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ABSTRACT

DIETARY MODULATION OF CANINE METABOLISM FOR OBESITY MANAGEMENT

AND CANCER RISK REDUCTION

Metabolic aberrancies associated with environmental exposures and excess
adiposity can increase risk for multiple chronic diseases. Obesity is the prinvérgnal disorder
of companion dogs and incidence and prevalence rates continue to increaste, igdtriibwn
about underlying metabolic disruption in obese dogs or the role of environmental contanana
which companion dogs are exposed. Cooked common ehasgolus vulgarid,.) are a rich
source of macro-, micro-, and phytonutrients that have potential to support heagthty wei
management in dogs, modulate metabolism, and decrease risk for chronic disease yletitthave
be evaluated for safety and digestibility in dogs. Given the prevalence ofyobesimpanion
dogs and the potential of bean consumption to improve health, the overarching hypotHhasis for t
dissertation is that cooked beans are well tolerated and palatable in dogddmhaficially
modulate underlying metabolic pathways associated with canine obesitynamheental
exposures. The major objectives in this dissertation were to 1) determine enwvii@renposures
and obesity associated metabolic aberrancies in companion dogs; 2) invastidedsibility,
safety and digestibility of incorporating cooked bean powders into nutritionally cordplgfeod
formulations; and 3) determine the effects of weight loss and bean intake on in@@faoheters.
To accomplish these objectives, 66 clinically healthy, adult companion dogs of vareds donel

genders were recruited to participate in randomized, controlled bean-baaedidietvention



studies performed at Colorado State University Veterinary Teaching Hospital dimdjidiel
Animal Hospital. The specific hypotheses tested were:

e Companion dogs are exposed to detectable levels of environmental pollutants and
exhibit altered metabolomes associated with obesity.

e Dry dog foods formulated with 25 % weight/weight cooked bean powders are safe,
digestible, and well tolerated compared to a nutrient matched control diet.

e Dogs consuming bean-based diets will have altered lipid and carbohydrate
metabolism, reduced inflammation, increased expression of satiety gut hormones,
and decreased insulin resistance.

We first determined the background exposures to pesticides as detected roarig# f
normal weight dogs. Urine samples collected from the dogs were screened foraf padel
pesticides using an established ultra-performance liquid chromatography-massrsgiec
(UPLC-MS/MS) platform. Fifteen distinct pesticides were detectedntost frequently detected
compounds in canine urine were atrazine, fuberidazole, imidacloprid, terbumeton, aralidlopy
We next evaluated 66 clinically healthy dogs that were normal weight, overwaigiitese for
differences in serum biochemistry, microbiome, and metabolome. The proportion of overweight
and obese dogs with hemolysis, creatinine kinase, and aspartate aminotafA&Tragevels
outside reference ranges was higher than normal weight dogs. Levels of AST, chlatide,
gamma-glutamyl transpeptidase were lower in overweight or obese dogs. Theidenlaibmes
were evaluated in a subset of 50 dogs using 16S lllumina based sequencing. The fecal raicrobiom
comprised, in order of abundance, the phyla Firmicutes, Bateroidetes, Prieteaband
Actinobacteria. Significant variation existed between all dogs with noeliitess found at the level
of phyla, class, order, family, or genus level. The fecal, plasma, and urine metabolome af 66 dog
were evaluated by liquid chromatography (LC) and gas chromatography coupled to mass

spectrometry (MS), and 266 compounds were differentially expressed by weight phenotype.



Difference in plasma metabolites accounted for 44 % of the variation between nerghd) w
overweight, and obese dogs.

To determine the safety and digestibility of incorporating cooked bean powders into
nutritionally complete dog foods, three clinical trials were carried out. Dagsinong bean-based
diets maintained indices of adequate nutritional intake as mandated bystoéafisn of
American Feed Control Officials (AAFCO) feeding trials. Bean-based digtsagadigestible as
the matched, standard ingredient, control (CON) dog foods. In overweight dogs undergoing weight
loss, the black bean (BB) diet had higher total dry matter and crude proteirbdityeatid both
the navy bean (NB) and black bean diets had higher carbohydrate digestibilityeti@@Nidiet.

No increased flatulence or major change in fecal consisteasyeported by any of the owners for
any dogs. Normal weight dogs consuming beans had lower serum cholesterol levels@t@N the
dogs, and dogs undergoing weight loss on bean-based diets had decreases in serunb HDL, LD
and triglycerides. Metabolites associated with lipid, carbohydrate, and protainatish were
altered in bean consuming dogs; however in dogs undergoing weight loss, the grdaie sheshi
metabolome was observed in response to weight loss, independent of diet.

This work highlights the utility of metabolomic platforms for evaluating the metabolis
of dogs and determining intervention responsive metabolic pathways. These data provide a
foundation for continued investigation into the role of beans for healthy weight management and

obesity and cancer prevention in dogs.
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CHAPTER 1: INTRODUCTION

OBESITY PREVALENCE, HEALTH RISKS, AND MANGAEMENT IN COMPANION

DOGS

The human obesity epidemic remains at an all-time high in the United Stdieseant
estimates showing that 39 % of all adults and 17 % of children are bWéste the prevalence
of human obesity seems to have stabilized over the last 10, yargicidence of companion
dog obesity is still increasidgup to 40 % of dogs are overweight or obese in the3ABd

canine obesity prevalence is also high in the!,Australi, and in Chind&.

Health Risks and Metabolic Dysfunction Associated with Obesity

Excess adipose tissue is associated with an increased incidence of disease in bwth huma
and dogs. The economic impact of obesity related health problems underscores tharsignific
of the increased risk. For example, on a per capita basis in the U.S., the average medical
spending for obese humans is 42 % higher than for lean hursamdlarly, overweight dogs
tend to require medical intervention for chronic diseases 2-3 years earlier than lea@bess.
humans and dogs are at higher risk for developing orthopedic disease, such as osteoarthritis,
cardiorespiratory complications, diabetes mellitus, dyslipidemia, urinary tract disorders,
hormonal and reproductive anomalies, and some types of calc®ome of the most
challenging consequences of obesity to address are the sub-clinical aberranoisrtipaiecede
the development of overt dised8d=igure 1 summarizes the relationship between metabolic
dysfunction associated with obesity and the increased risk for the development of disease.

Obesity is associated with dysregulated metabolic pathways that are often summed

together as “metabolic syndrome” to flag individuals at higher risk of developing type II diabetes



mellitus and cardiovascular disease. Metabolic syndrome is clinically diabwitbea
combination of abdominal adiposity, hyperlipidemia, inflammation, and insulin resistadée a
associated with increased risk of heart disease and insulin independent diglmedestudy of

35 obese dogs, 20 % met the criteria for metabolic syndtd®eme authors argue the merit of
diagnosing metabolic syndrome in dogs on the basis that cardiovascular disesssedamt@aon

in dogs than people and that the type of diabetes seen in dogs is closer to the human type |
diabetes3 However, the characteristics of metabolic syndrome in dogs still demonstrate
underlying adipose dysfunction that merit further investigation to determine the relationshi

between obesity, metabolic dysfunction, and the increased risk for chronic disease.

The Complexities of Weight Management

In its simplesform, the cause of obesity is an energy imbalance: more energy is
consumed than is expended, leading to an expansion of adiposé%idsueever, the
environment, feeding and begging behavior, and individual physiology may all playrroles i
determining energy requirements, expenditure, and consumption iA*ddgs.

Emerging evidence supports the role of environmental exposures in obesity and increased
risk for chronic disease (Figure 1). Organophosphorus pesticides can increase instdimcess
alter glucose and lipid metabolism, and increase inflammétidigh exposures to some organic
contaminants are associated with increased levels of circulating glucodie, gtsalesterol, and
triglycerides, as well as higher body mass index (BMAdult mice orally exposed to an
organophosphate experienced significant increases in body wadiijtumfood consumption,
serum cholesterol, and insulin resistattk obese rats exposed to an empirically derived,
environmentally relevant mixture of contaminants, Mailloux et al. demonstrated alterations i

hepatic lipid and energy metabolism that contribute to obesity associated co-nes3iditi



Further demonstrating the relationships between obesity, altered metabolism, endepest
exposures, Arrebola et al. demonstrated that certain pesticide exposures increased risk for
hypertension, but only in individuals with a BMI ov26.3 kg/nd.2° The role of environmental
contaminate exposures in canine obesity merits investigation, however little is known about
baseline exposures in dogs, much less the physiological effects.

Multiple strategies exist to address weight management, including ploogiaal,
behavioral, exercise, and diet interventions. The primary teygdte majority of weight
management strategies starts with a diet or nutritional intervention that hefpsénsatiety,
maintain lean muscle mass, and a healthy nutritional stattiGiven the continued rise in
canine obesity, novel dietary strategies are warranted to prevent and manage obesity in
companion dogs. Common beans merit investigation as an ingredient in dog food as they have
the potential to improve weight management in companion dogs, as well as reduceftie risk
multiple chronic diseases and obesity associated comorbidities. The followtiog seitt

explore the nutritional components of beans and their potential used in dog diet formulations.
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Figure 1: Metabolic dysfunction associated with obesity and environmental exposures. This figure

summarizes data from human, dog, and murine studies demonstrating the effects of obesity and exposures to
environmental pollutants that increase risk for developing disease.



BEANS ARE AN IMPORTANT FOOD FOR WEIGHT MANAGEMENT

Common beand?haseolus vulgarid,.), such as black, pinto, and navy beans are edible,
dry, non-oil seeds, or pulses, in the legume fa/iilifhey comprise over half of the consumed
legumes worldwid®, with over 18 million metric tons produced globally each yé&f the
bean classes grown in the U.S., the most common are pinto, followed by navy, arfd black.
Legumes represent an important crop for increasing environmentally sustainablewagricult
practices because of their unique ability to fix nitrogen intédsaild potential to reduce reliance
on resource intensive animal protein produciplegumes can support the nutritional
sustainability® of dog food formulations. In addition to providing potential environmental
benefits, bean consumption is associated with improved health and weight management. For
example, in epidemiological studies, bean intake is inversely associated vuiioise!
mortality3? and strongly associated with longevityhigher intakes of fiber and minerals, better
weight management, and lower blood pres§tBeans contain unique macro and micronutrients
when compared to other graifhand consumption has been shown to reverse dyslipiéetfia
reduce inflammatiofi-3% improve gut hormone expression and insulin sensitf7#y modulate
apoptotic markef8, and support a healthy microbial commuriitfigure 2 summarizes the
potential of common bean intake to correct metabolic aberrancies directly and through healthy

weight management.
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Figure 2: The role of bean intake to reduce risk for chronic disease directly and through healthy
weight management. This figure represents the potential benefits of bean intake and weight management to
ameliorate metabolic aberrancies associated with environmental exposures and obesity (Figure 1) to reduce
the risk of chronic disease.

Cooked common beans are excellent sources of macro-, micro-, and phyto-nutrients that
work together to support healthy weight managerffie®nh average, cooked, dehydrated
common beans contain about 70 % total carbohydrates, up to 30 % total dietary fiber, 15-30 %
protein, less than 2 % crude fat, and supply about 386 Kcal/100 g dry ffidtter.

Table 1 shows the specific profiles of black and navy beans, the two cultivars evaluated

in this dissertation for use in dog food formulations.



Table 1: Nutrient and energy composition of cooked black
and navy beans by proximate analysis.

Per 100 g Dry Matter Black Bean Navy Bean
Carbohydrate, g 69.21 71.98
Total Dietary Fiber, g 25.39 29.01
Protein, g 25.86 22.74
Total lipid, g 1.58 1.71
Ash, g 3.36 3.59
Energy, kcal 385 387

Data from the USDA National Nutrient Database*®
Carbohydrates

Bean carbohydrates can be categorized by the methods used to detect them and by their
dietary interactions with a mammalian host. Cooked common beans contain 50 %- 70 % total
carbohydrate, the majority of which is starch (up t&#30f dry matter) and fiber (up to 30 % of
dry matter)*® The remaining carbohydrates are primarily made up of polysaccharides and
oligosaccharides, but also contain some disaccharides and monosaccd¢hafidascrose and
fructose make up the majority of the monosaccharides, while stachyose, raffinose and verbascose
make up the oligosaccharidésAbout 85 % of the starch fraction can be digested by mammalian
enzymes, the remaining 15 % is classified as resistant stafbke. digestible starch of cooked
whole beans provides approximately 26 % rapidly digestible starch, 17 % slowly digestible
starch, and 12 % very slowly digestible starch. Cooked whole beans have a starch digestibility
index of 483, compared to wheat bread with an index of°t0@sulting in a low glycemic

response®

Fiber

Fiber is defined as the non-digestible carbohydrates and lignin céftent.
preponderance of evidence in human studies support that fiber intake is inversely associated with
excess body weight and may improve weight loss by altering gut hormone expression,

decreasing energy density of food, improving satiety, and altering nutrient metabolism and



absorption in the intestirfé.In normal weight dogs, high fiber diets, especially those with
fermentable fibé¥, have been shown to reduce caloric intake. When high fiber diets are
combined with 30 % protein, satiety also impro%&bh overweight colony beagles fed a weight
management diet, a fiber supplement lowered caloric intake and increased weihtlloss.
Companion dogs that consumed a high fiber and high protein diet lost, on average, 12 % more
body weight with a 20 % greater loss of body fat mass than dogs consuming a high protein,
moderate fiber die®

Fiber composes about half of the total carbohydrate fraction of cooked common beans
and total dietary fiber ranges from 14 -30 % of the total dry m&f8The fiber content of
cooked beans is attributed with decreasing serum cholesterol levels, incretsipg sa
improving weight management, and inhibiting the growth of cancer®€efls3-67

Increasing bean intake in dogs, humans, and lab animals has had a minimal impact on
the composition of a healthy, stable gut microbt6#8 6, but instead seems to alter the
metabolic function of the bacteria in the gut by increasing short chain fatty acid (SCFA)
production’® Propionate production increases botkxnvivocolonic fermentatiorfé and in
plasma samples of individuals consuming be@msityric acid has been shown to increase with
in vitro bean fermentations, and in rats fed a bean-based diet, is also associated withgncreas
lipid oxidation by altering carbohydrate metabolism in the Ifi*éncreased SCFA production
may represent an important mechanism for the observed decreased lipemia, incre@ged satie

and improved weight loss associated with bean intake.

Protein and Amino Acids

Total dry matter of cooked, common beans comprises up to 30 % protein, about twice

that of cereal grain®. The primary nutritional proteins in cooked beans are albumins and



globuling4, the primary globulin is phaseolin, a storage protein with low levels of sulfur-
containing amino acids. Thus the amino acid profiles of beans tend to be low in methionine, but
high in lysine?® The albumin fraction contains lectins and enzyme inhibitors which are present in
high amounts of raw beans and include alpha-amylase inhibitors and Bowman-Birk trypsin and
chymotrypsin inhibitors- the presence of which are almost negligible after cooking.
Independently, lectins, alpha-amylase inhibitors and Bowman-Birk inhibitors demonstrate
modulation of gut hormone secretion, interference with tumor cell growth and metabolism,
influence on the gut microbiome, decreases in inflammation, and modulation of lipid
metabolism’® Given the observation of these effects in clinical trials and epidemiological
studies, cooked bean proteins may retain enough inhibitory activity to confer a health benefit,
while minimizing any potential nutritional deficit.Beans are also relatively high in arginine and
glutamine, thermogenic amino acids that further modulate both carbohydrate and fat metabolism

for improved glycemic control and weight lo3s.

Micronutrients

Beans are exceptionally high in B vitamins, magnesium, and potassium. Beans are also
rich in phosphorus, calcium, iron, and zinc, but low in soditibinder, et al. evaluated the
micronutrient concentration in a range of dog food diets when fed at caloric restriction levels
suitable for weight loss. Magnesium, riboflavin, and niacin were among the microrautoient!
to be deficient in commercial diets when at restricted |e¥dlbus, beans have the potential to
support micronutrient sufficiency during weight loss in dogs. Furthermore, the high potassium
and low sodium content in beans have the potential to beneficially modulate blood pressure,

further reducing the potential for obesity associated co-morbidities.



Phytonutrients

A wide range of small, bioactive molecules in beans provide additional health agid wei
management benefits. Cooked beans have alpha-amylase inhibition activity that may be
associated with slowing carbohydrate digestibility in the small intestine dading dietary
energy extractior’®? While bean derived alpha-amylase inhibitors have been used to improve
human weight loss, the compounds isolated from raw bean extracts have had variable results i
clinical trials’” Phytates also lower carbohydrate digestibility, and in high concentrations, can
chelate calcium, iron, zinc, and magnes#Rhytate is the primary storage molecule of
phosphorus in plantsand while it is reduced with both soaking and cookKingean seeds
selected for low phytate concentration have been shown to improve iron absorption in#omen.
While this study did not report the protein content of the low phytate bean cultivars, other plants
have shown a direct correlation between phytate content and protein céterthermore,
phytates demonstrate strong chemopreventive propg€ried serum lipid lowering activity
indicating that in low concentrations, they may confer more of a health benefit than a nutritiona
liability in the context of a balanced diet formulati@ooked common beans contain a wide
range of polyphenols that include phenolic acids, flavonoids, and triterpenic acids. Total
phenolics acids reported in cooked bean cultivars average around 1,600 ug/100 g dry matter
gallic acid equivilents and some abundant acids include ferulic acid, o-coumaric and p coumaric
acid, sinapic acid, and caffeic aidBeans with colored seed coats tend to have the highest
concentration of flavonoids including catechin, genistein, epicatechin, kaempferol, am@dfsom
the polyphenol resveratrdl.In general, polyphenols have been shown to reduce inflammation,
cardiometabolic disease, oxidative stress, and inhibit the cell cycle of neopllistté ¢&&81-85

However, emerging evidence supports that these phenolic compounds are associated with
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improved weight loss and dyslipidemia by altering fat metabolism and improving glucose
homeostatsig-%0 Cooked beans also contain the phytosterols B-sitosterol, stigmasterol, and
camesterol - plant-derived lipids with structural similarity to cholestef®hytosterols have

been shown to reduce hyperlipidemia by competitively inhibiting cholesterol incorporation into
micelles at the intestinal lumen, upregulating reverse transporters in entetbeytieacrease the
rate at which lipids are excreted back into the lumen after initial absorption, and finally by agai

competitively inhibiting the incorporation of cholesterol into chylomicrns.

DISSERTATION AIMSAND HYPOTHESES

Given the prevalence of obesity in companion dogs and the potential of bean
consumption to improve health, our goal was to investigate the feasibility, safety, and
digestibility of incorporating cooked bean powders into nutritionally complete dog food
formulations. The overarching hypothesis for this dissertation research project is that cooked
beans are well tolerated and palatable in dog food and beneficially modulate underlying
metabolic pathways associated with canine obesity and environmental exposures. Our overall
objectives were to 1) determine environmental exposures and obesity associated metabolic
aberrancies in companion dogs; 2) investigate the feasibility, safety, andbdigest
incorporating cooked bean powders into nutritionally complete dog food formulations; and 3)
determine the effects of weight loss and bean intake on metabolic parameters. Our gmal was
formulate bean-based nutritionally complete dog diets with isocaloric and nutriexedtean-
free control diets and to investigate the effects of these diets on nutritional, cimetaholic,
inflammatory, and endocrine function in normal weight and overweight companion dogs. Navy
and black beans were chosen based on their availability in the U.S. and their differenaks in see

coat color from different phytochemical profiles. The nutritional composition of these two bean
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cultivars are presented in Table 1. Sixty-six clinically healthy, adult, male amdefelogs of
diverse breeds participated in one of three clinical trials. The characteristicsvafuatidogs
are presented in Appendix 1. The specific aims, experiments, and hypotheses atkloddaie

and summarized in Figure 3.

Specific Aim 1: Determine canine environmental and obesity relapederes.

Experiment 1A: Measure pesticide exposures in hormal weight dexjsosure to
environmental contaminants has been associated with increased risk for obesity, enetaboli
dysfunction, and chronic disease in humans and lab animals, and has been minimally
investigated in companion dogs. Because natural exposures have not previously been reported in
companion dogs, our objective was to determine baseline exposures to agrochemicals, believed
to be important sources of potential metabolic and endocrine disruptors, which may increase risk
for obesity and chronic disease. This experiment is presented in ChadudtiZsidue analysis
of pesticides in urine of healthy adult companion d8gs

e Hypothesis: Companion dogs are exposed to low dose mixtures of pesticides that

can be detected in urine using an agrochemical mass spectrometry based
screening panel.

Experiment 1B: Determine differences in serum biochemistry, metabolome, and
microbiome between normal weight, overweight, and obese dogs. Multiple studies have reported
minor differences in clinical blood analytes and the microbiome of normal and overweight dogs;
however differences in the metabolome have not yet been investigated. The objective of this
experiment was to determine potential differences in this cohort of Northern Colorado dogs by
comparing clinical blood analytes and metrics, the microbiome, and the metaboloméebiat re

obesity related exposures, and to correlate these differences with underlying subd$ieassd.d
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This experiment is presented in Chapte®8rum biochemistry microbiomes, and metabolomes
of clinically healthy normal weight, overweight, and obese dogs.

e Hypothesis: Overweight and obese dogs have higher levels of organ stress, altered
gut microflora, and metabolic aberrancies than normal weight dogs.

Specific Aim 2: Determine safety and digestibility of bean-based dog foods

Experiment 2A: Evaluate the safety and digestibility of a navy bean-based diet in dogs
for weight maintenance. Given the potential health benefits of bean consumption in companion
dogs, the objective of this experiment was to determine the safety and digestibility of a 25 %
weight/weight navy bean diet compared to a matched, placebo control diet for adult dog weight
maintenance. This experiment is presented in Chapteffekts of cooked navy bean powder on
apparent total tract digestibility and safety in healthy adult dgs.

e Hypothesis: A nutritionally complete, navy bean-based diet is equally digestible,

palatable, tolerable, and supports weight maintenance and nutritional
requirements of adult companion dogs, compared to a matched control diet.

Experiment 2B: Determine the safety and digestibility of navy and black bean-based
diets in overweight dogs undergoing weight loss. Our objective was to determivesifidbased
diet is digestible and meets the nutritional requirements of adult dogs undergoingstort
long-term calorically restricted weight loss compared to an isocaloric, nutriechedatontrol
diet. This experiment is presented in ChaptéMd:y and black bean-based dog foods are
digestible during weight loss in overweight and obese adult companion dogs.

e HypothesisNutritionally complete black and navy bean-based diets support

healthy weight loss, are digestible, and nutritionally adequate for short- and long-
term calorically restricted companion dog weight loss compared to a control diet.

Specific Aim 3: Determine the effects of consuming a bean-based dietcanitiremetabolome,
serum biochemistry, gut hormones, and inflammation.

Experiment 3A: Determine the effects of consuming beans on the normal weight canine

metabolome. The objective of this study was to evaluate the effects of beans on the small
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molecule profiles of a nutritionally complete dog diet and the effects of consumption on serum
lipids and metabolism in healthy, normal weight adult dogs. This experiment isteicse
Chapter 6Consumption of cooked navy bean powders modulates the canine fecal and urine
metabolomeé?
e Hypothesis: We hypothesized that the addition of navy bean powder results in
distinct phytochemicals compared to the control diet and that consumption of the

navy bean diet modulates the chemical composition of the canine fecal and urine
metabolome.

Experiment 3B: Determine the effects of consuming beans during weight loss on canine
biochemistry. The objective of this study was to measure changes in clinical, serunmistighe
of adult dogs undergoing weight loss on a bean-based or control diet. This experiment is
presented in Chapter Nutritional weight loss therapy with cooked bean powders regulates
serum lipids and biochemical analytes in overweight and obese’@ogs.
e Hypothesis: Overweight and obese dogs undergoing calorically restricted weight
loss will have improved serum biochemical profiles and dogs consuming a bean-

based diet will have improved serum lipid profiles compared to dogs consuming a
matched, no-bean diet.

Experiment 3C: Determine the effects of consuming beans during weight loss on the
canine metabolome, inflammasome, and gut hormones. The objective of this study was to
evaluate the metabolic changes that occur in dogs during short term weight loss afhgethee
of bean consumption on metabolism. This experiment is presented in Chdgffect of bean
consumption on canine metabolism and inflammation during calorically restricted weight loss.

e HypothesisDogs consuming a bean-based diet during weight loss will have
alterations in lipid and carbohydrate metabolism, reductions in inflammatory

cytokines, less reduction in satiety hormones and increases in insulin sensitizing
hormones.
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66 clinically healthy adult dogs recruited for three independent clinical trials through the CSU Veterinary Teaching Hospital & Wellington Animal Hospital
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Figure 3: Overview of study design for investigating the role of bean-based diets for improving canine health. Dogs completed a double-blinded,
randomized, controlled dietary intervention clinical trial to evaluate the safety, digestibility, and feasibility of incorporating 25 % weight/weight
cooked bean powder into extruded dog foods.



CHAPTER 2: MULTIRESIDUE ANALYSIS OF PESTICIDES IN URINE OF HEALTHY

ADULT COMPANION DOGS

INTRODUCTION

Chronic diseases are the leading cause of death in both dogs and humans and prevalence
is expected to increa8e?’ While there are multiple risk factors, the association between
pesticide exposure and chronic disease risk has been of increasing public health concern.
Environmental pesticide exposures in humans have been associated with heart disease, obesit
arthritis, cancer, respiratory disease, diabetes, and neurodegenerative dig@&henging
evidence supports that when exposures occur in combination, the aggregate, unintended
consequences of pesticide toxicity incré&s®, the effects cannot be simply accounted for by
summing the effects from compounds in isolat¥8rand therefore highlights the need to study
relevant chemical mixtures. Studies investigating the effects of complex towicduates are
difficult in that the exposure doses of the known pesticides can vary substtitiatig the
cumulative exposures during critical phases of growth and development are largely unknown.
Thus it has been challenging to interpret results from studies that demonstrate tagegle
mechanism of action for a specific pesticide exposure and for determining a relationship to
disease pathogenesis. Advancements are being made in overcoming the challeogésdss
with the study of complex mixturé8! For example, improved instrumentation methods have
helped to establish lower limits of detection for many chemicals, permitting nowease body-

burden assessments with health and/or disease outcomes.

! This chapter was published in Environmental Science and Technology December 2014:48(24):14677-85.
Doi: 10.1021/es503764s. Authors are Genevieve M. Forster, Dustin G. Brown, Greg P. Dooley, Rod L.
Page, and Elizabeth P. Ryan
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Companion dogs are relevant to study because they develop similar complex human
diseases such as cané®ri6 Shared lifestyles of dogs and humans support their use as
biosentinels for monitoring environmental expostfieand was demonstrated with development
of mesothelioma in dogs whose owners were regularly exposed to asbestesated levels of
flame-retardants and associated toxins found in dog $&%ysasticides in urine after exposure
to treated lawri4® 111 and concentrations of organohalogenated compounds in dog serum were
reported in 2011 to be consistent with reported levels in hurigrgtudies that have
demonstrated associations between exposure to environmental contaminants and carene diseas
risk in dogs include: 1) exposure to 2,4-dichlorophenoxyacetic acid and increased risk of
transitional cell carcinom&?, 2) a diagnosis of lymphoma and herbicide expdsfr8) topical
insecticide use and increased risk for bladder cattcand 4) the presence of pyrethroids in
adipose tissue adjacent to canine mammary tumor tissues and the aggressivenessiof the t
phenotypé1® Monitoring environmental exposures in dogs has the potential to increase our
knowledge of human exposures, alongside our understanding of mechanisms for disease
progression.

Until recently, a background exposure profile in healthy individuals has been difficult to
establish for a defined population given lifestyle differences, namely variation in died, livin
environment, travel, illness, and geographical locatigal” 118 Advances in mass spectrometry
applications, including metabolomics, provides a unique opportunity for toxicologists to advanc
our knowledge of low dose chemical mixtures in humans and antfdlsis study was
designed to determine a chemical exposure mixture relevant to healthy companion dogs on
controlled ingredient diets during a one-month pet@d panel that was validated for detecting

fungicides, herbicides, and insecticides on food products was applied to canine diets and urine
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samples from a cohort of healthy dogs to assess total exposure. The findings presented
demonstrate the complexity of chemical mixtures of environmental organic compounds across

diverse, companion dog breeds.

MATERIAL AND METHODS

Diets

Two diets were formulated and fed to pet dogs as previously describadrol” and
“Navy Bean”.120 Both diets were matched in nutrient and energy content and contained rice,
corn, wheat, beet pulp, flaxseed, meat and bone meal, and poultry fat. Corn and wheat
ingredients were adjusted in the navy bean diet to account for the inclusion of 25%
weight/weight cooked navy bean powdé&}.Diets were formulated to meet the Association of
American Feed Control Officials and Nutritional Research Council guidelines for adult dog

maintenancé?! 122 Both kibble diets were extracted and analyzed for presence of pesticides.

Canine Participants and Urine Collection

Twenty-one clinically healthy, adult, male and female companion dogs, of various breeds
and normal weights were enrolled at the Flint Animal Cancer Center and Veterinary Teaching
Hospital at Colorado State University as part of a dietary intervention trial to investiga
digestibility of dry beans as a major ingredient in dog f88dhe study veterinarian determined
the enrolled dogs were clinically healthy upon determination of a normal physical exam and
blood chemistry results. Owners completed a health history questionnaire for each dog and were
asked to provide information on any medication use including anthelmintics or supplements.

Two dogs received heartworm prevention, C10 and C11. No owners reported the use of flea or
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tick prevention. Dogs were recruited from the Fort Collins, CO area, which consisted of both

rural and urban environments; water sources were primarily municipal, and specific data on

drinking water sources was not collected. As previously described, dogs were randomized to one

of two dietary groups: “Control” or “Navy Bean”, n=11 and 10, respectively.1?0 Owners were

instructed to exclusively feed the study diets, and were provided with diet logs to record any

additional food consumed by the dogs. Table 2 shows the month of each urine sample collection,

the major animal and plant ingredient of each diet consumed before starting the study, and any

common treats or table scraps fed as reported by owners.

Table 2: Urine collection dates and baseline dietary intake for 21 clinically healthy dogs evaluated for
pesticide exposure.

Collection Date (2010)

Baseline Diet Major

Dog ID Baseline 4 Week Ingredients Treats and Snacks!
NB1 August August Chicken and Wheat Biscuits, CET chews, human food
NB2 August August Lamb and Rice Milk bones
NB3 August September Chicken and Corn Chewie’s and Purina Dog Biscuits
NB4 August September  Meat/Bone Meal and Corn  Biscuits and table scraps
NB5 August September Meat/Bone Meal and Corn Human food, bones, and rawhides
NB6 August September  Meat/Bone Meal and Corn  Human food, bones, and rawhides
NB7 September October Chicken and Corn Dog biscuits
NB8 September October Meat/Bone Meal and Corn  Dog biscuits
NB9 September October Chicken and Rice Peanut butter
NB10 September October Chicken and Corn
Cc1 August August Chicken and Corn
C2 August August Chicken and Pea Hills dental and chicken jerky treats
C3 August September Chicken and Rice Rawhide chews
c4 No Sample September Chicken and Rice Rawhide chews
C5 August September Chicken and Rice
cé6 September October Chicken and Corn Milk Bones
c7 September October Chicken and Corn Bread
Cc8 September October Chicken and Corn Science diet biscuits
c9 No Sample October Chicken and Corn Science diet biscuits
c10 October November Chicken and Rice
C11 October November Chicken and Rice

1As reported by owners
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Two urine samples were collected either by “free-catch” as urine was voided or by
ultrasoundguided cystocentesis, before (“baseline”) and after consuming a study diet for 4
weeks. Urine samples were stored at -80°@l tnt time of analysis. Two of the “Control” dogs
had insufficient amounts of urine for pesticide detection at baseline and were excluded from
statistical analysis, however all 4 week urine samples were screened and presemsey. U
pesticide detection data from both baseline and 4 week timepoints were obtained for a total of 19
dogs. All study protocols were approved by the Colorado State University Institutional Animal

Care and Use Committee and dog owners provided informed consent for study participation.

Pesticide Extraction

Approximately 1 mL of each urine sample was adjusted to pH 5.2 with a 2M sodium
acetate buffer and incubated with 40 of B-glucuronidase (Sigma, St Louis, MO) for 2dtr
55C. Urine samples were diluted 1:10 into 9 mL of Milli-Q water and spiked witk 26f 10
ug/mL D5-atrazine (Sigma Aldrich) as an internal standard. A total of 5 g of each dog food diet
was manually homogenized imalL of Milli-Q water and also spiked with 2d. of 10 ug/mL
D5-atrazine. Diet and urine samples were extracted using Agilent SampliQ QREMitE
designed to follow AOAC Method 2007.01. Briefly, . of 1 % acetic acid in acetonitrile was
added to each sample in a pre-cleanethB@onical falcon tube. One pre-weighed packet
containing 6 g of magnesium sulfate (Mg®@nd 1.5 g sodium acetate (NaOAc) was then
added and the sample shaken vigorously for 1 min. Solid material was separated by
centrifugation at 2000 RCF. An 8 mL aliquot of supernatant was taken and added to a 15 mL
vial containing 400 mg of primary and secondary amino sorbent and 1200 mgMgSO
Dispersive solid phase extraction was achieved by vortexing samples for 2 min and then

centrifugation at 2000 RCF for 5 min. 3nL of supernatant were then removed, dried under
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nitrogen gas to 500L, and diluted to InL with 5mM ammonium formate/0.01 % formic acid
for Ultra Performance Liquid Chromatography-Mass Spectrometry/Mass Spectrometry (UPLC-

MS/MS) analysis.

UPLC-MS/MS Quialitative Pesticide Analysis
This 301 pesticides screening method utilized UPLC-MS/MS with electrospray

ionization in the positive mode. The instrument used in the analysis was an Agilent 1280 UPL
coupled to an Agilent 6460 triple quadrupole mass spectrometry, which was equipped with an
ESI source using Agilent Jet Stream Technology (Agilent, Santa Clara, CA). Pestierdes
separated on a Zorbax Eclipse Plus C18 column (2.1X 150mmirirticle size) (Agilentat

60 °C. A volume of 15 puL from each diet and urine sample was injected and a binary mixture of
5mM ammonium formate/0.01 % formic acid (A) and methanol with 5mM ammonium
formate/0.01 % formic acid (B) at a flow rate of @&/min. The gradient used wa$4 B

increasing to 98 % B at 15 min, and held for 5 min. The ionization source conditions used were
as follows: nebulizer gas flow of 5 L/min at 325 °C and 30 psi; sheath gas flow of 11 L/min at
375 °C; and the capillary voltage 3500 V. The optimized fragmentor, collision energy, and two
MS-MS transitions for each analyte were imported to the method from the Agilent Pesticide
Screening Dynamic Multiple Reaction Monitoring (MRM) Database (Agilent # G1733AA). The
dwell times for the transitions were maximized based on the number of concurrent MRMs. A test
mix containing 136 pesticides was run prior to each sample set to calibrate retem@ion ti

windows at 100 ng/mL for each analyte. The data collection and processing were performed by
using Agilent MassHunter software (v. B.04.01). Samples were analyzed using Agilent Mass
Hunter Quantitation software (v. B.04.01). For each sample, individual pesticides were inspected

for the presence of two characteristic product ions at the correct retention time. Pdasitioe
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the pesticides were confirmed by retention time and the product ion ratio correlation between the
sample peaks and corresponding standards (+%)2U0able3 lists the detected compounds,
retention times, and precursor and product ions detected.

Table 3: Identification parameters for pesticides detected in canine urine and diet samples.

Retention Precursor Product

Compound Time (Min) ion (m/z) ions (m/z) Classification EPA Registered Use
. 174.1 . corn, sorghum, sugarcane, and
Atrazine 9.46 216.1 132.0 Herbicide residential lawns 123
_ 137.1 -
Azinphos-ethyl 11.31 346.0 97.0 Insecticide ~ N/A
. 205.0 L Citrus, pineapple, and non-
Bromail 8.06 261.0 187.9 Herbicide agricultural weed control **
. 272.0 .
Bupirimate 11.90 317.2 166.1 Fungicide N/A
. 174.0 .. : 125
Clopyralid 2.00 192.0 110.0 Herbicide Sugarbeets, mint, and wheat
. 174.1 - 126
Ethoxyquin 11.38 218.2 148.0 Insecticide Pears
. 157.1 -
Fuberidazole 6.91 185.1 156.0 Fungicide N/A
) 156.1 .
Hydroxyatrazine 5.61 198.0 86.0 Herbicide N/A
. . 209.1 . Corn, lettuce, broccoli, apples,
Imidacloprid 4.83 256.1 Insecticide
\daciopn 175.0 nsectid potatoes %’
170.0 .
Metobromuron 9.15 259.0 Herbicide N/A
148.1
— 132.1 - Ornamental plants
Nicotine 1.13 163.1 130.0 Insecticide (poinsettias)12®
102.1 .. Ornamental, non-crop grasses,
Propamocarb 2.95 189.2 1441 Fungicide shrubs, and vines 2°
138.1 L. Legumes, flax, lettuce, safflower,
Propham 9.26 180.1 120.0 Herbicide lettuce, and fallow land
168.1 - s 130
Propoxur 8.22 210.1 111.0 Insecticide Indoor applications
) 105.0 - . 131
Pymetrozine 3.57 218.1 9.0 Insecticide Fruit and vegetables
] 142.1 - . P 132
Spinosad A 13.20 732.5 98.0 Insecticide Fruit, vegetables and grains
170.1 .
Terbumeton 10.15 226.2 114.1 Herbicide N/A
. 175.0 . . . 133
Thiabendazole 6.57 202.0 1311 Fungicide Fruit, vegetables and grains
. 167.1 .. Wheat, barley, pastures, and
Triasulfuron 8.02 402.1 1411 Herbicide rangeland 3¢

N/A = not currently registered for use in the U.S.
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LC-MS/MS Quantitative Atrazine Analysis

Urine samples were prepared for analysis by spiking 200 uL of urine with 25 puL of 1pg/
D5 atrazine, as an internal standard, followed by briefly vortexing. Two hundred pL of ice cold
acetonitrile was added, samples vortexed again, and then centrifuged at 10,000 RCF for 5
minutes. Supernatants were transferred to autosampler vials for LC-MS/MS analysis. The
instrument used in the analysis was an Agilent 1290 UPLC coupled to an Agilent 6460 triple
guadrupole mass spectrometry, which was equipped with an ESI source using Agilent Jet Stream
Technology (Agilent, Santa Clara, CA).

Atrazine was separated on a Zorbax Eclipse Plus C18 column (2.1X 100mm, 3.5um
particle size) (Agilentht 40 °C. A sample volume of 10ulL was injected and a binary mixture of
0.1 % formic acid (A) and acetonitrile/0.01 % formic acid (B) at a flow rate of 0.5 mL/min. The
gradient used was 40 % B increasing to 100 % B at 5 min. The positive ionization source
conditions used were as follows: nebulizer gas flow of 8 L/min at 325 °C and 45 psi; sheath gas
flow of 11 L/min at 390 °C; and the capillary voltage 3500 V. The ion transitions monitored for
atrazine were 216.1->132 /174.1 m/z and 221.1 ->179.1 for D5-atrazine. Atrazine identifications
were confirmed by retention time (1.47 mins) and the product ion ratio (13.2) correlation
between the sample peaks and corresponding standards (+/- 20 %). Samples were quantitated
with linear regression using Agilent Mass Hunter Quantitation software (v. B.04.01). The lower
limit of quantification for atrazine in dog urine for this study was 20 pg/mL or 20 parts per

trillion.

Determination of Pesticide Bioactivity Potential

Pesticides with positive detections in canine urine were screened in the Pubchem

BioAssay database for bioactivity. For each pesticide, all active bioactivity outcomees we
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selected, confirmed, and recorded with the BioAssay Identification (AID) number. All results are

reported in Table 4.

Table 4: Reported bioactivities of detected pesticides from PubChem BioAssay database.

Pesticide? Bioactivity
Activates cAMP Responsive Element signaling (AID: 662)
Activates insulin secretion (AID: 743287)

Carcinogenic (AID: 1189, 1208, 1205)

Inhibits the activation of platelets (AID: 1663)

Atrazine

Activates the AhR signaling pathway (AID:743085, 743122)
Fuberidazole Agonist of the ER-a signaling pathway (AID: 743079)
Genotoxic (AID: 720516)

Inhibits cell surface uPA activity preventing formation of plasmin (AID: 540303)

Imidacloprid Inhibits tyrosyl-DNA phosphodiesterase | (AID: 686978)

Activates the AhR signaling pathway (AID: 743085)

Increases SMN2 gene splice variant expression (AID: 1458)

Activates 5’UTR Stem-Loop Driven Prion Protein mRNA translation (AID: 1999)
Thiabendazole Activates BRCA1 Expression (AID: 624202)

Agonist of the ER-a signaling pathway (AID: 743079)

Inhibits insulin promoter activity (AID: 1273)

Inhibits tubulin formation (AID: 742594)

Genotoxic (AID: 720516)

Clopyralid Activates the AhR signaling pathway (AID: 743085)

Agonist of the nAchR (AID: 742462)

Nicotine Agonist of the AR signaling pathway (AID: 743036)
Disruptor of mitochondrial membrane potential (AID: 720635)
.. Antagonist of the GR signaling pathway (AID: 720725
Bupirimate & & &P v )

Antagonist of the AR signaling pathway (AID: 743122, 743063, 743054)
Antagonist of the PPAR-y signaling pathway (AID: 743199)

Agonist of the antioxidant response element signaling pathway (AID: 743219)
Propham Agonist of the ER-a signaling pathway (AID: 743079)

Metobromuron Activates the AhR signaling pathway (AID: 743122, 743085)

Antagonist for Hypoxia Response Element Signaling Pathway (AID: 915)
Inhibits Cytochrome p450 isoforms (AID: 894, 899, 883, 884, 1851)
Activates Caspase-3/7 (AID: 588813)

Inhibits hydroxyacyl-coenzyme-A dehydrogenase, Type Il (AID: 886)

Inhibits 15-human lipoxygenase 1and 2 (AID: 881, 887)

Inhibits hydroxysteroid (17-beta) dehydrogenase 4 (AID: 893)

Inhibits Histone Lysine Methyltransferase G9a (AID: 504332)

Inhibits vitamin D receptor (AID: 504847)

Inhibits bromodomain adjacent to zinc finger domain, 2B (AID: 504333)
Inhibits human tyrosyl-DNA phosphodiesterase 1 & 2 (AID: 686979, 720702)
Activates heat shock response signaling pathway (AID: 743228)

Agonist of the PPAR-y signaling pathway (AID: 743094, 743140)

Activates the AhR signaling pathway (AID: 743122)

Antagonist of the thyroid receptor signaling pathway (AID: 743065)

Agonist of the antioxidant response element signaling pathway (AID: 743202)

Ethoxyquin

https://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi. AhR: aryl hydrocarbon receptor; AR: androgen receptor ER-a:
estrogen receptor-alpha; GR: glucocorticoid receptor, nAchR: neuronal acetylcholine receptor; PPAR-8/y: peroxisome
proliferator-activated receptor delta/gamma; uPA: urokinase plasminogen activator
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RESUL TS AND DISCUSS ON

Pesticide screening reveals mixed chemical exposures in dogs.

The purpose of this study was to assess pesticide exposure in a cohort of twenty-one,
clinically healthy adult dogs by analyzing diets and urine using a targeted UFS/RIS$/
pesticide screening panel. Fifteen pesticides that have not been previously reported in dog urine
were detected at either baseline or 4 week time points (Hgérand B) in 19 of the 21 dogs
with both baseline and 4 week urine samples. Eight pesticides were detected atdptirtis.
In order of detection frequency, indicated by the percent of positive dogs at baseline and 4
weeks, respectively, were atrazine (100 % and%pFuberidazole (786 and 53%),
imidacloprid (42 % and 26 %), terbumeton (21 % anéa),1 hydroxyatrazine (1% and 5%),
triasulfuron (5 % and 21 %), clopyralid (5 % and 5 %), and nicotine (5 % and 16 %). At baseline
thiabendazole (1%), propham (3%6), and metobromuron (5 %), were detected; however these
three pesticides were below detection limits in all dogs at four weeks. Bupirinféle (5
spinosad A (5 %), and propamocarb (5 %) were detected at 4 weeks only. Individual exposure
profiles are shown for each of the 21 dogs at baseline and 4 weeks (FEiyuie the first of the
two dogs with unavailable baseline data, atrazine, fuberidazole, and triasulfuron weteddetec
the 4 week sample and in the second dog, atrazine and ethoxyquin were detected. The use of
heartworm prevention was reported in dogs C10 and C11, however the owner did not report the

specific medication administered.
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Figure 4. Detected pesticides in dog urine at baseline and 4 weeks. Detection frequency is shown in
figures A and B. Each bar represents the total number of dogs screened for urinary excretion of pesticides by
UPLC-MS/MS. The dark shaded portion of each bar represents the number of canine urine samples in which
the pesticide was detected and the light shaded portion of the bar indicates the number of urine samples that
the pesticide was not detected at (A) baseline and (B) after 4 weeks of controlled dietary intake. Profile
exposures for each dog are shown at baseline and 4 weeks, where detected pesticides are illustrated by a dot
(C).ND=No data.

To demonstrate the accuracy of the pesticide detection in urine, Figure 5 shows the
positive detection of atrazine in a canine urine sample compared to control. The retention time of
a 50 ng/mL atrazine standard was 1.47 min, which was identical to the peak detected in the urine
sample. The ion ratio of the product ions 174 m/z and 132 m/z was 14.2 for the 50 ng/mL

atrazine standard. The product ion ratio for the peak detected in the urine sample was 14.6,
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Figure 5. Validation of atrazine identification. lon ratio correlation for atrazine’s
qualifier (216.1 > 132.0) and quantifier (216.1 > 174.1) ions in (A) 50ng/mL standard and
(B) an individual dog urine sample at 4 weeks. Positive identifications were confirmed by
retention time and the ion ratio (+/-20 %).

which was within 10 % of the atrazine standard. This positive detection methodology was

applied to all pesticides detected in this study. B-glucuronidase was added to remove glucose

moieties in urine, however detoxification of pesticides could include metabolites thagande

conjugation, hydrolysis, oxidation, methylation, and acetylation. Future detection panels for

biomonitoring should account for biotransformation of parent pesticides and recent

advancements in pesticide and metabolite identification as well as non-targedddlomics

have improved biomonitoring capabiliti€s. The UPLC-MS/MS screening method utilized in

this study was selected for the advantage of high-throughput sensitivity and specificity as

profile of pesticide residues have not been reported in dogs from natural exposures. The

comparative quantification of these residues between urine samples using this method is

imprecise due to potential differences in extraction efficiencies, ion suppression potential, and
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urine concentration between biological replicates. Importantly, a relatively large number of
parent pesticides were detected in canine urine, which supports the inclusion of parent

compounds for biomonitoring and the utility of UPLC-MS/MS as a screening tool.

Atrazine levels in canine urine were below limits of quantificat

Given that atrazine was detected all in canine urine samples, we next quantifiee atraz
using LC-MS/MS gquantification methods. Atrazine was only found in 3 samples abowaithe li
of quantification equal to 20 polL (20 parts per trillion). One dog with both baseline and 4
week timepoints had atrazine present in levels above the limit of quantification: 1086 gotg/
baseline and 86.9 pol at 4 weeks. The third sample with quantifiable atrazine exposure levels
was one of the dogs excluded from previous analysis due to the lack of a baseline urine sample.
This dog’s urine had 117.1 pg/mL at the 4 week time point. Blank samples spiked with D5-
atrazine did not contain atrazine product ions indicating the atrazine peaks in urine were
authentic and not the result of an impurity of the internal standard at low levels. Hydroxyatrazine
was detected in 2 dogs and may have been the result of either atrazine metabolism or exposure to
the hydroxylated metabolite of atrazine. The screening panel did include metabolitesiné atra

but none were detected in urine samples.

Diet effects on urinary pesticide contents.

To determine the contribution of dietary intakes to canine pesticide exposure, we
controlled the diets of all dogs for 4 weeks. The control diet was formulated using common pet
food ingredients of corn, wheat, rice, poultry, and meat and bone meal. Wheat and corn were
decreased and 25 % weight/weight replaced with a novel cooked navy bean powder ingredient.
120 pesticide detection in the study diets consisted of the insecticides pymetrozine, azinopho

ethyl, and propoxur, the fungicide/anthelmintic fuberidazole, and the herbicide bromacil (Table
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5). No commonly used crop pesticides included shatie2iDetected pesticides In canine diets;

Detection in Diet

our screening panel were detected in the study Pesticide Control __ Navy Bean
Pymetrozine v v
. . Fuberidazole v v
provided diets, yet some of the classes of )
Bromacil v v
. . . Propoxur 4 v
chemicals were detected in urine, such as Azinophos-Ethyl ND v

.. L ND = not detected
triazines, benzimidazoles, carbamates, and

pyrimidines. The detected pesticides with elimination or absorption data availablgydhiede
half-life is less than 48 hours: atraZiffetriazines in gener&¥, clopyralid13’, imidacloprid38,
nicotine'3®, terbumeto#?, and triasulfuroi#!

These findings suggest that the acute dietary intake was not the primary routecadeesti
exposure in this companion dog cohort study, however, given the wide variety of dog foods
available and the potentially diverse sources of ingredients globally, future investightioms
still consider dietary pesticide exposures, the relevant time frame for exposures to acaomulate
the host, and other, non-dietary, sources of exposure, such as water, air, and exposures to

medications.

Pesticide Bioactivities.

Atrazine, fuberidazole, imidacloprid, thiabendazole, clopyralid, nicotine, bupirimate,
propham, metobromuron, and ethoxyquin have records of bioactivity as indexed in the PubChem
BioAssay database (Table 4). These data suggest that this mixture of pesteplet®htal to
impact xenobiotic transformation by activating the aryl hydrocarbon receptor (AhR) and
modulating cytochrome p450 expression (fuberdiazole, thiabendazole, clopyralid,
metobromuron, and ethoxyquitf-14’Energy metabolism may also be affected by atrazine,
thiabendazole, bupirimate, and ethoxyquin by modulating insulin secretion and activity,

disrupting oxidative phosphorylation by disrupting membrane potential, and via preventing
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reduction of nicotinamide adenine dinucleotide dufiraxidation!48-151Cell cycle regulation,
proliferation, and DNA integrity may also be influenced by imidacloprid, thiabendazole,
bupirimate, and ethoxyquin by DNA phosphodiesterase inhibition, inducing BRCA1 expression,
promoting oxidative stress, and activating casp##3e8®Modulation of endocrine function by
atrazine, thiabendazole, nicotine, bupirimate, propham, and ethoxyquin may occur via activating
multiple pathways including the cAMP responsive element signaling upstream of
phosphodiesterase 1V; as well the estrogen receptor alpha)(EBRdrogen receptor (AR), and
glucocorticoid receptoi? 157-162F|yctuations in lipid metabolism and inflammation may occur

from bupirimate and ethoxyquin as antagonists to the peroxisome proliferator-activated receptor
(PPAR) signaling pathway and inhibitors of lipoxygend8&$5¢Protein expression

modifications both directly and epigenetically were shown by thiabendazole and ethoxyquin via
induction of gene splice variations, activation of translation, and inhibition of histone
methlytransferase!$’-16° Increased prevalence of chronic diseases in dogs and humans in
conjunction with emerging evidence supporting that pesticide exposure increases risk for chronic
diseases provide the rational for more rigorous pesticide mixture biomonit®Nuageover,

exposure effects of pesticides as single compounds may be exacerbated by exposures to complex
mixtures of chemicals’° This study confirmed the presence of a complex mixture of pesticides

in a cohort of healthy dogs and demonstrates low-dose, environmentally relevant contents.
Further research is warranted to determine the exposure duration, possible synergies, and dose
dependent effects of combined pesticide exposures on chronic disease risk. Results from broad-
spectrum screening methods, as applied in this study, demonstrating a wide rangeseélow-|

environmental toxicant exposures, provide rationale for an exposome study. Links between
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complex exposure combinations and a mechanistic understanding of how environmental

toxicants may impact health merit continued analysis throughout the lifépan.

Companion dogs as sentinels for human environmental exposures and models fer diseas

Dogs and humans share the same living environments and thus harbor a similar variety of
exposures from materials, air, water, and food. Dogs experience a shorter lifespan than humans,
allowing for cost effective and timely prospective studies. By utilizing companion dogs as
sentinels for environmental exposures in humans and increasing our capability to screen for
multiple chemicals, we can determine relevant mixtures for future studies that wilb Hoeltietr
understand how pesticide mixtures target multiple cell pathways important for health and
affecting disease ris¥’ The findings reported herein suggest that more advanced biomonitoring
studies will be needed to investigate synergistic and dose dependent effects of relécald pes
exposures as chemical mixtures as was recently accomplished for pdfabéisstudy
highlights a significant knowledge gap with respect to environmental toxicant burdenthyheal
adult, companion dogs and demonstrates the feasibility for continued investigations of the canine

exposome during the lifespan, and the relationships to health and disease.

2 We would like to thank Amy Keller and Cadie Tillotson for their technical assistance. EPR and DGB are
members of the Halifax Project (www.gettingtoknowcancer.org) which was established to collate
information on relevant, low-dose mixtures of chemical exposures and has provided a conceptual
framework for this publication.
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CHAPTER 3 SERUM BIOCHEMISTRY, MICROBIOMES, AND METABOLOME®F

CLINICALLY HEALTHY NORMAL WEIGHT, OVERWEIGHT, AND OBESE DOGS

INTRODUCTION

Obesity is a serious multi-factorial nutritional disorder impacting over half of allidogs
developed countries. Overweight and obese dogs are at greater risk for multgdediseluding
osteoarthritis, dyslipidemia, and cardiovascular disease, and some typesofaaasuffer from
decreased quality of life and shorter life expectdfidy? Advancements are being made in the
nutritional management of obesity and emerging evidence supports the rolewhéks
awareness of obesity related issues, socioeconomic status, actijtgreheeterinary
supervisior?! Recent studies have demonstrated alterations in serum biochéfdisitgstinal
microflora compositiort”4, inflammatory biomarker&’> and gut hormon€e's® between obese and
normal weight dogs, however the impact of these parameters on disease auczrgely
speculative.

Metabolomics is the study of global metabolite profiles present in a sampdaabshot in
time and may provide a deeper layer of metabolic analysis to determine sabuoieiabolic
alterations that are associated with disease outcbifidetabolomic platforms have been used in
multiple species to demonstrate previously unknown alterations in amino acid,dgbid, a
carbohydrate metabolism with underlying links to inflammation, oxidative stress gntbpgons
in the gut microflor& 7199 however, this approach has been minimally applied to understanding
obesity in dogs.

The objective of this study was to determine difference metabolic differennesmal

weight (NW), overweight (OW) and obese (OB) dogs. We utilized clinical hemogrars s
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biochemistry and metabolic panels, evaluated the fecal gut microflora, asdeabthe fecal,
plasma and urine metabolome of 66, clinically healthy, adult, companion dogs of various ages,
breeds, genders, and levels of excess adiposity. We hypothesized that OW and @i dage
higher levels of serum lipids, altered microflora composition, and shifts in the nestebol
associated with altered lipid, amino acid, and carbohydrate metabolism whenexb topsyV

dogs.

METHODSAND MATERIALS

Canine Participants and Sample Collection

Informed, written consent was obtained from all owners before dogs began participation i
the study. Dogs were enrolled at the Colorado State University Veterinary TeaolpitaHFort
Collins, CO) and the Wellington Veterinary Hospital (Wellington, CO).

Clinically healthy adult dogs with no known medical problems or dietary allergies were
recruited to participate in one of three previously reported clinical trials (Chdess Table
6).95120 A physical exam was performed by a study veterinarian and a complete serum
biochemistry panel and whole blood cell differential performed to confirm that eachadog w
healthy prior to enroliment. A Body Condition ScoBCS) was assigned to each dog on a 9-point
scalel®l where a score of 5 is considefgdeal” and every unit increase in BCS over 5
corresponds to a 10-15 % increase in bodyweight, such that a BCS of 8/9 corresponds to
approximately an 30 % excess bodyweight. Dogs with a BCS6f were considered “normal
weight” (n=17), dogs with a BCS of B9 were considered “overweight” (n=27), and dogs with a
BCS 89/9 were considered “obese” (n=22}%. Signalment data were also collected from owners
and medical records and included breed, age, and sex. A wide range of breeds veenetedpre

this study: Labrador Retrievers and Lab mixes, n=8 and n= 6, respectively;iAnsfattle Dogs,
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n=5; Terriers (American Pit Bull and Boston), n=5; Border Collie and mixes, n=1 and n=4,
respectively; Golden Retriever, N=4; Australian Shepherd and mixes, n=3 and dtivelpe
Hounds (Daschund and Basset), n=3; Dalmatian, n=2; Saint Bernard, n=2; Spani&gxe+?2;
n=1; Corgie, n=1; Karelian Bear Dog mix, n=1, Keeshond, n=1, Rottweiler, n=1; Shiz Shu, n=1,
Standard Poodle, n=1; Wire-hair Pointer, n=1; and otherwise unknown mixed brel&tls, n=

Table 6: Characteristics of 66 normal weight, overweight, or obese clinically healthy
dogs analyzed to determine metabolic aberrancies between weight classes.

Normal Weight Overweight Obese p-value?
Aged, yr a b
ge~, y! 3.0 5.0 5.5 0.037
(2.5-4.5) (3.0-6.0) (3.0-7.0)
Weight, kg 22.5° 30.6 37.7° 0.031
(19.4-30.8) (22.4-37.3) (24.6-39.8) :
Sex* 0.905
Female 9 16 12
Male 8 11 10

"Weight class was determined by Body Condition Score (BCS) using a 9 point scale
(Laflamme, 1997): Normal Weight, BCS 4-5/9, n=17; Overweight, BCS 6-7/9, n=27,
Obese, BCS 8-9/9, n=22. *Continuous variables (age and weight) were evaluated for
differences across groups using a Kruskal-Wallis test and categorical variables (sex) were
evaluated using a Chi-square test. P < 0.05 was considered significant. Groups with
significant differences are indicated with different letter superscripts. 3Age as reported by
owner. “All dogs were neutered with the exception of one male in the normal weight group,
and one female in each of the overweight and obese groups.

Serum samples for biochemical analysis were collected via venipuncture inéo a tub
without anticoagulant, allowed to coagulate for 15 minutes and centrifuged for 18srand;500
x g. Plasma samples for metabolomic analysis and complete blood cell courgsligeted into
tubes containing EDTA, immediately placed on ice, and centrifuged within 20 minutes of
collection at 4 °C for 15 minutes at 1,500 x g. The plasma was removed and storecCair8D °
analysis. Urine was collected by free catch or ultrasound guided cystocertiesidistretion of
the veterinarian, immediately placed on ice or stored at 4 °C, then transfe@8d@in 1ml

aliquots. Owners were instructed to collect fecal samples within 5 hours ofvo@leg by the
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dog. Fecal samples were immediately frozen after collection and stegl“&, lyophilized until

dry, and stored at -80 °C until extracted for microbial and metabolomic analysis.

Serum Biochemistry and Hemograms

All clinical analyses were performed at the Clinical Pathology Labiyratt Colorado
State University as previously descriB&®Briefly, serum biochemical analysis was performed
under standard conditions on a clinical chemistry analyzer (Hitachi 917, Roche O@gnost
Indianapolis, IN) and the complete blood count was performed on an automated analyzer (Advi

120, Bayer; Tarrytown, NY).

Microbiome Analysis

In brief, DNA was extracted from 150 mg of lyophilized stool using the MO BIO
PowerFecal DNA isolation kit (MO BIO Laboratories, Carlsbad, CA, USA) lpemanufacturer’s
instructions. The targeted 16S small-subunit ribosomal genes were amplified usimgali®ivBbF
(5’-GTGCCAGCMGCCGCGGTAA3’) and 806R GGACTACVSGGGTATCTAAT primers
(Caporaso et al. 2011) via polymerase chain reaction (PCR) using a 12bp unique Golay barcoded
primer for each sample (Lauber et al. 2008). The sample amplicons were subsealy cl
using MO BIO UltraClean-htp 96 Well PCR Clean-Up Kits (MO BIO Laboratories, Cdrl§hx,
USA), quantified using the Quant-iT PicoGreen dsDNA Reagent and Kits (Lifedlegies
Corporation, Grand Island, NY, USA) and pooled for sequencing. DNA extraction, amplification
and cleaning were performed at the Natural Resource Ecology Laboratory.at CSU

Sequencing was performed on a MiSeq platform (lllumina, San Diego, CA, USA) at the
RTSF genomic core facility at Michigan State University. Sequences reaglsovemalized to
total number of reads. Sequencing data were processed using the Quantitative Insights Int

Microbial Ecology (QIIME 1.7.0) pipeline (Caporaso et al. 2010) for determining operational
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taxonomic unit, taxonomy assignment, and UniFrac analyses followed with Principlerasesdi

Analysis (Lozupone and Knight 2005, Lauber et al. 2009).

Metabolomic Analysis

Fecal, plasma, urine, and diet samples were extracted and derivatizedi@ssiyr
described* Samples were analyzed by GC and liquid chromatography (LC) coupled to mass
spectrometry (MS) under previously described conditiéA$ Individual features, described by
mass, charge and retention time were generated in XCMS. The average abundaplieaté
injections were normalized to total ion current and clustered togethendivaual metabolite$%°
The relative abundance of each cluster was calculated based on thed\aightaf all features
within the cluster and scaled to a median of one. Spectra were screenedragrinse and
external libraries including NIST v12 (www.nist.gov), Massbank, Metlin, and Golm

(http://gmd.mpimp-golm.mpgea) metabolite databases for annotation.

Statistical Analysis

Baseline characteristics of the dogs were evaluated using a Kruskal{é4tlfor the
continuous variables of age, and weight followed by Dunn’s Multiple Comparison test to
determine the groups with significant differences. A Chi-square test was @seduate groups
for differences in the categorical variable of sex and presence of abnormal tlioad values for
parameters where all expected values were greater than 1 and at %asttB@ expected values
were greater than 5. Differences in proportional data were considered sinifieen p < 0.05,
and trends were considered when p X00Clinical blood parameters were analyzed with an
ANCOVA where both weight class and age were evaluated. Pair-wise ceomsanere Tukey-
Kramer adjusted and parameters without normal distributions were log transformetisizadta
evaluation. The raw values, not the transformed values are reported for a{easaithe
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microbiome and metabolome data were evaluated with a one-way ANOVA®AR.FDR
correction was applied to all data with multiple comparis8fSignificance was considered at a
corrected p value < 0.1 and trends were considered when p <0.2. For non-corrected p values

differences were considered significant when p < 0.05, and trends were considerecvihih p

RESULTS

Baseline Characteristics of Canine Participants

Sixty-six adult NW, OW, and OB dogs were enrolled to evaluate differencesin se
analytes, microbiome, and metabolome across weight phenotypes. The baselictergtars of
dogs in each group are presented as medians and interquartile ranges in Table @iafhag®én
years, as reported by owners in the NW dogs was 3.0 (2.5-4.5), 5.0 (3.0-6.0) in OW, and 5.5 (3.0-
7.0) in the OB group. There was a significant difference in age across the three groups (p = 0.04)
with the median age of the NW dogs significantly younger than the OB dogs (p < 0.05). The
median weight of the NW dogs was 22.5 kg (19.4-30.8 kg), 30.6 kg (22.4-37.3 kg) for the OW
dogs, and 37.7 (24:639.8 kg) for the OB dog#s expected, dogs in the OB group were
significantly heavier than dogs in the NW group (p < 0.05). Ideal weights were cadcidathe
OW and OB dogs based on the assumption of a 10 % increase in total body weight for every unit
increase in BCS overlr® and no differences were seen in calculated ideal weights across groups
(data not shown, p = 0.79). Within the NW group, there were 9 neutered female dogs, 7 neutered
male dogs, and one intact male dog. In the OW group, there were 15 neutered female dogs, 1 intac
female dog, and 11 neutered male dogs. In the OB group, there were 11 neutered female dogs, 1
intact female dog, and 10 neutered male dogs. For the microbiome and urine metabdigise ana
fecal samples from a subset of 51 dogs were processed and analyzed. All dogs in theiNgdrem

the same, the OW group was reduced by 5 (n=22) and the OB group was reduced by 10 (n=12).
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There were no differences in weight, age, or sex distribution of the 66 dogs compared tcethe subs

of 51 dogs (p < 0.05, data not shown).

Serum Biochemistry and Hemograms of Normal Weight, Overweight and Digse

Thirty-nine clinical serum and whole blood parameters were measured or calculated for
all 66 dogs. Parameters evaluated included differential cell counts, cell morphology, amd seru
biochemical analytes (Figure 6). All dogs were considered healthy by the evaluating study
veterinarian, however 63 of the 66 dogs had at least one value outside of normal ranges in 31/39
parameters. The most commonly observed parameter outside of normal ranges was the
albumin:globulin (A/G) ratio which was elevated in 38/66 dogs. The distribution of dogs with
elevated A/G ratios was not different by weight class (p = 0.962). Fifty-five percent of dogs with
elevated A/G ratios (21/38) also had increased levels of albumin or decreased levels of globulin
(data not shown), the distribution of which, was also not different by weight class. Hemolysis of
blood samples was over 60.0 mg/dL in 25/66 dogs: the distribution across weight class was
different across weight classes (p = 0.014) with OW dogs having the highest proportion of
hemolytic samples (15/27), followed by OB dogs (8/22), and then NW dogs (2/17). Creatinine
kinase (CK) was elevated in 9/66 dogs, all of which were OW or OB: this distribution was
different across weight classes (p = 0.038), OW dogs had the highest proportion (7/27), followed
by OB dogs (2/22). Aspartate aminotransferase (AST) was elevated in 5/66 dogs and slightly
below 16 IU/L in 1 NW and OW dog. All 5 dogs with elevated AST levels were OW (5/27), thus
the proportion of abnormal values by weight class was different by weight class (p = 0.020).
Cholesterol was elevated in 5/66 dogs and decreased in one OB dog, the proportion of dogs with
abnormal values tended to be different by weight class (p = 0.080): NW (2/17), OW (0/27), and

OB (4/22). The fourth most frequently parameter outside of the normal range was platelet count

38



which were decreased in 14/66 dogs, 13 of which had clumped platelets (data not shown). The
proportion of dogs with low platelets was equally distributed across weight clagsesWw,

5/27 OW, and 4/22 OB (p = 0.631). The proportion of dogs with low levels of potassium,
globulin, or lymphocytes; high levels of packed cell volume (PCV) hemoglobin, alkaline
phosphatase (ALP), lipemia, eosinophils, red blood cell cRBE), or calculagd osmolality;

or mixed levels of monocytes was not different by weight class (p > 0.05). A chi square statistic
could not be calculated for red blood cells (RBC), mean corpuscular volume (MCV), red blood
cell distribution width (RDW), mean platelet volume (MPYV), glucose, sodium, bicarbonate,
anion gap, segmented neutrophils, magnesium, alanine amino transferase (ALT), nucleated cell
counts, mean corpuscular hemoglobin concentration (MCHC), or blood urea nitrogen (BUN) as
these analytes were outside of normal ranges in less than 4 dogs and the distributions did not
meet the assumptions for calculating a Chi-square statistic (Figure 6). There weligeeso va
outside of reference ranges for plasma protein, creatinine, phosphorus, calcium, total protein,

total bilirubin, gamma-glutamyl transpeptidase (GGT), or chloride.
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Figure 6: Number of serum, plasma, and whole blood parameters with values outside of reference
ranges in normal weight, overweight, and obese dogs. Bars indicate the total number of values outside of
reference ranges for each parameter by weight class: NW = white portion, OW = gray portion, OB= black
portion. Distribution across was weight classes for each parameter was evaluated for differences using a Chi-
square. Asterisks (*) indicate parameters with distribution differences by weight class (p < 0.05), pound
signs (#) indicate a trend (p < 0.10), and dots () indicate parameters from Chi-square analysis.
Abbreviations: RBC, red blood cell; HGB, hemoglobin; PCV, packed cell volume; MCV, mean corpuscular
volume; MCHC, mean corpuscular hemoglobin concentration; RDW, red blood cell distribution width; MPV,
mean platelet volume; BUN, blood urea nitrogen; A/G, albumin:globulin; CK, creatinine kinase; ALP, alkaline
phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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All measured serum, plasma, and whole blood parameters and reported as medians and
range (min-maxJTable 7). Initially, a non-parametric one-way ANOVA was used to determine
differences across groups and found that compared to NW dogs, OW or OB dogs had higher levels
of segmented neutrophils, plasma protein, higher anion gap, CK, and tended to have higher level
of albumin; OW and OB dogs also had lower magnesium, lower levels of GGT, sodium, ahlculate
osmolality, and AST (data not shown). However, age was found to co-vary with lymphocytes,
monocytes, phosphorus, globulin, A/G ratios, cholesterol, CK, ALP, ALT and AST. An ANCOVA
statistical approach was used to control for the effects of age and AST, @{=dhlaride were
significantly different when age was accounted for. AST was decreased byageave4 1U/L in
OB dogs compared to NW; chloride was decreased on average by 2 mEQI/L; and GGT was
decreased in both OW and OB dogs by 3 IU/L and 2.5 IU/L, respectively. No differenees wer
seen across groups in nucleated cells, lymphocytes, monocytes, eosinophils, plagm& pB©te
HGB, PCV, MCV, MCHC, RDW, platelets, MPV, glucose, BUN, phosphorus, calcium,
magnesium, total protein, alboumin, globulin, A:G ratio, cholesterol, total bilirubin, ALF, A

sodium, potassium, bicarbonate, anion gap, lipemia, or hemolysis (TJable 7
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Table 7: Serum biochemistry and whole blood counts of normal weight, overweight, and obese dogs.

Normal Weight Overweight Obese
Analyte? Normal Range N=17 N=27 N=22 p-value?

Nucleated Cells 4.5-15.0 x10%/L 7.9 (5.8-12.1) 9.3 (5.6-14.7) 10.05 (5.8-15.4)  0.260
Seg. Neutrophils 2.6-11.0 x10°/L 4.9 (2.5-9.3) 6.3 (3.2-10.2) 7.25 (4.3-11.4) 0.109
Lymphocytes 1.0-4.8 x10°/L 2.3 (0.9-4.4) 1.8 (1-3.8) 1.6 (0.6-3.0) 0.641
Monocytes 0.2-1.0 x10°/L 0.5 (0.1-1.0) 0.5 (0.1-0.9) 0.6 (0.1-1.3) 0.978
Eosinophils® 0.1-1.2 x10°/L 0.35(0.2-2.1) 0.4 (0.1-1.8) 0.4 (0.1-1.1) 0.677
Plasma Protein -g/dL 6.5 (6.1-7) 6.8 (6.3-7.5) 7 (6.4-7.8) 0.206
RBC 5.5-8.5 x10%2/L 7.3 (6.7-8.5) 7.3 (6.5-9.2) 7.6 (6.7-9.03) 0.510
HGB 13.0-20.0 g/L 17.2 (15.7-19.6) 18 (16-21) 18.25 (15.8-21)  0.309
PCV 40-55 % 50 (46-56) 51 (46-60) 53 (44-60) 0.542
MCV 62.0-73.0x10°15L 68 (64-73) 70 (65-78) 68.5 (37-73) 0.331
MCHC 33.0-36.0 x10°/L 34 (34-36) 35 (34-37) 35 (33-36) 0.221
RDW 12.0-15.0% 12.5(12.1-13.3) 12.9 (11.9-14.5) 13.2 (11.4-13.9) 0.206
Platelets 200.0-500.0x10°/L 239 (142-324) 264 (106-453) 290 (123-444) 0.283
MPV 7.5-14.6 x10715L 11.1 (9.6-14.2) 10.4 (8.5-15.3) 11.2 (8.2-16.7) 0.589
Glucose 75-130 mg/dL 97 (71-120) 94 (80-123) 98.5(81-139)  0.641
BUN 7-32 mg/dL 18 (12-31) 15 (11-32) 16 (9-39) 0.700
Creatinine 0.4-1.5 mg/dL 1.1(0.8-1.4) 1.1 (0.8-1.5) 0.9 (0.7-1.3) 0.206
Phosphorus 2.1-6.0 mg/dL 3.8 (2.6-5) 3.5(2.4-4.8) 3.3(2.4-5.2) 0.827
Calcium 9.2-11.7 mg/dL 10.7 (10-11.5) 10.7 (10-11.7) 10.7 (10-11.5) 0.987
Magnesium 1.9-2.7 mg/dL 2.1(1.8-2.4) 2.05 (1.9-2.7) 1.9 (1.7-2.2) 0.136
Total Protein 5.3-7.2 mg/dL 6.1 (5.6-6.8) 6.3 (5.4-7) 6.4 (5.8-7) 0.860
Albumin 2.5-4.0 mg/dL 3.8(3.5-4.2) 3.9 (3.4-4.7) 4 (3.6-4.5) 0.125
Globulin 2.0-3.8 mg/dL 2.4 (2-3.2) 2.4 (1.6-3.3) 2.35(1.7-2.8)  0.641
A/G Ratio 0.8-1.6 1.7 (1.1-2) 1.7 (1-2.4) 1.7 (1.3-2.4) 0.331
Cholesterol 130-300 mg/dL 229 (175-339) 232 (168-293) 241 (124-341)  0.542
Total Bilirubin 0.0-0.3 mg/d| 0.1 (0-0.2) 0.1 (0.1-0.3) 0.1 (0-0.2) 0.221
cK3 50.0-275.0 IU/L 90 (52-212) 146 (62-2179) 150.5 (73-350) 0.109
ALP3 20.0-142.0 IU/L 40 (10-138) 45 (16-830) 47 (21-477) 0.987
ALT? 10.0-110.0 IU/L 31 (27-164) 41 (19-118) 35 (21-109) 0.743
AST3 16.0-50.0 1U/L 29 (15-47)° 29 (14-93)° 25 (16-39)° 0.043
GGT 0.0-9.0 IU/L 3.0 (0.0-5.0)° 0.0 (0.0-5.0)° 0.5(0.0-3.0°  0.040
Sodium 142.0-152.0mEQ/L 147 (144-151) 146 (140-157) 147 (142-150)  0.199
Potassium 4.0-5.0 mEQ/L 4.4 (3.9-4.7) 4.3 (3.7-4.9) 4.3 (3.5-4.7) 0.677
Chloride 108.0-120.0mEQ/L 113 (110-118)° 112 (109-119)? 111 (108-115)° 0.040
Bicarbonate 16.0-25.0mEQ/L 21.5(18.8-28.4) 20.2 (17.6-23.9)  20.15 (16.8-25.3) 0.330
Anion Gap 13.0-22.0mEQ/L 16 (11-21) 17 (12-22) 19 (14-23) 0.125
Calc. Osmolality 284.0-304.0 293 (287-303) 290 (282-314) 291 (284-306)

mOsm/Kg 0.237
Lipemia3 0.0-40.0 mg/dL 16 (0-39) 9 (0-770) 8.5 (4-122) 0.987
Hemolysis® 0.0-60.0 mg/dL 35 (7-82) 72 (13-403) 46 (3-220) 0.283

!Abbreviations: RBC, red blood cell; HGB, hemoglobin; PCV, packed cell volume; MCV, mean corpuscular volume;
MCHC, mean corpuscular hemoglobin concentration; RDW, red blood cell distribution width; MPV, mean platelet
volume; BUN, blood urea nitrogen; A/G, albumin:globulin; CK, creatinine kinase; ALP, alkaline phosphatase; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyl transpeptidase. 2Data are
shown as median and range (min-max) and were evaluated for differences across groups using an ANCOVCA with
the variables of age and body weight classification and FDR corrected. Differences between groups were
determined with pairwise comparisons and a Tukey-Kramer correction. P < 0.1 was considered significant. Groups
with significantly different medians are indicated with different letters. 3Parmeteres not normally distributed were
log transformed for statistical analysis however the actual, untransformed values are reported.
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Fecal Microbiome of Normal Weight, Overweight, and Obese Dogs

The fecal microbiome was assessed in 17 NW dogs, 21 OW dogs, and 12 obese dogs.
Significant variation existed within dogs that was not consistent by weagg (fFigure )7
Firmicutes was the most abundant phylum and comprised 56 % - 73 % of the canine fecal
microbiome. Bateroidetes comprised 24 %-37 %, Proteobacteria 2 % - 3 %, and Attiebac
0.02 %. The most abundant genus Bkaitia, followed byBacteroidesunclassified members of
the Lachnospiraceae family, ariliimminococcysNo differences between weight classes were

seen at the level of phyla, class, order, family or genus (data not shown)

normal weight dogs overweight dogs obese dogs
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Figure 7: Phyla level variation in the fecal microflora of normal weight, overweight, and obese
companion dogs. Each bar represents the total relative abundance and is colored by phyla. Dogs are
separated by weight class based on BCS.

42



Fecal, Plasma, and Urine MetabolormENormal Weight, Overweight, and Obese Dogs

Table 8: Canine metabolites detected in fecal,
plasma, and urine samples that differentiate
normal, overweight, and obese dogs.

differences between NW, OW, and OB dogs, fecas,

To determine potential metabolic

GC LC
| duri | vzed via G 6eca| 1,112 795
plasma and urine samples were analyzed via GC- Significant by weight class 0 37
Elevated in NW dogs 0 36
and LCMS (Table 8). None of the fecal Elevated in OW and OB dogs 0 1
Plasma 554 348
metabolites detected by GC were significantly Significant by weight class 30 155
Elevated in NW dogs 15 57
different between the weight groups, 37 fecal Elevated in OW and OB dogs 15 98
1,139 1,318
. . . Significant by weight class 0 44
metabolites detected by LC were different: 36 were Elevated in NW dogs 0 23
) _ ) Elevated in OW and OB dogs 0 21
higher in the NW dogs relative to the OW and OBotal significant 30 236

Total number of detected metabolites in each matrix by
dogs while 1 was lower. Plasma contained the platform are bolded. Significance was determined by a
) one-way ANOVA and FDR corrected p values < 0.10 were

. . accepted as significant. NW= normal weight,
greatest number of metabolites that were differedtv=overweight, 0B=obese.

between dog weight classes: 30 were detected by GC, half of which were higher\ivi togy$y
155 were detected by LC, 57 were higher in NW dogs while 98 were higher in OW and OB dogs.
In urine, only one compound was different in the GC data, however it was a very smalltheak wi
low number of features and was therefore not counted in this dataset. By LC, 44 compounds were
different by weight class, 23 were elevated in NW dogs and 21 were elevated nddMB a@ogs.

To determine differences in the global metabolite variation between the NW,dVEa
dogs, we evaluated each matrix and platform with PCAs and found significanovainaical,
plasma, and urine samplasgre 8). The greatest variation between weight phenotype was
captured in the plasma metabolome: compounds detected I®igu€e 8A) and GC Ffigure 8B)
explained 45 % and 14 % of the variation, respectively. Urine metabolome explained 5 % of the

variation figure 8C) and variation in the fecal metabolome was 3.Figafe 8D).
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Figure 8: Variation in the normal weight, overweight, and obese canine metabolome. Significant
variation in A) plasma metabolites detected by LC-MS; B) plasma metabolites detected by GC-MS; C) urine
metabolites detected by LC-MS; and D) fecal metabolites detected by LC-MS. Dogs classified as normal weight
are indicated by circles, overweight dogs by squares, and obese dogs by triangles.

DISCUSSION

The objective of this study was to determine the subtle, obesity-relategesha the
physiology of OW and OB dogs compared to NW dogs to provide insight into metabolic
aberrations that could lead to the onset of overt, clinical disease. Clinical bloserand and
fecal and plasma metabolomic analyses were performed on 66 clinically heailyg@mpanion
dogs with a wide range of BCSs, breed, age, and living environments. Fecal microbiome and urine
metabolomics were performed on a subset of these dogs as well.

Overweight and Obese Dogs had More Clinical Blood Parameters OutsidéepERce Ranges
than Normal Weight Dogs.

The proportion of OW and OB dogs with clinical blood values outside of reference

ranges was higher than NW dog for hemolysis, CK, and AST, and tended to be higher for
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cholesterol (Figure 6). However, of these parameters, only AST levels were siglyificant
different between groups and were lower in the OB dogs compared to NW. In addition to AST,
GGT and chloride were also reduced in OW and OB dogs (Table 7). In this cohort of dogs, age
was significantly correlated to analytes related to liver and kidney function, white blbod ce
populations, and phosphorus. Previous studies have reported that compared to lean dogs,
overweight dogs have higher levels of cholestéfdP8-2% triglyceride476 198199 201 and
lipoproteind?d, while other studies have found no differences in one or more lipid paradiéters.
199 201 Age associations have been reported for lipids, CK, and creéfinife however a
relationship between hemolysis and obesity has not, to the best of our knowledge, previously
been reported in dogs. In this cohort of dogs, the level of hemolysis was not associated with
obesity, but overweight and obese dogs were more likely to have a hemolytic blood draw than
NW dogs. While this could be a finding specific to this study, it could also represent a true
phenomenon where dogs with excess adiposity may have more traumatic blood draws, and thus a
higher probability of high RBC lysis. In these dogs, the level of hemolysis was associated with
segmented neutrophil counts, plasma protein, CK, and AST. While not controlled for in this
analysis, future studies involving venipuncture for blood collection may need to account for
obesity associated hemolysis during collection.

Overall, very few differences were seen across clinical blood parameters in XDWVvs.
and OB dogs and conflicting results have been published in different cohorts of dogs. These
findings support the need for sub-clinical metabolic assessments in OW dogsliadcte
biochemical analyses inconsistently detected differences in otherwideyttEads and may not be

sensitive enough to detect subtle physiological alterations in the absence dispase.
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The Canine Fecal Metabolome Comprised Significant Individual Variation and Did Not
Correspond to Weight Classification.

The fecal microbiome of 50 dogs was analyzed to determine differences in the nacrobiot
composition that could contribute to metabolic alterations in NW and OW or OB dogs. @ansist
with previous reports, the phyla Firmicutes was the most abundantly repref8értétbntrary to
previous reports, no changes were seen between any of the weight classes (NW, OWIeOB) w
increases in Actinobactetid and ProteobacteA® have been reported in lean and obese
companion dogs and colony dogs, respectively. While sample size is comparabla besvee
study and reported results, the individual variations was much higher and could refieet,the
age, and environment of the dogs, however there could also be differences in sangfilencolle
Other studies have reported immediate collection and subsequent freezingletsaftar
spontaneous defecation, however in this study, owners were instructed to collect@ach fe
samples within 5 hours of defecation and then samples were frozen. Additional pizlsarizave
been introduced via the normalization approach: total sum scaling was used tizasatdh read
to the total number of reads, however this has been found to skew results in sathesovar
low reads of a particular sequence. To overcome this potential bias, a weightddticaraum
scaling has been proposed and seems to overcome some of tHiWiaite confirmatory studies
with larger samples sizes are needed to establish the relationshiprbetvesity and the fecal
microbiota of dogs, future studies should also incorporate an approach to assessidmeofuthe
microbiome, not just the composition.

Overweight and Obese Dogs Have Significant Variations in the Metabolomeafeahbp Normal
Weight Dogs

Two hundred, sixty-six compounds were found to differ significantly across weightsclasse

The majority of different compounds were found in the plasma, detected by LC, which explained
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45 % of the variation between NW, OW, and OB dd@ggufe 8A). Previous metabolomic studies
in humans have found significant variation in plasma amino acids, glycerides, and
phosphatidylcholines between obese and lean indivifid#8 which may also be revealed in this
canine data set. To the best of our knowledge, this is the first metabolomic repedardogs and
may reveal important associations between metabolic aberrancies and thigkdevelopment of

overt chronic disease.

CONCLUSION

In this cohort of 66 NW, OW, and OB companion dogs, obesity was associated with minor
changes in clinical serum analytes, however OW and OB dogs were more likely &dtéiace
serum analytes in relation to the reference range. We also found that OB dogwmoveelikely to
have hemolytic blood draws which could further limit the sensitivity of clinical metalblolod
panels for detecting subtle alterations in metabolism. The fecal microbionesefdbgs exhibited
significant variation between individual dogs and differences across weightolad not be
determined. In spite of the significant variation between dogs, the metabolonedrombust
differences between NW, OW, and OB dogs. Identification of these metabolites cealld rev
important indicators of aberrant metabolism that could be used to identify dogs at risk f
developing obesity associated co-morbidities. This study has demonstzat@i\itand OB dogs
have significant metabolic differences from NW dogs and has highlighted the patkentia

metabolomics to further our understanding of obesity in companiof dog.

3 We would like to thank Guy Beresford for processing the fecal samples for microbiome analysis, Ann
Hess for her assistance with the statistical analysis, Husen Zhang for the microbiome analysis, Kelly
Santangelo for her assistance with interpreting the clinical blood panel, and Cadie Tillotson for her
assistance with the collection of samples. We would also like to acknowledge the Clinical Trials Core at the
CSU Flint Animal Cancer Center and the Wellington Veterinary Hospital for study oversight.
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CHAPTER 4: EFFECTS BCOOKED NAVY BEAN POWDER ON APPARENT TOTA

TRACT DIGESTIBILITY AND SAFETY IN HEALTHY ADULT DOGS*

INTRODUCTION

Staple foods are important determinants of health in humans and companion &tfimals.
205 Developing nutritional guidelines to improve health and prevent disease in dogs has
contributed to the production of numerous commercial dog foods with novel carboPifdrate
fiber?6:207 and protein source8 209 Despite the success of plant-based nutrients in dog food,
dry bean Phaseolus vulgarik., Fabaceae) is one staple food crop of global agricultural and
nutritional importance that has been overlooked in commercial pet food formulations. Evidence
supports that in addition to providing excellent sources of protein, fiber, minerals, essential
vitamins, and bioactive compounds in higher concentrations than cereal grains, such as wheat
and cori®, beans have chronic disease fighting properties, which slow or prevent disease
progressiorf1o

Navy beans were selected for this study because of their reported health Be#éfits
and availability in a cooked powder form. Navy bean consumption has not previously been
examined in colony or companion canines. Digestibilities of the starch and fiber fractions of
uncooked legumes were evaluated for caninestro and showed lower digestibility compared

to other carbohydrate sourc®s.However, cooked beans have been successfully incorporated

% This chapter was published in Journal of Animal Science August 2012:90(8):2631-38. DOI:
10.2527/jas.2011-4324. Authors are Genevieve M. Forster, Dale Hill, Gordon Gregory, Kristen M.
Weishaar, Sue Lana, John E. Bauer, and Elizabeth P. Ryan(120). Forster, G. M., D. Hill, G. Gregory, K. M.
Weishaar, S. Lana, J. E. Bauer, and E. P. Ryan. 2012. Effects of cooked navy bean powder on apparent
total tract nutrient digestibility and safety in healthy adult dogs. Journal of animal science 90: 2631-
2638.
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into homemade canine diets (R. L. Remillard, Veterinary Nutritional Consultations, Inc.,
Hollister, NC, personal communications) and soybeans, another legume, are digestible by
dogs?!3

The major objective of this study was to examine safety and digestibility of cooked navy
bean powder in healthy dogs compared to a placebo control, commercial canine diet formulation.
We hypothesized that cooked navy bean powder as a major ingredient in an adult canine diet

formulation, is palatable, safe, and digestible.

MATERIALSAND METHODS
The Colorado State University Institutional Animal Care and Use Committee approved
all clinical trial operations, animal care procedures, and collection of biologioalesfor

safety and digestibility of experimental research diets before beginning the study.

Study Design

Twenty-one healthy, adult, free-living dogs of different breeds were recruited to
participate in a randomized, double-blinded, and placebo controlled canine dietary intervention
study at the Veterinary Teaching Hospital’s Animal Cancer Center at Colorado State University.
Dogs were randomized in a 1:1 manner for equal allocation to study groups and the study
clinician determined a BCS during the baseline physical exam. Each dog received a study code
number and both the owner and clinician were blinded to the assigned study arm. Dogs were
transitioned on to the study diets over a 4 d period. Blood, urine, and feces were collected at
baseline, d 14, and d 28 of the study. A 96 h pooled fecal sample was collected on d 15-19 of the
study for digestibility analysis. On d 28, dogs were transitioned over a 4 d period back to their

original diet.
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Inclusion/Exclusion Criteria for Canine Participation

Male and female dogs between the ages of 2 and 7 yr, had BCS between 4 and 7 ona 9
point scale’!4 and weighed at least 10 kg were eligible to participate. Of the 21 dogs recruited,
10 different known breeds and several mixed breeds were represented in the study and randomly
distributed across treatment groups (Tabled®gs were excluded if they had any reported
dietary allergies, intestinal sensitivities/discomforts, or prior history of canaegs must not
have taken antibiotics or analgesics for at least 1 mo before starting the study. Heartworm
prevention was allowed. Dog owners provided informed consénteliheir pet’s enrollment at
the Colorado State University Animal Cancer Center. Participants were required to be prese
for baseline, d 14, and d 28 study visits, provide a 96 h fecal sample collection after the dog(s)
had consumed the study diets for 10 d, and record daily food intake and daily fecal scores for 28
d. Compliance to study protocol was determined by clinical trials coordinator with weekly
phone calls to dog owners and during each study visit. Palatability and tolerance of the diet were
determined using a pet health history survey that was completed by the owners on d 14 and d 28.
Owners were asked about any incidence of vomiting, nausea, diarrhea, flatulence, and changes in

physical activity, appetite and water intake as well as to report any apparent chavegesvior.

Table 9: Breeds of twenty-one canine dietary
intervention study participants by diet group.

Number of Dogs
Breed! Control Navy Bean
Australian Cattle Dog 2
Dalmatian
Hound Mix
Mixed (unknown)
Pitbull Mix
Pointer
Retriever (Golden/Lab)
St. Bernard
Standard Poodle
Terrier/Terrier Mix
Total
1Breeds as reported by owners.

R W NN R
N FP R R TN RN

[N
[N
(=Y
o
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Canine Diet Formulations Table 10: Ingredient and chemical composition of
cooked navy bean powder and control diets fed to

Two canine diet formulations were ~ twenty-one healthy, adult dogs.

Control Navy bean
used in this study that meet nutritional Ingredient, % (as-fed)
Navy bean powder - 25.00
dati di blished Meat and bone meal 14.83 13.86
recommendations according to publishe Brewer's rice P 1550
Corn 11.25 11.25
feeding guidelines!® A formula similar to an Corn gluten meal 14.24 9.35
Wheat middlings 14.50 8.27
. . Poultry fat 7.77 7.75
AAFCO approved, commercially available Poultry by product
6.50 6.50
meal
adult canine diet formulation containing 2 Wheat grain 14.50 1.67
Beet pulp 1.00 1.00
. Ground flaxseed 0.75 0.75
protein and 12 % crude fat was used for the 0 ¢, 0.50 0.50
Brewer’s yeast 0.50 0.50
% bean, placebo control. The control diet was Vitamin Premix* 0.50 0.50
MCaP 0.08 0.39
. KCl 0.30 0.10
mixed and manufactured under the same L-LyssHC| 0.22 )
Met - 0.07
conditions and locations as the experimental  ¢chcl 0.05 0.05
Analyzed composition (as-fed)
. . . DM, % 95.01 94.28
bean diet (ADM Alliance Nutrition Feed n-6 Fatty acids, % 226 2.02
_ _ _ n-6/n-3 fatty acid 10.91 10.06
Research Pilot Plant, Quincy, IL & Applied ratio
LA/ALA ratio 10.54 9.79
. . (LA+ ARA)/(ALA + EPA
Food Biotechnology Plant in St. Charles, MO). . pua) 10.7 .93
AAFCO ME, kcal/kg 3,380 3,416

The bean diet was formulated to match the

Analyzed composition (%, dry matter)

Organic matter 91.37 91.83

i . . . Ash 8.63 8.17

control diet in macronutrient and caloric Crude protein 31.15 29.91
Acid hydrolyzed fat 14.00 13.58

content, except for the inclusion of 25 % Crude fiber 2.95 3.18
Gross energy, kcal/kg 4,968 4,958

. 1ADM Alliance Nutrition, Quincy, IL. Provided per kilogram of navy
cooked navy bean powder (ADM Edible Bean bean diet: vitamin A, 7,500 IU; vitamin D, 750 IU; vitamin E, 93.75
1U; thiamine, 3.75 mg; riboflavin, 30 mg; pantothenic acid, 12 mg;
. . . . niacin, 15 mg; pyridoxine, 1.875 mg; folic acid, 0.26 mg; vitamin
SpeCIaItleS’ Decatur’ IL) AdJUStment Of malorBu, 37.5 ug; choline, 1,700 mg; iron from ferrous sulfate, 282 mg;
copper from copper sulfate, 15 mg; manganese from manganous
'péide, 31 mg; zinc from zinc oxide, 187 mg; iodine from calcium
iodate, 2 mg; selenium from sodium selenite, 0.7 mg. Provided per
kilogram of control diet: vitamin A, 7,500 IU; vitamin D, 750 1U;
pantothenic acid, 12 mg; niacin, 15 mg; pyridoxine, 1.875 mg; folic
acid, 0.26 mg; vitamin B1, 37.5 ug; choline, 1,711 mg; iron from
contribution of cooked navy bean powders to ferrous sulfate, 303 mg; copper from copper sulfate, 16 mg;
manganese from manganous oxide, 39 mg; zinc from zinc oxide,
196 mg; iodine from calcium iodate, 2 mg; and selenium from
macro and micronutrients and total caloric sodium selenite, 0.7 mg. LA = linoleic acid, ALA = alpha linoleic

acid, ARA = arachidonic acid,

food ingredients, such as wheat and corn, we
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contents. The fatty acid content of both diets was matched as well. Marine type long&hain n-
fatty acids were not present in either diet. The percentage of ingredients and chemical

components are listed for each study di€fable 10.

Canine Diet Intervention

Dog owners were instructed to feed only the research diet provided by study clinical
coordinator for the entire study duration and to measure out a prescribed amount of food for
canine consumption each day. The prescribed daily caloric consumption was determined by
body weight and according to the dog’s normal feeding habits (1 or 2 feedings daily). Water was
providedad libitum The total required daily caloric intake for maintenance of each dog was
calculated at the baseline study visit using the following formula: daily ME reqgmte(kcal) =
110 x BWO?75 where BW is measured in R¥. This formula was used to maintain a stable
weight in dogs for the study duration. An inappropriate weight change was defined by a change
in BW of 2 % per wk or 4 % change from each visit (AAFCO, 2010). Owners measured and
recorded the volume of food offered and refused. The total amount consumed was calculated by
subtracting the weight of the refused food from offered food. The owner completed a daily
intake record for 28 d and a space was provided to record any intake aside from research diet that

may impact study results.

Blood and Urine Sample Collection

Non-fasted blood samples were collected via jugular puncture at baseline, d 14, and d 28
of the study. At each visit approximately 18 mL of blood was collected; 1 mL of whole blood
was collected into an evacuated red top tube without anticoagulant for biochemistry panel
analysis. Another 1 mL of blood was collected into an evacuated lavender top tube containing

EDTA for complete blood count€BC), hemoglobin iHGB), and hematocrit determination.
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The additional blood was used to isolate peripheral blood mononuclear cells and serum for future
analyses. Urine samples were usually collected by the owner at home using providedrspecim
containers. In some cases when the owner was unable to obtain a urine sample, ultrasound

guided cystocentesis was used.

Blood and Urine Analysis

The Clinical Pathology Laboratory at Colorado State University performed all blood and
urine analyses. The biochemistry panel was analyzed using a clinical chemisteganal
(Hitachi 917; Roche Diagnostics, Indianapolis, IN) and CBC was detected using an analyzer
(Advia 120; Bayer, Tarrytown, NY). Urinalysis was measured using standardized clinical
laboratory procedures. Color and clarity were assessed visually, specific gravity was ddtermine
using a refractometer with water as a reference. A chemstrip (Cobas Chemstrip 10 MD; Roche
Diagnostics, Indianapolis, IN) was used to determine pH, protein, glucose, ketones, bilirubin,
and blood concentrations. Any samples positive for protein were further analyzed with the
sufosalicylic acid turbidometric test (Exton’s Method). Microscopic analysis of the urine
sediment was used to determine and quantify cellular components, crystals, casts, aad bacteri

All methods used have been previously descriBéd.

Fecal Scores and Sample Collection

Owners reported daily fecal scores using a 3-point scale with 1 = well formed, 2 = soft,
and 3 = runny. A comment space was provided on the score sheet to obtain any observational
changes per owner’s discretion. A 4 d (96 h) total fecal collection was performed for the
measurement of apparent total tract macronutrient digestibility after 10 d of consumitgaf00

the investigational (placebo control or bean containing) diets. Samples were dallitteand
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stored at -20 °C. At the end of the collection period, the samples were weighed, pooled, and

stored at -20 °C and then freeze-dried prior to proximate analysis.

Proximate Analyses for Assessing Apparent Total Tract Nutrient Didjgst

Proximate analysis of both the research diets and the 96 h pooled fecal samples were
performed accordingly: Method 935.29 for DM, 920.39, for fat, 942.05 for ash, and 990.03 for
CP.218 Organic matter was calculated by subtracting ash from DM or 100 %. Gross energy was
measured using an oxygen bomb calorimeter (Model 1261; Parr Instruments, Moline, IL). Crude
fiber content was determined (Crude Fiber Method; ANKOM Technology, Macedon, NY) and
study samples were coded and blinded for proximate analyses ADM Alliance Nutrition
Laboratory, Quincy, IL). The lipid profile of the navy bean and control diets was determined
according to previously reported protoc#i$.Digestibility of protein, fat, OM, and DM were
calculated by the following formula where nutrients were measured in grams on a DM basis:
Nutrient digestibility (%) = [(nutrient intake nutrient in feces)/ nutrient intake] x 100.
Metabolizable energy was calculated by the following formula: ME (kcal/kg of food) = {GE of
food consumed GE of feces collected [(g of protein consumed g protein in feces) x
correction factor for energy lost in urine]}/grams of food consumed x 1280Beed and fecal
values on a DM basis were used in all calculations and the correction factor for energy lost in

urine was 1.25 kcal/g?

Statistical Analysis

Data are presented as means and SEM. Non-patiestl probabilities were used to
determine differences in digestibility, nutrient intake, ME, fecal output, age, and wegghg me
between the 2 diet groups. Blood results were analyzed in both diet groups and across time

points using repeated measures ANOVA. Within each time point, outliers were détgete
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Grubbs test. Fisher’s Exact Test was applied for assessing differences in BCS and sex between
diet groups. A probability d? < 0.05 was accepted as statistically significant. Statistical
analyses were performed using a software package (GraphPad Prism version 5.03 for Windows;

GraphPad Software, San Diego, CA).

RESULTS

Canine Participant Characteristics

A diverse set of breed participants Table 11: Comparison of age, weight, body condition
scores, and sex of twenty-one canine dietary

were recruited for this study to provide  Jhtervention participants by diet.

Characteristic Navy bean! Control? P-value

broad representation of the canine Age, yr 4.1+0.53 3.2+0.35 0.17

Weight, kg 23.4%1.47 28.2%3.30 0.21

population. Table 11 shows the mean and BCS®, number of dogs 1.0
4and 5 8 9
. . . . 6and 7 2 2

SEM of age in years, weight in kilograms, Sext, number of dogs 0.67
] Female 6 5
median BCS, and sex by study arm of the  \31e 4 6

Data are reported as mean + SEM. 'n = 10; 2n = 11.
21 dogs who participated in the study. NO Purina 9-point scale where BCS 4 and 5 are ideal and 6

and 7 are slightly overweight (Laflamme, 1997). 4All
differences were determined at baseline female participants were spayed and all but 1 male in the
control group was castrated. For age and weight, P-
values were determined using a non-paired t-test. For
count data, P-values were determined usinga  Fisher’s
Exact test. Differences were considered significant when
P < 0.05.

across treatments.

Peripheral Blood Outcome Measures

We evaluated the safety of 25 % (wt/wt) navy bean powder dietary intake compared to a
0 % bean, placebo control canine diet. No changes in blood diagnostic test results including
HGB, packed cell volumeRCV), serum albumin concentrations, and serum alkaline phosphate
activities AL P) were detected across treatment groups. Table 12 shows the average serum levels
of these characteristics for both groups at baseline, d 14, and d 28 with the laboratory reported

normal ranges. Average values for the navy bean and control diet groups on d 28, respectively,
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were 17.3 and 18.3 for HGB; 49 and 53 for PCV; 3.8 and 4.0 for serum albumin; and 37 and 44
for ALP. In addition to these blood characteristic measurements required for assessing the
nutritional adequacy of dietd2 complete blood cell count and biochemistry profiles were
conducted to determine safety. Measured characteristics included: glucose, bloottagen, ni
creatinine, phosphorus, calcium, magnesium, total protein, globulin, aloumin to globolin rati

cholesterol, total bilirubin, creatinine
Table 12: Assessment of blood characteristics of twenty-one
clinically healthy adult dogs consuming a control or navy-

kinase, alanine aminotransferase, bean based diet for 28 days,

aspartate transaminase, gamma- Analyte
(Reference Range) Control Navy Bean p- value

Hemoglobin (13 — 20 g/dL) 0.15
Baseline 17.8+0.34 17.4 £ 0.42
Day 14 18.0+£0.35 17.3£0.67

glutamyl transpeptidase, Na, K, Cl,

lipemia, and hemolysis. Day28 183+042  17.3+0.32
Packed cell volume (40 — 55 %) 0.13
No adverse changes were Baseline ~ 51+0.81 51+1.12
Day 14  52+1.02 50 + 1.00
detected in any of the laboratory Day28  53+1.28 49+0.82
Albumin (2.5 - 4.0 mg/dL) 0.16

Baseline 3.9+0.08 3.8+0.08
Day 14 4.0+ 0.08 3.8+0.07
Day 28 4.0+0.07 3.8+ 0.06

values examined between the

treatment groups. The CharaCte”SUCSSerum alkaline phosphatase (20 — 142 1U/L) 0.39
Baseline 55+11.7 43 +6.30
of the CBC and biochemistry panel Day 14 46 +8.63 37 +5.00
Day 28 44 + 8.63 37 +5.27

were determined to be within normal Data are reported as measEM. Control, n = 10Navy Beann
= 11. Reference ranges used at the Diagnostic Medicine Cer

Colorado State University.
ranges (data not shown). Y

Furthermore, no laboratory values were changed or outside of the normal range in any of the
dogs from baseline. In one control group participant, ALP levels were chronically elevated

above the normal range; however, there was no significant change over baseline and the absence
of any other abnormalities or clinical signs supported continued study participation. Inclusion of
this subject elevated the mean ALP value of the control group; this result was deddobee

an outlier and was, therefore, excluded from the analysis.
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Urinalysis Results

A urinalysis, as an additional safety measure, was applied herein given the potential for
beans at 25 % (wt/wt) of diet to modulate overall metabolic status as well as liver and kidne
metabolism. Urinalysis was conducted at baseline, d 14, and d 28 post intervention in all
participants. All laboratory values assessed, including specific gravity, proteuinil
ketones, blood, and crystal formation were determined to be within normal ranges and no
differences were observed between groups (data not shown). An intriguing trend was observed
for urine pH such that the bean diet group had an average pH at baseline of 6.5 that decreased
after d 14 to 5.5, and then normalized to an average baseline value of 6.5 at d 28. The control
group demonstrated an opposite trend whereby the average urine pH was 6 at baseline, increased
to a pH of 7 at d 14, and then returned to urine pH of 6 at d 28. There was no observed clinical
or statistical significance for this transient response in urine pH between the bearddiet
control diet groups because both groups normalize at d 28 and there were no clinical changes in
urate lithogenesis. These findings were reported herein as the experimental releviamce of t
acidic, yet transient urinary response to bean consumption may be important for future clinical

dietary bean investigations.

Nutrient Intake, Body Weights, Digestibility, Metabolizable Energy, andlkgharacteristics

No differences in macronutrient intakes, apparent total tract digestibility, fecal
characteristics, or ME were observed between the bean and control diet groups, as shown in
Table 13. Protein, fat, and OM intakes are reported on a DM basis. Average DMI: 325.70 g/d
and 336 g/d; CP intake: 97.42 g/d and 104.7 g/d; fat intake: 44.23 g/d and 45.83 g/d; and OM
intake: 299.10 g/d and 307.2 g/d, for the navy bean and control diets, respectively. Average bean

powder intake per kg of BW was 3.7 g/d. Total tract apparent digestibilities were 68.58 % &
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68.89 % DM, 78.22

% & 79.49 % CP, 77.5%

Table 13: Nutrient intakes, apparent total tract digestibility,
metabolizable energy, and fecal characteristics of 21 dogs fed either a 25
% navy bean or isocaloric, nutrient matched control diet.

Nutrient/Characteristic Control Navy Bean P-value
& 74.91 % OM, 94.4% Daily Nutrient Intake (dry matter basis)
Dry matter, g 336.3 £30.60 325.7+£19.10 0.78
o .
& 93.85 % acid hydrolyzed Crude protein, g 1047+9.53  97.42+571 053
Acid hydrolyzed fat, 45.83 £ 4.21 4423 £ 2.59 0.76
fat, and 3,313 kcal/kg & yearw &
Organic matter, g 307.2 £ 27.96 299.1 £ 17.54 0.81
. U
3,195 kcal/kg ME, for the Apparent Total Tract Digestibility, %
Dry matter 68.89 £ 5.08 68.58 £ 5.60 0.96
navy bean diet and control Crude protein 79.49 + 3.52 78.22 +3.90 0.81
) _ Acid hydrolyzed fat 93.85+1.17 94.49 +1.05 0.69
diet groups, respectively. Organic matter 7491+330 7757 £3.81  0.60
. Metabolizable energy, kcal/k 3,195 + 150 3,313+ 164 0.60
No differences were Snerey ke
Fecal characteristics
observed between the Fecal output, g/d 103.7 + 15.75 96.07 £ 14.38 0.72

Fecal score

1

1

groups. The total amount  Data are shown as meaSEM. Control, n=11, Navy Bean, n=10. Fecal

samples were scored according to the following system: 1 = well do2re

of fecal matter and fecal soft, and 3 = runny.

quality scores did not change between the 2 groups. Fecal output average was 96.07 g/d and
103.7 g/d for the bean diet and control diets, respectively. Owners most frequently reported
well-formed stools. Two dogs, 1 from each group increased weight by 4 %

on d 14 and the prescribed amount of food was reduced by 37.5 g/d for the dog consuming the
bean diet and 32.6 g/d for the dog consuming control diet. All other dogs maintained weight
throughout the study duration. Owners reported a minimal incidence of food intake outside of
the provided diet; however these occurrences were equally distributed across groups. Isolated
incidences of vomiting and diarrhea were reported in both groups as unrelated to diet by owner.
None of the owners reported increased incidence of flatulence and both diets were reported as
equally palatable to all study participants based on no differences detected in reported dietary

intake or eating preferences as determined and reported by dog owners.
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DISCUSSION

The results reported herein demonstrate that cooked navy bean powder incorporated at 25
% (wt/wt) in an extruded dog diet is safe, palatable, and a digestible source of carbohydrates,
protein, and fat for healthy, adult canines. Digestibility of selected commercial dry camne die
have been reported between 73.2 % and 84.5 % for DM, 77.2 % arfb 83.&P, 88.1% and
97.1% for fat, and 75 % for OM in both dogs and other model syste#¥%*?! Navy bean diet
apparent total tract digestibility met these values. Compelling findings dfaraes in any of
the blood and urine characteristics tested further substantiates safety in systeeis ofa
canine wellness after consumption. Of particular note in the urinalysis results waktbe la
clinically relevant changes in crystal formation in any of the individual dogs consumeimgvy
bean diet, in spite of the transient change in urine pH, as legume consumption is contrdindicate
for dogs at risk for urolithiasis (Hand, 2000). These results in healthy canines provide a strong
basis for future nutritional investigations of cooked bean powder intake in companion animals
with chronic diseases, as beans are gaining widespread popularity for dietary diseaseprevent
strategies in humarg 67210 222, 223

In addition to the novelty of including beans as a staple food ingredient for dogs, it is
possible that beans may serve as a higher quality source of protein and fiber, provide a low
glycemic index food, and deliver unique bioactive compounds for enhanced canine nutrition.
Navy beans contain essential amino acids and may have improved bioavailability when
compared to other plant protein sources. They may also provide less fat when compared to
animal protein sourced® Bean fiber was shown to be readily metabolized by human intestinal
flora into short chain fatty acids in &x vivoincubation model with fecal sampl&4. Canine

intestinal microflorae were also modifiable by dietary fiber to change short chaindlty a
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profiles.225226 Diets high in fiber and protein have been shown to improve sate®¥/ and
low glycemic index starch has been shown to alter lipid profifeis dogs during weight loss.

Rodent and human studies have shown that increased dietary bean intake inhibits tumor
formation229, controls and manages diabetic outcoRigs3L, improves blood lipids for reduced
risk of cardiovascular disead®, and enhances intestinal hedfth.Epidemiological studies
suggest that legume consumption may be an important dietary predictor of longevity in humans
and model organisn#84-236 These chronic disease-fighting properties for increasing bean
consumption reported from studies in humans and rodents merit investigation in companion
canines.

Dry beans may not have been incorporated into commercial canine diet formulations
because of perceptions that increased cooked bean intake would result in increasedeflatule
intestinal distress, or be unpalatable to dogs. The lack of change in fecal chaxacteristi
flatulence between the study groups was a compelling finding from this trial giveratneshe
high concentration of navy beans at 25 % (wt/wt). The lack of change in flatulence from canine
bean consumption supports the experimental strengths and advantages of conducting double
blinded, placebo controlled nutrition intervention studies in free-living animals.

The antinutrient bean components may be another reason why beans have not been
utilized in commercial canine diet formulations. Bean antinutrients are primarily found,in raw
uncooked bear®! Cooking significantly reduces antinutrient levels (e.g. amylase inhibitors,
trypsin inhibitors, and the lectin protein phytohemagglutinin), and utilization of cooked bean
powders further reduces potential for deleterious effé&#3? Utilizing a commercial source of
cooked navy bean powder and incorporation into a dry expanded product reduces the potential

for canine antinutrient ingestion.
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In support of the safety and digestibility of beans reported herein, the effects of beans for
canine chronic disease control and prevention merits further exploration. We judge that the
incorporation of 25 % (wt/wt) bean powder is a practical starting dose for achieving results from
functional food attributes and that further digestibility testing may be required to safel\secrea
the quantity of beans in canine diets. It should be noted that for dogs with a high risk for
urolithiasis, inclusion of legumes may be inappropriate as legumes are relativeiy pigines,
protein, calcium, and magnesium and may therefore aggravate symiftomsonclusion,
canine diets containing cooked navy bean powder are safe, digestible, palatable, and demonstrate
promise to become a novel food ingredient for dogs. This study sets the foundation for future
canine nutritional intervention studies with cooked bean powders and for a variety of disease

conditions.
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CHAPTER 5: NAVY AND BLACK BEAN-BASED DOG FOODS ARE DIGESTIBLE

DURING WEIGHT LOSS IN OVERWEIGHT AND OBESE ADULT COMPANIONOGS

INTRODUCTION

Obesity is the primary nutritional disorder in companion dd¢Recent surveys estimate
that 34-59 % of pet dogs in the United States, Europe and China are overweight 6réclése.
Overweight dogs may have shorter, reduced-quality §f34#f&241 and increased risk for
developing chronic diseases such as diabetes, cardiovascular and respiratory disease, urinary
tract infections, pancreatitis, osteoarthritis, and some types of catféer.

For clinically healthy dogs, the primary treatment for obesity is nutritional théfapy.
Because excess adiposity is directly related to a positive energy balance, the moat pract
dietary approach for weight loss is caloric restriction. An adequate weight losssdie@tnutrient
composition that supports lean mass retention, induces fat mass reduction, and increases
satiety?4! Diets high in protein and fibre have been shown in both humans and dogs to promote
weight loss and maintain lean muscle rfad%, as well as reduce voluntary food intake in
dogs?#> Emerging research supports that in addition to macronutrients, there are specific foods
and dietary patterns that may promote weight loss as a function of bioactive components and
phytochemicald#6-248For example, in people, consumption of non-soy legumes such as common
beansPhaseolus vulgarid,.), split peas, lentils, and chickpeas, is associated with decreased

risk for obesity?, reduced adiposity without caloric restriciét voluntary reduction of caloric

5 This chapter has been accepted for publication to Journal of Applied Animal Nutrition. The authors are
Genevieve M. Forster, Nora Jean Nealon, Dale Hill, Tracey D. Jensen, Teva L. Stone, John E. Bauer, and
Elizabeth P. Ryan. G.M.F and N.J.N. contributed equally to this manuscript. British spelling is used per
journal requirements.
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intake?®, increased satiety, and in some cases, resulted in higher levels of weight loss¥vith 30
caloric restriction compared to an isocaloric, low legume or legume-free diet intenAshti

Common beans, such as navy, black and pinto, are excellent candidates for a weight loss-
promoting food because they contain high quality proteins, have a carbohydrate profile with a
low glycemic index, are abundant in dietary fibre, and are rich sources of iron, zinc, folate and
magnesiund>2 The high protein content and amino acid profiles of beans have been associated
with increased energy expenditure during weight loss and the arginine and glutamine content in
particular was associated with improved carbohydrate and fat oxidafitve. fibre fraction
from beans is abundant in resistant starch, which can augment weight loss via slower
carbohydrate digestion and increased microbial ferment#fiGh2 Common beans also contain
a wide range of bioactive phytochemicals such as alpha-amylase inhibitors, phenplicicds)
and phytosterols which may modulate excess nutrient absorption, reduce dietary energy
availability, promote satiety, and improve lipid metabol®#r>4-256Due to the fact that dry
bean consumption promoted weight loss in humans and rodents, the potential of beans to
promote weight loss in dogs merits investigation because dogs have similavdighgtiology,
obesity related co-morbidities, and environmental exposures to people.

Common beans are safe and digestible in normal, healthy weight>d@g=an-based diet
formulations support short-term apparent weight loss, and were reported effective at reducing
low density lipoprotein (LDL), high density lipoprotein (HDL), and triglycerides (TG) when
compared to a control, no bean d@tTherefore, the objectives of this current study were to: 1)
evaluate the apparent total tract digestibility (ATTD) of nutritionally corepleavy (NB) and
black (BB) bean diets in overweight or obese dogs undergoing calorically restricted wesight los

and 2) determine the nutritional adequacy and utilisation bean-based diets compared to a no-
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bean, nutrient-matched control (CON) diet using the outcome measurements defined by the
Association of American Feed Control Officials (AAFCG&8)xompared to an isocaloric, nutrient
matched, standard ingredient, control diet. We hypothesise that cooked bean powders added at
25 % weight/weight (w/w) into a nutritionally complete extruded dog food formulation will be
digestible, support weight loss, and maintain indices of nutritional adequacy as coropared t

bean control diet.

MATERIALSAND METHODS
Study Design

The four-week short-term and twenty-six-week long-term studies were prospective,
randomised, double-blinded, controlled, three-arm, dietary intervention clinical trials for
calorically-restricted weight loss. The three study groups were CON, NB, or BB. The short-te
weight loss study was conducted at the Colorado State University Veterinary Teidobpital
(Fort Collins, CO) and the long-term study was conducted at the Wellington VeterinaryaHospi
(Wellington, CO). Owners signed an informed consent form and provided a medical history
before dogs were enrolled in the study. All dogs were transitioned to the study-provided diet
(CON, NB, BB) over a 4-day period by increasing the proportion of the study-provided food
mixed into the dog’s regular food as previously described.?>” At the end of the study period, all
dogs were transitioned back to their regular food. Owners were instructed to exclusively feed the
study kibble in the amounts prescribed. For the short-term study, owners were given pre-
measured daily packets of food, and in the long-term study owners were given measuring cups

with lines marked to indicate the appropriate amount of kibble to feed daily. All owners were
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instructed to feed only the prescribed dog food for the duration of the study. Water was provided
ad libitumand no treats were allowed.

Body weights were assessed bi-weekly and caloric intake was adjusted as needed to
achieve a target weight loss of @%- 2 % body weight per week. For the short-term study
(n=30), a 96-hour faecal collection was performed at 2 weeks, after the dogs had been
exclusively consuming the study food for 10 days. For the long-term study (n=15) a 96-hour
faecal collection was performed at 12 weeks. Owners were instructed to collect thfaxzoahe
samples within 5 hours of being voided. Samples were frozen and stored at -20° C untd.analysi
Compliance to the study protocol was determined by owner surveys, diet logs (short-term study

only), number of faecal samples collected, and apparent weight loss.

Eligibility Criteria for Companion Dog Participants

The Colorado State University Institutional Animal Care and Use Committee approved
all clinical trial operations, animal care procedures, and collection of biologioalessfor
analysis before beginning the study (IACUC 13-4316A).

Adult, male and female dogs between the ages of 2-7 years, with a body condition score
(BCS) of at least 6 on a 9-point sc&léand body weight of at least 10 kg, with no known health
concerns were recruited for study participation. All dog owners provided written informed
consent for participation. After enrollment, all dogs were evaluated by the study veterinarian,
assessed for hematologic and biochemical anomalies, assigned a BCS, and screened for
hypothyroidism with a total thyroxine (T4) test as previously descetfe®ogs were excluded
from participation for hypothyroidism, abnormal blood results (unless determined by the
veterinarian to be within normal limits for a specific dog), or a history or diagnosis of cancer,

inflammatory disease, or current infection. Dogs were also excluded if they had been
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administered antibiotics or analgesics within 1 month of starting the study. The preveatdie us
anthelmintics was allowed. Dogs could be removed from the study at the discretion of the study
veterinarian or request of owner. All dogs were monitored throughout the study for adverse
changes in clinical blood, serum, or plasma analytes. At the end of each study period,
hemoglobin, packed cell volume (PCV), albumin, and alkaline phosphatase (ALP) were
compared to the AAFCO reference ranges for nutritionally adedda®ne dog (short-term

study, CON) had chronically-elevated ALP (830 g/dl at baseline that decreased to 320 g/dl at 4
weeks) and participated at the discretion of the attending veterinarian. Hemoglobin and PCV
values were not obtained from one dog at the end of study (long-term study, BB Jadtlettied

blood sample post-collection.

Fifty-six dogs were screened for participation in the short term or long term weight loss
study and 49 were enrolled. Seven dogs failed the pre-screen exam for either renal or hepatic
abnormalities (n=2), detection of previously undiagnosed cancer (n=2), hypothyroidism (n=1),
urinary tract infection (n=1), or aggression and difficult handling (n=1). Thirty-three dogs were
enrolled in the short-term study and randomised based on BCS to CON, BB, or NB study groups.
Three dogs were withdrawn due to physical injury (n=1), owner unable to keep study-related
appointments (n=1), and not consuming the study provided dog food?8=3ixteen dogs
were enrolled in the long-term study and randomised based on BCS to the CON, BB, or NB
study groups. One dog was withdrawn from the long-term study after diagnosis with tapeworm
and the owner’s non-compliance to study protocol by feeding dog treats. Individual
characteristics of each dog are presented in Appendix 1land summaries of the baseline
characteristics are shown in Table 14. Breeds included dogs from retriever, terrier, herding, and

working lineages, and spanned both purebred and mixed breeds. Dogs were equally distributed
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between study diet groups for age, weight, sex, and BCS. There was one dog in each of the short-
term and long-term studies that was not neutered. One 8-year-old dog was included in the short-
term study and one 10-year-old dog was included in the long-term study at the discreton of th

study veterinarian.

Table 14: Baseline characteristics of dogs completing cooked bean powder-based calorically restricted
weight loss study interventions.

Control Group Black Bean Group Navy Bean Group
Characteristic Median (IQR) Median (IQR) Median (IQR) p-value®
Agel, yr 0.16
Short-term 6.0 (4.7-7.0) 5.0 (2.8-5.3) 4.5 (3.5-6.0)
Long-term 3.0 (2.0-8.5) 3.0 (3.0-4.5) 6.0 (4.5-7.0)
Body weight, kg 0.25
Short-term 34.5 (20.7-39.6) 28.8 (16.5-34.1) 29.25 (20.4-38.1)
Long-term 36.5 (29.2-40.4) 37.7 (26.7-45.7) 39.5 (27.3-56.1)
Number of Dogs
Sex? Female Male Female Male Female Male 0.61
Short-term 7 3 6 4 4 6
Long-term 3 2 4 1 2 3
BCS® BCS 6-7 BCS 8-9 BCS 6-7 BCS 8-9 BCS 6-7 BCS 8-9 0.33
Short-term 7 3 4 6 7 3
Long-term 2 3 2 3 1 4

Thirty dogs completed the short-term, 4 week study: Control Diet, N=10; Black Bean Diet, N=10; Navy Bean Diet, N=10.
Fifteen dogs completed the long-term, 6 month study: Control Diet, N=5; Black Bean Diet, N=5; Navy Bean Diet, N=5.Age as
reported by owner.2All dogs were neutered with the exception of one female in the short-term study control group and 1
female in the long-term study black bean group. 3Body Condition Score (BCS) was determined using a 9 point scale
(Laflamme, 1997).%Continuous variables (age and weight) were evaluated for differences across groups using a Kruskal-Wallis
test and categorical variables (sex and BCS) were evaluated using a Chi-square test. P < 0.05 was considered significant.

Dietary Formulations

CON, BB, and NB dietary study groups were provided a dry, extruded, pelleted dog food
that was formulated to meet nutritional recommendations for adult dog mainté&attéand
adjusted to consist of 27 % protein and 8 % fat. The CON, BB, and NB diets were mixed and
manufactured under the same conditions and location (ADM Alliance Nutrition Feed Research
Pilot Plant, Quincy, IL; Applied Food Biotechnology Plant, St. Charles, MO) and formulated to
be isocaloric and nutrient matched. The CON diet ingredients consisted of poultry meal, wheat,

corn, brewer’s rice, pork and bone meal, flaxseed, fishmeal, brewer’s yeast, and added vitamins
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and minerals (Table 15The BB and NB diets contained identical ingredients as the CON diet
with the inclusion of cooked BB or NB bean powder (ADM Bean Specialties, Decatur, IL) added
at 25 % wi/w to the BB and NB diets. To account for the inclusion of the cooked bean powders,
the wheat and corn ingredients were reduced to achieve iso-nutrient formulations to the CON
diet. The metabolisable energy (ME) of the diets was calculated using modifiateAfvactors

and estimated at 3,314 kcal/&g.

Table 15: Diet ingredients and chemical composition of control, black, and navy bean-based dog foods
fed to overweight and obese dogs during calorically restricted weight loss.

Ingredient, % (as-fed) Control Diet Black Bean Diet Navy Bean Diet
black bean (cooked powder) - 25.00 -
cooked navy bean powder - - 25.00
poultry meal 19.53 19.00 19.61
wheat grain 19.00 2.66 3.62
wheat middlings 19.00 11.61 9.42
corn grain 16.11 17.67 19.00
brewer’s rice 10.00 10.00 10.17
pork and bone meal 7.32 3.95 2.56
poultry fat 3.00 3.00 3.00
flaxseed 1.00 1.00 1.00
fish meal 1.00 1.00 1.00
brewer's yeast 1.00 1.00 1.00
digest 1.00 1.00 1.00
calcium carbonate 0.80 1.28 1.47
salt 0.50 0.50 0.50
vitamin-trace mineral premix 2 ¢4 0.50 0.50 0.50
potassium chloride 0.14 0.05 0.05
choline chloride 0.10 0.10 0.10
monocalcium phosphate - 0.68 1.00

Analysed Composition, % (as-fed)
dry matter 95.02 95.59 94.96
moisture 4.98 4.41 5.04
crude protein 26.60 26.90 26.30
nitrogen free extract 47.82 47.99 48.96
acid hydrolyzed fat 8.40 8.10 8.00
crude fibre 3.90 4.30 3.70
total dietary fibre 16.98 17.96 18.65
soluble fibre 4.05 3.36 5.25
insoluble fibre 12.93 14.60 13.40
ash 8.30 8.30 8.00

Gross energy, kcal/kg 4,505 4,371 4,375

Est. metabolisable energy, kcal/kg 3,314 3,314 3,314

a. Provided per kilogram of control, black bean, and navy bean diets: vitamin A, 7,500 IU; vitamin D, 750 IU; vitamin E, 93.75 IU;
thiamine 3.75 mg; riboflavin, 30 mg; pantothenic acid, 12 mg; niacin, 15 mg; pyridoxine, 1.88 mg; folic acid, 0.26 mg; vitamin
B12, 37.5 ug; choline, 534.4 mg; Fe from ferrous sulfate, 282 mg; Cu from copper sulfate, 15 mg; | from calcium iodate, 2.025
mg. b. Manganese from manganous oxide provided per kilogram: 10.125 mg (control, black bean), 32.01 mg (navy bean). c. Zinc
from zinc oxide provided per kilogram: 213.068 mg (control), 150 mg (black bean), 198.02 mg (navy bean). d. Selenium from
sodium selenite provided per kilogram: 0.6463 mg (control), 0.2250 mg (black bean, navy bean).
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Calculations for Energy Requirements and Caloric Restriction

Body condition scoring (BCS) was used to estimate ideal bodyweight (BW), and
determined using a 9-point sca¥ A score of less than 4 was considered underweight, a score
of either 4 or 5 was considered ideal BW, a score of 6 or 7 was overweight, and a score of 8 or 9
was considered obes®.For each point over 5, a dog was considered to be 10 % above his or
her ideal body weight in kilogram82 Using ideal weights determined by BCS, daily ME
requirements for weight maintenance were calculated for each dog using the followngafor
ME (kcal/day) = 110 x (ideal BW, k§J§°.243 257 Dogs were calorically restricted to
approximately 60 % of their maintenance energy requirement. Apparent BW (kg) was measured

at least every two weeks throughout each study.

Proximate Analysis, Apparent Total Tract Digestibility (ATTD), and Bomb @addry

Proximate analysis was used to determine the crude nutrient profiles of the food and
faecal samples as previously report&dSoluble and insoluble fibre fractions were determined
as previously describe@? ATTD were evaluated at two weeks for the short-term study, and at
twelve weeks for the long-term study and were calculated for total dry matter (TDM), crude
protein (CP), crude fat (CF), and nitrogen free extract (NFE). The following formula was used
to determine NFE: NFE % = TDM %CP %- CF % - crude fibre % ash %. For each nutrient
component, the ATTD was calculated on a dry matter (DM) basis using the followingdormul
122 o ATTD = [(g of nutrient consumedg of nutrient excreted) / (g of nutrient consumed)] x
100.

Total gross energy (GE) content was measured by bomb calorimetry for each diet, and in
each faecal sample at two weeks for the short-term study and at twelve weeks for taarong-t

study.ME was determined at two weeks during the short-term study, and at twelve weeks during

69



the long-term study and reported in kcal/kg using the following forfulIE (kcal/kg of food)

= {GE of food consumed GE of faeces collected[(g of protein consumed g protein in

faeces) x 1.25]}/ grams of food consumed x 1,000, where GE was in kcal/g, 1.25 kcal/g was the

correction factor for energy lost in urine, and both diet and faecal values were on a DM basis.
Dogs were excluded from the ATTD and ME analysis if owners reported dietary

indiscretion during the faecal collection period, were unable to differentiate betweeasampl

from different dogs, or collected faecal samples for less than 3 days. CON group exclusions:

short-term, n=4 and long-term, n=1; BB group exclusions: short-term, n=1 and long-term, n=1,

and NB group exclusions: short-term, n=3 and long-term, n=0.

Statistical Analysis

Non-parametric analyses were performed on all measures. For percent apparent weight
loss, a two-way ANOVA (repeated measures) was performed within each study. For ATTD, ME,
and food intake/kg BW, a two-way ANOVA (non-repeated measures) was performed.
Bonferroni post-hoc tests were applied to correct for multiple comparisons. Statistigaéanal
for all measurements were performed using GraphPad Prism, Version 5.03 (San Diego, CA).

Significance was reported at a p-value of p < 0.05.

RESUL TS AND DISCUSSI ON

Nutrient Profiles of Bean-Based Dog Foods

The primary objective of this study was to determine the digestibility of nutritionally
complete, NB and BB based dog food when compared to a nutrient matched CON dog food in
overweight or obese dogs undergoing calorically restricted weight loss. Proximigsisaarad

bomb calorimetry results confirmed that the CON, NB and BB dog food formulations were
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nutrient matched and isocaloric (Table 15). On an as-fed basis, for all dietsjrtfatezsME

content of the diets was 3,314 kcal/kg, CP content was approximately 26 %, and CF was 8 %.
Crude fibre was similar between the CON, BB, and NB diets (~4 %), while TDF was ~1 %
higher in NB and BB diets when compared to CON. Compared to the CON diet, insoluble fibre
was slightly increased in the BB diet (~1.5 %), while soluble fibre was slightly increates i

NB diet (~1 %).

Companion Dog Characteristics, Dietary Intake, and Apparent Weight Loss

Forty-five clinically healthy, adult, companion dogs, BCS classified as overweight or
obese completed a short or long term calorically restricted weight loss trial andssigresd to
either the N8, BB, or CON study groups. There was no difference in sex, median age, or BCS
between dietary treatment groups or studies (Tabldriséoth the short and long-term studies,
percent apparent weight loss increased over time (p <0.0001) and was similar betveegn diet
treatments in each study; in the short-term study the median weight loss was 4.05 % in CON,
5.98 % in BB, and 6.14 % in NB; for the long-term study, the median weight loss was 17.90 %
in CON, 14.0 % in BB, and 12.21 % in NB (Figure 9

Daily nutrient intake (g/kg ideal BW) was not different between groups (Table 16) except
for soluble fibre, which was significantly higher in NB group (~0.4 g/kg ideal BW) compared to
BB (~0.25 g/kg ideal BW), but not different from CON (~0.3 g/kg ideal BW). All dogs
consumed approximately 2.5 g CP per kg ideal BW (medians ranged from 2.7 g/kg ideal
BW), and dogs within the BB and NB group consumed, on average, 2 g cooked bean powder per

kg ideal body weight (Table 16
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Figure 9: Percent apparent weight loss in dogs consuming a bean-based or control diet over (a) 4-
weeks (short-term study, n =30) and (b) 12-weeks (long-term study, n = 15). In both (a) and (b) percent
apparent weight loss increased over time (p <0.05), but not between dietary treatments at any time point.
Data are shown as median and IQR.
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Table 16: Daily nutrient intake of forty-five overweight or obese adult, companion
dogs undergoing calorically restricted weight loss on nutritionally complete bean-
based or nutrient-matched control diets.

Daily Intake/kg ~ Control Diet

Black Bean Diet

Navy Bean Diet

ideal BW Median (IQR) Median (IQR) Median (IQR) p-value
Total Dietary Intake, g (As-fed basis)
Short-Term 9.0 (8.5-9.7) 9.5 (8.8-10.2) 8.9 (8.6-10.3) 0.939
Long-Term 8.8 (8.2-10.1) 8.8 (8.5-9.0) 8.7 (8.6-9.1)
ME (Estimated) Intake, Kcal (DM Basis)
Short-Term 1.4 (1.4-1.7) 1.6 (1.5-2.0) 1.5 (1.5-1.8) 0.510
Long-Term 1.3 (1.3-1.6) 1.3 (1.2-1.5) 1.5 (1.3-1.6)
Total DM Intake g/kg ideal BW
Short-Term 8.7 (8.4-10.0) 9.5 (8.5-12.0) 8.5 (8.2-10.0) 0.900
Long-Term 8.0 (7.8-10.0) 7.4 (7.1-8.9) 8.3(7.3-9.0)
Crude Protein, g (DM Basis)
Short-Term 2.4 (2.4-2.9) 2.7 (2.4-3.3) 2.4 (2.3-2.8) 0.808
Long-Term 2.2(2.2-2.8) 2.1(2-2.5) 2.3 (2.0-2.5)
Crude Fat, g (DM Basis)
Short-Term 0.8 (0.7-0.9) 0.8 (0.7-1.0) 0.7 (0.7-0.8) 0.729
Long-Term 0.7 (0.7-0.9) 0.6 (0.6-0.8) 0.7 (0.6-0.8)
NFE, g (DM Basis)
Short-Term 4.4 (4.2-5.2) 4.8 (4.3-5.9) 4.4 (4.2-5.2) 0.967
Long-Term  4.0(3.9-5.1) 3.7 (3.6-4.5) 4.3 (3.8-4.7)
Crude Fibre, g (DM Basis)
Short-Term 0.4 (0.3-0.4) 0.4 (0.4-0.5) 0.3(0.3-0.4) 0.087
Long-Term 0.3(0.3-0.4) 0.3(0.3-0.4) 0.3(0.3-0.4)
TDF, g (DM Basis)
Short-Term 1.4 (1.4-1.7) 1.6 (1.5-2.0) 1.5 (1.5-1.8) 0.510
Long-Term 1.3 (1.3-1.6) 1.3 (1.2-1.5) 1.5 (1.3-1.6)
Soluble Fibre, g (DM Basis)
Short-Term 0.3 (0.3-0.4)" 0.3 (0.3-0.4)° 0.4 (0.4-0.5)° <0.001
Long-Term 0.3 (0.3-0.4)%° 0.2 (0.2-0.3)° 0.4 (0.4-0.4)°
Insoluble Fibre, g (DM Basis)
Short-Term 1.1 (1.0-1.3) 1.3 (1.2-1.6) 1.1 (1.0-1.3) 0.133
Long-Term 1.0 (1.0-1.2) 1.0 (1.0-1.2) 1.1 (1.0-1.1)
Cooked Bean Powder, g (DM Basis)
Short-Term 0 (0-0)? 2.4(2.1-2.9)° 2.1 (2.1-2.5)° <0.001
Long-Term 0 (0-0)® 1.8 (1.8-2.2)° 2.1(1.8-2.3)°

To determine differences in daily intake between diets and studies, each nutrient was

evaluated with 2-way ANOVA. There were no differences between studies or interactions
terms. A Bonferroni post-test was used to determine the groups with significant
differences. Groups not sharing the same letter superscript are significantly different from
each other.
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Apparent Total Tract Digestibility and Metabolisable Energy of Black and Baay-Based Dog
Diets during Weight Loss

In the CON, BB, and NB diets, nutrient ATTD was consistent with expected ranges for
standard ingredient and bean-based extruded dogdididM, CP, CF, and NFE ATTD are
presented as median and range (min-max, Tal)leThére were no differences in ATTD
between each study group of the short and long-term study. In the short-term study, median
TDM ATTD was higher (p < 0.05) for BB (83.0 %) than CON (74.6 %), while NB was similar
to both (80.2 %); in the long-term study, TDM ATTD was similar for all three diets: CON (73.7
%), BB (79.6 %), and NB (77.5 %). For the NB diet, these results were consistent with previous
studies demonstrating equal TDM ATTD compared to a nutrient matched CON'died .our
knowledge, this is the first report of a BB based canine diet ATTD. To verify that TDM ATTD
was higher for the BB diet compared to CON, we performed a pooled analysis on the results
from both trials. The differences in TDM ATTD between CON and BB remained significant
(data not shown), further supporting that that the BB TDM was indeed more digestible than CON
and may have not been significant in the short-term study due to the sample size.

In the short-term study, CP ATTD was higher in BB (85.7 %) compared to CON (78.6
%), and NB was similar to both (83.5 %); in the long-term study, CP ATTD was similar between
the CON (80.9 %), BB (82.5 %), and NB (79.4 %). Again, the difference in CP ATTD between
CON and BB remained significant when data from both the long and short-term studies wer
pooled (data not shown). The CP digestibility of these cooked bean powder diets supports the use
of common beans as a major ingredient in weight loss dog food formulas, particularly because
dietary protein intake is an important contributing factor towards lean mass retéhRasults
from this study support that BB may be particularly effective at contributing bioavailable

proteins with higher digestibility than standard animal source ingredients, and futues sinedi
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needed to determine if BB based diets differentially preserve lean muscle mass dutrg weig
loss.

CF was equally digestible between all diets in the short-term study: CON (89.8 %), BB
(95.2 %), and NB (92.9 %); and the letggm study: CON (93.2 %), BB (94.1 %), and NB (89.4
%).

Carbohydrate ATTD, as measured by NFE, was higher in both the BB (89.3 %) and NB
(87.6 %) diets compared to CON (83.2 %) in the shenrh study, and similar between all diets
in the long-term study: CON (82.1 %), BB (86.5 %), and NB (85.1 %). The NFE ATTD
remained significantly higher in both bean groups when data from both the short and long-term
studies were pooled (data not shown) supporting that the carbohydrates derived from the BB and
NB were more digestible than those derived from corn and wheat based diets. Recent
metabolomic studies support that metabolism of carbohydrates may be modulated in normal
weight dogs consuming bean-based ditesen though carbohydrate digestibility was the same
as the a control diet>’ Therefore, the effects of bean intake on carbohydrate metabolism in dogs
undergoing weight loss may be greater than for dogs maintaining weight. Theseppata the
further investigation of carbohydrate metabolism in overweight and obese dogs consuming bean-
based diets during weight loss.

ME was calculated for each group to determine the amount of utilisable energy provided
by the CON, BB, and NB foods. Measured ME was similar between both the short and long-term
studies and across all diets. Results are presented as a median (min-max,)Table hédian
ME for the CON diet was 3,446 kcal/kg for the short-term and 3,519 kcal/kg for the long-term
study. In the BB diet, ME was 3,632 kcal/kg for the short-term and 3,507 kcal/kg for long-term

study. In the NB diet, ME was 3,571 kcal/kg for the short-term and 3,434 kcal/kg for the long-
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term study. ME was highest in the BB short-term study (3,632 kcal/kg) and this was the only

measured ME that was higher than the estimated ME of 3,314 kcal/kg (p = 0.004). These data

support that the energy utilisation from bean based dog food was equivalent to standard

ingredient dog food formulations in dogs undergoing calorically restricted weight los

Table 17: Nutrient digestibility, metabolisable energy, and energy extraction efficiency of three nutritionally
complete diets fed to overweight or obese adult companion dogs undergoing calorically restricted weight loss.

Digestibility, %

Control Diet
Median (IQR)

Black Bean Diet
Median (IQR)

Navy Bean Diet
Median (IQR)

p-value

Total dry matter %
Short-term
Long-term
Crude protein
Short-term
Long-term
Crude fat
Short-term
Long-term
Nitrogen free extract
Short-term

Long-term

74.6 (67.0-80.7)
73.7 (69.9-79.1)

78.6 (73.1-84.6)°
80.9 (78.5-84.3)

89.8 (88.7-92.9)
93.2 (90.7-93.5)

83.2 (76.9-86.8)°
82.1(77.7-85.4)

Metabolisable energy, kcal/kg

Short-term

Long-term

3,446 (3,188-3,674)
3,519 (3,271-3,670)

83.0 (75.8-89.0)°
79.6 (76.9-83.7)

85.7 (80.4-91.4)°
82.5 (81.8-85.9)

95.2 (88.5-97.7)
94.1 (90.5-96.1)

89.3 (82.3-91.9)°
86.5 (83.9-89.5)

3,632 (3,348-3,804)
3,507 (3,367-3.618)

80.2 (66.8-83.5)°
77.5 (71.8-88.1)

83.5 (78.7-87.4)%°

79.4 (77.0-91.4)

92.9 (77. 3-96.4)
89.4 (87.1-95.9)

87.6 (84.1-89.8)°
85.1 (83.5-91.6)

3,571 (3,235-3,689)
3,434 (3,328-3,844)

0.015

0.040

0.120

0.002

0.617

Digestibility was calculated on a DM basis. To determine differences in digestibilities between diets and studies,
each nutrient was evaluated with 2-way ANOVA. There were no differences between studies or interactions terms
(data not shown). A Bonferroni post-test was used to determine the groups with significant differences. Groups not

sharing the same letter superscript are significantly different from each other.

Whole Blood Analyses and Serum Biochemistry Reveal Safety of BesaDWpisg Companion

Dog Weight Loss.

To determine if dogs consuming the bean-based foods maintained indices of nutritional

adequacy, comprehensive blood cell counts and serum biochemical analyses were performed for

every dog at baseline and throughout the study as previously degérfiBdNo negative

physiological effects were observed in any analyte measured (data not shown). To demonstrate

the nutritional adequacy of the dog food formulations, each dog’s results were compared to
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AAFCO reference limits or hemoglobin, PCV, albumin, and ALP at the end of the study period.
Results are presented as a median (min-max) along with the AAFCO limits for eté ana

(Table 18). The median albumin for the CON group was 3.9 g/dL and 3.9 g/dL; 3.9 g/dL and 4.0
g/dL for the BB group: and 3.9 g/dL and 4.1 g/dL for the NB group, for the short and long-term
studies respectively. The median ALP for the CON group was 40.5 IU/L and 41.0 IU/L; 51.0
IU/L and 31.0 IU/L in the BB group; and 27.5 IU/L and 47.0 IU/L in the NB group for the short
and long-term studies, respectively. The median PCV for the CON group was 51.0 % and 51.0
%; 49.5 % and 56.0 % in the BB group; and 51.0 % and 51.0 % in the NB group for the short
and long-term studies, respectively. The median hemoglobin for the CON group was 17.7 g/dL
and 18.0 g/dL; for BB was 17.7 g/dL and 20.0 g/dL; and for NB was 17.8 g/dL and 17.9 g/dL for
the short and long-term studies, respectively. Serum analytes values fell within AAFCO
established reference limits, supporting that the experimental NB and BB dog foods provided
adequate nutrition and were safe to consume during short and long-term weight losudyhis st
applied AAFCO values for adult dog weight maintenance because there are no edtabliste

for dogs undergoing calorically restricted weight loss. Given that differences in canine s
analytes have been reported for overweight and obese dogs compared to normal weight dogs,
and also that changes occur during weighs 48%261, future studies will need to determine if

AAFCO reference values should adjusted for diets targeting weight management.

1



Table 18: Plasma and serum biochemical analysis of three diets fed to overweighseraottt companion dogs
undergoing calorically restricted weight loss.

Control Group Black Bean Group Navy Bean Group Reference Values
Analyte Median (Min-Max) Median (Min-Max) Median (Min-Max) Group (Individual)
Hemoglobin, g/dL
Short-term 17.7 (16.2-18.4) 17.7 (16.7-19.4) 17.75 (16.0-19.2) 214.0 g/dL
Long-term 18.0 (16.7-19.0) 20.0 (17.1-20.4) 17.9 (15.1-19.2) (2 12.0)
Packed Cell Volume, %
Short-term  51.0 (46.0-54.0) 49.5 (48.0-55.0) 51.0 (47.0-55.0) 2 42%
Long-term  51.0 (47.0-51.0) 56.0 (50.0-59.0) 51.0 (42.0-53.0) 2 (36%)
Albumin, g/dL
Short-term 3.9 (3.6-4.2) 3.9 (3.6-4.3) 3.9 (3.3-4.4) 22.8g/dL
Long-term 3.9 (3.7-4.1) 4.0 (3.9-4.1) 4.1(3.9-4.3) (22.4)
Alkaline Phosphatase, 1U/L
Short-term  40.5 (27.0-320.0) 51.0 (26.0-152.0) 27.5 (16.0-76.0) <1501U/L
Long-term  41.0 (23.0- 75.0) 31.0 (28.0-85.0) 47.0 (12.0-74.0) (< 300)

Values for blood and serum analytes were determined at four weeks (short-term), and twenty-six weeks (long-
term). Reference values were taken from AAFCO guidelines 2 for group means and individual dogs.

Conducting weight loss and digestibility studies with companion dogs, as opposed to
colony dogs, presents new challenges because owner compliance in feeding and sample
collection must be accounted for, as well as lapses in dietary discretion when feeding and
collecting samples in a multiple dog household. Although this study was sfud@eschieving
weight loss, many dogs did not achieve ideal weight during or following completion aintéye |
term study. This investigative team appreciates that lapses in study compligncennpdicate
interpretation of the results. However, these challenges emphasise the need for effective
communication and perhaps an accelerated translation of canine weight loss studytiindings

real-clinic settings for body weight management planning.

CONCLUSIONS
In this study, we showed that nutritionally complete dog foods containing cooked bean
powders were digestible by overweight or obese, adult, companion dogs undergoing short or

long-term calorically restricted weight loss. The dog foods supported apparent wesigitdos
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provided utilisable energy, and the dogs maintained indices of nutritional adequacy when
compared to a bean-free control dog food. Our findings of higher NFE ATTD in both the BB and
NB diets compared to CON suggests that bean based dog foods may differentially impact canine
carbohydrate metabolism. This study concludes that cooked common beans are safe and
digestible as a major food ingredient during canine weight loss, when fed in a nutyitional
complete, extruded kibble, and provides rationale for the continued investigation of the potential
for cooked beans to improve protein, lipid, and carbohydrate metabolism, which are important

for overall canine healtls.

6 We would like to thank ADM Alliance Nutrition for providing the dog foods and Gordon Gregory at
ADM Edible Bean Specialties for providing the cooked bean powder. We would also like to thank the
Wellington Veterinary Hospital and the Flint Animal Cancer Center Clinical Trials Core for providing
companion dogs for participation in this study and clinical oversight. Additionally, we would like to
thank Cadie Tillotson for technical assistance with study coordination. This research received no specific
grant from any funding agency, commercial or not-for profit sectors.
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CHAPTER 6 CONSUMPTION OF COOKED NAVY BEAN POWDERS MODULATES THE

CANINE FECAL AND URINE METABOLOMFE/

INTRODUCTION

Dry common bean$Phaseolus vulgarid,.) are a staple food ingredient that is rich in
macro- and micro-nutrients, phytochemicals, and readily incorporated into commerciadtdog di
formulations 262 To this end, we recently showed that cooked dry bean consumptiofat 25
weight/weight (/w) is safe and digestible in clinically healthy, normal weight dogs (Chapter
4) 193

In addition to providing a unique source of nutrients that may improve nutritional status
263 dry beans also contain a rich array of phytochemicals with health promoting properties, such
as tocopherols, flavonoids, phytosterols, and enzyme inhiB#b#®Consumption of dry beans
has been shown in humans and laboratory animal models to decrease risk factors for developing
metabolic syndrome, cardiovascular disease, cancer, and digd€te8’ Dry bean intake has
also been associated with improving longevity, promoting gastrointestinai,Healtitating
healthy weight maintenance, and supporting hepatic funttioi?34 268269 One mechanism by
which cooked bean intake may promote health is by altering fat metabolism: for example, serum
lipid modulation is one of the most consistently reported effects of bean intake in humans and
animals. Multiple studies demonstrate that increased bean consumption iataedswith
reduced serum cholesterol, low density lipoprotein cholesterol (LDL-C), and triglycerides with

increased high-density lipoprotein cholesterol (HD).267270-272The combination of dry bean

" This chapter was published in Current Metabolomics 2015:3(2):90-101. DOI:
10.2174/2213235X03666150519234354. Authors are Genevieve M. Forster, Adam L. Heuberger, Corey
D. Broeckling, John E. Bauer, and Elizabeth P. Ryan.

80



macronutrients, micronutrients, and phytochemicals work together to promote health and reduce
disease risk2 and may have potential to improve the health of companion dogs as well.
Metabolomics is becoming more frequently utilized in nutrition and veterinary sciences
to evaluate phytochemical diversity in foods and to elucidate the functional responses of
mammals to dietary interventioAS:2’>Metabolomics can also provide candidate dietary
biomarkers for specific food and diet patterns in serum, urine, or feces, as well as measure the
effects of diet on disease risk fact8fs277
In this study, we evaluated the effect of adding 25 % w/w cooked navy bean (NB)
powder on 1) the canine food metabolome and 2) the effects of this diet on serum biochemistry
and the chemical composition of feces and urine in clinically healthy adult dogs, conagpared t
control (CON) diet. The dogs consumed NB or CON diets for one month, and metabolites were
characterized in the diet, urine, and feces using a combination of gas and liquid chromatography
coupled with mass spectrometry (GC- and LC- MS). Serum analytes were determiged usin
standard, clinical biochemistry panél8We hypothesized that the NB diet contains distinct
phytochemicals compared to the CON diet and that NB consumption modulates the chemical

composition of the canine fecal and urine metabolome.

MATERIAL AND METHODS

Ethics Statement

Clinical trial operations, animal care procedures, and biological sample
collections were approved by the Colorado State University Institutional Animal Care and Use

Committee (IACUC Protocol 10-1932A).
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Canine Participants

Twenty-one clinically healthy, normal weight, male and female dogs betweegahefa
2 and 7 years, and a variety of breeds were enrolled in a controlled, double-blinded, restrictively
randomized, 4 week dietary intervention at the Flint Animal Cancer Center, Veterinary Teaching
Hospital at Colorado State University as previously repdffed .body condition score (BCS)
was assigned to each dog by the study clinician using a 9-point¥dategs were evenly
distributed and no differences were detected between diet groups with respect to BCS, age,
weight, and sex (Table 19

Table 19: Baseline characteristics of 21 canine study participants evaluated
for metabolomic changes in response to consumption of bean-based diets.

Characteristic Control (n=10) Navy Bean (n=11) P-value!
Agel, years 3.0 (2.0-4.0) 4.0(2.8-5.3) 0.206
Body Weight, kg 28.5(19.0 — 33.0) 21.8 (19.9 - 25.88) 0.260
Sex3
Female 5 6 0.670
Male 6 4
BCS*
BCS4 &5 9 8 1.00
BCS6 &7 2 2

1Age and weight are reported as median and interquartile range and differences
between groups were evaluated with a Mann-Whitney t-test. Sex and Body
Condition Score (BCS) are reported as number of dogs and differences were
evaluated with Fisher’s exact test. 2Age is presented as reported by owner. 3All
dogs were neutered with the exception of one male in the control group. # BCS
was assigned on a 9 point scale.’?

Sample Collection and Processing

Fecal, plasma, and urine samples were collected for clinical and analyticalaatlysi
baseline, 2, and 4 week time points. Owners were instructed to collect fecal saittteS w
hours of being voided. Samples were either immediately frozen aC-B0Optovided containers
and transferred to -8 or brought to the study site and immediately store8@&tC until

analysis. Serum samples for biochemical analysis were collected via venipunctaréuine
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without anticoagulant, allowed to coagulate for 15 min and centrifuged for 15 min at 1,500 rcf.
Blood was collected at approximately the same time of day throughout the study to minimize
postprandial variation. Urine was collected by owners or a study technician using a free-catc
method, however in some cases where a urine sample was not obtained via free-catch, ultrasound
guided cystocentesis was utilized at the clinician’s discretion. Serum cholesterol levels were

obtained using standard clinical analytical methods as previously des&bed.

Canine Diet Formulations and Nutrient Analysis

A standard ingredient, CON diet was formulated to meet the Association of American
Feed Control Officials (AAFCO) and National Research Council (NRC) adult dog maintenance
requirement$?2 278 A second iso-nutrient and isocaloric diet containing 25 % w/w cooked NB
powder was formulated to investigate the utility of common bean ingredients in dog food. A
detailed ingredient and nutrient profile for each diet was previously pubigh&able 10
provides a summary of the major ingredients in each diet. Energy requirements and daily food
intake for weight maintenance were calculated for each individual dog as previously
described? Briefly, the amount of food was determined by the energy density of each diet and
the daily metabolizable energy (ME) requirement of each dog. Daily ME requirement was

determined by the formula ME (kcal/day) =110 x (body weight- &gy

Targeted Analysis of Dietary Nutrient Profiles

The macronutrient composition, on a dry matter basis, for the CON and NB diets
respectively, was as follows: crude protein was 31.15 % and 29.91 %; crude fat was 14.00 % and
13.58 %; organic matter was 91.37 % and 91.83 %; crude fiber was 2.95 % and 3.18 %; and
gross energy was 4,967 kcal/kg and 4,957 kcal/kg. All macronutrients were equally digestible

between the CON and 25 % NB dié&t3To determine the lipid profiles of the diets, total fat was
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extracted and separated using thin layer chromatography (TLC) and analyzed via GC under
previously reported conditior#$? Amino acid analysis was performed by Midwest Laboratories,
Inc. (Omaha, NE) using standard methods (AOAC 994.12 (lll)). Cystine, methionine, and
tryptophan were analyzed using specialized protocols (AOAC 994.12 (Alt I) and 998.15). Total
dietary fiber TDF) and the soluble and insoluble fiber fractions were determined as previously

described>®

Canine Diet Preparation foNonTargetedGC-MS Analysis

The diets were ground to a powder using a mortar and pestle, and metabolites were
extracted by adding 1 ml of ice-cold methanol:water (80:20, v:v) to 100 mg of diet and incubated
for 1 br at -80 °C. Samples were then centrifuged at 1,500 rcf for 5 min and the extract was
transferred into 1.5 ml microcentrifuge tubes as previously desctibedtracts were dried in a
speedvac and methoximated by resuspending in pyridine (50 pL) with 25 mg/mL of
methoxyamine hydrochloride and incubated at®0ct 45 min twice, with 10 min sonication in
between. After methoximation, samples were incubated with 50 uL. of N-methyl-N-
trimethylsilyltrifluoroacetamide with 1 % trimethylchlorosilane (MSTFA + 1 % TMCIgrmo
Scientific) at 60 € for 30 min, followed by centrifugation at 3,000 rcf for 5 min. Samples were
then cooled to room temperature (~22 °C), and thersupet (80 ul) was transferred to a 150

uL glass insert in a GC-MS autosampler vial.

Canine Fecal and Urine Sample Preparation, Metabolite Separation and Detectidb-8SGnd
LC-MS

Fecal metabolites were extracted using identical methods as the dietstsBxeasc
prepared with 100 mg of fecal material and methanol:water (80:20, v:v) as described above for

the diets. One hundred ul of each urine sample was centrifuged at 13,000 rcf at 4 °C. The
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supernatant was transferred to an autosampler vial and directly injected. Extraeteolitee

from diet and fecal samples were analyzed by GC-MS and urine samples were analyzed by LC-

MS under similar conditions as previously described with minor differé##c85 Specific run

conditions are shown in Table 20.

Table 20: L.C and GC run conditions for metabolite separation and detection.

Conditions LC GC
Acquity UPLC coupled to Q-TOF Micro  Trace GC Ultra coupled to a Thermo DSQ
System e
(Waters) Il (Thermo Scientific)

Sample Injection

Column
Condition A
Condition B

Hold Time (Condition A)
Gradient Endpoint
Rate from A to B
Hold Time (Condition B)
Timeto A
Reequilibration Time
Total Run Time
Flow Rate
Column Temp
Sample Temp
lon mode
Scan Range
Scan Rate
Calibration
Capillary Voltage
Source Temp
Desolvation Temp
Flow Rate
Collision Energy

1 ul, in discrete random blocks (n=2)

Acquity UPLC T3 column (Waters, 1.8
puM, 1.0 x 100 mm)
100% water, 0.1% formic acid
95% methanol, 5% water, 0.1% formic
acid
1 min
100% B
6.25% B/min (16 min)

3 min
0.1 min
5.9 min
26 min
140 ul/min
40°C
5°C
Positive
50-1200 m/z
1 scan/sec 0.1 sec delay
S5ppm (sodium formate)
2200V
130°C
300°C
400 L/hr (nitrogen gas)
7V

1ul, 1:10 split ratio in discrete random

blocks (n=2)

30 m TG-5MS column (Thermo Scientific,
0.25 mm i.d., 0.25 um film thickness)

80°C
330°C

0.5 min
330 °C

15 2C/min (16.67 min)
8 min

30 min
1.2 mL/min (helium gas)

Electron impact
50-650 m/z
5 scans/sec

1.2 mL/min (helium gas)

Mass Spectrometry Data Processing and Metabolite Annotation

For each sample, a matrix of molecular features as defined by retention time and mass

(m/z) was generated using XCM%.Each sample was injected twice and the relative abundance

of each molecular feature was measured by determining the mean chromatographic peak area

after normalization to total ion current. Mass spectra were generated using an algotithm tha
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clusters molecular features into spectra (‘clusters’ or ‘compounds’, C) based on co-variation and
co-elution in the data sé> The abundance of each cluster was determined as the weighted sum
of the peak areas for all molecular features within a cluster. Mass spectral clesteesearched
against in-house and external databases including NIST v12 (www.nist.gov), Massb#ink, Me

and Golm fttp://gmd.mpimp-golm.mpg.dahetabolite databases for annotation. The relative

abundance of each fecal and urine metabolite was scaled to a median value of one. Each
annotated metabolite is presented in AppenditR its corresponding “cluster” number (C),
identification confidence levéf3, PubChem Compound Identifier (CID), and Simplified

Molecular Input Line Entry Specification (SMILES).

Statistical Analysis

Continuous baseline characteristics of the dogs were evaluated by a Mann-Whithey t-tes
(age and weight) and categorical data were evaluated with a Fisher’s exact test (sex and BCS).

Diet, fecal and urine metabolites were evaluated with a principal components analysis
(PCA, SIMCA P+ v12, Umetrics, Umea, Sweden) to determine global pattern changes or
differences within each matrix. PCA was conducted with metabolite abundances that aere me
centered and Pareto-scaled, and 95 % confidence intervals for the PCA model were utilized to
identify outliers. Significance of each component was determined using analysis nf&aria
PC scores for each component with a threshold of p < 0.05.

The relative abundance of each fecal and urine metabolite was scaled to a median value
of one and is presented as the median and interquartile range (IQR).To determine differences in
the relative abundance of each fecal and urine cluster/metabolite between diet groups,amd ti
mixed model linear regression analysis was applied using the Ime4 pa&kade 1°¢ The

model included fixed effects for diet x time and the random effect for animal ID to control for
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repeated measures. A false discovery rate (FDR) correction was used to control for multiple
comparisonst®’ An adjusted p-value < 0.1 was accepted as significant. When the time factor
was significant, a post-hoc Wilcoxon matched-pairs signed rank test was usedrtuneetiee

group in which a significant change occurred (GraphPad Prism version 5.03 for Windows,
GraphPad Software, San Diego California USA, www.graphpad.com). When metabolites were
significant by diet, a Mann Whitney t-test was used to determine the timepoinichtthe

differences were significant. Diet metabolite differences are shown as a fold differéneerbe

the NB and CON diet (NB:CON). Metabolites that varied by more than 10 % relative abundance
between diets were reported. For serum cholesterol levels, a repeated measures, Dway AN

for diet, time, and diet x time interaction was used, a p-value < 0.05 was acceptedtasbyati

significant.

RESULTS

Targeted Nutrient Profiles were Similar between Navy Bean and Congtd Di

The major ingredients Table 21: Major diet ingredients fed to 21 clinically healthy, adult

. . . dogs
included in the CON and NB diet5 > > - . :
Ingredient, % weight/weight Control Diet  Navy Bean Diet

cooked navy bean powder - 25.00
Wheat 29.00 9.94
Corn 25.49 20.60
meat, bone, and poultry by-

were wheat, corn, rice, and meat

and bone meal, and poultry fat

product meal 21.33 2036
Table 21). A lled ingredien
( able ) detailed 9 edient Rice 12.50 12.50
. . Itry fat 7.77 7.77
list has been previously reported Po*"V'et

supplements, fiber, and palatants 3.95 3.91
in Table 1093 Ingredients are reported on an-fed basis. A detailed ingredient list

has previously been published 3,

Total fat content (as-fed) was 13.0 % in the CON diet and 12.8 % NB diet. Sixteen

individual fatty acids were detected in the diets, and in order of total fat composition in the NB
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and CON diets, respectively were: oleic acid, 34.39 % and 33.5 %; linoleic acid, 24.49 % and
25.71 %; palmitic acid, 22.44 % and 21.40 %; stearic acid, 6.25 % and 5.95 %; palmitoleic acid,
5.6 % and 4.83 %-linolenic acid, 2.5 % and 2.44 %; vaccenic acid, 1.9 % and 2.38 %. Myristic
acid, gondoic acid, arachidonic acid, Arachidic acid, margaric acid, dilyelmolenic acid,

myristoleic acid, eicosadienoic acid and heptadecenoic acid each comprised lds%ctbén

total fat (Figure 10A). Saturated fat content was 29.82 % and 28.48 % of the total fat content,
and unsaturated fat was 70.18 % and 70.49 % of the total fat for the NB and CON diets,
respectively. For the NB diet, n-3, n-6, and n-9 fatty acids comprised 2.50 %, 25.15 %, and 34.76
% of total fat, respectively. For the CON diet, n-3, n-6, and n-9 fatty acids comprised 2.44 %,
26.61 %, and 34.00 % of total fat, respectively.

Crude protein levels were similar between the di¥tsand total amino acid profiles were
likewise similar (Figure 10B In order of percent of total diet in the NB and CON diets,
respectively, amino acid content was: glutamic acid, 3.88 % and 4.58 %; proline, 2.26 % and
2.72 %; glycine, 2.10 % and 1.80 %; leucine, 1.87 % and 2.13 %; aspartic acid, 1.72 % and 7.70
%; valine, 1.72 % and 1.16 %; alanine, 1.16 % and 1.79 %; lysine, 1.47 % and 1.45 %, tyrosine,
1.23 % and 1.08 %; arginine 1.20 % and 1.50 %, serine, 1.15 % and 1.23 %; threonine, 0.96 %
and 1.01 %; phenylalanine, 0.86 % and 0.95 %; isoleucine, 0.78 % and 0.78 %; histidine, 0.72 %
and 0.90 %; methionine, 0.53 % and 0.53 %; cysteine, 0.47 % and 0.39 %; and tryptophan, 0.29
% and 0.23 %. Other amino acids and amines not individually identified (e.g. choline and
taurine) comprised 2.09 % and 2.17 % for the NB and CON diets, respectively. Lysine and

methionine were supplemented in both diéts.
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Crude fiber was similar between dié¥¢ TDF was 15.09 % and 14.32 % for the NB and
CON diets, respectively. Total soluble fiber was 4.69 % and 3.68 %, and total insoluble fiber was

10.40 % and 10.64 % for the NB and CON diets, respectively (Figure 10C
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Figure 10: Macronutrient diet components in 25 % navy bean powder and
control diets. A) Detected saturated, n-3, 6,9, 5, & 7 fatty acids in navy bean and
control diets as a relative percent of total dietary fat. B) Dietary amino acid profiles, as
a percentage of total diet. Amino acids supplemented in the diets are indicated with an
asterisk (*). C) Total dietary fiber (TDF) with soluble and insoluble fiber.
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NonTargeted Metabolomics Revealed Phytochemical Profile Diffeseinetween Control and
Navy Bean Diets

GC-MS analysis of the diets resulted in detection of 7,742 isolated features described by
time and mass/charge ratim/Q). These ions were collapsed into 833 clusters and showed
significant variation between diets (Figure )18f these 833 clusters, 18 metabolites were
identified that had relative abundance differences of at least 10 % between diets. Msthiaolite
were greater in the NB diet compared to CON diet were 2-piperdinecarboxylic acid (41.49 fold
increase); s-methyl cysteine (5.15 fold increase); 5-hydroxynorvaline (4.90 fold increase);
sucrose (1.63 fold increase); citric acid (1.44 fold increast)¢opherol (1.42 fold increased):
sitosterol (1.36 fold increase); taurine (1.28 fold increas¢ycopherol acetate (1.17 fold
increase); fructose (1.15 fold increase); and Glycerol-3-Phosphate (G3P, 1.11 fold increase).
Decreased metabolites included palmitelaidic acid (-1.12 fold decreasegitiottfd.17 fold
decrease); hydroquinone (-1.33 fold decrease); glucose (-1.46 fold decrease); D-pinitol (-1.57
fold decrease), an unidentified monosacchariile’b decrease); and trehalose (-1.84 fold

decrease) (Figure 1)B
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Figure 11: Metabolite profiles of a nutritionally complete, standard ingredient diet compared to an
isocaloric, nutrient matched diet containing 25 % w/w cooked navy bean powder. A) Metabolite
variance between 25 % navy bean powder and control diets. The Navy Bean diet is represented by squares
and the control diet is represented by circles. B) Ratios of the relative abundance of identified metabolites in
the navy bean diet compared to control.
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Lower Serum Cholesterol Levels in Dogs Consuming Navy Beans.

After 4 weeks of dietary intervention, dogs in the NB diet group had lower cholesterol
levels than dogs in the CON diet group (Figure 12). At baseline, for NB and CON diet groups,
respectively, median serum cholesterol was 226 mg/dL (IQR: 177 to 243 mg/dL) and 244 mg/dL
(IQR: 175 to 296 mg/dL), at two weeks serum cholesterol was 209 mg/dL (IQR: 202 to 233
mg/dL) and 245 mg/dL (IQR: 220 to 313 mg/dL), and at 4 weeks 209 mg/dL (IQR: 195 to 225
mg/dL) and 263 mg/dL (IQR: 233 to 289 mg/dL). Changes in serum cholesterol within group

over time were not significant, and remained within normal ranges throughout the study.

350-
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100-|—-O- Control
0

Figure 12: Serum cholesterol levels of 21 clinically healthy adult dogs during a 4 week dietary
intervention trial establishing the safety and digestibility of 25 % w/w navy bean powder
consumption compared to an isonutrient control diet. Dogs consuming the navy bean diet (n=10) had
significantly lower serum cholesterol levels at 4 weeks compared to dogs consuming the control diet (n=11).
* = p < 0.05. Data are shown as median and interquartile range.
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Dietary Modulation of the Canine Fecal Metabolome

12,121 peaks were detected by GC-MS in the canine fecal samples and were reduced to
911 clusters. Principal components analysis revealed one dog in the NB group that was an outlier
(95 % confidence across PC1 and PC2) which was subsequently excluded from statistical
analysis. There were no significant differences in the principal component scores between or
within groups at baseline or day 28 (data not shown), however, in dogs consuming the NB diet,
we observed a consistent pattern shift in components 1 and 2 that was not observed in the CON
group. To demonstrate this shift, fecal metabolite variance between groups and acrisss time
shown as a principal components analysis (PCA, Figure 13A). Fecal metabolite change wa
highly variable over time within the CON diet group: 7/11 dogs showed a positive directional
change in PC1 and 4/11 had a negative directional change. For PC2, 7/11 had a negative
directional change and 4/11 had a positive directional change (Figure 13B). The sum effect of
these directional changes resulted in approximately random distribution in the PC1 and PC2
score plots. In the NB group within PC1, 4/9 dogs had a positive directional change and 5/9 dogs
had a negative directional change and all dogs had a negative directional change in PC 2. In
contrast with the CON group, the sum effect of these directional changes resulted in dogs

consuming the NB diet to have less variation from each other compared to baseline (Figure 13C
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Figure 13: Fecal metabolite variance between both diet groups, control and navy bean, at baseline and
after 4 weeks of consuming either a 25 % w/w navy bean powder or control diet (A). Dogs consuming
the Navy Bean diet (n=9) are represented by squares and dogs consuming the control diet (n=11) are
represented by circles. Dog NB9 was determined to be an outlier at 4 weeks and was not included in the
analysis. Variance between the dogs is represented by the distance between each symbol. Variance was not
significant between diet groups. The direction of change in variance within the whole model in the control
group (B) and navy bean group (C) is emphasized with arrows.

Fifteen fecal metabolites were identified that showed significant changes oer tim
within each group, or were different between groups at 4 weeks (Table 22). The relative
abundance of these metabolites was not statistically significant betwe¢B dred CON groups
at baseline (data not shown). Six metabolites were identified that changed in both the CON and
NB diet groups after 4 weeks of consuming the micro- and macro-nutrient matched diets. Data
are presented as relative abundance and median fold change from baseline, range of the data
within group is given as IQR. The fecal metabolites that decreased in the CON and NB diet
groups, respectively, weretocopherol: 0.30 (0.20-0.41) and 0.37; lithocholic acid: 0.94 (0.38-
1.18) and 0.57 (0.48-1.08); myristic acid: 0.76 (0.71-0.92) and 0.81 (0.71-0.86); margaric acid:
0.73 (0.48-0.88) and 0.69 (0.41-0.96); and a polycyclic hydrocarbon: 0.48 (0.25-2.02) and 0.44
(0.11-2.37). One metabolite increased in the CON and NB diet groups, respectively: arachidic

alcohol 2.38 (1.32-5.99) and 1.97 (1.08-4.29). Within the CON diet group, two metabolites
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changed significantly over time (p < 0.10). Excretion of hydroquinone increased by 2.44 fold
(1.843.13) and cycloartenol, a metabolic precursor of phytosterols, decreased by 0.65 fold (0.37-
0.79). While the change over time within the CON group was significant, differences between
the CON and NB groups were not significant at either time point for these metabolites: Withi

the NB diet group, fecal excretion of glucose significantly increased by 1.64 fold (1.22-2.18),
deoxycholic acid decreased by 0.52 (0.42-0.93) catmtopherol acetate decreased by 0.34
(0.17-0.56). Excretion of three steroid like compounds increased in the NB group: steroid
metabolite C30 increased by 9.04 fold (6.78-10.86); steroid metabolite 53 increased by 4.13
(1.8420.50); and steroid metabolite 179 increased by 11.43 fold (4.89-52.47). These results are
shown as the average scaled values at baseline and 4 weeks, and an average fold change within

each group in Table 22
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Table 22: Diet responsive canine fecal metabolites.

Control Diet Group Navy Bean Diet Group
Metabolite Abundance Fold Change Abundance Fold Change Pvalues
(Library Cluster) Day 0 Day 28 Day 28:Day 0 Day 0 Day 28 Day 28:Day 0 Diet Time Interaction

G-TO(%04%*;9"0| (1.433.—753.72) (0.705.—80%98) (092?30&1) (0.912.—752.54) (0.605.—706.99) (0?2.(3)—70.\19,4) 0751 0.010 0850
> thhofggg)c e (0.717'-110.95) (0.705'-817.05) (0?3::?1?1{8) (0.81i-61().81) (0.7%-912.02) (02;2-71.\](;8) 0842 0.076 0972
_92’ MV(”CS;':G';\C'd (0.92-?37) (0.7(:5'?1?01) (0%1?022) (1.012.-110.25) (0.709.-809.89) (0?7'?0.48,6) 0-950 0043 0972
é Margarlc(ca‘g;jé)pmatwe (0.915.-22%31) (0.707'-91%10) (03?0?28) (0.7{9.-42(?60) (0.707.—8;96) (03‘15?0.\156) 0880 0.027 0916
POIYCYCIIC(1|-|9y0(:;r0carbon (0.3%9.—75(?%) (0.9%3?38) (O?Z.L;?Zf)Z) (0.314.—771.45) (0.6(;—711.01) (0?1"1‘?2.\57) 0.730  0.085 0-745
Arachidic Alcohol (C691) (0.109.-30?79) (0.617.-22%57) (1.252?539) (0.4%?18.49) (1.417.?22.14) (1.10.2-74.'29) 0002 0.011 0827
z Hyd[ﬁffé‘é’}"”e (0.507'-708.92) (1.3153-629.15) (122223) (0.607.—811.14) (1.010'?16:22) (o.sg-zst) 0694 0011 0101
o Cycloartenol 1.53 0.76 0.65 1.07 1.00 0.90 0.085 0.080 0.114

(C292) (0.97-2.07)  (0.76-1.00) (0.37-0.79) (0.63-1.44)  (0.87-1.15) (0.80-1.41)
DEOXVEQZ)"C e (0.717.-631%08) (0.6%?18.15) (0.207--617.09) (1.010.-721.49) (0.6(;-913.27) (033-20?19,3) 0.978 0058 0972
a'TOCOFZE‘;;zl)acetate (2.057.—07%70) (0.501.-70(?96) (0.101--109.33) (0.917.—131.30) 0.4((;.-?)6.568) (0?1'3?0.\{;6) 0.164 0.065 0438
o G|(UCC10)S€ (0.6%—711.46) (0.912.-01?28) (0.914.?2?13) (0.507.—911.11) (0.816.—515.73) (1.12.2?2.'28) 0.958 ~ 0.054 0532
SIEEZ')d (0.22?16.79) (0.307'?01.90) (0.3%?32.13) (0.201.?17.72) (1.928.—945.38) (féfzgs) 0999 0.065 0043
S(Eir;);? (0.0%—521%56) (0.221'-302.92) (0.0%-507.88) (0.11i-22().31) (7.9162-'23298) (4:.1819.‘-'53237) 0916  0.036 0.102

The normalized, scaled, relative abundance is reported as median (IQR). A mixed model linear regression with a false discovery rate correction was used to determine metabolites that changed over
time or between diet groups (p < 0.10). Significant differences over time were confirmed by Wilcoxon matched-pairs signed rank test and are indicated by arrows showing the direction of change ({,
or 1), p < 0.05. A Mann Whitney t-test was used to determine if the metabolite was different at baseline. No significant differences between groups were detected at baseline for any of the reported
metabolites. Metabolites are sorted by the diet group in which a significant change occurred. NB: navy bean diet group; CON: control diet group.

96



Phytochemical Detection in Canine Urine by Non-targeted Metabolomics

Urine samples were collected from the 21 dogs in at least one time point; however,
sufficient urine samples at both time timepoints were not obtained in three dogs; two CON dogs
and one NB dog. Repeated measures statistical analysis was therefore carried out in 9 NB dogs
and 9 CON dogs. In the canine urine samples 5,585 ions were detected by LC-MS, these were
collapsed into 1,110 clusters. The change in the global profile of urine metabolites was not

different between groups, as was seen in the fecal metabolome (Fiyure 14
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Figure 14: Urine metabolite variance between both diet groups, control and navy bean at baseline and
after 4 weeks of consuming either a 25 % w/w navy bean powder or control diet (A). Dogs consuming
the navy bean diet (n=9) are represented by squares and dogs consuming the control diet (n=9) are
represented by circles. Variance between the dogs is represented by the distance between each symbol.
Variance was not significant between diet groups. The direction of change in variance within the whole model

in the control group (B) and navy bean group (C) is emphasized with arrows.

Fifteen metabolites were identified that were significantly different by diet or(Tiislele
23). Data are reported as median and IQR. In both groups, urinary excretion of estradiol, suberic
acid, and two peptides increased, while excretion of a third peptide and kynurenine decreased. In
the CON group, urinary excretion of a peptide (C63) increased by 514 fold (41.08-1,961.00),
excretion of a saccharide (C625) increased by 17.92 fold (6.64-113.33), peptide C180 increased

by 10.11 fold (4.01-15.03), and excretion of peptide C17 increased by 3.49 fold (2.23-4.35). In
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the NB group, a compound with an exact spectral match for trigonelline was detected, but un-
retained within the chromatography, and was therefore putatively annotated as trigonelline. In
the NB group, urinary trigonelline (putative) excretion increased by 9.73 fold (5.12-13.50), a

dipeptide (C59) increased by 2.88 fold (1.69-3.84), peptide C909 increased by 2.23 fold (1.43-
2.56), and the flavonoid homoeridoictyol chalcone, an intermediate identified in common bean

flavonoid biosynthesis, (as well as many other plants), increased by 2.40 fold (1.11-6.43).
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Table 23: Diet responsive canine urine metabolites.

Control Diet Grou

Navy Bean Diet Group

Metabolite Abundance Fold Change Abundance Fold Change P values
(Library Cluster) Day 0 Day 28 Day 28:Day 0 Day 0 Day 28 Day 28:Day 0 Diet Time Interaction
Estrcaesc)IIOI (0.205;-401.80) (2.23<§-2;06) (4.1319.?11722) (0.2(21--3574) (0.71i-319).50) (12;?432) 0.022  <0.001 0.008
2 :(:c:%lj: (0.3(3-:1325) (1.5}:{.07) (2:(')2381;4) (0.2}2%56) (0.8}:11.66) (1:31525}1) 0.054  0.002 0.424
o (c36) (122800)  (045074)  009.046) | (L04-449)  (050-147)  (0.19-056) | 066 0011 0516
= .
é Su:(:c:%zecid (o.zZé-chgz) (1.01{2215) (1:’%29:83) (0.1;22():39) (0.81%-22:38) (2;5?:9:%8) 0925 <0.001  0.750
(c18) (054-121)  (1.26-1.81) (1.10-2.77) (0.45-0.74)  (0.98-1.57) (1.40-2.63) 0.334  0.002 0-864
Kyntjcrs)n " (0.818.-212.76) (0.4%?(374) (o(.]éls‘t-;otl;a) (0.725'-320.77) (0.415?580) (ogé?otl;s) 0.615  0.007 0-884
(C625) (0.00-039)  (4.50-15.29)  (6.64-18.33) (0.10-230)  (0.00-4.02) (0.00-2.56) 0.032  0.002 0.004
P(ecp1t|7c)Ie (0.301'-6;75) (1.217.-525.09) (2?;3‘?4,.25) (0.5%-815.22) (1.018.-317.64) (0.910.-722.81) 0.927  <0.001 0-178
Peptide (C905) (0.807.?12.16) (0.612.—010.23) (0.7%-85 18) (0.502.—705.96) (1.11:;16.72) (1.21;2—3226) 0670 0004 0002
2 homoe”o?clgg)IChalcone (0.317.—114.87) (0.3%—501.63) (o.z%ii%) (0.117-—223.62) (1.833;—7:75) (1.21.‘1‘?633) 0.083 0350 0.004
Dipeptide (C59) (0.512.?11.68) (0.5(2-717.08) (0.5%-812.53) (0.5%?17. 17) (1.729.-124.61) (1.252?324) 0.087  0.262 0.006
Kynurenic acid (C32) (0.9%?19.02) (o.s%-gim) (o.s%?foz) (1.016-112. 19) (0.810'-011.06) (o%g?ots) 0897 0041 0598

The normalized, scaled, relative abundance is reported as median (IQR). A mixed model linear regression with a false discovery rate correction was used to determine
metabolites that changed over time or between diet groups (p < 0.10). Significant differences over time were confirmed by Wilcoxon matched-pairs signed rank test and are
indicated by arrows showing the direction of change ({, or 1), p < 0.05. A Mann Whitney t-test was used to determine if the metabolite was different at baseline. No significant
differences between groups were detected at baseline for any of the reported metabolites. Metabolites are sorted by the diet group in which a significant change occurred. NB:
navy bean diet group; CON: control diet group.
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DISCUSSION

This study describes the food metabolome distinctions between an extruded canine diet
formulated with 25 % w/w cooked NB powder compared to a nutrient matched CON diet. This
study also demonstrates that dogs consuming the NB diet had fecal and urine metabolome
changes that indicate modulation of lipid and carbohydrate metabolism.

The targeted analysis of the nutrient profiles demonstrated that lipid, protein, and fiber
were similar between the CON and NB diets, while the NB diet had slightly higherdévels
soluble fiber (Figure 10 The non-targeted GC-MS metabolomics provided an advanced layer of
food composition analysis, whereby significant differences in the bean-based food metabolome
were detected. (Figure 1)Ancreases in specific food metabolites such as 2-
piperdinecarboxylic acid and s-methyl cysteine (Figure 11B) have been reported in multiple
common bean cultiva8® and validated in human and mouse studies as a predictive biomarker
of dry bean intake in plasma and fecal samf#@3®’. 2-Piperidinecarboxylic acid was detected
in the fecal samples; however its relative abundance did not change over time in either the NB or
CON group, and was not significantly different between groups (data not shetenppherol
andy-tocopherol acetate were both higher in the NB diet compared to CON,otloid®pherol
content was similar across diets (Figure 11B). This finding is consisténpreivious reports for
legume seeds showing that the most abundant vitamin E isofgrtoé®pheroP88 -sitosterol
is the most abundant phytosterol in be#Aand was elevated in the NB compared to CON diet.
One of the mechanisms by which beans may modulate serum lipid profiles is via thy afctivi
phytosterols which decrease cholesterol solubility in the intestinal lumen, thereby ipigeitent

absorptior?54
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This food metabolome analysis also revealed differences in the carbohydrate profiles of
the CON and NB diets. Sucrose, and surprisingly, fructose (given the reduced amount of corn)
were higher in the NB diet compared to CON, while glucose and trehalose were lower. Although
dietary glucose was lower in the NB diet, dogs consuming the NB diet had increased glucose
excretion compared to CON, supporting that the NB diet also resulted in modulation of
carbohydrate metabolism. Previous studies evaluating the carbohydrate profiles of whole, boiled
beans have found that while relatively low, glucose is slightly higher than fructose, i@ tha
most common carbohydrates present are the complex carbohydrates stachyose, kestose, and
raffinose??° Theseu-galactosides are highly fermentable and thought to be the primary inducers
of bean-associated flatulence, but may also be responsible for multiple health bectfds)g
inhibiting growth of pathogenic bacteria, preventing colon cancer, increasing mineral iabsorpt
improving lipid metabolism, and increasing SCFA acid production in the larggineed?
Oligosaccharide content of the diets was not determined in this study, however extrusion of bean
powders has been shown to reduce oligosaccharide céfit€nte explanation for the higher
fructose content in the NB diet is that a fraction of the complex carbohydrates or
oligosaccharides, all of which contain fructose, were reduced to simple carbohydrates first by the
flour processing method and subsequent extrusion process to make the kibble. This hypothesis is
supported by the observation that none of the dog owners reported a change in perceived
flatulence in their dogs regardless of the diet consuiited.

Dogs consuming a 25 % w/w NB bean diet for 4 weeks had significantly lower serum
cholesterol levels compared to dogs consuming an iso-caloric and nutrient médckledds
ingredient diet. While blood samples were all collected at approximately thetiszaraf day

throughout the study, the dogs were not strictly fasted, which could affect cholesterol levels.

101



However, variations within dog and triglyceride levels were not significantly differe

supporting that the reported difference in cholesterol levels were reliable. One of the most
frequently reported effects of bean intake, in human and laboratory animal studies, is beneficially
altered serum lipid profile®: 267 This is also consistent with the reported changes in triglycerides
and lipid carrier proteins (LDL and HDL) reported from overweight and obese dogs consuming a
bean based diet during weight 1885The significant modulation of serum cholesterol by

cooked, dry beans in dogs, without concurrent weight loss, is novel support for bean modulation
of metabolism in a healthy weight host. The mechanism by which dry bean consumption reduced
serum cholesterol in dogs is unknown, but may be attributed to dry bean components that inhibit
cholesterol absorption in the small intestfé°4 295 prevent reuptake of bile acids via
enterohepatic recirculatié?¥ 2°7, or increase biliary bile acid and cholesterol or related sterol
secretiort8-300Contrary to expectations, given the increased cholesterol and bile acid content in
bile associated with bean intake, fecal cholesterol excretion does not irfeaskfecal bile

acid excretion, especially secondary bile acids, actually dect®e8&301 Our results confirm

these observations in dogs, as no changes in fecal cholesterol excretion were observed (data not
shown), and fecal excretion of deoxycholic acid decreased in the NB group (Table 22
Coprostanol, a microbial byproduct of cholesterol degraddtforhas been reported to increase

with bean consumptio??® However, it is not present in canine feces possibly because the canine
gut microbiome lacks the organisms responsible for this conveéfSiBy.utilizing a non-

targeted metabolomic approach, we found that dogs consuming the NB diet had a 4.13 to 11.43
fold increase in fecal excretion of three steroid-like compounds (Table 22) not found in
metabolite databases. This finding provides rationale for an alternate mechanismholgeginis

may support beneficial lipid metabolism in dogs. At least one of these compoundsohizeseal
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detected in human stool samples with increased bean intake (unpublished data), and the
identification of these metabolites will be useful to expand our knowledge regarding the bean
facilitated excretion of additional lipid molecules.

Urine metabolome analysis from dogs consuming beans showed that excretion of
trigonelline (putative), a phytochemical found in beans, was significantly increased ZBable
Interestingly, trigonelline, in humans, is more strongly associated with coffee #ifakat was
recently described as a candidate biomarker of bean intake in human $fasnguonelline may
be a candidate biomarker of NB intake in dogs, as urinary excretion in this study was not
confounded by coffee consumption. This metabolite was not detected in the NB diet analysis as
the food metabolome was analyzed using GC-MS, and trigonelline cannot be easily dérivatize
or volatilized using our GC-MS method. Additional metabolites found in urine of dogs
consuming NBs included homoeriodictyol chalcone, a metabolite in a flavonoid biosynthesis
identified inPhaseolus vulgari(KEGG pathway pvu00941)nlike the fecal metabolome, there
was not a diet associated directional shift in the urinary metabolome. While there were
metabolites that changed by both diet and time, the NB diet responsive metabolites were

phytochemicals and peptides that may serve as candidate biomarkers for common bean intake.

CONCLUSIONS

In addition to providing a high quality source of nutrients, a 25 % w/w NB dog diet
formulation was shown to have a distinct phytochemical composition compared to a standard,
commercial diet formulation. The presence of bean phytochemicals in urine demonstrated the
ability to detect candidate biomarkers of bean intake in dogs. Healthy weight companion dogs

consuming a navy bean-based diet showed changes in lipid and carbohydrate metabolism that
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merit further investigation for improving the health and lifespan of companion dogs, as well as

possible nutritional therapy for dogs with metabolic disorders. These data also supportythe utilit

of nutritional metabolomics in companion ddgs.

8 This work was supported in part by the Flint Animal Cancer Center at Colorado State University, Archer
Daniels Midland Alliance Nutrition, and Edible Bean Specialties. The authors wish to thank Cadie
Tilliotson and Dr. Kristen Weishaar for technical assistance with sample collection from canine
participants, Dr. Kelly Swanson for fiber analysis, and Dr. Ann Hess for statistical consultation.
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CHAPTER 7: NUTRITIONAL WEIGHT LOSS THERAPY WITH COOKED BEAN
POWDERS REGULATES SERUM LIPIDS AND BIOCHEMICAL ANALYTES IN

OVERWEIGHT AND OBESE DOGS

INTRODUCTION

Over 35 % of American adults are @&+ with the consequence that obesity has now
surpassed smoking as the leading cause of preventable disease in tHeQdBpanion animal
obesity is estimated at 3040% 227 and mirrors the obesity epidemic in humans. Similarities
between dogs and humans with obesity associated co-morbidities also exist for ostieparthrit
diabetes, nephropathy, cancer, and dyslipid&?fig?° Dogs represent an advanced translational
model for cancer treatmefi® 311 and other disease management theré&gie¥and have been
used extensively to evaluate surgical methods such as endoscopic pyloric $3tuewnersible
gastric restriction implant&, and gastric bypass techniqiésAdditionally, dogs have been
shown to be successful transitional models for evaluating protein intake, solving themaltriti
mysteries behind pellagra and rickétsas well as evaluating effects of diet on brain
physiology3!® Pet dogs are especially relevant for evaluating nutritional weight loss therapies
because they experience naturally occurring weight gain in the same home and living
environment as humans. Companion dogs have similarities to human disease when compared to
colony dogs possibly due to the role of environmental factors, including variablé¢iges.
Furthermore, recent reports identified biomarkers of canine obesity with similaritiesiémhu

biomarkers such as blood lipid values that change with weight2fb%s.324

°This chapter was originally published in Journal of Obesity and Weight Loss Therapy 2012:2(8):149.
DOI: 10.4172/2165-7904.1000149. Authors are Genevieve M. Forster, Cadie A. Ollila, Jenna H. Burton,
Dale Hill, John E. Bauer, Ann M. Hess, and Elizabeth P. Ryan.
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While many nutritional intervention strategies exist for weight loss, epidemialogic
studies reveal that legume consumption promotes satiety and is more effective fiblagsig
than calorie restriction alor#é® Beans have also been shown to improve nutrient intake levels
and regulate body weights and waist circumferences in humans providing additional weight
management benefits. In addition to weight loss, beans have also shown to harbor chronic
disease fighting properties for obesity related conditions such as heart @&k&4sdiabete¥?,
cancetl2328329 and dyslipide mid% 3% 44 While studies investigating the role of beans for
weight loss in dogs have not been previously performed, we have established the safety and
digestibility of beans as a novel ingredient for inclusion in healthy adult dog#iets.

Changes in dietary patterns, suctaaalorie restricted diet lead to weight reduction;
however the role of diet composition during the weight loss process merits restartbret>
Given that cooked beans are a novel food ingredient for dogs, this study was conducted to
evaluate whether eating beans as a major staple diet ingredient will efiédralic parameters
compared to dogs not consuming beans while undergoing similar weight loss. We hyedthes
that a 25 % weight/weight bean based diet improves the metabolic status of dogs compared to

control diets during comparable weight loss.

MATERIALS AND METHODS
The Colorado State University Institutional Animal Care and Use Committee approved
all clinical trial operations, animal care procedures, and collection of biologioalesafor

analysis before beginning the study.
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Study Design

Thirty overweight or obese, clinically healthy, client owned adult dogs of different breeds
were individually randomized based on their baseline BCS into 1 of 3 diet groups: control
(CON), black bean (BB), or navy bean (NBoth the owner and clinician were blinded to
which diet the dog was consuming. Dogs were transitioned onto their assigned stoshgdéet
4 day period; this was accomplished by mixing increasing proportions of the study diet with
decreasing proportions for their normal diet over the 4 day period. Blood samples were collected
atbaseline and at 2 and 4 weeks post intervention. At the end of the 4 weeks dogs were
transitioned over a 4 day period to their original diets.

A signed consent form and medical history was required before enrolling in the study.
The owner was required to bring the dog to the CSU VTH for weekly body weight (BW) checks
and biweekly for physical exams, BCS monitoring, and blood collection. Owners were required
to feed the dog only the study diets in amounts that were calculated to achieve weightloss, a
to record daily food intake and fecal scores. Exercise was recorded; however no changes in
exercise activity were required for the studymedical history form was completed by the
owner at weeks 2 and 4 of the study to assess changes in thaemltgsand behavior, such as

vomiting or diarrhea, flatulence, energy level, as well as to assess palatdlitigystudy diet.

Inclusion/Exclusion criteria

Dogs between the ages of 2 to 7 years with a BW of at least 10 kg and a BCS of at least 6
on a 9 point scal®l were eligible to participate in this clinical trial. Dogs were required to have
normal biochemical and hematological values and normal thyroid function as determined by a
screening total T4 test. If the total T4 was below the lower limit of normal, a fulleamyroid

panel, including TSH, thyroid globulin autoantibodies, and free T4 by dialysis, was performed to
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ensure adequate thyroid function. Dogs were excluded if they had hypothyroidism, dietary
allergies, prior or current cancer history or other major medical iliness, or had been adzdiniste
antibiotics or analgesics within one month of starting the diet. Concomitant medicediens

not allowed while on study, with the exception of heartworm preventative.

Diet Compositions

All diets were formulated to meet the Association of American Feed Control Officials
nutrient and energy requirements for adult dgFable 24 shows the nutrient profiles of the
control and 25 % weight/weight black and navy bean diets. The complete formulations are
presented in Table 15. Staple ingredients such as wheat, corn, and pork and bone meal were
adjusted to account for the inclusion of bean powders (Vegefull, ADM Edible Bean Spgcialtie
Decatur, IL), and to match nutrient and energy density. The control diet was manufactured and

_ ] Table 24: Nutrient profiles of canine weight loss diets.
processed in the same location an& =

Nutrient Control Black Bean Navy Bean

under the same conditions as the Moisture, % 4.98 4.41 5.04
_ ) Protein, % 27.99 28.14 27.70

bean diets (ADM Alliance

Fat Acid Hydrolysis, % 8.84 8.47 8.42
Nutrition Feed Research Pilot .

Crude Fiber, % 4.10 4.50 3.90
Plant, Quincy, IL; Applied Food Gross Energy, Kcal/g 4.74 457 461

. . Values are presented on a dry matter basis, with the exception of
B|OteChn0|ogy Plant in St. Charles, moisture, which is presented on an as-fed-basis.

MO). Navy and black beans were selected for investigation given their widespread consumption

by humans and availability as cooked powders.

Weight Loss Intervention

Total daily energy intake requirements for each dog were determingd dyg’s BW
and BCS at baseline. The BCS was determined by the clinician and study nurse using a 9-point

Body Condition Scalé®! Using this scale, a score of less than 4 is underweight, a score of either
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4 or 5 is considered ideal BW, a score of 6 or 7 is overweight, and a score of 8 or 9 is considered
obese. Ideal BW was determined using BCS. For a BCS of 6, a dog was considered 10 % over
ideal BW, and for a BCS of 9, a dog is considered at least 40 % over ide#! Bié. total

required daily caloric intake to maintain ideal body weight was calculated usifaitiveng

formula: daily metabolizable energE) requirement (kcal) = 110 x (ideal BW (kg) *0.75). To
achieve a weight loss rate of 2 % BW/week, dogs consumed 60 % of the energy calculated to
maintain ideal BW. Dog owners were instructed to only feed the prescribed diet for the duration
of the studyaccording to the dog’s normal feeding schedule. Daily food amounts were provided

to the owners in pre-measured packets and determined by dividing the daily energy requirements
of each dog for weight loss by the energy density of the diet. Water was praditiedum

Each dog owner maintained daily records of all food consumed, including any non-study
consumed food. Any leftover or uneaten food was collected and weighed in the laboratory. The
total amount consumed was calculated by subtracting the weight of the leftover food from the
original weight of the food prescribed for that day. If dogs failed to achieve at least 0.5 % BW

loss, caloric intake amounts were further decreased by 10 % at 2 weeks.

Dietary Intake Records and Fecal Scores

Owners recorded the total amount of food consumed each day anceceg alally fecal
score. A 5-point fecal scoring system was used: 1 = hard and dry, 2 = well formed, 3 = moist, 4 =
no form, 5 = diarrhea. Space was also provided for any comments and owners were instructed to
report any food intake outside of the prescribed diet. Study compliance was determined by total

number of days that each dog consumed only the prescribed amount of food.
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Blood Sample Collection and Analysis

Blood was collected after a 12 hour fast via jugular venipuncture at baseline, 2, and 4
weeks post intervention. Two mL of whole blood was collected into an evacuated red top tube
without anticoagulant for biochemistry panel analysis and 4-6 mL was collected intona plas
separation tube with EDTA and used to determine lipid profiles.

The CSU Clinical Pathology Laboratory performed all blood analyses as previously
described30 Briefly, the biochemistry panel was analyzed using a clinical chemistry analyzer
(Hitachi 917; Roche Diagnostics, Indianapolis, IN), analytes evaluated include chold&stiNpl
creatinine, total protein, albumin, globulin, ALP, ALT, AST, GGT, total bilirubin, glucose,
calcium, chloride, magnesium, phosphorus, potassium, and sodium. Total T4 and endogenous
TSH, and TgAA was analyzed using an immunology analyzer (Siemens ImaQ0ide Los
Angeles, CA), TgAA was analyzed by ELISA (Oxford Laboratories, Ml) and Free T4 was
analyzed by equilibrium dialysis at the Endocrine Section, Animal Health Diaghatoratory
(Michigan State University) using previously reported metiiétighe lipid analysis was
performed by a Cobas c¢501 chemistry analyzer (Roche Healthcare Diagnostics, Indianapolis, IN)
which measured total triglycerides (TG) and high-density lipoprotein (HDL). Low-density
lipoprotein (LDL) levels were calculated to equal: total cholestetdDL — (TG / 5)333
Cholesterol values were obtained from the biochemistry panel, performed at the time of

collection.

Statistical Analysis

Statistical analysis was performed using SAS 9.2 (SAS Institute Inc. Cary, NC). A model
was fit separately for each response variable (weight, lipids, etc) using proc mixed. The model

included main effects for diet and week and a diet*week interaction term. Repeated measures on
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dogs were captured using a random dog effect (where dog is nested within diet). Comparisons of
interest were estimated and tested using contrasts of the model. TG, alkaline phoéphRjase
alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were log treshsform
satisfy the assumption of normality. Data are reported as means = SEM for all response
variables. One dog in the black bean group had elevated levels of TG at 4 weeks, was deemed a
statistical outlier and as the dog may have gotten into food before the blood draw this data point
was removed from the 4 week TG analysis. Differences between groups in baseline, age, and
weight were assessed using a one-way ANOVA (Graphpad V.5.2, La Jolla, CA). Differences
between groups in sex and baseline BCS were analyzed using Fisher’s exact test (R Project

software, Vienna, AustriaResults were considered significant when P < 0.05.

RESULTS

Of the 40 dogs screened, 7 failed to meet inclusion criteria and three were dropped from
the study between 1 and 2 weeks for food refusal, physical injury, and an owner’s schedule not
permitting follow up visits. Thirty dogs completed the study and no differences were abiserve
age, weight, sex, or BCS at baseline between 30 dogs in the control, black bean and navy bean
diet groups (Table 25). The average age (years) in the control group was 5.8 £ 0.42, 4.3 + 0.54
in the black bean group, and 4.6 + 0.58 in the navy bean grox®(12). In the control group,
7/10 dogs were female, 3/10 were male; In the black bean group 6/10 dogs were female and 4/10
were male; and in the navy bean group 4/10 dogs were female and 6/10 were male. All male
dogs were castrated and all female dogs except one in the control group were spayed. Dogs with
BCS of either 6 or 7 were considered overweight and dogs with BCS of either 8 or 9 were

considered obese. In the control group 7/10 dogs were overweight while 3/10 were obese; in the
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black bean group, 4/10 dogs were overweight and 6/10 were obese; and in the navy bean group
7/10 dogs were overweight and 3/10 were obese. No gastrointestinal discomfort or changes in
flatulence were reported by owners. All owners reported adherence to the study diet, with a few
exceptions (such as eating food scraps dropped by children, receiving cookies from the groomer,
etc.) that were evenly distributed across groups. Some owners expressed uncertaintyabf the tot
amount of extra food their dog consumed. All owners were reasonably sure that their dog was
fasted at the time of blood draw.

Table 25: Characteristics of thirty overweight dogs fed bean-based or
control during weight loss.

Control Black Bean Navy Bean
Parameter Mean SEM Mean SEM Mean SEM P Value
Age, years! 5.8 0.42 43 0.54 4.6 0.58 0.12
Weight, kg! 33.0 4.50 26.7 3.19 288 361 0.50
Number of Dogs
Sex? 0.53
Female 7 6 4
Male 3 4 6
BCS? 0.45
6-7 7 4 7
89 3 6 3
ISignificant differences between groups were evaluated using a one-way

ANOVA.

2All but one female participant in the control group was spayed and all males
were castrated. Significance was evaluated using Fisher’s exact test.

3Body Condition Score (BCS): Nine-point scale where BCS 4 and 5 are ideal, 6
and 7 are overweight, and 8 and 9 are obese (35). Significance was evaluated
using Fisher’s exact test and P value corresponds to the probability of a larger F
statistic.

Effect of Caloric Restricted diets on Canine Weight Loss.

Daily caloric intake was calculated to achieve a loss of 0.5-2 % BW per week. Atross al
groups, 26/30 dogs achieved loss within this range. Figure 15 shows the averagenmgbént
lost at 2 and 4 weeks post intervention. In all groups, weight loss was significant between
baseline and 4 weeks. In the control group, average weight lost at 2 weeks was 3.2 % = 0.59 and

4.2 % = 0.88 at 4 week® < 0.001). In the black bean group, average weight lost at 2 weeks was
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3.3% +0.75and 5.2 % + 0.92 at 4 wedR%(0.001). In the navy bean group, average weight
lost at 2 weeks was 3% + 0.72 and 6.5 % £ 0.95 at 4 weeks<0.001). No difference in
percent weight loss was seen between groeps{.05). The greatest percent lost was seen in

the navy bean group > black bean group > control group.
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Figure 15: Percent weight loss of 30 adult dogs in a 4 week calorie restricted dietary
intervention study. Dogs in all diet groups had significant weight reduction at 2 and 4 weeks, no
significant differences were observed between groups, significant change is shown within each group
compared to baseline values. Data are shown as mean and error bars represent SEM.

Navy and black beans differentially modulate blood lipids in dogs during wegght

Total serum cholesterol was significantly decreased in overweight dogs after 2 and 4
weeks of calorie restriction in the control and bean diet groups while TG, HDL, and LDL were
also significantly reduced in at least one of the bean diet groups (Table 26). In the control group,
total serum cholesterol was reduced by an average of 15 mg/dl after 2 ReeR20E), and
showed a total average decrease of 17 mBg/el Q.02) after 4 weeks. In the black bean group,
total serum cholesterol was reduced by an average of 38 mg/dl after 2 ReeR001), for a

total average decrease of 40 mgRik(0.001) after 4 weeks. In the navy bean group, total serum
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cholesterol was reduced by an average of 46 mg/dl after 2 week8.001), and 54 mg/dl after

4 weeks P < 0.001). No significant differences in serum total cholesterol were observed between
groups at 2 or 4 weeks. Total cholesterol was significantly higher in dogs consumiragthe bl

bean diet compared to control at baselire= (0.05).

Total serum TG were significantly decreased in all groups at 2 weeks, however only navy
bean fed dogs continued to show a significant decrease at 4 weeks (Table 26). TG fevels we
not normally distributed and statistics were performed on log transformed variables and are
reported as means + (SEM). In the control group, total serum TG decreased from 123 mg/d| +
21.16 at baseline to 89 mg/dl + 28.62 at 2 weéks (.03) and 105 mg/dl £24.65 at 4 weeks, for
a total decrease of 18 mg/# € 0.09). In the black bean group, total serum TG decreased from
127 mg/dl £ 21.84 at baseline to 94 mg/dl £ 12.24 at 2 wdeks((05) and 132 mg/dl £ 28.63
at 4 weeks for total increase of 5 mgMi< 0.22). In the navy bean group, total serum TG
decreased from 140 mg/dl £ 31.43 to 96 mg/dl + 22.37 at 2 w€ek9(01) and 77 mg/dl +
11.04 at 4 weeks for a total decrease of 63 m§el 0.001).

HDL and LDL were significantly reduced from baseline in both the black and navy bean
diet at 2 and 4 weeks (Table 26). HDL of the dogs fed the control diet decreased by Pmg/dl (
0.45) after 4 weeks. In black bean fed dogs HDL decreased an average of 2Prdddd@1),
and in navy bean fed dogs HDL decreased an average of 27 lg/@.Q01) after 4 weeks. In
control fed dogs LDL decreased an average of 9 mg/dl after 4 week6.08), in black bean
fed dogs LDL decreased an average of 17 mg/dl after 4s§Pek 0.001), and in the navy bean

fed dogs LDL decreased an average of 15 mg/dl after 4 wBek®.01).
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Dietary Navy or Black Bean effects on Blood Chemistry and Electsolyte

Selected non-lipid serum analytes from the clinical biochemistry panel that hawve bee
associated with obesity and modulated by weight loss in both dogs and humans wesd assess
baseline, 2, and 4 weeks post intervention in control, navy bean and black bean fed overweight
and obese dogs (Table 27 and Tablg 28

After 4 weeks, total protein was decreased an average of 0.2Pg/d.03), AST was
decreased an average of 9 IUR.< 0.01), and total bilirubin was decreased an average of 0.04
mg/dl (P = 0.05) in the dogs fed with the control diet. In the black bean fed dogs, after 4 weeks
creatinine was increased by 0.06 mgRIH0.05) and ALP was decreased by 49 [UA=(

0.01), yet all values remained within clinically normal ranges. In the navy bean fed dogs, after 4
weeks blood urea nitrogen (BUN) was decreased by 5 nigd(001) and creatinine was
increased 0.11 mg/dP(< 0.001). At 4 weeks no changes were seen in albumin, ALT, gamma
glutamyl transferase (GGT), globulin, or glucose within any group (Table 27

Of the serum electrolytes measured, none were changed in the control group. In the black
bean group, magnesium was increased 0.07 nigAIq.05) and phosphorus was increased 0.39
mg/dl (P = 0.04). In the navy bean group, chloride was increased by 1.00 nieg.(3). No

significant changes were observed in calcium, potassium, or sodium (Table 28)
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Table 26: Blood lipid levels of thirty overweight dogs fed bean-based or control diets during weight loss.

Control Black Bean Navy Bean
Baseline vs 4 Baseline vs 4 Baseline vs 4
Analyte?! Week Week Week
(Normal 2 4 2 4 2 4
Range)? Baseline  Week Week Change P Baseline  Week Week Change P Baseline  Week Week Change P
Cholesterol 208 193 191 248 210 208 235 189 181
(130-300 mg/dl) | (13.97) (1433) (1617) 7 99| (1587) (2620 (a28) " 00N 114y (277) (@uoz 4 <000
Triglycerides? 123 89 105 127 94 132 140 96 77
(30-120 mg/dl) | (21.16) (28.62) (24.65) 18 0.09 (21.84) (12.24) (28.63) > 0.22 (31.43) (22.37) (11.04) 63 <0.001
HDL3 167 162 162 200 179 177 182 158 155
(112-131 mg/d) | (6.93) (8100 (11.28) > 9% | (075 (39 ey B 0001 (693  (gs0) (r55 2 <000
LDL® 17 14 8 22 13 5 25 11 10
- . -1 .001 -1 .01
(0-75meg/d) | (6.52)  (7.22)  (7.99) O 008 gy (s28) (7.27) 7 <0001 g (3.24)  (253) > <00

1Data are presented as mean (+ SEM). 2Normal ranges are from published reports.3Statistical analysis was performed on log transformed values to meet assumptions of
normality, actual values are reported.
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Table 27: Selected blood chemistry analytes of thirty overweight dogs fed bean-based or control diets during weight loss.

Control Black Bean Navy Bean

Baseline vs 4 Week Baseline vs 4 Week Baseline vs 4 Week
Analyte?!
(Normal Range)? | Baseline 2Week 4 Week Change P Baseline 2 Week 4 Week Change P Baseline 2Week 4 Week Change P
paomgd) | 08 ar  @on 00 0% | e wam wen M 03 | iy gig ey SO <o
coismya)| 007 ©o8 ©09 °2  ° | oo ooy 009 0% 0% | 0o ooy oy O <o
(Tsoz)a|7Porc;t/(:;|r)l (g:gg) (g:ii) (2232) 021 0.03 (g:ﬁ) (g:ig) (gﬁi) -0.09 0.35 (gjg) (g:iZ) (60'.215; -0.08 0.41
(3?3.1;“ gi7dl) (g:ig) ((3):22) (333) -0.05 0.36 8132) (3:?):) (3132) -0.09 0.10 (322?) (g:ﬁ) (g:ﬁ) -0.06 0.27
wosagd | 0on  ©on  oow  OF 010 | 0hy 03 emm  ° Y | 653 o) oy O% 0%
(15-3; I3U/L) (7;%(?8) (53.1612) (3f.i2) -9 0.20 (4;(.):9) (227.13) (1;%5) 49 0.01 (74.1;‘9) (73.‘777) (5%54) 9.0 0.08
(1o-g<L)T|3u/L) (13.22) (7%529) (84.1924) 7.0 0.12 (4??2) (165.36) (5??9) 0 0-86 (4%:3) (;;13) (5%117) 1.0 0.61
(16-§2Tu3m) (3?31) (1?731) (1?57) 9.0 <0.01 (1%:6) (1?20) (1%34) 20 025 (6%:3) (3%27) (3?579) 60 014
(O—S(I;J/L) (3133) (31§2) (82:(1)) 02 064 (8;3) (cl)iig) (0?491%) 040 035 (c1>:;(1)) (3222) (3133) 040 035
(I)oéa(l)lasll:\:l;/o;‘) (82(1;2‘) (8233) (8:(1)8) 004 0.05 (g:;i) (g:clle) (g:;;) 001 061 (g:(lé) (3133 (g:ég) 002 031
rostsma | e G oy ° O | @am pan wew PP O | gey ooe poy 1O 07

1Data are presented as mean (+ SEM). 2Normal ranges are in-house references.3Statistical analysis was performed on log transformed values to meet assumptions of normality,
actual values are reported.
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Table 28: Blood electrolytes for thirty overweight dogs fed bean-based or control diets during weight loss.

Control Diet Black Bean Navy Bean
Baseline vs 4 Baseline vs 4 Baseline vs 4
Analyte! Week Week Week
(Normal 2 4 2 4 P 2 4 p
Range)? Baseline  Week Week  Change PValue | Baseline  Week Week Change  Value Baseline  Week Week Change  Value
Calcium
10.75 10.50 10.64 10.71 10.65 10.78 10.93 10.54 10.70
(?n(;/ﬁf 019 (014 (0.14) O 0B 16400 014 1y %Y %% | 013 (025 (018 OB OB
Chloride
113 113 112 112 112 112 111 113 112
(1;)3;]}30 (0.53) (0.54) (0.55) -1.00 0.74 (0.69) (0.94) (0.93) 0 0.50 (0.43) (0.58) (0.65) 1.00 0.03
Magnesium
2.01 2.01 2.03 1.98 2.05 2.05 2.04 1.99 1.99
(;Z/j'; (0.05) (0.04) (0.05) 0.02 0.56 (0.03) (0.05) (0.03) 0.07 0.05 (0.04) (0.02) (0.03) -0.05 0.15
Phosphorus
3.58 3.36 3.63 3.30 3.27 3.69 3.47 3.42 3.50
(iz/'jl')o ©016) (016 (0.23) 2% % | 017 12 29 % %0 | 051 017) (02e) 003 0¥
Potassium
4.19 4.15 4.16 4.28 4.24 4.36 4.11 4.13 4.24
(igqil)z (0.100  (0.10)  (0.11) -0.03 0.76 (0.15) (0.08)  (0.09) 0.08 0.41 (0.1) (0.1) (0.11) 0.13 0.18
Sodium
147 147 147 146 146 147 145 146 146
%;f;;z (049 (052) (0.50)  ° 088 | (021) (0.65) (052 0 04 1 101y (0es) (042 1O 0¥

1Data are presented as mean (+ SEM). 2Normal ranges are in-house references.
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DISCUSSION

Laboratory, clinical, and epidemiological studies show that dry bean intake is as$ociat
with increased weight loss and lower body weight% 334 Weight loss was intentionally
achieved in the control diet fed dogs as well as for the experimental bean diets in this study due
to caloric restriction. The navy and black bean diets showed a trend towards enhanced effects on
weight loss after one month compared to the control. While this finding was not stijtistica
significant, we postulate that a larger sample size and longer weight lesséiynreveal more
robust differences as previously reported with bean intake in huitharmsee of the four dogs
(1/10 black bean, 1/10 navy bean, 1/10 control) who failed to achieve weight loss may have been
due to dietary nomempliance as the owners expressed uncertainty of the dog’s intake in spite of
attempts to adhere to study diet. This highlights the challenges faced by owners aiash€lini
when undertaking a weight loss program for a companion animal and underscores the
importance of developing weight management therapies that account for these ehallEng
fourth dog (black bean diet) failed to lose weight in the 4 week period most likely due to resting
energy requirements outside of the calculated required energy estimates as the owner was
reasonably sure the dog was only consuming prescribed fotteer weight loss related
measurements modulated by dry bean intake include decreased waist circumference and
inflammatory biomarker expressiéfi3® 326335 The macro and micronutrient composition of dry
beans are thought to promote weight loss by providing low glycemic index sources of fiber,
protein, minerals, and phytochemic#&d&334 Increased protein intake has been shown to improve
weight loss*36 with plant proteins having higher satiety ratings than animal prétéiridry bean
fiber may promote weight loss by improving satiety with altered transit time in gstigs,

increased fermentation by gut microflora that results in higher short chain fatty acid production
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that compete with protein and glucose for uptake and utiliZitjand enhanced release of
cholecystokinid® which may have short term effects on energy intake and gastric emfs#ying.
Bean phytochemicals such as phenolic compounds may interfere with glucose transport in the
small intestine, phytic acid may delay glucose absorption leading to improvety saul
modulated energy uptak® and many phytosterols and saponins have been implicated in
cholesterol reductiof?? 339

Lipid metabolism is an important component to weight loss as dyslipidemia underlies
many of the comorbidities associated with obe%ftyWeight loss has repeatedly been shown to
reduce serum cholesterol levels in both humans and3#b¥3 and increased plant fiber intake
has been shown to lower cholesterol levels after only 1 week with the same efficacy as first
generation statin®'? Our study shows serum cholesterol reduction occurred after 2 weeks of
weight loss and was sustained throughout the study (Table 26). While not statistgraficant,
dogs consuming beans showed the largest change at 2 weeks whereas the decreasérol the ¢
group was similar between 2 and 4 weeks. This finding demonstrated that serum cholesterol
reduction may be an early biomarker for a metabolic response to bean intake and weight loss
wherein previous reports in dogs showed decreased serum cholesterol afteP803ays
days4, and after the full amount of time required to reach ideal wét§Rt® Furthermore, TG,
HDL and LDL were reduced in at least one of the bean diet groups, a finding consistent in
human studie$’, with the exception of HDL which has been shown to increase in humans after
bean consumptio?f. It should be noted, that LDL levels were determined indirectly using
Friedewald’s equation332 and are therefore only indicative of trends between groups, and may
not be reflective of actual values due to variance with HDL and LDL metabolism in dogs

compared to humans.
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Modulation of lipid metabolism by dry bean consumption has several proposed
mechanisms which may work in conjunction with weight loss. Epidemiological sthdie
revealed inverse relationships between dietary protein sources and cholesteréi8@ietary
fiber is thought to correct dyslipidemia by decreasing fat intake and increasing bile acid and
cholesterol losses in the small intestif®A meta-analysis of non-legume soluble fiber also
revealed a slight improvement in lipid profi8.In contrast, dry bean fiber has been shown to
alter blood lipids by preventing micelle formation and preventing absorption of cholesterol and
fatty acids making these compounds available for fermentation in the large intestine, and
increasing the rate of removal of LB3BLIn vitro studies have suggested that dry beans have a
higher capacity for binding to bile acids than do soy proteins or wheat4gfkit&rand rat
studies have shown higher bile acid synthesis and excretion with whole beafdRtduman
studies have further demonstrated the interruption of the enterohepatic circulation of bile acids
and increased excretion of acidic fecal sterols after prolonged bean consuthption.
Characterization of bean fractions associated with lipid modulation in rats revealdekthat
starch and fiber component had the greatest lipid lowering efécts well as upregulation of
hepatic LDL receptor and cholesterol 7 alpha-hydroxylase expre8sibimese findings, taken
together with the observed lipid metabolism changes in the bean groups suggestetmayhe
be multiple compounds working in concert. Beans contain numerous bioactive comi#®nents
and dietary intervention studies continue to show beneficial changes in blood lipids, regardles
underlying health condition®.325

Non-lipid serum analytes previously reported to be associated with weight loss in both
dogs and humans were also evaluated. BUN is decreased in overweight dogs compared to lean

dogs34L, however changes in BUN after weight loss have been reported with inconsistent results,
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namely no changé¥ 345 or increased levels of BUNM? 357 |n this study, all dogs had BUN

values within normal ranges, and only dogs on the navy bean diet showed an average decrease of
5 mg/dl P < 0.001) during weight loss (Table 27). Creatinine levels have also been shown to be
elevated in overweight dogs compared to lean @8ghowever changes in serum creatinine

levels have also been variably reported with increases and decreases after 60 and 90 days of
weight loss341 344 345 Creatinine levels remained constant during the 4-week study in our control
group and increased in both bean diet groups but remained within normal reference range. The
precursor for creatinine, creatine, is generated from the urea cycle and has been touted as a
supplement for stimulating muscle growth in athlé€Jhis candidate biomarker may have
important implications in understanding the role of beans for maintaining muscle mags dur
weight loss. Total protein has been shown to be increased in overweight dogs compared to lean
341 and to decrease after 60 and 90 days of weigh£468¢ In this study, total protein decreased

in the control groupK = 0.03), however remained unchanged in the bean groups. Albumin has
been demonstrated to be increased in overweightdbgad reduced in dogs undergoing weight
loss34% 344 345 Serum albumin levels were not changed herein and may be reflective of the 4
week study time period of weight loss examined as previous studies have reported changes afte
60-90 days. Enzymes ALP, ALT, AST, and GGT have all been positively associated with
increased body fat in obese humans, with ALP dependent on géhdeP is elevated in

overweight dogs and reduced in dogs undergoing weight19%S.ALP was significantly

reduced in dogs consuming black bedhs (0.01) and had a decreasing trend in the navy bean
group P = 0.08). AST levels have not previously been shown to change with weight loss in dogs
346 however it was significantly decreased in the control gréup @.01). Bilirubin, while not

elevated in overweight dog$,, has been shown to be reduced during weight loss with specific
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diets344 as was observed in the control group. Glucose levels were not altered in any of the 3 diet
groups and have not previously been shown to change with weight loss i#t&t¢346: 360,

although increased glucose levels in overweight dogs have been répbiedinalyte was

changed outside of normal ranges.

Beans are an effective staple food ingredient and a quality protein source during weigh
loss and these results suggest that consuming a diet with high dry bean intake impcbves lip
profiles along with other metabolic biomarkers when compared to a non-bean caloric restricted
diet alone. Furthermore, dry bean consumption has been associated with increased 6figevity
reduced tumor growth in coldf® 362 mammary tissué', upper digestive tract and stomdéh
and prostaté®3, decreased risk for cardiovascular dised%eand diabete¥4 365

This study has demonstrated the ability of dietary bean intake to modulate blood lipids
beyond what is expected from weight loss alone. Furthermore, the changes in blood biochemical
analytes suggest a role for beans in liver and kidney function in dogs undergoing weight loss.
This overweight dog trial was a practical and relevant approach to advance our understanding of
the effects of dry bean consumption for lipid modulation during weight loss, because it accounts
for variations in non-controlled living environments. Moreover, the companion animal dogs in
this study represent a realistic reflection of serum lipid and biochemical profile varations
population based responses. Taken together, these results provide rationale for further
explorations of the effects of dry bean consumption for chronic disease prevention, and

regulation of lipid metabolism with weight lo%.

10 We would like the Dry Bean Health Research Program, the Shipley Foundation, and the Animal Cancer
Center for support of this study. We would also like to acknowledge Susan Lana and Kim Arnett in the
ACC Clinical Trials Core for providing expertise and technical assistance.
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CHAPTER 8: EFFECTS OF BEAN-BASED WEIGHT LOSS THERAPIES ONETH
METABOLOME, INFLAMMATION, AND GUT HORMONES IN OVERWEIGHT AND

OBESE DOGS

INTRODUCTION

Consumption of common bear¥haseolus vulgarid,.) has been correlated with
increased longevi#y}, reduced risk for cardiovascular disedswer glycemic response to
meal§®®, and decreased risk for advanced adenoma recurf&rceoked common beans
support weight loss in humati$and frequent consumption is associated with lower body
weight32 Individuals consuming beans during weight loss have also experienced improvements
in glucose homeostasis, decreased serum cholesterol, triglycerides, LDL, and inorel@des
that are not observed in caloric restricted groups without bean itfta&¥Rebello,et al.
recently reviewed the effects of bean consumption on human obesity and found that bean intake
improves weight loss over caloric restriction alone, increases metabolic rates, sngabegy,
reduces dyslipidemia, and improves metabolic syndrome pararffe@oeked common beans
comprise a unigue combination of macro-, micro-, and phytonutrients that are associated with
metabolic improvements in glucose, lipid, and carbohydrate metabolism as wellessdec
inflammation, and increased satiety through the modulation of orexic gut hormones (reviewed in
Chapter 1).

Obesity is the primary nutritional disorder in dogs in developed countries with over 40 %
of dogs classified as overweight or obese in the3|A&*, Australi2, and Chin&.Overweight
dogs have reduced lifespahand are at higher risk for developing multiple chronic diseases and

at significantly younger ages than normal weight or lean &é&g®besity is a complex
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metabolic and endocrine disorder with white adipose tissue producing multiple inflampmat
mediators, hormones, and growth fact@PsSimilar to humans, dogs with excess adipose tissue
may have increased inflammation as indicated by higher levels of circulatinf"CRRF-

alpha, and IL-671 Overweight dogs also have alterations in gut hormone expression such that
leptin is increased and adiponectin and ghrelin are decreased. We have demonstrated that
overweight and obese dogs may have different serum biochemistry than normal weight dogs, and
other canine studies have shown changes in serum lipid profiles, and liver enzymes (Chapter
3).1%8We have also demonstrated significant differences in the metabolome of normal weight
versus overweight and obese daggure 8), and others have demonstrated that weight gain in
dogs induces changes in carbohydrate, energy, and protein metabolome $3¢dfies.
culmination of these aberrancies are detected as an increase in insulin resistaniqadégpa,

and endocrine dysfunction making overweight and obese dogs at higher risk for developing
chronic disease®?

Many of the metabolic aberrancies associated with canine obasibe reversed with
weight loss. Diet, lifestyle, and behavior based interventions to reduce adiposity have been
successful in correcting dyslipidemia, reducing renal stress, normalizing endocrinenfusuad
reducing inflammatiof#4 374-380Therefore, inclusion of cooked common beans into nutritionally
completed dog foods may potentiate the benefits of weight loss in dogs. Given that cooked
common bean powder, when incorporated into an extruded, dry, kibble, is safe and digestible by
dogs during weight lo$% (Chapter 4), consumption of bean-based diets modulates serum lipids
and analytes in overweight and obese dogs, independent of weigh{Qisspter 7), and we
found that in normal weight dogs consuming a bean-based diet for weight maintenance,

carbohydrate, lipid, and protein metabolism were moduta(&hapter 6), the effects of bean

125



intake on the metabolome, inflammation, and gut hormone expression during weight loss were
evaluated.

The objectives of this research were 1) to evaluate the effects of weight loss on the
metabolome, inflammasome, and gut hormones of clinically healthy, adult, companion dogs
undergoing calorically restricted weight loss on nutrient matched BB and NB based and control
(CON) diets and 2) determine the effects of cooked black (BB) and navy (NB) bean powders on
the macro- and phyto-nutrient profiles of nutritionally complete, low fat dog favds.
hypothesie that dogs consuming the bean-based diets will have decreased inflammation, a shift
in gut hormone expression to increases insulin sensitivity, as well experience dhdhges
metabolome consistent with improved carbohydrate and lipid metabolism. We also expect that
the addition of bean powders to nutritionally complete, bean-basedatbfprmulations for
weight loss, will increase the phytochemical diversity of the diets, and improve the
macronutrient profiles for weight loss as was seen in diet formulations for weigh maggena

(Figure 11).

METHODSAND MATERIALS

Study Design/Dogs

Thirty clinically healthy, overweight or obese, adult, male and female, companion dogs
were recruited to participate in a randomized, placebo controlled, double blinded, bean-based
dietary weight loss study as previously reported (Chapt®f Dogs were calorically restricted
to achieve a weight loss raté@5 % to 2 % body weight per week and randomized based on
body condition score (BCS) to one of two bean-based foods, or an iso-caloric, nutrient matched

control dog food. There were no differences between groups in age, BCS, gender, or weight
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(Table 14.°5 Clinical assessments and routine diagnostics were performed at baseline and
throughout the study. Biological samples were collected at baseline, 2 weeks, and 4 weeks.
Whole blood was collected via venipuncture after a 12 hour fast into glass tubes containing
EDTA, urine was collected primarily by free catch, and owners were instructed to calédct fe
samples within 5 hours of being voided. Samples were processed and stored at -80 °C as
previously describedf: %5 120 There were no differences between the groups in percent body
weight lost at 2 or 4 weeks.

The Colorado State University Institutional Animal Care and Use Committee approved
all clinical trial operations, animal care procedures, and collection of biologioalessfor
analysis before beginning the study (IACUC 13-4316A) and all owners provided informed

written consent.

Diet formulations and analysis

A complete description of nutrient profiles, ingredients, and caloric content were
previously reported (Table 15). The crude protein content, as-fed, was approximately 26 %;
carbohydrate content (as calculated by nitrogen free extract) was about 48 %; crude fiber was
about 4 %; and measured metabolizable energy was approximately 3,500 kcal/kg. All nutrients
were equally digestible across diets with the exception of carbohydrates which were more
digestible in both the NB and BB diets compared to CON, and protein and total dry matter which
had higher digestibility in the BB diet compared to CON (Tab)e 17

Amino acid analysis was performed by Midwest Laboratories, Inc. (Omaha, NE) using
standard methods (AOAC 994.12 (lll)). Cystine, methionine, and tryptophan were analyzed

using specialized protocols (AOAC 994.12 (Alt 1) and 998.15).
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Fatty acids were extracted from 100 mg of ground diet with 3 ml of a 2:1 methanol-
chloroform solution, and 25 pl of 10 pl/ml C17:0 (as an internal standard), vortexed and
sonicated for 10 minutes. One ml of chloroform was added to each diet sample, vortexed and
sonicated for an additional minute. Samples were then centrifuged for 7 min at 216 x g and the
pellet re-extracted with 1 ml of chloroform. Supernatants from both extractions were pooled,
vortexted and centrifuged for 5 minutes at 300 x g to separate the chloroform fraction. The
chloroform fraction was filtered through sodium sulfate cartridge and rinsed with an additional 1
ml of chloroform. The filtered extract and rinsate were pooled and dried under nitrogen. Extracts
were then derivatized and methylated in 1 ml hexane and 3 ml boron trifluoridé4n 14
methanol at 100 °C for 30 minutes. Dervatized samples were cooled to room temperature and 1
ml of water was added. Samples were again vortexed and centrifuged to separate the hexane
layer which was transferred to a gas chromatography (GC) sampler vial. 2 ul of sample was
injected into a DB-Wax column (30 m, 0.25 i.d., 25 um film thickness, Agilent Technologies:
Santa Clara, CA). The initial starting temperature was 90 °C which was held for 2 min, ramped
to 208 °C at 70 °C/min and then increased to 230 °C at 3 °C/min, then to 240 °C at 2 °C/min for
a total run time of 16.5 minutes. Samples were injected into the injection port at 240 °C in

splitless mode and scanned between 40-500 m/z.

NonTargeted Metabolomic Profiles

Fecal, plasma, urine, and diet samples were prepared, extracted and derivatized as
previously described: Samples were analyzed by GC and liquid chromatography (LC) coupled
to mass spectrometry (MS) under previously described conditioiis Individual features,
described by mass, charge and retention time were generated in XCMS. The average abundance

of duplicate injections were normalized to total ion current and clustered together into individual
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metabolites?°> The relative abundance of each cluster was calculated based on the weighted sum
of all features within the cluster and scaled to a median of one. Spectra were screesedagai
house and external libraries including NIST v12 (www.nist.gov), Massbank, Metlin, and Golm

(http://gmd.mpimp-golm.mpg.dametabolite databases for annotation.

Gut Hormone Analysis

Canine gut hormones glucose-dependent insulinotropic peptide (GIP), peptide YY
(PYY), pancreatic polypeptide (PP), leptin, insulin, and glucagon were detected using the
Milliplex magnetic bead multiplex assay (Catalog #CGTMAG-98K: BilierilA) and
analyzed on a Luminex 200 (Austin, TX) as described by the assay protocol. All samples were
assayed in duplicate and quality controls run on every plate. Adiponectin was detected using an
ELISA assay (Cat #EZCADP63K: Millipore, Billerica, MA) and performed as directed by the

assay protocol.

Cytokine Detection

Canine plasma was analyzed for cytokines using a magnetic bead based multiplex assay
(Cat#CCYTMG-90K, Millipore, Billerica, MA). Analytes examined were GM-CSF, IL-2, IL-6,
IL-7, IL-8, IL-15, IL-18, IP-10, KC-like, and MCP-1. CRP was analyzed using a well validated,
single ELISA (PHASE canine CRP Assay:TP-803, Tridelta, Kildare, Ireland). All ass&ags
performed according to specific protocol instructions. Levels of IL-6, MCP-1, &, NIFN-y,
and GM-CSF are being analyzed and verified using canine specific single ELISAs: (Cat#s
DY1609, DY1774, DY1507, DY781B, DY1546, respectively. R&D Systems: Minneapolis,

MN).
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Statistical Analysis

To determine the magnitude of differences in compounds across the CON, NB, and BB
diets, the absolute difference of the relative abundance of a compound between a specific bean
diet and CON was normalized to the relative abundance of CON with the following formula:

(IBB or NB— CONJ/CON) x 100 = % difference from CON. To determine differences between

NB and BB, BB was arbitrarily selected as the reference value. Compounds that were more than
10 % different were reported. A principal components analysis (PCA) was used to determine the
overall variance between diets and the clusters (metabolites) contributing to thate/afiane

way ANOVA was used to determine clusters that varied in relative abundance between diets
however because this variance is only based on technical replicates, only clusters with an
ANOVA p-value < 0.05 and at least 10 % difference in abundance, or were significant
contributors to the variance in a PC, are reported individually.

All metabolomic profiles were evaluated with a PCA to determine global patterneshang
or differences within each matrix. PCA was conducted with metabolite abundances that were
mean-centered and Pareto-scaled, and 95 % confidence intervals for the PCA model were
utilized to identify outliers. Significance of each component was determined usiggisiodl
variance of PC scores for each component with a threshold of p < 0.05.

The relative abundance of each fecal, plasma and urine metabolite was scaled to a median
value of one and is presented as the median and interquartile range (IQR).To determine
differences in the relative abundance of each fecal and urine cluster/metabolite bettveen die
groups and time, a mixed model linear regression analysis was applied using the Imgd packa
284in R1% The model included fixed effects for diet x time and the random effect for animal ID

to control for repeated measures. A false discovery rate (FDR) correction was used to aontrol fo
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multiple comparison¥’ An adjusted p-value < 0.1 was accepted as significant. Metabolites that
were significant by both time and diet are reported and post-hoc ANOVAs were performed to
determine which diet group a significant change over time occurred (GraphPad Priem vers

5.03 for Windows, GraphPad Software, San Diego California W&Ay.graphpad.coin

RESULTS

Fasted Canine Plasma Gut Hormones and Inflammatory Biomarkers afteiMfeeks of Weight
Loss on Bean-Based or Control Diets

Six canine gut hormones were evaluated in the plasma of all dogs at baseline and after 2
and 4 weeks of weight loss and dietary intervention with a multiplex assay. Hormones assayed
included GIP, glucagon, insulin, leptin, PP, and PYY (Figure 16). All hormone levels were
similar across groups at baseline with the exception of GIP which was elevated in the NB group.
At baseline, the median fasted plasma level of GIP was 7.0 pg/ml, 5.4 pg/ml, and 32.0 pg/ml for
dogs in the CON, BB, and NB diet groups, respectively. The median values did not change over
time in any group except for NB, in which the median level decreased by 32.0 pg/ml to 4.7 pg/ml
and at 4 weeks was not different from CON or BB. Median glucagon plasma levels at baseline
were 24.2 pg/ml, 26.8 pg/ml, and 34.2 pg/ml; median insulin plasma levels were 360.2 pg/ml,
594.2 pg/ml, and 394.8 pg/ml; median leptin plasma levels were 4,955.4 pg/ml, 5,445.3 pg/ml,
and 5,258.3 pg/ml; median PP plasma levels were 36.7 pg/ml, 35.5 pg/ml, and 63.0 pg/mli;
median adiponectin plasma levels were 2.4 ng/ml, 3.2 ng/ml, and 2.5 ng/ml for CON, BB, and
NB, respectively and did not change over time in any group. Median PYY serum levels were

117.5 pg/ml, 101.9 pg/ml, and 122.2 pg/ml at baseline for CON, BB, and NB, respectively, and
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in the CON group, decreased to 93.9 pg/ml at 2 weeks, and then increased back to 108.3 pg/ml at

4 weeks and was not different from baseline. PYY did not change in either the BB or NB group.
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Figure 16: Fasted canine gut hormone levels in plasma at baseline and after 2 and 4 week of weight
loss while consuming a control diet (clear bars), black bean diet (gray bars) or navy bean diet (dark gray
bars). GIP (A), glucagon (B), insulin (C), leptin (D), PP (E), and PYY (F) were all evaluated together using a
multiplex assay. Adiponectin (G) was evaluated alone using a single ELISA.
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A panel of 11 inflammatory mediators was used to evaluate systemic inflammation in all
30 dogs at baseline and 4 weeks and 5 dogs from each group were also evaluated at 2 weeks.
Inflammatory biomarkers included GM-CSF, IL-2, IL-6, IL-7, IL-8, IL-15, IL-18, IP-10, KC-
like protein, and MCP-1. The number of dogs assayed at each timepoint and within diet group,
and the number of samples with detectable amounts of each cytokine are shown in Table 29.

Table 29: Canine plasma samples with inflammatory biomarker levels above the limits of quantitation
(detected/total assayed).

Diet Control Black Bean Navy Bean
Cytokine Baseline 2wk 4wk Baseline 2wk 4wk Baseline 2wk 4wk
CRP 7/7 N/A 7/7 7/7 7/7 8/8 8/8
GM-CSF 4/10 3/5 4/10 5/10 3/5 6/10 4/10 3/6 5/10
IL-2 3/10 3/10 3/10 5/10 3/5 6/10 4/10 2/6 2/10
Il-6 3/10 2/5 3/10 4/10 3/5 5/10 4/10 2/6 2/10
-7 5/10 3/5 3/10 6/10 2/5 6/10 7/10 1/6 3/10
1I-8 10/10 5/5 10/10 9/10 4/5 10/10 10/10 6/6 9/10
1l-15 5/10 4/5 6/10 8/10 3/5 7/10 6/10 4/6 6/6
IL-18 8/10 4/5 8/10 10/10 5/5 8/10 9/10 5/6 9/10
IP-10 2/10 2/5 2/10 0/10 0/5 0/10 2/10 2/6 3/10
KC-Like 9/10 5/5 8/10 9/10 3/5 9/10 9/10 4/5 9/10
MCP-1 9/10 5/5 8/10 8/10 3/5 8/10 8/10 5/6 7/10

Multiple analytes wee below limits of detection in over 38 of the dogs. Of the
detected analytes, the predominant inflammatory cytokine detected was IL-8 (detectéd in 96
of the dogs), followed by IL-18 (87 %), and KC-like protein (86 %). No differences over time or
between diet groups were observed. C reactive protein (CRP) has been evaluated in the majority
of the 30 overweight dogs who completed the 4 week study, before and after weight loss. Within
this subset, no significant differences in plasma levels of CRP were observed, before or after
weight loss (Table 30). A non-parametric, one-way ANOVA was used to determineeiinbee
significant differences between diet groups at each timepoint and Dunn’s Multiple Comparison

test was used to determine specific differences between groups. At 4 weeks, GM-CSF was
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elevated in dogs in thBB diet group compared to dogs in the CON Aiigldiet groups,
although there were no significant differences between baseline and 4 weeks in any of the dogs.
IP-10 was the only other analyte significantly different between groups and at baseline was
significantly higher in the CON group compared to the navy bean group (not detected in the
black bean group) and at 2 weeks was higher in the navy bean group compared to the CON
group; levels were not significantly different at 4 weeks between any diet group.

Detection of TNFe and IFN-y and verification of IL-6, MCP-1, and GM-CSF are

currently underway with single ELISAS.
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Table 30: Detectable levels of plasma inflammatory biomarkers in 30 overweight or obese dogs at baseline and after 2 and 4 weeks of calorically

restricted weight loss.
—

Control Black Bean Navy Bean
Cytokine owk 2wk 4wk p-value? Oowk 2wk 4wk p-value? Oowk 2wk 4wk p-value?

5.819 5.68 + 7.492 + 7.61+ 8.406 6.11+

CRP 076 n/a 0.76 0.81 2.42 n/a 267 0.58 6.73 n/a 1.04 0.84
49,96 £ 52.22 36.69 + 1223 + 94,22 + 1106 * 56.56 + 42.08 £ 41.53

GM-CSF 19.80 21.76 13.30 0.45 2540 9.13 2482 0.99 29.95 33.58 6.398 0.49
68.94 + 68.33 + 45,76 £ 705.5 + 129.7 £ 707.8 + 61.77 20.72 + 69.86

IL-2 34.32 47.43 20.42 0.59 1456 98.87 1544 0.76 28.35 15.87 +5.96 0.25
91.84 + 147.3 55.92 + 4324 + 176.4 £ 4153 77.89 42.88+ 57.27

Il-6 115.7 3.274 59.09 0.36 543.8 124.9 524.6 0.88 27.75 20.17 25.26 0.09
61.43 720+ 78.97 302.1+ 141.1 % 357.2 73.64 5191+ 1099 =

-7 33.01 19.97 11.46 0.87 514.9 45.35 569.5 0.81 39.14 n/a 60.61 0.34

I1-8 10,010+ 9,500 8,476 + 0.75 4,053 £ 2,992 + 3,408 + 0.75 3,345 + 3,478 3,309 + 08

17,440 13,852 14,189 ’ 5,487 2,547 3,150 ’ 2,598 4,683 3,354 ’
115 253.1+ 323.0+ 155 + 0.05 2,157 + 3265+ 2,610 + 0.99 419.30+ 349.3 + 401.3 £ 0.55
90.67 127.6 81.68 ’ 5,213 99.62 6,014 ’ 421.60 468.3 332.5 )

+ + + + + + + + +

IL-18 79.42 + 147.0 £ 55.47 0.06 1,394 + 105.2 £ 1,779 £ 051 91.07 65.47 57.62 0.86
74.10 86.66 43.01 4,128 110.2 4,622 100.2 61.00 32.26
55.73 54.83 + 56.28 + 47.61 107.7 £ 74.73

IP-10 18.58 15.66 16.74 0.87 ND ND ND 15.59 58.29 61.18 03
. 3304 + 1815 % 119.3 97.56 48.02 £ 90.27 103.0 94.16 55.27

KC-Like 585.5 103.9 89.09 0.64 91.66 25.54 85.20 0.5 67.52 60.68 36.61 0.0
189.5 £ 1445 + 180.5 + 2913 + 241.2 + 3293 + 1559 + 130.5 130.6 +

MCP-1 111.2 64.22 167.9 0.78 317.5 24.62 350.3 0.88 64.92 42.72 59.61 0.76

Data are presented as mean + SD. The number of samples assayed and detected are given in Table 29.
2A one-way ANOVA with no repeated measures was used to analyze these data. Because all dogs were not detected at all timepoints a repeated measures
test is not possible, each measurement is therefore treated like an independent variable. GM-CSF, IL-2, IL-6, IL-7, IL-8, IL-15, IL-18, IL-15, IL-18, IP-10, KC-Like,

and MCP-1 were evaluated together in a multiplex assay. CRP was evaluated alone is single ELISA. ND = not detected; n/a = timepoint not assayed.

135



Nontargeted Metabolomic Analysis of the Metabolome of Overweight and Obese Rog®ait
Weeks of Calorically Restricted Weight Loss

Fecal, plasma, and urine samples were analyzed by GC- and LC-MS for changes in the
metabolome in response to 4 weeks of weight loss (Figure 17). To define changes in the
metabolome associated with time during weight loss, PCA components from each matrix
significant by the time term were analyzed to determent the compounds or clusters that
contributed to the weight loss/time effect. For fecal LC-MS data, PC1 (10.7 % variance), PC3
(8.0 % variance), PC6 (5.1 % variance), and PC7%h&riance) were all significant (p < 0.05).
Figure 17A shows the total variance in LC detected fecal between baselinks? avek4
weeks between PC1 and PC3. Within PC1, 14 metabolites significantly explained the total
variance associated with time, and 16 explained the variance in PC3, 7 of which were similar
with PC1. In total, 37 clusters explained the variance associated with time. For fecasGC-M
data, PC7 (4.1 % variance) and PC12 (1.6 %) were significant with respect to time (p < 0.05),
but only described a very small amount of the total variance (Figure 17B). PC7 contained 14
compounds, PC12 contained 27, 22 of which were unique to PC12.

Plasma LC components that were significant with respect to time were PC2 (12.2 %
variance), PC6 (2.7 % variance), PC8 (2.0 % variance), PC10 (1.7 %) and PC17 (0.7 %
variance). PC2 and PC6 are plotted in Figure 17C. PC2 contained 7 significant compounds, 4 of
which were unique; PC6 contained 3 significant compounds, 1 of which was unique; PC 8
contained 3 significant compounds, 2 of which were unique; PC17 contained 7 unique
compounds, 5 of which were unique. Plasma GC components that were significant with respect
to time were PC6 (3.9 % variance), PC9 (2.9 % variance), and PC15 (0.09 % variance). PC6 and
PC9 are plotted in Figure 17D. PC6 contained 13 significant compounds, 6 of which were unique

to PC6; 14 compounds contributed to the variance in PC9, 9 of which were unique to PC9, and in
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PC15, 10 compounds contributed to the variance, 5 of which were unique. In total, 29
compounds significantly presented to the variation over time.

In urine samples analyzed by LC variance over time with weight loss was explained in
PC4 (5.9 % variance), PC7 (4.0 % variance), and PC15 (1.4 % variance). Figure 17E shows the
variance over time in PC4 versus PC7. PC4 contained 8 compounds that contributed significantly
to the variation, 1 of which was unique; PC7 contained 13 significant compounds, 4 of which
were unique; PC15 contained 24 unique compounds, 17 of which were unique. In urine
compounds detected by GC, components PC7 (2.4 % variance) and PC20 (0.6 %) were

significant by time and are plotted in Figure 17F.
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Figure 17: Orthogonal variation in the metabolome of 30 adult dogs undergoing calorically restricted
weight loss for 4 weeks. Variation in the fecal metabolome with weight loss by LC-MS (A) and GC-MS (B).
Variation in the canine plasma metabolome by LC-MS (C) and GC-MS (D). Variation in the canine urine
metabolome with weight loss by LC-MS (E) and GC-MS (F). Different time points are indicated by color
(baseline = gray, 2 weeks = blue and 4 weeks = green) and diet groups are indicated by shape (circle =
control, square = black bean, and triangle = navy bean).
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The number of compounds or clusters detected by LC- or GC-MS in canine feces,
plasma, and urine that significantly contributed to variation by diet (CON, BB, or NB) and
weight loss (time) are summarized in Figure 18. Also included are data from Chapter 3, which
describe the variation in the canine metabolome by weight class (normal weight, overweight or
obese). There were 152 metabolites that varied by weight loss, 139 that varied by diet, and 78
that varied only by weight class. Ten metabolites varied by diet, weight loss, and Wasght ¢
43 metabolites describe variation by both weight loss and diet; and 20 by adiposity and weight

loss.

Metabolites tha

Metabolites that vary by diet x

with weight loss

(228)

Figure 18: Number of compounds that contribute to the orthogonal variation in
the canine fecal, plasma, and urine metabolome by diet, weight classification,
and time with weight loss. Numbers in parenthesis indicate the total number of
compounds that contribute to PC significantly associated with weight class (normal
weight, overweight, or obese); time with weight loss (0, 2, or 4 week time points); and
diet, CON, BB, or NB. The small circle indicates a special statistical case where the diet
and time with weight loss interactions were significant: 23 of the 47 metabolites were
only different by the interaction term.
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Effects of Bean-Consumption on the Canine Metabolome during CaloricallycteestVeight

Loss

To determine which metabolites were differentially altered in the bean consunggg do

compared to dogs consuming the CON diet, the relative abundance of each individual metabolit

was analyzed for variation using mixed model regression. The total number of detected and

significant clusters are presented in Table@T-MS platforms detected the highest number of

compounds across all three matrices, however LC-MS compounds had the highest proportion of

significantly different compounds; 35 clusters were associated with time, 411 clusters we

associated with time and 48 clusters were significant by diet x time interactions.

Table 31: Total number and number of significant metabolite clusters detected by GC- and LC-MS in canine

fecal, plasma, and urine.

Number of Clusters by Matrix

Number by Factor and Interaction

Matrix GC LC Diet Time Diet x Time
Fecal 1,112 795
Diet 0 21 21
Time 2 173 175
Diet x Time 0 25 25
Plasma 554 348
Diet 0 2 2
Time 17 39 56
Diet x Time 3 11 14
Urine 1,139 1,318
Diet 0 12 12
Time 1 179 180
Diet x Time 0 9 9
Total 23 471 35 411 48

Total number of detected and significant clusters are indicated by bolding. Significance was determined with mixed
model linear regression and FDR corrected p values < 0.10 were accepted as significant.

To define the metabolites that were differentially modulated in the bean diet groups, the

48 compounds or clusters were further evaluated to determine the time and group the differences

occurred in. The plasma compounds were primarily different between the NB and CON groups

at baseline (data not shown). Compounds that were similar between all three groups at baseline

and only changed in bean-consuming dogs are summarized in Figure 19. Three compounds
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increased in both the BB and NB fecal samples (Figure 19A), 3 increased in urine samples

(Figure 19C), while 4 compounds decreased in fecal samples (Fidgiyeld@ntification of

these compounds is underway, but one fecal compound (C58, Figure 19A, middle panel) has

been putatively identified as uvaol, a triterpenic daialcohol.
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Figure 19: Differentially modulated metabolites by time in the overweight canine metabolome during
weight loss. A) Fecal (F) metabolites detected by UPLC-MS that increased in both bean BB and NB diet
groups and were significantly different from CON (p < 0.05); B) fecal metabolites that decreased in both the
BB and NB group compared to CON; C) Urine metabolites that increased in the BB and NB groups compared
to CON. The CON group is indicated by clear boxes, the BB group by light gray boxes, and the NB group by
dark gray boxes. Samples were collected at baseline, and 2 and 4 weeks after beginning a 4 week, calorically
restricted weight loss intervention. Each compound is labeled with its cluster number (C), matrix (F=fecal,
U=urine), and detection platform (LC or GC).
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Targeted Macronutrient and Non-Targeted Metabolomic Analysis of Diets BRédigatsity in
Amino Acids, Lipids, and Small Molecule Profiles of Bean-Based Dog Foods

We previously reported that the CON, NB, and BB diets were nutrient matched and
iIsocaloric (Table 15) and that the bean-based diets were digestible compared toa®@NL{T
The total crude protein content in all three diets was approximately 26 % as-fed. Total amino
acid content as a percent of total diet is shown in Figure 20 in order of descending abundance
relative to CON. Glutamic acid was the most abundant amino acid (3.72 %) followed by proline
(2.13 %), glycine (1.89 %), leucine (1.71 %), arginine (1.55 %), aspartic acid (1.54 %), alanine
(1.50 %), valine (1.48 %), lysine (1.3 %), isoleucine (0.97 %), threonine (0.96 %), tyrosidie (0.9
%), phenylalanine (0.85 %), serine (0.82 %), histidine (0.69 %), methionine (0.49 %), cysteine
(0.36 %), tryptophan (0.32 %, and other amino acids such as taurine (2.96 %). The BB diet had 6
amino acids that were at least 10 % different from and higher than CON, in order of difference:
serine (52 %), tryptophan (31 %), aspartic acid (27 %), lysine (18 %), threonine (14 %), and
valine (14 %); unidentified amino acids were 37 % lower than CON. The NB had 10 amino acids
that were at least 10 % different from CON. In order of difference, amino acids that were higher
in NB were cysteine (50 %), tryptophan (38 %), lysine (22 %), phenylalanine (15 %), tyrosine
(15 %), valine (14 %), and leucine (11 %). Amino acids that were lower in the NB compared to
CON were proline (25 %), glycine (-16 %), histidine (15 %), and other amino acids (25 %). Nine
amino acids were at least 10 % different between BB and NB: the BB diet had higher levels of
serine (33 %), proline (23 %), glycine (17 %), histidine (16 %), and aspartic acid (13 %). Amino
acids that were higher in NB compared to BB were cysteine (59 %), phenylalanine (21 %),
leucine (17 %), isoleucine (13 %), and other amino acids (20 %). The summed magnitude of
difference in amino acids different by greater than 10 % between CON and BB was 193 %, 245

% between CON and NB, and 232 % between BB and NB.
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Figure 20: Total amino acid profiles of low-fat CON (gray bars), BB (dark gray bars) and NB (black
bars) dog foods as a percent of total diet. “Other” amino acids include non-protein amino acids, such as s-
methyl cysteine, conditionally essential amino acids such as taurine. Amino acids that were at least 10 %
different from CON are indicated by asterisks (*) and amino acids that have at least a 10 % difference
between BB and NB are indicated with bars and asterisks (|-*-|).

Total crude fat content of the diets was between 8 % - 8.4 % (Table 15). Fatty acid
content is presented as the relative abundance of total fat (Figure 21): the most abundant
unsaturated fatty acids in CON were oleic acid (294 2inoleic acid (26.02 %), a-linolenic
acid (3.28 %), arachidonic acid (0.76 %), gondic acid (075 %), eicosapentaenoic acid (0.26 %),
and eicosadienoic acid (0.09 %). In order of abundance, saturated fatty acids were palmitic acid
(26.03 %), stearic acid (7.13 %), palmitoleic acid (4.73 %), myristic acid (0.85 %), margaric acid
(0.21 %), arachidic acid (0.16 %myristoleic acid (0.14 %), and pentadecylic acid (0.16 %). In
the BB and NB diets, a-linoenic acid was increased 66 % and 100 %; eicosapentaenoic acid was
increased by 38 % and 31 %; arachidic acid was increased by 31 % and 38 %; palmitoleic acid
was decreased by 28 % and 14 %; myristic acid was decreased by 27 % and 28 %; and gondic
acid was decreased by 31 % and 16 % difference, respectively. Compared to CON, the BB diet
was higher in linoleic acid (23 % difference); myristoleic acid, arachidonic acid, and

eicosadienoic acid were not detected. Compared to CON, the NB bean diet was higher in
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arachidonic acid (26 % difference), and lower in stearic acid (12 %), pentadecylic acid (14 %),
and myristoleic acid (25 %). The NB diet also contained the unique fatty acids behenic acid
(0.19 % relative abundance) and eicosatrienoic acid (0.20 %). Between the BB and NB diets,
the BB diet contained higher amounts of pentadecylic acid (14 % increase), margaric acid (13 %
increase), and linoleic acid (12 % increase); compared to BB, the NB diet contained higher
amounts of gondic acid (21 % increase), a-linolenic acid (20 % increase), and palmitoleic acid

(19 % increase).
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Figure 21: Fatty acid profiles of low-fat CON (gray bars), BB (dark gray bars) and NB (black bars) dog
foods as a relative percent of total dietary fat. Fatty acids that were at least 10 % different from CON are
indicated by asterisks (*) and amino acids that have at least a 10 % difference between BB and NB are
indicated with bars and asterisks (|-*-|).

Non-targeted metabolomics was used to detect small molecules and phytolshiemica
the CON, BB, and NB dog foods. One thousand, two hundred two clusters were detected by LC-
MS and a PCA reveals a significant variation of 54 % (p < 0.001) between the CON and bean-
based diets (PC1), and a variation 16 % (p < 0.001) between BB and NB diets ( Figure 22A).

Twenty-seven LC clusters significantly (p < 0.05) describe the variation in PC1 between bean
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CON foods and 15 LC clusters significantly describe the variation in PC2 between the two
different bean diets. One thousand, eight hundred twenty-one clusters were detected by GC-MS
and a PCA reveals a significant variation of 75 % (p < 0.001) between the CON and bean-based
diets (PC1), and a non-significant variation of 13.7 % (p = 0.052) between BB and NB diets
(PC2, Figure 22B). Thirty GC clusters significantly (p < 0.05) describe the variation in PC1
between the CON and bean-based diets. One of the primary metabolites currently identified i
PC1 was 2-piperidinecarboxylic acid. This compound contributed to the variation between the
CON and bean diets, but was not a contributor in PC2 (differences between the bean diets).
Metabolites that were at least 10 % higher in both bean groups, compared to CON are
expected to included carbohydrates, amino acids, peptides, lipids, and phytochemicals such as

trigonelline and s-methylcysteine.
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Figure 22: Principal components analysis (PCA) of dog food metabolites detected by non-targeted LC-MS
(A) and GC-MS (B). Control diet replicates are indicated by gray circles, black bean diets are indicated by
red squares, and navy bean diets are indicated by blue triangles. P values indicate the level of significance
each component contributes to the variation between samples.
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DISCUSSION

Bean Intake Was Not Strongly Associated with Changes in Canine Gut Hormone Expreksion an
Inflammatory Biomarkers Were Below Limits of Detection

A panel of gut hormones and inflammatory cytokines was assayed in the plasma of
overweight and obese dogs undergoing calorically restricted weight loss. Gut hormomes we
detected in all samples, but did not appear to be modulated overtime, regardless of diet. The
exception to this was GIP, which was higher in the NB group at baseline compared to both CON
and BB groups, but was significantly reduced by 4 weeks so that there were no differences
between groups. GIP, previously gastric inhibitory peptide, has been renamed as glucose-
dependent insulinotropic peptide to reflect its role in increasing insulin secretionx@&3son
has been shown to be important in coupling excess nutrient intake to #8asitydecreasing
GIP expression in mice has been shown to prevent obesity in the context of a high*faftiet.
elevation GIP in the NB group may indicate a concentration of dogs with higher risk for
metabolic syndrome than in the CON and BB group. This hypothesis is somewhat supported by
the observation that the majority of plasma metabolites that were significant bgnithtket
interactions, were different between the NB and CON groups at baseline. The observation that
modulation of GIP only occurred in dogs with elevated levels is consistent with multiple other
studies showing that bean-derived phytonutrients have discriminatory activity, such that
physiological effects are only observed when abnormal perturbations are already present, such as
in the case of cancé¥*391Because this effect was only seen in the NB group where GIP levels
were different at baseline, it is difficult to determine whether this effect occurreceffe etrof
weight loss, bean intake, or a combination of both, but does provide additional rationale for the

continued investigation of the role of bean intake in modulating metabolic aberranciéstedsoc
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with canine obesity. PYY was slightly increased in the CON group after 2 weeks of weight loss
and then went back to baseline levels at 4 weeks. PYY is an anorexic hormone, and increases
postprandially, in humans, for up to 6 ho##sGiven the state of caloric deficit of these dogs,
anorexic hormones would be expected to decreases, this finding may reflect a true physiological
effect; however it seems more likely some of the CON dogs may have inadvertently had shorter
fasting times before the blood draw at the two week time point. The rationale for measuring
serum levels of these gut hormones was to determine if a bean-based diet was ableséo increa
satiety and insulin sensitivity in dogs undergoing weight loss. These data shppartdogs

with abnormal PYY expression, a bean diet may play a role in regulation. Further studies are
warranted to determine the effects of bean intake on canine gut hormone expression
postprandially. While gut hormone levels are a relatively simple way to approximatg,sae
majority of endocrine molecules have very short half-lives and are most dynamic immediately
after food consumption, such as GIP, which has a half-life of minutes. Other molecules may be
enzymatically degraded, as is the case with amylin, ghrelin, and GLP-1. To appropriatgly dete
these analytes in plasma, enzyme inhibitors must be present in the blood collectidriiabe a

time of collection. As enzyme inhibitors were not used at the time these sarapdesolected,

we were unable to accurately detect other, important gut hormones. In addition to measuring
changes in gut hormones postprandially, future studies should also employ the use of direct
measurable outcomes of satiety, such as amount of food consumed as a second meal, as satiety
can be influenced by multiple factors outside of hormone expression. Insulin sensitivity could
also be assessed directly via euglycemic clamp or glucose tolerance methods afberat peri

dietary bean intake. In order to control for fasting compliance, future study designs should also
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utilize a testing structure that allows companion dogs to be fed and sampled in aezbntroll
environment.

For the majority of the samples, inflammatory cytokine concentrations were below the
limits of quantification for the multiplex assay. While this platform has been well vedidar
other species, only performance parameters with recombinant protein in an artificial plasma
matrix have been validated for canine specific analytes. One of the advantages to using the
multiplex assay is that a minimum amount of sample is needed to detect mokipkes,
however detection can be affected by the plasma matrix making it difficult to detafm
circulating cytokines were truly low, or if the plasma matrix interfered with detectiven@ne
small number of samples in which inflammatory cytokines were detected, a vaditicstiat
measurement of changes over time was not possible. CRP was analyzed in a subset of the dogs
and was detected in all samples; however levels did not change after 4 weeks.

Previous studies have shown significant reductions in circulating canine cytokines after 3
and 6 months of weight loss using this same g&tehd other studies have reported decreases in
CRP and MCP-1 after completion of a weight loss progfammterestingly, in intact female
research dogs, inflammation indices did not change with weightetoéhile multiple examples
of discrepancies are present in published research regarding the relationship of canine obesity
and gut hormones, adipocytes, and inflammatory biomarkers, and the ability of weight loss to
modify these parameters, current published studies typically have small sample sizdzand uti
diverse population®> Changes in gut hormones and inflammatory biomarkers have not been
reported with only 4 weeks of weight loss in dogs. Aside from the low detection frequency in
inflammatory biomarkers, the lack of change in this study could be a function of the short

amount of time assayed and the relatively low level of body weight lost, sample size or the
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sampling time in relation to the last meal. In human studies, a single bean-basédsv®en

shown to alter glucose metabolism, reduce inflammatory biomarkers, and modulate gut
hormone®’ and in this cohort of dogs, lipids were modulated after only 2 weeks of bean
consumption with weight 108%, indicating metabolic pathways were altered. These

observations support that changes in adipokine expression may be occurring in these dogs and
provides the rationale for the further investigating inflammatory biomarker concentrations with
assays less sensitive to the plasma matrix and sampling collections afteonsimption for

gut hormone analysis.

Nontargeted Metabolomics Reveals Changes in the Metabolome of Overweight aad0Obss
after Four Weeks of Calorically Restricted Weight Loss

Changes in the canine metabolome over time revealed a large number of compounds that
changed over the 4 week period regardless of diet. Compounds detected in fecal, plasma, and
urine samples contributed to the variation between baseline, 2 and 4 week sampled 9rigure
and 411 compounds were significant by time in at least one of the diet groups (Table 31).While
these compounds have yet to be individually identified, metabolomic studies in humans
undergoing weight loss have revealed changes in serum lipids, such that saturated and
monounsaturated fatty acids are decred%e@ther studies have found that individuals with a
greater weight loss response can be differentiated by decreased levels of citriecagid; s
acid, dodecanol, threonic acid, and coumaric acid and increased levels of arachidofifdtacid.

Is therefore reasonable to expect the metabolite changes in this cohort of dogs Wil esd
with serum lipids and energy metabolism. These data indicate that the canibelome¢ais

highly responsive to weight loss and that changes can be detectable after 2 and 4 weeks.
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Additional analyses and future studies in dogs may be able to define metabolites asadttiate

greater weight loss to determine the efficacy of weight loss interventions for ind islaysa28°

Consumption of Bean-based Diets during Weight Loss Modulates Individual Metahidtites w
the Canine Metabolome

Ten metabolites changed in both bean diets over time and were different from CON.

Three compounds increased in fecal samples, one of which has been identified as uvaol, a
compound usually described in olive oil, ubiquitous in pR#Atbut not yet described in

common beans. Uvaol may have cardiovascular protective, chemopreventive, antioxidative, and
anti-inflammatory properti¢%’ and may represent a novel mechanism by which beans improve
health outcomes. Further studies are needed to confirm the contribution of uvaol by the bean
powders; however, as the only ingredient difference between the CON and bean-based dog foods
were the cooked bean powders, it is reasonable to attribute the presence of uvaol in the feces of
dogs consuming the bean-based diets to the bean powders themselves. As theanatzbetit

of the diets are now available, they can be interrogated for the presence of uvaol, however
metabolomic analysis of the navy bean powder used in the NB diet did not reveal the presence of
this compound (data not shown).

Four fecal compounds decreased in the bean groups over time and compared to CON.
Previous metabolites that decreased in bean fed dogs were vitamin E isoforms and bile acids,
both of which were detected by GC-MS.

Three compounds increased in the urine of dogs consuming a bean-based diet. Based on
results from previous studies in dogs consuming a navy bean diet for weight maintenance, we
hypothesize that these compounds will represent bean phytochemicals that are biomarkers of

bean intake such as trigonellitfe.
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In addition to these compounds that changed over time in both bean groups and compared
to CON, additional compounds may have changed in only one bean group. Additional
interrogation of this data set could reveal changes that are specific to one bean diet group. One
factor complicating the interpretation of these data is that for the fecal, plasma, and urine
metabolome analysis, baseline data from an additional 15 overweight and obese dogs are
currently included. Because the individual ID was accounted for in the time course analysis, this
should have minimal effects, but could dilute or exaggerate any true baseline variatiombetwee
the diet groups. Eliminating these dogs from future analysis could reveal more metabalites tha
vary by the time x diet interaction.

Cooked Bean Powder Dog Foods Have Amino Acid Profiles Associated with IncreasgydaSdt
Weight Reduction

Total protein content is associated with increased satiety, however amino acid profiles
have been shown to play an important role as Wé# Overall, compared to CON, bean-based
diets were higher in tryptophan, lysine, and valine; BB diets were lower in unidentified amino
acids, but higher in serine, aspartic acid, and threonine; NB diets were higher in cysteine,
phenylalanine, tyrosine, and leucine, but lower in histidine, glycine, proline, and other amino
acids (Figure 20). Furthermore, the two bean-based diets were different from each other with
respect to serine, proline, glycine, histidine, aspartic acid, cysteine, phenylalanine, leucine
isoleucine, and other, unidentified amino acids.

Tryptophan had a relative increase of 31 % and 38 % in the BB and NB diets,
respectively. Tryptophan supplementation has been associated with increaseti’adidtgan
be metabolized into serotori?? However, in obese humans undergoing weight loss, circulating

levels of tryptophan do not correlate with sati€tpossibly because in obese adults, the
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kynurenine pathway is over expres¥édnd tryptophan is metabolized into kynurenine,
kynurenic acid, xanturenic acid, and quinolinic &€/dTryptophan metabolism has been shown
to change in dogs undergoing rapid weight $&iand serotonin levels are lower in obese dogs
than normal weight dod8> While multiple factors determine metabolism, higher content of
dietary tryptophan could lead to higher levels of serotonin synthesis.

Common beans are rich in branched chain amino acids, and leucine and valine were
higher in the NB, and NB and CON diets, respectively. When administered centrally, leucine has
been shown to induce anorexia, enhance expression of leptin, and reduce bod{Ptaighé.
studies with oral supplementation of leucine have shown mixed anorexic effects, convincing
evidence supports that increased dietary leucine may decrease adiposity by increasialicmet
rates and improve glycemic contf8f.Overall, higher levels of dietary branched chain amino
acid intake is associated with reduced rates of olfésityd may represent a beneficial bean-
related amino acid profile for regulating a healthy body weight.

Interestingly, total arginine and glutamate (as glutamic acid) were not different hetwee
any of the diets (average relative abundance 1.57 %, and 3.67 %, respectively) although beans
have been shown to be relatively high in these amino acids. Glutamine is the primary@adnino a
across multiple dietary proteins and is highly associated with s@tigiys, the relative potential
contribution of glutamine to satiety was equivalent between diets. While beans aikitimite
sulfur containing amino acids, methionine only had minimal differences between therdON a
bean-based diets, but lysine was 18 % and 22 % higher in the BB and NB diets, respectively.
While restricting dietary methionine has been shown to exert beneficial metabatis &ffe
obese adulfg’, these data indicate that replacement of 25 % weight/weight of the diet

ingredients with cooked bean powder does not result in limiting essential amino acids, and
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results in an amino acid profile that, independent of other nutrients, provide additional benefits to
weight management.

Lipid Profiles of Bean-Based Diets Support Reduced Inflammatiofipidgsnia and Insulin
Resistance

While the total fat profiles of the CON, BB, and NB diets were similar, individual fatty
acids varied both with the inclusion of bean powders and by the type of bean powder (Figure 21
Bean-based diets were higher in the omg gatty acids a-linolenic acid and eicosapentaenoic
acid while only the NB diet contained eicosatrienoic acid. Omega-3 fatty acids areystrongl
associated with decreasing body weight, modulating gut hormones, and reducing itidamma
and insulin resistancB% 411 In humans ad lab animals, a-linoleic acid is inversely associated
with adiposity*'?, eicosapentoaenoic acid is associated with improving insulin sensitivity and
reducing inflammatiori’3 While excessive supplementation of omega-3 fatty acids can have
undesired consequences in défjslietary levels are associated with improvements in
osteoarthriti¢!® and inflammatiofté. While common beans do contain relatively high levels of
the omegas fatty acid a-linoleic acid, because the overall fat content is so low, they are
generally regarded as having a minor role in overall dietary contribtitidime primary source
of the remaining fatty acidsagsmost likely the fish meal, which was composed 1 %
weight/weight of each of the dog food formulations (Table 15). In general, the bean based diets
were lower in saturated fatty acids than CON (with the exception of arachidic acid andenargari
acid): both bean diets were lower in palmitoleic acid, myristic acid, and myristoiei@rduach
not detected in the BB diet; the NB diet was lower in stearic acid, and pentadecylic acid, but
contained behenic acid, which was not detected in either the CON or BB diet. Lower levels of

dietary saturated fatty acids are associated with improvements in circulaiingVgls and may
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improve cardiovascular heatti and while of lower concern in dogs, obese dogs are at higher
risk for cardio-respiratory disease than normal weight d8d@3verall, the lipid profiles of the
bean based diets are consistent with profiles associated with reducing inflammnagpiroving

serum lipid profiles, and beneficially modulating glucose homeostasis.

CONCLUSIONS

This study evaluated the effects of including a cooked bean powdefat 25
weight/weight on the nutrient profiles of macro and micronutrient matched CON, BB, and NB
extruded dog foods and the metabolic effects of these diets on dogs undergoing weight loss.
Targeted analysis of the amino acid and lipid contents of the diets demonstrated profiles
consistent with beneficial effects on metabolism and inflammation. The nonetrget
metabolomic analysis of the diets revealed a subset of compounds that together described up to
75 % variance between the CON and BB and NB diets, while variance between the BB and NB
was also significant with 16 % of the variance explained. 2-piperdinecarboxylic acid was one of
the identified diet metabolites that has previously been described as biomarker of bean intake in
humans and mice. The metabolomes of dogs changed significantly with weight lossessgardl
of diet and compounds were identified that differentiated dogs consuming a bean-based diet from
dogs consuming a CON diet. While weight loss and bean consumption were not assattiated w
changes in detectable inflammatory biomarkers or gut hormones in this study, the metabolome of
these dogs offers the opportunity to discover metabolites associated with improvemeits in lip
and carbohydrate metabolism and other potential, small molecule mediators of inflimmati
Further studies are needed to determine the ideal sample collection period to detestiohang

canine gut hormones and to optimize detection of low level circulating inflammatory biomarke
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This study has demonstrated the beneficial effects of including cooked bean powders in dog
foods formulated for weight loss and the magnitude of canine metabolites that are responsive to

weight loss.

155



CHAPTER 9: CONCLUSIONS AND FUTURE DIRECTIONS

Summary of Major Findings

Companion dogs are exposed to potential endocrine and metabolic disruptors
through environmental pollutants and obesity.

Bean-based diets are safe, digestible, and well tolerated in companion dogs.
Metabolic aberrancies in overweight dogs can be modulated with weight loss.

Modulation of lipid and carbohydrate metabolism is enhanced in companion dogs
consuming beans.

Our hypotheses that companion dogs are exposed to low dose mixtures of pesticides, and

that overweight and obese dogs have altered clinical serum biochemical analytes and

hemograms, altered gut microflora, and metabolic aberrancies compared to normal weight dogs

were partially supported:

Low levels of atrazine were detected in the urine of all 21, normal weight dogs.

Dogs were exposed to a novel mixture of 15 parent pesticide compounds from the
environment with the potential to disrupt metabolic and endocrine function.

Diet was not a driving factor for pesticide exposure in this cohort of dogs.

The proportions of overweight and obese dogs with hemolysis, CK, and AST levels
outside reference ranges were higher than normal weight dogs.

The fecal microbiomes of all dogs were highly diverse and not different between
normal weight, overweight, or obese dogs.

The metabolomes of overweight and obese dogs were significantly different from
normal dogs. The greatest variation was in plasma metabolites detected 6y the L
platform.

Our hypotheses that nutritionally complete bean-based dog foods are digestibleydsafe, a

nutritionally adequate for adult dog weight maintenance and support calorically restriajatl wei

loss were supported:
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For weight maintenance, the navy bean-based dog food was equally as digestible
as the matched control diet.

For weight loss, low fat, black and navy bean-based dog foods were as digestible
as the nutrient matched control diet.

Protein digestibility was higher in the black bean dog food and carbohydrate
digestibility washigher in both the black and navy bean-based dog foods,
compared to control.

Total percentage of body weight loss was equivalent between all calorically
restricted weight loss groups.

All dogs maintained indices of nutritional adequacy as defined by AAFCO.

None of the owners reported noticeable changes in their dog’s flatulence,
regardless of diet.

Our hypotheses that dogs consuming a bean based diet will have alterations in their lipid

and carbohydrate metabolism and that inclusion of 25 % weight/weight cooked bean powder

nutritionally complete dog foods increases phytonutrient diversity were supported:

After consuming a navy bean based dog food for 4 weeks, normal weight dogs
had lower cholesterol than dogs consuming the nutrient matched control diet.

Only dogs consuming a navy or black bean based diets had reductions in
triglycerides, HDL and LDL levels at 4 weeks.

Fecal glucose and steroid-like excretion increased in bean consuming normal
weight dogs.

Urine metabolites included validated biomarkers of bean intake.

Fasted gut hormone levels and detected inflammatory biomarkers did not change
with weight loss or bean intake.

The urine and fecal metabolome of overweight and obese dogs shifted
significantly in response to weight loss, independent of diet. However, 10 fecal
and urine metabolites differentiated metabolic changes in both bean groups over
time compared to the control group.

Bean-based diets had distinct lipid and amino acids profiles compared to control

diets and bean type. The navy bean diet comprised a distinct carbohydrate and
phytonutrient profile that included known lipid-lowering molecules.
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Limitations

Small molecule variation between bean based diets was significant by both LC-
and GC-MS, but only LC metabolites described significant variation between the
black and navy bean diets.

One of the limitations of these studies was the significant baseline variation
between dogs. The diversity of the canine participants was intentional to represent
the physiological variations in companion dogs; however, it limited our ability to
detect subtle changes. For example, serum cholesterol was different in the short-
term weigh loss study in the black bean diet group compared to both navy bean
and control, but dogs were randomized based on BCS, not cholesterol. This may
have masked subtle differences in cholesterol metabolism differences between
bean and control groups. Future studies may need to increase the randomization
criteria and sample size or use cross-over study designs and run-in pgriods
minimize variation and increase power for detecting subtle effects on metabolic
parameters.

A second limitation to these studies was owner compliance and is inherent to
studies in companion animals. Several owners reported that their dogs may not
have been appropriately fasted, and when metabolic analyses supported this (such
elevated triglyceride levels or metabolome outliers) data would require exclusion.
In other cases, owners were unable to complete fecal and urine sample collections
at home or mixed samples. To control for food intake prior to sample collection,
future studies could implement study designs that required overnight housing to
insure compliance and increase the integrity of sample collection.

Especially in the long-term weight loss study, several owners requested to move
into a weight maintenance phase before ideal weight was reached and one
participant was withdrawn from the study because the owner was unwilling to
stop feeding treats. The primary source of follow up for the weight loss studies
were weight checks every 2 weeks. Given the known challenges associated with
successful weight loss in companion dogs, compliance to weight loss protocols
could be potentially enhanced by more frequent interactions with owners to track
compliance.

This study was not able to accurately evaluate ghrelin, amylin, or glucagon-like
peptide-1 as they have short half-lives, are enzymatically degraded, and can only
be reliably detected when enzymatic inhibitors are added to plasma at the time of
the draw.

In this cohort of 66 dogs, overweight dogs were more likely to have hemolytic

blood draws which could further decrease the sensitivity of clinical blood
analysis.
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Conclusions

Clinical biochemical and hemogram analysis may lack sensitivity in degecti
metabolic aberrancies in dogs that may increase disease risk and support
expanded use of metabolomic platforms to assess metabolic dysfunction in dogs.

Overweight dogs have altered metabolomes compared to normal weight dogs and
future interrogation of this data may reveal similarities between cancer and obese
metabolic profiles.

Serum chloride levels were different between normal weight, overweight, and
obese dogs but normalized in the navy bean group with 4 weeks of weight loss.
These data indicate that more pronounced effects of bean intake may be observed
in the presence of dysregulated metabolism.

The bean-based diet associated modifications of the canine metabolome are most
likely the result of small molecule or phytochemical content of beans as the macro
and micronutrients were controlled.

Dog foods containing 25 % w/w cooked bean powder contain adequate amounts
of phytochemicals to detect bean-associated biomarkers of intake in dogs.

The plasma metabolomes described the greatest variation between normal weight
and overweight dogs while the fecal and urine metabolomes contained the
greatest number of metabolites that were responsive to diet and weight loss
interventions. These data may indicate that excreted, versus circulating n®lecule
are most useful for detecting responses to interventions while circulating
molecules may be more useful for detecting established metabolic dysfunction.

Our hypothesis that bean intake improves gut hormone profiles was not supported
by the results from this study. While it is possible that the amount of weight lost
after 4 weeks was not sufficient to induce detectable changes, it is also possible
that hormone expression changed postprandially and was therefore not detected in
fasted samples. In addition to postprandial effects of bean intake on satiety and
insulin sensitivity related hormones, future studies should also directly assess the
effects of bean intake on glucose homeostasis and insulin responsiveness.

FUTURE DIRECTIONS

Further Interrogation of Metabolomic Data

The next step for evaluating the obesity-associated differences, and diet and vesight-lo

modifiable compounds in the canine metabolome, is to annotate, or identify the metabdlites tha
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were different between normal weight, overweight and obese dogs and determine metabolic
pathways that are disturbed in overweight dogs and modulated with weight loss. To begin,
specific metabolite biomarkers associated with obesity will be assessed. Fpteexambese
humans, higher levels of circulating amino acids have been detected and may be linked to
increasing insulin resistance by mTOR activat#®rand associated with increases in obesity
associated gut-permeabilitst We will be able to determine if overweight/obese dogs have
higher levels of circulating amino acids and detect previously described biomarkers of mTOR
activation such as phosphatidylcholine and lysophosphatidic acids metat3éliésated levels
of mannitol or xylitol in plasma samples would provide evidence for increased gut
permeability23, but, in this particular cohort of dogs, could be confounded by dietary intake.
Human metabolomic studies have also reported a strong relationship between obesity and
circulating levels of energy and glycolysis related compounds, such that glucoge, lacta
pyruvate, and glycerol are elevated along with small molecule indices of inflaonprgich as
glycoprotein acetyle®? To globally determine specific pathways with potential disruption in
overweight and obese dogs, annotated compounds will be uploaded to Metab®4analyst

(http://www.metaboanalyst.ca/a metabolomic pathway analysis tool that links individual

metabolites with their respective metabolic pathways. This will allow us tongiatethe full

range of metabolic pathways differentially affected in overweight and obese dogs and to cross
reference them with pathway disruptions associated with cancer. In addition to providing a
greater understanding of the metabolic perturbances associated with canine obesitytahese da
will also provide novel insight into the mechanisms underlying obesity assoctataedrbidities

and has the potential to show a metabolic link between obesity and cancer in dogs.
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The amino acid and lipid profiles of the bean-based diets have been associated with
decreased inflammation and increased insulin sensitivity and may have affectedimetabol
pathways upstream from gut hormone expression, such as mTOR activation. We will annotate
the small molecules in the bean diets and determine their potential bioactivity. $tutlies are
needed to quantify the presence of bioactive molecules in bean-based diets and to correlate
intake with modulation of metabolic parameters. Once annotations have been completed in the
canine metabolome, we will also determine metabolic pathways altered durirng lesgy with
and without bean intake. Of particular interest will be modification of aberrant pathways shared
between obesity and cancer. We expect to see increases in fecal lipid excretiosgedecrea
circulating amino acids and lipids, and increase expression of bean-associated amekkdrs
in urine indicating pathway level changes in glucose homeostasis, inflammatioipicnd |

metabolism.

Future Studies

Study 1: This dissertation has provided evidence that companion dogs are ekposed
environmental pollutants, however the extent and route of this exposure remains unknown. To
further investigate the extent of environmental exposures in dogs, future studies need to address
the following questions:

1. What are the relevant chemicals and their metabolites to study to in dogs?
2. What environmental chemicals are dogs exposed to?
3. What are the routes of exposure in companion dogs to environmental pollutants?

The first step will be to develop a panel of environmentally and biologically relevant
pesticides to detect. This dissertation has provided information on 15 parent pesticides that ca

be detected in dogs and can be used to determine biologically relevant metabolites of these
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residues to look for. To expand this list, compounds currently monitored in human populations
should also be evaluated in dogs, and targeted methods to both detect and quantify exposures
will be useful in determining if environmental exposures have a causative role in canitye obes
and disease. Once this detection panel has been created and validated in canineasaiogdes
sectional study across companion dogs of different breeds, ages, gender, and living environments
(rural vs. suburban, etc.) can be performed. In addition to detecting excreted chemicals, the study
design should also incorporate diet and water sample analysis, as well as tidpese data,
and detailed medical records with detailed anthelmintic usage information. Thees studd
be designed to determine baseline exposures in healthy dogs, normal weight verses overweight
dogs, or could sample across different diseases, e.g. cancer type to determinehipitions
between exposures and disease outcomes.

Study 2: Beans have been shown to have potent anti-tumorigenic activities in humans
and rodents, but not yet in dogs. This dissertation has demonstrated the potential of bean-based
diets to modulate aberrant canine metabolism and the ability to confirm bean intake with bea
associated biomarker detection. Studies to determine if a bean-based diet can maadcdate c
associated metabolic disruptions in dogs are warranted. To more directly assessied pbt
bean-based diets to reduce cancer risk in dogs, both mechamigtio and longitudinal studies
are needed to answer the following questions:

1. Do bean-derived phytonutrients have direct tumoricidal activity against canine
cancer cellsn vitro?

2. Is theex vivotumoricidal activity of canine white blood cells and plasma
improved after bean consumption?

3. Is cancer risk reduced in dogs consuming a bean-based diet?
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Study 3: Conflicting evidence exists in the literature regarding the causative role of
obesity in cancer in dogs. This dissertation has demonstrated the utility of metabolomic
platforms to detect changes in metabolomic profiles. Literature and data-base dismmpan
be used to determine similarities in metabolic disturbances associatedveién aad obesity,
however direct comparisons are needed to determine a physiological relationsieprbedwine
obesity and cancer and answer the following questions:

1. What metabolic aberrancies are shared between obese dogs and dogs with cancer
that are not shared with normal weight dogs?

2. Are obese dogs with identified metabolic pathway dysfunctions associated with
obesity and cancer at higher risk for developing cancer than obese that do not
have the same metabolic aberrancies?

3. If yes, does modulation of the dysfunction result in reduced risk of developing
cancer?

Study 4: One finding of potential clinical importance in this dissertation is that the
proportion of overweight dogs with hemolytic values was higher than normal weight dogs. While
previous studies have reported serum analytes in lean and obese dogs, none of these studies
reported either the degree of hemolysis in samples or the proportion of hemolytic samples from
lean and obese dogs. Excess free hemoglobin has the potential to alter accurate detection of
multiple analytes and further investigation of the relationship between hemolytic venipuncture

and obesity in dogs, even retrospectively, is warranted.
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APPENDICIES

Appendix 1: Baseline characteristics of 66 companion dogs that participated in one of three
randomized, controlled dietary intervention clinical trials investigating the safety and digestibility
of bean-based diets for weight maintenance and loss.

—

Weight Weight Age 1
DoglD ~ BCS Classification (kg) (yrs) Sex Breed
C11 4 Normal Weight 16.4 2 F/S Mixed - Unknown
NB10 4 Normal Weight 19.7 5 F/S Mixed - Unknown
NB2 4 Normal Weight 22.5 5 M/N Wirehaired Pointer
NB9 4 Normal Weight 18.7 3 F/S Rottweiler
Cc1 5 Normal Weight 30.9 2 M/N Mixed - Unknown
C10 5 Normal Weight 25.8 2 M/N Mixed - Unknown
Cc2 5 Normal Weight 19 3 F/S Pit Bull
C3 5 Normal Weight 10.6 3 M/N Mixed - Unknown
(6) 5 Normal Weight 30.7 5 F/S Golden Retriever
cé6 5 Normal Weight 28.5 4 M/N Pit Bull
Cc9 5 Normal Weight 33 3 M/I Labrador Retriever
NB1 5 Normal Weight 32.1 3 M/N Golden Retriever
NB3 5 Normal Weight 24.1 7 F/S Dalmatian
NB4 5 Normal Weight 20 4 F/S Mixed - Unknown
NB8 5 Normal Weight 20.5 3 F/S Standard Poodle
c4 6 Overweight 39.2 2 M/N Mixed - Unknown
Cc7 6 Overweight 50.4 4 F/S Saint Bernard
NB5 6 Overweight 21.1 2 M/N Australian Cattle Dog
NB6 6 Overweight 24.2 2 F/S Australian Cattle Dog
0O_BB2 6 Overweight 17.2 3 F/S Basset Hound
o.cC1 6 Overweight 27.4 6 F/S Dalmatian
0 _Cé 6 Overweight 22.4 5 F/S Australian Shepherd
O_NB7 6 Overweight 25.9 5 M/N Australian Shepherd
C8 7 Overweight 25.6 5 F/S Mixed - Unknown
NB7 7 Overweight 30.9 6 M/N Mixed - Unknown
0O_BB13 7 Overweight 28.5 3 F/S Pit Bull
O BB14 7 Overweight 46.8 3 F/S Labrador Retriever
O_BB5 7 Overweight 14.2 2 F/S Boston Terrier Mix
O_BB7 7 Overweight 31.8 5 F/S Pit Bull
O_BB8 7 Overweight 30.6 5 M/N Australian Cattle Dog
0O_C11 7 Overweight 33.1 10 M/N Cocker Spaniel
0_C14 7 Overweight 25.2 2 F/S Labrador Retriever Mix
0_C2 7 Overweight 37.3 6 M/N Labrador/Border Collie Mix
0.C3 7 Overweight 62.4 4 F/I Saint Bernard
0o _Cc4 7 Overweight 42.7 7 F/S Labrador Retriever
0_C5 7 Overweight 14.7 7 M/N Corgie
0 _C7 7 Overweight 15.4 3 M/N Mixed - Unknown
O_NB1 7 Overweight 32.6 6 M/N Airdale Mix
O_NB12 7 Overweight 63.7 3 M/N Border Collie/Corgi Mix
O_NB2 7 Overweight 36 2 M/N Border Collie Mix
O_NB3 7 Overweight 17.8 4 F/S Boston Terrier
O_NB4 7 Overweight 44.2 8 F/S Labrador Retriever Mix
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Weight Weight Age

Doglb  BCS Classification (kg) (yrs) Sex Breed'
Appendix 1: Continued from previous page

O_NBS8 7 Overweight 21.2 6 F/S Australian Shepherd
O_NB9 7 Overweight 343 2 F/S Boxer

O_BB1 8 Obese 23.8 5 F/S Keeshond
O_BB10 8 Obese 38.1 2 M/N Australian Shepherd Mix
0O_BB11 8 Obese 24.9 3 F/I Labrador/Pitbull Mix
0O_BB12 8 Obese 445 3 M/N Labrador/Pitbull Mix
0O_BB15 8 Obese 37.7 6 F/S Labrador Retriever Mix
O_BB3 8 Obese 40.8 7 M/N Australian Cattle Dog
O_BB9 8 Obese 32.8 6 F/S Australian Cattle Dog
0_c10 8 Obese 31.6 7 F/S Border Collie

0_C12 8 Obese 36.5 3 F/S American Spaniel

0_C13 8 Obese 42.2 2 M/N German Shepherd/Labrador Mix

0_C8 8 Obese 37.7 7 F/S Labrador Reteriever Mix
O_NB10 8 Obese 44.4 5 M/N Karelian Bear Dog Mix
O_NB13 8 Obese 39.5 6 M/N Golden Retriever
O_NB14 8 Obese 38.3 6 F/S Border Collie/NewFoundland Mix
O_NB5 8 Obese 10 4 M/N Daschund

O_BB4 9 Obese 27 5 F/S Border Collie/Australian Shepherd Mix
O_BB6 9 Obese 10.7 3 M/N Shiz Shu

0_C15 9 Obese 38.5 7 F/S Labrador Retriever

0_C9 9 Obese 38.6 6 F/S Golden Retriever
O_NB11 9 Obese 16.2 7 M/N Labrador Retriever
O_NB15 9 Obese 48.5 7 F/S Labrador Retreiver
O_NB6 9 Obese 21.2 4 M/N Daschund

1As reported by owner. BCS: Body Condition Score, 9 point scale 1. Dog ID indicates diet group: C = Control, BB
= Black Bean, NB = Navy Bean; O_indicates dogs that participated in a weight loss study. The sex of each dogis
reported as male (M) or female (F) and neutered (N) or intact (I).
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Appendix 2: Metabolite detected in navy bean and control dog foods and normal weight dog feces and urine with GC or LC-MS.

Cluster Annotation Confidence CiD SMILES
Ca 2-Piperidinecarboxylic acid 2 849 C1CCNC(C1)C(=0)0
C56 s-methyl cysteine 2 24417 CSCC(C(=0)O)N
C186 5-hydroxynorvaline 2 95562 C(CC(C(=0)0O)N)CcO
C1 Sucrose 2 5988 C(C1C(C(C(Cc(01)0C2(C(C(Cc(02)Cco)0)0)Cco)0)0)0)0
c7 Citric acid 2 311 C(C(=0)0)c(cc(=0)0)(c(=0)0)0
C490 y-tocopherol 2 92729 CC1=C(C=C2CCC(0C2=C1C)(C)Cccece(cycecec(c)cecc(c)co
cs4 B-sitosterol 2 222284 CCC(Ccc(c)cicceaci(ceescace=cacs(cec(caojoqciac
° Ci18 Taurine 2 1123 C(CS(=0)(=0)O)N
é C825 a-tocopherol acetate 2 86472 CC1=C2C(=C(C(=C1C)OC(=0)C)C)CCCc(02)(c)ceec(c)ceec(cycecec(c)c
E Cca1 Fructose 2 5984 C(C(c(c(c(=0)co)0o)o)o)o
g C30 Glycerol-3-Phosphate 2 754 C(C(COoP(=0)(0)0)0)o
= C385 a-tocopherol 2 14985 CC1=C(C(=C2Ccc(oc2=C1c)(c)ccec(c)ceccc)cccccgeo
k] C2 Deoxycholic acid 2 222528 CC(CCC(=0)0)C1CCC2C1(C(CC3C2CCCAC3(CCC(C4)0)C)0)C
a C5 Lithocholic acid 2 9903 CC(CCC(=0)0)c1cceaci(cece3cacceceacs(cec(ca)o)e)c
C35 Palmitoleic acid 2 5282745 CCCccee=cceecccccc(=0)o
C269 L-Threitol 2 445969 C(C(c(co)o)o)o
C526 Hydroquinone 2 785 C1=CC(=CC=C10)0
9 Glucose 2 79025 C(cac(c(c(c(or)o)o)o)o)o
C10 D-Pinitol 2 164619 COC1C(C(C(C(C10)0)0)0)0
C19 Monosaccharide 3
C3 Trehalose 2 7427 C(C1cC(c(c(c(o1)ocac(c(c(c(o2)co)o)o)o)o)o)o)o

Continued on next page
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Appendix 2 Continued

Cluster Annotation Confidence CID SMILES
C40 a-Tocopherol 2 14985 CC1=C(C(=C2CCC(0C2=C1c)(c)ccece(cyceec(ec)cccc(e)qeo
C59 Lithocholic acid 2 9903 CC(CCC(=0)0)c1cceac(cee3cacceceacs(cececa)o)e)c
C246 Myristic Acid 2 11005 Cccccececececcccccc(=0)o
C688 Margaric acid 2 10465 Cccccececececcccecccecc(=0)o
“’3 C190 Polycyclic Hydrocarbon 3
% C691 Arachidic Alcohol 2 12404 Ccccceececcccccccccccco
€ | ca28 Hydroquinone 2 785 C1=CC(=CC=C10)0
g C292 Cycloartenol 2 382580 CC(CCC=C(C)c)c1ccee(ca(cee3acaceeses(ca)ccec(es(c)c)oje)c
= Cc4 Deoxycholic acid 2 222528 CC(CCC(=0)0)c1cceeaci(c(cec3cacceceacs(cecc(cao)co)c
9 | c232 a-Tocopherol acetate 2 86472 CC1=C2C(=C(C(=C1C)OC(=0)C)C)CCC(02)(C)CCCC(C)CCCC(C)CCCC(C)C
C1 Glucose 2 79025 C(c1c(c(c(c(or)o)o)o)o)o
C30 Steroid 3
C53 Steroid 3
C179 Steroid 3

Continued on next page
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Appendix 2 Continued

Cluster Annotation Confidence CID SMILES
C6 Estradiol 2 5757 CC12CCC3c(c1ccc0)ccea=c3c=Ccc(=c4)0
C24 Peptide 3
C36 Peptide 3
Cc69 Peptide 3
a, Cc18 Suberic acid 2 10457 C(CCCC(=0)0)ccc(=0)o
£ C5 Kynurenine 2 846 C1=CC=C(C(=C1)C(=0)CC(C(=0)O)N)N
S C63 Peptide 3
£ | cis0 Peptide 3
= C625 Saccharide 3
.g Cc17 Peptide 3
5 C196 Trigonelline 2 5570 C[N+]1=CC=CC(=C1)C(=0)[0-]
C909 Peptide 3
C156 | homoeriodictyol chalcone 2 21117850 COC1=C(C=CC(=C1)C=CC(=0)C2=C(C=C(C=C20)0)0)0
C59 Dipeptide 3
C32 Kynurenic acid 2 3845 C1=CC=C2C(=C1)C(=0)C=C(N2)C(=0)0

Each annotated metabolite is reported with its corresponding “cluster” number (C), identification confidence level, PubChem
Compound Identifier (CID), and Simplified Molecular Input Line Entry Specification (SMILES). Confidence levels were assigned
based on criteria defined by Sumner et. al. (Proposed minimum reporting standards for chemical analysis Chemical Analysis
Working Group (CAWG) Metabolomics Standards Initiative (MSI). Metabolomics 2007, 3 (3), 211-221.): 1 = metabolite annotation
confirmed with authentic standards; 2 = annotation based on spectral similarities with in—house and public libraries; 3 = compound
classification based on spectral similarities with in-house and public libraries; and 4 = unknown compounds. 2Analyzed with GC-
MS; Panalyzed with LC-MS.
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