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reduces intestinal permeability
by stimulating mucus secretion
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Introduction: The intestinal barrier plays a crucial role in distinguishing foods

from toxins. Prostaglandin D2 (PGD2) is one of the lipid-derived autacoids

synthesized from cell membrane-derived arachidonic acid. We previously

reported that pharmacological stimulation of PGD2 receptor, D prostanoid 1

(DP1) attenuated the symptoms of azoxymethane/dextran sodium sulfate-

induced colitis and ovalbumin-induced food allergy in mouse models. These

observations suggested that DP1 stimulation protects the intestinal barrier. The

present study aimed to uncover the effects of DP1 stimulation on intestinal

barrier function and elucidate the underlying mechanisms.

Materials and methods: Intestinal permeability was assessed in mice by

measuring the transfer of orally administered fluorescein isothiocyanate-

dextran (40 kDa) into the blood. The DP1 agonist BW245C (1 mg/kg) was

administered 10 min prior to dextran administration. The intestinal permeability

was confirmed using the ex vivo everted sac method. Tight junction integrity was

evaluated in vitro by measuring the transepithelial electrical resistance (TER) in

the human intestinal epithelial cell line Caco-2. Mucus secretion was assessed by

observing Alcian Blue-stained intestinal sections.

Results: Pharmacological DP1 stimulation reduced intestinal permeability both in

vivo and ex vivo. Immunohistochemical staining showed that DP1 was strongly

expressed on the apical side of the epithelial cells. DP1 stimulation did not affect

TER in vitro but induced mucus secretion from goblet cells. Mucus removal by a

mucolytic agent N-acetyl-l-cysteine canceled the inhibition of intestinal

permeability by DP1 stimulation.

Conclusion: These observations suggest that pharmacological DP1 stimulation

decreases intestinal permeability by stimulating mucus secretion.
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1 Introduction

The intestinal tract digests food and absorbs nutrients. The

intestinal epithelium forms a barrier distinguishing food from

toxins. This barrier is mainly composed of epithelial and mucus

layers (1). In the epithelial layer, tight junctions seal the paracellular

space between epithelial cells and limit paracellular transport,

except for that of small molecules and solutes. The mucus layer

covers the epithelial cells and prevents interactions between the

luminal contents and tissue. When the barrier is disrupted, foreign

substances, including food allergens and bacterial toxins, invade

tissues and the bloodstream. This condition is called “increased

intestinal permeability” or “leaky gut”, which promotes the

pathogenesis of various diseases, including inflammatory bowel

disease (IBD) and food allergies (2, 3). Therefore, many

researches have focused on factors regulating the intestinal barrier

to find promising therapeutic targets for these diseases (4).

Cytokines and autacoids increase or decrease paracellular

permeability by regulating the expression and intracellular

localization of tight junction proteins. Raju et al. revealed that the

intraperitoneal administration of interleukin-13 increased intestinal

permeability by upregulating the expression of the tight junction

protein claudin-2 in mice (5). Pochard et al. showed that

intraperitoneal administration of synthetic prostaglandin (PG) I2
decreases intestinal permeability by increasing the membrane

localization of the tight junction protein occludin (6). In addition,

several autacoids promote mucus secretion from goblet cells. Abigail

et al. showed that administration of serotonin or PGE2 to dissected

mouse intestines promoted mucus secretion from goblet cells (7).

Despite the increasing number of studies on intestinal barrier function,

few drugs are currently available for regulating intestinal permeability.

PGD2 is a lipid-derived autacoid synthesized from cell

membrane-derived arachidonic acid. This lipid exerts its

biological function through two G-protein-coupled receptors, D

prostanoid 1 (DP1), and chemoattractant receptor-homologous

molecule expressed on Th2 cells (CRTH2). We previously

reported that pharmacological DP1 stimulation is beneficial for

azoxymethane/dextran sodium sulfate-induced intestinal

inflammation (8) and ovalbumin-induced allergic inflammation

(9). There are two main exacerbating factors in intestinal

inflammation and allergic reactions: immune cell infiltration and

activation and intestinal barrier disruption (10, 11). In a food allergy

model, enhancement of DP1 suppressed mast cell infiltration and

degranulation (9). On the other hand, there is another possibility

that PGD2 suppresses these pathologies by strengthening the

intestinal barrier. The present study aimed to examine whether

enhancement of DP1 reduces the intestinal permeability and reveal

its underlying mechanism 40 kDa.
2 Materials and methods

2.1 Animals

Thirty-five C57BL/6J mice (14 males and 21 females, purchased

from Charles River Laboratories Japan, Inc., Yokohama, Japan)
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were used at eight to twelve weeks of age. All experiments used age-

and sex-matched controls. Mice were housed under 12-hour dark/

light cycle and given ad libitum access to water and feed (MF,

Oriental Yeast Co., Tokyo, Japan). All the experiments were

approved by the Institutional Animal Care and Use Committee of

the University of Tokyo (P18-069 and P21-036).
2.2 In vivo measurement of
intestinal permeability

In vivo intestinal permeability was measured by modifying the

previously described methods (12, 13). Briefly, mice were fasted for

4 hr and orally administered fluorescein isothiocyanate-dextran

40 kDa (FD40; TdB lab, 20 mg/200 μl saline). Blood samples were

collected 0.5, 1, 2 and 4 hr after the FD40 administration. BW245C

(1 mg/kg, Cayman Chemical, Ann Arbor, MI, USA) was

intraperitoneally administered 10 min prior to the oral

administration of FD40. The fluorescence signal of the serum was

measured with excitation at 485 nm and emission at 530 nm using

ARVO X2 Multimode Plate Reader (PerkinElmer, Waltham,

MA, USA).
2.3 In vivo analysis of mucus secretion

Mice were fasted for overnight and intraperitoneally

administered BW245C (1 mg/kg) 15 min before the tissue

collection. Swiss roll was prepared as previously described (14,

15) and fixed in 4% paraformaldehyde. Intestinal segments without

flushing were fixed in methanol-Carnoy’s solution (methanol:

chloroform: acetic acid = 6: 3: 1). Samples were embedded in

paraffin and cut into 4-μm sections. The deparaffinized sections

were immersed into 3% acetic acid and stained with Alcian Blue

solution (pH 2.5, FUJIFILM Wako, Osaka, Japan). Several sections

were counter-stained with hematoxylin (FUJIFILM Wako).

Sections were observed using BZ-X700 microscope (Keyence,

Kyoto, Japan). The area of Alcian Blue-positive cells and the

whole tissue were measured using imageJ. The ratio of the area of

Alcian Blue positive cells to the area of whole intestinal tissues in a

Swiss roll was represented.
2.4 Ex vivo measurement of
intestinal permeability

Ex vivo intestinal permeability was measured by modifying the

previously described methods (12, 16). Jejunum and ileum samples

(5 cm length each) were everted inside out to make sacs. The

intestinal sacs were injected with Krebs buffer (KHBB, jejunum: 300

μl, ileum: 200 μl), and placed in the glass tube with KHBB (2 ml,

aerated with 95% O2 and 5% CO2). BW245C (1 μM, final) was

administered to each tube, and after 10 min, FD40 (20 μg/ml, final)

was administered. After 30 min incubation, fluids inside the

samples were collected. The fluorescence signal of the sample was

measured as described above. The permeability was calculated as
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“Absorbed FD40” from mucosa to serosa using the following

formula:

“Absorbed FD40 ð μ g=cm2=min) ” =   FD40 concentration inside the sac  �  injected volumeð Þ=
mucosal surface area� �  30   minð Þ

*Mucosal surface area  =  p  �  length of the sac  �  diameter of the sac

In some experiments, intestinal sacs were made after incubation

with BW245C (1 μM) for 10 min following incubation with 150 μl

of luminal 10% N-acetyl-l-cysteine (NAC; Sigma-Aldrich, St. Louis,

MO, USA) for 10 min. Some of these samples were used for

histological analysis.
2.5 Immunohistochemical staining of DP1

Ileum samples were fixed in 4% paraformaldehyde and

embedded in paraffin. The samples were cut into 4-μm sections.

The deparaffinized sections were immersed into 10 mM sodium

citrate solution buffer (pH 6.0) with 0.1% trypsin and 0.1% CaCl2
for 15 min. The samples were immersed into 30% H2O2 in MeOH

and permeabilized/blocked in PBS with 0.05% Triton-X and 5%

NGS for 30 min. The sections were incubated with rabbit anti-

mouse DP1 antibody (1:200, Ann Arbor) for overnight at 4°C. The

sections were then labelled with biotinated goat anti-rabbit antibody

(1:500) for 2 hr at room temperature (RT). After incubation with

Avidin-biotin complex solution (VectorLaboratories, Burlingame,

CA, USA) for 30 min at RT, sections were colored by incubating

with 50 mM Tris buffer with 3,3’-diaminobenzidine (200 mg/mL)

and hydrogen peroxidase (0.03%). Samples were co-stained with

Alcian Blue or hematoxylin.
2.6 In vitro measurement of transepithelial
electric resistance

Caco-2 was provided by Riken BRC (Tsukuba, Japan, RCB0988).

These cells were cultured in Minimum Essential Media (Gibco,

Thermo Fisher Scientific, Waltham, MA, USA) supplemented with

20% Fetal Bovine Serum and 1% non-essential amino acid (Gibco,

Thermo Fisher Scientific, Waltham, MA, USA). Five-thousand cells

were seeded in a 20 mm2 well with electrodes and incubated for 28 hr.

BW245C (1 μM) was administered to the cells and TER was measured

using the xCELLigence Real-Time Cell Analyzer System (Roshe, Basel,

Switzerland). The value of TERwas represented as the ratio to the value

before the BW245C administration.
2.7 RT-PCR of DP1

Cells were homogenized in Trizol reagent and total RNA was

extracted according to the manufacturer’s instructions. Extracted

RNA was reverse-transcribed into cDNA using ReverTra Ace

(TOYOBO, Osaka, Japan). The transcribed cDNA was combined

with KOD SYBR qPCR Mix (TOYOBO) and specific primers as
Frontiers in Immunology 03
follows: 18S forward 5’- CGTTCTTAGTTGGTGGAGCG -3’ and

reverse 5’- AACGCCACTTGTCCCTCTAA -3’ (product size: 127);

DP1 forward 5’- TTCTACCGACGGCACATCAC -3’ and reverse

5’- GTACTGCACGAACTTCCCGA -3’ (product size: 117).

Conventional PCR was performed as the following protocol: 1

cycle of 95°C for 1 min followed by 45 cycles of 95°C for 15 sec

and 59°C for 1 min.
2.8 Data processing

The data were shown as mean ± SEM. Two-group comparisons

were analyzed by Student’s t-test using excel. Multiple-group

comparisons of in vivo measurement of intestinal permeability

was analyzed by two-way ANOVA followed by Tukey’s test using

EZR (17). Statistically significance was determined when p-value is

less than 0.05.
3 Results

We assessed intestinal permeability by measuring the transfer of

orally administered fluorescein isothiocyanate-dextran (FD40) into

the blood. The administration of BW245C (1 mg/kg) decreased

serum FD40 levels 30 min after administration (Figure 1A, vehicle:

4.11 ± 0.29 μg/mL, BW245C: 2.08 ± 0.29 μg/mL). These levels were

comparable at 120 min and 240 min. Intestinal permeability was

evaluated using an ex vivo method using an everted sac model.

BW245C (1 mM) administration significantly decreased the

absorbed FD40 in both jejunum and ileum (Figures 1B, C,

jejunum; vehicle: 2.69 ± 0.30 μg/cm2/min, BW245C: 1.62 ± 0.25

μg/cm2/min, ileum; vehicle: 1.39 ± 0.21 μg/cm2/min, BW245C: 0.75

± 0.12 μg/cm2/min).

We previously showed that DP1 is strongly expressed in

intestinal epithelial cells in a mouse model of food allergy (9).

Immunohistochemical staining of DP1 showed that DP1 was

strongly expressed on the apical side of epithelial cells in naïve

mice [Figure 2A (a)]. Immune cells in the lamina propria also

expressed DP1 [Figure 2A (b)]. Co-staining with Alcian Blue

revealed that both goblet and non-goblet epithelial cells expressed

DP1 [Figure 2B (a), red and black arrowheads, respectively].

Transepithelial electrical resistance (TER) is generally used to

assess tight junction integrity. We measured the TER of the human

intestinal epithelial cell line Caco-2. DP1 expression in Caco-2 cells

was confirmed by RT-PCR (Figure 2C). Neither vehicle nor

BW245C (1 mM) treatment affected TER during the time course

(Figure 2D). This result indicates that BW245C decreases intestinal

permeability through a mechanism other than the enhancement of

tight junction integrity.

Kuver et al. showed that an increase in the intracellular cAMP

concentration leads to mucus secretion (18). We hypothesized that

DP1, a Gs-coupled GPCR, induces mucus secretion. Alcian Blue

staining of intestinal sections revealed numerous mucus-containing

goblet cells in vehicle-treated mice (Figure 3A). The administration

of BW245C (1 mg/kg) decreased the number of Alcian Blue-
frontiersin.org
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positive cells (Figure 3A). BW245C administration decreased the

Alcian Blue-positive area in jejunum and tended to decrease in the

ileum (Figure 3B, jejunum; vehicle: 1.44 ± 0.11%, BW245C: 0.54 ±

0.03%, ileum; vehicle: 3.05 ± 0.37%, BW245C: 2.05 ± 0.22%). A

small amount of mucus was observed in the lumen of vehicle-

treated mice (Figure 3C). BW245C administration increased the

amount of luminal mucus, and this secreted mucus filled the space

between the villi (Figure 3C). These results indicate that DP1

stimulation decreases intestinal permeability by inducing mucus

secretion from goblet cells.

We confirmed the effect of mucus secretion by BW245C on

intestinal permeability. Treatment with a mucolytic agent N-acetyl

cysteine (NAC) successfully removed the luminal mucus

(Figure 4A). This removement of mucus increased the absorbed

FD40 (Figure 4B, mucus (+); vehicle:0.75 ± 0.10 μg/cm2/min,

mucus (–); vehicle: 3.30 ± 0.20 μg/cm2/min), and inhibited

BW245C-induced decrease in absorbed FD40 (Figure 4B, mucus

(-); BW245C: 2.76 ± 0.38 μg/cm2/min). These observations suggest
Frontiers in Immunology 04
that BW245C-induced mucus secretion is indispensable for

decreasing intestinal permeability.
4 Discussion

In this study, we demonstrated that the administration of a DP1

agonist decreased intestinal permeability, potentially through

stimulation of mucus secretion from goblet cells. The results of

immunostaining and ex vivo experiments imply that intestinal

permeability is regulated by DP1 expressed on the apical side of

epithelial cells.

Intestinal permeability is an important factor contributing to

intestinal inflammation and food allergies. Several studies have

reported that patients with IBD exhibit increased intestinal

permeability (19, 20). Raju et al. showed that the administration

of a claudin-2 inactivator improved immune-mediated colitis,

followed by decreased intestinal permeability in mice (5).
A

B C

FIGURE 1

DP stimulation decreased intestinal permeability. (A) Serum FD40 level of vehicle and BW245C-treated mice after oral administration of FD40 (20
mg, n=5 each). Vehicle or BW245C (1 mg/kg) was administered 10 min before the FD40 administration. Data are represented as mean ± SEM.
(B, C) Absorbed FD40 was measured ex vivo using everted intestinal sacs. Vehicle or BW245C (1 mM) was applied 10 min before the FD40
administration. The data of (B) jejunum and (C) ileum (n=6-8) were shown. Data are represented as mean ± SEM. *p<0.05, **p<0.01 compared
with vehicle-treated group.
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Moreover, Ventura et al. showed that intestinal permeability

increased in individuals with food allergies and was positively

correlated with symptom severity (21). These reports

demonstrated that intestinal permeability is a promising

therapeutic target for intestinal disorders. In the present study, we

revealed that pharmacological DP1 stimulation decreased intestinal

permeability both in vivo and ex vivo. This observation reinforces

the previously reported therapeutic effects of DP1 agonists on

colitis/food allergies (8, 9).

Mucus acts as a physiological barrier between epithelial cells

and intestinal lumen. Using a horizontal imaging chamber, Ermund

et al. showed that beads the size of bacteria did not penetrate the

mucus layer of resected mouse colons (22). Other studies have

shown that treatment with a mucolytic agent, NAC, increases the

intestinal permeability of dextran, both ex vivo and in vivo in rats

(23, 24). In the current study, pharmacological DP1 stimulation

induced mucus secretion, and the removal of this mucus canceled

the suppressive effect of the DP1 agonist on intestinal permeability.

Therefore, DP1-induced mucus secretion is likely to decrease

intestinal permeability by limiting the physiological contact of

FD40 with epithelial cells.
Frontiers in Immunology 05
Goblet cells store synthesized mucin proteins within the

granules and, upon stimulation, release the granules through

exocytosis. DP1 couples with Gs, which stimulates adenylyl

cyclase and increases intracellular cAMP levels. Kuver et al.

showed that cAMP-increasing reagents including PGE2 and

epinephrine, stimulate mucus secretion in dissected mouse

intestines (18). Based on these observations, it is reasonable to

conclude that the DP1 agonist stimulates mucus secretion by

increasing intracellular cAMP levels. Although the mechanism

underlying cAMP-induced mucus secretion remains elusive,

several studies have revealed the cAMP-induced exocytotic

process in other secretory cells, including neurons and pancreatic

b-cells. This process is mediated by both protein kinase A and Epac-

dependent mechanisms (25), the two known downstream signals of

cAMP. Further studies are needed to clarify the downstream

signaling of cAMP that triggers mucus secretion following

DP1 stimulation.

There are several other potential targets of DP1 agonists that

enhance the intestinal barrier. The present study showed that DP1

agonism did not alter the TER of Caco-2 monolayer for 30 min at

least under the experimental conditions. Consistently, Rodrıǵuez-
A B

DC

FIGURE 2

Expression and function of DP in intestinal epithelial cells. (A, B) Representative pictures of immunohistochemical staining of DP (brown) with
hematoxylin (A) or with Alcian Blue (B) in ileum. The magnified pictures were shown in (a) and (b). (A) (a) epithelial site and (b) lamina propria. The
arrowheads show epithelial cells (a) and immune cells (b). (B) (a) The arrowheads show goblet cells (red) and non-goblet epithelial cells (black). Scale
bar = 100 µm. (C) Representative pictures of mRNA expression of 18S ribosomal RNA (18S, left panel) and DP (right panel) on Caco-2. (D) Change of
TER of Caco-2 after vehicle or BW245C (1 mM) administration (n=4-8). Data are represented as mean ± SEM.
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Lagunas et al. reported that the administration of EP2 and EP4

agonists, two cAMP-increasing reagents, for 3 h did not alter the

TER of Caco-2 cells (26). In contrast, another study showed that the

administration of another cAMP-increasing IP agonist for 24 h

increased the TER of Caco-2 cells (4). Based on these findings, the

DP1 agonist potentially enhances tight junction integrity for a

longer time. Intestinal wound repair is another important

mechanism for barrier maintenance, especially during

impairment. cAMP-increasing agents including PGE2 promote

intestinal repair (27), suggesting that DP1 agonists also promote

this reaction. A previous study also revealed that a DP1 agonist

enhanced vascular endothelial barrier function in vivo in mouse

ears (28). This finding gives rise to the possibility that the DP1

agonist also enhanced intestinal vascular endothelial barrier, and

consequently limited FD40 migration to the bloodstream. Thus,

DP1 agonists potentially exert various protective effects on

intestinal barrier function. Further studies are required to

elucidate the mechanism of action of this agonist.
Frontiers in Immunology 06
This study focused on the effects of an exogenous DP1

simulation. PGD2 is produced in the normal mouse intestine (27),

and its level increases in a food-allergic mouse model (29).

Moreover, the administration of BWA868C, a DP1 antagonist,

exacerbated food allergy symptoms in a mouse model (9). These

studies show that endogenously produced PGD2 activates DP1 in

the pathological state and potentially protects the barrier by

promoting mucus secretion. In the present study, an apically

administered DP1 agonist directly stimulated DP1 expression on

the apical side of the epithelial cells in the ex vivo permeability assay.

In contrast, intraperitoneally administered DP1 agonists in vivo

probably circulated in the bloodstream and stimulated intestinal

epithelial cells. We could not determine how the circulating DP1

agonist stimulated intestinal epithelial cells. Since DP1 is expressed

on the apical side of epithelial cells, this receptor may function as a

sentinel to monitor luminal contents. Further studies are needed to

elucidate the biological significance of DP1 signaling regarding

physiological ligands and their sources and distribution.
A B

C

FIGURE 3

DP stimulation promoted mucus secretion in vivo. Representative pictures of Alcian Blue-stained sections of intestinal tissue of vehicle or BW245C
treated mice. Vehicle or BW245C (1 mg/kg) was intraperitoneally administered 15 min before the sample collection. (A) Section without luminal mucus.
Samples were fixed after flushing out intestinal contents Upper panel: jejunum, lower panel: ileum. (B) The ratio of Alcian Blue-positive area to the whole
intestinal tissue area (n=4 each). (C) Section with luminal mucus. Samples were fixed without contents flushing out. Upper panel: with hematoxylin,
lower panel: without hematoxylin. Scale bar = 100 µm. Data are represented as mean ± SEM. ***p<0.001 compared with vehicle-treated group.
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In conclusion, we revealed that pharmacological DP1

stimulation decreases the intestinal permeability of dextran

conceivably through mucus secretion. This is potentially an

additional mechanism underlying the therapeutic effects of DP1

agonists on colitis and food allergies.
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.
Ethics statement

The animal study was approved by The Institutional Animal

Care and Use Committee of the University of Tokyo. The study was

conducted in accordance with the local legislation and

institutional requirements.
Frontiers in Immunology 07
Author contributions

AH: Investigation, Writing – original draft, Data curation,

Formal Analysis, Methodology. NS: Data curation, Formal

Analysis, Investigation, Methodology, Writing – review & editing.

KK: Data curation, Formal Analysis, Writing – review & editing,

Writing – original draft. TM: Writing – original draft, Writing –

review & editing, Conceptualization, Funding acquisition,

Investigation, Project administration, Resources, Supervision.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by a Grant-in-Aid for Scientific Research from the

Japan Society for the Promotion of Science (20H05678 to TM), an

Adaptable and Seamless Technology Transfer Program through

Target-driven R&D (A-STEP) from the Japan Science and

Technology Agency (JST, JPMJTR22UF), the Asahi Group

Foundation, the Terumo Life Science Foundation. The authors

declare that this study received funding from SEKISUI
A

B

FIGURE 4

Mucus removement canceled DP-induced decrease of intestinal permeability ex vivo. Absorbed FD40 was measured using vehicle or BW245C (1 mM)
-treated intestinal sacs with or without mucus removal by 10% NAC. Samples were incubated with vehicle or BW245C for 10 min followed by NAC
treatment. (A) Representative pictures of Alcian Blue and hematoxylin staining of ileum used in the experiment. The circle shows luminal mucus. Scale bar =
100 µm. (B) Absorbed FD40 of ileum (n= 5-9) was shown. Data are represented as mean ± SEM. ***p<0.001 compared with mucus (+) vehicle-treated
group. N.S., not significant.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1276852
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hayashi et al. 10.3389/fimmu.2023.1276852
CHEMICAL Co. Ltd for a Research Support Program to TM. The

funder was not involved in the study design, collection, analysis,

interpretation of data, the writing of this article, or the decision to

submit it for publication.
Conflict of interest

KK and TM belong to endowed course (Food and Animal

Systemics) provided by the Revamp Corporation.

The remaining 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.
Frontiers in Immunology 08
The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
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.
References
1. Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal barrier integrity
and its pathological implications. Exp Mol Med (2018) 50(8):1–9. doi: 10.1038/s12276-
018-0126-x

2. Soderholm JD. Augmented increase in tight junction permeability by luminal
stimuli in the non-inflamed ileum of Crohn’s disease. Gut (2002) 50(3):307–13. doi:
10.1136/gut.50.3.307

3. Strait RT, Mahler A, Hogan S, Khodoun M, Shibuya A, Finkelman FD. Ingested
allergens must be absorbed systemically to induce systemic anaphylaxis. J Allergy Clin
Immunol (2011) 127(4):982–9. doi: 10.1016/j.jaci.2011.01.034

4. Groschwitz KR, Hogan SP. Intestinal barrier function:Molecular regulation and disease
pathogenesis. J Allergy Clin Immunol (2009) 124(1):3–20. doi: 10.1016/j.jaci.2009.05.038

5. Raju P, Shashikanth N, Tsai PY, Pongkorpsakol P, Chanez-Paredes S, Steinhagen
PR, et al. Inactivation of paracellular cation-selective claudin-2 channels attenuates
immune-mediated experimental colitis in mice. J Clin Invest (2020) 130(10):5197–208.
doi: 10.1172/JCI138697

6. Pochard C, Gonzales J, Bessard A, Mahe MM, Bourreille A, Cenac N, et al. PGI2
inhibits intestinal epithelial permeability and apoptosis to alleviate colitis. Cell Mol
Gastroenterol Hepatol (2021) 12(3):1037–60. doi: 10.1016/j.jcmgh.2021.05.001

7. Garcia MAS, Yang N, Quinton PM. Normal mouse intestinal mucus release
requires cystic fibrosis transmembrane regulator-dependent bicarbonate secretion. J
Clin Invest (2009) 119(9):2613–22. doi: 10.1172/JCI38662

8. Iwanaga K, Nakamura T, Maeda S, Aritake K, Hori M, Urade Y, et al. Mast cell–
derived prostaglandin D2 inhibits colitis and colitis-associated colon cancer in mice.
Cancer Res (2014) 74(11):3011–9. doi: 10.1158/0008-5472.CAN-13-2792

9. Nakamura T, Hirai R, Tachibana Y, Masuko S, Nagata N, Murata T. Therapeutic
potential of D prostanoid receptor 1 signal enhancement in a murine model of food
allergy. J Allergy Clin Immunol (2019) 143(6):2290–3.e4. doi: 10.1016/j.jaci.2019.01.039

10. Forbes EE, Groschwitz K, Abonia JP, Brandt EB, Cohen E, Blanchard C, et al. IL-
9– and mast cell–mediated intestinal permeability predisposes to oral antigen
hypersensitivity. J Exp Med (2008) 205(4):897–913. doi: 10.1084/jem.20071046

11. Saez A, Herrero-Fernandez B, Gomez-Bris R, Sánchez-Martinez H, Gonzalez-
Granado JM. Pathophysiology of inflammatory bowel disease: innate immune system.
Int J Mol Sci (2023) 24(2):1526. doi: 10.3390/ijms24021526

12. Oami T, Coopersmith CM. Measurement of intestinal permeability during
sepsis. Methods Mol Biol (2021) 2321:169–75. doi: 10.1007/978-1-0716-1488-4_15

13. Gleeson JP, Fein KC, Chaudhary N, Doerfler R, Newby AN, Whitehead KA. The
enhanced intestinal permeability of infant mice enables oral protein and
macromolecular absorption without delivery technology. Int J Pharm (2021)
593:120120. doi: 10.1016/j.ijpharm.2020.120120

14. Bialkowska AB, Ghaleb AM,NandanMO, YangVW. Improved swiss-rolling technique
for intestinal tissue preparation for immunohistochemical and immunofluorescent analyses. J
Visualized Experiments (2016) 2016(113). doi: 10.3791/54161-v

15. Williams JM, Duckworth CA, Vowell K, Burkitt MD, Pritchard DM. Intestinal
preparation techniques for histological analysis in the mouse. Curr Protoc Mouse Biol
(2016) 6(2):148–68. doi: 10.1002/cpmo.2
16. Mateer SW, Cardona J, Marks E, Goggin BJ, Hua S, Keely S. Ex vivo intestinal
sacs to assess mucosal permeability in models of gastrointestinal disease. J Visualized
Experiments (2016) 2016(108). doi: 10.3791/53250-v

17. Kanda Y. Investigation of the freely available easy-to-use software “EZR” for
medical statistics. Bone Marrow Transpl (2013) 48(3):452–8. doi: 10.1038/
bmt.2012.244

18. Kuver R, Savard C, Oda D, Lee SP. PGE generates intracellular cAMP and
accelerates mucin secretion by cultured dog gallbladder epithelial cells. Am J Physiol
(1994) 267(6):G998–1003. doi: 10.1152/ajpgi.1994.267.6.G998

19. Munkholm P, Langholz E, Hollander D, Thornberg K, Orholm M, Katz KD,
et al. Intestinal permeability in patients with Crohn’s disease and ulcerative colitis and
their first degree relatives. Gut (1994) 35(1):68–72. doi: 10.1136/gut.35.1.68

20. May GR, Sutherland LR, Meddings JB. Is small intestinal permeability really
increased in relatives of patients with Crohn’s disease? Gastroenterology (1993) 104
(6):1627–32. doi: 10.1016/0016-5085(93)90638-S

21. Ventura MT, Polimeno L, Amoruso AC, Gatti F, Annoscia E, Marinaro M, et al.
Intestinal permeability in patients with adverse reactions to food. Digestive Liver
Disease (2006) 38(10):732–6. doi: 10.1016/j.dld.2006.06.012

22. Ermund A, Andre S, Malin EVJ, Jenny KG, Hansson GC. Studies of mucus in
mouse stomach, small intestine, and colon. I.Gastrointestinal mucus layers have
different properties depending on locationas well as over the Peyer’s patches. Am J
Physiol Gastrointest Liver Physiol (2013) 305:341–7. doi: 10.1152/ajpgi.00046.2013

23. Qin X, Caputo FJ, Xu DZ, Deitch EA. Hydrophobicity of mucosal surface and its
relationship to gut barrier function. Shock (2008) 29(3):372–6. doi: 10.1097/
SHK.0b013e3181453f4e

24. Iiboshi Y, Nezu R, Cui L, Chen K, Khan J, Yoshida H, et al. Adhesive mucous gel layer
and mucus release as intestinal barrier in rats. J Parenteral Enteral Nutr (1996) 20(2):98–104.
doi: 10.1177/014860719602000298

25. Seino S, Shibasaki T. PKA-dependent and PKA-independent pathways for
cAMP-regulated exocytosis. Physiol Rev (2005) 85(4):1303–42. doi: 10.1152/
physrev.00001.2005
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