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After the Fukushima Daiichi Nuclear Power Plant accident, there is growing concern about
radiation-induced carcinogenesis. In addition, living in a long-term shelter or temporary
housing due to disasters might cause unpleasant stress, which adversely affects physical
and mental health. It’s been experimentally demonstrated that “eustress”, which is rich
and comfortable, has beneficial effects for health using mouse models. In a previous
study, mice raised in the enriched environment (EE) has shown effects such as
suppression of tumor growth and enhancement of drug sensitivity during cancer
treatment. However, it’s not yet been evaluated whether EE affects radiation-induced
carcinogenesis. Therefore, to evaluate whether EE suppresses a radiation-induced
carcinogenesis after radiation exposure, in this study, we assessed the serum leptin
levels, radiation-induced DNA damage response and inflammatory response using the
mouse model. In brief, serum and tissues were collected and analyzed over time in
irradiated mice after manipulating the raising environment during the juvenile or adult
stage. To assess the radiation-induced DNA damage response, we performed
immunostaining for phosphorylated H2AX which is a marker of DNA double-strand
break. Focusing on the polarization of macrophages in the inflammatory reaction that
has an important role in carcinogenesis, we performed analysis using tissue
immunofluorescence staining and RT-qPCR. Our data confirmed that EE breeding
before radiation exposure improved the responsiveness to radiation-induced DNA
damage and basal immunity, further suppressing the chronic inflammatory response,
and that might lead to a reduction of the risk of radiation-induced carcinogenesis.

Keywords: enriched environment (EE), DNA damage, histone H2AX, inflammation, macrophages, radiation-
induced carcinogenesis
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INTRODUCTION

Social concern about the effects of radiation exposure on the
human body has grown in recent years owing to the accident at
the Fukushima Daiichi Nuclear Power Plant and to the presence
of human beings in outer space. Radiation exposure can cause
psychological and physical effects. A questionnaire survey of
atomic bomb survivors approximately 50 years after exposure
reported that their physical and mental health deteriorated in
proportion to the distance from the epicenter of the atomic bomb
explosion (1). In addition, neighboring residents were often
forced to live in evacuation shelters or temporary housing for
long periods of time, leading to major changes in their living
environment. Sleep, exercise, and social ties have become
insufficient owing to this accident, and deteriorating health
resulting from these increased psychological and physical
stresses have occurred. In the case of space flight, stress from a
closed environment owing to long-term stays in the
International Space Station (ISS) during a mission is also seen
as a problem (2). Stress and mental state are known to affect the
immune system, and there are many reports suggesting that
increased inflammatory molecules and decreased T cell activity
promote the onset and progression of cancer (3–6). Previous
studies have proposed an experimental system called the
enriched environment (EE) to investigate how the physical and
social environment is associated with disease risk and
progression (7–10). EE has a larger cage volume than the
standard environment (SE) used in general animal
experiments, and the exercise and social stimulation made
available to the domestic animals create a comfortable
environment where “eustress” is given. EE has been reported
to have health-promoting effects, such as increased drug
sensitivity during cancer treatment and reduced anxiety-like
behavior (11–14). EE is also known to suppress tumor growth
by increasing the production of brain-derived neurotrophic
factor (BDNF) in the hypothalamus, which reduces leptin
production via sympathetic b-adrenergic receptors (15).
Although several reports have indicated that improved living
environments inhibit tumor growth, whether EE affects
radiation-induced carcinogenesis is unclear.

The carcinogenic process owing to radiation exposure
progresses with the complex activation of various cell and
tissue responses, and the DNA damage response is one of the
initial events. Among the types of radiation-induced DNA
damage, double-strand breaks (DSBs) are severe lesions that
may induce cell death, cellular senescence, and tumorigenesis
(16). However, cells have several DNA repair mechanisms that
maintain genomic stability. H2AX, a variant of histone H2A, is
phosphorylated around the damage site when DSB occurs.
Phosphorylated H2AX (g-H2AX) can be detected as a focus at
the damage site and promotes the recruitment of DNA damage
repair proteins (17, 18). In addition to the DNA damage
response, the inflammatory response is a critical response
induced after radiation exposure, and this is an important
biological response in the carcinogenic process. Inflammation
is divided into two types: acute inflammation, which subsides in
a short period of time, and chronic inflammation, which persists
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for a long period of time. This type of inflammation is closely
related to macrophage polarization and function (19–22). Pro-
inflammatory M1 macrophages produce inflammatory cytokines
and exert antibacterial effects. Anti-inflammatory M2
macrophages are accompanied by changes in the tissue
microenvironment because they not only have anti-
inflammatory effects but also angiogenesis and tissue repair
effects (23–26). Therefore, effective control of the macrophage
M1/M2 polarization results in a quick resolution of the
inflammatory response and restoration of the normal tissue
structure. However, chronic inflammation induced by activated
macrophages is thought to increase the risk of carcinogenesis by
causing excessive tissue damage and changes in the tissue
environment that favor the growth of cancer cells (20, 27–30).

Therefore, to clarify whether the inhibitory effect of EE on
tumor growth persists even after radiation exposure, in this study
we focused on DNA damage repair and the inflammatory
response, which are heavily involved in the radiation-induced
carcinogenesis process, and investigated the effects of EE over
time. We also analyzed the effects of EE breeding in juveniles and
adults. Our results show that EE might lead to a reduction of the
risk of radiation-induced carcinogenesis.
MATERIALS AND METHODS

Mice
For all the experiments, we used 3-week-old B6C3F1 male mice
purchased from Charles River Japan. Animal care and
experimental schedules were approved by the National
Institute of Radiological Sciences (NIRS), National Institutes
for Quantum and Radiological Science and Technology (QST)
of Japan and were in strict accordance with the guidelines of
the Institute.

Enriched Environment
We prepared standard environment (SE) and enriched
environment (EE) as previously described (31). Briefly, the EE
cage is larger in volume than the SE cage (W×L×H – 300 mm×170
mm×110 mm) and has enriched environment maintenance
supplies: EE cage (W×L×H – 426 mm×542 mm×200 mm). Five
mice per cage were housed in EE or SE cages.

Housing Conditions
Both mice groups, SE and EE were housed under a room
temperature (23 ± 1°C) and humidity (45 ± 5%) with a 12 h-
light/12 h-dark cycles, and had free access to water and food. The
purchased mice were divided into 4 groups for the experiment.
The 1st group is a group that 3-week-old mice housed in SE cage
for 8 weeks (hereinafter called Juvenile SE). The 2nd group is a
group that 3-week-old mice housed in EE cage for 8 weeks
(hereinafter called Juvenile EE). The 3rd group is a group that 3-
week-old mice housed in SE cage for 16 weeks (hereinafter called
Adult SE). The 4th group is a group that 3-week-old mice housed
in SE cage for 8 weeks and then 11-week-old mice housed in EE
cage for 8 weeks (hereinafter called Adult SE).
October 2021 | Volume 12 | Article 760322
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Irradiation and Sampling
The juvenile SE and juvenile EE groups were irradiated with 0 or
2 Gy of X-rays at 11 weeks of age, and the adult SE and adult EE
groups were irradiated with 0 or 2 Gy of X-rays at 19 weeks of age
and were euthanized by exsanguination under deep anesthesia
with 4% isoflurane over time (0, 1, 3, 6, 24, 144 hours after
irradiation). Serum and organs were harvested from three mice
at each time point. Serum was cryopreserved, organs were frozen
in OCT compound with liquid nitrogen. The work up to this
point was done at QST (Chiba, Japan) and these sample were
stored in a J-SHARE archive (32). After that, a part of the archive
sample was provided to Ibaraki University. The delivered frozen
sample was stored at -80°C.

Immunohistochemistry (Frozen Section)
Immunohistochemical (IHC) staining was performed using
frozen tissue sections. Frozen organs were cut into 4 mm
sections and the sections were placed on glass slides overnight
at room temperature. Sections were hydrophilized with PBS at
room temperature for 15 min, fixed with 4% paraformaldehyde
at room temperature for 20 min, and then permeabilized with
70% ethanol overnight at 4°C. The sections were blocked with 5%
bovine serum albumin, 0.5% Tween20, and 0.1% TritonX-100 in
PBS for 1 h at room temperature after hydrophilized with PBS
for 15 min at room temperature. The tissue sections were then
immunostained with the following antibodies: anti-g-H2AX
(1:2000, NB100-384, Novus Biologicals) and anti-F4/80 (1:500,
ab6640, abcam). As the secondary antibody, antibodies
conjugated with Alexa488 (1:700, A11006, Thermo Fisher
Scientific) was used. Finally, a mounting medium containing
propidium iodide (Vector Laboratories) or DAPI (Vector
Laboratories) was used. Fluorescence was detected using a
fluorescence microscope (BX53, Olympus, Tokyo, Japan) and
analyzed after capturing digital images using Cellsens software.

Evaluation of g-H2AX-Positive Cells
Analysis was performed based on the acquired digital image. Cells
with 4 or more g-H2AX foci per cell were defined as g-H2AX-
positive cells and at least 500 cells were randomly measured before
calculating the ratio. The decrease in the positive cell rate relative to
the g-H2AX-positive cell rate detected 1 h after irradiation was
calculated as the repair efficiency of DNA damage.

Evaluation of F4/80 Positive Intensity
Analysis was performed based on the acquired digital image. For
lung tissue, the F4/80 intensity grade per field was visually
evaluated in four levels (negative and positive 1, 2, or 3). For
liver tissue, ImageJ was used to measure the percentage of F4/80-
positive area per visual field in each sample.

RT-qPCR
TotalRNAwas isolated fromfrozenOCTcompoundsectionsusing
theRNeasyPlusMicroKit (Qiagen,Hilden,Germany) according to
the manufacturer’s protocol. A reverse transcriptase reaction was
performed using SuperScript IV VILO Master Mix with ezDNase
enzyme (Invitrogen,Carlsbad,CA)according to themanufacturer’s
protocol. Using the synthesized cDNA as a template, TNF
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(Mm00443258 m1) and Arg1 (Mm00475988 m1) mRNA
expression levels were quantified using TaqMan® Gene
Expression Assays (Applied Biosystems, Foster City, CA) and
Step One real-time PCR system (Applied Biosystems, Foster City,
CA). Cycling conditions were set according to manufacturer’s
instructions. Relative expression levels were determined by
applying comparative CT methods using GAPDH (Mm99999915
g1) as an endogenous control.

ELISA
Leptin levels in mouse serum were determined using the Leptin
Mouse ELISA Kit (abcam, Cambridge, UK) according to the
manufacturer’s protocol. Mouse serum was used in a 10-
fold dilution.

Statistical Analysis
Data from the ELISA and the IHC staining were expressed as the
mean± standard error of themean (SEM).Data fromtheRT-qPCR
were expressed as the mean ± standard deviation (SD). The
significance of the data was evaluated by means of the F-test and
t-test. Student’s t-test (two-tailed) orWelch’s t-test (two-tailed)was
performed according to the results of the F-test via the Microsoft
Excel. A P value of < 0.05 was considered statistically significant.
RESULTS

EE Reduces Leptin Concentrations Even
After Radiation Exposure
To examine whether the influence of EE depends on the timing of
EE breeding, two groups were set: a juvenile group in which the
breeding environmentwasmanipulated from3weeks of age and an
adult group in which the breeding environment was manipulated
from 11 weeks of age. By setting two groups in this way, we
examined the effects of EE breeding in juveniles and adults.
Previous studies have shown that serum leptin concentrations
decrease in mice raised in an EE (15). However, it is unclear
whether this effect depends on the timing of EE breeding and
whether it persists after radiation exposure. We used serum
collected from mice in all experimental groups and ELISA to
investigate the effect of EE on leptin protein levels. Importantly, it
was clarified that the serum leptin concentrations decrease without
irradiation regardless of the time of EE breeding. The results show
that serum leptin concentrations decreased in both the juvenile and
adult EE groups compared to both the juvenile and adult SE groups,
respectively, and these decreases of leptin level were detected after
irradiation in both the juvenile and adult EE groups (Figure 1).We
conclude that the suppressive effects of EE on leptin expression is
maintained even after radiation exposure, regardless of the time of
EE breeding.

EE Improves Responsiveness to DNA
Damage and Increases DNA Damage
Repair Efficiency
It has been reported that the incident of radiation-induced lung
adenocarcinoma is high in B6C3F1 male mice strain (33).
October 2021 | Volume 12 | Article 760322
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Therefore, the effect of EE on radiation-induced DNA damage
response in the lung tissue was investigated by irradiating all
experimental groups and collecting lung tissue over time. IHC
was conducted using g-H2AX, a marker of DNA DSBs, using the
collected lung tissue. The results show that DNA damage levels
peaked in all four experimental groups 1-3 h after irradiation,
which confirmed the occurrence of a damage repair response
(Figures 2B, C). When focusing on the initial response, the g-
H2AX-positive cell rate in both the juvenile and adult EE groups
was higher than that in both the juvenile and adult SE groups at
1 h after irradiation though there were no statistical differences.
At 3 h after irradiation, the g-H2AX-positive cell rate in the both
the juvenile and adult EE groups was clearly lower than that in
both the juvenile and adult SE groups (Figures 2D, E). It was
suggested that EE might rapidly activate the response to DNA
damage and rapidly induced DNA damage repair mechanisms in
the lung tissue regardless of the time of EE breeding. We also
examined the effect of EE on the level of DNA damage before
radiation exposure and found that the level was reduced in the
both the juvenile and adult EE groups (Figures 2D, E). Similar
experiments performed on liver tissue show that EE tended to
improve the responsiveness to radiation-induced DNA damage
and to reduce the level of spontaneous DNA damage as seen in
lung tissue (Supplementary Figures 1A–D).

The effect of damage repair kinetics over time after radiation
exposure was evaluated by calculating the relative DNA damage
level with respect to the g-H2AX-positive cell rate 1 h after
irradiation and comparing the DNA damage repair efficiency.
Interestingly, the g-H2AX-positive cell reduction rate had a trend
to higher in both the juvenile and adult EE groups than in both
the juvenile and adult SE groups (Figures 2F–I). These results
suggest that radiation-induced DNA damage was repaired more
efficiently in the lung tissue owing to EE. Similar experiments
performed on liver tissue show that significant increases in DNA
damage repair efficiency sustain from 1 to 144 h after irradiation
was observed in the juvenile EE group as seen in lung tissue. In
contrast, the repair efficiency of liver tissue in the adult EE group
was increased only at 3 and 144 h after irradiation compared
with that in the adult SE group, suggesting that the effect on
Frontiers in Immunology | www.frontiersin.org 4
DNA damage repair efficiency in liver tissue may depend on the
time of EE breading (Supplementary Figures 1E–H).
EE Improves the Responsiveness of
Activated Macrophages and Rapidly
Reduces Inflammation
Changes in the tissue microenvironment, represented by the
inflammatory reaction of tissues, play an important role in the
carcinogenic process. The effect of EE on the tissue inflammatory
reaction after radiation exposure was investigated by irradiating
all experimental groups with 2 Gy and collecting the lung tissue
over time. IHC was performed using the F4/80 protein, a marker
of activated macrophages, using the collected lung tissue
(Figure 3A). First, we checked the effect of basal immunity.
The results show that the expression level of F4/80-positive cells
in both the juvenile and adult EE groups without radiation
exposure was higher than those in both the juvenile and adult
SE groups, suggesting that EE improves basal immunity
regardless of the timing of EE. Next, the expression level of F4/
80-positive cells after radiation was evaluated. The expression
level of F4/80-positive cells in both the juvenile and adult EE
groups was highest after 6-24 h of irradiation. The expression
level of the positive cells in the EE group at the peak, i.e., 24 h after
irradiation in the juvenile EE group and 6 h after irradiation in the
adult EE group, was statistically higher in both the juvenile and
adult EE groups than in both the juvenile and adult SE groups
(6 h after irradiation in the adult group; P < 0.05) (Figures 3B, C).
These results suggest that the inflammatory response was
activated by radiation, and the responsiveness of the activated
macrophages was enhanced by EE. Expression levels in both the
juvenile and adult EE groups tended to return to pre-irradiation
levels at 144 h after irradiation. In contrast, macrophage
activation in both the juvenile and adult SE groups, which
increased 24 h after irradiation, persisted after 144 h and did
not return to pre-irradiation levels (Figures 3B, C). These results
suggest that both the juvenile and adult SE groups induced a
prolonged inflammatory reaction, which may lead to chronic
inflammation, whereas both the juvenile and adult EE groups
A B

FIGURE 1 | Effect of EE on serum leptin concentration. (A, B) Changes in leptin concentration over time after X-ray non-irradiation and 2 Gy irradiation of
juvenile SE/EE (A) or adult SE/EE (B) mice. The data show mean ± SEM; n = 3 mice per group. The statistical approach is Student’s t-test (two-tailed) (Juvenile
group; 1 h after irradiation. Adult group; 1, 144 h after irradiation) or Welch’s t-test (two-tailed) (Juvenile group; before irradiation and 3-144 h after irradiation.
Adult group; before irradiation and 3-24 h after irradiation.) was performed according to the results of the F-test via the Microsoft Excel. *P < 0.05 compared to
the SE group.
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FIGURE 2 | Effect of EE on DNA damage response. (A) Representative immunostaining image of g-H2AX-positive cells. Green, g-H2AX; Red, DNA stained by
propidium iodide (400 x magnification). (B, C) Changes in g-H2AX-positive cell rate over time after X-ray 2 Gy irradiation in lung tissue of juvenile SE/EE (B) or adult
SE/EE (C) mice. Cells with 4 or more g-H2AX foci per cell were defined as g-H2AX-positive cells and at least 500 cells were randomly measured before calculating
the ratio. The data show mean ± SEM; n = 3 mice per group. The statistical approach is Student’s t-test (two-tailed) (Juvenile group; 1-144 h after irradiation. Adult
group; before irradiation and 3-144 h after irradiation) or Welch’s t-test (two-tailed) (Juvenile group; before irradiation. Adult group; 1 h after irradiation.) was
performed according to the results of the F-test via the Microsoft Excel. (D, E) Changes in g-H2AX-positive cell rate over time up to 3 h after X-ray 2 Gy irradiation in
lung tissue of juvenile SE/EE (D) or adult SE/EE (E) mice. The data show mean ± SEM; n = 3 mice per group. The statistical approach is Student’s t-test (two-tailed)
(Juvenile group; 1, 3 h after irradiation. Adult group; before irradiation and 3 h after irradiation) or Welch’s t-test (two-tailed) (Juvenile group; before irradiation. Adult
group; 1 h after irradiation.) was performed according to the results of the F-test via the Microsoft Excel. (F, G) Changes in the rate of decrease in g-H2AX-positive
cells after X-ray 2 Gy irradiation in lung tissue of juvenile SE/EE (F) or adult SE/EE (G) mice. It is a relative value to the g-H2AX-positive cell rate detected 1 h after
irradiation. The data show mean ± SEM; n = 3 mice per group. The statistical approach is Student’s t-test (two-tailed) (Juvenile group; 1-144 h after irradiation. Adult
group; 3-144 h after irradiation) or Welch’s t-test (two-tailed) (Adult group; 1 h after irradiation.) was performed according to the results of the F-test via the Microsoft
Excel. (H, I) Changes in the rate of decrease in g-H2AX-positive cells up to 6 h after irradiation with X-ray 2 Gy in lung tissue of juvenile SE/EE (H) or adult SE/EE (I)
mice. The data show mean ± SEM; n = 3 mice per group. The statistical approach is Student’s t-test (two-tailed) (Juvenile group; 1-6 h after irradiation. Adult group;
3, 6 h after irradiation) or Welch’s t-test (two-tailed) (Adult group; 1 h after irradiation.) was performed according to the results of the F-test via the Microsoft Excel.
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showed a slightly rapid and efficient reduction of the radiation-
induced inflammatory reaction.

Similar experiments performed on liver tissue showed that, as
seen in lung tissue, EE improved the responsiveness of activated
macrophages and tended to reduce inflammation 144 h after
irradiation compared to both the juvenile and adult SE groups. It
was also confirmed that juvenile EE increased the expression
levels of activated macrophages when not irradiated
(Supplementary Figure 2).
EE Controls M1/M2 Polarization of
Macrophages and Processes the
Inflammatory Reaction After Radiation
Exposure as Acute Inflammation
Evaluation of the macrophage sub-population in the inflammatory
reaction is important to assess the effect of EE on the carcinogenesis
process. Therefore, we decided to investigate whether the
modulation of M1/M2 polarization of macrophages by EE is
involved in the mechanism by which EE affects the inflammatory
reaction. All experimental groups were irradiated, and lung tissue
was collected over time. The collected lung tissuewas used to set the
target genes as TNF, which is specifically expressed by M1
macrophages, and Arg1, which is specifically expressed by M2
macrophages. Their expression levels were quantified by RT-
qPCR. TNF expression before radiation exposure was statistically
higher in both the juvenile and adult EE groups than in both the
juvenile and adult SE groups in qPCR analysis (P < 0.01)
(Figure 4A), which is consistent with the increased expression
levels of activated macrophages seen in both the juvenile and adult
EE groups before radiation exposure in IHC analysis (Figure 3).
These results suggest that EE increases the expression of pro-
inflammatory M1 macrophages and improves basal immunity.
Frontiers in Immunology | www.frontiersin.org 6
TNF expression level was strikingly higher in both the juvenile
and adult EE groups than in both the juvenile and adult SE groups
up to 24 h after irradiation. Meanwhile, at 144 h after irradiation,
TNF expression level was lower in the juvenile EE group than in the
juvenile SE group. For the adult EE group, TNF expression level at
144 h after irradiation was higher than that of the adult SE group
(relative expression level 144h after irradiation; adult SE, 0.22: adult
EE, 0.53). However, the reduction rate in TNF expression level
between 24 and 144 h after irradiationwasmarkedly higher in both
the juvenile and adult EE groups than in both the juvenile and adult
SE groups (Figure 4A). These results suggest that EE increases
inflammatory responsiveness by markedly increasing TNF
expression by 24 h after irradiation, and then contributes to the
reducing inflammation by rapidly decreasing TNF expression level
at 144 h after irradiation.

In contrast, Arg1 expression levels were statistically lower in
both the juvenile and adult EE groups than in both the juvenile
and adult SE groups before and up to 6 h after irradiation (before
irradiation; P < 0.01). However, both the juvenile and adult EE
groups exhibited statistically higher Arg1 expression than both
the juvenile and adult SE groups 24 h after irradiation and
onwards (P < 0.01 or 0.05) (Figure 4B). These results indicate
that EE modulates M1/M2 polarization in macrophages,
suggesting that switching between M1/M2 polarization by EE
may occur 24 h after irradiation. In other words, EE promotes
M1 polarization of macrophages and induce an active
inflammatory reaction up to 6 h after irradiation, with an anti-
inflammatory reaction activated by promoting M2 polarization
24 h after irradiation and onwards.

The inflammatory reaction could be processed as an acute
inflammation which is marked by rapid switching of M1/M2
polarization in both the juvenile and adult EE groups, whereas
chronic inflammation which may have been induced in the
A

B C

FIGURE 3 | Effect of EE on inflammatory response by activated macrophages. (A) Representative images of F4/80 immunostaining. F4/80 positive intensity grades
were 1, minimal; 2, mild; 3, moderate. Green: F4/80 (400 x magnification). As the background level of F4/80 staining was high in lung tissue, measurement of F4/80
positivity based on signal intensity was impossible as in liver tissue (Supplementary Figure 2). Therefore, we validated the F4/80 positivity by scoring based on the
staining pattern in the lung. (B, C) Changes in F4/80-positivity over time after X-ray non-irradiation and 2 Gy irradiation in lung tissue of juvenile SE/EE (B) or adult
SE/EE (C) mice. The data show mean ± SEM; n = 3 mice per group. The statistical approach is Student’s t-test (two-tailed) (Juvenile group; before irradiation and 1,
6, 144 h after irradiation. Adult group; before irradiation and 1, 6, 144 h after irradiation) or Welch’s t-test (two-tailed) (Juvenile group; 24 h after irradiation. Adult
group; 24 h after irradiation.) was performed according to the results of the F-test via the Microsoft Excel. *P < 0.05, **P < 0.01 compared to the SE group.
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juvenile and adult SE groups. These results support the data
shown in Figure 3. Similar experiments performed in liver tissue
showed that, as seen in lung tissue, EE affected macrophage
polarization and tended to produce an active anti-inflammatory
reaction (data not shown).
DISCUSSION

Many cancers interact with the endocrine system and appear to
have an especially strong relationship with obesity. There has been
increasing attention to the relationship between cancer and leptin,
which is abundant in adipose tissue (34–36). In fact, increased
serum leptin levels have been reported to increase the risk of
developing several cancers, including melanoma and colon cancer
(37–40). Meanwhile, EE induces BDNF expression in the
hypothalamus and activates sympathetic nerves to change
adipocytes from white to brown, which contributes to fat loss
(41). EE is also known to reduce leptin secreted from white
adipose tissue, thereby suppressing tumor growth (13, 15).
However, previous EE-related studies often initiated EE
breeding at 3 weeks of age immediately after weaning and did
not consider the effect of the timing of manipulating the breeding
Frontiers in Immunology | www.frontiersin.org 7
environment on the EE effects. Consistent with previous studies,
our current study clearly shows that steady-state serum leptin
levels were reduced in EEmice, suggesting that EE reduces the risk
of carcinogenesis by suppressing leptin secretion. This EE effect
was observed regardless of the duration of EE breeding. We also
found that the serum leptin levels in EE mice decreased even after
radiation exposure, and we anticipated that the inhibitory effect of
EE on tumor growth would continue even after radiation exposure
(Figure 1). The results confirmed that these EE effects appeared
regardless of the time when the breeding environment was
manipulated. Even adult mice with an established immune
system may be able to reduce carcinogenesis risk by performing
EE before radiation exposure.

Although many reports have shown that EE is effective in
models of pancreatic cancer (42, 43), neuroglioma (44), and lung
cancer (42), the effect on radiation-induced carcinogenic
processes is unknown and needs to be analyzed. However, the
carcinogenic process resulting from radiation exposure
progresses while various cell and tissue responses, such as
DNA damage repair and inflammatory reaction, are activated
in a complex manner, and thus evaluating carcinogenic risk with
a one-sided analysis is difficult. In other words, a correct
understanding of radiation-induced carcinogenesis is necessary
A

B

FIGURE 4 | Effect of EE on the polarization of macrophages. (A) Changes in TNF gene expression over time after X-ray non-irradiation and 2 Gy irradiation in lung
tissue of juvenile SE/EE (left) or adult SE/EE (right) mice. Gene expression was normalized based on GAPDH expression. It is shown as a relative value to gene
expression in non-irradiation SE mice. The data show mean ± SD; n = 3 independent experiments. The statistical approach is Student’s t-test (two-tailed) (Juvenile
group; before irradiation and 1, 6, 144 h after irradiation. Adult group; before irradiation and 1, 6, 144 h after irradiation) or Welch’s t-test (two-tailed) (Juvenile group;
24 h after irradiation. Adult group; 24 h after irradiation.) was performed according to the results of the F-test via the Microsoft Excel. *P < 0.05, **P < 0.01
compared to the SE group. (B) Changes in Arg1 gene expression over time after X-ray non-irradiation and 2 Gy irradiation in lung tissue of juvenile SE/EE (left) or
adult SE/EE (right) mice. Gene expression was normalized based on GAPDH expression. It is shown as a relative value to gene expression in non-irradiation SE
mice. The data show mean ± SD; n = 3 independent experiments. The statistical approach is Student’s t-test (two-tailed) (Juvenile group; before irradiation and
1-144 h after irradiation. Adult group; before irradiation and 1-144 h after irradiation) was performed according to the results of the F-test via the Microsoft Excel.
*P < 0.05, **P < 0.01 compared to the SE group.
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when investigating whether EE is effective against this disease. To
that end, the response of cells, tissues, organs, and individuals
following radiation exposure must be investigated by focusing on
various molecular markers and basic data that are analyzed over
time. Therefore, we evaluated the changes in g-H2AX levels and
inflammatory reaction levels in radiation-exposed mice.

This study revealed that the lung tissue of EE mice responded
to radiation-induced DNA damage with high sensitivity and
accuracy. In addition, increased DNA damage repair efficiency
was also confirmed in the lung tissue of EE mice, regardless of the
time when the breeding environment was manipulated
(Figure 2). In the liver tissue, juvenile EE was shown to
increase DNA damage repair efficiency (Supplementary
Figure 1). These results suggest that EE maintains genome
stability by activating the DNA damage response, which might
result in a reduction in the number of cells that become
cancerous and contribute to reducing carcinogenesis risk.

The same SE/EE mouse-derived serum was added to cultured
cells, and the DNA damage repair process after irradiation was
monitored, and the results confirmed that the damage repair
efficiency was increased in cells supplemented with serum
derived from EE mice (unpublished data). There may be a
component in the serum of EE mice that increases the rate of
DNA damage repair. However, the identity of the components
that enhance DNA damage responsiveness remains unclear.

In this study, in the lung and liver tissues of EE mice showed
reduced levels of DNA damage pre-irradiation (Figure 2 and
Supplementary Figure 1), suggesting that 8 weeks of EE
breeding lowered the baseline levels of DNA damage. One of
the reasons for the lower baseline is the rapid damage repair
response. In our study, it was shown that EE increased the
efficiency of DNA damage repair after irradiation, but it was also
thought that EE contributed to the improvement of damage
repair efficiency before irradiation.

Our results suggest that EE may be useful as a measure for
reducing carcinogenesis risk in the DNA damage repair reaction,
which is one of the initial responses after radiation exposure. We
therefore, also focused on the inflammatory response. First, we
showed that EE increased the expression of activated macrophages
at rest and significantly increased TNF expression specifically
produced by M1 macrophages (Figures 3, 4). These results suggest
that EE enhances basal immunity and enhances responsiveness to
external stimuli, such as radiation exposure. Other researchers have
shown that EEupgrades immune functions such as improvements in
NK cell activity (42, 44, 45) and macrophage phagocytosis (31, 46);
our results support these findings.

Next, analysis of changes in the inflammatory reaction after
radiation exposure shows a rapid increase in the expression of
activated macrophages in EE mice, and it was confirmed that the
peak expression level of macrophages after irradiation was higher
than that in SE mice (Figure 3). In other words, EE was expected
to increase the number of activated macrophages drawn to the
damaged area after radiation induces an inflammatory reaction,
and it is thought that EE has a function of enhancing immune
actions. Studies on the effect of EE on the immune response show
that EE significantly increases macrophage influx into the
Frontiers in Immunology | www.frontiersin.org 8
abdominal cavity 24 h after inflammatory stimulation (46).
These results are consistent with those of this study, in which
EE increased the expression of activated macrophages from 6 to
24 h after irradiation.

RT-qPCR analysis for validation of M1/M2 polarization
showed that the expression of TNF, an M1 macrophage
marker, was high in EE mice up to 24 h after irradiation,
whereas the expression of Arg1, an M2 macrophage marker,
was reduced in EE mice up to 6 h after irradiation (Figure 4). It
was thought that M1 polarization of macrophages was
accelerated in EE mice up to 24 h after irradiation, and that
this contributed to the activation of inflammation. The results
reported by the Kobayashi group (31), which showed that EE
increases the expression of macrophages with M1-type traits as
well as chemokine production, also support our discussion.

M1macrophagesmay promote phagocytosis and inflammatory
reactions. At the same time, they release nitric oxide and reactive
oxygen species, whichmay damage neighboring tissues (27–30). In
fact, control of M1/M2 polarization is important in many diseases,
and chronic M1 polarization is known to be correlated with
cardiovascular disease (47), progression of obesity, and the
development of diabetes (48, 49). Therefore, inducing the
expression of M2 macrophages, which have anti-inflammatory
actions, is thought to be important for reducing and terminating
the excessive damage reaction resulting from long-term M1
polarization. Supporting these points is the fact that the anti-
inflammatory reaction was induced by an increase in Arg1
expression in SE mice 144 h after irradiation and in EE mice 24 h
after irradiation (Figure 4). Rapid Arg1 induction in EE mice
suggests that EE is a rapidly reducing inflammation activated by
M1 macrophages.

IHC analysis revealed that radiation-induced inflammation
resolved in EE mice 144 h after irradiation, whereas inflammation
persisted in SEmice even 144 h after irradiation (Figure 3). Chronic
inflammation owing to residual activated macrophages leads to an
increased risk of carcinogenesis (20). Based on these results, we
conclude that the inflammation reaction persisted in SE mice,
whereas EE reduced inflammation and suppressed the formation
of a cancer-promoting microenvironment.

Analysis of gene expression over time shows that switching of
macrophage M1/M2 polarization in mouse lung tissue was likely
to occur 6–24 h after radiation exposure. At this time point the
expression of activated macrophages reached its peak (Figure 3)
and DNA damage was repaired, which is marked by the
disappearance of g-H2AX foci (Figure 2). We have previously
shown that B6C3F1 mice exposed to 3.8–4 Gy have increased
number of g-H2AX-positive cells in the lungs and liver
immediately after irradiation, returning to pre-irradiation levels
24 h after irradiation (unpublished data). It can be inferred from
these results that some tissue-level events occurred within 24 h
after irradiation. During an inflammatory response, glycolysis is
enhanced and M1 macrophages are increased 1–6 h after
stimulation, whereas fatty acid metabolism was increased and
M2macrophages are increased 12–24 h after stimulation (50). It is
thought that there were large changes in macrophage phenotype
and cell metabolism 6–24 h after stimulation.
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Studies of the thymic gland after 1 Gy of X-ray irradiation in
juvenile mice revealed that apoptotic cells dramatically disappear
10.5–12 h after irradiation (51). Radiation-induced apoptosis in
the spinal cord of rats, regardless of age, occurred frequently 8 h
after irradiation, returning to pre-irradiation levels 24 h after
irradiation (52). These reports also suggest that apoptosis may
occur within 24 h of irradiation. In fact, we measured apoptotic-
like cells by the pan-g-H2AX staining pattern (18). Our
preliminary data suggests an increase of apoptotic cells in 3–24
h after irradiation in all four experimental groups (data not
shown). In this study, we found that activated macrophage
expression peaked at 24 h after irradiation (Figure 3). Based
on these results, apoptosis may have been induced when the
living body was stimulated by radiation, but it is possible that
these apoptotic cells underwent phagocytosis by macrophages,
leading to further induction of inflammatory reactions. In other
words, it is thought that the timing at which phagocytic
macrophages were attracted after apoptosis coincided with the
peak of the inflammatory reaction.

We hypothesized that DNA damage repair occurs as a result
of radiation exposure, and cells that cannot be repaired are
handled by apoptosis. Macrophages that phagocytose apoptotic
cells are attracted to the damage site while exhibiting M1-type
traits, activating the inflammatory response. This occurs within
24 h after irradiation, after which the anti-inflammatory reaction
and tissue repair occur. EE is suggested to control the transition
to chronic inflammation and to exhibit anti-carcinogenic effects
by efficiently promoting the switching of this M1/M2
polarization. Although the tissue response between 6 h and
24 h after irradiation was not analyzed, this hypothesis is
strongly supported by results from other studies (31, 51).

In conclusion, this study examined the usefulness of EE as a
measure to reduce the risk of carcinogenesis after radiation
exposure. The results confirmed that the inhibitory effect of EE
on tumor growth was maintained even after radiation exposure
owing to EE breeding (i.e., improved living environment) before
radiation exposure. EE was confirmed to improve responsiveness
to radiation-induced DNA damage and basal immunity, further
suppressing the chronic inflammatory response. These EE effects
were observed regardless of the time at which the breeding
environment was manipulated. In other words, the health-
promoting effects of EE even after entering the adult period
were clarified. This study revealed that EE could change the
initial response after radiation exposure, and considering these
results collectively, EE might lead to a reduction of the risk of
radiation-induced carcinogenesis.
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