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acid transporters, immune status, and apoptosis in
piglets†

Guangmang Liu, *ab Jie Zheng,ab Wei Cao,ab Xianjian Wu,ab Gang Jia,ab Hua Zhao,ab

Xiaoling Chen,ab Caimei Wuab and Jing Wangc

This study investigated the effects of spermine supplementation and its extended duration on amino acid

transporters, immune status, barrier function, and apoptosis in the liver. Eighty piglets were randomly

assigned to a group receiving either a diet supplemented with spermine (0.4 mmol kg�1 of body weight)

or a restricted nutrient intake supplemented with saline in pairs for 7 h, 3 days, 6 days, and 9 days.

Regardless of treatment time, spermine increased the levels of amino acid transporters,

immunoglobulin M, antimicrobial peptides, cellular immune components, anti-inflammatory cytokines,

mammalian target of rapamycin, ribosomal protein S6 kinase 1, signal transducer and activator of

transcription 2 and 3, Janus kinase 2, zonula occludens 1 and 2, occluding, claudin-1, claudin-2, claudin-

16 and Bcl-2 mRNA levels, whereas it decreased the levels of pro-inflammatory cytokines, inducible

nitric oxide synthase, nuclear factor-kappa B P65, eukaryotic IF4E-binding protein 1, myosin light chain

kinase, Bax, and caspase-3 mRNA in the liver (P < 0.05). These effects were also found in cases of

prolonged spermine intake (P < 0.05). Spermine can decrease pro-inflammatory cytokines and caspase-

3 levels. In conclusion, spermine may promote barrier function and improve amino acid transport, and

can increase immune status and inhibit apoptosis in the liver.
Introduction

Spermine, which is the most strongly basic polyamine, partici-
pates in regulating transcription and translation; modulating
kinase activities; maintaining the structure and stability of
cellular macromolecules; controlling cell proliferation, differ-
entiation, and apoptosis; and protecting the immune status.1

The liver is the main metabolic and immune organ in the body.
Amino acid metabolism depends on amino acid transporters,
and spermine increases the transcription of amino acid trans-
porter families in the spleen and thymus, such as the solute
carrier 1 (SLC1) and SLC7 families.2 However, limited infor-
mation is available on the effect of spermine and its duration on
amino acid transporter transcription in the livers of pigs.

Innate immune status relies on humoral (e.g., antimicrobial
peptide and IgM) and cellular immune components (e.g., as
lymphocyte).3 Arginine (the precursor of spermine) increased
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the mRNA levels of antimicrobial peptides in pigs.4 In addition,
L-arginine supplementation up-regulated the IgM transcription
in the serum of piglets.5 Spermine improved the IgM mRNA
levels in the thymus and spleen of piglets.6 These ndings
suggested that spermine might improve the humoral immunity
in pigs. However, the effects of spermine supplementation and
its duration on the humoral immunity in the liver have yet to be
claried. Moreover, spermine improved the transcription of
cellular immune components in the thymus and spleen of
piglets.6 However, the improvement effect of spermine and its
duration on cellular immunity remains unclear.

Inammatory response is involved in innate immune
response.7 Spermine supplementation reduced pro-
inammatory cytokines, including interleukin (IL)-2, IL-b, and
interferon (IFN)-g in the serum.6 Spermine supplementation
increased the mRNA levels of anti-inammatory cytokines and
decreased those of pro-inammatory cytokines in the thymus
and the spleen.6 However, the effect of spermine and its dura-
tion on the transcription of inammatory cytokines in the liver
remain unclear. The regulation of inammatory response is
related to the transcription of signaling pathway molecules.
Spermine supplementation increased the transcription of
several immune-related signaling pathway molecules in the
thymus and the spleen, including mammalian target of rapa-
mycin (mTOR), nuclear factor-kappa B (NF-kB), signal trans-
ducer and activator of transcription (STATs), and Janus kinase
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra05421e&domain=pdf&date_stamp=2019-04-08
http://orcid.org/0000-0003-2385-7528
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05421e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009020


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 4

/1
6/

20
26

 1
2:

29
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(JAK).6 However, the exact effects of spermine and its duration
on these signaling pathway molecules in the liver are unknown.

Immunity depends on structural integrity, which is associ-
ated with the tight junction proteins of organs.8,9 Arginine
limited the decrease in zonula occludens (ZO)-1 and occludin
expression in methotrexate-treated Caco-2 cells.10 In addition,
arginine up-regulated the ZO-1, occludin, and claudin-3 mRNA
levels in sh with Cu-induced epithelial barrier function
damage.11 Polyamine depletion decreased the ZO-1, ZO-2,
claudin-2, claudin-3, and occludin protein levels in IEC-6
cells.12 These observations revealed that spermine might up-
regulate the transcription of tight junction proteins in the
liver of pigs, and this phenomenon deserves further investiga-
tion. Junction proteins are involved in maintaining structural
integrity. Structural integrity has been ascribed to cellular
membrane integrity, which can be destructed by oxidative
damage and cell apoptosis.13 Our previous study reported that
spermine improved the antioxidant status by increasing the
gene expression of antioxidant enzymes and antioxidant-related
signaling molecules in the liver of weaning piglets.14 Similarly,
spermine increased the antioxidant capacity in the liver of rats
under oxidative stress.15 These reports suggested that spermine
protected the cellular membrane integrity by increasing anti-
oxidant status. However, the protective effect of spermine on
the cellular membrane integrity by suppressing cell apoptosis is
unclear. The present study is part of a large research project
investigating the various effects of spermine administration on
the intestinal development and antioxidant status of liver.14,16

This experiment aimed to investigate the effects of spermine
supplementation and its duration extension on liver barrier
function, amino acid transporters, immune status, and
apoptosis in piglets.
Materials and methods
Animal experiments and sample collection

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of National
Research Council and approved by the Animal Ethics
Committee of Sichuan Agricultural University. The detailed
experimental design and procedures were described by our
previous study.6 The basic formula diet (Table S1†) was provided
by mixing 1 kg formula milk (dry matter 87.5%) and 4 l drinking
water. A total of 80 piglets were randomly assigned into eight
groups (n ¼ 10 per group). Four groups comprised spermine-
supplemented piglets that received free access to milk-based
spermine (0.4 mmol per kg body weight) once a day for 7 h, 3
days, 6 days, and 9 days (Groups SP-7 h, SP-3 d, SP-6 d, and SP-9
d, respectively). Four matched control groups received the same
amount of milk-based diet given to the spermine-administered
piglets with normal saline once a day for 7 hours, 3 days, 6 days,
and 9 days (Groups Con-7 h, Con-3 d, Con-6 d, and Con-9 d,
respectively). Spermine (S3256) was purchased from Sigma
Chemical Co. (St. Louis, MO, USA) and the dosage was selected
based on Cheng et al.17 The piglets had free access to drinking
water and obtained corresponding basic formula milk each
This journal is © The Royal Society of Chemistry 2019
meal. The ambient temperature and relative humidity were
maintained at approximately 30 �C and 50–60%, respectively.

Piglets were sacriced at the end of 7 h, 3 d, 6 d and 9
d experimental feeding time for the liver sample collection (at
this time, the piglets were 12, 15, 18 and 21 days old, respec-
tively). The liver samples were collected and stored at�80 �C for
quantication real-time PCR (qRT-PCR) analysis.

Total RNA extraction and qRT-PCR determination of liver

The total RNA extraction and qRT-PCR determination of liver
was performed as described by Cao et al.2 Briey, the total RNA
of liver was extracted by TRIzol Regent (Takara, Dalian, China)
followed the instruction of manufacturer. Aliquots of 4 mg of
RNA were received 1.0% agarose gel electrophoresis to measure
their integrity and quality. Aer that, cDNA was synthesised
using 1mg total RNA sample followed with the protocol of
a PrimeScript™ RT reagent kit with gDNA Eraser (Takara,
Dalian, China). All specic primers were designed based on the
published sequences of pigs (Table S2†). The quantication RT-
PCR of genes was performed by a RT-PCR system (ABI 7900HT,
Applied Biosystem, USA) with SYBR® Green I PCR regent kit.
The reaction mixture (8 ml) consisted of 0.8 ml forward reverse
primer (10 mM), 4 ml SYBR Premix Ex Taq II with ROX Reference
Dye, 0.8 ml cDNA and 1.6 ml ddH2O.

Statistical analysis

All data were performed by two-way ANOVA using the general
linear model procedure of SPSS 22.0 (SPSS Inc., Chicago, IL,
USA). Shapiro–Wilk's W-test and Levene's test were used to
determine the normality and homogeneity, respectively. The
main effects in the current study included spermine level (0 or
0.4mmol per kg body weight), treatment time (7 h, 3 d, 6 d and 9
d) and their interaction. If a signicant treatment effect of their
interaction was observed, the signicance between the treat-
ment differences was identied separately by Tukey's multiple-
range test. Correlation analysis was achieved by Pearson corre-
lation analysis. All results were expressed as mean � SEM and
statistical differences were regarded as signicant at P < 0.05.

Results
The weight of livers

The data of the weight of livers was represented in Table 1,
regardless of treatment time, spermine signicantly increased
the weight of liver (P < 0.05).

Amino acid transporters

As shown in Table 2, regardless of treatment time, spermine
signicantly increased the mRNA level of SLC7A7 (P < 0.05).
Moreover, spermine also increased the mRNA level of SLC1A1
(Groups SP-3 d vs. Con-3 d, SP-6 d vs. Con-6 d, SP-9 d vs. Con-9
d), SLC15A1 (Groups SP-6 d vs. Con-6 d), SLC7A9 (Groups SP-3
d vs. Con-3 d, SP-6 d vs. Con-6 d, SP-9 d vs. Con-9 d) in the
liver (P < 0.05). When the spermine treatment time was pro-
longed, the mRNA levels SLC1A1, SCL1A5, SLC7A1, SLC7A9
gradually increased (P < 0.05).
RSC Adv., 2019, 9, 11054–11062 | 11055
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Table 1 Effect of spermine supplementation on the weight of liver in pigletsa

Parameters

Treatment time

SEM

p-Value7 h 3 d 6 d 9 d

Con SP Con SP Con SP Con SP SP Time SP � time

Weigh of livers (g) 94.42 97.34 89.82 98.08 81.02 86.28 99.97 93.84 1.30 0.000 0.267 0.160

a Con, control diet; SP, spermine-supplemented diet. SEM, standard error of the mean (n ¼ 10, number of replicates).
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Immune-related parameter

The results of immune-related parameters were revealed in
Tables 3 and 4. Regardless of treatment time, spermine
increased the mRNA level of b-defensin1, but decreased the
mRNA level of iNOS (P < 0.05). Spermine increased the mRNA
levels of IgM (Groups SP-3 d vs. Con-3 d), LEAP2 (Groups SP-6
d vs. Con-6 d), hepcidin (Groups SP-7 h vs. Con-7 h, SP-3 d vs.
Con-3 d, SP-6 d vs. Con-6 d), CD8 (Groups SP-3 d vs. Con-3 d),
CD18 (Groups SP-7 h vs. Con-7 h, SP-3 d vs. Con-3 d, SP-9 d vs.
Con-9 d), TGF-b1 (Groups SP-7 h vs. Con-7 h, SP-3 d vs. Con-3 d,
SP-9 d vs. Con-9 d), but decreased TNF-a (Groups SP-3 d vs. Con-
3 d, SP-6 d vs. Con-6 d) and IL-8 (Groups SP-3 d vs. Con-3 d),
TNF-a (Groups SP-3 d vs. Con-3 d, SP-6 d vs. Con-6 d) and IL-8
(Groups SP-3 d vs. Con-3 d) in the liver (P < 0.05). Spermine
signicantly reduced levels of the TNF-a and IL-1b (the main
effect) in the liver (P < 0.05). When the spermine treatment time
was prolonged, the TGF-b1 and IgM mRNA level gradually
increased and then decreased thereaer (P < 0.05).
Immune-related signaling molecules gene expression

The gene expression of immune-related signaling molecules
gene expression was presented in Fig. 1. Spermine signicantly
up-regulated the mTOR mRNA level (Groups SP-6 d vs. Con-6 d,
SP-9 d vs. Con-9 d) and increased the S6K1 mRNA level (Groups
SP-7 h vs. Con-7 h, SP-9 d vs. Con-9 d), STAT3 mRNA level
(Groups SP-3 d vs. Con-3 d), but decreased NF-kB P65 mRNA
level (Groups SP-9 d vs. Con-9 d) in the liver (P < 0.05). When the
spermine supplementation time was prolonged, the mRNA
Table 2 Effect of spermine supplementation on the amino acids transp

Parameters

Treatment time

7 h 3 d 6 d

Con SP Con SP Con SP

SLC1A1 1.00a 1.68a 1.68a 2.93b 1.70a 3.9
SLC1A5 1.00a 1.02a 1.93ab 2.83b 1.90ab 2.3
SLC7A1 1.00a 1.14a 1.89ab 4.07b 1.81ab 5.5
SLC7A7 1.00 1.21 1.41 2.39 1.72 2.8
SLC7A9 1.00ab 1.07ab 0.78a 2.36cd 1.80c 4.0
SLC6A19 1.00 0.90 0.98 1.12 0.87 0.9
SLC15A1 1.00a 1.64ab 1.82b 2.30b 1.92b 5.6

a Con, control diet; SP, spermine-supplemented diet; SLC (7A1, 7A7, 7A9,
SEM, standard error of the mean (n ¼ 6, number of replicates).a–e Mean in
0.05.

11056 | RSC Adv., 2019, 9, 11054–11062
levels of mTOR and JAK2 increased and then decreased there-
aer (P < 0.05).

Tight junction proteins gene expression

The results of tight junction proteins mRNA levels were shown
in Table 5. Regardless of treatment time, spermine increased
the occludin mRNA level (P < 0.05). Spermine signicantly
increased the mRNA levels of claudin-1 (Groups SP-3 d vs. Con-3
d), claudin-2 (Groups SP-7 h vs. Con-7 h, SP-6 d vs. Con-6 d),
claudin-16 (Groups SP-7 h vs. Con-7 h, SP-3 d vs. Con-3 d, SP-6
d vs. Con-6 d), ZO-1 (Groups SP-3 d vs. Con-3 d), but
decreased MLCK mRNA level (Groups SP-3 d vs. Con-3 d) in the
liver (P < 0.05). When spermine supplementation time was
prolonged, claudin 15, claudin16 mRNA level was decreased
and the lowest value was observed in 9 d spermine group (P <
0.05).

Apoptosis-related molecules gene expression

The results of apoptosis-related molecules were presented in
Fig. 2 and Table 4. Regardless of treatment time, spermine
signicantly decreased the Bax mRNA level (the main effect) in
the liver (P < 0.05). Spermine increased Bcl-2 mRNA level
(Groups SP-6 d vs. Con-6 d, SP-9 d vs. Con-9 d) but decreased
caspase-3 level (Groups SP-6 d vs. Con-6 d) in the liver (P < 0.05).
The Bcl-2 mRNA level gradually increased with the duration of
spermine supplementation of up to 6 days and then decreased
thereaer. The caspase-3 mRNA level gradually decreased with
prolonged spermine supplementation of up to 6 days and then
orters mRNA levels in the liver of pigletsa

SEM

p-Value9 d

Con SP SP Time SP � time

0b 1.41a 11.37b 0.51 0.000 0.000 0.000
3ab 1.98ab 4.45b 0.18 0.000 0.000 0.034
1b 1.73ab 3.54b 0.24 0.000 0.000 0.000
5 1.50 3.35 0.14 0.000 0.000 0.181
4de 1.72bc 5.32e 0.22 0.000 0.000 0.000
3 0.93 0.94 0.03 0.616 0.706 0.661
9c 1.86b 3.60b 0.22 0.000 0.000 0.000

5A1, 6A19, 15A1), solute carrier family (7A1, 7A7, 7A9, 5A1, 6A19, 15A1).
the same row with different superscripts are signicantly different at P <

This journal is © The Royal Society of Chemistry 2019
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Table 3 Effects of spermine supplementation on gene expressions of immune parameters in the liver of pigletsa

Parameters

Treatment time

SEM

p-Value7 h 3 d 6 d 9 d

Con SP Con SP Con SP Con SP SP Time SP � time

TNF-a 1.00ab 0.82a 1.85c 1.18b 1.63c 0.91ab 0.99ab 0.87ab 0.06 0.000 0.000 0.000
IL-6 1.00 0.92 0.61 0.77 0.41 0.48 0.30 0.17 0.04 0.947 0.000 0.066
IL-8 1.00c 0.95c 1.40d 0.80bc 0.54ab 0.44ab 0.65abc 0.37a 0.05 0.000 0.000 0.004
IL-10 1.00ab 1.86abcd 3.00cd 4.15d 2.29bcd 2.01abcd 1.13abc 0.71a 0.17 0.011 0.000 0.000
IL-12 1.00b 0.82ab 0.92ab 0.92ab 0.65a 0.89ab 1.11b 1.11b 0.03 0.766 0.000 0.046
TGF-b1 1.00ab 1.57d 1.50cd 2.04e 1.47cd 1.21bc 1.12b 0.71a 0.06 0.017 0.000 0.000
IFN-g 1.00ab 0.69a 1.02ab 1.06ab 1.90c 1.30abc 2.19c 1.68bc 0.08 0.000 0.000 0.026
IgM 1.00a 1.17a 1.21a 2.33b 2.07b 2.22b 1.30a 1.34a 0.08 0.000 0.000 0.000
CD8 1.00a 1.45ab 2.18c 3.49d 2.1bc 2.15c 2.14c 1.69abc 0.11 0.003 0.000 0.000
LFA-1 1.00b 1.42d 1.33cd 2.19e 1.12bc 1.02b 0.85b 0.48a 0.07 0.000 0.000 0.000
CD18 1.00b 1.58cd 1.72d 2.41e 1.37bcd 1.14bc 1.05b 0.58a 0.08 0.009 0.000 0.000
iNOS 1.00 0.91 0.94 0.79 0.84 0.65 0.92 0.85 0.03 0.003 0.016 0.794
Hepcidin 1.00b 2.88d 0.20a 1.58c 1.95c 4.37e 2.86d 3.19d 0.19 0.000 0.000 0.000
LEAP2 1.00ab 1.22abcd 1.36bcd 1.42cd 1.08abc 1.60d 1.22abcd 0.90a 0.04 0.047 0.001 0.000
b-Defensin1 1.00 1.27 0.68 1.28 1.35 1.47 1.43 1.70 0.06 0.001 0.000 0.314

a Con, control diet; SP, spermine-supplemented diet; TNF-a, tumor necrosis factor a; IL-(1b, 6, 8, 10, 12), interleukin (1b, 6, 8, 10, 12); TGF-b1,
transforming growth factor b1; IFN-g, interferon g; IgM, immunoglobulin M; CD8, cluster of differentiation 8; LFA-1, lymphocyte function-
associated antigen 1; CD18, integrin beta-2; iNOS, inducible nitric oxide synthase; LEAP2, liver-expressed antimicrobial peptide 2. SEM, standard
error of the mean (n ¼ 6, number of replicates);a–e Mean values with different superscripts in the same row are signicantly different at P < 0.05.
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increased thereaer (P < 0.05). Spermine signicantly reduced
caspase-3 level (SP-9 d vs. Con-9 d).
Discussion
Effect of spermine and its duration extension on hepatic
amino acid transporters gene expression

Spermine is essential for cell growth and proliferation. In this
study, spermine signicantly increased the weight of livers in
weaning piglets, which indicated that spermine could improve
the growth of liver. In addition, spermine is involved in amino
acid absorption.18 The absorption of amino acids depends on
amino acid transport, which primarily depends on specic
amino acid transporters, including the SLC family.19 SLC1A1
regulates the cellular uptake of glutamate by transporting one
H+ and three Na+ with the counter-transport of one K+.19

Spermine increased the mRNA level of SLC1A1, indicating that
spermine may promote glutamate transport in the liver. These
results were consistent with a previous nding that spermine
Table 4 Effect of spermine supplementation on TNF-a, IL-1b and caspa

Parameters

Treatment time

7 h 3 d 6 d

Con SP Con SP Con

TNF-a (ng g�1 tissue) 13.71 12.90 14.85 10.26 15.11
IL-1b (ng g�1 tissue) 5.65 4.88 4.86 3.53 3.89
Caspase 3 2.90ab 2.64a 3.24abc 2.72a 3.50b

a Con, control diet; SP, spermine-supplemented diet; TNF-a, tumor necros
number of replicates);a–e mean values with different superscripts in the s

This journal is © The Royal Society of Chemistry 2019
increased the mRNA level of SLC1A1 in the thymus and the
spleen.2 SLC15A1 modulated the uptake of oligopeptide into
intestinal and renal epithelial cells.20 Spermine supplemen-
tation increased the mRNA levels of SLC15A1. These results
were consistent with our previous nding that spermine
improved the mRNA levels of SLC15A1 in the spleen and the
thymus.2 Therefore, spermine may improve liver growth by
increasing the oligopeptide in the liver. SLC7A7 and SLC7A9
are subgroups of the SLC7 family that function as selective
transport neutral amino acids (e.g., alanine, serine, and
cysteine), aromatic amino acids (e.g., tyrosine, phenylalanine,
and tryptophan) and negatively charged amino acids.21 Sper-
mine increased the mRNA levels of SLC7A7 and SLC7A9 in the
liver. Consistent with these results, spermine also increased
the mRNA levels of SLC7A7 and SLC7A9 in the spleen of pigs.2

These data suggested that spermine may promote the trans-
port of neutral, aromatic, and negatively charged amino acids.
Overall, spermine supplementation improved the mRNA levels
of amino acid transporters.
se 3 levels in the liver of pigletsa

SEM

p-Value9 d

SP Con SP SP Time SP � time

10.13 13.81 9.85 0.50 0.000 0.444 0.113
3.43 4.55 3.37 0.17 0.000 0.000 0.172

c 2.94ab 5.52d 3.76c 0.19 0.000 0.000 0.016

is factor a; IL-1b, interleukin 1b. SEM, standard error of the mean (n ¼ 3,
ame row are signicantly different at P < 0.05.

RSC Adv., 2019, 9, 11054–11062 | 11057
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Fig. 1 Effect of spermine on the gene expression of immune-related genes. Pigs fed with spermine (spermine groups) or saline (control groups)
for 7 hours, 3 days, 6 days and 9 days, respectively. The relativemRNA expression levels of mTOR (a), S6K1 (b), 4EBP1 (c), NF-kB P65 (d), STAT2 (e),
STAT3 (f) and JAK2 (g) in the liver of piglets. The values are themeans� standard error of themean (n¼ 6). The different superscript letters (a, b, c,
d) above the bars show significant differences at P < 0.05. mTOR, mammalian target of rapamycin; S6K1, ribosomal protein S6 kinase 1; 4EBP1,
eukaryotic IF4E-binding protein 1; NF-kB P65, nuclear factor-kappa B P65; JAK2, Janus kinase 2; STAT3, signal transducer and activator of
transcription 3; STAT2, signal transducer and activator of transcription 2.
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Table 5 Effect of spermine supplementation on the tight junction proteins mRNA levels in the liver of pigletsa

Parameters

Treatment time

SEM

p-Value7 h 3 d 6 d 9 d

Con SP Con SP Con SP Con SP SP Time SP � time

ZO-1 1.00c 1.16cd 0.83bc 1.38d 1.12cd 1.16cd 0.65ab 0.49a 0.05 0.006 0.000 0.000
ZO-2 1.00c 1.12c 0.88bc 1.11c 1.12c 1.11c 0.75ab 0.51a 0.03 0.506 0.000 0.001
Occludin 1.00 1.28 1.27 1.50 1.19 1.35 0.77 0.73 0.04 0.001 0.000 0.083
Claudin-1 1.00a 1.31abc 1.10ab 2.06c 1.99bc 1.98bc 2.28c 1.31abc 0.08 0.370 0.000 0.000
Claudin-2 1.00ab 1.61c 1.27b 0.96ab 1.23b 1.85c 1.02ab 0.89a 0.05 0.000 0.000 0.000
Claudin-3 1.00ab 1.43abc 1.46bc 1.46bc 1.55bc 1.68c 0.95a 0.83a 0.05 0.026 0.000 0.001
Claudin-14 1.00 2.28 1.98 1.98 6.05 6.11 4.25 4.25 0.29 0.126 0.000 0.108
Claudin-15 1.00b 1.41d 1.35d 1.43d 1.28cd 1.19bcd 1.03bc 0.54a 0.04 0.608 0.000 0.000
Claudin-16 1.00b 1.45c 0.54a 0.88b 0.59a 1.01b 0.44a 0.39a 0.05 0.000 0.000 0.001
MLCK 1.00ab 2.22b 1.55b 0.63a 1.54ab 1.01ab 1.21ab 0.52a 0.08 0.010 0.000 0.000

a Con, control diet; SP, spermine-supplemented diet; ZO-(1, 2), zonula occludens (1, 2); MLCK,myosin light chain kinase. SEM, standard error of the
mean (n ¼ 6, number of replicates). a–d Mean in the same row with different superscripts are signicantly different at P < 0.05.
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Effect of spermine and its duration extension on the immune
status

A previous study posited that polyamine controlled the innate
immune response in the mouse central nervous system during
microbial challenges.22 The innate immune system is composed
Fig. 2 Effect of spermine on the gene expression of apoptosis-related ge
for 7 hours, 3 days, 6 days and 9 days, respectively. The relativemRNA leve
are themeans� standard error of themean (n¼ 6). The different supersc
0.05. Bax and Bcl-2, apoptosis related factor.

This journal is © The Royal Society of Chemistry 2019
of the humoral and cellular immune systems. Antimicrobial
peptides (e.g., liver-expressed antimicrobial peptide 2 (LEAP2),
hepcidin, and b-defensin1) and IgM are the components of the
humoral immune system that are involved in antimicrobial
action.3 As shown in Table 3, spermine supplementation
nes. Pigs fed with spermine (spermine groups) or saline (control groups)
ls of Bax (a), Bcl-2 (b) and caspase-3 (c) in the liver of piglets. The values
ript letters (a, b, c, d, e) above the bars show significant differences at P <
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signicantly increased the mRNA levels of IgM, LEAP2, hepci-
din and b-defensin1 in the liver. These results agreed with our
previous nding that spermine increased themRNA level of IgM
in the thymus and spleen of pigs.6 Moreover, consistent with
our results, dietary L-arginine signicantly increased the mRNA
levels of b-defensin1 in the tongue of pigs and hepcidin in
sh.4,23 These increased humoral components indicated that
spermine improved the humoral immunity. The cellular
immune system includes lymphocytes, which are responsible
for innate immunity.3 CD8 is the maker of T lymphocytes.24 LFA-
1 and CD18 are the adhesion molecules that can modulate
leukocytes to adhere and migrate to inammatory sites.25 In the
current study, spermine signicantly increased themRNA levels
of CD8 and CD18 in the liver (Table 3). Correlation analysis
revealed that the mRNA level of IgM was positively related to the
mRNA level of CD8 (r ¼ + 0.750, P < 0.05*), suggesting that the
increased IgM mRNA level may be related to the increased CD8
mRNA level. These results suggested that spermine improved
the cellular immunity in the liver, and that spermine supple-
mentation could increase the innate immunity.

Inammation mediated by inammatory cytokines (pro- and
anti-inammatory cytokines) is a critical element in the
response of the innate immune system to various challenges.7

Pro-inammatory cytokines, including tumor necrosis factor
a (TNF-a), IL-1b, IL-6, IL-8, IL-12, and IFN-g, up-regulate
inammatory reactions, whereas anti-inammatory cytokines,
such as IL-10 and transforming growth factor b1 (TGF-b1),
inhibit that reaction.26 As shown in Table 3, spermine supple-
mentation signicantly reduced the mRNA levels of TNF-a and
IL-8 but increased the mRNA level of TGF-b1. Spermine also
decreased TNF-a and IL-1b levels in the liver. This result agreed
with the ELISA results (with the reduction of TNF-a) on the
serum in our previous study.6 Moreover, this result was
consistent with our previous nding that spermine decreased
the mRNA levels of TNF-a and IL-8 but increased that of TGF-b1
in the spleen of pigs.6 In addition, our previous study revealed
that spermine reduced themRNA levels of IL-1b, IL-6, IL-12, and
IFN-g and increased that of IL-10 in the spleen, whereas no
difference was detected in the mRNA levels of these cytokines in
the liver.6 The discrepancy in the effect may be due to the tissue
differences in the organs, and this issue requires further
investigation.6 Moreover, compared with other spermine
groups, the IL-8 and IFN-g mRNA levels were lower in the 9
d spermine group, and the TGF-b1mRNA level was higher in the
3 d spermine group, suggesting that the duration extension of
spermine supplementation also affected the inammatory
response. These results implied that spermine could inhibit the
inammation by reducing the gene expression of pro-
inammatory cytokines and increasing that of anti-
inammatory cytokines. The production of cytokines is regu-
lated by nitric oxide (NO), which is mainly produced by induc-
ible nitric oxide synthase (iNOS).27 Spermine signicantly
decreased the iNOS mRNA level in the liver (Table 3). This result
was consistent with our previous study on the spleen of pigs.6

Correlation analysis revealed that the IgM mRNA level was
negatively associated with the iNOS mRNA level (r¼�0.851, P <
11060 | RSC Adv., 2019, 9, 11054–11062
0.01**), suggesting that the increased IgM mRNA level may be
attributed to decreased iNOS mRNA level.

Overall, spermine supplementation increased the innate
immunity and regulated the gene expression of inammatory
cytokines in the liver. The immune status was modulated by
several pathways, and the mTOR pathway is one of the signaling
pathway molecules.6 Therefore, the succeeding analysis was
conducted to investigate whether spermine and its duration
extension affected mTOR.
Effect of spermine and its duration extension on immune-
related signaling molecules

mTOR is considered the critical regulator of immune function.28

Ribosomal protein S6 kinase 1 (S6K1) and eukaryotic IF4E-
binding protein 1 (4EBP1) are the downstream signaling
molecules of mTOR. The transcription of mTOR could activate
the S6K1 gene expression and suppress the 4EBP1 gene
expression.29 As presented in Fig. 1, spermine signicantly up-
regulated the mTOR mRNA level and increased the S6K1
mRNA level in the liver. These results were consistent with
a previous nding that spermine up-regulated mTOR and S6K1
in the thymus and the spleen.6 Correlation analysis revealed
that the IL-8 mRNA level was negatively associated with mTOR
mRNA level (r ¼ �0.738, P < 0.05*), implying that the decreased
IL-8 mRNA level may be due to the increasedmTORmRNA level.
When the spermine supplementation was extended, the mTOR
mRNA level was gradually increased in the 6 d spermine group
but was decreased in the 9 d spermine group. This result sug-
gested that the duration extension of spermine affected the
mTOR transcription.

A previous study revealed that the inhibition of mTOR
promoted the production of pro-inammatory cytokines
through the NF-kB but suppressed the production of anti-
inammatory cytokines (IL-10) via STAT3.28 NF-kB P65
belongs to the NF-kB family. The JAK–STAT pathway (including
STAT2, STAT3, and JAK2) is a classical signal transduction
pathway for cytokines.30 As shown in Fig. 1, spermine down-
regulated the NF-kB P65 mRNA level but up-regulated the
STAT3 mRNA level in the liver. This result was consistent with
our previous nding that spermine reduced the NF-kB P65 and
STAT3 mRNA levels in the thymus and the spleen.6 Correlation
analysis revealed that the anti-inammatory TGF-b1mRNA level
was positively related to the STAT3 mRNA level (r ¼ +0.942, P <
0.01**), suggesting that the increased TGF-b1 mRNA level may
be due to the increased STAT3 mRNA level. When the spermine
supplementation was extended, the lowest NF-kB P65 mRNA
level was observed in the 9 d spermine supplementation group,
and the highest STAT3 mRNA level was detected in the 3
d spermine supplementation group.

In general, these results indicated that spermine regulated
the gene expression of inammatory cytokines by regulating the
signaling pathway molecules. Spermine increased the mTOR
gene transcription by regulating the gene expression of S6K1,
NF-kB P65, and STAT3, and extending the spermine duration
also affected the signaling molecules. Immunity depends on
structural integrity, which in turn depends on the tight junction
This journal is © The Royal Society of Chemistry 2019
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barrier of immune organs.8 Thus, the effect of spermine on the
barrier function of the liver was investigated.

Effect of spermine and its duration extension on barrier
function

The tight junction is important for structural integrity.9 Clau-
dins plays a key role in tight junctions by regulating the
permeability of the paracellular barrier.31 The ZO protein family
includes ZO-1 and ZO-2, which directly link claudins to actin
cytoskeleton and regulate the tight junction assembly.32 Occlu-
din is the transmembrane protein associated with tight junc-
tions in a regulatory capacity.31 A previous study reported that
the barrier function was improved by the up-regulation of
claudin-1, claudin-2, claudin-16, ZO-1, and occludin, and by the
down-regulation of claudin-15.33 As shown in Table 5, spermine
supplementation increased the mRNA levels of claudin-1,
claudin-2, claudin-16, ZO-1 and occludin in the liver. Consis-
tent with our results, polyamine depletion decreased the
protein levels of claudin-2, ZO-1, and occludin in IEC-6 cells.12

These results indicated that spermine supplementation
improved the barrier function in the liver. The up-regulation of
tight junction proteins may be due to MLCK. A previous study
reported that the down-regulation of MLCK increased the tight
junction protein levels.33 Spermine decreased the MLCK mRNA
level in the liver. In general, spermine supplementation
improved the physical barrier function, and this effect probably
partly be contributed to the reduced MLCK level. Structural
integrity depends on the cellular membrane, which could be
destructed by cell apoptosis.34 Therefore, we investigated
whether spermine inhibited apoptosis in the liver.

Effect of spermine and its duration extension on apoptosis

Apoptosis is critical for normal development and tissue homeo-
stasis in the body. The Bcl-2 protein family and caspases play
crucial roles in apoptosis. The Bcl-2 protein family includes the
anti-apoptotic protein Bcl-2 and the pro-apoptotic protein Bax.35

Bcl-2 inhibits the mitochondrial apoptotic pathway, whereas Bax
activates it.35 Caspases, such as caspase-3, could trigger the
apoptotic process.35 A previous study reported that polyamine
depletion increased the protein expression levels of Bcl-2 but
decreased Bax translocation and caspase-3 activity.36 As shown in
Fig. 2, spermine supplementation increased themRNA level of Bcl-
2 but decreased that of caspase-3 and Bax (main effect). Spermine
also decreased caspase-3 level in the liver. Our results were
consistent with previous ndings that spermine supplementation
increased the transcription of Bcl-2 but decreased that of Bax and
caspase-3 in the thymus and spleen of piglets.2Correlation analysis
revealed that the caspase-3mRNA level was positively related to the
Bax mRNA level (r ¼ 0.951, P < 0.01**) but negatively associated
with the Bcl-2 mRNA level (r¼�0.880, P < 0.01**), suggesting that
the decreased caspase-3 mRNA level may be due to the decreased
Bax mRNA level and the increased Bcl-2 mRNA level. Moreover,
a high polyamine concentration could possibly induce apoptosis,
whereas polyamine depletion could prevent apoptosis.37 These
results suggested that 0.4 mmol kg�1 of body weight of spermine
inhibited the apoptosis in the liver of piglets.
This journal is © The Royal Society of Chemistry 2019
In conclusion, our results indicated that spermine supple-
mentation may regulate amino acid transport and enhance
barrier function, and can improve immune status and inhibit
the apoptosis in the liver of piglets.
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