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Abstract

To investigate the effects and molecular mechanisms of stress and amino acids
on antimicrobial peptide expression in epithelial cells, the study utilized the
porcine small intestinal epithelial cell line IPEC-J2 as the experimental model,
with starvation and Escherichia coli infection serving as nutritional and bacterial
stressors, respectively, and alanine and isoleucine administered as amino acid
treatments. Cellular mRNA was collected, and quantitative real-time PCR was
employed to determine the expression levels of S-defensins and related signaling
pathway proteins. The results demonstrated that, compared with the control
group (DMEM/F12 medium), starvation significantly reduced the expression of
porcine S-defensin 2 (pBD-2), porcine S-defensin 3 (pBD-3), porcine S-defensin
EP2c¢ (pEP2c), silent information regulator 2 homolog 1 (Sirt1), forkhead tran-
scription factor 1 (FoxO1), and forkhead transcription factor 4 (FoxO4) in small
intestinal epithelial cells (P<0.05), whereas Escherichia coli infection had no sig-
nificant effect on S-defensin expression (P>0.05). Compared with the control
group (starvation medium), alanine treatment did not significantly affect the
expression of pBD-2 and pBD-3 (P>0.05), but significantly elevated pEP2c ex-
pression levels (P<0.05); isoleucine treatment significantly increased the expres-
sion levels of pBD-2, pBD-3, and pEP2¢ (P<0.05). Compared with the control
group, alanine and isoleucine treatments differentially affected the transcription
of signaling pathway proteins, with alanine treatment significantly enhancing
the expression levels of Sirtl and FoxO4 (P<0.05), and isoleucine treatment
significantly promoting the expression of Sirt1l, FoxO1, and FoxO4 (P<0.05). It
was concluded that nutritional stress decreases S-defensin expression in porcine
small intestinal epithelial cells, whereas amino acid supplementation can pro-
mote their expression, and this regulatory effect may be associated with Sirt1
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and forkhead transcription factor (FoxO) signaling pathway proteins.
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Abstract

This study investigated the effects and molecular mechanisms of stress and
amino acids on antimicrobial peptide expression in epithelial cells using the
porcine intestinal epithelial cell line IPEC-J2 as a model. Starvation and FEs-
cherichia coli infection were employed as nutritional and bacterial stressors,
respectively, while alanine and isoleucine served as amino acid treatments. Cell
mRNA was collected, and expression levels of -defensins and related signaling
pathway proteins were measured using real-time quantitative PCR.

The results demonstrated that compared with the control group (DMEM /F12
medium), starvation significantly reduced the expression of porcine S-defensin 2
(pBD-2), porcine -defensin 3 (pBD-3), porcine S-defensin EP2¢ (pEP2c¢), silent
mating type information regulation 2 homolog 1 (Sirt1), forkhead transcription
factor 1 (FoxO1), and forkhead transcription factor 4 (FoxO4) (P<0.05). In
contrast, E. coli treatment did not significantly affect (-defensin expression
(P>0.05).

Compared with the starvation control group, alanine treatment did not signifi-
cantly influence pBD-2 or pBD-3 expression (P>0.05) but significantly increased
pEP2c expression levels (P<0.05). Isoleucine treatment significantly elevated
the expression of all three defensins: pBD-2, pBD-3, and pEP2c (P<0.05). Both
amino acid treatments differentially affected signaling pathway protein tran-
scription. Alanine significantly increased Sirt1 and FoxO4 expression (P<0.05),
while isoleucine significantly promoted expression of Sirtl, FoxO1, and FoxO4
(P<0.05).

These findings indicate that nutritional stress decreases 5-defensin expression in
porcine intestinal epithelial cells, whereas amino acid supplementation enhances
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their expression. This regulatory effect appears to be mediated through Sirtl
and forkhead transcription factor (FoxO) signaling pathway proteins.

Keywords: porcine intestinal epithelial cell; antimicrobial peptide; defensin;
signaling pathway; Sirt1; FoxO

Introduction

Antibiotics have been used in livestock production for over 50 years to reduce
disease incidence, improve growth rates, and enhance feed utilization. How-
ever, antibiotic misuse has led to the development of antimicrobial resistance
in numerous human and animal pathogens, posing a direct threat to global
public health. Research has shown that even short-term, low-dose antibiotic
use can increase the quantity and diversity of antimicrobial resistance genes in
the porcine gut microbiome. Consequently, developing strategies to enhance
animal immunity and disease resistance has become urgent. Recent findings
suggest that nutritional modulation of innate immune function in the intestinal
tract represents a viable approach.

Endogenous antimicrobial peptides (AMPs) synthesized by mammals exhibit
broad-spectrum antimicrobial activity, participate in innate immune defense,
and are less likely to induce microbial resistance. Intestinal epithelial cells se-
crete diverse AMPs to protect against complex microbial environments and
pathogen invasion, forming an innate immune barrier alongside secretory im-
munoglobulin A (sIgA) on the mucosal surface. Growing evidence indicates
that AMPs also function as immune regulators by modulating chemotaxis and
Toll-like receptor (TLR) signaling intensity. To date, 25 AMPs have been iden-
tified in pigs, including 11 cathelicidins, 12 defensins, 1 saposin, and 1 cecropin.
Multiple factors influence endogenous AMP expression, including developmen-
tal stage, injury, nutrients (such as vitamin D, short-chain fatty acids, and
amino acids), and lipopolysaccharide (LPS). Previous studies demonstrated that
isoleucine modulates intestinal mucosal immune function in weaned piglets and
promotes AMP expression. However, limited research exists on how nutritional
levels affect AMP expression in porcine intestinal epithelial cells, and the molec-
ular mechanisms underlying AMP induction remain poorly understood. There-
fore, this study employed the porcine intestinal epithelial cell line IPEC-J2 as
a model to investigate the effects of nutritional and bacterial stress, along with
different amino acid treatments, on AMP and signaling pathway protein expres-
sion. The findings aim to provide insights into stress and nutrient regulation of
endogenous AMP expression and intestinal barrier function, and to establish a
theoretical basis for screening nutrients with immune-enhancing properties.
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1.1 Cell Culture

The porcine intestinal epithelial cell line IPEC-J2, generously provided by Pro-
fessor Guoyao Wu (Texas A&M University), was maintained in our labora-
tory. This cell line was originally isolated from the jejunal epithelium of new-
born piglets and grows as a monolayer. The culture medium consisted of
DMEM/F12 (Hyclone, China) supplemented with 5% fetal bovine serum (FBS)
(Gibco, USA), 1% insulin-transferrin-selenium (ITS) (ScienCell, USA), and 1
g/L endothelial growth factor (EGF) (Sigma, USA).

1.2 Experimental Design and Treatments

IPEC-J2 cells were seeded in 6-well plates with complete medium and grown
to 80% confluence before treatment. For nutritional and bacterial stress stud-
ies, the culture medium was replaced with: (1) control group: DMEM/F12
medium; (2) starvation group: starvation medium (Earle’ s balanced salt solu-
tion + vitamin mixture); or (3) E. coli group: DMEM/F12 medium containing
1$x107{3}$ CFU/well E. coli. Cells were treated for 12 hours before collection.

For amino acid treatments, the culture medium was replaced with: (1) control
group: starvation medium; (2) alanine group: starvation medium supplemented
with 1.0 mmol/L alanine (isoleucine nitrogen-equivalent group); or (3) isoleucine
group: starvation medium supplemented with 1.0 mmol/L isoleucine. Cells were
treated for 12 hours before collection.

1.3 Total mRNA Extraction and Reverse Transcription

Total mRNA from intestinal epithelial cells was extracted using RNAzol® RT
reagent (Molecular Research Center, USA) according to the manufacturer’ s
instructions. mRNA concentration and quality were assessed using a Nan-
odrop spectrophotometer; samples with OD260/0D280 ratios of 1.8-2.0 and
0OD260/0D230 ratios of 1.5-2.2 were considered high quality and suitable for
subsequent analysis. mRNA was reverse-transcribed into cDNA using a reverse
transcription kit (TaKaRa, China). The housekeeping gene -actin was ampli-
fied by PCR to verify reverse transcription efficiency. ¢cDNA was stored at -
20°C for further use.

1.4 Gene Primer Design

Primers for the reference gene (S-actin), AMP genes [porcine 3-defensin 2 (pBD-
2), porcine S-defensin 3 (pBD-3), and porcine S-defensin EP2¢ (pEP2c)], and
signaling pathway protein genes [silent mating type information regulation 2
homolog 1 (Sirtl), forkhead transcription factor 1 (FoxO1), and forkhead tran-
scription factor 4 (FoxO4)] were designed using Primer Premier 6.0 software
and synthesized by Beijing Sanbo Zhiyuan Biotechnology Co., Ltd. Optimal an-
nealing temperatures and amplification specificity were determined by gradient
PCR and agarose gel electrophoresis. Primers without dimers or non-specific
amplification were selected for use; sequences are shown in .

chinarxiv.org/items/chinaxiv-201711.00361 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.00361

ChinaRxiv [$X]

1.5 Real-Time Quantitative PCR

Gene fragments were amplified from extracted ¢cDNA using corresponding
primers, purified, and serially diluted 107! to 107°. Eight dilutions (102
to 107?) were used to generate standard curves with three replicates per
dilution in preliminary experiments to verify primer amplification efficiency.
Reverse-transcribed ¢cDNA served as template for real-time quantitative PCR
using SYBR Green PCR reagent (TaKaRa, China) in a 10 L reaction system.
For B-actin detection, cDNA amount was 1/20 of the reaction volume; for
target genes, cDNA amount was 1/10. PCR was performed on an ABI 7500
Fast Real-Time PCR System (Applied Biosystems, USA) with the following
program: 95°C for 5 s, 60°C for 34 s, 72°C for 10 s, for 42 cycles.

1.6 Data Analysis

Gene expression was analyzed using the 27(-ACt) method, with relative ex-
pression levels calculated using the housekeeping gene as reference. Each treat-
ment had three replicates. Relative expression values were subjected to one-way
ANOVA using SAS 8.1 (SAS Institute, Gary, USA). If significant differences
were detected among treatments, Duncan’ s multiple comparison test was ap-
plied. Results are expressed as mean 4 standard error, with P<0.05 considered
statistically significant.

2.1 Effects of Stress and Amino Acid Treatments on AMP
Expression in IPEC-J2 Cells

The porcine intestinal epithelial cell line IPEC-J2 exhibited monolayer growth
[Figure 1: see original paper] with rapid proliferation that decreased when conflu-
ence exceeded 90%. This study identified three porcine S-defensin genes (pBD-2,
pBD-3, and pEP2c) expressed in IPEC-J2 cells for quantitative analysis.

Nutritional and bacterial stress effects on defensin transcription in IPEC-J2
cells are shown in [Figure 2: see original paper]. Compared with the control
group, supplementation with 1$x107{3}$ CFU/well E. coli did not significantly
affect pBD-2, pBD-3, or pEP2c expression (P>0.05). However, starvation stress
significantly reduced defensin expression (P<0.05), decreasing pBD-2 to 0.47-
fold, pBD-3 to 0.58-fold, and pEP2c to 0.25-fold of control levels.

Amino acid treatments produced different outcomes. Alanine did not signifi-
cantly affect pBD-2 or pBD-3 expression (P>0.05) but significantly increased
pEP2¢ expression (P<0.05). Isoleucine significantly enhanced expression of all
three defensins (P<0.05), increasing pBD-2 by 5.68-fold, pBD-3 by 9.94-fold,
and pEP2c by 5.34-fold compared with the starvation control. Alanine served
as a nitrogen-equivalent control for isoleucine to determine whether the ob-
served effects were due to isoleucine itself or simply nitrogen supplementation.
The results indicate that while nitrogen supplementation can influence pEP2c
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expression, isoleucine exerts a much stronger, nitrogen-independent promoting
effect on defensin expression.

2.2 Effects of Nutritional Stress and Amino Acid Treat-
ments on Signaling Pathway Protein Transcription

This study examined three signaling pathway proteins: Sirtl, FoxO1, and
FoxO4. Compared with the control group, starvation stress significantly
reduced expression of all three proteins in IPEC-J2 cells (P<0.05), decreasing
Sirt1 to 0.36-fold, FoxO1 to 0.31-fold, and FoxO4 to 0.39-fold of control levels
[Figure 3: see original paper].

Both alanine and isoleucine differentially affected signaling pathway protein
transcription. Alanine significantly increased Sirt1 (2.13-fold) and FoxO4 (3.16-
fold) expression (P<0.05). Isoleucine markedly enhanced expression of Sirtl
(30.76-fold), FoxO1 (3.45-fold), and FoxO4 (3.00-fold) (P<0.05).

Discussion

The intestinal mucosa faces numerous challenges, including maintaining com-
mensal microbial balance and preventing pathogen invasion. Antimicrobial pep-
tides on the epithelial surface play crucial roles in microbial defense, representing
evolutionarily ancient innate immune effectors. (-defensins are among the most
extensively studied and widely distributed AMPs, functioning both as direct
antimicrobial agents and immune modulators. Recent studies have identified
multiple -defensins expressed in porcine intestinal epithelium. The IPEC-J2
cell line, derived from newborn piglet jejunal epithelium, retains intestinal cell
characteristics including -defensin expression, making it suitable for studying
nutritional and microbial stress effects on AMP expression.

Endogenous AMP expression and activity are regulated by various factors in-
cluding bacteria, LPS, nutrient availability, and functional nutrients. While
some studies in insects reported that starvation increases defensin expression,
others found no effect of starvation but observed AMP induction by E. coli in
tsetse flies. Our results differ from these findings: amino acid starvation sig-
nificantly reduced defensin expression in IPEC-J2 cells, whereas E. coli had no
significant effect. The E. coli concentration used in our study (10> CFU/mL)
was substantially lower than that in the tsetse fly study (10 mL of culture at
OD600 = 0.5), which may explain the discrepancy. Research on starvation and
bacterial effects on mammalian AMPs remains limited, and variations across
species, experimental systems (in vivo vs. in vitro), and defensin types con-
tribute to these divergent results, warranting further investigation.

Recent studies have demonstrated that amino acids can promote [-defensin
expression in various epithelial cells. Isoleucine at 3.12-12.50 g/mL significantly
induced -defensin expression in bovine kidney epithelial cells, though this effect
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diminished at concentrations $ $25 g/mL. Similarly, 100-250 g/mL isoleucine
promoted human S-defensin 1 expression in human colon cancer cells (HCT-
116), and 5-50 g/mL isoleucine increased human S-defensin 2 expression in
Caco-2 cells. Our finding that 1.0 mmol/L isoleucine (approximately 131 g/mL)
significantly enhanced S-defensin expression aligns with these reports. The lack
of effect from nitrogen-equivalent alanine confirms that isoleucine’ s action is
specific rather than simply providing nitrogen.

Both nutritional stress through amino acid starvation and amino acid supple-
mentation represent nutritional modulation strategies. Multiple signaling path-
ways regulate AMP expression in animals, including NF- B, ERK, Sirt, and
FoxO. The NF- B pathway primarily mediates bacterial, LPS, and infection ef-
fects on AMP expression; however, we did not examine this pathway since E.
coli did not significantly affect defensin expression. Amino acid-related signal-
ing pathways include MAPK, Sirt, mTOR, and FoxO, suggesting that amino
acids may regulate AMP expression through Sirt and FoxO pathways.

Sirt1 is an NAD'-dependent deacetylase, the mammalian homolog of yeast Sir2,
traditionally studied for its role in lifespan regulation. Emerging evidence identi-
fies Sirt1 as a crucial nutrient-sensitive growth regulator. Branched-chain amino
acids, including isoleucine, can affect Sirtl expression in rats. The FoxO family,
a subgroup of forkhead proteins conserved from worms to humans, comprises
four mammalian genes (FoxO1, FoxO3, FoxO4, and FoxO6) that regulate cell
proliferation, immune responses, and longevity. Stress and nutrients can mod-
ulate Sirtl through FoxO-dependent pathways, while Sirtl directly influences
defensin expression. Our results show that nutritional stress reduced both de-
fensin and signaling protein expression, whereas isoleucine markedly enhanced
defensin, Sirtl, and FoxO expression, with particularly strong effects on Sirt1.
Alanine increased pEP2c¢, Sirtl, and FoxO4 expression to a lesser extent. These
findings support previous research and suggest that nutritional stress and amino
acid regulation of defensin expression involve Sirt1l and FoxO signaling pathways,
though the specific regulatory mechanisms for different amino acids require fur-
ther investigation.

In conclusion, nutritional stress decreases f-defensin expression in porcine in-
testinal epithelial cells, while amino acid supplementation promotes [-defensin
expression, with isoleucine showing the most pronounced effect. The regulatory
actions of nutritional stress and amino acids on defensins appear to be mediated
through Sirtl and FoxO signaling pathway proteins.
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