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An effective method that can protect radiation-damaged
tissues from apoptosis and promote tissue repair has not been
reported to date. Hypoxanthine (Hx) is an intermediate
metabolite in the purine degradation system that serves as a
substrate for ATP synthesis via the salvage pathway. In this
study, we focused on the transient decrease in intracellular
ATP concentration after radiation exposure and examined
the protective effect of Hx against radiation-induced tissue
damage. Human umbilical vein endothelial cells were X
irradiated, and the cell viability and incidence of apoptosis
and DNA double-strand breaks (DSBs) were evaluated at
different Hx concentrations. We found that in the presence of
2-100 pM Hx, the percentages of DSBs and apoptotic cells
after 2, 6 and 10 Gy dose of radiation significantly decreased,
whereas cell viability increased in a concentration-dependent
manner. Moreover, the addition of Hx increased the levels of
AMP, ADP, and ATP in the cells at 2 h postirradiation,
suggesting that Hx was used for adenine nucleotide synthesis
through the salvage pathway. Administration of a xanthine
oxidoreductase inhibitor to a mouse model of radiation
dermatitis resulted in increased blood Hx levels that inhibited
severe dermatitis and accelerated recovery. In conclusion, the
findings provide evidence that increasing the levels of Hx to
replenish ATP could be an effective strategy to reduce
radiation-induced tissue damage and elucidating the detailed
mechanisms underlying the protective effects of Hx could
help develop new protective strategies against radia-
tion. © 2022 by Radiation Research Society
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INTRODUCTION

Radiation exposure can cause tissue damage. Recently, as
seen in the case of the nuclear power plant accident caused
by a major earthquake at the Fukushima Daiichi Nuclear
Power Plant in Japan in March 2011, the risk of radiation
exposure to employees of the facility and residents in the
vicinity has been increasing. Against this background, the
development of medical countermeasures against damages
caused by radiation exposure has become increasingly
important (/). In addition, radiation injury is a common
complication of radiotherapy for cancer. Since skin and
mucous membranes are susceptible to radiation damage, it
is estimated that about 95% of patients with cancer
undergoing radiation therapy will develop one of the
following skin reactions: erythema, desquamation, derma-
titis, ulceration, and fibrosis (2). These radiation-induced
skin disease may limit the duration and dose of radiation
therapy and lead to various complications, including
increased risk of infection and decreased quality of life.
However, there is still no treatment for radiation-induced
tissue damage, and currently, only steroids and skin
moisturizers are administered.

Upon exposure to radiation, a large amount of ATP is
consumed in the process of protecting cells and repairing
them during tissue damage, including radiation dermatitis.
Particularly, after irradiation, intracellular ATP levels are
markedly reduced (3), and increased energy demand in
response to DNA damage affects the cellar repair process
(4). Moreover, it has been reported that oral administration
of adenosine and inosine, which are ATP precursors,
resulted in survival and brain protection during total-body
irradiation in mice (5). Therefore, it is expected that
enhancing ATP synthesis could promote the repair of
radiation-induced skin damage.

ATP is synthesized via two pathways that have different
characteristics (6, 7). First is the de novo pathway, mainly
involved in the synthesis of purines from amino acids and
sugars. This pathway also synthesizes phosphoribosyl
pyrophosphate, a component of ATP, and is preferentially
activated in proliferating cells, such as lymphocytes (8). The
other pathway, called the salvage pathway, recycles ATP
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degradation products and uses hypoxanthine (Hx), an
intermediary metabolite of ATP or GTP degradation, as a
substrate for ATP synthesis (9). The major difference
between the two pathways is the energy they require for
ATP synthesis. The de novo pathway consumes five ATP
molecules to synthesize one molecule of the inosine
monophosphate (IMP) (/0). In contrast, the salvage
pathway does not consume ATP, making it more efficient
(11). Moreover, the salvage pathways occur in tissues, such
as the skeletal muscle, cardiac muscle, and neural tissue,
which exhibit significant ATP consumption, and therefore,
salvage pathways are thought to maintain ATP levels
efficiently in these tissues (6, /2). Therefore, it is expected
that in pathological conditions where ATP is transiently and
rapidly depleted, such as in radiation injury, promoting ATP
synthesis through the salvage pathway might be useful for
increased energy supply to avoid cell death due to
irradiation damage.

Xanthine oxidoreductase (XOR) is an enzyme that
produces uric acid using Hx and xanthine as substrates.
XOR inhibition causes Hx accumulation that results in
increased intracellular ATP synthesis via the salvage
pathway, and this may contribute to the inhibition of tissue
damage and the promotion of tissue repair (/3, /4). Based
on this, a study found that XOR inhibitors could delay the
pathological progression of amyotrophic lateral sclerosis in
mice (/3). XOR inhibitors have also been reported to
protect the heart and kidney during ischemia-reperfusion
injury (/4, 15). In addition, several studies have shown the
significance of XO/XOR inhibitors in attenuating the effects
of ionizing radiation. For example, one study has shown
that radiation-induced endothelial dysfunction and cardio-
vascular complications can be effectively suppressed by
inhibitors of XORs, which become more active and increase
superoxide production in the liver and blood vessels after
irradiation (/6, 17). However, in this case, the effect of Hx,
whose degradation is inhibited by XOR inhibitors and
increases locally, has not been fully investigated.

The present study aimed to examine whether a direct or
indirect increase in Hx can protect skin tissues against
radiation damage and analyze the mechanism of this effect.
Moreover, we examined the ability of Hx to reduce
radiation damage and explored the role of Hx as a protective
agent against radiation dermatitis.

MATERIALS AND METHODS
Cell Culture and Irradiation

Human umbilical vein endothelial cells (HUVECs; Takara Bio,
Shiga, Japan) were grown in endothelial cell basal medium 2 (C-
22011; Takara Bio) supplemented with growth factors and fetal
bovine serum (FBS). All cells were cultured at 37°C under humidified
conditions with 5% CO, as a general culture condition for 14 days.
The medium was changed every other day, and cells with passage
numbers of 6-7 were used for the experiments. X-ray irradiation
experiments were performed at Nippon Medical School irradiation
facility using a Hitachi MBR-1520R-3 device (150 kV, 20 mA,
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aluminum equivalent 0.5 mm, copper filter 0.1 mm, calculated dose
rate 0.98 Gy/min). Cells were irradiated using 2, 6 and 10 Gy of X
rays to evaluate cell viability, 6 and 10 Gy of X rays to evaluate
apoptosis, and 6 Gy of X rays to evaluate the extent of DNA damage
and changes in intracellular adenine nucleotide content. Immediately
after irradiation, the HUVEC growth medium was replaced with a
medium from which Hx was removed or a medium to which
exogenous Hx was added.

Assessment of Cell Viability by WST-1 Assay and Cell Count

To evaluate the effect of Hx on cell viability after X irradiation, cell
viability was examined using a Premix WST-1 Cell Proliferation
Assay System (Takara, Shiga, Japan) according to the manufacturer’s
protocol. Briefly, HUVECs were seeded onto 96-well plates at a
density of 1.5 X 10° cells/well and cultured in 200 pL. medium for 24
h. When cells were 40-60% confluent, they were X irradiated and
incubated at various concentrations of Hx in basal medium for 48 h.
WST-1 reagent (10 pL) was added to each well and incubated for 3 h
at 37°C. In this study, the WST-1 value was calculated according to
the package insert of the measurement kit. In short, the WST-1 value
was calculated by subtracting the absorbance of turbidity (630 nm)
from the absorbance of the product, formazan (450 nm).

For the cell counting, cells were cultured as described in the cell
culture and irradiation section. Subsequently, the cells were seeded
onto 96-well plates at a density of 4,000 cells/well, and X irradiated as
described above, after which the original medium was replaced with
the medium from which Hx was removed or with the medium
containing various concentrations of Hx and cultured for 48 h. The
cells were then isolated by trypsin treatment, and the number of cells
in each well was counted.

Culture with Superoxide Dismutase (SOD), Catalase and Uric Acid

SOD (5,000 U/mL), catalase (1,000 U/mL), or uric acid (2 pM) was
added to the medium from which Hx was removed. Cell viability was
measured using the WST-1 method as described above.

Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End
Labeling (TUNEL) Assay

Cells were seeded at a density of 2 X 10° cells/chamber slides with
or without Hx. After 24 h, 6 and 10 Gy X-irradiated cells were washed
with phosphate-buffered saline (PBS) and fixed in 4% paraformalde-
hyde for 10 min at room temperature (~21-23°C). DNA fragmen-
tation was performed using the Apoptosis in situ Detection Kit (Wako,
Osaka, Japan). Apoptosis-positive cells appeared as brown-stained
nuclei.

Comet Assay

The presence of DNA damage was assessed by single-cell
electrophoresis using the OxiSelect Comet Assay Kit (Cell Biolabs,
Inc., San Diego, CA) following the manufacturer’s protocol. Cells
were quantified using open-access Imagel software (OpenComet) cell
counter plugin. Approximately 300 cells per cell line per experiment
were used for analysis.

Extraction of Purine Compounds and HPLC Analysis

Immediately after irradiation, the cell growth medium was replaced
with Hx removed or added medium. After 2 h, the cell monolayer was
washed twice with ice-cold PBS. Perchloric acid was added to the
cells at a final concentration of 5%, and the mixture was centrifuged at
18,360 X g for 5 min to remove denatured proteins. The supernatant
was transferred to a new tube, after which potassium carbonate was
added at a final concentration of 0.6 M for neutralization. The mixture
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FIG. 1. Mouse (hairless) irradiation set-up. Panel A: Only the skin of the selected area was pulled out through
the gap in the lead plate for irradiation. Panel B and C: All parts of the body were covered underneath the lead
plate except for the selected part. Panel D: Several lead blocks were placed on top of the lead plates to shield the

entire body from radiation.

was centrifuged at 18,360 X g for 5 min, and a quarter volume of 0.5
M potassium phosphate buffer (pH 5.5) was added to the supernatant.

Purine compounds in the cell extracts were quantified using a
Shimadzu LC-20AD HPLC system (Shimadzu Corporation, Kyoto,
Japan) with a SUPELCOSIL LC-18-T column (25 cm X 4.6 mm, 5-
pm particle) connected to an LC-18-T Supelguard (2 cm X 4 mm, 5-
pum particle). The analysis was performed at 40°C with a flow rate of
0.8 mL/min. The mobile phase and gradient program followed the
method specified by Sigma Aldrich with a slight modification. The
eluate was monitored at 254, 268, and 295 nm for the specific
detection of Hx, xanthine, and uric acid, respectively. Adenine
nucleotides were detected at a wavelength of 254 nm.

Calculation of Energy Charge

Energy charge (EC) is an indicator of the state of the intracellular
adenine nucleotide pool and the normal metabolic regulation of ATP
production and utilization systems (/8, /9). And it is known that
adenine nucleotides fluctuate to keep the energy charge as high as
possible. Therefore, energy charge sensitively reflects abnormalities in
energy metabolism in various pathological conditions (20). In this
paper, the following equation was used to calculate the value of energy
charge.

EC = (ATP + 1/2 ADP)/(AMP + ADP + ATP).

Mice

Twenty-four normal hairless mice, (Hos:HR-1 mice 15 weeks old,
male, 30.4-35.4 g in weight) were obtained from Sankyo Labo
Service Corp. (Tokyo, Japan). The animals were housed under specific
pathogen-free conditions. The animal room was controlled for
temperature (22-24°C) and light (12-h light/dark cycles). All in vivo
experimental protocols were approved by the Institutional Animal
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Care Committee of the Nippon Medical School (Approval No. 29-
039).

Establishment and Evaluation of Radiation Dermatitis Model

Mice were distributed into two groups: 1. control group (Cont;
n=12) and 2. topiroxostat-treatment group (Topi; n = 12). Cont
group mice were pre-fed with methylcellulose, whereas the Topi
group mice were fed with 5 mg/kg topiroxostat 30 min before
irradiation. For irradiation, the mouse’s whole body was shielded
using a dome-shaped lead plate except for a selected area of the
animals’ body. The skin of the selected area was pulled out of the slit
in the lead plate and fixed with tape, the area (3 X 3 cm) was adjusted
and exposed to the X rays (Fig. 1). The mice were then placed in the X
ray machine (Hitachi MBR-1520R-3) under general anesthesia and X
irradiated at 3.6 Gy/min until a total dose of 40 Gy was reached. After
irradiation, the mice were returned to their original cages, and their
body weights and measurements were recorded every other day for 28
d. Acute radiation dermatitis progresses from edematous erythema in
mild cases to dry desquamation and exudative wet desquamation with
increasing radiation dose (2/). In this study, we evaluated the severity
of the disease by calculating the area of wet desquamation, which is
the most severe skin lesion among these symptoms, as a percentage of
the irradiated area. Measurements were performed under anesthesia by
tracing the irradiated area and area of wet desquamation following the
method described in a previous study (22). The traced images were
captured using Image J, and the ratio of the area of severe dermatitis to
the total irradiated area was calculated.

Statistical Analyses

Results are presented as the mean = SEM. One-way and two-way
ANOVAs were used to analyze differences among groups, and
Student’s #-test was used to analyze the differences between two
groups. A P value <0.05 was used to declare the statistical signifi-
cance.
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FIG. 2. The viability of human umbilical vein endothelial cells (HUVECs) at day 2 postirradiation to various X-ray doses. Immediately after
irradiation, HUVECs, which were initially cultured in normal medium, were placed in hypoxanthine (Hx)-removed or added medium for 48 h.
The WST-1 (A) and cell count methods (B) were used to assess differences in cell viability with and without Hx (n =3 each). Gray bars represent
cell viability in media containing endogenous Hx (2 uM), and white bars represent cell viability in media with endogenous Hx removed. The
numbers under white bars indicate the final concentration of exogenous Hx added to media. For the WST-1 method, the value of the formazan
product produced (450 nm) minus the value of the turbidity of the medium (630 nm) was plotted. Data are shown as mean = SEM. *P < 0.05,
*##*P < (0.01. Note that the scale of the Y-axis has been changed in the graph to get a clearer presentation.

RESULTS
Effect of Hx on the Viability of HUVECs after X Irradiation

FBS used for cell culture contained a high concentration
of Hx at 110 puM. The final concentration of Hx in the
standard medium containing FBS was estimated to be 2.2
uM, which was high enough to affect the experimental
results; therefore, purified bovine XOR was added to
remove Hx from the FBS before use. We confirmed that Hx
in the FBS was no longer detected 16 h after the addition of
XOR. We confirmed that XOR added to FBS loses its
activity in the medium.

To evaluate the radioprotective effect of Hx on HUVECs,
we examined whether the concentration of Hx in the
medium altered the cell viability after irradiation. The
results showed that even when the cells were not irradiated,
cell proliferation was increased by the addition of Hx (10
pM and 100 pM; Fig. 2), whereas after 2, 6 and 10 Gy
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irradiation, the cell viability was decreased in a dose-
dependent manner. On the contrary, after 2, 6, and 10 Gy
irradiation, the protective effects of Hx were increased by
44.4%, 22.7% and 19.3%, respectively, in cells cultured
with 100 pM Hx compared to cells grown in the medium
without Hx. Further, at the same radiation doses, the effects
increased by 43.3%, 14.5% and 13.6%, respectively,
compared to cells grown on the normal medium containing
2 uM endogenous Hx. In this experiment, since Hx was
added after X irradiation, our results suggest that the
radioprotective effect of Hx was not because of its radical
scavenging function but because of its effect on the repair
mechanism of irradiated cells. The radioprotective effect of
Hx plateaued at a concentration of 10 uM, and the same
result was obtained by the cytometric method. In the
cytometric assay, the addition of 10 pM Hx increased cell
viability by 10-30 % compared to the cells cultured in the
medium without Hx.
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FIG. 3. Effects of H,0,, O, ", or uric acid on the radioprotection of cells. The cell viability was compared by adding (panel A) superoxide
dismutase-1 (SOD; 5,000 U/mL), catalase (Cata; 1,000 U/mL), or (panel B) uric acid (UA; 2 uM) to the medium.

Effects of H,0,, O, or Uric Acid on the Radioprotection of
Cells

To examine whether the oxidative stress caused by XOR-
produced O, and H,O, or the cytoprotective effect of
XOR-produced uric acid would affect cell viability, purified
XOR was added to remove Hx from the FBS-containing
medium. Immediately after 2 Gy irradiation HUVECsS, uric
acid, SOD-1, catalase, or uric acid were added to HUVECs
to evaluate whether they increased cell viability. The results
showed that uric acid, O, or H,O, did not increase cell
viability (Fig. 3), confirming the radioprotective effect of
Hx.

Effect of Hx on HUVEC Apoptosis after Irradiation

To evaluate the effect of Hx on postirradiation apoptosis
in HUVECs, the TUNEL assay was performed. Hx
concentrations were examined at 2 pM, which was
sufficient to increase cell viability after irradiation, and at
100 uM, which was considered an excess dose. When Hx
was removed from the medium immediately after irradia-
tion, the percentage of TUNEL-positive cells at 24 h
postirradiation increased fourfold compared to that in
normal culture (Fig. 4), suggesting that Hx reduced
postirradiation apoptosis in HUVECs. Therefore, we
investigated the involvement of Hx in DSB repair, which
can cause apoptosis. Using the comet assay, the extent of
DNA damage 18 h postirradiation was assessed (23), with
the tail length, tail DNA percentage, and tail moment as
indicators of the degree of DNA damage. In the absence of
Hx in the medium, tail length, tail DNA percentage, and tail
moment at 18 h postirradiation increased by 2.7-, 2.7-, and
4.6-fold, respectively, compared with the values in the
conventional medium (containing 2 pM HXx), indicating that
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there was increased radiation-induced DNA damage in the
absence of Hx (Fig. 5). In addition, increasing the amount of
Hx (from 2 uM to 100 uM) did not improve DNA damage
suppression, suggesting that 2 uM of Hx was sufficient to
protect DNA from fragmentation by 6 Gy irradiation.

Effects of Hx on the Amount of Adenine Nucleotides in
HUVECs after Irradiation

To detect the changes in intracellular energy dynamics in
the presence and absence of Hx postirradiation, we recorded
the changes in intracellular adenine nucleotides. The results
demonstrated the most significant decrease in intracellular
ATP concentration at 2 h postirradiation (data not shown).
Hence, we compared the intracellular ATP concentration in
cells cultured in a medium with Hx removed or added, and
the amount of adenine nucleotides per dish was measured at
2 h postirradiation. The results revealed increased intracel-
lular ATP concentration after the addition of Hx (100 uM)
compared to the removal of Hx (Fig. 6; p < 0.01). Hx
increased the total adenine nucleotide content (ATP + ADP
+ AMP) with the increase of ATP, ADP and AMP. On the
other hand, energy charge was 0.96 * 0.003, 0.95 = 0.005,
and 0.95 = 0.008 after irradiation in the Hx (0, 2, and 100
1M) groups, and did not change with the addition of Hx.

Confirmation of Increased Blood Hx Concentration by
Topiroxostat Administration

A mouse model of skin irradiation damage was
established to show that Hx exerts a radioprotective effect
even in vivo. In contrast to that in cultured cells, Hx directly
administered to mice was rapidly metabolized to allantoin
(24). Accordingly, to increase the Hx levels in the blood, an
XOR inhibitor was applied to the irradiation site. Indeed, we
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FIG. 4. Hypoxanthine (Hx) decreased apoptosis after either 6 or 10 Gy irradiation of human umbilical vein endothelial cells (HUVECsS). Panel
A: Apoptosis was assayed by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining after a 10 Gy dose of radiation.
Representative apoptotic cells are shown in the magnified inset. Arrowheads: apoptotic cells. Panel B: TUNEL-positive cells were quantified per
field. When 2 pM Hx was added after irradiation, the percentage of TUNEL-positive cells at 24 h postirradiation was reduced to 25% of that in the

normal medium.

observed a 6- and 12-fold increase in plasma Hx and
xanthine concentrations, respectively, in mice at 1 h after
topiroxostat administration (5 mg/kg, p.o.) (Fig. 7). At the
same time, plasma uric acid levels decreased to 25% of
control (P < 0.05). An increase in plasma Hx concentration
from 2 pM to 12 pM was observed, and this concentration
was sufficient to exert radioprotective effects at the cellular
level, as shown in Fig. 2.

Irradiation Experiments on Mouse Skin

To evaluate whether such an increase in Hx has a
protective effect on skin tissue, we administered top-
iroxostat to a mouse model of radiation dermatitis and
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evaluated the healing process of dermatitis. The set-up is
shown in Fig. 1. There was no change in body weight
throughout the observation period, even after irradiation,
suggesting no systemic effects of radiation. The relative
ratio of the area of severe dermatitis (moist desquamation)
to the total irradiated area is plotted in Fig. 7.

In both the Topi and Cont groups, severe dermatitis began
to form after 10 days, and the area of severe dermatitis
peaked on day 14 postirradiation. Compared to the Cont
group, the area of severe dermatitis in the Topi group was
small from the beginning and remained small even on day
14 postirradiation, when severe dermatitis peaked. In the
healing process after 14 days, the mice in the Topi group
recovered more quickly (Fig. 7).
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FIG. 6. Concentrations of adenine nucleotides (AMP, ADP and ATP) in human umbilical vein endothelial cells (HUVECS) at 2 h after 6 Gy
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DISCUSSION

Radiation toxicity in normal tissues is an important issue
in radiation-handling facilities, and it is one of the limiting
factors in radiotherapy for patients with cancer. Reactive
molecules, such as hydroxyl radicals, superoxide anions,
hydrogen peroxide, and nitrogen dioxide, resulting from
ionizing radiation, cause oxidative damage and cytotoxicity
to cellular biomolecules. This causes a series of pathophys-
iological changes that lead to tissue damage, including
apoptosis (25, 26). At the cellular level, the intracellular
ATP concentration decreases within a few hours after X
irradiation and then eventually recovers (3). This change in
intracellular energy metabolism is partly due to the
temporary mitochondrial dysfunction caused by radiation,
but it is most likely due to high ATP consumption during
DNA repair after irradiation (27). The higher the dose, the
more ATP is required for activating the protective
mechanism. ATP in small intestinal tissues has been found
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to decrease 24 h after whole-body X-ray irradiation of
minipigs, and the rate of decrease is significantly correlated
with the severity of the pathology, suggesting that changes
in energy metabolism contribute significantly toward the
resulting radiological organ damage (28).

It is known that purine metabolism is an important
determinant of tissue energy state because purine molecules
form a part of high-energy phosphates, such as ATP and
GTP. Under conditions of relalively increased ATP
consumption, such as anaerobic conditions, ATP is
degraded (29-37), and Hx produced as a degradation
product is either converted to uric acid by XOR and
excreted or partly used for ATP synthesis via the salvage
pathway (/2). The role of Hx in ATP synthesis is evident
from several studies demonstrating that an increase in Hx in
tissues can activate cells by increasing ATP synthesis via
the salvage pathway (32, 33). The present study demon-
strated the cytoprotective (Fig. 2) and radioprotective (Fig.
3) effects of Hx. The energy charge, which indicates the
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breaks (DSBs), a decrease in ATP concentration leads to a delay in tissue repair. ATP enhancement by Hx can promote DNA repair and protect

against radiation-induced skin damage.

balance between ATP synthesis and utilization systems, did
not change after irradiation with or without Hx. This
suggests that the degradation of adenine nucleotides was
promoted to maintain the energy charge against the increase
in ATP consumption in response to irradiation stress, and
that the purine efflux from the cell was increased. In this
situation, the addition of Hx was thought to increase the
steady-state pool of total adenine nucleotides (ATP, ADP
and AMP) in the cell via the salvage pathway, which could
more easily meet the energy demand. Taken together, it can
be inferred that replenishing ATP via increasing the
accumulation of Hx could be an effective strategy to
address radiation-induced organ damage.

In this study, we found that Hx increased the number of
surviving cells after X irradiation, indicating its cytoprotec-
tive effect (Fig. 1). Hayashi et al. identified Hx as an
important factor in the proliferation of porcine aortic
endothelial cells. It has been reported that 14C-labeled Hx
is incorporated into many purine metabolites, including ATP
and GTP, and that Hx in the culture medium is taken up by the
cells and utilized for ATP synthesis (34). The experimental
results of this study support our result that the presence of Hx
in the medium after irradiation increases ATP synthesis via
the salvage pathway and improves cell viability.

Ionizing radiation can induce different types of DNA
damage. The most toxic of which are DSBs that can be
induced directly by high-energy ionizing radiation or
indirectly by numerous toxic agents, leading to apoptosis
if they cannot be repaired (35). An increase in postirradi-
ation apoptosis is correlated with the extent of DNA damage
resulting from DSBs generated during irradiation (36-38).
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In our results, Hx reduced the incidence of radiation-
induced apoptosis and DSBs, suggesting that Hx might
inhibit apoptosis associated with the generation of DSBs.
The repair process of damaged DNA requires a large
amount of intracellular ATP (27, 39—42) and consists of the
following steps: 1. alteration of chromatin structure by
ATP-dependent chromatin remodeling factors, 2. recogni-
tion of DNA damage sites, and 3. processing of cleaved
ends (DNA synthesis and linkage). In the first step, the
damaged chromatin is removed from the DNA. At least six
ATP-dependent chromatin remodeling factors use the
hydrolytic energy of ATP to change the chromatin structure
to expose the damaged DNA to repair factors (43),
indicating. therefore, we hypothesized that Hx may promote
DSB repair and decrease apoptosis by enhancing ATP
synthesis. The present study also showed that the addition
of Hx immediately after irradiation increased intracellular
Hx and adeninenucleotide levels at 2 h postirradiation.,
suggesting that the increase in intracellular Hx concentra-
tion rescued ATP levels, which had decreased after
irradiation, by utilizing Hx as a substrate for ATP synthesis
via the salvage pathway. Collectively, it can be inferred that
Hx could promote DSB repair and decrease apoptosis by
enhancing ATP synthesis. Since our results indicate that Hx
is beneficial for radioprotection, we assessed the effect of
increased Hx concentration in the blood and tissues at the
individual level. Direct oral administration of Hx is
inappropriate for increasing blood Hx levels because it is
quickly metabolized to allantoin in mice. Therefore, to
increase the blood Hx concentration, an XOR inhibitor,
which is also an anti-gout drug, was orally administered to
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mice to stop purine degradation by Hx. It has been shown
that XOR inhibitors increased intrahepatic and blood Hx
levels by inhibiting XOR in the liver, which could be due to
the fact that the catabolic metabolism of nucleic acids in
vivo is mainly mediated by XOR, which is highly expressed
in the liver. Reportedly, the administration of XOR
inhibitors markedly increases blood Hx levels in mice and
rats (/3,44). Furthermore, it has also been shown that the
administration of an XOR inhibitor (allopurinol) to patients
with cancer before chemotherapy increased Hx levels by
approximately 1.5-fold (45). Recently, increased levels of
Hx in systemic tissues have been reported to activate local
salvage pathways and help protect organs and prevent
disease through increased ATP resynthesis (/4). The role of
XOR inhibitors to delay the disease progression by
suppressing the formation of Bunina bodies in a mouse
model of ALS through increased Hx levels and salvage
activity in neurons has also been reported (/3).

However, only a few studies have examined the effects of
XOR inhibitors on radiation injury. The clinical effect of
allopurinol rinses on the oral mucosa after radiation therapy
is known to reduce the severity and frequency of mucositis
(46, 47). Inhibition of reactive oxygen species (ROS)
production by XOR and the action of allopurinol as a
radical scavenger have been proposed as mechanisms of
action. In the present study, topiroxostat, a novel XOR
inhibitor, reduced the area of severe dermatitis and the
severity of radiation dermatitis. In a recent study, long-term
observation of genetically modified mice expressing mutant
XOR, which produces six times more ROS than mice
expressing wild-type XOR, showed no obvious tissue
damage caused by XOR-derived ROS (48). This study
suggested that inhibiting XOR-derived ROS production did
not have a significant effect and that the radioprotective
effect of topiroxostat in this study was not due to inhibition
of XOR-derived ROS production. Furthermore, topiroxo-
stat, by itself, does not have chemical properties as a radical
scavenger (49). Thus, the effect of topiroxostat is not from
radical scavenging, but the effect of topiroxostat seems to be
mediated by XOR inhibition. Therefore, it can be inferred
that XOR inhibition by topiroxostat increased Hx levels and
activated the salvage pathway, which increased ATP
resynthesis and contributed to cell protection during
irradiation. Based on these findings, we propose the
following scheme describing the mechanism underlying
the radioprotective effects of increased Hx levels (Fig. 8).

In conclusion, Hx increases the steady-state levels of
ATP, ADP, and AMP after irradiation, thereby more readily
meeting the energy demand after irradiation. As a result, Hx
decreases the severity of radiation injury by increasing the
survival of endothelial cells from DNA damage and
apoptosis. The results were further validated in vivo using
a mouse model of radiation dermatitis. However, one of the
limitations of this study is that the nucleic acid metabolism
is different between humans and mice; therefore, it is
necessary to validate the results in humans in the future. The
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strategy of increasing blood Hx by Hx or anti-XOR
inhibitors could be effective in preventing radiation
dermatitis and mucositis during cancer treatment in humans
and reducing exposure damage due to radiogenic accidents;
however, it should be confirmed through further studies.
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