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Total-body irradiation (TBI) with gamma rays can damage
organisms in various unexpected ways and trigger several organ
dysfunction syndromes, such as acute radiation syndrome (ARS).
Hematopoietic cells and enterocytes are particularly sensitive to
radiation due to their self-renewal ability and rapid division,
which leads to hematopoietic ARS (H-ARS) and gastrointestinal
ARS (GI-ARS). We previously showed that a lipid-based small
molecule, 1-palmitoyl-2-linoleoyl-3-acetyl-rac-glycerol (PLAG),
improved 30-day survival and alleviated H-ARS symptoms in
BALB/c mice after a lethal dose (LD-qy;3) of gamma-ray TBIL In
this study, we investigated the mitigating effects of PLAG on
radiation-induced GI damage that occurs under the same condi-
tions as H-ARS in BALB/c mice. Our study showed that PLAG
facilitated the structural restoration of intestinal tissues by
increasing villus height, crypt depth, crypt number, mucin-
producing goblet cells, and proliferating cell nuclear antigen
(PCNA)-positive crypt cells. PLAG significantly improved intesti-
nal absorptive capacity and reduced intestinal injury-induced
bacterial translocation. In addition, PLAG effectively inhibited
radiation-induced necroptosis signaling activation in the intestinal
crypt cells, which was responsible for sustained tissue damage
and the release of high mobility group box 1 (HMGB1), a typical
damage-associated molecular pattern. Overall, our findings sup-
port the radiation-mitigating potential of PLAG against GI-ARS
after accidental radiation exposure. © 2024 by Radiation Research Society

INTRODUCTION

Exposure to high doses of ionizing radiation (radia-
tion) can cause multiple organ dysfunction syndromes,
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collectively known as acute radiation syndrome (ARS) (7).
ARS is largely categorized into three distinct sub-syndromes
differentiated by clinical and physiological symptoms (not
molecular pathophysiological processes): hematopoietic ARS
(H-ARS), gastrointestinal ARS (GI-ARS), and neurovascular
ARS (NV-ARS) (2—4). A growing body of literature indicates
that GI damage is a key cause of radiation-induced mortality
and morbidity in mammals, including humans (5) because tis-
sues with rapid cellular turnover in the gastrointestinal system
are more susceptible to the detrimental effects of ionizing radia-
tion (6). In particular, radiation damage to the intestinal stem
cells residing within the crypt base can impair their self-
renewal potential, leading to shortening of the crypts and villi,
loss of mucosal barrier, and septic shock (7). Despite the
increasing threat of unexpected and accidental radiation expo-
sure, there are currently no radiation countermeasures against
GI-ARS approved by the US Food and Drug Administration
(FDA)(8). Therefore, radioprotective or radiomitigating agents
that alleviate GI-ARS symptoms should be developed urgently.

The high sensitivity of the GI system to radiation is attributed
to the extremely rapid cell turnover rate of the intestinal epithe-
lium. Arike et al. estimated epithelial cell turnover to be 3-5
days in the small intestine and 5—7 days in the colon (9). There-
fore, GI-ARS symptoms such as anorexia, severe nausea, vom-
iting, abdominal cramping, and diarrhea, manifest within hours
to days of exposure (/0). If proper medical care is not provided,
victims will die within days or weeks of radiation exposure
owing to dehydration, loss of electrolytes, malabsorption, infec-
tious complications caused by bacterial translocation through
the impaired mucosal barrier, and septic shock (/). As we
have mentioned above, there are currently no FDA-approved
drugs to protect or to mitigate GI-ARS, and four FDA-
approved drugs, namely, Neupogen®, Neulasta®, Leukine®,
and Nplate®, to treat H-ARS are known to have minimal
effects on GI-ARS (/2, 13). Currently, it is best to follow the
basic guidelines for the medical management of patients with
GI-ARS, including the use of supportive care, refinement based
on NHP medical countermeasure studies, and/or stem cell
growth factor supplementation (/4).

The devastating effect of radiation on rapidly prolifer-
ating cells, like active intestinal stem cells and progenitor
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cells, residing within the proliferative compartment of
the crypts of Lieberkithn (/5). These cell types undergo
apoptosis induced by DNA damage and free radicals pro-
duced by water hydrolysis within the initial 1-2 days
after radiation exposure (/6). In addition to direct cell
death by radiation, surviving cells continue to be threat-
ened by death caused by pro-inflammatory cytokines,
damage-associated molecular patterns (DAMPs), and
bacteria invading the intestinal lumen (/7). Necroptosis,
also called regulated necrosis, is an immunogenic form of
cell death that requires the activation of receptor-
interacting protein kinase-1 (RIPK1), RIPK3, and mixed
lineage kinase domain-like (MLKL) (/8). Activated
RIPK1 forms a complex with RIPK3 that subsequently
phosphorylates MLKL to form MLKL oligomers. MLKL
oligomers are translocated from the cytosol to the plasma
membrane, forming pores that increase membrane perme-
abilization and eventually cause cell disruption (/8).
Necrostatin-1, a RIPK1 inhibitor, attenuates RIPK3 ser-
ine phosphorylation in the ileum and improves survival
48 h after total-body irradiation (TBI) in C57BL/6NTac
mice, implying that necroptosis contributes to radiation-
induced cell death (19).

1-Palmitoyl-2-linoleoyl-3-acetyl-rac-glycerol (PLAG) is
a synthetic triacylglycerol containing two long-chain fatty
acid groups (palmitic and linoleic acids) at the 1st and 2nd
position, as well as an acetyl group at the 3rd position of
the glycerol backbone. PLAG was granted Orphan Drug
Designation for the treatment of ARS by the FDA in 2018.
In our previous studies, we demonstrated the potential of
PLAG as a radiation countermeasure against H-ARS in 11-
week-old BALB/c mice by exposing them to a lethal dose
(LD7¢s30, 6.11 Gy) of gamma-ray TBI (20, 27). In this
study, we found that several symptoms of GI-ARS mani-
fested under the same experimental conditions as those of
H-ARS in TBI mice. This finding led us to investigate
whether PLAG mitigates radiation-induced GI damage in
TBI mice 24 h after irradiation. Our results show that
PLAG rapidly regenerates the intestinal epithelium and
restores the normal functions of the GI tract, such as nutri-
ent absorption and protection of the intestinal mucosal bar-
rier. Moreover, PLAG effectively prevented TBI-induced
sustained tissue damage by regulating the necroptosis sig-
naling pathway and the release of high mobility group box
1 (HMGB1), a typical endogenous damage-associated
molecular pattern (DAMP).

MATERIALS AND METHODS

Animals and Ethics Statement

Specific pathogen-free (SPF) male BALB/c mice (10 weeks old)
were purchased from Koatech Co. (Pyeongtack, Korea). The mice
were housed in an SPF facility under consistent temperature and
light/dark cycles. Animals were fed a standard diet and water ad libi-
tum. Animal experiments were performed after one week of acclima-
tization, and five mice per cage were assigned according to their
body weight. All experimental procedures were performed in accor-
dance with the Institutional Animal Care and Use Committee
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(IACUC) of the Korea Research Institute of Bioscience and Biotech-
nology and were performed in compliance with the “Guide for the
Care and Use of Laboratory Animals” by the National Research
Council and Korean national laws for animal welfare.

Animal Experiment

Irradiation and PLAG administration were performed as previ-
ously described (22). Briefly, male_ BALB/c mice (11 weeks old)
were placed in single chambers of a lead-shielded irradiation appara-
tus and exposed to a single, uniform dose of total-body y-ray irradia-
tion from a “Co source (J.L. Shepherd & Associates, San Fernando,
CA) at a dose rate of 0.833 Gy/min. Dose rates were measured using
an EPD MKk2+ electronic dosimeter (Thermo Scientific™, Waltham,
MA). PLAG was synthesized by Enzychem Life Sciences Corp.
(Jecheon, Korea) and resuspended in sterile phosphate-buffered
saline (PBS). Mice received 250 mg/kg of PLAG [0.1 ml/mouse, oral
(p.0.) administration] or vehicle [sterile PBS; 0.1 mL/mouse, (p.o.)
administration] beginning 24 h postirradiation and continued daily
until 21 days postirradiation.

Histological Analysis

Mice were euthanized, and small intestine tissues (jejunum) were iso-
lated on days O, 1, 3, 7, 15, and 21 after TBI. Tissues were fixed with
10% formalin overnight and transferred to the Korea Pathology Technical
Center (Cheongju, South Korea) for paraffin embedding and hematoxylin
and eosin (H&E) staining. Images of the small intestine sections were
captured using a Leica Flexacam C3 microscope (Wetzlar, Germany).
Intestinal sections were used to measure villus height, crypt depth, and the
number of crypts per field of view (FOV). For the measurement of villus
height and crypt depth, the numbers of villi and crypts assessed per mouse
were 35 and 45, respectively. For the determination of crypt numbers, 5
FOV per section were assessed.

The degree of goblet cell population was assessed in jejunal sec-
tions from mice at days 1, 3, 7, 15, and 21 after TBI using an Alcian
Blue staining kit (Vector, Newark, CA) according to the manufactur-
er’s instructions. After completing the assay, the slides were exam-
ined by light microscopy using a Leica Flexacam C3 microscope
(Wetzlar, Germany).

Immunohistochemical Analysis

For immunohistochemical analysis, the de-paraffinized and hydrated
sections were heated in antigen retrieval buffer for 10 min and stained
with rabbit monoclonal PCNA (Cell Signaling Technology, Danvers,
MA), HMGBI1 (Abcam, Cambridge, UK) and phospho-MLKL (Invitro-
gen, Carlsbad, CA) antibodies at 4°C overnight after blocking with 10%
fetal bovine serum in PBS. Visualization was performed using a DAKO
Real Envision detection system according to the manufacturer’s instruc-
tions, and the sections were counterstained with hematoxylin. Images of
the small intestine sections were captured using a Leica Flexacam C3
microscope (Wetzlar, Germany). For quantification, 4-5 fields of view
per section were assessed using ImageJ software (National Institutes of
Health, MD) by calculating the 3,3’-diaminobenzidine positive area using
a color threshold.

D-xylose Absorption Assay

A D-xylose absorption assay was performed to examine the regen-
erative capacity of the intestine as a physiological indicator of muco-
sal barrier integrity, as described by Venkateswaran et al. (/).
Briefly, the mice were fasted for 4 h and then orally administered
200 mg/kg p-xylose dissolved in saline. The minimal amount of
blood (100-200 pL) was collected 2 h after p-xylose administration
from the orbital sinuses using EDTA-free capillary tubes (Kimble
Chase Life Science and Research Products LLC, Vineland, NJ) and
1.5 mL microcentrifuge tubes. The blood-containing tubes were cen-
trifuged at 6,000 rpm for 20 mins at 4°C to separate serum. A total of
50 pL of serum samples was mixed with 5 mL of phloroglucinol
reagent (0.5 g of phloroglucinol, 100 mL of glacial acetic acid, and
10 mL of concentrated HCI) and heated in a water bath at 100°C for
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5 min. After cooling down, the absorbance of the samples was mea-
sured at a wavelength of 554 nm using a spectrophotometer.

Enterococcus Feacalis Oral Infection-Induced Bacterial
Translocation in TBI Mice

The effect of PLAG on infectious complications caused by intesti-
nal injury-induced spontaneous bacterial translocation in TBI mice
was investigated using (i) mortality rates, (ii) occurrence rates of pos-
itive bacterial cultures, and (iii) bacterial growth in the blood, lungs,
and liver tissues of TBI mice. Enterococcus faecalis, a commensal
bacterium inhabiting the human gastrointestinal tract, was obtained
from the Korean Collection for Type Cultures (Jeong-eup, South
Korea) and used as an infectious agent in this study because oral
infection with E. faecalis-induced bacterial translocation and septic
death in TBI mice after antibiotic decontamination as per previous
studies (23, 24). The mice were decontaminated by providing water
containing an antibiotic cocktail (AC, 4 mg/ml penicillin, streptomy-
cin, and bacitracin) for 7 days before and 6 days after TBI. To stabi-
lize E. faecalis oral infection, the mice were orally treated with
lansoprazole (a proton pump inhibitor, 0.5 mg/0.1 mL/mouse) on day
5 after TBI. The day after lansoprazole treatment, the mice were then
orally infected with 3 X 10° CFU of E. faecalis per mouse, and AC
was removed from the drinking water. The mice were monitored at
least twice daily for 15 days for E. faecalis oral infection. On days 1,
3, 5, and 7 after E. faecalis oral infection, blood was collected from
the orbital sinuses, and the lungs and liver were excised and homoge-
nized. Blood and homogenized tissue samples were diluted with ster-
ile PBS, spread on tryptic soy agar plates, incubated at 37°C for 18 h,
and the number of colonies was counted.

Western Blot

The levels of circulating HMGBI in the mouse serum were examined
as previously described (25). Briefly, 3 pL of the serum was diluted
with 72 pL of 1 X SDS sample buffer and heated at 95°C for 5 min.
Samples were separated on a 12% polyacrylamide gel using SDS
sulfate-polyacrylamide gel electrophoresis. The gel was then transferred
onto a polyvinylidene difluoride (PVDF) membrane. Rabbit monoclonal
HMGB-1 antibody (Abcam) was used as the primary antibody. The
blots were then incubated with a secondary antibody and visualized
using the SuperSignal™ West Femto Maximum Sensitivity Substrate
(Thermo Scientific™). Protein membranes were stained with Ponceau
S solution (Sigma-Aldrich, Burlington, MA) for total protein normaliza-
tion. The density of the Western blot bands was calculated using ImageJ
software to quantify protein expression levels.

Statistical Analyses

All error bars indicate the standard deviation (SD), and all data were
analyzed using unpaired Student’s t-test or one-way analysis of variance
(ANOVA), followed by the Tukey-Kramer post hoc test. Statistical signif-
icance was set at P << 0.05. Statistical analyses were performed using
GraphPad Prism version 8.4.3 (GraphPad, La Jolla, CA).

RESULTS

PLAG Mitigates Gastrointestinal Damage in Irradiated
Mice

To assess the extent of gastrointestinal damage caused by
TBI, hemorrhage, and structural injury to the GI tract were
macroscopically observed after laparotomy. On day 15 after
TBI, a laparotomy was performed to observe the GI tract
because previous studies showed that irradiated mice suf-
fered severe weight loss and started to die around 15 days
after TBI (20, 21). As shown in Fig. 1A, the mass of visceral
adipose tissue in the 6.11 Gy TBI-only group was consider-
ably lower than that in the non-irradiated group. The PLAG-

treated group exhibited substantial recovery of the visceral
adipose mass. Moreover, multiple hemorrhagic spots were
observed in all three parts of the small intestine in the 6.11
Gy TBIl-only group compared with the non-irradiated group.
Administration of PLAG substantially decreased radiation-
induced gastrointestinal hemorrhage (Fig. 1B).

PLAG Facilitates the Structural Restoration of the
Intestinal Tissues Damaged by TBI

Next, we assessed whether PLAG mitigated radiation-
induced GI tract damage by examining histological
changes within the jejunal part of the small intestine. As
shown in Fig. 2A, crypt atrophy and villus blunting were
observed on the interior surface of the jejunum as early as
days 1 and 3 after TBI in both groups. The destruction of
the intestinal epithelium worsened at days 7 and 15 after
TBI in the 6.11 Gy TBI-only group. The damaged intestinal
epithelium was not completely restored to normal status
until day 21 in the 6.11 Gy TBI-only group. In contrast, the
crypt-villi structures of the small intestines were restored in
the 6.11 Gy TBI + PLAG group at days 7, 15, and 21 after
TBI (Fig. 2A). In addition, we investigated the effects of
TBI and PLAG on intestinal injury parameters by measur-
ing villus height, crypt depth, and the number of crypts per
field in small intestinal tissues (Fig. 2B-D). A significant
reduction in villus height was observed on days 1, 3, 7, and
15 after TBI compared to day O (no irradiation), whereas
daily administration of PLAG significantly increased villus
height from day 3 after TBI (Fig. 2B). Radiation-induced
alterations in crypt morphology were quantified by measur-
ing crypt depth and the number of crypts per field. The
crypt depth dramatically decreased from day 1 after TBI
and remained significantly lower than day O (non-irradi-
ated) until day 15 after TBI, whereas PLAG significantly
increased the crypt depth from day 3 after TBI (Fig. 2C). In
addition, a sharp decline in crypt numbers per field was
observed from day 1 to day 15 after TBI in the 6.11 Gy
TBI group compared with day O (no irradiation) and the
PLAG-treated group. Collectively, these findings indicate
that PLAG effectively ameliorates radiation injury by facil-
itating the recovery of the epithelial architecture of the
small intestine.

PLAG Increases Mucin Secretion by Promoting the
Recovery of Goblet Cells in The Intestinal Tissues
Damaged after TBI

The intestinal mucosal layer is the first line of defense
against intestinal microorganisms, digestive enzymes, acids,
microbes, and food-associated toxins. Goblet cells are a type
of intestinal epithelial cells whose primary function is to
synthesize and secrete mucus (26). Next, we investigated
whether PLAG mitigates the destruction of goblet cells in
the damaged GI tract after TBI by staining the jejunal sections
with Alcian blue. Alcian blue staining (Fig. 3A) and corre-
sponding densitometry (Fig. 3B) showed that the number of
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FIG. 1. Macroscopic view of gastrointestinal damage in irradiated mice. Panel A: Macroscopic observation was conducted on the GI tract
after laparotomy of the BALB/c mice on day 15 after TBI. Panel B: An overview of the GI tract was conducted in all three parts of the small
intestine, including the duodenum, jejunum, and ileum, from negative control, 6.11 Gy TBI only, and 6.11 Gy TBI + PLAG-treated mice.
These results indicate that TBI induces multiple hemorrhagic spots (black arrows) in the GI tract and PLAG effectively mitigates the radia-

tion-induced gastrointestinal injuries.

goblet cells markedly decreased on days 1, 3, 7, and 15 after
TBI as compared to the non-irradiated group. In the PLAG-
treated group, the number of goblet cells sharply decreased on
days 1 and 3 after TBIL; however, from day 7, the number
almost recovered to the level observed in the non-irradiated
group. This result indicates that PLAG promotes the population
of mucin-producing goblet cells after the destruction of the
intestinal epithelium by TBI.

PLAG Facilitates the Recovery of Crypt Cells by
Promoting Cell Proliferation in the Intestinal Tissues
Damaged after TBI

Since PLAG effectively facilitated the regeneration of
the intestinal epithelium damaged by TBI, as shown in
Figs. 2 and 3, we next investigated the effects of PLAG
on the self-renewal potential of intestinal crypts after

TBI. There is a population of undifferentiated intestinal
stem cells at the crypt base that divides into progenitor
or daughter cells for subsequent differentiation into the
mature cell types necessary for normal gut function
(27). To assess the proliferative capacity of intestinal
stem cells, the levels of proliferating cell nuclear anti-
gen (PCNA) in intestinal crypt cells were analyzed
using immunohistochemistry. As shown in Fig. 4A and
B, the number of PCNA-positive cells in the crypts was
significantly reduced on day 1 after TBI and remained
low until day 15 after TBI. However, in the PLAG-
treated group, PCNA staining intensity and the number
of PCNA-positive crypt cells were significantly
increased on days 3, 7, and 15 after TBI as compared to
the 6.11 Gy TBI-only group. These results confirm the
tissue regenerative effects of PLAG on the GI tract dam-
aged by TBL
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FIG. 2. PLAG facilitates the structural restoration of the intestinal tissues damaged by TBI. Panel A: Microscopic images of hematoxylin
and eosin-stained jejunal intestinal tissues from the mice sacrificed at different time points (1, 3, 7, 15, and 21 days) after TBI. The images
were captured at 40X and 100X magnification. The bar graph illustrates (panel B) villus height, (panel C) crypt depth, and (panel D) crypt
numbers per field of view (FOV) based on intestinal histology. Data are expressed as bar graphs with mean * standard deviation (SD) and
analyzed with the Student t-test. #Negative control group vs. 6.11 Gy TBI only group; *6.11 Gy TBI only group vs. 6.11 Gy TBI + PLAG
group. Statistical significance is denoted as follows: ns, not significant; #/*P << 0.05; ##/**P < 0.01; ###/***P < 0.001.

PLAG Restores Intestinal Functionality in TBI Mice

The primary function of the small intestine is to digest and
absorb ingested nutrients as an energy source for the entire
body (28). A p-xylose absorption assay is a widely used inves-
tigative tool to study the absorptive capacity of the small intes-
tine in a variety of clinical and non-clinical settings. As it is a
non-metabolizable sugar, p-xylose levels in the serum provide
a reliable index of the functionality of the small intestine (29,
30). We performed D-xylose absorption assays to determine the
effects of radiation exposure and PLAG treatment on the
absorptive function of the small intestine. Irradiation signifi-
cantly impaired the intestinal absorption of D-xylose on days 7,

15, and 21 when compared to the non-irradiated group (day 0).
PLAG significantly improved the intestinal absorptive capacity
of TBI mice from day 15 onwards, reaching that of the non-
irradiated group (Fig. 5). These findings suggest that PLAG
promotes the reconstitution of the intestinal epithelium, result-
ing in the restoration of intestinal functionality after TBI.

PLAG Reduces Intestinal Injury-induced Bacterial
Translocation in TBI Mice

Many studies demonstrated that the high mortality rates
of mice exposed to a lethal dose of gamma ray are associ-
ated with gut bacteria-related infectious complications
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FIG. 3. PLAG increases mucin secretion by promoting the recovery of goblet cells in the intestinal tissues damaged by TBI. Panel A:
Microscopic images of Alcian blue (AB) and eosin-stained jejunal intestinal tissues from the mice sacrificed at different time points (1, 3, 7,
15, and 21 days) after TBI. The images were captured at 200X magnification. The blue spots indicate AB-stained mucin produced by goblet
cells. Panel B: The number of goblet cells per field was measured for quantitative analysis. Data are expressed as bar graphs with mean = SD
and analyzed with the Student t-test. *Negative control group vs. 6.11 Gy TBI only group; *6.11 Gy TBI only group vs. 6.11 Gy TBI +
PLAG group. Statistical significance is denoted as follows: ns, not significant; #/*P << 0.05; ##/**P < 0.01; ###/***P < 0.001.

(23, 24, 31). Since PLAG was previously demonstrated to
restore radiation-induced intestinal damage, we next
investigated the effects of PLAG on intestinal injury-
induced gut bacterial translocation in TBI mice. The
experimental design for intestinal injury-induced bacterial
translocation in TBI mice is shown in Fig. 6A. First, we
investigated the role of infectious complications in the
mortality of our 6.11 Gy (LD7¢/30) TBI mouse model by
decontaminating the mice with an antibiotic mixture in
drinking water. As a result, 40% of the mice were found

dead within 11 days after irradiation in the 6.11 Gy TBI-
only group, whereas the mice decontaminated with the
antibiotic mixture all survived (Fig. 6B). However, 90%
of decontaminated and irradiated mice died after E. faeca-
lis oral infection, supporting the idea that high mortality
after TBI is closely associated with gut bacteria-related
infectious complications. Conversely, administration of
PLAG (250 mg/kg) significantly enhanced survival to
70% (Fig. 6B). To examine the translocation of E. faecalis
to other organs, a colony formation assay was performed
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FIG. 4. PLAG facilitates the recovery of crypt cells by promoting cell proliferation in the intestinal tissues damaged by TBI. Panel A:
Immunohistochemistry of the jejunal tissue sections at days 1, 3, 7, and 21 stained with a specific PCNA Ab and counterstained with hematoxylin. The
images were captured at 400X magnification. Panel B: The number of PCNA-positive cells per crypt in the jejunal tissues was measured for quantita-
tive analysis. PLAG effectively increased the number of PCNA-positive cells in the intestinal crypts. Data are expressed as bar graphs with mean =
SD and analyzed with the Student t-test. *Negative control group vs. 6.11 Gy TBI only group; *6.11 Gy TBI only group vs. 6.11 Gy TBI + PLAG
group. Statistical significance is denoted as follows: ns, not significant; #/*P < 0.05; ##/**P < 0.01; ###/***P < 0.001.

using blood, as well as lung and liver homogenates. As
shown in Fig. 6C, more than 70% of the organs were
found to be E. faecalis positive on days 1, 3, 5, and 7 after
oral infection, whereas PLAG substantially decreased the
percentage of organs positive for E. faecalis. Furthermore,
E. faecalis-positive organs in the PLAG-treated group
showed significantly lower growth rates than their coun-
terparts (Fig. 6D). Taken together, these results indicate
that PLAG not only promotes the regeneration of injured
intestinal epithelium but also prevents infectious compli-
cations caused by gut bacterial translocation after TBI.

PLAG Reduces HMGBI Release from the Intestinal Crypt
Cells Damaged by TBI

Cells damaged or dying in response to radiation expo-
sure can alert the immune system to dangerous conditions

by releasing DAMPs (/8). A previous study demonstrated
that PLAG ameliorated neutrophilic inflammation in
tongue tissues by reducing both serum and cytoplasmic
levels of high-motility group box / (HMGB1), a typical
endogenous DAMP, in a murine model of chemotherapy
and radiation-induced oral mucositis (25). Thus, we
assessed the effects of PLAG on the release of HMGBI1 in
both intestinal crypt cells and the serum of TBI mice. As
shown in Fig. 7A, cytoplasmic HMGB1 was intensively
stained in the intestinal crypt cells of the 6.11 Gy TBI-
only group on days 7, 15, and 21 after TBI, indicating that
HMGB]1 originally located in the nucleus was translocated
to the cytoplasm in these mice. In contrast, HMGB1 remained
in the nucleus of the PLAG-treated group. Next, we examined
the serum levels of HMGBI1 on day 15 after TBI by Western
blotting (Fig. 7B). The relative band intensities obtained from
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FIG. 5. PLAG restores intestinal functionality in TBI mice.
Effects of PLAG on intestinal functional regeneration in TBI mice
by p-xylose absorption assay. Serum D-xylose concentration (pg/ml)
was measured on days 1, 3, 7, 15, and 21 after TBI. Data are
expressed as bar graphs with mean * SD and analyzed the Student
t-test. #Negative control group vs. 6.11 Gy TBI only group; *6.11 Gy
TBI only group vs. 6.11 Gy TBI + PLAG group. Statistical signifi-
cance is denoted as follows: #/*P < 0.05; ##/*P < 0.01.

the band image in Fig. 7B showed that PLAG significantly
reduced the serum levels of HMGB1 in TBI mice (Fig. 7C).

PLAG Regulates the Necroptosis Signaling Pathway in
Radiation-Damaged Intestinal Crypt Cells

To assess whether the release of HMGB1 was associated
with necroptotic damage in intestinal crypt cells, the phos-
phorylated form of MLKL and a marker of necroptosis
activation, was examined by immunohistochemistry (Fig.
8A). DAB staining intensities were quantified and com-
pared between groups using Student’s t-test (Fig. 8B). The
results showed that the level of MLKL phosphorylation
was significantly elevated in the intestinal crypt cells of the
6.11 Gy TBI-only group on days 3, 7, 15, and 21 after TBI,
whereas administration of PLAG significantly reduced
MLKL phosphorylation in radiation-damaged intestinal
crypt cells. These results indicate that PLAG effectively
regulates the necroptosis signaling pathway and the release
of HMGBI1 in radiation-damaged intestinal crypts.

DISCUSSION

The gastrointestinal system is one of the most radiosensi-
tive organ systems in the body owing to its deleterious
effects of radiation, especially on cells undergoing mitosis.
The cells that make up the lining of the intestinal epithelium
are replaced with newly differentiated cells every 3-5 days
as clonogenic crypt cells continue to migrate upward as they
differentiate into nutrient-absorbing enterocytes, mucus-
secreting goblet cells, and hormone-secreting enteroendo-
crine cells. Radiation-induced death of clonogenic crypt
cells, particularly intestinal stem cells, impairs intestinal
homeostasis by demolishing the mucosal barrier, which
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physically and biochemically segregates host tissue and gut-
inhabiting bacteria. Therefore, radiation countermeasures to
treat GI-ARS should be developed to determine whether
candidates can prevent radiation-induced damage to clo-
nogenic crypt cells or facilitate the regeneration of the
intestinal epithelium that was already disintegrated by
radiation exposure. In this study, we investigated the
potential of the PLAG as a radiation countermeasure
against GI-ARS. Our results showed that PLAG promotes
the regeneration and repopulation of the intestinal epithe-
lium by stimulating the proliferation of crypt cells, result-
ing in improved nutrient absorption by enterocytes and
protection from gut bacterial invasion by rebuilding the
mucosal barrier. Moreover, the inhibition of necroptosis
signaling and the reduction of HMGBI1 release by PLAG
contributed to the mitigation of radiation-induced GI
injury. The mitigation of H-ARS by PLAG, as reported
previously (20, 21), and that of GI-ARS demonstrated
here make this drug a promising candidate as a radiation
countermeasure against radiation injury caused by severe
life-threatening radiation exposure.

In this study, we demonstrated that PLAG rapidly restored
intestinal epithelium collapse caused by radiation exposure
by promoting cell proliferation within the crypts. This find-
ing was consistent with our previous results, which showed
that PLAG accelerated bone marrow recovery after TBI in
mice. Crypt base columnar (CBC) cells, which express
leucine-rich repeat-containing G protein-coupled receptor 5
(Lgr5), are rapidly cycling and self-renewing intestinal stem
cells that are responsible for maintaining intestinal homeo-
stasis in the steady state but are highly susceptible to exoge-
nous damage such as chemicals, pathogens, or irradiation
(32). Another stem cell pool replaced the Lgr5+ CBC cells
when the intestinal epithelium was injured. These types of
intestinal stem cells are quiescent in the normal state but
become active and act as a major cell supply for epithelial
regeneration after the loss of Lgr5+ CBC cells. Quiescent
intestinal stem cells are marked by unique markers such as
Bmil, Tert, Hopx, Krt19, Clu, Mex3a, and Lrigl (32-35).
We have demonstrated the efficacy of PLAG on the regener-
ation of the hematopoietic system, which was injured by
radiation or anticancer drugs in previous studies (20-22),
and we confirmed that the efficacy of PLAG works identi-
cally in the gastrointestinal system in the current study.
When all these studies are combined, it is reasonable to
assume that PLAG has some stimulatory effects on quies-
cent stem cells or their niche after radiation damage. There-
fore, further studies to decipher the cellular targets and
molecular mechanisms of PLAG are required to better
understand the physiological and molecular roles of PLAG
in ARS.

Damage to the GI tract from radiation or accidental
radiation exposure is usually accompanied by damage to
other organs. TBI doses that induce GI-ARS usually
deplete bone marrow cells, leading to the manifestation of
H-ARS (36). Therefore, GI-ARS is closely linked to the
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FIG. 6. PLAG reduces intestinal injury-induced bacterial translocation in TBI mice. Panel A: Schematic diagram of intestinal injury-
induced spontaneous bacterial translocation in TBI mice. The experimental procedures are described in Materials and Methods in detail. Panel
B: Survival was monitored for 15 days starting from E. faecalis oral infection. P = 0.0018, 6.11 Gy TBI + antibiotics cocktail (AC) vs. 6.11
Gy TBI only; P < 0.001, 6.11 Gy TBI + AC + E. faecalis vs. 6.11 Gy TBI + AC + E. faecalis + PLAG (log-rank test). PLAG reduces
(panel C) occurrence rate with positive E. faecalis cultures and (panel D) bacterial growth in blood, lung, and liver tissues of TBI mice orally
infected with E. faecalis. Data are expressed as bar graphs with mean = SD and analyzed with the Student t-test. Statistical significance is

denoted as follows: *P < 0.05; **P < 0.01; ***P < 0.001.

hematopoietic system in that the extent of bone marrow dam-
age can determine the host’s immunity against infectious com-
plications due to gut microbiota translocation through the
impaired intestinal mucosal barrier (/5). It has been reported
that the mortality rates from GI-ARS differ depending on the
implementation and extent of bone marrow sparing in some
experimental settings (37, 38). Thus, it is reasonable to assume
that the effects of PLAG on GI-ARS, including the structural
and functional recovery of intestinal epithelium and the mitiga-
tion of gut bacterial translocation-associated mortality and mor-
bidity, are partly attributed to its mitigating effects on H-ARS.

We previously verified that administration of PLAG improves
peripheral blood cell recovery by accelerating bone marrow
cellularity in TBI mice (20, 21).

Gut bacterial translocation through an impaired mucosal bar-
rier is a major life-threatening factor in GI-ARS. The transloca-
tion of indigenous gut bacteria through the injured gut mucosa
can lead to invasion into neighboring or distant organs that are
normally sterile, subsequently resulting in systemic inflamma-
tory response syndrome (SIRS) or septic death, especially in
conjunction with an immunocompromised status (39). More-
over, high levels of cytokines and chemokines, such as TNF,
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FIG. 7. PLAG reduces HMGBI release from TBI-damaged intestinal crypt cells. Panel A: Immunohistochemistry of small intestine sec-
tions at 0, 1, 3, 7, 15, and 21 days after TBI stained with a specific HMGB1 Ab and counterstained with hematoxylin. The images were cap-
tured at 400X and 800X magnification. Panel B: The protein level of HMGB1 in the blood was detected by Western blotting. Panel C: The
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IL-1B, IL-6, IL-8, CXCLI1, and CXCL2, produced by the
infected tissue macrophages and adjacent endothelial cells
through the activation of pattern recognition receptors (PRR)
can cause serious tissue damage and loss of function (40). Pre-
viously, PLAG was shown to effectively attenuate pro-
inflammatory cytokines/chemokines, including IL-6, CXCL1,
and CXCL2, which are produced by TBI between 13 and 21
days after TBI (20). In this study, we concluded that the reduc-
tion of cytokines/chemokines by PLAG was correlated with an
improvement in peripheral blood cell recovery and survival
rate (20). In addition, we demonstrated that PLAG effectively
prevented gut bacterial translocation through a radiation-
damaged mucosal barrier in the current study. We presume that

the explosive increase in inflammatory cytokines between 13
and 21 days after TBI identified in previous study results from
gut bacterial translocation through increased mucosal barrier
permeability and immunodeficiency after radiation exposure
(20). In addition, we believe that the prevention of gut bacterial
translocation by PLLAG partially contributed to the downregula-
tion of the cytokine surge observed between 13 and 21 days
after TBI and the subsequent mortality.

Necroptosis is a type of programmed cell death that mim-
ics apoptosis and necrosis (4/). Radiation induces the activa-
tion of the necroptosis signaling pathway, and dysregulation
of necroptosis is associated with many pathological condi-
tions, including cancer, bacterial infection, viral infection,
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FIG. 8. PLAG regulates the necroptosis signaling pathway in TBI-damaged intestinal crypt cells. Panel A: Immunohistochemistry of small
intestine sections at 0, 1, 3, 7, 15, and 21 days after TBI stained with a specific phosphor-MLKL Ab and counterstained with hematoxylin.
The images were captured at 600X magnification. Panel B: Quantification of phosphor-MLKL staining intensity in the intestinal crypt cells.
Data are expressed as bar graphs with mean * SD and analyzed with the Student t-test. #Negative control group vs. 6.11 Gy TBI only group;
*6.11 Gy TBI only group vs. 6.11 Gy TBI + PLAG group. Statistical significance is denoted as follows: ns, not significant; #/*P < 0.05;

##/¥*P < 0.01; ##H/***P < 0.001.

and neurodegenerative diseases (/8, 4/—45). In this study,
we demonstrated that necroptosis is a key mechanism under-
lying TBI-induced GI damage and demonstrated the inhibi-
tory effects of PLAG on radiation-induced necroptosis
activation, as evidenced by reduced HMGBI release and
MLKL phosphorylation in intestinal crypt cells. Since GI-
ARS is a pathological GI tract condition with complex and
multifactorial mechanisms that are difficult to fully under-
stand, necroptosis is not the only cell death mode that inten-
sifies the symptoms of GI-ARS. Therefore, it is worthwhile
studying the effects of PLAG on other modes of cell death
in the context of radiation injury.
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