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Abstract

Modern swine production systems globally are evolving, and the swine industry
should adapt to new circumstances that include reduced antibiotics usage,
reduced environmental impact, enhanced welfare requirements, increased
sustainability under the scope of climate change, as well as exclusion of formerly
used substances in pig feed, such as zinc oxide. The role of novel feed additives in
health and productivity of pigs is gaining increased interest, as a factor that can
improve response to the health challenges that pigs are facing in intensive units.
The immune system is the major tool in combating diseases and disorders of the
pigs and the vaccination scheme is the key component of a disease prevention
program on farm. However, novel feed additives supporting or boosting the
immune system, either at the organ/system level or at the total adaptive immune
system level, are gradually becoming significant parts of swine health manage-
ment programs on farm. Critical points of such immune support with feed
additives are the intestinal immune response and intestinal homeostasis of the
newly weaned pigs, as well as the proper immune preparation of sows, for
improved passive immunity through colostrum in piglets.

Previous research data suggested the beneficial effects of basic feed
ingredients and nutrients (amino acids, fatty acids, carbohydrates, etc.), as well
as vitamins and mineral complexes, on the proper development and function of
pigs’ immune system. Recent advances provide evidence that eubiotics such as
phytogenic feed additives and respective products of botanical origin, as well as
other feed additives (probiotics, prebiotics, enzymes, etc.), could have anti-
inflammatory, antioxidative, or antibacterial effects, or/and can support an
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improved immune response after antigenic exposure. The present chapter will
focus on recent data, developments, and modes of action of novel feed additives
that can improve the immune response of pigs.
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1 The Immune System of the Pig and Intestinal Homeostasis

The immune system of the pig is the predominant defense mechanism against
infectious and other agents. Basic aspects of the immune response are inflammation,
and cellular and humoral response (Oswald et al. 2005). Briefly, after engagement of
the immune system (e.g., after contact with an infectious agent) a first defense
mechanism takes action. This mechanism includes the innate immune response
with phagocytic cells and production of various cytokines, chemokines, and proteins
that provide antimicrobial protection, recruit T-cells through the inflammatory
process, and further activate the adaptive, or acquired, immune response. Part of
the innate system are also the natural killer (NK) cells that present a dual function
including an innate response to attack infectious-agent-infected cells and production
of cytokines for assisting in the activation of acquired immunity (Gerner et al. 2009;
Mair et al. 2014; Chase and Lunney 2019). Thus, NK cells and other parts of the
innate immune system such as defensins (host defense peptides), complement
system, toll-like receptors (TLRs), type I interferons (IFNs), tumor necrosis factor-
o (TNF-a), interleukin (IL)-6, and IL-8 (pro-inflammatory cytokines) defend against
pathogens, control infection, and activate the cascade of events of inflammation and
adaptive immunity response (Chase and Lunney 2019). As previously demonstrated,
toll-like receptors (TLRs) act as pattern-recognition receptors binding microbial
ligands present in the lumen and determine the host-immune defense reaction,
immune cell recruitment, and induction of mucosal inflammation, aiming at the
preservation of intestinal homeostasis (Aderem and Ulevitch 2000).

The adaptive immune system utilizes B-cells, T-cells, cytokines, and antibodies,
in order to provide pathogen-specific memory for protection from subsequent
infections with the same pathogen. Lymphocyte populations (B- and
T-lymphocytes) and antibody production reach optimal functional capacity two to
three weeks after the first exposure to the pathogen. Immunoglobulins (Igs) show
differences among each type, therefore IgG is the predominant Ig class (>80%) in
the serum and colostrum of the pig, whereas IgM accounts for approximately 5-10%
of total Igs in serum and colostrum. On the other hand, IgA is considered as mucosal
Ig for swine. Mucosa epithelial cells secrete IgA, which assists to neutralize
microbes in the lumen of respiratory and gastrointestinal (GIT) tracts (Kaetzel
2014). T-cell subsets express certain polarizing cytokines, the interleukins (ILs) or
IFNs, as the immune response matures. Furthermore, cell-mediated immunity
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includes antigen-presenting cells such as macrophages and dendritic cells that
phagocytize and process antigens and then present these antigenic fragments
bound to swine leukocyte antigen (SLA) molecules as they contact
T-lymphocytes, while also release cytokines (Chase and Lunney 2019). Taken
together interactions with macrophages, T-cells and B-cells determine the balance
between immune activation and tolerance induction, affecting the mucosal immune
system in the GIT and consequently the overall health status of the animals
(Bouwens and Savelkoul 2019).

It should be pointed out that piglets have limited ability in terms of T- and B-cell
responses during the first few weeks of life, since it takes weeks after birth before B-
and T-cell areas are formed in the bronchus-associated lymphoid tissue (BALT);
thus they are heavily reliant on innate immunity given the maturity of this system at
that time period (Lalles et al. 2007; Humphrey et al. 2019). Moreover, TLR-induced
antiviral responses of plasmacytoid dendritic cells are reduced at birth in pigs but
develop to a full response within weeks after birth (Jamin et al. 2006). Taken
together, the innate defense mechanisms that neither require previous exposure to
antigen nor have an immunological “memory” provide a first almost immediate
response to the infectious agent and control infection, while at the same time assist in
the activation of the adaptive immune system. The latter has immunological “mem-
ory” and will produce antibody- and cell-mediated immune responses (Chase and
Lunney 2019). However, according to Netea and Van der Meer (2017), the adaptive
immune response and the innate immune system can adapt to previous infections and
develop memory, thus providing better protection against the same or heterologous
infection.

Significant parts of the immune defense system in pigs are the mucosal epithelium
(e.g., intestinal and respiratory tract), the microbiome (intestinal microbial ecosys-
tem), and the lymphoid system consisting of the lymph nodes, lymphoid follicles,
tonsils, thymus, and spleen (Rothkéotter 2009; Wilson and Obradovic 2015). Thus,
the first line of defense includes epithelial cells (epithelial layer is rapidly
regenerating once every two to three days in pigs), bactericidal fatty acids, normal
flora, and the mucus layer that is continuously produced, as well as cells with
phagocytic abilities such as granular leukocytes (neutrophils, basophils, mast cells,
and eosinophils), and mononuclear phagocytes (circulating blood monocytes and
tissue macrophages), providing a mucosal immune system underneath the mucus-
covered epithelial cell layer (Uni et al. 2001; Kelly and Mulder 2012; Williams et al.
2015). Furthermore, macrophage-mediated immunity, the activation of aryl hydro-
carbon receptor (AHR), and the heat-shock protein (HSP)70 chaperone gene expres-
sion are well connected with the modulation of gut-associated immune response
(Bouwens and Savelkoul 2019). The mucosal immune system prevents the uptake of
pathogens and coordinates immune response, functioning as a defense tool with
innate and adaptive cells that are accumulated in, or in transit between, various
mucosa-associated lymphoid tissues (MALT) (Bouwens and Savelkoul 2019). The
Peyer’s patches, mesenteric lymph node, solitary follicles in the intestine, and the
tonsils are points of immune response initiation and are included in MALT (Bailey
2009). Each mucosal tissue has its own associated lymphoid tissue resulting in
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NALT (nasal cavity), BALT (bronchus/lower airways), GENALT (urogenital tract),
and GALT (gut; GIT) (Bouwens and Savelkoul 2019).

An optimal intestinal microbiota prevents colonization of the intestinal epithe-
lium by pathogens and penetration of the gut barrier, modulates the gut-associated
lymphoid tissue (GALT) and systemic immunity, and influences gastrointestinal
development (Broom 2015). The intestinal microbiota is a dynamic and complex
environment and the interactions between the immune system and nutritional sig-
naling at the intestinal level play a significant role in proper immune function.
Immune reactions are generated from microbiota signals that direct responses with
effector T-cells against pathogens or, in the case of commensals, induce a state of
tolerance via modulation of regulatory T-cells (Tregs) and release of immunosup-
pressive cytokines such as interleukin-10 (IL-10) and transforming growth factor-§
(TGF-f; Bouwens and Savelkoul 2019). According to Gresse et al. (2017), weaning
age alterations include a reduction in obligate anaerobic bacteria (e.g., Clostridia and
Bacteroidia) and an increase in facultative anaerobic bacteria (e.g.,
Enterobacteriaceae), which translate to decreased microbial diversity and a
pro-inflammatory state within the intestine. Factors such as nutrition and manage-
ment/husbandry approaches have a significant role in the microbiota alterations.
Previous studies have presented facts that suggest differences among microbial
communities and intestinal immune responses among piglets raised with the sow
or fed with milk replacers (Lewis et al. 2012). Moreover, the age of weaning and the
contact with solid feed affect the microbiota significantly (Bian et al. 2016). Taken
together, various findings suggest that weaning is a predominant event in pigs’ life
that has multiple effects on gastrointestinal function and immune response, including
activation of pathways related to inflammatory responses; alterations in hormonal
activity; reduction in gastric motility; reduced villous height; reduction in nutrient,
fluid, and electrolyte absorption; and increased permeability to antigens and toxins
(Gresse et al. 2017).

2 Challenges for the Inmune System and Gastrointestinal
Eubiosis of Pigs

As described in the previous part, the intestinal immune system provides protection
along the intestinal tract and balances the host response to microflora alterations and
intestinal pathogens (Humphrey et al. 2019). However, there are plenty of challenges
for the intestinal integrity and homeostasis during all stages of pig production. Diet
alterations and stressful conditions, the transfer between units, and mixing of
animals are benchmarks during these stages, which could affect proper intestinal
function. On the other hand, interactions between the sows, embryos, and suckling
piglets affect the intestinal microbiota development in early life and the intestinal
immune response. As reported by Everaert et al. (2017), interventions through the
maternal diet or direct to piglets in the pre-weaning period may have a beneficial
effect on intestinal structural and functional aspects. Such modulations of the
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intestinal microbiota of sows can affect bacterial populations of the suckling piglets’
GIT due to their contact with sow’s feces.

The evaluation of the underlying mechanisms associated with intestinal function
and immunity during the weaning transition is critical since successful weaning
transition can result to an improved final body weight (BW) and reduced production
days in total (Tokach et al. 1992). Efforts during that period include provision of
highly digestible diets that will assist piglets’ transition from milk to solid feed.
Findings demonstrated by Main et al. (2004) suggested that an improvement of
increasing weaning age by 1 day between days 12 and 21 would result in an extra
0.93 kg of day 42 BW and up to 0.47% reduction in wean-to-finish mortality. On the
other hand, a transient anorexia at weaning leads to compromised intestinal barrier
function and localized inflammatory response, as well as to an increase of reactive
oxygen species (ROS) (Humphrey et al. 2019). The absence of feed stimuli in the
intestinal tract at weaning affects immune cells’ activity and balance of cytokines,
chemokines, and other immune markers (e.g., [L-4, IL-10, and IFN-y), thus decrease
IgA content in intestinal and mucosal tissues and alters intestinal microbiota
(Anastasilakis et al. 2013; Demehri et al. 2013). Therefore, it is crucial to establish
a steady feed intake at weaning and a smooth transition to solid feed, in order to
avoid inflammatory responses at the intestinal level or disruption of the intestinal
barrier function.

Challenges from various pathogens such as enterotoxigenic Escherichia coli
affect the nitrogen flow to the distal ileum, as well as the intestinal structure (e.g.,
villous height) and intestinal pH, with respective consequences on nutrient digestion
and absorption processes (Heo et al. 2009, 2010). Effects of bacterial toxins on
mineral and water intestinal absorption can contribute to the induction of post-
weaning diarrhea in piglets (Sun and Kim 2017). Parasitic infections such as Ascaris
suum alone, as well as their possible interactions with enteric bacterial pathogens
such as Lawsonia intracellularis, can also contribute as disrupting factors to the
intestinal function (Boes et al. 2010; Tassis et al. 2022). Viral challenges at the
intestinal level such as Porcine deltacoronavirus, leading to intestinal microbiota
alterations toward dysbiosis conditions (Li et al. 2020a), as well as particular
mycotoxins affecting the intestinal barrier integrity and function (e.g.,
deoxynivalenol or fumonisins), are significant factors that affect intestinal health
(Bracarense et al. 2012). Furthermore, reactive oxygen species (ROS), nitric oxide,
hydrogen peroxide, or thiobarbituric acid-reactive substances are increased after
weaning, due to weaning and weaning-associated intestinal inflammation (Zhu
etal. 2012; Wei et al. 2017). Such substances have been associated with overgrowth
of E. coli populations, whereas they could also result in reduction of natural
antioxidants such as vitamin E, thus affect intestinal immune status (Kim et al.
2016; Wei et al. 2017).

Taken together, it is obvious that a variety of infectious and non-infectious
challenges affect immune response of pigs during their life (Fig. 1). Furthermore,
the antibiotics usage in intensive pig production is also a significant factor adding up
to the above-mentioned challenges to intestinal eubiosis. Recent legal requirements
for reduction of antibiotics usage and the ban of ZnO in pig feeds create a novel
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Fig. 1 Challenges for the
immune system of the pig at
weaning

Non-infectious factors
(feed, stress, vaccination,
antibiotics, environment,

ixiiig,management,

environment for sustainable and welfare-friendly pig production. Therefore, the aim
of optimizing gut health and immune responses is of major significance for the health
and performance of the animals with reduced antibiotic usage.

3 Nutrition Interventions for the Improvement of Immune
Response in Pigs

Nutritional interventions can affect the immune system at the intestinal as well as at
the airways level in response to viral (e.g., porcine reproductive and respiratory
syndrome virus) and bacterial (e.g., Bordetella bronchiseptica) infections, affecting
pig health and performance (Opriessnig et al. 2011; Bouwens and Savelkoul 2019).
Long-term overuse of antimicrobials in global pig production resulted in increased
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interest as regards the administration of alternative substances such as
immunomodulators like cytokines, pharmaceuticals, microbial products, traditional
medicinal plants, and nutraceuticals (Hardy et al. 2013; Bouwens and Savelkoul
2019).

According to the meta-analysis of Vanrolleghem et al. (2019), many studies have
focused on potential dietary feed additives with antibacterial effects on weaned
piglets, such as:

I. Antimicrobial peptides (small molecules [<10 kDa] with a broad-spectrum
activity against bacteria, fungi, protozoa, and some viruses (Lai and Gallo
2009))

II. Chitosan (obtained from the shell water of industries processing crab, shrimp,
and crawfish, with possible antimicrobial property (Singla and Chawla 2001))

III. Lysozyme (naturally occurring enzyme, with ability to cleave the glycosidic
linkage of bacterial cell walls peptidoglycan (Ellison and Giehl 1991))

IV. Medium-chain fatty acids (MCFAs)/triglycerides (organic acids [OAs] with
6—12 carbon atoms acting as non-ionic surfactants, which are incorporated
into the bacterial cell membrane (Desbois and Smith 2010))

V. Plant extracts and essential oils (with bacteriostatic and/or bactericidal and
antioxidant effects (Franz et al. 2010))

The aforementioned analysis findings supported the possibility of antibiotics
replacement with the above-mentioned feed additives, especially at the weaning
period. In addition to those antibiotic alternatives, major interventions that could
affect immune response and defense predominantly against intestinal pathogens,
thus supporting eubiosis and proper intestinal function in pigs, will be demonstrated
in the present chapter (Fig. 2).

4 Low-Protein Diets and Amino Acids Supplementation

Several studies have presented evidence between diets with increased protein levels
and detrimental effects on the gut health of pigs, and a special relationship has been
presented between feeding high levels of proteins and the incidence of post-weaning
diarrhea in pigs, as reviewed by Rodrigues et al. (2022). On the other hand, it has
been reported that diets with lower levels of proteins could improve gut health by
suppressing the proliferation of pathogenic bacteria and increasing beneficial micro-
bial populations (Wellock et al. 2008; Heo et al. 2009; Rist et al. 2013). Thus, since
many years, a lower protein diet supplemented with crystalline amino acids (AAs) to
meet requirements for essential AAs has been recommended, especially post-
weaning, since through that intervention reduced undigested protein and harmful
metabolites are available for the overgrowth of pathogenic bacteria populations in
the gut lumen (Nyachoti et al. 2006). Nevertheless, it should be noted that additional
factors, other than simply total dietary protein content, such as indigestible content,
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or protein type, could be also involved in the worsening of post-weaning diarrhea
(Rodrigues et al. 2022).

A prioritization of AA utilization for the immune response at the expense of
growth has been demonstrated (Reeds et al. 1994). It should be noted that a
significant expenditure of AAs is present during inflammation, due to the need of
AAs for endogenous antioxidants syntheses to cope with oxidative stress, as well as
the necessity to support the activated immune system under such circumstances
(Rodrigues et al. 2022). The circulating acute-phase proteins (e.g., C-reactive pro-
tein, serum amyloid A, haptoglobin, pig-major acute phase protein (MAP)) as well
as the proliferation of immune cells (e.g., clonal lymphocyte and monocyte differ-
entiation) and lymphoid tissue hyperplasia, along with the secretion of molecules
such as cytokines and immunoglobulins by immune cells, are major points of AA
expenditure during inflammation (Le Floc’h et al. 2004; Parra et al. 2006). There-
fore, the AA needs in pigs are not stable and differ between physiological and
inflammatory status. Evidence suggests a positive boost on immune response after
AA supplementation, through the reduction of body protein loss and acceleration of
recovery procedures (Le Floc’h et al. 2018). The “functional” roles of AAs beyond
their role as constituents of lean gain are a major point of ongoing research.

As previously demonstrated, excess nitrogen available for fermentation in the
distal ileum and colon can negatively affect the intestinal barrier function and
immunity and contribute to post-weaning diarrhea at weaning (Kim et al. 2012).
Tryptophan (Trp) has gained significant attention due to its metabolism to functional
metabolites that possess immune regulatory properties (regulation of T-cell function
and response) (Humphrey et al. 2019). Gao et al. (2018) reported that endogenous
(kynurenine, serotonin, and melatonin) and bacterial (indole, indolic acid, skatole,
and tryptamine) Trp metabolites can affect gut microbial composition and metabo-
lism, immune response of the host, and host-microbiome interaction. Findings from
other studies support the beneficial outcome of increased Trp intake in piglets,
through the improvement of intestinal microbiome diversity, decreased abundance
of opportunistic bacteria, and increased mucosal IL-8 mRNA level and zonula
occludens (ZO)-1 (Liang et al. 2018). Based on a study by Wang et al. (2010), an
optimal ratio of Trp:Lys of 0.89% for weanling piglets tofto support intestinal barrier
function was concluded. Other amino acids of importance include glutamine, gluta-
mate, proline, aspartate, ornithine, and citrulline. As regards lysine in nursery pigs,
an average total lysine:crude protein (CP) ratio of 6.8% is often suggested (total Lys:
CP ratio should not exceed 7.1%) (Nemechek et al. 2011; Humphrey et al. 2019).

Glutamic acid (GLU) is a non-essential amino acid, present in the body, which is
a precursor of protein synthesis associated with cellular metabolism and immune
responses. According to Kyoung et al. (2021), supplementation of weaners’ diet with
GLU provides benefits in terms of immune response and intestinal microbiota and
function, since increased villus height to crypt depth ratio, number of goblet cells,
and ileal gene expression of claudin family and occludin, and decreased serum
TNF-a and IL-6 and ileal gene expression of TNF-a, were observed. Moreover,
increased relative composition of bacterial communities of genus Prevotella and
Anaerovibrio and decreased populations of the Clostridium and Terrisporobacter
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genera were reported for the GLU-supplemented groups. Additionally, findings from
the study of Koo et al. (2020) demonstrated an increased villus height and goblet cell
density, along with increased expression of jejunal occludens and downregulation of
IL-6 in pigs fed 115% standardized ileal digestible (SID) requirements of L-
threonine.

5 Phenolic Antioxidants

Several agricultural by-products could be suggested as excellent sources of phenolic
and antioxidant compounds that can be administered as functional ingredients in
livestock feeding (Castrica et al. 2019). Up today, about 8000 phenolic compound
structures have been identified (Vuolo et al. 2019), whereas the most widely tested
are phenolic acid, flavonoids, tannins, avenanthramides, alkylresorcinols, oligomeric
proanthocyanidins, and lignans (Dykes and Rooney 2007; Christaki et al. 2020)
originating from plant tissues like grains, vegetables, fruits, trees, and their extract
(Dykes and Rooney 2007; Jamwal et al. 2018; Rosa et al. 2019). Natural phenolic
antioxidants include the following (Shahidi and Ambigaipalan 2015):

I. Phenolic acids (e.g., benzoic acid, ferulic acid, gallic acid, vanillin)
II. Flavonoids (flavonols, flavononols, flavones, flavanones, anthocyanidins,
isoflavonoids)
III. Stilbenes (resveratrol)
IV. Coumarins
V. Lignans
VI. Tannins

Phenols have naturally antioxidant properties; thus, they are capable of protecting
biomolecules (proteins, nucleic acids, polyunsaturated lipids, and sugars) from
oxidative damage via free radical-mediated reactions (Heleno et al. 2015). Reactive
oxygen radicals could disrupt nutrient absorption after affecting the intestinal
mucosa, whereas antioxidants can neutralize reactive oxygen radicals and improve
intestinal function (Valenzuela-Grijalva et al. 2017). The increase of reactive oxygen
species (ROS) around weaning and disturbance of cellular antioxidant systems
balance, as demonstrated by reduced superoxide dismutase (SOD) and glutathione
peroxidase (GPX), are related to disruption of intestinal function (Humphrey et al.
2019). Substances with antioxidant properties could enhance immunocompetence or
through their co-enzymatic activity could affect cell-to-cell communication, thereby
modulating immune system reactions (Catoni et al. 2008).

Polyphenols and, in some cases, flavonoids have been shown to reduce the effect
of the above-mentioned phenomena supporting immune and inflammatory cell
functions (Shi et al. 2003; Xu et al. 2014). Carotenoids, vitamin C, and vitamin E
have been also suggested as substances that can improve both specific and
non-specific immune responses in several species (Catoni et al. 2008). Furthermore,
in a study with piglets, dietary supplementation of a polyphenol mixture (from
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apples, grape seeds, green tea leaves, and olive leaves) resulted in reduced plasma
malondialdehyde (Zhang et al. 2014), whereas supplementation of grape seed
procyanidins as phenolic compounds increased resistance to weaning stress through
the enhancement of glutathione peroxidase (GSH-Px), SOD, and catalase (CAT)
genes expression (Fang et al. 2020).

Anti-inflammatory properties of phenolic compounds are based on the suppres-
sion of inflammatory prostaglandins and nitric oxide production (Valenzuela-
Grijalva et al. 2017). Phenolic compounds support, through their mode of action,
the production of immunoglobulins and secretion of cytokines, increase of phago-
cytosis by influencing mitogen-activated protein kinase (MAPK) and nuclear factor
kB (NF-kB) signaling pathways (Artuso-Ponte et al. 2020), as well as release of
IFN-y (Christaki et al. 2020). Polyphenol-rich diets in piglets have shown to reduce
the expression of different pro-inflammatory genes in duodenum, ileum, and colon
(Fiesel et al. 2014), whereas reduced inflammatory mediators NF-xB and Nrf2
(nuclear factor erythroid 2—related factor 2) have been detected in duodenal mucosa
of pigs fed with phenol-rich supplemented diets containing grape seed and grape
pomace extract (Gessner et al. 2013). Findings from Coddens et al. (2017) on
cranberry extracts (rich in proanthocyanin) supported its efficacy on the inhibition
of F4* and F18" E. coli adhesion to the ileum in vitro. Grape by-products have been
reported as a beneficial polyphenol source for pigs (Brenes et al. 2016), since
the introduction of fermented grape pomace (48.5% dietary inclusion) to 20 days
old piglets feed for 30 days (Kafantaris et al. 2018) resulted in the enhancement of
the antioxidant defense system along with the increase of Bifidobacterium and lactic
acid bacteria counts and the reduction of Enterobacteriaceae counts. Additionally,
tea polyphenols have showed multiple effects on immune response in pigs, since
they could influence the activities of T-lymphocyte, increase the ratio of CD4*/
CD8*, and reduce the outcome of oxidative stress. Furthermore, they could improve
cell-mediated immune response and the secretion of pro-inflammatory cytokines
such as IFN-y (Deng et al. 2010). They can also improve intestinal mucosal
immunity via increasing the content of IL-2, IL-10 in jejunum and ileum and activate
the Notch?2 signaling pathway in small intestine (Dong et al. 2019).

Antimicrobial and bactericidal properties of phenolic compounds have been also
reported. The latter is attributed to their hydroxyl (~OH) groups (Park et al. 2002),
whereas antimicrobial effects are based on their structural and lipophilic properties
that negatively affect the cellular membrane function of bacteria and can cause cell
death (Mahfuz et al. 2021). Findings from trials with supplementation of pig diets
with benzoic acid and thyme (Diao et al. 2015), or chestnut wood tannins and
organic acids (Brus et al. 2013), or polyphenol-rich grape extract or hop (Fiesel
et al. 2014), provided evidence of an improved outcome in terms of reduction of
harmful bacteria and improvement of intestinal microbiota.

Significant research findings have been demonstrated from the evaluation of
resveratrol (trans-3,5,4'-trihydroxystilbene), which is a stilbenoid, a type of natural
polyphenol and aromatic phytoalexin found predominantly in grapes, berries
(mulberries), and Japanese knotweed (Ahmed et al. 2013). As reviewed recently
by Meng et al. (2023), dietary resveratrol has therapeutic effects on the oxidative
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stress and inflammation, as well as beneficial effects on growth and meat quality.
Significant findings have been described as regards its capability to modulate
immune response and inflammation processes. Such effects include stimulation of
peripheral blood and splenic lymphocytes proliferation, and improved immune
responses to vaccination against classical swine fever and foot-and-mouth disease,
whereas it was also found to promote IgG production, regulate the release of IFN-y,
and downregulate the release of TNF-a (Fu et al. 2018). The capability of resveratrol
to regulate various signaling pathways such as sirtuin 1, NF-xB, and Nrf enhances
the expression of various antioxidant defensive enzymes such as heme oxygenase
1, catalase, GPX, and SOD, and induces glutathione levels responsible for
maintaining the cellular redox balance (Truong et al. 2018).

The dietary supplementation of resveratrol alone or with essential oils (oregano,
anise, orange peel, and chicory essential oils) in weaned piglets challenged with
E. Coli and Salmonella typhimurium resulted in improved IgG content in the group
fed resveratrol only, as well as reduced fecal Salmonella and E. coli counts in all
treatment groups and increased fecal Lactobacillus spp. count in the group that
received both phytogenic products. The aforementioned results were considered as
strong indication of the potential of resveratrol to be used as an antibiotic alternative
under the conditions described in that particular study (Ahmed et al. 2013).

Antiviral activity of resveratrol has been reported in various species, whereas its
capability to modulate immune response has been reported in rotavirus (RV) and
pseudorabies virus (PRV) studies with pigs (Cui et al. 2018; Zhao et al. 2018). A
challenge study in piglets suggested that it can be considered as a possible RV
infection control measure. It was able to reduce inflammation response by inhibiting
the TNF-a production whereas the immune function in RV-infected piglets was
maintained by enhancing the IFN-y content and CD4*/CD8" ratio (Cui et al. 2018).
Zhao et al. (2018) suggested resveratrol as alternative control measure for PRV
infection, since it showed an inhibitory effect on viral reproduction, alleviated
PRV-induced inflammation, and enhanced animal immunity (increased the levels
of serum TNF-a, IFN-a, IFN-y, and IL-12). Furthermore, an in vitro study suggested
that resveratrol could alleviate E. coli K88 infection-induced damage in the porcine
intestinal epithelial cell by activating sirtuin 1 signaling pathway (Luo et al. 2022).

6 Eubiotics: Phytobiotics Probiotics, Prebiotics, Postbiotics

According to Wiemann (2013), eubiotics are feed additives that include direct acting
gut flora modulators, probiotics, prebiotics, and immune modulators to stimulate a
healthy microbiota. Probiotics as beneficial microbes in combination with prebiotics
(indigestible dietary fiber/carbohydrate, e.g., inulin) provide health benefits to the
animal, through several pathways such as normalization of the microbiota due to
probiotics addition, or via products resulting from prebiotics anaerobic fermentation,
or through their immunomodulatory role (Hardy et al. 2013). Postbiotics are
metabolites and cell contents extracted from probiotics (Teame et al. 2020).
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Probiotics, prebiotics, and postbiotics could act as anti-inflammatory factors
(Cheng and Kim 2022) since they can stimulate TLR to inhibit NF-kB and activate
an anti-inflammatory response (Suda et al. 2014; Poulsen et al. 2018). Selected
Bacillus species (Taras et al. 2005), as well as Lactic acid bacteria (LAB), including
Enterococcus species (e.g., Enterococcus faecium) and Lactobacillus species, have
shown promising results as functional feed additives for improved immune
responses in nursery pigs (Pessione 2012; Suda et al. 2014). Research findings
have demonstrated that Enterococcus faecium could reduce newborns’ mortality
and post-weaning diarrhea when fed to sows (Taras et al. 2006) or decrease serum
IgG (Broom et al. 2006) and chlamydial infection in newborn piglets from infected
sows (Pollmann et al. 2005).

Effects of feeding mannan oligosaccharide (MOS) and Lactobacillus mucosae
(LM) as prebiotic and probiotic sources in weanling pigs have been previously tested
under Escherichia coli lipopolysaccharide (LPS) challenge conditions (Li et al.
2021a). Results demonstrated an increase of circulating but not secretory IgG
antibodies in MOS-fed groups, as well as a mild increase in both secretory and
circulating IgA concentrations in pigs fed LM. In another study by Yu et al. (2021),
MOS supplementation in E. coli-challenged pigs resulted in reduced IL-1p
concentration. Decreased pro-inflammatory cytokines were observed also in pigs
fed levan-type fructan (Li and Kim 2013). The prebiotic lactulose has showed
immune-boosting effects in pigs (Liu et al. 2018), as it was able to induce greater
concentrations of serum IgM and IgA and improved immunity against Salmonella
typhimurium (Naqid et al. 2015). Moreover, increased cell-mediated immune
response, IL-1p gene expression, and serum levels of IL-1f, IL-2, and IL-6 were
observed after supplementation of weaned pigs’ diets with chitosan and galacto-
mannan oligosaccharides (Yin et al. 2008).

Previous studies with E. coli-challenged pigs reported increased secretory IgA in
animals receiving Lactobacillus rhamnosus (Zhang et al. 2010) or Lactobacillus
acidophilus with increased concentration of IgA in the jejunum (Li et al. 2018).
Other studies further supported Lactobacillus species’ beneficial effects, such as
their ability to alleviate gut inflammation, improve intestinal barrier function, and
decrease pro-inflammatory cytokines (L. rhamnosus) according to Mao et al. (2020)
and downregulate IL-1p (L. fermentum) based on Wang et al. (2019) findings.

A connection between modulation of sow’s intestinal microbiota and suckling
piglets’ bacterial colonization of the GIT has been reported. Supplementations of
probiotics such as Enterococcus faecium or Bacillus subtilis (Macha et al. 2004;
Baker et al. 2013; Starke et al. 2013) and prebiotics such as inulin (PaBlack et al.
2015) in sows diets were able to induce such microbiota alterations. As regards
immune response, enrichment of sows’ diets with oligosaccharides such as short-
chain fructooligosaccharides (scFOS), MOS, or a seaweed extract containing lami-
narin could be related with an increase of colostral immunity (IgA, IgG, or TGFS)
(Czech et al. 2010; Leonard et al. 2012; Le Bourgot et al. 2014).

Beta-glucans, mannoprotein, and chitin are the main cell wall components of
yeasts. Beta-glucans derived from yeast cell walls bind to the TLR2 and C-type
lectin receptors (CLR) family and dectin-1 receptor on enterocytes and immune cells
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(monocyte-macrophage cell lineage and other antigen-presenting immunocompetent
cells) (Akira et al. 2006; Li et al. 2019a). Through their mode of action, they result in
the increase of pro-inflammatory cytokines and chemokines inducing antigen pre-
sentation and improvement of humoral and cellular immunity (Vetvicka et al. 2014).
Supplementation of sows’ gestation and lactation diets with yeasts (e.g., Saccharo-
myces cerevisiae fermentation product) improved growth performance of piglets
(Kim et al. 2008, 2010; Shen et al. 2011) and improved beneficial microbiota status
in the GIT (Lu et al. 2019).

Moreover, Li et al. (2006) evaluated whether supplementation of pig diet with
B-glucan could affect immune response, and presented results of increased plasma
IL-6, IL-10, and TNF-a, hours after LPS challenge. Ryan et al. (2012) provided
evidence that glucan incorporation in pig feeds results in decreased Th-related
cytokine production (reduction of the Th17 signature molecule IL-17a in the porcine
colon), whereas increased IgA levels in serum were observed at lower glucan doses
provided as yeast (Saccharomyces cerevisiae) cell wall extract (Sauerwein et al.
2007). Proportion of CD4" T-cell subpopulations has been found greater in
mesenteric lymph nodes and Peyer’s patches, as well as CD8" T-cells in peripheral
blood in pigs fed glucan (Vetvicka et al. 2014). Moreover, stimulation of IL-2 and
phagocytosis as well as suppression of TNF-a due to glucan administration in pigs’
feed has been reported (Vetvicka and Oliveira 2014).

Fibers include a broad spectrum of oligosaccharides and starch resistant to
proximal intestine hydrolysis, as well as non-starch polysaccharides such as pectin,
cellulose, hemicellulose, f-glucans, and fructans (Rodrigues et al. 2022). Digestion
process of dietary fiber in pigs includes their fermentation primarily in the colon
producing gases and several physiologically active by-products. On the other hand,
insoluble fiber increases diet bulkiness due to its metabolic inert characteristic
(Jarrett and Ashworth 2018). It has been demonstrated that supplementation of a
diet with 25% sugar beet pulp in pregnant gilts resulted in increased white blood
cells, without affecting natural killer cell cytotoxicity, neutrophil chemotaxis and
chemokinesis, mitogen-induced lymphocyte proliferation, and differential counts
(McGlone and Fullwood 2001). Moreover, feeding diets rich in crude fibers (differ-
ent roughage sources, i.e., straw, hay, clover grass silage, maize silage, or Jerusalem
artichoke) during pregnancy, but not lactation, resulted in a decrease of C-reactive
protein levels in colostrum, suggesting a possible reduction of inflammatory pro-
cesses (Werner et al. 2014). In growing pigs, it was reported that pigs fed soluble
fiber (sugar beet fiber) had reduced fecal egg counts following Oesophagostomum
dentatum challenge (Petkeviius et al. 2003).

The positive effects of fermentable fibers on immune response and intestinal
function are various: the improvement in colonic barrier function and immune/
metabolism-related gene expression (Che et al. 2014), the maintenance of microbial
community homeostasis, the improvement in microbiota diversity, proliferation of
potentially beneficial microorganisms (Li et al. 2020b), as well as the attenuation of
the release of inflammatory intermediates (Li et al. 2019b) are among those effects.
Moreover, it has been demonstrated that through the promotion of the growth of
lactic acid bacteria, the prebiotic inulin has an indirect beneficial immune effect,
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since it can affect the production of anti-inflammatory cytokines, mononuclear cells,
and phagocytic macrophages (Grela et al. 2021). Additionally, it has been associated
with the induction of immunoglobulins synthesis, in particular IgA (Macfarlane and
Cummings 1999). Thus, it seems that inulin has a positive effect on the intestinal
immune system, blood flow through the mucosa, and the activity of the local nervous
system (Grela et al. 2021).

7 Phytogenics and Essential Oils

Phytogenics or plant secondary metabolites (Rodrigues et al. 2022) can be
classified into:

I. Terpenes (e.g., carvacrol, thymol)
II. Phenolics (e.g., eugenol, resveratrol, quercetin, tannins), which are emphasized
for their antioxidant capabilities in a previous part of this chapter
III. N-containing compounds
IV. S-containing compounds (e.g., alliin and allicin)

Novel technologies allow us to chemically synthesize some of the above-
mentioned substances and these products can be called nature-identical compounds
(Rossi et al. 2020). Such compounds (e.g., thymol and vanillin) can act synergically
in combination with other feed additives in pigs’ diets (Rodrigues et al. 2022).
Essential oils are either terpenes or phenolics and are usually extracted from plants,
whereas their antimicrobial, anti-inflammatory, and antioxidative properties are
attributed mainly to their phenolic ring, or capacity to disturb microbial membranes
and intracellular homeostasis (Omonijo et al. 2018).

Plants from the Echinacea family are known to modulate immune functions,
stimulating the innate immune system, and increasing the resistance to infection
(Bauer et al. 1999), whereas improved immune response after vaccination against
Erysipelothrix rhusiopathiae was observed after inclusion of Echinacea purpurea
into the diet of finishers (Maass et al. 2005). On the other hand, Taranu et al. (2012)
provided further evidence that introduction of Chlorella vulgaris powder (eukaryotic
freshwater green microalga), Na-alginate, inulin, and a mixture of essential oils into
diets of weaned piglets resulted in increased IgG in the plasma, modulation of
cytokine production, and mineral retention (increased liver concentrations of
IL-1p, IL-8, TNF-a, IFN-y, Cu, and Fe). A possible interaction of active molecules
from the test products (polyphenols, vitamins, minerals, etc.) as additional ligands
with Fc-gamma receptors for IgG (FcgammaRs) and their further influence on the
immune system could be supported as an explanation for the observed increased IgG
levels (Nimmerjahn and Ravetch 2010).

Plant extracts like cinnamon, thyme, oregano (Namkung et al. 2004), and saponin
(Ilsley et al. 2005) were able to increase IgG concentration in pigs. On the other
hand, studies from Ilsley et al. (2005) and Ariza-Nieto et al. (2011) suggested
absence of IgG levels increase after dietary curcumin or oregano essential oil
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supplementation. As regards modes of action of the plant extracts on cellular
immunity and cytokine production, a possible potentiation of the immune reaction
through the increase of IFN-y production, and the involvement of a Th1 rather than
Th2 type of cellular immunity, as well as their anti-inflammatory properties (activa-
tion of the NF-xB pathway), have been reported (Taranu et al. 2012). Novel herbal
feed additives (Guizhi Li-Zhong Tang extract granules) have been tested with
encouraging results on alleviating or preventing pneumonia in weaned piglets,
through the inhibition of angiotensin-converting enzyme 2 expression along with
increased IgA and IgG, but reduced IgE levels (Lu et al. 2021). A greater antioxidant
capacity and lower cytotoxicity of those herbal feed additives was based on findings
of enhanced expression of antioxidant-related SOD2 and lower expression of
oxidative-stress-related 3-nitrotyrosine (NT), inflammation-related TNF-a and
NF-xB, and apoptosis-related caspase-3 in lung tissue (Wang et al. 2021).

Thymol and carvacrol, active components of plant essential oils, can increase the
percentage of CD4", CD8*, major histocompatibility complex (MHC class II, and
non-T/non-B-cells in peripheral blood, and CD4*, CDS8* double-positive
T-lymphocytes in peripheral blood and mesenteric lymph nodes in pigs (Walter
and Bilkei 2004). Moreover, thymol enhances total IgA and IgM serum levels, and
exhibits particular local anti-inflammatory properties, as demonstrated with the
reduction of TNF-a mRNA in the stomach of post-weaned pigs (Trevisi et al.
2007). Additional evidence provided by Li et al. (2012) after the introduction of
an essential oil product, which contained 18% thymol and cinnamaldehyde in
weaned pigs’ diets, suggested immune-modulating beneficial properties that could
position such products as antibiotic replacements in pigs’ diets. Results included
reduced IL-6 concentration and increased TNF-o and total antioxidant capacity
levels in plasma, as well as greater villus height to crypt depth ratio and reduced
E. coli populations in cecum, colon, and rectum. Quite similarly, Nofrarias et al.
(2006) supported the capability of essential oils to induce an improved immune
response, as demonstrated in immune cell subsets of gut tissues and blood after the
introduction of a plant extracts mixture with 5% carvacrol, 3% cinnamaldehyde, and
2% capsicum oleoresin (CAP) in weaned pigs’ diets. Essential oil compounds from
oregano, clove, and cinnamon were also tested by Halas et al. (2011) and results
suggested enhancement of the non-specific immunocompetence of 28-days-old pigs.

As regards viral challenges, capsicum oleoresin (CAP), garlic botanical (GAR),
or turmeric oleoresin (TUR) were tested in vivo under porcine reproductive and
respiratory syndrome virus (PRRSV) challenge conditions (Liu et al. 2013).
Findings suggested various effects on the immune response of animals fed the
plant extracts. Feeding GAR increased B-cells and CD8" T-cells of PRRSV-infected
pigs, suggesting an improvement of immune response. Anti-inflammatory effects of
the extracts were suggested due to suppressed serum TNF-a and IL-1f production in
PRRSV-challenged animals that received the test products. Quite similarly, Kim
et al. (2020) provided evidence that the aforementioned substances (i.e., CAP, GAR,
TUR) altered the expression of 46 genes (24 up, 22 down), 134 genes (59 up,
75 down), or 98 genes (55 up, 43 down) in alveolar macrophages of PRRSV-
infected pigs. Supplementation of diets with TUR or GAR reduced the expression
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of genes associated with antigen processing and presentation, whereas introduction
of CAP upregulated the expression of genes involved in those processes.

As reviewed by Li et al. (2021b), sugar cane extracts can enhance immune
response in PRV-challenged pigs, through the increase of natural killer cytotoxicity,
lymphocyte proliferation, phagocytosis by monocytes, and IFN-y production of
CD4* and y8 T-cells (Lo et al. 2006). Studies on porcine epidemic diarrhea virus
(PEDV) suggested isoflavonoid (major component of puerarin from the Chinese
herb Gegen) could regulate the interferon and NF-xB signaling pathways and
provide antiviral and anti-inflammatory functions in PEDV-infected piglets
(Wu et al. 2020), whereas tomatidine can inhibit the virus replication mainly by
targeting 3-chymotrypsin-like (3CL) protease (Wang et al. 2020). Recent data on the
devastating African swine fever virus (ASFV) suggested that the introduction of a
formulation with three essential oils, i.e., Eucalyptus globulus, Pinus sylvestris, and
Lavandula latifolia, can improve immune response resulting in enhanced IgG levels
and reduced IgM levels and minimize ASFV transmission in pigs in vivo (Babikian
et al. 2021).

Taken together, immune-boosting functions of phytogenic products could
include the modulation of leukocyte and neutrophil activation processes of the innate
immune system (Firmino et al. 2021). They improve the activity of various immune
cells such as lymphocytes, macrophages, and NK cells, thus enhancing phagocytosis
and IFN synthesis (Kuralkar and Kuralkar 2021). The enhancement of the immune
activities of polymorphonuclear leucocytes (PMNs), alteration of the lymphocyte
proportion and the ratio of CD4* and CD8" T-cells, downregulation of NF-xB (and
p38 pathway) on peripheral blood mononuclear cells (PBMCs), which is responsible
for gene transcription, thus of encoding many pro-inflammatory cytokines and
chemokines, are among the major immune-modulating actions provoked by
phytogenics (Oeckinghaus et al. 2011; Huang et al. 2012; Stelter et al. 2013;
Cappelli et al. 2021). Furthermore, alterations on blood percentages of Th
lymphocytes, y6 T-lymphocytes, and B-lymphocytes could be observed (Lo Verso
et al. 2020). Depending on each essential oil mode of action, they could increase
serum concentrations of IL-1, IL-2, IL-4, IL-6, TNF-a, soluble surface antigen CD8
(sCD8), immunoglobulins IgA, IgG, and IgM, the activities of antioxidant enzymes,
and total antioxidative capacity, and decrease concentrations of malondialdehyde
(e.g., water extract of Artemisia ordosica) (Xing et al. 2019). Other cases (e.g.,
anethole) could result in reduced expression of TLRS, TLR9, MyD88, IL-18,
TNF-a, IL-6, and IL-10 in the jejunum (Yi et al. 2021). Additional anti-
inflammatory properties have been attributed to the inhibition of the NF-xB and
P38 signaling pathways, which result in decrease of inflammatory cytokine expres-
sion (e.g., Scutellaria baicalensis extracts) (Huang et al. 2019). In addition to the
NF-xB pathway, the antioxidative, anti-apoptotic, and anti-inflammatory effects of
essential oils (e.g., Tagetes erecta flowers essential oils) may rely on Nrf2/HO-1
since Nrf2 has a significant role in protection of cells against oxidative damage as
well as in cell survival (Shaw and Chattopadhyay 2020). The increased expression of
antioxidant-related genes could also explain the antioxidant capabilities of essential
oils as observed for cinnamaldehyde and thymol in pigs (Su et al. 2018).



764 P. D. Tassis

8 Organic Acids (OAs)
Classification of OAs includes three categories based on the carbon chain:

L. Short-chain fatty acids (SCFAs; e.g., formic acid, acetic acid, propionic acid,
butyric acid)
II. Medium-chain fatty acids (MCFAs; e.g., caproic acid, caprylic acid, capric acid,
lauric acid)
III. Tricarboxylic acids (e.g., citric acid, fumaric acid, and malic acid) (Rodrigues
et al. 2022)

OAss possess bacteriostatic and bactericidal actions, since they can diffuse across
the bacterial cell membranes, release H' ions intracellularly, and disrupt the acid—
base balance and particular metabolic pathways of microbes (Nguyen et al. 2020).

A combination of OA utilization may be significantly beneficial for pigs, since
SCFAs have been proven efficacious against Gram (—) bacteria, including E. coli
and Salmonella spp., whereas MCFAs were efficacious against Gram (+) bacteria,
such as C. perfringens and Streptococcus spp. (Zentek et al. 2011; Gémez-Garcia
et al. 2019). Furthermore, particular immunomodulatory effects of OAs have been
demonstrated in enterotoxic Escherichia coli (ETEC)-challenged pigs. Among
those, decreased concentration of pro-inflammatory cytokines (IL-1f, IL-6,
TNF-a, and IFN-y in plasma) was observed at levels comparable to antibiotics
supplementation (Ren et al. 2019). According to Jiménez et al. (2020), feed supple-
mentation with an organic acid-based feed additive reduced the number of inflam-
matory cells in the jejunal and ileal lamina propria, which were elevated due to
inoculation with an enterotoxic strain of E. coli (K88) in weaned pigs. Moreover, it
has been demonstrated that conjugated linoleic acid fed in late gestation and
(or) lactation to sows could induce positive immunomodulatory effects on colos-
trum, milk, and progeny serum IgG concentrations (Craig et al. 2019).

Immunomodulatory properties have been also reported for certain MCFAs and
monoglycerides, such as the C12 monoglyceride (glycerol monolaurate, GML),
which is known to affect T-cell lymphocytes, due to membrane interactions linked
to cell signaling pathways (Jackman et al. 2020; Zhang et al. 2018). GML supple-
mentation can also decrease cytokine production in vitro, thus inducing immuno-
suppressive effects that can be useful for anti-inflammatory applications (Zhang
et al. 2016). Oral administration of GML could reduce intestinal inflammation
in vivo (Zhang et al. 2018). Findings from an in vitro study demonstrated that
caprylic (C8), capric (C10), and lauric (C12) acids could enhance immune response
at a porcine intestinal cell line (Martinez-Vallespin et al. 2016).

9 Concluding Remarks
A significant number of feed additives that could improve the immune response of

pigs and act as anti-inflammatory and antioxidant agents have been investigated and
the list will continue to expand as novel research findings are presented. As observed
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from the above-mentioned studies, a combination of the beneficial feed additives is
expected to result in improvement of the pig’s response against pathogens and
provide solutions as alternative to antibiotics substances. However, the addition of
the additives should take into account the observed health challenges at the farm, as
well as restrictions on the use of particular feed additives either alone or in combi-
nation with others. It is possible that the target of eubiosis and improved health status
of pigs could be achieved or assisted through appropriate feed interventions with the
administration of more ‘“natural” substances, which enhance immune response

in pigs.

References

Aderem A, Ulevitch RJ (2000) Toll-like receptors in the induction of the innate immune response.
Nature 406(6797):782-787. https://doi.org/10.1038/35021228

Ahmed S, Hossain M, Kim G et al (2013) Effects of resveratrol and essential oils on growth
performance, immunity, digestibility and fecal microbial shedding in challenged piglets. Anim
Biosci 26(5):683-690. https://doi.org/10.5713/ajas.2012.12683

Akira S, Uematsu S, Takeuchi O (2006) Pathogen recognition and innate immunity. Cell 124:783—
801. https://doi.org/10.1016/j.cell.2006.02.015

Anastasilakis CD, Ioannidis O, Gkiomisi Al et al (2013) Artificial nutrition and intestinal mucosal
barrier functionality. Digestion 88:193-208

Ariza-Nieto C, Bandrick M, Baidoo SK et al (2011) Effect of dietary supplementation of oregano
essential oils to sows on colostrum and milk composition, growth pattern and immune status of
suckling pigs. J Anim Sci 89:1079-1089

Artuso-Ponte V, Pastor A, Andratsch M (2020) The effects of plant extracts on the immune system
of livestock: the isoquinoline alkaloids model. In: Florou-Paneri P, Christaki E, Giannenas I
(eds) Feed additives. Academic Press, London, pp 295-310

Babikian HY, Jha RK, Truong QL et al (2021) Novel formulation with essential oils as a potential
agent to minimize African swine fever virus transmission in an in vivo trial in swine. Vet World
14(7):1853-1866. https://doi.org/10.14202/vetworld.2021.1853-1866

Bailey M (2009) The mucosal immune system: recent developments and future directions in the pig.
Dev Comp Immunol 33:375-383

Baker AA, Davis E, Spencer JD et al (2013) The effect of a Bacillus-based direct-fed microbial
supplemented to sows on the gastrointestinal microbiota of their neonatal piglets. J Anim Sci 91:
3390-3399. https://doi.org/10.2527/jas.2012-5821

Bauer R, Hoheisel O, Stuhlfauth I et al (1999) Extract of the Echinacea purpurea herb: an allopathic
phytoimmunostimulant. Wien Med Wochenschr 149:85-189

Bian G, Ma S, Zhu Z et al (2016) Age, introduction of solid feed and weaning are more important
determinants of gut bacterial succession in piglets than breed and nursing mother as revealed by
a reciprocal cross-fostering model. Environ Microbiol 18:1566—1577

Boes J, Kanora A, Havn KT et al (2010) Effect of Ascaris suum infection on performance of
fattening pigs. Vet Parasitol 172:269-276

Bouwens M, Savelkoul HFJ (2019) Animal nutrition and immunity in pigs and poultry. In:
Hendriks WH, Verstegen MWA, Babinszky L (eds) Poultry and pig nutrition. Wageningen
Academic Publishers, Wageningen, The Netherlands, pp 105-127

Bracarense APF, Lucioli J, Grenier B et al (2012) Chronic ingestion of deoxynivalenol and
fumonisin, alone or in interaction, induces morphological and immunological changes in the
intestine of piglets. Br J Nutr 107:1776-1786

Brenes A, Viveros A, Chamorro S et al (2016) Use of polyphenol-rich grape by-products in
monogastric nutrition. A review. Anim Feed Sci Technol 211:1-17


https://doi.org/10.1038/35021228
https://doi.org/10.5713/ajas.2012.12683
https://doi.org/10.1016/j.cell.2006.02.015
https://doi.org/10.14202/vetworld.2021.1853-1866
https://doi.org/10.2527/jas.2012-5821

766 P. D. Tassis

Broom L (2015) Mycotoxins and the intestine. Anim Nutr 1:262-265

Broom LJ, Miller HM, Kerr KG et al (2006) Effects of zinc oxide and Enterococcus faeccium SF68
dietary supplementation on the performance, intestinal microbiota and immune status of weaned
piglets. Res Vet Sci 80:45-54

Brus M, Dolinsek J, Cencic A et al (2013) Effect of chestnut (Castanea sativa Mill.) wood tannins
and organic acids on growth performance and faecal microbiota of pigs from 23 to 127 days of
age. Bulg J Agri Sci 19:841-847

Cappelli K, Sabino M, Trabalza-Marinucci M et al (2021) Differential effects of dietary oregano
essential oil on the inflammation related gene expression in peripheral blood mononuclear cells
from outdoor and indoor reared pigs. Front Vet Sci 8:602811. https://doi.org/10.3389/fvets.
2021.602811

Castrica M, Rebucci R, Giromini C et al (2019) Total phenolic content and antioxidant capacity of
agri-food waste and byproducts. Ital J Anim Sci 18(1):336-341

Catoni C, Peters A, Schaefer HM (2008) Life history trade-offs are influenced by the diversity,
availability and interactions of dietary antioxidants. Anim Behav 76:1107-1119

Chase C, Lunney JK (2019) The immune system. In: Zimmerman JJ, Karriker LA, Ramirez A,
Schwartz KJ, Stevenson GW, Zhang J (eds) Disease of swine, 11th edn. Wiley-Blackwell,
Hoboken, NJ, pp 264-291

Che L, Chen H, Yu B et al (2014) Long-term intake of pea fiber affects colonic barrier function,
bacterial and transcriptional profile in pig model. Nutr Cancer 66:388-399

Cheng Y-C, Kim SW (2022) Use of microorganisms as nutritional and functional feedstuffs for
nursery pigs and broilers. Animals 12:3141. https://doi.org/10.3390/ani12223141

Christaki E, Giannenas I, Bonos E et al (2020) Innovative uses of aromatic plants as natural
supplements in nutrition. In: Florou-Paneri P, Christaki E, Giannenas I (eds) Feed additives.
Academic Press, London, pp 19-34

Demehri FR, Barrett M, Ralls MW, Miyasaka EA, Feng Y, Teitelbaum DH (2013) Intestinal
epithelial cell apoptosis and loss of barrier function in the setting of altered microbiota with
enteral nutrient deprivation. Front Cell Infect Microbiol 3:105. https://doi.org/10.3389/fcimb.
2013.00105

Desbois AP, Smith VJ (2010) Antibacterial free fatty acids: activities, mechanisms of action and
biotechnological potential. Appl Microbiol Biotechnol 85:1629-1642. https://doi.org/10.1007/
500253-009-2355-3

Coddens A, Loos M, Vanrompay D et al (2017) Cranberry extract inhibits in vitro adhesion of F4
and F18+ Escherichia coli to pig intestinal epithelium and reduces in vivo excretion of pigs
orally challenged with F18+ verotoxigenic E. coli. Vet Microbiol 202:64—71

Craig JR, Dunshea FR, Cottrell JJ et al (2019) Feeding conjugated linoleic acid without a
combination of medium-chain fatty acids during late gestation and lactation improves
pre-weaning survival rates of gilt and sow progeny. Animals 9(2):62. https://doi.org/10.3390/
ani9020062

Cui Q, Fu Q, Zhao X et al (2018) Protective effects and immunomodulation on piglets infected with
rotavirus following resveratrol supplementation. PLoS One 13:¢0192692. https://doi.org/10.
1371/journal.pone.0192692

Czech A, Grela ER, Mokrzycka A et al (2010) Efficacy of mannanoligosaccharides additive to sows
diets on colostrum, blood immunoglobulin content and production parameters of piglets. Pol J
Vet Sci 13:525-531

Deng Q, Xu J, Yu B et al (2010) Effect of dietary tea polyphenols on growth performance and cell-
mediated immune response of post-weaning piglets under oxidative stress. Arc Anim Nutr
64(1):12-21

Diao H, Zheng P, Yu B et al (2015) Effects of benzoic acid and thymol on growth performance and
gut characteristics of weaned piglets. Asian-Australas J Anim Sci 28:827-839

Dong L, Liu J, Zhong Z et al (2019) Dietary tea tree oil supplementation improves the intestinal
mucosal immunity of weanling piglets. Anim Feed Sci Technol 255:114209


https://doi.org/10.3389/fvets.2021.602811
https://doi.org/10.3389/fvets.2021.602811
https://doi.org/10.3390/ani12223141
https://doi.org/10.3389/fcimb.2013.00105
https://doi.org/10.3389/fcimb.2013.00105
https://doi.org/10.1007/s00253-009-2355-3
https://doi.org/10.1007/s00253-009-2355-3
https://doi.org/10.3390/ani9020062
https://doi.org/10.3390/ani9020062
https://doi.org/10.1371/journal.pone.0192692
https://doi.org/10.1371/journal.pone.0192692

Feed Additives as Immune-Boosting Factors in Swine Health 767

Dykes L, Rooney L (2007) Phenolic compound in Cereal grains and their health benefits. Cereal
Foods World 52(3):105-111

Ellison RT, Giehl TJ (1991) Killing of gram-negative bacteria by lactoferrin and lysozyme. J Clin
Invest 88:1080-1091

Everaert N, Van Cruchten S, Westrom B et al (2017) A review on early gut maturation and
colonization in pigs, including biological and dietary factors affecting gut homeostasis. Anim
Feed Sci Technol 233:89-103. https://doi.org/10.1016/j.anifeedsci.2017.06.011

Fang L, Li M, Zhao L et al (2020) Dietary grape seed procyanidins suppressed weaning stress by
improving antioxidant enzyme activity and mRNA expression in weanling piglets. J Anim
Physiol Anim Nutr 104(4):1178-1185

Fiesel A, Gessner DK, Most E et al (2014) Effects of dietary polyphenol-rich plant products from
grape or hop on pro-inflammatory gene expression in the intestine, nutrient digestibility and
faecal microbiota of weaned pigs. BMC Vet Res 10:196

Firmino JP, Vallejos-Vidal E, Balebona MC et al (2021) Diet, immunity, and microbiota
interactions: an integrative analysis of the intestine transcriptional response and microbiota
modulation in Gilthead Seabream (Sparus Aurata) fed an essential oils-based functional diet.
Front Immunol 12:625297. https://doi.org/10.3389/fimmu.2021.625297

Franz C, Baser KHC, Windisch W (2010) Essential oils and aromatic plants in animal feeding — a
European perspective. A review. Flavour Fragr J 25:327-340

FuQ, Cui Q, Yang Y, Zhao X, Song X, Wang G et al (2018) Effect of resveratrol dry suspension on
immune function of piglets. Evid Based Complement Alternat Med 2018:595270

Gao J, Xu K, Liu H et al (2018) Impact of the gut microbiota on intestinal immunity mediated by
tryptophan metabolism. Front Cell Infect Microbiol 8:13

Gerner W, Kiser T, Saalmiiller A (2009) Porcine T lymphocytes and NK cells: an update. Dev
Comp Immunol 33:310-320. https://doi.org/10.1016/j.dci.2008.06.003

Gessner DK, Fiesel A, Most E et al (2013) Supplementation of a grape seed and grape marc meal
extract decreases activities of the oxidative stress-responsive transcription factors NF-KB and
Nrf2 in the Duodenal Mucosa of Pigs. Acta Vet Scand 55:18

Gomez-Garcia M, Sol C, de Nova PJG et al (2019) Antimicrobial activity of a selection of organic
acids, their salts and essential oils against swine enteropathogenic bacteria. Porc Health Manag
5:32

Grela ER, Swiatkiewicz M, Florek M et al (2021) Effect of inulin source and a probiotic supplement
in pig diets on carcass traits, meat quality and fatty acid composition in finishing pigs. Animals
11:2438. https://doi.org/10.3390/ani1 1082438

Gresse R, Chaucheyras-Durand F, Fleury MA et al (2017) Gut microbiota dysbiosis in postweaning
piglets: understanding the keys to health. Trends Microbiol 25:851-873

Halas V, Nochta I, Pasti Z et al (2011) Cellular immune response of weaned pigs fed diet
supplemented with an essential oil. Agr Consept Scient 2011:76

Hardy H, Harris J, Lyon E et al (2013) Probiotics, prebiotics and immunomodulation of gut mucosal
defences: homeostasis and immunopathology. Nutrients 5:1869-1912

Heleno SA, Martins A, Queiroz MJRP et al (2015) Bioactivity of phenolic acids: metabolites versus
parent compounds: a review. Food Chem 173:501-513

Heo JM, Kim JC, Hansen CF, Mullan BP et al (2009) Feeding a diet with decreased protein content
reduces indices of protein fermentation and the incidence of postweaning diarrhea in weaned
pigs challenged with an enterotoxigenic strain of Escherichia coli. J Anim Sci 87:2833-2843

Heo JM, Kim JC, Hansen CF et al (2010) Feeding a diet with a decreased protein content reduces
both nitrogen content in the gastrointestinal tract and post-weaning diarrhoea but does not affect
apparent nitrogen digestibility in weaner pigs challenged with an enterotoxigenic strain of
Escherichia coli. Anim Feed Sci Technol 160:148-159

Huang CW, Lee TT, Shih YC et al (2012) Effects of dietary supplementation of Chinese Medicinal
herbs on polymorphonuclear neutrophil immune activity and small intestinal morphology in
weanling pigs. J Anim Physiol Anim Nutr (Berl) 96(2):285-294. https://doi.org/10.1111/j.
1439-0396.2011.01151.x


https://doi.org/10.1016/j.anifeedsci.2017.06.011
https://doi.org/10.3389/fimmu.2021.625297
https://doi.org/10.1016/j.dci.2008.06.003
https://doi.org/10.3390/ani11082438
https://doi.org/10.1111/j.1439-0396.2011.01151.x
https://doi.org/10.1111/j.1439-0396.2011.01151.x

768 P. D. Tassis

Huang C, Wang Y, He X et al (2019) The involvement of NF-kb/P38 pathways in Scutellaria
Baicalensis extracts attenuating of Escherichia Coli K88-induced acute intestinal injury in
weaned piglets. Br J Nutr 122(2):152-161. https://doi.org/10.1017/s0007114519000928

Humphrey B, Zhao J, Faris R (2019) Link between intestinal immunity and practical approaches to
swine nutrition. Animal 13:2736-2744. https://doi.org/10.1017/S1751731119001861

IIsley SE, Miller HM, Kamel C (2005) Effects of dietary quillaja saponin and curcumin on the
performance and immune status of weaned piglets. J Anim Sci 83:82-88

Jackman JA, Boyd RD, Elrod CC (2020) Medium-chain fatty acids and monoglycerides as feed
additives for pig production: towards gut health improvement and feed pathogen mitigation. J
Anim Sci Biotechnol 11:44. https://doi.org/10.1186/s40104-020-00446-1

Jamin A, Gorin S, Le Potier M-F et al (2006) Characterization of conventional and plasmacytoid
dendritic cells in swine secondary lymphoid organs and blood. Vet Immunol Immunopathol
114:224-237

Jamwal K, Bhattacharya S, Puri S (2018) Plant growth regulator mediated consequences of
secondary metabolites in medicinal plants. J Appl Res Med Aromat Plants 9:26-38

Jarrett S, Ashworth CJ (2018) The role of dietary fibre in pig production, with a particular emphasis
on reproduction. J Anim Sci Biotechnol 9:59

Jiménez MJ, Berrios R, Stelzhammer S et al (2020) Ingestion of organic acids and cinnamaldehyde
improves tissue homeostasis of piglets exposed to enterotoxic Escherichia coli (ETEC). J Anim
Sci 98(2):skaa012

Kaetzel CS (2014) Cooperativity among secretory IgA, the polymeric immunoglobulin receptor,
and the gut microbiota promotes host—microbial mutualism. Immunology Letters 162:10-21

Kafantaris I, Stagos D, Kotsampasi B, Hatzis A, Kypriotakis A, Gerasopoulos K, Makri S,
Goutzourelas N, Mitsagga C, Giavasis I (2018) Grape pomace improves performance, antioxi-
dant status, fecal microbiota and meat quality of piglets. Animal 12:246-255. https://doi.org/10.
1017/S1751731117001604

Kelly D, Mulder IE (2012) Microbiome and immunological interactions. Nutr Rev 70(Suppl 1):
S18-S30

Kim SW, Brandherm M, Freeland M et al (2008) Effects of yeast culture supplementation to
gestation and lactation diets on growth of nursing piglets. Asian Australas J Anim Sci 21:1011—
1014. https://doi.org/10.5713/ajas.2008.70438

Kim SW, Brandherm M, Newton B et al (2010) Effect of supplementing Saccharomyces cerevisiae
fermentation product in sow diets on reproductive performance in a commercial environment.
Can J Anim Sci 90:229-232. https://doi.org/10.4141/CJAS09100

Kim JC, Hansen CF, Mullan BP et al (2012) Nutrition and pathology of weaner pigs: nutritional
strategies to support barrier function in the gastrointestinal tract. Anim Feed Sci Technol 173:3—
16

Kim JC, Mullan BP, Black JL et al (2016) Acetylsalicylic acid supplementation improves protein
utilization efficiency while vitamin E supplementation reduces markers of the inflammatory
response in weaned pigs challenged with enterotoxigenic E. coli. ] Anim Sci Biotechnol 7:58

Kim K, Ji P, Song M, Che TM, Bravo D, Pettigrew JE, Liu Y (2020) Dietary plant extracts
modulate gene expression profiles in alveolar macrophages of pigs experimentally infected with
porcine reproductive and respiratory syndrome virus. J Anim Sci Biotechnol 11:74. https://doi.
org/10.1186/s40104-020-00475-w

Koo B, Choi J, Yang C et al (2020) Diet complexity and I-threonine supplementation: effects on
growth performance, immune response, intestinal barrier function, and microbial metabolites in
nursery pigs. J Anim Sci 98(5):skaal25. https://doi.org/10.1093/jas/skaal25

Kuralkar P, Kuralkar SV (2021) Role of herbal products in animal production — an updated review.
J Ethnopharmacol 278:114246. https://doi.org/10.1016/j.jep.2021.114246

Kyoung H, Lee JJ, Cho JH et al (2021) Dietary glutamic acid modulates immune responses and gut
health of weaned pigs. Animals 11:504. https://doi.org/10.3390/ani1 1020504

Lai Y, Gallo RL (2009) AMPed up immunity: how antimicrobial peptides have multiple roles in
immune defense. Trends Immunol 30(3):131-141. https://doi.org/10.1016/].it.2008.12.003


https://doi.org/10.1017/s0007114519000928
https://doi.org/10.1017/S1751731119001861
https://doi.org/10.1186/s40104-020-00446-1
https://doi.org/10.1017/S1751731117001604
https://doi.org/10.1017/S1751731117001604
https://doi.org/10.5713/ajas.2008.70438
https://doi.org/10.4141/CJAS09100
https://doi.org/10.1186/s40104-020-00475-w
https://doi.org/10.1186/s40104-020-00475-w
https://doi.org/10.1093/jas/skaa125
https://doi.org/10.1016/j.jep.2021.114246
https://doi.org/10.3390/ani11020504
https://doi.org/10.1016/j.it.2008.12.003

Feed Additives as Immune-Boosting Factors in Swine Health 769

Lalles JP, Bosi P, Smidt H et al (2007) Nutritional management of gut health in pigs around
weaning. Proc Nutr Soc 66:260-268

Le Bourgot C, Ferret-Bernard S, Le Normand L et al (2014) Maternal short-chain
fructooligosaccharide supplementation influences intestinal immune system maturation in
piglets. PLoS One 9:1-12. https://doi.org/10.1371/journal.pone.0107508

Le Floc’h N, Melchior D, Obled C (2004) Modifications of Protein and Amino Acid Metabolism
during Inflammation and Immune. System Activation. Livest Prod Sci 87:37-45

Le Floc’h N, Wessels A, Corrent E, Wu G et al (2018) The relevance of functional amino acids to
support the health of growing pigs. Anim Feed Sci Technol 245:104—-116

Leonard SG, Sweeney T, Bahar B et al (2012) Effect of maternal seaweed extract supplementation
on suckling piglet growth, humoral immunity, selected microflora, and immune response after
an ex vivo lipopolysaccharide challenge. J Anim Sci 90:505-514. https://doi.org/10.2527/jas.
2010-3243

Lewis MC, Inman CF, Patel D (2012) Direct experimental evidence that early-life farm environ-
ment influences regulation of immune responses. Pediatr Allergy Immunol 23:265-269

Li J, Kim IH (2013) Effects of levan-type fructan supplementation on growth performance,
digestibility, blood profile, fecal microbiota, and immune responses after lipopolysaccharide
challenge in growing pigs. J Anim Sci 91:5336-5343. https://doi.org/10.2527/jas.2013-6665

LiJ, Li DF, Xing JJ et al (2006) Effects of p-glucan extracted from Saccharomyces cerevisiae on
growth performance, and immunological and somatotropic responses of pigs challenged with
Escherichia coli lipopolysaccharidel. J Anim Sci 84:2374-2238

Li P, Piao X, Ru Y et al (2012) Effects of adding essential oil to the diet of weaned pigs on
performance, nutrient utilization, immune response and intestinal health. Asian Australas J
Anim Sci 25:1617-1626. https://doi.org/10.5713/ajas.2012.12292

Li H-H, Jiang X-R, Wang W-J et al (2018) Effects of Lactobacillus acidophilus and zinc oxide on
the growth performance, jejunal morphology and immune function of weaned piglet following
an Escherichia coli K88 challenge. Italian J Anim Sci 17:114-120. https://doi.org/10.1080/
1828051X.2017.1344573

Li T-H, Liu L, Hou Y-Y et al (2019a) C-type lectin receptor-mediated immune recognition and
response of the microbiota in the gut. Gastroenterol Rep (Oxf) 7:312-321. https://doi.org/10.
1093/gastro/goz028

Li Q, Burrough ER, Gabler NK et al (2019b) A soluble and highly fermentable dietary fiber with
carbohydrases improved gut barrier integrity markers and growth performance in F18 ETEC
challenged pigs. J Anim Sci 97:2139-2153

Li H, Li B, Liang Q et al (2020a) Porcine deltacoronavirus infection alters bacterial communities in
the colon and feces of neonatal piglets. Microbiologyopen. https://doi.org/10.1002/mbo3.1036

Li Q, Peng X, Burrough ER et al (2020b) Dietary soluble and insoluble fiber with or without
enzymes altered the intestinal microbiota in weaned pigs challenged with enterotoxigenic E. coli
F18. Front Microbiol 11:1110

Li YS, San Andres JV, Trenhaile-Grannemann MD et al (2021a) Effects of mannan
oligosaccharides and Lactobacillus mucosae on growth performance, immune response, and
gut health of weanling pigs challenged with Escherichia coli lipopolysaccharides. J Anim Sci
99:skab286. https://doi.org/10.1093/jas/skab286

Li L, Sun X, Zhao D, Dai H (2021b) Pharmacological applications and action mechanisms of
phytochemicals as alternatives to antibiotics in pig production. Front Immunol 12:798553.
https://doi.org/10.3389/fimmu.2021.798553

Liang H, Dai Z, Liu N et al (2018) Dietary L-tryptophan modulates the structural and functional
composition of the intestinal microbiome in weaned piglets. Front Microbiol 9:1736

Liu Y, Che TM, Song M et al (2013) Dietary plant extracts improve immune responses and growth
efficiency of pigs experimentally infected with porcine reproductive and respiratory syndrome
virus. J Anim Sci 91:5668-5679. https://doi.org/10.2527/jas.2013-6495

Liu Y, Espinosa CD, Abelilla JJ et al (2018 Jun) Non-antibiotic feed additives in diets for pigs: a
review. Anim Nutr 4(2):113-125. https://doi.org/10.1016/j.aninu.2018.01.007


https://doi.org/10.1371/journal.pone.0107508
https://doi.org/10.2527/jas.2010-3243
https://doi.org/10.2527/jas.2010-3243
https://doi.org/10.2527/jas.2013-6665
https://doi.org/10.5713/ajas.2012.12292
https://doi.org/10.1080/1828051X.2017.1344573
https://doi.org/10.1080/1828051X.2017.1344573
https://doi.org/10.1093/gastro/goz028
https://doi.org/10.1093/gastro/goz028
https://doi.org/10.1002/mbo3.1036
https://doi.org/10.1093/jas/skab286
https://doi.org/10.3389/fimmu.2021.798553
https://doi.org/10.2527/jas.2013-6495
https://doi.org/10.1016/j.aninu.2018.01.007

770 P. D. Tassis

Lo DY, Chien MS, Yeh KS et al (2006) Effects of sugar cane extract on pseudorabies virus
challenge of pigs. J Vet Med Sci 68(3):219-225. https://doi.org/10.1292/jvms.68.219

Lo Verso L, Talbot G, Morissette B, Guay F, Matte JJ, Farmer C et al (2020) The combination of
nutraceuticals and functional feeds as additives modulates gut microbiota and blood markers
associated with immune response and health in weanling piglets. J Anim Sci 98(8):skaa208.
https://doi.org/10.1093/jas/skaa208

Lu H, Wilcock P, Adeola O et al (2019) Effect of live yeast supplementation to gestating sows and
nursery piglets on postweaning growth performance and nutrient digestibility. J Anim Sci 97:
2534-2540. https://doi.org/10.1093/jas/skz150

Lu C-W, Wang S-E, Wu W-J et al (2021) Alternative antibiotic feed additives alleviate pneumonia
with inhibiting ACE-2 expression in the respiratory system of piglets. Food Sci Nutr 9:1112—
1120. https://doi.org/10.1002/fsn3.2089

Luo X, Wu S, Jia H et al (2022) Resveratrol alleviates enterotoxigenic Escherichia coli
K88-induced damage by regulating SIRT-1 signaling in intestinal porcine epithelial cells.
Food Funct 13:7346-7360. https://doi.org/10.1039/d1fo03854k

Maass N, Bauer J, Paulicks BR et al (2005) Efficiency of Echinacea purpurea on performance and
immune status in pigs. J Anim Physiol Anim Nutr 89:244-252

Macfarlane GT, Cummings JH (1999) Probiotics and prebiotics: can regulating the activities of
intestinal bacteria benefit health? BMJ 318:999-1003. https://doi.org/10.1136/bmj.318.
7189.999

Macha M, Taras D, Vahjen W et al (2004) Specific enumeration of the probiotic strain Enterococcus
faecium NCIMB 10415 in the intestinal tract and in faeces of piglets and sows. Arch Anim Nutr
58:443-452. https://doi.org/10.1080/00039420400020058

Mahfuz S, Shang Q, Piao X (2021) Phenolic compounds as natural feed additives in poultry and
swine diets: a review. J Animal Sci Biotechnol 12:48. https://doi.org/10.1186/s40104-021-
00565-3

Main RG, Dritz SS, Tokach MD et al (2004) Increasing weaning age improves pig performance in a
multisite production system. J Anim Sci 82:1499-1507

Mair KH, Sedlak C, Kiser T et al (2014) The porcine innate immune system: an update. Dev Comp
Immunol 45:321-343. https://doi.org/10.1016/j.dci.2014.03.022

Mao J, Qi S, Cui Y et al (2020) Lactobacillus rhamnosus GG attenuates lipopolysaccharide-induced
inflammation and barrier dysfunction by regulating MAPK/NF-kB signaling and modulating
metabolome in the piglet intestine. J Nutr 150:1313-1323. https://doi.org/10.1093/jn/nxaa009

Martinez-Vallespin B, Vahjen W, Zentek J (2016) Effects of medium-chain fatty acids on the
structure and immune response of IPEC-J2 cells. Cytotechnology 68(5):1925-1936. https://doi.
org/10.1007/s10616-016-0003-1

McGlone 1], Fullwood SD (2001) Behavior, reproduction, and immunity of crated pregnant gilts:
effects of high dietary fiber and rearing environment. J Anim Sci 79:1466

Meng Q, Li J, Wang C, Shan A (2023) Biological function of resveratrol and its application in
animal production: a review. J Anim Sci Biotechnol. 14(1):25. https://doi.org/10.1186/s40104-
022-00822-z

Namkung H, Li J, Gong M, Yu H et al (2004) Impact of feeding blends of organic acids and herbal
extracts on growth performance, gut microbiota and digestive function in newly weaned pigs.
Can J Anim Sci 84:697-704

Nagqid IA, Owen JP, Maddison BC et al (2015) Prebiotic and probiotic agents enhance antibody-
based immune responses to Salmonella Typhimurium infection in pigs. Anim Feed Sci Technol
201:57-65

Nemechek JE, Tokach M, Britz SS et al. (2011) Effect of total lysine: crude protein ratio on growth
performance of nursery pigs from 15 to 25 Ib. In: Proceedings of the Swine Industry Day,
Kansas State University 1056

Netea MG, van der Meer JWM (2017) Trained immunity: an ancient way of remembering. Cell
Host Microbe 21:297-300


https://doi.org/10.1292/jvms.68.219
https://doi.org/10.1093/jas/skaa208
https://doi.org/10.1093/jas/skz150
https://doi.org/10.1002/fsn3.2089
https://doi.org/10.1039/d1fo03854k
https://doi.org/10.1136/bmj.318.7189.999
https://doi.org/10.1136/bmj.318.7189.999
https://doi.org/10.1080/00039420400020058
https://doi.org/10.1186/s40104-021-00565-3
https://doi.org/10.1186/s40104-021-00565-3
https://doi.org/10.1016/j.dci.2014.03.022
https://doi.org/10.1093/jn/nxaa009
https://doi.org/10.1007/s10616-016-0003-1
https://doi.org/10.1007/s10616-016-0003-1
https://doi.org/10.1186/s40104-022-00822-z
https://doi.org/10.1186/s40104-022-00822-z

Feed Additives as Immune-Boosting Factors in Swine Health 771

Nguyen DH, Seok WIJ, Kim IH (2020) Organic acids mixture as a dietary additive for pigs—a
review. Animals 10:952

Nimmerjahn F, Ravetch JV (2010) Antibody-mediated modulation of immune responses. Immunol
Rev 236:265-275

Nofrarfas M, Manzanilla EG, Pujols J et al (2006) Effects of spray-dried porcine plasma and plant
extracts on intestinal morphology and on leukocyte cell subsets of weaned pigsl.J Anim Sci 84:
2735-2742

Nyachoti CM, Omogbenigun FO, Rademacher M et al (2006) Performance responses and
indicators of gastrointestinal health in early-weaned pigs fed low-protein amino acid-
supplemented diets. J Anim Sci 84:125-134

Oeckinghaus A, Hayden MS, Ghosh S (2011) Crosstalk in NF-kb signaling pathways. Nat Immunol
12(8):695-708. https://doi.org/10.1038/ni.2065

Omonijo FA, Ni L, Gong J et al (2018) Essential oils as alternatives to antibiotics in swine
production. Anim Nutr 4:126-136

Opriessnig T, Giminez-Lirola LG, Halbur PG (2011) Polymicrobial respiratory disease in pigs.
Anim Health Res Rev. 12(2):133—148

Oswald IP, Marin DE, Bouhet S et al (2005) Immunotoxicological risk of mycotoxins for domestic
animals. Food Addit Contam 22:354-360. https://doi.org/10.1080/02652030500058320

Parra MD, Fuentes P, Tecles F et al (2006) Porcine acute phase protein concentrations in different
diseases in field conditions. J Vet Med Ser B 53:488-493

Park S-Y, Bok S-H, Jeon S-M, Park YB, Lee S-J, Jeong T-S, Choi M-S (2002) Effect of rutin and
tannic acid supplements on cholesterol metabolism in rats. Nutr Res 22(3):283-295. https://doi.
org/10.1016/50271-5317(01)00398-0

PaBlack N, Vahjen W, Zentek J (2015) Dietary inulin affects the intestinal microbiota in sows and
their suckling piglets. BMC Vet Res 11:51. https://doi.org/10.1186/s12917-015-0351-7

Pessione E (2012) Lactic acid bacteria contribution to gut microbiota complexity: lights and
shadows. Front Cell Inf Microbiol 2:86. https://doi.org/10.3389/fcimb.2012.00086

Petkeviius S, Bach Knudsen KE, Murrell KD et al (2003) The effect of inulin and sugar beet fibre on
Oesophagostomum dentatum infection in pigs. Parasitology 127:61-68

Pollmann M, Nordhoff M, Pospischil A et al (2005) Effects of a probiotic strain of Enterococcus
faecium on the rate of natural chlamydia infection in swine. Infect Immun 73:4346-4353.
https://doi.org/10.1128/1A1.73.7.4346-4353.2005

Poulsen A-SR, de Jonge N, Nielsen JL et al (2018) Impact of Bacillus spp. spores and gentamicin
on the gastrointestinal microbiota of suckling and newly weaned piglets. PLoS One 13:
¢0207382. https://doi.org/10.1371/journal.pone.0207382

Reeds PJ, Fjeld CR, Jahoor F (1994) Do the differences between the amino acid compositions of
acute-phase and muscle proteins have a bearing on nitrogen loss in traumatic states? J Nutr 124:
906-910

Ren C, Zhou Q, Guan W et al (2019) Immune response of piglets receiving mixture of formic and
propionic acid alone or with either capric acid or Bacillus Licheniformis after Escherichia coli
challenge. Biomed Res Int 2019:1-9

Rist VTS, Weiss E, Eklund M et al (2013) Impact of dietary protein on microbiota composition and
activity in the gastrointestinal tract of piglets in relation to gut health: a review. Animal 7:1067—
1078

Rodrigues LA, Koo B, Nyachoti M et al (2022) Formulating diets for improved health status
of pigs: current knowledge and perspectives. Animals 12:2877. https://doi.org/10.3390/
anil2202877

Rosa LA, Moreno-Escamilla JO, Rodrigo-Garcia J, Alvarez-Parrilla E (2019) Phenolic
compounds. In: Yahia EM (ed) Postharvest physiology and biochemistry of fruits and
vegetables. Woodhead Publishing, Duxford, pp 253-271

Rossi B, Toschi A, Piva A et al (2020) Single components of botanicals and nature-identical
compounds as a non-antibiotic strategy to ameliorate health status and improve performance
in poultry and pigs. Nutr Res Rev 33:218-234


https://doi.org/10.1038/ni.2065
https://doi.org/10.1080/02652030500058320
https://doi.org/10.1016/S0271-5317(01)00398-0
https://doi.org/10.1016/S0271-5317(01)00398-0
https://doi.org/10.1186/s12917-015-0351-7
https://doi.org/10.3389/fcimb.2012.00086
https://doi.org/10.1128/IAI.73.7.4346-4353.2005
https://doi.org/10.1371/journal.pone.0207382
https://doi.org/10.3390/ani12202877
https://doi.org/10.3390/ani12202877

772 P. D. Tassis

Rothkotter HL (2009) Anatomical particularities of the porcine immune system—a physician’s
view. Dev Comp Immunol 33:267-272. https://doi.org/10.1016/j.dci.2008.06.016

Ryan MT, O’Shea CJ, Collins CB et al (2012) Effects of dietary supplementation with Laminaria
hyperborea, Laminaria digitata, and Saccharomyces cerevisiae on the IL-17 pathway in the
porcine colon. J Anim Sci 90:263-265

Sauerwein H, Schmitz S, Hiss S (2007) Effects of a dietary application of a yeast cell wall extract on
innate and acquired immunity, on oxidative status and growth performance in weanling piglets
and on the ileal epithelium in fattened pigs. J Anim Physiol Anim Nutr 91:369-380

Shahidi F, Ambigaipalan P (2015) Phenolics and polyphenolics in foods, beverages and spices:
antioxidant activity and health effects —a review. J Funct Foods 18. https://doi.org/10.1016/j.jff.
2015.06.018

Shaw P, Chattopadhyay A (2020) Nrf2-ARE signaling in cellular protection: mechanism of action
and the regulatory mechanisms. J Cell Physiol 235(4):3119-3130. https://doi.org/10.1002/jcp.
29219

Shen YB, Carroll JA, Yoon I et al (2011) Effects of supplementing Saccharomyces cerevisiae
fermentation product in sow diets on performance of sows and nursing piglets. J Anim Sci 89:
2462-2471. https://doi.org/10.2527/jas.2010-3642

ShiJ, Yu J, Pohorly JE et al (2003) Polyphenolics in grape seeds-biochemistry and functionality. J
Med Food 6:291-299

Singla AK, Chawla M (2001) Chitosan: some pharmaceutical and biological aspects—an update. J
Pharm Pharmacol 53:1047-1067

Starke IC, Pieper R, Neumann K et al (2013) Individual responses of mother sows to a probiotic
Enterococcus faecium strain lead to different microbiota composition in their offspring. Benef
Microbes 4:345-356. https://doi.org/10.3920/BM2013.0021

Stelter K, FrahmJ PJ et al (2013) Effects of oregano on performance and immunmodulating factors
in weaned piglets. Arch Anim Nutr 67(6):461-476. https://doi.org/10.1080/1745039x.2013.
858897

Su G, Zhou X, Wang Y et al (2018) Effects of plant essential oil supplementation on growth
performance, immune function and antioxidant activities in weaned pigs. Lipids Health Dis
17(1):139. https://doi.org/10.1186/s12944-018-0788-3

Suda Y, Villena J, Takahashi Y et al (2014) Immunobiotic Lactobacillus jensenii as immune-health
promoting factor to improve growth performance and productivity in post-weaning pigs. BMC
Immunol 15:24. https://doi.org/10.1186/1471-2172-15-24

Sun Y, Kim SW (2017) Intestinal challenge with enterotoxigenic Escherichia coli in pigs, and
nutritional intervention to prevent postweaning diarrhea. Anim Nutr 3:322-330

Taranu I, Marin DE, Untea A et al (2012) Effect of dietary natural supplements on immune response
and mineral bioavailability in piglets after weaning. Czech J Anim Sci 57:332-343. https://doi.
org/10.17221/6008-CJAS

Taras D, Vahjen W, Macha M et al (2005) Response of performance characteristics and fecal
consistency to long-lasting dietary supplementation with the probiotic strain Bacillus cereus var.
toyoi to sows and piglets. Arch Anim Nutr 59:405-417. https://doi.org/10.1080/
17450390500353168

Taras D, Vahjen W, Macha M et al (2006) Performance, diarrhea incidence, and occurrence of
Escherichia coli virulence genes during long-term administration of a probiotic Enterococcus
faecium strain to sows and piglets. J Anim Sci 84:608-617. https://doi.org/10.2527/2006.
843608x

Tassis P, Symeonidou I, Gelasakis Al et al (2022) Serological assessment of Ascaris suum exposure
in Greek Pig Farms and associated risk factors including Lawsonia intracellularis. Pathogens 11:
959. https://doi.org/10.3390/pathogens 11090959

Teame T, Wang A, Xie M et al (2020) Paraprobiotics and postbiotics of Probiotic Lactobacilli, their
positive effects on the host and action mechanisms: a review. Front Nutr 7:570344. https://doi.
org/10.3389/fnut.2020.570344


https://doi.org/10.1016/j.dci.2008.06.016
https://doi.org/10.1016/j.jff.2015.06.018
https://doi.org/10.1016/j.jff.2015.06.018
https://doi.org/10.1002/jcp.29219
https://doi.org/10.1002/jcp.29219
https://doi.org/10.2527/jas.2010-3642
https://doi.org/10.3920/BM2013.0021
https://doi.org/10.1080/1745039x.2013.858897
https://doi.org/10.1080/1745039x.2013.858897
https://doi.org/10.1186/s12944-018-0788-3
https://doi.org/10.1186/1471-2172-15-24
https://doi.org/10.17221/6008-CJAS
https://doi.org/10.17221/6008-CJAS
https://doi.org/10.1080/17450390500353168
https://doi.org/10.1080/17450390500353168
https://doi.org/10.2527/2006.843608x
https://doi.org/10.2527/2006.843608x
https://doi.org/10.3390/pathogens11090959
https://doi.org/10.3389/fnut.2020.570344
https://doi.org/10.3389/fnut.2020.570344

Feed Additives as Immune-Boosting Factors in Swine Health 773

Tokach MD, Goodband RD, Nelssen JL et al (1992) Influence of weaning weight and growth
during the first week postweaning on subsequent pig performance. Swine Day 1992:14-17
Trevisi P, Merialdi G, Mazzoni M et al (2007) Effect of dietary addition of thymol on growth,
salivary and gastric function, immune response, and excretion of Salmonella enterica serovar
Typhimurium, in weaning pigs challenged with this microbe strain. Ital J] Anim Sci 6:374-376.
https://doi.org/10.4081/ijas.2007.1s.374

Truong VL, Jun M, Jeong WS (2018) Role of resveratrol in regulation of cellular defense systems
against oxidative stress. Biofactors 44(1):36—49. https://doi.org/10.1002/biof.1399

Uni Z, Gal-Garber O, Geyra A et al (2001) Changes in growth and function of chick small intestine
epithelium due to early thermal conditioning. Poult Sci 80:438-445

Valenzuela-Grijalva NV, Pinelli-Saavedra A, Muhlia-Almazan A et al (2017) Dietary inclusion
effects of phytochemicals as growth promoters in animal production. J Anim Sci Technol 59:8

Vanrolleghem W, Tanghe S, Verstringe S et al (2019) Potential dietary feed additives with
antibacterial effects and their impact on performance of weaned piglets: a meta-analysis. Vet J
249:24-32. https://doi.org/10.1016/j.tvj1.2019.04.017

Vetvicka V, Vannucci L, Sima P (2014) The effects of f-glucan on pig growth and immunity. Open
Biochem J 8:89-93. https://doi.org/10.2174/1874091X01408010089

Vetvicka V, Oliveira C (2014) p(1-3)(1-6)-D-glucans modulate immune status in pigs: potential
importance for efficiency of commercial farming. Ann Transl Med 2(2):16

Vuolo MM, Lima VS, Maréstica Junior MR (2019) Phenolic compounds: structure, classification,
and antioxidant power. In: Bioactive compounds. Woodhead Publishing, Duxford, pp 33-50

Walter BM, Bilkei G (2004) Immunostimulatory effect of dietary oregano etheric oils on
lymphocytes from growth-retarded, low-weight growing-finishing pigs and productivity.
Tijdschr Diergeneeskd 129:178-181

Wang W, Zeng X, Mao X et al (2010) Optimal dietary true ileal digestible threonine for supporting
the mucosal barrier in small intestine of weanling pigs. J Nutr 140(5):981-986

Wang S, Yao B, Gao H et al (2019) Combined supplementation of Lactobacillus fermentum and
Pediococcus acidilactici promoted growth performance, alleviated inflammation, and modulated
intestinal microbiota in weaned pigs. BMC Vet Res 15:239. https://doi.org/10.1186/s12917-
019-1991-9

Wang P, Bai J, Liu X, Wang M, Wang X, Jiang P (2020) Tomatidine inhibits porcine epidemic
diarrhea virus replication by targeting 3CL protease. Vet Res 51(1):136. https://doi.org/10.1186/
$13567-020-00865-y

Wang CH, Wu WJ, Su LY et al (2021 Sep 7) Chinese herbal medicine formula Guizhi Li-Zhong
Tang as an alternative to antibiotic feed additives for preventing pneumonia in piglets through
antioxidant, anti-inflammatory, and antiapoptotic protection. Evid Based Complement Alternat
Med 2021:4978783. https://doi.org/10.1155/2021/4978783

Wei HK, Xue HX, Zhou ZX et al (2017) A carvacrol-thymol blend decreased intestinal oxidative
stress and influenced selected microbes without changing the messenger RNA levels of tight
junction proteins in jejunal mucosa of weaning piglets. Animal 211(2):193-201. https://doi.org/
10.1017/S1751731116001397

Wellock 1J, Fortomaris PD, Houdijk JG et al (2008) Effects of dietary protein supply, weaning age
and experimental enterotoxigenic Escherichia coli infection on newly weaned pigs: perfor-
mance. Animal 2(6):834-842. https://doi.org/10.1017/S1751731108001559

Werner C, Schubbert A, Schrodl W et al (2014) Effects of feeding different roughage components
to sows in gestation on bacteriological and immunological parameters in colostrum and immune
response of piglets. Arch Anim Nutr 268(1):29—41. https://doi.org/10.1080/1745039X.2013.
876184

Wiemann M (2013) Optimized piglet feeding without antibiotics - a European perspective. Pig Feed
Quality Conference

Williams JM, Duckworth CA, Burkitt MD et al (2015) Epithelial cell shedding and barrier function:
a matter of life and death at the small intestinal villus tip. Vet Pathol 52(3):445—455. https://doi.
org/10.1177/0300985814559404


https://doi.org/10.4081/ijas.2007.1s.374
https://doi.org/10.1002/biof.1399
https://doi.org/10.1016/j.tvjl.2019.04.017
https://doi.org/10.2174/1874091X01408010089
https://doi.org/10.1186/s12917-019-1991-9
https://doi.org/10.1186/s12917-019-1991-9
https://doi.org/10.1186/s13567-020-00865-y
https://doi.org/10.1186/s13567-020-00865-y
https://doi.org/10.1155/2021/4978783
https://doi.org/10.1017/S1751731116001397
https://doi.org/10.1017/S1751731116001397
https://doi.org/10.1017/S1751731108001559
https://doi.org/10.1080/1745039X.2013.876184
https://doi.org/10.1080/1745039X.2013.876184
https://doi.org/10.1177/0300985814559404
https://doi.org/10.1177/0300985814559404

774 P. D. Tassis

Wilson HL, Obradovic MR (2015) Evidence for a common mucosal immune system in the pig. Mol
Immunol 66:22-34. https://doi.org/10.1016/j.molimm.2014.09.004

Wu M, Zhang Q, Yi D et al (2020) Quantitative proteomic analysis reveals antiviral and anti-
inflammatory effects of Puerarin in piglets infected with porcine epidemic diarrhea virus. Front
Immunol 11:169. https://doi.org/10.3389/fimmu.2020.00169

Xing Y, Wu Y, Mao C et al (2019) Water extract of Artemisia ordosica enhances antioxidant
capability and immune response without affecting growth performance in weanling piglets. J
Anim Physiol Anim Nutr (Berl) 103(6):1848-1856. https://doi.org/10.1111/jpn.13171

Xu J, Xu C, Chen X et al (2014) Regulation of an antioxidant blend on intestinal redox status and
major microbiota in early weaned piglets. Nutrition 30:584-589. https://doi.org/10.1016/j.nut.
2013.10.018

Yi Q, Liu J, Zhang Y et al (2021) Anethole attenuates enterotoxigenic Escherichia Coli-induced
intestinal barrier disruption and intestinal inflammation via modification of TLR signaling and
intestinal microbiota. Front Microbiol 12:647242. https://doi.org/10.3389/fmicb.2021.647242

Yin YL, Tang ZR, Sun ZH et al (2008) Effect of galacto-mannan-oligosaccharides or chitosan
supplementation on cytoimmunity and humoral immunity in early-weaned piglets. Asian
Australas J Anim Sci 21:723e31

Yu E, Chen D, Yu B et al (2021) Manno-oligosaccharide attenuates inflammation and intestinal
epithelium injury in weaned pigs upon enterotoxigenic Escherichia coli K88 challenge. Br J
Nutr 126:993-1002. https://doi.org/10.1017/S0007114520004948

Zentek J, Buchheit-Renko S, Ferrara F et al (2011) Nutritional and physiological role of medium-
chain triglycerides and medium-chain fatty acids in piglets. Anim Health Res Rev. 12(1):83-93.
https://doi.org/10.1017/S1466252311000089

Zhang L, Xu Y-Q, Liu H-Y et al (2010) Evaluation of Lactobacillus rhamnosus GG using an
Escherichia coli K88 model of piglet diarrhoea: Effects on diarrhoea incidence, faecal micro-
flora and immune responses. Vet Microbiol 141:142—-148

Zhang HJ, Jiang XR, Mantovani G et al (2014) Modulation of plasma antioxidant activity in
weaned piglets by plant polyphenols. Ital J] Anim Sci 13:2

Zhang MS, Sandouk A, Houtman JC (2016) Glycerol Monolaurate (GML) inhibits human T cell
signaling and function by disrupting lipid dynamics. Sci Rep 6:30225. https://doi.org/10.1038/
srep30225

Zhang MS, Tran PM, Wolff AJ (2018) Glycerol monolaurate induces filopodia formation by
disrupting the association between LAT and SLP-76 microclusters. Sci Signal 11(528):
eaam9095. https://doi.org/10.1126/scisignal.aam9095

Zhao X, Tong W, Song X et al (2018) Antiviral effect of resveratrol in piglets infected with virulent
pseudorabies virus. Viruses 10:457. https://doi.org/10.3390/v10090457

Zhu LH, Zhao KL, Chen XL, Xu JX (2012) Impact of weaning and an antioxidant blend on
intestinal barrier function and antioxidant status in pigs. J Anim Sci 90(8):2581-2589. https://
doi.org/10.2527/jas.2012-4444


https://doi.org/10.1016/j.molimm.2014.09.004
https://doi.org/10.3389/fimmu.2020.00169
https://doi.org/10.1111/jpn.13171
https://doi.org/10.1016/j.nut.2013.10.018
https://doi.org/10.1016/j.nut.2013.10.018
https://doi.org/10.3389/fmicb.2021.647242
https://doi.org/10.1017/S0007114520004948
https://doi.org/10.1017/S1466252311000089
https://doi.org/10.1038/srep30225
https://doi.org/10.1038/srep30225
https://doi.org/10.1126/scisignal.aam9095
https://doi.org/10.3390/v10090457
https://doi.org/10.2527/jas.2012-4444
https://doi.org/10.2527/jas.2012-4444

	Feed Additives as Immune-Boosting Factors in Swine Health
	1 The Immune System of the Pig and Intestinal Homeostasis
	2 Challenges for the Immune System and Gastrointestinal Eubiosis of Pigs
	3 Nutrition Interventions for the Improvement of Immune Response in Pigs
	4 Low-Protein Diets and Amino Acids Supplementation
	5 Phenolic Antioxidants
	6 Eubiotics: Phytobiotics Probiotics, Prebiotics, Postbiotics
	7 Phytogenics and Essential Oils
	8 Organic Acids (OAs)
	9 Concluding Remarks
	References


