raw corn or the raw WSH.
Additionally, raw RSH was ∼2–3% units greater in TDF than
either of the other two grains. The increase in CP for RSH
was expected as RSH traditionally has more CP compared
with white varieties. The current study CP values for RSH
and WSH agree with previous research that reported values of
13.4 and 9.8% for red and white sorghum, respectively (33).
The TDF concentrations of the RSH and WSH were analyzed
in the current study while Selle et al. (33) measured crude
fiber content. While a direct comparison among these 2 types
of fiber methods is inappropriate, both the current study and
Selle et al. (33) reported greater fiber content for red sorghum
compared with white. The greater TDF concentration for RSH
compared with the other two grains was expected due to the
more comprehensive characterization of the fiber content of
RSH varieties.

Apparent Total Tract Digestibility
The sorghum diets in the current study had greater ATTD values
compared with de-Oliveira et al. (9) study which determined
ATTD values for their sorghum diet when fed to cats of 76.3% for
DM, 80.0% for OM, 80.6% for CP, and 83.3% for AHF. The ATTD
of the corn diet in the current study was comparable to the values
determined in the de-Oliveira et al. (9) study for their corn diet
values of 78.5% for DM, 82.5% for OM, 83.2% for CP. The current
study determined higher ATTD of TDF for the corn and both
sorghum diets compared with de-Oliveira et al. (9). Contrary to
current study, de-Oliviera et al. found that the TDF digestibility
was not different than a corn diet (9).

Information about feline digestibility of energy and nutrients
is scarce, for that reason comparisons of other feline diets
incorporating different carbohydrate sources are warranted. The
current study found comparable results to Thiess et al. (34) that
fed a high carbohydrate diet (40.3%) to male cats with ATTD
values of 84.5% for DM, 86.0% for OM, 82.0% for CP, and 95.3%
for crude fat. The carbohydrate source in Thiess et al. (34) was
steamed polenta, and its ATTD agreed well with the ATTD of
the corn diet used in the current study, as well as both sorghum
diets. While the fat extraction method varied from the current
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FIGURE 2 | Fecal microbial α-diversity* based on Faith’s phylogenetic diversity of cats fed diets containing different carbohydrate sources. C = corn diet (control), RS

= red sorghum diet, WS = white sorghum diet, TRT = treatment, Y-axis is Faith’s phylogenetic diversity, X-axis left to right C, RS, WS (n = 9). * α-diversity measures

species richness within sample, and whole trees indicate it was not affected by treatment (P > 0.05).

FIGURE 3 | Fecal microbial relative abundance (%, total sequences) of predominant phyla of cats fed diets containing different carbohydrate sources. CON = corn

diet (control), WSH = white sorghum diet, RSH = red sorghum diet.

study, it is still applicable to showing that high fat (>90%) ATTD
is observed in feline nutrition.

Asaro et al. (35) determined the ATTD in three different
commercial diets with ingredients that had different glycemic
responses. The medium glycemic response diet contained corn
and whole grain sorghum as the carbohydrate sources. The
ATTD of the diet was similar to the current study diets with
values of 86.2% for DM, 89.5% for OM, 87.3% for CP, and 95.4%
for fat. The 8-percentage unit increase in DM ATTD compared

with the corn diet in the current study could be attributed to
the inclusion of whole grain sorghum in the medium glycemic
response diet, as the current study saw a significant increase in
OM ATTD for both sorghum diets compared with corn. Asaro
et al. (35) obtained a digestible energy (DE) concentration (4.75
kcal/g) that was similar to the current study values.

Barry et al. (36) fed a diet consisting of 27.8% brewer’s rice
and found ATTD values that were similar to the current study
(81.4% for DM, 84.4% for OM, 84.2% for CP, and 95.7% for

Frontiers in Veterinary Science | www.frontiersin.org 7 April 2021 | Volume 8 | Article 66825593

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


von Schaumburg et al. Sorghum Inclusion in Feline Diets

FIGURE 4 | Family fecal microbial relative abundance (%, total sequences) of cats fed diets containing different carbohydrate sources. CON = corn diet (control),

WSH = white sorghum diet, RSH = red sorghum diet.

FIGURE 5 | Significant bacterial family group in feces of cats fed diets

containing different carbohydrate sources. CON = corn diet (control), WSH =

white sorghum diet, RSH = red sorghum diet. abBars containing no common

letters (a,b) represent statistical difference (P < 0.05).

AHF). The ammonia level of 110.0 µmole/g DM agreed with
the current study values regardless of dietary treatment. Both
the pH (6.7) and fecal score (2.7) were elevated compared with
the current study. Additionally, total SCFA values were smaller
246.7 µmole/g DM compared with the current study values (36).
This could be due to the lower fiber content of brewer’s rice
and greater ATTD compared with corn and sorghum. The total
BCFA concentration (31.3 µmole/g DM) from Barry et al. (36)
agreed with the current study with the strongest agreement being
observed with the WSH diet.

Fecal Microbial Populations
The gastrointestinal microbiome, which is becoming recognized
as a metabolically active organ, of cats has been increasingly
recognized as being associated with pet health (37). The
gastrointestinal tract of animals and humans is the primary
microbial habitat and has a profound impact on their host
(38). Previously, most microbiome research centered on the
characterization of altered composition in diseased states;
however, mounting evidence of dietary components impacting
allergies, oral health, diabetes, and weight management through
gut microbiome is becoming clearer (37). The age, sex, breed,
amount, and form of food, health status, and composition of diet
can all influence the gastrointestinal microbiome (38, 39).

The gastrointestinal microbiota of cats has been reported
as similar to dogs (40), the dominant microbial phyla
in both consisting of Bacteroidetes, Firmicutes, Fusobacteria,
Proteobacteria, and Actinobacteria (38, 41). However, others
have reported that the feline microbiota is more varied and
diverse in composition, and this variation can be attested to
adaption of the microbiome to different diets [omnivorous
for canine, carnivorous for feline; (37)]. Kanakupt et al.
(42) determined Bacteroidetes (36.1%), Firmicutes (36.3%),
Proteobacteria (12.4%), andActinobacteria (7.7%) to be dominate
phyla in their feline fecal samples in adult cats fed an extruded
diet containing rice and corn as the main carbohydrate sources.
At 42 weeks of age (similar aged cats were used in the current
study), the relative abundance of major phyla for felines consisted
of 11.8% Actinobacteria, 34.7% Bacteroidetes, 36.1% Firmicutes,
and 11.4% Proteobacteria (43). The most predominant phyla
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for 16-week-old cats fed a moderate carbohydrate (40.4% dried
potato product) and moderate protein (30.8% chicken meal)
extruded diet was Firmicutes [71.0%; (44)]. The predominant
phyla reported by Kanakupt et al. (42), Deusch et al. (43),
and Hooda et al. (44) are in agreement with the current
study, Bacteriodetes (26.0−27.6%), Firmicutes (54.3−58.0%),
and Proteobacteria (5.5−6.4%). However, the current study
had greater levels of Fusobacteria (5.2−7.8%) compared with
Actinobacteria (1.6 – 2.7%).

Ritchie et al. (45) found the major bacterial families in
the feces consisted of Bacteroidaceae, Porphyromonadaceae,
Prevotellaceae, and Rikenellaceae in cats fed an extruded
commercial diet. Bacteroidaceae, Eubacteriaceae, Clostridiaceae,
Streptococcacceae, and Lactobacillaceae have also been reported
as dominant families in feline fecal samples by Itoh et al. (46)
and Rochus et al. (47). In the present study, Bacteroidaceae
and Prevotellaceae also were predominant families among cats
fed corn, WSH, or RSH. However, other predominant families
Lachnospiraceae, Peptostreptococcaceae, Erysiplotrichaceae, and
Fusobacteriaceae were also prevalent and at a higher relative
abundance compared with previous research. The current study
relative abundance of Ruminococcaceae (7.5−9.3%) was in
agreement with Hooda et al. (44) who determined a relative
abundance of 7.16%. The increase (P < 0.05) in relative
abundance for Ruminococcaceae for cats fed the corn and RSH
diets compared with the WSH diet could be due to greater
fiber and carbohydrate substrates reaching the hindgut of cats
fed those diets. Ruminococcaceae are able to process a wide
range of substrates from glucose and cellobiose to cellulose and
hemicellulose (48). In humans, increase in fecal concentrations
of SCFA-producing bacteria have been reported in response to
increased intake of dietary fiber (49–51).

The differences between the current study and previous
studies evaluating fecal microbiota of cats might be attributed
to differences in diets being fed, breed of cats used, stage
of life, environmental factors, and sequencing methods and
bioinformatics analysis used. Overall, the relative abundance of
fecal microbial taxonomic populations of cats fed corn, WSH,
and RSH was not altered, which agrees with minor changes
observed in fecal concentration of metabolites derived from
microbial fermentation in the feline hindgut.

Serum Biochemical Differences
The significant differences observed in the fasted serum calcium
profile (Table 6). While there were significant differences among
treatments, all fasted serum calcium concentrations were within

the reference range and likely had no impact on the physiology
and health of these animals.

CONCLUSIONS

The data demonstrate that diets formulated with up to 30% of
WSH or RSH are well-tolerated, had greater ATTD of OM and
TDF, and resulting in no signs of gastrointestinal discomfort or
intolerance when fed to cats. Overall, coefficients of digestibility
for the macronutrients analyzed were high and comparable
to extruded commercial feline diets. Fecal concentrations of
SCFA (e.g., acetate, propionate, and butyrate) indicate that WSH
and RSH diets resulted in comparable saccharolytic hindgut
fermentation and fecal microbiota as the corn diet, whereas red
sorghum variety also resulted in lower fecal indole concentration.
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In recent years, pet owners have become more interested in the ingredients, and

quality of pet-food, and several studies have demonstrated that feed management

could affect healthy status. Recently, some authors indicated that commercial diets

formulated without cereals, or using unconventional protein, and starch sources, can

cause a reduction in taurine levels in both whole blood, and plasma. Nevertheless, the

specific mechanism by means of which nutritional factors determine this reduction is

not completely clear. Thirty neutered half-breed dogs were recruited at a kennel in the

province of Naples (Italy) to investigate the influence of carbohydrates sources, and

dietary density of nutrients on healthy status of dogs in terms of blood count, and

biochemical parameters. The dogs were housed in the kennel and divided into three

distinct groups. Three iso-energy, and iso-nitrogen commercial kibble diets (named GF1,

GF2, and CB) with different protein, and carbohydrates contents, and carbohydrates

sources were chosen for the trial. The chemical composition and amino acid profile of

each of the three tested diets were analyzed. Moreover, blood samples of each dog

were collected to evaluate the hematological and biochemical profiles. The taurine level

was determined both on plasma and whole blood. The effect of the diets was analyzed

statistically, and all tested diets were compared to the control one. There were significant

differences between the three tested diets as regards their chemical composition. The

concentrations of all amino acids seem to reflect protein content diets. The hematological

profile resulted within the ranges considered physiological for the canine species for

all subjects. Compared to the control diet, the three tested diets showed significant

differences in blood count for MCHC and platelets. The biochemical profile showed

significant differences between the diets, particularly their AST, fructosamine, lipase, and

triglycerides values. The diets did not affect the blood and plasma taurine levels. They

resulted in higher than optimal reserve levels. Preliminary results showed that the sources

of carbohydrates and use of balanced diets affected only some biochemical parameters

and did not alter the levels of taurine in healthy adult dogs.

Keywords: blood count, biochemical profile, taurine, pea, spelt, oats, pumpkin, amino acids

98

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2021.667318
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2021.667318&domain=pdf&date_stamp=2021-04-22
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:alessandro.vastolo@unina.it
https://doi.org/10.3389/fvets.2021.667318
https://www.frontiersin.org/articles/10.3389/fvets.2021.667318/full


Gizzarelli et al. Grain-Free Diets and Healthy Status

INTRODUCTION

In all developed countries, the companion animal population
has gradually increased over the last 20 years, particularly
in great urban centers (1). In Italy, about 39% of the
population live with a cat and/or a dog (2). As a result, pet
owners have been giving more attention to animal welfare
and have become increasingly interested in the characteristics
and production processes of commercial diets (3). The pet
industry has produced several diets with particular ingredients
or nutrients, suggested by specific claims, which could indicate
beneficial effects, for example, grain-free diets which were
formulated using tubers, and legumes as starch sources. Each
carbohydrate source has a unique nutritional composition that
could affect both the production process and use of nutrients
(4). For instance, legume grains (pea and lentil) are rich
in soluble dietary fiber (SDF, mean value: 26.9% of total
dietary fiber, TDF), and proteins (CP, mean value: 23.87%
DM) compared to cereals grains (e.g., corn and rice) (CP:
10.72% DM, SDF: 10.00% TDF) (5–7). Moreover, the amino
acid profile of different protein sources varied significantly,
legume protein is less rich in essential amino acids (e.g.,
taurine, L-carnitine) compared to protein sources of animal
origin (6, 8, 9).

In 2018, the Food and Drug Administration (10) published
a report on the possible link between grain-free diets and dilated
cardiomyopathy related to taurine deficiency. Cardiomyopathy is
characterized by a dilation of the left ventricle or both ventricles,
in association with impairment of ventricular contractions (11)
and it causes cardiac dysfunction (12). Moreover, some studies
have indicated a correlation between taurine reduction due to the
administration of grain-free diets and dilated cardiomyopathy in
dogs (13–15).

Nevertheless, the results are controversial in the literature. A
recent study conducted (16) on 86 Golden Retrievers observed
significantly higher taurine values in whole blood in dogs fed
a diet containing cereal compared to dogs fed grain-free diets.
Significant differences in plasma taurine levels, however, were
not observed.

On the contrary, Donadelli et al. (17) demonstrated
significant increases in plasma taurine and whole blood
taurine levels in Golden Retrievers fed grain-free diets
for 26 weeks. Similarly, Pezzali et al. (18) found that
grain-free diets had no effect on taurine levels. A
recent review (19) highlighted some limits as far as
current literature is concerned as regards identifying
the specific nutritional causes of taurine deficiency and,
consequently, dilatative myocardiopathy development in
the dog.

The purpose of this study was to evaluate if the administration
of three diets (two grain-free: GF1, and GF2 vs. one cereal-based:
CB), over a medium-term period (5 weeks), formulated with
different carbohydrate sources and amounts could affect blood
profile, and biochemical parameters with particular regard to
taurine levels in healthy dogs. We hypothesized that different
carbohydrates sources could influence the healthy status of
adult dogs.

MATERIALS AND METHODS

Animals and Diets
The nutritional double-blind trial was performed at a private
kennel located in the province of Naples (Italy). At the
beginning of the trial, a veterinarian clinically examined
50 adult dogs and performed, hematological, biochemical,
and parasitological tests (20) to exclude subjects with signs
of pathologies. Subsequently, 30 adults, neutered, half-
breed dogs (age 4 ± 1.20 years, weight 20.79 ± 6.38 kg,
BCS 3.96 ± 0.95 on five point scale) were recruited.
Each dog was housed in an individual box of 8 m2 (2
× 4) consisting of a closed rest portion (2 × 2), and
an open common walking area for five adjacent boxes.
Before the beginning of the study, and during the first
days of each adaptation period, all dogs were submitted
to copromicroscopic analysis for intestinal nematodes
(Trichuris, Toxocara, Toxascaris, and Ancylostomidae),
cardiopulmonary nematodes (Angiostrongylus and Capillaria),
Cestode (Dipylidium and other Taeniidae), and Protozoa
(Giardia and Cystoisospora). If they were found to be
positive, they were immediately treated with specific
deworming drugs.

After enrollment, the dogs were divided into three distinct
groups (blue, red, and black), homogeneous for sex, age,
weight, and BCS. For the experimentation, three commercial
dry diets (Farmina-pet food, Nola, Italy) named GF1, GF2, and
CB, respectively, were chosen and administered alternately to
experimental groups following a Latin square scheme (3 diets
× 3 groups); each experimental period had a total duration of
50 days (15 days of adaptation and 35 days of trial). Each diet
was administered in a ratio of 110 kcal/kg0.75 of metabolizable
energy (EM) (6).

The diets were characterized by similar energy densities (3,995
± 4.73 kcal/kg), formulated mainly with the same protein source
(chicken), but consisting of different carbohydrates sources
(cereal grain vs. legume or tubers).

The ingredients of each diet were the following:

• Diet CTR: rice, beet pulp, poultry, and turkey meals, fat and
oil, and minerals;

• Diet GF1: boneless chicken, dehydrated chicken protein, sweet
potato, chicken fat, dried eggs, herring, dehydrated herring
protein, fish oil (from herring), pea fiber, and dried carrot;

• Diet GF2: boneless chicken, dehydrated chicken protein,
pea starch, chicken fat, dried pumpkin, dried eggs, herring,
dehydrated herring protein, fish oil (from herring), pea fiber,
and dried carrot;

• Diet CB: boneless chicken, dehydrated chicken protein,
spelt, oats, chicken fat, dried eggs, herring, dehydrated
herring protein, dried beet pulp, fish oil (from herring), and
dried carrot.

Diets Chemical Composition and Amino
Acid Profile
An aliquot of 500 g for each diet was analyzed by means of
near-infrared spectroscopy (NIRS DS 2005F, FOSS, Hilleroed,

Frontiers in Veterinary Science | www.frontiersin.org 2 April 2021 | Volume 8 | Article 66731899

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


Gizzarelli et al. Grain-Free Diets and Healthy Status

FIGURE 1 | Study timeline.

Denmark) to determine its chemical composition (21, 22). Total
dietary fiber, and proportion soluble, and insoluble fractions were
determined according to (23, 24). The diets were analyzed also to
determine its amino acid profile using high-performance liquid
chromatography (HPLC, Agilent Technologies 1290, California,
CA, United States) according to Spitze et al. (25).

Clinical Examination, Weight Checks, and
Sampling
At the beginning of each experimental period, the dogs were
subjected to physical examination, weighed, and their body
condition score (BCS) was evaluated. At recruitment and the end
of each nutritional phases (Figure 1), fasted dogs were clinically
evaluated and∼10mL of blood was collected in three tubes:

• two with EDTA, one for determination of the blood count, and
one for the dosage of plasmatic taurine;

• one for whole blood with separator gel from which to obtain
the serum for determination of the biochemical profile.

The whole blood samples intended for the evaluation of the blood
count were refrigerated, and quickly transported to the clinical
analysis laboratory of the Department of Veterinary Medicine
and Animal Production of the Federico II University of Naples.
Each blood sample was analyzed using an impedance device to
carry out an instrumental count (HeCo 5 Vet C, Real Time
Diagnostic Systems; San Giovanni a Valdarno, Italy) after slow
and constant mixing for 20 min.

At the kennel, to obtain the serum, the gel separator tubes were
left at room temperature for about 15min until the clot formed,
then the samples were centrifuged for 10min at a speed of 1,500
× g. The serum was stored at −80◦C and subsequently sent
on dry ice to a reference laboratory (Kornwestheim, Germany)
where the following parameters were determined using a
Beckman biochemical analyzer (Beckman Coulter AU5400;
Olympus America, Melville, NY, USA): Globulin; Total protein

(TP); Albumin (Alb); Alkaline phosphatase (AP); Glutamic
Pyruvic Transaminase (GPT); Alanine Transaminase (ALT);
Gamma-glutamyl transferase (GGT); Aspartate Transferase
(AST); Glutamate dehydrogenase (GLDH); Fructosamine (Fr);
Glucose (GLU); α-amylase; Lipase (LP); Sodium (Na); Potassium
(K); Calcium (Ca); Chloride (Cl); Phosphorus (P); Magnesium
(Mg); Cholesterol (Col); Triglycerides (Tri); Creatinine (Crea);
BUN, Creatine kinase (CK).

At the end of each phase from five dogs per group blood were
sampled to determine taurine on whole blood; after sampling
blood was collected in a tube containing lithium heparin.
Subsequently, it was gently mixed and stored at a temperature
of −80◦C up to the shipment on dry ice to the Amino Acid
Laboratory (University of California, Davis, CA, USA). Whole
blood taurine concentrations were determined using a Beckman
6,300 amino acid analyzer (Beckman Industries, Palo Alto,
CA, USA).

Taurine in plasma was determined by reversed phase
chromatography hyphenated to a triple quadrupole mass
spectrometer (LC-MS/MS Sciex API4000QTRAP plus Agilent
HPLC and CTC PAL autosampler, Santa Clara, CA, USA) (26).

Statistical Analysis
The effects of the diets were analyzed by one-way analysis of
variance (ANOVA). Tukey’s HSD test was used when significant
differences were observed.

To compare each diet with the control one, the Dunnett
test was used, which allows multiple comparisons. All statistical
analyses were performed using the software JMP 14 (SAS
Institute, NC, USA).

RESULTS

Table 1 shows the chemical composition of the diets used
during the trial. All statistical analyses were referred comparing
the diets. GF1 showed the highest value in protein, and
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TABLE 1 | Diets chemical composition (g/kg as is) and energy content (ME kcal/kg as is).

Nutritional characteristics CTR* GF1 GF2 CB RMSE

Crude Protein 240 363A 316B 317B 19.1

Total fat 100 185 193 194 51.5

Crude Fiber 38.0 23.0 23.7 24.7 9.41

Ash 99.0 65.0a 60.0b 60.3b 20.3

Metabolizable Energy* 3,200 3,999 3,990 3,997 140

*Chemical composition of control diet as reported in the label; GF1, grain-free diet 1; GF2, grain-free diet 2; CB, cereal based diet; along the row the capital letters indicate differences

for P < 0.01 and P < 0.001; lowercase indicated differences for P < 0.05. RMSE, root mean square error. The statistical comparison was performed between GF1, GF2, and CB diets.

*ME, calculated according to the predictive equation indicated by NRC 2006 (6).

TABLE 2 | Amino acids profile of diets used during the trial.

GF1 GF2 CB GF1 GF2 CB FEDIAF*

% as is g/1,000 kcal ME

Protein 36.3 31.6 31.7 97.19 85.25 84.91 45.00

Alanine 2.19 1.99 1.90 5.86 5.37 5.09 NA

Arginine 2.11 1.88 1.80 5.65 5.07 4.82 1.30

Aspartic acids 2.83 2.80 2.26 7.58 7.55 6.05 NA

Glutamic acids 4.29 4.17 4.54 11.5 11.3 12.2 NA

Glycine 3.24 2.67 2.86 8.67 7.20 7.66 NA

Histidine 0.76 0.72 0.68 2.03 1.94 1.82 0.58

Hydroxyproline 1.01 0.71 0.95 2.70 1.92 2.54 NA

Isoleucine 1.13 1.12 0.97 3.03 3.02 2.60 1.15

Leucine 2.32 2.20 2.07 6.21 5.94 5.54 2.05

Lysine 2.08 2.11 1.65 5.57 5.69 4.42 0.25

Phenylalanine 1.30 1.22 1.18 3.48 3.29 3.16 1.35

Proline 2.20 1.77 2.21 5.89 4.78 5.92 NA

Serine 1.43 1.32 1.29 3.83 3.56 3.46 NA

Threonine 1.27 1.22 1.08 3.40 3.29 2.89 1.30

Tyrosine 0.87 0.84 0.77 2.33 2.27 2.06 NA

Valine 1.54 1.48 1.35 4.12 3.99 3.62 1.48

Cystine 0.42 0.37 0.43 1.12 1.00 1.15 NA

Methionine 1.10 1.00 0.93 2.95 2.70 2.49 1.00

Tryptophane 0.33 0.33 0.32 0.88 0.89 0.86 0.43

Taurine 0.22 0.23 0.18 0.59 0.62 0.48 NA

*Nutritional values and FEDIAF (2020) (27) recommendation based on a metabolizable energy requirement of 110 kcal ME/kg0.75; GF1, grain-free diet 1; GF2, grain-free diet 2; CB,

cereal based diet; NA, not applicable.

ash (P < 0.01 and P < 0.05, respectively). The energy
nutrients (protein, carbohydrates, and lipids) of GF1, GF2,
and CB diets were equally proportioned. Moreover, the three
diets tested resulted in higher protein and energy levels than
the CTR one, which showed higher carbohydrates content.
Total dietary fiber (TDF) content of GF1 was significantly
(P < 0.05) lower than CB one (data not reported 76.78
vs. 83.73 vs. 94.30 g/kg as is, for GF1, GF2, and CB,
respectively). Moreover, all diets showed higher incidence of
soluble fiber than insoluble fiber (60.65; 58.61; and 63.15%
TDF, respectively).

Table 2 shows the amino acid concentrations of the three
diets. In all cases, the most present amino acids were glutamic

acid, glycine, alanine, arginine, aspartic acid, and lysine. The
concentrations of all amino acids seem to reflect protein
content of the diets.

The results of the blood count are reported in Table 3.
All recorded values fall into the relative physiological
range for canine species. The analysis of variance did
not show differences between the diets. Nevertheless, the
Dunnett test indicated significant (P < 0.01) differences
between CTR diet and each tested one for MCHC, which
resulted in 1 g/dL lower in CTR than GF1, GF2, and CB.
Moreover, platelet values resulted significantly (P < 0.05)
higher for CTR compared to that of CB diet (328 vs. 287
K/uL, respectively).
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TABLE 3 | Blood profile of dogs in function of administered diet.

Diets CTR vs.

Items Units CTR GF1 GF2 CB RMSE GF1 GF2 CB

RBC M/uL 6.88 7.00 6.95 6.76 0.64 NS NS NS

WBC K/uL 12.8 11.4 12.6 13.00 2.42 NS NS NS

Hgb g/dL 16.4 15.8 16.3 16.2 1.77 NS NS NS

Hct % 48.1 47.9 47.3 47.3 4.57 NS NS NS

MCV fL 69.2 68.4 68.0 68.7 2.80 NS NS NS

MCH Pg 23.8 24.0 23.9 24.1 1.16 NS NS NS

MCHC g/dL 34.4 35.1 35.1 35.1 0.70 ** ** **

Plt K/uL 328 298 306 287 42.0 NS NS *

CTR, control; GF1, grain-free diet 1; GF2, grain-free diet 2; CB, cereal based diet; RBC, red blood cells; WBC, white blood cells; Hgb, hemoglobin; Hct, hematocrit; MCV, medium

corpuscular volume; MCH, medium corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; Plt, platelets; *, **, P < 0.05 and P < 0.01, respectively; NS, not

significant; RMSE, root mean square error.

TABLE 4 | Biochemical profile of dogs in function of diets.

Diets CTR vs.

Items Units CTR GF1 GF2 CB RMSE GF1 GF2 CB

Gl g/L 37.6 35.8 34.7 36.0 5.47 NS NS NS

PT g/L 66.9 67.1 64.9 65.2 6.25 NS NS NS

Alb g/L 29.4 28.9 30.3 29.6 1.62 NS NS NS

AP U/L 38.2 30.5 31.3 30.7 11.8 NS NS NS

Crea µmol/L 80.7 72.6 74.2 76.0 12.1 NS NS NS

BUN mmol/L 6.81 5.74 6.11 6.57 1.46 NS NS NS

CK U/L 113 106 103 102 27.0 NS NS NS

ALT U/L 39.3 39.1 38.5 39.3 8.44 NS NS NS

GGT U/L 3.11 3.04 2.96 3.19 0.97 NS NS NS

AST U/L 40.0A 33.9AB 30.5B 31.2B 7.61 * *** *

GLDH U/L 3.05 3.08 3.12 3.42 1.29 NS NS NS

Fr µmol/L 204A 187B 186B 188B 9.93 *** *** ***

Glu mmol/L 5.03 4.79 4.94 4.95 0.64 NS NS NS

α-amylase U/L 781 763 759 797 109 NS NS NS

LP U/L 133A 67B 65B 69B 15.9 *** *** ***

Chol mmol/L 4.48 4.93 4.78 4.99 0.86 NS NS NS

Tri mmol/L 0.88A 0.59B 0.58B 0.56B 0.17 *** *** ***

CTR, control diet; GF1, grain-free diet 1; GF2, grain-free diet 2; CB, cereal based diet; Gl, Globulin; PT, Total protein; Alb, Albumin: AP, Alkaline phosphatase; Crea, Creatinine; CK,

Creatine kinase; ALT, Alanine Transaminase; GGT, Gamma-glutamyl transferase; AST, Aspartate Transferase; GLDH, Glutamate dehydrogenase; Fr, Fructosamine; Glu, Glucose; LP,

Lipase; chol, Cholesterol; Tri, Triglyceride along the row the capital letters indicate differences to P < 0.01 and P < 0.001; NS, not significant, *, ***: p < 0.05, p < 0.001, respectively;

RMSE, root mean square error.

Table 4 shows biochemical values. The nutritional treatment
affected only a few parameters. The analyses of variance
evidenced that the dogs showed significantly higher (P < 0.01)
values as regards AST, fructosamine, lipase, and triglycerides
when fed CTR diets. The Dunnett test evidenced the differences
between CTR diets vs. each tested diet more clearly, in particular
for triglycerides which were about double when CTR diet
was administered.

Table 5 shows the mineral profile. All parameters are within
the physiological ranges for healthy dogs. With both statistical
analyses, significant differences were observed for potassium,

phosphorus, and magnesium which were always significantly
higher in CTR than in GF1, GF2, and CB diets.

In Table 6, whole blood and plasma taurine levels are shown.
In both cases, taurine levels were not significantly affected by the
administered diet, even if the CTR diet showed the lowest value
of both parameters.

DISCUSSION

All diets showed nutritional characteristics able to satisfy the
nutritional requirement of adult dogs located in a kennel

Frontiers in Veterinary Science | www.frontiersin.org 5 April 2021 | Volume 8 | Article 667318102

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


Gizzarelli et al. Grain-Free Diets and Healthy Status

TABLE 5 | Mineral profile (mmol/L) of dogs in function of diets and comparison of each diet to control one.

Diets CTR vs.

Items CTR GF1 GF2 CB RMSE GF1 GF2 CB

Na 147 147 146 146 2.40 NS NS NS

K 4.92A 4.55B 4.41B 4.59B 0.40 * *** *

Ca 2.43 2.45 2.44 2.44 0.14 NS NS NS

Cl 111 111 110 111 2.71 NS NS NS

P 1.33A 1.37A 1.24AB 1.18B 0.18 NS NS *

Mg 0.90A 0.81B 0.80B 0.82B 0.08 *** *** **

CTR, control diet; GF1, grain-free diet 1; GF2, grain-free diet 2; CB, cereal based diet; Na, Sodium; K, Potassium; Ca, Calcium; Cl, Chloride; P, Phosphorus; Mg, Magnesium; along the

rows the capital letters indicate differences to p < 0.01 and p < 0.001; NS, not significant, *, **, ***, p < 0.05, p < 0.01, p < 0.001, respectively; RMSE, root mean square error.

TABLE 6 | Blood (n = 60) and plasma (n = 120) taurine levels of dogs in function of diets.

Diets CTR vs.

Taurine Units CTR GF1 GF2 CB RMSE GF1 GF2 CB

Whole blood µmol/l 288 316 316 318 51.3 NS NS NS

Plasma µmol/l 101 128 127 125 32.8 NS NS NS

CTR, control diet; GF1, grain-free diet 1; GF2, grain-free diet 2; CB, cereal based diet; NS, not significant; RMSE, root mean square error.

(6). In particular, the amount of crude protein, total fat,
and metabolizable energy fall into the levels recommended by
FEDIAF 2020 (27). During the experimental period, we did not
find refusals probably due to the high palatability of all diets.
Considering that no significant differences were observed as
regards live weight, and body condition score (final live weight
21.59 ± 5.70 kg; BCS 3.97 ± 0.81 on a five-point scale) we
can assert that the amount of feed administered was correctly
calculated in all groups (28).

The amount of essential amino acids (g/1,000 kcal) in
the three tested diets were about double the minimum levels
recommended by FEDIAF (27) for an adult dog which
has metabolized energy requirement equal to 110 kcal/kg0.75.
All experimental diets are able to fully satisfy even the
aforementioned nutritional requirements for a dog with a lower
energy necessity (95 kcal/kg0.75), also considering an apparent
availability of 70% (29).

There were no significant changes observed in the
hematological profiles within the diets. All dogs showed the
blood count values within the ranges considered physiological.
The only exceptions were recorded for two factors, MCHC
(CTR vs. GF1, GF2, and CB, P < 0.01) and platelets (CTR vs.
CB, P < 0.05). Actually, from our study, whether these findings
are coincidental or just a trend cannot be established, nor it
is possible to give a definitive explanation. It is essential to
underline that, even if there were significant differences, values
for MCHC and platelets were both within ranges. Considering
the absence of clinical signs or clinicopathological alterations and
the negativity as regards the mainly canine vector-borne diseases,
it seems likely that the results were due to any pathological cause.
There is very little data available concerning the influence of
diet on hematological parameters (30, 31) that could clarify the

differences that resulted from our trial. However, it is interesting
to note that in the study by Anturaniemi et al. (31), higher
erythrocyte counts, and hemoglobin levels occurred in dogs fed
with a high protein diet when as compared to those fed on the
lowest protein diet. In the present study, the increased values of
MCHC in dogs fed with diet which was richer in proteins than
the control may corroborate the same trend, also considering
that dietary protein may play a role in maintaining appropriate
red blood cell indices (32). Clearly, further study is needed to
better determine which dietary factor is responsible.

Some pre-analytical and analytical bias cannot be excluded,
even if points sampling procedures and processing were
standardized at all times (33, 34). Moreover, no specific
trend for platelets in dogs or diets during the trial was
observed. Furthermore, platelets numbers could vary in different
physiological conditions, above all due to the presence of platelet
clumps, often caused by sampling procedures and collection (35).

In addition, the biochemical profile also falls into the
physiological range for canine species. The differences related to
fructosamine, lipase, and triglycerides obtained by the Dunnett
test seem to indicate a dietary effect on carbohydrates and lipid
metabolism. In particular, the redaction of these parameters
observed when the dogs were fed GF1, GF2, and CB diets could
be related to the different proportions of carbohydrates, lipids
and proteins in these diets compared to CTR. The sources of
carbohydrates used in the formulation of the control diet showed
a higher content of nitrogen free extractives than the others
(NFE: 42.3 vs. 30.83; 34.83, and 34.60% as is, respectively, for
the CTR, GF1, GF2, and CB diets), while the fat and protein
contents are significantly lower in the control diet than those
used for the trial. The reduction of AST observed with all diets
than the control could be indicative of lower hepatic stress.
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Aspartate aminotransferase is an enzyme that is found mainly in
the liver and heart and, in lower concentrations, in the kidneys
and muscles and low levels of AST are indicative of good health,
while when the liver or muscle cells are damaged, the enzyme
is released into the blood in higher quantities. Although elevated
serum levels of AST could be considered a sign of a hepatic injury
or disease, concomitant with other variations of hematological
parameters (e.g., lower ALT values) and other clinical signs (36).
In our case, clinical signs of hepatic injury were not observed, and
all parameters could be considered physiological. Nevertheless,
higher metabolic activity in the liver could be indicated by the
higher AST values registered with CTR, and GF1 diets (37).

Another important aspect may have also concerned the
carbohydrate sources used. While the CTR diet was formulated
with rice (source of starch) and beet pulp, which mainly provides
insoluble fiber, in the other three diets carbohydrates sources
such as pea starch, spelt and oats, which are characterized by
low glycemic index, and carrot, squash and pea fiber as sources
of dietary fiber were used (38, 39). These ingredients guarantee
a greater intake of soluble dietary fiber, able to modulate
the post-prandial glycemic response. Moreover, these different
dietary components guarantee the maintenance of the balance
of saprophytic bacterial populations of the large intestine as
it is fermented here, thereby producing short-chain fatty acids
(40), in particular butyrate, which is considered the main energy
source for erythrocytes and colonocytes. Dietary fiber has been
indicated as a nutritional factor able to modify lipid absorption
reducing, directly and indirectly, bile acid reabsorption (41). The
decreasing of triglycerides observed with diets GF1, GF2, and CB
could be due to limited absorption of triglycerides in the small
intestine (41, 42). The reduced lipid absorption was confirmed by
the significant reduction of pancreatic lipase production. Indeed,
Stock-Damge’ et al. (43), administering a diet supplemented
with 5 g/d of wheat bran for 4 weeks, observed significantly
higher (P < 0.05) pancreatic secretion and lower (P < 0.05)
lipase concentration.

The significantly higher serum concentration of potassium,
phosphorus, and magnesium registered when the dogs fed
control diet could be related to the higher concentration of
phosphorus in this diet (12 vs. 8 mg/kg). On the other hand,
the higher value of phosphorus level in serum of dog fed
GF1 diet could be related to the higher bioavailability of this
element that mainly derived from animal sources in this diet.
Moreover, CTR and GF1 diets were characterized by the higher
Ca:P ratio (1.50; 1.25; 1.12 and 1.12, CTR; GF1; GF2; CB diet,
respectively) (6).

Although no statistically significant differences were observed,
there was an increased value in both parameters compared to the
initial values of 288.27 and 101 nmol/l, recorded with the control
diet. Another interesting aspect is that in all cases the taurine
levels were higher than the optimal reserve levels indicated
by FEDIAF (27) (>40 nmol/l in plasma and >200 nmol/l
in whole blood) and by University researchers California (44)
(>70 nmol/ml in plasma and >250 nmol/ml in whole blood),
regardless of the dilatative cardiomyopathy risk in adult dogs.

The literature concerning the effect of diet on taurine
concentration in blood and serum is controversial. Delaney et al.

(45) observed that the whole blood taurine concentration was
lower in dogs fed whole grain rice, rice bran, or barley. Freid
et al. (46) in a retrospective study on dogs affected by dilatative
myopathies, observed that dogs fed a non-traditional diet (grain-
free contained novel ingredients such as peas or lentils as the
main component) showed status improvement after their diet
was changed.

Donadelli et al. (17) did not observe a reduction in plasma
amino acids and taurine status when Labrador Retrievers were
fed with a commercial grain-free diet after 26 weeks.

In our study, conducted on healthy dogs, increased taurine
levels in whole blood and plasma were observed after 5 weeks
of the administration of three diets. The control diet (used
before the trial) could be defined as a traditional diet (grain
inclusive with rice and beet pulp). While the three diets tested
showed particular nutritional characteristics, and carbohydrates
ingredients: GF1 (grain-free with sweet potato, pea fiber, dried
carrot); GF2 (grain-free with pea starch, dried pumpkin, pea
fiber, dried carrot); and CB (grain inclusive with spelt, oats,
dried beet pulp, dried carrot). It seems possible to affirm that
the relative proportions of the nutrients in the diets rather
than the use of novel ingredients could affect taurine level.
Indeed, all tested diets are characterized by the use of high-
quality protein sources (dehydrated and fresh chicken, herring,
and eggs), and high levels of protein inclusion allow protein and
amino acids requirements to be satisfied and, consequently, the
taurine status.

Moreover, the relative lower root means square error of
taurine in whole blood compared to plasma one confirms the
previous observation (45) that taurine has greater stability in
whole blood.

CONCLUSION

Our preliminary results showed that only a few hematological
parameters were affected when balanced diets were administered
to healthy dogs. The sources of carbohydrates (starch and dietary
fiber) and the appropriate equilibrium between energy nutrients
(e.g., protein, fat, and starch) could modify the indicators of
lipid, and carbohydrate metabolism (AST, fructosamine, lipase,
triglycerides) and improve liver function.
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Dietary fiber affects canine physiology in many ways, such as increasing colonic

absorption of water and improving gut health, both of which may positively impact

exercise performance. The objectives of this study were to investigate the effects of

increased dietary soluble fiber and incremental training on respiratory rate (RR), internal

body temperature (BT), body composition, and fecal metabolites in mid-distance training

sled dogs. Fourteen dogs (12 Siberian and 2 Alaskan Huskies) were blocked by age, sex,

and body weight (BW) and then randomly allocated into one of two diet groups. Seven

dogs were fed a dry extruded control diet (Ctl) with an insoluble:soluble fiber ratio of 4:1

(0.74% soluble fiber on a dry-matter basis), and seven dogs were fed a dry extruded

treatment diet (Trt) with an insoluble:soluble fiber ratio of 3:1 (2.12% soluble fiber on a

dry-matter basis). Fecal samples were taken once a week. All dogs underwent 9 weeks of

incremental exercise conditioning where the running distance was designed to increase

each week. Every 3 weeks, external telemetry equipment was used to non-invasively

measure and record RR and internal BT at resting, working, and post-exercise recovery

states. Body composition wasmeasured on weeks−1 and 9 using quantitative magnetic

resonance. Body composition, RR, BT, and fecal metabolites were analyzed using a

mixed model with dog as a random effect and week and diet group as fixed effects. Dogs

on Trt had lower working and post-exercise BT than Ctl (P < 0.05). In addition, Trt dogs

had lower recovery BT at weeks 2 and 5 than Ctl dogs (P < 0.05). Treatment dogs had

greater fecal short-chain fatty acid concentrations than Ctl (P < 0.05). Diet had no effect

on RR or body composition (P > 0.10), but exercise resulted in an overall 7% increase

in lean and 3.5% decrease in fat mass (P < 0.05). These data suggest that increasing

dietary soluble fiber may positively influence BT and gut health; however, it has no effect

on RR or body composition. Soluble fiber did not negatively impact any measures of

overall health and performance and should be considered for use in performance dogs.

Keywords: physiology, canine, exercise, dietary fiber, nutrition
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INTRODUCTION

Exercise has the capacity to affect whole-body physiology;
however, high-intensity endurance training, such as that
experienced by sled dogs, can lead to gastrointestinal (GI)
disturbances, heat stress, and possible dehydration (1, 2).
Nutritional solutions, such as increased dietary soluble fiber
inclusion, may support exercise performance through mitigation
of these deleterious effects (3–6).

Dietary fiber can be divided into two categories based on
its solubility in water [i.e., soluble and insoluble fiber; (7, 8)].
Soluble fibers typically have an increased extent of fermentation
by GI microbes yielding short-chain fatty acids [SCFAs: mainly
acetate, propionate, and butyrate; (7)]. SCFAs play a variety of
physiological roles, including serving as an energy source for
epithelial cells, regulating epithelial barrier integrity, supporting
the immune system, and modulating inflammatory responses
(9–11). In addition, SCFAs increase water absorption in the
GI tract (12). As sled dogs primarily thermoregulate via
respiratory evaporation (i.e., panting), water loss by way of
salivation increases considerably during exercise leading to signs
of hypertonic dehydration (13). Hypertonic dehydration can
affect a variety of physiological outcomes, including lowering
respiratory rate (RR) and increasing internal body temperature
(BT) in dogs (14–16). As a BT exceeding 42◦C can have serious
physiological consequences in dogs (17), the ability to dissipate
heat during exercise is key to minimizing deleterious outcomes
and maintaining performance. Therefore, as SCFAs can increase
water absorption in the colon of dogs, providing a diet with
optimized soluble fiber may prevent dehydration and aid in heat
dissipation that could influence RR and BT during exercise (18).

Soluble fiber may also impact body composition of actively
training sled dogs. For example, sedentary humans who increased
their soluble fiber intake had lower body weights (BWs), body
mass index, and fat mass (FM) than those ingesting maltodextrin
as a control (19). FM and lean body mass (LBM) are common
measurements of body composition and have been reported
to change with exercise (13, 20, 21). However, the effects of
increased dietary soluble fiber on body composition in an
exercising dog model have not yet been directly studied.

Therefore, the objective of this study was to investigate the
effects of an increased soluble fiber diet and an incremental
training regimen on the outcomes of RR, BT, body composition,
and fecal metabolites in mid-distance training huskies. We
hypothesized that increased soluble fiber supplementation would
decrease exercise-induced internal BT and FM, increase LBM
and fecal SCFAs, and have no effect on RR in actively training
sled dogs.

MATERIALS AND METHODS

Animals and Housing
The study was approved by the University of Guelph’s Animal
Care Committee (Animal Use Protocol #4008). Twelve client-
owned domestic Siberian Huskies (8 females: 8 intact; 4 males:
1 intact and 3 neutered) and 2 Alaskan Huskies (2 neutered
males) with an average age of 3.75 ± 2.7 years (mean ± SD)

and BW of 21.54 ± 2.83 kg were used in the study. Dogs resided
and trained at an off-site facility (Rajenn Siberian Huskies, Ayr,
ON) that had been previously visited and approved by the
University of Guelph’s Animal Care Services. During the study,
dogs were group-housed in free-run, outdoor kennels (3.5–80
m2) containing anywhere from 2 to 10 dogs each.

Diets and Study Design
Dogs were blocked for age, sex, and BW before being randomly
allocated into one of two diet groups: control (Ctl; n = 7; 3
females: 3 intact; 4 males: 1 intact and 3 neutered) or treatment
(Trt; n = 7; 5 females: 5 intact; 2 males: 2 neutered). For 2
weeks prior to the study period, all dogs were acclimated to a dry
extruded Ctl diet [Champion Petfoods Ltd., Morinville, AB; for
ingredient and nutrient composition refer to (22)] that met or
exceeded all National Research Council (23) and Association of
American Feed Control Officials (24) nutrient recommendations
for adult dogs at maintenance. During both the acclimation
and study periods, dogs were consistently fed once daily at
15:00 h. Feed allowance was first determined using historical
feeding records and the calculated metabolizable energy (ME)
content of the diet. Body weight was measured at baseline
and each week after, and diet intake was adjusted to maintain
baseline BW. Dogs in the Ctl group were fed the Ctl diet with
an insoluble:soluble fiber ratio of 4:1 [dry-matter basis: 4,074
kcal/kg ME, 94% dry matter (on an as-fed basis), 47% crude
protein, 25% fat, and 0.74% soluble fiber], while Trt dogs were
fed a dry extruded diet with an insoluble:soluble fiber ratio
of 3:1 [dry-matter basis: 4,120 kcal/kg ME, 94% dry matter
(on an as-fed basis), 47% crude protein, 26% fat, and 2.12%
soluble fiber; Champion Petfoods Ltd., Morinville, AB; Table 1].
BioMOS R©, a mannan-oligosaccharide (MOS)-derived strain of
Saccharomyces cerevisiae, oat soluble fiber, flaxseed meal, Yucca
schidigera extract, and chicory root were included as soluble fiber
sources in the Trt diet, in place of pea starch in the Ctl diet. These
ingredients were chosen and added with the objective of reaching
an inclusion level previously reported to positively influence
canine GI metabolites (9, 25–27), while yucca was added in the
Trt diet to control fecal odor (28). Daily rations were mixed
with 1 cup of water before feeding; diets were mixed for 10min
to allow for a homogenous mixture. At feeding, all dogs were
tethered and individually fed to allow for monitoring of food
consumption. Dogs were allowed 30min to eat their allotted
food, and any orts were weighed and recorded daily. Throughout
the entirety of the study, dogs had ad libitum access to fresh water.

Exercise Regimen
A 9-week exercise regimen was implemented with exercise
distance increasing incrementally throughout the trial period.
The dogs were anticipated to run 6 km a day (4 days a week)
at week 0 and reach 56 km a day (4 days a week) by week
8, but ambient conditions played a role in determining the
actual daily run distance (RD; Table 2). Training consisted of
all dogs running on a 14-dog gangline with staggered, pairwise
groupings of Trt and Ctl dogs. The gangline was attached to an
all-terrain vehicle with one rider who controlled the machine in
its lowest gear. A pace of ∼20 km/h was maintained throughout
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TABLE 1 | Nutrient content and ingredient compositiona of the control and

treatment diet on a dry-matter basis.

Nutrient contents Trt Ctl

Metabolizable energy, kcal/kg (calculated)b 4,120.15 4,074.35

DMc, % 94.15 94.15

CP, % 47.46 47.92

EE, % 25.82 24.61

TDF, % 8.28 5.52

SDF, % 2.12 0.74

IDF, % 6.16 4.67

Ash, % 8.52 9.08

a Ingredient composition: pork meal, pea starch, low ash herring meal, fresh chicken,

chicken fat, dried chicken, chicken meal, fresh pork, fresh pork organ blend, flaxseed

meal, chicken and turkey giblets, oat soluble fiber, spray dried pork liver, pork pal (liquid),

hydrolyzed poultry protein, herring oil, pork pal (dry), sodium chloride, dried kelp, choline

chloride, chicory root, enticer, alpha-tocopherol, BioMOS®, natural antioxidant (liquid),

thiamine, pantothenic acid, pyridoxine, potassium chloride, taurine, Yucca schidigera

extract, Sel-Plex, zinc proteinate, natural antioxidant (dry), and copper proteinate. Adapted

from Templeman et al. (22); ingredients in bold were only included in the Trt diet.
bCalculated metabolizable energy based on modified Atwater values.
cDM, dry matter; CP, crude protein; EE, ether extract; TDF, total dietary fiber; SDF, soluble

dietary fiber; IDF, insoluble dietary fiber.

the training period. Running speed and distance were measured
using a speedometer and odometer, respectively, on the all-
terrain vehicle.

Exercise Challenges
On weeks −1, 2, 5, and 8, one off-day in the dogs’ training
schedule (no running) was replaced by an exercise challenge.
During each exercise challenge, dogs were run for 3 km at
a pace of 20 km/h in either a three- or four-dog team. The
distance run during exercise challenges was based on a previous
study from our laboratory (29) as well as trail access and
availability. Each group contained at least one Trt and one Ctl
dog. Following the 3-km run, dogs were watered immediately.
During each exercise challenge, all dogs were equipped with
external telemetry jackets to non-invasively record both RR and
BT (emka TECHNOLOGIES, Sterling, VA, USA).

Telemetry Jackets
Collection of RR data was based on a previous study by Thornton
et al. (29).

A novel pilot procedure to take non-invasive BT
measurements was executed by modifying a commercial
resistance temperature detector (RTD)-based skin temperature
probe (emka TECHNOLOGIES, Inc.) into a hermetically
sealed RTD-based rectal temperature sensor. The probes were
lubricated and inserted ∼2 in. into the rectum of two dogs
per group. The probes were fixed to the base of the tail using
adhesive tape and vet wrap. To validate the manufacturers’
calibration, each probe was individually calibrated in water baths
at 0 and 40◦C. A standard laboratory-grade glass thermometer
was used as a reference standard. Calibration was performed
just prior to placement of the sensor. Internal BT was measured

every second at resting (rBT), working (wBT), and post-
exercise state (post-BT). Once the challenge ceased, dogs were
immediately watered and remained on the gangline for 30min to
continue gathering RR and BT data until post-RR and post-BT
were obtained.

Blood Sample Collection and Analysis
Blood samples were collected and analyzed as described by
Templeman et al. (22). In brief, fasting blood samples were
collected on weeks −1, 2, 5, and 8 to assess standard serum
veterinary diagnostic measurements and markers of nutritional
and health status (Supplementary Tables 1, 2). Dogs were fasted
for 12 h overnight, and 5-ml samples were collected by way of
cephalic venipuncture with a serumVacutainer R© system (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). Whole
blood samples (1ml) were kept on ice prior to being analyzed
for hematological indices [e.g., complete blood cell count (CBC)]
using a Siemens ADVIA 2120 hematology analyzer (Siemens
Healthcare Ltd., Oakville, ON). Separate samples (4ml) were
centrifuged at 2,000× g for 20min at 4◦C using a Beckman J6-MI
centrifuge (Beckman Coulter, Indianapolis, IN). Serum aliquots
were collected and analyzed for serum biochemical components
using a Roche Cobas 6000 c501 biochemistry analyzer (Roche
Diagnostics, Indianapolis, IN).

Body Composition Assessment
Body composition [FM, LBM, and total body water (TBW)]
were measured using quantitative magnetic resonance (QMR)
technology (CanCog Tech, Fergus, ON) on weeks−1 and 9.With
the use of QMR technology, dogs were able to be imaged while
avoiding anesthetization (30).

Fecal Collection and Analysis
During fecal collection, whole samples were collected within
15min of being voided, and all visible contaminants (e.g., grass
and hair) and portions of samples that were in contact with
the ground were removed. Samples were transferred into a
Whirl-pak bag (Thermo Fisher Scientific, Waltham, MA) to be
homogenized. Homogenized samples were then stored in 50-
ml sterile centrifuge tubes (Thermo Fisher Scientific, Waltham,
MA), frozen, and kept at −20◦C until further analysis. Samples
were analyzed for SCFAs (acetic acid, propionic acid, and butyric
acid), branched-chain fatty acids (BCFAs; isobutyric acid and
isovaleric acid), lactic acid, formic acid, and monosaccharides
using an Agilent HP1000 series high-performance liquid
chromatography (HPLC; Agilent Technologies, Santa Clara, CA).

HPLC analysis was based on a previous study from our
laboratory by Templeman et al. (22). In brief, samples were
prepared by combining 0.1 g of sample with 1ml of 0.005N
sulfuric acid (concentrated sulfuric acid in Milli-Q water; Sigma
Aldrich, Oakville, ON). Samples were vortexed until the fecal
sample had completely dissolved and were then centrifuged using
a Fisherbrand accuSpin Micro 17 (Thermo Fisher Scientific,
Waltham, MA) at 13,300 rpm for 15min. Four hundred
microliters of supernatant was then drawn into an HPLC vial,
and 400 µl of 0.005M sulfuric acid was added to achieve a 2×
dilution. For the HPLC system, the mobile phase was 0.005M
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TABLE 2 | Mean daily run distance, feed intake, and BW data for all dogs from weeks −1 (exercise challenge distance) to 8, body composition data (lean body mass, fat

mass, and total body water) at weeks −1 and week 8, and anticipated run distance for the proposed exercise regimen with mean temperature and humidity for each

week.

Week P-value

−1 0 1 2 3 4 5 6 7 8 SEM DG1 Wk DG × Wk2

RD, km/day3 3.0f 5.8de 11.2c 17.0de 23.8e 30.1d 25.4c 20.4b 27.0a 37.1a 1.08 0.99 <0.01 1.00

ARD, km/day4 3 6 12 18 24 30 36 42 48 54

FI, g/d 273.4c 325.9d 367.5d 427.3c 480.6b 570.9a 563.9a 560.4a 560.4a 560.4a 30.9 0.44 <0.01 0.93

BW, kg 21.7abc 21.3bc 21.3bc 21.1c 21.0c 21.7abc 22.1ab 22.1ab 22.3a 22.5a 0.34 0.34 <0.01 0.57

LBM, % 73.1b 80.1a 2.80 0.97 <0.01 0.92

FM, % 16.2a 12.7b 1.90 0.85 <0.01 0.15

TBW, % 54.7b 60.0a 2.02 0.96 <0.01 0.69

T, ◦C −3.8dc 2.2a 2.4a −2.0cd 0.1b −7.8f −0.6bc 2.3a −6.0cf −3.5d 0.6 0.82 <0.01 1.00

H, % 81.4e 95.0a 89.7abc 86.2bcde 84.8cde 89.3abc 87.4bcd 91.0ab 80.7de 81.3e 1.6 0.89 <0.01 1.00

FI, feed intake; BW, body weight; LBM, lean body mass; FM, fat mass; TBW, total body water; T, ambient temperature; H, humidity.
1DG, diet group; Trt, treatment (2.12% soluble fiber); Ctl, control (0.74% soluble fiber).
2 Interaction effect between DG and Wk (week).
3RD, mean daily run distance determined as an average of the 4 days of each week the dogs trained.
4ARD, anticipated run distance for proposed incremental exercise regimen (distance proposed to be run 4 days/week of training).
a−fValues in a row with different superscripts differ (P < 0.05).

of sulfuric acid in Milli-Q water that was then filtered through
a 0.2-µm filter. The column temperature was kept at 60◦C,
the refractive index detector temperature was kept at 40◦C,
and the injection volume was 20 µl. The flow rate was 0.5
ml/min, and the cycle time was 45min. A standard curve was
developed for each SCFAs, BCFAs, and monosaccharide with
the following serial dilutions: 0.25, 0.50, 1.00, 2.00, and 4.00
mmol/L. OpenLAB CDS ChemStation software was used for
system control and data acquisition (Agilent Technologies, Santa
Clara, CA).

Statistical Analyses
Statistical analyses were performed with Statistical Analysis
System (SAS) (v. 9.4; SAS Institute Inc., Cary, NC). RR and
BT data were analyzed for outliers by removing the data points
that exceeded an RR <200 breaths/min and lower than 5
breaths/min. For BT, data points higher than 42◦C and lower
than 36◦C were also considered outliers. Also, the periods
during the exercise challenges when a four-dog team was
stopped were removed, as these interruptions reduced the dogs’
ability to maintain a wRR. These stops included instances of
defecation and urination. Following data cleanup, a TRANSREG
procedure was used to optimally transform the RR data. BT
was calculated using the means of each 1-min interval from
the start of each exercise challenge until 30min post-exercise.
Variances in RR, BT, fecal metabolites, fasted blood analytes
(CBC and serum biochemistry), feed intake, BW, and body
composition data were analyzed using PROC GLIMMIX of SAS
(v. 9.4; SAS Institute Inc., Cary, NC). Dog was treated as a
random effect; and activity level (resting, working, and post-
exercise), week, and diet group (DG; Trt, or Ctl) were treated
as fixed effects. Activity level was analyzed against diet group
and week, as well as week against diet group. RR and fecal
metabolite means were compared using the Tukey honestly

significant difference (HSD), whereas BT means were compared
using a Fishers least significant difference (LSD). Statistical
significance was declared at P ≤ 0.05 and trends at 0.05 < P
≤ 0.10.

RESULTS

During data analysis, 18% (27/153) of the RR observations
and 31% (433/1,378) of BT observations were removed due
to either software malfunctions, which caused missing data, or
movement of rectal probes during the challenge run. Two dogs
were removed from the trial (one on week 2, Ctl; one on week
4, Ctl) due to exercise-related injuries; all data collected from
these dogs until their removal were included in the results. Due
to receiver limitations, only eight dogs were monitored for BT
throughout the study (3 males; Trt= 1, Ctl= 2, 5 females; Trt=
3, Ctl= 2).

Mean Daily Food Intake, Body Weight, and
Body Composition
No differences were observed between mean daily feed intake,
BW, and RD with diet (P > 0.10), but all variables differed by
week (P < 0.05; Table 2). Feed intake was greatest at weeks 4–8
(P < 0.05; Table 2) with no differences between weeks 4 and 8 (P
> 0.10; Table 2). Body weight decreased from baseline at weeks
2 and 3 (P < 0.05); however, BW did not differ from week −1 to
weeks 0–1 (P > 0.10) and weeks 4–8 (P > 0.10; Table 2).

Body composition (FM, LBM, and TBW) at weeks −1 and 9
did not differ between diet groups (P > 0.10); however, when
data were pooled to evaluate the effects of exercise, all variables
differed by week (P < 0.05; Table 2). LBM increased by 7%, TBW
increased by 5.3%, and FM decreased by 3.5% from week−1 to 9
(P < 0.05; Table 2).
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TABLE 3 | Mean internal body temperature (◦C) at resting, working, and post-exercise state for control (0.74% soluble fiber on a dry-matter basis) and treatment groups

(2.12% soluble fiber on a dry-matter basis) in sled dogs running at a pace of 20 km/h for 3 km.

Exercise challenge SEM (Wk) Mean SEM (mean) P-value

Week −1 Week 2 Week 5 Week 8 DG1 Wk DG × Wk2

rBT3, ◦C Trt 38.4 38.7 38.7 38.7 1.53 38.6 0.16 0.556 0.830 0.992

Ctl 38.6 38.9 38.9 38.8 0.39 38.8 0.17

wBT, ◦C Trt 39.7# 39.2 39.7 39.3# 0.20 39.4* 0.14 0.006 0.159 0.108

Ctl 39.8 39.9 39.8 39.6 0.19 39.8* 0.13

post-BT, ◦C Trt 39.6b 38.9* 39.3ab* 39.1ab 0.23 39.2* 0.13 0.009 0.055 0.012

Ctl 39.3b 39.7ab* 40.1a* 39.3b 0.24 39.6* 0.13

1DG, diet group; Trt, treatment dogs; Ctl, control dogs; SEM, standard error of the mean, n = 3 for rBT (Trt: n = 2; Ctl: n = 1, weeks −1 and 2), n = 7 for rBT (Trt: n = 4; Ctl: n = 3,

week 5), and n = 4 for rBT (Trt: n = 3; Ctl: n = 1, week 8); n = 5 for wBT (Trt: n = 2; Ctl: n = 3, week −1), n = 7 for wBT (Trt: n = 3; Ctl: n = 4, week 2), n = 7 for wBT (Trt: n = 4; Ctl:

n = 3, week 5), and n = 6 for wBT (Trt: n = 3; Ctl: n = 3, week 8); n = 5 for post-BT (Trt: n = 2,; Ctl: n = 3, week −1), n = 7 for post-BT (Trt: n = 3: Ctl: n = 4, week 2), n = 7 for

post-BT (Trt: n = 4: Ctl: n = 3, week 5), and n = 6 for post-BT (Trt: n = 3: Ctl: n = 3, week 8).
2 Interaction effect between DG and Wk (week).
3rBT, resting body temperature; wBT, working body temperature; post-BT, post-exercise body temperature.
a,bValues in a row with different superscripts differ (P < 0.05; within treatment).
#Mean values for body temperature tended to differ from week −1 within the same row (P < 0.10).

*Values for body temperature different between diet groups within the same column (P < 0.05).

TABLE 4 | Mean respiratory rate (breaths per minute) at rest, work, and post-exercise during weeks −1, 2, 5, and 8 for control (0.74% soluble fiber on a dry-matter basis)

and treatment groups (2.12% soluble fiber on a dry-matter basis) in sled dogs running at a pace of 20 km/h for 3 km.

Exercise challenge SEM (Wk) Meana SEM (mean) P-value

Wk −1 Wk 2 Wk 5 Wk 8 Wk DG DG × Wkb

rRRc, bfd Trt 18 16 17 18 1.53 17 0.60 0.481 0.262 0.790

Ctl 19 18 17 18 1.71 18 0.67

wRR, bf Trt 173 171 170 172 2.89 172 2.69 0.934 0.143 0.354

Ctl 165 166 166 165 3.39 165 2.96

post-RR, bf Trt 22 28 26 26 2.43 26 1.93 0.723 0.809 0.382

Ctl 25 25 24 25 3.18 25 2.06

aTrt, treatment dogs; Ctl, control dogs; SEM, standard error of the mean, n = 11 for rRR (week −1), n = 13 for rRR (week 2), and n = 10 for rRR (weeks 5 and 8); n = 13 for wRR (week

−1), n = 11 for wRR (week 2), and n = 10 for wRR (weeks 5 and 8); n = 9 for post-RR (weeks −1, 2, and 5), and n = 11 for post-RR (week 8).
b Interaction effect between DG and Wk (week).
crRR, resting respiratory rate; wRR, working respiratory rate; post-RR, post-exercise respiratory rate.
dbf, breathing frequency (breaths per minute).

Body Temperature
No differences in rBT were observed between dietary treatments
(P > 0.10; Table 3); however, Trt dogs presented with a lower
mean wBT and post-BT than Ctl (P < 0.05, Table 3). Post-
exercise BT was lower at weeks 2 and 5 for Trt vs. Ctl (P <

0.05; Table 3). No other differences were observed between DG;
therefore, internal BTwas pooled to evaluate the effect of exercise.
No differences were observed between rBT over weeks (P> 0.10).
Working BT tended to be lower at week 8 compared with week
−1 (P < 0.10). Post-exercise BT was greater at week 5 compared
with weeks 2 and 8 (P < 0.05) but was not different than week−1
(P > 0.10).

Respiratory Rate
No differences in rRR, wRR, and post-RR were observed between
dietary treatments (P > 0.10; Table 4); therefore, these data were
pooled to evaluate the effect of exercise. No differences in activity

level (rRR, wRR, and post-RR) were observed between weeks
throughout the study duration (P > 0.10; Table 4).

Fecal Short-Chain Fatty Acids,
Branched-Chain Fatty Acids, Lactic Acid,
and Monosaccharides
Overall, dogs receiving the Trt diet had greater concentrations
of fecal propionic acid (P < 0.05) and butyric acid (P < 0.05;
Table 5) than Ctl. Concentrations of fecal acetic acid tended
to be greater in Trt compared with Ctl (P = 0.06; Table 5).
Treatment dogs had greater fecal isobutyric acid concentrations
than Ctl (P < 0.05; Table 5). In addition, Trt dogs had greater
fecal concentrations of lactose, glucose, xylose, and arabinose
than Ctl (P < 0.05; Table 5). Diet had no effect on fecal formic
acid, isovaleric acid, or lactic acid (P > 0.10; Table 5); therefore,
all remaining data were pooled for effect of exercise. For all
dogs, fecal propionic acid concentrations were greater during
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weeks 0–8 than week −1 (P < 0.05; Table 5). Fecal butyric acid
concentrations were greater during weeks 7 and 8 compared with
week −1 (P < 0.05; Table 5). Fecal acetic acid concentrations
were greater during weeks 2–8 compared with week −1 and
greater at week 8 compared with week 0 (P < 0.05; Table 5).
Week had no effect on fecal formic acid concentrations (P >

0.10; Table 5). Fecal isobutyric acid was greater at week −1
compared with weeks 0–2 (P < 0.05; Table 5) but did not differ
thereafter (P > 0.10; Table 5). Week had no effect on fecal
isovaleric acid concentrations (P > 0.10; Table 5). Fecal lactic
acid concentration was greater during weeks 3 and 5 compared
with week 7 (P < 0.05), but no other weeks differed (P >

0.10; Table 5). Fecal lactose concentrations were greater in week
−1 than weeks 5, 7, and 8 (P < 0.05; Table 5). Fecal glucose
concentrations were greater in week 0 compared with week 2 (P
< 0.05;Table 5).Week had no effect on fecal xylose and arabinose
concentrations (P > 0.10; Table 5).

Complete Blood Count and Serum
Biochemistry
Treatment dogs had greater concentrations of white blood
cells, leukocytes (Supplementary Table 1), and alanine
aminotransferase (ALT; P < 0.05; Supplementary Table 2)
and lower concentrations of creatinine (P < 0.05;
Supplementary Table 2) than Ctl dogs; however, all mean
CBC and serum biochemistry values were within standard
reference range for dogs of both diet groups (as determined by
the Animal Health Laboratory, University of Guelph, Guelph,
ON). Except for five dogs that presented with high eosinophils at
weeks −1 and 2, all dogs remained healthy throughout the study
period (Supplementary Table 1).

DISCUSSION

This study was the first to evaluate the effects of increased
dietary soluble fiber on internal BT, RR, body composition, and
fecal metabolites in mid-distance training sled dogs. The data
presented herein indicate that for actively training sled dogs,
9 weeks of an increased soluble fiber diet may have contributed
to a decrease in the working and recovery state internal BT. In
addition, dogs receiving the soluble fiber-supplemented diet had
greater fecal concentrations of butyric and propionic acid than
had Ctl dogs; however, increased soluble fiber had no effect on
RR or body composition. Participation in 9 weeks of incremental
exercise resulted in an overall increase in LBM and decrease
in FM.

Body Temperature
Given that dogs primarily dissipate heat through evaporative
panting (31), water lost by way of salivation increases
considerably during exercise (32), contributing to an increased
risk of dehydration, which, in turn, may negatively impact
thermoregulatory capabilities (32). For example, sedentary dogs
dehydrated by way of water restriction or induced hypertonic
dehydration have been reported to have elevated BT when
compared to hydrated dogs (14, 16, 33). As the Trt dogs in the
current study presented with an overall reduction in internal
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temperature at both a working and post-exercise state when
compared to the Ctl dogs, this suggests that supplementation of
soluble fiber so as to achieve an inclusion level of 2.12%may have
contributed to a more efficient regulation of internal BT during
exercise. For example, exercising horses fed diets high in soluble
fiber were reported to have greater TBW and lower exercising BT
than horses fed insoluble fiber (34); however, it should be noted
that unlike dogs, horses dissipate heat primarily through active
sweating (35). As the diet in the current study had no impact
on changes in TBW content, and since no other measurements
of hydration status were reported, we cannot definitely say that
increased dietary soluble fiber improved hydration status; we can
only make inferences based on changes in BT. In addition, as
only eight dogs were evaluated for changes in BT, the authors
acknowledge this as a limitation. Therefore, future research is
warranted to investigate hydration status, exercise, and internal
BT using a greater sample size of actively training dogs to support
these pilot data.

Independent of diet, conditioning has been reported to reduce
exercising BT in both humans (36, 37) and dogs (38). In the
current study, wBT at week 8 tended to decrease from baseline,
suggesting a possible improvement in the thermoregulatory
ability as training progressed. As exercise training leads to an
increased cardiac output with increased blood volumes directed
toward respiratory muscles (39), the improved regulation of BT
is thought to be due to the increased blood flow to areas of heat
exchange supporting thermoregulation in dogs (40). Therefore,
as previous studies report improved cardiorespiratory capacity
with exercise (41, 42), the likelihood of such an event occurring
in the current study is high. However, as only RR was measured
in the current study, with no other cardiorespiratory variables,
the ability to relate thermoregulation to improved exercise
conditioning in exercising dogs requires further investigation.
However, as exercise usually takes place in colder environments,
this reduction in BT could also be attributed to ambient
temperature. However, as both BT and ambient temperature
were highly variable throughout the current training period,
future research should be conducted to investigate the association
between ambient temperature and internal BT in dogs exercising
in cold climates.

Respiratory Rate
Hydration status has been reported to influence RR, as
dehydrated dogs have lower RR (14) in an attempt to conserve
body water content while panting (15, 33). Although the current
study reported no changes in RR following an increased soluble
fiber diet, the level of dehydration during exercise may not have
been great enough to influence RR. For example, a previous study
from our laboratory reported that sled dogs running 5 km daily
led to signs of hypertonic dehydration (13), whereas the dogs
in the current study were running just over 3 km daily. This
suggests that unlike BT, RR may not be affected by slight changes
in hydration. Future research is warranted to investigate changes
in hydration status with a 2.12% soluble fiber diet in relation to
RR in both a sedentary and exercising dog model.

For all dogs, 9 weeks of endurance exercise training had no
effect on RR during any given activity level. Our laboratory
previously reported that 12 weeks of aerobic exercise training

resulted in a decreased RR at both a resting and post-exercise
state with changes starting at week 5 (29). As the dogs in the
current study were running 25.4 km/day during week 5 and the
previous study’s RD was 37.2 km/day at week 5, this 11.8 km/day
difference could be behind the lack of exercise effects. In addition,
the current study began descaling the training regimen at week
5, whereas Thornton et al. (29) began descaling at week 7. As
a result, the changes in duration could have influenced RR, as
our lab previously reported that RR may be sensitive to a training
regimen and requires a continuous incremental training regimen
to elicit changes (29).

Body Composition
Participation in regular aerobic exercise positively affects body
composition resulting in reductions in FM and increases in LBM
in humans (20, 43). In dogs, 12 weeks of endurance training
resulted in increased LBM of 11% and decreased FM of 4.5%
(22). The current study reported an increase in LBM of 7% and
FM decrease of 3.5%, with diet having no effect on changes in
body composition. As previous studies examined the effects of
fiber supplementation on body composition utilizing overweight,
sedentary subjects (19), the effects of exercise in the current study
may have been greater than those of increased soluble fiber. For
example, as BW was maintained and feed intake was adjusted to
maintain energy requirements for increased exercise, the changes
seen in LBM and reduction in FM can likely be attributed to the
exercise regimen itself.

Fecal Metabolites
Soluble fiber is known to increase microbial fermentation and
production of SCFAs, which can have a variety of physiological
effects. For example, SCFAs can stimulate an increase in water
absorption, as these major anions have been reported to be
responsible for osmotic water absorption in the colon of the dogs
(12). As Trt dogs in the current study had greater concentrations
of both propionic and butyric acid than had Ctl dogs, there is
an increased likelihood of greater water retention in the dogs
consuming the higher soluble fiber diet. As such, this could
lead to possible secondary effects in the dogs, resulting in lower
internal BT, which could in turn help with exercise performance.
Additionally, as exercise duration increased over time, the dogs’
energy requirements also increased, leading to greater feed
intake and subsequently protein intake. Fecal isobutyric acid
concentration was greater in Trt dogs and has been reported in
dogs consuming greater levels of dietary protein (44). However,
as protein contents of both diets were similar and overall feed
intake did not differ between treatment groups, it is possible
that the inclusion of soluble fiber reduced the digestibility of
protein, thereby increasing its availability for fermentation in
the colon (45). Together, because SCFAs, BCFAs, and other fecal
metabolites increased over time, it is likely that the environment
of the hindgut microbiota was altered. As sled dogs are at risk of
impaired gut health (i.e., increased gut permeability) leading to
instances of diarrhea and other deleterious outcomes, provision
of soluble fiber can support inflammatory responses and reduce
exercise-induced diarrhea (46, 47). As diarrhea is the leading
cause of exercise discontinuation in exercising sled dogs (1, 2),
minimizing pathogenic microbes could have beneficial outcomes
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related to performance. For example, sled dogs running in a
400-km race in Norway presenting with low levels of dysbiosis-
associated bacteria (i.e., Fusobacterium, Clostridium hiranonis,
and Blautia) prior to a race performed better than dogs with a
greater level of these bacteria (48). As such, the fecal metabolite
data in the current study suggest a shift toward an improved
gut microbial environment. However, due to restrictions of
laboratory analysis during 2020, the effects of both exercise and
dietary soluble fiber on the gut microbiota were not able to be
assessed. Therefore, future research should be directed toward
evaluating microbial diversity and stool quality during exercise
and nutritional interventions in training sled dogs.

CONCLUSION

The findings in the current study suggest that the addition of
1.38% soluble fiber to achieve an insoluble:soluble fiber ratio
of 3:1 may have contributed to a reduction in internal BT at
both working and recovery post-exercise states and resulted in
greater fecal SCFA concentrations. Supplemental soluble fiber
had no effect on RR or body composition; however, a 9-week
training regimen resulted in increased LBM and decreased
FM. Future research is warranted to investigate how a diet
with a soluble fiber inclusion of 2.12% influences hydration
status, and various cardiorespiratory measurements (i.e., heart
rate and VO2max) in exercising dogs. Overall, these results
can be used to improve training regimens and diets that
may influence exercise physiology, health, and performance of
sled dogs.
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Grain-based carbohydrate sources such as rice comprise 30–50% of commercial pet

foods. Some pet foods however have removed the use of grains and have instead

incorporated pulses, such as peas and lentils, resulting in grain-free diets. The hypothesis

was dog diets with higher levels of dietary fiber will produce a low glycemic response

due to decreased rates of digestion and lowered bioavailability of all macronutrients and

increased fecal bile salt excretion. This in turn was hypothesized to produce lower plasma

concentrations of cysteine, methionine and taurine after 7 days of feeding each test diet

in dogs. Six diets were formulated at an inclusion level of 20% available carbohydrate,

using white rice flour (grain) or whole pulse flours from smooth pea, fava bean, red lentil

or 2 different wrinkled pea varieties (CDC 4,140–4 or Amigold) and fed to beagles in a

randomized, cross-over, blinded design. After 7 days feeding each diet, fasting blood

glucose was the lowest in the lentil (3.5 ± 0.1 mmol/L) and wrinkled pea (4,140–4; 3.6

± 0.1 mmol/L) diet periods, while peak glucose levels was lowest after feeding the lentil

diet (4.4 ± 0.1 mmol/L) compared to the rice diet. Total tract apparent digestibility of all

macronutrients as well as taurine differed among diets yet plasma taurine was not outside

normal range. Decreased macronutrient and amino acid digestibility was associated with

increasing amylose and dietary fiber content but the specific causative agent could not be

determined from this study. Surprisingly, digestibility decreases were not due to increased

bile salt loss in the feces since increasing dietary fiber content led to decreased fecal

bile salt levels. In conclusion, although pulse-based canine diets have beneficial low

glycemic properties, after only 7 days, these pulse-based diets decrease macronutrient

and amino acid digestibility. This is likely related at least in part to the lower animal protein

content, but on a long-term basis could put domestic dogs at risk for low taurine and

dilated cardiomyopathy.
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INTRODUCTION

The global pet food industry has been steadily growing and is
projected to reach a value of $91 billion USD by 2022 (1). In a
majority of homes with pets, pet owners feed them commercially
prepared diets as they are affordable and nutritionally complete
with the belief that they promote animal health (2). Pet diets in
North America are formulated to meet nutritional requirements
based on the standards set by the Association of American Feed
Control Officials (AAFCO).

Pet owners have an active role in choosing diets to feed
their pets and generally make their decisions based on: (i) true
knowledge of what comprises a healthy diet, (ii) perception
of nutritional requirements, (iii) human diet trends and (iv)
overall opinions of the pet food industry. Importantly, owners
will often change their pet’s diet to match the diet consumed
by the human owner (3). Pet foods are marketed strategically
to owners, with trendy claims such as “organic,” “natural” and
“grain-free” often found with premium pet foods (4). Grain-
free diets exclude the use of grains such as wheat, corn, or
rice flours and instead incorporate pulses such as peas, lentils
and fava beans as the major carbohydrate source (5). While
pulses are common dietary ingredients for both humans and
animals, they are considered to be highly nutritious primarily
due to their high levels of protein, in addition to carbohydrate,
fiber, vitamins and minerals (6). Pulse crops are slowly digested
due to relatively high amylose, resistant starch and dietary fiber
content (7, 8). This characteristic of pulses can be utilized
to optimize satiety through a lowered glycemic response and
glycemic index (6), a feature that is also in dogs [(9, 10),
Briens et al., unpublished].

Postprandial blood glucose responses can vary based on the
type of carbohydrate and the rate of digestion (11). In dogs, diets
with different levels of starch cause variations in postprandial
glucose responses (12). In human studies, foods with a low
glycemic index, such as legumes or pulses, are slowly digested,
which provides a slow and sustained release of glucose into
the blood stream (11). Alternatively, foods that are quickly
digested, such as white bread, have a high glycemic index, which
result in rapid and high postprandial blood glucose levels (11).
Similarly, in both dogs and cats, legumes result in a slow or
negligible postprandial glucose response while grains result in
a faster, higher postprandial blood glucose response [(9, 13),
Briens et al., unpublished]. Thus, pulse-containing diets promote
glucose control, insulin sensitivity, satiety, weight control and
longer-term health in humans and dogs (10, 14).

While high-protein pulses can decrease the cost to produce a
high protein pet food due to a lower need for animal protein, a
downside to pulses is that plant protein lacks taurine. Moreover,
compared to cereal grains, pulses contain limited amounts of
the non-essential amino acid cysteine and reduced amounts
of the essential amino acids, methionine and tryptophan (6).
Cysteine andmethionine are used by the dog liver and the central
nervous system to synthesize taurine via the transsulfuration
pathway. Thus, taurine is not considered to be an essential
amino acid in dogs. While dilated cardiomyopathy is common
in dogs (15), some cases are associated with low plasma taurine

and can be reversed with taurine supplementation (16). Canine
dilated cardiomyopathy was reported by the US Food and Drug
Administration (FDA), based initially on 9 case studies, to be
associated with feeding grain-free diets in July 2018. This led to
a decrease in grain-free dog food sales, decreased use of pulses
in pet food and losses to the pulse-growing agriculture sector.
Confusion among veterinarians and pet owners as to whether
grain-free diets are healthy for dogs was further exacerbated
by a recent acknowledgment by the FDA in November 2020
that causes of dilated cardiomyopathy in dogs may be more
complicated than just a single ingredient such as pulses and
is instead likely multi-factorial. To begin to address some of
these questions, this study aimed to explore whether grain-free
diets lead to taurine deficiency and if this is associated with
simultaneous low cysteine and methionine levels. Moreover,
mechanisms by which pulses could deplete taurine, cysteine or
methionine require experimental confirmation.

One possible explanation is dietary fiber which was linked
to decreased taurine levels in dogs (17, 18). Fiber increases the
excretion of fecal bile acids, and since taurocholate is the most
common bile salt in dogs, this leads to increased fecal loss of
taurine (19, 20). In addition to taurine loss, high dietary fiber
decreases protein digestibility, resulting in decreased cysteine and
methionine (precursors of taurine) bioavailability. Again, while
the slow carbohydrate digestibility of pulses has some beneficial
health effects such as low glycemic index, high dietary fiber
of pulses may exacerbate the already low taurine, cysteine and
methionine found in grain-free diets (20, 21). What is unclear is
what component of dietary fiber is responsible for the increased
fecal bile salt loss, decreased protein digestibility and decreased
sulfur amino acid bioavailability. As a first exploration, this study
aims to use diets with increasing levels of dietary fiber and
amylose content using different pulses as well as to explore its
role in these processes in dogs.

The hypothesis was that dog diets with higher levels of dietary
fiber will produce a low glycemic response due to decreased rates
of digestion and lowered bioavailability of all macronutrients and
increased fecal bile salt excretion. This in turn is hypothesized
to produce lower plasma concentrations of cysteine, methionine
and taurine after 7 days of feeding each test diet in dogs. In
order to investigate these hypotheses, whole and complete diets
formulated to include 20% available carbohydrate using a grain
(white rice flour) compared to whole pulse flours from smooth
pea (CDC Inca), fava bean (CDC Snowdrop), red lentil (CDC
Maxim) or 2 different wrinkled pea varieties (CDC 4,140–4
or Amigold) were fed to beagles in a randomized, cross-over,
blinded design. After 7 days of feeding each diet, macronutrient
digestibility and glycemic responses were examined along with
plasma concentrations of cysteine, methionine, and taurine as
well as fecal bile salt concentrations in beagle dogs.

EXPERIMENTAL METHODS

All procedures and handling of the dogs were conducted
following protocols approved by the University of Saskatchewan’s
Animal Research Ethics Board according to guidelines that were
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established by the Canadian Council on Animal Care (Animal
Utilization Protocol #20190055).

Animals
Adult Beagle dogs (n = 8; 4 spayed females, 4 neutered
males; 8.87 ± 0.90 kg, 2–4 years old) were obtained from
certified scientific breeders (Marshal Bioresources, North
Rose, NY, USA and King Fisher International, Stouffville,
Ontario, Canada). Beagles were housed at the Animal
Care Unit (ACU) in the Western College of Veterinary
Medicine at the University of Saskatchewan, Saskatoon,
SK, Canada. Beagles were group-housed during the day in
a large enclosure to allow for daily socialization but were
individually kenneled during feedings and overnight. Dogs
were walked and socialized on a daily basis. The Beagles were
also provided regular health examinations, deworming and
routine vaccinations from certified veterinarians to ensure
optimal health.

Diets
The test diets included one control (rice; a grain-containing
diet) and five pulse-based diets [all grain-free diets: smooth
pea (CDC Inca), wrinkled pea (4,140–4 variety), wrinkled pea
(Amigold variety), red lentil (CDC Maxim) and fava bean
(CDC Snowdrop)]. All diets were formulated at 20% available
carbohydrate using locally obtained flours (flour proximate
analyses shown in Supplementary Table 1). A non-digestible
Celite marker was also incorporated at 1% for determination
of total tract apparent digestibility and measured as acid-
insoluble ash in proximate analyses of diet and feces (22).
Diets were formulated using the software Creative Concept 5
(Creative Formulation Concepts, Pierz, MN, USA) and were
structured to meet the nutritional requirements for canine adult
maintenance (see Table 1 for formulations). These requirements
were based on AAFCO and the National Research Council
recommendations. Feed ingredients were sourced from local
and commercial sources as needed and diets were extruded
into a dry kibble format using a laboratory-scale, co-rotating,
twin-screw extruder (Baker Perkins Ltd, Peterborough, UK)
at the University of Winnipeg (Food Science Laboratory,
Winnipeg, MB, Canada). All diets were extruded under the
same conditions as described in Supplementary Table 2. Diets
were then vacuum coated with fat at the Canadian Feed
Research Centre (North Battleford, SK, Canada). Samples of
all diets were then sent to analytical laboratories for proximate
and amino acid analysis (Central Testing Laboratory Ltd.,
Winnipeg, MB, Canada) according to AOAC standards (23).
Dry matter was determined by oven-drying the sample and
crude protein determined using the Kjeldahl method while
non-fiber carbohydrate and fat were determined through acid-
hydrolysis solvent extraction.Metabolizable energy (ME) content
of diets was determined through calculation (see footnote
to Table 2 for equation). Fiber analyses were performed
according to the AOAC 2011.25 method (Eurofins, Toronto,
ON, Canada).

Dogs were fed twice daily, weighed weekly and body condition
scored using a 9-point scale (24). During the pre-trial phase of

at least a month, each dog was fed a standard commercial diet
(Purina Proplan, Mississauga, ON Canada) and individual food
portion/maintenance energy required to maintain ideal weight
(body condition score of 4–5 on a 9-point scale) determined.
Once on trial, isocaloric test diet portions to that determined
for each dog in the pre-trial phase was calculated and used
throughout the feeding trial without any further adjustment to
portion size.

Glycemic Index & Digestibility Testing
To establish both glycemic responses and starch digestibility
of diets as well as the effects on circulating amino acid
and taurine levels, Beagles were fed each test diet for 7
days. This was done in a randomized, cross-over, blinded,
repeated measures design study with a 3-day washout period
on the commercial diet between each test diet and another 7-
day feeding period followed by 3-day washout repeated until
all diets had been tested in each dog. Total tract apparent
digestibility was determined in feces collected on the sixth
and seventh day of each feeding period. After collection,
feces were kept at−20◦C until they were dried at 65◦C for
72 h. Fecal samples were then sent to an analytical laboratory
to assess nutrient excretion (Central Testing Laboratory Ltd.,
Winnipeg, MB, Canada). In addition, another portion of dried
feces was used to conduct total bile acid analyses using a
commercial kit according to manufacturer instructions (Total
Bile Acid Assay Kit, Cell Biolabs Inc. San Diego, California,
USA) which uses a colorimetric enzyme driven reaction in
which bile acids are incubated in the presence of 3-alpha
hydroxysteroiddehydrogenase and thio-NADH.

Total tract apparent digestibility was calculated using
the formula:

Apparent Digestibility

=

{

1−

(

% Nutrient in Feces

% Nutrient in Diet

)

x

(

% Indicator in Diet

% Indicator in Feces

)}

×100

On day 7 of feeding, dogs were fasted overnight and 8.0mL
of whole blood was collected the next day from the jugular
vein. While still fasted, 5.0mL of whole blood was collected
into EDTA tubes and centrifuged at 2,200 RPM to obtain
plasma. Samples were stored at−80◦C until assayed for plasma
cysteine (measured as the total of the cysteine dimer, cystine,
plus the deprotonated form of cysteine called half-cystine),
methionine, and taurine at a contract analytical laboratory
(Amino Acid Laboratory, University of California Davis, Davis,
CA, USA). Beagles were then catheterized in the cephalic
vein and fasting blood glucose was determined using an
Ultra2 glucometer (OneTouch, LifeScan Canada ULC, Malvern,
PA, USA). Depending on the diet fed during the week,
dogs were either fed glucose (oral glucose tolerance test)
providing 1 g/kg body weight of glucose after consumption
of the commercial diet or fed a portion of the test diet
fed that week to provide 1 g/kg available carbohydrate
(1 g/kg divided by % available carbohydrate) according to
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TABLE 1 | Formulation of test diets with increasing fiber and amylose content listed from left to right. All diets were formulated to include 20% available carbohydrate.

Rice diet Lentil diet Smooth pea diet Fava bean diet Wrinkled pea diet (4,140-4) Wrinkled pea

diet (Amigold)

Flour 23.12 42.19 41.67 46.40 58.65 58.14

Chicken By-Product Meal 37.83 21.49 24.26 17.53 8.85 9.03

Cellulose 15 14 12 14 10 10

Chicken Fat* 10 10 10 10 10 10

Fish Meal 5 5 5 5 5 5

Canola Oil 6.55 5.00 5.00 5.00 5.00 5.00

Celite 1 1 1 1 1 1

Vitamin/Mineral Premix 1 1 1 1 1 1

NaCl 0.3 0.3 0.3 0.3 0.3 0.3

Choline Chloride 0.1 0.1 0.1 0.1 0.1 0.1

Calcium Carbonate 0.05 0.05 0.05 0.05 0.05 0.05

Dicalcium Phosphate 0.05 0.05 0.05 0.05 0.05 0.38

All values are expressed as % inclusion as fed. * Included addition of antioxidant Naturox (Kemin, Des Moines, IO USA).

TABLE 2 | Proximate analyses of test diets after extrusion and fat coating.

Rice diet Lentil diet Smooth pea diet Fava bean diet Wrinkled pea diet (4,140–4) Wrinkled pea diet (Amigold)

DM (%) 89.78 90.43 89.90 90.62 89.33 89.69

Crude Protein (%)a 33.69 30.96 32.86 30.41 27.64 26.13

Crude Fiber (%)b 6.050 5.230 6.460 8.930 8.770 9.620

Fat (%)c 19.79 19.99 16.01 18.45 17.81 19.05

Ash (%)d 8.960 7.330 8.420 7.170 6.180 6.500

Metabolizable Energy (kcal/kg)e 3,913 4,121 3,806 3,855 3,920 3,856

Diets are listed in order of increasing fiber and amylose content from left to right. DM, dry matter; All % values are relative to dry matter except Metabolizable Energy (kcal/kg).
aDetermined using a Nitrogen/Protein Analyzer (CN628, LECO Corporation, St. Joseph, MI, USA), with a conversion factor of 6.25.
bDetermined by Central Testing Laboratory Ltd. (Winnipeg, Manitoba, Canada), following Crude Fiber Method by Ankom Technology (2017).
cDetermined by Central Testing Laboratory Ltd. (Winnipeg, Manitoba, Canada), following AOCS Method Am 5-04.
dDetermined by Central Testing Laboratory Ltd. (Winnipeg, Manitoba, Canada), following AOAC Method 942.05.
eDetermined using the ME equation for swine: (kcal/kg)=4151-(122*Ash)+(23*Crude Protein)+(38*Fat)-(64*Crude fiber)* [1.003-(0.0021* Crude Protein)].

established protocols in dogs in our group (9). The amount
of available carbohydrate in each diet was determined using
a commercially obtained test kit (Available Carbohydrate
Assay Kit, Megazyme, Bray, Ireland, see Table 2). Available
carbohydrate was defined as total digestible starch (TDS) plus
maltodextrins, sucrose, D-glucose, D-fructose and lactose. The
available carbohydrate method measures glucose liberated in
vitro after 4 h incubation (AOAC Method 2020.07). Blood
glucose levels were monitored using a glucometer over a 5-h
time period (time 0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 150,
180, 210, 240, 270, 300) according to methods established in
this group (10).

Sulfur Containing Amino Acid Plasma
Analysis
Plasma sample analyses were conducted at a contract analytical
laboratory (Amino Acid Laboratory, University of California
Davis, Davis, CA, USA). Modified AOAC Official Method
994.12 alternative III was performed according to GLP (taurine
and methionine recovery rates were 97–102%). Variances

between duplicates were <5%. Cystine results were corrected by
multiplying factor of 2 (recovery rate is about 50%).

Data Handling and Statistics
All data were tested for normality and outliers using the
Kolomogorov-Smirnov test, Q-Q plots and box plots. Depending
on the normality of the data either a repeated measure,
1-way ANOVA or a repeated measure, 1-way ANOVA on
ranked data was then conducted followed by post-hoc Tukey’s
tests if significance was achieved. Differences were considered
statistically significant at p ≤ 0.05. Values obtained during the
oral glucose tolerance test were not used for statistical analysis
and were provided strictly for reference or in glycemic index
calculations. Principal components analysis was also performed
on the six dietary treatment groups (34 variables studied). Factors
were reduced to two components and variables studied were
reduced to 24 where ≥83% of the variance across the data was
explained. Analyses were performed using SigmaPlot 12.0 and
Systat 12.0 (Systat Software Inc. San Jose, CA, USA).
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TABLE 3 | Cystine, methionine and taurine levels in test diets after extrusion and fat coating.

Rice diet Lentil diet Smooth pea diet Fava bean diet Wrinkled pea

diet (4,140–4)

Wrinkled pea

diet (Amigold)

Cystinea 1.010 0.610 0.170 0.640 0.120 0.490

Methioninea 0.840 0.470 0.700 0.480 0.380 0.460

Cystine & Methioninea 1.850 1.080 0.870 1.120 0.500 0.950

Taurinea 0.140 0.090 0.120 0.090 0.070 0.070

LMWDFb < 0.6 2.2 2.0 1.6 4.8 4.9

Soluble HMWDFb 0.9 1.3 1.2 1.7 1.5 1.9

Insoluble HMWDFb 15.2 18.1 16.7 20.6 21.3 21.8

TDFb 16.1 21.6 19.9 23.9 27.6 28.6

Amylose contentc 5.1 ± 0.2 7.4 ± 0.2 7.6 ± 0.1 7.7 ± 0.1 13.9 ± 0.1 14.6 ± 0.1

Available carbohydrate (g/100g)d 23.9 ± 0.6 24.7 ± 0.3 25.2 ± 0.3 23.9 ± 0.3 22.4 ± 0.6 22.7 ± 0.4

Meal size fed to provide 1 g/kg

available carbohydrate (g whole

diet/kg dog)

4.2 4.0 4.0 4.2 4.5 4.4

Also shown are the contents of different fiber types, amylose, available carbohydrate and meal size needed to provide 1 g/kg available carbohydrate for each diet. Diets are listed in

order of increasing fiber and amylose content from left to right. All values are expressed as % dry matter unless stated otherwise. LMWDF, low molecular weight dietary fiber; HMWDF,

high molecular weight dietary fiber; TDF, total dietary fiber.
aDetermined by Central Testing (Winnipeg, MB, Canada) using UPLC and ninhydrin detection.
bDetermined by Eurofins (Toronto, ON, Canada) using AOAC 2011.25 dietary fiber method.
cDetermined using an iodine colorimetric method of (26).
dDetermined using Megazyme Available Carbohydrate Assay Kit following AOAC Method 2020.07.

TABLE 4 | Total tract apparent digestibility analyses of protein, fat, starch, cystine, methionine, cystine+methionine and taurine in the 6 different test diets formulated at

20% available carbohydrate with variable amounts of fiber, fed for 7 days.

Rice Lentil Smooth pea Fava bean Wrinkled pea (4,140–4) Wrinkled pea (Amigold) P-Value

Protein** 84.35 ± 1.3b 81.49 ± 0.69b 80.85 ± 0.66b 79.21 ± 0.67a,b 78.90 ± 0.58a,b 72.95 ± 1.37a < 0.001

Fat* 98.47 ± 0.18c 97.52 ± 0.30b,c 96.40 ± 0.65a,b 97.52 ± 0.27b,c 96.85 ± 0.42a,b 95.82 ± 0.48a < 0.001

Starch** 97.71 ± 0.41b,c 97.72 ± 0.76c 97.77 ± 0.23a,b,c 98.28 ± 0.20b,c 89.68 ± 2.08a,b 87.74 ± 2.49a < 0.001

Cystine* 89.76 ± 0.78d 84.91 ± 1.09d 41.80 ± 2.30b 86.10 ± 0.78d 6.52 ± 4.14a 73.31 ± 3.45c < 0.001

Methionine** 79.22 ± 1.66b 76.27 ± 0.85a,b 83.29 ± 0.99b 75.80 ± 0.82a,b 64.72 ± 2.20a 53.56 ± 5.24a < 0.001

Cystine + Methionine** 84.98 ± 1.01c 80.97 ± 0.94b,c 75.18 ± 1.08a,b 81.85 ± 0.73b,c 41.12 ± 6.47a 63.75 ± 4.07a,b < 0.001

Taurine** 82.92 ± 1.83a,b 80.78 ± 11.58b 77.44 ± 3.09a,b 69.98 ± 2.19a 77.57 ± 5.96a,b 74.42 ± 5.11a,b 0.034

Diets are listed in order of increasing fiber and amylose content from left to right. All values are expressed as % of total tract apparent digestibility. Data is shown as Mean ± SEM; n = 8

dogs. Different letters indicate significant differences among diets using Tukey’s post-hoc analysis (P < 0.05) after significant P-values reported in 1-Way Repeated Measures ANOVA*

and Friedman’s One-Way ANOVA on Ranked Data
**
. Where same letters are indicated in a row, no significant differences among diets were detected.

Protein, and fat, determined by Central Testing (Winnipeg, MB Canada) as described in Table 2. Diet and fecal amino acids and starch were determined by Central Testing (Winnipeg,

MB, Canada) using UPLC with ninhydrin detection and enzymatically using UV detection, respectively.

RESULTS

Proximate and Amino Acid Analysis of
Diets
As expected, crude fiber increased in the diets from the lowest
rice control diet to the highest wrinkled pea diets (Table 2).
Crude fat of the diets ranged from 16.01% to 19.99%, but
was unrelated to dietary fiber (Table 2). Similarly, metabolizable
energy ranged from 3,806 to 4,121 kcal/kg. In the test diets, crude
protein (% dry matter) ranged from 26.13% to 33.69% which
was well-above the AAFCO minimum of 18% dietary protein
(25). However, dietary protein content slightly decreased with
increasing fiber content, as higher levels of pulse ingredients

were incorporated (Table 2). All test diets met or exceeded
the AAFCO requirements of 0.33% methionine and 0.65%
cystine+methionine (25), except the wrinkled pea CDC 4,140–
4 diet which had 0.5% cystine+methionine (Table 2). Dietary
methionine was highest in the rice diet at 0.84% on a dry matter
basis, with all pulse-based diets containing lower methionine to
a low of 0.38% for the high fiber CDC 4,140–4 wrinkled pea diet
(Table 2). Dietary cystine ranged from a high of 1.01% for the rice
diet to a low of 0.38% for the CDC 4,140–4 wrinkled pea diet,
similar to the methionine results (Table 2). The grain-containing
rice diet also had the highest level of taurine at 0.14% (Table 2). In
contrast, the pulse containing diets had lower, varying amounts of
taurine which ranged from 0.07% to 0.12% as shown in Table 3.
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Fiber, Amylose and Carbohydrate Content
of the Diets
Diets were formulated to contain 20% available carbohydrate
and results of the available carbohydrate kit for diets showed
good agreement with the target (Table 3). Available carbohydrate
content (defined as the amount of glucose liberated by
amyloglucosidase+pancreatin in 4 h in vitro at 37◦C) in
the formulated test diets ranged from 22.4% to 25.2%, as
shown in Table 3. This available carbohydrate value was
then used to calculate what meal size needed to be fed
to provide 1 g available carbohydrate per kilogram body
weight of the dogs during glycemic testing (Table 3). The
same test diets prior to fat coating were tested for in vitro
starch digestibility using Englyst methodology in separate
study by this group (27). Uncoated wrinkled pea diets after
extrusion (both Amigold and 4,140–4) had higher resistant
starch content (15.1–19.0% on a dry starch basis) compared
to the other pulse-based or rice-based diets (2.7–5.5% on a
dry starch basis). Also, both wrinkled pea diets had lower
gelatinized starch after extrusion (11.9–12.3% dry matter)
compared with those of round pea, lentil, fava bean, and rice
diets (17.1–19.6%; 9).

Dietary fiber analyses of the fat coated test diets used in
this feeding study demonstrated that they had varying levels
of dietary fiber (Table 3). Low molecular weight dietary fiber
varied from < 0.6–4.9% for the rice and the wrinkled pea
(Amigold) diets, respectively (Table 3). High molecular weight
dietary fiber was subdivided into two categories: insoluble high
molecular weight dietary fiber and soluble high molecular weight
dietary fiber. The soluble high molecular weight dietary fiber
varied from 0.9% to 1.9% (rice and Amigold wrinkled pea
diets, respectively), while insoluble highmolecular weight dietary
fiber varied from 15.2% to 21.8% (rice and Amigold wrinkled
pea diets, respectively; Table 3). Similarly, total dietary fiber
ranged from 16.1% to 28.6% (rice and Amigold wrinkled pea
diets, respectively; Table 3). Finally, the wrinkled pea (Amigold)
pulse-containing diet had the highest amylose content (14.6%)
while the rice-containing diet had the lowest level of amylose
at 5.1% (Table 3).

Digestibility
Total tract apparent digestibility of crude protein varied across
the diets (ANOVA, p < 0.001). Crude protein digestibility
varied from 72.95% to 84.35%, the rice diet had the highest
crude protein digestibility, and the wrinkled pea (Amigold) diet
had the lowest (Table 4). For sulfur-containing amino acids,
the total tract apparent digestibility of cystine, methionine,
cystine+methionine and taurine varied among test diets
(ANOVA, p < 0.001 for all but taurine where p = 0.034;
Table 4). Variability was noted for cystine digestibility which
ranged from 6.5% to 90% (Table 4). This variability was not
due to diarrhea. Although fecal output and score (quality)
were not quantitated in this study, qualitatively, no obvious
changes were observed among diets. All other macronutrient
(fat and starch) digestibility values were also different among
diets (Table 4).

FIGURE 1 | Time course of blood glucose response in fasted dogs after oral

glucose challenge (1 g glucose/kg body weight) after 7 days of feeding a

commercial husbandry diet (filled circles). Time course of blood glucose

response in fasted dogs after consuming a meal of each test diet (1 g available

carbohydrate/kg body weight) is also shown. Dogs were fed each test diet

formulated at 20% available carbohydrate with increasing levels of fiber and

amylose (lowest to highest from top to bottom in figure legend) for 7 days prior

to an overnight fast, followed by the test meal the next day. Data is shown as

Mean ± SEM; n = 8 dogs.

Glycemic Response
Blood glucose increased from fasting after feeding glucose
or a meal with 1 g available carbohydrate/kg body weight,
then returned to baseline within 5 h in dogs (Figure 1). From
these glycemic response figures, quantitative data and statistical
analyses on peak, time to peak, area under the curve and
glycemic index were calculated (Table 5). In dogs fed the
commercial diet for 7 days, the fasting blood glucose level
prior to the oral glucose tolerance test was 3.8 ± 0.2 mmol/L.
After 7 days of feeding the test diets, fasting blood glucose
had variation with diet in these same dogs (Figure 1; ANOVA,
p < 0.001; Table 5). After ingestion of the glucose standard,
glucose levels peaked at 52.5 ± 5.5min with a blood glucose
value of 6.3 ± 0.2 mmol/L (Figure 1, Table 5). Time to peak
blood glucose was longer after a meal of a whole diet and the
peak was lower when compared to the response to the glucose
standard (Figure 1).

Dogs fed the lentil-based diet and wrinkled pea (4,140–4)
diet for 7 days had the lowest fasting blood glucose levels (3.5
± 0.1 mmol/L) and (3.6 ± 0.1 mmol/L), respectively (Table 5).
The peak blood glucose was also different among diets (ANOVA,
p = 0.01), while the time to peak was not different (ANOVA,
p= 0.20). Dogs fed the rice diet had the highest peak blood
glucose at 5.0± 0.09mmol/L, while the lowest peak blood glucose
was observed with the lentil diet at 4.4 ± 0.1 mmol/L (Table 5).
The area under the blood glucose response curve (AUC) was
different among diets (ANOVA, p= 0.02; Table 5), ranging from
810.9 ± 15.8 mmol/L x min for the rice diet to a low of 726.5
± 21.7 mmol/L x min for the lentil diet (Table 5). Glycemic
index values of the diets followed the AUC trend, with differences
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among diets (ANOVA, p < 0.001; Table 5). The rice diet had the
highest glycemic index of 95.7 ± 2.2, while the lowest glycemic
index was observed in the lentil diet at 85.8± 2.8 (Table 5).

Sulfur Containing Amino Acids in Plasma
After 7 days of feeding each diet, fasting plasma taurine was
different in the dogs after feeding different diets (ANOVA, p
= 0.021; Table 6). Feeding rice and the lentil diets produced
the highest plasma taurine levels in the dogs at 99 and 111
nmol/ml (equivalent to µmol/L), while feeding the fava bean
diet produced the lowest plasma taurine at 73 nmol/ml (Table 6).
Despite differences in dietary content of cystine and methionine
(Table 2), after 7 days of feeding each diet, fasting levels of plasma
methionine and half-cystine were not significantly different
(Table 6). In contrast, plasma cysteine varied greatly among the
dogs fed the different diets with the highest levels when the lentil
and rice diets were fed.

Bile Acid Assay
Fecal bile acid content was significantly different among diets,
with the rice diet having the highest value and the wrinkled pea
4,140–4 diet having the lowest (Figure 2).

Principal Components Analysis
In order to assess the relationships among the variables tested,
a Principal Components Analysis (PCA) was run initially with
all variables measured in all 6 test diets. The top 24 variables
that were correlated to the first two components were retained
in the final PCA analysis. These 24 variables explained 83.13%
of variance in this final analysis (see Table 7). A factor loadings
plot of these variables (Figure 3A) clustered variables with the
greatest tendency to be positively related to each other. A plot of
weighted factor scores for each of these 24 variables for each diet
resulted in a graph where the rice diet was clearly separated from
the two wrinkled pea diets, while fava bean, smooth pea and lentil
diets were intermediate (Figure 3B). This confirms the order we
predicted based on fiber and amylose content. In support of this,
the greatest separation among the diets was along the x-axis
showing Factor 1 scores (Figure 3B) where high positive scores
indicated diets with high dietary content of chicken meal, crude
protein, sulfur amino acids (cystine, methionine and taurine) as
well as high fecal bile salt content, available carbohydrate and
fat digestibility, but low values for dietary content of amylose
and all fiber fractions (Figure 3B). The diets did not separate
as much on the y-axis except for the lentil diet, but the 95%
confidence intervals were very large for this diet and it did overlap
with all diets on this axis (Figure 3B). High positive y-axis values
for Factor 2 were associated with high fasting blood glucose,
long time to peak blood glucose, high glycemic index and high
plasma methionine values, but low plasma cystine, half-cysteine
and taurine values.

DISCUSSION

The most important findings of this study were that the pulse-
based, grain-free diets produced a lowered glycemic response,
which could be utilized to promote increased satiety and
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TABLE 6 | Plasma amino acid levels of taurine, half-cystine, cysteine and methionine observed in fasted dogs after 7 days of feeding each test diet.

Rice Lentil Smooth pea Fava bean Wrinkled pea (4,140-4) Wrinkled pea (Amigold) P-Value

Half-cystine* 17.61 ± 0.85a 19.16 ± 1.62a 17.46 ± 1.14a 16.43 ± 1.42a 18.34 ± 1.59a 17.13 ± 1.12a 0.42

Cysteine** 132.5 ± 32.79a 2732.75 ± 139.75b 807.38 ± 279.88a,b 458.63 ± 213.27a 158.88 ± 213.27a 147.86 ± 28.58a 0.002

Methionine* 56.31 ± 3.13a 50.18 ± 2.09a 53.58 ± 2.08a 54.74 ± 2.51a 53.35 ± 3.13a 52.55 ± 3.54a 0.52

Taurine** 99.03 ± 11.90a,b 111.14 ± 18.04b 82.24 ± 8.67a,b 72.68 ± 12.74a 86.63 ± 10.95a,b 89.74 ± 15.36a,b 0.021

Diets are listed in order of increasing fiber and amylose content from left to right.

All values expressed nmol/ml (equivalent to µmol/L). Amino acids were measured at a contract analytical laboratory (Amino Acid Laboratory, University of California Davis, Davis, CA,

USA) using modified AOAC Official Method 994.12 alternative III.

Data is shown as Mean ± SEM; n = 8 dogs. Different letters indicate significant differences among diets using Tukey’s post-hoc analysis (P < 0.05) after significant P-values reported in

1-Way Repeated Measures ANOVA* and Friedman’s One-Way ANOVA on Ranked Data**. Where no letters are indicated in a row, no significant differences among diets were detected.

FIGURE 2 | Fecal bile acid content from dogs after 7 days of feeding each test

diet. Diets are listed in order of increasing fiber and amylose content from left

to right. Data is shown as Mean ± SEM; n = 8 dogs. Different letters indicate

significant differences using Tukey’s post-hoc analysis (P < 0.05) after 1-Way

Repeated Measures ANOVA.

decreased risk of diabetes mellitus. This postprandial glycemic
response was negatively associated with plasma taurine and
cysteine levels, but positively associated with plasma methionine
levels in dogs after 7-days of feeding each test diet. Surprisingly,
fiber content (all fractions) and dietary amylose content were
not strongly related to plasma sulfur amino acid levels. Instead,
fiber and amylose were negatively correlated to digestibility of
all macronutrients, including sulfur containing amino acids.
Despite increasing levels of dietary fiber as amylose content
increased among diets, excretion of fecal bile acids in this study
unexpectedly decreased. In addition, on a short-term feeding
basis (7 days), grain-free diets did not cause a detrimental impact
on the plasma taurine status in dogs, despite decreased taurine
digestibility. This study showed promising effects of grain-free,
pulse-based diets that could be utilized for the improvement of
health in dogs.

TABLE 7 | Principal Components Analysis of the top 24 variables examined in this

study that explained 83% of the variation among diets.

Component 1 Component 2

Total variance explained (%) 56.03 27.095

Variable Component loadings

Total Dietary Fiber −0.992 −0.016

Crude Protein 0.990 0.014

Amylose −0.968 0.007

Chicken By-Product Meal 0.962 0.115

Insoluble High Molecular Weight Dietary Fiber −0.950 0.076

Low Molecular Weight Dietary Fiber −0.949 −0.134

Dietary Taurine 0.938 0.231

Methionine Digestibility 0.909 −0.096

Protein Digestibility 0.901 −0.131

Starch Digestibility 0.889 −0.083

Soluble High Molecular Weight Dietary Fiber −0.876 0.138

Fecal Total Bile Acids 0.847 −0.067

Dietary Methionine 0.839 0.329

Dietary Crude Fiber −0.818 0.553

Available Carbohydrate 0.773 −0.331

Fat Digestibility 0.726 0.069

Fasting Blood Glucose Levels 0.244 0.904

Area Under the Curve (Glucose) 0.089 0.903

Plasma Cysteine Levels 0.258 −0.898

Glycemic Index 0.399 0.895

Plasma Methionine Levels 0.385 0.883

Plasma Half-Cystine 0.071 −0.880

Blood Glucose, Time to Peak −0.118 0.740

Plasma Taurine Levels 0.263 −0.696

The strength of the relationship (r-value) for the two components, referred to as

component loadings, are shown for each of these 24 variables.

Test Diet Properties and Relationship to
Fiber Content
All test diets were formulated to be as similar as possible,
while aiming to achieve ∼20% available carbohydrate. This
produced desired variations among the diets regarding their
dietary fiber and amylose content. Diets with increasing levels
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FIGURE 3 | Plots from Principal Components Analysis of the top 24 variables that explained the most variability among diets. (A) Factor loadings plot for factor 1 and

factor 2. (B) A plot of weighted factor scores for components 1 vs. components 2 for each test diet in this study from the Principal Components Analysis. The size of

the shape indicates the 95% confidence intervals and distance between shapes indicates greater difference among diets. Higher, positive scores for Factor 1 were

associated with high dietary chicken content, dietary crude protein, dietary sulfur amino acid content (SAA; cysteine, methionine and taurine), fecal bile salts, dietary

available carbohydrate and fat digestibility, but low amylose and all fiber types. In contrast, a high positive score for Factor 2 was associated with high fasting blood

glucose, long time to peak blood glucose, high glycemic index and high plasma methionine, but low plasma cysteine, plasma half-cysteine and plasma taurine.

SOL_HMWDF, soluble high molecular weight dietary fiber; INSOL_HMWDF, insoluble high molecular weight dietary fiber; TDF, total dietary fiber; LMWDF, low

molecular weight dietary fiber; TTP_GLUCOSE, time to peak glucose; FASTING_GLUC, fasting blood glucose; AUC_GLUCOSE, area under the curve for blood

glucose response; GI, glycemic index; PLASMA_MET, plasma methionine; MET_DIET, dietary level of methionine; TAUR_DIET, dietary level of taurine; DIG_FAT, total

tract apparent digestibility of fat; DIG_STARCH, total tract apparent digestibility of starch; FECAL BILE, fecal bile salts; DIG_PROTEIN, total tract apparent digestibility

of protein; DIG_MET, total tract apparent digestibility of methionine; AVAIL_CHO, available carbohydrate in diet; PLAS_TAU, plasma taurine; PLAS_HALFCYS, plasma

half-cysteine; PLAS_CYS, plasma cystine.

of dietary fiber and amylose were among the diets that
incorporated the largest amounts of pulse flour which provided
plant protein and subsequently needed decreased amounts
of animal protein (chicken meal) to be isonitrogenous. In
addition, decreasing the amount of animal protein among diets
produced decreasing levels of taurine in diets. Other studies
confirmed that seafood and poultry products contained high
concentrations of taurine, while plant products do not (28).
Dietary fiber also did not appear to have any impacts on the
other amino acids studied within the different diets such as
cystine, methionine and cysteine + methionine. All pulse diets
had lower levels of these amino acids in comparison to the rice
diet due to pulses possessing limited content of these amino
acids (6, 29). This could explain why there were variations
of dietary cystine, methionine and cystine+methionine in the
test diets.

In this study increasing amylose content among the different
diets was associated with increasing levels of total dietary

fiber. This was due to pulses with higher amylose levels

containing larger amount of resistant starch, which is the

fraction of starch that reaches the colon intact, as it is not
digested in the small intestine (30). As reviewed by (30),
resistant starch such as amylose is also viewed as dietary fiber,
partially explaining the link between increased dietary fiber

and amylose among diets. Increased amounts of amylose and
dietary fiber influence nutrient digestibility and postprandial
glucose responses (13). Thus, based on those diets we produced,
our results support our hypothesis that the diets with higher
fiber and lower animal-source protein exert negative effects
on macronutrient and amino acid digestibility and produce
lower glycemic responses. However, after 7-days of feeding
diets, all dog plasma levels of cysteine, methionine and taurine
were within normal range. Longer term studies are needed to
confirm this.

Effect of Different Pulse-Based Diets on
Glycemic Response
The diets for this study were chosen to demonstrate how
increasing dietary fiber produced positive attributes on
glycemic responses but might have negative impact on other
nutrients in dogs. In humans, increased consumption of
dietary fiber and amylose decreased postprandial blood
glucose (31–34). High amylose pulse crops when used as
an ingredient in dog diets minimized the risk of obesity
and diabetes mellitus (13) and pulse-based diets have
low glycemic properties in dogs [(9, 13, 35), Briens et al.,
unpublished]. However, a study systematically using a gradient
of amylose content in dog diets had not yet been performed.
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The current study demonstrates that while amylose and
total dietary fiber content is clearly an important factor in
decreasing glycemic response in dogs, the spurious low results
with the lentil diet point likely contributed to the lack of
correlation of all the glycemic endpoints to dietary fiber and
amylose content.

In addition to dietary fiber content determining glycemic
response, other factors include digestion rate, amount of diet
ingested, processing factors and dietary composition (13). In
this study, all diets had 22–25% total digestible starch. However,
since wrinkled pea flour contains much lower starch levels
(∼34%), the high amylose wrinkled pea diets contained up to
65% flour which contributed a large amount of fiber compared
to the low amylose diets. In human studies, resistant starch
is an indication of high levels of amylose and contributes to
decreased starch digestibility and increased levels of total dietary
fiber (36). In similar studies, changes in dietary fiber impacts
glycemic response by slowing down the rate of passage of
feed and the rate of hydrolysis on polysaccharides in starch
(12, 37). Postprandial glucose responses are further impacted
by dietary fiber as it is believed to prolong glucose absorption,
thus reducing variations in glucose responses (13). Overall,
glycemic response in this study was less impacted by the varying
levels of amylose and dietary fiber within the different test
diets and instead related to some other unidentified factor that
was associated with high plasma taurine and cysteine. Further
studies are needed to confirm this finding and explore how
this happens.

Effect of Amylose vs. Fiber on
Macronutrient and Amino Acid Digestibility
The results of the current study which found decreasing
digestibility of all macronutrients (protein, fat and starch)
with increasing dietary amylose and total dietary fiber agrees
well-with a study conducted by (38). Digestibility of crude
protein decreased as total dietary fiber consumption increased
in dogs (38). This could be explained possibly by endogenous
factors within the pulse flours having intrinsic interactions
to form structures with starch, such as amylose, to limit the
digestibility of protein (39). Similar to what is seen with protein
digestion, lipids also interact with starches, creating a single-
helical structure with amylosemolecules and limits the enzymatic
digestibility of starch (40). These amylose-lipid complexes that
are resistant to starch digestion are formed during the exposure
to elevated temperatures, which occur during the process of
extrusion (41, 42). Due to the possibility of these processes,
lipid digestibility in this study decreased as amylose levels and
total dietary fiber increased. For example, a study in growing
pigs demonstrated that increasing levels of fiber decreased the
total tract apparent digestibility of both crude protein and
fat (43).

In addition to amylose and dietary fiber impacting
the digestibility of macronutrients, they also impact the
digestibility of amino acids. In this study increasing levels
of amylose and dietary fiber were negatively correlated
to digestibility of cystine, methionine and taurine. Diets

containing high amounts of dietary fiber not only lead to a
greater possibility of sulfur amino acid excretion, but also
greater microbial overgrowth and taurine assimilation by
the microflora (18). This would be detected as increased
total tract apparent digestibility, so is inconsistent with our
observations. What this study could not determine is whether
a particular fiber fraction or amylose content were driving
changes in sulfur amino acid digestibility since all of fiber
fractions and amylose were all equally negatively associated
with digestibility.

Effect of Different Pulse-Based Diets on
Plasma Levels of Sulfur-Containing Amino
Acids
Unlike cats, dogs are able to synthesize taurine from the
sulfur-containing amino acids cysteine and methionine (15).
Thus, taurine is not considered an essential dietary nutrient
for dogs, while methionine and methionine+cysteine have
dietary minima in dogs (25). In this study, plasma taurine
levels ranged from 73 to 111 nmol/mL in fasted dogs after
7 days of feeding test diets which falls within previously
reported taurine reference ranges of 63–194 nmol/mL (16,
44–46). Other studies disagree on whether or not grain-
free diets contribute to decreased plasma taurine levels in
dogs. Some studies determined that dogs consuming grain-
free diets have an increased prevalence of taurine deficiencies
(16, 44), while others have noted no change or improvements
in taurine status in dogs when consuming grain-free diets
(47, 48). Despite lower dietary taurine content with increasing
dietary fiber and amylose in the current study, plasma taurine
remained within normal range. This could be due to the
short-term nature of the current study (7 days per diet).
Another important factor linked to a lack of consistent
change in plasma taurine may be that taurine levels in
target tissues such as the heart are more relevant and
these tissue levels could be depleted before plasma levels of
these free amino acids fall (17). Moreover, the beagle breed
is not predisposed to either taurine deficiencies or dilated
cardiomyopathy (19). Taken together, this study demonstrated
that short-term consumption of both grain-containing and
grain-free diets had no major effect on plasma taurine
levels in dogs.

In this study, plasma levels of half-cystine ranged from
16 to 19 nmol/ml while plasma levels of methionine varied
from 50 to 56 nmol/mL. Levels for both of these amino
acids are lower than, but close to, the value reported in a
dog study with 46 and 57 nmol/mL, respectively (46). Plasma
cysteine values had much greater and unexpected variation
from 132 to 2,732 nmol/mL among diets in the current study.
Cysteine numbers are suspect for two reasons. First, cysteine
is unstable after sample collection and rapidly forms disulfide
bonds with itself to form the dimer called cystine or with
other plasma proteins which are subsequently removed before
analysis (personal communication from Amino Acid Laboratory,
University of California Davis, Davis, CA, USA). Second, in this
experiment, the cysteine data was more likely overestimated due
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to interference during HPLC analysis from L-alpha-aminoadipic
acid that co-eluted with cysteine (49). Coupled with the fact
that dietary cystine levels did not vary that much, it seems
likely that dietary fiber has no effect on plasma cysteine,
methionine or taurine levels, at least after 7 days of feeding
test diets.

Effect of Dietary Fiber and Amylose on
Fecal Bile Acids
Contrary to the original hypothesis, fecal excretion of total
bile acids decreased as dietary fiber and amylose increased in
this study in beagles after 7 days of feeding test diets. The
findings of this study disagree with reports that dietary fiber
can bind bile acids within the intestinal lumen, leading to
increased fecal excretion of bile acids (47, 50, 51). However,
the results of this study agree with another report that grain-
free diets did not lead to an increased excretion of bile acids
in dogs (19). Soluble dietary fiber abundant in pulses, was
proposed to lower taurine availability in companion animals
(18). One of the major roles of taurine in dogs is conjugation
with bile acids to form the predominant bile salt, taurocholate
(17, 18). While soluble fibers bind bile acids to prevent their
reabsorption through the entero-hepatic circulation, thereby
lowering lipids (a beneficial health effect), this effect could also
deplete taurine via taurocholate loss in the feces, leading to
taurine wasting (17). Alternatively, legumes high in dietary fiber
can also act as prebiotics for the gut microbiota, changing the
microbial population composition and overgrowth, which could
enhance taurine degradation in the small intestine before it
can be absorbed (45). Future studies need to explore whether
feeding periods >7 days cause increased bile salt loss, whether
specific classes of bile acids are affected or whether the effects
on intestinal microbiota lead to taurine depletion in dogs and
if so, which dietary fiber components, if any, contribute to
this loss.

STUDY STRENGTHS AND LIMITATIONS

A strength of this study was the detailed glycemic response
data for each diet. Another strength of this study was the use
of multiple pulses to study if dietary fiber and amylose are
impacting variables in different pulses or if there is another
component that should be studied. One limitation of the
study design was the sample size of eight beagles. However,
we combated this limitation by using a cross-over, repeated-
measures design, allowing all dogs to rotate through all diets
and be studied. Another limitation of this study could be
insufficient duration of feeding each diet for plasma sulfur
containing amino acids to change. Ongoing studies in this
group are exploring effects of longer-term feeding periods
but establishing what happens in shorter time frames is
also important information. For digestibility measurements,
a limitation was the use of total tract apparent digestibility
method which was necessary since our studies require minimally
invasive, non-lethal techniques to allow our dogs to be
adopted into homes once retired. True digestibility can only

be assessed through either lethal sampling to remove digesta
along the length of the intestinal tract or through ileal sampling
that requires surgical creation of a permanently disfiguring
ileal cannula.

CONCLUSIONS

Pulses are beneficial at producing a low glycemic response
in dogs and higher amylose pulses such as the wrinkled
pea (4,140–4) have superior low glycemic properties in dogs.
However, even pulses such as red lentil with relatively
low amylose and dietary fiber could also be processed to
produce a low glycemic diet. The trade-off for beneficial low
glycemic properties of high dietary fiber and high amylose
pulses is decreased macronutrient and amino acid digestibility.
However, this study did not find high fiber or amylose to
be associated with increased fecal bile acid secretion and
instead observed a decrease. In addition, due to the limitations
of diet formulation in this study, high-fiber pulse diets
contained less animal-source protein and higher plant-based
proteins compared with the rice diet, which could be another
important factor leading to decreased digestibility of certain
nutrients. However, despite decreased nutrient digestibility,
plasma levels of sulfur-containing amino acids, including taurine
remained within normal range after 7 days of feeding test
diets, suggesting at least in the short term, that the benefits
may outweigh any negative nutritional effects of high fiber
canine diets.
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Fava bean, which is available in high- and low-tannin varieties, is not an approved pet

food ingredient and was not included in the “assumed to be safe” category based on

its ability to cause favism and hemolytic anemia in susceptible humans. The effects of

7-day feeding of test canine diets containing moderate protein (∼27%) were compared

with two control commercial diets with normal (NP, grain-containing, ∼25% protein)

or high protein (HP, grain-free, ∼41% protein). Fava bean diets were formulated either

with or without Candida utilis fermentation processing to reduce antinutritional factors.

Glucose tolerance, body weight, cardiovascular function, and blood parameters were

investigated in beagles fed the NP or HP diets or a randomized, crossover, 2 × 2

Latin square design of the fava bean diets: unfermented high-tannin (UF-HT), fermented

high-tannin (FM-HT), unfermented low-tannin (UF-LT), and fermented low-tannin (FM-LT).

After 7 days, HP decreased red blood cells (RBC) (P < 0.05) compared with NP,

while FM increased RBC compared with UF. HP increased blood bicarbonate, calcium,

phosphorus, urea, cholesterol, and albumin:globulin ratio while decreasing bilirubin, liver

enzymes, and total protein. Sodium:potassium ratio was increased in UF-HT, decreased

in FM-HT, and intermediate in LT regardless of fermentation. Blood phosphorus was

increased in HT. Blood amylase was increased in FM-HT and decreased in FM-LT, being

intermediate in UF regardless of fava bean variety. Blood direct bilirubin was decreased

in HT regardless of fermentation. Of note, left ventricular end-systolic volume and cardiac

output were increased in NP compared with HP-fed dogs, but were normal and had no

significant differences among the fava bean diets. As expected, plasma taurine, cystine,

and cysteine levels were increased in HP- compared with NP-fed dogs. Plasma cysteine
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levels were increased in HT- compared with LT-fed dogs and in FM- compared with

UF-fed dogs. Taken together, these results show that fava bean appears to be safe

as a dog food ingredient at least in the short term, and its nutritional value appears

improved by fermentation. Moreover, blood chemistry parameters and cardiovascular

function were impacted by protein content which merits further investigation with longer

term feeding trials.

Keywords: fava bean (Vicia faba), Candida utilis, fermentation, cardiovascular function, blood chemistry, glucose

tolerance, domestic dog (Canis familiaris)

INTRODUCTION

Fava bean (Vicia faba L.) has been regarded as a healthy,
sustainable alternative for partially replacing animal protein
sources in human diets (1). The varieties of fava bean are
divided by their tannin levels such as low or normal/high
tannin content which affects taste (2). Because pet owners are
increasingly matching their own nutritional choices with that
of their pets, incorporation of fava beans in pet diets as a
source of carbohydrates and protein has been considered. Fava
bean safety in dogs has been scarcely explored and is not
approved as a feed ingredient for pet food by the American
Association of Feed Control Organization (AAFCO) yet due to
concerns about potential toxicity from antinutritional factors (3).
Further complicating the approval of a novel pulse ingredient
such as fava beans for use in pet food, the US Food and
Drug Administration (FDA) reported in July 2018, cases in
which dilated cardiomyopathy (DCM) was observed in dogs
fed grain-free diets, i.e., food formulated with potatoes and
pulse ingredients instead of grains (4). DCM is recognized as
the second most common type of genetically linked cardiac
disease in the dog and is most prevalent in large or giant
breeds (5). Dobermans, Boxers, Great Danes, Newfoundlands,
Irish Wolfhounds, English Cocker Spaniels, and Portuguese
Water Dogs are the breeds with the highest prevalence of
DCM (6–9). Moreover, Golden Retrievers and American Cocker
Spaniels have recently emerged as being predisposed to taurine
deficiency (10, 11). DCM is described as a primary myocardial
disorder causing systolic dysfunction with secondary ventricular
dilation, regular or decreased wall thickness, and increased
cardiac mass due to myocyte enlargement (12). However, while
pulse ingredients in grain-free diets have been suggested as

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AUC,

area under the curve; CK, creatine kinase; CO, cardiac output; CP, crude

protein; DCM, dilated cardiomyopathy; DB, direct bilirubin; DBP, diastolic

blood pressure; DWT, left ventricular diastolic wall thickness; EDV, left

ventricular end-diastolic volume; EF, ejection fraction; ESV, left ventricular end-

systolic volume; FM, fermented; FMD, flow-mediated dilation; G6PD, glucose-6-

phosphate dehydrogenase; GGP, gamma-glutamyltransferase; GLDH, glutamate

dehydrogenase; HP, high protein; HR, heart rate; HT, high-tannin fava bean

variety; IB, indirect bilirubin; LT, low-tannin fava bean variety; LVIDd, left

ventricular end-diastolic diameter; LVIDs, left ventricular end-systolic diameter;

MV, maximum velocity; NP, normal protein; RBC, red blood cell; SBP, systolic

blood pressure; SV, stroke volume; SWT, left ventricular systolic wall thickness;

TB, total bilirubin; UF, unfermented; VTI, velocity time integral; WBC, white

blood cell.

causally linked to DCM, the actual link between them has
not been definitively demonstrated to date (13–15). Despite
an acknowledgment by the FDA in November 2020 that
the link between DCM and diet in dogs is multi-factorial
and not due solely to pulses, this issue remains unresolved,
leaving veterinarians, and pet owners wary of pulse-containing
dog foods.

The best evidence so far for a link between DCM and
nutrition in dogs is through taurine insufficiency (16, 17).
Taurine is important to cardiac health because it participates
in the reabsorption of calcium by the sarcoplasmic reticulum
and enhances the sensitivity of the myofilaments to calcium
(18). Therefore, as reviewed by Mansilla et al. (13), because
calcium is a key component of cardiac contraction, in cases
of taurine absence due to reduced synthesis or low intake of
taurine and/or its precursors, the cardiac muscle tissue is unable
to properly contract and presumably develops DCM. Dog diets
do not require taurine and taurine is not considered essential
since dogs can synthesize taurine from sulfur-containing amino
acids such as cysteine and methionine (19). Grain-free and pulse-
containing diets are higher in fermentable fiber which has been
demonstrated to decrease protein digestibility though either an
increased fermentation of the sulfur-containing amino acids
leading to decreased bioavailability or to higher fecal excretion
(20, 21). Previous studies have reported that high fermentable
dietary fiber in dogs increases the need for dietary taurine
or taurine precursors (e.g., methionine and cysteine) due to
increased fecal excretion of taurocholate (the predominant bile
acid in dogs), leading to fecal loss of taurine (22, 23).

Fava beans have numerous antinutritional factors such
as condensed tannins, trypsin inhibitor activity, lectins, and
pyrimidine glucosides (24). Tannins are known to cause
reduction of protein and energy digestibility (3). The pyrimidine
glucosides (vicine and convicine) lead to favism which is a
blood disorder caused when fava beans are eaten by humans
with genetic mutations of glucose-6-phosphate dehydrogenase
(G6PD), leading to decreased G6PD activity and reduced ability
of red blood cells (RBCs) to produce ATP and regenerate
glutathione (25). This thenmakes the red blood cell susceptible to
oxidative damage, leading to rapid RBC death and acute anemia
when uncooked fava beans are consumed. There are no reports
of favism in dogs to the best of our knowledge. However, because
of this concern, fava beans cannot be placed in the “generally
assumed to be safe” category by AAFCO and thus is not currently
used in pet food until proven otherwise.
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Fermentation is a processing technique well-known for
improving health, functional, and nutraceutical effects of foods
(26). Fermentation also has been positively associated with
enhanced nutritional quality of pulses by reducing their levels
of anti-nutritional factors (27–29). For example, fermentation
of fava bean with Lactobacillus plantarum reduced the content
of the antinutritional factors vicine and convicine by more
than 90% while increasing the amount of free amino acids
and enhancing protein digestibility (30). Likewise, Rizzello et
al. (31) demonstrated a complete degradation of the pyrimidine
glycosides in L. plantarum–fermented fava bean flour after 48 h,
which indicates the usefulness of bioprocessing techniques for
industrial fava bean detoxification. In comparison, some yeast
organisms in the Candida clade have the potential to synthesize
and increase taurine content while other yeasts and bacteria do
not (32). This current study explored the use of fermentation with
the yeast Candida utilis to both reduce antinutritional factors and
increase taurine content.

The objective of this study was to determine if short-term (7-
day) feeding of beagles with a moderate protein diet that has 30%
inclusion of fava bean flour would show altered glucose tolerance,
body weight, cardiovascular function, and blood parameters
when contrasted to commercial diets with normal vs. high
protein. Two commercial diets with normal or high protein
content and four different fava bean-containing diets with low-
(LT) or high-tannin (HT) content were fed, both varieties with
and without fermentation. We hypothesized that pulse-based
diets would impair cardiovascular health due to the low taurine,
cysteine, or methionine levels and high fiber content. Moreover,
fermentation of fava bean flour with C. utilis would enhance diet
quality and, consequently, health of dogs.

MATERIALS AND METHODS

Fava Bean Ingredients and Fermentation
Protocol
Low-tannin (Snowdrop) and HT (Florent) fava bean varieties,
genotypes grown in Saskatchewan (2), were dehulled and ground
into flour using a 400-µm screen. Fermentation of each variety
was adapted from methodology used previously in pea flour
in our laboratory (33). Briefly, C. utilis (ATCC 9950) was
maintained in sterile 80% (v/v) glycerol solution at −80◦C, then
reactivated on YGC agar plates when needed (Yeast Extract
Glucose Chloramphenicol Agar; catalogue number 95765; Sigma
Aldrich, St Louis, MO). Seeded plates were incubated at 30◦C
for 72 h. Two loops of colonies were transferred using a
flame-sterilized platinum needle to a 250-ml sterile conical
flask containing 100ml of YPD liquid medium (Yeast Peptone
Dextrose—A1374501; ThermoFisher, Waltham, MA). The flask
was incubated in a horizontal shaker incubator (30◦C) at 120
rpm for 12 to 15 h. After this period, 10ml of the cultured yeast
mass was transferred into a 500-ml sterile conical flask containing
250ml of YPD liquid medium. The medium containing the yeast
was then incubated on a horizontal shaker (30◦C) at 120 rpm
for an additional 12 to 15 h. Twenty-kilogram batches of each
fava bean variety were mixed with the yeast broth, ammonia,

and sterile water to form a soft dough, then fermented in an
adapted cement mixer with temperature maintained at 30◦C.
The fermentation slurry was mixed for 3min every hour for
72 h. Samples were collected every 24 h, and serial dilutions of
mixture plated on sterile agar plates, then incubated at 30◦C
for 72 h to verify yeast viability and count throughout the
process. The fermented fava bean flour was subsequently dried
in an oven (60◦C) for 48 h at the WCVM before transport
to the University of Saskatchewan Canadian Feed Research
Centre (North Battleford, Canada) for grinding of the fermented
flours, followed by mixing of all test diets (both fermented and
unfermented fava bean flours), extruding, and vacuum coating
with fat to produce the final dry kibble format of the diets to be
used in the feeding trials.

Animals and Diets
All animal use and procedures were approved by the University
of Saskatchewan Animal Care Committee (Animal Utilization
Protocol #20190055) and adhered to the Canadian Council
on Animal Care. Eight neutered beagles, four males and four
females, at ideal body weight (8.8 ± 1.9 kg) and a mean age of
2.6 ± 1.0 years, were obtained from King Fisher International
(Toronto, ON, Canada) or Marshall Bioresources (North York,
NY, USA) and housed at the Western College of Veterinary
Medicine (Saskatoon, SK, Canada). The animals were housed
individually in 1.1× 2.7-m kennels with outdoor kennel access at
night and during feeding but kept in a group kennel area during
the day. Dogs were walked or socialized with volunteers for at
least 1 h every day.When not on trial, dogs were fed a commercial
adult maintenance dry diet (Purina Dog Chow; Ralston Purina
Co, St Louis, MI) in amounts that maintained each individual
dog at ideal condition (score of 4–6 on a 9-point scale) in
conjunction with energy requirements stated in the National
Research Council guidelines (34). All dogs were acclimated to
procedures with rewards before the start of experiments to
minimize stress, thus no anesthetics or sedatives were used in
this study.

In total, six diets were tested. Low- or high-tannin fava
bean flours were used at 30% inclusion, in either fermented
or unfermented formats with diet formulations indicated in
Supplementary Table 1. The four fava bean test diets were
unfermented low-tannin [UF-LT; 27% crude protein (CP)],
fermented low-tannin (FM-LT; 28% CP), unfermented high-
tannin (UF-HT; 27% CP), and fermented high-tannin (FM-
HT; 28% CP). Insoluble ash (Celite) was included at 1% as
a non-digestible marker. Diets were formulated in accordance
with the nutrient guidelines for adult dog maintenance set by
AAFCO to be nutritionally balanced before being extruded
under identical process conditions (35). The two additional
diets tested were commercial diets containing normal-protein
(NP; Purina Dog Chow, St. Louis, MI; 24% CP) or high-
protein content (HP; GO! Solutions Carnivore, Richmond, BC;
41% CP). Ingredient lists for the commercial diets are shown
in Supplementary Table 2. All six diets were randomly sub-
sampled and sent for proximate analysis (Central Testing,
Winnipeg, MB, Canada) (Supplementary Table 3). The analyzed
content of crude fiber, non-fiber carbohydrates, metabolizable
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energy, vicine, and convicine of UF-LT, UF-HT, FM-LT, and FM-
HT diets are 1.1, 0.5, 0.5, and 0.5%; 60.7, 62.1, 61.6, and 61.8%;
3.7, 3.8, 3.8, and 3.8 kcal/g; 1.8, 1.8, 0.4, and 0.6 mg/g; and 0.5,
0.6, 0.1, and 0.2 mg/g, respectively. The analyzed content of crude
fiber, non-fiber carbohydrates, and metabolizable energy of NP
and HP diets are 0.8 and 1.1%, 53.0 and 29.8%, and 4.0 and 4.1
kcal/g, respectively. Dogs were fed each diet for 7 days, with the
NP or HP diets fed during the first and sixth weeks, respectively.
From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin
square design, the UF-LT, FM-LT, UF-HT, and FM-HT diets were
fed. Commercial diets were not included in the crossover design
because the fava bean–based diets were formulated to contain
the same nutrient profile to enable a reasonable comparison. In
contrast, NP and HP diets have different ingredients at unknown
inclusion levels (specific formulation not available on label),
making direct comparisons difficult. Dogs were weighed at the
beginning of the experiment and after each feeding week. The
amount of diet allotted per dog per day was calculated to be
isocaloric with the daily requirement for that dog using standard
equations that determine the energy requirements for individual
dog maintenance [maintenance energy (ME in kcal)] = [(70 ×

BW0.7)× 1.6], daily portions divided, and dogs fed twice daily (at
08:30 and 16:30 h). Bowls were removed before the next meal and
any uneaten food was weighed and recorded. All dogs generally
consumed all food portioned in each meal within 5–10min, with
no palatability issues noted (Morris, Reis &Weber, unpublished).

Digestibility Protocol
After a 5-day feeding period on each fava bean–based diet, feces
were collected during the subsequent 2 days of each period (total
of 7 days on each diet). Collected feces were labeled and frozen
at −20◦C until analysis. Feces were thawed, homogenized, and
pooled by dog (i.e., two samples from each dog pooled per
dietary treatment). Before laboratory testing, feces were dried
in a forced air oven at 55◦C for 72 h and ground in a cutting
mill with a 1-mm sieve. Diets and feces were analyzed (Central
Testing, Winnipeg, MB) according to AOAC standards (36) for
dry matter by oven-drying the sample, non-fiber carbohydrates,
crude protein applying the Kjeldahl method, and acid-hydrolyzed
fat. Gross energy (GE) content of diets was determined using a
bomb calorimeter. The equation below was used to calculate the
apparent digestibility coefficients of dry matter, crude protein,
non-fiber carbohydrates, fat, gross energy, methionine, cysteine,
and taurine for each fava bean–based diet using Celite as a
non-digestible marker (37):

Digestibility(%)= 100−[100×(Mfeed×Cfeces/Mfeces×Cfeed)]

Where M feed and M feces represent concentrations of index
compound in feed and feces, respectively; C feed and C feces
represent concentrations of components of interest in feed and
feces, respectively.

Oral Glucose Tolerance Test and Blood
Analysis
After 7 days of feeding each diet, dogs were fasted for 8 h
then a syringe with 10 ml/kg body weight of a 10% glucose

solution (1 g/kg BW glucose) fed to each dog by placing in the
back of the mouth for an oral glucose tolerance test conducted
at the same time each day. Before glucose feeding, the fasted
dogs were aseptically catheterized using a peripheral intravenous
catheter equipped with an extension tube inserted into the
cephalic vein. Blood samples (∼0.2ml) were taken before feeding
glucose (time 0) and at 15, 30, 60, and 90min after feeding.
Blood glucose was measured using a glucometer (OneTouch
Ultra 2; LifeScan, Johnson & Johnson, New Brunswick, NJ) with
a minimum of duplicate readings for each time or until two
consistent readings were obtained. The extension tube was filled
with blood and initial blood discarded before glucometer reading
to ensure no contamination of blood with anticoagulant solution.
Subsequently, after each blood sample was obtained, the catheter
was flushed with a sterile citrate solution to prevent clotting.
The trapezoidal method was used to determine the incremental
area under the curve (AUC) for the glucose response (38). Peak
concentration and time to peak concentration for glucose were
also calculated.

Additional fasting blood samples (8ml) were taken using
collection tubes with and without EDTA. Complete blood
cell count [red (RBC) and white (WBC) blood cell counts]
and chemistry panel [cholesterol; total (TB), direct (DB),
and indirect bilirubin (IB); alkaline phosphatase (ALP);
alanine aminotransferase (ALT); creatine kinase (CK); gamma-
glutamyltransferase (GGP); glutamate dehydrogenase (GLDH);
total protein, albumin (A), globulin (G), and A:G] were analyzed
at Prairie Diagnostic Services (Saskatoon, SK). Moreover, 3-ml
subsamples of EDTA-tube blood from fasted animals were
centrifuged at 2,000 rpm for 10min for plasma collection.
Plasma samples were kept at −80◦C until further analyses of
methionine, cystine, cysteine, and taurine content (UC Davis
Amino Acid Lab, Davis, CA). Plasma amino acid concentrations
were analyzed in an automated amino acid analyzer via cation-
exchange high-pressure liquid chromatography separation and
ninhydrin-reactive colorimetric detection (39–42).

Cardiac Function, Blood Pressure, and
Vascular Health
After 7 days of feeding each diet, dogs were tested for
cardiovascular health. All ultrasound measurements were
performed and analyzed by one individual. Before ultrasound,
blood pressure was taken using a high-definition canine/feline
oscillometer (VET HDO High Definition Oscillometer,
Babenhausen, Germany). An average of two readings with
good agreement was used to determine diastolic and systolic
pressures. Endpoints of flow-mediated dilation were used as an
indicator of vascular health and included brachial artery diameter
during baseline, during inflation of a blood pressure cuff placed
distal to the brachial artery, and at the time of peak dilation (30 s)
after cuff release, as previously determined by our research group
in dogs (43, 44). Echocardiography endpoints were used to assess
cardiac function included heart rate (HR), stroke volume (SV),
and cardiac output (CO) (44, 45). Moreover, left ventricular
end-diastolic volume (EDV), left ventricular end-systolic volume
(ESV), ejection fraction (EF), left ventricular diastolic free
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TABLE 1 | Body weight, food portion, and body condition score (BCS) of dogs fed diets formulated with either low or high tannin fava beans without (UF) or with (FM)

fermentation, or normal (NP) vs. high (HP) protein commercial diets for 7 days each*.

Item Commercial Low tannin High tannin P-valuea

NP HP SEM UF FM UF FM SEM P FB FM

Body weight (kg) 8.45 8.32 0.88 8.31 8.32 8.33 8.28 0.88 0.16 0.88 0.66

Food portion (g/day) 188 163 22.12 188 188 188 188 23.59 <0.01 1.00 1.00

BCS 4.62 4.50 0.18 4.56 4.62 4.55 4.50 0.18 0.35 0.34 0.95

*Eight mixed-gender, neutered beagles were fed the NP or HP diets during the first and sixth weeks, respectively. From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square

design, 4 diets differing in fava bean variety and fermentation were compared as follows: unfermented (UF) high tannin, fermented (FM) high tannin, UF low tannin, and FM low tannin.

Values expressed as means (n = 8). SEM = pooled standard error of the mean.
aP, P-value between commercial diets with different protein content (NP vs. HP); FB, fava bean (low tannin vs. high tannin); FM, fermentation (UF vs. FM). The interaction between FB

and FM was not significant for any of the parameters measured (P > 0.10).

FIGURE 1 | Blood glucose responses to the oral glucose tolerance test in dogs fed either low (LT) or high (HT) tannin fava bean–based diets without (UF) or with (FM)

fermentation (A), or normal vs. high protein commercial diets (B). Eight mixed-gender, neutered beagles were fed the NP, or HP diets during the first and sixth weeks,

respectively. From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square design, 4 diets differing in fava bean variety and fermentation were compared as

follows: UF-HT, FM-HT, UF-LT, and FM-LT. Fasting and peak glucose levels, time to peak, and area under the curve (AUC) were not influenced by dietary treatments (P

> 0.10).

wall thickness (DWT), left ventricle systolic free wall thickness
(SWT), systolic blood pressure (SBP), diastolic blood pressure
(DBP), velocity time integral for bloodflow through the mitral
valve (VTI), and maximum velocity of bloodflow through the
mitral valve (MV) were also obtained. Flow-mediated dilation
and echocardiography were measured using a SonoSite Edge II
ultrasound (Fujifilm SonoSite, Bothell, WA) with detection using
a P10x transducer (8–4Hz) to detect cardiac endpoints and the
L38xi (10–5Hz) transducer for vascular imaging. Flow-mediated
dilation was calculated using the following equation:

%FMD = 100%×[(maximum diameter postcuff release)

−(baseline diameter)]/(baseline diameter).

Two-dimensional ultrasonography was used to measure left
ventricular volume using the left parasternal apical two- and four-
chamber views in diastole and systole (46). Two-dimensional
guided M-mode echocardiography was used to obtain a right
parasternal short-axis view of the heart at the level of the
papillary muscles (46). Measurements of left ventricular end-
diastolic inner diameter (LVIDd) and left ventricular end-systolic
inner diameter (LVIDs) were also compiled from all dogs and
normalized to body weight according to methodology described
by Cornell et al. (47).

Statistical Analysis
Analyses were performed using SAS (version 9.4; SAS Institute,
Cary, NC). Before performing all analyses, the data were explored
for normality and outliers using the PROC UNIVARIATE model
in SAS and the Shapiro–Wilk test. One-way ANOVA was used to
compare differences among diets among normal vs. high protein
commercial diets and two-way ANOVA was used to compare
parameters for fava bean–based diets (fixed effects being fava
bean variety and fermentation). In the present study, we used
mixed-sex dogs to control the variation possibly associated with
this factor. Previous studies from our group have not detected
sex-related differences among (spayed/neutered) dogs (44) and
because sex-related differences are not related to the purposes of
the present study, we did not include this factor in the model.
All post-hoc analyses were performed using the Fisher least
significant difference (LSD)method. Differences were considered
significant at P < 0.05.

RESULTS

Body Weight, Meal Portion, and Body
Condition Score
Body weight (BW), BCS, and meal portion data are presented in
Table 1. No significant effect (P> 0.05) of dietary protein content
(NP vs. HP) was observed on BCS or BW after 7 days of feeding in
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TABLE 2 | Fasting and peak blood glucose levels, time to peak, and area under the curve of dogs fed diets formulated with either low or high tannin fava beans without

(UF) or with (FM) fermentation, or normal (NP) vs. high (HP) protein commercial diets for 7 days each*.

Item Commercial Low tannin High tannin P-valuea

NP HP SEM UF FM UF FM SEM P FB FM

Fasting blood glucose level (mmol/L) 3.98 3.99 0.19 3.62 3.87 3.77 3.74 0.16 0.97 0.96 0.37

Peak blood glucose level (mmol/L) 7.02 6.96 0.35 5.69 5.81 6.33 5.80 0.23 0.92 0.15 0.36

Time to peak (min) 37.50 41.25 7.15 31.53 30.09 26.26 32.31 5.56 0.76 0.78 0.68

Area under the curve (mmol/L × min) 321.98 324.38 15.50 273.59 275.07 282.47 265.02 9.26 0.91 0.95 0.41

*Eight mixed-gender, neutered beagles were fed the NP or HP diets during the first and sixth weeks, respectively. From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square

design, 4 diets differing in fava bean variety and fermentation were compared as follows: unfermented (UF) high tannin, fermented (FM) high tannin, UF low tannin, and FM low tannin.

Values expressed as means (n = 8). SEM = pooled standard error of the mean.
aP, P-value between commercial diets with different protein content (NP vs. HP); FB, fava bean (low tannin vs. high tannin); FM, fermentation (UF vs. FM). The interaction between FB

and FM was not significant for any of the parameters measured (P > 0.10).

beagles. Within commercial diets, meal portion (163–187 g/day)
was significantly smaller (P < 0.05) in HP compared with NP-fed
dogs to restrict meal size to an isocaloric amount among diets.
Within fava bean–based diets, there was no effect of either FM,
FB, or the interaction between FM and FB on body weight, BCS,
or meal portion (P > 0.10).

Glucose Tolerance
Time course of blood glucose responses to the oral glucose
tolerance test are shown in Figure 1with fasting and peak glucose
levels (mmol/L), time to peak (min), and area under the curve
(mmol/L×min) data shown in Table 2. There was no effect (P >

0.10) of dietary protein content (NP vs. HP) and no effect of FM,
FB, or the interaction between FM and FB on fasting and peak
glucose levels, time to peak, or AUC.

Red and White Blood Cell Count
White blood cell and RBC of beagles after feeding each diet for 7
days are shown in Figure 2. Dogs fed HP diets showed decreased
RBC compared with NP-fed dogs (P < 0.05). Conversely, WBC
tended to increase in dogs fed HP diets compared with NP-fed
dogs (P < 0.10). Within fava bean–based diets, FM increased
RBC regardless of FB (P < 0.05) and no effect (P > 0.10) of either
FM, FB, or the interaction between FM and FB was observed
on WBC.

Blood Parameters of Hepatic Function
Blood parameters indicative of hepatic function in beagles
after feeding test diets for 7 days are shown in Table 3.
Within commercial diets, serum cholesterol was increased, while
bilirubin parameters (TB, DB, and IB) were decreased in dogs fed
HP diets compared with NP-fed dogs (P < 0.05). Furthermore,
serum ALP and ALT were decreased in dogs fed HP diets
compared with NP-fed dogs (P < 0.05). Moreover, total serum
protein was decreased in dogs fed HP diets compared with
NP-fed dogs, primarily due to a decrease in serum globulin,
which elevated the albumin:globulin ratio (P < 0.05). There
was no effect of dietary protein content on GGT, GLDH, CK,
and albumin (P > 0.10). Among fava bean–based diets, DB was
higher in dogs fed LT compared to HT-fed dogs regardless of FM
(P< 0.05). There was no significant effect (P> 0.10) of either FM,

FB, or the interaction between FM and FB on any other blood
parameter of hepatic function measured.

Blood Electrolytes
Blood electrolytes from beagles after feeding each test diet for
7 days are shown in Table 4. Within commercial diets, serum
bicarbonate, Ca, and P were increased in dogs fed HP compared
with NP-fed dogs (P < 0.05). There was no effect (P > 0.10) of
serum protein content on Na, K, Na:K, Cl, anion gap, or Mg.
Among fava bean–based diets, serum P was increased in dogs
fed HT compared with LT-fed dogs, regardless of FM (P < 0.05).
Furthermore, FM tended to increase serum P compared with UF,
regardless of FB (P < 0.05). There was an interaction between FB
and FM for serum K and Na:K (P < 0.05). Dogs fed FM-HT diets
showed the highest serum K, UF-HT the lowest, with FM-LT and
UF-LT being intermediate. Consequently, dogs fed UF-HT diets
showed the highest serum Na:K, and FM-HT the lowest, with
FM-LT and UF-LT being intermediate. There was no significant
effect (P > 0.10) of either FM, FB, or the interaction between FM
and FB on serum Na, Cl, bicarbonate, anion gap, Ca, and Mg.

Blood Urea and Creatinine
Blood urea and creatinine of beagles after feeding each test diet
for 7 days are shown in Figure 3. Serum urea was increased (P <

0.05) while creatinine tended to increase (P < 0.10) in dogs fed
HP compared with NP-fed dogs. There was no significant effect
(P > 0.10) of either FM, FB, or the interaction between FM and
FB on serum urea and creatinine.

Digestive Enzymes in Blood
After 7 days of feeding each test diet to dogs, there was an
interaction between FB and FM, where serum amylase was
highest in FM-HT, lowest in FM-LT, but intermediate in UF-
LT and UF-HT (P < 0.05; Figure 4). However, there was no
significant effect of either FM or FB on serum amylase (P > 0.10).
Moreover, dietary protein content did not significantly impact
serum amylase (P > 0.10).

Cardiovascular Function
Cardiovascular function parameters of beagles after 7 days
of feeding each test diet are shown in Table 5. Dogs fed
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FIGURE 2 | Red [RBC; (A)] and white [WBC; (B)] blood cell counts in dogs fed either low (LT) or high (HT) tannin fava bean–based diets without (UF) or with (FM)

fermentation, or normal vs. high protein commercial diets. Eight mixed-gender, neutered beagles were fed the NP, or HP diets during the first and sixth weeks,

respectively. From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square design, 4 diets differing in fava bean variety and fermentation were compared as

follows: UF-HT, FM-HT, UF-LT, and FM-LT *P < 0.10; **P < 0.05.

TABLE 3 | Blood parameters of hepatic function in dogs fed diets formulated with either low or high tannin fava beans without (UF) or with (FM) fermentation, or normal

(NP) vs. high (HP) protein commercial diets for 7 days each*.

Item Commercial Low tannin High tannin P-valuea

NP HP SEM UF FM UF FM SEM P FB FM

Cholesterol (mmol/L) 4.17 4.41 0.36 3.00 3.14 3.05 3.01 0.26 0.03 0.61 0.50

TB (µmol/L) 0.76 0.27 0.10 0.67 0.62 0.57 0.53 0.16 <0.01 0.55 0.78

DB (µmol/L) 0.43 0.18 0.07 0.37 0.38 0.28 0.21 0.08 0.01 0.05 0.65

IB (µmol/L) 0.33 0.09 0.07 0.30 0.23 0.20 0.32 0.12 0.02 0.96 0.80

ALP (U/L) 62.87 51.12 10.53 70.62 70.87 74.87 68.25 11.69 0.02 0.80 0.34

GGT (U/L) 0.37 0.68 0.30 2.25 1.62 1.75 2.37 0.74 0.31 0.84 1.00

ALT (U/L) 24.87 20.12 1.23 28.50 29.75 28.37 26.75 3.13 <0.01 0.27 0.89

GLDH (U/L) 4.75 4.50 0.45 5.25 6.12 5.12 4.50 1.22 0.51 0.28 0.87

CK (U/L) 148.25 197.37 19.65 116.27 143.32 165.23 163.52 17.73 0.06 0.10 0.51

Total protein (g/L) 52.75 51.62 1.65 50.75 51.00 51.12 51.37 1.49 0.03 0.80 0.86

Albumin (A; g/L) 31.75 32.75 1.36 32.12 32.25 32.25 32.25 1.32 0.06 0.89 0.89

Globulin (G; g/L) 21.00 18.87 0.76 18.62 18.75 18.75 19.12 0.62 <0.01 0.41 0.62

A:G 1.52 1.75 0.08 1.73 1.74 1.71 1.69 0.08 <0.01 0.52 0.85

*Eight mixed-gender, neutered beagles were fed the NP or HP diets during the first and sixth weeks, respectively. From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin

square design, 4 diets differing in fava bean variety and fermentation were compared as follows: unfermented (UF) high tannin, fermented (FM) high tannin, UF low tannin, and FM

low tannin. Values expressed as means (n = 8). SEM, pooled standard error of the mean; TB, total bilirubin; DB, direct bilirubin; IB, indirect bilirubin; ALP, alkaline phosphatase; GGT,

gamma-glutamyl transferase; ALT, alanine aminotransferase; GLDH, glutamate dehydrogenase; CK, creatine kinase.
aP, P-value between commercial diets with different protein content (NP vs. HP); FB, fava bean (low tannin vs. high tannin); FM, fermentation (UF vs. FM).

HP had decreased left ventricular end-systolic volume (ESV)
and cardiac output (CO) compared with NP-fed dogs (P <

0.05). Dogs fed FM diets tended to have decreased maximum
velocity (MV) of passive ventricular filling (the early or E
wave) compared with UF-fed dogs regardless of FB (P <

0.10). There was no significant effect of protein content or
either FM, FB, or the interaction between FM and FB on
left ventricular end-diastolic volume (EDV), stroke volume
(SV), heart rate (HR), ejection fraction (EF), left ventricular
diastolic wall thickness (DWT), left ventricular systolic wall
thickness (SWT), systolic blood pressure (SBP), diastolic
blood pressure (DBP), flow-mediated dilation (FMD), velocity

time integral for ventricular filling (VTI) (E and A wave
combined), and MV (A wave) (P > 0.10). Moreover, there
was no significant effect of dietary treatments on LVIDd and
LVIDs (P > 0.10).

Digestibility
Apparent total tract digestibility in beagles fed fava bean–based
diets are shown in Table 6. Dogs fed FM diets had decreased fat
digestibility and increased non-fiber carbohydrates digestibility
compared with UF diets regardless of FB (P < 0.05). There was
no significant effect of FM, FB, or the interaction between FM and
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TABLE 4 | Blood electrolytes (mmol/L) of dogs fed diets formulated with either low or high tannin fava beans without (UF) or with (FM) fermentation, or normal (NP) vs.

high (HP) protein commercial diets for 7 days each*.

Item Commercial Low tannin High tannin P-valuea

NP HP SEM UF FM UF FM SEM P FB FM FB × FM

Na 146.50 147.25 0.54 146.34 145.67 146.62 146.26 0.55 0.24 0.36 0.28 0.71

K 4.80 4.87 0.07 4.65b,c 4.62b,c 4.56c 4.74b 0.06 0.52 0.70 0.13 0.01

Na:K 30.50 30.00 0.56 31.26b,c 31.49b,c 32.19b 31.08c 0.51 0.54 0.47 0.23 0.04

Cl 113.63 113.88 0.60 112.13 111.54 111.65 112.21 0.65 0.62 0.81 0.97 0.12

HCO3- 19.12 20.50 0.38 20.28 19.22 19.92 20.03 0.63 0.04 0.73 0.48 0.38

Anion gap 18.62 17.87 0.47 18.52 19.64 19.53 19.02 0.92 0.26 0.83 0.73 0.35

Ca 2.44 2.49 0.03 2.45 2.46 2.47 2.45 0.03 0.01 0.70 0.37 0.22

P 1.49 1.67 0.03 1.34 1.47 1.48 1.53 0.04 <0.01 0.05 0.08 0.42

Mg 0.88 0.81 0.08 0.85 0.82 0.83 0.84 0.01 0.56 0.87 0.55 0.11

*Values expressed as means (n = 8).
aP, P-value between commercial diets with different protein content (NP vs. HP); FB, fava bean (low tannin vs. high tannin); FM, fermentation (UF vs. FM).
b,cMeans within a same row with no common superscript differ significantly (P < 0.05).

FIGURE 3 | Blood urea (A) and creatinine (B) content in dogs fed either

normal (NP) or high protein (HP) commercial diets. Eight mixed-gender,

neutered beagles were fed the NP, or HP diets during the first and sixth weeks,

respectively *P < 0.10; **P < 0.05. There was no effect of either fava bean

(FB), fermentation (FM), or the interaction between FB and FM on urea and

creatinine content (P > 0.05).

FB on digestibility of crude protein, gross energy, methionine,
cysteine, or taurine (P > 0.10).

Plasma Amino Acid Levels
Plasma amino acid concentrations in beagles after 7 days of
feeding each test diet are shown in Table 7. Dogs fed HP diets had
increased taurine, cystine, and cysteine concentrations compared
with NP-fed dogs (P < 0.05). There was no significant effect
of dietary protein content on plasma methionine concentration
(P > 0.10). Plasma cysteine was increased in HT-fed dogs
compared with LT-fed dogs regardless of fermentation (P <

0.05). There was no significant effect of fava bean variety on
plasma taurine, cystine, and methionine levels (P > 0.05).
However, fermentation increased plasma cysteine (P < 0.05)
and tended to decrease plasma cystine (P < 0.10) regardless
of fava bean variety. There were no significant interactions
between fava bean variety and fermentation on plasma amino
acid levels (P > 0.10).

FIGURE 4 | Blood amylase content in dogs fed either low (LT) or high (HT)

tannin fava bean–based diets without (UN) or with (FM) fermentation. From

weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square design, 8

mixed-gender, neutered beagles were fed 4 diets differing in fava bean variety

and fermentation as follows: UF-HT, FM-HT, UF-LT, and FM-LT. Bars with no

common letter (a, b) differ significantly (P < 0.05). There was no effect of

dietary protein content on serum amylase content (P > 0.05).

DISCUSSION

The objective of this study was to determine if neutered, mixed-
gender, adult beagles fed diets with 30% inclusion of fava bean
flour would show altered nutrient digestibility, glucose tolerance,
overall health, cardiovascular function, and plasma amino acid
levels when contrasted to commercial diets with normal vs.
high protein. Fava bean diets had moderate protein levels, but
were formulated to be near the AAFCO dietary minimums for
methionine (0.33% inclusion) or cystine + methionine (0.65%
inclusion) (35). This was done intentionally to cause more
rapid changes in sulfur-containing amino acid levels in the dogs
and potentially cause early, reversible impairments in cardiac
function despite using only a 7-day feeding period for each
test diet. All fava bean diets in this study met the cystine +

methionine AAFCO minimum, but all were slightly below the
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TABLE 5 | Cardiovascular function parameters of dogs fed diets formulated with either low or high tannin fava beans without (UF) or with (FM) fermentation, or normal

(NP) vs. high (HP) protein commercial diets for 7 days each*.

Item Commercial Low tannin High tannin P-valuea

NP HP SEM UF FM UF FM SEM P FB FM

EDV (ml) 24.25 21.33 2.50 19.36 16.84 16.86 17.33 1.89 0.42 0.60 0.59

ESV (ml) 8.67 4.37 1.32 2.97 2.36 2.59 2.42 0.60 0.05 0.79 0.52

LVIDd (cm/BW1/3) 0.96 0.88 0.07 0.92 0.85 0.83 0.90 0.08 0.43 0.85 0.99

LVIDs (cm/BW1/3) 0.47 0.43 0.05 0.37 0.37 0.36 0.36 0.04 0.58 0.79 1.00

SV (ml) 18.62 16.96 1.37 16.39 14.59 14.29 14.91 1.41 0.41 0.53 0.68

CO (L/min) 1.84 1.41 0.14 1.41 1.34 1.41 1.21 0.18 0.04 0.72 0.44

EF (%) 79.38 83.13 3.49 85.88 86.44 85.56 87.31 3.20 0.46 0.89 0.60

HR (bpm) 97.75 93.13 5.05 102.83 91.17 101.29 91.50 5.55 0.53 0.91 0.07

DWT (cm) 0.83 0.79 0.07 0.85 0.89 0.90 0.88 0.05 0.72 0.57 0.90

SWT (cm) 1.52 1.35 0.13 1.50 1.37 1.48 1.39 0.08 0.38 0.99 0.17

SBP (mmHg) 136.12 128.93 5.52 131.31 118.06 127.75 123.25 7.95 0.37 0.91 0.27

DBP (mmHg) 76.88 72.57 6.58 67.42 61.87 63.80 62.50 5.57 0.65 0.79 0.54

FMD (%) 13.25 6.78 4.03 6.88 10.35 6.54 9.66 4.35 0.27 0.90 0.45

VTI (E wave) (cm) 9.87 9.23 2.14 7.49 8.43 9.08 8.97 1.23 0.83 0.40 0.74

VTI (A wave) (cm) 1.10 0.82 0.22 1.02 1.13 1.40 1.21 0.21 0.39 0.30 0.84

MV (E wave) (cm/s) 87.80 82.46 13.30 72.08 65.86 83.00 80.40 6.58 0.76 0.51 0.06

MV (A wave) (cm/s) 44.31 37.03 4.76 40.67 35.75 49.14 41.32 5.21 0.30 0.19 0.23

*Eight mixed-gender, neutered beagles were fed the NP or HP diets during the first and sixth weeks, respectively. From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square

design, 4 diets differing in fava bean variety and fermentation were compared as follows: unfermented (UF) high tannin, fermented (FM) high tannin, UF low tannin, and FM low tannin.

Values expressed as means (n = 8). SEM, pooled standard error of the mean; EDV, left ventricular end-diastolic volume; ESV, left ventricular end-systolic volume; LVIDd , left ventricular

end diastolic diameter; LVIDs, left ventricular end systolic diameter; SV, stroke volume; HR, heart rate; CO, cardiac output; EF, ejection fraction; DWT, left ventricle diastolic wall thickness;

SWT, left ventricle systolic wall thickness; SBP, systolic blood pressure; DBP, diastolic blood pressure; FMD, flow-mediated dilation; VTI (E wave), velocity time integral (E wave); VTI (A

wave), velocity time integral (A wave); MV (E wave), maximum velocity (E wave); MV (A wave), maximum velocity (A wave).
aP, P-value between commercial diets with different protein content (NP vs. HP); FB, fava bean (low tannin vs. high tannin); FM, fermentation (UF vs. FM). The interaction between FB

and FM was not significant for any of the parameters measured.

TABLE 6 | Apparent total tract digestibility of dogs fed diets formulated with either low or high tannin fava beans without (UF) or with (FM) fermentation for 7 days each*.

Item Low tannin High tannin P-valuea

UF FM UF FM SEM FB FM

Crude protein 85.74 86.80 85.91 84.74 1.044 0.37 0.95

Fat 91.93 89.15 92.44 89.15 1.262 0.66 0.01

Non-fiber carbohydrates 95.94 96.59 96.09 96.64 0.214 0.76 0.05

Gross energy 92.02 92.19 91.85 91.61 0.347 0.29 0.91

Methionine 85.87 84.56 83.28 83.32 1.299 0.15 0.62

Cysteine 84.38 87.34 88.26 87.34 1.491 0.21 0.50

Taurine 86.68 84.08 84.88 84.87 1.545 0.74 0.41

*From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square design, 8 mixed-gender, neutered beagles were fed 4 diets differing in fava bean variety and fermentation as

follows: unfermented (UF) high tannin, fermented (FM) high tannin, UF low tannin, and FM low tannin. Values expressed as means (n = 8). SEM, pooled standard error of the mean.
aFB, fava bean (low tannin vs. high tannin); FM, fermentation (UF vs. FM). The interaction between FB and FM was not significant for any of the parameters measured.

minimum for methionine alone due to variations in methionine
content of the fava beans from reported literature values that were
used for diet formulation (26).

Lack of Evidence for Toxicity From Fava
Beans, Digestibility, Glucose Tolerance,
and Antinutritional Factors
Fava beans are pulses, a subset of legumes. Other legumes such as
peas have been increasingly included in dog diets as a protein and

fiber source (48, 49). Pulse ingredients have been controversially
associated with grain-free diets and the occurrence of DCM
in dogs (13). Specific to fava beans, however, is the additional
association from vicine and convicine antinutritional factors
with hemolytic anemia in susceptible humans (50). Worries
about potential dog toxicity have prevented its AAFCO approval
as a dog food ingredient thus far. Fermentation has been
used as a valuable approach to reduce anti-nutritional factors
in pulses, including trypsin inhibitors, hemagglutinins, and
saponins. Moreover, Candida species have the potential to
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TABLE 7 | Plasma amino acid levels (nmol/ml) of dogs fed diets formulated with either low or high tannin fava beans without (UF) or with (FM) fermentation, or normal (NP)

vs. high (HP) protein commercial diets for 7 days each*.

Item Commercial Low tannin High tannin P-valuea

NP HP SEM UF FM UF FM SEM P FB FM

Taurine 60.83 116.38 13.576 79.81 74.91 90.88 87.39 9.953 0.01 0.22 0.65

Cystine 10.83 13.33 0.774 16.75 14.75 16.38 13.75 1.467 0.04 0.59 0.08

Cysteine 54.00 472.50 20.401 85.75 137.25 112.62 153.87 35.863 <0.01 0.05 <0.01

Methionine 55.20 51.50 2.203 44.57 45.86 44.67 41.00 2.551 0.26 0.36 0.64

*Eight mixed-gender, neutered beagles were fed the NP or HP diets during the first and sixth weeks, respectively. From weeks 2 to 5, using a randomized, crossover, 2 × 2 Latin square

design, 4 diets differing in fava bean variety and fermentation were compared as follows: unfermented (UF) high tannin, fermented (FM) high tannin, UF low tannin, and FM low tannin.

Values expressed as means (n = 8). SEM, pooled standard error of the mean.
aP, P-value between commercial diets with different protein content (NP vs. HP); FB, fava bean (low tannin vs. high tannin); FM, fermentation (UF vs. FM). The interaction between FB

and FM was not significant for any of the parameters measured.

synthesize and increase taurine content (32) as well as improve
protein digestibility through its breakdown into amino acids
by fermentative microorganisms (51). This current study is the
first to show that fermentation with C. utilis can successfully
reduce the vicine/convicine content in fava bean flour, but had
no effect on taurine content, protein digestibility, or amino
acid digestibility. Of interest, however, is the observation that
fermented fava bean diets both caused increases in plasma
cysteine after 7 days of feeding, an effect that does not seem to
relate to dietary levels and has no current explanation that should
be explored in future studies.

The low-tannin variety used in the present study, Snowdrop,
is known to have tannin levels as low as 1% (52), while Florent,
which was the high tannin variety used in the present study, has
been classified as a normal (higher) tannin genotype in Canada
(2). Generally, other antinutritional factors tend to be high in
varieties with high tannins, but both fava bean varieties used in
the present study had high concentration of the antinutritional
factors vicine and convicine. The main issue associated with high
tannin content in the diet is related to reduced bioavailability
of nutrients in the gastrointestinal tract (53, 54). Despite not
evaluating bioavailability in the present study, there was no
effect of fava bean variety on digestibility values of any nutrient
measured. This implies that despite the potential negative effects
of tannins on, specially, protein digestibility (55), we do not have
evidence to show a clear detrimental effect of tannins. However,
within-animal variation in digestive response to tannins and
low sample size may have prevented detection of an impact
on digestibility (56). Interestingly, fermentation was able to
dramatically reduce both the vicine and convicine content
in fava bean–based diets, regardless of variety. In a recent
study, fermentation with L. plantarum degraded the pyrimidine
glycosides in fava bean flour within 48 h, which reduced the
toxicity of the fermented fava bean as assessed through ex vivo
assays on human blood (31). In the present study, there was
no impairment in glucose tolerance in dogs fed fermented fava
bean (FM) diets as revealed by the lack of effect on glucose
baseline and peak levels, time to peak, and AUC. This leads to
the conclusion either that fava beans do not have any effect on
glucose utilization in dogs or that 7 days is not sufficient to alter
glucose utilization. However, it should be noted that the four fava

bean test diets in this study were fed sequentially in a crossover
design. By the end of these four feeding periods, beagles had been
fed fava bean–based diets for a month, with no change in glucose
utilization from the previous NP period. Moreover, RBC content
was unchanged in dogs fed fava beans compared with the NP diet.
Taken together, because anemia is a primary sign of favism and
none of the fava bean–based diets caused anemia in the dogs in
the current study, it can be concluded that fava beans are not toxic
in dogs. While AAFCO requires a 6-month feeding study for fava
beans to be approved as a pet food ingredient, this study provides
initial indications that they are a safe dog food ingredient.

The present study also provided other indication of
fermentation of fava bean flour with C. utilis enhancing
diet quality and consequently health in dogs. Fermentation
significantly decreased the digestibility of fat and increased
the digestibility of non-fiber carbohydrates. It has been shown
in fish that the concentration of carbohydrates in the gut are
inversely related to fat digestibility (57) and this is exacerbated
when large amounts of starch are present (58). Surprisingly,
amylase content in blood was increased in FM-HT compared
with FM-LT with both unfermented diets being intermediate.
This indicates that the fermentability of fava bean varieties may
be different, which might be associated with the carbohydrate
composition, releasing increased or decreased amounts of starch
when fermented (59). Finally, dogs fed fermented diets showed
increased RBC levels compared with those fed unfermented fava
bean diets. Low RBC in young dogs is a common occurrence as
RBC lifespan is shorter and young RBC contain less hemoglobin
when compared with aging RBC (60). An increased RBC
content in fermented diet–fed dogs could be associated with an
accelerated production of blood cells and increased health that
should be further explored in future studies.

Effect of High Dietary Protein Diet on Dog
Health
The results of the current study using commercial diets also
provide indications that high dietary protein can negatively affect
overall health of dogs. Previous studies have reported that high
protein dog diets may negatively impact gastrointestinal health,
pre-disposing dogs to diarrhea (61). While diarrhea was not
observed with the HP commercial diet tested in the current study,
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excessive protein intake has been reported to increase proteinuria
and overload kidneys, potentially decreasing the overall health
of dogs (62), and this is consistent with the higher serum
cholesterol, urea, and creatinine observed with the HP diet in
the current study. High serum cholesterol in dogs is consistent
with a positive relationship reported between protein intake and
cholesterol in humans (63). Moreover, bilirubin measurements
(TB, DB, and IB) were decreased in HP-fed dogs compared
with NP, which agrees with a recent study showing higher
bilirubin concentrations in young pigs fed a protein restricted
diet compared with a control diet (64). On the other hand,
potential benefits of the HP diet in the current study come from
the observed decrease in ALP and ALT in dogs fed HP compared
with NP. In dogs, higher ALT content is directly associated
with hepatocyte membrane damage and necrosis, whereas ALP
is positively associated with biliary stasis (65, 66). Increased
ALT and ALP in NP dogs may be interpreted as poor hepatic
function (67). It should be noted that while trends for changes
in blood parameters can be interpreted as positive or negative,
all values for all end-points measured in this study fell within
clinical norms and thus all dogs were maintained in a healthy
state. Future studies using longer feeding periods are required
to determine if trends continue and become clinically significant
compared to that observed after 7 days in the current study.

Cardiac Function, Cysteine, Methionine,
and Taurine
One of the main hypotheses of the present study was that
pulse-based diets with their higher fiber would cause decreases
in plasma taurine, cysteine, or methionine levels, subsequently
leading to impaired cardiac contractility or enlargement of the
heart consistent with DCM. However, after 7 days of feeding
each fava bean–based diet, no significant adverse changes were
detected in cardiac or vascular function in the current study.
Longer feeding trials are needed to confirm that there are no
effects. However, what did change in the short term was ESV that
was increased in NP-fed dogs compared with HP-fed dogs, but
without changes in ventricular chamber size (LVID). Changes in
cardiac chamber size would be surprising after only 7 days, thus
a functional change such as impaired contractility and reduce
cardiac output (CO) is not expected to explain the higher ESV.
In fact, the NP-fed dogs instead had higher CO that may be
due to a non-significant trend for both HR and SV to increase.
This is consistent with a similar non-significant trend for both
systolic and diastolic blood pressure to increase in NP-fed dogs
compared with HP-fed dogs, suggesting a generalized increase in
sympathetic outflow in the NP-fed dogs. Higher sympathetic tone
and blood pressure increases afterload and impairs emptying of
the left ventricle at the end of systole (i.e., higher ESV), a reliable
indicator of impaired systolic function (68).

The proximate analysis of diets showed no major differences
in crude fiber content between laboratory-formulated fava bean–
based diets and commercial diets. The main differences among
diets were observed for cysteine content, which was low in
the fava bean diets. Also, methionine and taurine content were
highest in HP diets compared with all fava bean–based diets and

the NP diet. If reduced dietary taurine levels were driving cardiac
changes, then it would have been expected that the NP diet
should have led to adverse cardiac changes and this may agree
with what we observed. Future studies should explore longer
feeding periods and address whether more susceptible dog breeds
than beagles produce a stronger relationship between taurine and
cardiac impairment.

The fava bean–based diets and the NP commercial diet tested
in the current study all had methionine content that was just
below the AAFCO minimum. Dogs can synthesize taurine from
cysteine or methionine (69), but all three of these amino acids
tend to be low or limiting when plant-based protein sources such
as pulses are used. Compounding this problem, pulses are high in
resistant starch and fiber. Previous studies in dogs have reported
that high fiber diets decrease protein digestibility and increase
fecal bile acid excretion in feces (70). Because taurocholate is
the major bile salt excreted by dogs, the net effect of high fiber
has been reported to deplete taurine and impair digestion of
protein that contains cysteine and methionine needed to replace
it. However, none of the diets tested caused any significant drop
in plasma levels of taurine, cysteine, or methionine and levels
remained above the reference range throughout the study (27).
In fact, fermented fava beans (both varieties) led to significant
increases in plasma cysteine, suggesting a potentially beneficial
health effect of fermentation processing. In contrast, the high
protein (HP) commercial diet led to higher plasma levels of
cysteine and taurine, but no change in plasma methionine
compared with NP diet, suggesting that 7 days was sufficient time
to cause some alterations of blood levels of these amino acids.
Cysteine results, however, should be cautiously interpreted due
to its unstable nature and an interfering substance during HPLC
analysis of this amino acid that could have led to overestimation
of cysteine levels (71). Further analysis using a different method
would be necessary to confirm the cysteine results.

STRENGTH AND LIMITATIONS

A strength of this study was that the fava bean–based diets
that were made in our laboratory were tested against two
popular commercial brands, giving a more realistic context to
the results. Another strength was the use of a Latin square,
crossover design where the same dogs were tested on each
diet, reducing variability and increasing power with the small
sample size of this experiment. However, an important limitation
of this study was the duration, which is insufficient to cause
major structural cardiac changes, but was long enough to
change plasma levels of sulfur-containing amino acid levels,
at least in response to high dietary protein. Moreover, the
results of this study using young, healthy adult beagles may not
apply to older, large breed dogs with genetic susceptibility to
taurine deficiency. However, we would predict that changes in
taurine and sulfur-containing amino acids would be even more
pronounced in these breeds or in older dogs. A last limitation of
the present study was the experimental design which does not
allow the statistical comparison between commercial and fava
bean-based diets.
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CONCLUSION AND IMPLICATIONS

Most importantly, fava bean–based diets did not cause hemolytic
anemia and did not alter glucose handling in dogs after 7
days of feeding, thus fava beans appear safe as a dog food
ingredient. In contrast, the high-protein grain-free commercial
diet adversely altered blood chemistry compared with the normal
protein, grain-containing commercial diet we tested. Moreover,
the normal protein, grain-based diet appeared to cause excess
sympathetic tone, a trend that if it were to continue with long-
term feeding, might lead to adverse changes in cardiac health that
are distinct from DCM. On the other hand, fermentation with
C. utilis looks promising to reduce antinutritional factors and
potentially improve health through improvements in nutrient
digestibility and increased RBC levels in dogs. Studies using
longer feeding periods are needed to determine whether these
short-term changes are sustained to produce clinically significant
changes in dogs.
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Partial Substitution of Maize for
Sorghum With or Without
Supplemental Hydrolysable Tannins
on Digestibility and Postprandial
Glycemia in Adult Dogs

Liege Teixeira, Caroline Fredrich Dourado Pinto*, Geruza Silveira Machado,

Alexandre de Mello Kessler and Luciano Trevizan

Laboratório de Ensino Zootécnico, Department of Animal Science, Universidade Federal Do Rio Grande Do Sul, Porto

Alegre, Brazil

The effect of partial substitution of maize for sorghum, containing condensed tannins

(CT), with or without the addition of a purified hydrolysable tannin extract (HT), on dog

apparent digestibility and glycemic response were evaluated. The trial was conducted

with eight adult dogs distributed in four treatments: (M) 50% maize; (MS) 25% maize +

25% sorghum; (MHT) 50% maize + 0.10% HT; (MSHT) 25% maize + 25% sorghum +

0.10% HT; in a balanced incomplete Latin square design in three periods, with two dogs

per diet, per period. Data were analyzed by ANOVA procedure and glycemic response

by repeated measures ANOVA over time (P < 0.05). The phenolic compounds analyzed

were not detected after extrusion process, with a reduction mainly in diets containing

sorghum. There were no differences in the digestibility coefficients of nutrients and energy

between the dietary treatments (P > 0.05). Fecal and urinary characteristics were not

changed by the addition of sorghum and HT (P > 0.05). The fecal score remained within

the ideal classification as hard, dry, firm stools. A moderate increase in fecal pH was

observed on dogs fed diets containing sorghum (P = 0.0948). Additionally, the partial

replacement of maize for sorghum associated or not with HT do not alter the glycemic

aspects evaluated among dietary treatments (P > 0.05). Availability of nutrients from

maize and sorghum were similar. Tannins did not interfere in the nutritional capacity of

the ingredients.

Keywords: carbohydrate, tannins, phenolic compounds, digestibility, postprandial response

INTRODUCTION

Cereal grains are widely used in pet food as sources of energy due to its starch content. In
addition, starch is fundamental for appropriate extrusion process and kibble characteristics, such as
expansion, cellular structure formation, and crispness (1). Themost common carbohydrate sources
used for companion animal products are rice, maize, and sorghum due to its wide distribution, easy
acquisition, and low cost. Besides, all these ingredients are well-accepted, digested, andmetabolized
for dogs.
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However, the evaluation of functional ingredients with
appropriate nutritional characteristics that combines some
beneficial effect, such as modulation of postprandial glycemic
response, has been the major goal in pet food in the past years.
The increasing prevalence of diseases such as obesity and diabetes
are the main reasons to find other ingredients with functional
properties for companion animals (2, 3). This highlights the
importance of selecting ingredients based on their nutritional
potential and their effects on digestion and metabolism.

In this way, sorghum becomes an interesting alternative to rice
and maize because the grain contains functional properties such
as groups of phenolic compounds. The most part of them are
condensed tannins, secondary compounds of plant metabolism
that may be active to improve health. There are some studies
relating tannins as an antimicrobial, antiparasitic, antioxidant,
anti-inflammatory, and antiviral agent (4). Tannins are classified
as condensate (CT) or hydrolysable (HT). CTs, also known as
proanthocyanidins, are polymers of flavan-3-ols and flavan-3,4-
diols and, after oxidation, yields anthocyanidins (5), while HT
are composed of simple phenols, gallotannins, and elagitannins,
which, after hydrolysis, yields gallic and ellagic acid (6). Sorghum
contains only CT (7). HT can be found in leaves, flowers,
twigs, bark of some plants, and as a purified commercial extract.
Additionally, sorghum varieties are divided according to their
genetics and chemical composition. Sorghum type I have low
level of phenols and tannins (0.28 g/kg of tannins), while types
II and III present 4.48 and 11.95 g/kg of tannins, respectively (8).

In opposite to its beneficial effects, tannins can form
complexes with substances present in saliva promoting
astringency and food refusal (9). In addition, tannins can inhibit
enzymes and form complexes with carbohydrates, proteins,
and metal ions, thus impairing digestibility (10). Indeed, some
studies had showed controversial results; some did not find
differences between dogs fed maize- or sorghum-based diets
(11, 12), while others found some differences on digestibility of
dry matter (DM), organic matter, and crude protein (CP) (13),
or even an increase on digestibility of CP, gross energy, and DM
compared to maize diet (14). Regarding fecal characteristics,
studies demonstrated that there are no differences between
diets based on maize and sorghum. Finally, Carciofi et al.
(11) demonstrated that sorghum-based diet promoted later
postprandial meal response in dogs, thus reducing glycemic peak
and favoring glycemic control. Concerning HT, Teixeira et al.
(15) observed an increase on the fecal dry matter of dogs fed
a diet based on rice and HT and a reduction in metabolizable
energy on dogs fed a rice, sorghum, and HT diet.

We went through the evaluation of sorghum and rice blends
and its effects on digestibility and glycemic index in dogs. The
replacement of rice with sorghum reduced the digestibility of
protein and also reduced the metabolizable energy content of the
diets (15). As a partial replacement of rice, no variation in the
glycemic response was observed.

Based on the fact that maize does not contain significant
amounts of CT than sorghum does, we hypothesized that by
mixing both, we could improve the content of tannins in the
final diet, and then, it can have an impact on the glycemic
index of the final diet. In addition, the impact of HT on maize

must be tested to evaluate if it changes either digestibility or
glycemic index. Therefore, this study evaluated the effects of the
partial substitution of maize with sorghum containing CT plus
the addition of a HT extract on the digestibility of nutrients and
energy, fecal, and urinary characteristics, and lastly the glycemic
response in adult dogs.

MATERIALS AND METHODS

All animal care and handling procedures were approved
by The Institutional Animal Care and Use Committee at
the Universidade Federal do Rio Grande do Sul, protocol
number 26275.

Animals
Eight healthy adult Beagle (four males and four females), coming
from the Animal Science Department, Universidade Federal do
Rio Grande do Sul, Porto Alegre, Brazil, were used in this
study. They were all intact, between 2 and 3 years old, weighing
12.4 ± 0.97 kg, with a body condition score (BCS) ranging
from 4.5 to 5.5 out of 9 points (16), made by a single trained
person, and free of endo- and ectoparasites. All dogs were
regularly immunized and submitted to clinical and laboratory
tests to measure complete blood count (CBC) and to perform
biochemical and coproparasitological analyses before the start
of the study. The dogs were housed in individual stainless steel
metabolic cages (1.0 × 1.0 × 1.5m) equipped with a feces and
urine collector, feeders, and drinkers, in a controlled room at
24◦C, with a light/dark cycle of 14:10 h. The adaptation and
positive reinforcement were used to avoid stress during the
assay. 6 months before starting the trial, dogs were adapted to
the metabolic cages and blood collections. During this period,
they were fed twice daily inside the metabolic cages and stayed
there all through the night. During the day, dogs remained in a
patio playing all together for socialization. In the morning and
afternoon, before being fed, dogs were set over a table for 3min.
Dogs were safely held, and a blood collection was simulated with
no needle introduction; then, dogs were pet and received food.
Between each trial, dogs were rested for 15 days, maintained in
the patio, and playing together. At the end of the trials, dogs were
castrated and given for adoption.

Diets
Maize was partially substituted with sorghum as a way of
introducing CT into the diets. Additionally, purifiedHT obtained
from a commercial extract of the chestnut bark (Castanea sativa)
was included into the diets. The extract was a water-soluble
fine brown powder containing HT, hydrolysable polyphenols,
cellulose, hemicellulose, simple sugars, lignin, minerals, and 8%
moisture; its fiber content was <3%, it had a relative density
of 0.5–0.6 g/mL and pH <4.0. Four experimental diets were
formulated and extruded to be isonutritives: (M) 50% maize;
(MS) 25% maize + 25% sorghum; (MHT) 50% maize + 0.10%
HT; (MSHT) 25% maize+ 25% sorghum+ 0.10% HT (Tables 1,
2). The dogs were fed twice a day (at 0830 and 1,700 h) to
meet the energetic and nutritional requirements of adult dogs,
as recommended by the NRC (17). Food intake was adjusted
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TABLE 1 | Chemical composition of sorghum (Sorghum bicolor L. Moench).

Item, % DM basis Sorghum

Dry matter 86.9

Starch 63.6

Crude protein 7.59

Total dietary fiber 15.3

Fat 2.56

Ash 1.42

Crude fiber 0.72

Gross energy, kcal/kg 4.446

Polyphenol tannins, % 4.8

Polyphenol non-tannins, % 2.6

DM, dry matter.

according to the body weight, weekly, in order to maintain the
BCS in 5 points out of 9. The leftovers were collected, weighed,
and discounted to calculate consumption. Water was provided
ad libitum.

Experiment 1: Digestibility Assay
Experimental Design
The assay was conducted as a balanced incomplete Latin square
design as a model proposed by Ai et al. (18). Eight dogs
were assigned in four treatments and three 10-day periods,
with two dogs per treatment in each period, for a total of six
replications per treatment, according to the recommendations of
the American Association of Feed Control Officials protocol (19).
The model for the balanced incomplete Latin square design (8×
3) was:

yij(k) = µ + Timej+ Dogj+ τk+ εij(k)

in which yij(k) is observation ijk, µ is the overall mean, Time is
the effect of row, Dog is the effect of column j, τk is the fixed
effect of treatment k, and εij(k) is the random error with mean 0
and variance σ2. Gender (female andmale) was used as a criterion
for blocking, and body weight was used to randomize them in the
treatments. Each period lasted 10 days, with 5 days for adaptation
to the cage and experimental diet, followed by 5 days of total feces
and urine collection and measurement of fecal and urinary pH.
Between each period, 15 days of rest were provided to the dogs so
they could exercise. In the rest period, dogs were fed M diet.

Sample Procedure
To establish the beginning and the end of each period of feces
and urine collection, a gelatin capsule containing 1 g of iron oxide
(III) Fe2O3 was orally given to the dogs. Feces were collected for 5
days, every 3 h except night time (12 h), and scored as follows: 1=
very hard and dry stool; 2= hard, dry, firm stool; 3= soft, moist
stool, well formed; 4 = soft and shapeless stool; and 5 = liquid
stool, diarrhea. The fecal score analysis was conducted by a single
trained person using the WALTHAM Feces Scoring System (20).
After daily collection, feces were weighed and stored in a freezer
at −20◦C until the end of the trial to perform analysis. Total

TABLE 2 | Ingredients and chemical composition of experimental diets.

Ingredient, % as is Treatments

M MS MHT MSHT

Maize 56.6 28.4 56.6 28.7

Sorghum – 26.7 – 26.2

Hydrolysable tannins – – 0.10 0.10

Wheat bran 10.0 14.0 10.0 14.0

Poultry byproducts meal 10.5 13.5 10.3 12.8

Bovine meat and bone meal 8.60 7.60 8.70 7.50

Poultry fat 5.20 4.60 5.20 4.70

Corn gluten 60% CP 5.00 1.10 5.00 1.90

Flaxseed 1.00 0.90 1.00 0.90

Digesta 1.50 1.50 1.50 1.50

Cellulose 0.90 1.00 0.90 1.00

Premix mineral/vitaminb 0.40 0.40 0.40 0.40

Salt 0.40 0.40 0.40 0.40

Potassium chloride 0.03 – 0.03 –

Analyzed chemical composition, %DM basis

Dry matter 92.3 91.6 91.0 92.3

Starch 39.9 41.5 41.0 39.4

Crude protein 17.0 16.5 17.6 18.5

Acid hydrolyzed fat 9.25 8.54 9.33 8.09

Ashc 5.78 5.97 5.79 5.87

Crude fiberc 3.40 3.40 3.40 3.40

Total dietary fiber 21.4 21.3 20.7 23.1

Gross energy, kcal/kg 4,804 4,812 4,776 4,842

Gelatinization index of starch, % 87.9 93.1 97.2 84.9

M, maize; MS, maize + sorghum; MHT, maize + hydrolysable tannins; MSHT, maize +

sorghum + hydrolysable tannins.
aDTECH 8L, S.P.F. Argentina S.A., Argentina.
bPremix (supplied per kilogram of diet): vitamin A (10,800 UI), vitamin D3 (980 UI), vitamin E

(60mg), vitamin K3 (4.8mg), vitamin B1 (8.1mg), vitamin B2 (6.0mg), vitamin B6 (6.0mg),

12 vitamin (30 mcg), pantothenic acid (12mg), niacin (60mg), folic acid (0.8mg), biotin

(0.084mg), manganese (7.5mg), zinc (100mg), iron (35mg), copper (7.0mg), cobalt

(10mg), iodine (1.5mg), selenium (0.36mg), choline (2.400mg), taurine (100mg), and

antioxidant BHT (150 mg).
cCalculated values.

urine collection was performed daily in the morning and then
stored in plastic bottles containing 1 g of thimol (Synth, Diadema,
Brazil), and the pH was measured. The urine total volume was
measured and kept in a freezer at−20◦C until analysis. The fecal
pH was measured immediately after collection using 2 g of fresh
feces diluted in 20mL of distilled water using a portable pHmeter
(Digimed DM-22, Campo Grande, Brazil).

Chemical Analysis
Stool from each dog was thawed, homogenized, and dried
in forced-air oven at 55◦C for 72 h, according to the
recommendations of the Association of Official Analytical
Chemists (21). Feces, sorghum, and diets were ground through
a 1-mm screen in a Wiley hammer mill (DeLeo Equipamentos
Laboratoriais, Porto Alegre, Brazil) and analyzed for dry
matter (DM—AOAC 934.01), acid hydrolyzed fat (AHF—AOAC
954.02; model 170/3, Fanem, Saõ Paulo, Brazil), crude protein
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TABLE 3 | Phenolic compounds present in ingredients and experimental diets.

Item Total tanninsa Condensed tanninsb Total phenolsa

Ingredients (raw material)

Maize 2.98 0.01 5.73

Sorghum 18.4 30.7 27.5

Wheat bran 2.96 ND 5.69

Diets (after extrusion)

M 2.38 (1.87) 0.10 (0.01) 4.43 (3.60)

MS 2.50 (5.85) 0.40 (7.76) 4.34 (9.27)

MHT 2.50 (1.90) 0.09 (0.01) 4.57 (3.66)

MSHT 2.94 (5.73) 0.78 (7.56) 5.12 (9.08)

ND, not detected; M, maize; MS, maize + sorghum; MHT, maize + hydrolysable tannins;

MSHT, maize + sorghum + hydrolysable tannins.
aValues are expressed as g of tannic acid−1 kg DM.
bValues are expressed as g of leucocyanidin kg−1 DM.

Calculated values in parentheses based on the content of each ingredient, in % DM basis.

(CP—AOAC 954.01; model TE 036/2, Tecnal, Piracicaba, Brazil),
crude fiber (CF—AOAC 962.10; model MA 450/8, Marconi,
Piracicaba, Brazil), and ash (21). Diets and sorghum were
analyzed for total dietary fiber, according to Prosky et al. (22),
and starch, according to Karkalas (23). The model for the
gelatinization index of starch was:

Gelatinization index (%)

=
(total starch− resistant starch)

(total starch)
× 100

Urine samples were thawed and homogenized, and 150-mL
aliquots were lyophilized (Micromodulyi-Fis; Thermo Fisher
Scientifics Inc., Maryland, USA) for analysis of DM and gross
energy (GE). Another 50-mL aliquot was collected for analysis
of CP. Dietary, fecal, and urinary GE were determined using
isoperibolic bomb calorimetry (calorimeter model C2000 basic,
Ika-werke, Staufen, Germany). All analyses were performed in
duplicate, assuming a coefficient of variation<1% for energy and
<5% for the other analyzes. Ingredients, diets (Table 3), and feces
were analyzed for phenolic compounds by gravimetric tests; total
phenols and tannins were measured according to Makkar et al.
(24) and CT based on Porter et al. (25). Based on the content
of total tannins, condensed tannins, and total phenols in maize,
sorghum, and wheat bran, an estimated value was calculated for
each of the experimental diets (Table 3) in order to compare with
the results obtained with the gravimetric tests.

Statistical Analyses
Data were analyzed using the ANOVA procedure of SAS 9.4
(SAS Inst. Inc., Cary, NC). Means were compared using Tukey’s
test at 5% probability (P < 0.05). The P < 0.10 was considered
a tendency.

Experiment 2: Postprandial Glycemia

Assay
The dogs and the dietary treatments were the same as previously
described for the digestibility assay.

Experimental Design
The dogs were adapted to the experimental diets for 11 days,
then were fasted for 12 h inside the metabolic cages before
starting the first blood collection. Immediately before starting
the experiment, the cephalic vein was cannulated with a catheter
BD ANGIOCATH 22′′ (Becton, Dickinson and Company do
Brasil, Curitiba, Brazil). Then, 1mL of blood was collected in a
tube containing 0.05mL of sodium fluoride (LABTEST, Lagoa
Santa, Brazil); this sample was used to determine the baseline
glycemia at time 0. Dogs were fed, and dietary consumption was
performed within 5min. Sequential collections were started over
8 h after total consumption, at 5, 10, 15, 30, 45, 60, 90, 120, 180,
240, 300, 360, 420, and 480min after food consumption. After
each collection, the catheter was washed out with heparinized
solution, and before each new collection, about 0.3mL of blood
was discarded.

Chemical Analyses
The tubes were centrifuged at 3,000 g for 10min, and plasma
was transferred to 1.5-mL Eppendorf tubes, cooled between
2 and 4◦C, and analyzed in sequence. Blood glucose was
analyzed by the enzymatic colorimetric method according to
the manufacturer’s instructions (Wiener Lab Group, Rosário,
Argentina). All samples were analyzed in duplicate.

Statistical Analyses
The results were analyzed using repeated measures of variance
on SAS 9.4 (SAS Inst. Inc., Cary, NC). The area under the curve
(AUC), basal, maximum, average, and minimum glycemia, and
maximum glycemic increase was calculated, and the means of
each treatment were compared by Tukey’s test (P < 0.05).

RESULTS

All experimental diets were well-consumed by the dogs
without refusals.

There was a reduction in the phenolic compounds content,
mainly in the diets with sorghum, MS and MSHT, after the
extrusion (Table 3).

Dogs fed the diet containing both types of tannins together,
CT and HT, consumed more phenol and tannins (P < 0.05)
(Table 4). Phenolic compounds have not been found in feces of
dogs fed the diets with HT, MHT, and MSHT, thus leading to the
100% apparent digestibility coefficients shown in Table 4.

Dogs fed the experimental diets containing sorghum
consumed less fat daily (P = 0.0009) (Table 5). The addition
of sorghum containing CT or HT to the dietary treatments did
not promote any differences in the coefficients of digestibility of
nutrients and energy (P > 0.05).

No differences were observed in the fecal and urinary
characteristics analyzed (P > 0.05), except a tendency of diets
with sorghum to increase fecal pH (P = 0.0948) (Table 6). Feces
remained with adequate characteristics such as hard, dry, and
firm stool. Dogs fed diets containing sorghum and HT had
darkened feces and urine.

The glycemic items evaluated, e.g., area under the curve, basal,
maximum, average, and minimum glycemia, and maximum
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TABLE 4 | Phenolic compounds intake and digestibility of dogs fed the experimental diets.

Item Treatments P-value SEM

M MS MHT MSHT

Daily phenolic intake, g/day

Total phenols1 9.69b 8.97b 9.79ab 10.9a 0.0124 0.74

Total tannins1 5.21b 5.17b 5.35b 6.28a 0.0029 0.41

Condensed tannins2 0.22c 0.83b 0.19c 1.67a <0.0001 0.08

Apparent total tract digestibility, %

Total phenols1 95.2b 96.4b 100a 100a <0.0001 0.30

Total tannins1 94.9b 95.3b 100a 100a <0.0001 0.29

Condensed tannins2 97.3c 98.2b 100a 100a <0.0001 0.28

M, maize; MS, maize + sorghum; MHT, maize + hydrolysable tannins; MSHT, maize + sorghum + hydrolysable tannins; SEM, standard error of the mean.
1Values are expressed as g of tannic acid−1 kg DM.
2Values are expressed as g of leucocyanidin kg−1 DM.
a,b,cMeans in the same row with different lowercase letters are significantly different (P < 0.05).

TABLE 5 | Nutrient intake and digestibility of nutrients and energy of dogs fed the experimental diets.

Item Treatments P value SEM

M MS MHT MSHT

Daily nutrient intake, g/day

DM 219 207 214 213 0.6606 15.5

OM 206 194 202 201 0.6344 14.6

AHF 20.2a 17.7b 20.0a 17.3b 0.0009 1.35

CP 37.2 34.1 37.7 39.4 0.0853 2.75

CF 7.44 7.03 7.28 7.26 0.6578 0.53

NFE 149 143 144 144 0.7376 10.5

Ash 12.6 12.3 12.4 12.5 0.9387 0.90

GE, kcal/day 1,051 995 1,023 1,034 0.7761 74.7

ME, kcal/day 164 158 164 160 0.5495 12.0

Apparent total tract digestibility, %

DM 78.7 80.6 81.4 78.2 0.1363 2.81

OM 82.0 83.4 83.4 81.7 0.3642 2.02

AHF 85.8 86.2 88.3 83.2 0.0766 3.00

CP 78.1 78.4 82.0 79.5 0.1612 3.15

NFE 82.5 84.2 84.7 82.1 0.1457 2.41

GE 81.6 83.0 83.9 81.3 0.4170 2.05

Nutritional value, kcal/kg

ME 3,755 3,831 3,834 3,755 0.3366 110

M, maize; MS, maize + sorghum; MHT, maize + hydrolysable tannins; MSHT, maize + sorghum + hydrolysable tannins; SEM, standard error of the mean; DM, dry matter; OM, organic

matter; AHF, acid hydrolyzed fat; CP, crude protein; CF, crude fiber; NFE, nitrogen-free extractive; GE, gross energy; ME, metabolizable energy.
a,bMeans in the same row with different lowercase letters are significantly different (P < 0.05).

glycemic increase, did not differ between the dietary treatments
(P > 0.05) (Table 7). The average postprandial glycemic curves
for the dietary treatments are illustrated in Figure 1.

DISCUSSION

Functional ingredients are highly pursued and evaluated in
both human and animal nutrition. The main reason is that,

besides nutritional value, these ingredients contain compound
with metabolic effects, either promoting satiety or controlling
the peak of glycemia after a meal, for example. The search for
ingredients with these characteristics is valuable for pet food
production, since obesity rates have increased over the years
accompanied by associated diseases, such as diabetes mellitus.
Based on previous evidence that sorghum containing tannins
may interfere with digestive enzyme activity (26), we aimed to
investigate the effects of condensed tannins, naturally present
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TABLE 6 | Fecal and urinary characteristics of dogs fed the experimental diets.

Item Treatments P-value SEM

M MS MHT MSHT

Fecal characteristics

DM, % 33.5 34.3 35.8 35.6 0.3263 2.71

Output, g/day 141 118 110 131 0.2043 21.8

Output, g/day (DM) 46.7 40.2 39.5 46.7 0.2794 7.46

Fecal score1 2.23 2.12 2.02 2.01 0.3064 0.24

pH 6.34b 6.44a 6.34b 6.54a 0.0948 0.17

Urinary characteristics

Volume, mL/day2 261 293 254 293 0.7620 99.9

pH 7.24 7.36 7.18 7.21 0.4611 0.29

M, maize; MS, maize + sorghum; MHT, maize + hydrolysable tannins; MSHT, maize + sorghum + hydrolysable tannins; SEM, standard error of the mean; DM, dry matter.
1Scored as: 1 = very hard and dry stool, 2 = hard, dry, firm stool, 3 = soft, moist stool, well formed, 4 = soft and shapeless stool, 5 = liquid stool, diarrhea.
2Mean volume produced in 5 days.
a,bMeans in the same row with different lowercase letters are significantly different (P < 0.10).

TABLE 7 | Area under the curve without basal glycemic area (AUC), plasma basal glucose concentration, plasma glucose concentration, and values of the glycemic peak

of dogs fed the experimental diets.

Item Treatments P-value SEM

M MS MHT MSHT

AUC total (0–480) mg/dl min 39,628 38,633 40,585 38,884 0.7211 3,168

Basal glycemia, mg/dl 82.0 80.3 83.3 81.3 0.9621 10.0

Maximum glycemia, mg/dl 95.5 97.0 101 96.0 0.8122 11.5

Average glycemia, mg/dl 82.7 80.2 83.8 82.0 0.8606 7.51

Minimum glycemia, mg/dl 70.0 66.7 69.7 69.5 0.5915 4.68

Maximum glycemic increase, mg/dl 13.5 16.7 18.0 14.7 0.8621 9.44

M, maize; MS, maize + sorghum; MHT, maize + hydrolysable tannins; MSHT, maize + sorghum + hydrolysable tannins; SEM, standard error of the mean; AUC, area under the curve.

in sorghum, added to hydrolysable tannins on digestibility and
whether these phenolic compounds could modulate postprandial
glycemia, as it can affect absorption.

The inclusion of tannins may affect the palatability. The intake
of tannins is related to a sensation known as astringency, caused
by the interaction between salivary proline-rich protein, mucosal
epithelium of the oral cavity, and tannins and characterized
by the formation of complexes and precipitates, decreasing the
saliva’s lubricity and resulting in dryness of the mouth (9).
However,Mole et al. (27) noted that dogs and cats produced small
amounts of salivary proline-rich proteins, and they did not have
tannin affinity in vitro. This may explain the good acceptance and
voluntary intake of the experimental diets formulated to contain
condensed and hydrolysable tannins (MS, MHT, and MSHT).

Phenolic compounds intake and metabolism in this study
indicate that these molecules disappeared after extrusion, since
after the thermal process, only a small content of total tannins
and phenols and condensed tannins was detected by the method
used. This fact was highlighted after a comparison between
the estimated values for the diets and the values obtained
by the analytical method, in which the negative impact of
extrusion on tannins and phenols detection was found. The

amount of phenolic compounds in all diets was similar after
extrusion despite the presence of sorghum and HT. In fact,
phenolic compounds can be thermally sensitive and are highly
disposed to degradation during the heating process (28). Phenolic
compounds exist both in free, extractable by solvent solutions,
and bound, covalently bound with cell wall components and
non-soluble in organic solvents, form mainly in carbohydrates
requiring acid or alkaline hydrolysis prior to the extraction.
Since approximately 80% of the phenolic compound present in
sorghum is the bound form, this cereal requires treatment to
increase accessibility and perform its bioactive functions (29).
According toMasisi et al. (30), the biological potential of phenolic
compounds depends on their bioaccessibility, absorption in the
gastrointestinal tract, and their bioavailability in vivo. Therefore,
it is indispensable to select the most appropriate heat treatment
that minimizes potential losses in order to guarantee the
bioactive responses.

The phenolic compounds content can be affected negatively
by heat treatment according to the genotype of sorghum,
mainly due to differences in flavonoid composition, and in
general, extrusion is more deleterious than other types of
cooking (31). On the other hand, extrusion decreased total
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FIGURE 1 | Average postprandial glycemic curves of dogs fed the experimental diets (mg/dl). M, maize; MS, maize + sorghum; MHT, maize + hydrolysable tannins;

MSHT, maize + sorghum + hydrolysable tannins.

proanthocyanidins and their oligomers and polymers, possible
due to the complexation of proanthocyanidins with other
molecules, and increased the amount of proanthocyanidins
monomers and dimers, suggesting that this heat treatment
helps the cleavage of high molecular weight compounds into
lower molecular weight (31, 32). The increasing in monomer
and dimer proanthocyanidins is important since they have
greater bioavailability and effectiveness on oxidative stress (33).
However, sorghum functional effects as antioxidant are attributed
to the oligomers (34).

In this study, we selected sorghum containing CT and
replaced maize with sorghum in order to improve the amount
of CT in the diets. In addition, we used an HT obtained
in the form of purified powder to easily incorporate in the
formulation. However, due to its structure as esters, HTs are
rapidly hydrolyzed in gallic acid or hexahydroxydiphenic acid
and the parent polyol (35). In opposite, although CT can be
degraded to anthocyanidins, under mild or anaerobic conditions,
it remains stable (25). Based on our results, it is possible that
extrusion modified total proanthocyanidins and their oligomers
and polymers into other conjugated forms that were not possible
to detect. Additionally, the lack of standardized and commercial
methods makes the identification and quantification of HT and
its metabolites difficult. Specific analytical methods are needed in
order to allow the correct quantification to evaluate its effects in
vivo (9). However, processing must be an important part of the
disappearance of CT. The consumption of CT in the MS diet was
∼50% of the consumption in dietMSHT, whichwas not expected.
Adding these results to those of starch digestibility, it is possible
to observe that MSHT presents a starch gelatinization index of
10% lower than those found in the MS diet. Considering that
the diets were milled in the same place, the cooking processing
must be the probable source of this variation. Therefore, heat and
pressure can have some impact on the CT.

In the current study, no negative effects on digestibility were
detected by the addition of sorghum containing CT or with the

supplementation of HT. Similar results were obtained by Carciofi
et al. (11), who did not find differences in nutrient intake and
digestibility between dogs fed diets containingmaize or sorghum.
In addition, Kore et al. (36) did not observe differences in intake
and digestibility of nutrients in dogs fed diets containing maize
or sorghum when evaluating alternative cereals to rice. However,
Twomey et al. (14) demonstrated that the inclusion of sorghum
on dog diet reduced the digestibility coefficients of protein, dry
matter, and gross energy compared to dogs fed maize-based
diet. In addition, Murray et al. (13) did not found differences
in ileal digestibility of nutrients between diets based on maize
or sorghum, but the total tract digestibility of dry matter,
organic matter, and crude protein were decreased in dogs fed the
sorghum diet. This occurs probably because tannins, especially
proanthocyanidins, have a property of forming complexes and
inhibiting activity of enzymes, such as pectinase, amylase, lipase,
protease, and β-galactosidase, impairing absorption of proteins
and carbohydrates (37).

The comparison of alternative cereals, such as sorghum, with
cereals containing a large amount of available starch leads to
differences in the digestibility coefficients of nutrients and energy.
This was evidenced in several studies comparing rice vs. sorghum
and maize and may be attributed to structural differences in the
starch–protein matrix of these cereals that, according to Hoseney
(38), forms very strong bonds between the protein and starch
components of maize and sorghum, which finally results in starch
resistant to digestion (39). Teixeira et al. (15) observed impairing
of apparent digestibility of dry matter, organic matter, crude
protein, and fat, as well as on digestible and metabolizable energy
of dogs fed diets with partial substitution of rice by sorghum.

In fact, the appropriate processing of cereals includes grinding
to a particle size, known as mean geometric diameter (MGD),
which is directly associated to starch gelatinization during
extrusion. As reported by Bazolli et al. (12), smaller particle
sizes allowed higher starch gelatinization and digestibility for
diets based on maize and sorghum compared to coarsely ground
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maize and sorghum. Thus, correct grinding and extrusion at
high temperatures allows to reduce the resistant starch present
on maize and sorghum, improving its availability. All four
experimental diets had starch gelatinization degree above 80%,
which indicates adequate cooking during the extrusion.

Neither fecal or urinary characteristics were altered by the
consumption of diets containing sorghum and HT. Due to its
capacity to form complexes with enzymes, thus reducing the
digestibility of nutrients, it was expected that the addition of
sorghum promoted an increase in the fecal volume and a decrease
in the DM of feces. In line with our findings, several studies
have also found no differences between dogs fed diets containing
maize and sorghum regarding fecal characteristics, such as fecal
score, fecal pH, and fecal DM (11, 13, 14), with fecal score
remaining as hard, dry, and formed stool as how we classified
the stools in the present study. Down et al. (40) demonstrated
that wild rodents consuming diets containing CT produced a
more alkaline urine. This evidence probably could be found if we
completely replaced maize with sorghum. There was a tendency
to observe higher pH in dogs fed diets containing sorghum. The
only aspect that differed in dogs fed diets containing CT or HT
from the dogs fed the M diet was the darker coloration of feces
and urine produced by dogs fed diets MS, MHT, and MSHT. It
indicates that these phenolic compounds are absorbed by dogs,
and their components are excreted in both feces and urine.

Finally, the glycemic parameters evaluated in this study did
not change as we expected. Based on the results obtained by
Carciofi et al. (11), in which dogs fed diets containing sorghum
presented higher later meal response, characterized by a long and
flat glycemic area under the curve, we hypothesized that dogs
consuming diets with sorghum containing CT and HT would
present a different response over the postprandial glycemia.
The variety of sorghum selected to formulate our diets was
considered as a high tannin grain (4.8% of polyphenol tannins).
The contrasting results may be explained by the differences in
the diets’ chemical composition, including type of starch and
granule structure and the fiber content. On the study conducted
by Carciofi et al. (11), they replaced completely the source of
starch by sorghum, and the levels of fiber, especially total dietary
fiber (TDF), were not maintained similar between the diets, in
which the maize-based diet had 9.4% of TDF while the sorghum
diet had 14.1% of TDF. In the current study, the experimental
diets were formulated to be isonutritive, so the levels of TDF were
kept closer (M= 21.4%, MS= 21.3%, MHT= 20.7%, andMSHT
= 23.1% of TDF). The total fiber could play a greater role in the
digestion and glycemia compared to the tannins.

According to Clifford and Scalbert (41), compared to CT,
the HT ones interact with proteins and form less stable bonds
that can be metabolized by the intestinal microbiota, making
them more soluble. Additionally, HT are absorbed mainly in
the small intestine and less fermented in the colon (42). Thus,
supplementation with HT in the current study may have been
completely metabolized and, thus, not enough to promote some
modulation in the glycemic response.

Based on the results obtained in this study and previously,
many factors are associated with the modulation of the
postprandial glycemic response in dogs. The use of sorghum,
containing CT, and the purified HT extract did not negatively
impact the digestibility of nutrients and energy and the fecal
and urinary characteristics evaluated as previously reported in
some studies. In fact, extrusion appears to have some impact
on phenolic compounds that are not recovered by the same
analytical method. Thus, the phenolic compounds could not be
related to any interference in the evaluated responses since they
were not detected in the same amount supplied in the diets before
extrusion. The partial substitution of maize for sorghum and the
addition of HT do not interfere in the postprandial glycemia
response in adult dogs. Maize and sorghum are capable of
providing similar amounts of nutrients to dogs. The substitution
of 50% of maize for sorghum can be a practice applicable in diets
without losing the nutritional value of the final diet.
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The popularity of plant-based protein sources has increased as consumer demand for

grain-free and novel protein sources increase. Minimal research has been conducted as

regards to use of legumes and yeast and their effects on acceptability and digestibility in

canine diets. The objective of this study was to evaluate macronutrient apparent total

tract digestibility (ATTD), gastrointestinal tolerance, and fermentative end-products in

extruded, canine diets. Five diets were formulated to be isocaloric and isonitrogenous

with either garbanzo beans (GBD), green lentils (GLD), peanut flour (PFD), dried yeast

(DYD), or poultry by-product meal (CON) as the primary protein sources. Ten adult,

intact, female beagles (mean age: 4.2 ± 1.1 yr, mean weight: 11.9 ± 1.3 kg) were

used in a replicated, 5 × 5 Latin square design with 14 d periods. Each experimental

period consisted of 10 d of diet adaptation, followed by 4 d of total fecal and urine

collection. A fasted, 5ml blood sample was collected at the end of each period and

analyzed for serum metabolites and complete blood count. Serum metabolites were

within normal ranges and all dogs remained healthy throughout the study. Fecal quality,

evaluated on a 5-point scale, was considered ideal. Macronutrient ATTD was similar

among dietary treatments, with diets highly digestible (>80%). Total fecal branched-chain

fatty acid concentrations were highest (P < 0.05) for DYD (23.4 µmol/g) than GLD (16.1

µmol/g) and PFD (16.0 µmol/g) but not different (P > 0.05) than other treatments.

The plant-based protein treatments had greater (P < 0.05) total fecal short chain

fatty acid (SCFA) concentrations (average 627.6 µmol/g) compared with CON (381.1

µmol/g). Fecal butyrate concentration was highest (P < 0.05) for DYD than all other

dietary treatments (103.9 µmol/g vs. average 46.2 µmol/g). Fecal microbial communities

showed Firmicutes, Bacteroidetes, Fusobacteria, and Proteobacteria as abundant

phyla. There was greater β-diversity for dogs fed DYD which differed from all other

diets in both weighted and unweighted UNIFRAC analyses. Inclusion of these novel,

plant-based, protein sources showed no detrimental effects on nutrient digestibility or

fecal characteristics and represent viable protein sources in canine diets that can produce

beneficial shifts in fecal metabolites.

Keywords: dog, digestibility, legume, microbiota, pulse, yeast
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INTRODUCTION

Recent trends in the pet food industry have centered on
providing high-protein diets that contain novel protein sources.
Legumes, pulses, and yeast, have been identified as alternatives
to traditional protein sources (i.e., animal-derived protein) to
satisfy consumer demand for non-traditional diets, such as grain-
free, while simultaneously meeting the nutritional requirements
of dogs.

The inclusion of legumes and pulses (crops in the Leguminosae
family harvested for the dry grain) can negatively impact
digestibility and fecal quality due to presence of anti-nutritional
factors and oligosaccharides (1, 2). However, they are protein-
rich ingredients that are easily incorporated into pet diets because
of their low lipid content (3, 4). Yeast (Saccharomyces cerevisiae)
products have shown beneficial health effects in several animal
models including the modulatory effects of colonic microbiota in
dogs (5–7).

Minimal research has been conducted as regards to the effects
on acceptability, digestibility, and fecal characteristics of legumes
and yeast when used as main protein sources in extruded canine
diets. Therefore, the objectives of this study were to evaluate
the effects of extruded canine diets containing green lentils
(GLD), garbanzo beans (GBD), peanut flour (PFD), or dried yeast
(DYD) on ATTD, gastrointestinal tolerance, fermentative end-
products, and fecal microbiota populations. It was hypothesized
that extruded diets containing legumes or yeast would result
in similar macronutrient digestibility to poultry by-product
meal (CON), as most of the anti-nutritional factors would be
deactivated during thermal processing. Greater saccharolytic
fermentation was expected in dogs fed the legume or yeast
containing-diets due to their intrinsically greater dietary fiber
content and composition.

MATERIALS AND METHODS

Experimental Design
All animal care protocols used in this study were approved by the
Institutional Animal Care and Use Committee at the University
of Illinois at Urbana-Champaign. All methods were performed in
accordance with the United States Public Health Service Policy
on Humane Care and Use of Laboratory Animals.

Ten adult, intact, female Beagles (average age: 5.0 ± 1.2 yr,
average weight: 11.9 ± 1.3 kg, average body condition score:
5.9 on a 9-point scale) were used in a replicated 5 × 5 Latin
square design. Each 14 d experimental period consisted of a
10 d diet adaptation phase, followed by a 4 d total fecal and
urine collection phase. On day 14 of each experimental period,
a 5ml, fasted, blood sample was collected from all dogs for
a serum chemistry and complete blood count (CBC) analyses
conducted at the University of Illinois Veterinary Medicine
Diagnostics Laboratory (Urbana, IL). The dogs were housed in
a temperature-controlled room at the Veterinary Medicine Basic
Sciences Building with a 14 h light/10 h dark schedule. The dogs
were individually housed in kennels (1.2m wide by 1.8m long)
during the diet adaptation phases which permitted nose to nose

contact with dogs in adjacent runs and visual contact with all dogs
in the room. During collection phases, the dogs were individually
housed in metabolic crates. The dogs were fed twice daily (8:00
and 16:00) with ad libitum access to water throughout the study.

Dogs were randomly assigned to one of five diets formulated
with either garbanzo beans (GBD), green lentils (GLD), peanut
flour (PFD), a dried yeast product (DYD), or poultry by-
productmeal (CON) as the primary protein source (Table 1). The
legumes and yeast were included at the expense of poultry by-
product meal and rice to provide test diets with similar nutrient
composition and energy content. All diets were formulated to be
complete and balanced according to AAFCO (8) recommended
values for adult dogs at maintenance. Diets were extruded by
Wenger Manufacturing (Wenger Manufacturing, Inc., Sabetha,
KS). Extrusion processing parameters (Supplementary Table 1)
were adjusted as needed to ensure uniformity of the final product
characteristics (e.g., density, texture, and kibble size). Food
intake was individually calculated to maintain body weight based
on metabolizable energy requirements. Any food refusals were
measured after each meal throughout the duration of the study.
Body weight and body condition were measured weekly and food
intake was adjusted accordingly during the adaptation phase to
maintain body weight, if necessary.

Sample Collection and Preparation
A fresh fecal sample was collected from each dog within 15min
of defecation and analyzed for pH, dry matter (DM), short-
chain fatty acids (SCFA), branched-chain fatty acids (BCFA),
ammonia, phenols, indoles, and microbiota. All fecal samples
were assessed for fecal quality using 5-point scoring system:
1 = hard, dry pellets; 2 = hard formed, remains firm and soft,
3 = soft, formed and moist stool; 4 = soft, unformed stool; or
5 = watery, liquid that can be poured. Dry matter was analyzed
in 2 g duplicates and dried for 48 h in a 105◦C forced-air oven. For
analysis of BCFA, SCFA, and ammonia, 5 g of feces were collected
in a 30ml Nalgene bottle containing 5ml of 2N hydrochloric
acid. Phenols/indoles were collected by weighing 2 g of feces
into duplicate plastic tubes and covered in Parafilm. Short-chain
fatty acid and phenol/indole samples were stored at −20◦C until
analysis. Fecal sample allocated for microbiota were stored in
2ml cryovials and stored at−80◦C until analysis.

Total feces and urine were collected simultaneously during the
4 d collection phase of the study. All fecal samples were weighed,
quality scored, and stored at −20◦C until analyzed to determine
macronutrient apparent total tract digestibility (ATTD). Total
urine was collected into Nalgene bottles containing 10ml of 2N
hydrochloric acid and weighed. A 25% subsample of the total
weight was collected and stored at−20◦C until analysis.

A 5ml, fasted, blood sample was collected via jugular
venipuncture from all dogs as a health check at the end of each
experimental period. Serummetabolites were analyzed using 4ml
of blood collected in a serum separator vacutainer tube and a
CBC was analyzed using the remaining 1ml of blood collected
in an EDTA vacutainer tube (Becton, Dickinson and Company,
Franklin Lakes, NJ).
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TABLE 1 | Ingredient composition of canine diets containing legumes or yeast.

Dietary treatment

Ingredient Control Garbanzo bean Green lentils Peanut flour Dried yeast

Garbanzo bean – 43.56 – – –

Green lentil – – 44.65 – –

Peanut flour – – – 28.08 –

Dried yeast – – – – 29.88

Poultry by-product meal 33.5 22.26 19.15 11.22 10.00

Rice 42.96 10.00 10.00 38.46 33.87

Poultry fat 8.47 8.74 10.14 4.43 8.26

Corn 10.00 10.00 10.00 10.00 10.00

Dried beet pulp 2.50 2.50 2.50 2.50 2.50

Palatant 1.00 1.00 1.00 1.00 1.00

Ca carbonate 0.78 0.66 0.57 1.51 1.89

Dical. phosphate – 0.49 1.20 2.00 1.80

Salt 0.30 0.30 0.30 0.30 0.30

Vitamin premix1 0.18 0.18 0.18 0.18 0.18

Mineral premix2 0.18 0.18 0.18 0.18 0.18

Choline chloride 0.12 0.12 0.12 0.12 0.12

BHT (antioxidant) 0.02 0.02 0.02 0.02 0.02

1Provided per kg diet: 17.4mg manganese (MnSO4 ), 284.3mg iron (FeSO4 ), 17.2mg copper (CuSO4 ), 2.2mg cobalt (CoSO4 ), 166.3mg zinc (ZnSO4 ), 7.5mg iodine (KI), and 0.2mg

selenium (Na2SeO3 ).
2Provided per kg diet: 10.8mg copper (CuSO4 ), 0.36mg selenium (Na2SeO3 ), 150mg zinc (ZnSO4, ZnO), 2,562.8 IU vitamin A, 254 IU vitamin D3, 32.1 IU vitamin E.

Maillard Reaction Product Analysis
A sample of each diet was analyzed for the presence
of Maillard reaction products (MRP). The analyzed
MRP were hydroxymethylfurfural (HMF), furosine (FS),
carboxymethyllysine (CML), and fructoselysine (FL). Reactive
lysine content of the dietary treatments were calculated using the
furosine procedure (9).

The samples were analyzed for HMF using the HPLC
procedure with modifications (10). Dried sample (100mg) was
homogenized for 30min with 1.3ml of 1.2% (w/v) glacial acetic
acid solution in water and 50 µl of Carraz I and 50 µl of Carraz II
reagents (Carrez Clarification Kit, Sigma-Aldrich, St. Louis,MO).
The mixture then was centrifuged (model 5416C Eppendorf
Centrifuge, Brinkman Instruments, Inc., Westbury, NY) at a rate
of 10,000 x g for 30min. The supernatant was filtered through
0.2µm PTFE filter. An isocratic HPLC system was used with
Alliance 2695 separation module (Waters Corporation, Milford,
MA), an Inertsil ODS-3 column (25 cm × 0.46 cm i.d. × 5µm
df; MetaChem Technologies, Inc., Torrance, CA), and a 1050
Diode Array Detector (DAD, Agilent Technologies, Inc., Palo
Alto, CA). HPLC grade water and methanol, added in a ratio
of 90:10 (v/v), was used as a mobile phase at 1 ml/min flow rate
for separations. The wavelength for HMF was detected at 284 nm
using a UV detector.

Samples were analyzed for FS and CML using gas
chromatography-mass spectrometry (11). The defatting
step was modified by adding 50mg of the dried sample and
5ml pentane to a 15ml screw cap, glass tube with a PTFE-lined
cap. The samples then were vortexed for 5min, centrifuged to
separate the particulate, and the excess pentane was removed.

A 50 µl internal standard solution, composed of 1.15 mg/ml
of cycloleucine in water, was added. The defatted sample then
was hydrolyzed and derivatized (11). Concentration of FL was
calculated from FS (12).

Chemical Analyses
Fecal samples were composited by dog and experimental period
and dried in a 57◦C forced-air oven. Diet and fecal samples
were ground through a 2mm screen using a Wiley mill (model
4, Thomas Scientific, Swedesboro, NJ) and were analyzed for
DM, ash, organic matter (OM), acid hydrolyzed fat (AHF), crude
protein (CP), gross energy (GE), and total dietary fiber (TDF).
Dry matter, ash, and OM were determined according to AOAC
(13) methods 934.01 and 942.05. Total nitrogen values were
determined according to AOAC (13) method 992.15 with CP
calculated from Leco (TruMac N, Leco Corporation, St. Joseph,
MI). Acid hydrolyzed fat, used to measure total fat content (14,
15). Gross energy was analyzed with bomb calorimetry (Model
6200, Parr Instruments Co., Moline, IL). Total dietary fiber was
analyzed (16).

Fecal concentrations of SCFA and BCFA were measured using
gas chromatography (17). Fecal ammonia concentrations were
determined (18). Fecal phenol and indole concentrations were
analyzed through gas chromatography (19).

Anti-nutritional Factors and
Oligosaccharides
Processing samples were collected for all diets throughout the
extrusion process. Samples were taken of the base mix, after
the preconditioner, after the extruder, and the coated final diet
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at multiple time-points. Processing samples were analyzed for
trypsin inhibitors according to AACC (14) methods 22–40 s and
urease activity according to AACC (14) methods 22–90. Free
sugar profiles of substrates were determined (20, 21).

DNA Extraction, Amplification,
Sequencing, and Bioinformatics
Total DNA was extracted from fresh fecal samples using a
Mo-Bio PowerSoil kit (MO BIO Laboratories, Inc., Carlsbad,
CA). Quantification of DNA concentration was completed
using a Qubit R© 2.0 Fluorometer (Life technologies, Grand
Island, NY). A Fluidigm Access Array (Fluidigm Corporation,
South San Francisco, CA), in combination with Roche
High Fidelity Fast Start Kit (Roche, Indianapolis, IN), were
used for amplification of the 16S rRNA gene. The primers
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′), targeting a 292
bp-fragment of V4 region, were used for amplification (primers
synthesized by IDT Corp., Coralville, IA) (22). Fluidigm specific
primer, forward and reverse tags, were added in accordance
with the Fluidigm protocol. The quality of amplicons’ regions
and sizes were confirmed by Fragment Analyzer (Advanced
Analytics, Ames, IA). A DNA pool was generated through the
combination of equimolar amounts of the amplicons from
each sample. The pooled samples were selected by size on a
2% agarose E-gel (Life Technologies, Grand Island, NY) and
extracted using a Qiagen gel purification kit (Qiagen, Valencia,
CA). The pooled, size-selected, and cleaned products were then
analyzed on an Agilent Bioanalyzer to confirm appropriate
profile and mean size. The Roy J. Carver Biotechnology Center
at the University of Illinois performed Illumina sequencing on
a MiSeq using v3 reagents (Illumina Inc., San Diego, CA). A
FASTX-Toolkit (version 0.0.14) removed the Fluidigm tags.
Analysis of sequences was completed using QIIME 2.0 (22)
and DADA2 (version 1.14) (23). The high quality (quality value
≥ 20) sequence data, derived from the sequencing process,
were de-multiplexed. An opened-reference OTU clustered the
sequences into operational taxonomic units (OTU), choosing
against the SILVA 138 reference OTU database with a 97%
similarity threshold (24). The OTUs observed fewer than 2
times (singletons), as well as OTUs with <0.01% of the total
observation were discarded. An average of 56,012 reads were
obtained, with a total of 2,800,636 reads. The number of reads
ranged from 37,603 to 79,027 per sample. Rarefaction curves
based on observed species, Chao1, and the plateaus observed
in the phylogenetic distance whole tree measures suggest
sufficient sequencing depth. To analyze for diversity and species
richness, the dataset was rarified to 37,600 reads. Weighted
and unweighted unique fraction metric (UniFrac) distances
were performed by principal coordinates analysis (PCoA). This
measured the phylogenetic distance between sets of taxa in a
phylogenetic tree as a fraction of the branch length of the tree,
based on the 97% OTU composition and abundance matrix (25).

Statistical Analyses
All data were analyzed in SAS (SAS Institute, Inc., version
9.4, Cary, NC) using the MIXED models procedure with

the exception of fecal score data, which were analyzed using
the GLIMMIX procedure. The model was run with a fixed
effect of diet and a random effect of dog. The differences
among treatments were reported using a Fisher-protected least
significance test with a Tukey adjustment to control for the
Type 1 experiment-wise error. Means were considered to be
statistically significant using a probability of P < 0.05. The
reported standard errors of the means (SEM) were determined
from the MIXED models procedure in SAS. Statistical analysis
could not be performed on the MRP, anti-nutritional factor,
or oligosaccharide data because the procedures were only
performed using technical replicates.

RESULTS

Diet Proximate Analysis, Food Intake, and
Fecal Characteristics
Ingredient composition (Table 1) of all five diets was targeted to
be similar with the exception of the test ingredient. The percent
inclusion of the test ingredients varied in order for the diets to
have similar macronutrient composition (Table 2). Dry matter
content of the diets ranged from 91.8 to 93.9%. Macronutrient
composition of the dietary treatments is reported on a dry
matter basis (DMB). Control had the highest CP content (31.2%)
compared with the other dietary treatments, which ranged from
26.6 (PFD) to 29.1% (DYD).

Food intake (g/d, DMB) was significantly lower (P < 0.05) for
GLD, with an intake of 169.1 g/d, compared with CON, with an
intake of 175.6 g/d (Table 3). Other dietary treatments were not
different from each other (P > 0.05).

Fecal output (g/d, DMB) was highest (P < 0.05) for DYD at
33.6 g/d, but not different (P > 0.05) from GLD which was 30.8
g/d (Table 3). Control had the lowest (P < 0.05) fecal output at
24.1 g/d but did not differ (P > 0.05) from GBD (28.1 g/d) or
PFD (24.8 g/d). Fecal output on an as-is basis followed the same
pattern with DYD as the highest (P < 0.05) at 93.6 g/d and CON
as the lowest (P < 0.05) at 58.2 g/d. Despite the differences in
fecal output, no significant differences (P > 0.05) were observed
in fecal scores among all treatments (Table 3). All fecal scores
were within the ideal range of 2–3 with an average value of 2.5.
No significant differences (P > 0.05) were observed in total urine
output (Table 3) among treatments.

Maillard Reaction Products,
Anti-nutritional Factors, and
Oligosaccharides
The concentration of MRP (Figure 1) present in each of the
dietary treatments used in this study were measured. The
concentration of hydroxymethylfurfural (HMF) was highest in
PFD (41.4µg/g, DMB) compared with the other treatments,
which had an average HMF concentration of 18.1µg/g, DMB.
In the current study, DYD had the highest concentrations
of fructoselysine (FL), furosine (FS), and carboxymethyllysine
(CML) at 39.7, 12.6, and 69.7µg/g, respectively. For FL, the
remaining dietary treatments ranged from 11.2µg/g (GLD)
to 21.9µg/g (PFD). The range of FS concentration for the

Frontiers in Veterinary Science | www.frontiersin.org 4 June 2021 | Volume 8 | Article 667642156

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


Reilly et al. Novel Protein Sources for Dogs

TABLE 2 | Analyzed chemical composition and energy content of canine diets containing legumes or yeast.

Dietary treatment1

Item CON GBD GLD PFD DYD

Dry matter (%) 91.8 92.5 92.2 93.9 91.8

Dry matter basis

Crude protein (%) 31.2 26.9 27.4 26.6 29.1

Acid hydrolyzed fat (%) 15.9 17.3 14.5 15.1 15.6

Total dietary fiber (%) 11.2 11.9 11.2 10.5 17.7

Soluble (%) 5.6 3.9 4.2 4.6 6.8

Insoluble (%) 5.6 8.1 7.0 5.9 10.9

Ash (%) 7.2 7.0 7.1 7.0 7.6

Gross energy (kcal/g) 5.1 5.0 5.0 5.1 5.1

1CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, Dried yeast.

TABLE 3 | Food intake, fecal scores, and fecal output of dogs fed diets containing legumes or yeast as the primary protein source.

Dietary treatment1

Item CON GBD GLD PFD DYD SEM2

Food intake (g/d, as-is) 191.2a 186.9ab 183.3b 185.1b 186.1ab 4.235

Food intake (g/d, DMB3 ) 175.6a 172.9ab 169.1b 173.7ab 170.8ab 3.918

Fecal score 2.2 2.5 2.8 2.5 2.4 0.231

Fecal output (g/d, as-is) 58.2c 89.6ab 93.7a 73.2bc 93.6a 6.021

Fecal output (g/d, DMB3) 24.1c 28.1bc 30.8ab 24.8c 33.6a 1.541

Urine output (ml/d) 161.8 172.7 152.1 159.8 135.9 16.707

1CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, dried yeast.
2SEM, Standard error of the mean.
3DMB, Dry matter basis.
a−cMeans within a row with different superscripts are different (P < 0.05).

FIGURE 1 | Presence of Maillard reaction products (MRPs) in canine diets containing legumes or yeast as the primary protein source. DMB, Dry matter basis; CON,

Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, Dried yeast; HMF, Hydroxymethylfurfural; FL, Fructoselysine; FS,

Furosine; CML, Carboxymethyllysine. Statistical analysis could not performed due to use of technical replicates.

remaining dietary treatments was narrower from 3.6µg/g (GLD)
to 7.0µg/g (PFD). Lastly, for CML, the remaining diets ranged

from 13.8 (PFD) to 20.5µg/g (GBD). The dietary treatments
were determined to have minimal heat damage (Figure 2), with
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FIGURE 2 | Reactive lysine content in canine diets containing legumes or yeast as the primary protein source. DMB, Dry matter basis; CON, Poultry by-product meal

control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, Dried yeast.

TABLE 4 | Anti-nutritional factors and oligosaccharide content of legume-based canine diets at various processing stages.

Anti-nutritional factors (DMB1) Oligosaccharides (%, DMB1)

Diet stage of processing2 Trypsin inhibitor (TIU/g) Urease activity (1 pH units) Raffinose Stachyose Verbascose

Base mix

CON 0 0 0.04 0.03 0

GBD 4,385.0 0 0.27 0.61 0.01

GLD 731.3 0 0.14 1.15 0.39

After preconditioner

CON 0 0 0.03 0.05 0

GBD 4,486.9 0 0.28 0.26 0.01

GLD 1,533.7 0 0.15 0.56 0.08

After extruder

CON 0 0 0.05 0.04 0

GBD 1,182.8 0 0.24 0.66 0.03

GLD 495.9 0 0.17 1.22 0.31

Final diet

CON 0 0 0.03 0.03 0.01

GBD 0 0 0.27 0.72 0.02

GLD 0 0 0.15 1.17 0.43

1DMB, Dry matter basis.
2CON, Poultry by-product meal control; GBD, Garbanzo bean diet; GLD, Green lentil diet.

reactive lysine contents ranging from 99.6% (DMB) in PFD and
DYD to 99.9% in GLD.

Anti-nutritional factor content for the dietary treatments
at various stages of processing (Table 4) showed trypsin
inhibitor activity present in GBD and GLD at all stages
of processing until the final diet. The GBD base mix had
trypsin inhibitor activity measured at 4,385.0 TIU/g. After the
preconditioner, the activity was similar at 4,486.9 TIU/g, and
then decreased after the extruder to 1,182.8 TIU/g (DMB). There

was no urease activity detectable for any of the diets at any
processing stage.

Oligosaccharide content of the diets was measured at various
processing stages (Table 4). Raffinose content was numerically
higher for GBD at all processing stages, ranging from 0.24 to
0.28% (DMB). Stachyose content was higher for GLD at each
processing stage, ranging from 0.56% (after preconditioner) to
1.22% (after extruder). Similarly, verbascose content was highest
in GLD at each processing stage (0.39% base mix, 0.08% after
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TABLE 5 | Apparent total tract macronutrient and energy digestibility of dogs fed diets containing legumes or yeast as the primary protein source.

Dietary treatment1

Nutrient digestibility CON GBD GLD PFD DYD SEM2

Dry matter (%) 86.3a 83.7ab 82.1bc 85.6a 80.1c 0.793

Organic matter (%) 91.2a 87.5b 85.8bc 90.3a 84.3c 0.617

Crude protein (%) 86.6a 83.2bc 81.5c 85.0ab 83.7abc 0.863

Acid hydrolyzed fat (%) 94.7a 94.2ab 94.1b 95.5a 87.9c 0.327

Total dietary fiber (%) 50.8a 44.2a 26.7b 52.9a 42.2a 3.132

Digestible energy (kcal/g) 4.69a 4.46bc 4.37cd 4.49b 4.29d 0.029

Metabolizable energy (kcal/g) 4.44a 4.26b 4.13bc 4.27b 4.04c 0.041

1CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, dried yeast.
2SEM, Standard error of the mean.
a−dMeans within a row with different superscripts are different (P < 0.05).

preconditioner, 0.31% after extruder, and 0.43% in the final diet)
in contrast with other dietary treatments.

Apparent Total Tract Macronutrient and
Energy Digestibility
All diets were well-digested with macronutrient ATTD at or
above 80% (Table 5). In terms of DM, OM, CP, and AHF, PFD
and CON diets consistently had the highest (P < 0.05) ATTD.
Dogs fed DYD consistently had the lowest (P < 0.05) ATTD for
DM (80.1%), OM (84.3%), CP (83.7%), and AHF (87.9%). The
TDF digestibility of the diets did not differ (P > 0.05), with the
exception of GLD which was significantly lower (P < 0.05) at
26.7% than all other dietary treatments. Digestible energy content
(Table 5) were highest for CON (4.7 kcal/g) and lowest (P< 0.05)
for DYD with values of 4.3 kcal/g (DMB) but was not different
(P > 0.05) from GLD with values of 4.4 kcal/g. Metabolizable
energy content (Table 5) followed the same pattern as DE, with
dogs fed CON having the highest (P < 0.05) ME of 4.4 kcal/g and
dogs fed DYD and GLD having the lowest (P < 0.05) at 4.0 and
4.1 kcal/g, respectively.

Fecal Fermentative End-Products and
Serum Chemistry
Total fecal concentrations of SCFA (µmol/g, DMB) were lowest
(P < 0.05) for CON at 381.1 µmol/g (Table 6). Total fecal
SCFA concentrations in the other dietary treatments were not
significantly different from each other (P > 0.05) with GBD
being the highest at 711.0 µmol/g. Acetate and propionate
concentrations were highest (P < 0.05) for GBD at 459.5 µmol/g
and 207.2 µmol/g, respectively. At 103.9 µmol/g, DYD had the
highest (P < 0.05) butyrate concentration. This is more than
twice the butyrate concentrations measured in the other dietary
treatments, whichwere not significantly different from each other
(P > 0.05) with an average of 46.2 µmol/g.

Total fecal BCFA concentrations (µmol/g, DMB) were
highest (P < 0.05) for DYD at 23.4 µmol/g and lowest
(P < 0.05) for GLD and PFD at 16.1 µmol/g and 16.0 µmol/g,
respectively (Table 6). No significant differences were observed
in isobutyrate concentrations among the dietary treatments.
Isovalerate concentrations were higher (P < 0.05) for DYD at

12.3 µmol/g than GBD at 8.3 µmol/g. Valerate concentrations
were also higher (P < 0.05) for DYD at 3.6 µmol/g than PFD (1.1
µmol/g) and CON (1.0 µmol/g).

Total fecal phenol and indole concentrations (µmol/g, DMB)
were highest (P < 0.05) in dogs fed CON at 2.21 µmol/g
(Table 6). Dogs fed GLD had the lowest (P < 0.05) total
phenol and indole concentration with a value of 1.18 µmol/g.
Phenols were lowest (P < 0.05) for GLD (0.2 µmol/g) and
DYD (0.3 µmol/g) and highest (P < 0.05) for PFD, GBD
and CON, both of which had a phenol concentration of 0.5
µmol/g. Indoles were highest (P < 0.05) in DYD and CON with
values of 1.6 µmol/g and 1.7 µmol/g, respectively. The ammonia
concentration (Table 6) was lower (P < 0.05) for PFD (1.6 mg/g)
than CON (2.3mg/g), with the rest of the treatments not different
(P > 0.05) from each other.

Serum chemistry and a CBC were analyzed throughout the
study to monitor health of the dogs and to ensure dietary
treatments did not cause any negative health effects. All serum
metabolites (Table 7) were within normal ranges for all dietary
treatments. Additionally, the analyzed CBC components were
determined to be normal for healthy adult dogs (data not shown).

Fecal Microbiota
The microbial composition at the phylum level is shown
in Table 8. The most abundant phyla included Firmicutes
(ranging from 47% of the sequences for dogs fed PFD to
62% for dogs fed GBD), Bacteroidetes (16% for DYD to
25% PFD), and Fusobacteria (13% for GBD to 21% for
CON). Proteobacteria corresponded to 7% or less of the
sequences among dietary treatments. Actinobacteria comprised
∼1% of the sequences overall, while Deferribacteres and
Epsilonbacteraeota corresponded to <1% of the total sequences
among dietary treaments.

The microbial composition at the family level is shown
in Table 9, identifying over 30 different families. The relative
abundance at the family level varied among different treatments.
The most abundant families included Fusobacteriaceae,
Lachnospiraceae, Bacteroidaceae, Erysipelotrichaceae, and
Veillonellaceae. At the genus level, an increased relative
abundance of the genus Megamonas was observed in dogs fed
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TABLE 6 | Fecal fermentative end-product concentrations of dogs fed diets containing legumes or yeast as the primary protein source.

Dietary treatment1

Item (DMB2) CON GBD GLD PFD DYD SEM3

Fecal pH 6.57a 6.05ab 6.03b 6.37ab 6.05ab 0.135

Ammonia (mg/g) 2.3a 1.9ab 1.9ab 1.6b 2.1ab 0.124

SCFA4 (µmol/g)

Acetate 221.1c 459.5a 368.1b 361.6b 349.7b 19.803

Propionate 114.8b 207.2a 198.5ab 172.3ab 150.4ab 21.637

Butyrate 45.2b 44.4b 49.7b 45.4b 103.9a 7.604

Total SCFA 381.1b 711.0a 616.2a 579.3a 604.0a 37.575

BCFA4 (µmol/g)

Isobutyrate 7.8 6.5 5.6 6.3 7.4 0.653

Isovalerate 11.3ab 8.3b 8.6ab 8.6ab 12.3a 0.931

Valerate 1.0b 1.8ab 2.0ab 1.1b 3.6a 0.469

Total BCFA 20.1ab 16.7ab 16.1b 16.0b 23.4a 1.659

Phenols/indoles (µmol/g)

Phenols 0.5a 0.5a 0.2b 0.5a 0.3b 0.101

Indoles 1.7a 0.9b 1.1b 1.1b 1.6a 0.121

Total Phenol/Indoles 2.2a 1.5bc 1.2c 1.7bc 1.9b 0.158

1CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, dried yeast.
2DMB, Dry matter basis; SEM, Standard error of the mean.
3SEM, Standard error of the mean.
4SCFA, Short chain fatty acids; BCFA, Branched chain fatty acids.
a−cMeans within a row with different superscript letters are different (P < 0.05).

TABLE 7 | Serum metabolites of dogs fed diets containing legumes or yeast as primary protein sources.

Dietary treatment1

Item Reference range2 CON GBD GLD PFD DYD SEM3

Creatinine (mg/dL) 0.5–1.5 0.6 0.6 0.5 0.6 0.5 0.022

BUN (mg/dL)3 6.0–30.0 12.8 11.1 11.4 12.2 13.3 0.496

Total protein (g/dL) 5.1–7.0 6.1 5.9 5.9 5.8 6.2 0.125

Albumin (g/dL) 2.5–3.8 3.3 3.3 3.3 3.4 3.3 0.064

Globulin (g/dL) 2.7–4.4 2.7 2.6 2.6 2.6 2.7 0.097

Ca (mg/dL) 7.6–11.4 10.4 10.4 10.4 10.4 10.6 0.087

P (mg/dL) 2.7–5.2 4.3 4.4 4.8 4.3 4.2 0.146

Na (mmol/L) 141–152 144.6 144 144.5 145.1 144.9 0.464

K (mmol/L) 3.9–5.5 4.3 4.4 4.4 4.4 4.3 0.076

Na:K ratio 28–36 34.0 33.0 32.8 33.2 33.6 0.639

Cl (mmol/L) 107–118 109.7 109.9 109.5 109.9 109.9 0.672

Glucose (mg/dL) 68–126 97.0 95.7 91.1 96.0 95.3 2.511

Total Bilirubin (mg/dL) 0.1–0.3 0.2 0.2 0.2 0.2 0.2 0.011

Cholesterol (mg/dL) 129–297 235.9 237 216.2 226.8 213.8 13.741

Triglycerides (mg/dL) 32–154 76.0 72.2 73.5 84.4 67.0 7.093

Bicarbonate (mmol/L) 16–24 22.0 22.0 22.5 23.0 21.9 0.409

1CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, dried yeast.
2Reference ranges were provided by the University of Illinois Veterinary Diagnostics Laboratory.
3SEM, Standard error of the mean; BUN, Blood urea nitrogen.

GBD and GLD compared to the remaining treatment groups.
Additionally, dogs fed DYD had higher relative abundances of
several genera belonging to the Frimicutes phylum compared

with dogs fed the remaining dietary treatments, including
Clostridium Sensu Stricto 1, Ruminococcus Gauvreauii Group,
Romboutsia, Erysipelatoclostridium, and Erysipelotrichaceae
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TABLE 8 | Relative abundance of bacterial phyla and families of dogs fed diets containing legumes or yeast as primary protein sources.

Dietary treatment1

Phylum Family CON GBD GLD PFD DYD SEM2

Actinobacteria 0.9ab 1.9a 1.5ab 0.6b 0.9ab 0.308

Bifidobacteriaceae 0.5ab 1.1ab 1.3a 0.3b 0.7ab 0.308

Coriobacteriaceae 0.4ab 0.8a 0.2b 0.4ab 0.2b 0.133

Bacteroidetes 22.8ab 17.2b 20.2ab 25.4a 16.1b 1.988

Bacteriodaceae 14.1 12.2 13.9 17.0 12.3 1.473

Prevotellaceae 7.5a 4.7b 5.5ab 7.6a 3.8b 0.981

Firmicutes 48.2b 62.0a 55.3ab 46.7b 61.4a 3.298

Clostridiaceae 0.2b 0.2b 0.1b 0.4b 3.5a 0.506

Lachnospiraceae 18.9 16.6 14.6 18.1 15.1 1.718

Peptococcaceae 0.9a 0.8ab 0.5ab 0.6ab 0.3b 0.222

Peptostreptococcaceae 6.5ab 5.6ab 4.3b 4.7b 7.8a 0.751

Ruminococcaceae 8.6ab 5.2b 6.1b 9.5a 5.6b 0.942

Erysipelotrichaceae 6.1c 11.8b 10.6bc 5.4c 18.7a 2.027

Acidaminococcaceae 1.6ab 1.3bc 0.7c 2.1a 0.9bc 0.244

Veillonellaceae 2.0c 17.9a 12.8ab 5.5bc 4.8c 2.023

Fusobacteria 21.1a 13.4b 17.1ab 20.2ab 17.3ab 1.705

Fusobacteriaceae 21.1a 13.4b 17.1ab 20.2ab 17.3ab 1.705

Proteobacteria 7.1ab 5.5ab 5.8ab 7.1a 4.2b 0.767

Succinivibrionaceae 2.4ab 2.8a 3.0a 2.3ab 0.8b 0.525

Burkholderiaceae 4.2ab 2.5b 2.8b 4.6a 3.3ab 0.422

1CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, dried yeast.
2SEM, Standard error of the mean.
a−cMeans within a row with different superscript letters are different (P < 0.05).

UCG-003. However, due to the complexity of the hindgut
microbial composition, the changes in microbial diversity for
each dietary treatment were also determined.

The β-diversity was determined based on Bray-Curtis
Dissimilarity Analysis (Figure 3). Differences in microbial
diversity among dietary treatments were based on a combination
of p- and q-values <0.01. Dogs fed CON and PFD had similar
fecal microbial communities in contrast with dogs fed DYD,
GBD, or GLD. While GBD and GLD did not differ from each
other, DYD resulted in a different microbial composition. The
β-diversity based on weighted UniFrac analysis (Figure 4A),
showed fecal microbial community abundance was similar
between dogs fed CON and PFD. Additionally, dogs fed GBD
and GLD had similar microbial abundance. Dogs fed DYD
differed from all other dietary treatments. The β-diversity based
on unweighted UniFrac analysis (Figure 4B) showed an identical
pattern as the weighted UniFrac analysis. The α-diversity
(Figure 5), measured using Faith’s phylogenetic diversity (PD),
indicated that species evenness within a sample was higher
(P < 0.05) in dogs fed CON than dogs fed GLD.

The taxonomic differences were then characterized through
Linear Discriminant Analysis (LDA) Effect Size (LEfSe)
according to specific dietary treatments and protein sources
(Figure 6). According to the LDA scores, Lachnospiraceae
was a family featured in dogs fed PFD. Dogs fed GLD had
the Actinobacteria phylum featured, particularly taxonomic
groups related to bifidobacterium. Similar to GLD, dogs fed

GBD showed Actinobacteria as a discriminant feature, along
with Megamonas, a genus from the Firmicutes phylum, and
Negativicutes class. Firmicutes, along with several taxonomic
groups within this phylum, and Erysipelotrichales were featured
in dogs fed DYD. Dogs fed CON featured taxa mostly from
Firmicutes and Bacteroidetes phyla.

DISCUSSION

Diet, Food Intake, and Fecal
Characteristics
All 5 diets were formulated to target similar nutrient and
ingredient composition, with the exception of the primary
protein source, which was included at the expense of poultry by-
product meal and rice. The inclusion level of the legumes and
yeast ingredients varied tomake the diets as isocaloric as possible.
The difference in food intake (DMB) observed in dogs fed GLD
and CON can be attributed to the individualized preference of
the dogs or the lowered AHF content of GLD. Overall, diets were
well-accepted and did not result in inadequate daily food intake
or body weight loss during the study.

The large numerical differences between fecal output on
an as-is basis and fecal output on a DMB are indicative of
the substantial water-holding capacity of legumes. Legumes
and pulses typically contain ∼30% dietary fiber (2) which
are responsible for the water-holding capacity of the legumes
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TABLE 9 | Relative abundance of bacterial genera of dogs fed diets containing legumes or yeast as the primary protein source.

Dietary treatment1

Phylum Genus CON GBD GLD PFD DYD SEM2

Actinobacteria Collinsella 0.4ab 0.8a 0.2b 0.4ab 0.2b 0.133

Bacteroidetes Alloprevotella 3.3a 1.6bc 2.3ab 3.1a 0.5c 0.422

Prevotellaceae Ga6A1 Group 2.0a 1.1bc 0.2c 1.5ab 0.8bc 0.257

Firmicutes Clostridium Sensu Stricto 1 0.2b 0.2b 0.1b 0.4b 3.5a 0.506

Ruminococcus Gauvreauii Group 0.1b 0.3b 0.3b 0.1b 1.6a 0.132

Ruminococcus Torques Group 3.9a 1.5b 1.4b 3.1ab 1.9b 0.464

Peptococcus 0.9a 0.8ab 0.5ab 0.6ab 0.3b 0.222

Romboutsia 1.2b 1.7b 1.5b 1.1b 3.3a 0.343

Butyricicoccus 0.1b 0.7a 0.6a 0.2ab 0.1b 0.109

Faecalibacterium 6.1ab 2.9c 3.9bc 7.3a 4.7abc 0.812

Negativibacillus 0.5a 0.1bc 0.1bc 0.5ab 0c 0.117

Erysipelatoclostridium 0.4b 0.0b 0.2b 0.3b 3.4a 0.214

Erysipelotrichaceae UCG-003 0.1b 0.4b 0.6ab 0.2b 1.4a 0.271

Faecalitalea 0.1b 0b 0.2b 0.1b 0.6a 0.134

Phascolarctobacterium 1.6ab 1.3bc 0.7c 2.1a 0.9bc 0.244

Megamonas 1.9c 17.6a 12.1ab 5.4bc 4.5c 2.099

Fusobacteria Fusobacterium 21.1a 13.4b 17.1ab 20.2ab 17.3ab 1.705

Proteobacteria Anaerobiospirillum 2.4a 2.8a 3.0a 2.2ab 0.8b 0.525

Sutterella 2.7ab 2.1ab 1.8b 3.4a 2.8ab 0.363

1CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, dried yeast.
2SEM, Standard error of the mean.
a−cMeans within a row with different superscript letters are different (P < 0.05).

FIGURE 3 | Principal coordinated plots of Bray Curtis Dissimilarity analysis of fecal microbial communities of dogs fed diets containing legumes or yeast as the

primary protein source. CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, Dried yeast.

included in these diets. The water-holding capacity of legumes
have been shown to increase after cooking processes (26) such
as extrusion. A previous study corroborated these findings,
demonstrating that the fecal moisture content of dogs fed
either lentils or peas was higher than dogs fed a rice diet
(27). Despite the differences in fecal output in the current
study, this did not impact the fecal quality among dogs fed the
different treatments.

Maillard Reaction Products
Maillard reactions are spontaneous, non-enzymatic, browning
reactions that occur between a reducing sugar and a free
amino group in a protein when exposed to heat. While
Maillard reactions can improve palatability, advanced stages can
negatively impact protein quality (28, 29). Lysine is particularly
reactive in Maillard reactions due to the presence of an epsilon
amino group, reducing its availability (30). Because lysine is
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FIGURE 4 | Principal coordinated plots of weighted (A), and unweighted (B)

UNIFRAC distances of fecal microbial communities of dogs fed diets

containing legumes or yeast as the primary protein source. CON, Poultry

by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD,

Peanut flour; DYD, Dried yeast.

commonly the first or second-limiting amino acid in commercial
pet foods, a reduction in lysine availability can result in decreased
protein quality of the diet (31).

Hydroxymethylfurfural is a common intermediate product
and a common marker of advanced stages of the Maillard
reaction (12, 32). The higher concentration of HMF observed in
PFD could be attributed to using a dark roasted peanut flour in
the diet. While Maillard reactions that occur during the roasting
process are responsible for color and flavor development of
peanut flour, it can also negatively impact the protein quality of
the ingredient. One study showed that as roast color darkened,
the amount of available lysine present in peanut flour decreased
(33). With an inclusion of peanut flour at nearly 30% in the
current study, the exposure of the peanut flour to dark roasting
conditions and the added exposure to extrusion temperatures
could contribute to the higher concentration of HMF in the
overall diet. One study estimated that a 70 kg adult human has an
average daily intake of 0.28mg HMF/kg BW0.75 compared with

a 20 kg adult dog, fed a commercial extruded diet, which ingests
34.5mg HMF/kg BW0.75 per day (12). This 122-fold difference
is possibly attributed to the fact that dogs are monophagous and
consistently consume higher protein commercial diets that often
undergo heat processing.

The acid hydrolysis of FL causes a chemical conversion to FS,
regenerated lysine, and pyridosine (34). The formation of FS is
considered to be constant at about 30–34% yield (34), allowing
it to be used as an indirect measure of FL. A large amount of
variation has been previously reported in the FL and FS contents
of canine diets based on processing or storage conditions (12,
35). Extruded, canned, and pelleted canine diets and found FL
contents of 0.71, 4.46, and 0.21 g/kg (DMB), respectively (12).
Additionally, the FS contents of the diets were 14.1, 21.7, and
11.5 g/kg (DMB), respectively. A different study measured the
FS content of a single extruded dog diet to be 0.9 mg/g (as-is)
but increased to 1.5 mg/g after 12 weeks of storage at 22.2◦C or
3.2 mg/g after 12 weeks of storage at 37.8◦C (35). The FL or FS
contents in these previous studies are higher than the FS and FL
measured in the current study, potentially due to differences in
extrusion parameters or storage conditions of the diets.

The FS content of the diets was also used to calculate the
concentration of reactive lysine, or the lysine available for protein
synthesis (9). One of the limitations of using the furosine method
to determine reactive lysine is the assumption that furosine
comprises 32% of Amadori products, a value derived from the
Amadori products present in milk (9, 36). Some variation in
reactive lysine content has been observed in extruded canine
diets, potentially due to the differences in processing parameters.
A previous study has measured the reactive to total lysine content
of extruded commercial canine maintenance and growth diets
to be 0.85 and 0.75, respectively (37, 38). Similarly, the reactive
to total lysine ratio was analyzed in commercially-available
extruded, canned, and pelleted canine diets to be 0.90, 0.98, and
0.84, respectively (37, 38).

The formation of CML in foods is often used as a marker for
advanced glycation end-products (AGE) that have been linked
to negative health effects in humans, rats, and dogs, such as
increased inflammatory and oxidative stress or insulin resistance
(39–42). Therefore, CML is commonly measured in human
foods to help prevent the formation of AGE (41), but CML
concentrations have not been extensively measured in canine
diets. One studymeasured the CML concentration to be 15.4 g/kg
(DMB) in extruded adult canine diets. In canned adult canine
diets, the CML concentration was 36.5 g/kg (12).

Anti-nutritional Factors and
Oligosaccharides
Anti-nutritional factors are protective metabolites in plants that
deter consumption of the plant by birds or pests (43). Trypsin
inhibitors, classified into either Kunitz or Bowman-Birk families,
reduce digestion and absorption of protein in legumes through
modulation of trypsin, an important protease (44, 45). However,
heat processing methods have been proven to be effective in
reducing or eliminating trypsin inhibitors (45, 46) increasing
digestion and improving palatability of legumes (47). Extrusion
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FIGURE 5 | Alpha-diversity analysis of fecal microbial communities, measured by Faith’s phylogenetic diversity (PD), of dogs fed diets containing legumes or yeast as

the primary protein source. CON, Poultry by-product meal control; GBD, Garbanzo bean; GLD, Green lentil; PFD, Peanut flour; DYD, Dried yeast.

has been shown to decrease trypsin inhibitor activity in extruded
soybean meal diets from 2.7 mg/g to 0.6 mg/g (48). Additionally,
extrusion of raw lentil flour demonstrated a 98.3% to 99.5%
reduction in trypsin inhibitor activity at extrusion temperatures
ranging from 140 to 180◦C (49). The extrusion temperatures of
the diets used in the current study were sufficient in eliminating
the trypsin inhibitor activity in the final test diets and, therefore,
did not negatively impact protein digestibility.

Urease is an enzyme present in many legumes that is
responsible for catalyzing the hydrolysis reaction of urea to
ammonia and carbon dioxide (50). Urease activity is measured
through the increase in pH caused by the accumulation of
ammonia (51), which can be used as an indirect marker of the
presence of anti-nutritional factors. Traditionally, urease activity
of 0.05 1 pH units or less is indicative of over-processing
of soybeans, while 0.25 1pH units or higher indicates over-
processing (52, 53). However, this range corresponds to the
processing of the soybean ingredient only and may not be
applicable to a pet diet matrix where many ingredients have
been processed prior to inclusion which explain the lack of
urease activity measured in the dietary treatments used in the
current study. Additionally, urease is more susceptible to heat
treatment than trypsin inhibitors (54). Therefore, it would be
expected that there would be negligible urease activity when
trypsin inhibitors were also inactivated in the final test diets.
One previous study reported similar urease activities in extruded
canine diets containing traditional or defatted soybean meal or
micronized, toasted, or raw soybeans (55). The urease activity
of all of the dietary treatments ranged from 0 to 0.04 1 pH
units after extrusion (55). A different study analyzed the urease
activity of extruded canine diets containing either 30% poultry
by-product meal or soybean meal and observed slightly higher
urease activity (1 pH of 0.05 and 0.08, respectively) than that
measured in the current study (56).

The inclusion of legumes in companion animal diets have
been negatively associated with increased gas production and

gastrointestinal discomfort (57, 58). Stemming from the rapid
fermentation of α-galactooligosaccharides in the hind gut (59).
These negative effects have been shown to be mitigated through
heat treatment, such as extrusion (60), whichmay explain the lack
of gastrointestinal distress observed in the dogs in the current
study. However, inconsistencies in heat treatment impacting
oligosaccharide concentrations have been reported (61). The
raffinose and stachyose content of dried pea flour in a previous
study decreased from 1.6 and 2.0%, respectively, in the raw flour
to 0.8 and 1.5%, respectively, after extrusion (62). However, the
oligosaccharide content in the diets from the current study did
not consistently decrease throughout the stages of extrusion,
as was hypothesized. A different study only noted a consistent
decrease in sucrose concentration as a result of extruding black
bean flour, with variable results measured for stachyose content
(63). Pre-treatment of the ingredients, such as soaking or pre-
cooking, could aid in decreasing the oligosaccharide content in
these ingredients compared with raw ingredients (60). It has also
been suggested that both cultivar and processing conditions can
impact the ability of the oligosaccharides to be reduced during
extrusion (61, 62).

Apparent Total Tract Macronutrient and
Energy Digestibility
Nutrient digestibility is an important factor to consider during
diet formulation, as the digestibility of nutrients does not occur
individually, but results from associative effects in the diet matrix
(64). In the current study, all dietary treatments were considered
to be well-digested by dogs, with macronutrient ATTD higher
than 80% digestible. The only exception was TDF.

The macronutrient ATTD in dogs fed lentils or garbanzo
beans has demonstrated variable responses in previous studies.
A previous study analyzed a diet containing 69.5% lentils had
apparent total tract DM, OM, CP, and fat digestibility at 74.5,
79.3, 79.9, and 89.4%, respectively (27). However, the ATTD of
TDF reported for the lentil diet in this study was higher (33.4%)
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FIGURE 6 | Linear discriminant analysis (LDA; A) effect size (LEfSe;

B) Analysis of fecal microbiota of dogs fed legumes or yeast as the primary

protein sources. CON, Poultry by-product meal control; GBD, Garbanzo bean;

GLD, Green lentil; PFD, Peanut flour; DYD, Dried yeast.

than the current study (26.7%). A different study measured
higher ATTD of DM, OM, and CP in dogs fed a combination of
120 g/kg garbanzo beans and lentils to be 90.7, 92.3, and 92.3%,

respectively (64). In dogs fed garbanzo beans and lentils, the ME
content was calculated at 3.5 kcal/g (65).

Few studies have focused on evaluating the digestibility
of peanut flour. One study analyzed the apparent ileal CP
digestibility of a diet containing 31% peanut flour in broiler
chickens and growing pigs (66). The apparent ileal CP
digestibility of peanut flour was 77% when fed to broiler chickens
and 79% when fed to pigs (66). Similarly, in a separate study,
broiler chickens fed either 100 or 200 g/kg peanut flour meal had
DM ATTD of 72 and 70%, respectively (67). In that study, the
ME content of broiler chickens fed 100 or 200 g/kg peanut flour
meal were estimated to be 3.77 and 3.91 kcal/g, respectively (67).
As mentioned previously, the lowered CP digestibility could be a
result of the roasting process of the peanuts which can damage
lysine making it unavailable for protein synthesis. In one of the
few studies available that evaluated peanut flour in canine diets,
dogs were fed a diet containing 7% peanut flour and reported
true nitrogen digestibility to be 93% compared with casein (98%),
defatted whole egg powder (96%), dried egg albumin (84%), and
dried beef muscle (98%) (68).

The digestibility of DYD is consistent with previous studies
that evaluated various yeast products in dogs. The effects of
a live yeast supplement on macronutrient ATTD in young
Beagles was previously analyzed (6). The ATTD of DM (68.4%),
ash (23.8%), and CP (66.5%) reported were lower than the
digestibility measurements in the current study (6). The ATTD of
crude fat (87.7%) measured in that study was similar to the AHF
digestibility in the current study (87.9%). However, differences
in fat extraction methods should be taken into account when
comparing these results as crude fat often underestimates total
lipid content and while creating more variability (69). Another
study analyzed the effects of supplementing a Saccharomyces
cerevisiae fermentation product onmacronutrient ATTD in adult
dogs (7). The apparent total DM, OM, and CP digestibilities of
dogs supplemented with 125 mg/d were similar to the current
study at 87.0, 89.0, and 87.7%, respectively. Dogs supplemented
with 500 mg/d of the fermented yeast product had apparent
total DM, OM, and CP digestibilities of 86.5, 88.6, and 86.8%,
respectively (7). Lastly, a study measured the macronutrient
ATTD of dogs fed 15% brewer’s yeast, 15% autolyzed sugarcane
yeast, or 15% integral sugarcane yeast (70). The dogs fed 15%
brewer’s yeast had apparent DM, OM, CP, and AHF digestibilities
of 82, 86, 86, and 88%, respectively. Similarly, the DM, OM,
CP, and AHF digestibilities of dogs fed integral sugarcane yeast
were 82, 86, 83, and 86%, respectively, while the autolyzed
sugarcane yeast was slightly lower at 79, 84, 80, and 84%,
respectively (70).

Fecal Fermentative End-Products
The production of SCFA is a result of dietary fiber entering
the large intestine and being degraded by saccharolytic bacteria
(71). In the current study, the fecal concentrations of SCFA
from dogs fed the legume- and yeast-based diets are indicative
of increased saccharolytic fermentation compared with CON. It
has been reported the total SCFA fecal concentrations of dogs
fed a diet containing 15% garbanzo beans to be 163 µmol/g
compared with a diet containing 15% pea flour (179 µmol/g)
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and a commercial diet (182 µmol/g) (72). Acetate, propionate,
and butyrate concentrations for the 15% garbanzo bean diet
were 68, 47 g, and 15.2 µmol/g, respectively (72). The lower
fecal SCFA concentrations reported compared with the current
study could be due to the lower inclusion of the garbanzo
beans in their diet, resulting in less saccharolytic fermentation in
the hindgut.

Acetate is typically the most abundant SCFA produced (73),
which is reflected in the acetate concentrations measured for all
five dietary treatments in the current study. Fecal concentrations
of butyrate in dogs fed DYD more than doubled that of dogs
fed the remaining diets, potentially due to the β-glucan content
of yeast. Previous studies did not observe the same pattern in
butyrate concentrations of dogs supplemented with 125, 250,
or 500 mg/d of a fermented yeast product (48.2, 35.6, and
42.8 µmol/g (DMB), respectively) compared with dogs not
supplemented with yeast (38.6 µmol/g) (7). The differences may
be due to the use of a fermented yeast product rather than whole-
body dried yeast, as well as the lower dietary inclusion of the yeast
product compared to the level of dried yeast in the current study.

Proteolytic fermentation takes place mainly in the distal large
intestine, with BCFA as the primary end-products (74). Few
studies are available evaluating fecal BCFA concentrations in
dogs fed legume-based sources. However, similar total fecal
BCFA concentrations as the current study in dogs fed 15%
garbanzo beans at 13.1 µmol/g comprised of 3.8 µmol/g
isobutyrate, 7.8 µmol/g isovalerate, and 1.5 µmol/g valerate have
been reported (72).

Fecal Microbiota
It has been well-established there is a definitive link between
the metabolic roles of the gastrointestinal microbiota and
canine health (75). Dietary modulation of the gastrointestinal
microbiota can impact gut health and physiology, host immunity,
and alter metabolic pathways (76). Previous studies have
exemplified the use of legumes and yeast to modify the
gastrointestinal microbiome.

In dogs fed 15% chickpea or peas, Firmicutes, Bacteroidetes,
and Fusobacterium were the most abundant phyla represented
(72), which corroborates the findings in the current study. At
the genus level, dogs fed diets containing chickpeas had a lower
relative abundance of Prevotella, Alloprevotella, and Sutterella
than dogs fed a raw meat diet (72). In that same study, dogs fed
a pea-based diet had a higher relative abundance of Megamonas
compared to dogs fed a raw meat diet. A similar pattern was
observed in the current study, with dogs fed GLD and GBD
having higher relative abundances of Megamonas than dogs
fed the remaining treatments. In addition to being a major
propionate producer, Megamonas expresses α-galactosidase, a
key enzyme in the degradation of galacto-oligosaccharides (77).
Legume plants, including oilseeds like soybeans and pulses,
contain galacto-oligosaccharides (i.e., raffinose, stachyose, and
verbascose). These can be hydrolyzed to D-galactose and
sucrose by the enzyme α-galactosidase, an enzyme not found
in the canine digestive tract. Therefore, the increased relative
abundance ofMegamonas demonstrates an adaptation of the gut

microbiota of dogs fed the GLD and GBD treatments to the
consumption of oligosaccharides.

One study examined the influence of 25% navy beans
on the canine gut microbiota using pyrosequencing of 16S
rRNA and determined no changes in relative abundances at
the phylum or family level compared with a negative control
(a meat and bone meal and rice diet with 0% inclusion of
navy bean powder) (78). In mice fed graded levels of lentils
(5, 10, 20%), the relative abundance of Firmicutes accounted
for 50% of the total phyla for mice fed 10 and 20% lentils
but lower (42%) for mice fed 5% lentils compared with the
basal diet, indicating the change may be dose-dependent (79).
Increased relative abundance of Bifidobacterium have been
reported when a bean extract diet was fed to mice (80). In
this study, Actinobacteria and Bifidobacteriaceae were generally
increased in dogs fed GLD and GBD in contrast with other
treatments groups.

Previous studies have demonstrated that live Saccharomyces
cerevisiae supplementation in dogs has decreased pathogenic
bacteria, such as Escherichia coli (6). At the phylum level,
dogs supplemented with a yeast fermentative product had a
higher relative abundance of Actinobacteria and Firmicutes
(7). Additionally, the fecal microbial composition of dogs
supplemented with 1.4% yeast cell wall in raw chicken or
beef diets. The yeast cell wall inclusion in both chicken
and beef diets resulted in an increase of Megamonas within
the Firmicutes phyla (2.4% in beef and 3.6% in chicken)
compared with the 1.7% in dogs fed the control beef
diet and 0.6% in dogs fed the control chicken diet (81).
Saccharolytic bacteria produce SCFA through a complex cross-
feeding system within the gastrointestinal microbiota (73,
82). Firmicutes has been shown to be primarily a butyrate
producer in humans (83, 84), which may be an explanation
for the increased fecal butyrate concentration measured in the
current study.

Although diet is the primary factor determining microbial
composition in the gastrointestinal tract (85), individual
variation within a population can influence the dietary effect on
the gut microbiota. Factors such as life stage, sex, breed, and
health status can impact how the microbiota are modulated and
are important considerations (86, 87).

CONCLUSIONS

The high inclusion of legumes and yeast in extruded diets was
well-accepted by dogs throughout the study. The analyzed serum
chemistry and CBC were all within normal ranges for healthy
adult dogs for the duration of the study. No negative effects were
observed in fecal quality and all diets were highly digestible for
all macronutrients. Dogs fed the experimental diets had greater
SCFA concentrations than dogs fed CON. In particular, dogs
fed DYD had high butyrate concentrations. Therefore, it can be
concluded that these proteins are viable novel sources that can
safely be included in canine diets, with inclusion levels over 40%
for garbanzo beans and green lentils, and near 30% inclusion
levels for peanut flour and dry yeast.
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Although dietary fiber is not considered an essential nutrient in a complete and balanced

diet for felines, it provides a substrate for fermentation by gut microbiota, thus promoting

gastrointestinal health through the production of fermentative metabolites, as well as

improving laxation. The aim of this research was to evaluate the novel fiber source,

Miscanthus grass (Miscanthus giganteus), in comparison with traditional fiber sources

and their effects on fecal quality, apparent total tract digestibility (ATTD), fecal fermentative

end products, and microbiota of healthy adult cats. Four dietary treatments were

evaluated, differing in dietary fiber source. The diets were formulated to meet or exceed

the AAFCO (2018) nutritional profile for adult cats and contained either cellulose (CO),

Miscanthus grass fiber (MF), a blend ofMiscanthus fiber and tomato pomace (MF + TP),

or beet pulp (BP). The study was conducted using a completely randomized design with

28 neutered adult, domesticated shorthair cats (19 females and 9 males, mean age 2.2

± 0.03 years; mean body weight 4.6 ± 0.7 kg, mean body condition score 5.6 ± 0.6).

The experimental period comprised 21 days, and a fresh fecal and a total fecal collection

were performed during the last 4 days of the trial period. Daily food intake (DM basis) was

similar across all groups (P > 0.05). Additionally, treatment did not affect fecal output

(as-is or DM basis), fecal score, or fecal pH (P > 0.05). Cats fed BP had significantly

higher total dietary fiber ATTD than all the other treatments (P < 0.05) and the highest

concentrations of total short-chain fatty acid, acetate, and propionate (P < 0.05), while

butyrate concentrations were similar for all treatments (P > 0.05). Inclusion of dietary

fibers was effective in modulating gut microbiota. Cats fed diets containing Miscanthus

grass had greater α-diversity than cats fed BP. As no adverse effects on health, fecal

quality, or ATTD of macronutrients were observed with the inclusion of 9% Miscanthus

grass fiber or fiber blend, the data suggest that Miscanthus grass fiber and fiber blends

are viable alternatives to the traditional dietary fiber sources used in commercial extruded

feline diets, being most comparable to cellulose.

Keywords: cats, dietary fiber, fecal microbiota, Miscanthus grass, nutrient digestibility, post-biotics
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INTRODUCTION

Since the 1950s, when the term “dietary fiber” was first
introduced, several attempts have been made by the scientific
community and regulatory bodies to provide a clearer and
more encompassing definition of this term (1). This is because
a diverse group of substances and ingredients fall under this
umbrella term, which differ in many aspects including origin,
physicochemical properties, and physiological effects. In 2016,
the Food and Drug Administration issued a final ruling on the
definition of “dietary fiber.” They defined it as “non-digestible
soluble and insoluble carbohydrates (with 3 or more monomeric
units), and lignin that are intrinsic and intact in plants; isolated
or synthetic non-digestible carbohydrates determined by the
Food and Drug Administration to have physiological effects
that are beneficial to human health” (2). Many studies have
shown the broad range of health benefits associated with dietary
fiber intake by humans, with a major focus on gut health
(3). This interest has spread to companion animal nutrition
as well.

Miscanthus grass (Miscanthus giganteus) is an ingredient
that has the potential to act as a novel dietary fiber source
in companion animal diets. This grass is largely composed
of insoluble fibers, making it compositionally similar to
cellulose, and a potential base for blends with more fermentable
fiber sources to develop desirable fiber matrices. It also
contains naturally occurring xylooligosaccharides that may
provide a prebiotic-like effect; however, more research is
required to determine this. As an ingredient, Miscanthus
grass offers many positive marketing attributes such as
“natural,” non-GMO, non-by-product, and potentially organic.
Limited data are available on the use of Miscanthus grass
in monogastric diets, especially in regard to its effects on
gastrointestinal health. Therefore, the goal of this research was
to compare the effects of Miscanthus grass fiber to traditional
dietary fiber sources and their effects on gastrointestinal
tolerance, apparent total tract macronutrient digestibility,
and fecal fermentative end products in adult cats fed
extruded diets.

The most traditionally used sources of dietary fiber in
companion animal diets are cellulose and beet pulp (4). These
ingredients, like most fiber sources, have distinct fiber profiles
that allow them to provide different physiological effects. Fiber
characteristics such as viscosity, solubility, and fermentability
determine the functional effects of various dietary fiber sources.
Cellulose is made up almost entirely of insoluble, non-viscous
fiber. Purified sources of cellulose are highly uniform in
composition, while other commercially available sources may
be by-products of other industries resulting in more variable
compositions. Beet pulp has a mixed composition, consisting
of viscous, non-viscous, soluble, and insoluble fibers. The ratios
of these fiber portions can be inconsistent, leading to more
variability in this product (4). It was hypothesized that the diet
containingMiscanthus grass would produce results similar to the
diet containing cellulose, with the addition of tomato pomace to
theMiscanthus fiber blend leading to results that are intermediate
between cellulose and beet pulp diets.

TABLE 1 | Ingredient composition of treatments containing traditional and novel

fiber sources for adult felines.

Ingredient, % as is Treatment1

CO MF MF + TP BP

Poultry by-product meal 40.31 40.00 38.31 37.81

Brewers rice 32.00 30.00 32.00 30.00

Poultry fat 8.50 8.81 8.50 9.00

Yellow corn 5.00 5.00 5.00 5.00

Corn gluten meal 60% 5.00 5.00 5.00 5.00

AFB palatant 1.00 1.00 1.00 1.00

Salt 0.50 0.50 0.50 0.50

Choline chloride 0.13 0.13 0.13 0.13

Potassium chloride 0.10 0.10 0.10 0.10

BHT antioxidant 0.10 0.10 0.10 0.10

Mineral premix2 0.18 0.18 0.18 0.18

Vitamin premix3 0.18 0.18 0.18 0.18

Cellulose 7.00 0.00 0.00 0.00

Miscanthus grass 0.00 9.00 7.00 0.00

Beet pulp 0.00 0.00 0.00 11.00

Tomato pomace 0.00 0.00 2.00 0.00

1CO, cellulose; MF, M-fiber; MF + TP, M-fiber + tomato pomace; BP, beet pulp.
2Provided per kg diet: 17.4mg manganese (MnSO4 ), 284.3mg iron (FeSO4 ), 17.2mg

copper (CuSO4 ), 2.2mg cobalt (CoSO4), 166.3mg zinc (ZnSO4 ), 7.5mg iodine (KI), and

0.2mg selenium (Na2SeO3 ).
3Provided per kg diet: 11,000 IU vitamin A, 900 IU vitamin D3, 57.5 IU vitamin E, 0.6mg

vitamin K, 7.6mg thiamin, 11.9mg riboflavin, 18.5mg pantothenic acid, 93.2mg niacin,

6.6mg pyridoxine, 12.4mg biotin, 1,142.1 µg folic acid, and 164.9 µg vitamin B12. The

bold values represent the formulated inclusion levels of the traditional and novel dietary

fiber ingredients that were evaluated in this study.

MATERIALS AND METHODS

Diets, Animals, and Experimental Design
Four diets were formulated to meet or exceed the AAFCO
nutrient profile for adult cats (n = 7 cats/treatment) (5). They
were formulated with similar ingredient composition, except for
the dietary fiber sources being tested, and to have similar nutrient
composition and a targeted total dietary fiber (TDF) content
of 15%. To achieve this target, the diets were formulated to
contain 7% cellulose (CO), 9% Miscanthus grass fiber (MF), 7%
Miscanthus grass fiber plus 2% tomato pomace (MF + TP), or
11% beet pulp (BP) (Table 1).

All animal procedures were approved by the University of
Illinois Institutional Animal Care and Use Committee. Twenty-
eight neutered, adult domesticated shorthair cats were used in a
completely randomized design. At the start of the experiment, all
cats were adapted to the CO diet for 7 days. After this control
adaptation period, all cats were randomly assigned to one of the
four treatment diets and were fed for 21 days to maintain body
weight. The CO group consisted of two males and five females
[age 2.2± 0.3; body weight (BW) 4.3± 0.4; body conditions score
(BCS) 5.4 ± 0.2]; the BP group, two males and five females (age
2.2 ± 0.3; BW 4.4 ± 0.6; BCS 5.4 ± 0.6); the MF group, three
males and four females (age 2.2 ± 0.2; BW 4.9 ± 0.6; BCS 5.9 ±
0.6); and the MF+ TP group, two males and five females (age 2.2
± 0.3; BW 4.7± 1.0; BCS 5.6± 0.9). During the last 4 days of this
period, a total fecal and a fresh fecal collection were performed.
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Cats were group housed for 20 h of the day and individually
housed in stainless steel cages for 4 h per day for feeding. Feeding
occurred twice a day from 08:00 to 10:00 and 15:00 to 17:00.
Cats had free access to water at all times. Food refusals were
weighed and recorded after each feeding. Body weights and body
condition scores were measured and recorded weekly. Cats were
housed in the Edward R. Madigan Laboratory in a climate-
controlled room with a 14-h light and 10-h dark cycle. Human
socialization periods took place at a minimum of two times per
week, and cats had access to behavioral enrichments such as
scratching posts.

Sample Collection and Preparation
For the duration of the 4-day fecal collection period, cats were
housed individually. All feces were collected during this time and
composited by cat to determine total fecal output. Each sample
also was evaluated for fecal score on a five-point scale (1 =

hard, dry pellets; 2 = hard formed, remains firm and soft; 3 =

soft, formed and moist stool; 4 = soft, unformed stool; or 5 =

watery, liquid that can be poured), and then samples were stored
at −20◦C for later analysis to determine the apparent total tract
digestibility (ATTD) of macronutrients.

A fresh fecal sample was collected from each cat within
15min of defecation during the 4-day fecal collection period.
These samples were also evaluated for fecal pH and score and
dry matter. Then, they were aliquoted to determine ammonia,
short-chain fatty acid (SCFA), branched-chain fatty acid (BCFA),
phenol, and indole concentrations. To determine dry matter
(DM) content, duplicates of ∼2 g of feces were dried in a forced
air oven at 105◦C. For determination of fecal ammonia, SCFA,
and BCFA concentrations, 3 g of each fresh sample was placed
in a Nalgene bottle and mixed with 3ml of 2N hydrochloric
acid and stored at −20◦C for later analysis. Duplicates of
2 g of each fresh sample were placed into plastic test tubes,
covered with parafilm, and stored at −20◦C for later analysis
of phenols and indoles. Fecal samples allocated for microbiota
analysis were stored in 2ml cryovials and stored at −80◦C
until analysis.

On 0 and 21 days of the experimental period, cats were fasted
overnight, and a blood sample was collected to evaluate blood
metabolites and health status. Cats were sedated before collecting
5ml of blood via jugular venipuncture. For complete blood
count analysis, 1ml of blood from each cat was placed in EDTA
vacutainer tubes and 4ml was placed in serum separator tubes
(Becton, Dickinson and Company, Franklin Lakes, NJ). Blood
analyses were completed by the Clinical Pathology Laboratory
at the University of Illinois College of Veterinary Medicine
(Urbana, IL).

Experimental diets were subsampled and ground in a Wiley
mill (model 4; Thomas Scientific, Swedesboro, NJ) using a size
10-mesh screen resulting in 2mm average particle size used
for proximate laboratory analysis. Total fecal samples were
composited for each animal and partially dried in a forced air
oven at 57◦C. After drying, they were also ground in a Wiley mill
to a 2-mm particle size.

Chemical Analyses
After the diet and feces samples were prepared, DM and ash
content were determined following the AOAC procedures [(6);
methods 934.01 and 942.05). Crude protein concentration was
evaluated using the Official Method of AOAC International by
measuring total nitrogen with a LECO TruMac (model 630-
300-300, Leco Corporation, St. Joseph, MI) (6). Fat content
of the diet and fecal samples was determined using acid-
hydrolysis and ether extraction following the methods of Budde
and the American Association of Cereal Chemists (7, 8). Bomb
calorimetry was utilized to determine the gross energy of the
samples using a Parr 6200 calorimeter (Parr Instruments Co.,
Moline, IL). Further analysis of the fecal samples was completed
to determine TDF content according to Prosky et al. and the
Official Method of AOAC International (methods 985.29 and
991.43) (6, 9). Diet samples were analyzed using the same
methods to determine TDF as well as soluble dietary fiber (SDF)
and insoluble dietary fiber (IDF) contents.

Gas chromatography was used to measure SCFA and BCFA
concentrations in the fresh fecal samples using a modified
method of Sunvold et al. (10). These analyses were completed
using a Hewlett-Packard gas chromatograph (Model 5890A
Hewlett Packard, Avondale, PA) equipped with a flame ionization
detector on a column (1.8m × 4mm i.d.) packed with GP 10%
SP-1200/1% H3PO4 on 80/100 Chromosorb W AW (Supelco,
Bellefonte, PA). Nitrogen was used as the carrier gas at a
flow rate of 45 ml/min. Oven temperature was set at 125◦C,
the injection port at 175◦C, and the detector port at 180◦C.
Fecal phenol and indole concentrations were measured using
a Thermo Scientific TRACE 1300 Gas Chromatograph coupled
with a FID in duplicate according to the modified procedure
of Flickinger et al. (11). The internal standard used was 5-
methylinodle. Following this method, 1-µl sample was injected
at 220◦C in splitless mode. A Nukol Supelco column (60m
length, 0.32mm diameter) with a film thickness of 0.25µm was
used to separate the phenolic compounds. The oven temperature
was held at 150◦C for 1min and then increased at 25◦C per
min until reaching 200◦C and held at this temperature for
35min. Ammonia concentration was measured according to the
procedures of Chaney and Marbach (12).

Microbial Analysis
Total DNA extraction from fresh fecal samples was completed
using a Mo Bio PowerSoil kit (MO BIO Laboratories, Inc.,
Carlsbad, CA). A Qubit R© 3.0 fluorometer (Life Technologies,
Grand Island, NY) was used to quantify DNA concentration
prior to amplification and sequencing. A Fluidigm Access
Array (Fluidigm Corporation, South San Francisco, CA), in
combination with Roche High Fidelity Fast Start Kit (Roche,
Indianapolis, IN), was used for the amplification of the 16S rRNA
gene. The primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′)
and 806R (5′-GGACTACNVGGGTWTCTAAT-3′), targeting a
292-bp fragment of V4 region, were used for amplification
(primers synthesized by IDT Corp., Coralville, IA) (13). A
Fluidigm-specific primer, forward and reverse tags, was added
in accordance with the Fluidigm protocol. A Fragment Analyzer

Frontiers in Veterinary Science | www.frontiersin.org 3 June 2021 | Volume 8 | Article 668288172

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


Finet et al. Miscanthus Fiber in Feline Diets

(Advanced Analytics, Ames, IA) was used to verify the quality of
amplicon region and size. A DNA pool was generated through
a combination of equimolar amounts of the amplicons from
each sample. The pooled samples were selected by size on a
2% agarose E-gel (Life Technologies, Grand Island, NY) and
extracted using a Qiagen gel purification kit (Qiagen, Valencia,
CA). The pooled, size-selected, and cleaned products were then
run on an Agilent Bioanalyzer in order to confirm appropriate
profile and mean size. The Roy J. Carver Biotechnology Center
at the University of Illinois performed Illumina sequencing
on a MiSeq using v3 reagent (Illumina Inc., San Diego, CA).
A FASTX-Toolkit (version 0.0.14) removed the Fluidigm tags.
Analysis of sequences was completed using QIIME 2.0 and
DADA2 (version 1.14) (14, 15). The high-quality (quality value
≥ 20) sequence data, derived from the sequencing process,
were demultiplexed. An open reference OTU clustered the
sequences into operational taxonomic units (OTU), choosing
against the SILVA 138 reference OTU database with a 97%
similarity threshold (16). The OTUs observed fewer than two
times (singletons), as well as OTUs with <0.01% of the total
observations, were discarded. An average of 47,315 reads were
obtained, with a total of 1,324,844 reads. The number of
reads ranged from 39,416 to 56,474 per sample. To analyze
for diversity and species richness, the dataset was rarified to
39,415 reads. Weighted and unweighted unique fraction metric
(UniFrac) distances were performed by principal coordinate
analysis (PCoA) (17).

Statistical Analysis
Data were analyzed using the MIXED Model procedures of SAS
version R© 9.4 (SAS Institute Inc., Cary, NC). Animal was used as
the random effect, and treatment diet was used as the fixed effect
in the statistical model. Data normality was checked using the
UNIVARIATE procedure, comparing all treatment least-square
means. Experiment-wise error was controlled for using Tukey
adjustment. The significance level was set at a probability of P
< 0.05. Pooled standard errors of the mean also were obtained
using the MIXED model procedure.

RESULTS

Food Intake and Apparent Total Tract
Macronutrient and Energy Digestibilities
The four treatment diets were formulated to contain similar
nutrient composition (Table 1). This was confirmed through the
chemical analysis of the diets (Table 2). Treatment did not have
a significant effect on daily food intake (DM), wet fecal output
(g/day), fecal DM output (g/day), fecal score, or fecal pH (P >

0.05) (Table 3). Additionally, the ATTD of DM, organic matter
(OM), and crude protein (CP) were similar across treatments
(P > 0.05). Dry matter digestibility ranged from 78.3 to 82.7%.
Acid-hydrolyzed fat digestibility of CO (94.5%) was significantly
higher compared with that of MF and MF + TP (91.7 and
91.2%, respectively) (P < 0.05) with BP being intermediate
(92.6%). The BP diet had the highest TDF digestibility (54.2%)
when compared with all the other treatments (average 22.1%)
(P < 0.05). Digestible energy (kcal/g), which was calculated by

TABLE 2 | Chemical composition of treatments containing traditional and novel

fiber sources for adult felines.

Treatment1

Item CO MF MF + TP BP

Dry matter, % 94.2 93.1 92.4 91.9

% DM basis

Organic matter 93.9 93.5 93.8 93.1

Ash 6.1 6.5 6.2 6.9

Acid hydrolyzed fat 17.6 16.7 16.2 16.2

Crude protein 31.3 30.9 29.6 30.3

Total dietary fiber 15.1 15.0 15.7 15.7

Soluble dietary fiber 3.4 3.8 3.2 6.1

Insoluble dietary fiber 11.7 11.2 12.5 9.6

Gross energy, kcal/g 4.7 4.6 4.6 4.5

1CO, cellulose; MF, M-fiber; MF + TP, M-fiber + tomato pomace; BP, beet pulp.

TABLE 3 | Food intake, fecal characteristics, and total tract apparent

macronutrient digestibility of adult felines fed dietary treatments containing

traditional and novel fiber sources.

Item Treatment1

CO MF MF + TP BP SEM2

Food intake, as is 57.3 57.1 62.9 64.9 4.83

Dry matter, g/day 54.0 53.1 58.1 59.7 4.49

Fecal output, g/day (as is) 27.5 24.6 29.5 37.5 3.97

Fecal output, g/day (DM basis) 11.6 11.3 12.4 10.4 1.21

Fecal score 2.0 1.8 2.0 2.2 0.10

Fecal pH 7.7 7.5 7.3 7.1 0.21

Digestibility, %

Dry matter 79.1 78.3 78.7 82.7 1.40

% DM basis

Organic matter 82.5 81.8 82.1 86.3 1.19

Acid hydrolyzed fat 94.5a 91.7b 91.2b 92.6ab 0.57

Crude protein 84.1 84.6 83.7 83.1 1.29

Total dietary fiber 21.8b 19.1b 25.5b 54.2a 5.44

Digestible energy, kcal/g 3.94a 3.74ab 3.72b 3.85ab 0.05

1CO, cellulose; MF, M-fiber; MF + TP, M-fiber + tomato pomace; BP, beet pulp.
2Standard error of the mean.
a,bMeans in the same row with different superscript letters are different (P < 0.05).

subtracting fecal gross energy from diet gross energy, was higher
for CO (3.94 kcal/g) than MF+TP (3.72 kcal/g) (P < 0.05), with
MF and BP being intermediate.

Fecal Fermentative End Products
Cats fed the MF + TP and MF diets had significantly higher
total fecal phenol and indole concentrations than CO- and BP-
fed cats (P < 0.05) (Table 4). Fecal indole concentration followed
the same pattern as total phenol and indole (P < 0.05), while
fecal phenol concentration was not significantly affected (P >

0.05). Fecal ammonia concentration was also similar across all
treatments (P > 0.05). BP resulted in the highest concentrations
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of total SCFA, acetate, and propionate (P < 0.05), while butyrate
concentrations were similar for all treatments (P > 0.05). Total
BCFA, isobutyrate, and isovalerate concentrations were higher
in the MF + TP group than in the CO and BP groups (P <

0.05), with MF being intermediate. A similar trend for valerate
concentration was observed with the MF + TP group being
higher than the BP group (P < 0.05), with CO and MF groups
being intermediate.

Fecal Microbiota
The fecal microbiota composition for cats fed different dietary
fibers was comprised of seven phyla (Figure 1) with Firmicutes,

TABLE 4 | Fecal fermentative end products for adult felines fed treatments

containing traditional and novel fiber sources.

Item (µmol/g DM basis) Treatment1

CO MF MF + TP BP SEM2

Total phenols/indoles 1.0b 1.8a 1.8a 0.6b 0.18

Phenols 0.0 0.1 0.1 0.1 0.01

Indoles 1.0b 1.7a 1.7a 0.5b 0.17

Total short-chain fatty acids 168.0b 189.2b 256.5b 583.7a 42.87

Acetate 99.1c 121.3bc 161.4b 390.2a 27.13

Propionate 44.5b 42.4b 61.0b 161.5a 13.66

Butyrate 24.4 25.5 34.2 32.0 3.54

Total branched-chain fatty acids 13.1b 17.2ab 22.7a 12.1b 2.08

Isobutyrate 2.9b 3.6ab 4.6a 3.1b 0.35

Isovalerate 4.5b 5.3ab 7.4a 4.2b 0.65

Valerate 5.7ab 8.3ab 10.2a 4.8b 1.29

Ammonia, mg/g DM 1.2 1.4 1.7 1.4 0.15

1CO, cellulose; MF, M-fiber; MF + TP, M-fiber + tomato pomace; BP, beet pulp.
2Standard error of the mean.
a−cMeans in the same row with different superscript letters are different (P < 0.05).

Bacteriodota, Proteobacteria, and Actinobacteria corresponding
to more than 90% of the total sequences. Cats fed MF and MF
+ TP treatments had greater (P < 0.05) relative abundances of
Firmicutes in relation to the BP treatment. Bacteriodota phylum
was increased (P < 0.05) in cats fed BP in contrast with MF.
Proteobacteria was increased (P < 0.05) in cats fed BP in contrast
with all other dietary groups. A total of 38 families, 102 genera,
and 66 species were identified; within those, over 10 and 20
taxonomic groups for family (Table 5) and genera (Table 6)

TABLE 5 | Fecal microbial composition (%) at the family level for cats fed

treatments containing traditional and novel fiber sources.

Phylum Family Treatment1

CO MF MF + TP BP SEM2

Actinobacteria Bifidobacteriaceae 0.75a 0.02b 0.26ab 0.53ab 0.178

Coriobacteriaceae 3.97a 3.53ab 2.98ab 2.38b 0.431

Bacteroidota Bacteroidaceae 9.40b 10.39ab 12.26ab 13.80a 1.280

Prevotellaceae 12.33b 7.99b 9.50b 17.19a 1.536

Rikenellaceae 0.40 0.62 0.60 0.02 0.207

Tannerellaceae 1.54ab 1.88ab 2.10a 1.29b 0.232

Firmicutes Erysipelotrichaceae 5.58ab 7.86a 7.14ab 4.97b 0.929

RF39 0.03b 0.30a 0.00b 0.00b 0.084

Clostridiaceae 1.13ab 0.41b 0.72ab 1.63a 0.355

Butyricicoccaceae 1.53a 1.48a 1.38a 0.45b 0.241

Oscillospiraceae 3.13a 3.21a 3.06a 0.93b 0.373

Eubacterium

coprostanoligenes

group

0.68a 0.52a 0.51a 0.01b 0.171

Anaerovoracaceae 2.13a 2.80a 2.44a 0.49b 0.469

Proteobacteria Succinivibrionaceae 1.76b 0.84c 1.02bc 4.25a 0.282

1CO, cellulose; MF, M-fiber; MF + TP, M-fiber + tomato pomace; BP, beet pulp.
2Standard error of the mean.
a−cMeans in the same row with different superscript letters are different (P < 0.05).

FIGURE 1 | Fecal microbial composition at the phyla level for cats fed diets containing traditional and novel fiber sources.
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TABLE 6 | Fecal microbial composition (%) at the genus level for cats fed

treatments containing traditional and novel fiber sources.

Phylum Genus Treatment1

CO MF MF + TP BP SEM2

Actinobacteria Bifidobacterium 0.75a 0.02b 0.26ab 0.53ab 0.178

Collinsella 3.97a 3.53ab 2.95ab 2.38b 0.431

Bacteroidota Bacteroides 9.40b 10.39ab 12.26ab 13.80a 1.280

Paraprevotella 0.01b 0.12ab 0.20a 0.00b 0.043

Prevotella 9.22b 5.42b 6.03b 14.80a 1.460

Alistipes 0.40ab 0.47ab 0.54a 0.02b 0.173

Parabacteroides 1.54ab 1.88ab 2.10a 1.29b 0.232

Allobaculum 0.46ab 0.75a 0.31ab 0.08b 0.193

Firmicutes RF39 0.03b 0.30a 0.00b 0.00b 0.084

Clostridia UCG-014 2.07ab 2.26ab 2.55a 1.42b 0.363

Butyricicoccus 0.73a 0.56ab 0.45ab 0.19b 0.152

Butyricicoccaceae

UCG-009

0.74a 0.88a 0.82a 0.22b 0.177

Colidextribacter 1.23a 1.16a 1.22a 0.58b 0.156

Oscillibacter 0.61a 0.50a 0.44a 0.13b 0.103

Candidatus

soleaferrea

0.26ab 0.33a 0.30a 0.11b 0.065

Incertae sedis 0.18ab 0.52a 0.29a 0.00b 0.087

Phocea 0.22a 0.16ab 0.09ab 0.03b 0.056

Eubacterium

coprostanoligenes

group

0.68a 0.52a 0.51a 0.01b 0.171

Mogibacterium 0.24ab 0.29ab 0.43a 0.00b 0.138

Eubacterium brachy

group

0.39a 0.36a 0.22ab 0.08b 0.066

Eubacterium

nodatum group

0.78ab 0.90a 0.89a 0.32b 0.182

Megasphaera 1.15a 0.77ab 1.26a 0.28b 0.290

Proteobacteria Succinivibrio 1.76b 0.84c 1.02bc 4.25a 0.282

1CO, cellulose; MF, M-fiber; MF + TP, M-fiber + tomato pomace; BP, beet pulp.
2Standard error of the mean.
a−cMeans in the same row with different superscript letters are different (P < 0.05).

differed (P < 0.05) among treatments, respectively. The relative
abundance of Bacteroidaceae was greater (P < 0.05) for cats fed
BP in comparison with those fed CO, but it did not differ for cats
fed MF and MF+ TP treatments. Cats fed BP also had greater (P
< 0.05) relative abundance of Prevotellaceae in contrast with cats
fed all the other dietary treatments. The relative abundance of
Oscillospiraceae, Butyricicoccaceae, and Anaerovoracaceae were
consistently higher (P < 0.05) in cats fed CO, MF, and MF
+ TP treatments in contrast with the BP treatment, whereas
Succinivibrionaceae was consistently lower (P < 0.05) in cats fed
those dietary treatments when compared with the BP treatment
(Table 5).

The relative abundance of Collinsella, a genus within the
family Coriobacteriaceae and the phylum Actinobacteria, was
greater (P < 0.05) in cats fed the CO treatment (4.0%) in contrast
with BP (2.4%), and intermediate in cats fed the MF or MF
+ TP treatments (3.5 and 3.0%, respectively). In contrast, the
relative abundance of Prevotella was greater in cats fed BP when

FIGURE 2 | Principal coordinated plots of weighted (A) and unweighted (B)

UniFrac distances of fecal microbial communities of cats fed diets containing

traditional and novel fiber sources.

compared with cats fed CO (9.2%), MF (5.4%), and MF + TP
(6.0%). In addition, the relative abundance of several genera were
consistently higher in cats fed CO, MF, and MF+ TP, in contrast
with BP including Clostridia UCG-014, Butyricicoccaceae UCG-
009, Colidextrobacter, Oscillibacter, and Megasphaera. Cats fed
BP (4.3%) had greater relative abundance of Succinivibrio than
cats fed CO (1.8%) and MF + TP (1.0%), with MF (0.8%) being
lowest (Table 6).

Beta-diversity based on weighted (Figure 2A) and unweighted
(Figure 2B) UniFrac analysis showed that fecal microbial
community composition of cats fed the BP treatment differed (P
and q value <0.05) in comparison with cats fed CO, MF, and
MF + TP treatments. Alpha-diversity was measured as Pielou
evenness, Faith’s phylogenetic diversity, and Shannon entropy
(Figure 3). Fecal microbial diversity and richness based on the
Pielou evenness index (Figure 3A) revealed that cats fed the BP
treatment had lower α-diversity than cats fed the MF + TP
treatment (P < 0.05 and q value < 0.1). Similarly, the α-diversity
of cats fed BP was lower than cats fed other dietary treatments
based on Faith’s phylogenetic diversity (P and q value < 0.05;
Figure 3B) and was also lower (P and q value < 0.05) than
cats fed MF and MF + TP based on Shannon entropy index
(Figure 3C).

Serum Chemistry
Blood analysis was performed to determine the health status
of the cats during the experimental period. Serum metabolites
(Supplementary Material) were within normal ranges observed
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FIGURE 3 | Alpha-diversity analysis of fecal microbial communities, measured by Pielou evenness (A), Faith’s phylogenetic diversity (B), and Shannon entropy (C) of

cats fed diets containing traditional and novel fiber sources.
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in healthy adult cats, and no treatment × time interaction or
main treatment effect was observed. At baseline, however, the
creatinine levels of cats assigned to the MF (1.7 mg/dl) and BP
(1.6 mg/dl) treatments were slightly above the reference values.
Similarly, cats fed CO (1.6 mg/dl), MF (1.8 mg/dl), and BP (1.6
mg/dl) diets, on 21 days of the experimental period, had slightly
higher creatinine levels than the reference range (0.5–1.5 mg/dl).

DISCUSSION

Diet, Food Intake, and Fecal
Characteristics
The experimental diets all were formulated to maintain similar
ingredients and nutrient composition, differing only in dietary
fiber source (cellulose, beet pulp, Miscanthus grass fiber, and
Miscanthus grass fiber and tomato pomace blend). Minimal
variations in ingredient inclusion rates were necessary to obtain
the targeted TDF content of 15%. This level of TDF was chosen
to reflect the higher levels of commercial dietary fiber inclusion
in order to emphasize any physiological responses to the various
fiber ingredients. The chemical composition of the diets fell
within a relatively narrow range, with the CO treatment having a
slightly higher acid-hydrolyzed fat (AHF) and CP concentration,
as well as a gross energy value. This could be due to the slightly
higher inclusion level of poultry by-product meal in this diet.
Overall, diets were very close to their target TDF content of 15%.
Small variations are expected as TDF content can be affected
by the plant’s growing conditions, time of harvest, and plant
maturity, among other things. The BP diet had higher levels of
SDF and lower IDF as was expected based on the typical fiber
profile of this ingredient (4). The CO,MF, andMF+TP diets were
similar in SDF and IDF contents, which was also expected due to
the similar fiber profile of cellulose and Miscanthus grass (18). It
was predicted that the MF + TP blend might have slightly lower
TDF, SDF, and IDF contents than MF as 2% tomato pomace was
added at the expense of 2% of the Miscanthus grass fiber. The
level of tomato pomace in the fiber blend was chosen to reflect
the practical commercial inclusion of this ingredient in fiber
matrices to increase SDF content. The composition of tomato
pomace was reported by Swanson et al. as 56.9% TDF, 4.2%
SDF, and 52.7% IDF (DM basis) in comparison with Miscanthus
grass composition reported by Donadelli and Aldrich as 90%
TDF, 7.3% SDF, and 82.7% IDF (DM basis) (18, 19). However,
only lower SDF values were observed for the MF + TP blend
compared with MF alone (3.2 and 3.8%, respectively), possibly
due to the expected TDF variability of plant by-products that
was previously mentioned or the low inclusion level of the
tomato pomace.

Food intake (g/day) on an as-fed and DM bases did not differ
among the treatment groups. Similarly, Donadelli and Aldrich
saw no effect on food intake when cellulose, beet pulp, and
Miscanthus grass were added to the formula at a 10% inclusion
rate (20). Detweiler et al. evaluated diets including either 15.5%
beet pulp (17.1% TDF), 9.6% cellulose (15.1% TDF), or 14%
soybean hulls (16.6% TDF) and observed that cats fed the diet
containing beet pulp had lower intake than the diet containing

soybean hulls due to feed refusals (21). This indicates that
although no effect on palatability was observed in this study
with an inclusion level up to 9% Miscanthus grass (15.0% TDF),
or up to 10% inclusion (13.8% TDF), higher inclusion levels
and, subsequently, higher TDF contents may impact palatability
and must be considered in the practical utilization of this
ingredient (20).

Similar fecal scores were observed for all treatments ranging
from 1.81 to 2.18 on a five-point scale. Previous research reported
similar fecal scores with 8% inclusion of cellulose (11.2% TDF)
and 12.5% inclusion of beet pulp (10.6% TDF), 1.8 and 2.3,
respectively (10). Fecal output (g/day) on an as-is basis, as well as
on a DM basis, were not significantly different among treatments.
However, numerically, cats fed BP had the highest fecal output
on an as-is basis and the lowest on a DM basis. This is due to
the higher soluble fiber content of beet pulp that has a higher
water-holding capacity, therefore increasing fecal water content
and overall fecal mass. A similar effect was reported in felines
by Detweiler et al. and in other studies across multiple species
including canines and swine (21–23).

Apparent Total Tract Macronutrient and
Energy Digestibilities
Many studies have reported that dietary fiber sources can impact
the digestibility of other macronutrients depending on their level
of inclusion and fiber profile. However, DM and OM digestibility
did not vary among dietary treatments in this study, and all diets
were well-digested by adult cats. The DM and OM digestibility
coefficients in the current research were reported to be just a
few percentage units higher than similar treatments evaluated by
Donadelli and Aldrich who compared diets with 10% inclusions
of cellulose, beet pulp, and Miscanthus grass and observed that
cats fed beet pulp (DM: 81.1%; OM: 85.9%) had significantly
higher DM and OM coefficients than cellulose (DM: 75.5%;
OM: 79.4%) and Miscanthus grass (DM: 76.2%; OM: 80.5%)
(20). Kienzle et al. reported that the addition of dietary fiber
significantly decreased OM digestibility by cats, and Sunvold
et al. reported decreased OM and DM digestibility by cats when
compared with a diet with no added fiber source (10, 24). The
DM and OM digestibility coefficients reported by Sunvold et al.
for the diet containing 12.5% beet pulp (DM: 80.4%; OM: 83.8%)
and 8.1% cellulose (DM: 81.0%; OM: 83.5%) were similar to the
values obtained for the diets in this study containing 11% beet
pulp (DM: 82.7%; OM: 86.3%) and 7% cellulose (DM: 79.1%;
OM: 82.5%) (10).

No difference in CP digestibility was detected among
treatments in this study with a range of 83.1–84.6%. However,
Donadelli and Aldrich observed the cellulose treatment to have a
significantly higher CP digestibility than the beet pulp treatment
withMiscanthus grass being intermediate (86.1, 85.8, and 84.2%,
respectively) (20). In contrast, in this study, while not significant,
the CP digestibility of the BP treatment was reported to be
numerically lower than for all the other treatments. Many
similar effects have been reported due to beet pulp’s moderate
level of fermentability compared with cellulose and other fiber
sources with greater concentrations of insoluble fiber (10, 21,
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25). Providing greater amounts of substrate for saccharolytic
fermentation may result in increased microbial proliferation
causing more microbial protein to be present in the feces. The
quantification of this microbial nitrogen during analysis can lead
to underestimations of actual crude protein digestibility.

The CO treatment resulted in higher AHF digestibility than
the treatments containing Miscanthus grass fiber (MF and MF
+ TP). A similar effect was reported by Donadelli and Aldrich
(20). The lipid content of the cellulose diet was slightly higher
compared with the other treatments in both of these studies,
which could have contributed to the higher digestibility. Another
possible factor could be the higher lignin content of Miscanthus
grass compared with cellulose or beet pulp, measured by
Donadelli and Aldrich to be 13.68, 0.73, and 6.38%, respectively
(18). Lignin has been reported to bind bile acids, inhibiting
their action during lipid digestion, and potentially lowering fat
digestibility (26). Digestible energy (kcal/g) followed the same
pattern as AHF digestibility. The lower fat digestibility and
DE can be beneficial tools in the development of diets for
overweight and obese cats, which is a serious clinical condition
in the pet population. According to these data, Miscanthus grass
fiber may avoid further reductions in dietary fat content, which
may assist maintaining palatability of weight management diets.
This is important since weight management or loss diets tend
to be formulated with higher concentrations of dietary fiber
and lower fat content, resulting in poor acceptance, especially
by cats. However, further studies should evaluate the impact
of the utilization of Miscanthus grass fiber on fecal bile acid
concentrations of cats. Since lignin can bind with bile acids in
the gastrointestinal tract, it is possible that greater amounts of
bile acids will be excreted in the feces, lowering their ability to
recycle via enterohepatic circulation. This could lead to increased
requirements of dietary taurine for cats, since taurine conjugates
bile acids to form water-soluble bile salts.

Total dietary fiber ATTD was the highest for the cats fed
BP than for all the other treatments. This was expected as
beet pulp has been shown to be moderately fermented in the
feline intestinal tract in comparison with cellulose, which has
a low fermentative potential (10). Both treatments including
Miscanthus grass fiber (MF: 19.1% and MF + TP: 25.5%) were
similar to cellulose (21.8%) in this regard, as they had greater IDF
content, which is poorly fermented and, therefore, excreted in
higher quantities in the feces. Donadelli and Aldrich reported a
similar TDF digestibility coefficient (20.8%) with the inclusion of
10% Miscanthus grass (20). While not significantly different, the
MF + TP treatment had a numerically higher TDF digestibility
than did MF and CO treatments. This could be due to the
inclusion of tomato pomace in the fiber blend that was reported
by Swanson et al. to have a higher fermentation potential than
cellulose using an in vitromodel with canine fecal inoculum (19).

Fecal Fermentative End Products and
Microbiota
Short-chain fatty acids are the major organic end products
of saccharolytic fermentation, with increased concentration
indicating increased fermentative processes. While not an

entirely accurate representation of complete SCFA production in
the large intestine, fecal SCFA concentration has been utilized
by researchers as a non-invasive method of estimating the
production of these fermentative end products by the gut
microbiota (27). Total fecal SCFA concentration was the highest
in the BP group (583.7 µmol/g, DM basis) compared with all the
other treatments. Detweiler et al. evaluated higher levels of beet
pulp (15.5% inclusion; 17.1% TDF) that resulted in higher levels
of total SCFA (699.7 µmol/g, DM basis), and also observed the
beet pulp treatment to produce the highest total SCFA compared
with cellulose and soybean hulls (21). Fischer et al. reported
similar results when evaluating a diet including 15.5% beet pulp
(26% TDF) in overweight cats (28). This increased production
of SCFA indicates that beet pulp has higher fermentability
compared with the other fiber substrates evaluated, which is
supported by the findings of Sunvold et al. who observed that beet
pulp had a higher OM disappearance and total SCFA production
than did cellulose in an in vitro assay using feline fecal inoculum
(10). A decrease in gut lumen and fecal pH also is associated with
higher fermentative activity as the buildup of these metabolites
starts to acidify the environment. However, no difference in fecal
pH was observed, with values ranging from 7.1 (BP) to 7.7 (CO).

When evaluating the fecal SCFA on an individual basis,
the same trend was observed for fecal acetate and propionate
concentrations, being highest for the BP group. Our findings
also are supported by Detweiler et al. who reported that cats
fed beet pulp had significantly higher fecal concentrations of
acetate (459.2µmol/g, DM basis) and propionate (139.0µmol/g)
compared with cats fed diets with no additional fiber, cellulose, or
soybean hulls (average acetate 219.6 µmol/g; average propionate
62.0 µmol/g) (P < 0.05) (21). Fischer et al. also observed
that when compared with diets containing wheat bran and
sugarcane fiber and a diet with no added fiber source (average
acetate 217 mM/kg DM; average propionate 95.7 mM/kg),
cats fed beet pulp had significantly higher fecal concentrations
of acetate (427 mM/kg) and propionate (214 mM/kg) (P <

0.05) (28). No statistical differences were observed in fecal
butyrate concentration across treatments. However, CO and
MF treatments had numerical values (24.4 and 25.5 µmol/g,
respectively) that grouped closer together, while MF + TP and
BP treatments also were more closely grouped (34.2 and 32.0
µmol/g). It is well-established that SCFAs play a significant role
in maintaining gastrointestinal health as they provide energy
to colonocytes, reduce inflammation, and have been implicated
in the inhibition of cancer (29). While the available substrate
is an important factor affecting SCFA production, complex
factors such as the removal of fermentative wastes and microbial
population composition also play a critical role and are important
to consider when evaluating the relationships between dietary
components and fermentative metabolites (29).

The fermentation of protein by microbiota in the large
intestine results in end products such as ammonia, phenols,
indoles, and BCFA. Increases in these compounds often are
seen as a negative outcome as they are considered putrefactive
compounds that can lead to unwanted fecal malodor (30). No
difference was observed in fecal ammonia (1.4–1.7 mg/g DM)
or phenol concentration (0.037–0.053 µmol/g, DM) among
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treatments. Detweiler et al. also reported no significant difference
in these concentrations among treatments including beet pulp,
cellulose, and soybean hulls as fiber sources and a treatment
with no added fiber source (21). Total phenol and indole and
individual indole concentrations followed similar patterns of
being higher in the treatment groups containing Miscanthus
grass fiber (MF and MF + TP). While the indole compound
can help to maintain gut homeostasis by promoting barrier
functions, regulating inflammation, and possibly aid in satiety, it
can also be metabolized into indoxyl sulfate, which is a uremic
toxin that has been associated with negative health outcomes
in humans such as cardiovascular disease and chronic kidney
disease (29). Barry et al. reported higher indole concentrations
(1.4 µmol/g, DM) with lower inclusion levels of cellulose (4%
inclusion; 7.9% TDF), while Detweiler et al. reported lower indole
concentrations (0.7 µmol/g, DM) with higher inclusion levels
of cellulose (9.6%; 15.1% TDF) (21, 31). The inclusion level of
cellulose and the indole concentration in the current study (7%
inclusion; 0.97 µmol/g, DM) were intermediate to the values
reported in previous studies. In contrast, Detweiler et al. observed
a higher level of indole (1.4 µmol/g, DM) with a higher inclusion
rate of beet pulp (15.5% inclusion; 17.1% TDF) (21). Overall,
the range of indole concentration observed across treatments in
this study was similar to the ranges reported in other studies
evaluating healthy adult cats (21, 31).

Increased BCFA concentration indicates that higher levels of
peptides and amino acids are present in the large intestine and are
available for fermentation. Cats fed the MF+ TP diet had greater
total BCFA concentrations than cats fed CO and BP treatments.
Previous research by Barry et al. indicated that the addition of
rapidly fermentable fibers (fructooligosaccharides and pectin)
increased total BCFA concentrations compared with cellulose
(31). This could explain the effect reported with the addition
of tomato pomace in the MF + TP fiber blend, as higher levels
of rapidly fermented pectin are generally observed in fruit by-
products (4). In contrast, the total BCFA concentrations reported
by Barry et al. were much higher (44.0–63.9 µmol/g, DM) with
low inclusions (4%) of cellulose, fructooligosaccharides (FOS),
and pectin than those observed in the current study (12.06–22.68
µmol/g, DM) (31).

The use of dietary fiber has been an effective strategy in the
modulation of gut microbiota to support gastrointestinal and
systemic host health. Metabolites produced by gut microbiota
(e.g., SCFA) are involved in the beneficial health effects on the
host. These metabolites have been described as post-biotics, a
term that is ill-defined by the scientific community (32, 33).
The domestic cat, despite being a strict carnivore and having
a short and unsacculated colon, has considerable capacity for
hindgut microbial fermentation and production of fermentative
end products (34). In companion animal nutrition, a few studies
have evaluated the effects of dietary fiber in the modulation
of gut microbiota in cats (35–41); however, most of those
studies evaluated the effects of soluble and (or) prebiotic sources
[e.g., FOS, lactosucrose, pectin, xylooligosaccharides (XOS)] in
contrast to cellulose or a no-added fiber diet. Thus, the effect of
Miscanthus grass fiber and tomato pomace on fecal microbiota
has not been evaluated previously. Characterization of the
feline gut microbiota has shown that Firmicutes, Bacteroidetes,

Proteobacteria, and Actinobacteria are dominant phyla in adult
healthy cats (38, 39, 42, 43). Our findings agree with current
literature, even though the relative abundance of each phylum
may differ among individuals and based on experimental
methods used.

The phyla Firmicutes, Bacteroidetes (Bacteroidota), and
Actinobacteria are considered important producers of
metabolites that have direct beneficial effect on gut and
host health (44). A recent study evaluating the effects of dietary
XOS supplementation on the fecal microbiota of healthy cats
reported that diets containing either 0.04 or 0.4% of XOS, at the
expense of cellulose, resulted in increased relative abundance of
Collinsella (2.6–4.4%) and decreased abundance of Megasphaera
(0.80–0.82%) in contrast with cats fed a control diet containing
1% cellulose (1.7 and 1.3%, respectively) (41). A similar relative
abundance of Megasphaera was observed in cats fed CO, MF,
and MF + TP diets (range: 0.8–1.3%) in this study. Lyu et al.
also reported increased relative abundance of Ruminococcaceae,
Erysipelotrichaceae, and Lachnospiraceae in contrast to cats
fed the control diet (41). In the current study, cats fed CO, MF,
and MF + TP treatments had increased relative abundance of
Allobaculum, a genus within the Erysipleotrichaceae family, and
a few genera within the family Ruminococcaceae (i.e., Candidatus
Soleaferrea, Incertae Sedis, and Phocea). Garcia-Mazcorro et al.
reported increased relative abundance of Veilonellaceae and
decreased relative abundance of Gammaproteobacteria in fecal
samples of healthy cats during FOS and inulin supplementation
(40). In the current study, a greater relative abundance of
Megasphaera, a genus within the family Veilonellaceae, and a
lower relative abundance of Succinivibrio, a genus within the
family Succinivibrionaceae and class Gammaproteobacteria,
were observed in fecal samples of cats fed CO, MF, or MF
+ TP treatments in contrast with cats fed the BP treatment.
More recently, Butowski et al. evaluated the fecal microbial
communities of cats fed kibble, raw, and raw + fiber diets (45).
The fiber sources included in the kibble diet were beet pulp and
inulin (% inclusion not provided), and in the raw + fiber diet
2% of inulin and 2% of cellulose were included (as-is basis). In
general, lower relative abundance of Collinsella (0.03%) and
Bacteroides (0.2%) and greater relative abundance of Prevotella
were reported for cats fed the kibble diet in comparison with
our findings. The relative abundance of Succinivibrio of cats
fed BP (4.3%) was greater than the relative abundance of cats
fed the kibble diet (1.2%) as reported by Butowski et al. (45).
Differences in the relative abundance of microbial taxa among
studies can be affected by many variables including animal
variation and differences in methods including DNA extraction,
variable region and primers used for sequencing, bioinformatic
procedures, and the reference database utilized.

From this study, it is clear that different dietary fibers
exert distinctive effects on the modulation of the feline gut
microbiota. Cats fed CO, MF, and MF + TP treatments had
greater microbial taxa similarities among them, in contrast with
cats fed the BP treatment. This effect was evident based on the
presence and absence of particular taxa (unweighted UniFrac), as
well as their relative abundance (weighted UniFrac). Microbial
diversity has been used as an indicator of gut health, as lower
microbial diversity has been associated with clinical conditions
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including irritable bowel disease and small cell lymphoma in
cats (46). Therefore, increased α-diversity observed in cats fed
diets containing Miscanthus grass fiber may support gut health
by maintaining microbial richness and evenness in adult cats.
However, healthy cats supplemented with either FOS or apple
pomace had decreased α-diversity when compared with baseline
values (47). Overall, there were apparentmicrobial benefits across
all dietary treatments. In addition, all cats in this study were
healthy, and therefore, microbial shifts should be evaluated on
different dietary fiber sources and amounts may be used to
modulate gut microbiota and their metabolites in the hindgut
of felines.

Serum Chemistry
Serum chemistry and complete blood count analysis were within
reference ranges for healthy adult cats. Creatinine was an
exception and observed to be slightly higher than the reference
range for MF and BP treatments at baseline and for CO,
MF, and BP treatments at the end of the trial period. These
deviations from the reference range were small and could be due
to individual variation among cats. No effect of treatment was
observed. Additionally, glucose concentrations were above the
normal range. However, this has been observed as a side effect
of the sedation used during the blood collection. The results of
the serum chemistry and complete blood cell count (data not
provided) and the lack of clinical symptoms indicate that the
treatments did not result in any negative health outcomes.

Implications
The findings from this research indicate that Miscanthus
grass fiber is an advisable dietary fiber for adult felines. The
addition of Miscanthus grass fiber and the MF + TP blend
had no detrimental effects on animal health, fecal quality, or
macronutrient digestibility. Diet inclusion of Miscanthus grass
fiber up to 9% (15% TDF) had no negative effect on voluntary
food intake, indicating that it had acceptable palatability to
the cats. The resulting concentrations of fecal fermentative end
products were more similar to those observed in the CO group
than in the BP group, as expected from the similarities in the
fiber profile of these ingredients. In conclusion,Miscanthus grass
can be utilized by the pet food industry as an economical and
environmentally conscious ingredient that can provide flexibility
in the formulation of diets that aim to maximize the health
benefits of dietary fiber. Miscanthus grass fiber can be effectively
used as a base ingredient to develop fiber blends in combination
with more soluble and fermentable dietary fiber, including
prebiotic sources, which might be beneficial to improve SCFA
production and modulate gut microbiota. In this study, inclusion
of 2% TP in combination with MF resulted in small numerical

increases in fecal SCFA concentrations, suggesting that fiber
blends can be used to support gut and host health. Inclusion
of dietary fibers was an effective strategy to modulate feline gut
microbiota. Cats fed diets containing Miscanthus grass fiber had
greater α-diversity than cats fed BP. Future studies should further
evaluate nutraceutical uses, additional fiber blends, and diet
formats, as Miscanthus grass fiber can be a functional ingredient
in multiple dietary platforms, including weight management, gut
health, and hairball control.
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Feline vitamin D status is based on dietary consumption but metabolism of this essential

nutrient and the efficacy of supplementation forms are poorly described in cats. The aim

of this study was to further elucidate the metabolites of vitamin D2 in cats and to compare

the effectiveness of vitamin D2 and 25(OH)D2 for increasing feline vitamin D status. Eight

adult male castrated domestic shorthair cats received vitamin D2 or 25(OH)D2 in a single

crossover design. Vitamin D2 was dosed daily in a molar equivalent dosage to vitamin

D3 ingested in the diet while 25(OH)D2 was provided at a daily dose of 20% molar

equivalent intake of dietary vitamin D3 based on its expected higher potency. Plasma

concentrations of 25-hydroxyvitamin D epimers were evaluated at baseline then every 2

weeks for a total of 10 weeks. Analysis of multiple vitamin D metabolite concentrations

was completed at the end of each supplementation period, followed by a washout period

preceding the second phase of the crossover trial. Results showed that supplementation

with 25(OH)D2 more effectively and rapidly raised circulating 25(OH)D2 levels in cat

plasma compared to vitamin D2. Formation of C-3 epimers of 25(OH)D3, 25(OH)D2, and

24,25R(OH)2D3, but not 24,25(OH)2D2, were observed in feline plasma. The abundant

concentrations of epimeric forms of vitamin D metabolites found in circulation suggest

that these metabolites should be considered during vitamin D analyses in cats. Further

studies using 25(OH)D and vitamin D2 forms are needed to conclude safety and efficacy

of these vitamers for supplementation in this species.

Keywords: feline, C-3 epimer, cholecalciferol, ergocalciferol, 24,25-dihydroxyvitamin D, 3-epi-24,25(OH)2D2,

1,25(OH)D2, calcitriol

INTRODUCTION

Unlike some mammals, cats cannot synthesize adequate vitamin D from UV light and therefore
have a dietary requirement for this nutrient (1). Cholecalciferol (vitamin D3) is found in animal
tissues and is provided in most commercial feline diets through ingredients or supplementation
(2). Ergocalciferol (vitamin D2) is a fungal and plant source of vitamin D (3) that is currently
found in feline supplements for homemade diets. This may offer an alternative for cats that
must avoid specific animal protein sources due to adverse food reactions or food allergies.
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Additionally, vitamin D2 is less likely to induce toxicity
in cats when provided at an equivalent dose to D3 (4).
However, knowledge regarding vitamin Dmetabolism, including
utilization of vitamin D2, in cats is extremely limited.

Ingested vitamin D is absorbed from the diet via enterocytes,
incorporated into plasma lipoproteins, and transported to
the liver by vitamin D binding protein, where it is stored
and hydroxylated to 25(OH)D (5–7). This metabolite is
then transported to the kidney where it is hydroxylated
again at position 1 of the A-ring to form the hormone
1,25(OH)2D, or calcitriol (8). Together with other metabolites
such as 24,25(OH)2D and 1,24,25-dihydroxyvitamin D
(1,24,25(OH)2D), this hormone plays an important role
in calcium homeostasis, skeletal health, and possibly other
physiological functions (9, 10). Epimeric forms of many of
these vitamers have been identified in multiple species, with an
epimer at position 3 of the A-ring of 25-hydroxyvitamin D3

(3-epi-25(OH)D3) recently identified in cats (11). The function
of C-3 epimers of vitamin D metabolites is unknown, but they
appear to be endogenously produced and biologically active
metabolites (12–17).

Since all vitamin D is essentially converted to 25(OH)D and
this metabolite is found abundantly in circulation, it is the
most commonly measured indicator of vitamin D status (18).
Circulating 25(OH)D3 is an active metabolite and has been found
to be more potent at influencing vitamin D status than vitamin
D3 when administered as a supplement to dogs (19, 20), rats
(21, 22), chicks (21), and humans (23, 24). In fact, 25(OH)D3 is
reported to be up to 10 times more potent than vitamin D3 in
humans (23) andmay prove an effective form of supplementation
for people and animals in diseases such as chronic kidney disease
and cardiovascular disease (23, 25, 26).

Vitamin D supplementation is common in humans, and
both cholecalciferol and ergocalciferol are used. With increasing
recognition of vitamin D status in companion animals,
supplementation may become more common in the future and
supplement form will need to be considered (2). Although
research in cats is limited, one study suggests a lower
bioavailability of vitamin D2 compared to D3 in felines (27).
Cats are not the only species that appear to discriminate against
vitamin D2; a similar pattern is observed in pigs (28), chicks (28,
29), horses (30), and monkeys (31, 32). Rats, on the other hand,
exhibit a preference for vitamin D2 (28, 33). In humans, vitamins
D2 and D3 have generally been considered equipotent, though
a recent meta-analysis suggests a superiority of D3 in raising
25(OH)D concentrations compared to D2 (34). Numerous
explanations for the increased potency of D3 have been suggested,
including greater affinity for hydroxylase enzymes and vitamin D
receptors (32, 35–37). Most of the vitamin D3 metabolites have a
D2 counterpart, suggesting a similar metabolic pathway based on
25-hydroyxlation (38). Additionally, a unique 24-hydroxylation
pathway occurs in vitamin D2 metabolism to form metabolites
(24(OH)D2, 1,24(OH)2D2, 1,24,25(OH)3D2), that appear less
potent than those derived from vitamin D3, which may lead to
more rapid deactivation of vitamin D2 (39–44).

Given the paucity of information surrounding vitamin D
metabolism in cats in general, and the unknown effectiveness

of vitamin D2 supplementation in cats specifically, the purpose
of this study was to investigate vitamin D metabolism when
cats are supplemented vitamin D2 or 25(OH)D2 in addition to
vitamin D3 found in the diet. As vitamin D2 is derived from
non-animal sources, its use in cats as a supplement in place of
vitamin D3 is hypothetically advantageous in cases of suspected
allergic reaction to food of animal origin. In many such cases,
a tolerated meat, poultry, or fish source is empirically identified
and in turn used as a dietary ingredient, though it may contain
vitamin D3 and thereby provide a background amount of vitamin
D3 (45). Impetus for study of 25(OH)D2 relates to reputed
superior bioavailability of 25(OH)D compared to vitamin D
(46). Supplementation with 25(OH)D might correct vitamin D
deficiency when dietary vitamin D is ineffective, as in cases of
inflammatory bowel disease, which are associated with vitamin
D deficiency, and may occur secondary to allergic intolerance of
food (47). Specifically, the aims of this study were: (1) to identify
vitamin D metabolites present in cats, including epimeric forms
of vitamin D2 and D3 metabolites that have been previously
identified in other species, and (2) to compare the effectiveness of
vitaminD2 and 25(OH)D2 for increasing vitaminD status in cats.
A difference in effectiveness was hypothesized based on reports
in other species of greater potency of 25(OH)D3 compared to
vitamin D3.

MATERIALS AND METHODS

Animals
Eight university-owned, purpose-bred male castrated domestic
shorthair cats were included in the study. The median age
of cats was 7.5 years (range 7–12 years) with median body
weight of 4.7 kg (range 4.2–5.9 kg). Cats were considered healthy
based on physical examination, activity, and results of complete
blood count, plasma biochemistry, and total T4 concentrations
evaluated immediately prior to enrollment. Cats were housed
in an American Association for Laboratory Animal Science
accredited, temperature, humidity, and light cycle-controlled
facility. They were individually housed for∼8 h during the day to
monitor food intake, then group-housed in two separate groups
for the remainder of the day. Food was provided once daily in the
morning (typically 7:30–9:30); water was available at all times.
Prior to beginning and every 2 weeks during the study, each
cat’s body weight was recorded using the same scale immediately
before feeding. Body condition scoring using a 9-point scale
(48) was also performed. Venous blood was then collected by
jugular venipuncture and plasma was collected every 2 weeks
for vitamin D metabolite determination. Biochemical analyses,
including complete blood count and clinical biochemistry, were
performed prior to and at the end of the experiment. Care of
animals followed National Institutes of Health Guide for the Care
and Use of Laboratory Animals (49) and was approved by the
Animal Care and Use Committee of the University of Missouri
(Protocol 9214).

Diet
The cats were maintained exclusively on the same commercial
dry extruded feline diet (Supplementary Table 1) at an energy
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intake known to maintain body weight for each individual (48–
61 g/d; 877–1,110 kJ/d). This diet was fed for several months
prior to initiation of the study and was readily accepted by the
cats. Consumption of the offered amount was recorded daily in
grams. As indicated by its label claim, the diet passed Association
of American Feed Control Officials (AAFCO) feeding trials
for maintenance of adult cats. A single batch of diet was fed
throughout the duration of the experiment. Vitamin D3 and D2

concentrations in the study batch were measured by an external
laboratory (Eurofins Nutrition Analysis Center, Des Moines, IA,
USA). Vitamin D3 content was 318 IU/100 g with no detectable
(<4 IU/100 g) vitamin D2.

Experimental Design
A single crossover design was used. Firstly, the cats were
systematically assigned to one of two treatment groups. For this,
the cats were ranked based on dietary intake of vitamin D3 then
assigned to the groups so that mean vitamin D3 intakes between
the groups were similar. Four cats initially received vitamin D2

(Sigma-Aldrich, St. Louis, MO, USA) daily in a molar equivalent
dosage to the vitamin D3 they were ingesting from the diet based
on commercial analysis of the diet and daily intake (0.80–0.86
µg/kg body weight per d). The other four cats initially received
25(OH)D2 (Isosciences, Ambler, PA, USA) daily at a dosage
that was equal to 20% of the daily molar equivalent intake of
dietary vitamin D3 (0.16–0.18µg/kg body weight per d). Selected
dosage of 25(OH)D2 was based on data obtained by one of the
investigators (RCB) in a prior canine study, indicating an ∼5-
times greater oral potency of 25(OH)D3 relative to vitamin D3

for affecting change in plasma 25(OH)D3 concentration (50).
In this study, extraordinarily high plasma concentrations of
25(OH)D3 resulted after only 2 weeks of dosing of 25(OH)D3 at
2.3 µg/kg0.75. Due to concern about potential hypervitaminosis
D, potency of 25(OH)D3 relative to vitamin D3 in this work was
not estimated from equilibration concentrations of 25(OH)D3

in plasma. Rather, the relative potency was estimated from
differences in rate of change in plasma 25(OH)D3 concentration
from baseline values. For dosing of 25(OH)D2 in the present
study, ethanol was used for dilution of stock solutions of vitamin
D2 and 25(OH)D2 to 0.5 and 0.1 µg/µL, respectively. Each
day, a small volume (7–10 µL) of ethanolic stock solution was
applied to a single kibble of diet mixed in with the meal for
voluntary consumption. Plasma concentrations of 25(OH)D3

and its C-3 epimer, as well as 25(OH)D2 and its C-3 epimer, were
evaluated initially and then every 2 weeks. Following observation
of an apparent plateau in plasma concentration of 25(OH)D2

among the cats after 10 weeks, analyses of multiple vitamin
D metabolite concentrations were completed. Thereafter, the
D2 vitamer supplementations were discontinued for a washout
period of 12 weeks prior to beginning the second phase of
the crossover. Length of the washout period was determined
by monitoring plasma concentrations of 25(OH)D every 2
weeks until the concentrations of 25(OH)D2 were below the
level of quantification. Limits of quantification and detection
were defined as follows: peaks of UV absorbance recorded
during reverse-phase HPLC were quantified if they coincided
with the retention time of D metabolite standard and their

amplitude was 5-times greater than the amplitude of the standard
deviation of background noise. Metabolites were considered
detected when a peak coincided with retention time of standard
and amplitude was 2-times greater than standard deviation of
background noise. Limits of quantification for 25(OH)D3, 3-epi-
25(OH)D3, 25(OH)D2, 3-epi-25(OH)D2, 24,25(OH)2D3, 3-epi-
24,25(OH)2D3, and 24,25(OH)2D2 were determined to be 3.0,
2.0, 3.0, 3.8, 4.7, 10.1, and 9.1 ng/mL, respectively.

Laboratory Analyses
Clinical hematology (Sysmex xT-2000i; Sysmex, America, Inc.)
and plasma chemistry analyses (Beckman AU480; Beckman
Coulter, Inc.) were performed at the University of Missouri
Veterinary Medical Diagnostic Laboratory, Columbia, MO
prior to and at the end of each 10-week supplementation
period. Clinical hematology and plasma chemistry were analyzed
immediately after each supplementation period to confirm
there were no adverse effects of supplementation. Plasma was
also stored at −20◦C for repeat chemistry analysis at the
end of the trial to reduce inter-assay variation. Serum was
reserved after each supplementation period and stored at−20◦C,
then analyzed for parathyroid hormone (PTH) and ionized
calcium concentrations at an external laboratory (Michigan State
University Veterinary Diagnostic Laboratory, East Lansing, MI,
USA) upon conclusion of the study.

Plasma 25(OH)D Analyses
For monitoring of vitamin D status every 2 weeks, plasma
concentrations of 25(OH)D3 and 25(OH)D2 and their respective
C-3 epimers were determined using extraction and HPLC
methods of Lensmeyer and colleagues (51) with modifications.
The modifications were required because quantification of some
metabolites was precluded by the overlap of HPLC peaks of 3-
epi-25(OH)D3 and 25(OH)D2, as reported elsewhere (52). For
the determinations, 0.5mL of plasma was incubated overnight
(14–16 h) with internal standard, tritiated 25(OH)D3 (25-[26,27-
3H]-hydroxyvitamin D3) (Perkin Elmer, Boston, MA, USA).
The plasma was thereafter combined with 1.0mL acetonitrile
(CH3CN), incubated for two 5min periods, twice vortexed, and
for 10min centrifuged at 2,000 × g at ambient temperature (22–
24◦C). The supernatant was diluted with 0.5mLwater and loaded
on a conditioned solid-phase extraction column (StrataTM-X,
33µm, 60mg, Phenomenex, Torrance, CA, USA). The column
was washed with 2mL CH3CN-water (35:65, v/v) and eluted with
2mL CH3CN. The eluent was dried by centrifugal evaporation
for 75min. Eluent residue was reconstituted with 250 µL
hexanes-2-propanol (94:6, v/v). A portion of the reconstitute
(200 µL) was injected on an equilibrated (2.0 mL/min, hexanes-
2-propanol, 94:6, v/v) normal-phase column (4.6 x 250 cm,
Zorbax Sil, Agilent Technologies, Santa Clara, CA, USA). Eluted
fractions containing metabolites of 25(OH)D2 and 25(OH)D3

were dried and then reconstituted with 100 µL methanol and
diluted with 50 µL water as needed for subsequent quantification
by reverse-phase HPLC.

A portion (120 µL) of the reconstituted normal-phase
fractions containing 25(OH)D3 metabolites was injected on to
a heated (50◦C), reverse-phase HPLC column (Zorbax SB-CN,
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Agilent Technologies, Santa Clara, CA, USA), equilibrated with
methanol-water (67:33, v/v), flowing at 1.2 mL/min, as described
by Lensmeyer et al. (51). Eluting 25(OH)D3 and 3-epi-25(OH)D3

were quantified from area-under-the-curve (AUC) of peak UV
absorbance at 265 nm. Eluting 25-[26,27-3H]-hydroxyvitamin
D3 was collected, dried, and quantified by liquid scintillation
counting. Reconstitute of the normal-phase fraction containing
25(OH)D2 metabolites was spiked with internal standard (25
ng of 25(OH)D3) and a portion of it (120 µL) injected on the
reverse-phase column for quantification of 25(OH)D2, 3-epi-
25(OH)D2, and internal standard.

For calculation of the plasma metabolite concentrations,
recovery of all the metabolites was assumed to be in equivalent
proportion to recovery of tritiated internal standard, 25-[26,27-
3H]-hydroxyvitamin D3. This assumption was verified for
25(OH)D2 and 3-epi-25(OH)D2 in pooled plasma collected from
cats not consuming dietary vitamin D2. For this, plasma aliquots
(0.5mL, n= 5) were spiked with 25 ng of 25(OH)D2, 25 ng of 3-
epi-25(OH)D2, and 1,200 dpm of 25-[26,27-3H]-hydroxyvitamin
D3. Mean (± standard deviation) recoveries of the metabolites
were determined to be 43.1 ± 5.9, 44.0 ± 2.6, and 47.3 ±

2.6%, respectively.

Mono- and Di-Hydroxyvitamin D
Metabolites
Plasma collected during the last week of each supplementation
period was additionally analyzed for di-hydroxyvitamin D
metabolites. For this, 1.0mL of plasma was extracted by methods
of Hollis (53) following overnight incubations with methanolic
solutions (10 µL) of internal standards: 25-[26,27-3H]-
hydroxyvitamin D3 and 1α,25-[26,27-3H]-dihydroxyvitamin D3

(Perkin Elmer Boston, MA, USA). Samples were vortex-mixed
for 20 s in 1.0mL CH3CN and centrifuged (2,000 × g) for
20min at ambient temperature. Resulting supernatant was
vortex-mixed with 1.0mL water and applied to a conditioned
solid-phase column (Bond Elut C18; Agilent Technologies,
Santa Clara, CA, USA). The column was washed with water
(5mL) and methanol-water (70:30, v/v; 5mL), then air dried for
10min. The column was eluted with hexanes-methylene chloride
(90:10, v/v; 5mL) and then hexanes-2-propanol (95:5, v/v; 5mL).
Residue of eluents was reconstituted and fractionated by the
above described normal-phase HPLC method with two minor
variations: The mobile-phase was hexanes-2-propanol (96:4,v/v)
and six fractions were collected, each fraction coinciding with
the retention time of standards of vitamin D2 and D3 forms of
25(OH)D, 24,25(OH)2D, and 1,25(OH)2D. The fractions were
assumed to contain both C-3 epimers because little difference
was observed between retention times of epimeric standards
that were commercially available, i.e., 3-epi-25(OH)D3, 3-epi-
25(OH)D2, and 3-epi-24R,25(OH)2D3 (Isosciences, Ambler,
PA, USA).

The above described reverse-phase HPLC method was used
to quantify both epimeric forms of 25(OH)D3, 25(OH)D2,
24,25R(OH)2D3 and 24,25(OH)2D2. The method was slightly
modified for quantification of the 24,25(OH)2D epimers: Internal
standard, 25 ng of 25(OH)D3, was added to the 24,25(OH)2D

reconstitutes prior to HPLC quantitation. The HPLC mobile-
phase was changed to a gradient in which the methanol-water
proportion was increased after 20min from 60:40 (v/v) to
70:30 (v/v) for elution of internal standard, 25(OH)D3. Plasma
concentrations of the metabolites were calculated the same
as described above for concentrations of the 25(OH)D3 and
25(OH)D2 metabolites.

The normal-phase fraction containing 1,25(OH)2D2

and that containing 1,25(OH)2D3 and 1α,25-[26,27-3H]-
dihydroxyvitamin D3 were each aliquoted into thirds. One
third of the fraction containing 1,25(OH)2D3 was dried and
radioactivity in residue determined by liquid scintillation
counting. The remaining aliquots of the fractions were added to
borosilicate glass tubes (12 x 75mm) to which 10 µL methanol
was also added. The glass tube contents were dried and the
amount of 1,25(OH)2D3 or 1,25(OH)2D2 in residue of the
fractions was determined using a commercially available RIA kit
(1,25-Dihydroxy Vitamin D RIA, Immunodiagnostic Systems,
Ltd., Boldon, Tyne, & Wear, UK). A procedural deviation in use
of the RIA kit was that standards were borosilicate glass tubes
that contained dried residues of 10 µL aliquots of methanolic
dilutions (0.4, 1.6, 6.3, and 25 pg/mL) of 1,25(OH)2D3

(Isosciences, Ambler, PA, USA) and organic mobile phase
(hexanes-2-propanol, 96:4, v/v) of a volume equivalent to that
aliquoted for RIA of samples (∼1.5mL). Another variation in
procedure in use of the RIA kit was that incubation of tubes with
radiolabel was extended from 1 to 3 h before separation of bound
from free radiolabel. The response in inhibition of binding was
linear with natural log of mass of 1,25(OH)2D3 standard in tubes
[bound % = −14 × ln (1,25(OH)2D3 pg) + 92; r = 0.998].
The amount of 1,25(OH)2D3 calculated to affect a 50% binding
was 19 pg.

The plasma concentrations of vitamin D metabolites were
determined using the above methods in 1.0mL replicates (n
= 6) of pooled plasma from cats receiving no dietary vitamin
D2. The plasma replicates were spiked with 50 ng each of
25(OH)D2, 3-epi-25(OH)D2, and 24RS,25(OH)2D2 (Isosciences,
Ambler, PA, USA) prior to analysis. Mean (± standard deviation)
recoveries of the metabolites were found to be 41.4 ± 4.4,
44.3 ± 6.2, and 54.2 ± 18.7%, respectively. Recoveries of the
tritiated labels of 25(OH)D3 and 1,25(OH)2D2 were determined
to be 44.8 ± 2.7 and 74.9 ± 13.2%, respectively. Coefficients
of variation determined for 25(OH)D2, 3-epi-25(OH)D2, and
24RS,25(OH)2D2 were 10.7, 13.9, and 22.9%, respectively.

Metabolite Identity Confirmation
The LC-MS/MS methods of Kaufmann et al. (54) were used
with modifications to confirm that UV absorbance of vitamin D
metabolites were causal of reverse-phase HPLC peaks recorded
during retention times of metabolite standards. Initially, HPLC
eluent was collected during periods (∼1.5min) when UV peaks
of supposed metabolite were observed. The eluent fractions from
each cat were combined across cats according to metabolite
fraction. Metabolite in the pooled fractions was extracted into
chloroform by methods of Bligh and Dyer (55). For this, water
and chloroform were added to the fractions in amounts sufficient
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to form a mixture of 0.9:1.0:1.0 (v/v/v) water-chloroform-
methanol. The mixture was vigorously shaken for 1min and
thereafter allowed to stand until development of a chloroform
layer, which was then removed and dried. Metabolite in residue
of the chloroform extract was derivatized in a 1.0mL glass
vial by incubation for 30min with freshly prepared labeling
solution – 25 µL of briefly sonicated, dry, methylene chloride
containing 0.1 mg/mL of 4-[2-(6,7-dimethoxy-4-methyl-3,4-
dihydroquinoxalinyl-)ethyl]-1,2,4-triazoline-3,5-dione (Key
Synthesis, Oaks, PA, USA). The incubation was extended
another 60min after addition of another 25 µL of labeling
solution. The derivation was stopped by addition of 40 µL
ethanol. After drying, derivatized metabolites were dissolved in
250µLmethanol-water (60:40, v/v) and quantified by the LC-MS
methods of Kaufman et al. (54) by the University of Missouri,
Charles W. Gehrke Proteomics Center.

Statistical Analyses
Statistical analysis was performed with statistical software
[SAS 9.4, SAS Institute, Cary, NC, USA; Microsoft Excel
(2016), Microsoft Corporation, Redmond, WA, USA]. Variable
observations were accepted as normal if means andmedians were
similar and skew and excess kurtosis were both between−1.0 and
1.0. Plasma 25(OH)D3 and 3-epi-25(OH)D3 concentrations and
anion gap, serum PTH concentration, and bloodmonocyte count
were observations normalized by logarithmic transformation.

Repeated-measures, mixed-model ANOVA was used to
determine the significance of effect of treatment (vitamin
D2 vs. 25(OH)D2) on plasma concentrations of 25(OH)D3

and 25(OH)D2 and their C-3 epimers. Fixed effects were
D2 vitamer type, crossover phase, and their interaction while
random effects were subjects (cats). Significance of differences
of sampling week were identified using Tukey-adjusted, multiple
comparisons. Significance of effect of oral D2 vitamer form
on plasma concentrations of dihydroxyvitamin D metabolites
[24,25(OH)2D2, 24,25(OH)2D3, 1,25(OH)2D2, 1,25(OH)2D3]
were determined with Wilcoxon two-sample tests comparing
the group receiving vitamin D2 first to the group receiving
25(OH)D2 first. For single repeated measures, paired-t tests
were used to test significance of oral D2 vitamer type [D2 vs.
25(OH)D2] on normal observations. Sign-rank tests were used to
test significance of single repeated, non-normal observations (i.e.,
serum ionized calcium concentration, blood basophil count, and
plasma concentrations of phosphorus, urea nitrogen, creatinine,
chloride, albumin, and total protein).

The number of cats selected for study was based on a power
analysis using reported mean and variance observations on peak
plasma 25(OH)D2 concentrations in 10 adult cats given oral
boluses of vitamin D2 (27). The analysis indicated that paired
observations of 25(OH)D2 concentrations in seven cats should
be sufficient for detecting a 50% mean difference caused by a
treatment effect with α = 0.05 with a power of 80%.

Central tendency and dispersion of non-normal observations
are reported as median and range, respectively. Results for
normal observations are reported as mean and SEM. Effects were
considered significant if P < 0.05.

RESULTS

Animals
A total of eight cats were initially included in the study. All
diet presented each day was typically consumed. The median
(range) energy intake for cats at baseline was 79.8 (73.2–82.4)
kcal/kg0.67. Cats received dietary vitamin D3 in their commercial
diet (0.65–0.95 µg/kg body weight per d). Prior to starting the
D2 vitamer supplementations, body condition score (BCS) of
the cats was ideal (BCS 5/9, 20% body fat, n = 3) or slightly
above ideal condition (BCS 6/9, ∼ 25 to 30% body fat, n = 5).
Food presentation was adjusted by 5–10% to maintain/achieve
ideal BCS throughout the study. While vitamin D3 intake varied
slightly with adjustments to food intake, this did not appear to
have a substantive effect on D status as there was no significant
crossover phase effect on plasma 25(OH)D3 concentrations.

One cat was euthanized after the first phase of the crossover
and therefore excluded from statistical analysis. During the
washout period following 10 weeks of supplementation with
25(OH)D2, this cat was found to have an increase in plasma
urea nitrogen (from 34 to 40 mg/dL, reference interval 19–
35 mg/dL), while plasma creatinine was unchanged from the
pre-trial value (1.4 mg/dL) and within the reference interval
(0.9–2.0 mg/dL). The concentrations of the total of 25(OH)D3

and 25(OH)D2 at this time point were 44.8 ng/mL for the beta
epimers and 13.1 ng/mL for alpha C-3 epimers, respectively.
During the 10 weeks of supplementation, the mean (range)
plasma concentrations of the of total 25(OH)D for this cat
were 47.3 (44.8–70.1) ng/mL for beta epimers and 15.0 (9.1–
21.8) ng/mL for alpha epimers. These values were similar to
plasma concentrations observed in other cats in the study
who received 25(OH)D2 supplementation (Table 1). This cat
was later euthanized during the washout period, 11 weeks
after discontinuing 25(OH)D2 supplementation, following 1
week of clinical signs (anorexia, vomiting, lethargy) and the
development of azotemia (BUN 163 mg/dL, creatinine 6.0
mg/dL) and other plasma biochemistry changes consistent
with renal failure. Abnormal necropsy findings included
asymmetric and overall diminished renal mass with left
nephrolithiasis. Histopathological findings were lymphocytic
interstitial nephritis, with the smaller, left kidney having diffuse
interstitial, cortical fibrosis between dilated medullary and
cortical tubules, and the larger, right kidney having similar
pathological changes but with adjacent and greater regions of
normal cortex with tubular vacuolation and minimal interstitial
lymphocytic inflammation.

After conclusion of the second phase of the crossover, one
cat experienced syncopal episodes attributed to paroxysmal
third-degree AV block and persistent left bundle branch
block. The cat had received supplementation with 25(OH)D2

during the second phase of the trial. An echocardiogram
revealed mild dilation of the right atrium and ventricle. Blood
glucose, cardiac troponin, ionized calcium, and other clinical
hematological and biochemistry analyses repeated at the time
were within laboratory reference intervals. Echocardiograms
were subsequently performed on all other cats which had
received 25(OH)D2 supplementation during the second phase
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(n = 3) and the findings were unremarkable. Serial 24-h
evaluations with a Holter monitor over the next 12 weeks
indicated significant improvement in conduction abnormalities
in the affected cat. Rapid and complete resolution of clinical signs
was observed with no further abnormalities appreciated over the
next several months. Results from this cat were included in the
analysis for a total of seven cats in the study.

Effects of D2 Supplementation on 25(OH)D
Concentrations
Plasma concentrations of 25(OH)D2 increased over time
with both D2 vitamer treatments during the 10 weeks of
supplementation. There was no detectable 25(OH)D2 in any
plasma sample initially (week 0). Following supplementation
with D2 vitamers, 25(OH)D2 concentrations gradually increased
to plateaus by week 6. Supplementation with 25(OH)D2 was
associated with a more rapid and greater rise in plasma
25(OH)D2 concentration compared to treatment with vitamin
D2 (P < 0.01; Table 1).

Following supplementation with vitamin D2, plasma
concentrations of 25(OH)D3 declined over time and were
significantly reduced from baseline by week 8 (P < 0.02).
Plasma concentrations of 25(OH)D3 were greater than
those of 25(OH)D2 until week 6 (P < 0.01), after which
the concentrations of 25(OH)D3 and 25(OH)D2 were not
statistically different. The combined concentrations of 25(OH)D2

and 25(OH)D3 [total 25(OH)D] were unchanged by vitamin
D2 supplementation (Table 1; Supplementary Figure 1). On
the contrary, supplementation with 25(OH)D2 did not affect
25(OH)D3 concentrations but did result in an increase in
total 25(OH)D by week 2 of supplementation (P < 0.01).
The concentrations of 25(OH)D2 and 25(OH)D3 were
not different at any time point other than week 0, when
25(OH)D2 concentrations were below 25(OH)D3 (P < 0.01;
Supplementary Figure 2).

Effects of D2 Supplementation on Alpha
C-3 Epimeric Forms of 25(OH)D
Peaks of UV absorbance were observed coinciding with the
retention time of 3-epi-25(OH)D2 standard in reverse-phase
HPLC of extracted and fractionated plasma from all cats. Elution
of the epimer at the time of the UV peaks was confirmed by the
LC-MS/MS analysis described in the methods.

Similar to initial 25(OH)D2 concentrations, there was no
detectable 3-epi-25(OH)D2 in any plasma sample initially (week
0). With both D2 vitamer supplementations, 3-epi-25(OH)D2

concentrations increased by week 2 (P < 0.03), after which no
significant changes were observed (Table 1). There was no effect
of D2 supplementation form [vitamin D2 vs. 25(OH)D2] on
plasma concentrations of 3-epi-25(OH)D2.

Plasma concentrations of the alpha C-3 epimers remained
below concentrations of their respective beta epimers [i.e.,
25(OH)D2 and 25(OH)D3] at all time points. By week 10
of the D2 vitamer supplementations, mean concentration
of 3-epi-25(OH)D2 was less (P < 0.01) and 29% of the
concentration of 25(OH)D2 and 3-epi-25(OH)D3 was less
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TABLE 2 | Median and range values of plasma vitamin D metabolites in cats after

10 weeks of oral supplementation with vitamin D2 (n = 4) or 25(OH)D2 (n = 3)

while consuming a commercial feline diet containing vitamin D3.

Supplementation form

Vitamin D2 25(OH)D2 P-value

Metabolite Median Range Median Range

1,25(OH)2D3 (pg/mL) 37.2 17.9–55.8 28.4 23.6–29.9 0.86

1,25(OH)2D2 (pg/mL) 28.4 23.6–29.9 13.5 10.7–16.0 0.71

24,25(OH)2D3 (ng/mL) 15.3 9.3–25.8 17.3 16.5–17.8 1.00

24,25(OH)2D2 (ng/mL) nd* nd nd nd –

3-epi-24,25R(OH)2D3

(ng/mL)

2.9 0.0–7.5 2.7 2.3–5.6 1.00

3-epi-24,25(OH)2D2

(ng/mL)

nd nd nd nd –

*nd, not detected.

(P < 0.01) and 65% of the concentration of 25(OH)D3

(Table 1). The C-3 epimer of 25(OH)D3 was present in higher
concentrations than 3-epi-25(OH)D2 at all weeks during both
vitamer supplementations (P < 0.02). After week 0, there were
no significant changes in and differences between concentrations
of 3-epi-25(OH)D2 and 3-epi-25(OH)D3. There was, however,
a difference between the alpha epimer concentrations of
25(OH)D2 and 25(OH)D3 at weeks 8 and 10 when cats
received 25(OH)D2 supplementation (P < 0.01). The total 3-
epi-25(OH)D concentrations remained unchanged after week 0
during both D2 vitamer supplementations (Table 1).

Effects of D2 Supplementation on
24,25(OH)2D and 1,25(OH)2D Metabolites
At the end of supplementations, analysis of week 10 plasma
from both crossover phases was conducted to determine
concentrations of dihydroxyvitamin Dmetabolites, including the
D3 and D2 forms of 1,25(OH)2D, as well as 24,25(OH)2D and its
putative C-3 epimers. Due to an analysis error that caused sample
loss, concentrations of these metabolites could not be reliably
determined for week 10 of the second crossover phase. Results
of analyses of samples of the first phase of the crossover trial
are reported here when cats received oral supplementation with
vitamin D2 (n= 4) and 25(OH)D2 (n= 3) (Table 2).

There was no effect of D2 vitamer form on the concentrations
of 1,25(OH)2D and 24,25(OH)2D3 metabolites (Table 2).
Vitamin D3 and D2 forms of 1,25-dihydroxyvitamin D were
identified and quantified. Median plasma concentrations of
1,25(OH)2D2 were 49% less than 1,25(OH)2D3 (P = 0.02).

Peaks of UV absorbance were observed coinciding with the
retention times of 24,25R(OH)2D3 and the C-3 epimer, 3-epi-
24,25R(OH)2D3, standards in reverse phase HPLC of extracted
and fractionated plasma. Identity of the metabolites were
confirmed by LC-MS/MS analysis described in the methods. No
UV detectable peaks were observed during or closely following
the retention time for 24RS,25(OH)2D2 standard. Only the
vitaminD3 form of 24,25(OH)2Dwas detected in plasma samples

of all cats. This included the alpha C-3 epimer of 24,25(OH)2D3

which was detected in six of the seven cats. Among all cats,
median plasma concentrations of 24,25R(OH)2D3 were greater
than 3-epi-24,25R(OH)2D3 (P < 0.01; Table 2).

Effects of D2 Supplementation on Plasma
Biochemistry and Blood Count Variables
Oral 25(OH)D2 compared to vitamin D2 supplementation was
not associated with greater plasma calcium or phosphorus
concentrations after 10 weeks. Additionally, there were no
differences in indicators of kidney function including blood
urea nitrogen, creatinine, and PTH concentrations between
supplement forms [25(OH)D2 and vitamin D2] (Table 3).
Clinical hematology and biochemistry values following 10 weeks
of oral supplementation with 25(OH)D2 were not significantly
different from those following vitamin D2 supplementation
(Supplementary Tables 2, 3).

DISCUSSION

We have described feline vitamin D metabolite formation when
dietary sources of vitamin D3 plus vitamin D2 or 25(OH)D2 are
provided. Our hypothesis that supplementation with 25(OH)D2

would more effectively and rapidly raise circulating 25(OH)D2

levels in cat plasma compared to vitamin D2 was supported. We
report here observations of C-3 epimer formation for 25(OH)D3,
25(OH)D2, and 24,25R(OH)2D3. To the authors’ knowledge,
this is the first report confirming circulating concentrations of
1,25(OH)2D2, 24,25R(OH)2D3, and 3-epi-24,25R(OH)2D3 in the
cat. We were unable to identify any circulating 24,25(OH)2D2

or 3-epi-24,25(OH)2D2 in these samples. This information may
provide insight into the similarities and differences between
feline vitamin D2 and D3 metabolism.

The results of this study illustrate that supplementation
with vitamin D2 and 25(OH)D2 result in increased plasma
concentrations of 25(OH)D2 and 3-epi-25(OH)D2 when they
are provided in addition to vitamin D3 in the diet. During
supplementation with vitamin D2, total 25(OH)D concentrations
remained stable over time despite an increase in 25(OH)D2

(Table 1, Supplementary Figure 1). This could be explained by
the concurrent reduction in 25(OH)D3 concentration. A similar
effect of vitamin D2 supplementation on 25(OH)D3 levels in
humans has been reported, but is not a consistent finding
(56, 57). This suggests that vitamin D2 and vitamin D3 are
competing substrates for 25-hydroxylase in the liver and that
available 25-hydroylase activity may limit elevation of plasma
25(OH)D concentration when dietary vitamin D content is
increased. An alternative explanation is that vitamin D2 may
induce catabolism of 25(OH)D3, which has been theorized based
on an increased ratio of 24,25(OH)D3 to 25(OH)D3 following
vitamin D2 supplementation in humans (58). This is unlikely
to be the case in cats since this pattern was not observed
in our study during supplementation with 25(OH)D2, which
resulted in an initial increase in total 25(OH)D with no change
in 25(OH)D3 concentration (Supplementary Figure 2). The
stable concentrations of plasma 25(OH)D3 during 25(OH)D2
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TABLE 3 | Median and range of select biochemistry and endocrinology variables in seven cats after 10 weeks of oral supplementation with vitamin D2 or 25(OH)D2 while

consuming a commercial feline diet containing vitamin D3.

Supplementation form

Vitamin D2 25(OH)D2

Reference interval Median Range Median Range P-value

Urea nitrogen (mg/dL) 19–35 24 18–29 22 19–30 1.00

Creatinine (mg/dL) 0.9–2.0 1.4 1.0–1.7 1.5 0.9–1.8 0.69

Calcium (mg/dL) 8.6–10.4 8.9 8.6–9.8 9.2 8.9–9.5 0.44

Phosphorus (mg/dL) 2.3–5.0 4.3 3.1–4.8 4.2 3.3–4.7 0.80

Parathyroid hormone (pmol/L) 0.40–2.50 0.80 0.30–0.90 0.60 0.30–1.70 0.67

Ionized calcium (mmol/L) 1.00–1.40 1.19 1.17–1.26 1.22 1.14–1.25 0.56

supplementation are consistent with our knowledge of vitamin D
hydroxylation in the liver, described as a relatively uncontrolled
process with little negative feedback from circulating 25(OH)D
concentration (59).

The ability of 25(OH)D2 to raise total 25(OH)D levels
compared to vitamin D2, even when dosed at a 20% molar
equivalent, indicates a greater than five times increased potency
of 25(OH)D2 compared to vitamin D2. This is consistent
with multiple studies and meta-analyses showing increased
effectiveness of 25(OH)D3 compared to vitamin D3 in humans
(24, 60, 61).

Similar to previous studies, we found that the C-3 epimer
of 25(OH)D3 is present in cats in quantities greater than
observed in other species, such as rats, dogs, and humans
(11, 17, 62). There are reports of C-3 epimers of numerous
vitamin D metabolites, including 1,25(OH)2D3, 1,25(OH)2D2,
and 24,25(OH)2D2 which have been detected in other species and
cell lines (12, 13, 15, 16, 62–67). With the methods employed
here, we could not investigate occurrence of C-3 epimers of
1,25(OH)2D3 and 1,25(OH)2D2, but we did find quantifiable
concentrations of 3-epi-25(OH)D2 and 3-epi-24,25R(OH)2D3 in
feline plasma samples, the presence of which have not been
previously reported in cats. The C-3 epimer of 25(OH)D2 was
first detected after 2 weeks of supplementation with both D2

forms (Table 1). At all time points during supplementation
and for both supplement forms, concentrations of 3-epi-
25(OH)D2 were below 25(OH)D2. The equilibration of 3-
epi-25(OH)D2 was much more rapid (2 weeks) than that of
25(OH)D2 (8 weeks). Although the role of C-3 epimerization is
unknown, it has been suggested that the epimers are products
of a clearance pathway for vitamin D metabolites (11). Our
results are consistent with this theory, as demonstrated by
increased concentrations of 3-epi-25(OH)D2 after initiating D2

vitamer supplementations. A previous report of 3-epi-25(OH)D3

supports C-3 epimerization as a means of protection against
hypervitaminosis D by demonstrating this metabolite’s ability to
affect calcium homeostasis and bone mineralization (12). The
presence of epimeric forms of vitamin D metabolites in high
abundancemay be part of the reason cats seem relatively resistant
to vitamin D toxicosis even when ingesting very large amounts of
vitamin D (68).

The detection of similar D2 and D3 plasma metabolites
following supplementation with D2 forms indicates
similar pathways of metabolism in cats with some possible
exceptions. Firstly, we did not detect plasma concentrations of
24,25(OH)2D2 in any of the cats. It is conventionally believed
that 24-hydroxylation of 25(OH)D to form 24,25(OH)2D
is the first step in degradation of the vitamer (8). Here, the
cat may be different. If the role of degradation is adopted
by C-3 epimerization in cats, then we might expect plasma
concentrations of 24,25(OH)2D to be lower in cats than
plasma concentrations of 3-epi-25(OH)D. In fact, we found
that 24,25R(OH)2D3 concentrations were similar to those of
3-epi-25(OH)D3 after 10 weeks. This finding seems consistent
with a possible physiologic role for 24,25R(OH)2D3 in cats.
Some investigators have found evidence that 24,25(OH)2D may
have independent or synergistic physiological actions on bone
(69). The reason we were unable to detect 24,25(OH)2D2 in
plasma is unknown, though we postulate that cats may have
24-hydroxylases with lower affinity for 25(OH)D2 compared
to 25(OH)D3.

Our observations of plasma 1,25(OH)2D concentrations may
also indicate a difference between metabolism of D2 and D3

vitamers in cats. The plasma concentrations of 1,25(OH)2D2

were significantly lower than those of 1,25(OH)2D3 following
10 weeks of supplementation with both forms of vitamin D.
We do not believe that the relative concentrations of the two
vitamer forms of 1,25(OH)2D reflect a difference in substrate
availability, since plasma concentrations of 25(OH)D2 were not
significantly different from those of 25(OH)D3 after 10 weeks
for either D2 supplement form (Table 1). A possible explanation
is that 1α-hydroxylase in the feline kidney has a lower affinity
for 25(OH)D2 compared to 25(OH)D3. Even if such an affinity
difference occurs, its physiological importance is uncertain.

Of important note is that the total amount of vitamin D
intake (vitamin D3 + D2 form) by the cats was well below the
safe upper limit (19 µg/kg0.67) recommended by the National
Research Council, which is based on observations for vitamin D3

(4). The upper limit is based in part on observations that chronic
intake (18 months) of diet containing 33,840 IU/kg vitamin D
by kittens and adult cats was not detrimental to reproduction,
growth, or renal health (68). Nevertheless, one cat in our study
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was diagnosed with renal failure 11 weeks after discontinuing
supplementation with 25(OH)D2 (0.80µg/kg/d). After reviewing
blood chemistry values for the months and years prior to the
study, and based on the chronic changes detected on necropsy,
we suspect this cat had an insidious progression of chronic renal
disease that was not detectable on routine blood chemistry prior
to study enrollment. Chronic renal failure of unknown etiology
is a common cause of morbidity and mortality in domestic cats
as they age (70). Although there is no evidence that renal disease
was caused by supplementation with 25(OH)D2, this cannot be
completely ruled out. However, total 25(OH)D concentrations
after 10 weeks of supplementation were 44.8 ng/mL for the beta
C-3 epimer and 13.1 ng/mL for the alpha C-3 epimer, which
was within the range observed for the other cats supplemented
with 25(OH)D2 (Table 1), which makes hypervitaminosis D an
unlikely cause for this cat’s renal disease. In addition, a second
cat experienced adverse effects following supplementation with
25(OH)D2 for 10 weeks during the second phase of the study.
This cat was diagnosed with paroxysmal third-degree AV block
and persistent left bundle branch block which rapidly resolved
once the supplement was discontinued. No other cats receiving
25(OH)D2 had cardiac abnormalities based on echocardiograms,
and the relationship between these findings and supplementation
are unclear.

Since use of 25(OH)D is being investigated for
supplementation in multiple species, further studies to determine
dose and safety of this metabolite in cats are warranted to
ensure that the potent effects do not result in toxicity when
supplemented at apparent physiologic doses. Ingestion of
25(OH)D in place of vitamin D has potential clinical applications
for when a rapid increase in vitamin D status is sought or
when absorption or metabolism of vitamin D is impaired.
Although there was no difference between 25(OH)D2 and
vitamin D2 on plasma hematology and biochemistry parameters,
including indicators of calcium homeostasis (total calcium,
phosphorus, PTH, and ionized calcium), long-term safety studies
are indicated based on the adverse events observed in two of
eight cats in this study. This is especially important given reports
in other species that 25-hydroxyvitamin D is the more active
form of vitamin D and ∼2–6 times more potent than vitamin
D, a feature currently being exploited in studies of human and
canine vitamin D supplementation (19, 22, 23, 25, 60).

One limitation of this study was the small sample size
which increased the likelihood of type-2 statistical error,
especially in comparisons of outcomes between supplementation
of 25(OH)D2 and vitamin D2. For the dihydroxy metabolites
in particular, sample loss resulted in comparisons of only
3–4 observations. Given the low number of observations, it
is possible that there is a statistical difference between the
supplementation groups, but because of low power we could not
detect any differences.

Additionally, differentiation between effects of the D2

vitamers was complicated by consumption of vitamin D3 in the
diet. Nevertheless, our findings are relevant in practice. If cats
receive diets supplemented with vitamin D2, some vitamin D3

likely would be ingested because many animal-source ingredients
contain vitamin D3 (46). Appropriately designed studies are
needed to evaluate outcome differences between D vitamers (D2

and D3) when background vitamin D status is low as in vitamin
D deficiency.

In conclusion, this study reports on oral administration of D2

vitamers and identification of novel vitamin D metabolites that
may help us to better understand vitamin D metabolism in cats.
The high concentrations of C-3 epimers detected in cat plasma
consistent with previous studies emphasizes the importance of
considering epimeric forms of vitamin D metabolites when
reporting on vitamin D status in cats, as these are present in
abundant quantities and may cause under- or over-estimation of
circulating vitamin D depending on methods of analysis. Further
studies using 25(OH)D and vitamin D2 forms in cats are needed
before conclusions can be made about safety and efficacy of
these vitamers for supplementation, or their efficacy compared
to vitamin D3. Nonetheless, the present research indicates that
oral supplementation with 25(OH)D2 compared to vitamin D2

is more potent and more rapid in raising vitamin D status in
adult cats.
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