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Abstract
Damage to normal, nontumor bone tissue following therapeutic irradiation increases the risk of
fracture among cancer patients. For example, women treated for various pelvic tumors have been
shown to have a greater than 65% increased incidence of hip fracture by 5 years postradiotherapy.
Another practical situation in which exposure to ionizing radiation may negatively impact skeletal
integrity is during extended spaceflight missions. There is a limited understanding of how
spaceflight-relevant doses and types of radiation can influence astronaut bone health, particularly
when combined with the significant effects of mechanical unloading experienced in microgravity.
Historically, negative effects on osteoblasts have been studied. Radiation exposure has been
shown to damage osteoblast precursors. Damage to local vasculature has been observed, ranging
from decreased lumen diameter to complete ablation within the irradiated volume, causing a state
of hypoxia. These effects result in suppression of bone formation and a general state of low bone
turnover. More recently, however, we have demonstrated in pre-clinical mouse models, a very
rapid but transient increase in osteoclast activity after exposure to spaceflight and clinically
relevant radiation doses. Combined with long-term suppression of bone formation, this skeletal
damage may cause long-term deficits. This review will present a broad set of literature outlining
our current set knowledge of both clinical therapy and space exploration exposure to ionizing
radiation. Additionally, we will discuss prevention of the initial osteoclast-mediated bone loss, the
need to promote normal bone turnover and long-term quality of bone tissue, and our hypothesized
molecular mechanisms.
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Introduction
The spaceflight environment presents numerous challenges to astronauts’ bone health, the
most significant of which are the effects of microgravity and space radiation. Decreases in
bone strength that result from a loss of bone mass or architectural stability could impact
mission success by increasing the risk of a serious fracture. A robust system of
countermeasures that can limit bone loss, and return bone strength to baseline levels
postflight, is required to ensure astronauts’ long-term skeletal health and the productivity of
extended missions.

Bone damage that occurs after absorbing therapeutic radiation has been documented for
decades. Recent animal models are now beginning to demonstrate that spaceflight-relevant
doses and qualities of radiation represent a risk to skeletal health due to an acute increase in
bone resorption followed by the suppression of bone formation [1, 2]. Skeletal unloading,
due to extended periods of bed rest [3] or the reduced gravity environment of space [4], is a
well-known cause of bone loss in both humans and rodent models [5]. Unloading-induced
bone loss is characterized by both increased bone resorption and decreased bone formation.
This stands in contrast to traditional postmenopausal osteoporosis, which sees bone
resorption and formation moving in parallel, albeit with the former increasing to a relatively
greater degree. The combination of microgravity unloading and spaceflight radiation may
interact to enhance bone loss [6–8]. As the mechanisms leading to radiation-induced bone
loss are less well established than unloading-induced bone loss, this review will focus on the
current state of knowledge regarding the influence of clinical and spaceflight radiation on
the development of osteoporosis and bone health in the adult skeleton.

Radiation and Biological Damage
Radiation is generated by radioactive atoms or a radiation generating source, like a clinical
linear accelerator, and can be either nonionizing or ionizing. Nonionizing radiation is not
energetic enough to eject electrons from an atom, while ionizing radiation can remove
electrons from atoms, thus potentially breaking molecular bonds that can lead to biological
damage (e.g., DNA, RNA, and cell organelles). Bonds can be broken directly by radiation or
indirectly through radiation-generated reactive oxygen species that result from the ionization
of water molecules. Cells have a remarkable ability to repair radiation damage, but some
cells inevitably die or propagate damage to progeny. In everyday life, we are exposed to
natural, background sources of radiation (e.g., environment, space, medical imaging, and
internal radioisotopes) at doses that do not affect our long-term health at a measurable level.
However, as exposures increase, damage can lead to greater levels of death or radiation-
induced phenotypic changes that may be heritable. For our research in ionizing radiation-
induced osteoporosis, we are primarily interested in the death of bone marrow cells and its
effect on the activation of osteoclasts.

Absorbed dose of radiation (D) is measured in energy per unit mass with the SI unit being
Gray (Gy = Joule/kg). It is also common to hear dose expressed in the unit of rad, where 100
rad = 1 Gy (1 rad = 1 cGy). The degree of biological damage can vary depending on the type
(quality) of radiation: alpha particles, beta particles, gamma rays (X-rays), neutrons, or
heavy ions. For example, exposure to 10 cGy of neutrons will be more damaging than
exposure to 10 cGy of X-rays. To account for these varying degrees of damage to humans,
Sievert (Sv) is the SI unit for absorbed dose equivalent (H) and is the quality factor (Q)
(relative biological effectiveness: RBE) times the dose (H = D * Q). Generally, 1 Gy of X-
rays is equal to 1 Sv (100 rad = 100 rem).
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Clinical Therapy and Spaceflight Radiation Environments
Normal tissues (noncancerous) will absorb ionizing radiation during both radiation therapy
(RT) as a part of cancer therapy and during long-duration space missions. The dose of
radiation absorbed by normal tissues surrounding or near tumors during RT can be
substantial. For example, treatment regimens for gynecological tumors commonly prescribe
the administration of thirty 1.8 Gy fractions over 6 weeks, for a total dose of approximately
54 Gy to the tumor. During the irradiation procedure, normal tissues in each hip can receive
as much as half of each fraction (0.9 Gy), totaling 27 Gy. While the paramount concern in
radiotherapy has always been curative treatment of the primary tumor, the incidental
irradiation of normal tissues is not insignificant. Primary consideration has always been
given to radiation effects on normal nervous tissue, reproductive structures, and hollow
organs (i.e., esophagus, bowel), while concern for irradiation of bone was not a priority.
However, advances in surgical excision, concurrent chemotherapy, and modern RT
modalities have afforded greater freedom to focus on minimizing the risk to bone and the
potential for increased fracture risk.

The space radiation environment consists of a complex mix of ions from solar particle
events (SPEs), which are large mass ejections from the sun commonly known as “solar
flares”, and galactic cosmic radiation (GCR), a type of background radiation that originates
from outside the solar system. The majority of GCR flux is from protons. While only 1% of
GCR is composed of ions heavier than helium, due to the high LET (linear energy transfer)
of these high charge (Z) and energy (E) particles (HZE), approximately 41% of the dose
equivalent is predicted to be from HZE particles with approximately 13% being from iron
alone [9]. LET is the rate of energy lost per length of a particle track and varies as the charge
squared divided by the velocity squared. During extended missions in space, estimated
tissue dose rates from GCR would be about 0.4–0.8 mGy/day and 1–2.5 mSv/day,
respectively [10]. SPE dose rates may reach as high as 50 mGy/h inside a shielded vehicle
and between 250 mGy/h for an astronaut exposed during extra-vehicular activity in deep
space. The cumulative GCR doses on a deep space mission of 400 days to a near-Earth
asteroid would be 0.16–0.32 Gy or 0.4–1.0 Sv. For a large SPE lasting 8–24 h, the whole
body cumulative doses could reach the 1- to 2-Gy level for protons (1.0 to 2.0 Sv)
depending upon the tissue site. For comparison, cancer patients will receive 1.8–2.0 Gy
targeted locally to the tumor each day, delivered over a period of a few minutes.

Fractures of Irradiated Bones After Clinical Exposure
Ionizing radiation is an important and effective modality for the treatment of malignancies
and has been a critical factor in the reduction in cancer mortality rates; however, more
effective treatment has meant that survivors increasingly experience the long-term side
effects caused by radiation damage to normal tissues near the tumor. Bones within the
irradiated volume can absorb dose and have an increased fracture risk [11–15]. Rib fractures
have been documented in patients receiving treatment for breast cancer, with fracture rates
ranging from 1.8% [16] to as high as 19% [17]. Similarly, patients receiving radiotherapy
for pelvic tumors are at increased risk for hip fracture, which include fractures of the
femoral neck, sacral ala, pubis, and acetabulum [11, 18, 19]. A retrospective analysis of
more than 6,400 postmenopausal women receiving RT for cervical, rectal, and anal cancers
revealed increased relative risks of hip (primarily femoral neck) fracture of 65, 66, and
214%, respectively, compared with women receiving non-RT cancer treatment such as
surgery or chemotherapy [11]. It is important to note that these fractures were localized to
the area of the irradiated hip and did not occur at distant sites, such as the wrist. Baxter et al.
showed that the effects of radiation on bone are limited to the radiation field, with no
increase in fracture risk to nonirradiated bone.
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Deterioration of Bone Quantity and Quality After Irradiation
Bone deterioration after exposure to radiation is thought to be associated with both traumatic
and spontaneous fractures of bone [11, 20, 21]. Reduction in bone mass and overall bone
quality is dependent on several factors, including the dose absorbed, the energy of the
radiation beam, the fraction size of the radiation dose, and the age and developmental stage
of the patient [17–19]. Cancer patients receiving doses considerably higher than space-flight
exposures, osteopenia is often reported in patients 1-year posttherapy, though the observed
timing and degree of reduced bone mass is variable [18, 22]. Despite this, demineralization
of bone, thinning of bones, sclerosis, and loss of trabecular connections has been described
following radiotherapy [18, 20–22]. Thickening of trabeculae within the irradiated volume
can be observed within the irradiated volume [19]. This coarsening of trabeculae is also
observed from the marrow cavity of various animal models within weeks of exposure [23,
24]. Quantitatively, a significant (~30%) reduction in bone mineral density (BMC) was
observed in patients with uterine cervix carcinoma using QCT from the third lumbar
vertebrae within 5 weeks following pelvic irradiation with either 45 Gy or 22.5 Gy total
dose of high-energy photons [25]. There was no recovery of BMC 12 months after RT.

Recent studies have identified a rapid loss of bone that occurs in animal models with
subclinical doses after exposure to either gamma or proton ionizing radiation (Fig. 1). This
bone loss can occur after exposure to doses and types of radiation relevant for long-duration
missions [6, 26], and a long-term suppression of bone formation after exposure [26]. A long-
term reduction in trabecular bone quantity and quality occurs following a whole body 2 Gy
dose γ-rays, protons, carbon, or iron ions [6]. Bone loss persists at 4 months after irradiation
with doses of protons as low as 1 Gy (modeling a solar flare) and at 9 weeks after modeled
galactic radiation of heavy ions <0.5 Gy [9, 26]. Functional bone loss has been identified as
early as 3 days after a 2-Gy dose of gamma rays [1]. In addition, there has been observed an
increase in early osteoclast activity when mice are irradiated with a 0.5-Gy dose of iron ions
during limb disuse, modeling the reduced loading of the spaceflight environment [27]. Six
weeks after exposure to high doses modeling clinical therapy in a rat (16 Gy delivered in
four doses of 4 Gy each to a single limb), loss of trabecular bone is visibly apparent
compared with the nonirradiated contralateral limb [28] (Fig. 2).

Loss of Bone Strength Animal Models After Irradiation
Changes in bone strength following exposure to radiation would account for the increased
fracture risk among those treated for cancer. As a result, animal models have been used to
identify any spatial or temporal reduction in bone strength after exposure, generally using
higher clinical, rather than spaceflight, dose exposures. Early studies using rabbits and
rodents have utilized mechanical testing to identify significant losses in strength after
administration of very high radiation doses [29, 30], although no difference in fracture
strength after high-dose radiation has been reported in animals [31]. A 2-Gy dose of iron
ions causes a loss of vertebral stiffness as tested by compression loading and calculated by
finite element analysis (FEA) [7]. Compressive testing of mouse distal femora indicates loss
of strength 12 weeks after 5 and 12-Gy acute doses of X-rays [28]. Surprisingly,
compressive strength at 2 weeks was increased, which corresponded with an early increase
in cortical bone volume and bone mineral content, despite near ablation of trabecular bone
parameters [28]. The subsequent loss of strength as determined by compressive testing and
estimated by FEA occurred despite a persistent increase in cortical bone mineral content: the
bone appeared to be more brittle in nature. Strength changes in bone may thus be influenced
by both architectural and material properties after exposure. As mentioned previously, a
thickening of trabeculae has been noted early after exposure in certain locations [17], with
osteophyte forming where osteoblasts remain after high-dose exposure [32]. An early and
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transient increase in volumetric bone mineral density [33] and mineral apposition rate [2]
has been shown within the first week after exposure in rodent models. These observations
suggest an early and dispersed enhancement of bone formation after exposure, although
underlying mechanisms are completely unknown. Despite any increase in bone formation,
an increased risk of fracture is present at directly irradiated sites [11]. These findings
highlight the complicated nature of the skeletal response to ionizing radiation and identify
the need for characterizing changes in material properties of bone tissue.

Radiation and Bone Cells
Vasculature

Historically, bone loss following radiotherapy was thought to be a result of physiological
changes within the vasculature and bone cells [18, 21, 22, 32, 34–36]. The first report of
radiation-induced bone damage (termed “osteitis”) described a reduction in bone vasculature
following obliterative endartitis and periartitis [37]. Early loss of vascularization occurs as a
result of swelling and vacuolization of endothelial cells within the vascular channels of the
osteons [21, 22, 32]. Ultimately, this results in the formation of sclerotic connective tissue
within the marrow cavity. Fibrosis occurring in the subintima and replacement of vascular
smooth muscle cells with hyaline-like material within the tunica media occur as late injuries,
constricting the vessel lumen. Bony elements such as the skull and jaw are considered
especially at risk for vascular injury due in part to the paucity of vasculature and their
superficial location [19]. Ablation of vasculature has been identified within the bone,
including marrow cavity and Haversian systems, in a variety of animal models after
exposure [23, 32, 38].

Osteoblasts and Osteocytes
Damage to osteoblasts and osteocytes within the bone microenvironment is thought to be a
primary contributor to reduced bone mineral density following irradiation [18, 21, 22, 39]. A
reduction in the overall number of osteoblasts occurs following irradiation, with reduced
matrix formation [2, 38]. Both in vitro and in vivo data suggest that radiation can impair
bone formation by decreasing osteoblast proliferation and differentiation, inducing cell cycle
arrest, reducing collagen production, and increasing sensitivity to apoptotic agents [36, 40–
42]. Radiation causes a decline in RUNX2 levels, indicative of impaired osteoblast
differentiation, in osteoblast cultures stimulated with bone morphogenic protein-2 (BMP-2)
[42]. RANKL mRNA levels tended to increase in osteoblasts following exposure to gamma
rays, but not to carbon ions [43]. Osteoblast precursors are likely damaged by radiation [1].
Mesenchymal stem cell (MSC) numbers and colony forming ability under osteogenic
stimulation are also reduced at the directly irradiated bone after exposure, which would
likely delay recovery of osteoblast damage [38]. Oxidative stress appears to contribute to
this early damage to osteoprogenitors [1, 38]. However, others have indicated no loss of
MSC viability within irradiated bone, but rather terminal differentiation into osteoblasts
[44].

The effect of radiation on osteocyte numbers and health are unclear. Some studies have
identified loss of osteocytes within irradiated bone following exposure to high doses [18, 21,
32]. Osteocytes were shown to be killed within the irradiated field inside cortical lamellar
and Haversian bone of 45 Gy irradiated monkey mandibles, although they were not affected
within trabecular bone. Overall, however, osteocytes appear to be relatively radioresistant in
several animal models, remaining viable for several months after a single high dose of
radiation in mice and rabbits [29, 39, 45, 46].
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Osteoclasts
Studies in the last few years show that irradiation results in increased osteoclast number and
activity as an early response, which likely contributes to radiation-induced osteoporosis [2].
Serum markers for tartrate-resistant acid phosphatase (TRAP5b), a marker for osteoclast
activity, are elevated as early as 24 h after exposure to a whole body dose of X-rays (Fig. 3).
An increase in osteoclast number, +213% osteoclast surface normalized to bone surface
(Oc.S/BS), and activity has been identified to occur within rodent bones 3 days after
exposure [47], with subsequent loss of bone within a week of treatment [1, 2]. Serum
chemistry and histological analyses show significant increases in TRAP5b, a marker of bone
resorption, as well as osteoblast number and surface, during the first week after treatment.
However, in these rodent models, the majority of the bone loss occurs during a time when
osteoblast numbers and bone formation are unchanged relative to control [2]. Suppressing
osteoclast activity with the bisphosphonate antiresorptive risedronate has been shown to
completely block radiation-induced increases in osteoclast activity and subsequent
deterioration of bone at multiple skeletal locations [2]. Decreased osteoclast activity has
been noted at time points greater than 1 week postexposure, with conflicting reports of
recovery [33, 48]. This subsequent decline in both osteoclast and osteoblast activity, if
persistent, could sufficiently suppress bone remodeling to impair material properties of bone
tissue [49], as described in rodents [28]. Taken together, it can be seen that a combination of
an early and acute loss of bone via osteoclast activity, as well as a persistent reduction in
bone formation, contribute to osteopenia and bone deterioration after exposure.

Osteoclast Activity and Radiation-Induced Inflammation
The mechanism leading to an acute activation of osteoclasts following exposure to ionizing
radiation remains unknown, though radiation-initiated inflammation is suspected.
Inflammatory cytokines and reactive oxygen species (ROS) generation within the marrow
after exposure to radiation could trigger osteoclast activation. Cell death in the marrow
microenvironment results in an increased phagocyte presence at 24 h after exposure to a 4-
Gy dose of gamma radiation in mice [50]. The elevated neutrophil and macrophage activity
occurs with a coincident, large reduction in the number of hematopoietic cells [50].
Apoptosis could not account for the prolonged presence of activated phagocytes within the
irradiated volume; their numbers remained elevated after clearance of apoptotic cells,
peaking 24 h after exposure [50]. This suggests an early, exaggerated inflammatory response
within irradiated bone marrow.

Inflammation is a common response to exposure to ionizing radiation. For example,
inflammatory cytokine concentrations increase rapidly [51–54]. This effect is characterized
by the early activation of stress-sensitive kinases, proinflammatory transcription factors, and
the up-regulation and production of proinflammatory cytokines, including tumor necrosis
factor α (TNFα) and interleukin-1β (IL-1β) [55–58]. Immunohistochemistry of decalcified
histological sections for TNFα and IL-1β in female B6 mice 24 h after X-ray exposure of 2
Gy indicates increased concentration of both of these proteins in the marrow (Fig. 5). Gene
expression of TNFα and IL-1β in bone marrow is also changed early after exposure: TNFα
levels were significantly greater at 4 and 24 h, while IL-1β expression was greater at 24 and
48 h, and IL-6 expression was elevated 24 h after exposure (Fig. 4). Proinflammatory
cytokines, such as TNFα, IL-1β, and IL-6, are active stimulators of osteoclastogenesis and
are characteristic of many inflammatory diseases that lead to bone loss [59–62].
Collectively, these cytokines induce osteoblast production of receptor activator of nuclear
factor kappa-B ligand (RANKL) and stromal-cell expression of macrophage colony
stimulating factor (M-CSF) [63] in addition to directly activating osteoclasts. We
hypothesize that it is this radiation-initiated inflammatory cascade that is responsible for the
early activation of osteoclasts (Fig. 6).
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Conclusion
Exposure to radiation represents a significant concern for the skeletal health of astronauts in
the spaceflight environment and for patients receiving radiotherapy as part of their cancer
treatment. Astronauts on long-duration missions could be exposed to low-dose radiation
from galactic cosmic radiation and solar flares. These exposures could compromise bone
strength and lead to mission-critical fractures, especially in conjunction with the similar
responses due to gravity unloading. From the clinical perspective, advances in the treatment
of cancer, with radiation, chemotherapy, and surgical modalities, have made concern for
incidental radiation damage to nontumor tissues, including bone, a growing concern and
clinicians are now considering normal tissue complication probabilities as part of the
treatment planning process. It should be noted that radiation exposures outside the treatment
volume may substantially exceed those predicted for astronauts and potentially at risk
volumes of bone need to be considered as critical structures rather than as a neutral
structures. Limited research has been conducted to define the magnitude and mechanisms
behind bone loss associated with radiation exposure. It is clear that an inflammatory
response does occur in response to radiation and may be the molecular mechanisms that
cause early activation of osteoclast-mediated bone resorption. Ultimately, bone formation is
also suppressed. Bone strength is thus compromised, which could dispose individuals to
significant fracture risks with accompanying mortality as a late sequela, especially in
geriatric patients. There is a clear need for effective countermeasures to radiation-induced
bone loss, both for the astronaut population and the ever growing population of individuals
taking advantage of highly effective cancer radiotherapy. More work is required to define
the precise molecular and cellular mediators of this response and to define targets for novel
therapeutics. Once in place, these countermeasures will be able to augment the impressive
advances in cancer treatment and reduce the long-term morbidity and mortality associated
with cancer treatment.
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Fig. 1.
MicroCT images of trabecular bone from the proximal tibia of female C57BL/6 mice a not
irradiated, b exposed to a 2 Gy (2 Sv) whole body dose of gamma, or c a 2 Gy (2 Sv) dose
of proton radiation. Mice were irradiated at 9 weeks of age and tissue collected 4 months
later
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Fig. 2.
MicroCT images of trabecular bone from the proximal tibiae of a female Sprague–Dawley
rat where the a left limb was not irradiated and the b right limb was irradiated with 16 Gy
(16 Sv) total dose (four fractions of 4 Gy each) of X-rays. Rats were irradiated at 20 weeks
of age with bones collected 6-weeks later
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Fig. 3.
Serum levels of TRAP5b, a marker for osteoclast activity, are significantly elevated
compared with nonirradiated control mice both 1 and 3 days after exposure. Female C57BL/
6 mice were exposed whole body to a 2-Gy (2 Sv) dose of X-rays at 13 weeks of age and
humanely euthanized to collect blood
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Fig. 4.
In bone marrow from mice exposed to a 2 Gy (2 Sv) whole body dose of X-rays (IR), a
mRNA expression of TNFα is significantly increased 4 and 24 h after exposure compared
with nonirradiated (NR) mice. Similarly, b with the same exposure profile IL-1 expression
in bone marrow is significantly greater 24 and 48 h after exposure, and c IL-6 expression is
significantly increased at only the 24 h postirradiation time point
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Fig. 5.
Images of immunohistochemistry (IHC) stained bone marrow from the proximal tibia of
either nonirradiated or 2 Gy (2 Sv) X-ray whole body irradiated mice for the
proinflammatory cytokines TNFα or IL-1. a IHC staining (dark brown) for TNFα in
nonirradiated mice, compared with (b) much greater TNFα levels in bone marrow from
irradiated mice. c IHC staining for IL-1 in nonirradiated mice, compared with (d) increased
levels of IL-1 in X-ray exposed mice. Bones were collected from 13-week-old female
C57BL/6 mice 24 h after radiation exposure
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Fig. 6.
Hypothesized mechanisms for the rapid activation of osteoclastic bone resorption leading to
increased fracture risk in astronauts exposed to space radiation. The cascade initiates with: 1
acute and chronic exposure of an astronaut to space radiation from solar particle events and
galactic cosmic sources, respectively; 2 normal, healthy bone and bone marrow is exposed;
3 immature and rapidly dividing cells within the bone marrow are damaged and die from the
ionization of atoms or the creation of reactive oxygen species; 4 macrophages and
neutrophils are recruited to remove the dead marrow cells; 5 proinflammatory cytokine
levels increase due to macrophage activation and infiltration. These cytokines stimulate
osteoclasts or stromal-derived cells (preosteoblasts, fibroblasts, and MSCs). TNFα and IL-1
activate osteoclasts directly and induce the expression of RANKL in stromal cells; 7
osteoclastic bone resorption is initiated, causing a rapid loss of bone that leads to an
increased lifetime risk of fracture
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