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Regulation of TWIK-related potassium channel-1 (Trek1)
restitutes intestinal epithelial barrier function

Huang Huangl’s, Jiang-Qi Liu>>*°, Yong Yu!, Li-Hua Mo?, Rong-Ti Ge?, Huan-Ping Zhang4,
Zhi-Gang Liu’, Peng-Yuan Zheng' and Ping-Chang Yang>*

The disruption of epithelial barrier integrity is an important factor in the pathogenesis of various immune disorders.
However, the restitution of the compromised barrier functions is difficult. This study investigates the regulation of

TWIK-related potassium channel-1 (Trek1) in the restitution of intestinal epithelial barrier functions. The human colon
epithelial cell line T84 was cultured in monolayers and used to observe epithelial barrier functions in vitro. An intestinal
allergy mouse model was created. Cytokine levels were determined by enzyme-linked immunosorbent assay and western
blotting. The results showed that Trek1 deficiency induced T84 monolayer barrier disruption. Allergic responses
markedly suppressed the expression of Trek1 in the intestinal epithelia via activating the mitogen-activated protein
kinase pathways and increasing the expression of histone deacetylase-1. The inhibition of histone deacetylase-1 by
sodium butyrate or the administration of a butyrate-producing probiotic (Clostridium butyricum) restored the intestinal
epithelial barrier functions and markedly enhanced the effect of antigen-specific immunotherapy. The data suggest that
Trekl1 is required for the maintenance of intestinal epithelial barrier integrity. Allergic responses induce an insufficiency
of Trek1 expression in the intestinal epithelia. Trek1 expression facilitates the restoration of intestinal epithelial barrier
functions in an allergic environment.

Cellular & Molecular Immunology(2016)13,110-118;do0i:10.1038/cmi.2014.137; published online 16 February 2015

Keywords: allergy; epithelial barrier, intestine; probiotics; Trek1

INTRODUCTION

Epithelial barrier integrity has a critical role in the maintenance
of homeostasis in the body. A large number of disorders are
associated with epithelial barrier disruption, such as intestinal
allergies,’ inflammatory bowel disease,” allergic asthma® and
allergic dermatitis.* However, the pathogenesis of epithelial
barrier disruption has not yet been fully elucidated, and the
remedies for restoring epithelial barrier function are currently
limited.

A number of factors have been associated with epithelial
barrier disruption, including the pro-inflammatory cytokines
interleukin (IL)-4, IL-13,” interferon (IFN)-v® and tumor nec-
rosis factor (TNF)-o.” The status of the paracellular space
reflects the function of the epithelial barrier and is dependent
on the tight junction-associated proteins that seal the tight
junctions. Hyperpermeability to macromolecular substances

(such as protein antigens) is the major feature of epithelial
barrier disruption and may allow antigens to cross the epithe-
lial barrier via the paracellular pathway or the intracellular
pathway.® Multiple factors have been reported to induce epi-
thelial barrier disruption. Thus, in an allergic or inflammatory
environment, the restitution of the barrier functions by block-
ing only one or some of the causative factors is unlikely.

The TWIK-related potassium channel-1 (Trekl) is located
in epithelial cells,” endothelial cells and the cardiovascular sys-
tem,'® and has also been identified in the intestine.!' Recent
reports have suggested that Trek1 regulates barrier function.”'?
Based on these findings, we hypothesized that Trek1 regulates
intestinal epithelial barrier functions. The results of this study
showed that intestinal epithelial cells expressed Trek1, and that
Trekl inhibition markedly compromised epithelial barrier
functions. The restoration of Trekl expression facilitated the
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recovery of epithelial barrier function and enhanced the effect
of specific immunotherapies on inhibiting allergic responses in
the intestine.

MATERIALS AND METHODS

Reagents

Clostridium butyricum (#1987252: 285-289) was a gift from
Shenzhen Kexing Biotech Co., Ltd (Shenzhen, China).
Sodium butyrate, p38 inhibitor (PD169316) and horseradish
peroxidase (HRP) were purchased from Sigma-Aldrich
(Shanghai, China). The Trek1 (C-20) and HDAC1 (C-19) anti-
bodies were purchased from Santa Cruz Biotech (Shanghai,
China). The IL-4, IL-5 and IL-13 ELISA kits were purchased
from R&D Systems (Shanghai, China). The ovalbumin (OVA)-
specific IgE ELISA kit was purchased from AbD Sertec
(Shenzhen, China). The IL-4, IL-5, IL-13, mouse mast cell
protease-1 and TNF-a recombinant proteins were purchased
from Biomart (Shenzhen, China).

Mice

BALB/c mice (6-8 months old, 20-25 g) obtained from the
Guangzhou Experimental Animal Center were used in this
study. The mice were housed in a pathogen-free environment
and allowed access to food and water ad libitum. The cages were
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were approved by the Animal Ethic Committee at Shenzhen
University; the procedures were performed in accordance with
the guidelines.

Cell culture

Human intestinal epithelial cell line T84 cells (ATCC, USA
Millipore (Shanghai, China)) were seeded onto the inserts with
collagen supports (0.4 pm) in the Transwell system. The cells
were cultured with Dulbecco’s Modified Eagle Medium sup-
plemented with 10% fetal calf serum, 100 U/ml penicillin,
0.1 mg/ml streptomycin and 2 mM L-glutamine. The medium
was changed daily. Upon reaching confluence, the cells were
collected and seeded into the inserts of Transwells at a density
of 10° cells/ml. After transepithelial resistance (TER) reached
or surpassed 1000 Q cm” (recorded with an ohmmeter), the
cells were used for further experiments.

Assessment of T84 monolayer barrier function

TER and permeability to HRP (MW =45 000 Dalton) were
evaluated as the indicators of T84 monolayer barrier function.
TER was recorded at time points as specified in Figure 1. HRP
flux was performed with established procedures that were pub-
lished elsewhere."> In separate experiments, FITC-dextran

kept in a 12-h light/dark cycle. The experimental procedures (10 mg/ml; 1, MW=4000; 2, MW =70 000) was added to the
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Figure 1 Trekl maintains T84 monolayer barrier functions. (a) T84 cells were treated with medium, Trek1 shRNA (shRNA), or control shRNA
(cshRNA). The immune blots indicate the levels of the Trekl protein in the T84 cell extracts O h—7 days after shRNA transduction. (b)
Electrophysiological assessment of the membrane currents of single T84 cells (10 cells/group) from wild-type and Trek1-null (Trek1-n) T84
cells in the presence or absence of the Trek1 inhibitor spadin (1 uM). (c) The curves show the summarized current density. (d and e) T84 cells
were cultured in Transwells. Upon reaching confluence, the T84 cells were treated with medium, Trek1 shRNA, or control shRNA. (d) The TER
was recorded from O h to 7 days as denoted on the X axis. The bars indicate the TER. (e) HRP flux was performed with the T84 monolayers at
time points as denoted on the Xaxis of the bar graphs. Each Transwell was only used for one permeability experiment. The test period ran for
2 h. (f) Confluent T84 monolayers were treated in Transwells as denoted on the Xaxis. FITC-dextran (10 mg/ml; 1, MW=4000; 2, MW=70 000)
was added to the apical chambers. Samples were collected from the basal chambers 6 h later and analyzed by a fluorometer at 518 nm. The
bars indicate the fluorescence intensity. The data are presented as mean*s.d. *P<0.01, compared with the medium group. The data are
representative of three independent experiments. HRP, horseradish peroxidase; TER, transepithelial resistance; Trekl, TWIK-related pot-
assium channel-1.
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apical chambers. Samples were collected from the basal cham-
bers 6 h later and analyzed by a fluorometer at 518 nm.

Gene silencing of Trekl

The Trekl gene was knocked down in T84 cells with a shRNA
kit according to the manufacturer’s instructions as well as
reported procedures.'* Briefly, the Trekl shRNA lentiviral
packing plasmid (GeneChem, Shanghai, China) was trans-
ducted into 293 T packaging cells using Lipofectamine 2000
(Invitrogen, Shanghai, China); after 48 h, the lentivirus-con-
taining supernatant was harvested and used for the infection of
human T84 cells in the presence of 4 ng/ml polybrene (Sigma-
Aldrich).The effect of gene silencing was assessed by western
blotting.

Real-time RT-PCR (qRT-PCR) analysis

Total RNA was extracted from cells using the TRIzol reagent.
The reverse transcription reactions were performed using a
cDNA reverse transcription reagent kit. Real time PCR was
performed using a MiniOpticon Real-Time PCR System (Bio-
Rad, Shanghai, China) with the SYBR Green Master Mix. Fold
changes in gene expression were calculated using the AAC,
method with B-actin as an internal control. All of the reactions
were performed in triplicate. The primers used in this study
included: Trekl, forward, caattcgacggagctggatg and reverse,
cttctgtgegtggtgagatg; HDACI, forward, attatggacaaggccaccca
and reverse, gcttgctgtactccgacatg; andf-actin, forward cgcaaa-
gacctgtatgccaa and reverse, cacacagagtacttgegcetc.

Methylation analysis of the Trekl gene in T84 cells

DNA was extracted from T84 cells with a reagent kit following
the manufacturer’s instructions. The genomic DNA was
treated with sodium bisulfite as described by Herman et al."
Briefly, the DNA was treated with 2 M NaOH at 37 °C for
10 min, followed by incubation with 3 M sodium bisulphite
(pH 5.0) at 50 °C overnight (covered with mineral oil). The
samples were treated with 3 M NaOH for 5 min, and then
concentrated by ammonium precipitation and 100% ethanol,
washed with 70% ethanol and resuspended in 20 pl distilled
water. Methylation-specific PCR was performed with the sam-
ples to determine the amount of demethylated DNA of the
Trekl gene. The primer sequences for the methylated Trekl
gene were as follows: sense, tatttttattaagcggaagttttcg and anti-
sense, tctcttcaccaacacaatataacgt. The primer sequences for the
unmethylated Trek1 gene were: sense, atttttattaagtggaagtttttgg
and antisense, ctcttcaccaacacaatataacatc. Expression was nor-
malized to the housekeeping gene B-actin.

Western blot

Total proteins were extracted from the cells, fractionated with
SDS-PAGE and transferred onto a PVDF membrane. After
blocking with 5% skim milk for 30 min, the membrane was
incubated with the primary antibodies (100-500 ng/ml) for 1 h
at room temperature, followed by incubation with the HRP-
conjugated secondary antibodies. Washes with TBST (Tris-buf-
fered saline-Tween 20) were performed after the incubation.
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The membrane was developed using an ECL system. The results
were photographed with a Kodak Image Station 4000 mm Pro
(Kodak, Shanghai, China). The integrated density of the
immune blots was measured with PhotoShop and expressed
as a percentage of the internal loading control B-actin.

A mouse model of intestinal allergy

BALB/c mice were fed with ovalbumin (OVA; 0.1 mg/mouse)
mixed with cholera toxin (20 pg/mouse) in 0.3 ml saline weekly
for 5 consecutive weeks. The allergic response of the mice was
assessed by evaluating the allergic parameters, including serum
levels of Th2 cytokines and specific IgE, frequency of mast cells
and eosinophils in the intestinal mucosa and the antigen-spe-
cific CD4™" T cell proliferation by the methods below.

Enzyme-linked immunosorbent assay (ELISA)

The levels of cytokines and IgE were determined by ELISA
with commercial reagent kits following the manufacturer’s
instructions.

Mast cell and eosinophil counts in the intestinal mucosa
Two pieces of jejunal segments were excised at the time of
sacrifice and snap frozen in liquid nitrogen. The cryosections
were fixed with acetone and stained with anti-major basic pro-
tein (1:200; for eosinophils) or anti-mouse mast cell protease-
1 (1:100; for mast cells). Mast cells and eosinophils were
counted in 20 fields/mouse on the sections under a light micro-
scope; the results were converted to cell number/mm? The
slides were coded; the observers were not aware of the codes
to avoid observer bias.

Isolation of immune cells

The spleens were excised from the mice at the time of killing
and single spleen cell suspensions were prepared. CD4 " CD25~
T cells and dendritic cells (DCs) were isolated from the single
spleen cell suspensions using commercial reagent kits following
the manufacturer’s instructions. Briefly, the single spleen cell
suspensions were labeled with MACS CD11c¢ and MHC II
microbeads. CD11c"MHC II" DCs were separated by passing
the antibody-coated cell suspension through a VS™ column on
a SuperMACS magnetic cell separator. Positive cells were col-
lected by removing the column from the magnetic field and
then flushing it with phosphate-buffered saline (PBS) contain-
ing 0.5% FCS. For CD4"CD25  T-cell isolation, the single
spleen cell suspensions were first labeled with MACS CD3
and CD4 microbeads, and then the CD37CD4™" T cells were
isolated using the same procedure as that described above for
DC isolation. The cells were then labeled with MACS CD25
microbeads and isolated as described above. Finally, the nega-
tively selected CD4"CD25™ T cells were collected. The purity
of the cells was >98% as determined by flow cytometry
(Supplementary Figure 1).

Antigen-specific CD4" T-cell proliferation assay
The T cells (labeled with 5 uM CFSE) and DCs were cultured at
aratio of 5:1 (T cell/DC) in the presence of a specific antigen



(OVA, 10 pg/ml) for 3 days. Then, the cells were analyzed by
flow cytometry for the CFSE-dilution assay.

Immunohistochemistry

A piece of small intestine was excised and processed for cryo-
sections. The sections were fixed with cold acetone for 20 min,
blocked with 1% bovine serum albumin (BSA) for 30 min,
incubated with the primary antibodies (1:100) for 1 h at room
temperature and incubated with the secondary antibodies
(labeled with fluorochrome) for 1 h. The nuclei were stained
with propidium iodide for morphological viewing. The sam-
ples were washed with PBS after each incubation. The slides
were mounted with cover slips and observed under a confocal
microscope.

Antigen-specific immunotherapy (SIT)

The allergic mice were treated with SIT following published
procedures with a minor modification. Briefly, an increasing
dose of OVA (the specific antigen) was administered to the
mice by gavage in 0.3 ml saline daily for 14 days as follows:
10 pg (days 1 and 2), 50 pg (days 3 and 4), 0.1 mg (days 5-7),
0.25 mg (days 8 and 9) and 0.5 mg (days 10-14).

Culture of Clostridium butyricum (C. butyricum)

C. butyricum was cultured anaerobically at 37 °C overnight in a
medium consisting of (per liter; pH 6.5) 10 g glucose, 10 g poly-
peptone, 2 g KH,PO,, 0.5 g yeast extract, 0.5 g MgSO,.7H,0 and
1 g L-cysteinehydrochloride monohydrate. The culture broth
was centrifuged at 8500¢ for 10 min; the harvested cells were
washed three times with PBS. The cells were suspended in saline
to obtain a cell suspension. Mice were fed 1xX10° CFU/day for a
total of 15 days beginning 1 day before the SIT.

Electrophysiological measurements of T84 cells

T84 cells were cultured in DMEM. The membrane current was
measured using the patch-clamp technique following published
procedures'® with minor modifications. Whole-cell recording
pipettes were fabricated from borosilicate glass and filled with
an intracellular solution containing (in mM): 95 K-gluconate; 20
K3-citrate; 10 NaCl; 10 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; 1 MgCl2; 0.5 CaCl2; 3 BAPTA; 3 Mg-ATP; and 0.5
Na2-GTP. Membrane currents were recorded using an EPC-10
amplifier (HEKA Elektronik). Outward currents were elicited by
repeated >500-ms ramps to 40 mV starting from a holding
potential of —80 mV or from —60 to +100 mV applied at 30-s
intervals. The Clampex software was used to analyze the data.

Collection of intestinal epithelial samples

After sacrifice, a piece of the jejunal segment was opened lon-
gitudinally. Epithelial samples were collected by gently scraping
with a glass slide. The proteins were extracted and analyzed by
western blotting.

Statistical analysis
The data are expressed as mean=s.d. The difference between
groups was determined by Student’s t test or ANOVA test
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followed by Bonferroni post-tests if more than two groups were
compared. A P value <0.05 was considered significant.

RESULTS

Trek1 deficiency compromises intestinal epithelial barrier
function

In the first approach, the Trekl gene was knocked down in T84
cells by gene silencing (Figure 1a). The TER of the T84 mono-
layers was recorded daily from 0 h to 7 days. The results showed
that after Trekl gene silencing, the TER dropped significantly
at 16 h and further dropped at 48 h. To show that Trekl was
present in the plasma membrane of the T84 cells, whole-cell
patch clamp measurements were performed. A Trek1-specific
antagonist(spadin'’) markedly reduced the outward currents
of single T84 cells. The outward rectification in Trek1-null T84
cells was attenuated significantly (Figure 1b and c). The TER
remained at low levels over the entire observation period
(Figure 1d). Next, the permeability of the T84 monolayers
was assessed. The results showed that the knockdown of the
Trekl gene also increased the permeability of the T84 mono-
layers, which was inversely associated with the changes in TER
(Figure le and f). The addition of the Trekl inhibitor spadin
also markedly inhibited the expression of Trekl in T84 cells
(Supplementary Figure 2) and increased T84 monolayer per-
meability (Figure 1f). The results suggest that Trekl is asso-
ciated withT84 monolayer barrier function integrity.

Allergic responses suppress Trekl expression in intestinal
epithelial cells

Because allergic responses are one of the causative factors of
intestinal epithelial barrier disruption™'® and the data shown
in Figure 1 suggest that Trekl is involved in maintaining intest-
inal epithelial barrier integrity, we inferred that allergic media-
tors might interfere with Trekl expression and compromise
barrier functions. To this end, we created an intestinal allergy
mouse model. The mice exhibited intestinal allergic inflam-
mation, including high levels of serum IL-4, IL-5 and IL-13
(Figure 2a) and antigen-specific IgE (Figure 2B), high frequen-
cies of eosinophils and mast cells in the intestinal mucosa
(Figure 2c and Supplementary Figure 3), and antigen-specific
CD4™" T-cell proliferation in response to stimulation by specific
antigens in culture (Figure 2d). Both western blotting (Figure 2e)
and immunohistochemistry (Figure 2f-h) demonstrated that
the levels of Trek1 in the intestinal epithelial layers were signifi-
cantly reduced in allergic mice compared with control mice. The
results indicate that allergic responses are associated with the
decreased expression of Trek1 in mouse intestinal epithelial cells.

Allergic mediators inhibit Trekl in the intestinal epithelia
via the p38 MAPK pathway

Next, we investigated the mechanism by which the allergic res-
ponses suppressed the expression of Trekl in intestinal epithe-
lial cells. Based on the data shown in Figures 1 and 2, we
inferred that the factors suppressing the expression of Trekl
were one (or several) of the Th2 cytokines or mediators
produced by the pro-inflammatory cells. To test this hypothesis,
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Figure 2 Allergic response suppresses Trekl production by intestinal epithelial cells. BALB/c mice were sensitized to OVA. The serum and
intestinal segments were collected and analyzed for the allergic response in the intestine. A-b, the bars indicate the serum levels of Th2 cytokines (a)
and specific IgE (sIgE; b). c, the bars indicate the frequency of mast cells (MC) and eosinophils (Eo) in the intestinal tissue. d, the bars indicate the
frequency of CD4* T cell proliferation in response to exposure to specific antigens in the culture. e, the immune blots indicate the protein levels of
Trek1 in the intestinal mucosa. f-h, the representative confocal images show the expression of Trek1 (in green) in the intestinal epithelia (the insert
is an enlarged image field showing Trek1 staining). The nuclei were stained with propidiumidodide (in red) for morphological view. The data of bars
are presented as mean * SD. *, p<<0.01, compared with saline group. Each group consists of 6 mice. Specimens from individual mice were
processed separately. The data are a representative of 6 independent experiments.

T84 cells were exposed to IL-4, IL-5, IL-13, mouse mast cell
protease-1 and TNF-o for 72 h. The cells were analyzed by qRT-
PCR and western blotting. As shown in Figure 3, exposure to
any one of the five cytokines markedly suppressed the express-
ion of Trekl in T84 cells. All of the mediators are capable of
activating p38 MAPK, suggesting that this pathway might be
involved in the suppression of Trekl by these cytokines. To test
this inference, we used the same experimental procedures as
described above but with an inhibitor of p38 added to the
culture and found thatthe suppression of Trekl was abolished.
To strengthen the results, we analyzed Trekl gene DNA methy-
lation. The results showed that the unmethylated Trekl gene
DNA levels were in line with the Trekl protein levels (Figure 3b)
in T84 cells (Figure 3c).

HDACI is involved in allergic mediator-suppressed Trek1
expression in T84 cells

Based on published data demonstrating that HDACI affects
epithelial barrier functions,'” we inferred that HDACI might
be involved in the allergic mediator-induced suppression of
Trekl and the resulting epithelial barrier disruption. To test
this hypothesis, we assessed the expression of HDACI1 in T84
cells after exposure to the allergic mediators. As assessed by
qRT-PCR and western blotting, the exposure to allergic medi-
ators significantly increased the expression of HDACI in T84
cells (Figure 4a and b). The results imply that allergic mediators
upregulate the expression of HDACI in T84 cells. Moreover,
the addition of the HDAC inhibitor Trichostatin A to the
cultures abolished the allergic mediator-suppressed expression
of Trekl in T84 cells (Figure 4c and d).
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Recovery of Trekl expression restitutes the intestinal
epithelial barrier functions and enhances the effect of
specific immunotherapy

The present data indicate that allergic responses compromise
the expression of Trekl in the intestinal epithelial cells (as
depicted in Figure 2). Epithelial barrier disruption is one of
the pathological features of intestinal allergies. Thus, the res-
toration of the expression of Trek1 has the potential to facilitate
recovery from intestinal allergies. To test this hypothesis, we
used the intestinal allergy mouse model described above. To
mimic the desensitization observed in clinical allergy patients,
the mice were treated with SIT following published proce-
dures® with or without the concomitant administration of
sodium butyrate or C. butyricum. The results in Figure 5
showed that SIT only weakly inhibited the allergic responses
(P<0.01) in the allergic mice. By contrast, the combination of
SIT and sodium butyrate or SIT and C. butyricum significantly
suppressed the allergic responses in the mice.

To further investigate the mechanism by which the admin-
istration of C. butyricum improves the allergic response, in
separate experiments the allergic mice were treated with the
Trekl inhibitor spadin in combination with SIT or C. butyri-
cum. The results showed that the inhibitory effect on allergic
intestinal inflammation was abolished, and implicated the
butyrate-producing C. butyricumin the upregulation of Trekl
expression to facilitate the inhibition of allergic responses. Next,
we assessed the expression of Trekl in the mouse intestinal
epithelia. The results showed that treatment with C. butyricum
significantly increased the expression of Trekl and suppressed
the levels of HDACI in the intestinal epithelia compared with
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potassium channel-1.

the controls. The epithelial barrier functions of the small intest-
ine were also assessed by measuring the Isc (Figure 6a), G
(Figure 6b) and HRP flux (Figure 6¢), which were in agreement
with the suppression of the allergic responses depicted in
Figure 5.

DISCUSSION
Epithelial barrier integrity is critical for the maintenance of
homeostasis in the body. A number of factors can affect epi-
thelial barrier functions, and epithelial barrier deficiency is
involved in a broad array of disorders. Thus, finding remedies
capable of restoring barrier functions is expected to contribute
to the treatment of these disorders. The present study revealed
that intestinal epithelial cells expressed Trekl, and that the
knockdown of Trekl resulted in epithelial barrier disruption.
The expression of Trek1 by intestinal epithelial cells was inhib-
ited by a number of allergic mediators via increasing HDAC1
expression; in turn, HDACI1 expression could be suppressed by
sodium butyrate or the administration of C. butyricum, which
significantly enhanced the therapeutic effect of SIT, as well as
restituted the intestinal epithelial barrier functions.

Although Trekl is a potassium channel, it is also involved in
many other cell activities. Roan et al.” reported that TREK-1

regulates the stretch-induced detachment of alveolar epithelial
cells. La and Gebhart®' demonstrated that the dorsal root gan-
glion neurons of the mouse colon express mechanosensitive
Trekl channels. The authors suggested that a decrease in the
activities of Trekl contributed to the enhancement of colon
mechanosensitivity, which in turn contributed to intestinal
inflammation. The present data revealed that several allergic
mediators individually induce epithelial barrier disruption via
suppressing the expression of Trekl. The results imply that
Trekl may serve as a potential checkpoint for epithelial barrier
disruption. This inference is in line with a recent report in
which Bittner et al.'* demonstrate that Trekl is critical for
brain-blood barrier function. Our experimental data also sup-
port this inference, because knocking down the Trekl gene
significantly compromise depithelial barrier function.

A great deal of effort has been spent on restituting epithelial
barrier functions. Some promising results on this topic have
been reported. Fischer et al.** reported that the anti-TNF-o
antibody adalimumab blocked TNF-a-induced T84 and
Caco-2 monolayer barrier disruption by preventing the
increased phosphorylation of the myosin light chain and the
activation of p38 MAPK and NF-xB. Colgan et al.*> found that
exposure of epithelial monolayers to IL-4 attenuated epithelial
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Figure 4 Increases in HDAC1 are associated with allergic mediator-suppressed Trek1 expression in T84 cells. T84 cells were treated with allergic
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*P<0.01, compared with saline group. The data are representative of three independent experiments. Trek1, TWIK-related potassium channel-1.

barrier functions in a manner that was inhibited by neutralizing
anti-IL-4 and anti-IL-4R antibodies. However, in allergic dis-
eases, a number of pro-inflammatory cytokines are increased
that have the potential to affect epithelial barrier function.
Thus, it is necessary to find a common checkpoint in epithelial
barrier disruption. The present data indicate that Trekl is a
common target of the allergic mediators because the disruption
of the intestinal epithelial barrier was associated with the sup-
pression of Trekl in these cells.

HDAC is involved in the upregulation or downregulation of
gene expression. Jeong et al.** indicated that HDACI, 2 and 3
deacetylate MAPK-phosphatase-1, thereby increasing MAPK
signaling and innate immune signaling and resulting in inflam-
matory responses; thus, these factors may be potential thera-
peutic targets for inflammatory diseases. Our results showing
that, upon exposure to allergic mediators, the levels of HDAC1
increased are in line with the reports of Jeong et al. Based on the
notion that butyrate is an HDAC inhibitor and the fact that C.
butyricum produces butyrate, we treated allergic mice with C.
butyricum together with SIT. This treatment restored the epi-
thelial barrier function and facilitated the therapeutic effect of
SIT on allergic responses in the intestine. The beneficial effect
of probiotics has been recognized for use as a therapeutic sup-
plement in a number of diseases;*>*° the present data are in
agreement with those from previous reports. It is noteworthy
that using probiotics alone induced significant improvement in
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the barrier function and attenuated the allergic responses.
Other studies have also reported similar observations.?®
However, although treating allergic mice with SIT improved
the epithelial barrier functions and the allergic responses, they
were not satisfactorily inhibited; this is in agreement with
the studies by Dr Berin’s group.”” One of the novel findings
of this study is that the combination of SIT and C. butyricum
(or sodium butyrate) significantly restituted the epithelial bar-
rier functions and suppressed the allergic responses in the
intestine.

However, Roan et al.’ suggested that Trekl may enforce
stretch-induced injuries of airway epithelial cells because they
observed that Trekl-deficient cells contained less F-actin,
thereby making them more resistant to stretch-induced injury.
Thus, Roan’s study revealed a disagreeable aspect of Trekl on
epithelial layers. Our results show that Trekl is involved in
maintaining the barrier function that is beneficial to the epi-
thelium. Thus, the present data have revealed another aspect of
Trekl on epithelial cells. Additionally, it is possible that a cau-
sative connection exists between HDAC1 and TREKI,
although the characterization of this possible connection needs
to be further investigated.

The present data show that inhibiting HDAC1 with sodium
butyrate or C. butyricum decreased the markers for intestinal
allergic responses, and that this decrease required ‘functional’
TREK-1. Moreover, we showed that spadin alone induced T84
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Figure 5 Recovery of Trekl1 facilitates the inhibitory effect of SIT on allergic responses. The treatment of allergic mice is denoted on the Xaxis. The
bars indicate the serum Th2 cytokines (a), serum-specific IgE (b), frequency of mast cells and eosinophils in the intestinal mucosa (c) and the
frequency of CD4* T-cell proliferation after exposure to a specific antigen in the culture (d). (e and f) The epithelial specimens were collected from
the mouse small intestine by scraping. The protein extracts were analyzed by western blot. The immune blots indicate the protein levels of Trek1 (e)
and HDACI1 (f). SB, or CB or spadin was given i.p. prior to the exposure to specific antigens. Each group consists of six mice. Samples from
individual mice were processed separately. The data are presented as mean=s.d. *P<0.01, compared with the saline group (a—d) or naive mice (e
and f). #P<0.05, compared with the SIT group. The data are representative of six independent experiments. CB, C. Butyricum (0.3 ml of 10° CB/
ml); SB, sodium butyrate (0.5 ml of a 50 mM sodium butyrate in PBS); PBS, phosphate-buffered saline; SIT, specific immunotherapy; Spadin,
Trekl inhibitor (0.1 ml of 10 uM); Trek1, TWIK-related potassium channel-1.

monolayer barrier dysfunction. These results suggest that spadin
may potentially initiate disease processes in the intestine,
although this possibility requires further study.

According to the data presented in Figure 1b and ¢, spadin
had no effect on currents when the membrane potential was in

the —70 to —10 mV range, implying that there may be no
resting activity of TREK-1 in cells that are at rest.
Consequently, the deleterious effect of spadin on epithelial
barrier function (Figure 1f) may not be due to blocking
TREK-1 background currents unless the channels are activated

C m0-30 min 30-60 min  m60-90 min

Pmol/cm2/hr
=N W b
o O o

o o

Allergic mice

Allergic mice

Allergic mice

Figure 6 Recovery of Trekl restores intestinal epithelial barrier function. Mice were treated with the same procedures as those described in
Figure 5. The small intestine segments were excised at the time of sacrifice and assessed in Ussing chambers. The bars indicate the levels of Isc (a),
G (b) and HRP flux (c). The data are presented as mean=s.d. *P<0.01, compared with the saline group. ¥ P<0.05, compared with the SIT group.
The data are representative of six independent experiments. HRP, horseradish peroxidase; SIT, specific immunotherapy; Trekl, TWIK-related
potassium channel-1.
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by other types of stimulation (e.g., by mechanical force) when
the cells are at rest in their Transwell cultures.

In summary, the present study revealed that mouse intestinal
epithelial cells express Trekl, and that the inhibition of Trekl
induced epithelial barrier disruption. Exposure to allergic medi-
ators increased the levels of HDACI leading to the suppression
of Trek1 in intestinal epithelial cells. Administration of sodium
butyrate or C. butyricum and SIT inhibited the levels of HDAC1
and upregulated the expression of Trekl in intestinal epithelial
cells, resulting in the restitution of barrier functions and the
inhibition of intestinal allergic responses.
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