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1. ABSTRACT

An acidic polysaccharide of Panax ginseng (APG), so called Ginsan, is known to
have important immunomodulatory activities. It was recently reported that APG had
radioprotective effects in mice but the detailed mechanism was not fully elucidated.
We investigated the potential of APG to protect the hematopoietic and gastrointestinal
of mice from radiation injury by a single whole-body irradiation (WBI) in vivo.
From our results, the counts of endogenous colony forming units (CFUs) increased in
APG-treated mice, indicating that APG induced the regeneration of hematopoietic
cells. In splenocyts, APG treatment decreased the percent of tail DNA, a parameter
of DNA damage, and also accelerated the proliferation and recovery of splenocytes,
compared with untreated, irradiated controls. Furthermore, the number of apoptotic
cells was significantly decreased in splenocytes of APG-treated mice compared with
that of irradiated controls. Also, APG treatment caused the lengthening of villi and a
numerical increase of crypt cells in the small intestine at 3.5 days after 7 Gy
irradiation compared to irradiated, non-treated controls. In addition, the expression
levels of apoptosis-related molecules in the jejunum were investigated using
immunohistochemistry. As a result, it increased the expression levels of anti-apoptotic
proteins (Bcl-2 and Bcl-Xs1) and dramatically reduced the expression levels of
pro-apoptotic proteins (p53, BAX, cytochrome C and Caspase-3). Overall, this study
shows that APG can enhance the regeneration of hematopoietic stem cells, and
promote the repair of damaged cells or the proliferation of the immune cells.
Therefore, our current data provide evidence that APG might be a useful adjunct to
therapeutic irradiation as a protective agent for the gastrointestinal tract of cancer

patients.

Key words : Acidic polysaccharide of Panax ginseng, lonizing radiation, Apoptosis,

Radioprotection



2. INTRODUCTION

Radiation is the treatment of choice for a majority of cancer patients. Although
such irradiation is directed at malignant tissue, the surrounding normal tissues are
also affected (Weiss. 1997; Mashiba et al. 1979; Bogo et al. 1985; Satoh et al.
1982). The major detrimental effect of ionizing radiation (IR) on normal tissue cells
is the induction of oxidative stress, the disturbance in the equilibrium status of
pro-oxidant and antioxidant systems in favor of pro-oxidation in vivo (Lee et al.
2009). In addition, oxidative stress induced by exposures to IR causes radiolysis of
water in the cell, generating collectively reactive oxygen species (ROS) such as
hydrogen peroxide, hydroxyl radical, and super oxide anion (Lee et al. 2009). The
produced ROS attacks diverse cellular macromolecules such as DNA, lipids, and
proteins and induces cell death including apoptosis in vitro or in vivo (Lee et al.
2009; Kim and kim. 2010; Park et al. 2010). In particular, the exposure to IR leads
to the destruction of the lymphoid and hemopoietic systems by increasing apoptosis
of not only proliferating stem cells such as jejunal crypt cells, but also radiosensitive

lymphocytes causing ROS production in animals (Andreson and Warner. 1976).

IR-induced hematopoietic failure was the primary cause of death after exposure to
a moderate or high dose of total body irradiation. Hematopoietic stem cells are
highly sensitive to IR as well as chemotherapeutic drugs administered to cancer
patients. In fact, myelosuppression and hematopoictic dysfunction are the most
common clinical complications of these treatments (Chen et al. 2007). Immediately
after irradiation, intestinal crypt cells undergo apoptosis, and intestinal stem cells
cannot differentiate quickly enough to repopulate the villi. The result is a diminution
and blunting of the height of villi and subsequent functional incapacity including
malabsorption, gastrointestinal (GI) bleeding and fatal destruction of GI tissue,
commonly known as the GI syndrome (Chen et al. 2007). Thus, identifying effective

and useful substances for the prevention or rescue of GI injury from radiation



exposure is very important. However, no effective medication has yet been found for
the treatment of defense from radiation-induced GI injury. Due to these reasons,
although IR is a useful tool in a wide variety of fields such as industry, agriculture,
military operations, and medicinal researches, especially for cancer therapies, their
practical applicability has been limited for many years (Moon et al. 2008; Moulder.
2002, 2003; Pellmar and Rockwell. 2005). Efforts to develop effective agents to
alleviate the harmful effects of IR have mounted correspondingly. This has been all
the more prompted by the scarcity of products approved by Federal Drug
Administration (FDA) (Park et al. 2010). The majority of radioprotectors under active
investigation are designed to scavenge IR induced intracellular free radicals and
inhibit apoptosis, averting initial cascades of radiochemical events in cells following
IR exposure (Stone et al. 2004; Park et al. 2008a, b, 2010). In particular, various
natural products with antioxidant and cyto-protective resources have begun to receive
attention as possible radiation modifiers (Park et al. 2008a-c). Previous studies have
reported that various natural products i.e. Elaeocarpus sylvestris, Peaonia japonica
and Ecklonia cava induce the radioprotective effects as improving lymphoid or
hemopoietic systems via decreasing apoptosis as well as ROS production (Park et al.
2008a-c). Considering the fact that most of the potent agents under study are
experimental, the repertoire of putative natural product radioprotective agents needs

further expansion, by incorporating more locally abundant materials.

Ginseng, the root of Panax ginseng C.A. Meyer, is well-known and widely used
in traditional Oriental medicine. Its compounds include water-soluble factors,
polysaccharides, proteins and saponins (Kim et al. 2007). A soluble acidic
polysaccharide extracted from Panax ginseng (APG), ginsan, has proved to be a
stimulant that causes normal lymphoid cells to proliferate and to Produce cytokines
such as interleukin (IL)-1, IL-2, interferon (IFN)-y and tumor necrosis factor (TNF)-a
(Shin et al. 2002). APG treatment protects mice from the lethal effects of IR, and

enhances the number of hematopoietic and immune cells such as bone marrow cells



and spleen cells by inducing a variety of hematopoietic growth factors such as IL-1,
IL-6, IL-12, TNF-a and granulocyte—macrophage colony stimulating factor (GM-CSF)
(Song et al. 2003). In addition, APG modulates the radiation-induced disturbance of
antioxidant enzymes such as superoxide dismutase (SOD), catalase and glutathione
peroxidase (GPx) (Han et al. 2005). So far, the radioprotective effect of APG has
been attributed to its immunomodulatory activity. In this study, we studied the ability

of APG to offset damage to the hematopoietic and gastrointestinal injury of mice

subjected to a whole-body irradiation (WBI).



3. MATERIALS AND METHODS

Mice

C57BL/6 female mice were purchased from Orientbio Inc. (Sungnam, Korea) were
used for the experiment at the age of 6 to 8 weeks old about 20-25 g body weight.
According to the guiding principle for the Care and Use of Laboratory Animals of
the Institutional Ethical Committee, experimental mice were housed in conventional
animal facilities with a NIH-07 approved diet and water supplied ad libitum at a
constant temperature (23 = 1 °C). All mice were randomly separated into three
groups i.e. non-irradiated (Non IR), irradiated control group (IR) and APG plus
irradiated group (IR + APQG).

Preparation and treatment of APG compound

As described in our previous report (Hwang et al. 2011), APG was obtained from
Dr. Jie-Young Song (Korea Cancer Center Hospital, Seoul, Korea) (Song et al.
2002). APG dissolved in phosphate-buffered saline (PBS) (pH 7.4) was injected
intraperitoneally twice into mice with 10 mg/kg b.w. dose first at 18 h and then
again at 2 h before irradiation. Additional two groups of mice, non-irradiated mice

and irradiated control mice injected i.p. with PBS, were treated as controls.

Irradiation with *°Co y-rays

Each mouse was placed in a separate plastic container (3x3x11 cm) and given a
single dose of WBI at dose rate of 1.5 Gy / min at a source-surface distance of 150
cm from a *Co irradiator (Theratron-780 teletherapy unit, Applied Radiological

Science Institute, Jeju National University).
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Animal survival

To determine the radioprotective capacity of APG compound, animals from two
experimental groups, irradiated control group (n = 21) and APG plus irradiated group
(n = 13), were monitored daily for survival until 30 days after exposure to 9 Gy of
y— ray irradiation. Surviving mice were euthanized by cervical dislocation at 31 days

after WBI.

Endogenous hematopoietic colony forming units (CFUs) assay

To confirm the ability of APG to rescue and repopulate hematopoietic stem cells
in irradiated mice, we examined the spleens to calculate endogenous colony forming
units (CFUs). Spleens were removed from the mice (n = 8/group), and their surfaces
were examined with the naked eye to score for macroscopic colonies at 9 days after

exposure to 7 Gy of irradiation (Park et al. 2008).

Alkaline comet assay

To determine the cytoprotective effects of APG on oxidative DNA damages
induced in peripheral blood lymphocytes, alkaline comet assay was used. At 1 day
after exposure to 2 Gy of IR, peripheral blood lymphocytes isolated from mice of
each group (n = 6/group) were used for this assay. The cells were lyzed in lysis
buffer (2.5 M NaCl, 100 mM Na,-EDTA, 10 mM Tris, and 1% Triton X-100, pH
10) for 1h at 4 °C. After electrophoresis, the DNAs were observed under a
fluorescence microscope and analyzed by using the Komet 5.5 program (Kinetic
Imaging, Liverpool, UK). The percentage of fluorescence in the tail DNAs (%), tail

lengths (um) of 100 cells per slide were recorded.

4'6-diamidino-2-phenylindole, dihydrochloride (DAPI) staining
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To confirm the cytoprotective effect of APG on the radiation-induced apoptosis of
peripheral blood lymphocytes, DAPI staining was performed. The lymphocytes were
suspended in RPMI-1640 medium supplemented with 10% FBS and 1% antibiotics.
The lymphocyte suspensions (containing 1x10° cells) were then washed with PBS and
fixed in Carnoy’s fixative solution. The cells were stained with 1 mg/ml of DAPI
solution (Sigma-Aldrich) for 10 min in a dark room. Morphological changes of
apoptotic cells, such as apoptotic body formation with fragmented nuclei and
chromatin condensation, were viewed in a fluorescence microscope (Leica, Wetzler,
Germany). The frequency of apoptotic cells was calculated as the ratio of apoptotic

cells detected to total lymphocytes (400-500 cells in each mouse) inspected.

‘H-thymidine incorporation assay

To assess whether APG stimulated the regeneration and proliferation of splenocytes
damaged by irradiation, a thymidine incorporation assay was performed. The
splenocytes were isolated 3, 9, 13 days after exposure to 2 Gy of irradiation and
seeded at 4 x 10° cells/well in 96-well round-bottom microtiter plates (Nunc,
Copenhagen, Denmark). After incubation in triplicate with 200 ul culture medium for
72 h at 37 °C, humidified air that contained 5% CO,, 10ul of Concanavalin A(Con
A, Sigma) was added to the wells to give a final concentration of Spg/ml Con A.
After incubation, triplicate wells for each experiment were pulsed for a final 18 h
with 1 uCi of ’H-thymidine (specific activity 42 Ci/mmol; Amersham, Arlington
Heights, IL, USA). An automatic cell harvester gathered the cells onto glass fiber
filters. The amount of radioactivity incorporated into the DNA was determined in a
liquid scintillation spectrometer (Wallac Micro Beta® TriLux, PerkinElmer, Waltham,

MA, USA).

Assay of apoptotic fragmentation

_’|2_



To identify the effect of APG on the IR-triggered apoptosis of jejunum crypt cells,
small intestines were separated from mice (n = 10/group) at 24 h after 2 Gy or 7
Gy WBI and fixed in 10% buffered formalin. The blocks were then embedded in
paraplast wax to prepare 5 pum sections for hematoxylin and eosin (H&E) staining.
Apoptosis was assessed on the evidence of morphological characteristics, such as cell
shrinkage, chromatin condensation and margination and cellular fragmentation as
described by jee et al. (2005). To confirm apoptotic crypt cells, TdT-mediated
dUTP-biotin nick end labeling (TUNEL) assay was performed using a commercial
apoptosis detection kit (ApopTag® Peroxidase In Situ Apoptosis Detection Kit,
Chemicon International, Temecula, CA, USA) according to the manufacturer's
instructions. Apoptotic crypt cells from small intestine sections of each mouse were

counted using a light microscope and 50 crypts per intestinal section were recorded.

Tissue processing and immunohistochemistry

The jejunum was removed from mice killed 24 h after 7 Gy WBI and fixed in
10% neutral buffered formalin for 24 h. They were then processed for embedding
vertically in paraplast wax; four different parts of the jejunum were prepared.
Sections (5 um-thick) were dewaxed in xylene (5 min with constant agitation) and
rehydrated though a series of ethanol (95, 90, 80, and 70%). They were then
immersed in 0.3% hydrogen peroxide in distilled water for 20 min to block
endogenous peroxide activity. After three washes in PBS (5 min), section were
pre-blocked in 10% normal goat serum (VECTASTAIN Elite ABC kit; Vector,
Burlingame, CA, USA) then reacted with antibody to p53 (1:200 dilution,
Calbiochem, Darmstadt, Germany), Bax (1:500 dilution, Cell Signaling Technology
Inc, Beverly, MA, USA), Bcl-2 (1:500 dilution, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), Bcl-Xsp (1:500 dilution, Santa Cruz Biotechnology), Cytochrome C
(1:400 dilution, Cell Signaling Technology Inc) or Cleaved Caspase-3 (1:25 dilution,

Cell Signaling Technology Inc) for 1 h. After three washes, the sections were then
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incubated with biotinylated anti-mouse or mouse IgG antibody (Vector) for 45 min,
and then avidin-biotin peroxidase complexes were formed using an Elite kit (Vector).
HRP-binding sites were detected with 3, 3’-diaminbenzidine (DAB; Vector) and

counterstained with hematoxylin.

Image analysis and statistics

The positive cells on a specimen was semi-quantitatively estimated: negative (0) —
none of the positive cells at 400x magnification; weak positive (1) — visible cells
only at 400x magnification; moderate positive (2) — easy distinguished cells at low
magnification 100x%; intense positive (3) — cells intense positive at 100xmagnification.
Quantifying positive cells stained by immunohistochemistry was done using Image J
1.38% software. All data were presented as means = standard error of the mean
(S.EM.), P values were determined using the one-way analysis of variance or
Kruskal-Wallis test followed by Scheffe test. P value less than or equal to 0.05 was

considered to indicate statistical significance.
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4. RESULTS

APG improved hemopoiesis in y-ray imradiated mice

CFU assay was performed to assess whether APG can rescue hemopoietic cells in
gamma ray irradiated mice. As Fig. 1 depict, there are no colonies in spleens of
mice of non-irradiated group. However, in spleens given with sub-lethal dosed of
y-ray irradiation (7 Gy) (the only 7 Gy-irradiated group), few endogenous colonies
were found (5.8) and their sizes were markedly reduced, compared to non-irradiated
mice. In contrast, the treatment of APG increased the size of spleen and the number
of endogenous CFUs, when compared with the non-treated irradiated mice (8.3 in
APG-plus 7 Gy-irradiated mice). After 30 days of the exposure to gamma ray
irradiation, spleens enlarged by APG treatment reverted back to normal size (data not
shown). These results indicate that APG led to the hemopoietic effects in gamma ray

irradiated mice.

APG reduced DNA damage in peripheral blood lymphocytes

We studied the influence of APG on DNA damage to peripheral blood
lymphocytes caused by IR wusing alkaline comet assay. We measured the DNA
damage in the tails of APG plus irradiated (Fig. 2C) and non-irradiated (Fig. 2A)
mice, as compared to the only y-ray irradiated group (Fig. 2B). Fig. 2D showed the
changes in the levels of DNA damage in non- irradiated group, y-ray irradiated
group, and APG plus irradiated group, respectively. Significant decrease in the levels
of DNA damage was observed in APG treated group when compared with
non-irradiated group. There was a significant decrease in the levels of DNA (%) in
tail: 42.1 £ 8.7 vs. 19.9 = 5.7 (p<0.05). These results show that APG might reduce

the DNA damages of the peripheral blood lymphocytes caused by IR.
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APG inhibited apoptosis of peripheral blood lymphocytes

Since peripheral blood lymphocytes are one of the most sensitive cells to IR
(Hrycek and Stieber. 1994), we assessed the nuclear morphology of peripheral blood
lymphocytes from irradiated mice with and without APG treatment to determine
whether the inhibition of their DNA damage was attributable to apoptotic changes.
As shown Fig. 3A, DAPI staining revealed that nuclei of peripheral blood
lymphocytes undergoing apoptosis had significant fragmentation and condensation of
nuclei after an exposure to IR. The recipients of APG manifested a dramatically
decreased the number of apoptotic nuclei compared to that of the Non irradiated
group (Fig. 3B and 3C) (11.7 = 0.7 vs. 17.0 £ 1.4, p<0.05). These results suggest
that APG inhibited the damages of peripheral blood lymphocytes by reducing the

formation of apoptosis caused by y-ray irradiation.

APG induces proliferation and stimulates differentiation of splenocytes

Next, to determine whether APG stimulates splenocyte’s proliferation against y-ray
irradiation, the °H-thymidine incorporation assay was performed. The proliferation of
splenocytes was markedly reduced by an exposure to y-ray irradiation when compared
with non-irradiated cells (Fig. 4). Interestingly, the treatment of APG resulted in
about 3 days S5.1-fold, 9 days 10.2-fold, and 13 days 10.4-fold increases of
splenocytes respectively in comparison with 2 Gy-irradiated and non-treated cells
(»<0.05). These results suggest that APG stimulated the splenocyte’s proliferation

against y-ray irradiation.

APG inhibits irradiation-induced apoptosis

We then tested small intestinal crypt cells for inhibition of radiation-induced

apoptosis after APG treatment. The apoptotic cells were observed in the putative
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stem cell zone located towards the bottom of the small intestinal crypts and easily
recognized from the condensation of cytoplasm and nuclear fragments through both
H&E staining (Fig. 5A, B) and the TUNEL assay (Fig. 5C, D). After WBI, the
number of apoptotic cells rose sharply with an increasing dose of y-ray. As shown in
Fig. SE, radiation alone at 2 and 7 Gy linearly increased apoptosis to peaks of 3.8 +
0.1 and 11.6 £ 2.5 per crypt, respectively (vs. 0.4 = 0.01% in non-irradiated
control). However, APG treatment with irradiation resulted in a significant decrease
in the number of apoptotic crypt cells, compared with those in the irradiation control
group (2.51 = 0.1 vs. 6.3 £ 1.1, p<0.05) (Fig. 5B, D). The results using TUNEL
assay had a similar trend to that seen after H&E staining (2.41 + 0.03% vs. 1.87 =+
0.21% from APG treated control vs. untreated control groups, p<0.05). The frequency
of spontaneous apoptosis in crypt cells of non-irradiated animals was not significantly
different from that of APG-only-treated animals (data not shown). This indicates that

APG offers protection against radiation-induced apoptosis in the intestinal crypts.

APG attenuated the immunohistochemical localization and intensity of p53 in the

intestine

To understand the mechanism by which APG inhibits the apoptosis in the small
intestine following radiation exposure, we first investigated the localization and
intensity of p53 pro-apoptotic proteins, which are activated by single- and
double-strand breaks from irradiation. In most cases, p53 exhibited a marked granular
punctuate pattern found both in the nuclei and cytoplasm of the intestinal cells. As
shown in Fig. 6, the immunoreactivity of p53 was markedly increased in the
irradiated control compared to the non-irradiated control, but was significantly reduced
in APG plus irradiated group compared to the irradiated control by 83.0% (Fig. 6H).
Immunoreactive p53 positive cells were abruptly increased in the lamina propria and
crypt (Fig. 6C, D and G) compared to the sham-irradiated controls (Fig. 6A, B and

G). Conversely, immunoreactive positive cells were sharply decreased in APG plus
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irradiated group (Fig. 6E, F and G).

APG modulated the immunohistochemical localization and intensity of Bcl-2 family

proteins in the intestine

Next, we investigated the localization and intensity of Bcl-2 family proteins which
govern mitochondrial outer membrane permeabilization following radiation exposure.
As shown in 7-9 an exposure to irradiation considerably increased the expression of
pro-apoptotic Bcl-2 family protein, Bax (Fig. 7) but decreased the expression of
anti-apoptotic Bcl-2 family proteins such as Bcl-2 (Fig. 8) and Bcel-Xgr (Fig.9)
compared to the non-irradiated controls. However, APG treatment distinctly curtailed
the increase of Bax expression levels and the decrease of Bcl-2 and Bcel-Xsp
expression in APG plus irradiated group exhibited a 34.0% and 33.3% increment

compared to the irradiated controls, respectively (Figs. 8H and 9H).

When irradiated, immunoreactive Bax positive cells were con-fined to the
cytoplasm of apoptotic cells with diverse morphology and found predominantly in
intestinal epithelia and crypt cells. Accordingly, Bax immunoreactivity was summarily
increased inapoptotic cells, mostly in the epithelial region of the irradiated control
group (Fig. 7C, D and G) and gradually decreased in the APG plus irradiated group
(Fig. 7E, F and Q).

As with immunoreactive staining patterns of Bax proteins, characteristic Bcl-2 and
Bcel-Xg. staining was observed in the cytoplasm of intestinal cells under irradiation.
Intriguingly, Bcl-2 displayed adistinctly different localization in nuclei in the lamina
propria of irradiated controls (Fig. 8C, D and G) and in the APG plus irradiated
group (Fig. 8E, F and G) compared with the non-irradiated group, where it was
restricted to the cytoplasm in epithelia and the lamina propria (Fig. 8A, B and Q).
Bcl-Xs1 immunostaining was moderate in all the normal tissues and was observed

mostly in the cytoplasm. But the pattern looked more granular in appearance and
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was clearly different from the pattern of Bcl-2 expression pattern (Fig. 9). In contrast
to the reduced Bax immunoreactivity, the number of Bcl-2 positive cells and the
intensity of Bcl-2 in APG plus irradiated group barely rose compared with those of
the irradiated controls. Accompanying these changes, more intense Bcl-Xs
immunoreactivity was easily demarcated in the cytoplasm of intestinal epithelium in
APG plus irradiated group (Fig. 9E, F and G) than in the irradiated control group
(Fig. 9C, D and G). These results suggest that APG presumably inhibited the
apoptosis of the small intestine by regulating the expression of Bcl-2 family proteins

after gamma ray irradiation.

APG abated the immunohistochemical localization and intensity of Cytochrome C in

intestine

Then we investigated the localization and intensity of Cytochrome C which was
released by the mitochondria in response to pro-apoptotic stimuli. As shown in Fig.
10, the expression levels of Cytochrome C increased more than fourteen-fold in the
irradiated control compared to non-irradiated controls, but were reduced by 64.8% in
the APG plus irradiated group compared with the irradiated controls (Fig. 10H). The
immunostaining of Cytochrome C was easily identified in the irradiated control group
from its clear trace in the cytoplasmic component of the intestinal cell and crypt
(Fig. 10C, D and G). This overexpression of Cytochrome c after irradiation was
significantly decreased by APG treatment (Fig. 10E, F and G). These results indicate
that the attenuated expression of Cytochrome C after APG treatment was presumably
inhibited the mitochondria mediated apoptosis in the small intestine following

irradiation.

APG diminished the immunohistochemical localization and intensity of Caspase-3

cleavage in intestine
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Finally, we investigated the localization and intensity of cleaved Caspase-3, which
is activated in the apoptotic cell by mitochondrial pathways. As shown in Fig. 11,
the expression level of cleaved Caspase-3 was markedly increased in the small
intestine of the irradiated control compared to the non-irradiated control. However,
APG plus irradiated group presented a 31.3% decrease of cleaved Caspase-3
expression compared to that of irradiated controls (Fig. 11H). A greater distribution
of cleaved Caspase-3 positive cells was exhibited in the apoptotic crypt cells of the
small intestine mostly in the irradiation control group (Fig. 11C, D and G) whereas
the non-irradiated cells exhibited faint and infrequent immunoreactive staining (Fig.
11A, B and G). Irradiation enhanced the cleaved Caspase-3 positive cells, but APG
treatment markedly reduced the number of cleaved Caspase-3 positive cells and

apoptotic cells in the crypt (Fig. 11E, F and G).

APG improves the survival rate of mice exposed to a lethal dose of irradiation

To test whether APG could protect mice from radiation induced damages, APG
was administered at doses of 10 mg/kg b.w. at 2 and 18 h before exposure to 9 Gy
of WBI. Only 44.4% (9/21) of the irradiated, untreated group survived for 30 days
after exposure to 9 Gy of irradiation. However, 84.6% (11/13) of the mice that
received APG plus irradiation survived for 30 days, which represents a significantly
diminished death rate (Table 2). These results demonstrate that APG confers marked

radioprotection and subsequently prolongs the survival of lethally irradiated mice.
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5. DISCUSSION

In general, proliferating stem or progenitor cells are particularly vulnerable to
radiation-induced cell damage, a prominent example being the stem cells in the
hemopoietic systems (Potten and Grant. 1998). And the gastrointestinal (GI) system is
a major target for the somatic injuries incurred by radiation and chemotherapy, it is
important to protect the intestine from radiation-induced damage, the main cause of
radiation-induced intestinal damage, for diminishing side effects induced by irradiation
(Hosseinimehr. 2007). Several studies have reported that the exposure of animals to
radiation leads to the destruction of the lymphoid and hemopoictic systems by
increasing apoptosis of not only peripheral blood lymphocytes but also splenocytes
known to be radio sensitive cells in peripheral immune systems (Andreson and
Warner. 1976; Hagelstrom et al. 1995). Also, our previous studies demonstrated that
radio-protective agents from natural resources can protect small intestines from
radiation-induced apoptosis and they further elucidated their mechanisms of
anti-apoptotic effects (Park et al. 2008b; Thotala et al. 2009; Bonnaud et al. 2010).
In addition, APG has protective effects against radiation-induced intestinal damage by
enhancing intestinal crypt regeneration and inhibiting irradiation-induced apoptosis.

In this study, we extended our previous research on APG’s molecular mechanism
of protective effect against radiation-induced apoptosis in small intestine and
peripheral immune tissue damage by radiation exposure. So, we demonstrate that
APG effectively protects mice against potentially lethal irradiation and prolongs the
survival of lethally irradiated animals. The survival time for lethally irradiated
animals can be lengthened by various manipulations, such as inhibition of free radical
generation or acceleration of their removal, enhancement of DNA repair,
replenishment of dead hematopoietic cells, and stimulation of immune cell formation
or activity (Arora et al. 2005). However, no other reports to date have described the

protective effect of APG against radiation-induced peripheral immune tissue and small
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intestine damage or the apoptosis mechanism of that effect in vivo. Radiation-induced
oxidative damage to DNA encompasses several types of base damage and single- or
double-strand breaks (Nair et al. 2001). Using the comet assay, we observed that
APG treatment significantly decreased the percentage of tail DNA fluorescence in the
peripheral blood lymphocytes of irradiated mice, which indicates that APG protected
cells against radiation-induced damage. This decrease in DNA breakage seen in our
APG-treated, irradiated mice underlines the cytoprotective efficacy of this compound
in vivo, which may be attributed to its ROS scavenging activity.

Hematopoietic stem cells are highly sensitive to IR as well as chemotherapeutic
drugs administered to cancer patients. In fact, myelosuppression and hematopoietic
dysfunction are the most common clinical complications of these treatments (Chen et
al. 2007). Therefore, an important adjunct to their use is to promote the recovery of
hematopoiesis (Neta et al. 1986). In our experiments, mice treated with eckol
recovered from WBI as established by their increased numbers of splenic CFUs in
comparison with the irradiated controls that did not receive APG. The enhancement
of endogenous CFUs in mice that received APG before undergoing irradiation
indicates that APG protects and/or stimulates the proliferation of hematopoietic stem
cells. This important mechanism of APG-mediated survival described here appears to

have a strong potential for clinical application.

It is well recognized that a major mechanism of radiation induced apoptosis
involves p53, a tumor suppressor protein related to cell cycle arrest and apoptosis
(Gudkov and Komarova. 2010). Although the role of p53 in the small intestine of
irradiated mice remains unclear, it is considered that the pro-apoptotic function of
p53 could determine general radiosensitivity (Gudkov and Komarova. 2010).
Furthermore, previous reports demonstrated that p53 in cytoplasm directly regulates
the Bax-dependent mitochondrial pathway to apoptosis (Geng et al. 2010). In the
current study, we observed that the expression levels and localization of p53 were
significantly down-regulated in the APG plus irradiated group compared to irradiated

control, which showed distinctively elevated expression and localization of p53.
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Consistent with our previous study, the distribution pattern of p53 was found in both
the nuclei and cytoplasm of the small intestinal cells (Ha et al. 2013), which could
explain that p53 inhibition by APG treatment in WBI mice might affect the
Bax-dependent mitochondrial pathway.

In response to apoptotic signals from p53 activation, Bax, one of representative
pro-apoptotic Bcl-2 family proteins, promotes mitochondrial outer membrane
permeabilization (MOMP) via forming the oligomerization in the outer mitochondrial
membrane (Vousden and Lane. 2007). Mitochondria play a crucial role in amplifying
apoptotic signals, through which MOMP induces the release of Cytochrome C from
the intermembrane space. However, this MOMP can be blocked by anti-apoptotic
proteins of the Bcl-2 family, Bcl-2 and Bcl-Xsy, which play an important role in
antagonizing apoptosis by preventing the pro-apoptotic signal transmission of
pro-apoptotic genes (Van Delft and Huang. 2006). The Bcl-2 family of pro-apoptotic
and anti-apoptotic proteins serve as pivotal death regulators that reside upstream of
mitochondria, modulating the expression of Bcl-2 family is significant in mitigating
radiation induced damage. In present study, the expression level of pro-apoptotic
molecule Bax was down-regulated in the APG plus irradiated group, while the
anti-apoptotic molecules Bcl-2 and Bcl-Xg; were greater in APG-treated mice than
irradiated controls. The immunohistochemical expression pattern and localization of
these proteins were consistent with our previous study (Ha et al. 2013).

Cytochrome C released from mitochondria contributes to the formation of the
apoptosome and further causes cleavage of pro-Caspase-3 to cleaved Caspase-3
(Cotter. 2009). However, the expression level and immunohistochemical localization of
Cytochrome C was significantly decreased by treatment of APG compared to
irradiated control, which implies that pro-apoptotic properties of Cytochrome C after
irradiation were interrupted by the APG treatment.

Since cleaved Caspase-3 is the predominant downstream executioner caspase, it was
designated as the target caspase (Budihardjo et al, 1999). Furthermore,

immunohistochemical detection of cleaved Caspase-3 was suggested as a suitable
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alternative method to quantify radiation-induced apoptosis (Marshman et al. 2001). In
the current study, APG treatment markedly reduced the number of cleaved Caspase-3
positive cells and apoptotic cells in the crypt after irradiation. The expression of
cleaved Caspase-3 was reported to exist preferentially in crypts in small intestine of
irradiated mice (Przemeck et al. 2007; Vyas et al. 2007). These data indicate that
APG treatment could enhance the protection of small intestine from radiation damage
by inhibiting caspase-dependent apoptosis. Incidentally, it is reported that
mitochondria, as the cross-talk organelle, connect the two major apoptosis pathway,
caspase-dependent and caspase-independent pathways. While these results demonstrate
that anti-apoptotic effect of APG was mediated through the inhibition of Caspase-3
activation, the possibility still remains that APG treatment regulates other
caspase-independent apoptosis pathway molecules.

In conclusion, these results demonstrate that APG protects mice against oxidative
stress from IR by enhancing hematopoiesis and promoting cell survival via inhibiting
DNA damages through the regulation of apoptosis in peripheral blood lymphocytes
and splenocytes. Futhermore, APG blocks the p53-dependent pathway and
mitochondria/caspase-dependent pathway in irradiated small intestine, which ultimately
results in beneficial effects against from radiation induced damage. This study
indicates that APG may serve as a beneficial protective agent for human recipients

of IR.
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Table 1. Immunohistochemical localization of different antibodies in the small

intestine of mice subjected to Non IR, IR-control and IR+APG.

Localization
Antibody Group Crypt apoptotic Intestinal
Lamina propria
cell epithelium

Non IR - - +
P53 IR ++ - +++
IR+APG - - ++

Non IR - + -

Bax IR ++ +++ -

IR+APG + ++ -

Non IR - - ++

Bcl-2 IR + - -
IR+APG + - 4+

Non IR - ++ -

Bcel-XsL IR + + -

IR+APG + +++ -

Non IR - - -

Cytochrome C IR +++ + -

IR+APG ++ - -

Non IR - - -

Caspase3 IR +++ - -

IR+APG ++ - -

Stained sections were scored for the density of positive cells per field. -, negative; +,

weak; ++, moderate; +++, intense.
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Table 2. The effect of APG on survival rates after 9 Gy y-ray irradiated mice.

Groups survial rate(%) Mean survial time(days)

9Gy Irradiation (n=21) 44 .4 224 + 8.1

APG treated

84.6 24 + 10.2
+ 9 Gy irradiation (n=13)

Mice were injected with i.p. with APG (10 mg/kg b.w.) 2 and 18h before being
exposed to 9 Gy of WBI. The term ‘n’ represents the total number of mice in each
group. The results shown are the means + S.D. of three independent experiments.

Differences in the 30-day survival rates were calculated with Student’s #-test (p<0.05).
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Figure 1. The effect of APG on survival rates after 9 Gy y-ray irradiated mice.
Photograph of spleens excised from naive mice (A), from control mice (no extract)
given 7 Gy WBI and from test mice given 7 Gy irradiation plus APG (10mg/kg
b.w., ip.) (B). Each data point represents mean + SEM (p<0.05). Although all
spleens decreased in size after irradiation, the spleens of APG recipients were bigger

and had more endogenous splenocyte colonies.
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Figure 2. Comet assay of APG effect on irradiation-induced DNA damage in
splenocytes comparing. Zero Gy irradiation (A), 2 Gy irradiation (B) and 2 Gy
irradiation plus APG (10mg/kg b.w., i.p.) (C). The columns indicate percentages of
tail DNA and of inhibition activity in each group (D). The cells are scored according
to the Komet 5.5 program. Each data point represents mean = SD of about 50 cells
per mouse. Inhibition activity was evaluated to compare the 2 Gy irradiation control

group to the extract-treated irradiation group by using Student's t-test (p<0.05).
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Figure 3. The effect of APG on apoptosis of splenocytes using DAPI staining. Mice
were treated with 2 Gy irradiation alone (A) or 2 Gy irradiation plus APG (10mg/kg
b.w., i.p.) (B). Columns indicate the number of apoptotic fragments in each group
(C). Spleen were separated at 24hours after 2 Gy y-ray irradiation. The arrows point
to apoptotic cells with condensed and fragmented nuclei. Each data point represents

the mean + SEM (p<0.05).
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Figure 4. The effect of APG extract on proliferation of splenocytes. Splenocytes were

isolated at 3 days (A), 9 days (B) and 13 days (C) after 2 Gy irradiation of mice.
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APG extract was injected i.p. at 18 hours and 3 hours before irradiation. Irradiated
cells (4x10°/well) were incubated with 200ul culture medium in 96-well culture
plates for 72 hours in triplicate. The cells were pulsed for 18 hours with 1uCi of
3H-thymidine then harvested onto glass fiber filters, after which thymidine
incorporation was measured. Each data point represents the mean = SEM. Statistical
evaluation was performed to compare the extract-treated groups and corresponding

untreated irradiated controls (p<0.05).
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The number of
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Figure 5. Representative images showing the apoptotic cells in the intestinal sections
with H&E (A, B) and TUNNEL assay (C, D). The cells show chromatin

condensation into crescentic caps at the nuclear periphery, nuclear disintegration and
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shrinkage of cell volume by H&E (arrowheads). (A, C) 2 Gy irradiation, (B, D) 2
Gy irradiation plus APG (10 mgkg b.w., i.p.) treated, (E) Columns represent the
number of apoptotic fragments per small intestinal crypt in each group. The mice
were sacrificed, and small intestines were obtained 24 h after 2 or 7 Gy fy-ray
irradiation. Values are means + SE of 50 crypt sections per intestine and 5 small

intestine sections from each mouse (Bars = 30 um, * p<0.05).
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Figure 6. P53 immunoreactivity in small intestines of mice 24h after y-ray irradiation.
(A, B) Non irradiated-control, (C, D) Irradiated control, (E, F) APG plus irradiated
group, (G) semi-quantitative analysis of immunohistochemistry for p53, (H)
Quantitative analysis of immunohistochemistry for p53, (A, C, E) Bars = 60 um, (B,
D, F) Bars = 30 um. (*; P<0.05). Cells were counted as described in Materials and
Methods. Results represent average and S.E. value in each experimental group. Data

are representative of three independent experiments.

_40_



_41_



50 ¢

G O crypt
P
45 + B .
0 W epithelia
= I mlamina ia
2a 35 f propr
= X
e 0 -
= -*
Lo 25t
- .
2 & 20
3% 15
g o
_g;g 10
=2 5
=3
]
Non IR [R+:'1PG
H so
= 0+
Ld D
gfi 60
=E 50
5T @
E S 30
E o
2
=z 10
=3
]
Non IR [R+;'1.P'G

Figure 7. Bax immunoreactivity in small intestines of mice 24h after vy-ray
irradiation. (A, B) Non irradiated-control, (C, D) Irradiated control, (E, F) APG plus
irradiated group, (G) semi-quantitative analysis of immunohistochemistry for Bax, (H)
Quantitative analysis of immunohistochemistry for Bax, (A, C, E) Bars = 60 um, (B,
D, F) Bars = 30 um. (*; P<0.05). Cells were counted as described in Materials and
Methods. Results represent average and S.E. value in each experimental group. Data

are representative of three independent experiments.
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Figure 8. Bcl-2 immunoreactivity in small intestines of mice 24h after y-ray
irradiation. (A, B) Non irradiated-control, (C, D) Irradiated control, (E, F) APG plus
irradiated group, (G) semi-quantitative analysis of immunohistochemistry for Bcl-2,
(H) Quantitative analysis of immunohistochemistry for Bcl-2, (A, C, E) Bars = 60 p
m, (B, D, F) Bars = 30 um. (*; P<0.05). Cells were counted as described in
Materials and Methods. Results represent average and S.E. value in each experimental

group. Data are representative of three independent experiments.
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Figure 9. Bcl-Xs1 immunoreactivity in small intestines of mice 24h after y-ray

irradiation. (A, B)

irradiated group, (G) semi-quantitative analysis of immunohistochemistry for Bel-Xg,
(H) Quantitative analysis of immunohistochemistry for Bcl-Xgi, (A, C, E) Bars
um, (B, D, F) Bars = 30 pum. (¥*; P<0.05). Cells were counted as described in

Materials and Methods. Results represent average and S.E. value in each experimental
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group. Data are representative of three independent experiments.
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Figure 10. Cytochrome C immunoreactivity in small intestines of mice 24h after y
-ray irradiation. (A, B) Non irradiated-control, (C, D) Irradiated control, (E, F) APG
plus irradiated group, (G) semi-quantitative analysis of immunohistochemistry for
Cytochrome C, (H) Quantitative analysis of immunohistochemistry for Cytochrome C,
(A, C, E) Bars = 60 um, (B, D, F) Bars = 30 pm. (*; P<0.05). Cells were counted
as described in Materials and Methods. Results represent average and S.E. value in

each experimental group. Data are representative of three independent experiments.
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Figure 11. Cleaved caspase-3 immunoreactivity in small intestines of mice 24h after
y-ray irradiation. (A, B) Non irradiated-control, (C, D) Irradiated control, (E, F) APG
plus irradiated group, (G) semi-quantitative analysis of immunohistochemistry for
cleaved caspase-3, (H) Quantitative analysis of immunohistochemistry for cleaved
caspase-3, (A, C, E) Bars = 60 pum, (B, D, F) Bars = 30 pm. (*; P<0.05). Cells
were counted as described in Materials and Methods. Results represent average and
S.E. value in each experimental group. Data are representative of three independent

experiments.
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