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I

onizing radiation is often used to treat malignancies such as
breast cancer, lymphoma, Ewing sarcoma, soft tissue sarcomas,
and rectal and anorectal carcinomas. Bone insufﬁciency is a signiﬁcant problem resulting in stress fractures, bone fragmentation, and joint dissolution (1, 2). The risk of a hip fracture for
a women following pelvic irradiation for the treatment of carcinomas of the anus, cervix, or rectum is as much as three times
that of the population of women who do not receive irradiation
(3). Women older than the age of 65 y have a 16% lifetime risk
of a hip fracture. Fractures of the sacrum are also very common
following irradiation. These stress or insufﬁciency fractures are
difﬁcult to treat, with very high rates of delayed union and
nonunion of the fractures. Only small amounts of bone healing
(i.e., callus) is noted on serial radiographs. Surgical treatment
with internal ﬁxation and conventional bone grafting has had
only limited success. The mechanism of irradiation-induced bone
injury has not been fully elucidated.
Human bone marrow contains both hematopoietic stem cells
(HSCs) and the stromal cell compartments; the latter comprises
various cell types, including mesenchymal stem cells (MSCs) (4,
5). The MSCs derived from adult bone marrow are pluripotent
and can differentiate into heart, lung, and gut epithelia in the
animal (6–8). Repopulation with bone marrow-derived MSCs
could lead to differentiation into different cell types, including
osteoblasts, adipocytes, chondrocytes, and ﬁbroblasts (5). The
microenvironment in the bone marrow comprises vascular niche
www.pnas.org/cgi/doi/10.1073/pnas.1015350108

and stromal cell niche including osteoblasts for stem cell selfrenewal and differentiation (9, 10). Bone marrow is extremely
vulnerable to cytotoxicity caused by radiation therapy (11). In
contrast to HSCs, very few data have been published on the
radiosensitivity of MSCs. Several recent studies have reported
that MSCs from patients exhibit a complete host proﬁle after
total body irradiation and bone marrow transplantation, whereas
cells differentiated from HSCs are of donor origin (12, 13).
However, the cellular and molecular mechanisms accounting for
such radiation tolerance in MSCs remain elusive.
Radiation generates free radicals and reactive oxygen species,
which damage vital cellular targets such as DNA and membranes, and affect the niches for stem cells (14). Both HSCs and
MSCs are implicated in the repair of irradiation damage of distal
epithelial through their mobilization in the circulation (15–17).
In this study, we aimed to investigate how irradiation affects
bone marrow stem cells and residing microenvironment directly
or indirectly by using a unique Small Animal Radiation Research
Platform (SARRP) built by the Department of Radiation Oncology at Johns Hopkins University, in which computed tomography (CT), X-ray, and irradiation are integrated into a single
system (18). We found that irradiation damaged the bone marrow microenvironment for stem cells, and our ﬁndings suggest
that prevention of the damage during radiation therapy will be
helpful for the recovery of bone injury.
Results
To investigate the mechanism of irradiation-induced bone injury,
we irradiated mouse femora by using a unique SARRP (Fig. 1A).
The irradiation can be delivered at an accuracy of 1 mm resolution with the aid of micro-CT and X-ray. Groups of mice were
irradiated at the distal half of the femora with a dose of 4 Gy
once per day for 5 d consecutively. The left half of the proximal
femora and the right femora did not receive irradiation as controls (Fig. 1 B and C). Histologic staining of the femoral sections
showed that irradiation induced adipogenesis in the irradiated
left distal femur at 1 wk relative to the right nonirradiated femur.
Adipocytes were signiﬁcantly increased at 4 wk after radiation in
the medullary cavity (Fig. 1D). The results indicate that irradiation changes the bone marrow microenvironment.
We then examined whether irradiation injured bone and bone
cells directly. The total bone volumes were not affected in both
the left proximal and distal femora 1 or 4 wk after irradiation in
CT analysis (Fig. 2A), and the trabecular bone thickness, num-
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Radiation therapy can result in bone injury with the development
of fractures and often can lead to delayed and nonunion of bone.
There is no prevention or treatment for irradiation-induced bone
injury. We irradiated the distal half of the mouse left femur to study
the mechanism of irradiation-induced bone injury and found that
no mesenchymal stem cells (MSCs) were detected in irradiated
distal femora or nonirradiated proximal femora. The MSCs in the
circulation doubled at 1 week and increased fourfold after 4 wk of
irradiation. The number of MSCs in the proximal femur quickly
recovered, but no recovery was observed in the distal femur. The
levels of free radicals were increased threefold at 1 wk and
remained at this high level for 4 wk in distal femora, whereas the
levels were increased at 1 wk and returned to the basal level at 4 wk
in nonirradiated proximal femur. Free radicals diffuse ipsilaterally
to the proximal femur through bone medullary canal. The blood
vessels in the distal femora were destroyed in angiographic images,
but not in the proximal femora. The osteoclasts and osteoblasts
were decreased in the distal femora after irradiation, but no
changes were observed in the proximal femora. The total bone
volumes were not affected in proximal and distal femora. Our data
indicate that irradiation produces free radicals that adversely affect
the survival of MSCs in both distal and proximal femora. Irradiation
injury to the vasculatures and the microenvironment affect the
niches for stem cells during the recovery period.
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Fig. 1. Local Irradiation on left distal femur. (A) SARRP system. (B) Radiograph of left lower limb of a mouse that received local irradiation of the distal femur.
Light rectangle indicates the beam of X-ray. (C) Femora collected from the mice 1 wk after irradiation. (D) Light micrographs of H&E staining performed on
trabecular bone sections from proximal and distal femora of mice 1 wk and 4 wk after irradiation. Yellow cross indicates left proximal femur, green cross
indicates irradiated area of left distal femur, yellow triangle indicates right proximal femur, and green triangle indicates right distal femur. L, left. R, right.
(Scale bar: 100 μm.)

ber, and separation were not changed either (Fig. 2 B–D). Bone
histomorphometry analysis showed that numbers of both osteoclasts and osteoblasts were decreased in the distal femora after
irradiation, but no changes were observed in the proximal femora (Fig. 2 E and F). The results indicate that irradiation affects
osteoblasts and osteoclasts in the distal femora, but has no signiﬁcant effect on differentiated osteoclasts and osteoblasts in the
proximal femora (i.e., nonirradiated area).
The effects of irradiation on bone marrow MSCs were examined in CFU-ﬁbroblast (CFU-F) assay with bone marrow cells
isolated from left distal femora (i.e., irradiated area) or left
proximal femora (i.e., nonirradiated area). No colonies of MSCs
were observed in the left proximal femur or distal femur at 1 wk
after irradiation, whereas colonies of CFU-F and CFU-osteoblast (CFU-Ob) were observed in the nonirradiated right femur
(Fig. 3 A and B). Interestingly, recovery of MSCs was observed in
the left proximal femur at 4 wk, but not for irradiated distal
femur. Similar results were observed and osteoblast differentiation potential of MSCs in CFU-Ob assay (Fig. 3 A and C). The
colonies of MSCs in the left and right nonirradiated tibia were
not changed (Fig. 3D). MSCs have been shown to be mobilized
in the circulation in response to tissue damage. We therefore
examined the effects of radiation on the levels of MSCs in the
circulation. Previously, we have demonstrated the CD29+Sca1+CD45–CD11b– bone marrow stroma are subset of MSCs (19).
Flow cytometry analysis of CD29+Sca-1+CD45–CD11b–MSCs in
peripheral blood collected from the mice at 1 and 4 wk after
treatment in the irradiation and sham groups indicates that
CD29+Sca-1+CD45–CD11b–MSCs were doubled at 1 wk after
irradiation and increased fourfold in 4 wk (Fig. 3E). The level of
CD29+Sca-1+CD45–CD11b–MSCs was also increased in proxi1610 | www.pnas.org/cgi/doi/10.1073/pnas.1015350108

mal femur at 4 wk after irradiation whereas the levels in the right
femur and left distal femur were unchanged. The results reveal
that bone marrow MSCs can be affected indirectly following irradiation at another site in the bone marrow cavity. The increased level of Sca-1–positive MSCs in response to irradiation
suggests that there is a systemic response resulting in mobilization of MSCs for the repair of bone injury.
To examine the mechanism of irradiation-induced damage of
bone marrow MSCs, we measured the levels of free radicals in
the bone marrow isolated from the irradiated left distal femur,
nonirradiated proximal left proximal femur, and right femur by
using thiobarbituric acid reactive substances (TBARS) assay.
This assay measures the consequences of lipid peroxidation and
malondialdehyde speciﬁcally. The levels of TBARS were increased threefold at 1 wk and remained at the same level for
4 wk in left distal femora (Fig. 4A), whereas the levels were increased at 1 wk and decreased to the basal level at 4 wk in
nonirradiated proximal femur (Fig. 4A). No changes of TBARS
were observed in the right femora (Fig. 4A) and circulation (Fig.
4B), indicating that the free radicals diffuse to ipsilaterally distal
femur through bone medullary channel, leading to MSCs damage. The results also suggest that irradiation produces free radicals that adversely affect the MSCs in both distal and proximal
femora, but have no signiﬁcant effects on differentiated osteoclasts and osteoblasts in the ipsilateral proximal femur (i.e.,
nonirradiated area).
Vasculatures are essential for the maintenance of MSCs as
their niche (20, 21). Bone formation is coupled with angiogenesis
(22–24). Angiographic images of microphil-perfused femora
were performed to analyze the effects of irradiation on bone
marrow vasculatures. The results showed that the blood vessels
Cao et al.
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in the irradiated left distal femora were damaged at 1 wk and
4 wk after irradiation, but the vessels were intact in the nonirradiated left proximal femora (Fig. 4C). Morphometric analysis
showed that vessel volume, thickness, and number were decreased in the distal femur relative to controls (Fig. 4 D–F). The
results suggest that direct irradiation, not free radical generation,
damages the bone marrow vasculatures.
Discussion
In this study, precise irradiation of the mouse distal femur was
performed with a unique SARRP built with integration of CT,
X-ray, and irradiation in a single treatment platform. The mouse
distal half of the femur was precisely irradiated at accuracy of
1 mm. Here, the direct and indirect effects of irradiation on bone
injury and bone marrow MSCs were examined in the same
mouse femur with common bone marrow cavity. Our results
reveal that irradiation can affect bone marrow MSCs indirectly in
the proximal femur without direct irradiation. Interestingly, no
colony formation of MSCs was observed in CFU-F and CFU-Ob
assays in irradiated and nonirradiated areas of the bone marrow,
and the levels of free radicals were dramatically increased. Most
likely, the free radicals produced during radiation affects the
survival, self-renewal, or differentiation of MSCs. Interestingly,
the recovery of MSCs colony formation was seen in 4 wk after
irradiation in the nonirradiated proximal femur, but not in the
irradiated distal femur. Importantly, the vasculatures—the potential niche for stem cells—were destroyed in irradiated areas.
Damage of bone marrow vasculatures—the niches for stem cells—
likely affects the recovery of MSCs in the irradiated areas, which
may explain the refractory nature of bone injury and fractures in
patients receiving ionizing radiation to bone. Therefore, our
ﬁndings suggest that irradiation induces bone injury by producing
free radicals that adversely affect microenvironment for MSCs
and damaging bone marrow blood vessels.
Cao et al.

Bone injury and fractures often occur in patients receiving
curative doses of ionizing radiation. These fractures often heal
very slowly and sometimes fail to unite. These clinical observations are in accord with our ﬁndings in this mouse model and
suggest that irradiation damages the bone marrow microenvironment or the niches for stem cells. Recovery of bone injury
from ionizing irradiation may occur from repopulation of inhabitant stem cells (14) or repopulation from the systemic circulation. Our results showed that MSCs in the direct irradiated
area did not recover, whereas the MSCs in the nonirradiated
proximal left proximal femur recovered quickly. The free radicals
produced changed the microenvironment in the bone marrow
and likely brought the MSCs into a quiescent phase in the
nonirradiated area of bone marrow. Stem cells of hematopoietic
and mesenchymal origin have been shown in the recovery of
ionizing irradiation-induced distal epithelial damage (15–17).
The bone marrow with damaged microvasculature is not likely
able to retain stem cells and lead to refractory of bone injury and
fractures. It has been implicated that mobilization of stem cells
in the circulation can occur in response to irradiation (25–27).
Indeed, the levels of Sca-1–positive MSCs were increased in the
circulation after irradiation. Different markers have been used
for MSCs. A recent study revealed that bone barrow MSCs are
nestin-positive cells (28). It will be interesting to investigate
whether the mobilized Sca-1–positive MSCs are also nestinpositive and if that contributes to the recovery of MSCs in the
bone marrow of proximal femur. It will also be interesting to
investigate whether the mobilized Sca-1–positive MSCs contribute to the recovery of MSCs in the bone marrow of proximal femur.
The therapeutic potential of bone marrow-derived MSCs has
recently been implicated. Not only are these cells able to migrate
to injured tissues, but they also are able to differentiate into
different phenotypes according to the tissues in which they reside
(29). Furthermore, it has been shown that MSCs of bone marrow
PNAS | January 25, 2011 | vol. 108 | no. 4 | 1611
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Fig. 2. Bone histomorphometric analysis of trabecular bone from the mice 1 wk and 4 wk after irradiation. Bone volume fraction (BV/TV) (A), trabecular
thickness (Tb.Th) (B), trabecular number (Tb.N) (C), trabecular separation (Tb. Sp) (D), number of osteoblasts per bone perimeter (N.Ob+/B.Pm) (E), and
number of osteoclasts per bone perimeter (N.Oc+/B.Pm) (F) were measured (LP, left proximal femur; LD, left distal femur; RP, right proximal femur; RD, right
distal femur). Data represent the mean ± SEM; n = 10 (*P < 0.05).

Fig. 3. Effects of local irradiation on potential of MSCs. (A) Colonies formed from harvested bone marrow of femora of the mice as indicated in CFU-F
and CFU-Ob assays (1 × 105 bone marrow nucleated cells were plated into six-well plates). (B and C) The colony-forming efﬁciency was determined by number
of colonies per 105 marrow cells plated. Data represent the mean ± SEM of triplicate cultures of bone marrow nucleated cells from ﬁve individual mice
(*P < 0.05). (D) Colonies formed from harvested bone marrow of left tibia of the mice as indicated in CFU-F assay. (E and F) FACS analysis of the sorted Sca-1,
CD29, CD45, and CD11b cells from the peripheral blood plasma (E) and the bone marrow cell suspension (F) obtained from the mice. Data represent the
mean ± SEM; n = 5.

origin could hasten hematopoietic recovery and provide a better
tool for cell therapy if applied autologously to patients who
undergo irradiation (30, 31). Thus, improving bone marrow microenvironment and accelerating vasculogenesis could be a potential treatment for patients with radiation-induced bone injury.
Methods
Mice. C57BL/6J (WT) mice were purchased from Charles River. Male mice 8 wk
of age were anesthetized by inhalation of isoﬂurane during the procedure
and immobilized using ﬁxtures. SARRP developed by researchers at the
Department of Radiation Oncology at Johns Hopkins University was used to
irradiate the mice. A clinically applicable dose rate (4 Gy min−1) was delivered
by using the 225-kVp setting with a 3.0-mm focal spot with a maximum
13 mA beam current. Irradiation was once per day, and the total dose is
20 Gy. All animals were maintained in the animal facility of the Johns
Hopkins University School of Medicine. The experimental protocol was
reviewed and approved by the institutional animal care and use committee
of the Johns Hopkins University.
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Histochemistry and Histomorphometric Analysis. At the time of euthanasia,
the bone tissues were resected and ﬁxed in 10% buffered formalin for 48 h,
decalciﬁed in 10% EDTA (pH 7.0) for 20 d, and embedded in parafﬁn.
Longitudinally oriented sections of bone 4 μm thick, including the metaphysis
and diaphysis, were processed for H&E staining. Sections were microphotographed to perform histomorphometric measurements on the highlighted areas of the bone displayed on the digitalized image. Quantitative
histomorphometric analysis was conducted in a blinded fashion with
OsteoMeasureXP Software (OsteoMetrics). Two-dimensional parameters of
trabecular bone were measured in a 2-mm square 1 mm distal to the lowest
point of the growth plate in the trabecular bone.
CFU-F and CFU-Ob Assays. At the time of euthanasia, the femora were cut in
half into proximal and distal pieces and bone marrow from medullary cavities
were collected individually, and cell number was determined after removal of
red blood cells with Zapoglobin (Coulter). The number of CFU-Fs and CFU-Obs
in murine bone marrow isolates and in cultures of bone marrow cells was
determined in cocultures with irradiated guinea pig marrow cells as reported.

1612 | www.pnas.org/cgi/doi/10.1073/pnas.1015350108

Brieﬂy, marrow cells were obtained from the femurs and tibiae of 2-mo-old
female Hartley guinea pigs by ﬂushing with a 22-gauge needle and resuspended. Cells were γ-irradiated with a 57Co source for 50 min at 1.2 Gy/min as
reported. After rinsing by centrifugation, cells were resuspended in minimum essential medium-α with 20% FBS, counted, and cultured at 2.5 × 106
per well of a six-well plate.
For assay of CFU-F and CFU-Ob number, 1 × 105 murine marrow cells were
plated into six-well plates in 3 mL minimum essential medium-α supplemented with glutamine (2 mM), penicillin (100 U/mL), streptomycin sulfate
(100 μg/mL), and 20% lot-selected FBS. Duplicate cultures were established.
After 2 to 3 h of adhesion, unattached cells were removed, and 2.5 × 106
irradiated guinea pig feeder cells (provided by Brendan J. Canning, Johns
Hopkins Asthma and Allergy Center, Baltimore) were added to cultivation
medium of adherent cultures just after washing. On day 14, cultures were
ﬁxed and stained with 0.5% crystal violet. The colonies containing 50 or
more cells were counted. For CFU-Ob assay, the cells were cultured with
osteogenic medium as described earlier for 21 d and analyzed with Alizarin
red staining. The colony-forming efﬁciency was determined by number of
colonies per 105 marrow cells plated.
FACS Analysis. Cells aliquots were incubated for 20 min at 4 °C with antibodies conjugated by phycoerythrin, FITC, peridinin chlorophyll protein,
and allophycocyanin against mouse Sca-1, CD29, CD45, and CD11b (Biolegend). Acquisition was performed on a FACSAria sorter (BD Biosciences),
and analysis was performed using a FACS DIVE software, version 6.1.3
(BD Biosciences).
Measurement of Lipid Oxidation. Peripheral venous blood was drawn into
syringes containing preservative-free heparin (25 U/mL; Gibco/Life Technologies) and centrifuged at 1,200 × g for 10 min at 5 °C to 10 °C to isolate the
plasma. Bone marrow samples were collected into preservative-free heparinized saline solution (25 U/mL) and centrifuged at 3,500 rpm for 10 min at
5 °C to 10 °C to isolate bone marrow plasma. Plasma lipid oxidation was
assessed by determining the level of TBARS by using a TBARS assay kit
(Zeptometrix).
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Micro-CT Angiography Analysis. Blood vessels in bone were imaged by angiography of microphil-perfused long bones. The thoracic cavity was opened,
and the inferior vena cava was severed after animals were killed. The vasculature was ﬂushed with 0.9% normal saline solution containing heparin
sodium (100 U/mL) through a needle inserted into the left ventricle. The
specimens were pressure ﬁxed with 10% neutral buffered formalin. Formalin
was ﬂushed from the vessels by using heparinized saline solution, and the
vasculature was injected with a radiopaque silicone rubber compound containing lead chromate (Microﬁl MV-122; Flow Tech). Samples were stored at
4 °C overnight for contrast agent polymerization. Mouse femurs were dissected from the specimens and soaked for 4 d in 10% neutral buffered

formalin to ensure complete tissue ﬁxation. Specimens were subsequently
treated for 48 h in a formic acid-based solution (Cal-Ex II) to decalcify the
bone and facilitate image thresholding of the femoral vasculature from the
surrounding tissues. Images were obtained using a high resolution (9-μm
isotropic voxel size) micro-CT imaging system (MicroCT40; Scanco). A
threshold of 306 was initially chosen based on visual interpretation of
thresholded 2D tomograms.
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Fig. 4. Effects of local irradiation on the production of free radicals and angiogenesis. Free radicals were assessed in both bone marrow (A) and peripheral
blood (B) before irradiation and 1 wk and 4 wk after irradiation detected by TBARS assay. (C) Representative 3D micro-CT images of femora from the mice
after local irradiation. (Scale bar: 1 mm.). (D–F) Quantitative micro-CT angiography analysis. Vascular volume fraction (VV/TV) (D), vascular thickness (V.Th) (E),
and vascular number (V.N) (F) were measured. Data represent the mean ± SEM; n = 10 (*P < 0.05).
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Corrections

Correction for “Irradiation induces bone injury by damaging
bone marrow microenvironment for stem cells,” by Xu Cao,
Xiangwei Wu, Deborah Frassica, Bing Yu, Lijuan Pang, Lingling
Xian, Mei Wan, Weiqi Lei, Michael Armour, Erik Tryggestad,
John Wong, Chun Yi Wen, William Weijia Lu, and Frank
J. Frassica, which appeared in issue 4, January 25, 2011, of Proc
Natl Acad Sci USA (108:1609–1614; ﬁrst published January 10,
2011; 10.1073/pnas.1015350108).
The authors note that their conﬂict of interest statement was
omitted during publication. The authors declare that John Wong
has a research service contract with Gulmay Medical, Inc. in the
transfer of the SARRP technology from Johns Hopkins to the
company. The SARRP was used by Dr. Xu Cao to irradiate his
study animals, and was only peripherally related to the subject
matter of the manuscript. Additionally, the speciﬁc unit was
constructed at Johns Hopkins with grant support from the
National Cancer Institute (US), and not by Gulmay.
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Correction for “Cardiac-speciﬁc transcription factor genes Smad4
and Gata4 cooperatively regulate cardiac valve development,” by
Ivan P. Moskowitz, Jun Wang, Michael A. Peterson, William
T. Pu, Alexander C. Mackinnon, Leif Oxburgh, Gerald
C. Chu, Molly Sarkar, Charles Berul, Leslie Smoot, Elizabeth
J. Robertson, Robert Schwartz, Jonathan G. Seidman, and
Christine E. Seidman, which appeared in issue 10, March 8,
2011, of Proc Natl Acad Sci USA (108:4006–4011; ﬁrst published
February 17, 2011; 10.1073/pnas.1019025108).
The authors note that the title appeared incorrectly. The title
should instead appear as “Transcription factor genes Smad4 and
Gata4 cooperatively regulate cardiac valve development.” The
online version has been corrected.
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