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Abstract: The aim of the study was to investigate the effect of intestinal alkaline phosphatase (IAP) added to diets on
growth performance, diarrhoea incidence (DI), blood metabolites, relative organ weight and intestinal morphometry
of weaned piglets challenged with enterotoxigenic Escherichia coli F4 (K88). A total of 64 crossbred entire male piglets
(25-day-old and 7.16 + 0.28 kg body weight) were allocated into four treatments: control diet (CD~), CD~ + antimi-
crobial growth promoter (AGP), CD™ + 15 mg IAP/kg of diet and CD~ + 30 mg IAP/kg of diet, with eight replications.
At 15 days, all piglets were orally challenged with 6 ml of a solution containing K88 (10° colony forming units/ml).
Microencapsulated IAP in acid solution showed 14.43% solubility and pH values of 1.69, 1.72, 1.51, and 1.52 at the
different times measured (0.5 h, 1.0 h, 17.0 h and 24 h); differently, IAP in basic solution had 4.10% solubility
and pH values increased (5.95, 6.10, 6.32 and 6.63) according to the different times, respectively. On days 25-35,
piglets that received 30 mg IAP and CD~ showed better feed conversion ratio (P = 0.075) compared to those fed
15 mg IAP. Piglets that consumed 30 mg IAP or CD™ had higher (P = 0.004) average daily gain on days 35-44.
On days 35-44, piglet average daily feed intake was lower (P = 0.033) with 15 mg IAP compared to AGP. In the
entire period, piglets fed 15 mg IAP showed a reduction in average daily gain (P = 0.040) and average daily feed
intake (P = 0.092). Piglets on 30 mg IAP showed an improvement (P < 0.05) in DI in the pre- and post-challenge
period. The relative spleen weight of the piglet increased (P = 0.043) in response to 30 mg IAP. Overall, the addi-
tion of 30 mg IAP to diets improves the growth performance, attenuates DI and promotes an increase in spleen
relative weight to maintain the health state in piglets.
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The development of the gastrointestinal tract of pig-
lets in the post-weaning period is a highly specialised,
dynamic and constantly changing process (Pluske
2016). In this sense, a clear definition of effective
gastrointestinal functionality and how it can be meas-
ured is necessary to monitor animal health and assess
the effects of any nutritional intervention on growth
performance (Celi et al. 2017). In overall terms, “in-
testinal health” encompasses a series of physiological
and functional variables and is closely associated with
growth performance analysis (Sun and Kim 2017).

Currently, there is a wide range of products such
as feed additives (organic and inorganic acids, high
levels of zinc oxide, essential oils, herbs and spices,
some types of prebiotics, bacteriophages, antimicro-
bial peptides), feeding/nutritional strategies, nutra-
ceuticals/functional feeds and management practices
that influence or intend to influence different aspects
of intestinal health and mitigate negative effects from
abrupt weaning (Jayaraman and Nyachoti 2017).

On the other hand, any discussion on intestinal
health in the post-weaning period should include
the potential impacts of enterotoxigenic Escherichia
coli (ETEC) strains, mainly including F4 (K88)*
and F18* (Sun and Kim 2017). Thus, it is neces-
sary to search for new safe and effective solutions
to minimise losses caused by bacterial infections.
Studies evaluating the use of intestinal alkaline
phosphatase (IAP) isoform in intestinal health
have been reported and include experiments on
the effects of IAP on specific bacteria and bacte-
rial components (Chen et al. 2010), the reduction
of the inflammatory activity of TNF-a levels (Moss
etal. 2013), protection against diarrhoea and other
enteric infections (Alam et al. 2014) and the ability
to promote bacterial growth and normalise the in-
testinal microbiome (Malo et al. 2014).

Therefore, the aim of this study was to investigate
the effect of intestinal alkaline phosphatase added
to diets on the growth performance, diarrhoea inci-
dence, blood metabolites, intestinal morphometry
and relative organ weight of weaned piglet challenged
with E. coli F4 (K88), and the in vitro simulation of
microencapsulated IAP on the pH modulation capac-
ity and its dilution in acidic or basic solution.

MATERIAL AND METHODS

The experiment was carried out in the Pig Sector
of the Experimental Farm Professor Antonio
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Carlos dos Santos Pessoa of the State University
of Western Parana - UNIOESTE, Campus of Ma-
rechal Candido Rondon/Parand, Brazil. The pig-
lets were carefully managed to avoid unnecessary
discomfort, and all experimental procedures were
approved by the UNIOESTE Research Ethics
Committee (No. 13/19 - CEUA).

Experimental design, animals,
housing and diets

A total of 64 crossbred piglets (Landrace x Large
White, Agroceresd and DanBred?), entire male
weaned at 25 days of age with an average initial
body weight of 7.16 + 0.28 kg were assigned to a ran-
domised complete block design consisting of four
treatments and eight replications, totalling 32 ex-
perimental units (EU), with two animals per EU.
The blocks were based on initial body weight.

At the beginning of the experimental period,
the animals were weighed and identified with num-
bered ear tags and housed in a masonry nursery
facility and ceramic roof tiles, consisting of sus-
pended pens (1.54 m?), with polyethylene plastic
flooring, equipped with nipple-type drinking foun-
tains and gutter-type feeders, arranged in two rows,
divided by a central aisle, where they remained
for a period of 19 days.

Ambient temperature and relative humidity were
recorded using a data logger with a digital display,
which was installed in the centre of the experimen-
tal building. The minimum recorded temperature
of the internal environment was 19.1 £+ 5.2 °C, and
the maximum was 29.7 + 5.5 °C. The nursery facility
was ventilated with fans, exhaust fans and tilting-
type windows. The heating of the experimental
pens was controlled using individual infrared in-
candescent lamps.

The diets were formulated to meet the piglet re-
quirements for pre-starter growth phase I and II,
following the nutritional requirements proposed
by Rostagno et al. (2017). The experimental treat-
ments (Table 1) were composed of control diet
(negative control), control diet + antimicrobial
growth promoter (AGP, 150 mg tiamulin/kg of diet)
as a positive control, control diet + 15 mgIAP (P7640,
type I-S obtained from bovine intestinal mucosa,
lyophilised powder, > 10 diethanolamine units/mg
solid which hydrolyses 1.0 micromole of p-nitro-
phenyl phosphate per min at pH 9.8 at 37 °C; Sigma-
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Table 1. Ingredient composition and diets provided to piglets in the experimental period (%, as fed basis)

Jtems Control Control + AGP Control + 15IAP  Control + 30 IAP
PI PII PI PII PI PII PI PII
Grain maize 7.86% 40.10 50.75 40.07 50.72 35.99 46.64 31.88 42.53
Soybean meal 45.4% 19.75 17.84 19.75 17.84 20.48 18.57 21.22 19.31
Whey powder 12.3% 14.66 9.33 14.66 9.33 14.66 9.33 14.66 9.33
Extruded semi-whole soybean 43.16%  12.00 10.00 12.00 10.00 12.00 10.00 12.00 10.00
Sugar 5.00 4.00 5.00 4.00 5.00 4.00 5.00 4.00
Fish meal 53% 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00
Soybean oil 1.96 1.61 1.97 1.62 3.35 3.00 4.73 4.39
Dicalcium phosphate 1.39 1.33 1.39 1.33 1.39 1.34 1.40 1.34
Limestone 0.89 0.80 0.89 0.80 0.88 0.79 0.87 0.78
L-lysine HCI 78% 0.40 0.42 0.40 0.42 0.39 041 0.38 0.39
L-threonine 96.8% 0.26 0.26 0.26 0.26 0.26 0.25 0.26 0.25
pL-methionine 99.5% 0.24 0.21 0.24 0.21 0.24 0.22 0.24 0.22
L-tryptophan 99% 0.04 0.05 0.04 0.05 0.04 0.04 0.04 0.04
Common salt 0.19 0.29 0.19 0.29 0.19 0.29 0.19 0.29
Mineral premix* 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Vitamin premix' 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
AGP? - - 0.015 0.015 - - - -
Microencapsulated IAP? - - - - 2.00 2.00 4.00 4.00
Calculated values
Crude protein (%) 21.42 19.87 21.42 19.87 21.42 19.87 21.42 19.87
Metabolisable energy (Mcal/kg) 14.24 14.13 14.24 14.13 14.24 14.13 14.24 14.13
Total calcium (%) 1.068 0.973 1.068 0.973 1.068 0.973 1.068 0.973
Available phosphorus (%) 0.528 0.481 0.528 0.481 0.528 0.481 0.528 0.481
Sodium (%) 0.224 0.219 0.224 0.219 0.224 0.219 0.224 0.219
Digestible lysine (%) 1.451 1.346 1.451 1.346 1.451 1.346 1.451 1.346
Digestible methionine + cysteine (%) 0.813 0.754 0.813 0.754 0.813 0.754 0.813 0.754
Digestible threonine (%) 0.972 0.902 0.972 0.902 0.972 0.902 0.972 0.902
Digestible tryptophan (%) 0.276 0.256 0.276 0.256 0.276 0.256 0.276 0.256
Lactose (%) 11.00 7.00 11.00 7.00 11.00 7.00 11.00 7.00

15 IAP = 15 mg intestinal alkaline phosphatase/kg of diet; 30 IAP = 30 mg intestinal alkaline phosphatase/kg of diet;

AGP = antimicrobial growth promoter; PI = pre-starter I; PII = pre-starter II

'Nutritional levels per kg of premix, (mg/kg): Mn sulphate (120), Zn oxide (160), Fe sulphate (120), Cu sulphate (20), I (2),
sodium selenite (1.2), vitamin K3 (12 800), vitamin B; (6 400), vitamin B, (16 000), vitamin B¢ (6 400), niacin (98 260),
pantothenic acid (32 340), folic acid (1 920); (ug/kg): vitamin By, (64 000), biotin (640 000); (kIU/kg): vitamin A (32 000),
vitamin D3 (6 400); (IU/kg):vitamin E (80 000); *tiamulin: 150 mg/kg of diet; 3intestinal alkaline phosphatase type I-S
obtained from bovine intestinal mucosa (Sigma-Aldrich, Inc., St, Louis, MO, USA)

Aldrich, Inc., St, Louis, MO, USA)/kg of diet and
control diet + 30 mg IAP/kg of diet.

Microencapsulation of intestinal
alkaline phosphatase

The microencapsulation process was carried out
by the Palsgaard Candon Company and consisted
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of the dilution of the enzyme in rice starch (RS),
propylene glycol ester (PGE) + palmitic acid (PA)
at the ratio of 1 g/1.333 kg. The final composition
of the coating material used in the microencapsula-
tion process presented the following proportions:
50% RS, 30% PGE + 20% PA.

Intestinal alkaline phosphatase was microencap-
sulated in 50% RS + 50% PGE (IAP I) or microen-
capsulated in 50% RS + 50% PGE with PA (IAP II).
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The procedures tested were IAP in the forms: pure
lyophilised (IAP), IAP I and IAP II induced or not
with E. coli LPS. As control procedures were used al-
veolar macrophage (AM), AM + phosphate-buffered
saline (PBS) and AM + IAP groups, without the ad-
dition of lipopolysaccharide (LPS). Macrophages
were isolated by bronchoalveolar lavage (BAL) from
a mare. In the laboratory, the BAL fluid was centri-
fuged and the pellet obtained was suspended in the
animal’s own supernatant.

From the cell pellet, 10 pl were used for slide
mounting and differential cell count in 1 000x
magnification. After counting, the cell suspension
was adjusted to 5 x 10° viable cells/ml and 100 pl
were plated into 96-well microplate wells. After
the isolation of the AM, the phosphate-buffered sa-
line (PBS, control group) and ETEC LPS (100 ng/ml)
inflammatory inducers were added in the amount
of 50 pl. Plates were incubated for 60 min in an
oven at 37 °C, then the treatments were carried
out: T1: PBS; T2: AM + PBS; T3: AM + IAP; T4:
AM + LPS; T5: AM + LPS + IAP; T6: AM + IAP [;
T7: AM + LPS + IAP [; T8: AM + IAP II and T9:
AM + LPS + IAP IL.

The resulting solution had its absorbance read
in a spectrophotometer with a wavelength of
550 nm. To analyse the phagocytic activity of AM,
after the macrophage plates had their wells washed
twice with PBS, 100 pl PBS and 20 pl zymosan were
added to each well, stained with neutral red and
incubated at 37 °C for 30 minutes. Then, the su-
pernatant was discarded, and the cells were fixed
with Baker’s solution for 30 min at 37 °C. The su-
pernatant was discarded, and 100 pl PBS was added
to perform centrifugation at 400 g for 5 minutes.
Then, the neutral red dye was solubilised with 200 pl
extraction solution and incubated for 30 minutes.
After this period, the absorbance was measured
at 550 nm. The final result of adhesion and phago-
cytic activity was corrected by the percentage of al-
veolar macrophages in the BAL fluid (absorbance x
% macrophages).

Solubility and pH change
of post-microencapsulation IAP

In vitro solubility was determined by the percent-
age of microencapsulated IAP weight loss and pH
change. A sample amount (15 + 0.00 g) was weighed
into identified and pre-weighed Erlenmeyer flask
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(n = 8). Subsequently, 100 ml of acidic solution
(0.1 mol HCI) or basic solution (0.5% sodium do-
decyl sulphate) were added, sealed with aluminium
foil and then placed in a water bath at 37 °C for 24 h.
At each time interval (0.5 h, 1 h, 17 hand 24 h), pH
measurement and agitation of the flasks for 1 min
were performed. After 24 h, the solution with
the microencapsulated IAP was filtered through
pre-weighed quantitative filter paper, washing
the remainder with distilled water. The retained
portion in the filter and flask was dried for 24 h
in a ventilated oven at 65 °C. Another four flasks
containing the acidic and basic solution were filtered
and rinsed in the same way (“blank”). Solubility
was expressed as a percentage of weight loss.

Growth performance testing
and diarrhoea incidence

The animals received feed and water ad libitum
throughout the experimental period. Performance
variables were determined on days 25-35, 35-44,
40-44 and 25-44 of piglet age, through the body-
weight of the animals and the quantification of the
feed provided and wasted on the floor and feeder
in each pen. Based on these data, average daily
feed intake (kg/day), average daily gain (kg/day),
and feed conversion ratio (kg/kg) were calculat-
ed. The diarrhoea incidence was recorded daily
at 9:00 a.m. before cleaning the experimental unit.
The presence or absence of diarrhoea (liquid faeces
on the floor and/or dirty anal region) was calcu-
lated as the proportion of animals with diarrhoea
in each experimental phase.

Blood sampling

In order to evaluate the blood metabolite concen-
tration, piglets were kept on an 8-h fasting diet at the
end of each experimental phase. Then, blood collec-
tion (+ 10 ml) was performed at 8:30 a.m. via punc-
ture of the anterior cranial vena cava of 32 animals
using 0.7 x 30 mm gauge needles. After the blood
was transferred to two glass tubes, one containing
heparin and one with sodium fluoride, which were
labelled, stored in a Styrofoam box with ice and sent
to the Blood Parameters Laboratory (UNIOESTE).
The blood samples were centrifuged at 3 000 g for
10 minutes. Approximately three ml of each tube
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were then transferred to previously identified and
frozen Eppendorf polyethylene tubes for the analy-
sis of urea (enzymatic-colorimetric method), glu-
cose (enzymatic-colorimetric method) and alkaline
phosphatase (kinetic-colorimetric method). These
analyses were determined by spectrophotometry
using specific Gold Analytical Diagnostic kits (Gold
Analisa, Belo Horizonte, Brazil).

Bacterial strain and challenge procedure

On day 15 of experimentation (day of infection),
piglets were subjected to an 8-h fasting and were
challenged individually, receiving 6 ml of bacterial
suspension containing a dose of 10° colony forming
units (CFU)/ml of an ETEC F4 strain (K88), isolat-
ed from weanling pig faeces (post-weaned 21-days
old) and provided by Mercolab (Cascavel, Paran4,
Brazil). The bacteria were seeded in plates contain-
ing eosin methylene blue medium and incubated
at 36 + 1 °C for 48 hours. Colonies of ETEC F4 strain
presented a characteristic green metallised reflex
due to the rapid lactose fermentation. A single col-
ony from each plate was collected and spread onto
brain heart infusion agar and incubated at 36 + 1 °C
for 24 h until the concentration of 1.0 x 10° CFU/ml
was reached. Subsequently, serial dilutions were
performed in saline solution (0.9% NaCl) to reach
the concentration of 1.0 x 10° CFU/ml. The infec-
tion of piglets was at the back of the oral cavity us-
ing a syringe. The rich solution in ETEC was slowly
dripped into the piglet’s throat so that the swallow-
ing reflex was triggered and the inoculants passage
into the lungs was minimised.

Relative organ weight (%) and sampling
of the intestinal epithelium

On the 19" day of experimentation, six animals
from each experimental treatment were slaugh-
tered (after 6-h fasting) following humane slaughter
methods. The choice of the animal to be slaugh-
tered was according to bodyweight nearest to the
average treatment. The digestive and non-diges-
tive organs were removed, washed with distilled
water and weighed, and the length of the animal’s
small bowel was measured. Relative organ weight
(%) was calculated considering the animal’s body
weight at the time of slaughter.
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Segments of the approximately 3-cm length
of the jejunum were collected (Guo et al. 2001),
washed with physiological solution (0.9% NaCl)
and stored in 50 ml sterile plastic pots containing
10% buffered formaldehyde solution for 48 hours.
Subsequently, the samples were sent to the
Histopathology Laboratory of Mercolab where
they were paraffin-embedded and microtomized
for slide mounting. The slides were stained with
haematoxylin and eosin for histological description.

Statistical analyses

The standardised residuals analysis of Student
(RSTUDENT) was performed in order to identify
outliers (values greater than or equal to three stand-
ard deviations). For the growth performance, blood
metabolites and relative organ weight, the statisti-
cal model was fitted with treatment as a fixed effect,
block as random, and covariate effect. For the char-
acteristics of intestinal morphometry, the statisti-
cal model used was the one previously mentioned,
without including the covariate effect. For the
statistical analysis of the diarrhoea incidence (DI)
the data were transformed into binary values, be-
ing presented as percentage results. For the DI,
the generalised linear model was fitted to the data
using the binomial distribution and logit link func-
tion. The DI was compared using a test of the dif-
ference between the least-squares means, through
the X* statistic. Comparisons between treatment
averages were performed according to Tukey’s post
hoc test. The P error of the growth performance
parameters was used (0.05 < P < 0.1). The other
variables were analysed using the general linear
models procedures of the statistical software SAS
University Edition (SAS Inst. Inc., Cary, NC, USA).

RESULTS

Process of evaluation of post-
microencapsulation IAP activity

and solubility and in vitro pH modulation
capacity for 24 h

It was observed that macrophage adhesion
was higher for treatments composed of AM +
LPS + IAP I and AM + LPS + IAP II. Phagocytic
activity related to macrophage adhesion was lower
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for the groups AM + LPS + IAP, AM + LPS + AP I
and AM + LPS + IAP II compared to the other
treatments. However, the group with AM + LPS
+ IAP II presented the lowest phagocytic activity.
After the pilot analysis of the phagocytic activity,
the IAP II microencapsulation method was se-
lected to continue processing the enzyme and its
addition to the diet.

When the capacity of the microencapsulated
IAP was verified in modulating the pH or to show
its activity, IAP in acid solution showed 14.43%
solubility and pH values of 1.69, 1.72, 1.51, and
1.52 at the different times measured (0.5 h, 1.0 h,
17.0 h and 24 h). Differently, IAP in basic solution
had 4.10% solubility; however, pH values increased
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(5.95, 6.10, 6.32 and 6.63) according to the differ-
ent times, respectively.

Growth performance testing
and diarrhoea incidence

Prior to the growth performance test, none of the
animals showed clinical signs of post-weaning diar-
rhoea. IAP has the ability to improve the growth
performance of piglets in pre-starter phase II and
in the entire total period when used at a dietary
dose of 30 mg/kg (Table 2). First, in order to assess
the role of IAP in a relevant way, pre-challenge and
post-challenge performance variables were deter-

Table 2. Effect of intestinal alkaline phosphatase on the growth performance of piglets challenged with Escherichia

coli F4 (K88)

Experimental treatments

Items SEM P-value 1-B (%)
control AGP 15 IAP 30 IAP
Pre-starter phase I (7.168 kg to 8.893 kg) — 25 to 35 days of age
IBW (kg) 7.17 7.16 7.16 7.16 0.050 - -
FBW (kg) 9.10 8.85 8.80 8.81 0.105 0.450 22.783
ADG (kg) 0.19 0.16 0.16 0.16 0.009 0.450 22.252
ADFI (kg) 0.24 0.23 0.22 0.21 0.010 0.282 32.886
FCR (kg/kg) 1.29° 1.48% 1.50% 1.28° 0.045 0.075 57.071
Pre-starter phase II (8.893 kg to 11.191 kg) — 35 to 44 days of age
FBW (kg) 11.53 11.26 10.70 11.26 0.190 0.380 25.818
ADG (kg) 0.27 0.242b 0.17° 0.272 0.011 0.004 90.208
ADFI (kg) 0.37% 0.38* 0.29° 0.36% 0.014 0.033 70.396
FCR (kg/kg) 1.41 1.37 1.61 1.39 0.062 0.359 26.793
Post-challenge phase (9.428 kg to 11.191 kg) — 40 to 44 days of age
IBW (kg) 9.86 9.56 8.84 9.44 0.200 - -
FBW (kg) 11.53 11.26 10.70 11.26 0.190 0.380 25.818
ADG (kg) 0.38 0.38 0.30 0.39 0.017 0.216 37.612
ADFI (kg) 0.39 0.41 0.32 0.39 0.016 0.163 42.202
ECR (kg/kg) 1.00 1.06 1.12 1.01 0.037 0.615 15.947
Total period (7.168 kg to 11.191 kg) — 25 to 44 days of age
FBW (kg) 11.53 11.26 10.70 11.26 0.190 0.380 25.818
ADG (kg) 0.23* 0.20? 0.17° 0.212b 0.008 0.040 68.176
ADFI (kg) 0.31° 0.312 0.25" 0.28* 0.011 0.092 55.387
FCR (kg/kg) 1.35 1.41 1.51 1.33 0.042 0.382 25.597

15 IAP = diet with the addition of 15 mg intestinal alkaline phosphatase/kg of diet; 30 IAP = diet with the addition
of 30 mg intestinal alkaline phosphatase/kg of diet; ADG = average daily gain; ADFI = average daily feed intake; AGP =

antimicrobial growth promoter; ANT = diet with the addition of antibiotic; control = diet without feed additive; FBW =

final body weight; FCR = feed conversion ratio; IBW = initial body weight

Power of statistical test considering alpha = 5%

abAverages followed by different lowercase letters in the row differ according to Tukey’s test at 5% and 10% probability
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Figure 1. Effect of intestinal alkaline phosphatase on
diarrhoea incidence in piglets challenged with Escheri-
chia coli F4 (K88)

Diarrhoea incidence was calculated as the proportion
of animals with diarrhoea

2~¢Observed proportions of diarrhoea incidence, followed
by different lowercase letters, differ from each other by testing

the difference between the Ismeans at the 5% probability level

mined. Before the challenge with ETEC, in pre-
starter phase I, piglets that received 30 mg of IAP
added to the diet or control group showed a better
feed conversion ratio (P = 0.075) compared to those
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fed 15 mg of IAP. Piglets that consumed 30 mg
of IAP or control group showed greater (P = 0.004)
average daily gain in pre-starter phase II. Piglets fed
15 mg of IAP had lower average daily feed intake
(P =0.033) compared to piglets with diets contain-
ing AGP. When we evaluated the effect of IAP over
the entire period, there was a difference between
treatments, in which the piglets fed 15 mg of IAP
showed a reduction in average daily gain (P = 0.040)
and average daily feed intake (P = 0.092) (Table 2).
There was no effect (P > 0.05) of treatments on DI
in pre-starter phase I. However, piglets fed 30 mg
IAP showed a reduction (P = 0.044) in DI when
compared to those that received 15 mg IAP in pre-
starter phase II. This effect was maintained for the
entire period (P = 0.007). The key result was ob-
served (P = 0.009) in the post-challenge phase,
in which piglets receiving 30 mg IAP showed lower
DI compared to the other treatments (Figure 1).

Blood metabolites
No differences (P > 0.05) between treatments

were obtained in any of the pre- and post-challenge
plasma concentration indicators (Table 3).

Table 3. Effect of intestinal alkaline phosphatase on blood metabolites of piglets challenged with Escherichia

coli F4 (K88)
Experimental treatments

Items SEM P-value

control AGP 15IAP 30 IAP
Initial average plasma concentrations (baseline)
Alkaline phosphatase (IU/1) 494.42 557.70 594.41 455.62 122.937 -
Urea (mg/dl) 23.01 18.68 19.66 19.44 1.008 -
Glucose (mg/dl) 120.57 116.80 111.98 110.70 4.757 -
Pre-starter phase I (7.168 kg to 8.893 kg) — 25 to 35 days of age
Alkaline phosphatase (IU/1) 441.60 666.40 346.60 365.50 65.219 0.172
Urea (mg/dl) 21.52 24.11 24.72 20.02 1.150 0.477
Glucose (mg/dl) 118.50 128.66 114.41 122.26 3.159 0.421
Pre-challenge phase (8.893 kg to 9.428 kg) — 35 to 40 days of age
Alkaline phosphatase (IU/1) 633.00 598.00 386.90 407.20 56.224 0.445
Urea (mg/dl) 23.57 23.04 25.30 25.28 2.040 0.849
Glucose (mg/dl) 97.98 97.34 88.63 93.62 4.314 0.740
Post-challenge phase (9.428 kg to 11.191 kg) — 40 to 44 days of age
Alkaline phosphatase (IU/1) 317.60 473.10 425.90 344.10 41.881 0.609
Urea (mg/dl) 18.42 19.86 22.58 21.73 1.009 0.569
Glucose (mg/dl) 89.51 99.01 91.01 89.49 3.305 0.696

15 IAP = diet with the addition of 15 mg intestinal alkaline phosphatase/kg of diet; 30 IAP = diet with the addition of 30 mg
intestinal alkaline phosphatase/kg of diet; AGP = antimicrobial growth promoter; control = diet without feed additive
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Relative organ weight (%)
and intestinal morphometry

To determine whether IAP also affects the rel-
ative organ weight, digestive and non-digestive
organs were evaluated. Piglets that received a treat-
ment with 30 mg of IAP had greater (P = 0.043)
relative weight (percentage of body weight) of the
spleen when compared to control treatment
(Table 4). There was no effect (P > 0.05) of treat-
ments on the intestinal morphometry of piglets;
however, there was a slight increase (P = 0.106)
in the VH:CD ratio of piglets when fed 30 mg
of IAP (Table 4).

DISCUSSION

Process of evaluation of post-
microencapsulation IAP activity

and solubility and in vitro pH modulation
capacity for 24 h

By reducing LPS-induced phagocytic activity, it is
suggested that IAP reduced the toxic effect of LPS,
since the TLR4 and IAP expression increased in the
presence of LPS (Chen et al. 2010). This result is as-
sociated with the IAP ability to attenuate the LPS-
mediated inflammatory response, hypothetically

https://doi.org/10.17221/82/2021-CJAS

through dephosphorylation of the lipid A present
in the LPS (Chen et al. 2011).

The solubility of microencapsulated IAP was on
average 3.51 times higher in the acidic solution
when compared to the basic solution, which can
be attributed to the final proportions and polarity
of the compounds used as a coating material in the
microencapsulation process. In relation to pH os-
cillation, these results may be related to the absence
of buffers in the solutions, which influenced the pH
variations, and not due to the effect of IAP ability
to modulate the pH because the solubility was high-
er in the acidic solution and under these medium
conditions there is neither IAP activity nor pH
modulation capacity (Koyama et al. 2002). In pre-
vious studies, it was found that IAP has the ability
to modulate intestinal pH, in which in alkaline pH
its activity reduced intestinal pH due to the enzyme
concentration (Brun et al. 2014).

Growth performance testing
and diarrhoea incidence

In this study, the growth performance of piglets
was influenced by dietary treatments. The lack
of growth response attributable to AGP was unex-
pected since, for several decades, it was one of the
main feeding alternatives in the control of post-

Table 4. Effect of intestinal alkaline phosphatase on the relative weight of digestive and non-digestive organs (%) and

intestinal morphometry of piglets challenged with Escherichia coli F4 (K88)

Experimental treatments

Items SEM P-value
control AGP 15 IAP 30 IAP

Empty stomach 0.81 0.71 0.81 0.77 0.019 0.230
Empty small bowel + pancreas 4.88 5.05 5.21 4.63 0.137 0.661
Empty caecum 0.23 0.23 0.28 0.25 0.010 0.403
Empty colon 1.97 2.30 2.01 2.01 0.064 0.329
Liver + gallbladder 3.15 3.35 3.22 2.93 0.076 0.148
Spleen 0.18 0.19% 0.20% 0.23 0.006 0.043
Kidneys 0.54 0.55 0.51 0.52 0.012 0.647
Small bowel (m) 10.18 9.75 10.64 9.29 0.269 0.305
Intestinal morphometry (um)

Villus height (VH) 398.87 374.17 377.75 424.83 0.013 0.582
Crypt depth (CD) 162.75 194.08 171.20 158.75 0.006 0.264
VH:CD ratio 2.53 1.98 2.25 2.70 0.136 0.106

15 IAP = diet with the addition of 15 mg intestinal alkaline phosphatase/kg of diet; 30 IAP = diet with the addition of 30 mg

intestinal alkaline phosphatase/kg of diet; AGP = antimicrobial growth promoter; control = diet without feed additive

abAverages followed by different lowercase letters in the row differ according to Tukey’s test at 5% probability
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weaning diarrhoea. Alam et al. (2014) considered
antibiotics as an additive that inherently causes
dysbiosis, an imbalance in the number and com-
position of commensal intestinal bacteria, which
eventually did not occur in piglets in the control
group or those that consumed 30 mg of IAP. Study
reports also showed that treatment with tiamulin
as an AGP triggered intestinal dysbiosis (Le Roy
et al. 2019; Saettone et al. 2020).

These results are supported by the explanations
that IAP added at 30 mg acted as a host defence
factor (Koyama et al. 2002), but a better under-
standing of the factors that regulate IAP expression
and its effects on the promotion of intestinal health
is needed, consequently, it improves the growth
performance of piglets. In this first trial with pig-
lets, it was found that the addition of 15 mg of IAP
to the diet was not sufficient to attenuate the crit-
ical post-weaning period. We speculate that the
reason why piglets that consumed 15 mg of IAP
showed no response to performance is supported
by the amount that was added to the experimental
diet, as its microencapsulation process is complex,
leading to losses in its efficacy and lower enzyme
activity in the small intestine.

Based on previous experimental reports (Alam
etal. 2014; Malo et al. 2014), IAP is a defence factor
of the intestinal mucosa, a local immunomodula-
tor (Chen et al. 2011), which positively influences
the piglet growth performance, demonstrating the
favourable effect of IAP in reducing the intestinal
inflammatory response (Lackeyram et al. 2010).
However, the piglets in the negative control group
also showed a favourable response and the reason
for this inconsistency is that the efficiency of each
additive depends on the diet (composition, feed
processing, feeding methods), colonisation and
associated succession of microbial populations,
stress and genetics (Celi et al. 2017).

This can be attributed to the fact that the diet
without feed additives was able to promote an in-
testinal health status and beneficially influence
the resident intestinal microbiota without affect-
ing the growth performance variables. In this
study, the animals were housed in previously dis-
infected experimental facilities, and these sanitary
conditions may have reduced environmental con-
tamination. In addition, the short experimental
challenge period and complex and highly digest-
ible diets used in the present study were unlikely
to cause impairment in animal performance. Alam
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etal. (2014) determined the efficacy of oral supple-
mentation of IAP via drinking water in mice and
observed positive results for protection against
DI and enteric infections. However, the variation
that occurs in the responses of piglets that con-
sumed feed additives is presumably a consequence,
in part, of many different management conditions
they are exposed to, the amount added to the diet
and differences in age, health status or environ-
mental conditions (Liu et al. 2018).

IAP activity in the prevention of DI has been
confirmed (Alam et al. 2014). The effects of IAP
are based on its ability to rapidly restore commen-
sal intestinal microbiota in studies involving mice
(Chen et al. 2011; Moss et al. 2013) and piglets
(Beumer et al. 2003). Piglets challenged with ETEC
exhibited a considerably greater DI because ETEC in-
fection is associated with an impaired intestinal
barrier function (Yang et al. 2014), and the F4
inoculation significantly increased DI in piglets
that did not consume 30 mg of IAP. These results
are explained by the role of inhibiting adhesion
and bacterial internalisation, preventing disrup-
tion of the barrier integrity (Song et al. 2015).

Blood metabolites

Notably, urea and glucose concentrations are
close to the established range for the species stud-
ied (Nielsen et al. 2015; Perri et al. 2017). These
findings are supported by the growth phase of pig-
lets, in which the nutritional and physiological
needs are altered, as well as protein levels in the
feed, generating lower metabolite concentrations
(Perri et al. 2017). In addition, infectious diseases
or the occurrence of an inflammatory process sig-
nificantly reduce feed intake and cause nutrient
redistribution from growth processes to support
the immune system (Owusu-Asiedu et al. 2003).

An increased blood urea concentration also oc-
curs due to high protein catabolism and stress.
In this sense, the treatment groups attenuated stress
and the inflammatory process during the nursery
phase because blood urea values are altered in situ-
ations of diseases and injuries, age, gender, breed,
nutrition and health status (Klem et al. 2010), and
in such cases amino acids are released from mus-
cle degradation and can be used for the synthesis
of acute-phase proteins in the liver and as an energy
source (Owusu-Asiedu et al. 2003).
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Metabolic pathways for the synthesis of urea by
the liver use energy, and the increase in urea synthe-
sis or plasma urea concentration can increase the
energy expenditure by the liver and concomitantly
reduce glucose that would be intended for other
purposes. In addition, piglets that are subjected
to challenge or show acute clinical signs of disease
may undergo a decrease in glucose concentration
because they use much of their energy to main-
tain vital functions. However, the results obtained
do not corroborate this idea, and we attribute it
to the fact that pigs are animals tolerant to glucose
concentrations and hyperinsulinaemic (Nielsen
et al. 2015).

The plasma ALP concentration has a wide os-
cillation, being regulated by several factors such
as diet (Zhang et al. 2018), stress (Mayengbam and
Tolenkhomba 2015), body growth rate, age and ge-
netics (Abeni et al. 2018); the results suggest
that there is a physiological mechanism that ac-
tivates the ALP activity in injuries, stress and
pathological situations, and intestinal infections
in piglets, such as post-weaning and/or challenge
period. The antibiotics addition to diets has a met-
abolic effect, the increase in the IAP response
as a way to restore the intestinal microbiota in the
dysbiosis condition.

Relative organ weight (%)
and intestinal morphometry

An interesting observation is that the relative
spleen weight of piglets that received 30 mg of IAP
when compared to those that consumed the con-
trol diet may be associated with the greater im-
mune system stimulation. The effect of IAP is
evident, which has the ability to attenuate the in-
flammatory response (Chen et al. 2011), trigger
a stimulus to the immune system in response to its
presence (Mussa et al. 2013) and recruit defence
cells (Beutler and Rietschel 2003), which influences
the relative weight of this organ as it is linked to the
lymphatic system.

Overall, piglets maintained the same organ
weight and were not influenced by dietary treat-
ments, which apparently demonstrates a normal
state of organ development. However, it was not
evaluated by immunohistopathological analysis
(Pluske 2016). In mammals, the ALP family consists
of several isoenzymes classified into non-tissue-
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specific ALP (found in liver, bones and kidneys) and
tissue-specific ALP (found in the bowel, placenta
and germ cells) (Beumer et al. 2003; Malo et al.
2014). The toxicity generated by the challenge with
ETEC has characteristic histopathology in mam-
mals, including liver, heart and intestinal lesions,
as well as oedema in the affected tissues, which may
promote the exacerbated organ growth (Bates et al.
2007), which did not occur in the present study.

Intestinal histology was examined, and a villus
height (VH) reduction was associated with post-
weaning growth lag and reduction in average daily
feed intake. However, the dietary treatments did not
affect the intestinal morphometry variables in the
study, and there is no explanation for these results,
since the increase in DI and lower growth perfor-
mance are related to reduced VH (Rong et al. 2015).
On the other hand, the capacity to absorb nutrients
with lower energy losses due to the cell turnover is
improved by greater VH and lower CD, i.e. higher
VH:CD ratio (Owusu-Asiedu et al. 2003).

No intestinal damage as a result of ETEC infec-
tion was observed in terms of intestinal morpho-
metry in the present study, but the VH:CD ratio
is a useful criterion for assessing intestinal health
and function (Pluske 2016).

Based on the evaluation criteria of the present
study, the addition of 30 mg IAP to diets pro-
moted improvements in the growth performance
and reduced the diarrhoea incidence, which can
be considered a potentially effective alternative
in replacement of AGP in diets for weaned pig-
lets. In addition, the higher dose of IAP promotes
an increase in spleen relative weight to maintain
the health state without altering blood metabolites
and intestinal morphometry in piglets challenged
with enterotoxigenic E. coli F4 (K88).
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