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Abstract

Advances in the understanding of how the immune system functions in response to diet have altered the way we think
about feeding livestock and companion animals on both the short (weeks/months) and long-term (years) timelines;
however, depth of research in each of these species varies. Work dedicated to understanding how immune function

can be altered with diet has revealed additional functions of required nutrients such as vitamins D and E, omega-3
polyunsaturated fatty acids (PUFA), and minerals such as zinc, while feed additives such as phytogenics and probiotics add
an additional layer of immunomodulating potential to modern diets. For certain nutrients such as vitamin D or omega-3
PUFA, inclusion above currently recommended levels may optimize immune function and reduce inflammation, while for
others such as zinc, additional pharmacological supplementation above requirements may inhibit immune function. Also
to consider is the potential to over-immunomodulate, where important functions such as clearance of microbial infections
may be reduced when supplementation reduces the inflammatory action of the immune system. Continued work in the
area of nutritional immunology will further enhance our understanding of the power of nutrition and diet to improve
health in both livestock and companion animals. This review collects examples from several species to highlight the work
completed to understand how nutrition can be used to alter immune function, intended or not.
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Introduction nutrition and immunology have been fruitful into understanding

how health and disease progress over time and how nutrition
may be able to improve immune function (Di Cerbo et al., 2017;

Advances in human and companion animal immunology in
the last 20 yr have allowed further investigation into how

host nutrition and immunomodulation are linked to change
host health (Grimble, 1995, 2001; Wintergerst et al., 2006, 2007;
Maggini et al., 2007, 2018; Newton et al., 2016; Carr and Maggini,
2017; Batatinha et al., 2019). Interest in connecting the fields of

Wu et al., 2018a). From a nutrition standpoint in companion
animals and livestock, diets are precisely formulated and
the feed is consumed to reach the production goals which
include growth, maintenance, and reproductive needs. We also
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Abbreviations

ALA alpha-linolenic acid

Bcl6 B cell lymphoma 6

DCs dendritic cells

DHA docosahexaenoic acid

EGCG epigallocatechin gallate

EPA eicosapentanoic acid

FOXP3 forkhead box P3

IFNg interferon gamma

IgA immunoglobulin A

ILC innate lymphoid cell

IL-10 interleukin-10

LLPC long-lived plasma cell

LPS lipopolysaccharide

MAPK mitogen-activated protein kinase

Mpc2 mitochondrial pyruvate carrier 2

NF«B nuclear factor kappa-light-chain-
enhancer of activated B cells

PGE2 prostaglandin E2

PUFA polyunsaturated fatty acid

ROS reactive oxygen species

RNS reactive nitrogen species

SCFA short-chain fatty acid

TCA tricarboxylic acid

Tfh T follicular helper

TLR toll-like receptor

TNF tumor necrosis factor

Treg T regulatory cell

know that these needs change over the lifespan of the animal
and have, therefore, formulated diets based on production
goals, maintenance needs, and age. Furthermore, in livestock
production species, the selection for efficient growth and
reducing non-necessary immunoreactivity in favor of growth
has been emphasized from a resource allocation perspective
(Rauw, 2012).

Speaking solely from an immunological standpoint, reagents
to investigate companion and livestock immunity lag behind
those available for human and mouse models, but have greatly
advanced since the early 1990s. A common theme in all areas
of nutrition: human and animal is to further understand the
link between the selection of feedstuffs and alteration of host
health (Keusch, 2003; Monk et al., 2011; Satyaraj, 2011). Examples
of foods that largely benefit health include omega-3 fatty acids,
direct fed microbials, yeast products, and components of plants
such as prebiotics, fiber, phytogenics, and essential oils (Bauer,
2001, 2011; Grimble, 2001; Carr and Maggini, 2017; Di Cerbo
et al., 2017; Wu et al., 2018a). Some vitamins and minerals may
be also included that have a benefit for health above required
recommendations.

In very general terms, the immune system has short- and
long-term pathogen response capabilities which are mediated
by the innate and adaptive segments of the immune system
(Dominguez-Andrés et al., 2019; Dominguez-Andres and Netea,
2019; Netea et al., 2019). The early immune response to pathogen
or damage is largely mediated by the innate immune response
and the purpose is to mitigate damage and clear the pathogen
to prevent further colonization of the host and additional
damage (Ganeshan and Chawla, 2014; Gershwin, 2015; Newton
et al.,, 2016; Netea et al., 2019). While emerging data show that
the innate immune system may have a memory component,
the innate immune system largely does not need prior contact
with antigen to perform its duties and responds to both host

tissue damage signals and pathogen-associated molecular
patterns. To protect the host long term from reinfection with
the same antigen and increase the speed of future responses
if rechallenged, the adaptive immune system has a memory
component and specific pathogen immunity can last months to
years, with the capability to remember previous antigens and
respond to pathogen invasions. Importantly, when we consider
livestock and companion animal nutrition with the potential
to impact the immune system, we must consider if the process
we intend to target is able to be modified through nutrition.
Secondly, the ability to select a target within the innate or
adaptive immune system presents different obstacles based on
functions desired to alter, as these systems are interconnected.
What we are now trying to understand is how we can modulate
these two interconnected but different responses through
nutrition.

Immunometabolism

Immune system function and metabolism can be precisely
tracked based on the preferences in fuel selection of the
immune cells in question (Wolowczuk et al., 2008; Buck et al.,
2017). Nutritionists consider dietary inputs to meet species
and production requirements. When immunologists think
about molecular nutrition, they consider how the signaling
process might change with a different localized environment
(Hotamisligil, 2017). Immune cells shift fuel usage among
lipid, amino acids, and glucose. During immune activation,
lymphocytic cells preferentially use glycolysis for ATP
generation when oxygen is not limiting (i.e., aerobic glycolysis).
This switch is termed Warburg metabolism and is a well-
understood phenomenon common in cancers (Wolowczuk
et al., 2008; Ferreira, 2010; Buck et al., 2017; Lu, 2019; Unterlass
and Curtin, 2019). When a naive T cell recognizes an antigen,
it undergoes rapid growth, proliferation, and acquisition of
specialized effector functions. Aerobic glycolysis is not required
for T cell activation but is a hallmark of Warburg metabolism
and the switch between quiescent and active states. In immune
responses connected to the lymphocyte response, we can,
therefore, monitor a shift based on fuel preference of T and B
lymphocytes (Ganeshan and Chawla, 2014).

When we specifically consider the gastrointestinal immune
system, the first population of immune cells with direct dietary
interaction, the organization is such that the intestinal lumen
contains secretory immunoglobulin A (IgA) antibodies, and the
single epithelial cell layer is densely packed with intraepithelial
lymphocytes (Hooper et al., 2012). Dendritic cells (DCs),
macrophages, innate lymphoid cells (ILCs), and T cells reside in
the lamina propria. Peyer’s patches are interspersed along the
epithelium, which in addition to supporting sampling of luminal
antigens by DCs and M cells, house germinal centers that
maturate IgA-secreting B cells with T follicular helper (Tfh) cell
help (Jung et al., 2010). Peyer’s patches are aggregate structures
for lymphocytes and central sites for lymphocyte sampling of
antigens in the intestinal tract. Sensitized lymphocytes then
traffic to mesenteric lymph nodes, to thoracic ducts, and then
home back to the gastrointestinal tract. B cells also alter cellular
substrate usage upon activation with a switch to glycolysis and
depend pyruvate import via mitochondrial pyruvate carrier 2
(Mpc2) for longevity as long-lived plasma cells (LLPCs; Waters
et al., 2018). Increased plasma glucose usage may restrict
this nutrient from Tfh cells; however, Tfh cells downregulate
glycolysis in response to expression of their lineage defining
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transcription factor B cell lymphoma 6 (Bcl6). The change in
metabolic preference is concurrent with a change in activation
state and is functionally specific to immune cell types (Khalsa
et al.,, 2019). Feedback mechanisms through cytokine signaling,
such as anti-inflammatory interleukin-10 (IL-10), eventually
contribute to reduced activation states to prevent continuous
activation and cellular exhaustion (Couper et al., 2008; Saraiva
and O’Garra, 2010; Khalsa et al., 2019).

Importantly, LLPCs can live in bone marrow for years
continuously synthesizing companion animal species with
typical lifespans that extend beyond many commercial
production livestock (Day, 2007; Maggini et al., 2007). Current B
cell models have yet to fully understand how to combine high
biosynthetic output and a long life. High production output in
livestock species combined with an extended-life model could
be advantageous for studying both companion animal and
human diseases such as cancers common later in life. It is known
that thiamin (vitamin B,) depletion impairs tricarboxylic acid
(TCA) cycle activity and initiation of antigen-specific antibody
responses (Kunisawa et al., 2015). Naive B cells and IgA+ plasma
cells use non-glycolytic and glycolytic TCA cycles, respectively
(Axelrod, 1981; Kunisawa, 2017).

Dietary Modulation of the Immune
Response and Gastrointestinal Ecology

To understand species-specific responses and how they
potentially can be modulated by diet, it is important to
understand some basic immune response differences across
companion and livestock species (Day, 2007; Schultz and Magor,
2008; Gershwin, 2015; Guzman and Montoya, 2018). Some
responses, such as hypersensitivity reactions, are immune
responses that are exaggerated or inappropriate against an
antigen or allergen. Hypersensitivity reactions are classified into
four categories based on mediators of the reactions: 1) Allergic
(Immunoglobulin (Ig) E-mediated, asthma, and allergies),
2) Cytotoxic (IgG or IgM-mediated, includes blood transfusion
reactions); 3) Immune complex deposition (antigen: antibody
complexes that induce complement and immune response,
such as rheumatoid arthritis); and 4) Delayed (cell-mediated
hypersensitivity, such as contact dermatitis). Examples of
desirable reactions to modify in companion and livestock
species include type 1 (allergic, asthma, and allergies) and type
4 (contact dermatitis). Type 3 (arthritis) may also be desirable but
may be harder to study in shorter-lived livestock species.
Although cattle do not develop asthma naturally as a clinical
syndrome, they produce IgE to a variety of allergens (Gershwin,
2015). Similarly, IgE is also produced by sheep, goats, swine,
and horses. All of these species are capable of undergoing
anaphylactic shock. Equines have strong IgE production
capabilities in response to nematodes, and respiratory, skin,
and food allergies are seen commonly. Equines can experience
type 1 hypersensitivity to insect bites (i.e.,, summer itch) and
recurrent airway obstruction (heaves), and may also experience
systemic anaphylaxis in response to antigen injection for which
the horse already has IgE. Hypersensitivity reactions commonly
manifest in the respiratory system via histamine and serotonin.
Skin allergy in canines (atopic dermatitis) is common
and has a genetic component. Canines experience type-1
hypersensitivity more commonly as a skin disease than
respiratory allergy (Mandigers and German, 2010; Royer
et al,, 2013). A food allergy mediated by IgE can manifest as
gastrointestinal or dermatological, and this is not the same as

Bobeck | 3

food intolerance (Gershwin, 2015). Cats are the only domesticated
animal to develop asthma spontaneously, and experience airway
inflammation and hyperreactivity just as humans do (Trzil and
Reinero, 2014). Atopic dermatitis (skin allergy) is also common
in cats and also has a genetic component. Anaphylactic shock
in cats resembles a horse or pig more than a dog, where organs
affected are gastrointestinal and respiratory, and mediated by
histamine, leukotriene, and serotonin.

The gastrointestinal tract is a direct interface with the
outside world and the foods that are consumed. Also present
in the gut is a diverse set of substrates made by the host and
commensal bacteria which become available for both host and
microbial use (Keusch, 2003; Buck et al.,, 2017). Commensal
bacteria produce metabolites such as short-chain fatty acids
(SCFAs) from the fermentation of dietary fiber, which influence
B cell metabolism and promote IgA secretion (Grizotte-Lake
et al.,, 2018). SCFAs and vitamins support the maintenance of
barrier function by promoting the development and survival of
T regulatory cells (Tregs) and ILCs, while homeostatic signals
secreted by gut resident immune cells such as IL-10 may also
modulate metabolism and, therefore, control activation state
(Schulthess et al., 2019). The SCFA butyrate has had some success
in the maintenance or improvement of growth and performance
in nonruminant livestock such as broilers (Zhang et al., 2011),
but from an immunological and cell differentiation standpoint,
butyrate is also a signaling molecule, a potent inhibitor of
intestinal stem cell proliferation, and beneficial for immune
development and microbial community membership (Zhang
et al,, 2011; Wu et al., 2018b). Differentiated cells metabolize
butyrate to fuel oxidative phosphorylation and limit access to
progenitor cells for protection.

To be effective in changing a feature of the immune system
using nutrition, that feature must respond to diet. There are
several categories for which diet may affect immunity: 1) feed
the immune system cells (all nutrients); 2) feed the pathogen
(biotin/iron); 3) modify leukocyte response (energy, PUFA,
vitamins A, D, and E); 4) protect against immunopathology
(PUFA, vitamin E); 5) influence the gastrointestinal microbial
ecology (fiber); and 6) stimulate the immune system (lectins,
protein antigens; Klasing, 2007). We can even further classify
the broad categories of functional nutrients: nonnutritive and
required dietary components (Klasing, 2007; Wu et al., 2018a). It
is well-understood that nutritional deficiency impairs immune
function, and for certain nutrients, inclusion above currently
recommended levels may optimize immune function. To broadly
categorize the capabilities of feed or feed additives to alter
immune function, components can be broken into intervention
agents, such as vitamin E, vitamin D, zinc, or omega-3 fatty
acids, and functional foods such as probiotics, phytogenics,
essential oils, or smaller components of a feedstuff such as
epigallocatechin gallate (EGCG) in tea.

Intervention Agents

Vitamin E

Vitamin E is a fat-soluble antioxidant that can protect PUFAs
in cellular membranes from oxidation, regulate the production
of reactive oxygen species (ROS) and reactive nitrogen species
(RNS), and modulate signal transduction. In the literature
described here, vitamin E will be used as a general term: referring
to those tocopherols and tocotrienols that exhibit the biological
activity of a-tocopherol. Vitamin E is immunomodulatory
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effects in animal and human models under normal and disease
conditions (Lee and Han, 2018).

Immune cells contain particularly high concentrations of
vitamin E to protect from oxidative damage related to high
metabolic activity and high PUFA content (Pekmezci, 2011,
Lee and Han, 2018). Although rare in current diets, vitamin E
deficiency is linked to impaired lymphocyte proliferation and
function. Evidence is mounting that current recommendations
for dietary intake do not support the immune system, especially
in the elderly (Pekmezci, 2011; Wu et al., 2018a). Old mice fed
500 vitamin E diet vs. 30 mg/kg had enhanced T cell-mediated
immunity, improved lymphocyte proliferation, IL-2 production,
and decreased prostaglandin E, (PGE,) production (suppresses
T cells; Wu et al., 2018a). Human studies using >60-yr-old
subjects supplemented with 200 mg/d vitamin E resulted
in improved antibody titers to hepatitis B and tetanus. The
proposed mechanism of action for enhancement of T cell-
mediated function is direct membrane integrity improvement
and positively modulating the signaling events in T cells, while
also protecting T cell function indirectly by reducing production
of T cell-suppressing factors such as PGE, from macrophages
(Wu et al., 2018a).

Vitamin E supplementation above requirements has also
resulted in titer improvements post-vaccination. In a White
Leghorn laying hen (44 to 56 wk) vaccination model during
tropical summer conditions, vitamin E was supplemented
at 25, 125, or 250 mg/kg (white egg layers require 5 IU at 100 g
feed intake/d, or 4.5 mg/kg using a synthetic source). Vitamin E
supplementation improved Newcastle disease virus titer
and lymphocyte proliferation as well as egg production and
egg mass. (Panda et al, 2008). Vitamin E supplementation
also improved vaccination titers (total immunoglobulins) in
broiler chicks in a meta-analysis (Pompeu et al., 2018). In dogs
vaccinated against Taenia hydatigena, the best immune response
was observed in dogs also additionally supplemented with the
combination of vitamin E and selenium (Kandil and Abou-Zeina,
2005). Dogs supplemented with vitamin E or vitamin E/selenium
had an increased titer and IgG concentration vs. control and
unsupplemented groups, with the highest protection observed
(83.3%).

Vitamin D

Although critical for bone development, vitamin D receptors and
hydroxylases are also present in tissues and cells not involved in
mineral and bone metabolism. The overall effect of vitamin D on
innate immunity is stimulatory at physiologic concentrations
which includes monocyte proliferation and chemotactic and
phagocytic activity of macrophages (Wu et al., 2018a). Vitamin D
plays a crucial role in enhancing the innate antimicrobial
response. Toll-like receptor (TLR) binding leads to increased
expression of both the 1-o-hydroxylase and the vitamin D
receptor. Vitamin D induces endogenous antimicrobial peptide
production by monocytes, neutrophils, epithelial cells, and is
the overall inhibitory for B and T cells and interferon gamma
(IFNg) and IL-12 production, two key T cell cytokines. Activation
of B and T cells and subsequent proliferation elevates vitamin D
receptor expression for feedback inhibition and limits of effector
function (Grimble, 2001; Aranow, 2011). At a cellular level,
vitamin D modulates CD4* differentiation into subpopulations,
favors Treg and Th2 (humoral immunity and targeting
extracellular pathogens), restricts Thl and Th17, inhibits DC
differentiation from precursors and maturation, programs DCs
for tolerance, and may help mitigate T cell-driven autoimmunity
(Aranow, 2011). These effects result in decreased production of

inflammatory cytokines (IL-17, IL-21) with increased production
of anti-inflammatory cytokines such as IL-10.

In a proof of concept study, whole blood from three ill dogs
was incubated with calcitriol (2 x 107 M) or ethanol (control)
for 24 h and then stimulated with lipopolysaccharide (LPS).
Tumor necrosis factor (TNF)-a, IL-6, and IL-10 were measured
using a canine-specific multiplex assay. Calcitriol significantly
increased LPS-stimulated whole blood production of IL-10 and
decreased TNF-o production without significantly altering
IL-6 production, suggesting that calcitriol induced an anti-
inflammatory phenotype in vitro (Jaffey et al., 2018).

Zinc

Zinc is a mineral required for key biological processes that
affect normal growth, development, repair, metabolism, cell
integrity/functionality, and immune tolerance in both innate
and adaptive immune systems (Ibs and Rink, 2003). The reaction
of the immune system to zinc depends on zinc concentration,
where zinc can have both positive and negative effects on
immune function. Zinc depletion leads to function compromise
in nearly every class of immune cells and also results in thymus
involution (Wu et al., 2018a). Thymic involution is a reduction in
thymic mass, which reduces function and is typically is related
to age; premature involution, therefore, increases the likelihood
of disease, as immunosurveillance is reduced (Palmer, 2013). In
monocytes, all functions are impaired, whereas, in natural killer
cells, cytotoxicity is decreased, and in neutrophil granulocytes,
phagocytosis is reduced. Normal functions of T cells are impaired
with a skew toward Th1, but autoreactivity and alloreactivity are
increased, while B cells undergo apoptosis and reduced antibody
response. Inflammatory cytokine and mediator overproduction
occurs with a skew toward Thl. Supplementation of zinc
reconstitutes immune function, while high doses of zinc evoke
negative effects on the immune system.

When zinc is in excess, T and B cell function is suppressed,
Tregcells are overloaded, and macrophages are directly activated.
In a concentration of 100 mmol/L, zinc suppresses natural killer
cell killing and T-cell functions, whereas monocytes are activated
directly, and in a concentration of 500 mmol/L, zinc evokes a
direct chemotactic activation of neutrophil granulocytes (Ibs
and Rink, 2003; Wu et al., 2018a). This balance among adequate,
too little, and excess results in varying effects when humans and
livestock are supplemented with zinc in an attempt to improve
performance and immunity, as zinc requirements change based
on species, age, and health status (Nielsen, 2012; Maywald et al.,
2017; Wessels et al., 2017; Brugger and Windisch, 2019).

Omega-3 fatty acids

Omega-3 fatty acids are one of the most recognized
immunomodulating  supplements. When choosing to
supplement omega-3 PUFA for an immune-enhancing effect,
the source is important. Alpha-linolenic acid (ALA) is found
in plant sources and is commonly supplemented in the form
of flaxseed in animal diets. Eicosapentanoic acid (EPA) and
docosahexaenoic acid (DHA) are found in marine sources such
as fish and algae. Nonruminant animals lack the enzymes
and efficiency to convert all ALA to bioactive EPA and DHA,
so they must be supplemented in order to receive immune
benefit (Burdge et al., 2002; Burdge and Wootton, 2002; Lenox,
2015). The potent anti-inflammatory properties of omega-3
PUFA include the ability to inhibit production of inflammatory
mediators including eicosanoids (PGE,, 4-series leukotrienes),
pro-inflammatory cytokines (IL-1f3, TNF-q, IL-6), chemokines
(IL-8, intercellular adhesion moelcule-1 [MCP-1], adhesion
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molecules (intercellular adhesion moelcule-1 [[CAM-1], VCAM-1
vascular cell adhesion molecule-1 [VCAM-1], selectins), platelet-
activating factor, and ROS and RNS (Calder, 2007). In addition to
inhibiting pro-inflammatory mediators, omega-3 PUFA increase
the production of anti-inflammatory cytokines such as IL-10 and
are pro-resolution agents by serving as the precursors for several
families of pre-resolving mediators, which at least include EPA-
derived E-series resolvins, DHA-derived D-series resolvins, and
DHA-derived protectins and maresins (Klasing, 2007; Monk
etal., 2011; Wu et al., 2018a). Omega-3 PUFA generally suppress T
cells by inhibiting Th1 and Th17 differentiation, with little effect
on Th2 and Treg populations.

Original work in 1994 focused on pruritus, atopy, and skin
inflammation in dogs (Logas, 1994). Each dog received a high-
dose capsule with 180 mg EPA and 120 mg DHA/4.55 kg body
weight or control (570 mg linoleic acid and 50 mg gamma-
linolenic acid/4.55 kg body weight) for 6 wk, and the researchers
saw significant improvements in pruritus, self-trauma, and
coat damage over time. Additional researchers have reported
the benefits of feeding omega-3 PUFA and positive control or
atopic dermatitis in dogs (Scott et al., 1997; Singh et al., 2010).
In additional conditions found in dogs, Freeman et al. (1998)
also reported that dogs with heart failure have low plasma
concentrations of EPA, regardless of underlying disease. His
research group administered 27 mg EPA - kg d* and 18 mg
DHA - kg d*, which resulted in reduced PGE,, decreased IL-1,
and improved cachexia vs. placebo. The caveat to omega-3 PUFA
supplementation is 2-fold: 1) these immunomodulating changes
occur with DHA or EPA supplementation, not ALA (i.e., flaxseed
supplies omega-3 PUFA, but not bioactive forms) (Calder,
2007) and 2) the reduction in inflammatory processes leads
to increased incidence of bacterial function, as the immune
processes that surveil, control, and clear bacterial infections
are dampened with continued omega-3 PUFA supplementation
(Bauer, 2001; Calder, 2007; Lenox and Bauer, 2013).

Functional Foods

Plant-based compounds: phytogenics and
essential oils

Phytogenics represent a group of plant-based natural substances
used in animal nutrition. These substances are derived from
herbs, spices, plants and their extracts, such as essential oils, and
are used to improve animal growth, immunity, and performance
due to a myriad of effects which include antimicrobial effects as
well as cell-signaling alterations. The use of essential oils and
phytogenic compounds in nonruminant animals has become
more popular due to restrictions and reductions in antibiotic
use (Yang et al., 2015). While the use of these compounds has
notbeen as popular in companion animal nutrition as compared
with nonruminant livestock, it is plausible that some of these
compounds may make their way into companion animal feed
and supplements in the near future.

Supplementation with phytogenics such as cinnamon,
oregano, turmeric, or thyme products has been shown to
improve the immune response in pigs and poultry (Huang
and Lee, 2018). Improvements include improved antibody
titer in response to vaccination, higher lymphocyte counts,
and enhanced body weight, feed conversion, egg production,
and body weight gain (Huang and Lee, 2018). In a common
mechanistic pathway, these phytogenics generally acted to
alleviate the overall stress response by suppressing nuclear
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factor kappa-light-chain-enhancer of activated B cells (NFkB) and
mitogen-activated protein kinase (MAPK) signaling pathways
and increasing the expression of anti-inflammatory cytokines.
As a result, the blood levels of nonspecific immune cells such
as heterophils (in chickens; neutrophils in pigs) were lowered,
and lymphocyte and antibody production were promoted to
defend against invading pathogens (Huang and Lee, 2018; Zhai
et al.,, 2018). Reducing energy expended on the nonspecific
immune system also allows to repartition energy for growth and
production. Phytochemicals were shown to downregulate NFkB
and/or MAPKs signaling pathways in chickens and pigs through
a reduction in TLR signaling, but the detailed mechanisms,
including expression of upstream molecules involving NFxB
and MAPKs signaling as well as the relationship between
antioxidant and anti-inflammation, are still under investigation
(Huang and Lee, 2018). A separate group reviewed the potential
variables that may cause success in the use of phytogenics or
essential oils in nonruminant livestock production and reported
that factors such as pelleting, energy content of the diet, dietary
form, essential oil composition, environment, age of animal, and
growth performance level all factored into the success or failure
of the phytogenic or essential oil in improving performance and
immune function (Zhai et al., 2018).

Green tea components

The mostnotable and abundantimmunomodulatory component
of green tea is epigallocatechin-3-gallate (EGCG). EGCG induces
IL-10 production and Treg differentiation and reduces neutrophil
migration while also slowing DC maturation. EGCG also alters
forkhead box P3 (FOXP3) signaling, the master regulator in
T cell development, and promotes Tregs, which turn the
immune system down to reduce inflammation (Grimble, 2001,
Wu et al,, 2018a). In cancer, excess Tregs prevent the immune
system from destroying cancer cells, while in autoimmunity,
Tregs are deficient and this allows immune cells to attack the
body’s own tissues. As we look to the methods of improving
livestock and companion animal lifespan and quality of life, we
must remember that components that immunoregulate also
may have downstream consequences.

Probiotics

Incredible advances in both the fields of microbiology and
immunology have shown us how closely linked these two
ecosystems are (Maslowski and Mackay, 2011; Hooper et al.,
2012). Diet, including fiber content, has a considerable effect on
the microbial community, and we also know that composition
and products from the microbial community have unexpected
effects on immune and inflammatory responses (Makki et al.,
2018). SCFAs are known to promote Treg differentiation, while
butyrate specifically enhances barrier function, mucus, IgA
production, and the promotion of an anaerobic environment.
The depletion of anaerobic bacteria, commonly through the use
of antibiotics, has been associated with a reduction in butyrate
concentrations, thus promoting an aerobic environment,
favoring the expansion of aerobes including pathogenic
Salmonella species (Parada Venegas et al., 2019). In the absence
of butyrate, aerobes and facultative anaerobes respond to
increased available O, and create favorable conditions for
pathogens (Maslowski and Mackay, 2011). The supplementation
of probiotics specifically has been shown to interact with gut
mucosa, M cells, intestinal epithelial cells, Peyer’s patch, and
DCs, with effects also seen in mucosal respiratory immune
system response and reduction of pro-inflammatory cytokines.
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The effects of probiotics are known to be strain-dependent
in their roles in modulating how the innate immune system
interacts with T and B cells, and longer-term and sustained
supplementation (months) is required to see an effect (Ganguly,
2013; Baffoni, 2018; Ma et al., 2018; Li et al., 2019).

Summary and Conclusions

The implications of using nutrition and supplements to alter
immune function not only may be beneficial but also may create
downstream unintended consequences that must be considered
when long-term supplementation is indicated. Certainly, not
all immunomodulating nutrients and compounds have been
discussed in this review. Most of the immunomodulating
compounds reviewed here perform a function related to
dampening the immune system to offer a growth, immune, or
performance benefit (vitamin D, omega-3 PUFA, phytogenics),
while some alter interactions with other systems to provide a
benefit (probiotics). Supplementation of probiotics or vitamin E
at the right concentration and timing may enhance a desirable
outcome such as antibody titer in response to a vaccine and can
be taken into consideration with both livestock and companion
animals to improve health outcomes.

The ability of an added nutritional supplement to alter
immune activity depends on the exposure of the immune system
to an immunomodulating concentration of each input as well
as the desired outcome. In cases where an immunomodulating
nutrient needs to be fed above maintenance or reproductive
requirements to alter the immune system, nutrient exposure
must be sustained to derive a benefit. For example, if the goal
is to enhance a vaccine response with vitamin E, a supplement
may need to be fed in advance in order for immune cells to
incorporate the vitamin, and through the expected vaccine
immune response (months). After the removal of therapeutic
vitamin E, because it may be stored in fat, effects potentially
could persist for a period of time. It is clear that for supplements
such as probiotics, continual exposure (i.e., consumed daily as a
concentrate, or in each ration) is needed to derive a benefit. The
ability to store or access a nutrient (fat vs. water-soluble) beyond
maintenance needs also may determine short- and long-term
efficacy. Long-term suppression of the immune system could
contribute to downstream outcomes such as reduced pathogen
clearance or incidence of auto-immunity and certain cancers
but may be desirable in the short term to clear pathologic
inflammation or hypersensitivity responses.

Acknowledgment

Based on a presentation entitled “Functional nutrition to
modulate the immune system”, presented at the 2019 Annual
Meeting of the ASAS and CSAS Companion Animal Symposium
I: Nutrition and Health: Companion Animal Applications July 9,
2019, in Austin, TX.

Conflict of interest statement

The authors declare no real or perceived conflicts of interest.

Literature Cited

Aranow, C. 2011. Vitamin D and the immune system. J. Investig.
Med. 59:881-886. doi:10.2310/JIM.0b013e31821b8755

Axelrod, A.E.1981.Role of the Bvitaminsin theimmuneresponse.
Adv.Exp.Med.Biol.135:93-106.d0i:10.1007/978-1-4615-9200-6_5

Baffoni, L. 2018. Probiotics and prebiotics for the health of
companion animals. In: Di Gioia, D., and B. Biavati, editors.
Probiotics and prebiotics in animal health and food safety. Springer
International Publishing.

Batatinha, H. A. P, L. A. Biondo, F. S. Lira, L. M. Castell, and
J. C.Rosa-Neto. 2019. Nutrients, immune system, and exercise:
where will it take us? Nutrition 61:151-156. do0i:10.1016/j.
nut.2018.09.019

Bauer, J. E. 2001. Evaluation of nutraceuticals, dietary
supplements, and functional food ingredients for companion
animals. J. Am. Vet. Med. Assoc. 218:1755-1760. doi:10.2460/
javma.2001.218.1755

Bauer, J. E. 2011. Therapeutic use of fish oils in companion
animals. J. Am. Vet. Med. Assoc. 239(11):1441-1451. doi:10.2460/
javma.239.11.1441

Brugger, D.,and W. M. Windisch. 2019. Adaption of body zinc pools
in weaned piglets challenged with subclinical zinc deficiency.
Br.]. Nutr. 121:849-858. d0i:10.1017/S0007114519000187

Buck, M. D., R. T. Sowell, S. M. Kaech, and E. L. Pearce. 2017.
Metabolic instruction of immunity. Cell 169:570-586.
doi:10.1016/j.cell.2017.04.004

Burdge, G.C.,A.E.Jones,andS. A. Wootton.2002. Eicosapentaenoic
and docosapentaenoic acids are the principal products of
alpha-linolenic acid metabolism in young men. Br. J. Nutr.
88:355-363. doi:10.1079/BJN2002662

Burdge, G. C, and S. A. Wootton. 2002. Conversion of alpha-
linolenic acid to eicosapentaenoic, docosapentaenoic and
docosahexaenoic acids in young women. Br. J. Nutr. 88:411-
420. d0i:10.1079/BJN2002689

Calder, P. C. 2007. Immunomodulation by omega-3 fatty
acids. Prostaglandins Leukot. Essent. Fatty Acids 77:327-335.
doi:10.1016/j.plefa.2007.10.015

Carr, A. C.,and S. Maggini. 2017.Vitamin C and immune function.
Nutrients 9:11 doi: 10.3390/nu9111211

Couper, K. N,, D. G. Blount, and E. M. Riley. 2008. IL-10: the master
regulator of immunity to infection. J. Immunol. 180:5771-5777.
doi:10.4049/jimmunol.180.9.5771

Day, M. J. 2007. Immune system development in the dog and cat.
J. Comp. Pathol. 137(Suppl 1):S10-S15. doi:10.1016/j.jcpa.2007.
04.005

Di Cerbo, A., J. C. Morales-Medina, B. Palmieri, F. Pezzuto,
R. Cocco, G. Flores, and T. Iannitti. 2017. Functional foods in
pet nutrition: focus on dogs and cats. Res. Vet. Sci. 112:161-
166. d0i:10.1016/j.rvsc.2017.03.020

Dominguez-Andrés, J., L. A. Joosten, and M. G. Netea. 2019.
Induction of innate immune memory: the role of cellular
metabolism. Curr. Opin. Immunol. 56:10-16. doi:10.1016/j.
€01.2018.09.001

Dominguez-Andres, ], and M. G. Netea. 2019. Long-term
reprogramming of the innate immune system. J. Leukoc. Biol.
105:329-338. d0i:10.1002/JLB.MR0318-104R

Ferreira, L. M. 2010. Cancer metabolism: the Warburg effect today.
Exp. Mol. Pathol. 89:372-380. doi:10.1016/j.yexmp.2010.08.006

Freeman, L. M., J. E. Rush, J. ]. Kehayias, J. N. Ross Jr, S. N. Meydani,
D. J. Brown, G. G. Dolnikowski, B. N. Marmor, M. E. White,
C. A. Dinarello, et al. 1998. Nutritional alterations and the
effect of fish oil supplementation in dogs with heart failure.
J. Vet. Intern. Med. 12:440-448. doi: 10.1111/j.1939-1676.1998.
tb02148.x

Ganeshan, K., and A. Chawla. 2014. Metabolic regulation
of immune responses. Annu. Rev. Immunol. 32:609-634.
doi:10.1146/annurev-immunol-032713-120236

Ganguly, S. 2013. Supplementation of prebiotics, probiotics
and acids on immunity in poultry feed: a brief review. World
Poultry Sci. J. 69:639-648. doi:10.1017/S0043933913000640

Gershwin, L. J. 2015. Comparative immunology of allergic
responses. Annu. Rev. Anim. Biosci. 3:327-346. doi:10.1146/
annurev-animal-022114-110930

Grimble, R. F. 1995. Interactions between nutrients and the
immune system. Nutr. Health 10:191-200. doi:10.1177/
026010609501000302

0202 Joquiadas | uo 1sanb Aq £/582/G/SE0LENS/E/86/2101ME/SEl/WO00"dNo"dIWapede//:sdny Wwolj papeojumoq


https://doi.org/10.2310/JIM.0b013e31821b8755
https://doi.org/10.1007/978-1-4615-9200-6_5
https://doi.org/10.1016/j.nut.2018.09.019
https://doi.org/10.1016/j.nut.2018.09.019
https://doi.org/10.2460/javma.2001.218.1755
https://doi.org/10.2460/javma.2001.218.1755
https://doi.org/10.2460/javma.239.11.1441
https://doi.org/10.2460/javma.239.11.1441
https://doi.org/10.1017/S0007114519000187
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.1079/BJN2002662
https://doi.org/10.1079/BJN2002689
https://doi.org/10.1016/j.plefa.2007.10.015
https://doi.org/10.3390/nu9111211
https://doi.org/10.4049/jimmunol.180.9.5771
https://doi.org/10.1016/j.jcpa.2007.04.005
https://doi.org/10.1016/j.jcpa.2007.04.005
https://doi.org/10.1016/j.rvsc.2017.03.020
https://doi.org/10.1016/j.coi.2018.09.001
https://doi.org/10.1016/j.coi.2018.09.001
https://doi.org/10.1002/JLB.MR0318-104R
https://doi.org/10.1016/j.yexmp.2010.08.006
https://doi.org/10.1111/j.1939-1676.1998.tb02148.x
https://doi.org/10.1111/j.1939-1676.1998.tb02148.x
https://doi.org/10.1146/annurev-immunol-032713-120236
https://doi.org/10.1017/S0043933913000640
https://doi.org/10.1146/annurev-animal-022114-110930
https://doi.org/10.1146/annurev-animal-022114-110930
https://doi.org/10.1177/026010609501000302
https://doi.org/10.1177/026010609501000302

Grimble, R. F. 2001. Nutritional modulation of immune function.
Proc. Nutr. Soc. 60:389-397. doi:10.1079/pns2001102

Grizotte-Lake, M., G. Zhong, K. Duncan, J. Kirkwood, N. Iyer,
1. Smolenski, N. Isoherranen, and S. Vaishnava. 2018.
Commensals suppress intestinal epithelial cell retinoic acid
synthesis to regulate interleukin-22 activity and prevent
microbial dysbiosis. Immunity 49:1103-1115.e6. doi:10.1016/j.
immuni.2018.11.018

Guzman, E., and M. Montoya. 2018. Contributions of farm
animals to immunology. Front. Vet. Sci. 5:307. doi:10.3389/
fvets.2018.00307

Hooper, L. V,, D. R. Littman, and A. ]J. Macpherson. 2012.
Interactions between the microbiota and the immune
system. Science 336:1268-1273. d0i:10.1126/science.1223490

Hotamisligil, G. S. 2017. Foundations of immunometabolism
and implications for metabolic health and disease. Immunity
47:406-420. doi:10.1016/j.immuni.2017.08.009

Huang, C. M., and T. T. Lee. 2018. Immunomodulatory effects of
phytogenics in chickens and pigs - a review. Asian-australas.
J. Anim. Sci. 31:617-627. doi:10.5713/ajas.17.0657

Ibs, K. H., and L. Rink. 2003. Zinc-altered immune function. J.
Nutr. 133:14525-14568S. doi:10.1093/jn/133.5.1452S

Jaffey, J. A.,]J. Amorim, and A. E. DeClue. 2018. Effect of calcitriol
on in vitro whole blood cytokine production in critically ill
dogs. Vet. J. 236:31-36. d0i:10.1016/j.tvj1.2018.04.010

Jung, C., J. P. Hugot, and F. Barreau. 2010. Peyer’s patches: the
immune sensors of the intestine. Int. J. Inflam. 2010:823710.
doi:10.4061/2010/823710

Kandil, O. M., and H. A. Abou-Zeina. 2005. Effect of parenteral
vitamin E and selenium supplementation on immune status
of dogs vaccinated with subunit and somatic antigens against
Taenia hydatigena. J. Egypt. Soc. Parasitol. 35:537-550.

Keusch, G. T. 2003. The history of nutrition: malnutrition,
infection and immunity. J. Nutr. 133:3365-340S. doi:10.1093/
jn/133.1.336S

Khalsa, J. K., A. S. Chawla, S. B. Prabhu, M. Vats, A. Dhar, G. Dev,
N. Das, S. Mukherjee, S. Tanwar, H. Banerjee, et al. 2019.
Functionally significant metabolic differences between B and
T lymphocyte lineages. Immunology 158:104-120. doi:10.1111/
imm.13098

Klasing, K. C. 2007. Nutrition and the immune system. Br. Poult.
Sci. 48:525-537. doi:10.1080/00071660701671336

Kunisawa, J. 2017. Metabolic changes during B cell differentiation
for the production of intestinal IgA antibody. Cell. Mol. Life Sci.
74:1503-1509. doi:10.1007/s00018-016-2414-8

Kunisawa, J., Y. Sugiura, T. Wake, T. Nagatake, H. Suzuki,
R. Nagasawa, S. Shikata, K. Honda, E. Hashimoto, Y. Suzuki,
et al. 2015. Mode of bioenergetic metabolism during B cell
differentiation in the intestine determines the distinct
requirement for vitamin B1. Cell Rep. 13:122-131. doi:10.1016/j.
celrep.2015.08.063

Lee, G. Y., and S. N. Han. 2018. The role of vitamin E in immunity.
Nutrients 10:1614. doi: 10.3390/nu10111614

Lenox, C. E. 2015. Timely topics in nutrition: an overview of fatty
acids in companion animal medicine. J. Am. Vet. Med. Assoc.
246:1198-1202. doi:10.2460/javma.246.11.1198

Lenox, C. E., and J. E. Bauer. 2013. Potential adverse effects of
omega-3 fatty acids in dogs and cats. J. Vet. Intern. Med.
27:217-226. doi:10.1111/jvim.12033

Li, Y., S. Hou, W. Peng, Q. Lin, F. Chen, L. Yang, F. Li, and X. Huang.
2019. Oral administration of Lactobacillus delbrueckii during the
suckling phase improves antioxidant activities and immune
responses after the weaning event in a piglet model. Oxid.
Med. Cell. Longev. 2019:6919803. doi:10.1155/2019/6919803

Logas, D. 1994. Double-blinded crossover study with high
dose eicosapentaenoic supplementation for the treatment
of canine allergic pruritus. Vet. Dermatol. 5:99-104.
doi:10.1111/§.1365-3164.1994.tb00020.x

Lu, J. 2019. The Warburg metabolism fuels tumor metastasis.
Cancer Metastasis Rev. 38:157-164. doi:10.1007/s10555-019-
09794-5

Bobeck | 7

Ma, T., Y. Suzuki, and L. L. Guan. 2018. Dissect the mode of
action of probiotics in affecting host-microbial interactions
and immunity in food producing animals. Vet. Immunol.
Immunopathol. 205:35-48. doi:10.1016/j.vetimm.2018.10.004

Maggini, S., A. Pierre, and P. C. Calder. 2018. Immune function
and micronutrient requirements change over the life course.
Nutrients. 10(10). doi: 10.3390/nu10101531

Maggini, S., E. S. Wintergerst, S. Beveridge, and D. H. Hornig.
2007. Selected vitamins and trace elements support immune
function by strengthening epithelial barriers and cellular and
humoral immune responses. Br. J. Nutr. 98(Suppl 1):529-S35.
doi:10.1017/S0007114507832971

Makki, K., E. C. Deehan, J. Walter, and F. Bickhed. 2018.The impact
of dietary fiber on gut microbiota in host health and disease.
Cell Host Microbe. 23:705-715. d0i:10.1016/j.chom.2018.05.012

Mandigers, P, and A. J. German. 2010. Dietary hypersensitivity in
cats and dogs. Tijdschr. Diergeneeskd. 135:706-710.

Maslowski, K. M., and C. R. Mackay. 2011. Diet, gut microbiota
and immune responses. Nat. Immunol. 12:5-9. doi:10.1038/
ni0111-5

Maywald, M., I. Wessels, and L. Rink. 2017. Zinc signals and
immunity. Int. J. Mol. Sci. 18:2222. d0i:10.3390/ijms18102222

Monk, J. M., T. Y. Hou, and R. S. Chapkin. 2011. Recent advances in
the field of nutritional immunology. Expert Rev. Clin. Immunol.
7:747-749. doi:10.1586/eci.11.69

Netea, M. G., A. Schlitzer, K. Placek, L. A. B. Joosten, and
J. L. Schultze. 2019. Innate and adaptive immune memory: an
evolutionary continuum in the host’s response to pathogens.
Cell Host Microbe. 25:13-26. doi:10.1016/j.chom.2018.12.006

Newton, R., B. Priyadharshini, and L. A. Turka. 2016.
Immunometabolism of regulatory T cells. Nat. Immunol.
17:618-625. doi:10.1038/ni.3466

Nielsen, F. H. 2012. History of zinc in agriculture. Adv. Nutr. 3:783-
789. doi:10.3945/an.112.002881

Palmer, D. B. 2013. The effect of age on thymic function. Front.
Immunol. 4:316. d0i:10.3389/fimmu.2013.0031

Panda, A. K., S. V. Ramarao, M. V. Raju, and R. N. Chatterjee.
2008. Effect of dietary supplementation with vitamins E
and C on production performance, immune responses
and antioxidant status of White Leghorn layers under
tropical summer conditions. Br. Poult. Sci. 49:592-599.
doi:10.1080/00071660802337233

Parada Venegas, D., M. K. De la Fuente, G. Landskron,
M. J. Gonzdlez, R. Quera, G. Dijkstra, H. J. M. Harmsen,
K. N. Faber, and M. A. Hermoso. 2019. Short chain fatty acids
(SCFAs)-mediated gut epithelial and immune regulation and
its relevance for inflammatory bowel diseases. Front. Immunol.
10:277. d0i:10.3389/immu.2019.00277

Pekmezci, D. 2011. Vitamin E and Immunity. Vitam. Horm. 86:179-
215. doi:10.1016/B978-0-12-386960-9.00008-3

Pompeu, M. A,, L. F. L. Cavalcanti, and F. L. B. Torala. 2018. Effect
of vitamin E supplementation on growth performance, meat
quality, and immune response of male broiler chickens:
a meta-analysis. Livestock Sci. 208:5-13. doi:10.1016/j.
livsci.2017.11.021

Rauw, W. M. 2012. Immune response from a resource allocation
perspective. Front. Genet. 3:267. doi:10.3389/fgene.2012.00267

Royer, C. M., K. Rudolph, and E. G. Barrett. 2013. The neonatal
susceptibility window for inhalant allergen sensitization in
the atopically predisposed canine asthma model. Immunology
138:361-369. d0i:10.1111/imm.12043

Saraiva, M., and A. O’Garra. 2010. The regulation of IL-10
production by immune cells. Nat. Rev. Immunol. 10:170-181.
doi:10.1038/nri2711

Satyaraj, E. 2011. Emerging paradigms in immunonutrition. Top.
Companion Anim. Med. 26:25-32. d0i:10.1053/j.tcam.2011.01.004

Schulthess, J., S. Pandey, M. Capitani, K. C. Rue-Albrecht, I. Arnold,
F. Franchini, A. Chomka, N. E. Ilott, D. G. W. Johnston, E. Pires,
et al. 2019. The short chain fatty acid butyrate imprints an
antimicrobial program in macrophages. Immunity 50:432-445.
e7.doi:10.1016/j.immuni.2018.12.018

0202 Joquiadas | uo 1sanb Aq £/582/G/SE0LENS/E/86/2101ME/SEl/WO00"dNo"dIWapede//:sdny Wwolj papeojumoq


https://doi.org/10.1079/pns2001102
https://doi.org/10.1016/j.immuni.2018.11.018
https://doi.org/10.1016/j.immuni.2018.11.018
https://doi.org/10.3389/fvets.2018.00307
https://doi.org/10.3389/fvets.2018.00307
https://doi.org/10.1126/science.1223490
https://doi.org/10.1016/j.immuni.2017.08.009
https://doi.org/10.5713/ajas.17.0657
https://doi.org/10.1093/jn/133.5.1452S
https://doi.org/10.1016/j.tvjl.2018.04.010
https://doi.org/10.4061/2010/823710
https://doi.org/10.1093/jn/133.1.336S
https://doi.org/10.1093/jn/133.1.336S
https://doi.org/10.1111/imm.13098
https://doi.org/10.1111/imm.13098
https://doi.org/10.1080/00071660701671336
https://doi.org/10.1007/s00018-016-2414-8
https://doi.org/10.1016/j.celrep.2015.08.063
https://doi.org/10.1016/j.celrep.2015.08.063
https://doi.org/10.3390/nu10111614
https://doi.org/10.2460/javma.246.11.1198
https://doi.org/10.1111/jvim.12033
https://doi.org/10.1155/2019/6919803
https://doi.org/10.1111/j.1365-3164.1994.tb00020.x
https://doi.org/10.1007/s10555-019-09794-5
https://doi.org/10.1007/s10555-019-09794-5
https://doi.org/10.1016/j.vetimm.2018.10.004
https://doi.org/10.3390/nu10101531
https://doi.org/10.1017/S0007114507832971
https://doi.org/10.1016/j.chom.2018.05.012
https://doi.org/10.1038/ni0111-5
https://doi.org/10.1038/ni0111-5
https://doi.org/10.3390/ijms18102222
https://doi.org/10.1586/eci.11.69
https://doi.org/10.1016/j.chom.2018.12.006
https://doi.org/10.1038/ni.3466
https://doi.org/10.3945/an.112.002881
https://doi.org/10.3389/fimmu.2013.0031
https://doi.org/10.1080/00071660802337233
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1016/B978-0-12-386960-9.00008-3
https://doi.org/10.1016/j.livsci.2017.11.021
https://doi.org/10.1016/j.livsci.2017.11.021
https://doi.org/10.3389/fgene.2012.00267
https://doi.org/10.1111/imm.12043
https://doi.org/10.1038/nri2711
https://doi.org/10.1053/j.tcam.2011.01.004
https://doi.org/10.1016/j.immuni.2018.12.018

8 | Journal of Animal Science, 2020, Vol. 98, No. 3

Schultz, U, and K. Magor. 2008. Comparative immunology of
agricultural birds. In: Davison, F., B. Kaspers, and K. A. Schat,
editors. Avian immunology. San Diego (CA): Elsevier.

Scott, D. W,, W. H. Miller Jr, G. A. Reinhart, H. O. Mohammed,
and M. S. Bagladi. 1997. Effect of an omega-3/omega-6 fatty
acid-containing commercial lamb and rice diet on pruritus in
atopic dogs: results of a single-blinded study. Can. J. Vet. Res.
61:145-153.

Singh, S. K., U. Dimri, S. K. Saxena, and R. K. Jadhav. 2010.
Therapeutic management of canine atopic dermatitis by
combination of pentoxifylline and PUFAs. J. Vet. Pharmacol.
Ther. 33:495-498. doi:10.1111/j.1365-2885.2009.01146.x

Trzil, J. E., and C. R. Reinero. 2014. Update on feline asthma. Vet.
Clin. North Am. Small Anim. Pract. 44:91-105. doi:10.1016/j.
cvsm.2013.08.006

Unterlass, J. E., and N. J. Curtin. 2019. Warburg and Krebs
and related effects in cancer. Expert Rev. Mol. Med. 21:e4.
doi:10.1017/erm.2019.4

Waters, L. R, E M. Ahsan, D. M. Wolf, O. Shirihai, and
M. A. Teitell. 2018. Initial B cell activation induces metabolic
reprogramming and mitochondrial remodeling. iScience 5:99-
109. doi:10.1016/j.isci.2018.07.005

Wessels, 1., M. Maywald, and L. Rink. 2017. Zinc as a gatekeeper
of immune function. Nutrients 9:1286. doi:10.3390/nu9121286

Wintergerst, E. S., S. Maggini, and D. H. Hornig. 2006. Immune-
enhancing role of vitamin C and zinc and effect on clinical
conditions. Ann. Nutr. Metab. 50:85-94. d0i:10.1159/000090495

Wintergerst, E. S., S. Maggini, and D. H. Hornig. 2007. Contribution
of selected vitamins and trace elements to immune function.
Ann. Nutr. Metab. 51:301-323. doi:10.1159/000107673

Wolowczuk, I., C. Verwaerde, O. Viltart, A. Delanoye, M. Delacre,
B. Pot, and C. Grangette. 2008. Feeding our immune system:
impact on metabolism. Clin. Dev. Immunol. 2008:639803.
doi:10.1155/2008/639803

Wu, D., E. D. Lewis, M. Pae, and S. N. Meydani. 2018a. Nutritional
modulation of immune function: analysis of evidence,
mechanisms, and clinical relevance. Front. Immunol. 9:3160.
doi:10.3389/fimmu.2018.03160

Wu, W, Z. Xiao, W. An, Y. Dong, and B. Zhang. 2018b. Dietary
sodium butyrate improves intestinal development and
function by modulating the microbial community in broilers.
PLoS One 13:0197762. doi:10.1371/journal.pone.0197762

Yang, C., M. A. Chowdhury, Y. Huo, and J. Gong. 2015. Phytogenic
compounds as alternatives to in-feed antibiotics: potentials
and challenges in application. Pathogens 4:137-156.
doi:10.3390/pathogens4010137

Zhai, H., H. Liu, S. Wang, J. Wu, and A. M. Kluenter. 2018. Potential
of essential oils for poultry and pigs. Anim. Nutr. 4:179-186.
doi:10.1016/j.aninu.2018.01.005

Zhang, W. H., Y. Jiang, Q. F. Zhu, F. Gao, S. F. Dai, J. Chen, and
G. H. Zhou. 2011. Sodium butyrate maintains growth
performance by regulating the immune response in broiler
chickens. Br. Poult. Sci. 52:292-301. doi:10.1080/00071668.2011
578121

0202 Joquiadas | uo 1sanb Aq £/582/G/SE0LENS/E/86/2101ME/SEl/WO00"dNo"dIWapede//:sdny Wwolj papeojumoq


https://doi.org/10.1111/j.1365-2885.2009.01146.x
https://doi.org/10.1016/j.cvsm.2013.08.006
https://doi.org/10.1016/j.cvsm.2013.08.006
https://doi.org/10.1017/erm.2019.4
https://doi.org/10.1016/j.isci.2018.07.005
https://doi.org/10.3390/nu9121286
https://doi.org/10.1159/000090495
https://doi.org/10.1159/000107673
https://doi.org/10.1155/2008/639803
https://doi.org/10.3389/fimmu.2018.03160
https://doi.org/10.1371/journal.pone.0197762
https://doi.org/10.3390/pathogens4010137
https://doi.org/10.1016/j.aninu.2018.01.005
https://doi.org/10.1080/00071668.2011.578121
https://doi.org/10.1080/00071668.2011.578121

