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Background: Impaired intestinal barrier integrity plays a crucial role in the development of
many diseases such as obesity, infammatory bowel disease, and type 2 diabetes. Thus,
protecting the intestinal barrier from pathological disruption is of great significance.
Tryptophan can increase gut barrier integrity, enhance intestinal absorption, and
decrease intestinal inflammation. However, the mechanism of tryptophan in decreasing
intestinal barrier damage and inflammatory response remains largely unknown. The
objective of this study was to test the hypothesis that tryptophan can enhance
intestinal epithelial barrier integrity and decrease inflammatory response mediated by
the calcium-sensing receptor (CaSR)/Ras-related C3 botulinum toxin substrate 1 (Rac1)/
phospholipase Cy1 (PLC-y1) signaling pathway.

Methods: IPEC-J2 cells were treated with or without enterotoxigenic Escherichia coli
(ETEC) K88 in the absence or presence of tryptophan, CaSR inhibitor (NPS-2143), wild-
type CaSR overexpression (pcDNAS.1-CaSR-WT), Rac1-siRNA, and PLC-y1-siRNA.

Results: The results showed that ETEC K88 decreased the protein concentration of
occludin, zonula occludens-1 (ZO-1), claudin-1, CaSR, total Rac1, Rho family member 1 of
porcine GTP-binding protein (GTP-rac1), phosphorylated phospholipase Cy1 (p-PLC-y1),
and inositol triphosphate (IPg); suppressed the transepithelial electrical resistance (TEER); and
enhanced the permeability of FITC-dextran compared with the control group. Compared with
the control group, 0.7 mM tryptophan increased the protein concentration of CaSR, total
Rac1, GTP-racl1, p-PLC-y1, ZO-1, claudin-1, occludin, and IPs; elevated the TEER; and
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decreased the permeability of FITC-dextran and contents of interleukin-8 (IL-8) and TNF-a.
However, 0.7 mM tryptophan+ETEC K88 reversed the effects induced by 0.7 mM tryptophan
alone. Rac1-siRNA+tryptophan+ETEC K88 or PLC-y1-siRNA+tryptophan+ETEC K88
reduced the TEER, increased the permeability of FITC-dextran, and improved the contents
of IL-8 and TNF-o. compared with tryptophan+ETEC K88. NPS2143+tryptophan+ETEC K88
decreased the TEER and the protein concentration of CaSR, total Rac1, GTP-rac1, p-PLC-
v1, ZO-1, claudin-1, occludin, and IP3; increased the permeability of FITC-dextran; and
improved the contents of IL-8 and TNF-a compared with tryptophan+ETEC K88. pcDNAS.1-
CaSR-WT+Rac1-siRNA+ETEC K88 and pcDNAG.1-CaSR-WT+PLC-y1-siRNA+ETEC K88
decreased the TEER and enhanced the permeability in porcine intestine epithelial cells
compared with pcDNAS.1-CaSR-WT+ETEC K88.

Conclusion: Tryptophan can improve intestinal epithelial barrier integrity and decrease
inflammatory response through the CaSR/Rac1/PLC-y1 signaling pathway.

Keywords: tryptophan, inflammatory response, intestinal tight junctions, intestinal permeability, CaSR/Rac1/PLC-y1

signaling pathway

INTRODUCTION

Enterotoxigenic Escherichia coli (ETEC) invasion causes intestinal
damage and diarrhea in children and young animals. Piglets are
inclined to ETEC K88-induced diarrhea because the bacteria can
produce enterotoxins. These substances destroy the intestinal
mucosal layer and tight junction (T]) structure, which increases
the permeability of the intestine, ultimately causing intestinal
inflammation (1-4). ETEC K88-induced diarrhea can lead to
great economic loss in the pig industry (1-4). ETEC K88 can
modulate epithelium barrier function by inducing cellular signals
such as the toll-like receptors (TLR) and p38/mitogen-activated
protein kinase (MAPK) signaling pathway in intestinal epithelial
cells (5, 6). Pathogenic ETEC K88 can activate innate immunity and
induce inflammatory reactions through the nuclear factor kappa-B
(NF-xB), TLR4, and MAPK signaling pathways (7-9).
Tryptophan, one of the functional amino acids, has been reported
to improve the growth, decrease stress-induced injury, improve
appetite and mitochondrial function, enhance antioxidant status,
increase immunity, enhance the diversity of the intestinal
microbiome, change anabolism, and improve intestinal wound
restitution in animals (10-16). In particular, tryptophan plays
a vital role in protecting intestinal integrity by regulating
the expression of TJ proteins (17-19). The transepithelial electrical
resistance (TEER) and permeability reflect the integrity and function
of the intestinal epithelium layer and are utilized to evaluate
pathogenic microorganisms’ challenges (18). Nevertheless, the
effects of tryptophan supplementation on intestinal TEER and
permeability in ETEC K88-induced intestinal epithelial cells have
not been investigated. Lack of tryptophan can change the gut
microbial ecosystem and lead to intestinal inflammation (20).
Additionally, tryptophan supplementation reduces the mRNA
levels of proinflammatory cytokines interleukin-8 (IL-8) and IL-1
in the gut (21). However, the exact molecular mechanisms by which
tryptophan contributes to intestinal barrier integrity and
inflammation response of intestinal epithelial cells remain unknown.

The calcium-sensing receptor (CaSR) plays critical roles in the
regulation of intestinal inflammation, intestinal epithelium
restitution, and intestinal T] protein expression (21-24).
Tryptophan induces the activation of CaSR, which decreases the
mRNA levels of proinflammatory cytokines IL-8 and IL-1B in
piglets, suggesting that the CaSR signaling pathway may be
involved in intestinal inflammatory response (21, 25). A research
in mice reported that the suppression of CaSR could improve FITC-
conjugated dextran and decrease the TEER in the intestine (26).
CaSR overexpression can enhance IPEC-J2 cell migration (24).
CaSR stimulation increased zonula occludens-1 (ZO-1) and F-
actin-binding protein interaction in Madin-Darby canine kidney
(MDCK) cells (27). However, whether tryptophan influences
intestinal barrier permeability and T] proteins through CaSR
signaling remains unknown. The activation of CaSR results in the
activation of Ras-related C3 botulinum toxin substrate 1 (Racl) and
phosphorylation of phospholipase Cyl (PLC-y1), which are
involved in inflammatory response and intestinal epithelial cell
migration (24, 28-30).

Rac is a key target that modulates the permeability of
paracellular pathways (31). Racl is required for TJ barrier during
epithelial junction assembly and intestinal inflammatory response
(28). In mouse studies, CaSR inhibition prevents the protein
expression of Rac/Cdc42 and claudin-1, claudin-4, and claudin-5
(32). Compared with pcDNA3.1(+)-pCaSR, pcDNA3.1(+)-pCaSR+
Racl-siRNA significantly decreased cell migration (24). However,
whether the CaSR/Racl signaling pathway is involved in
tryptophan-influenced inflammatory response, intestinal TJ
expression, TEER, and permeability of intestinal cells remains
unknown. PLC-y1 is involved in regulating intestinal
inflammation, epithelial TJ, and permeability (33, 34). Compared
with pcDNA3.1(+)-pCaSR, pcDNA3.1(+)-pCaSR+PLC-y1-siRNA
significantly decreased cell migration (24). However, whether PLC-
Yl is involved in the mechanism of tryptophan in modulating
intestinal inflammation, TJ, and permeability via CaSR signaling in
intestinal cells is unclear. Our previous reports showed that
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tryptophan increased intestinal epithelial cell migration though the
CaSR/Racl/PLC-y1 signaling pathway (24). However, whether
tryptophan modulates intestinal inflammation, TJ], and
permeability though the CaSR/Racl/PLC-y1 signaling pathway
after challenge with ETEC K88 remains unknown. This study
aimed to test the hypothesis that tryptophan can enhance
intestinal epithelial barrier integrity and reduce inflammatory
response mediated by the CaSR/Rac1/PLC-y1 signaling pathway.

MATERIALS AND METHODS

Materials

Tryptophan (299%, #T18941) and FITC-dextran 4kDa (FD4,
#BCCC6414) were purchased from the Sigma-Aldrich (MO,
USA). Dulbecco’s Modified Eagle Medium : Nutrient Mixture
F-12 (DMEM/F12, #C11330500BT), fetal bovine serum (FBS,
#10099141C), penicillin/streptomycin (S/P, #15140122), and
trypsin (#25200-056) were purchased from Gibco (USA). CaSR
inhibitor NPS2143 (#S2633) was purchased from Selleck
(Houston, USA). LipofectAMINE 3000 (#2304049) was
purchased from Invitrogen (Carlbad, CA, USA). Escherichia
coli K88 (ETEC: serotype O149:K91: K88ac) was purchased
from the China Institute of Veterinary Drugs Control (Beijing,
China). IPEC-J2 cells was preserved in our lab.

Bacterial Strains and Culture

Escherichia coli K88 was cultured in 10 mL of sterilized (121°C,
0.11 MPa for 20 min) Luria-Bertani (LB) medium (peptone, 1 g;
NaCl, 1 g; yeast extract, 0.5 g; double-distilled water, 100 mL)
overnight under shaking at a speed of 200 rpm at 37°C. About 100
UL of the bacterial solution was resuspended with 5 mL of
sterilized LB medium and shaken at a speed of 250 rpm at 37°C
for 2 h (35). Bacterial concentrations were determined from
standard curves generated by multiplicity of infection. IPEC-J2
cells were washed with sterile phosphate buffered saline (PBS),
which was replaced with 2% FBS medium without antibiotics.
Then, the cells were incubated with ETEC K88 (1 x 10* CFU/mL)
for 2 h. The selection of this serotype of ETEC K88 was based on
previous study (35).

Cell Culture

IPEC-]2 cells were cultured in DMEM/F12 supplemented with
10% FBS and 100 IU/mL penicillin/100 ug/mL streptomycin at
37°C with 5% CO, atmosphere.

Small Interfering RNA (siRNA) and

Plasmid Transfection

The siRNAs directed specifically against PLC-y1 and Racl were
designed on the basis of the sequence of PLC-yl (GenBank
accession no. NM_021078391.1) and Racl (GenBank accession
no. NM_001243585.1). The sequences of siRNAs [PLC-y1-
siRNA, Racl-siRNA, and negative control siRNA (NC-siRNA)]
are listed in Table 1. NC-siRNA was used as the control. siRNAs
were synthesized and obtained from Gene Pharma (Shanghai,
China). siRNAs were dissolved in DPEC water to obtain the final

concentration of 50 nM. CaSR overexpression plasmids
(pcDNA3.1-CaSR) and pcDNA3.1+ were synthesized and
purchased from Youbio Biotechnology Co., Ltd. (Changsha,
China). Lipofectamine 3000 was used to transfect IPEC-]J2 cells
according to the manufacturer’s instructions.

Cell Treatment

The IPEC-J2 cells (1 x 10° cells/mL) were seeded in 6-well Costar
plates (Corning, New York, USA) and incubated with 10% FBS
medium. The cells were treated as follows: (1) When the cells
reached approximately 70% confluence, they were incubated
in FBS-free medium for 6 h. Then, they were treated with 0.3 or
0.7 mM tryptophan in 2% FBS medium for 48 h, followed by
ETEC K88 for 2 h in 2% FBS medium without antibiotics. (2) The
cells were pre-incubated with NPS2143 for 1 h, followed by 0.7
mM tryptophan for 48 h, and then they were treated with ETEC
K88 for 2 h in 2% FBS medium without antibiotics. (3) The IPEC-
J2 cells were transfected with 1.25 pig/mL of pcDNA3.1-CaSR and
50 nM NC-siRNA, Racl-siRNA, or PLC-y1-siRNA for 48 h in a
10% FBS medium, and then treated with ETEC K88 for 2 h in 2%
FBS medium without antibiotics. (4) The cells were pre-incubated
with 50 nM NC-siRNA, Racl-siRNA, or PLC-y1-siRNA for 12 h,
followed by 0.7 mM tryptophan for 48 h, and then they
were treated with ETEC K88 for 2 h in 2% FBS medium
without antibiotics.

TEER and Permeability Assay

The TEER and FD4 flux of porcine intestinal epithelial cells were
detected according to the method of a previous study (36).
Briefly, the IPEC-J2 cells (5 x 10°/mL) were seeded in 12-well
transwell insert (1.12 cm?, 0.4 um) with collagen-coated PTFE
membrane (Corning Inc., NY, USA) with 0.5 mL of 10% FBS
medium in transwell inserts and 1.5 mL of 10% FBS medium in
the plate well. The medium was replaced daily. When the TEER
values reached a plateau, the IPEC-J2 cells were considered to
form a monolayer. Then, cells were washed with PBS and treated
with different reagents. IPEC-J2 cells in each transwell insert
membrane were incubated with different reagents at 37°C for the
indicated time and treated with 10 UL of FITC-dextran 4 kDa
(10 mg/mL) for 2 h. About 200 UL of the basal medium was
utilized for fluorescence analysis in a microplate fluorescence
reader (emission, 528 nm; excitation, 485 nm, SpectraMax M2,
Molecular Devices, China). The concentrations of FITC-dextran
were determined via standard curves generated using serial
dilution of FITC-dextran.

TABLE 1 | Sequence of siRNA.

Gene names Sequence

PLCy1-siRNA sense 5’-CCAGAAGUGCGACACCAUUTT-3'
antisense 5’-GCCCTCTGGGTATGGCTTTC-3’

Rac1-siRNA sense 5'- CCAAGGAUCUGAAGAACAUTT-3’
antisense 5’- AUGUUCUUCAGAUCCUUGGTT-3’

NC-siRNA sense 5'-UUCUCCGAACGUGUCACGUT-3’
antisense 5’-ACGUGACACGUUCGGAGAATT-3’
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Real-Time PCR

The PCR experimental procedure was carried out as previously
described (37). Briefly, total RNA from IPEC-J2 cells was
extracted by TRIzol reagents (TaKaRa, Chengdu, China). One
microliter of total RNA was reverse transcribed to cDNA using
the PrimeScript RT reagent Kit (TaKaRa, Chengdu, China) with
gDNA Eraser (TaKaRa, Chengdu, China). Samples were run on a
real-time PCR system (ABI 7900HT, Applied Biosystems) using
SYBR Premix Ex Taq II (TaKaRa, Dalian, China), and the total
volume of the system was 10 PL. Samples were thermocycled
using the program (41 cycles of 95°C for 10 s, 58°C for 35 s),
followed by a melting curve program (65°C for 5 s, 95°C for 15 s),
and all PCR reactions were run in triplicate. The gene primers
used are listed in Table S1. The relative mRNA expression of
Racl, PLC-y1, and CaSR was calculated using the 2**“* method.

Enzyme-Linked Immunosorbent Assay
(ELISA)

ELISA was performed as previously described (37). Briefly,
cells were dissolved in RIPA buffer containing 1 mM
phenylmethylsulfonyl fluoride (PMSF), and then were sonicated
and centrifuged at 4°C. The protein concentration of occludin,
zonula occludens 1 (ZO-1), claudin-1, CaSR, total Racl, Rho family
member 1 of porcine GTP binding protein (GTP-racl),
phosphorylated phospholipase Cyl (p-PLC-y1), inositol
triphosphate (IP3), IL-8 and tumor necrosis factor-alpha (TNEF-or)
were determined using ELISA kit (Mlbio, Shanghai, China).

Statistical Analysis

All data was analyzed by one-way analysis of variance (ANOVA)
followed by Duncan’s multiple range test using SPSS 21.0 software
(SPSS Inc., Chicago, IL, USA). The homogeneity of variances was
evaluated by Levene’s test. All results were represented as mean +
standard error of mean (SEM). The significance of differences
among treatments were identified at P-value <0.05.

RESULTS

Tryptophan Improved TEER and
Decreased Permeability in Porcine
Intestinal Epithelial Cells Challenged

With ETEC K88

The IPEC-J2 cell monolayer was investigated for epithelial
barrier function in response to ETEC K88 infection in the
absence or presence of different doses of tryptophan (0.3 and
0.7 mM). Compared with the control group, IPEC-J2 cells
treated with ETEC K88 alone showed a spontaneous decrease
in TEER value and a significant increase in permeability of FITC-
dextran (P < 0.05, Figures 1A, B). Pretreatment with tryptophan
(0.3 and 0.7 mM) reversed the ETEC K88-induced reduction of
TER value (compared with 0.3 and 0.7 mM tryptophan-treated
cells) (P < 0.05, Figures 1A, B). Moreover, treatment with 0.3
and 0.7 mM tryptophan significantly increased the TEER and
significantly decreased the permeability of FITC-dextran in
IPEC-J2 cell monolayers after 48 h (compared with untreated
cells) (P < 0.05, Figures 1A, B). The best protective effect of
tryptophan on TEER and permeability was obtained at 0.7 mM
concentration. Therefore, we used 0.7 mM tryptophan in
subsequent research.

Rac1/PLC-y1 Signaling Pathway
Contributes to Tryptophan-Induced
Upregulation of TEER and Downregulation
of Permeability and Inflammatory
Response in Porcine Intestinal

Epithelial Cells

To explore the molecular mechanism by which tryptophan
regulates intestinal barrier integrity, IPEC-J2 cells were transfected
with Racl-siRNA or PLC-y1-siRNA for 24 h before the addition of
tryptophan (0.7 mM). Then, the cells were challenged with ETEC
K88 for 2 h. The results showed that Racl-siRNA and PLC-y1-

250
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a 2 @@ B
o (=} Q (=]
1 1 1 1

0 =
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©
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[T
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FIGURE 1 | Effect of ETEC K88 and tryptophan (0.3 and 0.7 mM) on the transepithelial electrical resistance and permeability in IPEC-J2 cells. (A) Effect of ETEC
K88 and tryptophan on the transepithelial electrical resistance value. (B) Effect of ETEC K88 and tryptophan on the permeability of FITC-dextran. IPEC-J2 cells were
cultured in fetal bovine serum-free medium for 6 h The serum-starved IPEC-J2 cells were pre-treated or not with tryptophan (0.3, 0.7 mM) for 48 h, before
challenging or not with ETEC K88 (K88) for 2 h (2% fetal bovine serum DMEM/F12 medium without antibiotic, 1x10® CFU/mL). The TEER value and the permeability
of all treatments were normalized to control. Data values are indicated as mean + SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).
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siRNA significantly decreased Racl and PLC-yl mRNA expression,
respectively (P < 0.05, Figures S1A, B). Treatment with 0.7 mM
tryptophan significantly increased the TEER and significantly
decreased the permeability of FITC-dextran and contents of IL-8
and TNF-o in IPEC-J2 cell monolayers compared with untreated
cells (P < 0.05, Figures 2A-D). Compared with the control group,
ETEC K88 suppressed the TEER, enhanced the permeability of
FITC-dextran, and improved the contents of IL-8 and TNF-o. (P <
0.05, Figures 2A-D). Compared with cells treated with 0.7 mM
tryptophan alone, cells treated with 0.7 mM tryptophan + ETEC
K88 showed decreased TEER, increased permeability of FITC-
dextran, and enhanced contents of IL-8 and TNF-o. (P < 0.05,
Figures 2A-D). In addition, compared with treatment with 0.7 mM
tryptophan + ETEC K88, Racl-siRNA or PLC-y1-siRNA inhibited
the tryptophan-induced upregulation of TEER and downregulation
of FITC-dextran permeability and IL-8 and TNF-o. contents in
IPEC-J2 cells challenged with ETEC K88 (P < 0.05, Figures 2A-D).

Taken together, the results suggest that the regulation of TEER,
permeability, and inflammatory response by tryptophan is
dependent on the Racl/PLC-y1 signaling pathway.

Inhibition of CaSR by NPS2143 Disrupts
the Effect of Tryptophan on TJ,
Inflammatory Response, TEER, and
Permeability in ETEC K88-Challenged
IPEC-J2 Cells

Compared with ETEC K88, ETEC K88+tryptophan increased the
protein concentrations of occludin, ZO-1, claudin-1, and CaSR,
but this effect was inhibited by NPS2143 (P < 0.05, Figures 3A-D).
Tryptophan+ETEC K88+NPS2143 significantly reduced the
protein concentrations of occludin, ZO-1, claudin-1, and CaSR
compared with tryptophan+ETEC K88 (P < 0.05, Figures 3A-D).
Treatment with 0.7 mM tryptophan significantly increased the
TEER and significantly decreased the permeability of FITC-
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FIGURE 2 | Rac1-siRNA, PLC-y1-siRNA attenuated the effect of tryptophan (0.7mM) on transepithelial electrical resistance, permeability, and proinflammation
cytokines (IL-8 and TNF-o) in ETEC K88-stimulated IPEC-J2 cells. About 70% confluent, IPEC-J2 cells were cultured in fetal bovine serum-free medium for 6 h and
then transfected with 50 nM of NC-siRNA, Rac1-siRNA or PLCy1-siRNA for 24 h, followed by treatment with tryptophan (0.7mM) for 48 h, and then treatment with
ETEC K88 for 2h (2% FBS-medium without antibiotic, 1x10% CFU/mL). (A) Effect of ETEC K88 and Rac1-siRNA, PLC-y1-siRNA on the transepithelial electrical
resistance value. (B) Effect of ETEC K88 and Rac1-siRNA, PLC-y1-siRNA on the permeability of FITC-dextran. (C) Effect of ETEC K88 and Rac1-siRNA, PLC-y1-
siRNA on the contents of IL-8. (D) Effect of ETEC K88 and Rac1-siRNA, PLC-y1-siRNA on the contents of TNF-o.. NC-siRNA was added to control, tryptophan and
ETEC K88 groups. The TEER value and the permeability of all treatments were normalized to control. Data values are indicated as mean + SEM (n = 3). Values with
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dextran in IPEC-J2 cell monolayers compared with untreated cells
(P < 0.05, Figures 4A, B). Compared with the control group,
treatment with ETEC K88 significantly decreased the TEER and
increased the permeability of FITC-dextran in IPEC-J2 cells (P <
0.05, Figures 4A, B). Moreover, treatment with 0.7 mM
tryptophan+ETEC K88 significantly decreased the TEER and
increased the permeability of FITC-dextran compared with 0.7
mM tryptophan alone (P < 0.05, Figures 4A, B). In the tryptophan
+ETEC K88+NPS2143 group, the TEER was significantly reduced,
and the permeability of FITC-dextran was significantly increased
compared with the tryptophan+ETEC K88 group (P < 0.05,
Figures 4A, B).

As shown in Figures 5A, B, ETEC K88 significantly decreased
the contents of IL-8 and TNF-o in IPEC-J2 cells compared with the
control group. Compared with the control group, cells treated with
tryptophan had decreased IL-8 and TNF-o. contents. Compared
with cells treated with tryptophan alone, cells treated with

tryptophan+ETEC K88 showed increased contents of IL-8 and
TNEF-o.. However, the incubation of IPEC-J2 cells with NPS2143
reversed the effects of tryptophan on IL-8 and TNF-o contents.

CaSR Is Required for Tryptophan-Induced
Rac1/PLC-y1 Signaling Activation

The protein concentrations of total Racl, Rho family member 1 of
porcine GTP-binding protein (GTP-racl), and phosphorylated
phospholipase Cyl (p-PLC-y1) and the contents of inositol
triphosphate (IP;) were increased by 0.7 mM tryptophan
compared with the control group (P < 0.05, Figures 6A-D).
Compared with the control group, ETEC K88 decreased the
protein concentrations of total Racl, GTP-racl, and p-PLC-yl
and the contents of IP; (P < 0.05, Figures 6A-D). Compared with
tryptophan+ETEC K88, NPS2143+tryptophan+ETEC K88
inhibited the increase in protein concentrations of total Racl,
GTP-racl, and p-PLC-y1 and IP; contents induced by tryptophan,
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FIGURE 3 | NPS2143 attenuated the effect of tryptophan (0.7mM) on the protein concentration of occludin, ZO-1, claudin-1 and CaSR in ETEC K88-stimulated IPEC-J2
cells. About 70% confluent, IPEC-J2 cells were cultured in fetal bovine serum-free medium for 6 h, and pre-treated with 6uM NSP 2143 or 0.1% of DMSO and for 1
hour, followed by treatment with 0.7 mM tryptophan for 48 h, and then challenged or not with ETEC K88 for 2 h (2% fetal bovine serum-medium without antibiotic,
1x108 CFU/mL). (A) CaSR inhibitor NPS2143 attenuated the effect of tryptophan on the protein concentration of claudin-1 in ETEC K88-stimulated IPEC-J2 cells.

(B) NPS2143 attenuated the effect of tryptophan on the protein concentration of ZO-1 in ETEC K88-stimulated IPEC-J2 cells. (C) NPS2143 attenuated the effect of
tryptophan on the protein concentration of occludin in ETEC K88-stimulated IPEC-J2 cells. (D) NPS2143 attenuated the effect of tryptophan on the protein concentration
of CaSR in ETEC K88-stimulated IPEC-J2 cells. Data values are expressed as mean + SEM from four independent experiments (n = 4). Values with different letters
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FIGURE 4 | Effect of NPS2143 inhibiting the tryptophan (0.7mM) on the transepithelial electrical resistance and permeability in ETEC K88-stimulated IPEC-J2 cells.
The cells were seeded on (5x10°/mi) collagen-coated 12-well transwell insert, and after reaching confluence, IPEC-J2 cells were cultured in fetal bovine serum-free
medium for 6 h, and pre-treated with 6uM NSP 2143 or 0.1% of DMSO and for 1 hour, followed by treatment with 0.7 mM tryptophan for 48 h, and then challenged
or not with ETEC K88 for 2 h (2% fetal bovine serum-medium without antibiotic, 1x108 CFU/mL). (A) Effect of NPS2143 and tryptophan on the transepithelial
electrical resistance value after stimulation with ETEC K88. (B) Effect of NPS2143 and tryptophan on the permeability of FITC-dextran after stimulation with ETEC
K88. The TEER value and the permeability of all treatments were normalized to control. Data values are expressed as mean + SEM (n = 3). Values with different

letters indicate significant difference (P < 0.05).

indicating that the CaSR inhibitor attenuated tryptophan-induced
Racl/PLC-y1 signaling activation (P < 0.05, Figures 6A-D).
Compared with pcDNA3.1(+), pcDNA3.1(+)-CaSR-WT
significantly increased CaSR mRNA expression (P < 0.05,
Figure S2). Moreover, compared with the control group, ETEC
K88+NC-siRNA+pcDNA3.1(+) treatment significantly reduced
the TEER value and enhanced the permeability of FITC-dextran
in IPEC-J2 cells. However, pcDNA3.1-CaSR-WT+NC-siRNA
treatment significantly increased the TEER value and decreased
the permeability of FITC-dextran (P < 0.05, Figures 7A, B).
Compared with ETEC K88-treated cells, pcDNA3.1-CaSR-WT
increased the TEER value and reduced the permeability of FITC-
dextran in ETEC K88-treated cells (P < 0.05, Figures 7A, B).
Compared with pcDNA3.1-CaSR-WT+NC-siRNA+ETEC K88,
pcDNA3.1-CaSR-WT+Racl-siRNA+ETEC K88 and pcDNA3.1-
CaSR-WT+PLC-y1-siRNA+ETEC K88 decreased the TEER value

and enhanced the permeability of FITC-dextran in IPEC-J2 cells
(P < 0.05, Figures 7A, B).

DISCUSSION

Different cytokines can modify the junctional complex. The
proinflammatory roles of TNF-o. and IL-8 were linked with
ETEC and increased intestinal permeability (38). Thus, TNF-o
and IL-8 parameters were selected in this study. We found that
ETEC K88 enhanced the contents of TNF-o. and IL-8, which is in
agreement with a previous article that ETEC K88 induced
intestinal proinflammatory response in pigs (8). The TEER and
flux of FITC-dextran indirectly reflect the TJs of intestinal
epithelial cells and the paracellular permeability of the
intestinal epithelium, respectively. Consistent with the
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FIGURE 5 | Effect of NPS2143 and tryptophan (0.7mM) on the contents of IL-8 and TNF-o. in ETEC K88-stimulated IPEC-J2 cells. IPEC-J2 cells were treated as described
in Figure 3. (A) Effect of NPS2143 and tryptophan on the IL-8 contents in ETEC K88-stimulated IPEC-J2 cells. (B) Effect of NPS2143 and tryptophan on the TNF-a. contents
in ETEC K88-stimulated IPEC-J2 cells. Data values are expressed as mean + SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).
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FIGURE 7 | Effect of pcDNA3.1-p(CaSR), Rac1-siRNA, PLC-y1-siRNA and ETEC-K88 on transepithelial electrical resistance and permeability in IPEC-J2 cells. The
IPEC-J2 cells were transfected with pcDNA3.1-p(CaSR), NC-siRNA, Rac1siRNA or PLC-y1 siRNA for 48 h, followed by ETEC K88 (2% fetal bovine serum DMEM/
F12 medium without antibiotic, 1x10% CFU/mL) for 2h. In control and ETEC K88 groups, cells were transfected with NC-siRNA and pcDNA3.1(+). In pcDNA3.1-
CaSR-WT+ ETEC K88 groups, cells were transfected with NC-siRNA. (A) Effect of ETEC K88, pcDNAS3.1-p(CaSR), Rac1siRNA and PLC-y1 siRNA on the
transepithelial electrical resistance value after stimulation with ETEC K88. (B) Effect of ETEC K88, pcDNAS3.1-p(CaSR), Rac1-siRNA and PLC-y1-siRNA on the
permeability of FITC-dextran after stimulation with ETEC K88. The TEER value and the permeability of FITC-dextran of all treatments were normalized to control. Data
values are expressed as mean + SEM (n = 3). Values with different letters indicate significant difference (P < 0.05).
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above-mentioned finding, ETEC K88 significantly decreased the
TEER values and increased the permeability of FITC-dextran in
ETEC K88-challenged IPEC-]2 cells, which suggests that the cell
damage model was successfully constructed. In this study,
tryptophan significantly decreased the contents of TNF-o. and
IL-8 in ETEC K88-challenged IPEC-J2 cells, suggesting that
tryptophan can attenuate ETEC K88-induced proinflammatory
response. This finding is in line with that of a previous study,
which showed that tryptophan reduced the gene expression of
IL-8 and IL-1f in the gut (21). Proinflammatory cytokines have
been related to pathogen-induced alteration of TJ proteins (39).
Here, tryptophan (0.7 mM) increased the protein concentrations
of occludin, ZO-1, and claudin-1 in ETEC K88-challenged and
non-challenged IPEC-J2 cells. These findings were consistent
with previous studies on pigs (40), Caco-2 cells, and IPEC-1 cells
(18, 19). The current study also demonstrated that tryptophan
(0.3 and 0.7 mM) significantly increased the TEER values and
decreased the permeability of FITC-dextran in ETEC K88-
challenged IPEC-]J2 cells. Taken together, our results suggested
that tryptophan can improve intestinal barrier integrity and
decrease proinflammatory response.

The regulation of intestinal barrier integrity and
proinflammatory response is complex, involving numerous
intracellular molecular signaling and kinases, such as CaSR, PLC
signaling, and RHO kinase. These molecules regulate T] protein
expression, T] assembly, and redistribution by phosphorylation
(41-44). CaSR signaling regulates the TEER in the intestine of
mice, T] protein expression, and proinflammatory immune
response (21, 26). We found that NPS2143 reversed the
enhancement effect of tryptophan on the protein concentrations
of ZO-1, occludin, claudin-1, and CaSR and the TEER and
decrease of permeability and IL-8 and TNF-ou contents. The
overexpression of pcDNA3.1-p(CaSR) markedly increased the
TEER and decreased the permeability of FITC-dextran. Taken
together, these results suggested that tryptophan protects
intestinal epithelial barrier integrity and alleviates intestinal
inflammation though CaSR signaling. The Rho family of small
guanosine triphosphatases, such as Rho, Cdc42, and Racl, has
been reported to regulate the composition and function of TJs
(45-48). The PLC-dependent pathway has been demonstrated in
the assembly of TJs in MDCK cells (49, 50). In this study, we
found that Racl-siRNA+tryptophan+ETEC K88 or PLC-yl-
siRNA+tryptophan+ETEC K88 reduced the TEER, increased the
permeability of FITC-dextran, and enhanced the contents of IL-8
and TNF-o. compared with tryptophan+ETEC K88. Collectively,
these results suggested that tryptophan can improve intestinal
barrier integrity and decrease proinflammatory response at least
partly through Rac1/PLC-Y1 signaling in intestinal epithelial cells.
The effects of CaSR on the mRNA expression of inflammatory
cytokines and intestinal barrier integrity are associated with two
downstream effectors Racl and PLC-y1 (28, 30). In the present
study, our results showed that tryptophan+ETEC K88+NPS2143
decreased the protein concentrations of GTP-racl, total Racl, and
p-PLC-y1 and contents of IP; compared with tryptophan+ETEC
K88. Furthermore, we found that the inhibition of Racl or PLC-y1

by Racl-siRNA and PLC-yl1-siRNA significantly reduced the
TEER and increased the permeability of FITC-dextran in cells
treated with pcDNA3.1-p(CaSR) and ETEC K88. These results
were consistent with those of previous reports, indicating that
tryptophan can enhance IPEC-J2 cell migration through the
CaSR/Racl/PLC-y1 signaling pathway (24). Taken together,
these results suggest that CaSR is required for tryptophan-
induced activation of Racl/PLC-yl signaling, which increases
intestinal epithelial T] and decreases intestinal epithelial
permeability and inflammatory response in IPEC-J2 cells after
ETEC K88 challenge.

Collectively, the results suggest that tryptophan can improve
intestinal epithelial barrier integrity and decrease inflammatory
response through the CaSR/Racl/PLC-yl signaling pathway.
This study not only offers new insights into the function of
tryptophan, but also indicates the necessity for further
investigating the effect of tryptophan on intestinal health in vivo.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

GL and KG conceived and designed the experiment. KG and GL
wrote the paper. GL, KG, and FW performed the research and
analyzed the data. GJ, HZ, XC, CW, RZ, GT, JC, JT, and JW
contributed to the analysis and manuscript preparation. All
authors contributed to the article and approved the
submitted version.

FUNDING

This project was supported by the Sichuan Science and
Technology Program (No. 2020YJ0398) and Specific Research
Supporting Program for Discipline Construction in Sichuan
Agricultural University (number 03570126).

ACKNOWLEDGMENTS

The authors would like to thank the members of our team and
the laboratory for their industrious assistance in this experiment.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.748497/
full#supplementary-material

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 748497


https://www.frontiersin.org/articles/10.3389/fimmu.2021.748497/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.748497/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Liu et al.

Tryptophan Decreases Barrier Damage and Inflammation

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Bailey M. The Mucosal Immune System: Recent Developments and Future
Directions in the Pig. Dev Comp Immunol (2009) 33(3):375-83. doi: 10.1016/
j.dci.2008.07.003

. Blikslager AT, Moeser AJ, Gookin JL, Jones SL, Odle J. Restoration of Barrier

Function in Injured Intestinal Mucosa. Physiol Rev (2007) 87(2):545-64.
doi: 10.1152/physrev.00012.2006

. Ren W, Yin J, Chen S, Duan J, Liu G, Li T, et al. Proteome Analysis for the

Global Proteins in the Jejunum Tissues of Enterotoxigenic Escherichia Coli
-Infected Piglets. Sci Rep (2016) 9(6):25640. doi: 10.1038/srep25640

. Citi S. Intestinal Barriers Protect Against Disease. Science (2018) 359

(6380):1097-8. doi: 10.1126/science.aat0835

. XuC, Yan S, Guo Y, Qiao L, Ma L, Dou X, et al. Lactobacillus Casei ATCC 393

Alleviates Enterotoxigenic Escherichia Coli K88-Induced Intestinal Barrier
Dysfunction via TLRs/mast Cells Pathway. Life Sci (2020) 244:117281.
doi: 10.1016/j.1fs.2020.117281

. Xiong W, Huang J, Li X, Zhang Z, Jin M, Wang J, et al. Icariin and Its

Phosphorylated Derivatives Alleviate Intestinal Epithelial Barrier Disruption
Caused by Enterotoxigenic Escherichia Coli Through Modulate P38 MAPK
In Vivo and In Vitro. FASEB ] (2020) 34(1):1783-801. doi: 10.1096/
1j.201902265R

. Johnson AM, Kaushik RS, Hardwidge PR. Disruption of Transepithelial

Resistance by Enterotoxigenic Escherichia Coli. Vet Microbiol (2010) 141(1-
2):115-9. doi: 10.1016/j.vetmic.2009.08.020

. Li H, Zhang L, Chen L, Zhu Q, Wang W, Qiao J. Lactobacillus Acidophilus

Alleviates the Inflammatory Response to Enterotoxigenic Escherichia Coli
K88 via Inhibition of the NF-xb and P38 Mitogen-Activated Protein Kinase
Signaling Pathways in Piglets. BMC Microbiol (2016) 16(1):273. doi: 10.1186/
$12866-016-0862-9

. Finamore A, Roselli M, Imbinto A, Seeboth ], Oswald IP, Mengheri E.

Lactobacillus Amylovorus Inhibits the TLR4 Inflammatory Signaling
Triggered by Enterotoxigenic Escherichia Coli via Modulation of the
Negative Regulators and Involvement of TLR2 in Intestinal Caco-2 Cells
and Pig Explants. PloS One (2014) 9(4):¢94891. doi: 10.1371/
journal.pone.0094891

Naatjes M, Htoo JK, Walter K, Tolle KH, Susenbeth A. Effect of Dietary
Tryptophan to Lysine Ratio on Growth of Young Pigs Fed Wheat-Barley or
Corn-Based Diets. Livest Sci (2014) 163:102-9. doi: 10.1016/j.livsci.
2014.02.004

Liu J, Zhang Y, Li Y, Yan H. Zhang H. L-Tryptophan Enhances Intestinal
Integrity in Diquat-Challenged Piglets Associated With Improvement of
Redox Status and Mitochondrial Function. Animals (2019) 9(5):266.
doi: 10.3390/ani9050266

Watanabe S, Togashi S, Takahashi N. Fukui T. L-Tryptophan as an
Antioxidant in Human Placenta Extract. ] Nutr Sci Vitaminol (2002) 48
(1):36-9. doi: 10.3177/jnsv.48.36

Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al.
Tryptophan Catabolites From Microbiota Engage Aryl Hydrocarbon Receptor
and Balance Mucosal Reactivity via Interleukin-22. Immunity (2013) 39
(2):372-85. doi: 10.1016/j.immuni.2013.08.003

Etienne-Mesmin L, Chassaing B, Gewirtz AT. Tryptophan: A Gut Microbiota-
Derived Metabolites Regulating Inflammation. World ] Gastrointest
Pharmacol Ther (2017) 8(1):7-9. doi: 10.4292/wjgpt.v8.i1.7

Liang H, Dai Z, Liu N, Ji Y, Chen J, Zhang Y, et al. Dietary L-Tryptophan
Modulates the Structural and Functional Composition of the Intestinal
Microbiome in Weaned Piglets. Front Microbiol (2018) 9:1736.
doi: 10.3389/fmicb.2018.01736

Tang Z, Shi B, Sun W, Yin Y, Chen Q, Mohamed T, et al. Tryptophan
Promoted B-Defensin-2 Expression via the mTOR Pathway and Its
Metabolites: Kynurenine Banding to Aryl Hydrocarbon Receptor in Rat
Intestine. RSC Adv (2020) 10(6):3371-9. doi: 10.1039/c9ral0477a

van der Helm MW, Odijk M, Frimat JP, van der Meer AD, Eijkel JCT, van den
Berg A, et al. Direct Quantification of Transendothelial Electrical Resistance in
Organs-on-Chips. Biosens Bioelectron (2016) 85:924-9. doi: 10.1016/
j-bi0s.2016.06.014

Wang H, Ji Y, Wu G, Sun K, Sun Y, Li W, et al. L-Tryptophan Activates
Mammalian Target of Rapamycin and Enhances Expression of Tight Junction

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Proteins in Intestinal Porcine Epithelial Cells. J Nutr (2015) 145(6):1156-62.
doi: 10.3945/jn.114.209817

Chen M, Liu Y, Xiong S, Wu M, Li B, Ruan Z, et al. Dietary L-Tryptophan
Alleviated LPS-Induced Intestinal Barrier Injury by Regulating Tight
Junctions in a Caco-2 Cell Monolayer Model. Food Funct (2019) 10
(5):2390-8. doi: 10.1039/c9fo00123a

Ruan Z, Yang Y, Wen Y, Zhou Y, Fu X, Ding S, et al. Metabolomic Analysis of
Amino Acid and Fat Metabolism in Rats With L-Tryptophan
Supplementation. Amino Acids (2014) 46(12):2681-91. doi: 10.1007/s00726-
014-1823-y

Mine Y, Zhang H. Calcium-Sensing Receptor (CaSR)-Mediated Anti-
Inflammatory Effects of L-Amino Acids in Intestinal Epithelial Cells. J Agric
Food Chem (2015) 63(45):9987-95. doi: 10.1021/acs.jafc.5b03749

Liu H, Tan B, Huang B, Li ], Wang J, Liao P, et al. Involvement of Calcium-
Sensing Receptor Activation in the Alleviation of Intestinal Inflammation in a
Piglet Model by Dietary Aromatic Amino Acid Supplementation. Br | Nutr
(2018) 120(12):1321-31. doi: 10.1017/S0007114518002891

Huang B, Xiao D, Tan B, Xiao H, Wang J, Yin J, et al. Chitosan
Oligosaccharide Reduces Intestinal Inflammation That Involves Calcium-
Sensing Receptor (CaSR) Activation in Lipopolysaccharide (LPS)-Challenged
Piglets. ] Agric Food Chem (2016) 64(1):245-52. doi: 10.1021/acs.jafc.5b05195
Gu K, Liu G, Wu C, Jia G, Zhao H, Chen X, et al. Tryptophan Improves
Porcine Intestinal Epithelial Cell Restitution Through the CaSR/Rac1/PLC-y1
Signaling Pathway. Food Funct (2021) 12:8787-99. doi: 10.1039/D1FO01075A
Owen JL, Cheng SX, Ge Y, Sahay B, Mohamadzadeh M. The Role of the
Calcium-Sensing Receptor in Gastrointestinal Inflammation. Semin Cell Dev
Biol (2016) 49:44-51. doi: 10.1016/j.semcdb.2015.10.040

Cheng SX, Lightfoot YL, Yang T, Zadeh M, Tang L, Sahay B, et al. Epithelial
CaSR Deficiency Alters Intestinal Integrity and Promotes Proinflammatory
Immune Responses. FEBS Lett (2014) 588(22):4158-66. doi: 10.1016/
j.febslet.2014.05.007

Ooshio T, Kobayashi R, Ikeda W, Miyata M, Fukumoto Y, Matsuzawa N, et al.
Involvement of the Interaction of Afadin With ZO-1 in the Formation of
Tight Junctions in Madin-Darby Canine Kidney Cells. ] Biol Chem (2010) 285
(7):5003-12. doi: 10.1074/jbc.M109.043760

Seinen ML, van Nieuw Amerongen GP, de Boer NK, Mulder CJ, van Bezu J,
van Bodegraven AA. Racl as a Potential Pharmacodynamic Biomarker for
Thiopurine Therapy in Inflammatory Bowel Disease. Ther Drug Monit (2016)
38(5):621-7. doi: 10.1097/FTD.0000000000000326

Cuadrado A, Martin-Moldes Z, Ye J, Lastres-Becker I. Transcription Factors
NRF2 and NF-kb Are Coordinated Effectors of the Rho Family, GTP-Binding
Protein RAC1 During Inflammation. J Biol Chem (2014) 289(22):15244-58.
doi: 10.1074/jbc.M113.540633

Zhu L, Yuan C, Ding X, Xu S, Yang J, Liang Y, et al. PLC-y1 Is Involved in the
Inflammatory Response Induced by Influenza a Virus H;N; Infection.
Virology (2016) 496:131-7. doi: 10.1016/j.virol.2016.06.003
Etienne-Manneville S, Hall A. Rho GTPases in Cell Biology. Nature (2002)
420(6916):629-35. doi: 10.1038/nature01148

Nakhoul NL, Tu CL, Brown KL, Islam MT, Hodges AG, Abdulnour-Nakhoul
SM. Calcium-Sensing Receptor Deletion in the Mouse Esophagus Alters
Barrier Function. Am ] Physiol Gastrointest Liver Physiol (2020) 318(1):
G144-G61. doi: 10.1152/ajpgi.00021.2019

XuG, Sun Y, He H, Xue Q, Liu Y, Dong L. Effect of TrkB-PLC/IP3 Pathway on
Intestinal Inflammatory Factors and Enterocyte Apoptosis in Mice With
Colitis. Acta Biochim Biophys Sin (2020) 52(6):675-82. doi: 10.1093/abbs/
gmaa044

Ward PD, Klein RR, Troutman MD, Desai S, Thakker DR. Phospholipase C-
Gamma Modulates Epithelial Tight Junction Permeability Through
Hyperphosphorylation of Tight Junction Proteins. J Biol Chem (2002) 277
(38):35760-5. doi: 10.1074/jbc.M203134200

Yu E, Chen D, Yu B, Huang Z, Mao X, Zheng P, et al. Manno-Oligosaccharide
Attenuates Inflammation and Intestinal Epithelium Injury in Weaned Pigs
Upon Enterotoxigenic Escherichia Coli K88 Challenge. Br ] Nutr (2020) 10:1—
10. doi: 10.1017/S0007114520004948

Watari A, Hashegawa M, Yagi K, Kondoh M. Homoharringtonine Increases
Intestinal Epithelial Permeability by Modulating Specific Claudin Isoforms in
Caco-2 Cell Monolayers. Eur ] Pharm Biopharm (2015) 89:232-8.
doi: 10.1016/.ejpb.2014.12.012

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 748497


https://doi.org/10.1016/j.dci.2008.07.003
https://doi.org/10.1016/j.dci.2008.07.003
https://doi.org/10.1152/physrev.00012.2006
https://doi.org/10.1038/srep25640
https://doi.org/10.1126/science.aat0835
https://doi.org/10.1016/j.lfs.2020.117281
https://doi.org/10.1096/fj.201902265R
https://doi.org/10.1096/fj.201902265R
https://doi.org/10.1016/j.vetmic.2009.08.020
https://doi.org/10.1186/s12866-016-0862-9
https://doi.org/10.1186/s12866-016-0862-9
https://doi.org/10.1371/journal.pone.0094891
https://doi.org/10.1371/journal.pone.0094891
https://doi.org/10.1016/j.livsci.2014.02.004
https://doi.org/10.1016/j.livsci.2014.02.004
https://doi.org/10.3390/ani9050266
https://doi.org/10.3177/jnsv.48.36
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.4292/wjgpt.v8.i1.7
https://doi.org/10.3389/fmicb.2018.01736
https://doi.org/10.1039/c9ra10477a
https://doi.org/10.1016/j.bios.2016.06.014
https://doi.org/10.1016/j.bios.2016.06.014
https://doi.org/10.3945/jn.114.209817
https://doi.org/10.1039/c9fo00123a
https://doi.org/10.1007/s00726-014-1823-y
https://doi.org/10.1007/s00726-014-1823-y
https://doi.org/10.1021/acs.jafc.5b03749
https://doi.org/10.1017/S0007114518002891
https://doi.org/10.1021/acs.jafc.5b05195
https://doi.org/10.1039/D1FO01075A
https://doi.org/10.1016/j.semcdb.2015.10.040
https://doi.org/10.1016/j.febslet.2014.05.007
https://doi.org/10.1016/j.febslet.2014.05.007
https://doi.org/10.1074/jbc.M109.043760
https://doi.org/10.1097/FTD.0000000000000326
https://doi.org/10.1074/jbc.M113.540633
https://doi.org/10.1016/j.virol.2016.06.003
https://doi.org/10.1038/nature01148
https://doi.org/10.1152/ajpgi.00021.2019
https://doi.org/10.1093/abbs/gmaa044
https://doi.org/10.1093/abbs/gmaa044
https://doi.org/10.1074/jbc.M203134200
https://doi.org/10.1017/S0007114520004948
https://doi.org/10.1016/j.ejpb.2014.12.012
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Liu et al.

Tryptophan Decreases Barrier Damage and Inflammation

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Mo W, Liu G, Wu C, Jia G, Zhao H, Chen X, et al. STIM1 Promotes IPEC-J2
Porcine Epithelial Cell Restitution by TRPC1 Signaling. Anim Biotechnol
(2021). doi: 10.1080/10495398.2021.1910044

Yu H, Ding X, Shang L, Zeng X, Liu H, Li N, et al. Protective Ability of
Biogenic Antimicrobial Peptide Microcin J25 Against Enterotoxigenic
Escherichia Coli-Induced Intestinal Epithelial Dysfunction and
Inflammatory Responses IPEC-J2 Cells. Front Cell Infect Microbiol (2018)
8:242. doi: 10.3389/fcimb.2018.00242

Otte JM, Podolsky DK. Functional Modulation of Enterocytes by Gram-
Positive and Gram-Negative Microorganisms. Am ] Physiol Gastrointest Liver
Physiol (2004) 286(4):G613-26. doi: 10.1152/ajpgi.00341.2003

Liu W, Mi S, Ruan Z, Li J, Shu X, Yao K, et al. Dietary Tryptophan Enhanced
the Expression of Tight Junction Protein ZO-1 in Intestine. ] Food Sci (2017)
82(2):562-7. doi: 10.1111/1750-3841.13603

Toka HR. New Functional Aspects of the Extracellular Calcium-Sensing
Receptor. Curr Opin Nephrol Hypertens (2014) 23(4):352-60. doi: 10.1097/
01.mnh.0000447016.21228.0

Yang G, Bibi S, Du M, Suzuki T, Zhu MJ. Regulation of the Intestinal Tight
Junction by Natural Polyphenols: A Mechanistic Perspective. Crit Rev Food Sci
Nutr (2017) 57(18):3830-9. doi: 10.1080/10408398.2016.1152230

Gibson CL, Srivastava K, Sprigg N, Bath PM, Bayraktutan U. Inhibition of
Rho-Kinase Protects Cerebral Barrier From Ischaemia-Evoked Injury
Through Modulations of Endothelial Cell Oxidative Stress and Tight
Junctions. ] Neurochem (2014) 129(5):816-26. doi: 10.1111/jnc.12681

Walsh SV, Hopkins AM, Chen ], Narumiya S, Parkos CA, Nusrat A. Rho
Kinase Regulates Tight Junction Function and Is Necessary for Tight Junction
Assembly in Polarized Intestinal Epithelia. Gastroenterology (2001) 121
(3):566-79. doi: 10.1053/gast.2001.27060

Breznau EB, Semack AC, Higashi T, Miller AL. MgcRacGAP Restricts Active RhoA
at the Cytokinetic Furrow and Both RhoA and Racl at Cell-Cell Junctions in
Epithelial Cells. Mol Biol Cell (2015) 26(13):2439-55. doi: 10.1091/mbc.E14-11-1553
Balda MS, Matter K. Tight Junctions as Regulators of Tissue Remodelling.
Curr Opin Cell Biol (2016) 42:94-101. doi: 10.1016/j.ceb.2016.05.006

47. Oritake J, Fukata M, Sato K, Nakagawa M, Watanabe T, Izumi N, et al.
Positive Role of IQGAPI, an Effector of Racl, in Actin-Meshwork Formation
at Sites of Cell-Cell Contact. Mol Biol Cell (2004) 15(3):1065-76. doi: 10.1091/
mbc.e03-08-0582

Du D, Pedersen E, Wang Z, Karlsson R, Chen Z, Wu X, et al. Cdc42 Is Crucial
for the Maturation of Primordial Cell Junctions in Keratinocytes
Independent of Racl. Exp Cell Res (2009) 315(8):1480-9. doi: 10.1016/
j.yexcr.2008.11.012

Nagahama M, Seike S, Ochi S, Kobayashi K, Takehara M. Clostridium
Perfringens Epsilon-Toxin Impairs the Barrier Function in MDCK Cell
Monolayers in a Ca2+-Dependent Manner. Toxins (2020) 12(5):286.
doi: 10.3390/toxins12050286

Ward PD, Ouyang H, Thakker DR. Role of Phospholipase C-Beta in the
Modulation of Epithelial Tight Junction Permeability. ] Pharmacol Exp Ther
(2003) 304(2):689-98. doi: 10.1124/jpet.102.043638

48.

49.

50.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Liu, Gu, Wang, Jia, Zhao, Chen, Wu, Zhang, Tian, Cai, Tang and
Wang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

October 2021 | Volume 12 | Article 748497


https://doi.org/10.1080/10495398.2021.1910044
https://doi.org/10.3389/fcimb.2018.00242
https://doi.org/10.1152/ajpgi.00341.2003
https://doi.org/10.1111/1750-3841.13603
https://doi.org/10.1097/01.mnh.0000447016.21228.e0
https://doi.org/10.1097/01.mnh.0000447016.21228.e0
https://doi.org/10.1080/10408398.2016.1152230
https://doi.org/10.1111/jnc.12681
https://doi.org/10.1053/gast.2001.27060
https://doi.org/10.1091/mbc.E14-11-1553
https://doi.org/10.1016/j.ceb.2016.05.006
https://doi.org/10.1091/mbc.e03-08-0582
https://doi.org/10.1091/mbc.e03-08-0582
https://doi.org/10.1016/j.yexcr.2008.11.012
https://doi.org/10.1016/j.yexcr.2008.11.012
https://doi.org/10.3390/toxins12050286
https://doi.org/10.1124/jpet.102.043638
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Tryptophan Ameliorates Barrier Integrity and Alleviates the Inflammatory Response to Enterotoxigenic Escherichia coli K88 Through the CaSR/Rac1/PLC-&gamma;1 Signaling Pathway in Porcine Intestinal Epithelial Cells
	Introduction
	Materials and Methods
	Materials
	Bacterial Strains and Culture
	Cell Culture
	Small Interfering RNA (siRNA) and Plasmid Transfection
	Cell Treatment
	TEER and Permeability Assay
	Real-Time PCR
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Statistical Analysis

	Results
	Tryptophan Improved TEER and Decreased Permeability in Porcine Intestinal Epithelial Cells Challenged With ETEC K88
	Rac1/PLC-&gamma;1 Signaling Pathway Contributes to Tryptophan-Induced Upregulation of TEER and Downregulation of Permeability and Inflammatory Response in Porcine Intestinal Epithelial Cells
	Inhibition of CaSR by NPS2143 Disrupts the Effect of Tryptophan on TJ, Inflammatory Response, TEER, and Permeability in ETEC K88-Challenged IPEC-J2 Cells
	CaSR Is Required for Tryptophan-Induced Rac1/PLC-&gamma;1 Signaling Activation

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


