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Background and Aims: Radiation-induced intestinal injury occurred in application
of radiotherapy for abdominal and pelvic cancers or in nuclear accidents. Radiation-
induced enteritis may be considered an ideal model of gastrointestinal inflammation. The
endothelium is a crucial component of inflammation, and the endothelial dysfunction
following radiation exposure induces the intestinal proinflammatory response and
progression of radiation enteritis. Baicalein (5,6, 7-trihydroxyflavonoid) is a flavonoid from
Scutellaria baicalensis used in oriental herbal medicine. Baicalein has been found to
have multiple beneficial properties including antioxidant, anti-inflammatory, anti-allergic,
and anti-cancer activities. Here, we investigated the therapeutic effects of baicalein on
endothelial dysfunction in radiation-induced intestinal inflammation.

Materials and Methods: \We performed histological analysis, bacterial translocation,
and intestinal permeability assays and also assessed infiltration of leukocytes and
inflammatory cytokine expression using a mouse model of radiation-induced enteritis.
In addition, to investigate the effect of baicalein in endothelial dysfunction, we analyzed
endothelial-derived adherent molecules in human umbilical vein endothelial cells (HUVECS)
and irradiated intestinal tissue.

Results: Histological damage such as shortening of villi length and impaired intestinal
crypt function was observed in the radiation-induced enteritis mouse model. Intestinal
damage was attenuated in baicalein-treated groups with improvement of intestinal barrier
function. Baicalein inhibited the expression of radiation-induced adherent molecules in
HUVECs and intestine of irradiated mouse and decreased leukocyte infiltration in the
radiation-induced enteritis.

Conclusions: Baicalein could accelerate crypt regeneration via recovery of endothelial
damage. Therefore, baicalein has a therapeutic effect on radiation-induced intestinal
inflammation by attenuating endothelial damage.
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INTRODUCTION

The intestine is one of the most radiosensitive organs in the
body. Exposure to high doses of radiation, for example, following
a nuclear accident or a dirty bomb explosion can cause severe
intestinal damage with a high rate of mortality (Kavanagh et al.,
2010). Similarly, the clinical application of radiation in the
treatment of cancers in the abdominal and pelvic cavity may also
lead to acute and/or chronic intestinal injury, which significantly
reduces the quality of life as well as adds an extra burden to the
cost of health care. Annually, 60-80% of patients who received
abdominal or pelvic radiation therapy develop acute bowel
toxicity. Acute bowel toxicity by irradiation is primarily a
result of cell death in the proliferating crypt epithelium and an
inflammatory reaction in the intestine. Intestinal crypt cell death
induces a link of processes such as insufficient regeneration of the
villi in epithelium, breakdown of the intestinal epithelial barrier,
and mucosal inflammation. However, there are no effective
treatment strategies available to mitigate radiation-induced
intestinal injury (Greenberger, 2009; Citrin et al., 2010; Yu, 2013).
Hauer-Jensen et al. recently proposed that radiation-induced
enteritis is a useful model to explore mucosal inflammation,
and the mechanisms related to radiation-induced intestinal
inflammation could critically advance the understanding of
gastrointestinal injury, such as inflammatory bowel disease (IBD)
(Hauer-Jensen et al., 2014; Toullec et al., 2017).

The endothelium has already been described as a crucial
component involved in gastrointestinal disease, such as
radiation-induced enteropathy and IBD (Paris et al., 2001; Cibor
et al., 2016). Radiation induces many changes in endothelial
cells, such as apoptosis, detachment from the basement
membrane, increased endothelial permeability, interstitial fibrin
deposition, and shifting of the thrombo-hemorrhagic balance
toward coagulation. Endothelial dysfunction directly impacts
the intestinal proinflammatory response following radiation
exposure and progression of radiation enteritis (Korpela et al.,
2014). In addition, endothelial cell damage leads to the loss
and dysfunction of crypt stem cell clonogens (Maj et al., 2003).
Previous experiments have indicated that the prevention
of endothelial cell damage by growth factors (e.g., vascular
endothelial growth factor and basic fibroblast growth factor) or
plants extracts (e.g., coniferyl aldehyde) reduces intestinal crypt
cell damage, inflammation, organ failure, and death in radiation-
induced gastrointestinal toxicity (Okunieft et al., 1998; Jeong
etal., 2015).

Baicalein (5,6,7-trihydroxyflavonoid) is one of the principal
flavonoids extracted from the dry root of Scutellaria baicalensis.

Abbreviations: IBD, inflammatory bowel disease; SPE specific pathogen-
free; KIRAMS, Korea Institute of Radiological and Medical Sciences; IR,
irradiation; H&E, hematoxylin and eosin; PBS, phosphate-buffered saline; MPO,
myeloperoxidase; cldn3, claudin 3; FITC, fluorescein isothiocyanate; RT-PCR,
reverse transcription-polymerase chain reaction; HUVECs, human umbilical vein
endothelial cells; EGM-2, Endothelial Growth Medium-2; EGE, epidermal growth
factor; ENG, EGF/Noggin/R-spondin-1; ZO-1, zonula occludens-1; ICAM-1,
intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1;
IL, interleukin; CCL, C-C motif ligand; MMP-9, matrix metalloproteinase-9; T
helper 2, Th2; Con, control; IR, irradiation; IR+Bai, Baicalein-treated IR.

Baicalein has been found to have multiple beneficial properties,
such as anti-oxidant, anti-bacterial, anti-inflammatory, anti-
cancer, hypolipidemic, anti-atherogenic antithrombotic, and
immunoregulatory effects. It is clinically used in the treatment
of vasculitis and paralysis caused by cerebrovascular disorders
(Kwak et al., 2014; Ge et al., 2017). Recent studies have discovered
that baicalein potentially inhibited inflammation, endothelial
damage, intracellular reactive oxygen species levels, and NF-kB
activation in chemo agent-induced phlebitis (Ge et al., 2017). In
addition, pre-treatment with baicalein reduces radiation-induced
damage to the bone marrow cells (Gandhi, 2013). However, the
therapeutic effects of baicalein in intestinal inflammation by
radiation exposure remain unclear. In this study, we investigated
whether baicalein attenuates acute radiation damage of the
intestine to localize radiation, focusing on endothelial damage.

METHODS

Mice

Specific pathogen-free (SPF) male C57BL/6 mice (7-week-old)
were obtained from Harlan Laboratories (Indianapolis, IN, USA)
and maintained under SPF conditions at the animal facility
of the Korea Institute of Radiological and Medical Sciences
(KIRAMS). All mice were housed in a temperature-controlled
room with a 12-h light/dark cycle, and food and water were
provided ad libitum. The mice were acclimated for 1 week before
commencement of the experiments and were assigned to the
following groups: 1) control (n = 22), 2) irradiation (IR, n = 22),
and 3) irradiation with baicalein treatment (IR+Bai, n = 22).
All animal experiments were performed in accordance with the
guidelines of and were approved by the Institutional Animal Care
and Use Committee of KIRAMS.

Irradiation and Administration of Baicalein

Animals were anesthetized with 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 with a single exposure to 13.5 Gy of
whole abdominal irradiation at a dose rate of 2 Gy/min using an
X-RAD 320 X-ray irradiator (Softex, Gyeonggi-do, Korea). After
exposure, the animals were injected with an intraperitoneal dose
of 10 mg/kg/day baicalein (Sigma-Aldrich, St. Louis, MO, USA)
for 6 days.

Histology and Immunostaining

Small intestine samples of mice were fixed with a 10% neutral
buffered formalin solution, embedded in paraffin wax, and
sectioned transversely to a thickness of 4 pm. The sections were
then stained with hematoxylin and eosin (H&E) and Congo red.
To perform immunohistochemical analysis, slides were subjected
to antigen retrieval and then treated with 0.3% hydrogen
peroxide in methyl alcohol for 20 min to block endogenous
peroxidase activity. After three washes in phosphate-buffered
saline (PBS), the sections were blocked with 10% normal goat
serum (Vector ABC Elite kit; Vector Laboratories, Burlingame,
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CA, USA) and incubated with anti-mouse claudin 3 (CLDN3;
Invitrogen, Carlsbad, CA, USA), anti-mouse zonula occludens-1
(ZO-1; Abcam, Cambridge, UK), anti-mouse P-selectin
(Santacruz, Dallas, TX, USA), anti-mouse myeloperoxidase
(MPO), anti-neutrophil elastase (Abcam), anti-mouse
interleukin-6 (IL-6), and anti-mouse Ki-67 (Acris Antibodies
GmbH, Herford, Germany) antibodies. After three washes in
PBS, the sections were incubated with a horseradish peroxidase-
conjugated 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 instructions, and the slides were counterstained
with hematoxylin. For immunofluorescence of Cd4, rehydrated
sections were used for antigen retrieval in pH 6.0 citrate buffer
for 20 min. Sections were permeabilized in 0.3% TritonX-100
and blocked with 5% BSA at room temperature followed by
incubation in anti-mouse CD4 antibody FITC conjugated
(eBioscience, Vienna, Austria).

Bacterial Translocation Assays

To evaluate the translocation of bacteria from the intestinal
lumen to lymph nodes, mesenteric lymph nodes of mice were
harvested under sterile conditions 6 days following IR. An aliquot
of the mesenteric lymph node homogenates was plated onto
MacConkey agar (BD, Franklin Lakes, NJ, USA) and incubated
at 37°C for 18 h. Then, colonies were counted on all plates.

Intestinal Permeability Assays

The animals were anesthetized, and a midline laparotomy was
performed. A 5-cm segment of digital ileum was obstructed using
bulldog clamps. An intraluminal injection of 12.5 mg fluorescein
isothiocyanate (FITC)-dextran (4 kDa, Sigma, St Louis, MO) in
100 pl PBS was administered at 3 and 6 days following IR. At 30
min after intraluminal injection, blood was obtained via cardiac
puncture and placed in serum-separating tubes. Blood was
centrifuged at 1,000 x g for 15 min, and the serum was collected.

The concentration of FITC-dextran in serum samples was
analyzed using a fluorescence spectrophotometer (excitation:
485 nm, absorption: 528 nm).

RNA Extraction, Reverse Transcription-
Polymerase Chain Reaction (RT-PCR), and
Real-Time PCR Quantification

Harvested mouse small intestine tissues were immediately snap-
frozen and stored at —80°C until RNA extraction. Total RNA
was isolated from the intestine tissues and human umbilical
vein endothelial cells (HUVECs) using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). cDNA was synthesized 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, San Francisco, CA, USA).
The primer sequences are provided in Table 1. The expression
levels of each target gene, determined using the LightCycler 480
system software (Roche), were normalized to those of B-actin.
Cycle threshold values were used to calculate relative mRNA
expression using the 2-24¢t method.

ELISA

To determine the protein levels of inflammatory cytokines,
intestinal tissue was tested using Quantikine ELISA kits for
mouse IL-33 (R&D Systems, Minneapolis, MN, USA), mouse
Myeloperoxidase-9 (MMP-9) (Cloud-Clone Corp., Houston,
TX, USA), and IL-1P (BioLegend, San Diego, CA, USA).

Cell Culture

HUVECs were purchased from Promocell and maintained in
Endothelial Growth Medium-2 (EGM-2; Promocell GmbH,
Heidelberg, Germany) in 0.1% gelatin-coated dishes. Cells
were irradiated with 10 Gy of irradiation using a '3’Cs y-ray
source (Atomic Energy of Canada, Chalk River, ON, Canada)
at a dose rate of 3.81 Gy/min and then treated with baicalein

TABLE 1 | Real-time reverse transcriptase-polymerase chain reaction (RT-PCR) primer sequences.

Species Primer Forward (5'-3') Reverse (5'-3')

Human P-SELECTIN TGAGCACTGCTTGAAGAAAAAGC CACGTATTCACATTCTGGCCC
ICAM-1 GGCCGGCCAGCTTATACAC TAGACACTTGAGCTCGGGCA
VCAM-1 TCAGATTGGAGACTCAGTCATGT ACTCCTCACCTTCCCGCTC
GAPDH GGACTCATGACCACAGTCCATGCC TCAGGGATGACCTTGCCCACAG

Mouse Claudin 3 AAGCCGAATGGACAAAGAA CTGGCAAGTAGCTGCAGTG
Zo-1 AGGACACCAAAGCATGTGAG GGCATTCCTGCTGGTTACA
P-selectin CAGCTAGCTAGCGAGAGGACATGGCTG GCTGCC CCCAAGCTTGCCGCAATAGCTTCACAG GTTGGCAG
lcam-1 GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG
Vcam-1 GTTCCAGCGAGGGTCTACC AACTCTTGGCAAACATTAGGTGT
1-33 CAATCAGGCGACGGTGTGGATGG TCCGGAGGCGAGACGTCACC
Mmp-9 GCCCTGGAACTCACACGACA TTGGAAACTCACACGCCAGAAG
-6 AGCCAGAGTCCTTCAGAGAG GATGGTCTTGGTCCTTAGCC
I-1p GCAACTGTTCCTGAACTCA CTCGGAGCCTGTAGTGCAG
Cd-4 TCCTAGCTGTCACTCAAGGGA TCAGAGAACTTCCAGGTGAAGA
I-13 GCAGCATGGTATGGAGTGTG TGGCGAAACAGTTGCTTTGT
p-actin TCCCTGGAGAAGAGCTATGA CGATAAAGGAAGGCTGGAA
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(Sigma-Aldrich, St. Louis, MO, USA) within 1 h. After 6 h of
incubation, the cells were used for experiments.

Crypt Isolation and Isolated Crypt
Counting

Isolation of small intestinal crypts from mice in each condition
was conducted as described previously (Han et al., 2017). Briefly,
the small intestines from Con, IR, and IR+Bai mice at 6 days after
IR were longitudinally opened and then cut into approximately
5-mm pieces. The intestinal fragments were washed three times
with cold PBS and then incubated with 2 mM EDTA in PBS for
15 min at 37°C. After incubation, the supernatant containing villi
was discarded and replaced with cold PBS. The solution with tissue
fragments was vigorously hand-shaken for 1 min. This procedure
was repeated three times. After obtaining the isolated crypts by
centrifugation, the crypts resuspended in 2% D-sorbitol (Sigma, St.
Louis, MO, USA) in PBS were passed through a 70-pm cell strainer
(BD Biosciences, Heidelberg, Germany). After centrifugation, the
pellet was resuspended in 10 ml of a basic medium (advanced
Dulbeccos modified Eagle’s medium/F12, 0.1% bovine serum
albumin, 2 mM I-glutamine, 10 mM HEPES, 100 mg/ml
streptomycin, 100 U/ml penicillin, 1 mM N-acetylcysteine, 1%
B27, and N2 supplement). Images of isolated crypts were acquired
using a microscope (Olympus, Shinjuku, Tokyo, Japan).

Primary Culture of Intestinal Organoids

Onehundred crypts fromisolated Con, IR, and IR+Bai group were
embedded within 50 ul Matrigel (BD Biosciences) in each well of
a 24-well cell culture plate. After incubation for 30 min at 37°C,
500 pl of epidermal growth factor (EGF)/Noggin/R-spondin-1
(ENR) medium was added. Crypts were cultured at 37°C in
an atmosphere containing 5% CO, for 7 days. During culture,
ENR medium was changed every 2-3 days. The ENR medium
contained basic medium plus 50 ng/ml murine EGF (Invitrogen,
Carlsbad, CA, USA), 100 ng/ml murine Noggin (Peprotech,
Hamburg, Germany), and 500 ng/ml human R-spondin-1 (R&D
Systems, Minneapolis, MN, USA). For quantitative analysis of
organoid formation, the number of organoids with two or more
budding structures in each group was counted under bright-field
microscopy at 7 days. Experiments were performed in triplicate.

Statistical Analysis

All quantitative data are expressed as mean + standard error of
the mean. Statistical significance of differences was evaluated
by performing a one-way analysis of variance (ANOVA) with
a Tukeys multiple comparison test. A P-value of <0.05 was
considered statistically significant.

RESULTS

Baicalein Alleviates Radiation-Induced
Intestinal Injury

To investigate the effects of baicalein on radiation-induced
intestinal injury, we performed localized irradiation on the

whole abdomen of mice of 13.5 Gy using an Xrad-320. First, we
analyzed the histological alteration to identify the therapeutic
effects of baicalein on acute radiation-induced intestinal injury.
After irradiation, remarkable crypt destruction with abscess
(white arrow), villi shortening, epithelial cell vacuolization
(red arrow), and inflammatory cell infiltration and edematous
change in mucosa and submucosa were observed in the intestine
at 3 and 6 days (Figures 1A-C). Villi length at 3 and 6 days
and crypt numbers at 6 days were significantly increased in
baicalein-treated irradiated mice than those in the irradiated
group (Figures 1B, C). Bacterial translocation to the lymph
nodes indicates epithelial defect of the intestine, and we
determined that bacterial translocation to mesenteric lymph
nodes significantly increased in irradiated mice than in control
mice (Figure 1D). On the other hand, bacterial translocation
to the mesenteric lymph nodes decreased in baicalein-treated
irradiated mice (Figure 1D). Therefore, baicalein treatment
alleviated radiation-induced intestinal injury with inhibition of
bacterial translocation.

Baicalein Improves Intestinal Barrier
Function With Upregulated Tight
Junctional Molecules

To identify that baicalein attenuates barrier function of the
small intestine, we assessed FITC-dextran absorption assays
and expression of tight junctional molecule expression. The
concentration of FITC in the serum was significantly increased
in the irradiated group compared to that in the control mice
(Figure 2A). Baicalein treatment decreased FITC levels
compared to those in the irradiated group (Figure 2A). Tight
junctions, which are highly specialized intercellular junctions, are
responsible for epithelial barrier functions in the gastrointestinal
tract (Turner, 2009). Especially, CLDN3 and ZO-1 sensitively
respond to radiation exposure and affect intestinal barrier
function (Shim et al., 2015; Shukla et al., 2016). Protein expressions
of CLDN3 and ZO-1 were upregulated in the irradiated intestine
with baicalein treatment (Figures 2B, C). In addition, we also
identified that mRNA levels of Cldn3 and Zo-1 were significantly
increased in the baicalein-treated irradiated group compared to
the levels in the only irradiated group (Figures 2D, E). These
results suggested that baicalein not only attenuated radiation-
induced intestinal injury but also improved intestinal barrier
dysfunction via increased tight junction expression.

Baicalein Inhibits Leukocyte Infiltration

by Downregulating Endothelial Adhesion
Molecules

Endothelial dysfunction is also a key determinant of both acute
and chronic organ damage associated with irradiation of the
gastrointestinal tract (Parisetal.,2001). Damaged endothelial cells
can induce inflammatory cascade by expressing inflammatory
cytokines and adhesion molecules, such as intercellular adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), E-selectin, and P-selectin. These adhesion molecules
sustain leukocyte adherence to vascular endothelium and aid
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FIGURE 1 | Baicalein alleviates radiation-induced intestinal injury and inhibits bacterial translocation. (A) Hematoxylin—eosin (H&E)-stained small intestine tissues
harvested from control (Con), irradiated (IR), and baicalein-treated IR (IR+Bai) mice 3 and 6 days after application of 13.5 Gy of abdominal irradiation. Bar = 200 pm.
(B) Villi lengths in the small intestine from Con, IR, and IR+Bai mice at 3 and 6 days after irradiation (50 villi for each group). (C) Crypt numbers of circumference

in the small intestine from Con, IR, and IR+Bai mice at 6 days after irradiation (15 crypt for each group). (D) The number of colonies from mesenteric lymph nodes
tissue of Con, IR, and IR+Bai mice. White arrow indicates crypt abscess, and red arrow indicates epithelial cell vacuolization. Data are presented as the mean +
standard error of the mean; n = 5 mice per group. *P < 0.05 compared to the control; #*P < 0.05 compared to the IR group.
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subsequent transendothelial migration into the inflamed tissue
(Quarmby et al.,, 1999).

To investigate the effects of baicalein on expression of adherent
molecules in endothelial cells after irradiation, we performed
in vitro experiment using HUVECs. mRNA expression of
endothelial-derived adherent molecules, such as P-selectin,
ICAM-1, and VCAM-1, markedly increased in the irradiated
HUVECs compared to that in the control group (Figures 3A-C).

Moreover, baicalein attenuated the expression of P-Selectin,
ICAM-1, and VCAM-1 compared to that in irradiated HUVECs
(Figures 3A-C).

In the intestinal tissue of irradiated mouse, we also identified
that P-selectin was strongly expressed on the endothelial cells
of mesenteric lesions in IR mice (Figure 3D). Furthermore,
baicalein attenuated immunoreactivity of P-selectin compared
to that in the IR mice (Figure 3D). The mRNA levels of
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FIGURE 2 | Baicalein recoveries intestinal barrier damage by radiation exposure. (A) FITC-dextran absorption assay of control (Con), irradiated (IR), and baicalein-
treated IR (IR+Bai) mice. Immunohistochemistry of (B) claudin 3 (CLDN3) and (C) zonula occludens-1 (ZO-1) and mRNA expression of (D) Cldn3 and (E) Zo-1 in the
intestinal tissue of Con, IR, and IR+Bai mice. Red arrow indicates each positive cell. Bar = 100 um. Data are presented as the mean + standard error of the mean;

n = 5 mice per group. *P < 0.05 compared to the control; #P < 0.05 compared to the IR group.

adherent molecules such as P-selectin, Icam-1, and Vcam-1 Leukocyte infiltration of injured tissues is a hallmark of
significantly increased in the irradiated intestine compared to  inflammation. During inflammatory processes, leukocytes roll
those in the control mice (Figures 3E-G). Baicalein inhibited = on endothelial cells, arresting and transmigrating between them
the expression of these molecules in the irradiated intestine ~ when they are sequestered from the circulation (Lawrence and
(Figures 3E-G). Springer, 1991). Neutrophils, one of the leukocytes, undergo
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FIGURE 3 | Baicalein attenuates endothelial dysfunction in radiation-induced intestinal injury. MRNA levels of (A) P-selectin, (B))ICAM-1, and (C) VCAM-1 in control
(Con), baicalein treated (Bai), irradiated (IR), and baicalein-treated IR (IR+Bai) HUVECs, as determined by real-time RT-PCR. n = 3 per group.
(D) Immunohistochemical analysis of P-selectin and mRNA levels of (E) P-selectin, (F) lcam-1, and (G) Vcam-1 in the intestine of Con, IR, and IR+Bai mice.
Arrowhead indicates P-selectin-positive endothelial cell. Bar = 100 pm. Data are presented as the mean + standard error of the mean; n = 5 mice for each group. *P
< 0.05 compared to the control; *P < 0.05 compared to the IR group.

respiratory burst and contribute to the progression of the
inflammatory response in complex ways (Williams et al., 2011).
We also identified the elastase-positive neutrophil detected in the
mesenteric vessels of irradiated intestine (Figure 4A). Baicalein
inhibited the attachment of elastase-positive neutrophils in
the mesenteric endothelial cells (Figure 4A). Additionally, we
assessed the infiltration of neutrophils in the intestinal tissue
using neutrophil markers, which are neutrophil elastase and
MPO. Irradiated intestine showed increased infiltration of
neutrophils in the mucosal and submucosal layers at 3 and
6 days after radiation exposure (Figures 4B, C). Baicalein
decreased the neutrophil infiltration in the intestine compared
to that in the irradiated group at 3 and 6 days (Figures 4B, C).
Eosinophils play an important role in intestinal inflammation
and radiation-induced intestinal fibrosis by releasing cationic
proteins, cytokines [e.g., interleukin (IL)-6, IL-10, and IL-13],
and chemokines [e.g., C-C motif ligand (CCL)3, CCL5, and

CCL17] (Radnai et al., 2016; Takemura et al., 2018). A few
eosinophils were seen in the submucosal layer of the healthy
intestine (Figures 4D, E). In addition, irradiated intestine
showed significantly increased number of eosinophils in
the submucosal layer compared to that in control mice
(Figures 4D, E). Baicalein decreased eosinophil numbers in the
irradiated intestine (Figures 4D, E). These results suggested that
baicalein attenuated infiltration of neutrophils and eosinophils
by inhibiting expression of endothelial-derived adhesion
molecules related with adhesion of neutrophils and eosinophil
to endothelial cells.

Baicalein Inhibits Radiation-Induced
Intestinal Inflammation Response

A previous study has shown that irradiation of the intestine
increased the (pro-)inflammatory cytokines, such as IL-33, IL-6,
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FIGURE 4 | Baicalein inhibits leukocyte infiltration in radiation-induced enteritis. (A) Attachment of elastase-positive neutrophil in the mesenteric vessels in the
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(Mpo) and (C) neutrophil elastase for neutrophil detection, and (D) Congo red stain for eosinophil detection in the intestine of Con, IR, and IR+Bai mice. Red
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IR+Bai mice. Bar = 100 pm. Data are presented as the mean + standard error of the mean; n = 5 mice for each group. *P < 0.05 compared to the control;
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IL-1pB, and MMP-9 (Jang et al., 2018). We also identified that the
protein and mRNA expression of inflammatory cytokines and
chemokines, such as IL-33, IL-6, IL-1B, and MMP-9, markedly
increased in the irradiated intestine compared to that in the
control group (Figures 5A-D and F-I). Radiation-induced
inflammation characterizes T helper 2 (Th2)-type inflammation,
which is increased Th2 cell infiltration and increased IL-4, IL-5,
and IL-13 (Grémy et al., 2008; Gao et al., 2018). In our data, we

also assessed the expression of CD4 and II-13 in the irradiated
intestine. The IR group showed a lot of CD4-positive cells in
mucosal layer and increased mRNA levels of Cd4 and II-13
compared to the control group (Figures 5E, J, K). Baicalein
attenuated the level of IL-33, MMP-9, IL-6, IL-1B, CD4, and
II-13 in the irradiated intestine (Figures 5A-K). These results
suggested that baicalein inhibited the inflammation response
following radiation exposure.
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Baicalein Attenuates Radiation-Induced
Crypt Damage

To evaluate the proliferative activity and repopulation
ability in baicalein-treated irradiated mice, we performed
immunohistochemistry for the proliferation marker Ki-67 and
enteroid formation assay on intestinal tissues. The intestines of the
irradiated group exhibited few Ki-67-positive cells, whereas those
of the baicalein-treated irradiated group showed increased Ki-67
positive cells in the crypts (Figure 6A). Isolated intestinal crypts
or intestinal stem cells can be grown in vitro to form enteroids

that comprise all the differentiated intestinal cell types found
in the intestinal crypts (Sato and Clevers, 2013). This primary
cell culture model can be used to simulate the physiology of the
intestinal epithelium. We performed isolation of intestinal crypts
of mice that were exposed to 13.5 Gy of abdominal irradiation and
cultured in vitro. When collected 6 days after radiation, baicalein-
treated irradiated group displayed an increased number of crypt
isolation compared to the irradiated groups (Figure 6B). When
the same number of crypts from each group was cultured in ENR
medium, the intestinal crypts isolated from the baicalein-treated

compared to the control; #*P < 0.05 compared to the IR group.

FIGURE 6 | Baicalein improves crypt regeneration in radiation-induced enteritis. (A) Immunohistochemistry of Ki-67 in the intestine of control (Con), irradiated (IR),
and baicalein-treated IR (IR+Bai) mice at 6 days after irradiation. Red arrow indicates Ki-67 positive cells. (B) Representative morphology of isolated intestinal crypts
in Con, IR, and IR+Bai mice at 6 days after irradiation. Red arrow indicates crypts. (C) Enteroid formation assay cultured in vitro for 7 days and (D) percentage

of budding organoids in Con, IR, and IR+Bai groups. Data are presented as the mean + standard error of the mean; n = 3 samples for each group. *P < 0.05
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irradiated group showed more and larger enteroids than those
from irradiated group (Figures 6C, D). These results suggested
that baicalein attenuated radiation-induced crypt damage.

DISCUSSION

Although many efforts have been made to minimize radiation
toxicity in healthy tissues (for example, fractionated low-dose
radiation) during radiotherapy, more than half of the patients
suffer from intestinal injury, including diarrhea, bleeding,
stiffness, and fistula due to acute damage of crypt epithelium
(Haydont and Vozenin-Brotons, 2007; Hauer-Jensen et al.,
2014; Takemura et al., 2018). Moreover, as there are increasing
concerns regarding radiation exposure either following an
accidental leakage or from terrorist activity, research has focused
on developing medical countermeasures against radiation-
induced gastrointestinal injury.

Inthisstudy, weinvestigated the effectsofbaicalein onradiation-
induced enteritis with a localized abdominal irradiation model
because baicalein possessed anti-inflammatory activity, which
is effective in treating intestinal inflammatory disorders (Bae
et al., 2016). Baicalein, a natural flavone, has multiple beneficial
properties including anti-apoptotic, anti-inflammatory, anti-
allergic, and anti-cancer (Lee et al., 2011; Mabalirajan et al., 2013;
Guo et al., 2015). Treatment with baicalein has been reported to
attenuate inflammatory responses, such as endothelium intimal
hyperplasia, radiation-induced nephritis, and IBD model (Peng
et al,, 2008; Kim et al., 2014).

Radiation exposure induces pathophysiological damage
including crypt destruction, epithelial cell vacuolization, villi
shortening, and inflammatory cell infiltration in the intestine.
In addition, epithelial cell damage induces intestinal barrier
dysfunction resulting in bacterial translocation from the intestinal
lumen to the blood, which can progress to inflammation and
endotoxemia (Fukata et al., 2005; Jang et al., 2018). Moreover, this
destruction of the barrier function leads to intestinal disorders
such as leaky gut syndrome, IBD, and food allergies. In this study,
we showed that radiation exposure induced epithelial damage
with crypt destruction and increased intestinal permeability
with decreased tight junction expression. Baicalein attenuated
histological damages such as villi length and crypt numbers and
aided in the recovery of intestinal barrier function.

Endothelium regulates the migration of leukocytes into the
interstitial space by controlling adhesive molecule expression
and producing chemokines, cytokines, and growth factors
(D’Alessio et al., 2013). Therefore, endothelial cell dysfunction is
already believed to be akey modulator of intestinal inflammation
in radiation bowel toxicity and IBD (Paris et al., 2001; Cibor
et al, 2016). Because vasculature permeability is increased
within hours after radiation exposure, microvascular endothelial
cells are damaged in early time following irradiation. Activated
endothelial cells secrete chemoattractants and express adhesion
molecules such as P- and E-selectin, ICAM-1, and VCAM-1.
P and E-selectin mediate leukocyte rolling and ICAM-1 and
VCAM-1 are the key molecules mediating leukocyte arrest in
inflammatory response (Quarmby et al., 1999). Microvascular

expression of ICAM-1 and VCAM-1 is upregulated in patients
with IBD (Hatoum et al., 2003). Hallahan and Virudachalam
demonstrated that irradiated endothelial cells increase ICAM-1
expression and an ICAM-1 antibody treatment or ICAM-1
deficiency model reduces radiation-induced inflammation
of the lung (Hallahan and Virudachalam, 1997). Pravastatin
mitigated radiation-induced skin damage through diminished
endothelial activation with decreased ICAM-1 expression and
inhibition of neutrophil recruitment (Holler et al., 2009). We also
identified that radiation exposure upregulated the expression
of P-selectin, ICAM-1, and VCAM-1 in HUVECs and
intestinal tissue. Especially, P-selectin was strongly expressed
in the mesenteric endothelial surface and resulted in neutrophil
adherence in the mesenteric vessels of the irradiated intestine.
On the other hand, baicalein alleviated the expression of these
adherent molecules and decreased neutrophil attachment in the
irradiated mesenteric vessel.

Leukocyte infiltration in inflamed tissue is one of the
important components of progress of inflammatory processes.
Expression of adhesion molecules on the surface of endothelial
cells sustains leukocyte adherence to vascular endothelium and
aids in subsequent transendothelial migration into the inflamed
tissue. Principally, neutrophils bind the adhesion molecules and
undergo transendothelial diapedesis into the damaged tissue,
where they can undergo respiratory burst and contribute to
the progression of the inflammatory response in complex ways
(Williams et al., 2011). Eosinophils are also proinflammatory
leukocytes that constitute a small percentage of circulating
blood cells (Al-Haddad and Riddell, 2005). Eosinophils partly
contribute to the inflammatory process through release of various
toxicity protein and cytokines that derived in concert with other
inflammatory and immune cells. Patients and animal models
of IBD display increased eosinophils in inflammatory lesion of
the intestinal tissue. Depletion of eosinophils also attenuates the
inflammatory response (Al-Haddad and Riddell, 2005; Radnai
et al, 2016). In our data, neutrophil infiltration appeared in
the irradiated intestine with increased expression of adherent
molecules compared to that seen in the control group. We also
identified significant increase of eosinophils in the irradiated
intestine. Baicalein inhibited neutrophil and eosinophil
infiltration with decreased adherent molecule expression in
radiation-induced intestinal injury.

As IL-33 is an epithelial- and endothelial-derived
proinflammatory cytokine, it has a direct effect on eosinophil
infiltration and function in the gut mucosa that potentially
leads to intestinal inflammation (De Salvo et al., 2016). IL-33
triggers the production of IL-13 from the eosinophils, and this
is important in Th2-type immune response (Rankin et al., 2010).
Overexpression of IL-33 has been reported in the intestinal
mucosa of patients with IBD (Nunes et al., 2014). We showed that
II-33 was significantly increased in irradiated intestinal tissue
with eosinophil infiltration and upregulation of II-13 and Cd4
expression. These results suggest that radiation-induced enteritis
is characterized by Th2-type inflammation corresponding to the
previous reports (Grémy et al., 2008; Gao et al., 2018).

Radiation-induced intestinal injury displays inflammation
reaction with increased inflammatory cytokines and chemokines
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such as IL-6, IL-13, and MMP-9 (Jang et al., 2018). IL-6 is an
important acute inflammatory phase mediator (Nishimoto and
Kishimoto, 2006). IL-1f is produced immediately following
tissue irradiation in epithelial cells and endothelial cells, and
contributes to the inflammatory reaction (Liu et al., 2006). MMP-9
is the most abundantly expressed protease in inflamed tissues,
and neutrophils were proposed as the most likely cellular source
of this enzyme (Baugh et al., 1999). In our data, the expression
of IL-6, IL-1B, and MMP-9 increased in the intestinal tissues
of the irradiated group and the result suggested that intestinal
inflammation is accompanied by endothelial dysfunction in
radiation-induced intestinal injury. Baicalein displayed anti-
inflammatory effects by attenuating endothelial dysfunction and
the inflammatory mediators, such as IL-33, IL-6, IL-1p, MMP-9,
and IL-13, in radiation enteropathy.

Endothelial dysfunction by radiation exposure directly
impacts the intestinal proinflammatory response and progression
of radiation enteritis (Korpela and Liu, 2014), as well as leads to
the loss and dysfunction of crypt stem cell clonogens (Maj et al.,
2003). Researchers suggest that the prevention of endothelial
cell damage attenuates crypt cell damage in radiation-induced
gastrointestinal syndrome (Okunieft et al.,, 1998; Jeong et al,
2015). We also observed that radiation exposure decreased crypt
numbers, crypt proliferative property, and regeneration of the
crypts in the intestine using in vivo and ex vivo systems. Baicalein
accelerated the regenerative property of the crypts with recovery
of endothelial dysfunction.

CONCLUSION

In this study, we demonstrated that baicalein significantly
alleviated radiation-induced intestinal injury and inhibited
the expression of adherent molecules on the endothelial cells.
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