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Abstract
Radiation therapy is an integral part of treatment for cancer patients; however, major side effects
of this modality include aberrant bone remodeling and bone loss. Ionizing radiation (IR) is a major
external factor that contributes to a significant increase in oxidative stress such as reactive oxygen
species (ROS), has been implicated in osteoporotic phenotypes, and has been implicated in
osteoporotic phenotypes, bone loss, and fracture risk. One of the major cellular defenses against
heightened oxidative stress is mediated by nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a
master transcription factor that regulates induction of antioxidant gene expression and phase II
antioxidant enzymes. Our objective was to test the hypothesis that loss of functional Nrf2
increases radiation-induced bone loss. We irradiated (single dose, 20 Gy) the hindlegs of age- and
sex-matched Nrf2+/+ and Nrf2−/− mice. After 1 month, microCT analysis and histology revealed a
drastic overall decrease in the bone volume after irradiation of mice lacking Nrf2. Although
radiation exposure led to bone loss in mice with intact Nrf2, it was dramatically enhanced by loss
of Nrf2. Furthermore, in the absence of Nrf2, a decrease in osteoblast mineralization was noted in
calvarial osteoblasts compared with wild-type controls, and treatment with a common antioxidant,
N-acetyl-L-cysteine (NAC), was able to rescue the mineralization. As expected, we observed a
higher number of osteoclasts in Nrf2−/− mice compared to Nrf2+/+ mice, and after irradiation, the
trend remained the same. RT-PCR analysis of calvarial osteoblasts revealed that in the absence of
Nrf2, the expression of RANKL was increased after irradiation. Interestingly, RANKL expression
was suppressed when the calvarial osteoblasts were treated with NAC before IR exposure. Taken
together, our data suggest that loss of Nrf2 leads to heightened oxidative stress and increased
susceptibility to radiation-induced bone loss.
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Radiation therapy is one of the most effective and indispensable treatment modalities for
cancer patients and is used both for effective control of local disease and for palliative care.
However, the use of radiotherapy is often associated with normal tissue injury, which
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includes both immediate and long-term damage to the soft tissues and bone. Radiation
therapy has been implicated in increased osteoporosis and fracture risk among cancer
survivors [1–3]. Therapeutic doses of ionizing radiation (IR) have been observed to have
deleterious consequences for bone health in patients of all ages, occasionally causing back
pain and spontaneous injury [4]. In preclinical models it has been shown that even low-dose
whole-body irradiation of mice resulted in marked trabecular bone loss [5]. In addition,
decreases in serum bone formation markers, bone mineral density (BMD), and ex vivo
osteoblast differentiation were also noted in adult male C57BL/6 mice after irradiation [6].
Data from clinical and preclinical studies have reported that exposure to IR leads to bone
damage by affecting the survival of bone marrow stromal cells [7], often reflected by low
BMD, increased fragility, and fracture risk [8,9].

It is generally accepted that exposure to IR increases oxidative stress, which contributes to
both short-term and long-term radiation-induced tissue injury. In vitro irradiation of
osteogenic cells from the bone marrow leads to increased generation of reactive oxygen
species (ROS) [10], one of the major factors implicated in increased oxidative stress and
bone damage. Several in vitro and in vivo studies have reported that increased oxidative
stress has a negative impact on bone formation by modulating the differentiation and
survival of osteoblasts [11,12]. In addition, increased ROS also activate osteoclasts, thereby
contributing to increased bone resorption [13,14]. Recent clinical studies have also shown
that ROS accumulation and dysregulation of the antioxidant system are important mediators
of bone loss [15–20].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a ubiquitously expressed transcription
factor that plays a protective role against xenotoxic stress. Nrf2 has a highly conserved
leucine zipper structure and belongs to the cap-n-collar family and has been implicated in
regulating both chondrogenesis and osteo-blastogenesis [21]. By forming heterodimers with
the small musculoaponeurotic fibrosarcoma oncogene family proteins, Nrf2 mediates the
selective recognition of antioxidant-response elements or electrophile-response elements on
target genes and regulates the expression of phase II detoxifying enzymes [22,23] such as
heme oxygenase-1, catalase, glutamate-cysteine ligase, and superoxide dismutase. It has
been previously reported that Nrf2 controls the susceptibility of bone marrow stromal cells
to oxidative stress [24] and that in the absence of Nrf2, cells become more susceptible to
toxic xenobiotic stress [25–27]. In vivo imaging studies using murine models have
demonstrated that one way Nrf2 offers this cellular protection is by reducing ROS [28],
suggesting that in the absence of Nrf2, cells may not be able to suppress induction of ROS
resulting from IR exposure. In agreement with that, Nrf2 has been implicated in protecting
against acute pulmonary injury and hyperoxia [29–31]. In addition, loss of Nrf2 function has
been implicated in inflammatory and autoimmune diseases as well as fibrosis [32,33], which
are often mediated by imbalances in the redox system. Moreover, the plasma level of
activity of superoxide dismutase, an enzyme regulated by Nrf2, has been negatively
associated with lower BMD in patients [34,17]. Using an experimental arthritis model, it
was recently reported that Nrf2 plays a critical role in oxidative stress-induced cartilage
degradation. Interestingly, activation of osteoclasts by ROS has been noted during enhanced
bone resorption [14] and it was demonstrated by Lee et al. [35] that receptor activator of
nuclear factor κB ligand (RANKL) mediates ROS production in osteoclast precursor cells.
Given the role of oxidative stress in bone loss and the central role of Nrf2 in maintaining
redox balance, we hypothesized that Nrf2 plays a crucial role in bone remodeling and
overall bone homeostasis by maintaining normal levels of ROS. We further anticipate that,
in the absence of Nrf2, exposure to IR may lead to increased bone loss.

To investigate whether Nrf2 plays a protective role against IR-mediated bone loss, we have
used a Nrf2 knockout mouse model and have demonstrated that, in the absence of functional
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Nrf2, bone marrow stromal cells show an increase in oxidative stress accompanied by
suppression of osteoblast differentiation. In addition, after IR exposure, an increase in the
RANKL/osteo-protegerin (OPG) ratio was observed in the conditioned medium obtained
from Nrf2−/− calvarial osteoblasts, suggesting a possible mechanistic link between Nrf2
expression and extent of IR-mediated bone loss. Finally, prior treatment with N-
acetylcysteine (NAC) was able to suppress RANKL expression after IR exposure,
suggesting that IR-induced bone loss in Nrf2−/− mice is, at least partially, mediated via
increased oxidative stress. To our knowledge, this is the first report of Nrf2 playing a central
role in oxidative stress-mediated bone damage.

Materials and methods
Study design

Age- and sex-matched Nrf2+/+ and Nrf2−/− mice were used for all the experiments. Mice
were irradiated (20 Gy, single dose) on both hindlegs, when applicable, at the age specified
for each experiment. Several in vivo and ex vivo experiments were performed to assess
overall bone volume and cellular and molecular changes associated with radiation exposure
in the absence or presence of functional Nrf2.

Animals and genotyping
All procedures were performed with the approval of the Vanderbilt University Institutional
Animal Care and Use Committee and in accordance with federal guidelines. All experiments
were performed using a well-characterized colony of C57BL/6J mice that originated from
crossing a 129/Sv-Nfe2l2tm mouse into a C57BL background as described previously [36].

Radiation exposure
Mice were anesthetized using ketamine (100 mg/ml) and xylazine (100 mg/ml) and secured
on a platform for radiation exposure. When applicable, both hindlegs of each mouse were
irradiated (20 Gy, single dose, anterior) with 300 kVp X-rays at a rate of 2.4 Gy/min.
Morbidity was assessed daily throughout the duration of the experiment. Any mouse
exhibiting signs of distress, including lethargy, hunched back, ruffled fur, or increased
breathing frequency, was sacrificed and excluded from the study. Compared to the radiation
therapy in clinical practice a single dose of 20 Gy in a single fraction might be above the
commonly used dose per fraction. However, patients often receive a total dose in excess of
20 Gy, such as in stereotactic body radiosurgery (SBRT), which is a radiotherapy technique
that refers to the delivery of a high-dose, tissue-ablative fraction of radiotherapy. The typical
dose for SBRT is 50 Gy delivered in five fractions (10 Gy per fraction). However, some
institutions administer single fractions of up to 26 Gy [37]. Radiation therapy is one of the
common treatment modalities in pediatric oncology, and bone deformities and shortening is
a dose-limiting factor for young patients. It has been reported in the literature that a dose of
15 Gy or above may cause growth arrest [38]. In addition other studies using rodent models
have also used 10–35 Gy single doses to assess the effect of radiation on the biomechanical
properties of [39]. Jia et al. have reported that an abdominal dose up to 20 Gy in mice may
cause rapid bone loss [6]. Therefore, we chose to use a 20-Gy dose in our studies to mimic
the effect of ionizing radiation on bone remodeling.

Quantitative micro-computed X-ray tomography (microCT)
MicroCT was used to measure trabecular bone volume within the metaphysis of the tibia as
described earlier [40]. In brief, the long axis of each specimen was aligned with the scanning
axis. Approximately 150 slices from the proximal tibia were scanned at a 12-µm resolution
(µCT40; Scanco Medical, Brüttisellen, Switzerland). Images were acquired using 55 kV,
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114 µA, 300-ms integration, and 500 projections per 180° rotation. Contiguous cross-
sectional images of the entire metaphyseal region were acquired. After reconstruction, the
bone tissue was segmented from air or soft tissue using a threshold of 270 per thousand (or
438.7 mg HA/cm3), a Gaussian noise filter of 0.8, and support of 2. Trabecular bone volume
and connectivity density were calculated using the Scanco evaluation software.

Bone histomorphometry
After sacrifice, hindlimbs (tibiae and femora) from each mouse were harvested, fixed in
10% neutral-buffered formalin (Fisher Scientific) for 3–4 days, and stored in 70% ethanol
for further processing. The tibiae and femora were decalcified in 10% EDTA–NaOH
solution (pH 7) for 21 days and embedded in paraffin for histological analysis. Sections (5–7
µm) for histomorphometry were stained with hematoxylin, orange G, and phloxine B. TRAP
staining was done using a leukocyte acid phosphatase kit (Sigma). Histomorphometric
analyses of bone volume, osteoclast numbers, and osteoblast numbers were performed on
digital micrographs using Metamorph software [40].

Cell cycle analysis
After irradiation at 20 Gy, both bone marrow stromal cells and bone marrow mononuclear
cells from Nrf2+/+ and Nrf2−/− mice were incubated for 24 h. After incubation, cells were
collected and washed with phosphate-buffered saline (PBS) and fixed with ice-cold 70%
ethanol at 4 °C for 30 min. Cells were further washed in PBS after incubation with 250 µg/
ml RNase A (BD Biosciences) at 37 °C for 10–15 min and stained using 10 µg/ml
propidium iodide (Sigma) for 15 min on ice. A set of nonirradiated control cells from both
genotypes was also fixed and stained similarly. DNA content of the samples was analyzed
using flow cytometry. Approximately 104 cells per sample were analyzed and the data
presented here are representative of at least two experiments using triplicate samples.
Fluorescence data are presented as percentages of the total population.

Measurement of cellular ROS by flow cytometry
Femora and tibiae were collected from 2-month-old sex-matched Nrf2+/+ and Nrf2−/− mice.
Using a mixture of PBS and antibiotics (2000 U/ml penicillin and 2000 U/ml streptomycin),
bone marrow cells were collected from the femurs and were resuspended (α-MEM, 10%
fetal bovine serum (FBS), 2000 U/ml penicillin, 2000 U/ml streptomycin, and 250 µg/ml
Fungizone) and plated in tissue culture flasks and returned to a cell culture incubator (37 °C,
5% CO2). After 2–3 days, adherent and non-adherent cells were collected separately and
used for ROS assays using 2,7-dicholorofluorescein diacetate (Molecular Probes) according
to the manufacturer’s instructions. In brief, cells were trypsinized, washed and resuspended
in PBS, irradiated at 20 Gy (radiation group only), combined with the molecular probe C400
(10 mg/ml), and incubated for 15 min at 37 °C. A parallel set of cells was maintained as
untreated controls and included in the ROS assay. Cells were analyzed using flow cytometry
for C400 oxidation [41].

Western blot analysis
Mouse calveria osteoblast lysates were used for Western blot analysis. In brief, cells were
plated in T25 flasks and were allowed to attach at least overnight. Cells were treated with 20
Gy (single dose) radiation on the following day. A parallel group was kept as a nonirradiated
control. After 24 h of radiation treatment, both nonirradiated and irradiated cells were
harvested and protein lysates were prepared using a high-salt lysis buffer containing 10 mM
Hepes, 422 mM NaCl, 0.1 mM EGTA, 25% glycerol, and 1.5 mM MgCl2. Protein
estimation was done using a Bio-Rad assay (Cat. No. 500-0006). Fifty micrograms of
protein from calveria osteoblast lysate was used for heme oxygenase 1 (HO1; Cat. No.
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OSA-110; Stressgene) and catalase (Cat. No. CAT-505, monoclonal; Sigma–Aldrich)
expression using SDS–PAGE. Horseradish peroxide-conjugated anti-mouse (Sc-2005; Santa
Cruz Biotechnology) was used for HO1 and catalase. The binding of these antibodies to the
blots was detected with enhanced chemilumi-nescence (NEL104001EA; PerkinElmer)
following the manufacturer’s instructions. Blots were stripped and reprobed with GAPDH
(Sc-32233; Santa Cruz Biotechnology) with anti-mouse secondary antibody (Sc-2005; Santa
Cruz Biotechnology) to enable normalization of signals between samples. Band intensities
were analyzed using ImageJ software.

Determination of glutathione (GSH) level in the bone marrow stromal cells using the GSH-
Glo glutathione assay

Bone marrow stromal cells (10,000) were plated using 96-well plates. After 2 days, the
medium was aspirated and fresh medium added to the plates. Cells were irradiated (20 Gy)
and GSH levels were measured after 1 and 19 h using the GSH-Glo glutathione assay kit
(Promega, No. V6911) following the manufacturer’s instruction.

Colony forming assay
Three-month-old sex-matched mice were irradiated in both hindlegs (20 Gy) and after 3
days bone marrow cells from tibia and femur were collected using a PBS and antibiotic
mixture (2000 U/ml penicillin and 2000 U/ml streptomycin). Cells were resuspended in
medium (α-MEM, 10% FBS, 2000 U/ml penicillin, 2000 U/ml streptomycin, 250 µg/ml
Fungizone) and plated for colony formation assay. The CFU-F (fibroblast colony-forming
unit) assay was done using 105 cells per well and for CFU-OB (osteoblast colony forming
unit) 2 × 105 cells per well in a six-well plate were cultured as previously described [42].
After visible colonies were noted under a microscope, the cells were fixed by 10% formalin
and stained with 0.5% crystal violet for CFU-F and with VonKossa for CFU-OB. Colonies
were counted under the microscope.

Osteoblast mineralized matrix formation assay
Primary cultures of calvarial osteoblasts were isolated using a modification of a sequential
collagenase/trypsin digestion method [43]. In brief, calvaria were removed from 3- to 4-day-
old Nrf2+/+ and Nrf2−/− mice and soft tissues were cleaned, washed for 10 min with PBS
containing 0.025% trypsin, digested with 10 mg/ml type IV collagenase p (Clostridium
histolyticum; Roche) in α-MEM, and incubated for 30 min at 37 °C with gentle shaking. The
procedure was repeated twice, with a 1-h digestion followed by a 30-min digestion. The
cells from the second and third digestions were collected and centrifuged at 2500 g for 10
min. The medium was aspirated and discarded, and the pellet was resuspended and plated in
α-MEM containing 10% FBS. The culture was kept undisturbed for at least 2 days. At
confluence, cells were trypsinized and plated in six-well plates for the osteoblast
differentiation assay. Cells were cultured until confluence, at which time irradiation and/or
NAC treatment was performed. For the rescue experiment, cells were treated with NAC (20
mM) before radiation exposure. After the treatment, the cells were cultured in osteogenic
medium (α-MEM containing 10% FBS, 5 mM β-glycerophosphate, and 50 µg/ml L-ascorbic
acid) with changes every 2 days until mineralized nodules (approx 15–21 days) formed.
Mineralized matrix formation was detected by VonKossa staining, and photomicrographs
were taken.

Determination of RANKL by ELISA
Mouse calveria osteoblast cells were cultured as described earlier and cultured for 3–4 days.
In radiation group cells were irradiated with 20 Gy X-rays and after 5 days the mouse
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calverial conditional medium was collected for RANKL levels using a RANKL immune
assay kit (Cat. No. MTR00; R&D Systems) following the manufacturer’s instructions.

Osteoclastogenesis assays
Osteoclast differentiation was performed as described previously [40]. Briefly, mouse long
bones were flushed with PBS, resuspended by pipetting, and strained through a cell strainer
(BD Biosciences; 40 µm). Mononuclear cells were isolated from resuspended bone marrow
using Histopaque 1077 (Sigma) following the manufacturer’s instructions. Cells were
cultured for 7–10 days in α-MEM supplemented with 10% FBS, 100ng/ml RANKL(R&D
Systems), and macrophage colony-stimulating factor (MCSF; R&D Systems; 30 ng/ml) to
support osteoclast formation. TRAP staining was performed using a leukocyte acid
phosphatase kit (Sigma) and the number of osteoclasts per field was counted under a
microscope.

RNA isolation, cDNA synthesis, and RT-PCR
Mouse calvaria were collected from 3- to 4-day-old Nrf2+/+ and Nrf2−/− mice and
osteoblasts were isolated and cultured as described [40]. Cells were cultured until
confluence and then treated with radiation and/or NAC. Cells were harvested after 20 h,
washed with PBS, and used for RNA isolation. Total RNA was extracted using the RNeasy
Mini Kit (Qiagen; Cat. No. 74104). Synthesis of cDNA from mRNA transcripts was
performed using the SuperScript III first-strand synthesis kit (Invitrogen; Cat. No.
18080-051). RT-PCR was carried out according to standard procedures. Specific PCR
conditions and primer design were described earlier [44]. The PCR products were
electrophoresed in 2% agarose gels. Images were captured using a Bio-Rad gel
documentation system and band intensities were quantified using Image-J software. The
following sets of primers were used for RT-PCR: OPG, 5′-
GTGGTGCAAGCTGGAACCCCAG-AGGCCCTTCAAGGTGT CTTGGTC-3′ (647 bp);
RANKL, 5′-CGCTCTGTTCCTGTACTTTCGAGCG-CGTGCTCCCTTTCATCAGGTT-3′
(587 bp); and GAPDH, 5′-CTGCAC-CACCAACTGCTTAG-
AGATCCACGACGGACACATT-3′ (282 bp).

Statistical analysis
Student’s t test was used to determine the statistical significance of the results. A P value of
< 0.05 was considered statistically significant. At least five or six mice per group were used
for each in vivo and in vitro experiment.

Results
Deletion of Nrf2 increases IR-mediated bone loss

MicroCT analysis of the mouse tibiae revealed that upon radiation exposure, Nrf2−/− mice
showed a significant and more dramatic (2.8-fold decrease) overall bone loss (Fig. 1A)
compared to wild-type mice (1.6-fold decrease). Deletion of Nrf2 did not alter the bone
volume in the absence of irradiation, at least not at 3 months of age. In mice lacking Nrf2,
both trabecular bone volume (P=0.012) and connectivity density (P=0.029) were decreased
upon radiation exposure (Fig. 1B and 1C), suggesting a possible protective role of Nrf2
against radiation-induced bone damage, especially trabecular architecture.

IR exposure significantly reduces bone area in the absence of Nrf2
A balance between osteoblastic bone formation and osteoclastic bone resorption is necessary
for bone remodeling. In addition, differentiation of osteoclasts, which is a crucial event for
osteoclastic bone resorption, is dependent on osteoblasts. It is well accepted in the literature
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that IR may alter bone remodeling. To assess whether loss of Nrf2 may have accelerated the
process, 3-month-old Nrf2+/+ and Nrf2−/− mice were irradiated in both hindlegs, and bone
samples were collected 1 month later. Of note, previous reports have indicated that radiation
exposure induced bone loss in mice 9–13 weeks of age [4,45]. Histomorphometric analysis
was performed to assess the histological changes such as trabecular bone area, number of
osteoblasts, and number of osteoclasts. As the data show, the average trabecular bone area
(Fig. 2A) was significantly decreased in Nrf2−/− mice upon radiation, whereas bone area in
Nrf2+/+ mice was not (P>0.05). In addition, we observed fewer osteoblasts (Fig. 2B) and
more osteoclasts (Fig. 2C) in the Nrf2−/− mice compared to the Nrf2+/+ mice, both before
and after irradiation.

Radiation exposure decreases survival of stromal and osteoblast populations in Nrf2+/+

and Nrf2−/− mice
Ex vivo culture of bone marrow stromal cells had revealed that, as such, lack of Nrf2 itself
resulted in a significant decrease in the number of both stromal and osteoblast colony-
forming units, suggesting that presence of functional Nrf2 is crucial for the survival of the
stromal population (Fig. 3A and 3B). In addition, a decrease in CFU-OB further indicates
that the stromal progenitor cell homeostasis may have been altered. Furthermore, radiation
exposure negatively affected the survival of both CFU-F and CFU-OB in both Nrf2+/+ and
Nrf2−/− mice, suggesting that IR insult affects cell survival, regardless of the presence or
absence of Nrf2. In addition, cell cycle analysis revealed that after IR exposure, bone
marrow stromal cells were present in lower numbers in the G1 phase, regardless of the
presence or absence of Nrf2 (Table 1).

Lack of Nrf2 sensitizes calvarial osteoblasts to IR-induced decreases in osteoblast
mineralization

To investigate whether the IR-induced bone loss in the Nrf2−/− mice is a reflection of
decreased osteoblast differentiation, we performed an ex vivo osteoblast mineralization assay
using calvarial osteoblasts from Nrf2+/+ and Nrf2−/− mice. After 20 Gy irradiation,
osteoblasts were cultured in the presence of osteogenic medium until mineralized nodule
formation was noted (approximately 14 days). In the absence of Nrf2, osteoblasts showed a
50% decrease in matrix formation, and radiation exposure led to further decrease (Fig. 4A
and 4B), suggesting that Nrf2 plays a major role in osteoblast differentiation and matrix
formation, in both the presence and the absence of IR.

Lack of Nrf2 increases oxidative stress in the bone marrow stromal cells
It is well accepted that IR is a major source of oxidative stress and a number of recent
studies have implicated aberrant oxida-tive stress in negatively regulated osteoblast
differentiation and survival [11,12]. As Nrf2 is a major transcription factor that protects cells
against oxidative stress, we hypothesized that in the absence of Nrf2, cells will become
susceptible to oxidative stress and treatment with antioxidant will rescue the effect. As
expected, a lack of Nrf2 resulted in a significant increase in ROS in bone marrow stromal
cells compared to wild-type cells, as indicated by C400 oxidation (Fig. 5A). GSH and GSH-
dependent enzymes have been implicated as playing a major role in protecting cells from
radiation-induced damage [46,47] and Nrf2 is critical for maintaining the cellular GSH
redox state and regulates many cytoprotective enzymes such as glutathione transferase and
glutathione peroxidase, which are major components of GSH metabolism. To assess whether
lack of Nrf2 may have any effect on the cellular glutathione levels, we measured the total
GSH levels in the bone marrow stromal cells from Nrf2+/+ and Nrf2−/− mice with or without
IR exposure. A consistently lower GSH level was noted in Nrf2−/− mice compared to
Nrf2+/+ at all time points tested, and upon treatment with IR, we saw a statistically
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significant decline in GSH levels in the Nrf2−/− bone marrow stroma at both time points,
whereas Nrf2+/+ marrow showed a significant decrease in GSH levels only at 19 h after
radiation exposure (Fig. 5B). This suggests an early induction of oxidative stress in the
Nrf2−/− mice compared to Nrf2+/+. Nrf2 has been shown to play a critical role in protecting
cells against oxidative stress [48] by regulating the expression of several antioxidant
enzymes, such as HO1, SOD1, SOD2, GCLM, GCLC, and catalase [49–51]. Therefore we
anticipated that a lack of functional Nrf2 may be associated with poor antioxidant response.
We showed that at least two major antioxidant pathways, HO1 and catalase, show either no
or lower induction after IR in the absence of Nrf2 (Fig. 5C and 5D), whereas Nrf2+/+

osteoblasts showed induction of both proteins after IR. In addition, the level of GCLM was
lower in Nrf2−/− bone marrow stromal cells compared to Nrf2+/+, and no induction after
radiation was noted in either genotype (Supplementary Fig. 1).

We anticipated that increased oxidative stress may have been the causal factor of lower
osteoblast differentiation after IR; therefore we attempted to rescue that by pretreatment
with the antioxidant NAC. We demonstrated that treatment with NAC before irradiation was
able to restore osteoblast differentiation, as indicated by representative images from
osteoblast cultures after VonKossa staining and quantification (Fig. 5E and 5F). These data
indicate that loss of Nrf2 in mice leads to increased oxidative stress in the bone
microenvironment and negatively affects osteoblast differentiation, which may be
responsible, at least in part, for the IR-induced bone loss in our model.

Aberrant oxidative stress is responsible for IR-mediated bone loss
Previous reports have shown a direct effect of ROS on osteo-clastogenesis and bone
formation [14]. In agreement with that, we have observed that loss of Nrf2 increases
oxidative stress in bone marrow mononuclear cells (Fig. 6A) and that these cells
differentiate into larger and greater numbers of osteoclasts when cultured in the presence of
MCSF and RANKL (Fig. 6B). One of the major cytokines needed for osteoclast
differentiation is RANKL, which is secreted by the osteoblasts. Enzyme-linked
immunosorbent assays (mouse RANKL ELISA Kit; R&D Systems) showed that the amount
of RANKL increases 1.5-fold after IR in Nrf2−/− calvarial osteoblasts compared to
nonirradiated controls (P=0.02); however, no such increase was observed in Nrf2+/+

osteoblasts. In addition we measured the secreted RANKL protein levels in the conditioned
medium from the calverial osteoblast culture from Nrf2+/+ and Nrf2−/− mice, either in the
presence or in the absence of IR Only the osteoblasts from Nrf2−/− mice showed a
statistically significant increase in secreted RANKL (Fig. 6C). The amount of OPG was
unchanged in both genotypes after IR (data not shown). Using RT-PCR, we demonstrated
that, in the absence of Nrf2, IR exposure increased RANKL expression in bone marrow
stromal cells and that prior NAC treatment suppressed this induction (Fig. 6D and 6E). In
Nrf2+/+ osteoblasts, however, the RANKL expression remained similar to that observed
after irradiation.

Discussion
In this study we have investigated the protective role of Nrf2 in mediating radiation-induced
bone loss, a major side effect of cancer therapy. Using a Nrf2 knockout mouse model we
have assessed several physiological and cellular aspects of bone remodeling after IR
exposure. In vivo data indicate that mice lacking Nrf2 exhibit greater bone loss after
radiation exposure (Fig. 1), whereas the bone volume in the wild-type mice was unchanged.
This is in agreement with the report by Cao et al. [52], in which no change in the bone
volume was noted in mice after 1 or 4 weeks of X-ray radiation. Although previous reports
by Hamilton et al. [4] using space radiation have shown significant bone loss in 9-week-old
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mice, space radiation is representative of long-term low-dose radiation from multiple
sources, whereas X-ray exposure used here is more representative of the clinical scenario of
high-dose single exposure.

Our in vivo data indicate that a lack of Nrf2 also decreased osteoblast numbers and increased
osteoclast numbers, suggesting potentially aberrant bone remodeling (Fig. 2). Ex vivo
culture of bone marrow precursor cells demonstrated that lack of Nrf2 negatively affects
osteoblast survival, which further deteriorates upon radiation exposure (Fig. 3). However,
the negative effects of radiation on the CFU-F were previously reported within 1 week of
radiation [52], which supports our observation of a highly significant decrease in CFU-OB
and CFU-F 3 days after radiation exposure (Fig. 3). To our knowledge, this is the first report
that Nrf2 is a central factor, at least in part, in maintaining stromal cell homeostasis in the
bone marrow. Our findings support the observation by Rasheed et al. [7] of an osteoporotic
phenotype in mice lacking Atm (ataxia–telangiectasia mutated), in which failure to
upregulate Nrf2 accompanies increased oxidative stress. In this report, we also demonstrate
that the absence of Nrf2 from bone marrow stromal cells leads to an increase in ROS
production. Our results highlight the crucial role Nrf2 plays in bone home-ostasis by
protecting against xenobiotic stress [25–27].

Osteoblasts are the basic cells responsible for the synthesis of bone matrix and therefore
play a vital role in bone remodeling and maintaining the structural integrity of bone [53]. In
addition, upon deletion of Nrf2, calvarial osteoblasts showed decreased mineralization
compared to wild-type controls. The mineralization was further deteriorated in both
genotypes when the osteoblasts were exposed to IR, a well-known inducer of ROS. This
observation validates previous reports that suggested that increased oxidative stress
negatively affects bone formation by modulating the differentiation and survival of
osteoblasts [11,12].

It has also been indicated that adipocytes may regulate both hematopoiesis and osteogenesis
[54]. Enhanced expression of adipocyte markers in rodent stromal cells was correlated with
decreased expression of an osteoblastic marker [55], and therefore, it is generally accepted
that an adverse relationship exists between osteoblast differentiation and adipocyte
differentiation, as factors promoting adipogenesis often inhibit osteoblastogen-esis. Of note,
the differentiation of osteoblasts and adipocytes is tightly regulated and both cell types
originate from a common progenitor. Using a cell culture model, Chartoumpekis et al. [56]
demonstrated that during adipocyte differentiation, Nrf2 activation is decreased. This
indirectly supports our finding that upon Nrf2 deletion, osteoblast differentiation was
decreased. Increased ROS levels positively correlated with adipogenesis and are known to
facilitate adipocyte differentiation [57]. Radiation exposure has also been reported to
increase adipogenesis [52], most probably by increased oxidative stress. In addition, we also
demonstrated a decline in GSH levels in Nrf2−/− bone marrow stromal cells as early as 1 h
after radiation exposure compared to untreated control, and the difference was maintained
even after 19 h (Fig. 5B). This indicates a sustained oxidative stress in Nrf2−/− mice. In
addition, we also observed that Nrf2−/− calverial osteoblasts fail to induce the expression of
two major cytoprotective enzymes, HO1 and catalase. Both were induced in Nrf2+/+ cells
after IR. Taken together, our data indicate that increased oxidative stress may be
responsible, either partially or fully, for the decline in osteoblast differentiation. In
agreement with that, our data indicate that prior treatment with NAC, a well-known
antioxidant, was able to rescue osteoblast mineralization after IR in either the presence or
the absence of Nrf2 (Fig. 5E and 5F), suggesting that an imbalance in the redox status may
alter the osteoblastogenesis of the bone marrow precursor cells.
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Raseed et al. [7] showed in an elegant study that ATM-deficient mice also show defective
osteoblast differentiation and an osteoporotic phenotype, possibly by a pathway mediated by
Nrf2. However, a report by Hinoi et al. [58] showed that in osteoblastic MC3T3 cells,
expression of Nrf2 negatively affected alkaline phosphatase activity. The authors used
ovariectomized mice for an in vivo model of bone loss in which upregulation of Nrf2 was
noted in the femur. We suspect their observation represents a hormone-dependent regulation
of Nrf2, in which the bone remodeling was manipulated using ovariectomy in adult mice.
This is opposite to what we have observed in our model, in which the mice were genetically
lacking Nrf2 from birth. We surmise that in the ovariectomy model, Nrf2 may have a
completely different role in osteoblast differentiation and bone loss, a role mediated via
RUNX2. Thus, their result cannot be explained by our observations.

During normal bone remodeling, osteoblast-mediated bone formation and osteoclast-
mediated bone resorption occur in a tightly coupled manner. Recent reports have indicated
that osteoblasts regulate the hematopoietic stem cell niche, thereby regulating osteoclast
lineage in the bone [59–61]. Osteoblasts produce RANKL and MCSF, the factors essential
for osteoclasto-genesis. They also produce OPG, the soluble decoy receptor for RANKL
[62–65]. Therefore, osteoblasts may alter the bone micro-environment via either autocrine or
paracrine mechanisms. Moreover, undifferentiated osteoblasts with high RANKL/OPG
ratios can support osteoclastogenesis, but this effect diminishes in mature osteoblasts [60].
IR exposure increased RANKL expression, suggesting a causal link to increased bone loss,
in the calvarial osteoblasts from Nrf2−/− mice compared to Nrf2+/+ mice. In addition,
treatment with NAC was able to decrease the RANKL expression after IR in the Nrf2−/−

calvarial osteoblasts. These results are in agreement with the previous report in which
increased oxidative stress was correlated with low bone mass and increased resorption,
leading to pathological osteoporosis. In addition, treatment with H2O2, an inducer of
oxidative stress, increased osteoclast differentiation and RANKL/OPG ratio [66].

IR exposure is known to activate the Nrf2 antioxidant response, suggesting that Nrf2 plays a
crucial role in protecting cells from IR-induced damage [67]. In our murine model in which
Nrf2 has been genetically deleted, we saw heightened oxidative stress in the bone marrow
stromal cells, suggesting that a permanent deletion of this transcription factor may lead to
sustained oxidative stress. Upon IR exposure, a more significant bone loss was observed in
Nrf2−/− mice, compared to mice with functionally intact Nrf2, suggesting that in the absence
of Nrf2, cells were less efficient at eliminating the ROS accumulation, which may have
negatively influenced bone homeostasis by disrupting crucial events necessary for bone
formation. Increased ROS activate osteoclasts, which in turn increase bone resorption
[13,14]. Similarly, we also observed that when bone marrow mononuclear cells were
isolated and cultured ex vivo in the presence of RANKL and MCSF, Nrf2−/− bone marrow
gave rise to larger osteoclasts compared to the wild-type control cells (Fig. 6). Recent
clinical studies have also shown that dysregulation of ROS and the antioxidant system is an
important mediator of bone loss [15–20].

In summary, we have demonstrated a novel role for Nrf2 in osteoblast and osteoclast
differentiation, which may involve a crucial role in bone remodeling. Both osteoblast
differentiation and osteoclast formation were affected upon deletion of Nrf2. Although we
did not observe any striking difference in overall bone volume between Nrf2+/+ and Nrf2−/−

mice at 2–3 months of age, the mice lacking Nrf2 exhibited more bone loss after IR. We
propose a model (Fig. 7) to explain how the IR may have contributed to the overall bone
loss. In the absence of Nrf2, exposure to IR downregulates osteoblast differentiation, which
in turn induces secretion of more RANKL, while OPG secretion remains the same. The
overall increase in RANKL expression induces osteoclast maturation and bone resorption.
This process is mediated via osteoblasts. In addition, our data indicate that IR exposure
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negatively affects osteoblast numbers, probably in a cell-autonomous manner, which
negatively influences bone formation.

The majority of cancer patients receive radiation therapy either to control local or metastatic
disease or as a palliative treatment to manage pain. Despite being well accepted as a therapy
for cancer, radiation exposure leads to serious damage to the bone by inducing osteoporosis
and fracture risk. Although radiation-induced bone loss is a major clinical problem among
cancer survivors who have received radiation therapy, little is known regarding the
underlying molecular mechanism of IR-induced bone loss or how the bone damage can be
prevented. Cancer patients who experience bone loss often receive antire-sorptive therapies
such as bisphosphonates, which are effective against bone resorption, but cannot induce new
bone formation or repair the existing damage. Our data demonstrate that an antioxidant
treatment may be able to rescue osteoblast differentiation, which offers an alternative
approach to reducing or even reversing IR-induced bone loss in cancer patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Deletion of Nrf2 increases IR-mediated bone loss. Three-month-old Nrf2+/+ and Nrf2−/−

mice were irradiated in both hindlegs, bone samples were collected 1 month after radiation,
and microCT analysis was performed. (A) Representative 3D reconstruction of microCT
images of the tibiae from Nrf2+/+ and Nrf2−/− mice, 1 month after 20 Gy hindleg irradiation.
(B) Average trabecular bone volume (BV/TV) and (C) connectivity density (Conn.D)
assessed from microCT analysis from the same experiment. Statistical analysis was
performed using Student’s t test. P <0.05 was considered significant. At least five mice were
included in each group for this experiment.
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Fig. 2.
IR exposure significantly reduces bone area in the absence of Nrf2. Mice were irradiated (20
Gy, single-dose hindleg exposure) at 3 months of age and bone samples were collected 1
month after irradiation. Tissue samples were processed and histology was done as described
under Materials and methods. (A) Average bone area before and after irradiation in Nrf2+/+

and Nrf2−/− mice. Numbers of (B) osteoclasts and (C) osteoblasts per square millimeter of
bone in Nrf2+/+ and Nrf2−/− mice with and without irradiation. At least five mice were
included in each group for this experiment.
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Fig. 3.
Radiation decreases survival of osteoblasts in Nrf2+/+ and Nrf2−/− mice. Mice were
irradiated in both hindlegs and bone marrow stromal cells were collected 3 days later.
Control bone marrow was also collected from age- and sex-matched mice and cultured as
outlined under Materials and methods. (A) Average number of fibroblast colony-forming
units (CFU-F) per 1 × 106 bone marrow cells. (B) Average number of osteoblast colony-
forming units (CFU-OB) per 2 × 106 bone marrow cells.
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Fig. 4.
Lack of Nrf2 sensitizes calvarial osteoblasts toward an IR-induced decrease in osteoblast
mineralization. Ex vivo osteoblast mineralization assay using calverial osteoblasts from
Nrf2+/+ and Nrf2−/− mice was performed. After 20Gy irradiation, osteoblasts were cultured
in the presence of osteogenic medium until mineralized nodule formation was noted
(approximately 14 days) as described under Materials and methods. (A) Representative
images of mineralized matrix formation. (B) Quantification of mineralization images in (A).
Student’s t test was performed to calculate P values; n=5 for each group and the experiment
was performed at least three times.
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Fig. 5.
Lack of Nrf2 increases oxidative stress. (A) To assess whether lack of Nrf2 leads to
increased oxidative stress, the level of reactive oxygen species was measured in bone
marrow stromal cells from Nrf2+/+ and Nrf2−/− mice by detecting oxidation of C400. (B)
Total GSH level was measured in bone marrow stromal cells at 1 and 19 h postradiation
time points (see Materials and Methods for details). (C) Representative immunoblot
showing the expression of HO1 and catalase from Nrf2+/+ and Nrf2−/− mouse calverial
osteoblasts with or without radiation exposure (24 h post-IR). Samples were collected 24 h
after radiation exposure ex vivo. (D) Densitometric analysis of the relative expression of
HO1 and catalase using ImageJ. (E) Calvarial osteoblasts from Nrf2+/+ and Nrf2−/− mice
were exposed to 20 Gy single-dose radiation, NAC treatment, or a combination of both or
were left untreated. Representative images of mineralized matrix formation under each
condition are shown. (F) Quantification of VonKossa staining images from at least three
different fields from two representative experiments using Metamorph software.
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Fig. 6.
Aberrant oxidative stress is responsible for IR-mediated bone loss. Calvarial osteoblasts
from Nrf2+/+ and Nrf2−/− mice were exposed to 20 Gy single-dose radiations either with or
without prior treatment with NAC. (A) C400 oxidation was used to determine oxidative
stress in the bone marrow mononuclear cells (BMMC) from Nrf2+/+ and Nrf2−/− mice. (B)
Bone marrow mononuclear cells from Nrf2+/+ and Nrf2−/− mice cultured ex vivo in the
presence of MCSF and RANKL. (C) Secreted RANKL expression was measured in the
conditioned medium of calverial osteoblasts from Nrf2+/+ and Nrf2−/− mice with or without
IR. (D) RT-PCR of RANKL and OPG in IR- and/or NAC-treated osteoblasts. (E)
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Quantification of RANKL expression by RT-PCR (normalized by GAPDH) using ImageJ
software.

Rana et al. Page 22

Free Radic Biol Med. Author manuscript; available in PMC 2013 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Proposed model of IR-mediated bone loss in the absence of Nrf2. Exposure to IR negatively
affects osteoblast differentiation. A large pool of undifferentiated osteoblasts may increase
the amount of RANKL secreted and induce osteoclastic bone resorption. In addition,
increased oxidative stress in absence of Nrf2 may also contribute to the differentiation and
maturation of osteoclasts.
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Table 1

Effect of radiation on the cycle of bone marrow stromal cells.

Bone marrow mononuclear cells Sub-G0 G1 S G2

Nrf2+/+ untreated 23.3 70.3 4.5 1.4

Nrf2+/+ IR 37.3 51.1 4.6 3.7

Nrf2−/− untreated 9.6 79.3 7.1 2.1

Nrf2−/− IR 44.7 43.5 6.9 2.4

Bone marrow cells were flushed from mouse tibiae and plated in α-MEM. After 2–3 days, attached cells were exposed to 20 Gy irradiation (IR).
After 24 h, the cells were detached and washed in PBS and cell cycle analysis was performed using propidium iodide staining by flow cytometry.
A separate set of nonirradiated cells was stained and analyzed in parallel and compared with irradiated cells.
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