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TLR2/4-mediated NF-xB pathway combined with the histone
modification regulates 3-defensins and interleukins expression
by sodium phenyl butyrate in porcine intestinal epithelial cells
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Abstract

Background: Host defense peptides (HDPs) possess direct antibacterial, antineoplastic, and immunomodu-
latory abilities, playing a vital role in innate immunity. Dietary-regulated HDP holds immense potential as a
novel pathway for preventing infection.

Objective: In this study, we examined the regulation mechanism of HDPs (pEP2C, pBD-1, and pBD-3) and
cytokines (IL-8 and IL-18) expression by sodium phenylbutyrate (PBA).

Design: The effects of PBA on HDP induction and the mechanism involved were studied in porcine intestinal
epithelial cell lines (IPEC J2).

Results: In this study, the results showed that HDPs (pEP2C, pBD-1, and pBD-3) and cytokines (IL-8 and IL-
18) expression was increased significantly upon stimulation with PBA in IPEC J2 cells. Furthermore, toll-like
receptor 2 (TLR2) and TLR4 were required for the PBA-mediated upregulation of the HDPs. This process
occurred and further activated the NF-xB pathway via the phosphorylation of p65 and an IkB o synthesis
delay. Meanwhile, histone deacetylase (HDAC) inhibition and an increased phosphorylation of histone H3 on
serine S10 also occurred in PBA-induced HDP expression independently with TLR2 and TLR4. Furthermore,
p38-MAPK suppressed PBA-induced pEP2C, pBD-1 pBD-3, IL-8, and IL-18 expression, but ERK1/2 failed
to abolish the regulation of pBD-3, IL-8, and IL-18. Moreover, epidermal growth factor receptor (EGFR) is
involved in PBA-mediated HDP regulation.

Conclusions: We concluded that PBA induced HDP and cytokine increases but did not cause an excessive
pro-inflammatory response, which proceeded through the TLR2 and TLR4-NF-xB pathway and histone

modification in IPEC J2 cells.
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here are now global voices calling for solutions
I to the antibiotic resistance problem to guarantee
the quality and safety of livestock products and
human health. It is projected that 10 million people could
die of infectious diseases caused by bacteria, viruses, or
fungi by 2050 if effective measures are not taken (1). Such
a devastating event should never occur. Therefore, efforts
are now urgently needed to formulate a proper strategy
for developing new range of antibiotics.

In multicellular animals, plants and insects, Host de-
fense peptides (HDPs) are not only naturally produced
but also involved in immunomodulatory and adjuvant
functions in the immune cells to boost immune response
of the organisms (2); HDPs are also expressed by the
host as an antibiotic to protect against potential invading
pathogenic microbes via their unique physical properties

and membrane-permeabilizing antibacterial mechanisms
of action, making drug resistance difficult (3). Recently,
the role of HDPs in innate and adaptive immunity is being
increasingly appreciated. As an important first line of de-
fense, HDPs are mostly expressed in the epithelial cells
of the digestive, respiratory, or urogenital tracts. More
than 30 HDPs, including the B-defensin and cathelicidin
genes, have been reported to date in pigs (4, 5); indeed,
these HDPs include, but are not limited to, B-defensin 1
(pBD1), pBD2, pBD3, pBD129, and epididymis protein
2 splicing variant C (pEP2C), which are present in a wide
range of porcine tissues (6).

The hypothesis that HDPs synthesis are induced by
some small molecules or dietary compounds which not
alter an excessive inflammatory response, this fact will be
a promise of preventing and controlling inflammatory
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response and related infective diseases (7). Butyrate is a
short-chain fatty acid (SCFA) naturally produced by co-
lonic bacteria fermentation, and sodium butyrate is ca-
pable of inducing HDP expression without affecting the
expression of IL-6 enhancing disease resistance in piglets
via HDAC inhibition (8). This mechanism is supported by
an increased phosphorylation of histone H3 on serine S10
and the activation of the IxB kinase complex, which also
leads to the activation of NF-kB. Moreover, both NF-xB
and histone acetyltransferase p300 support the enhanced
induction of hBD2 expression (9). However, due to the
special cheese-like, rancid odor of sodium butyrate, the
use is limited among some animals.

Sodium 4-phenylbutyrate (PBA), an aromatic SCFA,
is a HDAC inhibitor known for inducing favorable
effects on many pathologies, including cancer and pul-
monary tuberculosis (10, 11). Indeed, PBA plays an
immunomodulatory or anti-inflammatory role. Some
studies have focused on cathelicidin antimicrobial pep-
tide (CAMP)-inducing gene expression by PBA in vari-
ous tissues, and the underlying molecular mechanism of
CAMP gene expression has been resolved; interest in this
research area is steadily increasing. Previous studies have
focused on cathelicidin antimicrobial peptide (CAMP)
gene expression induced by PBA in various tissues, how-
ever, current research trend focused on induce CAMP
expression depends on the vitamin D receptor (VDR)
pathway (12) and mitogen activated protein kinase
(MAPK) signaling, coupled with PBA-regulated HDP
expression displays the gene specific regulation and tissue
specificity (13). To date, there is no data regarding how
PBA controls HDP expression and exerts its immune de-
fense ability on porcine cells. Herein, we initially show
that HDP genes are expressed in porcine intestinal epi-
thelial cells and are enhanced by PBA, but we also show
that there is no effect on IL-6 levels. Our results demon-
strate that PBA induces HDP expression via the toll-like
receptor (TLR) pathway. This process is supported by the
phosphorylation of NF-xB p65 independent of myeloid
differentiation primary response gene (MyD88) and an
IxB o synthesis delay process; this phosphorylation leads
to NF-kB activation. PBA possesses a strong ability to
inhibit HDAC and enhance the phosphorylation mod-
ification of histone H3 on serine S10 in IPEC J2 cells.
Thus, we provide novel insights into the regulation of
HDP gene expression and evaluate the role of PBA in the
innate and adaptive immunity of IPEC J2 cells.

Materials and methods

Reagents and antibodies

Sodium phenylbutyrate (purity above 98%) was pur-
chased from Sigma (St. Louis, MO, USA). SB203580
(p38 MAPK inhibitor) and PD98059 (MAPKK inhibitor)
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were both purchased from Beyotime (Shanghai, China).
Gefitinib was purchased from MedChem Express
(Trenton, New Jersey, USA). We used rabbit mAb
phospho-NF-kB p65 (Ser536, Cell Signaling Technol-
ogy, Beverly, MA, USA), anti-IxB (SC-371, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-B-actin (13ES,
Cell Signaling Technology), and secondary horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG (4970,
7077, Cell Signaling Technology, Beverly, MA, USA).
Dimethylsulfoxide (DMSO) was purchased from Sigma
(St. Louis, MO, USA).

Cell culture

The IPEC J2 cell lines, porcine intestinal epithelial
cell lines originally derived from the jejunal crypt of a
neonatal piglet, were cultured in DMEM/F12 medium
(Gibco, Carlsbad, CA, USA) supplemented with 8%
(vol/vol) fetal bovine serum (FBS, Bioind), 5 ug/L ITS
(Sciencell, Carlsbad, CA, USA, Cat: 0803), 5 ug/L epi-
dermal growth factor (Sciencell, Carlsbad, CA, USA,
Cat: 10504), and 1% penicillin/streptomycin (100 U/mL
and 100 mg/mL) (V900929, Sigma, St. Louis, MO, USA)
at 37°C with 5% CO,,.

Cytotoxicity measurement

The MTT dye reduction assay was used to determine the
cytotoxicity of PBA on the IPEC J2 cell lines. Briefly, the
IPEC J2 cells were seeded into a 96-well cell culture plate
(Corning, NY, USA) with complete DMEM/F12 medium
and were grown overnight at 37°C in 5% CO, in a hu-
midified incubator. The cells were washed twice with
phosphate buffer solution (PBS), and then fresh DMEM/
F12 medium containing different concentrations of PBA
was added and incubated for 24 h. Next, 10 pL of MTT
(0.5 mg/mL) was added and then the cells were incubated
for another 4 h at 37°C. Subsequently, 100 uL of DMSO
was added to dissolve the formazan crystals that formed.
Finally, the Optical Density (OD) was measured using
a microplate reader (TECAN GENios F129004, Austria)
at 490 nm.

RNA isolation and quantitative real-time PCR

Total RNA was isolated with the TRIzol reagent (Ambion
Life Technologies, Carlsbad, CA, USA), and almost im-
mediately the cDNA was synthesized using a reverse tran-
scription kit (RR037A, Takara, Ostu, Japan) according
to the manufacturer’s instructions. PCR was performed
using a SYBR® Premix Ex Taq™ (Tli RnaseH Plus)
(RR420A, Takara, Ostu, Japan) on a 7,500 real-time
PCR system (Applied Biosystems, Carlsbad, CA, USA).
Each sample reaction was run in duplicate on the same
plate. The gene-specific primers are presented in Table 1
(14-16). The mRNA expression levels were determined
using the 2744t method with B-actin as a reference.

Citation: Food & Nutrition Research 2018, 62: 1493 - http://dx.doi.org/10.292 1 9/fnrv62.1493


http://dx.doi.org/10.29219/fnr.v62.1493

Table 1. List of primers used for qRT-PCR

B-defensins expression regulation by sodium phenyl butyrate

Target gene

Sequence (5’-3’)

Reference/accession

pBD-3 Forward: GAAGTCTACAGAAGCCAAAT a
Reverse: GGTAACAAATAGCACCATAA

pEP2C Forward: GTTGACCTGGGAGCCAAAG c
Reverse: GCACAGATGACAAAGCCTCA

pBD-1 Forward: CCGCCTCCTCCTTGTATT MF925344.1
Reverse: GGTGCCGATCTGTTTCAT

IL-6 Forward: TGGCTACTGCCTTCCCTACC b
Reverse: CAGAGATTTTGCCGAGGATG

IL-8 Forward: CTGGCTGTTGCCTTCTTG b
Reverse: TCGTGGAATGCGTATTTATG

IL-18 Forward: ACTTTACTTTGTAGCTGAAAACGATG b
Reverse:TTT AGGTTCAAG CTT GCC AAA

TLR2 Forward: TCACTTGTCTAACTTATCATCCTCTTG b
Reverse: TCAGCGAAGGTGTCATTATTGC

TLR3 Forward: AGTAAATGAATCACCCTGCCTAGCA b
Reverse: GCCGTTGACAAAACACATAAGGACT

TLR4 Forward: GCCATCGCTGCTAACATCATC b
Reverse: CTCATACTCAAAGATACACCATCGG

NF-xB 1 (p50) Forward: CTCGCACAAGGAGACATGAA b

NF-xB3(p65)

B-actin

Reverse: ACTCAGCCGGAAGGCATTAT

Forward: TGTGTAAAGAAGCGGGACCT
Reverse: CACTGTCACCTGGAAGCAGA
Forward: GGCTCAGAGCAAGAGAGGTATCC
Reverse: GGTCTCAAACATGATCTGAGTCATCT

a (14); b (I15); ¢ (17); The sequences of pBD-I in Table | are available through GenBank (http://www.ncbi.nlm.nih.gov/nuccore/) under the accession

numbers listed above.

HDAC activity detection

The HDAC activity assay was performed using the am-
plite™ fluorometric HDAC activity assay kit (AAT
Bioquest®, Sunnyvale, CA, USA) according to manufac-
turer’s protocol. Briefly, the IPEC J2 cells were cultured
in a 12-well tissue culture plate overnight at a density of
1x10° cells/wells. The cells were treated in duplicate with
increasing concentrations of PBA (0-8 mM). A well-char-
acterized HDAC inhibitor, trichostatin A (TSA), was
used as a positive control. The cell pellets were harvested
after 24 h and homogenized in ice-cold RIPA lysis buf-
fer (PO0O13B, Beyotime, Shanghai, China) containing the
complete protease inhibitor, phenylmethylsulfonyl fluoride
(PMSF) (ST506, Beyotime, Shanghai, China). The pro-
tein concentration of cell lysates was measured using the
trace nucleic acid protein analyzer (Implen, Germany),
and the cell lysates were diluted into an appropriate range,
which containing equivalent amount of the protein in the
assay buffer. Then, 50 uL of the HDAC Green™ substrate
working solution was added to each well, and the plate was
incubated at room temperature for 45 min. The fluores-
cence intensity at Ex/Em = 490/525 nm was monitored.
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The fluorescence was detected in the blank wells with buf-
fer only, which was used as the background and was sub-
tracted from the values determined for the wells subjected
to the HDAC Green™ reactions. All the fluorescence read-
ings are expressed in the relative fluorescence units (RFU),
and each experiment was performed in triplicate.

Western blot analysis

For the immunoblot analyses, the total protein was ex-
tracted from the cytoplasm of the IPEC J2 cells, and the
samples were denatured in 4XSDS-PAGE loading buffer
(40 mM Tris-HCI1, PH 8.0, 200 mM DTT, 4% (v/v) SDS,
40% (v/v) Glycerol and 0.032% (v/v) Bromophenol Blue)
(No. 7173 Takara, Ostu, Japan) and boiled for 10 min.
The denatured proteins were separated using 12% SDS-
PAGE and were transferred onto a PVDF membrane
(0.45 uM) (Millipore, Boston, Massachusetts, USA). The
membrane was blocked in Tris Buffered Saline with Tween
(TBST) (10 mM Tris, 100 mM NaCl, 0.1% Tween 20)
with 5% (w/v) nonfat milk powder for 1.5 h. After wash-
ing with TBST for three times, the blocked membranes
were incubated with the primary antibodies overnight at
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4°C in TBST and were then washed three times followed
by incubation with the corresponding HRP-linked sec-
ondary antibodies (1:2500) for 1 h at room temperature.
The membranes were washed three times, and bound an-
tibodies were detected using an ECL plus detection sys-
tem (P1010, Applygen, Beijing, China). The expression of
each protein was normalized to that of B-actin.

siRNA and transfections

The TPEC J2 cells were cultured to approximately 80%
confluence in DMEM/F12 medium supplemented with 8%
(v/v) FBS in 24-well plates. The cells were then transfected
with 160 nM siRNA using Lipofectamine 2000 (Invitrogen)
in Opti-MEM media (Gibco) according to the manufac-
turer’s instructions. After 6 h, the transfection medium was
replaced with DMEM/F12 medium. Then the IPEC J2 cells
were cultured with 8 mM PBA for 24 h. The cell lysates were
harvested and analyzed by qRT-PCR. The small interfer-
ing RNA (siRNA) molecules targeting TLR2, TLR4, and
a scrambled control were obtained from Shanghai Gene
Pharma, and the sequences are presented in Table 2 (15).

Plasmids transfections and luciferase reporter assays

The NF-xB p65 luciferase reporter plasmid (pNF-kB-Luc)
and the internal-control plasmid-encoding Renilla lucifer-
ase (phRL-TK) were kindly provided by Prof. Guangx-
ing Li (Northeast Agricultural University, Harbin, P. R.
China). The IPEC J2 cells were co-transfected with 0.3
pg of pNF-kB-Luc and 0.1 pg of phRL-TK using the
Lipofectamine 2,000 (Invitrogen) reagent in 24-well plates
overnight at a density of 1X10° cells/wells. After 6 h, the
cells were treated with PBA at § mM and were cultured for
24 h continually. The cells stimulated by lipopolysaccha-
ride (LPS) were used as a positive control, which usually
activates the NF-xB pathway. The cell lysates were har-
vested and analyzed using the Dual-Luciferase® Reporter
Assay Kit (Promega, Madison, WI, USA). The luciferase
activities were detected using a Promega GloMax 20/20
Luminous detector (Promega, China).

Immunofluorescence assays

The TPEC J2 cells were seeded into 24-well plates and
were treated with PBA (8 mM) and TSA (1 uM) for 24 h,

Tuable 2. The sequences of siRNA

Names  Sequences(5'-3") Reference

TLR2 CCA GAU CUU UGA GCU CCA UTT a
AUG GAG CUCAAA GAU CUG GTT

TLR4 GCA UGG AGC UGA AUU UCUATT a
UAG AAA UUCAGC UCCAUG CTT

NC UUC UCC GAA CGU GUCACG UTT a

ACG UGA CAC GUU CGGAGAATT

The sequences of siRNA.a (15).
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washed with PBS, fixed with 200 puL 4% paraformaldehyde
for 10 min, and quenched with 0.1 M glycine for 5 min at
room temperature. Subsequently, the cells were permeabi-
lized with 1% Triton X-100, and diluted into PBS for 10
min. After washing with PBS three times, the cells were
then incubated at 37°C with a histone H3 mouse mono-
clonal antibody (1:200) for 45 min, washed three times,
and were subsequently incubated with a TRITC-conju-
gated AffiniPure goat anti-mouse IgG(H+L) (1:200) for
30 min. Thereafter, the cells were washed with PBS and
then stained with DAPI at 37°C for 10 min to detect the
nuclei, and washed with PBS three times again. The fluo-
rescence signals were visualized using a fluorescence mi-
croscope (Leica).

Statistical analysis

All the results were expressed as the means * SD.
Differences between the groups were compared using an
unpaired Student’s z-test or GLM (General Linear Model
of Statistical Analysis System, SAS 9.4.2, 2000). Differ-
ences between the treatments were considered significant
for P <0.01.

Results

PBA facilitates endogenous HDP gene expression but does not
enhance IL-6 production in IPEC J2 cells

Recent studies show that sodium 4-phenylbutyrate
(PBA), an odorless derivative of butyrate sodium, is an
even more potent inducer of cathelicidins in vitro than
butyrate sodium (13). We investigated the expression of
inducible genes encoding HDPs (pEP2C, pBD-1, pBD-3)
and cytokines (IL-6, IL-8, IL-18) in the innate immune
response by PBA. Our real-time PCR analyses indi-
cated that HDP expression was markedly increased in a
dose-dependent manner following a 24-h treatment with
PBA in IPEC J2 cells (Fig. 1a). Similarly, the expression
levels of IL-8 and IL-18 were dose-dependently induced
by PBA (Fig. 1b). However, the mRNA level of the IL-6
gene was not affected. Furthermore, an obvious time-de-
pendent induction of pEP2C, pBD-1, pBD-3, IL-8, and
1L-18 was observed in the IPEC J2 cells, and the I1L-6 ex-
pression was still not affected (Fig. 1c, 1d). Herein, the
cytotoxicity was not significantly altered by PBA at con-
centrations <8 mM in the IPEC J2 cells, as assessed by
the MTT assay (Fig. le). The concentration and time of
PBA were selected at 8 mM and 24 hour respectively in
the following trials.

PBA-induced HDP gene expression via TLR2 in IPEC J2 cells

TLRs mediate diverse signaling pathways, which recog-
nize molecular-associated patterns of microorganisms.
Intestinal epithelial cells express TLRs, and their activa-
tion leads to the production of anti- or pro-inflammatory
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Fig. 1. PBA upregulates endogenous HDPs gene expression. IPEC J2 cells were stimulated with 0 mM, 1 mM, 2 mM, 4 mM, and
8 mM PBA for 24 h (a, b) or § mM of PBA for 3h, 6 h, 12 h, and 24 h (c, d). HDPs (pEP2C, pBD-1, pBD-3) and cytokines (IL-6,
IL-8, IL-18) were analyzed by qRT-PCR. (e) IPEC J2 cells in a broad range of concentrations (0-32 mM) for 24 h, we used the
MTT dye reduction assay to examine their toxicity. All data are expressed as the means = SD. Letters with different superscripts

are significantly different at P < 0.01, compared with vehicle.

cytokines contributing to inflammatory responses (17).
Previous studies have shown that sodium butyrate acti-
vate TLR2 and then mediate HDP gene expression (16).
In our studies, the expression of TLR2 was enhanced
10-fold by PBA, and the expression of TLR4 showed an
increasing tendency but was not significant. However, the
expression of TLR3 was significantly decreased by quan-
titative real-time PCR (Fig. 2a). We further evaluated the
role of TLR2 or TLR4 in the gene regulation of encod-
ing HDPs and cytokines by PBA. The IPEC J2 cells were
transfected with a siRNA-targeting TLR2 or TLR4 to
silence TLR2 or TLR4, respectively. Compared with the
control siRNA, the results showed that TLR2 or TLR4
expression were reduced markedly following the trans-
fection of TLR2/4 siRNA by qRT-PCR (Fig. 2b and 2c¢).
Thereafter, we further analyzed the regulation changes
of HDP expression by PBA after silencing TLR2 or
TLR4. The results showed that even though the expres-
sion of pEP2C was still increased significantly by PBA, it
was remarkably reduced in the cells treated with TLR2/4
siRNA, compared with the control siRNA by PBA (Fig.
2d). Most clearly, pBD-1, inducted by PBA, was dramat-
ically and completely destroyed under the condition of
silencing both TLR2 and TLR4 (Fig. 2d). Distinguish-
ingly, TLR4 silencing did not effect pBD-3 mRNA ex-
pression, compared with the cells transfected with the
negative control siRNA (Fig. 2f). Taken together, these
data indicate that TLR2 silencing stopped or interfered
with the upregulation of HDPs expression by PBA in
IPEC J2 cells. Interestingly, TLR4 silencing had no effect
on the pBD-3 induction by PBA, but the role of TLR4
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signaling was similar to TLR2 with respect to the regu-
lation of pEP2C and pBD-1 expression by PBA. Fur-
thermore, the results further showed that the induction
of TL-8 exhibited an obvious difference with the pBD-
1, pBD-3, or pEP2C genes regulated by PBA, and the
expression regulation of IL-8 by PBA was not altered
after knocking down TLR2 or TLR4 completely (Fig.
2g). While the expression of IL-18 significantly declined
in the IPEC J2 cells treated with TLR2 or 4 siRNA, the
IL-18 expression was still elevated by PBA; this result
was similar to when expression of the pEP2C induced
by PBA was blocked by TLR2 or 4 silencing (Fig. 2h).
The myeloid differentiation primary response gene adap-
tor molecule (MyD88) was involved in the TLR signal-
ing pathways (18). Our results showed that PBA did not
influence MyD88 mRNA levels (Fig. 2i), suggesting that
PBA influenced signaling effectors during TLR activa-
tion but not MyDS§S.

PBA activates the NF-xB signaling pathway in IPEC |2 cells and
induces HDP gene expression

Cytokine production mediated by TLR recognition and
activation is usually dependent on the NF-kB pathway
and MAPKs, and thus, we evaluated both signaling
pathways after PBA stimulation in IPEC J2 cells. First,
we took a luciferase reporter approach using a luciferase
vector containing the NF-xB p65 initiation factor se-
quences, as previously reported by others. The IPEC J2
cells were co-transfected with the pNF-xB-Luc plasmid
and the internal-control phRL-TK plasmid, and were
then treated with PBA or LPS to address the effect on
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Fig 2. PBA-induced HDPs gene expression via TLR2. (a) Expressions of TLRs were determined by quantitative real-time PCR.
(b, ¢) IPEC J2 cells were transfected with TLR2/4 siRNA to specifically silence TLR2/4 and then treated with PBA. TLR2/4(b,
c), HDPs (pEP2C, pBD-1, pBD-3) (d, e, f), and cytokines (IL-8, IL-18) (g, h) gene expressions were analyzed by qRT-PCR.
(1) IPEC J2 cells were treated with PBA for 24 h, by qRT-PCR to detect the expression of MyD88 mRNA. Letters with different
superscripts are significantly different at P < 0.01, compared with vehicle.

NF-xB translational activity. LPS is known as a positive
stimulus of NF-xB. In agreement, we observed a strong
expression of the NF-xB-regulated luciferase following
PBA pretreatment compared to expression without treat-
ment by the stimulant, and similar results were obtained
in the IPEC J2 cells after stimulation with LPS (Fig. 3a).
The classic NF-xB activation pathway is a multi-step
process that involves several key proteins in inflamma-
tory and immune responses and cellular proliferation.
The most abundant form of NF-kB is a heterodimer
of p50 and p65 (19). Our results showed a markedly re-
duced p50 expression but not p65 by qRT-PCR (Fig. 3b).
Next, we observed a clear increase of NF-kB p65 phos-
phorylation in a time-dependent manner following PBA
pretreatment (Fig. 3c). A crucial negative regulator that
controls NF-xB activation is the inhibitor of kB (IxB);
this inhibitor binds to p65 in the cytosol to block the
nuclear translocation of the p65/p50 complex. Based on
the IxB-a protein assays, we found that PBA eventually
facilitated the proteasomal degradation of IxB-o in re-
sponse to PBA treatment for 24 h, which freed p65/p50,
allowing the entry of p65/p50 to the nucleus to activate
gene expression. There was degradation at 24 h compared
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with the vehicle without pretreatment; however, it is in-
teresting that an increased expression of IkB-o protein
from 6 h to 24 h under the internal reference calibration
were observed (Fig. 3c). Collectively, our results establish
that PBA upregulates HDP expression and activates the
NF-xB pathway.

To identify whether TLR2/4 mediated the activation of
the NF-xB signaling pathway by PBA, the IPEC J2 cells
were transfected with a siRNA-targeted TLR2/4 to specif-
ically silence TLR2/4 and were then challenged with PBA,
and the protein levels of IkB-o and phospho-p65 were
assessed. The data showed that both TLR2 and TLR4
silencing still markedly facilitated the degradation of IxkB-o
protein compared with the non-silencing control after PBA
treatment in the IPEC J2 cells. However, interestingly,
IxB-o protein synthesis increased significantly when both
TLR2 and TLR4 were silenced alone without treatment by
PBA. It was observed that TLR4 silencing slightly influ-
enced p65 phosphorylation induced by PBA, but no effect
by TLR2 (Fig. 3d). The above results indicate that TLR2
and TLR4 silencing did not inhibit the IxB-o degradation
induced by PBA indirectly. However, TLR4 silencing de-
creased the phosphorylation of p65 but not completely.
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Histone modification occurs while PBA induces the HDP gene
expression increase in IPEC |2 cells

Phenylbutyrate is known as a reversible inhibitor of class
I and IT HDAC:S. It is considered a first generation HDAC
inhibitor due to its non-specific inhibitory effect. More-
over, PBA exerts its effects in relatively high, millimolar
working concentrations, and the effects are pleiotropic.
Several studies suggest that the HDAC inhibitor TSA or
butyrate significantly impacts the induction of antimicro-
bial peptide gene expression and requires the acetylation
of histones H3 at several lysine residues (8, 9). We there-
fore investigated whether PBA behaves as an HDAC in-

hibitor in IPEC J2 cells. By HDAC activity detection, we

identified a significant dose-dependent manner of HDAC
activity inhibition efficiency with PBA in the IPEC J2

cells, and TSA (1uM) was a positive control of the HDAC

inhibition (Fig. 4a). In addition, the histone H3 phos-

phorylation levels were observed by immunofluorescence.

There was a strong increase in the fluorescence intensity

of the phosphorylation marker following PBA and TSA
pretreatment for 24 h compared with the control, which
was without treatment in the IPEC J2 cells. Together,
these results indicate that PBA regulated histone modi-
fication including deacetylation and phosphorylation in
IPEC J2 cells, as well as upregulated HDP expression and
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has no effect on IL-6 expression (Fig. 4b); these results
are a reminder that epigenetic pharmacology should be
achieved to induce epithelial host defense.

In addition, as the above results show, TLR2 and
TLR4 silencing affected IxkB-o protein and p65 phos-
phorylation levels and regulated HDP gene expression
induced by PBA. It is interesting whether TLR2 or
TLR4 influences HDAC activity with or without PBA
treatment. First, IPEC J2 cells were transfected with an
siRNA-targeted TLR2 or TLR4 for 6 h to specifically
silence TLR2 or TLR4, and then, the cells were treated
with PBA for 24 h. As revealed by HDAC activity de-
tection assay, our results indicated that HDAC activ-
ity inhibition by PBA was not slow down after TLR2
or TLR4 silencing, interestingly, TLR2 and TLR4
silencing alone significantly enhanced HDAC activa-
tion which had the opposite effect on HDAC activation
with PBA (Fig. 4c). Taken together, these results suggest
that PBA improved HDP gene expression upon histone
modification.

Activation of the MAPK pathway is necessary for PBA-mediated
HDP upregulation

Previous studies indicate that PBA-induced CAMP
gene expression is attenuated by MAPK inhibitors (13).
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We therefore analyzed HDP expression in IPEC J2 cells
treated with the specific inhibitors of the MAPK path-
ways by qRT-PCR. The IPEC J2 cells were pretreated
with the p38 MAPK inhibitor SB203580 and the ERK 1/2
inhibitor PD98059 for 6 h before incubation with PBA
at 8 mM for 24 h. DMSO was the solvent of the reagent.
As shown in Fig. 5a, Fig. 5b, and Fig. 5c, the inhibitors

(page number not for citation purpose)

SB203580 and PD98059 significantly reduced PBA-
induced pEP2C and pBD1 gene expressions but they were
not inhibited completely. However, PD98059 failed to
inhibit the pBD-3 induction by PBA determined at the
mRNA level. The MAPK pathway also plays a critical
role in intracellular cytokine production. In addition,
PBA influences the activation of the cytokines IL-8 and
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IL-18 in IPEC J2 cells. To test whether the MAPK path-
way is involved in the induction of cytokines by PBA in
the IPEC J2 cells, further studies were performed to detect
the effects of the inhibitors SB203580 and PD98059 on
IL-8 and IL-18 mRNA expression before PBA treatment.
Interestingly, SB203580 markedly suppressed the produc-
tion of IL-8 and IL-18 induced by PBA. In contrast, there
was no significant change in the IL-8 and IL-18 mRNA
levels after a pretreatment with PD98059 compared with
a treatment with PBA alone (Fig. 5d, 5e). Overall, the
data from the above experiment demonstrate the rele-
vance of host defense cytokines and the MAPK pathway
in innate host defense. The p38 MAPK and ERK1/2 path-
way may have partially contributed to the upregulation of
the HDPs pEP2C, pBD-1, and pBD-3 mediated by PBA,
but the ERK1/2 pathway did not influence pBD-3 upreg-
ulation inducted by PBA in the IPEC J2 cells.

EGFR is a critical factor for PBA-mediated HDP upregulation

IPEC J2 cells possess the typical feature of growth po-
larity and form tight junctions during cell growth, dif-
ferentiation, survival, and movement in response to
different degrees of confluence. Previous studies report
that differences in the EGFR transcript expression levels
at different degrees of confluence affect the production
of antimicrobial peptides (20). Therefore, different de-
grees of confluence were mimicked by culturing the cells
at different cell densities, including subconfluent, con-
fluent, and post-confluent; at a subconfluent cell density
and at a confluent cell density, there was relatively little
inducible pEP2C, pBD-1, and pBD-3 mRNA expression
compared with the post-confluent cell density, although
the HDPs were markedly increased at any confluences;
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pEP2C, pBD-1, and pBD-3 mRNA increased 10-, 50-,
and 10-fold, respectively, for cells stimulated with PBA at
a post-confluent density (Fig. 6a, 6b, 6¢). It is reported
that EGFR is expressed at dramatically higher levels in
post-confluent density than in subconfluent and confluent
conditions, and the signaling pathways showed a switch in
the post-confluent cells (20). To understand the correla-
tion of EGFR in the intestinal epithelial cells, IPEC J2
cells were pretreated with the gefitinib, an EGFR inhib-
itor, for 6 h and were treated with 8 mM PBA. DMSO
was in control of the solvent of the gefitinib. The results
showed that the increased mRNA expression of pEP2C,
pBD-1, and pBD-3 by PBA were downregulated in the
presence of gefitinib compared with the PBA treatment
alone by qRT-PCR assay (Fig. 6d, 6e, 6f). In addition,
gefitinib caused a significant reduction in IL-8 or IL-18
expression compared to the PBA treatment alone (Fig. 6g,
6h). The above results show that EGFR is a critical factor
governing the regulation of HDP expression by PBA; this
regulation is consistent with the trends of HDP expres-
sion regulation by the PBA between the different degrees
of confluence, as expected.

Discussion

The establishment and maintenance of epithelial ho-
meostasis were contributed to various actors in the in-
testinal tract. HDPs, as an essential component of innate
immunity, have the potential to regulate and improve
intestinal barrier function in animal health and produc-
tivity (21, 22). Oral supplementation of HDPs-induced
compounds show promise in preventing and control-
ling infections in humans and several animal species (7).
HDPs and cytokine genes are generally considered to be
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synchronously expressed in innate immune response to di-
verse pathogenic microorganism stimuli. Staphylococcus
aureus or lipopolysaccharide (LPS) induces the expression
of several HDPs including bovine B-defensin 1 and bo-
vine neutrophil B-defensin 4, after infection (23). In our
studies, PBA, which is an odorless derivative of butyric
acid naturally produced by colonic bacteria fermenta-
tion, increased the endogenous HDP gene expression of
pEP2C, pBD-1, and pBD-3 and the cytokine IL-8 and
IL-18 production in IPEC J2 cells. However, PBA had no
effect on the expression level of pro-inflammatory IL-6.
This result is exactly what the difference between nutrients
and pathogenic microorganisms exposed to the surface of
host cells is shown to be on innate immunity. This work
suggests that PBA may be a potential functional feed ad-
ditive to achieve the induction of epithelial antimicrobial
defenses while limiting the deleterious risk of an inflam-
matory response.

As we know, this mechanism occurring in jejunum epi-
thelial cells is orchestrated between HDP gene expression
regulation and exogenous stimulus mainly through signal-
ing pathways, which result in the recognition of a recep-
tor, chromatin histone modification, the activation of key
signaling factors, and so on. Therefore, it is indispensable
to further investigate the mechanism between HDP gene
expression and PBA in jejunum epithelial cells. TLRs are
generally activated in response to a diverse array of mi-
crobial products. Human corneal epithelial cells (HCECs)
express TLR2, which responds to Staphylococcus aureus
infection through the expression and secretion of pro-
inflammatory cytokines and -defensin-2 (hBD2) (24). In
addition, human tracheobronchial epithelial cells respond
to bacterial lipopeptide in a TLR2-dependent manner
with the induction of mRNA and protein of the anti-
microbial peptide human defensin-2 (25). In our studies,
PBA also activated the TLR2 and inhibited TLR3 expres-
sion in IPEC J2 cells. Moreover, TLR2 silencing weak-
ened the ability of HDPs expression induction by PBA;
this outcome was similar to the result of sodium butyrate
in porcine kidney cells, but the activation ability of PBA
in IPEC J2 cells was less than sodium butyrate in por-
cine kidney cells (16). The production of pEP2C, pBD-
1, and pBD-3 in IPEC J2 cells stimulated with PBA also
occurred in a TLR4-dependent pathway although TLR4
was not markedly activated. PBA possesses the ability to
regulate HDP expression and PEP2C, pBD-1, and pBD-3
are well-known as HDPs for their antimicrobial activ-
ity against a broad range of bacterial, fungal, and viral
pathogens; TLRs are the viral recognition receptors of
pathogenic microorganisms (4), however, in our results,
which showed a regulatory role in the HDPs expression
regulation by PBA.

Intestinal epithelial cells have long been known to pro-
vide a source of inflammatory cytokines and chemokines

10
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(26), and they also gather different kinds of HDPs. Re-
cent studies demonstrate that HDPs function as immuno-
modulatory mediators and antimicrobial agents through
either direct chemotactic activity or the upregulation of
several cytokines and chemokines in various cell types.
Cathelicidin LL-37 not only favorably induces 1L-8 ex-
pression and secretion in human gingival epithelial cells
(27) but also increases IL-18 mRNA expression in kera-
tinocytes (28). Likewise, we found that PBA upregulated
endogenous HDPs and cytokine production in IPEC J2
cells. We hypothesized that HDPs and cytokines were
not synchronously expressed with different regulatory
rules; however, a TLR2/4-dependent activation of epi-
thelial cells induced cytokine IL-18 gene expression, and
HDPs. In addition, IL-8 gene expression was not affected
by TLR2/4. It remains to be determined which signaling
pathways are responsible for TLR2/4-dependent HDP
and cytokine production and which other signaling path-
ways are activated.

The NF-xB pathway, as a hub of regulation in the host
immune defense between many exogenous stimuli, acti-
vates host immunity, particularly the expression of reg-
ulatory cytokines. In our studies, PBA modulates NF-xB
signaling in IPEC J2 cells; this modulation is dependent
on the enhancement of NF-xB p65 phosphorylation and
IxkB o degradation. Furthermore, we found that TLR2
or TLR4 silencing did not affect PBA-induced NF-xB
p65 phosphorylation and IxkB degradation. MyD8S, a
primary adaptor molecule of TLRs, was not affected by
PBA, indicating that the PBA effect on HDP production
was different than the pathogen-associated molecular
pattern (PAMPs). In this case, the results indicated that
PBA-induced HDP increase was related to the TLR2/4
and NF-xB signaling pathway; p65 (NF-kxB3) and p50
(NF-xB1) are two key subunits of the NF-xB pathway,
and p50 lacks a transcriptional activation domain, which
induces its downstream target gene expression by inter-
acting with other transcription factors or transcription
co-activators (19, 29). In our studies, a dramatic decrease
in p50 expression was present after PBA treatment, which
suggests the NF-xB pathway activation in the IPEC J2
cells. In agreement, lower p50 levels were beneficial for
HDP expression. The increase in both p65 phosphory-
lation in a time-dependent manner and the NF-xB lu-
ciferase activity following PBA pretreatment together
suggested that NF-kB was activated by PBA in the IPEC
J2 cells. Interestingly, an apparent increase in IkB o pro-
tein levels was observed in a time-dependent manner
after PBA treatment, but there was significant degrada-
tion compared with the untreated control cells. Previous
studies show that trichostatin A potentiates tumor necro-
sis factor (TNF) o-elicited NF-kB activation by histone
deacetylase inhibitor (HDAC!H) and delays kB o cytoplas-
mic reappearance (19, 30). PBA is also a HDAC inhibitor,
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which suggested to us that PBA induced HDP gene ex-
pression via delaying IxB o synthesis and then activating
the NF-xB pathway.

Acetylation is a pivotal post-translational modification
of numerous proteins, such as histones and transcription
factors, including NF-xB. Histone acetylation and deacet-
ylation modifications play a crucial role in the chromatin
structure, cellular function, and transcriptional regulation
of gene expression (30, 31). Two enzyme families with op-
posite activities are crucial regulators of gene expression.
Histone acetyltransferase (HAT) acts in a positive man-
ner and HDAC acts in a negative manner. NF-xB func-
tions are regulated by post-translational modifications,
including phosphorylation and acetylation (32). Several
studies show that HDAC 3 induces the NF-xB p65 sub-
unit deacetylation, leading to the repression of its tran-
scriptional activity (33). In addition, we addressed HDAC
inhibitors as an approach to attenuate inflammatory re-
sponses and their potential as novel therapeutics (33).
In our study, a significant dose-dependent inhibition of
HDAC activity was detected after PBA incubation. Fur-
thermore, PBA-mediated HDAC inhibition activated an
alternative pathway, inducing H3S10 phosphorylation.
The phosphorylation of H3S10, as well as the acetylation
of histone H3 lysines, is highlighted in the current model
as discrete modifications promoting chromatin remodel-
ing at the promoter of specific innate immune genes, al-
lowing the precise recruitment of NF-kB (9, 34). Herein,
the delay of IkB o protein synthesis seems to be due to
impairing of the recruitments of p65 phosphorylation,
but not histone H3 on Ser10 phosphorylation (30). PBA
could also be an HDACI, as it enhances HDPs and then
attenuates inflammatory responses in IPEC J2 cells. Inter-
estingly, TLR2 and TLR4 silencing did not reverse adjust
the inhibition of HDAC activity by PBA. Moreover, both
TLR2 and TLR4 silencing alone increased the HDAC
ability in IPEC J2 cells; this result was consistent with the
control of PBA increasing TLR2 and TLR4 expression
and then the inhibition of the HDAC activity, as in the
results above from our studies.

In a previous study, the canonical phosphorylation
of histone H3 occurred through the activation of the
MAPK signaling pathway, and both ERK and p38 ki-
nases induced the phosphorylation of H3S10 at the pro-
moter of the activated genes (35). In addition, ERK and
MAPK signaling pathways are involved in cathelicidin
gene expression induced by PBA (13). In this study, we
observed that both the p38 MAPK inhibitor SB203580
and the ERK1/2 inhibitor PD98059 weakened the pEP2C
and pBD-1 expression induced by PBA; this result had
a distinct effect on blocking the induction of pBD-3. In
addition, ERK1/2 signal blockade had no effect on the in-
duction of pBD-3, IL-8, and IL-18 by PBA; this outcome
indicated to us that the signaling pathway of both the p38
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and ERK1/2 signaling pathways participated in the reg-
ulatory mechanism of pEP2C, pBD-1, and pBD-3, but
were not identical. In addition, unexpectedly, the degree
of confluence significantly improved the regulatory ability
of PBA on HDP expression in the IPEC J2 cells. In a pre-
vious report, the degree of confluence also changed the
regulatory ability of sodium butyrate on HDP expression
in sodium butyrate in porcine kidney cells, but the trend
was just in contrast with this study. As reported, epider-
mal growth factor receptor (EGFR) expression levels in-
creased as the degree of confluence increased (20). EGFR
was also critical in the regulation of cathelicidin expres-
sion (12). Presumably, EGFR may play a role in the pro-
cess of PBA-regulated HDP expression in IPEC J2 cells.
As expected, inhibition of EGFR with a specific inhibitor
significantly reduced PBA-increased HDPs gene expres-
sion. Moreover, in porcine Intestinal epithelial cells, host
defense peptides regulation maybe utilized different signal
transduction pathways or a switch in signaling pathways
with the altered degrees of confluence, including sub con-
fluent, confluent, and post-confluent (20).

To conclude, as shown in Figure 7, PBA regulated
HDPs and interleukins expression closely via a complex
route system.
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