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Introduction

Effects of spermine on ileal physical barrier,
antioxidant capacity, metabolic profile and large
intestinal bacteria in pigletsT

Guangmang Liu, {*2°° wWeiwei Mo,?® Wei Cao,°° Xianjian Wu,?*¢ Gang Jia,®*°
Hua Zhao, (2 2°¢ Xjaoling Chen,?®¢ Caimei Wu*° and Jing Wang®

Spermine, a polyamine, exerts important roles in alleviating oxidative damage, improving immunity,
increasing antioxidant status and digestive enzyme activities, and promoting the development of small
intestine. However, information is not available regarding the effects of spermine supplementation on
gut barrier function, intestinal microbiota and metabolic profile in piglets. Therefore, this study was
designed to explore the effect of spermine administration on these parameters. The experiment was
conducted on twenty 12 day-old suckling piglets, which were allocated either to the group fed basal
formula milk (control group) or to that fed a basal formula milk that contained spermine (0.4 mmol kg™t
BW per day) for 3 days. Caecal and colonic digesta and ileal tissues were collected at the end of the
three-day feeding experiment. The results were as follows: (1) supplementation with spermine increased
glutathione S-transferase (GST) capacity by 27.84% and glutathione content by 18.68% in the ileum (P <
0.05). (2) Glutathione peroxidase 1 (GPx1), catalase (CAT), GST, nuclear factor erythroid 2-related factor 2
(Nrf2) and Kelch-like ECH-associated proteinl (Keapl) mRNA levels in ileum were increased in the
spermine-supplemented group in contrast to those in the control group (P < 0.05). (3) The spermine-
supplemented group increased zonula occludens-1 (ZO-1) (by 42.0%), ZO-2 (by 101.0%), occludin (by
84.0%), claudin 2 (by 98.0%), claudin 3 (by 121.0%), claudin 12 (by 47.0%), claudin 14 (by 68.0%) and
claudin 16 (by 73.0%) mRNA levels in ileum relative to the control group (P < 0.05). (4) Supplementation
with spermine increased ZO-2 and occludin mRNA levels in ileum by reducing myosin light chain kinase
(MLCK)  (by 23.0%) mRNA level. (50 Spermine supplementation increased choline,
glycerolphosphocholine, creatine and serine levels, and decrease alanine, glutamate, lysine,
phenylalanine, threonine, lactate, tyrosine levels in ileum (P < 0.05). (6) The population of Lactobacilli,
Bifidobacteria and total bacteria increased, but the number of Escherichia coli decreased in the caecal
and colonic digesta after spermine supplementation (P < 0.05). In summary, dietary spermine
supplementation promotes ileal health by enhancing antioxidant properties, improving ileal barrier
function, modulating metabolic profiles, and maintaining large intestinal microbial homeostasis.

protein synthesis, enhances immune functions in spleen and
thymus, and partially modulates metabolite changes (e.g
amino acid and lipid metabolism) caused by oxidative stress,

Spermine is a single aliphatic biogenic amine compound and
can be found in various foods, such as meat, rice and vegeta-
bles." Spermine has essential functions in multiple cellular
physiological processes, such DNA regulation and RNA and
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facilitates the development of the small intestine and improves
growth performance in piglets.>* The ileum is the main intes-
tinal segment for protein digestion, small peptide and free
amino acids absorption.® Previous experiments demonstrated
that spermine promotes antioxidant defence in the liver, long-
issimus dorsi, spleen and thymus.*®” However, few studies have
investigated the effects of spermine on the antioxidant status of
the ileum in pigs. Antioxidant enzymes and non-enzymatic
antioxidant substances play roles in scavenging superoxide
anion radicals (0®>) and hydroxyl radicals (OH ), and exert
a crucial role in maintaining antioxidant status in the body.
Increased antioxidant enzyme activity might be a consequence
of enhanced gene transcription. However, the effects of
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spermine on the antioxidant enzyme gene transcription of
ileum in piglets remain unclear. A previous study reported that
the transcription of endogenous antioxidant enzyme genes in
the spleens and thymi of pigs is usually mediated by tran-
scription factor nuclear factor erythroid 2-related factor 2
(Nrf2).* Nrf2 is the main target of Kelch-like ECH-associated
protein1l (Keap1), which serves as a cytosolic repressor of
Nrf2.2 However, information regarding the effects of spermine
on the signal molecules Nrf2 and Keap1 of ileum in piglets is
lacking. In addition to antioxidant status, increased the tight
junction proteins (e.g., zonula occludens-1 [ZO-1] and ZO-2)
improves intestinal health.® Moreover, polyamine synthesis is
inhibited in differentiated IEC-Cdx2L1 cells (Cdx2-transfected
IEC-6 cells, the cell line was derived from small intestinal
crypt epithelial cells of rat) by supplementation with a-difluor-
omethylornithine (a typical inhibitor of polyamine synthesis),
which led to decreased tight junction proteins (e.g., ZO-1 and
Z0O-2). Moreover, this inhibitory effect is prevented by the
exogenous polyamine spermidine.” This finding implies
a possible correlation between spermine and tight junction
proteins in pigs. Nevertheless, the effects of spermine admin-
istration on the tight junction proteins of ileum in pigs have not
been investigated. Oxidative stress can decrease intestinal
barrier function.' Microflora can reduce oxidative stress and
contribute to the maintenance of intestinal health because they
exert important roles in the increase of tight junctions,™ the
maturation of the immune system and development of normal
intestinal morphology.** Infant formula supplemented with
polyamines promotes the proliferation of Bifidobacteria, Lacto-
bacilli and Enterococci in mice.*® Therefore, it could be expected
that spermine intake affects intestinal bacteria colonization. A
previous study reported that ileal Crohn's disease can be
demonstrated to be related with alterations in bacterial carbo-
hydrate metabolism and bacterial-host interactions.*® Intes-
tinal microflora can secrete some metabolites, which can help
intestinal development. Moreover, spermine regulates the
ileum metabolic profile of rats."” Pigs are a more effective model
for humans than rats, and no information about the response of
pig ileum biological systems to spermine supplementation is
currently available.

Intestinal health can be reflected by physical barrier, chem-
ical barrier, immune barrier, microbial barrier, antioxidant
capacity, metabolic status, etc. Improving ileal health contrib-
utes to improving nutrients digestion and absorption and
alleviating inflammatory response. In this study, we have tested
the hypothesis that dietary spermine supplementation can
promote intestinal health by improving intestinal barrier
function, enhancing antioxidant defense, maintaining intes-
tinal microfloral homeostasis, and promoting amino acid
metabolism (e.g., protein synthesis) and lipid metabolism (e.g.,
lipid cholesterol transport and oxidation of fatty acids). Then,
we investigated the changes in non-enzymatic antioxidant
substances and antioxidant enzymes activities and the expres-
sion levels of tight junction proteins, antioxidant enzymes and
signal molecules, including Keap1 and Nrf2 genes, and meta-
bolic profile in the ileum, and microbial population in the colon
and caecum of piglets that received spermine.
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Material and methods

The experimental protocol used in this current work was
approved by Sichuan Agricultural University Animal Care and
Use Committee (SICAU-2015-056). The approximate composi-
tion analysis of the basic formula milk powder in the current
study is shown in Table S1.1 Nutrient levels of the basic formula
milk powder were similar to sow milk, thereby meeting the
nutrient requirements of piglets. These piglets were weaned at 9
d of age. After 2 d acclimatization, a total of twenty 12 day-old
piglets (Duroc x Landrace x Yorkshire) with initial body
weights (BWs) of 3.27-3.33 kg were divided into two groups with
10 replicates per group. Each piglet was fed 7 times a day by
bottle feeding. Half of the piglets were fed formula milk con-
taining spermine (0.4 mmol kg~ ' BW) for 3 days, and the other
half received the same amount of formula milk given to
spermine-supplemented piglets with normal saline physiolog-
ical saline once a day for 3 days in pairs. The spermine doses
and spermine-treated time were chosen as described by
previous experiments.*” The oral spermine dose of 0.4 mmol
kg ' body weight increases precocious intestinal maturation
and promotes intestinal growth for 3 days without toxicity.®’
Which may economically be provided to pigs in large-scale pig
production. The health of all pigs was monitored every day. The
piglets were provided ad libitum access to clean drinking water
during the whole experiment. The controlled room temperature
and relative humidity were controlled at approximately 30 °C
and 50-60%, respectively.

Before slaughter, the piglets were fasted for 12 h. In the
morning (08 : 00 h), all piglets were anaesthetized with an intra-
venous injection of pentobarbital sodium (15 mg kg™ ' body
weight) and sacrificed at 15 days of age and ileal tissues (approx-
imately 5 cm) were collected for later enzymatic and RT-PCR
analysis. Digesta contents from caecum and colon were used for
analysis of microbial populations. All samples were immersed in
liquid nitrogen and then stored at —80 °C for later analysis.

Biochemical analysis of ileum

To evaluate the antioxidant status in ileal tissue, antioxidant-
related parameters were assessed. The malondialdehyde
(MDA) serves as a biomarker of the lipid peroxidation.” The
protein carbonyl (PC) content is used to reflect the degree of
proteins oxidative damage.” MDA content was estimated by the
thiobarbituric method (TBA method). PC content was tested
from the peak absorbance at 370 nm according to the previous
experiment.” Decreased free radicals are partly attributed to the
increased antihydroxyl radical (AHR) and antisuperoxide anion
(ASA) activities.” Glutathione (GSH) is known as a non-
enzymatic antioxidant and alleviates oxidative damage. The
AHR activity, ASA activity, the GSH content, as well as the total
superoxide dismutase (T-SOD) activities and the total antioxi-
dant capacity (T-AOC) were analyzed according to a previous
study.® The catalase (CAT) was evaluated using a colorimetric
method. The glutathione peroxidase (GPx) activity was tested on
the basis of the oxidation of reduced GSH by GPx. The gluta-

thione S-transferase (GST) activities were
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spectrophotometrically determined as CAT. Enzymatic antioxi-
dants (i.e., CAT, T-SOD, GPx and GST) participate in eliminating
excessive reactive oxygen species. The activities of antioxidant
enzymes were measured by using commercial kits (Jiancheng
Bioengineering Institute, Nanjing, China). Enzyme activities are
expressed as units (U) per milligram or gram of protein.

Total RNA extraction and quantitative RT-PCR determination

The method of the isolation of RNA from the ileal tissue was
consistent with our previous study.* Samples were collected in
TRIzol to preserve RNA. The quality of total RNA was tested by
using 1.0% agarose gel electrophoresis (Beckman DU-800; CA,
USA). Spectrophotometric analysis (A260:280 nm ratio) was
applied to measurement of the purity of total RNA in the ileal
samples. Subsequently, total RNA (about 1 pg) in ileum was used to
synthesize ¢cDNA using the PrimeScript™ RT reagent (Takara,
Dalian, China). Specific primers of the genes involved in our study
were designed with Primer Express Software (version 3.0; Applied
Biosystems, Foster City, CA, USA) and synthesized by Takara
Biotechnology Company (Takara, Dalian, China) as summarized in
Table S2.1 The SYBR® Green I PCR Reagent Kit and a real-time
PCR instrument (ABI 7900HT, Applied Biosystems, USA) in our
laboratory were applied to real-time quantitative PCR analysis. The
reaction was implemented in a total volume of 10 pL with 5 pL
SYBR® Premix Ex Taq™ II with the ROX reference dye, 1 uL cDNA,
1 uL each of forward and reverse primers, and 2 pL ddH,O. Cycling
conditions were as follow: a prerun step at 95 °C for 10 s, 42 cycles
of denaturation at 95 °C for 10 s, annealing at 58 °C for 35 s, and
extension at 72 °C for 15 s.

Microbial population determination

Bacterial DNA from the caecal and colonic digesta were isolated
using the stool DNA extraction kit (Omega Bio-tek, Doraville,
CA, USA) according to the manufacturer's instructions. Primers
and probes for total bacteria, Escherichia coli, Lactobacillus and
Bifidobacterium used in this experiment are presented in Table
S21 and designed according to the latest report,” and
commercially synthesized by Life Technologies Limited. Briefly,
the quantification of total bacteria was conducted by using real-
time quantitative PCR using SYBR® Premix Ex Taq™ reagents
(Takara Biotechnology (Dalian) Co., Ltd., Dalian, China) and
CFX-96 Real-Time PCR Detection System (Bio-Rad Laborato-
ries), and the quantification of Escherichia coli, Lactobacillus and
Bifidobacterium were carried out by real-time quantitative PCR
using PrimeScript™ PCR kit (Perfect Real Time; Takara) and
CFX-96 Real-Time PCR Detection System (Bio-Rad Laboratories)
as previously described.>*** Standard curves were manufactured
according to the previous study.** All reactions were specific for
the target species. The quantitative PCR data were normalized
based on the DNA concentrations. Bacterial copies were trans-
formed (log 10) before statistical analysis.

NMR spectroscopic measurement and data analysis

NMR spectroscopic measurement and NMR data analysis from
the ileum were consistent with our previous study.'” Briefly, ileal
tissues (about 60 mg) were extracted with 0.6 mL pre-cooled
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aqueous methanol by a tissue-lyser. The extract was then
reconstituted into a 600 pL phosphate buffer (0.1 M NaH,PO,/
K,HPO,, pH7.4, 50% v/v D,0). 550 uL solution was transferred
into NMR tubes. The proton NMR spectra of ileum samples
were acquired on a Bruker Avance II 600 MHz spectrometer. The
ileum spectral region of 0.7 to ¢9.5 was integrated into regions
with an equal width of 0.002 ppm by using MestreNova 8.1.2
software. Methanol signals were carefully excluded together
with region containing H,O signals.

Statistical analyses

The results were expressed as mean value of each treatment.
Values of P < 0.05 were used to denote statistical significant
differences between treatments. Datas in the study were
analyzed by SPSS 22.0 (SPSS Inc., Chicago, IL, USA). Differences
between groups were determined with two-sided unpaired
Student's ¢-tests. To evaluate the relationship between variables,
correlations analysis was done using Pearson's correlation
analysis. Multivariate data analysis was carried out using the
software package SIMCA-P+. Principle component analysis
(PCA), projection to latent structure-discriminent analysis (PLS-
DA) and orthogonal projection to latent structure-discriminent
analysis (OPLS-DA) were carried out. In the present study,
appropriate correlation coefficients were employed as cutoff
values to determine the statistical significance on the discrim-
ination significance (P < 0.05).

Results
Antioxidant indicators in the ileum

Table 1 presents the antioxidant indicators in the ileum. The
spermine supplementation increased the GST capacity (by 28%)
and the GSH content (by 19%) compared with the control group
(P<0.05). However, MDA and PC contents, and the ASA, AHR, T-
SOD, CAT, GPx activities, and T-AOC were not influenced by
spermine addition (P > 0.05).

Table 1 Impact of spermine on antioxidant capacity in ileal tissues of
piglets®

Parameters” Control  Spermine RMSE®  P-Value
AHR, U mgf1 protein 177.91 188.33 14.89 0.495
ASA, U g71 protein 104.31 107.30 5.14 0.569
CAT, U mg71 protein 19.95 25.49 2.64 0.053
GSH, mg g ' protein 6.37 7.56 0.46  0.020
MDA, nmol mg~" protein 0.27 0.21 0.02 0.054
T-AOC, U mg ™! protein 0.81 0.83 0.03  0.410
T-SOD, U mgf1 protein 24.01 24.52 2.02 0.804
PC, nmol mg™~" protein 4.01 3.69 0.37 0.414
GPx, U mg’1 protein 171.65 175.54 16.53 0.817
GST, U mg71 protein 113.01 144.47 10.43 0.009

“ Data is expressed as mean value (n = 10). > AHR = anti-hydroxyl
radical; ASA = anti-superoxide anion; CAT = catalase; GSH =
glutathione; MDA = malondialdehyde; T-AOC = total antioxidant
capacity; T-SOD = total superoxide dismutase; PC = protein carbonyl;
GPx = glutathione peroxidase; GST = glutathione S-transferase.
¢ RMSE = root mean square error.
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mRNA levels of antioxidant-related parameters

The mRNA levels of antioxidant-related genes in the ileum of
piglet are presented in Table 2. The result from the current
study showed that the GPx1, CAT, GR, GST, Nrf2 and Keap1l
mRNA levels were increased in spermine-supplemented group
compared with the control group (P < 0.05).

The expression of tissue barrier-related genes

The mRNA expression of barrier-related genes in ileum is
shown in Table 3. Supplementation with spermine resulted in
higher ZO-1, ZO-2, occludin, claudin 2, claudin 3, claudin 12,
claudin 14 and claudin 16 mRNA levels compared with the
control group (P < 0.05). Moreover, the MLCK and TNF-a. gene
expression level was decreased by spermine administration
relative to the control group (P < 0.05).

Impact of spermine on caecal and colonic bacteria in piglets

The caecal and colonic microbial population in pigs is shown in
Table 4. The number of Lactobacilli, Bifidobacterium and total
bacteria in caecal and colonic digesta of pigs fed spermine at
a dose of 0.4 mmol kg~ ' body weight was higher than that of the
pigs fed the control diets (P < 0.05). However, the population of
Escherichia coli in caecal and colonic digesta was decreased by
supplementation with spermine compared with the control
group (P < 0.05).

Multivariate data analysis of NMR data

PCA and PLS-DA were carried out on the spectral data (Fig. 1A
and B, respectively). Two principal components were calculated,
in which 30.4% and 27.5% of the variables were explained by
PC1 and PC2, respectively. PCA results showed there was some
separation between the control and spermine groups about
their metabolic profiles. Furthermore, OPLS-DA strategy
analyzed the metabolic changes in piglets ileum from the two
groups (Fig. 1C). Compared with control group, spermine
increased the betaine, choline, creatine, cytosine, formate,
glycerolphosphocholine, isocytosine, scyllo-inositol, serine and
taurine levels and decreased the levels of alanine, glutamate,

Table 2 Impact of spermine on the expression of antioxidant-related
genes in ileal tissue of piglets”

Parameters” Control Spermine RMSE* P-Value
SOD1 1.00 1.13 0.08 0.161
GPx1 1.00 1.36 0.06 <0.001
CAT 1.00 2.11 0.08 <0.001
GR 1.00 1.47 0.09 <0.001
GST 1.00 2.52 0.23 <0.001
Nrf2 1.00 1.36 0.12 0.011
Keap1 1.00 1.21 0.06 0.008
“ Data is expressed as mean value (n = 6). ” SOD1 = superoxide

dismutase 1; CAT = catalase; GPx1 = glutathione peroxidase 1; GR =
glutathione reductase; Nrf2 = nuclear erythroid 2-related factor 2;
Keapl = Kelch-like ECH-associatedprotein 1.  RMSE = root mean
square error.

26712 | RSC Adv, 2020, 10, 26709-26716

View Article Online

Paper

Table 3 Impact of spermine on the expression of barrier-related
genes in ileal tissue of piglets®

Parameters” Control Spermine RMSE* P-value
Z0-1 1.00 1.42 0.08 0.001
70-2 1.00 2.01 0.09 <0.001
Occludin 1.00 1.84 0.12 <0.001
Claudin 1 1.00 1.47 0.22 0.070
Claudin 2 1.00 1.98 0.23 0.002
Claudin 3 1.00 2.21 0.27 0.001
Claudin 12 1.00 1.47 0.08 <0.001
Claudin 14 1.00 1.68 0.23 0.014
Claudin 15 1.00 1.25 0.13 0.089
Claudin 16 1.00 1.73 0.21 0.007
MLCK 1.00 0.77 0.07 0.008
TNF-o 1.00 0.78 0.08 0.020

“ Data is expressed as mean value (n = 6).  ZO-1 = zonula occludens 1;
Z0-2 = zonula occludens 2; MLCK = myosin light chain kinase. © RMSE
= root mean square error.

lactate, lysine, myo-inositol, phenylalanine, threonine, tyrosine
and uracil in ileum (P < 0.05) (Table 5).

Discussion

The structural integrity of intestinal cells is associated with
antioxidant capacity.” Weaning stress can impair antioxidant
defence of the intestine by decreasing antioxidant-related
enzyme activities.”” In our previous study, we found that sper-
mine has a potential effect against oxidative stress, promotes
intestinal development and improves antioxidant defence.*
This effect was also described in nineteen-day-old male rats and
twelve-day-old male piglets by Fang et al.*®*

The antioxidative effect of spermine may be derived from
metal chelation or prevention of superoxide generation from
tissues.”* In the present study, dietary spermine supplementa-
tion did not influence MDA and PC contents and ASA, AHR, T-
SOD, CAT, GPx activities and T-AOC in ileum. The result

Table 4 Impact of spermine in caecal and colonic bacteria in digesta
of piglets (log 10 (copies per g))*

Parameters Control Spermine RMSE® P-value
Colon

Total bacteria 11.1 11.17 0.03 0.029
Escherichia coli 10.19 9.31 0.06 <0.001
Lactobacillus 6.96 7.09 0.06 0.042
Bifidobacterium 6.69 7.05 0.13 0.037
Caecum

Total bacteria 11.08 11.45 0.04 <0.001
Escherichia coli 10.46 9.74 0.05 <0.001
Lactobacillus 7.17 7.77 0.04 <0.001
Bifidobacterium 6.75 7.35 0.07 <0.001

“ Data is expressed as mean value (z = 6). > RMSE = root mean square
error.

This journal is © The Royal Society of Chemistry 2020
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A 2 Table 5 OPLS-DA coefficients obtained from the NMR data of piglets
ileum metabolites derived from the (A) control, (B) spermine groups
11 OPLS-DA coefficient (r)* P value?
— Metabolite B (vs. A) B (vs. A)
S oo
- A .
Alanine —0.793 <0.05
11 Betaine 0.712 <0.05
" Creatine 0.727 <0.05
Formate 0.669 <0.05
21 Choline 0.704 <0.05
' ' ' Cytosine 0.663 <0.05
2 -1 0 1 2 Glutamate —0.742 <0.05
t[1] Isocytosine 0.685 <0.05
Lactate —0.748 <0.05
B Glycerolphosphocholine 0.780 <0.05
40 Lysine ~0.698 <0.05
Myo-inositol —0.688 <0.05
20 o Phenylalanine —0.676 <0.05
Scyllo-inositol 0.749 <0.05
= . .
N 0 A Serine 0.761 <0.05
. I ‘. A Taurine 0.756 <0.05
% A Threonine —0.70 <0.05
-207 ® Tyrosine —0.758 <0.05
r Uracil —0.882 <0.05
40 ) % Correlation coefficients: positive and negative signs indicate the
T R positive and negative correlation in the concentrations, respectively.
-60 -40 -20 0 20 40 60 The correlation coefficient of |r| higher than 0.602 was used as the
cutoff value. ” Normalized integral of metabolites in the spectrum
t[1] (normalized to 100). Integrals of the altered metabolites were analyzed
C statistically employing T test of SPSS 22.0 software (SPSS Inc.,
40 Chicago, IL, USA). The level of significance used was P < 0.05.
4 o
20
o ®
N 0 ‘ .' ileum. The results are in accordance with those of Cao et al.,*
= PY who showed that spermine intake enhances GST activities and
-20 A .. effectively improves antioxidant defense in the thymus and
spleen, because increase activity catalyzed the reaction o
A pleen, b d GST act talyzed th tion of
-40 GSH with toxic substances produced by oxidative metabolism,
——t——t——+—— ——t————+—— thereby reducing oxidation damage.
40 -20 0 20 40 In addition to enzymatic antioxidants, non-enzymatic anti-
tH]P oxidants are beneficial in reducing free radicals. Thus, we
examined the effect of spermine intake on GSH content in the
Fig. 1 (A) Principle component analysis (PCA) (R2X = 0.941, Q2 = ileal tissue of piglets. GSH (a non-enzymatic antioxidant) serves

0.728), (B) projection to latent structure-discriminent analysis (PLS-DA)
(R2X = 0.19, Q2 = 0.648) and (C) orthogonal projection to latent
structure-discriminent analysis (OPLS-DA) (R2X = 0.19, Q2 = 0.467)
score plots based on the *H NMR spectra of ileum metabolites derived
from the control (black triangles) and spermine groups (red dots). For
PLS-DA and OPLS-DA, one ileum sample from control group was
excluded because it positioned outside the Hotelling's T2 ellipse on
the score plot.

disagree with that of our previous study, which indicated that
spermine intake significantly decreases MDA and PC contents
but markedly improves ASA, AHR, CAT, T-SOD, T-AOC, GPx
activities in the thymi and spleens of piglets.>® The discrepancy
between the results of our studies may be attributed to tissue
differences. GST, a detoxification enzyme, protects cells by
eliminating noxious chemical species. Results from our study
showed that spermine intake increases GST activity in the

This journal is © The Royal Society of Chemistry 2020

as a member of the antioxidant defence system because it
detoxifies H,0, and lipid hydroxides.?® In the present study, the
GSH content in the ileum was significantly increased after
spermine administration. This result suggested that spermine
enhances antioxidant defence capacity at least in part because
of the increase in GSH content of ileum. The finding is in line
with our previous studies, in which spermine was shown to
improve the GSH contents in rat jejunum and liver.**
Enzymatic antioxidant activity may be modulated by corre-
sponding mRNA gene expression. Thus, we tested whether
spermine administration exerts positive role in the gene
expression of antioxidant enzymes in the ileum of piglets. In
this study, spermine markedly increased GST mRNA levels in
the ileum. This result suggests that the up-regulated expression
of GST mRNA in piglets that received spermine may be the
reason of increased GST activity in their ileum. Moreover, the

RSC Adv, 2020, 10, 26709-26716 | 26713
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GST is a phase II enzyme associated with GSH. One of its main
functions is to catalyze the reaction of GSH with various
endogenous and exogenous electrophilic compounds to
produce a non-toxic or less toxic GSH sulfur conjugates.””
Therefore, enzymatic antioxidant and non-enzymatic antioxi-
dant work together to improve antioxidant defense in body.

Increased in antioxidant enzyme gene expression is related
to the up-regulated transcription of the Nrf2 gene.*® Thus, we
explored the effects of spermine supplementations on the
expression of genes related to signalling molecules in the ileum.
Our data showed that spermine supplementation increases the
transcript levels of the Nrf2 gene in the ileum, and correlation
analysis indicated that the mRNA levels of GST tended to be
positively correlated with Nrf2 gene expression in the ileum.
These findings suggest that the benefits of spermine supple-
mentation on the gene expression of antioxidant enzymes may
be partially ascribed to the enhancement of Nrf2 mRNA
expression in the ilea of piglets.

In addition to organ cellular membrane integrity, the struc-
tural integrity of ileum is affected by the tight junction proteins
at the intercellular level.>® Tight junctions exert a crucial role in
maintaining paracellular barrier functions* and contain ZOs,
occludin and claudins. Moreover, the up-regulation of ZO-1 and
occludin contributes to the improvement of intestinal barrier
function in mice.*® Polyamine can contribute to the synthesis
and stability of occludin protein. Thus, polyamine can improve
the epithelial barrier function.** In the present study, supple-
mentation with spermine increased ZO-1, ZO-2, occludin, and
claudin 3 mRNA levels, indicating that spermine can help to
increase intestinal physical barrier in the ileum of piglets.
Moreover, the results are in line with those of Wang et al.,>* who
showed that putrescine administration during the suckling
period increases protein expression (e.g., occludin and claudin-
3) in piglets. Furthermore, decrease in the mRNA levels of ZO-1
and occludin in human Caco-2 cells are possibly due to the up-
regulation of MLCK.** MLCK is a serine/threonine-specific
protein kinase that can phosphorylate a specific myosin light
chain. Spermine supplementation reduced MLCK gene expres-
sion in the present study, and correlation analysis results
indicated that MLCK mRNA level is negatively correlated with
Z0-2 and occludin mRNA levels in the ileum. This result sug-
gested that spermine up-regulates ZO-2 and occludin mRNA
levels by down-regulating MLCK mRNA level in the ileum.
Another study showed that TNF-« is involved in the disruption
of occludin transcription in human intestinal epithelial cells,
thereby inducing the impairment of mucosal barrier.** In the
present study, we found that spermine results in the reduction
of TNF-o. gene expression level. The finding indicated that
spermine improves the intestinal barrier function of the ilea of
piglets by changing the expression of tight junction proteins,
and this improvement may be partly attributed to the reduction
of TNF-o. gene expression.

Intestinal microflora play an important role in the develop-
ment of normal intestinal morphology.” A previous study re-
ported that infant formulas supplemented with polyamines
promote the proliferation of Bifidobacterium and Lactobacillus-
Enterococcus bacteria in mice.”® Our results demonstrated that
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piglets that received spermine (0.4 mmol kg~ BW) in their diet
had increased number of Lactobacilli, Bifidobacteria and total
bacteria but decreased Escherichia coli populations in their
colon and ceaca. This result may be due to an indirect effect
induced by the increased amount of Bifidobacterium and
subsequent competitive elimination of E. coli.*® Furthermore,
the intestinal microflora have been reported to regulate the
expression of intestinal tight junction proteins.*® For instance,
dietary Lactobacillus rhamnosus GG supplementation increases
the mRNA levels of ZO-1 and occludin in the jejunal mucosae of
weaned pigs.*® In the present study, the increased tight junction
protein expression levels in the spermine group were consistent
with the increased Lactobacillium populations in the colon and
caecum. However, the piglets were fasted for 12 h before
slaughter. Digesta contents from ileum of most piglets were few
and were not enough for analysis of microbial population.
Thus, the effect of spermine administration on intestinal
microflora in the ileum was not investigated, which needs
further study in the future. Furthermore, information about the
specific molecular mechanisms that modulate tight junction
alterations by the intestinal specific microflora remains lacking,
which needs further investigation in the future.

In this study, spermine administration increased the
concentration of glycerolphosphocholine (GPC) and choline of
ileum. This is consistent with the result of our previous study in
rats.”” GPC is synthesized from choline. Accordingly, the
increase in ileum concentrations of choline is related to the
enhancement in GPC levels in spermine-administrated pigs.
GPC also contributes to lipid cholesterol transport and metab-
olism. Moreover, the ileum concentration of myo-inositol was
increased after spermine administration. This carbocyclic pol-
yol provides the structural basis of several secondary messen-
gers (such as inositol phosphates, phosphatidylinositol, and
phosphatidylinositol phosphate) in eukaryotic cells.?” Inositol is
involved in the oxidation of fatty acids,*® modulation of intra-
cellular calcium concentrations and insulin signal trans-
duction.?” Collectively, spermine supplementation can change
lipid metabolism.

Spermine supplementation can regulate amino acid metab-
olism. Spermine can enhance intestinal maturation; conse-
quently, more amino acids (alanine, glutamate, lysine,
phenylalanine, threonine and tyrosine) are converted into
proteins, which lead to the decreased levels of amino acids
present in the ileum. These results are consistent with those of
the previous study: arginine can decrease serum glutamate and
alanine in weaning piglets.** Therefore, spermine supplemen-
tation can modulate intestinal amino acid metabolism.

In conclusion, spermine supplementation enhances intes-
tinal health by increasing antioxidant properties, improving
intestinal barrier function, modulating amino acid metabolism
and lipid metabolism, increasing probiotics, and decreasing
harmful bacteria in piglets.
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