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Maintaining and optimising the intestinal barrier (IB) function in poultry has important implications for
the health and performance of the birds. As a key aspect of the IB, intestinal permeability (IP) is mainly
controlled by complex junctional proteins called tight junction proteins (TJ) that link enterocytes
together. The disruption of T] is associated with increased gut leakage with possible subsequent impli-
cations for bacterial translocation, intestinal inflammation, compromised health and performance of the
birds. Despite considerable data being available for other species, research on IP in broiler chickens and in
general avian species is still an understudied topic. This paper reviews the available literature with a

Keywords: . . . . . . . . . .
IntJ;:Stinal barrier function specific focus on IP in broiler chickens with consideration given to practical factors affecting the IP,
Permeability current assessment methods, markers and nutritional modulation of IP. Several experimental models to

induce gut leakage are discussed including pathogens, rye-based diets, feed deprivation and stress-
inducing agents such as exogenous glucocorticoids and heat stress. Although various markers
including fluorescein isothiocyanate dextran, expression of T] and bacterial translocation have been
widely utilized to study IP, recent studies have identified a number of excreta biomarkers to evaluate
intestinal integrity, in particular non-invasive IP. Although the research on various nutrients and feed
additives to potentially modulate IP is still at an early stage, the most promising outcomes are anticipated
for probiotics, prebiotics, amino acids and those feed ingredients, nutrients and additives with anti-
inflammatory properties. Considerable research gaps are identified for the mechanistic mode of action
of various nutrients to influence IP under different experimental models. The modulation of IP through
various strategies (i.e. nutritional manipulation of diet) may be regarded as a new frontier for disease
prevention and improving the health and performance of poultry particularly in an antibiotic-free

production system.
© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction unambiguous definitions of both are required to accurately assess

their roles in disease and disease prevention (Bischoff et al., 2014).

Intestinal barrier (IB) function and intestinal permeability (IP)
are terms often used to refer to intestinal health. However,
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The changes in IP are not necessarily accompanied by changes in
the component of IB, such as the production of mucus IgA or
antimicrobial compounds (Wells et al., 2017). The IB broadly con-
sists of 3 components: firstly, a physical barrier (mucin, intestinal
epithelial cells lining and tight junctions [T]]); secondly, chemical
component (cytokines, immune cells and digestive secretions etc.);
and thirdly, modulation by gastrointestinal tract (GIT) microbiota
(Bischoff et al., 2014). Goblet cells in the intestinal epithelium
secrete mucin, which are important physical barriers (Wells et al.,
2017). Moreover, intestinal cells are linked together with
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structural proteins providing a physical barrier as explained later
specifically. The chemical barrier includes mesenchymal cells,
dendritic cells, macrophages and lymphocytes (Celi et al., 2017)
that also interact with microbiota (Wells et al., 2017). The chemical
barrier also includes digestion secretions, including enzymes which
are further affected by diet form, fiber, protein, starch and feed
supplements (Celi et al,, 2017). There are in general strong in-
teractions between these barriers making it a complex structure to
influence. The microbial barrier is particularly influenced by many
factors including nutrition and health of the host and interacts with
the immune system (chemical barrier), strongly impacting diges-
tion and health of the host (Celi et al., 2017; Salzman, 2011). In-
testinal permeability, resulted from disruption of physical barrier,
refers to epithelial permeability as described by electrophysiolo-
gists using Ussing Chambers for in vitro tissue research and is thus a
measurable feature of the IB (Clarke, 2009; Hering et al., 2012).

Special adhesive protein complexes, comprising desmosomes,
adherens junctions (AJ) and TJ, join intestinal cells and allow se-
lective IP through paracellular and transcellular pathways. Des-
mosomes and A] link cells together mechanically whilst TJ,
including occludin, zonula occludens (ZO) and junctional adhesive
molecules link epithelial cells apically (Groschwitz and Hogan,
2009). In contrast to many poultry studies on TJ, there is a
paucity of reported data on desmosomes and A] in avian species.
Molecules and solutes can be transferred from the gut lumen to the
blood via transcellular pathway (through various transporters) or
paracellular pathway through TJ], desmosomes and AJ]. Where this
barrier is compromised, the passage of specific molecules such as
sugars or electrolytes across the epithelium to submucosal sites or
the portal blood may increase, which is described as increased IP
(Gilani et al., 2016). Thus, increased IP may facilitate the passage of
harmful substances from the gut lumen via portal blood to target
organs such as liver or spleen. Furthermore, bacterial chon-
dronecrosis with osteomyelitis most commonly caused by Staphy-
lococcus aureus, may be a result of the adherence of blood-borne
bacteria to exposed cartilage at the growth plates of bones and is
estimated to be the most common cause of lameness in broiler
chickens (McNamee and Smyth, 2000). Subsequently, increased
inflammation and compromised health and performance may
occur in birds when IP is increased. Therefore, maintaining the IB
and optimal IP can be regarded as a new frontier for disease
resistance and influencing the health and performance of animals
(Vancamelbeke and Vermeire, 2017). Interestingly, some reports in
humans suggest that IP can be increased without side-effects on
health, as it happens just after exercise, as reviewed by Gonzdlez-
Gonzdlez et al. (2019). However, in most animal studies and
models, IP is indeed induced with a stressor, therefore increasing IP
under a healthy situation requires further elucidation.

It is important to note that an increased IP does not necessarily
lead to an increased bacterial translocation. In human research,
Quigley (2016) suggested that there are no data to prove that
increased IP can lead to the elevated passage of bacteria and sub-
sequent series of events such as celiac disease, irritable bowel
syndrome and other digestive disorders. However, there have been
many reports on bacterial translocation and various markers
including fluorescein isothiocyanate dextran (FITC-d) with a mo-
lecular weight of 3,000 to 5,000 Da; some of these studies have
been summarized in Table 1. The exact pathogenesis of passing
bacteria, toxins or molecules like FITC-d to blood and internal or-
gans such as liver is not clearly understood and is still under
investigation. This is not only critical in production animals, where
humans may be exposed directly via ingestion (Campylobacter and
Salmonella related health issues) (Salmonella and Campylobacter in
chicken meat: meeting report, 2009) but also important in wildlife
where viruses may cause zoonotic diseases as suggested by recent
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work on avian viruses (Francois and Pybus, 2020) and welfare
(Wideman Jr, 2016). There has been substantial interest in the in-
testinal health of production animals as recently reviewed (Oviedo-
Rondon, 2019). However, intestinal health is a vast research subject,
including abundant literature on the impact of GIT microbiota
composition on bird health and performance. Because IP is the last
physical defence mechanism in the GIT for animals, this review
focuses only on permeability, with the main emphasis on broiler
chickens. The main objectives of this review are to summarise
recent literature, understanding of increased IP, experimental fac-
tors affecting IP and selected studies suggesting possible nutritional
modulation of IP.

2. Methods to evaluate intestinal permeability

Various ex vivo, histological or marker methods have been used
to assess IP in chickens. Markers of IP in chickens have been
summarized by Gilani et al. (2016). A complete list of potential
assays for permeability and GIT barrier function for use in poultry
and some other domesticated animals have already been reviewed
and are not intended to be repeated herein (Celi et al., 2019;
Ducatelle et al., 2018). Transepithelial electrical resistance (TEER)
is measured by utilising an Ussing chamber and is an effective and
sensitive ex vivo method to assess IP on intestinal tissues har-
vested from animals. The method is based on measuring the short-
circuit current as an indicator of ion transport between the apical
and basolateral sides of the epithelium. However, the ex vivo
method poses limitations in animal experiments as fresh intestinal
tissues must be used (Wells et al., 2017), and it may not fully reflect
the real-time changes in IP.

As for in vivo techniques, orally administered large molecular
size sugars, including lactulose (382 Da), mannitol (182 Da),
rhamnose (164 Da) and their ratios can be utilized to measure the
increased passage of these sugars via transcellular and paracellular
pathways for assessment of changes in IP. These sugars remain
intact in the GIT and their presence and concentrations in blood
may be measured by ionic chromatography. Higher sugars in the
blood indicate compromised IP, although healthy animals still have
some permeability as cell lining is not a sealed wall structure
(Tooley et al., 2009). Similarly, FITC-d (3,000 to 5,000 Da), which
passes through paracellular pathways, has been the most widely
used assay to measure IP in chickens. The basic principle is the
same as for dual sugars assays. However, FITC-d is measured
spectrophotometrically instead of chromatographically (Gilani
et al., 2018a; Vicuna et al., 2015b). The FITC-d assay measures IP
throughout the GIT and is not only specific to the small intestine.
Interestingly, FITC-d in the duodenum was significantly higher in
fasting, dextran sodium sulphate (DSS) and rye diet compared to
control. However, FITC-d in the ileum and ceca was only signifi-
cantly higher in fasting treatment (Vicuna et al., 2015b). This may
suggest that major uptake of FITC-d is in the duodenum with
variation depending on the treatment. The methodology of FITC-
d has been criticised by Hollemans et al. (2020) suggesting it re-
quires further validation and accounting for intestinal feed residue
by introducing a period of short-term fasting. This suggestion may
be questionable as Gilani et al. (2018a) found that short-term
fasting (4.5 h) itself indeed increased IP, therefore potentially
masking or confounding the effects of dietary factors or study pa-
rameters for which the permeability assay is conducted. Addi-
tionally, Hollemans et al. (2020) used a higher concentration of
FITC-d (3.8 vs. 2.2 mg), a lower solution volume (0.35 vs. 1 mL), and
a different sampling time (120 vs. 150 min) compared to the pre-
vious studies. Nevertheless, FITC-d remains the most widely used in
chicken experiments. Any further adjustment of the FITC-d assays
requires establishing the significance or otherwise of the intestinal
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Dextran sodium sulphate

Fasting

Heat stress

Lipopolysaccharide
Clostridium perfringens
Rye

(1) Sal + Heat stress;
(2) Sal + Coccidiosis;
(3) Sal; (4) Sal +
Coccidiosis;

(5) Sal; (6) Sal

(1) Stocking density;
(2) feeding fines

Used litter

No challenge

(1) FITC-d; (2) FITC + Lactulose sugars; (3) FITC-d

(1) FITC-d; (2) FITC-d; (3) Iohexol; (4) Lactulose sugars; (5)
FITC-d; (6) FITC-d + BT

(1) TEER; (2) FITC-d + TJ; (3) FITC-d; (4) TEER + FITC-d; (5)
FITC-d; (6) FITC-d + TJ; (7) TEER; (8) TEER

(1) Lactulose, FITC-d; (2) Diamine oxidase + D-lactate
FITC-d + Endotoxins

(1) FITC-d + BT; (2) Endotoxins and fatty acid binding
protein gene; (3) BT; (4) FITC-d; (5) FITC-d + BT

(1) Salmonella proliferation increased in liver; (2) FITC-

d + BT; (3) Clostridium perfringens; (4) FITC-d; (5) FITC-d; (6)
mRNA of occludin and claudin

(1) lipopolysaccharide in blood; (2) FITC-d

(1) FITC-d; (2) Endotoxins
FITC-d

reduced IP
(1) Increased by Rye diet; (2) NA; (3) Reduced by paddy rice

(1 to 3) NA; (4) Olive pomace had no effect; (5) IP increased
by glutamine/Sodium butyrate; (6) IP reduced by humic
acid

(1 to 3) NA; (4) Prebiotics reduced FITC-d; (5) IP reduced by
spray dried plasma; (6) Some effect of Resveratrol; (7) IP
improved by betaine.

(1) NA; (2) IP reduced by clinoptilolite clay

Reduced by a combination of chelated and inorganic zinc
(1 to 3) NA; (4) Reduced by salinomycin; (5) IP impacted by
breed line and corn or rye diets

(1 to 2) NA; (3) Prebiotics reduced translocation; (4) IP
reduced by probiotics; (5) IP reduced by boric acid; (6)
mRNA expressions increased by Zn.

(1) Plasma lipopolysaccharide increased by stocking
density; (2) IP increased by feeding fines

(1) IP reduced by phytogenic; (2) IP reduced by probiotics
IP increased by formaldehyde and Amasil but reduced by
silo health compounds

Table 1
Summary of studies for models, method of evaluation and nutritional modulation of intestinal permeability (IP) in chickens.'
Models Method of IP assessment Dietary changes affecting IP References
Aflatoxins (1) Bacterial translocation (BT); (2) FITC-d + BT; (3) (1 to 2) NA; (3) Increased protein reduced IP (1) Galarza-Seeber et al., 2016; (2) Hernandez-Ramirez et
Lactulose al. (2020); (3) Chen et al. (2016)
Campylobacter (1) Escherichia coli in liver; (2) Bacterial translocation (1) NA; (2) Bacterial translocation (reduced with probiotics (1) Awad et al. (2016); (2) Gibbs et al., 2016
and enzymes)
Coccidiosis (1) TEER; (2) Fecal ovo-transferrin; (3) FITC-d; (4) FITC- (1 to 5) NA; (6) Zn reduced IP; (7) Organic acid reduced IP; (1) Murugesan et al. (2014); (2) Goossens et al., 2018; (3)
d + TJ; (5) FITC-d + ZO-1,JAM, occludin; (6) FITC-d; (7) FITC- (8) IP reduced by coated Sodium butyrate. (9) IP reduced by Chadwick et al. (2020); (4) Teng et al. (2020); (5) Schneiders
d and BT; (8) Escherichia coli; (9) FITC-d 0.5% glutamine et al. (2020)
(6) dos Santos et al., 2020; (7) Pham et al. (2020); (8) Song
et al. (2017); (9) Oxford and Selvaraj, (2020)
Dexamethasone (1) FITC-d + BT; (2) FITC-d; (3 to 4) FITC-d (1 to 2) NA; (3) Protein tended to reduce IP; (4) Arginine (1) Vicuna et al. (2015a); (2) (Macalintal et al., 2019); (3)

Barekatain et al. (2019a); Barekatain et al. (2019b)

(1) Vicuna et al. (2015b); (2) Gilani et al. (2017b); (3) Murai
et al. (2018)

(1) Vicuna et al. (2015b); (2) Baxter et al. (2017); (3)
Wilhelm et al., 2020; (4) Herrero-Encinas et al. (2020); (5)
Gilani et al. (2018b); (6) Maguey-Gonzalez et al. (2018)

(1) Goo et al. (2019a); (2) Tabler et al. (2020); (3) Ruff et al.
(2020); (4) Song et al. (2013); Song et al. (2014); (5) Ruff et
al. (2020); (6) Zhang et al. (2017); (7) Shakeri et al. (2018) &
(8) Shakeri et al. (2020)

(1) Gilani et al. (2016); (2) Wu et al. (2013)

Zhang et al. (2019)

(1) Tellez et al. (2015); (2) Chen et al. (2015); (3) Latorre
et al. (2015); (4) Naghizadeh et al. (2019); (5) Baxter et al.,
2019

(1) Quinteiro-Filho et al. (2012); (2) Latorre et al. (2018); (3)
Shao et al. (2013); (4) Hernandez-Patlan et al. (2019b); (5)
Hernandez-Patlan et al. (2019a); (6) Zhang et al. (2012)

(1) Goo et al. (2019b); (2) Kenny (2019)

(1) Vieira et al. (2020); (2) Murugesan et al. (2014)
Feye et al. (2019)

1 Studies are given a number from 1 to 9 in parentheses within each row of the table in the order of given references.

FITC-d = fluorescence isothiocyanate dextran; BT = bacterial translocation; NA = not applicable; TJ = tight junction proteins; ZO-1 = zonula occludens-1; JAM = junctional adhesion molecule. TEER = transepithelial electrical
resistance; Sal = Salmonella.
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feed residue and the extent of the effect of body weight on FITC-
d passage through the intestine in chickens.

Recently, a study in laying hens utilized a radiographic (not
radioactive) marker, loxhale (Wilhelm et al., 2020). Whilst the basic
principle is the same as previously mentioned, it could potentially
provide more insight for tissue-specific leakage given its radio-
graphic nature. The expression of T] is also an indirect qualitative
assessment of IP due to their pivotal roles in controlling perme-
ability. Nevertheless, there is a general consensus that applying a
suite of markers is superior to using a solitary one for reliable
assessment of IP. For example, this is highlighted in some studies
where TEER or FITC-d is affected and no disruption of T] was
observed (Goo et al., 2019b; Pham et al., 2020). Biomarkers spe-
cifically originated from biological samples include but not limited
to intestinal fatty acid binding protein, c-antitrypsin inhibitor,
diamine oxidase, D-lactate and lipopolysaccharide in blood. These
biomarkers can be measured in blood and provide a good indica-
tion of GIT health. However, results have been contradictory with
different models (Gilani et al., 2016, 2017a, 2017b) hence require
further research. Collectively, most of the assessment methods
currently utilised are invasive and require blood collection or
euthanizing animals for tissue collection. Therefore, there is an
ongoing effort to identify biomarkers that can be detected in
excreta or faecal material to facilitate on-farm assessment of GIT
leakage (De Meyer et al., 2019). Noteworthy, two recent studies
investigated faecal biomarkers in chickens. Goossens et al. (2018)
discovered faecal ovotransferrin can be released under coccidiosis
and necrotic enteritis stress models and can be detected in excreta.
They, however, cautioned that ovotransferrin is heat-labile and thus
requires testing fresh excreta. More recently, Barekatain et al.
(2020b) documented changes in concentrations of intestinal alka-
line phosphatase, ovotransferrin and fibronectin in excreta samples
of birds subjected to a leaky gut model suggesting that these pro-
teins can be regarded as non-invasive biomarkers of IP when
assessed in excreta. These authors also observed a tendency for
elevated lipocalin-2 in excreta as a potential biomarker. For prac-
tical and field application of IP, various validation studies are
required, and the excreta samples have the potential to be used as a
non-invasive method of IP assessment. Nevertheless, the type of
marker utilized to assess the IP remains as a significant cause of the
discrepancy between the studies and therefore comprehensive
validation studies of different assays are warranted.

3. Factors affecting intestinal permeability investigated in
broilers

Intestinal permeability is fundamentally influenced by
numerous cellular and molecular factors in addition to the inter-
action between intestinal microbiota and the host metabolism and
their manifestation on IB and resulting changes in IP (Barekatain
et al., 2021; Ren et al., 2020). The review of all these factors is
outside of the scope of this paper and thus this section only focuses
on practical factors based on available published literature specific
to poultry.

3.1. Gender, genetics and age

Although most studies for IP have been conducted on male
chickens, it is important to note that gender did not appear to have
a significant impact on IP when measured by TEER and lipopoly-
saccharide (LPS) in the blood (Goo et al., 2019a).

It is known that the rate of intestinal development in chickens
rapidly increases post—hatch, peaks at 6 to 10 d of age and declines
in relative growth term after 21 d (Lilburn and Loeffler, 2015).
However, only recent observations in birds suggest IP increases in
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the first 2 weeks and subsequently decreases in weeks 3 and 4
post—hatch (Duff et al., 2020). Similar trends were observed in
another study in young chickens at 2, 5 and 7 d post—hatch (Gilani
etal., 2018b). In both studies, FITC-d was used as a biomarker in the
treatment groups. Accordingly, it is prudent to conclude that age
could play an important role in IP determination and comparisons
should be drawn with caution when comparing different studies
even within the same breed. Additionally, it also suggests that
young chickens may have higher IP in general, resulting in
improved pathogen success rates in inflammation and mortality.
Two studies investigated leaky gut in jungle fowl and 2 Cobb
lines (1995 vs. 2015 as slow or modern fast-growing lines) (Tabler
et al,, 2020). Jungle fowls were observed to have less gut leakage
at 10 d of age compared to two modern lines offered corn or rye-
based diets. However, when measured at 20 d post—hatch using
corn-based diets, Jungle fowl exhibited higher IP than the 2 modern
lines (Tabler et al., 2020). This suggests that some breeding lines
may be inherently different in their intestinal functionality result-
ing in different IP. Additionally, the effect of age for one strain may
not be comparable to another strain. Confirmation of an age effect
in 29-d-old Jungle fowl (higher IP) compared to other 2 lines (lower
IP) has been observed (Baxter et al., 2019). Furthermore, there can
be interactions between breed, ambient temperature, and diet
(Baxter et al., 2019; Tabler et al., 2020). Hence, it is important to
consider birds’ strain and age when investigating IP in broilers.

3.2. Nutritional factors

Drastic changes in diet composition from rye to corn and vice
versa have been shown to affect IP. Corn-to rye-based dietary
changes exhibited increased IP compared to rye—rye changes
(Baxter et al., 2019). This may suggest that timing of diet changes
from starter to grower or finisher may also impact IP. Thus,
recording details of these parameters in the future may help to
understand some additional commercial challenges in poultry
production in relation to IB and enteric disorders. Similarly, the
impact of rye-compared to corn-based diets on IP illustrated by
Tabler et al. (2020) has also been observed in other studies as
shown in Table 1.

Gharib Naseri et al. (2018) observed that FITC-d in birds fed rye-
based diet was higher compared to birds fed wheat or barley diets.
However, there was no significant difference between birds offered
wheat or barley-based diets. Rye contains high levels of non-starch
polysaccharides (NSP), which increases the viscosity of the digesta
and can lead to intestinal inflammation and an elevated IP (Tellez
et al.,, 2015). This suggests that NSP may play a bigger role in IP
increment than cereal type. Furthermore, there may also be an
interaction between cereal type (or NSP) and different genotypes,
as shown by Tabler et al. (2020) and Baxter et al. (2019). This may
suggest that compositional changes when switching feed between
starter, grower and finisher may also affect IP in modern broilers,
but this has not been fully investigated.

Similar to NSP, reducing dietary crude protein has shown a trend
towards increased IP in chickens compared with birds fed higher
concentrations of amino acids (Barekatain et al, 2019b). The
composition and source of protein such as meat and bone meal may
also impact IP (Zanu et al., 2020). Protein or amino acids are required
for body functions and growth; hence deficiency or excess avail-
ability of protein or amino acids can impact intestinal function. This
requires further research, including the sources of protein (vegetable
or alternative protein sources). Additionally, fats (saturated and un-
saturated), energy and its ratio to the protein on increasing IP in
healthy and stressed birds warrant future studies. These factors will
be discussed further in the paper as part of dietary interventions to
influence IP.
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3.3. Stocking density

High stocking density can create stress through either moderate
heat stress (Feddes et al., 2002) or stress from feeding competition
(Cengiz et al., 2015) due to limited space in meat-type intensive
chicken production. Increasing stocking density to 30 birds/m?
(39.6 kg/m?) has been shown to significantly increase IP, but no
significant effect was observed when stocking density of 25 birds/
m? (33 kg/m?) was applied (Goo et al., 2019a). This may have an
implication on different rearing standards e.g. in the UK conven-
tional vs. free-range guides (33 to 39 kg/m? vs. 25 kg/m?) (UK
farmed animal regulation, 2007).

4. Experimental models to increase intestinal permeability
based on disease challenges and various stress factors

4.1. Protozoa, bacteria or toxins

In addition to the nutritional factors discussed in the previous
section, a number of models have been developed for investigating
GIT health in animals other than chickens, as reviewed by
Gonzalez-Gonzalez et al. (2019). However, until recently, a limited
number of models have been developed in chickens to induce IP. In
this review, studies were selected where markers were studied
in vivo, including FITC-d, lactulose-to-rhamnose (L:R) and/or
lactulose-to-mannitol (L:M) ratios, or expressions of TJ, i.e., ZO,
occludin. Table 1 shows selective studies on different experimental
models developed in chickens. This includes pathogens such as
protozoa, Eimeria or coccidiosis, bacteria (Campylobacter, Clos-
tridium perfringens and Salmonella spp.), toxins (LPS or aflatoxin),
stress-inducing agents (dexamethasone (DEX) and DSS, reuse of
bedding materials and feed withdrawal.

Coccidiosis in either clinical or subclinical form results in per-
formance losses to the poultry industry and compromises bird
health and welfare (Williams, 2005). Being a field-relevant model,
this may have been the reason that coccidiosis was utilized as a
model to induce gut leakage in chickens. Models can be divided into
2 major categories. In the first category, coccidiosis causative agents
like Eimeria maxima, tenella and acervulina were used as a sole
agent to increase IP (referred hereafter as the Cocci model) (dos
Santos et al., 2020; Goossens et al., 2018; Murugesan et al., 2014;
Teng et al., 2020). These models utilized Cobb and Ross birds and
showed a significant increment in IP measured by FITC-d (dos
Santos et al., 2020), ovotransferrin in feces (Goossens et al., 2018)
or TEER in intestinal tissue (Murugesan et al., 2014). In the second
category, additional stress or agent was utilized (referred hereafter
as the Cocci plus). In the Cocci plus models, mainly C. perfringens
was also inoculated in birds after the coccidiosis challenge
(Goossens et al., 2018; Pham et al., 2020; Song et al., 2017) where
increased IP was either measured by FITC-d in serum or fecal
ovotransferrin in birds of 4 weeks of age or older. Coccidiosis has
been known to increase intestinal inflammation, reduce villi length,
impair nutrient absorption and increase plasma proteins in
chickens (Williams, 2005). A recent study showed that IP was
increased in the Cocci plus heat stress (HS) model when FITC-d was
measured in serum. However, in the same study there was no
correlation between FITC-d and mRNA expression of ZO-1, junc-
tional adhesion molecule —2, occludin and claudin-1 (Schneiders et
al., 2020). It is possible that broiler strain (Ross-708 vs. Ross 308 and
Cobb) or Eimeria dose (single E. maxima vs. cocktails of E. maxima, E.
tenella and E. acervulina) or combination (coccidiosis with HS vs.
C. perfringens) may have played a role in different results.

Food safety has been a major focus from human health per-
spectives where Campylobacter and Salmonella have caused food-
borne diseases (Salmonella and Campylobacter in chicken meat:
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meeting report, 2009). Chickens with increased IP can increase
incidences of Campylobacter and Salmonella as these pathogens
may be translocated from GIT lumen to liver or edible portions
leading to increased incidence of food poisoning in humans.
Campylobacter and Salmonella both have been shown to impact GIT
villi structure and increase intestinal inflammation (Awad et al.,
2016; Shao et al., 2013). Campylobacter has been shown to in-
crease IP measured by the bacterial translocation of either
Campylobacter and/or Escherichia coli in the liver (Awad et al., 2016).
Similarly, the Salmonella model has been utilized to increase IP
either alone (Hernandez-Patlan et al., 2019a; Shao et al., 2013;
Zhang et al., 2012), in combination with coccidiosis (Hernandez-
Patlan et al., 2019b; Latorre et al., 2018) or with HS (Quinteiro-
Filho et al,, 2012). All these models have been shown to increase
IP either measured by FITC-d or increased bacterial translocation.
An interesting observation to note in Salmonella models is that
these studies utilized Arbor Acre or Cobb birds (not Ross birds).
Additionally, in models with Cocci, Campylobacter and Salmonella,
birds were offered mainly corn-based diets although in some cases,
wheat-based diets have also been used (Goossens et al., 2018). This
suggests that more studies with Ross birds and wheat as the main
cereal (or mixed type of diets) is required to understand increased
IP and its impact on food safety in nutritional studies.

Similar to bacterial models that can induce intestinal inflam-
mation and increase IP, bacterial toxins or outer coats like LPS may
induce stress in the GIT. LPS has been demonstrated to increase IP in
chickens when measured by D-lactate and diamine oxidase (DAO)
(Wu et al., 2013). However, contrary to this, Gilani et al. (2017a)
have shown in a series of experiments that LPS did not impact IP
in chickens assessed by different markers. Although LPS (E. coli
serotype 055) utilized in both studies was the same, birds, sampling
time and markers utilized were different. In the earlier study,
sampling was done within 2 h of final injection, but in the latter
study, sampling was done 24 h after the final injection of LPS. It is
possible that IP recovers quickly after the stressor is removed and
hence sampling lag time and different broiler strains may have
contributed to differences in responses to LPS. Whilst this model
may be safer to utilize compared to introducing live pathogens into
birds, there is no conclusive evidence to suggest that LPS can in-
crease IP in broiler chickens and the suitability of LPS for use as a
GIT permeability model is currently questionable.

4.2. Stress models

Stress can cause physiological changes including elevated heat
shock proteins, acute phase proteins and interleukin IL-6 (Zulkifli
et al., 2014). Stress can be applied to birds via different means
including HS directly in an animal's environment (HS models), via
synthetic glucocorticoids like DEX, which mimics the stress in an-
imals, or inducing GIT stress by DSS. DEX has been successfully
applied as a model to increase IP in chickens recently in several
studies (Barekatain et al., 2019a, 2019b; Duff et al., 2020; Vicuna
et al., 2015a). These studies confirm that DEX increases IP in Cobb
or Ross birds fed corn or wheat-based diets, in the feed (0.577 mg/
kg feed) or repeated intraperitoneal injections (0.5 to 2 mg/kg body
weight) and in 10- vs. 21-d-old birds, suggesting that stress can
induce leaky gut. This is relevant in modern poultry production
because stress is present in various stages of the bird's life and
production, including transportation of chicks to farm, exposure to
diseases, environmental temperature and humidity, phase feeding,
overcrowding, pecking disorders, catching and transportation to
slaughterhouses. Caveats in the use of DEX are, however, significant
retardation of growth and disinhibition of any underlying health
issues in the birds due to being a strong immunosuppressant
(Barekatain et al., 2019b; Wideman Jr and Pevzner, 2012).
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Heat stress has been observed to induce a wide range of phys-
iological changes, i.e. increase of oxidation in the GIT that may
result in increased IP, but may also impact the health and welfare of
birds negatively influencing performance and causing production
losses (Lara and Rostagno, 2013). The impact of HS on IP has been
demonstrated in some studies assessed by FITC-d in serum (Goo
et al,, 2019b; Zhang et al., 2017). Goo et al. (2019b) also observed
increased endotoxin in blood attributed to increased IP. Some other
studies also investigated TEER and FITC-d in intestinal tissues of
birds subjected to HS (Song et al., 2013, 2014). These studies utilized
HS for 10 h during the day for 2 to 3 weeks with a temperature
around 30 to 33 °C before measuring IP. Interestingly, a recent study
showed that HS for as little as 2 h at 36 °C also increased IP in
modern broiler chicken lines (Tabler et al.,, 2020). There was no
effect of HS on IP in jungle fowl, suggesting that these strains can
cope with HS better than modern broiler types (Tabler et al., 2020),
perhaps due to slower growth and thus reduced metabolic heat
production.

Dextran sodium sulphate is a heparin-like polysaccharide that
may induce serious damage to GIT epithelium and increase IP, as
shown by Vicuna et al. (2015b) and Murai et al. (2018). However,
Gilani et al. (2017b) observed that DSS did not increase IP in
chickens. Although dose and route of administration of DSS (as
0.75% in drinking water) and markers (FITC-d) used in Vicuna et al.
(2015b) and Gilani et al. (2017b) were identical, sampling age was
different (being 7 to 14 vs. 21 d). Additionally, diet composition
differed (corn-based vs. wheat-based) between the experiments.
Bird strain was not known in earlier studies, which along with other
factors might explain the differences between studies. Contrarily,
Murai et al. (2018) observed increased IP by FITC-d in intestinal
tissues in corn-based diets in layer-type chickens at 23 d
post—hatch, however they utilized DSS at a dose of 2% instead of
0.75%. Limited data suggest that further research on the DSS model
may be needed to ascertain if this model can be utilized to induce
leaky gut.

4.3. Fasting

Modern meat-type chickens have been bred for high feed intake
and growth, therefore keeping them off-feed can also induce stress
with consequences on intestinal function including an increased IP.
Fasting has been shown to increase IP in chickens measured by L:M,
L:R ratios or FITC-d. Fasting of 4.5 and 9 h (Gilani et al.,, 2018a),
15.5 h (Herrero-Encinas et al., 2020) and 24 h (Vicuna et al., 2015b)
have shown to induce a GIT leakage. In addition to FITC-d and L:M
ratio markers, claudin-3 and fatty acid binding protein (FABP) were
significantly reduced in 4.5 and 9 h fasted chickens suggesting T]
modulation as well (Gilani et al., 2018c). In all the above studies,
birds from Cobb or Ross and different ages (7 to 38 d post—hatch)
were utilized, suggesting that fasting is a robust stressor and can
increase IP in most circumstances. Feed deprivation also has a
practical implication considering that birds may require a period of
fasting prior to administration of medication (when the need ari-
ses) and during depopulation and transportation to the abattoir.
Additionally, young chicks can be without feed for an extended
period post—hatch until they arrive at the farm. However, the latter
is less likely as shown by Gilani et al. (2018b), where 24 h feed
deprivation post—hatch did not increase IP. A possible explanation
is residual yolk reserves in chicks may mitigate against this stress
enabling chicks to maintain the IP at normal levels.

4.4. Other models (used litter, aflatoxin and laminitis models)

Other models have been utilized to increase IP in chickens,
including used litter to induce microbial challenge in birds as well
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as mycotoxins that may be present in the feed. Used litter has been
shown to increase IP in 21- and 28-d-old birds measured either by
TEER in intestinal tissues or FITC-d in the blood (Vieira et al., 2020).
This may also highlight the need to record litter observations in IP
studies, because in a commercial production setting, some coun-
tries utilize used litter although others use fresh litter. Aflatoxins,
on the other hand, have been shown to increase IP measured by L:R
ratio (Chen et al., 2016) whereas Galarza-Seeber et al. (2016) sug-
gested that mycotoxins did not increase IP. Both studies utilized
aflatoxin B1 at the same dose of 1.5 mg/kg at similar ages of 20-21 d
post—hatch, respectively. However, bird strain and method to
produce aflatoxins were different (Cobb or Ross 708 and aflatoxins
produced in either rice or corn). Additionally, Galarza-Seeber et al.
(2016) utilized bacterial translocation and FITC-d which is a bigger
size molecule (3,000 to 5,000 Da) compared to Chen et al. (2016)
who utilized lactulose sugars which is only 382 Da. Additionally,
Hernandez-Ramirez et al. (2020) utilized an additional challenge of
Salmonella enteritidis; hence it was possible that this combination
exacerbated the gut leakage. These fundamentally important fac-
tors may explain contradictory reports on aflatoxins as a model to
induce IP in chickens.

Another stress model has been developed and summarized by
Wideman Jr (2016). This model includes the stress from the DEX as
mentioned above, but it also added physical stress on bones with
angled wire-mesh for birds. In a series of studies, they were able to
show bacterial translocation from the intestine to the proximal
growth plates of the femur resulting in acute bacterial osteomyelitis
chondronecrosis.

With the above information, it seems coccidiosis models and
stress models can alter IP significantly and are also relevant to field
challenges.

5. Dietary interventions to reduce intestinal permeability

Recently, many studies have investigated the nutritional mod-
ulation of IP in chickens. However, most studies have not been
repeated except a few as shown in Table 1. Some of these factors
have been discussed below in the light of models, assessment
method and their relevance in poultry production.

5.1. Macro- and micronutrients

Dietary protein in particular amino acids play pivotal roles in
maintaining the GIT functions and permeability as well as regu-
lating intestinal inflammation (He et al., 2018). In other species, the
evidence is mounting that the expression and abundance of TJ are
affected by the dietary concentration of amino acids (Ren et al.,
2020). Glutamine, glutamate, cysteine, arginine and glycine are
amongst the amino acids that enhance protein synthesis in
epithelial cells via different signaling pathways and therefore they
may be involved in intestinal defensive responses and functions of
intercellular junctions (Ren et al., 2020). Comparatively, literature is
scarce regarding the specific role of amino acids on IP in poultry.
Dietary amino acid concentration and reduction in dietary crude
protein offered to broiler chickens may modulate IP accompanied
with differential gene expression of various TJ (Barekatain et al.,
2019b). Accordingly, reducing dietary protein from 202 to 170 g/
kg led to increased leakage of FITC-d into serum compared with a
diet containing 10% extra essential amino acids above Ross 308
specifications (Barekatain et al., 2019b). A similar trend was
observed in broilers offered diets containing 260 g/kg crude protein
with an aflatoxin challenge, resulting in a tendency for reduced IP
(Chen et al., 2016). Specific to individual amino acids, glycine sup-
plementation did not impact IP, but arginine supplementation
showed a trend towards reduced IP and increased expression of
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claudin-1 in the ileum (Barekatain et al., 2019a). In the same study
by Barekatain et al., 2021, arginine did not influence IL-8 and IL-1B
that may partly explain why there was only a trend towards
increased IP. Additionally, this may suggest that some non-essential
amino acids play a role in ameliorating increased IP, which has
prompted interest to investigate the role of glutamine in improving
GIT integrity (Barekatain and Toghyani, 2019). However, limited
studies exist on the positive impact of glutamine on reducing IP in
poultry. Gilani et al. (2018b) and Barekatain et al. (2019a) have
shown that 10 g/kg glutamine supplementation of feed did not
decrease IP (when measured by FITC-d) in fasted and DEX chal-
lenged birds, respectively. However, in the latter study, a trend to
upregulate claudin-1 mRNA expression occurred in broilers offered
glutamine supplemented diets. Contrary to that, Oxford and
Selvaraj (2020) have recently shown that 5 g/kg dietary gluta-
mine supplementation reduced IP accompanied with an increase in
IL-10, suggesting that glutamine may reduce intestinal inflamma-
tion. In the previous studies, wheat-based diets were utilized,
which suggests that glutamine may not have been limiting in these
diets.

Deficiency of threonine has also been linked to an increased IP in
broiler chickens (Zhang et al, 2016). Chen et al. (2018) also
observed that supplementation of threonine increased gene
expression of claudin-3 and ZO-1 in broilers under LPS challenge,
although IP remained unaffected by changing dietary threonine
when assessed by serum diamine oxidase and D-lactic acid.

Given the paramount importance of amino acids and dietary
protein on bird performance, intestinal integrity, bird welfare and
cost efficiency of production, the research on the mechanistic and
practical application of amino acids for IB function and IP in
particular as a key criterion remains active under various challenge
conditions. Furthermore, with different models, markers, birds,
crude protein supplied, the source of protein being animal by-
products or vegetable protein and synthetic amino acids supple-
mentation make it difficult to compare various studies.

Apart from amino acids and the protein content, there are still
significant gaps in the literature for the effects of other major nutri-
ents such as energy, fat, starch, calcium and phosphorus on IP and T]J
integrity in chickens. For example, research in other species suggests
that a high level of dietary energy and high-fat diets can lead to an
increased IP through various mechanisms including direct upregu-
lation of proinflammatory signaling cascades, indirect stimulation of
cytokines, disruption of TJ, shifting the microbial composition and
mucin production in the intestine (Rohr et al., 2020).

With no available data in poultry, studies in pigs have shown
that increasing dietary calcium concentration relative to phos-
phorus downregulated expression of several T] in the duodenum
implying possible negative impact on gut integrity (Lagos et al.,
2019). These negative impacts on T] may be related to the strong
passive absorption and intestinal availability of calcium as dis-
cussed by Metzler-Zebeli et al. (2015). Therefore, it is of both sci-
entific and commercial interest to investigate the effect of calcium
and phosphorus on IP and T] integrity in poultry.

The beneficial effect of micro-minerals in particular, zinc (Zn),
on IB function and IP is documented in other species (Shao et al.,
2017). In broilers, compared with ZnSO4, organic Zn has been
shown to reduce IP when measured by FITC-d in birds under
C. perfringens and coccidiosis challenge (Bortoluzzi et al., 2019). In
contrast, Zhang et al. (2012) showed there was no effect of Zn on
permeability (with S. Typhimurium model) when measured by en-
dotoxins but mRNA expressions of T], claudin-1 and occludin were
upregulated. Another study showed that dietary Zn supplementa-
tion decreased IP (in the Eimeria challenge model) whereas copper
failed to reduce the blood concentration of FITC-d (dos Santos et al.,
2020). Different models, lack of consistency and limited available
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literature, warrants further research for the role of various micro-
nutrients on IB function in poultry.

5.2. Additives

5.2.1. Probiotics and prebiotics

The positive effect of probiotics on intestinal integrity is likely
driven by competitive exclusion mechanisms or suppression of
proliferation of harmful species (Edens et al., 1997; Meyer et al,,
2020), although the exact mechanisms by which the IP is affected
remains elusive. Probiotics have been observed to ameliorate the
effects of increased IP (Hernandez-Patlan et al., 2019b; Latorre et al.,
2015; Murugesan et al., 2014). Probiotics Lactobacillus reuteri and
Lactobacillus plantarum, have been shown to reduce IP in 12-h
fasted chickens (Meyer et al., 2020). In another study trans-
location of campylobacter from the gut to the liver was significantly
reduced by using a probiotic (Gibbs et al., 2016). As reviewed by
(Wideman, 2016), in series of experiments, studies have shown that
probiotics helped to reduce the bacterial translocation from the GIT
to bones by changing the microbiome and potentially reducing
immune stress in birds.

Contrarily, no significant effect of probiotics was found in a
study by Song et al. (2014) in which IP was assessed by TEER and
mRNA expression of T]. In this study, the measurements were taken
in older birds subjected to HS. Noteworthy is the probiotic strains
(Bacillus licheniformis, Bacillus subtilis and L. plantarum) that may
not have an impact under HS but possibly be effective when there is
bacterial/cocci challenge. Interestingly, in 2 studies where Bacillus
amyloliquefaciens were utilized, there was a reduction in IP. One of
these studies utilized rye as a starch source (Latorre et al., 2015)
whereas the other study used corn (Hernandez-Patlan et al.,
2019b). The strains of Bacillus amyloliquefacien were chosen based
on their characteristics to produce xylanase, which suggests the
importance of different NSP sources, exogenous NSP enzymes,
probiotic strains and the nature of the challenge before applying
probiotics to decrease GIT leakage. A recent study by Barekatain
et al. (2020) also demonstrated no changes in IP attributed to a
Bacillus-based probiotic in birds subjected to DEX and a rye-based
diet.

Prebiotics are also able to promote GLP-2 production and restore
T] protein expression which consequently can reduce IP (Cani et al.,
2009). In chickens, prebiotics have been shown to reduce IP
measured by bacterial translocation, claudin-1 and occludin mRNA
expression under a Salmonella challenge (Shao et al., 2013). In
another study, cello-oligosaccharide as prebiotics, reduced IP
assessed by FITC-d but no change was observed when measured by
TEER in intestinal tissues (Song et al., 2013). The effectiveness of
prebiotics on the digestive ecosystem and GIT barrier function may
largely differ depending upon the type of products, concentration
and changes in microbiota, stimulation of fermentation process,
various metabolites and mechanistic and immune pathways in the
GIT (Teng and Kim, 2018). Noteworthy, if the fermentation is rapidly
increased in the intestine, the unusually elevated production of
short-chain fatty acids (SCFA) can result in damage to epithelial
cells with a concomitant increased IP (Ten Bruggencate et al., 2005;
Teng and Kim, 2018).

Nevertheless, rather contradicting results observed for pro-
biotics and prebiotics on IP warrant further studies under various
stressors and different types of strains and products in order to
understand the mechanisms by which probiotic and, in general, GIT
microbiota composition can affect IP.

5.2.2. Sodium butyrate
Amongst SCFA, the microbial metabolites in the intestine,
butyrate is preferentially used by intestinal epithelial cells as a
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source of energy and therefore promotes the growth of epithelial
cells (Wu et al., 2018). Additionally, butyrate can exert its benefits
through modulating microbial community activity, expression of TJ,
mucin production and anti-inflammatory properties (Wu et al,,
2018). Sodium butyrate (SB) with an active butyrate component
has been investigated extensively for improving GIT health in
chickens (Moquet, 2018) with reports on reducing IP. Additionally,
SB has been observed to reduce bacterial translocation to the liver
and, by implication, decreased IP (Song et al., 2017). Contrary to
that, Naghizadeh et al. (2019), found no effect of SB on IP where the
sampling time can impact IP measurements. In the study by Song
et al. (2017), there was a longer time difference between the chal-
lenge and sampling (12 d) than Naghizadeh et al. (2019) who
conducted the sampling only 6 d after the challenge. This has also
been shown by Teng et al. 2020 where they utilized coccidiosis
challenge in which the IP increased until 7 d post—challenge and
then returned to normal at day 9 post—challenge. Additionally,
Gilani et al. (2018b) showed that SB increased IP in young chickens
at 4 and 7 d post—hatch. It is important to note that in the afore-
mentioned studies, coated sodium butyrate in feed was utilized,
but Gilani et al. (2018b) utilised non-coated sodium butyrate in
drinking water. Similarly, the sampling was conducted shortly after
the challenge (7 d), which may explain discrepancies between the
studies.

5.2.3. Boric acid and clays

Inclusion of boric acid in a corn-based diet at 1 g/kg reduced IP
and IgA in chickens subjected to a Salmonella challenge model
(Hernandez-Patlan et al., 2019a). It was also able to significantly
reduce Salmonella colonisation at the cecal tonsil, but there was no
difference in lactic acid bacteria proliferation. Hernandez-Patlan
et al. (2019a) suggested that it is the antibacterial and anti-
inflammatory activity of boric acid that led to reduced IP. Anti-
bacterial activity was not shown in lactic acid bacteria, whereas
attachment or presence of Salmonella was significantly reduced.
Additionally, being anti-inflammatory, boric acid decreased IgA,
however, there was no negative control (without Salmonella chal-
lenge) in the study for comparisons. Similarly, modified clay has
been shown to reduce IP in chickens assessed by DAO and D-lactate
biomarkers and anti-inflammatory cytokines (IL-1p, IL-2, IL-4, IL-6
and IL- 10), suggesting that anti-inflammatory properties of the
supplement may facilitate reducing IP (Wu et al., 2013). However, it
should be noted that DAO and D-lactate were measured within few
hours of treatment; whether this effect lasts longer remains to be
elucidated. Additionally, iso-quinoline alkaloids have been shown
to reduce inflammatory cytokines IL-6, tumor necrosis factor (TNF)
and inducible nitric oxide synthase in heat-stressed chickens and
reduced FITC-d in serum (Kikusato et al., 2021). The above studies
suggest that nutrients or chemicals that have anti-inflammatory
properties may be able to reduce IP in chickens under pathogenic
models.

5.2.4. Betaine

Betaine has been known to improve GIT health through various
mechanisms, including but not limited to improving intestinal
morphology, impacting osmoregulation and acting as a methyl
donor. In addition to improving GIT morphology, betaine supple-
mentation also reduced IP when measured by TEER under HS
(Shakeri et al., 2020). These authors also found that the concen-
tration of betaine in the intestine, kidney and spleen was signifi-
cantly increased which may have contributed to improving the GIT
integrity. Contrarily, Shakeri et al. (2018) showed that betaine did
not influence the TEER in HS conditions, but the FITC-d marker in
the jejunum was increased in an Ussing chamber showing
increased permeability. Given that TEER was utilized in both
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studies, these differences could be due to the HS applied (10 vs. 1 to
42 d post—hatch). Collectively, betaine possesses the potential to
reduce IP in chickens under HS, but further investigations are
required using other stress models to verify such potential.

5.3. Miscellaneous

A wide range of ingredients and additives have been demon-
strated to have an impact on IP, but less is known about their
mechanistic mode of action. In most cases, the anti-inflammatory
properties of ingredients or feed additives have been associated
with reduction in IP and intestinal inflammation. For example,
decreased IP has been documented for dietary inclusion of paddy
rice compared with corn under a DDS model (Murai et al., 2018),
humic acid under 24 h fasting model (Maguey-Gonzalez et al.,
2018), and resveratrol under the HS model (Zhang et al.,, 2017). A
significant increase in goblet cells and MUC-2 expression in birds
offered paddy rice was observed by Murai et al. (2018). A similar
trend was observed by Zhang et al. (2017) where resveratrol
increased MUC-2 expression and goblet cell concentrations. A lack
of effect on IP has also been observed for olive pomace under the
15.5 h fasting model (Herrero-Encinas et al., 2020). It would have
been interesting to study the effect of olive pomace feeding after
fasting, but it was not studied.

By contrast, formaldehyde increased IP, and medium-chain fatty
acids reduced IP when compared to control diets whereas formic
acid supplementation tended to increase IP compared to control
treatment (Feye et al., 2019).

Phytogenic additives have also been observed to reduce IP in
chickens (Vieira et al., 2020). A combination of essential oils and
organic acid has been shown by Pham et al. (2020) to reduce IP
when measured by FITC-d after 1-h gavage but not when measured
after 2.5 h, accompanied with differential effect on gene expression
of TJ. Pham et al. (2020) also observed that TNFSF-15 (Tumor ne-
crosis factor super family) which is one of the pro-inflammatory
cytokines was significantly reduced in the treatment group. Addi-
tionally, Tollip (Toll interacting protein), was downregulated. Tollip
and TNFSF-15 are involved in TLR (Toll Like receptor) mediated
pathways suggesting that reducing inflammation may help
decrease IP in chickens. Vieira et al. (2020) also observed that TNF-a.
expression was significantly reduced in birds fed phytogenic ad-
ditive suggesting their anti-inflammatory role and hence reducing
IP. However, in the same study, an anti-inflammatory cytokine (IL-
10) was also markedly reduced, which may underline the
involvement of other mechanisms affecting IP in addition to cyto-
kines. Similarly, inflammatory cytokines IL-6, TNF and inducible
nitric oxide synthase were reduced by iso-quinoline alkaloids and
were able to reduce IP when measured by FITC-d in serum
(Kikusato et al., 2021).

Finally, there is some indication that feed presentation and
particle size (excessive fines 50%) can also increase IP in turkeys
(Kenny, 2019). It is possible that turkeys may be more sensitive than
chickens, however, further research is needed in this area to un-
derstand the impact of feed presentation in chickens, especially
when the percentage of fine particles in the feed is not recorded.

6. Conclusions

Although an increasing number of studies are being conducted
on IP as a major criterion to assess IB function in poultry, and broiler
chickens in particular, this research area in poultry is still not fully
developed and defined. The main objectives have been to facilitate
optimization of intestinal integrity, reduce the chance of bacterial
translocation and intestinal inflammation and therefore avoid loss
of performance which otherwise would cause significant economic
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loss to the industry. The research on IP in poultry is likely to receive
considerably more attention as the industry moves towards
antibiotic-free production systems, as is the case in the EU. In an
experimental setting, inducing GIT leakage has been achieved using
various pathogenic models with or without a second challenge or
stressor. Stress models including synthetic glucocorticoids and HS,
elevated NSP diets and fasting have shown to increase IP in broiler
chickens. It is noted that some of the well-established gut barrier
dysfunction models in other species such as DSS and LPS have not
been conclusive in broiler chickens. Commonly used assays of IP
include sugar markers such as lactulose, rhamnose and mannitol,
FITC-d, bacterial translocation, and TJ expressions. However, these
assays often require invasive techniques and non-invasive
methods, in particular excreta biomarkers could be utilized
pending validation studies and real-time methods that can be
applied on farms. Inconsistent results have been obtained with
nutritional modulation of IP in poultry. This is mainly because most
currently available studies vary in the basic nutrition, birds’ strain,
age, models applied, and markers utilized to assess IP. Significant
gaps are evident in the literature on the holistic understanding of
the effect of various nutrients on IP and complex mechanisms un-
derpinning such effects. Thus, further studies are required to
investigate the possibility of modulating IP in poultry with
consideration given to the mode of action and mechanistic under-
standing of IB function at systemic, cellular and molecular levels.
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