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Abstract

German Journal of
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The gastrointestinal tract provides the biological environment for nutrient digestion
and absorption. Its physical and chemical barriers are crucial to protect from invading
pathogens and toxic substances. On this basis, the intactness of the gastrointestinal
tract, with its multiple functions and impacts, is one of the key prerequisites for human
and animal health. Undoubtedly, the functions of a healthy gut system also largely
benefit the welfare and performance of animals in farming systems such as poultry
industries. Broiler chickens grow rapidly, as a result of rigorous genetic programs, due
to the high absorption capacity of intestinal epithelia for nutrients, the quick transport
of nutrients to the muscle, and their efficient conversion into energy and biomass. Due
to oxygen metabolism or enteric commensal bacteria, intestinal epithelial cells create
reactive oxygen and nitrogen species physiologically. However, increased generation of
these oxidants goes along with the formation of free radicals resulting in oxidative stress
causing lipid peroxidation and dramatic molecular changes in the structure and function
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of the cell and mitochondrial membranes. These effects contribute to chronic oxidative
stress and inflammation of the gastrointestinal tract and generally affect all chicken
organs, tissues, and cells. Hence, all forms of chronic stress, regardless of the origin,
negatively impact the chickens’ overall performance, health, and welfare. This review
article highlights some enteric inflammation models and biomarkers to evaluate gut
integrity in chickens and discusses the repercussions that chronic stress and intestinal
wolfgang.eisenreich@mytum.de inflammation have on the health and performance of commercial poultry.
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Introduction

Modern broiler chickens are most certainly the most
visible manifestation of genetic advancements. At
hatch, a Cobb500 broiler weighs 42 grams. This new-
born chick grows 31 % (55 g/bird) in twenty-four hours.
By day 35 of age, this chicken reaches a body weight of
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2,521 grams, representing 5,902 % relative to hatching
mass (Cobb-Vantress, 2022). Genetic selection, food,
health, and management measures carried out inten-
sively have resulted in these successes. However, it
is essential for production to keep the gastrointestinal
tract (GIT) in good condition. The GIT is the prin-
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cipal organ responsible for digestion and nutrient ab-
sorption. The cost of subclinical coccidiosis or necrotic
enteritis in broiler chickens is likely higher than that of
clinically identified acute infections in poultry because
feed conversion accounts for over 70% of the total cost
of production (Aggrey et al., 2010). As the growing pe-
riod of broilers shortens and feed efficiency improves,
the need for improved health and nutrition programs
becomes more apparent. Because the changes during
intestinal growth are minute, they are often overlooked,
yet gut health impacts general health and productivity.

Currently, animal production systems require a
constant search to reduce the effects of stress and
chronic inflammation to improve energy use by pro-
ducing animals. Although there is no ”silver bullet”
to prevent multifactorial conditions associated with
chronic stress, several studies show improvement in in-
testinal microbial balance, metabolism, and intestinal
integrity through alternative products such as probi-
otics (Latorre et al., 2016; Tellez-Isaias et al., 2021),
prebiotics (Torres-Rodriguez et al., 2007), organic acids
(Hernandez-Patlan et al., 2019), plant extracts (Leyva-
Diaz et al., 2021), essential oils (Coles et al., 2021; Ruff
et al., 2021) and trace minerals (Baxter et al., 2020);
this being an international scientific trend, due to
the anti-inflammatory, antioxidant and immunomodu-
latory effects, as well such as improvement in intestinal
integrity.

Substitution of antibiotics in production systems
with alternative products, improved management prac-
tices, strict biosecurity, quality ingredients, absence of
diseases (Mycoplasma/Salmonella), and effective im-
munization programs are effective strategies for health
objectives and productivity. In this work, we focus on
reviewing the significant repercussions of chronic stress
and intestinal inflammation on the health and perfor-
mance of commercial birds.

Chicken gastrointestinal tract architecture and
players

In addition to absorbing and digesting water and food,
the intestinal tract contains a diverse and complex mi-
crobial community (Celluzzi and Masotti, 2016), as
well as an enteric nervous system (ENS) of metazoans
considered the ”second brain” of the organism (Schnei-
der et al., 2019). This microbial population can be
similar to the number of somatic cells in this tissue
(Wallis et al., 2004; Zhu et al., 2010; Li et al., 2014;
Sender et al., 2016). In addition to this complexity
in the structure and microbial relationships, in chick-
ens, the gut-associated lymphoid tissue (GALT) con-
tains the highest concentration of immune cells in the
organism, showing its relevance (Peralta et al., 2017;
Casteleyn et al., 2010).

Furthermore, the digestive system has primary lym-
phoid organs such as the bursa of Fabricius, where
B lymphocytes originate and multiply; this compo-
nent of GALT in avian species is essential for protect-
ing the digestive system (Bar-Shira et al., 2003). In
mammals, GALT contains nearly 80% of plasma cells
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that produce secretory IgA, the most abundant im-
munoglobulin (Ig) (Vighi et al., 2008). Because the
GALT harbors most immune cells, human chronic in-
testinal inflammation has been linked to various dis-
eases and pathological states (Sekirov et al., 2010;
Fasano, 2020; Feye et al., 2020). The intestinal micro-
biome can influence host biology, nutrition, immunity,
and the neuroendocrine system (Dimitrov, 2011). GIT
function appears to be mediated by short-chain fatty
acids (SCFA) generated by bacterial fermentation (Wu
et al., 2017), communication between the microbiota
and neurons (Megur et al., 2020) , the endocrine system
(Fukui et al., 2018), the immune system (Maslowski
and Mackay, 2011) and modulation of the intestinal
epithelial barrier (Sharma et al., 2010). The ENS and
endocrine gut network control the GIT motility and
disruption in functional GIT disorders (Fukui et al.,
2018).

Enteroendocrine cells (EECs) are found through-
out the GIT epithelium and produce several hormones
(Gribble and Reimann, 2019). The first GIT hormones
discovered were gastrin, secretin, cholecystokinin, in-
sulin, and glucagon (Bloom, 1987). Over 50 hormones
or bioactive peptides have been identified, making the
GIT the primary organ displaying endocrine, neuroen-
docrine, autocrine, or paracrine activities (Rao and
Wang, 2010; Gribble and Reimann, 2017). In meta-
zoans, intestinal enterochromaffin cells, a subpopu-
lation of numerous EECs, produce 90% of the neu-
rotransmitter serotonin (5-hydroxytryptamine) (Lund
et al., 2018).

Serotonin has multiple biological functions related
to psychology and physiological activities in prokary-
otes and eukaryotes, such as regurgitation, vasodila-
tion, GIT motility, wound healing, reproduction, and
vasoconstriction, among others (Negri et al., 2021;
Berger et al., 2009). Additionally, the intestinal
microbiota partially controls the secretion of sero-
tonin, dopamine, oxytocin, and endorphins produced
by EECs (Forsythe et al., 2010; Liang et al., 2014;
Mayer et al., 2014). Hence, in humans, the micro-
biota is associated with neurological syndromes such
as schizophrenia, autism, depression, Alzheimer’s, and
Parkinson’s disease (Forsythe et al., 2010; Cryan and
Dinan, 2012; Sherwin et al., 2016; Slavich and Irwin,
2014). There is great wisdom in the old saying “gut
feelings”. Gut health balance or homeostasis is affected
by the microbiota-brain-gut axis, the immune system,
oxidative stress, nutrition, the intestinal epithelial bar-
rier, genetic factors, and feed additives, such as nu-
traceuticals (Figure 1).

The complex neuroendocrine network that connects
the brain, the ENS, the intestinal microbiota, and the
GALT (microbiota-brain-gut axis) substantially im-
pacts the fragile intestinal epithelial barrier (Neuman
et al., 2015; Megur et al., 2020), which also maintains
tolerance and the immune response against foreign
antigens and the balance of the microbiota (Maslowski
and Mackay, 2011). Hence, prolonged stress and in-
flammation negatively impact the microbiota-brain-
gut axis, causing dysbacteriosis and disrupting the



tight junction proteins with systemic translocation of
bacteria and other antigens (Figure 2). During chronic
stress and, as a result, chronic intestinal inflammation,
energy for growth and reproduction is diverted away
from these functions to sustain the inflammatory re-
sponse. Poultry is no exception to this rule.

The hypothalamic—pituitary—adrenal axis (HPA
axis) is a complex network of direct influences and
feedback interactions between three components: the
hypothalamus, the pituitary gland, and the adrenal
glands on top of the kidneys (Lu et al., 2021). The
HPA axis is a significant neuroendocrine system that
controls stress reactions. It regulates numerous physi-
ological systems, including digestion, the immune sys-
tem, mood and emotions, sexuality, and energy storage
and expenditure in response to environmental stimuli
(Cohen et al., 2006). While vertebrates manufacture
the majority of steroid hormones, the HPA axis and the
physiological role of corticosteroids in stress response
are crucial in eukaryotes (Lichtenthaler, 1998). Still,
comparable systems can also be found in prokaryotes
(Hentchel and Escalante-Semerena, 2015).

Pathogens and diseases

In general, constant damage or the presence of
pathogenic agents induces a stress process in the GIT,
increasing inflammation and, therefore, oxidative stress
(Federico et al., 2007). Among the different possi-
ble pathogens in the GIT, we can include bacteria,
and even protozoa, which infections can induce se-
vere enteric damage, causing illness and high mortality
rates. In chickens, Fimeria tenella is a primary cecal
pathogen that negatively affects growth, feed utiliza-
tion, and productivity due to necro-hemorrhagic ty-
phlitis (Soutter et al., 2021). Conventional coccidiosis
prevention relies heavily on chemoprophylaxis and life
vaccines (Chapman, 2014), and on a global scale, eco-
nomic costs in 2016 were estimated to be around USD
11.77 billion (Blake et al., 2020). As a result of growing
consumer concerns about ”superbugs” and the forth-
coming rules prohibiting the use of growth-promoting
or anticoccidial medications in chicken production, the
industry has looked for alternative methods of control
tactics to prevent coccidiosis (Chapman, 2008; Shivara-
maiah et al., 2014; Hess et al., 2015). The emergence
of multi-drug resistant Fimeria spp. in the field has
limited the efficacious tools available for coccidiosis in
commercial poultry operations (Chapman, 2014). The
antigenic diversity of field strains and the high expense
of manufacturing live vaccines for numerous Eimeria
spp- hampers current vaccination efforts against coc-
cidial infections relevant in the field (Blake et al., 2015;
Clark et al., 2017).

Another protozoon that targets the ceca is His-
tomonas meleagridis, the cause of histomonosis in
chickens and turkeys, which is traditionally controlled
with arsenicals in the diet. Still, these compounds are
considered prohibited (Sulejmanovic et al., 2013). Se-
vere outbreaks and flock losses are becoming more com-
mon. Alternatives to control protozoa infections in-
clude feed additives and other immunomodulators, ad-

juvants, and recombinant vaccine development. How-
ever, there are no approved prophylactic or therapeutic
compounds for histomonosis. To develop a chemother-
apeutic treatment for the disease, novel compounds, in-
cluding phytogenic compounds, can be tested in-vitro.
Some phytogenic components evaluated include plant-
derived essential oils, ethanol-water plant extracts,
complex extracts, alkaloids, and sesquiterpene lactones
(Liebhart et al., 2017). Alkaloids and sesquiterpene
lactones showed an inhibiting effect of Histomonas in
growth in-vitro but not in chickens or turkeys (Thgfner
et al., 2012). Some commercial products claim to be
effective against histomonosis with mixed results and
claims unsupported by data (Hess et al., 2015).

Additionally, no commercial vaccines are available
for H. meleagridis (Liebhart et al., 2017). The cur-
rent understanding of parasite assault and host elim-
ination is insufficient. The particularities of the host
immunological response to Histomonas are becoming
more apparent (Barros et al., 2020; Beer et al., 2020,
2022; Lagler et al., 2021; Mitra et al., 2021). Despite
immunological research advancements, a histomonosis
vaccine has no commercial application yet (Mitra et al.,
2018); some experiments like oral or cloacal adminis-
tration of clonal in-vitro attenuated histomonads pro-
vided adequate protection against virulent challenges
in laboratory settings but not against heterologous,
multi-isolate challenges in the field (Liebhart et al.,
2013). Recently, research showed the application of at-
tenuated isolates orally or locally to turkeys has no pro-
tective effect against wild-type challenge (Beer et al.,
2022), contrary to previously reported success with
oral vaccination at this age (Sulejmanovic et al., 2016).
Unfortunately, using live histomonads in the industry
would be problematic due to intra-cloacal administra-
tion requirements, attenuation stability, variable pro-
tective immunity (Hess et al., 2015), and the cost of
cell culture (McAllister, 2014). There is an undeniable
need to identify more effective solutions to lessen the
impact of chicken coccidiosis and histomonosis. Yet,
crucial resources still need to be included, making rapid
progress difficult. New control strategies for proto-
zoal infections are required, but only after a thorough
molecular and cellular assessment of host-parasite in-
terfaces is completed.

In particular, bacterial infections are considered
one of the main GIT-associated infections, which due
to their infection process and presence, are inducers
of acute or even chronic inflammatory processes (Ya-
mamoto et al., 2013). In murine models, Salmonella
growth is aided, ironically, by acute inflammatory re-
sponses to pathogenic bacteria in the intestine, as there
is increased migration of neutrophils and production
of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) as a result of the Salmonella infection
disrupting the balance of the microbiota (Winter et al.,
2010a). An increase in molecular oxygen in the lumen
of the gut depletes important commensal anaerobes
like Bacteroidetes and Clostridiales, which are essential
butyric acid-producing bacteria (Rigottier-Gois, 2013).
The thiosulfate oxidation to tetrathionate is also a ROS
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Figure 1: Interactions between the host (poultry species) and intrinsic or extrinsic factors that influence gut

health (created with BioRender.com).

by-product (Winter et al., 2010b). In murine models,
it has been shown that Salmonella uses tetrathionate
to strengthen its development (Winter et al., 2010b);
tetrathionate broth is a component of enriched media
for the culture of Salmonella in diagnostic laboratories.

However, a recent study has found that this dif-
fers for chickens (Saraiva et al., 2021). In contrast to
murine models, in poultry, the tirA and pduA genes
do not appear to be significant virulence determinants
in fecal excretion of invasiveness for Salmonella Enter-
itidis and Salmonella Typhimurium. Interestingly, the
deletion of both genes does not attenuate the pathogen
but slightly decreases the numbers of Salmonella FEn-
teritidis and Salmonella Typhimurium in caecum in
poultry, reducing inflammation and allowing the bac-
teria to more easily invade gut epithelial cells and dis-
seminate systemically, leading to severe clinical signs
and higher mortality rates (Saraiva et al., 2021). Sim-
ilar results have been reported by Rimet et al. (2019).
Therefore, the study of these interactions has shown
their participation in the process of oxidative stress
and inflammation.

In the case of physiological processes associated
with the particular species, they can have an effect
on triggers for stress processes and therefore induce
chronic inflation. In most vertebrates, the renal sys-
tem regulates body fluid and electrolytes. However,
skin, salt glands, urine bladders, and digestive systems
work together with the kidneys in non-mammalian ver-
tebrates (Braun, 1999). Avian species are unique be-
cause they lack a urinary bladder, and renal discharge
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accesses the GIT directly. Both turkeys and chickens
have a cloaca or common excretory pathway (Gold-
stein, 2006). Unlike mammals, where the kidney regu-
lates the extracellular fluid composition independently,
the urine flows into the cloaca in birds by a reverse peri-
staltic action to the ceca (Karasawa and Duke, 1995;
Duke, 1999). Thus, the kidneys and lower GIT must
regulate the extracellular fluid composition. Here, the
avian ceca perform water reabsorption, fiber digestion
(by bacterial fermentation), nitrogen recycling, mi-
crobial vitamin synthesis, and osmoregulation (Duke,
1982; Duke et al., 1983; Hall and Duke, 2000). SCFA
are the primary bacterial fermentation metabolites ab-
sorbed in the ceca by two mechanisms: i) nonionic dif-
fusion of protonated SCFA involving the consumption
of luminal COg; this process accounts for about 60% of
total SCFA absorption. ii) cellular uptake by ionic dif-
fusion of the Na or K salt of the SCFA (Ruppin et al.,
1980). Inflammation in the ceca (typhlitis) impairs the
function of the ceca, decreasing the efficiency of water
reabsorption (Awad et al., 2017).

Additionally, the dietary composition can affect the
moisture in fecal droppings. The water content of the
feces directly impacts the litter moisture in poultry
production systems, with moisture levels ranging from
15% to 44%. Poultry litter contains high levels of pro-
teins and nitrogen (Kelleher et al., 2002). A significant
issue with poultry litter is the loss of nitrogen, such as
ammonia, during microbial fermentation of urea and
uric acid (Nahm, 2003). In chicken houses, ammo-
nia volatilization is one of the most stressful gases to
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poultry that severely affects the birds’ welfare, health,
and performance (Moore et al., 2011; van der Hoeven-
Hangoor et al., 2014).

Defense NF-kB TNFa Cytokines
storm

Cytokine

Pathogen-associated molecular patterns (PAMPs) are
elements of pathogenic bacteria that metazoans rec-
ognize. PAMPs include lipopeptides, peptidoglycans,
and teichoic acids (Salminen and Isolauri, 2006). The
endotoxin lipopolysaccharide (LPS), found in Gram-
negative bacteria outer membranes, is a classic exam-
ple (Kallapura et al., 2014). As a main trigger, PAMPs
activate the NF-xB axis (Jonkers and Stockbriigger,
2003). Inadequate NF-xB regulation has been associ-
ated with several immunological disorders (Elson and
Cong, 2012).

Generally, infectious agents (bacterial, protozoal,
viral, helminth) stimulate host pro-inflammatory re-
sponses. For instance, in domestic poultry, coccid-
iosis may cause necrosis and inflammation in the in-
testine, resulting in fever, depression, reduced perfor-
mance, and death depending on the Fimeria spp. and
infectious dose (Rose et al., 1975) (Figure 3). Infec-
tions with highly pathogenic strains of avian influenza
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Figure 2: Chronic stress (regardless of its source) has a direct impact on the hypothalamic—pituitary—adrenal
axis (HPA axis), the brain-microbiota-gut axis (BMG axis), and the endocrine and immunological systems. In-
testinal and chronic systemic inflammations originate from disruptions in the delicate balance and environment
of the intestinal microbiota (dysbacteriosis) and alterations in tight junction proteins among enterocytes causing
leaky gut. Prolonged oxidative stress induced by the inflammatory process causes phospholipid peroxidation in
cell and mitochondrial membranes, leading to apoptosis, cellular necrosis, and multiple organ failure (created
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(i.e., H5 or H7 subtypes) cause shock and mortal-
ity without clinical signs or lesions (Fernandez-Siurob
et al., 2014; Smatti et al., 2019) (Figure 4). In both
cases, the physiological consequences and death of the
chicken are caused by the cascade of host-generated
pro-inflammatory cytokines rather than by the proto-
zoan or the virus.

ROS and RNS and their effects on a molecular
level

Polymorphonuclear (PMN) leukocytes and
macrophages fight pathogens as the first line of de-
fense by producing reactive molecules capable of in-
ducing oxidation or reduction reactions (Qureshi, 2003;
Petrone-Garcia et al., 2021). These include ROS, such
as superoxide, hydrogen peroxide, and hydroxyl rad-
ical. RNS comprise nitric oxide and peroxynitrite
molecules. Both ROS and RNS are highly toxic to
fight against invaders. They can penetrate the mi-
crobial cell wall easily, causing irreversible damage
(Gostner et al., 2013). Immune signaling only initiates
the production of these ROS and RNS molecules to in-
tercept and kill pathogens (Sun et al., 2020). However,
when ROS molecules overreact, they become immuno-
toxins capable of damaging the host cells and adjacent
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tissues (Figure 5), leading to severe local and systemic
inflammation and multiple organ failure (Chen and
Kevil, 2020). Due to this, its control is key to avoiding
the adverse effect due to its overproduction and its
negative impact (Lian et al., 2020).

Chronic inflammation: Models and biomarkers
There is a delicate balance between pro-oxidant and an-
tioxidant production during homeostasis, but chronic
inflammation promotes an overabundance of ROS
molecules, which can be severely damaging. ROS
are associated with oxidative stress, including form-
ing more RNS following the interaction of ROS with
nitric oxide (NO). NO/RNS and ROS elicit immune
responses and regulate immune function (Lee and
Griendling, 2008; Wink et al., 2011). Extracellular
pathogens that are too large for phagocytosis are tar-
geted by ROS (Griffiths, 2005). When stimulated, RNS
target intracellular/phagocytosed pathogens, extracel-
lular pathogens, and tumor cells. Macrophages, the
primary producers of ROS and RNS, detect and acti-
vate to eliminate bacterial infection via LPS recogni-
tion, a necessary and beneficial host mechanism (Lau-
ridsen, 2019). However, prolonged exposure to high
doses of LPS triggers inflammatory mediators (cy-
tokine cascade), causing oxidative stress (Figure 4 &
Figure 5). As a result, oxidative stress contributes
to high mortality rates in metazoans (Rubartelli and
Lotze, 2007). Organ failure and hypotension are
common symptoms of septic shock (Jones and Sies,
2015). Nevertheless, it is essential to recognize that all
forms of chronic stress (biological, nutritional, physi-
cal, chemical, or psychological) induce prolonged in-
flammation (Khansari et al., 2009).

In the GIT, chronic inflammation affects the in-
tegrity of the intestinal barrier by disrupting tight
junction proteins leading to increased intestinal perme-
ability (“leaky gut”) (Fasano, 2020), causing bacterial
translocation and systemic inflammation (Ilan, 2012).
The inflammatory response can help the animal regain
tissue homeostasis if adequately controlled. Neverthe-
less, tissues and organs are damaged if the stress and
inflammation persist (Dal Pont et al., 2020, 2021). Re-
searchers may use enteric inflammation models in a
laboratory setting to examine alternative growth pro-
moters and dietary supplements for poultry. Several
intestinal inflammatory models have been developed,
including high NSP diets (Tellez et al., 2014, 2015;
Dal Pont et al., 2021), dexamethasone (Vicuna et al.,
2015), dextran sodium sulfate (Menconi et al., 2015;
Zou et al., 2018; Gilani et al., 2017a), feed restric-
tion/fasting (Kuttappan et al., 2015), and heat stress
(Ruff et al., 2020; Rostagno, 2020). Gut integrity is
dependent on barrier function. Oxidative stress, anti-
nutritional components in soy, indigestible protein or
energy sources, heat stress, and histomonosis are all
examples of stressors that might result in gut barrier
breakdown (Williams, 2005; Sharma et al., 2007; Pa-
storelli et al., 2013; Tellez et al., 2014; Biswal et al.,
2022). However, as a result of the elimination of an-
timicrobial growth boosters, novel multifactorial dis-

eases causing enteritis and unknown gut disorders have
evolved in broilers, resulting in significant health and
performance consequences (Dahiya et al., 2006; Gho-
lamiandehkordi et al., 2007; Yegani and Korver, 2008).

Dysbacteriosis, defined as an aberrant microbiota
on a qualitative and quantitative level, triggers a cas-
cade of events in the GIT, including decreased nutri-
ent digestibility, inflammation, and leaky gut (Teir-
lynck et al., 2011). Furthermore, poor gut health has
been linked to bacterial chondronecrosis, osteomyeli-
tis lesions, and lameness in broiler chickens (Wideman
and Prisby, 2012; Wideman et al., 2015). Proper gut
barrier function is critical for overall health and home-
ostasis and serves as the first line of defense against
environmental antigens (Jeon et al., 2013). The first
layer of the gut barrier is the extrinsic mucus layer,
which is composed of an outer layer of bacteria that is
loosely attached to the epithelium and an inner layer of
secretory IgA and mucin that is adherent to the second
layer of the gut barrier, the intestinal epithelial cells
(IECs), which is composed of a single layer of epithe-
lial cells that separates the intestinal lumen from the
underlying lamina propria (Sakamoto et al., 2000; Kim
and Ho, 2010). These epithelial cells must have the
ability to recover rapidly in the event of tissue damage
(Audy et al., 2012). Enterocytes in the apical epithe-
lium are responsible for nutrition absorption. Tight
junctions close the paracellular space between adjacent
epithelial cells on the apical surface, regulating the in-
testinal barrier’s permeability by preventing bacteria
and antigens from spreading paracellularly across the
epithelium (Ulluwishewa et al., 2011). Because IECs
are the predominant cell type in touch with the exter-
nal environment, they serve as the first line of defense
for the host.

Despite their non-hematopoietic origins, IECs are
a critical component of innate immunity in the GALT,
performing a broad range of immunological functions.
Indeed, IECs are capable of recognizing pathogens
via the expression of innate immune receptors, releas-
ing antimicrobial molecules, and secreting a variety
of hormones, neurotransmitters, enzymes, as well as
cytokines and chemokines that mediate the interac-
tion between innate and adaptive immune responses
(Alverdy et al., 2005; Edelblum and Turner, 2009).
Thus, any damage to IECs, whether direct or indi-
rect, may result in a collapse of the gut barrier and
subsequent disturbance of normal mucosal immune
homeostasis, resulting in uncontrolled chronic intesti-
nal and systemic inflammation (Schulzke et al., 2009;
Ilan, 2012).

Numerous researchers have revealed the pathways
behind the disruption of the protein networks that con-
nect epithelial cells by inflammatory mediators (hor-
mones, oxygen-free radical species, enzymes, and vari-
ous pro-inflammatory cytokines) induced by infections,
food elements, or any other stress (Steed et al., 2010;
Hu et al., 2013). Other factors can also contribute
to the breakdown of the intestinal barrier. Feeding
oxidized /unpreserved fat in chicken and swine has in-
creased intestinal epithelial turnover rates and apopto-
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Figure 3: Gut barrier failure. Infectious agents (bacterial, protozoal, viral, helminth) in poultry stimulate
host proinflammatory responses. Gut barrier failure caused by Eimeria tenella. Mucosa and submucosa of
ceca with infiltration of inflammatory cells, ulceration, and necrosis. Arrows show the presence of the parasite.
Hematoxylin and eosin staining (created with BioRender.com).

sis at villus tips (Dibner et al., 1996). Mineral nutri-
tion also plays a role in the operation of the intestinal
barrier, and metals are pro-oxidants, which may result
in oxidative stress and barrier breakdown (Teirlynck
et al.,, 2009). Simultaneously, zinc regulates several
proteins essential for the formation of tight junctions
between intestinal epithelial cells, and zinc deficiency
has been found to impair barrier function (Debon and
Tester, 2001; Ulluwishewa et al., 2011).

The ability of the GIT to work properly is criti-
cal in determining animal health, welfare, and perfor-
mance. As previously noted, gut health encompasses
a variety of elements such as oxidative stress, genetics,
diet ingredients, the gut barrier, the interplay of the
brain, gut microbiota, and the immune system. Each
of these components is linked to each other via several
complex mechanisms and pathways; however, identify-
ing some critical elements of gastrointestinal function-
ality allows scientists to evaluate potential biomarkers
that can enable them to measure the functionality of
the GIT in poultry. Numerous and quickly expanding
approaches are being used to create biomarkers, each
with advantages and disadvantages. In most cases, sev-
eral biomarkers to assess GIT functionality must be
used due to the intricacy of the connections between
the fundamental components of gastrointestinal perfor-
mance. Using the keywords “biomarkers for intestinal
integrity in poultry” in Google Scholar, the resulting
survey yielded 1,730 articles. Having adequate models
to induce gut inflammation in chickens and the tools to
assess it are paramount to determining the impacts of
nutraceutical feed additives or treatments as alterna-
tives to antibiotic growth promoters. Table 1 summa-

rizes some related and reliable biomarkers to evaluate
intestinal integrity in chickens.

Damages in poultry farming

Hans Selye’s 1975 Journal of Human Stress article
”Confusion and controversy in the stress field” dis-
cusses stress research’s confusion and controversies.
Stress pioneer Hans Selye claims that the lack of a
clear definition and the use of various terms have con-
fused and slowed research. He proposes defining stress
as "the body’s nonspecific response to any demand.”
Selye also addresses the debate over ”good stress” or
eustress, which some researchers believe can improve
performance and well-being. Selye believes that all
stress, good or negative, can harm and that the key
to managing stress is finding the optimal level that
can be tolerated without harm. Selye suggests inter-
disciplinary stress research because the stress response
is complex and needs input from psychology, physiol-
ogy, and endocrinology. He stresses the need for re-
searchers to consider both biological and psychological
aspects of stress and to view stress as a whole-person
phenomenon.

In humans, stress is described as a state of home-
ostasis being tested, manifesting as systemic and local
stress (Juruena et al., 2021). Sometimes, a specific
stressor may be associated with unique local stress.
However, the stress level above a certain threshold
may commonly activate the HPA axis and result in
a systemic stress response. According to the system-
stress conceptual framework, stress can be classified
into three types. These are stress (inadequate stress),
eustress (good stress), and distress (poor stress) (Se-
lye, 1975). Both stress and distress can impede nor-
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Figure 4: Necrotic enteritis may cause necrosis and severe inflammation in the intestine and bacterial liver
translocation, resulting in fever, depression, and reduced performance. Infections with highly pathogenic strains
of avian influenza (i.e., H5 or H7 subtypes) cause 100% mortality without clinical signs or lesions. In both ex-
amples, the excess proinflammatory cytokines or “cytokine storm” is responsible for those impressive effects.
Image shows extensive mortality related to H7N7 (A/chicken/Jalisco/CPA1/2012) in a commercial flock in
Mexico ”Courtesy of Dr. Victor Petrone” (created with BioRender.com).

mal physiological functioning and even result in patho-
logical situations, whereas eustress has the potential
to promote health by promoting equilibrium through
hormesis-induced optimization. As a result, maintain-
ing an adequate stress level is critical for developing
biological shields that ensure normal life processes (Lu
et al., 2021). Although the impacts of stress have been
linked to the development of most chronic illnesses, few
physicians know how malfunctioning within the stress
management system (HPA axis) alters pathophysiol-
ogy (Karaca et al., 2021). A century of research on
stress and the physiologic and metabolic consequences
of stress has provided essential insight and enhanced
our understanding of the subject. The clinical reper-
cussions of stress in managing chronic diseases, on the
other hand, continue to be a significant challenge (Guil-
liams and Edwards, 2010).

On the other hand, in poultry, infections, de-
creased feed intake, impaired feed conversion, and
carcass condemnation are some of the repercus-
sions that chronic neuroendocrine-immune interaction
causes chicken (Calefi et al., 2017). Understanding
and regulating environmental variables is critical to
the success and welfare of chicken farming. Heat
stress is one of the most significant ecological stressors
threatening chicken production worldwide. It harms
broiler chickens, ranging from lower performance to
poor immunological response and food safety (Lara
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and Rostagno, 2013). Heat stress causes changes in
protein, membrane lipid, and metabolic rate, all asso-
ciated with the body’s response and the production of
heat shock proteins as a defense mechanism for cells
and tissues. When it comes to maintaining home-
ostasis in an animal, the hypothalamus, in conjunc-
tion with all cells, tissues, and organs, plays a critical
role. In experiencing stress, the HPA axis is activated
through many sensory organs (Kuenzel and Jurkevich,
2010), releasing steroid hormones from the adrenal
gland. The activation of the pituitary component of
the HPA axis can be mediated by neuroendocrine hor-
mones, including corticotropin-releasing hormone and
adrenocorticotrophic hormone (Cao et al., 2021). Se-
cretion of steroids from the adrenal cortex is induced
by ACTH, which is released by the anterior pituitary
gland. Adrenal corticoid production is mediated by the
actions of the endocrine hormones ACTH, CRH, and
Vasopressin (VP). The HPA axis is critical in direct-
ing the neuroendocrine systems that regulate the com-
plex adaptive responses of animals to environmental
stresses to maintain a healthy chicken (Binsiya et al.,
2017). Activating glucocorticoids is critical in the in-
duction of hepatic gluconeogenesis, which is necessary
to promote the adaption process. Glucocorticoids also
increase the production of epinephrine in the adrenal
medulla, which is another crucial hormone (Wickrama-
suriya et al., 2022).
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Figure 5: Excessive and chronic oxidative stress causes damage and lipid peroxidation of the mitochondrial
and cell membranes. Alteration of these vital organelles affects all cells and tissues, causing apoptosis, necrosis,
and multiple organ failure [a) intestine; b) thymus; ¢) kidneys; d) lungs; e) bursa of Fabricius; f) liver; g) muscle;
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Flock density, or the number of chickens housed
in a given area, can significantly affect the social dy-
namics of a chicken flock. As the density of a flock
increases, so does the potential for social stress among
individual birds. This is because chickens are social an-
imals that establish hierarchies and interact with one
another in complex ways. When too many birds are in
a given space, competition for resources such as food,
water, and space can lead to increased aggression and
social tension (Naga Raja Kumari and Narendra Nath,
2018). Social stress can have a range of negative ef-
fects on chickens, including reduced immune function
and increased susceptibility to disease. For example,
chickens experiencing social stress may have higher lev-
els of the stress hormone cortisol, which can suppress
the immune system and make them more vulnerable to
infections such as enteritis (Collins and Siegel, 1987).
In addition, social stress can lead to increased levels
of feather pecking and cannibalism, which can create
wounds that provide entry points for bacterial infec-
tions. High flock density can also exacerbate the ef-
fects of heat stress on chickens. When temperatures
rise, chickens may experience heat stress, leading to
reduced feed intake, reduced egg production, and in-
creased mortality. In addition, heat stress can exac-
erbate social stress by increasing competition for re-
sources and creating a more hostile environment within
the flock (Nicol et al., 2006). In this way, high flock
density can make chickens more vulnerable to the neg-
ative effects of social and heat stresses. It is impor-
tant to carefully manage flock density to minimize the
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potential for social stress and its negative effects on
chicken health and well-being. This can include provid-
ing adequate space, ensuring access to resources such
as food and water, and monitoring the flock for signs
of stress or disease (Heckert et al., 2002). In a recent
study, breeder age, chick gender, and breed were the
internal factors significantly related to chick mortality
associated with housing factors and management rou-
tines (Yerpes et al., 2020). Moreover, important char-
acteristics linked with stress in broiler chickens during
transport to the processing plant required immediate
attention (Yerpes et al., 2021).

In response to cellular harm, inflammation is the fi-
nal stage of the stress response, regardless of the source
that triggered the stress. Stress and inflammation are
innately regulated by immune and endocrine mecha-
nisms (Stecher, 2015). When stressed, the autonomic
nervous system and endocrine hormones (adrenaline
and glucocorticoids) prepare every cell in the body
for "fight-or-flight”. As long as the stressful signal
persists, the animal remains in survival mode, a bi-
ological process intended to be short and acute (Win-
ter et al., 2010a). If the stress continues, stress hor-
mones and other pro-inflammatory molecules persist
in circulation, causing oxidative stress and chronic sys-
temic inflammation (Fasano, 2011; Bickler et al., 2020),
severely damaging the cell and mitochondrial mem-
branes (lipid peroxidation), as described below.

The cell and mitochondrial membranes contain a
phospholipid bilayer containing proteins and transport
channels. The cell membrane regulates cell adhesion,
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Table 1: Biomarkers to evaluate intestinal integrity in chickens.

Assessment

Biomarker

Reference

Serum intestinal permeability

Fluorescein isothiocyanate dextran

Baxter et al. (2017); Gilani
et al. (2017a); Vuong et al.
(2021)

Mannitol and rhamnose sugars

Gilani et al. (2017b)

d(-)-Lactate

Zou et al. (2018)

Fibronectin, intestinal alkaline phosphatase, and

lipocalin-2

Barekatain et al. (2020)

Intestinal permeability

Faecal ovotransferrin

Goossens et al. (2018)

Liver bacterial translocation

Latorre et al. (2014, 2015)

Serum intestinal anti-oxidant activity

Serum and tissue inflammation

Griess, superoxide dismutase, thiobarbituric acid re-

active substances, total antioxidant capacity

Baxter et al. (2019)

Isoprostane 8-iso-PGF2«a

Prostaglandin GF2«

Petrone-Garcia et al. (2021)

Endotoxin and al-acid glycoprotein

Chen et al. (2015)

Interleukin (IL)-18, tumour necrosis factor-a and

1L-10

Zou et al. (2018)

Cellular and immunological intestinal in-

flammation (mRNA)

IL-8, IL-173, transforming growth factor (TGF)-534,
and fatty acid-binding protein

Chen et al. (2015)

Extracellular signal-regulated kinase

Serum enterocyte biomarkers
Citrulline

IFN-vy

Baxter et al. (2019)

Serum immune biomarkers
Secretory IgA

Circulating inflammatory and redox

markers

1L-3, IL-6, IL-4, IL-18, and tumor necrosis factor-«,
chemokines (CCL-20), and NOD-like receptor fam-

Mullenix et al. (2021)

ily pyrin domain containing three inflammasomes

Indirect way to evaluate short-chain fatty Peptide YY

acids

Tellez et al. (2020)

Serum and feces intestinal inflammation Calprotectin

Dal Pont et al. (2021)

ion conductivity, and cellular signaling (Sharma et al.,
2010). Prokaryotes, the most primitive organisms on
the planet, have taught cell scientists about the ex-
traordinary properties of the cell membrane. This or-
ganelle represents not only the protective permeable
exterior barrier of the cell but also the brain of the
cell ("mem-brain”) (Lipton, 2016). Like eukaryotes,
prokaryotes, including bacteria and other microorgan-
isms, have membranes surrounding a droplet of cyto-
plasm. Prokaryotes acquire nutrients, communicate,
excrete, and even process information in a ”"neurolog-
ical” way (Desvaux et al., 2009; Lazcano and Peretd,
2021). They can detect the presence of nutrients, tox-
ins, and predators adopting powerful escape techniques
to preserve their viability (Liversidge, 1993). How-
ever, the nucleus and mitochondria in more evolved eu-
karyotic cells are absent in the prokaryotic cytoplasm.
Thus, only the cell membrane can be considered a
contender for the ”prokaryote’s brain” (Lipton, 2016).
Any damage to this organelle compromises the biology
of the prokaryotic cell or the eukaryotic cell.

On the other hand, according to endosymbiotic the-
ory, several essential eukaryotic organelles evolved from
symbiotic relationships between prokaryotes. Two bil-
lion years ago, an endosymbiont, a free-living bac-
terium, was incorporated into a host cell (Sagan, 1967).
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According to available evidence, both mitochondria
and chloroplasts descended from proteobacteria and
cyanobacteria, respectively, during the evolution of life
(Gray, 2017). On our planet, that symbiotic associa-
tion changed the course of evolution indefinitely. Mi-
tochondria, commonly known as the ”powerhouse of
eukaryotic cells,” have a membrane structure compa-
rable to the cell membrane. Nevertheless, in addi-
tion to providing energy to the cell, mitochondria are
crucial for several cellular metabolic processes, includ-
ing signal transduction and apoptosis (Osellame et al.,
2012). Because mitochondrial injury and dysfunction
affect cell metabolism, they are implicated in many
animal and plant illnesses (Frye et al., 2016). As biol-
ogist Nick Lane colorfully puts it, ”mitochondria rule
the world” (Lane, 2013). Avian species are not the
exception (Kimball et al., 2021). Oxidation of lipids
in membranes occurs because persistent inflammation
produces reactive oxygen species. Hence, oxidative
stress has profound implications during this reactive
oxygen species misbalance (Niki et al., 1991; Itri et al.,
2014). The disruption of cell and mitochondrial mem-
branes is detrimental to cell function (Collett, 2012;
Loépez-Gonzélez et al., 2015). Not surprisingly, in hu-
mans, chronic stress and inflammation have been iden-
tified as the ”secret killers” for these reasons (Korniluk



et al., 2017). However, the concept also applies to poul-
try (Mishra and Jha, 2019).

All biological and physiological processes are bal-
anced for the various microbiomes found on mucosal
surfaces (Tlaskalovd-Hogenovd et al., 2004). Loss of
balance of the microbiota (dysbiosis) in the GIT is asso-
ciated with intestinal inflammation leading to loss of in-
testinal integrity (Weiss and Hennet, 2017). The com-
position of feed and the viscosity of intestinal contents
influence the development of the microbial population
in the GIT, especially in the small intestine (Tellez
et al., 2014). Exogenous enzymes must be added to
high non-starch polysaccharides (NSP)-monogastric di-
ets to avoid anti-nutritional effects associated with ex-
cessive viscosity, intestinal irritation, and decreased
performance (Bedford and Classen, 1993; Choct et al.,
1995; Kiarie et al., 2013); Furthermore, researching in
chickens and turkeys revealed that rye fed as an energy
source enhanced digesta viscosity, bacterial transloca-
tion, and leakage of fluorescein isothiocyanate-dextran
(FITC-d), affecting the microbiota composition as well
as bone mineralization (Tellez et al., 2014, 2015). The
grain’s nutritional value will determine the usage of
energy sources in chicken diets.

Low-grade intestinal tract damage and inflamma-
tion may cause poor feed efficiency, which is extremely
costly to the poultry industry (Porter, 1998). Endoge-
nous and exogenous factors influence the homeostatic
balance of the host GIT (Figure 1). These factors
may benefit or negatively impact the host (Dal Pont
et al., 2020, 2021). Any cause of stress, regardless of
its origin, will promote an inflammatory response. The
effects of stressors, including biological factors, nutri-
tional factors (Solis-Cruz et al., 2019; Morales-Mena
et al., 2020; Hernandez-Ramirez et al., 2021), environ-
mental factors (Kim and Patterson, 2003), and chem-
icals (Morales-Barrera et al., 2016) on oxidative stress
and inflammation in poultry is shown in Figure 2. All
of the factors represent different types of stress capa-
ble of inducing inflammation and disrupting the mi-
croflora, causing dysbacteriosis (Iebba et al., 2016).
Additionally, chronic stress and inflammation cause
malabsorption by severely impairing nutrient acquisi-
tion and water reabsorption (Mishra and Jha, 2019).

Determining the best microbiome for chickens is an
ongoing area of research for poultry scientists, nutri-
tionists, and flock managers. A healthy and diverse mi-
crobiome can improve chickens’ overall health, growth,
and productivity. To determine the best microbiome
for chickens, researchers and flock managers usually
follow these steps: i) Literature review: Researchers
consult existing literature and studies to gather infor-
mation on the composition of a healthy chicken mi-
crobiome. This includes beneficial microbes known to
have positive effects on chicken health, growth, and
productivity (Oakley et al., 2014). ii) Analyzing sam-
ples: Researchers and flock managers collect samples
from healthy chickens, such as fecal or intestinal sam-
ples, to identify the types and proportions of microbes
present. This information can serve as a benchmark for
a healthy microbiome (Yeoman et al., 2012), iii) Exper-
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imental trials: Researchers conduct controlled experi-
ments with various diets, supplements, or probiotics
to determine their effects on the chicken microbiome.
They also monitor chickens’ health, growth, and pro-
ductivity to identify positive correlations between spe-
cific microbial populations and desired outcomes (She-
hata et al., 2022b). iv) Metagenomic sequencing: Ad-
vances in technology, such as metagenomic sequenc-
ing, have made it possible to analyze the entire ge-
netic material of the microbial communities within a
sample. This provides a more comprehensive under-
standing of the microbiome’s diversity and function
(Feye et al., 2020). v) Data analysis and modeling:
Researchers analyze and model the collected data to
identify patterns and relationships between the micro-
biome’s composition and chicken health, growth, and
productivity. This helps them determine the optimal
microbiome (Diaz Carrasco et al., 2019).

Intestinal homeostasis is defined as the absence of
inflammation and the absence of excessive secretions
(water or mucus) within the intestinal tract (Gabriel
et al., 2006). Physiological inflammation is ongoing
during intestinal homeostasis as a controlled response
to maintain tolerance to dietary antigens and the com-
mensal microbiota and to prevent damage to the ep-
ithelium (Kogut et al., 2018). However, when in-
duced, a pro-inflammatory cascade promotes an in-
flux of immune cells and plasma proteins to the af-
fected area, which can cause excessive fluid secretion,
especially during chronic inflammation (Noguchi et al.,
1998). The inflammatory response is an energetically
expensive process, and rather than being partitioned
for growth or protein accretion, nutrients are diverted
to the host inflammatory response (Korver, 2012). It
has been reported that inflammation, fever, and al-
tered organ metabolism result in muscle catabolism
and anorexia during the acute phase responses in chick-
ens challenged with LPS, reducing body weight growth
by 22%, but only 59% of this reduction was due to a de-
crease in caloric intake during the challenge with LPS.
Thus, additional mechanisms such as the immunolog-
ical response were responsible for 41% of the body
weight gain depression (Jiang et al., 2010). Damage
to the intestinal epithelial barrier increases permeabil-
ity, promotes inflammation, and reduces the surface
area available for nutrient absorption (Dunaway and
Adedokun, 2021). Additionally, factors that slow gut
transit time and increase the viscosity of digesta, such
as diets high in NSP without the addition of exoge-
nous enzymes, are associated with dysbacteriosis and
intestinal inflammation that negatively impact perfor-
mance (Tellez et al., 2014). Undigested feed in the fecal
droppings indicates digestive malfunction (Yegani and
Korver, 2008).

Because urine and feces are ejected concurrently
through the cloaca, it is difficult to separate increased
urine output or polyuria from increased fecal water loss
or diarrhea in poultry. This increase in water excretion
is frequently caused by physiological diuresis or diar-
rhea. However, pathological changes caused by nutri-
tion can exacerbate polyuria by hindering water recov-



ery or diarrhea by inducing enteritis (Collett, 2012).
On the other hand, watery intestinal contents may oc-
cur due to excessive digestive secretions or an osmotic
effect of the diet due to composition or electrolyte im-
balances (Francesch and Brufau, 2004). Inflammation
of the renal or gastrointestinal lining compromises wa-
ter and nutrient transfer, which increases the amount
of water, mucus, and non-digested nutrients in the exc-
reta (Dunaway and Adedokun, 2021). Besides loading
the litter with water, the mucus and non-digested lipids
reduce the litter’s water-buffering capacity and exacer-
bate the consequences of flushing (Collett, 2012). In-
fections or toxins can also cause excessive secretion by
the intestinal cells (Sears and Kaper, 1996).

Enteric inflammation in poultry is often related to
the passage of undigested feed and increased intestinal
permeability. Heat stress, enteropathogens, or distur-
bances in nutrition may cause chronic intestinal inflam-
mation. Enteric inflammation, epithelial cell death,
and leaky gut affect feed efficiency, litter moisture,
and water consumption. Several manuscripts have de-
scribed the economic implications of heat stress, coc-
cidiosis, or necrotic enteritis, causing billions of dollars
to the poultry industry. Nevertheless, while this re-
view is focused on broiler chickens, the biological and
pathological consequences of chronic stress and chronic
intestinal or systemic inflammation apply to all eu-
karyote or prokaryote organisms. The ability to in-
duce gut inflammation in-vivo and the tools (biomark-
ers) to evaluate such physiological changes in poul-
try are of supreme importance to consider nutraceu-
ticals as feed additives with promising antioxidant,
anti-inflammatory, and immune modulator capabilities
to help scavenge redox molecules. They are, there-
fore, potentially effective in reducing chronic oxidative
stress and inflammation in the gastrointestinal system
of modern poultry operations.

Countermeasures

Since the origin of intestinal inflammation and oxida-
tive stress is multifactorial, it is important to mention
that its prevention must include various approaches.
Using probiotics, prebiotics, and phytogenic substances
is one of the main strategies for improving nutrient
utilization (Shehata et al., 2022a). This strategy is fo-
cused on reducing the colonization of various pathogens
associated with the induction of inflammatory pro-
cesses in GIT. The complex interaction of these mi-
croorganisms in relation to the intestinal microflora
plays a decisive role in their use and the correct ef-
fect in modulating the natural microflora of the host.
Coupled with the use of dietary components such as es-
sential oils (Zou et al., 2016) and trace minerals (Chen
et al., 2022), turn out to be possibly successful strate-
gies for reducing these negative effects of chronic in-
flammatory and stress oxidative on the GIT.

Outlook

The study and understanding of the complex relation-
ship between microflora, diet, environment, genetic fac-
tors, as well as the components of the diet of production
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animals, particularly production birds, make this mul-
tidisciplinary approach one of the branches of nutrition
with a greater impact in the future before the current
remains of food production worldwide.
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