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Abstract Radium-223 (223Ra) is a bone-seeking, alpha-particle-emitting radionuclide that is approved

for the treatment of patients with metastatic prostate cancer and is currently being tested in clinical trials

for primary and metastatic cancers to the bone. 223Ra accumulates in mineralized bone areas with high

bone turnover, where its effects are confined within 100 μm of the bone—marrow interface due to the

short tissue penetrance of the alpha particles. A recent clinical study has shown a significantly increased

fracture rate associated with the administration of 223Ra, mostly in tumor-free bones. Importantly, the

biological mechanisms underlying this bone fragility remain unclear. In this work, we combined

micro-computed tomography and mechanical studies with ex vivo spatial biology analysis based on

3D fluorescence microscopy to clarify the effects of 223Ra on bone and key bone stromal cell compo-

nents. We found that 223Ra caused major trabecular bone loss with no detectable impact on cortical bone.

In addition, 223Ra impaired osteoblast bone-forming activity, which was paralleled by a transient increase

in osteoclast number and long-term adipocyte formation. Overall, these results suggest that the impact of
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223Ra on bone health is orchestrated by multiple bone stromal cell components. 223Ra-mediated trabec-

ular bone loss was prevented by administration of zoledronic acid, which should always be combined

with 223Ra.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Prostate cancer (PCa) is a highly prevalent malignancy worldwide

that exhibits a propensity for secondary growth in bone1-3. These

secondary lesions induce skeletal-related complications, including

pain, spinal cord compression, hypercalcemia, diminished

mobility, and fractures4,5, which have a negative impact on patient

quality of life and survival3.

Radium-223 (223Ra) is an alkaline earth metal radioisotope

with properties similar to calcium; upon administration, 223Ra

selectively binds to hydroxyapatite, which is highly enriched in

the bone matrix6. This incorporation is more pronounced in areas

of active bone remodeling, e.g., at the front of the growth plate or

in metastatic lesions6. 223Ra emits alpha particles with high energy

but limited tissue penetrance (<100 μm) 7, which minimizes its

impact on healthy bone marrow tissue and reduces the side effects

commonly associated with the use of ß-emitters6,8,9. In men

afflicted with metastatic PCa to bone, 223Ra prolonged the median

overall survival (3.6 months) and delayed the time to first symp-

tomatic skeletal event (5.8 months) compared to placebo7,10.

These results led to the approval of 223Ra as the first bone-targeted

radioligand for the treatment of metastatic PCa patients with

symptomatic bone lesions and no visceral involvement7,10. Since

then, 223Ra has been clinically investigated for other cancer types

that colonize the bone, including multiple myeloma, hormone-

positive breast cancer, renal cell carcinoma, non-small cell lung

cancer, and differentiated thyroid cancer11-13.

The efficacy of 223Ra in patients correlates with a sustained

decline in osteoblast-derived alkaline phosphatase (ALP) in

serum, denoting reduced bone turnover, which was not associated

with increased bone fragility in the ALSYMPCA clinical trial7. A

recent prospective clinical trial investigating the effects of 223Ra

on bone health by whole-body magnetic resonance imaging (MRI)

showed a higher fracture rate, mostly asymptomatic, in patients

receiving 223Ra. Sixty-eight percent of the fractures occurred in

bones without metastases14, suggesting a systemic rather than

tumor-dependent effect on bone biology. However, the mecha-

nisms leading to 223Ra-associated bone fragility remain unclear,

and scarce and contrasting data are available on the effects of
223Ra on bone stromal cells. In vitro, 223Ra inhibits osteoblast and

osteoclast differentiation (but not bone resorption) at doses >400

Bq/mL and induces their activation at doses <200 Bq/mL11. In

mouse models of PCa bone metastasis, 223Ra decreases the

number of osteoblasts and osteoclasts in mice implanted with

LNCaP, whereas in mice implanted with LuCap58, it only reduces

the number of osteoblasts15.

External beam radiation is often used in patients with bone

tumors, and its effects on bone health are well documented16-19.

External beam radiation in rodent models has been shown to

induce bone marrow adipogenesis, impaired mechanical proper-

ties, altered material composition, increased osteoclastogenesis,

trabecular bone loss, and cytotoxic effects on osteoblasts and

bone-lining cells20-23. However, 223Ra fundamentally differs from

traditional external beam radiation, i.e., alpha radiation is

constantly emitted from the bone itself with a half-life of 11.4

days and a maximum penetrance of 100 μm8. Therefore, the

impact of 223Ra on bone health may differ substantially from that

of external beam radiation.

Interestingly, 223Ra-induced bone fragility can be mitigated

through the administration of bone-protecting agents, such as

zoledronic acid (ZA), as recently assessed in the EORTC-1333-

GUCG trial24. Besides evidence of reduced osteoclast numbers

via a decrease in TRACP5b circulating levels in tumor-bearing mice

treated with 223Ra and ZA, no further studies have been performed

to address the mechanisms underlying such improvements in bone

health. A more thorough evaluation of the radiobiological effects of
223Ra on the bone matrix and cells is thus needed to support a

meaningful and safe application of this agent in patients.

In this study, we evaluated the effects of 223Ra treatment on the

bone microenvironment. We combined 3D fluorescence micro-

scopy, micro-computed tomography, mechanical testing, and

computational simulations to investigate the impact of 223Ra on

bone, including its effects on bone mechanical properties and

resident cell populations, as well as the impact of ZA in mitigating
223Ra-induced bone damage.

2. Materials and methods

2.1. In vivo studies

Animal studies were approved by the Institutional Animal Care

and Use Committee (IACUC) of the University of Texas MD

Anderson Cancer Center and were performed according to the

institutional guidelines for animal care and handling. Details are

provided in the Supporting Information

2.2. Statistical analysis

Statistical analysis was performed using GraphPad Prism 10.0. Data

are shown as mean ± standard deviation (SD). An unpaired two-

sided Student’s t test was applied to analyze two populations,

whereas one-way ANOVA followed by the Tukey honestly signifi-

cant difference (HSD) post hoc test, was performed to compare more

than two populations. All statistical tests were two-sided, and P

values less than 0.05 were considered statically significant. Further

experimental methods are detailed in the Supporting Information

3. Results

3.1. Effects of 223Ra on bone microarchitecture

To monitor the impact of 223Ra on bone microarchitecture, we

performed ex vivo micro-computed tomography (micro-CT) on
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adult mouse tibiae (8 weeks old, n � 4/group) harvested at 1, 2, 4,

6, and 8 weeks after a single injection of 223Ra (300 kBq/kg) or

vehicle (normal saline) (Fig. 1A). Consistent with previous reports

on radiation-induced trabecular bone damage19, we observed

trabecular bone microarchitecture destruction in the proximal tibia

metaphysis region as early as 1 week post 223Ra treatment

(Fig. 1B and C). Specifically, 223Ra treatment induced a significant

decrease in bone volume fraction, bone surface, and bone mineral

density compared to control. Furthermore, 223Ra induced a sig-

nificant increase in trabecular separation and decrease in trabec-

ular number (Fig. 1B and C). These are both key markers of bone

remodeling and reflect an altered state induced by 223Ra. Tibiae

collected 2 weeks post treatment showed further trabecular bone

impairment, which stabilized 4 weeks post 223Ra injection and

remained stable up to 8 weeks post injection (Supporting

Information Fig. S1). Cortical and trabecular bone thickness did

not show significant differences at any timepoint. To confirm these

findings in a different skeletal element, micro-CT analysis was

performed on lumbar spine samples harvested at 4 weeks. Results

showed similar trends, with a significant decrease in key trabec-

ular bone parameters (Supporting Information Fig. S2). Taken

together, these data show that 223Ra impairs trabecular bone ar-

chitecture but does not affect cortical bone.

3.2. Effects of 223Ra on bone mechanical properties

To assess the consequences of 223Ra on bone mechanical prop-

erties, we performed three-point bending test analysis on mouse

femurs (n � 5 to 8/group). Femurs were harvested at 2, 4, and 8

weeks post 223Ra (300 kBq/kg) or vehicle (saline) injection

(Fig. 2A and B), and mechanical testing was performed. The

stiffness and rigidity of the femurs were slightly, but significantly,

increased for the 223Ra group at 2 weeks as compared to control

(Fig. 2C). The ultimate load, ultimate strength, elastic modulus,

and cross-sectional area parameters did not show any significant

differences (Fig. 2C). Taken together, these data suggest that 223Ra

treatment has very limited and transient effects on the mechanical

properties of murine long bones. However, the three-point bending

test mainly provides information on cortical bone mechanical

properties (not trabecular bone), which were not expected to

significantly change based on micro-CT analysis (see Fig. 1B and

C). To investigate the mechanical properties of trabecular bone,

we used tibial micro-CT trabecular bone data (2, 4 and 8 weeks) to

develop a microstructural finite element analysis (m-FEA) of a

central cubic volume (0.5 mm × 0.5 mm × 0.5 mm) of trabecular

bone (Fig. 2D and E). m-FEA is a well-established method to

study the mechanical behavior of trabecular bone under loading

conditions25-27. By simulating a uniaxial compression test, m-FEA

results predicted a significant, progressive decrease in stiffness

and increased deformation for the 223Ra-treated group compared

to the control group at 4 and 8 weeks post treatment (Fig. 2D). A

significant increase in both maximum Von Mises stress (a measure

of the overall stress state of the material under compressive

loading) and strain (a measure of the deformation of the material

with respect to the applied load) was also observed in the 223Ra-

treated group compared to the control group at both 4 and 8 weeks

(Fig. 2D). These results were further coupled with a significant

rise in the maximum strain energy and in the ratio of total energy

per number of trabeculae at both 4 and 8 weeks, in alignment with

a reduced number of trabeculae (Fig. 2D). In addition, no

Figure 1 223Ra disrupts bone microarchitecture and mineral density. (A) Experimental design. (B) Representative micro-CT micrographs. Bar,

300 μm. (C) Micro-CT analysis of bone structural parameters. Bar, 300 μm. P values by unpaired two-tailed Student’s t test, P < 0.05 (*);

P < 0.01 (**); P < 0.0001 (***).
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significant differences were observed in the effective elastic

modulus, with values closely matching the initial micro-CT-

derived elastic modulus (E � 1695 MPa). This is in line with

the expectation that, within the linear elastic regime, stress and

strain remain proportional and, consequently, their ratio also re-

mains unchanged. Altogether, these results suggest that 223Ra

impacts the mechanical properties of trabecular bone but not of

cortical bone.

To evaluate the impact of 223Ra on trabecular bone compo-

sition, we performed confocal Raman microscopy on the condyle

region of mouse femurs (n � 7 to 17 scans/group). For this

purpose, bones were harvested at two timepoints (2 and 4 weeks)

after a single injection of 223Ra (300 kBq/kg) or vehicle (saline).

Raman spectra analysis showed a significant increase in collagen

crosslinking 4 weeks after 223Ra treatment as compared to

control. Interestingly, this increase was coupled with a significant

decrease in collagen density at the same timepoint (Supporting

Information Fig. S3). Taken together, confocal Raman analysis

on femoral trabecular bone suggests a direct impact of 223Ra on

the degree of collagen crosslinking and collagen density in the

bone matrix.

3.3. Direct impact of radiation vs. cell mediated effects of 223Ra

on bone microarchitecture

To determine whether the deleterious effects of 223Ra on bone

microarchitecture are predominantly caused by the direct impact

of radiation on mineralized bone tissue or are mediated by the

cells, mouse tibiae were harvested 2 days after a single injection

of 223Ra (300 kBq/kg) or vehicle (saline) (Supporting

Figure 2 Effects of 223Ra on bone mechanical properties. (A) Experimental design. (B, C) 3-point bending test setup and mechanical analysis.

(D) m-FEA analysis; representative images (micro-CT-derived volume, deformation and Von Mises stress maps at 4 weeks) with quantifications

are shown. Bar, 500 μm. P values by unpaired two-tailed Student’s t test, P < 0.05 (*); P < 0.01 (**); P < 0.001 (***).
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Information Fig. S4A). To account for different preservation

methods that could impact the effects of 223Ra therapy, tibiae

were either fixed with 70% ethanol and kept at 4 ◦C, or frozen

and kept at − 20 ◦C without fixation. Ex vivo micro-CT analysis

was then performed at 1, 2, and 4 weeks after 223Ra or vehicle

injection. Contrary to our previous findings, bone micro-

architecture was stable and did not show any significant changes

in bone parameters across different timepoints regardless of the

sample preservation method (Fig. S4B and S4C). Taken together,

these micro-CT data suggest that the trabecular bone loss induced

by 223Ra does not simply rely on direct damage inflicted by bone-

targeted alpha radiation but is largely cell mediated.

3.4. Effects of 223Ra on osteoblasts in vivo and in vitro

To monitor the in vivo effects of 223Ra on osteoblasts (bone-

forming cells), we used a fluorescent reporter mouse model

expressing mCherry fluorochrome under the control of the osterix

(Osx) promoter. Osx, also called Sp7, is a cell-specific transcrip-

tion factor expressed by mature osteoblasts and osteocytes that

regulates their differentiation28. Sp7-mCherry mice were treated

with 223Ra (300 kBq/kg) or vehicle and euthanized at different

timepoints up to 60 days. Tibiae were harvested, decalcified, and

sectioned into thick slices (300 μm) using a vibratome. Slices

from the tibial metaphysis region were stained with DAPI (nuclear

Figure 3 Effects of 223Ra on osteoblasts in vivo. (A) Experimental design; (i) immunofluorescence; (ii) dual bone labelling. (B) Osx and ALP,

representative images and quantification (n � 5) in tibiae at different timepoints post 223Ra treatment. Bar, 100 μm. (C) Osx+ cells into the bone

marrow, representative images and quantifications. Bar, 50 μm. (D, E) ALP+ layer thickness, representative images and quantification (altered co-

localization of osx+ cells is shown). Bar, 30 μm. (F) Representative images and quantification of mineral apposition of femoral sections (green,

calcein green; red, xylenol orange; n � 6). Bar, 50 μm. P values by one-way ANOVA with Tukey’s HSD post hoc test; P < 0.05 (*); P < 0.01

(**); P < 0.001 (***).
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counterstain) and an anti-alkaline phosphatase (ALP) antibody

(Fig. 3A). ALP, an early osteogenic marker of bone formation, is a

membrane-associated glycoprotein that increases local concen-

trations of inorganic phosphate and facilitates bone mineraliza-

tion29. Images were acquired via confocal microscopy, and image

analysis was performed using FIJI30 to quantify the impact of
223Ra on bone coverage of Osx + cells and ALP + cells (Fig. 3B).

Immunofluorescence analysis showed a significant decrease in the

percentage of Osx+ cells lining the bone surface on Days 7

(− 13 ± 5%) and 11 (− 25 ± 7%) post 223Ra treatment, which was

overcome on Day 18 (Fig. 3B). Interestingly, the amount of per-

ivascular Osx+ precursors within the bone marrow significantly

increased after 7 days and then decreased over time (Fig. 3C).

No significant change in ALP+ cell coverage was detected up to

Day 60. However, analysis of the bone interface showed a significant

thickening of the ALP + layer on Days 7 and 11 post 223Ra treatment

(with a maximum extension of 20.07 ± 7.23 μm from the bone

interface towards the bone marrow cavity on Day 7), and signifi-

cantly decreased by Day 18 (Fig. 3D). Furthermore, as compared to

control, the ALP+ lining showed an irregular morphology and no

colocalization with Osx+ signal (Fig. 3D and E).

To assess the degree of osteoblast function and bone miner-

alization in vivo after 223Ra treatment, we measured a dynamic

index of bone formation following subsequent injections of two

calcium-labeling agents, calcein green and xylenol orange

(Fig. 3A and F). We observed no difference in calcium labeling on

the femur cortical bone region, consistent with the absence of

structural phenotype in this compartment. In the trabecular bone

region of the femoral secondary spongiosa, however, the mineral

apposition rate (MAR) was significantly decreased in 223Ra-

treated mice as compared to the control group (Fig. 3F). Similarly,

in vitro osteoblast cultures showed significantly decreased calcium

deposition upon 223Ra treatment, as monitored by calcein blue

staining (Supporting Information Fig. S5). Overall, these results

suggest that 223Ra affects osteoblast activity.

3.5. Effect of 223Ra on osteoclasts in vivo

To monitor the in vivo effects of 223Ra on osteoclasts (bone-

resorbing cells), immunofluorescence experiments on bone slices

were performed using an anti-tartrate-resistant acid phosphatase

(TRAP) antibody. TRAP is an enzyme secreted by osteoclasts and a

key effector of their bone resorption activity31. Samples were ac-

quired via confocal microscopy, and image analysis was performed

to quantify the bone coverage of TRAP+ cells at different timepoints

(Fig. 4A). Image analysis showed a significant, transient increase in

TRAP + cell bone coverage 2 days after 223Ra treatment, followed

by a significant reduction in TRAP+ cells between Days 18 and 40

post treatment, and a recovery on Day 60 (Fig. 4B). These results are

in line with results obtained after external beam radiation20. Serum

analysis of circulating tartrate-resistant acid phosphatase 5b

(TRACP5b) confirmed the transient increase in osteoclast number

identified by immunofluorescence 2 days post 223Ra treatment and

the subsequent drop below baseline (Fig. 4C). Overall, our immu-

nofluorescence analysis coupled with bone turnover serum marker

analysis showed a transient osteoclastogenic effect induced by
223Ra, followed by a drop in osteoclast number and activity.

3.6. Effect of 223Ra on blood vessels in vivo and in vitro

Next, we investigated the impact of 223Ra on blood vessel biology

in vivo. Besides delivering oxygen and nutrients within the bone

Figure 4 Effect of 223Ra on osteoclasts in vivo. (A, B) TRAP+

cells, representative images and quantification at different timepoints

post 223Ra treatment. Inserts, magnification of TRAP+ cell-bone

interface. Bar, 100 μm. (C) Serum levels of TRACP5b by ELISA. P

values by one-way ANOVA with Tukey’s HSD post hoc test; P < 0.01

(**); P < 0.001 (***).
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marrow compartment, bone blood vessels have been implicated in

supporting the function of both the hematopoietic and bone stro-

mal compartments32. The density of blood vessels within the bone

marrow cavity was assessed by immunofluorescence analysis

using an anti-endomucin antibody, a protein expressed in bone

sinusoidal blood vessels. Quantitative analysis showed that 223Ra

induced a significant, transient increase in the overall amount of

bone marrow blood vessels 7 days after treatment, which returned

to baseline on Day 11 post treatment (Fig. 5A). Since 223Ra exerts

space-dependent cytotoxic effects due to the short penetrance of

alpha particles (<100 μm), we further performed a differential

analysis of its impact on blood vessels. We selected 4 subregions

of the bone marrow, based on their distance from bone, at 0 to 20

(area that showed maximum ALP + positivity upon exposure to

223Ra, see Figs. 3D), 20 to 100, 100 to 200 and > 200 μm. The

amount of blood vessels proximal to the bone interface (<20 μm)

was significantly reduced 7 days after 223Ra dosing (Fig. 5B),

consistent with the transient occupation of this area by ALP+ cells

(Fig. 5C) but returned to basal levels by Day 11. Vessels at 20 to

100, 100 to 200 and > 200 μm distance, instead, all showed a

significant increase on Day 7 (Fig. 5A). In addition, we generated

a 3D HUVECs vascular network within a hydrogel system and

treated it with 800 Bq/mL 223Ra and monitored the therapy

response via live immunofluorescence for up to 2 weeks. No

significant difference was identified in GFP signal across the

different timepoints between control and treated groups, even

initially when radiation was higher, confirming that 3D blood

vessel structures are resistant to radiation (Fig. 5D). Additionally,

Figure 5 Effects of 223Ra on blood vessels in vivo and in vitro. (A) Endomucin (emcn), representative images and quantification in tibiae at

different timepoints post 223Ra treatment. Box, magnifications shown in (E). Bar, 100 μm. (B) Differential analysis of blood vessel coverage. Bar,

20 μm. (C) Impact of ALP thickening on blood vessel coverage. (D) GFP + HUVEC 3D vascular network treated with different doses of 223Ra,

representative images and quantification. Bar, 50 μm. (E) Bone marrow adipocyte infiltration, representative images and quantification. Dashed

blue line with asterisk, adipocyte. Bar, 100 μm. P values by one-way ANOVA with Tukey’s HSD post hoc test; P < 0.05 (*); P < 0.01 (**);

P < 0.001 (***).
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quantification of adipocyte infiltration was performed by counting

their number based on their characteristic morphology (a spherical

shape and a diameter of >30 μm, distinguishable from

endomucin+ blood vessels, characterized by an elongated, irreg-

ular shape and frequent interconnections). This morphology-based

identification was further validated by adipocyte-specific marker

staining and histology (Supporting Information Fig. S6). Results

showed a significant increase in adipocyte infiltration 18 days after
223Ra dosing, with a sustained increase up to day 60 (Fig. 5E).

Bone marrow adipocyte infiltration is a known effect of 223Ra

treatment, as previously shown33. Altogether, these data confirm

the induction of adipocytes and suggest that 223Ra does not exert

major toxic effects on bone blood vessels.

3.7. Effects of 223Ra+ZA combination treatment on bone

properties

ZA is a drug widely used as bone-protecting agent in patients with

bone metastatic cancer and other bone degenerative diseases34.

ZA has high affinity for hydroxyapatite35, inhibits osteoclast

resorptive activity, and possibly targets other bone stromal cells,

including adipocytes and osteoblasts36-38. Current clinical guide-

lines recommend giving ZA to patients receiving 223Ra therapy, as

it has been shown to decrease 223Ra-induced bone fragility39.

However, the biological determinants of this response have never

been addressed.

To evaluate the effects of combination 223Ra + ZA treatment

on bone microarchitecture, we performed ex vivo micro-CT

analysis of mouse tibiae harvested 4 weeks post treatment. This

analysis showed bone-protective effects of ZA on 223Ra-mouse

bones and confirmed our previous findings on trabecular bone

damage by 223Ra monotherapy. Specifically, combination
223Ra + ZA prevented a decrease in bone volume fraction and

trabecular number (Fig. 6C). Combination treatment also pre-

vented an increase in trabecular separation as compared to 223Ra

monotherapy. ZA monotherapy and combination therapy also

resulted in a significant increase in trabecular bone thickness. As

observed with 223Ra monotherapy, ZA did not induce significant

changes in cortical bone thickness (Fig. 6A‒C). Taken together,

micro-CT data confirmed the deleterious effects of single-agent
223Ra and highlighted the importance of using bone-protecting

agents like ZA to prevent radiation-induced trabecular bone

damage.

3.8. Effects of 223Ra + ZA combination treatment in vivo

To investigate the impact of ZA + 223Ra combination treatment on

the bone cellular components, immunofluorescence experiments

Figure 6 ZA blocks 223Ra-induced deleterious effects on trabecular bone microarchitecture. (A‒C) Representative micro-CT images and

quantification at 4-week time point. Bar, 300 μm, n � 4 tibiae/group. P values by one-way ANOVA with Tukey’s HSD post hoc test; P < 0.01

(**); P < 0.001 (***).
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on bone slices were performed as described above in 223Ra

monotherapy experiments. Mice were treated with 1 dose of 223Ra

and with ZA weekly, for 4 weeks (Fig. 7A). ZA induced a sig-

nificant reduction in osteoclast coverage after 4 weeks, with or

without 223Ra (Fig. 7B). This is in line with one of the proposed

modes of action of ZA, which has been shown to reduce osteoclast

number and activity. To determine whether ZA had any impact on

the osteoblast population, tibiae from sp7-mcherry mice were

harvested at 7 and 11 days post treatment, based on the timing of

the Osx + cell reduction observed with 223Ra monotherapy

(Fig. 3B). ZA had no effect on Osx+ lining cells and did not affect

the Osx+ cell reduction 7 days post 223Ra treatment (− 9 ± 3%;

Fig. 7C); however, ZA completely overcame the major drop in

Osx+ cells observed 11 days after 223Ra administration

(− 25 ± 7%; Fig. 3B). In addition, ZA or combination therapy did

not affect ALP bone coverage across the different timepoints.

However, when 223Ra was administered in the presence of ZA, the

thickening of the ALP+ cell layer was not observed (Fig. 7D).

Additionally, adipocyte number was quantified 4 weeks post

treatment. While ZA treatment alone did not impact adipocyte

number (Fig. 7E), when ZA was combined with 223Ra,

significantly fewer adipocytes were observed in the bone marrow

as compared to 223Ra monotherapy.

Taken together, our findings highlight the importance of using

bone-protecting agents to prevent radiation-induced trabecular

bone loss and suggest that, besides canonical osteoclast targeting,

ZA might improve 223Ra-induced bone fragility by directly or

indirectly affecting MSC-derived cell (osteoblasts, adipocytes)

biology.

4. Discussion and conclusions

In this study, we investigated the effects of 223Ra on the skeleton

and key bone stromal components, including osteoblasts, osteo-

clasts, blood vessels, and adipocytes. 223Ra therapy had a dele-

terious effect on the trabecular bone compartment of both long

bones (tibiae) and lumbar vertebrae, but not on cortical bone. This

may be due to differences in bone composition and remodeling

rates between the two compartments, which in turn can affect

local incorporation of 223Ra. 223Ra-induced trabecular bone loss

was rapid, evident as early as 1 week post treatment, and

Figure 7 ZA minimizes osteoblast damage and decreases osteoclast number in vivo. (A) Experimental design. (B) TRAP+ cells, representative

images and quantification of tibiae harvested 4 weeks after ZA or ZA + 223Ra treatment. Inserts, magnification of TRAP+ cell—bone interface.

Bar, 100 μm. (C) Osx and ALP, representative images and quantification in tibiae. Bar, 100 μm. (D) ALP+ layer thickness, representative images

and quantification. Bar, 30 μm. (E) High magnification inserts (from panel C) and quantification of bone marrow adipocyte infiltration. Dashed

blue line with asterisk, adipocyte; Bar, 50 μm. P values by one-way ANOVA with Tukey’s HSD post hoc test; P < 0.05 (*); P < 0.01 (**);

P < 0.001 (***).
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resembled age-related osteoporosis40. Three-point bending tests

did not show major effects of 223Ra on cortical bone mechanical

properties, as expected based on our micro-CT data, while m-FEA

and simulations of uniaxial compression predicted a significant

impact on trabecular mechanical properties. Specifically, stiffness

decreased, while deformation, Von Mises stress and strain, and

strain energy increased. These computational analyses allowed us

to specifically test the mechanical properties of the trabecular

region, which would have otherwise been difficult to test ex vivo

due to the small size of the mouse bones and limited ability to

discern the contributions of the cortical versus trabecular com-

partments to the overall bone mechanical properties.

Collectively, our results showed that 223Ra exerts a major

impact on trabecular bone and suggested that vertebrae should be

more susceptible to 223Ra-induced bone fragility41 due to a higher

trabecular content as compared to long bones. In further support of

these findings, fractures in patients were primarily detected in the

spine (66%), followed by the thorax (25%) and pelvis (6%)14,

when whole-body MRI was specifically applied after 223Ra

treatment. Long bones, on the other hand, were minimally affected

by 223Ra (∼1% of fractures)14. Overall, it is possible that the

majority of 223Ra-induced fractures are in the spine and are

clinically insignificant. This would explain why the ALSYMPCA

clinical trial showed no significant increase in bone fractures

following treatment with 223Ra (4% in patients receiving 223Ra

compared to 5% in those receiving a placebo).

External beam radiation induces trabecular bone loss and other

changes in the bone microenvironment through cellular and non-

cellular mechanisms16,20,22. To determine whether 223Ra inflicted

direct, non-cell-mediated bone damage, we performed ex vivo

micro-CT analysis on bone harvested 2 days post treatment. In the

absence of vital cells, 223Ra treatment did not affect bone

microarchitecture or trabecular bone volume, suggesting that
223Ra causes changes in the bone microenvironment predomi-

nantly by cell-mediated mechanisms rather than through direct

damage to the mineralized tissue.

Bone remodeling and homeostasis are closely regulated by the

coupled action of osteoblasts and osteoclasts. We first focused on

understanding the impact of 223Ra on osteoblasts, the bone-

forming component. Immunofluorescence analysis showed a sig-

nificant decrease in the percentage of Osx + cells lining the bone

surface on Days 7 and 11 post 223Ra treatment; however, no sig-

nificant reduction in ALP+ cell coverage was identified up to Day

60. Interestingly, local ALP expression expanded across 2 to 3

layers of Osx‒ cells in 223Ra-treated mice, likely indicating a

perturbation of osteoblast maturation within a few days of 223Ra

administration. We identified an increase in perivascular

Osx + precursors within the bone marrow 7 days post 223Ra

treatment, which decreased to basal levels within 30 days, likely

representing osteoprogenitors stimulated by 223Ra-induced dam-

age and involved in repair. As compared to mature osteoblasts,

this proliferating cell population might be more efficiently tar-

geted by 223Ra, contributing to the impairment observed in our

experiments. We observed no difference in bone formation in

cortical bone regions, whereas mineral apposition rate in bone

trabeculae was significantly decreased in 223Ra-treated mice as

compared to the control group, indicating that 223Ra affected

osteoblast bone-forming activity. In addition to partially inducing

bone fragility, impaired osteoblast function might explain the

reduced osteoblastic activity (circulating ALP levels) observed in

patients with PCa and osteoblastic bone metastasis treated with
223Ra7.

The results of our investigation into the effects of 223Ra on

osteoclasts (the bone-resorbing component) showed a transient

increase in TRAP + cell bone coverage 2 days after 223Rad

treatment, followed by a significant decrease in TRAP + cells by

Day 18 post 223Ra treatment, and a recovery of these cells by day

60, in line with published studies involving external beam radia-

tion20. The transient spike in osteoclast number was confirmed by

serum analysis of TRACP5b, an osteoclast-specific marker. Taken

together, these results suggest the trabecular bone loss induced by
223Ra is mediated by a rapid osteoclastic response coupled to

dysfunctional bone deposition by osteoblasts.

We also observed a significant increase in adipocyte number as

early as 18 days post 223Ra treatment. Adipogenesis and adipocyte

infiltration are well-characterized side effects of external radiation,

and our data suggest that alpha-particle radiation has a similar

effect42. Interestingly, bone marrow adipocytes have been shown

to negatively control bone mass mediated by bone morphogenetic

protein receptor activation43. Therefore, increased adipocyte for-

mation might play a role in impaired osteoblast function. As an

alternative mechanism, commitment of MSCs toward an adipo-

cyte lineage may further reduce osteoblastogenesis44.
223Ra induced a significant increase in the overall quantity of

bone marrow blood vessels 7 days after treatment, which returned

to baseline levels 11 days post treatment. We previously

demonstrated that 223Ra has a transient cytotoxic effect on he-

matopoietic cells, which peaks on Day 4 post treatment, followed

by a recovery phase evident on Day 1133. Consistently, the loss of

hematopoietic cells in response to external beam radiation trig-

gers vessel dilation, permeability, and endothelial cell prolifera-

tion45. Additionally, our differential analysis showed that the

amount of blood vessels proximal to the bone interface (<20 μm;

the same area affected by ALP thickening) was significantly

reduced at 7 days after 223Ra dosing but returned to baseline

levels on Day 11. In vitro experiments with 3D vascular networks

did not show any 223Ra-mediated reduction of these vascular

structures, suggesting that 223Ra does not exert direct toxicity on

blood vessels.

ZA is commonly used as a bone-protecting agent in the clinical

setting, and its administration to 223Ra patients showed positive

effects on bone fragility24. Our results confirmed the bone-

protective properties of ZA on the trabecular bone damage

induced by 223Ra, likely via its inhibitory effect on bone resorp-

tion. Interestingly, ZA significantly decreased 223Ra-induced bone

marrow adipocyte density, loss of Osx+ cells, and impact on ALP

expression; it remains to be determined whether this occurs via

direct action on MSCs, osteoblasts, or adipocytes or as an indirect

effect secondary to reduced bone turnover. Nevertheless, these

results confirm the importance of using ZA in combination with
223Ra therapy to prevent trabecular bone loss and reduce the

overall impact of 223Ra on the bone cell population, as recom-

mended by all major medical guidelines. Comparison with other

anti-resorptive agents with convergent and divergent mechanisms

of action (i.e., denosumab, which inhibits osteoclast maturation) is

needed to identify the best option to rationally prevent 223Ra-

induced bone fragility.
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