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Abstract

The tight junction (TJ) and barrier function of colonic epithelium is highly sensitive to ionizing
radiation. We evaluated the effect of lysophosphatidic acid (LPA) and its analog, Radioprotein-1,
on y-radiation-induced colonic epithelial barrier dysfunction using Caco-2 and m-1C¢1> cell
monolayers /in vitro and mice /n vivo. Mice were subjected to either total body irradiation (TBI) or
partial body irradiation (PBI-BM5). Intestinal barrier function was assessed by analyzing
immunofluorescence localization of TJ proteins, mucosal inulin permeability, and plasma
lipopolysaccharide (LPS) levels. Oxidative stress was analyzed by measuring protein-thiol
oxidation and antioxidant mRNA. In Caco-2 and m-I1C¢1» cell monolayers, LPA attenuated
radiation-induced redistribution of TJ proteins, which was blocked by a Rho-kinase inhibitor. In
mice, TBI and PBI-BM5 disrupted colonic epithelial tight junction and adherens junction,
increased mucosal permeability, and elevated plasma LPS; TJ disruption by TBI was more severe
in Lpar2”~ mice compared to wild type mice. RP1, administered before or after irradiation,
alleviated TBI and PBI-BM5-induced TJ disruption, barrier dysfunction, and endotoxemia
accompanied by protein thiol oxidation and downregulation of antioxidant gene expression, cofilin
activation, and remodeling of the actin cytoskeleton. These data demonstrate that LPAR2 receptor
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activation prevents and mitigates y-irradiation-induced colonic mucosal barrier dysfunction and
endotoxemia.
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Introduction

Radiological accidents or malicious use of a nuclear device are ever-present global concerns.
Thus, the development of radiation countermeasures that mitigate acute radiation syndrome
(ARS) is a priority for every nation to protect first responders, the military, and civilians at
large. At this time, no FDA-approved radio-mitigator exists. The gastrointestinal (GI) tract
has been shown to be a highly vulnerable target of irradiation. Radiation-induced Gl
dysfunction is commonly referred to as GI-ARS. GI-ARS is characterized by rapid-onset
diarrhea during the early stage of radiation injury and endotoxemia, bacteremia, and
septicemia in the later stages. Endotoxemia and bacteremia are significant factors
contributing to multiple organ dysfunction in ARS. Colonic microbiota is the primary source
of endotoxins, which highlights the critical importance of colonic mucosal barrier
dysfunction in the pathogenesis of ARS.

The epithelial tight junction and mucosal barrier function prevent diffusion of toxins and
pathogens from the lumen into intestinal tissue (1-3). The tight junction, a multiprotein
complex that seals the epithelium’s intercellular space, is tightly regulated by cell signaling
networks (2, 4-9). Occludin, one of the transmembrane protein components of the tight
junction, interacts with a scaffold protein, ZO-1, which is an essential interaction for the
assembly and maintenance of tight junction. The adherens junction, located beneath the tight
junction, is known to regulate the integrity of tight junction indirectly (10). The tight
junction and adherens junction integrated into the underlying actin cytoskeleton define the
apical junctional complex (AJC) of the epithelium. Our recent study indicated that the tight
junction and adherens junction of the mouse colon are highly sensitive to radiation (11).
These junctions are disrupted as early as two hours post-irradiation, with sustained damage
lasting for at least five days. These findings emphasize the importance of early disruption of
colonic epithelial tight junction and barrier dysfunction resulting in endotoxemia,
bacteremia, and septicemia in GI-ARS, which we propose to designate as “Colonic
Radiation Sub-syndrome or CRS”. Understanding the cellular and molecular mechanisms of
CRS is crucially essential for the development of effective radio-mitigators and treatment
strategies.

Lysophosphatidic acid (LPA) is a growth factor-like lipid mediator that rescues cells from
genotoxic stress, including radiation-induced apoptosis and cellular injury in vitroand in
vivo administered post-irradiation (12). Exogenously delivered LPA is not suitable for use as
a therapeutic due to its short half-life in plasma (~9 min). However, stabilized analogs of
LPA such as Radioprotectin-1 (13, 14) have radioprotective (12, 15, 16) as well as radio-
mitigative (16, 17) efficacy in animal models of GI-ARS. The structure, synthesis, and
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biological effects have been described before (13, 14, 18). In vitro receptor add-back studies
and experiments conducted with £par2 knockout (Lpar2”") mice indicate that this receptor
subtype is necessary and sufficient to protect cells from radiation-induced apoptotic cell
death and tissue injury to the gut in mice (15, 19). Thus, improved non-lipid analogs specific
to the LPAZ2 receptor, such as RP1, could be suitable for colonic ARS treatment without
activation of the other LPA receptor subtypes.

In this study, we evaluated the protective and mitigating effects of RP1 on the radiation-
induced disruption of intestinal epithelial AJC, an increase in mucosal permeability, and
endotoxemia.

Materials and Methods

Cell culture

Caco-2ppen (ATCC, Rockville, MD) and m-1C¢)» (a kind gift from Dr. Alain Vandewalle,
INSERM U773, Paris, France) cells (20) were grown under standard cell culture conditions
as previously described (21). Experiments were conducted using cells grown in Transwell
inserts of varying diameters (6.5 or 12 mm) for 3—4 or 15-17 days. Caco-2 cells are of
human origin and develop tight junction and adherens junction when cultured on
polycarbonate membrane in transwell inserts. It has been extensively used as an in vitro
model of the intestinal epithelium. Unlike Caco-2 cells, the m-1C¢1, cells are non-
transformed cells of the intestinal crypts and have high expression of the LPAR2 receptors
that have a high affinity for RP-1.

Epithelial barrier function

Animals

Transepithelial permeability to macromolecules was evaluated by measuring the
unidirectional flux of FITC-inulin, as previously described (21).

All animal studies were performed under protocols approved by the University of Tennessee
Health Science Center (UTHSC) Institutional Animal Care and Use Committee (IACUC).
Four different studies were performed to answer specific questions. In the first study, 12-14
week-old adult wild type (WT) and LparZ”~ mice were subjected to total body irradiation
(TBI; 9.5 Gy). WT and LparZ”~ mice were randomized into Sham (sham-treated), and IR
(irradiated) groups. The integrity of colonic epithelial tight junction and adherens junction
was examined at 2 hours after TBI. In the second study, mice were subjected to TBI with or
without RP-1 administration (0.5 mg/kg, s.c., single dose 24 hours before irradiation,
pretreatment group). Control mice were subjected to similar conditions without radiation
(sham-treated). In the third study, mice were randomized into three groups: Sham (control),
IR (vehicle administered 24 hours post-irradiation), and IR+RP-1 (RP1 was administered at
24 hours post-irradiation). All animals were sacrificed at 48 hours post-irradiation. The
colonic epithelial tight junction, adherens junction, and endotoxemia were examined at 2 and
4 hours post-irradiation.
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In the fourth study, mice were subjected to partial body irradiation, in which 5% of the bone
marrow was shielded (PBI-BM5). The PBI-BM5 model is the standard model to study Gl
radiation injury and recovery. Radiation doses in excess of 6 Gy cause hematopoietic acute
radiation syndrome, whereas radiation doses in excess of 10 Gy lead to intestinal damage
(22-25). We chose the PBI-BM5 model where the bone marrow is shielded to the extent that
it allows for the eventual recovery of the hematopoietic system by supplying growth and
survival factors to the marrow cells, and even distant organs like the gut (26, 27). This part
of the study is relevant to intestinal injury caused by radiation therapy. Our previous studies
on LPA and its analogs, including the RP-1 class of compounds, have established that these
agents protect the intestinal mucosal cells from oxidative damage, rescue cells from
apoptotic cell death, and promote the recovery of Gl and hematopoietic stem cells (28).
These actions led to a significant decrease in lethality after doses as high as 16 Gy (12-15,
18, 29, 30). The experimental groups for this study consisted of Sham (control), IR
(vehicle), and IR+RP-1 (0.5 mg/kg daily, s.c.). Vehicle or RP1 was administered at 0, 24, or
48 hours after irradiation. At 28, 52, or 76 hours post-irradiation, the integrity of colonic
epithelial tight junction, adherens junction, and actin cytoskeleton were examined. At 28
hours post-irradiation, colons were collected and analyzed for oxidative stress and epithelial
junctional integrity.

Cells were irradiated with 2, 5, or 10 Gy +y-irradiation from a 137Cs source (using a J.L.
Shepherd & Assoc. Mark I, Model 25, San Fernando, CA, USA) at a dose rate of 440 cGy/
min. After irradiation, the culture medium was replaced with fresh complete culture
medium. For TBI, mice were subjected to 9.5 Gy radiation (at a dose rate of ~76 cGy/min.
For the PBI model, mice were anesthetized with 87 mg/kg ketamine and 13 mg/kg xylazine
(i.p.) and placed in a plexiglass restrainer so that legs were shielded below the knee. The
shielding protected tibiae, fibulae, and the paws from radiation that contained ~5% of the
bone marrow. Mice placed into the isodose field of the irradiator were irradiated in groups of
eight. In this model, 15.7 Gy delivered at a dose rate of 147 cGy/min yielded empirical
~LDgs/19 mortality. Radiation field mapping and calibration by ion chamber dosimetry were
done by the manufacturer. Also, routine validation and quality control measurements of
exposure rates and exposure rate mapping in the chamber at positions of interest were
conducted by a certified health physicist using a calibrated RadCal 0.6 cc therapy grade ion
chamber/electrometer system. High-dose thermoluminescent dosimeters were used in most
irradiations to validate the actual dose delivered to the mice (calibrated by MD Anderson
Cancer Center Radiation Dosimetry Services). The isodose field was validated using
Gafchromic film for high-dose dosimetry (10-50 Gy, Ashland Inc., Covington, KY). At the
end of the experiment, gut permeability was measured as described below.

Gut permeability in vivo

Mucosal barrier dysfunction /in vivo was evaluated by measuring gut permeability to FITC-
inulin (6 kDa). On the last day of the experiment, mice were injected with FITC-inulin (6
kDa MW; 50 mg/ml solution; 2 pl/g body weight) via the tail vein. At one hour after
injection, blood samples were collected by cardiac puncture under isoflurane anesthesia.
Plasma was isolated using a heparin sulfate anticoagulant. Luminal contents from the colon
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and ileum were flushed with 0.9% saline. Fluorescence in plasma and luminal flushing was
measured using a fluorescence plate reader. Fluorescence values in luminal flushing were
normalized to fluorescence values in corresponding plasma samples and calculated as the
percent of the amount injected. Several types of molecules, such as inulin, mannitol,
fluorescein, and dextran have been used in the past as probes of intestinal epithelial
paracellular permeability. Most of these probes provide similar results. We chose inulin as
the paracellular permeability indicator as it has been historically used as the probe for
extracellular fluid and renal function tests.

Immunofluorescence microscopy

Caco-2 and m-1C¢15 cell monolayers were permeabilized with 0.2% Triton X-100, blocked,
and stained for different junctional proteins as described for a prior study (31). Fluorescence
was examined by using a Zeiss LSM 510/710 laser scanning confocal microscope. Cryo-
sections of the colon (10 pm thickness) were fixed in acetone and methanol mixture (1:1) at
20°C for two minutes and rehydrated in 14 mM phosphate-buffered saline (PBS). Sections
were permeabilized with 0.5% Triton X-100 in PBS for 15 minutes and blocked in 4% non-
fat milk in TBST (20 mM Tris, pH 7.2 and 150 mM NaCl). Tissue sections were first
incubated for one hour with primary antibodies (mouse monoclonal anti-occludin and rabbit
polyclonal anti-ZO-1 antibodies, or mouse monoclonal E-cadherin and rabbit polyclonal
anti-p-catenin antibodies). This was followed by incubation for one hour with the secondary
antibodies (AlexaFluor-488-conjugated anti-mouse 1gG and Cy3-conjugated anti-rabbit 1gG
antibodies from Molecular Probes, Eugene, OR) containing Hoechst 33342 dye. In all cases,
images from x-y (1 um) sections were collected using LSM Pascal or Zen software (White
Plains, NY, USA). Images from optical sections were stacked using ImageJ software (NIH,
Bethesda, MD, USA) and processed with Adobe Photoshop (Adobe Systems, San Jose, CA,
USA). We first selected the optimal conditions of laser strength, gain, and contrast for the
intestinal sections from the Sham group of mice. All other images within the experiment
were collected using the same optimal conditions. Images were processed in ImageJ and
Adobe Photoshop soft wares using identical conditions for all groups of images so that
quantitative comparisons were not compromised.

Preparation of the detergent-insoluble fraction

Actin-rich detergent-insoluble fraction was prepared as described previously (32). Mucosal
scrapping from the colon and ileum were incubated on ice for 15 minutes with lysis buffer-
CS (Tris buffer containing 1% Triton-X100, 2 pg/ml leupeptin, 10 pg/ml aprotinin, 10 pg/ml
bestatin, 10 ug/ml pepstatin-A, 10 pl/ml of protease inhibitor cocktail, 1 mM sodium
vanadate and 1 mM PMSF). Briefly, mucosal lysates were centrifuged at 15,600 x g for 4
min at 4°C to sediment the high-density actin-rich detergent-insoluble fraction. The pellet
was suspended in 100 ul of preheated lysis buffer-D (20 mM Tris buffer, pH 7.2, containing
10 pl/ml of protease inhibitor cocktail, 10 mM sodium fluoride, 1 mM sodium vanadate and
1 mM PMSF), sonicated to homogenize the actin cytoskeleton, and heated at 100°C for 10
min. Protein content was measured by the BCA method (Pierce Biotechnology, Rockford,
IL). Triton-insoluble and soluble fractions were mixed with an equal volume of 2X
concentrated Laemmli’s sample buffer, heated at 100°C for 5 min, and 25-40 pg protein
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samples were used for SDS-polyacrylamide gel electrophoresis followed by immunoblot
analysis.

Immunoblot analysis

Total protein extracts or the Triton-insoluble fractions of colonic mucosa were separated by
SDS-polyacrylamide gel electrophoresis (7%) and transferred to PVDF membranes as
described for a previous study (32). Membranes were immunoblotted for different proteins
using specific antibodies for different tight junction and adherens junction proteins with -
actin as the housekeeping protein in combination with HRP-conjugated anti-mouse 1gG or
anti-rabbit 1gG secondary antibodies. Blots were developed using the ECL
chemiluminescence reagent (Pierce, Rockford, IL) and quantitated by densitometry using
ImageJ software. The density of each band was normalized to the density of the
corresponding actin band.

Protein thiol assay

Protein thiols in colonic sections were monitored as described previously (31). Briefly,
reduced protein thiols were evaluated by staining cryosections of the colon with BODIPY
FL-N-(2-aminoethyl) maleimide (FLM) and confocal microscopy at excitation and emission
wavelengths (490 nm and 534 nm, respectively). For oxidized protein thiols, the reduced
protein thiol was first alkylated with N-ethylmaleimide followed by reduction of oxidized
protein thiols with tris (2-carboxyethyl) phosphine prior to staining with FLM. Control
staining was done after N-ethylmaleimide treatment. Fluorescence images were collected
and quantitated using ImageJ software.

RNA extraction and RT-qPCR

RNA was isolated from the colon by using the TRIzol kit (Invitrogen, Carlsbad, CA, USA)
and quantified using a NanoDrop photometer. Total RNA (1.5 pg) was used for the
generation of cDNA using the ThermoScript RT-PCR kit for first-strand synthesis
(Invitrogen). Quantitative PCR (QPCR) reactions were performed using cDNA mix (cCDNA
corresponding to 35 ng RNA) with 300 nmole primers in a final volume of 25 pl of 2x
concentrated RT2 Real-Time SYBR Green/ROX master mix (Qiagen, Germantown, MD,
USA) in an Applied Biosystems QuantStudio 6 Flex Real-Time PCR instrument (Norwalk,
CT, USA). The cycle parameters were: 50 °C for 2 min, one denaturation step at 95 °C for
10 min, and 40 cycles of denaturation at 95 °C for 10 s, followed by annealing and
elongation at 60 °C. The relative gene expression of each transcript was normalized to the
GAPDH gene transcripts using the AACt method. Sequences of primers used for qPCR are
provided in the Supplemental Information section (Table-1).

Plasma endotoxin assay

Plasma endotoxin concentrations were measured using Pierce LAL Chromogenic Endotoxin
Quantitation Kit (Thermo Scientific, Cat# 88282) according to the manufacturer’s
instructions.
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Statistical Analysis

Materials

Results

All data are expressed as Mean + SEM. The differences among multiple groups were first
analyzed by ANOVA (Prism 6.0, GraphPad, Inc. San Diego, CA, USA). When statistical
significance was detected, Tukey’s t-test was used to determine the significance between
multiple experimental groups and the corresponding control groups. Statistical significance
was established at 95% confidence.

Hoechst 33342 dye and BODIPY FL-A~(2-aminoethyl) maleimide were purchased from
Life Technologies (Grand Island, NY, USA). N-ethylmaleimide and tris (2-carboxyethyl)
phosphine were from Sigma-Aldrich (St Louis, MO, USA). All other chemicals were
purchased from either Sigma-Aldrich or Thermo Fisher Scientific (Tustin, CA, USA). Anti-
Z0-1, anti-occludin, anti-claudin-5 (CLDN-5), and anti-claudin-3 (CLDN-3) antibodies
were purchased from Invitrogen (Carlshad, CA, USA). Anti-E-Cadherin and anti-B-catenin
antibodies were purchased from BD Biosciences (Billerica, MA, USA). Horseradish
peroxidase-conjugated anti-mouse 1gG, anti-rabbit 1gG, and anti-p-actin antibodies were
obtained from Sigma-Aldrich (St Louis, MO, USA). AlexaFlour-488-conjugated anti-mouse
IgG and Cy3-conjugated anti-rabbit 1gG were purchased from Molecular Probes (Eugene,
OR, USA). The anti-nrf2 antibody was purchased from Abcam (Cambridge, MA, USA).
The anti-cofilinps3 antibody was purchased from Cell Signaling Technology (Danvers, MA,
USA).

LPA attenuates radiation-induced disruption of tight junctions and prevents barrier
dysfunction in the intestinal epithelium

Caco-2 (Fig. 1, A-D) and m-IC¢12 (Fig. 1, E) cell monolayers were incubated with LPA (10
uM) for 30 min before irradiation at varying doses, and tight junction integrity was
examined by confocal microscopy for occludin and ZO-1. In control groups, Caco-2 cell
monolayers, occludin, and ZO-1 were co-localized at the intercellular junctions, indicating
the presence of intact tight junctions (Fig. 1A). Irradiation induced a dose-dependent
redistribution of tight junction proteins, whereas pretreatment of the epithelium with LPA
attenuated radiation-induced redistribution of tight junction proteins at both 5 Gy and 10 Gy
doses. Densitometric analysis of ZO-1 fluorescence at the intercellular junctions indicated a
significant reduction in junctional localization of ZO-1 post-irradiation. LPA-treated samples
showed attenuation of radiation-induced ZO-1 redistribution (Fig. 1B). Tight junction
protein complexes are anchored to the actin cytoskeleton. The disruption of the actin
cytoskeleton is known to disrupt tight junction (33). Cofilin is an actin-severing protein that
plays an essential role in the disruption of the actin cytoskeleton. Fluorescence staining for
F-actin and cofilinPS3 (the inactive form) showed that radiation causes disruption of F-actin
filaments and reduces levels of cofilinPS3, Pretreatment with LPA blocked radiation-induced
reduction of inactive cofilin and disruption of F-actin filaments (Fig. 1C). Rho-GTPase is
known to be involved in the activation of cofilin and the promotion of actin cytoskeletal
organization (34, 35). The data showed that toxin-B, an inhibitor of Rho-GTPase, blocked
LPA-mediated prevention of radiation effects on cofilin and F-actin organization (Fig. 1D).

FASEB J. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shukla et al. Page 8

To confirm the effects of radiation on the tight junction, we examined the effects of radiation
and LPA in I-mC¢12 cell monolayers, a non-transformed mouse intestinal epithelial cell line
with rich in LPA2 receptors (20). Data showed that radiation induces a dose-dependent
redistribution of ZO-1 from the intercellular junctions, which was blocked by LPA treatment
(Fig. 1E).

Effect of LPAR2 deficiency on the radiation-induced disruption of tight junction and
adherens junction in the mouse colon in vivo

The LPAR2 receptor plays a crucial role in many intestinal mucosal protective functions of
LPA, including inhibition of cholera toxin-induced diarrhea (36), intestinal ion transport
(37-39), and prevention of radiation-induced intestinal mucosal atrophy and stem cell
ablation (28). In this study, we examined the effect of LPAR2 deficiency on the severity of
radiation-induced disruption of colonic epithelial tight junctions /n vivo at 2 hours after
irradiation. Our previous study showed that radiation disrupts colonic epithelial tight
junction as early as 2 hours post-irradiation and that the damage is sustained for at least 24
hours (11). In addition to disruption of tight junction, the apoptotic cell death may contribute
to barrier dysfunction. However, radiation-induced apoptosis develops after 6-8 hours of
radiation exposure (24, 25). Because the focus of this study was on tight junction disruption,
we chose a 2-hour post-irradiation time interval for these analyses. Immunofluorescence
confocal images show that redistribution of occludin and ZO-1 from the epithelial junctions
was more severe in Lpar2”~ mice compared to that present in wildtype mouse colons (Fig.
2A). Similarly, radiation-induced redistribution of adherens junction proteins, E-cadherin,
and B-catenin from the epithelial junctions was more severe in the colon of £par2~~ mice
compared to that of wildtype mice (Fig. 2B).

RP1 blocks radiation-induced disruption of apical junctional complexes, barrier
dysfunction, and endotoxemia

RP1, a stable non-lipid LPAR2-specific agonist (13), protects the intestinal mucosa from
diarrhea and mucosal atrophy caused by various types of insults (14, 28, 39). In the current
study, we evaluated the effect of RP1 on the radiation-induced disruption of intestinal
epithelial tight junctions and adherens junctions, an increase in mucosal permeability, and
endotoxemia. We analyzed barrier dysfunction at 2 and 4 hours post-irradiation to focus on
barrier dysfunction that was due to tight junction disruption rather than apoptosis.
Prophylactic administration of RP1 (0.5 mg/kg; s.c.) at 24 hours pre-irradiation blocked the
radiation-induced loss of junctional distribution of occludin and ZO-1 when examined at 2
hours post-irradiation (Fig. 3A). Similarly, RP1 administration blocked radiation-induced
redistribution of E-cadherin and p-catenin from the epithelial junctions (Fig. 3B).
Densitometric analysis of ZO-1 (Fig. 3C) and E-cadherin (Fig. 3D) fluorescence at the
junctions indicated that RP1 completely attenuated the radiation-induced redistribution of
these proteins from the junctions. Immunoblot analysis (Fig. 3E) of total protein extracts
from the colonic mucosa showed that irradiation significantly reduced the levels of occludin
(Fig. 3F), claudin-3 (Fig. 3G), and p-catenin (Fig. 3H); this effect of radiation was blocked
by RP1. Mucosal permeability in the colon and ileum /n vivo was measured at 2 hours and 4
hours after irradiation. RP1 significantly reduced radiation-induced mucosal permeability in
the colon (Fig. 31). RP1 showed no significant effect on inulin permeability in the ileum at
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these time points (Fig. 3J). Prevention of radiation-induced colonic mucosal permeability by
RP1 at 4 hours post-irradiation was associated with a significant (p = 0.04) reduction of the
radiation-induced increase in plasma LPS levels (Fig. 3K).

RP1 mitigates radiation-induced disruption of apical junctional complexes, barrier
dysfunction, and endotoxemia

This study was performed to determine whether RP1 administered 24 hours after irradiation
is effective in reversing radiation damage. The United States Government is actively seeking
radio-mitigators that are effective when administered 24 hours after irradiation (40).
Therefore, in this study, we administered RP1 at 24 hours after irradiation (0.5 mg/kg; s.c.)
and examined the barrier function at 24 hours after RP1 treatment to determine the
reversibility of radiation damage. Post-irradiation treatment with RP1 reversed the radiation-
induced loss of junctional occludin and ZO-1 when examined at 24 hours after RP1
treatment (Fig. 4A). Similarly, RP1 reversed radiation-induced redistribution of E-cadherin
and p-catenin from the epithelial junctions (Fig. 4B). Radiation also induced redistribution
of claudin-3, another transmembrane protein of tight junction in mouse colons (Fig. 4C).
Post-irradiation treatment with RP1 reversed this effect of radiation on the colonic epithelial
distribution of claudin-3. Densitometric analysis of ZO-1 (Fig. 4D), p-catenin (Fig. 4E), and
claudin-3 (Fig. 4F) at the junctions confirmed that RP1 completely attenuated radiation-
induced redistribution of these proteins from the junctions. Mucosal permeability in colon
and ileum /n vivo was measured at 24 and 48 hours RP1 treatment. RP1 significantly
alleviated radiation-induced mucosal permeability in the colon (Fig. 4G) and ileum (4H).
Restoration of radiation-induced loss of intestinal mucosal permeability by RP1 was
associated with a significant (p = 0.015 at 24 hours & 0.0001 at 48 hours) reduction in
radiation-induced elevation of plasma LPS (Fig. 41).

RP1 mitigates radiation-induced suppression of antioxidant gene expression

Our previous study demonstrated that radiation induces oxidative stress, and the antioxidant
N-acetyl-L-cysteine protects and mitigates radiation-induced disruption of tight junctions
and barrier dysfunction in mouse colons (11). In this study, we evaluated the effect of RP1
on radiation-induced effects on antioxidant gene expression to determine the reversibility of
oxidative stress by RP1. RP1 (0.5 mg/kg daily; s.c.) administered at 24 hours post-
irradiation reversed the radiation-induced reduction of mMRNA for GpxI (Fig. 5A), SOD1
(Fig. 5B), and Prax1 (Fig. 5C). However, RP1 failed to reverse radiation-induced reduction
of CAT (catalase) mMRNA (Fig. 5D). The mRNA levels for Nrf2, the transcription factor
involved in antioxidant gene expression, were reduced by radiation; this effect of radiation
was partially reversed by RP1 treatment (Fig. 5E).

Effects of RP1 on the tight junction and adherens junction integrity in the PBI-BM5 model

We evaluated the impact of PBI-BM5 on the intestinal epithelial tight junction integrity and
its prevention by RP1 treatment. Unlike the rapid effect of TBI, PBI effects on tight junction
disruption were slower. Therefore, the analyses were performed at 28-76 hours post-
irradiation. Immunofluorescence confocal microscopy showed that PBI-BM5 induced a
redistribution of occludin and ZO-1 from the colonic epithelial junctions when examined at
52 hours post-irradiation, and RP1 (3 mg/kg daily; s.c.) treatment alleviated this effect (Fig.
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6A). Similarly, PBI induced redistribution of adherens junction proteins, E-cadherin, and p-
catenin from epithelial junctions, and RP1 alleviated this effect (Fig. 6B). Densitometric
analysis for ZO-1 fluorescence at the junctions indicated that PBI-BM5 did not affect tight
junction integrity at 28 hours post-irradiation but did induce a severe disruption of tight
junctions at 52 and 76 hours (Fig. 6C). RP1 treatment completely blocked PBI-induced
Z0-1 redistribution at both 52 and 76 hours post-irradiation. RP1 also prevented PBI-
induced reduction of junctional E-cadherin levels (Fig. 6D).

RP1 attenuates PBI-BM5-induced oxidative stress in colonic mucosa

Protein thiol oxidation was examined by fluorescence staining of reduced-protein thiols and
oxidized-protein thiols at 52 hours post-irradiation, the earliest time at which RP1 effects
were recorded. Fluorescence images (Fig. 7A) and densitometric analyses (Fig. 7B)
indicated that PBI-BM5 depleted the reduced-protein thiols with a corresponding increase in
oxidized-protein thiols and that RP1 treatment (3 mg/kg daily; s.c.; beginning 24 hours after
irradiation) reversed PBI-induced protein thiol oxidation. The expression of Arf2was
examined by immunofluorescence staining (Fig. 7C), immunoblot analysis (Fig. 7D), and
NrfZ-specific mMRNA measurement (Fig. 7E). All of these analyses indicated that PBI-BM5
significantly reduced Nrf2expression, while RP1 blocked this effect of radiation. PBI-BM5
significantly reduced SODI (Fig. 7F), Gpx1 (Fig. 7G), CAT (catalase) (Fig. 7H), 7rxZ (Fig.
71), and Pradx1 (Fig. 7J) mRNA levels, while RP1 attenuated these effects of PBI-BMS5.

RP1 attenuates PBI-BM5-induced F-actin remodeling and its association of apical
junctional complexes

The association of tight junction and adherens junction proteins with the actin cytoskeleton
was assessed by Western blot analysis of the actin-rich, detergent-insoluble fraction for tight
junction and adherens junction proteins. The analyses were performed at 52 hours post-
irradiation, the earliest time when the RP1 effect was recorded. Densitometric analysis of
immunoblot bands (Fig. 8A) for E-cadherin (Fig. 8B), p-catenin (Fig. 8C), and Claudin-3
(Fig. 8D) indicated that PBI-BM5 significantly reduced the detergent-insoluble fraction of
these proteins, which was blocked by RP-1 treatment. Although the molecular weight of
occludin is around 60 kDa, it usually appears in multiple bands in Western blots due to
phosphorylation at multiple sites (6). PBI-BMS5 or RP1 did not significantly alter occludin
(Fig. 8E) and p-actin (Fig. 8F) levels. Immunofluorescence analysis of F-actin showed that
PBI-BMS5 reduced F-actin levels, and RP1 treatment attenuated this effect of radiation (Fig.
8G). Immunofluorescence staining (Fig. 8H) and immunoblot analysis (Fig. 81) indicated
that PBI-BMS5 reduced the levels of cofilinPS3 in the colonic mucosa, and RP1 blocked this
effect of radiation.

Discussion

A significant body of evidence indicates that LPA plays a crucial role in the growth and
differentiation of intestine as well as the protection of intestinal mucosa from a variety of
noxious conditions (36, 38, 39, 41, 42). The endogenous LPA and synthetic analogs such as
RP-1 protect the gut from the genotoxic stress-triggered sequelae of pathophysiological
events that underlie the acute gastrointestinal radiation syndrome (30). However, the role of
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LPA in the protection of the colonic mucosal barrier function is poorly understood. In this
new study, we present the evidence that LPAR2 receptor activation is radioprotective in the
colon by demonstrating that the LPAR2 receptor agonists, LPA and RP1) protect the
intestinal epithelium against radiation-induced disruption of apical junctional complexes and
prevents or alleviates barrier dysfunction.

In vitro studies in transformed Caco-2 and non-transformed m-1C¢12 epithelial monolayers
showed that radiation induces a rapid disruption of intestinal epithelial tight junctions in a
dose-dependent manner. In a previous study, we have reported that radiation causes
disruption of mouse colonic epithelial tight junctions /n vivo as early as 2 hours post-
irradiation (11). The present /n vitro data demonstrate that radiation directly affects the
intestinal epithelium without the systemic influences. The primary cause of radiation-
induced cell injury is due to the generation of free radicals and oxidative stress (43). In the
later stages, radiation-induced DNA damage may affect gene expression and contribute to
long-term tissue damage (44). In the current study, tight junction disruption at two hours
post-irradiation was likely caused by oxidative stress. Our previous study demonstrated that
radiation-induced tight junction disruption in the colon could be blocked and restored by the
antioxidant N-acetyl cysteine (11).

The protective effect of LPAR2 in irradiated Caco-2 and m-1C¢15 cell monolayers indicates
that LPA directly interacts with epithelial cells to attenuate radiation-induced tight junction
disruption. Irradiation of Caco-2 cell monolayers was associated with a reduction in levels of
the inactive form of cofilin®S3. This decrease in cofilinPS3 levels without a change in total
cofilin indicates that radiation causes cofilin activation. Disruption of the actin cytoskeleton
was previously shown to disrupt tight junctions, a common mechanism involved in tight
junction disruption mediated by various injurious factors (45). Therefore, activation of
cofilin, an actin severing protein, is likely involved in radiation-induced tight junction
disruption and disruption of the actin cytoskeleton. Cofilin is known to be inactivated by
LIM kinase-mediated phosphorylation on S3 residue (46), and LPA activates the Rho-
ROCK-LIM kinase pathway (47). Abrogation of LPA-mediated protection of tight junctions
by the Rho-GTPase inhibitor Toxin-B suggests that LPA likely promotes cofilin
phosphorylation by the Rho-Rock-LI1M kinase pathway.

Previous studies have indicated that the intestinal mucosal protective effects of LPA are
mediated by activation of the LPAR2 receptor (12, 15, 16, 19, 28, 36, 39, 48-50). Data from
the present study show that radiation-induced disruption of tight junction and adherens
junction is more severe in LPAR2 deficient-mice compared to wildtype mice, suggesting
that LPAR?2 activity exerts a protective effect on intestinal epithelial tight junctions and
adherens junctions /n vivo. The LPAR2 receptor’s role in the protection of tight junction was
further determined by evaluating the impact of an LPAR2-selective agonist, RP1 (13), on the
radiation-induced disruption of intestinal epithelial junctions. The prevention of radiation-
induced redistribution of tight junction and adherens junction proteins from the intercellular
junctions by RP1-pretreatment indicates that RP1 and LPAR2 receptor activation blocks
radiation-induced disruption of AJC in the mouse colon. Radiation-induced disruption of the
tight junction was associated with an increase in mucosal permeability to inulin, indicating
radiation-induced barrier disruption in the mouse colon /n vivo.
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Furthermore, barrier dysfunction was associated with an increase in plasma LPS in
irradiated mice, which demonstrated radiation-induced endotoxemia. Prophylactic
administration of RP1 blocked radiation-induced colonic mucosal permeability and
endotoxemia. Therefore, data from this part of the study indicates that LPAR2 activation via
prophylactic RP1-treatment prevents radiation-induced disruption of intestinal epithelial
AJC, mucosal barrier dysfunction, and endotoxemia. Our previous study indicated that TBI
disrupts colonic epithelial tight junction and causes barrier dysfunction as early as 2 hours
post-irradiation and that this damage is sustained for at least 24 hours (11). Radiation-
induced apoptosis in the intestine takes 6-8 hours (24, 25), and therefore the barrier
dysfunction recorded in the first part of the current study was exclusively caused by tight
junction disruption.

To determine whether RP1 can mitigate radiation-induced intestinal barrier dysfunction, we
evaluated the effect of RP1 when administered at 24 hours post-irradiation in mice in vivo.
The results of this study showed that RP1 completely reverses radiation-induced
redistribution of occludin, ZO-1, claudin-3, E-cadherin and B-catenin, indicating the
reversibility of radiation-induced disruption of tight junctions and adherens junctions, and
the presence of functioning LPAR2 in the irradiated enterocytes. RP1 also reversed the
radiation-induced increase in ileal and colonic mucosal permeability to inulin and
endotoxemia. The permeability changes in these tissues are likely due to tight junction
disruption. However, we cannot rule out the contribution by apoptosis of epithelial cells, as
the permeability analyses were performed at 48 hours post-irradiation. Additionally, a
previous study indicated that pathologic removal of epithelial cells by apoptosis does not
result in loss of intestinal barrier function (51). This result demonstrates that the LPAR2 is a
useful target for the treatment of radiation injury to the gut and that RP1 is effective in
alleviating radiation-induced intestinal damage.

Our previous study indicated that radiation caused oxidative stress in the colonic mucosa and
that N-acetylcysteine, the antioxidant, effectively blocked radiation-induced disruption of
colonic epithelial tight junctions and barrier dysfunction (11). In the present study, we
examined the effect of RP1 on radiation-induced oxidative stress by measuring levels of
mRNA for antioxidant genes in the colonic mucosa. A significant reduction in mRNA for
Gpx1, SODI, Prdx1, CAT (catalase), and Nrf2indicated that radiation suppressed
antioxidant gene expression in colonic mucosa. Data also showed that RP1 completely
reversed radiation-induced suppression of Gpx1, SODI, and Pradx1 expression, and partially
reversed the effect of radiation on Nrf2expression; RP1 showed no significant impact on
catalase expression. Therefore, RP1-mediated activation of the LPAR2 receptor provided
substantial protection against oxidative damage by irradiation.

All of the studies described above applied the TBI model to evaluate the effects of RP1. To
mimic the GI-ARS conditions, we assessed the impact of RP1 in the PBI-BM5 model in
which the shielded bone marrow expands and allows for the survival of the animal proviso
protection of the gut mucosa. At 28 hours post-irradiation, the junctional distribution of tight
junction and adherens junction proteins were unaffected, indicating that PBI-BM5 did not
affect intestinal tight junctions and adherens junctions until 28 hours post-irradiation. This
PBI effect is in contrast to TBI effects, which disrupted tight junctions within 2 hours post-
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irradiation. However, by 52 hours post-irradiation, PBI-BM5 caused a severe loss in the
junctional distribution of occludin, ZO-1, E-cadherin, and B-catenin that was sustained for at
least 76 hours. RP1 (3 mg/kg daily, s.c.) treatment beginning 24 hours post-irradiation
completely alleviated PBI-induced disruption of tight junctions and adherens junctions at 52
and 76 hours post-irradiation. These data demonstrate that LPAR2 receptor activation via
RP1 administered 24 hours post-irradiation can alleviate PBI-induced damage to the
intestinal epithelial junctions. Conventionally, PBI-BM5 is characterized by higher dose (>5
Gy) radiation exposure and sparing of 2.5-5.0% of bone marrow; this is considered the ideal
model for GI-ARS. TBI, characterized by the ablation of 100% of bone marrow, is regarded
as hematopoietic acute radiation syndrome (H-ARS). Interestingly, in the present study, we
showed that PBI-BM5 does not affect colonic epithelial tight junction for at least 28 hours
post-irradiation; tight junction disruption was observed at 52 hours and sustained for at least
100 hours post-irradiation. This is distinctly different from the effect of TBI. TBI caused
tight junction disruption in less than 2 hours post-irradiation. This observation suggests that
5% of bone marrow and bone marrow-derived factors may have delayed the damage to
colonic tight junction disruption and mucosal barrier dysfunction. A new avenue of studies
is necessary to understand the protective role of bone marrow in the intestinal epithelium.

Dramatic reduction in levels of reduced-protein thiols accompanied by elevation of
oxidized-protein thiols in the colon indicates that PBI-BM5 induces oxidative stress in
colonic mucosa. Here we demonstrated for the first time that RP1-treatment significantly
attenuated PBI-BM5-induced oxidative stress. PBI-BM5-induced oxidative stress was
associated with modulation of Arrf2and antioxidant gene expression. NRF2 is a transcription
factor critical for the expression of antioxidant genes (52, 53). Immunofluorescence
imaging, immunoblot analysis, and AVrf2 mMRNA measurement by RT-gPCR indicated that
PBI-BM5 caused a significant reduction of Airf2expression, which was prevented by RP1 at
24 hours post-irradiation. PBI-BM5-mediated decreases in the levels of GpxI, SODI, Prdx1,
Trx1, and CAT mRNA and its prevention by RP1 indicate that PBI suppresses antioxidant
gene expression and that RP1 alleviates this effect. Therefore, induction of oxidative stress is
likely one of the mechanisms involved in PBI-BM5-induced intestinal barrier dysfunction.
This effect underlines the antioxidant action of RP1-mediated activation of LPAR2 receptors
in the mechanism of its protective effects.

To determine whether disruption of the actin cytoskeleton and loss of its interaction with
tight junction and adherens junction are involved in the mechanism of PBI-BM5-induced
disruption of the apical junctional complex, we measured levels of detergent-insoluble
fractions of tight junction and adherens junction. The detergent-insoluble fraction
predominantly consists of the actin cytoskeleton. In the intact epithelium and non-disrupted
tight junctions, the junctional proteins are bound to the actin cytoskeleton; therefore, they
are recovered in the actin-rich detergent-insoluble fractions (7). Disruption of the actin
cytoskeleton leads to disruption of tight junctions and loss of detergent-insoluble fractions of
tight junction proteins (45). The present study showed that PBI-BMS5 significantly reduced
the detergent-insoluble fractions of claudin-3, E-cadherin, and B-catenin, which was blocked
by RP1-treatment. Data indicated that y-irradiation disrupts the association between the
actin cytoskeleton and the junctional proteins. Furthermore, it suggests that preservation of
the actin cytoskeletal integrity may be involved in the mechanism of RP1-mediated
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protection of AJC in irradiated mice. The results of this study also show that -y-irradiation
decreases F-actin levels, likely through activating cofilin in the colonic mucosa, and that
RP1 treatment blocks this effect via LPAR2 receptor-mediated activation of the Rho-Rock-
LIM kinase pathway. A working model for the potential mechanisms involved in radiation-
induced tight junction disruption in colonic epithelium and its prevention by LPA agonists is
presented in Figure 9.

In summary, this study demonstrated that -y-irradiation disrupts AJC in the colonic
epithelium, induces mucosal barrier dysfunction, and causes endotoxemia, likely by
inducing oxidative stress and disrupting the actin cytoskeleton. Furthermore, our data
demonstrate that activation of the LPAR2 receptor prevents and mitigates radiation-induced
intestinal barrier dysfunction and endotoxemia. Therefore, by protecting the AJCin the
colonic mucosa, LPAR2 agonists like RP1 could have therapeutic benefits in treating
diseases associated with disruption of the intestinal barrier.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AJC Apical junctional complex

Al Adherens junction

ARS Acute radiation syndrome

Cldn Claudin

FITC Fluorescein isothiocyanate

Gl Gastrointestinal

GI-ARS Gastrointestinal-Acute Radiation Syndrome
HRP Horseradish peroxidase

LPA Lysophosphatidic acid

LPS Lipopolysaccharide

L par2/LPAR2 Lysophosphatidic acid receptor 2
PBI-BM5 Partial body irradiation with 5% bone marrow shielded
RP-1 Radioprotectin-1
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Figure 1: LPA attenuatesradiation-induced disruption of tight junctionsin theintestinal

epithelial monolayers.
Caco-2 and m-1C¢15 cell monolayers on Transwell inserts were irradiated (2-15 Gy) with or

without LPA (10 pM) administered 30 min prior to irradiation. One hour after irradiation,
tight junction integrity was examined. A & B: Caco-2 cell monolayers exposed to radiation
with or without LPA were fixed and stained for occludin (green) and ZO-1 (red). Confocal
images (A) and fluorescence density at the junctions (B) are presented. Values are Mean +
SEM (n = 4). The corresponding p-values (above bars) indicate significant differences
between groups. NS indicates that the p-value is greater than 0.05. C: Caco-2 cell
monolayers exposed to radiation (10 Gy) with or without LPA were stained for F-actin
(green) and cofilinPS3 (red). D: Caco-2 cell monolayers were pretreated with toxin-B (TB)
30 min before LPA treatment. Monolayers were irradiated (10 Gy) 30 min after LPA
treatment and stained for occludin (green), ZO-1 (red), and nucleus (blue). E: Confocal
images for ZO-1 in m-IC¢1> cell monolayers that were treated with LPA or vehicle before
irradiation.
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Figure 2: Effect of LPA2 receptor deficiency on theradiation-induced disruption of tight
junction and adherensjunction.
Wild type (WT) and LPA2 receptor knockout (Lpar2~~) mice were subjected to TBI (9.5

Gy). Two hours after irradiation, colonic sections were stained for tight junction and
adherens junction proteins. A: Merged fluorescence images for occludin (green), ZO-1 (red),
and nucleus (blue). B: Fluorescence images for E-Cadherin (green), p-Catenin (red), and
nucleus (blue). Representative images from 4 mice per each irradiated group and 2 mice for
control groups are presented.
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Figure 3: RP1 blocks TBI-induced disruption of tight junction and adherensjunction, barrier
dysfunction, and endotoxemia.

A-D: Wild type mice were injected with RP1 (0.5 mg/kg) or vehicle (\Veh) 30 min prior to
TBI (9.5 Gy) (IR and IR+RP1); the control group was sham-treated. At 2 hours post-
irradiation, colonic sections were co-stained for occludin, ZO-1, and nucleus (A) or E-
cadherin, p-catenin, and nucleus (B). Confocal images were captured, and fluorescence
densities at the junctions were measured. Fluorescence densities for ZO-1 (C) and E-
cadherin (D) are presented. Values are Mean + SEM (n = 4; each value is an average of
fluorescence values from 10 regions within the individual colonic section). E-H: At 4 hours
post-irradiation, colonic mucosal extracts were immunoblotted (E), and the band densities
for occludin (OCLN; F), claudin-3 (CLDN; G), and p-catenin (H). Values are Mean = SEM
(n=4).1-K: At 2 and 4 hours post-irradiation, mucosal permeability /n vivoin the colon (E)
and ileum (F) and the plasma LPS levels (G) were measured. Values are Mean £ SEM (n =
4). In all graphs, the numbers above the bars are p-values for significant differences between
groups indicated by the horizontal bars. “NS” indicates no significant difference between
groups with the p-values greater than 0.05. The experiment was repeated with similar
results.
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Figure 4: RP1 mitigates TBI-induced disruption of AJC, mucosal barrier dysfunction, and
endotoxemia.

Adult wild type mice were subjected to TBI (9.5 Gy). At 24 hours after irradiation, mice
were injected with RP1 (0.5 mg/kg daily) or vehicle (Veh); the control group was sham-
treated. At 24 and 48 hours after RP1 treatment, junctional integrity (A-F), gut permeability
in vivo (G & H), and endotoxemia (I) were evaluated. Sections of the colon were co-stained
for occludin, ZO-1, and nucleus (A), E-cadherin, p-catenin, and nucleus (B) or claudin-3,
Claudin-2, and nucleus (C). Confocal fluorescence images were captured, and fluorescence
densities at the junctions were measured. Fluorescence densities for ZO-1 (D) and p-catenin
(E) and Claudin-3 (F) are presented. Mucosal permeability /n vivoin the colon (G) and
ileum (H) and plasma LPS levels (1) were measured. Values are Mean + SEM (n = 4). The
corresponding p-values (above bars) indicate significant differences between groups. NS
indicates that the p-value is greater than 0.05. The experiment was repeated with similar
results. Similar results were also produced in a similar experiment analyzed at seven days
post-irradiation.
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Figure 5: RP1 alleviates TBI-induced downregulation of antioxidant gene expression.
Wild type (WT) mice were subjected to TBI (9.5 Gy). At 24 hours after irradiation, mice

were injected with RP1 (0.5 mg/kg daily) or vehicle (Veh); the control group was sham-
treated. At 24 hours after RP1 treatment, RNA extracted from colonic mucosa was analyzed
for mRNA for GpxI (A), SOD1 (B), CAT (C), PraxI (D), and Nrf2 (E) by RT-qPCR. Values
are Mean £ SEM (n = 4). The corresponding p-values (above bars) indicate significant
differences between groups. NS indicates that the p-value is greater than 0.05.
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Figure 6: RP1 blocks PBI-induced disruption of AJC, barrier dysfunction, and endotoxemia.
Adult wild type mice were injected with RP1 (3 mg/kg) or vehicle (Veh) daily starting one

day after partial body irradiation (PBI; 15.6 Gy); the control group was sham-treated. At
varying times after irradiation, colonic sections were co-stained for occludin, ZO-1, and
nucleus (A) or E-cadherin, p-catenin, and nucleus (B). Confocal fluorescence images were
captured, and the fluorescence densities of ZO-1 (C) and E-cadherin (D) at the junctions
were measured. Values are Mean + SEM (n = 4). The corresponding p-values (above bars)
indicate significant differences between groups. NS indicates that the p-value is greater than
0.05. Similar results were produced in a similar experiment when examined at 72 and 96
hours post-irradiation.
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Figure 7: RP1 mitigates PBI-induced oxidative stress.
Adult mice were injected with RP1 (3 mg/kg) or vehicle (\eh) daily starting one day after

partial body irradiation (PBI-BM5; 15.6 Gy); the control group was sham-treated. At 48
hours after irradiation (or 24 hours after RP1), colonic sections were stained for reduced-
protein thiols, oxidized-protein thiols, and NRF2. Antioxidant gene expression was analyzed
by RT-qPCR. A & B: Confocal images for protein thiols were captured (A), and the
fluorescence densities were measured (B). C & D: Colonic sections were co-stained for F-
actin (green), NRF2 (red) and nucleus (blue) (C). The protein extracts were immunoblotted
for NRF2, and the band densities were measured. E-J: RNA isolated from colonic mucosa
was analyzed for mRNA for Nrf2 (E), SOD1 (F), Gpx1 (G), CAT (H), TrxZ (1), and Pradx1
(J) by RT-gPCR. Values are Mean £ SEM (n = 4). The corresponding p-values (above bars)
indicate significant differences between groups. NS indicates that the p-value is greater than
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0.05. Similar results were produced in a similar experiment when examined at 72 and 96
hours post-irradiation.
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Figure 8: RP1 mitigates PBI-induced F-actin remodeling and its association with apical
junctional proteins.
Adult mice were injected with RP1 (3 mg/kg) or vehicle (\eh) daily starting one day after

partial body irradiation (PBI-BM5; 15.6 Gy); the control group was sham-treated. A-E: At
48 hours after irradiation (or 24 hours after RP1), detergent-insoluble fractions of colonic
mucosa were immunoblotted for tight junction and adherens junction proteins as well as
NRF2 and p-actin (A). Band densities for E-cadherin (B), B-catenin (C), CLDN-3 (D), ZO-1
(E), and B-actin (F) were measured. G: Cryosections of the colon were fixed and stained for
F-actin (red) and nucleus (blue). H & 1: Colonic sections were co-stained for cofilinPS3
(red), F-actin (green) and nucleus (blue) (H). Mucosal extracts were immunoblotted for
cofilinPS3 and B-actin (1). Band densities were measured, and the cofilin®S3 band densities
presented by values normalized to corresponding actin band densities (1I). In all graphs,
values are Mean + SEM (n = 3). The corresponding p-values (above bars) indicate
significant differences between groups. NS indicates that the p-value is greater than 0.05.
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Figure 9: Schematic outlining working model of the potential mechanisms associated with
radiation-induced gut barrier dysfunction and its prevention by L PAR2 agonists.

Radiation induces oxidative stress by the production of reactive oxygen species (ROS) and
down-regulation of antioxidant gene expression. Oxidative stress disrupts tight junctions by
either signaling a cascade that targets tight junction directly or induces remodeling of the
actin cytoskeleton via cofilin activation that leads to tight junction disruption. LPA and
analogs that activate the LPAR2 receptor prevent and mitigate radiation-induced tight
junction disruption, barrier dysfunction, and endotoxemia by blocking radiation-induced
oxidative stress.
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