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ABSTRACT

Feeding Saccharomyces cerevisiae fermentation product (SCFP) has previously altered fecal
microbiota, fecal metabolites, and immune cell function of adult dogs. The objective of this
study was to investigate measures of skin and coat health for the first time and further measure
circulating immune cell numbers and activity, antioxidant status, and oxidative stress marker
concentrations of adult dogs fed a SCFP-supplemented extruded diet. All procedures were
approved by the facility’s IACUC prior to experimentation. 16 adult pointer dogs (8 M, 8 F;
mean age = 6.7 £ 2.1 y; mean BW = 25.9 + 4.5 kg) were used in a randomized crossover design
study. All dogs were fed a control diet for 4 wk, then randomly assigned to the control or SCFP-
supplemented diet and fed to maintain BW for 10 wk. A 6-wk washout preceded the second 10-
wk experimental period with dogs receiving opposite treatments. After baseline/washout and
treatment phases, skin and coat were scored, and pre-and post-prandial blood samples were
collected. Transepidermal water loss (TEWL), hydration status, and sebum concentrations were
measured (back, inguinal, ear) using external probes. Oxidative stress and immune cell function
were measured using commercial ELISA kits, circulating immune cell numbers were analyzed
using flow cytometry, and mMRNA expression of oxidative stress genes were analyzed using RT-
PCR. Change from baseline data were analyzed using the Mixed Models procedure of SAS 9.4,
with P<0.05 being significant and P<0.10 being trends. Sebum concentration changes tended to
be higher (P<0.10; inguinal, ear) in dogs fed SCFP than control. TEWL change on the back was
lower (P<0.05) in controls, but lower (P=0.054) on the ear in dogs fed SCFP. DTH response was

not measured at baseline, but was affected by diet and time (i.e., post-inoculation) at week 10. As



expected, wheal diameter increased over time for all injections. For phytohaemagglutinin (PHA),
diet and time interactions were observed in SCFP-fed dogs (P=0.02). Diet tended (P<0.10) to
have an effect on DTH response in SCFP-fed dogs after concanavalin A (ConA) inoculation.
Other skin and coat measures and scores were not affected by diet. Changes in unstimulated
lymphocytes and stimulated IFN-y secreting T cells were lower (P<0.05) in SCFP-fed dogs,
while change in stimulated T cells were lower (P<0.05) in control-fed dogs. The stimulated
cytotoxic T cells delta trended lower (P<0.10) in SCFP-fed dogs. Change in serum superoxide
dismutase (SOD) concentrations were higher (P<0.05) and change in catalase mMRNA expression
was lower (P<0.05) in SCFP-fed dogs. All other immune cells, oxidative stress markers, and
gene expression were unaffected by treatment. In conclusion, our data suggest that SCFP
positively impacts indicators of skin and coat health of dogs, modulates immune responses, and

enhances some key antioxidant defense mechanisms.
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CHAPTER 1: INTRODUCTION

The 2021-2022 National Pet Owners Survey conducted by the American Pet Products
Association (APPA) reported that 70% of all households in the United States own a pet, and of
those households, 69 million own a dog. Pet ownership has increased steadily since 1988 when
this survey was first conducted, when only about 56% of households owned a pet (APPA, 2022).
Along with the rise in pet ownership, a change in owner attitudes has occurred in recent decades,
where dogs are now considered a part of the family. As members of the family, pet owners are
taking more care to provide the best possible veterinary care, enrichment, and nutrition for their
pets. Despite the COVID-19 pandemic that impacted many market sectors negatively, pet spending
increased during and following the pandemic, with 35% of pet owners stating that they spent more
on their pets or pet supplies (i.e., food, wellness-related products, and other pet care items) in the
last twelve months than in the preceding year (APPA, 2022). Functional ingredients in pet foods
and treats fall into the category of “wellness-related products,” as they provide health benefits
beyond the provision of essential nutrients (i.e., water, vitamins, minerals, proteins, and fats).
Several studies have investigated the health benefits of functional ingredients in humans, which
has led pet owners to believe functional ingredients will exert the same positive effects on their
pets. However, the mechanisms of action, optimal inclusion levels, and possible harmful effects
of most functional ingredients are not completely understood in dogs (Swanson et al., 2003).

Saccharomyces cerevisiae fermentation product (SCFP) is a dry product produced via S.
cerevisiae fermentation and includes residual yeast cells, yeast cell wall fragments, fermentation
metabolites and media used during fermentation. SCFP may aid as a functional ingredient in pet

foods due to its positive impacts on performance, health, and immunity in humans and several



animal species, including swine, poultry, and cattle (Moyad et al., 2009; Shen et al., 2011; Kidd et
al., 2013; Zaworski et al., 2014). Components of the yeast cell wall (i.e., mannanoligosaccharides
and B-glucans) and metabolites from yeast fermentation have been implicated in yeast’s
gastrointestinal (Gl)- and immune-modulatory properties. Moreover, the fermentation process is
thought to promote health through modifying food constituents, synthesizing metabolites and other
end-products, and providing living microorganisms to the Gl tract. In adult dogs, supplementation
of SCFP has been shown to positively impact Gl health and immune function. Lin et al. (2019)
demonstrated that SCFP (125, 250, and 500 mg/d) modulates fecal microbiota and fermentative
end-products in adult beagles by increasing Bifidobacterium, decreasing Fusobacterium, and
decreasing phenol and indole concentrations. SCFP was also shown to elevate immune capacity
by enhancing T helper-1 cell responses and decreasing inflammation through inhibition of toll-like
receptor responses (Lin et al., 2019). In another study, supplementing adult Labrador Retrievers
with SCFP (500 mg/d) led to decreased thiobarbituric acid reactive substances and improved total
antioxidant capacity in serum, suggesting a reduction in lipid peroxidation and increased
antioxidant capacity when subjected to exercise and transport stress (Varney et al., 2021). SCFP-
fed Labradors also exhibited increased serum concentrations of tumor necrosis factor-o. and
decreased serum concentrations of immunoglobulin E and immunoglobulin G, suggesting
immunomodulatory effects (Varney et al., 2021). SCFP has been shown to alter fecal microbiota,
fecal metabolites, antioxidant status, and immune cell function of adult dogs, however, SCFP
supplementation has previously been administered via gelatin capsule or top dressing. Further
investigation of oxidative stress, antioxidant status, and immune responses in dogs fed an SCFP-
supplemented extruded kibble diet is warranted, and impacts on skin and coat health have not been

determined.



Therefore, the objective of this study was to determine the effects of a SCFP-supplemented
extruded diet on the circulating immune cell numbers and activity, antioxidant status and oxidative
stress marker concentrations, and measures of skin and coat health of adult dogs. We hypothesized
that dogs fed the SCFP-supplemented diet would have enhanced immune cell numbers and
functionality, reduced concentrations of markers associated with oxidative stress and

inflammation, and improved skin and coat health compared with dogs fed a control diet.
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CHAPTER 2: LITERATURE REVIEW

OXIDATIVE STRESS

Oxidative stress refers to “an imbalance between the generation of oxidants and their
elimination systems, i.e., antioxidants, in favor of oxidants, leading to a disruption of redox
signaling and control and/or molecular damage” (Sies et al., 2017). Oxidation-reduction (redox)
homeostasis is essential to all biological processes, including metabolism, and the regulation of
redox reactions varies widely between different cellular systems. The major oxidant and
antioxidant systems (i.e., the major sources and sinks of enzymatic hydrogen peroxide) are shown

in Table 2.1.

Reactive oxygen species

Reactive oxygen species (ROS) are highly reactive molecules, with free radicals containing
at least one unpaired electron (e.g., superoxide O2e—, hydroxyl radical *OH) and hydrogen
peroxide (H202) considered to be the primary contributors of endogenous oxidative stress damage
(Liochev, 2013). ROS are produced endogenously and exogenously, and aerobic organisms have
developed complex antioxidant defense systems to limit oxidative damage caused by them.
Intracellular ROS-generating systems are often directly adjacent to antioxidant defense
mechanisms and are compartmentalized within cellular structures such as mitochondria,
lysosomes, and peroxisomes. The major endogenous source of ROS generation is from electron
leakage in the mitochondrial electron transport chain during normal oxidative respiration. Other
endogenous sources of ROS include cytochrome P450 enzymes in the endoplasmic reticulum,

peroxisomes, lipoxygenases, cyclooxygenases, Xxanthine oxidase, NADPH oxidase, and



inflammatory immune cells (i.e., neutrophils, macrophages, and eosinophils) (Curtin et al., 2002;
McMichael, 2007). Major exogenous sources of ROS include radiation, environmental pollution,
drugs, certain foods, and cigarette smoke. Both endogenous and exogenous ROS can lead to

oxidative damage, which affects lipids, proteins, and nucleotides.

Oxidative damage

One of the consequences caused by oxidative stress is lipid peroxidation, which occurs in
three steps: initiation, propagation, and termination. Lipid peroxidation is initiated by removing a
proton from polyunsaturated fatty acids (PUFA) in the cell membrane. This causes a new radical
to form, which can then attack more PUFA in the cell membrane and propagate a chain reaction
of lipid peroxidation. This chain reaction is terminated when the lipids are eliminated, or when the
radical encounters a chain-breaking antioxidant, such as vitamin E. PUFA with a high number of
double bonds, such as arachidonic acid and linoleic acid, are highly susceptible to free radicals and
ROS (Yinetal., 2011). Lipid peroxidation severely damages cell membranes, causing changes to
enzyme systems, inactivating receptors, altering the function of ion channels, and increasing
permeability to ions, ultimately leading to inflammation and apoptosis (Montuschi et al., 2007;
Sousa et al., 2017). Moreover, lipid radicals generated in the oxidation process can form harmful
end-products, including lipid hydroperoxides, lipid hydroxides and epoxides, Fz-isoprostanes,
malondialdehyde (MDA) and other aldehydes, ketones, and alkanes (Niki, 2014; Spickett and Pitt,
2015).

Proteins are also important targets for ROS, which form oxidation products from amino
acid side chains (Griffiths et al., 2014; Kim et al., 2015; Davies, 2016). Protein oxidation is not

always deleterious. Normal redox signaling and control largely involves oxidative modification of



amino acid side chains in proteins by hydrogen peroxide, and activity of enzymes can be modulated
by reversible redox changes of specific amino acids (Sies et al., 2017). However, uncontrolled
protein oxidation can lead to changes to protein structure and folding, modification of
physiological properties such as enzyme activities and signal transduction networks, and
proteolytic degradation (Héhn et al., 2014; Davies, 2016). Carbonyl derivatives are a major source
of end-products generated in protein oxidation and are considered the most widely used biomarkers
of oxidative damage to protein (Luo et al., 2020).

Finally, ROS can cause oxidative damage to DNA, causing base mutations and strand
breaking, DNA-protein cross-links, and formation of DNA-adducts (Luo et al., 2020). These
changes can be particularly hazardous, as they can block gene transcription and DNA replication
and lead to the development of cancerous cells. RNA is subject to oxidation as well. Damage from
DNA and RNA oxidation is a major contributor to disease progression and instability of the
genome (Cadet et al., 2012; Sies et al., 2017). Major DNA/RNA oxidation products include 8-
oxoguanine, glutathione, protein thiols, and methionine sulfoxide. DNA damage from ROS can
have far-reaching health implications, such as the initiation, promotion, and progression of cancer
(Karihtala and Soini, 2007). For example, accumulation of 8-oxoguanine in neurons causes
mitochondrial dysfunction and may contribute to tumor growth (Leon et al., 2016). Furthermore,
ROS damage RNA through oxidative modification of microRNAs, which bind to target mMRNA
and either affect mRNA degradation or inhibit protein translation. A subset microRNA (i.e.,
redoximiRs) are responsible for regulating redox pathways, thus damage to redoximiRs can cause
blocked translation, apoptosis, and production of ROS (Cheng et al., 2013; Wang et al., 2015; Lang

etal., 2016).



Endogenous antioxidant defenses

Given the wide range of reactivity of oxidants and targets, living cells and organisms use
multiple strategies to counteract oxidative damage, referred to as antioxidant defense (Sies et al.,
2017). Antioxidants can delay or prevent oxidation of lipids, proteins, and nucleic acids through
the scavenging process, producing a more stable compound after reacting with ROS. Antioxidant
scavenging of ROS involves the antioxidant donating a single electron to a free-radical species
(Hermans et al., 2007). During homeostatic redox conditions, ROS play an important role in
regulating cellular function. The homeostatic balance of ROS is modulated by three main
categories of endogenous antioxidant defense systems: enzymatic antioxidants, antioxidant
proteins, and low-molecular-weight antioxidants (McMichael, 2007). To maintain a homeostatic
level of ROS, powerful enzymatic systems, such as superoxide dismutase (SOD), catalase, and
glutathione peroxidase, directly counteract ROS formation by chemical reduction of oxidants (Sies
et al., 2017). Superoxide is the major oxidant produced during physiologic and pathophysiologic
states and is scavenged by the enzyme SOD. The reaction creates hydrogen peroxide, which is
subsequently detoxified by glutathione or catalase (Eaton, 2006). Antioxidant proteins, such as the
aquaporin channel proteins or the glutathione disulfide (GSSG) transporters, facilitate transport of
ROS and their products across biological membranes (Sies et al., 2017; Tamma et al., 2018). Low-
molecular-weight antioxidants, such as a-tocopherol (vitamin E) and ascorbate (vitamin C), work
non-enzymatically to maintain ROS balance. Vitamin E is a chain-breaking antioxidant during
lipid peroxidation, and vitamin C is the most abundant water-soluble antioxidant that can directly

scavenge ROS or regenerate vitamin E (McMichael et al., 2007).

Oxidative stress, aging, and disease in dogs




As mammals age, the accumulation of ROS causes oxidative damage to lipids, proteins,
and nucleotides. Moreover, the robust antioxidant defense systems in place to maintain redox
homeostasis may degenerate with age. Studies of dogs have investigated the role of aging on
oxidative stress in the canine brain, showing oxidative damage to DNA and RNA increases in the
aged dog brain (Rofina et al., 2006). Moreover, the activity of enzymatic antioxidants such as SOD
appear to decline with age, while the output of lipid peroxidation end-products such as MDA are
shown to increase with age (Kiatipattanasakul et al., 1997; Head et al., 2002). Increased oxidative
stress is implicated in the pathophysiology and progression of disease in dogs, including chronic
kidney disease, liver disease, anemia, congestive heart failure, and intervertebral disk disease
(Center et al., 2002; Freeman et al., 2005; McMichael et al., 2006; Brown, 2008; Kendall et al.,

2017).

IMMUNITY

The immune system is the body’s defense against infectious agents, their toxins, and the
damage they cause through interacting networks of effector cells and molecules (Murphy and
Weaver, 2017; Tizard, 2018). The three major barriers used to protect the body against invasion
from pathogens are physical barriers, innate immunity, and adaptive immunity. Physical barriers,
such as intact skin, are the initial defense against infection and function to prevent exposure of
internal tissues to microbes. When physical barriers are breached, the innate immune response is
quickly activated to produce various chemical mediators that either directly kill invading
pathogens or act on other cells to propagate the immune response (Tizard, 2018). Innate immune
cells become activated by several pattern recognition receptors (PRR) that sense and detect

pathogen-associated molecular patterns (PAMP) and damage-associated molecular patterns
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(DAMP). These molecular patterns are associated with pathogens or cellular damage, but not the
host’s own cells. Examples of PRR include membrane bound toll-like receptors (TLR) and C-type
lectin receptors, as well as cytoplasmic nucleotide-binding and oligomerization domain (NOD)-
like receptors (NLR). Activation of PRR on sensor cells can induce phagocytosis or amplify the
immune response by producing inflammatory mediators such as cytokines and chemokines to
convey signals to other immune cells (Beutler, 2004; Murphy and Weaver, 2017; McComb et al.,
2019). If the innate immune response fails, adaptive immunity is initiated when antigen-presenting
cells (APC) phagocytize pathogens and present pathogen peptide fragments (i.e., antigens) via
major histocompatibility complex (MHC) to T cells. APC form the bridge between innate and
adaptive immunity, enabling the adaptive immune cells, called lymphocytes, to learn to recognize
and destroy specific invaders (Murphy and Weaver, 2017; Tizard, 2018; McComb et al., 2019).
The adaptive immune system mounts a slower, but more efficient response than the innate immune

system due to the specificity of antigen recognition by lymphocytes.

Immune cell types

Innate immune cells include macrophages, dendritic cells, neutrophils, eosinophils,
basophils, mast cells, and natural killer (NK) cells. PAMP and DAMP activate PRR on innate
immune cells to induce effector functions, such as cytokine production or phagocytosis (McComb
et al., 2019). Macrophages and neutrophils are the primary phagocytic cells that engulf pathogens
and destroy them in intracellular vesicles. Dendritic cells mainly function as specialized APC that
present antigens to lymphocytes, initiating adaptive immune responses. Macrophages can also act
as APC. NK cells can recognize and kill some virus-infected cells and tumor cells via cell lysis

(Tizard, 2018). Eosinophils, basophils, and mast cells are primarily secretory cells that release the

11



contents of their cytoplasmic granules upon antibody activation during an adaptive immune
response (Beutler, 2004, Murphy and Weaver, 2017; McComb et al., 2019).

The two major components of adaptive immunity are the antigen-specific lymphocytes: B
cellsand T cells. When a T cell encounters an antigen that its receptor can bind, it proliferates and
differentiates into one of several types of effector T cells with different functions. When an antigen
is detected from an infected APC, effector T cells can develop into cytotoxic T cells (Tc cells) and
helper T cells (T cells) (Tizard, 2018; McComb et al., 2019). Tc cells kill other cells that are
infected with viruses or other intracellular pathogens bearing the same antigen. Tw cells provide
signals (i.e., cytokines) to enhance the immune response of other cells by activating B cells to
produce antibodies or activating phagocytes to engulf pathogens (Murphy and Weaver, 2017).
After a B cell becomes activated in the presence of their target antigen, it will proliferate and
differentiate into a plasma cell. Plasma cells produce large amounts of the specific antibody needed
to bind to the target antigen and neutralize it (Murphy and Weaver, 2017; McComb et al., 2019).
Some B cells and T cells activated by antigens will differentiate into memory cells, which provide
long-lasting immunity from subsequent exposure to the specific antigens introduced by a previous

infection or vaccination (Murphy and Weaver, 2017; Tizard, 2018).

Toll-like receptors

TLR are a family of PRR located on the surface or within cells that bind PAMP from
extracellular and intracellular invaders. TLR are present on innate and adaptive immune cells such
as macrophages, neutrophils, mast cells, dendritic cells, T cells, and B cells, as well as non-immune
cells such as epithelial cells. The cell surface TLR (TLR 1, 2, 4, 5, 6, and 11) primarily bind

bacterial and fungal proteins, lipoproteins, and lipopolysaccharides, whereas the intracellular TLR
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(TLR 3,7, 8,9, and 10) bind viral and bacterial nucleic acids. Genome sequencing has confirmed
that dogs express TLR 1-10 and possess pseudogenes for TLR 11 and 12 (Leulier and Lemaitre,
2008). Currently, complete canine cDNA sequences are available for TLR 2, 4, 7, and 9 (Asahina
et al., 2003; Hashimoto et al., 2005; Ishii et al., 2006; Okui et al., 2008). TLR recognize and bind
to specific ligands, which are summarized in Table 2.2. TLR ligands have been used in several
studies for stimulating canine tissues and cells to determine their expression and function
(Swerdlow et al., 2006; Kathrani et al., 2012; Schmitz et al., 2014; Yokoyama et al., 2017,
Reineking et al., 2018). When activated by PAMP or tissue damage, TLR turn on genes involved
in producing proinflammatory cytokines, chemotactic factors, antimicrobial peptides, and antiviral
cytokines (i.e., interferon-a and interferon-g). TLR activate several different signaling pathways
via cytoplasmic adaptor molecules that each activate different transcription factors (Murphy and
Weaver, 2017). The four signaling adaptor molecules used by mammalian TLR are myeloid
differentiation factor 88 (MyD88), MyD88 adaptor-like (MAL), TIR domain-containing adaptor-
inducing IFN-g (TRIF), and TRIF-related adaptor molecule (TRAM). Most TLR use the adaptor
MyD88 paired with MAL, or TRIF paired with TRAM. Signaling by most TLR activates the
transcription factor nuclear factor kB (NFxB), as well as other members of the interferon
regulatory factor (IRF) transcription factor family, which activates members of the activator
protein 1 (AP-1) family, such as mitogen-activated protein kinases (MAPK). NFkB and AP-1
primarily function to induce the expression of proinflammatory cytokines and chemotactic

factors.
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Flow cytometry

Flow cytometry is a powerful tool for defining and counting immune cell populations. Flow
cytometers detect and count individual cells passing through a laser beam, identifying properties
of cell subsets by using monoclonal antibodies (MAb) against cell surface or intracellular proteins.
Individual cells within a mixture of peripheral blood mononuclear cells (PBMC) are labeled with
specific MAD attached to fluorescent dyes, or by specific antibodies coupled with fluorescent anti-
immunoglobulin antibodies (Murphy and Weaver, 2017). As individual cells pass through the
laser, they are exposed to two types of light scatter: forward-angle scatter (FSC) and side-angle
scatter (SSC), which provides information about the size and granularity of the cell. Light scatter
also excites the cells, resulting in fluorescence emissions that provide information about the
binding of the labeled MADb. These fluorescent emissions signify the expression of cell-surface or
intracellular proteins by each cell (Wilkerson et al., 2012; Murphy and Weaver, 2017). Cellular
proteins recognized by a cluster of MADb have been given “cluster of differentiation” (CD) marker
numbers, which are used as targets for immunophenotyping (Weis and Wardrop, 2010). By
running large numbers of cells through a flow cytometer, quantitative data on the percentage of
cells bearing different CD markers (i.e., phenotypes) can be generated.

Several studies have investigated the distribution of circulating lymphocytes in dogs using
flow cytometry (Baumgarth et al., 2000; Byrne et al., 2000; Fujiwara et al., 2005; Platt et al., 2013;
Ritgen et al., 2015). Cell distribution differed among studies, likely due to differences in the age,
gender, and breed of dogs sampled, laboratory methods, and/or antibodies used (Byrne et al., 2000;
Faldyna et al., 2005; Villaescusa et al., 2012). Byrne et al. (2000) reported the following cell
population ranges for peripheral blood samples of normal adult dogs using flow cytometry: CD5

(%), 83.3 £ 3.5; CD4 (%), 45 + 8.3; CD8 (%), 28.8 + 5.6; CD21 (%), 12.9 + 3.9. Faldyna et al.
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(2005) reported slightly different ranges for the same cell types in normal adult dogs: CD3 (%),
83.9 + 1.7; CD4 (%), 58.6 + 3.7; CD8 (%), 15.1 + 4.4; CD21 (%), 15.7 + 1.8. In regard to the CD
markers that facilitate immunophenotyping, canine T cells all express CD3, with some T cell
subsets expressing CD4 or CD8. CD4 molecules are receptors for MHC class Il molecules on APC
and are present only on Tw cells. CD8 molecules are receptors for MHC class | molecules and are
only expressed on Tc cells. The proportion of CD4 and CD8 cells differ between mammals, but
the ratio of CD4+ to CD8+ T cells can be used to estimate lymphocyte function. An elevated CD4
count suggests increased lymphocyte reactivity, whereas a high CD8 count implies depressed
lymphocyte reactivity (Tizard, 2018). CD21 and MHC |1 are common markers used for identifying
B cell populations (Byrne et al., 2000). B cells express MHC 1l to present antigens to CD4+ Tx
cells, and CD21 is closely associated with the B cell receptor, which regulates B cell responses to
antigens (Murphy and Weaver, 2017; Tizard, 2018). It has been shown that canine monocytes can
be subdivided into three populations based on the CD14 and MHC Il surface markers:
CD14+MHC Il-, CD14+MHC I+, and CD14-MHC Il+. These cell types are equivalent to human
classical monocytes, intermediate monocytes, and non-classical monocytes, respectively (Gibbons
et al., 2017). Classical monocytes circulate freely in the blood and enter infected tissues. Once in
tissues, classical monocytes can differentiate into activated inflammatory monocytes or
macrophages, whereas the intermediate and non-classical “patrolling monocytes” move along the
endothelium to survey for injury rather than circulating in blood and do not differentiate (Murphy
and Weaver, 2017). CD markers are not well defined for canine NK cells, but it has been
demonstrated that CD5 is expressed at low density on canine lymphocytes that show NK cell

characteristics (Huang et al., 2008).
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SKIN AND COAT HEALTH

Canine skin and hair coat

The skin is a large, metabolically active organ that serves as an anatomical barrier to protect
the body from injury and infection and communicates with the outside environment to aid in
thermo- and immuno-regulation. The skin is made up of three main layers: the epidermis, dermis,
and hypodermis. Keratinocytes are the most abundant cells in the epidermis and function to
produce keratin, providing strength to the skin. As keratinocytes mature, keratin forms the
protective outermost layer of the epidermis, the stratum corneum (SC). Melanocytes produce
melanin, the major pigment of the epidermis, from the amino acid tyrosine. Hair follicles and
sebaceous glands are also associated with the epidermis (Reinhart and Carey, 2000).

The barrier function of mammalian skin is maintained by lipids in the epidermis, especially
within the layers of the SC. In mammalian SC, epidermal lipids consist of ceramides, cholesterol,
cholesterol sulfate, fatty acid esters of cholesterol, free fatty acids, and sphingosine (Downing,
1992). Disruption of skin barrier function by application of detergents and/or solvents or disease
states (e.g., atopic dermatitis) can alter the production of these lipids, resulting in increased
transepidermal water loss (TEWL) (Inman et al., 2001). Sebaceous glands produce and secrete
sebum, which is comprised of lipid compounds that cover and protect the hair coat and give it a
glossy appearance. Sebum also functions to lubricate and protect the skin, and many of sebum's
fatty acid constituents (linoleic, muyristic, oleic, and palmitic acids) are known to have
antimicrobial actions. During periods of illness or malnutrition, the hair coat may become dull and
brittle as a result of inadequate sebaceous gland function (Scott et al., 2001). Furthermore, some

dermatological disorders are characterized by abnormal sebum production and are often associated
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with an increased predisposition to bacterial infections of the skin (Reinhart and Carey, 2000;
Inman et al., 2001).

The hair coat of mammals insulates the body, aids in sensory perception, and acts as a
barrier against chemical, physical, and microbial injury to the skin (Scott et al., 2001). Hair follicles
are the basic unit of hair production in dogs, consisting of the follicular sheath and hair bulb. Dog
hair follicles contain a single stiff primary or “guard” hair and a variable number of fine secondary
hairs, comprising the undercoat. In all animals, hair is mainly comprised of keratin, containing a
high proportion of sulfur-containing amino acids, methionine and cysteine. Hair growth is not
continuous, but rather a growth cycle characterized by four distinct phases. The “anagen” (i.e.,
active) growth phase begins the cycle, followed by a “telogen” phase of no growth. There is a brief
transitional “catagen” period in between the anagen and telogen stages in which hair follicles
shrink and hair growth slows. During the final, or “exogen,” phase, hair will shed from the hair
follicle while new hairs are already starting to grow (Galbraith, 1998; Scott et al., 2001). Genetics,
photoperiod, and environmental temperature, as well as an animal’s age, health, and reproductive

status can affect the length of these periods (Butler and Wright, 1981).

Impact of nutrition on skin and hair coat

As a metabolically active organ, the skin has high requirements for energy, protein, fatty
acids, and other essential nutrients such as vitamin E. The health of a dog’s skin and quality of the
hair coat are affected by nutrient imbalances, although today most pet foods are formulated to meet
the nutrient profiles set by the Association of American Feed Control Officials (AAFCO, 2022).

However, nutrient imbalances may still occur due to improper feeding or storage of commercial
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pet foods, or because of a disorder that affects the ability to digest, absorb, or utilize nutrients
(Sousa et al., 1988; Reinhart and Carey, 2000).

Nutrition can also affect the health of the skin through the development of a food allergy
or hypersensitivity. Although not completely understood, common dietary proteins can serve as
potential allergens, eliciting type-l1 and/or type-Ill hypersensitivity responses when ingested
(White, 1995). In dogs, hypersensitivity reactions around the feet, axillae, and inguinal region
commonly manifest dermatological signs of pruritis, inflammation, and development of secondary
infections. Atopic dermatitis is one of the most common chronic inflammatory skin diseases of
dogs, with a prevalence of 3-15% in the general dog population and representing between 3% and
58% of dogs affected with skin disease presented to veterinarians (Saridomichelakis et al., 2016).
There is increasing evidence that skin barrier dysfunction exists in dogs with AD, characterized
by abnormal intercellular SC lipids, abnormal SC morphology, and in some dogs, abnormal SC
protein expression (Inman et al., 2001; Shimada et al., 2009; Marsella et al., 2010; Popa et al.,

2011). Allergen-induced atopic inflammation appears to further worsen these anomalies.

Evaluation of skin using biophysical parameters

Noninvasive skin biophysical methods have been used in clinical and experimental
dermatology in humans and in companion animals (Dunstan et al., 2000; Groux and Bensignor,
2000; Marsella et al., 2012). Dog age, breed, sex, and photoperiod have been shown to influence
various skin measurements, such as skin hydration, sebum concentrations, elasticity, TEWL, and
pH (Young et al., 2002). Although their measurement varies among animals within and across
species, as well as body sites, skin biophysical parameters can provide an objective evaluation of

a dog’s relative skin health. Changes in SC hydration, which provides an estimate of cutaneous
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capacity to retain moisture, have been shown to affect the balance of epidermal cell proliferation
and differentiation (Proksch et al., 1993). Higher skin hydration values indicate greater cutaneous
water capacitance. TEWL measurements provide valuable information for assessing the integrity
of the skin barrier and estimating the skin’s moisture retention properties (Pinnagoda et al., 1990,
Watson et al., 2002; Fluhr et al., 2006). Higher TEWL values indicate greater water loss and are
consistent with increased damage of barrier function of the SC that can occur during irritant
exposure, self-excoriation, or AD (Fluhr et al., 2006). Sebum is thought to protect the epidermis
by lubricating the SC and hair follicle and through bacteriostatic activity (Dunstan et al., 2000).
Studies on dogs have shown that sebum concentrations vary by breed (Sharaf et al., 1977; Young
etal., 2002). For example, Young et al. (2002) reported the following sebum concentrations on the
lumbar regions of different dog breeds: Beagle, 2.21 + 0.78; Fox Terrier, 3.58 £+ 1.10; Labrador
Retriever, 6.97 £ 1.91; Manchester Terrier, 6.72 + 1.69. Furthermore, investigations on the effects
of dietary treatment on skin sebum concentrations in dogs have shown contradictory results
(Campbell et al., 2000; Dunstan et al., 2000). Dustan et al. (2000) reported that a high-quality diet
formulated to mimic a commercially available premium dog food was associated with increased
sebum secretions (i.e., greater rate of increase for cholesterol; increased triglyceride secretions
from baseline) when compared with a low-quality diet formulated to mimic a commercially
available basic dog food. However, Campbell et al. (2000) reported that sebum concentrations

were not associated with dietary treatment.

SACCHAROMYCES CEREVISIAE FERMENTATION PRODUCT
Yeast products are ingredients that contain yeast cells or yeast derivatives, commonly

derived from baker’s yeast, Saccharomyces cerevisiae, as well as other strains of yeast. Yeast
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byproducts from the brewing industry, such as dried brewer’s yeast, have a long history of use in
the pet food industry to increase palatability (Swanson and Fahey, 2006). As demand for functional
ingredients that go beyond basic nutrition (i.e., “superfoods") increases, yeast products containing
live microorganisms and/or microbially-derived products are being investigated for use in
commercial livestock and companion animal nutrition for their potential health-enhancing effects.
The characteristics of yeast products dictate their physiological benefits, and the components of

yeast ingredients can differ widely depending on the preparation.

Yeast products

There are numerous variations of yeast products used in companion animal nutrition. This
section focuses on yeast products originating from S. cerevisiae, including direct-fed S. cerevisiae
yeasts, S. cerevisiae fermentation products (SCFP), yeast culture, yeast cell walls, yeast-derived
mannanoligosaccharides (MOS), and yeast-derived B-glucans. In addition to providing nutrient
guidelines for dogs and cats, AAFCO (2022) defines ingredients that are currently allowed in pet
foods. In the Official Names and Definitions of Feed Ingredients section of AAFCO, Section 36
defines “Fermentation Products,” or animal feed ingredients derived from spent fermentation
processes, while Section 96 on “Yeast” defines yeast products. Direct-fed microbial products (S.
cerevisiae or other strains of yeast and bacteria) are viable microorganisms that are fed to animals
directly. The term “probiotic” is typically used to when referring to direct-fed microbials in
humans and companion animal nutrition, which is defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host” (Hill et al., 2014). Direct-
fed microbials in feed must only contain strains of yeast and/or bacteria that are approved for safety

by the Food and Drug Administration (FDA) Center for Veterinary Medicine (AAFCO, 2022).
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Yeast culture is defined as, “a dried product composed of yeast and the media on which it was
grown, dried in such a manner as to preserve the fermenting activity of the yeast. The media must
be stated on the label unless the yeast culture is a component of a proprietary mixed feed (AAFCO,
2022). Yeast fermentation products are derived from culturing yeast on appropriate media for the
production of enzymes, fermentation substances, or microbial metabolites (AAFCO, 2022). One
example of a yeast fermentation product currently used in commercial pet foods is SCFP. SCFP is
a dry product produced via S. cerevisiae fermentation and includes residual yeast cells, yeast cell
wall fragments, fermentation metabolites, and media used during fermentation. The S. cerevisiae
cell wall is comprised of P-glucans (5-10% 1,6-p-glucans and 30-45% 1,3-B-glucans),
mannoproteins (30-50%), and chitin (1.5-6%) (Kollar et al., 1997; Klis et al., 2006). Y east-derived
MOS from mannoproteins and B-glucans can be extracted and supplemented in pet foods as

functional ingredients to support Gl or immune health.

Potential benefits of consuming yeast products

Yeast products have been shown to possess functional properties that reach beyond basic
nutrition in both humans and animals. Researchers have evaluated changes in intestinal health
markers, immune markers, and fecal fermentative-end products in dogs after supplementation with
various yeast products. The dietary treatments and main outcomes of these studies are summarized

in Table 2.3.

Intestinal health
Yeast products have been suggested to improve intestinal health through modulation of Gl

microbiota, strengthening of intestinal barrier function, and/or altering the production of fecal
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fermentative end-products (e.g., butyrate, ammonia, phenol, indole) by GI microbes. Components
of the yeast cell wall, such as B-glucans, can improve intestinal barrier function by inhibiting the
expression of inflammatory mediators and enhancing the expression of tight junction proteins
associated with intestinal permeability (Han et al., 2017). Furthermore, yeast products have the
potential to modulate the GI microbiota through elimination of pathogenic bacteria by inhibiting
intestinal binding. Bacteria bind to the mucosal surface via bacterial fimbriae to colonize the host’s
intestine. Many E. coli and Salmonella spp. possess the mannose-sensitive type 1 fimbriae,
allowing these pathogenic bacteria to bind to adhesion sites on MOS instead of the host’s mucosa
(Grieshop, 2002). In two dog studies, MOS supplementation tended to positively influence
microbial populations by decreasing fecal total aerobe concentrations (Swanson et al., 2002a, P =
0.05; Swanson et al., 2002b; P = 0.054). Dogs supplemented with MOS also tended to have greater
(P = 0.13) fecal Lactobacillus populations (Swanson et al., 2002a). Another study in dogs
demonstrated that yeast cell wall supplementation with solubilized MOS increased (P < 0.05) fecal
butyrate and putrescine concentrations, and reduced (P < 0.05) lactate, suggesting that yeast
products may alter the metabolism of the GI microbiota and that increased solubility of MOS may
enhance fermentation (Theodoro et al., 2019). In dogs supplemented with SCFP, fecal phenol and
total phenol + indole concentrations decreased linearly with SCFP dosage (P < 0.05), and relative
abundance of Bifidobacterium was greater (P < 0.05), while Fusobacterium was lower (P < 0.05)

in SCFP-supplemented dogs (Lin et al., 2019).

Immunity
Components of the yeast cell wall (i.e., MOS and B-glucans) and metabolites from yeast

fermentation have been implicated in yeast’s immunomodulatory properties. Through digestion,
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these components come in contact with the gut-associated lymphoid tissue, influencing its immune
function and systemic immunity (Field et al., 1999). All characteristics, including solubility,
molecular mass, degree of branching, and polymer charge can influence the immune-modulating
effects of yeast products (Brown and Gordon, 2005; Che et al., 2012). In dogs supplemented with
MOS, total lymphocytes as a percentage of white blood cells were greater (P < 0.05) and serum
IgA concentrations tended to be greater (P = 0.13) compared with other treatments evaluated
(Swanson et al., 2002a). Furthermore, supplementation of active fractions of mannoproteins
(AFM; 400 mg/kg and 800 mg/kg) have been shown to stimulate the innate and acquired immune
system of adult and elderly dogs. Interestingly, dogs fed AFM at 400 mg/kg tended to have higher
neutrophilic phagocytic activity than dogs fed AFM at 800 mg/kg (P = 0.073) (Kroll et al., 2020).
Lin et al. (2019) reported that supplementation with SCFP enhanced immunity and reduced
inflammation in adult beagles. SCFP-supplemented dogs had greater (P < 0.05) MHC Il-presenting
B cell and monocyte populations than control dogs, and IFN-y-secreting Tw and Tc cells increased
linearly with SCFP consumption (P < 0.05). PBMC derived from SCFP-supplemented dogs
produced less (P < 0.05) TNF-a than those from control dogs when cells were stimulated with
TLR agonists 2, 3, 4, and 7/8 (Lin et al., 2019). However, yeast products have not consistently
shown immunomodulatory effects in dogs. Supplementing dogs with a S. cerevisiae hydrolysate
did not affect circulating lymphocyte populations and did not change the populations or phagocytic
capacity of neutrophils and monocytes (Strompfova et al., 2021). Effects on immunological indices
were limited in dogs supplemented with yeast cell wall preparations (Middelbos et al., 2007), and
decreased serum lymphocyte numbers were observed in MOS-supplemented dogs (Grieshop et al.,
2004). Therefore, yeast products may have variable efficacy on immunity and inflammation and

may depend on yeast component, processing conditions, and dose.

23



Fermentation

Fermented foods and beverages date back to early human civilization, representing the first
processed food products produced and consumed by humans. Fermented foods and beverages are
made through controlled microbial growth and enzymatic conversions of major and minor food
components (Marco et al., 2017). Food fermentation processes can be classified by the primary
metabolites and microorganisms involved (e.g., alcohol or carbon dioxide and Saccharomyces) or
described based on the food substrates (e.g., wine, beer, or bread). Raw materials high in
monosaccharides, disaccharides, and sometimes starch are fermented by yeasts or lactic acid
bacteria (Marco et al., 2017). Fermented foods were initially valued due to their role in food
preservation, as there is a lower risk of microbial contamination in fermented foods due to the
presence of anti-microbial end-products, such as ethanol. Fermented foods are also desired for
their unique taste and texture when compared with their original characteristics. However, it is
now understood that consumption of fermented foods and beverages may present additional
nutritional and functional properties.

Fermented foods are thought to promote health through modifying food constituents,
synthesizing metabolites and other end-products, and providing living microorganisms to the Gl
tract. For example, sourdough fermentation and extended fermentation times on wheat bread can
reduce fermentable oligosaccharides, disaccharides, monosaccharides, and polyols, which have
been previously shown to aggravate symptoms of irritable bowel syndrome (Ziegler et al., 2016).
Fermentation results in the formation of new products with health-enhancing potential, some of
which can be strain-dependent. Lactate, an end-product in lactic acid bacteria fermentations, has

been shown to alter redox status by reducing ROS burden in enterocytes (Kahlert et al., 2016). The
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way in which many fermented foods and beverages are processed kills most live microorganisms
before consumption, but many well-known fermented foods (e.g., yogurt, miso, kombucha)
typically contain viable cells in concentrations ranging between 10® and 10° cells/g or cells/ml
(Marco et al., 2017). However, like the consumption of probiotics, consumption of microbes from
fermentation culture are likely to be affected by host diet and are not likely to have a prolonged

effects on the resident microbiota (Tachon et al., 2014; Zhang et al., 2016).

Postbiotics

Research on microbiota-modulating dietary interventions and their effects on host health
has largely focused on supplementation of probiotics, prebiotics, dietary fibers, and fermented
foods. Within this family of dietary interventions, the term “postbiotics” has been increasingly
used in publications and commercial products. An International Scientific Association for
Probiotics and Prebiotics expert consensus panel recently defined postbiotics as a “preparation of
inanimate microorganisms and/or their components that confers a health benefit on the host”
(Salimen et al., 2021). In addition to modulating GI microbiota, the potential functions of
postbiotics on host health include enhancing epithelial barrier function, modulation of local and
systemic immune responses, and modulation of systemic metabolism. There is evidence that
Bifidobacterium species may enhance barrier function through induction of signaling pathways,
such as MAPK, that promote tight junction functioning via autophagy and calcium signaling
pathways (Engevik et al., 2019), and cell surface exopolysaccharides produced by certain
bifidobacterial strains can promote barrier function by reducing proinflammatory responses
(Schiavi et al., 2016). PAMP that remain in postbiotic preparations interact with PRR on immune

cells to activate expression of immune modulators, such as cytokines. Interactions between distinct
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molecular patterns and specific PRR, such as TLR, have been established. For example, B-glucans
derived from S. cerevisiae have been shown to interact with TLR2 and stimulate an immune
response via the TLR-2-MyD88-NF«kB/MAPK pathway (Jin et al., 2019). Modulators of systemic
metabolism include microbial derived vitamins and short-chain fatty acids (SCFA). For example,
the SCFA butyrate is able to upregulate the antioxidant glutathione and can reduce oxidative stress
in the colon of healthy humans (Hamer et al., 2009). Sources of postbiotics include inactivated
bacteria (lyophilized and/or heat inactivated), bacterial lysates, and fermentation products.
Technological factors that may influence the characterization and bioactivity of postbiotics include
the microorganisms used as the starting material for the postbiotic; description of the inactivation
procedure or technique; and a description and quantification of the final postbiotic composition
(Salimen et al., 2021). By definition, viable cells in postbiotics should be heat inactivated, although
some cells may inevitably survive depending on the processing conditions. The concentration of
live microorganisms was examined in two types of commercial products: a product containing live
S. cerevisiae and a SCFP that is marketed as a postbiotic. The SCFP contained an average of
4.67x10° (min: 3x10?, max: 1.9x10%) viable cells, albeit 10° times less than the concentration of
yeasts in the product with live S. cerevisiae (Garcia-Mazcorro et al., 2019). It is possible that viable
cells may interact differently with the host’s immune system, metabolism, and/or microbiota
compared with inactivated cells, cell fragments, or metabolites. Therefore, it is important that
postbiotics are produced using processing methods that are consistent with methods used in the

study in which a health benefit was demonstrated (Salimen et al., 2021).
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SUMMARY

In recent decades, pet owners have grown to consider their pets as members of the family.
This has driven pet owners to provide the best care and nutrition for their pets. Functional
ingredients, such as fermented foods, have grown in popularity among pet owners as a way to
provide benefits beyond basic nutrition to their pets. SCFP may serve as a functional ingredient in
pet foods due to its positive impacts on performance, health, and immunity in humans and several
animal species, including dogs. SCFP has been shown to alter fecal microbiota, fecal metabolites,
antioxidant status, and immune cell function of adult dogs; however, SCFP supplementation has
previously been administered via gelatin capsule or top dressing in these studies. Further
investigation of oxidative stress, antioxidant status, and immune responses in dogs fed an SCFP-
supplemented extruded kibble diet is warranted, and impacts on skin and coat health are justified

as they have not been previously investigated.
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TABLES

Table 2.1 Major oxidant and antioxidant systems: enzymatic hydrogen peroxide (H.O:) sources

and sinks!

Sources

Sinks

NADPH oxidases

NADH oxidases

Mitochondrial complexes I, I, and 11l
2-Oxoacid dehydrogenases

Superoxide dismutases (SOD1 and SOD2)
Extracellular SOD (SOD3)

Cytochrome P450 enzymes
Monoamine oxidases
Xanthine oxidase
Glycolate oxidase
L-a-hydroxyacid oxidase
Aldehyde oxidase

D-amino acid oxidase

Catalases (catalatic and peroxidatic)
Thioredoxin system

Glutathione peroxidases (GPx 1-8)
Peroxiredoxins (Prx 1-6)
Eosinophil peroxidase
Myeloperoxidase

Lactoperoxidase

Transport systems
Aquaporins, peroxiporins
GSSG transport

Based on Sies et al. (2017).
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Table 2.2 Pathogen-associated molecular patterns and functions of mammalian toll-like
receptors (TLR) and cellular TLR distribution in mammals*

TLR Cell location Ligand Cellular distribution
TLR 1/2  Cell surface Lipoproteins (bacteria), = Monocytes, dendritic cells (DC), mast
TLR 2/6 zymosan (fungi), cells, eosinophils, basophils
cell-wall B-glucan
(bacteria, fungi)
TLR 3 Intracellular Double-stranded RNA Macrophages, DC, intestinal epithelium
(viruses)
TLR 4 Cell surface Lipopolysaccharide Macrophages, DC, mast cells, eosinophils
(bacteria)
TLR5 Cell surface Flagellin (bacteria) Intestinal epithelium, macrophages, DC
TLR7 Intracellular Single-stranded RNA Macrophages, eosinophils, B cells,
(viruses, bacteria) plasmacytoid DC
TLR 8 Intracellular Single-stranded RNA Macrophages, neutrophils
(viruses, bacteria)
TLR9 Intracellular Unmethylated DNA with  Plasmacytoid DC, macrophages,
CpG? (bacteria and eosinophils, B cells, basophils
viruses)
TLR 10 Intracellular Unknown Plasmacytoid DC, macrophages,
eosinophils, B cells, basophils
TLR 11¢  Cell surface Profilin and profilin-like  Macrophages, DC
proteins (bacteria)
TLR 12+ Cell surface Profilin (bacteria) Macrophages, DC
TLR 13¢ Intracellular Single-stranded RNA Macrophages, DC

(bacteria)

1Based on Murphy and Weaver (2017) and Tizard (2018).
2CpG: cytosine-guanosine.
3Found in dogs and humans only.

“Found in mice only.
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Table 2.3 Summary of publications testing yeast products in dogs

Reference Intervention and Animals  Outcomes Relevant Findings
Duration Measured
Swanson et Duration: 10 d Hounds lleal digestibility andMOS:
al., 2002a n=4 ATTD: Decreased fecal aerobes (P=0.05)
Control (no supplement) ~ BW:22.5  Fecal fermentative Lactobacillus populations tended to increase
1 g FOS: Capsule kg End-pI’OdUCtS (P:O].B)
1 g MOS: capsule Age: 3.3y Fecal microbiota  Increased lymphocytes (% WBC:; (P<0.05)
19 FOS + 1 g MOS Fecal characteristics Serum IgA tended to increase (P=0.13)
capsule Fecal and ileal IgA
Serum IgA, 19G and FOS + MOS:
IgM Increased ileal IgA (P=0.05)
Complete blood  Decreased total fecal indoles and phenols (P<0.05)
count
Grieshop et Duration: 28 d Pointers ~ ATTD MOS:
al., 2004 n=18 Fecal microbiota  Increased fecal bifidobacteria (P<0.05)
Control (no supplement)  BW: 23.5 Fecal Decreased fecal E. coli (P<0.05)
Chicory (1% of diet) kg characteristics Lymphocytes tended to decrease (P=0.06)
MOS (1% of diet) Age: 9.5  Serum
Chicory (1% of diet) + immunoglobulins ~ Chicory + MOS:
MOS (1% of diet) Beagles Complete blood Neutrophil concentrations tended to increase (P=
Supplemented in kibble n=16 count 0.10)
diet BW: 13.2 Decreased lymphocytes (P<0.05)
kg
Age: 10y
Middelbos et Duration: 10 d Hounds lleal digestibility andFecal C. perfringens tended to respond cubically
al., 2007 n=5 ATTD: (P=0.09)
Control (no supplement) ~BW:23 kg Fecal microbiota  Fecal E. coli decreased linearly (P=0.01)
Yeast cell wall capsules ~ Age:4y  Fecal E. coli (P=0.10) and lactobacilli (P=0.08) tended to
(0.05, 0.25, 0.45, and 0.65% characteristics respond cubically
of the diet) Ileal IgA Total WBC and eosinophils tended to respond
Serum IgA, 1gG and quadratically (lowest at 0.25% YCW; P<0.09)
IgM Monocyte counts in the blood decreased linearly
Complete blood with YCW (P<0.05)
count Serum IgA tended to respond cubically (P=0.09)
lleal IgA tended to respond quadratically (greatest
at 0.25% YCW; P<0.09)
Stercovaet Duration: 42 d Beagles ATTD Increased weight gain (P<0.05)
al., 2016 n=24 Fecal fermentative Decreased fecal E. coli and fecal
Control (no supplement) ~BW:7.2— end-products Enterococcus (P<0.05)
Live S. cerevisiae capsule 12-3 kg Fecal microbiota ~ Higher ATTD of neutral detergent fiber (P<0.05)
(1 g/kg BW) Age:5-9 Fecal Increased MCH: and MCHC: (P<0.05)
mo characteristics Fecal ammonia tended to increase (P<0.10)
Serum chemistry
Complete blood
count
Pawar et al., Duration: 60 d Spitz dogs ATTD Increased DTH response (P < 0.05)
2017 n=10 Fecal fermentative Increased CD4+lymphocytes in the blood (P <
Control (no supplement) ~BW:4.2kg end-products 0.05) _
MOS (15 g/kg of the diet) Age: 4 mo  Fecal Increased CD4+:CD8+ lymphocyte ratios (P
top dressed characteristics <0.05)
Palatability Decreased serum total cholesterol concentration (P
Blood lymphocyte < 0.05)
populations Decreased serum LDL:-cholesterol concentration
DTH:!test (P<0.05
Serum IgG
Serum lipid profile
Erythrocyte

antioxidant indices
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Table 2.3 (cont.)

Reference Intervention and Animals Outcomes Relevant Findings
Duration Measured
Theodoro et Duration: 32 d Beagles ATTD Yeast cell wall:
al., 2019 n=24 Fecal fermentative  Higher phagocytic index for peripheral
Control (no supplement) BW: 11.95 end-products monocytes (P=0.01)
Yeast cell wall kg Fecal Serum TNF-a tended to be lower
([YCW]0.3% of the diet) ~ Age: 3.5y characteristics (P=0.08)
High-MOS-soluble YCW Serum cytokine Yeast cell wall with high MOS
(0.3% of the diet) concentrations solubility:
(YCW supplementation Immune cell Decreased fat digestibility (P<0.05)
added prior to extrusion) function Increased fecal butyrate and putrescine
Fecal IgA (P<0.05)
Decreased fecal lactate (P<0.05)
Lower serum IL-6 (P<0.05)
Linetal, Duration: 28 d Beagles ATTD Fecal phenol and total phenol + indole
2019 n=12 Diet palatability decreased linearly (P<0.05)
Control (sucrose) BW: 10.3 Fecal fermentative  Increased relative abundance of
125 mg/d SCFP kg end-products Bifidobacterium (P<0.05), while
250 mg/d SCFP Age33y Fecal Fusobacterium decreased (P< 0.05)
500 mg/d SCFP characteristics WBC counts decreased (P<0.05)
via gelatin capsules Fecal microbiota Increased MHC 11+ B cell and monocyte
Immune function  populations (P<0.05)
Immune cell IFN-y secreting helper and cytotoxic T
counts cells increased linearly (P<0.05)
Complete blood Immune cells produced less TNF-a when
count stimulated with TLR agonists (P<0.05)
Serum chemistry Linear increase in serum IgE (P<0.05)
Serum IgA, 1gG, 1.9:1 consumption ratio for the SCFP-
IgM, and IgE containing vs. control diet (P < 0.05)
Serum SOD/MDA
Kroll et al., Duration: 28 d Beagles Immune cell Elderly dogs, when compared with adult
2020 n=36 function dogs, had lower total T and B cell
Control (0 mg/kg active BW: 11.95 Immune cell counts, lower auxiliary T cell counts, and
fractions of kg counts higher cytotoxic T cell counts (P<0.05)
mannoproteins [AFMs] in  Age: 4-11 DTH test DTH showed effect of diet, age, and time
diet) (TO) with saline inoculation
400mg/kg AFM in diet T400 tended to have higher neutrophilic
(T400) phagocytic activity than T800 (P =
800 mg/kg AFM in diet 0.073)
(T800)
AFM supplementation T400:
added prior to extrusion (LPSYH-stimulated neutrophils tended to
produce more H202 (P=0.09)
Strompfova Duration: 14 d German Fecal Increase relative abundance of
et al., 2021 Shepherds characteristics Bifidobacterium sp. (d 14), lactic acid
Control (no supplement) n=20 Fecal microbiota bacteria (d 42) and Clostridium sp. (d 42)
S. cerevisiae hydrolysate BW: 28.5- Complete blood (P<0.05)
(0.3% of the diet) 34.7kg count Increased fecal pH (d 28) (P<0.05)
Age: 1.5-8.7  Serum chemistry Decreased serum triglycerides and
y Immune cell cholesterol (d 42) (P<0.05)
counts Increased serum ALT?! (d 14) and AST!
Immune cell (d 28 +d 42) (P<0.05)
function Onset of results mostly seen in the post-

supplementation period

LATTD, apparent total tract digestibility; FOS, fructooligosacchrides; MOS, mannanoligosaccharides; IgA, immunoglobulin A;
WBC, white blood cell; MCH, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; DTH, delayed-
type hypersensitivity; LDL, low-density lipoproteins; LPS, lipopolysaccharide; ALT, alanine aminotransferase; AST, aspartate

aminotransferase;
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CHAPTER 3: EFFECTS OF A SACCHAROMYCES CEREVISIAE FERMENTATION
PRODUCT-SUPPLEMENTED DIET ON IMMUNE RESPONSE, OXIDATIVE STRESS

MARKERS, AND SKIN AND COAT HEALTH OF DOGS

ABSTRACT

Feeding Saccharomyces cerevisiae fermentation product (SCFP) has previously altered
fecal microbiota, fecal metabolites, and immune cell function of adult dogs. The objective of this
study was to investigate measures of skin and coat health for the first time and further measure
circulating immune cell numbers and activity, antioxidant status, and oxidative stress marker
concentrations of adult dogs fed a SCFP-supplemented extruded diet. All procedures were
approved by the facility’s IACUC prior to experimentation. 16 adult pointer dogs (8 M, 8 F; mean
age = 6.7 £ 2.1y; mean BW = 25.9 + 4.5 kg) were used in a randomized crossover design study.
All dogs were fed a control diet for 4 wk, then randomly assigned to the control or SCFP-
supplemented diet and fed to maintain BW for 10 wk. A 6-wk washout preceded the second 10-
wk experimental period with dogs receiving opposite treatments. After baseline/washout and
treatment phases, skin and coat were scored, and pre-and post-prandial blood samples were
collected. Transepidermal water loss (TEWL), hydration status, and sebum concentrations were
measured (back, inguinal, ear) using external probes. Oxidative stress and immune cell function
were measured using commercial ELISA kits, circulating immune cell numbers were analyzed
using flow cytometry, and mRNA expression of oxidative stress genes were analyzed using RT-
PCR. Change from baseline data were analyzed using the Mixed Models procedure of SAS 9.4,
with P<0.05 being significant and P<0.10 being trends. Sebum concentration changes tended to be

higher (P<0.10; inguinal, ear) in dogs fed SCFP than control. TEWL change on the back was lower
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(P<0.05) in controls, but lower (P=0.054) on the ear in dogs fed SCFP. DTH response was not
measured at baseline, but was affected by diet and time (i.e., post-inoculation) at week 10. As
expected, wheal diameter increased over time for all injections. For phytohaemagglutinin (PHA),
diet and time interactions were observed in SCFP-fed dogs (P=0.02). Diet tended (P<0.10) to have
an effect on DTH response in SCFP-fed dogs after concanavalin A (ConA) inoculation. Other skin
and coat measures and scores were not affected by diet. Changes in unstimulated lymphocytes and
stimulated IFN-y secreting T cells were lower (P<0.05) in SCFP-fed dogs, while change in
stimulated T cells were lower (P<0.05) in control-fed dogs. The stimulated cytotoxic T cells delta
trended lower (P<0.10) in SCFP-fed dogs. Change in serum superoxide dismutase (SOD)
concentrations were higher (P<0.05) and change in catalase MRNA expression was lower (P<0.05)
in SCFP-fed dogs. All other immune cells, oxidative stress markers, and gene expression were
unaffected by treatment. In conclusion, our data suggest that SCFP positively impacts indicators
of skin and coat health of dogs, modulates immune responses, and enhances some key antioxidant

defense mechanisms.

INTRODUCTION

Functional ingredients in pet foods and treats fall into the category of “wellness-related
products,” as they provide health benefits beyond the provision of essential nutrients (i.e., water,
vitamins, minerals, proteins, and fats). Several studies have investigated the health benefits of
functional ingredients in humans, which has led pet owners to believe functional ingredients will
exert the same positive effects on their pets. However, the mechanisms of action, optimal inclusion
levels, and possible harmful effects of most functional ingredients are not completely understood

in dogs (Swanson et al., 2003).
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Saccharomyces cerevisiae fermentation product (SCFP) is a dry product produced via S.
cerevisiae fermentation and includes residual yeast cells, yeast cell wall fragments, fermentation
metabolites and media used during fermentation. SCFP may aid as a functional ingredient in pet
foods due to its positive impacts on performance, health, and immunity in humans and several
animal species, including swine, poultry, and cattle (Moyad et al., 2009; Shen et al., 2011; Kidd et
al., 2013; Zaworski et al., 2014). Components of the yeast cell wall [(i.e., mannanoligosaccharides
(MOS) and B-glucans] and metabolites from yeast fermentation have been implicated in yeast’s
gastrointestinal (GI)- and immune-modulatory properties. Moreover, the fermentation process is
thought to promote health through modifying food constituents, synthesizing metabolites and other
end-products, and providing living microorganisms to the Gl tract. In adult dogs, supplementation
of SCFP has been shown to positively impact Gl health and immune function. Lin et al. (2019)
demonstrated that SCFP (125, 250, and 500 mg/d) modulates fecal microbiota and fermentative
end-products in adult beagles by increasing Bifidobacterium, decreasing Fusobacterium, and
decreasing phenol and indole concentrations. SCFP was also shown to elevate immune capacity
by enhancing T helper-1 cell responses and decreasing inflammation through inhibition of toll-like
receptor (TLR) responses (Lin et al., 2019). In another study, supplementing adult Labrador
Retrievers with SCFP (500 mg/d) led to decreased thiobarbituric acid reactive substances
(TBARS) and improved total antioxidant capacity (TAC) in serum, suggesting a reduction in lipid
peroxidation and increased antioxidant capacity when subjected to exercise and transport stress
(Varney et al., 2021). SCFP-fed Labradors also exhibited increased serum concentrations of TNF-
a and decreased serum concentrations of immunoglobulin E and immunoglobulin G, suggesting
immunomodulatory effects (Varney et al., 2021). SCFP has been shown to alter fecal microbiota,

fecal metabolites, antioxidant status, and immune cell function of adult dogs; however, SCFP
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supplementation has previously been administered via gelatin capsule or top dressing. Further
investigation of oxidative stress, antioxidant status, and immune responses in dogs fed an SCFP-
supplemented extruded kibble diet is warranted, and impacts on skin and coat health have not been
determined.

The objective of this study was to determine the effects of a SCFP-supplemented extruded
diet on the circulating immune cell numbers and activity, antioxidant status and oxidative stress
marker concentrations, and measures of skin and coat health of adult dogs. We hypothesized that
dogs fed the SCFP-supplemented diet would have enhanced immune cell numbers and
functionality, reduced concentrations of markers associated with oxidative stress and

inflammation, and improved skin and coat health compared with dogs fed a control diet.

MATERIALS AND METHODS

Animals and Housing: Sixteen adult pointer dogs [8 intact males, 8 intact females; mean
age = 6.7 £ 2.1 y; mean body weight (BW) = 25.9 + 4.5 kg] were used in a crossover design. All
dogs were housed individually (inside run = 1.17 m x 1.42 m; outside run = 1.08 m x 3.05 m) at
Kennelwood, Inc. (Champaign, IL). Dogs had free access to fresh water and were fed once daily
to maintain BW throughout the study. The amount of food offered was based on previous feeding
records and the estimated caloric content of the diets. All experimental procedures were approved
by the Kennelwood Inc. IACUC prior to experimentation.

Experimental Timeline and Diets: Prior to the study, dogs were vaccinated (Duramune
Max 5 Dog Vaccine; Elanco Animal Health, Greenfield, IN), and blood samples were collected
for serum chemistry measures and complete blood count (CBC) to confirm health. Dogs were

vaccinated with Duramune Max 5 Dog Vaccine prior to the start of the adaption phase to serve as
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a specific antigen for the delayed-type hypersensitivity test (described later). A crossover study
began with a 4-wk adaptation phase (wk -4 to -1) followed by two 10-wk experimental periods.
There was a 6-wk washout phase (wk -6 to -1) between experimental periods. Dogs were fed the
control diet during the adaptation and washout phases, then randomly allotted to a SCFP-
supplemented or control diet after baseline measurements (wk 0) were taken. Both dietary
treatments tested were extruded kibble diets formulated to meet all Association of American Feed
Control Officials (AAFCO, 2022) nutrient recommendations for adult dogs at maintenance and
were formulated with similar ingredients and nutrient targets (Blue Buffalo Co. Ltd., Wilton, CT;
Table 3.1). The SCFP-supplemented diet was formulated to include approximately 0.13% of the
active SCFP ingredient (0.4942% of TruMune; Diamond V Mills, Inc., Cedar Rapids, 1A). Based
on the food intake measured in the study, this inclusion level resulted in an average intake of 30.1
+ 3.6 mg SCFP/kg BW per day (ranged from 21.7 to 38.1 mg SCFP/kg BW). At baseline (wk 0),
after wk 5, and after wk 10, blood samples were collected, and skin measurements were conducted.
Dogs were weighed and body condition scores were assessed using a 9-point scale (Laflamme,
1997) each week prior to the morning feeding.

Blood Sample Collection: Fasted (12 h overnight) blood samples for serum chemistry and
CBC were collected at baseline, wk 5, and wk 10 of each experimental period. Blood samples for
immune cell numbers and functionality, antioxidant status, and oxidative stress measures were
collected at baseline and wk 10 of each experimental period. Blood samples for the cell-based
antioxidant protection in erythrocytes (CAP-e) assay were collected at baseline (before and 2 h
after meal), and wk 10 (before and 2 h after meal) of each experimental period. Blood samples
were collected via jugular or cephalic puncture using 19- to 22-gauge needles. Samples were

immediately transferred to appropriate vacutainer tubes, with 0.5 mL going into BD Vacutainer
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Plus plastic whole blood tubes (#363706; Lavender with K2EDTA additive; Becton Dickinson,
Franklin Lakes, NJ), 17.5 mL going into BD Vacutainer SST™ tubes (#367988 and #367983;
Becton Dickinson) for serum separation, 20 mL going into BD Vacutainer Heparin tubes
(#366480; Becton Dickinson), and 7.5 mL going into PAXgene Blood Tubes (#762165; Qiagen,
Valencia, CA).

Serum Chemistry and CBC: Serum was isolated by centrifuging tubes at 2,000 x g at 4°C
for 15 min (Beckman CS-6R centrifuge; Beckman Coulter Inc., Brea, CA). Once serum was
harvested, it was transported to the University of Illinois Veterinary Medicine Diagnostics
Laboratory for serum chemistry analysis. The K2EDTA tubes were cooled (but not frozen) and
transported to the University of Illinois Veterinary Medicine Diagnostics Laboratory for CBC
analyses.

Immune Cell Populations: Ficoll (Sigma, St. Louis, MO) was added to blood in a 1:1
volume ratio and centrifuged at 300 x g at 4°C for 30 min to separate peripheral blood mononuclear
cells (PBMC) from blood samples. The percentage of T cells, natural killer (NK) cells, and antigen-
presenting (AP) cells was evaluated by flow cytometry. For T cell populations, PBMC were
distributed into 2 tubes (1x10° cells/tube). One tube was incubated with cell stimulation cocktail
[phorbol 12-myristate 13-acetate, ionomycin, brefeldin A and monensin (eBioscience, San Diego,
CA)]. Both tubes of cells were incubated at 37°C in 5% CO: for 4 h followed by surface marker
labeling on ice with fluorophore conjugated antibodies to CD3 (FITC; Clone CA17.2A12; BioRad,
Cat. No. MCAL1774F), CD4 (APC; Clone YKIX302.9; BioRad, Cat. No. MCA1038APC), and
CD8 (Pacific Blue; Clone YCATES5.9; BioRad, Cat. No. MCA1039PB) to identify T cells. After
staining, samples were fixed with fixation buffer (eBioscience, San Diego, CA) and then stained

with IFN-y (PE; Clone; BioRad, Cat. No. MCA1783PE). NK cells (1x106 cells/tube) were
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identified using fluorophore conjugated antibodies to CD3 (FITC; Clone CA17.2A12; BioRad,
Cat. No. MCA1774F), and CD5 (APC; Clone YKIX322.3; BioRad, Cat. No. MCA1037APC). For
AP cells, the cells of interest included B cells and monocytes presenting major histocompatibility
complex class 1l (MHC-11) on the cell surface. AP cells (1x108 cells/tube) were identified using
fluorophore conjugated antibodies to CD14 (Pacific Blue; Clone TUK4; BioRad, Cat. No.
MCA1568PB), CD21 (PE; Clone CA2.1D6; BioRad, Cat. No. MCA1781R), and MHC Il (FITC,;
Clone YKIX334.2 BioRad, Cat. No. MCA1044F). Populations of T cells, NK cells, and APC were
then acquired on a LSRII Flow Cytometer (Becton Dickinson). Gates were determined using
unstained and single-stained samples obtained from the same PBMC of origin. Results were
analyzed using FlowJo version 10.6.2 flow cytometry software (Becton Dickinson). The gating
strategy used to determine immune cell populations is shown in Supplementary Figures 3.1-3.3.
For NK cells, the population was determined according to Huang et al. (2008).

Responsiveness of Lymphocytes to Toll-Like Receptor (TLR) Agonists: PBMC (1 x 10°
cells/well) were seeded into 96-well plates. Agonists of TLR2 (100 pg/mL zymosan; Invivogen,
San Diego, CA), TLR3 [50 pg/mL polyinosinic—polycytidylic acid sodium salt, poly(1:C); Sigma],
TLR4 (100 ng/mL LPS; Sigma), and TLR7/8 (5 pg/mL resiquimod, Invivogen) were added to
assigned wells separately. After 24 h of incubation, supernatants were collected for measurement
of TNF-a concentration using a commercial ELISA kit (#MBS761131; MyBioSource, San Diego,
CA).

Serum Oxidative Stress and Immune Markers: Circulating oxidative stress and immune
markers [8-isoprostane, Trolox equivalent antioxidant capacity (TEAC); malondialdehyde
(MDA); superoxide dismutase (SOD)], LPS-binding protein (LBP), and lysozyme concentrations

were measured using commercial ELISA Kkits (8-isoprostane: #MBS2611970, TEAC: #
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MBS169313, MDA: #MBS2605193, SOD: #MBS2104718, LBP: #MBS093112, Lysozyme:
#MBS2604408, MyBioSource, San Diego, CA) according to the manufacturer’s instructions.
Remaining serum samples were shipped overnight on dry ice to Michigan State University
Veterinary Diagnostic Laboratory (Lansing, MI) for serum a-tocopherol analysis and to NIS labs
(Klamath Falls, OR) for the CAP-¢ assay.

Cellular Antioxidant Protection and Bioavailability: To test for antioxidants in serum that
were likely to be bioavailable at the cellular level in vivo, the canine serum samples were tested
ex vivo using the CAP-e assay (Jensen et al., 2008; Phillips et al., 2019).Human erythrocytes were
purified and washed 4 times in phosphate-buffered saline, and stored at 4°C until use, and used for
testing within 4 d. For the CAP-e cellular antioxidant protection assay, each canine serum sample
was tested in quadruplicate, using human erythrocytes to detect antioxidant compounds present in
canine serum. The canine serum samples were kept at -80°C until testing. All long-term samples
from each dog were tested in the same run, and all acute samples from each dog were tested in a
parallel run using the same batch of human erythrocytes. Serum samples were thawed, briefly
vortexed, and kept at 4°C until testing was initiated within the hour. To avoid antibody-mediated
lysing of the human erythrocytes by Ig present in the canine serum samples, a 10x solution of
EDTA buffer was added to each serum sample immediately prior to testing. The erythrocytes were
treated with the canine serum samples in quadruplicate for 20 min. During this incubation time,
antioxidant compounds able to cross the cell membrane enter the erythrocyte cell. Following the
incubation of erythrocytes with serum, the erythrocytes were washed twice with PBS to remove
any compounds from the test products that were not absorbed by the cells. Cell cultures were then
treated with the indicator dye 2°,7° —dichlorofluorescin diacetate (DCFDA), which becomes

fluorescent when oxidized. The peroxyl-free radical generator 2,2'-azobis-2-methyl-
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propanimidamide, dihydrochloride (AAPH) was added to trigger oxidation. Control cultures were
performed in hexaplicate and included untreated erythrocytes as a negative control (not exposed
to serum or AAPH) and erythrocytes treated with AAPH in the absence of serum (positive control).
After exposure to AAPH for 1 h, the fluorescence intensity was measured at 488 nm using a Tecan
Spectrafluor plate reader (Tecan, Mé&nnedorf, Switzerland). When a reduction of fluorescence
intensity was observed in erythrocytes exposed to a serum sample prior to exposure to AAPH, this
was indicative that the serum contained antioxidants that were able to penetrate the erythrocyte
cells and protect them from AAPH-mediated oxidative damage.

Whole Blood Gene Expression: Total RNA from blood cells were isolated using a
PAXgene Blood RNA Kit (#762331; Qiagen, Valencia, CA) according to the manufacturer’s
instructions. RNA concentrations were determined using a ND-1000 spectrophotometer
(Nanodrop Technologies, Wilmington, DE, USA). cDNA were synthesized using SuperScript 111
reverse transcriptase (Invitrogen, Carlsbad, CA). Gene expression was measured by real-time two-
step RT-PCR using an Applied Biosystems 7900HT real-time PCR system (Applied Biosystems,
Waltham, MA) and was carried out with SYBR Green chemistry (Bio-Rad Laboratories, Hercules,
CA) in a QuantStudio 7 instrument (Thermo Fisher Scientific, Waltham, MA) using validated
forward and reverse primers (Bio-Rad Laboratories). Genes of interest included the following:
glutathione  peroxidase (UniqueAssaylD: qCfaCED0030791), glutathione reductase
(UniqueAssayID: qCfaCEDO0031064), catalase (UniqueAssaylD: qCfaCED0028561), SOD
(UniqueAssayID: qCfaCEDO0038911), myeloperoxidase (MPO, UniqueAssayID:
qCfaCID0034597), and cyclooxygenase-2 (COX-2, UniqueAssaylD: qCfaCED0024663)

(PrimePCR SYBR Green Assay, Bio-Rad Laboratories). All gene expression data were analyzed
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using the 2-24¢ method, represented as gene expression relative to the housekeeping gene (RPS5,
UniqueAssayID: qCfaCED0028510).

Skin and Hair Coat Condition: At baseline and wk 10, skin and coat were scored by three
blinded researchers according to Rees et al. (2001). Hair was scored using the following scale: 1:
dull, coarse, dry; 2: poorly reflective, non-soft; 3: medium reflective, medium soft; 4: highly
reflective, very soft; 5: greasy. Skin condition was scored using the following scale: 1: dry; 2:
slightly dry; 3: normal; 4: slightly greasy; 5: greasy. After skin and coat scoring was done, dogs
were sedated by an intramuscular injection of a combination of butorphanol (Torbugesic; 0.2
mg/kg BW) and dexmedetomidine (0.02 mg/kg BW) so that transepidermal water loss [TEWL,;
Tewameter TM 300 MDD (Courage + Khazaka Electronic GmbH, Cologne, Germany)], hydration
status [Corneometer CM 825 (Courage + Khazaka Electronic GmbH, Cologne, Germany)], and
sebum concentrations [external Sebumeter SM 815 (Courage + Khazaka Electronic GmbH,
Cologne, Germany)], and delayed-type hypersensitivity (DTH) response could be measured.

Delayed-Type Hypersensitivity: DTH response was tested at wk 10 as described by Kim et
al. (2000). Briefly, dogs were injected intradermally in the flank area with 100 ul of saline (8.5
mg/mL; functioned as control), an attenuated vaccine (Duramune Max 5 Dog Vaccine; Elanco
Animal Health; functioned as specific antigen), and phytohaemagglutinin (PHA; 0.5 mg/mL) and
concanavalin A (ConA; 0.5 mg/mL), which both functioned as non-specific antigens. Injections
were performed in triplicate along the flank area after the injection site was clipped and wiped
with 70% ethyl alcohol. After skin measurements and DTH injections were completed, an injection
of the reversal agent for dexmedetomidine, atipamezole (0.2 mg/kg BW), was administered

intramuscularly. Skin induration was measured at baseline, 15, 30, 45, and 60 min after injection,
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and 24, 48, and 72 h after injection using a digital caliper. DTH responses were reported as average
wheal diameter (mm) as described by van der Valk et al. (2016).

Diet Chemical Analyses: Both diets were ground in a Wiley mill (model 4, Thomas
Scientific, Swedesboro, NJ) through a 2-mm screen and then analyzed for dry matter (DM) and
ash according to AOAC (2006; methods 934.01 and 942.05), with organic matter (OM) being
calculated. Crude protein was calculated from Leco (FP2000 and TruMac) total nitrogen values
according to AOAC (2006; method 992.15). Total lipid content (acid-hydrolyzed fat) was
determined according to the methods of the American Association of Cereal Chemists (1983) and
Budde (1952). Total dietary fiber was determined according to Prosky et al. (1988). Gross energy
was measured using an oxygen bomb calorimeter (model 6200, Parr Instruments, Moline, IL).

Statistical Analyses: Data were analyzed using the Mixed Models procedure of SAS 9.4
(SAS Institute, Inc., Cary, NC). The fixed effect of treatment was tested, and dog was considered
a random effect. Change from baseline differences between treatments were determined using a
Fisher-protected least significant difference with a Tukey adjustment to control for experiment-
wise error. A probability of P < 0.05 was accepted as statistically significant and P < 0.10 being
trends when considering the effects of diet, time, and their interactions. Reported pooled standard

errors of the mean was determined according to the Mixed Models procedure of SAS 9.4.

RESULTS

One dog was removed from the study immediately following the washout phase for
medical reasons (pain and enlarged mammary tissue). Therefore, one less dog was allotted to the
control group before the second treatment period began. The remaining 15 dogs completed the

study. Most dogs maintained their BW, food intake, and health throughout the study. Two dogs
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were administered oral antibiotics during the study period: cephalexin (525 mg, twice per day) for
10 d during the adaptation phase to treat an infected wound in one dog, and enrofloxacin (136 mg,
twice per day) for 15 d during the first treatment period to treat a urinary tract infection in the other
dog.

Most of the baseline measures are presented in Table 3.2. At baseline, T cells (% of
lymphocytes) were higher (P < 0.05), and helper T cells (% of lymphocytes) tended to be lower (P
< 0.10) in stimulated cells from dogs later allotted to the SCFP diet than those later allotted to the
control diet. Baseline MHC+ B cells (% of B cells) and monocytes (% of white blood cells) were
also higher (P < 0.01) in dogs later allotted to the SCFP diet than the control diet. Baseline
hydration status and TEWL in the ear were higher (P < 0.05) in dogs later allotted to the SCFP
diet than those later allotted to the control diet. Finally, baseline blood glutathione reductase
MRNA expression tended to be lower (P < 0.10) in dogs later allotted to the SCFP diet than those
later allotted to the control diet. Baseline CBC measures were not different (Table 3.3). Baseline
serum creatine phosphokinase and triglycerides were higher (P < 0.05) in dogs later allotted to the
SCFP diet than those later allotted to the control diet, but all other baseline serum chemistry
measures were not different between groups (Table 3.4). Baseline serum corticosteroid-induced
alkaline phosphatase and alanine transaminase were not different between groups but were slightly
above the reference ranges. Due to differences observed at baseline, change from baseline values
were used to evaluate outcomes in the present study.

Change from baseline CBC and serum chemistry profiles were slightly affected by dietary
treatment and time (Table 3.12 and 3.13). Change from baseline platelet concentrations and
basophil % were affected (P < 0.05) by a time*diet interaction (Table 3.12). Platelet concentrations

were variable over time in dogs fed the control diet but decreased over time in dogs fed the SCFP
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diet. Basophil % increased slightly over time in dogs fed the control diet but was more variable in
dogs fed the SCFP diet. Red blood cell concentrations, hemoglobin concentrations, and hematocrit
% changed (P < 0.01) over time but were not affected by diet. Change from baseline serum total
protein, globulin, gamma glutamyltransferase, and triglyceride concentrations were lower (P <
0.05), while the albumin:globulin ratio tended to be higher (P < 0.10) in dogs fed the SCFP diet
than those fed the control diet (Table 3.13). Change from baseline albumin:globulin ratio was
higher (P < 0.05), while change from baseline triglyceride concentrations were lower (P < 0.05)
over time in dogs fed the SCFP diet. Change from baseline globulin concentrations tended to be
lower (P < 0.10), while change from baseline total bilirubin and creatine phosphokinase
concentrations tended to be higher (P < 0.10) over time in dogs fed the SCFP diet. The other serum
chemistry measures were not affected by diet or time.

Change from baseline of unstimulated lymphocytes (% of PBMC) and stimulated IFN-y
secreting T cells (% of lymphocytes) were lower (P < 0.05), while stimulated T cells (% of
lymphocytes) were higher (P < 0.05) in dogs fed the SCFP diet than those fed the control diet
(Table 3.5). Change from baseline stimulated cytotoxic T cells (% of lymphocytes) tended to be
lower (P < 0.10) in dogs fed the SCFP diet than those fed the control diet. All other T cell
populations were not different between groups. Change from baseline NK cell and antigen-
presenting cell (B cells and monocytes) populations were not altered by treatment (Table 3.6).
Change from baseline TNF-a concentrations of control cell culture supernatants tended to be lower
(P <0.10) in dogs fed the SCFP diet than those fed the control diet, but cells stimulated with TLR
agonists were not affected by diet (Table 3.7).

Change from baseline serum SOD concentrations were higher (P < 0.05) in dogs fed the

SCFP diet than those fed the control diet (Table 3.8). None of the other serum immune or oxidative
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stress markers were affected by treatment. Change from baseline mRNA expression of catalase
was lower (P < 0.05) in dogs fed the SCFP diet than those fed the control diet (Table 3.9), but the
expression of other genes was not affected by diet.

Change from baseline measures of skin and coat health were variable and region-specific.
Change from baseline TEWL in the back region was lower (P < 0.05) in dogs fed the control diet
than those fed the SCFP diet (Table 3.10). In contrast, change from baseline TEWL in the ear
region tended to be lower (P < 0.10) in dogs fed the SCFP diet than those fed the control diet.
Change from baseline sebum concentrations tended to be higher (P < 0.10) in the inguinal and ear
regions of dogs fed the SCFP diet than those fed the control diet. Other change from baseline skin
and coat measures were not affected by diet.

DTH response was not measured at baseline but was affected by diet and time at the end
of the treatment phases (Table 3.11). As expected, wheal diameter increased over time for all
injections. The response to PHA was higher (P < 0.05) and the response to ConA tended to be

higher (P < 0.10) in dogs fed the SCFP diet than those fed the control diet.

DISCUSSION

In recent decades, pet humanization has transformed the ways in which pet owners choose
to feed their pets. Dogs are now considered a part of the family, driving owners to seek out
premium, high-quality formulas often made with functional ingredients. Functional ingredients
claim to provide health benefits beyond basic nutrition, such as immune support or anti-
inflammatory properties. Yeast-based products are commonly added for their functional
properties. Improvements to feed efficiency, growth performance, and quality of animal products

have been observed in several livestock species due to SCFP supplementation (Hristov et al., 2010;
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Kidd et al., 2013; Zaworski et al., 2014; Chen et al., 2020) and has stimulated interest in its use as
a functional ingredient in companion animal diets. Previous research on yeast products in dogs has
demonstrated that supplementation of yeast cell walls and their components (i.e., MOS and f-
glucans) may modulate host microbiota (Swanson et al., 2002a; Grieshop et al., 2004) and alter
fecal fermentative-end products (Swanson et al., 2002a; Theodoro et al., 2019), but the effects on
immune function are not well defined. Early studies investigating the effects of yeast product
supplementation on immune cell numbers and function were limited (Grieshop et al., 2004;
Middelbos et al., 2007), possibly due to the lack of canine-specific research techniques at the time.
However, supplementation of MOS in dogs has recently been shown to increase circulating CD4+
lymphocytes (43.7% vs. 45.6%) and the CD4+:CD8+ lymphocyte ratio (2.5 vs. 2.9) (Pawar et al.,
2017) and yeast cell wall supplementation has resulted in a higher (37% increase) phagocytic index
in peripheral monocytes (Theodoro et al., 2019).

There is currently limited information on the functional properties of SCFP in companion
animal diets. Lin et al. (2019) supplemented SCFP to dogs via gelatin capsules (0, 125, 250, and
500 mg/d) and reported positive effects on Gl health outcomes, immune function outcomes, and
inflammatory markers. However, our study investigated a slightly different dosage and delivery
method of SCFP than the dogs evaluated by Lin et al. (2019). When SCFP intake was calculated
based on the average BW (10.3 kg) reported by Lin et al. (2019), supplementation was equal to
approximately 12.1, 24.3, and 48.5 mg SCFP/kg BW in the 125, 250, and 500 mg/d treatment
groups, respectively. In the present study, the active SCFP ingredient was included as 27% of the
TruMune product (i.e., active ingredient + carrier). Because the SCFP product was formulated into
an extruded kibble diet and dogs were fed to maintain BW, this resulted in dogs consuming slightly

different doses of SCFP depending on their energy requirements. When calculating the dose of
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SCFP based on daily food intake, dogs in the present study consumed an average of 30.1 = 3.6 mg
SCFP/kg BW per day throughout the treatment period. Furthermore, effects on oxidative stress
and skin and coat health have not been thoroughly investigated, and to our knowledge, the
functionality of SCFP has not been tested when included as an ingredient in an extruded kibble
diet. In the present study, we investigated measures of skin and coat health and further measured
circulating immune cell numbers and activity, antioxidant status, and oxidative stress marker
concentrations of adult dogs fed a SCFP-supplemented extruded diet. All dogs remained healthy
throughout the study. CBC values were within reference ranges for healthy dogs. A couple serum
chemistry markers (corticosteroid-induced alkaline phosphatase; alanine transaminase) were
slightly above the reference ranges, but no clinical signs were noted during the study.

To our knowledge, the effects of SCFP supplementation on skin and hair coat scores or
skin biophysical parameters have not been previously investigated in dogs. Supplementation of
SCFP did not affect subjective skin and coat scores or hydration status in the current study. The
tendency for higher change from baseline in sebum concentrations in dogs fed SCFP, however,
may provide benefits. Sebum is thought to protect the epidermis by lubricating the stratum
corneum and hair follicle (Dunstan et al., 2000). It also gives the hair coat a glossy appearance,
which is desired by pet owners. Although sebum concentrations increased in SCFP-fed dogs, the
change did not result in an excessively greasy hair coat, as mean hair coat scores were “medium
reflective/medium soft” for both groups.

TEWL measurements provide valuable information for assessing the integrity of the skin
barrier and estimating the skin’s moisture retention properties (Pinnagoda et al., 1990, Watson et
al., 2002; Fluhr et al., 2006). TEWL outcomes varied by body site in our study, where TEWL

values were higher on the back region but lower on the ears of SCFP-fed dogs. Higher TEWL
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values indicate greater water loss and are consistent with increased damage of epidermal barrier
function. TEWL measures must be interpreted carefully, however, as they can be altered by
sampling methods (e.g., open chamber probe, closed chamber probe, hair clipping, and the use of
anesthesia) (Watson et al., 2002; Oh and Oh, 2009). It has also been observed that TEWL
measurements are subject to significant site-to-site, day-to-day, and dog-to-dog variation (Lau-
Gillard et al., 2009), which may account for the discrepancy in TEWL data between body sites and
treatment groups in the present study. Throughout our TEWL pilot studies, however, the ear region
produced the most consistent values among dogs in our cohort, which we suspect was due to a lack
of interference from the hair coat. Despite clipping the hair coat prior to measurement, it was
difficult to ensure the TEWL probe maintained direct contact with skin on the back region. Thus,
TEWL values from the ear region may be more reliable for interpretation, indicating that reduced
TEWL on the ears of SCFP-fed dogs may be due to enhanced skin integrity.

The DTH is an intradermal test that indicates the in vivo cell-mediated immune response
(Kim et al., 2000). This response is characterized by the activation of phagocytes and antigen-
specific cytotoxic T cells and the production of proinflammatory cytokines. It has been shown that
mannoproteins, a component of yeast cell walls, can induce hypersensitivity reactions and release
of cytokines, such as TNF-a and IFN-y (Chaka et al., 1997; Pietrella et al., 2001). In our study,
DTH response was not measured at baseline, but was affected by diet and time at wk 10. As
expected, wheal diameter increased over time for all injections. In response to PHA and ConA, a
greater increase in wheal diameter was observed in dogs fed the SCFP-supplemented diet than
those fed the control diet. Diet and time interactions were observed for DTH response to PHA
(nonspecific immunity) in SCFP-fed dogs, whereas only diet tended to influence DTH response in

SCFP-fed dogs after ConA (nonspecific immunity) inoculation. Similar DTH results were reported
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in dogs supplemented with MOS (Pawar et al., 2017) and mannoproteins (Kroll et al., 2020)
following intradermal inoculation with PHA. Pawar et al. (2017) reported that DTH response (i.e.,
skin thickness) to PHA inoculation was significantly higher in the MOS group when compared
with controls, and Kroll et al. (2020) reported diet and time effects as well as time and age
interactions after PHA injection. Increased DTH response to nonspecific antigens PHA and ConA
may suggest an enhanced cell-mediated immune response due to SCFP supplementation.

Dietary supplementation with yeast products has been previously shown to modulate
circulating immune cell populations and immune function in dogs (Swanson et al., 2002a;
Grieshop et al., 2004; Middelbos et al., 2007; Pawar et al., 2017; Theodoro et al., 2019; Lin et al.,
2019; Kroll et al., 2020). The lower change from baseline unstimulated lymphocytes observed in
SCFP-supplemented dogs in the current study were similar to that reported in previous dog studies
investigating yeast supplementation. Supplementation with MOS increased (15.55% vs. 20.40%;
Swanson et al., 2002a) or tended to decrease (2.2 10%/uL vs. 1.7 10%/uL; Grieshop et al., 2004)
lymphocyte populations. Lin et al. (2019) did not report changes to lymphocyte populations.
However, Lin and colleagues reported dogs having lower total WBC counts, showing a linear
effect with increasing SCFP dose (0 vs. 125, 250, and 500 mg/d), potentially due to an enhanced
immune capacity requiring fewer immune cells. This was supported by immune cell population
data demonstrating increases in MHC Il presenting B cells, effector T cells (IFN-y secreting helper
and cytotoxic T cells) and monocytes (Lin et al., 2019) in SCFP-supplemented dogs, which is not
consistent with our data. In the present study, change from baseline populations of stimulated IFN-
v secreting T cells and cytotoxic T cells decreased in SCFP-fed dogs. Change from baseline
stimulated T cells decreased in both treatment groups, although populations were significantly

lower in the control group. It is difficult to interpret the changes observed in immune cell
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populations among SCFP-supplemented and control dogs in the present study. However, the
decrease in circulating lymphocytes among SCFP-fed dogs may suggest a more balanced immune
response. In addition to functional TLR stimulation, utilizing additional assays to investigate
immune function (i.e., lymphocyte proliferation and/or phagocytic activity of leukocytes) may aid
future studies in interpreting the changes observed in immune cell numbers.

An additional immune response observed in the study by Lin etal. (2019) was a significant
reduction in TNF-a concentrations in the cell supernatant of SCFP-supplemented dogs. In cells
stimulated with TLR2, TLR3, TLR4, and TLR7/8 agonists, an overall effect of controls (0 mg/d
SCFP) vs. all SCFP treatments (125, 250, and 500 mg/d) was observed, with cells obtained from
dogs supplemented with SCFP producing less TNF-a than cells collected from control dogs (Lin
et al., 2019). These agonists represent yeast (zymosan, TLR2), bacterial (lipopolysaccharide,
TLR4) and viral (polyinosinic:polycytidylic acid, TLR3; resiquimod, TLR7/8) challenges to the
immune system. A reduction in the pro-inflammatory cytokine TNF-o coupled with reduced
lymphocyte populations may have suggested a more moderated immune response due to SCFP
supplementation. However, despite some numeric differences in TNF-o production in our study,
this hypothesis cannot be confirmed due to the lack of significant differences in TNF-a
concentrations between treatment groups and high biological variation in TNF-a concentrations
between dogs.

Mannans isolated from S. cerevisiae have been shown to have antioxidant properties in
vitro (Krizkov4 et al., 2001), and zymosan derived from glucans in the yeast cell wall have been
shown to increase antioxidant function in tumor-bearing mice (Liu et al., 2011). In the present
study, SCFP supplementation increased serum SOD concentrations and decreased catalase mMRNA

expression, suggesting that antioxidant defenses may function more efficiently in SCFP-fed dogs.
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To maintain a homeostatic level of oxidative stress, powerful enzymatic systems such as SOD and
catalase directly counteract the formation of reactive oxygen species. Superoxide is a major
oxidant produced during oxidative stress and is scavenged by the enzyme SOD. The reaction
creates hydrogen peroxide, which is subsequently detoxified by glutathione or catalase (Eaton,
2006). Previous data on dogs supplemented with MOS (15 g/kg of the diet) indicated no influence
of MOS on erythrocytic antioxidants (Pawar et al., 2017), and oxidative stress markers (i.e., SOD
and MDA) were not different in dogs supplemented with SCFP (125, 250, and 500 mg/d) or the
placebo (Lin et al., 2019). However, SCFP-supplemented dogs (500 mg/d) challenged with
exercise and transport stress exhibited increased concentrations of serum TAC and reduced
concentrations of serum TBARS, suggesting that SCFP may provide some protection from
oxidative damage under conditions of stress (Varney et al., 2021). Using an induced environmental
stress model, such as exercise or transport stress, may aid future studies in detecting changes to
antioxidant status or oxidative stress in healthy dogs. Further research on the antioxidant status
and oxidative stress markers of dogs fed SCFP is warranted, as our data suggests SCFP-
supplementation increases the activity of antioxidant enzymes SOD and catalase and may reduce
oxidative damage.

The treatment duration and experimental design of the present study allowed for a
thorough, longitudinal assessment of the effects of SCFP supplementation in which each dog could
serve as their own control. However, the experimental design can also be considered a limitation
of the study, as it may have increased variability due to seasonal changes. Seasonal changes (e.g.,
relative humidity and room temperature) may have impacted skin and hair coat measures, as dogs
in the present study had daily outdoor access across multiple seasons. However, giving dogs in the

study outdoor access provided a more accurate comparison to pet dogs. Variability in skin and hair
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coat outcomes may also be attributed to the use of anesthesia (Oh and Oh, 2019) or interference
from the hair coat (Momota et al., 2013). Another potential limitation of the study was the
measurement of 8-isoprostane in serum rather than urinary samples. Measurement of urinary rather
than plasma or serum 8-isoprostane has been proposed as a better indicator of oxidative stress in
humans because arachidonic acid, the metabolic precursor of isoprostanes, is widely distributed in
cell membranes throughout tissues, providing a comprehensive reflection of oxidative stress
activation in the entire body (Montero et al., 2000; Monnier et al., 2006). Moreover, 8-isoprostane
concentrations fluctuate throughout the day, hence urinary determinations are likely to provide a
more reliable estimation of the 24 h fluctuations in isoprostane production than blood sampling at
fixed time points (Monnier et al., 2006; Ito et al., 2019). Logistically, metabolic cages would likely
be required to carry out urine sampling over a 24-h period in dogs. Although such methodology is
more difficult to use, it would allow for the accurate measurement of urinary 8-isoprostane and a

more accurate measurement of oxidative stress.

CONCLUSIONS

In conclusion, our data suggest SCFP may act as a functional ingredient in dog foods to
beneficially impact skin and coat health, immunity, and antioxidant status when included in an
extruded diet. SCFP was shown to improve skin and coat health by improving skin barrier function
and increasing sebum concentrations, which acts to lubricate and protect skin while giving the hair
coat a glossy appearance. SCFP had effects on some parameters of cell-mediated and humoral
immunity by enhancing the DTH response to nonspecific antigens (PHA and ConA) and
modulating circulating lymphocyte populations. Finally, SCFP supplementation was shown to

support key antioxidant defense systems through modulation of enzymes SOD and catalase. Our
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data suggests that SCFP can be included in extruded dog foods as a functional ingredient to support
antioxidant status and skin integrity. SCFP supplementation may be most beneficial to geriatric

and/or working dogs and to dogs with skin sensitivities.
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TABLES

Table 3.1 Ingredient and chemical composition of experimental diets tested

Ingredient Control SCFP
--- %, as-basis ---

Chicken, deboned 18.23 18.23
Chicken meal 18.05 18.05
Barley 18.05 18.00
Oats 18.05 18.00
Brown rice 16.58 16.54
Chicken fat 4.79 4.79
Liquid digest 1.71 1.71
Powdered cellulose 1.61 1.61
Powder digest 0.86 0.86
Potassium chloride 0.52 0.52
TruMune (SCFP) - 0.49
Calcium carbonate 0.36 -

Salt 0.42 0.42
Trace mineral mix 0.23 0.23
Vitamin mix 0.23 0.23
Choline chloride 0.19 0.19
Mixed tocopherols 0.07 0.07
DL-methionine 0.07 0.07

Analyzed composition
Dry matter (DM), % 90.97 90.59
--- %, DM basis ---

Acid-hydrolyzed fat 12.81 12.62
Crude protein 25.61 25.32
Total dietary fiber 14.03 12.94
Insoluble fiber 9.50 791
Soluble fiber 4.53 5.03
Ash 8.76 8.34
NFE! 38.79 40.61
Gross energy, kcal/kg 5,076 5,125
Calculated metabolizable energy?, kcal/kg 3,342 3,386

INitrogen-Free Extract % = 100 % — (% Acid Hydrolyzed Fat + % Crude Protein + % Moisture + % Ash + % Total
Dietary Fiber)

2Metabolizable energy estimated with modified Atwater factors: 10 x [(3.5 x % Crude Protein) + (8.5 x % Crude
Fat) + (3.5 x % NFE)]
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Table 3.2. Baseline measures of dogs consuming a SCFP-supplemented or control diet?

Iltem Control SCFP SEM p-value
Natural killer cell, % of lymphocyte 18.66 17.06 1.82 0.5288
Unstimulated (control)
Lymphocyte, % of PBMC? 71.57 80.28 3.89 0.5141
T cell, % of lymphocyte 66.49 65.95 3.59 0.8742
Helper T cell, % of lymphocyte 39.83 41.81 2.17 0.4019
Cytotoxic T cell, % of lymphocyte 21.01 22.57 5.31 0.3835
Helper: cytotoxic T cell ratio 7.30 11.38 4.01 0.7164
IFN-y secreting T cell, % of lymphocyte 4.46 6.75 1.90 0.6494
IFN-y secreting helper T cell, % of lymphocyte 0.01 0.01 0.01 0.3547
IFN-y secreting cytotoxic T cell, % of lymphocyte 22.32 21.49 4.35 0.8940
Stimulated®
Lymphocyte, % of PBMC? 77.92 81.51 2.99 0.4033
T cell, % of lymphocyte 66.33° 71.662 2.44 0.0406
Helper T cell, % of lymphocyte 45.34 42.58 2.05 0.0763
Cytotoxic T cell, % of lymphocyte 28.43 31.46 4.20 0.6142
Helper: cytotoxic T cell ratio 2.18 2.74 0.68 0.3954
IFN-y secreting T cell, % of lymphocyte 19.27 17.86 3.39 0.7604
IFN-y secreting helper T cell, % of lymphocyte 6.50 7.17 2.23 0.2770
IFN-y secreting cytotoxic T cell, % of lymphocyte 23.46 25.05 3.18 0.7272
Antigen-Presenting Cells
B cell, % of lymphocyte 8.37 8.18 0.82 0.8550
B cell, MHC |1+, % of B cell* 95.97° 98.412 0.63 0.0032
Monocyte, % of white blood cell 14.81° 22.20? 3.10 0.0023
Monocyte, MHC 1+, % of monocyte* 48.36 56.96 4.60 0.1174
Immune Cell Markers
Lipopolysaccharide-binding protein, pmol/L 112.86 117.20 8.37 0.7162
Lysozyme, ng/mL 2.83 3.00 0.13 0.2957
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Table 3.2. (cont.)

Item Control SCFP SEM p-value
Oxidative Stress Markers

Malondialdehyde, nmol/mL 37.92 39.50 1.31 0.2249
Superoxide dismutase, ng/ml 19.11 15.94 1.26 0.1726
8-isoprostane, pg/mL 291.03 301.17 9.11 0.2194
a-tocopherol, pg/mL 35.76 35.75 2.82 0.9207
Trolox equivalent antioxidant capacity (TEAC), uM Trolox 2685.27 2797.34 601.34 0.9842
CAP-¢ fasted® 28182.0 28670.0 872.3 0.3010
CAP-¢ fed® 28339.0 28895.0 862.5 0.2607

Tumor Necrosis Factor-Alpha (TNF-a) Concentrations (in cell culture supernatant)®
Control, pg/mL 321.14 420.14 128.73 0.4780
Lipopolysaccharide (LPS; TLR4), pg/mL 1084.27 1087.31 155.52 0.9830
Zymosan (TLR2), pg/mL 2321.62 2028.85 438.87 0.4242
Poly I:C (TLR3), pg/mL 635.78 632.93 104.43 0.8779
R848 (TLR 7/8), pg/mL 4197.02 5361.31 800.86 0.5964
Hair and Skin Measurements

Skin score® 2.86 2.93 0.10 0.4831
Hair score® 2.83 2.87 0.08 0.6118
Sebum?? concentration (back)!!, arbitrary unit 1.45 1.02 0.51 0.4173
Sebum?® concentration (inguinal)*?, arbitrary unit 0.81 0.96 0.32 0.4440
Sebum?® concentration (ear)*3, arbitrary unit 43.36 41.25 5.20 0.6648
Hydration* (back)*, arbitrary unit 0.21 0.95 0.42 0.2795
Hydration'4 (inguinal)*?, arbitrary unit 13.64 15.39 2.12 0.4372
Hydration'* (ear)3, arbitrary unit 27.145 33.73¢ 2.50 0.0325
Transepidermal water loss (TEWL)®® (back)*, g/h/m? 15.40 14.01 0.97 0.1484
TEWLIS (inguinal)®2, g/h/m? 11.67 10.68 0.77 0.2552
TEWLS (ear)’3, g/h/m? 10.56° 11.88° 0.48 0.0499
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Table 3.2. (cont.)

Item Control SCFP SEM p-value
Blood Gene Expression

Cyclooxygenase-2 0.92 0.97 0.07 0.8588
Glutathione peroxidase 1.19 1.18 0.08 0.5723
Myeloperoxidase 1.20 1.00 0.11 0.9096
Superoxide dismutase 0.93 0.91 0.10 0.9709
Catalase 0.86 0.92 0.08 0.4630
Glutathione reductase 0.62 0.54 0.25 0.0855

All dogs consumed control diet at baseline and then were allotted to control or SCFP-supplemented diet after baseline measurements.

2PBMC = peripheral blood mononuclear cells.

3Cells were stimulated with cell stimulation cocktail (phorbol 12-myristate 13-acetate, ionomycin, brefeldin A, and monensin) for 4 h.

“B cells or monocytes that present major histocompatibility complex class 1l (MHC I1).

SCell-based antioxidant protection in erythrocytes assay. Results provided as mean fluorescence intensity, where low fluorescence indicates less oxidative stress
to RBC, and higher fluorescence indicates a higher level of stress to RBC.

5LPS mimics a bacterial challenge, zymosan mimics a yeast challenge, and poly 1:C and resiquimod (R848) mimic a viral challenge.

"Fecal scores: 1 = hard, dry pellets; small hard mass; 2 = hard formed, remains firm and soft; 3 = soft, formed and moist stool, retains shape;

4 = soft, unformed stool; assumes shape of container; 5 = watery, liquid that can be poured.

8Skin scores: 1 = dry; 2 = slightly dry; 3 = normal; 4 = slightly greasy; 5 = greasy.

® Hair scores: 1 = dull, coarse, dry; 2 = poorly reflective, non-soft; 3 = medium reflective, medium soft; 4 = highly reflective, very soft; 5 = greasy.
OMeasured using a sebumeter, pg/cm?.

Back measurements were taken on the right side along the spine between the rib and hip bone.

2Inguinal measurements were taken on the left side.

13Ear measurements were taken on the left side towards the inside of the ear.

14Measured using a corneometer, arbitrary units.

BMeasured using a tewameter, g/h/m2.

®bMean values within a row with unlike superscript letters differ (P < 0.05). Bolded numbers are significant (P < 0.05) and italicized numbers tended to be
significant (P < 0.10).
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Table 3.3. Baseline complete blood count of dogs consuming a SCFP-supplemented or control diet?

Measure Reference Range Control SCFP SEM p-value
Red blood cells, 1076/uL 5.50-8.50 7.28 7.24 0.15 0.6714
Reticulocyte count, % 1.28 1.10 0.09 0.1075
A reticulocyte count, /uL 92478.00 79831.00 6974.12 0.1105
Hemoglobin, g/dL 12.0-18.0 16.66 16.53 0.35 0.6590
Hematocrit, % 35.0-52.0 48.52 48.19 0.89 0.6529
Mean cell volume, fl 58.0-76.0 66.82 66.64 0.54 0.4727
Mean corpuscular hemoglobin, pg 20.0-25.0 22.94 22.85 0.24 0.4791
Mean corpuscular hemoglobin, g/dL 33.0-38.6 34.34 34.27 0.15 0.5693
Platelets, 10"3/uL 200-700 374.87 366.67 16.58 0.5732
Mean platelet volume, fl 9.39 9.36 0.20 0.7231
White blood cell count, 10"3/uL 6.00-17.00 8.52 8.62 0.39 0.8330
Lymphocytes, % 16.53 18.19 1.49 0.4764
Monocytes, % 4.98 5.13 0.61 0.8401
Eosinophils, % 3.46 3.23 0.48 0.7020
Basophils, % 0.13 0.12 0.06 0.9472
A Lymphocytes, 1073/uL 1.00-4.80 1.40 1.55 0.13 0.1743
A Monocytes, 10"3/uL 0.20-1.40 0.43 0.45 0.06 0.7551
A Eosinophils, 10"3/uL 0.10-1.00 0.30 0.28 0.05 0.7270
A Basophils, 10"3/uL 0.00-2.00 0.01 0.01 0.00 0.8944

All dogs consumed control diet at baseline and then were allotted to control or SCFP-supplemented diet after baseline measurements.
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Table 3.4. Baseline serum chemistry of dogs consuming a SCFP-supplemented or control diet?

Measure Reference Range Control SCFP SEM p-value
Creatinine, mg/dL 0.5-15 0.79 0.80 0.03 0.7179
Blood urea nitrogen, mg/dL 6-30 14.46 14.81 0.57 0.4125
Total protein, g/dL 5.1-7.0 5.99 6.06 0.10 0.3297
Albumin, g/dL 2.5-3.8 3.03 3.01 0.06 0.8004
Globulin, g/dL 2.7-4.4 2.97 3.05 0.10 0.3006
Albumin:globulin ratio 0.6-1.1 1.05 1.00 0.04 0.1612
Ca, mg/dL 7.6-114 9.50 9.50 0.07 0.9415
P, mg/dL 2.7-5.2 3.69 3.73 0.14 0.7746
Na, mmol/L 141-152 144.59 144,94 0.30 0.3165
K, mmol/L 3.9-55 4.48 441 0.06 0.1582
Na:K ratio 28-36 32.32 32.94 0.47 0.1399
Cl, mmol/L 107-118 110.04 110.06 0.41 0.9509
Glucose, mg/dL 68-126 98.22 95.88 2.42 0.3438
Alkaline phosphatase (ALP), U/L 7-92 65.85 61.94 6.36 0.2341
Corticosteroid-induced ALP, U/L 0-40 43.07 40.81 6.20 0.4890
Alanine transaminase, U/L 8-65 87.99 65.75 20.27 0.7217
Gamma glutamyltransferase, U/L 0-7 4.68 4.50 0.44 0.6680
Total bilirubin, mg/dL 0.1-0.3 0.23 0.22 0.02 0.4685
Creatine phosphokinase, U/L 26-310 125.63° 159.442 11.64 0.0116
Cholesterol, mg/dL 129-297 169.03 179.31 13.69 0.7072
Triglycerides, mg/dL 32-154 43.40° 50.442 2.52 0.0451
Bicarbonate, mmol/L 16-24 21.61 22.25 0.41 0.2671
Anion gap 8-25 17.47 16.88 0.40 0.3030

All dogs consumed control diet at baseline and then were allotted to control or SCFP-supplemented diet after baseline measurements.

BbNMean values within a row with unlike superscript letters differ (P < 0.05). Bolded numbers are significant (P < 0.05).
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Table 3.5. Week 10 change from baseline T cell populations of dogs consuming a SCFP-supplemented or control diet

Item A Control A SCFP SEM p-value®

Unstimulated
Lymphocyte, % of PBMC! 8.30? -3.89° 4.19 0.0440
T cell, % of lymphocyte -8.17 -3.20 3.12 0.2721
Helper T cell, % of lymphocyte 3.93 3.17 2.02 0.7911
Cytotoxic T cell, % of lymphocyte -15.61 -20.40 5.42 0.2858
Helper: cytotoxic T cell ratio 10.48 13.96 9.54 0.7993
IFN-y secreting T cell, % of lymphocyte 3.75 0.88 1.50 0.3568
IFN-y secreting helper T cell, % of lymphocyte 0.00 0.01 0.01 0.2220
IFN-y secreting cytotoxic T cell, % of lymphocyte 12.82 14.32 4.56 0.8174

Stimulated?
Lymphocyte, % of PBMC! -1.75 -6.28 2.05 0.1301
T cell, % of lymphocyte -12.29P -4.012 3.23 0.0350
Helper T cell, % of lymphocyte 4.88 0.56 2.28 0.1388
Cytotoxic T cell, % of lymphocyte -6.32 -21.13 5.68 0.0759
Helper: cytotoxic T cell ratio 2.15 13.32 4.30 0.1989
IFN-y secreting T cell, % of lymphocyte 2.182 -10.94° 4.09 0.0309
IFN-y secreting helper T cell, % of lymphocyte -1.53 -3.76 2.27 0.4916
IFN-y secreting cytotoxic T cell, % of lymphocyte 8.31 10.87 4.46 0.6876

IPBMC = peripheral blood mononuclear cells.
2Cells were stimulated with cell stimulation cocktail (phorbol 12-myristate 13-acetate, ionomycin, brefeldin A, and monensin) for 4 h.
3Bolded numbers are significant (P < 0.05) and italicized numbers tended to be significant (P < 0.10).
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Table 3.6. Week 10 change from baseline natural killer cell and antigen-presenting cell populations of dogs consuming a SCFP-
supplemented or control diet

Item A Control A SCFP SEM p-value
Natural killer cell, % of lymphocyte -0.53 3.74 1.78 0.1006
Antigen Presenting Cells
B cell, % of lymphocyte 2.10 1.57 0.92 0.6526
B cell, MHC 11+, % of B cell* 0.06 -0.41 0.62 0.5892
Monocyte, % of white blood cell 6.90 1.60 2.56 0.1541
Monocyte, MHC 1I+, % of monocyte! 211 -3.43 4.94 0.4339

1B cells or monocytes that present major histocompatibility complex class 1l (MHC I1).
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Table 3.7. Week 10 change from baseline TNF- o concentrations (pg/mL) in cell culture supernatant of dogs consuming a SCFP-
supplemented or control diet

Agonist! A Control A SCFP SEM p-value?
Control, pg/mL -116.72 -342.11 92.02 0.0957
LPS (TLR4), pg/mL 525.98 276.48 167.47 0.3011
Zymosan (TLR2), pg/mL 25.20 301.50 666.41 0.7716
Poly I:C (TLR3), pg/mL 545.55 132.56 172.15 0.1007
R848 (TLR 7/8), pg/mL 2515.40 1505.74 1078.27 0.5169

'LPS mimics a bacterial challenge, zymosan mimics a yeast challenge, and poly 1:C and resiquimod (R848) mimics a viral challenge.
2Italicized numbers tended to be significant (P < 0.10).
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Table 3.8. Week 10 change from baseline oxidative stress and immune function marker concentrations of dogs consuming a SCFP-
supplemented or control diet

Measure A Control A SCFP SEM p-value
Lipopolysaccharide-binding protein, pmol/L -4.38 2.37 4.72 0.3197
Lysozyme, ng/mL -0.24 -0.21 0.08 0.7826
Malondialdehyde, nmol/mL -1.32 -0.64 0.8 0.5521
Superoxide dismutase, ng/mL -1.21P 2.842 1.39 0.0304
8-isoprostane, pg/mL 20.18 20.85 8.57 0.9560
a-tocopherol, pg/mL -0.76 -2.42 0.92 0.2160

Trolox equivalent antioxidant capacity

(TEAC). uM Trolox -67.42 26.16 40.37 0.1120
CAP-¢ fasted? 712.1 329.1 415.6 0.5204
CAP-¢ 2 hrs. postprandial® 507.1 223.3 450.1 0.6602

ICell-based antioxidant protection in erythrocytes assay. Results provided as mean fluorescence intensity, where low fluorescence indicates less oxidative stress
to RBC, and higher fluorescence indicates a higher level of stress to RBC.

bNMean values within a row with unlike superscript letters differ (P < 0.05). Bolded numbers are significant (P < 0.05) and italicized numbers tended to be
significant (P < 0.10).
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Table 3.9. Week 10 change from baseline whole blood gene expression fold change of dogs consuming a SCFP-supplemented or
control diet

Measure A Control A SCFP SEM p-value!
Cyclooxygenase-2 0.08 -0.06 0.09 0.2039
Glutathione peroxidase 0.20 0.22 0.08 0.1995
Myeloperoxidase 0.25 0.08 0.16 0.3532
Superoxide dismutase 0.27 0.50 0.11 0.5570
Catalase 0.202 0.17° 0.10 0.0156
Glutathione reductase -0.42 -0.27 0.22 0.5444

IStatistics were conducted using AACt values to generate p-values; data are reported as fold change (22-AACt) in relation to a housekeeping gene (RPS5).
bNMean values within a row with unlike superscript letters differ (P < 0.05). Bolded numbers are significant (P < 0.05).
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Table 3.10. Week 10 change from baseline hair and skin scores, sebum concentrations?, hydration status?, and transepidermal water

loss (TEWL)?® of dogs consuming a SCFP-supplemented or control diet

Measure A Control A SCFP SEM p-value
Skin score? -0.73 -0.71 0.23 0.8874
Hair score® -0.73 -0.71 0.23 0.9762
Sebum concentration (back)®, arbitrary unit 3.00 1.44 0.93 0.3276
Sebum concentration (inguinal)?, arbitrary unit -0.04 1.48 0.61 0.0893
Sebum concentration (ear)8, arbitrary unit 23.40 44.38 8.77 0.0572
Hydration (back)®, arbitrary unit 0.05 -0.88 0.43 0.1468
Hydration (inguinal)?, arbitrary unit 0.44 2.30 2.65 0.4583
Hydration (ear)8, arbitrary unit -1.58 -4.49 3.29 0.5076
TEWL (back)®, g/h/m? -6.47P -3.822 0.99 0.0410
TEWL (inguinal)’, g/h/m? 1.06 0.84 1.45 0.3465

0.85 -1.18 0.77 0.0545

TEWL (ear)?, g/h/m?

Measured using a sebumeter, pg/cm2.
2Measured using a corneometer, arbitrary units.
3Measured using a tewameter, g/h/m2,

4skin scores: 1 = dry; 2 = slightly dry; 3 = normal; 4 = slightly greasy; 5 = greasy.

S Hair scores: 1 = dull, coarse, dry; 2 = poorly reflective, non-soft; 3 = medium reflective, medium soft; 4 = highly reflective, very soft; 5 = greasy.

6 Back measurements were taken on the right side along the spine between the rib and hip bone.

" Inguinal measurements were taken on the left side.
8 Ear measurements were taken on the left side towards the inside of the ear.

bMean values within a row with unlike superscript letters differ (P < 0.05). Bolded numbers are significant (P < 0.05) and italicized numbers tended to be

significant (P < 0.10).
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Table 3.11. Week 10 delayed-type hypersensitivity measurements! of dogs consuming a SCFP-
supplemented or control diet

p-value®
Measure Control SCFP SEM Diet Time Diet*Time
Saline 0.24 0.6751 <0.0001 0.9452
15 min 1.92 2.38
30 min 1.38 1.74
45 min 0.86 0.69
60 min 0.09 0.18
24 hr 0.01 0.00
48 hr 0.01 0.00
72 hr 0.01 0.00
PHAZ 0.65 <0.0001 <0.0001 0.0200
15 min 3.40 5.94
30 min 2.60 5.59
45 min 1.53 4.69
60 min 0.65P 3.372
24 hr 0.90 1.69
48 hr 0.07 0.00
72 hr 0.07 0.00
ConA? 1.27 0.0653 <0.0001 0.8623
15 min 4.74 5.99
30 min 3.17 5.09
45 min 1.83 3.60
60 min 1.13 1.57
24 hr 7.32 9.55
48 hr 5.47 7.36
72 hr 2.31 2.47
Vaccine? 0.73 0.7794 <0.0001 0.9395
15 min 4.26 4,95
30 min 2.96 4.30
45 min 1.77 3.53
60 min 1.10 2.15
24 hr 0.42 0.20
48 hr 1.03 1.08
72 hr 0.68 0.48

!Average wheal diameter, mm.

2PHA, phytohaemagglutinin; ConA, concanavalin A; Vaccine, Duramune Max5 Dog Vaccine (Elanco Animal
Health, Greenfield, IN).

3Bolded numbers are significant (P < 0.05) and italicized numbers tended to be significant (P < 0.10).
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Table 3.12. Week 5 and 10 change from baseline complete blood count of dogs consuming a SCFP-supplemented or control diet

Control Control SCFP SCFP p-value
Measure AWk5- AWk10- AWkS5- AWk10-Wk SEM Diet  Time Diet*Ti
WKk 0 Wk 0 Wk 0 0 me
Red blood cells, 10"6/uL 0.26 -0.11 0.11 -0.17 0.12 0.2426 0.0008 0.6388
Reticulocyte count, % -0.09 -0.37 -0.07 -0.07 0.11 0.1282 0.1874 0.1815
A reticulocyte count, /uL -8235.73  -28112.00 -4496.26 -6458.44 8518.39 0.0970 0.1473 0.2337
Hemoglobin, g/dL 0.51 -0.31 0.26 -0.39 0.26 0.4096 0.0005 0.6801
Hematocrit, % 1.49 -1.19 0.57 -1.24 0.67 0.3733 0.0001 0.4193
Mean cell volume, fl -0.34 -0.74 -0.20 -0.08 0.31 0.1284 0.5886 0.3169
Mean corpuscular hemoglobin, pg -0.08 -0.07 0.06 0.03 0.12 0.2867 0.8855 0.8365
Mean corpuscular hemoglobin, 0.02 0.22 0.19 0.09 0.12 0.8281 0.6696 0.1677
/dL
glatelets, 1073/uL 19.00? -60.93° -3.332 -25.60% 18.63  0.6427 0.0007 0.0444
Mean platelet volume, fl -0.09 -0.02 0.02 -0.03 0.10 0.6121 0.9238 0.5215
White blood cell count, 10"3/uL -0.20 0.71 0.35 0.41 0.34 0.6969 0.1311 0.1877
Lymphocytes, % 0.58 -0.55 0.41 0.73 1.29 0.6420 0.7370 0.5409
Monocytes, % 0.69 0.57 -0.84 0.72 0.64 0.2611 0.2347 0.1671
Eosinophils, % -0.68 -1.02 -0.73 -0.61 0.54 0.7054 0.8128 0.6290
Basophils, % 0.092 0.042 -0.01° 0.092 0.04 0.4995 0.4913 0.0286
A Lymphocytes, 1073/uL 0.03 0.08 0.05 0.02 0.11 0.8108 0.9332 0.6864
A Monocytes, 10"3/uL 0.03 0.08 -0.04 0.08 0.06 0.5714 0.2147 0.5631
A Eosinophils, 10"3/uL -0.06 -0.09 -0.05 -0.05 0.05 0.6263 0.8212 0.7678
A Basophils, 10"3/uL 0.01 0.00 0.00 0.01 3E-03 0.4108 0.8404 0.1556

bNMean values within a row with unlike superscript letters differ (P < 0.05). Bolded numbers are significant (P < 0.05) and italicized numbers tended to be

significant (P < 0.10).
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Table 3.13. Week 5 and 10 change from baseline serum chemistry of dogs consuming a SCFP-supplemented or control diet

Control SCFP p-value!
Measure Avmkos' A Vv\\;lli éo' A\)\?/\Lkos- A valli éO- SEM Diet Time Diet*Time
Creatinine, mg/dL 0.00 0.01 -0.01 -0.03 0.02 0.4290 0.8005 0.5954
Blood urea nitrogen, mg/dL 0.86 0.99 1.19 0.31 0.53 0.7314 0.4660 0.3229
Total protein, g/dL 0.08 -0.04 -0.15 -0.09 0.06 0.0252 0.6660 0.1348
Albumin, g/dL 0.12 0.02 0.06 0.03 0.04 0.4812 0.1078 0.3945
Globulin, g/dL -0.09 -0.06 -0.24 -0.11 0.05 0.0371 0.0907 0.3089
Albumin:globulin ratio 0.06 0.02 0.11 0.06 0.02 0.0582 0.0293 0.8033
Ca, mg/dL 0.04 0.09 0.02 0.07 0.07 0.7433 0.4777 0.9817
P, mg/dL -0.01 0.11 -0.14 -0.16 0.15 0.1789 0.7191 0.6280
Na, mmol/L -0.40 0.13 -0.81 -0.06 0.39 0.4421 0.1079 0.7838
K, mmol/L -0.01 -0.12 -0.04 -0.05 0.06 0.6754 0.2597 0.3155
Na:K ratio 0.21 1.01 0.00 0.50 0.46 0.3734 0.1061 0.7052
Cl, mmol/L -1.10 -0.30 -1.00 -0.81 0.37 0.5074 0.1079 0.3142
Glucose, mg/dL -2.47 -3.13 -3.63 -1.81 2.28 0.9718 0.8030 0.5897
G}Ea"”e phosphatase (ALP)2, 046 013 063  -031 343 08879  0.9240 0.8410
Corticosteroid-induced ALP, U/L 0.58 0.87 -0.56 -1.69 2.06 0.3708 0.8392 0.7286
Alanine transaminase, U/L -10.27 -11.70 2.47 1.31 10.35 0.4290 0.8001 0.5952
Gamma glutamyltransferase, U/L 0.86 1.02 0.25 0.31 0.32 0.0385 0.7248 0.8818
Total bilirubin, mg/dL 0.02 -0.01 0.01 0.00 0.02 0.7852 0.0517 0.3682
Creatine phosphokinase, U/L 6.53 21.39 -15.19 18.69 14.34 0.3706 0.0765 0.4828
Cholesterol, mg/dL -3.20 4.18 2.25 0.51 5.76 0.8734 0.6116 0.4128
Triglycerides, mg/dL 0.36 -6.67 -5.20 -11.56 2.59 0.0482 0.0123 0.8988
Bicarbonate, mmol/L 1.27 1.53 0.69 0.94 0.61 0.3372 0.6721 0.9891
Anion gap -0.73 -1.47 -0.44 -0.13 0.53 0.1264 0.6917 0.3261

'Bolded numbers are significant (P < 0.05) and italicized numbers tended to be significant (P < 0.10).
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SUPPLEMENTARY FIGURES

Supplementary Figure 3.1-3.3. Gating strategy used to determine the cell populations of (1) T cells, (2) antigen-presenting cells (B
cells and monocytes) and (3) natural killer cells. SSC: side scatter; FSC: forward scatter; -A: the pulse area; -H: the pulse height.
Analyzed using FlowJo software (Ashland, OR).
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Supplementary Figure 3.2
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Supplementary Figure 3.3
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