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ABSTRACT

The composition of dietary macronutrients (proteins, carbohydrates, and fibers) and micronutrients (vitamins,
phytochemicals) can markedly influence the development of immune responses to enteric infection. This has important
implications for livestock production, where a significant challenge exists to ensure healthy and productive animals in an
era of increasing drug resistance and concerns about the sector’s environmental footprint. Nutritional intervention may
ultimately be a sustainable method to prevent disease and improve efficiency of livestock enterprises, and it is now well
established that certain phytonutrients can significantly improve animal performance during challenge with infectious
pathogens. However, many questions remain unanswered concerning the complex interplay between diet, immunity, and
infection. In this review, we examine the role of phytonutrients in regulating immune and inflammatory responses during
enteric bacterial and parasitic infections in livestock, with a specific focus on some increasingly well-studied phytochemical
classes—polyphenols (especially proanthocyanidins), essential oil components (cinnamaldehyde, eugenol, and carvacrol),
and curcumin. Despite the contrasting chemical structures of these molecules, they appear to induce a number of similar
immunological responses. These include promotion of mucosal antibody and antimicrobial peptide production, coupled
with a strong suppression of inflammatory cytokines and reactive oxygen species. Although there have been some recent
advances in our understanding of the mechanisms underlying their bioactivity, how these phytonutrients modulate
immune responses in the intestine remains mostly unknown. We discuss the complex inter-relationships between
metabolism of dietary phytonutrients, the gut microbiota, and the mucosal immune system, and propose that an increased
understanding of the basic immunological mechanisms involved will allow the rational development of novel dietary
additives to promote intestinal health in farmed animals.
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Abbreviations

DCs dendritic cells

ETEC enterotoxigenic Escherichia coli

GALT gut-associated lymphoid tissue

IEC intestinal epithelial cells

LPS lipopolysaccharide

Muc2 mucin 2

PAC proanthocyandins

SCFA short-chain fatty acid

Reg3y regenerating islet-derived protein 3
gamma

Th T-helper

Trp tryptophan

Introduction

The livestock production sector is under increasing pressure
to improve efficiency, to meet the demand of feeding a
growing population from a shrinking resource base. There
are major concerns about the contribution of livestock to
greenhouse gas emissions, and also the use of antibiotics
that may contribute to antibiotic resistance in humans.
Thus, it is critical to improve farming methods to ensure the
development of robust and resilient animals that can maintain
production in the face of numerous environmental challenges
(Eisler et al., 2014). Infectious diseases of the gastrointestinal
tract are a major constraint on efficient and profitable
production. Infection may directly reduce animal growth and
performance through damage to the absorptive capacity of
the gut, as well as more indirectly through modulatory effects
to the gut microbiome and systemic metabolism (Xiong et al.,
2019). In addition, resistance to many classes of antibiotics
and antiparasiticides has necessitated the urgent need for
novel solutions.

Manipulation of immune function during pathogen
infection, whereby damaging inflammatory responses are
minimized and protective and/or tolerogenic mechanisms
are induced, is potentially a sustainable solution to the
above issues. In this respect, it has long been recognized
that nutrition plays a major role in resistance to infectious
diseases, with appropriate dietary macronutrients (proteins,
carbohydrates, and fibers) being important for effective
immune responses. More recently, the contribution of
micronutrients (e.g., vitamins) or other dietary components
such as phytochemicals to the expression of specific immune
mechanisms hasbeenincreasingly appreciated. As aresult, the
use of defined dietary supplements with immunostimulatory
effects to prevent and/or control disease has recently been
investigated (Ballou et al., 2019).

In this review, we will discuss how phytonutrients may
modulate immune function during gut pathogen (bacterial
and parasitic) infections, and highlight some examples of how
this knowledge may be harnessed to contribute to sustainable
livestock production. Our objective is not to provide an
exhaustive overview of the many studies that demonstrated
health benefits of phytonutrients in farm animals, which have
been reviewed extensively (Lillehoj et al., 2018). Instead, we
focus on the putative mechanisms underlying the activity of
some selected phytonutrients, highlighting experiments not
only in both livestock but also in basic cellular and rodent
models. Finally, we suggest some pertinent areas for future
investigation.

Gastrointestinal Infections in Livestock:
A Significant Challenge

Bacterial or parasitic infections of the intestinal tract are highly
prevalent in all farmed animals (Charlier et al., 2018; VanderWaal
and Deen, 2018). In intensively farmed swine and poultry, large
challenges exist due to enterotoxigenic Escherichia coli (ETEC),
Brachyspira hyodysenteriae (swine dysentery), and Clostridium
perfringens (Moore, 2016; Kongsted et al., 2018; Luise et al., 2019).
Intestinal parasites are a major threat to the profitability of
pasture-based livestock enterprises, due to helminths such as
Haemonchus contortus or Teladorsagia circumcincta and coccidia
(Eimeria spp.), causing severe production losses and ill-health in
young sheep and goats (Charlier et al., 2018). Helminths such
as Ascaris suum or Oesophagostomum spp. are a large problem
in outdoor pig production, while A. suum continues to infect
large numbers of indoor pigs despite attempts to eradicate
it with increased hygiene (Vlaminck et al., 2015). A similar
situation exists with the poultry roundworm Ascaridia galli
and the protozoan coccidia Eimeria maxima and Eimeria tenella
(Chapman, 2014). In addition, many zoonotic pathogens such as
Campylobacter or enterohaemorrhagic E. coli can be present in
the food chain, which represents a substantial threat to public
health (Chlebicz and Slizewska, 2018). Treatment of all these
pathogens hasroutinely beenbased on herd-level administration
of treatments such as zinc oxide and antimicrobials, which has
led to major concerns over the impact on the environment, the
risk of antibiotic-resistant bacterial infections in humans, and
rapid increases in drug-resistant pathogen populations (Kruse
et al.,, 2018; Burow et al., 2019; Morgan et al., 2019).

Infections of the intestinal tract may impose a severe burden
on animal performance. In extreme cases, mortality may occur
due to ileitis (caused by ETEC or Lawsonia infection in pigs),
or haemonchosis in young ruminants. However, subclinical
infections may also significantly impair production due to
intestinal damage and increased partitioning of nutrients
toward immune and inflammatory processes rather than growth
(Colditz,2008; Huntley et al., 2018). Even asymptomatic infections
may have subtle effects on host metabolism, for example, by
altering the composition of the host gut microbiome, which may
reduce performance (Xiong et al., 2019). Thus, in the absence
of continual pathogen suppression through prophylactic drug
use, effective immune function is vital for efficient production.
In this respect, the immune system plays a wide-ranging role
beyond the obvious effect of clearing pathogens from the gut.
Recent evidence suggests that many immune molecules such
as cytokines and antimicrobial peptides also regulate wound
healing, tissue repair, and general maintenance of intestinal
homeostasis (Brestoff and Artis, 2015). Thus, defining feeding
and management strategies that optimize balanced immune
function, and thereby promote gut health and avoid excessive
inflammation, are now key goals for the animal health and
nutrition research communities.

The Role of Diet in Gastrointestinal
Infection and Immunity

The gut mucosal immune system consists of a dense array of
gut epithelial and innate immune cells, overlaying the adaptive
compartment of the immune system in the gut-associated
lymphoid tissue (GALT). The first line of defense is intestinal
epithelial cells (IEC), which form a physical barrier to exclude
microbes in the lumen from entering the host tissue. Moreover,
IEC can sense different microbe-derived products and secrete



various alarmins and antimicrobial peptides (Peterson and Artis,
2014). Pathogen antigens are sampled by macrophages and
dendritic cells (DCs), which are capable of transporting antigen
to the lymphatic system. Upon presentation of antigen, naive
lymphocytes develop into effector or memory T-cells or plasma
cells capable of secreting antibodies (Agace, 2008). A key facet
of this system is appropriate immunoregulation. The continual
stimulation of the mucosal barrier by both autochthonous and
allochthonous microbes means that the system is normally
highly controlled, with an array of sophisticated mechanisms
existing to avoid over-reactions to relatively benign stimuli,
while allowing expression of appropriate immune effector
mechanisms against harmful pathogens (Blander et al.,
2017). Unrestrained reactions to stimuli may result in chronic
inflammation, which is a particularly costly phenomenon for
livestock production. Activation of the immune system during
pathogen infection incurs a considerable nutritional cost.
This is due to, among others, increased metabolic activity,
reprioritization of essential nutrients to immune processes
rather than growth, and rapid cellular turnover to replenish
damaged and necrotic tissues and support the increased
proliferation of immune cells (Colditz, 2008). Thus, a balance
exists between the need to clear pathogens, which can
potentially cause mortality and/or morbidity, and the need to
prevent continual inflammatory responses to the myriad of
antigens faced by the animal gastrointestinal tract.

The influence of diet on pathogenic infections encompasses
both direct antimicrobial effects of certain dietary compounds
and immunomodulatory effects induced by both macronutrients
and micronutrients. Many bioactive plant compounds have
been speculated to directly kill pathogens in the gut, and some
feed additives based on plant extracts can potentially reduce
ETEC infection through direct antibacterial effects (Verhelst
et al.,, 2014). However, the concentrations required in situ to
have a marked bactericidal or anthelmintic effect are likely to
be high. Thus, they may be relatively difficult to incorporate
into defined diets without compromising nutritional quality.
Indeed, this has been demonstrated by reduced growth rates in
animals despite apparent antimicrobial effects (Verhelst et al.,
2014; Desrues et al., 2016). In extensive, forage-based systems,
certain pastures can be sown that balance a good nutritive value
with high concentrations of natural antimicrobial compounds.
A good example of this is chicory (Cichorium intybus), which is
a highly palatable feed for grazing ruminants that is also rich
in sesquiterpene lactones, which are known antiparasitic
compounds that can kill pathogenic helminths such as
Ostertagia ostertagi (Pefia-Espinoza et al., 2018). However, in
some systems, it may not always be practical to incorporate
the required amounts of antimicrobial extracts to exert direct
bactericidal effects.

In contrast, relatively modest changes in the nutrient
composition of the diet can markedly affect the development
of immune mechanisms. Immune function during pathogen
infection may be improved either by 1) improved overall
nutrition, allowing a quantitative increase in the production
of immune effector molecules or 2) by a specific, qualitative
augmentation of a particular immune reaction in response
to the addition of a defined dietary component (Coop and
Kyriazakis, 2001; Smith et al., 2018). With regard to overall
nutrition, as many immune components (antibody production,
lymphocyte proliferation) are nutritionally costly, provision of
extra protein may allow more effective expression of immunity
where dietary protein is limiting. This has been especially well-
demonstrated in small ruminants, where improving both the
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quantity and quality of dietary protein results in enhanced
immunological responsiveness to gastrointestinal parasites
(Coop and Kyriazakis, 2001). The situation in monogastric
animals is more complex. Higher levels of dietary protein can
improve the resistance of pigs to intestinal helminth infection
(Pedersen et al., 2002), but it is also well established that
higher protein levels are a risk factor for increased severity of
postweaning diarrhea and E. coli infection (Wellock et al., 2008;
Heo et al,, 2009). There is better evidence that manipulation of
specific amino acids can enhance immune function. During
acute immune and inflammatory responses, tryptophan (Trp)
is often considered rate-limiting as it is rapidly catabolized by
the upregulation of indoleamine 2,3-dioxygenase (IDO1), which
accompanies lymphocyte activation. Increasing supply of Trp
can potentially enhance immune function in pigs and poultry,
although results have been inconsistent (Koopmans et al.,
2012; Capozzalo et al., 2015). Similarly, glutamine or threonine
supplementation may have the potential to improve innate
immunity and maintenance of the gut barrier during coccidiosis
or necrotizing enterocolitis in broilers (Wils-Plotz et al., 2013;
Xue et al., 2018).

The role of micronutrients (e.g., trace elements and vitamins)
is also becoming increasingly well established (reviewed by
Smith et al., 2018). A multitude of elements must be supplied
in sufficient quantities by the diet to allow effective expression
of immunity. For example, the role of selenium and zinc in
promoting cellular immune responses is clear. Similarly,
vitamin deficiency is well known to impair immune function,
and maintaining optimal levels of Vitamin A or Vitamin E, or
supplementation above maintenance levels, may improve
immune function and resistance to pathogens such as E. coli
(Kim et al., 2016; Dalia et al., 2018).

In human health, the role of phytonutrients on immune
function has been increasingly well studied (Martinez-Micaelo
et al., 2012a). The positive effects of fruit and vegetable intake
on gut health are self-evident, largely due to their fiber and
vitamin content. Moreover, evidence now points also to the role
of phytochemicals such as flavanols, carotenoids, and spice
components (e.g., from cinnamon, garlic, or ginger) in reducing
the risk of cancer and autoimmune disease due to their strong
antioxidant effects and regulation of inflammatory responses
(Ahn-Jarvis et al., 2019). Many of these phytochemicals are
notably missing from livestock diets. However, the need to find
sustainable alternatives to synthetic drug treatments (or zinc
oxide) to maintain healthy gut function has led to renewed
interest in how plant-derived phytonutrients may be used
as dietary supplements in animals. Below, we will consider
how some phytonutrients that have been recently promoted
as livestock feed additives may modulate immune and
inflammatory responses during gut pathogen infections. Such
modulatory effects may reduce harmful immunopathology
during infections and restore intestinal homeostasis or, in some
cases, enhance or stimulate protective immune mechanisms
that may help animals clear infections.

Examples of Phytonutrients With
Immunomodulatory Potential

Polyphenols

Polyphenols consist of a diverse group of plant secondary
compounds featuring multiple phenol groups that are generally
synthesized from precursors derived from the phenyl propanoid
or shikimate pathways (Sharma et al., 2019). A number of isolated
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flavones and flavonols (e.g., quercetin) have been investigated
for their antioxidant and anti-inflammatory properties in vitro
or in rodents (Yi, 2018), but studies on the effects of purified
flavonols on immune function and inflammation in livestock
have not been performed in detail. In contrast, tannins
(polymeric polyphenols) have received much attention as
livestock feed-supplements. The tannin class of polyphenols
includes both hydrolyzable tannins and condensed tannins
(also known as proanthocyandins [PAC]). Hydrolyzable tannins
consist of a glucose core surrounded by galloyl groups and are
found in plants such as chestnut and acorns (Mueller-Harvey,
2006). Some types of hydrolyzable tannins yield ellagic acid after
hydrolyzation, which can be toxic to ruminants, but has putative
health benefits in monogastric animals (Marin et al., 2013).
Moreover, chestnut tannins have been recently investigated as
a potential therapeutic for ETEC infections in piglets (Girard
et al., 2018). However, most research has focused on PAC,
which have been of particular interest to animal nutritionists.
Proanthocyandins consist of a diverse range of polymers based
on monomeric units of the flavan-3-ols (epi)catechin and (epi)
gallocatechin (Fig. 1) and are widely found in different foods and
forages. Particularly rich sources are grapes, berries, and nuts,
many of the Fabaceae family of legumes, and some varieties
of sorghum. They have sometimes been considered to be
antinutritional factors, particularly in monogastric animals, due
to their ability to bind digestive enzymes and reduce digestibility
of certain amino acids (Jansman, 1993). However, it is apparent
that this situation may be more complex because low levels of
PAC (often in the form of extracts from food ingredients such as
grape or hops) may improve feed conversion and efficiency due
to reduced levels of reactive oxidative species and inflammation
in the gut (Gessner et al., 2013; Fiesel et al., 2014; Kafantaris
et al,, 2018). In vitro studies have also clearly shown that PAC
possess antimicrobial properties, and for this reason, PAC-rich
supplements have been investigated with some success as novel
therapeutics against ETEC infection in piglets, perhaps due
to enterotoxin neutralization (Coddens et al., 2017). Moreover,
grazing on PAC-rich forages has been reported to be effective
in reducing infection with coccidia and helminths in small
ruminants (Heckendorn et al., 2006; Kommuru et al., 2014).

The notion of polyphenols as immunomodulators in animals
has been driven mainly by human health research. A plethora
of studies have investigated (mainly using preclinical rodent
models) the ability of various polyphenol-rich functional foods
to restore balanced immune function during settings of acute
and chronic inflammation, for instance, obesity and diabetes
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Figure 1. Structure of a proanthocyandin dimer, consisting of 2 epicatechin
molecules linked by an interflavanol bond.

(Anhé et al., 2015). A consistent feature of this research is a
dampening of excessive T-helper (Th)-1 and Thl7 immune
responses that may drive the immunopathology associated
with conditions such as colitis (Yoshioka et al., 2008), while
enhancing the production of anti-inflammatory cytokines
and mucosal antibodies, and improving IEC barrier function
(Pierre et al., 2013; Denis et al., 2015). Similar results have been
observed in livestock. Grape seed PAC can reduce diarrhea in
piglets post-weaning, which was associated with an increase in
serum antibodies and antioxidant capacity, and a modulation
of cytokine production (Hao et al., 2015). In ruminants, antibody
production and cellular immune responses in intestinal tissue
may also be significantly enhanced during parasite infection
by dietary PAC (Rios-De Alvarez et al., 2008; Pathak et al., 2016).
Thus, PAC may enhance the acquisition of specific immune
responses and reduce pathogen-induced inflammation.

The mechanisms of how PAC may modulate host immune
and inflammatory reactions remain unresolved. In vitro, PAC
can effectively neutralize enterotoxins produced by pathogenic
bacteria such as E. coli, which may lead to decreased production
of proinflammatory cytokines from host IEC and thus alleviate
the pathogen-induced immunopathology (Nunes et al., 2019).
Moreover, dietary PAC have been reported to have prebiotic
effects, whereby the growth of certain beneficial bacteria taxa
such as Lactobacillus or Bifidobacteria is selectively promoted
(Choy et al., 2014; Kafantaris et al., 2018; Solano-Aguilar et al.,
2018). Perhaps consistent with this propagation of short-
chain fatty acid (SCFA)-producing bacteria, fecal propionate
concentrations are higher in pigs containing PAC-rich grape
pomace (Williams et al., 2017c; Wu et al., 2019). A consequence
of this altered bacterial metabolism may be a more tolerogenic
response in immune cells residing in the GALT, as microbiota-
derived SCFA may suppress the production of inflammatory
cytokines and acute-phase proteins, and instead promote the
production of protective IgA antibodies (Seifert and Watzl, 2007;
Smith et al., 2013). Indeed, administration of pure PAC to mice
can promote IgA production in the ileum (Pierre et al., 2014). As
well as SCFA production, PAC have been shown to be extensively
metabolized in the large intestine of monogastric animals,
producing a number of small metabolites such as catechins and
phenolic acids (Déprez et al., 2000; Choy et al., 2014; Dudonné
et al., 2016). Some of these been speculated to modulate the
activity of immune cells in the gut mucosa, as well as potentially
having systemic health-promoting effects following absorption
(Selma et al., 2009).

In addition to prebiotic effects and activity of phenolic
metabolites, increasing evidence is emerging that the PAC
themselves may directly act on immune cells to change
their innate responses to pathogen signaling. In cultured
macrophages or DCs, exposure to PAC results in less production
of proinflammatory cytokines such asIL-12 following stimulation
with bacterial lipopolysaccharide (LPS), and higher production of
cytokines such as IL-10 that promote regulatory responses (Terra
etal., 2007; Williams et al., 2017b). How PAC alters the production
of these cytokines is not clear, but experimental data suggest
either direct interference with cyclooxygenase signaling and
NF-«B translocation or a modulation of intracellular nutrient-
sensing pathways that affect signal transduction following
LPS receptor-binding (Martinez-Micaelo et al., 2012b; Midttun
et al., 2018). Interestingly, in these studies, immunomodulatory
activity is consistently associated with PAC that possess a high
degree of polymerization (pentamers or higher). As PAC that
are bigger than dimers are not efficiently absorbed across the
gut barrier into circulation (Ou and Gu, 2014), these results



suggest that a major immunomodulatory mechanism is the
activation and/or modulation of immune cells residing at the
mucosal surface. In the in vivo situation, the biological effects of
dietary PAC are probably manifested by a combination of direct
interactions between PAC polymers and mucosal immune cells,
and also through the microbiota-mediated metabolism of PAC
and subsequent action of low-molecular-weight metabolites.
The relative contribution of these 2 mechanisms will probably
vary according to the prevailing intestinal milieu and will need
to be tested empirically in different models of infection and
inflammation.

How may these anti-inflammatory effects of PAC benefit
animals during pathogen challenge? Clearly, suppression of overt
inflammatory responses resulting from exposure to various gut
microbes (e.g., after weaning) can reduce energy expenditure and
allow nutrients to be partitioned more effectively toward growth
(Huntley et al., 2018). However, generalized immunosuppression
may be of little long-term benefit when animals need strong
immune responses to protect themselves against pathogen
infection. In this respect, some recent studies offer an insight
into how dietary PAC may effectively augment appropriate
pathogen-specific immune responses, while preventing
harmful immunopathology. A key finding is that PAC-rich diets
appear to selectively inhibit some aspects of inflammation,
while augmenting other immune functions. In mouse models
of obesity-induced inflammation, PAC-rich diets can suppress
production of inflammatory markers in the intestinal
mucosa, but promote expression of the antimicrobial peptide
Regenerating islet-derived protein 3 gamma (Reg3y), which is
secreted by Paneth cells. Moreover, genes encoding the tight
junction proteins Occludin and Claudin-3 are also upregulated
(Hul et al., 2018). There is also evidence that expression of
MUC2, encoding the goblet cell-specific mucin 2 (Muc2), is also
increased by dietary PAC (Pierre et al., 2013). Paneth and goblet
cell activities, accompanied by the production of mucins and
the Reg3 family of proteins, are key components in maintaining
barrier integrity and regulating intestinal homeostasis through
interactions with both exogenous microbes and the commensal
gut microbiota (Shan et al., 2013). Moreover, IFNy directly inhibits
Reg3y production, whereas IL-12 may suppress Muc2 production
by inhibiting IL-4 and IL-13 (Eriguchi et al., 2018). PAC can
modulate the activity of DCs and T-helper cells, resulting in lower
IL-12 and IFNy production (Williams et al., 2017b), suggesting a
mechanism whereby PAC directly drive innate immune function
and maintain intestinal homoeostasis. Thus, PAC do not appear
to indiscriminately suppress antimicrobial immune responses,
but instead promote balanced immune function, which acts
to protect the gut barrier and exclude potentially harmful
pathogens, without causing overt and excessive inflammation.

This hypothesis may help explain the observed benefits of
PAC-rich supplements during pathogenic intestinal infections in
pigs. In the case of ETEC infection, production of inflammatory
cytokines in the mucosal barrier can be decoupled from the
acquisition of protective immune mechanisms. Watery diarrhea
and tissue damage results from the massive secretory actions
of IEC following exposure to enterotoxin, and production of
inflammatory mediators such as TNFa and IFNy may contribute
to accompanying fever and inappetence (Bosi et al., 2004;
Nesta and Pizza, 2018). In humans, production of IFNy appears
to be associated with reduced clearance of ETEC infection,
supporting the idea that the protective immune mechanisms
are distinct from the proinflammatory cytokine response (Long
et al., 2010). Instead, immunity is thought to derive mainly
from mucosal antibodies, particularly IgG and IgA (Roy et al.,

Williams etal. | 5

Figure 2. One possible mechanism of how proanthocyanidins (PAC) may protect
from infection in the gut by modulating innate immunity. PAC are sampled
by dendritic cells (DCs) either from the lumen or after translocation of PAC
by M-cells or goblet cells to the lamina propria. Production of IL-12 is then
inhibited, whereas IL-10 is promoted, resulting in suppression of IFNy by T-cells.
Consequently, production of secretory IgA, which can neutralize pathogens such
as Escherichia coli, is enhanced.

2008; Norton et al., 2015; Nesta and Pizza, 2018; Virdi et al,,
2019). PAC may manifest protective effects in ETEC infection by
direct inhibition of enterotoxins interacting with IEC, but also
because of their intrinsic capacity to suppress the production
of inflammatory cytokines from innate immune cells (Fig. 2).
A consequence of reduced proinflammatory cytokine
production may be the enhanced production of antibodies
from B-cells in the GALT, as IFNy and IL-12 can antagonize
IgA production (Satorres et al., 2009; Lecocq et al., 2013). Thus,
downregulation of the proinflammatory arm of the immune
system may reciprocally activate effector mechanisms that are
involved in protective immunity. This may also be particularly
relevant for other mucosal pathogens such as helminths, where
parasite clearance is normally dependent on Th2-type effector
mechanisms and immunity is actively inhibited by Th1 cytokine
production (Anthony et al., 2007). Indeed, in a pig model of
helminth (A. suum) infection, a PAC-enriched diet enhanced
the acquisition of A. suum-specific antibodies and Th2-related
intestinal eosinophils (Williams et al., 2017c).

Overall, strong evidence exists now for the potential of
dietary additives based on PAC-rich sources such as grape
pomace to be used in both monogastric and ruminant
production systems. Encouragingly for livestock producers, low
levels of inclusion (<500 mg/kg) have been demonstrated to
produce beneficial effects (Kafantaris et al., 2018). Furthermore,
the cost-effectiveness of many of these additives is increased by
ready availability as byproducts of other agricultural industries,
such as wine and cider production (Sehm et al., 2007).

Essential Oil Components: Cinnamaldehyde,
Eugenol, and Carvacrol

Essential oils are aromatic, hydrophobic solutions derived
from many plants that are often used as flavoring agents in
foods. Cinnamaldehyde, eugenol, and carvacrol are small,
volatile compounds derived mainly from the essential oil of
cinnamon, cloves, and oregano or thyme, respectively. All these
compounds consist of an aromatic ring, with cinnamaldehyde
also containing an aldehyde group, whereas eugenol and
carvacrol have a hydroxyl group bound to the ring, making them
part of the phenol family (Fig. 3A-C). They have been used for
centuries as part of traditional folk medicine to treat ailments
such as arthritis, and a number of recent studies have confirmed
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Figure 3. Chemical structures of cinnamaldehyde (A), eugenol (B), carvacrol (C), and the keto and enol forms of curcumin (D).

antioxidant and anti-inflammatory effects in in vitro cell models
and in vivo rodent models (Ho et al., 2018; Lee et al., 2018; Mateen
et al., 2019). Moreover, they are well-known antimicrobials. For
example, CA has been used as both a preservative and flavoring
agent in meat to prevent bacterial growth and spoilage (Zhang
et al., 2014).

All 3 compounds have been shown in vitro to reduce the
production of inflammatory cytokines such as TNFa from
macrophages (Chao et al., 2008; Liu et al., 2012). Thus, their
potential to reduce inflammation in the gut of farm animals
when used as a feed additive has recently been investigated.
Cinnamaldehyde and carvacrol can modulate the expression
of a number of gene networks related to immune defense and
inflammatory responses in the chicken intestine, whereas
cinnamaldehyde in combination with thymol lowers numbers
of mucosal macrophages in the piglet gut post-weaning (Lillehoj
et al., 2011; Jiang et al., 2015). Moreover, cinnamaldehyde and
carvacrol (together with capsicum oleoresin) significantly
suppressed expression of inflammatory cytokines such as IL-12
while improving growth rates in broilers (Pirgozliev et al.,2019).In
a more detailed investigation of the effects of these compounds
on gut health, Wlodarska et al. (2015) showed that administration
of cinnamaldehyde, eugenol, or carvacrol in drinking water of
mice resulted in a diverse modulation of gene expression profiles
including upregulation of genes encoding Reg3y, and the goblet
cell protein trefoil factor-3. Notably, eugenol also thickened the
mucus layer during Citrobacter rodentium infection, resulting in
lower pathogen colonization and resulted a marked shift in the
commensal microbiota with an increase in the Clostridiaceae
family. Thus, the positive effects seen in livestock feeding trials
may be related to increased mucosal barrier integrity and
expression of antimicrobial peptides, preventing inflammatory
responses and pathogen translocation.

In addition to suppressing inflammatory responses and
changing the host microbiome, it has also been suggested
that these compounds possess immunostimulatory properties
that include the boosting of antibody production. In pigs,
dietary addition of pure cinnamaldehyde or euegnol increases
lymphocyte concentrations in blood (Yan and Kim, 2012), while

feeding piglets a cinnamaldehyde and thymol additive results
in higher amounts of IgA and IgM in serum, higher leukocyte
phagocytosis rates, and lower E. coli excretion (Li et al., 20123;
Zeng et al., 2015). In addition, a combination of cinnamaldehyde
and eugenol, or carvacrol combined with thymol, can increase
vaccine-induced antibody titers in cattle and chickens,
respectively (Du et al.,, 2016; de Souza et al., 2018). Moreover,
a number of studies have investigated the effect of feeding
cinnamaldehyde on immune function in defined infection
models and demonstrated a boosting of production of specific
antibodies against the parasites E. maxima in chickens (Lee et al.,
2011b) and A. suum in pigs (Williams et al., 2017a).

The potential mechanisms underlying the increased
humoral immune responses following supplementation with
these essential oil components require further investigation,
although some recent studies with cinnamaldehyde may offer
an insight. Lee et al. (2011b) reported that in vitro exposure of
chicken splenocytes to cinnamaldehyde resulted in increased
proliferation; however, in vitro experiments with porcine
blood lymphocytes have shown that cinnamaldehyde does
not increase proliferation, nor induce selective maturation
of antibody-secreting B-cells. In fact, in these experiments,
cinnamaldehyde tended to inhibit mitogen-induced
lymphocyte proliferation (Williams et al., 2017a). Thus, despite
evidence of increase lymphocyte activity in vivo, direct contact
between cinnamaldehyde and immune cells appears to be
insufficient to drive cellular responses. It is more likely that
the metabolic effects of cinnamaldehyde in vivo give rise
to immunomodulatory effects. Cinnamaldehyde is capable
of activating a number of intestinal ion channels such as
TRP1A, and interactions with this receptor appear to partially
govern the ability of cinnamaldehyde to reduce LPS-induced
inflammation or induce glucose absorption in mouse intestinal
tissue (Fothergill et al.,, 2016; Mendes et al., 2016). Notably,
pigs fed cinnamaldehyde during A. suum infection have
increased transcription of the genes encoding sodium/glucose
cotransporter 1 and glucose transporter 2 in the jejunum
(Williams et al., 2017a), suggesting that cinnamaldehyde
activates certain receptors involved in nutrient uptake. The



mechanistic link between cinnamaldehyde-mediated nutrient
metabolism and immune function is not yet clear. However, as
a small volatile compound, cinnamaldehyde or its metabolites
probably activate xenobiotic-metabolizing circuits in host
intestinal tissue. There is increasing evidence that sensing of
both exogenous and endogenous xenobiotics regulates the
development of immune cell populations at the gut mucosal
surface (Chen and Sundrud, 2018). Such pathways include
the aryl hydrocarbon receptor, a transcription factor active in
many innate immune cells, and the cytochrome P450 pathway.
Activation of these pathways can have a downstream effect on
immune function, with activity of innate lymphoid cells and
T-cells markedly influenced by metabolite-sensing through
these pathways (Li et al., 2011; Chen and Sundrud, 2018). Further
research is clearly required to understand how cinnamaldehyde
and other compounds derived from essential oils exert their
beneficial effects on immune function during pathogen
infection. Despite this, amenability to large-scale synthesis
and/or purification, together with promising results on animal
performance, already support their inclusion in livestock diets,
with reports of increased growth rates and feed conversion
efficiency in animals fed low levels (<20 ppm) blends of essential
oil components including cinnamaldehyde and eugenol (Li
et al.,, 2012b; Zeng et al., 2015).

Curcumin

Curcumin is the yellow-colored spice that gives its turmeric its
characteristic flavor. Chemically, curcumin is a type of phenol,
specially a linear diarylheptanoid containing 2 aromatic rings
(Fig. 3D). Curcumin has received much attention due to its
putative anticancer effects, which have shown some promise in
preclinical models; however, convincing clinical evidence does
not yet exist (Lin et al., 2019a). What is clear is that, similar to
the compounds described earlier, curcumin possesses strong
natural antioxidant and anti-inflammatory properties (Karimi
et al., 2019).

In livestock feeding trials, the potential of curcumin’s anti-
inflammatory properties to improve performance has been
demonstrated in poultry fed either pure curcumin or curcumin
combined with CA and capsicum oleoresin (Bravo et al., 2014;
Zhang et al., 2018). Moreover, inclusion of curcumin at relatively
low levels (300 mg/kg) has been shown to alleviate E. coli-
induced production of inflammatory mediators such as IL-1f,
while promoting the secretion of antibodies (Xun et al., 2015;
Gan et al., 2019). Mechanistically, this appears to be related to
the ability of curcumin (in the form of turmeric oleoresin) to
suppress macrophage numbers and functional activity in the
ileal mucosa during pathogen challenge (Liu et al.,, 2014a,b).
Interestingly, another study has shown that immune function
was not altered by curcumin in healthy piglets, suggesting that
perhaps pathogen challenge to the immune system may be
necessary for measurable benefits of curcumin supplementation
(Ilsley et al.,, 2005). In vitro experiments have shown that
curcumin can alter macrophage activity by activating the Nrf2
pathway, thereby promoting antioxidant responses and inducing
expression of glutathione peroxidases (Lin et al.,, 2019b). In
addition, similar to some of the other phytonutrients discussed
previously, curcumin can stimulate vaccine-induced antibody
production, notably against the Eimeria antigens in poultry.
Chickens supplemented with curcumin, together with capsicum
oleoresin, had increased antigen-specific antibody responses,
together with more T-helper cells and MHC-II-positive cells
following parasite challenge (Lee et al., 2011a). Overall, although
more research is needed to assess curcumin more critically
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under production conditions, its biological activity appears to
align with other phytonutrients that have been studied, with a
marked immunomodulatory effect during pathogen challenge
that can regulate inflammation and expression of protective
immune mechanisms.

Conclusions and Perspectives

The use of selected phytonutrients as feed additives that may
improve immune function during gut infections has great
potential to aid sustainable livestock production, in an era of less
antimicrobial use and increased efficiency demands. Despite
their diverse chemical structures, the specific phytonutrients
detailed above have a number of similarities in their observed
biological activities. These include clear anti-inflammatory
effects in vitro and in vivo, which are coupled with a marked
boosting of antibody production and mucosal barrier integrity,
along with the stimulation of the growth of beneficial commensal
bacterial taxa. Crucially, many of these phytonutrients appear
to be able to maintain or restore protective and/or regulatory
immune mechanisms while suppressing serious inflammation
and immunopathology.

Despite these advances, a number of questions remained
unresolved. What is the relative contribution of the host gut
microbiota, and to what extent are these effects mediated by
direct interactions with the host tissues and cells? Do some
phytonutrients directly inhibit pathogen establishment, for
example, by preventing adhesion to epithelial cells, or are
the observed beneficial effects purely mediated by effects
on host responses? Moreover, the practical application of
bioactive phytonutrients may vary considerably according to
the production system and prevailing pathogen challenges.
Different immune mechanisms may be more or less relevant
for different pathogens. In some cases, priming of the immune
system to be better able to respond more robustly to antigen
challenge may be the most appropriate goal. In other cases,
actively modulating naturally induced immune mechanisms to
polarize them toward different phenotypes (Th1 or Th2, or pro-
or anti-inflammatory responses) may be desirable.

Furthermore, the precise mechanisms underlying many of
these immunomodulatory effects remained unclear. The role of
defined immune cell subsets such as DCs and innate lymphoid
cells needs tobe addressed, to understand how the metabolism of
these dietary components effects inflammation and generation
of pathogen-specific immune responses in the gut. Indeed,
models of dietary phytonutrients in pathogen infection may
be a useful system to address fundamental questions such as
how xenobiotic-sensing pathways are coupled to the regulation
of mucosal immune function. Such questions are not just of
academicinterest,asadetailed understandingofthe mechanism-
of-action of these phytonutrients will be crucial for optimization
of this approach as a long-term solution to ensure gut health in
farmed animals. Increasing our mechanistic understanding may
help to resolve issues such as the most appropriate timing of
dietary supplementation in relation to pathogen challenge (i.e.,
prophylactic or therapeutic administration), and whether there
are different immunomodulatory effects of dietary additives in
either healthy or diseased animals.

Finally, perhaps the biggest question of all is why should the
mammalian intestinal tract, an organ separated by millions of
years of evolution from plants, sense a number of these plant-
derived compounds in a seemingly conserved way? A holistic
understanding of the interactions between the animal, its diet,
and the multitude of microorganisms that live within it may
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offer solutions to the substantial challenges facing modern
animal production.
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