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Abstract
Adiponectin (APN) is an adipose tissue-derived cytokine that regulates insulin sensitivity and
inflammation. It is also involved in modulation of cell proliferation by binding to various growth
factors. Based on its known effects in modulating cell proliferation and oxidative stress, APN may
potentially be involved in regulating tissue damage and repair following irradiation. Adiponectin
KO mice and their WT littermates were exposed to a single whole-body dose of 3 or 6 Gy gamma
radiation. Radiation-induced alterations were studied in jejunum, blood, bone marrow and thymus
at day 1 and 5 post-irradiation and compared with sham-irradiated groups. In WT mice, irradiation
did not significantly alter serum APN levels while inducing a significant decrease in serum leptin.
Irradiation caused a significant reduction in thymocyte cellularity, with concomitant decrease in
CD4+, CD8+ and CD4+CD8+ T cell populations, with no significant differences between WT and
APN KO mice. Irradiation resulted in a significantly higher increase in the frequency of
micronucleated reticulocytes in the blood of APN KO compared with WT mice, whereas
frequency of micronucleated normochromatic erythrocytes in the bone marrow at day 5 was
significantly higher in WT compared with APN KO mice. Finally, irradiation induced similar
alterations in villus height and crypt cell proliferation in the jejunum of WT and APN KO mice.
Jejunum explants from sham-irradiated APN KO mice produced higher levels of IL-6 compared
with tissue from WT animals, but the difference was no longer apparent following irradiation. Our
data indicate that APN deficiency does not play a significant role in modulating radiation-induced
gastrointestinal injury in mice, while it may participate in regulation of damage to the
hematopoietic system.
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1. INTRODUCTION
Radiotherapy is an important modality for cancer treatment and more so when surgical
removal of the cancer mass is not possible or when surgery might debilitate the patient [1].
Every year it is estimated that nearly 60% of all cancer patients receive radiation therapy,
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either alone or in conjunction with surgery or chemotherapy [2,3]. At clinically relevant
doses of irradiation, bone marrow failure is the most commonly observed life threatening
problem. The observed effects are due both to a decrease in the number of hematopoietic
stem cell progenitors and a reduction in self-renewal capacity of stem cells [3,4]. Radiation
also causes cell attrition of the gastrointestinal epithelium, ulceration, reduced motility and
gastrointestinal dysfunction [5]. These cellular changes result in nausea, anorexia, loss of
electrolyte balance, diarrhea and bacterial infection [6]. Cumulatively, these effects make
radiation-induced enteritis a potentially life-threatening complication to patients [5].

Cytokines and growth factors enhance recovery from radiation syndrome. The
administration of some cytokines before irradiation protects mice from radiation-induced
death [7–9]. Cytokines and growth factors play an essential role in orchestrating the host’s
response to radiation and stimulate the innate defense against ionizing radiation, which
confers protection [3,10]. Growth factors like granulocyte colony-stimulating factor (G-
CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) are protective when
administered therapeutically and have been approved for use in treating acute
myelosuppression [11,12]. Overall, preclinical and clinical studies demonstrated that a large
number of cytokines and growth factors could serve to accelerate bone marrow restoration
after exposure to radiation [3,13].

Adiponectin (APN) is a protein predominantly synthesized and secreted by adipocytes
[14,15]. The average levels of plasma APN in humans range from 3 to 30 µg/ml [16,17].
Low APN levels are closely associated with obesity-linked complications, including type 2
diabetes, coronary heart disease and hypertension [18]. Adiponectin is a key regulator of
insulin sensitivity through activation of AMP-activated protein kinase (AMPK) [19].
Adiponectin also exerts anti-therogenic effects by suppressing tumor necrosis factor (TNF)-
α-induced NF-κB activation through a cAMP-dependent pathway, thereby inhibiting
inflammation-induced gene transcription [20,21]. In recent studies APN has been reported as
a novel hemopoietic stem cell growth factor [22].

Adiponectin exerts protective effects against oxidative damage in vivo and in vitro [23–25].
Oxidative stress is one of the main mechanisms through which irradiation causes damage to
DNA and other cellular components [26]. A relationship between increased oxidative stress
and decreased circulating levels of APN in normal weight and metabolically obese humans
has been observed [27,28]. Based on the effect of APN as a protective factor against
oxidative damage, APN KO mice could develop more severe radiation-induced intestinal
and hemopoietic damage when compared with their WT littermates. However, by binding to
growth factors that promote tissue regeneration after damage [29,30] APN inhibits cellular
proliferation, thus potentially contributing to delaying recovery from gastrointestinal
damage following irradiation. In this second hypothesis, APN deficiency could favor
epithelial cell proliferation and promote recovery, similarly to what we previously observed
using the dextran sulfate sodium (DSS) model of colonic damage [31]. As many cancer
patients are obese and subjected to radiotherapy, a relationship between APN and radiation’s
effects would be of clinical significance. The primary goal of this study was to evaluate the
effect of APN deficiency on radiation-induced damage and cell proliferation in the jejunum
by comparing the response of of WT and APN KO mice to whole-body irradiation. In
addition, the effect of APN deficiency on radiation-induced thymus atrophy and micronuclei
formation was evaluated.
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2. MATERIALS AND METHODS
2.1. Animal care and husbandry

Adiponectin KO mice were generated as previously described and kindly provided by Dr.
Lawrence Chan at Baylor College of Medicine (Waco, TX) [32]. Female 8–10 week-old
APN KO mice and their WT littermates in a C57BL/6J background were used. Care of mice
followed institutional guidelines under a protocol approved by the Institutional Animal Care
and Use Committee at the University of Illinois at Chicago.

2.2. Irradiation
Mice were whole-body exposed to a single dose of either 3 or 6 Gy gamma radiation at a
dose rate of 2 Gy/min using a 137Cs irradiator source in well-ventilated vinyl containers
boxes without anesthesia. Control mice were sham-irradiated. Blood was collected from the
retroorbital plexus under isoflurane anesthesia and mice were then immediately euthanized
by cervical dislocation. Radiation-induced alterations were studied in the jejunum, blood,
bone marrow and thymus on days 1 and 5 post-irradiation. Five mice were included in each
group for a total number of 50 animals. Each experiment was performed twice to ensure
reproducibility of results.

2.3. Leptin and APN measurements
Adiponectin and leptin were measured in serum using specific ELISA kits (R&D Systems,
Minneapolis, MN).

2.4. Thymocyte isolation and flow cytometry
Thymocytes were isolated by pressing the thymus through a 100 µm cell strainer (Fisher
Scientific, Pittsburgh, PA) and cells were counted using a hemocytometer. Cells were
suspended in complete cell culture medium (RPMI 1640 supplemented with 10% FCS, 2
mM l-glutamine, 100 IU/ml penicillin, and 100 µg/ml streptomycin) (Invitrogen Life
Technologies, Carlsbad, CA), washed once and counted. For CD4 and CD8 T cell staining,
thymocytes (1×106) were incubated with 1 µg of FITC-conjugated anti-CD4 and 1 µg of
PE-conjugated anti-CD8 (BD Pharmingen, San Diego, CA) for 20 min at 4 °C and washed
with cold PBS three times. Rat IgG conjugated with FITC and PE served as negative
control. Cells were then analyzed using a FACSCalibur (Becton Dickinson, San Diego, CA).

2.5. Micronuclei assay in blood reticulocytes
2.5.1. Preparation of acridine orange-coated glass slides—Acridine orange (AO)-
coated slides were made as described previously [33]. Briefly, AO was dissolved in distilled
water at a concentration of 1 mg/ml and 10 µl placed on a glass slide pre-heated to 70°C.
The solution was spread by moving a glass rod back and forth and air-dried.

2.5.2. Peripheral blood cells micronuclei assay—Peripheral blood was collected
from the orbital sinus of isoflurane-anesthetized mice and 5 µl aliquots of blood were placed
on AO-coated slides and covered with cover slips. Reticulocytes (RETs) and micronucleated
reticulocytes (MN-RETs) were monitored using a Carl Zeiss Fluorescent microscope with
Axioskop with blue filter. Suitable regions of the slides were selected at 10X magnification
and approximately 1000 RETs per animal were scored for micronuclei.

2.5.3. Collection of bone marrow for micronuclei assay—Animals were euthanized
at days 1 and 5 post-irradiation with 3 Gy and the femurs dissected, cleaned and the bone
marrow flushed. The cell suspension was centrifuged. A few drops of FCS were added and
the pellet was mixed thoroughly. Smears were drawn on to slides using a drop of the
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resultant suspension in FCS. Slides were air-dried and fixed in absolute methanol.
Micronuclei were prepared according to the method of Schmid [34], with modifications
[35]. Slides were stained with 0.125% AO in Sorensen's buffer (pH 6.8), washed twice and
mounted in Sorensen's buffer and observed under a fluorescent microscope using a 40X
Neofluar objective. A minimum of 1000 each polychromatic erythrocytes (PCE) and
normochromatic erythrocytes (NCE) were counted for the presence of micronuclei for each
animal.

2.6. Histological examination of jejunum
A segment of jejunum was resected, washed with 0.9% NaCl by injecting saline through the
lumen, fixed in 10% buffered formalin, and embedded in paraffin. Sections were cut at 5 µm
and stained with hematoxylin and eosin. Villus height (from the base to the tip of the villus)
was measured on individual intestinal segments in five separate microscopic fields for each
animal and recorded as the mean value using ocular micrometer-adapted light microscopy.

2.7. Bromodeoxyuridine Incorporation Assay
Mice were injected ip with 1 mg bromodeoxyuridine (BrdU) (Sigma Chemical Co, St.
Louis, MO) 2 h prior to euthanasia. To measure cell proliferation, a 0.5–1-cm segment of
jejunum was fixed in 10% buffered formalin overnight, embedded in paraffin, and tissue
sections were stained for BrdU using a kit from BD Biosciences (San Jose, CA). An index
of proliferation was determined as the ratio of crypt cells staining positively for BrdU per 10
crypts.

2.8. Jejunum Organ Culture
A segment of the jejunum was removed, cut open longitudinally, washed in PBS containing
penicillin and streptomycin, and placed in tissue culture plates containing RPMI-1640
medium supplemented with penicillin and streptomycin. Cultures were incubated at 37°C in
5% CO2. After 24 h, supernatants were harvested and stored at −70°C for analysis of
cytokine levels. IL-6 and chemokine (C-X-C) ligand (CXCL)2 levels in cell supernatants
were measured using ELISA kits from BD Bioscience and R&D Systems. Protein
concentration was determined using a Bio-Rad (Hercules, CA) protein assay. Concentrations
of different mediators were adjusted by total protein content

2.9. Statistical analysis
Statistical significance among treatments was determined using one-way analysis of
variance (ANOVA). Bonferroni’s post-hoc test was applied for multiple comparisons,
wherever necessary. The data were fitted to linear (Y = α + βD) or linear quadratic (Y = C +
αD + βD2) equations to describe the dose–response, if any, where C is control MN
frequency, D is DOX dose and α and β are constants.

3. RESULTS AND DISCUSSION
3.1. Effect of irradiation on APN and leptin levels

Irradiation of WT mice with 6 Gy did not significantly alter circulating APN levels (Fig.
1A). In contrast, serum levels of another adipokine, leptin, were reduced in a time-dependent
manner at day 1 and 5 post-irradiation (Fig 1B). These results indicate that, although whole-
body irradiation markedly down regulates leptin production, it does not exert a significant
effect on APN levels, thus underlying the profound difference in the mechanisms of
regulation of these two adipokines.
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3.2. Effect of APN deficiency on radiation-induced thymus atrophy
The thymus is one of the most radiosensitive organs and thymocytes rapidly undergo
apoptosis after exposure to ionizing radiation. Because important protective effects against
thymocyte apoptosis have been described for the adipokine leptin [36], it was of interest to
evaluate whether APN is also involved in protection against thymus atrophy Whole-body
irradiation with 6 Gy caused a significant reduction in thymus cellularity in both WT and
APN KO mice on days 1 and 5 compared to sham-irradiated mice (Fig 2A). A significant
reduction in the absolute number of CD4+ T cells was observed on day 5 in irradiated mice
(Fig. 2B). Irradiation caused a time-dependent reduction in the CD8+ T cells (Fig. 2C).
CD4+CD8+ T cells followed a similar trend as the CD8+ subpopulation (Fig 2D). No
significant differences in thymus cellularity or T cell subpopulations was observed between
WT and APN KO mice that were sham-irradiated or whole-body irradiated, suggesting that,
at variance with leptin, APN is not involved in modulation of baseline thymus cellularity or
radiation-induced thymus atrophy.

3.3. Effect of APN deficiency on radiation-induced micronuclei formation
The detection of micronuclei (MN) in circulating erythrocytes has been used as a
cytogenetic test for chromosomal aberrations induced by genotoxic or clastogenic effects of
chemical or radiation exposure [34,37–39]. Induction of MN in peripheral blood
reticulocytes (MN-RET) has also been used as a biological dosimeter in mice exposed to
radiation [40,41].

Exposure of WT and APN KO mice to 3 or 6 Gy resulted in a significant, time-dependent
induction in the frequency of MN-RET in peripheral blood at days 1 and 5 in both strains
(Fig. 3A). There was no significant difference in MN-RET between APN KO and WT mice
in the sham-irradiated group. However, APN KO mice had a significantly higher MN-RET
frequency compared to WT mice at day 1 post-irradiation with 3 Gy and at both days 1 and
5 when the dose of 6 Gy was used (Fig 3A). Although other mechanisms might contribute to
the observed effect, the increased frequency of MN-RET in irradiated APN KO mice is
likely secondary to the protective effect of APN against oxidative damage [23–25].

Studies from radiotherapy patients have shown that exposure to low doses of radiation
causes myelosuppression and induces treatment-related cancers, especially leukemia
[4,42,43]. Irradiation of both WT and APN KO mice with 3 Gy resulted in a significant
elevation in the frequency of micronucleated polychromatic (MPCE) and normochromatic
(MNCE) erythrocytes in the bone marrow at days 1 and 5 post-irradiation (Fig. 3B and C).
The frequency of MPCE reached a peak at day 1 and declined thereafter by day 5 post-
irradiation in both the WT and APN KO groups. There were no significant differences in
MPCE frequency between WT and APN KO mice. The frequency of MNCE was
significantly elevated in both WT and APN KO mice at days 1 and 5 when compared to
sham-irradiated mice. A significant increase in MNCE frequency was observed in WT
compared to APN KO mice at day 5 post-irradiation (Fig. 3C), indicating a less marked
delay in erythropoiesis after irradiation in APN KO compared with WT mice. Although no
alterations in circulating erythrocytes has been observed in APN KO mice under baseline
conditions [44], a possible role for APN in regulating erythropoiesis following irradiation
remains to be investigated.

3.4. Effect of APN deficiency on radiation-induced gastrointestinal damage and cell
proliferation

The gastrointestinal tract is an important target for radiation damage as it is a continuum of
constantly renewing tissue with rapid rates of cell division, differentiation, migration and
attrition throughout the lifetime of an animal [45,46]. No significant difference in jejunum
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structure was observed between APN KO and WT sham-irradiated mice (Fig. 4A).
Irradiation with 6 Gy induced the expected changes in jejunum histological appearance,
including a marked edema in the sub-mucosa with mild surface erosion, distortion of the
villous and crypt architecture, with depopulation and degeneration of crypts, and reduced
villous height (Fig. 4C). Intestinal damage was more pronounced at day 1 compared to day 5
post-irradiation, when signs of regenerating crypts were present. No significant differences
in the histology of the jejunum were observed between irradiated WT and APN KO mice at
either time point, indicating that APN deficiency exerts neither a protective nor a deleterious
function in radiation-induced damage of intestinal structures. When mice where irradiated
with 3 Gy, no significant intestinal alterations were observed in either WT or APN KO mice
(data not shown).

Cell proliferation in the crypts was detected by monitoring DNA replication using the BrdU-
incorporation assay (Fig. 4B). The mean number of proliferating cells on day 1 post-
irradiation was significantly reduced in both WT and APN KO mice compared with their
respective sham-irradiated controls. No significant difference in the response were observed
between WT and APN KO mice (Fig. 4D). At day 5 post-irradiation, cell proliferation
significantly increased over sham-irradiated mice in both WT and APN KO mice, but no
significant effect of APN deficiency was observed (Fig. 4B). Thus, at variance with results
we previously obtained in the model of DSS-induced colitis [31], APN deficiency is not
associated with enhanced epithelial cell proliferation in response to radiation-induced
damage, underlying the presence of either a tissue- or stimulus-dependent effect.

Finally, cultures of jejunum explants obtained from sham-irradiated APN KO mice
spontaneously released significantly higher amounts of IL-6 compared with explants from
sham-irradiated WT mice (Figure 5A). Irradiation with 6 Gy did not significantly alter IL-6
production from jejunum in either WT or APN KO mice at either 1 or 5 days (Figure 5).
Production of the chemokine CXCL2 by jejunum explants did not differ between WT and
APN KO mice and no significant effect of irradiation was observed at day 1 or 5 (Figure
5B).

Collectively these data indicate that APN deficiency does not play a critical role in the
response of the gastrointestinal tract to irradiation, although APN deficiency was associated
with increased production of IL-6 from the jejunum under baseline conditions, in agreement
with previous reports demonstrating to an anti-inflammatory role for APN in the
gastrointestinal tract and in other organs [20,21,44].

4. CONCLUSIONS
The present results demonstrate that APN deficiency does not play a major role in the
response to whole-body irradiation in mice in terms of thymus atrophy and gastrointestinal
damage, although a significant effect of APN deficiency was observed in terms of MN-RET
and MNCE frequency in response to irradiation. Our initial hypothesis was that APN would
modulate radiation-induced intestinal and hemopoietic alterations since APN can protect
against oxidative stress and antioxidants reduce radiation-induced damage [27,28,47,48]. On
the other hand, APN binds to several growth factors and inhibits their biological activity,
thus potentially inhibiting cell repair, particularly in the intestine [29,31]. However our
results indicate that absence of APN did not alter radiation-induced injury in the
gastrointestinal tract, while leading to significantly enhanced radiation-induced damage in
the erythrocyte compartment, possibly secondary to the increase in oxidative stress that is
associated with reduced APN levels [23–25].
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Figure 1. Effect of irradiation on serum APN (A) and leptin (B) levels in WT mice exposed to 6
Gy gamma irradiation
Mice were whole-body irradiated with 6 Gy or sham-irradiated. Blood was collected on day
1 or day 5 post-irradiation and serum obtained for measurement of APN and leptin levels.
Data are mean ± SEM; n=5. **p<0.01 vs sham-irradiated.
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Figure 2. Effect of irradiation on thymus cellularity and T cell subpopulations in WT and APN
KO mice
WT (black columns) and APN KO (white columns) mice were whole-body irradiated with 6
Gy or sham-irradiated. The thymus was collected on day 1 or day 5 post-irradiation and
analyzed by flow cytometry. Total cellularity (A); Number of CD4+ (B), CD8+ (C), and
CD4+CD8+ (D) cells. Data are mean ± SEM; n=5. ***p<0.001, **p<0.01 vs respective
sham-irradiated.
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Figure 3. Influence of irradiation on micronuclei formation in WT and APN KO mice
WT (black columns) and APN KO (white columns) mice were sham-irradiated or whole-
body irradiated with either 3 Gy or 6 Gy for evaluation of MN-RET (Panel A) and with 3Gy
for MPCE (Panel B) and MNCE (Panel C). Data are mean ± SEM (n=5). *** p<0.001 vs
respective sham-irradiated; ^p<0.05, ^^p<0.01 vs respective WT; # p< 0.05, ##p<0.01 vs
respective day 1.
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Figure 4. Influence of irradiation on jejunum histology and cell proliferation in WT and APN
KO mice
WT (black columns) and APN KO (white columns) mice were whole-body irradiated with 6
Gy or sham-irradiated. Jejunum was obtained and stained with H&E for histological
examination. A representative staining from each mouse is shown in Panel A and
quantification for the whole group in Panel B. The BrdU assay was used for evaluation of
cell proliferation (Panels C and D). A representative staining for each group is shown in
Panels A and C. Villous height (Panel B) and quantification of cell proliferation (Panel D)
were performed as described in the Methods section. Data are mean ± SEM (n=5).
**p<0.01, *** p<0.001 vs respective sham-irradiated.
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Figure 5. Production of IL-6 and CXCL2 from jejunum explants of WT and APN KO mice
WT (black columns) and APN KO (white columns) mice were whole-body irradiated with 6
Gy or sham-irradiated. Levels of IL-6 (Panel A) and CXCL2 (Panel B) were measured in the
supernatant of jejunum explants cultured overnight. Data are expressed as ng of cytokine/mg
of protein and are mean ± SEM (n=5). *p<0.05 vs sham-irradiated WT.
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