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Background: Radiotherapy or accidental exposure to ionizing radiation causes severe damage of healthy
intestinal tissues. Intestinal barrier function is highly sensitive to ionizing radiation, and loss of epithelial
integrity results in mucosal inflammation, bacterial translocation, and endotoxemia. Few studies have of epi-
thelial integrity as a therapeutic target to treat radiation toxicity. Here, we examined the effects of prava-
statin (PS) and the molecular mechanisms underlying epithelial integrity on radiation-induced enteropathy.
Methods: The radio-mitigative effects of PS were evaluated in a minipig model by quantifying clinical symp-
toms, and performing histological and serological analyses and mRNA sequencing in intestinal tissues. To
evaluate the role of intercellular junctions on radiation damage, we used tight junction regulator and metal-
lothionein 2 (MT2) as treatments in a mouse model of radiation-induced enteropathy. Caco-2 monolayers
were used to examine functional epithelial integrityand intercellular junction expression.
Finding: Using a minipig model of pharmaceutical oral bioavailability, we found that PS mitigated acute radia-
tion-induced enteropathy. PS-treated irradiated minipigs had mild clinical symptoms, lower intestinal
inflammation and endotoxin levels, and improved gastrointestinal integrity, compared with control group
animals. The results of mRNA sequencing analysis indicated that PS treatment markedly influenced intercel-
lular junctions by inhibiting p38 MAPK signaling in the irradiated intestinal epithelium. The PS-regulated
gene MT2 improved the epithelial barrier via enhancement of intercellular junctions in radiation-induced
enteropathy.
Interpretation: PS regulated epithelial integrity by modulating MT2 in radiation-damaged epithelial cells.
These findings suggested that maintenance of epithelial integrity is a novel therapeutic target for treatment
of radiation-induced gastrointestinal damage.
Funding: As stated in the Acknowledgments
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1. Introduction

The epithelial barrier is the first line of defense in the gastrointes-
tinal (GI) tract to prevent excessive exposure of mucosal tissue to
microbial antigens and external pathogens. Epithelial barrier
dysfunction leads to mucosal inflammation with inflammatory cell
recruitment, bacterial translocation, and endotoxemia [1]. Intercellu-
lar junctions of epithelial cells include adherens junctions (AJs), tight
junctions (TJs), and desmosomes. These critical components of the
epithelial barrier maintain intestinal homeostasis by regulating para-
cellular permeability and epithelial integrity [2]. Uncontrolled intesti-
nal permeability can increase susceptibility to develop external
stimuli-associated intestinal inflammation [3]. Clinical evidence also
suggests that increased intestinal barrier dysfunction is a risk factor for
GI disease because disturbance of epithelial integrity is typically present
before inflammatory bowel disease (IBD) onset in human subjects [4].
Damaged mucosa from IBD patients has characteristics of altered inter-
cellular junction structure and epithelial permeability [5].
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Research in context

Evidence before this study

The epithelial barrier is front line of defense in the GI tract to
prevent excessive exposure of mucosal tissue to microbial anti-
gens and external pathogens. Intercellular junctions and barrier
functions of the intestinal epithelium are highly sensitive to
ionizing radiation, and a disruption of junction molecules
decreases the integrity of the intestinal epithelium. On the
other hand, there is limited research about therapeutic targets
that block the breakdown of epithelial integrity and mitigate
radiation-induced enteropathy. In a previous study, we found
that PS mitigated radiation-induced enteropathy and improved
intestinal barrier function in a mouse model of radiation-
induced enteropathy. However, the effects of PS and the molec-
ular mechanisms underlying epithelial integrity are not fully
understood.

Added value of this study

We demonstrated that PS mitigated radiation-induced enterop-
athy and improved intestinal integrity in a minipig model of
pharmaceutical oral bioavailability. PS improved epithelial
integrity by regulating intercellular junction molecules and
inhibiting p38 MAPK after radiation-induced epithelial damage.
The PS-regulated gene MT2 improved epithelial integrity and
caused hyper-resistance to radiation-induced intestinal injury.

Implications of all the available evidence

Activation of MT2 by chemicals such as PS may have therapeu-
tic potential for alleviating conditions in which epithelial bar-
rier formation is compromised by irradiation. These results
indicate that PS reinforces epithelial integrity by modulating
MT2 after radiation-induced epithelial damage. Maintenance of
epithelial integrity is a novel therapeutic target for radiation-
induced GI damage.
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Radiotherapy or accidental exposure to ionizing radiation causes
severe damage to healthy intestinal tissues of the GI tract [6]. The GI
complications of radiation exposure from dirty bombs and nuclear
accidents are called GI acute radiation syndrome (GI-ARS) [7]. GI-ARS
is characterized by nausea, diarrhea, endotoxemia, and bacteremia
leading to septicemia [8,9]. Intestinal epithelial intercellular junctions
and barrier functions are highly sensitive to ionizing radiation, and a
rapid disruption of junction molecules decreases epithelial integrity
in the intestine [10]. Clinical studies found that patients receiving
radiotherapy have increased intestinal permeability and TJ disruption
[11]. However, there is limited research about therapeutic targets to
resist breakdown of epithelial integrity and mitigate radiation-
induced enteropathy.

Statins inhibit 3‑hydroxy‑3‑methylglutaryl coenzyme A reductase
and are extensively used to treat hypercholesterolemia. Because the
inactivation of this enzyme reduces cholesterol biosynthesis, statins
reduce levels of circulating total cholesterol, low- density lipoprotein,
cholesterol, and apolipoprotein B [12]. In addition to their lipid-lower-
ing action, statins have pleiotropic effects such as anti-inflammation,
anti-oxidation, and improvement of endothelial dysfunction. The statin,
pravastatin (PS), has therapeutic effects on radiation‑induced GI damage
[13-16]. The anti‑inflammatory and anti-fibrotic effects of PS use follow-
ing radiation exposure have been revealed using mouse models
[14-16]. One clinical study found that statin use was associated with
reduced acute GI syndrome following pelvic radiotherapy [17]. Using a
mouse model, we found that during GI-ARS-associated epithelial
damage, PS improves epithelial barrier function in the small intestinal
epithelium [13]. Administration of PS relieves dextran sodium sulfate-
induced colitis by improving intestinal epithelial permeability [18].
However, the effects of PS and the molecular mechanisms underlying
epithelial integrity are not fully understood.

Metallothionein (MT) is a highly conserved, low-molecular-
weight, cysteine-rich protein. MT has important roles in homeostasis
and detoxication of heavy metals and exhibits cytoprotection against
oxidative stress-induced damage [19-21]. MT thus has protective
effects against environmental stress-associated cell damage. There
are four main isoforms of MT in mammals, MT1, MT2, MT3, and MT4.
MT1 and MT2 are ubiquitously expressed in various tissues and are
sensitive to activation by a variety of developmental and environ-
mental signals [22,23]. MT3 and MT4 are minor isoforms with
restricted expression in specialized cells and tissues, such as the
brain, reproductive organs, and stratified squamous epithelium; they
are constitutively expressed despite signal changes [22]. MT1- and
MT2- (MT1/2-) deficient mice have sensitive responses to inflamma-
tion and external stimuli [24-26]. MT regulates pulmonary endothe-
lial and epithelial integrity and attenuates ozone-induced lung
inflammation [25]. However, there are limited reports regarding the
direct role of MT in the maintenance of epithelial barrier integrity.

In this study using both minipig and mouse models, we found that
PS reinforced epithelial integrity and mitigated acute radiation-
induced enteropathy. PS use resulted in upregulation of intercellular
junctions, and this function of PS enhanced the therapeutic effects on
radiation-induced enteropathy. PS regulated MT1/2 and improved
epithelial integrity via increases in numbers of intercellular junctions
and inhibited p38 MAPK in irradiated Caco-2 cells. Finally, MT2 appli-
cation alleviated radiation-induced intestinal injury. Taken together,
these results indicated that PS reinforced epithelial integrity by mod-
ulating MT2 in radiation-damaged epithelial cells and that mainte-
nance of epithelial integrity is a novel therapeutic target that can be
used to alleviate radiation-induced GI damage.

2. Methods

2.1. Animals

2.1.1. Minipigs
Six male Gottingen minipigs (PWG genetics Korea, PyungTek,

Korea) weighing 20�25 kg each were used in this study. Before pur-
chase, the minipigs were physically examined and determined to be
healthy. They were housed indoors in individual cages, fed dry pig
food, and provided triple-filtered water. The animals were housed
under environmentally controlled conditions at 22§1°C and 50§10%
relative humidity, with a 12-h light:dark cycle. All animal care was
performed according to the Guide for the Care and Use of Laboratory
Animals of the Institute of Laboratory Animal Resources. All animal
experiments were approved by the Animal Investigation Committee
of the Korea Institute of Radiological and Medical Sciences (KIRAMS,
kirams 2020-0025). A total of six minipigs were used in this study.
All animals analyzed were included in the results. Minipigs were ran-
domized before starting treatment in all experiments.

2.1.2. Mice
Specific pathogen-free male C57BL/6 mice (7-weeks-old) were

obtained from Orient Bio (Seoul, Korea) and maintained in specific
pathogen-free conditions at the KIRAMS animal facility. All mice
were housed in a temperature-controlled room with a 12-h light:
dark cycle. Food and water were provided ad libitum. The mice were
acclimated for 1 week before commencement of the experiments
and assignment to groups. All animal experiments were approved
and performed in accordance with the guidelines of the Institutional
Animal Care and Use Committee of the KIRAMS (kirams 2020-0069).
A total of 83 mice were used in this study. All animals analyzed were
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included in the results and none was excluded. Mice were random-
ized before starting treatment in all experiments.

2.2. Irradiation and treatment in vivo

2.2.1. Minipigs
Minipigs were anesthetized using an intramuscular injection of

4 mg/kg Zoletil 50 (Virbac, Republic of Korea) and 2.3 mg/kg xylazine
(Rompun�; Bayer Korea, Seoul, Korea). We randomly divided the
minipigs into three groups. Two groups of two animals each were
irradiated with 15 Gy applied to the abdomen. Two animals were
used as controls. For irradiation, minipigs were irradiated bilaterally
while placed in lateral recumbency. The average calculated dose rate
at the center of the field was 1.6109 Gy/min. The cranial landmark
was at the end of the xiphoid process. The field size was
21.6 £ 21.6 cm under a 60Co gamma-ray irradiation unit (Gamma
Beam 100-80, 780, Best Theratronics, Canada). The distance between
the source of radiation and the abdominal skin was 80 cm. After irra-
diation, the minipigs were housed individually, fed dry pig food, and
provided triple-filtered water. Each was treated with a twice daily
oral dose of 40 mg/day pravastatin (Prastan; Yungin Pharm, Seoul,
Korea) for 2 weeks. The animals were housed in environmentally
controlled conditions at 22§1°C and 50§10% relative humidity, with
a 12-h light:dark cycle. During the experimental period, clinical signs
related to acute radiation-induced enteropathy, including diarrhea,
movement, vomiting, and appetite were recorded. On days 13 and
14, the minipigs were euthanized and histological analyses were per-
formed.

2.2.2. Mice
Animals were anesthetized using an intraperitoneal injection of

85 mg/kg alfaxalone (Alfaxan�; Careside, Gyeonggi-do, Korea) and
10 mg/kg xylazine (Rompun�; Bayer Korea, Seoul, Korea). They were
then irradiated using a single exposure of 13.5 Gy whole abdominal
irradiation at a dose rate of 2 Gy/min (X-RAD 320 X-ray irradiator,
Softex, Gyeonggi-do, Korea). After exposure, animals were injected
with an intraperitoneal dose of 250 mg/day larazotide acetate (LA;
MedchemExpress, Monmouth Junction, NJ, USA) or 10 mg/day MT2
(Enzo Life Sciences, Farmingdale, NY, USA) for 6 days. On day 6, the
mice were euthanized and histological analyses wereperformed.

2.3. Plasma assay

To quantify the levels of serological c-reactive protein (CRP)
(Cusabio Biotech Co., Ltd., Wuhan, China), endotoxin (Thermo Fisher
Scientific, Waltham, MA, USA), and citrulline (Kamiya Biomedical
Company, Seattle, WA, USA), plasma samples were analyzed using
ELISA according to the manufacturer’s instructions.

2.4. Histological analysis of intestinal tissues

The intestinal tissues of minipigs and mice were fixed using a 10%
neutral buffered formalin solution, embedded in paraffin wax, and
sectioned transversely at a thickness of 4mm. The sections were then
stained using hematoxylin and eosin. The severity of radiation-
induced enteropathy was assessed based on the degree (0 = none,
1 = mild, 2 = moderate, 3 = high) of maintenance of the epithelial
architecture, crypt damage, vascular enlargement, and infiltration of
inflammatory cells in the lamina propria [14]. To perform immuno-
histochemical analyses, slides were subjected to antigen retrieval
and then treated using 0.3% hydrogen peroxide in methyl alcohol for
20 min to block endogenous peroxidase activity. After three washes
in PBS, the sections were blocked using 10% normal goat serum (Vec-
tor ABC Elite kit; Vector Laboratories, Burlingame, CA, USA) and incu-
bated with anti-E-cadherin (E-Cad; Abcam, Cambridge, MA, USA,
#ab15148), anti-zonula occludens-1 (ZO-1; Invitrogen, Carlsbad, CA,
USA, #61-7300), anti-occludin (OCLN; Santa Cruz Biotechnology,
Santa Cruz, CA, USA, #5562), anti-desmoglein 2 (DSG2; Abcam,
#ab14415), anti-Ki-67 (Acris, Herford, Germany, #DRM004), and
anti-villin (Abcam, #ab130751) antibodies. After three washes in
PBS, the sections were incubated with a horseradish peroxidase-con-
jugated secondary antibody (Dako, Carpinteria, CA, USA) for 60 min.
The peroxidase reaction was developed using a diaminobenzidine
substrate (Dako) prepared according to the manufacturer’s instruc-
tions, and the slides were counterstained with hematoxylin.

For fluorescent staining, slides were subjected to antigen retrieval
and blocked using 5% goat serum containing 0.1% Triton X-100 for
30 min. The slides were incubated with specific antibodies for MT 1/2
(Invitrogen, #MAI-25479) diluted at 1:100 in PBS overnight at 4°C.
After washing with PBS, slides were incubated with Alexa Fluor 488-
labeled secondary antibody (Thermo Fisher Scientific) at room tem-
perature. Finally, the samples were washed with PBS and then
mounted using Vectashield HardSet mounting medium and stained
with 4’6-diamidno-2-phenylindole (DAPI; 1 mg/mL, Vector Laborato-
ries).

2.5. RNA extraction, library construction, and sequencing

RNA was extracted from ileum tissues of minipigs using the QIA-
zol lysis reagent (Qiagen, Hilden, Germany) and subsequently puri-
fied by column chromatography using a RNeasy mini kit (Qiagen).
DNA contamination was assessed using a PicoGreen dsDNA assay kit
(Thermo Fisher Scientific), and RNA quantity and quality were exam-
ined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA). A cDNA library was generated using a TruSeq Stranded
mRNA sample prep kit (Illumina, San Diego, CA), and transcriptome
sequencing was performed using a TruSeq 3000/4000 SBS kit and
HiSeq 4000 sequencer (Illumina) with 101 bp paired-end reads per
sample (Macrogen, Seoul, Korea). All raw data sets were submitted to
GEO (Accession number: GSE182829).

2.6. Analysis of differentially expressed genes

Sequenced cDNA fragments were mapped to the genomic DNA
reference using HISAT2. StringTie was used for transcript assembly
and determination of fragments per kilobase of transcript per million
mapped reads (FPKM). FPKM values were used to assess the relative
expression of a transcript. For the analysis of differentially expressed
genes (DEGs), genes with an FPKM value of 0 in every sample were
excluded, values of log2 (FPKM+1) were calculated, and quantile nor-
malization was performed using the preprocessCore R library. Tran-
scripts with fold-change values larger than 2, and P- values less than
or equal to 0.05 were included in the analysis of DEGs. Hierarchical
clustering analysis was performed using complete linkage and
Euclidean distance as a measure of similarity to display DEG expres-
sion patterns. All DEG data analyses were performed using R 3.2.2
(www.r-project.org).

2.7. Gene ontology and enrichment analysis

Functional groups and pathways encompassing the DEGs were
identified based on gene ontology and Kyoto Encyclopedia of Gene
and Genomes (KEGG) pathway analyses using the Database for Anno-
tation, Visualization, and Integrated Discovery.

2.8. RNA extraction, reverse transcription-polymerase chain reaction
(RT-PCR), and real-time RT-PCR quantification

Harvested tissues from the small intestine were immediately
snap-frozen and stored at �80°C until RNA extraction was per-
formed. Total RNA was isolated from intestinal tissues and Caco-2
cells using the TRIzol reagent (Invitrogen). cDNA was synthesized

http://www.r-project.org
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using the AccuPower RT premix (Bioneer, Daejeon, Korea) according
to the manufacturer’s protocol. Real-time RT-PCR was performed
using a LightCycler 480 system (Roche, Basel, Switzerland). The
primer sequences are provided in Supplementary Table 1. The
expression levels of each target gene, determined using LightCycler
480 system software (Roche), were normalized to those of glyceral-
dehyde 3-phosphate dehydrogenase. Cycle threshold values were
used to calculate relative mRNA expression using the 2�ΔΔCt method.
2.9. Bacterial translocation assay

To evaluate bacterial translocation from the intestinal lumen to
the lymph nodes, mesenteric lymph nodes were harvested frommice
under sterile conditions on day 6 following irradiation. The superna-
tant of the lymph node homogenate was spread onto MacConkey
agar (BD Biosciences, Palo Alto, CA, USA) and incubated at 37°C over-
night. Colony-positive plates were then counted.
2.10. Cell culture

Caco-2 cells were used as an in vitro model of the intestinal epi-
thelium, as previously described (Schlegel et al., 2010). Mycoplasma
testing was performed to confirm the lack of contamination. Cells
were maintained in Dulbecco’s Modified Eagle Medium (Gibco, Grand
Island, NY, USA) supplemented with 1% penicillin/streptomycin, and
10% fetal bovine serum (Gibco) in a humidified atmosphere at 37°C
with 5% CO2. Confluent cell monolayers were used for the in vitro
experiments [27,28].
2.11. Irradiation and treatment in vitro

Seeded cells were grown for 5 days to allow for expression of dif-
ferentiation traits. They were then exposed to a single 15 Gy dose
using a 137Cs gamma-ray source (Atomic Energy of Canada, Ltd, Can-
ada) and a dose rate of 3.81 Gy/min (Gammacell 3000 Elan, MDS Nor-
dion, Ottawa, Canada). The cells were then immediately treated using
PS (Sigma-Aldrich, St. Louis, MO, USA), MT1 (Enzo Life Sciences,
Farmingdale, NY, USA), or MT2 (Enzo Life Sciences) for 48 h. Gene
silencing was performed using either si-MT2 (Santa Cruz Biotechnol-
ogy) or si-control. The si-MT2 and si-control-treated cells (final RNA
concentration 100 nM) were reverse-transfected using Lipofectamine
2000 according to the manufacturer’s instructions.
2.12. Transepithelial electrical resistance (TEER) measurement

The EVOM system (WPI, Sarasota, FL, USA) was used to measure
the TEER values of epithelial monolayers. Briefly, Caco-2 cells
(1 £ 106) were seeded onto 12-mm Costar Transwell filters (0.4-mm
pore size, Corning, Corning, NY, USA) to form confluent epithelial
monolayers. After 21 days, the cells were exposed to radiation and
then treated with PS, MT1, or MT2.
2.13. FITC-dextran assay

Caco-2 cells were seeded onto 12-mm Costar Transwell filters
(0.4-mm pore size, Corning) and grown for 21 days. After exposure to
radiation, the apical sides of the monolayers that had been
treated with PS, MT1, or MT2 were examined using 500 mg/mL
FITC-dextran (4 kDa, Sigma-Aldrich). Fluorescent intensities of the
lower chambers were measured using a fluorescence microplate
reader. The excitation and emission wavelengths used were 450
and 520 nm, respectively.
2.14. Dispase-based dissociation assay

The adhesive forces between cells were assessed using a dispase-
based dissociation assay. Confluent Caco-2 cells were exposed to
radiation, and immediately treated with PS or MT2 for 48 h. The cells
were washed twice with PBS and incubated in dispase II (2.4 units/mL,
Roche) and collagenase type I (Gibco) for 30 min at 37°C. The mono-
layers were then carefully subjected to mechanical stress using an
electronic pipet, and images were obtained using a digital camera.

2.15. Immunofluorescence assay

Caco-2 cells were fixed in 4% paraformaldehyde were then per-
meabilized (0.1% triton X-100, 5% bovine serum albumin) for 1 h at
room temperature. The cells were incubated (4°C) overnight with pri-
mary antibodies. After a brief washing step, the cells were incubated
with Alexa Fluor 488-labeled secondary antibody (Thermo Fisher Sci-
entific) for 1 h at room temperature. During the final step, the cells
were incubated with DAPI for counterstaining and then mounted
using Vectashield HardSet mounting medium (Vector Laboratories).
Fluorescence was examined using a Zeiss LSM confocal microscope
(Thornwood, NY) with an xyz-motorized platform and Zeiss LSM
software to obtain a z-stack.

2.16. Western blot

Prepared Caco-2 cells were lysed in RIPA buffer (Thermo Fisher
Scientific) containing protease inhibitors. The proteins were sepa-
rated using sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and then electroblotted onto polyvinylidene fluoride membranes.
The membranes were blocked for 1 h at room temperature in 5%
skim milk and then incubated with primary antibodies. After incuba-
tion with secondary antibodies, peroxidase activity was visualized on
film using a chemiluminescence reagent.

2.17. Statistical analysis

Data were analyzed using GraphPad Prism software, and all sum-
mary data are presented as mean§ standard error of the mean values.
The statistical significance of differences was evaluated using the Stu-
dent’s t-test or one-way analysis of variance with Tukey’s multiple
comparison test. A P-value less than 0.05 was considered statistically
significant.

2.18. Ethic statement

All animal care was performed according to the Guide for the Care
and Use of Laboratory Animals of the Institute of Laboratory Animal
Resources. All animal experiments were approved by the Animal
Investigation Committee of KIRAMS (kirams 2020-0025; 2020-0069).

2.19. Role of funding source

Funders provided financial support for this study, but did not par-
ticipate in the study design, data analyses, interpretation, or writing
of the paper.

3. Results

3.1. Pravastatin mitigates acute radiation-induced enteropathy in a
minipig model

To evaluate the therapeutic effects of PS on progression of radia-
tion-induced enteropathy, we established a radiation-induced GI
injury model by exposing abdomens of minipigs to radiation (Supple-
mentary Fig. 1a). The minipig is a large animal used as a model in the
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field of laboratory animal medicine; its GI tract anatomy and physiol-
ogy are similar to humans [29]. The minipig is a useful animal model
for evaluating radiation-induced GI damage because clinical symp-
toms after radiation exposure are similar to humans [30]. Minipigs
had severe clinical symptoms, such as watery stool, decreased move-
ment, and appetite loss after radiation exposure (Fig. 1a). At 2 weeks
after radiation exposure, we identified irradiation-associated hemor-
rhagic and congestive changes in the small and large intestines
(Fig. 1b). CRP is a marker of acute systemic inflammation. Irradiated
minipigs had elevated plasma CRP levels (Fig. 1c) and neutrophil
infiltration in mucosal and submucosal lesions (Supplementary Fig.
1b). We also found increased mRNA levels of (pro-) inflammatory
cytokines, such as interleukin (IL)-1b, IL-6, andMCP-1 in intestinal tis-
sue (Supplementary Fig. 1c). Histological analysis revealed that irra-
diated small and large intestinal tissue had vascular enlargement,
hemorrhage, and destruction of crypts and epithelium (Fig. 1d). Tis-
sues of the small intestines had severe histological damage with loss
of goblet cells and epithelial continuity (Fig. 1e). Alterations in plasma
citrulline and endotoxin levels are associated with epithelial barrier
damage and disruptions in intestinal permeability. The serological
analysis revealed intestinal epithelial damage with endotoxemia in
irradiated minipigs (Fig. 1f and 1g).

In previous studies using amousemodel, we found that PS had thera-
peutic effects in radiation-induced enteropathy [13,14]. In this study, we
used PS for 2 weeks to treat minipigs that had local exposure to abdomi-
nal irradiation. The PS-treated irradiated animals had mild clinical symp-
toms (Fig. 1a) and alleviated pathological changes in the small and large
intestines (Fig. 1b). We also found decreased plasma CRP levels (Fig. 1c)
and inhibition of neutrophil accumulation with reduced inflammatory
cytokine expression in the small intestines of the PS-treated irradiated
minipigs (Supplementary Fig. 1b and 1c). The histological analysis
revealed that PS-treated minipigs had many regenerative crypt struc-
tures and complete epithelial layers with goblet cells in the small and
large intestines (Fig. 1d and 1e). Radiation-induced intestinal epithelial
damage with accompanying endotoxemia was also relieved using PS
treatment (Fig. 1f and 1g).

3.2. Pravastatin restores intercellular junctions in radiation-induced
epithelial damage in a minipig model

To determine the therapeutic target of PS in radiation-induced enter-
opathy, we performed mRNA-seq using minipig small intestine tissue.
First, we analyzed mRNA-seq data from the control (Con), irradiation
(IR), and IR+PS groups using heat maps and one-way hierarchical cluster
analysis. The analysis found transcriptomic differences of 6,688 genes,
which were |log2 (fold-change)| > 2 between the Con and IR groups or
the IR and IR+PS groups (Fig. 2a). These results indicated that radiation-
induced gene alteration in the small intestine was normalized using PS
treatment. The Con group and IR+PS group clustered more closely to
each other than to the IR group, and the IR groupwas separated from the
Con and IR+PS groups. Gene ontology enrichment analysis found signifi-
cantly affected categories of genes associated with immune responses,
inflammatory responses, oxidative reduction processes, regulation of cell
proliferation, cell adhesion, regulation of apoptotic processes, angiogene-
sis, and cell migration (Fig. 2b). KEGG pathway analysis found that the
MAPK signaling pathway, focal adhesion, cell adhesion molecules, and
TJs were highly associated with PS treatment in the irradiated intestine
(Fig. 2c). We also found significant differences in gene expression of cell
adhesion markers, including TJ, AJ, and desmosome molecules between
PS-treated irradiated intestinal tissue and irradiated intestinal tissue
(Fig. 2d).

As mRNA-seq data indicated altered gene expression of intercellu-
lar junctions, we performed real-time RT-PCR and immunohis-
tochemistry to identify characteristics of these changes in expression.
The mRNA levels of cadherin-1 (CDH-1) significantly increased in the
PS-treated irradiated group compared with the IR group (Fig. 2e).
Loss of apical E-Cad expression via irradiation was alleviated in the
PS-treated animals (Fig. 2f). mRNA levels of TJ molecules (e.g., ZO-1
and OCLN) and desmosome molecules (DSG2) also markedly
decreased in irradiated minipigs, but PS treatment significantly
improved these intercellular junction molecules (Fig. 2e). Immuno-
histochemistry analysis revealed that TJ proteins (ZO-1 and OCLN)
and DSG2 had diminished expression in irradiated epithelium. PS
treatment alleviated destruction of these TJ proteins and DSG2
expression (Fig. 2f). Therefore, PS mitigated radiation-induced enter-
opathy and enhanced intestinal epithelial barrier function via
increases in intercellular junction molecules.

3.3. Larazotide acetate, a tight junction regulator, mitigates radiation-
induced enteropathy

Radiation-induced epithelial barrier dysfunction and uncontrolled
permeability associated with GI-ARS is well-known [2]. However,
there is little known about whether reinforcement of the epithelial
barrier is an effective therapeutic target for radiation-induced enter-
opathy. LA, an eight amino acid peptide, was the first in a novel class
of drugs examined for TJ regulation during celiac disease treatment.
The critical role of LA is to strengthen intestinal epithelial integrity
and paracellular permeability [31,32]. To identify whether regulation
of intercellular junctions alleviated radiation-induced enteropathy,
we used LA as a treatment after local abdominal irradiation in a
mouse model. Irradiated mice had severe body weight loss and bacte-
rial translocation to mesenteric lymph nodes (Fig. 3a and 3b). We also
found histological alterations consequent to radiation exposure. Irra-
diated intestines had crypt destruction, villus shortening, epithelial
erosion, inflammatory cell infiltration in the mucosa and submucosa,
and decreased epithelial proliferation (Fig. 3c-g). Histological scores
that accounted for epithelial and crypt damage severity, vascular
enlargement, and inflammation were also significantly increased in
the IR group compared with the Con group (Fig. 3h). LA treatment in
nonirradiated mice did not elicit any significant differences in ileum
tissues compared with control mice (Supplementary Fig. 2a). Other-
wise, LA treatment of irradiated mice increased mean body weight
and inhibited bacterial translocation to the mesenteric lymph nodes
(Fig. 3a and 3b). We also found significant declines in histological
scores with increased villus lengths, crypt count, and epithelial prolif-
eration in the LA-treated irradiated group compared with the IR
group (Fig. 3c, 3d, and 3f-h). Immunostaining of villin revealed that
LA treatment restored epithelial structures damaged by irradiation
(Fig. 3e). The LA-treated group had decreased inflammatory cytokine
expression and accumulation of monocytes and macrophages in
intestinal tissue (Supplementary Fig. 2b, 2c, and 2e), but there was no
significant difference in leucine-rich repeat-containing G-protein
coupled receptor 5 levels, which is a marker of intestinal stem cells
[33] (Supplementary Fig. 2d). Expression of intercellular junction
molecules (e.g., E-Cad, Zo-1, Ocln, and Dsg2) was diminished in irra-
diated intestinal epithelium (Fig. 3i). The mRNA levels of intercellular
junctions also significantly decreased in the IR group compared with
the Con group (Fig. 3j). LA treatment restored localization and
expression of intercellular junction molecule in irradiated mice
(Fig. 3i). The mRNA levels of Cdh-1, Zo-1, Ocln, and Dsg2 significantly
increased in the LA-treated irradiated group compared with the IR
group (Fig. 3j). We found that LA-treated mice resisted radiation-
induced enteropathy by enhancing of the epithelial barrier. These
results suggested that the epithelial intercellular junction is a novel
therapeutic target for radiation-induced enteropathy.

3.4. Pravastatin regulates intercellular junctions and enhances
epithelial integrity in irradiated Caco-2 monolayers

To examine whether PS directly affected intercellular junction
molecules and epithelial integrity in vitro, we performed epithelial



Figure 1. Pravastatin attenuates acute radiation-induced enteropathy in aminipigmodel. (a) Clinical scores including stool condition,movement, and appetite in irradiated (IR) and prava-
statin-treated irradiated (IR+PS) minipigs. (b) Gross appearance of intestine in control (Con), IR, and IR+PS minipigs. (c) Plasma CRP levels in Con, IR, and IR+PS minipigs. (d) H&E-stained ileum
and colon tissues. (e) Periodic acid-Schiff stain and immunohistochemistry of villin of the small intestine from Con, IR, and IR+PS groups 14 days after 15 Gy irradiation. Bar= 200mm. (f) Citrul-
line and (g) endotoxin levels of plasma in Con, IR, and IR+PSminipigs. Results are presented asmean§ standard error of themean values; n = 2minipigs per group.
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Figure 2. Pravastatin restores radiation-damaged epithelial intercellular junctions. (a) Heatmap of hierarchical clustering. Indication of differentially expressed genes (rows)
between control (Con), irradiated (IR) and pravastatin-treated IR (IR+PS) groups (fold-change > 2, P < 0.05). Yellow indicates high relative gene expression. Blue indicates low rela-
tive gene expression. (b) Gene ontology (GO) and (c) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of differentially expressed genes. (d) Heatmap of intercel-
lular junction-related genes. Red represents high relative gene expression. Blue represents low relative gene expression. n = 2 minipigs per group. (e) mRNA levels of cadherin-1
(CDH-1), zonula occludens (ZO)-1, occludin (OCLN), and desmoglein 2 (DSG2), and immunoreactivity of (f) E-cadherin (E-Cad), ZO-1, OCLN, and DSG2 in ileum tissue from Con, IR, and
IR+PS minipigs. Bar = 50mm. n = 4 small intestinal tissue pieces from each group. One-way ANOVA was used to compare the results. Results are presented as mean § standard error
of the mean values. *P < 0.05, **P < 0.01, ***P < 0.001 compared to control group; #P < 0.05, ##P < 0.01, ###P< 0.001 compared to IR group.
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Figure 3. The tight junction regulator, larazotide acetate, alleviates radiation-induced enteropathy in a mouse model. (a) Measurement of body weight for 6 days in control
(Con), irradiated (IR), and larazotide acetate-treated IR (IR+LA) mice. (b) Bacterial translocation assay of mesenteric lymph nodes, (c) H&E staining and immunoreactivity of (d) Ki-
67 and (e) villin in small intestines of Con, IR, and IR+PS groups. Bar = 100 mm. (f) Villus lengths, (g) crypt numbers in the circle, and (h) histological scores for small intestines from
Con, IR, and IR+PS groups. (i) Immunoreactivity and (j) mRNA levels of Cdh-1, Zo-1, Ocln, and Dsg2 in ileum tissue of Con, IR, and IR+LA mice. Bar = 50 mm. One-way ANOVA was
used to compare the results. Results are presented as mean § standard error of the mean values; n = 6-7 mice per group. **P < 0.01, ***P < 0.001 compared to control group; #P <

0.05, ##P < 0.01, ###P< 0.001 compared to IR group. All data represent at least two independent experiments.
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functional analysis using a Caco-2 monolayer system. This model is
widely used to study the human intestinal barrier [27,28]. First, we
measured epithelial paracellular permeability using TEER and 4-kDa
FITC-dextran assay [34]. Irradiated Caco-2 monolayers had uncon-
trolled permeability consistent with decreased TEER levels and
increased FITC concentrations in the culture medium of the lower
chamber (Fig. 4a and 4b). Dispase-based dissociation assay results
indicated the adhesive force of the epithelial cells was dependent on
the AJs and desmosomes, and these attachments were fragile in irra-
diated epithelial cells (Fig. 4c). In contrast, PS treatment significantly
attenuated paracellular permeability in radiation-induced epithelial
damage (Fig. 4a and 4b). Dispase-based dissociation assay found that
PS treatment enhanced epithelial attachment in irradiated conditions
(Fig. 4c). Confocal analysis revealed that radiation exposure changed
the localization of E-Cad in Caco-2 monolayers (Fig. 4d). While PS
treatment partially restored E-Cad localization (Fig. 4d), there was no
alteration in mean levels of protein expression in irradiated Caco-2
monolayers (data not shown). We also found that radiation exposure
resulted in destruction of intercellular junctions (e.g., ZO-1, OCLN,
and DSG2) and in declines in protein and mRNA expression of these
molecules in Caco-2 monolayers (Fig. 4d-f). PS treatment restored
losses of intercellular junction molecules and increased protein and
mRNA levels of ZO-1, OCLN, DSG2 in irradiated Caco-2 monolayers
(Fig. 4d-f). Activation of p38 MAPK leads to the downregulation of
intercellular junctions, including OCLN, ZO-1, and DSG2, contributing
to the increase in epithelial permeability [35,36]. We also found that
PS inhibited the phosphorylation of p38 MAPK in irradiated Caco-2
monolayers (Fig. 4g). These results indicated that PS improved epi-
thelial integrity by regulating intercellular junction molecules and
inhibiting p38 MAPK in radiation-induced epithelial damage.

3.5. Pravastatin upregulates metallothionein 1 and 2 in irradiated
epithelial cells

To examine how PS regulated intercellular junction molecules in
irradiated epithelial cells, we used mRNA-seq to analyze target mole-
cules of PS in irradiated intestine. We compiled the representative
top 50 most significant genes with altered expression downregulated
by irradiation and upregulated by PS treatment. In these 50 genes,
MT1 subtype genes (MT1E: ranked 5, MT1A: ranked 7) and MT2
genes (ranked 50) ranked high in gene alteration. We also found that
MT1/2 were expressed in the intestinal epithelium and this expres-
sion was decreased in irradiated minipig intestines (Fig. 5a). mRNA
levels of MT1A, MT1E, and MT2 were also significantly decreased in
these tissues (Fig. 5b). In contrast, PS treatment increased MT1/2
expression in the epithelium of irradiated intestines (Fig. 5a). mRNA
levels of MT1A, MT1E, and MT2 were significantly increased in PS-
treated irradiated minipigs compared with untreated irradiated mini-
pigs (Fig. 5b). Using immunofluorescence and western blot analysis,
we also identified decreased expression of MT1/2 protein under irra-
diation in the Caco-2 monolayers (Fig. 5c and 5d). The levels of MT1A,
MT1E, and MT2 genes also decreased in the IR group compared with
the Con group (Fig. 5e). In contrast, PS-treated irradiated Caco-2
monolayers had upregulation of MT1/2 protein expression (Fig. 5c
and 5d). mRNA levels of MT1A, MT1E, and MT2 also significantly
increased in the PS-treated irradiated group compared with the IR
group (Fig. 5e). Taken together, these results indicated that PS
increased epithelial MT1/2 expression in irradiated intestinal epithe-
lium.

3.6. Metallothionein 1 and 2 enhance intercellular junctions and
improve epithelial integrity in irradiated Caco-2 monolayers

Exogenous MT1/2 rapidly internalizes in the cytosol of epithelial
cells of intestine and kidney, neurons, and astrocytes of the central
nervous system [37-39]. We also identified increased cellular MT1/2
levels in exogenous MT1- or MT2-treated Caco-2 monolayer systems
(Supplementary Fig. 3). To determine whether MT1/2 affected epithe-
lial integrity and intercellular junction molecules, like PS in irradiated
epithelial cells, we examined epithelial functional assays using treat-
ment with exogenous MT1 or MT2. MT1 or MT2 treatment attenu-
ated epithelial barrier damage and paracellular permeability in
irradiated Caco-2 monolayers (Fig. 6a and 6b). The dispase-based dis-
sociation assays revealed that MT1 or MT2 treatment enhanced epi-
thelial attachment in the irradiated condition (Fig. 6c). The
combination of MT1 and MT2 did not improve paracellular perme-
ability and resistance to dispase, compared with MT2-treated irradi-
ated Caco-2 monolayers (data not shown). Confocal analysis found
that MT1 or MT2 treatment improved intercellular junction (ZO-1,
OCLN, and DSG2) disturbance associated with radiation exposure
(Fig. 6d). Intercellular junction protein levels markedly increased in
MT1- or MT2-treated irradiated Caco-2 monolayers, compared with
untreated irradiated Caco-2 monolayers (Fig. 6f). MT2 treatment
more effectively upregulated intercellular junction expression than
MT1 treatment. The results for mRNA expression indicated that while
MT1 treatment significantly increased DSG2 levels, MT2 treatment
increased ZO-1, OCLN, and DSG2 levels, in the irradiated Caco-2
monolayers (Figure 6g). We also found that MT2 treatment inhibited
the phosphorylation of p38 MAPK in irradiated Coco-2 monolayers
(Fig. 6e). Taken together, these results indicated that MT1 and MT2
enhanced epithelial integrity by regulating intercellular junction
molecules. MT2 regulated intercellular junctions and p38 MAPK inac-
tivation more effectively than MT1 in irradiated Caco-2 monolayers.

3.7. Pravastatin increases intercellular junction formation and
reinforces epithelial integrity by regulating metallothionein 2

Next, we altered MT2 expression in human intestinal epithelial
cells using small interfering RNA (siRNA)-mediated gene silencing to
examine the role of MT2 in PS-related epithelial junction formation
and cell permeability in Caco-2 monolayers. First, we found that
mRNA and protein levels of MT2 markedly decreased in siRNA target-
ing MT2 (si-MT2)-treated Caco-2 cells; other MT subtype genes, such
as MT1A and MT1E, did not change (Fig. 7a and 7b). si-MT2 alone
treated Caco-2 monolayers had slightly decreased TEER levels and
increased FITC concentrations in the culture medium, compared with
those of the Con group (Fig. 7c and 7d). The dispase-based dissocia-
tion assay revealed that MT2 deficiency partially induced fragile
attachment in Caco-2 monolayers (Fig. 7e). While PS treatment
markedly improved epithelial permeability and attachment in irradi-
ated Caco-2 monolayers, PS treatment in MT2-deficienct Caco-2
monolayers did not restore TEER levels, FITC levels, or attachment
degree (Fig. 7c-e). Using confocal analysis we found that si-MT2 alone
treatment resulted in loss of connection of intercellular junctions,
and that protein and mRNA levels of OCLN and DSG2 were decreased
(Fig. 8a-c). While PS treatment recovered the losses of intercellular
junctions in irradiated Caco-2 monolayers, there were no improve-
ments in the localization and expression of these junctions under
MT2-deficient conditions (Fig. 8a-c). In addition, PS treatment of
MT2-deficienct Caco-2 monolayers did not inhibit phosphorylation
of p38 MAPK under irradiation conditions (Fig. 8d). Taken together,
these results indicated that PS enhanced intercellular junctions with
epithelial integrity via MT2 under irradiation conditions.

3.8. Metallothionein 2 alleviates radiation-induced enteropathy by
regulating epithelial barrier function

To investigate whether MT2 could be a therapeutic target for radi-
ation-induced enteropathy, we applied MT2 (10 mg/day) after
abdominal irradiation of mice. MT2 treatment of nonirradiated mice
did not show any significant difference in ileum tissues compared
with control mice (Supplementary Fig. 4a). MT2 treatment of



Figure 4. Pravastatin regulates intercellular junctions and improves epithelial integrity. (a) Transepithelial electrical resistance (TEER), (b) FITC-dextran, and (c) dispase-based
dissociation assay in control (Con), pravastatin (PS)-treated, irradiated (IR), and IR+PS-treated Caco-2 monolayers. (d) Immunofluorescence of E-Cad, ZO-1, OCLN, and DSG2 in Con,
PS, IR, and IR+PS-treated Caco-2 monolayers. (e) Western blot analysis and (f) mRNA levels of ZO-1, OCLN, and DSG2. (g) Western blot analysis of phosphorylated p38 MAPK (p-p38
MAPK) and toral p38 MAPK (p38 MAPK) in Con, PS, IR, and IR+PS-treated Caco-2 monolayers. Bar = 10mm. One-way ANOVA was used to compare the results. Results are presented
as mean § standard error of the mean values; n = 3-4 per group. **P < 0.01, ***P < 0.001 compared to control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to IR group. All
data represent at least two independent experiments.text=
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Figure 5. Pravastatin regulates metallothionein 1 and 2 expression in irradiated epithelial cells. (a) Immunoreactivity of metallothionein (MT) 1/2 in in the small intestine of
control (Con), irradiated (IR), and pravastatin-treated IR (IR+PS) minipigs. Bar = 50 mm. (b) mRNA levels of MT1A, MT1E, and MT2 in Con, IR, and IR+PS minipigs. (c) Immunofluores-
cence of MT1/2 in Con, PS, IR, and IR+PS treated Caco-2 monolayers. Bar = 10mm. (d) Protein expression of MT1/2 and (e) mRNA levels ofMT1A, MT1E, andMT2 in Con, PS, IR, and IR
+PS-treated Caco-2 monolayers. One-way ANOVA was used to compare the results. Results are presented as mean § standard error of the mean values; n = 3-4 per group. *P < 0.05,
**P < 0.01, ***P < 0.001 compared to control group; #P < 0.05, ##P< 0.01, ###P < 0.001 compared to IR group. All data represent at least two independent experiments.
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Figure 6. Metallothionein 1 and 2 regulate intercellular junctions in radiation-induced epithelial damage. (a) TEER, (b) FITC-dextran, and (c) dispase assay in control (Con),
metallothionein (MT)1, and MT2 with/without irradiation (IR) treatment in Caco-2 monolayers. (d) Immunofluorescence of ZO-1, OCLN, and DSG2 in Con, MT1, and
MT2 with/without irradiation (IR) treatment in Caco-2 monolayers. Bar= 10 mm. (e) Western blot analysis of phosphorylated p38 MAPK (p-p38 MAPK) and toral p38 MAPK (p38
MAPK) in Con, PS, MT1, and MT2-treated irradiated Caco-2 monolayers. (f) Western blot analysis and (g) mRNA levels of ZO-1, OCLN, and DSG2 in Con, MT1, and MT2 with/without
IR treatment in Caco-2 monolayers. One-way ANOVA was used to compare the results. Results are presented as mean § standard error of the mean values; n = 3-4 per group. **P <

0.01, ***P < 0.001 compared to control group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to IR group. All data represent at least two independent experiments.text=
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irradiated mice increased body weight and inhibited bacterial trans-
location to mesenteric lymph nodes (Fig. 9a and 9b). We also found
that MT2 treatment significantly attenuated histological scores, and
increased villus lengths, crypt numbers, and epithelial proliferation,
compared with the IR group (Fig. 9c, 9d, and 9f-h). The MT2-treated
group had an inhibited inflammatory response with decreased
inflammatory cytokine expression, such as Il-6, Mcp-1, and monocyte
and macrophage accumulation in mucosal and submucosal tissue
(Supplementary Fig. 4b, 4c, and 4e), and improvements in intestinal
stem cell properties in irradiated intestine (Supplementary Fig. 4d).



Figure 7. Pravastatin does not reinforce epithelial integrity in metallothionein 2-deficient conditions. (a) Protein expression of metallothionein (MT) 1/2 and (b) mRNA levels
ofMT2, MT1A, andMT1E in si-MT2-treated Caco-2 monolayers. The student’s t-test was used to compare the results. n.s., not significant; ***P < 0.001 compared to the control group
(c) TEER, (d) FITC-dextran, and (e) dispase-based dissociation assay in control (Con), pravastatin (PS), si-MT2, and si-MT2+PS with/without irradiation (IR) treatment in Caco-2
monolayers. One-way ANOVA was used to compare the results. Results are presented as mean § standard error of the mean values; n = 3-4 per group. n.s., not significant; ***P <

0.001 compared to control group; ##P < 0.01, ###P < 0.001 compared to IR group. All data represent at least two independent experiments.
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The immunostaining results indicated that MT2 treatment restored
damaged intercellular junctions in irradiated mice (Fig. 9i). mRNA
levels of Cdh-1, Zo-1, Ocln, and Dsg2 significantly increased in the
MT2-treated irradiated group, compared with the IR group (Fig. 9j).
Taken together, these results indicated that in the MT2-treated mice,
regulation of epithelial integrity alleviated radiation-induced intesti-
nal injury.

4. Discussion

Use of minipig models before human clinical trials are performed
has increased in recent years [40]. A major benefit of these models is
the similarity between the swine GI tract anatomy and physiology
and that of humans (e.g., transit time, pH value, and microbiota). The
minipig is a suitable model for evaluation of pharmaceutical oral bio-
availability [29]. It is a potentially more useful animal model than the
rodent model for evaluating radiation-induced GI damage because
the clinical symptoms of radiation damage (e.g., fever, vomiting, diar-
rhea) are similar to those of humans, and severe cases can result in
death of the irradiated subject [30]. Therefore, the minipig model is a
good alternative animal model for clinical therapeutic studies of radi-
ation-induced enteropathy [30].

In this minipig model study, we found therapeutic effects of PS
used for radiation-induced enteropathy. Abdominally irradiated min-
ipigs had severe clinical symptoms, systemic inflammation, and
endotoxemia with histopathological GI damage. The anti‑inflamma-
tory and anti-fibrotic therapeutic effects of PS for radiation-induced
GI damage have been revealed using rodent models [14-16]. We



Figure 8. Pravastatin attenuates radiation-induced intercellular junction damage by activating metallothionein 2. (a) Immunofluorescence of ZO-1, OCLN, and DSG2 in control
(Con), pravastatin (PS), si-MT2, and si-MT2+PS with/without irradiation (IR) treatment in Caco-2 monolayers. Bar = 10 mm. (b) Western blot analysis and (c) mRNA levels of ZO-1,
OCLN, and DSG2 in Con, PS, si-MT2, and si-MT2+PS with/without IR treatment in Caco-2 monolayers. (d) Western blot analysis of phosphorylated p38 MAPK (p-p38 MAPK) and total
p38 MAPK (p38 MAPK) in Con, PS, si-MT2, and si-MT2+PS-treated irradiated Caco-2 monolayers. One-way ANOVA was used to compare the results. Results are presented as mean§
standard error of the mean values; n = 3-4 per group. n.s., not significant; **P < 0.01, ***P < 0.001 compared to control group; ###P < 0.001 compared to IR group. All data represent
at least two independent experiments.
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Figure 9. Metallothionein 2 mitigates radiation-induced enteropathy with enhancement of intercellular junctions in a mouse model. (a) Measurement of body weight for
6 days in control (Con), irradiated (IR), and metallothionein 2 (MT2)-treated IR (IR+MT2) mice. (b) Bacterial translocation assay in mesenteric lymph nodes, (c) H&E stain, and immu-
noreactivity of (d) ki-67 and (e) villin in small intestines of Con, IR, and IR+MT2 group mice. Bar = 100 mm. (f) Villus lengths, (g) crypt numbers in the circle, and (h) histological
scores for small intestines in Con, IR, and IR+MT2 groups. (i) Immunoreactivity and (j) mRNA levels of Cdh-1, Zo-1, Ocln, and Dsg2 in ileum tissue of Con, IR, and IR+MT2 treated
mice. Bar = 50 mm. One-way ANOVA was used to compare the results. Results are presented as mean § standard error of the mean values; n = 6 mice per group. **P < 0.01, ***P <

0.001 compared to control group; #P < 0.05, ###P< 0.001 compared to IR group. All data represent at least two independent experiments
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found that oral PS treatment attenuated radiation-induced enteropa-
thy and relieved clinical symptoms and the inflammation response in
minipigs. To find the novel molecular target and active mechanism
for PS treatment, we performed mRNA-seq analysis using ileum tis-
sue from minipigs exposed to radiation. Using gene ontology and
KEGG analysis, we found that PS application to irradiated intestinal
tissue frequently affected immune and inflammatory responses and
the extent of endothelial damage PS is known to reduce radiation-
induced vascular damage of tissues [14]. Protection of vascular dam-
age could affect epithelial function [41]. However, in this study, we
focused on the direct effects of PS in irradiated epithelial cells. Cell
adhesion- and TJ-related molecules were also markedly involved in
the response of PS-treated irradiated intestine. Wilkinson et al. found
that statin enhances TJ formation and prevents increased permeabil-
ity in doxorubicin-induced endothelial toxicity [42]. We also found
that epithelial intercellular junction proteins, including E-Cad, ZO-1,
ZO-2, OCLN, and DSG2, improved when PS treatment was used in the
irradiated minipigs. These results indicated that PS enhanced the
intercellular junctions in the irradiated epithelium and mitigated
radiation-induced enteropathy.

Intercellular junctions are crucial components of the epithelial
barrier; TJs, AJs, and desmosomes form the apical junctional complex
[43]. The TJ is the primary determinant of paracellular permeability.
AJs and desmosomes provide adhesive forces necessary to maintain
cell-cell interactions. DSG2 is a main molecule for maintenance of
intestinal epithelial barrier functions by regulating adhesion in des-
mosomes [28]. Maintenance of this barrier has a pivotal role in pro-
tection of the organism against luminal pathogens. Increased
paracellular permeability results in systemic contamination and
potentially results in severe systemic inflammation [44,45]. Intercel-
lular junction damage is a critical component of the etiologies of
intestinal disorders, such as IBD, celiac disease, and infectious gastro-
enteritis [46,47]. Epithelial barrier dysfunction with intercellular
junction loss is well-known in radiation-induced intestinal toxicity
[11]. Otherwise, there are limited studies of intercellular junctions
and epithelial barriers as therapeutic targets in radiation toxicity. In
this study, TJ regulator (LA)-treated mice had reinforced intestinal
permeability and intercellular junctions, and alleviation of histologi-
cal damage induced by radiation exposure. These results suggested
that maintenance and restoration of intercellular junction and epi-
thelial integrity could be a therapeutic target for radiation-induced
enteropathy.

It is known that p38 MAPK plays a role in the regulation of inter-
cellular junctions including OCLN, ZO-1, and DSG2, contributing to
the increase in epithelial permeability in response to various stimuli
[35,36]. Using mRNA-seq analysis, MAPK signaling was shown to be
critically involved in the therapeutic effects of PS in the minipig
model of radiation-induced enteropathy. We used a Caco-2 mono-
layer system to examine whether PS directly affected functions asso-
ciated with intestinal epithelial integrity and expression of
intercellular junctions. Radiation exposure induced functional
destruction of epithelial integrity and decreased expression of inter-
cellular junctions and p38 MAPK activation in epithelial cells. In con-
trast, PS induced enhancement of epithelial integrity and expression
of junction molecules and suppression of the phosphorylation of p38
MAPK in irradiated Caco-2 monolayers. These results indicated that
PS improved epithelial integrity by regulating intercellular junction
proteins, including ZO-1, OCLN, and DSG2, and inhibiting p38 MAPK
in radiation-exposed epithelial cells.

MT1/2 have multiple functions, including detoxification of heavy
metals and reduction of oxidative stress [19,20] and suppression of
p38 MAPK activation [48,49]. We found that while MT1/2 expression
decreased in irradiation conditions, MT1/2 markedly increased in the
intestinal epithelium of PS-treated irradiated minipigs and in PS-
treated irradiated Caco-2 monolayers. MT1/2 have protective effects
in various disease models, including lipopolysaccharide-induced lung
injury [50], rheumatoid arthritis [51], multiple sclerosis [52], coagula-
tory disturbances [24], and gastroenteritis [53,54]. MT1/2 also have
an important role in protection of intestinal mucosa. MT1/2-deficient
mice have more severe mucosal inflammation with epithelial
destruction in dextran sodium sulfate-induced colitis and Helico-
bacter pylori-induced gastritis [53,54]. In IBD patients, MT1/2 concen-
tration is decreased in colonic mucosa with epithelial barrier damage
[55,56], similar to the irradiated epithelium in our minipig model.
Riveras et al. found that small intestine damage is involved with
decreased MT and TJ defects in patients with cholesterol gallstone
disease [57]. In this study, we examined the role of MT1/2 against
radiation-induced enteropathy in the epithelial barrier. Exogenous
MT1/2 internalizes in epithelial cells of the intestines, tubular cells of
kidneys, and central nervous system (e.g., neurons, astrocytes, and
microglia) via megalin receptors; it acts in detoxification, microglia
inactivation, and neuron regeneration [37,38,58]. In irradiated condi-
tions, application of exogenous MT1 or MT2 enhanced epithelial
integrity and expression of junction molecules in vitro. MT2 was
more effective than MT1 at alleviating epithelial damage and inhibit-
ing p38 MAPK activation. We used MT2-deficient Caco-2 cells and
siRNA mediated gene silencing to reveal the relationship between PS
and MT2 in epithelial junction formation and epithelial permeability.
Radiation-induced impairment of barrier integrity and intercellular
junctions in MT2-deficient epithelial cells was not restored by PS
treatment. Further PS did not suppress p38 MAPK activation in MT2-
deficient epithelial cells. We found that MT2 was the downstream
molecule of PS for regulation of epithelial integrity in irradiated con-
ditions. However, the mechanism by which MT2 production is stimu-
lated by PS needs to be elucidated further. The mouse model
revealed that application of MT2 resulted in improvement in barrier
function with inhibition of bacterial translocation to internal organs
and alleviation of radiation-induced enteropathy. Taken together,
these results indicated that MT2 is a novel therapeutic target for radi-
ation-induced enteropathy.

In summary, we found that PS regulated intercellular junction for-
mation and epithelial permeability in radiation-induced intestinal
damage. PS mediated MT2 production, inhibited p38 MAPK, and rein-
forced junction formation and epithelial permeability. Activation of
MT2 by chemicals such as PS may have therapeutic potential for alle-
viating conditions in which epithelial barrier formation is compro-
mised by irradiation. These results indicated that PS reinforced
epithelial integrity by modulating MT2 in radiation-induced epithe-
lial damage. Maintenance of epithelial integrity is a novel therapeutic
target for radiation-induced GI damage.
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