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Abstract: Weaning is considered the “critical window” in the piglet’s life because it is associated with several stress
factors, such as loss of contact with the mother and original litter, solid diet, environmental and structural changes,
and the establishment of a new hierarchy. During this abrupt period, several events such as reduced feed intake, high
morbidity, susceptibility to enteric infections and post-weaning diarrhoea are observed. The nutritional landscape
of the piglet gut is modified, which can compromise the maturity of the gastrointestinal system, the stable intesti-
nal microbiome and the active immunity developed as an indicator of intestinal health. However, with increased
awareness of feed safety issues and the development of drug-resistant bacteria, the interest in producing pigs
without the use of antimicrobial growth promoters (AGP) is increasing, since long-term use and therapeutic doses
of AGP can contribute to the reduction of bacterial diversity and increase of inflammatory bowel disease (IBD).
Thus, the most widely researched alternatives include the use of feed additives, feeding strategies, nutraceuticals/
functional foods and available handling that can reduce the risk of IBD beyond basic nutritional functions. Stud-
ies have reported intestinal alkaline phosphatase as a new nutritional therapy associated with intestinal health
which may be a “key additive” in the AGP replacement. In this review article, the purpose is to show some current
aspects of feed additive research, addressing a concept of the “intestinal health” from different points of view and
properties of alkaline phosphatase.
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Introduction

Recently, the “gastrointestinal tract health” has
been greatly investigated despite the lack of a clear
definition of the term or its aetiology, although
in general terms, the “intestinal health” encom-
passes a series of physiological and functional
characteristics (Pluske et al. 2018). Thus, in recent
decades, a great deal of research has been devoted
to the development of alternatives to antimicrobial
growth promoters (AGP) to maintain the health
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and growth performance of pig. The most widely
researched alternatives include organic and inor-
ganic acids, high levels of zinc oxide, essential oils,
herbs and spices, some types of prebiotics, probiot-
ics, bacteriophages, antimicrobial peptides, feed-
ing strategies and available handling that influence
or intend to influence different aspects of intes-
tinal health (Adewole et al. 2016; Jayaraman and
Nyachoti 2017; Liu et al. 2018).

Current studies have reported the potential ther-
apeutic effect of the alkaline phosphatase enzyme
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in decreasing the inflammatory bowel disease (IBD)
(Bilski et al. 2017) and metabolic diseases such as
insulin resistance (Gul et al. 2017), in reducing vas-
cular calcification and improving cardiovascular
outcomes in patients with chronic kidney disease
or type 2 diabetes mellitus (Haarhaus et al. 2017),
use in the diagnosis of bone tumours such as osteo-
sarcoma (Agustina et al. 2018; Gu and Sun 2018),
as a prognostic marker for patients with prostate
cancer (Heinrich et al. 2018) and upper tract uro-
thelial carcinoma (Tan et al. 2018).

Besides that, previous studies have demonstrated
the effect of intestinal alkaline phosphatase (IAP)
isoform on improving the intestinal health of an-
imals (Lalles 2014; Melo et al. 2016; Bilski et al.
2017; Rader 2017) through the dephosphorylation
of bacterial lipopolysaccharide (LPS), with reduc-
tion of inflammatory processes in the gut (Beumer
et al. 2003; Bates et al. 2007), dephosphorylation
of luminal ATD, acting as a prebiotic in regulating
the growth of commensal bacteria (Alam et al.
20145 Malo et al. 2014), modulation of intestinal
pH (Akiba et al. 2007), inorganic phosphate ho-
meostasis (Sasaki et al. 2018), dephosphorylation
of nucleotides involved in inflammatory processes
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(Moss et al. 2013), in addition to reducing bacterial
translocation (Martinez-Moya et al. 2012).

Thus, IAP can be an alternative to AGP with
potential effect in the post-weaning period of pig-
lets. Therefore, the aim of this review is to describe
current findings on the use of feed additives, the
main approaches to intestinal health and the thera-
peutic effect of IAP as an alternative to AGP in pig
nutrition.

The use of feed additives in piglet
nutrition with the role of healthy
gastrointestinal tract

Recent studies use a range of products and han-
dling alternatives such as feed additives (Table 1)
and feeding strategies (Adewole et al. 2016; Liao and
Nyachoti 2017; Zhai et al. 2018) in order to im-
prove the growth performance, minimizing the use
of AGP and inaccessible feed ingredients.

The wide number of feed additives for use as
alternatives or substitutes to AGP that have been
evaluated in pig nutrition generally aims to im-
prove immune responses and effective immune

Table 1. Current results with the addition of feed additives in piglet diets

Items Body weight (kg) Days of age Additive dose Main effects References
Enzyme (Buttiausella 500, 1 000 or mcreased'ADGband 'G':‘F, linear response Dersjant-Li
hytase) 11.0+ 1.5 21 and 28 2 000 FTU/ke diet on nutrient digestibility and reduced i
i

phy J P and Ca** excretion et al. (2017)
Enzyme (carbohy- enhanced growth rate, improved small
drase blend: cellulase, 6.43 £ 0.06 - 0.01% intestinal barrier integrity and reduced  Li et al. (2018)
B-glucanase, and xylanase) immune activation
Enzyme (xylanase) 6.43 + 0.06 - 0.01% reduced ATTD of NDF and ADF Li et al. (2018)

2000 FTU/kg: i d ADG, ADFI,

500 or 2 000 FTU/kg //kg: increased AD

Enzyme (phytase) 5.6 +0.5 - diet feed efficiency, plasma inositol con- Lu et al. (2019)

centration and expression of GLUT4
Essential oil decreased the intestinal oxidative stress

xidativ

(thymol 50% and carvacrol 6.5+0.9 - 100 mg/kg diet X K X . Wei et al. (2017)

and influenced microbial populations
50%)
Essential oil improved nutrients digestibility, intesti-
(thymol 25% and carvacrol 8.64 +0.33 - 30 mg/kg diet nal morphology, digestive enzymes and  Xu et al. (2018)
25%) 1 Lactobacilli counts of faeces
Organic acid (sodium bu- 834032 o 2.1 g/kg diet reduced colonization and shedding of Barba-Vidal
tyrate salt) Salmonella et al. (2017a)
Organic acid (SCFA: formic, reduced the incidence of diarrhea and fae-

. L 2000 or 3 000 mg/kg . . o Long et al.

acetic and propionic acid 8.63 + 1.56 - diet cal E. coli counts, 1 nutrients digestibility (2018)

combined with MCFA)

and positive effects on serum immunity
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Table 1 to be continued
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Items Body weight (kg) Days of age

Additive dose Main effects References

Organic acid (MCFA

8.09 +0.11 28
and AO)
Organic acid (fumaric acid
17%, citric acid 13%, malic 6.54 +0.78 -
acid 10% and 1.2% MCFA)
Organic acid (benzoic acid
50%, calcium formate 3%, 8.64 +0.33 -
fumaric acid 1%)
Pl Ei j
ant'extract (Eucommia 793 + 0.34 2149
ulmoides)
Prebioti lacto-oli -
re }o ic (galacto-oligosac 155 £ 0.05
charides)
Prebiotic (B-gl , gluco-
rebiotic (B-glucans, gluco T n
mannans and MOS)
Prebiotic (B-glucan) 7.3+0.2 -
Probiotic (Bacillus licheni-
, 8.3+0.32 24
formis)
Probiotic (Bzﬁd'obacte'zrmm 294005and 24 + 4 and
longum subsp. infantis 6.8+ 0.19 2142
CECT 7210)" T -
Probiotic (Bacillus licheni-
formis and Saccharomyces 49+04 21+3
cerevisiae)
Probiotic (Bacillus amylo-
, , 14.57 + 0.25 -
liquefaciens)
Probiotic (Clostridium 28

butyricum)

combinations of organic acids could

improve growth performance, reduce

0.2%, 0.4% or 0.6% Han et al. (2018)

post-weaning diarrhea, and enhance
serum immunity

Upadhaya et al.
(2018)

improved growth performance and

0.1% or 0.2% . | o
nutrient digestibility

improved nutrients digestibility, faecal

score, intestinal morphology, 1 Lacto-

1.5 g/kg diet Xu et al. (2018)

bacilli counts of faeces and butyric and
valeric acid concentration

improved growth performance,

0.5% or 6% jejunal morphology and changed Peng et al.(2019)
colonic microbial composition
increased ADG, decreased crypt depth,
10mli(lg increased the jejunal lactase, maltase Tian et al. (2018)
GOS/kg BW) and sucrase activity, facilitated the '

mRNA expression of SGLT1 and GLUT2

1 000, 2 000, or 3 000 mg/kg reduced the jejunal

Anjos et al. (2019)

3 000 mg/kg diet villus density increased spleen weight
Mukhopadhya
0.25 g/kg diet did not improve gut health
et al. (2019)
10° CFU/kg reduced colonization and shedding of ~Barba-Vidal et al.
diet Salmonella, effect on behavioral displays (2017a)
reduced the faecal excretion of Salmo-
10° CFU which nella Typhimurium and the mucosal

Barba-Vidal et al.
(2017b)

was supplemented  colonization of coliforms in the ETEC

in a 2 ml solution K88 trial, produced a stimulation

of the intestinal immune system

alleviated the 1 in the endotoxin and

500 mg/kg diet diamine oxidase concentration, and ~ Pan et al. (2017)

caecal E. coli count

increased the activities of amylase,

2 x 108 CFU/kg disaccharides and Na*/K*-ATPase,

Hu et al. (2018)

diet maintained the intestinal integrity and
decreased activity of diamine oxidase
2 x 105015 x d.1d not 51gln1flcalntly reduce fze?al ex.crel— Peeters et al.
tion, serological response and intestina.
10° CFU/g diet & P (2019)

carriage

ADF = acid detergent fibre; ADFI = average daily feed intake; ADG = average daily gain; AO = acid organic; ATTD =
apparent total tract digestibility; BW = body weight; CFU = colony-forming units; ETEC = enterotoxigenic Escherichia

coli; FTU = phytase units; G : F = gain : feed ratio; GLUT2 = glucose transporter type 2; GLUT4 = glucose transporter
type 4; MCFA = medium-chain fatty acids; mRNA = messenger RNA; NDF = neutral detergent fibre; SCFA = short-chain
fatty acids; SGLT1 = sodium glucose co-transporter 1

ftwo experiments
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status, reducing a pathogenic microorganism load
in the gastrointestinal tract, stimulate the estab-
lishment of mutualistic or commensal microor-
ganisms in the gastrointestinal tract (GIT) and/or
stimulate a digestive process (De Lange et al. 2010).

According to Adewole et al. (2016), feed addi-
tives have been used by several researchers and
in research models for the purpose of improving
growth performance and also to prevent diseases,
but the effectiveness of these additives depends
mainly on the amount added to the diet. Along
the same line of reasoning, Celi et al. (2017) reit-
erated that the reason for this inconsistency may
be that the effectiveness of each additive depends
on diet (e.g. composition, diet processing and
feeding methods), colonization and associ-
ated succession of microbial populations, stress
and genetics. Therefore, it is not possible to rec-
ommend a specific additive that has positive effects
on all diets, but it is likely that if no AGP is used,
at least some additives are beneficial in diets fed
to piglets (Liu et al. 2018).

Pluske et al. (2018) reported that additives are
predominantly characterized not only by their
different modes of action, but also by the variation
in responses obtained when added to pig diets. This
variation is presumably a consequence, in part, of
many different management conditions pigs are
subjected to, which in turn influence factors such
as microbiota composition and intestinal mucosal
immunity.

Regarding the use of essential oils (EOs) in pig
nutrition, Stevanovic et al. (2018) argued that the
chemical composition of EOs depends on plant
genetics, plant growth conditions, harvest devel-
opmental stage and extraction processes of active
compounds. Moreover, their biological effects are
influenced by the interaction of phytochemicals
and their bioavailability in the animals’ GIT. In ad-
dition, research with EOs should focus on reliable
methods to identify and control the quality and
effects of EOs.

Additional studies should be conducted on phy-
togenic additives (PAs) or simply phytobiotics in
order to verify their effects on the intestinal health
of piglets, as a systemic approach is required to ex-
plain the role of these PAs in terms of the type and
dose of each additive. Besides that, the potential
benefits of phytobiotics may differ due to the
wide variation in the plant diversity, composi-
tion and active principles, which results in diffi-
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culty in comparing the efficiency of different PAs
(Suryanarayana and Durga 2018).

Regarding the prebiotics, Liu et al. (2018) further
highlighted a possible positive impact on the im-
mune and microbiological system, but additional
research is needed to document these effects. It is
also possible that the use of prebiotics, direct-fed
microorganisms, yeast and nucleotides may have
positive impacts on the growth performance of pigs,
but the results have been inconsistent, as the ef-
ficiency of each additive depends on diet and also
on the health status of the animals (Liu et al. 2018).

The aforementioned authors also reported that,
despite many years of research, the exact mode
of action of dietary acidifiers was not fully eluci-
dated yet and further investigations were needed.
However, according to Kil et al. (2011) and Pearlin
et al. (2020), the most frequently reported mecha-
nisms include GIT pH reduction, and thus they can
affect the growth of pathogenic bacteria, besides
having a role in improving the nutrient digestion
and gut health.

Corroborating previous reports, the addition of
exogenous enzymes to piglet diets has focused
on understanding and determining the effects on
growth performance parameters and nutrient di-
gestibility. However, there is a need to clarify the
effects of feed enzymes on aspects involving the in-
testinal health (Bedford and Cowieson 2012). In
this sense, several mechanisms how enzymes act
on the intestinal microbiota have been clarified
(Kiarie et al. 2013), but the extent to what these
effects may contribute to the overall health of GIT
is still unknown.

Thus, there is a need for additional research in
order to validate the findings. An important point
to be discussed in this review is the role of feed
enzymes as possible alternatives to AGP, as ex-
ogenous enzymes can improve intestinal stability
by reducing substrates for putrefying organisms, by
increasing substrates for beneficial fermentative
organisms and the ability of the gut to defend itself
against unwanted bacterial ingress (Celi et al. 2017).

In this aspect, the potential use of enzymes in or-
der to promote an improvement in the intestinal
health of piglets and to reduce diarrheal events
during the post-weaning phase requires studies
and information. Melo et al. (2016) reported that,
although some studies verified the potential roles
of IAP in the intestinal health like a marked reduc-
tion in the occurrence of diarrhoea and modulation
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of intestinal indicators (data not yet published), in-
vestigations on the exogenous effects of IAP or feed
additives modulating IAP expression and activity
are still needed. In summary, inconsistent results
obtained with feed additives may be due to differ-
ences in the pig age, health status, environmental
conditions or available handling. Therefore, the re-
search on alternatives to AGP and the development
of new efficient and safe alternatives will be a long
process (Cheng et al. 2014).

Physiological mechanisms and the health
of the gastrointestinal tract

The health of the GIT (“intestinal health”) is
a commonly used term and currently it is a matter
of enormous interest in research on piglets (Pluske

Body weight/days
at weaning
Additives/others
Sow nutrition
Nutrition/diet
General handling
Post-weaning
Behavior _—
Density per piglet
PSR Welfare
Various origins .
(litter) Intestinal health
Gastrointestinal
diseases
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et al. 2018). “Intestinal health” is a reflection of sev-
eral interactions between the animal and its envi-
ronment (Figure 1).

According to Kogut and Arsenault (2016), GIT
health is defined as the absence and/or prevention
of diseases for the animal to be able to perform its
physiological functions to resist exogenous and
endogenous stressors. Corroborating this idea,
Bischoff (2011) defined five main criteria that could
form the basis of a comprehensive definition of in-
testinal health, which would be: effective diges-
tion and absorption of dietary nutrients; absence
of IBD; optimal and stable intestinal microbiota/
microbiome; effective and active immune status,
and indicator of animal welfare.

In this sense, the abrupt post-weaning period in
piglets not only causes structural and functional
changes accentuated in the small bowel, but also

Intestinal
microbiota
Physiological Temperature
aspects and humidity
Transport
— . Immune system
conditions

Central nervous
system x Enteric

nervous system

Current

alternatives

Figure 1. Fundamental components for promoting the intestinal health of piglets during the nursery phase
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contributes to an inflammatory bowel process that,
in turn, compromises the villus and crypt architec-
ture (Pluske et al. 2018). Jayaraman and Nyachoti
(2017) argued that inadequate management prac-
tices may result in reduced feed intake, stress and
predisposition to disease conditions, consequent-
ly affecting intestinal health and performance of
weaned piglets.

However, the functions of the GIT extend be-
yond the processes associated with feed intake or
effective diet, nutritional particle digestion and
concomitantly active or passive absorption and in-
testinal barrier function. GIT plays an important
role in the regulation of epithelial, physiological and
immunological functions, and host interaction with
the resident microbiota (Celi et al. 2017).

When the intestinal health approach is related
to nutritional management, it is important to
keep in mind that associated with nutrition it can
modulate the immune function in the GIT through
several distinct mechanisms such as cytokine pro-
duction and regulation of the gut barrier function
(Celi et al. 2017). Furthermore, it may influence
the composition and metabolic activity of the
GIT microbiota as a consequence of changes in
substrates available for microbial fermentation
(Yeoman and White 2014).

Studies conducted with other species showed that
dietary components may alter intestinal perme-
ability (David et al. 2014; Kelly et al. 2015). In par-
ticular, high-fat diets are associated with a greater
lipopolysaccharide (LPS) translocation through the
intestinal wall (Moreira et al. 2012). In addition,
meals rich in fibre and fruit have been shown to
reduce meal-induced increases with high fat/car-
bohydrate content at LPS plasma levels, inflamma-
tory response and Toll-like receptor (TLR) 2 and 4
expression (Ghanim et al. 2009).

In this context, the effects of diet on the gastroin-
testinal health can be directed to different functions
of GIT. At the same time, the effects of the central
nervous system on the microbiota composition are
probably mediated by a disturbance of the normal
luminal/mucosal habitat that can also be restored
by diet (Carabotti et al. 2015). Ultimately, “intes-
tinal health” represents the outcome of GIT in re-
sponse to its ability to react and adapt to the insults
and challenge models it encounters (Adewole et al.
2016; Pluske et al. 2018).

Moreover, the gut microbiota (or microbiome,
representing the genomic information of the mi-
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crobial, intestinal ecology) represents a compro-
mise between useful barrier functionality, synthesis
of beneficial nutrients and proteins, better energy
acquisition, action on the deleterious effects of in-
flammation and subclinical/clinical pathologies
(Celi et al. 2017), influence on the functional di-
versity of B and T cells, with emphasis on differ-
entiation of IgA-producing B and T cells that carry
the CD4 antigen (Honda and Littman 2016).

Other research has reported that the association
between the enteric nervous system (ENS) and the
upper centres via the parasympathetic nervous sys-
tem and/or the endocrine system also plays a funda-
mental role in the animal welfare, intestinal health
and the structure/integrity and function of the GIT
(Moeser et al. 2017), i.e., the complex interactions
that occur in the GIT between nutrition, muco-
sa (epithelium) of the GIT and intestinal microbiota
are essential to affect intestinal health (Pluske
et al. 2018), although the precise mechanisms how
the GIT microbiome contributes to changes in be-
haviour and central nervous system effects are less
evident (Foster et al. 2017).

In general, GIT health is a complex system that
includes several factors, but it is of paramount im-
portance to highlight gastrointestinal barriers, in
which it is formed by a multilayered system of host
defence mechanisms (e.g. GI epithelium barrier, GI
immune system barrier and ENS barrier), GIT mi-
crobiota/microbiome and nutritional management
(Adewole et al. 2016; Celi et al. 2017; Jayaraman
and Nyachoti 2017; Moeser et al. 2017; Barba-Vidal
et al. 2018; Liu et al. 2018; Pluske et al. 2018).

The intestinal barrier is mainly formed by a layer
of epithelial cells attached by tight-junction pro-
teins called tight junctions, consisting mainly of
transmembrane protein complexes (i.e. claudins
and occludins) and cytosolic proteins ZO (i.e. junc-
tional adhesion molecule, ZO-1, ZO-2 and ZO-3)
(Liu et al. 2018). ZO-1 and occludin are key tight-
junction proteins, and levels of these proteins are
consistently associated with the intestinal barrier
function (Song et al. 2015).

As described by Pluske et al. (2018), the intestinal
barrier function along with the mucosal immune
system are continually challenged by external (i.e.
diet provided) and internal (i.e. intestinal microbiota)
factors, as well as several cell types such as dendritic
cells, lymphocytes (adaptive or acquired immune
system), macrophages and cytokines (innate or non-
specific immune system) have evolved to perform
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important roles in regulating the communication
between the GIT microbiome and its mucosal im-
mune system.

Moeser et al. (2017) reported that the intestinal
epithelial barrier is also supported by other types
of specialized epithelial cell, such as goblet cells
which provide a protective mucous layer and
Paneth cells that secrete antimicrobial peptides. In
addition, enteroendocrine cells play important roles
in the pathogen detection and can synthesize and
release neuropeptides (i.e. serotonin and peptide
YY, PYY), which have a diverse range of physiologi-
cal functions from pathogen defence to metabolic
regulation of appetite (Duca et al. 2013; Moeser
et al. 2017). In short, intestinal epithelial cells act
as immune sentinel cells, recognizing pathogenic
signalling molecules and secreting interleukins (IL)
and growth factors (i.e. IL-17A, IL-33, IL-23 and
transforming growth factor-f) which have impor-
tant immunomodulatory properties (Schiering et al.
2014; Moeser et al. 2017; Pluske et al. 2018).

Another mechanism that acts directly to promote
this intestinal health is the ENS barrier, through
the constant release of a series of neurochemicals
it plays a central role in the motility, secretion and
absorption of the gut and the modulation of epi-
thelial permeability. Furthermore, the nervous
system is also one of the main regulators of local
gastrointestinal systemic and immune responses
via neuroimmune synapses and can modulate
the sensitivity and adherence of bacterial toxins
(Moeser et al. 2017). There is a growing interest
in studying the neuronal-immune communication
as a way to explain mechanisms of gastrointestinal
diseases.

From this point of view, it is evident that numer-
ous factors influence the diversity and activity of
the GIT microbiota, including colonization and
associated succession of microbial populations
(Pluske et al. 2018), as well as the interaction
between the microbiota and the gut-brain axis
(GBA) through the signalling from gut microbio-
ta to brain, as well as in the opposite direction by
means of neural, endocrine, immune and humoral
connections (Carabotti et al. 2015).

Finally, studies are needed to clarify the role of the
GIT microbiota in the relationships between animal
nutrition (diet), physiology (digestion and absorp-
tion), health (immunology) and welfare (GBA). Celi
et al. (2017) mentioned that the multifaceted and
widely unknown interactions between microbial
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populations, and the GIT microbiota and host, add
another complexity level to this research area.

Positive impacts of alkaline phosphatase
on piglet intestinal health

In current scientific literature, there are few stud-
ies conducted with the use of IAP in piglet diets,
as well as the knowledge of its importance in the
intestinal health of the host. In this introductory
part, we discuss in general the main problems that
the alkaline phosphatase enzyme can alleviate and
report each of them.

However, alkaline phosphatases (ALPs) are
a group of isoenzymes present in different body
tissues and with distinct physicochemical prop-
erties. According to Lowe and John (2018), ALPs
are located on the outer layer of the cell mem-
brane in order to catalyze the hydrolysis of or-
ganic phosphate esters present in the extracellular
space. In the liver, ALP is cytosolic and present
in the hepatocyte canalicular membrane. ALP is
present in decreasing concentrations in the pla-
centa, ileal mucosa, kidneys, bones and liver, but
the majority of IAP in the serum (more than 80%)
is released from the liver and bone and in small
amounts from the bowel, presenting high expres-
sion in the intestinal villi (Sussman et al. 1989).
In recent reviews, Fawley and Gourlay (2016) and
Haarhaus et al. (2017) reported that there are four
ALP isoenzymes (Table 2).

LPS is characterized as the most abundant gly-
colipid complex present in the outer membrane
of Gram-negative bacteria (i.e. Escherichia coli). It is
a complex molecule, negatively charged, composed
of a polysaccharide chain called the O-specific
chain and a lipid portion called lipid A. Lipid A,
present in the LPS molecule, expresses its en-
dotoxic activity, and this fraction is responsible
for stimulating the innate immune response of the
host (Akira et al. 2001; Beumer et al. 2003).

The pathogen recognition by the host immune
system is mediated by pattern recognition receptors
(PRR), which refer to molecular patterns associ-
ated with a wide group of pathogenic microorgan-
isms. TLR function as PRR and play an important role
in the host immune system (i.e. development of an-
tigen-specific adaptive immunity), such as pathogen
recognition, signalling and inflammatory response
induction (Werling and Jungi 2003; Takeda et al.
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Table 2. Description of alkaline phosphatase (ALP) isoenzymes and isoforms

Gene Protein Isoforms Localization Functions
skeletal tissue, kidney, neutro- (1) involved in skeletal mineral-
bone-specific TNALP  phil granulocytes, developing ization, (2) vitamin B6 metabo-
ALD, tissue-nonspecific (B/l, B, Blxand B2)  nervous system, and other cell lism and (3) hypophosphatemia
ALPL isozyme (TNALP) types (vascular cells) (genetic absence)
liver-specific TNALP liver nknown so far
(L1, L2 and L3) ve unknown sofa
(1) involved in fat absorption,
ALD, intestinal-type . (2) detoxification of LPS and
ALPI (IAD) unknown so far mainly in duodenum free nucleotides, and (3) regula-
tion of intestinal microbiota
ALPP ALP, placental-type unknown so far syncytiotrophoblasts, several (1).tum(.)r marker an.d 2) d.e—
(PALP) tumours toxification of bacterial toxins
ALPPL? ALDP, placental-like unknown so far testis, mah‘gnant trophoblasts, unknown so far
(PLALP) testicular cancer

Source: Adapted from Fawley and Gourlay (2016); Haarhaus et al. (2017)

2003; Takeda and Akira 2004). According to Takeda
et al. (2003), the inflammatory response induced
by TLRs is dependent on a common signalling
pathway that is mediated by the adaptor molecule
myeloid differentiation factor 88 (MyD88).

TLR4 recognizes LPS present in the outer mem-
brane of Gram-negative bacteria, signalling the
host immune response and TLR5 recognizes Gram-
negative and Gram-positive bacterial flagella
(Abasht et al. 2008). This recognition of TLR4 oc-
curs through macrophage recruitment (Beutler
and Rietschel 2003) and subsequent mast cell de-
granulation with the release of inflammatory me-
diators and proteins that stimulate the immune
system through the release of tumour necrosis
factor (TNF-a) by macrophages, nuclear factor
kappa B (NF-«B) and cyclooxygenases (COX-2),
besides the action of neutrophils at sites of infec-
tion (Beumer et al. 2003; Bates et al. 2007; Mussa
et al. 2013).

The alkaline phosphatase enzyme has the abil-
ity to attenuate the LPS-mediated inflammatory
response, probably by dephosphorylation of the
lipid A portion present in LPS (Chen et al. 2011).
Beumer et al. (2003) reported a difference in TNF-a
release between pigs that were treated with LPS or
LPS + IAP. Also, in this study, the authors observed
that 80% of the tested mice survived the lethal in-
fection of Gram-negative bacteria when treated
with the IAP isoenzyme, suggesting that the en-
zyme action reduces the induction of the inflam-
matory response. Several studies have shown that

288

IAP activity (Koyama et al. 2002; Bates et al. 2007;
Goldberg et al. 2008) and the expression of TLR4
and IAP (Abasht et al. 2008) increase in the pres-
ence of LPS, data that were also recently presented
in studies developed by Melo et al. (2016).

However, LPS is not the only bacterial structure
capable of inducing inflammatory response and
is not the only target of IAP (Chen et al. 2010).
Bacterial structures such as CpG-DNA and flagel-
la are recognized in the host by TLR9 and TLR5
receptors, respectively and, as well as LPS, recog-
nized by TLR4, can cause inflammatory response
and induction of cytokine production (Shinkai et al.
2006; Tohno et al. 2006). IAP actions in dephos-
phorylation of CpG-DNA, bacterial flagella and LPS
inhibit the induction of proinflammatory cytokine
IL-8 mediated by the recognition of these bacterial
structures by the host (Chen et al. 2010).

In addition, IAP also has the ability to dephos-
phorylate the nucleotide uridine diphosphate
(UDP), a proinflammatory nucleotide involved
in the inflammatory bowel disease (IBD) released
by the host during inflammatory processes (Moss
et al. 2013). The aforementioned authors also re-
ported that UDP release increases the expression
of P2Y receptors, which have been presented as
stimulants of IL-8 production. In the same way
as IAP dephosphorylates UDP, the enzyme also
promotes the growth of commensal organisms
by dephosphorylation of the adenosine triphos-
phate (ATP) nucleotide. The presence of bowel
luminal ATP inhibits the growth of commensal
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bacteria; however, when dephosphorylated in ad-
enosine diphosphate (ADP) and adenosine mono-
phosphate (AMP), the inhibitory effect of bacterial
growth was not observed (Malo et al. 2014).

IAP has the ability to recompose the gut com-
mensal microbiota in dysbiosis situations, which
are often factors related to early-weaned piglets,
therapeutic treatment with AGP and the causes
of bowel disease promoted by increased suscepti-
bility of the host to opportunistic enteric pathogens
such as Salmonella enterica serovar Typhimurium
and Clostridium difficile (Alam et al. 2014). In the
same study, the authors reported that the use of
oral IAP promoted a decrease in inflammation
in the colon, as evidenced by histology and blunted
IL-1P response.

IAP’s function in cleaving ATP may also pro-
mote the maintenance of bowel homeostasis due
to the effect of luminal ATP in stimulating the re-
lease of bicarbonate (HCO3) by the enterocyte
(Mizumori et al. 2009). In the absence of IAP,
the HCOj secretion increases with ATP involve-
ment via P2Y receptor activation (Akiba et al.
2007). However, in the presence of IAP, the accu-
mulated ATP in the bowel lumen is dephosphory-
lated, regulating HCOj secretion. Thus, the IAP
presents the protective function of the bowel mu-
cosa by mediating HCOj secretion, maintaining
homeostasis and preventing the cell injury due
to local acidification, since bowel pH influences
enzyme activity and expression.

IAP activity was found at pH 8 to 10 (Koyama
etal. 2002) and pH 7.5 (Poelstra et al. 1997), while at
pH 5 (Poelstra et al. 1997) and 2.2 (Akiba et al. 2007)
it showed no enzymatic activity. Corroborating this
idea, Akiba et al. (2007) reported that duodenal
secretion of HCOj alkalizes the microclimate sur-
rounding IAP, increasing its activity, and found that
L-cysteine inhibited IAP activity in vitro and in vivo
through the production of hydrogen sulphide, and
increased acid-induced duodenal HCOj3 secretion
in vivo, confirming its effectiveness as an IAP inhib-
itor. Also, in this study, L-phenylalanine inhibited
less in vitro IAP activity and partially increased
acid-induced duodenal HCOj3; secretion, while
the p-phenylalanine had no effect on the in vi-
tro IAP activity and in vivo HCOj3 secretion.

Another effect of IAP is the minute-by-minute
regulation of calcium (Ca?*) absorption through
bowel pH modulation, in which at alkaline pH its
activity reduced bowel pH due to the enzyme con-
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centration and luminal Ca2* content, and at low
pH, the Ca** absorption was reduced (Brun et al.
2014). This IAP effect on reducing pH reveals that
a part of Ca®" absorption is independent of the vi-
tamin D action and thus IAP acts by modulating
the absorption of high Ca** concentrations in the
enterocyte, which could promote a potential toxic
effect. In addition, Lowe and John (2018) reported
that zinc and magnesium minerals are important
IAP cofactors, that is, IAP activity and the induc-
tion of metabolic processes by IAP has a direct and
indirect relationship with some minerals.

Studies have also been carried out on the po-
tential therapeutic effect of IAP on IBD in hu-
mans using rats as an experimental model (Tuin
etal. 2006; Martinez-Moya et al. 2012). Treatment
of colitis with alkaline phosphatase in rats resulted
in lower colon weight and macroscopic damage
scores, besides to normalizing neutrophil marker
expression (S100A8, LCN2 and IL-1p) (Martinez-
Moya et al. 2012). In addition, rats with colitis treat-
ed with alkaline phosphatase administered orally
or rectally had lower bacterial translocation when
compared to rats in the negative control and to rats
that received antibiotics (Martinez-Moya et al.
2012). These data have demonstrated the beneficial
effect of alkaline phosphatase in reducing the in-
flammatory response and risk of sepsis, which are
evident when IAP activity is reduced by weaning
(Lackeyram et al. 2010) or by a specific inhibitor
(Martinez-Moya et al. 2012).

Other studies indicate that oral administration
of IAP has beneficial effects in situations of se-
vere intestinal epithelial injury, while in moderate
inflammation endogenous IAP may be sufficient
to counteract the aggravating effects of LPS. In ad-
dition, an approach that includes treatment with
IAP has a therapeutic promise in case of severe IBD
(Bol-Schoenmakers et al. 2010).

Corroborating these reports, Chen et al. (2011)
mentioned that IAP is a defence factor of the bowel
mucosa, a local immunomodulator, perhaps regu-
lating the interaction of the LPS-TLR4 receptor
between the commensal microbiota and the bowel
epithelium. Finally, the IAP gene family has a strong
evolutionary link with changes in GIT anatomy and
food-induced microbial composition (Lalles 2014).

In short, deleterious effects on the bowel can be
attributed to the reduction of IAP expression and
its potential protective effect on post-weaning pig-
lets, with diet being a factor capable of interfering
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with the modulation of this enzyme (Goldberg et al.
2008). Thus, considering the physiological events
that occur in piglets as a result of weaning, IAP can
contribute positively to pig production when added
via diet due to several benefits (Table 3).

Within this context, IAP can act as a host defence
factor (Koyama et al. 2002), but a better under-
standing of the factors that regulate the expression
of IAP and the promotion of intestinal health is
necessary, with reduction of inflammatory pro-
cesses, which may contribute to the treatment and
prevention of IBD and, consequently, improve the
health status and growth performance of animals.
Finally, AGP used to be the most effective way to
prevent PWD; however, with increasing bacte-
rial resistance, alternatives to AGP are urgently
needed. Thus, feed additives such as IAP can pre-
vent enterotoxigenic Escherichia coli-associated
post-weaning diarrhoea and improve the intestinal
health of post-weaning piglets.

https://doi.org/10.17221/70/2020-CJAS

Conclusion

Research that verifies the additional effect of IAP
on the piglet diets post challenge with ETEC is
scarce and needs further investigation. Finally, ETEC
strains are directly related to the post-weaning pe-
riod, mainly to PWD events. IAP has a potential
effect on the intestinal health of piglets, but it is not
yet known to what extent its effect is validated be-
cause the intestinal health in this transition period
is modulated by several stressors. So far, many alter-
natives have been investigated for AGP withdrawal,
but this process may take a long time. There is not
a single ingredient or product capable of resolving
all intestinal health issues, but rather the associa-
tion of several factors. The nutrition aspect of the
piglet is as important as issues related to pre- and
post-weaning management. Alternatives to AGP re-
ported in this review are in constant research and it
is possible that in future other studies and methods

Table 3. Properties of the intestinal alkaline phosphatase (IAP) enzyme

General and specific functions

References

IAP secretion in the basolateral membrane
Fatty acid absorption regulation

Dephosphorylation of ATP, ADP and
AMP molecules

Dephosphorylation of specific bacterial components
including LPS, CpG DNA, Pam-3-Cys and flagellin

Modulation of duodenal bicarbonate secretion and
enteric surface pH

Reduction of intestinal bacterial translocation

Intestinal tolerance and development
of commensal bacteria

Lalles (2014); Fawley and Gourlay (2016); Haarhaus et al. (2017)
Mahmood et al. (2002); McConnell et al. (2009); Lalles (2014);

Fawley and Gourlay (2016); Haarhaus et al. (2017)

Mizumori et al. (2009); Lalles (2014); Malo et al. (2014); Fawley

and Gourlay (2016); Haarhaus et al. (2017)

Chen et al. (2010); Moss et al. (2013); Lalles (2014); Fawley and
Gourlay (2016); Hamarneh et al. (2017); Haarhaus et al. (2017)

Akiba et al. (2007); Mizumori et al. (2009); Brun et al. (2014);

Lalles (2014)

Chen et al. (2011); Lalles (2014); Malo et al. (2014); Fawley and
Gourlay (2016); Haarhaus et al. (2017); Bilski et al. (2017)

Lalles (2010); Lalles (2014); Malo et al. (2014); Bilski et al. (2017)

Beumer et al. (2003); Tuin et al. (2006); Bol-Schoenmakers et al.

Control of local and systemic inflammation or
infection

(2010); Ramasamy et al. (2011); Martinez-Moya et al. (2012);
Moss et al. (2013); Alam et al. (2014); Lalles (2014); Fawley and

Gourlay (2016); Bilski et al. (2017); Hamarneh et al. (2017)

Nucleotide dephosphorylation

IAP secretion in the apical membrane (microvilli)
Ca?" absorption regulation

Inorganic phosphate homeostasis

Lalles (2014); Fawley and Gourlay (2016); Haarhaus et al. (2017)
Lalles (2014); Fawley and Gourlay (2016); Haarhaus et al. (2017)
Brun et al. (2014); Lalles (2014); Fawley and Gourlay (2016);

Haarhaus et al. (2017)
Sasaki et al. (2018)

ADP = adenosine diphosphate; AMP = adenosine monophosphate; ATP = adenosine triphosphate; IAP = intestinal alkaline

phosphatase; LPS = lipopolysaccharide
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will be developed with the purpose of evaluating
mechanisms that have not yet been researched, such
as the in vivo use of bioinspired synthetic peptides
in toxins against bacteria and other pathogens and
antimicrobial photodynamic inactivation.
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