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Abstract. Background/Aim: An enriched environment (EE)
modifies apoptotic cell death and promotes cell proliferation
in the central nervous system (CNS) in mice. However, few
studies have examined the effects of an EE on apoptosis in
non-CNS organs in model orgamisms. In addition, the
intestinal tract is one of organs at high-risk of carcinogenesis
after radiation exposure. Herein we evaluated the effects of
an EE on spontaneous and radiation-induced apoptosis in
intestinal crypt cells of mice. Materials and Methods:
Juvenile (3-week-old) and adult (11-week-old) male B6C3F1
mice were housed in a standard environment or EE for 8
weeks and then were whole-body irradiated with 2 Gy X-rays.
Apoptosis in the small intestine and colon was analyzed with
antibody against cleaved caspase 3. Results: The EE
significantly reduced body weight,; adipose tissue weight; and
serum levels of total cholesterol, triglyceride, leptin, and
insulin. Although EE did not change the spontaneous
apoptotic index without irradiation, it significantly increased
the index after irradiation in the colonic crypt. The apoptotic
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index in the small intestinal crypt showed similar patterns.
Conclusion: An EE enhances radiation-induced apoptosis of
stem/progenitor cells in the small intestine and colon without
affecting spontaneous apoptosis. An EE may thus reduce the
risk of cancer in the intestinal tract after radiation exposure
such as radiotherapy.

An enriched environment (EE) refers to an animal housing
condition that provides physical, psychological, cognitive,
and social stimulation (1). In this environment, animals are
housed in much larger cages than conventional ones, and
items of various shape, colour, size, and texture are used for
sensory-motor and social stimulation (1, 2). As a result, an
EE offers opportunities for animals to perform a repertoire
of species-specific behaviors by integrating multiple sensory
experiences (1). Thus, an EE is considered to be a ‘eustress’,
which induces health-promoting or adaptive physiological
responses in animals (3). It has been proposed that an EE
significantly affects functions of the central nervous system
(CNS) such as neurogenesis, plasticity, learning, and
memory (4). Little is known, however, on the effects of an
EE on other organs.

Apoptosis is the process of programmed cell death and is
an important mechanism for regulating the development and
homeostasis of various organs and for eliminating damaged
cells (5). One of the effects of an EE on the CNS is the
inhibition of apoptosis. For example, an EE decreases
spontaneous apoptosis in the granule cells of the
hippocampus in male rats (6). In addition, an EE attenuates
sevoflurane- and ketamine-induced neuronal apoptosis (7, 8).
The inhibitory effects on neuronal apoptosis may contribute
to improved learning and memory and disease prevention
(9). Recently, Li et al. reported that an EE attenuates
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ketamine-induced apoptosis, but not spontaneous apoptosis,
in the rat heart and kidney (10). However, there have been
few additional studies that have focused on the effects of an
EE on apoptosis in organs outside the CNS.

In contrast to neuronal cells, intestinal crypt cells actively
proliferate and thus are highly sensitive to ionizing radiation-
induced apoptosis. The apoptosis of intestinal crypt cells has
been extensively studied in radiation biology (11-15).
Recently, it was shown that radiation-induced apoptosis on
several organs is modified by lifestyle factors including diet
and environmental conditions (16-18). In this study, we
examined the effects of an EE on the apoptosis of intestinal
crypt cells in mice after irradiation. We found that an EE
enhanced radiation-induced apoptosis, but not spontaneous
apoptosis, in both the small intestine and colon.

Materials and Methods

Mice. As the effects of an EE depend on the age at which the EE is
introduced (19, 20), we used both juvenile and adult mice. Three-
week-old male B6C3F1 hybrid mice (resulting from a cross between
female C57BL/6NCrl mice and male C3H/HeNCrl mice) were
purchased from Charles River Laboratories (Kanagawa, Japan). All
animal experiments were approved by the Institutional Animal Care
and Use Committee of the National Institutes for Quantum Science
and Technology and conducted under related guidelines (Approval
No. 16-1008). The welfare of animals at the institution was
reviewed by an external program of the Japanese Association of
Laboratory Animal Facilities of National University Corporations
and the Japanese Association of Laboratory Animal Facilities of
Public and Private Universities.

Housing conditions. We previously reported our established EE
condition (21, 22). Briefly, an EE was created in a large cage (depth,
542 mm; width, 426 mm; height, 200 mm) supplemented with a
running wheel, igloo, paper-based nest box, tunnel, red transparent
plastic nest box, wooden block, and nesting sheet (Bio-Serv,
Frenchtown, NJ, USA) as shown in Figure 1A. Each item was
randomly positioned, and all items were re-positioned weekly to
maintain novelty. A standard environment (SE) was created in a
standard laboratory cage (300 mmx170 mmx100 mm) without any
supplements (Figure 1A). In both conditions, cages had woodchip
bedding that was changed weekly. All mice were housed in groups of
five mice per cage on a 12-h light/12-h dark cycle at 23+2°C and
50£10% humidity. They were provided a standard laboratory diet
(MB-1; Funabashi Farm Co., Ltd., Chiba, Japan) and water ad libitum.

Irradiation. Irradiation was performed using a Pantak HF-320 X-
ray generator (Pantak Ltd., East Haven, CT, USA). After being
reared under SE or EE conditions for 8 weeks, mice were whole-
body irradiated with 2 Gy at a dose rate of 0.6 Gy/min (200 kVp,
20 mA, with a filter composed of 0.5-mm-thick copper and
aluminium plates) as reported (15). Non-irradiated mice were
handled similarly on the day of irradiation.

Experimental design. We set up two experiments (Figure 1B), one
to characterize the effects of the EE condition (Experiment 1) and
the other to analyse apoptosis (Experiment 2). All mice were
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Figure 1. The enriched environment (EE) and experimental design. (A)
Setup of the standard environment (SE) and EE. a, wooden block; b,
running wheel with igloo; c, nesting sheet; d, red transparent plastic
nest box; e, paper-based nest box; f, tunnel. (B) Three-week-old (young,
Y) or 11-week-old (adult, A) mice were housed for 8 weeks in a SE or
EE and then were irradiated (IR) with 0 or 2 Gy. Mice were assayed
humanely from 0 (unirradiated) to 24 h after irradiation.

weighed weekly during the experimental period. In Experiment 1,
juvenile mice were divided after weaning into the following four
groups (i-iv): (i) mice housed in SE cages from 3 to 11 weeks of
age (i.e., through postnatal development until young adulthood;
YSE group); (ii) mice housed in EE cages from 3 to 11 weeks of
age (YEE group); (iii) mice housed in SE cages from 3 to 11 weeks
of age and then, as adults, kept therein until 19 weeks of age (i.e.,
during adulthood; ASE group); and (iv) mice housed in SE cages
from 3 to 11 weeks of age and then, as adults, transferred to EE
cages and housed therein from 11 to 19 weeks of age (AEE group).
All mice were euthanized by cardiac puncture under isoflurane
anaesthesia, and blood was collected for the biochemical analysis
of lipid metabolism, adipokines, and insulin. Epididymal white
adipose tissue (WAT) and interscapular brown adipose tissue (BAT)
were removed to determine their weights, and the latter was fixed
in 10% neutral-buffered formalin overnight, followed by preparation
of paraffin-embedded sections for histopathological and
immunohistochemical analyses.
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In Experiment 2, mice were divided into four groups (v-viii) as
in Experiment 1 and then were sham-irradiated (0 Gy) or irradiated
(2 Gy) at 11 or 19 weeks of age. The housing conditions and means
of euthanasia were the same as in Experiment 1. After euthanasia,
the small intestine and colon were removed, rinsed in ice-cold
phosphate-buffered saline, opened longitudinally, rolled with the
mucosa outwards, and then paraffin-embedded sections were
prepared by the same method as BAT for the evaluation of apoptosis
using immunohistochemistry.

Immunohistochemistry. For staining with an antibody against cleaved
caspase 3, 3- to 4-um-thick sections were stained using the Ventana
Benchmark Ultra system (Ventana, Tucson, AZ, USA).
Deparaffinization was performed using EZ prep solution (Ventana).
For antigen retrieval, sections were incubated in Cell Conditioning 1
solution (Ventana) containing Tris/borate/ethylenediaminetetraacetic
acid (pH 7.8) at 93°C for 32 min. To block protein-binding sites,
sections were then incubated with 10% (v/v) goat serum in Protein
Block Serum-Free solution (Dako, Japan Inc., Tokyo Japan) for 16
min and were treated with an endogenous biotin blocking kit
(Ventana). A rabbit polyclonal primary antibody against cleaved
caspase 3 (1:800 dilution; Cell Signaling Technology, Danvers, MA,
USA) was incubated with the sections at 37°C for 28 min.
Endogenous peroxides were quenched using 3% H,0O, reagent
(Ventana) at 37°C for 4 min. Biotin-labelled goat anti-rabbit IgG
(1:200; Jackson ImmunoResearch Laboratories, West Grove, PA,
USA) was incubated with the sections at 37°C for 16 min. Antigen
sites were then visualized with Discovery DAB Map Detection Kit
(Ventana). The sections were counterstained with hematoxylin.

Uncoupling protein 1 (UCPI1) expression in adipose tissues
was determined by manual immunohistochemical staining using
3- to 4-pm-thick sections as follows. After deparaffinization,
endogenous peroxidase activity was blocked by incubation with
0.3% (w/v) hydrogen peroxide in methanol for 30 min. As a
pretreatment, antigen retrieval was performed by autoclaving
(Decloaking Chamber Nxgen; Biocare, Concord, CA, USA) in
0.01 M sodium citrate buffer (pH 6.0) at 110°C for 20 min.
Sections were blocked in 10% (v/v) goat serum for 30 min at
room temperature and incubated with rabbit polyclonal anti-UCP1
(1:100; ab10983; Abcam, Cambridge, UK) at 4°C overnight.
Peroxidase-conjugated anti-rabbit IgG secondary antibodies
(Histofine Simple Stain MAX PO(R); Nichirei Bioscience, Tokyo,
Japan) were applied, and immunoreactivity was visualized
with diaminobenzidine staining (DAB Substrate Kit; Vector
Laboratories, Burlingame, CA, USA). Sections were
counterstained with hematoxylin. All stained specimens were
digitally stored in a J-SHARE archive (Japan Storehouse of
Animal Radiobiology Experiments) for pathological and
immunohistochemical analyses (23).

Serum assessment. Blood samples were collected at 11 (YSE and
YEE) or 19 (ASE and AEE) weeks of age on experimental 1 (Figure
1B). Serum samples were obtained by centrifugation of clotted
blood samples at 1,500 xg for 10 min and stored at —80°C until
subsequent use. Total cholesterol (T-Cho; L-type Wako CHO-M Kkit;
Wako Pure Chemical Industries, Ltd., Osaka, Japan) and triglyceride
(TG; L-type Wako Triglyceride M kit; Wako Pure Chemical
Industries, Ltd.) levels were measured at Nagahama Life Science
Laboratory (Shiga, Japan). Leptin, adiponectin, insulin, IL-6
(interleukin-6), and MCP1 (monocyte chemotactic protein 1) levels
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were measured by microsphere-based immunoassays (Luminex
XxMAP kits, Luminex Co., Austin, TX, USA). Corticosterone levels
were measured with an enzyme-linked immunosorbent assay kit
(No. 501320; Cayman, Ann Arbor, MI, USA). Each sample was
measured twice, and the resulting mean value was used for
statistical analysis.

Detection and evaluation of apoptotic cells. Apoptotic cells were
identified based on being positive for cleaved caspase 3 staining.
We adopted two ways to quantify the extent of apoptosis for
evaluation of time-dependent alterations and distribution patterns:
1) the percentage of crypts containing one or more apoptotic cells
among all crypts in the section (hereafter, apoptotic index) and 2)
the percentage of apoptotic cells among all cells in a specified cell
position, as previously described (15). Apoptotic cells were counted
only in sections of crypts that had a longitudinally continuous
structure from the base to the crypt-villus junction. To score
apoptosis, 50-211 small intestinal and 90-203 colonic crypts per
mouse and at least 20 cells per each crypt were evaluated. All
scoring was conducted in a blinded fashion.

Statistics. Data are expressed as the mean+standard deviation (SD)
or standard error (SE). Welch’s or Student’s z-test was used to
evaluate the differences between two groups based on the results of
the F-test. A repeated-measures two-way analysis of variance was
used to analyse changes in body weight (BW) over time between
YSE and YEE and between ASE and AEE groups.

Results

Effect of EE housing during different ages on BW and
adipose tissues. We first characterized the EE condition
used in our study by examining whether it changed
physiological parameters of mice such as BW and adipose
tissue weights in a manner consistent with a previous report
(24). BW, which was determined every other week at about
10:00 am, increased during postnatal development in all
groups, but the increase was smaller in YEE mice than in
YSE mice (p<0.01, Figure 2A). The BWs of ASE mice
increased from 11 to 19 weeks of age, whereas those of
AEE mice did not increase, and the difference between the
groups was significant (p<0.01, Figure 2B). The WAT and
BAT weights were much smaller in YEE mice than in YSE
mice; similarly, their weights in AEE mice were smaller
than those in ASE mice (p<0.01, Table I). The reduction was
much larger in WAT than BAT (70% vs. 50% reduction).
Hematoxylin and eosin (HE) staining showed that the BAT
adipocytes of YEE mice were smaller than those of YSE
mice, which was most likely due to the decrease in lipid
accumulation (Figure 2C and D). Immunohistochemically,
expression of UCP1 in the BAT adipocytes of YEE mice
was higher than in those of YSE mice (Figure 2C and D).
As UCPI has a role in thermogenesis (24), these results
suggest that the EE condition reduces BW and adipose
tissue weights through energy expenditure by UCPI-
mediated thermogenesis.
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Figure 2. Effects of an enriched environment (EE) on body weight, brown adipose tissue, and serum hormone levels. (A and B) Body weights (BW)
of mice exposed to an EE while young (A) or as adults (B). Arrows indicate the time at which half of the mice were shifted to an EE. (C and D)
Histological and immunohistochemical features of brown adipose tissue in a YSE (C) and YEE (D) mouse. HE, hematoxylin and eosin; UCPI,
uncoupling protein 1. Scale bars, 20 mm. E-H: Quantification of leptin (E), adiponectin (F), the leptin/adiponectin (L/A) ratio (G), and insulin (H)
in serum samples from these mice is shown. Data are shown as the mean+SD (n=15 mice per group). Differences in body weight between the two
groups were analyzed by a repeated measures two-way analysis of variance. *p<0.05, **p<0.01.

Effect of EE housing during different age periods on serum  adipose tissue (24). Our EE housing also significantly
lipids, adipokines, and insulin. A previous study indicated that ~ decreased serum levels of T-Cho and TG (p<0.01, Table I).
EE affects lipid components and hormones generated from  Furthermore, both the YEE and AEE groups showed
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Table 1. Summary of adipose tissue weights® and serum biomarkers®.

Young (3-11 weeks old) Adult (11-19 weeks old)

Tissue YSE YEE ASE AEE
WAT (mg) 690+260 190+£88*  1,500+310  350+220*
BAT (mg) 120+34 63+13* 150£22 75+16%*
Biomarker YSE YEE ASE AEE
T-Cho (mg/ml) 100+11 73+6.0%* 110+7.7 80+12%
TG (mg/ml) 120+31 81+£20%* 140+50 81+36*
CORT (ng/ml) 74+23 88«15 73+14 55+31

YSE, Young (Y) mice housed in standard environment (SE); YEE, young
mice housed in an environmental enrichment (EE); ASE, adult (A) mice
housed in a SE; AEE, adult mice housed in an EE; WAT, white adipose
tissue; BAT, brown adipose tissue; T-Cho, total cholesterol; TG,
triglyceride; CORT, corticosterone. *p<0.01 vs. corresponding SE group.
aValues are the mean+SD (n=15); bvalues are the mean+SD (n=5-10).

significantly reduced serum levels of leptin, a hormone
released from adipose tissue with accumulated lipid, compared
to the corresponding SE groups (p<0.01, Figure 2E).
Adiponectin, which is released from adipose tissue with
minimal lipid accumulation, was also significantly reduced in
both the YEE and AEE groups relative to their respective SE
controls (p<0.05, Figure 2F). In addition, the leptin/adiponectin
(L/A) ratio, which reflects the balance of the two adipose
hormones, was significantly smaller in the YEE and AEE
groups compared to the YSE and ASE groups, respectively
(p<0.01, Figure 2G). A reduced L/A ratio indicates that
metabolism is directed towards suppression of lipid
accumulation (25). The YEE and AEE groups also showed
significantly reduced serum levels of insulin as compared with
the YSE and ASE groups, respectively (p<0.01, Figure 2H).
Our EE condition thus reduced serum levels of lipids and
adipose tissue-derived cytokines, regardless of the age at which
mice were exposed to the EE, which is consistent with previous
findings (20, 24, 26). Taken together, these results indicate that
our EE rearing conditions modified energy metabolism and the
relevant endocrine system. In contrast, the level of
corticosterone, a major stress hormone, was not significantly
changed by the EE housing (Table I). In addition, serum levels
of the inflammatory cytokines IL-6 and MCP1 stayed below
the limit of detection for the most part and were not
significantly different between the YSE and YEE groups or
between the ASE and AEE groups (data not shown), indicating
that our EE system did not affect basal levels of inflammatory
cytokines, in contrast to the effects of slightly different EE
conditions reported previously (27-29).

Spontaneous and radiation-induced apoptosis in the crypt
cells of the small intestine and colon. Apoptotic cells in the
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small intestine and colon detected Dby
immunohistochemical staining using an antibody against
cleaved caspase 3. Apoptotic cells were mainly distributed
in crypts, and the number of apoptotic cells was increased
under the EE condition (Figure 3A and B). We next
evaluated time-dependent alterations in the apoptotic index
after radiation exposure (Figure 3C and D). The apoptotic
indices in crypt cells of both the small intestine and colon
reached a peak at 3 h after irradiation (Figure 3C and D; n=2
or 3 mice per condition per time point) regardless of the EE
housing, which is consistent with previous reports (5, 15).
Thus, we evaluated the apoptotic index at 3 h after
irradiation. To this end, we placed four or five mice in each
group to minimize errors in the measured values.

We next examined the modifying effects of an EE on the
apoptotic index in young mice (11 weeks of age). In mice in
the absence of irradiation, the apoptotic indices of the small
intestine and colon were similar between YSE and YEE mice
(small intestine: YSE, 1.3+0.7% vs. YEE, 2.1£0.9%; colon:
YSE, 2.0+1.6% vs. YEE, 1.1£1.0%), indicating no effect of
EE on spontaneous apoptosis (Figure 3E and F). In contrast,
in irradiated mice, the apoptotic indices of the small intestine
and colon were significantly elevated compared to the
indices of non-irradiated mice (small intestine: YSE,
43+16% vs. YEE, 63+14%:; colon: YSE, 20+7.0% vs. YEE,
48+4.0%; Figure 3E and F). Thus, the EE condition
significantly increased the apoptotic index of the colon in
irradiated mice compared to the SE condition (p<0.01,
Figure 3F).

We also evaluated the apoptotic index in adult mice at 19
weeks of age. Without irradiation, an EE did not affect the
apoptotic index of either the small intestine or colon (small
intestine: ASE, 1.5+0.7% vs. AEE, 1.8+1.0%; colon: ASE,
1.4+0.7% vs. AEE, 2.0+0.8%; Figure 3E and F). In irradiated
mice, the apoptotic index of both the small intestine and
colon was significantly increased relative to the index of
non-irradiated mice (small intestine: ASE, 33+3.5% vs. AEE,
42+6.0%; colon: ASE, 17+2.0% vs. AEE, 31+7.0%; Figure
3E and F), and, moreover, these indices were significantly
increased by EE (small intestine: ASE, 33+3.5% vs. AEE,
42+6.0%; colon: ASE, 17+2.0% vs. AEE, 31+7.0%; Figure
3E and F). Additionally, the effect of the EE tended to be
greater in young mice than in adult mice. These results
suggest that an EE enhances apoptosis induction after
radiation exposure in the small intestine and colon.

We next evaluated the distribution of apoptotic cells in
small intestinal and colonic crypts at 3 h after irradiation
(Figure 4). Cells were numbered sequentially upwards, with
those at the base of the crypt denoted as position 1, as
described (5). In irradiated mice of both the young and adult
groups, the apoptotic cells were distributed most often at cell
positions 3 and 4 in the small intestine and positions 1 and
2 in the colon, consistent with a previous study (30). In

were
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Figure 3. An enriched environment (EE) induces apoptosis in the small intestinal and colonic crypts after irradiation of young and adult mice. (A
and B) Representative sections stained for cleaved caspase 3 from typical small intestinal (A) and colonic (B) crypts of irradiated YSE and YEE
mice. Arrowheads indicate apoptotic cells. Scale bars represent 50 mm. (C and D) Time course of the apoptotic index of the small intestine (C) and
colon (D) of irradiated young and adult mice that had been reared in a standard environment (SE) or an EE (n=2 or 3 mice per group). (E and F)
Apoptotic index in the small intestine (E) and colon (F) of non-irradiated and irradiated mice at 3 h after irradiation (n=4 or 5 mice per group).
Data are shown as the mean+SD. *p<0.05, **p<0.01.
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Figure 4. The distribution of apoptotic cells in the crypts of the small intestine and colon in young and adult irradiated mice. Young (Y) or adult
(A) mice were exposed to an enriched environment (EE) or a standard environment (SE) and then irradiated. (A-D) The apoptotic index (based on
cleaved caspase 3 immunostaining) was determined for cells at each position in the small intestinal (A and C) and colonic (B and D) crypts at 3 h
after irradiation in young (A and B) and adult (C and D) mice. Data are shown as the mean+SE (n=4 or 5 mice per group). *p<0.05 for YSE vs.

YEE or ASE vs. AEE.

young mice, an EE increased the percentage of apoptotic
cells at cell positions 1-5 in the small intestine and colon
(Figure 4A and B), with statistical significance in the latter.
In adult mice, an EE significantly increased the percentage
of apoptotic cells at cell position 1 in the colon (Figure 4D).
These results suggest that an EE enhances radiation-induced
apoptosis more effectively in the stem cells of the colon than
in those of the small intestine.

Discussion

In the present study, we first characterized the effect of the
EE condition established in our laboratory on the physiology
of mice and confirmed its beneficial effects on body weight,
lipid accumulation, and lipid metabolism in both young and
adult mice, which is consistent with a previous report (31).
We then clarified the modifying effects of an EE on
spontaneous and radiation-induced apoptosis in the intestinal
epithelium, showing for the first time that an EE enhances
radiation-induced, but not spontaneous, apoptosis.

Studies on rodent models have reported that an EE
prevents spontaneous apoptosis in the hippocampus of mice
(6) but not in cardiac or renal tissues of male rats (10).
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Compared to the present finding in the mouse intestine, the
effects of an EE on spontaneous apoptosis may differ
depending on the organ. Regarding organs after irradiation,
a previous report indicated that an EE partially attenuates
apoptosis in the hippocampus of mice after total-body
irradiation at a much higher dose of 10 Gy (32). Moderate
exercise, a key component of an EE, also prevents radiation-
induced apoptosis in the bone marrow (17). In the present
study, an EE enhanced radiation-induced apoptosis in the
intestinal tract at a moderate dose of 2 Gy, indicating the
opposite effect in this tissue. Thus, an EE has different
effects on radiation-induced apoptosis depending on the
organ, as with spontaneous apoptosis.

We also observed that the effect of an EE on enhancement
of radiation-induced apoptosis was strongest at cell positions
1-5 in the intestinal crypts. Previous reports have indicated
that apoptotic cells in the small intestine and colon after
irradiation are concentrated in the bottom of the crypt (5, 15,
33), which is consistent with the present study. A variety of
stem cells (Lgr5* stem cells at the crypt base and Bmil* and
radiosensitive stem cells at higher positions) reside at
positions 1-5 of the crypt, and the radiosensitivity of Lgr5*
stem cells is higher than that of Bmil* stem cells (34, 35),
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indicating that an EE promotes radiation-induced apoptosis
of these stem cells. As intestinal stem cells are a potential
origin of intestinal cancer (36), the elimination of damaged
stem cells through induction of apoptosis by an EE condition
may contribute to preventing initiation of carcinogenesis.
Thus, the potentially beneficial effects of an EE in non-CNS
organs, as observed herein, are worth further investigation in
the field of radiation biology, similar to those in the CNS
including improvement of cognitive function and prevention
of neural diseases. The dependence of such beneficial effects
on tissue type (e.g., small intestine vs. colon) and the age of
the organism will also be of interest, as suggested by the
present study.

The different effects of an EE among tissues may be
accounted for by differences in the regulation of pro- and
anti-apoptotic factors. In the hypothalamus, an EE increases
the synthesis of brain-derived neurotrophic factor, which
stimulates proliferation and inhibits apoptosis of neuronal
cells (6). Our study showed that an EE significantly
decreased the serum levels of insulin and leptin. These
hormones share downstream signaling pathways such as the
mitogen-activated  protein  kinase  pathway, the
phosphatidylinositol 3-kinase (PI3K) pathway, and the Janus
kinase (JAK)-signal transducer and activator of transcription
pathway, all of which inhibit apoptosis (37-41). Indeed,
deficiency in insulin receptor signaling is reported to
increase radiation-induced apoptosis in the intestinal crypt
stem cells (18, 42, 43). Similarly, the anti-apoptotic function
of leptin has been observed in a wide range of non-cancerous
cells including placental cells, T lymphocytes, and pancreatic
[ cells (44-46). The presence of the leptin receptor on the
cell surface of enterocytes and colonocytes (47) suggests that
leptin signals contribute to apoptosis of intestinal cells.
Based on the above, our EE condition could have enhanced
the radiation-induced apoptosis through down-regulation of
PI3K and JAK signaling via a decrease in serum leptin
levels. On the other hand, EE did not affect spontaneous
apoptosis. The induction mechanism of spontaneous
apoptosis is different from radiation-induced apoptosis (48).
The spontaneous apoptosis is a normal homeostatic process,
which is regulated by the 53-independent pathway, whereas
the acute apoptosis induction by radiation exposure is
controlled by the p53-dependendent pathway. Hence it could
be considered that EE had an enhancing effect only on the
p53-dependent apoptosis induction.

In contrast, although IL-6 and MCP1 have anti-apoptotic
functions in the intestinal epithelium (49, 50), our EE condition
did not change the serum level of these inflammatory
cytokines, indicating that the effects of our EE on apoptosis
induction is unlikely to be associated with these cytokines.

In conclusion, we characterized the effects of the present
EE condition and found for the first time that an EE
enhances susceptibility to radiation-induced apoptosis of
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stem cells in the small intestine and colon without affecting
spontaneous apoptosis. It is, therefore, implied that EE
promoted the elimination of DNA damaged cells by inducing
apoptosis after radiation exposure. Hence an EE may reduce
the risk of cancer in the intestinal tract after radiation
exposure such as radiotherapy.
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