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Simple Summary: Immune stress is an important stressor in domestic animals that leads to decreased
feed intake, slow growth, and reduced disease resistance of pigs and poultry. Especially in high-
density animal feeding conditions, the risk factor of immune stress is extremely high, as they are easily
harmed by pathogens, and frequent vaccinations are required to enhance the immunity function of the
animals. This review mainly describes the causes, mechanisms of immune stress and its prevention
and treatment measures. This provides a theoretical basis for further research and development of
safe and efficient prevention and control measures for immune stress in animals.

Abstract: Immune stress markedly affects the immune function and growth performance of livestock,
including poultry, resulting in financial loss to farmers. It can lead to decreased feed intake, reduced
growth, and intestinal disorders. Studies have shown that pathogen-induced immune stress is mostly
related to TLR4-related inflammatory signal pathway activation, excessive inflammatory cytokine
release, oxidative stress, hormonal disorders, cell apoptosis, and intestinal microbial disorders. This
paper reviews the occurrence of immune stress in livestock, its impact on immune function and
growth performance, and strategies for immune stress prevention.

Keywords: immune stress; immune function; growth performance; mechanisms; prevention

1. Introduction

Stress refers to a series of nonspecific responses when the body is stimulated by ex-
ternal and internal abnormal stimuli [1]. In animal husbandry, common stresses include
housing density, weaning, immunization, capture, transportation, and exposure to ammo-
nia, temperature, humidity, noise, and high doses of pathogens [2]. Different stresses cause
specific biological changes and endanger the animal’s health. Immune stress (IS) is also
called immune stimulation. Specifically, in immunology, it refers stimulation of the body
by an antigen eliciting an immune response. In a narrow sense, it refers to the systemic
nonspecific adaptive immune response following inoculation with an antigen. In a broad
sense, it refers to the frequent infection of various pathogenic microorganisms in the body
under poor sanitary conditions, resulting in continuous activation of the immune system
by invading pathogenic microorganisms and eliciting a nonspecific adaptive response [3].

In recent years, due to the large-scale and high-density farming environment and
livestock genetic improvement, animals are vulnerable to a range of pathogens. Therefore,
animals require to be vaccinated more frequently. Immunization can protect livestock
from pathogens, but it can also stimulate immunity as a special stress factor, which can
lead to a series of adverse phenomena such as fever, depression, anorexia, intestinal
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microflora disorders, nutritional and metabolic changes, and reduced growth, culminating
even in increased mortality, resulting in a huge economic loss to farmers and the industry
in general. This paper reviews the effects and mechanisms of IS on immune function
and growth performance of livestock and poultry and provides a basis for revealing the
molecular mechanism of IS.

2. Mechanism of IS on the Neuroendocrine–Immune System

Immune system activation leads to the release of cytokines (interferon-γ (IFN-γ),
interleukin-6 (IL-6), interleukin-1β (IL-1β), nitric oxide (NO), prostaglandin E2 (PGE2), tu-
mor necrosis factor (TNF-α), etc.) by monocytes, macrophages, and lymphocytes [4–7]. The
classical lipopolysaccharide (LPS)-induced IS model has shown that the release of inflam-
matory cytokines is closely related to toll-like receptors (TLRs) found on the immune cells’
surface [8–10]. When stimulated by an immunogen, the TIR region of TLR4 binds to the car-
boxyl end of myeloid differentiation factor 88 (MyD88), and its amino end binds to the IL-1
receptor-associated kinase (IRAK). After phosphorylation, IRAK is separated from MyD88
and released into the cytoplasm. Activated IRAK then binds to TNF receptor-related factor
6 (TRAF-6) and connects with nuclear factor κB (NF-κB)-inducible kinase (NIK), further
activating the IκB kinase complexes (IKKs). Activated IKKs act on IκB t, ubiquitinating and
degrading, thus activating the NF-κB. Meanwhile, the mitogen-activated protein kinase
(MAPK) signaling pathway is stimulated, resulting in activation of cytoplasmic protein 1
(AP-1) which then enters the nucleus to induce the expression of a variety of inflammatory
cytokines and chemokines, macrophage migration, and phagocytosis [11–16]. In addition
to TLR4-NF/κB and MAPK/AP-1 signaling pathways, the JAK/STAS signaling pathway
is also involved in the release of proinflammatory factors during IS [17].

Cytokines released by peripheral immune cells subsequently enter the central nervous
system (CNS) to activate local immunity through several mechanisms, including (1) the
active uptake mechanism via the blood–brain barrier [18], (2) stimulation of the leakage
region in the blood–brain barrier of circumventricular organs [19], (3) influencing the af-
ferent neurons of the peripheral vagus nerve to transmit cytokine signals to nerve cells in
relevant brain regions, including nucleus tractus solitarius and hypothalamus (also known
as the “neural pathway”) [20–22], (4) activation of the endothelial cells and microglia in the
cerebrovascular system to produce local inflammatory mediators such as inflammatory cy-
tokines, chemokines, cyclooxygenase-2(COX-2), prostaglandin E2 (PGE2), and NO [23,24],
(5) activation of immune cells such as monocytes/macrophages and T cells recruited from
the periphery to the brain parenchyma via monocyte chemoattractant protein-1 (MCP-1) to
produce more cytokines and inflammatory mediators in the brain [25,26]. After entering
the CNS, these peripheral cytokine signals are amplified by the local inflammatory network
(including the inflammatory signal transduction pathway, cytokines, COX-2 expression,
and PGE2 release), so that the CNS produces a large number of inflammatory cytokines
(such as TNF-α, IL-1 β, IL-6, IFN-γ, etc.) [23]. Furthermore, a large number of inflammatory
factors induce excessive production of reactive oxygen species (ROS) which cause oxidative
stress [27] and enlarge central nervous inflammation [28].

The hippocampus in the HPA axis is sensitive to stress injury. The sharp increase in in-
flammatory cytokines coupled with oxidative stress lead to dendritic atrophy and neuronal
death in the hippocampus [29], followed by activation of the HPA resulting in the synthesis
of corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) by the intermedi-
ate small cell neurons in the hypothalamic paraventricular nucleus. These secretagogues are
released to the anterior pituitary through the portal blood. CRH acts on the pituitary and
binds to CRHR1 to promote the synthesis and secretion of pro-opioid cortisol (POMC) in
the anterior pituitary. POMC is catalyzed by the prohormone-converting enzyme, resulting
in the release of adrenocorticoid hormone (ACTH) from the anterior pituitary. ACTH in
the bloodstream activates the adrenal melanocortin receptor 2 (MC2R) to stimulate adrenal
cortical cells to synthesize and release cortisol (COR) and other glucocorticoids (GC) [6,30].
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There are abundant glucocorticoid receptors in the hippocampus which can inhibit
the stress response of the HPA axis when bound to glucocorticoid [31–33]. In contrast,
COR can suppress the immune system by targeting genes related to cytokines, chemokines,
inflammatory proteins and their receptors, and also affect cell adhesion. At the transcrip-
tional level, COR binds to its receptors, inhibits the transcriptional activity of AP-1 and
NF-κB, thereby inhibiting the expression of various cytokines [34]. It can also directly
act on immune cells such as macrophages, mast cells, and basophils, thereby inhibiting
their immune function, inducing apoptosis of B and T lymphocytes and dendritic cells,
inhibiting their proliferation, differentiation, and migration, reducing humoral and cellular
immune function, and causing immunosuppression [35,36]. The mechanism of IS effects
on the neuro–endocrine–immune system is shown in Figure 1.

Figure 1. Mechanism of IS on the neuro–endocrine–immune system.

2.1. IS Leads to Immune Dysfunction of Livestock

The effect of IS on animal immune function is bidirectional. It may enhance or suppress
immune function, which depends largely on stress intensity and duration of stress [37]. It is
generally believed that short-term (acute) stress can enhance the immune function of livestock,
while long-term, low-intensity (chronic) stress can cause immunosuppression [37,38].

2.1.1. Acute IS Causes Enhanced Immune Function of Livestock

IS significantly increases the plasma concentrations of COR, PEG2, IL-6, TNF-α, and
IL-1β [39]. IS induced by LPS increases IL-1, IL-2, IL-6, immunoglobulin G (IgG), and
immunoglobulin A (IgA) levels in broiler serum [40]. LPS-induced IS can strongly inhibit
C4BPA (a cycle inhibitor of the classical and MBL pathways of the complement system
activation pathways) in peripheral blood mononuclear cells (PBMC) in pigs, thereby en-
hancing the activation of the complement system [41]. Chickens vaccinated with Eimeria
tenella express high IgG and sIgA levels [42]. LPS and human serum albumin (HuSA) used
to construct a broiler IS model found that IS significantly increases total immunoglobulin,
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immunoglobulin M (IgM), IgA, and IgG levels in the serum, indicating that IS enhances
the broiler humoral immune response [43]. Similarly, IS significantly increases serum IgA
levels in Linwu ducks [44], the spleen and thymus index of broilers [45], while LPS-induced
IS increases the ratio of CD4+/CD8+ in duck spleen and thymus [46]. IS can increase the
concentration of IL-1β, PGE2, and COR in piglet plasma and promote the proliferation
of peripheral blood lymphocytes, an indication of enhanced cellular immune function in
piglets [47–49], similarly to another study which also showed proliferation of lymphocytes
and increased ratio of CD4+/CD8+ in peripheral blood lymphocytes of chickens, and a
significant increase in serum TNF-a, IL-6, IL-1, and IgG levels [50,51]. Thus, all of the above
studies confirm that IS can enhance the immune function of livestock fairly quickly so that
the body can better resist a pathogen invasion.

2.1.2. Chronic IS Causes Immunosuppression in Livestock

In contrast to acute IS, chronic IS causes suppression of cellular immunity in livestock.
Chronic IS increases serum ATCH, COR, and expression of Caspase-3 and Caspase-9 in
immune cells, decreases the ratio of Bcl-2 to Bax, decreases the index of immune organs
(bursa, thymus, and spleen) and the number of neutrophils, CD4+ cells, and CD8+ cells, and
induces apoptosis of immune cells [52–54]. Chronic IS also affects humoral immunity, a de-
crease in serum IgG levels and lysozyme activity in livestock [55,56]. Chronic IS also affects
intestinal immunity. Chronic IS markedly damages the intestinal structure of livestock, en-
hances lymphocyte apoptosis in intestinal Peyer’s nodules, reduces intestinal IgA-secreting
cells (ASC) and secretory immunoglobulin A (sIgA), causing destruction of the intestinal
immune barrier [54] and also the intestinal mechanical barrier by downregulating tight
junction proteins and inducing intestinal epithelial cell apoptosis, and the intestinal micro-
bial barrier by interfering with the composition of intestinal microorganisms, with all these
effects culminating in serious damage to intestinal immune function [57–59]. Thus, chronic
IS inhibits the body’s intestinal, cellular, and humoral immunities.

3. Mechanism of IS on Growth Performance of Livestock and Poultry

Although the impact of acute and chronic IS based on the intensity and duration of
stress is different, the effects on the livestock growth performance such as the decrease in
average daily feed intake (ADFI) and average daily gain (ADG) and increased feed meat
ratio (FCR) are somewhat similar.

3.1. Effects and Mechanism of IS on Livestock Feed Intake

IS significantly decreases the ADFI of livestock [45,47,53,60]. It is believed that this
could be due to a reduced feed intake caused by secretion of specific hormones and
inflammatory factors.

The brain–gut axis plays a vital role in the loss of appetite caused by IS. The hy-
pothalamus, especially its arcuate nucleus (ARC) that is involved in energy perception
and integration. In ARC, neuropeptide Y (NPY) and, agouti-related peptide (AgRP), a
neuropeptide produced by the AgRP/NPY neuron, and also gamma-aminobutyric acid
(GABA) can increase food intake, while POMC, cocaine- and amphetamine-regulated tran-
scripts (CART) reduce food intake [61]. While intestinal hormones (leptin, cholecystokinin
(CCK), glucagon-like peptide 1 (GLP-1), resistin, and growth hormone-releasing peptide)
can initiate most of the signal transduction and communication in the gut–brain axis, they
can also regulate appetite by activating or inhibiting hypothalamic neurons [62].

In IS, a large number of inflammatory factors released by the peripheral immune
system enter the circulation. These can induce adipocytes to synthesize and secrete lep-
tin [63,64] and transport it to the brain. With assistance from IL-1β, leptin binds to the
leptin receptor in hypothalamic neurons [65], stimulates POMC neurons in ARC neurons
to produce anorexic peptide POMC, and inhibits AgRP/NPY neurons from producing
appetite peptides NPY and AgRP [20,66,67]. LPS-induced IS can significantly increase
resistin and GLP-1 and decrease ghrelin in animals [68–70]. Excess GLP-1 can overactivate
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GLP-1 receptors in the CNS, gastrointestinal tract (GIT), and pancreas, activate GLP-1
receptors in the CNS, all of which can lead to a fullness feeling in the animal. GLP1 can also
reduce the speed of gastric emptying and hinder gastric acid secretion, thereby increasing
gastric dilatation, limiting excessive food consumption, and enhancing satiety [68].

Ghrelin, the only known peripherally derived appetite hormone, activates the hy-
pothalamic growth hormone secretagogue receptor (GHSR-1a) [61], mediates the activation
of AgRP/NPY neurons in ARC [71], and inhibits the satiety POMC neurons [72], promoting
appetite. Therefore, a decline in the level of ghrelin leads to a decrease in appetite. The
mechanism of appetite suppression by IS is shown in Figure 2.

Figure 2. Mechanism of appetite suppression by IS.

3.2. Effect of IS on the Digestion and Absorption of Livestock and Poultry

Mucosal integrity, digestive enzymes, transport proteins, and microbes of the intestines
play a major role in the digestion and absorption of nutrients. Nutrient absorption mostly
occurs in the small intestine (SI). Iintestinal villi height (VH) growth will increase the contact
area between the nutrients and SI, resulting in improved absorption rate of nutrients. This
is supported by shallower crypt depth (CD) which facilitates the proliferation of intestinal
epithelial cells to further improve absorption from the SI. Thus, both VH and CD, and
the ratio of VH/CD (known as V/C) are often used to evaluate intestinal absorptive
capacity [73]. Furthermore, intestinal microbes can ferment indigestible substrates such as
dietary fiber and endogenous intestinal mucus to produce short-chain fatty acids (SCFA)
which are easily absorbed [74]. Thus, intestinal microbial composition is important for
optimal intestinal function.
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IS can seriously affect intestinal health. LPS-induced IS can reduce VH and enhance
CD and reduce alkaline phosphatase (AKP) activity in the duodenum and jejunum, and
also decrease the number of duodenal sodium-dependent glucose cotransporter 1 (SGLT1)
and the plasma D-xylose level [75]. IS decreases the level of lactase, maltase, and su-
crase markedly in the jejunum and ileum of piglets [76,77]. Furthermore, IS increases
SI interleukin-8 (IL-8) secretion, ROS production, and TNF-α mRNA abundance, but de-
creases the level of SGLT1, excitatory amino acid transporter 1 (EAAC1), H+/peptide
cotransport 1 (PEPT-1), and intestinal fatty acid binding protein 2 (I-FABP2) in the intestine
of weaned piglets [78]. It was also found that the abundance and distribution of tight junc-
tion proteins (zonula occluden-1 (ZO-1), Occludin, and claudin-1) mRNA in the SI declines
when exposed to IS [79]. IS makes duck SI walls thinner, lowers the V/C value, reduces
the expression of tight junction proteins (ZO-1, Occludin, and Claudin-1), and enhances
intestinal permeability [44]. IS not only downregulates the expression of digestive enzymes
(maltase, AKP, and Na-K-ATPase) and tight junction proteins (CLDN-1, OCLD, ZO-1, ZO-3,
EpCAM, and JAM2), but also reduces the phosphorylation of mTOR protein in the jejunum
and inhibits the proliferation of jejunum cells [80]. IS causes rumen and intestinal flora
disorders in livestock, resulting in SI damage, reduced intestinal flora diversity, and an
increased harmful-to-beneficial bacteria ratio [56,81–86].

Intestinal injury cause inflammation, oxidation, apoptosis, and autophagy. IS induces
the expression of key genes related to TLR4 and the nucleotide-binding oligodomain
proteins (NODs) signaling pathway and increases the expression of inflammatory factors
(IL-1β, IL-2, IL-6, IL-8, INF-γ, and TNF-α), iNOS, and COX-2 in the SI [44,76–78,87]. IS also
reduces SI superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activities
and increases malondialdehyde (MDA) and reactive oxygen species’ (ROS) levels [44,86].
In addition, IS induces the expression of apoptosis-related genes (Caspase-3, Caspase-8,
Bax, A20, and MT) and autophagy-related pathway key proteins (PTEN-induced putative
kinase 1 and parkin), increases the ratio of light chain 3-II (LC3-II) to LC3-I in the intestine,
all of which leads to apoptosis and autophagy in the SI [44,80].

As mentioned above, IS can lead to a release of a large number of inflammatory cy-
tokines and chemokines by peripheral immune cells. Inflammatory cytokines in the SI and
over-recruited immune cells mediate SI damage and decrease ADFI, mediating the destruc-
tion of SI integrity and apoptosis of epithelial cells [88]. However, there is little research
on the mechanism of the changes of intestinal digestive enzymes and related transporters
caused by IS. Some believe that the changes of digestive enzymes and transporters are
closely related to the release of glucocorticoids [89]. Thus, in general, IS causes microbial
flora disorders, reduces intestinal digestive enzymes and transporters, and damages SI
structural integrity, culminating in digestive and absorption disorders.

3.3. Effect of IS on Nutrient Metabolism in Livestock

Although the reduction of feed intake, digestion, and absorption are the most impor-
tant factors in IS-induced growth suppression of livestock, the redistribution of nutrients
also plays a role [90]. After the regulation of multiple hormones (growth hormone (GH),
thyroid hormone, IGF-1, and GC) and cytokines, the body will redirect nutrients originally
used for muscle synthesis and growth to the immune system to maintain a highly activated
immune system to prevent diseases, resulting in an increase in FCR [90–95].

The activation of the HPA axis caused by IS leads to an increase in the secretion of
catabolic hormones such as ACTH and CORT and a decrease in the secretion of anabolic
hormones such as GH and IGF-1. In addition, a large number of inflammatory cytokines
are secreted, which inhibits the synthesis of energy and promotes the decomposition of
energy [96]. Mechanistically, the proinflammatory cytokines released by the body during
IS directly act on the thermoregulatory center via the blood–brain barrier, resulting in an
increase in body heat production and a reduction in body heat dissipation, which results
in an increase in body temperature [7,97]. IS increases energy consumption because in
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thermostatic animals, the metabolic rate needs to be raised by 10–12.5% to increase the
body temperature by 1 ◦C [98].

In carbohydrate metabolism, IS promotes gluconeogenesis and glycogen hydrolysis in
the liver, resulting in an increase in glucose production, a reduction in the uptake of glucose
in peripheral tissues such as skeletal muscle and myocardium, resulting in an increase in
blood glucose concentration. Because a lot of aerobic energy and hence oxygen is required
for the immune response, an anaerobic situation is created that results in the conversion of
glucose into lactic acid [3,52].

In protein metabolism, IS increases skeletal muscle protein degradation rate, reduces
skeletal muscle protein deposition, speeds up peripheral protein decomposition, enhances
liver degradation of valine, leucine and isoleucine, and produces a large amount of liver
acute phase protein (APP). In addition, the induction of inflammatory cytokines upreg-
ulates the expression of liver proteins involved in immune defense function, amino acid
catabolism, ion transport, wound healing, and hormone secretion [92,99].

In lipid metabolism, IS induces the degradation of a large number of lipoproteins in the
body and produces a series of inflammatory factors such as TNF-α, which can inhibit the
synthesis of fatty acids (FA) in adipose tissue and promote fat degradation [100]. TNF-α also
stimulates the liver to synthesize FA de novo and lipolysis in adipose tissue. In addition, the
AMP-dependent protein kinase (AMPK) lipid metabolism pathway is activated, inhibiting
the activity of acetyl-CoA carboxylase (ACC), thereby reducing the conversion of malonate-
CoA. This activates carnitine palmitoyltransferase-1 (CPT-1), which in turn enhances the
activity of CPT-1 and the expression of peroxisome proliferator-activated receptor-α (PPAR-
α) mRNA, thereby stimulating liver lipid metabolism, accelerating FA oxidation and
reducing fat deposition [101].

Thus, IS reduces the appetite of livestock, redistributing nutrients in the body to the
immune system, resulting in a decline of ADFI, enhancing catabolism, reducing intesti-
nal digestion and absorption function, all of which finally leads to a decline in growth
performance of livestock and poultry, resulting in economic loss to the livestock industry.

3.4. Other Effects of IS on Livestock

IS can cause the activation of the OPG/RANKL pathway in tibia and increase the
expression of inflammatory cytokines. Furthermore, IS can enhance the generation of
osteoclasts, leading to impairment of bone development [102]. IS can reduce chicken muscle
pH, which can result in pale muscle [95]. Mechanistically, IS can lead to accumulation of
lactic acid in muscle, resulting in a lowering of muscle pH, which can lead to an increase
in protein denaturation and muscle fiber damage, damaging the hydration and texture of
meat [103]. In addition, protein denaturation may lead to a decrease in light transmittance
to the meat’s surface, resulting in pallor meat [104]. IS can also lead to a sharp decline in
lactation of cows [105] due to inhibition of the release of prolactin, GH, and IGF-I, resulting
in reduced milk quality and yield [106]. LPS-induced IS decreases the feed intake and egg
laying rate in hens, leading to a significant increase in eggshell thickness, strength, and a
reduction in albumin quality and content [107].

4. Prevention and Control Technologies for IS

Because of intensive farming, the frequency of IS has increased, resulting in a negative
impact on the animal industry. It is particularly important to develop safe and effective
techniques to prevent and alleviate the effects of IS. Controlling stress, improving manage-
ment, and resisting the stress response by nutritional intervention are the most popular
methods used currently.

4.1. Vaccination Program

In order to determine which kind of vaccines are necessary for an individual farm, it
is important evaluate the endemic infectious agents in the region, the age of the animal,
genetic and health status of the breeding animals, the distance to other farms, and the level
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of biosecurity to be implemented in the farm [108]. In poultry production, vaccines for
Newcastle disease (ND), infectious bronchitis, and infectious bursal disease are used in
most countries [109]. Furthermore, vaccine programs should be designed based on other
impact factors such as interaction between different vaccines, interference with maternal
antibodies, vaccine type, vaccination method, and vaccination frequency. Unnecessary
vaccination should be avoided to prevent excessive stimulation of the animal immune
system [109,110].

Combined immunization is a scheme worthy of consideration. Combined immu-
nization refers to simultaneous injection with two or more antigens in combination to
reduce animal stress [111]. Some have used an inactivated vaccine against serotype 4 and
8 bluetongue disease to immunize sheep and found that simultaneous double-injected
booster vaccination yields the highest median serotype-specific neutralization antibody
26 weeks after the first vaccination and a positive serum antibody level at a maximum
even after one year [112]. Trivalent vaccine (Mycoplasma hyopneumoniae, porcine circovirus
type 2 (PCV2) and porcine reproductive and respiratory syndrome virus (PRRSV)) used in
pigs has a protective effect on the infection of three pathogens, and the effect is similar to
that of a monovalent vaccine, and their growth performance is superior to the uninfected
pigs [113]. Similarly, a combined vaccine (Mycoplasma hyopneumoniae and PRRSV) is effec-
tive in pigs [114]. A recombinant herpesvirus of turkey laryngotracheitis vaccine (rHVT)
combined with chicken embryo origin laryngotracheitis vaccine (CEO) provides stronger
protection than rHVT alone does. rHVT can reduce the virulence return and replication of
CEO, which is safer than CEO alone. rHVT–CEO vaccination strategy is another way to
achieve better disease control [115].

In general, combined immunization can exert a positive effect without interfering
with the effects of each vaccine and reduce the number of immunizations, reducing cross-
infection, stress, and improving health and production efficiency.

4.2. Improved Feeding Regime

Improving the hygiene of the feeding environment and strengthening farm manage-
ment can minimize the occurrence of IS. Good hygiene conditions can reduce the contact
chance between the animal and pathogenic microorganisms in the environment, thereby
reducing the excessive stimulation of the host immune system [116]. A decrease in feeding
density has also been used to prevent IS. High-density feeding has been shown to increase
IS and thereby affect the growth performance of geese. A reasonable stocking density
is not only good for animal welfare but also for better animal growth [117]. Currently,
other measures such as “all-in, all-out”, group feeding, and improvement in uniformity
of animals are widely implemented in poultry farms, which have reduced the chance of
poultry contact with bacteria and viruses and thereby reduced the occurrence of IS.

4.3. Nutritional Regulation

Alleviating animal IS through nutritional regulation has been highlighted in recent
years because animals consume more when under IS. This is because of the amount of
nutrients required to synthesize immune effector molecules [118]. The addition of amino
acids, fats, vitamins, and plant extracts in feed have been shown to alleviate IS and enhance
host resistance to IS.

4.3.1. Amino Acid Additives

IS not only increases amino acid requirements of the host but also affects amino acid
balance. Adding L-arginine to the diet can effectively alleviate the damage to the intestinal
mucosal barrier caused by IS in order to maintain intestinal integrity [54,119]. Mechanisti-
cally, L-arginine inhibits the TLR4 signaling pathway, decreases the percentage of CD14+

cells with resultant overexpression of proinflammatory factors in animals in IS [9]. In addi-
tion, other amino acids and their derivatives, such as glutamic acid [76], glutamate precur-
sor α-ketoglutarate [120,121], L-theanine [122], cysteine [123], N-acetylcysteine [77,124,125],
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glycine [126], glycyl-glutamine [88], glutamine [127], and asparagine [128,129] have been
used as anti-IS additives in feed.

4.3.2. Fatty Acid Additives

Polyunsaturated FA can relieve IS by reducing the release of inflammatory factors.
Adding conjugated oleic acid to the diet can inhibit the production of IL-1β, enhance prolifer-
ation of lymphocytes by inhibiting the expression of PGE2, and thereby improve the growth
performance of pigs [130]. n3 FA can also reduce the expression of PGE2 and the level of
inflammatory cytokines in the serum induced by LPS [131]. Fish oil can reduce the release
of inflammatory cytokines and improve the growth performance in IS pigs [47,132]. While
adding fish oil to the diet can increase cellular immunity and reduce the inflammation index
in animals exposed to IS [133], increasing the ratio of n3 to n6 fatty acids in the diet can inhibit
the inflammatory response, thereby improving the animals’ performance [134].

4.3.3. Vitamin Additives

Vitamins are necessary for animal metabolism and growth, acting in a variety of ways.
Vitamins act to minimize stress, inflammation, and, in general, immune function regulation.
Vitamin C can regulate the inflammatory response and oxidative stress caused by LPS and
reduce hippocampal cell apoptosis [135]. Vitamin C can also alleviate the damage caused
by IS in piglets [136]. Under stress conditions, the requirements for vitamin C are increased,
and therefore it is widely used in animal feed to alleviate the health impacts of IS. Adding
high doses of vitamin E can increase the feed intake of laying hens during IS and also
increase the level of antibodies after vaccination for NDV and avian influenza virus [137].
Vitamin E can inhibit the increase in proinflammatory cytokines, PGE2, and cortisol caused
by IS [131,138]. In vitro studies have shown that vitamin A can improve intestinal barrier
integrity and reverse LPS-induced intestinal barrier damage by enhancing the expression
of tight junction proteins [139].

4.3.4. Trace Element Additives

Trace elements affect immune regulation and can function to reduce stress. For example,
MgSO4 significantly attenuates LPS-induced acute lung injury, apoptosis, oxidative stress
(reducing MDA levels), and lung inflammation [140] and inhibits the NF-κB signaling pathway
in mice [141]. Chromium yeast can effectively reduce IL-1β, TNF-α, and COR in piglet serum,
thereby alleviating IS [142]. Clinoptilolite (aluminosilicate containing sodium, potassium, and
calcium) can inhibit the infiltration and hyperactivation of neutrophils in broilers and reduce
plasma and SI mucosal inflammatory cytokines, thereby reducing the inflammatory response
caused by LPS [10]. Copper also has an anti-IS additive effect [143,144].

4.3.5. Probiotics Additives

Probiotics, also known as microecological preparations, are a group of active microor-
ganisms or metabolites that benefit the host. The role of probiotics is to improve intestinal
health and immune function by regulating the colonization and composition of the intesti-
nal flora, intestinal pH, and also improving communication through the intestinal–brain
axis pathway [145]. Feeding some probiotics (Lactobacillus acidophilus, Lactobacillus casei,
Bifidobacterium thermophilum, and Enterococcus faecium) in the diet can alleviate intestinal
inflammation, oxidative stress, and morphological damage caused by enterotoxigenic E.
coli and enhance the growth performance of piglets [146]. Adding Bacillus subtilis to broiler
diets can normalize the expression of gut barrier-related genes (JAM2, occludin, ZO1, and
MUC2) under IS [147]. Fermentation products of Bacillus subtilis not only reduce the expres-
sion of LPS-induced SI inflammation genes but also enhance the expression of intestinal
barrier genes, thereby improving the growth performance of broilers under IS [58]. In
addition, probiotics such as Bacillus amyloliquefaciens [55], Lactobacillus casei [148], Lacto-
bacillus acidophilus [149], Lactobacillus delbrueckii [150], Enterococcus faecalis [151], Clostridium
butyricum [151], and also their fermentation products, can alleviate IS.
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4.3.6. Plant Extract Additives

Several low-molecular-weight secondary metabolites of plants can also play a role in
modulating immune stress along with their antibacterial, antiviral, anti-inflammatory, and
anti-tumor functions. Since many plant extracts exhibit low toxicity, high safety, and health
improvement functions, it has become a research hotspot in the field of feed additives.

Table 1 shows the more important IS resistance plant extracts reported in recent years.
These plant extracts include esters, phenols, polysaccharides, glycosides, flavonoids, alka-
loids, and crude plant extracts [16,40,152–158]. Anti-IS mechanisms of plant extract can be
categorized into three types, namely (1) relieving inflammation and oxidative stress by in-
hibiting inflammatory response and oxidative pathways, (2) maintaining intestinal balance
by regulating intestinal barrier-related proteins and promoting intestinal cell proliferation,
and (3) maintaining hormone balance by regulating the endocrine system.

Table 1. A select list of plant extracts that alleviate IS.

Type Name Structural
Formula Mechanism of Mitigating IS Related Literature

Polysaccharides

Acanthopanax
senticosus

polysaccharide
mixture

Downregulates the HIF-1α/COX-2
pathway and NF-κB to inhibit the release
of inflammatory cytokines, increases the
activity of diamine oxidase and lactase,

improves intestinal morphology, increases
GH and IGF-I.

[152,153]

Astragalus
polysaccharides mixture

Inhibits the TLR4/NF-κB signaling
pathway, downregulates inflammatory

cytokines, and upregulates intestinal tight
junction proteins.

[16]

Ginseng
polysaccharides mixture

Inhibits the TLR4/NF-κB signaling
pathway, downregulates inflammatory
cytokines, upregulates intestinal tight

junction proteins.

[16]

Seaweed
polysaccharides mixture

Downregulates IL-1β and IL-6, increases
breast milk IgG content, improves

intestinal morphology.
[159]

Artemisia ordosica
polysaccharide mixture

Reduces LPS-induced oxidative stress by
inhibiting Nrf2/Keap1 and TLR4/NF-κB

pathways.
[160]

Glycyrrhiza
polysaccharide mixture

Downregulates the expression of IL-1β
and IFN-γ, increases SOD activity,

reduces MDA content.
[161]

Glycosides

Stevioside Reduces MDA content and increases
antioxidant enzyme activity. [162]

Salidroside

Reduces the levels of NE and 5-HT in the
prefrontal cortex, upregulates the

BDNF/TrkB signaling pathway, inhibits
inflammatory cytokines.

[163]

Hesperidin
Enhances the activity of monocytes and

macrophages, enhances the ratio of
intestinal V/C.

[154]
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Table 1. Cont.

Type Name Structural
Formula Mechanism of Mitigating IS Related Literature

Phenols

Procyanidin mixture
Inhibits the activities of inflammatory

factors (IFN-γ, IL-1β, IL-2, IL-4, IL-6, and
IL-10) and nitrogen oxides (NOx).

[164]

Thymol

Enhances the barrier function of epithelial
cells, reduces the production of ROS and
expression of proinflammatory cytokine

genes.

[78]

Sesamol

Reduces MCP-1, inhibits NF-κB and
inflammatory cytokines TNF-α and IL-1β,
prevents lipid peroxidation in serum and
liver, increases catalase and glutathione

reductase activities.

[165,166]

Curcumin

Regulates the JNK/NF- κ B/Akt signaling
pathway, plays an anti-inflammatory and

antioxidant effect, may alleviate liver
damage and liver lipid metabolism
disorders by increasing m6A RNA

methylation.

[155,156]

Green tea
polyphenols mixture Inhibits NF-κB signaling and inhibit

NLRP3 inflammasome activation. [167]

Carvacrol
Downregulates the expression of

inflammatory cytokines by inhibiting the
TLRs/NF-κB pathway.

[168]

Flavonoids

Artemisia argyi
flavonoids mixture Decreases the expression of NF-κB, IL-1β,

and IL-6. [45]

Quercetin
Inhibits the activity of IκBα and NF-κB

into the nucleus, reduces the expression of
TNF-α and IL-1β.

[157]

Genistein
Enhances the activity of monocytes and

macrophages, increases the ratio of
intestinal V/C.

[154]

Esters

Ellagic Acid Antioxidant activity, inhibits AChE
activity. [27]

Sesame lignans
Reduces MCP-1, inflammatory cytokines

TNF-α and IL-1β, prevents lipid
peroxidation.

[165]

Alkaloids Berberine

Inhibits NF-κB signal transduction and
the expression of inflammatory mediators,

enhances the activity of antioxidant
enzymes.

[158]

Crude extract Artemisia argyi
aqueous extract mixture Inhibits the release of CORT and IL-2. [40]
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5. Conclusions

Overall, IS significantly impacts the host neuro–endocrine–immune axis and the brain–
gut axis, which can result in hormone secretion disorders, cell apoptosis, intestinal flora
disorders, intestinal barrier destruction, oxidative stress, and metabolic disorders, all of
which can compromise the immune function and growth performance of livestock. There-
fore, efficient and feasible control measures, such as providing good quality nutritious feed,
reducing excessive stimulation of the immune system by organizing vaccine procedures at
the appropriate time, and using selected plant extracts and potential new drugs for control,
are required, as we are experiencing an upsurge of new infectious diseases in livestock.

Author Contributions: Conceptualization and writing, X.N.; writing—review and editing revision,
Y.D.; investigation, conceptualization, writing—review and editing, S.C., visualization—Figures 1 and 2,
writing—review and editing, R.G.; writing—review and editing, supervision and project administra-
tion, X.J. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (grant num-
bers 31472243, 31902314), the Natural Science Foundation of Guangdong Province, China (grant num-
ber 2019A1515011142), the Project of Enhancing School with Innovation of Guangdong Ocean Uni-
versity (grant number GDOU230419057), and the Program for Scientific Research Start-Fund of
Guangdong Ocean University (grant number 101402/R17088).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interests.

References
1. Selye, H. Stress and the general adaptation syndrome. Br. Med. J. 1950, 1, 1383–1392. [CrossRef] [PubMed]
2. Martínez-Miró, S.; Tecles, F.; Ramón, M.; Escribano, D.; Hernández, F.; Madrid, J.; Orengo, J.; Martínez-Subiela, S.; Manteca, X.;

Cerón, J.J. Causes, consequences and biomarkers of stress in swine: An update. BMC Vet. Res. 2016, 12, 171. [CrossRef] [PubMed]
3. Zhang, C. Study on Regulation and Mechanism of Resveratrol on Immunological Stress in Chickens. Ph.D. Thesis, Henan

Agricultural University, Henan, China, May 2014.
4. Lin, H.; Decuypere, E.; Buyse, J. Acute heat stress induces oxidative stress in broiler chickens. Comp. Biochem. Physiol. A Mol.

Integr. Physiol. 2006, 144, 11–17. [CrossRef] [PubMed]
5. Nordgreen, J.; Munsterhjelm, C.; Aae, F.; Popova, A.; Boysen, P.; Ranheim, B.; Heinonen, M.; Raszplewicz, J.; Piepponen,

P.; Lervik, A.; et al. The effect of lipopolysaccharide (LPS) on inflammatory markers in blood and brain and on behavior in
individually-housed pigs. Physiol. Behav. 2018, 195, 98–111. [CrossRef] [PubMed]

6. Zhong, L.Y.; Yang, Z.H.; Li, X.R.; Wang, H.; Li, L. Protective effects of melatonin against the damages of neuroendocrine-immune
induced by lipopolysaccharide in diabetic rats. Exp. Clin. Endocrinol. Diabetes 2009, 117, 463–469. [CrossRef] [PubMed]

7. Yao, M.; Gao, W.; Tao, H.; Yang, J.; Huang, T. The regulation effects of danofloxacin on pig immune stress induced by LPS. Res.
Vet. Sci. 2017, 110, 65–71. [CrossRef]

8. Webel, D.M.; Finck, B.N.; Baker, D.H.; Johnson, R.W. Time course of increased plasma cytokines, cortisol, and urea nitrogen in
pigs following intraperitoneal injection of lipopolysaccharide. J. Anim. Sci. 1997, 75, 1514–1520. [CrossRef]

9. Tan, J.; Liu, S.; Guo, Y.; Applegate, T.J.; Eicher, S.D. Dietary L-arginine supplementation attenuates lipopolysaccharide-induced
inflammatory response in broiler chickens. Br. J. Nutr. 2014, 111, 1394–1404. [CrossRef]

10. Wu, Q.J.; Zhou, Y.M.; Wu, Y.N.; Zhang, L.L.; Wang, T. The effects of natural and modified clinoptilolite on intestinal barrier
function and immune response to LPS in broiler chickens. Vet. Immunol. Immunopathol. 2013, 153, 70–76. [CrossRef]

11. Zhang, F.X.; Kirschning, C.J.; Mancinelli, R.; Xu, X.P.; Jin, Y.; Faure, E.; Mantovani, A.; Rothe, M.; Muzio, M.; Arditi, M.
Bacterial lipopolysaccharide activates nuclear factor-kappaB through interleukin-1 signaling mediators in cultured human dermal
endothelial cells and mononuclear phagocytes. J. Biol. Chem. 1999, 274, 7611–7614. [CrossRef]

12. Hayley, S.; Mangano, E.; Strickland, M.; Anisman, H. Lipopolysaccharide and a social stressor influence behaviour, corticosterone
and cytokine levels: Divergent actions in cyclooxygenase-2 deficient mice and wild type controls. J. Neuroimmunol. 2008, 197,
29–36. [CrossRef] [PubMed]

13. Scott, T.; Owens, M.D. Thrombocytes respond to lipopolysaccharide through Toll-like receptor-4, and MAP kinase and NF-kappaB
pathways leading to expression of interleukin-6 and cyclooxygenase-2 with production of prostaglandin E2. Mol. Immunol. 2008,
45, 1001–1008. [CrossRef] [PubMed]

http://doi.org/10.1136/bmj.1.4667.1383
http://www.ncbi.nlm.nih.gov/pubmed/15426759
http://doi.org/10.1186/s12917-016-0791-8
http://www.ncbi.nlm.nih.gov/pubmed/27543093
http://doi.org/10.1016/j.cbpa.2006.01.032
http://www.ncbi.nlm.nih.gov/pubmed/16517194
http://doi.org/10.1016/j.physbeh.2018.07.013
http://www.ncbi.nlm.nih.gov/pubmed/30077671
http://doi.org/10.1055/s-0029-1202790
http://www.ncbi.nlm.nih.gov/pubmed/19449282
http://doi.org/10.1016/j.rvsc.2016.11.005
http://doi.org/10.2527/1997.7561514x
http://doi.org/10.1017/S0007114513003863
http://doi.org/10.1016/j.vetimm.2013.02.006
http://doi.org/10.1074/jbc.274.12.7611
http://doi.org/10.1016/j.jneuroim.2008.03.015
http://www.ncbi.nlm.nih.gov/pubmed/18455806
http://doi.org/10.1016/j.molimm.2007.07.035
http://www.ncbi.nlm.nih.gov/pubmed/17825413


Animals 2022, 12, 909 13 of 19

14. Ostareck, D.H.; Ostareck-Lederer, A. RNA-Binding Proteins in the Control of LPS-Induced Macrophage Response. Front. Genet.
2019, 10, 31. [CrossRef] [PubMed]

15. Li, H.; Zhang, L.; Chen, L.; Zhu, Q.; Wang, W.; Qiao, J. Lactobacillus acidophilus alleviates the inflammatory response to
enterotoxigenic Escherichia coli K88 via inhibition of the NF-κB and p38 mitogen-activated protein kinase signaling pathways in
piglets. BMC Microbiol. 2016, 16, 273. [CrossRef] [PubMed]

16. Wang, K.; Zhang, H.; Han, Q.; Lan, J.; Chen, G.; Cao, G.; Yang, C. Effects of astragalus and ginseng polysaccharides on growth
performance, immune function and intestinal barrier in weaned piglets challenged with lipopolysaccharide. J. Anim. Physiol.
Anim. Nutr. 2020, 104, 1096–1105. [CrossRef]

17. Alhadidi, Q.; Shah, Z.A. Cofilin Mediates LPS-Induced Microglial Cell Activation and Associated Neurotoxicity Through
Activation of NF-κB and JAK-STAT Pathway. Mol. Neurobiol. 2018, 55, 1676–1691. [CrossRef]

18. Banks, W.A.; Erickson, M.A. The blood-brain barrier and immune function and dysfunction. Neurobiol. Dis. 2010, 37, 26–32.
[CrossRef]

19. Pan, W.; Kastin, A.J. Interactions of cytokines with the blood-brain barrier: Implications for feeding. Curr. Pharm. Des. 2003, 9,
827–831. [CrossRef]

20. Guyon, A.; Massa, F.; Rovère, C.; Nahon, J.L. How cytokines can influence the brain: A role for chemokines? J. Neuroimmunol.
2008, 198, 46–55. [CrossRef]

21. Watkins, L.R.; Goehler, L.E.; Relton, J.K.; Tartaglia, N.; Silbert, L.; Martin, D.; Maier, S.F. Blockade of interleukin-1 induced
hyperthermia by subdiaphragmatic vagotomy: Evidence for vagal mediation of immune-brain communication. Neurosci. Lett.
1995, 183, 27–31. [CrossRef]

22. Ericsson, A.; Kovács, K.J.; Sawchenko, P.E. A functional anatomical analysis of central pathways subserving the effects of
interleukin-1 on stress-related neuroendocrine neurons. J. Neurosci. 1994, 14, 897–913. [CrossRef] [PubMed]

23. Felger, J.C.; Lotrich, F.E. Inflammatory cytokines in depression: Neurobiological mechanisms and therapeutic implications.
Neuroscience 2013, 246, 199–229. [CrossRef] [PubMed]

24. Matsumura, K.; Kobayashi, S. Signaling the brain in inflammation: The role of endothelial cells. Front. Biosci. 2004, 9, 2819–2826.
[CrossRef] [PubMed]

25. Shaftel, S.S.; Carlson, T.J.; Olschowka, J.A.; Kyrkanides, S.; Matousek, S.B.; O’Banion, M.K. Chronic interleukin-1beta expression
in mouse brain leads to leukocyte infiltration and neutrophil-independent blood brain barrier permeability without overt
neurodegeneration. J. Neurosci. 2007, 27, 9301–9309. [CrossRef] [PubMed]

26. D’Mello, C.; Le, T.; Swain, M.G. Cerebral microglia recruit monocytes into the brain in response to tumor necrosis factoralpha
signaling during peripheral organ inflammation. J. Neurosci. 2009, 29, 2089–2102. [CrossRef]

27. Dornelles, G.L.; de Oliveira, J.S.; de Almeida, E.J.R.; Mello, C.B.E.; BR, E.R.; da Silva, C.B.; Petry, L.D.S.; Pillat, M.M.; Palma,
T.V.; de Andrade, C.M. Ellagic Acid Inhibits Neuroinflammation and Cognitive Impairment Induced by Lipopolysaccharides.
Neurochem. Res. 2020, 45, 2456–2473. [CrossRef]

28. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [CrossRef]

29. Müller, N.; Myint, A.M.; Schwarz, M.J. Inflammatory biomarkers and depression. Neurotox. Res. 2011, 19, 308–318. [CrossRef]
30. Chen, S.; Yong, Y.; Ju, X. Effect of heat stress on growth and production performance of livestock and poultry: Mechanism to

prevention. J. Therm. Biol. 2021, 99, 103019. [CrossRef]
31. Herman, J.P.; McKlveen, J.M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B. Regulation of the

Hypothalamic-Pituitary-Adrenocortical Stress Response. Compr. Physiol. 2016, 6, 603–621. [CrossRef]
32. Herman, J.P.; Nawreen, N.; Smail, M.A.; Cotella, E.M. Brain mechanisms of HPA axis regulation: Neurocircuitry and feedback in

context Richard Kvetnansky lecture. Stress 2020, 23, 617–632. [CrossRef] [PubMed]
33. Zhou, P.; Fan, H.; Lan, T.; Yang, X.L.; Shi, W.F.; Zhang, W.; Zhu, Y.; Zhang, Y.W.; Xie, Q.M.; Mani, S.; et al. Fatal swine acute

diarrhoea syndrome caused by an HKU2-related coronavirus of bat origin. Nature 2018, 556, 255–258. [CrossRef] [PubMed]
34. Bagath, M.; Krishnan, G.; Devaraj, C.; Rashamol, V.P.; Pragna, P.; Lees, A.M.; Sejian, V. The impact of heat stress on the immune

system in dairy cattle: A review. Res. Vet. Sci. 2019, 126, 94–102. [CrossRef]
35. Oppong, E.; Cato, A.C. Effects of Glucocorticoids in the Immune System. Adv. Exp. Med. Biol. 2015, 872, 217–233. [CrossRef]

[PubMed]
36. Trevisi, E.; Bertoni, G. Some physiological and biochemical methods for acute and chronic stress evaluationin dairy cows. Italian J.

Anim. Sci. 2009, 8, 265–286. [CrossRef]
37. Dhabhar, F.S. Effects of stress on immune function: The good, the bad, and the beautiful. Immunol. Res. 2014, 58, 193–210.

[CrossRef] [PubMed]
38. Dhabhar, F.S. Enhancing versus suppressive effects of stress on immune function: Implications for immunoprotection and

immunopathology. Neuroimmunomodulation 2009, 16, 300–317. [CrossRef]
39. Xu, Y.; Mao, H.; Yang, C.; Du, H.; Wang, H.; Tu, J. Effects of chitosan nanoparticle supplementation on growth performance,

humoral immunity, gut microbiota and immune responses after lipopolysaccharide challenge in weaned pigs. J. Anim. Physiol.
Anim. Nutr. 2020, 104, 597–605. [CrossRef]

40. Zhang, P.F.; Shi, B.L.; Su, J.L.; Yue, Y.X.; Cao, Z.X.; Chu, W.B.; Li, K.; Yan, S.M. Relieving effect of Artemisia argyi aqueous extract
on immune stress in broilers. J. Anim. Physiol. Anim. Nutr. 2017, 101, 251–258. [CrossRef]

http://doi.org/10.3389/fgene.2019.00031
http://www.ncbi.nlm.nih.gov/pubmed/30778370
http://doi.org/10.1186/s12866-016-0862-9
http://www.ncbi.nlm.nih.gov/pubmed/27832756
http://doi.org/10.1111/jpn.13244
http://doi.org/10.1007/s12035-017-0432-7
http://doi.org/10.1016/j.nbd.2009.07.031
http://doi.org/10.2174/1381612033455332
http://doi.org/10.1016/j.jneuroim.2008.04.009
http://doi.org/10.1016/0304-3940(94)11105-R
http://doi.org/10.1523/JNEUROSCI.14-02-00897.1994
http://www.ncbi.nlm.nih.gov/pubmed/8301368
http://doi.org/10.1016/j.neuroscience.2013.04.060
http://www.ncbi.nlm.nih.gov/pubmed/23644052
http://doi.org/10.2741/1439
http://www.ncbi.nlm.nih.gov/pubmed/15353317
http://doi.org/10.1523/JNEUROSCI.1418-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17728444
http://doi.org/10.1523/JNEUROSCI.3567-08.2009
http://doi.org/10.1007/s11064-020-03105-z
http://doi.org/10.1038/nature21029
http://doi.org/10.1007/s12640-010-9210-2
http://doi.org/10.1016/j.jtherbio.2021.103019
http://doi.org/10.1002/cphy.c150015
http://doi.org/10.1080/10253890.2020.1859475
http://www.ncbi.nlm.nih.gov/pubmed/33345670
http://doi.org/10.1038/s41586-018-0010-9
http://www.ncbi.nlm.nih.gov/pubmed/29618817
http://doi.org/10.1016/j.rvsc.2019.08.011
http://doi.org/10.1007/978-1-4939-2895-8_9
http://www.ncbi.nlm.nih.gov/pubmed/26215996
http://doi.org/10.4081/ijas.2009.s1.265
http://doi.org/10.1007/s12026-014-8517-0
http://www.ncbi.nlm.nih.gov/pubmed/24798553
http://doi.org/10.1159/000216188
http://doi.org/10.1111/jpn.13283
http://doi.org/10.1111/jpn.12553


Animals 2022, 12, 909 14 of 19

41. Stasi, A.; Franzin, R.; Divella, C.; Sallustio, F.; Curci, C.; Picerno, A.; Pontrelli, P.; Staffieri, F.; Lacitignola, L.; Crovace, A.; et al.
PMMA-Based Continuous Hemofiltration Modulated Complement Activation and Renal Dysfunction in LPS-Induced Acute
Kidney Injury. Front. Immunol. 2021, 12, 605212. [CrossRef]

42. Ma, C.; Li, G.; Chen, W.; Jia, Z.; Yang, X.; Pan, X.; Ma, D. Eimeria tenella: IMP1 protein delivered by Lactococcus lactis induces
immune responses against homologous challenge in chickens. Vet. Parasitol. 2021, 289, 109320. [CrossRef] [PubMed]

43. Parmentier, H.K.; Klompen, A.L.; De Vries Reilingh, G.; Lammers, A. Effect of concurrent intratracheal lipopolysaccharide
and human serum albumin challenge on primary and secondary antibody responses in poultry. Vaccine 2008, 26, 5510–5520.
[CrossRef] [PubMed]

44. Liu, Y.; Jiang, G.; Huang, X.; Li, C.; Huang, X.; Zhang, X.; Lin, Q.; Liu, S.; Dai, Q. Evaluation of serum antioxidative status,
immune status and intestinal condition of Linwu duck challenged by lipopolysaccharide with various dosages and replications.
Poult. Sci. 2021, 100, 101199. [CrossRef] [PubMed]

45. Yang, S.; Zhang, J.; Jiang, Y.; Xu, Y.Q.; Jin, X.; Yan, S.M.; Shi, B.L. Effects of Artemisia argyi flavonoids on growth performance and
immune function in broilers challenged with lipopolysaccharide. Anim. Biosci. 2021, 34, 1169–1180. [CrossRef] [PubMed]

46. Shanmugasundaram, R.; Wick, M.; Lilburn, M.S. Effect of a post-hatch lipopolysaccharide challenge in Turkey poults and
ducklings after a primary embryonic heat stress. Dev. Comp. Immunol. 2019, 101, 103436. [CrossRef]

47. Liu, Y.L.; Li, D.F.; Gong, L.M.; Yi, G.F.; Gaines, A.M.; Carroll, J.A. Effects of fish oil supplementation on the performance and the
immunological, adrenal, and somatotropic responses of weaned pigs after an Escherichia coli lipopolysaccharide challenge. J.
Anim. Sci. 2003, 81, 2758–2765. [CrossRef] [PubMed]

48. Van Heugten, E.; Coffey, M.T.; Spears, J.W. Effects of immune challenge, dietary energy density, and source of energy on
performance and immunity in weanling pigs. J. Anim. Sci. 1996, 74, 2431–2440. [CrossRef]

49. Mao, X.F.; Piao, X.S.; Lai, C.H.; Li, D.F.; Xing, J.J.; Shi, B.L. Effects of beta-glucan obtained from the Chinese herb Astragalus
membranaceus and lipopolysaccharide challenge on performance, immunological, adrenal, and somatotropic responses of
weanling pigs. J. Anim. Sci. 2005, 83, 2775–2782. [CrossRef]

50. Yang, X.; Guo, Y.; He, X.; Yuan, J.; Yang, Y.; Wang, Z. Growth performance and immune responses in chickens after challenge with
lipopolysaccharide and modulation by dietary different oils. Animal 2008, 2, 216–223. [CrossRef]

51. Xiang-hong, J.; Yan-hong, Y.; Han-jin, X.; Li-long, A.; Yingmei, X. Impacts of heat stress on baseline immune measures and a
subset of T cells in Bama miniature pigs. Livest. Sci. 2011, 135, 289–292. [CrossRef]

52. Cangiano, L.R.; Zenobi, M.G.; Nelson, C.D.; Ipharraguerre, I.R.; Dilorenzo, N. A bioactive extract from Olea europaea protects
newly weaned beef heifers against experimentally induced chronic inflammation1. J. Anim. Sci. 2019, 97, 4349–4361. [CrossRef]
[PubMed]

53. Li, R.F.; Liu, S.P.; Yuan, Z.H.; Yi, J.E.; Tian, Y.N.; Wu, J.; Wen, L.X. Effects of induced stress from the live LaSota Newcastle disease
vaccination on the growth performance and immune function in broiler chickens. Poult. Sci. 2020, 99, 1896–1905. [CrossRef]
[PubMed]

54. Zhu, H.L.; Liu, Y.L.; Xie, X.L.; Huang, J.J.; Hou, Y.Q. Effect of L-arginine on intestinal mucosal immune barrier function in weaned
pigs after Escherichia coli LPS challenge. Innate. Immun. 2013, 19, 242–252. [CrossRef] [PubMed]

55. Li, Y.; Zhang, H.; Chen, Y.P.; Yang, M.X.; Zhang, L.L.; Lu, Z.X.; Zhou, Y.M.; Wang, T. Bacillus amyloliquefaciens supplementation
alleviates immunological stress in lipopolysaccharide-challenged broilers at early age. Poult. Sci. 2015, 94, 1504–1511. [CrossRef]

56. Yang, X.J.; Li, W.L.; Feng, Y.; Yao, J.H. Effects of immune stress on growth performance, immunity, and cecal microflora in
chickens. Poult. Sci. 2011, 90, 2740–2746. [CrossRef]

57. Wu, J.; He, C.; Bu, J.; Luo, Y.; Yang, S.; Ye, C.; Yu, S.; He, B.; Yin, Y.; Yang, X. Betaine attenuates LPS-induced downregulation of
Occludin and Claudin-1 and restores intestinal barrier function. BMC Vet. Res. 2020, 16, 75. [CrossRef]

58. Chen, J.Y.; Yu, Y.H. Bacillus subtilis-fermented products ameliorate the growth performance and alter cecal microbiota community
in broilers under lipopolysaccharide challenge. Poult. Sci. 2021, 100, 875–886. [CrossRef]

59. Xie, M.Y.; Hou, L.J.; Sun, J.J.; Zeng, B.; Xi, Q.Y.; Luo, J.Y.; Chen, T.; Zhang, Y.L. Porcine Milk Exosome MiRNAs Attenuate
LPS-Induced Apoptosis through Inhibiting TLR4/NF-κB and p53 Pathways in Intestinal Epithelial Cells. J. Agric. Food Chem.
2019, 67, 9477–9491. [CrossRef]

60. Oh, J.; Harper, M.; Giallongo, F.; Bravo, D.M.; Wall, E.H.; Hristov, A.N. Effects of rumen-protected Capsicum oleoresin on immune
responses in dairy cows intravenously challenged with lipopolysaccharide. J. Dairy Sci. 2017, 100, 1902–1913. [CrossRef]

61. Sohn, J.W. Network of hypothalamic neurons that control appetite. BMB Rep. 2015, 48, 229–233. [CrossRef]
62. Bliss, E.S.; Whiteside, E. The Gut-Brain Axis, the Human Gut Microbiota and Their Integration in the Development of Obesity.

Front. Physiol. 2018, 9, 900. [CrossRef] [PubMed]
63. Sachot, C.; Poole, S.; Luheshi, G.N. Circulating leptin mediates lipopolysaccharide-induced anorexia and fever in rats. J. Physiol.

2004, 561, 263–272. [CrossRef] [PubMed]
64. Finck, B.N.; Kelley, K.W.; Dantzer, R.; Johnson, R.W. In vivo and in vitro evidence for the involvement of tumor necrosis

factor-alpha in the induction of leptin by lipopolysaccharide. Endocrinology 1998, 139, 2278–2283. [CrossRef] [PubMed]
65. Luheshi, G.N.; Gardner, J.D.; Rushforth, D.A.; Loudon, A.S.; Rothwell, N.J. Leptin actions on food intake and body temperature

are mediated by IL-1. Proc. Natl. Acad. Sci. USA 1999, 96, 7047–7052. [CrossRef]

http://doi.org/10.3389/fimmu.2021.605212
http://doi.org/10.1016/j.vetpar.2020.109320
http://www.ncbi.nlm.nih.gov/pubmed/33248421
http://doi.org/10.1016/j.vaccine.2008.07.053
http://www.ncbi.nlm.nih.gov/pubmed/18694797
http://doi.org/10.1016/j.psj.2021.101199
http://www.ncbi.nlm.nih.gov/pubmed/34116351
http://doi.org/10.5713/ab.20.0656
http://www.ncbi.nlm.nih.gov/pubmed/33561921
http://doi.org/10.1016/j.dci.2019.103436
http://doi.org/10.2527/2003.81112758x
http://www.ncbi.nlm.nih.gov/pubmed/14601879
http://doi.org/10.2527/1996.74102431x
http://doi.org/10.2527/2005.83122775x
http://doi.org/10.1017/S1751731107001188
http://doi.org/10.1016/j.livsci.2010.07.009
http://doi.org/10.1093/jas/skz285
http://www.ncbi.nlm.nih.gov/pubmed/31581301
http://doi.org/10.1016/j.psj.2019.12.004
http://www.ncbi.nlm.nih.gov/pubmed/32241469
http://doi.org/10.1177/1753425912456223
http://www.ncbi.nlm.nih.gov/pubmed/22904165
http://doi.org/10.3382/ps/pev124
http://doi.org/10.3382/ps.2011-01591
http://doi.org/10.1186/s12917-020-02298-3
http://doi.org/10.1016/j.psj.2020.10.070
http://doi.org/10.1021/acs.jafc.9b02925
http://doi.org/10.3168/jds.2016-11666
http://doi.org/10.5483/BMBRep.2015.48.4.272
http://doi.org/10.3389/fphys.2018.00900
http://www.ncbi.nlm.nih.gov/pubmed/30050464
http://doi.org/10.1113/jphysiol.2004.074351
http://www.ncbi.nlm.nih.gov/pubmed/15388782
http://doi.org/10.1210/endo.139.5.6012
http://www.ncbi.nlm.nih.gov/pubmed/9564834
http://doi.org/10.1073/pnas.96.12.7047


Animals 2022, 12, 909 15 of 19

66. Yousefi, M.; Jonaidi, H.; Sadeghi, B. Influence of peripheral lipopolysaccharide (LPS) on feed intake, body temperature and
hypothalamic expression of neuropeptides involved in appetite regulation in broilers and layer chicks. Br. Poult. Sci. 2021, 62,
110–117. [CrossRef]

67. Wang, P.; Loh, K.H.; Wu, M.; Morgan, D.A.; Schneeberger, M.; Yu, X.; Chi, J.; Kosse, C.; Kim, D.; Rahmouni, K.; et al. A
leptin-BDNF pathway regulating sympathetic innervation of adipose tissue. Nature 2020, 583, 839–844. [CrossRef]

68. Shirazi, R.; Palsdottir, V.; Collander, J.; Anesten, F.; Vogel, H.; Langlet, F.; Jaschke, A.; Schürmann, A.; Prévot, V.; Shao, R.; et al.
Glucagon-like peptide 1 receptor induced suppression of food intake, and body weight is mediated by central IL-1 and IL-6. Proc.
Natl. Acad. Sci. USA 2013, 110, 16199–16204. [CrossRef]

69. Lu, S.C.; Shieh, W.Y.; Chen, C.Y.; Hsu, S.C.; Chen, H.L. Lipopolysaccharide increases resistin gene expression in vivo and in vitro.
FEBS Lett. 2002, 530, 158–162. [CrossRef]

70. Basa, N.R.; Wang, L.; Arteaga, J.R.; Heber, D.; Livingston, E.H.; Taché, Y. Bacterial lipopolysaccharide shifts fasted plasma ghrelin
to postprandial levels in rats. Neurosci. Lett. 2003, 343, 25–28. [CrossRef]

71. Howick, K.; Griffin, B.T.; Cryan, J.F.; Schellekens, H. From Belly to Brain: Targeting the Ghrelin Receptor in Appetite and Food
Intake Regulation. Int. J. Mol. Sci. 2017, 18, 273. [CrossRef]

72. Cowley, M.A.; Smith, R.G.; Diano, S.; Tschöp, M.; Pronchuk, N.; Grove, K.L.; Strasburger, C.J.; Bidlingmaier, M.; Esterman, M.;
Heiman, M.L.; et al. The distribution and mechanism of action of ghrelin in the CNS demonstrates a novel hypothalamic circuit
regulating energy homeostasis. Neuron 2003, 37, 649–661. [CrossRef]

73. Yin, L.; Li, J.; Wang, M.; Wang, Q.; Li, J.; Ding, N.; Yang, H.; Yin, Y. Dietary high protein-induced diarrhea and intestinal
inflammation by activation of NF-κB signaling in piglets. Anim. Nutr. 2021, 7, 1070–1077. [CrossRef] [PubMed]

74. Stevens, C.E.; Hume, I.D. Contributions of microbes in vertebrate gastrointestinal tract to production and conservation of
nutrients. Physiol. Rev. 1998, 78, 393–427. [CrossRef] [PubMed]

75. Zhang, X.; Zhao, L.; Cao, F.; Ahmad, H.; Wang, G.; Wang, T. Effects of feeding fermented Ginkgo biloba leaves on small intestinal
morphology, absorption, and immunomodulation of early lipopolysaccharide-challenged chicks. Poult. Sci. 2013, 92, 119–130.
[CrossRef]

76. Qin, Q.; Xu, X.; Wang, X.; Wu, H.; Zhu, H.; Hou, Y.; Dai, B.; Liu, X.; Liu, Y. Glutamate alleviates intestinal injury, maintains mTOR
and suppresses TLR4 and NOD signaling pathways in weanling pigs challenged with lipopolysaccharide. Sci. Rep. 2018, 8, 15124.
[CrossRef]

77. Yi, D.; Hou, Y.; Xiao, H.; Wang, L.; Zhang, Y.; Chen, H.; Wu, T.; Ding, B.; Hu, C.A.; Wu, G. N-Acetylcysteine improves intestinal
function in lipopolysaccharides-challenged piglets through multiple signaling pathways. Amino Acids 2017, 49, 1915–1929.
[CrossRef]

78. Omonijo, F.A.; Liu, S.; Hui, Q.; Zhang, H.; Lahaye, L.; Bodin, J.C.; Gong, J.; Nyachoti, M.; Yang, C. Thymol Improves Barrier
Function and Attenuates Inflammatory Responses in Porcine Intestinal Epithelial Cells during Lipopolysaccharide (LPS)-Induced
Inflammation. J. Agric. Food. Chem. 2019, 67, 615–624. [CrossRef]

79. Li, Y.; Song, Z.; Kerr, K.A.; Moeser, A.J. Chronic social stress in pigs impairs intestinal barrier and nutrient transporter function,
and alters neuro-immune mediator and receptor expression. PLoS ONE 2017, 12, e0171617. [CrossRef]

80. Xie, Y.; Wen, M.; Zhao, H.; Liu, G.; Chen, X.; Tian, G.; Cai, J.; Jia, G. Effect of zinc supplementation on growth performance,
intestinal development, and intestinal barrier function in Pekin ducks with lipopolysaccharide challenge. Poult. Sci. 2021, 100,
101462. [CrossRef]

81. Hu, R.; He, Z.; Liu, M.; Tan, J.; Zhang, H.; Hou, D.X.; He, J.; Wu, S. Dietary protocatechuic acid ameliorates inflammation and
up-regulates intestinal tight junction proteins by modulating gut microbiota in LPS-challenged piglets. J. Anim. Sci. Biotechnol.
2020, 11, 92. [CrossRef]

82. Xu, X.; Hua, H.; Wang, L.; He, P.; Zhang, L.; Qin, Q.; Yu, C.; Wang, X.; Zhang, G.; Liu, Y. Holly polyphenols alleviate intestinal
inflammation and alter microbiota composition in lipopolysaccharide-challenged pigs. Br. J. Nutr. 2020, 123, 881–891. [CrossRef]
[PubMed]

83. Wang, X.; Wang, W.; Wang, L.; Yu, C.; Zhang, G.; Zhu, H.; Wang, C.; Zhao, S.; Hu, C.A.; Liu, Y. Lentinan modulates intestinal
microbiota and enhances barrier integrity in a piglet model challenged with lipopolysaccharide. Food Funct. 2019, 10, 479–489.
[CrossRef] [PubMed]

84. Xiao, X.; Cheng, Y.; Fu, J.; Lu, Z.; Wang, F.; Jin, M.; Zong, X.; Wang, Y. Gut Immunity and Microbiota Dysbiosis Are Associated
with Altered Bile Acid Metabolism in LPS-Challenged Piglets. Oxid Med. Cell Longev. 2021, 2021, 6634821. [CrossRef] [PubMed]

85. Jiang, J.; Qi, L.; Wei, Q.; Shi, F. Maternal stevioside supplementation ameliorates intestinal mucosal damage and modulates gut
microbiota in chicken offspring challenged with lipopolysaccharide. Food Funct. 2021, 12, 6014–6028. [CrossRef]

86. Jing, L.; Zhang, R.; Liu, Y.; Zhu, W.; Mao, S. Intravenous lipopolysaccharide challenge alters ruminal bacterial microbiota and
disrupts ruminal metabolism in dairy cattle. Br. J. Nutr. 2014, 112, 170–182. [CrossRef]

87. Cao, S.; Zhang, Q.; Wang, C.; Wu, H.; Jiao, L.; Hong, Q.; Hu, C. LPS challenge increased intestinal permeability, disrupted
mitochondrial function and triggered mitophagy of piglets. Innate. Immun. 2018, 24, 221–230. [CrossRef]

88. Jiang, Z.Y.; Sun, L.H.; Lin, Y.C.; Ma, X.Y.; Zheng, C.T.; Zhou, G.L.; Chen, F.; Zou, S.T. Effects of dietary glycyl-glutamine on growth
performance, small intestinal integrity, and immune responses of weaning piglets challenged with lipopolysaccharide. J. Anim.
Sci. 2009, 87, 4050–4056. [CrossRef]

http://doi.org/10.1080/00071668.2020.1813254
http://doi.org/10.1038/s41586-020-2527-y
http://doi.org/10.1073/pnas.1306799110
http://doi.org/10.1016/S0014-5793(02)03450-6
http://doi.org/10.1016/S0304-3940(03)00312-4
http://doi.org/10.3390/ijms18020273
http://doi.org/10.1016/S0896-6273(03)00063-1
http://doi.org/10.1016/j.aninu.2021.05.002
http://www.ncbi.nlm.nih.gov/pubmed/34738037
http://doi.org/10.1152/physrev.1998.78.2.393
http://www.ncbi.nlm.nih.gov/pubmed/9562034
http://doi.org/10.3382/ps.2012-02645
http://doi.org/10.1038/s41598-018-33345-7
http://doi.org/10.1007/s00726-017-2389-2
http://doi.org/10.1021/acs.jafc.8b05480
http://doi.org/10.1371/journal.pone.0171617
http://doi.org/10.1016/j.psj.2021.101462
http://doi.org/10.1186/s40104-020-00492-9
http://doi.org/10.1017/S0007114520000082
http://www.ncbi.nlm.nih.gov/pubmed/31928547
http://doi.org/10.1039/C8FO02438C
http://www.ncbi.nlm.nih.gov/pubmed/30638239
http://doi.org/10.1155/2021/6634821
http://www.ncbi.nlm.nih.gov/pubmed/33833852
http://doi.org/10.1039/D0FO02871A
http://doi.org/10.1017/S000711451400066X
http://doi.org/10.1177/1753425918769372
http://doi.org/10.2527/jas.2008-1120


Animals 2022, 12, 909 16 of 19

89. Liu, H.; Liu, L.; Li, F. Effects of glucocorticoids on the gene expression of nutrient transporters in different rabbit intestinal
segments. Animal 2020, 14, 1693–1700. [CrossRef]

90. Spurlock, M.E. Regulation of metabolism and growth during immune challenge: An overview of cytokine function. J. Anim. Sci.
1997, 75, 1773–1783. [CrossRef]

91. Mani, V.; Weber, T.E.; Baumgard, L.H.; Gabler, N.K. Growth and Development Symposium: Endotoxin, inflammation, and
intestinal function in livestock. J. Anim. Sci. 2012, 90, 1452–1465. [CrossRef]

92. Johnson, R.W. Inhibition of growth by pro-inflammatory cytokines: An integrated view. J. Anim. Sci. 1997, 75, 1244–1255.
[CrossRef] [PubMed]

93. Bai, W.Q.; Zhang, K.Y.; Ding, X.M.; Bai, S.P.; Wang, J.P.; Peng, H.W.; Zeng, Q.F. High dietary energy content increases inflammatory
markers after lipopolysaccharide challenge in meat ducks. Poult. Sci. 2019, 98, 164–171. [CrossRef] [PubMed]

94. Zhu, C.; Wu, Y.; Jiang, Z.; Zheng, C.; Wang, L.; Yang, X.; Ma, X.; Gao, K.; Hu, Y. Dietary soy isoflavone attenuated growth
performance and intestinal barrier functions in weaned piglets challenged with lipopolysaccharide. Int. Immunopharmacol. 2015,
28, 288–294. [CrossRef] [PubMed]

95. Chung, E.L.T.; Alghirani, M.M.; Kamalludin, M.H.; Nayan, N.; Jesse, F.F.A.; Wei, O.T.A.; Stephen, M.; Reduan, M.F.H.; Loh,
T.C. Do different vaccination regimes affect the growth performance, immune status, carcase characteristics and meat quality of
broilers? Br. Poult. Sci. 2021, 62, 32–37. [CrossRef]

96. Klasing, K.C. Nutritional aspects of leukocytic cytokines. J. Nutr. 1988, 118, 1436–1446. [CrossRef]
97. De Boever, S.; Beyaert, R.; Vandemaele, F.; Baert, K.; Duchateau, L.; Goddeeris, B.; De Backer, P.; Croubels, S. The influence of age

and repeated lipopolysaccharide administration on body temperature and the concentration of interleukin-6 and IgM antibodies
against lipopolysaccharide in broiler chickens. Avian Pathol. 2008, 37, 39–44. [CrossRef]

98. Evans, S.S.; Repasky, E.A.; Fisher, D.T. Fever and the thermal regulation of immunity: The immune system feels the heat. Nat.
Rev. Immunol. 2015, 15, 335–349. [CrossRef]

99. Zheng, A.; Zhang, A.; Chen, Z.; Pirzado, S.A.; Chang, W.; Cai, H.; Bryden, W.L.; Liu, G. Molecular mechanisms of growth
depression in broiler chickens (Gallus Gallus domesticus) mediated by immune stress: A hepatic proteome study. J. Anim. Sci.
Biotechnol. 2021, 12, 90. [CrossRef]

100. Klasing, K.C.; Korver, D.R. Leukocytic Cytokines Regulate Growth Rate and Composition Following Activation of the Immune
System. J. Anim. Sci. 1997, 75, 58–67. [CrossRef]

101. Li, X.; Liu, S.; Wang, J.; Yi, J.; Yuan, Z.; Wu, J.; Wen, L.; Li, R. Effects of ND vaccination combined LPS on growth performance,
antioxidant performance and lipid metabolism of broiler. Res. Vet. Sci 2021, 135, 317–323. [CrossRef]

102. Song, M.; Lin, X.; Zhao, J.; Wang, X.; Jiao, H.; Li, H.; Sun, S.; Lin, H. High frequency vaccination-induced immune stress reduces
bone strength with the involvement of activated osteoclastogenesis in layer pullets. Poult. Sci. 2020, 99, 734–743. [CrossRef]
[PubMed]

103. Mir, N.A.; Rafiq, A.; Kumar, F.; Singh, V.; Shukla, V. Determinants of broiler chicken meat quality and factors affecting them: A
review. J. Food. Sci. Technol. 2017, 54, 2997–3009. [CrossRef] [PubMed]

104. Fletcher, D.L.; Qiao, M.; Smith, D.P. The relationship of raw broiler breast meat color and pH to cooked meat color and pH. Poult.
Sci. 2000, 79, 784–788. [CrossRef] [PubMed]

105. Kvidera, S.K.; Horst, E.A.; Abuajamieh, M.; Mayorga, E.J.; Fernandez, M.V.; Baumgard, L.H. Glucose requirements of an activated
immune system in lactating Holstein cows. J. Dairy Sci. 2017, 100, 2360–2374. [CrossRef]

106. Sauber, T.E.; Stahly, T.S.; Nonnecke, B.J. Effect of level of chronic immune system activation on the lactational performance of
sows. J. Anim. Sci. 1999, 77, 1985–1993. [CrossRef]

107. Nie, W.; Wang, B.; Gao, J.; Guo, Y.; Wang, Z. Effects of dietary phosphorous supplementation on laying performance, egg quality,
bone health and immune responses of laying hens challenged with Escherichia coli lipopolysaccharide. J. Anim. Sci. Biotechnol.
2018, 9, 53. [CrossRef]

108. Sharma, J.M. Introduction to poultry vaccines and immunity. Adv. Vet. Med. 1999, 41, 481–494. [CrossRef]
109. Marangon, S.; Busani, L. The use of vaccination in poultry production. Rev. Sci. Tech. 2007, 26, 265–274. [CrossRef]
110. Abdul-Cader, M.S.; Palomino-Tapia, V.; Amarasinghe, A.; Ahmed-Hassan, H.; De Silva Senapathi, U.; Abdul-Careem, M.F.

Hatchery Vaccination Against Poultry Viral Diseases: Potential Mechanisms and Limitations. Viral Immunol. 2018, 31, 23–33.
[CrossRef]

111. Yang, X.M. A review of combined immunization: Current research situation and its promising future. Zhonghua Liu Xing Bing
Xue Za Zhi 2020, 41, 120–126. [CrossRef]

112. Hilke, J.; Strobel, H.; Woelke, S.; Stoeter, M.; Voigt, K.; Grimm, L.; Meilwes, J.; Punsmann, T.; Blaha, I.; Salditt, A.; et al. A
comparison of different vaccination schemes used in sheep combining inactivated bluetongue vaccines against serotypes 4 and 8.
Vaccine 2019, 37, 5844–5853. [CrossRef] [PubMed]

113. Oh, T.; Park, K.H.; Yang, S.; Jeong, J.; Kang, I.; Park, C.; Chae, C. Evaluation of the efficacy of a trivalent vaccine mixture against a
triple challenge with Mycoplasma hyopneumoniae, PCV2, and PRRSV and the efficacy comparison of the respective monovalent
vaccines against a single challenge. BMC Vet. Res. 2019, 15, 342. [CrossRef] [PubMed]

114. Bourry, O.; Fablet, C.; Simon, G.; Marois-Créhan, C. Efficacy of combined vaccination against Mycoplasma hyopneumoniae
and porcine reproductive and respiratory syndrome virus in dually infected pigs. Vet. Microbiol. 2015, 180, 230–236. [CrossRef]
[PubMed]

http://doi.org/10.1017/S1751731120000245
http://doi.org/10.2527/1997.7571773x
http://doi.org/10.2527/jas.2011-4627
http://doi.org/10.2527/1997.7551244x
http://www.ncbi.nlm.nih.gov/pubmed/9159271
http://doi.org/10.3382/ps/pey380
http://www.ncbi.nlm.nih.gov/pubmed/30137491
http://doi.org/10.1016/j.intimp.2015.04.054
http://www.ncbi.nlm.nih.gov/pubmed/25979760
http://doi.org/10.1080/00071668.2020.1817327
http://doi.org/10.1093/jn/118.12.1436
http://doi.org/10.1080/03079450701784875
http://doi.org/10.1038/nri3843
http://doi.org/10.1186/s40104-021-00591-1
http://doi.org/10.2527/animalsci1997.75Supplement_258x
http://doi.org/10.1016/j.rvsc.2020.10.007
http://doi.org/10.1016/j.psj.2019.12.023
http://www.ncbi.nlm.nih.gov/pubmed/32029158
http://doi.org/10.1007/s13197-017-2789-z
http://www.ncbi.nlm.nih.gov/pubmed/28974784
http://doi.org/10.1093/ps/79.5.784
http://www.ncbi.nlm.nih.gov/pubmed/10824969
http://doi.org/10.3168/jds.2016-12001
http://doi.org/10.2527/1999.7781985x
http://doi.org/10.1186/s40104-018-0271-z
http://doi.org/10.1016/s0065-3519(99)80036-6
http://doi.org/10.20506/rst.26.1.1742
http://doi.org/10.1089/vim.2017.0050
http://doi.org/10.3760/cma.j.issn.0254-6450.2020.01.022
http://doi.org/10.1016/j.vaccine.2019.08.011
http://www.ncbi.nlm.nih.gov/pubmed/31431410
http://doi.org/10.1186/s12917-019-2091-6
http://www.ncbi.nlm.nih.gov/pubmed/31619295
http://doi.org/10.1016/j.vetmic.2015.09.015
http://www.ncbi.nlm.nih.gov/pubmed/26422712


Animals 2022, 12, 909 17 of 19

115. Maekawa, D.; Riblet, S.M.; Newman, L.; Koopman, R.; Barbosa, T.; García, M. Evaluation of vaccination against infectious
laryngotracheitis (ILT) with recombinant herpesvirus of turkey (rHVT-LT) and chicken embryo origin (CEO) vaccines applied
alone or in combination. Avian Pathol. 2019, 48, 573–581. [CrossRef]

116. Hofmann, T.; Schmucker, S.S.; Bessei, W.; Grashorn, M.; Stefanski, V. Impact of Housing Environment on the Immune System in
Chickens: A Review. Animals 2020, 10, 1138. [CrossRef]

117. Yin, L.Y.; Wang, Z.Y.; Yang, H.M.; Xu, L.; Zhang, J.; Xing, H. Effects of stocking density on growth performance, feather growth,
intestinal development, and serum parameters of geese. Poult. Sci. 2017, 96, 3163–3168. [CrossRef]

118. Maggini, S.; Pierre, A.; Calder, P.C. Immune Function and Micronutrient Requirements Change over the Life Course. Nutrients
2018, 10, 1531. [CrossRef]

119. Liu, Y.; Huang, J.; Hou, Y.; Zhu, H.; Zhao, S.; Ding, B.; Yin, Y.; Yi, G.; Shi, J.; Fan, W. Dietary arginine supplementation alleviates
intestinal mucosal disruption induced by Escherichia coli lipopolysaccharide in weaned pigs. Br. J. Nutr. 2008, 100, 552–560.
[CrossRef]

120. Wang, L.; Yi, D.; Hou, Y.; Ding, B.; Li, K.; Li, B.; Zhu, H.; Liu, Y.; Wu, G. Dietary Supplementation with α-Ketoglutarate Activates
mTOR Signaling and Enhances Energy Status in Skeletal Muscle of Lipopolysaccharide-Challenged Piglets. J. Nutr. 2016, 146,
1514–1520. [CrossRef]

121. Wang, L.; Hou, Y.; Yi, D.; Li, Y.; Ding, B.; Zhu, H.; Liu, J.; Xiao, H.; Wu, G. Dietary supplementation with glutamate precursor
α-ketoglutarate attenuates lipopolysaccharide-induced liver injury in young pigs. Amino Acids 2015, 47, 1309–1318. [CrossRef]

122. Li, R.; Song, Z.; Zhao, J.; Huo, D.; Fan, Z.; Hou, D.X.; He, X. Dietary L-theanine alleviated lipopolysaccharide-induced
immunological stress in yellow-feathered broilers. Anim. Nutr. 2018, 4, 265–272. [CrossRef] [PubMed]

123. Takahashi, K.; Ohta, N.; Akiba, Y. Influences of dietary methionine and cysteine on metabolic responses to immunological
stress by Escherichia coli lipopolysaccharide injection, and mitogenic response in broiler chickens. Br. J. Nutr. 1997, 78, 815–821.
[CrossRef] [PubMed]

124. Hou, Y.; Wang, L.; Zhang, W.; Yang, Z.; Ding, B.; Zhu, H.; Liu, Y.; Qiu, Y.; Yin, Y.; Wu, G. Protective effects of N-acetylcysteine on
intestinal functions of piglets challenged with lipopolysaccharide. Amino Acids 2012, 43, 1233–1242. [CrossRef] [PubMed]

125. Yi, D.; Hou, Y.; Wang, L.; Ding, B.; Yang, Z.; Li, J.; Long, M.; Liu, Y.; Wu, G. Dietary N-acetylcysteine supplementation alleviates
liver injury in lipopolysaccharide-challenged piglets. Br. J. Nutr. 2014, 111, 46–54. [CrossRef]

126. Takahashi, K.; Aoki, A.; Takimoto, T.; Akiba, Y. Dietary supplementation of glycine modulates inflammatory response indicators
in broiler chickens. Br. J. Nutr. 2008, 100, 1019–1028. [CrossRef]

127. Hsu, C.B.; Lee, J.W.; Huang, H.J.; Wang, C.H.; Lee, T.T.; Yen, H.T.; Yu, B. Effects of supplemental glutamine on growth performance,
plasma parameters and LPS-induced immune response of weaned barrows after castration. Asian-Australas. J. Anim. Sci. 2012, 25,
674–681. [CrossRef]

128. Pi, D.; Liu, Y.; Shi, H.; Li, S.; Odle, J.; Lin, X.; Zhu, H.; Chen, F.; Hou, Y.; Leng, W. Dietary supplementation of aspartate enhances
intestinal integrity and energy status in weanling piglets after lipopolysaccharide challenge. J. Nutr. Biochem. 2014, 25, 456–462.
[CrossRef]

129. Wang, X.; Liu, Y.; Li, S.; Pi, D.; Zhu, H.; Hou, Y.; Shi, H.; Leng, W. Asparagine attenuates intestinal injury, improves energy
status and inhibits AMP-activated protein kinase signalling pathways in weaned piglets challenged with Escherichia coli
lipopolysaccharide. Br. J. Nutr. 2015, 114, 553–565. [CrossRef]

130. Lai, C.; Yin, J.; Li, D.; Zhao, L.; Chen, X. Effects of dietary conjugated linoleic acid supplementation on performance and immune
function of weaned pigs. Arch. Anim. Nutr. 2005, 59, 41–51. [CrossRef]

131. Upadhaya, S.D.; Kim, J.C.; Mullan, B.P.; Pluske, J.R.; Kim, I.H. Vitamin E and omega-3 fatty acids independently attenuate
plasma concentrations of proinflammatory cytokines and prostaglandin E3 in Escherichia coli lipopolysaccharide-challenged
growing-finishing pigs. J. Anim. Sci. 2015, 93, 2926–2934. [CrossRef]

132. Yakah, W.; Ramiro-Cortijo, D.; Singh, P.; Brown, J.; Stoll, B.; Kulkarni, M.; Oosterloo, B.C.; Burrin, D.; Maddipati, K.R.; Fichorova,
R.N.; et al. Parenteral Fish-Oil Containing Lipid Emulsions Limit Initial Lipopolysaccharide-Induced Host Immune Responses in
Preterm Pigs. Nutrients 2021, 13, 205. [CrossRef] [PubMed]

133. Korver, D.R.; Klasing, K.C. Dietary fish oil alters specific and inflammatory immune responses in chicks. J. Nutr. 1997, 127,
2039–2046. [CrossRef] [PubMed]

134. Greco, L.F.; Neves Neto, J.T.; Pedrico, A.; Ferrazza, R.A.; Lima, F.S.; Bisinotto, R.S.; Martinez, N.; Garcia, M.; Ribeiro, E.S.;
Gomes, G.C.; et al. Effects of altering the ratio of dietary n-6 to n-3 fatty acids on performance and inflammatory responses to a
lipopolysaccharide challenge in lactating Holstein cows. J. Dairy Sci. 2015, 98, 602–617. [CrossRef] [PubMed]

135. Zhang, X.Y.; Xu, Z.P.; Wang, W.; Cao, J.B.; Fu, Q.; Zhao, W.X.; Li, Y.; Huo, X.L.; Zhang, L.M.; Li, Y.F.; et al. Vitamin C alleviates
LPS-induced cognitive impairment in mice by suppressing neuroinflammation and oxidative stress. Int. Immunopharmacol. 2018,
65, 438–447. [CrossRef] [PubMed]

136. Eicher, S.D.; McKee, C.A.; Carroll, J.A.; Pajor, E.A. Supplemental vitamin C and yeast cell wall beta-glucan as growth enhancers in
newborn pigs and as immunomodulators after an endotoxin challenge after weaning. J. Anim. Sci. 2006, 84, 2352–2360. [CrossRef]

137. Zhao, G.P.; Han, M.J.; Zheng, M.Q.; Zhao, J.P.; Chen, J.L.; Wen, J. Effects of dietary vitamin E on immunological stress of layers
and their offspring. J. Anim. Physio.l Anim. Nutr. 2011, 95, 343–350. [CrossRef]

138. Niu, Z.Y.; Liu, F.Z.; Yan, Q.L.; Li, W.C. Effects of different levels of vitamin E on growth performance and immune responses of
broilers under heat stress. Poult. Sci. 2009, 88, 2101–2107. [CrossRef]

http://doi.org/10.1080/03079457.2019.1644449
http://doi.org/10.3390/ani10071138
http://doi.org/10.3382/ps/pex136
http://doi.org/10.3390/nu10101531
http://doi.org/10.1017/S0007114508911612
http://doi.org/10.3945/jn.116.236000
http://doi.org/10.1007/s00726-015-1966-5
http://doi.org/10.1016/j.aninu.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/30175254
http://doi.org/10.1079/BJN19970197
http://www.ncbi.nlm.nih.gov/pubmed/9389903
http://doi.org/10.1007/s00726-011-1191-9
http://www.ncbi.nlm.nih.gov/pubmed/22180025
http://doi.org/10.1017/S0007114513002171
http://doi.org/10.1017/S0007114508966125
http://doi.org/10.5713/ajas.2011.11359
http://doi.org/10.1016/j.jnutbio.2013.12.006
http://doi.org/10.1017/S0007114515001877
http://doi.org/10.1080/17450390512331342377
http://doi.org/10.2527/jas.2014-8330
http://doi.org/10.3390/nu13010205
http://www.ncbi.nlm.nih.gov/pubmed/33445698
http://doi.org/10.1093/jn/127.10.2039
http://www.ncbi.nlm.nih.gov/pubmed/9311962
http://doi.org/10.3168/jds.2014-8805
http://www.ncbi.nlm.nih.gov/pubmed/25465551
http://doi.org/10.1016/j.intimp.2018.10.020
http://www.ncbi.nlm.nih.gov/pubmed/30388518
http://doi.org/10.2527/jas.2005-770
http://doi.org/10.1111/j.1439-0396.2010.01060.x
http://doi.org/10.3382/ps.2009-00220


Animals 2022, 12, 909 18 of 19

139. He, C.; Deng, J.; Hu, X.; Zhou, S.; Wu, J.; Xiao, D.; Darko, K.O.; Huang, Y.; Tao, T.; Peng, M.; et al. Vitamin A inhibits the action of
LPS on the intestinal epithelial barrier function and tight junction proteins. Food Funct. 2019, 10, 1235–1242. [CrossRef]

140. Li, W.; Wu, X.; Yu, J.; Ma, C.; Zhuang, P.; Zeng, J.; Zhang, J.; Deng, G.; Wang, Y. Magnesium sulfate attenuates lipopolysaccharides-
induced acute lung injury in mice. Chin. J Physiol. 2019, 62, 203–209. [CrossRef]

141. Gao, F.; Ding, B.; Zhou, L.; Gao, X.; Guo, H.; Xu, H. Magnesium sulfate provides neuroprotection in lipopolysaccharide-activated
primary microglia by inhibiting NF-κB pathway. J. Surg. Res. 2013, 184, 944–950. [CrossRef]

142. Song, C.; Jiang, J.; Han, X.; Yu, G.; Pang, Y. Effect of immunological stress to neuroendocrine and gene expression in different
swine breeds. Mol. Biol. Rep. 2014, 41, 3569–3576. [CrossRef] [PubMed]

143. Song, Z.; Zhao, T.; Liu, L.; Jiao, H.; Lin, H. Effect of copper on antioxidant ability and nutrient metabolism in broiler chickens
stimulated by lipopolysaccharides. Arch. Anim. Nutr. 2011, 65, 366–375. [CrossRef] [PubMed]

144. Fan, Q.; Abouelezz, K.F.M.; Li, L.; Gou, Z.; Wang, Y.; Lin, X.; Ye, J.; Jiang, S. Influence of Mushroom Polysaccharide, Nano-Copper,
Copper Loaded Chitosan, and Lysozyme on Intestinal Barrier and Immunity of LPS-mediated Yellow-Feathered Chickens.
Animals 2020, 10, 594. [CrossRef] [PubMed]

145. Barba-Vidal, E.; Martín-Orúe, S.M.; Castillejos, L. Practical aspects of the use of probiotics in pig production: A review. Livest. Sci.
2019, 223, 84–96. [CrossRef]

146. Sun, Y.; Duarte, M.E.; Kim, S.W. Dietary inclusion of multispecies probiotics to reduce the severity of post-weaning diarrhea
caused by Escherichia coli F18(+) in pigs. Anim. Nutr. 2021, 7, 326–333. [CrossRef]

147. Gadde, U.D.; Oh, S.; Lee, Y.; Davis, E.; Zimmerman, N.; Rehberger, T.; Lillehoj, H.S. Dietary Bacillus subtilis-based direct-fed
microbials alleviate LPS-induced intestinal immunological stress and improve intestinal barrier gene expression in commercial
broiler chickens. Res. Vet. Sci. 2017, 114, 236–243. [CrossRef]

148. Zhao, D.; Wu, T.; Yi, D.; Wang, L.; Li, P.; Zhang, J.; Hou, Y.; Wu, G. Dietary Supplementation with Lactobacillus casei Alleviates
Lipopolysaccharide-Induced Liver Injury in a Porcine Model. Int. J. Mol. Sci. 2017, 18, 2535. [CrossRef]

149. Burdick Sanchez, N.C.; Carroll, J.A.; Broadway, P.R.; Bass, B.E.; Frank, J.W. Supplementation of a Lactobacillus acidophilus
fermentation product can attenuate the acute phase response following a lipopolysaccharide challenge in weaned pigs. Animal
2019, 13, 144–152. [CrossRef]

150. Chen, F.; Chen, J.; Chen, Q.; Yang, L.; Yin, J.; Li, Y.; Huang, X. Lactobacillus delbrueckii Protected Intestinal Integrity, Alleviated
Intestinal Oxidative Damage, and Activated Toll-Like Receptor-Bruton’s Tyrosine Kinase-Nuclear Factor Erythroid 2-Related
Factor 2 Pathway in Weaned Piglets Challenged with Lipopolysaccharide. Antioxidants 2021, 10, 468. [CrossRef]

151. Wang, K.; Chen, G.; Cao, G.; Xu, Y.; Wang, Y.; Yang, C. Effects of Clostridium butyricum and Enterococcus faecalis on growth
performance, intestinal structure, and inflammation in lipopolysaccharide-challenged weaned piglets. J. Anim. Sci. 2019, 97,
4140–4151. [CrossRef]

152. Fan, C.; Han, J.; Liu, X.; Zhang, F.; Long, Y.; Xie, Q. Modulation of hypoxia-inducible factor-1α/cyclo-oxygenase-2 path-
way associated with attenuation of intestinal mucosa inflammatory damage by Acanthopanax senticosus polysaccharides in
lipopolysaccharide-challenged piglets. Br. J. Nutr. 2019, 122, 666–675. [CrossRef] [PubMed]

153. Han, J.; Bian, L.; Liu, X.; Zhang, F.; Zhang, Y.; Yu, N. Effects of Acanthopanax senticosus Polysaccharide Supplementation on
Growth Performance, Immunity, Blood Parameters and Expression of Pro-inflammatory Cytokines Genes in Challenged Weaned
Piglets. Asian-Australas. J. Anim. Sci. 2014, 27, 1035–1043. [CrossRef] [PubMed]

154. Kamboh, A.A.; Zhu, W.Y. Individual and combined effects of genistein and hesperidin on immunity and intestinal morphometry
in lipopolysacharide-challenged broiler chickens. Poult. Sci. 2014, 93, 2175–2183. [CrossRef] [PubMed]

155. Khan, M.S.; Muhammad, T.; Ikram, M.; Kim, M.O. Dietary Supplementation of the Antioxidant Curcumin Halts Systemic
LPS-Induced Neuroinflammation-Associated Neurodegeneration and Memory/Synaptic Impairment via the JNK/NF-κB/Akt
Signaling Pathway in Adult Rats. Oxid. Med. Cell Longev. 2019, 2019, 7860650. [CrossRef]

156. Lu, N.; Li, X.; Yu, J.; Li, Y.; Wang, C.; Zhang, L.; Wang, T.; Zhong, X. Curcumin Attenuates Lipopolysaccharide-Induced Hepatic
Lipid Metabolism Disorder by Modification of m(6) A RNA Methylation in Piglets. Lipids 2018, 53, 53–63. [CrossRef]

157. Chang, Y.C.; Tsai, M.H.; Sheu, W.H.; Hsieh, S.C.; Chiang, A.N. The therapeutic potential and mechanisms of action of quercetin in
relation to lipopolysaccharide-induced sepsis in vitro and in vivo. PLoS ONE 2013, 8, e80744. [CrossRef]

158. Yang, L.; Liu, G.; Liang, X.; Wang, M.; Zhu, X.; Luo, Y.; Shang, Y.; Yang, J.Q.; Zhou, P.; Gu, X.L. Effects of berberine on the growth
performance, antioxidative capacity and immune response to lipopolysaccharide challenge in broilers. Anim. Sci. J. 2019, 90,
1229–1238. [CrossRef]

159. Heim, G.; O’Doherty, J.V.; O’Shea, C.J.; Doyle, D.N.; Egan, A.M.; Thornton, K.; Sweeney, T. Maternal supplementation of
seaweed-derived polysaccharides improves intestinal health and immune status of suckling piglets. J. Nutr. Sci. 2015, 4, e27.
[CrossRef]

160. Xing, Y.Y.; Zheng, Y.K.; Yang, S.; Zhang, L.H.; Guo, S.W.; Shi, L.L.; Xu, Y.Q.; Jin, X.; Yan, S.M.; Shi, B.L. Artemisia ordosica
Polysaccharide Alleviated Lipopolysaccharide-induced Oxidative Stress of Broilers via Nrf2/Keap1 and TLR4/NF-κB Pathway.
Ecotoxicol. Environ. Saf. 2021, 223, 112566. [CrossRef]

161. Zhang, C.; Li, C.X.; Shao, Q.; Chen, W.B.; Ma, L.; Xu, W.H.; Li, Y.X.; Huang, S.C.; Ma, Y.B. Effects of Glycyrrhiza polysaccharide in
diet on growth performance, serum antioxidant capacity, and biochemistry of broilers. Poult. Sci. 2021, 100, 100927. [CrossRef]

http://doi.org/10.1039/C8FO01123K
http://doi.org/10.4103/cjp.Cjp_48_19
http://doi.org/10.1016/j.jss.2013.03.034
http://doi.org/10.1007/s11033-014-3219-1
http://www.ncbi.nlm.nih.gov/pubmed/24515387
http://doi.org/10.1080/1745039X.2011.609753
http://www.ncbi.nlm.nih.gov/pubmed/22164958
http://doi.org/10.3390/ani10040594
http://www.ncbi.nlm.nih.gov/pubmed/32244599
http://doi.org/10.1016/j.livsci.2019.02.017
http://doi.org/10.1016/j.aninu.2020.08.012
http://doi.org/10.1016/j.rvsc.2017.05.004
http://doi.org/10.3390/ijms18122535
http://doi.org/10.1017/S1751731118001222
http://doi.org/10.3390/antiox10030468
http://doi.org/10.1093/jas/skz235
http://doi.org/10.1017/S0007114519001363
http://www.ncbi.nlm.nih.gov/pubmed/31177998
http://doi.org/10.5713/ajas.2013.13659
http://www.ncbi.nlm.nih.gov/pubmed/25050047
http://doi.org/10.3382/ps.2014-03971
http://www.ncbi.nlm.nih.gov/pubmed/24974391
http://doi.org/10.1155/2019/7860650
http://doi.org/10.1002/lipd.12023
http://doi.org/10.1371/journal.pone.0080744
http://doi.org/10.1111/asj.13255
http://doi.org/10.1017/jns.2015.16
http://doi.org/10.1016/j.ecoenv.2021.112566
http://doi.org/10.1016/j.psj.2020.12.025


Animals 2022, 12, 909 19 of 19

162. Jiang, J.; Qi, L.; Lv, Z.; Jin, S.; Wei, X.; Shi, F. Dietary Stevioside Supplementation Alleviates Lipopolysaccharide-Induced Intestinal
Mucosal Damage through Anti-Inflammatory and Antioxidant Effects in Broiler Chickens. Antioxidants 2019, 8, 575. [CrossRef]
[PubMed]

163. Zhu, L.; Wei, T.; Gao, J.; Chang, X.; He, H.; Miao, M.; Yan, T. Salidroside attenuates lipopolysaccharide (LPS) induced serum
cytokines and depressive-like behavior in mice. Neurosci. Lett. 2015, 606, 1–6. [CrossRef] [PubMed]

164. Wu, Q.J.; Wang, Y.Q.; Qi, Y.X. Influence of procyanidin supplementation on the immune responses of broilers challenged with
lipopolysaccharide. Anim. Sci. J. 2017, 88, 983–990. [CrossRef] [PubMed]

165. Yashaswini, P.S.; Sadashivaiah, B.; Ramaprasad, T.R.; Singh, S.A. In vivo modulation of LPS induced leukotrienes generation and
oxidative stress by sesame lignans. J. Nutr. Biochem. 2017, 41, 151–157. [CrossRef]

166. Liu, Z.; Chen, Y.; Qiao, Q.; Sun, Y.; Liu, Q.; Ren, B.; Liu, X. Sesamol supplementation prevents systemic inflammation-induced
memory impairment and amyloidogenesis via inhibition of nuclear factor kappaB. Mol. Nutr. Food. Res. 2017, 61, 1600734.
[CrossRef]

167. Wang, D.; Zhang, M.; Wang, T.; Cai, M.; Qian, F.; Sun, Y.; Wang, Y. Green tea polyphenols prevent lipopolysaccharide-induced
inflammatory liver injury in mice by inhibiting NLRP3 inflammasome activation. Food Funct. 2019, 10, 3898–3908. [CrossRef]

168. Liu, S.D.; Song, M.H.; Yun, W.W.; Lee, J.H.; Kim, H.B.; Cho, J.H. Effect of carvacrol essential oils on immune response and
inflammation-related genes expression in broilers challenged by lipopolysaccharide. Poult. Sci. 2019, 98, 2026–2033. [CrossRef]

http://doi.org/10.3390/antiox8120575
http://www.ncbi.nlm.nih.gov/pubmed/31766443
http://doi.org/10.1016/j.neulet.2015.08.025
http://www.ncbi.nlm.nih.gov/pubmed/26300543
http://doi.org/10.1111/asj.12729
http://www.ncbi.nlm.nih.gov/pubmed/28677264
http://doi.org/10.1016/j.jnutbio.2016.12.010
http://doi.org/10.1002/mnfr.201600734
http://doi.org/10.1039/C9FO00572B
http://doi.org/10.3382/ps/pey575

	Introduction 
	Mechanism of IS on the Neuroendocrine–Immune System 
	IS Leads to Immune Dysfunction of Livestock 
	Acute IS Causes Enhanced Immune Function of Livestock 
	Chronic IS Causes Immunosuppression in Livestock 


	Mechanism of IS on Growth Performance of Livestock and Poultry 
	Effects and Mechanism of IS on Livestock Feed Intake 
	Effect of IS on the Digestion and Absorption of Livestock and Poultry 
	Effect of IS on Nutrient Metabolism in Livestock 
	Other Effects of IS on Livestock 

	Prevention and Control Technologies for IS 
	Vaccination Program 
	Improved Feeding Regime 
	Nutritional Regulation 
	Amino Acid Additives 
	Fatty Acid Additives 
	Vitamin Additives 
	Trace Element Additives 
	Probiotics Additives 
	Plant Extract Additives 


	Conclusions 
	References

